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Abstract

:

The determination of grape quality parameters is intricately linked to the mineral composition of the fruit; this relationship is increasingly affected by the impacts of climate change. The conventional chemical methodologies employed for the mineral quantification of grape tissues are expensive and impracticable for widespread commercial applications. This paper utilized Laser-Induced Breakdown Spectroscopy (LIBS) to analyze the mineral constituents within the skin, pulp, and seeds of two distinct Vitis vinifera cultivars: a white cultivar (Loureiro) and a red cultivar (Vinhão). The primary objective was to discriminate the potential variations in the calcium (Ca), magnesium (Mg), and nitrogen (N) concentrations and water content among different grape tissues, explaining their consequential impact on the metabolic constitution of the grapes and, by extension, their influence on various quality parameters. Additionally, the study compared the mineral contents of the white and red grape cultivars across three distinct time points post veraison. Significant differences (p < 0.05) were observed between the Loureiro and Vinhão cultivars in Ca concentrations across all the dates and tissues and for Mg in the skin and pulp, N in the pulp and seeds, and water content in the skin and pulp. In the Vinhão cultivar, Ca differences were found in the pulp across the dates, N in the seeds, and water content in the skin, pulp, and seeds. Comparing the cultivars within tissues, Ca exhibited differences in the pulp, Mg in the skin and pulp, N in the pulp and seeds, and water content in the skin, pulp, and seeds. These findings provide insights into the relationship between the grape mineral and water content, climatic factors, and viticulture practices within a changing climate.
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1. Introduction


The taste and overall quality of grapes are influenced by their chemical composition [1]. The essential macronutrients, namely calcium (Ca), magnesium (Mg), and nitrogen (N), contribute to the growth, development, and metabolic processes of grapevines [2]. Ca contributes to membrane stability, enhances disease resistance, and supports vital metabolic pathways, such as Ascorbate-Glutathione, contributing to the overall health of grapevines [2,3]. Mg, which is essential for photosynthesis and enzyme activation, promotes the general health of grapevines [1]. Concurrently, the N profiles proteins that optimize the grapevine canopy’s growth, development, and vitality [2]. The allocation of these components within grape tissues impacts the final yield and the overall quality of the harvested fruit [4].



Environmental, genetic, and agricultural factors collectively influence the plant nutrient transport mechanisms, impacting ion and water uptake efficiency and mineral assimilation [5,6]. Beyond the factors shaping grape composition and taste, the dynamic relationship of these external elements is consequential in the context of climate change and viticulture practices. Understanding the elemental composition of grapes is essential for optimizing cultivation practices, encompassing factors like irrigation and fertilization, and ensuring the long-term sustainability of vineyards. Climate change-induced water availability shifts directly affect the grape composition [7,8]. Moreover, pollutants present in the environment [9] and soil degradation attributed to heavy metals [10] can manifest in various grape organs, potentially interfering with the overall composition.



While the existing research has underscored the importance of Ca [11], Mg [6], and N [5], there is a lack of studies exploring the variations in their distribution across different grape tissues like the skin, pulp, and seeds, during maturation. This paper explores the impact of elemental dynamics on grape maturation and quality parameters, which can benefit grape growers and winemakers.



The elemental quantification of grape tissues has relied on traditional methods such as acid digestion coupled with atomic absorption spectrophotometry (AAS) or inductively coupled plasma optical emission spectrometry (ICP-OES) [12]. However, these conventional techniques present inherent constraints that limit their applicability for routine analyses in the viticultural sector. The sample preparation requirements, time-intensive procedures, and dependence on specialized equipment, reagents, and skilled operators pose challenges, particularly in large-scale vineyards [10,13]. By recognizing these limitations, alternative non-destructive methods have been developed to address these challenges. For example, X-ray fluorescence has demonstrated efficacy in characterizing the element composition of biological samples [14]. However, the limitations in quantifying the elements with atomic numbers (Z) higher than 12 and the need to consider radiation effects during analysis necessitate the careful evaluation of these methods. Also, Vis-NIR has been used to quantify the nutrients [15,16].



