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ABSTRACT: Wine is an extremely complex beverage that contains a multitude of volatile and nonvolatile compounds. This study investiged the eﬀect of vineyard site and grapevine clone on the volatile proﬁles of commercially produced Pinot noir wines from central Otago, New Zealand. Volatile metabolites in Pinot noir wines produced from ﬁve grapevine clones grown on six vineyard sites in close proximity, over two consecutive vintages, were surveyed using gas chromatography−mass spectrometry (GC-MS). The raw GC-MS data were processed using parallel factor analysis (PARAFAC2), and ﬁnal metabolite data were analyzed by principal component analysis (PCA). Winemaking conditions, vintage, and barrel maturation were found to be the most dominant factors. The eﬀects of vineyard site and clone were mostly vintage dependent. Although four compounds including β-citronellol, homovanillyl alcohol, N-(3-methylbutyl)acetamide, and N-(2-phenylethyl)acetamide discriminated the vineyard sites independent of vintage, Pinot noir wines from diﬀerent clones were only partially discriminated by PCA, and marker compound selection remained challenging. KEYWORDS: GC-MS, PARAFAC2, vineyard site, clone, vintage, Pinot noir, wine, VOC, volatile
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INTRODUCTION



Volatile organic compounds (VOCs) in wine either originate from the grape itself (primary or varietal aroma) or are generated during the winemaking process (secondary and tertiary aromas). The concentration of VOCs in wine can range between nanograms and grams per liter levels.7,8 The wide concentration range of VOCs, their properties (e.g., polarity and volatility), and the properties of the wine matrix (e.g., pH and ethanol content) make wine aroma very complex and diﬃcult to analyze. A multitude of compounds have been shown to be important in Pinot noir wine aroma including ethyl and acetate esters, higher alcohols, volatile organic acids, and monoterpenes.9−12 Previously, 51 key compounds including C13-norisoprenoids, monoterpenes, higher alcohols, and ethyl and acetate esters were identiﬁed by GC-MS analysis of liquid extracts of commercial Pinot noir wines from the Mt. Diﬃculty Winery in Central Otago, New Zealand.12 However, no genuine impact odorants were found, and only 22 of the detected compounds were present above their perception threshold. Rutan et al.12 reported that premium-quality Mt. Diﬃculty Pinot noir wine contained higher concentrations of volatile phenols, lactones, varietal thiols, ethyl lactate, and C13-norisoprenoids compared to the winery’s estate wine, which contained higher amounts of monoterpenes, hexenols, fatty acids, and ethyl esters. This



Recent developments in metabolomics coupled with analytical platforms such as gas chromatography−mass spectrometry (GC-MS), liquid chromatography−mass spectrometry (LCMS), and nuclear magnetic resonance (NMR) have improved food and beverage analysis and enabled the simultaneous detection of hundreds of metabolites, thereby improving the molecular understanding of food and beverages and providing new opportunities to study the factors that aﬀect ﬂavor, texture, aroma, color, and nutritional value. In this context wine metabolomics is becoming increasingly important to detect fraud, identify ﬂavor defects, determine authenticity/origin, or assess quality. Wine is an immensely complex beverage, and even grape variety authentication can be a serious challenge. Wine authentication becomes complex when factors such as geolocation, winery, vineyard site, grapevine clone, and vintage are present.1−4 Although wine reconstitution seems unlikely in the near future, detailed knowledge about the compounds contributing to the wine sensory properties may allow manipulation of wine character and optimization of quality. An important term in wine tasting is typicity; it is used to describe the extent to which a wine is typical of its style, variety, origin, or vintage.5,6 In the current project the term site-typicity is deﬁned as the expression of unique and typical vineyard site characteristics in wine that the winemaker describes on the basis of historical knowledge. The wines from high typicity sites are usually described as possessing higher levels of complexity in aroma and ﬂavor, compared to wines from low typicity sites. © 2016 American Chemical Society
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Figure 1. Map of Mt. Diﬃculty Wines vineyard sites: red, high site-typicity expressing vineyard sites; blue, other vineyard sites. Reprinted from the web site with permission of Mt. Diﬃculty Wines.



Table 1. Sample Batches and Their Corresponding Vineyard Site and Clone Origin vintage 2012 vineyard site



a



batch



vintage 2013



clone (ratio %)



whole buncha (ratio %)



batch



clone (ratio %)



whole buncha (ratio %)



PT



PT115 PT5_6_13



115 (100) 5 + 6 + 13 (33:33:33)



0 0



PT115 PT115_30% PT5 PT6_13_30%



115 (100) 115 (100) 5 (100) 6 + 13 (50:50)



0 30 0 30



BR



BR5 BR115



5 (100) 115 (100)



0 0



BR5 BR115_25%



5 (100) 115 (100)



0 25



LG



LG6



6 (100)



0



LG6 LG6_30%



6 (100) 6 (100)



0 30



TG



TG5_6_35% TG777



5 + 6 (50:50) 777 (100)



35 0



TG5_6 TG777_5_6_30%



5 + 6 (50:50) 777 + 5 + 6 (70:15:15)



0 30



IN



IN6_40% IN777_6



6 (100) 777 + 6 (56:44)



40 0



IN777a IN777b IN777_23%



777 (100)a 777 (100)b 777 (100)



0 0 23



F



F6 F115_5



6 (100) 115 + 5 (54:46)



0 0



F115 F115_20%



115 (100) 115 (100)



0 20



Whole bunch ratio: addition of complete grape clusters (not destemmed) to the ferment tank.



