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Abstract 1 

Sauvignon blanc grape samples (n = 21) from across a single Geographical Indication of South 2 

Australia were analysed for thiol precursors and amino acids, and fermented in an identical 3 

laboratory-scale fermentation trial to investigate the intraregional pattern of varietal thiols in the 4 

wines. Precursors and thiols exhibited obvious intraregional diversity, and notably, stronger 5 

correlations were observed between a number of amino acids and thiol precursors (especially with 6 

glutamic acid, r ≤ −0.73) rather than free thiols. Additionally, pre-fermentation freezing (−20 °C, 1 7 

month) was applied to five selected fresh grape samples and their juices, followed by identical 8 

fermentation. In comparison to wines from fresh grapes or frozen juices, significant elevation of 9 

varietal thiols (up to 10-fold) occurred in the wines derived from frozen grapes, with parallel increases 10 

of precursors (up to 19-fold) in juices from frozen berries. These novel results may lead to new 11 

strategies for thiol enhancement during winemaking. 12 

Keywords: 13 

3-sulfanylhexan-1-ol; 3-sulfanylhexyl acetate; 4-methyl-4-sulfanylpentan-2-one; aroma 14 

enhancement; wine aroma; winemaking. 15 

 16 

Chemical compounds studied in this article: 17 

3-sulfanylhexan-1-ol (PubChem CID: 521348); 3-sulfanylhexyl acetate (PubChem CID: 518810); 4-18 

methyl-4-sulfanylpentan-2-one (PubChem CID: 88290); arginine (PubChem CID: 6322), proline 19 

(PubChem CID: 145742), glutamic acid (PubChem CID: 33032); γ-aminobutyric acid (PubChem 20 

CID: 119); -alanine (PubChem CID: 5950). 21 

 22 

  23 
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1. Introduction1 24 

Sauvignon blanc (Vitis vinifera) is one of the most widely cultivated grapevine varieties in all 25 

major wine-producing countries (OIV, 2017). According to the International Organisation of Vine 26 

and Wine, Sauvignon blanc is the only top white variety that had a significant increase (> 3%) in 27 

annual change of vineyard area worldwide from 2000 to 2015 (OIV, 2017). The success and 28 

popularity of Sauvignon blanc wine undoubtedly relate to its distinctive and characteristic “grassy”, 29 

“citrus”, and “tropical fruit” aromas, which are largely contributed by potent volatile compounds with 30 

odour thresholds in the nanogram-per-litre range, such as methoxypyrazines and varietal thiols 31 

(Coetzee & du Toit, 2012; Jeffery, 2016). 32 

In relation to varietal thiols, 3-sulfanylhexan-1-ol (3-SH), 3-sulfanylhexyl acetate (3-SHA), and 33 

4-methyl-4-sulfanylpentan-2-one (4-MSP) are well recognised as the fundamental volatile 34 

compounds imparting aromas of “passionfruit”, “grapefruit”, “guava”, and “box tree” to Sauvignon 35 

blanc wine as well as wines made from several other Vitis vinifera grape varieties (Roland, Schneider, 36 

Razungles, & Cavelier, 2011). 3-SH and 4-MSP are formed through alcoholic fermentation by the 37 

action of yeast enzymes from their non-volatile precursors extracted from grapes, and 3-SHA is 38 

formed enzymatically from 3-SH (Roland, Schneider, Razungles, & Cavelier, 2011). However, 39 

precursors identified in grape juice so far, involving glutathione, dipeptide and cysteine conjugates, 40 

and α,β-unsaturated carbonyls, can only partially account for the amounts of the varietal thiols found 41 

in wine, primarily for 3-SH (Bonnaffoux, Delpech, Rémond, Schneider, Roland, & Cavelier, 2018; 42 

Roland, Schneider, Razungles, & Cavelier, 2011). Furthermore, no consistent correlations have been 43 

seen between varietal thiols and their putative precursors (Chen, Capone, Tondini, & Jeffery, 2018; 44 

Jeffery, 2016; Pinu, Jouanneau, Nicolau, Gardner, & Villas-Boas, 2012), which suggests that other 45 

                                                 
1 Abbreviations: 3-SH, 3-sulfanylhexan-1-ol; 3-SHA, 3-sulfanylhexyl acetate; 4-MSP, 4-methyl-

sulfanyl 4-pentan-2-one; ANOVA, analysis of variance; Cys-3-SH, 3-S-cysteinylhexan-1-ol; DTDP, 

4,4′-dithiodipyridine; GABA, γ-aminobutyric acid; GI, Geographical Indication; Glut-3-SH, 3-S-

glutathionylhexan-1-ol; IS, internal standard; PC, principal component; PCA, principal component 

analysis; PFF, pre-fermentation freezing; SD, standard deviation; SIDA, stable isotope dilution assay; 

SPE, solid-phase extraction; TA, titratable acidity; TSS, total soluble solids. 
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varietal thiol precursors or alternative biogenesis and fate pathways are still waiting to be revealed. 46 

Apart from precursor availability, varietal thiol production during fermentation also depends on grape 47 

composition (Pinu, Tumanov, Grose, Raw, Albright, Stuart, et al., 2019), such as the profile of amino 48 

acids and certain organic acids (Alegre, Culleré, Ferreira, & Hernández-Orte, 2017; Pinu, Edwards, 49 

Jouanneau, Kilmartin, Gardner, & Villas-Boas, 2014). However, other than studies involving thiol 50 

precursors, literature linking grape composition to varietal thiol formation is limited, and although 51 

the enhancive or suppressive roles of amino acids (amounts and ratios) on varietal thiol production 52 

have been demonstrated as outlined already, such effects and relationships require further elucidation. 53 

