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Abstract


Climate change and variable rainfall are pushing the wine industry to assess grapevine adaptability, as water deficit alters volatile compounds and understanding these processes is key to maintaining wine quality. A total of 64 compounds, free and glycosidically bound fractions, were analyzed using HS-SPME-GC×GC/ToFMS in Macabeo and Chardonnay grapes under two water irrigation regimes. Results showed that water availability significantly influenced aroma composition. Macabeo showed a strong response to rainfed conditions, with higher levels of monoterpenes, norisoprenoids and sesquiterpenes, mainly in the bound fraction, suggesting a metabolic adaptation to preserve aromatic potential. Chardonnay showed a more stable bound fraction and moderate changes in specific volatiles. These findings indicate that this advanced chromatographic technique allows a detailed evaluation of aroma precursors and their modulation by water availability.
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1. Introduction


Nowadays, viticulture is subjected to significant pressure due to climate change. The rise in average temperatures, the increased frequency of extreme weather events, and changes in rainfall patterns have markedly impacted vine phenology and grape development. These climatic alterations are significantly affecting both grape yield and composition [1,2]. As a result, traditional wine-growing regions are being forced to adjust their viticultural practices and to evaluate the adaptability of different grapevine cultivars to these evolving conditions [3,4]. In particular, water scarcity has emerged as a critical constraint, demanding a reevaluation of varietal suitability under drought-prone environments [5]. Grapevine cultivars differ not only in their physiological responses to drought, but also in how water deficit influences the biosynthesis and accumulation of volatile aroma compounds [6]. Thus, understanding the interaction between water scarcity and varietal-specific volatile metabolism is essential for selecting cultivars and irrigation strategies that preserve or enhance wine aroma under increasingly dry conditions.



The volatile composition of grapes is related to their content of free aroma compounds and non-volatile forms, especially those chemically bound to sugars, known as glycosylated aroma precursors. These last compounds can be hydrolyzed when the grapes are processed into wine. Although in certain instances the generation of a single potent odorant via hydrolytic processes can lead to the emergence of distinct sensory varietal attributes, in the majority of cases it is the equilibrium among multiple odorants (or classes of odorants) released through glycoside hydrolysis that governs the formation of specific aromatic nuances contributing to the varietal typicity of wines [7]. Thus, several powerful groups of odorants, such as monoterpenes, norisoprenoids, sesquiterpenes, aliphatic alcohols, acids, esters and lactones can be present in grapes as glycosides [7,8,9], this fraction being the most abundant in the aroma pool of grapes.



Given the important role of the glycosylated aroma precursors in the enological potential of grapes, their determination has attracted the attention of researchers for many years. The literature describes several analytical methods for the determination of aromatic compounds in grapes, both in their free forms and in the most abundant glycosylated structures. In this context, the IPAv (Varietal Aroma Potential Index) parameter serves as an indicator of the global content of glycosylated aroma precursors in grapes, which includes mostly volatile aglycones such as alcohols, terpenes, phenols, and C13-norisoprenoids [10]. Thus, a higher value of this index indicates that grapes could have a greater amount of glycosylated aroma precursors, which could be released during fermentation. However, the most common procedure for the analysis of the glycosylated compounds is to apply different procedures, such as enzymatic hydrolysis and acid hydrolysis [9,11,12]. Among them, enzymatic treatment offers the advantage that, compared to acid hydrolysis, it yields a relatively representative and unbiased profile of the aglycones present in the extract, provided that the appropriate type of enzyme is employed [9]. This approach enables the separation of grape aroma into free and glycosidically bound fractions [13]. In this way, the enzymatic hydrolysis provides a useful estimate of wine aroma compounds derived from the pool of “glycosides of aroma molecules” [14]. However, one of its main limitations lies in the fact that, in many cases, the released aglycone is not a volatile compound relevant to wine aroma, but rather a sensory inactive molecule or an odorless precursor that only becomes aromatically active after undergoing a series of chemical transformations, which are often slow. In this context, it is difficult to directly relate glycoside composition to the free aglycone composition following hydrolysis because glycosidase enzyme activities may differ for each individual glycoside [15].



The most prevalent approach for investigating the aroma precursors previously hydrolyzed by the enzymatic process is the analysis of aglycones through gas chromatography–mass spectrometry (GC/MS) [9,12]. Although gas chromatography remains a cornerstone technique in this domain, the structural resemblance among many varietal volatile compounds frequently leads to co-elution, thereby limiting the resolution and compound-specific identification achievable through single-dimensional GC analysis [16]. To overcome this limitation, comprehensive two-dimensional gas chromatography (GC×GC) has been developed, which is widely recognized for its superior resolving power when analyzing complex volatile mixtures [17,18]. This technique utilizes a sequential configuration of two chromatographic columns with orthogonal selectivity, connected by a modulation interface that fractionates and refocuses analytes between stages [19]. GC×GC significantly enhances analytical confidence by enabling improved separation capacity, enhanced sensitivity to low-abundance analytes, and greater informational depth regarding matrix composition [20]. Given the high complexity and low concentration of aroma-active compounds in grape matrices, the GC×GC system is paired with Time-of-Flight Mass Spectrometry (ToFMS) detectors, which are capable of delivering structural and molecular mass information, facilitating compound identification even in the presence of co-elution and at ultralow concentrations [18]. Therefore, this approach is essential to achieve a comprehensive and detailed characterization of grape aroma compounds, which would be difficult to obtain using conventional one-dimensional techniques.



Chardonnay and Macabeo are two white grape varieties notable for their importance in viticulture and their volatile profile [21]. Chardonnay, which is one of the most cultivated varieties worldwide, produces berries rich in esters, higher alcohols, terpenes and aldehydes, generating wines highlighting its aromatic complexity [7,22,23]. Macabeo, the second most widely planted white grape variety in Spain, presents a significant accumulation of esters and volatile acids that contribute to the aromatic differentiation in Spanish white wines, reinforcing its viticultural importance and regional adaptability [24]. Regarding their response to water scarcity, in Chardonnay, water deficit increased the level of expression of some terpene synthase, indicating that terpenes might be part of the metabolic response to water deficit [25]. Conversely, in Macabeo, water deficit led to a decline in the concentration of bound aroma precursors measured by IPAv index, potentially diminishing varietal typicity [24].



Moreover, it is important to consider that grape aroma composition is characterized by remarkable diversity, complexity, and structural similarities, where even minor molecular differences can lead to significantly distinct aroma profiles. As a result, the use of precise analytical methods, such as the comprehensive two-dimensional chromatography (GC×GC/ToFMS), is essential to investigate the role of free and bound fractions. However, to the authors’ knowledge, this technique has not been used for the independent analysis of the free and glycosylated fractions of the aroma compounds of grapes. It is expected that water deficit conditions differentially affect free and glycosidically bound aroma fractions, leading to distinct compositional profiles, and that GC×GC/ToFMS represents a suitable analytical approach for their accurate characterization. Therefore, the aim of this research is to analyze, for the first time, using HS-SPME-GC×GC/ToFMS, both aroma fractions in Macabeo and Chardonnay grapes under water deficit conditions.




