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Abstract: The market demand together with the need for alternatives to withstand climate change
led to the recovery of autochthonous grapevine varieties. Under climate change, the summer
pruning of vineyards may lead to an increase of vegetative residuals of nutritional and medicinal
interest. The objectives of our study were (1) to evaluate the nutritional properties of the leaves of
three local Spanish grapevines (Tinto Velasco, TV, Pasera, PAS, and Ambrosina, AMB) when
grown under climate change conditions, and (2) to test the potentiality of these grapevines as
suitable candidates to be cultivated under climate change scenarios based on the quality of their
must. Experimental assays were performed with fruit-bearing cuttings grown in temperature
gradient greenhouses that simulate rising CO2 (700 umoL moL™) and warming (ambient temper-
ature +4 °C), either acting alone or in combination. TV and AMB were the most and the least af-
fected by air temperature and COz concentration, respectively. The interaction of elevated COz with
high temperature induced the accumulation of proteins and phenolic compounds in leaves of TV,
thus enhancing their nutritional properties. In PAS, the negative effect of high temperature on
protein contents was compensated for by elevated COz. Warming was the most threatening sce-
nario for maintaining the must quality in the three varieties, but elevated CO: exerted a beneficial
effect when acting alone and compensated for the negative effects of high temperatures. While TV
may be a candidate to be cultivated in not very warm areas (higher altitudes or colder latitudes),
PAS behaved as the most stable genotype under different environmental scenarios, making it the
most versatile candidate for cultivation in areas affected by climate change.

Keywords: autochthonous grapevine varieties; elevated CO2; nutritional properties;
phenolic compounds; primary metabolites; warming

1. Introduction

The search for highly productive vine varieties led to a varietal homogeneity in the
vineyards, with the consequent loss of biodiversity. This high genetic uniformity puts in
risk the production and the quality of grapes and wines in the context of climate change.
During the last century, the air temperature in Spain has experienced an increase of 1.8
°C [1], which is over the predictions of global warming (1.5 °C) by 2030-2052 if it con-
tinues to increase at the current rate [2]. The market demand for regional diversity to-
gether with the need of searching alternatives to withstand climate change scenarios
enhanced the interest for identifying and recovering forgotten autochthonous grapevine
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varieties in different Spanish regions [3-7]. The identification and exploitation of mul-
tistress-tolerant germplasm may be crucial to maintaining the viticulture in the Medi-
terranean areas under future climatic conditions [8].

Tinto Velasco (TV), Pasera (PAS), and Ambrosina (AMB) are local red grapevine
(Vitis vinifera L.) varieties recovered in old vineyards (older than 65 years) in the north of
Spain. Tinto Velasco produces medium bodied and pleasant wines, and Ambrosina, also
known as Aubum in France, produces very fruity and fresh red wines. The oenological
properties of the wines obtained from PAS and AMB make these varieties potential can-
didates to be exploited under climate change scenarios that include the joint action of
rising CO2 and warming, since they can maintain fruit quality under those stressful en-
vironmental conditions; in contrast, TV shows a higher degree of phenotypic plasticity in
response to increases in both air temperature and CO: [9].

Rising CO:2 can also induce the vegetative growth of grapevine, this effect being
more marked when elevated CO: interacts together with high air temperature and
drought [10]. Although the effect of leaf-to-fruit ratio on the yield parameters, berry
composition, and the balance between secondary and primary metabolites in fruits can
strongly vary among grapevine varieties or cultivars [11,12], the regulation of the
sink/source balance is considered as a powerful tool to adapt grape composition to
technological objectives and increase wine quality [13]. Consequently, in a context of
climate change that favors the vegetative growth of grapevine, a greater amount of veg-
etative residuals are obtained from summer pruning. These vegetative residuals are most
times left in open fields and, to a lesser extent, used to feed cattle [14]. However, the
known nutritional properties of grapevine leaves [15,16] move our attention toward us-
ing them for human nutrition. In fact, the cuisine of some Mediterranean areas (such as
Egypt, Turkey, Greece, Lebanon, or Syria) includes leaves of grapevines for human
consumption [17-19], as well as traditional medicines for the treatment of bleeding, in-
flammation, or diarrhea [20,21]. Moreover, Loizzo et al. [22] demonstrated the antipro-
liferative activity against human Caucasian breast adenocarcinoma of extracts prepared
with leaves of Gaglioppo and Magliocco Dolce grapevine cultivars. Climate change can
also affect the nutritional qualities and the cytotoxic potential of grapevine leaves. Ac-
cording to Torres et al. [23], the levels of minerals, proteins, sugars, and the antioxidant
properties can be modified under warming conditions. The enhancement of air temper-
ature can even increase the cytotoxic activity of grapevine leaves’ extracts against dif-
ferent cancer cell lines, thus opening the possibility of application of these vegetative re-
siduals for biomedical uses [24]. Any of the mentioned options would allow the recycling
of this underused plant waste, therefore promoting the circular economy.

Taking into account all these precedents, the objectives of the present study were (1)
to evaluate the nutritional properties of the leaves of the abovementioned local Spanish
grapevines when grown under environmental conditions that simulate climate change to
understand their potential applications in gastronomy, as food supplements or as source
of bioactive compounds, and in biomedicine, and (2) to assess to what extent the quality
of the must obtained from those autochthonous Spanish grapevines is affected by in-
creased CO2 concentration and warming, when acting alone or in interaction, to under-
stand their potential as candidates to be cultivated under different climate change sce-
narios modulated by different geographic latitudes and altitudes.

2. Results
2.1. Nutritional Traits of Leaves

The concentrations of chlorophylls in leaves (ranging between 4.5 and 5 mg g' DW)
were similar among grapevine varieties when cultivated at ambient COz and temperature
conditions (ACAT) (as illustrated in Figure 1A). Increases in COz (ECAT), air temperature
(ACET), or both (ECET) did not significantly affect the levels of chlorophylls in leaves of
AMB and PAS. In contrast, the concentrations of chlorophylls in leaves of TV showed a
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downward trend when CO: rose without interacting with increased temperature (ECAT)
(as illustrated in Figure 1A), and this pattern was also found with carotenoids (as illus-
trated in Figure 1B).

77 a A
ab 3 a
67 ab % . l a a '[ a
- a
= 5 I X ! l b 1 I ] a I
o B b | N :
w 4] sé E E
o0 s i
£ 31 g g f
TMINBEHINR L
0 i 5 g
HEHHEEEEEEEEE
Q| O [(ON )] Q| O O Ol 0| O Ol O
<1 < w | w <l < w| wl gl < wl w
Y AMB PAS
1.47
. ab B
1.2q ab
1.0 ]_ L a2, a 2 a 2
' N b N A A I |
= 0.8 : \ : s
E ff N 5§ N gé
ST UNEMIIIINBUINE L
J B §§ 5 =
“MNIN N |
0.21 ITHNREHIINE
0 55 N 5 3
ElFlelrFlelHFleElHlI=ElH] =l -
|luw|l|lw |l <<|w] <| wl<|]w| <] w
HEHEEEEEEEEE
Y AMB PAS

Figure 1. Concentrations of total chlorophylls (a + b) (mg g DW) (A) and total carotenoids (mg g
DW) (B) in leaves of grapevine Tinto Velasco (TV), Ambrosina (AMB), and Pasera (PAS) grown at
(1) ambient (~400 pmoL moL-) CO:z concentration (AC) and ambient temperature (AT) (ACAT); (2)
AC and elevated (T + 4 °C, ET) temperature (ACET); (3) elevated CO2 (700 pmoL moL-, EC) and
AT (ECAT), and (4) EC and ET (ECET). Bars represent means * S.E. (n =3-6). Within each graph and
grapevine variety, bars topped by same letter indicate that values do not differ significantly (p >
0.05). DW = dry weight.

