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THESIS SUMMARY

Over one thousand volatile compounds have been identified in wine and these arise
from different chemical classes, varietal thiols are of one group which is particularly important
given their substantial sensory impact on certain wine varieties. As such, furthering the
understanding of thiol biogenesis through the analysis of known precursors and exploration of
new ones, and reactivity of thiols based on factors related to viticulture, winemaking, and wine
storage, is crucial to the manipulation of varietal thiols in wine and thus overall wine sensory
profile. Additionally, exploring of other sulfur-containing volatile compounds in wine is one of
the aims of the project, which could contribute to the appreciation of wine aroma complexity
as a result of this important class of molecules.

A review of the literature (Chapter 1) summarises the production and manipulation of
varietal thiols in wine, including 3-sulfanylhexan-1-ol (3-SH), 3-sulfanylhexyl acetate (3-SHA),
4-methyl-4-sulfanylpentan-2-one (4-MSP), and 4-methyl-4-sulfanylpentan-2-ol (4-MSPOH)),
and considers the impact on non-volatile L-glutathione and L-cysteine conjugated precursors
in grapes from viticultural and winemaking practices. Specialised analytical methods for
studying such compounds are necessary given their chemical reactivity. The review also
identified research gaps, namely knowledge regarding potential new precursors and reactivity
of varietal thiols, given that the concentrations of varietal thiols in wine could not be
adequately accounted for by the utilisation of known precursors. Impacts of some winemaking
practices on the concentrations of thiol precursors in grape materials and varietal thiols in the
resultant wines were proposed. The review highlighted the possibility of sulfur-containing
volatile compounds awaiting discovery in wine, including grapefruit mercaptan and
blackcurrant mercaptan, which are key contributors to the aroma of grapefruit and
blackcurrant, respectively.

Chapter 2 (prepared in manuscript format) reports a preliminary study aiming to
identify new precursors to 4-MSP and 3-SH. 4-MSP can be released from its L-glutathionylated
or L-cysteinylated conjugate (i.e., GSH-4-MSP and Cys-4-MSP) with mesityl oxide (MO)
assumed to be their precursor but not been identified in grapes. It was hypothesised in
Chapter 1 that one route could involve MO produced by soil bacteria near grapevine roots,
with subsequent uptake and transformation of MO into 4-MSP precursors. To verify this, a

feeding experiment was conducted by applying deuterium labelled MO to grape leaves and



bunches of potted grapevines. Analysis of the grape tissues by HPLC-MS/MS showed the
presence of deuterium labelled GSH-4-MSP or Cys-4-MSP, indicating that MO is the precursor
of GSH-4-MSP and Cys-4-MSP in grapevines. However, further experiments should explore the
existence of MO in vineyard soil as well as soil bacteria strains that could potentially yield MO.
Additionally, this chapter studied the presence of a potential 3-SH precursor, namely the N-
malonylcysteine conjugated 3-SH (MalCys-3-SH), in Sauvignon blanc juice extracts. The
extracts were screened after optimising MS parameters using an authentic MalCys-3-SH
standard based on a published HPLC-MS/MS method for thiol precursors. Although MalCys-
3-SH was not identified at this stage, it cannot be concluded with the small sample set that this
or other precursors are not present in juice. A greater number of grape samples should be
analysed in the future, jointly with MS experiments that look for the loss of specific fragments
associated with L-glutathione, for example.

The research publication presented in Chapter 3 explores the reactivity of varietal thiols,
particularly 3-SH. The recent identification of cis-2-methyl-4-propyl-1,3-oxathiane (cis-2-MPO)
in wine was speculated to be the product of 3-SH reacting with acetaldehyde. In a continuation
of this work, the evolution profile of cis-2-MPO during alcoholic fermentation was studied,
revealing moderate to strong Pearson correlations with 3-SHA and acetaldehyde. Yeast strains
significantly affected cis-2-MPO production during fermentation, but resulted in similar
concentrations in the resultant wines. The instability of cis-2-MPO was illustrated by the
continuous decline in a commercial Sauvignon blanc wine spiked with cis-2-MPO which was
stored for one-year under various conditions (pH, temperature, presence of acetaldehyde or
SO.). In this case, cis-2-MPO appeared to be preserved by lower pH, acetaldehyde addition,
and 4 °C storage temperature.

The research publication in Chapter 4 was based on the hypothesis that enantiomers
of cis-2-MPO were produced from the corresponding 3-SH enantiomers upon their reaction
with acetaldehyde. To verify this, a validated stable isotope dilution assay (SIDA) using gas
chromatography coupled to mass spectrometry (GC-MS) with a chiral GC column stationary
phase was developed and utilised to analyse wine samples. Chemical formation of cis-2-MPO
from the co-spiking of 3-SH and acetaldehyde standards in a commercial wine was verified and
used to confirm enantiomer elution order. cis-2-MPO was revealed to consist of (2R,4S)-2-MPO
and (2S,4R)-2-MPO in wine, which had strong Pearson correlations with (3S)-3-SH and (3R)-
3-SH, respectively, upon analysing the thiol enantiomers. Additionally, one enantiomer of cis-

2,4,4,6-tetramethyl-1,3-oxathiane (cis-TMO), derived from the reaction of 4-MSPOH and
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acetaldehyde, was identified and quantified in a few white wine samples (< 28 ng/L). Although
presenting below the odour detection threshold (14.9 pg/L) determined in this work, its
presence demonstrated a pathway for the production of 1,3-oxathianes from acetaldehyde and
varietal thiols bearing a 1,3-sulfanylalkanol substitution in their structures.

Chapter 5 (prepared in manuscript format) reports the preliminary method
development to resolve 4-MSPOH enantiomers and identify the proposed sulfur-containing
volatile compounds in wine. Bearing a chiral centre, 4-MSPOH can conceivably consist of two
enantiomers. However, the identification of a single cis-TMO enantiomer (Chapter 3) implied
that only a single 4-MSPOH enantiomer might be present in wine. To examine this, an
assessment of two chiral stationary phases (CSPs), column temperature, eluent composition,
and mobile phase flow rate were performed to separate 4-MSPOH enantiomers by adapting a
method involving thiol derivatisation and HPLC-MS/MS analysis with a CSP. Base line
separation of 4-MSPOH enantiomers was not achieved with the columns on hand, but the
method was adequate to verify the hypothesis, and different wine samples were screened. 4-
MSPOH was not identified at this stage and further method optimisation using alternative
CSPs along with analysing additional wines with a more sensitive instrument may provide more
conclusive results. Chapter 5 also studied the potential presence of grapefruit mercaptan
(GFM) and blackcurrant mercaptan (BCM) using a published HPLC-MS/MS method after thiol
derivatisation. Calibration of BCM was undertaken and a selection of wines was analysed, but
BCM was not detected. Further work with a broader set of wines is required to provide evidence
about the presence and concentration of BCM. In contrast, GFM appears to be unstable under
light or protic conditions and the degradation product was investigated, although additional
study is required to verify its identity.

Research manuscripts in Chapter 6 and Chapter 7 highlight the effect of a novel grape
crushing technique, known as accentuated cut edges (ACE), on the release of thiol precursors
and varietal thiols in Shiraz and Sauvignon blanc during winemaking. Other practices,
including water dilution and skin contact time for Shiraz, and yeast strain and lactic acid
bacteria for Sauvignon blanc, were also evaluated. Concentrations of thiol precursors in Shiraz
grape must and varietal thiols in Shiraz wine were not significantly affected by ACE (Chapter
6, research publication). Nonetheless, as best as it can be ascertained, this was the first time
that thiol precursors were identified in Shiraz grape must. Sauvignon blanc and Pinot noir
wines made with ACE or conventional crushing on a commercial scale were also analysed,

giving preliminary insight into the potential of ACE for increasing concentrations of varietal
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thiols in Sauvignon blanc, but causing a decrease of 3-SH in Pinot noir. The impact of ACE on
varietal thiols may depend on grape variety was highlighted, which was pursued further with
fermentation trials involving ACE and Sauvignon blanc (Chapter 7, research publication).
Varietal thiols and their precursors in the Sauvignon blanc trials were markedly increased by
ACE. However, the potential for browning of white wine was raised given the higher amounts
of total phenolics and hydroxycinnamates in ACE treatments. The impact of crushing method,
yeast strain, and malolactic fermentation on other volatile compounds was evaluated for the
Sauvignon blanc fermentations. Interactions with other winemaking parameters were
observed and discussed in Chapter 6 and Chapter 7. The overall sensory quality of the Shiraz
and Sauvignon blanc wines was assessed with a rate-all-that-apply (RATA) methodology,
revealing that the grape crushing method and other winemaking practices could modify the
wine sensory profiles, with ACE playing a relatively minor role, as outlined in the respective

chapters.
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THESIS STRUCTURE

The thesis contains chapters that are prepared as publications and manuscripts. As
depicted below, it starts with a review of literature that was prepared in the first six months of
candidature followed by six original research chapters comprising two manuscripts and four

publications. The last chapter contains conclusions and future perspectives of the project.

Chapter Content
Chapter1: A review of literature relevant to varietal thiols and
Literature review precursors, their biogenesis, reactivity, viticultural and

oenological impact, and instrumental analysis;
Identification of research gaps.

Chapter 2 HPLC-MS/MS methods development and wine samples
New thiol precursors study | [screening for identification of precursors of 3-SH and 4-MSP.

Chapter3 Evolution profile of cis-2-methyl-4-propyl-1,3-oxathiane (cis-
cis-2-MPO study inwine | [2-MPO) during fermentation and correlation with varietal
thiols and acetaldehyde; stability study during wine storage.

Chapter 4 Chiral GC-MS method development for cis-2-MPO
Chiral study of 3-SHand | [enantiomers analysis and chiral relationship study between
cis-2-MPO; novel 1,3- cis-2-MPO and 3-SH enantiomers; identification of cis-
oxathiane identification 2,4,4,6-tetramethyl-1,3-oxathiane in wine.

Chapters Preliminary HPLC-MS/MS methods development for 4-

Chiral study of 4-MSPOH | IMSPOH enantiomers resolution and preliminary study for
and new sulfur-containing | [the identification of grapefruit mercaptan and blackcurrant

volatile compound mercaptan in wine.

Chapter 6 Volatile chemical and sensory profiles of Shiraz wine to
Oenological impact on evaluate the impact of accentuated cut edges technique,
varietal thiols in Shiraz duration of maceration, and water dilution of grape must.
Chapter 7 Volatile chemical and sensory profiles of Sauvignon blanc
Oenological impact on wine to evaluate the impact of accentuated cut edges
varietal thiols in Sauvignon| |technique, yeast strain, and malolactic fermentation.

blanc

Chapter 8 Conclusive observations are made and opportunities for
Conclusions and future future research are proposed.

perspectives




CHAPTER 1

Literature Review & Research Questions and Aims

The literature review in this chapter covers the literature up to April 2019. Any literature

beyond this date have been incorporated into Chapters 2 to 8 as appropriate.



Chapter 1 Literature Review & Research Questions and Aims

Introduction

Sauvignon blanc wine is characterised by ‘grapefruit, ‘passionfruit, ‘boxwood, and
‘broom’-like aroma attributes, which are contributed by a number of potent aroma compounds
known as varietal (or polyfunctional) thiols. These compounds are released enzymatically
during fermentation from their odourless precursors in grapes. However, research has shown
that much higher concentrations of precursors are metabolised during alcoholic fermentation
than varietal thiols are released and precursor consumption could not adequately explain thiol
concentrations in wines. Therefore, exploring the existence of potential new precursors, novel
fate of varietal thiols, and impact of winemaking practices will provide fundamental knowledge

that aids in the enhancement or preservation of varietal thiols in wine.

1.1 Varietal thiols and their precursors

1.1.1 Varietal thiols

Varietal thiols are a cluster of grape-originated sulfur-containing volatile compounds in
wines, with typical concentrations ranging from nanogram per litre to low microgram per litre.
Despite this, they are considered to substantially impact wine sensory characteristics, given
their extremely low odour detection thresholds (ODT, Table 1). Among the identified varietal
thiols in wine, the most studied ones include 3-sulfanylhexan-1-ol (3-SH), 3-sulfanylhexyl
acetate (3-SHA), and 4-methyl-4-sulfanylpentan-2-one (4-MSP). Some less studied varietal
thiols are 4-methyl-4-sulfanylpentan-2-ol (4-MSPOH, ‘citrus zest"), 3-sulfanylpentan-1-ol, 3-
sulfanylheptan-1-ol, and 2-methyl-3-sulfanylbutan-1-ol (Table 1). Focusing on the aroma
descriptions, 3-SH contributes ‘grapefruit’ and ‘passionfruit’-like aromas whereas 3-SHA
exhibits ‘passionfruit’ and ‘boxwood’-like notes. 4-MSP is reminiscent of ‘boxwood’ or ‘broom’-
like notes, but it also correlates well with ‘blackcurrant’ notes in some Languedoc (French) red
wines. Specifically, the ‘blackcurrant’ note in such wines may be enhanced by high levels of 3-
SH (11487 ng/L) and 3-SHA (154 ng/L) with the presence of 4-MSP.? For the most studied 3-SH
and 3-SHA, their racemic ODTs have been reported to be 60 ng/L and 4.2 ng/L in a model wine
matrix containing 12 % v/v alcohol and 5 g/L tartaric acid, respectively;' however, the chiral
centre at the C-3 position of 3-SH yields enantiomers of 3-SH and 3-SHA, with the 3-
dimensional difference in their chemical structures causing different perception thresholds
and sensory characters. Explicitly, the ODTs for (3R)-3-SH and (35)-3-SH were determined to
be 50 ng/L and 60 ng/L, respectively; and for (3R)-3-SHA and (3S)-3-SHA were 9 ng/L and 2.5
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ng/L, respectively (Table 1).3 Further research pointed out that both enantiomers of 3-SH and
3-SHA were not present as racemic mixtures in wines, which showed that the 3R/3S ratios of 3-
SH and 3-SHA were around 50/50 and 30/70 in dry wines, respectively, but the 3R/3S ratio for
3-SH in some noble rot wines was around 30/70.3% Subsequently, the impact of different
enantiomeric ratios of 3-SH and 3-SHA on wine sensory characters was investigated, showing
that a higher proportion of the (3R)-enantiomer over the (3S)-enantiomer for both 3-SH and 3-
SHA in a neutral white wine could enhance the overall ‘fruity, ‘tropical, and ‘confectionery’
notes, whereas a higher ratio of the (3S)-form of 3-SH and 3-SHA could enhance the ‘cooked
green vegetal’ and ‘cat urine’ notes.5

With consideration of their occurrence, varietal thiols were first identified in Sauvignon
blanc wine that is characterised by aromas of ‘tropical fruits, ‘grapefruit, and ‘passionfruit’
Further studies revealed the wide presence of varietal thiols, with them being identified and
quantified in other varietal wines, including Gewtirztraminer, Riesling, Muscat, Pinot gris,
Sylvaner, Pinot blanc, Petit manseng, Semillon, Chardonnay,*¢7 Carmenere, Merlot, and

Cabernet Sauvignon,?9 although usually in less abundance (Table 1).

Table 1. Structures, thresholds, and descriptors of varietal thiols and contents in wine.

Name ODT (ng/L)*| Descriptors Concentration range, variety®
(3R)-3-Sulfanylhexan-1-ol .
SH 5o Qrapefrult, 12218681, Sauvignon blanc 423-1053, Colombard
citrus peel3 (NZ) : :
p . 312-1042, Pinot Gris
OH 1526-7080, Sauvignon blanc ..
. . 407-970, Riesling
4048-5969, Botrytised Semillon 54-808. Muscat
(3S)-3-Sulfanylhexan-1-ol 168-5077, Chardonnay 47099, Mt
SH ; ; 828-4468, Petit Manseng 88.5-248, Pinot Blanc
= 603 Passionfruit3 » . 58.4-146, Sylvaner
ASNNOH 1336-3278, Gewurztraminer
(3R)-3-Sulfanylhexyl acetate
SH o 93 Passionfruit
O)K 24-2507, Sauvignon blanc (NZ)  21-63, Colombard
21-516, Sauvignon blanc n.d.-51, Pinot Gris
2.1-205, Chardonnay n.d.-6.4, Riesling
(35)3-5ulfanylhexyl acetate n.d.-101, Petit Manseng 0.5-5.7, Gewurztraminer
'?H o 2.53 Boxwood3
SN
O
7-97, Muscat n.d.-is,
-Methyl-4-sulfanylpentan-2- R i
4-Methyl-4-sulfanylpentan-2 “80, Sauvignon blanc (LV) Gewurztrafnln.er
one . n.d.-7.6, Riesling
. Boxwood, n.d.-~70, Verdejo _ . .
SH O 0.8 R n.d.-1.9, Pinot Gris
broom' 0-50, Sauvignon blanc (NZ) .
. . 0.7-1.1, Pinot Blanc
8.5-40, Botrytised Semillon
-19, Sauvignon blanc 0.13-0.95, Chardonnay
55719 0.3-0.5, Sylvaner
4-Methyl-4-sulfanylpentan-2-ol i, S e 2.4-11.2, .
SH OH . Gewurztraminer
55' Citrus zest 2.2-86, Muscat oo
n.d.-13, Semillon (botrytised) il i
B n.d.-o.2, Pinot gris
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Table 1. Contd.

Name ODT (ng/L)j Descriptors Concentration range, variety®

3-Sulfanylpentan-1-ol
141-375, Botrytised Sauvignon blanc

950" Citrus, sulfur® 93-291, Botrytised Semillon
OH
3-Sulfanylheptan-1-ol 4 .
SH o o 95-263, Botrytised Sauvignon blanc
35 Gepit 34-18, Botrytised Semillon
OH
2-Methyl-3-sulfanylbutan-i-ol
SH Not Raw onion, 50-185, Botrytised Sauvignon blanc
OH determined | sweet® 67-134, Botrytised Semillon

2 ODT, odour detection thresholds, they were measured in hydroalcoholic solution. ® Typical concentration ranges of 3-SH and
3-SHA instead of their enantiomers, n.d. not detected, NZ: New Zealand, LV: Loire Valley. The combined data of Sauvignon
blanc from New Zealand were from Jouanneau" and Lund, et al.?. Other Sauvignon blanc typical concentrations are from
Benkwitz, et al.3, Chardonnay is from Capone, et al.7, Verdejo is from Belda, et al.*4, and the remainders are from Tominaga, et
al..

1.1.2 Non-volatile precursors of varietal thiols

L-Glutathione (GSH) is a nucleophilic biological thiol extensively present in plant cells
(56-372 pmol/L and 46-333 pmol/L in grape berries and must, respectively’) that engages in
maintaining redox homeostasis, detoxification, and sulfur metabolism in living tissues.’6
GSH combines with reactive electrophiles in planta as a result of detoxification mechanisms.
One such electrophile is (E)-2-hexenal, which is one of the degraded products of unsaturated
fatty acids catalysed by lipoxygenase and grape hydroperoxide-lyase. (E)-2-Hexenal can come
either from endogenous (e.g., under Botrytis cinerea stress*®) or exogenous (plant-plant
communication®) stimuli and is toxic to plant cells by depolarising plasma membrane
potential and increasing cytosolic calcium fluxes.* The condensation reaction between GSH
and (E)-2-hexenal forms 3-S-glutathionylhexanal (GSH-3-SHal, Table 2) as an intermediate.
This was firstly rationalised by a spiking experiment using deuterium labelled standard, where
ds-(E)-2-hexenal was spiked into grape berries and the corresponding ds-GSH-3-SHal and ds-
3-S-glutathionylhexan-1-ol (ds-GSH-3-SH) were detected in the subsequent crushed grape
juice.?> However, the natural existence of GSH-3-SHal was not reported until Thibon, et al.
identified it in Sauvignon blanc juice and quantification of this precursor form was
subsequently achieved when Clark and Deed?4 reported 0.008-0.62 pmol/L of GSH-3-SHal in
Sauvignon blanc juice (Table 2). Together with the identification of natural GSH-3-SHal, GSH-
3-SH-SO; (Table 2), the bisulfite adduct that is formed from the aldehyde and bisulfite that is

typically added to grapes, juices, and musts, was reported in Sauvignon blanc juice.?
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Table 2. Structures and concentrations of precursors in different grapes varieties.

Name Structure Grape variety, concentration range®
NH, | O COOH
HOOC)\/\I(N" N) Sauvignon blanc: (0.008-0.62 pmol/L) 3.2-25224
GSH-3-SHal o) H Catarratto BC: 635-10672 during ripening and 8096 at harvest?
/\/SKA Grillo: 2644-7294 during ripening and 2644 at harvest®
=0
NH, 4 O COOH
HOO CM( N, . f‘\ N )
GSH-3-SH-SO; 0 5 H on Sauvignon blanc: Identified but not quantified
/\/K)\Sfo3
Verdejo: 649'; Sauvignon blanc: 40-116,% 8-16 pg/kg,*” 1.35-24.8 pg/kg>®
NH, H © COOH |Grechetto: 3.8-4.5%; Catarratto BC: 119-475 during ripening and 216 at
HOOCWN" N) harvest; Grillo: 436-479 during ripening and 460 at harvest>
GSH-3-SH o) s H (S)-form:* In Riesling, Sauvignon blanc, Chardonnay, and Pinot grigio wines:
/\)\/\ P
OH |(R)-form:* In Riesling, Sauvignon blanc, Chardonnay, and Pinot grigio wines:
22-175
O COOH
H,N, | fLN)
CysGly-3-SH s H Sauvignon blanc: 10-28.5,% 0.4-1.6*
WOH
NH, 4 O
Hooc)\/\,(N" OH
GluCys-3-SH o) S Sauvignon blanc: 3.3-36.83'
/\/g\/\OH
Verdejo: 44'4; Sauvignon blanc: 27.7-54.7,° 4-15,2° 1-6 pg/kg,”” 2.2-4.4 pg/kg>
0 Grechetto: 6.4-7.43*; Catarratto BC: 15.5-50.8 during ripening and 19 at
HaN. \on harvest; Grillo: 25.5-30.8 during ripening and 27.3 at harvest®
Cys-3-SH S (S)-form:* In Riesling, Sauvignon blanc, Chardonnay, and Pinot grigio wines:
4-41
AAA OH (R)-form:* In Riesling, Sauvignon blanc, Chardonnay, and Pinot grigio wines:
3-16
NH O COOH
2 H J Sauvignon blanc: ~53, 0.028-4.304%, 0.13-0.32 pug/kg*, 0.3 pg/kg*
HOOCJ\W N Grechetto: 1.5-2.3%
GSH-4-MSP o} H L Co
S O Riesling: 0.551-1.8353+
M Gewurztraminer: 0.101-0.18234
(6}
HZN/.KLOH Sauvignon blanc: 15.2%, 2.583-6.22334, 1-4 pg/kg?, 0.76-2.99 pg/kg>®
Cys-4-MSP s © Melon B: 1.067-3.82334; Grechetto: 1.1-1.8%; Gewurztraminer: 0.539-0.8153
Malvasia: 0.8%; Verdejo: 0.1
O COOH
HaN,
CysGly-4-MSP s H o SB: < limit of quantification3

GluCys-4-MSP

NH, 4 O
HOOCM{N"ﬁkOH
° Ss

[0}

S

SB: < limit of quantification3

2 Concentrations are given as total stereoisomers unless otherwise specified. Unit is pg/L unless specified otherwise. The unit has
been converted into pg/L from nmol/L in reference3 by timing 405.298 for the original concentration of GSH-4-MSP and 219.121
for the original concentration of Cys-4-MSP.

GSH and L-cysteine (Cys) based precursors of 3-SH and 4-MSP are the most widely
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studied precursors. 3-S-Cysteinylhexan-1-ol (Cys-3-SH, Table 2) is the first identified precursor
of 3-SH in Sauvignon blanc juice, based on the detection of free 3-SH in a volatile-free juice
after the application of a crude enzyme preparation exhibiting B-lyase activity.3® Reported in
different grape varieties, the highest concentration of Cys-3-SH can be up to 55 pg/L in a
Sauvignon blanc juice (Table 2).29 3-S-Glutathionylhexan-1-ol (GSH-3-SH) was the second
identified precursor of 3-SH in Sauvignon blanc and Gros Manseng juice,3” with the
concentration in different grape juices reported to be up to 731 pg/L (Table 2). Comparatively,
the concentration of GSH-3-SH was generally higher than that of the Cys-3-SH (Table 2),2938
although the opposite results were also revealed.323539 Such contrary observations might be due
to the differences in juice preparation methods.*

In the case of 4-MSP precursors, 4-S-cysteinyl-4-methylpentan-2-one (Cys-4-MSP) and
4-S-glutathionyl-4-methylpentan-2-one (GSH-4-MSP) were identified in grape juice by
Tominaga, et al.3® and Fedrizzi, et al.3, respectively, with concentrations in different grape
juices being between 0.1-6.2 pg/L for Cys-4-MSP and 0.1-4.3 pg/L for GSH-4-MSP (Table 2).
Different to what was reported for that of 3-SH precursors, the concentration of Cys-4-MSP in
grape juice was reported to be slightly more abundant than GSH-4-MSP, which may imply a
somewhat different formation pathway, although this remains to be investigated.

The remaining four precursors in Table 2, namely the dipeptide conjugates of 4-MSP
and 3-SH, which are present at the lowest concentrations compared to the other identified
precursors, are the intermediates between the glutathionylated and cysteinylated
precursors.?%3°3' The concentrations of L-cysteinylglycine-3-SH (CysGly-3-SH) and y-L-
glutamyl-L-cysteine-3-SH (GluCys-3-SH) are more abundant than those of L-cysteinylglycine-
4-MSP (CysGly-4-MSP) and y-L-glutamyl-L-cysteine-4-MSP (GluCys-4-MSP), with results for
both CysGly-4-MSP and GluCys-4-MSP in Sauvignon blanc grape juice are too low to be
formally identified.>'

Due to the chiral carbon centre at C-3 of the GSH substituted hexan-i-ol, 3-SH
precursors are present in juices and wines as a mixture of diastereomers. Stereochemical
studies could help further the understanding of the relationship between these diastereomers
and the corresponding enantiomers of 3-SH, given the knowledge that a single diastereomer of
GSH-3-SH could yield the corresponding single enantiomer of 3-SH (via a single diastereomer
of Cys-3-SH).4°# So far, however, a strong link between the stereochemical profiles of 3-SH
precursors in juices and 3-SH/3-SHA in the corresponding wines has not been forthcoming in

a limited number of fermentation experiments.2®
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With respect to the diastereomer concentrations, (S)- and (R)-GSH-3-SH (with the
relative stereochemistry referring to the carbon of the alkyl chain bearing the sulfur atom) were
quantified in different grape varieties from 52 to 556 pg/L and 22 to 175 pg/L, respectively®®
(Table 2), with S/R ratios ranging from 3/1 to 7/1.22° The concentrations of (S)- and (R)-Cys-3-
SH ranged between 2—41 pg/L and 3-16 pg/L, respectively, with S/R ratios ranging from 2.1/1 to
3/1.2%29 Furthermore, (S)-Cys-3-SH was reported to be even more predominant (S/R=7/3) when
grape berries were affected by Botrytis cinerea.#* The elution order of the well resolved CysGly-
3-SH diastereomers was assigned based on the analogy with the elution order of GSH-3-SH and
Cys-3-SH diastereomers in the same method, with S/R ratios of CysGly-3-SH diastereomers
being either between 72.8/18.2 to 78.2-11.8%° or approximately 1/12° whereas the method used
for identification of GluCys-3-SH in grape must partially resolved the diastereomers of GluCys-
3-SH,3' and an average diastereomeric ratio of 7/3 was estimated. However, an open question
was left from the study in terms of the assignment of the elution order of the GluCys-3-SH
diastereomers.3'

Other compounds arising from bisulfite addition to (E)-2-hexenal have been proposed
as potential precursors (Figure 1), but there is doubt about whether these compounds could
yield free thiols (e.g., by enzymatic reduction of the sulfonate+4) since they have neither been
shown to do so in the ensuing years after they were first reported nor they have been identified

in grape materials.

SOzH 0
A~ "ol

1-Oxohexane-3-sulfonic acid 2-Methyl-4-oxopentane-2-sulfonic acid
HO5;S SOzH SO;H
OH OH
1-Hydroxyhexane-1,3-disulfonic acid 1-Hydroxyhexane-3-sulfonic acid

Figure 1. Structures of four proposed precursors of varietal thiols.*3

1.2 Formation and degradation pathways of precursors

Although 3-SH has been reported in grape berries as the free volatile compound (at ~100
ng/L),° the major known pathway to the formation of varietal thiols such as 3-SH and 4-MSP
requires enzymatic steps facilitated by microorganisms during winemaking (especially
fermentation).#54° This releases the thiols from their non-volatile GSH or Cys conjugates,

which themselves are formed in the grape berry. The formation and degradation pathway of
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precursors to 3-SH is summarised in Scheme 1 based on current knowledge, to exemplify the
processes. Step a illustrates the formation of GSH-3-SHal from condensation of GSH and (E)-
2-hexenal (a reactive electrophile arising from oxidative degradation of linolenic acid by
lipoxygenase and hydroperoxide lyase enzymes#’), presumably catalysed by L-glutathione S-
transferase (GST)#® and to a lesser extent by chemical reaction.?4 The conversion rate from the
substrates to GSH-3-SHal in grape juice has never been determined, although a GSH-3-SHal (3
mg/L) was produced from a model grape juice containing 100 mg/L GSH and 5 mg/L (E)-2-
hexenal during 3-day storage as a result of chemical reactions.?# Step b in Scheme 1 outlines the
potential interconversion between GSH-3-SHal and GSH-3-SH-SO;, with GSH-3-SH-SO,
returning to GSH-3-SHal when SO, diminishes.? In both Sauvignon blanc juice and model
grape juice, the conversion rates of GSH-3-SHal and GSH-3-SH-SO; into free 3-SH are around
0.4 % in the presence of 20 mg/L of free SO,, or 8 % for GSH-3-SHal and 0.5 % for GSH-3-SH-
SO; without the addition of SO,.>

GSH-3-SHal is enzymatically reduced into GSH-3-SH (step ¢, Scheme 1) presumably by
alcohol dehydrogenase oraldo-keto reductase.49-5° The release of 3-SH from GSH-3-SH involves
multiple enzymatic steps as outlined in Scheme 1, with conversion rates from GSH-3-SH to 3-
SH determined to be 3 % and 4.4 % in synthetic medium and Sauvignon blanc juice,
respectively.4>5* Much lower conversion rates (0.5 %5, 1.05 %>) have also been observed in

model grape juice fermentation.

Hooc V- N W n @ gooH NH, | O COOH
O SsH HOOCJ\/\WN"fLN Hooc)v\rN“ N
GSH a o (" b o Mo,
+ —_— —_—
/\/MO /\)\AO 8703
GSH-3-SHal

(E)-2-Hexenal

d1 Hooc)\/}(N'fLH) d2

O COOH GSH-3-SH NH, 4 O
HaN, M Hooc)\/\("‘" OH
H o s
S
/\)\/\OH 0 WOH
CysGly-3-SH HoN, . kaH GluCys-3-SH
o1 /\/S\/\OH o2
Cys-3-SH
lf
SH o g SH
/\}\/\ok WOH
3-SHA 3-SH

Scheme 1. The biochemical formation mechanism of 3-SH and 3-SHA.?43°3'44 Steps: aq,
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conjugation of GSH and (E)-2-hexenal catalysed by GST or from chemical reaction; b,
interconversion between GSH-3-SHal and GSH-3-SH-SO; in the presence of bisulfite; c,
enzymatic aldehyde reduction by alcohol dehydrogenase or aldo-keto reductase; di, degradation
of GSH-3-SH to CysGly-3-SH catalysed by y-glutamyl-transpeptidase; d2, degradation of GSH-3-
SH to GluCys-3-SH catalysed by phytochelatin synthase or carboxypeptidase; e1, degradation of
CysGly-3-SH to Cys-3-SH catalysed by carboxypeptidase; e2, degradation of GluCys-3-SH to Cys-
3-SH via an uncertain pathway; f, release of 3-SH from Cys-3-SH catalysed by yeast carbon-sulfur
lyase; g, acetylation of the alcohol in 3-SH catalysed by alcohol acetyltransferase or other

potential enzymes.

GSH-3-SH is degraded into Cys-3-SH, possibly through CysGly-3-SH (step d1 & d2,
Scheme 1) or likely via GluCys-3-SH (step e1 & e2, Scheme 1) as an intermediate,3*3' although
some of the pathways were not passable under certain conditions.>* Step di has been
investigated by applying y-glutamyl-transpeptidase (GGT) to ascertain the presence of GSH-3-
SH via its conversion to CysGly-3-SH (and Cys-3-SH)37 and 70 % yield has been achieved in the
production of synthetic CysGly-3-SH under optimised conditions.3® Such a biochemical
pathway is further supported by the determination of GGT activity in grapes.4® Subsequently,
CysGly-3-SH is degraded into Cys-3-SH catalysed by carboxypeptidasess> (step e1, Scheme 1),
with a conversion rate of 54 % measured in Sauvignon blanc must with the aid of deuterated
CysGly-3-SH.54 GluCys-3-SH has been identified very recently in Sauvignon blanc must3* and
step d2 (Scheme 1) is presumably catalysed by phytochelatin synthase or carboxypeptidase.?”
However, the enzyme involved in catalysing step ez remains unclear. GluCys-3-SH is less
abundant than CysGly-3-SH and the conversion rate for GluCys-3-SH into 3-SH was 0.24 %.54

Cleavage of Cys-3-SH to release free 3-SH is catalysed by yeast B-lyase during AF (step f,
Scheme 1).3%5% Generally, the conversion rate from Cys-3-SH to 3-SH is approximately 1 %
(<1 %57, 1 %*), except when gene modified Saccharomyces cerevisiae yeasts are used in
experiments (14 %*°, >10 %5®). Despite the lower conversion yields of Cys-3-SH to 3-SH than
that of GSH-3-SH discussed above, experiments that compared the efficiency of producing 3-
SH from either precursor illustrated that Cys-3-SH is more easily transformed into 3-SH
compared to GSH-3-SH.5>5 Step g in Scheme 1 presents the acetylation of 3-SH to form its O-
acetate, mainly catalysed by alcohol acetyltransferase during AF.®° Generally, up to
approximately 10 % of 3-SH could be acetylated, with studies showing 6.6-11.8 % in Sauvignon

blanc juice fermentation® or 3 % in a model grape juice fermentation by a strain of selected
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wild yeast.>3

In consideration of pathways associated with 3-SH, Scheme 2 proposes formation of 4-
MSP and the degradation pathway of its precursors, although multiple steps of the pathway
require further study. Mesityl oxide (i.e., 4-methyl-3-penten-2-one) is likely to be the precursor
of 4-MSP in wine and this was verified by the result that d.,-4-MSP was detected after AF of
Melon B. must spiked with 1.0 mg/L of d.o-mesityl oxide.®* However, with the identification of
GSH-4-MSP in grapes,? it could be hypothesised that mesityl oxide is first combined by GSH
in grapes to yield GSH-4-MSP, as shown in step a (Scheme 2), before being further catalysed to
release the free 4-MSP. Despite this, the origin and function of mesityl oxide in grape berries is
still a mystery, although its existence has been reported in a number of aged red wines produced
in France, Italy, Spain, and Poland that underwent semi-quantitative anlaysis.®> Another study
reported the presence of mesityl oxide at the surface of grape leaf;® although those results may
need to be interpreted with caution as the grape leaf samples were extracted with acetone that

could be a source of the formation of mesityl oxide.

GSH-4-MS SIIP!
HoN H-4-MSP N,
N HOOC OH
N /'\/\g

S O S O

(0]

PN o S PN
CysGly-4-MSP GluCys-4-MSP

\—' s 0

cl M '_{
Cys-4-MSP

4-MSPOH 4-MSP
Scheme 2. Proposed biochemical formation and degradation pathways of 4-MSP3"® Steps: q,
conjugation of GSH and mesityl oxide by GST; b1, degradation of GSH-4-MSP catalysed by y-
glutamyl-transpeptidase; b2, degradation of GSH-4-MSP catalysed by phytochelatin synthase or
carboxypeptidase; c1, degradation of CysGly-4-MSP catalysed by carboxypeptidase; cz2,
degradation of GluCys-4-MSP through an unclear pathway; d, release of 4-MSP from Cys-4-MSP
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catalysed by yeast B-lyase; e, reduction of 4-MSP to yield 4~-MSPOH presumably by aldo-keto

reductase.

Presenting ‘peppermint’, ‘flowery’, and ‘sweet’-like aromas,% mesityl oxide in grape and
wine can be proposed to originate in different ways (Scheme 3). Firstly, open-chain carotenes
were shown to produce unsaturated ketones after an oxidation process,® and mesityl oxide was
presumed to be released from carotenes,% although detailed degradation stages were not
resolved. As one of the carotenes, lycopene was shown to yield acetone at 60 °C or 100 °C with
0.,%7 but this would not be applicable to wine production. However, with lycopene and aldolase
in grapes, %% it may be hypothesised that lycopene produces mesityl oxide via enzymatic
processes (step a in Scheme 3). Self-condensation of acetone to produce diacetone alcohol (step
b) can occur through chemical synthesis,” but such a reaction has not been reported in grape
yet. Nonetheless, diacetone alcohol was detected in grape,” which may potentially be derived
from an enzymatic condensation reaction of acetone, with class I aldolase being a prospective
enzyme catalysing the reaction. Then mesityl oxide could potentially be formed from the
dehydration of diacetone alcohol, which may be proposed to be processed by either
spontaneous dehydration or catalysed by dehydrase activity from uncharacterised enzymes
(step c). Secondly, an assumption could be proposed that soil bacteria (e.g., Collimonas
pratensis) secrete mesityl oxide (step d) as a result of interaction with other microorganisms or
plant root,”> with subsequent transportation into the vine (step e).”? Thirdly, a number of
authors believe mesityl oxide derives from fatty acids,%47475 as shown in step f1. However, it was
proposed that, either spontaneous decarboxylation or catalysed by acetoacetate decarboxylase,
acetone could potentially be produced from the metabolism of acetoacetate that originated
from the excess acetyl-CoA from fatty acid degradation,?® thus there also remains the possibility
that mesityl oxide is produced following the steps of step f2 to step b then step c. Fourthly,
mesityl oxide is a relatively common solvent and could pre-exist in paint or ink and
subsequently react with H.S in food (or GSH and Cys) to form 4-MSP (or precursors), as is the
case with a food taint.7778 Finally, in contrast to step f, mesityl oxide was suggested to be the
oxidative cleavage product of terpenoids in an Anabaena cylindrica medium (step g) and fatty

acids were not found as the likely source in the study.®®
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Carotenes or Fatty acids
Lycopene

J / f1

a
b N [ N e . . d . .
Acetone Diacetone Me§|tyl Mes_ltyl O.XIde Soil bacteria
alcohol oxide in soil (e.g., Collimonas pratensis)
9

Terpenoids
Scheme 3. Postulated origins for mesityl oxide in grape berries. Steps: a, enzymatic degradation
of open-chain carotenes or lycopene into acetone; b, self-condensation of acetone to form
diacetone alcohol; ¢, dehydration to form mesityl oxide presumably proceeded by either
spontaneous dehydration or catalysed by some uncharacterised enzyme; d, soil bacteria secrete
mesityl oxide into soil; e, potential absorption of mesityl oxide by plant root; fi, degradation from
fatty acids; f2, acetone produced from the metabolism of acetoacetate (from fatty acid
degradation) by either spontaneous decarboxylation or catalysis by acetoacetate decarboxylase;

g, enzymatic degradation of terpenoids.

Despite the unknown source of mesityl oxide, the degradation of GSH-4-MSP to 4-MSP
could potentially be similar to that of GSH-3-SH. In a model grape juice fermentation, only
0.33 % of GSH-4-MSP is consumed to produce 4-MSP.54 In the same study, Bonnaffoux, et al.5>
showed that 6 % and 1 % of CysGly-4-MSP was converted into Cys-4-MSP and 4-MSP,
respectively, whereas only 0.05 % of GluCys-4-MSP was consumed to release 4-MSP, although
the two dipeptide precursors are not formally identified in grapes. In contrast though, a
hypothetical explanation for the greater abundance of Cys-4-MSP compared to GSH-4-MSP, as
mentioned in Section 1.1.2, might be due to the sample preparation method, which involved
crushing berries under vacuum instead of air. Alternatively, it could be caused by a limited
amount of GSH-4-MSP being formed in berries, which mostly degrades to Cys-4-MSP and no
more mesityl oxide is available to react with GSH during crushing. On the other hand, when
considering that GSH-4-MSP was not metabolised to Cys-4-MSP during fermentation by
yeast,5* it may be related to specificity of enzymes in the yeast strains used in the study that
cannot catalyse step b1, b2, c1, or c2 in Scheme 2. The precursor Cys-4-MSP is enzymatically
catalysed by B-lyase to release 4-MSP (Step d)7 and the conversion yield is generally under
1 %,5%8°82 but could be as high as 10 % when using a gene-modified yeast strain that
overexpresses [3-lyase.8 Lastly, part of 4-MSP could potentially be reduced to 4-MSPOH during
AF (Step e, Scheme 2), although the cysteine conjugate of 4-MSPOH has been identified in

11
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Sauvignon blanc juice3®and could also be a source of 4-MSPOH.

Table 3 summarises some of the conversion yields of precursors into downstream
intermediates or thiols in either grape juice fermentation or model grape juice fermentation.
Although these conversion yields have been discussed above, the table provides much more

detailed information in terms of fermentation media and yeast strains.

12
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Table 3. Conversion yields of precursors in releasing varietal thiols in grape juice and model grape juice.

Precursor Product Conversion yield Yeast strains/Enzymes Medium Ref
GSH-3-SHal 3-SH 0.4 %-0.45 % X5 Sauvignon blanc juice containing 20 mg/L SO.
0.78 %-0.86 % without SO. X5 Model grape juice 3
0.39 %-0.42 % with 20 mg/L SO,| X5 Model grape juice
GSH-3-SH-50; 3-SH 0.38 %-0.42 % X5 Sauvignon blanc juice containing 20 mg/L SO.
0.48 %-0.51 % without SO. X5 Model grape juice 3
0.38 % with 20mg/L SO. X5 Model grape juice
GSH-3-SH 3-SH 4.4 % VIN13 Sauvignon blanc juice 5t
3% VIN13 (overexpress E. coli TNA A in VIN 13) Model grape juice 40
1.05 % Lab selected wild yeast BY4742 Model grape juice 53
0.5% Vi3 Model grape juice 52
0.19 % Esperide Sauvignon blanc juice 54
CysGly-3-SH 70 % GGT from equine kidney (type VI, Sigma-Aldrich) | Optimised Tris-HCI buffer 3
GluCys-3-SH 7% Esperide Sauvignon blanc juice 54
Cys-3-SH 9% Esperide Sauvignon blanc juice 54
CysGly-3-SH Cys-3-SH 54 % Esperide Sauvignon blanc juice 54
3-SH 017 % Esperide Sauvignon blanc juice 54
GluCys-3-SH 3-SH 0.24 % Esperide Sauvignon blanc juice 54
Cys-3-SH 3-SH 0.48-0.81 % Commercial strains ES1 and ES2, lab strain BY4743 | Sauvignon blanc must 57
1% AWRI 1655 SCD liquid media a
14 % VIN13 (overexpress E. coli TNA A in VIN 13) Model grape juice w
>10 % VIN13 (overexpress E. coli TNA A in VIN 13) Model grape juice 58
3-SH 3-SHA 6.6 %-11.8 % X5 Sauvignon blanc juice 3
GSH-4-MSP 4-MSP 033 % Esperide Sauvignon blanc juice 54
CysGly-4-MSP Cys-4-MSP 6% Esperide Sauvignon blanc juice 54
4-MSP 1% Esperide Sauvignon blanc juice 54
GluCys-4-MSP 4-MSP 0.05 % Esperide Sauvignon blanc juice 54
Cys-4-MSP 4-MSsP 23 % VIN13 (overexpress E. coli TNA A in VIN 13) Model grape juice 58
34 %, 67 % F15 (overexpress IRCy) Model grape juice 80

SCD liquid media: 6.7 g/L yeast nitrogen base, 6 % glucose.
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1.3 Reactivity of thiols

Reactivity refers to the reactions or potential reactions between thiols and other
constitutes in wine that could cause the decline of thiols in wine. Thus, this could be a key
aspect of varietal thiol research, given their extremely low ODTs (Table 1), whereby even minor
changes in their concentrations could potentially induce substantial influence on wine aroma.
As reported, concentrations of both 4-MSP and 3-SHA could decrease during storage:® for
instance, the concentration of 3-SHA in South African Sauvignon blanc wines dropped from
98 ng/L to 63 ng/L after 7-months of storage at 15 °C in the dark® and similar losses of 3-SHA
were also observed for New Zealand Sauvignon blanc.34 The evolution of 3-SH during storage
is controversial, where some research reported that the concentration of 3-SH either kept
steady or dropped marginally during early stage of storage before a significant increase,384
whereas others reported that 3-SH dropped 34 % in a 3-month storage before bottling and 53 %
decrease in one year of bottle storage.®> Also, two Cabernet Sauvignon red wines in 1996 and
1998 vintages lost 78 % and 73 % of 3-SH after a 390-day and 360-day barrel aging,
respectively.8¢

Except for the volatilisation, thiols could be bound by quinones (originates from
phenolics), whose formation is catalysed by copper and iron,87-9° which could explain the major
loss of thiols in wine, and acetate hydrolysis could also partly explain the loss of 3-SHA.34
Furthermore, disulfides (i.e., oxidised thiols),%> or the potential existence of polysulfides
(although not identified in wine in the study),% or mixed disulfide/polysulfide%+ forms of 3-SH
and 3-SHA could be responsible for some losses, and yet other reactions of thiols could explain
their disappearance. Recently, cis-2-methyl-4-propyl-1,3-oxathiane was identified in wine and
proposed to arise from a combination of acetaldehyde and 3-SH. This oxathiane presents a
‘fruity’ note accompanied with ‘green’, and slightly ‘burnt’ aromas,® and has been determined
in some commercial wines with the concentrations of up to 460 ng/L (Figure 2),° which could
explain a partial loss of 3-SH to a commensurate extent (i.e., up to about 390 ng/L of 3-SH).
Using this inspiration, another four varietal thiols bearing 1,3-sulfanylalkanol substitution in
their structures (similar to that of 3-SH) can be proposed to undergo such reactions to yield the

corresponding 1,3-oxathianes (Figure 2).

14



Chapter 1 Literature Review & Research Questions and Aims

A

SH OH S” 0O

/\W’l\/
3-Sulfanylhexan-1-ol 2-Methyl-4-propyl-1,3-oxathiane
SH OH sko
4-Methyl-4-sulfanylpentan-2-ol 2,4,4,6-Tetramethyl-1,3-oxathiane
SH OH « L sio
0 \»f“"]\)
3-Sulfanylpentan-1-ol 2-Methyl-4-ethyl-1,3-oxathiane
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2-Methyl-3-sulfanylbutan-1-ol 2,4,5-Trimethyl-1,3-oxathiane
SH OH sko
\/\N"‘J\)
3-Sulfanylheptan-1-ol 2-Methyl-4-butyl-1,3-oxathiane

Figure 2. Structures of oxathianes produced from reactions between 1,3-sulfanylalkanols and

acetaldehyde.

1.4 Alternative proposed biogenesis pathways to varietal thiols

The main source of H.,S in grape juice or must is from yeast metabolism during AF (step
a in Scheme 4),97 and H.S was suggested react with (E)-2-hexenal catalysed by yeast strains
during AF to produce 3-sulfanylhexanal (step b) which is then reduced into 3-SH by alcohol
dehydrogenase from yeasts (step ¢).6-98-99 The pathway is supported by the results that adding
NaSH-xH,O, which releases free H.S in acidic wine medium, to Sauvignon blanc grape must
has significantly improved the concentration of 3-SH and 3-SHA in the final wines%® and adding
elemental sulfur, which could be reduced into H.S, to fresh Sauvignon blanc juice improved
the level of 3-SH in the resultant wine.9% However, steps b and ¢ need further evidence since
the direct addition of H.S and (E)-2-hexenal has never been proved. There is also possibility
that mesityl oxide reacts with H.S to form 4-MSP according to the discussion in Scheme 2,
where mesityl oxide existing in paint or ink?® reacts with H.S in food to form 4-MSP as a known

food taint.
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b
+ (E)-2-Hexenal

Yeast metabolism — -~ H,S 3-Sulfanylhexanal —° . 3-sH

Scheme 4. Proposed alternative formation pathway of 3-SH.9899 Steps: a, production of H.S
from yeast metabolism; b, combination of H.S and (E)-2-hexenal to form 3-sulfanylhexanal by

yeast; ¢, enzymatic reduction by yeast of the aldehyde group in 3-sulfanylhexanal.

1.5 Factors impacting concentrations of varietal thiols and their

precursors

1.5.1 Vineyard environment

Water and nitrogen status: Grapevine water status, normally measured as leaf water

potential, is influenced by factors including not only precipitation and irrigation, but also soil
texture and different water-holding capacity. For instance, the leaf water potential of
Sauvignon blanc grown on sandy and gravelly soil (low water-holding capacity) is generally
more negative than that of clay soil (high water-holding capacity).’*® Mild water deficit could
improve the concentration of varietal thiols precursors (GSH-3-SH and Cys-3-SH) in grape
leaves and berries,*® whereas Peyrot des Gachons, et al.’*° showed that severe water deficit
caused lower concentration of the precursors although the precursors were quantified by
measuring the volatile thiols in juice treated by apotrypophanase.

Grapevine nitrogen status has an impact on the concentrations of varietal thiols and
their precursors. Ammonium nitrate supplementation of soil significantly improved the
concentrations of Cys-4-MSP, 4-S-cysteinyl-4-methylpentan-2-ol (Cys-4-MSPOH), and Cys-3-
SH by 76 %, 171 %, and 341 % in Sauvignon blanc juice, respectively.”* In contrast, another study
pointed that vine nitrogen status did not affect Cys-3-SH concentration whereas GSH-3-SH was
increased (195 % in Bordeaux, 165 % in Sancerre) significantly in Sauvignon blanc must from
one of the two vintages studied.’*> Aside from the amount of nitrogen, the method of nitrogen
supplementation also showed impact on thiol precursors. Compared with soil nitrogen
fertilisation, which causes vigorous growth of vegetative parts of vines,'*'*3 foliar spray of urea
before véraison showed to improve the concentration of 4-MSP (402 ng/L) in the resultant wine
compared with the control (308 ng/L).*4 Also, the combination spray of urea and micronised
sulfur increased the concentrations of 4-MSP, 3-SH, and 3-SHA by 124 %, 164 %, and 234 %,
respectively, compared with the control that was not fertilised.’*4

Crop level: A good deal of effort has been devoted to investigating the effect of crop level
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on the quality of grape berries'®5°® and wine aroma compounds.’°®"2 However, the influence
of crop level on the concentrations of varietal thiol precursors in grape berries and varietal

thiols in the final wines does not appear to have been explored.

Canopy management: Various canopy management practices exploring the influence
on thiol precursors have been explored. For instance, different training systems in two adjacent
vineyards, namely Royat cordon and Guyot, caused significant differences in the
concentrations of cysteinylated and glutathionylated precursors of 3-SH, 4-MSP, and 4-
MSPOH in Grechetto grapes.3* Controlling canopy temperature under 30 °C by spraying
nebulised water was revealed to elevate the concentrations of 3-SH (134 %), 3-SHA (122 %), and
4-MSP (improving from 2 to 9 ng/L) in the wines compared with the control, where the canopy
temperature was not modulated.”> However, the increase of varietal thiols may also relate to
the difference in grapevine water potential induced by canopy water spray, but the water
potential was not monitored in the study. Defoliation before blossom was reported to improve
concentrations of GSH-3-SH, GSH-4-MSP, and Cys-4-MSP in Sauvignon blanc grapes.® The
concentrations of 3-SH and 3-SHA were higher when defoliation was conducted when grape
berries were at peppercorn size (2014 vintage) or two weeks before véraison (2016 vintage)
compared with the control treatment that foliage was kept."45

Ripeness: Evolution study revealed that the concentrations of precursors of 3-SH and 4-
MSP increased during the grape ripening stage and a dramatic increase occurred in the later
period of ripeness.®3539 However, different results were also observed where the concentrations
of Cys-3-SH and GSH-3-SH in Koshu grape variety continued to increase for 8-10 weeks from 8
weeks post-flowering before a decrease to trace level until harvest,5 and similar dynamic trend
for Cys-3-SH was also reported in Sauvignon blanc grapes during growing season.’®°
Interestingly, the total concentration of GSH-3-SH, Cys-3-SH, and CysGly-3-SH increased in
the early morning then decreased during the day, and grapes harvested in early morning had
higher levels of GSH-3-SH, Cys-3-SH, and CysGly-3-SH than those harvested at other times,
and the corresponding wines produced by the grapes obtained in the early morning had higher
concentrations of 3-SH and 3-SHA.3®

Fungus: Fungal infection can increase the concentrations of precursors in grape berries
and varietal thiols in the resultant wine. Spraying spore suspension of Botryotinia fuckeliana
on Sauvignon blanc, Chardonnay, Koshu, and Merlot berries improved the concentrations of
GSH-3-SH and Cys-3-SH to 23-57 fold and 16-51 fold, respectively,4® and the level of Cys-3-SH

was 100-fold higher when the berries were affected by Botrytis cinerea."® Besides, the
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percentage of rot in harvested bunches appeared to correlate well with the level of Cys-3-SH in
healthy berries having a correlation coefficient of 0.745."7 These results might be explained by
the detoxification mechanism as discussed in Section 1.1.2 of plants against the stimulation of
fungus. In addition, botrytisation of Sauvignon blanc or Semillon berries can elevate the
concentration of 3-SH in the corresponding wines, with more severe infection leading to more
abundant 3-SH, 3-sulfanylpentan-i-ol, 3-sulfanylheptan-1-ol, and 2-methyl-3-sulfanylbutan-1-
ol in the final wines.'

UV light: UV light exposure was shown to increase concentrations of 3-SH, GSH-3-SH,
and Cys-3-SH, and this could be the protective reaction of cells towards damage from UV
radiation."® Contrast results with the use of Sauvignon blanc showed that UV light treatment
in conjunction with low-temperature storage (-8o °C) could not significantly impact the
concentrations of varietal thiols and their precursors."® More specifically, UV light is divided
into UV-A (315-400 nm), UV-B (280-315 nm), and UV-C (100-280 nm) according to the
electromagnetic spectrum. A study showed that artificial exposure of UV-C could increase
concentrations of 3-SH, Cys-3-SH, and GSH-3-SH.#%12° However, this is unlikely to happen in

vineyards given UV-C from sunlight could not reach ground.
1.5.2 Pre-fermentation procedures

Harvesting methods: The concentrations of GSH-3-SH and Cys-3-SH can be affected by

grape harvesting operations. Capone and Jeffery>> showed that the concentrations of GSH-3-
SH and Cys-3-SH were 70 % and 65 % lower in hand-picked grapes than in the machine-
harvested grapes without the addition of antioxidants, and the two precursors declined when
SO, was added during harvest. With respect to the concentrations of 3-SH and 3-SHA, wines
produced by grapes harvested mechanically presented higher levels of 3-SH and 3-SHA than
the hand-harvested grapes.’?*24¢ However, it seemed that 4-MSP was not affected by harvesting
methods.™

Transporting and storage: Capone and Jeffery*>* found in a commercial-scale trial that

after transportation for 8oo km, Sauvignon blanc grape must presented a significantly higher
amount of both diastereomers of GSH-3-SH and Cys-3-SH than those that were not
transported. Inspired by this phenomenon, a prolonged storage experiment of Sauvignon blanc
grapes was conducted, which showed that the concentration of Cys-3-SH was 3 times higher
after 30 h storage and the concentrations of GSH-3-SH and CysGly-3-SH were approximately
1.5 times that of the original levels after 30 h storage.’*>

Freezing: Storing grape berries in a freezer for two months was found to significantly
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improve the level of GSH-3-SH compared to the level measured in the juice from fresh grape
berries, whereas the concentration of Cys-3-SH was not significantly different among the fresh
juice, frozen juice, and frozen grape berries.® Only recently our laboratory showed the

substantial elevation (up to 10-fold) of varietal thiols in wines produced from frozen grapes.’>®

Cold maceration: Cold maceration is beneficial to improving the concentration of Cys-
3-SH™27128 in grape juice and also 3-SH in the final wines.?® Moreover, improving oxygen
availability to Miiller-Thurgau and Sauvignon blanc must during cold maceration skin contact
increased the concentrations of GSH-3-SH and Cys-3-SH.B° Though the technique is not
commonly used in wine industry, cryogenic maceration, in which dry ice was applied to
Sauvignon blanc grape must to decrease the temperature to —20 °C and the must was permitted
to thaw at ambient temperature before pressing, was reported to increase the concentration of
3-SHA and to a lesser extent 3-SH in the final wines.”> A recent study on a new grape crushing
technique named “accentuated cut edges” revealed that it could accelerate the extraction of
phenolics from Pinot noir grape skins during maceration by reducing the sizes of the broken
grape skin compared with the conventional crushing.3' This new technique could potentially
be used in Sauvignon blanc wine production with the aim of increasing the concentration of
thiol precursors in grape juice pending fermentation.