2. Materials and Methods


2.1. Reagents and Standards


Sodium chloride was purchased from Honeywell (Seelze, Germany), sodium hydrogenphosphate from Scharlab (Barcelona, Spain), citric acid monohydrate from Panreac Applichem (Darmstadt, Germany) and AR2000 enzymatic preparation with α- and β-glycosidase activities from Creative Enzymes (Shirley, NY, USA). Ultra-pure water was obtained from Millipore (Elix, Interface, Amadora, Portugal).




2.2. Grapevines and Water Regime


Two white grapevine varieties, Macabeo (VIVC 13127) and Chardonnay (VIVC 2455), were harvested during the 2023 growing season from a vineyard located in the Villamalea region (Castilla-La Mancha, Spain). The vines were planted at 3 m × 1.5 m, grafted onto 110 R rootstock, trained using a vertical shoot positioning trellis system, and pruned to a bilateral cordon. For each variety, 100 vines were randomly selected, with 50 assigned to each irrigation regime. The two water regimes were: an irrigated treatment designed to impose moderate water deficit (D) in which, in addition to rainfall, a total irrigation volume of 854 m3/ha was applied and a rainfed treatment (R), in which vines received water exclusively from natural rainfall, totaling 358 mm over the season. Finally, at the optimal ripening stage (22 ± 0.5° Brix), a representative sample was collected from all vines within each regime. Berries were randomly sampled from all vines within each treatment, ensuring that the peduncle remained intact, until a total of 2 kg was collected. Macabeo grapes showed total acidity values ranging from 4.00 to 4.90 g/L (as tartaric acid) and pH values between 3.30 and 3.50. Chardonnay grapes presented total acidity values ranging from 5.70 to 6.40 g/L (as tartaric acid) and pH values between 3.30 and 3.40. Subsequently, samples belonging to each regime were homogenized and frozen until analysis.




2.3. Sample Preparation and Headspace Solid-Phase Microextraction (HS-SPME)


Grape sample preparation was carried out in accordance with Fonseca et al. [26]. For this purpose, four grams of grapes, previously crushed using an Ultra Turrax T25 basic (IKA Labortechnik, Staufen, Germany), were placed into a 20.0 mL SPME vial sealed with a Teflon-coated rubber septum and a magnetic screw cap. Then, 2 g of sodium chloride and 2 mL of citrate–phosphate buffer solution (pH 5, 0.15 M) were added to the vial. To analyze the free and bound volatile fractions, each sample was prepared in two ways: one without enzyme and the other with 50 mg of AR2000 enzyme to release the glycosylated aroma compounds. Both sample types (with and without enzyme) were made in triplicate. Finally, the vials were incubated at 35 °C for 24 h. The free fraction corresponds to the sample without enzyme, estimated bound fraction was calculated by subtracting the value of the sample without enzyme from that of the sample with enzyme. A control sample containing only the enzyme, sodium chloride and buffer solution, without the addition of grapes, was injected, maintaining the same incubation and chromatographic conditions as the study samples.



For HS-SPME extraction, a carboxen/divinylbenzene/polydimethylsiloxane fiber (CAR/DVB/PDMS), 1 cm, 50/30 μm film thickness, supplied by Supelco, (Bellefonte, PA, USA) was employed. After incubation, the vial was equilibrated for 5 min at 60 °C, followed by a 40 min extraction at the same temperature. Thermal desorption of the analytes was performed by placing the fiber in the GC injection port at 260 °C for 3 min in splitless mode. Moreover, fiber blanks were regularly analyzed: one was run prior to the injection of the first grape sample, and then, subsequent blanks were conducted every three injections to verify the absence of contaminants and/or carryover.




2.4. GC×GC/ToFMS Analysis


Volatile compounds were determined according to the methodology of Fonseca et al. [17]. The analyses were carried out using a comprehensive two-dimensional gas chromatography system coupled to a time-of-flight mass spectrometer (GC×GC/ToFMS), comprising an Agilent 8890 GC System (Shanghai, China) connected to a BenchTOF-Select detector (Markes International, Bridgend, UK). Sample injection was performed automatically with a CTC PAL-System autosampler (SepSolve Analytical, Zwingen, Switzerland). Data acquisition and processing were conducted using ChromSpace software (Markes International, Bridgend, UK).



Chromatographic separation was performed with an INSIGHT™ flow modulator (SepSolve Analytical, Waterloo, Canada), fitted with a 50 µL loop. The first-dimension column (1D) was a BPX5 (20 m × 0.18 mm i.d., 0.18 µm film thickness; SGE GC column, Trajan, Australia), while the second-dimension column (2D) was a BPX50 (5 m × 0.25 mm i.d., 0.1 µm film thickness; SepSolve Analytical, Australia). The modulation period (PM) was set at 5 s, and the flush time (FT) at 200 milliseconds. The oven temperature program started at 40 °C (held for 3 min), then increased at 3 °C/min to 150 °C, followed by 4 °C/min up to 200 °C, and finally 10 °C/min to 260 °C, where it was held for 5 min. Helium served as the carrier gas, flowing at 0.5 mL/min in the first column and 20 mL/min in the second. The transfer line and ion source temperatures were maintained at 270 °C. Mass spectra were acquired using electron ionization (EI) at 70 eV, with full scan mode from m/z 30 to 400 and a data acquisition rate of 50 Hz.



Linear retention indices (LRIs) were determined by analysing a commercial C8–C20 n-alkane mixture (Supelco, Bellefonte, PA, USA) under the same chromatographic conditions (Table S1). To assist in terpene identification, a terpene reference mixture (MegaMix #1, Restek, Bellefonte, PA) was also injected. Volatile compounds were identified by comparing their mass spectra to those in the NIST library (NIST MS Search Program Version 2020), supported by molecular structure and weight data, and by matching calculated LRI values with those reported in the literature. The chromatogram obtained from the control sample was subsequently used to subtract background signals from the chromatograms of the glycosylated samples using the “External Background Subtraction” feature in ChromSpace. An indirect estimation of the glycosidically bound aroma fractions was carried out using absolute peak areas obtained in SCAN mode, due to the absence of internal standards.