Within each grapevine variety, the levels of total soluble proteins (TSP) (as illus-
trated in Figure 2A) and proline (as illustrated in Figure 2B) showed a parallel behavior.
The three varieties had comparable concentrations of TSP (~1 mg g DW, a little bit
higher in PAS) and proline (between 0.7 and 0.8 umoL g DW, being slightly higher in
PAS) when cultivated at ACAT conditions. AMB showed high stability under environ-
mental changing conditions. In contrast, leaves of TV accumulated higher levels of TSP (2
mg g' DW) and proline (1.1 pmoL g' DW) when elevated CO: interacted with increased
air temperature (ECET), while the concentration of TSP and proline diminished in the
leaves of PAS grown under elevated temperature acting alone (ACET).
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Figure 2. Concentrations of total soluble proteins (TSP) (mg g DW) (A), proline (umoL g DW) (B), total soluble sugars
(TSS) (mg g DW), (C) and starch (mg g DW) (D) in leaves of grapevine Tinto Velasco (TV), Ambrosina (AMB), and
Pasera (PAS) grown at (1) ambient (~400 umoL moL™) CO: concentration (AC) and ambient temperature (AT) (ACAT);
(2) AC and elevated (T + 4 °C, ET) temperature (ACET); (3) elevated CO:z (700 umoL moL", EC) and AT (ECAT), and (4)
EC and ET (ECET). Bars represent means + S.E. (n =3-6). Within each graph and grapevine variety, bars topped by same
letter indicate that values do not differ significantly (p > 0.05). DW = dry weight.

The concentrations of sugars (TSS or starch) in leaves differed between the three
varieties under ambient conditions (ACAT): although TV and AMB accumulated similar
amount of total soluble sugars (TSS) (as illustrated in Figure 2C) (around 20 mg g' DW),
the levels of starch (as illustrated in Figure 2D) were clearly higher in the leaves of AMB
(1.5 mg g' DW) than in those of TV (around 0.6 mg g DW). PAS was the variety with
the greatest concentration of total sugars (TSS + starch) in leaves (around 30 mg g' DW)
under ACAT conditions. The concentrations of starch (as illustrated in Figure 2D) were
sensitive to changes in the environment, and the final result strongly differed among
grapevine varieties. An increase in the air temperature not associated with rising CO:
caused significant reductions in the starch levels in the leaves of the three grapevine va-
rieties. In AMB this negative effect of high air temperature on the starch concentrations
was almost completely alleviated by the simultaneous application of elevated CO2
(ECET). In PAS the amount of starch in leaves was negatively affected by the elevated
CO2 and increased temperature, acting independently (ECAT, ACET) or in combination
(ECET). In contrast, elevated CO: induced the accumulation of starch in leaves of TV
under elevated temperatures (ECET vs. ACET).
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Under ambient conditions (ACAT), TV and AMB showed higher concentrations of
total soluble phenolic compounds (0.8-0.9 mg g DW) in leaves than PAS (0.3 mg g!
DW) (as illustrated in Figure 3). The application of elevated CO: and/or increased air
temperature had not a significant effect on the levels of phenolics in leaves of AMB. In
contrast, the concentrations of phenolics in leaves of TV increased between two or three
times when cultivated under elevated CO, either alone (ECAT) or simultaneously with
increased air temperature (ECET). Similarly, the variety PAS was also sensitive to the
environmental changes; in this case, elevated CO2and high temperature induced the ac-
cumulation of phenolic compounds in leaves, both acting independently (ACET, ECAT)
or in combination (ECET).
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Figure 3. Concentrations of total soluble phenolic compounds (mg g DW) in leaves of grapevine
Tinto Velasco (TV), Ambrosina (AMB), and Pasera (PAS) grown at (1) ambient (~400 pmoL moL)
CO2 concentration (AC) and ambient temperature (AT) (ACAT); (2) AC and elevated (T + 4 °C, ET)
temperature (ACET); (3) elevated CO:z (700 umoL moL, EC) and AT (ECAT), and (4) EC and ET
(ECET). Bars represent means + S.E. (n =3-6). Within each graph and grapevine variety, bars topped
by same letter indicate that values do not differ significantly (p > 0.05). DW = dry weight.

2.2. Quality Traits of Must

According to the ANOVA results, must characteristics in TV were significantly af-
fected by the air temperature: pH, titratable acidity, soluble solids to titratable acidity ra-
tio, and tonality index (as illustrated in Table 1). Some of these effects were reinforced
when high temperature interacted with elevated CO: (ECET): titratable acidity strongly
decreased, the soluble solids to titratable acidity ratio increased the tonality index
achieved the highest value. The CO: factor induced a slight reduction of total soluble
solids in TV. In contrast, must characteristics in PAS, and especially in AMB, remained
mostly unchanged when plants underwent climate change conditions (as illustrated in
Table 1). High temperature at ambient CO2 concentration (ACET) induced an increase in
the pH of must of PAS, as well as in the tonality index in both AMB and PAS. In AMB,
however, the increase in the tonality index was overshadowed by the interaction of
temperature with elevated CO: (ECET).
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Table 1. Must characteristics in three Spanish autochthonous grapevine varieties cultivated at (1) ambient (~400 umoL
moL™) CO2 concentration (AC) and ambient temperature (AT) (ACAT); (2) AC and elevated (T + 4 °C, ET) temperature
(ACET); (3) elevated CO2 (700 pmoL moL, EC) and AT (ECAT), and (4) EC and ET (ECET). Values are means (n = 3-6).
Within each parameter and grapevine variety, values followed by same letter or with absence of letters do not differ sig-
nificantly (p 2 0.05). Significance of analysis of variance (ANOVA): *** p <0.001; ** p <0.01; * p < 0.05; ns, not significant (p >
0.05). T = temperature factor.

Treatments ANOVA
ACAT ACET ECAT ECET CO:2 T CO2xT
Tinto Velasco (TV)
Total soluble solids (°Brix) 20.3 a 18.1 ab 17.0b 169Db * ns ns
Must pH 3.95b 4.03 ab 3.84b 426a ns * ns
Titratable acidity (g L) 485b 3.55 ab 3.05a 2.69 ¢ ns * ok
Soluble solids/Titratable acidity 430b 5.20 ab 5.66 a 6.28 a ns * ok
Color density 2.63 a 2.57 a 2.53 ab 1.95b ns ns ns
Tonality index 0.77 ¢ 0.92b 0.75¢c 128 a o b b
Ambrosina (AMB)

Total soluble solids (°Brix) 20.9 20.4 20.3 21.4 ns ns ns
Must pH 3.93 3.76 3.82 4.03 ns ns ns

Titratable acidity (g L) 4.64 4.88 5.38 4.15 ns ns ns
Soluble solids/Titratable acidity 4.73 4.37 4.06 5.28 ns ns ns
Color density 2.22 ab 1.59b 244 a 240a ns ns ns
Tonality index 0.78 b 114 a 0.74Db 0.84b * ** *

Pasera (PAS)

Total soluble solids (°Brix) 21.0a 21.7a 229a 222a ns ns ns
Must pH 391b 424 a 4.00 ab 421 a ns ** ns

Titratable acidity (g L) 39 a 418a 4.88 a 4.68 a ns ns ns
Soluble solids/Titratable acidity 5.46 a 536 a 4.76 a 5.09 a ns ns ns
Color density 246 a 224 a 218 a 234a ns ns ns
Tonality index 0.77 b 0.90 a 0.80 ab 0.90 a ns ** ns