ﬁnding suggests that these compounds could be driving the diﬀerences between the premium-quality and estate wines at Mt. Diﬃculty. To study VOCs present in wines at low concentrations (ng L−1), prior sample enrichment is often required. Over the past 10 years there has been signiﬁcant growth in the use of sorption methods for the extraction of volatile compounds from wine.13−16 Solid-phase extraction (SPE), headspace solidphase microextraction (HS-SPME), and stir-bar sorptive extraction (SBSE) methodologies have proven to be sensitive



and quick, with the added advantage of avoiding the high solvent quantities required for liquid−liquid extractions.17,18 SPE has been shown to be appropriate for volatile extraction from wine with polypropylene−divinylbenzene resins showing best recovery rates.13,17,19,20 The subsequent analysis of the concentrated wine extracts by GC-MS is the method of choice due to its high sensitivity, and this approach has been widely applied in wine aroma studies.12,13,21−24 However, the analysis of complex GC-MS data obtained on the VOCs in wine samples can be challenging due to a range of 2343
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made by the winemaker and therefore does not necessarily match the preceding year. Samples taken from the tank (prebarreling) or from the barrel (premalolactic fermentation) were put in 750 mL green glass bottles (BVS Burgundy wine bottle AG056, VinPro, New Zealand), which were purged with oxygen-free, instrument grade nitrogen (BOC, New Zealand) and sealed with press-on screw caps (Novatwist, Kauri, New Zealand). The samples were kept at −18 °C until required for analysis. Materials. Pure water (18 MΩ·cm) was obtained from the Milli-Q water puriﬁcation system (Millipore, USA). Helium (instrument grade) and nitrogen (oxygen free, instrument grade) were purchased from BOC (New Zealand). Chemicals and cartridges used in the following methods were of analytical grade and purchased from the following providers: Ethyl cinnamate, ethyl butyrate, isoamyl acetate, and whiskey lactone were purchased from Sigma-Aldrich (USA). βCitronellol, 3-methylbutanol, 1-hexanol, and 2-phenylethanol were purchased from Fluka (Sigma-Aldrich, USA). Dichlormethane, furfural, and LiChrolut EN cartridges (0.5 g of polypropylenedivinylbenzene resin, 6 mL reservoir) were purchased from Merck (Germany). 3-Mercapto-1-hexanol, octanoic acid, and linalool were purchased from Acros-Organics (Belgium), ethanol was from BDH (UK), methanol and benzaldehyde were from Ajax Finechem (Australia), and guaiacol was from J. T. Baker (USA). 2-Octanol was purchased as a general purpose reagent from BDH (UK); the purity was checked by GC-MS. Methyl anthranilate was gifted from McCormick & Co. (USA) and the purity checked by GC-MS. SPE. Samples were analyzed in duplicate and in a randomized order. LiChrolut EN cartridges, containing 0.5 g of resin, were used for SPE. The extraction method was adapted from that of Culleré et al.13 On a 12-port SPE vacuum manifold (Visiprep Supelco, Sigma-Aldrich, USA) the cartridges were washed with 10 mL of dichlormethane, airdried for 30 s, and conditioned successively with 5 mL of methanol and 10 mL of 10% aqueous ethanol solution (v/v). Preceding the extraction, the samples were thawed overnight at 4 °C, 75 mL of wine sample was subsequently mixed with 200 μL of the internal standard 2-octanol (3 μg mL−1) in ethanol, and the mixture was added to a reservoir above the LiChrolut cartridge. Loading the sample onto the resin was conducted at a ﬂow rate of 2 mL min−1 (applied vacuum). After loading was completed, the resins were washed with 10 mL of water and dried for 10 min (applied vacuum). The samples were eluted into a 10 mL Micro Kuderna-Danish sample concentrator (Supelco, Bellefonte, USA) using 7 mL of dichlormethane. The eluate was carefully concentrated to 500 μL under a constant nitrogen ﬂow (50 ± 5 mL min−1) over the headspace of the sample. An aliquot of 100 μL was taken for instrumental analysis by GC-MS. GC-MS. GC-MS analysis was carried out using an automatic liquid sampler (Agilent 7683 B) connected to a gas chromatograph (Agilent 6890N) and an electron impact mass selective detector (Agilent 5975 VL). The column used for separation was a ZB-Wax column (60 m × 0.32 mm inner diameter × 0.5 μm ﬁlm thickness; Phenomenex, Torrance, CA, USA). The injector temperature was 230 °C. A sample volume of 1 μL was injected using a split ratio of 10:1 with helium as carrier gas at a constant ﬂow rate of 1 mL min−1. The initial temperature of the GC oven was 50 °C followed by heating at 2 °C min−1 until 230 °C was reached and then held at 230 °C for 30 min to give a total run time of 120 min. After a solvent delay of 7.3 min, the mass selective detector recorded a mass range between m/z 35 and 300 at a frequency of 4.86 Hz. The data were acquired using the Agilent Enhanced MSD Chemstation software (version D. 03.00.611, Agilent) and exported as three-way data (.CDF) for data analysis. GC-MS Data Processing (PARAFAC2). The data in CDF format were imported into Matlab (version R.2013b, The Mathworks, Inc., USA), and retention shifts that were due to the time diﬀerence of batch measurements (approximately 1 year between vintage 2012 and 2013) were corrected manually. The data, arranged as a three-way array (elution time × mass spectra × samples), were then manually divided into 86 low-rank intervals in elution time dimension with 50− 400 scans per interval leaving up to ﬁve peaks in a single interval. Two main criteria for data division into intervals were followed: (1) peaks corresponding to one compound must be within the same interval and



