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Abstract: Water limitation has a major effect on agricultural crop production, influencing yield as
well as external and internal quality parameters of table grapes. Due to their high yield potential,
table grapes have a particularly high risk for yield and quality losses when water is limited,
but grapevines are known for high heterogeneity within cultivars. Therefore, we investigated the
effect of prolonged water deficits (control, moderate, and severe deficit) during fruit development on
yield and quality parameters of four different table grape cultivars (Vitis L.). Furthermore, we ranked
their suitability for cultivation in areas suffering from water limitation. Up to 31% of irrigation
water could be saved in comparison to the control, without significant negative effects on plant
yield, berry size, or internal quality parameters, such as total soluble solids and total phenolic
content. However, single bunch yield was highest at a moderate deficit and number of seeds in
berries increased with the severity of deficit. Cultivar selection had the greatest influence on water
consumption and mainly defined yield and quality parameters. The cultivar “‘Fanny’ produced
the highest yields (195.17 g per plant), most bunches per plant (2.04), and biggest berries while cv.
‘Nero’ had the highest total soluble solids content (26.33 °Brix) and the highest total phenolic content
(67.53 mg gallic acid equivalents per 100 g fresh weight). Overall, ‘Fanny” was the most promising
cultivar for cultivation under water-limited conditions during fruit development, without significant
effects on yield and quality parameters.

Keywords: firmness; water use; marketable yield; berry size

1. Introduction

Climate change and its effects have a major influence on agriculture. According to the Food and
Agriculture Organization (FAO) [1], water shortage is currently the most significant factor limiting crop
production in the world. Climate change scenarios predict that Central Europe, including Germany,
will be affected by water limitations, changing precipitation patterns especially in Southern Europe,
and will suffer from summer droughts [2].

Grapevines are considered to be drought tolerant plants [3], but most current cultivation areas
are located in regions with decreasing water availability and a potential risk of high drought stress
during the growing season [4]. In general, table grapes achieve high annual yields and indicate a
high productivity for the water used [5-8]. However, they are exposed to high risks of quality and
yield losses, when water is limited during growing seasons [9]. Timing, intensity, and duration of
water limitation during the growing period are known to affect growth, yield, and quality of grapes
differently [10]. Early season water limitation will reduce vegetative growth, while withholding water
after bud break results in lower yields and reduced fruit quality [11]. During fruit development,
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early stage water deficits after flowering and before veraison result in smaller berries and reduced
bunch yields [12-14]. Furthermore, deterioration of quality in terms of visual appearance of the bunch,
berry color, and uniformity have been reported [15]. Contrasting behavior was determined for late
season limitations, as the sensitivity of grapevines to water limitations after veraison is low [16].

In addition, quality parameters such as firmness, crisp texture, total soluble solids (TSS),
phenolic content, and acidity content are essential, as they determine consumer acceptance and
preference [15,17]. Several studies investigating the effects of water deficits on table grapes observed
the highest yields and berry weights with the treatment receiving the highest irrigation volume [11],
while quality parameters such as firmness decreased, titratable acidity (TA) remained constant and TSS
increased [18], ultimately affecting overall consumer acceptance. Besides environmental factors such as
soil water availability, cultivar selection has a major influence on yield and quality [19,20], and cultivars
differ in their response to water limitation. Comparative studies of the grape cultivars ‘Moscatel’
(syn. Muscat of Alexandria) and ‘Castelao” determined differences in yield and quality when subjected
to a moderate deficit irrigation during the growing season [21]. Furthermore, cultivar dependent
responses to post-veraison moderate deficit irrigation in ‘Autumn Royal” and ‘Crimson Seedless” were
observed as they differed in grape production capacity, berry size, and sweetness [22]. Therefore,
comparative studies with several cultivars are necessary to screen a wide range of table grape cultivars
concerning the response of fruit quality and yield to water deficit, as they are important for optimal
cultivar selection with regard to a changing climate. However, to our knowledge, no research has
been done in the field on water deficits and plant responses of the most popular table grape cultivars
in Germany.

Therefore, this work aimed to evaluate the effect of water deficits during fruit development
on fruit yield and quality parameters of four common German table grape cultivars. Furthermore,
the suitability of their cultivation under water limitations as a consequence of climate change will
be considered.

2. Materials and Methods

2.1. Experimental Setup

A greenhouse experiment was conducted in 2016 at the University of Hohenheim, Germany, with
four 3-year-old, own-rooted table grape cultivars, namely ‘Nero’, ‘Fanny’, 'Palatina’, and "Muscat
Bleu'. The objective was to evaluate the impact of water deficits between fruit set and harvest on yield
and quality parameters of these four cultivars. Plant material of the four cultivars originated from
Rebveredlung Kiithner, Germany.

