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Abstract:

 Warm and moist weather conditions during berry ripening provoke Botrytis cinerea (B. cinerea) causing notable bunch rot on susceptible grapevines with the effect of reduced yield and wine quality. Resistance donors of genetic loci to increase B. cinerea resistance are widely unknown. Promising traits of resistance are represented by physical features like the thickness and permeability of the grape berry cuticle. Sensor-based phenotyping methods or genetic markers are rare for such traits. In the present study, the simple-to-handle I-sensor was developed. The sensor enables the fast and reliable measurement of electrical impedance of the grape berry cuticles and its epicuticular waxes (CW). Statistical experiments revealed highly significant correlations between relative impedance of CW and the resistance of grapevines to B. cinerea. Thus, the relative impedance Zrel of CW was identified as the most important phenotypic factor with regard to the prediction of grapevine resistance to B. cinerea. An ordinal logistic regression analysis revealed a R2McFadden of 0.37 and confirmed the application of Zrel of CW for the prediction of bunch infection and in this way as novel phenotyping trait. Applying the I-sensor, a preliminary QTL region was identified indicating that the novel phenotypic trait is as well a valuable tool for genetic analyses.
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1. Introduction

Grey mold is a plant disease caused by the ubiquitous fungus widely known as Botrytis that affects more than 200 plant species [1]. The necrotrophic pathogen and filamentous fungus Botrytis cinerea Pers., abbreviation B. cinerea, is the anamorph of the ascomycete Botryotinia fuckeliana Whetzel. On grapevine (Vitis vinifera L.) it causes one of the most serious diseases, the bunch rot. This disease can drastically reduce both the yield at harvest time and wine quality, and can be controlled by specific canopy management, i.e., the reduction of foliage around grape bunches (literature overview is given by Molitor, et al. [2], Broome, et al. [3]) permitting a faster drying of grape bunches. In years with persistent rain during the ripening period, the effectiveness of canopy management is limited and expensive fungicide applications [4] or, at the expenses of quality, a premature harvest is necessary in order to keep yield losses at a minimum. Furthermore, bunch rot can be observed especially on grapevines with compact bunch architecture [2,5,6,7,8], as illustrated in Figure 1, and occurrence of the disease is most notable in years with moist and warm weather conditions during ripening of the grape berry [3,9,10]. With regard to that, in grapevine breeding programs, seedlings will be selected with convenient physical properties, e.g., loose bunch architecture and small berries.

Figure 1. The compactness of grapevine bunches as one major reason for the susceptibility of grapevines to B. cinerea. Compact bunches of the susceptible grapevine cultivar ‘Riesling’ (a); showing regions where berries are very dense (b); and often the growth of B. cinerea begins in these regions as result of damaged berries (c).
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Besides compactness, different berry skin features seem to influence the susceptibility of grapevines towards B. cinerea infection, i.e., the biochemical composition [10,11,12,13], the ripening stage [10,12] and the morphology of the berry skin [11,14]. Especially, the cuticle and its epicuticular waxes are described as important berry skin features regarding the susceptibility of berries toward bunch rot [11,15,16]. In this context, warm temperatures, high air humidity and water on the berry surface are known as major reasons for the incidence of microscopic cracks in the cuticle membrane of berries [15,16]. These, in turn, play a critical role in the susceptibility of grape berry against B. cinerea, since they impair the function of the cuticle as a barrier for pathogen defense and permit an increased water uptake into the berries [16]. The cuticle forms the outer surface of leaf, fruit and primary-shoot epidermal cell walls [17,18] and additionally serves as a regulator of molecular diffusion [19]. It consists of intra- and epicuticular waxes, which build up a hydrophobic berry surface. That, in turn, achieves a faster drying of berries/bunches, which is described as an important factor in reducing the susceptibility of grapevines to B. cinerea. It is also known that polar pores appear through high air humidity and warm conditions resulting in an increased water permeability of this pores [20,21]. Polar pores in return facilitate the diffusion of organic substrates (i.e., sugar, nutrients) to the berry surface and promoting growth of B. cinerea. Figure 2 illustrates the impact of the thickness of cuticle and epicuticular waxes on: (1) transport of nutrients to the berry surface; (2) hydrophobic property on the berry surface; and (3) accumulation of water between berries of compact bunches.

