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values were observed in the height maps when considering all the vineyard’s vegetation with data
from the first flight campaign. The same was verified in the fourth flight campaign for the CWSIL.

Table 2. Quantitative comparison using the local Moran’s index of the normalized difference vegetation
index (NDVI) vigour classes in the three different approaches considered to the crop surface model
(CSM) and crop water stress index (CWSI) classes with a p-value < 0.001, for each flight campaign (F#).

Vigour map Approach 1 Approach 2 Approach 3
F# CSM CWSI CSM CWSI CSM CWSI
1 0.32 - 0.39 - 0.35 -
2 0.53 - 0.50 - 0.50 -
3 0.41 0.44 0.37 0.43 0.36 0.41
4 0.65 0.40 0.67 0.63 0.70 0.66
5 0.59 0.39 0.66 0.59 0.67 0.57

The local spatial autocorrelation enabled the creation of clusters maps using BILISA to evaluate
HH, LL, LH, and HL patterns between vigour maps of the different flight campaigns and between
vigour maps and their correspondent height and water stress maps.

BILISA cluster map for the three evaluated vigour map approaches and its association with
height maps is presented in Figure 11. As for the first approach (Figure 11a), there was a clear spatial
correlation with a higher significance in the left and right sides of the vineyard plot, corresponding,
respectively, to LL and HH associations. However, a smaller number of significant LH and HL clusters
were detected. Regarding the other two approaches (Figure 11b,c) that considered only the grapevines’
vegetation, similar spatial patters were found for HH and LL. Furthermore, a significant HL cluster
could be found in the southwestern part of the vineyard plot in the fourth and fifth flight campaigns.
Significant LH clusters were found in the southeastern part of the vineyard in the second, third,
and fourth flight campaigns for the second approach (Figure 11b).

Figure 11. BILISA cluster maps between NDVI vigour maps and CSM height maps for the three
evaluated approaches: (a) first approach, (b) second approach, and (c) third approach. Associations
with a p-value < 0.05 are highlighted with a black border.

Figure 12 presents the BILISA cluster maps generated from the spatial associations among vigour
maps and water stress maps (Figure 10). Significant associations were found when using the first
approach, with a representative HH cluster present in the northeastern region of the vineyard plot and
a LL cluster in the vineyard’s left side. When considering only the grapevines’ vegetation, a similar
behaviour was observed in the third flight campaign. In the remaining flight campaigns, a significant
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LL cluster existed in the left part of the vineyard, but a lower significance was found for HH in the
northeastern part. A high significance among the values was detected in the southern region, which
presented HH and LH associations.
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Figure 12. BILISA cluster maps between NDVI vigour maps and CWSI maps for the three evaluated
approaches: (a) first approach, (b) second approach, and (c) third approach. Associations with a p-value
< 0.05 are highlighted with a black border.

Considering the BILISA clusters maps from the vigour maps for each evaluated approach when
comparing consecutive flight campaigns (Figure 13), similar patterns were observed in all approaches
and significant LH clusters were identified when comparing the first and second flight campaigns
considering only the grapevines’ vegetation (Figure 13b,c).
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Figure 13. BILISA cluster maps between NDVI vigour maps of two consecutive flight campaigns
for the three evaluated approaches: (a) first approach, (b) second approach, and (c) third approach.
Associations with a p-value < 0.05 are highlighted with a black border.
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4. Discussion

In this section the most meaningful results achieved in this study are discussed: (i) the
multi-temporal analysis of the studied vineyard plot; (ii) the generated vigour maps; and (iii)
spatial correlations between vigour maps, grapevines” height, and potential water stress.

4.1. Multi-Temporal Analysis

The vineyard multi-temporal dynamics can be better understood using the orthorectified results
obtained via photogrammetric processing of the UAV-based imagery (Figure 5) though their visual
inspection in a geographical information system (GIS) [69].

Orthophoto mosaics can be used to detect missing grapevines and to manage vineyard in-field
operations [64]. Vegetation indices (e.g., NDVI) can provide an overall assessment of vegetation vigour
and potentially detect phytosanitary problems, such as flavescence dorée [37] and esca [70]. Leaf canopy
temperature maps and CWSI can suppress the need to manually measure leaf water potential in the
field [35]—a time-consuming approach, usually not performed in the whole vineyard—as well as be
used for irrigation management [71].

In this study, an overall NDVI decline was noticeable from the third flight campaign onward
(Figure 5a F4, F5). This was related to the grapevines’ vegetative cycle and to the decline of inter-row
vegetation. Regarding height values obtained from each flight campaign’s CSM (Figure 5b), a clear
distinction existed between grapevine and non-grapevine vegetation (e.g., soil and inter-row vegetation),
except for in the first flight campaign (Figure 5b F1). Land surface temperature (Figure 5c) was clear-cut
between flight campaigns. In fact, in the fourth and fifth flight campaigns (Figure 5c F4 and F5), there
were some signs of the grapevines’ water stress.

Removing non-grapevine elements from the vineyard imagery provided a different perspective
on the results, as confirmed in Table 1. Indeed, this enabled the production of estimate parameters
such as the overall inter-row vegetation and the grapevines’ area and volume (Figure 6). The estimated
grapevines’ vegetation area in the first flight campaign was 81 m? (3% of the vineyard plot) and in the
second flight campaign, a 181 m? growth took place (262 m?, 9% of the vineyard plot). As for the third
flight campaign, there was a growth of 255 m? to 518 m? (18% of the vineyard plot). In the following
flight campaigns, the grapevines’ vegetation area was reduced by 199 m? (~38%) to 319 m?. Regarding
the grapevines’ canopy volume, it was modified by +634%, +160%, —41%, and —12% in between each
successive flight campaign, respectively. Concerning the inter-row vegetation area, it presented a
behaviour consistent with the available precipitation data (Figure 2). Indeed, it had a 214% growth
in between the first two flight campaigns (from 181 m? to 569 mz), representing 20% of the vineyard
plot area. A steep decline was noticeable in the third and fourth flight campaigns (a decline of 95%
to 26 m?), followed by a growth in the last flight campaign (88 m?). As such, the vineyard inter-row
vegetation was a good indicator of soil water status. The same tendency had already been verified in
Padua et al. [64].

By comparing the mean, maximum, and minimum values observed in the different outcomes,
either when considering the whole vineyard or only grapevines’ vegetation (Table 1), there was a clear
difference among the flight campaigns. Mean NDVI values were superior in all flight campaigns when
considering only the grapevines’ vegetation. The same tendency was verified in the CSM. This can be
explained by the presence of a significant amount of lower values in the non-grapevine vegetation
areas. However, the maximum NDVI values in the first, second, and fourth flight campaigns were
registered in non-grapevine vegetation areas. Inter-row vegetation can account for this. Regarding
maximum CSM values, they were similar in all flight campaigns, except for the first one, where the
maximum height was detected in a non-grapevine area (probably a vineyard post). Minimum CSM
and NDVI values were lower in non-grapevine areas. As for temperature-based outcomes (land surface
temperature and CWSI), the opposite behaviour was found for the maximum values: they were located
in non-grapevine vegetation areas. Mean temperature and CWSI values were lower in the grapevines’
vegetation areas, as it was expected due to the existence of bare soil areas in the vineyard. Minimum
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temperature and CWSI values were similar in both approaches since they were found in the grapevines’
vegetation areas. These results showed the importance of grapevines’ vegetation segmentation when
analyzing a whole vineyard plot. The grapevines’ vegetation segmentation could improve the results
in studies where this operation was not automatically performed, which is beneficial for removing
non-grapevine elements from the analysis. Such an automatic procedure could help in the evaluation
of vegetation indices [21], to detect flavescence dorée and grapevine trunk diseases [72], and to estimate
grapevines’ biophysical and geometrical parameters [73].

4.2. Vigour Maps

Vigour maps generated when considering the whole vineyard provided an overall perspective
(Figure 7a) about the studied area. Indeed, influences from bare soil and especially inter-row vegetation
were clearly noticeable. Generally, the medium vigour class had the smaller area (Figure 8a) and the
high vigour class encompassed the majority of the grapevines’ canopy volume (Figure 8b). The latter
was, on average, 150% higher than the other vigour classes. A high homogeneity was verified for
the last two flight campaigns. The same happened from the second to the last flight campaigns,
when computing height maps from the CSM and all campaigns with CWSI. The whole vineyard was
considered in both. Positive correlation values were found for the LMI (Table 2). Moreover, the verified
homogeneity resulted in meaningful HH and LL areas when comparing vigour maps with CSM and
CWSI in the same flight campaign.

Different results were obtained in the other two approaches, where only the grapevines’ vegetation
was considered to create vigour maps. The higher incidence of missing grapevine plants in the left area
of the vineyard remained almost the same throughout all flight campaigns. This was not noticeable
in the first two flight campaigns’ vigour maps when considering the whole vineyard, probably due
to an effect caused by inter-row vegetation. Other studies reported similar trends using vigour
maps produced from the UAV-based NDVI [22,51] when excluding inter-row vegetation. Moreover,
Vanegas et al. [74] found positive correlations when comparing vigour maps created from UAV-based
data and a vineyard expert assessment.

As for vineyard area, when considering only grapevine vegetation, it presented a more balanced
behaviour. The third approach, normalized grapevines’ vegetation, showed a considerable area
of medium vigour class, particularly in the last three flight campaigns due to the fixed cut-off
values to create vigour classes. Both approaches, grapevines’ vegetation and normalized grapevines’
vegetation, presented insignificant grapevines’ canopy volume values in the lower classes. Moreover,
when considering normalized grapevines’ vegetation, canopy volume values were predominant in the
medium vigour class, in agreement with the vineyard’s overall vegetative growth and decline (growth
from first to the third flight campaigns and decline onward). Similar relations between vigour and
the grapevines’ canopy volume were reported in other studies [73,75]. A higher heterogeneity was
verified when observing both the CSM and CWSI maps generated with the approach that considered
the normalized grapevines’ vegetation. In fact, when analyzing the CWSI maps from the last two
flight campaigns (Figure 10), a period of the grapevines’ water stress was observed. However, this
period was not clearly distinguishable in a visual map inspection based on data from the first approach
(when the whole vineyard was considered). These correlations were observed in the BILISA cluster
maps (Figure 12b,c), where areas with a high vigour showed a HL relationship with the CWSI maps,
and significant agreements could be observed in the third flight campaign. A similar trend was reported
in Matese and Di Gennaro [23]. Significant spatial associations were found in all approaches—whole
vineyard, grapevines’ vegetation, and normalized grapevines’ vegetation—when analyzing the height
class maps (Figure 11). Although lesser associations were found in the first flight campaign, this can
be explained with the grapevines’ growth cycle. In this case, significant HL areas were found in the
approaches considering only the grapevine vegetation. Similarly, Matese et al. [75] observed that some
areas with a higher vigour were linked to areas with higher heights.
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This study analyzed a vineyard’s behaviour throughout a season with a multi-temporal approach
based on multispectral data acquired using a UAV. Furthermore, correlations between the different
digital outcomes were found. This presents a potential tool for multi-temporal vineyard assessment
and can serve as a base to provide prescription maps, similar to Campos et al. [52], since they can be
correlated with agronomical variables (e.g., yield, berry weight, and total soluble solids), as shown in
Matese et al. [56]. Indeed, patterns detected when comparing vigour maps from consecutive flight
campaigns (Figure 13) highlighted differences in the multi-temporal data, which helps to understand
local and spatial grapevines’ vegetative development dynamics throughout the season. However,
filtered data considering only values representing grapevines’ vegetation, therefore representing the
plants’ physiological status, was proven to be more reliable when comparing the evaluated approaches
(Table 2); that is to say, it had a higher overall correlation. As such, it stands to be an excellent tool for
decision support systems within vineyard management processes.

5. Conclusions

Climate change can heighten key environmental vectors that negatively impact vineyards.
Grapevines can be weakened by both water stress and exposure to higher temperatures, which will
increase their vulnerability to phytosanitary issues. UAVs equipped with different sensors can be used
to regularly monitor grapevines, documenting changes in the vegetation or signs of diseases/infestation,
as well as any stress caused by environmental constraints.

In this context, the need to evaluate current vineyard behaviour is crucial to proceed toward PV.
Vigour maps can help to provide relevant insights, helping farmers and/or winemakers to understand
their vineyards status and enabling timely actions to tackle problematic areas or observing response to
treatments. Furthermore, the methods employed in this study to filter out non-grapevine vegetation
presented a better vineyard representation, which can be used to assess a vineyard’s variability, but also
to help in managing field-operations, such as those to inspect grapevines or to improve grapevines’
physiological status.

The use of methods to compare spatial correlations allowed us to obtain a spatial distribution of
significant clusters among the different approaches evaluated for creating vigour maps. The importance
of using different UAV-based outcomes to estimate biophysical and geometrical parameters shows the
suitability of UAVs as a remote sensing platform for vineyard multi-temporal monitoring operations.
This study allowed us to conclude that the need for UAV-based data can be tracked according to a
vineyard’s phenology. Moreover, TIR data should be acquired in periods of higher temperatures to
assess areas potentially affected by water stress. Nevertheless, the analysis presented in this study
should be assessed in other vineyard types, such as those with irrigation systems, with a lower rate of
missing grapevines, and in other wine producing regions with different grapevine training parameters.
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Abstract: ‘Uva Rey’ is considered an Andalusian (Spain) ancient autochthonous cultivar with
hard white grapes used for the production of wine and raisins and also for raw consumption.
Currently, this cultivar is not included in the official register of Spanish grapevine varieties and
there is neither a description nor a characterization that could facilitate its insertion in this register.
In order to study this genetic resource, a genetic and morphological characterization of "Uva Rey’
has been carried out in comparison with "Palomino Fino’, the main cultivar in Andalusia (Spain).
Additionally, grape must physicochemical characterization and grape berry texture profile analyses
were performed. Genetically, 'Uva Rey’ was synonymous with the cultivar ‘De Rey’. "Uva Rey’ grape
must physicochemical results showed a lower sugar concentration and a higher malic acid content
compared to 'Palomino Fino’ must, while the analysis of the grape berry texture profile proved to
be more consistent and cohesive. These results can be attributed to the longer phenological cycle
presented by ‘Uva Rey’. All these facts could lead to consideration of ‘Uva Rey” as a cultivar for the
production of white wines in warm climate regions.

Keywords: Vitis vinifera; autochthonous cultivar; "Uva Rey’

1. Introduction

Grapevine (Vitis vinifera L.) is one of the most ancient and important fruit crops worldwide [1].
Around 12,500 cultivars have been registered in the Vitis International Variety Catalogue [2]. However,
based on their DNA profiles, the number of grapevine varieties is estimated at around 5000, many of
them closely related [3,4].

Nowadays, 7.4 mHa of the Earth area is covered by grapevines, with Spain being the first country
in terms of cultivated land extension. Spanish vineyards cover thousands of hectares and produce
approximately 44.4 mHL of wine per year [5]. For that reason, viticulture could be considered as
one of the most important socioeconomic sectors in the Spanish agro-industrial network. Grapevine
cultivation throughout the country, and the significance over time, have led to a grapevine heritage
of great magnitude. Spain’s varietal heritage had continuously increased from its origin until the
arrival of diseases and pathogens from America (mildews and Phylloxera) [6]. According to Garcia de
los Salmones [7], the first Phylloxera outbreak in Spain was detected in Malaga (Andalusia) in 1876.
From that moment on, this pathogen spread throughout the whole country and destroyed more than
1,000,000 ha, which caused serious damages to the Spanish native germplasm [8]. In order to preserve
the maximum number of Vitis vinifera genetic diversity, a number of germplasm banks were created.
"El Encin’, the most important germplasm bank in Spain, was established in 1914 in Alcala de Henares
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(Madrid, Spain) [9]. Later on, the currently germplasm bank known as ‘Rancho de la Merced’, was
created in 1940, with the first collection of grapevines in Jerez de la Frontera (Andalusia, Spain) [10].