Twenty-four plants per cultivar were grown in 7-L pots, filled with 40% loam, 50% sand, and 10%
peat by volume, having a maximum water holding capacity of 37.8%. Since the first year, all table
grapes were maintained with one shoot, which was attached to a bamboo stick and cut to an annual
shoot length of 140 cm. Within the first two years, plants were defruited and water was limited
during vegetative growth (2014: 6 weeks; 2015: 10 weeks). Table grapes were kept well hydrated and
supplemented with 50 mL liquefied mineral fertilizers (1 g Hakapos® Blue (N 15% + P 10% + K 15% +
Mg 2%) (CAMPO EXPERT, Miinster, Germany) and 0.1 g micronutrient fertilizer Fetrilon® Combi
(BASF, Ludwigshafen, Germany)) biweekly. Eight plants per cultivar were randomly assigned to a
control, moderate, or severe water deficit treatment. Each day, control plants were irrigated to the
calculated weight of 75% available water content (AWC), moderate deficit treatments to 50% AWC,
and severe deficit treatments to 25% AWC. Before starting the treatment, AWC was determined for each
pot/plant individually by flooding the pots after sunset to avoid transpiration losses. The excess water
was able to drain overnight. Before sunrise, pots were weighed to get the maximum pot weight/field
capacity. Wilting point was considered as the minimum weight of the pots where all pots were dried
out until a constant weight was reached and plants started wilting. Plants were re-watered and
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adjusted to the plant-pot specific weight on a daily basis. The following formula was used to calculate
the individual pot weight for every plant in each treatment:

PotMax — PotMin)
100

Weight = PotMin + ( * Treatment D)

In order to determine the total amount of applied water, daily water loss (evaporation and
transpiration) was measured gravimetrically in the morning from fruit set until harvest using a
platform scale (FKB 36K0.1, KERN, KERN & SOHN GmbH, Balingen, Germany) with a maximum
range of 36 kg and 0.1 g accuracy. During the experiment, the pot weight was modified to account
for the additional bunch weight at veraison. Pots were not covered and therefore evaporation was
not prevented.

Temperature and relative humidity in the greenhouse were measured on a daily basis at
five-minute intervals and stored using a datalogger (TGP-4500, Gemini Data Loggers, Chichester, UK).
During the experiment mean temperature was 21.8 °C and relative humidity was 63.9% (Appendix A:
Figure Al).

Volumetric water content (VWC) was measured using a soil moisture device (FieldScout TDR 100,
MMM Tech, Germany). VWC was determined two weeks before the start of water deficit treatment at
soil saturation. Soil moisture was measured every 28 days until final harvest of berries.

2.2. Yield and Quality Measurements

Harvest started on 12 September, 90 days after the induction of drought stress at the beginning
of fruit set, and each vine was picked individually. Number of bunches, weight per bunch and total
amount of fruit yield per plant were determined for each individual vine. Per bunch, berries were
sorted into marketable and non-marketable (shot berries, shriveled berries), as well as counted and
weighed. A sample of ten berries per bunch was selected randomly and their fresh weight was
measured to determine the mean berry weight. Diameter and height of each berry were measured
with a Vernier caliper and berry firmness was determined non-destructively using a firmness tester
(Exacta-Hartepriifer HP-DRS, Bareiss). Twenty randomly-selected berries per vine were manually
divided into skin, pulp and seeds, weighed, frozen with liquid nitrogen and stored at —20 °C,
freeze-dried and weighed again. All the remaining berries per vine were crushed and must total soluble
solids (°Brix) was measured using a digital refractometer (DR101-60, Kriiss, Germany). Titratable
acidity was measured by automatic titration (TitroLine easy, SCHOTT, Mainz, Germany) with 0.33 M
NaOH to a pH 7.0 endpoint and was expressed as gram of tartaric acid L~!.Total phenolic content
was determined using freeze-dried skin samples, ground to a final firmness of <300 um (Knife Mill,
GRINDOMIX GM 200, Retsch, Germany) using the Folin—Ciocalteu reaction [23]. Ground skin samples
were analyzed as described by Sahamishirazi et al. [24] with minor modifications to duration of
centrifugation (20 min), volume of skin extract (0.3 pL), and to the standard curve consisting of six
standard solutions (0.06 g-L~! to 2.1 g-L~!). Total phenols were measured two times per sample
at 760 nm by spectrophotometry (Ultraspec 3100 pro, Amersham Biosciences, Piscataway, NJ, USA)
and calculated based on the calibration curve. The results are expressed as milligram of gallic acid
equivalents per 100 g of fresh weight (mg GAE 100 g~! FW). For determination of plant and leaf water
content, fresh weight (FW) of aboveground biomass and of leaves was determined at harvest, dried at
60 °C until reaching constant weight and weighed again for dry weight (DW). Plant and leaf water
content were calculated using following formula:

Plant / Leafwater content = 100 — (?]I//\v/) * 100 2)
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2.3. Statistical Analysis

Yield and quality of the plant, bunch and berry level of four table grape cultivars (c = 4) on three
water deficit levels (t = 3) were analyzed using PROC MIXED (SAS version 9.2., SAS Institute Inc.,
Cary, NC, USA) with the following model:

Yijet = 1+t + b + T + @) + (T9); + € ®3)

where y is the general effect, t; and by; are random block effects for the kth table and the I block on
the k™ table, respectively. T;, ¢j and (Tgo)ij corresponds to fixed main effects of the i cultivar and jth
water deficit treatment and its interaction effects, respectively. e;jy; is the error effect of observation
Yijur- To analyze average berry height, diameter, and firmness, seeds per berry, and single berry weight,
data was weighted by number of berries measured per bunch. Total plant yield, yield per bunch,
marketable and non-marketable yield per bunch needed to be weighted by the inverse of number
of bunches per plant. Furthermore, the model was extended to allow for separate variances of table
effects for each number of grapes if this decreased the model fit criteria AIC [25]. The counted number
of berries and marketable berries were analyzed with PROC GLIMMIX using (3) as linear predictor
with a log link for poisson-distributed data. Residuals were checked graphically for normality and
homogeneity of variances. Data of skin weight, TSS, marketable yield, and weight per berry were
square-root transformed prior to analysis. Data of TA, number and yield of non-marketable berries,
and total phenolic content were logarithm transformed. Percentage values of volumetric water content,
and plant and leaf water content, were transformed by logit transformation. For the evaluation of the
parameter number of non-marketable berries per bunch, zero values had to be changed to 0.01 prior
to logarithmic transformation. In case of a significant F-test, multiple comparisons for levels of the
corresponding factor were performed based on Fisher’s Least Significant Difference (LSD) (P < 0.05).
A letter display was created by using the SAS macro [26].

3. Results
3.1. Yield and Quality of Table Grapes

3.1.1. Plant-Level

Significant differences among cultivars occurred for the number of bunches per plant, bunch yield
per plant, TSS, total phenolic content, and TA (Table 1). Furthermore, TA was significantly influenced
by water deficit. ‘Fanny” was the cultivar with the greatest number of bunches per plant (2.04),
highest yield (195.17 g per plant), and lowest TSS (16.41 °Brix), and TA values (5.3 g-L~!). ‘Palatina’
had the fewest number of bunches per plant, producing an average of 0.85 bunches over all treatments
in the first year of fruit production, as only 13 out of 24 vines produced bunches. The lowest amounts
of average yield of the fruit producing vines were determined for ‘Muscat Bleu’ (44.22 g) and ‘Palatina’
(54.05 g) per plant. The highest content of TSS was measured for ‘Nero’ (26.33 °Brix), followed by
‘Palatina’ (24.78 °Brix), and ‘Muscat Bleu’ (22.56 °Brix). The highest TA was determined for ‘Nero” with
an average of 7.31 g-L ! and the control treatment (6.51 g-L~1). Within the treatments, the severe water
deficit treatment (5.67 g-L.~!) differed significantly from the control and the moderate water deficit
treatment (6.26 g-L ! and 6.51 g-L !, respectively). For total phenolic content, no differences among
the treatments were observed. Within the cultivars, ‘Nero” had the highest total phenolic content
(67.53 mg GAE 100 g~! FM), followed by “Muscat Bleu’ (46.36 mg GAE 100 g~! FM) and ‘Palatina’
(13.22 mg GAE 100 g~ ! FM) and lastly ‘Fanny’ with the lowest amount (7.39 mg GAE 100 g~ FM).
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Table 1. Table grape parameters at the plant level: Number of bunches per plant, yield per plant, TSS, TA, and total phenolic content of four three-year-old table grape
cultivars under three water deficit treatments in 2016.

Cultivar Muscat Bleu Fanny Nero Palatina
Parameter
Treatment
Control 1.13 2.13 1.38 0.63
Grapes per plant Moderate 1.13 B* 2.00 A 1.25 B 0.88 B
Severe 1.63 2.00 1.25 1.13
Control  44.17 189.76 96.44 36.20
Yield per plant (g) Moderate 46.17 B 216.10 A 57.49 B 73.72 B
Severe 42.31 179.65 54.54 52.23
Control  21.26 16.80 26.39 24.77
TSS (°Brix) Moderate 24.13 C 16.15 D 26.49 A 25.16 B
Severe 22.32 16.29 26.10 24.41
Control 7.04 a 5.43 a 7.90 a 6.86 a
TA (gL71) Moderate  6.27 a B 5.55 a C 6.73 a A 5.81 a BC
Severe 5.55 b 491 b 7.30 b n.a.
Total phenolic content Control  42.22 7.64 73.90 19.91
(m CfAE 100 g~ FW) Moderate 53.80 B 7.90 D 64.87 A 11.23 C
8 & Severe 4386 6.68 64.25 1033
ANOVA Grapes per plant Yield per plant TSS TTA Total phenolic content
Cultivar (C) <0.0098 ** <0.0001 wx <0.0001 o <0.0001 *** <0.0001 o
Treatment (T) 0.6363 n.s. 0.4115 n.s. 0.413 n.s.  0.0215 * 0.0837 n.s.
C*T 0.9445 ns. 0.4016 n.s. 0.525 n.s. 0.3225 n.s. 0.2279 n.s.