Pressing: The concentrations of GSH-3-SH and Cys-3-SH in grape juices were improved
by applying harder pressing procedures,’>”*9 which might be due to the higher pressure
promoting the extraction into juice of precursors located in the skin.”»® Using a benchtop press
to evaluate juice preparation method on thiol precursor concentrations, Capone and Jeffery>>
mentioned that 70 % of GSH-3-SH and Cys-3-SH in Sauvignon blanc grape juice was obtained
from lighter pressure (440 kPa) juice and the following heavier pressure (670 kPa) contributed
the rest in the combined pressed juice. Although having higher amount of thiol precursors
induced by applying heavier pressing pressure, a concern was raised by the co-occurring higher
amount of phenolics that could potentially increase the risk of browning and loss of varietal
thiols due to wine oxidation.?” For instance, wines produced from free run juice contained over

2-fold higher amounts of 3-SH and 3-SHA than those made from the pressed juice.3>
1.5.3 Winemaking practices

Must composition: Nitrogen content in grape must/juice plays an important role in

fermentation. Ammonium and amino acids constitute the major proportion of yeast
assimilable nitrogen (YAN) content in grape must or juice,33 but due to insufficient nitrogen,

supplementing inorganic nitrogen, such as diammonium phosphate (DAP), during the early
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stage of AF has been a conventional practice in wine industry. Different forms of nitrogen can
be utilised by S. cerevisiae yeasts, including ammonium and amino acids (proline is not
consumed by yeasts under anaerobic conditions).34 However, good nitrogen sources are
metabolised first by yeasts (ammonium, glutamine, asparagine) before other poor nitrogen
sources (alanine, arginine), which is regulated by Nitrogen Catabolite Repression (NCR).135
NCR is regulated by gene URE2 which produces Urez2p (step a, Scheme 5) that inhibits
transcription of GLN3 and GAT1 genes with optimal nitrogen sources (steps b1 and c1) and binds
GIn3p and Gatip from the cytoplasm (steps b2 and ¢2).337 The two genes (GLN3 and GAT1)
are transcriptional activators when only poor nitrogen sources are in the environment, which
enables yeast to uptake such nitrogen sources. The NCR of yeast strains showed to impact the
concentrations of varietal thiols. Such examples include the yeast with a deletion of GLN3 gene
produced significantly lower concentrations of 4-MSP, and to a lesser extent, of 3-SH and 3-
SHA.37 The deletion of the gene URE2 stopped the production of Urezp, which subsequently
silenced NCR (step d) and therefore resulted in a normal functionality of GAT1 and GLN3. As a
result of this deletion, the expression of gene IRC7 that encodes [3-lyase was enhanced (step e,
Scheme 5),7957 improving the production of 4-MSP and 3-SH from their cysteinylated
precursors, and also the (R)/(S) ratio of 3-SH from 50/50 to 78/22 (Step f, Scheme 5).537

URE2

a E
Proteln Ure2p

GAT7 _[\‘935',"?'?9‘?, GLN3
IRC7
Gat1p (3R)-3- SH ratio Gln3p

transcriptional
activators
poor nitrogen source utilisation
Scheme 5. Gene regulation of nitrogen catabolite repression stream in yeasts.3537 Steps, q,
transcription of gene URE2 to produce protein urezp; b1 & c1, inhibition on the transcription of
genes GAT1 & GLN3, respectively, by protein urezp; b2 & c2, binding of protein Gatip & GIn3p,
respectively, by Urezp; d, deletion of URE2 gene triggered NCR silence; e, IRC7 gene expression
was enhanced by deletion of URE2 gene; f, increase of (3R)/(3S)-3-SH ratio as a function of URE2
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gene deletion.

As a result of nitrogen supplementation to grape juice, the concentrations of varietal
thiols in final wines were affected differently. For example, the addition of DAP at 200 mg/L to
Sauvignon blanc juice significantly increased the concentrations of both 3-SH and 3-SHA,38
whereas contrasting results showed that DAP addition led to double the amount of 3-SHA but
had no significant impact on both 3-SH and 4-MSP.39 Compared with using DAP alone, using
urea as the sole nitrogen resource in a synthetic medium showed higher conversion yield of
Cys-3-SH into free 3-SH, although addition of urea during winemaking is forbidden.

Lipids: Studies showed that adding linoleic acid and lipase to Sauvignon blanc juice or
increasing the content of S-sitosterol in a synthetic medium could improve the concentrations
of 3-SH, or 3-SH and 4-MSP, respectively, while decreasing the level of 3-SHA.4°74! Since all
acetates were reduced by supplying lipase'# but the total level of 3-SH and 3-SHA did not
change,4° it could be hypothesised that adding lipase could decrease the acetylation of 3-SH
into 3-SHA. Furthermore, a positive correlation between linoleic acid in Sauvignon blanc juice
and 3-SH in the resultant wine (R = 0.37) was revealed,3? although the correlation was poor.

Microorganisms: Other than the effect of Botrytis cinerea discussed earlier (Section 1.1.1),

yeasts and bacteria play key roles in the concentration of varietal thiols in wines as a result of
fermentations. Table 4 illustrates some commercial S. cerevisiae yeasts that are advantageous
in releasing varietal thiols possibly due to the full length IRC7 gene? and gene-modified S.
cerevisiae strains used to testify the effect of some targeted genes in releasing varietal thiols.
Both Enoferm Mz (behaves well under low AF temperatures) and Zymaflore X5 (commonly
used strain in Marlborough Sauvignon blanc fermentation) yeast strains produced high
concentrations of 3-SH (940-4080 ng/L for M2, 1350-5280 ng/L for X5) and 3-SHA (60-250
ng/L for M2, 150-270 ng/L for X5).14> VIN7 yeast strain produced higher concentrations of 4-
MSP and 3-SHA than VL3 and VIN13.'3

Table 4. Yeast and lactic acid bacteria used in releasing varietal thiols during winemaking.

Microorganism Medium Features Ref

S. cerevisiae yeasts

Enoferm M2, Zymaflore X5 Sauvignon blanc Release 3-SH and 3-SHA L2

VIN7, VIN13, VL3 Sauvignon blanc Release 4-MSP, 3-SHA, and 3-SH 3
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Table 4. Contd.

Microorganism

Medium

Features

Ref

S. cerevisiae Diana and S. cerevisiae Revelacion

Zymaflore F15 (IRC7)

VIN13 (STR3)

VIN13 and VIN13 (CSL1)

Non-Saccharomyces yeasts

T. delbrueckii Viniferm NS-TD

T. delbrueckii

K. thermotolerans LmsLT1;

M. pulcherrima Q6LT26 and Q4LTy;

Mixed use of S. cerevisiae X5, Hanseniaspora
uvarum, Candida zemplinina, M. pulcherrima, T.
delbrueckii, Issatchenkia orientalis

Pichia kluyveri/V13=9/1

M. pulcherrima

Verdejo must

Sauvignon blanc juice

Sauvignon blanc juice

Model juice

Verdejo must

Sauvignon blanc must

Sauvignon blanc
must

Sauvignon blanc

Verdejo must

Release 3-SH, 3-SHA, or/and 4-MSP

Improve 4-MSP, 3-SH, and 3-SHA

Release 3-SH and 4-MSP, improve 3-
SH in wine

VIN13 (CLSI) release 3-SH from Cys-
3-SH and GSH-3-SH

Improve 3-SH, 4-MSP

Improve 3-SH and 3-SHA

Improve 3-SH

Improve 3-SH and 3-SHA

Improved 4-MSP

79

144

40

145

82

146

147

Lactic acid bacteria

Concentrated
Chardonnay juice

Release 3-SH from Cys-3-SH and
CysGly-3-SH

Lactobacillus plantarum 148

Genes regulating the release of varietal thiols have been studied, with the
overexpression of some genes such as IRC7 (Zymaflore Fi5), STR3 (VIN13), and CSL1 (a gene
from Escherichia coli encodes tryptophanase with B-lyase), could significantly increase the
concentration of varietal thiols.4>79'44 Exploring IRC7 gene further, the yeast strain Viniferm
Reverlacion with full length IRC7 gene and yeast strain Diana with an inactivated IRC7 gene
produced identical amount of 3-SH, but 4-MSP was only produced by Viniferm Reverlacion
yeast, suggesting the important role of IRC7 gene in the production of 4-MSP.7

The mixed use of S. cerevisiae and non-Saccharomyces yeasts in AF could modify both
chemical and sensory aroma profiles,4 and some studies addressed the impact of non-
Saccharomyces strains on the release of varietal thiols (Table 4). Specifically, Torulaspora
delbrueckii yeast, characterised with a full length of IRC7 gene,4 showed to affect the

concentrations of varietal thiols in wine. For instance, over 4-fold higher concentration of 4-
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MSP was reported by the sequential inoculation treatment of T. delbrueckii/S. cerevisiae than
the control in Verdejo wine,'# and over 4-fold and 2-fold higher concentrations of 3-SH and 3-
SHA, respectively, were revealed by sequential inoculation of T. delbrueckii/S. cerevisiae than
the single inoculation of S. cerevisiae in Sauvignon blanc wine."#5> Other non-Saccharomyces
yeasts such as Pichia kluyveri, Candida zemplinina, Kluyveromyces thermotolerans LmsLT1/X5,
Metschnikowia pulcherrima Q6LT26/X5, and Metschnikowia pulcherrima Q4LT1/X5 could
increase 3-SH significantly when co-fermenting with S. cerevisiae yeasts.34¢

The effect of co-inoculation of S. cerevisiae yeasts on varietal thiols has been evaluated
but mixed results were obtained. For instance, co-inoculation of VIN7/QA23 resulted in the
highest concentration of 3-SHA (~60 ng/L) but relatively high 3-SH (< 1000 ng/L) and 4-MSP
(approximately 2.0 ng/L); VIN7/VIN13 treatment produced a high level of 3-SH (approximately
1200 ng/L) and low level of 3-SHA (approximately 20 ng/L), but 4-MSP was not detected.’>® A
mixture use of three strains of S. cerevisiae yeast produced the highest concentrations of 3-SH
(approximately 800 ng/L) and 3-SHA (> 250 ng/L) in Sauvignon blanc wine compared with the
individual inoculation treatments.’'

Much less work has been done with respect to lactic acid bacteria (LAB) that conduct
malolactic fermentation (MLF) (and few white wine styles make use of MLF) but recently
Takase, et al.“® found that a strain of L. plantarum could release 3-SH from Cys-3-SH and
CysGly-3-SH with conversion rates of 9.1 % and 38.5 % in citrate buffer, respectively (Table 4).
This highlighted the potential of LAB in releasing varietal thiols from thiol precursors during
MLEF. However, further study is required to characterise enzymes capable of catalysing thiol
precursors in LAB. MLF trials with wines should be conducted to explore the ability of LAB in
the production of varietal thiols.

Fermentation temperature: Results for the influence of fermentation temperature on

the concentration of varietal thiols are conflicting. Specifically, some research showed that
higher temperatures (i.e., 20 or 25 °C) resulted in higher levels of varietal thiols in Sauvignon
blanc than the lower temperature fermentation treatment (13 or 12.5 °C),"4>'5 whereas other
research conducted on model grape juice fermentation reported that more typical white wine
fermentation temperatures (16 or 18 °C) could produce higher levels of 3-SHA or 4-MSP than

the higher temperature treatments (24 or 28 °C).45%4°
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1.6 Analytical methods of volatile thiols and their precursors

1.6.1 Analytical methods for volatile thiols

Varietal thiols are present at very low levels in wines as shown in Table 1 and they are
chemically reactive compounds that can be readily consumed by aldehydes and quinones in
wine.?” Therefore, extra care must be taken to minimise the artificial impact on the loss of thiols
and choice of sample extraction protocols (i.e., liquid-liquid extraction, solid-phase
microextraction, or solid-phase extraction) and analytical instruments (i.e., GC-MS or LC-MS).
As extensively reviewed by Roland, et al,’3 a number of methods have been investigated and
applied in the past three decades to the analysis of varietal thiols (and polyfunctional thiols in
wine more generally). Table 5 presents some details of sample preparation, analytical
instrumentation, method validation, and quantification.

The combination between p-hydroxymercuribenzoic acid (p-HMB) and thiols is
reversible,’>* making it an easy way to measure thiols in wines, but the disadvantages are
consuming large volume of wine, pH of wines should be adjusted to alkaline (pH 8-10), sample
preparation is tedious, methods are not sensitive, and using 4-methoxy-2-methyl-2-
mercaptobutane as internal standard.>'>4"7 Though these drawbacks were optimised years
later, it is still time-consuming and the most serious issue is that p-HMB is highly toxic.

The derivatives between pentafluorobenzyl bromide (PFBBr) and thiols could be
determined by negative chemical ionisation MS.’*® An on-fibre derivatisation SPME method
was developed, which was limited by the linear range’s® and an in-cartridge derivatisation SPE
method encountered low repeatability, especially for 3-SH (15.6-19.2 % relative standard
deviation, RSD).’> Based on the method of Capone, et al.5, which only targeted 3-SH, a new
method combining PFBBr derivatisation, LLE, SPME, and SIDA gives a satisfactory result for
determining 3-SH, 3-SHA, and 4-MSP,**° but the pH of wine should be adjusted to 12 before
derivatisation and the LOD for 3-SHA (17.3 ng/L) is much higher than the perception threshold
(4.2 ng/L5).
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Table 5. Analytical methods used for determination of varietal thiols (3-SH, 3-SHA, and 4-MSP) in wine or model system.

. Medium . B . . . Repeatability B e
Thiols mmlevaitme il Preparation [pH] Qualification [year] LOD (ng/L) (RSD %) Quantification Ref
. Diethyl ether/pentane + p-HMB extraction + re- .
4-MSP Sb wine [750] extract with diethyl ether/pentane [pH 8] GC-MS [1995] ) ) ¢Co ”
. Dichloromethane+ p-HMB extraction + release thiols .
3-SHA Sb wine [1500] oy e [ ] GC-MS [1996] - - - 55
. Dichloromethane+ p-HMB extraction + release thiols 6
4-MSP, 3-SH Sb wine [1000] by cysteine [pH 8.5] GC-MS [1998] - - - 5
. g . SD %: 3-SH: 36.5 IS: 4-methoxy-2-
3-SH, 3-SHA, 4-MSP | Sb wine [500] WMJ_OMoamMrWMmN W__.:S_m AR &> AIHC I GC-MS (SIM) [1998] - 3-SHA: 2.59 methyl-2- 157
018 by cystemne IpH 7.0 4-MSP: 2.62 mercaptobutane
(S)-/(R)-3-SH, Sb and Semillon wine | Ethyl acetate + p-HMB extraction + AEC + cysteine GC-MS (SCAN & SIM) IS: 4-methoxy-2-
Y rp . ¥ - - methyl-2- 3
(S)-/(R)-3-SHA and must [500] solution + dichloromethane [wine pH] [2006] mercaptobutane
. Derivatisation on SPME fibre preconditioned with IS: 1-hexanethiol, 0
B it e PFBBr and tributylamine [wine pH] GEINEHAE (08 [Bod] | =3 1017152 benzylthiol ’
ty! P y!
SPE + LLE (dichloromethane + p-HMB + ¥y ) 3-SH:15 &3 3-SH: 5-14
3-SH, 3-SHA, 4-MSP | Wine [200] dithioerythritol in HEPES + dichloromethane) [wine va:mm: Qm_w MS (SCAN & 3-SHA: 25 & 5 3-SHA:3.5-11 IS: 2-octanol 161
pH] 007 4-MSP: 0.8 & 0.5 4-MSP: 8-15
3-SH, 3-SHA, 4-MSP | Wine [10] SPE + PFBBr derivatisation in cartridge + elute with GC-NCI-MS [2008] W HNMM .- WMM%N@MWW SIDA (IS: d:-3-SH-d>, |
, , AT . ;0. :3.6-5. N e
hexane 25 % in diethyl ether [wine pH] 4-MSP: 01 4-MSP: 6111 ds-3-SHA, d0-4-MSP)
(S)-/(R)-3-SH W_nmmm_ fermentation SPME [wine pH] M“MM_ GC-MS (SIM) [2010, | ) SIDA (IS: dio-3-SH) “w.
3-SH Wine and grape juice | Pentane + n_w:,\wzmwﬂo: with PFBBr + HS-SPME [pH GC-EL-MS [2011] - SD %: 1.4-2.5 SIDA (IS: duo-3-SH) a
[~200] 4-5 after derivatisation]
3-SH, 3-SHA Sbwine [50] Dichloromethane+ p-HMB extraction + AEC + release GC-MS [2012] ) WHMM% w L SIDA (IS: d--3-SH, dx-3 |,
thiols by cysteine [pH 7.0] 4-MSP: 0.4 SHA)
3-SH:194.6 & 9.0 3-SH:1.9-4.2 SIDA (IS: d>-3-SH, d.-3
3-SH, 3-SHA, 4-MSP Wine and model wine me derivatisation + mwm.wczmnwsoz + GC-MS (SIM) [2013] (wine & model wine) 3-SHA: 1.9-7.8 SHA, N.T.Zm_u was &
[50] dichloromethane extraction [pH 10] 3-SHA:120.9 & 1.5 4-MSP: 2.7-16.7 quantified with d.-3-

4-MSP: 24.5 & 1.7

SHA)
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Table 5. Contd.

. Medium . n e . Repeatability . o ]
Thiols eyl fall Preparation [pH] Qualification [year] LOD (ng/L) (RSD %) Quantification Ref
Derivatised by adding EDTA, L-cysteine hydrochloride
. monohydrate, and o-methylhydroxylamine . P
4-MSP Sbwine [3] hydrochloride in SPME vial containing wine sample GC-MS/MS (SCAN) [2014] | 0.19 7 SIDA (IS: di»-4-MSP) 3
[wine pH]
3-SH: 5.4-10.6 3-SH: 1.2-5.6 o AL
3-SH, 3-SHA, 4-MSP | Wine [20] DTDP derivatisation + SPE [wine pH] HPLC-MS/MS [2015] 3-SHA:1.2-4.3 3-SHA:1.3-5.6 wﬂxﬂmﬁﬂm%% m.*mw\_\mww 164
4-MSP: 0.8-1.6 4-MSP: 1.6-4.8 w0378, 6573
T 1 3-SH:1 3-SH: 5.4-6.9 g N
3-SH, 3-SHA, 4-MSP | Wine [40] Nﬂﬂﬂw”mﬂwﬂwvﬂw Mwm\_wma mw MLW_@ entane:diethyl GC-EI-MS (SIM) [2015] 3-SHA: 17 3-SHA: 5.6-11.1 MWAUM/ Mm. ﬁm,\_wmww.h 431 10
=13 P 4-MSP: 0.9 4-MSP: 6.6-9.8  hod
3-SH, 3-SHA, and the Derivatised by N-phenylmaleimide, followed by SPE e @i = =
corresponding Wine [2] purification; disulfide was reduced by TCEP before HPLC-Chip-MS/MS [2016] Sl e 3-SH: 14 SDE (e B8, e D2
- o . . - 3-SHA: 0.5 3-SHA: 15 SHA)
disulfides derivatisation and purification [wine pH]
(5)-3-SH: 0.3-0.6 (S)-3-SH: 3.2-7.9
(S)-/(R)-3-SH, . e . (R)3-SH: 0.3-0.7 (R)-3-SH:1.4-6.0 | SIDA (IS: d\-3-SH, ds-
(S)-/(R)3-SHA Wine [20] DTDP derivatisation + SPE [wine pH] HPLC-MS/MS [2018] (S)-3-SHA: 041 (5)3-SHA: 1142 | 3-SHA) 4
(R)-3-SHA: 0.1 (R)-3-SHA:1.8-5.0
. R . . 3-SH:1-2.1 3-SH:10.5-11.3 IS: 4-methoxy-2-
3-SH, 3-SHA, 4-MSP m_w R stallans me derivatisation + mwm.wczmnmﬂoz * GC-MS/MS (SIM) [2018] | 3-SHA:3.8-25 3-SHA: 4.8-12.1 methyl-2- e
wine [50] dichloromethane extraction [pH 10]
4-MSP: 0.5-10 4-MSP: 10.8-12.5 mercaptobutane
IS: 4-methoxy-2-
3-SH, 3-SHA Chardonnay wine [-] LLE + IEC purification [-] GC-MS (SIM) [2018] - - methyl-2- 18
mercaptobutane
3-SH: 3.5-4.0 3-SH: 9-18
3-SH, 3-SHA, 4-MSP | Wine [20] DTDP derivatisation + SPE [wine pH] UPC>-MS/MS [2018] 3-SHA: 2.1-3.4 3-SHA: 1-13 IS: 6-SH o5
4-MSP: 0.15-0.42 4-MSP: 8-12

2: Sb indicates Sauvignon blanc; ®: pH: the pH of wine when derivatisation reaction was conducted. p-HMB: p-hydroxymercuribenzoic acid. AEC: anion exchanger column. TCEP: tris(carboxyethyl)-phosphine.
PFBBr: pentafluorobenzyl bromide. DTDP: 4,4 -dithiodipyridine. HEPES: 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid. ETP: ethyl propiolate. IEC: ion exchange column.
¢year: publication year of the method. NCI: negative chemical ionisation. SIS: selected ion storage mode. UPC2: ultra-performance convergence chromatography.

4 SIDA: stable isotope dilution assay. IS: internal standard.
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A novel method by using 4,4 -dithiodipyridine (DTDP) as the derivatisation regent was
developed,** which overcomes the shortcomings that earlier derivatisation approaches had.
For instance, DTDP reacts quickly with thiols at wine pH, the method uses only 20 mL of wine
for analysis, and has very low LOD and RSD values using either SIDA or 6-sulfanylhexan-1-ol
as internal standard.#'*® Based on this method, Chen, et al.# quantified the enantiomers of 3-
SH and 3-SHA in 23 commercial wines using an HPLC column with a chiral stationary phase,
yielding even lower LOD and LOQ values than the original achiral method.

Roland, et al.9> developed a SIDA methodology using N-phenylmaleimide as the
derivatisation reagent, which provides a robust method for determining 3-SH and 3-SHA in
red, white and rosé wines. Other SIDA methods using derivatisation regents, such as o-
methylhydroxylamine hydrochloride (for determining 4-MSP only)*®3 and ethyl propriolate,>
also yielded satisfactory results. The LODs of 3-SH, 3-SHA, and 4-MSP derivatised with ethyl
propriolate were higher than those measured by other methods,*** but the approach was
improved by Coetzee, et al.'% with the use of more sensitive MS/MS detector. Chen, et al.%¢
presented a robust SIDA method using headspace SPME coupled with GC-MS to analyse cis-2-
methyl-4-propyl-1,3-oxathiane in wine.

1.6.2 Analytical methods for the precursors of varietal thiols

Table 6 presents the methods applied in determining precursors in the past three
decades. GC-MS was initially utilised to analyse precursors thiol research when precursors were
either derivatised into volatile forms or enzymatically hydrolysed to release free thiols that were
quantified by SIDA.36128167 Although years later, GC-MS/MS or GC-MS was still in use to
quantify precursors after derivatisation with heptafluorobutyric anhydride (HFBA) and
heptafluorobutanol (HFOH).4>37 More directly, various methods of SIDA utilising HPLC
coupled with mass spectrometer or tandem mass spectrometer were developed for thiol
precursors in juice samples after concentration by SPE, with diastereomers of GSH-3-SH, Cys-

3-SH, and CysGly-3-SH resolved.29:3134:54
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Table 6. Analytical methods used for determination of precursors of varietal thiols in grapes and wine.

Medium fen . . . Repeatability S
Precursors e Sample preparation Qualification [year] LOD (ng/L) (RSD %) Quantification Ref
Cys-4-MSP C,s column to concentrate + AEC to purify
n<m-A.mI ’ SB must [45000] + BSTFA/TMCS/pyridine (3/1/3) to GC-MS (SIM) [1998] - - IS: S-ethylcysteine 36
ys-3 derivative
Cys-4-MSP, DEAE column to eliminate affections + Cys-4-MSP: 2.2 SIDA (IS: di-Cys-3-SH, di-|
Cys-3-SH S et = 5] tryptophanase column to release thiols CEME (EEA) [Foge] Cys-3-SH: 173 Cys-4-MSP) ’
. Purification by Chelating Sepharose 4B O 8
Cys-3-SH Grape berries [0.5] column + derivatisation as GC-MS (SIM) [2001] - - SIDA (IS: 5N,-Cys-3-SH)
Grape juice, synthetic . . .
(R)-Cys-3-SH, . Purification by Chelating Sepharose GC-MS/MS (Scan & ) . ) . 5
(S)-Cys-3-SH “ﬁ”%mwﬂma_:m MUSt, | olumn + HFBA and HFOH derivatisation MS/MS) [2008] Cys-3-SH:333 CprerdiBalyn B et @
Grape must of SB, . . .
MmT.TH_m._; Riesling, and Extraction by CER, purification by SPE mZM@o“ﬂZW :M\_m_ (ESL+), Mm_m-MWIH > anE..w..m.mM 6 mﬂu\w A.Hﬁm &.N\mem.wmz-w- >
Y83 Gewurztraminer [1.2] ode L2010 Y8375 195 Y8355 » Grhys3
GSH-3-SH, Cys-3-SH Melon B, SB must or juice NEmg-UCIYEINS (51, MWW w.wwWIwM MWmI w.wWWIwwN WHUOOM me ”mﬁ.wm_.mw. m\,FI,
-3-SH, Cys-3-SH, b . . . -3-SH: -3-SH: 3- 1-Cys-3-SH, ds-Cys-4-
GSH-4-MSP, Cys-4-MSP [1.2] Extraction by CER, purification by SPE MMH\A_U%H MRM mode GSH-4-MSP: 8 GSH-4-MSP: 7-27 MSP, doo-GSH-4-MSP), 34

(R/S)-Cys-3-SH,
(R/S)-GSH-3-SH

GSH-3-SH, Cys-3-SH

CysGly-3-SH

GSH-3-SH, Cys-3-SH,
CysGly-3-SH, GluCys-3-SH,
Cys-4-MSP

GSH-3-SH, GSH-4-MSP, Cys-
3-SH, Cys-4-MSP, CysGly-3-
SH, CysGly-4-MSP, GluCys-3-
SH, GluCys-4-MSP

GSH-3-SHal, GSH-3-SH,
Cys-3-SH

Juice and wine [9.9]

Koshu berry [5]

SB grapes [9.9]

SB must [1.2]

Model juice [1.2]

CBC and Grillo grapes,
must, and wine [2]

Purification by SPE

Grinded in liquid N + LLE

SPE + N. dryness + reconstitution

Extraction by CER

Extraction by CER

Purification by SPE

HPLC-MS/MS [2010]

LC-MS/MS [2010]

HPLC-MS/MS [201]

UPLC-MS/MS [2017]

UPLC-MS/MS [2018]

UPLC-ESI-HRMS [2018]

Cys-4-MSP: 127
(R)-Cys-3-SH: 60-120
(R)-GSH-3-SH: 80
(S)-Cys-3-SH: 10-40
(S)-GSH-3-SH: 90-130

GSH-3-SH: 1
Cys-3-SH: 44

200

10-18

Cys-4-MSP: 4-12

Standard error ng/L
(R)-Cys-3-SH: 50-710
(R)-GSH-3-SH: 230-600
(S)-Cys-3-SH: 200-950
(S)-GSH-3-SH: 400-790

GSH-3-SH: 1.7
Cys-3-SH: 2.7

5.8

CV%<5%

external calibration

SIDA (IS: ds-(R/S)-Cys-3-
SH, dy-(R/S)-GSH-3-SH)

External calibration

IS: ds-Cys-3-SH

SIDA (IS: corresponding
deuterated compounds)

SIDA (IS: corresponding
deuterated compounds)

IS: d\-GSH-3-SH

2: SB, Sauvignon blanc; CBC, Catarratto BC; >: AEC: anion exchanger column. BSTFA: N,O-bis(trimethylsilyl)trifluoroacetamide. TMCS: trimethylchlorosilane. HFBA: heptafluorobutyric anhydride. HFOH:
heptafluorobutanol. CER: cation exchange resin. SPE: solid phase extraction. LSIMS: liquid secondary ion mass spectrometry. ©: the unit is ng/L unless specified. IS, internal standard.
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1.7 Potential for undiscovered volatile thiols and precursors

As discussed in Section 1.2, only a small portion of precursors in grape berries is
hydrolysed to release free thiols, which may only account for a minor proportion of thiols in
wines. Although Bonnaffoux, et al.54 explained a major part of 3-SH by simply combining
conversion rates from each individual precursor. However, the difficulty arises from the
complexity of the degradation pathways shown in Scheme 1 & 2. Furthermore, except for the
loss of free thiols during AF, precursors may undergo other pathways in grape berries similar to
that in Arabidopsis thaliana,'®® peanut,’®® and wheat'” and exist in different forms that are
currently not measured, such as N-acetylcysteine, N-malonylcysteine conjugates, or the

sulfoxide form of these precursors (Figure 3).

O H O H
Ho)ﬁ/NW/ HO%N\(
S © s~ 0©
/\)\/\OH M
3-N-Acetylcysteinylhexan-1-ol 4-N-Acetylcysteinyl-4-methylpentan-2-one
O K O H
HO)Jj/NWOH HO N\H/\H/OH
s O O s’ 09 O
/\)\/\OH M
3-N-Malonylcysteinylhexan-1-ol 4-N-Malonylcysteinyl-4-methylpentan-2-one

or Cysteine, N-acetylcysteine,
P -
. N-malonylcysteine

OH or Aldehyde
Sulfoxide conjugates

Figure 3. Structures of potential precursors of varietal thiols.

The presence of N-malonylcysteinylated and N-acetylcysteinylated conjugates have
been proposed in Arabidopsis thaliana as is shown in Scheme 6.8 In that case, 4,6-dichloro-2-
phenylpyrimidine (a herbicide safener) was bound to GSH to form GSH-fenclorim (step a),
which was subsequently metabolised into the relevant cysteine conjugate (S-cysteine-
fenclorim, step b) as a result of the usual GSH detoxification mechanism. Besides being
catalysed by [-lyase and S-methyltransferase to release 4-chloro-6-(methylthio)-
phenylpyrimidine (step c¢), Cys-fenclorim also underwent the pathway to form an N-

malonylcysteinylated  conjugate  catalysed by  N-malonyl-CoA-dependent  N-
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malonyltransferase (step d) and a subsequent N-acetylcysteinylated conjugate (step e).
Furthermore, similar conjugates have also been detected in other plants, such as S-
(pentachlorophenyl)-N-malonylcysteine in peanut'®® and N-acetylcysteine conjugates of
mycotoxin 4-deoxynivalenol in wheat.”” However, neither the N-acetylcysteine conjugates nor
N-malonylcysteine conjugates of thiols have so far been reported in grapes although a similar
enzyme, malonyl-CoA:4-coumaroyl-CoA malonyltransferase (EC 2.3.1.95) which is involved in

resveratrol biosynthesis in young Cabernet Sauvignon grape plants, has been determined.'”

NH, H © COOH NH, H O
HOOC)\/YN KLH) HOMNJ)L”/\H/OH
(0] SH o) 0] S o)
GSH
N/
+ a, <
Cl N~ ~Cl

. @%im cﬁﬁ“

N-Malonylicysteine-fenclorim
Cys-fenclorim

©»Nﬁc. .V

HN
4-Chloro-6-(methylthio)-phenylpyrimidine j)kOH

g3

N-Acetylcysteine-fenclorim

Scheme 6. Potential pathway to the formation and degradation of GSH conjugated fenclorim.'s8
Steps: a, glutathionylation of fenclorim to form GSH-fenclorim; b, stepwise removal of glycine
and glutamate moiety to produce Cys-fenclorim; c, cleavage of cysteine moiety by (-lyase then
S-methylation by S-methyltransferase to produce 4-chloro-6-(methylthio)-phenylpyrimidine; d,
N-malonylation of Cys-fenclorim to produce N-malonylcysteine-fenclorim; e, decarboxylation of

N-malonylcysteine-fenclorim to produce N-acetylcysteine-fenclorim. (Reproduced from J. Biol. Chem. 2008,

283 (30), 21102-21112. Copyright © 2008 ASBMB. Currently published by Elsevier Inc; originally published by American Society for Biochemistry
and Molecular Biology. License at

https: . right.com/AppDispatchServlet?publisherName=ELS&contentID=S002192581 o&orderBeanReset=true&orderSource=

Phoenix)

Since GSH-3-SH-SO; has been discovered in grape juice, there might also be other
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undiscovered precursors in which sulfur is in higher oxidised states, such as sulfoxide
conjugates shown in Figure 3. Tominaga, et al.3® showed that 4-MSP could be released from
Cys-4-MSP sulfoxide by either Alliin lyase or -lyase but did not provide the direct evidence of
whether Cys-conjugate sulfoxides occur in Sauvignon blanc juice. However, the Cys-conjugate
sulfoxides do exist in many other plants, such as cabbage'”? and garlic.'”3

As discussed in Section 1.3, thiols with similar structure to 3-SH might form the
corresponding 1,3-oxathianes. Such thiols include 4-MSPOH, 3-sulfanylpentan-1-ol, 3-
sulfanylheptan-1-ol, and 2-methyl-3-sulfanylbutan-1-ol (Figure 4). Furthermore, two other
thiols are potential to be identified in wine (Figure 4), namely grapefruit mercaptan ((R)-(+)-
1-p-menthene-8-thiol) and blackcurrant mercaptan (4-methoxy-2-methylbutane-2-thiol). A
formal identification of grapefruit mercaptan in wine is to be conducted despite its tentative
identification in some wines.'7# Grapefruit mercaptan is in fact a chiral molecule, with a low
odour detection threshold (ODT) of 0.02 ng/L and 0.08 ng/L for the respective R-(+)- and S-
(-)-enantiomers determined in water.”> It has been synthesised from D-limonene with
hydrogen sulfide.7® Blackcurrant mercaptan, which also has a low ODT of 1 ng/L in water'77, is
a natural aroma compound in blackcurrants. Despite the available ODTs being determined in
water or other matrices but not hydroalcoholic solution or wine, grapefruit mercaptan and
blackcurrant mercaptan are considered to be odour impact compounds. Thus, the presence of

either of these two mercaptans in wine could potentially modify wine aroma profile.

SH OH SH OH
4-Methyl-4-sulfanylpentan-2-ol 3-Sulfanylpentan-1-ol

SH OH SH OH
2-Methyl-3-sulfanylbutan-1-ol 3-Sulfanylheptan-1-ol

SH

-

HS ©
Grapefruit mercaptan Blackcurrant mercaptan

GFM BCM
(R)-(+)-1-p-menthene-8-thiol 4-methoxy-2-methylbutane-2-thiol

Figure 4. Structures of four varietal thiols, grapefruit mercaptan, and blackcurrant mercaptan.
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1.8 Research questions

1.8.1 The formation of 4-MSP precursors

As discussed in section 1.2, one of the proposed precursors of GSH-4-MSP, namely
mesityl oxide, has not been detected in grapes and the origin of mesityl oxide is a mystery that
requires further effort to explore. The formation of 4-MSP precursors from mesityl oxide in
grape requires investigation.

1.8.2 New precursors to 3-SH

Based on the previous conclusions in section 1.7, it is reasonable to hypothesise that one
of the proposed precursors, namely N-malonylcysteinylated 3-SH (MalCys-3-SH), could
potentially present in grapes and is undiscovered. In addition, the conversion rate from this
new precursor to free thiols and factors influencing the concentration of the new precursor
would be worthy of exploring upon the identification of MalCys-3-SH.

1.8.3 New sulfur-containing volatiles and chiral analysis of 4-MSPOH in wines

Although cis-2-MPO was identified in wine,% its production during fermentation,
influence of oenological practices on its production, the correlation with varietal thiols and
acetaldehyde during fermentation, and the stability in wine during storage require further
investigation. Besides, the possibility that other thiols (4-methyl-4-sulfanylpentan-2-ol, 3-
sulfanylpentan-1-ol, 3-sulfanylheptan-i-ol, and 2-methyl-3-sulfanylbutan-1-ol, etc.) bearing a
3-sulfanylalkan-1-ol substitution in their structures could react with acetaldehyde to produce
their corresponding 1,3-oxathianes is to be verified.

Moreover, the potential presence of BCM and GFM (Figure 4) proposed in Section 1.7
requires study. The enantiomeric distribution of 4-MSPOH enantiomers in wine should also
be explored.

1.8.4 Influence of winemaking practices on thiols and precursors concentrations

Given the finding that the new grape crushing technique, namely “accentuated cut
edges”, accelerated the extraction rate of phenolics from grape skin, it is hypothesised that this
technique could accelerate the extraction rate of thiol precursors from grape skin and therefore
the concentrations of varietal thiols in the resultant wine. Besides, the impact of wine
microflora on the release of enantiomers of 3-SH and 3-SHA could potentially be different
given the stereoselectivity of enzymes involved in the release of varietal thiols from their

precursors.
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1.9 Aims/objectives of the project

Varietal thiols have been an important focus of wine flavour research in recent decades,
but more effort is required considering the importance to wine quality of thiols. The focus of
this project is to contribute knowledge in understanding the relationship between varietal
thiols in wines and their precursors in grapes and to explore winemaking practices with a view
to improving the concentration of thiols in wines. The aims are proposed to be achieved by
means of following objectives:

(1) Examine the hypothesis of a potential pathway for uptake of exogenous mesityl oxide
by grapevines and transformation into the precursors of 4-MSP by feeding grapevines with
deuterated mesityl oxide. Qualification of corresponding deuterated GSH-4-MSP or Cys-4-
MSP in grape berries or leaves could help confirm the pathway.

(2) Identify N-malonylcysteinylated 3-SH in grapes after optimising a HPLC-MS/MS
method with a chemically synthesised MalCys-3-SH standard and explore its evolution profile
during growing season upon its identification in grapes.

(3) Evaluate the kinetics of cis-2-methyl-4-propyl-1,3-oxathiane formation during AF
conducted with different yeasts, examine its stability under different storage conditions, and
explore its chirality and chiral relationship with 3-SH enantiomers. Exploring the potential
existence of cis-2,4,4,6-tetramethyl-1,3-oxathiane in wine, a potential sulfur-containing volatile
compound derived from acetaldehyde and 4-MSPOH.

Identify grapefruit mercaptan and blackcurrant mercaptan in wine with a previously
developed DTDP derivatisation approach coupled with HPLC-MS/MS using the reference
standards.

Optimise a published chiral HPLC-MS/MS method to resolve 4-MSPOH enantiomers
using the DTDP derivatisation approach and explore the enantiomeric distribution of 4-
MSPOH enantiomers in wine.

(4) Assess influences of some novel winemaking practices, such as grape crushing
method, yeast strain, and lactic acid bacteria, on the concentration of thiol precursors in grape
must and varietal thiols in the final wine, with particular interest in the enantiomer profiles of

3-SH and 3-SHA.
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Chapter 2 Thiol Precursors Study

Abstract: A major pathway to varietal thiols such as 3-sulfanylhexan-1-ol (3-SH) and 4-methyl-
4-sulfanylpentan-2-one (4-MSP) present in wine involves their release during fermentation
from L-glutathione and L-cysteine conjugated precursors that originate in the grape. However,
discrepancies exist in the formation and degradation of the precursors, such that the
concentration of thiols such as 3-SH cannot be completely accounted for based on
consumption of known precursors. This implied the potential existence of undiscovered
precursors, with N-malonyl-3-S-cysteinylhexan-1-ol (MalCys-3-SH) being one of the potential
candidates based on other plant metabolites. Thus, the presence of MalCys-3-SH in grape juice
was investigated. The tandem mass spectrometer (MS/MS) and source parameters were
optimised using a synthesised MalCys-3-SH standard but analysis of a few concentrated
Sauvignon blanc juice extracts by HPLC-MS/MS did not enable positive identification of
MalCys-3-SH. Further study would be required, however, to identify and then quantify MalCys-
3-SH in a larger range of juice and wine samples to evaluation of the potential of MalCys-3-SH
to produce 3-SH during fermentation. Regarding the precursors of 4-MSP, mesityl oxide has
not been detected in grapes despite reasonable speculation of its involvement in the formation
of precursors of 4-MSP. It was hypothesised that mesityl oxide might be secreted by soil
bacteria and absorbed by grapevine roots for subsequent translocation and transformation to
4-MSP precursors in vine organs, including berries. Preliminary experiments were conducted
by feeding grape leaves and berries of potted grapevines of three varieties with di,-mesityl oxide.
Analysis by HPLC-MS/MS of samples prepared from the treated tissues provided tentative
identification of the corresponding deuterium labelled precursors of 4-MSP. However, future
investigations are warranted to apply dio-mesityl oxide to the potted grapevine in the soil and
detect 4-MSP precursors in grapevine tissues, as well as screening soil bacteria for their ability

to secrete mesityl oxide in vineyards.

Keywords: mesityl oxide, varietal thiols, MalCys-3-SH, Sauvignon blanc, Cabernet Sauvignon,

Shiraz, Pinot Meunier
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INTRODUCTION

Varietal thiol precursors are a group of odourless non-volatile compounds present in
grape, with the initial identification of 3-S-cysteinylhexan-1-ol (Cys-3-SH) being made in
Sauvignon blanc grape juice.! In subsequent decades, a relatively integral formation and
degradation metabolic pathway for thiol precursors has been achieved via the identification of
a series of thiol precursors and fermentation trials, particularly in its ability to produce 3-
sulfanylhexan-1-ol (3-SH). The formation of known 3-SH precursors originates from the
incorporation of L-glutathione (GSH) with (E)-2-hexenal (degradation of unsaturated fatty
acids) to form 3-S-glutathionylhexanal (GSH-3-SHal) as a function of detoxification
mechanisms linked to GSH.>* This is followed by the enzymatic reduction of the aldehyde in
GSH-3-SHal to yield the alcohol, 3-S-glutathionylhexan-1-ol (GSH-3-SH). Subsequently, GSH-
3-SH metabolism occurs through either 3-S-cysteinylglycinehexan-1-ol (CysGly-3-SH)5 or 3-S-
glutamylcysteinehexan-1-ol (GluCys-3-SH)® to yield Cys-3-SH,? which is a substrate for B-lyase
to release 3-SH.8

Despite the metabolic pathway of 3-SH precursors outlined above (of which aspects
could occur in grape berry, juice, or during fermentation), discrepancies exist in fully
accounting for the relationship between free 3-SH in wines and the identified precursors. For
example, up to 72 % of 3-SH in wine could be accounted for by the previously identified
precursors (i.e., GSH-3-SHal, GSH-3-SH and its bisulfite adduct, Cys-3-SH, CysGly-3-SH, and
GluCys-3-SH) that are consumed during fermentation.® An additional 11.8 % of 3-SH could be
accounted for due to acetylation to form 3-sulfanylhexyl acetate,3 thus a total of 83.8 % 3-SH in
wine could so far be explained. On the other hand, this means that up to ~ 16 % of 3-SH in wine
may be unaccounted for, implying the possibility of novel precursors awaiting identification
(and/or alternative fates for thiols such as 3-SH).

By comparing the metabolic pathway of GSH conjugates in other plants, such as soybean,
corn, cotton, radish, peanut, and thale cress (Arabidopsis thaliana),'*** with that in grape, one
of the metabolic intermediates of GSH conjugation of xenobiotics (e.g., fungicide, herbicide,
or pesticide), namely an N-malonylcysteine (MalCys) type conjugate, has drawn recent
attention. Specifically, the GSH conjugated fenclorim (a herbicide safener) was found to be
enzymatically metabolised to L-cysteine conjugated fenclorim (Cys-fenclorim) in a similar way
to that of GSH-3-SH, but an alternative pathway exists for Cys-fenclorim which involved the

generation of MalCys conjugated fenclorim catalysed by malonyl-CoA-dependent N-
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malonyltransferase.® Although such an enzyme has not been identified in grape, there
remained the possibility that N-malonyl-3-S-cysteinylhexan-1-ol (MalCys-3-SH) could
potentially be present and thus required exploration.

Regarding the formation and production of 4-methyl-4-sulfanylpentan-2-one (4-MSP)
and its precursors, the metabolic pathways are understood to be similar to that of 3-SH. Briefly,
L-glutathionylated 4-MSP (GSH-4-MSP) was proposed to originate from L-glutathione and
mesityl oxide,’> which was supported by the identification of GSH-4-MSP in grape juice.®®
Further implicating a role for mesityl oxide, a spiking experiment using d,-mesityl oxide in
Sauvignon blanc fermentation led to the formation of deuterium labelled 4-MSP in the
resultant wine.”7 The identification of other intermediate precursors of 4-MSP, including L-
cysteinylated 4-MSP (Cys-4-MSP),! 4-S-cysteinylglycine-4-methylpentan-2-one (CysGly-4-
MSP), and 4-S-glutamylcysteine-4-methylpentan-2-one (GluCys-4-MSP),® have helped
elucidate the fate of precursors in releasing 4-MSP via a series of fermentation trials. However,
one of the remaining discrepancies is that the origin of mesityl oxide is not clear yet, although
it was tentatively qualified in wines and “cold-hardy” grape surface.’®2° Interestingly, mesityl
oxide was identified recently in glycoside extract of kiwifruit juice after B-glycosidase
treatment.* Apart from that, several possible other origins of mesityl oxide have been proposed
in the Section of 1.2 in Chapter 1, with one hypothesis being that mesityl oxide is secreted by
soil bacteria (i.e., Collimonas pratensis®*) as a function of interaction with either other soil
microorganisms or plant roots.?> Subsequent uptake by the plant and
translocation/transformation of mesityl oxide into 4-MSP precursors would also need to occur
and this has not been verified.

Considering the gaps in the literature, one of the aims of this chapter was to explore the
potential presence of MalCys-3-SH in grape juice extracts concentrated and isolated using
chromatography on Ci8 sorbent, after optimisation of HPLC-MS/MS parameters using a
synthesised standard of MalCys-3-SH. The other focus of this chapter was to verify the

hypothesis that grapevine can uptake mesityl oxide and use it to synthesise 4-MSP precursors.
MATERIALS AND METHODS

Chemicals and materials. Chemical grade methanol was obtained from ChemSupply
(Gillman, SA, Australia). HPLC gradient grade ethanol, methanol, acetonitrile, d,,-mesityl
oxide (98 % atom), and C18 sorbent were purchased from Sigma-Aldrich (Castle Hill, NSW,

Australia). Authentic MalCys-3-SH was synthesised for another project, and deuterium
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labelled GSH-4-MSP was available from a previous study.3 Phenomenex SDB-L cartridges (500
mg, 6 mL) was bought from Phenomenex (Lane Cove, NSW, Australia). Milli-Q water was
obtained from a Milli-Q purification system (Millipore, North Ryde, NSW, Australia).

Study of MalCys-3-SH. Grape samples and process. Sauvignon blanc grapes (clone
Hs5V1i0) were randomly picked from both sides of the canopy across multiple rows from a
commercial vineyard in Adelaide Hills wine region in the early morning and transported to a
4 °C cold room at the university research laboratory. Grapes samples were collected 4 times
until commercial harvest: 15 February, 22 February, 1 March, and 8 March 2021.

The grapes were destemmed manually and 50 mg/kg of SO, was added as potassium
metabisulfite (PMS). This was followed by the manual crush of grape berries, and the juice was
collected in plastic bottles and stored at -20 °C before further processing. Grape juice
parameters, including total soluble solids (TSS, °Brix), titratable acidity (g/L as tartaric acid,
titration endpoint of pH 8.2), and pH, were measured using a digital refractometer (Atago,
PAL-1, VIC, Australia) and T50 autotitrator (Mettler Toledo, Melbourne, Australia), respectively.

Preparation of extracts from grape juice. Isolation of components from grape juice was
conducted according to a previous method.' The frozen juice (harvest date 15" February) was
defrosted overnight in a 4 °C cold room before being centrifuged (3128¢, at 22 °C for 20 min).
The supernatant was collected (1.06 L) and a proportion (approximately 200 mL) was loaded
onto a C18 sorbent bed prepared on a sintered glass funnel (100 mm diameter, 30-35 mm bed
height) using 100 g of Ci8 sorbent. The sorbent was activated with two bed volumes of
acetonitrile followed by equilibration with Milli-Q water before the loading of grape juice. Two
bed volumes of Milli-Q water were used to wash off polar constituents before two bed volumes
of methanol were used to elute the sorbent bed with aid of vacuum. This was repeated with the
remaining portions of juice after the re-equilibration of the sorbent bed with three bed volumes
of Milli-Q water. All methanol eluates were pooled and then concentrated under vacuum at
30 °C.

The residue (~ 1 mL) obtained after the removal of methanol was diluted with 4 mL of
Milli-Q water and 5 mL was then loaded onto a C18 low-pressure column (15 mm diameter, 200
mm bed height) that was preconditioned with acetonitrile and Milli-Q water. Then, 100 mL of
Milli-Q water was applied as a wash, followed by elution with 150 mL methanol. The column
was equilibrated with two bed volumes of Milli-Q water before loading the next aliquot of
crude extract (aqueous residue). This was repeated two more times and the pooled methanol

eluates underwent concentration under vacuum and residue was reconstituted using 5 mL of
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Milli-Q water. Samples were filtered using 0.45 pum membrane filter before instrumental
analysis. This juice extraction procedure was repeated with the Sauvignon blanc juice samples
prepared on the other three harvest dates, using refreshed Ci18 sorbent flushing with two bed
volumes of methanol and equilibrated with one bed volume of Milli-Q water.

Analysis of Sauvignon blanc juice extracts. The synthetic standard of MalCys-3-SH (50
pg/mL prepared in water) was used for a preliminary automated MRM method development
using an Agilent 1200 HPLC coupled with a 6410 triple quadrupole mass spectrometer (QQQ
MS). The flow injection MS experiment was conducted by injecting 4 pL of MalCys-3-SH
standard with a mobile phase (50 % of 0.5 % aqueous formic acid and 50 % of 0.5 % formic acid
in acetonitrile) flow rate of 0.3 mL/min. The mass spectrometer was operated in positive
electrospray ionisation (ESI+) mode with capillary voltage, nebuliser pressure, drying gas
temperature, and drying gas flow rate of 4000 V, 241 kPa, 300 °C, and 8 L/min, respectively.
The optimised fragmentor voltage and collision energy are illustrated in Table 1 and a dwell
time of 100 ms was used. The Agilent MassHunter Optimizer software (version B.03.01) in
conjunction with MassHunter Workstation data acquisition for triple quadrupole (version

B.03.01) were used for the mass spectrometric parameter optimisation.

Table 1. Optimised MS/MS parameters for MalCys-3-SH with Agilent 6410 and G6470A triple

quadrupole mass spectrometer.

Precursorion Production Fragmentor

Instrument (m/z) (m/z) V) Collision energy (V)
Agilent 6410 QQQ MS 308.1 1741 66 8
162.1 66 16
159.1 66 8
55.1 66 40
Agilent G6470A QQQ MS 308.1 174 94 12
159 94 12
83 94 24
551 94 40

Further method optimisation was performed using an Agilent 1260 HPLC coupled with
an Agilent G6470A MS/MS, with an Alltima C18 column (250 x 2.1 mm i.d., 5 pum, 100 A particle
size, HiChrom, Phenomenex, Lane Cove, NSW, Australia) protected by a guard cartridge (7.5

x 2.1 mm i.d.) of the same material used for separation. Source conditions including drying gas
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flow (7-12 L/min with a 1 L/min gradient), drying gas temperature (150-350 °C with a 50 °C
gradient), nebuliser pressure (138-414 Kpa with a 35 Kpa gradient), sheath gas temperature
(200-400 °C with a 50 °C gradient), sheath gas flow (10, 11, 12 L/min), capillary voltage (1000
6000 V with a 500 V gradient), and nozzle voltage (0-2000 V with a 500 V gradient) were
optimised with the MalCys-3-SH standard (50 pg/mL, injection volume of 1 pL). The electron
multiplier voltage (EMV) was increased from o to 200 V, and fragmentor voltage and collision
energy were again optimised for this instrument, with parameters illustrated in Table 1. Mobile
phase at a flow rate of 0.3 mL/min consisted of 0.5 % aqueous formic acid (A) and 0.5 % formic
acid in acetonitrile (B). The gradient of mobile phase for B was o min, 5 %; 10 min, 15 %; 20 min,
30 %; 21 min, 8o %; 25 min, 8o %; 25.1 min, 5 %; and 35 min, 5 %. The Sauvignon blanc juice
extracts were screened with an injection volume of 4 pL with optimised source conditions:
drying gas temperature and flow rate were 300 °C and 8 L/min, respectively; nebuliser pressure
was 241 Kpa; sheath gas temperature and flow rate were 350 °C and 12 L/min, respectively;
capillary and nozzle voltages were 4000 V and 2000 V, respectively.

Study of d,,-mesityl oxide to 4-MSP precursors. Grapevines. Three varieties of own-
rooted grapevines were grown in a commercial potting mix in a glasshouse at 21 °C: dwarf Pinot
Meunier,>4 Shiraz (BV186), and Cabernet Sauvignon (ENTAV 338).

Application of d,o-mesityl oxide to grape leaves and berries. Two aqueous solutions of dio-
mesityl oxide (5 mg/L and 30 mg/L) were prepared by diluting an ethanolic solution of d.o-
mesityl oxide (0.946 g/L) with Milli-Q water. The application of d,,.-mesityl oxide solutions to
grape leaves and berries followed a previous method.?> Generally, 10 mL of di,-mesityl oxide
solution (concentration as specified later) was added to a plastic resealable bag and a grape leaf
was placed in the bag, with both bag and grape leaf gently folded to maximise the contact with
d,,-mesityl oxide solution. A similar protocol was applied to grape bunches and careful mixing
(twice per day) of the bunches with d,,-mesityl oxide solution was conducted to maintain some
contact of berries with the solution. Harvested grape and leaf samples from the trials were
instantly frozen with liquid N, and stored at -8o °C before further use.

The first trial was conducted with potted Shiraz leaves, with one old grape leaf (formed
near the roots of the vines) and one young leaf (formed near the end of the vines) from one
grapevine dipped in 10 mL of either 5 mg/L or 30 mg/L d,,-mesityl oxide solution in resealable
plastic bags for 2 days before harvest (4™-6™ November 2020) (Figure 1(1)). Three pots of Shiraz
vine were treated in the same manner.

The second trial on Cabernet Sauvignon leaves was conducted in the same manner as
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for Shiraz grape leaves but for a 7-day treatment duration (from 18"-25" November). Grape
bunches of the Cabernet Sauvignon were also treated with 5 mg/L or 30 mg/L d.,-mesityl oxide
solution for 3 days (8"-1ut" January 2021, duplicate) or 6 days (8™-14" January 2021, triplicate)
before harvest (Figure 1(2)). In total, 5 pots of Cabernet Sauvignon vine were utilised.

The third trial was conducted on nine potted Pinot Meunier vines using only 30 mg/L
d-mesityl oxide solution for 3-day, 6-day, and 9-day of treatment on tissues of grape leaf,
younger grape berry (bunches formed near the end of the vines), and older grape berry
(bunches formed near the roots of the vines) in triplicate (Figure 1(3)). In total, 9 pots of Pinot
Meunier were used for the trial. Treatments started from 8% December and harvest was

conducted on 1", 14", and 17" of December 2020.
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Figure 1. Experimental setup for applying d,.-mesityl oxide to grape leaves and berries of potted
(1) Shiraz (2-day treatment with 5 mg/L or 30 mg/L solution), (2) Cabernet Sauvignon (3-day or
6-day treatment with 5 mg/L or 30 mg/L solution), and (3) Pinot Meunier (3-day, 6-day, or 9-
day treatment with 30 mg/L solution). Old berry sample from Pinot Meunier highlighted with

red border was to be used as an illustration in Figure 4.

Sample preparation. The frozen grape leaves were ground using a mortar and pestle with
the aid of liquid N, and 1 g of leaf ground was weighed and transferred to a 12 mL glass vial. Five

millilitres of aqueous ethanol solution (50/50) was added and the vial was vortexed for 1 min
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followed by ultrasonic treatment for 15 min in a sonicator water bath (50 Hz frequency,
Unisonics, Sydney, Australia). The clear supernatant was collected after centrifugation at 3857¢
at 10 °C for 10 min. This extraction procedure using aqueous ethanol solution was repeated
another time and the two portions of 5 mL aqueous ethanol extract were pooled before being
concentrated under reduced pressure. Milli-Q water was added to top up the volume of the
extract to 10 mL and extracts were stored at 4 °C before SPE processing.

Frozen berries were collected from frozen grape bunches treated with liquid N, before
being ground using a coffee grinder. Liquid N, was occasionally added to the grinder to prevent
the contents from defrosting. The ground berry material was quickly transferred to plastic
tubes and stored at —-80 °C before use. Before the SPE process, frozen grape berry homogenate
was defrosted overnight at 4 °C, then the supernatant was collected after centrifugation at
38579, 5 °C for 15 min.