non-sample-related artifacts introduced to the data during sample preparation and data acquisition, including coeluting peaks, low-intensity peaks, retention time shifts over runs, and varying baselines. To conduct multivariate analysis and identify compounds related to the investigated factor(s), data must be correctly aligned and free of outliers and artifacts.25 In this study the raw GC-MS data were processed by parallel factor analysis 2 (PARAFAC2), which increased the information extracted from the data as deconvolution of overlapped and coeluted peaks enabled the identiﬁcation of underlying compounds from crowded chromatographic regions, including low signal-to-noise (S/N) ratio peaks and baseline inconsistencies.26−28 The purpose of the current study was to survey the commercial Pinot noir winemaking process at the Mt. Diﬃculty Winery in Bannockburn, Central Otago, New Zealand, to reveal possible trends or patterns in the VOC proﬁles of the wines that may be responsible for the site-typicity (vineyard site) and clonal characteristics that the winemaker describes. The wines were sampled during the commercial winemaking process, which did not allow for a balanced experimental design, but rather gave a holistic overview of the real commercial winemaking process. Comprehensive GC-MS data were obtained for metabolite proﬁling of VOCs in wine samples. Samples were analyzed by SPE-GC-MS, and after PARAFAC2 data processing, the deconvoluted data (detected VOCs) were analyzed by principal component analysis (PCA).



■



MATERIALS AND METHODS



Vineyard Sites. The vineyard sites sampled were owned and managed by Mt. Diﬃculty Wines, located within an area of 13 km2 (Bannockburn, Central Otago, New Zealand) and under similar viticulture practice and climatic conditions. On the basis of the winery’s historical knowledge, six vineyard sites were chosen (Figure 1). These included three vineyard sites that express high site-typicity (vineyard site character) in the resulting wines (TG, PT, and LG) and three vineyard sites that express less of this character in the wines (IN, F, and BR). Whereas wines from the high-typicity sites were usually produced as single-vineyard wines, wines from the remaining lowtypicity sites were usually blended among each other and with wines from the high-typicity sites (as stated by the winemaker). The volatile compositions of the wines originating from the six sites (including ﬁve grapevine clones) were examined for two consecutive vintages (2012 and 2013). To include the winemaking process as an impact factor on the aroma of these wines, the wines were analyzed after fermentation (immediately prebarreling, PB) and after 4 months of barrel aging, premalolactic fermentation (barreled wines, BW). The VOCs of the wine samples were extracted by SPE and analyzed by GC-MS, and the data were extracted and analyzed using PARAFAC2 and PCA. Commercial Winemaking Process. Grapes were hand-picked (at around 25 °Brix) and delivered to the winery to be processed immediately. After 60−100% of the grapes for each treatment were destemmed (Table 1) and conveyed into stainless steel tanks, approximately 50 mg L−1 of SO2 was added (as potassium metabisulﬁte). Maceration (cold-soak) for approximately 9 days at 5−10 °C was followed by heating to 18−20 °C to allow the indigenous yeast (no inoculation) to start alcoholic fermentation spontaneously. After fermentation and a period of postfermentation maceration, the wines were racked oﬀ, pressed, and ﬁlled into 12−24 French oak barrels per tank (sample batch). The barrels were of diﬀerent age (used for at least the two previous vintages), brand, forest, and toast level. Wine Samples. The samples taken from the tanks (sample batches) during the winemaking process are presented in Table 1. At Mt. Diﬃculty Wines, the decision about the combination of clone and whole bunch for a single fermentation tank (from one vineyard site) is 2344
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Journal of Agricultural and Food Chemistry (2) baseline must be present in the cutting region. Each of the intervals was individually modeled by PARAFAC2 using nonnegativity constraints on the spectral (mode 2) and sample (mode 3) modes of the three-way array. Models with one to ﬁve components were ﬁtted to each interval where the optimal number of components was determined on the basis of four criteria: (1) the explained variance and residuals of the models; (2) the core consistency of the models; (3) visual inspection of raw- and PARAFAC2 deconvoluted data including elution and mass spectral proﬁles (must visually reﬂect each other); (4) knowledge about the data (how many compounds were expected in the individual interval, mass spectra of the individual components, etc.). From the three main PARAFAC2 outputs (1, elution time proﬁles; 2, relative abundance; and 3, mass spectra of the purely resolved peaks of each interval), the PARAFAC2 scores that corresponded to the relative abundancy of the deconvoluted compounds were extracted for subsequent analysis by PCA. Retention indices of detected VOCs were calculated on the basis of an alkane series (C10−C30) that was measured using the same GC-MS method and calculated using the van den Dool and Kratz equation.29 Metabolites were identiﬁed either at level 1, comparing RI and EIMS with authentic standards, or at level 2, by comparing their RI and EI-MS against the NIST2011 GC-MS metabolite database (NIST, USA). Prior to PCA the metabolite data were normalized to the sum of the absolute value of all variables for each sample and autoscaled. The ﬁrst PCA was carried out using the PARAFAC2 scores from all of the prebarreled and barreled samples collected from the 2012 and 2013 vintages. Subsequent PCAs were carried out on the following sample groups: (a) prebarreled wines from vintage 2012 (PB2012); (b) prebarreled wines from vintage 2013 (PB2013); (c) barreled wines from vintage 2012 (BW2012); and (d) barreled wines from vintage 2013 (BW2013). All sample codes can be obtained from Table 1.



