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Abstract: Climate factors strongly impact the growth of grapes and their flavonoid composition,
especially due to heat and drought stress. Four varieties—Gelu, Moldova, Purpuriu, and Coarna
Neagra—from a Copou vineyard were analyzed to assess the impact of climate change on the
anthocyanin concentration in grapes and total chlorophyll content of the leaves, and find possible
correlations between these parameters during the two studied years, such as to raise producer
awareness regarding the climate impact on table grape vine growth. Moldova and Purpuriu show
adaptation to a slight temperature increase above the normal average and also to a water deficit, with
increased concentrations of anthocyanins of up to three times. The Moldova variety accumulated
low amounts of chlorophyll pigments in most analyzed development phases, indicating a negative
correlation between these pigments. Coarna neagra exhibited an increase of the foliar pigments, a
variety that proved to be less valuable from the point of view of anthocyanin content. Positive
correlations were found between the anthocyanin and chlorophyll concentrations in the case of Gelu,
Moldova, and Coarna neagra cultivars during the latter phase of the fruit development, whereas the
water deficit in the second year induced negative correlations during fruit development and at the
time of harvest for all studied varieties except Moldova.

Keywords: climate change; table grapes; anthocyanins; photosynthesis; chlorophyll

1. Introduction

Global warming is a serious issue impacting plant growth through modifications of
temperature, water resources, atmospheric carbon dioxide, radiation, etc.; these abiotic
factors have a strong influence not only on the suitability of the grape area influencing the
vine growth, but also on the primary and secondary metabolites, either degrading them
directly or by affecting the physiology and phenology of vine [1-6]. These abiotic factors
related to the environment have crucial roles in the development of the fruit. The increased
temperature and radiation impact plant physiology, influence the evapotranspiration rates,
increase water necessity due to drought, and make the plants prone to salinity stress as well.
During ripening, high temperatures interfere with the sugar content, the concentration of
organic acid, phenolic compounds, and flavonoids responsible for the aroma [3-5].

Anthocyanins are a very important group of pigments found in plants, mostly in
flowers and fruits. In grapes, they are synthesized in the exocarp of the berries, kept
in cell vacuoles from the start of ripening, and give the color to some red cultivars that
accumulate the anthocyanins in their flesh as well [7]. Anthocyanins are glycosylated
polyhydroxy and polymethoxy derivatives of 2-phenylbenzopyrylium salts [8]. The most
common anthocyanins found in grapes are pelargonidin, cyanidin, delphinidin, peonidin,
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petunidin, and malvidin, in different ratios depending on the cultivar and growing con-
ditions, being influenced by abiotic factors, including the temperature regime [1-4,6,9].
High temperature proved to decrease the ratio between anthocyanins and sugar, which
can be the result of a delay of the anthocyanins synthesis or their reduced accumulation
during ripening [10-12]. Drought can also affect the concentrations of anthocyanins, the
effects depend on the intensity of water deficit stress and the time when it impacts the
vine during development. Researchers found that drought can have a benefic effect when
it occurs during grape ripening (from BBCH stages 75 to 89), through an increase of the
concentrations of polypropanoids and flavonoids, as well as anthocyanins, the increase
being dependent on the variety as well [13-16]. Leaf chlorophyll content provides valuable
information about the physiological status of the plants, and there is a need for accurate
and efficient methodologies to estimate it. Changes in the photosynthetic process that
could be due to the change in the photosynthetically active radiation, could result in trig-
gering physiological and biochemical changes in plants to adjust to the reactive species
produced. Thus, we underline the importance of monitoring not only antioxidant com-
pounds such as anthocyanins but pay attention to the photosynthetic process by evaluating
photosynthesis indicators such as the concentrations of chlorophyll pigments, water-use
efficiency, photosynthetic active radiation, stomatal CO,, the transpiration rate, and the net
photosynthetic rate.

Anthocyanins have been linked to benefic health effects such as reducing oxidative cell
damage, improving DNA integrity, stimulating lipid metabolism in humans, having antimi-
crobial, anti-inflammatory, and anticarcinogenic activity, improving visual and neurological
health, exerting cardiovascular protective effects, and so many others [17-22]. Table grapes
are picked depending on their ripening degree, which depends on the vine type, and the
ecological conditions in the production area. At the same time, it was shown in the case
of grapes used for winemaking, that anthocyanins have an important role related to wine
color and influencing its taste since during the maceration process anthocyanins and other
phenolic compounds are diffusing from the fruit [22,23]. The content of antioxidant com-
pounds is strongly influenced by the environment. Researchers found that climate factors
such as temperature, solar radiation, and rainfall strongly impact the phenolic compounds
and antioxidant properties of grape berries [11,12,24-27]. In this work, we focused on
studying the evolution of some biochemical and physiological properties in grapevines
cultivated in the Copou vineyard in lasi, Romania in correlation with the environmental
conditions during the study and assess the environmental impact. The results were meant
to increase the awareness of local table grapes producers on the climate change impact and
provide information related to these local varieties in the presented context.

