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CHAPTER 1

Introduction and
Project Aims




1 Introduction and Project aim

1.1 Introduction - Ruffino winery

Two cousingllario and LeopoldoRuffino established the winery in 1877, realizing that the
secret to making thénest Tuscanwine was to take care of the vineyards best suited to the
purpose. Ruffino takes care about tradition and history, while embracing modern winemaking

to achieve the verydst from each vintage.

In 2011, Ruffino was purchased by American Constellation Brans Company, a market leader

of the beer, wine and spirits sector. The winery employs 300 people whose work contributes to
the businessods str ongroducesand selisanore than @Qvmilhog . Ru
bottles across forty | abels, most of which ¢
Chianti, Chianti Classico and Brunello di Montalcino. On the North of Italy, the winery
produces Prosecco and Pinot Grigi&/eneto region. The wines from this company are present

in more than 96 countries in the world.

Ruffino grows grapes in over 600 hectares of vineyards across eight estates: six in Tuscany:
Poggio Casciano, Montemasso, Santedame, Gretole, La Solateaepubne Mazzi; two in
Veneto: Ca del Duca and La DuchefSigure 1.1). In Pontassieve is sited a stafethe-art

aging cellar with bottling facilities.
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Figurel.1Ruf f i no 6 s e s PogdioeCscianonSantedasne, &retple, La Solatia,
Montemasso, Greppone Mazzi.

Poggio Casciano imastate next to Grassina, only few kilometres from Florence. It produces

Super Tuscan fulbodied highly structured wines. Montasso estate is located in Chianti

Classico wine region, south of Florence in Greve municipality. Santedame and Gretole are

|l ocated in Chiant.i Classico region near to C
Chianti Classico wines including Gr&elezione, the highest quality of Chianti Classico wines.

La Solatia is a winery located next to Monteriggioni, felemetresfrom Siena and produces

white and rosé wines and red wines including Chianti DOCG and Chianti Superiore DOCG.

When it comes t&hianti family of wines, Ruffino produces all the categories of Chianti and
Chianti Classico appellations of origin windsdure 1.2). Thus, the biggest production in

terms of quantity is presented by Chianti DOCG wine. It is followed by Chiati Superiore
DOCG wines with labels Chianti Superiore Fiasco and Il Leo. The next category is Chianti
Classico DOCG wine represented by SantedanieAziano labels. It is followed by Chianti
Classico Riserva DOCG wine with | abel Ri ser
wine Chianti Classico Gran Selezione DOCG: the best quality from Chianti family wines

Riserva Ducale Oro.

Chiafti Classico
an Selezione

Chianti Classico
Riserva DOCG

E / Chianti Classico DOCG
/ Chianti Superiore DOCG
/ Chianti DOCG

Figure 1.2Ruf f i nods quality piramid of Chiat

mm%

Ruffino has always been striving to achieve the best quality of wine and to remain one of the
leader of Italian wine sector. Thus, even with this PhD program, Ruffino aims to get in

sdentific details of wine quality with purpose to improve even more the wine production.




1.2 Project aim

The overall aim of the PhD study is to exploit the enological potential of Sangiovesé grape
and additional complementary grape vaeet for the valorzation of Chianti red wine. In this

view, the following interrelated taskgere planned alongside the entire production chain:

) understanding the impact of the climate changes at local level to tailor both the
grape growing and winemaking practices to iavar the wine quality with respect
to the traditional regional winemaking regulations;

(i) development of the quality control procedures and analytical protocols to improve
and ascertain the composition of wine from the grape growing, through the

winemaking and aging processes, till transportation and consumption.

The ongoingclimate changeis expected to further impact the European viticulture in the
future. The climate variabledike air temperature, rainfall levels and distributions, humidity,
winds, light intensity and cloud covercan affect the grape growing wine industry to large
extert (Jackson and Lombard, 1963; Jones, 720l particular, the main effects of climate
changes on the viticulture are the increasing sugar levels of grapes that leaes twithhigh
alcoholandlow acidity andchangeof varietal aromas (Jones, 2007;rMde Ordufia, 2010).
The mean temperatures havgreatimpact on the length of the growing season for each variety

(Figure 1.3), the grapevine physiology and the metabolism anddoutposition.




Grapevine Climate/Maturity Groupings
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Figure 1.3 Set of grapevinearieties by maturity groupings based on growing season mean
temperaturesnfodified from Jone2007).

Fraga et al. (2012) found that high night temperatures in combination with high diurnal
temperatures during the grape maturation/ripening period could lead to low tannins and
anthocyaninsvith redudion inwine color and increaddossof aroma compound3he annual
precipitation is another critical factor of viticulture because the water stress can lead to small
shoot growth, poor flower, cluster and berry development causing the decrease of grape yield
and increased water demand due to the irrigationth®other hand, the excessive humidity

during the early stages cause the denser canopies that leads to pests and disease problems

requiring more intense plant protection and low wine quality (Fraga et al. 2012).

Wine typicity and wine quality parameters

Thetypicity of wine is defined as the physichemical and sensory characteristics that are
considered representative for the Protected Designation of Origin (PDO) related to a terroir.
Three main factorare usually considered to assess the global wisieity of a PDO wine:

the standard profile (i.e., the basic physit®mical characteristic), the cultivar profile (i.e. the
sensory aromatic characteristics coming from the grapes), the style profile (i.e., the

characteristics that result from the winenmgk methods). The relation between chemical
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characteristics of grapes and the chemical and aromatic profile of wine could be revealed using
multivariate analysis like Partial Leas Squares (PLS) (Canutj 204al7).In the case of Chianti

and Chianti Clasico DOCG wines, all the wines that obtain these appellations of origin have

t o acquire t he approval by t he orgai sati ol
Consortium) andfiConsorzio diTut el ao (Chinat:i Cl.aThese c o Wi
organisations autrol the wine quality in terms of chemical analysis and sensory characteristisc

(See theChapter 3).

Thewine quality could be described in four notior(§: the excellence or superioritfi) the
value, (iii) the conforming to specifications an@) meeting or exceeding customer
expectations (Canuti et al. 2017). Well run tgsteels relied with the chemical analysis of
wine would be an ideal wine quality evaluation model that can be defined by the following

selected 06i ndi c a tre(daskéon and loombad,il968): t o | i ter atu

1. Soluble solidspresented by sugar levels that indicates the alcohol potential degree after
fermentation and the likelihood of residual sugar remaining. It is measured in Brix, Beaumé,
Babo, Oechsels or Balling. The limit of 24° Brix is commonly used to indicate thermrop
maturity of red and white grapes suitable for the quality produofiainy wines.

2. Organic acidgtartaric, malic, citric, etc.) expressed in total titratable acidityfi@in 6 g/L
in warm region where the acidification process should be takemmsideration to high levels

of 10 g/L in cool climates where the deacidification may be required.

3. ThepH amount above the 3.6 macrease risk of microbial stabilignd may decrease the

red wine color intensity and free St@vel in wine(RibéreauGayon et al, 2010)

4. Phenolics and anthocyaniphenoliccompounds include the tannith&t are extracted from

the grape skin, seed and rachis during the winemakingngpett structure, astringency and
bitterness in wine. Anthocyanins are responsibleedfaolor in wine. RibéreaGayon et al.
(2010) describe the sensory properties of phenolic compounds in red \gure 1.4)
depending on the polymerization level. Thus, low polymerized catechins and procyanidins
elicit sour and astringent taste, wher#@s oigomers and polymers of procyanidins give the

volume in moutkfeel with pronounced bitterness and astringency. The condensate tannins

)
20
$9%
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(procyanidins type) have the astringent characteristic that decrease with degree of
polymerization, while the comibation of tanningolysaccharides gives the fat sensation and
the pleasant wine body. The anthocyanins and their combined forms with tannins are low

astringent, but it gives the pronounced bitterness specially in young wines.

Sensorial Intensity

=

Attague Development The end Aftertaste Time of tasting

Figure 1.4 The influence of phenolic compound structure on of their sensory characteristics 1.
Procyanidin low degree of polymerization, 2. Procyanidin oligomer, 3. Procyanidin polymer, 4.
Anthocyanins, 5. Seed tannins (Adapted from RibéGayon et al., 2005).

Scollary et al. (2012) have found the links between sensory descriptors for astringency and
analytical measurements of wine. The astringency perception in red wine is a mouthfeel
response of a proanthocyanidin assembly with prste{ethyibridged compounds,
pyranoanthocyanins) and polysacchariffggure 1.5). This molecular assembbould be (i)
proanthocyanidigproanthocyanidin, (ii) proanthocyanidprotein, (iii) proanthocyanidin
polysaccharide and (iv) proanthocyanidginoteni polysaccharide. The moleculgo- p
interactionthat involve anthocyanins with polyphenols are described as the color enhancement

or copigmentation in the red wine (Boulton, 2001).




Protein Proanthocyanidin Polysaccharide
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Figure 1.5 Interaction between protein, proanthocyanidin and polysaccharide fragments (Scollary et
al., 2012)

4-hydroxy- H
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The subqualities to astringency as oral sensations elicited in the red wine is described with 33
terms i n-fteled fiMiyoeeeltlefoThe polyphaols of molecular weight between

500 and 3000 Da elicit the astringency sensation. The same sensation can give even a smaller
molecules such as:6-caffegylquinic acid, flavan Bol monomers, dimers and trimers. Beside

the polyphenols, the organic and iganic acids can also induce the astringency in wine as

well as some minerals like zirfBajec and Pickering, 2008)
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Figure 1.6 Red wine moutHeel wheel (Bajec and Pickering, 2008).

5. Other components likemino acidscould cause unwanted organoleptic characterigties
reduction)to wine if their amount is not high enough in the must during the fermentation
(Jackson and Lombard, 1993).

6. Wine aromascould be positive or pleasant characteristics and negative, i.e. auitis. f
Ferreira and De | a Fuente (2017) recently in
driven by approximately 37 chemical compounds common in all wines that seems the main
responsi ble of the #Avinouso c hokaulasetheeerisaof wi
number of volatile compounds that confer typicity to the wine when they occur at supra
threshold level.

7. Sanitary condition of grape and wirlérain occurs during the harvest it is possible to have
a grape infection biotrytis chereathat can lead to the enzymatic wine oxidation by laccase
which ruins the wine quality (Thurston, 1994; Belclaad DienesNagy, 2011). To avoid
problem of wine filterability the enzymatic treatmemay berequired (Laffort, 2013).

8. Wine aging, storage and transport conditiaas affect the wine composition to the great
extent. For example, during the aging of wine, the polyphenols can polymerize in the presence
of oxygen leading to the change in wirdar as well as the development of tertiary aromas
known as wine bouquéFigure 1.7) (Versari, 2012 The longterm wine exposure to the heat
could negativelychange its olfactory characteristics even its physical and chemical stability

(the cloudy or oxdized appearance) during the storage or transportation (Butzke2€tal).
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Figure 1.7 Transformation of phenolic compounds in wikelépted from Versari, 20)2
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2 Climate change in Tuscany wine region

2.1 Introduction

Climate change isurely one of the most studied scientific topics of the last decade. Despite

the numerous recent discussions on the influence of human activity on the climate change and
especially on the effect of the anthropogenic greenhouse gas emissions, it is theidtre

climate is changing (Barnett et al. 2005; Crowley 2000). According to the Intergovernmental
Panel on Climate Change (I PCC), the ficlimate
that can be revealed (e.g., applying statistical testshifyin the mean and/or the variability

of climate patterns that can last for a long period of time usually for 10 years or longer. These
alterations of weather conditions may be caused by both natural factors like Earth insolation
(Milankovic, 1941), tonado activities, volcano eruption or forest fires, or anthropogenic

factors including industrial gas emissions (IPCC, 2007).

2.1.1 Natural factors of climate change

Be that as it may, the changes in the weather patterns were present during the long history of
the Earth creation, thus generating the Ice Ages. An early theory that implemented
multidisciplinary approach in understanding of the Ice Ages phenomena was introduced by
Croll (1889). He suggested that eccentricity of the Earth's orbit creates 'great sequteers

and winters', which certainly lead to the contemporary understanding of the climate change.
Later on, a Serbian astronomer, climatol ogi
reported that changes in the Earth insolation were causedibatioraof the Earth inclinations

in comparison to the Sun, thus creating warm and cold periods throughout history (Berger,
1988). He created the climate modelling for the first time by an accurate calculation of three
factors: the astronomical variables,¢ i ns ol ati on forcing and the
2010). Tke summer insolation shows the latitude variations in the long t&guré 2.1). For

instance, the same amount of insolation that we find at 65° of latitude now@dzglse on

the X axis) occurredat 60° of latitude 10,000 years ago (it was warmer). On the other hand,
435,000 years ago, the insolation amount was the same like the one we have today at 72° (it

was colder).
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Current research of the atmospheric:@@pped in the ice core from Antarctica confirms the
existence of glacial cycles phenomena which date back to 800.000 years ago. The temperatu
changes are related to the carbon dioxide content as can be $eégar@en2.2 (Lithi et al.,

2008). The highest C@oncentration level throughout the mentioned historical period is about

300 ppm that corresponds to the warmest periods.
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Figure 2.2 Carbon dioxide level and temperature in Antarctica from 800,000 years ago until 2020.
(https:/lwww.co2levels.org).

2.1.2 Anthropogenic factors of climate change

IPCC declared that the human impact on the climate system is evidehaagteenhouse gas
emissions have been reaching the highest level so far. Climate changes have had an extensive
influence on nature and human beings, wi t h
onward that appeared for the first time in history, iniclgdhe atmosphere and ocean warming,
decreasing of snow and ice volume and rising of the sea level. Recent history records the
highest amount of carbon dioxide ever released in the atmosphere, especially in the last 100
years, that correspond to the inttizd development and emission of greenhouse gasses (e.g.,
carbon dioxide CO,, methane CHs and nitrous oxide N20) into the atmosphere (IPCC,

2014). The trend of global warming at thé"2@ntury was 0.6 + 0.2°C and the last decade was

the warmest ofhe century (IPCC, 2007).

In November 2020, National Oceanic and Atmospheric Administration reportedoyeate

online results of temperature changing, that are recorded as 1°C higher than the average value
of the last century (NOAA, 2020). Furthermotige atmospheric C£concentration appeared

to be 416 parts per million (ppm), which is the highest atmosphericcQtent recorded up

to this point (Available online: co2levels.org). There is a strong probability (> 99 %) that the
next 10 years will bene warmest years in history. So, the overall trend of global warming is

constantly on the rise (Agues et al., 2020).

Global warming will cause many risks related to extreme weather conditions, including floods,
increased amount of heat waves, occurrenbewicane strikes typhoons and cyclones in some
specific areas, whereas desertification and drought are certain to occur in others (IPCC, 2007).
Furthermore, it leads to the accelerated melting of the massive volume of the ground and
Antarctic and Arctigglaciers, thus raising the level of the sea (Church, 2001; Huybrechts and
Joughin, 2005; Mitrovica et al., 2001). The ecology and human system will be affected by a
certain increase in temperatures leading to the asymmetry of ecological responses and the
extended risk for flora and faur(@Valther et al., 2002; Thomas et al., 2004), hazard for water
resources and reduction of global food production (Arnell et al., 1999; Parry et al., 2004) and
threat for the human health (McMichael et al., 2006).
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2.1.3 Climate changeinfluence on viticulture and wine quality

The changing in the weather patterns will surely have a large impact on agriculture, and more
particularly on viticulture (IPCC, 2014; Rosenzweig et al., 2004es et al., 2005). Grapevine
plantVitis viniferais very delicate when it comes to the weather conditiomisg the growing
seasonlike precipitation and air temperature. Hence, the climate change can affect the grape
and wine structure to significant scale, thus changing their qualipgéFet al., 2012;
Gladstones, 201 Holland and Smith, 20147an Leeuwen and Darriet, 2016).

Numerous studies of the weather condition influence on the wine quality have shown that it
has an important impact on the wine price and vintage ratings. Fardastsshenfelter (2010)
showed that the price of Bordeaux wine depends on the winter precipitation, growing season
temperatures and precipitation during the harvest time. Commonly, low precipitation and warm
weather during the summer and autumn time, dsasepreviously humid winters lead to the
high-quality wine production in Bordeaux. Jones and Storchmann (2001) reported that dry and
warm growing season is favourable for the high sugar accumulation and low acid content in
grapes which defines good quglpf the future wine in the same region. Soar et al. (2008)
reported that the highuality wine production in Australia was achieved when the summer

temperatures were above 28 to 34 °C depending on the Australian region.

Temperature has a strong impachovine phenology including bud break, flowering, ripening
onset (i.e., véraison) and grape ripening. Temperature can be used for creating models that

predict the vine phenology (Parker et al., 2011).

Throughout the fruit set growing stage, the optimum gphere temperature ranges from 20

to 26 °C, while the temperatures <30 °C may significantly reduce the fruit set (Buttrose and
Hale, 1973; Ebadi et al., 1995). During the grape berry growth, the optimum temperature is
between 20 and 30 °C (Kobayashi et B965; Ewart and Kliewer, 1977).

Afterwards, the high temperature that occurs during the grape ripening affects its compaosition,
because it allows sugar compounds to accumulate, while the organic acids and anthocyanins

decrease at high temperatures (Coeni987; Kliewer and Torres, 1972). More specifically,

EC-__ Ai& _..’-_)2
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the organic acids content in grape berries decreases at temperatures above 20 °C (Buttrose et
al. 1971, Kliewer, 1971 Kliewer, 1973 Lakso and Kliewer, 1978), whereas the optimum
temperatures for th@enthocyanins generation is between 17 and 26 °C (Pirie, 1978). However,
during the berry ripening, the night temperature has an impact on the sugar accumulation level.
Thus, at lower temperatures (around 10 °C) the sugar content is higher than the dne foun

berries ripening at 30 °C night temperatures (Coombe, 1987; Mori et al., 2005).

In conclusion, temperatures above 40 °C can inhibit the grape physiology functions like

flowering, berry growth, and sugar accumulation, thus reducing the grape qudlgyantity

(i.e. grape yield) (Greer and Weston, 2010). In the region with high temperatures and high light
exposure like Australia, the protection against the sun radiation and high temperature can

maintain the grape qualitAbeysinghe et al., 2019)

Light intensity is another climate variable that influenc¥#is vinifera physiological
functions, particularly its photosynthesis and biosynthesis of phenolic substances in the berries
(land et al., 2011). The intensity of photosynthesis rises up to Xl ahaximum level of

solar radiation and afterwards it decreasésefleman and Smart, 1971). The level of
anthocyanins increases in the grape skin with the light exposure, but it is negatively correlated
with the temperature (Spayd et al., 2002)

A phota flux density is strongly connected with temperature in a synergic effect (Antcliff and
Webster, 1955; lland et al., 2011). Moreover, the sunlight plays an important role in heating
the vineyard through solar radiation that increases the temperatuegptdrih surface, and also

through warming the surrounding air (Crippen et al., 1986).

Water statusof Vitis viniferaplant depends on the equilibrium level between water absorption
and water release via transpiration. The level of water absorption degetidsroot position

in the ground and soil moisture related to the mechanical properties of the soil (i.e. percentage
of the soil rock, sand, gravel, silt, clay and humus) and rainfall. In addition, the transpiration
of the plant depends on the energyassary to vaporise and move the water in the-ptaist
atmosphere systenvgn Leeuwerand Darriet 2016; Smart, 1974). The plant response to a
decrease in the midday leaf water potential may lead to reduction sifidloé growth, berry

size, cluster weight, yield, trunk growth, cluster number, and berry titratable g8twjlie,

%
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2006). The water s#ss may increase the grape skin and seed tannins and anthocyanins
concentration, since the water amount in berries decreases due to the evapotranspiration, while
the content of tartaric and malic acid decrease during the grape matutatieauet al.1931;
Matthews and Anderson 198&n the other hand, some berry compounds like the °Brix and

K element do not change significantly in water stress conditions (Matthews and Anderson
1988). Anyway, a strongvater stressnay causdeavesinjury and problems inthe grape

ripening(van LeeweandandDarriet 2016).

2.1.4 Requirements of Vitis vinifera phenological phasesegarding weather conditions

The plantVitis viniferamay have different physiological responses to the specific weather
conditions during the yeathus influencing the grape compounds accumulatiamrmerous
studiesconfirm that the wine quality depends tre climate conditionsoccurring in each
phenological phas@hus,Jones and collaborators (2005) studied the global wine quality under
the climae changing conditions. They reported that an ineret$°C measthetemperature

during the growing season may shift up the vintage quality for 13 points on the vintage rating
scale.Furthermore, ecording to van Leeuwen et al. (2009), the vintage ratingBordeaux

region would neverbe low if the mild water deficit stress occurred from thé@aison to the
harvest time. In this water condition, anthocyanin and sugar compounds accumulate in grape
berries improving its qualityn contrastthe strong watdr deficit stress may cause damages to

the plant phenologyAdditionally, Douro Valleyin Portugalthat produces high quality Port

wine ha good vintages in the specific climate conditions like higher temperatures during
dormancy and growing season perioompared to the average temperatures of the région

the same periodOn the other hand, cooler weather from véraison to ripening ershiduece

wine quality (Real et al., 2017As for the Burgundy famous French wine regiddavis et al.
(2019)reported that vintages that have growing seasons with warm temperatures (characterised
by high diurnal temperature range) and low precipitation were highly rated on the wine quality
scale Moreover, when it comes ftuscany Salinger and collaborators (Z)Ireported in their

work on the climate influence on Sangiovese wine quality that the most important factors that
distinguish betweegoodandpoor wine quality vintages are heat units and precipitation events

in summer period of growing seasdius,the high-quality vintages have low precipitation in
véraison phenological stage and high heat accumulation (i.e. average, minimum and maximum

temperatureghat isabove 35 °Gn spring and summer phenological phases

EC-__ Ai& _..’-_)2
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For what concern duration of Sangioveéenological phaseBalla Martaand collaborators

(2010 dividedSangiovese grape plant developmetd two main stagethroughoubne year:

- Dormancy: form Novembertof previous year until March %f the current year;

- Growing season: from April®iuntil September 30 (the harvest of the Sangiovese
grapes finishes usually before the end of September in Tuscany). Within this stage,
there are subsequent phenol ogi cal phases
breako up t o a ptelasts momApsl 1%uhtl May 8y e i | o0 o mo
from t0 18"of June; fAsumnecll’erfowtulgd sftr,omv®r ai
10" to20"0f August and SfofrAugust to 8ffrogSeptemben m 2 1
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22 Prediction of <c¢climate change in T
until the end of 2% century

2.2.1 Introduction

Agriculture and its sectors of grape production and winemaking are strongly dependant on
climate since the crop production relies on weather conditions. Wine quality characteristics and
typicity are determined by the climate that makes part of a specific wine terroir. It is well known
that the climate influences the wine quality and that specdatier conditions during growing
seasons may cause quality variations between vintages (see the psmgtos 1.1.1).
Furthermore, climate affects the canopy microclimate, the grape production per hectare (i.e.
yield), Vitis viniferaphysiology, plant growth and berry solutes (Santos et al., 2020). The world
area under the grapevine production covers almost all the eot#ir{6 out of 7) and
encompasses a broad spectrum of climates including oceanic, warm oceanic, transition
temperate, continental, cold continental, Mediterranean, subtropical, attenuated tropical, arid
and hyperarid climates that are located betw&eamd 5F!parallel in the Northern Hemisphere

and between'6and 44" parallel in the Southern Hemisphere. However, the biggest part of the
production is located in moderate climate area (Tonietto, 1999). According to the statistical
report from 2019 (OIV)hear |y one half of the worl dobés vi
production, with the following countries having the largest areas: Spain (13 %), China (12 %),
France (11 %), Italy (9 %) and Turkey (6 %). The wine production leading countries in terms
of volume produced are listed in a decreasing order: Italy (54,8 million hL), France (48,6),
Spain (44,4), USA (23,9).

Based on tis information,it can be inferred thathe importance of grape production and
associated activities imore thanevident sincat has a strong socioeconomical and cultural
impact onnumerous countrie®2roWien Business Repadi2019) which surveyed more than

1700 wine experts (producers, intermediaries and retailers) from 46 countries, stated that
climate change presents one df thiggest threats in the grape and wine production. One half

of participants considered the climate change as one of the biggest risks for their business.

Among the wine expert90% of grape and wine producers have already experienced a
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negative influenceof the CC such as a decrease in yield caused by the extreme climate
conditions like hail, heavy rains and late frost; increased inconsistency of the grape yield,
resulting from water stress and deficit of the vine plant; shorter timeframe of the hargest d

to the simultaneous grape maturity; increased necessity of the phytosanitary protection and
other grape cultivars needed. On the other hand, 60 % of retailers stated that they have already
had a detrimental influence of CC (Loose and Pabst, 2019). feus]imate change (CC)
becomes one of the greatest issues for the grape and wine producers worldwide. Furthermore,
the study of the future climate conditions draws extraordinary interest (Santos et algrid20)
adaptation to the new weather conditigiagns asense olirgercy. Among the proposals of
strategies to adapt tine new climate conditions, many researchers suggest that the grape
production should be shiftedthe high altitude areas and the grape varieties should be change

to those that ammore suitable for warmer weather conditions. (White et al, 2006; Shultz, 2000;
Jones et al., 2005).

As described in the section 2.1.2., the human activities are the main cause of the greenhouse
gasses (GHG including carbon dioxide, methane, nitrous oriléa@ocarbons) release in the
atmosphere, which triggers the global warming. Nowadays, the level of the carbon dioxide
reaches the highest level recorded in history presented by concentration of 400 ppm (parts per
million). In order to predict the futurelimate conditions, The Intergovernmental Panel of
Climate Change (IPCC) created four Representative Concentration Pathways (RCPs) that are
used for modelling of the future GHG increase during th& @&htury. The first RCP2.6
predicts the lowest GHG emsisn expressed in G@quivalent concentration (C&q) and the
temperature increase of 2 °C relative to theipdestrial temperatures-igure 2.3). Under
RCP4.5 (intermediate scenari o orefjuvalemtbi | i za
concentration is expected to be between 580 and 720 ppm, which will cause the temperature
rising from 34°C, where the radiative forcing is predicted to be 4.5 ¥2100. Under the

RCP6 scenario the Geq is expected to be from 700 to 108m and the temperature to
increase for about 4°C. The last RCP8.5 scenario represents the highest global warming with
COz-eq possibly higher than 1000 ppm and the temperature rising more than 6°C, while
radiative forcing will probably be 8.5 WAwantil 2100, see th&igure 2.3 (IPCC, 2014).
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Figure 2.3 Global warming in the futurantil 2300(Modified from:

C°)

Temperature increase at global surface (

PETREEEN ARETETS STSTSTETE EYRTETEr R

oy
N

] —— nistorical
1 —RCP2.6
RCP4.5
RCP6.0
8 | ——RcP85

—_
o
1

L
/5

2 el

LELELEL A B

LELELELEY L

1850 1900 1950 2000 2050 2100 2150 2200 2250 2300

Time (years)

https://open.oregonstate.education/climatechange/chapter/impacts)

Many authors that haveusied future climate projectits have applied CORDEX (Coordinated

Regional Climate Downscaling Experiment)igh resolution climate simulations under

different RCP scenarios in order to assess the impact of the climate dmafigeeconomy

and agricultural sectors amal provide information about adaptation strategies that producers

may apply in their activitieKufos et al., 2017; Fraga et al, 2016; Santos et al., 2018).