With the incomplete picture of biogenesis of varietal thiols and complex relationship to other grape 54 

metabolites, controllable management of the production of varietal thiols and the related sensory 55 

quality of a wine through viticultural or oenological practices is still not easy to achieve. In recent 56 

years, vineyard practices (application of nitrogen and sulfur), grapes (maturity, clones, grape 57 

metabolites), berry processing (harvest, crush, press etc.), and fermentation choices (yeast, 58 

commercial additives) have been investigated for their impacts on varietal thiols and/or their 59 

precursors (Chen, Capone, Tondini, & Jeffery, 2018; Jeffery, 2016; Roland, Schneider, Razungles, 60 

& Cavelier, 2011; Santiago & Gardner, 2015). However, most of the practices exhibited mixed effects 61 

(grape-dependent or product-specific) and the modulation of precursors in grapes was not always 62 

reflected in the production of varietal thiols in wine. As such, vineyard and/or winemaking practices 63 

for enhancing thiol concentrations in wines are still required. Low temperature treatment of grapes 64 

maybe a useful option based on the use of cryogenic processing technology in the beverage industry 65 

(Brown, 1975; Pando Bedriñana, Picinelli Lobo, & Suárez Valles, 2018). The first indication of its 66 

potential utility for thiol management in Sauvignon blanc was revealed in a study of thiol precursors 67 

3-S-cysteinylhexan-1-ol (Cys-3-SH) and 3-S-glutathionylhexan-1-ol (Glut-3-SH), whereby Glut-3-68 

SH increased by around four times in frozen grapes stored at -20 °C for 2 months compared to frozen 69 

or fresh juices (Capone, Sefton, & Jeffery, 2011). In a subsequent study, pre-fermentative 70 

cryomaceration, undertaken by adding dry ice to crushed Sauvignon blanc grape must and leaving it 71 
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to thaw over a 24-h period, was found to increase 3-SH and 3-SHA concentrations in the wine (Olejar, 72 

Fedrizzi, & Kilmartin, 2015). However, the effect of cryogenic storage on thiol production during 73 

fermentation remained to be further investigated, and influences of cryogenic treatments on grape 74 

precursors and wine thiols have never been shown in parallel. 75 

The present work sought to investigate a number of hypotheses related to varietal thiols and 76 

precursors, which included: i) the presence of intraregional variation; ii) relationship with grape 77 

amino acids; iii) pre-fermentation freezing (PFF) as a tool to enhance thiols in wine. Parcels of 78 

Sauvignon blanc grapes (n = 21) were hand harvested from commercial vineyards within the 79 

Geographical Indication (GI) of the Adelaide Hills wine region. Amino acids and thiol precursors 80 

were measured in grape juices and laboratory-scale fermentation trials were conducted with a high 81 

throughput automated fermentation platform. Varietal thiols were analysed in the finished wines by 82 

HPLC–MS/MS after derivatisation. Intraregional variations of precursors in juices and varietal thiols 83 

in wines were examined and correlated with amino acids in grapes. To test the potential applicability 84 

for thiol enhancement during winemaking, PFF treatment (−20 °C, 1 month) was applied for the first 85 

time to the fermentation of a subset of fresh whole grape bunches and matched juices that were 86 

obtained from the fresh grapes. 87 

2. Material and methods 88 

2.1. Chemicals and solutions 89 

The following chemicals and consumables were obtained from commercial suppliers: 4,4′-90 

dithiodipyridine (DTDP), formic acid, acetaldehyde, and EDTA 2Na (Sigma-Aldrich, Castle Hill, 91 

NSW, Australia); Merck liquid chromatography-grade ethanol, methanol, and acetonitrile (VWR 92 

International, Tingalpa, QLD, Australia); Bond Elut C18 (500 mg, 6 mL) solid-phase extraction 93 

(SPE) cartridges (Agilent, Mulgrave, VIC, Australia); polymeric Strata-X-C (30 mg, 1 mL) and Strata 94 

SDB-L (500 mg, 6 mL) SPE cartridges (Phenomenex, Lane Cove, NSW, Australia); AccQ-Fluor 95 

amino acid reagent kit and AccQ-Tag eluent A (Waters, Rydalmere, NSW, Australia). Water used 96 

was purified through a Milli-Q purification system (Millipore, North Ryde, NSW, Australia). Thiol 97 
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and precursor standards and internal standards (IS) were prepared as previously reported (Chen, 98 

Capone, Tondini, & Jeffery, 2018). Standard and IS solutions were prepared volumetrically either in 99 

Milli-Q water (for mixtures of precursors) or in absolute ethanol (for mixtures of thiols). Stock 100 

solutions were kept at −20 °C and working solutions were stored at 4 °C until required. DTDP solution 101 

(10 mM) was prepared as detailed previously (Capone, Ristic, Pardon, & Jeffery, 2015). 102 

2.2. Grape and juice 103 

Parcels of Vitis vinifera L. cv Sauvignon blanc grapes  (n = 21, abbreviated in Table S1 of the 104 

Supporting Information) encompassing five clones were hand-picked from seven commercial 105 

vineyards located in the Adelaide Hills GI of South Australia (L1–L7, mapped in Fig. S1 of the 106 

Supporting Information) on 27th February (n = 9), 28th February (n = 7), and 7th March (n = 5) 107 

during the 2018 vintage. For each sample, ≈8 kg of whole grape bunches were collected from both 108 

sides of the vines across multiples rows within each vineyard, temporarily stored in food-grade 109 

resealable plastic bags (≈2 kg/bag), transported to the laboratory (<2 h) and stored at 4 °C overnight. 110 

Grape bunches were then gently randomised in a plastic sample tray and divided into two subsets (≈5 111 

kg + ≈3 kg). 112 

The first subset of fresh grape bunches (≈5 kg) was sulfured (50 mg/kg SO2 added as potassium 113 

metabisulfite) and crushed immediately under dry ice protection following a previously reported 114 

procedure (Chen, Capone, Tondini, & Jeffery, 2018). The resultant juices were collected in food-115 

grade plastic storage bottles (1 L), cold settled at 4 °C for 12 h, and the clear juices were divided into 116 

two groups: the first group of juices (n = 21) was subjected to laboratory-scale fermentation 117 

immediately, acting as the Control wines (non-PFF); the other group of clear juices was stored in PET 118 

bottles (500 mL, protected by dry ice during filling) at −20 °C, and used as the frozen juice treatment 119 