SPE of grape leaf and berry isolates. Previous thiol precursor procedures of extraction
were followed.>® Briefly, Strata SDB-L cartridges were activated with 6 mL of methanol followed
by 6 mL of Milli-Q water under vacuum. Then 10 mL of either grape leaf extracts or grape juice
from berry ground was loaded onto the cartridges before being dried by air under SPE manifold
vacuum for 5 min. This was followed by elution using 2 mL of methanol. The methanol fraction
was dried under N (138-170 kPa) at 30 °C using a 24-channel manifold fitted with a nitrogen
regulator and reconstituted with 500 pL of methanol and 200 pL of Milli-Q water. The extracts
were filtered through 0.45 pm membrane filters prior to instrumental analysis.

Analysis of grape leaf and berry extracts. HPLC conditions were identical for different
instruments, with separation achieved using an Alltima C18 column (250 x 2.1 mm i.d., 5 pm,
HiChrom, Phenomenex, Lane Cove, NSW, Australia) operated at 25 °C. Solvents A and B were
0.5 % aqueous formic acid and 0.5 % formic acid in acetonitrile, respectively, with the gradient
for solvent B as follows: o min, 5 %; 10 min, 15 %; 20 min, 30 %; 21 min, 8o %; and 25 min, 8o %.
Mobile phase flow rate was set at 0.3 mL/min and an injection volume of 10 pL was used, except
for 2 pL injection volume when undertaking accurate mass analysis. The ion source for each
MS was operated in ESI+ mode.

A ThermoFinnigan Surveyor HPLC coupled to a ThermoFinnigan LCQ Deca XP Plus
mass spectrometer (MS) was used for preliminary sample screening. The ions of the deuterium
labelled GSH-4-MSP recorded in selected reaction monitoring (SRM) mode were deduced
from the results for unlabelled GSH-4-MSP.* The capillary temperature, sheath gas flow rate

(N.), and sweep gas flow rate were 250 °C, 30 arbitrary unit, and 19 arbitrary unit, respectively.
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The ion spray voltage, capillary voltage, and tube lens offset voltage were 4500 V,18 V,and 10 V,
respectively. Helium was used as collision gas, and normalised collision energy, activation Q,
activation time, and isolation width were 35 %, 0.25, 30 ms, and m/z 1.6, respectively.
Instrument control, data acquisition, and data processing were performed with a Xcalibur
software (version 1.3).

An Agilent 1200 HPLC coupled with a 6410 triple quadrupole MS was used for the
analysis of de.o-GSH-4-MSP (i.e., the range of isotopologues present in the deuterated standard)
in both grape berry and grape leaf extracts with MRM ion pairs shown in Table 2. The dwell
time, fragmentor voltage, and collision energy were 100 ms, 122 V, and 20 V, respectively. The
drying gas temperature, drying gas flow rate, nebuliser pressure, and capillary voltage were
300 °C, 8 L/min, 241 kPa, and 4000 V, respectively.

High resolution mass spectrometry (HRMS) analysis of the suspected peaks that were
observed with the 6410 triple quadrupole MS were obtained with an Agilent 1200 HPLC coupled
with an Agilent G6530B quadrupole time-of-flight (Q-TOF) MS. The MS scan range was m/z
100-1000 with a scan rate of 2 spectra per second; and N, was used as drying gas, 300 °C, 8
L/min; nebuliser gas, 276 kPa; sheath gas, 350 °C, 11 L/min. The capillary voltage, nozzle voltage,
fragmentor, skimmeri, and octopoleRFPeak were 4000 V, 1000 V, 100 V, 65 V, and 750 V,

respectively.

Table 2. MRM ion pairs for the analysis of deuterium labelled GSH-4-MSP.

Compounds Ton pairs (m/z)
d,o-GSH-4-MSP 416.3—341.1
416.3—269.3
416.3—178.9
dy-GSH-4-MSP 415.3—340.1
415.3—268.3
ds-GSH-4-MSP 414.3—339.1
414.3—267.1
d,-GSH-4-MSP 413.3—338.1
413.3—266.1
ds-GSH-4-MSP 412.3—337.1
412.3—265.1

Statistical analysis. Mean values and standard deviations were calculated with

Microsoft Excel (Microsoft Office Pro Plus 2019, USA).
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RESULTS AND DISCUSSION

MS/MS analysis of MalCys-3-SH. The basic parameters of Sauvignon blanc juice from
the four harvest dates were measured, with total soluble solids increasing to 21.8 °Brix, TA

decreasing to 8.1 g/L, and pH being stable at approximately 3.0, as shown in Figure 2.
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Figure 2. Evolution of mean values (n = 3) for total soluble solids (°Brix), pH, and titratable
acidity (g/L as tartaric acid) in Sauvignon blanc H5Vio grape juice from four harvest dates. Error

bars represent the standard derivation replicated measurement (n = 3).

The grape juice samples were isolated and concentrated using C18 sorbent before being
analysed by HPLC-MS/MS. The MS/MS and source conditions were initially optimised with a
6410 QQQ MS, followed by further optimisation with a G6470A QQQ MS using a synthesised
MalCys-3-SH standard, with total ion chromatograms from the two instruments shown in
Figure 3. Comparing the peak areas and with the consideration of injection volume difference
(4 pL for 6410 MS/MS vs. 1 pL for G6470A MS/MS), an increase in sensitivity of over 20-times
was achieved with the G6470A QQQ MS. Thus, the optimised method on G6470A QQQ MS
operated in MRM mode with monitored ion pairs is shown in Table 1 and this was utilised to
screen MalCys-3-SH in Sauvignon blanc juice extracts, but MalCys-3-SH was not found in the
current set of samples. Time did not permit further experimentation, but a larger selection of
samples should be screened in the future to reach a more objective conclusion. Furthermore,
model fermentation with MalCys-3-SH standard could be performed to evaluate its ability to

release 3-SH and act as a new precursor form.
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Figure 3. HPLC-MS/MS analysis of MalCys-3-SH standard using optimised methods showing
(A) total ion chromatograms analysed with G6470A QQQ MS (green trace) and 6410 QQQ MS
(black trace) (B) MRM mass spectrum of MalCys-3-SH by G6470A under optimised conditions.

Qualification of de.0-GSH-4-MSP in grape leaf and berry samples. The
identification of natural GSH-4-MSP in Sauvignon blanc grape juice employing HPLC-MS/MS
in MRM mode utilised the mass transitions of m/z 406>331and m/z 4062259, derived from
the respective loss of glycine and glutamic acid residues from GSH-4-MSP.*® It was speculated
that de.o-GSH-4-MSP would undergo the same fragmentation under the similar mass
spectrometry conditions. Thus, due to the deuterium labelling positions on the mesityl oxide
residue of GSH-4-MSP, the mass transitions for de-.o-GSH-4-MSP were deduced, as shown in
Table 2. Synthesised ds..c-GSH-4-MSP standard was used for characterisation, showing the
deuterium labelling (de to dio-labelling) of GSH-4-MSP (Figure 4A and 4B) with the ds-labelled
compound being the most abundant. This was not likely to be caused by the acidic
environment in the mobile phase during analysis as a stability study of d,.-GSH-4-MSP showed
that it was stable over 4 days of storage at pH 3.2.2 On the contrary, it may originate from the

labile structure of GSH-4-MSP where deuteration at enolisable positions (i.e., adjacent to the
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carbonyl) could be lost due to the change of pH values during synthesis from d,,-mesityl
oxide.?” These aspects are of importance when considering which isotoplogues to analyse for
when conducting feeding experiments with di,-mesityl oxide. The expected mass transitions

were associated with the loss of glycine residue (Figure 4A) and glutamic acid residue (Figure

4B) from ds..o-GSH-4-MSP reference standard, respectively.
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Figure 4. Overlaid MRM chromatograms obtained from HPLC-MS/MS showing mass
transitions for loss of (A) glycine residue and (B) glutamic acid residue from d¢...-GSH-4-MSP
reference standard and the respective transitions (C) and (D) from Pinot Meunier extracts of
older grape berry from the 3-day treatment (refer to the treatment highlighted with a red border

in Figure 1).

The analysis of grape leaf and berry sample extracts revealed ds..o-labelled GSH-4-MSP
in all treatments of Cabernet Sauvignon and Pinot Meunier that were identical to that of the
standard. Representative chromatograms from one of the samples (older Pinot Meunier berries
from a 3-day treatment) are shown Figure 4C and 4D. This agreed with the observations for the
ds-0-GSH-4-MSP standard (Figure 4A and 4B), showing a successively earlier retention time as
the extent of deuterium labelling of GSH-4-MSP increased. The d,o.-GSH-4-MSP was the most
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abundant deuterium labelled analogue in di,-mesityl oxide treated grape tissues, being
different to that observed for de.o-GSH-4-MSP standard (but not an anomalous situation).
Samples from Shiraz grape leaves did not yield any detectable amount of any labelled GSH-4-
MSP, potentially due to the shorter duration of contact with labelled mesityl oxide (2 days)
compared to those for Cabernet Sauvignon and Pinot Meunier (3 to 9 days).

Accurate masses of the tentatively assigned peaks obtained from triple quadrupole MS
were acquired with HPLC Q-TOF-MS using Pinot Meunier extract samples from grape leaf,
younger berry, and older berry, as well as one Cabernet Sauvignon grape extract. As shown in
the Table 3, the mass errors between the theoretical values and the obtained values for ds-io-
GSH-4-MSP were within 5 ppm, showing high confidence in the assignment of the peaks found

in the material fed with d,,-mesityl oxide.

Table 3. HRMS analysis of deuterium labelled GSH-4-MSP and Cys-4-MSP.

Compounds Theoretical m/z [M + H]* Observed m/z [M + H]* Mass error (ppm)

d,oc-GSH-4-MSP 416.2276 416.2262 -3.36
dy-GSH-4-MSP 415.2213 415.2199 -3.37
ds-GSH-4-MSP 414.2150 414.2136 -3.38
d,-GSH-4-MSP 413.2087 413.2076 -2.66
ds-GSH-4-MSP 412.2025 412.2016 -2.18
do-Cys-4-MSP 230.1635 230.1635 0

ds-Cys-4-MSP 226.1384 226.1377 —3.10

Although ions were not included in the triple quadrupole MS screening method, the
accurate mass of de-Cys-4-MSP and d,,-Cys-4-MSP was also determined by HRMS (Table 3)
with mass errors between the theoretical and observed values within 5 ppm. This provided
further strong evidence of 4-MSP precursor formation due to the presence of d,,-mesityl oxide
applied to berry or leaf, even though the abundances of both peaks were substantially different
and had a ratio of de:d, of approximately 150:1. The difference in abundance between ds-Cys-4-
MSP and d,o-Cys-4-MSP could reasonably be due to the loss of labels at enolisable positions
during biochemical processes such as the conjugation of L-cysteine with d,,-mesityl oxide or
the enzymatic degradation from d,,-GSH-4-MSP to its Cys counterpart. In accord with the
earlier explanation for the different isotopologues of 4-GSH-MSP, such a loss of deuteration

has been reported previously, where ds-Cys-4-MSP was obtained from chemical synthesis using
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d,o-mesityl oxide and cysteine as the starting materials.?
CONCLUSION

In summary, based on the proposed existence of a N-malonylcysteine conjugate of 3-SH,
MS/MS and source conditions for two tandem mass spectrometers were optimised for MalCys-
3-SH using a synthetic reference standard, and a few Sauvignon blanc juice extract samples
were screened. However, MalCys-3-SH was not identified in the limited number of samples
that were screened and this may infer that Ci8 sorbent was not optimal for MalCys-3-SH
isolation in grape juice. Thus, optimisation of MalCys-3-SH isolation procedures, including the
selection of different sorbent materials, is to be performed. Apart from assessing a larger
selection of juice and wine samples in the future, a method for the quantification of MalCys-3-
SH would need to be developed and validated, if the presence of this new precursor form is
verified. Besides, evolution profiles of MalCys-3-SH in grapes during growing season and in
grape must/juice during fermentation and model fermentation experiments spiked with
MalCys-3-SH standard could be performed to investigate the quantitative relationship between
MalCys-3-SH and 3-SH (i.e., conversion yield), to ascertain the potential contribution of such
a precursor to the pool of 3-SH found in wine.

In other experiments utilising mass spectrometry, preliminary feeding trials involving
deuterium labelled mesityl oxide and potted grapevines showed that grape leaves or berries
could convert deuterated mesityl oxide to GSH-4-MSP and Cys-4-MSP containing the
deuterium labels. However, further studies using a balanced number of grapevines are required
to verify the hypothesis involving soil-borne bacteria, first by applying d.o-mesityl oxide to the
soil of potted grapevines during the growing season followed by analysing for ds-..-GSH-4-MSP
and de-10-Cys-4-MSP in grapevine tissues, such as grape berries, leaves, and roots. At the same
time, grape berry compositional parameters, such as total soluble solids, pH, and titratable
acidity could be determined. This could be followed by the screening of soil bacteria in
vineyards for their ability to secrete mesityl oxide and then relating this to the concentrations

of GSH-4-MSP and Cys-4-MSP in grapevine tissues.
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ABSTRACT: cis-2-Methyl-4-propyl-1,3-oxathiane (cis-2-MPO) was recently identified in wine and proposed to arise from the
reaction of 3-sulfanylhexan-1-ol (3-SH) and acetaldehyde. However, the evolution profile of cis-2-MPO during alcoholic
fermentation (AF) and storage and its relationship with varietal thiols and acetaldehyde production were unknown. These aspects
were investigated by fermenting Sauvignon blanc juice with J7 and/or VIN13 yeast strains and assessing the stability of cis-2-MPO
during wine storage. Moderate to strong Pearson correlations verified similar evolution trends between acetaldehyde, 3-sulfanylhexyl
acetate, and cis-2-MPO, with initial increases and a peak during the early to middle stages of AF before consecutive decreases until
the end. Contrarily, 3-SH correlated moderately only at the end of AF. A consistent decrease observed for cis-2-MPO when spiked
into Sauvignon blanc wine and assessed during 1-year storage revealed its general instability, but acetaldehyde addition (100 mg/L),
pH 3.0, and storage at 4 °C all appeared to retain cis-2-MPO. These results have implications for wine aroma and the potential for
cis-2-MPO to act as a sink (or source) for 3-SH in wine over time.

KEYWORDS: 3-sulfanylhexan-1-ol, 3-sulfanylhexyl acetate, analysis, thiol precursors, stable isotope dilution assay, wine aroma,
Vitis vinifera

Bl INTRODUCTION botrytized white wines.”” Besides, varietal thiols have been
reported in wines from a range of other grape cultivars,
including Chardonnay,8 Melon B.,” Cabernet Sauvignon,lo’11
and Merlot,'”"" although their sensory contributions are less

As one of the most important groups of aroma impact
compounds in wine, varietal thiols have attracted intensive
attention from researchers due to not only their contribution

to wine aroma characteristics but also their intriguing understood compared to Sauvignon blanc wines. The wide
biogenesis pathways.1 Varietal thiols have exceptionally low prevalence and sensory significance of varietal thiols have
odor detection thresholds (ODTs) that are often exceeded by attracted much interest in understanding their formation/
their typical concentrations in wine. 4-Methyl-4-sulfanylpen- degradation mechanisms so that there can be better control
tan-2-one (4-MSP, 1 in Figure 1) was the first varietal thiol over their concentrations in wines.

identified in a Sauvignon blanc wine and contributes aromas of 3-SH and 4-MSP in wine predominantly arise from bound
“boxwood” and “broom” with an ODT measured in model forms, existing in grape berries as L-glutathione (GSH) or L-
wine of 0.8 ng/L.” However, 4-MSP is orders of magnitude less cysteine conjugates and intermediates, such as 3-S-glutathio-

abundant than 3-sulfanylhexan-1-ol (3-SH, 2 in Figure 1) and nylhexan-1-ol (GSH-3-SH, 4), 3-S-cysteinylhexan-1-ol (Cys-3-
3-sulfanylhexyl acetate (3-SHA, 3 in Figure 1), which were SH, §), 4-S-glutathionyl-4-methylpentan-2-one (GSH-4-MSP,
subsequently identified in wines.>* Thus, with its aromas of 6), and 4-S-cysteinyl-4-methylpentan-2-one (Cys-4-MSP, 7,

“grapefruit” and “passionfruit”’, 3-SH is generally a more Figure 1).'*"5 Related to the breakdown of GSH, 3-S-
important contributor than 4-MSP to the aroma of Sauvignon cysteinylglycinehexan-1-ol (Cysgly-3-SH, 8, Figure 1) was
blanc wines from different origins due to having a higher odor identified in Sauvignon blanc juice (0—28.5 ug/L) some years
activity value (ie, concentration in wine + ODT), despite ago,'* whereas the other related dipeptide (Glucys-3-SH, 9,

having a higher ODT (60 ng/L in model wine®). 3-SHA (the

Figure 1) was reported more recently.15 In parallel, two
O-acetate of 3-SH) also makes an important contribution to

; ) D THAKES @ po - 1o dipeptide precursors of 4-MSP, namely, L-cysteinylglycine-4-
wine aroma by imparting “passionfruit” and “boxwood-like MSP (Cysgly-4-MSP, 10) and y-L-glutamyl-L-cysteine-4-MSP
nuances. With an ODT of 4.2 ng/L determined in a model
wine,4 3-SHA exists in wines at concentrations that are around ]
tenfold lower than 3-SH, based on the molar conversion yield Received:  May 20, 2020
of 3-SH to 3-SHA.S Revised:  July 13, 2020
Accepted: July 13, 2020

Published: July 29, 2020

Inspired by their significance to Sauvignon blanc wine aroma
in particular, additional varietal thiols have been identified,
including 3-sulfanylpentan-1-ol, 3-sulfanylheptan-1-ol, 2-meth-
yl-3-sulfanylbutan-1-ol, and 3-sulfanyl-3-methylbutan-1-ol in

© 2020 American Chemical Society https://dx.doi.org/10.1021/acs.jafc.0c03183
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Figure 1. Structures of 4-MSP (1), 3-SH (2), 3-SHA (3), and their precursors (4—11),'>'¢ as well as 2-MPO (12) that can be derived from 3-SH
(2)."” 4-MSP, 4-methyl-4-sulfanylpentan-2-one; 3-SH, 3-sulfanylhexan-1-ol; 3-SHA, 3-sulfanylhexyl acetate; GSH-3-SH, 3-S-glutathionylhexan-1-
ol; Cys-3-SH, 3-S-cysteinylhexan-1-ol; GSH-4-MSP, 4-S-glutathionyl-4-methylpentan-2-one; Cys-4-MSP, 4-S-cysteinyl-4-methylpentan-2-one;
Cysgly-3-SH, L-cysteinylglycine-3-SH; Glucys-3-SH, y-L-glutamyl-L-cysteine-3-SH; Cysgly-4-MSP, L-cysteinylglycine-4-MSP; Glucys-4-MSP, y-L-

glutamyl-L-cysteine-4-MSP; 2-MPO, 2-methyl-4-propyl-1,3-oxathiane.

(Glucys-4-MSP, 11, Figure 1) have also been identified in
Sauvignon blanc grape juice but never quantified due to their
very low abundances."®
enzymatically cleaved by yeast during alcoholic fermentation
(AF) to release the free thiols, with only limited amounts of
free 3-SH (around 100 ng/L) having been quantified in grape
berries.'® Much research has been devoted to accounting for
thiol formation, and most recently, Bonnaffoux et al.'? revisited
some key steps of thiol biogenesis from precursors, providing a
relatively integral view of current research.

Apart from understanding the biochemical release from
precursors, the fate of thiols has also been considered,
including the potential for oxidation. Indirect quantitation of
disulfides of both 3-SH and 3-SHA under reducing conditions
showed that a large proportion of “lost” 3-SH (7—53%) and 3-
SHA (44—96%) could be explained.20 Combining the
quantitation of free thiols and disulfides in wines, and
precursors consumed during fermentation, Bonnaffoux et
al."” estimated that 27% of 3-SH in final wines could be
explained and a minimum of 45% considering the yields of
other potential precursors, including Cys-3-SH, (E)-2-hexenal,
and 3-S-glutathionylhexanal along with its bisulfite ad-
duct.>*"** Highlighting some inconsistencies, however, the
percentage of 3-SH produced from the alternative pathway of
1,4-addition of H,S to (E)-2-hexenal has been reported by
Schneider et al.* to be approximately 10% and by Subileau et
al.”' to be less than 0.1%. There is also an issue of timing in
terms of the co-occurrence of H,S and (E)-2-hexenal during
winemaking under reductive conditions, making this pathway
less plausible for contributing meaningful amounts of 3-SH.
Furthermore, the S-glutathionylated conjugate of 4-MSP is
barely consumed by yeast,"” which is in stark contrast to GSH-
3-SH, and more research is required to understand the
pathways involved in thiol biogenesis and fate.

These nonvolatile precursors are

8677
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One of the discrepancies to date in trying to perform a mass
balance to account for thiols is that greater amounts of free
thiols appear to be produced than theoretically possible based
on the experimentally determined conversion yields of each
precursor type during AF. This is despite the relatively ample
abundance of precursors in grape juice, but accounting for thiol
yields from AF is further complicated by the various fates of
free thiols once released. This leads to studies aimed at
identifying new precursors and potential pathways of precursor
utilization, along with those that investigate secondary
products formed from varietal thiols, such as via their reaction
with quinones and oxidation to disulfides,””** or even
formation of (diorgano)polysulfanes as seen with other sulfur
compounds.”*** Pursuing the fate of 3-SH in particular, and
encouraged by the existence in passionfruit”® and formation
from 3-SH and acetaldehyde,””** cis-2-methyl-4-propyl-1,3-
oxathiane (cis-2-MPO, 12, Figure 1) was recently identified in
wine for the first time.'” This oxathiane was quantified in 35 of
42 commercial white wines and could account for up to 390
ng/L (or an additional 8% on a molar basis) of 3-SH in those
wines.'” The aromas of cis-2-MPO have been described as
“fruity”, “green”, and “slightly burnt”,*® and the ODT of cis-2-
MPO in a neutral white wine was determined to be 7.1 ug/L,
which was much higher than its typical concentrations in the
set of wines that had been analyzed so far."”

Investigating the relationships of cis-2-MPO with 3-SH, 3-
SHA, and acetaldehyde has the potential to shed light on both
the production of cis-2-MPO during winemaking and the
formation and fate of varietal thiols. Given that the formation
of c¢is-2-MPO is a chemical equilibrium reaction between
acetaldehyde and 3-SH, thus potentially acting as a sink or
source for 3-SH in wines, this study aimed to monitor the
evolution of cis-2-MPO during AF of Sauvignon blanc juice
using two yeast strains and to assess its stability in wine during
storage. Addressing these aspects, diastereomers of GSH-3-SH,

https://dx.doi.org/10.1021/acs jafc.0c03183
J. Agric. Food Chem. 2020, 68, 8676—8687
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Cys-3-SH, and Cysgly-3-SH were quantified in both juice and
wines along with 3-SH, 3-SHA, 4-MSP, acetaldehyde, and cis-
2-MPO during AF. The stability of cis-2-MPO was assessed in
a commercial Sauvignon blanc wine under different conditions
involving pH; storage temperature; and the presence of
acetaldehyde, SO,, or CO,, over a period of 1 year.

B MATERIALS AND METHODS

Chemicals and Solutions. Deuterium-labeled and unlabeled
standards including 3-SH, [*Hg]-3-sulfanylhexan-1-ol (3-SH-ds), 3-
SHA, [*Hg]-3-sulfanylhexyl acetate (3-SHA-dg), 4-MSP, [*H,o]-4-
methyl-4-sulfanylpentan-2-one (4-MSP-d,,), [*H,]-2-methyl-4-prop-
yl-1,3-oxathiane (cis-2-MPO-d,), GSH-3-SH, [*H,]-3-S-glutathionyl-
hexan-1-ol (GSH-3-SH-d,), Cysgly-3-SH, Cys-3-SH, and [*H;]-3-S-
cysteinylhexan-1-ol (Cys-3-SH-dg) were previously prepared as
described elsewhere.'”” ¢is-2-MPO (>98% pure, determined to be
an 85:15 ratio of cis/tmns”), ethylenediaminetetraacetic acid
disodium salt (EDTA 2Na), formic acid, 4,4'-dithiodipyridine
(DTDP), and acetaldehyde (anhydrous, >99.5%) were purchased
from Sigma-Aldrich (Castle Hill, NSW, Australia). Bond Elut C18
cartridges (500 mg, 6 mL) and Strata SDB-L cartridges (500 mg, 6
mL) were acquired from Agilent (Mulgrave, VIC, Australia) and
Phenomenex (Lane Cove, NSW, Australia), respectively. High-
performance liquid chromatography (HPLC) gradient-grade meth-
anol, ethanol, and acetonitrile were sourced from Merck (Noble Park,
VIC, Australia), and water was obtained from a Milli-Q purification
system (Millipore, North Ryde, NSW, Australia). Model wine was
prepared freshly and consisted of 10% (v/v) ethanol, saturated with
potassium hydrogen tartrate and pH adjusted to 3.4 with tartaric acid
solution (1 M). DTDP reagent was prepared according to a previous
procedure,®® and aliquots were stored at —20 °C prior to use.

Grape Juice and Basic Chemical Parameters. Grape juice was
stored at —20 °C after harvest and consisted of a mixture of five
Sauvignon blanc clones harvested in March 2018 as reported in a
previous study.®’ In duplicate, the measurement of total soluble solids
(TSS) was performed with a digital refractometer (Atago, PAL-1,
VIC, Australia), and the titratable acidity (TA) and pH were
determined with a TSO autotitrator (Mettler Toledo, Melbourne,
Australia). Yeast assimilable nitrogen (YAN) was measured
commercially by the Australian Wine Research Institute (AWRI)
using a Randox Daytona enzymatic analyzer. Ethanol was measured
with a DMA 4500M/Alcolyzer Wine ME (Anton Parr, Graz, Austria),
and free and total SO, were measured with a GlassChem Kombo-4-
OH VA/SO,/OH still (Adelab Scientific, Adelaide, Australia) for the
replicates of each treatment.

Formation and Evolution of cis-2-MPO during Alcoholic
Fermentation and Storage. Yeast Preparation. VIN13 (Anchor,
Cape Town, South Africa) and J7 (Saccharomyces cerevisiae AWRI 81,
AWRI Wine Microorganism Culture Collection) were initially plated
on yeast extract peptone dextrose (YPD) solid media to grow for 2
days (28 °C) followed by picking a single colony of each strain and
inoculating separately into YPD liquid media and cultivating
overnight on a platform incubator (180 rpm, 28 °C). Each inoculum
was expanded in filter-sterilized (0.2 ym cellulose nitrate) Sauvignon
blanc juice diluted to 50% with Milli-Q water and cultivated for 24 h
(180 rpm, 28 °C) prior to inoculation.

Fermentation. The frozen juice was thawed at 4 °C for
approximately § days and distributed into 2 L fermenters fitted with
air-locks. Single yeast inoculation with VIN13 or J7 (2 X 10° cfu/mL
per strain) in triplicate and co-inoculation of both VIN13 and J7 (1 X
10 cfu/mL of each strain) in duplicate (due to a lack of juice volume)
were undertaken when the temperature of the juice had reached 15
°C. Fermentations were conducted in a temperature-controlled room
at 16 °C until residual sugars were around 10 g/L (on day 17) and at
22 °C to complete the fermentation. Daily samples were taken 24 h
after inoculation for the quantitation of varietal thiols, acetaldehyde,
and cis-2-MPO from day 1 to 9 of fermentation; then on days 11, 13,
15, and 17; and finally on day 18. Once ferments were dry (<2.8 g/L
residual sugar), tested by a ChemWell 2910 autoanalyzer (Awareness
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Technology, Palm City, FL) with a D-glucose and p-fructose test kit
for discrete analyzers (Vintessential, Rowe Scientific, Adelaide, SA,
Australia), wine samples were taken for the quantitation of varietal
thiols, acetaldehyde, cis-2-MPO, and precursors of varietal thiols
before 60 mg/L SO, (as potassium metabisulfite, PMS) was added
and wines were cold-settled at 4 °C. After 2 weeks, the clear wines
were racked under the protection of dry ice, bottled in amber beer
bottles, sealed with crown caps, and stored at 4 °C prior to further
analysis. Wines were sampled for the analysis of wine basic chemical
parameters, varietal thiols, acetaldehyde, and cis-2-MPO after 4
months of storage in a bottle. After this 4-month period, a duplicate
series of each wine was subsampled (S mL) into clear ampoules (10
mL), sparged with N,, and then sealed and stored at 16 °C, for
analysis at each time point (day 7, 31, 59, 92, and 183) over a storage
period of 6 months to investigate the influence of wine aging on the
concentration of cis-2-MPO.

Stability of cis-2-MPO under Different Conditions. The
stability of cis-2-MPO was evaluated by periodically monitoring a
commercial Sauvignon blanc wine (2016, 12.4% v/v alcohol) spiked
with cis-2-MPO (final concentration of 471 ng/L according to gas
chromatography—mass spectrometry (GC—MS) analysis). The effects
of pH, acetaldehyde, SO,, CO,, and temperature were separately
investigated, with treatments prepared in large volumes and split prior
to storage. Samples for pH 3.0, 3.7, and 4.0 treatments were prepared
by adjusting the wine from pH 3.4 to 3.0 with saturated tartaric acid
solution and to pH 3.7 and 4.0 with sodium hydroxide solution (1
M). The addition of acetaldehyde (100 mg/L), SO, (100 mg/L,
added as PMS using a 52.6 g/L solution), or CO, (added as dry ice to
displace air prior to adding wine) was used to prepare acetaldehyde,
SO,, or CO, treatments, respectively. In duplicate, a series of cis-2-
MPO spiked wine (S mL) for each treatment was sealed in 10 mL
clear ampoules and stored in the dark at 22 °C, except for
temperature treatments that were also stored at 4, 40, or 60 °C.
Samples were taken for analysis on days 13, 20, 27, 33, 42, 70, 105,
129, 223, 315, and finally on day 364 of the storage period.

Organic Acids in Wines. Analysis of organic acids was
undertaken with an Agilent 1100 HPLC (Agilent, Melbourne, VIC,
Australia) coupled with a diode-array detector (DAD) at 210 nm, as
previously reported,” using ChemStation software (version B.04.03,
Agilent). Wine samples were centrifuged (3857g at 15 °C for 10 min)
prior to the analysis of the supernatant.

Stable Isotope Dilute Assay (SIDA)—HPLC—Tandem Mass
Spectrometry (MS/MS) for Thiol Precursor Quantitation. The
method of Capone et al.'® was used for the extraction and analysis of
precursors in juice and wine.

SIDA—HPLC—MS/MS for Thiol Quantitation. 3-SH, 3-SHA,
and 4-MSP were analyzed after derivatization with DTDP, according
to the method of Capone et al,'”” using an Agilent 1200 HPLC
coupled with a 6410 triple quadrupole mass spectrometer. HPLC and
MS parameters were the same as reported previously for the
optimized method, except that the dwell time was 40 ms, and the
fragmentor voltage and collision energy were as detailed in Table S1
of the Supporting Information.

SIDA—Headspace-Solid-Phase Microextraction (HS-SPME)—
GC-MS for cis-2-MPO Quantitation. cis-2-MPO was quantitated
by the previously reported method using an Agilent 7890A GC
coupled with a Agilent 5975C inert XL MSD with a triple-axis
detector'” but with separation using a DB-WAXetr column (60 m x
0.25 mm, 0.25 pm, J&W Agilent). Sample preparation and GC—MS
parameters were the same as the optimized method."”

Acetaldehyde Quantitation. Samples (800 yL) obtained for
analysis were immediately placed on dry ice and then stored at —20
°C prior to analysis using a ChemWell 2910 autoanalyzer and a
Megazyme K-ACHYD enzyme kit (Deltagen Australia, Kilsyth, VIC,
Australia) following the manufacturer’s instructions.

Statistical Analysis. Mean and standard deviation (SD) values
were determined with Excel (Microsoft 2019). Figures were
constructed using GraphPad Prism 7 (version 7.02, GraphPad
Software Inc., San Diego, CA). Repeated-measures analysis of
variance (ANOVA) with the estimation method and constraints set

https://dx.doi.org/10.1021/acs jafc.0c03183
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Figure 2. Evolution profiles during alcoholic fermentation and after 4 months of storage in a bottle at 4 °C for (A) acetaldehyde, (B) 3-SH, (C) 3-
SHA, and (D) cis-2-MPO. Error bars represent the standard deviation of replicate fermentations. Tables below the figures show the results of one-
way ANOVA, revealing differences between sampling days within treatments, and repeated-measures ANOVA, revealing differences between
treatments within sampling days. Different letters in each row of one-way ANOVA or each column of repeated-measures ANOVA indicate
significant differences at & = 0.05. *: p < 0.05, **: p < 0.01, ***: p < 0.005, ****: p < 0.001. Data points on days 13, 15, and 17 for acetaldehyde
and on day 7 for cis-2-MPO in VIN13 and co-inoculation treatments were not obtained due to instrumentation issues. Data points on day 9 for 3-
SH and 3-SHA appear to be aberrant values. Values of 3-SH were extrapolated when outside the calibration level of 5000 ng/L.

as least squares (LS) and a, = 0, respectively, followed by Tukey’s
multiple comparisons (a = 0.05) using XLSTAT (version 2020.1,
Addinsoft, Qi Statistics, Reading, U.K.), was conducted to test for
differences according to the treatment for acetaldehyde, 3-SH, 3-SHA,
4-MSP, and cis-2-MPO during AF and the evolution of cis-2-MPO
during storage on the basis of time and treatment, with treatment as
the fixed effect. One-way ANOVA followed by Tukey’s multiple
comparisons (& = 0.05) was undertaken on the basis of treatment
using XLSTAT for basic chemical parameters, precursors of varietal
thiols in both juice and wines, and organic acids in wines. Two-tailed
Pearson correlation analysis with a = 0.05 was applied to verify the
correlation between cis-2-MPO and other analytes using SPSS
Statistics (version 25.0, IBM, Armonk, NY).

B RESULTS AND DISCUSSION

Basic Chemical Parameters of Grape Juice and Final
Wines. As summarized in Table S2 of the Supporting
Information, the TSS, pH, and TA of the grape juice were
19.3 °Bx, 3.43, and 8.9 g/L (as tartaric acid at pH 8.2),
respectively, which were in the range of those reported for the
individual juices of each Sauvignon blanc clone.”’ YAN was
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determined to be 97 mg/L (Table S2 of the Supporting
Information), which was lower than the typical minimum
concentration (140 mg/L*®) in grape juice required to ferment
to dryness but was in the range of Adelaide Hills Sauvignon
blanc grape juices that were fermented to completion in a
previous study.”” The juice was fermented separately with
VIN13 and J7 yeast strains and with co-inoculation using both
strains, yielding experimental wines with basic chemical
parameters (ethanol, free and total SO,, TA, pH, and residual
sugar) as presented in Table S3 of the Supporting Information.
The ethanol content in the VIN13 treatment (11.9% v/v) was
significantly higher than those in the other two treatments but
of little practical consequence given the small numerical
difference (0.2 and 0.3% v/v). Both free and total SO, varied
but were not significantly different among the wines, although
the concentrations in VIN13 replicate 3 and co-inoculation
replicate 1 were much lower than those in their other
replicates. Neither TA nor pH was significantly different across
the wines (Table S3 of the Supporting Information).

https://dx.doi.org/10.1021/acs jafc.0c03183
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Organic acids (tartaric, malic, citric, acetic, lactic) in the
wines were quantified by HPLC-DAD (Figure S1 of the
Supporting Information). Tartaric acid (2.48—2.71 g/L) and
malic acid (2.65—2.98 g/L) were the major organic acids in the
wine samples, as expected. Citric and acetic acids (each ~0.20
g/L) were the other two organic acids measured, with
concentrations in line with the typical range.** Lactic acid
(0.10—0.21 g/L) was a minor analyte, given that malolactic
fermentation was not specifically conducted, and was present
within the usual concentration range (0—3 g/L) for wines.>*
One-way ANOVA showed that only lactic acid was
significantly different among the treatments for the various
acids, being approximately double in the ]7 treatment (215
mg/ L).

Evolution Profile of Acetaldehyde. cis-2-MPO is
presumably produced by the reaction of acetaldehyde with 3-
SH in wines,"” thus monitoring the evolution of these three
compounds during winemaking could potentially explain (at
least partially) the origin of cis-2-MPO. J7 is a strain of flor
yeast that has been characterized by its ability to §enerate
acetaldehyde during production of sherry-style wines. > It has
also been shown to produce more acetaldehyde upon
fermentation of grape juice in comparison with Port yeast
350 and Champagne yeast 352°° and was therefore
investigated in conjunction with VIN13 (often used with
Sauvignon blanc and known as a good thiol releaser™®) to
assess the influence of acetaldehyde accumulation on the
production of cis-2-MPO during AF. Both VIN13 and co-
inoculation treatments showed a similar trend for evolution of
acetaldehyde (Figure 2A), with concentrations having
increased significantly and peaking at 49 and 42 mg/L,
respectively, on the third day of fermentation, and then
decreasing gradually thereafter to 7 and S mg/L, respectively.
Notably, acetaldehyde in the J7 treatment was generally lower
than in the other two treatments (Figure 2A) and appeared to
be produced at a slower rate. J7 fermentations showed a
gradual increase of acetaldehyde, which peaked at 22 mg/L on
the fourth day (except for a significant decrease from day 1 to
2 as shown in Figure 2A) and then decreased in parallel with
the other two treatments to a final level of S mg/L on day 18.
Overall, the concentration profile for acetaldehyde during AF
was in accordance with previous studies using different grape
varieties or yeast strains.>’ ™’ After a 4-month period of
storage at 4 °C in the dark, acetaldehyde was determined to be
up to 4 mg/L higher (up to 33% increase on average) in all
ferments, except for the decrease from 6 to 4 mg/L in one of
the VIN13 ferments (—33%), although the difference was not
statistically significant compared to the levels at the end of AF.

Evolution Profiles of Varietal Thiols. Despite the
passage of more than two decades since varietal thiols were
identified in wines, only limited data was available in terms of
the evolution of varietal thiols during alcoholic fermentation.
Tominaga et al.'” monitored 3-SH, 4-MSP, and 4-methyl-4-
sulfanylpentan-2-ol during Sauvignon blanc fermentation over
S days, showing that the concentration of 3-SH increased in
the first 4 days of fermentation and decreased on the last day.
In a Sauvignon blanc and Semillon fermentation study, 3-SH
increased continuously during AF, while 3-SHA initially
increased before decreasing at the end of AF.*’ In a Merlot
fermentation study, a general trend was observed for 3-SH, 3-
SHA, and 4-MSP, whereby their concentrations increased as
residual sugar decreased.”' Differently, 3-SH and 4-MSP were
found to increase at an early stage of AF for Sauvignon blanc
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juice followed by a general plateau with fluctuations until the
end of fermentation."” In the present study, 3-SH, 3-SHA, and
4-MSP were quantified during AF of Sauvignon blanc juice
inoculated with two different yeast strains (Figures 2 and 3).
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Figure 3. Evolution profile during alcoholic fermentation and after 4
months of storage in a bottle at 4 °C for 4-methyl-4-sulfanylpentan-2-
one. Error bars represent the standard deviation of replicate
fermentations. The table below the figure shows the results of one-
way ANOVA, revealing differences between sampling days within
treatments, and repeated-measures ANOVA, revealing differences
between treatments within sampling days. Different letters in each
row of one-way ANOVA or each column of repeated-measures
ANOVA indicate significant differences at @ = 0.05. *: p < 0.05, **: p
< 0.01, #¥%; p < 0005, **¥*; p < 0.001.

After the first day of fermentation (24 h after inoculation), the
concentration of 3-SH in VIN13 treatments was 2068 ng/L
and significantly higher than those of J7 (1181 ng/L) and co-
inoculation (1095 ng/L) treatments (Figure 2B). In contrast,
the concentration of 3-SH on the first sampling date was much
lower in previous reports, ranging from below the limit of
quantitation (LOQ, 8.0 ng/L) to 64 ng/L in the Merlot
fermentation study41 and less than 100 ng/L in another
Sauvignon blanc study.'” A number of factors could explain the
differences, including grape variety (Sauvignon blanc vs
Merlot), grape region (Australia vs Spain vs France), yeast
strain, and the knowledge from recent findings that frozen juice
can lead to significantly higher concentrations of varietal thiols
in the corresponding wine.>!

Except for the aberrant value on day 9, the concentration of
3-SH increased on the second day of fermentation and
remained relatively stable with fluctuations at around 4000—
5000 ng/L for both VIN13 (days 2—15) and co-inoculation
(day 2—17) and 2000—3000 ng/L for J7 between days 2 and
13, with these results being in agreement with those of
Tominaga et al.'” and Bonnaffoux et al.'” This was followed by
a significant and consecutive increase from 3580 to 9177 ng/L
(extrapolated values used when outside the calibration range of
5000 ng/L) in the last 3 days of fermentation (day 15—18) for
VIN13 and from 5688 to 11988 ng/L (signiﬁcant increase
only from day 17 to 18) for co-inoculation, whereas a general
decrease was evident between days 13 and 17 followed by a
minor and insignificant increase from day 17 to 18 for the J7
treatment (Figure 2B). Similar results were also observed by
Concejero et al.*" in the Merlot fermentation trial, where 3-SH
increased during an early stage of AF and peaked at a density

https://dx.doi.org/10.1021/acs jafc.0c03183
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of around 1030—1060 g/L (early to middle stage of AF),
before a decrease until the density had reached 1015—1020 g/
L (late stage of AF), followed by another increase at the end of
AF. The increase of 3-SH at the end of AF could potentially be
related to yeast autolysis that normally occurs at the end of
fermentation with the release of a series of enzyrnes,42 which
could potentially include enzymes involved in 3-SH release.
This could be supported by the identification of amino-
peptidases in yeast autolysate,” enzymes known to be involved
with yeast autolysis** and thiol precursor degradation.* The
different profiles for 3-SH at the end of AF in the J7 treatment
compared to VINI3 and co-inoculation could have been
related to VIN13 potentially yielding enzymes upon autolysis
that were related to thiol release. Given that degradation of
precursors of varietal thiols occurs within yeast cells,* the
outcome could also partially be from the release of intracellular
3-SH upon yeast autolysis.

In terms of the influence of different yeast strains on 3-SH
production, VIN13 yielded significantly higher concentrations
than J7 from day 1 of AF (Figure 2B), whereas the co-
inoculation treatment had a similar concentration of 3-SH to
J7, before increasing to levels that were consistent with VIN13
after the third day of AF. The lower initial concentration and a
swift increase of 3-SH on the second and third days in the co-
inoculation treatment might be explained by VIN13 taking
over AF after producing toxins that killed J7.* After a 4-month
storage period at 4 °C, the concentration of 3-SH in both
VIN13 and co-inoculation treatments significantly decreased to
983 and 928 ng/L, respectively, affording concentrations that
were approximately 90% less than those at the end of AF (day
18). The J7 treatment also witnessed a significant decrease
after storage of 33%, ending up at 1527 ng/L. The relatively
large standard deviation (RSD of 25.4%) obtained in the co-
inoculation treatment on day 18 resulted from the substantial
difference in concentrations between the duplicates (9838 and
14 134 ng/L). The concentrations of 3-SH in VIN13 treatment
replicate 3 and co-inoculation replicate 1 on day 134 were 437
and 404 ng/L, respectively, which caused high standard
deviation values for both of these treatments and possibly
resulted from the low level of free SO, in these two samples
(Table S3 of the Supporting Information). The significant
decrease of 3-SH concentration after storage could be related
to fermentations being conducted with relatively small volumes
so that a limited amount of O, could be sufficient to oxidize 3-
SH and due to free SO, in VIN13 and co-inoculation
treatments being lower than that in the 7 treatment (Table S3
of the Supporting Information). SO, plays a vital role in
protecting 3-SH in wines,"” but losses of 3-SH have been
reported previously for Bordeaux rosé wines with free SO,
maintained at 25 mg/L, where an average 34% of 3-SH was
lost after 3 months of storage on lees for ten wines, and an
average of 53% was lost after 1 year of bottle storage for
another set of nine wines.**

The evolution of 3-SHA during fermentation (Figure 2C)
was different from that of 3-SH. One day after yeast
inoculation, 3-SHA was determined to be at a similar level in
all of the wines with 24, 22, and 19 ng/L in J7, VIN13, and co-
inoculation treatments, respectively. From there, the concen-
trations peaked at 432 ng/L for VIN13, 372 ng/L for co-
inoculation, and 262 ng/L for J7 on day S or 6 of fermentation,
before decreasing until the end of fermentation to 160, 109,
and 72 ng/L, respectively. The decrease in 3-SHA was on the
order of 74—80% on average compared with the highest
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concentrations in each treatment, which accorded with the
observations of Tominaga et al.*> and Concejero et al,,*" who
found more than 30 and 50% decreases in 3-SHA in Sauvignon
blanc and Merlot winemaking trials, respectively. The reason
for the decrease of 3-SHA during the latter stage of AF was
unknown but was possibly caused by hydrolysis or oxidation
phenomena as outlined below or was potentially due to a
change in yeast metabolism as a function of lipid
concentration*’ when yeast began to autoly‘se.50 Such aspects
would need to be the subject of future studies. Moreover, the
peak and final concentrations of 3-SHA in the present study
were in the same ranges as those in the Sauvignon blanc and
Merlot studies.*”*! Similar to the results for 3-SH, VIN13
produced the most 3-SHA during AF and J7 yielded the least
(Figure 2C). However, after the 4-month storage period,
concentrations of 3-SHA in each treatment had decreased to
approximately 24—33 ng/L, which represented a loss of 27—
79% of 3-SHA compared to the values determined at the end
of AF (day 18). Analogous results have been reported for
commercial Sauvignon blanc wines, where up to 46% of 3-SHA
was lost during 3 months of storage at 15 °C in the dark and,
on average, 69% was lost after 7 months.>! Hydrolysis is one
important reason for the loss of 3-SHA in wines,”" with lower
pH accelerating the process.”> Moreover, the formation of
disulfides from 3-SHA caused by thiol oxidation®”** or the loss
of 3-SH during storage, caused by a reaction with quinones
originating from oxidation of wine phenolics,” potentially
prompted an equilibrium shift toward 3-SH that enhanced the
hydrolysis of 3-SHA. The lower levels of free SO, in VIN13
and co-inoculation wines (Table S3 of the Supporting
Information) might account for the greater decrease of 3-
SHA in these two treatments compared to that in J7.

The evolution of 4-MSP was also monitored during AF
(Figure 3), although it was not the focus of the present study.
Values for 4-MSP between 0.9 and 3.1 ng/L, which were at the
limit of detection (LOD) and LOQ of the method,*® were
extrapolated and shown in the figure to provide a complete
evolution profile for the J7 treatment in particular. Twenty-four
hours after inoculation, the concentration of 4-MSP was
determined to be significantly higher in VIN13 (S ng/L)
compared with 3 ng/L in both J7 and co-inoculation
treatments. The concentrations remained relatively stable for
another 24 h before a significant increase to 48 ng/L and 40
ng/L in VINI13 and co-inoculation treatments on day S,
respectively (aside from an insignificant increase from day 2 to
3). This was followed by a consistent decrease for 7 days,
reaching a low of 15 and 12 ng/L in these two treatments on
day 13. The concentrations increased again for 4 days to
approximately 24 ng/L on day 17 in both VIN13 and co-
inoculation treatments and dropped slightly at the end of AF to
15 and 17 ng/L in VINI3 and co-inoculation, respectively.
These values were in agreement with previous results where 4-
MSP in Sauvignon blanc wine made from each of the
individual clones present in the juice of the current study were
determined to be between undetectable to 97 ng/ L3 In
contrast to VIN13 and co-inoculation, 4-MSP in the J7
treatment remained at low levels (between 2 and S ng/L)
throughout the fermentation period. Compared with the
highest concentrations reached during AF in VIN13 and co-
inoculation treatments (day 6), 4-MSP decreased by 69 and
59% at the end of AF. Evolution of 4-MSP in VIN13 and co-
inoculation treatments during the first 6 days of AF was similar
to the results reported by Tominaga et al.,"* who found that 4-
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MSP continued to increase during AF of Sauvignon blanc
must. However, this was in contrast to the results determined
for Merlot fermentation where 4-MSP was mainly observed at
the end of AF; such a difference may be caused by a lower
concentration of precursors of 4-MSP in the Merlot grape
must.*' After 4 months of storage in a bottle, 4-MSP in VIN13
and co-inoculation treatments declined to 5 and 6 ng/L,
leading to respective decreases of 64 and 67% on average
compared with those at the end of AF, whereas 4-MSP
remained at low abundance in the J7 treatment.

Evolution Profile of cis-2-MPO. The concentration of cis-
2-MPO was determined in the treatments during AF, as shown
in Figure 2D. cis-2-MPO was not detected in grape juice
(below the LOD of 2.6 ng/L) prior to initiation of AF but was
found 24 h postinoculation: 27 ng/L for J7, 87 ng/L for
VIN13, and 44 ng/L for co-inoculation. The concentration
continued to significantly increase and reached 847 ng/L on
day 3 of AF before a constant decrease until the end of
fermentation in VIN13. Production of cis-2-MPO in the co-
inoculation treatment was slightly slower than that of VIN13,
having significantly increased to 704 ng/L by day 4 and then
decreasing continually to concentrations similar to VIN13 at
the end of fermentation (65 ng/L in VIN13 vs 60 ng/L in co-
inoculation). 7 produced the least cis-2-MPO during the early
to middle stages of AF, revealing a gradual increase (only
significant from day 3 to S) to 150 ng/L on day 6 and then a
decrease to SO ng/L (day 18). The concentrations of cis-2-
MPO at the end of fermentation in all of the ferments were in
line with the range previously reported for commercial
Sauvignon blanc wines from Australia and France (14—80
ng/ L).17 Notably, the evolution of cis-2-MPO during AF
(Figure 2D) was comparable to that of acetaldehyde (Figure
2A), indicating for the first time a potential correlation
between these two parameters.

During the storage period of 4 months post-AF at 4 °C, cis-
2-MPO decreased to 32 ng/L in the VIN13 wine, 30 ng/L in
the co-inoculation wine, and 10 ng/L in the J7 wine (Figure
2D), or by around 50—81%. The declines in concentration of
cis-2-MPO during both AF and the storage period were likely
to be related to changes in equilibrium between the cis-2-MPO,
3-SH, and acetaldehyde. Although acetaldehyde increased
during storage (albeit not in a statistically significant manner),
the substantial decrease of 3-SH during storage could be the
reason why cis-2-MPO also decreased, as a result of a shift in
equilibrium (which implies the potential for some buffering
against 3-SH loss).

Stability of cis-2-MPO in Wines. After the initial 4-month
bottle storage period, samples were sealed in a series of glass
ampoules and stored at 16 °C for 6 months to explore the
evolution of cis-2-MPO during cellaring under relatively anoxic
conditions (Figure 4A). Over the time course of analyses, the
concentration of cis-2-MPO in both J7 and co-inoculation
treatments respectively decreased significantly by 9 and 27%
on average, whereas its concentration in VIN13 decreased by
13%, although this change was not statistically different (one-
way ANOVA in Figure 4A). With respect to the concentration
of c¢is-2-MPO in different treatments, J7 was always
significantly lower than the other two during the storage
period (repeated-measures ANOVA in Figure 4A).

Examining the stability further, the concentration of cis-2-
MPO was periodically monitored for 1 year using a
commercial Sauvignon blanc wine that was spiked with 471
ng/L of cis-2-MPO and maintained under different conditions
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Figure 4. Stability of cis-2-MPO in (A) Sauvignon blanc research wine
during storage for 6 months at 16 °C; (B) commercial Sauvignon
blanc wine under various conditions including different temperatures
(4, 22, 40, and 60 °C), pH values (3.0, 3.4, 3.7, and 4.0), inclusion of
acetaldehyde or SO,, and sparging the samples with CO,. The tables
below the figures show the results of one-way ANOVA, revealing
differences between sampling days within treatments, and repeated-
measures ANOVA, revealing differences between treatments within
sampling days. Values in 60 and 40 °C treatments from day 70 and
223, respectively, were set as O for the repeated-measures ANOVA.
Different letters in each row of one-way ANOVA or each column of
repeated-measures ANOVA indicate significant difference at & = 0.05.
% p < 005, % p < 0.01, #%: p < 0005, 5% p < 0.001.

of temperature, pH, acetaldehyde, etc., as specified in the
Materials and Methods section (Figure 4B). The decrease of
cis-2-MPO was gradual and consistent in most treatments, with
17—39% being lost by the end of the trial, except for wine
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samples stored at 40 and 60 °C (Figure 4B). Samples stored at
60 °C witnessed the fastest disappearance of cis-2-MPO, with
the concentration no longer quantifiable after 42 days. This
was followed by the treatment at 40 °C, where the
concentration of cis-2-MPO was indeterminable after 129
days of storage. However, cis-2-MPO in the treatment at 4 °C
showed the slowest decrease, leading to a significantly higher
concentration than the other treatments after 223 days of
storage, except for acetaldehyde and low-pH treatments, but
these were significantly lower than 4 °C from 315 days of
storage. The different evolution profiles of cis-2-MPO for the
temperature treatments showed that lower storage temperature
could slow down the loss of cis-2-MPO in wine over time.
As for the other conditions, the concentration of cis-2-MPO
in pH 3.0 treatment was significantly higher than those for pH
3.7 and 4.0 treatments from 42 days of storage to the end of
the experiment, which implied that lower pH could potentially
retain cis-2-MPO. In the acetaldehyde treatment, the cis-2-
MPO concentration was significantly higher than those for
CO, and SO, addition (each aimed at preventing oxidation,
particularly of ethanol to acetaldehyde) from 70 days of
storage until the last data point, when there was no significant
difference between these three treatments. The slower
decreasing trend with acetaldehyde addition implied a role
for acetaldehyde in preserving cis-2-MPO levels.'” The relative
stability of cis-2-MPO in the wine samples during storage
revealed the potential for different effects of the conditions,
with some promoting the faster disappearance of cis-2-MPO
via hydrolysis back into 3-SH and acetaldehyde or some other
degradation pathway, thus acting either as an aroma source or
a sink with respect to 3-SH during wine storage.
Correlation Analysis. In a previous study that determined
the concentrations of cis-2-MPO, 3-SH, and 3-SHA in
commercial wines, a strong correlation was only found
between cis-2-MPO and 3-SH.'” Herein, the correlations
between the evolution of ¢is-2-MPO and each of 3-SH, 3-SHA,
and acetaldehyde during AF were explored by Pearson
correlation analysis, and the influence of different yeast strains
was compared (Figure S). In the J7 ferment, cis-2-MPO was
significantly correlated with acetaldehyde and 3-SHA, showing
correlation coefficients of 0.671 (p < 0.001) and 0.791 (p <

o
Sy
Q Qe &
Acetaldehyde
3-SH| 0.430
3-SHA

cis-2-MPO

Figure 5. Pearson correlation coefficients between the evolution of
cis-2-MPO compared to acetaldehyde, 3-SH, and 3-SHA during AF of
Sauvignon blanc juice with J7, VIN13, and their co-inoculation
treatment. Two-tailed Pearson correlation analysis was conducted
with a = 0.0S.
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0.001), respectively. VIN13 and co-inoculation ferments
showed significant correlations for cis-2-MPO with acetalde-
hyde and 3-SHA, albeit somewhat opposite to that of J7:
correlation coefficients with acetaldehyde were 0.872 (p <
0.001) and 0.824 (p < 0.001) for VIN13 and co-inoculation,
respectively, and with 3-SHA were 0.515 (p = 0.001) and 0.503
(p = 0.009), respectively. However, correlations between cis-2-
MPO and 3-SH in both VIN13 and co-inoculation ferments
were not significant, with moderately weak and negative
correlation coefficients of —0.304 and —0.267, respectively, in
contrast to that of ]J7 with a moderate and significant
correlation coefficient of 0.430 (p = 0.00S). Generally, J7
showed higher correlation coefficients between cis-2-MPO and
3-SH or 3-SHA, but lower between c¢is-2-MPO and
acetaldehyde than VIN13 and co-inoculation. In the end,
specific experiments could be conducted with wine spiked with
3-SH and acetaldehyde (or labeled analogues) to further assess
this correlation as well as verify causation (i.e., confirming that
cis-2-MPO arises from the chemical reaction of 3-SH with
acetaldehyde).

In combination with the observations in Figure 2, the
evolution of cis-2-MPO during AF was generally found to
parallel that of acetaldehyde, whereas its evolution did not
appreciably follow that of 3-SH, especially considering cis-2-
MPO kept decreasing when 3-SH increased at the end of AF.
This implied that acetaldehyde could be a limiting factor in the
formation/stability of cis-2-MPO instead of 3-SH, although
more work is required to verify this proposition. On the other
hand, the significant correlation of 3-SHA with cis-2-MPO in
all three treatments was most likely because 3-SHA and cis-2-
MPO arise from 3-SH, with their production from 3-SH being
related to yeast activity (i.e, enzymatic acetylation and
acetaldehyde formation). However, when only considering
the concentrations of all four compounds in the wines at the
end of AF, moderate to strong correlations were revealed by
Pearson correlation analysis between cis-2-MPO/acetaldehyde,
cis-2-MPO/3-SH, and cis-2-MPO/3-SHA (r = 0.414, 0.489,
and 0.612, respectively), which were in line with the results
determined in a previous study.'” Considering that 3-SHA is
the O-acetate of 3-SH, their overall correlation was also
explored, revealing a significant and strong correlation
coefficient (r = 0.752, p = 0.031) at the end of fermentation:
notably, the correlation during AF for J7 was strong (r
0.727), but it was weak in the VIN13 and co-inoculation
treatments (r = 0.005 and 0.107, respectively).