Figure 2. Function of the cuticle and epicuticular waxes as physical barriers. (a) As an example of grape berries with a thick cuticle and waxes, the grapevine accessions Seibel 182 from the genetic repository in Siebeldingen was used. The hydrophobic characteristic of epicuticular waxes (wax layer) permits fast drying of berry surfaces; (b) As an example of grape berries with thin cuticle and waxes the grapevine cultivar ‘Morio Muskat’ is shown. The absence of epicuticular waxes results in an accumulation of water between berries. Fluorescein (yellow-green) stained water (arrows) as well as Raster Electron Microscope (REM) were used to illustrating the effect.
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The current bottleneck in phenotyping physical characteristics of berries is the lack of an easy and reliable method. The phenotyping methods described in previous studies (e.g., phenotyping the thickness of the epidermal layer or number of pores or existence of microscopic cracks) are laborious and very time consuming [11,15,16]. Hence, the acquisition of these traits is not feasible for common grapevine breeding programs where hundreds of different genotypes need to be evaluated. Therefore, the development of sensor-based methods is required in order to phenotype the grape berry skin and the influence to the bunch rot susceptibility of grapevines. The method should be rapid, permitting the generation of objective phenotypic data from a large number of samples. With regard to this, the measurement of electrical impedance Z was chosen to characterize electrical behavior of the berry cuticle (C) and epicuticular waxes (W) as a novel phenotypic trait as well as an indicator for thickness and permeability of C and W (Figure 3).

Figure 3. Schematic distribution of electrolytes and the physical principle of impedance measurements. The cuticle [C] and the epicuticular wax layer [W] located between two electrically conducting surfaces, the epidermis [E] and NaCl solution. The impedance Z is the sum of the imaginary resistor (Cx (thickness of cuticle, wax layer and air)) and the real resistor (Rx (permeability of [C] and [W]).
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The first aim of the present study was the development and validation of a sensor to determine impedance of the cuticle of grape berries with epicuticular waxes (Zrel of CW) and the cuticle without epicuticular waxes (Zrel of C). Secondly, both physical parameters were measured from different grapevine cultivars to investigate if there is any relationship between impedance and the susceptibility of grape berry toward B. cinerea infection and bunch rot, respectively. Finally, as a test of the application, the impedance was measured in a F1 progeny (crossing of GF.GA.47-42 x 'Villard Blanc') in order to test the novel phenotypic data for its utilization in QTL (Quantitative-Trait-Loci) analysis.



2. Experimental Section


2.1. Plant Material and Sampling

As plant material, 41 different genotypes (including traditional cultivars, breeding material and cultivars from the genetic repository planted at the experimental vineyard of Geilweilerhof located in Siebeldingen, Germany ((N 49°21.747, E 8°04.678), overview in Table S1) were used for method validation. In addition, 144 genotypes of a F1 progeny of the crossing GF.GA-47-42 (crossing of 'Bacchus Weiss' x 'Seyval') x 'Villard Blanc' (crossing of 'Seibel 6468' x 'Subereux') were used for phenotyping and QTL analysis. All investigated grapevines are planted in North-South orientation in the vineyards at Geilweilerhof.

Berry ripening for each genotype was monitored weekly by the measurement of sugar content applying a handheld refractometer (VWR® International GmbH, Darmstadt, Germany). Once the sugar level of berries reached approximately 70° Oechsle (i.e., 17.1% Brix), two bunches were sampled (one from the east and the other one from the west side of the plant). Fifteen visually intact berries were randomly sampled per bunch (30 berries per cultivar) by cutting them off carefully at the berry pedicel.



2.2. Construction of the I-Sensor

Prototype I-sensor was developed to acquire the electrical impedance of the grape berry cuticle and epicuticular waxes (Figure 4).