The data represents mean values (yield per plant) and mean values of back transformed data (bunches per plant, TSS, TA, and total phenolic content). Treatments included: Control:
daily irrigation to 75% of available water capacity; Moderate: daily irrigation to 50% of available water capacity; and Severe: daily irrigation to 25% of available water capacity. Total
soluble solids (TSS); titratable acidity (TA); Gallic acid equivalents (GAE); fresh weight (FW); gram (g); liter (L); milligram (mg); not available (n.a.). * Different letters indicate significant
differences for cultivar (capital letters) and treatment (lower case) for P < 0.05; No letters indicate no differences for cultivar and/or treatment. ANOVA: ***: P < (0.001; **: P < 0.01;
*: P < 0.05; not significant (n.s.).
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3.1.2. Bunch-Level

When comparing table grape parameters at the bunch level, significant differences between
the cultivars occurred for yield per bunch, marketable and non-marketable bunch yield, and the
number of non-marketable berries (Table 2). Yield per bunch of all cultivars was also affected by
the treatment. Number of berries and number of marketable berries per bunch showed significant
interactions between treatments and cultivars. Over all cultivars, ‘Fanny” was the cultivar with the
highest bunch yields (103.23 g). The smallest yields were found with ‘Muscat Bleu’ (35.25 g) and
‘Palatina’ (39.95 g). Within the treatments, the moderate water deficit resulted in the highest average
bunch yields (65.83 g), followed by the control (56.70 g) and lowest yields with the severe water deficit
(51.88 g). For marketable yield, maximum values were observed for ‘Fanny”’ (98.34 g), while ‘Muscat
Bleu’ had the lowest yields (29.86 g). The highest values for non-marketable yields were found for
‘Nero’ with approximately 8.83 g. The lowest values for yield losses were measured for "Muscat Bleu’
(0.57 g), and ‘Palatina’ (0.90 g). Regarding numbers of berries, we found similar results for total number
of berries and number of marketable berries per bunch. In the control irrigation treatment, ‘Nero’
was the cultivar with highest number of berries (42.32) and marketable berries (32.70) along with
‘Fanny (33.89). When moderately stressed, ‘Palatina’ had the highest total number of berries (55.33)
and marketable berries (39.05). ‘Fanny’ formed the most berries in total when severely stressed (32.97).
‘Muscat Bleu’ was the cultivar with the lowest number of berries and marketable berries within all
treatments. The number of non-marketable berries was highest in ‘Palatina’ (6.66), followed by ‘Nero’
(1.83). 'Fanny’ and ‘Muscat Bleu” were the cultivars with the lowest amount of non-marketable berries
per bunch (0.06 and 0.08, respectively).
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Table 2. Table grape parameters on the bunch level: Yield, marketable and non-marketable yield, number of berries, and number of marketable and non-marketable
berries of four three-year-old table grape cultivars under three water deficit treatments in 2016.

Cultivar Muscat Bleu Fanny Nero Palatina
Parameter
Treatment
Control 33.51 Ab* 96.15 ab 63.00 ab 34.13 ab
Yield (g per bunch) Moderate 3819 a C 117.76 a A 55.43 a B 51.91 a C
Severe 34.05 b 95.77 b 43.88 b 33.81 b
. Control 28.82 90.80 43.83 30.70
Mfrkfragfnﬁf)ld Moderate 32.10 C 11074 A 39.96 B 44.64 BC
&P Severe 28.73 94.03 34.13 29.39
. Control 0.26 1.26 11.43 0.64
Nonimazllfiti?;;leld Moderate 0.00 B 3.89 B 8.90 A 1.24 B
&P Severe 0.84 0.33 6.77 0.87
Number of berries Control 21.08 a C 33.54 a B 42.32 a A 40.92 b AB
(per bunch) Moderate 16.78 a C 33.74 a B 31.18 B 55.33 a A
P Severe 16.16 a C 34.58 a A 22.08 C B 35.84 b A
Number of marketable Control 1858 a B 33.89 a A 32.70 a A 24.82 b B
berries (per bunch) Moderate 1717 a C 34.90 a A 22.71 b B 39.05 a A
P Severe 15.94 a B 32.97 a A 19.27 b B 26.74 b A
Number of Control 0.80 0.06 2.86 3.12
non-marketable Moderate 0.01 B 0.11 B 2.76 A 12.03 A
berries (per bunch) Severe 0.07 0.03 0.78 7.85
. . Non-marketable . Number of Number of
ANOVA Yield Marketable yield yield Number of berries marketable berries ~ non-marketable berries
Cultivar (C) <0.0001 *** i <0.0001 *** <0.0001 X <0.0001 % <0.0001 X
Treatment (T) 0.0204 * n.s. 0.1421 nus. <0.0001 o 0.0196 * 0.4825 n.s.
C*T 0.2721 ns. n.s. 0.2635 n.s. <0.0001 o 0.0019 ok 0.2167 n.s.

The data represents mean values (yield per bunch, total number of berries per bunch, and the number of marketable berries per bunch) and mean values of back transformed data
(marketable and non-marketable yield and number of non-marketable berries). Treatments included: Control: daily irrigation to 75% of available water capacity; Moderate: daily irrigation
to 50% of available water capacity; and Severe: daily irrigation to 25% of available water capacity. Gram (g). * Different letters indicate significant differences for cultivar (capital letters)
and treatment (lower case) for P < 0.05; No letters indicate no differences for cultivar and/or treatment. ANOVA: ***: P < 0.001; **: P < 0.01; *: P < 0.05; not significant (n.s.).