■



RESULTS AND DISCUSSION PARAFAC2. Mass spectra of the resolved peaks from the PARAFAC2 models revealed 99 compounds in the prebarreled and barreled samples collected from the 2012 and 2013 vintages, of which 65 were identiﬁed at levels 1 and 2 using either authentic standards or comparing EI-MS and RI with the metabolite database NIST11.30 In some cases the spectral match of compounds against the NIST11 library increased due to the fact that PARAFAC2-resolved spectra were free of artiﬁcial m/z ions derived from baseline and/or coeluting peaks. However, for a few compounds, the spectral match decreased compared to the raw spectral match. This might be due to the slight diﬀerence between original and deconvoluted spectra when peaks have a low S/N ratio. The PARAFAC2 scores (corresponding to the relative abundance of each compound) were subsequently extracted for PCA. The selection of compounds responsible for discriminating investigated eﬀects was carried out using PCA loadings (VOCs) plots whereby the 30 most discriminant compounds were selected by visual inspection. The selected VOCs for a certain eﬀect are encircled in the respective loadings plot in the Supporting Information. PCA for Vintage and Barrel Discrimination. A PCA on the extracted metabolites (Table A1) from all samples revealed that PC1 and PC2 together explained 41% of the systematic variance (Figure 2). The systematic variation observed along PC1 (24.26%) was correlated with a sample maturation eﬀect after barrel storage for 4 months whereby barrelled wine samples (BW, blue squares) were separated from the prebarreled samples (PB, pink diamonds) (Figure 2B). Samples from vintage 2012 (red diamonds) were discriminated from 2013 (green squares) along PC2 (17.18%) (Figure 2A) (see the Supporting Information for loadings plot and assigned VOCs, Figure A1). The 30 most discriminant VOCs were selected for each of the vintage and maturation eﬀects (15 describing



Figure 2. PCA scores plots of all samples showing (A) vintage eﬀect (vintage 2012, red diamonds; vintage 2013, green squares) and (B) barrel maturation eﬀect (prebarreled, pink diamonds; barreled, blue squares).



vintage 2012, 15 describing vintage 2013, 15 describing the barreled wines, and 15 describing prebarreled wines). The discriminant loadings (VOCs) corresponding to the scores plots (Figure 2) are displayed in Table 2. Samples of vintage 2012 were proportionally higher in the esters ethyl butanoate, ethyl 2-hydroxyisovalerate, ethyl dodecanoate, and ethyl hexadecanoate; isobutanoic acid, 2-methylbutanoic acid, phenylacetic acid; the two acetamides N-(3-methylbutyl)acetamide and N-(2-phenylethyl)acetamide; and homovanillyl alcohol, compared to samples from vintage 2013. In contrast, vintage 2013 wines proportionally contained more ethyl hexanoate, 4-methylpentanol, cis-3-hexen-1-ol, 1-heptanol, 2heptanol, 1-hexanol, 2-ethylhexanol, 1-octanol, β-citronellol, and linalool oxide (pyranoid) than wines from vintage 2012. It is well-known that vintage can have an eﬀect on the sensory perception and chemical composition of wine.4,31−33 In this study, diﬀerences between the 2012 and 2013 vintages were due to a variety of compounds, most of which were formed during fermentation, which suggests that their precursor compound levels and/or ratios were diﬀerent between the two vintages. Minimal variations of weather conditions (e.g., rainfall, wind, temperature, and sunlight hours) at certain ripening stages of the grapes are known to contribute to microbial and chemical composition changes in the grape.34,35 Such minor diﬀerences in climatic conditions may have led to changes in the chemical composition of the grapes or in the microbial species associated with the grapes, which in turn may have inﬂuenced the VOC proﬁle of the wines. Furthermore, 2345
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Journal of Agricultural and Food Chemistry Table 2. Metabolites (VOCs) Responsible for Vintage, Barrel Maturation, Site-Typicity, and Clone Eﬀectsa metabolite



name [IUPAC name]



RI



EI-MS match (%)