The phenolic composition of the TV must was strongly influenced by the environ-
mental conditions (as illustrated in Table 2). The interaction between high temperature
and elevated CO:z (ECET) significantly reduced extractable anthocyanins. However, the
cellular extractability of anthocyanins (EA) increased under high temperature, both act-
ing alone (ACET) and in combination with elevated CO: (ECET). In AMB high tempera-
ture negatively affected TPI, total and extractable anthocyanins, the impact on anthocy-
anins being more pronounced under ambient COz (ACET). In contrast, high temperature
did not influence the must phenolic composition in the PAS variety, but elevated CO:
reduced TPI regardless of temperature, and increased the EA at ambient temperature
(ECAT).
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Table 2. Phenolic composition and antioxidant capacity of must from three Spanish autochthonous grapevine varieties
cultivated at (1) ambient (~400 umoL moL) CO:2 concentration (AC) and ambient temperature (AT) (ACAT); (2) AC and
elevated (T + 4 °C, ET) temperature (ACET); (3) elevated CO2 (700 umoL moL, EC) and AT (ECAT), and (4) EC and ET
(ECET). Values are means (n = 3-6). Within each parameter and grapevine variety values followed by same letter or with
absence of letters do not differ significantly (p > 0.05). Significance of analysis of variance (ANOVA): *** p < 0.001; ** p <
0.01; * p < 0.05; ns, not significant (p > 0.05). T = temperature factor. TPI =Total polyphenol index; AU = absorbance units;
EA = Cellular extractability of anthocyanins; SM = Seed maturity.

Treatments ANOVA
ACAT ACET ECAT ECET CO2 T CO:xT
Tinto Velasco (TV)

TPI (AU) 12.3b 124 Db 22.5a 8.6b ns * ot
Total anthocyanins (mg L) 210b 350.8 a 352.8 a 1483 Db ns ns ok
Extractable anthocyanins (mg L) 157.2 ab 126.3 b 182 a 58.6 c ns i *
EA (%) 29.4b 63.6a 49.0a 56.8 a ns i ns

SM (%) 54.0b 57.9 ab 66.4 ab 714 a * ns ns

Total antioxidant capacity (mg L) 18.0a 119.8 a 19.7 a 20.0a ns ns ns

Ambrosina (AMB)

TPI (AU) 23.1 ab 20.7b 324a 16.2Db ns * ns

Total anthocyanins (mg L™) 200.0 a 98.6 ¢ 153.8 ab 133.0 bc ns ek ns
Extractable anthocyanins (mg L) 1574 a 613 ¢ 152.8 ab 104.7 be ns i ns
EA (%) 229a 248a 8.8 bc 17.3 ab * ns ns

SM (%) 65.1 76.8 75.7 73.9 ns ns ns

Total antioxidant capacity (mg L) 174Db 21.9 ab 20.0 ab 228 a ns * ns

Pasera (PAS)

TPI (AU) 324a 29.3 ab 21.6b 20.3b * ns ns

Total anthocyanins (mg L) 155.2 155.3 156.1 152.7 ns ns ns
Extractable anthocyanins (mg L) 152.4 139.1 131.6 134.4 ns ns ns
EA (%) 114b 18.8b 304 a 16.0b * ns ns

SM (%) 775 80.3 66.2 67.2 ns ns ns

Total antioxidant capacity (mg L) 21.5 20.3 22.6 19.9 ns ns ns

3. Discussion

Antolin et al. [11] found that the fruit quality and must properties of local Spanish
grapevine varieties were modified in different degrees when plants undergo high air
temperature combined with elevated CO: concentration; in fact, while berry and must
traits significantly varied in some genotypes, in others these properties remain almost
unaffected. In concrete, AMB and PAS belong to the first group, while TV belongs to the
second one, which behaves quite similarly to the international variety Tempranillo. An-
tolin et al. [11], however, did not include information dealing with the effects of warm
temperatures and elevated atmospheric CO: on must characteristics when acting sepa-
rately, nor did they assess the effects of those climatic factors on primary and secondary
metabolites in leaves.

3.1. Nutritional Traits of Leaves

Defoliation is a cultural practice that improves the quality of grapes and wine. When
applied in warm conditions, early leaf removal improved fruity and floral odor on
Tempranillo [25]. In the present study, leaves were collected before flowering, thus sim-
ulating an early leaf removal performed in the field.

High temperature acting alone (ACET) did not affect the levels of soluble sugars
(TSS) but did cause a marked decrease in the accumulation of starch in leaves of the three
grapevine varieties (TV, AMB, and PAS). These results contrast with those obtained by
Torres et al. [23] and Kizildeniz et al. [26] in cv. Red Tempranillo: the concentrations of
TSS increased and those of starch did not change in the leaves when grown under warm
temperatures. Such different behavior may be explained by both the genetic background
of grapevine and the age of the leaves collected. Kizildeniz et al. [26] observed differences
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between Red and White Tempranillo in the response of leaf TSS to elevated temperature.
Also, in the present experiment, the leaves were harvested during the early reproductive
stages. In this period, leaves are an important source of carbohydrates for reserves res-
toration, developing vegetative organs, as well as for inflorescence and berry develop-
ment [27], processes that may be hastened by warm temperatures, thus leading to a lower
accumulation of starch in the leaves. In contrast, leaves in the studies of Torres et al. [23]
and Kizildeniz et al. [26] were collected at fruit maturity when the amount of photosyn-
thates destined to the bunch is becoming lower and the pool of starch reserves is already
restored in the wood of most varieties [28]. In the present study, elevated CO: did not
produce an accumulation of carbohydrates in leaves, which was associated with limita-
tions in increasing C sink strength in plants developed under high air CO: [29,30].
Probably, the C sinks at the sampling stage (flowering stage) were strong enough to al-
low an adjustment in the C sink/source balance, thus maintaining and starch levels under
elevated CO: similar to those at ambient CO:s.

Contrary to the common finding that the amount of proteins decreases in crops
grown under elevated atmospheric CO: concentrations [31], leaves of TV accumulated
higher concentration of soluble proteins when cultivated under elevated CO: interacting
with high temperature (ECET), thus enhancing their nutritional value. The results agree
with Martinez-Liischer et al. [32], who reported a significant increase in total soluble
proteins in the leaves of cv. Tempranillo grown under combined elevated CO2 and high
temperature. Moreover, under these environmental conditions, the concentration of pro-
line also increased, which possibly preserved the photosynthetic organs from oxidative
stress by improving the antioxidant metabolism and reducing the lipid peroxidation and
electrolyte leakage [33], thus protecting the biosynthesis of chlorophylls [34]. In fact,
under ECET conditions, the concentrations of the photosynthetic pigments (chlorophylls
and carotenoids) in leaves of TV were similar to those found under ambient COz and
temperature (ACAT). From a nutritional point of view, chlorophylls and carotenoids
may favor consumers’ health since they can delay the development of several chronic
diseases [35] and prevent cardiovascular dysfunctions and cancer in human beings [36].

Elevated CO2 may increase the levels of antioxidants, including polyphenols, with a
significant enhancement in the antioxidant capacity of different plant species [30]. The
increase in the levels of total phenolic compounds observed in the leaves of TV and PAS
under elevated CO:2(ECAT, ECET) and also in leaves of PAS grown at ambient COz and
high temperature (ACET) may enhance the resistance of those grapevine varieties against
diverse fungal diseases [37]. This circumstance could help to sustain culture systems
preserving the environment since it may allow the reduction of the traditional Cu-based
fungicides applied in vineyards [38]. Moreover, the well-known antioxidant properties of
the natural phenolic compounds make these substances good candidates to be exploited
as food supplements and functional ingredients in food and cosmetics [39]. Maia et al.
[16] found that leaves of the grapevine variety Pinot Noir contain phenolic compounds
and polyphenols with high antioxidant activity and proposed the exploitation of grape-
vine leaves as a source of bioactive compounds. This increased accumulation of total
phenolic compounds observed in leaves of TV and PAS under elevated CO: and/or high
temperature, however, is not a universal pattern observed in plants subjected to these
key factors of climate change. In fact, these environmental parameters did not affect the
concentration of soluble phenolics in leaves of AMB. In addition, similar risings in the
temperature and CO: concentration in the air caused reductions in the amounts of total
phenolics in the vegetative (stems and leaves) and reproductive (inflorescence) organs of
the medicinal plant Gynostemma pentaphyllum [40].