2. Materials and Methods

Four table grapevine varieties were studied: Gelu, Moldova, Purpuriu, and Coarna
neagra, which are representative of the area. The four varieties belong to the Iasi University
of Life Sciences collection and are found in the Adamachi Farm (47.193° N, 27.551° E),
organized in 10 rows of about 30 vines each. The Gelu variety was created at the Research
and Development Center for Viticulture and Vinification in lasi from Coarna neagra seeds
irradiated with X-rays, and homologated in 1998. Coarna neagra is assumed to originate in
Turkiye, being an old one vastly cultivated especially in Moldavia. Pururiu was obtained at
the Institute of Research and Development for Vine and Viticulture in Valea Calugareasca,
Romania, being a hybrid of Ceaus and Villard blanc, homologated in 1985. The Moldova
variety was produced at the Institute for Viticulture and Vinification from Chishinau,
Republic of Moldova as a hybrid of Guzali Kara and Villard blanc. The vegetation period of
grapevines in our country is roughly April to November with small variations depending
on the meteorological conditions of the year.

There were no treatments applied to the vine and no irrigation system, in order to
study the impact of the environment on the analyzed parameters. In our country, the
optimum conditions for vine growth are temperatures of about 25-30 °C for maximum
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intensity of photosynthesis, 500-700 mm of precipitations, and relative air humidity of
60-80%.

The soil in Adamachi farm is a cambric chernozem type with a humus content between
3and 5.9 g/100 g soil; C/N ratio was about 12; the cationic exchange rate was 30 & 3 mg/100
g soil in the Am horizon, and the soil base saturation was (92 £ 3)%. The pH was 7+, with
a low content of mobile phosphorus of (2.6 £ 0.5), and an average (22 %+ 2)% potassium
content.

The meteorological data was collected in the meteorological station of the Adamachi
Farm. Ombrothermic diagrams were made using the monthly average temperatures and
precipitations with 20 °C corresponding to 400 mm precipitation. We also plotted the
normal monthly average precipitation (which represents the average of the precipitation
values in the same month over 30 years) for a better comparison. When the precipitation
curve is under the temperature curve, there is a lack of precipitation.

After picking two bunches from five random vines in the field from each variety, the
grapes were transferred to the laboratory, pedicels removed, and the berries were washed
with pure water, dried, weighed, and the skins frozen until the extractions were performed.
The processing took place in about 30—40 min from the collection, so any change in the
composition of the grapes is minimum. Anthocyanins were extracted using the method
described by Drdak, adapted [28].

The total monomeric anthocyanin content in the grapes was determined using the pH
differential method [29]. The concentration is expressed in cyanidin-3-glucoside equivalents
mg/L and is calculated according to the following relationship:

A-MW-DF-103

Anthocyanin pigment = i

where A = (Asonm — A700nm) PH 1.0 — (As20nm — A700nm) pPH 4.5, MW is the molecular
weight of cyanidin-3-glucoside 449.2 g/mol, DF is the dilution factor, [ is the pathlength in
cm, € = 26,900 L/ (mol-cm) is the molar extinction coefficient for cyanidin-3-glucoside, and
103 is due to the conversion from g to mg.

The total chlorophyll content was read in the field using CCM-200plus chlorophyll
content meter from Opti-Sciences Inc., Hudson, NH, USA. The values are automatically
calculated and given in CCl units (the content expressed in these units is referred to as
chlorophyll content index), 1 CCl = % transmittance at 931 nm/% transmittance at 653 nm.
Ten measurements were performed on different plants (five for each repetition) randomly
chosen in the field, on leaves near the bunch of grapes, and the data were statistically
processed and presented as average values. We studied the dynamic evolution of the
total chlorophyll in four standard phenological phases: BBCH-65 corresponds with the
flowering phase—full flowering with 50% of flowerheads fallen, BBCH-75 corresponds
with the development of the fruits when the berries are pea-size, BBCH-79 corresponds
with the latter phase of the development of the fruits, and BBCH-89 corresponds with the
phase when berries are ripe for harvest [30].

The main photosynthetic physiological processes were evaluated using LCpro+ portable
system. The measurements were performed in the studied BBCH phases when the other
parameters were measured. The system allows the determination of photosynthetic water-
use efficiency (WUE), photosynthetic active radiation (PAR), leaf and external temperatures
(Theaf and Text), stomatal CO,, transpiration rate (E), and net photosynthetic rate (A). The
measurements were performed at the same time of day for BBCH-65, BBCH-75, and BBCH-
79 [31].

To assess statistically significant differences between the treatments, the means were
compared by unidirectional analysis of variance (ANOVA). When the results were statisti-
cally significant, we used the Tukey multiple comparison test with the main difference set
at p < 0.05. IBM SPSS v14 was used for the statistical analysis. All the results are presented
as averages with standard deviations. Inferential statistics (Pearson correlation) was used
to find correlations between the studied parameters.
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3. Results
3.1. Meteorological Conditions

The temperature and precipitations corresponding with the studied area are shown in
Table 1 first studied year (2020) and Table 2 for the second year (2021), respectively. The
meteorological conditions in the Copou area of lasi in the first studied year indicate climate
changes, with monthly average temperatures higher by 0.4-2.3 °C, and maximal tempera-
tures between 31.6 and 35.5 °C in the spring and summer months. During the vegetative
growth, there was a water deficit starting in May (—26.8 mm), with a maximum in July
(—45.0 mm). Overall, for the first year, there was a deficit of 207.7 mm of precipitation, so
the year was characterized by drought.