Horticulturae 2018, 4, 45 8 of 15

3.1.3. Berry-Level

The quality and yield parameters of berries showed a significant impact of cultivar on all measured
parameters including single berry weight, skin, pulp, and seed weight, the number of seeds as well
as diameter, height and firmness (Table 3). Furthermore, water deficit treatment affected the number
of seeds per berry. Overall, 'Fanny” was the cultivar with highest weight of a single berry (3.76 g),
skin (0.51 g) and pulp (2.33 g). For seed weight and number of seeds per berry, ‘Muscat Bleu” was
the cultivar with the highest seed weight of 0.17 g per seed and approximately 2.7 seeds per berry.
Furthermore, the biggest berries were observed for ‘Fanny’ with an average of 17.67 mm in diameter and
a height of 18.38 mm. In contrast, ‘Palatina’ was the cultivar with the lowest single berry weight (1.17 g),
weight of skin (0.31 g), pulp (0.71 g), seed (0.06 g), and lowest number of seeds (1.5). For all cultivars,
number of seeds was affected by the treatment and severe water deficit resulted in higher numbers of
seeds per berry (2.4) in contrast to the control (2.1). ‘Palatina’” was determined as the cultivar with the
smallest berries (diameter: 12.45 mm, height: 13.55 mm), which were 30% smaller than ‘Fanny’. Even if
differences in berry size occurred for ‘Palatina” and ‘Fanny’, both cultivars had the highest firmness
(13.67 N and 14.73 N, respectively) and ‘Muscat Bleu” had the softest berries (11.45 N).

Table 3. Table grape yield and quality parameters on the berry level: Single berry weight, weights of
skin, pulp and seeds, diameter, height, and firmness of four three-year-old table grape cultivars under
three water deficit treatments in 2016.

Cultivar Muscat Bleu Fanny Nero Palatina
Parameter
Treatment
Control 2.01 3.52 1.77 1.08
Weight (g per berry) Moderate 2.79 B 508 A 194 C 124 D
Severe 2.36 3.79 2.00 1.20
Control 0.37 0.48 0.40 0.20
Skin weight (g FM per berry) Moderate 0.33 BC 057 A 037 B 034 C
Severe 0.39 0.49 0.46 0.42
Control 1.13 2.30 0.56 0.84
Pulp weight (g FM per berry) Moderate 1.24 B 237 A 079 C 084 C
Severe 1.34 2.33 0.84 0.47
Control 0.16 0.12 0.09 0.06
Seed weight (g FM per berry) Moderate 0.21 A 015 B 0.09 C 006 D
Severe 0.16 0.16 0.14 0.06
Control 2.51 b 230 b 198 b 147 b
Number of seeds (per berry) Moderate 252 ab A 269 ab A 211 ab B 144 ab C
Severe 3.07 a 276 a 244 a 1.66 a
Control 13.94 17.35 12.37 12.61
Diameter (mm) Moderate 14.40 B 1771 A 12,60 C 1257 C
Severe 14.80 17.95 13.17 12.17
Control 15.54 18.09 15.15 13.76
Height (mm) Moderate 16.64 B 1846 A 1532 C 1375 D
Severe 16.84 18.62 15.59 13.12
Control 11.26 14.87 10.88 14.58
Firmness (N) Moderate 11.75 B 1511 A 1074 B 1282 A
Severe 11.33 14.23 10.74 13.59
ANOVA Weight Skin weight Pulp weight Seed weight

Cultivar (C) <0.0001 o 0.0002 *** <0.0001 *** <0.0001 ***
Treatment (T)  0.0933 ns. 0.0911 ns. 0.4900 n.s. 0.0864 n.s.

T 0.9237 ns. 0.2491 ns. 0.1736 n.s. 0.1061 n.s.
Number of Seeds Diameter Height Firmness

Cultivar (C) <0.0001 o <0.0001 *** <0.0001 *** <0.0001 ***
Treatment (T)  0.0239 * 0.3277 n.s. 0.4132 ns. 0.6837 n.s.
T 0.9263 ns. 0.8211 ns. 0.7352 n.s. 0.8105 n.s.

The data represents mean values (pulp weight, seed weight, number of seeds per berry, diameter, height, and firmness)
and mean values of back transformed data (weight per single berry and skin weight). Treatments included: Control:
daily irrigation to 75% of available water capacity; Moderate: daily irrigation to 50% of available water capacity;
and Severe: daily irrigation to 25% of available water capacity. Fresh mass (FM); gram (g); millimeter (mm); Newton (N).
“ Different letters indicate significant differences for cultivar (capital letters) and treatment (lower case) for P < 0.05;
No letters indicate no differences for cultivar and/or treatment. ANOVA: ***: P < 0.001; **: P < 0.01; *: P < 0.05; not
significant (n.s.).
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3.2. Water Use and Water Contents of Soil, Plant and Leaves

In 2016, the water deficit treatments were applied daily from fruit set to harvest
(June to September). Maximum water volumes were applied for the control treatment (Table 4).
The cultivars differed in the volume of water that was applied, which was based on daily measurements.
The highest values for irrigation volumes were observed for ‘Nero” (891 mm) and the lowest volumes
of water were applied to ‘Muscat Bleu’ (761 mm). Moderately stressed plants received 0.2 to 82 mm less
water as compared to the control, which saved 0% water in ‘Muscat Bleu’ and 9% in “Nero’. The highest
reduction in applied water was achieved in the severe stress treatment with 164 mm to a maximum of
263 mm in ‘Fanny’. This stands for a reduction of 22 to 31% of irrigation water.