In summary, data showed that the three local Spanish grapevines showed very dif-
ferent sensitivity to environmental parameters, with TV and AMB being the most and the
least affected by air temperature and CO: concentration, respectively. The interaction of
elevated COz with high temperature (ECET) induced the accumulation of proteins and
phenolic compounds in leaves of TV, thus enhancing their nutritional properties and
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possibly their resilience against fungal invasion. In PAS, the negative effect of high tem-
perature (ACET) on the levels of proteins was alleviated when high temperature inter-
acted with elevated CO: (ECET).

3.2. Quality Traits of Must

The analysis of the main factors revealed that the significant reduction in the amount
of total soluble solids in the must of TV exposed to the combination of warm tempera-
tures and elevated CO: (ECET) was mainly because of rising COz. This result suggests
that this local genotype has higher sensitivity to the increasing CO: than some interna-
tional varieties such as Riesling, Cabernet Sauvignon, and Tempranillo [12,41]. This ap-
parent sensitivity of TV to rising CO: is also supported by the significant interactions
between temperature and CO:, which affected titratable acidity, tonality index, poly-
phenols, and anthocyanins. Concerning titratable acidity, the results of TV coincided
with the general trend that high temperatures accelerate the decrease of grape acidity
during ripening, mainly because of the faster depletion of malic acid [42]. However, berry
acidity is also controlled in part by potassium, which partially neutralizes the negative
charge of organic acids and may favor the formation of potassium tartrate precipitates. A
high potassium level might explain the increase of must pH under ECET conditions in
this variety. Elevated CO:improved phenolic composition under ambient temperature
(ECAT), which makes TV a promising candidate to be cultivated in latitudes or altitudes
where the projected increase in atmospheric CO:z interacts less with high air tempera-
tures. The increased accumulation of anthocyanins makes the must of TV interesting
from a nutritional point of view due to the healthy properties of these secondary com-
pounds [43]. Moreover, anthocyanins can protect grapes against the attack of some fungji,
such as Botrytis cinerea [44].

Antolin et al. [11] suggested that the usually negative effect of warm temperatures
on berry quality can be compensated for by the interaction of high temperature with el-
evated CO:z. Results obtained with AMB corroborate this hypothesis because under am-
bient CO: concentration, high temperature (ACET) significantly reduced the amount of
anthocyanins in the must, and consequently, its color density, but it did not affect the
levels of these compounds when combined with elevated CO: (ECET). Similarly, in a
recent study with five clones of Tempranillo, Arrizabalaga—Arriazu et al. [45] reported
that the decrease in the anthocyanins to TSS ratio observed under elevated temperatures,
with respect to ambient temperatures, disappeared when the high temperature treatment
was combined with elevated CO:. Elevated CO: at ambient temperatures (ECAT) in-
duced the accumulation of polyphenols and did not influence the levels of anthocyanins.
Taking all together, these results suggest that AMB could be an excellent candidate for
exploitation in a future with increased air CO:z concentration both in warm and cool are-
as.

PAS behaved as the most stable of the three tested grapevines genotypes in terms of
leaf characteristics, phenolic composition, and antioxidant activity of must when sub-
jected to high temperature and/or elevated CO2, which indicates that this variety may be
suitable to be cultivated in a broader geographical area under climate change scenarios
without negatively affecting must quality.

In summary, warm climatic conditions were the most threatening scenario for
maintaining the quality of the must in the three assessed local Spanish grapevines. Ele-
vated CO:2 exerted a beneficial effect when acting alone and by alleviating the negative
effects of high temperatures. PAS behaved as the most stable genotype under different
environmental scenarios, making it the most versatile candidate for cultivation in areas
affected by climate change.
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4. Materials and Methods
4.1. Plant Material and Growth Conditions

The selection of the grapevine varieties included in this study was based on previ-
ous data obtained in the Estacién de Viticultura y Enologia de Navarra (EVENA). This
plant material fulfilled the following premises: suitable sanitary conditions (including
virus-free), collected from vines with distinctive morphological and ampelographic
characters [46]. Vines referenced and marked in the field were genetically identified by
molecular markers and properly preserved. Molecular profiles with 8 microsatellites
markers of the three varieties are presented in Table 3.

The molecular identification was carried out using 8 microsatellites markers
(VMC4F3-1 VVIN16, VVIV37, VVIV67, VVMD27, VVIP31, VVS2, and ZAG79) in the
frame of the Project RF2012-00027-C05- 02 at the Estaciéon Experimental de Aula
Dei-CSIC. Briefly, DNA from fresh leaves was extracted with Qiagen Dneasy Plant Mini
kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. For ampli-
fication, 5 ng of DNA template containing 1X PCR Master Mix of QIAGEN kit multiplex
PCR (Qiagen, Hilden, Germany) in two multiplex PCRs (A and B) were performed in a
2700 thermal cycler (Applied Biosystems®), and fragments were analyzed on the ABI
PRISM DNA sequencer (3130XL; Applied Biosystems, Foster City, CA, USA). Allelic
sizes were assigned using the GeneMapper v4.1 software (Applied Biosystems, Foster
City, CA, USA), and then profiles were compared with that of the El Encin germplasm
bank database to identify the genotype number (IMIDRA, Madrid, Spain).
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Table 3. Code, passport number, variety name, origin, genotype, and molecular profiles (allele sizes in base pairs) of varieties identified with 8 microsatellite markers.

Code | Passport | Variety/Local Name | Origin | Genotype | VMC4F3-1 | VVIN16 | VVIV37 | VVIV67 | VVMD27 VVIP31 VVS2 ZAG79
Ti las- Los A

T73  CS0073 into Velas OSATOS T cEN 062 187 206 151 151 158 158 358 375 179 185 184 190 131 131 237 251
co/unknown (Navarra)
. . Los Arcos

T46  CS0046 Ambrosina/Tinta (100 GEN0906 167 187 151 153 163 165 362 372 179 194 184 19 131 131 251 251
Ablitas (Na-

T85  CS0085 Parrel/Pasera GENO0101 179 187 153 159 161 171 364 372 179 194 176 180 141 151 251 257

varra)




Plants 2021, 10, 1198

12 of 17

The three genotypes were grown in an experimental vineyard located in Olite (Na-
varra, Spain) (latitude: 42°29'15" N; longitude: 1°39'45" W; altitude: 388 mamsl) and dis-
played contrasting features for the bunch and berry mass (as illustrated in Table 4).
Dormant cuttings of each variety were collected after the winter pruning, and those that
were 400-500 mm in length were induced for fruit-bearing according to the steps origi-
nally outlined by [47], and then modified by [48]. Rooting was induced by immersing the
cuttings in a solution of indole-3-butyric acid (400 mg L") and placing them in a warm
bed (27 °C) in a cold room (4 °C) for 30 days. Once rooting was successful, the
own-rooted cuttings were planted in 0.8 L plastic pots containing perlite and peat (1:1
v:w), and then transferred to a greenhouse. Initial growth conditions were 25/15 °C and
50/90% relative humidity (day/night) regime and natural daylight (photosynthetic pho-
ton flux density, PPFD, was on average 850 umoL m= s at midday) supplemented with
high-pressure sodium lamps (OSRAM, Augsburg, Germany) to extend the photoperiod
up to 15 h. Under these conditions, bud-break occurred after 7-8 days, and from this
moment the growth was controlled until flowering, leaving only one inflorescence and 4
leaves per plant. While flowering in AMB, TV and PAS started, respectively, on 9th, 14t,
and 17th May 2019, fruit set occurred on 19th, 20*, and 25th may 2019.