Numer ous

as far as th&uropean continent is concernéloke strong impact of the climate changes will be

experienced in the Mediterranean basin in terms decreas of the harvestable yields,

studi es

have

shown t hat

t he

c |

increagd of the yield variability anda reduction of areas suitable for traditiortabps

cultivation for traditional crops cultivation (Olsen and Bindi, 2002). In this part of Europe,
special attention should be paidthestudies of the climate change impact on the economically
most important crops like grape vine considering thahidpequality wine production depends

on the fragile equilibrium between climdtesoil and grape variety (Mullins et al, 1992; Jones

et al., 2005).

mat €

Tuscany, the region in the central part of Italy is one of the most famous wine region area in

the world andhe wine production in this region plays an important socioeconomic and cultural

role. The wine production stands for 13% of the total agricultural production. On the other
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hand, the wvineyard picturesque | andstsapes

contributing to the development of agritourism (Zhu et al., 2014).

Chianti DOCGwine is ae of the most important high quality wine produced in Tuscany. The
area encompasses the districts from Siena to Florence near to 43.5°N of latitude6 a0
longitude. Long history of Chianti wine production starts in 188@n the name Chianti was
mentioned for the first time in official documents. Nowadays Chianti wine production is
controlled by grower consortium, and it follows the regulaticggardinggrape and wine
production quality parameters. The main grape variety is Sangiovese that retagtcor80

to 100% of grape varieties in Chianti wine. Therefore, it is important to understand how this
grape variety responds to the climate changes irr dodenderstand future conditions and to

be able to gply new strategies for the wine production (Ewidaglligan and McCarthy, 2001).

Jones(2006) reported that the optimum averageowing seasortemperature (dg for
Sangiovese is from 17.5 and 196 in the ripening perigdfrom August to September.
Furthermore, Salinger at al. (2015) showed that the highesdity ranged Chianti vintages
were produced in the years when the avegigwiing seasotemperature was from 19.2 to
20.8°C, while low ranged mtages were produced undegglcondition from 17.3 to 19.8C.

Many studies have shown that the global warming started with the industrialisation and that
this trend will continue in the futurdn the past periadfrom 1950 to 2009the rie in
temperatre especially regarding Southwest Europe was identified by calculation of Winkler
index and Huglin indexSantos et al., 2012)lore specifically, Bartolini et al. (2008) reported

that the maximum summer temperatures in Tuscany have rised fof@ Adecade, while
minimum summer temperatures increased for 8C38decade in the period from 1955 to 2004.
The trend of the climate change will continnehe future according to ICCP research and it
will be necessary to adapt some measurmit@ate its impact on this agricultural sector,
especially in high quality wine production ase;aich as Chianti in Tuscanit.is therefore
necessary to study and create models of the future climate conditions in order to predict the
new upcoming weatherhanges and create new adaptation strategies to soften its negative

impact.
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Some studies have shothat the crop yields in Mediterranean basin will decrease significantly
in the future due to of the lack of water availability (Iglesias et al, 2011). Thus, Alcamo and
collaborators (2007) specified that the temperature will continue to rise in the fioatueasing

for 2.55.5°C until 2070, while the precipitation will decrease for&8b in the same period

of time.

As far as we knowthe models of the future climate conditions in Tuscany have estimated the
GCM General Circulation Models for the peridd752099with few or no bioclimatic indices
(Moriondo et al ., 2011, Buayway,ithavaked oftlaete.studie2 0 1 7,
is certain, but study of the more detailed period wéthigh range of the Bls would provide

further informaion about the grape cultivation and wine production suitability in the future in

this region.

2.2.2 Materials and Methods

2.2.2.1 Studyregion- Tuscany

Tuscany idocatedin the central part of Italgnclosing about 23,000 Kfrom4 4 A 2806 t o 4
220N | atitt9d6e aadd12®@A 2ZigsarBunded by pther negioas. Liguria,

Emilia Romagnan the north Marche, Umbrian the easaind Lazioin the southTuscany is

one of the most prominent wine regions of the wdhlel surface of which is covered by hills

(67% and mountains(25%) Mild hills that ensure the great sun exposition of the waire

located between th&pennire mountainsn the east, the Tyrrhenian Sea and LigurianiSea

the west The climate in Tuscany is characterized by hot and dry summers and mild winters.
Tuscany produced 2,652milion hL of wine on about 55,500 haf vineyards in 2020

(Www.inumeridelvino.it).

Beside Chianti DOCG and Chianti Classico DOCG wirse® (the sectior?), there are other
famous DOCG wines produced in Tuscany, like Vernaccia di San Gimignano white wine, and
among red wines there are Brunello di Montalcino, Vino Nobile di Montepulciano,
CarmignangElba AleaticoPassito, Montecucco Sangiovese, Morellil@cdnsano, Suvereto,
Rosso della Val di Corniand IGT Bolgheriigure 2.4).
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2.2.2.2 Model data and bioclimatimdices

The weather data including daily maximum temperaturgs),Tminimum temperatures fh)

and precipitationvere downloaded from the websiktetp://cordex.ordor the reference to past

period from19761 2005, forthe near future from 2031 to 2060 and distant future from 2071

to 2100.

The weather data regarding minimum and maximum temperatures and precipitation are

collected fromE-OBS observationwith 11 x 11 km spatial resolution. For the data elaboration,
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thereference period was from 19¥&005. The obtained results are divided in three periods:
last 30 years from 1992019 and the future periods from 2623060 and 207-R2100.

CORDEX (Coordinated Regional Climate Downscaling Experiment)-tegblution climas
simulations were applied under 4.5 RCP scenario in order to calculate the bioclimatic indices
(Bls). Afterwards, the bias correction of nine Regional Climate Model (RCM) data was

performed based dmitp://cordex.org/dataccess/biasdjustedrcm-data/(Table 2.1)

Table 2.1 Nine Global Climate Model and Regional Climate Model chains applied in the research
(Literature: 1: Soares et al., 2017: 2: Fredlet2018)

GCM RCM Ensamble Literature
CNRM-CERFACSCNRM-CM5 CCLM4-8-17 rlilpl 1
ICHEC-EC-EARTH CCLM4-8-17 ri12ilpl 1
ICHEC-EC-EARTH HIRHAMS r3ilpl 1
ICHEC-EC-EARTH RACMO22E rlilpl 1
MOHC-HadGEM2ES CCLM4-8-17 rlilpl 1
MOHC-HadGEM2ES RACMO22E rlilpl 1
MPI-M-MPI-ESM-LR CCLM4-8-17 rlilpl 1
MPI-M-MPI-ESM-LR REMO2009 rlilpl 2
MPI-M-MPI-ESM-LR REMO2009 r2ilpl 1

Bioclimatic indices based on temperaturetemperature is an important climatic factor that
has a great impact on grape chemical compounds and its quality. In this view, Winkler index
(GDD), Huglin index (HI) and Cool night index (CI) are used in this work.

Growing degree day (GDD) or Winkler index showsthe number of degrees above the
growing degree bas# 10°C, and it is calculated as a sum of daily average temperatihe
growing season fromSRApril until 31%October, using the mathematical equatianitten in

Table 2.2 (Winkler, 1962; Tonietto and Carbonneau, 2004). Winkler and Ameline (1944)
created a classification system of grapevine suitability for the quality wine production. Thus,
the calculated WI valisfrom 850 to 1667 thadre classified asand Il Regions are suitable

for the production ofthe dry table winevith light to medium body. The Region Il is good for
full-bodied wine production with the index value from 168814. The Region IV (19456

2222 value of index) meets the requirements of fortified wine production, whereas the last

O 3
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Region V (22232700 index value) presents the areas that are suitable for the table grape
production,and lowquality (able wine. Another important thermal bioclin@tindex is
Heliotermal index (Huglin index) that is more focused on maximum temperatures. It gives
further information about heat accumulatmver the active vine phase from the beginning of
August to the end of September. In both indices calculgtibe temperature parameter is

presented agverage, minimum and maximum temperaturesg(Tmin and Tmax, respectively).

The last bioclimatic indexCool night index (CI), is an average ominimum night
temperatures (in Chat occur during one montf ripening period. September is usually
considered as the month of the ripening peindtie Nothernhemisphere. This assessment of
the Clis important to better understatite secondary metabolites accumulation in the grapes

(i.e. grapgpolyphenols and aromas) (Tonietto and Carbonneau, 2004).

When it comes to thwater balance indices Tonietto and Carbonneau (2004) created the
Dryness index (D)onthebasof Ri uob6s index that deter mine
water, i.e. the psence and absence of dryness. It takes into account the soil moisture at the
beginning of the growing cycle, then evapotrargmn and precipitation during the growing

cycle. It is important for better evaluat of thegrape maturatioevel and wine gality

(Jackson and Cherry, 1988grouge et al., 1998)

All of these grape growing indices are important for description of the grape varieties needs,
wine qualityin terms of soluble solids accumulati@ugar level, polyphenols and wine aroma)
and wine ypicity (Tonietto and Carbonneau, 2004).
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Table 2.2 : Bioclimatic indices used in this studylean temperature in vegetation (VEGTM), Cool
night index (CI), Huglin index (HI), Winkler index (WI), Total amountpoécipitation during
vegetation (VEGRR), Dryness index (DI).

Bioclimatic index Mathematical equation Classes References

Temperature related indices

Mean temperature in

- Average temperature during growign seas Fraga et al., 201
vegetation (VEGTM) (from 1 April until 31 October)
1 303 Warm nights: > 18
Cl = EZ Tm Temperate nights: 14-18
Cool night index (ClI) L9 Cool nights: 12-14 Tonietto, 1999

Tm- Min.air temper aVery(:ooln|ghts:<12

N-number of days
200 Very warm: > 3000
I - Z (Tx — 10°C) + (Tn — 10°C) Warm: 2400-3000
14

2 Temperate warm: 2100-2400
Temperate: 1800-2100 Tonietto and
Huglin index (HI) Cool: 1500-1800 Carbonneau,
Very cool: < 1500 2004

Tx - Max air temperature'C)

Tn - mean air tempe

k - Length of the day correction coefficient
Too hot: > 2700

31.10

CDD — Z (Tx + Tm) Lo°c Region V: 2222 - 2700
B 2 B Region IV: 1944 -2222
1.4 . . Hall and Jones,
Growing degree day (WI) Region Ill: 1667 - 1944 2010;
Winkler index Region II: 1389 - 1667 Winkler et al.,
Region I: 850 - 1389 1974
Too cool: < 850
Tm - Min air temperat
Tx - Max air temperat

Temperature, precipitation and evaporation related indices
Total precipitation amount Sum of rainfal during growing season (fror
in vegetation (VEGRR)  April to 31 October)
309

DI = Wo + Z[Pm— (Et+Es)] )
1.4 Humid: >150

Moderately dry: 50 -150

Sub-humid: 100-50

Very dry: < 100

a- Plant radiation absorption Tonietto and

Ruml et al., 201:

Et=aPET

PET(1 — a)Nef pec
f = —

Dryness index (DI) N coef (a=0.1, 0.3, 0.5 in April, Carbonneau,
May, June-September, 2004
respectively)

Nef pec - Monthly effective soi
Wo - initial soil moisture evaporation
Pm - monthly precipitation N-Number of days in month

Et - Water loss through transpiration
PET - Potential evaporation

Ly
S C— o R —-'ﬂ(?ig
%3
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2.2.2.3 Statistical analysis

Studend g$-testwas carried out in order to reveal statistical differences in the mean of
dependent variables (bioclimatic indices) for each grid cell, with confidence level of 95%. The
study covered the period from 199019, and future periods 202060 and 207-2100. t was

applied for one studied model (out of 9) and one period at a time. The statistical differences
were designed with one dot in each grid cell of the figure, if it was present in at least 5 models
for the same studied period and for oneBie signifiance of the data changing is calculated

taking into account the reference peridtiis methodology allows us to better understand if

the change comes from the global warming or if it is a natural climate phenomenon (Fraga et
al., 2013; Liu et al., 2014, MDj o et al . , 2016; Vukovil et al

were calculated using seaifeated software that is written in Fortran programming language.

Maps were created onlir{attp://cola.gmu.edu/granyiasing Grid Analysis of Display Sistem
(GrADS).

2.2.3 Results and Discussion

2.2.3.1 Temperature corresponding bioclimatic inéds

It is well known that temperature is a climate parameter that can stronglyt itth@acape and

wine quality, as well as crop quantity and vine plant phenological phases under the climate
change conditionsGoombe, 1987; Kliewer and Torres, 19Battrose etal1971, Kliewer,

1971, 1973Lakso and Kliewer, 197Braga et al., 201&\beysinghe et al., 2019

Mean temperature during the vegetation period (VEGTM) in the centrabfpluiscany was
rangedfrom 17 to 19°C in the period from 1990 to 2019. Aferwards, in the period from 2030
to 2060therewill be a2 degreeincreasewith the estimated range ©9-21°C under RCP 4.5
scenaridFigure 2.5). The observed trend is consistent with the results cib et al.(2007)

who declared that the temperature rising in the Mediterannean basin will be between 2.5 °C
and 5.5°C by 2070'he period from 2070 to 2100 will be warmer in some areas reaching 22°C
as the average vegetation period temperatceordingto Jones (2006), (see thaéy. 1.3,

section ) the optimum growing season temperatures for the production of Sangiovese

EC-__ Ai& _..’-_)2
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permium quality wines are from 418 °C, those beingpresent in the current period (1900
2019). Any higher temperature will require itshing to other grape varieaties or resin
production. Therefore, it is very likely that the future decades in Tuscany will face the mean
growing season temperature that is too hot and not suitable for the high quality wine production
coming fromthetipip|l Tuscanyds Sangiovese (grape.
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Figure 2.5 Mean temperature during the vegetation period (VEGTM) in Tuseagignbased on 9
model median ensemble projectipnalculated for periods) 199602019 b)20312060 c) 20762100
under RCP 4.5 scenario. Statistisgnificance of changes (p< 0.05)resented by dots and
calculated by the Studentdst.
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As for the night temperaturethe cool night index (Cl) showed thée preseniperiod(from
1990 to P19 hcad night® wi 41h°Cid the central part including Chianti Classico
area(see thélable 2.2). Only the seaside area hhe fitemperate niglittemperaturewith 14-

18 °C (Figure 2.6). The cool night index will significantly increase in all Tuscany grape
production areas in thfaiture,and it will be presented btemperate nightsin both periods
from 2031 to 2060 and from 2071 to 2100 under RCP4.5 sceAdlrtbe night temperatures

will probably have a statistically significant increase by 2100.

According to Kliewer (1977), the ideal night temperature #ilaivsa good accumulation of
anthocyanins and aromas in grapmsgesrom 10-15°C. Having this in mindt can be said

that tre rise of night temperatures in the future period may have a strong negative impact on
the color stability and wine flavour in the future. Moreover, the ripening phenological phase is
expected to be shifted to an earlier period of growing season whesmntperatures are even
higher, and thus, the negative impact on wine quality is expected to be even stronger (Fraga et
al., 2016).
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Figure 2.6 Cool night index (Cl) in Tuscany based on 9 model median ensemble projections for the
periods: a) 1992019 b) 20312060 c) 207100 calculated under RCP 4.5 scenasiatistical
significance of changes (p< 0.0S)ypresented by dots and calculated by the Stuetest.t

Lﬁs

35



Huglin index (HI) calculated for the present period from 1990 to 2019 classifies the central part

of Tuscany as Atemper at e wa2400dsee thealassificagiont h e

accordimg to Huglin inTable 2.2). All the future study periods (2032060 and 2072100)are
supposd to have statistically significant changes of temperature. Thus, the period from 2031
to 2060 will become fdAwar mo under sdyRrapgé. 5

H

SC

production areéFigure 2.7). Toward the end ofthe2t ent ury, two bi g spot :

HI climate apearwithin the Cortona and Valdichiana areas andne small part of Chianti
DOCG and San Gimignano wine production areas. In thg stiuithe Emilia Romagna region

of Italy, Teslil and coll aborators (-210019)
under RCP4.5 scenario: the climate condit.i
findings are in accordanedth thestudy of Fraga et al. (201@hichreported that the climate

inthese areasihpr obably be Awarmo to fAvery war mo
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Figure 2.7 Huglin index (HI) in Tuscany regiobased on #nodel median ensemble projectipns
calculated for periods) 19962019 b) 20342060 c¢) 20742100under RCP 4.5 scenarigtatistical

significance of changes (p< 0.0S)yresented by dots and calculated by the Stuetest.t
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Winkler index (WI) of the pesent period (19902019) shows that the central part of Tuscany,

typical for production of Chiant.i and Chi ant
Il 11 06 according to WiTaklel28)rYetctheee re someé spastof tben (s ¢
war mer climate <classified as fARegion | V0O nex
Grosseto districts. As c¢cl aimed by Winker ar

conditions are suitable for the fortified wine production. The same seaside dtdzecame

war mer in the period from 2031 to 2060, cl a
classification(Figure 2.8). The central part of Tuscany will remain in the Region IV in the

same period of time. In other words, Tuscany will become thendgat is suitable for the

fortified wine production and in certain hot areas the quality of produced wines will reach only
low-quality level of table wines. Later on, in the period from 2071 to 2100, the biggest part of
Tuscany wi ||l probam| YOhaypet bt @Remat e, me a
probably lose the characteristics suitable for the-gigdiity wine production and switch to the
conditions good for the table grape production anddoality table wine production toward

the end of 2st century, if the climate change follows the RCP4.5 scenario. It is worth
mentioning that the RCP4.5 is not the fAstron
that the situation may cause even more concern in the future. That is why it is vertaithp

to apply a new adaptation measureghe new upcoming climate change conditiohBese

findings are in accordance with the study of Moriondo and collaborators (2011) who reported

that Sangiovese grape variety in Tuscany might be substituted wittheswgntary grape

varieties, which are more suitable for the new warmer climate conditions, like those cultivated

in South Italy. Southern grape varieties are suitable for the table grape production and for the
higher alcohol wine production as well. On ttker hand, the premium wine production made

out of Sangiovese grape should be gradually moved from flat to higher locations (> 600 m asl).

The rising trend of the Huglin and Winkler indices are in agreement with the previous research
of the climate conitions in the South Europe from 1950 to 2009 (Santos et al., 2012).
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c)

Figure 2. 8 Winkler index (WI) in Tuscany region based on 9 model median ensemble projections,
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calculatedfor periods a) 19962019 b) 20342060 c) 20721002100under RCP 4.5 scenario.

Statistical significance of changes (p< 0.@f)resented by dots and calculated by the Stuekest.t

The total precipitation amount dng the vegetation period (VEGRR) in Tuscany from 1990

2.2.3.2 Precipitationcorresponding bioclimatic irides

to 2019rangedmostly from 300 to 400 mm of rairfaln the period from 2030 2061, the
precipitation is predicted tmcreasefrom 400 to 500 mm in the central part of the region

which has the stetically significant difference (p<0.05h relation tothe present period.

Afterwards toward the end of the 2icentury from 2070 to 210)) the precipitation will

decrease in mosff theDOC parts of Tuscanyvithout changes that aséatistically significant

(relative to the presenffigure 2.9). Similar observations were reported in other studies that

used CORDEX system under RCP4.5 and RCP8.5 scenstatisigthat total precipitation

amount will not bring about statistically sifipant changes toward the end ofZéentury in
i

Europe
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Figure 2.9 Total precipitation amount during the vegetation period (VEGRR) in Tuscany: a) 1990
2019 b) 20312060 9 20702100 calculated under RCP 4.5 scen&iatistical significance of changes
(p< 0.05)is presented by dots and calculated by the Stueiest.t

Drynes

S

ndex (DI) indicates that

t héhenort he

21% century, until 2100, having more tha50mm of precipitation during the growing season

(see theTable 2.2). On the other hand, the central part of Tuscanip @xception of certain
remai n -fi5thom ef ramfialleuhty thecemdyob2kemiury h 5 0

(Figure 2.10. The Maremma areahichis placed next to the Tyrrhenian Sea, will transform

ar eas

i nt o-héd ;mu o

Wi

i ,havingeb@1o0rmyn of pecipitation in the studied period from 2071

to 2100, especially in Grosseto district thas haalluvial plain of theOmbrone river.

Interestingly, there are no significant differences in water availability between the present

period and the future periathder RCP4.5 scenario. In other studies of the dryness index in

future

conditions, Teslil and col

aborator s

RCP4.5 scenario in the nearby Emilia Romagna regionstiawsing no significant differences

in DI when compared to that of the Tuscany regknaga and collaborators (2016) reported

that the monthsouldbe drier during the summer time period causing the loss of the crop yield.
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On the other hand, the elevated concentration of thentdy stimulate & absorption, thus
reducing the negative impact of the water stress condition and in thailexgtingthe crop
guantity loss (Salazdrarra et al., 2012, 2015, Kizildeniz et al., 2015).
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Figure 2.10Drynessndex(DI) in Tuscanybased on 9 model median ensemble projecticaisulated
for periods a) 19962019 b) 20312060 c) 2072100 under RCP 4.5 scenar@tatistical significance
of changes (p< 0.053 presented byots and calculated by the Studetest.

2.2.4 Conclusions

The calculation of bioclimatic indices Tuscany under RCP4.5 scenario showed that the

future decades ithe 21st century will become warmer, with lower precipitation.

The rie in emperature mayeddetrimentato the highquality wine production which was
shown by Winkler index.There is high probability that the Tuscany regwili be very hot
approaching 2100 and the highality wine production will bgeopardizednly for the table
grape produtbon, resin production olow-quality table wine.Sangiovese as the main grape

variety may be replaced with other grape vagethat suit the high alcohol wine production

The water availability will probably decrease which may lead to the lgeid

We have to take in consideration that the most important DO@&CGcTa n y éqgalityhgrageh
wines Chianti and Chianti classico are traditionally produced out of Sangiovese and their
production is regulated by DOCG strict regulations that yntipé useof at least 80% ofhis

type of grapeThis productions very likely tobe endangered by the future upcoming climate
changes in Tuscany. That is whys importantto applythe new strategiesf adaptation to

new climate conditionsSome of thestrategesinclude the translocation of the vineyard areas

uphill, while the others implyhe substitution of the grape varieties.
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CHAPTER 3

Typicity and quality of Chianti and
Chianti Classico wines
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3 Typicity of Chianti and Chianti Classico wines

The typicity (or typicality) as a concept was introducee@nology by Sauvageot (1994) and
Salette (1997) as a result of general wine characteristics coming from the ground (soil), grape
cultivars and winemaking techniques used in production. The typicality should imply the
differentiation, the identification anthe recognition of the product. A wine typicity that is
determined with wine chemical and sensory characteristics should represent an overall image
of the terroir and it should provide the originality of the PDO wine production (Letablier and
Nicolas, 1994 Salette et al., 1998).

Il nternati onal Organi sation of Vine and Wi

n

AVitivinicultural Aterroiro is a concept whi

of the interactions between the identifiable pbgbiand biological environment and applied
vitivinicultural practises develops, providing distinctive characteristics for the products
originating from this area.o (OIV, 2010) .
parametric assembly of three im&ases: the vine plant, the environment including the grape
vine (i.e. topography, ground and weather conditions) and social impact (vitiviniculture and

social conditions in the region) (Gonzaga et al., 2021).

On the other hand, the Geographical Indarabf origin is a notion established on the premise
that wine characteristics come from the terroir. Geographical Indication identifies wine with
regards to the location of vineyards, guaranteeing the origin of the grapes used for the wine
production. Inorder to label a product with this notion, the producer is obliged to follow a
series of regulations that make sure the optimum wine quality is obtained. Geographical
classification is used in many countries following the rules in terms of grape varagtg,ch

the minimum amount of alcohol and total acidity in wine, the time and type of wine aging and

other winemaking parameters. For instance, the label Protected Designation of Origin (PDO)

E

in France defined as : A Ap p eih ltalg: DenommnazibBeOr i g i r

di Origine Controllata (DOC), may have a product with particular characteristics originating
from a geographical environment (République Francaise, 1993; Markham, 1997).

Exceptionally, the wine classification in Bordeaux, whiclome of the most eminent wine
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regions, started back in 1855 when the categ

the trading price and its reputation on the market.

3.1 The main appelations of origin in Tuscany: Chianti and Chianti
Classico

The first information about wine production in Tuscany dates back to 2000 years ago at
Etrurian time. Backtothe ¥ ent ury, the name AChianti 06 was

production area, and in 1716 its borders were defined.

Nowadays, Chianti DOC@presents the most extended wine production area in Tuscany and
within it there is another small appellation of origin Chianti Classico DOCG that represents a

high-quality wine denomination of origiriF{gure 3.1).

Chianti DOCG and Chianti Classico DOC@gulations are described in detail in their
documents <called ADisciplinare di produzion
obtain the name Chianti and Chianti Classico it is necessary to follow the rules regarding the
wine denomination, productn areas, ampelography and viticulture restrictions, vinification,

bottling, aging and labelling.

3.1.1 Chianti DOCG

According to the DOCG regulations written by thalian Ministry of Agriculture, Food,

Forestry and Tourism (2019), Chianti DOCG wine is required to have well defined
organoleptic and chemical composition. The sensbayacteristics include ruby red color that
obtains garnet hues with aging; intensive vinous aromas with scent of violets that become more
pronounced during aging. The taste is dry, well balancedbddlied, slightly tannic, which
evolves to soft velvgtmouthfeel. Additionally, the minimum content of chemical compounds
that Chianti wine has to possess include total alcohol: 11.50 % v/v (in the case of "reserve"
wine the total alcohol content has to be at least 12.0 % v/v), total acidity 4.5 g/L, idgt ext

20.0 g/L and dry extract 22.0 g/L.

2
CA00
3988

9
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Entire geographical Chianti area is divided into 7-atdms as follow&~igure 3.1):

1) Colli Aretini

2) Colli Fiorentini

3) Colli Senesi

4) Colline Pisane

5) Montalbano

6) Montespertoli

7) Rufina
\ :
- .
/ COLLI FIORENTINI
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Figure 3.1 Chianti DOCG sutareas and Chianti classico DOCG in Tuscany, Italy (modified from
W.w.w.vinepair.com).
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Each of the sulareas subjects to slight variation regarding the DOCG regulations of sensory

and chemicatharacteristics and ampelographic specifications.

Chianti Superioreas the appellation of origin, makes part of the same Chianti DOCG system,
having organoleptic attributes corresponding to Chianti DOCG, with variation in minimum
level of alcohol 12.0 %/v.