Laser-Induced Breakdown Spectroscopy (LIBS) has emerged as a promising alternative method for elemental analysis in agriculture and food science [17]. This rapid and destructive analytical approach involves using a neodymium-doped yttrium aluminum garnet laser to generate pulses, ablating and exciting the targeted object, such as the grape tissue, and producing a plasma plume. The optical radiation emitted from this plasma is then captured and examined to interpret the sample’s elemental composition. Despite the weakness of producing limited molecular structure information, LIBS presents distinct advantages over the traditional techniques. In contrast to the costly conventional methods, LIBS has minimal sample preparation requirements, a high spatial resolution, and reduced operational costs [12], making it an attractive choice for the elemental tissue analysis of small samples of grapes [18].



The literature reports portable LIBS that can be used for element quantification [19,20]. This study, building upon the groundwork laid by Tosin, et al. [21], seeks to leverage the advantages of LIBS in characterizing the elemental composition of grapes, explicitly focusing on calcium (Ca), magnesium (Mg), and nitrogen (N) in the skin, pulp, and seeds.



Integrating the relationships systematically, quantitatively, and causally between the soil, climate, and plant physiology is imperative. The utilization of LIBS-based nutrition diagnosis has emerged as a tool, providing reinforced precision in discerning the grapevine nutritional requirements [14], which helps to improve the grape quality and facilitates wise and precise management practices, thereby advocating for more sustainable viticultural methods in response to dynamic climate change scenarios [22]. While the focal point of this research centers on precision viticulture, these discernments and technological developments hold the potential for broader applications encompassing diverse fruit crops.



This study aims to address and overcome the limitations identified in the existing research concerning the application of LIBS in the analysis of plant tissues, with a specific focus on vineyards. Constraints, such as the influence of water content on measurements, the necessity to handle sample volumes, and the requirement for sample preparation pellets, have been noted in prior studies, as identified by Senesi, Cabral, Menegatti, Marangoni and Nicolodelli [12]. Furthermore, the challenges have been acknowledged in quantifying the elements within dried tissues, along with considerations regarding the influence of nitrogen in the atmosphere [23,24]. These challenges posed barriers to the implementation of LIBS in viticultural backgrounds.



This work tests and evaluates the possible resolution of these challenges, contributing to the advancement and refinement of LIBS application in plant tissue analysis, particularly within viticulture. Thus, this paper has two main objectives: (i) to extract elemental samples (Ca, Mg, and N) from the grape tissues, specifically the skin, pulp, and seeds; (ii) to conduct comparative analyses between the two grape varieties and across different dates after veraison. The specific goals include utilizing the same volume (0.098 cm3) for the skin, pulp, and seeds to identify the elemental constituents and water content.




2. Materials and Methods


2.1. Test Site


This research was conducted within the Região dos Vinhos Verdes located in the northwestern region of Portugal, Vila do Conde, specifically at the Campus Agrário de Vairão (41°19′31.91″ N; 8°40′27.45″ W). The area is defined by a Mediterranean climate, presenting an average annual temperature of 14.9 °C and an average yearly precipitation of 1149 mm (Climate-Data.org). The soil composition is predominantly from shales of the shale–greywacke complex.



The grapes were randomly sampled in the year 2020 on three dates after the veraison (14 August 2020) of two grape cultivars: Loureiro (Vitis International Variety Catalogue (VIVC) 25085), characterized as a white grape cultivar; and Vinhão (VIVC 13100), classified as a red grape cultivar (Table 1). On each sampling date, the following considerations were made, aiming to minimize the potential sources of variability: (i) prioritizing grape bunches that were representative and uniformly sized and matured within the same cultivar; (ii) considering the position of grape bunches on the vine to mitigate variations stemming from differing sunlight exposure, nutrient availability, and microclimatic conditions; and (iii) incorporating the accumulation of biomass and grape bunch size in the selection process to ensure that the chosen samples were at similar stages of development.