Table 1. Climate data for the first year, 2020.

January February March April May June July August September  October November December

Temperature (°C)

Monthly average —24 -23 3.5 10.3 16.7 20.7 229 21.6 18.1 8.8 2.7 2.6
Normal average =31 -12 34 104 16.3 19.7 212 20.5 15.8 10.1 44 -08
Difference 0.7 -11 0.1 —0.1 0.4 1.0 17 11 23 -13 -17 34
Monthly minimum —16.6 -13.1 —15.7 15 3.8 10.7 10.4 10.2 49 -3.7 -79 —10.2
Monthly maximum 10.3 15.3 216 247 31.6 34.6 355 33.1 319 285 14.3 15.6

Relative humidity of the air (%)

Monthly average 93 79 73 67 67 68 69 59 66 77 82 86
Normal average 86 83 78 70 67 69 70 70 74 78 84 87
Difference 7 —4 -5 -3 0 -1 -1 -1 -8 -1 -2 -1

Rainfall (mm)

Monthly total 13.2 13.7 8.4 822 323 84.1 37.8 32.1 18.7 40.2 0.6 8.7
Normal value 30.5 284 328 49.1 59.1 88.7 82.8 56.9 52.0 328 35.1 31.5
Difference -17.3 —14.7 —244 33.1 —26.8 —4.6 —45.0 —24.8 —33.3 74 —345 —22.8

Table 2. Climate data for 2021.

January February March April May June July August September October November December

Temperature (°C)

Monthly average —25 -9.5 4.0 13.0 18.2 23.3 263 23.1 18.9 12.0 6.6 -37
Normal average -3.1 -12 3.4 10.4 16.3 19.7 21.2 20.5 15.8 10.1 44 -0.8
Difference +0.6 —83 +0.6 +2.6 +1.9 +3.2 +5.1 +2.6 +3.1 +1.9 +2.2 -29
Monthly minimum -19.2 —20.4 —18.5 -0.3 4.4 6.5 83 115 0.1 -1.0 -39 -7.0
Monthly maximum 10.8 11.3 189 28.6 314 32.1 32.1 329 31.9 28.0 16.4 13.2

Relative humidity of the air (%)

Monthly average 85 83 72 69 68 58 53 59 65 82 87 92
Normal average 86.4 83.4 77.9 704 67.8 69.4 709 70.6 73.8 78.0 845 86.8
Difference —14 —0.4 —59 —14 +0.2 —114 -179 —11.6 —8.8 +4.0 +2.5 +5.2

Rainfall (mm)

Monthly total 120 61.0 194 56.2 98.2 163 222 32.1 50.1 34.0 22.5 83.5
Normal value 30,5 28,4 328 49.1 59.1 88.7 82.8 56.9 520 32.8 35.1 315
Difference —18,5 +32,6 —13.4 +7.1 +39.1 —72.4 —60.6 —24.8 -19 +1.2 -10.3 +52

In the second studied year, the temperature increase was even higher, with tempera-
tures much higher than the normal multiannual averages with a maximum of +8.3 °C in
February. During the vegetative growth, the values were with 1.93 to 5.1 °C higher than
normal. The precipitation regime was different than in the previous year with periods of
drought, especially during the summer (June —72.4 mm and July —60.6 mm), whereas
in April, the precipitation was higher than normal by 33.1 mm. The yearly precipitations
reached the normal values of the area with a smaller deficit than the previous year of only
—72.2 mm.

For a better understanding of the meteorological conditions in the studied years, we
have drawn the ombrothermic diagrams. Figure 1 shows the information for both years,
also presenting the normal multiannual values of the precipitations in blue color.
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Figure 1. The ombrothermic charts for the studied years.
3.2. Total Anthocyanin Concentrations
The total anthocyanin concentrations analyzed for the studied red grape varieties
in both years are presented in Table 3 along with the values calculated per mass of the
analyzed dry substance. In the first year, the average concentration of total anthocyanins in
the grape skin was the highest for the Moldova variety (806.92 mg/L), high in Purpuriu
(389.11 mg/L), and low in Gelu (133.06 mg/L) and Coarna neagra varieties (38.47 mg/L). In
the second year, considerable differences were noticed; the total anthocyanin concentrations
increase by about 48.8% for Gelu, 65.7% for Moldova, and 211.2% for Coarna neagra, whereas
for Purpuriu, it decreases in the second year by about 4%.
Table 3. Total anthocyanin concentrations in the grape skins (mg/L) for the studied varieties in
both years.
H=1 H=45
Variety As : Az Aszo : Ao Cone.” [mg/L COﬁ:ﬁf:lége/ L] i\:/;);:;!l?[ef;]g)/ g
0.416 0.017 0.125 0.019 134.13
Gelu 0.414 0.019 0.125 0.019 132.30 133.06 1.673
0.417 0.019 0.126 0.018 132.75
2103 0.018 0.358 0.023 801.12
Moldova 2.106 0.02 0.344 0.022 807.53 806.92° 7.482°
Ist year 2.107 0.021 0.334 0.022 812.11
1.067 0.021 0.208 0.019 392.32
Purpuriu 1.057 0.023 0.214 0.023 385.91 389.11 ¢ 57134
1.062 0.023 0.212 0.023 389.11
0.371 0.035 0.175 0.038 38.54
Coarna neagra 0.374 0.038 0.176 0.039 38.54 38.47h 03751
0.37 0.038 0.171 0.037 38.34
0.708 0.014 0.172 0.013 244.91
Gelu 0.709 0.013 0.17 0.013 246.74 24522°¢ 2.491¢
0.703 0.013 0.17 0.013 243.99
1.972 0.01 0.253 0.012 1545.39
Moldova 1.953 0.01 0.239 0012 1540.90 1547.49 2 123992
2nd year 1.965 0.01 0.234 0.012 1556.17
0.723 0.01 0.149 0.01 515.43
Purpuriu 0.697 0.009 0.149 0.01 492.98 511.83 ¢ 5.480 ¢
0.737 0.01 0.15 0.01 527.10
0.306 0.012 0.089 0.012 99.33
Coarna neagra 0.317 0.013 0.092 0.013 103.00 101.938 11678
0.317 0.013 0.091 0.013 103.45