Precursors of Varietal Thiols in Juice and Wines. As a
final piece of the biogenesis story, concentrations of precursors
of 3-SH in both grape juice and wines were quantified (Figure
6) based on a previous method.'® The concentrations of GSH-
3-SH and Cys-3-SH in juice were 100.1 and 12.8 ug/L,
respectively, which were similar to a range of fresh juices from
the Adelaide Hills reported previously (33.7—170.7 pug/L for
GSH-3-SH and 10.7—44.6 ug/L for Cys-3-SH) but much
lower (unsurprisingly) than in the juice obtained from
prefermentation freezing treatment of berries (724.3 and
73.1 /Jg/L).31 The domination of GSH-3-SH over Cys-3-SH in
the juice was in agreement with previous studies.”'® Addi-
tionally, the concentrations of (R)-Cys-3-SH and (S)-3-Cys-3-
SH in grape juice were 3.8 and 9.0 ug/L, respectively, which
was in line with the results of Capone et al.’* where the
concentration of (S)-3-Cys-3-SH was higher than that of the R
counterpart. The (R)- and (S)-diastereomers of GSH-3-SH in
grape juice were 27.2 and 73.0 ug/L, respectively, again

https://dx.doi.org/10.1021/acs jafc.0c03183
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Figure 6. Precursors of varietal thiols in Sauvignon blanc juice and
wines produced with two different yeast strains (VIN13 and J7) and
with their co-inoculation. Error bars represent the standard deviation
of replicate measurements (juice) or replicate ferments. Different
letters above the bars for each precursor type indicate significant
differences between means evaluated by one-way ANOVA followed
by Tukey’s multiple comparisons with & = 0.05.

aligning with previous studies where (S)-GSH-3-SH was more
abundant."®**** Only the (S)-isomer of Cysgly-3-SH was able
to be quantified in grape juice, at 0.93 pug/L (LOQ and LOD
were 0.5 and 0.2 ug/L, respectively'!), which was in
accordance with previous studies using Adelaide Hills
Sauvignon blanc'**" but lower than that found in another
report for Sauvignon blanc juice."

Precursors were also quantified in wines after fermentation,
showing that the J7 treatment had statistically greater amounts
of precursors than VIN13 and co-inoculation treatments and
was more similar to the initial juice concentrations (Figure 6).
In contrast, mean values for VINI13 and co-inoculation
treatments were not statistically different. Specifically, (S)-
GSH-3-SH was mostly consumed in VIN13 and co-inoculation
treatments, with only 0.9 and 0.8 yg/L remaining, respectively,
whereas 41.0 ug/L was left in the J7 treatment. There were
10.2 and 10.3 pg/L of (R)-GSH-3-SH left in VIN13 and co-
inoculation treatments but 21.8 ug/L left in the J7 treatment.
The disproportionate consumption of (S)-GSH-3-SH (the
more abundant diastereomer) might imply a certain stereo-
selectivity of the enzymatic thiol release reaction,> although a
previous work did not find a stron% link between the precursor
and free thiol stereochemistries.”” The J7 treatment barely
affected (S)-Cysgly-3-SH and both (R/S)-Cys-3-SH, whereas
(S)-Cysgly-3-SH and (S)-Cys-3-SH were undetectable in
VIN13 and co-inoculation treatments and only 0.19 and 0.27
ug/L of (R)-Cys-3-SH remained in VIN13 and co-inoculation
treatments, respectively.

Given that thiol precursors lead to the release of 3-SH,
which is a necessary component for forming cis-2-MPO, a
potential correlation could exist given the general tendency of
greater precursor consumption in treatments where higher
amounts of cis-2-MPO were quantified. However, there were
not enough data points for conducting the correlation analysis
between precursors and cis-2-MPO. Considering the concen-
trations of precursors before and after fermentation and the
total concentration of 3-SH and 3-SHA in the wines, the yield
of 3-SH from precursors was calculated on a molar basis, giving
mean values of 19% for J7, 27% for VIN13, and 32% for co-
inoculation. These values were generally in line with a previous
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report that specified that at least 33% of the origin of 3-SH
could be explained by considering GSH-3-SH, Cysgly-3-SH,
and Cys-3v-SH.19 Finally, it remains to develop a chiral
analytical method for determination of cis-2-MPO enantiomers
for comparison with precursor diastereomers and enantiomers
of 3-SH and 3-SHA to enable a complete exploration of the
stereochemical relationships from precursors to thiols to
oxathiane.

In summary, the evolution profiles of cis-2-MPO, varietal
thiols, and acetaldehyde were monitored during AF of
Sauvignon blanc juice elaborated with monocultures and co-
inoculation of J7 and VIN13 yeast strains. The concentrations
of acetaldehyde, 3-SHA, and cis-2-MPO increased during the
early stage of AF before a continuous decrease to the end, with
the evolution of cis-2-MPO generally paralleling that of
acetaldehyde and 3-SHA. The correlations of cis-2-MPO/
acetaldehyde and cis-2-MPO/3-SHA were significant and
moderate to strong, according to Pearson correlation analysis.
In contrast, the production of 3-SH increased at the initial
stage of AF and remained stable during the middle part of AF,
followed by a slight decrease before an increase toward the
end. The correlation of 3-SH with cis-2-MPO was insignificant
but weakly negative in VIN13 and co-inoculation treatments,
in contrast to the moderate and significant correlation in the J7
treatment. These observations suggested that the limiting
factor in the formation/stability of cis-2-MPO in wine could be
acetaldehyde.

With respect to the influence of yeast strain on the
production of acetaldehyde, 3-SH, 3-SHA, and cis-2-MPO,
the VIN13 treatment had higher concentrations of these
compounds than the J7 treatment, whereas the co-inoculation
treatment was similar to J7 at the initial stage of AF but quickly
reached the higher levels seen for the VIN13 treatment. The
results for 3-SH profiles were in line with the observation that
higher concentrations of precursors were consumed in VIN13
and co-inoculation treatments than in the J7 treatment.
Isomerically, the (S)-configured isomers of GSH-3-SH,
Cysgly-3-SH, and Cys-3-SH were more abundant than their
(R)-configured diastereomers in juice and were preferably
consumed during AF of all treatments.

After a 4-month period of bottle storage at 4 °C, the
concentrations of 3-SH, 3-SHA, 4-MSP, and cis-2-MPO all
decreased, whereas that of acetaldehyde increased slightly,
highlighting that cis-2-MPO was unstable in the longer term.
The general instability of cis-2-MPO was further confirmed by
a l-year storage trial, which showed the potential of a source/
sink relationship with 3-SH, and if acting as a source, cis-2-
MPO may have the potential to compensate for 3-SH losses
during wine aging. Lower storage temperature (4 °C), the
addition of acetaldehyde (100 mg/L), and lower pH (3.0) of
wine all appeared to retain cis-2-MPO, which may have
implications should wines be found to possess suprathreshold
levels of cis-2-MPO. Although some of the complex factors
underlying formation and fate of thiols remain to be answered,
this study identified the link between acetaldehyde production
and c¢is-2-MPO formation, which can help guide future
research into related phenomena.
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Organic acids in final wines (Figure S1), mass
spectrometer parameters for quantitation of varietal
thiols by HPLC—MS/MS (Table S1), and basic
parameters of grape juice and wine (Tables S2 and
S3) (PDF)
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B ABBREVIATIONS

3-SH, 3-sulfanylhexan-1-ol; 3-SHA, 3-sulfanylhexyl acetate; 4-
MSP, 4-methyl-4-sulfanylpentan-2-one; AF, alcoholic fermen-
tation; cis-2-MPO, cis-2-methyl-4-propyl-1,3-oxathiane; Cys-3-
SH, 3-S-cysteinylhexan-1-ol; Cys-4-MSP, 4-S-cysteinyl-4-meth-
ylpentan-2-one; Cysgly-3-SH, 3-S-cysteinylglycinehexan-1-ol;
Cysgly-4-MSP, L-cysteinylglycine-4-MSP; DTDP, 4,4’'-dithio-
dipyridine; Glucys-3-SH, p-L-glutamyl-L-cysteine-3-SH;
Glucys-4-MSP, y-L-glutamyl-L-cysteine-4-MSP; GSH, L-gluta-
thione; GSH-3-SH, 3-S-glutathionylhexan-1-ol; GSH-4-MSP,
4-S-glutathionyl-4-methylpentan-2-one; HPLC—MS/MS,
high-performance liquid chromatography-tandem mass spec-
trometry; HS-SPME—GC—MS, headspace-solid phase micro-
extraction—gas chromatography—mass spectrometry; LOD,
limit of detection; LOQ, limit of quantitation; ODT, odor
detection threshold; SD, standard deviation; SIDA, stable
isotope dilute assay; TA, titratable acidity; TSS, total soluble
solids; YPD, yeast extract peptone dextrose
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Table S1. Mass Spectrometer Parameters for Quantitation of Varietal Thiols by HPLC-MS/MS.

Fragmentor voltage  Collision energy

Compounds MRM pairs V) (V)
ds-3-SH 252.3 — 144.1 122 17
252.0 — 143.9 105 20
252.0 - 111.0 105 40
3-SH 244.5 — 144.1 102 17
244.1 — 144.0 120 16
244.1 - 111.0 120 40
244.1 — 67.0 120 40
ds-3-SHA 2943 — 144.1 122 21
294.0 — 144.1 120 20
2943 — 85.2 122 13
294.0 — 86.0 120 13
3-SHA 286.4 — 144.2 122 21
286.1 — 143.9 120 20
286.4 — 111.0 122 30
286.1 — 83.1 120 16
di0-4-MSP 252.0 — 144.9 105 16
252.0 - 111.0 105 40
4-MSP 242.1 — 144.0 105 16
242.1 — 111.0 105 40
242.2 — 144.2 100 13

Table S2. Basic Parameters of the Sauvignon blanc Juice Used for Fermentation.

Parameter Result
TSS (°Brix) 19.3+£04
pH 3.43£0.01
TA (g/L as tartaric acid, pH 8.2) 8.9+0.2
Ammonia (mg/L) 47
Alpha amino nitrogen (mg/L) 58
YAN (mg/L) 97
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Table S3. Ethanol, Free and Total SO, Titratable Acidity, pH, and Residual Sugar in Sauvignon blanc Wines Produced with J7 and
VIN13 Yeast Strains after 4 Months of Bottle Storage.?

Parameters
Wine samples Ethanol Free SO: Total SO- Titratable acidity Residual sugar
(%vIv) (mg/L) (mg/L) (/L) et (&)
J7 R1 11.7 9.6 42.4 7.7 2.89 2.8
J7 R2 11.7 13.6 45.6 7.6 2.90 1.8
J7 R3 11.7 12.8 46.4 7.7 2.90 1.8
Mean + SD (J7) 11.7£0.0b 120+2.1a 448+2.1a 7.7+0.0a 290+0.01 a 21+06a
VIN13 R1 11.9 10.4 38.4 7.6 2.90 0.9
VIN13 R2 11.9 2.4 22.4 7.6 2.89 0.8
VIN13 R3 11.8 0.8 2.4 7.7 2.89 0.5
Mean + SD (VIN13) 119+0.0a 45+51a 21.1+18.0a 7.6+£0.0a 2.89+0.01a 0.7+£02b
Co-inoculation R1 11.6 0.8 5.6 7.6 2.89 1.6
Co-inoculation_R2 11.6 8.0 39.2 7.6 2.88 1.6
Mean £ SD 11.6%0.0b 44+51a 22442384 76+00a  289400la  1.6+00ab

(co-inoculation)

aDifferent letters within a column indicate significant differences between the means evaluated by one-way ANOVA followed by Tukey’s

multiple comparison with o = 0.05.

S-3

87



Chapter 3 Supplementary Information

Wang et al. Evolution of varietal thiols, oxathiane, and acetaldehyde during fermentation
40007
o J7
. a 5 a M VIN13
,\3000 | a a I co-inoculation
<
o
E
~2000
c
2
2 300 a 7 a
S a
(&}
5 200
o
100

(\© -
R W2

<

Figure S1. Mean concentrations (mg/L) of organic acids in Sauvignon blanc wines produced with J7 and
VINI3 yeast strains either as monoculture or in co-inoculation. Different letters above the bars in each
group indicate significant differences between the means evaluated by one-way ANOVA followed by

Tukey’s multiple comparisons with o = 0.05.
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ABSTRACT

cis-2-Methyl-4-propyl-1,3-oxathiane (cis-2-MPO), arising from 3-sulfanylhexan-1-ol (3-SH) and acetaldehyde,
was recently identified in wine, but the enantiomeric distribution was unknown. Such information could reveal
influences on wine aroma, given the impact of chirality on odorant molecules. Herein, a stable isotope dilution
assay employing headspace solid-phase microextraction with chiral gas chromatography-mass spectrometry was
developed, validated, and applied to a selection of wines. Studies with (3R)-3-SH revealed the elution order of
the cis-2-MPO enantiomers and the concentrations of (2R,4S)-2-MPO and (2S,4R)-2-MPO in the studied wines
ranged from undetected to 250 ng/L and 303 ng/L, respectively. Strong positive correlations were found between
(3R)-3-SH and (2S,4R)-2-MPO (r = 0.654), and (3S)-3-SH and (2R,4S)-2-MPO (r = 0.860). Additionally, cis-
2,4,4,6-tetramethyl-1,3-oxathiane, constituted from acetaldehyde and 4-methyl-4-sulfanylpentan-2-ol (4-
MSPOH), was identified in wine for the first time. This new 1,3-oxathiane, which presents a novel fate for 4-

MSPOH, was detected in wines as a single enantiomer at up to 28 ng/L.

1. Introduction

Sauvignon blanc has long been a focus for wine researchers, given
the interest in understanding the conversion of non-odorous grape
berries into wines with powerful ‘tropical’ aroma characteristics
imparted by varietal thiols (Coetzee & du Toit, 2012). The discovery of
these character impact odorants, which includes 3-sulfanylhexan-1-ol
(3-SH, ‘grapefruit’), 3-sulfanylhexyl acetate (3-SHA, ‘box tree’, ‘grape-
fruit’, ‘passion fruit’), 4-methyl-4-sulfanylpentan-2-one (4-MSP, ‘guava’,
‘boxwood’, ‘broom’), and 4-methyl-4-sulfanylpentan-2-ol (4-MSPOH,
‘citrus zest’), has since underpinned knowledge of the characteristic
aromas of Sauvignon blanc wine (Darriet, Tominaga, Lavigne, Boidron,
& Dubourdieu, 1995; Tominaga, Darriet, & Dubourdieu, 1996; Tomi-
naga, Furrer, Henry, & Dubourdieu, 1998). In furthering the under-
standing of varietal thiols in wine, studies have revealed the influences
on wine aroma characteristics of enantiomeric pairs of 3-SH and 3-SHA

(Fig. 1A) (King, Osidacz, Curtin, Bastian, & Francis, 2011), which
resulted from the differences in their aroma notes and detection
thresholds (Tominaga, Niclass, Frerot, & Dubourdieu, 2006). The
enantiomeric distributions of 3-SH and 3-SHA in different wines have
also been studied analytically, revealing that 3-SH enantiomers are
present more or less in equal proportions in dry wines, although (35)-3-
SH can be slightly more abundant than (3R)-3-SH. In contrast, 3-SHA
enantiomers distribute much more unevenly, with (35)-3-SHA ac-
counting for approximately 70% of the total concentration of 3-SHA in
dry wines (Chen, Capone, & Jeffery, 2018a; Tominaga et al., 2006).
Noble rot wines tend to differ to dry white wine, however, with ratios of
3S-:3R-configured 3-SH and 3-SHA being close to 70:30 (Chen et al.,
2018a; Tominaga et al., 2006). Also bearing a chiral centre, 4-MSPOH
would be present as a pair of enantiomers in wine (Fig. 1A), but the
aroma notes, odour detection thresholds, and distribution of enantio-
mers of 4-MSPOH have not yet been studied.

Abbreviations: 3-SH, 3-sulfanylhexan-1-ol; 3-SHA, 3-sulfanylhexyl acetate; 4-MSP, 4-methyl-4-sulfanylpentan-2-one; 4-MSPOH, 4-methyl-4-sulfanylpentan-2-ol;
ANOVA, analysis of variance; cis-2-MPO, cis-2-methyl-4-propyl-1,3-oxathiane; EI, electron ionisation; FB, frozen berry; FJ, frozen juice; GC-MS, gas chromatogra-
phy-mass spectrometry; HS-SPME, headspace-solid-phase microextraction; LOD, limit of detection; LOQ, limit of quantification; LRI, linear retention index; NMR,
nuclear magnetic resonance; ODT, odour detection threshold; p-TsOH, p-toluenesulfonic acid; Rs, peak resolution; SD, standard deviation; SIDA, stable isotope
dilution assay; SIM, selected ion monitoring; TLC, thin layer chromatography; TTMO, 2,4,4,6-tetramethyl-1,3-oxathiane.
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Being enzymatically released from their grape-derived precursors
during alcoholic fermentation (AF) or malolactic fermentation (Roland,
Schneider, Razungles, & Cavelier, 2011; Takase, Sasaki, Kiyomichi,
Kobayashi, Matsuo, & Takata, 2018), varietal thiols play a key role in
Sauvignon blanc wine aroma. However, they are not stable over time
and their concentrations can rapidly decrease, particularly after bottling
(Murat, Tominaga, Saucier, Glories, & Dubourdieu, 2003). For example,
3-SH in rosé wines was found to decline substantially (by around
30-50%) during ageing on lees for 3 months or in bottle for one year
(Murat et al., 2003), which could severely weaken the ‘tropical’ or
‘fruity’ aromas of such wines (Lopes et al., 2009). This phenomenon has
highlighted the importance of exploring the fate of varietal thiols in
wine so that measures could be taken to slow down the rate of their
decrease. Additionally, detailed studies are still required to explain the
disconnect between the amounts of varietal thiols present in wine and
the concentrations of precursors in juice and after fermentation.

As chemically reactive nucleophiles, varietal thiols are able to react
with electrophiles such as quinones and aldehydes in wine, and can also
form disulfides (Bencomo-Rodriguez et al., 2011; Nikolantonaki &
Waterhouse, 2012); each of these pathways relates to wine oxidation
phenomena. Some of these reactions are potentially reversible, leading
to a latent pool of thiols such as 3-SH that might be unmasked at a later
stage as the wine matrix evolves. Highlighting this point, a study
addressing the fate of 3-SH identified cis-2-methyl-4-propyl-1,3-oxa-
thiane (cis-2-MPO) in wines — likely resulting from an acid-catalysed
reaction between 3-SH and acetaldehyde — that could account for the
disappearance of up to approximately 3 nmol/L of 3-SH (i.e., close to
400 ng/L and explaining 9% of initial 3-SH concentration) (Chen,
Capone, & Jeffery, 2018b). This is of interest not only from the
perspective of alternative thiol reaction pathways, but also with regard
to chirality of aroma compounds. Stereochemically, 2-MPO has two
pairs of enantiomers that relate to the two enantiomers of 3-SH: these
are (2S,4R)-2-MPO and (2R,4R)-2-MPO derived from (3R)-3-SH, and
(2R,45)-2-MPO and (2S,45)-2-MPO from (3S)-3-SH (Fig. 1). As with the
enantiomers of 3-SH (and for chiral molecules more generally), the
2-MPO stereoisomers can impart different odour qualities, as detailed
previously (Singer, Heusinger, Froehlich, Schreier, & Mosandl, 1986),
and the possible existence of two pairs of enantiomers is due to geo-
metric isomerism (i.e., enantiomers of both cis- and trans-isomers).
However, only cis-2-MPO has been identified in wine and yellow passion
fruit (Chen et al., 2018b; Singer et al., 1986), due to the equatorial
positioning of both methyl and propyl groups on the 1,3-oxathiane ring
being favoured. Moreover, because the cis-enantiomers of 2-MPO (i.e.,
(2S,4R)- and (2R,4S5)-2-MPO, Fig. 1B) are directly related to (3R)- and
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(35)-3-SH configurations, it is of interest to explore the distribution of
cis-2-MPO enantiomers in wines, as mentioned in a recent review by
Engel (2020) on chirality of flavour compounds.

In addition to 3-SH reacting with acetaldehyde in wine to produce 2-
MPO, it is also possible that other thiols with similar structures to 3-SH
could undergo the same reaction to produce the corresponding 1,3-oxa-
thianes. Such candidates are 3-sulfanylpentan-1-ol, 2-methyl-3-sulfa-
nylbutan-1-ol, 3-sulfanylheptan-1-ol, and 4-MSPOH, which all bear a
1,3-sulfanylalkanol substitution pattern and with the first three thiols
having only been identified in noble rot wines. On the other hand,
although 4-MSPOH is not as widely present (or abundant) in wines as 3-
SH and 3-SHA, it has been reported in botrytised Semillon, Gewurztra-
miner, Muscat, Pinot Gris, and Riesling, and has an odour detection
threshold of 55 ng/L in model wine (Tominaga, Baltenweck-Guyot,
Peyrot des Gachons, & Dubourdieu, 2000). As with the other potent
thiols, even trace concentrations of 4-MSPOH could have an impact on
the perceived aromas of wine, and alternative fates for this compound
were worthy of investigation. One example is the potential formation of
2,4,4,6-tetramethyl-1,3-oxathiane (TTMO, Fig. 1C), the product hypo-
thetically arising from condensation of 4-MSPOH and acetaldehyde.

Taking chiral analysis and 1,3-oxathiane discovery together, this
study aimed to determine the enantiomeric profiles of cis-2-MPO in
wines for correlation with the enantiomers of 3-SH, and as a supple-
mentary aim, to identify the existence of TTMO, given that the possible
enantiomers of cis- and trans-TTMO related to the enantiomers of 4-
MSPOH can be hypothesised (Fig. 1C). This necessitated the develop-
ment and validation of a stable isotope dilution assay (SIDA) using
headspace-solid-phase microextraction (HS-SPME) and gas chroma-
tography—mass spectrometry (GC-MS), after selecting a suitable chiral
GC column. The method was then applied to the quantitative analysis of
enantiomers of both cis-2-MPO and TTMO (after verification of its
presence) in a selection of wines.

2. Material and methods
2.1. Chemicals and materials

The following chemicals were sourced from commercial suppliers:
HPLC gradient grade ethanol and acetonitrile, GC grade dichloro-
methane (SupraSolv), ammonium bicarbonate, acetaldehyde, d4-acet-
aldehyde, NaCl, anhydrous MgSOg4, 4 A sieves, C; — C49 n-alkanes, thin
layer chromatography (TLC) plates, NaHCOs3, p-toluenesulfonic acid (p-
TsOH), and 2-MPO (>98% pure, cis/trans ratio of 85/15 according to
Chen et al. (2018b)) were from Sigma-Aldrich, Castle Hill, NSW,
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Fig 1. Structures for (A) enantiomers of 3-SH, 3-SHA, and 4-MSPOH, (B) enantiomers of cis-2-methyl-4-propyl-1,3-oxathiane (2-MPO), and (C) enantiomers of cis-
and trans-2,4,4,6-tetramethyl-1,3-oxathiane (TTMO) that could arise from condensation of 4-MSPOH with acetaldehyde.
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Australia; 4-MSPOH (98% pure) was from Thermo Fisher Scientific,
Scoresby, VIC, Australia; analytical reagent-grade dichloromethane was
from Chem-Supply Pty Ltd (Gillman, SA Australia). d4-cis-2-MPO and
(3R)-3-SH ethanolic solution were previously synthesised (Chen et al.,
2018a, 2018b). Solutions of standards were prepared in ethanol, and
Milli-Q water (Millipore, North Ryde, NSW, Australia) was used to
prepare aqueous solutions. Details for the synthesis of TTMO and d4-2,4,
4,6-tetramethyl-1,3-oxathiane (d4-TTMO) have been provided in Sec-
tion A.1 of Appendix A. Commercial and experimental wines from pre-
vious studies were used for screening of the target 1,3-oxathianes and
enantiomers of 3-SH (Table B.1 of Appendix B). Commercial wines
consisted of Sauvignon blanc (SB, n = 14), Chardonnay (C, n = 21), rosé
(R, n = 3), Pinot Grigio (PG, n = 1), Muscat (M, n = 1), white blend (WB,
n = 1), and Riesling (RIE, n = 1), the details of which have been pro-
vided previously (Chen et al., 2018b). Experimental wines included
Sauvignon blanc juice fermented with different yeast strains (J7 and
VIN13 in triplicate, and their co-inoculation in duplicate, n = 8) (Wang,
Chen, Capone, Roland, & Jeffery, 2020) and pre-fermentation freezing
treatment of Sauvignon blanc juice and berries (frozen juice (FJ) and
frozen berries (FB), respectively, with each treatment fermented in
triplicate, n = 30) (Chen, Capone, Nicholson, & Jeffery, 2019).

2.2. Method development and validation

The process followed a general workflow of GC column screening
using chiral stationary phases, GC-MS parameter optimisation, SPME
fibre selection, method validation, elution order assignment for cis-2-
MPO enantiomers, and verification of TTMO in wine (Fig. B.1 in Ap-
pendix B).

2.2.1. Sample preparation

Liquid injection was used for screening of chiral GC columns and
initial method optimisation. An injection volume of 1 pL was used with
standards (approximately 5.0 mg/L cis-TTMO, 5.0 mg/L cis-2-MPO, and
4.8 mg/L ds-cis-2-MPO) dissolved in GC grade dichloromethane. At the
stage of conversion from liquid injection to HS-SPME, Milli-Q water or
model wine (10% v/v ethanol, saturated with potassium hydrogen t-
tartrate and adjusted to pH 3.4 with 1 M tartaric acid solution) spiked
with standards was used during the initial stages of HS-SPME method
optimisation to determine the retention time for each analyte. Then a
commercial Sauvignon blanc wine was used for GC-MS parameter
optimisation and wine samples used for screening of the two analytes
were prepared according to the published method (Chen et al., 2018b).
Briefly, 5 mL of wine sample and an aliquot of ethanolic solution of
d4-cis-2-MPO (final concentration of 200 ng/L) were spiked into a 20 mL
SPME vial containing NaCl (2 g). Vials were instantly capped and the
contents were mixed well prior to GC-MS analysis. Upon completion of
the synthesis, d4-cis-TTMO, prepared as an ethanolic solution, was added
into the developed method as an internal standard at a concentration of
200 ng/L.

2.2.2. GC-MS instrumentation and parameters

Analyses were conducted on an Agilent 6890N GC coupled with an
Agilent 5973N mass selective detector (MSD) using ultra-pure helium
(BOC, North Ryde, NSW, Australia) as carrier gas. The GC was equipped
with a Gerstel MPS autosampler (Lasersan Australasia, Robina, QLD,
Australia) with sample incubation parameters as detailed previously
(Chen et al., 2018b). MS source and quadrupole temperatures were set at
230 °C and 150 °C, respectively throughout the study, with transfer line
temperatures for each GC column trialled during method development
as detailed in Section A.2 of Appendix A. Electron ionisation (EI) mass
spectra were recorded at 70 eV in full scan (35-350 amu) or selected ion
monitoring (SIM) modes. Instrument control and data acquisition were
performed using MSD ChemStation (EA02.02, Agilent). Data analysis
was performed using MassHunter software (version B.08.00, Agilent).
Three GC columns with chiral stationary phases were investigated:
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CycloSil-B (30 m x 0.32 mm, 0.25 pm, Agilent J&W), Cyclodex-B (30 m
x 0.32 mm, 0.25 um, Agilent J&W), and Rt-fDEXcst (30 m x 0.25 mm,
0.25 pm, Restek).

Preliminary method development has been detailed in Section A.2 of
Appendix A. The column that gave the best separation was the Rt-
BDEXcst column utilising a carrier gas flow rate of 1.1 mL/min. Samples
were extracted with a 2 ecm DVB/CAR/PDMS fibre (50/30 um, Sigma-
Aldrich) at 35 °C for 30 min with an agitator speed of 500 rpm
(agitator on 10 s and off 1 s) prior to desorption for 15 min at 220 °C into
the GC-inlet (ultra inert SPME liner, 0.75 mm i.d., Agilent) in pulsed
splitless mode at a pressure of 54.7 kPa. The oven program was 37 °C for
5 min, ramping to 90 °C at 1.5 °C/min, then to 130 °C at 3.0 °C/min, and
to 220 °C at 30.0 °C/min, with a hold time of 10 min. The temperature of
the transfer line was set at 220 °C and the ions monitored (20 ms dwell
time) were m/z 164, 146, 116, 101, and 83 for d4-cis-TTMO; m/z 160,
145, 116, 101, and 83 for cis-TTMO; m/z 164, 146, and 101 for d4-cis-2-
MPO; m/z 160, 145, and 101 for cis-2-MPO. Underlined ions were used
for quantification and the others were used as qualifier ions.

2.2.3. SIDA GC-MS method validation and quantitative chiral analysis

Method validation was performed with a commercial Sauvignon
blanc wine (containing 23 ng/L in total of cis-2-MPO, alcohol 12.0% v/v,
2018, Red Cliffs, VIC, Australia), a Chardonnay wine (alcohol 13.5% v/
v, 2018, Red Cliffs, VIC, Australia), a Grenache rosé wine (alcohol 13.5%
v/v, 2016, McLaren Vale, SA, Australia), and a Cabernet Sauvignon wine
(alcohol 13.5% v/v, 2018, Red Cliffs, VIC, Australia). The authentic
standards of racemic cis-2-MPO and cis-TTMO were spiked in the Sau-
vignon blanc wine at seven calibration levels (0, 50, 100, 250, 500, 750,
and 1000 ng/L for cis-2-MPO and 0, 48, 93, 246, 472, 718, 944 ng/L for
cis-TTMO) in duplicate. Seven replicates were spiked in the Sauvignon
blanc wine with both cis-TTMO and cis-2-MPO at low (93 and 99 ng/L)
and high (472 and 500 ng/L) levels for precision and accuracy evalua-
tion. Recovery from different wine matrices was assessed by spiking low
(93 and 99 ng/L) and high (472 and 500 ng/L) levels of both authentic
compounds in duplicate into the commercial Chardonnay, Grenache
rosé, and Cabernet Sauvignon wines. Deuterium labelled internal stan-
dards (d4-cis-2-MPO and d4-cis-TTMO) were added to all samples at 200
ng/L. Limit of detection (LOD) and limit of quantification (LOQ) were
expressed as 3 and 10 times the standard error of the y intercept divided
by the slope of the calibration equation. The method was applied to the
quantitative analysis of a selection of wines as detailed in Table B.1 of
Appendix B.

2.3. Verification of cis-TTMO in wine

2.3.1. Linear retention index (LRI)

Retention indices were calculated on a HP-INNOWAX column (60 m
x 0.25 mm, 0.25 um, J&W Agilent) and a DB-5ms UI column (60 m x
0.25 mm, 0.25 um, J&W Agilent) by injecting 1 uL of C; — Cy4¢ n-alkanes
standard into the GC inlet. The GC-MS parameters were adapted from
the published method for cis-2-MPO (Chen et al., 2018b) by converting
the MS acquisition mode from SIM to scan with a gain factor of 10.

2.3.2. Co-injection experiments with authentic standard

Co-injections were conducted on HP-INNOWAX, DB-5ms UI, and Rt-
BDEXcst columns. Increasing concentrations of cis-TTMO at 30, 60, and
90 ng/L for HP-INNOWAX and DB-5ms UI columns using the published
method (Chen et al., 2018b), and 60, 120, and 180 ng/L for Rt-pDEXcst
column using the validated SIDA chiral GC-MS method detailed in
Section 2.2.2, were spiked into a commercial Sauvignon blanc wine
(SB_7, Table B.1 of Appendix B) that was found to contain 28 ng/L of
cis-TTMO.

2.4. Elution order for enantiomers of cis-2-MPO

An ethanolic solution of (3R)-3-SH, which had been previously
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prepared (Chen et al., 2018a) was spiked in 1 mL of commercial Sau-
vignon blanc wine at increasing levels (0, 56, and 112 mg/L) together
with acetaldehyde (20 pL). After 3 days of storage at room temperature,
the samples were spiked with 200 ng/L of d4-cis-2-MPO before analysis
with the validated SIDA GC-MS method.

2.5. Quantification of 3-SH enantiomers by SIDA HPLC-MS/MS

Wine extracts used for the determination of 3-SH after derivatisation
had been previously prepared (Chen et al., 2018b; Chen et al., 2019;
Wang et al., 2020) and underwent HPLC-MS/MS analysis to determine
(3R)- and (3S)-3-SH concentrations as detailed previously (Chen et al.,
2018a) with modifications to the instrumentation. A ThermoFinnigan
Surveyor HPLC coupled to a ThermoFinnigan LCQ Deca XP Plus MS with
positive electrospray ionisation (ESI) was used for sample analysis.
Xcalibur software (version 1.3) was utilised for instrument control, data
acquisition, and processing. The MS data were recorded in selected re-
action monitoring (SRM) mode with SRM transition pairs based on those
reported previously for multiple reaction monitoring (Chen et al.,
2018a). Nitrogen was used for the sheath gas (35 arbitrary units) and
auxiliary gas (20 arbitrary units). The ion spray voltage, capillary
voltage, tube lens offset voltage, and capillary temperature were 4500 V,
18 V, 10 V, and 250 °C, respectively. Ultra-pure helium was used as the
collision gas and isolation width, normalised collision energy, activation
Q, and activation time were m/z 1.4, 36.0%, 0.250, and 30.0 msec,
respectively.

2.6. Evolution of 3-SH and 3-SHA enantiomers during AF of Sauvignon
blanc juice

The concentrations of 3-SH and 3-SHA enantiomers were determined
using an Agilent 1200 HPLC coupled with a 6410 triple quadrupole mass
spectrometer based on the published method (Chen et al., 2018a) with
MS instrumentation parameters as reported previously (Wang et al.,
2020).

2.7. Sensory evaluation of TTMO

The odour detection threshold (ODT) of TTMO was determined ac-
cording to ASTM standard practice E 679-04 (reapproved 2011) (ASTM,
2011) and odour quality testing was undertaken, using a neutral white
wine stripped with charcoal. Full details of the procedures are provided
in Section A.3 of Appendix A.

2.8. Statistical analysis

Mean values, standard deviations (SD), peak resolution (Rs), linear
regressions of calibrations, and lack-of-fit F-test for regressions were
calculated with Microsoft Excel (Microsoft Office Professional Plus 2019
for Windows). One-way analysis of variance (ANOVA) followed by
Tukey’s multiple comparisons (« = 0.05) was conducted with XLSTAT
(version 2020.1, Addinsoft, Qi Statistics, Reading, U.K.). Figures
showing concentrations and ratios of enantiomers of analytes were
constructed with GraphPad Prism (version 7.02, GraphPad Software
Inc., San Diego, CA). Data were standardised before Pearson correlation
analysis using SPSS (version 25.0, IBM, Armonk, NY, USA).

3. Results and discussion
3.1. Method development

A GC-MS method with a chiral stationary phase was required for the
quantitative analysis of cis-2-MPO enantiomers to investigate the chiral
relationships with 3-SH enantiomers. This also presented an opportunity
to further test the hypothesis regarding 1,3-oxathiane formation from
acetaldehyde and varietal thiols such as 4-MSPOH. To this end, TTMO
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(Fig. 1C) was firstly synthesised based on the procedure reported pre-
viously for d4-cis-2-MPO (Chen et al., 2018b). As shown in Fig. B.2 of
Appendix B, the two adjacent peaks in the chromatogram of both TTMO
(rt = 10.49 min and 10.63 min, Fig. B.2A) and d4-TTMO (rt = 10.88 min
and 11.03 min, Fig. B.2D) have the same background subtracted mass
spectra (Fig. B.2B and C, and B.2E and F), showing peak ratios of
94.4:5.6 for TTMO and 93.0:7.0 for d4-TTMO, indicating the presence of
cis- and trans-isomers for both compounds. Proton and carbon NMR
spectra were recorded (Fig. B.3 to B.6 of Appendix B) and the cis-/-
trans-isomers of TTMO were assigned based on the chemical shifts of
protons on C-2 and C-6. The two axial protons (i.e., Hygy and Hggy) in
cis-TTMO were deemed to be upfield (4.84 ppm and 3.67-3.62 ppm,
respectively) compared with their equatorial counterparts in trans--
TTMO (5.12 ppm for Haeq and 4.14-4.08 ppm for Heg) due to the steric
shielding effect of the axial methyl group attached to C-4 (Perlin & Koch,
1970). Moreover, C-2 and C-6 in cis-TTMO showed the opposite effect,
being downfield at 75.6 and 71.4 ppm, respectively, compared to 71.2
and 67.2 ppm in the minor trans-isomer (Fig. B.4 of Appendix B; signals
for C-2 and C-6 for the minor isomer were elucidated by comparing
unlabelled and labelled !3C spectra), as a result of the equatorial
orientation of the attached methyl groups (i.e., C-10 and C-9, respec-
tively) in the cis-isomer (Perlin & Koch, 1970). This information also
accords with the greater thermodynamic stability of cis-oxathianes
(Winter, Furrer, Willhalm, & Thommen, 1976), whereby the two methyl
substituents attached to C-2 and C-6 are proposed to be in the more
favourable equatorial position. Therefore, cis-TTMO and dy4-cis-TTMO
were determined to be the major constituents from the synthesis of these
oxathianes.

Peak resolution (Rs) values were calculated to evaluate the separa-
tion between enantiomers at the method development stage, with a
value of 1.5 showing baseline separation between two adjacent peaks
and a value of 1.0 indicating incomplete baseline resolution but good
enough for peak area calculation (Ettre, 1993). For the initial stage of
screening chiral GC stationary phases, the authentic 1,3-oxathianes were
analysed by liquid injection as detailed in Section 2.2.1 to obtain
retention time and mass spectral data, and to estimate the separation of
enantiomers of each compound before the transition to a HS-SPME
method. Three GC columns with chiral stationary phases were
screened during this process.

CycloSil-B column (30% heptakis(2,3-di-O-methyl-6-O-t-butyldime-
thylsilyl)-p-cyclodextrin in DB-1701) was initially trialled and the en-
antiomers of both cis-2-MPO and cis-TTMO were not separated, with
severe tailing of peaks being evident (data not shown). A Cyclodex-B
column (10.5% p-cyclodextrin in DB-1701) was then tested with the
same method, which permitted the full separation of the enantiomers of
cis-2-MPO and d4-cis-2-MPO (Rs values of 1.4), but those of cis-TTMO
were partially overlapped (Rs = 0.9). Thus, parameters including oven
temperature program and carrier gas flow rate were optimised using full
scan MS mode as detailed in Section A.2 of Appendix A. Under the
optimised conditions, the Rs values for enantiomers of cis-TTMO, cis-2-
MPO, and dy-cis-2-MPO were 1.4, 2.0, and 3.0, respectively, and deemed
adequate for quantitative analysis (Ettre, 1993). Based on the optimised
parameters for the Cyclodex-B column, the liquid injection method with
MS in scan mode was converted to HS-SPME (PDMS/DVB fibre) with
SIM. The method was tested/optimised in both a model wine and a
commercial Sauvignon blanc wine spiked with authentic standards.
There was suitable resolution of cis-TTMO, but the qualifier ion at m/z
101 for cis-2-MPO and d4-cis-2-MPO suffered from interference by a co-
eluting compound in the Sauvignon blanc wine, thus necessitating either
a longer column or one with a narrower diameter to be trialled.

Consequently, an Rt-pDEXcst column (proprietary cyclodextrin ma-
terial in 14% cyanopropylphenyl/86% dimethylpolysiloxane) having a
narrower diameter (0.25 mm id) compared to the other two columns
(0.32 mm id) was evaluated with some minor GC parameter modifica-
tions (as specified in Section A.2 of Appendix A). In parallel, d4-TTMO
was synthesised and included during method optimisation. Under the
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optimised conditions, the four pairs of enantiomers (i.e., two analytes
and their internal standards) were well separated, with Rs values for the
enantiomers of d4-cis-TTMO (rt = 33.24 and 33.93 min), cis-TTMO (rt =
33.50 and 34.09 min), d4-cis-2-MPO (rt = 46.51 and 46.99 min), and cis-
2-MPO (rt 46.65 and 47.09 min) being 1.6, 1.7, 3.1, and 1.7,
respectively. Selected ion chromatograms of m/z 164 for d4-cis-TTMO
and dy-cis-2-MPO, and m/z 160 for cis-TTMO and cis-2-MPO, illustrate
the resolution of the enantiomers (Fig. B.7A and B in Appendix B).

3.2. Method validation

Linearity, repeatability, recovery from different wine matrices, LOD,
and LOQ were evaluated (Table B.2 in Appendix B). The calibrations
conducted in a commercial Sauvignon blanc wine were linear
throughout the concentration range for each analyte, with R? values >
0.9997 and non-significant p-values from a lack-of-fit F-test (i.e., rela-
tionship is linear). Repeatability spikes for the four analytes showed that
the relative standard deviation ranged from 1 to 3% for both low and
high spiked concentrations in a commercial Sauvignon blanc wine. Re-
covery from different wine matrices was assessed in commercial Char-
donnay, rosé, and Cabernet Sauvignon wines at low and high spiked
concentrations, and ranged from 95% to 108%. LOD and LOQ values for
all four analytes were within the range of 4-5 ng/L and 14-18 ng/L,
respectively (Table B.2 in Appendix B).

3.3. Elution order of enantiomers of cis-2-MPO

The elution order of the two enantiomers of cis-2-MPO was deter-
mined in a commercial Sauvignon blanc wine spiked with increasing
amounts of (3R)-3-SH along with 20 uL of acetaldehyde. After 3 days of
storage at room temperature, samples were spiked with d4-cis-2-MPO as
internal standard and analysed with the validated method. In the control
wine sample, neither enantiomer of cis-2-MPO was detected (Fig. 2). In
contrast, sample spiked with 56 mg/L of (3R)-3-SH (Spike_low) showed
a substantially higher peak at rt = 47.09 min than the peak at rt = 46.68
min, with ratios of analyte to internal standard of 1608 and 67,
respectively. These ratios approximately doubled with a spike of 112
mg/L of (3R)-3-SH (Spike_high, 3226 and 129, respectively, Fig. 2).
Thus, the elution order of the two enantiomers of cis-2-MPO was
determined to be (2R,4S5)-2-MPO at 46.69 min followed by (2S,4R)-2-
MPO at 47.09 min, as labelled in Fig. B.7A of Appendix B. This elution
order was identical to a previous study using a column with octakis(2,3-
di-O-butyryl-6-O-tert-butyldimethylsilyl)-y-cyclodextrin as the
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Fig 2. Ratios of respective enantiomers for unlabelled cis-2-MPO and d4-cis-2-
MPO in Sauvignon blanc wine spiked with (3R)-3-SH and acetaldehyde, and
analysed after a 3-day storage period. Control wine was spiked only with 200
ng/L of ds-cis-2-MPO before analysis; Spike_low wine sample was spiked with
56 mg/L of (3R)-3-SH and 20 pL of acetaldehyde, then d4-cis-2-MPO before
analysis; Spike_high wine sample was spiked with 112 mg/L of (3R)-3-SH and
20 L of acetaldehyde, then dy4-cis-2-MPO before analysis.
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stationary phase (Weber, Maas, & Mosandl, 1995), but the reverse of
that of another study conducted with a chiral nickel (II) bis[3-(hepta-
fluorobutyryl)-1-(R)-camphorate] capillary column (Singer et al., 1986).
Based on the unlabelled analytes, the elution order of the ds-cis-2-MPO
enantiomers was accordingly assigned as d4-(2R,4S)-2-MPO (rt = 46.51
min) and d4-(2S,4R)-2-MPO (rt = 46.99 min) (Fig. B.7A of Appendix B).
The reported ratios of (2R,4S)-2-MPO to (2S,4R)-2-MPO (Fig. 2)
depending on spiking level of (3R)-3-SH can be readily explained by the
presence of a minor proportion of (35)-3-SH in the ethanolic solution of
(8R)-3-SH arising from the synthesis (Tominaga et al., 2006). Impor-
tantly, these experiments used to assign the cis-2-MPO enantiomer
elution order also helped to verify that cis-2-MPO could be formed
chemically in wine when 3-SH and acetaldehyde were both present
(albeit both added in relatively high concentrations in this case).

3.4. Quantification of cis-2-MPO enantiomers in wine

The validated method was applied to a series of commercial and
experimental wines to investigate the concentrations and ratios of en-
antiomers of cis-2-MPO, covering both white and rosé wines (Fig. 3A and
B, with grey coloured bars showing (2S,4R)-2-MPO arising from (3R)-3-
SH and black coloured bars showing (2R,4S)-2-MPO from (35)-3-SH). Of
the commercial wines (detailed in Table B.1 of Appendix B), both en-
antiomers of cis-2-MPO were determined in 8 Sauvignon blanc (SB), 11
Chardonnay (C), 3 rosé (R), a Muscat (M), a white blend (WB), and a
Riesling (RIE, Fig. 3), with the concentration of (2S,4R)-2-MPO in rosé 2
(R_2) being between the LOD and LOQ of the method. The concentra-
tions of (2R,4S)-2-MPO and (2S,4R)-2-MPO ranged from below the LOQ
(<14 ng/L) to 250 ng/L and from below the LOQ (<18 ng/L) to 303 ng/
L, respectively, with roughly equal distribution of the enantiomers
(Fig. 3B), although (2S,4R)-2-MPO (arising from (3R)-3-SH) was higher
on average, at 55% of the total concentration (ranging from 50 to 70%).
Generally, the summed concentrations of (2R,4S)-2-MPO and (2S,4R)-2-
MPO ranged from not detected (ND, lower than the LOD of 4-5 ng/L,
Table B.2 of Appendix B) to 541 ng/L (Fig. 3A), which accorded with the
results from cis-2-MPO analysis using an achiral stationary phase (ND to
460 ng/L) (Chen et al., 2018b). Notably, Sauvignon blanc (SB) wines
tended to have the highest concentrations, although the Riesling (RIE)
also had a relatively high concentration, followed by Chardonnay wines
C_14 and C_21 (Fig. 3A).

For the eight experimental Sauvignon blanc wines from fermentation
experiments using different yeast strains (Table B.1 of Appendix B)
(Wang et al., 2020), neither of the enantiomers was detected in SB_J7
wines, thus SB_J7 was not included in Fig. 3. One of the replicate fer-
ments of SB_VIN13 and both ferments of SB_co-inoculation had con-
centrations of both enantiomers of cis-2-MPO below the LOQ of the
method (14-18 ng/L, Table B.2 of Appendix B) and were excluded when
calculating the mean concentrations for the treatments. In general,
concentrations of (2R,45)-2-MPO and (2S,4R)-2-MPO ranged from
below the LOQ to 15 ng/L and 20 ng/L, respectively, with the latter
enantiomer (arising from (3R)-3-SH) accounting for 57% of the total
concentration (Fig. 3B). The sum of the concentrations of (2R,
45)-2-MPO and (2S,4R)-2-MPO in SB_VIN13 was 35 ng/L, and well in
line with result obtained previously by GC-MS analysis with an achiral
stationary phase (32 ng/L at the end of fermentation) (Wang et al.,
2020). In experimental Sauvignon blanc wines from a pre-fermentation
freezing study involving juice or berry (Chen et al., 2019), both enan-
tiomers of cis-2-MPO were determined in all wine samples except for
FJ_Q9720 and FJ_ 5385, where neither enantiomer was detectable.
Concentrations of (2R,4S)-2-MPO and (2S,4R)-2-MPO in these frozen
juice (FJ) and frozen berry (FB) wines ranged from below the LOQ
(FB_Q9720 wine, Table B.2 of Appendix B) to 63 ng/L, and from 24 to
253 ng/L, respectively, with the proportion of (25,4R)-2-MPO ranging
from 55 to 90% of the total concentration with an average of 66%
(Fig. 3B). The summed concentrations of (2R,4S)-2-MPO and (2S,
4R)-2-MPO ranged from 38 to 282 ng/L. Inexplicably, the large SD for
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Fig 3. Results from GC-MS analysis of (2S,4R)-2-MPO and (2R,4S)-2-MPO in wines showing (A) the concentration of each enantiomer (ng/L) and (B) relative
enantiomer ratios. Grey bars show (25,4R)-2-MPO arising from (3R)-3-SH and black bars show (2R,4S)-2-MPO from (3S)-3-SH. Error bars represent standard de-
viation for commercial wines (n = 2) and experimental wines (n = 3, except for SB_VIN13 with n = 2). Abbreviations and details of each wine are presented in Table
B.1 of Appendix B along with the concentrations of each cis-2-MPO enantiomer.

the concentration of (25,4R)-2-MPO in FB_H5V10 wine resulted from a
substantially higher concentration in one replicate of FB_H5V10 wines,
which was extrapolated at 582 ng/L (outside the upper calibration value
of 500 ng/L), whereas the other biological replicates were determined to
be 117 and 58 ng/L. When taking all wines into consideration, including
both experimental and commercial wines, the average proportion of the
two enantiomers was slightly in favour of (25,4R)-2-MPO, at 57%. This
differed to the results obtained for yellow passion fruit, where only
4S-configured (2R,4S)-2-MPO and (2S,45)-2-MPO were determined.
This was hypothesised to result from enantioselective transformation of
(35)-3-SH (Weber et al., 1995) although this has not been verified. In
contrast, the chemical production of cis-2-MPO from 3-SH and acetal-
dehyde outlined in Section 3.3 leads to equal production of enantiomers
of cis-2-MPO in wine. Therefore, further studies are required to examine
why (2S,4R)-2-MPO was slightly favoured when (3R)-3-SH, the corre-
sponding thiol enantiomer, is generally less abundant in wine.

3.5. Verification and quantification of cis-TTMO in wine

Pure enantiomers of 4-MSPOH were not available to determine the
elution order of cis-TTMO enantiomers in the same manner as achieved
for cis-2-MPO (Section 3.3). The resolved enantiomers of cis-TTMO were
thus tentatively assigned as (2R,6R)-TTMO and (2S,6S)-TTMO accord-
ing to the analogy with the elution order of cis-2-MPO (Fig. B.7A and B of
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Appendix B), and so were the enantiomers of d4-cis-TTMO. Interestingly,
results from the quantitative analysis showed that only the tentatively
assigned (2R,6R)-TTMO was detected in 10 of the wines that were
analysed: SB_2 and SB_7 contained 17 and 28 ng/L of (2R,6R)-TTMO
(equivalent to 14 and 23 ng/L of 4-MSPOH, respectively) and SB_3, SB_8,
RIE, FJ_H5V10, FJ_F7V7, FB_H5V10, FB_F4V6, and FB_Q9720 (only
detected in one of the triplicate wines) had (2R,6R)-TTMO between the
LOD (5 ng/L) and LOQ (16 ng/L) for this compound (Table B.2 of Ap-
pendix B). Given the limited prevalence and low abundance of 4-MSPOH
in wines (0-111 ng/L according to Tominaga et al. (1998)), it was
reasonable that cis-TTMO was found at much lower concentration in
wines compared to cis-2-MPO. Nonetheless, its presence gave weight to
the general nature of 1,3-oxathiane formation from acetaldehyde and
thiols bearing the 1,3-sulfanylalkanol substitution pattern.

It is noteworthy that only (2R,6R)-TTMO (tentatively assigned)
appeared to be present in these wine samples, which could imply the
predominant existence of (2R)-4-MSPOH (structure shown in Fig. 1A) in
wine that can react with acetaldehyde. In support of this proposition,
ketones can be asymmetrically reduced to their corresponding alcohols
by fermenting yeast (MacLeod, Prosser, Fikentscher, Lanyi, & Mosher,
1964) and 4-MSP, a ketone form of varietal thiol, could possibly be
reduced stereoselectively during fermentation to yield a single enan-
tiomer of 4-MSPOH. However, more work is required to verify this
proposal and a method to investigate the presence of 4-MSPOH
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enantiomers in wine is required.

To help confirm the existence of this new oxathiane compound in
wine, a commercial wine (SB_7, determined to contain 28 ng/L of
tentatively assigned (2R,6R)-TTMO) was used for linear retention index
determination on two achiral GC phases, namely HP-INNOWAX and DB-
5ms UL The peaks on the two phases were at rt = 17.3 min and 17.9 min,
respectively, and five ions (m/z 160, m/z 145, m/z 116, m/z 101, and m/
2 83) had the same ratios as authentic cis-TTMO (data not shown). LRIs
on the two phases were calculated as 1353 and 1067, respectively.
Further confirmation of the natural existence of cis-TTMO in wine was
obtained from the co-injection experiments, which were conducted on
two different achiral GC columns and the chiral Rt-pDEXcst GC column,
using the same wine sample (SB_7) that was used for determination of
LRIs. As observed in Fig. 4A and B, with higher spiking level of cis-
TTMO, the intensities of selected ions were enhanced correspondingly
on both achiral columns, though m/z 83 on both achiral phases and m/z
101 on HP-INNOWAX suffered from interference of background ions. A
slight shift in retention time (<0.037 min) was also observed on HP-
INNOWAX phase, but the increasing intensities of the target ions were
still evident and the selected ions for d4-cis-TTMO drifted in retention

Food Chemistry 357 (2021) 129406

time simultaneously (data not shown). Moreover, the selected ion mass
spectra of natural cis-TTMO in SB_7 (Fig. 4C) matched with that of a
commercial Sauvignon blanc wine (used for calibration and not con-
taining any TTMO) spiked with 246 ng/L of cis-TTMO (Fig. 4D) on a DB-
5ms UI column. The intensity of the selected ion (m/z 160) of (2R,6R)-
TTMO was also found to increase with higher spiking level of authentic
TTMO on the chiral column (Fig. B.7C of Appendix B). In combination,
this information confirmed that (2R,6R)-TTMO (as the tentatively
assigned enantiomer) was present in wine. Indeed, this was the first time
that this compound appeared to have been identified in any beverage,
having only been reported previously as a potential perfuming agent
(Winter, 1980).

In order to evaluate the potential influence on wine aroma charac-
teristics, the ODT of TTMO in a charcoal stripped neutral white wine was
investigated using a 3-alternative forced choice (3-AFC) sensory study
(detailed in Section A.3 of Appendix A). The ODT from the panel was
calculated to be 14.9 pg/L and informal assessment of the aroma quality
revealed descriptors for TTMO that included ‘citrus’, ‘green’, ‘sweet/
caramel’, and ‘mango’ when spiked at concentrations of 5 and 10 pg/L,
and ‘mango/tropical’, ‘sweet/caramel’, and ‘onion/sulfur/sweaty’ at
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Fig 4. Co-injection experiments for cis-TTMO on (A) HP-INNOWAX column and (B) DB-5ms UI column using authentic cis-TTMO spiked at concentrations of 30 ng/L,
60 ng/L, and 90 ng/L into SB_7 wine containing 28 ng/L of (2R,6R)-TTMO. Background subtracted SIM mass spectra at 17.9 min on DB-5ms UI column for (C) natural
cis-TTMO in SB_7 wine sample and (D) a commercial Sauvignon blanc wine sample (with no detectable TTMO) spiked with 246 ng/L of authentic cis-TTMO.
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higher concentrations (19 to 100 pg/L).

3.6. Distribution of chiral thiols in the wines

In parallel to undertaking chiral analysis of cis-2-MPO, the distribu-
tion of chiral 3-SH was also studied (Table B.1 of Appendix B) in the
wines sourced from previous studies (Chen et al., 2018b; Chen et al.,
2019; Wang et al., 2020) to assess the correlation between the enan-
tiomers of cis-2-MPO and those of 3-SH. In general, the concentrations of
(35)-3-SH and (3R)-3-SH ranged from 359 to 4412 ng/L and 297 to
4170 ng/L (extrapolated values used when outside the calibration range
of 2500 ng/L for each enantiomer), respectively, in the commercial
Sauvignon blanc (SB) wines (Fig. 5A). These values were generally
higher than those determined for the commercial Chardonnay (C) wines,
which had 277-1920 ng/L for (3S)-3-SH and 264-1619 ng/L for
(3R)-3-SH (Fig. 5A). The remaining seven commercial wines of different
varieties showed concentrations of 3-SH enantiomers approximately in
the same range (although not to the same maximum) as those for
Chardonnay, with concentrations between 373 and 637 ng/L for
(35)-3-SH, and 247 and 582 ng/L for (3R)-3-SH (Fig. 5A). Enantiomers
of 3-SH distributed approximately equally in these wines, albeit with a
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slight preference for (3S)-3-SH, which accounted for 53% of total 3-SH
on average (Fig. 5B). This enantiomeric distribution of 3-SH was in
line with previous reports (Chen et al., 2018a; Tominaga et al., 2006).