(PFF-juice). 120 

The second subset of fresh bunch grapes (≈3 kg,) was carefully sealed in food-grade resealable 121 

plastic bags and wrapped in aluminium foil, and stored at −20 °C as the frozen grape treatment (PFF-122 

grape). After 1 month, only the frozen juices and matching grape bunches from co-located Sauvignon 123 
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blanc clones (L4, n = 5, Table S1 of the Supporting Information) were assessed to highlight this 124 

concept. Juices were thawed at 4 °C overnight, and defrosted grape bunches were crushed and the 125 

resultant juices were collected in the same manner as for non-PFF wine, undergoing cold settling at 126 

4 °C overnight. Fermentation of the thawed juices and juices obtained from frozen grape bunches was 127 

conducted in an identical manner to the Control wines. 128 

2.3. Fermentation 129 

Laboratory-scale fermentations were performed in triplicate on an automated fermentation 130 

platform (TEE-BOT) as detailed previously (Chen, Capone, Tondini, & Jeffery, 2018). Yeast 131 

Saccharomyces cerevisiae strain VIN13 (after culturing in liquid YPD for 24 h at 28 °C) was used 132 

for inoculation (1 mL of culture). Fermentation temperature was set at 16 °C. Residual sugars were 133 

sampled daily and measured using an enzymatic assay (Chen, Capone, Tondini, & Jeffery, 2018). 134 

Fermentation was considered to be completed when residual sugar <2.5 g/L. Finished ferments were 135 

cold settled at 4 °C for about 1 week before being opened for varietal thiol analysis. 136 

2.4. Basic juice parameter measurement 137 

Total soluble solid (TSS), pH, and titratable acidity (TA) were measured in freshly obtained juice 138 

samples in duplicate according to the previously reported methods (Chen, Capone, Tondini, & 139 

Jeffery, 2018). 140 

2.5. High-performance liquid chromatography (HPLC) analysis for amino acids in juices 141 

Freshly thawed juice obtained from fresh whole bunches (n = 21) was centrifuged at 14462 g for 142 

10 min and 60 µL of supernatant was collected and mixed with 60 µL of α-aminobutyric acid (0.5 143 

mM in MilliQ water). Mixed samples (100 µL) were loaded onto Strata-X-C cartridges 144 

preconditioned with 1 mL of methanol followed by 1 mL of water. After sample loading, the column 145 

was washed with 1 mL of 80% aq. methanol solution and eluted with 1 mL of freshly prepared 25% 146 

ammonium hydroxide:methanol (1:1) and the eluate was dried under nitrogen flow at room 147 

temperature using an Alltech drying lid attachment for a vacuum manifold (Grace Davison Discovery 148 

Sciences, Rowville, VIC, Australia). The dried extract was reconstituted with 1 mL of sodium borate 149 
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buffer (0.2 M, pH = 8.8), derivatised according to the manufacturer’s instructions using an AccQ-150 

Fluor reagent kit, and analysed by HPLC with a fluorescence detector following a published 151 

procedure and using the same instrumentation and HPLC parameters (Culbert, McRae, Condé, 152 

Schmidtke, Nicholson, Smith, et al., 2017). 153 

2.6. Stable isotope dilution assay (SIDA) using high-performance liquid chromatography and tandem 154 

mass spectrometry (HPLC–MS/MS) for thiol precursors in juices 155 

Freshly thawed juice obtained from fresh whole bunches (n = 21) was cold settled at 4 °C for 2 156 

hours and aliquot was analysed for thiol precursors (Cys-3-SH, Glut-3-SH) in duplicate according to 157 

a previously reported method with modified reconstitution procedure (Capone & Jeffery, 2011). 158 

Analysis was performed on a Thermo Finnigan Surveyor HPLC fitted with an Alltima C18 HPLC 159 

column (250 × 2.1 mm i.d., 5 µm, 100 Å, Grace Davison Discovery Sciences, Rowville, VIC, 160 

Australia) connected to a Thermo Finnigan LCQ Deca XP Plus mass spectrometer using electrospray 161 

ionisation in positive ion mode. Chromatographic conditions and ion pairs were as described 162 

previously (Capone, Sefton, Hayasaka, & Jeffery, 2010) and helium was used as collision gas with 163 

the following source and mass spectrometer conditions: spray voltage of 4.5 kV, respective sheath 164 

and aux/sweep gas flow rates of 30 and 19, capillary voltage of 36 V, capillary temperature of 250 165 

°C, single reaction monitoring mode with activation Q of 0.250, activation time of 30 ms, normalised 166 

collision energy of 35%, and isolation width m/z = 1.50. Xcalibur software (Thermo Finnigan, version 167 

1.3) was used for instrument control and data acquisition. Cys-3-SH and Glut-3-SH concentrations 168 

were reported as the sum of the two respective diastereomers. 169 

2.7. SIDA HPLC–MS/MS analysis for thiols in wines 170 

Thiol extracts were prepared and analysed following a previously published method (Capone, 171 

Ristic, Pardon, & Jeffery, 2015). After cold settling, ferment bottles were opened and an aliquot of 172 

wine (20 mL) was accurately pipetted into a 22 mL glass vial for sample preparation according to the 173 

previously reported derivatisation and isolation steps. Extracts were reconstituted with 10% aq. 174 

ethanol solution (200 µL) and stored at −20 °C pending analysis. A batch of calibration and quality 175 
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control samples was prepared in the same manner with the wine samples for quantitation. HPLC–176 

MS/MS analysis was performed with an Agilent 1200 Series HPLC connected to an Agilent 6410A 177 

Triple Quad MS (Agilent, Santa Clara, CA, USA) as reported previously (Chen, Capone, & Jeffery, 178 