From then on, the prospection, collection and conservation of different grapevine cultivars
as a genetic resource have been the subject of numerous studies that intend to preserve those
cultivars considered as autochthonous [7-11]. For the identification of that genetic material,
molecular characterization using Simple Sequence Repeats (SSR) markers [12], ampelographic [4] and
physicochemical [13] techniques have been used. Grapevine genotypes are highly heterozygous and
the relevance of near-homozygous lines was not considered until recently due to the need to generate
high quality reference sequences [14], and has been maintained in cultivated plants through vegetative
propagation [15].

Modern wine industries only use a limited number of Vitis vinifera cultivars [16]. In Spain,
by virtue of the Spanish Royal-Decree-Law (RD) 1338/2018, only those varieties that have been properly
registered can be planted [17]. However, there is a current trend towards the production of genuine
and characteristic wines [18]. Currently, the changing climate is expected to impose new challenges
to varietal selection. Since grapevine varietal suitability is strongly linked to regional environmental
conditions, growers are prone to select varieties that are best suited to these changing agroclimatic
factors [19].

As a result, autochthonous cultivars, such as ‘Uva Rey” would require to be identified and
characterized, since they were already used for wine making in the 19th century in southwestern
regions in Andalusia [20]. Roxas Clemente [21] included this variety in Tribe III of the First Section
and indicated that it was cultivated under different denominations in different districts within Cadiz
and Seville provinces in Andalusia. Regarding its grapes, this author described them as very large,
round, somewhat golden and with a long cycle. With regards to its winemaking potential, Abela [22]
confirmed that this grape variety was able to produce fine wines with plenty of mouth-feel and acidity.

The main objective of this research work is to complete the characterization of the cultivar
"Uva Rey’ as currently kept in a specific vineyard located in Andalusia (Spain). For this purpose,
the genetic identification, the ampelographic characterization, the grape berry texture profile analysis
and the physicochemical characterization of the grape musts have been carried out.

2. Materials and Methods

2.1. Plant Material and Experimental Design

A total of 10 plants of "Uva Rey’ from a vineyard in the town of Chiclana de la Frontera municipal
district (Andalusia, Spain) were selected (lat. 36°27/30.6” N; long. 6°05'46.2” W; 69 m above sea
level). In addition, ‘Palomino Fino” was used as a reference cultivar for all the studies, as it is the
most widespread variety in the southwest of Andalusia [23]. Both cultivars were 15 years old and
had been grown with the same vine spacing (2.30 X 1.15 m) as well as trained according to the "Vara y
Pulgar’ (stick and thumb) system. Additional Figures Sla—c and S2a—c show the temperature, humidity,
radiation and rainfall during the period from July (veraison) to September (harvest) for 2016 and 2017
respectively. For the genetic characterization of the cultivar, four varieties: ‘Cabernet Sauvignon’,
’Chardonnay’, "Muscat a Petits Grains Blancs’ and "Pinot Noir” were included as reference to compare
their genotype databases and confirm the new cultivar accession identity (Table 1).

The morphological description and the texture profile analysis (TPA) of the berries as well as the
grape must characterization were carried out for "Uva Rey” and "Palomino Fino’ cultivars from the
same vineyard and in two consecutive years (2016 and 2017) in order to study the vintage effect on the
different cultivars. Both cultivars were grown at the same vineyard and under the same agroclimatic
conditions, the cultural practices and were harvested in the same period (first week in September).
In order to minimize variability due to grapevine sampling, Santesteban et al. [24] criterion was applied.
For this purpose, the trunk cross sectional area (TCSA) of a total of 50 vines were measured at 30 cm
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height using a digital Verner calliper Maurer 93,110 (Padova, Italy). Of all the vines measured, 10 were
selected and marked as their TCSA value was the closest to the TCSA average + 10%.

2.2. Microsatellite Analysis

Two young fresh leaves from each accession were collected at the vineyard and kept at -80 °C
until analysis. DNA extraction was carried out using a DNeasy Plant Mini Kit (Qiagen, Hilden,
Germany). Varietal identification was performed using 22 nuclear microsatellite loci. The first set of
20 microsatellite loci located in the 19 linkage groups of grapevine genome (VMC1B11 (GeneBank,
Accession Number BV681754), VMC4F3-1 [25]; VVMD5, VVMD7, VVMD21, VVMD24, VVMD25,
VVMD27, VVMD28, VVMD28, VVMD32 [26,27]; VVS2 [28]; VV1B01, VVIH54, VVIN16, VVIN73,
VVIP31, VVIP 60, VVIQ52, VVIV37, VVIV67 [29]) were analysed as described by Vargas et al. [30],
using two multiplex Polimerase Chain Reactions (PCR). An additional set of two microsatellite
loci (ViZAG62 and VRZAG?79) [31] were analyed following the conditions described in detail by
Jiménez-Cantizano et al. [32], in order to complete the list of loci authorized by the International
Organisation of Vine and Wine (OIV). PCR amplifications were performed using a 9700 thermocycler
and the amplified products were separated by capillary electrophoresis using an automated sequencer
ABI Prism 3130 (Applied Biosystems, Foster City, CA, USA). Fluorescent labelled fragments (6-FAM,
VIC, PET and NED) were detected and sized using GeneMapper v. 3.7 and fragment lengths were
assessed with the help of internal standards GeneScan-500 LIZTM (Applied Biosystems, Foster City,
CA, USA). The microsatellite genotypes obtained after the analysis were compared with the genetic
profiles provided by Lacombe et al. [33] and the data contained in the microsatellite databases Vitis
International Variety Catalogue [34], Rancho de la Merced Germplasm Bank genotype database [35]
and the Vitis Germplasm Bank at Finca el Encin [25,36,37]. The SSR profiles obtained were compared
using the microsatellite toolkit v. 9.0 software [38].

2.3. Morphological Characterization

For the morphological analysis, Benito et al. [39] criterion was followed. A total of 10 young
shoots, young and mature leaves, flowers, bunches and berries from each accession were analysed
using 34 descriptors from the Organisation Internationale de la Vigne et du Vin descriptor list [40].
Each accession from two different vintages was described by five ampelographers and the modal value
was selected as the final description.

2.4. Physicochemical Characterization of Grape Berries and Musts

Grapevine berries (1 = 50) were evaluated using a texture-meter (Lloyd Material Testing Machine,
West Sussex, UK) fitted with a 2 mm cylindrical flat probe at 1 mm/s. The results regarding consistency,
firmness, work of penetration (WoP) and cohesiveness were calculated as the average values for
50 berries.

Once harvested, 5 kg of berries of each cultivar (500 g from each vine) were destemmed,
grounded and pressed. pH determinations were carried out using a Crisson-2001 digital pH-meter
(Loveland, CO, USA). Sugar concentration (°Bé) was determined using a calibrated Dujardin-Salleron
hydrometer (Laboratories Dujardin-Salleron, Arcueil Cedex, France). Total acidity (TA) was calculated
according to the official methods of analysis [41]. Ripening index (RI) was calculated following the
equation proposed by Hidalgo [42]. Yeast assimilable nitrogen (YAN) was determined according to
Aerny [43]. Citric, tartaric and malic acids were assessed following the methodology proposed by
Sancho-Galén et al [44]. Organic acids concentrations were obtained by ionic chromatography using
a Metrohm 930 compact IC Flex ionic chromatographer equipped with a conductimetric detector
on a Metrosep Organic Acids column-250/7.8 (Herisau, Switzerland). Organic acids separation was
performed using as eluent HySO4 0.4 mM in a 12% acetone solution with an isocratic 0.4 mL/min flow.
All the physicochemical measurements were destructive analysis and were conducted in triplicate to
ensure statistical significance.
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2.5. Statistical Analysis

Means and standard deviations were calculated using Microsoft Office Excel 2016 for Windows 10.
Significant differences were evaluated by two-way ANOVA and Bonferroni’s multiple range (BSD) test;
p < 0.05 was considered significant (GraphPad Prism version 6.01 for Windows, GraphPad Software,
San Diego, CA, USA).

3. Results

3.1. Microsatellite Analysis

The allele profiles obtained for ‘Uva Rey’ and the five reference cultivars at 22 microsatellite
loci are shown in Table 1. The genotype obtained for "Uva Rey’ was compared with the Rancho de
la Merced Germplasm Bank genotype database [14,35], the Vitis Germplasm Bank at the Finca El
Encin [30,36,37] and European databases [33,34]. ‘Uva Rey’ showed the same genotype as ‘Mantuo de
Pilas’ kept in Rancho de la Merced Germplasm Bank at 22 SSR loci and "De Rey” at Finca El Encin at
20 SSR loci.

Table 1. Genetic profiles of "Uva Rey” and reference cultivars at 22 microsatellite loci. Alleles sizes are
given in base pairs.

Locus "Uva Rey’ P;ig::‘:l ° Safl::]ijgezit' a ’Chardonnay’ 2 é\f ;;c:;;?aiec:,t : ’Pinot Noir” #
VVIB01 307 307 291 307 291 291 289 295 291 295 289 295
VMC1b11 184 188 184 188 184 184 166 184 184 188 166 172
VMC4F31 184 190 176 206 174 178 174 180 168 206 174 180
VVMD5 224 232 226 238 228 238 232 236 226 324 226 236
VVMD? 244 246 236 246 236 236 236 240 323 246 236 240
VVMD21 243 249 243 249 249 257 249 249 249 265 249 249
VVMD24 209 209 209 209 209 217 209 217 213 217 215 217
VVMD25 238 252 240 240 238 246 238 252 240 246 238 246
VVMD27 180 182 186 194 176 190 182 190 180 194 186 190
VVMD28 246 248 238 250 236 238 220 230 248 270 220 238
VVMD32 270 270 254 256 238 238 238 270 262 270 238 270
VVIH54 166 168 166 166 166 182 164 168 166 166 164 168
VVIN16 151 153 151 151 153 153 151 151 149 149 151 159
VVIN73 264 264 256 264 264 268 264 266 264 264 264 266
VVIP31 176 190 188 190 188 188 180 184 184 188 180 180
VVIP60 318 326 318 322 306 314 318 322 318 318 318 320
VVIQ52 85 89 85 85 83 89 83 89 83 83 89 89
VVSs2 131 142 131 144 137 151 135 142 131 131 135 151
VVIV37 161 161 163 167 163 163 153 163 163 165 153 163
VVIV67 372 375 364 366 364 372 364 372 364 375 364 372
VIZAG62 187 193 187 193 187 193 187 195 185 195 187 193
VIZAG79 242 248 250 260 246 246 242 244 250 254 238 244
Variety b "De Rey”

2 Reference cultivars. ® Prime names according to Vitis International Variety Catalogue (VIVC).

3.2. Morphological Characterization

Modal values for the ampelographic descriptions of "Uva Rey”’ cultivar corresponding to years
2016 and 2017 are shown in Table 2 compared to the reference cultivar "Palomino Fino’.
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Table 2. Ampelographic description of "Uva Rey” and ‘Palomino Fino’ cultivars using the International

Organisation of Vine and Wine (OIV) descriptors.

Code

Descriptor

‘Uva Rey”

’Palomino Fino’

OIV 001

Young shoot: opening of the shoot tip. 1 closed, 3 half open, 5
fully open.

5

5

OIV 003

Young shoot: intensity of anthocyanin coloration on prostrate
hairs of the shoot tip. 1 none or very low, 3 low, 5 medium, 7
high, 9 very high.

OIV 004

Young shoot: density of prostrate hairs on the shoot tip. 1
none or very low, 3 low, 5 medium, 7 high, 9 very high.

OIV 006

Shoot: attitude (before tying). 1 erect, 3 semi-erect, 5
horizontal, 7 semi-drooping, 9 drooping.

OIV 007

Shoot: colour of the dorsal side of internodes. 1 green, 2 green
and red, 3 red.

OIV 008

Shoot: colour of the ventral side of internodes. 1 green, 2
green and red, 3 red.

OIV 015-1

Shoot: distribution of anthocyanin coloration on the bud
scales. 1 absent, 2 basal, 3 up to 3/4 of bud scale, 4 almost on
the whole bud scale.

OIV 016

Shoot: number of consecutive tendrils. 1 two or less, 2 three or
more.

OIV 051

Young leaf: colour of upper side of blade (4th leaf). 1 green, 2
yellow, 3 bronze, 4 copper-reddish.

OIV 053

Young leaf: density of prostrate hairs between main veins on
lower side of blade (4th leaf). 1 none or very low, 3 low, 5,
medium, 7 high, 9 very high.

OIV 065

Mature leaf: size of blade. 1 very small, 3, small, 5 medium, 7
large, 9 very large.

OIV 067

Mature leaf: shape of blade. 1 cordate, 3 wedge-shaped, 3
pentagonal, 4 circular, 5 kidney-shaped.

OIV 068

Mature leaf: number of lobes. 1 one, 2 three, 3 five, 4 seven, 5
more than seven.

OIV 070

Mature leaf: area of anthocyanin coloration of main veins on
upper side of blade. 1 absent, 2 only at the petiolar point, 3 up
to the 1st bifurcation, 4 up to the 2nd bifurcation, 5 beyond the
2nd bifurcation.

OIV 072

Mature leaf: goffering of blade. 1 absent or very weak, 3 weak,
5 medium, 7 strong, 9 very strong.

OIV 074

Mature leaf: profile of blade in cross section. 1 flat, 2 V-shaped,
3 involute, 4 revolute, 5 twisted.

OIV 075

Mature leaf: blistering of upper side of blade. 1 absent or very
weak, 2 weak, 3 medium, 4 strong, 9 very strong.

OIV 076

Mature leaf: shape of teeth. 1 both sides concave, 2 both sides
straight, 3 both sides convex, 4 one side concave on side
convex, 5 mixture between both sides straight and both sides
convex.

OIV 079

Mature leaf: degree of opening/overlapping of petiole sinus. 1
very wide open, 3 open, 5 closed, 7 overlapped, 9 strongly
overlapped.

OIV 080

Mature leaf: shape of base petiole sinus. 1 U-shaped, 2
brace-shaped, 3 V-shaped.
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Table 2. Cont.

Code Descriptor ‘UvaRey’  ’Palomino Fino’
OIV 081-1 Mature leaf: teeth in the petiole sinus. 1 none, 9 present. 1 1
OIV 081-2 Mature l.eaf: petiole sinus base limited by vein. 1 not limited, 3 1 1

on one side, 3 on both sides.
OIV 083-2 Mature leaf: teeth in the upper lateral sinuses. 1 none, 9 1 1

present.
Mature leaf: density of prostrate hairs between main veins on

OIV 084 lower side of blade. 1 none or very low, 3 low, 5 medium, 7 7 7
high, 9 very high.
Mature leaf: density of erect hairs on main veins on lower side

OIV 087  of blade. 1 none or very low, 3 low, 5 medium, 7 high, 9 very 9 1
high.
Flower: sexual organs. 1 fully developed stamens and no
gynoecium, 2 fully developed stamens and reduced

OIV 151 gynoecium, 3 fully developed stamens and fully developed 3 3
gynoecium, 4 reflexed stamens and fully developed
gynoecium.

OILV 202 Bunc‘h: length (peduncle excluded). 1 very short, 3 short, 5 5 7
medium, 7 long, 9 very long.

OIV 203 Bunch:-w1dth. 1 very narrow, 3 narrow, 5 medium, 7 wide, 9 5 5
very wide.

OIV 204 Bunch: density. 1 very loose, 3 loose, 5 medium, 7 dense, 9 5 5
very dense.