2.2. Characterization of the Grapes


Using a scalpel, the separation of grape tissues into skin, pulp, and seeds was meticulously executed. After weighing, the tissues dried in an oven set at 45 °C for four days. Following this drying period, re-weighing the dried tissues allowed the water content (%) calculation based on the observed weight differential.



The dried tissues were individually macerated using a grinder, and from these processed tissues, a pellet with an approximate volume of 0.098 cm3 was assembled (Figure 1). This prepared palette served as the sample for subsequent analysis utilizing LIBS.




2.3. LIBS Instrumentation


The in-house-assembled system utilized a Q-Switched Nd:YAG (neodymium-doped yttrium aluminum garnet) laser operating at a fundamental wavelength of 1064 nm, featuring an 8 ns pulse duration and a maximum adjustable energy of 200 mJ [25]. The arrangement included lenses and mirrors for the laser pulse focusing on the sample surface, complemented by two crossed visible diode laser pointers aligned with the primary laser’s focal point. This alignment facilitated positioning the sample’s region of interest at the optimal height and X–Y coordinates (Figure 2).



The sample holder relied on three stages, with control over X, Y, and Z via manual adjustment directions using precision knobs. The system comprises eight optical fibers and collimators aligned with the system’s focal point, collecting and directing plasma light into an eight-channel CCD spectrometer (Avantes, Apeldoorn, The Netherlands). This spectrometer enabled spectral detection within the wavelength range of approximately 180 to 920 nm, boasting a resolution between 0.06 nm and 0.18 nm. Three spectra were acquired for each sample, and the resulting averaged spectrum was considered for analysis.



All the tests were conducted in ambient air, and the distance between the sample and the collecting optics varied randomly, aiming to cover the entire longitudinal extent of the sample during scanning. A detailed overview of this specific LIBS setup can be found in the description provided by Ribeiro, Capela, Ferreira, Martins, Jorge, Guimarães and Lima [24].




2.4. Element Identification


This paper adopted a qualitative methodology to discern the presence of calcium (Ca), magnesium (Mg), and nitrogen (N) in grape skin, pulp, and seeds. The primary goal of LIBS lies in deducing the chemical composition of samples through the analysis of their spectra. Each chemical element exhibits distinct wavelengths of light, giving rise to well-defined lines within the spectrum. However, instances may arise where the emission wavelengths of different elements overlap. The resulting LIBS spectra had a high resolution of approximately 0.1 nm, and the number of variables for this configuration was 16,361. As a result of the large amount of data, principal component analysis (PCA) was applied to study the main differences among the elements assessed between the tissues (skin, pulp, and seeds) and the two grape cultivars.



Two reference databases, the OSCAR [26] and NIST databases [27], were evaluated regarding their suitability for interpreting the samples’ spectra and building a database. Both databases were employed for elemental computation from the periodic table, with certain elements exclusively identified in one of the databases. In the whole analysis, a total of 37 elements from the periodic table were computed. However, only Ca, Mg, and N were identified in the assessed samples.



The spectral data obtained from LIBS were compared with the spectra available in the OSCAR [26] and NIST [27] databases for matches or similarities between the peaks or patterns. The elements (Ca, Mg, and N) present in each sample were identified by matching the peaks or patterns from the LIBS spectra with the corresponding entries in the built database.




2.5. Statistical Analysis


Repeated measures analysis of variance (RM-ANOVA), employed to account for non-identical samples, was complemented by a post hoc test using Duncan’s method to assess the variations in water content between the two grape cultivars across the skin, pulp, and seeds on the three evaluation dates. Furthermore, RM-ANOVA, followed by the post hoc test, was conducted to discern significant statistical differences in Ca, Mg, and N characterization within the skin, pulp, and seeds of both grape cultivars across the three assessment dates. This study considered both the non-significant (p > 0.05) and significant (p < 0.05) outcomes for comprehensive examination and interpretation.