Table 4. Amounts of applied water (mm), differences in amount of applied water (mm) and water
savings (%) from fruit set to harvest under different water deficit treatments in 2016 in table grape
cultivars ‘Muscat Bleu’, ‘Fanny’, ‘Nero’, and ‘Palatina’.

Cultivar Muscat Bleu Fanny Nero Palatina
Parameter
Treatment
Irricati Control 761.2 859.7 891.0 832.0
m?"‘t}on amo;“ts (o) Moderate 760.9 787.1 809.1 784.2
ruit set to harvest Severe 596.9 597.0 637.4 598.0
Differences of irrigation Control—Moderate 0.2 72.6 81.9 47.8
amounts (mn%) Moderate—Severe 164.1 190.1 171.7 186.2
Control—Severe 164.3 262.7 253.6 234.0
Control—Moderate 0.0 8.4 9.2 5.7
Saved water (%) Moderate—Severe 21.6 24.2 21.2 23.7
Control—Severe 21.6 30.6 28.5 28.1

Measurements of soil volumetric water content (VWC) before and during the experiment differed
significantly among cultivars (Table 5). Overall, ‘Palatina’ had the highest VWC in all measurements,
ranging between 34.73% at saturation and 17.74% VWC at harvest. Lowest values of soil moisture
content were measured for ‘Fanny’ at harvest with 12.24% VWC. In June, when pots were saturated,
no differences between the water deficit treatments were observed. Significant differences were
found for the irrigation treatments, having the lowest VWC values for severe water deficit treatment
(July (14.02%), August (13.08%), and September (12.37%)) and highest in the control treatment
(July (20.26%), August (20.66%), and September (20.08%)).

For plant and leaf water content, significant differences among cultivars were found (Table 6).
‘Palatina’ was the cultivar having the highest water content in both plant (63.53%) and leaf (69.34%)
tissues. The cultivar ‘Nero” had the lowest water content (plant (60.64%) and leaf (66.01%). Within
treatments, water deficit did not affect plant water content, but affected leaf water content. Moderate
(67.75%) and severe water deficits (67.71%) showed no differences, while they differed significantly
from the control (69.11%).
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Table 5. Soil volumetric water content (in %) at soil saturation and during the experiment of four
three-year-old table grape cultivars under three water deficit treatments in 2016.

Volumetric Water Content® (in %) Cultivar Muscat Bleu Fanny Nero Palatina
Treatment
Control 31.41 32.15 33.27 35.49
June Moderate 30.06 (@ 31.95 B 33.21 AB  34.00 A
Severe 29.83 33.82 33.89 3471
Control 20.11 a 19.69 a 18.28 a 23.18 a
July Moderate 1410 b B 1505 b B 1569 b B 1889 b A
Severe 13.72 c 13.00 c 13.59 c 15.93 c
Control 20.80 a 1928 a 1859 a 2427 a
August Moderate 1499 b B 1379 b BC 1382 b C 1888 b A
Severe 13.32 c 12.87 [ 11.95 C 14.28 c
Control 21.77 a 16.00 a 20.95 a 22.11 a
September Moderate 1580 b B 1156 b C 1720 b AB 1851 b A
Severe 12.40 c 9.82 [ 14.21 C 13.46 C
ANOVA June July August September
Cultivar (C)  <0.0001 *** <0.0001 =+ <0.0001 i <0.0001 whx
Treatment (T) 0.4600 n.s. <0.0001 »*+ <0.0001 i <0.0001 whx
C*T 0.7557 n.s. 0.3728 ns.  0.3740 ns. 0.3591 ns.

ZJune: Volumetric Water Content was measured two weeks before water deficit treatment at soil saturation.
July: Volumetric Water Content was measured two weeks after start of water deficit treatment before irrigation.
September: Volumetric Water Content was measured before harvest. The data represents mean values of back
transformed data of Volumetric Water Content. Treatments included: Control: daily irrigation to 75% of available
water capacity; Moderate: daily irrigation to 50% of available water capacity; and Severe: daily irrigation to 25% of
available water capacity. ¥ Different letters indicate significant differences for cultivar (capital letters) and treatment
(lower case) for P < 0.05; No letters indicate no differences for cultivar and/or treatment. ANOVA: ***: P <0.001;
**: P <0.01; *: P < 0.05; not significant (n.s.).

Table 6. Plant and leaf water content (absolute values) of four three-year-old table grape cultivars
under three water deficit treatments at harvest in 2016.