OLV 206 Bunch: lengt.h of peduncle of primary bunch. 1 very short, 3 3 1
short, 5 medium, 7 long, 9 very long.

OIV 220 Berry: length. 1 very short, 3 short, 5 medium, 7 long, 9 very 5 3
long.

oIV 221 Berry: width. 1very narrow, 3 narrow, 5 medium, 7 wide, 9 5 3

very wide.

Berry: shape. 1 obloid, 2 globose, 3 broad ellipsoid, 4 narrow
OIV 223  ellipsoid, 5 cylindrical, 6 obtuse ovoid, 7 ovoid, 8 obovoid, 9 7 2
horn shaped, 10 finger shaped.

Berry: colour of skin. 1 green yellow, 2 rose, 3 red, 4, grey, 5

OIV 225 dark red violet, 6 blue black.

A total of 34 descriptors were studied, eight of which correspond to shoots, 17 to leaves, one to
inflorescence, four to bunches and four to berries. In regard to the density of prostate hairs between
the main veins on lower side of blade (OIV 053), ‘Uva Rey’ showed very high density while "'Palomino
Fino’ prostate hair density was medium. Also, the density of erect hairs on the main veins on the
lower side of tthe blade (OIV 087) was high for "Uva Rey’ and non-existent or low for "Palomino Fino’
cultivar. Finally, grape berries were green yellow in both cases (OIV 225), but their shapes differed
(OIV 223), being ovoid for "Uva Rey” and globose for "Palomino Fino’.

3.3. Physicochemical Characterization of Grapes and Musts

"Uva Rey’ and 'Palomino Fino” grape must physicochemical characterizations and berry texture
profile analyses (TPA) from two vintages (2016 and 2017) are displayed in Table 3.
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Table 3.
must characterization.

‘Uva Rey’ and 'Palomino Fino’ grape berry texture profile analysis (TPA) and

Tartaric Acid (g/L)

3.140 £ 0.050 2

2.720 + 0.008 P

2. 470 +0.100°

2016 2017
’Palomino Fino’ "Uva Rey’ "Palomino Fino’ "Uva Rey
Physicochemical Parameters

pH 3.93+0.012 3.87+£0.072 4.02£0.032 397 +0.02°

Total Acidity (g/L TH,) 3.74 £ 0.05 2 3.51 +0.07 2 3.15+0.08° 325+021°P

Sugar (°Bé) 12.85+0.012 8.45+0.02° 11.70 +0.02¢ 7.40 + 0.06 4

Ripening Index (RI) 3.44+£0.022 241001 3.71+0.022 228 +0.01°
YAN (mg/L) 200.00 £2.00°  140.00 £2.00°  161.00+6.00¢  140.00 £ 3.00°

2.600 +0.200 P

Citric Acid (g/L) 0.030 + 0.005 @ 0.100 + 0.001 b 0.030 £0.0102 0.150 + 0.002 ¢
Malic acid (g/L) 0.420 +0.020 @ 0.650 + 0.003 © 0.100 + 0.020 © 0.600 + 0.010 4
TPA
Consistency (Nmm) 89.58 +1.59 2 138.24 + 8.47 P 93.66 +2.27 @ 152.42 £ 11.18 ¢
Hardness (Nmm) 237.57 +4.58 @ 239.20 + 7.56 @ 23729 +5.182 245.05 + 12.08 @
WoP (Nmm) 260.47 +12.87 2 351.35 + 14.98 P 280.13 £ 16.70 @ 409.93 +23.70 ¢
Cohesiveness 0.21 £0.022 0.41 +0.02° 023 +0.022 0.40 + 0.03 P

Different superscript letters mean statistically significant differences between samples at p-adjust < 0.05 obtained by
two-way ANOVA and Bonferroni’s multiple range (BSD) test. Results are the means + SD of three repetitions.

The main differences between "Uva Rey’ and "Palomino Fino’ cultivars grape musts were related to
the physicochemical parameters sugar (°Bé), YAN (mg/L), malic acid (g/L) and TPA consistency (Nmm)
and cohesiveness. The pH values obtained for both cultivars as well as for the two vintages were all
similar. However, both cultivars exhibited very similar acidity in both vintages, with slightly higher
values in 2017 (ANOVA p-adjust < 0.05). Regarding grape sugar content, it was significantly higher
in "Palomino Fino’ grapes than in "Uva Rey’ from the two vintages studied (ANOVA p-adjust < 0.05).
Again, greater sugar values (°Bé) as well as total acidity were measured in 2016 grapes from both
cultivars (Table 3). Consequently, Ripening Index (RI) values obtained were significantly greater in
"Palomino Fino’ than in "Uva Rey’. However, very different content levels in both cultivars were
obtained for YAN, where 'Palomino Fino’ showed significantly higher concentrations of YAN than
"Uva Rey’ (ANOVA p-adjust < 0.05), which yielded the same content level in the two vintages under
study (Table 3).

Regarding organic acids content, it could be observed that tartaric acid represents over 75% of
their total acidity. It can be seen that this particular acid content follows the same trend as the total
acidity of the grapes. With respect to citric acid concentration, it was significantly lower in "Palomino
Fino’ than in "Uva Rey’ cultivar and did not exceed 150 mg/L in either case. However, ‘'Uva Rey’
showed a significantly higher content of malic acid than "Palomino Fino” in both of the vintages studied
(ANOVA p-adjust < 0.05).

With respect to the results obtained from the TPA, "Uva Rey’ obtained higher values for consistency,
WoP and cohesiveness than "Palomino Fino’ in both vintages (ANOVA p-adjust < 0.05). However,
no differences were observed between cultivars or vintages with regards to grape berry hardness.

4. Discussion

To identify grapevine cultivars, nuclear microsatellite markers are the most widely used tool,
as was demonstrated by the European projects GENRES 081 and GrapeGen06. Regardless of the
high degree of heterozygosity existing in the grapevine, the genotype with six microsatellite loci
(VVMD5, VVMD7, VVMD27, VVS2, ViZAG62 and VrZAG79) is enough to establish the identity of
a variety [6], with the exception of the peculiar case of closely related varieties [35] which requires
analysis of more loci. For this reason, as a result of the GrapeGen06 project, an international consensus
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was established to increase the number of microsatellite loci to 20, located in different binding groups
for correct identification. In this study, the analysis was extended to 22 microsatellite loci. It is very
important to use the same microsatellite loci in different studies in order to be able to compare genotypes
later. The identification of "Uva Rey’ genotype allowed us to confirm the synonyms of this cultivar
with both "De Rey” and "Mantuo de Pilas’, which have already been registered in the Vitis International
Variety Catalogue (VIVC) at seven loci SSR [34]. The genetic profile for 15 additional loci is presented
in this study and the synonymy between ‘De Rey” and ‘Uva Rey’ is confirmed for the first time with
the analysis at 22 microsatellite loci. Along with the cultivar genetic identification and, according
to the recommendation for the adequate characterisation of Vitis genetic material, an ampelographic
description was carried out [45]. Such morphological description has been the method previously used
by different countries to have a particular cultivar included in the official lists [45]. The phenotype
obtained for the cultivar "Uva Rey’ showed some differences with "Mantuo de Pilas’ as described by
Garcia de Lujan et al. [46]. Some differences were found in OIV 007, OIV 008, OIV 051, OIV 053, OIV 070,
OIV 074, OIV 075, OIV 087, OIV 202 and OIV 221 descriptors. It is worth mentioning, the differences in
erect hairs density on main veins on lower side of blade in mature leaves (OIV 087). "Uva Rey’ showed
a very high density unlike "Mantuo de Pilas’ with a very low one. Similar phenotypic differences have
been found between other cultivars such as ‘Garnacha’ and ‘Garnacha Peluda’ [47], both considered as
somatic variants.

Due to the high temperatures associated to the current global warming, the period during which
the minimal temperatures required for the physiological activities of vines is reached is longer than
it used to be, and hence, there is an increment in metabolic rates that have an impact on metabolite
accumulation [48,49]. In the last 10-30 years, some major changes have been observed in grape
development and ripening patterns, such as premature budbreak, flowering and fruit maturity due to
agroclimatic changes [50]

The differences between the two cultivars with regards to pH and total acidity can be attributed
to climate variations between the two years studied, as such differences can be found in both cultivars
(Figures S1 and S2). RI values confirm the above-mentioned differences between cultivars (ANOVA
p-adjust < 0.05), with significant differences between both cultivars regardless of the vintage analysed.
The variations of these parameters associated to grape ripening processes may be related with each
cultivar’s phenological stages. "Uva Rey’ is, unlike "Palomino Fino” a long cycle cultivar [51]. For this
reason, grape ripening stages are not reached at the same time.

Organic acids content in each cultivar could be due to their phenological cycle differences [51].
With regard to tartaric acid content, the values remained similar except for ‘Palomino Fino’ cultivar in
the 2016 year. During the grape ripening process, the production of malic acid decreases [52] since
this carboxylic acid is also used by the plant at this stage for energy production [53]. In this way,
the different malic acid content levels in each cultivar could be explained by their aforementioned
asynchronous phenological cycles. Such difference in malic acid content levels could be relevant to
prospective winemaking process, where malolactic fermentation (MLF) could result in wines with a
greater microbiological stability and sensory complexity [54]. Some authors argue that higher weather
temperatures due to global warming may lead to grape musts with a higher pH, which in turn may
promote oxidation reactions [50,55]. In this sense, grapevine cultivars with similar characteristics to
those presented by "Manttio de Pilas’ could lead to the production of wines through oxidative ageing.

The YAN values that have been observed in ‘Palomino Fino” musts were higher than those
observed in ‘Uva Rey’ for both vintages. Such differences between the two cultivars may be related to
the variations observed in their ripening processes, since YAN content increases in grape berries when
ripening [56]. In any case, YAN values remained at a sufficient level for a proper alcoholic fermentation
(AF) [57]. Yeast assimilable nitrogen (YAN) is a fundamental element for the correct AF of grape musts;
since nitrogen is essential for the completion of some yeasts, its presence is compulsory for yeasts to
develop in normal conditions during this biological process [58].
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According to the TPA, the two vintages of ‘Uva Rey’ in the study had a higher consistency,
hardness, WoP and cohesiveness. It should be noted that cohesiveness depends on the strength
of the pulp internal bonds of the grape berries. This parameter is highly related to the OIV 235
descriptor [40], which is employed for the sensory evaluation of grapes during their ripening process.
The results obtained from the TPA could be explained by the lack of synchrony between both cultivars
phenological cycles. "Uva Rey’ berries, with a longer cycle, were less ripe and therefore presented a
greater turgidity at the time of analysis. Such superior berry turgidity plus its higher consistency and
WOoP could contribute to protect grape berries from dehydration under Andalusian warm weather
conditions (SW Spain). When these results are compared to those obtained by Giacosa et al. [59],
it can be observed that ‘Palomino Fino’ presents similar cohesiveness to 'Perle von Csaba’ cultivar
(Hungarian white vinification grape). Nonetheless, 'Uva Rey’ showed a higher degree of similarity
with the cultivar ‘Sultanina’ (a Turkish white table grape). In view of its grape berry TPA, "Uva Rey’
could be considered as a cultivar with a greater resistance than 'Palomino Fino’, mainly because of
its greater pulp cohesiveness and consistency. These results might be influenced by the phenological
cycle differences observed between the two cultivars studied, where the higher values correspond
to less ripe berries. In this sense, these phenotypical traits could increase the cultivar’s resistance to
drought and to high temperatures, which would make it a more appropriate cultivar for warm dry
areas and for global warming conditions.

5. Conclusions

Microsatellite analysis confirmed that "Uva Rey’ is a synonym of ‘De Rey’ cultivar and a somatic
variant of 'Mantuo de Pilas’. With respect to the physicochemical grape must characterization, major
differences were found in YAN and malic acid concentration. The TPA showed that ‘Uva Rey’ grape
berries are more cohesive and consistent than ‘Palomino Fino’ ones. In this sense, "Uva Rey’ can be
stated as an autochthonous grapevine cultivar with a long phenological cycle. This study recognizes
Uva Rey as a somatic variant of ‘"Mantuo de Pilas” and as such, supports any actions towards its
recovery. According to the results obtained from the different analysis that have been completed on
"Uva Rey’ grape berries and musts from two consecutive vintages, this autochthonous cultivar should
be further studied and included in the Spanish official register to allow is cultivation.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/9/9/563/s1,
Figure S1. (a) Temperature (°C) (T*_max, T*_min, T°_avg), (b) humidity (%) (H_max, H_min, H_avg) and (c)
radiation (W/m?) and rainfall (L/m?) between July and September 2016. Figure S2. (a) Temperature (°C) (T*_max,
T°_min, T°_avg), (b) humidity (%) (H_max, H_min, H_avg) and (c) radiation (W/m?) and rainfall (L/m?) between
July and September 2017.
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Abstract: ‘BRS Isis’ is a new hybrid seedless table grape tolerant to downy mildew with a good
adaptation to the tropical and subtropical climates. Gray mold, caused by Botrytis cinerea Pers. ex Fr.
is known as the most important postharvest mold in table grapes, causing extensive losses worldwide.
As the postharvest behavior of ‘BRS Isis’ is still unknown, the objective of this work was to evaluate
the postharvest preservation and B. cinerea mold control of this new grape cultivar, grown under the
double-cropping a year system. Grape bunches were purchased from a field of ‘BRS Isis” seedless
table grapes trained on overhead trellises located at Marialva, state of Parana (South Brazil). Grapes
were subjected to the following treatments in a cold room at 1 + 1 °C: (i) Control; (ii) SO,-generating
pad; (iii) control with bunches inoculated with the pathogen suspension; (iv) SO,-generating pad with
bunches inoculated with the pathogen suspension. The completely randomized experimental design
was used with four treatments, each including five replicates. The incidence of gray mold and other
physicochemical variables, including bunch mass loss, shattered berries, skin color index, soluble
solids (SS), titratable acidity (TA), and SS/TA ratio of grapes, were evaluated at 50 days after the
beginning of cold storage and at seven days at room temperature (22 + 2 °C). The ‘BRS Isis’ seedless
grape, packaged with SO,-generating pads and plastic liners, has a high potential to be preserved
for long periods under cold storage, at least for 50 days, keeping very low natural incidence of gray
mold, mass loss, and shattered berries.

Keywords: Vitis vinifera (L.); SO, pads; B. cinerea mold; grape quality

1. Introduction

‘BRS Isis’ is a new hybrid seedless table grape obtained by the crossing of CNPUV 681-29
(Arkansas 1976 x CNPUV 147-3 (‘Niagara White” X “Venus’)) X ‘BRS Linda’. This cultivar was released
in 2013 and is tolerant to downy mildew Plasmopara viticola (Berk. & M.A. Curtis) Berl. & De Toni, the
main vine disease in subtropical humid areas. It presents high bud fertility with 2-3 great inflorescences
per shoot, with a natural weight of 375 g, and without the use of growth regulators, making it a high
yielding grape. The bunch is medium-sized and predominantly cylindrical-winged, while the berry is
medium-sized, reddish, elliptical, and firm and has colorless flesh and neutral flavor with traces of
large, fleshy rudimentary seeds [1]. This new seedless and early season cultivar has the ability to gain
the attention of consumers from domestic and international markets as there has been a significant
demand of table grape supply for extended periods throughout the year worldwide.
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Grapes are non-climacteric fruits with a relatively low physiological activity and are subject to
serious postharvest problems during cold storage, such as mold, mass loss stem browning, shattered
berries, wilting, and shriveling of berries. Thus, these factors are the main barriers for long-term
storage of table grapes [2—4].