Figure 4. Setup (a) and functional block diagram (b) of the I-sensor. 1 = sensing electrodes; 2 = grape berry; 3 = skip for NaCl solution; 4 = mobile sensor head; 5 = AD5933 impedance converter; 6 = Button for sensor calibration; and 7 = USB-I2C module.
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The AD5933 high precision impedance converter system (Analog Diveces GmbH, Munich, Germany) fused with a USB-I2C module (Devantech Ltd (Robot Electronics, Norfolk, United Kingdom), which provides a complete interface between PC and the I2C (Inter Integrated Circuit) bus. The USB-I2C module uses the FTDI FT232R USB chip. Platinum-Iridium wires with a diameter of 0.3 mm were used as sensing electrodes. For sensor operating, i.e., configuration, calibration, measurement, and result export, a software tool was developed using Embarcadero Delphi Version 3 (Borland®, Austin, TX, USA).



2.3. Impedance Measurements

For the measurement of the impedance Z, single grape berries were placed in the I-sensor (component 3 in Figure 4a) containing a 1 M sodium chloride (NaCl) solution. The mobile sensor head was used to prick the Platinum-Iridium wire (sensing electrode) into the berry. Measurements were conducted at room temperature using an electrical frequency of 2 KHz and 30 KHz. The lower frequency of 2 KHz represents the permeability of the cuticle (C) and cuticle with epicuticular waxes (CW) because it is closely related to the direct current (DC), which is used to determine the threshold voltage. In addition, the higher frequency of 30 KHz represents the thickness of C and CW. The acquisition of Z of CW was carried out by measuring visual intact berries twice. Afterwards, the epicuticular waxes were mechanically removed by carefully rubbing using Kimtech-Science® Precision wipes (Kimberly-Clark® Professional, Kimberly-Clark GmbH, Koblenz-Rheinhafen, Germany). The mechanical removal of the wax layer was the most practical, cheapest and fastest way and ensured that the cuticle or other berry skin components were not changed in its chemical or physical properties as it would be the case by using chemicals for eliminating the wax layer. The measurements were repeated to acquire Z of C. For both, two different berry positions (lateral and bottom) from the 30 sampled berries were determined, i.e., 60 impedance measurements per genotype and treatment. Subsequently, the berries were bisected and the basis impedance ZB (impedance of the berry flesh) was determined.

The impedance Z at 2 KHz and 30 KHz were used to calculate the relative impedance Zrel, whereby d is the difference between the used electrical frequency (d = 28)
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For further investigations, the median of the 60 Zrel values (minus ZB) was calculated for each genotype.



2.4. QTL Analysis

The median of the relative impedance was determined from berries of 144 plants of the F1 progeny (crossing of GF.GA-47-42 x 'Villard Blanc'). The population and a first map is described by Zyprian, et al. [22] and was extended with additional markers [23,24]. In the present study this extended map was used for QTL analysis. QTL analysis was carried out applying MapQTL® 6.0 (Kyazma®, Wageningen, The Netherlands) as described by Fechter, et al. [23]. Interval mapping (IM) and permutation test were used to identify preliminary QTLs whose flanking markers were used as co-factors for multiple QTL mapping (MQM).



2.5. Reference Evaluations

The grapevine phenology was evaluated using the BBCH scale (Biologische Bundesanstalt, Bundessortenamt und Chemische Industrie) [25]. It is a commonly used evaluation system to describe predefined stages of plant development. The compactness of grape bunches was classified in parallel to berry sampling by using the OIV (International Organization of Vine and Wine) descriptor 204 [26]. Therefore, the bunch compactness was estimated for all bunches of numerous plants when bunches were sampled for impedance measurements. The susceptibility of genotypes to B. cinerea was classified under natural field conditions three weeks after the measurement of impedance. The OIV descriptor 459 was used to create a modified five-class scale (Figure 5).

Figure 5. Classification of grapevine susceptibility to B. cinerea infection.
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The aim was the estimation of the risk for B. cinerea infection. Genotypes classified in class 3 show only single B. cinerea infected berries. These grapevines were denoted as resistant. When several bunches showed many B. cinerea infected berries, they were classified as class 3–5, and when the infection expands (example in Figure 1) they were classified as class 5 (i.e., partially infected). This is the beginning of spread of the B. cinerea infection, which could be a problem during ripening especially in times of persistent rain. When the infection has expanded on several bunches the grapevines were classified as susceptible.

It was assumed that genotypes that were classified into: class 1 and 3 are resistant; class 5 are partially susceptible; and class 7 and 9 represent susceptible genotypes.