1 2 3 4 5 6 7 8 10 11 12 17



[ethyl butanoate] isobutyl alcohol [2-methylpropan-1-ol] isoamyl acetate [3-methylbutyl acetate] 1-butanol [butan-1-ol] 1-penten-3-ol [pent-1-en-3-ol] isoamyl alcohol [3-methyl butan-1-ol] [ethyl hexanoate] 1-pentanol [pentan-1-ol] 4-methyl-1-pentanol [4-methylpentan-1-ol] trans-2-penten-1-ol [(E)-pent-2-en-1-ol] 2-heptanol [heptan-2-ol] ethyl 2-hydroxyisovalerate [ethyl 2-hydroxy-3-methyl butanoate] ethyl lactate [ethyl 2-hydroxypropanoate] 1-hexanol [hexan-1-ol] cis-3-hexen-1-ol [(Z)-hex-3-en-1-ol] 3-ethoxy-1-propanol [3-ethoxypropan-1-ol] [ethyl octanoate] [acetic acid] 1-heptanol [heptan-1-ol] 2-ethyl hexanol [2-ethylhexan-1-ol] [ethyl 3-hydroxybutanoate] ethyl leucate [ethyl 2-hydroxy-4-methylpentanoate] 1-octanol [octan-1-ol] 5-methyl furfural [5-methylfuran-2-carbaldehyde] isobutanoic acid [2-methylpropanoic acid] [ethyl decanoate] γ-butyrolactone [dihydrofuran-2(3H)-one] (and nonlactonized form [4-hydroxybutanoic acid]) [2-methylbutanoic acid] furfuryl alcohol [2-furanmethanol] isovaleric acid [3-methylbutanoic acid] diethyl succinate [diethyl butanedioate] methionol [3-methylsulfanylpropan-1-ol] β-citronellol [3,7-dimethyloct-6-en-1-ol] linalool oxide (pyranoid) [2,2,6-trimethyl-6vinyltetrahydro-2H-pyran-3-ol] [methyl 4-hydroxybutanoate] [2-phenylethyl acetate] [ethyl dodecanoate] [hexanoic acid] [N-(3-methylbutyl)acetamide] [ethyl 3-methylbutyl succinate] cis-whiskey lactone [(4R,5R)-5-butyl-4-methyloxolan-2one] [2-phenylethanol] trans-whiskey lactone [(4S,5R)-5-butyl-4-methyloxolan2-one] [octanoic acid] N-acetylglycine ethyl ester [ethyl 2-acetamidoacetate] γ-carboethoxy-γ-butyrolactone [ethyl 5-oxooxolane-2carboxylate ] [ethyl hexadecanoate] [decanoic acid] ethyl hydrogen succinate [4-ethoxy-4-oxobutanoic acid] vanillin [4-hydroxy-3-methoxybenzaldehyde] [phenylacetic acid] [N-(2-phenylethyl)acetamide] methyl vanillate [methyl 4-hydroxy-3-methoxybenzoate] 2-pyrrolidinecarboxylic acid-5-oxo-, ethyl ester [ethyl-5oxoprolinate]



1040 1095 1124 1148 1163 1216 1240 1256 1321 1329 1334 1345



93.0 93.6 86.0 90.0 53.0 78.0 95.0 60.0 83.0 64.0 72.0 82.8



71 43 43 56 57 55 88 42 56 57 45 73



1352 1360 1371 1375 1441 1457 1462 1497 1529 1551 1565 1570 1576 1644 1646



78.0 90.0 90.0 95.5 92.3 72.2 80.0 83.0 97.4 86.5 83.0 93.8 91.0 98.0 74.0



45 56 41 59 88 43 70 57 43 69 56 110 43 88 42



1676 1677 1678 1685 1721 1772 1756



71.8 71.4 77.4 98.1 97.8 90.0 62.8



74 98 60 101 106 69 68



1775 1826 1848 1852 1878 1886 1899



85.2 90.0 95.0 90.0 95.8 75.6 50.6



74 104 88 60 73 101 99



1921 1970



94.0 55.1



91 99



2064 2170 2247



91.0 97.1 72.0



60 72 85



2258 2276 2385 2559 2563 2599 2615 2620



98.0 98.0 97.0 45.8 80.0 91.0 94.0 80.0



88 73 101 151 91 104 151 84



13 14 15 16 18 21 20 24 25 26 27 31 28 36 35 38 39 37 40 41 44 45 46 49 53 51 54 57 56 58 60 65 68 70 71 72 76 81 80 82 84 83



2346



main m/z, relative abundance 100%



vintage effectb −b



barrel effectc



sitetypicity effectd LST HST



+b o o +a



clone effecte 2012 5, 13, 115 5, 13, 115



HST



+b +a +b +a −a



+a +a



5, 13, 115 −a +a +c



o



5, 13, 115



LST LST LST HST



777



777 777



+b +c +b +a



LST HST HST



+c −a



5, 13, 115 5, 13, 115



HST HST



777 5, 13, 115



HST LST



5, 13, 115



−a



+b +a +a



HST HST



777



LST/HST HST LST LST



5, 13, 115 777 777



HST LST



5, 13, 115



−a −a −b +b +c



777 5, 13, 115



−a



+b



LST



−a



LST/HST 777



+c +c −a −a o



777 LST LST HST



5, 13, 115 777
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name [IUPAC name] acetovanillone [1-(4-hydroxy-3-methoxyphenyl) ethanone] ethyl vanillate [ethyl 4-hydroxy-3-methoxybenzoate] homovanillyl alcohol [4-(2-hydroxyethyl)-2methoxyphenol] [hexadecanoic acid]