Botrytis cinerea Pers. Fr., is known to be the most important postharvest pathogen causing gray
mold of table grapes [5,6]. Infection caused by this fungus remains inactive in the field unless it
gets favorable environmental conditions, i.e., fruit injuries that assist pathogen development [7,8].
Even a small infection on a single berry can damage the whole lot of grapes, and if it is not noticed at
pre-harvest stage, during packaging, or during shipment, it may progress and spread the infection in
postharvest or during the cold storage period of table grapes, even at low temperatures [9-11].

Cold storage, where only temperature and relative humidity are controlled in the chamber, is
one of the main methods to maintain the fruit quality. Thus, the reduction of temperature, up to a
certain limit, increases the quality preservation and extends the period of fruit supply to the consumer
market [12]. After harvesting, bunches are pre-cooled as soon as possible to remove field heat and
reduce water loss [11,13]. For extended export and shipment purposes, the cold storage temperature
must be kept optimum and constant because any disturbance can initiate the growth of fungi, mainly
B. cinerea [14].

The postharvest control of this pathogen is difficult, as most countries no longer allow the
application of synthetic fungicides on bunches. Combined with cold storage, different pre- and
postharvest techniques can be used to control gray mold, such as the use of sulfur dioxide
(SO,) generating pads, which is the most common method worldwide [15-17]. The slow release
SO,-generating pads contain sodium metabisulfite (Na;S;05) as am active ingredient enclosed in a
sheet of plastic and paper, which used in packing materials by releasing a low and continual dose of
SO, with contact to humidity to eliminate/reduce B. cinerea spores.

The SO,-generating pads are highly effective in controlling and killing the spores of B. cinerea,
but also can result in unwanted situations, such as bleaching and shattered berries. Other studies have
also shown that grape hairline splits, commonly associated with significant water loss, are also induced
by excessive SO, doses. However, high levels of SO, can also result in fruit damage, unpleasant
aftertaste, and allergies. Based on these findings, it is recommended to use a minimal dose of SO,
that allows adequate protection from mold without reducing the berry quality in order to avoid these
situations [18,19].

As there is a lack of information regarding the cold storage of the ‘BRS Isis’ seedless grape, it is
very important to know the behavior of this new hybrid cultivar grown under the double-cropping
a year system, especially for long-distance and international markets. Under this system, two crops
per year are achieved (summer and off-season crops). Summer crops start from the end of grapevine
dormancy in late winter and harvest is obtained in summer, while, for off-season crops, vines are
pruned after summer crops and forced to sprout once more using budburst stimulators, and harvest
occurs through autumn. The core difference between both crops is that in the summer crop, the rate of
some fungal infection is quite low, while on the other hand, in an off-season crop, the incidence of
fungus diseases is high because of favorable environmental conditions that promote the infection and
can restrain long-distance transportation of table grapes [20,21].

The objective of this work was to evaluate the postharvest preservation and control gray mold of
the ‘BRS Isis’ seedless grape grown under the double-cropping a year system in subtropical conditions.

2. Materials and Methods

2.1. Experimental Location

Table grapes were purchased from a field of ‘BRS Isis’ seedless grapes, grafted on ‘IAC 766
rootstock from 2-year-old vines, trained on overhead trellises located at Marialva, state of Parana (PR)
(South Brazil) (23°29 S, 51°47 W, elevation 570 m), with a history of gray mold. The vines were grown
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under the double-cropping a year system, and the fruit samples were collected from two consecutive
Crop seasons.

2.2. Treatments and Storage

Grapes were harvested at full ripeness when the content of the berry soluble solids reached
around 14 °Brix [21,22]. Bunches were selected free from any disorders and standardized according
to bunch shape, size, and mass, and subjected to the following treatments into a cold chamber at
1 + 1°C: (i) Control; (ii) SO,-generating pad; (iii) control with bunches inoculated with B. cinerea
suspension; (iv) SO,-generating pad with bunches inoculated with B. cinerea suspension. The slow
release SO,-generating pad used in treatments (ii) and (iv) (Osku Hellas®, Grapeguard, Santiago,
Chile) contain 73.5% of the active ingredient (NayS,0Os), with 26 cm x 36 cm of dimensions.

A fungal suspension was prepared, according to the standard protocol, using a B. cinerea isolate
(BCUEL-1), isolated from infected grapes with representative symptoms of the disease, according
to Youssef and Roberto [23]. The suspensions were diluted with sterilized distilled water to get a
final concentration of 10° conidia mL~! using a hemocytometer with 1/10 mm deep (Neubauer Boeco,
Hamburg, Germany). As the incidence of gray mold can be low, depending on the season, the grapes
from treatments (iii) and (iv) were inoculated with a pathogen suspension, according to Youssef and
Roberto [23]. A volume of 200 mL of inoculums was sprayed on each 50 kg of grapes until dripping,
using a plastic sprayer. The control consists of bunches treated only with distilled water. All bunches
were air dried at room temperature (RT) before packaging.

The grapes of all treatments were packaged as follows: A micro-perforated plastic liner (1% of the
ventilated area, Suragra S.A., San Bernardo, Chile) was placed inside carton boxes; grapes were placed
inside the box; an SO,-releasing pad was placed on top only for treatments (ii) and (iv); and the liner
was sealed. The SO,-releasing pad fully covered the grapes.

The boxes were placed in a cold room storage at 1 + 1 °C and at high relative humidity
(>95%). As ‘BRS Isis’ is a new cultivar and there is no information available regarding its cold storage
performance, after 30 days of cold storage, the boxes were opened for inspection, and as the bunches of
all treatments were intact, with fresh and green stems, free of any mold or injuries, it was decided to
keep the boxes in the chamber for an extended period, i.e., 50 days, followed by 7 days of shelf-life
at RT (22 + 2 °C). The completely randomized experimental design was used as a statistical model
with four treatments and five replications, and each plot consisted of one carton box (each measuring
23 cm X 16 cm X 9 cm (4 kg capacity)).

2.3. Evaluation of Gray Mold Incidence

The incidence of gray mold on grapes was evaluated at 50 days after the beginning of cold storage
and at 7 days at 22 + 2 °C after the end of cold storage. The disease incidence was then calculated: Disease
incidence (% of diseased berries) = (number of infected berries/total number of berries) x 100 [23].

2.4. Physicochemical Analysis

The grape physicochemical analysis was evaluated twice: (i) 50 days after the beginning of cold
storage; (ii) at seven days at 22 + 2 °C following the cold storage period, using 10 berries for each box
(replication). The bunch mass loss as a percentage was calculated as follows: Mass loss (%) = ((mi—
ms)/mi) X 100, where mi is the initial mass and ms is the mass at the examined time [24]. Shattered
berries were evaluated by calculating the separated grape berries from the bunch stem and were
expressed as a percentage of the total number of berries: Shattered berries (% of diseased berries) =
(number of shattered berries/total number of berries) x 100.

The berry color was investigated using a colorimeter CR-10 (Konica Minolta®, Tokyo, Japan) to
get the following variables from the equatorial portion of grape berries (1 = 2 per berry): L* (lightness),
C* (chroma) and h° (hue angle). The color index for red grapes (CIRG) was then calculated using
the formula CIRG = (180 — h°)/(L* + C¥) [25]. Ten berries were collected from each replicate to be
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investigated. Lightness rates range from 0 (black) to 100 (white). Chroma indicates the purity or
intensity of color and the distance from gray (achromatic) toward a pure chromatic color and is
measured from the a* and b* values of the CIELab scale system, starting from zero for a completely
neutral color, and does not have an arbitrary end, but the intensity increases with magnitude. Hue refers
to the color wheel and is calculated in angles; green, yellow, and red correspond to 180, 90, and 0°,
respectively [26-28].

For the chemical analysis, 10 berries were collected from each replicate. To determine soluble
solid (SS) content and titratable acidity (TA), samples were crushed, and the juice was used. For SS,
some juice drops were analyzed using a digital refractometer (Kriiss DR301-95; A. Kriiss Optronic,
Hamburg, Germany) with automatic temperature compensation at 20 + 1 °C, and the results were
presented as °Brix. TA was determined using a dropwise titration with 0.1 N NaOH using 10 mL of
grape juice diluted in 40 mL of distilled H,O, and pH = 8.2 was considered as the endpoint. The results
were presented as tartaric acid (%) [29]. The SS/TA ratio was used to express the maturation index of
grape berries.

2.5. Statistical Analysis

All data were subjected to an analysis of variance (ANOVA) by using Sisvar® software (UFLA,
Lavras, Brazil). The mean values of treatments were compared by using Fisher’s protected least
significant difference (LSD) test and judged at p < 0.05 levels. Percentage data were arcsine transformed
to normalized variance. Data in the tables or charts are the untransformed percentage of rotted
grape berries.

3. Results

3.1. Incidence of Gray Mold

The disease incidence found at 50 days of cold storage was considered low in both seasons, and
no significant differences were observed when grapes were subjected to control and SO,-generating
pad treatments only (Figures 1 and 2). On the other hand, when grapes were inoculated with B. cinerea
suspension, the SO,-generating pads significantly decreased the incidence of gray mold of grapes
harvested in the summer crop season, as compared to the control with bunches inoculated with Botrytis.
In the case of the off-season crop, although the incidence of gray mold was higher in grapes of the
control and SO,-generating pads, both inoculated with B. cinerea suspension, no significant differences
were observed between them.
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Figure 1. Incidence of gray mold (% of diseased berries) at 50 days of cold storage of ‘BRS Isis’ seedless
table grapes during summer and off-season crops. Columns followed by different letters, in relation to
the treatments within each individual crop, are statistically different, according to Fisher’s protected
LSD test (p < 0.05).
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Figure 2. Bunches of ‘BRS Isis’ seedless table grapes at 50 days under cold storage. (A) Control;
(B) SO,-generating pads.

It was observed that the incidence of gray mold was higher in the off-season crop (~30%) when
grapes were inoculated with B. cinerea suspension. This situation was also found after the 7 day period
at 22 + 2 °C, where the gray mold incidence (~50%) was higher as compared to the 50 day period of
cold storage (Figure 3).
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Treatments

Figure 3. Incidence of gray mold (% of diseased berries) at seven days at 22 + 2 °C of ‘BRS Isis’ seedless
table grapes during summer and off-season crops. Columns followed by different letters, in relation to
the treatments within each individual crop, are statistically different, according to Fisher’s protected
LSD test (p < 0.05).

After seven days of 22 + 2 °C, no significant differences were found among treatments with
S0,-generating pads in comparison to the control (with no B. cinerea inoculation) in both crop seasons.
However, when grapes were inoculated with B. cinerea suspension, significant differences were observed
in the summer season crop, where the SO,-generating pads resulted in lower gray mold incidence
(4.2%) in comparison to the control with inoculated grapes (7.8%), while in the case of the off-season
crop, no differences were found (Figures 3 and 4).
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Figure 4. Bunches of ‘BRS Isis” seedless table grapes at seven days at 22 + 2 °C; (A) control with

B. cinerea inoculation; (B) SO,-generating pads with B. cinerea inoculation.

3.2. Physical Characteristics of Grapes

There were no significant differences among treatments for mass loss at 50 days of cold storage in
the summer crop, and means varied from 5.4 to 7.0%, while in the case of the off-season crop, significant
differences were noted, where both B. cinerea inoculated treatments (the control and SO,-generating
pad) showed higher mass loss as compared to non-inoculated treatments (Table 1).

Table 1. Mass loss (%), shattered berries (%), and color index for red grapes (CIRG) of the ‘BRS Isis’
seedless table grape at 50 days of cold storage and at seven days at 22 + 2 °C during summer and

off-season crops.

Mass loss (%) Shattered berries (%) CIRG
Treatments At 50 days of cold storage
Summer Off-season Summer Off-season Summer Off-season
season season season
Control 63+24 31+04b 0.0 +0.0 12+25 3.8+04 51+0.3
SO, pad 56+14 30+02b 0.3+0.3 0.7+ 0.5 44+02 54+0.3
Control + Bot 54 +09 37+03a 0.7 + 0.6 3.1+1.0 45+0.5 54+04
SO, pad + Bot 7.0+2.6 36+03a 02+04 21+1.1 46+05 55+0.2
F value 0.7 N8 54% 25N 26N 3.4NS 1.5N8
At seven days at 22 +2 °C
Summer Off-season Summer Off-season Summer Off-season
season season season
Control 5.8 +0.3¢ 1.2 +0.1c 0.1 +0.3b 1.8 +2.2b 40+06 48+04
SO, pad 7.2 +0.8ab 1.6 + 0.4ab 0.7 £ 0.6b 1.5+ 1.3b 3.8+03 46+03
Control + Bot 7.6 + 0.5a 1.3 £ 0.2bc 1.5+ 0.5a 12.1 +£9.3a 44+0.2 48 +0.3
SO, pad + Bot 6.8 + 0.5b 1.8 £0.2a 0.6 + 0.6b 119 +4.3a 42+05 48 +0.2
F value 10.1* 3.8* 6.3% 6.4% 20NS 03NS

Means within columns followed by the same letters are not statistically different by Fisher’s protected LSD test
(p < 0.05). Non-significant NSy, *: significant at 5% level of significance.

Atseven days at 22 + 2 °C, significant differences were observed among treatments and the control
treatment showed the lowest mass loss in both seasons (5.8% and 1.2% for summer and off-season
crops, respectively). In the summer season, a higher mass loss (7.6%) was observed in control with
grapes inoculated with B. cinerea and in the case of the off-season, a higher mass loss (1.8%) was
recorded in SO,-generating pads with grapes inoculated with B. cinerea suspension (Table 1).
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No significant differences were found in terms of shattered berries for both seasons, and at 50 days
of cold storage, the means ranged from 0.0 to 0.7% and from 0.7 to 3.1% for the summer season and the
off-season, respectively (Table 1). However, statistically differences were found in both seasons at seven
days at 22 + 2 °C, where the control with grapes inoculated with B. cinerea suspension showed higher
shattered berries (1.5%). On the other hand, in the off-season crop, when grapes were inoculated with
B. cinerea suspension, combined or not with SO,-generating pads, a higher percentage of shattered
berries was found (~12%). However, the percentage of shattered berries was high at seven days at
22 + 2 °C, especially for the off-season crop.

Additionally, there was no change in the berry color index among treatments in both evaluated
seasons (Table 1). In the summer season, the berry color ranged from 3.8 to 4.6 (red), while in the
off-season crop, the means ranged from 5.1 to 5.5 (red-violet) [30]. During the off-season crop, the
anthocyanin accumulation develops under a higher diurnal temperature variation in subtropics, which
intensifies berry color and explains these variations. Nevertheless, the original color of the ‘BRS Isis’
seedless grape was well-preserved in both storage periods.

3.3. Chemical Characteristics of Grapes

Regarding berry SS content, even though differences among treatments have only been observed
at 50 days of cold storage for the summer season, the observed means are in an acceptable range
(~14 °Brix), which is a standard for local and international markets of some table grape cultivars [31].
There was no difference in terms of TA and SS/TA of berries among treatments in both evaluated
seasons (Table 2).

Table 2. Soluble solids (SS), titratable acidity (TA), and SS/TA ratio of ‘BRS Isis’ seedless table grapes at
50 days of cold storage and at seven days at 22 + 2 °C during summer and off-season crops.