2.6. Statistical Analysis

For method validation, different statistical analyses were conducted using the software SAS® (Statistical Analysis System) Enterprise Guide 4.3 (SAS Institute Inc., Cary, NC, USA). The mean relative impedance Zrel of investigated berries was compared with B. cinerea resistance of the regarding genotype, which had been evaluated in the field. One-way ANOVA analysis, Pearson correlation coefficient and Duncan multiple range test with the level of significance α = 0.05 were conducted. Logistic regression analysis (PROC LOGISTIC) was performed. For the prediction of the probability of B. cinerea infection (Five class classification) Maximum Likelihood estimation was used. McFadden’s pseudo coefficient of determination R2 (R2McFadden) was calculated utilizing −2 LOG L (i.e., the log Likelihood of the fitted model) of L0 (constant model) and L1 (constant model and covariates).
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3. Results and Discussion


3.1. Validation the Functionality of the I-Sensor

For the validation of the I-sensor measurements, the impedance was determined 50-times from five visually intact berries of three grapevine cultivars. Table S1 shows the mean impedance for the three cultivars, indicating significant differences between genotypes. The data obtained by the I-sensor proved to be highly reproducible with low standard deviation (SD). Thus, the instrument was usable in a novel phenotyping approach to characterize grape berry cuticle and epicuticular waxes.



3.2. Novel Phenotypic Trait as Indicator for Resistance of Grapevines to B. cinerea

The Pearson correlation coefficient (Table 1) and significance of correlation were calculated to consider the relation of the mean Zrel values from 40 grapevine genotypes (Figure S1) with the corresponding class of susceptibility to B. cinerea.

Table 1. Pearson correlation coefficients and significance of correlation of relative impedance Zrel and bunch compactness determined in comparison to the evaluated B. cinerea susceptibility of grapevine cultivars in the field. CW: intact cuticle with epicuticular waxes; C: cuticle without epicuticular waxes; W: epicuticular wax calculated by the substraction of Zrel of CW and Zrel of C.









	Zrel
	Architecture
	Remark
	Susceptibility to B. cinerea
	Significance





	CW
	
	Zrel of CW
	−0.67
	<0.0001



	C
	
	Zrel C
	−0.60
	<0.0001



	W
	
	Zrel of CW - Zrel of C
	−0.53
	0.0004



	
	Bunch compactness
	
	0.40
	0.0096










The highest negative correlation was detected between Zrel of CW (the cuticle of grape berry with epicuticular waxes) and B. cinerea susceptibility. This result indicates the importance of both berry skin features with regard to the mechanical protection towards B. cinerea. It was observed that genotypes revealing impedance values of CW of 600 or greater show high resistance to B.cinerea. In contrast to the literature [2,5,6,7,8], in the present study, the bunch compactness showed only a minor positive correlation to the infection of bunches with B. cinerea. This result revealed that the impedance of the berry cuticle and its waxes plays an important role with respect to the susceptibility of investigated cultivars to bunch rot.

To normalize the phenotypic data, the data set was grouped depending on the evaluated grape bunch compactness, i.e., loose, medium or compact bunches. Again, the Pearson correlation coefficients and significance of correlations were calculated for each group (Table 2).


Table 2. Pearson correlation coefficient and significance of correlations for the susceptibility of grapevines to B. cinerea and the mean Zrel of CW, C and W. Grapevine genotypes were grouped according to their bunch compactness, which was evaluated using OIV descriptor 224. The correlation coefficient was rated according to Bühl [27]. N = number of samples; CW: intact cuticle with epicuticular waxes; C: cuticle without epicuticular waxes; W: epicuticular wax.



	
Bunch Compactness

	
N

	
Zrel

	
Susceptibility to B. cinerea

	
Significance

	
Rating of Correlation






	
loose

	
10

	
CW

	
−0.43

	
n.s.

	
Low




	
C

	
−0.22

	
n.s.

	
Low




	
W

	
−0.50

	
n.s.