* The concentration is presented as mg Malvidin-3-O-glucoside per liter of extracted solution. Significant differ-
ences at 0.05 level indicated with letters.
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3.3. Total Chlorophyll Content

The total chlorophyll contents of the grapevine leaves of the studied varieties are
shown in Figures 2 and 3 for the first and the second year, respectively. It is clearly seen that
the varieties behave differently from this point of view and the behavior is also different
in the second year so could be due to different environmental conditions. The Moldova
variety accumulated a maximum concentration of chlorophyll pigments in BBCH 75 phase
in the first year, higher than all other varieties, and also higher than the concentrations
in the second year. The Purpuriu variety exhibited similar behavior with the highest
concentration in BBCH 75 phase in the first year, and lower values for the second year in
all studied phases. Gelu reached a maximum chlorophyll concentration in the BBCH 79
phase, with similar behavior in the second year, whereas Coarna neagra had high values in
both BBCH 79 and 89 phases in the first year, and 75 and 89 in the second year. The BBCH
65 phase of the second year was characterized by mostly higher chlorophyll content than
the second year, except for the Purpuriu variety. Moldova and Coarna neagra had overall
higher chlorophyll content in the second year compared with the first year.

2
ef ef

190
20 b b
1% 1 -1 1.3
15 ef i Sef
1 2 %1;1 ‘? 1211 N 9117 1 9
10
5
0

BBCH 65 BBCH 75 BBCH 79 BBCH 89

It year
25

Chlorophyll content [CCI]

B Gelu mMoldova Purpuriu  m Coarna neagra

Figure 2. Dynamic evolution of the chlorophyll content (in CCl units) in the leaves of the four studied
grapevine varieties in the first year with significant differences at 0.05 level indicated with letters.
(BBCH65—full flowering: 50% of flower-hoods fallen; BBCH75—berries pea-sized, bunches hang;
BBCH79—majority of berries touching; BBCH89—berries ripe for harvest).

3.4. LC Pro Photosynthetic Indicators

Q leaf photosynthetic active radiation analyzed during the vegetation period of the first
year had the highest values in the BBCH 65 phase in all studied varieties, with a maximum for
the Moldova variety, and minimum values in the BBCH 75 phase, as can be seen in the data
presented in Table 4. In the second year, the photosynthetic active radiation during flowering
varied within wide limits with a minimum in Purpuriu (92.09 £ 1.6 pumol-m2s71) and a
maximum in Gelu and Moldova (1056.8 + 5.3 umol-m2s~1, and 1072.5 4 2.5 pmol-m~2s~ 1,
respectively). During the development of the fruits, PAR was much lower compared to all
other studied development phases, with a minimum value of 64.23 + 1.4 pmol-m 2s~! in
Coarna neagra and a maximum value of 218.41 + 1.5 pumol-m~2s~! in Purpuriu variety.
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Figure 3. Dynamic evolution of the chlorophyll content (in CCl units) in the leaves of the four studied
grapevine varieties in the second year with significant differences at 0.05 level indicated with letters.

Table 4. The dynamic evolution of main photosynthetic parameters in the studied growth phases for
the four analyzed varieties in the first year.