SS (°Brix) TA (%) SS/TA
Treatments At 50 days of cold storage
Summer Off-season Summer Off-season Summer Off-season
season season season
Control 145 + 0.4a 143 +0.2 0.6 +0.1 09+0.1 231 +34 16.8 +1.2
SO, pad 13.9 £ 0.5b 142+ 0.5 0.6 + 0.03 0.8+0.1 232+14 17.7 + 1.0
Control + Bot 13.6 + 0.4b 14.1+0.2 0.6 +0.1 09+0.1 235+2.0 16.6 +1.7
SO, pad + Bot 14.0 + 0.3ab 141+04 0.6 + 0.03 0.8 +£0.03 233 +09 18.3 + 0.6
F value 3.8% 0.3N8 0.8 N8 1.8 NS 0.04 N8 21N
Atseven days at 22 +2°C
Summer Off-season Summer Off-season Summer Off-season
season season season
Control 150+ 04 139+ 0.2 0.7 +0.1 09+0.1 229+19 159 +1.9
SO, pad 144 + 0.6 14.1+05 0.7 £0.01 0.7 £ 0.03 221+1.2 191+ 0.6
Control + Bot 143 +0.5 13.8+04 0.6 + 0.03 0.7 +£0.03 222+13 19.0+1.1
SO, pad + Bot 146 + 04 140+1.1 0.7 + 0.03 0.8+0.1 21.8 +£0.6 188 +3.4
F value 21N8 0.1N8 1.1Ns 2.6 NS 0.7 NS 28NS

Means within columns followed by the same letters are not statistically different by Fisher’s protected LSD test

(p <0.05). Non-significant (NS, # significant at 5% level of significance.

4. Discussion

Botrytis cinerea Pers. ex Fr., is the most crucial postharvest pathogen attacking table grapes
worldwide, causing severe losses of the crop after harvest. It was also observed earlier that the
incidence of gray mold was higher, especially in the off-season crop (~30%) when grapes were
inoculated with B. cinerea suspension. This could be explained by the occurrence of some invisible
minor cracks or spots on berry skin caused by powdery mildew Uncinula necator (Schwein). Burrill,
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which is more prevalent in this season [32]. In the case of the seven day period at 22 + 2 °C, the
incidence was also found high (~50%) in comparison to the 50 day period of cold storage. These results
are related with the fact that when grapes are subjected to RT, the disease incidence increases because
of the more favorable environmental conditions for fungi development, especially due to the higher
air temperature.

Our findings confirm that SO,-generating pads gave better results in controlling B. cinerea mold of
‘BRS Isis” seedless grapes at 50 days of cold storage and at seven days at 22 + 2 °C. This new hybrid
seedless cultivar showed to be non-sensitive to the amount of SO, gas released by the evaluated pads,
since, at high concentrations, this compound can cause bleaching or premature stem browning and
may also damage the fruits, resulting in unwanted conditions. Considering these aspects, combined
with cold storage, the SO,-generating pads can be used as a tool to control the gray mold of ‘BRS Isis’
seedless grapes, at least for a period of 50 days. A similar performance has also been observed in rthe
maximum reduction of the disease incidence of ‘BRS Vitoria’ and ‘Italia’ table grapes at 50 days of cold
storage and at seven days at 22 + 2 °C, respectively [17,22].

The mass loss is also concerned as it is one of the key factors that determine excellence and quality
of table grapes; the more water lost from the produce, the more it develops quality deterioration
problems. During the experiment, it was observed that, in the off-season crops, both B. cinerea
inoculated treatments (the control and SO,-generating pads) showed higher mass loss as compared to
non-inoculated treatments. This behavior can be related to the fact that the incidence of gray mold was
higher in the off-season crop, which may have caused higher mass loss in inoculated treatments.

Even though during the cold storage period, temperature and relative humidity are controlled to
reduce mass loss and extend the shelf-life of table grapes, sometimes mass loss can vary depending on
different aspects, i.e., the grape cultivar, harvesting conditions, storage period, and packing materials
used. Among other factors, fungal infection, absence, delay in pre-cooling, or high temperatures
with low humidity are also the main causes of mass loss [33,34]. For most fresh produce, mass loss
percentage should be low to not affect quality attributes (wilting or wrinkling), and the same behavior
was observed in the current study of ‘BRS Isis’ table grapes. The SO,-generating pads were also found
to reduce mass loss in both evaluated situations, i.e., grapes inoculated or not with B. cinerea suspension.
When grapes are subjected to RT, water loss and percentage of shattered berries increases because of
the favorable environmental conditions, especially the higher air temperature that reduces the fruit
quality, resulting in negatively affecting the grape bunch quality [35].

Regarding chemical characteristics as grape ripening develops under different weather conditions
in summer and off-season crops, a slight change between them usually occurs in terms of the main
berry chemical properties (Table 2) but does not decrease the grape quality. During cold storage, the
recommended temperature for grapes is around 0 °C because most of the variables, such as SS, TA, and
SS/TA, remain stable in different grape cultivars at this temperature with controlled atmosphere [36,37].

Table grapes intended for long periods of storage are kept in cold chambers, but each cultivar has
a different behavior, i.e., each one has a different storage performance that may comprise from a few
days to few weeks, which is determined by its susceptibility to quality defects under low temperatures.
Regarding the behavior of the new hybrid seedless grape, ‘BRS Isis’, this cultivar showed to have a high
potential to be stored for long periods under cold chambers, since, after 50 days under these conditions,
the bunches packaged with SO,-generating pads and liners were virtually intact. Additionally, the
natural incidence of gray mold was found to be very low, which indicates that the natural incidence of
B. cinerea in this hybrid grape, unlike in some Vitis vinifera table grape cultivars, is not a major concern.
Even with the use of SO,-generation pads, unwanted situations like bleaching, hairline cracking,
and berry softening were not found on the surface of the berries, as these were the main barriers for
grape post-harvest quality and maintenance. Shattered berries were also noticed in low levels, which
contributes to a better storability and marketability of this grape cultivar in markets.

The period from harvest to marketing of the table grape has a significant importance regarding
the maintenance of fruit quality. The results obtained herein showed that the ‘BRS Isis” seedless grape
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has a large potential for domestic, long distance, and international markets, because a high quality
of bunches can be achieved under cold storage for at least 50 days. For domestic markets, including
when a long distance transportation is required, the ‘BRS Isis” grapes, after being properly packaged,
can be transported in refrigerated trucks and easily kept in cold chambers of the market chains and
gradually exposed to the consumers with a minimum loss quality. The same could also be applied
when the intention is to export this grape overseas, to the European Community or even to North
American countries. As long as the cold chain is retained, and considering that it takes up to three
weeks to transport a refrigerated container by ship from South America to these regions, ‘BRS Isis’
seems to fit well for this type of international trade due its high capacity of storage in cold chambers
during long periods of up to 50 days or longer. However, since a large proportion of table grapes can
be traded overseas, more attention is required for better shipment and quality management.

Finally, for long-term storage and transportation, packaging materials, such as SO,-generating
pads and proper liners, also play a crucial role to preserve ‘BRS Isis” grapes under cold storage, reducing
some unwanted situations and providing a higher efficiency of the SO, gas for controlling gray mold.

5. Conclusions

The new hybrid ‘BRS Isis’ seedless grape, packaged with SO,-generating pads and plastic liners,
has a high potential to be preserved for long periods under cold storage at 1 + 1 °C, at least for 50 days,
keeping a very low natural incidence of gray mold, mass loss, and shattered berries.
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Abstract: In colored table grapes, the anthocyanin contents are inhibited by the high temperature
during ripening and berries suffer a lack of skin color, thus affecting their market value. In order to
overcome this issue, a research study was planned to evaluate the influence of (S)-cis-abscisic acid
(S-ABA) on rates of anthocyanin accumulation in table grapes when applied at different timings
of ripening, and to quantify the gradual increase of berry color. The study was conducted in
a commercial vineyard of ‘Benitaka’ table grapes (Vitis vinifera L.), grown under double annual
cropping system in a subtropical area. The trials were carried out during two consecutive seasons (i.e.,
summer season of 2015 and off-season of 2016). The treatments used for the experiments contained
400 mg L~! S-ABA applied at different timings of veraison (the onset of ripening), as follows: control
(with no application); at pre-veraison (PRV); at veraison (V); and at post-veraison (POV). For all
S-ABA treatments, a second application was performed 10 days after the first application. Berries
were analyzed for weekly and daily anthocyanin accumulations, weekly and daily color index
development (CIRG), total soluble solids (TSS) content, titratable acidity (TA), and maturation index
(TSS/TA). Grapes subjected to exogenous application of S-ABA at any time of veraison, especially
at PRV or at V, significantly increased the anthocyanin accumulation as well as berry color index
development. Other chemical properties of grapes (i.e., TSS, TA, and TSS/TA evolution) were not
affected by the use of S-ABA and followed a predictable pattern in relation to days of berries ripening.

Keywords: Vitis vinifera L.; production system; S-ABA; rate of anthocyanin accumulation; CIRG;
bioactive compounds

1. Introduction

Table grapes are a rich source of phenolic compounds with antioxidant and anti-inflammatory
properties, which are helpful in preventing several human diseases [1-3]. These secondary metabolites
are present in different parts of berries, where skin is enriched with anthocyanins, pigments responsible
for the red, pink, or black color [4,5], and in some cultivars these pigments can also be found in the
flesh [6,7].

However, when colored table grapes are grown in subtropical areas, high temperatures during
ripening may inhibit anthocyanin accumulation and prevent color development, thus negatively
affecting the market value of the table grapes, since the skin color is a very important economic
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feature [7-9]. In addition, in some subtropical regions, due to the mild winter and the use of bud
burst stimulators, a double annual cropping of grapes can be achieved. Therefore, besides the summer
season crop, an off-season crop is obtained when there is no or less supply of fresh grapes in the
market [10].

‘Benitaka’ (Vitis vinifera L.) is one of the most important colored table grapes developed from the
bud sport of ‘Italia’ grape [11]. Interest in growing this cultivar has been increasing due to its dark pink
color and uniform, large, and crunchy berries, and in some regions, such as the Brazilian subtropics,
this grape represents more than 50% of the area cultivated by table grapes. However, lack of skin color
is an issue while growing this cultivar in this kind of subtropical warm climates [9,10].

In grapes, the anthocyanin starts accumulating at the time when abscisic acid (ABA) also starts
to increase in berries, and is reportedly responsible for the anthocyanin biosynthesis [6,7]. In recent
years, it has been demonstrated that the application of the enantiomer (S)-cis-abscisic acid (5S-ABA) can
increase the anthocyanin contents of grapes and improve their color [6,7,9,12-16].

Exogenous application of S-ABA is effective around the time of veraison (onset of ripening),
a time when physiological changes start to appear in grapes, such as the increase of soluble solids,
berry softening, and coloring [15,17]. However, in most of the cases, application of S-ABA at the time of
veraison is a difficult task, especially because the onset of these changes does not occur simultaneously
and may widely vary among cultivars [18]. Additionally, large growing areas and unfavorable climatic
conditions, such as prolonged rainfall periods, make it difficult to apply this plant growth regulator at
veraison in a short period of time over the whole area, since it is a time-consuming operation and only
the bunches are subjected to the application.

Considering these aspects, an evaluation of the effect of S-ABA application over a longer period
of time (i.e., from pre- to post-veraison) on color development has not been explored yet, especially
regarding the weekly and daily rates of anthocyanin development, which could provide information
leading to a better understanding of the responses of berries towards such treatments in different
circumstances. In order to overcome this issue, a research study was planned to evaluate the influence
of S-ABA on anthocyanin accumulation when applied at different timings of veraison, and to quantify
the gradual increase of berry color in ‘Benitaka’ table grapes grown under double annual cropping in a
subtropical area.

2. Materials and Methods

2.1. Experimental Area and Pre-Conditions

The study was conducted in an 11-year-old commercial vineyard of ‘Benitaka’ table grapes
(Vitis vinifera L.), grafted on ‘IAC 766 Campinas’ rootstock located at Marialva city, in the state of
Parana, Brazil (23°29'52.8” S, 51°47'58” W, elevation 570 m), under double annual cropping system.
The climate of this area is classified as Cfa by K&ppen (i.e., subtropical humid) with winter mean
temperature below 18 °C, summer mean temperature above 22 °C and 1596 mm of rainfall, which
occurs mostly during summer [19]. The trials were carried out during two consecutive seasons (i.e.,
summer season of 2015 and off-season of 2016). The total precipitation and average temperature
during the grape ripening period of the 2015 summer season and 2016 off-season were 462 mm and
23.0 °C and 290 mm and 17.5 °C, respectively. The vines were spaced at a distance of 3.0 x 6.0 m
and cane-pruned with eight buds per cane. For uniform bud burst, 2.5% of hydrogen cyanamide was
applied on the two terminal buds. Other practices like fertilizer application, weed control, pest and
disease management were carried out according to the local practices used [9].

2.2. Treatments and Statistical Design

The isomer (S)-cis-abscisic acid (S-ABA) was provided by Valent BioSciences® Co. (Illinois,
Libertyville, IL, USA), containing 100 g L~! of active ingredient. The experiments were conducted in a
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randomized block design, where the treatments were replicated five times, and each plot consisted of
one single vine. Ten representative bunches per each plot were marked for further analysis.

The treatments contained S-ABA 400 mg L1 [9,15] applied at different timings of veraison, as
follows: control (with no application); at pre-veraison (PRV); at veraison (V); and at post-veraison
(POV). For all S-ABA treatments, a second application was performed 10 days after the first application
in order to potentialize anthocyanin accumulation, according to previous works with this and other
grape cultivars [9,15]. Application timings were identified considering the total soluble solids (TSS)
of berries. The first treatment (at PRV) was applied when the berry TSS contents suddenly jumped
from 4.0 to 5.7 Brix. Similarly, for the second treatment (at V), TSS was 7.3 Brix and at least 50% of
the berries showed change in color, performed 7 days after PRV. The last treatment (at POV) was also
applied 7 days after V, where the TSS was 9.5 Brix.

For S-ABA application, only the bunches of the ‘Benitaka’ table grapes were sprayed using a
knapsack sprayer at a pressure of 568.93 psi (39.22 bar) with hollow cone nozzle tips, model JA-1 (1 mm
of diameter) (Jacto Group, Pompeia, Brazil), at a volume of 800 L halina complete and uniform way.
In addition, 0.3 mL L1 of BreakThru®(Evonik Industries, Essen, Germany), a non-ionic surfactant,
was added to all treatments for uniformity of the treatment.

2.3. Sampling and Analyses

During both evaluated seasons, anthocyanin contents, color index development, TSS, titratable
acidity (TA), and maturation index (TSS/TA) were evaluated on weekly basis starting right from the
application of first treatment (at PRV). For this purpose, 30 berries were randomly selected from each
plot (i.e., three from each marked bunch with one from the top, one from the middle, and one from
the bottom of each bunch). These samples were then split into three subsamples (1 = 10) for further
evaluation. For both seasons, bunches were harvested when the TSS of the berries stabilized at around
14.0 Brix.

2.4. Anthocyanin Evaluations

To determine the anthocyanin content in berries from the first treatment application (at PRV;
i.e., 7 days before veraison), samples of 3 g of berry skin were used from each plot, which were
gently separated from the flesh using a sterile blade and washed with distilled and de-ionized water.
The skins were than dried with a sterilized tissue, and added to 30 mL of acidified methanol (HCI
1% + methanol 99%) and left in the dark for 48 hrs. Spectrophotometer Genesys™ 10S UV-VIS®
(Thermo Scientific, Waltham, MA, USA) at 520 nm was used for evaluating the samples, whereas
results were expressed in milligrams of total anthocyanins as malvidin-3-glucoside per gram of berry
skin (mg g~!) [8]. For evaluating the weekly rate of anthocyanin accumulation (from one week after
the treatments application), readings from earlier samples were subtracted from the later ones and
divided by the total number of days (i.e., 7 days), and the results were expressed as milligrams of
malvidin-3-glucoside per gram of berry skin per day (mg g~! of skin).