2018). 179 

2.8. Statistics 180 

Data reduction, mean values, standard deviation (SD), and Pearson correlation were performed 181 

with Microsoft Excel 2016. Unpaired t-test (two tailed) and one-way analysis of variance (ANOVA) 182 

was conducted with α = 0.05 using Prism 7 (GraphPad Software, CA, USA). Principal component 183 

analysis (PCA) was undertaken on all significantly different variables after standardisation using The 184 

Unscrambler X (CAMO Software, Oslo, Norway). 185 

3. Results and discussion 186 

Regional investigations of varietal thiols and precursors have been previously reported in few 187 

instances and mostly focused on Sauvignon blanc from the world famous Marlborough region of New 188 

Zealand (Jouanneau, Weaver, Nicolau, Herbst-Johnstone, Benkwitz, & Kilmartin, 2012; Pinu, 189 

Jouanneau, Nicolau, Gardner, & Villas-Boas, 2012) although other regions and varieties have also 190 

been evaluated (Capone, Barker, Williamson, & Francis, 2017; Fracassetti, Stuknytė, La Rosa, 191 

Gabrielli, De Noni, & Tirelli, 2018). The cool climate Adelaide Hills wine region in South Australia 192 

was the focus for the present work, with a total of 21 Sauvignon blanc grape parcels sourced from 193 

vineyard blocks in seven locations (Fig. S1 of the Supporting Information) during the 2018 vintage 194 

to investigate the intraregional variations of precursors in juices and thiols in wines. Grape samples 195 

were harvested by hand at around the same maturity levels (Table S1 of the Supporting Information) 196 

and fermented in triplicate under identical winemaking conditions at laboratory-scale using an 197 

automated fermentation platform (Chen, Capone, Tondini, & Jeffery, 2018). 198 

3.1. Basic juice parameters and fermentation 199 

The results for TSS, pH, and TA for freshly obtained juices of the 21 Sauvignon blanc grape 200 

parcels are summarised in Table S1 of the Supporting Information. A TSS of around 20-21 °Brix was 201 
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targeted but sampling had to occur within the constraints of the commercial vineyards. TSS values 202 

generally ranged from 19 to 22 °Brix (L1_1 and L3_2 were ≤ 17 °Brix), pH varied from 2.53 to 3.32, 203 

and TA was between 6.5 and 13.9 g/L. Except for the higher TA values in 2018, the basic juice 204 

parameters of L4 were similar to the data from the 2017 vintage for grapes from the same vines (Chen, 205 

Capone, Tondini, & Jeffery, 2018). Slight differences in ripeness within single locations (even for the 206 

same clones) and across the GI were considered to result from complex ecophysiological responses 207 

and/or viticulture practices (Dai, Ollat, Gomes, Decroocq, Tandonnet, Bordenave, et al., 2011). For 208 

all fermentation trials, cold-settled clear juices were fermented in triplicate in an identical manner 209 

without any adjustments to composition using commercial yeast strain VIN13 at 16 °C. Fermentations 210 

all proceeded to dryness (<2.5 g/L) within 3 weeks and no obvious patterns of fermentation duration 211 

across grape samples were noticed. 212 

3.2. Overview of intraregional variation on precursors in juices and thiols in wines 213 

Data from quantitative analysis of juice precursors (Glut-3-SH and Cys-3-SH, sum of respective 214 

diastereomers) and wine varietal thiols (3-SH, 3-SHA, and 4-MSP) are presented in Fig. 1a-f and 215 

Table S2 of the Supporting Information. The two precursors were detected in all juice samples with 216 

Glut-3-SH (33.7 – 170.7 µg/L) dominating over Cys-3-SH (7.9 – 44.7 µg/L) (Fig. 1a, Table S2 of the 217 

Supporting Information). There was a strong positive correlation between Cys-3-SH and Glut-3-SH 218 

(r = 0.98, Fig. 1f). The higher abundance of Glut-3-SH and the strong correlation between precursors 219 

were in accord with previous studies (Capone, Sefton, Hayasaka, & Jeffery, 2010; Fracassetti, 220 

Stuknytė, La Rosa, Gabrielli, De Noni, & Tirelli, 2018; Pinu, Jouanneau, Nicolau, Gardner, & Villas-221 

Boas, 2012), and is reflective of an enzymatic degradation pathway of Glut-3-SH to Cys-3-SH as 222 

detailed previously (Jeffery, 2016). The overall concentrations of precursors were well in line with 223 

data from the previous vintage for grapes from the Adelaide Hills (samples from L4) (Chen, Capone, 224 

Tondini, & Jeffery, 2018). 225 

Previous studies have demonstrated variations of precursors in Sauvignon blanc juices but they 226 

had either been assessed in a smaller sample set (n = 5) (Allen, Herbst-Johnstone, Girault, Butler, 227 
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Logan, Jouanneau, et al., 2011) or used commercial juices arising from standard practices (Pinu, 228 

Jouanneau, Nicolau, Gardner, & Villas-Boas, 2012) that were unlikely to involve consistent grape 229 

processing (e.g., transport, maceration, and press cycle). In that latter report, variations of precursors 230 

in 55 commercial New Zealand Sauvignon blanc juices from different vintages but mainly from 231 

locations within Marlborough were up to 20-fold and 126-fold for Glut-3-SH and Cys-3-SH, 232 

respectively (Pinu, Jouanneau, Nicolau, Gardner, & Villas-Boas, 2012). In the present study, 21 grape 233 

parcels and corresponding juices were obtained in an identical manner so the results may better reflect 234 

possible intraregional variations of precursors. 235 

The concentrations of precursors in grapes from different locations were examined by one-way 236 

ANOVA (α = 0.05), with results presented in Fig. 1c. In terms of Glut-3-SH, significant differences 237 

occurred between L1 (118.0 ± 27.8 µg/L) and L2 (58.3 ± 34.7 µg/L), L1 and L4 (50.3 ± 5.0 µg/L), 238 