Cultivar Muscat Bleu Fanny Nero Palatina
Parameter
Treatment
Control  62.13 63.21 60.84 63.04
Plant water content Moderate 60.20 BCZ 63.12 AB 60.14 C 64.94 A
Severe 61.76 62.49 60.94 62.59
Control  69.59 a 6941 a 6750 a 6992 a
Leaf water content Moderate  66.20 b A 69.36 b A 6624 b B 69.12 b A
Severe 68.70 b 68.81 b 6425 b 6898 b
ANOVA Plant water content Leaf water content
Cultivar (C) 0.0020 ok <0.0001 b
Treatment (T) 0.8797 n.s. 0.0295 *
C*T 0.4909 n.s. 0.1592 ns.

The data represents mean values of back transformed data of plant and leaf water content. Treatments included:
Control: daily irrigation to 75% of available water capacity; Moderate: daily irrigation to 50% of available water
capacity; and Severe: daily irrigation to 25% of available water capacity. “Different letters indicate significant
differences for cultivar (capital letters) and treatment (lower case) for P < 0.05; No letters indicate no differences for
cultivar and/or treatment. ANOVA: ***: P < (0.001; **: P < 0.01; *: P < 0.05; not significant (n.s.).

4. Discussion

Only a few studies have focused on the comparison of yield and quality of different table grape
cultivars exposed to water deficits [22], especially on young vines. Most studies have investigated
the performance of a single cultivar [9,10,27,28] most of which to our knowledge are not cultivated in
Germany currently. Therefore, the aim of our experiment was to evaluate the effect of water deficit
treatment on quality and yield of four 3-year old, own rooted and potted table grape cultivars already
grown in Germany and to evaluate their suitability for a potential cultivation under foreseen water
limiting conditions due to climate change.

Overall, the different water deficit levels had only a minor effect on yield and quality of the table
grape cultivars in our study. Vines did not reduce total plant yield or berry size even if AWC was
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lowered by 50% in the severe treatment, which resulted in a water saving of up to 31% irrigation water.
However, at the bunch level, cultivars responded to the deficit by decreasing bunch yield and produced
highest yields when vines were moderately stressed. This indicated that a moderate water deficit and
stress treatment may have a beneficial effect on bunch weights in comparison to the control and the
severe water deficit treatments, which achieved lower yields. Most grapevine studies have reported
that drought stress and limited water supply led to decreasing bunch yields as well as berry sizes and
weight [9,15,22]. Differences between the results of these studies and our study can be explained by
variations in plant age, timing, duration, and intensity of water deficits during the growing season.
In general, water limitation in the early season is known to reduce berry size more than late season
deficits [22]. Tarricone et al. [27] reported a negative effect on bunch weight, berry weight, and berry
size during the early fruit growth stages of ‘Sublima Seedless’, when mild or severe drought stress
was applied at the beginning of berry set. In our study, the total number of berries and number of
marketable berries showed a cultivar specific reaction to the deficit. ‘Nero’ decreased the total number
of berries as well as the number of marketable berries per bunch and a moderate deficit resulted in
the highest number of berries in ‘Palatina’. The remaining cultivars reacted to the water limitation in
the same manner as reported by Conesa et al. [16], where the number of berries of ‘Crimson Seedless’
was not influenced by different deficit treatments. Further, the firmness of berries is an important
quality parameter of table grapes, as it determines the acceptance of consumers along with post-harvest
quality [12,29]. Decreasing fruit firmness was described by several authors, when vines were treated
with increasing water limitation and drought stress levels [12,18]. However, Zuniiiga et al. [9,30]
did not find decreasing fruit firmness when screening the response of quality and yield parameters
of ‘Flame Seedless” and “Thompson Seedless’ to different irrigation amounts. Overall, firmness is
known to be highly dependent on the maturity stage of the berries, turgor pressure, water content [31],
epidermal deterioration, and increasing cell wall elasticity [32]. Therefore, our results indicated an
adequate water supply to maintain fruit firmness when water limitation occurred.

TSS, an important quality factor, did not increase or decrease when water deficit increased.
Faci et al. [22] observed similar results when irrigation was limited, while the TSS values in a
study of El-Ansary et al. [18] increased when drought stress intensified. Increased TSS contents
are most likely caused by a concentration effect, due to smaller berries and/or reduced shoot growth
combined with the reallocation of carbohydrates [14]. Therefore, since berry size and weight did not
decrease with the severity of water deficit in our study, no concentrating of sugar within the berries
occurred. Furthermore, total phenolic content was neither positively nor negatively affected when
water deficit became more severe. This indicated that the plants most likely did not activate the
phenolic biosynthesis pathways as a defense mechanism [16]. The only internal quality parameter
in our study that decreased when water deficit increased was TA. Williams and Matthews [33] and
Dos Santos et al. [34] reported higher TA in the control group or fully irrigated treatments as TA is
known to be influenced by and respond to irrigation [33].