In terms of the experimental Sauvignon blanc wines sourced from
previous studies (Chen et al., 2019; Wang et al., 2020), as shown in
Fig. 5A, the concentrations of (35)-3-SH and (3R)-3-SH were 1472-6294
ng/L and 1237-7474 ng/L (extrapolated values used when outside the
calibration range of 2500 ng/L for each enantiomer), respectively, in the
wines made with different yeast strains (SB_J7, SB_VIN13, and
SB_co-inoculation); 186-422 ng/L and 207-608 ng/L, respectively, in
pre-fermentation frozen juice treatment wines (FJ wine samples); and
357-912 ng/L and 512-1073 ng/L, respectively, in pre-fermentation
frozen berry treatment wines (FB wine samples). (3R)- and (3S)-3-SH
were approximately equally distributed in these wines (Fig. 5B), with
(3R)-3-SH accounting for 55% of the total concentration of 3-SH on
average. This slight predominance of (3R)-3-SH was opposite to what
has been observed in the commercial wines (Chen, Capone, Tondini, &
Jeffery, 2018), with differences potentially arising due to grape varie-
ty/clone and yeast strain used for winemaking. Taking all wines into
consideration (i.e., commercial and experimental wines), (35)-3-SH
accounted for 51% of the total concentrations of 3-SH on average. The
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Fig 5. Results from chiral HPLC-MS/MS analysis of derivatives of (3R)-3-SH and (3S)-3-SH in wines showing (A) enantiomer concentrations (ng/L) and (B) relative
enantiomer ratios. Error bars represent standard deviation of commercial wines (n = 2) and experimental wines (n = 3, except for SB_co-inoculation with n = 2).
Abbreviations and details of each wine are presented in Table B.1 of Appendix B along with the concentrations of each 3-SH enantiomer.
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slight predominance of (3S)-3-SH is at odds with the higher proportion
of (25,4R)-2-MPO noted earlier, if assuming purely chemical formation
of oxathianes. The possible influence of enantioselective enzymatic re-
actions (during fermentation) on the production of cis-2-MPO enantio-
mers could potentially be explored in future studies.

In order to explore the evolution of (3S)-/(3R)-3-SH and (3S)-/(3R)-
3-SHA during AF, the wine extracts used for monitoring the evolution of
achiral thiols during AF from a previous study were reanalysed on the
same instrument (Wang et al., 2020) with the published method using a
chiral stationary phase (Chen et al., 2018a). As shown in Fig. B.8 of
Appendix B, (3S5)-3-SH accounted for about 70% of total 3-SH from an
early stage of AF then gradually decreased to 47% by the end of AF (Fig.
B.8A). On the other hand, (35)-3-SHA maintained a relatively stable
proportion of total 3-SHA, at nearly 70% throughout fermentation (Fig.
B.8B). Both of these outcomes were in line with the only other reported
study of thiol enantiomer profiles during fermentation (Tominaga et al.,
2006). The results of one-way ANOVA (Fig. B.8A of Appendix B)
revealed that the ratio of (35)-3-SH declined significantly (p < 0.05)
within the first three days of fermentation whereas the ratio of
(35)-3-SHA showed no significant change (p > 0.05) throughout the
whole fermentation stage.

3.7. Correlation analysis of chiral cis-2-MPO and chiral thiols

cis-2-MPO had been proposed to originate from the combination of 3-
SH and acetaldehyde when both are present in wine, and the previously
determined strong correlation (r = 0.720) between cis-2-MPO and 3-SH
using achiral analyses further supported this assumption (Chen et al.,
2018b). However, the relationship between the enantiomers of 3-SH and
those of cis-2-MPO had not been studied and was worthy of exploration.
Having developed a method for the determination of enantiomers of
cis-2-MPO and with 3-SH enantiomers quantified, Pearson correlation
analysis was conducted for (3S)-3-SH with (2R,4S)-2-MPO, and
(3R)-3-SH with (2S,4R)-2-MPO, to assess the relationship between en-
antiomers of 3-SH (Fig. 5A) and those of cis-2-MPO (Fig. 3A). With all
wine samples containing both cis-2-MPO and 3-SH enantiomers included
in the analysis, only (3S)-3-SH correlated moderately with (2R,
48)-2-MPO (r = 0.584, p < 0.001) whereas (3R)-3-SH correlated poorly
with (2S,4R)-2-MPO (r = 0.314, p = 0.080). However, the correlations
between respective enantiomers became strong and significant (r =
0.860 and 0.654, respectively, p < 0.001) when data points for
SB_VIN13 wines from yeast fermentation experiments were eliminated
from the analysis. This result was in line with the previous strong cor-
relation obtained from achiral analyses (Chen et al., 2018b). The sub-
stantial 3-SH concentrations extrapolated in those Sauvignon blanc
wines from yeast fermentation experiments (SB_VIN13 and
SB_co-inoculation in Fig. 5A) may explain their large impact on the
correlations.

Given the range of enantiomeric distributions of 3-SH and cis-2-MPO
in the studied wines, Pearson correlation analysis was also performed
with the ratios of (3S)-3-SH/(3R)-3-SH against (2R,45)-2-MPO/(2S,4R)-
2-MPO, revealing a significant and moderate correlation with r = 0.586
(p < 0.001). Taking these correlation results with the data presented
earlier (Section 3.3), where spiking wine with (3R)-3-SH was shown to
lead to a corresponding increase in a single enantiomer assigned as
(2S,4R)-2-MPO, this study has provided direct evidence to verify the
causation regarding likely pathways to 1,3-oxathiane formation. In
other words, this work has shown that 1,3-oxathianes can arise from the
chemical reaction of thiols such as 3-SH and 4-MSPOH with acetalde-
hyde in the acidic matrix of wines. Furthermore, it has provided a
method for studying the link between chirality of thiols and their related
1,3-oxathianes, which may be important for future studies intending to
assess the impact on wine sensory properties as a result of differences in
enantiomer distribution.

100

Food Chemistry 357 (2021) 129406

4. Conclusion

In summary, given the importance of varietal thiols to wine aroma
and of stereochemistry to aroma qualities more generally, a SIDA HS-
SPME-GC-MS method using a chiral stationary phase was developed for
quantification of the two enantiomers of cis-2-MPO, namely (2R,4S)-2-
MPO and (2S,4R)-2-MPO, and applied to a selection of commercial and
experimental wines. The elution order of enantiomers of cis-2-MPO was
assigned based on the corresponding increase in peak area ratio against
labelled internal standard of one cis-2-MPO enantiomer when spiking
with increasing levels of (3R)-3-SH. This experiment also revealed the
ability to form 1,3-oxathiane in wine when the thiol was present with
acetaldehyde. Generally, the concentration of (2S,4R)-2-MPO ranged
from undetectable to 303 ng/L, and (2R,4S)-2-MPO was determined
between undetectable and 250 ng/L. The (2S,4R)-enantiomer had an
average proportion of 57% across the studied commercial and experi-
mental wines. In parallel, (3R)-3-SH and (3S)-3-SH were quantified in
the studied wines, showing that the enantiomers were distributed
roughly equally but with a disposition towards (35)-3-SH, with a mean
percentage of 51% across commercial and experimental wines. Pearson
correlation analysis revealed strong correlations between (3S)-3-SH
with (2R,4S5)-2-MPO and (3R)-3-SH with (2S,4R)-2-MPO.

Inspired by the identification of cis-2-MPO in wines, cis-TTMO
(assigned as cis on the basis of NMR data and thermodynamic consid-
erations) was positively identified and found in 10 of the wines that were
analysed, with concentrations ranging from between the LOD (5 ng/L)
and LOQ (16 ng/L) to 28 ng/L. The ODT of TTMO in a charcoal stripped
neutral white wine was determined to be 14.9 ug/L, with aromas
imparted at lower concnetrations described as ‘citrus’, ‘green’, ‘sweet/
caramel’, and ‘mango’, then tending toward ‘mango/tropical’, ‘sweet/
caramel’, and ‘onion/sulfur/sweaty’ ‘sulfurous’ at higher concentra-
tions. With a similar structure to 2-MPO, there is the potential for for-
mation of two pairs of enantiomers of TTMO due to chirality and cis/
trans isomerism, but only one of the two possible cis-enantiomers was
detected. Further work is needed to assign this enantiomer of cis-TTMO
and to develop a method to analyse the prospective enantiomers of 4-
MSPOH, so the relationship between cis-TTMO and 4-MSPOH can be
investigated. Nonetheless, with the identification of this new 1,3-oxa-
thiane and evidence for the chemical formation of cis-2-MPO, it seems
plausible that the corresponding 1,3-oxathianes of other thiols could
exist, such as 3-sulfanylpentan-1-ol, 2-methyl-3-sulfanylbutan-1-ol, and
3-sulfanylheptan-1-ol found in noble rot wines.
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Appendix A. Supplementary experimental section

A.1 Synthesis of TTMO and d4-2,4,4,6-tetramethyl-1,3-oxathiane (d4-
TTMO)

The procedures were adapted from the previously reported synthesis
of dy-cis-2-MPO (Chen et al., 2018b). Briefly, 4-MSPOH (83 uL, 80 mg,
0.60 mmol) and acetaldehyde (168 pL, 131 mg, 3.0 mmol) were reacted
under N3 in 1.5 mL of dichloromethane containing 7.0 mg of p-TsOH and
270 mg of 4 A sieves. The reaction was stirred for 30 min at room tem-
perature (~25°C) and monitored by TLC every 10min using ceric
ammonium molybdate dip (Rf=0.55, dichloromethane). After con-
sumption of the alcohol (as indicated by TLC), the reaction mixture was
diluted with 1.5 mL of dichloromethane and washed sequentially with
3mL of 10% aqueous NaHCOs; and 3mL of brine, then dried over
MgS0Oj4. The solvent was removed in vacuo to afford 86 mg (0.54 mmol,
90.5% crude yield based on 4-MSPOH) of a colourless oil with purity of
>99% according to GC-MS analysis. d4-TTMO was prepared in the same
manner except for using ds-acetaldehyde (143 mg, 167 L, 3.0 mmol),
yielding 59 mg (60% crude yield based on 4-MSPOH) to afford a col-
ourless oil with purity of >99%. As expected from the achiral synthesis,
standards were subsequently found to be racemic mixtures (i.e.,
comprising enantiomer ratios of 50:50) according to chiral GC-MS
analysis.

Proton and carbon nuclear magnetic resonance (NMR) spectra for
TTMO and d4-TTMO (Fig. B.3 to B.6 of Appendix B) were recorded with
an Agilent 600 MHz NMR spectrometer with a cryoprobe using VnmrJ
4.2 software (Agilent, Santa Clara, CA). Spectra were acquired in chlo-
roform-d at 25 °C with chemical shifts recorded as & values in parts per
million (ppm) and referenced to the residual CHCl3 solvent signals. High
resolution mass spectra for TTMO and d4-TTMO were recorded using an
Agilent 7200A quadrupole time-of-flight GC-MS equipped with a DB-
WAXetr column (30m x 250 um x 0.25 pym, Agilent J&W). Samples
were diluted in GC grade dichloromethane to a concentration of
approximately 5mg/L and a 2 pL injection volume was used. The inlet
was set at 250 °C with a split ratio of 5:1. Carrier gas (helium) flow rate
was 1.5mL/min with an oven programme of 50°C for 5min, then
ramping to 250 °C at 10 °C/min, and holding for 10 min.

'H NMR (600 MHz, CDClz). TTMO: 5 (ppm) 4.84 (1H, q, J=6.2,
Hag), 3.67-3.62 (1H, m, Heayo), 1.38-1.35 (8H, m, Hs, Hg, Hyg), 1.17
(3H, s, Hy), 1.12 (3H, d, J = 6.2 Hz, CHy). d4-TTMO: 6 (ppm) 3.67-3.62
(1H, m, Heqy), 1.37-1.35 (5H, m, Hs, Hg), 1.17 (3H, s, CHy), 1.12 (3H, d,
J = 6.2 Hz, CHy).

13C NMR (600 MHz, CDCl3). TTMO:  (ppm) 75.6 (C-2), 71.4 (C-6),
46.6 (C-5), 41.1 (C-4), 32.5(C-7), 27.8 (C-8), 22.4 (C-9), 21.8 (C-10); ds-
TTMO: § (ppm) 71.4 (C-6), 46.7 (C-5), 41.0 (C-4), 32.5 (C-7), 27.9 (C-8),
22.4 (C-9).

EI-HRMS (m/z). Calculated for CgH;¢0S, 160.0922Da, found,
160.0873 Da. Calculated for CgH15D40S, 164.1173Da, found,
164.1119 Da.

EI-MS, m/z (%). TTMO: 160 (M™, 100), 145 (77), 116 (21), 101 (77),
83 (60), 74 (92), 60 (98); d4-TTMO: 164 (M™, 100), 146 (72), 116 (22),
101 (73), 83 (55), 74 (84), 60 (63).
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A.2 Preliminary method development of SIDA-HS-SPME-GC-MS

With CycloSil-B column initially equipped, only liquid injection was
used with an inlet temperature of 200 °C and carrier gas flow rate of
1.5mL/min. The inlet was set to pulsed splitless mode with pulse
pressure of 241.3 kPa at 0.5 min. Two oven temperature programmes
were assessed: 40 °C for 1 min, then ramping to 240 °C at 5 °C/min and
holding for 10 min; 40 °C for 1 min, then ramping to 120 °C at 3 °C/min,
then to 240 °C at 20 °C/min and holding for 10 min. MS source, quad-
rupole, and transfer line temperatures were set at 230 °C, 150 °C, and
240 °C, respectively, and EI (70 eV) mass spectra were recorded in full-
scan mode with a gain factor of 1.

With Cyclodex-B column installed, parameters including initial oven
temperature (65, 40, and 36 °C), initial isocratic time (1, 5, and 10 min),
oven temperature ramp programmes, and carrier gas flow rates (2.0, 1.9,
and 1.7 mL/min) were investigated using liquid injection with inlet
temperature of 200 °C. The optimised oven programme was 36 °C for
5 min, ramping to 90 °C at 1.5 °C/min, then to 120 °C at 3.0 °C/min, and
to 240 °C at 20 °C/min with a hold time of 10 min, using a flow rate of
1.7 mL/min. MS source, quadrupole, and transfer line temperatures
were set at 230 °C, 150 °C, and 240 °C, respectively. The MS was set to
full-scan mode with a gain factor of 1. Consequently, the optimised
conditions with liquid injection in full-scan mode were converted to a
HS-SPME method with the MS in SIM mode and sample incubation
parameters reported previously (Chen et al., 2018b), using a 1cm
PDMS/DVB SPME fibre (65 pm, Sigma-Aldrich) after being conditioned
following manufacturer’s instructions. A model wine spiked at a single
level of c¢is-TTMO (1007 ng/L), cis-2-MPO (2000ng/L), and
d4-cis-2-MPO (2000 ng/L) was prepared for obtaining retention times
and a commercial Sauvignon blanc wine spiked with five levels of
cis-TTMO (0-235ng/L), cis-2-MPO (0-1000ng/L), and ds-cis-2-MPO
(200 ng/L) were prepared for further method optimisation. Mass spectra
were recorded with a gain factor of 10, and two SIM windows with dwell
times of 25 ms were set: the first window (12 to 35 min) monitored ions
of m/z 160, 145, 116, 101, 83, and 60 for cis-TTMO and the second
window (35 to 65 min) monitored ions of m/z 164, 160, 146, 145, 114,
101, and 87 to detect d4-cis-2-MPO and cis-2-MPO.

Lastly, with the Rt-BDEXcst column installed and synthesis of ds-
TTMO completed, the optimised method from the Cyclodex-B column
was modified to account for the difference in column size and maximum
temperature. Liquid injection of authentic standards dissolved in GC
grade dichloromethane (section 2.2.1) with MS in scan mode was firstly
conducted for the determination of retention times before further HS-
SPME method optimisation. The sample extraction parameters for the
HS-SPME method development stage were the same as those used for
Cyclodex-B column and inlet temperature was 220 °C with helium flow
rate of 1.3 mL/min. The initial oven temperature was 37 °C for 5 min,
and increased to 90 °C at 1.5 °C/min, then to 120 °C at 3.0 °C/min, and
to 220 °C at 30.0 °C/min with a hold time of 10 min, giving a total run
time of 63.7 min. The oven temperature programme and SIM windows
were then optimised by increasing the second ramp target temperature
from 120 to 130°C and setting first SIM window at 12 to 40 min and
second SIM window 40 to 66.7 min. MS source, quadrupole, and transfer
line temperatures were set at 230 °C, 150 °C, and 220 °C, respectively. A
2 cm DVB/CAR/PDMS fibre (50/30 um, Sigma-Aldrich) was conditioned
and used for the optimisation of extraction of cis-TTMO from a wine
matrix with carrier gas flow rate of 1.1 mL/min to increase separation
and sensitivity of enantiomers of d4-cis-TTMO and cis-TTMO. The pre-
vious two SIM time windows were combined with d4-cis-TTMO included
in the method, with m/z 164, 146, 116, 101, and 83 being used to
monitor ds-cis-2-MPO (excluding m/z 83) and d4-cis-TTMO, and m/z
160, 145, 116, 101, and 83 for the enantiomers of cis-2-MPO (excluding
m/z 83) and cis-TTMO, with dwell times set at 20 ms. The underlined
ions were used for quantification and the remainder were used as
qualifiers.
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A.3 Odour detection threshold (ODT) and aroma description of TTMO

The ODT of TTMO was determined by a 3-alternative forced choice
study according to ASTM standard practice E 679-04 (reapproved 2011)
(ASTM, 2011). The study was approved by Human Research Ethics
Committee of the University of Adelaide (Ethics approval number: H-
2019-135). Informed consent was obtained from panellists prior to
beginning the study. The panel (n = 39) consisted of 12 males and 26
females, with age ranging from 18 to over 65. Half of the panellists had
received wine related education, 17 worked in wine industry, and 27
people consumed wine at least once per week. A commercial neutral
white wine (Chardonnay, 2019, 13.5% v/v, unoaked) was used as the
base wine, with 25 x 750 mL bottles being pooled to maintain homo-
geneity of the base wine. The pooled wine was stripped by stirring for
30min with 4.5g/L of food grade charcoal (Winequip, Magill, SA,
Australia) to minimise the influence of other volatiles. The charcoal was
removed by careful batch-wise filtration (0.45pum filter membrane,
Millipore, US), the filtered wine was pooled, and then divided into seven
lots, with six for spiking and the other one to act as the control.

Sample preparation was based on that reported by Cooke et al.
(2009). An ethanolic solution of TTMO (<0.1 mL) was spiked into the
charcoal stripped Chardonnay wine to prepare ascending concentrations
of TTMO with a constant factor of three (0.46 pg/L, 1.37 pg/L, 4.12ug/
L, 12.36 ug/L, 37.07 pg/L, and 111.20 pg/L). An equal amount of
ethanol was spiked into control wines at each spiking level to eliminate
the influence from ethanol. Wines were stored at 4 °C prior to use and
samples (25mL) were presented in four-digit coded clear glasses
covered with plastic lids. The sensory study was conducted in sensory
booths and serving order of samples was designed with RedJade soft-
ware (Redwood City, CA). Panellists were required to indicate the odd
wine according to aroma only and a forced choice had to be made if the
odd wine sample could not be determined. The best estimate threshold
(BET) for each panellist was calculated and the group ODT was
expressed as the geometric mean of the BETs of each panellist.

Another group of charcoal stripped Chardonnay wines spiked with
six levels of TTMO (5, 10, 19, 30, 40, and 100 ug/L) was prepared for the
aroma description analysis by an informal panel consisting of eight wine
researchers. Each panellist was served with the group of six samples at
once and was instructed to describe aromas of wine samples from lower
to higher spiking levels in their own words in writing. A discussion was
then conducted to identify common terms and aroma descriptors used
by at least four panellists have been reported.

Appendix B. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.foodchem.2021.129406.
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Table B.1 Details of commercial and experimental wines used for quantification of 1,3-oxathianes and varietal
thiols, and concentrations (ng/L) of enantiomers of cis-2-MPO and 3-SH.

wine code (2R,45)-2-MPO (2S,4R)-2-MPO (35)-3-SH  (3R)-3-SH
Commercial ®
Sauvignon blanc SB 1t -f - 470+6 316+9
Sauvignon blanc SB 2 210+3 246+3 2510+252 1945+31
Sauvignon blanc SB 3 82+2 10243 2510+£39 2097+30
Sauvignon blanc SB 4 160 2242 925+31 800+42
Sauvignon blanc SB 5° - - 495+23 500+3
Sauvignon blanc SB 6 3745 45+3 1208+37 1359+60
Sauvignon blanc SB 7 250+4 303+14 44124367 ¢ 4170+126 ¢
Sauvignon blanc SB 8 86+2 93+3 3045104 ¢ 2310449
Sauvignon blanc SB 9 25+0 26+1 782434 579+4
Sauvignon blanc SB 10 23+1 2342 880+36 64448
Sauvignon blanc SB 11° - - 359+11 297+1
Sauvignon blanc SB 12°% - — 1003+128 703+4
Sauvignon blanc SB 13° - - 700+9 602+11
Sauvignon blanc SB 14°% - - 688+6 604+6
Chardonnay C1 - - 277+27 264+14
Chardonnay c2 41+1 53+1 882454 792435
Chardonnay C3 - - 338+114 309+13
Chardonnay Cc4 37+0 39+1 425+13 425+6
Chardonnay (O] - - 412424 431+13
Chardonnay (O - - 374+£76 413+18
Chardonnay c7 - - 365+33 364+14
Chardonnay (O - - 317+4 288+3
Chardonnay (O] 21+0 31+1 611+46 597+15
Chardonnay C 10 15+1 19+0 508+1 492+2
Chardonnay C 11 15+0 21+1 544481 510+38
Chardonnay C 12 - - 398+71 365+12
Chardonnay C 13 26+0 27+0 73443 73548
Chardonnay C 14 63+1 74+1 1576+60 1239418
Chardonnay C 15 16+0 16+0 598+41 571£28
Chardonnay C 16 - - 399+3 344423
Chardonnay C 17 18+0 22+1 570+£33 474+13
Chardonnay C 18 - - 457447 329+24
Chardonnay C 19 30+14 3143 442437 468+2
Chardonnay C20° 69+1 68+3 326+£16 356+20
Chardonnay C 21 - - 1920+134 1619+15
Pinot Grigio PG - - 383+2 381+12
Riesling RIE 88+2 204=+1 490+21 452421
White blend (variety not specified) WB 19+1 2240 429+18 335+18
Muscat M 20+1 24+1 480+33 29742
Rosé (Pinot noir) R 1 30+1 34+1 637+20 582442
Rosé (Sangiovese) R 2 14+0 <LOQ 373+£8 247+8
Rosé (variety not specified) R 3 16+l 22+1 632+12 566+10
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Table B.1 contd.

wine code (2R45)-2-MPO (25,4R)-2-MPO  (35)-3-SH  (3R)-3-SH
Experimental ¢
J7 yeast inoculation ¢ SB_J7 - - 1472+182  1237+152
VIN13 yeast inoculation ¢ SB VINI13 15+4 20+2 5415+965¢& 65191176 ¢
. . SB_co-
) d _ g g
J7 & VIN13 yeasts co-inoculation inoculation <LOQ (14 ng/L) <LOQ (18 ng/L) 6294+1479 & 7474+2336
P re'fermentat%‘;gfg??g juice (clone 5 prayyg 632 76+7 4224150  608+246
Pre'ferme“ta“"; E"g’;j“g juice (clone gy ppve 184 29+9 337494 401+158
Pre'ferme“tat“’;;;rf’;’;j“g juice (clone g pgyg 140 261 318440 37767
Pre-fermentation freezing juice (clone B B
00720y FJ_Q9720 186425 20748
Pre-fermentat1023f§§§zelng juice (clone FJ 5385 B 3 2874103 3374123
Pre'fermenta“‘l’{nsgel%z)l?g berry (elone  pp Hsvig 29417 2534287 912+106  981+118
Pre'fermema“";‘ 4@"66)2;“% berry (clone b pave 404 87+10 63362 1073+38
Pre'fermema“o;f\f%zing berry (clone gy pgyg 161 24+5 3574103 5124143
Pre'fermentat“&f;;g;flg berry (clone g 19729 <LOQ 203 440495 605179
Pre'fermenta“o‘;;g’se)zemg berry (elone g 535 162 3143 508+14  677+103

@ Commercial wines sourced from a previous study (Chen, Capone, & Jeffery, 2018). ® Wines not studied for
1,3-oxathianes quantification due to a lack of volume. ¢ Variety of experimental wines are Sauvignon blanc. ¢
Wines from a previous study (Wang, Chen, Capone, Roland, & Jeffery, 2020). © Wines from a previous study
(Chen, Capone, Nicholson, & Jeffery, 2019). ™ not detected (LOD = 4 ng/L for (2R,45)-2-MPO and 5 ng/L
for (2S,4R)-2-MPO). ¢ Extrapolated, outside the calibration range (0-2500 ng/L).
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Table B.2 Method validation for the stable isotope dilution assay using headspace—solid-phase microextraction
with gas chromatography-mass spectrometry.

Parameter (2R,6R)-TTMO ¢ (25,65)-TTMO ¢ (2R,4S)-2-MPO (2S,4R)-2-MPO

Calibration range (ng/L) LOQ —472 LOQ - 500
Linearity (R?) 0.9998 0.9998 0.9999 0.9998
Repeatability * Low 3% 2% 2% 2%
High 1% 2% 2% 3%
Chardonnay Low 94% + 0.00 99% + 0.03 100% + 0.07 106% + 0.00
High 108% + 0.01 106% + 0.02 108% + 0.01 104% + 0.04
Recovery b Grenache rosé Low 96% + 0.01 98% = 0.02 102% + 0.06 97% +0.07
High 107% + 0.02 102% + 0.00 95% =+ 0.02 105% + 0.04
Cabernet Sauvignon Low 96% + 0.02 98% + 0.02 96% =+ 0.02 107% + 0.01
High 103% + 0.00 105% + 0.04 101% + 0.04 104% + 0.03
LOD (ng/L) © 5 4 4 5
LOQ (ng/L) © 16 15 14 18

* Repeatability in a commercial Sauvignon blanc expressed as relative standard deviation (n = 7); low spiking
level was 46.5 ng/L for both (2R,6R)-TTMO and (2S,6S)-TTMO, and 50 ng/L for both (2R,4S)-2-MPO and
(2S,4R)-2-MPO; high spiking level was 236 ng/L for both (2R,6R)-TTMO and (2S,6S)-TTMO, and 500 ng/L
for both (2R,45)-2-MPO and (2S,4R)-2-MPO. ° Recovery in different matrices as a percentage of spiked
amount + standard deviation (n = 2). ¢ Limits of detection (LOD) and quantification (LOQ) determined in a
commercial Sauvignon blanc. ¢ The configuration was tentatively assigned.

Table B.3 Analyte concentrations (ng/L) existing in wines used for calibration and method validation.

Analyte Sauvignon blanc  Chardonnay Rosé Cabernet Sauvignon
(2R,6R)-TTMO ND @ ND ND ND
(25,65)-TTMO ND ND ND ND
(2R,4S)-2-MPO 10 NQ°® 18 NQ
(2S,4R)-2-MPO 13 NQ 25 NQ

“ND, not detected (analyte concentration below limit of detection). ® NQ, not quantified (analyte concentration

below limit of quantification).
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Method development for
enantiomers of cis-2-MPO
and TTMO

v

GC column screening & GC-
L il- - Rt-BDEXcst
MS parameter optimisation —>{Cyclosil-B |—>| CyclodexB H BDEXcst |

v

| SPME fibre selection |1 cm PDMS/DVB fibre |-»{2 cm DVB/CAR/PDMS fibre |

Calibration: 7 spiking levels x 2 replicates in Sauvignon blanc wine
v Precision and Accuracy: 2 spiking levels (low, high) x 7 replicates

| Method validation || in Sauvignon blanc wine

Recovery: 2 spiking levels (low, high) x 2 replicates in Chardonnay,
Grenache rosé, and Cabernet Sauvignon wine

A 4

| Elution order of cis-2-MPO |

\ 4
| Wine investigation |

v

| Verification of TTMO |—>| LRI, MS, co-injection experiments]

Fig. B.1 Workflow illustrating the method development process for enantiomers of cis-2-methyl-4-propyl-1,3-
oxathiane and 2,4,4,6-tetramethyl-1,3-oxathiane.
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Fig. B.2 Total ion chromatogram (TIC) of (A) synthesised TTMO and background subtracted mass spectra of
(B) cis-TTMO and (C) trans-TTMO; TIC of (D) synthesised ds~-TTMO and background subtracted mass
spectra of (E) ds-Cis-TTMO and (F) ds-trans-TTMO. Data recorded using liquid injection of compound in
dichloromethane: DB-WAXetr column; 40 °C for 1 min, then 10 °C/min to 250 °C and holding at 250 °C for
8 min; 1.5 mL/min He as carrier gas; inlet was set at 200 °C, MS source and quadrupole were 230 °C and 150
°C, respectively; transfer line was 240 °C or 250 °C; scan range of m/z 30-350.
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Fig. B.7 Selected ion chromatograms of (A) cis-2-MPO (spiked at 500 ng/L for each enantiomer) and ds-Cis-
2-MPO (spiked at 100 ng/L for each enantiomer) in a commercial Sauvignon blanc wine and (B) cis-TTMO
(spiked at 500 ng/L for each enantiomer) and d4-Cis-TTMO (spiked at 100 ng/L for each enantiomer), and (C)
co-injection experiments of Cis-TTMO added at concentrations of 60 ng/L, 120 ng/L, and 180 ng/L to SB 7
wine sample (already containing 28 ng/L of cis-TTMO), showing the increasing intensities of m/z 160 of cis-
TTMO when analysed by the validated SIDA HS-SPME GC-MS method. The concentrations of the analytes
in the commercial Sauvignon blanc wine used for calibration are detailed in Table B.3.
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Fig. B.8 Evolution of enantiomeric ratios of (A) (3R)/(3S)-3-sulfanylhexan-1-ol and (B) (3R)/(3S)-3-
sulfanylhexyl acetate during alcoholic fermentation of Sauvignon blanc juice based on HPLC-MS/MS analysis
of derivatives. Error bars represent standard deviations across the treatments (n = 8). The table below Fig.
B.8A illustrates results of one-way analysis of variance (ANOVA) followed by Tukey’s multiple
comparisions, showing the differences between sampling days for a given enantiomer (no significant

differences were found for 3-SHA enantiomers). Different letters within a row reveal significant difference at
a=0.05.
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Abstract: The identification of a single cis-2,4,4,6-tetramethyl-1,3-oxathiane (cis-TMO)
enantiomer in wines indicated that only one of the possible 4-methyl-4-sulfanylpentan-2-ol
(4-MSPOH) enantiomers was present in wine. In order to verify this, part of the study aimed
to resolve 4-MSPOH enantiomers based on modification of a published stable isotope dilution
assay (SIDA) utilising high performance liquid chromatography (HPLC) coupled with tandem
mass spectrometry. Different HPLC parameters were trialled and the enantiomers could be
partially separated with an Amylose-1 column, but baseline resolution was not achieved. Upon
applying the method to a selection of wine samples that were previously quantified with cis-
TMO, neither enantiomer of 4-MSPOH was detected. Further work would therefore be
required to optimise a method for the accurate quantification of 4-MSPOH enantiomers and
study a larger selection of wine samples. Additionally, the preliminary identification of
blackcurrant mercaptan and grapefruit mercaptan in wine was investigated. An initial method
for blackcurrant mercaptan was developed and applied to a small selection of wine samples,
but this thiol was not detected in any of these samples. Furthermore, a brief study on grapefruit
mercaptan showed it was unstable and could spontaneously degrade, although the derived
product (may relate to thiocineole) is still to be confirmed. Overall, further method
optimisation is required for the resolution of 4.-MSPOH enantiomers and additional effort for
the identification of volatile thiols in wine, including BCM, is required. Time constraints

prevented further pursuit of these aspects.

Keywords: varietal thiols, chiral analysis, grapefruit mercaptan, blackcurrant mercaptan,

synthesis, wine aroma
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INTRODUCTION

The geometric property of volatile compounds that cannot be superimposable on their
mirror images, namely chirality, plays an important part in characterisation of different food
and beverage aroma profiles. This is especially so for varietal thiols in wine, given their sensory
impact.! Bearing chiral centres, 3-sulfanylhexan-1-ol (3-SH) and 3-sulfanylhexyl acetate (3-SHA)
are present in different proportions as (3S)- and (3R)-enantiomers in dry and sweet white
wines.> As stereochemically-related progenitors to the enantiomers of 3-SH and 3-SHA, the L-
glutathionylated and L-cysteinylated conjugate precursors of 3-SH (i.e., GSH-3-SH and Cys-3-
SH, respectively) are present as pairs of diastereomers in grape.3 Fermentation experiments
conducted in model grape juice medium demonstrated that a diastereomerically pure
precursor, (R)-GSH-3-SH (and (R)-Cys-3-SH as an intermediate), can be metabolised to
produce the corresponding enantiomeric varietal thiols, namely (3R)-3-SH and (3R)-3-SHA.45
Comparing the differences in (S):(R) diastereomeric ratio of GSH-3-SH (2 to 73 and 3 to 3.6°)
and Cys-3-SH (1 to 337 and 2.1 to 2.5%) in healthy grapes to the (S):(R) enantiomeric ratio of 3-
SH (0.79 t01.38*%) and 3-SHA (1.34 to 2.71>¢) in wine (such as Sauvignon blanc), (S)-configured
GSH-3-SH, Cys-3-SH, and 3-SHA dominated over their (R)-configured counterparts, but 3-SH
enantiomers were approximately equally distributed in dry wines. This change in the (S):(R)
ratios from precursors to varietal thiols pointed the potential of diastereomeric or enantiomeric
selectivity of enzymes from yeast strains.

Compared with studies investigating the chirality of 3-SH and 3-SHA and the
conjugated precursors, similar knowledge for 4-methyl-4-sulfanylpentan-2-ol (4-MSPOH),
another potent thiol in wine, is lacking. 4-MSPOH is generally lower in concentration than
other varietal thiols, i.e., less than 9o ng/L,® but it also bears a chiral centre, meaning that its
enantiomers, (25)-4-MSPOH and (2R)-4-MSPOH, should also be present in wine. The analysis
of 4-MSPOH enantiomers had not yet been reported; however, a previous study pointed to the
possibility that a single enantiomer of 4-MSPOH may be present in wine, given that only a
single enantiomer of cis-2,4,4,6-tetramethyl-1,3-oxathiane (cis-TMO), produced from
acetaldehyde and 4-MSPOH, had been identified.?

As with the biogenesis of other varietal thiols, the occurrence of 4-MSPOH is likely
related to the presence of non-volatile precursors in grapes. L-Cysteinylated 4-MSPOH (Cys-4-
MSPOH) was identified in grape materials indirectly by enzymatically releasing and analysing

4-MSPOH using gas chromatography coupled with mass spectrometry (GC-MS).*° This work
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simultaneously verified that 4-MSPOH could be released from Cys-4-MSPOH due to the action
of tryptophanase. The potential metabolic pathway from GSH-4-MSPOH to Cys-4-MSPOH
and the subsequent release of 4-MSPOH is an open question. On the other hand, 4-MSPOH
enantiomers may also arise from enzymatic reduction of 4-MSP during fermentation, with
such enzymes, for instance the aldo-keto reductase family," potentially showing enantiomeric
selectivity (thus perhaps favouring one 4-MSPOH enantiomer).

Aside from the research gap in understanding the production and chirality of 4-MSPOH
in wine, exploring the presence of other sulfur-containing volatile compounds could be
important for further understanding the complexity of wine aroma, especially as it relates to
potent thiols. As such, two compounds, namely 1-p-menthen-8-thiol (grapefruit mercaptan,
GFM, Figure 1) and 4-methoxy-2-methyl-2-butanethiol (blackcurrant mercaptan, BCM, Figure

1), were proposed in Section 1.7 of Chapter 1 to be present in wine.

/\/%SH
\O

HS
1-p-menthen-8-thiol 4-methoxy-2-methyl-2-butanethiol
grapefruit mercaptan (GFM) blackcurrant mercaptan (BCM)

Figure 1. Structures of grapefruit mercaptan and blackcurrant mercaptan.

GFM is a chiral molecule with low odour detection thresholds (ODTs) of 0.02 ng/L and
0.08 ng/L for the respective R-(+)- and S-(-)- enantiomers in water,'> and has long been known
for characterising grapefruit aroma.3 Its wide prevalence in other fruits, including honey and
red pomelo, blood orange, mandarin, and lime, makes it a potential aroma marker for citrus
fruits.# The formation of GFM in concentrated grapefruit juice was presumed to arise from the
addition of hydrogen sulfide (H.S) to limonene,> with the chemical synthesis of GFM by
additive reaction of H.S and limonene having been summarised in a review.® This is akin to
the formation of the alcohol analogue, a-terpineol, from the hydration of limonene under
acidic conditions."” A previous study established that GFM is not stable and can spontaneously
cyclise into isothiocineole in the presence of light, explaining the co-occurrence of GFM and
isothiocineole in grapefruit.3 GFM can also cyclise into thiocineole at acidic pH, which is more
likely to happen in a wine environment if GFM was present initially.

BCM has an ODT of 1 ng/L in water® and 0.08-0.3 pg/L in air," and was first identified
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in virgin olive oil and found to contribute ‘blackcurrant’ like aroma.' It characterises the aroma
profile of blackcurrant? and was quantified between 0.16-4.5 pg/kg in blackcurrant berries.’®
Although L-cysteine conjugated BCM (Cys-BCM) was qualified in blackcurrant bud before bud
burst,> the biogenesis from Cys-BCM to BCM and the reactivity of BCM were unclear.’®
Nonetheless, if present in wine, BCM or GFM could potentially impact sensory profiles,
although the typical trace abundance of thiols presents an analytical challenge.

The analysis of 4-MSPOH enantiomers and exploration for new thiols such as BCM and
GFM could be based around a sensitive approach that combines thiol derivatisation with 4,4'-
dithiodipyridine (DTDP) and high-performance liquid chromatography coupled with tandem
mass spectrometry (HPLC-MS/MS).? Therefore, one of the aims of this chapter was to optimise
a previously published method?*? to resolve the enantiomers of 4-MSPOH and quantify them
in a selection of wine samples. An additional aim was to explore the presence of GFM and BCM
in wine by adapting a published HPLC-MS/MS approach used for the analysis of the usual

varietal thiols.
MATERIAL AND METHODS

Chemicals. (+)-4-MSPOH (98 %) was purchased from Thermo Fisher Scientific
(Scoresby, VIC, Australia). Acetaldehyde (= 99.5 %), acetic acid (= 8o %), ammonium
bicarbonate (99 %), BCM (= 98 %), a-terpineol (= 95 %), DTDP (98 %), EDTA 2Na (= 99 %),
ethyl acetate (= 99.5 %), formic acid (= 98 %), isothiocineole (95 %), Lawesson’s reagent (97 %),
N,N'-diisopropylcarbodiimide (DIC, 99 %), N-(tert-butoxycarbonyl)-L-phenylalanine (N-Boc-
L-Phe-OH, = 99 %), palladium(II) chloride (99 %), silica gel 60 (15-40 pm mesh), and thin layer
chromatography (TLC) plates (20 x 20 cm) were purchased from Sigma-Aldrich (Castle Hill,
NSW, Australia). AR grade hydrochloric acid (36.5 %38 %), 4-dimethylaminopyridine (DMAP,
> 99 %), dichloromethane (99.8 %), diethyl ether (99.7 %), methanol (99.9 %), sodium
chloride (= 99.7 %), and n-hexane (95 %) were obtained from ChemSupply (Port Adelaide, SA,
Australia). Gas chromatography grade dichloromethane, HPLC gradient grade acetonitrile,
ethanol, and methanol were purchased from Merck (Noble Park, VIC, Australia). Bond Elut
C18 (500 mg, 6 mL) and Strata SDB-L (500 mg, 6 mL) solid phase extraction (SPE) cartridges
were acquired from Agilent Technologies (Mulgrave, VIC, Australia) and Phenomenex (Lane
Cove, NSW, Australia), respectively. Milli-Q water obtained from a purification system
(Millipore, North Ryde, NSW, Australia) was used for preparation of aqueous solutions. DTDP

reagent was prepared and stored at —20 °C,> with aliquots thawed before use. A palladium(II)
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chloride reagent was used for TLC visualisation and prepared by dissolving 0.5 g palladium
chloride in 100 mL water containing several drops of 25 % hydrochloric acid. After being dipped
in the reagent, TLC plates were developed by heating for a brief period with a heat gun.
Preliminary method development for 4-MSPOH enantiomers. Preparation of
reference standard. A reference solution of 4-MSPOH derivatised with DTDP was prepared in
model wine (10 % aqueous ethanol solution saturated with potassium hydrogen tartrate and
pH-adjusted to 3.2 with 1 M tartaric acid solution) according to the published method
(excluding acetaldehyde).” Briefly, 20 pL of ethanolic 4-MSPOH solution (0.732 g/L) was
spiked into 5 mL of model wine, followed by the addition of 20 mg EDTA 2Na and 100 pL DTDP
derivatisation reagent. The mixture was left for 1 h prior to use for the method development.®
Preliminary preparation of 4-MSPOH enantiomers. The synthesis of bis-(N-Boc-L-Phe)-
4-MSPOH (1) diastereomers followed the previous method with modifications.? To a stirred
solution of (+)-4-MSPOH (100 mg, 0.75 mmol) in dry dichloromethane (5 mL) at o °C under
N., N-Boc-L-Phe-OH (1592 mg, 6 mmol), DMAP (7.3 mg, 0.06 mmol), and DIC (464 pL, 379
mg, 3 mmol) were added. After stirring for 16 h at room temperature, the solvent was removed
under reduced pressure. The residue was redissolved in diethyl ether (5 mL) and the mixture
was filtered, with the solids being washed with diethyl ether (3 x 5 mL). The combined organic
solvent was washed with 1 M HCl solution (3 x 5 mL), then brine (5 mL), and dried over MgSO,.
The solvent was removed under reduced pressure to yield a colourless oil (1.78 g), which was
redissolved in a minimum amount of solvent mixture A (81.3% hexane/17.1% ethyl acetate/1.6%
acetic acid) purified by flash silica gel chromatography, eluting with solvent mixture A. Eluted
fractions were pooled according to TLC monitoring using palladium(II) chloride reagent and
further analysed by HPLC-MS as detailed below after dissolving in the crude product in
methanol/water mixture (50/50). Solvent from the pooled fractions containing product was
removed under reduced pressure and the residue was redissolved in a small amount of solvent
mixture A. Preparative TLC of this mixture was undertaken to separate the two diastereomers
of bis-(N-Boc-L-Phe)-4-MSPOH, affording Rr values of 0.26 (1a) and 0.23 (1b) using solvent
mixture A. The silica gel band with a single diastereomer was scraped from the TLC plate and
stirred with dichloromethane. After filtration, the dichloromethane was removed under
reduced pressure, affording the mixture with R¢value of 0.26 (185.2 mg) containing of 1 with
53.2 % purity and presenting a diastereomeric ratio of 1a/1b of 93.7 %/6.3 %; and mixture with
Rrvalue of 0.23 (32.6 mg) containing 1 with 90.3 % purity and a diastereomeric ratio of 1a/1b of

28.9 %/70.2 % (HPLC-MS). The conversion yields from starting material to 1a and 1b were 18 %
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and 5.7 %, respectively.

HPLC-MS instrumentation. Method development for analysis of 4-MSPOH
enantiomers was conducted on a ThermoFinnigan Surveyor HPLC coupled to a
ThermoFinnigan LCQ Deca XP Plus ion trap mass spectrometer operated in positive
electrospray ionisation mode.

Purity of fractions from chemical synthesis was determined in full scan MS mode (m/z
100-1000) with voltages of source, capillary, tube lens offset being 4500 kV, 26 V, and 40V,
respectively, and capillary temperature, sheath gas flow, and sweep gas flow of 250 °C, 30
arbitrary units, and 20 arbitrary units, respectively. Helium was used as collision gas.

The fragmentation pattern was obtained by full scan MS/MS experiments and two ion
pairs were selected for the qualification of 4-MSPOH by selected reaction monitoring (SRM):
m/z 244.2—144.1 and m/z 244.2—111.0. The LCQ source conditions were: N, was used as sheath
gas and auxiliary gas at 6o and 20 arbitrary units; the ion spray voltage, capillary voltage, tube
lens offset voltage, and capillary temperature were 4500 V, 13V, 25 V, and 250 °C, respectively.
For MS/MS, helium was used as the collision gas, with normalised collision energy, activation
Q, activation time, and isolation width being 36 %, 0.250, 30.0, and 1.4, respectively. Xcalibur
software (version 1.3) was used for instrument control, data acquisition, and data processing.

HPLC conditions and optimisation. Separation of samples from chemical synthesis was
achieved with a Kinetex Evo Ci8 column (150 x 2.1 mm, 100 A, Phenomenex Australia, Lane
Cove NSW, Australia) with an injection volume of 10 pL. Eluents consisted of aqueous 0.5 %
formic acid (A) and acetonitrile with 0.5 % formic acid (B), with a flow rate of 0.2 mL/min. The
program for solvent B was o min, 70 %; 2 min, 70 %; 10 min, 50 %; 15 min, 20 %; 20 min, 20 %;
21 min, 70 %; 25 min 70 %.

The initial HPLC conditions for chiral 4-MSPOH enantiomers separation were the same
as the previously reported method for analysis of thiol enantiomers.?> Separation was
performed with either Lux Amylose-1 or Amylose-2 column (250 x 2.1 mm i.d., 5 pm, HiChrom,
Phenomenex, Lane Cove, NSW, Australia) protected by a guard cartridge (4.0 x 2.0 mm i.d.) of
the same material as the column. The initial column temperature was 25 °C and eluents were 5
mM aqueous ammonium bicarbonate (A) and acetonitrile (B), with a flow rate of 0.3 mL/min
and injection volume of 10 pL. An assessment of HPLC parameters included column
temperature (5, 10, 15, 20, 25, and 30 °C), isocratic eluent conditions (30 % B, 35 % B, and 60 %
B), eluent flow rates (0.20, 0.25, 0.26, 0.28, and 0.30 mL/min), and concentration of ammonium

bicarbonate (5, 10, and 20 mM). Wine samples found to contain cis-TMO were screened,
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including Riesling (n= 1) and Sauvignon blanc (n = 5).9

Preliminary method development for GFM and BCM. Synthesis of GFM. The
synthesis followed the previous method?+ with modifications. a-Terpineol (1.00 g, 6.48 mmol)
and Lawesson’s reagent (1.31 g, 3.24 mmol) were dissolved in dry toluene (220 mL) protected
by N, and the mixture was stirred under reflux for o.5 h with exclusion of light. The reaction
was monitored with TLC, with the product having a Rrvalue of 0.27 in n-hexane. The reaction
solvent was removed under reduced pressure and the residue was redissolved in a minimal
amount of n-hexane before being purified by a flash chromatography on silica gel, with
exclusion of light. The purities of fractions were determined using the GC-MS, namely three
GFM fractions of 4.7 mg (95.6 % pure), 21.4 mg (94.4 % pure), and 19.8 mg (81.9 % pure), and
relevant fractions were combined to afford a final yield of 3.7 %.

Purity checks of fractions arising from synthesis were conducted using an Agilent
6890N GC coupled with an Agilent 5973N mass spectrometer using ultra-pure helium as the
carrier gas at a flow rate of 1.5 mL/min. Separation was performed with an Agilent DB-WAXetr
column (60 m x 0.25 mm i.d., 0.25 um df). The Gerstel MPS autosampler (Lasersan Australasia,
Tanunda, SA, Australia) was fitted with a 10 pL glass syringe used for liquid injection. The GC
inlet was fitted with an inlet liner (ultra inert tapered with glass wool, Agilent) and operated in
pulsed splitless mode, was maintained at 200 °C and the sample previously dissolved in GC
grade dichloromethane was injected (1 pL) for analysis. The initial GC oven temperature was
held at 40 °C for 1 min, then ramped to 250 °C at 10 °C/min, and holding at this temperature
for 8 min. The temperatures of the transfer line, mass spectrometer source, and quadrupole
were 240, 230, and 150 °C, respectively. Positive ion electron ionisation mass spectra (70 eV)
were collected in scan mode (m/z 35-350) with a solvent delay time of 9 min.

Wine sample preparation for analysis. Samples for HPLC-MS/MS analysis were prepared
according to a previous method.* Calibration samples were prepared by spiking separate
ethanolic solutions of GFM (0.01419 and 0.1419 mg/mL) and BCM (0.0124 and 0.124 mg/mL),
and 50 pL of deuterium labelled internal standard (ds-3-SH, at a final concentration of 500
ng/L) into 20 mL of commercial Chardonnay wine at levels of o, 1.4, 26.6, 40.4, 53.2, 78.0, and
99.3 ng/L for GFM, and o, 11.8, 25.1, 38.2, 50.2, 77.5, and 102.3 ng/L for BCM. Sequentially, EDTA
2Na (20 mg), aqueous acetaldehyde (50/50, 8o pL), and DTDP (200 pL) derivatisation reagent
were added to the respective solutions. Mixtures were left for 30 min before being loaded onto
pre-activated Bond Elut SPE cartridges and treated according to the previous method.* Eluates

from the SPE cartridges were dried under N, before being reconstituted with 10 % aqueous
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ethanol solution. Samples were stored at —20 °C prior to analysis.

Wines used for the screening of GFM and BCM were previously prepared according to
the published method* and included experimental wines (Shiraz from vintage 2019 (n = 6)%
and Sauvignon blanc from vintages 2019 (n = 42)%°) and commercial wines (n = 42), consisting
mainly of either Chardonnay or Sauvignon blanc.?”

HPLC-MS instrumentation. The LCQ HPLC-MS instrument specified in Section 2.2.2
was used for the precursor ion scan analysis and an Agilent 1200 HPLC coupled with a 6410
triple quadrupole mass spectrometer was used for further method development. The HPLC
parameters on both instruments were the same as the previous method.? Multiple reaction
monitoring (MRM) ion pairs acquired for both DTDP derivatives of GFM and BCM are shown
in Table 1. The Agilent MassHunter Workstation software (B.03.01) was used for instrument

control and data acquisition.

Table 1. Mass spectrometry parameters for the qualification and quantification of grapefruit

mercaptan (GFM) and blackcurrant mercaptan (BCM) after DTDP derivatisation.

Compound MRM ion pairs Dw(erlri St;me Frag?\lgntor Collisi((;r\lf ;energy

GFM-DTDP 280.0—144.0 40 100 12
280.0—137.0 40 100 30
280.0—111.0 40 100 20
280.0—79.0 40 100 40

BCM-DTDP 244.0—143.9* 40 105 12
244.0—111.0 40 105 36
244.0—67.0 40 105 40

* lon pair used for BCM quantification.

Statistical analysis. Microsoft Excel (Microsoft Office Professional Plus 2019 for
Windows) was used for all basic statistical calculations. Limit of detection (LOD) and limit of
quantification (LOQ) were calculated where applicable and expressed as 3 and 10 times the

standard error of y intercept divided by the slope of calibration equation.
RESULTS AND DISCUSSION

Analysis of 4-MSPOH enantiomers. HPLC-MS/MS method development for the

resolution of 4-MSPOH enantiomers. The previously developed method to quantify the
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enantiomers of 3-SH and 3-SHA by a stable isotope dilution assay (SIDA) with HPLC-MS/MS,>
did not include 4-MSPOH most likely due to its lower prevalence in wines. Nonetheless, 4-
MSPOH could present as a pair of enantiomers, namely (25)- and (2R)-4-MSPOH, which could
have implications for wine aroma in the same way as the enantiomers of 3-SH and 3-SHA.
However, using the HPLC conditions developed for the enantiomers of 3-SH and 3-SHA,?* the
DTDP derivatives of 4-MSPOH enantiomers (prepared using a racemic standard) were not
resolved on either an Amylose-1 or Amylose-2 column. Decreasing the proportion of
acetonitrile from 65 % to 35 % on the Amylose-1 column showed signs of enantiomeric
separation, which was further increased by the optimisation of other parameters, including
decreasing the acetonitrile proportion to 30 %, adjusting the flow rate from 0.3 mL/min to 0.2
mL/min, and modifying the column temperature from 25 °C to 10 °C. The increase of
ammonium bicarbonate from 5 mM to 20 mM improved the separation only marginally by
increasing the selectivity value of o0.01, thus 5 mM was chosen as per the original method.
Ultimately, better separation on Amylose-1 column was achieved compared with the Amylose-
2 column, using isocratic 30 % acetonitrile with an eluent flow rate of 0.2 mL/min and a column
temperature of 10 °C. This was in line with the observation from a previous study>> whereby the
enantiomers of derivatised 3-SH were better separated on Amylose-1 column rather than
Amylose-2. As proposed earlier for 3-SH, this could be due to the stronger interaction between
the hydroxy group in 4-MSPOH with amylose 3,5-dimethylphenylcarbamates (Amylose-1).
Figure 2 illustrates the resolution of 4-MSPOH enantiomers under the best HPLC conditions,
with retention factors for the two peaks of 15.2 and 16.6, respectively, a selectivity value of 1.10,

and a resolution value of 0.79.

(A) 2839 (B) 36.89

40.22

= a0

[
?

Relative Abundance
!

Relative Abundance
!

1441

_111.1| _
| | |

gl oo g gl o B o o o e R

100 150 200 250 300 350 400 0 10 20 30 40 50

m/z Time (min)

o

Figure 2. HPLC-MS/MS analysis of derivatised (+)-4-MSPOH standard at a concentration of
5.23 pug/L showing (A) full scan MS/MS spectrum and (B) selected reaction monitoring
chromatogram of m/z 244.1—144.1 showing partial separation of 4-MSPOH enantiomers. The

HPLC conditions were isocratic 30 % acetonitrile and 70 % 5 mM ammonium bicarbonate with
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a flow rate of 0.2 mL/min and column temperature of 10 °C.

Despite base line resolution of the enantiomers not being achieved (Figure 2), it was
still practical to apply the method with improved chromatographic parameters to wine samples
for the verification of the hypothesis that only one of the 4-MSPOH enantiomers may be
present in wine. Thus, wine samples that were quantified for cis-TMO in a previous study,®
including Riesling (n= 1) and Sauvignon blanc (n = 5), were screened for 4-MSPOH with an
Amylose-1 column. However, neither enantiomer of 4-MSPOH was detected in this small set
of wines, which may be due to a lack of sensitivity of the ion trap instrument that was used. If
the present HPLC method is to be used for further investigation of the enantiomers of 4-
MSPOH in wine, MRM experiments with a triple quadrupole mass spectrometer followed by
screening a larger set of wine samples would be advisable.

In spite of these initial efforts, the current Amylose-1 column may not be the most
suitable phase for the resolution of 4-MSPOH enantiomers, although a smaller particle size
(i.e., 3 um) may potentially increase the separation. A cellulose-based chiral stationary phase
showed greater selectivity values for separation of alcohol enantiomers compared with an
amylose-based counterpart,>® meaning that a cellulose based 3,5-dimethylphenylcarbamate
chiral stationary phase could potentially be beneficial to 4-MSPOH enantiomeric separation.
Successfully achieving the first aim of the study to integrate the enantiomers of 4-MSPOH into
the previously method would require screening of other chiral stationary phases. Given the cost
of HPLC columns for chiral separation, this would likely need to be facilitated with column
screening by Phenologix or similar application development services, as undertaken in the
previous work of this kind.>

Synthetic protocols for the preparation of 4-MSPOH enantiomers. In parallel to the
method development for resolution of 4-MSPOH enantiomers on a chiral stationary phase,
synthesis was initiated to obtain single enantiomers of 4-MSPOH for use as standards to assign
the elution order of the enantiomers according to the HPLC-MS/MS method.?> Asymmetric
reduction of ketones to the corresponding alcohols by yeast has been achieved, but only up to
90 % enantiopure alcohol could be obtained and yeasts were not efficient in reducing
branched-chain ketones.?® In comparison, the approach using porcine pancreas lipase
preparation in the asymmetric reduction of 4-acetylthio-2-heptanone, obtained by Michael
addition of thioacetic acid to 3-hepten-2-one, afforded (4S)-4-acetylthio-2-heptanone with

enantiomeric purity of 98 % as the remaining substrate after kinetic resolution. Chemical
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reduction with lithium aluminium hydride was used to obtain the thiol and alcohol
functionalities so that the elution order of enantiomers of 4-sulfanyl-2-heptanol could be
assigned.’° This approach has been applied to other 4-sulfanyl-2-alkanols and 2-sulfanyl-4-
alkanols,3'3* but it is not suitable for 4.-MSPOH resolution given the only chiral centre in 4-
MSPOH is at C-2 compared with the C-2 and C-4 chiral centres in those other polyfunctional
thiols. A previous study revealed that the double acylation of the alcohol and thiol groups in 3-
SH by N-Boc-L-Phe-OH could help resolve the subsequently formed diastereomers of bis-(N-
Boc-L-Phe)-3-SH, using chiral preparative HPLC.? This synthetic approach was considered for
the protection of alcohol and thiol functional groups in 4-MSPOH in the present study
(Scheme 1, part a). However, compared with using chiral preparative HPLC method to separate
bis-(N-Boc-L-Phe)-3-SH diastereomers, preparative TLC was used to achieve the separation,
after a preliminary purification with flash silica chromatography and optimisation of the

solvent system for TLC to at least partly resolve the diastereomers (Scheme 1, part b).