Table 4. Agronomic characteristics of Spanish autochthonous grapevine (Vitis vinifera L.) varieties used in present study.
Data were provided by Estacion de Viticultura y Enologia de Navarra (Olite, Spain) and obtained from plants cultivated
in vineyard in 2019. FW = fresh weight.

Variety Code Reproductive Cycle (gB:‘ll:]CguMn:ls;) (gB:::]y Blzlri;i)
Tinto Velasco (TV) T73 Medium 153 2.01
Ambrosina (AMB) T46 Long 205 1.38

Pasera (PAS) T85 Long 331 2.02

4.2. Experimental Design

After fruit set (Eichhorn and Lorenz (E-L) growth stage 27) [49], which took place
about one month after bud-break, plants were transplanted to 13 L plastic pots contain-
ing perlite and peat (1:1 v:v). Afterwards, plants were transferred to four temperature
gradient greenhouses (TGGs) located at the University of Navarra (Pamplona, Spain)
(latitude: 42°49'00" N; longitude: 1°39'00” W; altitude: 450 mamsl) for the application of
the CO:2 and temperature treatments. Two TGGs were used for the ambient COz treat-
ment (ACO2), and two TGGs were used for the elevated CO: treatment (ECO2). In the two
ambient CO2 (ACOz2) greenhouses, no CO: was added and [CO:] in the atmosphere was
~400 umoL moL-. In the other two elevated CO:2 (ECO2) greenhouses, [CO2] was fixed at
~700 pmoL moL-! by injecting pure COz (purity up to 99.99%) from cylinder-gases (34 L
of CO2 per cylinder) at the two inlet fans during the light hours. The CO: was provided
by Carburos Metalicos S.A. (Air Products Group, Cornella de Llobregat, Barcelona). The
[CO2] was continuously monitored using a Guardian Plus gas monitor (Edinburgh In-
struments Ltd., Livingston, UK). The monitor’s signal was fed into a proportional inte-
grative differential controller that regulated the opening time (within a 10 s cycle) of a
solenoid valve which injected CO2into both inlet fans.

The four TGGs have a modular design with three temperature modules (3.04 m long
each). Within each TGG a temperature gradient is created (from module 1 of ambient
temperature to module 3 of ambient temperature +4 °C) by circulating air to maintain the
difference of 4 °C between modules (for more details see [50]). Module 2 had no plants
because is a module of transition. Inside the greenhouses, the pots were placed in holes
made in the soil to simulate natural temperature fluctuations, thus keeping the temper-
ature differences between shoots and roots found under field conditions [51].

Plants of the three varieties were randomly distributed into the TGGs, and four
climate conditions were set up: (1) ambient CO2 (around 400 pmoL moL™) and ambient
temperature (T) (ACAT); (2) ambient CO: and elevated temperature (T + 4 °C) (ACET);
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(3) elevated CO:2(700 pmoL moL) and ambient temperature (ECAT), and (4) elevated
CO: and elevated temperature (ECET). The vegetative growth of plants was controlled by
manual summer pruning to maintain an adequate leaf area to fruit mass ratio for berry
ripening (ca. 14 leaves per plant) [52]. The irrigation (both at the pretreatment greenhouse
and at the TGGs) was performed using a nutritive solution according to the grapevine
requirements [48] alternated with deionized water to prevent both clogging of drippers
in the irrigation system and salinization of the substrate. Plants were watered twice per
day and irrigation doses were adjusted according to the needs of the plant throughout its
fruit development. Quartz stones were used on the surface of the pots to avoid evapora-
tion and consequently, excessive loss of water from the substrate. There were 3-6 bio-
logical replicates for each combination of COz, temperature, and variety. Plants remained
in the TGGs until berries reached commercial maturity (E-L 38 stage).

4.3. Harvest of Leaves and Determinations of Metabolites

Plant material used for the determination of pigments, primary and secondary me-
tabolites were fully expanded and functional leaves which completed their whole de-
velopment under the different environmental conditions previously explained. Leaves
collected around two months before maturity (and harvest) of fruits were those obtained
during summer pruning process performed to maintain the ratio between leaf area and
fruit mass.

To express the results on a dry basis (DW), for every environmental treatment leaf,
samples of known FW were oven dried at 70 °C until weight was constant. Then the ratio
of fresh to dry weight was calculated for each sample, and the average value was applied
to the concentrations of TPS, TSS, proline, starch, and phenolic compounds initially ex-
pressed by FW.

Total chlorophylls (a + b) and total carotenoids were extracted according to Sestak et
al. [53] by immersing samples of fresh leaves (1.3 cm?) in 5 mL of 96% ethanol at 80 °C for
10 min. The absorbance of extracts was measured at 470, 649, 665, and 750 nm. Estimation
of total chlorophylls (a +b) and total carotenoids was performed using the extinction co-
efficients and equations described by Lichtenthaler [54]. Results were expressed as mg of
chlorophylls or carotenoids per g of leaf DW.

Determination of total soluble proteins (TSP), total soluble sugars (TSS), proline, and
starch was performed on 0.5 g of fresh leaves (0.5 g FW) which were ground in an
ice-cold mortar and pestle containing potassium phosphate buffer (50 mM, pH 7.0). The
homogenates were filtered through four layers of cheese cloth and centrifuged at 5,000
rpm at 4 °C for 15 min. The supernatant was collected and stored at 4 °C for TSP, TSS, and
proline determinations. The pellet was used to determine starch after iodine reaction [55].
TSP were analyzed with the protein dye-binding method [56] and TSS with the anthrone
reagent [57] using bovine serum albumin (BSA) and glucose as standards, respectively.
Proline was colorimetrically estimated (515 nm) by the ninhydrine reaction [58]. Results
were expressed as mg of TPS, TSS, and starch per g of leaf dry weight (DW) and as pmoL
proline per g of leaf DW.

Total phenolic compounds were extracted according to Chapuis-Lardy et al. [59]
with some modifications. Samples of fresh leaves (0.2 g FW) were pulverized in liquid
nitrogen, mixed with 20 mL of 80% methanol, and homogenized at room temperature for
1 min. After filtration, 0.5 mL of each sample were mixed with 10 mL of distilled water.
Total phenolic content was determined from aqueous solutions by spectrophotometric
analysis at 760 nm with Folin—Ciocalteau reagent [60] Results were expressed as mg of
gallic acid per g of leaf DW.

4.4. Harvest of Berries and Quality Determinations

Fruit maturity was established by sampling periodically two or three berries to
measure the total soluble solids (°Brix) and titratable acidity in the must. Following ex-
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pert advice from the EVENA, every plant was harvested when the ratio sugars (°Brix) to
acidity ranged between 4 and 6. Berries were frozen at —20 °C for further analysis.

A subsample of 20 berries was crushed and filtered through gauze, and then extracts
were centrifuged at 4,100x g at 4°C for 10 min. The supernatant was used for the follow-
ing determinations: total soluble solids measured with a temperature-compensating re-
fractometer (Zuzi model 315; Auxilab, Beridin, Spain) and expressed as °Brix; must pH
measured with a pH meter (Crison Instruments, Barcelona, Spain) standardized to pH 7.0
and 4.0; titratable acidity measured by titration with NaOH according to International
Organization of Vine and Wine methods [61]. Another 20-berry subsample per plant was
taken for the analysis of anthocyanins, total phenols, and chromatic properties. Total and
extractable anthocyanins were determined according to the procedure described by
Saint-Cricq et al. [62]. Two samples of the nonfiltered, crushed grape homogenate were
macerated for 4 h at pH 1 (hydrogen chloride) and pH 3.2 (tartaric acid), respectively.
Then, the macerated samples were centrifuged at 4,100x g at 4 °C for 10 min. Total and
extractable anthocyanins were determined in both supernatants (macerated at pH 1 and
pH 3.2) following the protocol of Ribéreau—Gayon and Stonestreet [63] by reading ab-
sorbance at 520 nm. Both data were used to calculate the cellular extractability (EA) of
anthocyanins [64]. The seed maturity (SM) index was calculated by the Glories method
[64]. Total polyphenol index (TPI) was calculated by the absorbance reading at 280 nm in
the supernatant obtained after maceration at pH 3.2 [65]. Color density was calculated by
adding the absorbance readings at 420, 520, and 620 nm, whereas tonality index was de-
termined as the ratio of absorbance readings at 420 and 520 nm of the samples extracted
at pH 3.2 [66].