3. Results


Figure 3 presents the average signal intensity relating to the skin, pulp, and seeds of the Loureiro and Vinhão cultivars in S1 (47 days after veraison). The diagram incorporates the respective wavelengths corresponding to each element identified according to the generated database. Ca is characterized by five peaks at 317.936 nm, 617.128 nm, 646.273 nm, 649.378 nm, and 866.097 nm. Mg exhibits three peaks at 279.535 nm, 280.24 nm, and 285.18 nm; N shows six peaks at 744.2 nm, 746.753 nm, 821.533 nm, 822.248 nm, 824.184 nm, and 867.938 nm.



Table 2 presents statistical differences in the Ca, Mg, and N concentrations across the skin, pulp, and seed tissues of the two grape cultivars during the three assessment dates. Regarding the Ca concentrations within these tissues, the Loureiro cultivar displays significant variations across all three assessment dates for all the tissues. The higher Ca levels in Loureiro compared to that of Vinhão at S3 may be attributed to overripening, which is known to elevate the Ca concentration in the tissues [28]. In the white grapes, as they ripen and overripen, cell wall breakdown occurs, releasing or redistributing Ca ions from the cell walls, potentially influencing the measured Ca content [29].



On the contrary, the Vinhão cultivar only diverges in the pulp tissue. The comparative analysis of the two cultivars reveals uniform Ca concentrations in the skin and consistent concentrations in the seeds during S3.



Regarding the Mg content, the Loureiro cultivar displays fluctuations in the skin and pulp tissues across the three assessment dates. Conversely, the Vinhão cultivar maintains consistent Mg concentrations in internal tissues throughout the three assessment dates. Cross-cultivar analysis reveals variations in the Mg content in the skin tissue of the Loureiro cultivar during S3, as well as in the pulp and seed tissues during S1 and S2.



Concerning N content analysis, the Loureiro cultivar lacks significant differences in the skin tissue across the three assessment dates. In contrast, the Vinhão cultivar demonstrates statistical distinctions only in the seed tissue. The assessment of N concentrations between the two cultivars indicates disparities in the pulp tissue for both the grape cultivars across the three assessment dates and in the seed tissue during S3.



Regarding the water content, there are alterations in the skin and pulp tissues of the Loureiro cultivar, while the seed tissue remains unaffected. On the contrary, the Vinhão cultivar experiences fluctuations in water content across all the three tissues. The variations in water content for both the cultivars were observed in the skin tissue during S3 and in the pulp and seed tissues during S1 and S3. Additionally, the impact of water content on the studied macro elements appears to be more pronounced in the Loureiro cultivar than that in the Vinhão cultivar.



Figure 4 shows the Ca, Mg, and N alterations across the Loureiro cultivar’s skin, pulp, and seeds during the three post-veraison dates. These dynamic changes were observed throughout the assessment period. The representations of principal component 1 (PC1) and PC2 in Figure 4 capture more than 90% of the dataset’s variance.



The rationale behind employing PCA in this study is to demonstrate multivariate information from the elemental concentrations in the grape tissues and across the dates into a concise set of principal components (PC1 and PC2). These two components explain most of the variance within the data, offering a more streamlined representation.



By transforming the data into a lower-dimensional space, PCA aids in identifying the variations and similarities among the samples. The integration of PCA with the results presented in Table 2 enriches the understanding of elemental dynamics during grape maturation. This approach allows to visualize how different grape tissues evolve regarding elemental composition across the assessed sampling dates and improves our insights into the clustering or dispersion of samples in a reduced dimensional space, facilitating the identification of underlying patterns or trends that are not immediately apparent in the tabulated data.



Moreover, the alignment of the PCA results with Table 2 demonstrates the differences in Ca concentrations across the skin, pulp, and seeds for the three assessment dates, the variations in Mg content within the skin and pulp, and the distinctions in the pulp and seeds concerning N. PCA validates the results presented in Table 2, providing a robust analytical framework for interpreting the results.