2.5. Skin Color Evaluations

A colorimeter CR-10 (Minolta®, Tokyo, Japan) was used for skin color evaluation. For each plot,
10 berries were analyzed for color development by recording their L* (lightness), C* (chroma), and #°
(hue angle). The values of light may range from 0 (black) to 100 (white). Chroma is calculated from the
a* and b* of the CIELab scale system. Chroma signifies color purity or color intensity from achromatic
(grey) towards chromatic color that starts from zero without any possible end point, but the intensity
increases with magnitude. Hue angle refers to the color wheel (i.e., green, yellow, and red in regard to
the values of 180, 90, and 0, respectively) [8,12,13,16]. For color index of red grapes (CIRG) from the
first treatment application (at PRV), the formula CIRG = (180 — /°)/(L* + C*) was used [20]. The weekly
rate of color index of red grape (CIRG), from one week after the application of the treatments, was
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calculated by subtracting the final CIRG values from the initial readings, and then dividing them by
the total number of days (i.e., 7 days).

2.6. Total Soluble Solids (TSS), Titratable Acidity (TA), and Maturation Index (TSS/TA)

A digital refractometer DR301-95 (Kriiss Optronic, Hamburg, Germany) was used for the TSS
evaluation. For this purpose, juice was extracted from 10 berries of each plot, and the results were
expressed as Brix. For titratable acidity (TA) determination, a semi-automatic titrator was used, where
juice extracted from the berries was titrated with 0.1 N NaOH. The results are presented as percentage
of tartaric acid [21]. The maturation index was calculated from the ratio of TSS and TA.

2.7. Statistical Analysis

The collected data was analyzed using analysis of variance (ANOVA) and Tukey’s HSD (Honest
significant difference) test was used to calculate mean significant differences at 5% probability level [22]
for all the variables, including rates of anthocyanin and CIRG development. Furthermore, regression
analyses were carried out for TSS, TA, and TSS/TA. These procedures were carried out using statistical
software SISVAR® version 5.8 build 80 (Lavras Federal University, Lavras, Brazil) and MS Excel
(Microsoft, Washington, WA, USA).

3. Results

3.1. Total and Weekly Rate of Anthocyanin Accumulation

Total anthocyanin accumulation was significantly affected in both seasons by the use of exogenous
S-ABA applied at different timings of veraison. After two weeks of the application at PRV, the grape
berries started to show increases in the anthocyanin concentration of the skin (Figure 1). During
both seasons, all treatments, regardless of their application timing (i.e., at PRV, at V, and at POV),
presented a significant increase throughout the berry ripening until harvest. This increase was superior
among S-ABA-treated berries in comparison with control treatments from the start of veraison until
harvest. It was observed that during both seasons, although at PRV and at V presented higher means as
compared with at POV during the process of the berries ripening, in both cases the final means of these
treatments were statistically similar to each other and significantly higher than the control treatment.

Moreover, regardless of the different timings of S-ABA application, it was clear the importance of
the second application (i.e., 10 days after first one) to keep the accumulation of anthocyanin over time,
and this behavior was observed during both growing seasons.

Although the final means of total anthocyanin were similar during both seasons, the development
pattern of anthocyanin accumulation was slightly different. During the 2015 summer season, the
anthocyanin accumulation was fast after the application of S-ABA, but at the end of the cycle, the
increase seemed to stabilize. On the other hand, during 2016 off-season, this behavior varied, where
the anthocyanin buildup was initially slow but acquired momentum, and even at harvest, berries
showed a tendency towards producing more anthocyanin content, unlike the summer season of 2015,
where anthocyanin accumulation stabilized at the time of harvest.

This phenomenon can be more clearly observed from the weekly rate of anthocyanin accumulation
(Figure 1). It can be observed that during the summer season of 2015, the weekly rate of anthocyanin
accumulation during early ripening stages (at 14 and 21 days after veraison - DAV) was faster as
compared to later stages (28 and 35 DAV), where this development stabilized. On the other hand,
during the off-season of 2016, the rate of weekly anthocyanin accumulation was not significantly high
during the early stages (14 DAV) but gradually increased and was still increasing at harvest. The rate
of weekly anthocyanin accumulation during the off-season of 2016 was more efficient compared to the
summer season of 2015, whereas during both seasons berries treated with S-ABA at PRV showed a
significantly higher accumulation rate followed by at V application.
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Figure 1. Total anthocyanin accumulation (mg g~! of skin) and weekly rate of anthocyanin
accumulation (mg g~! of skin) of ‘Benitaka’ berries (Vitis vinifera L.) subjected to (S)-cis-abscisic
acid (S-ABA 400 mg L~!) at different timings of ripening. A second application of S-ABA 400 mg L~!
was performed for all treatments 10 days after the first application, except for the control. Means within
columns for the same letter followed by different letters differ significantly by Tukey’s test (p < 0.05).
ns: non-significant.

3.2. Berries Color and Weekly Rate of Color Development

Color development followed the same pattern observed for total anthocyanin accumulation,
with a very slight variation during the 2016 off-season. Like anthocyanin color development, it started
to increase more quickly in S-ABA-treated berries as compared with non-treated berries (Figure 2).
During both seasons, right after the application of S-ABA, the treated berries showed significantly
darker color in comparison to control with application at PRV and at V being the superior treatments
in terms of color development (Figure 3). Multiple S-ABA applications showed similar effect on berries
color development as anthocyanin concentration, as previously discussed.

During the 2015 summer season, early S-ABA applications (at PRV and at V) were recorded with
higher anthocyanin accumulation throughout the ripening of berries, where at harvest, all treatments
were significantly at par with each other, including at POV, except control. On the other hand, for the
2016 off-season, the same behavior was observed for the treatments, but with a little difference,
where at harvest, S-ABA applied at POV treatment showed significantly similar results to that of at V
application, but lower to at PRV. Overall, all the treatments during off-season were higher than control,
but the treatments applied at PRV and at V were recorded with higher means.
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Figure 2. Color index of red grapes (CIRG) and weekly rate of color index for red grape (CIRG) of
‘Benitaka’ berries (Vitis vinifera L.) subjected to (S)-cis-abscisic acid (S-ABA 400 mg L) at different
timings of ripening. A second application of S-ABA 400 mg L~! was performed for all treatments
10 days after the first application, except for the control. Means within columns for the same letter
followed by different letters differ significantly by Tukey’s test (p < 0.05). ns: non-significant.

Summer season crop 2015 Off-season crop 2016

Figure 3. Berries of ‘Benitaka’ table grapes subjected to different treatments with (S)-cis-abscisic acid
(S-ABA 400 mg L1). A: control (no application); B: at pre-veraison; C: at veraison; D: at post-veraison.
A second application of S-ABA 400 mg L~ was performed for all treatments 10 days after the first
application, except for the control.

3.3. Total Soluble Solids (TSS), Titratable Acidity (TA), and Maturation Index (TSS/TA)

Regression analysis showed that TSS contents of ‘Benitaka’ berries (Figure 4) developed with no
effect from the S-ABA application. TSS development through the course of ripening showed a linear
regression with days of berries ripening (Figure 4). All of the samples reached maximum TSS around
14 Brix during both seasons with no influence from the use of the plant growth regulator.
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Figure 4. Evolution of total soluble solids (TSS; Brix) and titratable acidity (% tartaric acid) of ‘Benitaka”
berries (Vitis vinifera L.) subjected to (S)-cis-abscisic acid (S-ABA 400 mg L) at different timings of
veraison. A second application of S-ABA 400 mg L~ was performed for all treatments 10 days after
the first application, except for the control. Data were originated from polynomial regression.

Regression analysis of TA showed a negative polynomial behavior through the course of berries
ripening in both seasons (Figure 4). Like TSS, TA was also not influenced by the use of exogenous
S-ABA application to the berries. The same can be observed for the maturation index of ‘Benitaka”
berries, where the regression analysis showed a positive polynomial regression as the berries matured
(Figure 5, Supplementary tables).
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Figure 5. Evolution of maturation index (TSS/TA) of ‘Benitaka’ berries (Vitis vinifera L.) subjected
to (S)-cis-abscisic acid (S-ABA 400 mg L~!) at different timings of veraison. A second application of
S-ABA 400 mg L' was performed for all treatments 10 days after the first application, except for the
control. Data were originated from polynomial regression.
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4. Discussion

It has been demonstrated that exogenous applications of S-ABA around the time of veraison
increase the anthocyanin contents in the berry skin of several grape cultivars [8,12,13,15-17]. This can
be attributed to the effects of S-ABA on the expression of genes related to anthocyanin biosynthesis and
accumulation of metabolites in grape berries [7,18,23]. The use of ABA enhances the accumulation of
the myb-related transcription factor VoMYBA1, regulator of UFGT (flavonoid 3-O-glucosyltransferase)
gene expression [24-27], whereas the UFGT acts specifically for the production of anthocyanins [28,29].

Some table grape cultivars may respond well to a single application of S-ABA, such as ‘Crimson
Seedless’ [13], whereas others, like ‘Rubi’ and ‘Niagara Rosada’, may need multiple applications to get
such benefits [30,31].

Rapid anthocyanin accumulation was observed among S-ABA-treated ‘Cabernet Sauvignon
berries during early stages of ripening. Also, the anthocyanin synthesis differed among the two
growing seasons of the trial, which can be attributed to the climatological differences among the
two seasons [32]. Several environmental factors influence the anthocyanin accumulation in grape
skin, including temperature, solar radiation, and the interaction between temperature and solar
radiation [33]. Thus, the different pattern of anthocyanin accumulation during the two seasons
may have occurred due to differences in the climatic conditions of the two seasons, especially the
temperature and its diurnal temperature variation.

The early increase in anthocyanin contents may have occurred due to the fact that less mature
berries respond well to S-ABA as compared to more ripe berries, in terms of anthocyanin accumulation
and color development [16]. However, some cultivars respond well to late S-ABA application
as well [12,13]. Meanwhile, in the current study, the timing of applying S-ABA had a longer
range, where starting from PRV to POV all the treatments showed significant improvement in the
anthocyanin contents of the berries, thus allowing a longer period of time for applying the plant
growth regulator [16].

Regarding weekly rate of color development (Figure 2), treated berries tend to develop color faster.
It can also be observed that berries that produce high color during early stages tend to produce lower
daily color development during later stages of berry ripening. Decreases in berry color at later stages
may be attributed to the degradation of anthocyanins by glycosidases and peroxidases [32]. During
both seasons, the same pattern was observed, where the earlier S-ABA application (at PRV) showed
a fast increase during early stages, but decreased over time, and similarly after each application the
rate of color development increased in such manner. This behavior is related to the development
of anthocyanins in the early stages of ripening. Since berries produced a rapid accumulation of
anthocyanins at early stages of berry ripening due to early veraison applications (at PRV and at
V) [16,31], this is the reason why the color development was also fast during early ripening stages.

The berries showed a predictable pattern of TSS improvement during both seasons. Similarly, no
effect of S-ABA was observed over the TSS contents of ‘Crimson Seedless’ grapes, which ranged from
14 to 15 Brix [34]. The TSS of grapes is not usually influenced by the use of S-ABA [12,34], but rather
on the environmental conditions and cultural practices [35]. As sugar is the dominant component
(90%) of TSS [35], its accumulation is mostly dependent on photosynthesizing leaves and woody
storage parts [36] rather than use of S-ABA, and that is why a linear behavior was observed in the TSS
development of ‘Benitaka’ berries. Application of S-ABA at different concentrations around veraison
did not alter the chemical characteristics of ‘Sovereign Coronation” grape berries [37]. The TA contents
of ‘Crimson Seedless’ decreased during the course of berry ripening but with no influence from the
S-ABA treatments [34]. Unlike TA, the maturation index increased in the same gradual manner that
TA decreased, and with high maturation index at harvest of ‘Monastrell” [38] as well as “Chambourcin’
grapes [39], where no effect of ABA application was found on the physicochemical properties of the
berries. Several factors can influence the development of these variables and the results can vary
according to the cultivar and the environmental conditions in the bunch ripening [40]. In berries of
‘Flame Seedless’, the application of exogenous S-ABA reduced the TA of berries [41].

’
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This work was focused on investigating the anthocyanin accumulation, as well as the color
development, during the course of berry ripening in response to exogenous S-ABA treatments at
different timings of veraison. The study also focused on new aspects of anthocyanin and color
development, such as the weekly rate of anthocyanin accumulation and weekly rate of CIRG, which
have never been explored before. It was observed that S-ABA significantly improved the color
development and anthocyanin accumulation in ‘Benitaka’ table grapes. Early application of the
regulator produced faster anthocyanin accumulation during early weeks of veraison, which stabilized
at the time of harvest.

During the 2016 off-season, this behavior slightly differed, but the role of S-ABA in the
accumulation of anthocyanin and color development was the same in both cases. Daily rates of
anthocyanin accumulation and CIRG followed a similar pattern. These analyses demonstrate that after
the exogenous application of S-ABA the rate of daily anthocyanin peaked in response to the treatments,
whereas the control treatment did not show any such response. A second application of S-ABA resulted
in anthocyanin accumulation over time, as well as the color development of the ‘Benitaka” grapes. This
result supports the previous findings regarding ‘Benitaka’ and ‘Rubi” table grapes grown in subtropical
area [9,15], since the levels of ABA decreased after one week of the exogenous S-ABA application. Thus,
the second application of this plant growth regulator keeps the gene expression related to anthocyanin
accumulation in higher levels, resulting in a better color coverage [29]. However, depending on the
cultivar, a single application can be sufficient for color improvement, although when grown in warm
areas, a second application is often necessary. The response of the berries towards S-ABA clearly
showed that multiple applications of S-ABA are necessary to get such effects. The weekly rate of
color and anthocyanin development provides a better idea regarding the amount of anthocyanin that
accumulates in the berry skin on a daily basis and helps to establish a better understanding of the
behavior of anthocyanin accumulation and its effect on the color development of berry skin. Similar
to total anthocyanin accumulation and CIRG, the weekly rates of both variables also varied slightly
between the two seasons, but this difference can be more attributed to the climate rather than the use
of regulator itself, where a slight change in weather and climate can cause a significant difference in
observations [35]. The regression analysis of physicochemical properties (i.e., TSS, TA, and maturation
index) reveals that these variables depend on the natural phenology of the vine, as well as other
factors including the environment, genotype, cultural practices, etc. However, he use of S-ABA had no
observable impact on these variables, which followed a predictable pattern that is usually observed for
this cultivar under similar environmental conditions.

5. Conclusions

For both the summer and off-season crops, treating ‘Benitaka’ grape berries pre- or at veraison
with S-ABA significantly increased the anthocyanin accumulation as well as the color development of
the berries. Other chemical properties of grapes (i.e., TSS, TA, and TSS/AT), were not affected by the
use of S-ABA and followed a predictable pattern in relation to days of berry ripening.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/9/4/164/s1,
Figure; Table S1. Regression equations for total soluble solids (TSS), titratable acity (TA) and TSS/AT evolution
of ‘Benitaka’ berries (Vitis vinifera L.) subjected to (S)-cis-abscisic acid (S-ABA 400 mg L) at different timings
of veraison. Summer season crop 2015, Table S2. Regression equations for total soluble solids (TSS), titratable
acity (TA) and TSS/ AT evolution of ‘Benitaka’ berries (Vitis vinifera L.) subjected to (S)-cis-abscisic acid (S-ABA

400 mg L) at different timings of veraison. Off-season crop 2016.
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Abstract: Carbon dioxide (CO,) is one of the primary factors driving climate change impacts on
plants, pests, and natural enemies. The present study reports the effects of different atmospheric CO,
concentrations on the vine mealybug Planococcus ficus (Signoret) and its parasitoid wasp Leptomastix
dactylopii (Howard). We investigated the life-history parameters of both species on grapevine Vitis
vinifera (L.) plants grown under elevated (eCO;) and ambient (aCO,) CO; levels in a greenhouse
and in a vineyard free-air carbon dioxide enrichment (FACE) facility. The greenhouse experiments
with an eCO; level of around 800 ppm showed a significant increase in survival rates, a strong trend
towards declining body size, and an increasing fecundity of female mealybugs, while fertility and
development time did not change. However, none of these parameters were altered by different
CO; concentrations in the Vineyard FACE facility (eCO, level around 450 ppm). On the other hand,
the parasitism success, development time and sex ratio of L. dactylopii, reared on P. ficus under eCO,
or aCO,, varied neither in the greenhouse nor in the FACE facility. These results suggest that future
CO; levels might cause small-scale changes in vine mealybug fitness; however, this is not necessarily
reflected by parasitoid performance.