2.5. Statistical Analysis and Use of IA


Statistical analyses were performed using Statgraphics Centurion software (version 19.4.02; StatPoint, Inc., The Plains, VA, USA). The effect of the water regime on the total content of each compound group and on the most relevant compounds within each fraction was evaluated by one-way analysis of variance (ANOVA) at a 95% confidence level, according to Fisher’s least significant difference (LSD) test. Additionally, principal component analysis (PCA) was carried out to identify the compounds that contributed most significantly to the differentiation between the two water regimes within each fraction. Microsoft Copilot was used to proofread the English. The authors have reviewed and edited the resulting text and assume full responsibility for the content of this publication.





3. Results and Discussion


The results presented in this section are based on absolute peak area values obtained by GC×GC/ToFMS analysis and are interpreted in terms of relative differences in compound abundance between samples. Accordingly, the discussion focuses on comparative changes in the volatile compound profiles under the studied conditions.



3.1. Effect of Irrigation Regime on the Total Content of Aroma Fractions


The GC×GC/ToFMS analysis of the grape samples revealed complex aroma profiles in both Macabeo and Chardonnay varieties and highlighted differences in the accumulation of volatile compounds between the free and bound fractions under the two water regimes. A total of 64 compounds belonging to five chemical families were identified: alcohols, aldehydes, monoterpenes, norisoprenoids and sesquiterpenes. Table 1 shows the absolute area values of the different groups of compounds, comparing each variety and fraction (free or bound), between the two water regimes. As can be seen, overall, the impact of irrigation on the aromatic profile was dependent on grape variety and aroma fraction.



Alcohols, commonly associated with herbaceous descriptors and green character [14], showed a similar behavior in both grape varieties. Area values were slightly higher under rainfed water regime in both fractions, but the differences were not statistically significant. Even though absolute area values are used, these results indicate a limited response of this group of compounds to the experimental conditions, in contrast with previous works which indicate that limited water availability can increase the content of certain C6 alcohols [27,28], potentially linked to the activation of the lipoxygenase–hydroperoxide lyase pathway (LOX–HPL), on membrane fatty acids [25,29].



Aldehydes, also linked to green, herbaceous, and freshly cut grass aromas were found to be the most abundant volatiles in the free fraction of both grape varieties. In Macabeo, their levels increased in the bound fraction under deficit water regime (p < 0.05), while a slight decrease was observed in the free fraction. In contrast, in Chardonnay, aldehydes significantly increased in the free fraction under deficit water regime (p < 0.05), without a significant increase being observed in the bound fraction. Given that these compounds are generally derived from fatty acid oxidation via the lipoxygenase pathway [30], the observed patterns may reflect differential modulation of volatile compound distribution between free and glycosidically bound forms under moderate water stress conditions (D).



Monoterpenes, which are responsible for floral and fruity aromas and contribute to the varietal character of many aromatic white grape varieties, [31] showed varietal-dependent behavior. In Macabeo, monoterpene area values remained stable in the free fraction but decreased significantly (p < 0.05) in the bound fraction under deficit irrigation, indicating differences in the distribution of these compounds between free and glycosidically bound forms under the studied conditions. This trend is consistent with previous findings in other grape varieties [32]. However, in Chardonnay, monoterpene concentrations increased markedly under deficit irrigation in both fractions. This response suggests a differential modulation of monoterpene accumulation under water deficit conditions in this grapes variety, in agreement with previous studies that observed similar effects under mild drought conditions [25,33]. Studies on white grape varieties have shown that water deficit alters the expression of pathways involved in monoterpene accumulation, leading to changes in both free and glycosidically bound aroma fractions. These responses are known to depend strongly on the cultivar and on the timing of the stress. Consequently, both the intensity of drought and whether it occurs before or after veraison play critical roles in shaping the volatile composition of grapes under water stress conditions [34,35,36]. Norisoprenoids, are commonly described as contributor to fruity, floral, and sweet aromas, [37]. These compounds, derived from carotenoids, are generally highly sensitive to water stress, as both carotenoid synthesis and degradation can be influenced by water availability [38]. However, different varietal responses were observed. In Macabeo, norisoprenoid levels significantly decreased under deficit irrigation in both free and bound fractions (p < 0.05), suggesting enhanced carotenoid degradation under stress conditions and reduced accumulation of these volatile compounds. Conversely, in Chardonnay, norisoprenoid concentrations increased significantly under deficit irrigation in the free fraction (p < 0.001), without significant increase observed in the bound fraction. This pattern suggests that moderate water stress may stimulate norisoprenoid accumulation in Chardonnay, but likely not under more extreme conditions, as previously reported [39]. Sesquiterpenes were also notably affected, particularly in Macabeo. Under deficit irrigation regime, sesquiterpenes showed a high decrease, especially in the bound fraction (p < 0.01), where they were not detected. In Chardonnay, a similar decreasing trend was observed under deficit irrigation in the free fraction, although the reduction was more pronounced in bound fraction (p < 0.05). Previous studies have reported that sesquiterpene levels may vary depending on the variety and the timing of water stress, with different trends observed under distinct conditions [32,36]. In addition, the distribution of sesquiterpenes between free and glycosylated fractions has been shown to differ among white grape varieties. In this context, water deficit has been associated with changes in the relative abundance of sesquiterpenes between fractions, leading to cultivar-dependent patterns [34].



Overall, the results indicate that Macabeo exhibits a general increase in aroma compounds under the rainfed water regime conditions studied, particularly in the bound fraction of norisoprenoids, monoterpenes, and sesquiterpenes, as previously reported for this variety [40]. The higher area values of compounds in this fraction reflect differences in the grape volatile profile under the studied conditions and suggest a varietal-dependent response to water availability. In contrast, Chardonnay showed a less pronounced response to water deficit, with significant decreases in aldehydes, monoterpenes, and norisoprenoids under the rainfed conditions studied. However, the limited differences observed in the bound fraction suggest that the aromatic potential of this variety remains relatively stable regardless of the water regime. This stability indicates limited variation in the grape volatile profile of Chardonnay under the studied water regimes. These results underscore the cultivar-dependent nature of the response to water stress within the analytical framework of this study.




3.2. Individual Aroma Compounds from Free and Bound Fractions in Response to Irrigation Regimes


To identify the compounds that contribute most to the differentiation within each chemical group of volatile compounds, principal component analyses (PCA) were performed using the individual compounds included in each group. The results of these analyses are presented in Figure 1 and Table 2 (Macabeo) and in Figure 2 and Table 3 (Chardonnay). In this context, PCA is used as a descriptive approach to visualize patterns of variation and identify compounds associated with the differentiation between irrigation regimes, with the interpretation framed within the analytical characteristics of the study, including the use of relative peak area values, the absence of an internal standard, and the indirect estimation of the glycosidically bound fraction.



To evaluate the effect of the irrigation regime on each volatile fraction (free and bound), the principal component that best separates the two water regimes in each fraction was considered. The percentage of variance explained by each principal component is indicated in Figure 1 and Figure 2. Within each group of compounds, those with the highest loadings were examined, with the top 25% of absolute loadings identified as the main contributors to the observed separation (Tables S1 and S2).