Figure 5 shows the variations in Ca, Mg, and N concentrations within the Vinhão cultivar’s skin, pulp, and seeds over the three post-veraison dates. Compared to the Loureiro cultivar (Figure 4), these results highlight the differences in macronutrient dynamics during grape maturation between the two cultivars.



As indicated in Table 2, the Loureiro cultivar exhibits statistically significant differences in the Ca, Mg, and N concentrations across the assessed tissues. In contrast, the Vinhão cultivar shows significant deviations only in Ca within the pulp and N within the seeds. These distinctions suggest that the macronutrient dynamics vary during the maturation process, further accentuating the unique responses of the two grape cultivars.




4. Discussion


Incorporating Laser-Induced Breakdown Spectroscopy (LIBS) into viticulture marks a departure from the traditional, resource-intensive wet laboratory techniques such as ICP-OES for the elemental quantification of grape tissues. In this study, the potential utilization of LIBS across various grape tissues and cultivars signifies a progressive step toward exploring its applicability and efficacy, particularly in the context of shifting climate patterns. By employing a qualitative framework, this paper enhances the discernment of essential elements, such as calcium (Ca), magnesium (Mg), and nitrogen (N), within the internal tissues of grapes, specifically the skin, pulp, and seeds, across two distinct grape cultivars.



The relationship between water availability and macronutrient dynamics, particularly in the white cultivars, is a complex aspect of plant physiology and nutrient management [1,30]. Water, serving as a conduit for nutrient uptake, facilitates the absorption of essential macronutrients, like Ca, Mg, and N, by the plant roots [30]. The variations in water content influence the elemental constitution of the tissues of grape cultivars, especially in the white cultivars [31], as demonstrated in this study (Table 2). The physical and chemical characteristics of the soil, influenced by the water content, directly impact the solubility and mobility of these macronutrients, influencing their availability to the plant [32]. For example, the Ca levels increase in the grapes under well-hydrated conditions [31]. The dynamic nature of the rhizosphere, where the root and microbial activities intersect, is susceptible to changes in the water content, further influencing nutrient cycling [33].



Additionally, the physiological responses of plants to water availability, particularly stress-induced reactions, can affect nutrient uptake and assimilation [30,31]. The white cultivars may exhibit specific sensitivities and responses to the variations in water availability, emphasizing the importance of adapted irrigation strategies [7]. Therefore, the relationship between the water and macronutrients necessitates a better understanding of the optimized agricultural practices (e.g., irrigation), enhanced nutrient management (e.g., fertilization), and the robust growth and quality of grape cultivars (e.g., pruning and harvest time).



The differences in Ca, Mg, and N concentrations between the Loureiro and Vinhão cultivars (Table 2) reflect the complex interaction of the genetic, physiological, and environmental factors governing grapevine nutrient dynamics [30,31]. The differences across the assessed grape cultivars at the three distinct assessment dates emphasize the unique nutrient profiles inherent to each variety. While the Loureiro cultivar is more susceptible to macronutrient changes [31] during the maturation of all the tissues, the Vinhão cultivar tends to equilibrate the concentration (Table 2). During grape maturation, Ca tends to accumulate in the grapes, especially contributing to the flavonoid pathways [34], and Mg is present in the enzyme activator [6]. The differences in N content observed in both the cultivars from 47 days after veraison (DAV) until 61 DAV, especially in the seeds (Table 2 and Figure 4 and Figure 5), explain the need for this element during seed development [35]. Also, N is fundamental in metabolic processes, emphasizing the dynamic relationship between grape maturation, nutrient accumulation, and the metabolic intricacies specific to each grape cultivar [2]. However, the Loureiro cultivar in S3 exhibits signs of overripeness due to the higher concentration of Ca [28]. This observation aligns with the phenomenon observed in the white grapes, where the process of ripening and overripening triggers cell wall breakdown [29]. During this process, Ca ions are released or redistributed from the cell walls, introducing a potential influence on the measured Ca content [29,31].