In contrast to the water deficit treatments, cultivar was the primary factor affecting yield and
quality in our study regardless of the deficit treatment implemented. ‘Fanny’ was the cultivar that
produced the highest number of bunches per plant in the first year of fruit production. The other
cultivars differed in the number of fruit-producing plants, where at least four vines produced a
minimum of one bunch per plant. Differences between the number of fruit-yielding plants per cultivar
resulted in major yield differences. As vines were only three years old and in their first year of fruit
production, this fact might have contributed to the large differences between cultivars. Furthermore,
variations in the ability of buds to produce flowering bunches (fruitfulness) in grapevine cultivars were
found by Somkuwar [35] in India, where “Thompson Seedless’ showed high variation, while ‘Muscat
Hamburg’ and ‘Arkavati’, which are known for consistently high fruitfulness, did not. In a study
by Lisek [36], twenty table grape cultivars were compared regarding yield and healthiness. Overall,
differences between the cultivars were found by Lisek [36], where ‘Muscat Bleu’ was the cultivar
producing the highest marketable yields within the six-year study, ranging between 0.65-2.52 kg
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per vine and year. ‘Fanny’ produced lower yields (0.68-2.51 kg per vine and year) compared to
‘Muscat Bleu’, but had higher bunch and berry weights. In our study, ‘Fanny” was the cultivar
with the highest yield per vine, bunch yield, and marketable yield. Compared to field studies of
Lisek [36], Zulini et al. [37] and Kadir et al. [38] (Table 7), lower yields per plant were determined in
our study. According to Lisek [36], differences in the yield of grapevine depend mainly on genetic
factors, plant age, climatic conditions, fruitfulness, and fertilization. At harvest, all screened cultivars
reached maturity (based on OIV maturity standards for table grapes [39]) having an equal or higher
TSS degree of 16 °Brix or higher and a TSS:TA ratio higher than 20:1. Within the selected table grapes,
high variations in TSS were found. Overall, the highest TSS values and softest berries of ‘Nero’
occurred most likely as a consequence of a delayed harvest time for this cultivar, as Kadir et al. [38]
described ‘Nero’, in a comparison of 24 wine and table grape cultivars, as a European cultivar with an
early harvest time. In our study, over-ripening and dehydration of the berries, due to a late harvest
date, could have led to the decrease in quality such as the higher amount of shriveled, non-marketable
berries in ‘Nero’. Lisek [36] reported lower TSS values for ‘Fanny’ and ‘Muscat Bleu” (14.3% and
15.8% respectively). These values are lower than our results as the grapes in the study of Lisek [36]
were harvested at individual harvest dates and climatic differences between Poland and Germany
may result in lower TSS values. The highest amounts of bioactive compounds (total phenolic content)
were found in the cultivar ‘Nero’, classified as a blue, black grape [38] followed by the blue cultivar
‘Muscat Bleu’. Within the green table grapes, the highest total phenolic contents were measured in the
skin of ‘Palatina’ berries, while ‘Fanny” had the lowest content of all four cultivars. Kanner et al. [40]
and Katalini¢ et al. [41] also found variations in wine grapes and table grapes ranging from 260 to
930 mg-kg ! and 435 to 3486 mg-kg !, respectively. Values of most of our cultivars were in the same
range, with total phenolic contents between 73.9 to 675.3 mg-kg~! FW. In most cases, red /blue grape
skins have a higher total phenolic content than white/green grapes. However, cultivar differences are
reported as main reason for higher or lower phenolic contents in grape berries, not the skin color of
the berries [41-43].

Table 7. Yield and maturity characteristics of field grown table grape cultivars ‘Muscat Bleu’, ‘Fanny’,
‘Nero’ and ‘Fanny’ based on literature.

Cultivar Muscat Bleu Fanny Nero Palatina
Parameter
Yield (kg-plant~1) 0.65-2.521 [36]  0.68-2511 [36] 1.5-6.5 [37,38] 3.2 [37]
Bunch weight (g) 93-181 [36] 239-281 [36,37] 46-138 [38] 152 [37]
Total soluble solids (°Brix) ~ 15.8-184  [36,37]  14.3-154 [36,37]  17.3-19.8 [38] 19.0 [37]
Titratable acidity (g-L_1) 5.20 [37] 4.49 [37] 6.2-8.7 [37,38] 7.64 [37]
TSS:TA ratio 35.38 2 [37] 3432 [37] 21.492 [37] 24.872 [371

! Marketable fruit yield; ? Calculated based on TSS and TA values given by Zulini et al. [37]. Gram (g); kilogram (kg);
liter (L); Total soluble solids (TSS); Titratable acidity (TA).

5. Conclusions

Yield and quality parameters of four young table grape cultivars grown under controlled
conditions in Germany were affected only to a minor extent by water deficits during fruit development.
Severe and prolonged limitation of irrigation water saved up 31% of irrigation water compared to
the control, without having a major influence on important fruit quality parameters. Highest bunch
yields were produced when a moderate water deficit (9% saved water) was implemented. Based on
our results, the tested cultivars could be suitable for cultivation under water deficit due to climate
change. ‘Fanny’, the cultivar having the highest fruitfulness, yields, and biggest berries regardless of
water deficit level, was the most promising cultivar and should be further investigated. Moreover,
since the taste of table grape cultivars is one of the most important quality parameters for consumers,
sensory panels should be conducted to check the acceptance of the most promising cultivars.
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Figure A1. Daily mean values of air temperature and air humidity in the open greenhouse during the
experimental period from fruit set until harvest in 2016.
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