RI



EI-MS match (%)



main m/z, relative abundance 100%



2637



94.0



151



2641 2849



91.0 93.0



151 137



2906



89.0



73



a



vintage effectb



barrel effectc



sitetypicity effectd



clone effecte 2012



HST +a −a



LST HST HST



b



Metabolite numbers correspond to the loadings numbers in the associated loadings plot of the PCA models. Average relative change from vintage 2012 to vintage 2013 (−100 to −51% = −b; −50 to −10% = −a; 10−50% = +a; 51−100% = +b; 101−210% = +c). Calculated by the equation Δ% = ((mean(metabolite1 2013) − mean(metabolite1 2012))/mean(metabolite1 2012)) × 100. cAverage relative change from PB to BW samples (−55 to −1.4% = −a; −1.3 to +0.9% = o; 1−60% = +a; 61−200% = +b; 201−3300% = +c). calculated by the equation Δ% = ((mean(metabolite1 BW) − mean(metabolite1 PB))/mean(metabolite1 PB)) × 100. dMetabolites positively correlated with high site-typicity = HST and with low site-typicity = LST (vintage 2012, plain; vintage 2013, italic; coinciding in both vintages, bold. eMetabolites positively correlated with clone group 777 = 777 or correlated with clone groups 5, 13, and 115 = 5,13,115 in vintage 2012.



typicity (TG, PT. and LG), were discriminated from the three low typicity expressing sites (BR, IN. and F). PCA models developed using PB wines and including only vintage 2012 (PB2012) or 2013 (PB2013) depicted trends toward discrimination based on site-typicity for both vintages (Figure 3). A weak site-typicity eﬀect was also observed for the barreled wines of vintage 2012 (BW2012) and 2013 (BW2013) (see the Supporting Information for scores and loadings plots, Figure A4). The PCA of PB2012 samples explained 40.5% of the total



although winemaking procedures between the vintages were similar, they were unlikely to be identical, possibly also leading to changed VOC proﬁles in the wines. Barreled wines (BW) showed increased amounts of oak- and aging-related compounds compared to the prebarreled (PB) wines (Figure 2B and Table 2). BW samples had proportionally higher concentrations of isoamyl acetate, ethyl 2-hydroxyisovalerate, ethyl leucate, 5-methylfurfural, diethyl succinate, ciswhiskey lactone, ethyl 3-methylbutyl succinate, γ-carboethoxyγ-butyrolactone, ethyl hydrogen succinate, and vanillin compared to the PB wines. The PB wines were higher in a range of higher alcohols and esters, namely, 1-butanol, 1penten-3-ol, isoamyl alcohol, 1-pentanol, trans-2-penten-1-ol, 2heptanol, 1-hexanol, methyl 4-hydroxybutanoate, methyl vanillate, ethyl vanillate, and ethyl hexadecanoate. These ﬁndings were not surprising as compounds extracted from oak barrels include furanic compounds, phenolic aldehydes, phenolic ketones, and oak lactones.36,37 In the present study, samples were taken only from barrels that had been used for wine maturation in at least two preceding vintages to reduce the inﬂuence of barrel-derived VOCs. However, a multitude of compounds were still extracted, and they were in agreement with the compounds previously reported as oak-related and aging compounds in Nebbiolo-based wines by Bordiga et al.36 Compounds detected in the current study that were not reported by Bordiga et al.36 were γ-carboethoxy-γ-butyrolactone, ethyl hydrogen succinate, and ethyl 3-methylbutyl succinate. These compounds either occur due to aging processes in the wines or are extracted from the oak wood. Isoamyl acetate concentrations in the BW wines increased in the current study compared to prebarreled wines, whereas Bordiga et al.36 reported that concentrations of these compounds decreased in Nebbiolo-based wines after 6 months of maturation in barrels. In general, decreased levels of isoamyl acetate during storage time are expected.38 The increased level of isoamyl acetate in the current study could not be easily explained. It may be due to its release from the residual lees in the barrels, as wines at this sampling stage had not been ﬁltered. Alternatively, isoamyl acetate may have been produced due to a high rate of esteriﬁcation reactions between isoamyl alcohol and acetic acid. Further trials will be required to better understand the changes in isoamyl acetate overtime. PCA for Site-Typicity Discrimination. According to the winemaker, some vineyard sites at Mt. Diﬃculty Wines Ltd. express more site-typicity in the wines they produce than others. In the present study, three sites, expressing high site-