Ampelographic regulation of the DOCG Chianti wine production contains the grape variety
allowed to grow in the well ef i ned area in the same docume
Chianti wines have to be produced from the grapes coming from delimitedfates art. 3 of

the same document. The main grape variety for the Chianti DOCG wine production is
Sangiovese and its content has to be >70 % of total grapes used in winemaking process. Beside
Sangiovese, the other varieties can also be employed inhibatiOvine production, with a
specification that they are suitable for grape cultivation in Tuscany region. Furthermore, the
white grape cultivars and as well red Cabernet Franc/Cabernet Sauvignon varieties must not

exceed the maximum limit of 10 % and%prespectively.

The Consorzio Vino ChiantjChianti Wine Consortium) is a sectorial organisation created in

1927 by a group of winegrowers from provinces of the Chianti area: Florence, Siena, Arezzo

and Pistoia. Nowadays, the Chianti Wine Consortium egatlabout 3,000 producers that

produce 800,000 hectolitres of wine with over 15,500 hectares of vineyards. It has a role in
protection of producersodo interest against
implementation of wine promotion and in prdwg information for consumers, hence it
protects t he overall i nterests rel at

(www.consorziovinochianti.it/en/consorzio).

Chianti wine was recognised as Chianti D.O.C.G. in 1984, because of a dedicated and expertise

activity of thewinegrowers and wine industry (www.consorziovinochianti.it/en/consorzio).

AToscana Certificazione Agroali mentareo i s
Mi ni stry that controls i f all t he Disdiplina
wine production. | f so, the produced wine ol

that guarantees its quality in terms of chemical and sensory characteristics.

EC-__ Ai& _..’-_)2
-‘,e_g”
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3.1.2 Chianti Classico DOCG

According to ADiscipl i praducioh has fegul@tions aegdarding Cl a s

grape production, vinification and bottle labelling.

As for the grape production regulations, there are vineyard position, maximum yields allowed
per hectare and the irrigation rules. All the vineyards that producetC@lassico grapes have

to be registered on the locations that have hilly positions at an altitude not exceeding 700 meters
above the sea level. The pedological characteristics of the terrain consist of the prevalence of

arenaceous, calcareous marly stdiss, clay schists, sands and pebbles.

The geographical position of the grape production for the Chianti Classico DOCG wines is
precisely defined by the Article 3 of Disciplinare. As can be seen rigiuee 3.2, the location

of the Chianti Classico area between Florence and Siena provinces in Tuscany and it
encompasses the following municipalities: San Casciano in Val di Pesa, Tavernelle Val di Pesa,
Greve in Chianti, Barberino val di Pesa, Poggibonsi, Castellina in Chianti, Rada in Chianti,

Gaiole inChianti and Castelnuovo Berardenga.

Figure 3. 2Chianti Classico DOCG area in Tuscany, Italy and its logo Black rooster (it. Galo

Nero) (modified fromwww.cinellicolombini.itand w.w.w.vinepair.com).
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Figure 3.2 Chianti Classico DOCG area in Tuscany, Italy and its logo Black rooster (it. Galo Nero)
(modified fromwww.cinellicolombini.itand w.w.w.vinepair.com).

Regarding the vitulture regulations, the density of the plant has to be at least 4400 grapevines
per ha. The maximum grape production allowed is 7.5 t/ha and the grape load per plant must
not exceed 2 kg. The maximum yield of wine in relation to the grapes is 70%.i$f éxaeeded

the wine will lose the right to obtain the designation of origin. Moreover, if the percentage is
not respected, a winery will totally lose the right to produce the Chianti Classico wine.

The varietal composition of the wine has to be th&Barigiovese from 80 to 100 %, and the

minimum alcohol content in the Chianti Classico wine is 11.5 % v/v.

There are three groups of the Chianti Classico wines according to their aging duration and

enological characteristics of wine:

1) Chianti Classico

2) Chiarti Classico Riserva
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3) Chianti Classico riserva Gran Selezione

According to the wine regulations each of the group has to satisfy the minimum requirements
of the chemical compounds like alcohol content (%), total acidity (g/L), sugar free dry extract
but al® the specific sensory characteristics of wine like color, olfactory attributes and
mouthfeel Table 3.7). All the Chianti Classico wines have to age at least three months in
bottles before the consumption. Chianti Classico wine can be put on the matkabler
following the harvest. Chianti Classico Riserva wine has to age 24 months (including 3 months
in bottles) before the release on the market and Chianti Classico Gran Selezione 30 months in
total.

Table 3.1 The main sensory and analytical characteristics of Chianti classico wine defined by DOCG
regulations.

Chianti Classico
riserva
Gran Selezione

Chianti classico
Riserva

Wine characteristic Chianti Classico

slightly tannic that
refines over time

with nice tannins

Color Medium intense Intenseruby red, Intense ruby red,
ruby red wine tending to garnet | tending to garnet
with aging with aging
Olfactory Tipical floreal Intense and Spicy and
characteristics intense aromas persistent fruity persistent
aromas
Mouthfeel Dry, fresh, rounded| Dry, well balanced | Dry, persistent,

well-balanced

duration

Total alcohol % v/v 12.00 12.50 13.00
Minimum level of total 4.5 4.5 4.5
acidity (gL)

Sugar free dry extract 24.0 25.0 26.0
(glL)

Minimum aging 12 months 24 months 30 months

When it comes to the production of the Gran Selezione Chianti Classico wines, the same winery

has to conduct all the viticulture and winemaking processes from the grape production until the

wine bottling.

64




The Chianti Classico DOCG wine has its own institu@nsorzio di Tutelahat represents

the first Consortium founded in lItaly, back in 19ZZonsorzio di Tutelglays a role in
protecting the Chiant.i Classico bmahtal ABIl a
competition) and in the implementation of its market promotion. In @ahsorzio di Tutela

Chianti Classico ensures the authenticity of the wine by a warranty that the producers fulfilled

all the production requirements. Consorzio may also engihe authorisation by the Italian

law 2/10/92, no. 164, to perform the activities of vigilance of the production (Malorgio and
Grazia, 200 &yww.chianticlassico.com/en/consortijim

Valoritalia is an organisation that controls the compliance of the Chianti Classico wines in
terms of chemical analysis and sensory characteristics and issues the certificates of the

conformity of the product.

3.2 Wine typicity assessment of Chianti and Chianti classicDOCG wines

3.2.1 Introduction

Wine typicity (or typicality) as a notion can identify a specific wine profile and can represent

a particular category of wine (Cadot et al., 2010, 2012). Furthermore, wine is typical if some
of its attributes that make it unigean be determined since they contribute to a specific wine
group, distinctive from the others (Maitre et al., 2010). King and collaborators (2014) suggested
that regionality, terroir, or typicality is the distinguishing characteristic of wine coming from
the geography, climate and geology, of a specific place. It can present a style specific to an area
in a representative wine sample. Regarding the PDO wines, the typicality is integrated within
its global quality (Salette, 1997).

According to the World Trde Organization (WTO), the definition of the geographical
indication is as follows:0indications whi ch

member country, or a region or locality in that territory, where a given quality, reputation or

otherc har acteristic of the good is essentially
2021).
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The quality control as a series of legal instructions is one of the indispensable practices
developed in many winemaking countries in order to guaranteeafa ©f excellence of

wines that come from historic and specific areas of origin (EC, 2013). Therefore, even in Italy
there is a DOP system of wine productiseed et ai | s about Tuscanyos

and Chianti classico wine production in paui.

Recently, chemometric classification techniques and pattern recognition analysis methods, for
wine and other alcoholic beverages, have received great attention as discrimination tools.

A numerousstudies have been of use to the wine experts in thesasient of the wine

typicality (Ballester et al., 2005; Parr et al., 2010; Perrin and Pages, 2009). In general, wine
classification is based on the sensory analysis conducted by trained wine experts, along with

the use of instrumental analytical methodsbig amount of analytical data related to wine
composition, has been established as a versatile and valuable tool for assessing the wine
aut henticity, applying some sophisticated st
Vazquez et al., 201Makris et al., 2006). In this respect, a wine guality assessment may be
conducted on the base of the wine flavour and many other wine physicochemical characteristics
including total acidity, alcohol content, residual sugars, citric acid, acetic acid, suigpkided

density, pH and sulphates (Sowmya et al., 2019).

Multivariate statistical methods are an effective tool for the study of wine classification, based
on large data sets of chemical or sensory information (Gonzalez and/léatiaz, 2000). One

of them, the Partial Least square (PLS) analysis, suggests hovatsty one variable predicts

the variation of another group of data (Noble and Ebeler, 2002; Frank and Kowalski, 1984, Lee
and Noble, 2006).

The aim of this study is to build a model of prediction of Chianti and Chianti classico DOCG

wine quality basedn their chemical composition using the PLS statistical analysis.
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3.2.2 Materials and methods

3.2.2.1 Tuscan wine samples

A total of 456 red wines were collected from commercial wine production at Ruffino winery
at two winemaking stages: before fining and at bagtbver six vintages 2012018. The wines

were grouped in 6 different DOCG wine denomination categories: Chianti DOCG, Chianti
Superiore DOCG, Chianti Riserva DOCG, Chianti Classico DOCG, Chianti Classico Riserva
DOCG and Chianti Classico Gran Selezione @® (Table 3.2 with increasing quality
category from 1 (basic) to 6 (top).

Table 3.2 Wine samples used in this study: 6 quality categories from 2 different wine Tuscany areas:
Chianti and Chianti Classico.

Code Quality Denomination ADi sci i NS 6
samples
CH 1 Chianti DOCG Chianti 202
CHR 2 Chianti riserva DOCG Chianti 11
CHS 3 Chianti Superiore DOCG Chianti 55
CcC 4 Chianti Classico DOCG Chianti Classico 51
CCR 5 Chianti Classico RiserM@OCG Chianti Classico 98
CCRGS 6 Chianti Classico Riserva Gran Selezione DOC Chianti Classico 39

All the wines were produced following Chianti and Chianti classico DOCG regulatetise
section 31.1.and 3.12

3.2.2.2 Winemakingpractices

The grapes from Chianti and Chianti classico areas were carried to the Ruffino winery, where
they were separately vinified in stainless steel tanks. The same oenological protocols were
applied as follows: i) grape crushing and destemming; ii)addition gfhb of potassium
metabisulfite and the selected dry yeast (20 g/hl); iii) the average of 17 and 10 days maceration
for Chianti classico and Chianti wines respectively at controlled temperature (max 28°C) with
punching the cap down six times a day untdébo units; iv) the wines were poured into the
stainless steel tanks for the malolactic fermentation at the controlled temperature (22°C) v)

)
20
$9%

3950

9
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wine ageing according to the DOCG regulations (see the section 3.1.2.).All these operations

were repeated every vage of the trial (201:2018).

3.2.2.3 Winechemicaland sensory analysis

All the samples were analysed in two moments during the wine production: before fining and
at bottling with FOSS WineScan HR instrument supplied by FOSS (Hilleroad, Denmark)
and U\tvis Spectrophotometer Carry 60 produced by Agilent Tecnologies, (CA, USA). FOSS
wine analyzer was used to measure wine chemical parameters including total acidity (g/L) and
organic acids: tartaric, acetic, malic, lactic, citric, succinic acid expressed ithgfiLalcohol

(% vol), anthocyanins (mg/L) and total polyphenols (mg/L), wine density, ashes (g/L), total
dry extract (g/L), glycenl (g/L), pH value potassium (mg/L), sulphates (g/L), enzymatic
sugars (g/L) and reducing sugars (g/Cheresults providedy FOSS WineScan instrument
were relevant and regularly cheked by internal calibration and comparing risults obtained by

an external certificated laboratory Isvea in Tuscany.

Agilent Spectrophotometer Carry 60 was used to analyse all the wine samglesabtain

the values of optical density from 200 nm to 800 nm.

All along winemaking procesdrom the alcoholic fermentation and maceration, through wine
fining, aging and bottling all the wines were tasted by enologists to evaluate their sensory
properties. All the enologists have a clear concept of the wine typicality, based on their long
working experience in Tuscany. Moreover, all the wines were certificated by appropriate
official organisation that issues the Chianti DOCG and Chianti Classido@¢€ertificates

(seethesection3.11 and3.1.2 for more detas).

3.2.2.4 Data analysis

RStudio program (version 1.4.1717, 2a@®11, RStudio BPC) and XLSTAT statistical
programs were used for the statistical data analysis. Descriptive statistical analysis and
principal component analysis (PCA) were performed using RStudio in order to diain

%
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frequency distribution, correlogram, boxplots and PCA graphs of the main chemical parameters
related to the wine quality. On the other hand, Partial Least Squares (PLS) analysis were
performed by XLSTAT program to find relationship between estimatddbserved data of

the wine quality.

3.2.3 Results and discussion

3.2.3.1 Descriptivestatistics results of general wine composition

Histograms provide information about samples distribution regarding the main wine chemical
compounds such as: alcohol perceatal acidity (g/L), volatile acidity (g/L), tartaric acid

(g/ L), |l actic acid (g/L), p1 VFalrei3e3) Foptleel y p h e n
other chemical parameters: citric acid (g/L), glycerol (g/L), ash content (g/L), dry extract (g/L),
potassium (mg/L) and residual sugar (g/L) see the supplementarfFaaiee S1). Malic acid

was presented only in traces because it was degraded during the malolactic fermentation.

Frequency distribution of each wine chemical property showed the skewngagtidualar, the
alcohol content, total acidity, volatile acidity, tartaric, lactic, polyphenols and anthocyanins and
were skewed to the right with the highest sample frequency at 12.5 % v/v, 5g /L, 0.4 g/L, 2
g/L, 1.1 g/L, 2750 mg/L and 700 mg/L respeety, while the pH value were skewed to the

left with the highest count of samples at 3.5 value.

Alcohol distribution

Frecuency
40 50 &0
1

20

20

10

69



70

d)

Frequency

b)

Freguency

40 50 80 100 120 140

20

Frequercy

100 150

50

150

100

50

Total acidity distribution

Total acicity

Volatile acidity distribution

02

Volatile acidity

Tartaric acid distribution

20

lartanc acid

25




Lactic acid distribution

8 4
|
|

2 4

(=3

g “©
g
2
£ g
2 -
o
I T I T T I 1
06 (VX3 10 12 14 16 18
Lactc acid
e)
pH value distribution
g =
o
8 -
8 -
S
§
g 8 -
o
w
o
-
g =
o J
f) pH value
Polyphenols distribution
o — mean
&7 = median
o
8
>
2
3 o
3 27
[
8 -
o - |
T 1
2000 2500 3000 3500 4000

Polyphenols

)

71



Anthocyanins distribution
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Figure 3.3 Frequency distribution of the main chemical wine parameters of allssimples: a)
alcohol (% v/v); b) Total acidity (g/L), ¢) Volatile acidity (g/L), d) tartaric acid (g/L), e) Lactic acid
(g/L), ) pH value, g) Polyphenols (mg/L), h) Anthocyanins (mg/L).

A chemical analysis carried out with tR®SS WineScan FIR instrumen including basic

wine compoundsalcohol (%), polyphenols (mg/L)anthocyanins (mg/L)p | v ddtal e ,
acidity (g/L), volatile acidity (g/L),citric acid (g/L), lactic acid (g/L),malic acid (mg/L),
tartaric acid (g/L),ashes (mg/L), dry extract (mg/l)lygerine (g/L), potassium (mg/L),
sulphates (mg/L), residual sugar (g/L). The basic analysis of wines categorised by wine quality
is reported infable 3.3 showing their average values and standard deviation.

As for the alcohol content (%) v/v, its valueosved a constant increase from Chianti DOCG

to Chianti Classico Riserva Grand Selezione DOCG wines (i.e. from the quality 1 to the quality
6, see th&able 3.2, and it ranged from 12.7 to 14.5 % v/v. The polyphenol compounds in
wines showed an increaseiin 2650 mg/L to 2830 mg/L in Chianti DOCG appellation of
origin (i.e. from 1 to 3 wine quality). On the other hand, wines from Chianti Classico
appellation of origin did not show a significant difference in the polyphenols amount in Chianti
classico and dhanti Classico Riserva wines (i.e.4 and 5 wine quality) ranging from 2760 to
2740 mg/L, while the highest quality wine(i.e. 6) had about 3100 mg/L. According to the wine
regulation defined by the Chianti and Chianti Classico appellations of origin, nsanmge

had the minimum alcohol content below the legalimum, which is 12, 12.5 and 13% v/v for
Chianti, Chianti Classico Riserva and Chianti Classico Riserva Gran Selezione wines
respectively (see the sectighl.1l and 3.1.2).These results are in agraent with those

O 3
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obtained by Rinaldi and collaborators (2020), who reported that the average value of alcohol
in Chianti DOCG wine was 12.9 (%), while in Chianti DOCG wine it was 13.6 % v/v for
vintages from 2013 to 2015. Furthermotbe total acidity wasalways above the legal

(.e. 45 g/L) ad it from 5 to 56 gL

(Ministerodellepoliticheagricolealimentariforestali e del turismo, 202B§ average value of

minimum ranged

pH is quite constant in all wine quality classes, and it is about 3.5.

Table 3.3 Descriptive statistickor thebadc wine chemicalanalysisdetermined in Chianti and
Chianti classico wineshemean value and standard deviation categorizedibg quality

Wine quality 1 2 3 4 5 6
N 202 11 55 51 98 39

Alcohol (%) 12.72+0.33 1291 +0.47 1356+0.46 13.60+0.32 13.78+0.32 14.51+0.28
Polyphenols (mg/L) 2645 +289 2706 £397 2827 +270 2761+163 2739+117 3092 +284
Anthocyanins (mg/L) 667 + 37 673 +23 716 + 65 703 + 36 722 + 32 773 31
pH value 351+0.13 3.48+0.12 3.50+£0.12 3.43x0.10 348+ .11 3.48 £ .11
Total acidity (g/L) 505+0.23 516+0.12 515+0.11 560+0.31 544+0.29 5.60+0.33
Volatile acidity (g/L) 0.37+0.04 036+0.04 033+0.03 0.39+0.05 0.39+0.04 0.49+0.06
Citric acid (g/L) 0.09 +0.09 0.10+0.1 0.10+£0.09 0.07+0.07 0.07+0.08 0.06+0.08
Lactic acid (g/L) 1.08 £0.16 1.04 £0.22 0.93+£0.22 0.93x0.21 1.06 £0.34 1.11 £0.30
Malic acid (g/L) 0.01+0.04 0.04+0.07 0.02+0.04 0.05+0.07 0.04+0.05 0.06+0.06
Tartaric acid (g/L) 1.99+0.18 1.87 £0.20 197+£0.19 211+0.31 1.83+£0.22 1.76 £0.34
Ashes (mg/L) 262+£0.34 2.60x0.27 278+033 258x041 2.81+0.27 2.84 +£0.21
Dry extract (mg/L) 30.19+£1.95 29.02+2.07 29.72+2.04 29.63+1.67 29.53+1.83 29.76+2.44
Glicerin (g/L) 79+13 7.8+1.7 7915 83x15 82+1.7 8720
Potassium (mg/L) 959 + 172 926 + 145 968 + 176 884 + 153 939+ 160 945 + 146
Sulfates (mg/L) 0.50 £0.18 0.45 +0.17 054+£0.16 044+0.14 0.46x+0.17 0.54x0.16
Residual sugar (g/L) 3.1+£13 25+1.7 22+09 1.7+1.1 15+05 1.2+04

3.2.3.2 UV-Visspectroscopyesults

Figure 34. shows the average UVis spectrums from replicates of ed2®CG type of wine:
CH, CHR, CHS, CC, CCR and CCRGS or quality categories 1, 2, 3, 4, 5, and 6 respectively
(see Table 3.2 for more details).

As displayed irFigure 34, the peak values for all wine spectrums are within the range from

350 to 650 nm, in whit yellow, red and violet color absorbance can be found. The highest
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absorption intensity band is observed in the spectrum of CCRGS wine (brown line) and it was
followed by the sample CHS (yellow line). The samples, CHR, CC and CCR showed similar
Uv-Vis spetrums, while the sample of Chianti wine (CH) had the lowest absorbance.

AVERAGE VIS SPECTRUMS OF WINES

2,5
—ccC
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<
S5 CHS
3
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Qo
<

05

0,0

350 400 450 500 550 600 650 700 750 800 850
Wave lenght (nm)

Figure 3.4 Average VIS spectrum of wine€H -Chianti, CHS Chianti Superiore, CHR hianti
Riserva, CA Chianti Classico, CCRChianti Classico Risgr, CCRGSChianti Classico Riserva
Gran Selezion¥. axis shows the absorbance values in Andl the X axis shows the part of spectrum
with wave lengths from 350 to 850 nm.

As proposed by Canuti and collaborators (20200¢, differencesn absorption in W-Vis
spectrum which indicate the color of the wine, can be explained by the polyphenol content of
wine samples. The wine sample CCRGS had 3100 mg/L of total polyphenols, CHS had 2827
mg/l which was followed by CHR, CC and CCR that had 2706, 2761 and 2¢89

respectively. The last sample of CH had the lowest amount of total polyphenols 2645 mg/L
(seeTable 3.3for more details
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3.2.3.3 Classification of wine samples pyincipal component analysisEvaluation of the
essential chemical quality of Chianti and Chianti Classico DOCG wines

The intrinsic chemical profile describes the common chemical characteoistitsvines, thus

representing the suitdity and identity of wingoroperties for all wine samples.

A chemicaly suitable profile of wines was described by the standard chemical parameters
including alcohol content, polyphenols, total acidity, pithacyanins, glicesl, residual sugar,
tartaric aail, lactic acid, malic eid, acetic acid, citric acid, succinic acid, dry extract, density,
ashes, potassium and sulfates. The statistical @salythe standard chemical parameters were

conducted applying the PCA, and tiesults vere dratted inFigure 35. and3.6.

The corretion circleon axes Dim1 and Dim2 and the projections of the weights of 19 original

variables in the factor spatillustrated inFigure 3.5

Variables - PCA

1
1.0- —L "
Wine quallt

cos2

Glicesin - [N

Dim2 (20.5%)

-10 -05 0.0 05 10
Dim1 (33.5%)

Figure 3.5 Principal component analysis (PCA) of loadiniyaft of eligibility profile (for standard

chemical parameters) of Chianti and Chianti Classico DOCG wines from Tuscany.

The first two dimensions PC1 (i.e. Dim1) and PC2 (i.e. Die@)punted for 54 % of thetal
variance. The statistical analysis allowed the determination of the squared cosins of variables

that were related to both dimensions. As for the first dimension Dim1, the variables that

9
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participated the most are the following: polyphenols (0.93B)kegn (0.928), potassium
(0.890), pH value (0.878), residual sugar (0.830), succinic acid (0.814), dry extract (0.752),
sulfates (0.608), lactic acid (0.460), total acidity (0.448), and citric acid (0.390). On the other
hand, the squared cosins of thea® principal component Dim2 are the following: wine
quality (seeTable 3.2) (0.886), alcohol (0.877), anthocyanins (0.669), density (0.756), total
acidity (0.598), acetic acid (0.527), tartaric acid (0.436), malic acid (0.408), ashes (0.337). The
core pbt of the correlation of variables with the principal components is available in the
supprting information (sed-igure S2 in the supporting information

The eigenvalues stand for another parameter that was defined by principal component analysis.
It measires the amount of variation held by each principal component. From nineteen principal
components obtained, the first five had the eigenvalue higher than 1(6.37, 3.90, 1.94 1.48 and
1.18 respectively) accounting for 78.3 % of the total varianceHigeee S3 in the supprting
information section for more details). The variance percent of principal components is shown

in Figure 3.6.

40~

20-

Percentage of explained variances

i 2 3 4 $ 6 7 8 8 10
Dimensions

Figure 3.6 Percentage of variation in principal components of Chianti and Cld&gsico DOCG
wines.

The Figure 3.7 shows the grouping of the wine samples based on two principal components

PC1 and PCZThegraphshows thedivision of samples in two major groups$he firstone is
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presented bysamples 1, 2 and 3 which make partGifiarti appellation of origin being
positioned on the positive part of the first principal component (PC1). The second group is
represented b4, 5, and 6 wine samples which belongtoanti Classic@appellation of origin,

and theyare placed on the negatipart of PC1 scale.

groups
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Figure 3.7 Principal component analysis of Chianti and Chianti Classsico DOCG win€sianti,
2) Chianti Riserva, 3) Chianti Superiore, 4) Chianti Classico, 5) Chianti Classico RiseDaai
Classico Riserva Gran Selezione

3.2.3.4 Partial least square analysis (PLS)

Partial least square analysis (PLS) was conducted in order to reveal the link between sensory
quality scores and chemical database of Chianti and Chianti Classico wines. Tdfetlasn

analysis was to creatar@odelso ago predict thewine qualityof new wines.

The prediction PLS regression model was built using the\&/spectrum in the range from
350 to 800 nm and sensory evaluation results (i.e. 6 wine quality categéfiesyvards,
results were illustrated in the graphgire 3.8) where x axis is defined by wine quality scores,
andy axis by predicted valueShe developed modahows high qualityf the predictions.

Certainsamples areot well predictedyetthe overd correlation is satisfactory= 0.805.
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PLS analysis of wine quality y = 0,8094x + 0,549
R2 =0,8056
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Figure 3.8 Comparison of predicted wine chemical composition and reference wine quality (PLS).

This finding is in accordance with the study of Canuti and collaborators (2017) that obtained
thegoodnesf-fit measurgR?= 0.83 for PLS regressiom prediction model of wine typicity

based on the chemical analysis and typicity scores of Chianti RD&® w

Thereliability of the model wasalso examined by RMSE (Root Mean Square Error) for both
the training and validation model. Thaining model contained 356 wine samples and the
RMSE value was 0,855. On the other hand, the validation model conifi@edndom wine

sampleqabout 28% of total wine sampleslnd it 6s RMSE value was 0,

The PLS regression model is widely used in prediction of wine quality and typitits,

Frank and Kowalsky (1984) used this statistical model in order to digb®selation between

the sensory (i.e. Asubjectiveo) wi ne <char a
Aobjectived) i n Pi no Caniiectial(202@)ievalaated thentypiaity of e c e n t
Sangiovese wines coming from two different zomsscountry of origin, Italy, and California,

using the same statistical analysis.
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3.2.4 Conclusion

The specific goal of this study was to examine how physicochemical properties of Chianti and
Chianti Classico DOCG wines make a difference in their qualigioéd. An essential finding

is that wine attributes such aslyphenols,alcohol content, glycerin, potassium, pH value,
residual sugar, succinic acid, dry extract, anthocyanins, density and total acidity, had the
statistically significant influence on theines quality and thus their typicityMultivariate
analysis showed a good capability to divide wine samples and to predict the wine quality and
typicity of new wine samples based on calculated PLS values.
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polyphenols
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4 Wine quality-oxidation and polyphenols

4.1 Introduction -wine oxidation and polyphenols

4.1.1 The role of oxygen in winemaking

The role of oxygen in winemaking process is particularly important, which was noticed in the
19" century by a French biologist, microbiologist and chemist Louis Pasteur who declared:

iCbest | 6oxyg (nter qrus| dtaed tlee BHignlo. : Al t i s th

The outcome of wine oxidation can be either positive or negative degesrdthe winemaking
process, the oxygen amount added to the wine and theaftyle. The oxygen management

in winemaking is among the most important issues since the wine oxidation can affect the
chemical compounds and sensory characteristics of. viimeoderate and controlled oxygen
disposal in some winemaking practices, like miorygenation during the aging of wines, may
have positive impact enhancing the wine astringency and color stability. On the other hand, a
noncontrolled oxygenation, eitheéoo little or too high, could cause deterioration of wine
quality in terms of color stability (i.e. browning), wine structure alteration, the loss of aromas
and creation of reductive effavors (Waterhouse et al, 2006;Versari et al., 2013;Oliveira et
al., 2011;Caillé et al., 2010; Ugliano et al., 2009) The oxidation is generally perceived as a
detrimental process in wine production, but it can present a crucial process in creation of a
particular wine stiles such as Sherry wine from Spain, Madeira fratad2d, Vinsanto from

Italy, and Jura Vin Jaune from France. In these cases, the oxidation is rather desirable, and
when controlled it drives specific olfactory and color characteristics of mentioned wines
(Atanasova et al., 2002; Waterhouse et al., 2016).