3.2.1. Alcohols


In the Macabeo variety, discrimination between water regimes was mainly described along component 2, which accounted for 29% (Figure 1a). The most influential compound within this component was (Z)-2-octen-1-ol (Table 2), whose content was higher under rainfed water conditions in both fractions (Table S1). This compound is associated with herbaceous, earthy or green descriptors [14]. On the other hand, in the Chardonnay variety, alcohols only showed significant differences between water regimes in the bound fraction, as separated by component 2 (Figure 2a), which accounted for 14.45% of the total variance. Among these, 1-nonanol contributed to the separation (Table 2), with higher absolute area values observed under the deficit irrigation (Table S2).




3.2.2. Monoterpenes


For monoterpenes, in case of Macabeo, component 2 described the separation between water regimes across the free and bound fractions, explaining 35.86% of the total variance (Figure 1b). The six compounds contributing most to this separation, (three along the positive axis and three along the negative axis), were cis-carveol, citral, γ-terpinene, geranyl acetone, myrtenol and p-cymene (Table 2). Among these, γ-terpinene, geranyl acetone and myrtenol showed higher area values in the free fraction under rainfed water conditions, indicating differences in their relative abundance between treatments under the studied conditions. As previously stated, rainfed water regime led to an increased accumulation of monoterpenes in the free fraction of Macabeo grapes (Table 1).



Geranyl acetate, a monoterpene associated with fruity, sweet, and floral aromatic notes, [41] was the most abundant. Its presence was expected only in free form, as its chemical structure does not have a hydroxyl group that can act as a glycosylation site. As reported by other authors [42], the high abundance of this compound may be related to its formation from geraniol, which is one of the main monoterpenes in this variety (Table 2). The second most abundant compound was myrtenol, a monoterpenoid alcohol commonly described as having floral descriptors, commonly used in the fragrance and cosmetic industries. This compound was exclusively detected in the free fraction. Some authors have suggested that myrtenol glycosides may be more resistant to acid hydrolysis compared to other terpenoid glycosides, which could contribute to the absence of this compound in the bound fraction under the analytical conditions applied [43]. p-Cymene was another compound that contributed to the differentiation between water regimes across the fractions. Its absolute area values were not affected by the water regime in the free fraction, but in the bound fraction, it was only observed in rainfed water regime. This compound has been described as floral and resinous descriptors in Tempranillo grapes treated with methyl jasmonate [44].



Citral, a compound associated with citrus-like descriptors, was detected in both the free and bound fractions, with no significant differences observed between water regimes (Table S1). This compound has been previously reported by several authors as a key aroma contributor in aromatic grape varieties [14,45]. γ-Terpinene was also detected, with higher concentrations under rainfed water regime in the free fraction. However, in the bound fraction, it was only present under deficit irrigation conditions (Table S1). In bound fraction, the compound with the highest levels was cis-carveol, which was exclusively detected in this fraction. Although this compound has not been extensively reported in grapes, it has been identified as an odor active compound with mint like aroma [46].



In the Chardonnay variety, the separation between the two water regimes for both volatile fractions occurred along principal component 2, which accounted for 22.58% of the total variance (Figure 2b). The compounds contributing most to this component, in order of weight separation, were citral, β-cyclocitral and verbenone on the positive side of the axis, whereas verbenol, γ-terpinene and myrtenol were associated with the negative axis (Table 3). In the free volatile fraction, citral and β-cyclocitral showed significantly higher concentrations under deficit irrigation conditions, with β-cyclocitral exhibiting the higher response. γ-Terpinene was only detected under deficit irrigation, also with high significance. Verbenol and myrtenol showed no significant differences between water regimes, while verbenone was not detected. In the bound volatile fraction, verbenone and citral were present at significantly higher absolute area values under deficit irrigation, with verbenone showing a highly significant difference. β-Cyclocitral also showed a significant increase under deficit irrigation. In contrast, γ-terpinene and myrtenol did not exhibit statistically significant changes, and verbenol was not detected in any sample (Table S2). These results indicate that deficit irrigation is associated with changes in the volatile composition of Chardonnay grapes, particularly affecting the relative abundance of specific compounds such as β-cyclocitral and citral in both, free and bound fractions under the studied conditions. Previous studies [47,48] have shown that stress treatments in grapevines can increase the expression of genes in the carotenoid cleavage dioxygenase (CCD) pathway, enhancing the breakdown of carotenoids. However, within the scope of the present analytical approach, the observed changes cannot be directly attributed to specific metabolic pathway regulation and should be interpreted as variations in compound absolute area values.




3.2.3. Aldehydes


For aldehydes, in the Macabeo variety component 1 was responsible for the differentiation between water regimes in both the free and bound aroma fractions, explaining 63.61% of the total variance (Figure 1c). In general, rainfed water regime promoted a higher accumulation of aldehydes in the free fraction of both Macabeo and Chardonnay grapes (Tables S1 and S2). Among the most influential compounds in this separation were (E,E)-2,4-heptadienal, 2-heptanal (isomer), 4-ethyl-benzaldehyde, and benzene acetaldehyde (Table 2). The free volatile fraction under the rainfed water regime exhibited significantly higher concentrations of (E,E)-2,4-heptadienal and 2-heptanal. Notably, these aldehydes were not detected in the bound fraction. Benzaldehyde 4-ethyl was not detected in the free volatile fraction under rainfed water regime (R), whereas it was present under deficit water regime. Conversely, this compound was found exclusively in the glycosidically bound fraction under rainfed conditions. On its part, benzene acetaldehyde exhibited a marked decrease in the free fraction under rainfed water regime, while remaining relatively stable in the bound form (Table S1).



In the case of the Chardonnay variety, the effect of the water regime was observed exclusively in the free fraction (Figure 2c). Component 2 accounted for the separation between the two water treatments, explaining 10.43% of the variance. Specifically, the compounds contributing most strongly to this separation were 3-cyclohex-1-enyl-prop-2-enal, (E,E)-2,4-heptadienal and octanal on the positive side of the axis, whereas benzeneacetaldehyde, 2-heptanal and benzaldehyde contributed predominantly on the negative side (Table 3). In the free volatile fraction (Table S2), (E,E)-2,4-heptadienal and 3-cyclohex-1-enyl-prop-2-enal showed significantly higher concentrations under deficit irrigation, with very high significance. Octanal also increased significantly under deficit irrigation conditions, although less significantly. In contrast to the previous compounds, benzene acetaldehyde showed a significantly higher response under the rainfed water regime, while 2-heptanal and benzaldehyde did not exhibit statistically significant differences between treatments. The presence of some of these compounds had already been reported by other authors in Chardonnay grapes [21,23].