(o}
SH OH s
+ OH
HN.
Boc
4-MSPOH N-Boc-L-Phe-OH
0.75 mmol 3 mmol
DIC (3 mmol)
a DMAP (0.06 mmol)
N, CH,Cl,
Yield 130 %
HN—Boc 0
S O

Bis-(N-Boc-L-Phe)-4-MSPOH diastereoisomers

Preparative TLC

Flash chromatography
b
Yield 22.0 % and 6.3 %

H\N—BOC 0 H\N_BOC 0
S 07y S 0O
o M HN ~ o %\/-\ HN ~
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Bis-(N-Boc-L-Phe)-4-MSPOH Bis-(N-Boc-L-Phe)-4-MSPOH

Scheme 1. Synthetic protocols for the preparation of two diastereomers of bis-(N-Boc-L-Phe)- 4-
MSPOH with a view to obtaining individual enantiomers of 4-MSPOH.

The separated fractions from preparative TLC were analysed with HPLC-MS/MS in full
scan MS mode (Figure 3). The total ion chromatogram (TIC) of the TLC band with a R¢value
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of 0.26 had a lower overall purity (53.2 %) due to the impurities at 3.8 min and 6.2 min (Figure
3A), but had a higher diastereomeric excess of product 1a (14.1 min) than 1b (12.5 min). In
comparison, the TIC of the TLC band with Rt value of 0.23 (Figure 3B) had higher purity of
90.3 %, but a lower diastereomeric excess of 1b (12.14 min, Figure 3B) than 1a (13.7 min, Figure
3B). Identical mass spectra associated with the peaks for 1a and 1b are shown in Figure 3C and
3D, respectively. The ion at m/z 629 was the protonated molecule ([M + H]*), and 651 was [M
+ Na]*. The ions at m/z 573, 529, 473, and 429 were supposedly from the sequential loss of 2-
methylprop-i-ene (m/z 56) and subsequent elimination of CO, (m/z 44) from the two Boc
moieties (Figure 3C), with a similar fragmentation pattern of the Boc moiety for positive ESI-
MS/MS having been previously discussed.33 However, both TLC isolates were not pure enough
for diastereomeric characterisation by HRMS and NMR at this point. Considering 4-MSPOH
enantiomers were not separated by the chiral HPLC-MS method (Section 3.1.1) by this stage,
further experiments in characterisation of 1a and 1b were ceased. If taken further, however,
having at least one relatively pure diastereomer would have been enough to confirm the elution
order of 4-MSPOH enantiomers by HPLC - after diastereomer deprotection,? the relative

stereochemistry of the obtained enantiomer could be determined according to chemical shifts

with NMR experiments.34
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Figure 3. Total ion chromatograms of TLC isolates with Ryvalues of (A) 0.26 and (B) 0.23, and

full scan mass spectra of diastereomers eluting as (C) 1a with proposed fragmentation pattern
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and (D) 1b.

Method development for GFM and BCM. A direct route to the formation of GFM is
from a-terpineol, the corresponding tertiary alcohol, was achieved with Lawesson’s reagent as
previously reported (Scheme 2).24 Given the light-sensitive property of GFM, whereby radical
cyclisation could yield 2,8-epithio-cis-p-menthane, reaction and purification procedures were
protected from ambient light. The conversion yield was calculated to be 3.7 % (Scheme 2),
which was substantially lower than that in the previous report (20 %)24 but provided ample

product (> 40 mg) for the present study’s needs.

Lawesson's Reagent

3.24 mmol
Toluene
Reflux, 0.5 hour
HO HS
a-Terpineol 3.7 % yield Grapefruit mercaptan
6.48 mmol 0.24 mmol

Scheme 2. Synthesis of grapefruit mercaptan from a-terpineol.

The purity of the crude material from synthesis of GFM that was used for method
development was 94.4 % according to GC-MS analysis (Figure 4A). The mass spectrum of the

synthesised GFM (Figure 4B) showed ions identical to the previous result (Figure 4C).35
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Figure 4. GC-MS analysis of a freshly prepared solution of synthesised grapefruit mercaptan
provided (A) a total ion chromatogram showing the purity and (B) the corresponding

background subtracted mass spectrum that can be compared to (C) a reference mass spectrum
of GFM.35

BCM and GFM were derivatised with DTDP and used for compound characterisation

according to a previous HPLC-MS/MS method.* Full scan MS and product ion scan MS/MS
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experiments were performed to select ion pairs for MRM analysis, with the overlaid MRM
chromatograms for derivatised BCM and GFM illustrated in Figure 5A and 5B, respectively. lon
transitions from precursor ions of derivatised BCM (m/z 244) and GFM (m/z 280) to product
ions of m/z 144 and m/z 11 were derived from the protonated molecules fragmenting to the
derivatised potion of each molecule, in complete accord with the fragmentation pattern of thiol
derivatives such as 3-SH and 4-MSP using the DTDP approach.? The additional ion pair of m/z
244.1—67 for BCM was potentially due to the fragment CH,CHCHCHCH,* that presumably
originated from pyridyl cation after the loss of N and rearrangement, in a similar way to that
observed for 1-methylpyridine3® The transitions of m/z 280.0—79 and —137 could be
attributed to the protonated pyridyl cation and the o-terpinyl cation, akin to the fragmentation

seen for furfural thiol and benzyl mercaptan derivatives.*
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Figure 5. Overlaid MRM chromatograms (inset) for thiopyridine derivatives of (A) blackcurrant

mercaptan and (B) grapefruit mercaptan.

Based on the newly acquired parameters, preliminary seven-point calibrations for both
mercaptans were prepared from o to 100 ng/L using ds-3-SH as the internal standard. The
calibration for BCM was linear, with a coefficient of determination (R?) > 0.99. The p-value was
< 0.0001 from the goodness of fit test for the linear regression model, showing there was not
lack of fit for the calibration. LOD and LOQ values calculated for BCM were 4.8 and 15 ng/L,
respectively. The previous method* containing the new MRM transitions was applied to
screening for BCM in 84 white wines (Sauvignon blanc and Chardonnay) and 6 Shiraz wines
(detailed in Section 2.3.2). BCM was not identified in any of the wines, however, this may be
attributable to the small sample size, and additional wine samples would need to be screened
in future attempts to verify its existence. Apart from this rather targeted approach, other

possibilities for discovering volatile thiols in wine such as BCM include mass spectrometry in
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precursor ion scan mode, as used for the identification of thiols in vegetables after
derivatisation using DTDP,3” or volatile thiol screening using selective silver ion SPE coupled
with multidimensional GC-MS.3®

In contrast to BCM, the analysis of GFM as its derivative was not so straightforward.
Although the full scan MS/MS spectrum of GFM could be obtained using a freshly prepared
standard solution, the calibration for GFM prepared with a diluted ethanolic stock solution of
GFM (stored for 3 months at 4 °C) failed and peaks were not detected at any concentration.
Degradation of the synthesised GFM standard prior to derivatisation was suspected and partly
verified by the mass spectrum (Figure 6A) obtained from the main new chromatographic peak,
which eluted approximately 1 min later that GFM, upon the analysis of a stored ethanolic
solution of synthesised GFM. This was in contrast to the correct mass spectrum obtained for
GFM analysed soon after synthesis (see Figure 4B). Mass spectral library searches (Wiley275.L
and NIST14.L) of the degradation product suggested the compound to be 2,8-epithio-cis-p-
menthane (isothiocineole) with a similarity of 92 %, or 1,8-epithio-p-menthane (thiocineole)
with 72 % similarity. Although the mass spectrum of authentic 2,8-epithio-cis-p-menthane
shown in Figure 6B does not match well with the product from GFM degradation in Figure 6A
(identical ions but different ion intensities), conversion of GFM to either of these bicyclic
compounds is plausible, given the lability of GFM reported previously. Thus, GFM can readily
cyclise into 1,8-epithio-p-menthane under protic conditions (Scheme 3, path a) or 2,8-epithio-
cis-p-menthane under radical-forming conditions (Scheme 3, path b) in the presence of light.
Indeed, the co-occurrence of GFM and 2,8-epithio-cis-p-menthane in grapefruit juice with an

approximate ratio of 4 to 1 has been reported.B
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Figure 6. Background subtracted mass spectra of (A) unknown compound degraded from
grapefruit mercaptan solution and (B) a commercial standard of 2,8-epithio-cis-p-menthane

(isothiocineole).
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Interestingly, the proposed cyclisation of GFM into 1,8-epithio-p-menthane under
protic conditions (which would include those found in wine) could be viewed analogously to
the cyclisation of a-terpineol into 1,8-cineole (Scheme 3, path ¢) that was illustrated in model
wine.39 A commercial standard of thiocineole was not available to help verify the identity of the
degradation product, but the occurrence of pathway (Scheme 3, path a) in the present case was
not well supported when considering differences in the mass spectrum of thiocineole obtained

from online database (https://spectrabase.com/spectrum/4QgMOrrbmVs, SpectraBase,

Wiley).
S a: H* b: radical S
SH

1,8-Epithio-p-menthane Grapefruit mercaptan 2,8-Epithio-cis-p-menthane
Thiocineole Isothiocineole
c:H*
o] -
OH
1,8-Cineole a-Terpineol

Scheme 3. Cyclisation of grapefruit mercaptan to thiocineole under protic conditions (path a)
and isothiocineole due to light-induced radical formation (path b),3 and cyclisation of a-

terpineol to 1,8-cineole in model wine (path c).3

CONCLUSION

This study was devoted to the analysis of thiol enantiomers and investigation of
potential new thiols in wine. Attempts were made to resolve 4-MSPOH enantiomers after thiol
derivatisation in an attempt to confirm their relative distribution. Secondary to this,
identification of BCM and GFM in wine utilising preliminarily optimised or developed
methods was initiated. Despite substantial progress, time constraints prevented the work from
being taken any further. As for GFM and BCM, which were not identified in wine at the present
time, the results indicated that GFM is unstable and identifying the breakdown product of
GFM could facilitate further studies in wine. The presence of the breakdown product could
point to GFM as the labile precursor, even if GFM itself may not exist long in wine. In
comparison, BCM was more stable, and additional work such as using DTDP derivatisation

followed by precursor ion scan mass spectrometry experiments or novel extraction techniques
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coupled with GC-MS analysis have been proposed for the identification of BCM or indeed other
volatile thiols in wine. Aside from exploring the potential presence of both mercaptans in wine,
their ODTs in wine matrix would need to be determined to enable evaluation of their

contribution to wine sensory characteristics.
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ABSTRACT

Varietal thiols are important wine aroma compounds that are generally less abundant in red wines. Accentuated
cut edges (ACE), known for accelerating phenolic extraction, was applied to Shiraz winemaking and compared
with conventional crushing (NOACE) to examine the effects on varietal thiol precursor extraction and thiol
formation. Water addition to grape must and skin contact time (SCT) during fermentation were also assessed.
Although there was no difference for precursors in the must, ACE significantly decreased 3-S-glutathionylhexan-
1-ol concentration during fermentation. 3-Sulfanylhexan-1-ol and ethyl esters were significantly influenced by
crushing method and/or SCT, with NOACE or shorter SCT yielding higher concentrations. Acetates, higher al-
cohols, fatty acids, and isoprenoids differed according to the interaction of crushing method and SCT, with ACE
and shorter SCT significantly enhancing all groups except acetates. Volatiles in Sauvignon blanc and Pinot noir

wines produced at commercial scale with ACE were briefly evaluated, suggesting an impact of grape variety.

1. Introduction

Wine is an extremely complex matrix that consists of numerous non-
volatile and volatile compounds characterising its aroma, flavour, and
texture. Illustrating the chemical complexity, over one thousand volatile
compounds have been detected in wines, but not all play a role in the
sensory perception of wine. Any impact on aroma needs consideration
due to the wide range of volatile compound concentrations (orders of
magnitude), their various odour detection thresholds (ODTs), and the
interactions among volatiles and with non-volatile compounds in the
wine matrix (Ferreira et al., 2002).

Notably, there are very few aroma impact compounds, with varietal
thiols forming one of the most influential and studied groups. Present in
the nanogram-per-litre to low microgram-per-litre range, varietal thiols
are polyfunctional compounds (i.e., thiols also containing other func-
tional groups such as hydroxyl, carbonyl or ester) recognised for their

ability to strongly influence wine aroma due to their extremely low
ODTs (Roland et al., 2011). In terms of grape variety, varietal thiols are
often relatively more abundant in Sauvignon blanc wines and mainly
include 3-sulfanylhexan-1-ol (3-SH) and 3-sulfanylhexyl acetate (3-
SHA), and to a lesser extent 4-methyl-4-sulfanylpentan-2-one (4-MSP).
They give rise to the characteristic aromas of Sauvignon blanc wine that
are described as ‘tropical’, ‘grapefruit’, ‘passionfruit’, and ‘boxwood’;
hence the inclusion of “varietal” in the description of these thiols (in
contrast to fermentative thiols).

Nevertheless, varietal thiols are not unique to Sauvignon blanc
wines, having also been reported in other white and red varieties
(Roland et al., 2011). Cabernet Sauvignon and Merlot wines were the
first red wines found to contain varietal thiols, with 3-SH, 3-SHA, and
newly identified 3-sulfanyl-2-methylpropanol being qualified (Bouchil-
loux et al., 1998). Over the subsequent two decades, other red wines
have been found to contain varietal thiols, such as Grenache, Pinot noir,

Abbreviations: 3-SH, 3-sulfanylhexan-1-ol; 3-SHA, 3-sulfanylhexyl acetate; 4-MSP, 4-methyl-4-sulfanylpentan-2-one; ACE, accentuated cut edges; ANOVA, anal-
ysis of variance; Cys-3-SH, 3-S-cysteinylhexan-1-ol; DAD, diode array detector; DTDP, 4,4'-dithiodipyridine; EDTA 2Na, ethylenediaminetetraacetic acid disodium
salt; GC-MS, gas chromatography-mass spectrometry; GSH-3-SH, 3-S-glutathionylhexan-1-ol; HPLC, high performance liquid chromatography; HS-SPME, headspace-
solid phase microextraction; MLF, malolactic fermentation; MS/MS, tandem mass spectrometry; OAV, odour active value; ODT, odour detection threshold; PCA,
principal component analysis; SD, standard deviation; SIDA, stable isotope dilution assay; TA, titratable acidity.
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Pinotage, Shiraz, Sangiovese, and Cabernet Franc (Capone et al., 2021;
Mafata et al., 2018; Rigou et al., 2014; Wang et al., 2016), revealing the
broad presence of varietal thiols and their impacts on aroma charac-
teristics of red and rosé wines. For instance, 3-SH was found to sub-
stantially affect the ‘fruity’ and ‘citric’ notes in Grenache rosé wine
(Ferreira et al., 2002) and 4-MSP has been demonstrated to play a key
role in impacting ‘blackcurrant’ aroma in blended red wines comprising
30% to 80% Shiraz (Rigou et al., 2014), the perception of which varied
according to interactions between 4-MSP and 3-SH or 3-SHA. Shiraz was
of particular interest due to being Australia’s most important red grape
varietal, but data on varietal thiol concentrations in Shiraz wines was
limited and the presence of precursors of varietal thiols in Shiraz grapes
appeared not to have been reported.

Compared to Sauvignon blanc wines, lower concentrations of vari-
etal thiols in red wines could be a function of the winemaking process or
may relate to precursor concentrations arising from the grapes. Varietal
thiols are enzymatically released by yeast during fermentation from
their 1-glutathione, 1-cysteine conjugated precursors or dipeptide de-
rivatives that are present in both grape pulp and skin (Bonnaffoux et al.,
2018; Capone et al., 2011; Roland et al., 2011), and increasing the
concentrations of precursors in grape must prior to fermentation may
provide an opportunity for increasing varietal thiols in the corre-
sponding wines (in the absence of another major pathway to thiol for-
mation, and despite a general lack of correlation between precursor and
thiol concentrations (Chen et al., 2019)). Although attention has been
paid mostly to Sauvignon blanc, the knowledge gained from viticultural
and oenological aspects could also potentially be suitable for red wine
production. Of particular relevance to red winemaking are techniques
that seek to enhance disruption and extraction of grape solids. Skin
contact time is an obvious one, whereby a gradual increase in the con-
centration of thiol precursor 3-S-cysteinylhexan-1-ol (Cys-3-SH) in
Merlot grape must has been found with longer skin contact time (Murat
et al., 2001). Similarly, pre-fermentation cold storage of Sauvignon
blanc grape must or freezing of berries led to increased concentrations of
precursors in juice (3-S-glutathionylhexan-1-ol (GSH-3-SH), Cys-3-SH,
and 3-S-cysteinylglycinehexan-1-ol according to Capone et al. (2012)
and of both GSH-3-SH and Cys-3-SH as reported by Chen et al. (2019)),
as well as varietal thiols in experimental Sauvignon blanc wines (Chen
et al., 2019; Roland et al., 2011).

In view of the importance of the maceration and extraction phase to
red wine production, a novel approach known as accentuated cut edges
(ACE) has been designed to mechanically break down grape skins into
smaller fragments (i.e., ~ 10% of original size) while maintaining the
integrity of grape seeds, so as to increase the amount of broken edges of
grape skin and thus accelerate and improve the extraction of compounds
from grape skins into grape must (Sparrow et al., 2016). ACE is used
after conventional crushing of the grapes (e.g., with equipment such as a
maceration accelerator from Della Toffola) and has been shown to in-
crease colour density and hue, and content of total tannin, total phe-
nolics, and stable pigments in McLaren Vale Shiraz and Tasmania Pinot
noir wines (Kang et al., 2020; Sparrow et al., 2016). Ultimately, ACE
could shorten the duration of skin contact while increasing the level of
phenolics, thus minimising the time required for pump-over or other cap
management techniques and helping to improve the efficiency of
fermentor usage during increasingly compressed vintages. The tech-
nique has been reported to impact wine aroma characteristics, with an
enhanced ‘dark fruit’ aroma in ACE treated Pinot noir wine (Sparrow,
Holt, et al., 2016) in contrast to an intensified ‘earthy/dusty’ flavour in
ACE treated Shiraz wine (Kang et al., 2020). The Pinot noir study also
showed that ACE treatment wines had higher levels of some acetates and
higher alcohols, but lower concentrations of ethyl esters (Sparrow et al.,
2016), although the influence of ACE on the biogenesis of these
fermentative volatiles has not been elucidated. Moreover, it remains
unclear how ACE treatment could influence the concentration of grape
derived aroma compounds, such as varietal thiols, which can play an
important role in characterising young wine aromas.
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Considering the potential impact on wine aroma quality from ACE
and the economic importance of Shiraz grape variety to the Australian
wine industry, this study aimed to investigate the concentrations of
varietal thiol precursors in ACE treated Shiraz grape must before
fermentation and concentrations of varietal thiols in wines compared to
those produced from a conventional approach. The work addressed the
hypothesis that ACE treatment could improve the concentration of thiol
precursors in must and free thiols in the resulting wines. Additionally,
other volatile compounds were determined, including C¢ compounds,
higher alcohols, fatty acids, ethyl esters, acetates, and isoprenoids, to
provide a broader evaluation of the effect of ACE on wine volatile
compounds. The impact of pre-fermentative water addition (to dilute
grape must total soluble solids to the regulated limit of 13.5 Baumé as
permitted in Australia by FSANZ (2016)) and skin contact time (3 or 6
days) during fermentation in conjunction with ACE treatment were also
evaluated, along with a brief assessment of commercial-scale Sauvignon
blanc and Pinot noir wines that had undergone ACE treatment.

2. Material and methods
2.1. Chemicals and materials

Standards, reagents, and solid-phase extraction cartridges used for
quantitative analysis of varietal thiols and their precursors were the
same as outlined previously (Capone et al., 2015; Capone et al., 2011).
4,4 -Dithiodipyridine (DTDP), ethylenediaminetetraacetic acid diso-
dium salt, formic acid, and acetaldehyde (anhydrous, > 99.5%) were
obtained from Sigma-Aldrich (Castle Hill, NSW, Australia). Bond Elut
C18 cartridges (500 mg, 6 mL) and Strata SDB-L cartridges (500 mg, 6
mL) were from Agilent (Mulgrave, VIC, Australia) and Phenomenex
(Lane Cove, NSW, Australia). Standards used for determination of Cg
compounds, higher alcohols, ethyl esters, acetates, fatty acids, iso-
prenoids, and other volatile compounds were from commercial suppliers
(> 97% purity), as detailed previously (Capone et al., 2012; Wang et al.,
2016), except for ethyl decanoate (> 99%, Eastman Organic Chemicals,
New York, USA), dg-(E)-2-hexen-1-ol (> 92% by GC-MS), synthesised as
reported in Previtali et al. (2021)), and d;s-ethyl octanoate (> 98%),
dq1-hexanoic acid (> 98%), d7-butanoic acid (> 98%), and d;5-octanoic
acid (> 98%) (CDN Isotopes, Pointe-Claire, Canada). Commercial Sau-
vignon blanc and Pinot noir wines were obtained from producers who
used grapes harvested in 2020 from the Riverland region of South
Australia.

2.2. Grape samples and fermentation

Details of Shiraz grapes (sourced from McLaren Vale in South
Australia during vintage 2019) and procedures for winemaking have
been outlined previously (Kang et al., 2020). Briefly, six treatments were
performed in triplicate (25 kg scale): wines fermented after ACE treat-
ment of crushed grapes (Della Toffola Maceration Accelerator, Della
Toffola, Treviso, Italy) or using conventionally crushed grapes (control)
were racked off grape skins on the third day (ACE_Short and NOACE -
Short) or the sixth day (ACE_Long and NOACE_Long); grape must from
ACE or conventional crushing was diluted with 0.5 L of spring water (2%
v/w proportion) to yield a must with 13.5 Baumé after yeast inoculation
and the wines were racked off skins on the sixth day of fermentation
(ACE_Long_Dil and NOACE _Long_Dil).

Commercial-scale winemaking (unreplicated) involved Sauvignon
blanc and Pinot noir from separate ACE experiments using a Della Tof-
fola Maceration Accelerator. Sauvignon blanc trials included a control
wine (SB_CTRL, titratable acidity: 5.2 g/L; pH 3.3; alcohol: 12.9% v/v),
in which the juice for fermentation was obtained from conventionally
crushed grapes, and three treatments prior to pressing and winemaking:
treatment 1, ACE treated must (SB_ACE, titratable acidity: 5.9 g/L; pH
3.4; alcohol: 12.5% v/v); treatment 2, ACE treated must with 24 h of
cold maceration (SB_ACE+M, titratable acidity: 5.7 g/L; pH 3.2; alcohol:
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12.0% v/v); treatment 3, conventionally crushed grapes with 24 h of
cold maceration (SB_M, titratable acidity: 6.4 g/L; pH 3.4; alcohol:
13.3% v/v). Pinot noir trials included a control wine (PN_CTRL, titrat-
able acidity: 5.9 g/L; pH 3.7; alcohol: 13.9% v/v), produced from
conventionally crushed grapes, and a treatment wine (PN_ACE, titrat-
able acidity: 5.5 g/L; pH 3.8; alcohol: 13.6% v/v), produced using ACE
treatment of crushed grapes.

2.3. Basic chemical analyses of wine

Methods and instruments used to determine pH, titratable acidity
(TA), volatile acidity, sulfur dioxide, residual sugars, malic acid
(particularly during malolactic fermentation (MLF)), and alcohol con-
tent have been reported (Kang et al., 2020). Organic acids were analysed
in duplicate with an Agilent 1100 HPLC (Agilent, Melbourne, VIC,
Australia) coupled with a diode-array detector as outlined previously (Li
et al., 2017).

2.4. Stable isotope dilution assay (SIDA) with HPLC-MS/MS for analysis
of varietal thiols and precursors

2.4.1. Analysis of varietal thiols in wine

The extracts of varietal thiol derivatives were prepared in duplicate
following the published SIDA method (Capone et al., 2015), in which 20
mL of wine spiked with internal standard was derivatised with DTDP
and extracted by solid phase extraction (SPE). Extracts were dried,
reconstituted, and analysed with an Agilent 1200 HPLC coupled with a
6410 triple quadrupole mass spectrometer using the parameters detailed
previously (Wang et al., 2020). Additional details are provided in a
supplementary methods section in Appendix A.

2.4.2. Analysis of precursors of varietal thiols in must and wine

The extraction of precursors from must and wine was conducted in
duplicate according to the published method (Capone et al., 2011),
using 9.9 mL wine sample that was spiked with internal standard and
extracted by SPE. Extracts were dried and reconstituted before analysis
with an Agilent 1200 HPLC coupled with a 4000 QTRAP triple quad-
rupole mass spectrometer (Applied Biosystems/MDS Sciex, Concord,
ON, Canada) according to (Capone et al., 2011). Additional details are
provided in a supplementary methods section in Appendix A.

2.5. GC-MS analysis of C¢ compounds and other volatiles in wines

Both groups of volatiles were analysed in duplicate with an Agilent
7890A GC coupled with an Agilent 5975C inert XL MSD with triple-axis
detector. C¢ compounds were analysed according to a previous method
(Capone et al., 2012), where 1 mL of wine and 9 mL of Milli-Q water
were added to a pre-salted (2 g NaCl) 20 mL amber solid-phase micro-
extraction (SPME) vial followed by deuterium labelled internal standard
mixture. The method was slightly modified with the inclusion of dg-(E)-
2-hexen-1-ol as an additional internal standard (ethanolic solution
added to samples to yield 166 pug/L, quantifier ion at m/z 90 and qual-
ifier ions at m/z 89 and 78) for the quantification of (E)-2-hexen-1-ol and
(Z2)-2-hexen-1-ol (Previtali et al., 2021). Other volatiles were determined
following the method of Wang et al. (2016), where 0.5 mL of wine and
4.5 mL of Milli-Q water were added to a pre-salted (2 g NaCl) 20 mL
amber SPME vial followed by deuterium labelled internal standard
mixture. The method was slightly modified with the inclusion of addi-
tional authentic standards and deuterated internal standards as detailed
in Table A.1 in Appendix A. Additional details for these analyses are
provided in a supplementary methods section in Appendix A.

2.6. Sensory analysis

The experimental Shiraz wines were previously evaluated by 61
untrained regular wine consumers (Kang et al., 2020) using the
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validated rate-all-that-apply (RATA) sensory methodology (Danner
et al., 2018). Aroma and flavour attributes from that assessment were
discussed with the current dataset.

2.7. Statistical analysis

Mean values and standard deviation (SD) were calculated using
Microsoft Excel (Microsoft Office Pro Plus 2019, USA). Independent
sample t-test, two-way analysis of variance (ANOVA, with crushing
method and skin contact time/water addition as fixed factors) followed
by Tukey’s HSD multiple comparison test (« = 0.05), and principal
component analysis (PCA) were conducted with XLSTAT (version
2020.1, Addisoft, Q-statistics, Reading, U.K.). Bar graphs were con-
structed with GraphPad Prism (version 7.02, GraphPad Software Inc.,
San Diego, CA).

3. Results and discussion
3.1. Basic chemical parameters of Shiraz wines

The basic parameters of experimental Shiraz wines (i.e., alcohol % v/
v, residual sugar, pH, TA, volatile acidity, malic acid, and free and total
SO3) have been discussed previously, showing that water addition
significantly decreased alcohol and TA whereas it increased the pH
(Kang et al., 2020), although the differences were negligible. The con-
centrations of tartaric, lactic, citric, and malic acids determined in the
present work (Fig. 1) were not significantly different according to two-
way ANOVA (p > 0.183). Generally, tartaric acid ranged from 2.24 to
2.46 g/L, close to the lower limit of the typical range (2-6 g/L) in wine
(Waterhouse et al., 2016). Lactic acid produced from malic acid during
MLF (hence the negligible concentrations of malic acid, Fig. 1) ranged
between 1.65 and 1.78 g/L and citric acid was between 0.65 and 0.73 g/
L, in line with expected concentrations in wine (Waterhouse et al.
(2016).

3.2. Precursors of varietal thiols in Shiraz grape must and wine

As reported for Melon B., Sauvignon blanc, Merlot, and Cabernet
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Fig. 1. Concentrations of organic acids in Shiraz wine samples arising from
different treatments. Results represent mean values and standard deviation as
error bars for replicate fermentations (n = 3). There were no significant dif-
ferences due to treatment according to two-way ANOVA (« = 0.05). ACE_Short
and ACE _Long, wines made with ACE treated grape must and fermented with
skin contact for 3 or 6 days; NOACE_Short and NOACE_Long, wines made from
conventionally crushed grape must and fermented with skin contact for 3 or 6
days; ACE_Long_Dil and NOACE _Long_Dil, wines made with ACE or conven-
tionally crushed grape must with water addition and fermented with skin
contact for 6 days.
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Sauvignon, precursors of varietal thiols are more abundant in grape
skins (Murat et al., 2001; Roland et al., 2011). Thus, ACE was evaluated
with the aim of improving the extraction of varietal thiol precursors
from grape skin in a similar way to its capacity to accelerate the
extraction of phenolics from the skin of Pinot noir (Sparrow et al., 2016).

To the best of our knowledge, this is the first time that the varietal
thiol precursors have been quantified in Shiraz grape must (as the sum of
diastereomers, Fig. 2), revealing that the concentration of GSH-3-SH in
ACE and NOACE treatments was 208 and 177 pg/L, respectively, and the
concentration of Cys-3-SH was 4.8 and 4.4 ug/L, respectively. Neither
GSH-3-SH nor Cys-3-SH was significantly different between ACE and
NOACE treated musts. The mean concentration of GSH-3-SH (sum of
diastereomers) in Shiraz grape must (193 pg/L, average of both treat-
ments) was higher than that reported in Cabernet Sauvignon at 52 pg/L
(Helwi et al., 2015)) and Merlot at approximately 150 nM or equivalent
to 61 pg/L (Kobayashi et al., 2011), but lower than determined for
Garnacha (1422 pg/L) and Tempranillo (1284 ug/L) by Concejero et al.
(2014). Compared with the concentrations in white grape varieties, the
Shiraz in the present work was much lower than Sauvignon blanc (416
and 643 pg/L) and Pinot gris (466 pg/L) juice, being more similar to
Chardonnay (176 pg/L) and Riesling (89 to 275 ng/L) (Capone et al.,
2011). At 4.6 pg/L (sum of diastereomers, average of both treatments),
Cys-3-SH was less abundant than GSH-3-SH and similar in concentration
to Cabernet Sauvignon at ripeness (6.4 pg/L, Helwi et al. (2015)), but
lower than Garnacha and Tempranillo (172 and 205 pg/L, respectively,
Concejero et al. (2014)), and Merlot (80 nM, equivalent to 17.7 pg/L,
Kobayashi et al. (2011)). Cys-3-SH was also reported as equivalent to
approximately 16 ng/g of potential 3-SH (i.e., ~26 ug/kg of Cys-3-SH) in
Cabernet Sauvignon grape skin and juice and between 17 and 22 ng/g (i.
e., ~28-36 ug/kg of Cys-3-SH) in Merlot grape (Murat et al., 2001),
although these higher concentrations compared to the ACE/NOACE
processed Shiraz grape must in the present case could possibly be
explained by the frozen storage of grape must in that previous work
(Murat et al., 2001).

Thiol precursors in grape must are not necessarily consumed in their
entirety during fermentation (Bonnaffoux et al., 2018), so the
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Fig. 2. Concentrations of varietal thiol precursors in Shiraz must arising from
different treatments and remaining in the wine. Results represent mean values
and standard deviation as error bars for must and replicate fermentations (n =
3). *** indicates significant difference between means of must or wine at p <
0.0001 (independent samples t-test). There were no significant differences be-
tween must treatments (independent samples t-test, « = 0.05) and wine treat-
ments according to two-way ANOVA (a = 0.05). ACE_Short and ACE _Long,
wines made with ACE treated grape must and fermented with skin contact for 3
or 6 days; NOACE_Short and NOACE _Long, wines made from conventionally
crushed grape must and fermented with skin contact for 3 or 6 days; ACE_-
Long Dil and NOACE Long Dil, wines made with ACE or conventionally
crushed grape must with water addition and fermented with skin contact for
6 days.

144

Food Chemistry 372 (2022) 131222

concentrations of GSH-3-SH and Cys-3-SH were also determined for the
experimental Shiraz wines (Fig. 2). Precursor concentrations were not
significantly different according to two-way ANOVA (p > 0.11) and only
small differences were found for skin contact time and water addition
treatments (Fig. 2). Approximately 100 pg/L of GSH-3-SH was found in
the wine samples, pointing to the consumption of an average of about
100 pg/L in ACE treated wines and significantly less (p < 0.01, t-test) in
NOACE treated wines (average of 70 pg/L). This decrease in GSH-3-SH
(< 50%) was 23% lower than reported in a Sauvignon blanc study
(from 1429 nmol/L to < 500 nmol/L, equalling 582 pg/L to < 204 ug/L
in the work of Bonnaffoux et al. (2018)) and 47% lower than a study
involving synthetic medium that imitated the amino acid profile of
different grape varieties (1000 pg/L to < 50 pg/L according to Alegre
et al. (2017)). This may point to the influences of grape juice/must
composition and yeast strain on the utilisation of varietal thiol pre-
cursors during fermentation. In contrast to GSH-3-SH, the presence of
Cys-3-SH in the experimental Shiraz wines was not detectable, which
accorded with results from a Sauvignon blanc study (Wang et al., 2020)
and grape juice composition appears to play an important role in the
consumption of Cys-3-SH during fermentation (Alegre et al., 2017). The
precursors remaining in the Shiraz wines were not significantly different
with respect to treatment according to two-way ANOVA, which was of
interest when comparing ACE and NOACE wines with their diluted
counterparts. The addition of water was not significantly influential on
the consumption of GSH-3-SH and Cys-3-SH, likely due to the limited
amount used (Kang et al., 2020).

3.3. Volatile compounds in Shiraz wine

3.3.1. Varietal thiols in Shiraz wine

Although varietal thiols have been extensively studied in a wide
range of varietal wines, they have rarely been reported for Australian
red or rosé wines containing Shiraz (Bekker et al., 2021; Capone et al.,
2021). The impact of ACE and skin contact time on the concentrations of
varietal thiols (3-SH and 3-SHA only; 4-MSP was not detected) in Shiraz
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Fig. 3. Concentrations of varietal thiols in Shiraz wines arising from different
treatments. Results represent mean values and standard deviation as error bars
for replicate fermentations (n = 3). ACE_Short and ACE_Long, wines made with
ACE treated grape must and fermented with skin contact for 3 or 6 days;
NOACE Short and NOACE _Long, wines made from conventionally crushed
grape must and fermented with skin contact for 3 or 6 days; ACE_Long Dil and
NOACE _Long Dil, wines made with ACE or conventionally crushed grape must
with water addition and fermented with skin contact for 6 days. The table
below the figure shows results of two-way ANOVA followed by Tukey’s HSD
multiple comparisons (¢ = 0.05). n.s., not significant. *Different lower-case
letters in brackets in the skin contact time row indicate significantly different
means for 3-SH concentration in Short, Long, and Long Dil treatments,
respectively.
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wines was evaluated for the first time in the present work (Fig. 3). 3-SH
ranged from 305 ng/L to 371 ng/L (approximately 5-6 times above the
ODT) across the treatments, which agreed with previous results for
experimental McLaren Vale Shiraz wines (320-379 ng/L, Bekker et al.
(2021)) and commercial South African Shiraz wines (69-363 ng/L,
Mafata et al. (2018)), but lower than Adelaide Hills Shiraz wines
(414-792 ng/L, Capone et al., 2021) and commercial Australian rosé
wines (490-734 ng/L for monovarietal Shiraz and 347-2132 ng/L for
Shiraz blend, Wang et al. (2016)). Except for yeast strain, vintage, wine
region, and other factors that potentially influence 3-SH concentrations
in wine, the lower concentrations of 3-SH in Shiraz red wines from the
present study compared to the Adelaide Hills Shiraz wines (and the
commercial rosé wines for that matter) could potentially be ascribed to
higher levels of polyphenols — generally 55-63 a.u. for total phenolics in
this set of Shiraz wines (Kang et al., 2020) compared with 7-33 a.u. for
total phenolics in the Adelaide Hills Shiraz wines (Capone et al., 2021) —
whose oxidised forms (i.e. o-quinones) can readily react with varietal
thiols (Nikolantonaki & Waterhouse, 2012). Somewhat related to this, 3-
SH was significantly affected by the main effect of skin contact time (p =
0.001, Fig. 3), whereby treatments with shorter skin contact time (352
ug/L, average of ACE/NOACE_Short) had significantly higher concen-
trations of 3-SH than those with longer contact time (308 pg/L, average
of ACE/NOACE_Long), most likely due to additional oxidation and
binding with o-quinones with the longer duration (Nikolantonaki &
Waterhouse, 2012). Longer skin contact time coupled with water dilu-
tion was essentially in between and not significantly different to either
of the other two treatments (336 pg/L, average of ACE/
NOACE _Long_Dil).

Concentrations of 3-SHA ranged between 16 and 21 ng/L (Fig. 3) and
were not significantly different as a function of the treatments. The
values were similar to those determined for Adelaide Hills Shiraz wines
(3-25 ng/L, Capone et al., 2021), but higher than reported for com-
mercial South African Shiraz wines (< 8.4 ng/L, Mafata et al. (2018))
and Australian rosé wines (< 1.4 ng/L, Wang et al. (2016)). Notwith-
standing the likely effect of different yeast strains among the studies,
small differences in 3-SHA concentration could also be attributable to
variation of acetate hydrolysis during the latter stage of fermentation or
upon completion (Hernandez-Orte et al., 2006; Wang et al., 2020), and
lipid and amino acid profiles of grape must can have an influence
(Alegre et al., 2017; Deroite et al., 2018). Nonetheless, the data showed
that 3-SHA may be important to Shiraz aroma profile, considering that
calculated odour activity values (OAV) were > 4. The molar esterifica-
tion rate of 3-SH to 3-SHA ranged from 3.6% to 4.4%, which was similar
to that reported previously in commercial Shiraz wines (Mafata et al.,
2018).

Conversion yields from precursors to free thiols have often been a
focus of varietal thiol studies when trying to rationalise thiol biogenesis
through winemaking. Molar conversion yields calculated on summed
values of 3-SH and 3-SHA divided by that of precursors consumed during
alcoholic fermentation (i.e., precursor content in grape juice minus that
in final wine) could provide an improved view of consumption of pre-
cursors during fermentation (Bonnaffoux et al., 2018). Based on this, the
conversion yield of precursors for ACE treated wines was approximately
0.9%, whereas for NOACE treated wines it was slightly higher at roughly
1.2% but not significant (t-test, p = 0.167). Any apparent discrepancy in
conversion yield, caused by similar levels of varietal thiols between ACE
and NOACE wines but significantly higher amount of precursors
consumed in ACE than NOACE treatment (detailed above in Section
3.2), could hypothetically relate to a higher proportion of varietal thiols
in ACE treatment being subjected to the formation of other thiol-related
products such as thiol-tannin adducts (Nikolantonaki & Waterhouse,
2012) as a result of the higher concentrations of total tannin in the ACE
treatment compared to NOACE (Kang et al., 2020). Meanwhile, the
potential formation of disulfides (Bonnaffoux et al., 2018) or oxathianes
(Wang et al., 2020), for example, may also play an important role in
influencing the results of the conversion yield calculation.
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3.3.2. Cg compounds in Shiraz wine

Ce compounds are derived from polyunsaturated fatty acids (i.e.,
linoleic acid and linolenic acid) when grape berries are crushed in the
presence of air (Cordonnier & Bayonove, 1981). Their contribution to
the bouquet of wine is interesting given the correlation revealed be-
tween 1-hexanol and (Z)-3-hexen-1-ol with aroma notes of ‘confection-
ery’ and ‘red fruits’ in Shiraz wine (Capone et al., 2021) despite their
individual ‘green’ and ‘grassy’ attributes (Table A.1). With total con-
centrations ranging from 2 to 3 mg/L, five C¢ compounds were quanti-
fied in the wines made from ACE/NOACE processed Shiraz grapes: 1-
hexanol, (Z)-3-hexen-1-ol, (E)-3-hexen-1-ol, (Z)-2-hexen-1-ol, and (E)-
2-hexen-1-ol (Fig. 4). Comparatively, 6-day skin contact time treatments
(Long and Long_Dil with or without ACE) had significantly higher total
concentrations of Cg compounds than 3-day skin contact time treatments
(p = 0.003, Fig. 4). This tended to agree with a previous report showing
that Chardonnay juice pressed after 16 h of skin contact had a higher
concentration of 1-hexanol compared to the directly pressed juice
(Ferreira et al., 1995). Mean concentrations for water addition treat-
ments (ACE_Long_Dil and NOACE_Long_Dil) were not different to their
ACE_Long and NOACE _Long counterparts, due to the minimal amount of
water added before fermentation (decrease in grape must sugar from
14.0 to 13.5 Baumé).

More specifically, 1-hexanol exceeded the concentrations of other Cg
compounds and (Z)-3-hexen-1-ol was the only Cg compound found with
an OAV > 1 (Fig. 4). Their concentrations (around 2000 pg/L and
414-607 pg/L, respectively) were similar but generally less abundant
than reported previously in Shiraz wines (2339-5351 ug/L and
579-1357 pg/L, respectively, Table A.1 in Appendix A). The concen-
tration of 1-hexanol was only impacted by skin contact time (Fig. 4),
with 6-day skin contact time having a significantly higher level than 3-
day skin contact time (p = 0.004, Fig. 4). (2)-3-Hexen-1-ol was signifi-
cantly increased by both ACE and 6-day skin contact time treatments (p
= 0.044 and p < 0.001, respectively, Fig. 4), which agreed with previous
observations for Shiraz wines produced with skin contact compared to
those without (Capone et al., 2021). Notably, water addition treatment
significantly decreased the concentration of (Z)-3-hexen-1-ol (p < 0.001,
Fig. 4).

(E)-3-Hexen-1-ol and (Z)-2-hexen-1-ol were less abundant Cg alco-
hols, with concentrations ranging from 45 to 59 ug/L and 19 to 43 ug/L,
respectively, revealing a similar range to previous results for (E)-3-
hexen-1-ol (49-58 pg/L, Table A.1 in Appendix A). These two com-
pounds were significantly influenced by the interaction between
crushing method and skin contact time; (E)-3-hexen-1-ol was signifi-
cantly lower in NOACE_Short wine than the others (p = 0.026) and (2)-
2-hexen-1-ol was significantly higher in ACE_Short than ACE_Long,
ACE _Long Dil, and NOACE _Short treatments (p = 0.008). The concen-
tration of (E)-2-hexen-1-ol, the least abundant of the measured Cg
compounds, ranged from 4.3 to 9.1 pg/L, in agreement with a previous
report (not detected to 41 npg/L, Table A.1), and was significantly
increased by ACE and longer skin contact time (p < 0.034, Fig. 4).
Overall, skin contact time contributed significantly to the increment of
Ce compounds in the present study, in line with a previous Shiraz
research (Capone et al., 2021) and potentially attributable to higher
concentrations of unsaturated fatty acids extracted from grape solids
during skin contact (Ferreira et al., 1995). ACE treatment had only
limited impact on Cg compounds and this tended to agree with a report
on ACE treated Pinot noir wine where 1-hexanol was not significantly
different to the control (Sparrow et al., 2016).

3.3.3. Other major volatile compounds in Shiraz wine

In total, fifty-three other volatiles in the wines, including ethyl esters,
acetates, higher alcohols, fatty acids, isoprenoids, and others (Table A.1
in Appendix A) were analysed based on a validated method (Wang et al.,
2016). Results showed that 20 of 35 quantified compounds (Table A.2)
and 6 of 18 semi-quantified compounds (Table A.3) were significantly
affected by the interaction of crushing method and skin contact time (p
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Fig. 4. Concentrations of Cs compounds in Shiraz wines arising from different treatments. Results represent mean values and standard deviation as error bars for
replicate fermentations (n = 3). ACE_Short and ACE_Long, wines made with ACE treated grape must and fermented with skin contact for 3 or 6 days; NOACE_Short
and NOACE _Long, wines made from conventionally crushed grape must and fermented with skin contact for 3 or 6 days; ACE_Long_Dil and NOACE _Long Dil, wines
made with ACE or conventionally crushed grape must with water addition and fermented with skin contact for 6 days. The table below the figure shows results of
two-way ANOVA followed by Tukey’s HSD multiple comparison (a = 0.05). n.s. not significance. *Different lower-case letters in brackets in the crushing method row
indicate significantly different means for analyte concentrations in ACE and NOACE, respectively, and in the skin contact time row indicate significantly different
means for analyte concentrations in Short, Long, and Long_Dil treatments, respectively. Different lower-case letters above the bars indicate significantly different
means for analyte concentrations in all treatments caused by interaction of crushing method and skin contact time.

< 0.032). Among the quantified compounds (Table A.2), the concen-
trations of 22 were above their respective ODT. Particularly, compounds
with high OAV may be more important to the aroma profiles of these
wines: these included 3-methylbutyl acetate (OAV > 75), f-dam-
ascenone (OAV > 43), ethyl hexanoate (OAV > 39), 1-octanol (OAV >
24), 3-methylbutanoic acid (OAV > 22), nonanal (OAV > 11), 3-methyl-
1-butanol (OAV > 10), ethyl octanoate (OAV > 10), ethyl 2-methylbu-
tanoate (OAV > 8), octanoic acid (OAV > 8), hexanoic acid (OAV >
7), and ethyl nonanoate (OAV > 6). The results were in agreement with
previous reports showing that ethyl esters, acetates, and f-damascenone
had high OAVs in Shiraz wines from the Adelaide Hills (Capone et al.,
2021) as well as from Margaret River and Barossa Valley (Mayr et al.,
2014).

Ethyl esters were more affected by the main effects of crushing
method and skin contact time (Table A.2 in Appendix A) and only ethyl
octanoate, presenting ‘melon’ and ‘wood’ aromas (Table A.1), had OAV
> 1 and was significantly affected by the interaction of crushing method
and skin contact time. Previously reported in Shiraz wines to be between
128 and 795 ug/L (Table A.1), ethyl octanoate was significantly more
abundant in the NOACE treatments (299-337 pg/L) compared with the
ACE _Long (210 pg/L) and ACE_Long_Dil wines (192 pg/L) in the present
study. A similar effect was observed for ethyl propanoate (199-264 ug/
L, OAV = 0.1) and ethyl butanoate (163-245 ug/L, OAV = 0.3-0.4),
which can present ‘banana’ and ‘apple’ aromas (Table A.1) and could
possibly contribute more to ‘fruity’ aroma in the NOACE treatments by
acting as enhancers (de-la-Fuente-Blanco et al., 2020).

The main effect of crushing method revealed that the NOACE
treatments had significantly higher concentrations (p < 0.048, Table A.2
in Appendix A) of ethyl 2-methylpropanoate (OAV < 0.1), ethyl 2-meth-
ylbutanoate (OAV = 8-12), ethyl 3-methylbutanoate (OAV = 4-6), ethyl
hexanoate (OAV = 39-55), and ethyl decanoate (OAV = 0.6-0.7), as
well as ethyl 3-hexenoate and ethyl heptanoate in terms of the semi-
quantified compounds (p < 0.023, Table A.3). The compounds all
contribute ‘fruity’ aromas (Table A.1), with ethyl 2-methylbutanoate
and ethyl hexanoate having been demonstrated as important to the
aroma of young wine (de-la-Fuente-Blanco et al., 2020). The present

results agreed with a previous study with NOACE processed Pinot noir
wine presenting higher levels of some ethyl esters than the control
(Sparrow et al., 2016). In contrast, ethyl lactate (OAV = 0.8-1.1, ‘sol-
vent’ aroma, Table A.1) was significantly higher in ACE treatments
(Table A.2), indicating the potential impact of ACE on the behaviours of
yeast and bacteria used in the study. Additionally, skin contact time
showed a significant enhancement of ethyl 2-methylpropanoate, ethyl 2-
methylbutanoate, ethyl lactate, and ethyl decanoate in the 6-day skin
contact time treatments (p < 0.030), with the first two volatiles being
significantly higher only in Long_Dil treatments and the latter two being
significantly higher in Long and Long_Dil treatments, when compared to
3-day skin contact time.

Of the four acetates determined, two (3-methylbutyl acetate and
hexyl acetate) were significantly impacted by interaction of crushing
method and skin contact time (Table A.2 in Appendix A). Similar in
concentration range to a previous report on Shiraz wines (465-3880 pg/
L, Table A.1), 3-methylbutyl acetate yielded the highest OAV among all
esters and was significantly higher (p = 0.011) in NOACE_Long_Dil wine
(3330 pg/L) than the ACE treatment (2238-2639 ug/L, Table A.2),
indicating the potential for a more intense ‘fruity’ aroma in the NOA-
CE_Long_Dil wine. Ethyl acetate, found in the range of 43-164 mg/L in
other Shiraz wines (Table A.1), was significantly higher (p = 0.004) in
NOACE treatments (65.3-67.6 mg/L) than in ACE treatments
(53.3-54.2 mg/L, Table A.2). As mentioned in Section 3.3.1, lipid and
amino acid profiles in grape must are important modulators of the vol-
atile profiles of wine (Deroite et al., 2018; Hernandez-Orte et al., 2006),
which could partly explain the difference in concentration of the ace-
tates in the Shiraz wines. Hydrolysis of acetates at the latter stage of
fermentation is also a possibility, however, potentially complicating the
interpretation (Hernandez-Orte et al., 2006).

Higher alcohols were more significantly affected by the interaction
of crushing method and skin contact time, including 6 of the 10 quan-
tified compounds (p < 0.031, Table A.2 in Appendix A) and 3 of the 8
that were semi-quantified (p < 0.002, Table A.3). The concentration of
3-methyl-1-butanol, which ranged between 301 and 346 mg/L (OAV =
10-12, Table A.2) and agreed with the previously reported
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concentrations (trace-310 mg/L, Table A.1), was significantly higher in
ACE_Short treatment compared with the NOACE_Short treatment (p =
0.012, Table A.2). 1-Butanol and 2-phenylethanol, with respective
concentrations of 0.9-1.1 mg/L and 53.0-67.3 mg/L and OAVs of 6-7
and 4-5 (Table A.2), were in the similar ranges reported previously
(1.3-2.6 mg/L and trace-404 mg/L, respectively, Table A.1) and were
found to be significantly more abundant in ACE_Short treatment than
ACE _Long Dil treatment. The concentration of 1-propanol (Table A.2),
which ranged from 59.8 to 63.9 mg/L (OAV = 1.2-1.3) and was
somewhat higher than previously reported (29.3-35.8 mg/L, Table A.1),
was significantly higher in ACE_Short and NOACE_ Long treatments
compared with the ACE_Long_Dil treatment. Although most compounds
in the higher alcohol grouping can be individually perceived as un-
pleasant (Table A.1), with descriptors such as ‘alcohol’, ‘fusel’, and
‘solvent’ aromas with the exception of 2-phenylethanol (‘floral’, ‘rose’),
their contribution to wine aroma profiles is reported to be dependent on
the aroma context. For example, 2-methylpropanol and 3-methyl-1-
butanol at a total concentration of 430 mg/L (i.e., similar concentra-
tion range to the Shiraz wines in the present work) significantly sup-
pressed ‘fruity’ and ‘coconut’/‘wood’/‘vanilla’ notes when these
alcohols were clearly perceived (de-la-Fuente-Blanco et al., 2016).

All seven quantified fatty acids were significantly affected by the
interaction of crushing method and skin contact time (p < 0.028,
Table A.2 in Appendix A). ACE_Short treatment had significantly higher
concentrations of acetic, butanoic, 3-methylbutanoic, and decanoic
acids than the other treatments (p < 0.019, Table A.2), although acetic
acid in ACE_Long treatment was not significantly different to the other
treatments. 2-Methylpropanoic, hexanoic, and octanoic acids were
somewhat differently affected by the interaction effect, but in each case
ACE _Short treatment had the highest concentrations. Of the compounds
with OAV > 1 in these Shiraz wines (Table A.2), the concentrations of
acetic acid (434-648 mg/L), 3-methylbutanoic acid (740-1089 pg/L),
and hexanoic acid (2743-3437 pg/L) were in line with previously re-
ported values (Table A.1), but octanoic acid (3925-7029 pg/L,
Table A.2) was considerably higher (253-3110 pg/L, Table A.1). Fatty
acids have unpleasant aromas (Table A.1), such as ‘sour’, ‘rancid’, and
‘cheesy’, but they may only have a small impact on wine aroma (Ferreira
et al., 2002) and serve as reactants in the production of desirable ethyl
esters.

Isoprenoids were more impacted by the interaction of crushing
method and skin contact time than the main effects (Table A.2 and A.3 in
Appendix A) — these included a-terpineol (p = 0.001), terpinene-4-ol (p
= 0.008), p-citronellol (p = 0.017), and nerol (p = 0.003) - being
marginally differentially influenced, but ACE_Short treatment had the
highest concentrations in each case. This outcome with ACE_Short was
seemingly sensible, given the release of isoprenoids from their glycosidic
precursors requires glycosidases (particularly p-glucosidase activity)
that are most active when yeasts are in the exponential growth phase
during fermentation (Fia et al., 2005). The 3-day skin contact time
treatments (ACE/NOACE _Short) were racked off skins on the third day
of fermentation, which potentially stimulated the growth of yeast by
introducing oxygen at the end of exponential growth phase (Day et al.,
2015). This contrasted with the 6-day skin contact time treatments,
which were racked off skins long after this growth phase. Although the
individual impact on wine aroma profile was likely to be limited apart
from B-damascenone, these isoprenoids may still be important within
the context of a synergistic effect (Ferreira et al., 2002).

The other three isoprenoids were influenced by the main effects, with
NOACE treatments having significantly higher concentrations of vitis-
pirane 1 and p-ionone than ACE treatments (p < 0.030, Table A.3 in
Appendix A), and 3-day skin contact time treatments having signifi-
cantly higher concentrations of vitispirane 1 and 2 (p < 0.008,
Table A.3). The concentration of f-damascenone (2.2-3.0 pg/L, OAV >
43, Table A.2), imparting ‘rose’, ‘apple’, and ‘honey’ aromas to wine
(Table A.1), matched with the previously reported concentrations in
Shiraz wines (around 1 to 8.5 pg/L according to Capone et al., 2021;
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Ferreira et al., 2002), but was not significantly different among the
present treatments. Nonetheless, f-damascenone may still play a part in
affecting wine aroma by enhancing fruity notes of esters (Ferreira et al.,
2002).

PCA was performed with the quantified volatiles that differed
significantly in the wines, to further illustrate the impact of the applied
treatments during winemaking (Fig. 5). Wines were separated by PC1
(49.2% total variance explained) according to skin contact time or
dilution and by PC2 (29.2% total variance explained) according to the
ACE process (Fig. 5). Specifically, ACE_Short was situated on its own to
the right of the plot along PC1 and was characterised by higher con-
centrations of fatty acids, higher alcohols, 3-SH, and ethyl lactate, and
lower amounts of some Cg alcohols and ethyl esters (Fig. 5). Although
the reason for this was unknown, higher levels in sugars or amino acids
and lipids, the respective precursors of higher alcohols and fatty acids
from fermentation, may have resulted from ACE and could be the drivers
for determining the close location of ACE treatments relative to these
two groups of volatiles. The location of 3-SH near ACE_Short agreed with
the results presented in Fig. 3.

ACE_Long and ACE Long Dil were found to the left along PC1
(Fig. 5), where 1-hexanol, (Z)-3-hexen-1-ol, and (E)-2-hexen-1-ol were
clustered, which affirmed the effect of longer skin contact time in
increasing Cq compounds. The three NOACE treatments were close to
the PC2 axis in the positive direction (Fig. 5) and were relatively high in
ethyl esters of various acids (2-methylpropanoate, 3-methylbutanoate,
2-methylbutanoate, hexanoate, octanoate, butanoate, and prop-
anoate), ethyl acetate, and 3-methylbutyl acetate, but lower in some Cg
alcohols and higher alcohols. This could be attributable to the lower
amount of lipids or unsaturated fatty acids in the conventional crushed
grape must, with a similar result being shown for fermentation con-
ducted with chemically-defined juice (Saerens et al., 2008). Together
with this, winemaking parameters such as fermentation temperature,
oxygen, and skin contact can further influence the production of ethyl
esters (Antalick et al., 2014).