The oxygen uptake decreases during the winemaking process, from the grape harvest until the
storage in bottlesT@ble 4.1). At the beginning of production, during the grape harvest and the
alcohol fermentation, grapes and wine must get in close contdcthei air and the oxygen
concentration is measured in hgmacrcoxygenation). Afterwards, during the wine aging,

the amount of oxygen decreases tagkel (micraoxygenation) and at the end after bottling

in nglL level (Caillé et al., 2010).

%é“
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Salmon (2006) reported that during the alcoholic fermentation the ySastharomyces
cerevisiaeuses dissolved oxygen from the must to produce lipids (sterol and unsaturated fatty
acidsi UFA) for the cell walls without negative impact on the wine quality. Téesy needs

an oxygen addition of-20 mg/L, particularly in the last phase of the cell growth in order to
have a regular functionality of their cell metabolisms (Sablayrolles and Barre, 1986). After
alcoholic fermentation, from the second month to thelty@ar of the wine aging, the fine lees

(i.e. nonviable yeast cells) may have an important role in the protection of wine against
oxidation. The lees sterols consume oxygen in the range from 1 to 4 ppiole10° cells,

in a decreasing order during thging (Salmon et al., 2002).

The solubility of oxygen in wine is conditioned by the wine composition including ethanol and
soluble solids content. The wirsaturationwith the air oxygen at the room temperature and
atmospheric pressure is about 6 ml/l.(866 mgL). At 5°C the solubility of oxygen increases
about 10%, conditioning the oenologist to pay attention to the winemaking practices that are
carried out at low temperature (Singleton, 1987). In the same work, Singleton estimated the
level of oxidaton before the wine could show the oxidized characteristics. Thus, the red wine
could stand up to 180 mg/L of-@uring all winemaking steps, but the recommended dosage
would be around 80 mig{about ten saturations). In a further study Singleton and collaborators
(1989) report that the white wines can consume about 10 oxygen saturations before showing

the oxidized offflavours.

Afterwards, numerous researchers have studied the level of oxygeke in different

winemaking practices and the results are reported ifidbé&e 4.1.

Table 4.1 Oxygen uptake average amount in different winemaking practices.

Winemaking process Dissolved OXYgeN b torences

uptake
Alcoholic fermentation
Open pumpover 0,020,11 mg/L Moenne et al., 2014
Closedpumpover 0,6-2,5 mg/L Moenne et al., 2014
Macro-oxygenetion 5-10 mg/L Sablayrolles and Barre, 19¢
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Filtration

Tangential f. 0,6-2,2 mg/L Vidal et al., 2001
Diatomeous earth f. 0,1-1,7 mg/L Vidal et al., 2001
Membrane f. 0,6-2,1 mg/L Vidal etal., 2003
Plate f. 0,2 mg/L Vidal et al., 2004
Eerpendlcular flow polymeric membral 0,1-0,8 mg/L Valade et al., 2006
Centrifugation

Centrifugation up to 8 mg/L du Toit, 2006
Pumping

Pumping over 0,1-0,2 mg/L Vidal et al., 2001
Racking (filling from bottom of the tank) 0,1-0,5 mg/L Valade et al., 2006
Racking (filling from the top of the tank) 2,1-4,4 mg/L Valade et al., 2006
Stabilization

Continious tartaric stabilization 0,1-2,6 mg/L Valade et al., 2006
Transport

Transport in full tank 0,41,1 mg/L Valade et al., 2006
Transport in broached tank 1,2- 6,6 mg/l Valade et al., 2006
Aging

Micro-oxygenation about 5mg/L/month  Caillé et al., 2010
Aging in wood 20-45 mg/L/year Vivas et al. 2003
Aging in bottles 0,05- 40 mg/L/year Karbowiak et al., 2009
Bottling

Bottling on fixed line 0,2-3,9 mg/L Vidal et al., 2004
Bottling on moving line 2,0:7,0 mg/L Valade et al., 2007

The oxidation is a (bio)chemical reaction whelectron transfer occurs between reductive and
oxidative compounds and oxygen plays a key role. The reactivity of molecular oxyges (O
limited by its diradical nature in the triple ground state and it is not able to directly bound
electron pairgoming from wine components at the initial phase of the oxygen consumption.

In the presence of transitional metal ions as catalysts, a single electron is added creating a series
of intermediates and at the end hydrogen peroxide and water (Waterhouse26tL@y.
Danilewicz, 2003; Miller et al., 1990).

There are two types aixidations enzymatic and neenzymatic. The enzymatic oxidation
occurs in the presence of oxidation enzymes (polyphenol oxidase: PPO) that oxidize the wine

polyphenols to quinones ihe presence of oxygen. As for the latter, in the absence of enzyme,

k.
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the transitional metals play the role of catalysts and-ermymatic oxidation take place
(Waterhouse and Laurie, 2006).

One critical step of neenzymatic wine oxidation is the oxidatiohethanol to acetaldehyde
in the presence of hydroxyl radical that has been earlier created in the Fenton rEagpiien (
4.2), that stands for the reduction 0$®%to hydroxyl radical with participation of metal iron

as catalyst (i.e. ferrous iron @¥greduces to ferric iron (R8) (Elias and Waterhouse, 2010).

HO S
H3C—CH2_OH _— H3C—CH—O
ethanol acetaldehyde
Fe2+ Fe3+
HO—OHg HO® + HO'
hydrogen hydroxyl
peroxide radical

Figure 4. 1 Oxidation reaction of ethanol to acetaldehyde and the Fenton reaction.

The role ofiron as a catalyst in the oxidation reaction of organic compounds was discovered
by Fenton H.J.H. in the early 1894. He used the Read (Fenton reagent) in a color test to
determine the tartaric acid. Later on, Haber Wise proposed the mechanism ef cagigal
formation Figure 4.2), where the first chain reaction is presented by the Fenton reaction (1),
the second and third are HalWeiss cycle reactions (2 and 3) and the last one is the
transformation of the Fe (ll) to Fe (lll) in the presence ydrbxyl radical (4) (Koppenol,
2001).

Fe* + H0, —= Fe* + HO + JOH (1)
MOH + H,0, — H0 =~ 'sz— L (2)
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’&) -

, +H' +HO,—= O, + OH + H,O ©

F* + JOH + H* —= F& + HO (4)

Figure 4.2 The mechanism of oxygen radical creation proposed by H&ss (source: Koppenol,
2001)

4.1.2 Oz2reduction to intermediate reactive oxygen species (ROS)

The molecular oxygen in its triplet state has a low susceptibility to reaction with wine
compounds becae of its two unpaired electrons in different orbitals. The reactivity of oxygen
increases with the loss of unpaired electrons in reactioniwittas catalysts and free radicals

coming from wine (Waterhouse and Laurie, 2006).

The reduction chain reactie of molecular oxygen consist of creation of oxygen free radicals

i.e. fAreactive oxygen speciesdo (ROS) created
in Figure 4.3.
_/ o superoxide _
molecular radical peroxide o '
oxygen anion anion h};g:;l):lﬂ hyeg::))l(ly 1

0, —> 0, = 0,7 > .OH—> OH
H+ H+

HO, H,0, HO A

/

| Wine i34

hydroperoxyl hydrogen water
) radical peroxide /

Figure 4.3 Oxygen reduction to free radicals (Modified from Waterhouse and Laury, 2006)

The cascade of reaction starts when the molecular oxygen in his ground tripletQipte (
receives energy from photopigments (i.e. flavins) and passes to its unstable smgidtsgjate
(!02). This state of oxygen radical is very unstable with alifalbbout 1& s. Afterwards, the
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10, receives one electron which is conducted by means of metal iron generating the superoxide
(K0y) as a first negatively charged ion with omepaired electron and hdife time ranged

from 10°s to 1@ s. The redox potential of this reaction at pH 9) (E-0.33V (Table 4.2); at

the wine pH this ion is presented as hydrop
transfer with B 1.07 V creates peroxide radical that has all the electrons paired aslifiehalf

time about 7s; in the complex wine medium is presented as hydrogen pereQidd ke last

and most reactive oxidant (110%) i s hydr oxyl radi c anloftie AOH) ,
H20: in the presence of the ferrous ion salts and this is known as Fenton reaction. The reduction
of oxygen concludes with the water creation in the last chain reaction (Boulton, 2003;
Danilewicz, 2003; Halliwell and Gutteridge, 1984; Koppenof4;$chwarzwald et al., 1987;
Mukhopadhyay Das, 19%4

Table 4.2 Reductionpotentials (V) of reactive oxygen species and metal catalysts at pH 7 (source:
Koppenol, 1994, 2010 and Zoecklein et al., 1995).

Inorganic compounds Organic compounds
Redox pairs E° (V) Redox pairs E° (V)
Onee- addition reduction potentials

02 /- A02 -0,33

AHO2 / H2O02 1,07 AROO / RC10
AHO / H2O 2,31 ARO / ROH17
H202 / AHO, H2O0 0,32 ROOH / ARL19
Fe3+ / F&* 0,771

Cu2+/ Cu+ 0,158

Two e- addition reduction potentials

H202 / 2H20 1,32 ROOH / ROH, H20 1,8
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Inorganic compounds Organic compounds

Redox pairs E’ (V) Redox pairs (EV)
One e- addition reduction potentials

0./ A0 -0,33

A HL H20; 1,07 AROO / ROC 1,0
AHO 0 H 2,31 ARO / ROH 17
H.0./ ARO, H 0,32 ROOH / ARC 19
Fe* | Fe?* 0,771

Cu*/ Cu 0,158

Two e- addition reduction

potentials

H202 / 2H,0 1,32 ROOH / ROH, HO 1,8

4.1.3 Oxidation substrates of wine

The polyphenols are the main substrates of wine oxidation in the presence of Thaeare
the first chemical compounds that stafft the chemical reaction of oxidation because they

have the lowest redox potent{@Iliveira et al., 2011; Waterhouse and Laurie, 2006).

Therefore, we will pay the greatest attention to them in thistehap

Wine polyphenol compounds;
Other chemical compounds coming from winethanol, tartaricad, glycerol, sugars
and organic acids;

1 External antioxidants added during wine productigulphur dioxide, ascorbic acid

and glutathione, enological tannins

4.1.4 Wine polyphenols

Numerous scientists have investigated the polyphenolic compounds because of their high
impact on the structure, sensory characteristics and color stability of wine. The major source
of polyphenols in wine is grape berry (i.e skin and seed), as well as fwodbarrel and

oenological tannins added to wine during winemaking processes. The polyphenol is a large

group of chemical compounds omnipresent in the plant world, thus beside in grape and wine,
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it is possible to find them in coffee, cacao, tea, fraitg] vegetables. As groups of chemical
compounds, phenols are molecules that contain at least one aromatic (phenolic or benzoic) ring
and one or more hydroxyl groups. Polyphenols are complex groups of polymeric phenol rings
(Waterhouse, Sacks & Jaffery, B)1

The word Atanninsd comes from their purpose
determinate their chemical structure. Tannins are large groups of polymeric polyphenols with

a high molecular weight, with more than 1200 Da divided ingwaaips: (i) condensed tannins

with grape origin and oligomeric and polymeric flav@ol complexes (ii) hydrolysable
tannins with oak wood origin ammbinationof gallic acid (i.e. gallotannins and ellagitannis)
(Figure 4.4).

Polyphenols

Non- Flavonoids Flavonoids

I
| | [ |
Hydroxycinna Hydroxybenzoic : " .
TR P Stilbenes Flavani 3 ols Flavonols Anthocyanins

Figure 4.4 Wine polyphenolglassification

4.1.4.1 Nonflavonoids

4.1.4.1.1 Hydroxycinnamates

Hydroxycinnamates are the phenol compounds found mainly at the beginning of the wine
production in the grape must. The main hydroxycinnamic acids are: coumaric, caffeic and

ferulic acid, normally presented in their tartaric acid especautaric acid, caftaric acid and
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fertaric acid respectively. They are responsible for the enzymatic oxidation and browning

phenomenon.

Table 4.3. Hydroxycinnamic molecules present in wine

Hydroxycinnamic acids Compound R1 R2 R3
1 Caffeic acid OH H H
R X tartaric
Caftaric acid OH H acid
HO o] o] p-Coumaric acid H H H
g2 F‘(a tartaric
Coutaric acid H H acid
tartaric
Fertaric acid OCHs H acid
Ferulic acid OCHs H H
Sinapic acid OCHs OCHs H

4.1.4.1.2 Hydroxybenzoic acids

Hydroxybenzoic acidsre the minor group of polyphenols created by hydrolysis of wood
hydrolysable tannins (i.e. gallic acid). Thepresentative level in young red wines is about 70

mg/L, while in white wines it riches only 10 mg/L.

Hydrolysable tannins: gallotannins and ellagitannins hydrolise to their comp@abittsind
ellagic acid during the wine aging. All hydrolusable tannins including castalagin, vescalagin
and roburins accumulate in the range from 2 to 20 mg/L dtwiagr more years in the contact
with wood (Garcia et al., 2012).

Table 4.4 Hydroxybenzoic acids present in wine

Hydroxybenzoic acids Compound R1 R2
R i Gallic acid OH OH
or p-Hydroxybenzoic acid H H
HO Protocatechuic acid OH H
: Syringic acid OCHs OCHs
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4.1.4.1.3 Stilbenes

Stilbeneswith the most important resveratrobmpound created as a plant response to the
microbial stress, normally found at the level of 7.2 and 0.5 mg/L in red, rosé, and white wines
respectively (Joshi and Devi, 2009; Romero et al., 1996). It seems that resveratrol may have
beneficial effects onhe human health including antioxidant activity and prevention of some
cardiovascular and cancer diseases. As an antioxidant, the resdiabtel4.5 protects the
macromolecules of human body cells (e.g. DNA, lipids and proteins) against the impact of
oxidative reactive species (ROS) that may accumulate in a human body. Afterwards, the
Mediterranean diet that includes a moderate red wine consumption is considered for healthy
nutrition because of the positive effects of the resveratrol on preventiomef cancer and

cardiovascular disease development (Guerrero et al., 2009).

Table 4.5 Stilbenes present in wine

Stilbenes Compound R1
Resveratrol H

HO

§ ) Day

R—O

4.1.4.2 Flavonoids

Flavonoids are the classes of polyphenols that contain 3 aromatic rings A whédre the
central ring C contains oxygeRigure 4.5). The ring A and C are connected along one bond
and are linked with the ring B with a single bond. A common feature of all wine and grape
polyphenols is that the ring A contains hydroxyl groups aéiddt the positions 5 and 7, and

the most important difference that defines the class of flavonoid compounds is the oxidation
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status and the substitution groups of the ring C (Oliveira et al., 2011; Waterhouse et al., 2016).

The main classes of flavonoidse flavanr3ols, flavonols and anthocyanins.

2 4'
8
7 O 5
c |° s
6 3
5 4

Figure 4.5 Flavonoid ring structure (Modified from Waterhouse et al., 2016)

The flavonoids are placed in grape skin and seeds and their extracgédmime occurs during

the maceration period of wine production. They present the most important part of the red wine
phenols, while in white wine their content is very low due to the lack of contact between the
wine and the grape skin and seed (i.egtia@es are pressed at the beginning of the vinification)
(Waterhouse et al., 2016).

4.1.4.2.1 Flavan 3ols

Among monomeric catechinéTable 4.6, the average amount of catechin and epicatechin
(expressed in catechin as the dominant isomer) in Cal&moeignon wine was found in range
37-80 mg/L (Ricardo da Silva et al., 1990). The other flaBart compounds including
gallocatechin, epigallocathechin, and epicatechin gallateare are found irssataltjuantity

by HPLC analysis and are useful to monitbe polyphenol extraction in wine maceration
(Ritchey and Waterhouse, 1999).

Saucier and collaborators (1997) investigated the mechanism of flavanol oxidation using
monomeric catechin isomer. In that study, a dimer of two catechin groups bounded with the

acetaldehyde bridges was discovered.
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Table 4.6 Monomeric flavar3-ols present in wine

Monomeric flavan 3ols
Compound R1 R2

R? Catechin OH H
HO o Epicatechin H OH
S 3 O-gallic
\©ig Epicatechingallai H acid

1 However, theoligomersof different level of polymerisation and polymers of flav&ols
(proanthocyanidinsor condensed tannins) account for 1/4 to 1/2 of all wine phenolic
compound. The pathway of their polymerisation probably occurs under biochemical
condensations of flavai3-ol units, but this mechanism is still to be disclosed in detail (Dixon
et al., 2005; Bgleton, 1992).

4.1.4.2.2 Flavonols

Flawvonols stand for a nepolymeric group of flavonoids that is created in grape as a response
to the light exposure. There are six aglycon molecules in grapes including quercetin, myricetin,
laricitrin, kaempferol, isorhamnetiand syringetin. The average amount of the first two
compounds found in grapes is about 12 mg/kg, while all the others account for-2bagtig.

The diversity of the flavonol compounds consists of their bonding with different type of sugars,
thus creahg a huge family of glycosides, especialyO3ylucosides and-®-glucuronides
(Waterhouse et al., 2016; Mattivi et al., 2006). Jeffery et al. (2008) noticed that during the aging
of Sangiovese wine, quercetin glucoside is hydrolysed and becomes uwdtall@ossibility

of causing a wine haze and precipitation at the bottom of the wine tanks and bottles.
Furthermore, in the recent study Gambuti et al. (2020) suggested that the quercetin
concentration higher than 3 mg/L creates the precipitation risRaimgiovese wine. The
Sangiovese wine had the highest concentration of quercetin (from 0.4 to 8.6 mg/L) and
quercetin glucoside (from 3.1 to 33.9 mg/L) comparing other 11 monovarietal wines. Anyway,

the risk of deposit creation could be significantly desedgmore than 50%) using winemaking
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practices like micrapxygenation and aging in wood. Conversely, the quercetinimeasact
with the anthocyanin malvidi3-glucoside in reaction of epigmentation enhancing the wine
color (Lambert et al., 2011).

Table 4.7 Flavonols present in wine

Flavonols Compound R1 R2 R3 R4
Quercetin OH OH H H
=|~ Quercetin3-O-galactoside OH OH gal H
I,/i:::_\r,«F"E Quercetin3-O-glucoside  OH OH glc H
HO o | ‘/J\ Quercetin3-O-glucuronide OH OH glcA  H
T H“T/ “:i[l\ =% Quercetin3-O-rhamnoside OH OH rham H
| |
b Kaempferol OH H H H
. Kaempferoi3-O-glucoside OH H glc H
o Isorhamnetir3-O-
l :
HO glucoside OH OCH3 gl H
Myrecetin OH OH OH OH
Laricitrin OH OH OH OMe
Syringetin OH OMe OH OMe

4.1.4.2.3 Anthocyanins

Anthocyanins are chemical compounds widespread in plants giving a great speatalonsof
depending on the pH value of the environment: form red at pH 1 through violet at pH 7 to blue
color in the basic solutions (Fernandes et al., 2017; Wahyuningsh et al., 2016). More
specifically, in aqueous solution at pH about 1, the anthocyanisisiethe flavylium cation

form that has the red color, whereas at p#tBeir color depends on the equilibrium between
qguinonoidal base (blueiolet color), cis and trans-chalcone (yellow color) and carbinol
pseudobase (necolored) Figure 4.8) (Pina 1998). Based on this equilibrium, it could be
presumed that at the wine acidity level (i.e. pH from 3.2 to 3.9) the anthocyanins color would
not be red. Despite that, there are certain mechanisms of color stabilisation where the
anthocyanins are wolved, including (i) self association where anthocyanin molecules interact
between themselves thus increasing the color intensity and the darkness (Gllaredaao,

2008), (ii) copigmentation that presents the association of wine pigments with nordcolore
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compounds resulting in wine color enhancement, particularly in young wines (Boulton, 2001),

(iif) metal ion complexation (Castafie@vando et al., 2009).

OMe

OH
O
HO. “\\\\\ \

OMe
=

OH \(tautomeric
reaction)
Chalcone (yellow) OMe

(hydration H OH _H+ (proton
reaction) A transfer
reaction)

Flavylium cation (red)

OMe

@:C)H
OH
HO o ‘»\“‘
OMe
SO

OGlc

OH

Carbinol pseudobase Quinoidal base
(colorless) (blue-violet)

Figure 4.6 Equilibrium forms of anthocyans (modified from Waterhouse et al., 2016; Brouillard
and Delaporte, 1977)

From the chemical point of view, anthocyanins are glycosylated anthocyanidins-Q.e. 3
glucoside of simple flavonoid ring structure), that are the main molecules responsihie for

red wine color (Waterhouse, Sacks and Jaffery, 2016). Anthocyanins extraction from the grape
skin and their concentration and stability in the grape must are strongly dependent on their
concentration in vacuoles and interaction with theweall polysaccharides (Fernandes et al.,
2017). The main aglycon compounds found in grapes are: cyanidin, peonidin, delphinidin,
petunidin and malvidin that have the variation of the substitutes in tegBwithin the
flavonoid ring systenTable 4.8 (WaterhouseSacks and Jaffery, 2016).
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The positively charged C ring of flavylium cation is electrophilic and can bond bisulfilte or
water from the wine milieu at G4 position, thus disrupting the doutlend conjugation and
losing the red color (Waterhouse, Sackd daffery, 2016).

Table 4.8 Anthocyanins present in wine

Anthocyanins Compound R1 R2 R3

Petunidin OH OH OMe
HO Malvidin OMe OH OMe

R’ Cyanidin H OH OH
HO o Peonidin H OH OMe
m R? Delphinidin OH OH OH
=

4.1.5 Other oxidation substrates coming from grape and wine

The other important compounds that are present in extensive concentrations in wine, bearing
the wineoxidation, are ethanol, glycerol, polyols, sugars, tartaric acid, malic acid and other
organic acids (Danilewicz, 2003; duiTet al., 2006). These compounds are hydrogen donor
species that have an important role in wine aging. After their oxidationbé@yme strong
electrophiles and react with wine nucleophiles like thiols and polyphenols (Laurie and
Waterhouse, 2006a). All the secondary oxidation products (e.g. aldehydes, ketones etc.) have
a role in the further oxidation of the other chemical compsundvine. More specifically,
carbonyl compounds that include acetaldehyde, glyceraldehyde, pyruvic &eithglutaric

acid, diacetyl and formaldehyde are instablgbyducts created during the wine production in
microbial fermentation, wine oxidatiom m barrel aging (Elias et al., 2008). The range of these
compounds found in wine varies from 3 to 494 mg/L of acetaldehye#6Q iIng/L of pyruvic

acid, and from 0.1 to 7.5 mg/L of diacetyl (Elias et al., 2008).

It is assumed that tha&lcohol oxidation poduces acetaldehyde and organic acids that later
generate keto acids (Waterhouse and Laurie, 2006). The ethanol oxidises in the presence of

hydroxyl radical creating carbon radicals that later in the presence of oxygen will create
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hydroxylperoxyl form thawill disintegrate in acetaldehyde and hydroperoxyl radi€gure
4.7).

00
. [9) ’
CH, AOH R 2 CH HsC—
he” Son > e on T ne Son o ¢ Qg t Ao
Ethanol Carbon Hydroxyl-peroxyl Acetadehyde Hidroperoxyl
el redicdl o reclicdl

Figure4.7Et hanol oxidation by hydroxyl radi cal ( AOH)
and Laurie, 2006).

The acetaldehyde participates in the formation of the ethyl bridges between polyphenol
compounds. At the beginning of this process, acetadehyde reacts with flavanols creating a
protonated acetaldehyde that is available for further interaction with flavonbets W creates

the benzylic alcohol. Afterwards, the benzylic alcohol in the protonation reaction releases one
molecule of water and one intermediate, reactive produsenzylic cation(Figure 4.8).

Further reactions with other phenolic molecules, regsultgenerating the ethyl linked
compounds, which are responsible for the polyphenol polymerisation in wine (Waterhouse and
Laurie, 2006).

H
\ 4

HO o) W
o)
R‘/<
+
H r OH
Protonated a dehyde OH Flavonoid

H

OH
H,O
S HO O
[,
H c OH
| on

Benzylic cation

Figure 4.8 Formation of an ethyl bridge between phenol courgls in wine (Modified from
Waterhouse and Laurie, 2006).

The degradation of the tartaric acid due to the oxidation caused by hydroxyl radicals results in

creation of a dihydroxyfumaric acid that afterwards links with the molecule of (+)catechin

9
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leading b a xanthylium catiori yellow pigment generation, that changes the wine color
(Danilewicz et al., 2003; Clark, 2008). On the other haadaric andmalic acidshave an
intermediate role in wine oxidation, providing a favourable reduction potential eof th
Fe(ll)/Fe(lll) couple and in that way enhance their catalytic activity of the catechin oxidation.
Both acids create strong ligands rather with Fe(lll), hence the ability of the iron couple to
catalyse the wine oxidation changes (Danilewicz, 2014). Mpeeifically, the ferritartrate
(F€) ligand Figure 4.9) stimulates the oxidation reactions where the intermediates,
dioxytartaric acid and dioxymaleic acid, are created. These compounds can undergo the
decarboxylation reactions under specific conditiorgating glyoxylic and glycolic aldehydes
respectively. Theoxidation of malic acid creates pyruvic acid (Fulcrand et al., 1997;
Waterhouse and Laurie, 2006).

© o OH;
N \| Pk
Il Fe\
02¢C o/ | OH,
OH,
H
OH

Figure 4.9 Ferritartrate ligand monomern(Danilewicz, 2014).

Acetaldehyde, glyoxylic acid and pyruvic acid have an important role in the creation of links
between wine flavonoids and thus contribute to the color stabilisation (Fulcrand et al, 1997;
Fulcrand et al., 1998; Timberlake and Bridle71p

Glycerol is the other important chemical compound that stands for the oxidation substrate in
wine, being present to a certain extent in wine@sg/L). Laurie and Waterhouse (2006a,
2006b) reported that the gl ycer ol ceraldehydeat i on
and dixydroxyacetone in the model wine solution that contains hydrogen peroxide and metal

i ron. Both of yielded molecules are found i

radicals. Later, glyceraldehyde has a role in the creation of cead@olyphenols (i.e. dimers
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flavanoklavanol and anthocyaniflavanol) between (+)catechin)épicatechin and malvidin

-3-glucoside (Laurie and Waterhouse, 2006b).