The application of LIBS in the element analysis of grapes presents distinct advantages. Firstly, LIBS offers a novel and exploratory approach, providing a potential opportunity for refining and validating the technique for element analysis [10,17]. The promise lies in its ability to offer cost-effective and expeditious alternatives to the traditional methods employed in evaluating the elemental contents of grape tissues [20]. Also, it acknowledges the challenges associated with wet lab procedures, particularly the limitations imposed by the availability of biological material and emphasizes the potential of LIBS to overcome such constraints. In this study, characterizing the elements (Ca, Mg, and N) in the skin, pulp, and seeds with the same low sample volume (0.098 cm3) was possible. This may be a solution to the need for a low-cost method to assess a small sample of biological tissues [18,36]. The adaptability of LIBS technology can mitigate the cost and time commitments typically associated with wet lab procedures, positioning it as a pragmatic solution for on-field elemental composition characterization [12]. However, LIBS still needs a sample preparation for analysis.



In this study, the Ca, Mg, and N analyses of grape tissues relied on the data inferred from the online databases OSCAR [26] and NIST [27]. This approach was chosen because the standardized methods (e.g., ICP-OES) are non-optimized for small tissue aliquots (e.g., 0.098 cm3), non-expedited, expensive, and time-consuming [14,37]. These standardized methods were deemed impractical for this study’s low technology-readiness level (TRL) due to the associated costs of the standardized methods for small tissue samples, highlighting the need for an early-stage, cost-effective technology. This paper’s results serve as proof of the use of LIBIS in demonstrating the feasibility of internal tissue quantification.



The application of LIBS faces more limitations in comparison to those of the standardized methodologies like ICP-OES. The qualitative nature of LIBS, influenced by the uncertainties in plasma formation and chemistry [38], coupled with dynamic complexities introduced by factors, like the humidity, carbon content, and other elements [39], poses challenges to accurate quantitative measurements. Despite its potential for studying a broader spectrum of elements [12], it is fundamental to recognize and acknowledge the current limitations of LIBS in achieving precise quantitative analyses.



Despite its advantages, LIBS is not without challenges related to atomization and ionization, particularly after the material undergoes the drying process [40]. The emission peaks generated by LIBS often exhibit a low intensity, creating difficulties in determining the elements at low concentrations without potential recourse to pyrolysis [23], which emphasizes the necessity of studying the LIBS technique’s efficacy in analyzing dried plant materials, recognizing the inherent limitations in emission intensity.



In an agricultural context, a consideration for LIBS is its capability to detect light elements [24], such as Boron, which are important for plant nutrition [1]. However, the carbon present in plant tissues absorbs a part of the laser energy, restricting the energy for atomizing the elements in lower concentrations [23]. This interference raises doubts about LIBS’s accuracy in detecting and quantifying trace elements and may generate uncertainty about its use for agricultural applications.



In addition, atmospheric N introduces complexities in LIBS analysis. Although analysis did not occur under vacuum conditions, the detected N during analysis is likely to be atmospheric N, rather than an accurate representation of the N content in the plant material [23]. This atmospheric interference poses potential challenges in result interpretation, emphasizing the need for consideration when analyzing the nitrogen-related data acquired through LIBS from plant samples.



Despite the limitations, using LIBS in on-field elemental composition [19] characterization introduces new perspectives in metabolomics research. Nevertheless, validating LIBS could pave the way for broader applications [41,42], potentially inspiring and facilitating future metabolomics research endeavors. The advantages of LIBS (in situ), including its non-destructive nature and rapid analysis capabilities, make it an attractive tool for exploring the intricate elemental composition of grapes in situ. This technology addresses the current challenges and stimulates a forward-looking perspective by encouraging a more extensive and nuanced exploration of the metabolomic landscape. It raises an understanding of the complex interplay between the elements in grapes and their potential implications for viticulture and oenology, which are particularly relevant for climate change adaptation and sustainable agricultural practices.