Figure 3. PCA scores plots of PB wines showing the site-typicity eﬀect: (A) vintage 2012; (B) vintage 2013; high typicity, red diamonds; low typicity, green squares. 2347
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revealed that such similarities had been demonstrated in the winery before and that BR was a site believed to have the potential to express high typicity in its wines. Although BR was not geographically located close to the high-typicity sites, it had soil properties similar to those of the three high-typicity sites, which suggests that the character being measured may be inﬂuenced by the soil type. In general, the VOCs that were responsible for the discrimination of typicity and the pattern of discrimination varied between the PB wines of the two vintages with only a small number of marker metabolites describing the same typicity in both vintages: high site-typicity was consistently described by β-citronellol and homovanillyl alcohol, whereas low site-typicity was consistently described by the two acetamides N-(3-methylbutyl)acetamide and N-(2phenylethyl)acetamide. Homovanillyl alcohol and β-citronellol appear to be consistently present in higher concentrations in the wines from high- compared to low-typicity sites. These two compounds are mainly grape derived and can be formed through hydrolysis from their precursors39−41 or by transformation reactions during fermentation, that is, β-citronellol from nerol and geraniol.40 The increased levels of homovanillyl alcohol and β-citronellol may suggest that their precursor compounds were present in relatively higher concentrations in the high-typicity grapes. Alternatively, the concentration of βcitronellol may have been aﬀected by the yeast strains present.41 Interestingly, some monoterpenes, including βcitronellol, have previously been reported to be signiﬁcantly diﬀerent in Muscat of Bornova wines from diﬀerent terroirs in Turkey.42 The results from our study suggest that β-citronellol and homovanillyl alcohol are possible markers for site-typicity diﬀerences in Mt. Diﬃculty wines. However, it was beyond the scope of the current study to investigate the yeast species and strains involved in the winemaking. Hence, identiﬁcation of yeast strain and species at commencement of fermentation and the analysis of VOC precursor compounds (in particular, terpene precursors) in the grapes may help to unravel the reasons for their elevated concentrations in high-typicity wines from Mt. Diﬃculty. The mechanism for the formation of the two acetamides is still unknown, although it is assumed that they are formed during fermentation.43,44 Acetamides have mainly been reported with respect to reduced wine quality or increased grape skin contact45−47 and are generally found at higher concentrations in wines that have mousy or vinegary characteristics.44,48 As the grape skin contact times in the current study were similar between all ferments, it is assumed that this did not have an eﬀect on the acetamide concentrations. Nevertheless, further studies are required to explore the formation of these acetamides and to possibly link their presence to respective precursor compounds. Additionally, studies that investigate the impact of these compounds on the wine’s sensory characteristics are required. PCA for Clone Discrimination. For identiﬁcation of clone eﬀects the PB samples were color coded by clone group. Clone group 5 consisted of all sample batches (winery tank) that contained clone 5 or 6 or a combination of the two. Clone group 13 consisted of all sample batches that contained clone 13 or blends containing clone 13, likewise with sample batches of clone groups 115 and 777. Discriminations based on clone groups could be observed for all sample groups. PB2012 and PB2013 wine samples are displayed in Figure 4. The PCA scores and loadings plots depicting the clone discriminations



variance by PC1 and PC2. No site eﬀect was observed along PC1 (24.7%); instead, PC1 discriminated samples according to their fermentation conditions. Recorded data in this study, including fermentation temperatures and time required for the completion of fermentation, explained the discrimination (data not shown). A separation between high and low site-typicity was observed along PC4 (11.3%) and PC5 (8.2%) of the same PCA model (Figure 3A). This suggests that site-typicity does not represent the major proportion of the variance present in the investigated data but that it represents only a minor variation, underlying the main factors, in this case fermentation conditions (PC1−3). Wine sample LG6, however, was not discriminated from the low-typicity sites in PB2012 wine samples. A total of the 30 most discriminative metabolites for high and low typicity of PB wines from vintage 2012 were selected from the loadings plot (Figure A2). The compounds describing high typicity were isobutyl alcohol, isoamyl alcohol, ethyl octanoate, ethyl leucate, 1-octanol, furfuryl alcohol, methionol, β-citronellol, methyl vanillate, acetovanillone, and homovanillyl alcohol (Table 2). It is noteworthy that some of these compounds, isobutyl alcohol and isoamyl alcohol, were found as markers for terroir in the 1H NMR spectroscopy-based metabolomics study on La Rioja wines.1 Low typicity was discriminated by relatively higher concentrations of 3methylbutanoic acid, 2-phenylethyl acetate, N-(3-methylbutyl)acetamide, N-(2-phenylethyl)acetamide, ethyl hexadecanoate, phenyl acetic acid, and ethyl vanillate (Table 2), which suggests that these VOCs may suppress typicity-related characteristics in wines. However, this requires further studies on the sensory impact and interactions of these compounds in those wines. PCA on PB2013 wine samples explained 47.5% of the total variance by PC1 and PC2. Whereas the discrimination on PC1 (29.1%) was correlated with the Brix value of the grapes at harvest (data not shown), PC2 (18.4%) was correlated with a site-typicity eﬀect. The combination of PC2 and PC3 (12.6%) of the same PCA model (PB2013) showed the best discrimination between high and low site-typicity wines (Figure 3B). The loadings (VOCs) responsible for the discrimination between high and low site-typicity in PB2013 wines are displayed in Table 2 (see the Supporting Information for loadings plot and selected VOCs, Figure A2B). Thirty VOCs were selected for the site-typicity eﬀect in PB2013 wine samples. The low typicity sites (green squares) were separated to the right side of the plot and the high typicity sites (red squares) to the left (Figure 3B). The high typicity site wine samples contained proportionally higher concentrations of isobutanoic acid, γ-butyrolactone (and its nonlactonized form), 2-phenylethyl acetate, hexadecanoic acid, ethyl hexadecanoate, β-citronellol, ethyl dodecanoate, homovanillyl alcohol, and phenylethyl alcohol. Low typicity site wines had relatively higher concentrations of ethyl butanoate, ethyl lactate, 1hexanol, 3-ethoxy-1-propanol, ethyl 3-hydroxybutanoate, and hexanoic acid as well as N-(3-methylbutyl)acetamide, N-(2phenylethyl)acetamide, γ-carboethoxy-γ-butyrolactone, and trans-whiskey lactone. In both vintages a trend of discrimination between high and low site-typicity expressing vineyard sites could be observed. In vintage 2013, PB samples of the high-typicity sites were more distinctly discriminated from the low-typicity sites than in the PB samples of the previous vintage (2012). Furthermore, in vintage 2013, BR wines that were not well separated from the high-typicity sites suggested similarities between BR and the high-typicity wines. Subsequent interviews with the winemaker 2348
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PB2013 wines (see the Supporting Information for loadings plot, Figure A3B). BR115 was very similar to the 777 group and so were LG6 and BR5. In this vintage (2013), clone group 777 was less well discriminated. The pattern of discrimination for the clone groups was slightly diﬀerent between vintages. In vintage 2012, clone group 777 was well discriminated from the remaining groups. In contrast, in vintage 2013 clone group 777 overlapped with BR115, BR5, and LG6. The discrimination between clone groups was shown to be minimal and strongly related to vintage. The results are in agreement with results found by Botelho et al.,4 who found that the discrimination between cloneal Aragonez wines is extremely complex and does not solely depend on single marker compounds. Furthermore, it has been reported that the performance of each clone diﬀers between vintages and that wines from diﬀerent clones can be similar in one vintage but diﬀerent in another.4,49 This ﬁnding was conﬁrmed in the current study as clone group 777 was well discriminated from the other clone groups in vintage 2012 but was less discriminated from the other groups in vintage 2013. The diﬀerences could be due to soil and climatic diﬀerences between the vineyard sites and vintages, respectively, as has been reported before for Nebbiolo wines in Italy.49 The current study has shown that in a commercial winemaking process, vintage and barrel maturation (prebarreled vs barreled wines) are the most dominant factors for discrimination between Mt. Diﬃculty Pinot noir wines. The results conﬁrm previously reported eﬀects of vintage and winemaking process and hence help validate the current experimental approach. The site-typicity eﬀects investigated in this study were revealed as being subtle underlying eﬀects with the degree of expression being dependent on vintage. A multitude of marker VOCs were identiﬁed in both vintages, of which only two compounds consistently described high sitetypicity in both vintages, namely, β-citronellol and homovanillyl alcohol. Low site-typicity was consistently described by the two acetamides N-(3-methylbutyl)acetamide and N-(2phenylethyl)acetamide). However, to conﬁrm the importance of these compounds in deﬁning high- and low-typicity characteristics in wines, further vintages will need to be investigated, and the overall contribution of these compounds to the sensory proﬁles of the wines should be explored. Interestingly, an underlying clonal eﬀect could be observed discriminating clone group 777 from the remaining clone groups in PB wines of vintage 2012. Patterns of clone discriminations were indicated in the PCA scores plots. However, selection of VOCs responsible for these descriminations was challenging. Further vintages are required for marker metabolite conﬁrmation as well as further detailed discriminative analysis. In this study, for the ﬁrst time, Pinot noir clonal wines from New Zealand have been discriminated on the basis of their volatile proﬁles. The work underscores the complexity of wine aroma, its strong inﬂuence on vintage and the winemaking process, and the diﬃculty in obtaining unambiguous volatile proﬁles that describe the character diﬀerences between Pinot noir wines (site-typicities and clones) even within a small geographical region. It is remarkable, however, that despite cofounding eﬀects of the commercial winemaking process such as yeast strain, vigor, and other process-related eﬀects, it was possible to uncover hidden site-typicity and clonal diﬀerences. We believe that this study shows the importance of applying research to commercial-scale productions (additionally to controlled