Sugars would produce appropriate keto and acid functional sugars under oxidativerenditi
(Waterhouse and Laurie, 2006).

4.1.6 Enological aditives as antioxidans

4.1.6.1 Sulphur dioxide

During the wine production, the potassium metabisulfite is commonly used in the prevention
of must and wine oxidation and of the microorganism spoilage. Wines noroaligin from

40i 200 mg/L of the added S@liveira et al., 2011). At the beginning of the vinification, the
sulphur dioxide can inhibit enzymatic browning caused by polyphenol oxidase (PPO) (Embs
and Markakis, 1965) and change the quinone product bgafketaol molecule, reducing the
oxidation level in that manner. It has the same role in aemagmatic oxidation process of
wine (Waterhouse and Laurie, 2006). Additionally, Danilewicz et al. (2008) reported that the
oxidation reaction of 4netil catecholn the model wine solution that contains sulfur dioxide
yields quinone and hydrogen peroxide. The bisulfite ion (¥)S®@acts with both oxidation
products: quinone, reducing it back to catechol and sulfonic acid, and hydrogen peroxide,

preventing further xidation of ethanol in Fenton reactidrigure 4.10.

Fenton reaction HSO,

EthanU cetaldehyde /\

Bisaulfite adduct
OH o]
O, = qHZO
— + H,0,
on Fe& o <A
\_/ HSO, ,
S0, + H* +H,0

HSO,

Figure 4. 10 The SQ prevention of oxidation: reaction with hydrogen peroxide, acetaldehyde and
qguinones (Modified from Oliveira et al., 2011).
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On the other hand, sulfur dioxide reversibly links aldehydes and ketones, which are created as
intermediate products of the wine oxidation, thus preventing further oxidationsefvimee

compounds (Boulton, 2003).

In acidic condition like that of winehere are two forms of sulfur dioxide: the free SO
composed of bisulphite ion HSQ94i 99 % of free S@ and molecular S§& and total S@
that is bound to the unsaturated compounds (Oliverira et al., 201dipe like media,lie SQ

is available ints bisulphite specie HSO

4.1.6.2 Glutathione

Glutathione (GSH) is a tripeptide molecule which consists -gfutamate, kcysteine and
glycine. Itis a widespread thiol, present in many prokaryotic organisms and mammals. The
biochemical role of GSH derives from a free sulfydyil moiety of the cysteine part of molecule
which provides redox and nucleophilic attributes (Sigeire 4.11).

As for the winenaking, the glutathione has recently gained attention as a potential
substitutional additive that may reduce the use of thesB©e it is organic and neallergenic
antioxidant. In wine must it is used as a protection against undesirable oxidatiantbatise

the loss of aromas, the creation of oxidativeflaffors and the color changing. The GSH reacts
directly with the equinones, thus protecting the must against the browning reactions
(Singleton.et al., 1985Pu Toitet al., 2006Uglianoet al.,2011).

‘ .SH
0 [ 5
i H L ,/"'r\‘\\_ i T 2 NH - 2
He L "NH H = OH
NH 2 O
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Figure 4.11Molecule structure of glutathione a) glutathione (GSH), b) glutathione disulfide (GSSH)
(Modified from Kritzinger et al., 2013)

4.1.6.3 Ascorbic acid

Ascorbic acid is a chemical compound normally presented in wine which is widely used in

winemaking as an antioxidant, especially in white wine production.

It hasanambivalent type of chemical behaviour in wgiece it function®othasan antioxidant

ard apro-oxidantwhich is related to the S£)oxygen and other chemical compounds presen

in wine. In the case of low oxygen content and in the presencepti&0ascorbic acid is a
highly efficient antioxidant, consuming the oxygen. It protects the frinty aromas of white

wine, reduces the development of the oxidative off flavors and protect the wine color. On the
other hand, its proxidation characteristics may be strengthened when the presens SO
nearly depleted. Anyway, there is a wide rangeioe components that determine the activity

of the ascorbic acid and further studies should be done in order to understaeiterit
(Bradshaw et al., 2011, Barril et al., 2016).

OH
: HO
HO = 0 >
o HO 7 o}
+HSO, 0
—‘.. ——
& \ I
Q OH O
dehydroascorbic acid monohydroxysulfonate of
dehydroascorbic acid
-“E!:EU
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Figure 4.12Chemical reaction of dehydroascorbic acid with sulfure deXidodified from
Bradshaw et al., 2011)

4.1.7 Oxidation mechanisms in wine

Based uporthe past researchthe mechanism of wine oxidatiassentially depends on the
presence of oxygen and reaction with catalysts, includiatalsions of Fe and Cu that start
the radical chain reacticat the wine pH. The main reaction pathway is outlined irFigere
4.11(Singleton, 1987Danilewicz, 2003; WaterhousandLaurie, 2006.

HO OH OH
HO CH,
OH RLOT{'J—» O O Polymerization
HO™
thms
\ Anthocyamns 02
Resorcyl 00. Y
RC= 0 <—— RCHOH RC.HOH RCHOH
+ \/ OoH
HO.(Hydroxyl radical) + H20 -
Fe2— FCH
N A . Ferrous
02 —» HO-0. (Hydroperoxyl OH radical ) ( Q : regeneration
H Fe? - by phenolic

c\
OH/\ - o Q reduction
OH @ on HO-OH
- +  (Hydrogen peroxyde)

(Semiquinone radical) \S()z

H,0
OH
Resorcyl ©/ - OH
HO SR

Phenolic .cou.plmg (Quinone) Sulfide trapping
(polymerisation)

Figure 4. 11 Oxidation mechanism of polyphenols in wiaed stepwise hydroxyl radical oxidation

proposed byVaterhouse and Laurie (2006).
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4.3 The oxygen consumption kinetics of commercial oenological tannins in
model wine solution andChianti red wine

J e r e miVbngluadgnam, I., Ricci, A., Parpinello, G.P., Versari, A. (20Zé Oxygen
Consumption Kinetics of Commercial Oenological TannmsViodel Wine Solution and
Chianti Red WineMolecules 25 (5)1215.

4.3.1 Introduction

The research work about the oxygen consumption kinetics of commercial oenological tannins
in model wine solution and Chianti red wine was published in Moleadestific journal
(Jer emi | .Bumerausstudies RaGe2dpqrted that the oxygen plays a very important
role in oenology contributing to the wine development in terms of sensory and chemical
characteristicéDanilewicz 2003; Caillé et al. 201Berreira et al. 2015 Currently the oxygen
management represents a big challenge in winemaking. The moderate and well controlled wine
exposure to oxygen like miciaxygenation (Versari, Du Toit, and Parpinello 2013;
Waterhouse and Laurie 200&ems to enhance the wine quality during the wine aging, while
insufficient or very high oxygenxposure can lead to the creation of wine oxidative or
reductive offflavors(Caillé et al 2010; Carrascon et al. 2018; Ferreira et al. 2015; Oliveira et
al. 2011) Nowadays, sulfur dioxide is the main antioxidant used to protect the wine against the
detrimental influence of oxygen. However, there is a general concern about the allergic
reactions to S@and therefore there is a great interest to find an effective natural antioxidative
alternative such as oenological tannfbs Guo, and Wang 2008; Ricci et al. 2018mong
tannins, ellagitannin can have beneficial impact on humanhhkatause of their antitumor

and antiviral activities (Quideau and Feldman 1996). Oenological tannins are authorized in
winemaking by the International Organisation de la Vigne et du Vin (OIV 2017) as the
clarification coadjutants that prevent the protestability and iron haze of wine. Nevertheless,
oenological tannins have several positive activities, including: (i) antioxidative activity (i.e.
wine protection against the chemical oxidation) (Danilewicz, 2007), (ii) antioxidasic activity
(i.e. inhibiton of laccase activityjVersari et al. 2013)(iii) improvement of the wine color

stability by pigment polymer formatigi€anuti etal. 2012; Rinaldi and Moio 2018; Versari et

)
20
$9%

3950

9
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al. 2013) and copigmentatioriBoulton, 2000)(iv) improvement of mouthfeel sensation
decreasing the wine astringency and bitterrfR&saldi and Moio 2018; Versari et al. 2013)
However, the misuse of oenological tannins may lead to a negative effect on wine equilibrium

(Canuti et al. 2012¢mphasizing astringency.

The origin of oenological tannins are different plant sources that contain high level of
polyphenolic compounds like grape, quebracho wood, @a#, galla chestnyRicci et al.

2016; Versari et al. 2013nd myrabolan frugCanuti et al. 202). According to their botanical
origin the tannins are divided in two groups: (i) condensed tannins coming from grapes
represented by flavards oligo and polymers, and (ii) hydrolysable tannins originating from
the oak wood and different plant spes that consist of esters of glucose, or other sugars, with
gallic acid (gallotannins) and ellagic acid (ellagitanni@anuti et al. 2012; Oliveira et al.
2011; Ricci et al. 2016; Versari et al. 2013)

Phenolic compounds of wine are involved in oxidation reaction catalysed by transitional metals
such as the iron (in Fenton reaction) and copper (Danilewizc, 2003). The oxygen consumption
rate (OCR) of tanmis depends on their compositi@ferreira et al. 2015 nd on the number

of oxygen saturation cycles of wine as well, given that the initial saturations seem to have the

fastest oxygen consumption rate compared with those that f@lawascén et al. 2018)

The knowledge about the oxygen consumption rate of oenological tannins may have the
practical impact in winemaking giving an idea about what type of oenological tannin is to be
used in critical moments of winemakimghen the oxygen uptake is high. This study aims to

provide information about efficiency of condensed and hydrolysable oenological tannins in

direct oxygen consumption when added to red wine or to model wine solution.

The optimum level of oxygen exposungrishg the winemaking and fining processes is difficult

to establish because of numerous factors that determinate it, including the duration of oxygen
exposure, oxygenation conditions and wine composition. The lggrsture consides the
method of consautive cycles of oxygenatieconsumption as one of the beésthniquedo
simulate winemaking conditions and forced oxidation levels (Laurie et al., 2014; Petrozziello
et al., 2018; Gambuiti et al. 2018).
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4.3.2 Meterials and methods

Four different oenological tenins were studied including: (i) red grape seed tannin, (ii) skin
tannin, (iii) ellagitannins (american oak), (iv) gallotannins (nutgallsg leves of tannins of
each commercial product were given by proviéach of the selected commercial tannins was
added to the model wine solution and the red wiadle 4.9) in order to compare the reactivity

of each tannin toward O

Table 4.9 Composition of samples

?:drgple Sample composition Tannin structure

MWs Model wine solution + see Seed tannin: 733 mg TPC/L of which 188
tannin 1 g/L tannins/L (as CE)

MWk Model wine solution + skir Skin tannin: 856mg TPC/L of which 172 m(
tannin 1 g/L tannins/L (as CE)

MWe Model wine solution + Ellagitannin: 478 mg TPC/L of which 53 m
ellagitannins 1 g/L tannins/L (as CE)

MW Model wine solution + Gallotannin: 877 mg TPC/L of which 404 n

9 gallotannins 1 g/L tannins/L (as CE
CW Chianti red wine (control) total polyphenolllc compounds (TPC) 2458 m¢
as catechin equivalent (as CE)

CWs Ch'a.m' red wine + see Tannin as above
tannin 0.1 g/L

CWk Ch'a.m' red ‘wine + skir Tannin as above
tannin 0.1 g/L

CWe Ch'a.m' .red WINE % Tannin as above
ellagitannins 0.1 g/L

CWg Chianti  red —wine  + Tannin as above

gallotannins 0.1 g/L

The model wine solution was prepared with ethanol (12% v/v), tartaric acid (2.5 g/L) purchased
from Enartis (Florence, Italy), 5 mg/L of Fe (ll) and 0.5 mg/L Cu (Il), and addition of 1 g/L of
oenological tannin. The pH 3.6 was adjusted with sodium hydedfid/) and hydrochloride

(1 M) supplied by Sigma Aldrich Laborchemikalien GmbH (Seelze, Germany). The red wine
was provided by Ruffino company, produced in Chianti region in central Tuscany in ltaly, with
protected Designati on mage with the foliowing Chemiean t i 0 ,

EC-__ Ai& _..’-_)2
-“diu
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composition: total phenolic compounds 2458 mg/L (expressed as catechin equivalent), pH
value 3.55, total sulfur dioxide 107 mg/L, free sulfur dioxide 27 mg/L, iron 3 mg/L and copper
0.1 mg/L.

The oxygen level in samplesag measured by oxygen analyzer NomaSense P300 (Nomacorc,
Thimister Clermont, Belgium) based on elxyniniscence technology. The headspace oxygen

(HS) and dissolved oxygen (DO) were revealed by 5 mm diameter dtioMpescence dots

PSt3 (Nomacorc, ThimisteClermont, Belgium) placed inside of a 0.375 L transparent glass
bottles purchased from Zignago Vetro (Portoc
1000 (Nomacorc, Thimister Clermont, Bel gi um)
has avery low oxygen transmission rate (OTR) that ensures an inconsiderable influence of the

cork on the headpace oxygen.

4.3.2.1 Oysaturation method

The Q saturation and consumption cycles were repeated up to four times, during the trial time
as described in ehfollowing. All the samples (model wine and red wine) were saturated by
racking at the open air until the dissolved oxygen concentration reached a stable plateau (i.e.
saturation), then the samples were poured into a 0.375 L transparent glass bottagairat
oxo-luminescence dotg-{gure 4.11). The inert gas nitrogen was blown into in the headspace
during 1 minute in order to minimize HS oxygen and after the bottles were closed with synthetic
cork. The oxygen consumption was monitored over time bgiiect measurement on dots
until the moment when the DO of the sample dropped to the low stability level. Afterwards, a
further Q saturations occurred. The second, third and fourth saturation were conducted by
inserting a long narrow glass tube into bwdtle, blowing the air in order to avoid the loss of

the model wine and red wine and to kip the same HS size over trial time.
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Figure 4. 11 NomaSense device and tools for the oxygen saturation used in the experiment

4.3.3 Results and discussion

Oxygen consumption monitoring was performed within up to four saturation cycles during
nearly 90 days. The measurements were carried out on 36 trials including red wine and model
wine solutions. The length of the experiment and amount oirtsradded to model wine
solution are consistent with the literature (Laguna et al., 2017; Méaleboli et al., 2017;

Vazallo-Valleumbrocio et al., 2017).

The oenological tannins exploited in this research are purchased from oenological product
market ad currently used at the wine industry level. ifle®mposition is consistent with data

from literature (Masson et al. 1995; Nonier et al., 2005 and Jordao et al., 2007). Particularly,
low molecular weight phenolics (up to dimers) were present in large rdamouhich was
emphasized by small amounts of tannins compared to total polyphenols, in accordance with
the low amount of tannins in the wood. Indeed, Harbertson et al. (2012) reported that
gallotannins and quercus hydrolysable tannins have 12% and 2%&anifs, respectively.
Furthermore, Vignault et al. (2018) suggested an extended variability in the group of
oenological tannins concerning the tannins level that ranges from 16 % to 98.7 % of total
product weight.
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Taking into consideration that the Chiargd wine already consists of natural polyphenols, the
dosage of oenological tannins added to wine samples was low enough to avoid their
insolubilization and precipitation that appears to take place at the high dosages (100 ml/L)
(Vazallo-Valleumbrocio etal., 2017). On the other hand, it was high enough to cross the
sensory threshold as suggested by Glabasnia and Hofmann (2006). As a matter of fact, Rinaldi
et al. (2018) reported that the addition of 100 mg/L of external tannin significantly changes the

astringency od Sangiovese red wine.

TheFigure 4.12 shows the oxygen consumption over four saturations with ellagitannin added
to the Chianti wine; graphs for the other tannins are similar. As can be seefiguitee4.12,
the @ consumption of the firssaturation was the fastest and afterwards it lasted longer in

every following saturation consecutively.

TPO consumption by CWe

TPO (mg/L)

KXx S o0
™ XX
by 9009 @ FgXiigexx

0 5 10 15 20 25 30
Time (days)

A lstsaturation @ 2nd saturation X 3rd saturation ¢ 4th saturation

Figure 4. 12 Total packaging oxygen (TPO) consumption by Chianti wine with added ellagitannin
over four saturations

Table 4.10 shows the time course of oxygen consumption over three saturation cycles. In
particular, the TPO consumption of the first saturation lasted from 7 to 14 days, the second
from 16 to 26 days and the third from 27 to 30 days as shown in the sam@lesmti wine

(as control) and Chianti wine with added tannifale 4.10. As expected, the samples of
model wine solution took more time to reach the stable low plateaw, dirfi@e they have

lower polyphenol level.
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Table 4.10 Duration of TPO consumption and stable level gbGall samples.

Experiment Duration of Q consumption (days) Stable Q level (mg/L)

1st 2nd 3rd 1st 2nd 3rd

saturation saturation saturation saturation saturation saturation
CwW 7 16 27 2.31 0.7 0.67
CWs 10 18 27 0.89 0.67 0.58
CWKk 10 20 26 1.1 0.16 0.34
Cwe 10 26 28 0.43 0.46 0.56
CWg 14 22 30 1.8 0.45 0.74
MWs 43 29 14 0.87 7.55 7.71
MWk 43 26 14 1.05 6.86 8.81
Mwe 43 29 14 0.33 4.97 6.83
MW(g 30 29 14 4.94 4.16 8.27

Figure 4.13 exemplifies the Total Packaging Oxygen (TPO) consumption over oxygenation

cycles of all samples, demonstrating the dose response effect of oenological tannins. During

the first 30 days of the first oxygenation cycle, the model wine solutions with taatriing/L

entirely consumed the TPO (more than 7 mg/L), excluding gallotanin that consumed only 3.1

mg/L of oxygen. Interestingly, the third saturation of the model wine with gallotannin

demonstrated an increase of about 1/5 in the amount sdtOrationThis surprising measure

might be resulting from the lack of HSO elimination during the third saturation (see Material

and Method), nevertheless a peculiar variation in the composition of model wine solution might

happen due to evaporation during air blogvatcording to del Alam&anza et al. (2014).
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Total oxygen consumed
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Figure 4. 13 Total oxygen consumption of all samples: €@hianti winecontrol; CWs Chianti
wine with grape seed tannin; GSRhianti wine with grape skin tannin; CW&hianti wine with
ellagic tannin; CWgChianti wine with gallo tannin; MWsanodel wine with grape seed tannin;
MWKk-model wine with grape skin tannin; MWaodel wine with ellagic tannin; MWgnodel wine
with gallo tannin.

Differently, the studies of the model solut®presented ifigure 4.14 showed that the O
consumption during the first saturation lasted longer than each of the following saturations,

hence those trials were monitored for up to 90 days.

In particular, the grape seed tannin and grape skin tannaatsz to reach the stable level of
about 1 ppm within 43 days, while ellagitannin reaches the same level within 25 days, which
means that it combines the oxygen faster than the other tannins. Ellagic tannin reached 0.33
mg/L at 43 days after the first saation, meaning that it is the fastest tannin and that it has the

greatest capacity to combine the oxygen.

The tannins6 efficiency in the model wine sc
Among the commercial tannins, ellagitannin had theéefasTPO consumption and was
followed by grape seed tannin, grape skin tannin and gallotannin in decreasing order. This

finding is in accordance with the literature, reported by Pasqual et al (2017).
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Figure 4. 14 Total packaging oxygen (TPO) consumption by model wine with added tannin over
three saturations: Amodel wine with grape seed tannin: Biodel wine with grape skin tannin;-C
model wine with ellagic tannin; Bmodel winewith gallotannin.

The capacity of tannins to combine the TPO decreases every time when the oxygen is added,

as seen ifrigure 4.14.

After the 3rd saturation cycle, the red wine samples have consumed almost twice as much of
the TPO, when compared to thB@ consumed by model wine solutions with grape seed, skin
and wood tannins. Thus, a TPO of 20.16 mg/L for red wine and 9.21 mg/L for model wine
solution was consumed, while in the case of Chianti wine control (without tannin added) it was
19.76 mg/L. The ed wine samples with added tannins showed a decrease in the oxygen
consumption rate of each consecutive saturation, meaning that every following saturation took
more time to complete thee@onsumption. Anyway, all the samples of the red wine with added
tannins had higher total oxygen consumption, thus corroborating that the oxygen consumption
is tannin dependent. It was similar in the model wine samples where the amount of TPO
consumed was heterogeneous among the samples, depending on the tannin. dgealenol
tannins appear to transform in new compounds that have different -r@xdotion
characteristics. On the other hand, the red wine samples consumed all the TPO in three
consecutive saturations and even in the fourth saturation all the samples dethtadnins
consumed the entire TPO, except the control samipigue 4.12). The complete ©
consumption usually takes long time and for that reason the approach of steady state is applied
in experiments (Danilewich and Standing, 2018; Carrascon et0dl5).2As shown in the
Figure 4.14 (D), gallo tannin has low capacity to combine the oxygen and during the first

R
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saturation it had quite high steady state (about 5 mg/L) at the end of 30 days of TPO
consumption. Every following saturation of the model wiith gallo and other tannins had
lower capacity to combine thex@nd steady states remained above 6 mg/L of Total Packaging

Oxygen.

In order to better understand the order of reactions, the kinetics cbr@umptions by
oenological tannin was modeled bdn the TPO measurements at each point of Aththe

trials of the kinetic order equation, from zero to third kinetic order, were conducted and graphed
in the Figure 4.15, upon which the first kinetic order was chosen as the best fit, due to the
highest R.

1 st saturation CWe- kinetic orders

10 O order :y =0,767x + 5,86 1st order: y =0.312x + 1,90
(R*=0,%) (R2=0,8)
8
‘ 2nd order: y = 0,26x - 0,04 3rd order: y = 0,410x0,57
6 ... . (R2=0,%) (R2=0,79
i I
- a0 T
) L) o
o ® e X
< ? O@ e Koo e X
O O\W Ay DXL, o 0 0 ST IR AOM "‘.._.. ®
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Figure 4. 15Kinetic orders of oxygen consumption of Chianti wine with ellagitannin: O eeder( ) with
equation{TPO}; = -kt + [TPO]o ; 15tkinetic order £ )with equation In[TPG3 -kt + In[TPO]; 2
kinetic order @ )1/[TPQF -kt + 1/[TPO]o ;3" kinetic order * )]/(TPOY]: = -kt + [1/(TPOY] o

The integral equation for this model was:

Ln[O2)t = -kt + In[O7] o

where the quotient [§lhwas the original concentration of TPO i.e. initial oxygenaamtration

after each saturation, the quotieng][Qvas the concentration of TPO at time t, &wlas the
reaction rate constant that represents the slope of the reaction curve. All the reaction rate
constantsk of model wine samples and Chianti red &ssamples of each saturation (total 32

trials) are represented in tAable 4.11 Kinetic fitting for linear regression of the two trials
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CW and CWg may be improved{R 0.9) by applying the second order reactibfiT PO} =
-kt + 1/[TPOlo.

According to Boulton (www.acenologia.com, 2020), thecOnsumption has the pseutist

or the first kinetic order when the Féon reduces rapidly back to Eeion without anychange

in its concentration due to the consumption. However, Del AlSarwza et al. (2014) reported

that OCR could have the second order of kinetic reactions in terms of the type of tannin and
the amount of oxygen added to wine. Early research of Lee \20bWed that the oxidation
decomposition of grape anthocyanidins in model wine solution had the second order kinetics
of reactions. Indeed, the kinetics of reaction become more complex when hydrolysable tannins,
based on pentagalloyglucose and ellagicd,a@re oxidised (Bors and Michel, 1999).
Specifically, a succeeding study of Poncegrand et al. (2010) showed that both potential
dimerization and disproportionation of semiquinones have second order of kinetics. The
researchers reported that during thxéation many oxidative bproducts are formed which

can later generate new polymerisation reactions. According to this argument, a new kinetics of

reaction will probably depend on the ratio between monomers and polymers.

Table 4.11 Constant rate of oxygen consumptiéhdnd the goodness-fit (R?) for linear
regression models of all trials.

Trial 1t saturation 2"dsaturation 3dsaturation 4™ saturation
k R? k R? k R? k R?
Cw -0.133 0.77 -0.119 0.92 -0.096 0.96 -0.091 0.99
CWs -0.242 0.94 -0.148 0.97 -0.103 0.96 -0.078 0.96
CWk -0.220 0.95 -0.134 0.96 -0.131 0.98 -0.078 0.98
CWe -0.307 0.98 -0.122 0.94 -0.102 0.99 -0.071 0.99
CWg -0.105 0.77 -0.133 0.97 -0.081 0.96 -0.087 0.99
MWs -0.0563 0.99 -0.005 0.97 -0.013 0.97 / /
MWk -0.049 0.98 -0.011 0.95 -0.020 0.99 / /
Mwe -0.071 0.98 -0.017 0.94 -0.020 0.98 / /
MW(g -0.016 0.93 -0.011 0.99 -0.010 0.96 / /
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As can be seen from the dataliable 4.11, the coefficient k) of oxygenconsumption was the
highest after the first saturation in both red wine samples and model wine solutions, which

confirms that the stoxidation cycle had the fastest reaction.

The drop in OCR of the red wines in each following oxidation cycle demonstieaes

deceleration in redox reactions where polyphenol compounds and metals participate.

In different circumstancetje condensed tannins (i.e. grape seed and skin tannins) in the model
wine solutions samples consumed TPO faster after the 3rd saturatmparea to the 2nd
saturation. In contrast, hydrolysed tannins (i.e. ellagitannins and gallotannins) had a similar
OCR after the second and third saturation. According to the literature, this variation is possible
probably due to the chemical structurelsd tondensed tannins (i.e. grape proanthocyanidins)
that are likely to generate new intermolecular or intramolecular bonds in oxidative conditions.
These new intermediate oxidation products have a lower antioxidant reactivity. -Poncet
Legrand (2010) revealethat the condensed tannins at elevated concentration of up to 5 g/L in
model wine oxidative conditions create new polymers and higher ratio extension unit/terminal
unit. Hence, the condensed tannins during the third saturation are still likely to \ee acti
regarding redox reactions.

In the recent study of Lambrusco red wine, Picariello et al. (2018) showed that the samples of
red wine with added oenological tannins (i.e. ellagitannins and condensed tannins) produced
significantly higher concentration atetaldehyde, as opposed to the control sample presented
by Lambrusco wine without added tannins. After one month, the acetaldehyde was consumed
whereas color intensity and pigment polymer concentration increased more in tannin added
samples compared witthe control. From this perspective, every following saturation cycle
after the first one can activate different oxidation pathways of tannins in red wine, thus
significantly reducing the reaction sites favourable for theddsumption in each subsequent

oxidative cycle.