L2 and L3 (112.2 ± 40.4 µg/L), and L3 and L4. For Cys-3-SH, a significant difference was only 239 

present between L1 samples (average 33.9 µg/L) and others (average 12.6–20.2 µg/L). Within the 240 

vineyard locations containing different blocks (and clones) that were sampled (i.e., L1 to L4), Cys-3-241 

SH varied almost consistently, around 1.4-fold (L4) to 1.7-fold (L2), whereas Glut-3-SH fluctuated 242 

from 1.3-fold (L4) to 3.6-fold (L2), apparently independent of grape ripeness. This variation among 243 

grape parcels from within single locations may suggest that the biological accumulation of Glut-3-244 

SH was more affected (e.g., by genetics and/or environment) than Cys-3-SH, as the post-harvest 245 

processing conditions were essentially identical. 246 
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 247 

Fig. 1. Overview of the precursors (Glut-3-SH and Cys-3-SH) in juices and varietal thiols (3-SH, 3-248 

SHA, and 4-MSP) in wines from 21 Sauvignon blanc grape parcels from seven locations (L1 to L7) 249 

within the Adelaide Hills wine region showing: mean concentrations of (a) precursors (µg/L) and (b) 250 

thiols (ng/L), where error bars represent the group SD, and scattered dots in black indicate the 251 

measured value of analyte in individual samples; statistically significant differences (coloured) of (c) 252 

precursors and (d) thiols across locations, examined by one-way ANOVA (α = 0.05); (e) heat maps 253 

showing the quantitative results of precursors and thiols by grape parcel; and (f) scatter plots (Glut-254 

3-SH vs. Cys-3-SH, 3-SH vs. 3-SHA, precursors vs. varietal thiols) with shaded areas indicating 95% 255 

confidence bands and black lines showing the best-fit lines based on Pearson correlation analysis. For 256 

location (L) details, refer to Table S1 and Fig. S1 of the Supporting Information. 257 

3-SH, 3-SHA, and 4-MSP in the resulting wines also occurred at various concentrations (Fig. 1b, 258 

Table S2 of the Supporting Information), with 3-SH ranging from 29–528 ng/L (average 152 ng/L, 259 

18-fold variation) and 3-SHA ranging from 4–53 ng/L (average 15 ng/L, 13-fold variation), in 260 
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agreement with previous data reported for Adelaide Hills Sauvignon blanc wines (Capone, Sefton, & 261 

Jeffery, 2011; Chen, Capone, Tondini, & Jeffery, 2018). Wines high in 3-SH were usually high in 3-262 

SHA, with the strong correlation (r = 0.86, Fig. 1f) being consistent with the yeast acetylation 263 

pathway linking 3-SHA to 3-SH (Roland, Schneider, Razungles, & Cavelier, 2011). Concentrations 264 

of 4-MSP in the finished wines varied from undetectable in six samples up to a notable high of 97 265 

ng/L (Fig. 1b). Compared to reported odour detection thresholds of thiols (Roland, Schneider, 266 

Razungles, & Cavelier, 2011), 15 out of 21 Sauvignon blanc wines contained 3-SH above its odour 267 

threshold (odour activity value, OAV: 1.1 – 8.8), 17 out of 21 wines had 3-SHA greater than its 268 

reported threshold (OAV: 1.0 – 13.3), and all wines containing 4-MSP had concentrations above its 269 

odour threshold (OAV: 3.4 – 121.7). The abundances of these thiols at concentrations well-above 270 

threshold means they would be expected to contribute perceivable “tropical fruit” aromas in these 271 

laboratory scale Adelaide Hills Sauvignon blanc wines. 272 

Regarding intraregional variations, the patterns for 3-SH, and especially 3-SHA and 4-MSP, were 273 

similar (Fig. 1b), with L5 standing out with significantly higher thiol levels compared with others 274 

based on one-way ANOVA (Fig. 1d). In contrast, L3 and L6 showed lower amounts of all three thiols. 275 

In combination with precursor data, no obvious relationship from precursors to thiols was apparent 276 

in their patterns of variation. Juices with higher amounts of precursors did not necessarily lead to 277 

wines with greater levels of thiols, with L1 being a notable example (Fig. 1e). The opposite could 278 

also be said, as was the case for L5, with moderate juice precursor levels but high wine thiol 279 

concentrations. Quantitatively, 3-SH and 3-SHA in the wines were both negatively correlated to Glut-280 

3-SH (r = −0.38 with 3-SH, r = −0.21 with 3-SHA) and Cys-3-SH (r = −0.38 with 3-SH, r = −0.29 281 

with 3-SHA) in juices (Fig. 1f). These correlations between precursors and varietal thiols contrasted 282 

to previously reported correlation results for 55 Sauvignon blanc juices and wines, where little 283 

correlation was found for 3-SH and weak but positive correlations to Cys-3-SH, Glut-3-SH and total 284 

precursors were evident for 3-SHA (Pinu, Jouanneau, Nicolau, Gardner, & Villas-Boas, 2012). 285 
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Due to the limited availability of results that examine correlations between precursors and thiols, 286 

several previously reported sets of quantitative data for Sauvignon blanc juice and wine (Allen, et al., 287 

2011; Capone, Sefton, & Jeffery, 2011; Chen, Capone, Tondini, & Jeffery, 2018) were selected and 288 

the correlation coefficients were calculated. Interestingly, the calculated correlations were 0.32 289 

(Capone, Sefton, & Jeffery, 2011) and 0.40 (data from hand-picked grapes were selected) (Allen, et 290 

al., 2011) for Glut-3-SH to 3-SH, indicating a weak to moderate positive relationship. The 291 

correlations between 3-SH to Cys-3-SH were negative but essentially absent (−0.05 and −0.11) 292 

(Allen, et al., 2011; Capone, Sefton, & Jeffery, 2011; Chen, Capone, Tondini, & Jeffery, 2018) but 293 