5. Conclusions


Incorporating Laser-Induced Breakdown Spectroscopy (LIBS) into viticulture represents a departure from the traditional, resource-intensive wet laboratory techniques, such as ICP-OES, for the elemental quantification of grape tissues. This study explores the potential utility of LIBS across various grape tissues and cultivars, marking a progressive step in understanding its applicability.



The complex relationship between water availability and the macronutrient dynamics, especially in the white cultivars, emerges as a critical aspect. The differences in Ca, Mg, and N concentrations between the Loureiro and Vinhão cultivars reflect genetic, physiological, and environmental factors governing the grapevine nutrient dynamics. Despite its advantages, LIBS has more constraints compared to those of the standardized methodologies like ICP-OES, focusing on a limited set of elements due to the small sample size limitations. The challenges related to atomization, ionization, and interference with atmospheric N require careful consideration. This study′s limitations underscore the need for future research to enhance LIBS’s capabilities and explore its potential in broader agricultural applications.



Further wet lab validation of LIBS results suggests broader applicability, extending beyond the studied elements (Ca, Mg, and N), thereby facilitating its potential integration for determining the various macro and micro elements within grapes and, by extension, other fruits. This multifaceted utility positions LIBS to introduce new avenues for precision viticulture and metabolomic investigations in the context of climate change and sustainable agriculture.
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Figure 1. Sample preparation, pellet making, and LIBS analysis of the skin, pulp, and seeds of the Loureiro and Vinhão cultivars. 
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Figure 2. Experimental setup for Laser-Induced Breakdown Spectroscopy (LIBS), showcasing laser incidence, spectral data acquisition, and manual adjustments for focus. Adapted from Ribeiro, Capela, Ferreira, Martins, Jorge, Guimarães and Lima [24]. 
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Figure 3. The average signal intensities of the Ca (■), Mg (▲), and N (●) in the skin, pulp, and seed tissues of the Loureiro cultivar (a–c) and the Vinhão cultivar (d–f) 47 days after veraison (S1). The sample size for each group is specified as n = 20 for Loureiro and n = 16 for Vinhão. 
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Figure 4. Principal component analysis of Loureiro cultivar across three assessment dates (S1(■), S2 (●), S3(▲)); (a–c) represent calcium (Ca) concentrations in skin, pulp, and seeds, while (d–f) show magnesium (Mg) concentrations, and (g–i) illustrate nitrogen (N) concentrations in the corresponding tissues. 
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Figure 5. Principal component analysis of Vinhão cultivar across three assessment dates (S1(■), S2 (●), S3(▲)); (a–c) represent calcium (Ca) concentrations in skin, pulp, and seeds, while (d–f) show magnesium (Mg) concentrations, and (g–i) illustrate nitrogen (N) concentrations in the corresponding tissues. 
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Table 1. Sampling dates of the Loureiro and Vinhão cultivars.
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Date

	
Days after Veraison (DAV)

	
Samples (n)




	
Loureiro

	
Vinhão






	
S1: 30 September 2020

	
47

	
20

	
16




	
S2: 12 October 2020

	
59

	
9

	
8




	
S3: 14 October 2020

	
61

	
10

	
5











 





Table 2. The average LIBS spectra intensity peaks of Ca, Mg, and N and water content (% w/w) for each tissue on the three assessment dates (S1, S2, and S3) for the Loureiro and Vinhão cultivars.
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Loureiro

	
S1 (n = 20)

	
S2 (n = 9)

	
S3 (n = 10)

	
p-Value






	
Element

	

	

	

	

	




	
Ca

	
Skin

	
3258.04 b ± 901.34

	
3713.58 ab ± 938.70

	
4189.18 a ± 844.82

	
0.03




	

	
Pulp

	
635.30 b ± 120.46 *

	
588.21 b ± 94.34 *

	
2003.24 a ± 490.12 *

	
<0.001




	