for the barreled wines (BW2012 and BW2013) can be obtained from the Supporting Information (Figure A5).



Figure 4. PCA scores plots of PB wines showing the eﬀect of clone groups: (A) vintage 2012; (B) vintage 2013; clone group 5, red diamonds; clone group 13, green squares; clone group 115, blue triangles; clone group 777, turquoise inverted triangles.



For the PB2012 wine samples, the investigated clone groups were separated along PC2 (15.8%) and slightly along PC6 (7.4%) (Figure 4A). Among all clone groups, group 777 was the most discriminant, being separated to the right side of the plot. Groups 5, 13, and 115 were located in the center of the plot. Some overlap of clone group 115 with groups 5 and 13 occurred. The 15 most discriminant VOCs selected for clone group 777 along PC2 are displayed in Table 2 (see the Supporting Information for corresponding loadings, Figure A3). The main discrimination between group 777 and the remaining clone groups was due to ethyl lactate, octanoate, decanoate, dodecanoate and acetic, hexanoic, octanoic, and decanoic acid, methionol, vanillin, and ethyl-5-oxoprolinate. In contrast, clone groups 5, 13, and 115 were similar along PC2 due to the compounds isobutyl alcohol, isoamyl acetate, 4methyl-1-pentanol, 2-heptanol, ethyl leucate, 5-methylfurfural, γ-butyrolactone (and its nonlactonized form), 3-methylbutanoic acid, 2-phenylethyl acetate, 2-phenylethanol, N-acetylglycine ethyl ester, and N-(2-phenylethyl) acetamide. For the PB2013 wines, the discriminative pattern appeared similar to the pattern of the prior vintage (PB2012). However, the discrimination of PB2013 wines was more ambiguous, and overlaps occurred between most of the clone groups (Figure 4B). Hence, no marker metabolites could be assigned for 2349
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laboratory approaches) to aid in the understanding of factors that are inconsistent in the winery, but are very important to the wine’s character. To further disentangle the complex clone and site discriminant factors, laboratory-controlled fermentations could be carried out alongside this commercial approach. Nonvolatile analysis should also be included for a better understanding of the complete range of ﬂavor compounds contributing to these diﬀerences. Currently, our group is investigating proﬁles of the nonvolatile compounds present in the samples analyzed in this study using 1H NMR and frontface ﬂuorescence spectroscopy.
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