Both model wine and red wine samples with added enological tannins showed that it is the
samples with ellagitannin that had the fastest kinetic reaction of oxygen consumption. The
ellagitannin had faster OCR than condensed tannins likedytaa higher number of vicinal
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orthoi OH groups which can be oxidized easily (Gaesévez, 2019; Vivas and Glories,
1996).

However, the samples of Chianti wine with added enological tannins showed that the fastest
OCR was observed in the sample withagitannin after the first saturation, but in every
following saturation it had slower OCR than the other tannins. This could probably be due to
its combination with nucleophilic wine compounds such as flavandianet, anthocyanins

and thiols consequdptdecreasing its reactivitfQuideau et al. 20050n the other hand,
ellagitannin in the model wine solution was the fastest, compared with the other tannins after

every saturgon.

The gallotannin showed the lowest oxygen consumption rate in both the red wine and model
wine solution after the first saturation, even though it makes a part of hydrolysable tannins like
ellagitannins. Its OCR was even slower than control, whiehaogous to the previous report

of Pascual et al. (2017). As it can be seen inTigle 4.11, thek reaction constant rate of
gallotannin of the red wine sample was higher after the 2nd and 4th saturation compared to the
1st and 3rd saturations. Thisapposed to the other oenological tannins reaction rates that
decreased in each wine saturation. These results can be clarified by ¢gpiversd
dimerization via coupled oxidation, considering that created dimers have lower redox
potentials than the origah phenols, thus creating two important consequences in wine
oxidation patterns: (i) dimers are more reactive to oxygen than the original phenol, (ii) the
dimer hydroquinone can reduce the quinone to its original phenol (Boulton et al., 1998; Li et
al.,, 2@8). Additionally, Hider et al. (2001) reported that semiquinones, quinones and
flavonoids appear to be capable of coordinating metals (Fe, Cu), although normally with low
affinity at wine pH. Specifically, at the pH range from 2.0 to 4.5 the gre&nsBriquinone

ligand is dominant, whereas the semiquinone disproportionation to catechol and benzoquinone

can be avoided by the coordinated'Fe

Nevertheless, having the ability to chelate metals is not equivalent to having a significant
antioxidant action. fie flavonoid metal complexing could eliminate the metal from reaction
milieu, thus decreasing the catalysts concentration, but could also remain in the reaction media.
Anyway, the flavonoidmetal ligand has to be less efficient as an antioxidant compatied w

the single metal that catalyses the free radical formation (Galleano et al., 2010). Furthermore,

%é“
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Danilewicz et al. (2019) reported that the Fe(lll)/Fe(ll) redox couple has the reduction potential
aboutD350 mV in wine. Thus, the chelates with iron@e expected to increase the redox
potential of the Fe(lll)/Fe(ll) couple and in this way to make the oxidation of Fafie
thermodynamically unfavorable.

Even though the gallotannin does not react directly with oxygen, it may be a good protector
againg the enzymatic oxidation, because of its ability to recognize and bind biological

macromolecules like proteins (Quideau and Feldman, 1996).

As can be seen from the dataTiable 4.11, in both the model solution and the red wine, the
grape seed tannin ireased the oxygen consumption faster than skin tannin, in the first two
saturations. Such a kinetic course appears potentially due to the different chemical structures
and different mean degrees of polymerization (mDP) of these two condensed tannins.
Particularly, the seed tannins are mainly composed of procyanidins with a lower mDP, around
10 unts, whereas the skin tannins contain high levels of monomeric fZvods and
oligomers, that have terminal units readily oxidizable. However, skin tannins Haigbex

mDP, around 30 units, and consist of procyanidins, prodelphinidins and decreasing terminal
units, therefore, less oxidizable (Ribergaayon et al., 2006; Sun et al., 1999).

All thing considered, in subsequent oxidation cycles, skin tannin accelerated the oxygen
consumption more than seed tannins in both the model wine solution and red wine. This
phenomenon occurs probably due to the depolymerization of the long chain skis tiuat
released certain units (e.g. epicatechmdallate) and increased in catechin as terminal units,
hence accelerated the rate of reaction (Carrascon et al., 2018).

4.3.4 Conclusion

The oenological tannins might be an alternative solution to proiaetfnom oxidation, thus
reducing the use of SOAs it was shown in this trial, the ellagitannin had the fastest reaction
and this tannin may be used in winemaking operations that have high leveupfake and

when it is important to have instant prctien against the oxidation. Ellagitannins are very
good antioxidants, yet their reactivity could decrease after the first saturation due to combining
with some wine components. The skin tannins have more stable reactivity in each saturation
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when appliedn red wine compared to the other selected tannins. Gallotannins might have the

ability to inhibit enzymatic oxidation rather than have a direct reaction with oxygen.
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4.4 The kinetics of oxygen consumption ofix Sangiovese red wines
from Tuscany

4.4.1 Introduction

Sangiovese \(itis vinifera L., ssp. sativa) is the most widespread grape cultivar in Italy,
produced on abo4.000 hgVouillamoz et al., 2007). In Tuscany, its cultivation dates from

The Roman time and the name fASangioveseo der
AblobdJupitero (Robinson et al., 2012). Acco
of this grape cultivar originate from both Tuscany (the central part of Italy) and Calabria (The

south of Italy).Vouillamoz et al., (2007) reported in their stuafySangiovese grape variety

origin, based on the DNA profiling using microsatellite markers, that Sangiovese is an

of fspring from an ancient Tuscany variety AC
that almost certainly comes from Calabria. Laiesearch oBergamini et al. (2013) using the
grape cultivars from south Iltaly suggested t
parents of Sangiovese beside the well known Ciliegiolo, thus confirming the southern part of
origin of Sangiovese.&hgiovese is cultivated on an area of about 38.000 ha in Tuscany (i.e.

64 % of total Tuscany grape production), where near 30.000 ha are used for the DOC/DOCG

wine production and 8000 ha for the IGT production (www.inumeridelvino.it).

Sangiovese has alwaypeen among the varieties that are suitable for theduglity wine
production, possessing a great number of clones: 130 in 2020. Having a long history in wine
production it became a symbol of foundation of appellation of origins that are interngtionall
recognized as DOC (Denominazione di origine Controllata) and DOCG (Denominazione di
Origine Controllata e Garantita). Beside Tuscany, where is the main grape variety cultivated,
it is produced even in other countries including Argentina, California (US@ahce and other
countries (available online: Ministero delle Politiche Agricole, Alimentari e Forestali).
Considering as the most important grape variety in lItaly, it is of great interest to study the

enological potential of Sangiovese.

The oxygen has a crucial role in wine aging and wine evolution leading the enologists to pay a
great attention to its management during all winemaking processes ttoticed by a French
chemist and microbiologist Louis Pasteur a long time ago in 1864 w s Winedis made

O 3
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and matures essentially transforming itself from a young wine to an older wine almost
exclusively by the influence ofair ( Val ade et al ., 2006). The ¢
have both positive and negative outcomes deperatints amount added to wine and as well

on winemaking step, i.e. timing. Thus, wetintrolled and balanced exposure to the oxygen
specially during the winemaking practices like miobgygenation and wine aging in barrels

can improve the wine quality. Tmeost important wine parameters include the color stability,

the improvement of wine mouthfeel by decreasing astringency and bitterness involving the
reactions of tannins, the melioration of olfactory characteristics by the loss of reductive and
vegetativearomas (Atanasova et al., 2002; Cahopezet al. 2008; Cejudo Bastante et al.,

2011; Gambuti et al. 2012, 2017). On the contrary, an excessive exposure to oxygen may cause
detrimental effect on the wine quality regarding increase of wine color instalte
appearance of the oxidationdffl avour s and the creation of mi
et al., 2006; Waterhouse and Laurie, 2006).

The modelling of wine oxidation reactions, especially for the main chemical compounds,
becomes a crucial studywinemaking, allowing a prediction of wine evolution in the presence

of oxygen. Understanding of oxygen consumption by wine provides a preliminary assessment
of its capability to sustain certain amount of oxygen without significant change of quaéty. Th
main chemical compounds reported to have a good correlation with the oxygen consumption
include wine polyphenolic compounds, specifically the tannin and anthocyanin, then the
catalytic metals like iron and copper, pH value and sulphur dioxide (Carrasebn 2017;
Ferreira et al., 2015; Koppenol, 1994; Vivas and Glories, 1996).

Wine color is one of the most important wine quality parameters that supply information
about wine style, eventual faultke oxidation evolution during aging and general
pereption by wine consumers (Peynaud, 1987).

CIELab is a system of color measurembased on the spectrophotometric measurement of
spectrum from 380 to 780 nm.dan be applied for color determination of all visible with

human eye and it is widespread usedifferent types of industry that have to determine and

define a specific color of their product (e.g. car industry, editorial activity, photography etc.).

It is developed by o0Commission International
a newCIELab system of thredimensional color space CIE XYZ consisted of tristimulus
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values that are nelmearly transformed to coordinates, a*, b*, C* andh (hue angle). Each
color is defined by these coordinates (CIE, 1986). The vertical laxiseepresets the
measurement of lightness going from completely opaque (0) to completely white (100). In
horizontal plane the coordinad® defines a redness as positive values or greenness as negative
value, whileb* coordinate defines yellowness as positive orebkss as negati&igure

4.11).

Red
+a

L=0
(Black)

Figure 4. 16 CIELab color space coordinateg: (from -a* green, to +a*red)p* (from -b* blue, to
+b* yellow), L*lightness (fromL=0 black, toL=100 white), hueangle.

it is suitable forthe wine pigment analysis A precise description of color can be conducted by

CIELab color coordinates

The aim of this study is to develop a model of Sangiovese oxidation kinetics for improving the
comprehension of its behaviour under controlled oxidatandition and its ability to resist to
detrimental effects of excessive oxidation. The main attention was dedicated to the kinetics of
oxidation reactions that elucidate the time needed by the wine to consume oxygen. The ongoing
of reactions were monitordxy selected parameters, including wine color, sulphur dioxide total

polyphenols cotent and tannins.
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4.4.2 Materials and methods

4.4.2.1 Wine samples

Six red wines vintage 2016 from different locations in Tusc&iufe 4.17.) are used in this

experiment (codé&-F).
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Figure 4.17 Map of Tuscany with six location of grape origin-B.

All wines are vinificated with Sangiovese grape variety only (i.e. monovarietal) using a
commercial winemaking standard protocol from Ruffino winery (Monteriggioni, Italy). The
grape processing initiated with destemming and crashing using destemmer/Peltadticed

by Bucher Vaslin, France. Six stainless steel tanks of 120 hl were used for the separated
fermentation where the grape must was inoculated Saitcharomyces cerevisigeast (20

g/hL) from commercial use at the moment of tank filing. Aftervgarthe fermentation was
conducted at the automatic controlled temperature, r@grgenation and pumping over
conditions using Parsec softwar8AEN 5000 The alcoholic fermentation with
contemporaneous maceration was performed at the temperature frono2B3°€C, using the

macreoxygenation in the first phase of alcoholic fermentation adding 1 pAigday. The
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pumpingover was conducted twice a day all long the maceration time. At the end, the tanks
were drained, and only the free run wine was usecdoirtals. The malolactic fermentation
started at the controlled temperature, set at 20 °C after inoculatiorOertbcoccus oeni
bacterias from the commercial use. After racking, the wine is aged staiidesssteeltanks

(100 hl) for 6 months and aftéhat prepared for bottling with syntetic corc Nature 100 made

by Nomacorc. by adding of metabisulfite of potassium to reach the level of 50 mg #fee SO

4.4.2.2 Chemical analysis of wine

The chemical analysis of ethanol, total acidity, volatile aciditytttsle acidity as tartaric acid,

dry extract, pH, glycerine and residual sugar were performed using FTIR &isUv
spectrophotometermultiparametric analyser Bacchus (Steroglass, Perugia, Italy). Metals are
analysed by ICRMS 7700 Series (Agilent Techngjies, Japai). The total metal content in

wine was analysenhcluding Al, Ag, Ar, Ba, Cd, Ca, Co, Fe, Li, Mg, Mn, Ni, Pb, K, Cu, Ru,

Na, Sr, Ti, V and Zi chemical elementhe analysis of wine color was performed by Agilent

UV-vis spectrophotometeCarry @ (Agilent Tecnologies, CA, USA) measuring the optical

density at 200 nm to 800 nm wavelengthise samples were not filtered previoudijewine

color intensity (Cl) was calculate as following: Abs 420 nm + Abs 520 nm + Abs 620 nm,

while the color hue (Hwas defined as Abs 420 nm/Abs 520 nm. The CIE Lab color
parametersi*, a*, b*, Candhwer e obtained wusing the Softw
Applicationo version 5.0.0.1000 (Agilent Te
observer of 10 degrees visudi@ld and the CIE standard illuminant D 65 which is considered

to be standard of daylight. The color differ
equatieanf (?E{ Yoa *() §&.* )

Free and total SQwere analysed byitrex ACT 2 instrument (Steroglass, Perudjfialy) using
direct titration with iodine. The color analysis (trials of accelerated oxidation) were conducted

in Termostatic chambeZlimatic Hood 810 (Enrico Bruno S.r.l., TO, Italy).
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4.4.2.3 The xygen consumption measurements

The oxygen content in wine was analysed with tixygen analyzer NomaSense P300
(Nomacorc, Thimister Clermont, Belgium) based on -huyiniscence technology. The
transparent glass bottles of 0.375L (Zignago Vetro, Portagritaly) supplied by glued 5 mm
diameter oxduminescence dots PSt3 (Nomacorc, Thimister Clermont, Belgium). The oxygen
sensors PSt3 were positioned and fixed by glue in the inner part of bottle, particularly in the
medium level of bottle and in the neakbottle for the measurement of dissolved oxygen (DO)
and heaespace oxygen (HS) respectively. For the measurement of dissolved oxygen of the
first saturation was used dipping probe (Nomacorc, Thimister Clermont, Belgium) made of a

polymer optical fiber able and oxygen sensitive coat located at one end. The trial bottles were

closed by synthetic cork ASelect Green 1000

provideslow oxygen transmission rate (OTR) of & about 0.4 mg/L after 3 months

4.4.2.4 Oxygensaturation trial

All the samples were saturated with air up to five consecutive cycles (min. 3 cycles). The first
saturation was performed by racking of the wine from one recipient to another until the oxygen
level measured by dipping probe reached thblstmaximum level. Afterwards, the wines
were poured in the 0.375L bottle with oxygen sensor, the-bgace of each bottle was
inertized by blowing of nitrogen for 60 sec to decrease the level of HS oxygen and finally
closed by synthetic cork. Conversgllige following saturations were carried out by blowing of

the air through a narrow glass pipette immersed in the wine reaching the bottom of the bottle
to ensure a homogeneous distribution of oxygen in \{figure 4.18. Indeed, the different
methods obxygen saturation, i.e. racking and pipetting, was adopted to improve the accuracy
if measurement (as the level of the wine would decrease during the racking affecting the
measurement of the heagace @. The decrease of oxygen level in samples i.e. eryg
consumption was followed measuring by Nomasense P300 instrument. The end of the oxygen
consumption cycle was considered as the moment when the DO attained the low stable level
(plateau), the bottles were opened, and all the procedure of oxidation meae\aw again, as
previously describeoh part4.3.
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Figure 4. 18 Tools used for the wine saturation (pipette and the air piston), sampling bottle dotted
with the oxygen sensors PSt3, Nomasense P300 instrument

4.4.3 Results anddiscussion

4.4.3.1 Oxygen consumption rate

Wines were poured in individual bottles with sensors and their oxygen consumption was
monitored over three to five saturation cycles, during total duration of trial up to 261 days. All
the samples are divided in two gps according to their number of saturations: (i) the first

group was saturated three times only (samples A, F and E), whereas (ii) the second group
(samples B, C and Djad 5 saturations during the same period of experiment due to high O

consumption rate

The samples with slow oxygen consumption rate and 3 saturéimns.19, plot I) showed

a rapid % saturation followed by'8and 29 saturation, respectfully. Thez2@onsumption time
course of samples E and F was similar (data not shéwgyre 4.19, plot Il , shows the time
course of oxygen consumption with five saturations in which theafuration appeared the
fastest and the®saturation the slowest. The samples B and C followed the same model of
oxygen consumption (data not shown).

ki
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Figure 4.19 Total oxygen consumption. Plot I: consumption of TPO versus time over three
saturations bsample A (wine F and E showed a similar trend); Plot II: consumption of TPO versus
time over 5 saturations of sample D (wines B and C showed a similar trend).

I n previous wo(20R0) showedthenoxigeneconsumgtion kinetics of the

commerciakannins added to red wine Chianti and model wine solufidtannins including

S8,
S
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seed tannin, grape skin tannin, gallotannin and ellagitannin under condition of model wine
solution ha the fastestoxygen consumption during tHest saturation.Therefore,in the
samples A, E and F, the oxygen consumption could derive probably from these types of
compounds, especially from grape skin and seed tannin, since the wine has not been aged in

oak.

On the contrary, the samples B, C and D showed a different patifveaygen consumption

in consecutive saturations: the first saturation is the slowest and the last one is the fastest. The
hypothesis of initial lack of intermediate reactive products (i.e radicals) if formulated.
Particularly, the @molecule is not aviable to react with wine organic compounds at as soon

as added to wine. It is rather necessary to receive one electron from iron in catalysing reaction,
changing its ground state to triplet that is more reactive and ready to enter in chain reaction of
creding oxygen reactive species albe to oxidise several wine nucleophilic compounds
including polyphenols, ethanol, thiols and otfMfaterhouse et al., 2016; Danilewicz, 2003;
Miller et al 1990).

Table 4.12 shows details of the amount of consumed oxygen by wines in terms of dissolved
oxygen, head space oxygen, total packaging oxygen and duration of the saturation cycles. Thus,
dissolved and head space oxygen consumed by wines ranged from 6 to 7 mg/lo, antiLt

in each saturation cycle, respectively. The duration of the first oxidation cycle was 20 days and
all the following cycles had different length, depending on the speed asr@umptionThe

overall @ consumption was obtained by addition of TPDab saturation cycles of each
sample. As expected, the biggest difference of overalcddsumption is found between
samples saturated three timésifh 23 mg/L to 26.5 mg/L) and samples saturated five times

that consumed from 38 to 43 mg/L 03.0
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Table 4.12 The oxygen consumption of head space (HS), dissolved oxygen (DO), total packaging
oxygen (TPO) over five saturation of samples A, B, C, D, E and F.

A B C D E F
D.O. 7.115 7.04 7.67 7 6.52 6.97
H.S. 1.89 1.8 1.37 1.25 0.99 1.82
1 « T.P.O. 9.01 8.84 9.4 8.24 7.51 8.8
saturation  Days 20 20 20 20 21 21
D.O. 6.65 6.38 6.1 6.46 6.41 6.52
H.S. 2.23 3.02 2.62 1.48 1.66 2.68
ond T.P.O. 8.89 9.4 8.71 7.94 8.05 9.27
saturation  Days 65 14 9.5 29 68 68
D.O. 6.39 6.3 6.16 6.48 6.58 6.4
H.S. 1.49 2.47 0.803 1.9 0.67 1.99
3 T.P.O. 7.89 8.77 6.97 8.39 7.25 8.39
saturation  Days 44 19 20 20 43 43
D.O. / 6.27 6.06 6.34 / /
H.S. / 2.39 1.29 1.74 / /
4" T.P.O. / 8.66 7.35 8.09 / /
saturation  Days / 22 21 21 / /
D.O. / 6.09 6.09 6.06 / /
H.S. / 1.72 0.71 1.5 / /
- T.P.O. / 7.82 6.82 7.59 / /
saturation  Days / 22 22 22 / /
Total TPO consumed: 25.78 43.49 38.88 40.25 22.81 26.46

To better examine how the rate of TPO consumption changes in wines, the kinetic of reactions

of oxygen consumptions were modelled using linear regression. The equatioks + b,

contain the rate constamt that presents the slope of the trend line o tiraph. The

determination coefficient is a goodnessf-fit measure for linearegressionmodels where

number 1 represents to best fit, and 0 no fit.

The criterium how to choose the right kinetic order of TPO consumption was decided by

creating regression plots using the time (expressed in days) for the x axis and TPO, Ln TPO,

S

__-ﬂ'w

9
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1/TPO and 1/(TPY as the y axis for zero, first, second and third kinetic order, respectively
and their equations are presented below][1In these equations, TB@resents the initial

concentration, while TP@s the concentration of TPO at time t.

Kinetic order eqations:

Zero order: [TRO}-kt + [TPOJo [1]
First order: InN[TRG]-kt + In[TPO]o [2]
Secondorder: 1/[TPG] -kt + 1/[TPOJo [3]
Third order: 1[(TPOY]: = -kt + [1/(TPOY] o [4]

Figure 4.20 shows the plot with all types of kinetic orders for the sample D at the first
saturation cycle (the other saturations of sample D are presented in supporting information in
Figure $4). The plots of every saturation cycles for each sample were perfornieel $same

way and the data of the best fitting first order reactions are summarizetley.13 The best

fit as R was showed by the first order of kinetic reaction, which agrees with literature (Ferreira

et al ., 2015 and J e less,mihdr authors paoposed that thé dxygenN e v e
consumption rate is affected by the oxygen and tannins concentration following the second
order of kinetic reaction (Pascual et al., 2017). As it can be seen kigilre 4.2Q the first

order of the kinetic agation has the best fit?R0.99. It is similar in all the other simples (data

not shown).
1st saturation of D sample
10 0 order; y =-0.3919x +7.2826  2nd order: y = 0,0405x +0.,0771
® R2=(.8692 R2=10.9697
8 * st “‘rd'ﬂ T 20535 314 order: y =0.0381x - 0.0658
=2 e B R>=0.8583
g. 6 .. .
op ®
2, o
= .0 o
g -2
0
0 10 1 20 2
- Days
®  (order (TPO) 1st order - Ln (TPO) 2nd order - 1/TPO
rdorder - 1/ (TPQ)Z ~ wesevenes Linear (0 order (TPO)) Linear (1st order - Ln (TPO))
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Figure 4. 20 Linear regression platf zerq first, second and third kinetic order of the first saturation
cycle for the winesample D.

As showed byl'able 4. 13, the constant ratieof the OCR of the first saturation was the highest

in the first group of samples (A, E and F), validating that the oxygen consumption rate of the

first oxidation cycle was the fastest. Afterwards,kimetic of reaction decreased iff 8&nd 2¢

saturationIn this case, the oxidation mechanism probably started earlier in wine that probably

had many nucleophiles as oxidative reactants active al(@adyjton et al. 1996).

Table 4.13 A summary of kinetic equations for the first order TPO consumption over five saturations

Trial 1stsaturation 2"dsaturation 3 saturation 4% saturation 5t saturation

Y oeo 0.120x + 1~ 0.067x+ 1.958 y =-0.068x+ 1.749
A (R2=0.97) (R2 = 0.98) (R2 = 0.94)

13’88:7 0184 + ) 0.333x+ 2.276 y =-0.291x+ 2.256 y =-0.254x+ 1.791 y =-0.281x+ 1.492
B (R2=0.92) (R2 = 0.86) (R2=0.97) (R2 = 0.95) (R2 = 0.88)

y =-0.124x+ 2.008 y =-0.446x+ 1.976 y =-0.305x+ 1.427 y =-0.298x+ 1.695 y =-0.259x+ 0.783
c (R2=0.97) (R2=0.87) (R2=0.92) (R2=0.92) (R2 = 0.80)

y =-0.110x+ 2.053 y =-0.205x+ 1.582 y =-0.278x+ 2.314 y =-0.261x+ 1.732 y =-0.244x+ 1.392
D (R2 = 0.99) (R2 = 0.89) (R2=0.97) (R2=0.92) (R2 =0.88)

y =-0.093x+ 1.957 y =-0.058x+ 1.999 vy =-0.088x+ 1.964
E (R2=0.98) (R2 = 0.99) (R2=0.92)

y =-0.110x+ 1.858 y =-0.066x+ 1.817 y =-0.096x+ 1.786
F (R2=0.93) (R2=0.97) (R2=0.96)

Oppositely, the second group of samples (B, C and D) were characterised byahves,

therefore confirming that the first oxidation cycle was the slowest, whereas the other saturation

cycles were fast. The oxidation where the first saturation was the slowest, may follow the

oxidation pattern adescribedabove.

To better understanthe oxygen consumption rate (mg/Oday), the calculation was

performed as follows: the oxygen concentration at timeli,[@as subtracted from the initial

“ %age

=2

9

— > | —~=
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dissolved oxygen [&)o - [O2]: and then divided with number of days for that period of time.
As it can be seen in tHegure 4.21, the OCR in the initial phase was higher than the rest of
the time of Q consumption and it lasts first four days. In the first day, the OCR was from 3,8
to 2.6 mg/L/day. During thenid-phase the OCR was 0.D 0.64 mg/L/day, and at the end in
prefinal phase 0.5 0.35 mg/L/day. The findings are consistent with previous work reported
by Ferreira et al. 2015.

OCR 1st saturation af sample A

w >
4] o1

mg O2 / L / day
o L N
o = o N o1 W

01 2 3 456 7 8 91011121314151617 18 19 20 21 22
Time (days)

o

Figure 4.21 Oxygenconsumption rates (OCR) in initial time (blue ellipse), the average OCR (brown
ellipse) and prefinal phase (red ellipse).

Furthermore, the heagpace oxygen showed slow tendency of consumption in respect to
dissolved oxygen and its concentration was alwgrgater than the LOdissolved in wine
(Figure 4.22). The slope& values of the first order of kinetic reaction of dissolved oxygen and
head space consumption of the sample B are respectiQed@6,-0.066 (1 st saturation),
0.393,-0.310 (29 sat.),-0.351,-0.250 (3 sat.),-0.256,-0.236 (4" sat.),-0.273,-0.274 (%'

sat.). As expected, thevalue was always high in DO, thus wines consume DO faster than
HSO due to the tendency of hesghce oxygen to transfer toward DO establishing an
equilibrium of the partial pressure of these two phases through theygassurface, as
proposed byidal and Moutounet (2006). Therefore, the HSO can be considered as a resource
of additional oxygen that decreases continuously depending on the rate of DO reactions with
the wine compounds.
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Oxygen consumtion over three saturations by sample B
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Figure 4.22 The drop of dissolved oxygen (DO), hesghce oxygen (HSO) and total packaging
oxygen (TPO) over five saturations of the sample B.

4.4.3.2 Chemical analysis

The base chemical compounds in wine were analysed before and after trial by FT IR
spectrophotometer Bacchus arittex ACT 2instrumentsnd resultgare reported in th€able
4.14.The alcohol level remained unchanged after wine oxidation. The totalyadtiteased

only in sample B, while the volatile acidity decreased in all samples after the oxidation trial.
The level of the tartaric acid increaseaid consequently the pH value decreased in all wine
samples. Furthermorthedry extract content decressin all wine samplesAs expected, both

free and total sulphur dioxide diminished in all wine samglés. residual sugar raised in the
samples A, B and F, while in samples C, D and E declined after the oxidation.