3.2.4. Norisoprenoids


In the Macabeo variety, separation between the two water regimes was described by component 2, which explained 25.60% of the total variance (Figure 1d), with vitispirane contributing most to this separation (Table 2). This C13-norisoprenoid compound has been described in the literature in relation to woody, vanilla, and floral notes to the volatile profile of grapes [49,50] and its area values were higher under rainfed water regime in both fractions (Table S1). This compound is an important odorant [49], so its presence suggests that under water stress conditions, Macabeo grapes could be more aromatic. In the context of this study, these results indicate differences in the abundance of this compound under the evaluated conditions. Previous studies have reported that water deficit can influence C13-norisoprenoid levels [38], although no direct conclusions on the underlying mechanisms can be drawn from the present results.



In the Chardonnay variety, the separation between the two water regimes for both volatile fractions occurred along principal component 2, which accounted for 13.09% of the total variance (Figure 2d). Vitispirane contributed most strongly to the positive axis of this component, while α-isomethyl ionone was the major contributor on the negative side (Table 3). Looking at Table S2, in the free fraction, both vitispirane and α-isomethyl ionone showed significantly higher concentrations under deficit irrigation. However, in the bound fraction, vitispirane also increased significantly under deficit irrigation conditions, while α-isomethyl ionone was detected only under rainfed water regime. Vitispirane, the most abundant C13-norisoprenoid identified, has been described in the literature in relation to camphorous or eucalyptus-like descriptors and has been previously reported in Chardonnay grapes [37].




3.2.5. Sesquiterpenes


Regarding sesquiterpenes, component 1 (PC1) effectively differentiated Macabeo samples between the two water regimes across both the free and bound fractions, accounting for 88.47% of the total variance (Figure 1e). The rainfed water regime (R) treatment led to a significant increase in the accumulation of sesquiterpenes in the free volatile fraction (Table S1). In fact, several sesquiterpenes, namely α-cadinene, γ-gurjunene, δ-elemene, α-cubebene, and α-longipinene, were exclusively detected under the rainfed water regime, whereas β-caryophyllene was present in both regimes but showed approximately twice the relative area value under rainfed conditions. This pattern indicates differences in the occurrence and relative abundance of sesquiterpenes between water regimes under the studied conditions, consistent with previous observations reported in the literature [51]. The bound fraction, while characterized by lower sesquiterpene concentrations, also revealed the presence of these compounds predominantly under the rainfed water regime, except for β-caryophyllene.



In the Chardonnay variety, the water regime was also separated along component 2, which explained 30.76% of the total variance (Figure 2e). The sesquiterpenes α-cadinene and α-calacorene contributed most strongly to the positive side of this component (Table 3). Among them, α-cadinene showed the highest concentration (Table S2). However, it was only detected under the more severe water deficit regime, in both free and bound fractions.





3.3. Compounds with the Highest Contribution to the Aroma Profile


Once having discussed the volatile compounds that contributed most to the differentiation between water regimes across the free and bound fractions, the analysis focused on those compounds accounting for more than 10% of the total relative content within their respective chemical families (Table 4). This approach was used to highlight the most abundant compounds which, due to their relative abundance, are expected to have an important impact on the characteristic aroma of the grape variety under the studied conditions.



Regarding alcohols, 1-octen-3-ol and phenylethyl alcohol stood out due to their high absolute area values within their respective fractions, each accounting for more than 10% of the total alcohol content in at least one of the tested conditions (fraction or water regime) in the Macabeo variety (Table 4). In Chardonnay, (Z)-2-octen-1-ol also showed a notable contribution, whereas 1-octen-3-ol was the predominant alcohol in both Macabeo and Chardonnay, particularly in the free fraction. In Macabeo, it accounted for up to 72% under rainfed water regime and 59% under deficit water regime, while in Chardonnay it reached an even higher level in free fraction: 75% under rainfed water regime and 86% under deficit irrigation (Table 4). In the bound fraction, its relative contribution was lower in both varieties, ranging from 36% to 44% in Macabeo and from 19% to 11% in Chardonnay. Despite these differences, no statistically significant effects of water regime were observed in either variety, suggesting that the expression of 1-octen-3-ol remains relatively stable under different water availability conditions.



Phenylethyl alcohol exhibited a distinct behavior. In the bound fraction (42–50%), its response was higher than in the free one, regardless of the water regime, indicating that this compound is less sensitive to the vine’s water status (Table 4). Although its response in the free fraction increased under deficit irrigation, overall absolute area values remained lower than those found in the bound fraction, highlighting the importance of this compound in the bound fraction of grapes as previously reported by other authors [52,53]. A similar behavior was observed in the Chardonnay variety, where the highest abundance of the compound was found in the bound fraction, accounting for 46% and 54% under rainfed and deficit water treatments, respectively (Table 4). This compound had previously been reported by other authors as one of the predominant constituents of the bound fraction in grapes [14].



The most abundant monoterpenes in Macabeo were β-pinene, geraniol, linalool, and verbenone, with γ-terpinene replacing verbenone in Chardonnay (Table 4). Linalool, a monoterpene associated with floral aromas, [54] represented a higher proportion of the glycosidically bound fraction under rainfed water regime (20%) compared to deficit irrigation (8%). For the free fraction, it showed no significant differences with respect to the hydric regimes used. This is in agreement with previous studies that have shown that a lower water availability can significantly increase the bound fraction of monoterpenes, particularly linalool, geraniol, and α-terpineol [55]. However, in Chardonnay, linalool related to the free fraction showed a significant increase under deficit irrigation (20%) compared to rainfed water conditions (14%) and, in bound fraction, an increase from 5% in rainfed water conditions to 14% under deficit one (Table 4).



Geraniol, a floral monoterpene, represented a substantial proportion of the bound fraction in both grape varieties. In Macabeo, it accounted for 17–27% of the bound monoterpenes, with higher responses under deficit irrigation, although these differences were not statistically significant. Its absolute area values in the free fraction were considerably lower (3–5%) but showed a significant increase under water limited conditions (Table 4). Similarly, in Chardonnay variety, geraniol increased slightly from 2% to 3% in the free fraction under deficit irrigation. In the bound fraction, it accounted for 28–34%, with higher absolute area values observed under deficit irrigation, but no statistically significant differences were observed between water treatments (Table 4). Previous works have also reported increased area values of free geraniol after enzymatic hydrolysis with glycosidases [56,57]. Monoterpenes serve as key aroma precursors, not only because they can be hydrolyzed into their corresponding free aglycones during alcoholic fermentation, but also because they can undergo enzymatic or chemical transformations into other volatile terpenes [58]. The predominance of bound geraniol and linalool in Macabeo grapes highlights the increase in varietal aromas under the conditions studied.