3-SHA was positively related to both Cys-3-SH (r = 0.34) and Glut-3-SH (r = 0.61) (Allen, et al., 294 

2011). The inconsistent correlations demonstrated in the present study and from the abovementioned 295 

literature indicate that the relationship between precursors and varietal thiols is even more 296 

complicated than perhaps is appreciated, and that ongoing work is required to resolve aspects of 297 

varietal thiol biogenesis during winemaking. 298 

3.3. Potential relationship between grape amino acids with precursors and thiols 299 

Grapes from V. vinifera cultivars are compositionally complex systems containing numerous 300 

chemical components of various categories. In relation to varietal thiols in wine, two major types of 301 

precursors to 3-SH and 4-MSP identified in grapes are conjugates of cysteine (Cys-3-SH and Cys-4-302 

MSP) and glutathione (Glut-3-SH and Glut-4-MSP) (Roland, Schneider, Razungles, & Cavelier, 303 

2011). Interestingly, the conjugates all involve amino acid unit(s) (i.e., glycine, glutamic acid, 304 

cysteine), which also applies to some recently identified precursors (Bonnaffoux, Delpech, Rémond, 305 

Schneider, Roland, & Cavelier, 2018). As a key group of grape metabolites, amino acids have been 306 

intensively investigated for their relationship with aroma development during fermentation (Burin, 307 

Gomes, Caliari, Rosier, & Bordignon Luiz, 2015; Hernández-Orte, Ibarz, Cacho, & Ferreira, 2006; 308 

Park, Boulton, & Noble, 2000) but only a few publications have investigated their influences on 309 

varietal thiol production during fermentation (Alegre, Culleré, Ferreira, & Hernández-Orte, 2017; 310 

Pinu, Edwards, Jouanneau, Kilmartin, Gardner, & Villas-Boas, 2014; Pinu, et al., 2019). Since 311 
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previous studies either involved synthetic media or a single Sauvignon blanc juice (Alegre, Culleré, 312 

Ferreira, & Hernández-Orte, 2017), or showed inconsistent correlations between amino acids and 313 

thiols (Pinu, Edwards, Jouanneau, Kilmartin, Gardner, & Villas-Boas, 2014; Pinu, et al., 2019), the 314 

profiles of amino acids in a range of Sauvignon blanc grapes from within a single GI were determined 315 

and compared with both precursor and varietal thiol concentrations. 316 

The total amino acid concentrations of the 21 grape juices ranged from 390 to 1091 mg/L (L1_3 317 

and L7, respectively). Compositionally, the major amino acids were arginine (146 ± 84 mg/L), proline 318 

(124 ± 52 mg/L), glutamic acid (124 ± 44 mg/L), γ-amino butyric acid (GABA, 75 ± 16 mg/L), and 319 

-alanine (52 ± 21 µg/L) in contrast to minor amino acids such as glycine, asparagine, methionine, 320 

lysine, tryptophan, and isoleucine (Table S3 of the Supporting Information), which accords with 321 

literature data on amino acids in Sauvignon blanc (Martin, Grose, Fedrizzi, Stuart, Albright, & 322 

McLachlan, 2016; Park, Boulton, & Noble, 2000; Spayd & Andersen-Bagge, 1996). The ratio of 323 

proline to arginine, a suggested cultivar-dependent index, varied widely from 0.36 to 2.78 in the 21 324 

Sauvignon blanc juices, with such an inconsistency having been observed in a previous multi-cultivar 325 

survey (Spayd & Andersen-Bagge, 1996). Variation of individual amino acid concentrations between 326 

juices from different locations was apparent, as shown in the heatmap (Fig. 2a). Two samples from 327 

L1 (L1_1 and L1_2) and juices from L5 to L7 contained higher amounts of minor amino acids. 328 

Greater amounts of aspartic acid, serine, proline, and glutamic acid were seen in juices from L4 to 329 

L7. Various factors influence grape amino acid concentrations including fertilisation, irrigation and 330 

climatic conditions (Ortega-Heras, Pérez-Magariño, Del-Villar-Garrachón, González-Huerta, Moro 331 

Gonzalez, Guadarrama Rodríguez, et al., 2014). 332 

Correlation analysis was performed to investigate the potential relationships between amino acids 333 

and both thiols and their precursors (Fig. 2b–d). As a whole, amino acids in juices were only weakly 334 

correlated to 3-SH and 3-SHA in the wines (r < 0.2, Fig. 2b). Individually, correlations (positive or 335 

negative) with 3-SH and 3-SHA ranged from absent to weak (|r| ≤ 0.30, Fig. 2c) except for glutamic 336 

acid (r = 0.42 for 3-SH, r = 0.32 for 3-SHA) and proline (r = 0.34 for 3-SH, r = 0.36 for 3-SHA). 337 
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Glutamic acid has previously been positively correlated to thiol concentrations in a metabolomic 338 

profiling study of Sauvignon blanc, along with GABA and glutamine (Pinu, Edwards, Jouanneau, 339 

Kilmartin, Gardner, & Villas-Boas, 2014). As varietal thiol production is the result of yeast 340 

metabolism during fermentation, the observed correlations between amino acids and varietal thiols 341 

could indicate the impacts of amino acids (especially glutamic acid and proline in the present case) 342 

on thiol production or interactions between amino acids and thiol precursors during fermentation. The 343 

significant enhancing effects of glutamic acid on 3-SH and 3-SHA production were demonstrated 344 

previously (Pinu, Edwards, Jouanneau, Kilmartin, Gardner, & Villas-Boas, 2014). Glutamic acid 345 

stands out perhaps because it is a preferred yeast nitrogen source for fermentation but the similar 346 

correlation results obtained for proline, a non-preferred nitrogen source, were somewhat intriguing. 347 

 348 

Fig. 2. (a) Relative quantity (%) of amino acids in 21 Sauvignon blanc juices from Adelaide Hills; 349 