	
Seed

	
354.30 b ± 76.48 *

	
299.02 b ± 23.71 *

	
521.00 a ± 128.50

	
<0.001




	
Mg

	
Skin

	
6699.93 b ± 2180.83

	
7061.50 b ± 2172.96

	
10,581.13 a ± 1819.63 *

	
<0.001




	

	
Pulp

	
2786.03 b ± 933.15 *

	
2630.43 b ± 627.41 *

	
5052.57 a ± 701.98

	
<0.001




	

	
Seed

	
1035.31 ab ± 297.23 *

	
976.59 b ± 151.11 *

	
1223.95 a ± 287.39

	
0.11




	
N

	
Skin

	
16,368.47 a ± 2994.20

	
17,277.07 a ± 1290.88

	
18,034.47 a ± 2490.27

	
0.247




	

	
Pulp

	
11,790.15 b ± 2080.38

	
12,896.65 b ± 1892.37 *

	
14,984.23 a ± 1672.66 *

	
0.001




	

	
Seed

	
7560.83 a ± 1690.68

	
6251.21 b ± 1448.79

	
8009.86 a ± 919.62 *

	
0.04




	
Water

	

	

	

	




	

	
Skin

	
77.01 b ± 0.94

	
73.45 c ± 1.03

	
79.06 a ± 1.74 *

	
<0.001




	

	
Pulp

	
83.41 a ± 2.86 *

	
79.11 b ± 3.65

	
81.25 ab ± 2.03 *

	
0.002




	

	
Seed

	
56.28 a ± 4.04 *

	
53.13 a ± 3.54

	
54.41 a ± 2.80 *

	
2.53




	
Vinhão

	
S1 (n = 16)

	
S2 (n = 8)

	
S3 (n = 5)

	
p-Value




	
Element

	

	

	

	

	




	
Ca

	
Skin

	
3481.31 a ± 1143.97

	
3415.04 a ± 942.08

	
3715.16 a ± 750.24

	
0.873




	

	
Pulp

	
1069.07 a ± 321.37 *

	
703.63 b ± 65.40 *

	
1298.10 a ± 340.52 *

	
0.002




	

	
Seed

	
403.60 a ± 51.57 *

	
380.63 a ± 91.76 *

	
402.44 a ± 34.14

	
0.691




	
Mg

	
Skin

	
7211.87 a ± 2161.640

	
6926.83 a ± 2940.079

	
8197.33 a ± 2226.33 *

	
0.639




	

	
Pulp

	
4781.77 a ± 961.56 *

	
4107.27 a ± 556.89 *

	
4433.30 a ± 414.37

	
0.165




	

	
Seed

	
1256.39 ab ± 224.45 *

	
1191.98 b ± 213.88 *

	
1464.43 a ± 107.59

	
0.08




	
N

	
Skin

	
17,384.43 a ± 1967.02

	
16,611.39 a ± 1582.07

	
17,820.58 a ± 1495.51

	
0.461




	

	
Pulp

	
14,196.74 ab ± 1965.16 *

	
14,769.43 a ± 1488.09 *

	
12,529.07 b ± 1476.33 *

	
0.1




	

	
Seed

	
7305.67 a ± 831.55

	
6276.87 b ± 695.47

	
6375.35 b ± 1241.16 *

	
0.02




	
Water

	

	

	

	

	




	

	
Skin

	
76.27 a ± 1.72

	
73.34 b ± 2.62

	
71.48 b ± 5.18 *

	
0.004




	

	
Pulp

	
81.19 a ± 2.47 *

	
80.99 a ± 4.87

	
71.86 b ± 8.57 *

	
0.002




	

	
Seed

	
48.27 b ± 3.45 *

	
52.70 a ± 2.42

	
51.09 ab ± 2.41 *

	
0.007








Being on the same line (among the dates) and labelled with different letters means the results are significantly different according to Duncan’s post hoc test (α < 5%). The comparison between the cultivars for the same variables and on the same days after veraison was considered (p < 0.05). An asterisk identifies the statistical differences between the cultivars.
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