β-Pinene, a monoterpene associated with woody aromas [59] showed a significant increase in the free fraction of the Macabeo variety under deficit irrigation, accounting for 16% of total monoterpenes compared to only 6% under rainfed water regime. In the bound fraction, its concentration was negligible or not detected (Table 4). Similarly, in Chardonnay, β-pinene exhibited significant differences in the free fraction under deficit irrigation. However, it was not detected in the bound fraction under either water treatment (Table 4).



In Macabeo, verbenone was not detected in the free fraction, but accounted for over 10% of the bound monoterpenes under deficit irrigation, compared to 4% under rainfed water regime, although this difference was not statistically significant (Table 4). In contrast, γ-terpinene in Chardonnay, despite being present at lower area values, showed a significant decrease in the free fraction from 3% in rainfed water regime to 1% under deficit one, whereas in the bound fraction, its concentration declined sharply from 13% under rainfed conditions to nearly undetectable levels (0%) under deficit irrigation (Table 4).



Among the aldehydes detected in the free volatile fraction, (E)-2-hexenal was the most abundant in Macabeo and in Chardonnay. This C6 compound, previously described as a product of lipid oxidation [48], has been reported in relation to green and slightly fruity descriptors [60] and in Macabeo grapes [52]. In this study, such compound was only detected in the free fraction of Macabeo, where it accounted for 47–61% of total aldehydes, with higher levels observed under rainfed water regime (Table 4). In contrast, in Chardonnay, (E)-2-hexenal was present in both fractions, ranging from 50% to 65% in the free fraction and from 16% to 44% in the bound fraction, with consistently higher concentrations under deficit irrigation. Benzaldehyde was also detected in the free fraction in Macabeo grapes, although it was predominantly found in the bound fraction, where it accounted for over 90% of its total content (Table 4). This compound has been described as originating from phenylalanine metabolism and reported in relation to almond-like descriptors [48].



As expected, β-ionone was detected exclusively in the free volatile fraction of Macabeo grapes (Table 4), and it was the most abundant norisoprenoid identified in both varieties, although in Chardonnay, β-damascenone was also found in bound fractions (Table 4). These compounds originate from the degradation of carotenoids [48] and are characterized by their intense fruity and floral aroma, often described as violet-like. In the Macabeo variety, β-ionone absolute area values did not show significant differences between water regimes studied. However, in Chardonnay, higher levels of this compound were observed under deficit irrigation conditions.



Regarding sesquiterpenes such as calamenene, δ-cadinene, and α-ylangene, these were the most abundant compounds identified in Macabeo grapes, with α-cubebene additionally detected in Chardonnay (Table 4). These compounds were primarily present in the free volatile fraction and exhibited higher concentrations under rainfed water regime conditions in Macabeo grapes. In contrast, in Chardonnay, no significant differences between water regimes were observed in the free fraction. Only the predominant compound, α-cubebene, showed variation between regimes, as it was exclusively detected in the free volatile fraction.





4. Conclusions


The results show that the water regimes influence the accumulation of free and glycosidically bound aroma compounds in Vitis vinifera L. varieties such as Macabeo and Chardonnay under these studied conditions. Macabeo exhibited a more pronounced response to water deficit, with higher absolute area values of monoterpenes and norisoprenoids. Additionally, sesquiterpenes appeared under rainfed conditions, mainly in the bound fraction. In contrast, Chardonnay showed a more stable bound fraction and only moderate changes. This indicates a lower sensitivity of its grape aroma precursors to water regime under the conditions tested. Overall, the results highlight variety-dependent differences in the response of grape volatile composition to irrigation regime within the analytical framework applied. Moreover, the use of the GC×GC/ToFMS technique proved to be a suitable approach for characterizing the diversity and distribution of volatile compounds, supporting its application in further studies aimed at evaluating grape composition under different viticultural conditions.
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Figure 1. PCAs of the analysed compounds (free and bound) grouped by chemical group for Macabeo grapes subjected to different irrigation regime supply: deficit irrigation (D) and rainfed regime (R). 
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Figure 2. PCAs of the analysed compounds (free and bound) grouped by chemical group for Chardonnay grapes subjected to different irrigation regime supply: deficit irrigation (D) and rainfed regime (R). 
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Table 1. p-Values of ANOVA performed using the absolute area of aroma fractions (free and bound compounds) grouped by chemical groups for Macabeo and Chardonnay grapes.
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2.64 × 107

	
3.05

	
4.10 × 107

	
4.53 × 107

	
0.12

	
2.98 × 107

	
2.64 × 107

	
4.76

	
6.02 × 107

	
5.30 × 107

	
1.12




	
Aldehydes

	
3.02 × 108

	
2.66 × 108

	
3.26

	
1.24 × 108

	
2.41 × 108

	
28.40 **

	
2.24 × 108

	
4.00 × 108

	
53.77 **

	
3.27 × 107

	
6.95 × 107

	
7.06




	
Monoterpenes

	
2.99 × 107

	
2.91 × 107

	
0.15

	
2.06 × 107

	
8.83 × 106

	
61.26 **

	
1.47 × 107

	
2.91 × 107

	
216.75 ***

	
1.42 × 107

	
2.08 × 107

	
28.41 **




	
Norisoprenoids

	
1.40 × 107

	
8.02 × 106

	
37.58 **

	
1.74 × 107

	
5.43 × 106

	
66.45 **

	
3.74 × 106

	
8.03 × 106

	
175.71 ***

	
1.76 × 106

	
4.42 × 106

	
19.02 *




	
Sesquiterpenes

	
1.07 × 107

	
4.34 × 106

	
128.64 ***

	
3.17 × 106

	
n.d.

	
45.91 **

	
3.24 × 106

	
2.67 × 106

	
5.79

	
4.13 × 105

	
2.48 × 105

	
52.66 **




	
Total

	
3.98 × 108

	
3.34 × 108

	
4.63

	
2.06 × 108

	
3.01 × 108

	
7.54

	
2.75 × 108

	
4.66 × 108

	
61.55 **

	
1.09 × 108

	
1.48 × 108

	
4.02








R: Rainfed regime; D: Deficit irrigation; n.d.: not detected. Differences studied for each aroma fraction between the two water regimes according to Fisher’s LSD test (* p value < 0.1; ** p value < 0.05; *** p value < 0.01).