E An
P MOt Tieat °C) Texr (°C) Ci (PPM) (UMOLH,0  (uMOLCO, WUt =
M-28-1) M-25-1)
Gelu BBCH 65 27700 +£1.1%  31.99+007%  29.724+0.08%  362.00 £830°¢ 1.28° 0.04 °f 0.03f8
Gelu BBCH 75 11422 + 17" 296440114 2744 +0.05> 34720+ 6.25¢ 0.60 4 0.454 0.74¢
Gelu BBCH 89 120.15+1.58 27.70 £ 0.12°¢ 25.75+0.07°¢  397.15+7.232 0.36 8 —0.02f —0.04"
Moldova BBCH 65 52040 £22°%  320140.05%  3028+0.09°  339.30 &£ 6.388 0.79°¢ 0.07 ¢ 0.09 f8
Moldova BBCH 75 120.18 +£1.78 27.87 +0.09 2545+0.10°¢ 34277 £7.98f 0.57 de 0.78 ¢ 1.384
Moldova BBCH 89 17250 £1.5¢ 289040119 2670+ 0.07P  360.65 £ 9.20 0.87°¢ 0.76 0.87¢
Purpuriu BBCH 65 152.67 £ 0.9 33.48 4 0.082 3037 £0.12@  355.44 +7.249 1.86° 0.474 0.25f
Purpuriu BBCH 75 94.04 £1.21 2826 +0.14%  261340.09  331.17 £ 3.251 0.554 2,152 3.892
Purpuriu BBCH 89 15645+ 089  2880+0.109 2675+ 0.08°  368.70 = 2.65° 0.48 ©f 0419 0.85¢
Coarna neagra BBCH 65 156.00 £ 1449 30.894+0.11%  29.63+0.11°  316.89 +9.33] 0.43 0.72°¢ 1.65¢
Coarna neagra BBCH 75 12642 +1.1°F 27.92 4 0.18¢ 25.90 £0.10¢ 3373248210 0.36 8 1.09® 3.03°
Coarna neagra BBCH 89 11940 £ 0.8 8 28.40 £ 0.124 26.80 =+ 0.08 > 35590? 10.05 0.248 0.17°¢ 0.71¢

Significant differences at 0.05 level indicated with letters.

The transpiration rate (E) (Table 4) had maximum values for all the varieties in the
first year during the flowering phase. The lowest values were found in the ripening phases.
The behavior changed in the second year (Table 5) with similar values in all development
stages, with slightly higher values in BBCH 75. The net photosynthetic rate (A) varied from
one phase to another throughout the vegetation season. The lowest values were found for
the Gelu variety in all development phases, whereas the highest values were determined
for Purpuriu. The most intense carbon assimilation was registered during berry growth
(BBCH 75) in all analyzed varieties. In the second year, the net photosynthetic rate in the
flowering phase varied from 2.53 umol-m~2s~! in Coarna neagra to up to 5.17 pmol-m 2s~!
in Purpuriu (Table 5). It had high values in the first analyzed development stages for all
the varieties with a maximum of 8.56 pmol-m~2s~! for Moldova.
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Table 5. The dynamic evolution of main photosynthetic parameters in the studied growth phases for

the four analyzed varieties in the second year.

E An
Pﬁ,&%ﬁ?‘“ Theat °C) Texr (°C) C; (PPM) ( ”MSL Ezo (u(lj\é[)?L WU[_E\%ST =
M-28-1) M-25-1)
Gelu BBCH 65 156.8 +£5.3°¢ 29.20 +0.05%®  31.00 +0.05° 348.1 +13.58'1 0.7 bed 384 5.43 de
Gelu BBCH 75 172144219 2503 +0.089 2529 4 0.04 <4 496.94 +12.202 0.64 bed 3.13¢ 4.89¢
Gelu BBCH 89 1164 £ 141 27.1 4 0.05 < 24.80 +0.11¢ 3739 +12.05e 0.5 cde 031 140
Moldova BBCH 65 1725+ 254 30.77 £ 0.102 32.72 +0.082 407.07 £11.04 ¢ 0.49 cde 298f 6.08 4
Moldova BBCH 75 89.78 + 1.3k 264140059  2658+0.10¢ 365.38 +11.25f 0.69 b¢ 8.562 12412
Moldova BBCH 89 181.6 £ 0.9°¢ 29.0 +0.05° 26.6 +0.07 <4 329.10 + 11.98 1.242 1.31h 2178
Purpuriu BBCH 65 92.09 +1.6J 30.19 £ 0.072 30.36 + 0.05° 348.52 + 12,55 045¢ 5.17°¢ 1142
Purpuriu BBCH 75 21841+ 15%  2638+0.12%  26.82+0.09°¢ 352.88 +13.05 ¢ 0.61° 5.76° 9.44°
Purpuriu BBCH 89 1308 +£2.0°F 28.8 4 0.15° 26.80 + 0.10 < 397.7 +11.20° 0.43 de —0.047 —0.131
Coarna neagra BBCH 65 28387 £1.32  293840.05®®  30.06+0.11° 46149 +£1.51° 0.4 «de 2538 6.33¢
Coarna neagra BBCH 75 64.23 +1.4! 2639 £0.04% 26,51 £ 0.05 < 396.65 & 1.05 d 0.70® 2.588 3.69°
Coarna neagra BBCH 89 1194 +£158 28.4 +0.08 ¢ 26.8 +0.07 © 3559 £1.358 0.24¢ 0171 0.63 1

Significant differences at 0.05 level indicated with letters.

An essential indicator of photosynthesis intensity is the amount of CO, absorbed in
the time unit by the surface unit of the leaf—photosynthesis intensifies with the increase of
CO; concentration in the environment. In the first year, stomatal CO; had average values
of around 350 ppm in all studied conditions (Table 4). The situation was very different in
the second year, with a maximum of 496.9 at Gelu, 461.4 ppm in Coarna neagra, and 407.7 at
Moldova during the BBCH 65 and 75 phase, with higher values in most other conditions as
compared to the first year (Table 5).