3.4. Sensory analysis of Shiraz wine

Sensory attributes of the wine samples were assessed by a RATA
panel. Of the 22 aroma and corresponding flavour attributes evaluated,
only ‘floral/perfume/musk’ and ‘vanilla’ aromas (Table A.4 in Appendix
A) and 5 flavour attributes, including ‘red fruits’, ‘earthy/dusty’, ‘floral/
perfume/musk’, ‘herbaceous’, and ‘vanilla’, were significantly different
(p < 0.1, (Kang et al., 2020)). The more intense ‘floral/perfume/musk’
aroma in ACE_Short wine was likely due to the higher concentrations of
isoprenoids in this treatment as a result of a synergistic effect, as
mentioned earlier (Section 3.3.3). The ‘red fruit’ flavour being more
intense in NOACE_Short and NOACE_Long mirrored the observations in
Fig. 5 that NOACE treatments had higher concentrations of ethyl esters.
Both ‘vanilla’ aroma and flavour were more intense in ACE_Short wine.
The existence of a ‘vanilla’ trait was somewhat unexpected as oak
products were not involved in the winemaking process, although it has
been described for an unoaked Cabernet Sauvignon and could be asso-
ciated with 2-methylbutanol in this case (Bindon et al., 2014).

3.5. Volatile compounds in commercial Sauvignon blanc and Pinot noir
wines

Varietal thiols and other volatile compounds were analysed in a
small number of Sauvignon blanc and Pinot noir wines from commercial
trials addressing the effect of both ACE and cold maceration prior to
fermentation (Table A.5 in Appendix A). This additional work involved
unreplicated fermentations on a commercial scale and was aimed at
providing general indications into the effect of ACE on the two varietal
wines. In the Sauvignon blanc wines, varietal thiols, most higher alco-
hols, and linalool were much higher in SB_ACE+M than the other wine
samples. An improvement of varietal thiols induced by cold maceration
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prior to fermentation, as reported previously in the case of pre-
fermentation cold maceration (Roland et al., 2011), was not obvious
in wine SB_M of the present work. Furthermore, the concentrations of 3-
SH in these Sauvignon blanc wines were generally lower than those
reported previously (i.e., can reach up to 19000 ng/L (Roland et al.,
2011), which aside from differences resulting from fruit origin could
potentially be related to processes used during commercial winemaking
such as the use of fining agents (Vela et al., 2017). Higher alcohols being
more abundant in SB_ACE+M wine could be attributed to the higher
concentrations of amino acids in the grape must induced by the appli-
cation of both the ACE process and cold maceration. Ethyl esters and
fatty acids in Sauvignon blanc wines were not uniformly affected by any
of the treatments. In contrast, acetates were mostly higher in the
SB_CTRL wine sample, which accorded with the results for the Shiraz
wines (Section 3.3.3).

With respect to the volatile compounds in Pinot noir, 3-SH was
higher in PN_CTRL than PN_ACE (Table A.5 in Appendix A), which was
different to the results of both Shiraz and Sauvignon blanc wines in the
present work. This may result from the higher levels of phenolics asso-
ciated with Pinot noir that has undergone ACE (Sparrow et al., 2016).
ACE treatment affected both ethyl esters and acetates marginally, as
only 5 esters (ethyl propanoate, ethyl butanoate, ethyl hexanoate, ethyl
lactate, and ethyl acetate) of the 14 appeared to be higher in PN_ACE
treatment than PN_CTRL, with the difference in concentrations of the
remaining esters between the two wines being < 10 pg/L. Higher alco-
hols and fatty acids were generally more abundant in PN_ACE wine than
in PN_CTRL (Table A.5), in accordance with previous observations for
Shiraz wines as discussed in Section 3.3.3.

4. Conclusion

The influence of ACE in conjunction with skin contact time (3 or 6-
day) and water addition on both the chemical and the sensory aroma
profiles of Shiraz wines has been assessed, with a particular interest in
varietal thiols and their precursors. To the best of our knowledge, the
precursors of varietal thiols were determined in a Shiraz grape must and
wine for the first time. Concentrations of precursors in grape must
sampled immediately after crushing only showed marginal improve-
ment (17%) in ACE processed grape must, but the consumption of GSH-
3-SH was significantly higher (43%) in ACE treatments than the NOACE
treatment. Production of 3-SH and 3-SHA was not significantly impacted
by the ACE process, whereas 3-day skin contact time could significantly

improve the amounts of 3-SH (by 14%) compared with the 6-day skin
contact time treatment.

With respect to the other volatiles, six of eleven quantified ethyl
esters and two of the three that were semi-quantified were affected by
main effects of crushing method or skin contact time, with NOACE
(increase of 4-33%, except for an 11% decline in ethyl lactate) and 3-day
skin contact time (increment of 4-24%) enhancing their production. In
contrast, acetates, higher alcohols, fatty acids, and isoprenoids were
more impacted by the interaction of crushing method and skin contact
time, with ACE_Short treatment showing the most potential to improve
all groups of volatiles (increase of 3-47% for higher alcohols, 17-216%
for fatty acids, and 20% for a-terpineol) except for acetates (decline of
14-21%). The significantly more intense ‘floral/perfume/musk’ aroma
reported previously for ACE_Short wine was presumed to be driven by
isoprenoids whereas ‘red fruit’ flavour, which was more intense in the
NOACE Short and NOACE Long wines, was attributed to the higher
concentrations of ethyl esters. Results from the analysis of volatile
compounds in the experimental Shiraz and commercial Sauvignon blanc
and Pinot noir wines indicated that the impact of ACE on varietal thiols
in particular was dependent on grape variety, thus additional fermen-
tation trials with Sauvignon blanc or other grape varieties are
warranted.
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Supplementary method information for Sections 2.4 and 2.5

2.4.1 Analysis of varietal thiols in wine

An aliquot (50 pL) of an ethanolic solution containing ds-3-SH, ds-3-SHA, and d;o-4-MSP (final
concentrations of 500 ng/L of each internal standard) was added to 20 mL of wine followed by EDTA 2Na (20
mg), 50 % acetaldehyde (80 pL), and freshly thawed DTDP reagent (10 mM, 200 pL). After 30 minutes the
derivatisation mixture was passed through a 6 mL, 500 mg Bond Elut C18 cartridge, previously conditioned
with 6 mL of methanol followed by 6 mL of water. The cartridge was washed with 12 mL of 50% methanol
and dried under air for 5 minutes, then eluted with 3 mL of methanol. The eluate was collected, concentrated
to dryness with a gentle stream of nitrogen at 25 °C using a TurboVap LV evaporator, and reconstituted for
analysis with 200 puL of 10% aqueous ethanol.

HPLC separation was conducted using a 250 x 2.1 mm i.d., 5 um, 100 A Alltima C18 column operated at 25
°C and protected by a 7.5 x 2.1 mm i.d. guard cartridge. The solvents were 0.5% aqueous formic acid (solvent
A) and 0.5% formic acid in acetonitrile (solvent B), with a flow rate of 0.200 mL/min. The linear gradient for
solvent B was: 0 min, 20%; 10 min, 50%; 15 min, 80%; 20 min, 80%; 21 min, 20%; and 15 min equilibration
with 20% B. An injection volume of 10 pL was used. Electrospray ionisation was conducted in positive ion
mode, mass spectrometer dwell times for multiple reaction monitoring (MRM) were 40 ms, and values for
fragmentor voltage and collision energy were as shown below.

Fragmentor  Collision

Compound  MRM pairs voltage (V)  energy (eV)

dg-3-SH 252.3 — 144.1 122 17
252.0 — 143.9 105 20

252.0 - 111.0 40

3-SH 244.5 — 144.1 102 17
244.1 — 144.0 16

2441 - 111.0 120 40

244.1 — 67.0 40

ds-3-SHA 294.3 — 144.1 122 21
294.0 — 144.1 120 20

294.3 — 86.0 122 13

294.0 — 85.2 120 13

3-SHA 286.4 — 144.2 122 21
286.1 — 143.9 120 20

286.4 — 111.0 122 30

286.1 — 83.1 120 16

dig-4-MSP  252.0 — 144.9 105 16
252.0 - 111.0 40

4-MSP 2422 — 144.2 100 13
242.1 — 144.0 105 16

242.1 — 111.0 40

2.4.2 Analysis of precursors of varietal thiols in must and wine

An aliquot (100 puL) of an aqueous solution containing ds-(R/S)-Cys-3-SH and do-(R/S)-GSH-3-SH (50 ng/L
of each diastereomer) was added to 9.9 mL of grape must or wine. The sample was passed through a 6 mL,
500 mg Strata SDB-L cartridge (Phenomenex, Lane Cove, NSW, Australia), previously conditioned with 6
mL of methanol followed by 6 mL of water. The cartridge was dried under air for 5 min and eluted with 2 mL
of methanol. The eluate was collected and concentrated to dryness using nitrogen at 25 °C on a TurboVap LV
evaporator. The sample was then reconstituted with 500 pL of methanol, followed by the addition of 200 pL
of Milli-Q water and vortexing for 10 s. The sample was filtered through a 0.45 um syringe filter prior to
HPLC-MS/MS analysis.

HPLC separation was conducted using a 250 x 2.1 mm i.d., 5 um, 100 A Alltima C18 column operated at 25
°C and protected by a 4 x 2 mm i.d. guard cartridge. The solvents were 0.5% aqueous formic acid (solvent A)
and 0.5% formic acid in acetonitrile (solvent B), with a flow rate of 0.300 mL/min. The gradient for solvent B
was as follows: 0 min, 5%; 10 min, 15%; 20 min, 30%; 21 min, 80%, and 25 min, 80%; and 10 min
equilibration with 5% B. An injection volume of 10 uL. was used. Electrospray ionisation was conducted in
positive ion mode with a mass spectrometer collision energy of 20 eV and dwell times of 100 ms for multiple
reaction monitoring (MRM) using the ion pairs shown below.
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Compound MRM pairs

ds-(R/S)-Cys-3-SH 230.2 — 213.1
230.2 — 109.2

230.2 — 90.2

(R/S)-Cys-3-SH 222.2 —205.1
2222 —101.2

2222 — 83.2

do-(R/S)-GSH-3-SH  417.3 — 342.5
417.3 — 288.5

4173 = 271.2

4173 - 162.1

(R/S)-GSH-3-SH 408.2 — 333.4
408.2 —279.3

408.2 — 262.4

408.2 — 162.3

2.5 GC-MS analysis of C¢ compounds and other volatiles in wines

For Cs compounds, an aliquot (1 mL) of wine and 9 mL of Milli-Q water were added to a 20 mL glass screw
cap amber SPME vial containing 2 g of NaCl and. An aliquot (100 pL) of an ethanol solution containing
deuterium labelled Cs standards (final concentrations of d;3-hexan-1-ol, 60.8 pg/L; do-(E)-2-hexenal, 300 ug/L;
ds-(E)-2-hexen-1-ol, 166 pg/L) was added, the contents were shaken, and the vials sealed for GC—MS analysis.

The autosampler was fitted with a 65 pm PDMS/DVB SPME fibre and samples were extracted at 40 °C for 30
min with agitation (500 rpm, 10 s on, 1 s off) before desorption into the inlet for 15 min at 240 °C. Injection
was undertaken in pulsed/splitless mode with an inlet pressure of 45.0 psi maintained until splitting, with the
splitter (90:1) being opened after 36 s. GC separation was conducted with a 60 m DB-WaxUI column (0.25
mm i.d., 0.25 pm film thickness). The carrier gas was helium with a flow rate of 1.5 mL/min. The oven
temperature started at 45 °C, was held at this temperature for 5 min, then increased at 2 °C/min to 100 °C, then
at 15 °C/min to 240 °C, and maintained at this temperature for 8 min. The transfer line was maintained at 240
°C. Positive ion electron ionisation mass spectra at 70 eV were recorded using the dwell times and selected
ion monitoring (SIM) ions (quantifier and qualifier) as shown below.

Compound SIM ions Dwell time (ms)

do-(E)-2-Hexenal 89
107 25

73

(E)-2-Hexenal 97
98 25

83

d;3-Hexan-1-ol 78
96 20

64

Hexan-1-ol 69
84 20

56

(E)-3-Hexen-1-ol 82
69 20

67

(2)-3-Hexen-1-ol 82
69 20

67

ds-(E)-2-Hexen-1-ol 920
89 20

78

(E)-2-Hexen-1-o0l 82
67 20

57

(2)-2-Hexen-1-ol 82
67 20

57
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For other volatile compounds, an aliquot (0.5 mL) of wine and 4.5 mL of Milli-Q water were added to a 20
mL glass screw cap amber SPME vial containing 2 g of NaCl and. An aliquot (10 pL) of an ethanol solution
containing deuterium labelled standards (final concentrations of d4-methylbutanl-ol, 48 pug/L; ds-hexyl acetate,
0.5 ug/L; dis-hexan-1-ol, 1 ug/L; ds-2-phenylethanol, 10 pg/L; ds-ethyl nonanoate, 0.024 pg/L; d;s-ethyl
octanoate, 1 pg/L; dii-hexanoic acid, 10 pg/L; dis-octanoic acid, 20 ug/L; djo-decanoic acid, 1 ug/L) was
added, the contents were shaken, and the vials sealed for GC—MS analysis.

The autosampler was fitted with a DVB/CAR/PDMS SPME fibre (50/30 um, 1 cm, 23 gauge) and samples
were incubated for 10 min then extracted for 45 min, both at 50 °C with agitation speed of 500 rpm. Injection
was undertaken in splitless mode for 10 min with a desorption temperature of 240 °C, using a deactivated
SPME inlet liner (0.75 mm i.d., Supelco). GC separation was conducted with a 30 m DB-Waxetr column (0.25
mm i.d., 0.25 pm film thickness). The carrier gas was helium at a constant flow of 1 mL/min. The oven
temperature started at 40 °C for 1 min, increased to 135 °C at 2 °C/min, then to 212 °C at 5 °C/min, and to 250
°C at 15 °C/min, remaining at 250 °C for 10 min. The transfer line was maintained at 200 °C. Positive ion
electron ionisation mass spectra at 70 eV were recorded in the range m/z 35-350 for scan runs.
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Table A.1. Qualification and quantification details of Cs compounds and other major volatiles grouped according to compound type.

Influence of ACE treatment on Shiraz wine aroma

Compound? Tons® Calibration range (ng/L)¢ R? Internal standard? ODT (ng/L)* Odour descriptors’ Typical range (refs)s
Cs Compounds
Resin, flower, green, cut grass

1-Hexanol 69, 56, 84 8.0-495 0.9999 d;s-Hexanol 8000 (Guth, 1997) (Benkwitz ct al., 2012) 2339-5351 (1, 2)
(E)-3-Hexen-1-ol 82,67, 69 0.6-495 0.9998 d;5-Hexanol 1550 (Waterhouse et al., 2016) m%m_w cut grass (Benkwitz etal, g sg 5y
(Z)-3-Hexen-1-ol 82, 67, 69 1.7-495 0.9997 d;s-Hexanol 400 (Guth, 1997) No%% cut grass (Benkwitz etal., 579 1357 () o)
(E)-2-Hexen-1-ol 82,57, 67 1.3-495 0.9999  ds-(E)-2-Hexen-1-ol 400 (Waterhouse et al., 2016) me_ cut grass (Benkwitzetal, - 4 4y )
(2)-2-Hexen-1-ol 82,67,57  3.8-495 0.9998  ds-(E)-2-Hexen-1-ol Unknown No%w_ cut grass (Benkwitzetal,
Ethyl esters
Ethyl propanoate 57,75, 102 52.4-902 0.9987  ds-3-Methyl-1-butanol 2100 (Moyano et al., 2002) Banana, apple (Moyano et al., 2002) 143-723 (3,4, 5, 6)
Ethyl 2-methylpropanoate 71, 88, 116 77.2-902 0.9972  ds-Hexyl acetate 5600 (Moyano et al., 2002) Fruity (Moyano et al., 2002) 30-353(3,4,5,6,7)

g A R Banana, pineapple, strawberry B
Ethyl butanoate 71,29, 88 26.8-902 0.9985  d4-3-Methyl-1-butanol 600 (Moyano et al., 2002) (Moyano et al., 2002) 81-350(3,4,5,6,7,8,9)
Ethyl 2-methylbutanoate 57,85,115  0.8-15.0 0.9954 ds-Hexyl acetate 1 (Guth, 1997) M wcmﬁwuoww_mo strawberry (Ferreiraet ;03 4 5 6.7 3)
Ethyl 3-methylbutanoate 88,57, 130 1.4-15.0 0.9940 d;-Hexyl acetate 3 (Guth, 1997) Fruit 27-100 (3,7, 8)

equivalent to ethyl 2-

Ethyl 2-butenoate 69, 99 methylbutanoate d;-Hexyl acetate Unknown Compost (Mayr et al., 2014) nr.
Ethyl hexanoate 88, 99, 60 187-1202 0.9909 ds-3-Methyl-1-butanol 14 (Ferreira et al., 2000) Apple peel, fruit 147-679 (3,4,5,6,7,8,9)
Ethyl 3-hexenoate 69,41, 29 equivalent to ethyl hexanoate ds-3-Methyl-1-butanol ~ Unknown Green, fruity (Burdock, 2010) n.r.
Ethyl heptanoate 88,32, 101 equivalent to ethyl hexanoate ds-3-Methyl-1-butanol 220 (Etiévant, 1991) WM_MW\“ perfumed, fatty (Meilgaard, nr.
Ethyl lactate 45,29, 75 2.9-23.5 mg/L 0.9947 ds-3-Methyl-1-butanol 146000 (Moyano et al., 2002) Solvent (Mayr et al., 2014) 5.4-367 mg/L (3,7,9)
Ethyl octanoate 88,101, 127  77.3-1200 0.9984 dis-Ethyl octanoate 20 (Swiegers et al., 2005) Melon, wood (Mayr et al., 2014) 128-795(3,4,5,6,7,8,9)
Ethyl nonanoate 88, 101, 141 118-1200 0.9963 dis-Ethyl octanoate 850 (Etiévant, 1991) Fruity, rose, waxy, rum, tropical n.r.
Ethyl decanoate 88, 101, 155  60.3-497 0.9918 ds-3-Methyl-1-butanol 200 (Ferreira et al., 2000) Fruity (Swiegers et al., 2005) 37-156 (3, 5, 6, 9)
Diethyl succinate 129, 101, 147 476-4500 0.9945  d4-3-Methyl-1-butanol 500000 (Boscaino et al., 2019) Light fruity (Boscaino et al., 2019)  1.9-8110 (4, 9)

@ Quantification of compounds refers to the published method (Wang et al., 2016), with bolded compound names highlighting those that were newly added to the method. ® Bolded ions were used as
quantifiers and other ions were used as qualifiers. ¢ Calibration range from limit of quantification to the highest level used (pg/L except where indicated). Bolding designates the use of a different standard
for semi-quantification compared to the published method. ¢ Bolding indicates the use of a different internal standard compared to the published method. dis-Ethyl octanoate (m/z 91 as quantifier, m/z 105
and 142 as qualifiers), dii1-hexanoic acid (m/z 63 as quantifier, m/z 77 and 93 as qualifiers), and dis-octanoic acid (m/z 63 as quantifier, m/z 125 and 109 as qualifiers) were also incorporated as new internal
standards added to samples at 1.0, 10.0, and 20.0 pg/L, respectively. ¢ ODT, odour detection threshold determined in hydroalcoholic solution. f Odour descriptors were from “Flavornet and human odor
space” (http://www.flavornet.org/flavornet.html) by Terry Acree & Heinrich Arn, except for those specified. & Typical concentration ranges (p1g/L except where indicated) of volatile compounds found in

Shiraz wines according to: (1) (Capone et al., 2021); (2) (Hranilovic et al., 2018); (3) (Mayr et al., 2014); (4) (Ugliano et al., 2010); (5) (Antalick et al., 2015); (6) (Longo et al., 2018); (7) (Li et al., 2017);
(8) (Kustos et al., 2020); (9) (Albanese et al., 2013); (10) (Wang et al., 2016), rose wines made of either Shiraz or blends including Shiraz; (11) (Chou et al., 2018). n.r., not reported, concentration range

not found in literature.
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Influence of ACE treatment on Shiraz wine aroma

Compound? Tons® Calibration range (ug/L)¢ R? Internal standard? ODT (ng/L)* Odour descriptors’ Typical range (refs)?
Acetates
= Pineapple, varnish, balsamic 43.0-164 mg/L (3,4, 7,8,
Ethyl acetate 61, 88 8.6-120 mg/L 0.9981 d4-3-Methyl-1-butanol 15000 (Moyano et al., 2002) (Moyano et al., 2002) 9)
3-Methylbutyl acetate 70, 55, 87 704-11585 0.9962  ds-3-Methyl-1-butanol 30 (Guth, 1997) Banana 465-3880 (3,4,5,6,8,9)
Hexyl acetate 43, 56, 69 16.6-276 0.9988 d;-Hexyl acetate 670 (Peinado et al., 2004) Fruity, floral (Peinado et al., 2004)  5-160 (3,4, 5, 6, 8, 9)
2-Phenylethyl acetate 104,65,91  107-2100 0.9971 ds-phenylethanol 250 (Guth, 1997) M%Hw_w rose, fruity (Swiegers etal., 5 3¢5 (3 ¢ g )
Higher alcohols
1-Propanol 31,42, 59 15.7-150 mg/L 0.9943  d3-1-Hexanol 50000 (Song et al., 2016) Alcohol (Meilgaard, 1975) 29.3-35.8 mg/L (9)
2-Methylpropanol 31,55,74 2.7-45.0 mg/L 0.9965  ds4-3-Methyl-1-butanol 40000 (Ferreira et al., 2000) Wine, solvent, bitter banana 26.8-69.4 mg/L (3, 8, 9)
1-Butanol 56,41, 31 0.1-1.2 mg/L 0.9955 ds-3-Methyl-1-butanol 160 (Moyano et al., 2002) Fruit, medicinal, wine 1.3-2.6 mg/L (3, 8)
4-Methyl-2-pentanol 45,43, 41 12.1-120 0.9962  ds-3-Methyl-1-butanol Unknown Unknown n.r.
3-Methyl-1-butanol 55,42,70  11.9-150 mg/L 0.9969 dy-3-Methyl-I-butanol 30000 (Guth, 1997) maww%w: polish, fusel (Ferreira et m.voom\ws mg/l 3,4,6,7,
4-Methyl-1-pentanol 41, 56, 69 equivalent to 4-methyl-2-pentanol ds-3-Methyl-1-butanol 50000 (Zea et al., 2012) Almond, toasted (Zea et al., 2012)  8-11(3)
2-Heptanol 55,41, 45 equivalent to 3-octanol ds-3-Methyl-1-butanol 70 (Du et al., 2010) Coconut (Meilgaard, 1975) nr.
3-Methyl-1-pentanol 69, 56, 55 equivalent to 4-methyl-2-pentanol di3-1-Hexanol 50000 (Zea et al., 2012) M_:M%,Nwﬁgnmo:m, cocoa (Zea et n.r.
Earthy, mushroom, rose, leather
3-Octanol 83, 59, 101 12.8-120 0.9957  dis-1-Hexanol 18-250 (Burdock, 2010) (Burdock, 2010; Mayr et al., 2014) nr.
|-Heptanol 41,56, 71 equivalent to 3-octanol dis-1-Hexanol 2500 (Gomez Garcia-Carpintero et al., Oily (Gomez Garcia-Carpintero et or
2014) al., 2014)
2-Methyl-6-hepten-1-ol 69, 110, 95 equivalent to 3-octanol dis-1-Hexanol Unknown Unknown nr.
. . Green, flowery, green cucumber
2-Ethyl-1-hexanol 57,70, 98 1.4-15.0 0.9966 d,;-1-Hexanol 270 (Pino & Queris, 2011) (Komes et al.. 2006) 25-59 (10)
1-Octanol 56, 70, 84 12.4-120 0.9960 d;;-1-Hexanol 0.8 (Etiévant, 1991) Chemical, metal, burnt 9-34 (10)
1-Nonanol 70, 55, 41 equivalent to 1-octanol dy3-1-Hexanol 80 (Meilgaard, 1975) MHMMMV: ut, walnut oily (Meilgaard, n.r.
Methionol 106,61,73  equivalent to o-terpincol dis-1-Hexanol 1000 (Ferreira et al., 2000) M%w%& potato, cuthay (Zeaetal, g9, 3130 (4)
1-Decanol 55,83, 112 equivalent to 1-octanol d3-1-Hexanol 500 (Moyano et al., 2002) Fat n.r.
Benzyl alcohol 108,107,79  79.0-1200 0.9984  ds-Phenylethanol 900000 (Zea et al., 2012) Almonds, bitter (Meilgaard, 1975)  n.r.
2-Phenylethanol 91, 65, 122 0.9-17.5 mg/L 0.9991 ds-Phenylethanol 14000 (Ferreira et al., 2000) Floral, rose (Mayr et al., 2014) 0.006-404 mg/L (3, 4, 6, 8,

9)

2 Quantification of compounds refers to the published method (Wang et al., 2016), with bolded compound names highlighting those that were newly added to the method. ® Bolded ions were used as
quantifiers and other ions were used as qualifiers. ¢ Calibration range from limit of quantification to the highest level used (ng/L except where indicated). Bolding designates the use of a different standard
for semi-quantification compared to the published method. ¢ Bolding indicates the use of a different internal standard compared to the published method. dis-Ethyl octanoate (m/z 91 as quantifier, m/z 105
and 142 as qualifiers), dii1-hexanoic acid (m/z 63 as quantifier, m/z 77 and 93 as qualifiers), and dis-octanoic acid (m/z 63 as quantifier, m/z 125 and 109 as qualifiers) were also incorporated as new internal
standards added to samples at 1.0, 10.0, and 20.0 pg/L, respectively. ¢ ODT, odour detection threshold determined in hydroalcoholic solution. f Odour descriptors were from “Flavornet and human odor
space” (http://www.flavornet.org/flavornet.html) by Terry Acree & Heinrich Arn, except for those specified. & Typical concentration ranges (pg/L except where indicated) of volatile compounds found in

Shiraz wines according to: (1) (Capone et al., 2021); (2) (Hranilovic et al., 2018); (3) (Mayr et al., 2014); (4) (Ugliano et al., 2010); (5) (Antalick et al., 2015); (6) (Longo et al., 2018); (7) (Li et al., 2017);
(8) (Kustos et al., 2020); (9) (Albanese et al., 2013); (10) (Wang et al., 2016), rose wines made of either Shiraz or blends including Shiraz; (11) (Chou et al., 2018). n.r., not reported, concentration range

not found in literature.
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Compound® Ions® Calibration range (ng/L)¢ R? Internal standard? ODT (ng/L)¢ Odour descriptors’ Typical range (refs)®
Fatty acids
Acetic acid 43,45, 60 17.2-120 mg/L 0.9956 d;o-Decanoic acid 200000 (Guth, 1997) Sour, vinegar (Mayr et al., 2014) 393-680 mg/L (3, 8)
2-Methylpropanoic acid 73, 88, 43 399-2413 0.9917 di3-1-Hexanol 2300 (Gabrielli et al., 2017) wmswo%.w%ﬂ.%%w@ (Gabrielliet g5 1634 (3)
Butanoic acid 60,73, 42 550-5654 0.9968  di3-1-Hexanol 10000 (Guth, 1997) WW%Q » cheesy, sweaty (Meilgaard, 7 435 (3
3-Methylbutanoic acid 60, 43, 87 67.8-575 0.9952  di3-1-Hexanol 33.4 (Ferreira et al., 2000) Blue cheese 432-2797 (3, 4)
Hexanoic acid 60, 73, 87 884-10298 0.9973  dii-Hexanoic acid 420 (Ferreira et al., 2000) Cheese (Zea et al., 2012) 418-3280(3,4,7,8,9)
Octanoic acid 60, 73, 101 1925-26713 0.9968 dis-Octanoic acid 500 (Ferreira et al., 2000) Butter, almond (Mayr et al., 2014)  253-3110 (4, 9)
Nonanoic acid 60, 73, 115 equivalent to hexanoic acid ds-Phenylethanol 3000 (Burdock, 2010) Green, fat 119-893 (10)
Decanoic acid 129,60,172  311-4837 0.9969 djo-Decanoic acid 1000 (Ferreira et al., 2000) Rancid, fat 224-2690 (3,7,8,9)
Isoprenoids
Vitispirane 1 93,121,192  equivalent to f-damascenone di3-1-Hexanol 800 (Boscaino et al., 2019) M,%w%% spicy (Boscaino etal., 0.32 (11)
Vitispirane 2 93,121,192 equivalent to p-damascenone dis-1-Hexanol 800 (Boscaino et al., 2019) M%%% spicy (Boscaino etal., 0.28-0.32 (11)

: . . Fir needle-like, peppermint
Terpinen-4-ol 71,43,93 equivalent to a-terpineol di3-1-Hexanol 5000 (Franco et al., 2004) (Schoenauer & Schieberle, 2016) 0.1 (6)
a-Terpineol 59,93, 136 8.5-180 0.9989 d;3-1-Hexanol 250 (Ferreira et al., 2000) Wine, fruity <0.7-9 (3, 6, 8)
B-Citronellol 69, 95, 123 equivalent to 3-octanol d3-1-Hexanol 100 (Guth, 1997) Citrus 2-23(6,9)
B-Damascenone 69,121,190 2.5-128 0.9991 ds-Phenylethanol 0.05 (Guth, 1997) Rose, apple, honey 1.2-16 (3,6, 8,9)
Nerol 69, 93,41 equivalent to 3-octanol di3-1-Hexanol 500 (Meilgaard, 1975) Lime, flowery (Meilgaard, 1975) nr.
B-Tonone 175,91,43  equivalent to B-damascenone ds-Phenylethanol 0.09 (Ferreira et al., 2000) wm%__p pleasant (Lépez et al., 0.1 (6)
Other
Nonanal 70,4182 9.9-150 0.9983 dus-1-Hexanol 2.5 (Clarke & Bakker, 2004) Astringent, bitter, aldehyde 13-44 (10)

(Meilgaard, 1975)

@ Quantification of compounds refers to the published method (Wang et al., 2016), with bolded compound names highlighting those that were newly added to the method. ® Bolded ions were used as
quantifiers and other ions were used as qualifiers. ¢ Calibration range from limit of quantification to the highest level used (pg/L except where indicated). Bolding designates the use of a different standard
for semi-quantification compared to the published method. ¢ Bolding indicates the use of a different internal standard compared to the published method. dis-Ethyl octanoate (m/z 91 as quantifier, m/z 105
and 142 as qualifiers), di1-hexanoic acid (m/z 63 as quantifier, m/z 77 and 93 as qualifiers), and dis-octanoic acid (m/z 63 as quantifier, m/z 125 and 109 as qualifiers) were also incorporated as new internal
standards added to samples at 1.0, 10.0, and 20.0 pg/L, respectively. ¢ ODT, odour detection threshold determined in hydroalcoholic solution. f Odour descriptors were from “Flavornet and human odor
space” (http://www.flavornet.org/flavornet.html) by Terry Acree & Heinrich Arn, except for those specified. & Typical concentration ranges (pg/L except where indicated) of volatile compounds found in

Shiraz wines according to: (1) (Capone et al., 2021); (2) (Hranilovic et al., 2018); (3) (Mayr et al., 2014); (4) (Ugliano et al., 2010); (5) (Antalick et al., 2015); (6) (Longo et al., 2018); (7) (Li et al., 2017);
(8) (Kustos et al., 2020); (9) (Albanese et al., 2013); (10) (Wang et al., 2016), rose wines made of either Shiraz or blends including Shiraz; (11) (Chou et al., 2018). n.r., not reported, concentration range

not found in literature.
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Table A.2. Mean concentration with standard deviation of volatile compounds in Shiraz wines that underwent different treatments.

Concentration (ng/L)? Two-way ANOVAP

ACE Short OAV® ACE Long OAV ACE Long Dil OAV NOACE_Short OAV NOACE Long OAV NOACE Long Dil OAV Crushing method® Skin contact time® Interaction

Compound

Ethyl esters

Ethyl propanoate 253+14 0.1 200+1 0.1 19948 0.1 264+14 0.1 258+5 0.1 258+31 0.1 <0.001 0.008 0.03 (a,b, b, a,a,a)
Ethyl 2-methylpropanoate 266+3 0.0 263+2 0.0 259+6 0.0 286+3 0.1 276£5 0.0 273£8 0.0  <0.001 (b, a) 0.012 (a, ab, b) n.s.

Ethyl butanoate 213+36 04  163£21 0.3 163£13 0.3 226+10 0.4 22716 0.4 245+4 04  <0.001 n.s. 0.027 (ab, b, b, a, a, a)
Ethyl 2-methylbutanoate  9.8+0.5 10 8.8+0.3 9 7.9+0.9 8 12.1+0.1 12 11.3+0.9 11 10.8+1.8 11 <0.001 (b, a) 0.030 (a, ab, b) n.s.

Ethyl 3-methylbutanoate  14.4+0.2 5 13.7404 5 12.3£1.6 4 18.3+0.5 6 18.3+1.4 6 17.443.3 6 <0.001 (b, a) n.s. n.s.

Ethyl hexanoate 576+164 41 558421 40  543+46 39 670+1 48 718+13 51 766+53 55 0.001 (b, a) n.s. n.s.

Ethyl lactate (mg/L) 168430 1.1 124+6 0.8 1231 0.8 132+2 0.9 11748 0.8 122+1 0.8 0.033 (a, b) 0.003 (a, b, b) n.s.

Ethyl octanoate 284441 14 210+16 11 192+58 10  314+14 16  299+25 15 337+x16 17 <0.001 n.s. 0.032 (ab, be, c, a, a, a)
Ethyl nonanoate 699542578 8 5460+778 6 5466+796 6 5160+165 6 6710154 8 57954637 7 n.s. n.s. n.s.

Ethyl decanoate 142+10 0.7  125+1 0.6 12245 0.6 142+2 0.7 130+1 0.6 13240 0.7  0.048 (b, a) <0.001 (a, b, b) n.s.

Diethyl succinate 1462199 0.0  986+68 0.0 1009+126 0.0 842174 0.0 14774340 0.0 1551454 0.0 ns. n.s. 0.003 (ab, ab, ab, b, ab, a)
Acetates

Ethyl acetate (mg/L) 53.5+185 4 542420 4 53.3+0.9 4 67.6£1.5 5 65.3£0.8 4 67.3£2.5 5 0.004 (b, a) n.s n.s.

3-Methylbutyl acetate 2639+237 88 2422469 81  2238+516 75 2726+61 91  2992+37 100 3330+59 111 <0.001 n.s. 0.011 (bc, be, ¢, abc, ab, a)
Hexyl acetate 48.5£2.2 0.1 44.7+0.4 0.1 40.247.9 0.1 41.4+1.6 0.1 53.1+2.4 0.1 56.7£9.9 0.1 0.0 n.s. 0.008 (ab, ab, b, b, ab, a)
2-Phenylethyl acetate 296+56 1.2 266+8 1.1 249+26 1.0 264+£5 1.1 269+10 1.1 283%£5 1.1  ns. n.s. n.s.

Higher alcohols

1-Propanol (mg/L) 63.7+0.6 1.3 62.0+0.2 1.2 59.8+1.4 1.2 61.3+0.2 1.2 63.9+1.7 1.3 62.1+1.6 1.2 ns. 0.030 0.007 (a, ab, b, ab, a, ab)
2-Methylpropanol (mg/L) 52.6+3.7 1.3 48.2+1.3 1.2 47.3+0.6 1.2 51.0£2.1 1.3 479425 1.2 50.1+2.3 1.3 ns. 0.032 (a, b, ab) n.s.

1-Butanol (mg/L) 1.1+0.1 7 1.0+0.1 6 0.9+0.1 6 1.0+0.1 6 1.0+0.1 6 1.1+0.0 7 n.s. n.s. 0.031 (a, ab, b, ab, ab, ab)
4-Methyl-2-pentanol 227469 nd. 178+11 nd. 157+6 nd. 15712 nd. 13243 nd. 106+20 nd. 0.002 (a, b) 0.014 (a, ab, b) n.s.

w%m\mmwi;-gs:o_ 346432 12 315%6 11 30946 10 3011 10 310£10 10 3204 11 ns. ns. 0.012 (a, ab, ab, b, ab, ab)
3-Octanol 14.4+0.3 nd. 14.2+0.1 nd. 14+0.1 nd. 1440.1 nd. 1440.1 nd. 14.2+0.1 nd. ns. n.s. 0.010 (a, ab, ab, ab, b, ab)
2-Ethyl-1-hexanol 9+0.9 0.0 6.6£0.6 0.0 6.1+0.2 0.0 6.4+0.3 0.0 6.3+0.5 0.0 7.3+0.4 0.0 0.037 0.005 <0.001 (a, b, b, b, b, b)
1-Octanol 20.7+4.9 26 21.6+0.5 27 19.843.2 25 19+1 24 21+1.2 26 23.7+0.4 30 ns. n.s. n.s.

Benzyl alcohol 238+13 0.0 224410 0.0 220+28 0.0 204+1 0.0 21249 0.0 241+4 0.0 ns. n.s. n.s.

2-Phenylethanol (mg/L)  67.3+6.3 5 59.2+1.1 4 53.049.1 4 55.6+1.2 4 58.6+1.7 4 60.7+1.1 4 n.s. n.s. 0.011 (a, ab, b, ab, ab, ab)

2 Data are present in mean = SD (n = 3). Concentrations are expressed as pg/L except where indicated. ® OAV: Odour activity value = compound concentration/odour detection threshold; n.d. represents
OAYV not determined due to the lack of odour detection threshold value. ¢ p-values of two-way ANOVA followed by Tukey’s HSD multiple comparison (o = 0.05) evaluating the effect of crushing
method and skin contact time. Bolded p-values are the main or interaction effect to be considered. ¢ Different letters in brackets following bolded p-values indicate significant differences caused by main
effect of crushing method of ACE and NOACE treatments. ¢ Different letters in brackets following bolded p-values indicate significant differences caused by main effect of skin contact time of Short,
Long, and Long_Dil treatments. f Different letters in brackets following bolded p-values indicate significant differences caused by interaction effect between crushing method and skin contact time. The

order of letters corresponds to that of the wines in the table (from left to right).
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Table A.2. contd.
Concentration (ug/L)? Two-way ANOVAP

Compound ACE Short OAV® ACE_Long OAV ACE Long Dil OAV NOACE_Short OAV NOACE_Long OAV NOACE _Long Dil OAV Crushing method® Skin contact time® Interaction
Fatty acids
Acetic acid (mg/L) 648+78 3 537+59 3 434+61 2 488+10 2 493+49 3 475427 2 n.s. 0.010 0.019 (a, ab, b, b, b, b)
2-Methylpropanoic acid ~ 2191+£58 1.0 1882462 0.8 1729+139 0.8 1988+36 0.9 1918+137 0.8 1880+117 0.8 ns. 0.001 0.028 (a, b, b, ab, ab, b)
Butanoic acid 2062+92 0.2 1842+44 0.2 1755+141 0.2 1819+26 0.2 1830+42 0.2 1835%15 0.2 ns. 0.014 0.007 (a, b, b, b, b, b)
3-Methylbutanoic acid 1089+94 33 836+19 25 740£92 22 865+l11 26 863£85 26 835+81 25 n.s. 0.002 0.006 (a, b, b, b, b, b)
Hexanoic acid 3437275 8 300770 7 2743+£367 7 2825+118 7 3071459 7 3132+158 8 n.s. n.s. 0.004 (a, ab, b, b, ab, ab)
Octanoic acid 70291062 14 47304351 10 3925+1260 8 5218+231 10 4828+412 10 5093+273 10 n.s. 0.005 0.012 (a, b, b, ab, b, ab)
Decanoic acid 11494204 1.1  480+6 0.5 364+77 0.4 737455 0.7 43349 04 421+19 04 0.011 <0.001 0.003 (a, be, ¢, b, ¢, ¢)
Isoprenoids
a-Terpineol 151404 0.1 134403 0.1 12.6£12 0.1 13.1:02 0.1 13.6£0.5 0.1 14.5£0.5 0.1 ns ns M%S (a, abe, ¢, be, abe,
B-Damascenone 2.9+1.2 58 2.6£0 53 2.2+0.5 43 2.8+0.2 57 3+0.1 59 3x0.2 61 n.s. n.s n.s.
Other
Nonanal 31.1+1.2 12 29.243.7 12 28.2+1.6 11 27.8+1.2 11 27.5+1.3 11 26.8+1 11 0.037 (a, b) n.s. n.s.

2 Data are present in mean = SD (n = 3). Concentrations are expressed as pg/L except where indicated. ® OAV: Odour activity value = compound concentration/odour detection threshold; n.d. represents
OAV not determined due to the lack of odour detection threshold value. ¢ p-values of two-way ANOVA followed by Tukey’s HSD multiple comparison (o = 0.05) evaluating the effect of crushing method
and skin contact time. Bolded p-values are the main or interaction effect to be considered. ¢ Different letters in brackets following bolded p-values indicate significant differences caused by main effect of
crushing method of ACE and NOACE treatments. ¢ Different letters in brackets following bolded p-values indicate significant differences caused by main effect of skin contact time of Short, Long, and
Long_Dil treatments. { Different letters in brackets following bolded p-values indicate significant differences caused by interaction effect between crushing method and skin contact time. The order of

letters corresponds to that of the wines in the table (from left to right).
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Table A.3. Mean concentration with standard deviation of semi-quantified other volatile compounds in Shiraz wine samples that underwent different treatments.

Concentration (ng/L)*

Two-way ANOVAP

Compound ACE_Short ACE Long ACE Long Dil NOACE_Short NOACE_Long NOACE _Long_Dil Crushing method® Skin contact time! Interaction®

Ethyl esters

Ethyl 2-butenoate 11.8+1.3 11.4+0.8 11£1.3 11.2+0.6 11.5+0.6 11.7+0.7 n.s. n.s. ns.

Ethyl 3-hexenoate 112+1 112+0 112+0 11240 113+1 113£1 0.023 (b, a) n.s. n.s.

Ethyl heptanoate 112+1 111£0 111£0 11240 113+1 113+1 0.006 (b, a) n.s. n.s.

Higher alcohols

4-Methyl-1-pentanol 50.9+2.8 50.5+2 48.3+4 47.3+0.9 49.1+0.7 50.9+0.4 n.s. n.s. n.s.

2-Heptanol 13.6+0.1 13.6+0 13.6+0 13.6+0 13.6+0 13.6+0 n.s. n.s. n.s.
3-Methyl-1-pentanol 237422 21348 199+20 207+4 219+2 22344 n.s. n.s. 0.009 (a, ab, b, ab, ab, ab)
1-Heptanol 17.7+1 18.7+0.6 17.8+0.2 17.8+£0.2 20.4+2 19.3+2.7 n.s. n.s. n.s.
2-Methyl-6-hepten-1-ol ~ 15.7+0.2 15.5+0.2 15.2+0.4 15.3+0 15.7+0.1 15.9+0.2 n.s. n.s. 0.002 (ab, ab, b, b, ab, a)
1-Nonanol 13.4+1.5 14+0.6 13+£1.7 13.8+0.3 14.6+0.1 15.1+0.7 0.040 (b, a) n.s. n.s.

Methionol 14.1+£0.4 11.8+0.5 11.1£1.2 12.1+0.5 11.6+0.2 1240.2 n.s. 0.001 0.004 (a, b, b, b, b, b)
1-Decanol 12.942.3 11.240.2 10.9+£0.8 12.7+0.5 11.5+0.2 12.240.1 n.s. n.s. n.s.

Fatty acids

Nonanoic acid 1778£79 1789+59 1778+41 181640 1848420 1876429 0.016 (b, a) n.s n.s

Isoprenoids

Vitispirane 1 21.842.2 16.8+2.8 13.2+4.2 21.5+1.1 19.4+1.6 19.4+1.1 0.030 (b, a) 0.008 (a, ab, b) ns.

Vitispirane 2 20.4+1.6 15.4+2.5 12.3+4 19.3+0.9 17.6x1.6 17.7+1 n.s. 0.007 (a, ab, b) n.s.

Terpinen-4-ol 8.8+0.1 8.2+0.1 8.2+0.3 8.3+0.1 8.2+0.1 8.2+0.1 n.s. 0.001 0.008 (a, b, b, b, b, b)
B-Citronellol 18.9+1.4 17.3£0.1 16.9+0.9 16.9+0.3 17.3+0.4 17.7+0.4 n.s. n.s. 0.017 (a, ab, ab, b, ab, ab)
Nerol 15.9+0.4 15.5+0.3 15.1£0.5 14.6+0.2 15.0+0 15.540.2 0.008 ns. 0.003 (a, a, ab, b, ab, a)
B-Ionone 0.2+0 0.1+0 0.1+0.1 0.2+0 0.2+0 0.2+0 0.001 (b, a) n.s. n.s.

2 Data are present in mean = SD (n = 3). ® p-values of two-way ANOVA followed by Tukey’s HSD multiple comparison (0. = 0.05) evaluating the effect of crushing method and skin contact time.
Bolded p-values are the main or interaction effect to be considered. ¢ The two letters in bracket following bolded p-values indicate significant difference caused by main effect of crushing method
of ACE and NOACE treatments. 9 The three letters in bracket following bolded p-values indicate significant difference caused by main effect of ski contact time of Short, Long, and Long_Dil
treatments. © The six letters in bracket following bolded p-values indicate significant difference caused by interaction effect between crushing method and skin contact time. The order of letters
corresponds to that of the wines in the table (from left to right).
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Table A.4. Mean scores and p-values for each aroma attribute of Shiraz wines evaluated by RATA
panellists.

Attribute ACE_Short ACE_Long ACE_Long_Dil NOACE_Short NOACE_Long NOACE_Long_Dil p-Value
Dark fruit 3.61 3.67 3.71 3.67 3.69 3.75 0.971
Red fruit 3.22 2.94 2.94 3.04 3.13 3.02 0.490
Dried fruit 1.77 2.03 2.03 2.02 1.91 1.99 0.494
Jammy 2.31 2.24 2.19 223 2.13 2.07 0.703
Confectionery 2.04 1.85 2.07 2.02 1.87 1.80 0.313
Chocolate 1.27 1.34 1.34 1.32 1.17 1.45 0.409
Coconut 0.88 0.87 0.86 0.79 0.69 0.95 0.267
Cooked vegetables 0.80 0.85 0.97 0.85 0.85 0.96 0.738
Earthy/dusty 1.22 1.37 1.38 1.37 1.36 1.49 0.596
Eucalypt/mint 1.28 1.30 1.23 1.38 1.28 1.27 0.932
Floral/perfume/musk 2.27a 1.99 be 1.73 ¢ 2.06 ab 1.96 be 1.93 be 0.041
Forest floor/mushrooms 0.83 0.91 1.10 1.02 0.93 1.14 0.164
Green pepper/capsicum 1.02 1.28 1.12 1.19 1.05 1.04 0.392
Herbaceous 1.40 1.46 1.59 1.47 1.44 1.32 0.497
Leather 1.02 1.12 1.06 1.10 1.15 1.14 0.918
Pepper 1.43 1.49 1.55 1.44 1.39 1.44 0.896
Savoury/meaty/gamey  1.19 1.41 1.46 1.39 1.57 1.34 0.159
Spice 2.43 2.49 2.28 2.36 2.14 2.35 0.327
Stemmy/stalky 0.89 0.95 1.08 0.95 0.99 0.96 0.618
Toasty/smoky 1.15 1.30 1.30 1.23 1.15 1.15 0.726
Vanilla 1.54a 1.41 ab 1.16 ¢ 1.44 ab 1.45 ab 1.23 be 0.057
Woody 1.56 1.55 1.63 1.51 1.66 1.54 0.912
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Table A.5. Mean concentrations and standard deviations of volatile compounds in commercial wine
samples that underwent different treatments.

Commercial Sauvignon blanc wines (ng/L)*

Commercial Pinot noir wines

(g/L)’
Compound SB_CTRL SB_ACE SB_ACE+M SB_M PN_CTRL PN_ACE
Varietal thiols
3-SH (ng/L) 17+1 2542 612+19 37+1 139+£2 83+3
3-SHA (ng/L) 7+0 6+1 71+0 10+1 n.d.c n.d.
Ethyl esters
Ethyl propanoate 84+7.7 182+13 137+£5 92.246.1 278490 415425
it;{llyi_)ropanoate 61.1+1.9 41.3+2.3 81.5£5.9 59+0.3 85.247.3 79.3£5.2
Ethyl butanoate 541+44 252420 513+16 378+28 109.8+25.9 173+£9
Ethyl 2-methylbutanoate4.5+0.2 2.1£0.1 6.5+0.3 3.540.1 15.542.6 15+0.7
Ethyl 3-methylbutanoate 11.2+0.1 6.1+£0.3 16.7+1.1 7.1£0 21.242 20.3+1.1
Ethyl hexanoate 874+66 683+58 646+24 813492 266+85 430+22
Ethyl lactate (mg/L)  5.7+0.3 14.1£0.5 12.6£1.0 6.1+0.9 15246 17345
Ethyl octanoate 359+3 355+3 35343 363£3 340+0 342+0
Ethyl decanoate 182+20 163+3 13742 188+16 1117 1170
Diethyl succinate 698+34 143+6 577+51 468+35 9286+421 7635+192
Acetates
Ethyl acetate (mg/L) 89.9+7.8 78.8+4.5 57.2+2.8 87.0+4.1 67.4+12.9 83.3+3.4
3-Methylbutyl acetate  7890+471 2819+174 631647 54244742 <LOQ¢ <LOQ
Hexyl acetate 396+19 318426 267+7 262+18 6.5+0.3 8.5+£0.2
2-Phenylethyl acetate ~ 448+7 276+17 35343 346+13 1049 113+1
Higher alcohols
1-Propanol (mg/L) 30.2+1.4 31.8+0.7 31.3+0.8 33.1+0.9 42.9+1.0 54.4+0.4
?li\gf{l;ylpmpaml 16.0+0.0 11.9+0.3 19.0£1.3 14.842.5 28.5+1.1 35.6+£0.2
1-Butanol 621+0 5366+70 472+10 938+57 864+5 1078+4
Sr'nl\gf]f})‘yl' I-butanol 3,4 79.7+1.1 14646 10924 2959 37242
1-Hexanol 1758451 1373+39 1734+49 1235428 1820+46 2503+26
2-Ethyl-1-hexanol 4.6+0.6 4.6+1 5.1+£0.7 5+0.9 4.9+0.8 4.8+0.9
1-Octanol 9.5+0.2 6.5+0.2 11.8+0.1 9.1+0.3 21.4£1.8 29.9+0.8
Benzyl alcohol 1980+32 2484+7 2080+3 3478+107 10752+36 12025107
2-Phenylethanol (mg/L) 11.7+0.2 6.5+0.0 13.0+0.7 10.5+0.6 57.5+0.5 71.6+0.4
Fatty acids
Acetic acid (mg/L) 151+18 341+4 83+1 276+64 450+18 563+75
2-Methylpropanoic acid 1004+19 670+10 1121455 1038+93 1890+29 2455433
Butanoic acid 1687141 1202+114 1567+13 1382445 902+41 1233+4
3-Methylbutanoic acid  5759+133 4078+44 6659+5 4446+38 11621+393 14609+132
Hexanoic acid 5909+57 5308+107 5013+5 5560+£210 2053440 2882451
Octanoic acid (mg/L)  24.2+0.2 21.8+0.2 21.0+0.8 23.5+1.0 9.6+0.2 12.3+0.0
Decanoic acid 2012+61 1743491 1407+31 1832+92 984+57 1077+13
Isoprenoid
Linalool 9.84+0.3 7.2+0.3 11.8+0.8 9.9+0.3 16.2+0.6 17.3+0.1

2 Data are present in mean + SD (n = 2). Concentrations are expressed as ng/L except where indicated. Commercial Sauvignon
blanc wines abbreviated as SB_ CTRL, Sauvignon blanc wine produced using juice pressed immediately from traditionally
crushed must; SB_ACE, Sauvignon blanc wine produced using juice pressed from ACE treated must; SB_ ACE+M, Sauvignon
blanc wine produced using juice pressed from ACE treated must after 24 h of cold maceration; SB_M, Sauvignon blanc wine
produced using juice pressed from traditionally crushed grape must after 24 h of cold maceration. ® Commercial Pinot noir
wines abbreviated as PN_CTRL, Pinot noir wine produced from traditionally crushed grape must; PN_ACE, Pinot noir wine
produced from ACE treated grape must. © n.d., compound not detected. ¢ < LOQ, concentration of compound below limit of

quantification.
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ARTICLE INFO ABSTRACT

Keywords:

Varietal thiol

Thiol precursors

Chiral analysis

Enantiomers

Stable isotope dilution assay
Rate-all-that-apply

This pioneering investigation involved the application of accentuated cut edges (ACE) technique to Sauvignon
blanc winemaking. The concentration of varietal thiol precursors in juice was significantly higher for ACE
treatment compared to conventional crushing, with two-way or three-way interactions of the experimental
factors, which included yeast strain and malolactic fermentation, being determined from the wine data. ACE
yielded higher concentrations of 4-methyl-4-sulfanylpentan-2-one (4-MSP) and enantiomers of 3-sulfanylhexanol
(3-SH) and 3-sulfanylhexyl acetate (3-SHA) in wines that were more abundant in phenolic compounds.
Compared to Sauvy yeast strain, VIN13 produced greater amounts of 3-SH and 3-SHA but less 4-MSP with wines
exhibiting lower intensity ‘floral’ and ‘fruity’ notes. MLF increased 3-SH and 4-MSP concentrations and led to
wines that exhibited more non-fruity sensory attributes. The study revealed the potential of ACE for increasing
varietal thiol concentrations in Sauvignon blanc wine and altering overall sensory profiles, with interactions

involving yeast strain and MLF.

1. Introduction

Sauvignon blanc wine is characterised by distinctive aroma attri-
butes such as ‘tropical fruit’, ‘grapefruit’, ‘passionfruit’, and ‘black-
currant’ that are substantially contributed by potent varietal thiols,
including 3-sulfanylhexan-1-ol (3-SH), 3-sufanylhexyl acetate (3-SHA),
4-methyl-4-sulfanylpentan-2-one (4-MSP) (Bonnaffoux et al., 2021). 3-
SH and 3-SHA are chiral compounds, so are present as (3S)- and (3R)-
enantiomers (Table 1), usually in enantiomeric ratios of approximately
50:50 for 3-SH and 70:30 for 3-SHA (Chen, Capone, & Jeffery, 2018).
These ratios in Sauvignon blanc wine can be impacted by factors
including grapevine clone, yeast strain, and nutrient or enzyme addition
prior to fermentation (Chen, Capone, Tondini, et al., 2018). Given the

differences in odour detection threshold (ODT) and aroma descriptors of
varietal thiol enantiomers (Table 1) (Tominaga et al., 2006), changes in
concentration or enantiomer ratio could substantially modify wine
aroma characteristics (King et al., 2011).

The previous work has undoubtedly provided considerable knowl-
edge regarding the enhancement of varietal thiol production, for
example, pre-fermentation freezing treatment of grape berry/juice
(Chen et al., 2019), and preservation in relation to oxidation and other
reactions (Nikolantonaki & Waterhouse, 2012), but there is a need for
further consideration in terms of the impact on the enantiomers of 3-SH
and 3-SHA. This is especially so from the perspective of biogenesis,
where precursors to 3-SH are present as non-volatile diastereomers that
are mainly located in grape skins and released enzymatically during

Abbreviations: 3-SH, 3-sulfanylhexan-1-ol; 3-SHA, 3-sufanylhexyl acetate; 4-MSP, 4-methyl-4-sulfanylpentan-2-one; ACE, accentuated cut edges; ANOVA, analysis
of variance; A-TEEM, absorbance-transmission and fluorescence excitation-emission matrix; CAE, caffeic acid equivalents; cis-2-MPO, cis-2-methyl-4-propyl-1,3-
oxathianes; Cys-3-SH, 3-S-cysteinylhexan-1-ol; CysGly-3-SH, 3-S-cysteinylglycinehexan-1-ol; DTDP, 4,4'-dithiodipyridine; EDTA 2Na, ethylenediaminetetraacetic
acid disodium salt; ESI, electrospray ionisation; GC-MS, gas chromatography-mass spectrometry; GLSW, generalised least squares weighting; GluCys-3-SH, L-cys-
teinylglycinehexan-1-ol; GSH-3-SH, 3-S-glutathionylhexan-1-ol; HPLC, high-performance liquid chromatography; MS/MS, tandem mass spectrometry; NaCl, sodium
chloride; OAV, odour activity value; ODT, odour detection thresholds; PCA, principal component analysis; PLS, partial least-squares; PMS, potassium metabisulfite;
RATA, rate-all-that-apply; SD, standard deviation; SIDA, stable isotope dilution assay; SPME, solid-phase microextraction; TA, titratable acidity; TSS, total soluble

solids.

* Corresponding author at: Department of Wine Science and Waite Research Institute, The University of Adelaide (UA), PMB 1, Glen Osmond, SA 5064, Australia.
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fermentation, with the formation and degradation pathway of 3-SH
precursors and fate of 3-SH as proposed in Fig. A.1 (Appendix A).
Such precursors include i-glutathione conjugates (i.e., 3-S-gluta-
thionylhexan-1-ol, GSH-3-SH), 1-cysteine conjugates (i.e., 3-S-cys-
teinylhexan-1-ol, Cys-3-SH), and dipeptide intermediates (i.e., 3-S-
cysteinylglycinehexan-1-ol, CysGly-3-SH; 3-S-glutamylcysteinehexan-1-
ol, GluCys-3-SH) (Bonnaffoux et al., 2021).