Keywords: climate change; elevated CO,; grapevine pest; mealybug; parasitoid; FACE

1. Introduction

Atmospheric CO; levels are on the rise, with the latest reports published by the Intergovernmental
Panel on Climate change (IPCC) reporting an increase of 20 ppm per decade, resulting in an increase of
over 35% since pre-industrial times. Current atmospheric CO; levels are close to 400 ppm, and this
value is expected to double by the end of this century [1]. Plants react to elevated atmospheric
CO; levels with a whole range of morphological and physiological adaptations. Most C3 plants
increase their photosynthesis rates and primary production [2,3]. This also applies to grapevine plants
(Vitis vinifera L.). For example, Bindi et al. [4] noted that atmospheric CO, enrichment stimulated
grapevine growth and enhanced fruit and total biomass. Stimulated growth and yield, as well as
enhanced stomatal conductance and transpiration, under elevated CO,, were also reported from
a vineyard free-air carbon dioxide enrichment (FACE) facility in Geisenheim, Germany [5].

Alterations in temperature, precipitation, and other climatic factors are expected to have substantial
direct impacts on grape insect pests and pathogens, as well as on the suitability of a grapevine as a host
plant for a range of organisms [6]. The increased availability of carbon (C) vs. nitrogen (N) leads to
an accumulation of carbohydrates in the foliage and consequently to a higher C:N ratio and a lower
nutritional value for herbivores [2,3,7]. This has negative effects, especially on leaf-chewing herbivores,
while phloem-feeders seem to be less affected. Several studies report an improved aphid fitness under
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elevated CO, (eCO») [3,8], although the mechanisms behind this are not yet fully understood. While
aphids are a primary pest in many agricultural and horticultural systems, mealybugs, such as the
vine mealybug Planococcus ficus Signoret (Hemiptera: Pseudococcidae), are a much bigger concern in
grapevine production.

Planococcus ficus is an invasive phloem-feeding insect from the Mediterranean area, which has
become a serious invasive pest in many grape-growing regions worldwide [9,10]. Mealybugs affect
grapevines both directly and indirectly. By feeding on the phloem sap of all plant organs, mealybugs
weaken the plants” vigour. Furthermore, the excreted honeydew promotes the growth of sooty
mould on leaves and fruits, reducing photosynthesis, grape marketability and wine quality [9,11,12].
Planococcus ficus is also known to transmit grapevine leafroll-associated virus (GLRaV) and other
diseases, which reduce the crop yield and wine quality [13,14]. Mealybug control was based on
repeated applications of broad-spectrum insecticides, although with limited success, as mealybugs feed
not only on the canopy, but also under the bark and in the root area [15], where they are inaccessible to
contact-active pesticides. Additionally, the reiterated use of broad-spectrum insecticides is associated
with negative effects on non-target organisms, including biological control agents, and the risk of future
pesticide resistance [10,16,17]. Therefore, alternative methods for mealybug control include employing
new pesticides, pheromone-based mating disruption, and biological control [18-22]. Models predict
that under future climate change scenarios, P. ficus will thrive and continue to expand its range [23,24].
The only available study on the effects of eCO; on scale insects concludes that temperature, rather than
CO,, alters the performance of the Madeira mealybug, Phenacoccus madeirensis (Green) [25].

The biological control of mealybugs with natural enemies forms an important part of sustainable
pest management programs. Planococcus ficus can be parasitised by several encyrtid species, such
as Anagyrus pseudococci (Girault), Leptomastix dactylopii (Howard), Leptomastidea abnormis (Girault),
Coccidoxenoides perminutus Girault, and Coccidoxenoides peregrinus (Timberlake) [10]. Leptomastix
dactylopii (Hymenoptera: Encyrtidae) is a solitary, arrhenotokous, koinobiont endoparasitoid, probably
native to eastern Africa [26], which has been introduced into Europe, the United States, Pakistan, India,
and Australia [27]. Leptomastix dactylopii has been used in biological control programs against the
citrus mealybug, Planococcus citri (Risso) [28,29], but it has also been found in vineyards infested with
P. ficus and other vineyard mealybugs in California (US), Iran, South Africa and Tunisia [9,30-32].
Laboratory trials showed that P. ficus is a suitable host for L. dactylopii and wasps might even have
an innate preference for this host [26,33]. Leptomastix dactylopii is susceptible to low temperatures,
and its geographical range might expand due to global warming, similar to other encyrtid wasps [24].
There are no studies available on the effects of eCO, on L. dactylopii or other Encyrtidae. Considering
other related pest-natural enemy complexes, some studies investigated the knock-on effects of eCO; on
aphid parasitoids, but results vary between neutral, beneficial, and detrimental effects [34,35]. If host
quality decreases under eCO,, parasitoids will be adversely affected. If eCO, increases host quality,
parasitoid performance may be maintained or increased. However, the number of available studies is
too low to derive general patterns.

Besides host quality, parasitism success depends on the parasitoid’s ability to locate possible hosts.
When attacked by herbivores, plants release attack-specific volatiles which help natural enemies to
locate these herbivores [36]. While chewing insects stimulate the jasmonic acid-signalling pathway,
phloem-feeding insects trigger the salicylic acid signalling pathway [34]. Considering the reactions of
grapevine plants to attacks by P. ficus, the transcriptional response of vine plants is rather weak [37].
However, elevated CO, stimulates the production of salicylic acid, which might favour parasitoid host
location of phloem-feeders and improve parasitism success [38].

Systematic investigations on the consequences of changing temperature, precipitation or CO,
concentration on grapevine diseases and pests are few in number [6,39] and multi-trophic interactions
of grapevine pests and their natural enemies have never been studied under elevated CO, levels.
The present study aims to investigate the effects of elevated CO, on the performance of L. dactylopii
and its host, the vine mealybug, reared on grapevine plants in an FACE system and in the greenhouse.
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We hypothesised that (I) vine mealybugs reared under eCO, would react like other phloem-feeders,
as aphids, predicting that (II) life history parameters would not be altered or even improve from higher
atmospheric CO; levels, and (Il) the parasitoid L. dactylopii would either be unaffected or benefit from
eCO,, depending on the mealybug performance.

2. Materials and Methods

Insects were obtained from the Department of Crop Protection at Geisenheim University, Germany.
Planococcus ficus was reared on sprouted potatoes at 26 + 1 °C and 60-70% relative humidity (RH) in
darkness in an incubator. Leptomastix dactylopii cultures were reared on P. ficus on sprouted potatoes in
transparent plastic containers (37 X 22 x 25 cm) at 26 °C, 60-70% RH, and a photoperiod of 16:8 (L:D)
in an environmental chamber. Containers were also supplied with honey agar as an additional food
for wasps.

In order to answer the question of whether life-history parameters of P. ficus vary under different
CO;, concentrations, we conducted greenhouse experiments as well as field studies in the Vineyard FACE
facility (Geisenheim University, Geisenheim, Germany). The greenhouse experiment was performed
with potted Riesling grapevine plants exposed to ambient and elevated CO, concentrations of 400 CO,
and 800 ppm CO,, respectively (Table S1). At the onset of the experiment, plants were 12 weeks old
and approximately 40 cm high. Grapevine plants used in the greenhouse experiments in this study
were grown under ambient CO, conditions for 12 weeks before exposure to eCO, started. Each plant
was infested with ca. 100 P. ficus nymphs using leaf disc transport [40]. Briefly, two to three ovisacs
harvested from P. ficus females were transferred to 2 X 2 cm paper towel squares and placed on 5 cm
vine leaf discs. Leaf disks were placed on water-soaked cotton wool and 5 cm filter papers to avoid leaf
edges entangling in the cotton wool. After 48 h, paper towel squares were removed and the number of
crawlers on the leaf disks was counted. Then, two to three leaf discs were placed on each experimental
plant, applying a total number of approx. 100 crawlers per plant. Plants were covered with a fabric
gardening bag (60 X 40 cm, 19 g/m?, Classic80, HECO Textilverlag, Memmingen, Germany), ensuring
oxygen and light supply while preventing mealybugs from escaping and being attacked by natural
enemies. A total of 40 plants were placed in a greenhouse chamber with elevated CO, concentrations,
while another 40 plants served as the control in an ambient CO, greenhouse chamber. Half of the
40 plants in each cabin were used to study life history parameters of P. ficus, while the other 20 plants
were used to raise adult P. ficus females for the parasitism experiments with L. dactylopii. During the
course of the experiments (mid-July to late August 2016), an average temperature of 22 °C was reached
in the greenhouse (average minimum temperature 16.0 °C, average maximum temperature 30 °C)
(Table S2), and plants were watered twice per week with rainwater.

The VineyardFACE facility enhances open-air CO, concentrations using ring-like structures with
a diameter of 12 m, which are placed over the rows of an actual vineyard. Three rings are sparged with
CO; reaching eCO; levels of approx. 450 ppm, while the other three rings use air and serve as the
aCO; (ca. 400 ppm) control. For a detailed description of the VineyardFACE design, see [5,41] and
Supplementary Figure S1. Field experiments were conducted between mid-July and mid-September
2016. During the experiments described here, CO, concentrations were measured by using two
LI-8100 analyser control units (Li-CorLI8100/8150 Multiplexer, Li-Cor Biosciences, Lincoln, NE, USA)
installed at two heights (1.7 m and 0.75 m) in the grapevine canopy. Within aCO, rings, an average
level of 401 + 1.3 ppm was reached during the experimental periods, while in eCO; rings, air was
enriched during daylight hours to approximately 12% to 18% above the ambient CO, (456 + 16.1 ppm),
which is the concentration predicted for the mid-21st century. Supplementary Figure S2 illustrates
CO; concentrations in aCO, and eCO, rings during the first period of the experiments (mid-July
to beginning of August 2016) described here. Data on weather conditions during the experimental
periods are provided in the Supplementary Table S3. During the course of the experiments, an average
temperature of 20.5 °C was reached in the field (average minimum temperature 14.0 °C, average
maximum temperature 27 °C). Experiments were conducted on 10 five-year-old Riesling grapevine
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plants per ring, resulting in three replicates, with 10 sub-replicates each. Similar to the greenhouse
experiment, two canes per plant were inoculated with approximately 100 1st instar mealybug nymphs
and covered with gardening fabric. Of the two infested canes per plant, one was used for the study
on mealybug life-history parameters, while the other one served to provide adult mealybugs reared
under eCO; as hosts for L. dactylopii.

In both the greenhouse and FACE experiments, the development time, body size, fecundity,
fertility, and survival of P. ficus females were recorded. The developmental stages of mealybugs were
determined according to Walton & Pringle [9]. Three weeks after infesting vines with mealybug nymphs,
greenhouse and FACE plants were assessed for the presence of females reaching the oviposition stage.
Plants were checked every other day and the first ten (greenhouse) or five (VineyardFACE) ovipositing
females from every plant were collected and stored in ethanol until further analysis. The infestation
and collection dates for each female were used to determine the development time. Body length
(from head to anal lobes) of the collected P. ficus females was measured under a stereomicroscope.
To determine the fecundity and fertility, one additional female at the onset of oviposition was sampled
from each treated and untreated plant (Greenhouse: 1 = 20; VineyardFACE: n = 3). These females
were transferred individually to a small piece of paper towel in a sealed Petri dish and incubated
in the respective greenhouse chambers (eCO, and aCO,) for two weeks. Then, Petri dishes were
frozen, and the number of crawlers and unhatched eggs was counted under a microscope. The sum of
unhatched eggs and hatched crawlers accounted for fecundity, while fertility was determined by the
percentage of hatched crawlers. Greenhouse experiments finished after six weeks, while the duration
of the Vineyard FACE experiments extended over 9 weeks, due to the slower mealybug development
under field conditions. At the end of the experiments, the number of surviving adult females was
recorded on each plant. In accordance with Ross et al. [42] and Cocco et al. [43], we assumed a baseline
survival rate of 60% of females in our P. ficus culture. Hence, the survival of females was calculated as

(Number of surviving female adults post-experiment + number of females
collected for body size + 1 female collected for the fertility)/Number of applied 1)
P. ficus nymphs x 0.6

A second experiment aimed to answer the question of whether the parasitism success, development
time, or sex ratio of L. dactylopii vary under different CO, concentrations in the greenhouse or in the
VineyardFACE facility. In the greenhouse, 20 potted cv. Riesling grapevine plants were inoculated
with approximately 100 1st instar nymphs of P. ficus and placed in respective greenhouse chambers
with ambient or elevated CO,. Likewise, in the VineyardFACE facility, one cane of each of the ten
vine plants per FACE ring was infested with 100 1st instar P. ficus nymphs. When female mealybugs
reached the 3rd instar to preoviposition stage, one leaf of each plant was placed in a small, water filled
tube; glued to the ground of a round, transparent experimental arena (diameter 15 cm, height 15 cm);
and covered with a detachable lid. Subsequently, five mealybugs, reared from the same plant from
which the leaf was collected, were transferred to the leaf using a sable brush. Mealybugs were allowed
to settle overnight; then, a male and a female individual of L. dactylopii were introduced into the arena
for 24 h (greenhouse) or 48 h (VineyardFACE) and then removed. Experimental arenas were placed in
their respective treatment greenhouse chambers or FACE ring (eCO, or aCO;). Water was refilled in
the tubes, when necessary. After two weeks, arenas from the VineyardFACE facility were moved to the
greenhouse and placed in the respective aCO, and eCO, treatments, since temperatures in the field
decreased to unfavourable levels for L. dactylopii development. Subsequently, arenas were visually
checked for parasitised mealybugs in order to determine parasitism success. In the following weeks,
arenas were checked for L. dactylopii adult emergence every 24 h and wasps were removed. The date of
emergence was recorded to determine the development time. Emerged individuals were transferred to
glass vials and sexed. The experiment finished after 5 weeks when wasp emergence ended.

To detect the possible effects of eCO, on P. ficus and L. dactylopii, data of each measured parameter
were tested for normality, followed by an unpaired t-test. Only P. ficus fertility data from the FACE
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experiment did not follow a normal distribution and was analysed with a Mann-Whitney test for
non-parametric data sets. Contingency tables and Fisher’s exact test were used to detect possible
differences in categorical variables, i.e., the sex ratio of newly emerged L. dactylopii. Pearson’s correlation
analysis was conducted to investigate the relation of female body size and development time (onset of
oviposition) of female P. ficus mealybugs reared under elevated or ambient CO; conditions. All analyses
were performed with Graphpad Prism version 7.00 for Windows (GraphPad Software, LaJolla, CA, USA).

3. Results
3.1. Life History Parameters of P. ficus Under Different CO; Levels

3.1.1. Greenhouse Experiments

The mean body size of mealybugs reared on grapevine plants under aCO, was larger compared to
those reared under eCO,. However, this difference was not significant, even though there was a tendency
(p = 0.05) towards smaller sized mealybugs under eCO, (Figure 1A; Tables S4 and S5). There was
a significant negative correlation between the time of exposure and body size of ovipositing females in
the eCOj, treatment (R? = 0.63, p = 0.01), while such a correlation was not detected with aCO, (Figure 2).