Table 4.14 The main chemical compounds in wirgécohol, total acidity, volatile acidity, tartaric
acid, dry extractglycerine, pH value, free S(total SQ and residual sugar.
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4.4.3.3 Sulphur dioxide consumption

It is well known that sulphur dioxide as the main antioxidant in winemaking protect the wine

against the detrimental influence of oxidation that causes the loss of wine aromas, appearing

of oxidation offflavours, coloiinstability and browning (Blouin, 2017).

The amounts of both free and total Sfe presented in thEable 4.15. The values of total

SO and free Sin six wines ranged from 4349 mg/L, and from 9 11 mg/L respectively.

The drop of free sulphur dioxideas from 1 to 6 mg/L, while total S@ecreased ca. 121

mg/L.

Table 4.15Free and total sulphur dioxide consumptions during oxidation trials

Free SO2

Total

Initial F 1 Initial (09) t ¢ Total & .
Samples free SQ aft_((ajr . SO total SQ SC_)(zjaf_ter SO uptake leme
(mg/L) oxidation (mg/L) (mg/L) oxidation (Mg (mg/L) (days)
(mg/L) (mg/L
A 9 8 1 44 32 12 26 129
B 9 5 4 44 34 10 43 97
C 11 5 6 46 25 21 39 93
D 9 5 4 46 29 17 40 112
E 9 5 4 43 25 18 23 132
F 11 6 5 49 32 17 26 132
&;_C‘)c‘___ __%_ _"'ﬂ(j‘ié
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The SQ consumption is important for understanding of various mechanisms of oxidation. The
sulphur dioxide does react directly with oxygen as previously supposed (RHtgagan,

2000). The mechanism of wine oxidation starts with the activation of oxygen catdbyzan

Fe(ll)i tartrate complex which generates*Fand HO; afterwards the Fé reacts witho-
diphenol producing quinones. The 86 his active form HS@ bounds HO. and in this way
protects ethanol and other the wine chemical compounds that could enter in Fenton reaction
and additionally bounds other quinone producing sulfonate stable adducts or reduce them to
initial catechol Figure 4.23. However, when the free S@ lower than 16 mg/L, the Fenton
reaction becomes the major mechanism of oxidation. Furthermore, the consumption of the first
half of O, amount in red airsaturated wine lasts about 40 h, which is significantly faster than
the oxidation reaction whetbe SQ takes part (Danilewicz, 2011; 2013; 2016a; Danilewicz

and Standing, 2018; Elias and Waterhouse, 2010).

Fe () o

OH
SO4" R/<IOH Fe (1) < H202\< FICS
H,0 SIOX C&ast
O
0
HSO; -~ -
R o]

Figure 4.23 The role of S@, iron and copper in polyphenol oxidation mechanism proposed by
Danilewicz (2018).

The balance between the initial TS&hd its final amount at the end of all saturation cycles did

not show any meaningful relationship, as proposed by Ferreira et al. (2015) already.

According to Danilewich and Standing (2018), the main loss of totahsutfioxide is due to

its reaction with hydrogen peroxide and quinones coming from the wine oxidation. Anyway,
other electrophiles resulting from nomidative reactions, like tryptophan derivates and
flavanol carbocation released by acatalysed cleavagof tannin interflavanic linkage, may

2
CA00
3988

9
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also consume sulphur dioxidér@pitsas et al.,, 2018; Ma et al., 201&oteworthy,
proanthocyanidin depolymerization might results in carbocations formation partially converted
into red cyanidins (with a specific arption at 550 nm) if the medium is sufficiently

conducive to oxidatiofRibéreau GayoandStonestreet, 1966

4.4.3.4 Chromatic analysis

Figure 4.25 showsthe spectraof red wine before and after the accelerated aging test,
respectively: 0.529 0.707 AU (sample A), 0.546 0.640 AU (B), 0.520° 0.636 AU (C),

0.48971 0.638 AU (D), 0.514 0.639 AU (E), and 0.670 0.836 AU (F). As expected the
AU@420 nm always increasedelto wine browning caused by the oxidation of polyphenols,

as suggested reported by Sigleton and Kramling (1976). The samples that consumed low
amount of total oxygen (A, E and F) showed the highest level of the absorbance at 420 nm

demonstrating that tlse samples were more susceptible to oxidation comparing to the others.

Wine spectrum before and after oxidation

1,4

Absorbance

380 430 480 530 580 630 680
Wavelenght (nm)

AOX Box Cox Dox Eox Fox

—A B C D E F

Figure 4.24 Vis spectra at 38680 nm for six red wines before oxidation (A, B, C, D, E and F) and
after accelerated oxidation trial (Aox, Box, Cox, DBex, Fox).

Existing literature supports our assumption that the wine browning pigments come from non
enzymatic oxidation of polyphenols i.e. flavanols that occurs in different pathways. In the first

one the condensed tannins undergo the libnds creatioand breaking in acidic conditions,
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and in the second one is presented by autoxidation of flavanols (Cheynier et al. 1989; Haslam,
1980; Simpson, 1982). In another hand, during the enzymatic oxidation of catechin, the
intermediate colorless compounds awenfed, that in further oxidation can give the brown
pigments (Guyot et al., 1995). Furthermore, Oszmianski, Cheynier and Moutounet (1996) in
their study of the (+) catechin oxidation in the model wine solution that cont@@$@/L of

iron ferrous studi@ the mechanism of oxidation and their degradation products that can be
reveal ed on t he -vid spéctrae Thesnyellovepigménts teleased duving the
enzymatic oxidation or autoxidation in the absence of iron have the maximum absorption at
38571415 nm, and those created inmxattd4468hm.cat al
Particularly, the sample F before and after oxidation at our study showed the highest
absorbance at 38515 nm, probably due to the described mechanism of enzymatiatioxi

that normally occurs at the initial phase of the wine production.

The differences of wine color parameters were calculated by simply subtraction of values after
oxidation from values before oxidation. The color intensity (Cl) and color hue (Hgised in

all wines (the numbers are negative because the values before oxidation were lower than the
values after oxidation), thus probably due to the increasing of the yellow t)iT@ble

4.16). The red wine color measuredaigparameter decreased in almost all samples suggesting

in this way the loss of red pigments, probably due to their engagement in formation of other
compounds with different absorption property. Furthermore, the paraffetgnowed a
significant increase probably due to the formation of new yellow pigments during the oxidation

of polyphenols like flavanoldPgrezMagarifio et al., 2004).

The samples with 5 saturations (B, C and D) showed dedréasdue, meaning that becam
dark.Alcalde-Eonet al. (2014) observed a decreasing lightnesswhen oenological tannin

was added to wine. Indeed, a continuous reduction in wine pigments during the wine aging
increases the lightness of wine (HeRmger et al., 2014; Rivas et aD06).

Table 4.16Wi ne col or parameters and t hei Clpeebxfedyer ences
i color intensity pH (peforeoxatterox) - COIOr hue GOL* heforeoxafterox) -lIJNINESS CPA* (beforeoxattera) -red color,

q)b*(beforeoxafterox)'y el |l ow Qbéﬂ)réox@tel’ox)rcompEfference
S C—— Aﬂfp‘;‘& __."-_)2
.‘,e:gu
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Wine Cl ooH oa* L * pb* pE*
-1,2 -03 21 0,0 -16,4 16,5
-0,7 -0,1 1,2 0,3 -8,3 84

-08 -02 15 0,2 -104 105
-11 0,2 -0,1 1,0 -13,4 135
-10 -0,2 1,2 -0,2 -143 144
-1 -0,2 19 0,0 -14,7 14,8

m m O O W >»

The color difference between the samples before and after all oxidation cycles was calculated
using the equation of ®@E as described above
described byMokrzycki and Tatol (2012) as follows (iyD the differece is not noticeable,

(ii) 1-2: the difference can be perceived exclusively by an experienced observel3.GiXRe

difference is noticeable even for nrerperienced observer, (iv) 3% the difference is very

clear for everyone, (v)-b: gives thempression that these are two different colors. All the
samples have remarkably highE v al ue, meaning that the col ol

The effect of oxidation on the wine color was further evaluated by a correlation analysis in R

studio progranas presented in thégure 4.25

o~ k| O T © ire) iy
(@) <] < < <] <] <] i
02| 1 073 | 059 | 0.7 0.53 | 0.83 | -0.83 2
AL* | 073 1 -0.84 L
04
ACl| 059 1 0.7 092 | -092
02
AH | 0.71 0.7 1 0.8 084 | -0.85 0
-0.2
Aa* -0.53 -0.84 -0.52 1
04
Ab* | 0.83 092 | 084 1 4 S
08
AE* | .0.83 092  -085 A 1

Figure 4. 25 Correlogram of influence of oxidation on wine color: Correlations between total oxygen
consumption and wine color parameters CIE Lab, Cl and H before and after oxidation

Sc:-—-._ A _.-f'-‘,_)(?ig
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The strongest positive correlation of 0.83 was found between total @t a k eb*@.m.d @

ateroy Meaning that the more oxygen is consumed, the great amount of yellow and orange
pigment is create(Figure 4.25. Conversely, the negative correlation begw the oxidation

and total color changingo E @eforeoxatterox) Showed that samples with high, @onsumption

changed little their color during the oxidation. This remark suggest that the samples B, C were
more resistant to oxidation i mpac?l)enféréee hi gh

the great contribution of the yellow pigments on theeagnolor.

4.4.3.5 Metal analysis

The total metal analysis did not reveal any significant correlation between the total consumed

02 and the metal amount analysed before and after wine oxidation. The results are synthetised

in thecorrelogramcreated in R studiorpgram (available in supporting informationFagure

S5). In our results only the total metal content was analysed, without metal ions, specifically

Fe?*, Fe3*, CU*, CU**, Mn?* and Mr¥* that are involved in oxidation mechanisms (Danilewicz,

2013; 2016 b The nonenzymatic oxidation of polyphenols that cause the oxidative browning

of wines is catalysed by metals iron and copper (Li et al., 2008). Particularly, the oxidation of
catechol to semiquinones and quinones is facilitated by Fe (Il) and Feafitih€ as catalysts,

where molecular oxygen is reduceditoy dr oper oxi de r ad(Danidewicz( AOOH)
2003)Hawki ns and Davies (1997) suggested that
and several other radicals reacting with hydrogen xp@eo In another hand, the copper
enhance the Fe catalysing capacity of wine oxidation (Danilewicz, 2016b). Manganese has also
been studied by Danilewicz (2016b) in the model wine solution where Fe and Cu are present

in high concentrations. It resulted tHdn®* can easily oxidise the tartaric acid, while ¥1n

speeds up the oxidation of#eation. In another hand, manganese is a strong catalyst of sulfite

autoxidation as well.

4.4.4 Conclusion

All things considered, it can be concluded that Sangiovese wine samples coming from different
areas of Tuscany had a distinct capacity of oxygmrsumption. e efficiency of the S@is
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not high as it was expected to be and there are other antioxidants present The/iaealysis

of metals did not show any important correlation between their content in wine and the total
amount of consumed oxygeOn the other hand, the CIE Lab analysis of Sangiovese color
showed a strong correlation between the consumed oxygen level in wine and yellow color

formation, while the level of the red color decreased with the wine oxidation.
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5 Voltammetry

J e r e mRitci, A.,Jacconi, G., Lagardeascal, C., Parpinello, G.P. and Versari, A. (2020).
Monitoring oxidative status in winemaking by untargeted linear sweep voltamifretys 9,
728, 1 10.

5.1 Monitoring of oxidative status in winemaking byuntargeted sweep
voltammetry

5.1.1 Introduction

The most important part of vinification, the alcoholic fermentation, is the moment where many
chemical compounds get transformed thus creating a wine structure and organoleptic
characteristics of wine. In this ggective, there is demand for an instrument that performs fast
analysis of fermentation allowing an effective monitoring of the process thus obtaining the best
results from every grape variety enhancing the wine quality and preventing the wine faults
(Kill een et al. 20185hrake et al.2014. It is common knowledge that the oxygen can have
both positive and negative influence on wine chemical structure, aromas and mouthfeel,
according to its use in terms of moment and dosage of addition alevigethaking processes

from fermentation to bottling (Castellari et al., 2004; Day et al. 2015). Specifically, the
oxidation is principal problem in enology since it can cause the wine color instability creating
a browning effect, the appearance of winesbitéss, the loss of wine aromatic compounds and
flovor (Boulton et al., 1998).

Sulphur dioxide is the main antioxidant used in winemaking to prevent the wine from
oxidation, nonetheless a recent solicitude regarding wine allergens conducted scietigfsc stu
toward substitute winemaking protocols implementing new natural antioxidants like
oenological tannins@iacosa et al., 2019; Santos et al., 2012; Stockley, 2005; Versari et al.,
2013). Over the past ten years, the grape and wine polyphenols acqusetable attention

from researchers and oenologists as result of their encouraging antioxidant activity herein

described as any substance that postpones, prevents or eliminates oxidative harm to a target

%é“
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molecule (Halliwell and Gutteridge, 1998; Sacehial., 2005; Smith et al.,, 2015). The
antioxidant performance of these compounds depends strongly on morphological properties of
each molecule and it is fundamentally associated to the presence of hydroxyl function(s) in the
aromatic fraction. The examgl®f these compounds are tannins, phenolic acids, Haods,
flavonols, stilbenes and others (Haslam, 1988; {Ricans et al., 1996; Singleton and Esau,
1969).

From the analytical standpoint, the strong correlation exists between total phenolic cdsnpoun
and antioxidant capacity experimented as ABTS, DPPH and FRAP (Paixao et al., 2007).
Difficulty of monitoring of each winemaking process in order to predict the oxidative response
of wine still remains, notwithstanding numerous recent progress in widatiox studies.

Hence, a quotidian winemaking presents a challenge due to the uncertainty of the terminal wine
quality (Danilewicz, 2012; Waterhouse and Laurie, 2006). From this perspective, it is
necessary to create a rapid and trustworthy method toiesaine oxidation throughout whole
vinification. The selection of method may have an important influence on obtained results
because of the difference in chemical structure of each antioxidant and sample tasted. There
are several common spectrophotometniethods for antioxidant testing in use (e.g. ABTS,
FOX, FRAP, DPPH, TEAC, TRAP, etc.Cfaft et al., 2012Frankel and Meyer, 2000).
Anyway, there is a need to create a rapid antioxidant test for grape and wine polyphenols,
kipping in mind their distinctleemistry. To rich this goal, electrochemical methods supply as
well a great capability for the exploration of antioxidants, evaluation of antioxidant capacity
and measurement of electrochemical indexes employing several types of electrodes like glassy

carlon and modified gold electrodes (Sochor et al., 2013).

Kilmatrin and collaboratorsuccessfully introduced cyclic voltammetry to examine antioxidant
gualities of wine antioxidants like polyphenols, ascorbic acid, glutathione, sulphur dioxide
(Kilmatrin etal., 2001; Ricci et al. 2019). Furthermore, linear sweep voltammetry (L&)
electrochemical method wasusedbg d vi dovi I et al . in their st
electrochemical oxidation of rutin. The method is based on measurement of areell asra

function of time and as a function of the potential between the indicator and reference
electrodes. Concurrently, the studies of the sulphites in fruit juice and wine were performed.
(Roméo et al., 2012; Scampicchio et al., 2008). Albeit it ptesa great prospective in the

science, voltammetric technique has a significant disadvantage due to the electrode fouling by
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wine phenolics that is timewasting due to the necessity to clean it manually which can be
bypassed by using of new generationispdsable singleise electrodes. Recent studies have
demonstrated that voltammetry with singige electrodes can be effectively used to determine
oxidative mechanisms of white wines (Gonzalez, Vidal and Ugliano, 2018; Ugliano, 2016).

The purpose of thistudy is to implement for the first time in industry the monitoring of
antioxidant models of red, rosé and white wine throughout alcohol fermentation and maceration
only for the red wines, by using linear sweep voltammetry associated with a new disposable
singleuse electrode, designed for polyphenol testing.

5.1.2 Materials and methods

Experimantal DesignExperiments were developed to monitor the influence of selected
winemaking steps (maceration, alcoholic fermentation and fining) on the chemical composition
of red, rosé and white wines regarding collective phenolic compounds tested by linear sweep
voltammetry, associated with a disposable shugle electrode. A total of 116 measurement
were done, particularly 45 were during red wine maceration and theniagh& white and

rosé finng.

SamplesThe wines and musts (vintage 2019) used in this research were acquired at industrial
scale from different grape cultivars comprising Sangiovese, Pinot gris, Chardonnay and
Vermentino. Standard winemaking proceduresvapplied for all grape immediate processing

at the winery Ruffino (Monteriggioni and Castellina in Chianti, Italy). The samples were
analysed ossite during the trials using the portable electrochemical device as described in the

following sections.

Winemaking practicesThe onsite monitoring of standard winemaking practices in progress
at Ruffino wineries included grape destemming and crushing (5 trials), fining (7 trials),
maceration during red wine f er mewrealtohobcn at 2
fermentation at 17 N 2 UC (20 trials) and r e

trials were monitored several times for a total of 116 samples. The selection of both grape
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cultivars and processing were determined by theiahaheeds at the winery since the

experimental trials were conducted at production level, i.e., in a real winemaking company.

In Ruffino winery, a classification of Chianti Classico in A and B quality groups starts in
vineyards that give different grapeality depending on the type of soil, solar exposition and
grapevine plant vigour. Some parameters of grape maturation are monitored in vineyard
including plant vigour, grape sugar content and phenolic maturity to create vineyard maps with
different zonesf grape quality. These maps are used for precise viticulture grape harvest
conducted by New Holland harvester machine that automatically separates the grape quality A
and B. Thus, the quality A comes from defined areas where the grape maturity reaches the
optimum level regarding the sugar accumulation and polyphenol maturation, so this type of
wine is suitable for production of Chianti Classcico Gran Riserva wines. On the other hand,
the B quality grape comes from Chianti Classico vineyards that fulfihalDOCG Chianti

Classico regulation requirements.

The classification of Chianti Classico wines into A and B qualities comes from vineyards where
the selection of the grape quality is conducted on the base of grape harvest parameters like:
plant vigour chemical composition of the grapes and sensory characteristics. These parameters
are analysed and followed by agronomist and enologists before the harvest in order to define
the right level of grape maturation that will ensure the production of requiredquality (for

more details, see tf@hapter 11 Chianti and Chianti Classico Appellations of Origin).

Later, the maceration of the separated red grapes is conducted in the cellar until the moment
when the enologists notice through wine tasting that tieemeo further changing in the
polyphenol extraction. Once the alcoholic fermentation and maceration are finished, the
winemakers verify again the wine quality by wine tasting, chemical analysis and this trial the
sample A will be dedicated to Chianti G3a&=0 Gran Selezione production, while B wine will

make part of Chianti Classico basic wine.

VoltammetryElectrochemical measurements were carried otditenusing a portable device
(Figure 5.1) according to the method proposed by Ugliano (2016). Concisely, a commercial
Nomasense Polyscan P200 electrochemical analyzer (Vinventions, Schio, Italy) equtpped wi
a disposable, miniaturized scregrnted triplesensod i.e., a threeelectrode system
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including a single strip rectangular working electrode of 3.3%nwounter and reference

electroded was employed.

P-Rg-2017-00.07 0247 - 20070307 282

4400 o
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s .
an a1
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-

Figure 5. 1 NomaSens@olyscan P200, electrochemiealalyseiof polyphenols (Source:
www.winequalitysolutions.com).

==

Under ambient conditions, one drop of a sample (ca. 50 pL) was poured on the sensor and the
linear sweep voltammogram for every single analysis recording $igthed range 01200 mV

at a scan rate of 100 mV/s. A new sensor was used each time for measurements that were
carried out without dilution of the sample. All potentials are reported against the Ag/AgCl
reference electrode. Apart from the LSV signal, thiy$tan is sekcalibrated to provide four

unitless compositional indexes including:

1) EasyOx: easily oxidized compounds like anthocyanins, that are quickly involved in the
oxidation reactions;

2) PhenOx: group of all oxidizable compounds correlated with the index ofiFolin
Ciocalteu;

3) IPT: Total Polyphenol Index commonly used by winemaker and

4) TAN/ACN ratio: support for the oenologists to add the right amountofoQvine
during wine production relying on the tannin/anthocyanin ratio.

The results of the Polyscan P200 calibration are available online (Ferias, 2018).

Data AnalysisOne hundred sixteen samples were included in data matrix (red, rosé and white
wines), the entire electrochemical signal up to 1200 mV with a scan rate évaly for each
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sample (i.e., 120 data points) and 4 compositional indexes (EasyOx, PhenOx, IPT and
TAN/ACN ratio). The program for the data analysed were XLSTAT v. 2018.3 (Addinsoft,
Paris, France) and The Unscrambler X v. 10.3 (Camo ASA, Oslo, Norwaytheqslots
creation to visualize the effects of selected winemaking practices on the wine composition.
Design of the difference between the classes of data was performed by linear discriminant
analysis (commonly used when groups are known a priori) irr todevaluate the suitability

of a classification of white wine during alcoholic fermentation, and to reveal the most important
electrochemical signal performing a stepwise selection of variables as described by Babin et
al. (2011).

5.1.3 Results and Discussion
5.1.3.1 Linear Sweep Voltammetry

In this trial, the maceration of Sangiovese red musts of Chianti Classico A and B quality were
monitored up to 21 days and 8 day respectively, from grape destemming and crushing until

wine draining (see Materials and Methods).

Figure 5.2 (Plot | and Plot Il) represents the linear sweep voltammetry associating the electrode
potential (E/mV) and the resulting current (I/nA) of the samples Chanti Classico A and B. The
progressive oxidation of wines created a signal in the range ftoriZD0 mV where the high
potential values were used for oxidizing of entire antioxidant composition of Sangiovese wines.
The voltammograms revealed a peculiar pattern with peaks at about 440 mV and 780 mV,
which is consistent with work of Kilmartin andltaborators (2001), where suggested that the
most easily oxidizable wine compounds including catechol and galdyehenolic have
oxidative peaks with the current recorded at the same mV values. Current extents had different
potentials in wine sampleggending on variation in total phenolic compounds concentrations,

including anthocyaninsAguirre et al., 2010; Janeiro and Oliveira Brett, 2007).

Furthermore, in the trial of the Chianti Classico A wine (Plot I), the signals at 13 atay21
showed an intersection at about 600 mV, where the signal of later measurement (day 21) had
lower values until 600 mV and afterwards it increased to its maximum value at 1200 mV. It
should be emphasized that simple phenolic compounds are oxidized at les, wahile the

other more complex polyphenols that contain more difficulty oxidizable groups create peaks at

higher potential values.
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During maceration, the LSV signals showed an initial rapid rise (up to day 7) followed by a
slowdown, thus approachingpdateau at day 21 (Figu®2, Plot 1) in the case of Chianti

Classico A sample. The observed trend is consistent with the timeline of phenolic extraction
from red grapes, where Afreeo compounds from
to the gape must and subsequently compounds from the berry interior dissolves into the must
(Zanoni et al., 2010). Likewise, extraction of anthocyanins from the solid berry parts increases

at the beginning of the maceration and reaches a peak and afterwartisyiadadrop takes

place due to degradation of anthocyanins and their condensation with takmangl{ et al.,

2005).

On the other hand, the trial of Chianti Classico B wine (Plot Il) had the intersection at day 7
and 8 at about 450 mV wherein the sigobthe last day of maceration (day 8) had a higher
value until 450 v and later the signal decreased, and it was lower than the signal of the

previous day 7.

This decreasing of the signal aftéf day was probably due to the less stable anthocyanins

ment oned above (Andrich et al., 2005). The Ch
Classicodo quality production that is charact
structure in respect to Chianti Classico Gran Selezione wingh@seectior3.1.1and3.1.2-

Chianti ClassicdOCG regulations

168



Ch Classico A

Plot I

7000

5000

4000

I (nA)

3000

2000

1000

0 200 400 600 800 1000 1200 1400
V (mv)

Grape crushing 1 day of AF-mac 3 days of AF-mac o 7 days of AF-mac
® 8 days of AF-mac ® 10 days of AF-mac ® 13 days of AF-mac ® 2] days - END of AF-mac

Chianti Classico B Plot 1I

5000
4500 00

3500 ® o

3000 .’.o‘.

."'

2000

1500 J
1000 ;
S

0 200 400 600 800 1000 1200 1400
V (mV)

1{nA)

Grape crushing 1 day of AF-mac 3 days of AF-mac @7 days od AF-mac 8 days - END of AF-mac

Figure 5.2 Spectrum of linear sweep voltammetry measured during maceration of Sangiovese wine:
Plot I- Chianti Classico A; Plot li Chianti Classico B.

Nonetheless, the voltammograms of red wines show the first voltammetric anodic peak at
approximately 440 mV relad to the oxidation of flavag-ols, oligomeric and polymeric

&9 C~— A __—-3?‘3
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tannins which represents the oxidation of catechol group on-tirggBwhile the second peak
at approximately 80900 mV represents the oxidation of the resorcinol group on thegA
Furthemore, the peak aB80 mV is principally related to anthocyanirdakhotkina and
Kilmartin, 2010; Kilmartin et al, 2001).

High correlation RZ = 0.72) was found between the entire scanned regid@@0 mV) that is
related to total phenolic compounds (RB&) and the region related to low potentials (from

200 to 600 mV) that corresponds to more easily oxidizable compounds (easyOx) such as
catechins and caffeic, caftaric and gallic acids. Easy oxidizable compounds represent

approximately 30 % of the totablyphenol compounds.

5.1.3.2 Maceration Trials

The change of selected phenolic indexes was evaluated on Sangiovese trials during the
maceration of solid parts of berry into juice during fermentatoguie 5.3), which is the most
important process for creation of red wine style related to suitable extraction of polyphenol
compounds. Four electrochemical indexes that are related to phenolic compaosition of the wine
including EasyOx, PhenOx IPT and TAN/ACN werddwed up to 29 days. During this time,
Sangiovese demonstrated a particular extraction pattern where the amount of polyphenols
increased from the initial phase of maceration until the moment when it reached a maximum

plateau (it had exponential increaswighe values) until the final level.

Unsurprisingly, the average percent of easily oxidable polyphenols (EasyOx) presented as a
part of the total polyphenolic compounds (PhenOx) was about 30 %, while the ratio TAN/ACN
was around 6, which is common valfgg Sangiovese grape variefifig.5.3). These latter

results can be explained by the presence of an equilibrium between the anthocyanins content
of the grape and the wine (i.e. their adsorpfiatesorption). Once, when the equilibrium has
beenestablished, no further anthocyanins can be extracted from grape skin into the wine
(Boulton, 2001).

Furthermore, these parameters decrease as a result of oxidation, modification in their structure,
precipitation and adsorption in yeast cell walls. Tamxtnaction is a similar process that has
different extraction kinetics between skin and seed tannins. The skin tannins are promptly

solubilized together with anthocyanin compounds, while the seed tannins have a slow

%
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extraction rate that speed up with theoaiol formation, since the alcohol helps dissolution of
the seed cuticle (Boulton et al., 1998).

Phenolic parameters
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Figure 5.3 Phenolic extraction of Sangiovese wine over 29 days during fermentative maceration.