(b) correlation values between thiols and precursors to amino acids; and (c, d) scatter plots (3-SH and 350 

3-SHA, Glut-3-SH and Cys-3-SH vs. certain grape amino acids) with shaded areas indicating 95% 351 

confidence bands and black lines showing the best-fit lines based on Pearson correlation analysis. For 352 

location (L) details, refer to Fig. S1 and Table S1 of Supporting Information. 353 

In contrast to the results for the free thiols, precursors were more strongly correlated to a greater 354 

number of amino acids (|r| ≥ 0.30 for thirteen amino acids) (Fig. 2b). Among these apparently novel 355 
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findings, glutamic acid featured again and had the strongest correlation to both of the precursors (r ≤ 356 

−0.73), followed by glycine (r ≥ 0.62), GABA (r ≥ 0.59), alanine (r ≤ −0.55), and isoleucine (r ≥ 357 

0.55). The moderate to strong correlations were suggestive of the interaction between the biochemical 358 

accumulation/degradation outcomes of thiol precursors and amino acids during grape ripening. 359 

Glutamic acid and glycine are component amino acids of glutathione, which plants require to respond 360 

to environmental stress (Galant, Preuss, Cameron, & Jez, 2011), so the strong correlations likely relate 361 

to promotion (glycine) or inhibition (glutamic acid) of glutathione biosynthesis and thus of 362 

glutathione-conjugated thiol precursor Glut-3-SH, which in turn is linked to Cys-3SH formation. The 363 

moderate correlations between proline and thiol precursors (r = −0.39 for Glut-3-SH, r = −0.48 for 364 

Cys-3-SH) could also be related to glutamic acid production, which serves as a precursor to proline 365 

(Anjum, Aref, Duarte, Pereira, Ahmad, & Iqbal, 2014). Nonetheless, the mechanisms underlying 366 

these correlations as well as those of precursors with GABA, alanine, and isoleucine are still unclear 367 

and require further investigations. Recent literature suggested that certain ratios of amino acids could 368 

also modify thiol production (Alegre, Culleré, Ferreira, & Hernández-Orte, 2017) so the correlations 369 

of various amino acid combinations (Glu/GABA, Glu−GABA, Glu+GABA, Glu/Pro, Glu−Pro, 370 

Glu+Pro, GABA/Pro, GABA+Pro, GABA−Pro) with thiols and precursors were assessed but no 371 

notable correlations were observed (data not shown). 372 

 373 
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Fig. 3. PCA analysis showing (a) distribution of 21 Sauvignon blanc samples on PC1 vs PC2 and (b) 374 

loadings plot based on concentrations of varietal thiols in wines, and precursors and amino acids in 375 

juices. For sample codes, refer to Table S1 and Fig. S1 of the Supporting Information. 376 

PCA analysis of quantitative data for varietal thiols, precursors, and amino acids is presented in 377 

Fig. 3. The first two principal components (PC) explained a total of 68% variance, with 43% and 25% 378 

of the total attributable to PC 1 and PC 2, respectively (Fig. 3a). Samples from L1 were located in the 379 

top quadrants of the figure and generally corresponded to higher concentrations of Cys-3-SH, Glut-380 

3-SH, GABA, and glycine (Fig. 3b). Samples from L3 were relatively closely plotted to L1 samples, 381 

which indicated similarity between them. Three out of five L2 samples grouped together in the bottom 382 

left quadrant, close to the varietal thiols but far away from all amino acids. L4 samples were located 383 

together in the bottom quadrants and close to the free thiols (Fig. 3b), indicating relative higher 384 

amounts of 3-SH, 3-SHA, and 4-MSP (Fig. 1b). Notably, L5 wine contained the highest amounts of 385 

3-SHA and 4-MSP and was clustered with L6 and almost inseparable from L7, which were dominated 386 

by the higher levels of amino acids, indicating the potential impact of amino acids on the variation of 387 

thiol metabolism. 388 

3.4. Impact of pre-fermentation freezing (PFF) treatment on precursors and thiols  389 

Cryomaceration (low temperature maceration with solid CO2 for a period of time) or grape/must 390 

freezing can be employed to induce berry damage and enhance extraction of components (Sacchi, 391 

Bisson, & Adams, 2005), and has primarily been assessed for its impact on the non-volatile 392 

composition (e.g., phenolics or organic acids) of wines or on stability (Álvarez, Aleixandre, García, 393 

& Lizama, 2006; Baiano, Terracone, Longobardi, Ventrella, Agostiano, & Del Nobile, 2012). Several 394 

studies have considered the impact of cryogenic treatment on volatile compounds in grape or wine 395 

(Moreno-Pérez, Vila-López, Fernández-Fernández, Martínez-Cutillas, & Gil-Muñoz, 2013; Ouellet 396 

& Pedneault, 2016; Peinado, Moreno, Bueno, Peng, Wen, Tao, & Lan, 2013) but only one report 397 

appeared to be available on the potential effect on varietal thiols (Olejar, Fedrizzi, & Kilmartin, 2015). 398 

This is despite the technique potentially offering a practical way to increase thiol concentrations in 399 
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wine through greater extraction of components from grape skin or formation of precursors (Roland, 400 

Schneider, Charrier, Cavelier, Rossignol, & Razungles, 2011). Some further insight into the possible 401 

impact can be gained from a previous study, whereby frozen storage of fresh grapes increased the 402 

concentrations of Cys-3-SH (inconsistently) and Glut-3-SH (substantially) (Capone, Sefton, & 403 

Jeffery, 2011). However, the impact of PFF treatment on varietal thiols was not pursued in that work. 404 

In the present study, a period of 30 days of frozen storage (–20 °C) was selected as the PFF 405 

treatment on freshly harvested whole grape bunches and their subsequently obtained fresh juices. The 406 

conditions for PFF were based on a previous study (Capone, Sefton, & Jeffery, 2011) and were also 407 

chosen for convenience, to accommodate other time-sensitive aspects of the experiments. 408 