Water use efficiency was high in the first year for all studied varieties during the
development of the berries, whereas the lowest values were recorded in the ripening phase.
The trend was different in the second year with high values during the flowering phase
and lower during the other studied development stages.

3.5. Pearson Correlation Test

For all the studied cultivars and most important photosynthetic parameters, the
Pearson correlation test was performed (Supplementary Materials). The results highlight
the correlation between the anthocyanin content and the physiological parameters in both
analyzed years. In the Gelu variety, positive correlations were recorded for the anthocyanins
content and stomatal COy; in the first year, there were positive correlations only with the
external temperature of the leaves and the water use efficiency, whereas in the second year,
there were positive correlations with the chlorophyll content and PAR. Positive correlations
were also obtained between the chlorophyll content, leaf temperature, stomatal CO,, and
WUE, especially during BBCH 65 and BBCH 89.

The results of the Pearson correlation test performed for the total anthocyanin content
of grape varieties versus the total chlorophyll content in the leaves are presented in Figure 4
for the first year, and Figure 5 for the second year, respectively. GA, MA, PA, and CA
are the total anthocyanin concentrations corresponding to the studied varieties Gelu,
Moldova, Purpuriu, and Coarna Neagra, respectively; GCCl, MCCI, PCCl, CCCl, are the
total chlorophyll contents for the studied cultivars with the number indicating the BBCH
phenological phase.
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GA MA PA CA GCCI79 MCCI79 PCCI79 cccir9 GCCI89 MCCI89 PCCI89 ccClg9
GA 1
MA -0.378 1
PA 0.961 -0.107 1
CA 0.276 0.994 -0.001 1
GCCI79 0.772 0.296 0.918 -0.397 1
MCCI79 0575 0.975 -0.326 -0.945 0.075 1
PCCI79 0242 -0.807 0501 0.866 -0.803 -0.655 1
CCCI79 -0.242 -0.807 -0.501 0.866 -0.803 -0.655]  1.000(**) 1
GCCI89 0.720 -0.915 0.499 0.866 0115 -0.982 0.500 0.500 1
MCCI89 -0.296 0.996 -0.020]  -1.000(%) 0378 0.952 -0.855 -0.855 -0.877 1
PCCIB9 -0.242 -0.807 -0.501 0.866 -0.803 -0.655]  1.000(*)|  1.000(**) 0.500 -0.855 1
CCCI89 -0.892 -0.082 -0.982 0.189 0976 0.143 0.655 0.655 -0.327 20168 0.655 1

*. Correlation is significant at the 0.05 level (2-tailed).
**_Correlation is significant at the 0.01 level (2-tailed).

Figure 4. Pearson correlation test results for the first year for total anthocyanin from the grapes vs.
the total chlorophyll content in the leaves (G, M, P, and C correspond with the four studied varieties
Gelu, Moldova, Purpuriu, and Coarna neagra, respectively, GA, MA, PA, CA are the anthocyanin
concentrations, GCC179, MCC179, PCC179, CCC179 are the chlorophyll concentrations for the four
varieties corresponding with the BBCH phase 79, while GCCI89, MCCI89, PCCI89, and CCCI89 are
the chlorophyll concentrations for the corresponding varieties in the BBCH—89 phase).

GA MA PA CA GCCI79 MCCI79 PCCI79 cccir9 GCCIg9 MCCI89 PCCI89 ccclg9
GA 1
MA 0.912 1
PA -1.000(**) 0.916 1
CA 0.087 0.329 -0.078 1
GCCI79 -0.329 0.687 0.337 0.912 1
MCCI79 0.144 -0.537 -0.153 -0.973 -0.982 1
PCCI79 -0.837 0.988 0.841 0473 0.792 -0.663 1
CCCI79 0218 0.599 0.226 0.953 0.993 -997(%) 0.717 1
GCCI89 -0.329 0,687 0.337 0.912|  1.000(**) -0.982 0.792 0.993 1
MCCI89 -0.982 0.973 0.984 0.102 0.500 -0.327 0.924 0.397 0.500 1
PCCI89 0.982 0.973 -0.984 -0.102 -0.500 0.327 -0.924 -0.397 -0.500]  -1.000(**) 1
CCCI89 0.982 0.973 -0.984 -0.102 -0.500 0.327 -0.924 -0.397 10.500] -1.000(*)]  1.000(**) 1

**_Correlation is significant at the 0.01 level (2-tailed).
*. Correlation is significant at the 0.05 level (2-tailed).

Figure 5. Pearson correlation test results for the second year for total anthocyanin from the grapes
vs. the total chlorophyll content in the leaves (G, M, P, C correspond with the four studied varieties
Gelu, Moldova, Purpuriu, and Coarna neagra, respectively, GA, MA, PA, and CA are the anthocyanin
concentrations, GCC179, MCCl179, PCC179, and CCCl179 are the chlorophyll concentrations for the four
varieties corresponding with the BBCH phase 79, whereas GCCI89, MCC189, PCCI89, and CCCI89 are
the chlorophyll concentrations for the corresponding varieties in the BBCH—89 phase).