Total antioxidant capacity was evaluated on the same must samples used for berry
quality determinations by using the free-radical scavenging activity (a,
a-diphenyl-B-picrylhydrazyl, DPPH) assay [67]. The free radical scavenging activity,
using the free radical DPPH, was evaluated by measuring the variation in absorbance at
515 nm at 25 °C. The reaction was started by adding 25 uL of the corresponding sample to
the cuvette containing 80 mM (methanol solution) (975 pL) of the free radical (DPPH *).
The final volume of the assay was 1 mL. The reaction was followed over 15 min with a
spectrophotometer. The calibration curve was made using gallic acid as a standard, and
results were expressed as mg gallic acid per mL of must.

4.5. Statistical Analyses

Statistical analyses were carried out using statistical software the Statistical Package
for the Social Sciences (SPSS) (SPSS Inc., Chicago, IL, USA) version 21.0 for Windows.
After establishing the normal distribution of the residuals with the Kolmogorov-Smirnov
normality test due to the small sample size (n= 3-6) and the homogeneity of variance
with the Levene test, data within each clone were subjected to a two-way analysis of
variance (ANOVA) with or without Welch correction, taking into account whether the
requirement of the homogeneity of variances was fulfilled or not. The test allowed as-
sessing the main effect of the factors” concentration of CO:in the atmosphere, (CO2: ACO:
and ECO2) and temperature (T: T and T + 4 °C), and the interaction between them. Means
+ standard errors (SE) were calculated, and when the F ratio was significant (p < 0.05), a
Duncan test was applied.

5. Conclusions

TV was the most sensitive grapevine genotype to the environmental conditions
since different air temperatures and CO: concentrations in the air, acting separately or in
combination, affected the metabolism of both vegetative (leaves) and reproductive
(fruits) organs. However, the environmental conditions that most improved the nutri-
tional properties of leaves were not the most favorable for the must quality, thus limiting
the reuse in optimal conditions of early-removed leaves as a source of nutraceutical
compounds. Our results suggest that under the elevated air CO2 conditions projected by
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the end of this century, TV may be a candidate to be cultivated in not very warm areas
(higher altitudes or colder latitudes). Under such conditions, leaves and fruits of TV may
also have enhanced tolerance against fungal diseases thanks to the increased accumula-
tion of phenolic compounds. In AMB, the warm temperature had a negative effect on
fruit quality when acting alone, but this effect was compensated for by elevated COz. In
this grapevine variety, the accumulation of metabolites in the vegetative organs was little
influenced by the environmental conditions, thus maintaining their nutritional properties
under all climate change scenarios simulated in our study. By contrast, the high stability
shown by PAS in terms of fruit quality when exposed to different temperatures and
concentrations of CO: in the air was not observed in the leaves. In fact, under climate
change scenarios leaves accumulated greater amounts of phenolic compounds. There-
fore, the most adequate environmental conditions for exploiting AMB and PAS as wine
grapevines would be also appropriate for maintaining (AMB) or even improving (PAS)
the nutritional properties of leaves, making these vegetative residuals an interesting re-
cycled product as a source of bioactive nutraceutical substances. Further studies will be
performed to compare the behavior of these minority grapevine varieties with that of
other widely cultivated red varieties (Tempranillo, Garnacha, Merlot, and Cabernet
Sauvignon) when subjected to similar environmental conditions.

Author Contributions: Conceptualization, M.C.A., LP., J.].I. and N.G.; methodology, M.C.A,, L.P.,
N.G,, Y.G,; investigation, M.C.A., LP., LJ., E.P,, Y.G. and N.G.; resources, M.C.A., ].].I, Y.G.; data
curation, M.C.A., N.G.; writing—original draft preparation, N.G.,, M.C.A., LP. and Y.G.; writ-
ing—review and editing, N.G.,, M.C.A,, L.P,, ].J.I. and Y.G,; supervision, N.G.,, M.C.A,, L.P. and ].].L;
project administration, M.C.A., J.J.I, Y.G.; funding acquisition, M.C.A., ].].I,, Y.G. All authors read
and agreed to the published version of the manuscript.

Funding: This research was funded by FUNDACION UNIVERSITARIA DE NAVARRA (2018).
Partial support was obtained from the SPANISH STATE RESEARCH AGENCY (AEI) cofinanced
with the EUROPEAN REGIONAL DEVELOPMENT FUND (FEDER) (project AGL2017-83358-R to
Y.G.; AEI/FEDER, UE), and the ARAGON GOVERNMENT (Group A09-20R).

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Data Availability Statement: All data, tables and figures in this manuscript are original. Data files
of the present study were deposited at the Department of Environmental Biology, School of Sci-
ences, University of Navarra.

Acknowledgments: The authors are grateful to H. Santesteban and A. Urdidin for their help in the
design, setup, and maintenance of the experimental facilities, and P. Monreal and M. Toledo for
assistance during measurements. Wood cuttings were kindly provided by ].F. Cibriain (EVENA,
Navarra Government).

Conflicts of Interest: The authors declare no conflict of interest.

1.  Brunet, M,; Saladié, P.D.O.; Jones, P.D.; Sigro, J.; Aguilar, E.; Moberg, A.; Lister, D.; Walther, A.; Lopez, D.; Almarza, C. The
development of a new dataset of Spanish daily adjusted temperature series (SDATS) (1850-2003). Int. |. Climatol. 2006, 26,

1777-1802.

2. IPCC Intergovernmental Panel on Climate Change. Global warming of 1.5 °C. In An IPCC Special Report on the Impacts of Global
Warming of 1.5 °C above Pre-Industrial Levels and Related Global Greenhouse Gas Emission Pathways in the Context of Strengthening
the Global Response to the Threat of Climate Change, Sustainable Development and Efforts to Eradicate Poverty; Masson-Delmotte,
T.W.V., Zhai, P., Portner, H.O., Masson-Delmotte, V., Zhai, P., Portner, H.O., Roberts, D., Skea, J., Shukla, P.R., Pirani, A., et
al., Eds.; IPCC: Geneva, Switzerland, 2018. Available online: www.ipcc.ch (accessed on 7 March 2021).

3. Urrestarazuy, J.; Miranda, C.; Santesteban, L.G.; Royo, ].B. Recovery and identification of grapevine varieties cultivated in old
vineyards from Navarre (Northeastern Spain). Sci. Hortic. 2015, 191, 65-73.



Plants 2021, 10, 1198 16 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Loureiro, M.D.; Moreno-Sanz, P.; Sudrez, B. Agronomical characterization of minority grapevine cultivars from Asturias
(Spain). Ciéncia Téc. Vitiv. 2017, 32, 102-114.

Jiménez, C.; Peird, R.; Yuste, A.; Garcia, J.; Martinez-Gil, F.; Gisbert, C. Looking for old grapevine varieties. Vitis 2019, 58, 59-60.
Ocete, C.A.; Arroyo, R.; Lovicu, G.; Rodriguez-Miranda, A.; Valle, ].M.; Cantos, M.; Garcia, J.L.; Lara, M.; Gonzalez de Canales,
F.; Llompart, J.; et al. An inventory of the relic Eurasian wild grapevine populational nuclei in Huelva province (Andalusia,
Spain). Vitis 2019, 58, 53-57.