	
Low




	
medium

	
17

	
CW

	
−0.72

	
0.001

	
High




	
C

	
−0.57

	
0.0173

	
Medium




	
W

	
−0.61

	
0.01

	
Medium




	
compact

	
21

	
CW

	
−0.80

	
<0.0001

	
High




	
C

	
−0.83

	
<0.0001

	
High




	
W

	
−0.62

	
0.0027

	
Medium











It was discovered that the susceptibility to B. cinerea is significantly correlated with the impedance Zrel when the bunch compactness was medium or high. Presumably, the physical property of loose bunches lead to a lower B. cinerea infection risk. In loose bunches, the berries do not touch each other. It is considered that the contacts between berries results in violation of the cuticle, i.e., microscopic cracks emerge and B. cinerea can easily penetrate the berries [15]. Furthermore, the accumulation of water between berries (slow drying of the berry surface) is reduced in loose bunches, which also restricts the appearance of bunch rot. For further statistical analysis, it was thus assumed that for grapevines with loose bunches, resistance to B. cinerea was not mainly influenced by the properties of cuticle, but the bunch architecture itself. The data from these grapevine genotypes were not considered in the regression analysis. In contrast, the Pearson correlation coefficients of the group of medium bunch compactness (Table 2) indicate a high negative relation between the impedance Zrel of CW and B. cinerea susceptibility. This relation is even 10% higher within the group of compact bunches. Hereby, the architecture of grape bunches is supposed as one major explanation. The correlation data in Table 2 indicate that the impedance of the cuticle is more correlated with B. cinerea resistance within the compact group than in the medium group. For the investigated genotypes, it could be assumed that genotypes with thick berry cuticles (high impedance) are more resistant than genotypes with thin cuticles (low impedance). In compact bunches, the berries touch each other (Figure 1), which causes injury to berry skin and subsequently promotes B. cinerea infection. It seems that the physical properties of the berry skin (thickness and permeability) in the group of compact bunches is more related to B. cinerea infection than in the group of medium bunches. This consideration indicates an overlay of bunch architecture and impedance of the cuticle and epicuticular waxes in relation to bunch rot.

To sum up, the Zrel of CW (Zrel of the cuticle with epicuticular waxes) showed the highest significant correlations. Thus, it was selected as the most promising indicator for the prediction of resistance of grape berries to B. cinerea using an ordinal regression analysis. However, the investigated genotypes were grouped on the basis of their corresponding B. cinerea susceptibility, i.e., a resistant, partially susceptible, and susceptible group, and with regard to the level of bunch compactness (medium and compact). The mean impedance Zrel of CW with standard deviation was calculated for each group (Figure 6).

Figure 6. Mean relative impedance Zrel of CW of three different groups: resistant, partially susceptible and susceptible grapevines. The Duncan multiple range test (level of significance α = 0.05) was carried out to distinguish the groups statistically based on the mean impedance. Standard deviation is shown in the graphs. Stars indicate significant differences in comparison to the resistant group. CW: intact cuticle with epicuticular waxes.
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Significant differences of Zrel of CW were identified between the resistant and susceptible groups (Figure 6). No significant differences were observed between the average impedance of the resistant and partially susceptible group (all types of grape bunch compactness and compact bunches). Therefore, it could be helpful to investigate an enlarged set of cultivars. As a consequence, the distinction between susceptible and resistant grapevines is principally possible using the impedance value as a novel type of phenotypic data.

Logistic regression analysis was carried out in order to predict the probability of B. cinerea infection by using the relative impedance Zrel of CW (Figure 7).

Figure 7. Prediction the probability of B. cinerea infection. Relative impedance Zrel of CW was applied in an ordinal logistic regression model. The data set including all genotypes (except genotypes with loose bunch compactness). Maximum Likelihood estimation was used and R2McFadden = 0.37 was calculated. CW: intact cuticle with epicuticular waxes.
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In the regression analysis, an R2McFadden of 0.37 was calculated. As visible in Figure 7, the classes 9, 7 and 1 of B. cinerea infection could be predicted from the simple measure Zrel of CW. The high R2McFadden indicates that the impedance of CW is usable for the estimation of susceptibility of grapevines to B. cinerea. For further studies, it is an advantage that the impedance Zrel of CW is the most powerful phenotype, whereas the laborious removal of epicuticular waxes is not required. This is very important for common breeding questions because it enables the screening of hundreds of interesting genotypes in a short space of time by applying the simple to handle I-sensor.