The survival of adult females was significantly greater for mealybugs reared on grapevine plants
under eCO, than for mealybugs under aCO, conditions (53.2% and 40.1% survival, respectively)
(p = 0.04) (Figure 1B; Tables 5S4 and S6). There was no difference between aCO, and eCO; in terms
of the development time from the 1st instar to oviposition, neither for the mean development time
(Figure 1C, Tables S4 and S5) nor considering the first ovipositing female of each plant. Fecundity, on
the other hand, resulted in 230.9 (aCO,) and 290.1 (eCO,) mealybug eggs. The improved fecundity
under eCO, was not significant, but might indicate a strong trend (p = 0.05); while fertility, calculated
as the percentage of 1st instar nymphs hatched from these eggs, was not different between the CO,
treatments (Figure 1D; Tables S4 and S7).
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Figure 1. Life history parameters of mealybug females reared under eCO, and aCO; in the greenhouse
and in the Vineyard FACE facility. Data displayed as means + SD. Statistically significant differences
between CO, treatments are marked with *. Solid columns display greenhouse data (GH), and hatched
columns display data from the Vineyard FACE experiment. (A) Body size of females at the onset of
oviposition. (B) Survival of females. (C) Development time of females from 1st instar to oviposition.
(D) Fecundity, shown as the total number of eggs laid per female, and fertility, shown as the percentage
of hatched crawlers from these eggs.
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Figure 2. Pearson’s correlation analysis of female body size and sampling date of female P. ficus
mealybugs at the onset of oviposition reared under elevated (eCO,, black squares) or ambient (aCO,
grey circles) CO, conditions. Data displayed as means + SD. (A) Greenhouse data: eCO, R? = 0.63,
p =0.01; aCO, R2=0.37, p = 0.08. (B) VineyardFACE data: eCO, R2 =0.60, p =0.07;aCO, R2 =031,
p=0.25.

3.1.2. VineyardFACE Experiments

Field data on mealybug survival, body size, development time from 1st instar to oviposition stage,
fecundity, and fertility were compared between aCO, and eCO, VineyardFACE rings (1 = 3), but none
of these parameters showed significant differences (Figure 1; Tables S8-S11). Generally, the field results
followed similar trends to the results obtained in greenhouse experiments, but did not reach statistical
significance. The relationship between body size and the onset of oviposition was not significant in the
FACE experiment. (Figure 2B).

3.2. Parasitism by L. dactylopii

The parasitism experiment with L. dactylopii did not reveal any differences between parasitism
success, development time, or sex ratio under eCO; and aCO, treatments, neither in the greenhouse
nor in the VineyardFACE facility (Table 1). In the greenhouse, the aCO, treatment resulted in a total of
15 parasitized P. ficus females, from which 14 wasps emerged: 10 females (69%) and 3 males, while 1
escaped before being sexed. Under eCO, greenhouse, 16 mealybug females were parasitized, all of
which emerged: 12 females (80%) and 3 males, while 1 escaped before being sexed (Table 1, Table 512).
In the field and under FACE eCO,, 40 mealybugs were parasitised and 36 wasps hatched (58% females)
(Table 1, Table S13). In the FACE aCO, treatment, a total of 52 mealybugs were parasitized and
44 wasps hatched, 61% of which were female. The development time of L. dactylopii from egg to adult
was approximately 24 days in both eCO, and aCO; greenhouse treatments, while wasps from the
VineyardFACE facility needed 25 days (eCO,) and 26 days (aCO,) to complete their development.
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Parasitism success was 15% in the aCO, treatment and 16% under eCO, conditions in the greenhouse,
while in the field, more mealybugs were parasitised (35% under aCO,, and 29% under eCO;).

Table 1. Results from the parasitism experiment with L. dactylopii and P. ficus in a greenhouse and
field (Vineyard FACE) under ambient (aCO;) and elevated (eCO,) conditions. Values are expressed as
means + SD.

Site Treatment  Parasitism Success (%) Development Time (days)  Sex Ratio (% Females; % Males)
aCO, 15+17,n=20 23.86 +1.35,n =14 69.23;30.77,n =13
Greenhouse eCO, 16 +22.1,n=20 23.69 +£0.79,n =16 80;20,n=15
p 0.87 0.67 0.67
aCO, 34.67 £ 34.01,n =30 25.67 £3.34,n =44 61.36; 38.63, n = 44
VineyardFACE eCO, 29.33 £ 27.66, n = 30 2513 £2.54,n =36 58.33; 41.67, n = 36
r 0.51 0.41 0.82

4. Discussion

Here, we report for the first time on the possible effects of eCO, in a grapevine-based
pest-parasitoid system using the vine mealybug P. ficus and its parasitoid L. dactylopii as model
organisms. Our greenhouse experiments with eCO, showed a significant increase in survival rates,
and strong trends for a decreased body size and increased fecundity of P. ficus females, while fertility
did not change under eCO; concentrations. Body size was negatively correlated with sampling date,
as females that started oviposition later were of a smaller size. Body size is usually positively related
to fecundity in mealybugs [42,43], but we did not find evidence for this in the present study. It is
possible that the number of eggs suffered a decline over time, similar to mealybug size, but this was not
evaluated. On the contrary, fecundity did increase under eCO,, although this trend was not significant.

The field experiment at the VineyardFACE site did not detect any differences between aCO, and
eCO, treatment groups. There are several possible explanations for this. Firstly, field experiments take
place in a more complex environment, including a whole series of uncontrolled variables, e.g., humidity,
wind, and putatively other natural enemies. While this more realistic scenario is important to put
laboratory results into context, it also makes it difficult to detect small-scale effects, as they might
occur in the case of P. ficus under eCO;. Secondly, VineyardFACE eCO; concentrations were much
lower (ca. 450 ppm) than in the greenhouse (ca. 800 ppm), due to the open-air nature of the facility.
The differences detected under greenhouse eCO, were rather small; hence it is not surprising that the
lower VineyardFACE eCO; levels did not achieve comparable results. Thirdly, despite its large scale
and technical sophistication, the Geisenheim VineyardFACE facility only allows a limited number of
replicates. There are only three independent test rings for each CO, treatment, which complicates the
detection of subtle differences per se. To gain statistical power, we also analysed the ten biological
replicates (subreplicates) per ring, see Supplement Tables S9-S11, S13). These subreplicate-based results
are limited in their implications and no general conclusions should be drawn from them. Even so,
none of the analysed life history parameters of P. ficus showed significant differences between aCO,
and eCO;. This combined evidence suggests that VineyardFACE eCO, levels did not affect P. ficus and
it appears unlikely that a higher number of independent treatments (i.e., FACE rings) would change
this result.

Since the experimental conditions were substantially different, no statistical testing was done to
compare field and greenhouse data. There are some differences which might be attributed to other
environmental stress factors, such as temperature and precipitation amounts. Our field experiment
yielded low survival rates, but they are comparable to those measured in a screenhouse experiment
with P. ficus [43]. Female mealybugs in the field needed more time to reach the oviposition state and
were slightly smaller than those from the greenhouse, especially in the aCO, treatment. Mealybug
fecundity and fertility were similar at both sites. Interestingly, a negative correlation between size and
development time was detected under eCO; at both experimental set-ups, although this relation was
not significant (p = 0.07) in the VineyardFACE facility. It would be interesting to study these findings
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in more detail. The overall difference between the obtained field (FACE) and greenhouse data might
also be attributed to an overall plus of an average temperature of 2-3 °C in the greenhouse, which
might have been more favourable for mealybug development.

Higher atmospheric levels of CO, have been shown to result in a higher biomass, increased yield,
and lower nutritional values in grapevine and other plants [2,5,44]. However, plant tissues and fluids
vary in their response to elevated CO; [2,3,45] and influence different feeding guilds of herbivores in
different ways [3,7]. Leaf-chewing herbivores generally perform worse and phloem-feeders have been
shown to be less affected by rising CO, concentrations [3,46]. Most literature on the effects of CO, and
climate change on Hemiptera focuses on aphids. In the only study on mealybugs, Chong et al. [25]
found that temperature rather than elevated CO; influenced the survival, development time and
fecundity of P. madeirensis. Aphids can benefit from elevated CO,, showing increases in fecundity
and survival, and decreases in development time [3,46]. However, several studies showed that the
direction and size of the effect of eCO, depend on the specific combination of host plant and insect
species [47-50]. Hughes & Bazzaz [47] tested five aphid species and their host plants under eCO,; one
species was negatively affected, another positively affected, and no significant effects were found for
the remaining three.

Cocco et al. [43] investigated the performance of female mealybugs reared on a grapevine with
increasing levels of nitrogen (N) fertilisation. There are parallels between the results of the study
by Cocco et al. [43] on P. ficus under elevated N and the results of our study on P. ficus under eCOs.
In both studies, survival rates increased, and fecundity showed an increasing tendency, although this
tendency was not significant in the present study. Fertility was not affected in both studies; body
size augmented with increasing N levels, but decreased under eCO,. Cocco et al. [43] attributed their
findings to a higher nutritional value of the phloem sap caused by fertilisation. It is known that the
effects of eCO, can be mitigated by elevated temperatures, drought [25,46] or fertilisation [3]. Clearly,
these three factors and eCO, interact in future agriculture, especially in perennial systems such as
vineyards. A study by Sudderth et al. [8] investigated the effects of the interaction of fertilisation and
eCO; on aphids by manipulating soil N and atmospheric CO, levels. At ambient CO, levels, high
soil N increased the aphid population size, similar to the mealybugs in the study by Cocco et al. [43].
However, the aphid population size also increased in response to elevated CO; on plants grown under
low soil N [8], which might relate to the higher survival rates of mealybugs in the present study.
Apparently, elevated CO, and increased N fertilisation affect phloem-feeders in a similar manner, but
this does not correspond to changes in the C:N ratios of the leaf tissue [8]. Studies on the nutritional
quality of phloem sap suggest that nitrogen composition (predominantly free amino acids in phloem)
is probably the most important determinant of aphid performance [45,51].

While the present study observed a decreasing mealybug body size with the duration of the eCO,
treatment, we also found that elevated CO, levels were positively related to survival, but development
time, fertility and fecundity were not significantly affected. Hence, we detected indicators for
reduced fitness (body size), as well as factors that support the assumption that fitness was unaffected
(development time, fertility and fecundity) or even improved (survival). These mixed results might
also be caused by the experimental design. Grapevine plants used in the greenhouse experiments
in this study were grown under ambient CO, conditions for 12 weeks before exposure to eCO,
started. Elevated CO, levels affect sap-feeding insects mainly through changes in the host plant [3].
These changes do not happen instantly, hence more clear-cut results on their influence on life history
parameters of P. ficus might take longer than the duration of the present experiment. It would be
interesting to study the long-term effects of eCO, on P. ficus and L. dactylopii on grapevines grown
under eCO; for a longer period than in the present study. Long-term studies could make changes of
life-history of both species become more evident.

Host size is known to influence the sex ratio of parasitoid wasps, with females being more
likely to emerge from bigger hosts according to de Jong & Alphen [28]. Despite the subsequent size
decrease of P. ficus females at the onset of oviposition in the greenhouse experiments in our study, no
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significant differences in the sex allocation of wasps were observed between eCO, and aCO; treatments.
This might also be attributed to the fact that host size differences were rather small. In fact, none of
the evaluated variables of L. dactylopii (parasitism success, development time, sex ratio) were altered
by CO; levels, neither in the greenhouse nor in the VineyardFACE. Parasitism success was greater in
the field than in the greenhouse, because wasps remained for 48 h in the VineyardFACE host arenas,
compared to 24 h in the greenhouse. To the authors’ best knowledge, there have been no studies
investigating the performance of mealybug parasitoids under elevated CO, conditions. Studies on
natural enemies of aphids showed mixed results [34,35]. Hymenopteran aphid parasitoids display
the whole range of possible reactions: Myzus persicae (Sulzer) and Brevicoryne brassicae (L.) showed
unaltered and improved life history parameters without changing the performance of the parasitoid
wasp Diaeretiella rapae (MacInstosh). In a study by Klaiber et al. [52], however, the same parasitoid
suffered a decrease in longevity and rates of parasitism on B. brassicae, which were lower quality hosts
when reared under eCO,. On the other hand, the biocontrol efficiency of Aphidius picipes (Nees) against
Sitobion avenae (Fabricius) was enhanced under elevated CO,, although elevated CO, had adverse
effects on the growth and development of A. picipes [53].

Elevated atmospheric CO; levels affect parasitoids mainly through plant-mediated changes in
host quality which cascade upwards [35]. Our results indicate a tendency towards a non-altered or
even improved mealybug fitness under eCO,, which is, as hypothesised, in accordance with reports on
other phloem-feeders reared in similar conditions under eCO;. The results of the present study also
support the hypothesis that parasitoid performance seemed to be related to mealybug performance.

Climate change influences grapevine plants, their pests, and natural enemies today and in the
future [6]. Rising temperatures affect grapevine pests as P. ficus directly, speeding up development and
voltinism [10]. Gutierrez et al. [24] modelled the future distributions of P. ficus and its parasitoids in
California based on weather data. Without taking into account elevated CO, concentrations, the model
explains how mealybugs will boom at elevated temperatures. Planococcus ficus will seek cooler sites
under the bark and in the root zone, to compensate for its rather narrow optimal temperature range.
These refuges also function as a shelter from natural enemies and certain pesticides. Elevated CO, levels
possibly benefit P. ficus and also increase the biomass in vine plants, which might offer more refuge sites
and complicate host findings for parasitoids. It has been suggested that, in general, measured responses
of manipulated systems to global change decrease over greater spatial and temporal experimental
scales, as well as with the number of climate change drivers studied [35].

5. Conclusions

Rising carbon dioxide levels affect agricultural systems worldwide. Crop growers are especially
interested in the possible effects of climate change on pest species and their respective antagonists used
in biological control programs. This study is the first to test the effects of elevated CO, concentrations
on a grapevine pest under field conditions and in the greenhouse. It is also the only study to investigate
a mealybug-based pest-parasitoid complex under eCO; in a multitrophic approach. Our results
suggest a trend towards a non-altered or improved fitness of P. ficus in the greenhouse with eCO; levels
around 800 ppm, but not in the field, where eCO, concentrations reached approximately 450 ppm.
Meanwhile, its parasitoid L. dactylopii did not seem to be affected in either of the scenarios tested.
Further research should include prolonged eCO, exposure of greenhouse plants and investigate the
response of grapevine plants to mealybug attack under different CO, levels. Additionally, climate
change is characterised by a combination of multiple abiotic factors, including rising temperatures and
CO; levels, as well as varying precipitation patterns. None of these factors act by themselves upon
plants, pests and natural enemies and future studies should take this complexity into account. Future
research should aim to integrate several trophic levels and environmental stress factors.

Supplementary Materials: The following can be found at http://www.mdpi.com/2073-4395/9/6/326/s1. Figure S1:

(A) Aerial view of the FACE facility; (B) Schematic illustration of one FACE ring; Figure S2: FACE CO,; Table S1:
Greenhouse CO,; Table S2: Greenhouse Temperature; Table S3: FACE climate data; Table S4: GreenhouseResults
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(analysed); Table S5: Greenhouse size and develop; Table S6: Greenhouse Survival; Table S7: Greenhouse fertility
fecund; Table S8 FACE results (analysed); Table S9: FACE size and development; Table S10: FACE Survival;
Table S11: FACE Fertility Fecundity; Table S12: Greenhouse Leptomastix; Table S13: FACE Leptomastix.
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