Jiménez-Cantizano, A.; Mufioz-Martin, A.; Amores-Arrocha, A.; Sancho-Galan, P.; Palacios, V. Identification of red grapevine
cultivars (Vitis vinifera L.) preserved in ancient vineyards in Axarquia (Andalusia, Spain). Plants 2020, 9, 1572.

Venios, X.; Korkas, E.; Nisiotou, A.; Banilas, G. Grapevine responses to heat stress and global warming. Plants 2020, 9, 1754.
Antolin, M.C.; Toledo, M.; Pascual, L; Irigoyen, J.J.; Goicoechea, N. The exploitation of local Vitis vinifera L. biodiversity as a
valuable tool to cope with climate change maintaining berry quality. Plants 2021, 10, 71.

Kizildeniz, T.; Mekni, I.; Santesteban, H.; Pascual, I.; Morales, F.; Irigoyen, J.J. Effects of climate change including elevated CO2
concentration, temperature and water deficit on growth, water status, and yield quality of grapevine (Vitis vinifera L.) cultivars.
Agric. Water Manag. 2015, 159, 155-164.

Gutiérrez-Gamboa, G.; Diaz-Galvez, I; Verdugo-Vasquez, N.; Moreno-Simunovic, Y. Leaf-to-fruit ratios in Vitis vinifera L.cv.
‘Sauvignon Blanc’, ‘Carmenere’, ‘Cabernet Sauvignon’, and ‘Syrah’ growing in Maule Valley (Chile): Influence on yield and
fruit composition. Agriculture 2019, 9, 176.

Alem, H.; Torregrosa, L.; Rigou, P.; Schneider, R.; Ojeda, H. Effect of the plant sink/source balance on the metabolic content of
the Vitis vinifera L. red grape. Eur. . Agron. 2021, 122, 126168.

Stoll, M.; Bischo-Schaefer, M.; Lafontaine, M.; Tittmann, S.; Henschke, J. Impact of various leaf area modifications on berry
maturation in Vitis vinifera L. cv. Riesling. Acta Hortic. 2013, 978, 293-299.

Gurbuz, Y. Determination of nutritive value of leaves of several Vitis vinifera varieties as a source of alternative feedstuff for
sheep using in vitro and in situ measurements. Small Rum. Res. 2007, 71, 59-66.

Andelkovi¢, M.; Radovanovi¢, B.; Milenkovic, A.A.; Radovanovi¢, V. Phenolic compounds and bioactivity of healthy and
infected grapevine leaf extracts from red varieties Merlot and Vranac (Vitis vinifera L.). Plant Food Hum. Nutr. 2015, 70, 317-323.
Maia, M.; Ferreira, A.E.N.; Laureano, G.; Marques, A.P.; Torres, V.M.; Bernardes Silva, A.; Matos, A.R.; Cordeiro, C.;
Figueiredo, A.; Sousa Silva, M. Vitis vinifera ‘Pinot noir’ leaves as a source of bioactive nutraceutical compounds. Food Funct.
2019, 10, 3822.

Harb, ].; Alseekh, S.; Tohge, T.; Fernie, A.R. Profiling of primary metabolites and flavonols in leaves of two table grape varieties
collected from semiarid and temperate regions. Phytochemistry 2015, 117, 444-455.

Lima, A.; Bento, A.; Baraldi, I.; Malheiro, R. Selection of grapevine leaf varieties for culinary process based on phytochemical
composition and antioxidant properties. Food Chem. 2016, 212, 291-295.

Lima, A.; Pereira, J.A.; Baraldi, I.; Malheiro, R. Cooking impact in color, pigments and volatile composition of grapevine leaves
(Vitis vinifera L. var. Malvasia Fina and Touriga Franca). Food Chem. 2017, 221, 1197-1205.

Nassiri-Asl, M.; Hosseinzadeh, H. Review of the pharmacological effects of Vitis vinifera (Grape) and its bioactive compounds.
Phytother. Res. 2009, 23, 1197-1204.

Lacerda, D.S.; Costa, P.C.; Funchal, C.; Dani, C.; Gomez, R. Benefits of vine leaf on different biological systems, in grape and
wine biotechnology. IntechOpen 2016, 6, 125-143.

Loizzo, M.R;; Sicari, V.; Pellicano, T.; Xiao, J.; Poiana, M.; Tundis, R. Comparative analysis of chemical composition, antioxidant
and anti-proliferative activities of Italian Vitis vinifera by-products for a sustainable agro-industry. Food Chem. Toxicol. 2019, 127,
127-134.

Torres, N.; Antolin, M.C.; Garmendia, I.; Goicoechea, N. Nutritional properties of Tempranillo grapevine leaves are affected by
clonal diversity, mycorrhizal symbiosis and air temperature regime. Plant Physiol. Biochem. 2018, 130, 542-554.

Torres, N.; Plano, D.; Antolin, M.C.; Sanmartin, C.; Dominguez-Fernandez, M.; De Pefia, M.-P.; Encio, I.; Goicoechea, N. Po-
tential biomedical reuse of vegetative residuals from mycorrhized grapevines subjected to warming. Arch. Agron. Soil Sci. 2019,
65, 1341-1353.

Moreno, D.; Valdés, E.; Uriarte, D.; Gamero, E.; Talaverano, I.; Vilanova, M. Early leaf removal applied in warm climatic con-
ditions: Impact on Tempranillo wine volatiles. Food Res. Int. 2017, 98, 50-58.

Kizildeniz, T.; Pascual, I; Irigoyen, J.].; Morales, F. Future COz, warming and water deficit impact white and red Tempranillo
grapevine: Photosynthetic acclimation to elevated CO2 and biomass allocation. Physiol. Plant. 2021, doi:10.1111/ppl.13388.
Lebon, G.; Wojnarowiez, G.; Holzapfel, B.; Fontaine, F.; Vaillant-Gaveau, N.; Clément, C. Sugars and flowering in the grape-
vine (Vitis vinifera L.). ]. Exp. Bot. 2008, 59, 2565-2578.

Stoev, K.; Ivantchev, V. Données nouvelles sur le probleme de la translocation descendante et ascendante des produits de la
photosynthese de la vigne. Vitis 1977, 16, 253-262.

Aranjuelo, I; Sanz-Séaez, A.; Jauregui, I; Irigoyen, J.J.; Araus, J.L.; Sanchez-Diaz, M.; Erice, G. Harvest index, a parameter con-
ditioning responsiveness of wheat plants to elevated COs. J. Exp. Bot. 2013, 64, 1879-1892.

Xu, Z.; Jiang, Y.; Zhou, G. Response and adaption of photosynthesis, respiration, and antioxidant systems to elevated CO2 with
environmental stress in plants. Front. Plant Sci. 2015, 6, 701.

Leisner, C.P. Review: Climate change impacts on food security- focus on perennial cropping systems and nutritional value.
Plant Sci. 2020, 293, 110412.



Plants 2021, 10, 1198 17 of 17

32.

33.

34.

35.

36.
37.

38.

39.
40.

41.

42.

43.

44.

45.

46.

47.

48.

49.
50.

51.

52.

53.
54.

55.

56.

57.
58.

59.

60.
61.

62.
63.
64.

65.
66.
67.

Martinez-Liischer, J.; Morales, F.; Sanchez-Diaz, M.; Delrot, S.; Aguirreolea, J.; Gomes, E.; Pascual, I. Climate change conditions
(elevated CO2 and temperature) and UV-B radiation affect grapevine (Vitis vinifera cv. Tempranillo) leaf carbon assimilation,
altering fruit ripening rates. Plant Sci. 2015, 236, 168-176.