 





Table 2. Weights of the variables in the first two principal components for the principal component analysis (PCA) carried out with volatile compounds for Macabeo variety.
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	Component 1
	Component 2





	Alcohols
	69.79%
	29.00%



	1-Nonanol
	−0.483
	0.534



	(Z)-2-Octen-1-ol
	0.407
	0.680



	1-Octen-3-ol
	0.558
	0.330



	Phenylethyl alcohol
	0.538
	−0.378



	Monoterpenes
	52.99%
	35.86%



	p-Ocimene
	0.232
	−0.149



	α-Terpineol
	0.271
	0.044



	3-Carene
	−0.203
	0.152



	α-Terpinene
	0.161
	0.071



	β-Cyclocitral
	0.259
	0.053



	β-Pinene
	−0.167
	0.028



	cis-Carveol
	0.190
	−0.239



	Citral
	0.169
	−0.270



	γ-Terpinene
	0.020
	0.335



	Geraniol
	0.224
	−0.204



	Geranyl acetone
	0.013
	0.340



	Hotrienol
	0.172
	0.262



	Linalool
	0.260
	0.062



	Linalool oxide
	0.277
	0.048



	Myrtenol
	0.075
	0.309



	Nerol Oxide
	0.279
	−0.028



	p-Cymene
	0.045
	−0.328



	p-Menthatriene
	0.263
	0.113



	Safranal
	0.021
	0.299



	Terpine-4-ol
	−0.276
	−0.056



	Terpinolene
	0.237
	0.164



	Tetrahydro linalool
	−0.274
	−0.010



	Verbenol
	0.125
	0.289



	Verbenone
	0.207
	−0.222



	Aldehydes
	63.61%
	25.86%



	2-Octenal
	−0.303
	0.155



	2,4-Decadienal
	0.221
	0.364



	(E,E)-2,4-Heptadienal
	−0.320
	−0.004



	(E,E)-2,4-Hexadienal
	−0.304
	0.174



	2-Heptanal (isomer)
	−0.322
	0.049



	(E)-2-Hexenal
	−0.318
	0.079



	(E)-2-Nonenal
	−0.060
	0.450



	3-Cyclohex-1-enyl-prop-e-enal
	−0.179
	−0.395



	Benzaldehyde
	0.208
	−0.390



	2-Methyl-benzaldehyde
	−0.305
	0.171



	3,4-Dimethyl-benzaldehyde
	−0.316
	−0.103



	4-Ethyl-benzaldehyde
	0.278
	0.137



	Benzeneacetaldehyde
	0.317
	0.104



	Octanal
	−0.024
	−0.286



	p-Mentene-9-al
	−0.101
	−0.378



	Norisoprenoids
	74.26%
	25.60%



	Vitispirane
	0.342
	0.798



	α-Ionene
	−0.578
	−0.070



	β-Damascenone
	−0.579
	0.066



	β-Ionone
	−0.463
	0.595



	Sesquiterpenes
	88.47%
	10.23%



	Calamenene
	0.254
	−0.092



	δ-Cadinene
	0.215
	0.417



	α-Calacorene
	0.251
	−0.164



	α-Corocalene
	0.253
	0.120



	Cadalene
	0.247
	−0.153



	α-Cadinene
	0.256
	0.036



	γ-Gurjunene
	0.256
	0.024



	β-Guaiene
	0.254
	−0.080



	Longifolene
	0.252
	−0.116



	β-Caryophyllene
	0.256
	0.016



	β-Copaene
	0.224
	−0.375



	δ-Elemene
	0.256
	0.004



	α-Cubebene
	0.256
	0.042



	α-Longipinene
	0.255
	−0.049



	α-Ylangene
	0.248
	−0.192



	α-Copaene
	0.110
	0.681










 





Table 3. Weights of the variables in the first two principal components for the principal component analysis (PCA) carried out with volatile compounds for Chardonnay variety.
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	Component 1
	Component 2





	Alcohols
	85.08%
	14.45%



	1-Octen-3-ol
	0.541
	−0.055



	Phenylethyl alcohol
	−0.529
	−0.276



	(Z)-2-Octen-1-ol
	−0.504
	−0.464



	1-Nonanol
	−0.417
	0.840



	Monoterpenes
	63.86%
	22.58%



	β-Ocimene
	0.236
	0.228



	Linalool
	−0.221
	0.268



	Linalool oxide
	0.213
	0.188



	Verbenone
	0.179
	0.275



	Citral
	−0.052
	0.450



	Geraniol
	0.239
	0.219



	α-Terpineol
	−0.257
	0.144



	Nerol Oxide
	0.224
	0.241



	β-Pinene
	−0.272
	0.019



	α-Terpinene
	0.139
	0.211



	γ-Terpinene
	0.114
	−0.177



	Terpinolene
	−0.200
	0.212



	Tetrahydro linalool
	−0.264
	−0.026



	p-Menthatriene
	−0.236
	0.210



	Verbenol
	−0.229
	−0.224



	Terpine-4-ol
	−0.209
	0.241



	Myrtenol
	−0.254
	−0.112



	Safranal
	−0.268
	−0.032



	p-Menth-1-en-9-ol
	−0.198
	0.124



	Geranyl acetone
	−0.272
	0.014



	β-Cyclocitral
	−0.158
	0.364



	Aldehydes
	87.81%
	10.43%



	2-Methyl-benzaldehyde
	0.275
	−0.058



	(E)-2-Nonenal
	0.257
	−0.106



	4-Ethyl-benzaldehyde
	0.260
	0.134



	3,4-Dimethyl-benzaldehyde
	0.275
	0.028



	2,4-Decadienal
	0.268
	0.155



	(E,E)-2,4-Heptadienal
	0.252
	0.323



	2-Octenal
	0.273
	−0.105



	3-Cyclohex-1-enyl-prop-e-enal
	0.222
	0.472



	2-Heptanal
	0.254
	−0.308



	Octanal
	0.257
	0.282



	(E)-2-Hexenal
	0.263
	0.219



	(E,E)-2,4-Hexadienal
	0.272
	−0.031



	Benzaldehyde
	0.260
	−0.262



	p-Mentene-9-al
	−0.260
	0.255



	Benzeneacetaldehyde
	0.216
	−0.497



	Norisoprenoids
	83.56%
	13.87%



	Vitispirane
	0.249
	0.907



	α-Ionene
	−0.404
	0.386



	β-Damascenone
	−0.445
	−0.010



	α-Ionone
	−0.437
	0.151



	α-Isomethyl ionone
	−0.440
	−0.042



	β-Ionone
	−0.438
	0.063



	Sesquiterpenes
	68.56%
	30.76%



	α-Cubebene
	0.454
	−0.020



	α-Ylangene
	0.455
	−0.034



	β-Caryophyllene
	0.304
	0.507



	δ-Cadinene
	0.450
	−0.107



	Calamenene
	0.410
	−0.289



	α-Cadinene
	0.298
	0.515



	α-Calacorene
	0.189
	−0.617










 





Table 4. Compounds with the highest contribution (≥10%) within each chemical group in Macabeo grapes.
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Free

	
Bound




	

	
R

	
D

	

	
R

	
D

	




	

	
Area

	
%

	
Area

	
%

	
Fpvalue

	
Area

	
%

	
Area

	
%

	
Fpvalue




	
Macabeo

	

	

	

	

	

	

	

	

	

	






	
Alcohols

	

	

	

	

	

	

	

	

	

	




	
1-Octen-3-ol

	
2.98 × 107

	
72%

	
1.56 × 107

	
59%

	
2.88

	
1.48 × 107

	
36%

	
2.01 × 107

	
44%

	
0.24




	
Phenylethyl alcohol

	
2.37 × 106

	
6%

	
5.43 × 106

	
21%

	
57.13 **

	
1.72 × 107

	
42%

	
2.25 × 107

	
50%

	
5.32




	
Monoterpenes

	

	

	

	

	

	

	

	

	

	




	
β-Pinene

	
1.91 × 106

	
6%

	
4.76 × 106

	
16%

	
91.77 ***

	
7.97 × 104

	
0.40%

	
n.d.