For what concern the length thfe maceration of Chianti Classico A and Chianti Classico B
wine samples, it is worth mentioning that the B quality wine samples remained in the contact
with the grape skin for 8 days, while the A quality samples ldeteil days Figure 5.4). At

the manent when the winemakers decided to drain the Chianti Classico B tven&yine
sensory characteristics started to be more astringent and hargteemouthfeel. The Phenox

value started to decrease after thieday of maceration from 580 to 552, whicbrresponds

to the increasing of the negative organoleptic characteristics. On the other hand, the EasyOx
values reached the stable level after ttreday of maceration of the Chianti Classico B wine

and it had the value about 167.

On the contrary, durmnthe maceration of the Chianti Classico A wine sample, it is possible to
notice a constant rising of the PhenOx values until the end of the maceugtimvalue775.

The must presented very positive organoleptic characteristics during all the prbcess o
macerationncreasing the complexity of the mouthfeeld havingsmooth tannins. The end of

the maceration presented the moment when the wine remained the same regarding its total

organoleptic complexitywo days in a row

2
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Red wine maceration
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Figure 5. 4 Easy oxidizable phenols (EasyOx) and Total polyphenolic compounds (PhenOx) of
Chiarti Classico A and Chianti Classico B samples.

5.1.3.3 Alcoholic Fermentation Trials

The voltammetric technique was tested during the white wine alcoholic fermentation of 3 white
wines including Pinot gris (14 samples), Chardonnay (10 samples) and Vermentino (4
samples). Discriminant analysis was used on electrochemical signals in order to create groups
of the wine samples and afterwards to better understand eventual relations between the
variables. For the purpose to reduce the background noise, the rangérotiedzuical signal

was selected from 300 to 1200/mand discriminant analysis used on that range successfully
grouped all 28 white wine samples according to their cultifégufe 5.4). Selection of
variables was done using stepwise procedure, whergsh#&@ signals (at 300, 370, 670, 680,

770, 780, 940, 970, 1000 and 1190 mV) presented a good enough result with only one
Chardonnay sample misclassified. Remarkably, most of the selected signals were associated to
a high oxidation voltage presented byewghcal compounds that are more difficult to oxidize,
which appears to be the main driver for creation of specific qualitative pattern between grape
varieties. The presented method seems to be appropriate to follow the effect of wine oxidation
also. In factthe applying of voltametric method of analysis as a successful tool for monitoring

oxidation of white wines was previously proposed using cyclic voltammetryi (2200 mV

R
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at a scan rate of 100 mV/s) in association with supervised multivariate anslgsing et al.,
2008).

Canonical function 2 (26%)

Canonical function 1 (74%)

Figure 5. 4 Linear discriminant analysis of white grape varieties; 1) Chardonnay (red), 2) Pinot gris
(green), and 3Yermentino (blue) during alcoholic fermentation (adapted from Jerem@ t  al ., 202

However, as it was predicted, the content of polyphenols athipswhite wines during the
fermentation Figure 5.5) was lower than those found in Sangiovese red wiRegi(e 5.3)

having an average ratio PenOx/EasyOx of about 4.7, 5.0, 3.6 for Chardonnay, Pinot gris and
Vermentino, respectively. There results enagerfurther association with literature trying to
better understand the astringent characteristics of wine. In fact, the skin contact with juice
increase the amount of polyphenolic compounds in wine, and the contact time will define the
wine composition dung the prefermentative maceration (Ough, 1969), as well as temperature
(Hernanz et al., 2007More specificallyGiordano and collaborators (2012) in a comparative
study on the vinification of Vermentino grapes reported that the total polyphenolic eodspo
were: 82, 112, 141, 162 and 522 mg/L for hyperoxygenation, control, reductive conditions,
prefermentative cryomaceration (a® during 24h) and extending maceration, respectively.
On the other hand, a similar study on Chardonnay white wine wasateddawyNaviglio and
collaborators (2018) confirming that belowW® the increase in phenolics in wine is negligible

and its concentration was 440 mg/L.
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Figure 5.5 EasyOx and PhenOx (with error bars) of white wine grapieties: Chardonnay, Pinot
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gris and Vermentino during alcoholic fermentation at 17 °C.

5.1.3.4 Fining Trials

Pinot gris must were clarified during the early phase of fermentation with activated carbon

from charcoal, rather than later in wine (i.e. after fermentation) in order to eliminate oxidizable

phenol compounds before any influence on color is caused, imglpthking and to obtain the

stability of the rosé wine color.

It is well known that the total phenolic content is positively correlated (Uf5<a.94) with

antioxidant activity of wing(Frankel et al., 1993?aixao et al., 2007). There is a positive

correlation (up toR? = 0.99) between total polyphenol compounds measured by

spectrophotometer and voltametric instrument (Ricci et al., 2019; Kilmartin et al., 2002),

including Polyscan device where us&? € 0.91) (Ugliano et al., 2016). More specifically,

Ugliano and collaborators (2014) reported that the sum of each oxidation current per potential

i ncreasi

ng i s
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correlated RZ = 0.98) with420 nm AU values.
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Figure 5.6 shows that the total oxidizable polyphenols (PhenOx) in wine decreased with use
of activated carbon up to 40 g/hL, while the influence on the EasyOx appeared to be
insignificant. Singleton and Draper (1962) reported that carmal activated carbons from
charcoal vary in level of uptake of anthocyanins from red grapes and excess tannins as well.
These differences in polyphenolic compounds elimination are related to grape cultivar and

method of preparation of activated carb@uoichaCorral et al., 2005).

200 Fining trials with carbon

250

200
EasyOx
150 ® PhenOx
100
I I
5 ~ =
0 10 20 40

Carbon dosage (mg/L)

Phenolic parameters

o

o

Figure 5.6 Active carbon effect on the Pinot gris must composition during finig.

As can be seen from datakigure 5.6, the negligible effect on EasyOx index that includes
anthocyanins as well is probably associates with very low amount of these pigments in Pinot
gris samples, making it difficult to absorb them with carbon for obtaining a considerable
removal. It is well known that Pinot gris may develop pinking phenomératstthe creation

of salmonred blush color in oxidative conditions, that may appear in white wines made from
white grape varieties. The threshold of the anthocyanin level for the pink color appearance is
0,3 mg/L AndreaSilva et al., 2014).
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5.1.4 Conclusiors

It is very important to use suitable devices to monitor vinification processes in the cellar to
guarantee the success of higlnality wine production. In this view an eayuse and prompt
method based on disposable scrpented voltametric sensors waused forin situ
measurements of the polyphenols content of white and red wines during initial phase of the
winemaking process in the cellar. The collection of the compositional data of wine is an useful
support for enhancement of the wine quality, sgBcifor skin maceration and mushiing

processes, giving to enologists an input to take prompt corrective measures.

The grape musts having low EasyOx and/or PhenOx values would most likely benefit from
pressing under intert conditions and would prdypaleed a mild fining treatment. On the other
hand, the grape musts with higher values of EasyOx and PhenOx would probably need a strong
fining treatment and possibly a hyperoxigenation or microxygenation of wines following a
selected strategy. Moreover, monitoring of the phenolic extraction during the maceration of
red wine aids to establish the duration of the process, as well as extaghéési# rosé wines

and racking of red wines. In summary, monitoring grape phenolic content, vinification samples
and finished wines would permit for creation of quality control graphs for improving complete

product quality management.
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6 Cellar trials

6.1 Nitrogen spargingtrial to remove CO2 in excess
from Chianti 2018 red wine

6.1.1 Introduction

The study aims to remove the €@ excess found in young red wine DOCG Chianti for
improving its sensory characteristics. The problem arises from short period of storage from
vintage to bottling (min. 6 months) of the wine, with limited number of racking, therefore some
high values o€02 may occuii usually around 1 g/LRigure 6.1) i which was found to modify

negatively the sensory characteristic of the wine.

To solve the problem the approach includes the sparging of wine with inert gaduiihg
which process the wine is sampleidhwtime, i.e. at different level of CQand evaluated by
physicachemical and sensory analysis to ascertain the optimalcGQent that should be

present in the wine and the corresponding process conditions.

As can be seen in thEigure 6.1, the amountof dissolved carbon dioxide increased

significantly, specially in the past 5 years.

CO2 level in Chianti DOCG red wine
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Figure 6.1 CO, content in Chianti red wines over 17 years.
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Some issues are necessary to clarify taipehe sparging process:

- When sparge (the best moment during the winemaking: wine clarification, filtration,
bottling preparation etc.);

- How to sparge? (the optimal nitrogen/wine flow rate (v/v));

- How long treat the wine? (time course of f&moval);

- The optimal level of resicil CQ in wine? (Influence on the sensory characteristics

of wine);

Two preliminary trials were carried out to understand the influence of different conditions on

results and their efficiency.

1st trial:

6.1.2 Materials and methods

The Chianti red wine 2018ntage stored in rectangular concrete tank of 684 hL was sparged
with nitrogen during the pump over process soon before the bottling (i.e. during the addition

of the oenological products before bottling).

Carbon dioxide and dissolved oxygen were measufieectly from the tanks with the
instrument CboxQC Aline produced by Anton Paar in Graz, Austria. For the measurements
in the laboratory, it is used the same instrument connected it with SFD Filling Device, a

pressure chamber made by Anton Paar.

6.1.2.1 Gas @rameters:

According to the literature, to remove the £&m wine, the ratio gas/wine (v/v) should be
from 0.1 to 0.8 v/v with a porosity of the gas diffuser less than 0.03 mm to ensure an ideal gas

bubble size to efficiently remove G@om wine (Dharmadhikari, 2019)

In this first trial, the used sparger had a porosity of 0.004 mm and the nitrogen flow rate was
set up at 5400 L/h Noy using the gas reducer and the flow metggyre 6.2).

EC-__ Ai& _..’-_)2
-“diu
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The wine flowrate was set at 90 hL/h (i.e. 150 L/min)irder to obtain the gas/wine ratio of
0.6 (v/v).

The line of pumping over was made of the first 4 m long cellar hose (60 mm diameter)
connected to the lower tank valve, where the wine comes from and to the pump on another
side. At the exit of the pump Fregsca produced in Faenza in Italy the gas sparger (diffuser)
was connected at the beginning of the 25 m long wine hose (60 mm diameter), whose another

side was immerged into the wine on the top of the teidu(e 6.3).

A

Figure 6.2 A - Pump with sparger; B-low meter

All the process was conducted during the wine preparation for bottling, when the oenological
products for the tartaric stabilization are added to wine.

During the sparging the wine was galed at 3 points: 1) On the higher tank valve (B), where
the instrument Anton Paar was attached for online measurements ah@Q level; 2) Tank
tap (C), 3) On the wine surface, on the top of the tank (D), where the wine mixed with the

nitrogen enterghe tank Figure 6.3).
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Gas ingress

Liquid pump

Tank 2

CO, measurement

Figure 6.3 Points ofthewine samplingLegend: (A) Low tank valve; (B) High tank valve; (C) Wine
sample tap; (D) Lid on the top of the tank. (*)

6.1.3 Results

Before sparging, the initial GQralue was 0.90 g/L for the wine sampled on the top of the tank
(Figure 6.3-D), and 1.04 g/L measured onlireiqure 6.3-B) (Table 6.1). The difference is
probably due to different sampling procedure and methedaiiysis.

Table 6.1 The CQ and Q content change during thpasging trial.

. CO2 O2 CO2
. Time of
Tw_ne sparging sampled sampled sampled Comments
(min) (min) from B from B from D
(mg/lL)  (mg/L) (mg/L)
10:04 1.05 0.176 0.93
10:07 1.05 0.103
10:17 1.05 0.091
10:28 00:00 Start of N sparging
10:42 00:14 1.05 0.075
10:54 00:26 1.05 0.066
11:23 00:55 1.04 0.108
11:37 01:09 1.04 0.162
11:44 01:16 1.03 0.181 0.82 A.P. rinsed with 4 L of wine
11:54 01:26 0.88 0.205
S~ A _—2
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11:56
12:09
13:11
13:13
13:26
13:33
14:00
14:30

14:45

17:00

01:28
01:41
02:43
02:45
02:58
03:05
03:32
04:02

04:17

06:32

0.88
0.88
0.85
0.84
0.83
0.73

0.207
0.112
0.229
0.246
0.228
0.187

A.P. rinsed with 4 L of wine
0.72 Oenological products addition
0.66
0.60
End of sparging (although the
pumping over continues until
17:00)
0.56 End of the pumping over

The time course of C£removal showed an initial laghase during which the G@ontent

remained almost stable (lasted 1:16 hrs and corresponding to approx ¥ of the tank volume

pumped over)seeFig. 6.4. Then the C@content started to drop for reaching the targeted
value 0f0.6 g/L in 4h and 1Bninutes (255 min). At this time (i.e. 255 min) about 382.5 hL of
wine was pumped over and 22950 L of nitrogen was used, which correspond to a gas/wine
ratio of 0.6 (v/v) (22950/38250=0.6)

CQin wine(g/L)

1,2

1
0,8
0,6
0,4
0,2

0

Sparging with & eCO2

0:000:140:260:551:091:161:261:281:412:432:452:583:053:324:026:32
Time (h:min)

Figure 6.4 Time course of C@decreasin wine during sparginwith N, at the flow rate 90 L/min.
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Il trial

The aim of the second trial was to repeat the sparging process and in this way to obtain

further information for different tank volumes.

6.1.4 Materials and methods

In the second trial the volume of the tank was 215 hL and the pumping over was set from
downto-down (Fig. 6.3: tank 2), whereas all the other parameters remained the same as in the
previous trial. In the trial Il a hose 4 m long connected thieaéxhe pump with the nearly
bottom of the tankKig. 6.5), whereas in trail | the hose was 25 m Igsigce it was placed on

the top of the tank (and 4 m was not enough to reach the point D, $ég.t6eJ).

Two replicates ofvine samples were taken at different level of the @Dtasting directly
from the tank during the sparging trial in real time: at 0,96 g/L, 0,80 g/L, 0,68 g/L and 0,56
g/L. Three experienced winemakers from Ruffino winery tastethalbamples in ordeto
reveal thebest level of the C&n Chianti DOCG wine, which provides the soft mouthfééle
wine was sampled from the tank tap (C) every 15 minutes during the sparging trial and the CO

content was measured with the Anton Paar instrument in theatabp(in the chamber).
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Figure 6.5 Pumping over line of the second trial

6.1.5 Results

The lagphase last 15 minutes, then the &0ntent dropped to targeted level (0.6 mg/L) in
approxmately80 mirutesonly (Table 6.2. It is necessary to pump over 56 % of wirtdume
during the sparging using the gas and wine flow parameters desartbedsection 6.1.2.10
obtain the resultfd.6 g/L of CQ.

Table 6.2 The CQ content in wine during the sparging trial.

CO2
Time of trial Il sampled
: Comments
(min) from C
(mg/L)
0 0.96 Sparging start
15 0.96
30 0.80
45 0.77
60 0.68
75 0.62
90 0.56 The end of the sparging
gc-—___ Q%?g __..ﬂr:’_.ia
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CQOq gas is liberating from wine slowly from the beginning of production (i.e. after the alcoholic
fermentation) when it reaches the highest level until the bottling (data not shown). From the
practical point of view of winemaking in the cellar, the best mdnteo the sparging with

the nitrogen is the wine preparation for the bottling, because in that momentthe/&vill

be the lowest comparing the all the other winemaking practeces, thus the pump over will be

the shortest and the use of nitrogen Idwes

6.1.5.1 Sensory characteristics of wine:

The control wine has more reductive aromas and it is less fruity comparing the treated wine.
For what concern the mouthfeel, the control wine is more astringent and it has more expressed
acidity, while the treated wenwas describeloy winemakerss more soft, sweet and round and

less astringent and acid. Following parameters (scaled from @te Pjoposed tbe included

in the future wine tastings:

1) Mouthfeel: Acidity, astringency, sweetness, roundness, bodgy, bitterness, alcohol
perception
2) Olfactory characteristics: fruity, floral, spiciness, minerality, balsamic, aroma

intensity, herbaceous, reductive, ethereal

On the base of these characteristics, it is possible to analyse the wine aroma compounds that
would give the precise idea of the sparging impact on wine sedsargcteristics.

A summary of the trial parameters of both trialsdluding the wine volume, the gas flow rate,
the sparging time, the initial and the final level of the carbon dioxidelrengas/wine ratio

arepresented in th&able 6.3

Table 6.3 Trial parameters

Tank n. | Tank Red Gas Trial time | Initial CO. Gas/wine
volume | wine flow CO. (mg/L) at| ratio
(hL) rate (\) (mg/L) the end | (V/v)
of trial
471 648 Chianti | 90 I/min | T1: 4:15 | 1.05 0.56
2018
417 215 Chianti | 90 I/min | T2: 1:15 | 0.94 0.57
2018
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6.1.6 Conclusion

The initial questions were answered during the cellar trial:

When spargethe best moment during the winemaking suitable for the sparging with
nitrogen is bottling preparation;
The optimal nitrogen/wine flow rais to be discovered yet in further researches. The

trials in this research were done using only opvie flow rate 0f0.6 (v/v));

Thetime course of C@removalis relaed to the volume of the wine wifi has to be
sparged with the gas. Its calculation is possible to make taking in consideration a time
that is necessary to pump over 50% of wine volufrte nitrogen flow rate is set at

90 L/min.

The optimal level of residual Gn winethat does not have a negative impacthe
sensory characteristics of wirge0.6 g/L.

6.1.7 References

Dharmadhikari M, (2019). Use of inert gases. Retrieved from
https://www.extension.iastate.edu/wineAisert-gases
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7 Generalconclusion

During the PhD program a significant amount of the wine quality data and climate change
information was collected and analyzed with the aim to assess of the enological potential of
Sangiovese grape varietyaltowedfor a valorization of Chianti and Chianti Classred wine

from Tuscany. In this regard, the two main initial research questions were ansiverdist

one dealth withunderstand the impact of climate changes eggional level on the grape
growing and winemaking practicesth the aim ofimproving the wine quality in the future

with respecto the traditional regional winemaking regulationBeunderstanithg ofthe future

grape growing and winemaking conditsailowsthe producers to better organize tleaativity

and to maintain and improve wimgiality underthe traditional winemaking regulation3he
objective of the second research question was to establish the quality control procedures and
analytical protocols to improve and assure the composition of wine from grape growing,

throughwinemaking and aging processes.

As for the climate change, the main study was conducted in collaboration with the University
of Belgrade (Serbia) developing the predictions of the future climate conditions in Tuscany,
from the present until 2100. a restifte study showed that the Tuscany region will be warmer
with lower precipitation amount in the 2tentury, under 4.5 RCP scenaWinkler index
showed he increase in émperaturewhich may be detrimentato the highquality wine
production.There is hjh probability that the Tuscany regiafil be very hot toward 2100 and

the highquality wine production will béhreatened. Hence, the chances are that Tuscany will
be suitablenly for the table grape production, resin production ordomlity table wie. The

water availability will probably decrease which may lead to the yield loss. Theghaghy

wine productionis very likely tobe endangered by the future upcoming climate changes in
Tuscany. That is whit is importantto applythe new strategiesf adaptation to new climate
conditions Some of thestrategiesnclude the translocation of the vineyard area ughithile

the others suggetie substitution of theaingrape varietyith other grape varigts suitable

for the high alcohol wine produon. As for the future research, developing the prediction of

the future climate conditions under 6.0 and 8.5 RCP scenarios .
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When it comes to wine quality, theirve descriptive analysi®f FT-IR and U\tvis
Spectrometrypropertiesof the past 8 vintaged €hianti and Chianti Classico DOCG allowed
for an examination of theiphysicochemical propertiesnd hence the differences tiher
quality. A fundamental finding was that wine properties Ip@yphenols,alcohol content,
glycerin potassium, pHalue, residual sugar, succinic acid, dry extract, anthocyanins,yjensit
andtotal acidity had the statistically significant influence on the wine quality and its their
typicity. The PLS mltivariatestatisticalanalysisdemonstrated good ability to sparate wine
sampls and to predict the wine qualignd typicityof new wine samples.

In the second study related to wine qualitye bxygen consumption kinetics of commercial
oenological tannins in model wine solution &idanti red winevere examinedased on the
research,he oenological tannins might demea substitute for S@in wine proteabn from
oxidation. As it wageportedin this trial, the ellagitannin had the fastest reactoth the
oxygenandit can be used as an efficigmotecbr aganst oxidation. Ellagitannins are good
antioxidants,even thougttheir reactivity coulddiminish after the first saturation. The skin
tannins havastable reactivity in each saturation. Gallotannins might have the ability to inhibit
enzymatic oxidation ther than hawg a direct reaction with oxygen

In the third study of wine qualityhé kinetics of oxygen consumption of six Sangiovese red
wines from Tuscanwere examinedSangiovese wine samples coming from different areas of
Tuscany had a differenaipacity of oxygen consumption. The analysis of metals did not show
any important correlation between their content in wine and the total amount of consumed
oxygen. Furthermore, the CIE Lab analysis of Sangiovese color showed a strong correlation
between th consumed oxygen level in wine and yellow color formation, while the level of the

red color decreased with the wine oxidation.

In the last study related to wine quality, the sweep voltammetry method was examined as a tool
for monitoringthe oxidative status in winemakin@he collection of the compositional data of
wine provided a significant saport forthe enhancement of wine qualitgspecially for skin
maceration and must fimg processegrovidingthe enologistswith a baseto takeimmediate
corrective measure$donitoring the phenolic extraction during the maceration of red wine
helpsdefining the duration of the process, as welltlasextent of saignéa rosé wines and
racking of red winedn brief, monitoringthegrape phenolic agaent, vinification samples and

)
20
$9%

3950

9
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finished wines wouldllow for developmenbf quality controlchartsfor enhancinghe entire

product quality management.

At the end, the cellar trials allowed the company to improve the wine sensory characteristics
by eliminating the excessive G&om Chianti DOCG wine.
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8 Abstract

This PhD program was developed in collaboration between the Ruffino winery and the
University of Bologna and the University of Belgrade. All the work is divided in three sections

as follows:

The first part is related to the climate change in Tusc@hg.ongoing climate changmay

affect the agriculture to a large extent since all the crop production is influenced by the weather
conditions. Thus, even viticulture and wine production may subject to certain changes. The
new meteorological conditions may haaestrong impact to the DOP wine production that
follows their appropriate production regulations. This is the reason why it is important to better
understand the climate conditions of the last century and to estimate the future climate
conditions in ordeto be able to adapt the wine production to the newly formed environment,
keeping the same wine DOP style and quality characteristics. In this work, the climate

conditions in Tuscany where assessed from 1990 until future 2100 year.

When it comes to the send part, the typicity and quality of the Chianti and the Chianti
Classico appellation of origin were studied. These appellatimnthe mailDOP wines from
Tuscany, the production of which was initiated back in tHecE®itury. Nowadays, theiryde

ard the typicity are well known to the consumers worldwide. Therefore, it is particularly
important to better understand their enological potential in order to be able to keep their style
in the future. The main grape variety used for these wirfearigioveewhich is employed in

at least75% of the total production of the mentioned wines and it was studied by a

multiparametric approach in this PhD research.

As for the third part, the wine oxidation, as one of the most important chemical reactions that
influences the wine quality and aging, was studied. In the beginning of the wine production,
during the alcoholic fermentation, the red wine composition is shaped during the maceration
of the grape juice on the grape skin. In this moment it is important taenéimé polyphenol
extraction that determinates compounds for the wine quality. Polyphenols are one of the main
substrates of the wine oxidation and their content was assessed using the linear sweep

voltammetry in the initial part of vinification.

EC-__ Ai& _..’-_)2
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In addtion, the response of the Sangiovese red wines and model wines, with added oenological
tannins to the oxygen saturation, was studied. These studies are important as they give us an
image of the response to the oxidation process and how it influencestheguwality and the

wine evolution.

Figure 7. 1 Drought and winé climate changésourcewww.winemag.com20200203wirgimate
changé.

&
andih
g
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9 Abstract (Italian version)

Questo programma PhD —~ stato sviluppato [
 6Uni versit”™ di Bol ogna e I 6Universit”™ di Be
come segue:

La prima parte riguarda il cambiamento climatico in Toscana. || cambiamento climatico in

corso puo avere conseguenzeinlacgas ul | 6agri col t ur a pgeolah® t ut
e influenzata dalle condizioni meteorologiche. Pertantdyateviticoltura e Igroduzione di

vino potranno subire dei cambiamenti. Le nuove condizioni meteorologathebbero avere

un forte impatto sulla produzione di vini DOP, la quale segue le sue pregdote di

produzione. Questa € la ragione per cum@ortante comprendere meglio t®ndizioni
climatiche dell dultimo secol o e fltareperpatena v al
adattare | a produzione di v i manteaeindo feastedse e nt e
caratteristiche stilistiee e la stessa qualita del vino DOP. Nel preskaviero, le condizioni

climatiche in Toscana sono state valutate a partire dal 1990 fino al Ait0@o

Per quanto riguarda la seconda parte, sono state studiate la tipicita e la qualita del Chianti e
della denominazione di origine Chianti Classico. Queste denominazioni sono le prDEipali
vinicole in Toscana, la produzione delle quali e iniziata nel XVIII secolo. Oggigiortowpil

stile e la loro tipicita sono ben note ai consumatori di tutt@idoe. Pertanto, garticolarmente
importante capire bene il loro potenziale enologico per poter mantenere stileranche in

futuro. La principale varieta di uva usata per questi vini € il Sangioveseioimegata per
almeno il 75% della produzionetale dei summenzionati vini e che é ststtadiata con un

approccio multiparametrico in questa tesi di dottorato.

Il nfine, |l a terza parte riguarda | o studio d
importanti reazioni chimiche che influenzamol qual i t© e | 6i AV é &d¢ mii ame
della produzione, durante la fermentazione alcolica, la composizione del vingirptstma

durante | a macerazione del mo st o mamnéniovéa s ul |

i mportant e tranome deigalifenolela qualeedstermina i compostilpegualita

del Vino. I polifenol.i sono uno deiillopoi % i mp
.‘,e_g”
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contenuto e stato valutato usando la voltammetria a scansione lineare nellipaltalella

vinificazione.

In aggiunta, e stata studiata la risposta dei vini rossi Sangioved#le salezioni simitvino,

conl 6aggiunta di tannini enologici alla satur
perch® ci danno wtaal protesaogli ossElazidne b di eome dio snfluenzi
la qualit”™ e | 6evoluzione del vino.
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10 Appendix

SUPPORTING INFORMATION

Chapter 3

Alcohol distribution Total acidity distribution

150

Frequercy

T
135 140 145 150 50 55 60 65

Aicohol Total acicity
pH value distribution
Volatile acidity distribution < -
8 4
8 6t

Frequency
60
L

e
<
<
&
o J
Volatile acidity pH value
Tartaric acid distribution Lactic acid distribution
g 4
e -
2
g
3
2
i og-
<
o
r T 1
15 20 25
Tartanc acid Lactic acid

201



Citric acid distribution
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