For the Moldova variety, there were positive correlations between the anthocyanins
and the physiological parameters, but only in the second year when the anthocyanin
content was maximum. For both years there were positive correlations between the total
chlorophyll content and the other physiological indicators, especially during BBCH 65.

Even if the anthocyanin content was not so high in the Purpuriu variety compared to
the others, it was positively correlated with all measured physiological parameters during
both years; at the same time, the chlorophyll content had a positive correlation with leaf
temperature, PAR, stomatal CO;, and WUE in all the development stages.

Coarna neagra accumulated the lowest anthocyanin content in the skin of the grapes
but exhibited positive correlations with PAR, leaf, and external temperatures, especially in
the first year. Similar to the Moldova variety, in the case of Coarna neagra, most correlations
between the total chlorophyll content, PAR, leaf and external temperatures, stomatal CO,,
and WUE were found during the BBCH 65 phase.

4. Discussion

The ombrothermic charts presented in Figure 1 indicate two important differences
between the studied years: first, higher precipitations than normal averages were for the
second year (January to March and April to June), and only for a short time and lower
intensity (March to May) in the first year; the drought was more intense in the second
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year and lasted longer (end of May to end of August) compared to the first year (July
to mid-September), with temperatures higher than those in the first year. The climatic
conditions fit the existing published models related to climate change that predict an
increase of about 2—-4 °C by the end of the century [4]. In our case, both analyzed years had
average monthly temperatures during vine vegetation season with 1.93 to 5.1 °C higher
than normal multiannual averages, as can be seen in the data presented in Tables 1 and 2.
Winter temperatures are also important because very low values can endanger the vine
culture. For the studied years, this was not an issue with some average temperatures higher
than the normal averages. The good ripening was ensured by the precipitation regime
during the vegetation period, lower than normal, and many days with temperatures higher
than 30 °C.

The total anthocyanin content increased considerably in the second year, by about 30%
(Purpuriu) and up to about 164% (Coarna neagra), as can be observed in Table 3. The maxi-
mum content was for the Moldova variety, followed by Purpuriu. The total anthocyanin
content in the dry matter was the highest in the Moldova variety, had similar values in
both years for Purpuriu, and was about three times higher in Coarna neagra. Analyzing
these results in the presented meteorological context, we could assume that the increase
was due to the temperature values above normal averages during the summer months.
At the same time, these periods were characterized by a water deficit, as shown in the
ombrothermic diagrams presented in Figure 1, considering that abiotic stress can stimulate
the biosynthesis of flavonoid compounds in plants [32-36]. If the temperatures are too high,
several metabolic pathways are affected, and thus, the production of basic compounds
that are critical for the grape, including anthocyanins, is perturbed. Some researchers
found that the range of 20-22 °C is optimum for the synthesis of aroma compounds, and
anthocyanins formation is restrained by heat stress [37,38]. The water deficit plays another
important role as indicated by the negative correlations found with the Pearson test in the
second year during BBCH 79 and 89 for all the studied varieties, except Moldova (Tables
55-58). Regarding the correlation between the content of anthocyanins and the analyzed
physiological parameters, in general, anthocyanins were most influenced by the external
temperatures of the leaf (positive correlations) and very little by the content of chlorophyll
and the water use efficiency.

The values obtained for Moldova and Purpuriu cultivars are higher than many pre-
sented in the literature for table grapes, such as some from the southeastern United States
(Jumbo (4.1 mg/g d.w.), Cowart (2.6 mg/g d.w.), Carlos (0.1 mg/g d.w.)) [39]; another
study on 110 cultivars found values between 0.1 and 97.5 mg/100 g fresh weight, which
corresponds to amounts smaller than in our case [40]. Much higher values were found in
some cultivars from South Korea with values up to 611.1 mg/100 g fresh weight in the case
of Campbell Early, and most ranging above 350 mg/100 g fresh weight, probably due to the
different climate conditions, such as warmer and with fewer temperature variations [41].
Similar results were reported for some table and wine grape varieties from Turkyie [41,42].
The high anthocyanin content of the Moldova variety recommends for consumption due
to the high accumulation of antioxidant compounds in normal and climate-unfavorable
conditions.

For the first studied year, the chlorophyll content presented in Figure 2 was the highest
for all phases in Coarna neagra. During these stages, the temperature was higher by 1.1-2.3
°C. This variety has a high demand for heat, during these months with above-average
temperatures accumulating maximum contents of chlorophyll in the leaves, and proving
a high resistance to drought. The Moldova cultivar had a maximum chlorophyll content
during the start of the fruit development phase, when temperatures were higher by 2
°C and a water deficit of 45 mm, as shown in Figure 1. In the other phases, there was
no significant change. The Gelu cultivar accumulated high chlorophyll contents during
BBCH 75 and 79 under relatively high temperatures and drought. Lower values of the
total chlorophyll were determined for the Purpuriu variety, indicating a possible lower
resistance to the meteorological conditions of the first year, with higher temperatures than



Agronomy 2023, 13, 886

11 0f 14

normal averages and high-water deficit during the year. For the second studied year
(Figure 3), Coarna neagra had the highest chlorophyll content during BBCH 75 and 89,
whereas the lowest concentrations were identified for Purpuriu, probably as a result of
the drought conditions. Gelu and Moldova cultivars had a similar trend regarding the
chlorophyll content, with average values over all vegetation stages, except BBCH 79 when
they accumulated a higher quantity of photosynthetic pigments.