Ozden, M.; Demirel, U.; Kahraman, A. Effects of proline on antioxidant system in leaves of grapevine (Vitis vinifera L.) exposed
to oxidative stress by H20x. Sci. Hortic. 2009, 119, 163-168.

Aarti, P.D.; Tanaka, R.; Tanaka, A. Effects of oxidative stress on chlorophyll biosynthesis in cucumber (Cucumis sativus) coty-
ledons. Physiol. Plant. 2006, 128, 186-197.

Fernandes, T.M.; Gomes, B.B.; Lanfer-Marquez, U.M. Apparent absorption of chlorophyll from spinach in an assay with dogs.
Innov. Food Sci. Emerg. 2007, 8, 426—432.

Rao, A.V.; Rao, L.G. Carotenoids and human health. Pharmacol. Res. 2007, 55, 207-216.

Vagiri, M.; Johansson, E.; Rumpunen, K. Phenolic compounds in black currant leaves—An interaction between the plant and
foliar diseases? |. Plant Interact. 2017, 12, 193-199.

Nogales, A.; Santos, E.S.; Abreu, M.M.; Aran, D.; Victorino, G.; Pereira, H.S.; Lopes, C.M.; Viegas, W. Mycorrhizal inoculation
differentially affects grapevine’s performance in copper contaminated and non-contaminated soils. Front. Plant Sci. 2019, 9, 1906.
Panzella, L. Natural phenolic compounds for health, food andcosmetic applications. Antioxidants 2020, 9, 427.

Chang, J.-D.; Mantri, N.; Sun, B.; Jiang, L.; Chen, P.; Jiang, B.; Jiang, Z.; Zhang, ].; Shen, J.; Lu, H.; et al. Effects of elevated CO2
and temperature on Gynostemma pentaphyllum physiology and bioactive compounds. J. Plant Physiol. 2016, 196-197, 41-52.
Wohlfahrt, Y.; Tittmann, S.; Schmidt, D.; Rauhut, D.; Honermeier, B.; Stoll, M. The effect of elevated CO2 on berry development
and bunch structure of Vitis vinifera L. cvs. Riesling and Cabernet Sauvignon. Appl. Sci. 2020, 10, 2486.

Sweetman, C.; Sadras, V.O.; Hancock, R.D.; Soole, K.L.; Ford, C.M. Metabolic effects of elevated temperature on organic acid
degradation in ripening Vitis vinifera fruit. . Exp. Bot. 2014, 65, 5975-5988.

Martin, C.; Zhang, Y.; Tonelli, C.; Petroni, K. Plants, Diet, and Health. Annu. Rev. Plant Biol. 2013, 64, 19—-46.

Schaefer, H.M.; Rentzsch, M.; Breuer, M. Anthocyanins reduce fungal growth in fruits. Nat. Prod. Commun. 2008, 3, 1267-1272.
Arrizabalaga-Arriazu, M.; Gomes, E.; Morales, F.; Irigoyen, ].; Pascual, I.; Hilbert, G. High temperature and elevated carbén di-
oxide modify berry composition of different clones of grapevine (Vitis vinifera L.) cv. Tempranillo. Front. Plant Sci. 2020, 11, 603687.
Caminero, L. Villar, C.A,; Ostiz, 1.O; Navarra, E. Cepas Singulares de Navarra. 2013. Available online:
https://www.navarraagraria.com/categories/item/403-cepas-singulares-de-navarra-prospeccion-yrecopilacion-del-vinedo-de-e
sta-region (accessed on 15 January 2020).

Mullins, M.G. Test-plants for investigations of the physiology of fruiting in Vitis vinifera L. Nature 1966, 209, 419-420.

Ollat, N.; Gény, L.; Soyer, ].P. Les boutures fructiféeres de vigne: Validation d'un modéle d’étude de la physiologie de la vigne. L.
Principales caractéristiques de I'appareil végétatif. J. Int. Sci. Vigne Vin 1998, 32, 1-9.

Coombe, B.G. Adoption of a system for identifying grapevine growth stages. Aust. |. Grape Wine Res. 1995, 1, 104-110.
Morales, F.; Pascual, I.; Sanchez-Diaz, M.; Aguirreolea, J.; Irigoyen, J.J.; Goicoechea, N.; Antolin, M.C.; Oyarzun, M.; Urdiain, A.
Methodological advances: Using greenhouses to simulate climate change scenarios. Plant Sci. 2014, 226, 30-40.

Rawson, H.M.; Gifford, R.M.; Condon, B.N. Temperature gradient chambers for research on global environment change. I.
Portable chambers for research on short-stature vegetation. Plant Cell Environ. 1995, 18, 1048-1054.

Kliewer, W.M.; Dokoozlian, N.K. Leaf area/crop weight ratios of grapevines: Influence on fruit composition and wine quality.
Am. |. Enol. Vitic. 2005, 56, 170-181.

Séstak, Z.; Catsky, J.; Jarvis, P. Plant Photosynthetic Production. Manual of Methods; Dr. Junk: The Hague, The Netherlands, 1971.
Lichtenthaler, H.K. Chlorophylls and carotenoids: Pigments of photosynthetic biomembranes. In Methods in Enzymology;
Colowick, S.P., Kaplan, N.O., Eds.; Academic: San Diego, CA, USA, 1987; pp. 350-382.

Jarvis, C.E.; Walker, ].R.L. Simultaneous, rapid, spectrophotometric determination of total starch, amylose and amylopectin. J.
Sci. Food Agric. 1993, 63, 53-57.

Bradford, M.M. A rapid and sensitive method for the quantification of microgram quantities of protein utilizing the principle
of protein-dye binding. Anal. Biochem. 1976, 72, 248-254.

Yemm, E.; Willis, A.J. The estimation of carbohydrates in plant extracts by anthrone. Biochem. ]. 1954, 57, 508-514.

Irigoyen, J.; Emerich, D.W.; Sanchez-Diaz, M. Water stress induced changes in concentrations of proline and total soluble
sugars in nodulated alfalfa (Medicago sativa) plants. Physiol. Plant. 1992, 84, 55-60.

Chapuis-Lardy, L.; Contour-Ansel, D.; Bernhard-Reversat, F. High performance liquid chromatography of water-soluble
phenolics in leaf litter of three Eucalyptus hybrids (Congo). Plant Sci. 2002, 163, 217-222.

Waterman, P.T.; Mole, S. Analysis of Phenolic Plant Metabolites; Blackwell Scientific Publication: London, UK, 1994.

OIV. Compendium of International Methods of Analysis of Wines and Musts; International Organisation of Vine and Wine: Paris,
France, 2018; Volume 1, ISBN 979-10-91799-80-5.

Saint-Cricq, N.; Vivas, N.; Glories, Y. Maturité phénolique: Définition et contrdle. Rev. Fr. Oenol. 1998, 173, 22-25.
Ribéreau-Gayon, J.; Stonestreet, E. Le dosage des anthocyanes dans le vin rouge. Bull. Soc. Chim. Fr. 1965, 9, 2649-2652.

Nadal, M. Phenolic maturity in red grapes. In Methodologies and Results in Grapevine Research; Delrot, S., Medrano-Gil, H., Or, E.,
Bavaresco, L., Grando, S., Eds.; Springer Science & Business Media, B.V.: Dordrecht, The Netherlands, 2010; pp. 389-409.

EEC (European Union Commission Regulation) N°2676/90. Community Methods for the Analysis. Off. J. Eur. Comm. 1990, 272, 1-92.
Glories, Y. La couleur des vins rouges. 2e partie: Mesure, origine et interprétation. OENO One 1984, 18, 253-271.

Kedare, S.; Singh, R. Genesis and development of DPPH method of antioxidant assay. J. Food Sci. Technol. 20