For the generation of an improved regression model the set of investigated plants and further parameters should be included in the model, which may influence the susceptibility of grapevines to B. cinerea, e.g., the time of ripening or weather data (rainfall and temperature). In order to increase the objectivity of the model in the future, the B. cinerea infection of grapevine bunches could be determined with much more accuracy, e.g., by the application of objective, image-based phenotyping methods (an example is shown in Figure 8).

Figure 8. Exemplary image-based determination of B. cinerea infection on grapevine cultivars to improve reference evaluations of bunch rot in the field. The background of the field image was manually removed. Image segmentation into two phenotypic classes “healthy” (green) and “disease” (red) was performed by using Matlab®. The percentage amount of B. cinerea infection is quoted in the classified image.
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3.3. Impedance of the Berry Cuticle for QTL Analysis Applications

The development of genetic markers for grapevine breeding purposes requires the acquisition of phenotypic traits from mapping populations (=F1 progeny) and the computation of significant QTL regions with a high LOD (logarithm of the odds) value. In the present study, the novel phenotypic trait of grape berry, the impedance of the cuticle, was tested for its application in QTL studies. Therefore, the phenotypic data (Zrel of C, W, CW and CCW) received from the F1 progeny was analyzed. Preliminary QTLs were identified whose LOD value were above the significance level (i.e., LOD threshold). One preliminary QTL on Linkage Group (LG) 17 is illustrated in Figure 9.

Figure 9. Preliminary QTL of the novel phenotypic trait in a F1 progeny (crossing of GF.GA.47-42 x 'Villard Blanc'). Genetic marker located within the detected QTL region is labeled with an arrow. The numbers on the x-axis indicate the position and confidence interval of the QTL region. LG = Linkage group; LOD = logarithm of the odds; %Expl = percentage of explained phenotypic variation. CCW: C (cuticle without epicuticular waxes) + CW (intact cuticle with epicuticular waxes).
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For further investigations including the development of genetic markers for grapevine breeding applications, repeated phenotpying of this population is required to narrow down the QTL regions and to normalize the phenotypic data regarding environmental influences. In contrast to laborious, traditional phenotyping methods [11], the sensor-based technique developed in this study will enable precise phenotyping of a large mapping population with increased throughput. With the background that the impedance seems to be a promising indicator for bunch rot resistance, genetic markers could be established facilitating the selection of grapevine breeding material with a high impedance of the cuticle and epicuticular waxes implicating a genetic improvement of the resistance of breeding material to bunch rot.




4. Conclusions

Until now, resistance donors of genetic loci to increase the resistance of grapevines to B. cinerea are widely unknown. In common grapevine-breeding programs, the selection of seedlings with convenient physical properties (loose bunch architecture and small berries) can be done to increase the resistance to B. cinerea. In the present study, the simple-to-handle I-sensor was established and related to that, a fast phenotyping method was developed to estimate the resistance of grape bunches to B. cinerea. The I-sensor enables the measurement of the impedance of the cuticle and its epicuticular waxes from grape berries implementing a novel phenotypic trait. The identification of a preliminary QTL within a F1 progeny of the crossing of GF.GA.47-42 x 'Villard Blanc' shows the feasibility of this novel trait for genetic analysis. However, correlation studies show a high negative correlation between the impedance of cuticle and epicuticular waxes and the susceptibility of berries to B. cinerea. The novel sensor-based phenotyping technique developed in this study can thus be used to characterize the cuticles of grape berries in an easy and fast manner. The level of impedance indicates the susceptibility of a grapevine cultivar to B. cinerea and thus provides a novel important determinant with regard to bunch rot resistance. This effect was observed for genotypes with medium and compact bunch architecture. For future work, an increased number of genotypes and further parameter should be considered to improve the regression model, e.g., the consideration of the time of ripening or weather data. The phenotyping of the mapping population by applying the I-sensor should also be an important task for future work in order to determine new genetic markers for marker-assisted selection (MAS) of grapevine seedlings with improved resistance to bunch rot. In addition, the I-sensor could be applied in common breeding programs or other viticultural experiments, e.g., in order to evaluate the effect of canopy reduction or other vineyard management strategies on the berry skin quality.
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