An increase in the content of anthocyanins in the second year, in all the varieties ana-
lyzed, but especially in Moldova, can be related to the increase in atmospheric temperature
and the deficit of precipitation in the summer months, July and August. It could be also
correlated with the high values of the net photosynthetic intensity that reflects increased
assimilation of carbon to fulfill the needs during the growth process of the berries. The
values were highest for the Moldova variety, in view of superior production, correlated
with the anthocyanin results.

Climate change is affecting the photosynthetic processes at the leaf level. One parame-
ter that is strongly influenced is the photosynthetic water-use efficiency (WUE), representing
the ratio between the net photosynthetic rate and the transpiration rate. It was reported that
the increase of WUE has a positive effect, whereas an increase CO; is benefic only under
drought stress, partially due to the stomatal closure that causes a reduced transpiration
rate [42]. In our case, the photosynthesis was strongly inhibited by the water deficit; during
the vegetative growth the transpiration rate decreased, as well as the WUE. The water
deficit directly impacts photosynthesis through the stomatal closure, decreasing also the
gas exchange at the leaf level. Because water and CO; have crucial roles in the synthesis
of organic matter, vine leaves need a high humidity. The CO; had increased values in
the BBCH-89 phase, probably due to the processes taking place, the organic substances
synthesized were concentrated in the fruits. In all cases, the leaf temperature had optimal
levels for photosynthesis, with about 2 °C higher than the environmental temperature.
Most varieties exhibited a high PAR in the flowering phase in both years, except Purpuriu.
The studied parameters had a higher variation for the second year, maybe due to the water
deficit, with lower transpiration rates and increased stomatal CO,. Overall, the correlations
given in Pearsthe on test seem to depend on the variety, and growth phase, but also on the
climate conditions. The most consistent behavior over time and varieties was recorded for
BBCH-65 and may be due to the similar meteorological regime in the two studied years in
the corresponding period.

Photosynthetic rates were reported to increase in other similar situations with proof of
acclimation to high temperatures, but when the values of the temperature are no higher than
about 35 °C [27,43]. The response to heat stress triggers some mechanisms and activates
some signaling pathways that lead to physiological adaptations of the grapevines, especially
under the above-mentioned temperature limit [27,41-44]. Above this temperature, a serious
decline of the chlorophyll content was reported especially due to the enzymes responsible
for degrading chlorophyll, and thus, chlorophyll content is a very good indicator of heat
resistance in grape varieties [27,44]. We can conclude that, during the vegetation period
of the two years of determinations, unfavorable climatic conditions, characterized by
high temperatures and accentuated water deficit, negatively influenced the analyzed
physiological parameters, by decreasing the rate of transpiration, partial or total closure of
the stomata, such as and low values of water use efficiency, but increased the amount of
anthocyanins in grapes.

The overall analysis of the physiological traits of the studied genotypes indicated
that they could synthesize significant amounts of chlorophyll pigments, within the limits
reported in the literature and, implicitly, intensify the photosynthetic activity and accu-
mulation of assimilated necessary compounds for the biological and metabolic processes
during the vegetation period.
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5. Conclusions

In this study, four cultivars from the Copou vineyard in lasi, Romania were studied
to determine their behavior under different environmental conditions. The two studied
years were characterized by higher temperatures than the normal regime and a lack of
precipitation. The total anthocyanin content measured during four important development
stages of the grapes showed an increase for some varieties (Purpuriu, Moldova) which could
be related to the heat and deficit water stresses and might indicate a good adaptation of the
cultivars to climate change conditions. The high anthocyanin contents also recommend
these cultivars for consumption based on their potential health benefits.

The chlorophyll content measured in leaves near the grape bunches indicated a very
good correlation with the anthocyanin concentrations in the grapes and was also influ-
enced by the temperature and precipitation regime. Photosynthetic pigments had higher
concentrations for Moldova and Gelu cultivars during a temperature regime higher than
normal, whereas Purpuriu exhibited lower values, especially in the first year probably
due to the water deficit recorded. The results show that Moldova and Purpuriu varieties
exhibit adaptation behavior to climate change and high anthocyanin concentrations which
recommend them for consumption. More investigations need to be done to assess the entire
extent of the abiotic stress related to climate change.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/agronomy13030886/s1, Table S1: Pearson correlations between
photosynthetic parameters for Gelu variety in the first year, Table S2. Pearson correlations between
photosynthetic parameters for Moldova variety in the first year, Table S3. Pearson correlations be-
tween photosynthetic parameters for Purpuriu variety in the first year, Table S4. Pearson correlations
between photosynthetic parameters for Coarna neagra variety in the first year, Table S5: Pearson
correlations between photosynthetic parameters for Gelu variety in the second year, Table S6. Pearson
correlations between photosynthetic parameters for Moldova variety in the second year, Table S7.
Pearson correlations between photosynthetic parameters for Purpuriu variety in the second year,
Table S8. Pearson correlations between photosynthetic parameters for Coarna neagra variety in the
second year.
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