	

	
15.56 *




	
Geraniol

	
7.76 × 105

	
3%

	
1.51 × 106

	
5%

	
64.74 ***

	
3.50 × 106

	
17%

	
2.41 × 106

	
27%

	
2.82




	
Linalool

	
2.93 × 106

	
10%

	
2.83 × 106

	
10%

	
0.08

	
4.04 × 106

	
20%

	
6.73 × 105

	
8%

	
30.41 **




	
Verbenone

	
n.d.

	

	
n.d.

	

	

	
7.54 × 105

	
4%

	
8.85 × 105

	
10%

	
2.31




	
Aldehydes

	

	

	

	

	

	

	

	

	

	




	
(E)-2-Hexenal

	
3.68 × 106

	
61%

	
2.40 × 106

	
47%

	
41.39 **

	
n.d.

	

	
n.d.

	

	




	
Benzaldehyde

	
3.11 × 107

	
10%

	
5.42 × 107

	
20%

	
18.30 *

	
1.17 × 108

	
94%

	
2.35 × 108

	
97%

	
31.51 **




	
Norisoprenoids

	

	

	

	

	

	

	

	

	




	
β-Ionone

	
2.91 × 106

	
21%

	
2.73 × 106

	
34%

	
1.31

	
n.d.

	

	
n.d.

	

	




	
Sesquiterpenes

	

	

	

	

	

	

	

	

	

	




	
Calamenene

	
1.65 × 106

	
15%

	
6.60 × 105

	
15%

	
118.56 ***

	
6.57 × 105

	
21%

	
n.d.

	

	
82.90 ***




	
δ-Cadinene

	
2.58 × 106

	
24%

	
9.78 × 105

	
23%

	
111.97 ***

	
3.05 × 105

	
10%

	
n.d.

	

	
5.65 *




	
Chardonnay

	

	

	

	

	

	

	

	

	

	




	
Alcohols

	

	

	

	

	

	

	

	

	

	




	
1-Octen-3-ol

	
2.25 × 107

	
75%

	
2.28 × 107

	
86%

	
0.04

	
1.17 × 107

	
19%

	
5.93 × 106

	
11%

	
2.03




	
(Z)-2-Octen-1-ol

	
3.94 × 106

	
13%

	
n.d.

	
0%

	
416.18 ***

	
2.03 × 107

	
34%

	
1.74 × 107

	
33%

	
3.17




	
Phenylethyl alcohol

	
2.73 × 106

	
9%

	
2.94 × 106

	
11%

	
0.92

	
2.75 × 107

	
46%

	
2.87 × 107

	
54%

	
0.06




	
Monoterpenes

	

	

	

	

	

	

	

	

	

	




	
Linalool

	
1.99 × 106

	
14%

	
5.72 × 106

	
20%

	
314.37 ***

	
6.66 × 105

	
5%

	
2.82 × 106

	
14%

	
6.37




	

	

	

	

	

	

	

	

	

	

	




	
Geraniol

	
3.51 × 105

	
2%

	
9.87 × 105

	
3%

	
30.03 **

	
4.81 × 106

	
34%

	
5.75 × 106

	
28%

	
1.83




	

	

	

	

	

	

	

	

	

	

	




	
β-Pinene

	
2.29 × 106

	
16%

	
4.67 × 106

	
16%

	
61.03 **

	
n.d.

	

	
n.d.

	

	




	

	

	

	

	

	

	

	

	

	

	




	
γ-Terpinene

	
4.46 × 105

	
3%

	
3.85 × 105

	
1%

	
527.26 ***

	
1.81 × 106

	
13%

	
4.43 × 104

	
0%

	
7.56




	

	

	

	

	

	

	

	

	

	

	




	
Aldehydes

	

	

	

	

	

	

	

	

	

	




	
(E)-2-Hexenal

	
1.13 × 108

	
50%

	
2.59 × 108

	
65%

	
31.35 **

	
1.44 × 107

	
44%

	
5.31 × 107

	
76%

	
9.10 *




	

	

	

	

	

	

	

	

	

	

	




	
Norisoprenoids

	

	

	

	

	

	

	

	

	

	




	
β-Ionone

	
2.30 × 106

	
62%

	
4.18 × 106

	
52%

	
169.68 ***

	
9.95 × 104

	
6%

	
6.91 × 105

	
16%

	
1.11




	

	

	

	

	

	

	

	

	

	

	




	
β-Damascenone

	
7.79 × 105

	
21%

	
1.63 × 106

	
20%

	
58.93 **

	
n.d.

	

	
n.d.

	

	




	

	

	

	

	

	

	

	

	

	

	




	
Sesquiterpenes

	

	

	

	

	

	

	

	

	

	




	
α-Cubebene

	
9.79 × 105

	
30%

	
8.03 × 105

	
30%

	
2.74

	
1.30 × 105

	
32%

	
n.d.

	
0%

	
242.28 ***




	

	

	

	

	

	

	

	

	

	

	




	
α-Ylangene

	
1.34 × 106

	
41%

	
1.13 × 106

	
42%

	
4.31

	
1.88 × 105

	
45%

	
1.81 × 105

	
73%

	
0.13




	

	

	

	

	

	

	

	

	

	

	




	
δ-Cadinene

	
5.49 × 105

	
17%

	
5.24 × 105

	
20%

	
0.37

	
n.d.

	
0%

	
n.d.

	
0%

	




	

	

	

	

	

	

	

	

	

	

	




	
Calamenene

	
1.17 × 105

	
4%

	
1.40 × 105

	
5%

	
1.24

	
5.55 × 104

	
13%

	
6.70 × 104

	
27%

	
1.19








R: Rainfed regime; D: Deficit irrigation; n.d.: not detected. %: percentage respect to the total of each compound family. Differences analysed for each aroma fraction between the two water regimes according to Fisher’s LSD test (* p value < 0.1; ** p value < 0.05; *** p value < 0.01).
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