Optimisation of PFF conditions (e.g., temperature, duration, thawing process) was not included but 409 

previous work has assessed some conditions and shown an effect on wine volatiles with as little as 6 410 

h of freezing at −20 °C (Peng, Wen, Tao, & Lan, 2013). The concentrations of Glut-3-SH and Cys-411 

3-SH in juices obtained from grapes from L4 with/without PFF treatment and those of 3-SH, 3-SHA, 412 

and 4-MSP in subsequent wines from corresponding juices are demonstrated in Fig. 4. After PFF 413 

treatment of grape berries, concentrations of Glut-3-SH and Cys-3-SH were 724.3 ± 78.7 µg/L and 414 

73.1 ± 11.7 µg/L, respectively. Compared to grapes without PFF (see L4 in Fig. 1, Glut-3-SH: 50.3 415 

± 5.0 µg/L, Cys-3-SH: 15.4 ± 2.2 µg/L), Glut-3-SH exhibited a significant 11–19 fold increase and 416 

Cys-3-SH increased about 4–6 fold, and with the exception of sample L4_5, all the increments were 417 

statistically significant (Fig. 4a). The enhancement of precursors after PFF was much higher than 418 

previously reported, in which Glut-3-SH increased by about 5-fold after 1 month of frozen storage 419 

but little change was observed for Cys-3-SH (Capone, Sefton, & Jeffery, 2011). The significant 420 

increase of Glut-3-SH appeared to be caused by de novo formation due to berry damage that occurred 421 

during PFF, as explained previously (Capone, Sefton, & Jeffery, 2011). Higher amounts of Cys-3-422 

SH after PFF treatment in the present study suggested a similar formation mechanism might occur 423 

for Cys-3-SH, but potential degradation from Glut-3-SH to Cys-3-SH or improved extraction of Cys-424 
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3-SH from damaged cells (Sacchi, Bisson, & Adams, 2005) during the freezing/thawing process 425 

could also contribute to the greater amounts of Cys-3-SH observed. 426 

 427 

Fig. 4. Comparison of (a) concentrations (µg/L) of precursors (Glut-3-SH, Cys-3-SH) in juices from 428 

fresh and PFF treatment grapes, and (b) concentrations (ng/L) of varietal thiols (3-SH, 3-SHA, and 429 

4-MSP) in wines made from juices from fresh grapes, PFF treatment juices, and PFF treatment grapes 430 

sampled from Location 4. Error bars represent the SD derived from replicate analysis (n = 2 for 431 

precursors, n = 3 for varietal thiols). Precursor data were compared by unpaired t-test and thiol data 432 

were evaluated with one-way ANOVA. *: p<0.05, **: p<0.001, ***: p<0.0005, ****: p<0.0001. For 433 

sample codes, refer to Table S1 and Fig. S1 of the Supporting Information. 434 

As with precursors in the juices, varietal thiol concentrations were also significantly enhanced in 435 

wines with PFF treatment (Fig. 4b) except for 3-SHA in L4_3 wine and 4-MSP in L4_1 wine. Overall, 436 

3-SH concentrations of L4_1 to L4_5 were 1139.0 ± 412.1 and 526.0 ± 279.4 ng/L in wines from 437 

PFF treatment of grape bunches and juices, respectively, and both were higher than the average for 438 

wine derived from non-PFF treatment (222.8 ± 128.0 ng/L). Stronger increases of thiols were seen in 439 

wines from PFF of grapes bunches than PFF of juices and similar trends were observed for 3-SHA 440 

and 4-MSP. Compared to wines made from fresh grapes, 3-SH, 3-SHA, and 4-MSP increased by 441 

around 2–10, 3–7, and 2–8 times when PFF was applied to grapes. Although lower in magnitude, 442 

significant increases of varietal thiols were also noted when comparing wines from PFF grapes to 443 
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wines arising from PFF juices (Fig. 4b). When considering production from fresh grapes versus 444 

frozen juices, significant differences were only observed for 3-SH production in L4_2 and L4_3 wines 445 

(approximate 4-fold increase). Notably, even though the increased concentrations from PFF 446 

treatments were evident for both precursors and free thiols, with the latter potentially being a 447 

reflection of elevated precursor levels, there were much greater relative increases for precursors. 448 

Consistent with the weak correlation between precursor and thiol concentrations after PFF treatments 449 

(data not shown), this outcome implied that only partial amounts of the enhanced precursor levels 450 

induced by PFF treatments were converted to varietal thiols. Nonetheless, whatever the precise 451 

mechanism (i.e., from known precursors or some other thiol biogenesis pathway), the significant 452 

effects of the freezing treatments showed that remarkable thiol augmentation in wine was possible, 453 

which complements the previous work involving dry ice cryomaceration of Sauvignon blanc grape 454 

musts (Olejar, Fedrizzi, & Kilmartin, 2015).  455 

4. Conclusion 456 

Intraregional variations of precursors in juice and varietal thiols in wine were characterised for 21 457 

Sauvignon blanc samples from the Adelaide Hills wine region. Obvious intraregional variations were 458 

seen in the amounts of precursors in juices and thiols produced in wines. The mixed correlations, 459 

weak between grape amino acids and wine varietal thiols but moderate to strong between amino acids 460 

and precursors, together with multivariate data analysis, indicated the potential interactions between 461 

amino acids and both precursor biosynthesis in grapes and thiol metabolism during fermentation. 462 

Notably, pre-fermentation freezing treatment of grape berry parcels induced significant increases in 463 

concentrations not only of precursors but also of free thiols, which was revealed for the first time on 464 

the same set of grape and wine samples. Pre-fermentation freezing could be a potential approach for 465 

winemakers to enhance the production of varietal thiols in wines and this warrants further 466 

investigation. In particular, experiments focusing on optimal PFF conditions, for instance, the 467 

duration of PFF, storage temperature, thawing process, and single/multiple PFF cycles, could be 468 

conducted. 469 
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