Although poor correlations generally exist between the concentra-
tions of known precursors in juice and corresponding varietal thiols in
resulting wines, practices that enhance the extraction of thiol precursors
from grape skins into grape must or juice prior to fermentation still
provide opportunities for increasing the production of varietal thiols
during winemaking (Chen, Capone, Tondini, et al., 2018). As a recent
example, Sauvignon blanc juice obtained from pre-fermentation
freezing of grape berries showed significantly higher amounts of GSH-
3-SH and Cys-3-SH than the juice from fresh berries, with wines from
frozen berry treatment having significantly higher concentrations of 3-
SH, 3-SHA, and 4-MSP than the wines produced from fresh grapes
(Chen et al., 2019). Considering further research avenues, a novel
maceration technique known as “accentuated cut edges” (ACE) drew
attention. Designed to break down grape skin into smaller pieces while
maintaining the integrity of grape seeds so as to accelerate the extraction
of phenolics from grape skin through an increase in broken edges
(Sparrow et al., 2016), ACE is employed sequentially after a conven-
tional crusher. It has been shown to improve extraction of phenolic
constituents from grape skin (Sparrow et al., 2016) and thus could
proposedly also augment the extraction of aroma precursors from skin,
leading to enhancement of varietal thiol concentrations in wine, for
example. The only study reported to date involved Shiraz grape must,
with the influence of ACE on concentrations of varietal thiol precursors
found to be limited. The potential application of ACE in the production
of other varietal wines was indicated, however, with preliminary results
showing an increase in varietal thiols in Sauvignon blanc wine produced
at commercial scale (Wang et al., 2022).

Other than practices aimed at enhancing the extraction of precursors
in grape must or juice, microbes involved in alcoholic fermentation and
malolactic fermentation (MLF), such as Saccharomyces cerevisiae yeasts
and lactic acid bacteria (LAB), can play key roles in producing varietal
thiols as a result of uptake and metabolism of their precursors (Cordente
et al., 2015; Suklje & Cus, 2021; Takase et al., 2018). Different yeast
strains can yield diverse concentrations of varietal thiols due to various

Table 1

Food Chemistry 400 (2023) 134051

enzymes (Fig. A.1 of Appendix A) regulated by the expression of relevant
genes, for instance BNA3, CYS3, GLO1, and IRC7 (Howell et al., 2005).
On the other hand, winemaking bacteria such as LAB used for MLF
require further study to obtain more insight into their effect on varietal
thiol release and the potential modification of wine aroma characteris-
tics. Furthermore, while the foregoing studies have provided important
contributions, they have almost exclusively focused on achiral analysis
of 3-SH and 3-SHA (and 4-MSP), with the exception of a single study
investigating chirality of precursors and thiols (Chen, Capone, Tondini,
et al., 2018). Therefore, the impact of different strains of yeast or bac-
teria on the concentrations of 3-SH and 3-SHA enantiomers was essen-
tially unknown.

From the viewpoint of wine aroma and flavour chemistry, this study
explored the hypothesis that ACE treatment would improve both the
release of varietal thiol precursors into Sauvignon blanc juice and the
concentration of varietal thiols formed in the wine, in comparison to
conventional crushing. The individual use of two yeast strains jointly
with malolactic fermentation by LAB was also investigated in a quan-
titative assessment of their influence on the release of varietal thiols and
the ensuing enantiomer profiles. Volatile compounds, including esters,
acetates, higher alcohols, fatty acids, and isoprenoids, were also quan-
tified to evaluate the effect of the studied winemaking practices from a
broader viewpoint. The perceived effect of the experimental conditions
on wine sensory profiles was evaluated by a rate-all-that-apply (RATA)
panel and the sensory results were compared with the chemical
composition of the wines with respect to varietal thiols, major volatiles,
and phenolics.

2. Material and methods
2.1. Chemicals

Food-grade chemicals used for winemaking were from commercial
suppliers, and other chemicals and consumables used for analysis were
commercially available: ethylenediaminetetraacetic acid disodium salt
(EDTA 2Na), formic acid (LC-MS grade), 4,4'-dithiodipyridine (DTDP),
potassium hydrogen tartrate, and acetaldehyde (anhydrous, > 99.5 %)
were from Sigma-Aldrich (Castle Hill, NSW, Australia); sodium chloride
(NaCl), high-performance liquid chromatography (HPLC) gradient-
grade methanol, ethanol, and acetonitrile were from Merck (Noble
Park, VIC, Australia); Bond Elut C18 cartridges (500 mg, 6 mL) and

Structure, odour detection threshold (ODT), aroma descriptor(s), and concentration range of 3-SH and 3-SHA enantiomers, and 4-MSP.

Compound Structure ODT" Aroma descriptor Concentration rangeb
(39)-3-SH SH 60 (ng/L)" Passionfruit! 72-1663 ng/L"?
(3R)-3-SH SH 50 (ng/L)! Grapefruit" 69-1320 ng/L"*
(35)-3-SHA SH e 2.5 (ng/L)! Boxwood! 1.1-196 ng/L'*
(3R)-3-SHA SH e 9.0 (ng/L)! Passionfruit! 1.2-84 ng/L?
4-MSP SH O 3.0 (ng/L)? Box tree, cat urine® n.d.—200 ng/L*°

# Odour detection thresholds of 3-SH and 3-SHA enantiomers were determined in aqueous ethanol solution, and in wine for 4-MSP.
b Typical concentration range in dry wines. n.d. not detected. References: 1 (Tominaga et al., 2006); 2 (Darriet et al., 1995); 3 (Chen, Capone, & Jeffery, 2018); 4

(Dagan et al., 2014); 5 (Chen et al., 2019).
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Strata SDB-L cartridges (500 mg, 6 mL) were from Agilent (Mulgrave,
VIC, Australia) and Phenomenex (Lane Cove, NSW, Australia), respec-
tively. Analytical standards were available from previous studies and
included: 3-SH, dg-3-SH, 3-SHA, ds-3-SHA, 4-MSP, d;¢-4-MSP, Cys-3-SH,
dg-Cys-3-SH, GSH-3-SH, and do-GSH-3-SH (Chen, Capone, Tondini,
et al., 2018); isoprenoids, Cg alcohols, ethyl esters, acetates, higher al-
cohols, and fatty acids from commercial suppliers (>97 % purity, except
for dg-(E)-2-hexen-1-ol with > 92 % purity) (Wang et al., 2016; Wang
et al., 2022). Milli-Q water, obtained from a Milli-Q purification system
(Millipore, North Ryde, NSW, Australia), was used for aqueous solutions
where applicable and model wine was freshly prepared using 10 % v/v
ethanol/water solution that was saturated with potassium hydrogen
tartrate and adjusted to pH 3.4 with 1 M tartaric acid solution. DTDP
reagent was prepared and stored at — 20 °C as previously detailed
(Capone et al., 2015), with an aliquot thawed prior to use.

2.2. Grape samples and winemaking

Sauvignon blanc grapes were mechanically harvested on 30™ March
2021 close to Kuitpo at the southern end of Adelaide Hills wine region.
Details of winemaking have been provided in Supplementary Experi-
mental Section A.1.1 (Appendix A) with the design of the trial illustrated
in Fig. A.2 of Appendix A. Briefly, Sauvignon blanc grapes treated with
accentuated cut edges (ACE) or conventional crushing (NoACE) tech-
niques were subsequently inoculated with yeast strain (VIN13 or Sauvy)
for alcoholic fermentation. Half of the ferments were inoculated with
lactic acid bacteria (Oenococcus oeni, Lalvin VP41) after 48 h to induce
malolactic fermentation (MLF) whereas the remaining ferments were
not inoculated for MLF (NoMLF). In total, this yielded eight treatments
(+£ACE, 2 x yeast strains, + MLF, in triplicate): ACE_VIN13_NoMLF,
ACE_VIN13_MLF, ACE Sauvy NoMLF, ACE Sauvy MLF, NoACE -
VIN13_NoMLF, NoACE_VIN13_MLF, NoACE_Sauvy_NoMLF,
NoACE_Sauvy_MLF.

2.3. Basic chemical parameters

Parameters were measured in duplicate, with pH and TA analysed
with a T50 AutoTitrator (Mettler Toledo, Melbourne, Australia), alcohol
determined with a DMA 4500 M/Alcolyzer Wine ME (Anton Parr, Graz,
Austria), and free and total SO, measured with a GlassChem Kombo-4-
OH VA/SO5,/0H still (Adelab Scientific, Adelaide, Australia). Glucose,
fructose, and organic acids in wines were measured as per a previous
study (Wang et al., 2020).

2.4. Varietal thiol precursors in juice and wine by stable isotope dilution
assay (SIDA) with HPLC-tandem mass spectrometry (MS/MS)

Juice samples taken periodically from grape must during the cold
maceration stage and from wines at bottling were stored at —20 °C prior
to the analysis of precursors (Cys-3-SH and GSH-3-SH). Freshly thawed
juice or wine samples were centrifuged (3857g) at 15 °C for 15 min
before extraction following the published method (Capone et al., 2011).
Reconstituted extracts were analysed with a Thermo Finnigan Surveyor
HPLC coupled to a Thermo Finnigan LCQ Deca XP Plus mass spec-
trometer operating in positive electrospray ionisation (ESI) mode.
Chromatographic conditions and ion pairs for analytes were detailed by
Capone et al. (2010) and MS parameters were the same as specified
previously (Chen et al., 2019).

2.5. Varietal thiols in wine by SIDA with HPLC-MS/MS

Wine samples were taken at bottling and at the time of sensory
analysis 4 months later, and derivatised and extracted according to the
procedures of Capone et al. (2015). Reconstituted extracts were ana-
lysed for enantiomers of 3-SH and 3-SHA, and for 4-MSP using an Agi-
lent 1200 HPLC coupled with a 6410 triple quadrupole mass
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spectrometer as reported previously (Chen, Capone, & Jeffery, 2018).

2.6. Other volatiles in wine by SIDA with gas chromatography-mass
spectrometry (GC-MS).

cis-2-Methyl-4-propyl-1,3-oxathiane (cis-2-MPO) enantiomers were
quantitated in wine samples taken at bottling and 4 months later (at the
sensory analysis stage) using an Agilent 7890A for gas chromatography
(GC) coupled with an Agilent 5975C for mass spectrometry (MS)
following the published method (Wang et al., 2021). Cg alcohols were
analysed in samples taken at the time of sensory assessment using the
method of Capone et al. (2012) with an Agilent 6890 N GC and an
Agilent 5973 N MS. Isoprenoids, ethyl and acetate esters, higher alco-
hols, and fatty acids were analysed in samples taken at the time of
sensory analysis with an Agilent 7890A GC and an Agilent 5975C MS
according to a previous method (Wang et al., 2022).

2.7. Absorbance-transmission and fluorescence excitation-emission
matrix (A-TEEM) analysis of wine

Samples were taken at bottling and analysed with a Horiba Scientific
Aqualog spectrophotometer (version 4.2, Quark Photonics, Adelaide,
SA, Australia) following the reported method (Ranaweera et al., 2021).
The dilution factor for the wines was 1:50 and triplicate readings were
obtained for each winemaking replicate. EEM data were processed and
analysed following the procedures detailed previously (Ranaweera
et al., 2021), and total phenolics (absorbance units, a.u.; calculated as
280 nm - 4) and hydroxycinnamates (mg/L of caffeic acid equivalents,
CAE,; calculated as (absorbance at 320 nm — 1.4) + 0.9 x 10 mg/L) were
obtained following the published method (Somers & Ziemelis, 1985).

2.8. Sensory profile of wines by RATA

Wines underwent an informal benchtop tasting by five experts prior
to formal sensory analysis, in which all replicates from each treatment
were deemed to be identical, except for one treatment replicate. Thus,
the identical replicates of each respective treatment were blended pro-
portionately for a RATA study conducted according to the established
method (Danner et al., 2018). Details of the formal RATA study have
been provided in the Supplementary Experimental Section A.1.2 of the
Appendix A. Informed consent was obtained from panellists and the
sensory study was conducted with the approval of the Human Research
Ethics Committee of the University of Adelaide (Approval Number H-
2019-135).

2.9. Statistical analysis

Mean and standard deviation (SD) were calculated using Excel
(Microsoft 2019). Statistical methods involving analysis of variance
(ANOVA), principal component analysis (PCA), and parallel factor
analysis (PARAFAC) were variously applied to analyse the different
datasets related to the treatments. Full details are provided in the Sup-
plementary Experimental Section A.1.3 of the Appendix A.

3. Results and discussion

A previous study with commercial-scale Sauvignon blanc wine
revealed that the joint use of ACE and cold maceration made substantial
differences to wine volatile composition, particularly for 3-SH,
compared with wines made by conventional crushing with or without
cold maceration, or the sole use of ACE (Wang et al., 2022). Inspired by
those results, the present study primarily intended to assess the possi-
bility of applying the ACE technique to Sauvignon blanc wine produc-
tion at experimental scale in association with two commercial yeast
strains, with a particular focus on the impact of varietal thiols and their
precursors. MLF was conducted on half of the treatments to explore the



Chapter 7 Impact of ACE and Winemaking Variables on Sauvignon blanc Wine | Publication

X. Wang et al.

potential ability of O. oeni for releasing varietal thiols. Other volatile
compounds and the sensory profiles of the wines were also evaluated, to
provide the first insight into the effects of ACE and the winemaking
conditions on Sauvignon blanc wine.

3.1. Basic chemical parameters.

Briefly, Table A.1 of Appendix A shows that the wines at bottling had
similar basic oenological parameters. Some significant differences were
identified according to one-way ANOVA (p < 0.05), with the potential
sensory implications discussed in Section 3.5.2. The lower concentration
of free SO, in ACE treatment (8.3-18.1 mg/L) compared to NoACE
treatment (19.6-26.9 mg/L) may be due to its reaction with o-quinones
derived from oxidation because of the more abundant phenolics in the
ACE treatments, as elaborated in the next section. Malic acid was un-
detectable in the MLF treatment samples, which signified the successful
completion of malolactic fermentation in those wines.

3.2. A-TEEM analysis of wine

3.2.1. Absorbance profile

Total phenolics and hydroxycinnamates in wine were determined
using the A-TEEM method (Ranaweera et al., 2021) to reveal the po-
tential influence of the treatments, and particularly the crushing
method, on phenolic extraction from grape skin. Values ranged between
2.7 and 5.8 a.u. and 43-65 mg/L CAE for total phenolics and hydrox-
ycinnamates, respectively (Fig. A.3A and A.3B of Appendix A), in line
with the previously reported typical ranges in a number of commercial
white wines (5-15 a.u. and 17.8-129 mg/L CAE, respectively, (Somers
& Ziemelis, 1985)). According to three-way ANOVA, total phenolics was
significantly impacted by a three-way interaction (p < 0.001) and
hydroxycinnamates was influenced by two-way interactions of crushing
method x malolactic fermentation (p = 0.009) and yeast strain x
malolactic fermentation (p < 0.001) (Table A.3 of Appendix A). Evalu-
ation of the simple main effects highlighted that ACE had significantly
higher values for total phenolics (Fig. A.4A and A.4B of Appendix A) and
hydroxycinnamates (Fig. A.5A of Appendix A) compared to NoACE,
reinforcing the potential of ACE for enhancing the release of compounds
from grape skin. Objectively, the enhancement of hydroxycinnamates
and total phenolics in white wine due to ACE may raise the potential
concern of increased browning, yet values were well within the typical
range of up to 129 mg/L reported for commercial white wines (Somers &
Ziemelis, 1985). The impacts of yeast strain and malolactic fermentation
varied under the different conditions (Fig. A.4 and A.5 of Appendix A),
with MLF significantly increasing the content of total phenolics
(Fig. A.4C of Appendix A) and hydroxycinnamates (Fig. A.5A of Ap-
pendix A) compared to the NoMLF treatment, but only in NoACE wines.
Previous work on Chardonnay wine also showed that MLF yielded a
greater amount of hydroxycinnamates than the absence of MLF
(Pacheco et al., 2022), but the effect of ACE in the present case had no
immediate explanation.

3.2.2. EEM profile

Aside from the absorbance values, the discrimination power of the A-
TEEM analytical method has previously been illustrated with the suc-
cessful classification of wines (Ranaweera et al., 2021). The technique
was applied to the Sauvignon blanc wines for the first time in the present
study, with robust PCA showing complete separation of treatments
based on yeast strain along PC1 (85.6 % of total variance explained,
Fig. A.6A of Appendix A), with VIN13 to the left and Sauvy to the right.
Treatments were also well resolved as a function of crushing method
along PC2 (12.1 % of total variance explained, Fig. A.6A of Appendix A),
with ACE in the top half, and MLF and NoMLF treatments were sepa-
rated along PC3 with 1.0 % of total variance explained (Fig. A.6B of
Appendix A). PARAFAC modelling was used to ascertain the potential
fluorescent compounds driving the differences, yielding three
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components (Fig. A.7 of Appendix A) as verified by split-half analysis
affording 100 % similarity. Components 1 and 2 exhibited Aex/Aem
wavelength couples of 275/300 and 285/340, respectively (Fig. A.7 of
Appendix A), and were tentatively assigned as tyrosine and hydrox-
ycinnamates (Coelho et al., 2015), with component 3 (Aex/Aem = 275/
285, Fig. A.7 of Appendix A) also likely to be related to aromatic amino
acids (Christensen et al., 2006). The compositional differences could be
induced by different levels of amino acid uptake and release by yeast
strains as revealed in the PCA scores plots (Fig. A.6 of Appendix A) along
PC1 and hydroxycinnamate extraction from grape skin by crushing
method as seen along PC2, as well as from the effect of LAB on these
aspects as indicated by PC3.

3.3. Varietal thiol precursors

The evolution profiles of GSH-3-SH and Cys-3-SH in grape juice were
monitored during cold maceration for 21 h before pressing to reveal the
impact of crushing method on thiol precursors extraction (Fig. 1A and
1B). Residual precursors in the resultant wines were determined to
elucidate the biological influences of yeast strain and MLF (Fig. 1C and
1D).

3.3.1. Evolution of GSH-3-SH

Initially, the concentration of GSH-3-SH in ACE and NoACE grape
juice was not significantly different (313 pg/L and 315 ug/L at 0 h,
respectively, Fig. 1A), after which time the concentration in ACE treat-
ment increased significantly (p < 0.001, one-way ANOVA) to 514 pg/L.
The concentration remained stable until the end of maceration (at 21 h)
and upon pressing and cold settling, with 513 pg/L of GSH-3-SH present
at yeast inoculation (45 h). Conversely, GSH-3-SH in NoACE declined
significantly (p < 0.001, one-way ANOVA, Fig. 1A) to 230-251 pg/L
within the first 9 h before a significant increase (p < 0.001, Fig. 1A) to
382 ug/L at 21 h, but no change after pressing and cold settling (410 pg/
L at 45 h, Fig. 1A). The general increase in concentration of GSH-3-SH in
the ACE and NoACE treatments was similar to that reported previously
for prolonged storage of Sauvignon blanc must (Capone et al., 2012) and
an artificially oxygenated Sauvignon blanc juice (Roland et al., 2010).
Comparing crushing method, the concentration of GSH-3-SH in ACE
became significantly higher than NoACE after 3 h and then remained so
for the rest of the maceration period (p < 0.01 to < 0.05, repeated-
measures ANOVA, Fig. 1A), revealing the higher efficiency of ACE in
extracting GSH-3-SH compared to the conventional crushing method
(NoACE). The concentrations of GSH-3-SH in both treatments at yeast
inoculation (410 and 513 pg/L for NoACE and ACE, respectively) were
in the range reported for a previous study of Sauvignon blanc juice
(245-642 pg/L, (Capone et al., 2010)), but were generally more abun-
dant than in some other Sauvignon blanc studies (3 nmol/L or equiva-
lent to 1.2 pg/L (Roland et al., 2010) and < 150 pg/L (Chen, Capone,
Tondini, et al., 2018)).

3.3.2. Evolution of Cys-3-SH

Although being an order of magnitude lower in concentration
compared to GSH-3-SH, the evolution profiles of Cys-3-SH during
maceration in ACE and NoACE treatments were similar to those of the
GSH-3-SH, increasing with maceration time and with ACE being higher
than NoACE, with the exception that Cys-3-SH at yeast inoculation did
not significantly differ (10 pg/L in NoACE and 15 ug/L in ACE, Fig. 1B).
Overall, the evolution profile was in line with that noted in a prolonged
storage of Sauvignon blanc must (Capone et al., 2012), although a
generally stable evolution profile of Cys-3-SH in Sauvignon blanc juice
(40-60 pg/L) has also been reported (Roland et al., 2010).

3.3.3. Varietal thiol precursors in wine

Quantifying remaining precursors in the wines helped evaluate the
effect of the three factors on the release of varietal thiols from their
precursors. The residual concentrations of GSH-3-SH and Cys-3-SH were
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1.2-37 pg/L and 2.6-3.5 ug/L, respectively (Fig. 1C and 1D), in general
agreement with previous results for Sauvignon blanc wine (11-63 pg/L
(Wang et al., 2020) and 374-486 ug/L (Capone et al., 2010) for GSH-3-
SH, and < 13 pg/L (Wang et al., 2020) and 39-50 ug/L (Capone et al.,
2010) for Cys-3-SH). Based on the present values, 65.2 %-81.1 % of
GSH-3-SH and 94.3 %-99.7 % of Cys-3-SH were apparently consumed
during fermentation, although as revealed previously via the lack of a
strong correlation, the disappearance of precursors is not necessarily
accounted for by the concentration of free thiols determined in wine
(Chen, Capone, Tondini, et al., 2018). Nonetheless, conversion yields
based on precursors consumed and free thiols released could offer some
insight into the thiol release process, as discussed in the next section.

Briefly interpreting the three-way ANOVA results (Table A.3 of Ap-
pendix A), ACE (Fig. A.8A and A.8C of Appendix A) and VIN13
(Fig. A.8B and A.8C of Appendix A) wines had significantly higher re-
sidual GSH-3-SH than NoACE and Sauvy, respectively. This may be due
to the higher concentration of GSH-3-SH in ACE processed juice than
NoACE prior to fermentation, and to VIN13 potentially consuming less
GSH-3-SH than Sauvy. MLF had a lower amount of GSH-3-SH than
NoMLF under certain conditions (Fig. A.8A and A.8B of Appendix A),
reinforcing the notion that LAB (O. oeni in this case) is able to consume
thiol precursors (Suklje & Cus, 2021). Under certain conditions, ACE and
Sauvy had greater amounts of residual Cys-3-SH than NoACE and
VIN13, respectively, although there was minimal actual difference (<1
ug/L, Fig. A.8D of Appendix A).

3.4. Varietal thiols and cis-2-MPO at bottling

Enantiomers of 3-SH and 3-SHA along with 4-MSP were quantified in
wines at bottling to assess the influence of the three factors on thiol-
related phenomena. cis-2-MPO enantiomers, namely (2R,4S)-2-MPO
and (2S,4R)-2-MPO, originating from (35)-3-SH and (3R)-3-SH,
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respectively, were quantified at very low concentrations of 1.2-4.5 ng/L
and 1.1-5.8 ng/L, so the influence of the winemaking factors has not
been discussed further.

3.4.1. 3-SH enantiomers

The concentrations of (35)-3-SH and (3R)-3-SH were 456-864 ng/L
and 434-850 ng/L (Fig. 2A and 2B), leading to respective odour activity
values (OAV) of 7.6-14.4 and 8.7-17.0 in wines at bottling. These
concentration ranges were substantially higher than reported in a pre-
vious study for Sauvignon blanc wines from the same region (96-306
ng/L and 90-358 ng/L, respectively (Chen, Capone, Tondini, et al.,
2018)), likely as a result of the difference in fruit composition due to
location or yeast strains used (Chen et al., 2019; Chen, Capone, Tondini,
et al., 2018). Nevertheless, the enantiomeric ratio of (3S)-/(3R)-3-SH
averaged 51:49, in line with studies showing an approximately equal
proportion of 3-SH enantiomers with a slight preference toward (3S)-3-
SH (Chen, Capone, & Jeffery, 2018; Tominaga et al., 2006).

Enantiomers of 3-SH were significantly impacted by two-way in-
teractions of crushing method x yeast strain (p < 0.001) and yeast strain
x malolactic fermentation (p = 0.023 and p < 0.001, Table A.3 of Ap-
pendix A). The simple main effects showed that MLF and ACE had
significantly higher concentrations of (35)-3-SH (Fig. 2C) and (3R)-3-SH
(Fig. 2D) than NoMLF and NoACE, respectively. The result for MLF
indicated that O. oeni could produce additional 3-SH beyond that
attributed to alcoholic fermentation by yeast, likely from its precursors
given the lower concentration of GSH-3SH remaining in MLF wines, as
discussed earlier and seen in Fig. 1. This result further implied that the
enzymes releasing 3-SH enantiomers from their precursors could
potentially be present in O. oeni, although this requires more research.
This outcome agreed with previous work, in which spontaneous or
inoculated MLF significantly increased concentrations of 3-SH in Wels-
chriesling white wines (Suklje & Cus, 2021), whereas O. oeni (Lalvin
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Fig. 2. Concentrations of (A) (35)-3-sulfanylhexanol ((35)-3-SH) and (B) (3R)-3-sulfanylhexanol ((3R)-3-SH), and simple main effect plots of significant two-way
interactions from three-way ANOVA for Sauvignon blanc wines at bottling showing interactions of (C) yeast strain and malolactic fermentation, and yeast strain
and crushing method for (3S)-3-SH, and (D) yeast strain and malolactic fermentation, and yeast strain and crushing method for (3R)-3-SH. Cyan bars in A and B show
analytes from NoACE treatment and olive bars show analytes from ACE treatment, with error bars representing standard deviation (n = 6 from duplicate mea-
surement of three biological replicates). Abbreviations above each plot in C and D represent significant interactions between factors followed by p-values in brackets.
MLF, malolactic fermentation; YS, yeast strain; CM, crushing method. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

VP41) as used in the present work was unable to release 3-SH from its
precursors when undertaking whole-cell assays in citrate buffer, in
contrast to Lactobacillus plantarum (Takase et al., 2018). The higher
concentrations of 3-SH enantiomers in ACE wines seemingly resulted
from the greater abundance of GSH-3-SH in the ACE treatment juice at
yeast inoculation, as shown in Fig. 1A. The impact of yeast strain on 3-
SH enantiomers varied: VIN13 increased the concentration of both en-
antiomers in NoMLF (p < 0.001, Fig. 2C and D) and in NoACE (p <
0.001, Fig. 2C and D) compared to Sauvy, whereas there were no sig-
nificant differences in MLF (p = 0.053, Fig. 2D) and ACE (p > 0.4, Fig. 2C
and D), except for (3S)-3-SH (p < 0.001, Fig. 2C). These results ac-
cording to yeast strain may be related to different enzymes involved in
uptake of thiol precursors (e.g., Optlp (Cordente et al., 2015)) or release
of 3-SH from its precursors (e.g., p-lyase (Howell et al., 2005)).

The enantiomeric ratio of (3S)-/(3R)-3-SH, which can potentially
influence wine aroma (King et al., 2011; Tominaga et al., 2006), was
only affected by the main effects, where NoACE, VIN13, and MLF (all
52:48) significantly increased the ratio (p < 0.001, < 0.006, and <
0.014, respectively, Table A.3 of Appendix A) compared to ACE, Sauvy,
and NoMLF (all 51:49). The enantiomers of 3-SH are produced at least in
part from their respective precursor diastereomers via enzymes (Bon-
naffoux et al., 2021; Grant-Preece et al., 2010), thus potential differ-
ences in enzyme stereoselectivity between yeast strains or LAB may
account for the change in the ratio, although asymmetric production of
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precursors or free thiols could also have an impact on enantiomer ratios,
as previously proposed (Chen, Capone, Tondini, et al., 2018). With in-
dividual sensory attributes of ‘passionfruit’ and ‘grapefruit’ (Tominaga
et al., 2006) and an OAV > 7.6 for each 3-SH enantiomer according to
the concentrations shown in Fig. 2, the near-equal enantiomeric ratios of
3-SH may in combination contribute to ‘solvent’ and ‘citrus’ flavour in
wine (King et al., 2011).

3.4.2. 3-SHA enantiomers

The concentrations of (3S)-3-SHA and (3R)-3-SHA at bottling were
13-29 ng/L and 6-15 ng/L, respectively (Fig. 3A and 3B), in reasonable
accord with a previous study of Adelaide Hills Sauvignon blanc wines
(2.1-13.1 ng/L and 1.6-5.9 ng/L for (3S)- and (3R)-3-SHA, respectively,
(Chen, Capone, Tondini, et al., 2018)). The somewhat higher values in
the present work could relate to different strains of yeast used for
alcoholic fermentation, and a difference in the constitution of grape
juice, for instance, variable amino acid and p-coumaric acid concen-
trations, could also play a key role (Pinu et al., 2014). Nonetheless, when
expressed as total 3-SHA, the values for the summed enantiomers (i.e.,
20-43 ng/L) aligned well with a previous study (Chen et al., 2019).

(35)-3-SHA and (3R)-3-SHA were significantly affected by the three-
way interaction of crushing method x yeast strain x malolactic
fermentation (p = 0.016) and the two-way interaction of crushing
method x malolactic fermentation (p = 0.003, Table A.3 of Appendix A),
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respectively. The simple main effects revealed that ACE and VIN13
significantly increased both 3-SHA enantiomers compared to NoACE
(Fig. 3C, E, and F) and Sauvy (Fig. 3D and E), respectively, in line with
the results for 3-SH enantiomers (Fig. 2). The impact of MLF varied, with
lower levels of 3-SHA enantiomers compared to NoMLF for ACE (Fig. 3C
and F), VIN13, and Sauvy treatments (Fig. 3D), whereas MLF had
significantly higher (Fig. 3C and F) or similar amounts of 3-SHA enan-
tiomers (Fig. 3C) than NoMLF in the NoACE treatments. The acetylation
of 3-SH to produce 3-SHA is catalysed by alcohol acetyltransferase
secreted by yeast, but not likely by LAB (Takase et al., 2018). However,
the potential for yeast-bacteria interaction and hydrolysis of 3-SHA may
cause the difference in 3-SHA enantiomer concentrations (Tristezza
et al., 2016), with crushing method possibly complicating the effect.
This differed from a report on Welschriesling wines, where the con-
centration of 3-SHA was not significantly impacted by MLF (Suklje &
Cus, 2021). These disparate outcomes may relate to factors such as the
different grape varieties or yeast and bacterial strains used between the
two studies, and the biological nature of malolactic fermentation may
have contributed to greater variance, thus lack of significance, among
replicates in the Welschriesling wine study (Suklje & Cus, 2021).

The enantiomeric ratio of (3S)-/(3R)-3-SHA ranged between 62:38
and 68:32 (Fig. A.9A of Appendix A), with an average of 66:34, in
reasonable accord with the previous reports of 70:30 (Chen, Capone, &
Jeffery, 2018; Tominaga et al., 2006). This ratio was impacted by the
two-way interaction of yeast strain x malolactic fermentation (p =
0.001, Table A.3 of Appendix A), with the simple main effects revealing
that VIN13 produced a significantly higher ratio in MLF (p = 0.007,
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Fig. A.9B of Appendix A) but lower in NoMLF (p = 0.043, Fig. A.9B of
Appendix A) than Sauvy. The varied ratio between VIN13 and Sauvy
contrasted with the minimal difference between VIN13 and W28 (also a
thiol-releasing yeast) in a previous study (Chen, Capone, Tondini, et al.,
2018). MLF appeared to significantly decrease the ratio of (35)-/(3R)-3-
SHA compared to NoMLF in Sauvy treatment (p < 0.001, Fig. A.9B of
Appendix A), implying, as mentioned earlier, that LAB may have
affected the alcohol acetyltransferase activity of yeast in transforming 3-
SH enantiomers into 3-SHA enantiomers through yeast-bacteria inter-
action (Tristezza et al., 2016), although LAB might not be directly
involved in this acetylation (Takase et al., 2018). With respective OAVs
of 5.2-11.6 and 0.67-1.7 for (3S)-3-SHA and (3R)-3-SHA calculated
from their concentrations shown in Fig. 3, and sensory notes of
‘boxwood’ and ‘passionfruit’ (Tominaga et al., 2006), a higher ratio of
(35)-/(3R)-3-SHA as induced by VIN13 in the present case has been
related to ‘cooked green vegetal’ and ‘cat urine/sweaty’ notes (King
et al., 2011).

3.4.3. Apparent molar conversion yields

Based on the amounts of GSH-3-SH and Cys-3-SH consumed, the
apparent molar conversion from precursors to the sum of 3-SH and 3-
SHA ranged from 0.65 % to 1.01 % (Fig. A.10A of Appendix A), with
significant two-way interactions of crushing method x yeast strain (p <
0.001, Table A.3 of Appendix A) and yeast strain x malolactic fermen-
tation (p = 0.049, Table A.3 of Appendix A). The simple main effects
showed that VIN13 (Fig. A.10B and A.10C of Appendix A), MLF
(Fig. A.10B of Appendix A), and ACE (Fig. A.10C of Appendix A)
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increased the conversion yield by around 0.15-0.2 % compared with
their treatment counterparts. Although minor, the difference in con-
version yield suggested an impact of ACE, VIN13, and MLF on the uptake
and/or conversion of precursors, potentially attributable to the activity
of the enzymes involved in these processes (Bonnaffoux et al., 2021).

The calculated molar conversion yield from 3-SH to 3-SHA ranged
from 1.1 % to 2.2 % (Fig. A.11A of Appendix A) with an average of 1.7
%, agreeing with another study of Sauvignon blanc wines (1.1-4.7 %)
(Chen, Capone, Tondini, et al., 2018). The simple main effects of the
three significant two-way interactions (p = 0.006, < 0.001, and < 0.001,
respectively, Table A.3 of Appendix A) showed that VIN13 (Fig. A.11C
and A.11D of Appendix A) and NoMLF (Fig. A.11B and A.11C of Ap-
pendix A) appeared to significantly increase the yield of 3-SHA by an
increment of 0.2-0.5 %, and ACE significantly increased the yield by up
to 0.3 % in NoMLF (p < 0.001, Fig. A.11B of Appendix A) and VIN13 (p
= 0.002, Fig. A.11D of Appendix A) but decreased it by 0.1 % in MLF (p
= 0.024, Fig. A.11B of Appendix A). The slight differences implied an
influence of the three studied factors on acetylation of 3-SH to form 3-
SHA, with this transformation being associated with alcohol acetyl-
transferase activity (Swiegers et al., 2006).

3.4.4. Effects on 4-MSP

The concentration of 4-MSP ranged from 76 ng/L to 188 ng/L
(Fig. 4A) and was relatively high but consistent with other reports on
young Sauvignon blanc wines (Chen et al., 2019; Dagan et al., 2014).
Having an ODT of 0.8 ng/L and thus an OAV range of 95-235 calculated
from the concentrations shown in Fig. 4, 4-MSP was likely to contribute
‘box-tree’ and ‘blackcurrant’ sensory characters (Darriet et al., 1995). 4-
MSP was significantly impacted by two-way interactions of crushing
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method x yeast strain (p = 0.036, Table A.3 of Appendix A), crushing
method x malolactic fermentation (p < 0.001, Table A.3 of Appendix A),
and yeast strain x malolactic fermentation (p < 0.001, Table A.3 of
Appendix A). The simple main effects indicated that ACE (Fig. 4B and
D), Sauvy (Fig. 4C and D), and MLF (Fig. 4B and C) significantly
increased the concentration of 4-MSP, except for ACE with VIN13 (p =
0.470, Fig. 4D) and MLF with VIN13 (p = 0.324, Fig. 4C), with the
impact of ACE and MLF being in line with the preceding discussion for 3-
SH. The increase of 4-MSP induced by MLF agreed with the results in
Welschriesling wines using three commercial strains of O. oeni (Suklje &
Cus, 2021), which included Lalvin VP41 as used in the present work.

Notably, the observation that VIN13 produced higher concentrations
of 3-SH (Fig. 2) and lower amounts of 4-MSP than Sauvy (Fig. 4) may be
attributed to the different expression levels of genes regulating the up-
take and release of varietal thiols. Genes encoding p-lyase enzymes that
cleave 4-MSP from its cysteinylated precursor (Cys-4-MSP) have been
studied, such as BNA3, GLO1, METC, CYS3, and IRC7 (Howell et al.,
2005; Roncoroni et al., 2011), of which IRC7 gene allele length and
single-nucleotide polymorphism mutations play a synergistic role
(Roncoroni et al., 2011). Besides, as with 3-SH precursors, genes regu-
lating 4-MSP precursor uptake can affect the concentration of 4-MSP.
Such genes include OPT1, which encodes a plasma membrane trans-
porter that is important for conveying glutathionylated conjugates of 4-
MSP and 3-SH into yeast cells (Cordente et al., 2015).

3.5. Volatile and sensory profiles of wines

3.5.1. Volatile composition
At the time of sensory analysis, 38 volatile compounds comprising 5
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varietal thiols (i.e., 3-SH/3-SHA enantiomers and 4-MSP), 3 isoprenoids,
3 Cg alcohols, 10 ethyl esters, 4 acetates, 8 higher alcohols, and 6 fatty
acids were quantified (Table A.4 of Appendix A) and found to be
significantly affected by either two-way or three-way interactions ac-
cording to three-way ANOVA, except for (35)-3-SHA. Enantiomers of cis-
2-MPO were not detected in most treatments at this stage. It is well
known that the manifestation of wine aroma is complicated due to the
number of volatile constituents and the interactions among them and
with the wine matrix, including an abundance of non-volatiles. None-
theless, OAVs associated with aroma compounds as used in the current
study can still provide an easy, initial, and general estimation of the
relevance of given volatile compounds despite the limitations, such as
ignoring the matrix effect (Benkwitz et al., 2012).

The concentrations of (3S)-3-SH, (35)-3-SHA, (3R)-3-SHA, and 4-
MSP decreased by an average of 6-20 % in contrast to those at
bottling, conceivably due to the formation of quinone-thiol adducts via
wine oxidation phenomena (Nikolantonaki & Waterhouse, 2012). An
average 2 % increase of (3R)-3-SH was observed, and although hydro-
lysis of 3-SHA could ordinarily contribute to such an occurrence, the
lower concentration of (3R)-3-SHA could not account for the increase of
(3R)-3-SH in this case. This variable impact on 3-SH enantiomers was
inexplicable, given that the potential chemical reactions would not be
stereoselective and enzymatic reactions are implausible during storage.

Concentrations of linalool, a-terpineol, and B-damascenone were
12-16 pg/L, 1.5-5.0 pg/L, and 3.3-4.5 ug/L, respectively (Table A.4 of
Appendix A), in general agreement with the previously reported con-
centrations in Sauvignon blanc wine (Coetzee et al., 2016; Swiegers
et al., 2009). With respective OAVs ranging between 0.8 and 1.1 and
66-98 (Table A.4 of Appendix A), linalool and especially p-damascenone
could be key contributors to the sensory traits of these wines, as noted
previously (Benkwitz et al., 2012). The concentration of 1-hexanol
(2.8-3.2 mg/L, Table A.4 of Appendix A) was higher and those of (E)-
3-hexen-1-0l (60-69 ug/L) and (Z)-3-hexen-1-ol (151-180 ug/L) were
lower than found in Marlborough Sauvignon blanc wine (Benkwitz
et al., 2012), potentially due to the difference in amino acids in juice
(Pinu et al., 2014). Their low OAVs (<1.0, Table A.4 of Appendix A)
imply a lack of sensory impact, although these Cg alcohols reportedly
enhance ‘passionfruit’, ‘flinty’, and ‘grassy’ aromas according to omis-
sion studies (Benkwitz et al., 2012) and relate to ‘confection’ and ‘red
fruit’ notes in Shiraz wines (Capone et al., 2021).

The concentrations of ethyl propanoate (276-361 nug/L), ethyl 2-
methylpropanoate (189-201 pg/L, Table A.4 of Appendix A), ethyl 2-
methylbutanoate (8.5-11 pg/L), ethyl 3-methylbutanoate (11-16 pg/
L), and 3-methylbutyl acetate (192-614 ug/L) were generally higher
than previous reports of Sauvignon blanc wine (Coetzee et al., 2016;
Swiegers et al., 2009). Contrarily, ethyl esters of even numbered
straight-chain fatty acids, including ethyl butanoate (7.4-137 pg/L),
ethyl hexanoate (97-493 ng/L), ethyl octanoate (196-596 pg/L), and
ethyl decanoate (210-290 pg/L), and acetates including ethyl acetate
(7.2-32.9 mg/L), hexyl acetate (18-50 pg/L), and 2-phenylethyl acetate
(101-196 pg/L) were lower than those reported in the previous studies
(Coetzee et al., 2016; Swiegers et al., 2009). This could be related to
differences in fruit ripeness and composition, vintage, or yeast strain and
LAB (Chen et al., 2019; Suklje & Cus, 2021; Swiegers et al., 2009).
Regarding the sensory contribution of esters, as a group they can impact
several fruity aroma notes of wine (Benkwitz et al., 2012), with most
having an OAV around 1, such as ethyl decanoate (1.1-1.5) and ethyl
lactate (1.1-1.6), and some with an OAV of up to 35, for instance, ethyl
hexanoate (7-35), ethyl octanoate (9-30), and ethyl 2-methylbutanoate
(8.5-11) (Table A.4 of Appendix A).

The concentrations of higher alcohols and fatty acids (Table A.4 of
Appendix A) were generally in the same range as previous studies,
although 1-propanol (10.4-17.0 mg/L), 1-butanol (576-837 ng/L), 2-
phenylethanol (1.1-2.2 mg/L), hexanoic acid (1.5-2.5 mg/L), octanoic
acid (32-59 pg/L), and decanoic acid (791-1462 ug/L) were lower and
2-methyl-1-propanol (28.4-40.3 mg/L), 3-methyl-1-butanol (223-243
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mg/L), 2-methylpropanoic acid (0.9-1.6 mg/L), and butanoic acid
(0.9-1.2 mg/L) were higher than reported for Sauvignon blanc wines
(Coetzee et al., 2016; Swiegers et al., 2009). Some of these compounds
had an OAYV higher than 1 and others were below or close to 1 (Table A.4
of Appendix A) and have been shown to decrease the intensities of
‘flinty’ and ‘bourbon’ notes in Sauvignon blanc wine (Benkwitz et al.,
2012). Although seemingly less relevant, these volatiles may still be
important to ‘fruity’ aroma notes by acting as substrates for ester
formation.

3.5.2. RATA sensory analysis

The sensory study showed that seven aroma (orthonasal), eight
flavour (retronasal), and five taste/aftertaste attributes were signifi-
cantly different according to two-way ANOVA (a = 0.1, Table A.2 of
Appendix A). PCA was conducted to visualise the sensory profiles among
the treatments, with the inclusion of volatile composition and basic
chemical parameters of the wines. As shown in Fig. 5A, PC1 (37.4 %
variance explained) and PC2 (30.2 % variance explained) separated the
treatments according to yeast strain and MLF combinations, with ACE
and NoACE from each combination being clustered together.

AVM and NAVM were located to the left along PC1 (Fig. 5A), being
close to ‘sulfidic’ and ‘bacon’ aroma notes, ‘mineral’, ‘sulfidic’, and
‘citrus’ flavours, and ‘bitter’ and ‘length of non-fruity’ aftertaste. These
sensory attributes were close to several fatty acids (2-methylpropanoic,
butanoic, hexanoic, and octanoic acids), varietal thiols (enantiomers of
3-SH and 3-SHA), ethyl esters (acetate, lactate, butanoate, hexanoate,
octanoate), butanol, and 2-methyl-1-propanol.

ASNM and NASNM were plotted to the right along PC1 (Fig. 5A) and
adjacent to pleasant aroma and flavour notes of ‘floral’, ‘tropical fruit’,
‘melon’, ‘honey’, and ‘confectionery’ and ‘length of fruity’, with vola-
tiles including 2-ethyl-1-hexanol (‘green’, ‘floral’, ‘green cucumber’),
f-damascenone (‘apple’, ‘rose’, ‘honey’), 2-phenylethyl acetate (‘floral’,
‘rose’, ‘fruity’), 2-phenylethanol (‘floral’, ‘rose’), and linalool (‘flower’,
‘lavender’) being close to the ‘floral’ note. This agreed with a lack of 3-
SH, which has been related with more intense ‘flowery’ and ‘peach’,
notes (Wilson et al., 2019). The fact that 3-SH and 3-SHA were located
away from the usual ‘tropical fruit’ descriptor may be due to a sup-
pression effect by other volatiles (Coetzee et al., 2015). Linalool may
also contribute to ‘stone fruit’ flavour, with omission of linalool and
a-terpineol found to decrease the intensities of ‘apple lolly’ and ‘stone
fruit’ attributes (Benkwitz et al., 2012). Although 4-MSP could decrease
the intensity of ‘confectionery’ note (Benkwitz et al., 2012), it was sit-
uated close to the ‘confectionery’ flavour in the present study, to the
right along PC1 and lower half of PC2 (Fig. 5A).

AVNM and NAVNM were located in the upper section of PC2
(Fig. 5A), being close to ‘grapefruit’ aroma note and volatiles comprising
(Z)-3-hexen-1-o0l, hexyl acetate, decanoic acid, and ethyl decanoate.
Opposite to these, ASM and NASM were in the lower section of PC2,
where several ethyl esters, a-terpineol, 1-octanol, 3-methyl-1-butanol,
and benzyl alcohol were also scattered. These latter two treatments were
relatively moderate in their sensory profiles compared to the others, as
indicated by them being furthest from the perceived attributes.

Treatments were separated according to PC3 (17.4 % variance
explained, Fig. 5B) based on crushing method, with ACE located in the
lower section of PC3 and close to acetates, Cg alcohols, varietal thiols,
isoprenoids, and higher alcohols that were relatively close to aromas of
‘tropical fruit’, ‘honey’, and ‘bacon’, and flavours of ‘sulfidic’, ‘confec-
tionery’, ‘floral’, ‘sweet’, ‘length of fruity’, and ‘length of non-fruity’.
The higher perception of ‘sweet’” may be attributed to glycerol and
alcohol in the ACE treatments. NoOACE wines were found in the upper
section of PC3, being relatively closer to ethyl esters and fatty acids
along with aromas of ‘sulfidic’, ‘grapefruit’, ‘melon’, ‘floral’, and fla-
vours of ‘stone fruits’, ‘tropical fruit’ and ‘honey’ as well as ‘bitter’ and
‘acidity’ taste. The higher ‘acidity’ in NoACE wines may be related with
higher TA and tartaric acid values (Table A.2 of Appendix A). The sep-
aration of crushing methods along PC3 clearly showed that ACE could
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Fig. 5. PCA biplot of scores and loadings of significantly different wine sensory attributes (purple triangles, « = 0.10 from two-way ANOVA), volatile compounds and
other basic chemical parameters (blue diamonds, « = 0.05 from one-way ANOVA) for Sauvignon blanc wines from different treatments (red circles) showing (A) PC1
vs PC2 and (B) the PC1 vs PC3. Wines were processed by accentuated cut edges (ACE) or conventional crusher (NoACE), fermented with one of two strains yeasts
(VIN13 or Sauvy), and underwent malolactic fermentation (MLF) or not (NoMLF): AVNM, ACE_VIN13 NoMLF; ASNM, ACE_Sauvy NoMLF; NAVNM, NoACE -
VIN13_NoMLF; NASNM, NoACE_Sauvy NoMLF; AVM, ACE_VIN13_MLF; ASM, ACE_Sauvy MLF; NAVM, NoACE_VIN13_MLF; NASM, NoACE_Sauvy MLF. Prefix A
indicates aroma attributes and F indicates flavour attributes. TSO,, total SO; FSO,, free SO; TA, titratable acidity.

alter both the volatile compounds composition and sensory profile of
wine.

4. Conclusion

As a general summary, this novel study involving the ACE grape
crushing approach revealed significant increases in the concentration of
thiol precursors (GSH-3-SH and Cys-3-SH) during cold maceration of
Sauvignon blanc grape must as well as in the concentrations of enan-
tiomers of 3-SH and 3-SHA, along with 4-MSP in the resulting wines
compared to conventional crushing (NoACE). The minor increases in
total phenolics and hydroxycinnamates in the wines from ACE treatment
may pose a heightened prospect of wine browning and thus decline in
varietal aroma intensity, although the values were still below those re-
ported for white wines in other work. The production of varietal thiols
and oxathiane was different for the two strains of yeast used, with VIN13
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tending to produce higher concentrations of enantiomers of 3-SH and 3-
SHA and Sauvy producing significantly higher amounts of 4-MSP. MLF
with O. oeni strain VP41 significantly increased the concentrations of 3-
SH enantiomers and 4-MSP, decreased the concentration of (3S)-3-SHA,
and had a variable impact on the concentrations of (3R)-3-SHA
depending on the interaction with crushing method or yeast strain.
Sensory characterisation and analysis of volatile compounds after
bottle ageing for 4 months revealed that NoMLF treatments tended to
have more ‘fruity’ and ‘floral’ attributes than their MLF counterparts,
with the latter being more abundant in savoury attributes, namely
‘sulfidic’, ‘mineral’, and ‘bacon’. This can be ascribed to the overall
chemical composition of the wines and changes attributed to MLF,
despite it tending to yield greater amounts of varietal thiols, ethyl esters,
higher alcohols, and fatty acids. Grape crushing method could modify
the sensory profile, at least to a moderate extent, with ACE tending to
have greater amounts of varietal aroma compounds and higher alcohols,
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and higher intensity in ‘confectionery’, ‘tropical fruits’, ‘bacon’, ‘sulfi-
dic’, and ‘length of fruity/non-fruity’ attributes, whereas NoACE had
higher proportions of ethyl esters and fatty acids, and more intense at-
tributes such as ‘tropical fruits’, ‘floral’, ‘grapefruit’, ‘bitter’, and ‘sulfi-
dic’. Sauvy yeast led to higher concentrations of isoprenoids, ethyl esters
of branched-chain fatty acids, and higher alcohols than VIN13, whereas
VIN13 yielded a greater abundance of ethyl esters of straight-chain fatty
acids and fatty acids. Overall, the novel ACE grape-crushing technique
appears to be a potentially useful tool for white winemaking, especially
for tailoring Sauvignon blanc wine composition and sensory properties
in combination with other winemaking techniques as assessed in this
work.
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A.1 Supplementary Experimental Details

A.1.1 Winemaking protocols

Fruit was transferred to a commercial winery within an hour of being harvested and was
crushed using a conventional crusher (Miller MC250) with the addition of 50 mg/L of SO; as a
solution of potassium metabisulfite (PMS, Laffort, Woodville North, SA, Australia). A single lot of
conventionally crushed grape must (100 kg, NoACE) with total soluble solids (TSS) of 21.0 °Brix,
pH of 3.4, titratable acidity (TA) of 4.1 g/L, and yeast assimilable nitrogen (YAN) of 175 mg/L was
retained and another single lot of 100 kg portion of crushed grape must underwent processing with a
Della Toffola Maceration Accelerator (Della Toffola, Treviso, Italy), yielding ACE treatment must
with TSS of 21.9 °Brix, pH of 3.4, titratable acidity (TA) of 4.6 g/L, and 182 mg/L YAN. Replication
of this processing by the winery was not possible due to commercial imperatives. Both must parcels
were transferred to the experimental facility within an hour and underwent cold maceration at 5 °C
for 21 h. After maceration, grape must from each processing treatment was pressed with a water-bag
press at 200 kPa for 10 min before being cold settled at 5 °C overnight. Clear juice was racked and
each 3.2 L of juice was dispatched into a 5 L glass fermenter fitted with an airlock. Two strains of
commercial yeast, namely VIN13 (Winequip, Dudley Park, SA, Australia) and Sauvy (Lallemand,
Edwardstown, SA, Australia), selected for their ability to release varietal thiols, were activated
according to the manufacturers’ instructions and inoculated at 300 mg/L, yielding four treatments:
ACE VIN13 NoMLF (AVNM), ACE Sauvy NoMLF (ASNM), NoACE VIN13 NoMLF
(NAVNM), and NoACE Sauvy NoMLF (NASNM). Fermentations were conducted at 16—18 °C in
a temperature-controlled room and 48 h after yeast inoculation, Oenococcus oeni (Lalvin VP41,
Lallemand, Edwardstown, SA, Australia) was inoculated into half of the abovementioned treatments
at a rate of 15 mg/L, resulting in an additional four treatments: ACE VIN13 MLF (AVM),
ACE_Sauvy MLF (ASM), NoACE VIN13 MLF (NAVM), and NoACE Sauvy MLF (NASM).
All alcoholic and MLF fermentation treatments were conducted in triplicate.

Specific gravity was measured with a hydrometer (EasyDens, Anton Paar, Graz, Austria)
during alcoholic fermentation until the value was below 0.994 and remained constant. MLF was
monitored by measuring malic acid and acetic acid weekly with an L-malic acid enzyme assay kit (K-
LMALQR, Megazyme, Deltagen, Kilsyth, Victoria, Australia) and an acetic acid enzyme assay kit
(K-ACETAF, Megazyme), respectively, until malic acid was undetectable for MLF treatments. At
the end of alcoholic or malolactic fermentation, fermenters were settled at 4 °C overnight before being
racked into 2 L narrow-necked glass flagons with the addition of 50 mg/L of SO> (as PMS solution).
TA was adjusted to 7.0 g/L as necessary with a 1 M solution of tartaric acid (Winequip, Dudley Park,
SA, Australia). Wines were stored at 4 °C for 3 weeks before being bottled in 375 mL bottles under
screwcap and then stored at a 16 °C in the dark for 4 months until sensory analysis.

A.1.2 Sensory study of Sauvignon blanc wines by rate-all-that-apply (RATA)

During the formal sensory study, a panel of 41 regular wine consumers was recruited,
comprising 25 females and 16 males aged from 18 to over 65, with 31 panellists having consumed
wine at least once a week. Twenty-seven panellists either held a wine-related qualification (e.g., Wine
and Spirit Education Trust, sommelier or tertiary level such as oenology) or worked in wine industry,
meaning they are wine experts according to Parr et al. (2002). Wine samples (25 mL) were served in
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a single session in coded, clear ISO XL5 glasses covered by glass lids, with Red Jade software used
to randomise the serving order. Breaks (1-min between samples and a 5-min after every four samples)
were enforced and crackers and water were available for panellists to cleanse their palate. Panellists
were provided with a list of forty-nine attributes, including aroma, mouthfeel, and aftertaste attributes
(Table A.2) to choose from using a 7-point scale (from “extremely low” = 1 to “extremely high” =
7), with those that were not perceived being left blank.

A.1.3 Statistical analysis

Three-way analysis of variance (ANOVA) was applied using SPSS (version 27, IBM,
Armonk, NY, USA) to explore the impact of the three factors and their interactions (crushing method
x yeast strain x malolactic fermentation) on parameters related to varietal thiols in wines at bottling,
and these and other volatile compounds at the time of sensory analysis. The simple main effects of
significant interactions were further evaluated where necessary. The following analyses were
undertaken with XLSTAT (version 2020.1, Addinsoft, Paris, France): repeated-measures ANOVA to
assess the evolution of varietal thiol precursors in grape juice during cold maceration; one-way
ANOVA followed by Tukey’s multiple comparison post-hoc test (o = 0.05) for varietal thiol
precursor evolution profile and basic chemical parameters; two-way ANOVA for RATA sensory data
with treatment as a fixed factor and panellist as a random factor, followed by Fisher’s least significant
difference post-hoc test (o = 0.1); principal component analysis (PCA) using significant sensory and
chemical datasets. A-TEEM data was processed using Solo (version 8.7.1, Eigenvector Research,
Inc., Manson, WA, USA) following the procedure of (Ranaweera et al., 2021) with the unfolded
EEMs being pre-processed by de-cluttering with generalised least squares weighting (GLSW) at 0.2
before robust PCA and parallel factor analysis (PARAFAC), with the latter models assessed with
split-half analysis.
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Basic composition of Sauvignon blanc wines from different treatments at bottling involving accentuated cut edges, VIN13 or Sauvy yeast strain, and
malolactic fermentation.?

Treatments®
Parameter p-value
AVNM ASNM AVM ASM NAVNM NASNM NAVM NASM

pH 3.44+0.06 a 3.40+0.03 ab 3.36+0.01 b 3.34+0.03 b 3.32+0.03 ab 3.29+0.01 ab 3.31+0.04 b 3.3240.02 b 0.005

Titratable acidity (g/L) 6.9+0.35 ab 6.8+0.22 abc 7.1£0.20 a 6.7+£0.07 abc 6.2+0.05d 6.3+£0.05 cd 6.5+0.05 bed 6.4+0.05 cd <0.0001
Alcohol % v/v 13.0+£0.01 b 12.840.02 ¢ 12.5£0.01 e 12.1£0.06 f 13.14£0.01 a 12.9+0.03 b 12.6+0.01 d 12.4+0.06 ¢ <0.0001
Total SO, (mg/L) 89.3+10 ab 73.3+2 ab 84.8+2 a 71.7£1 ab 80.5+1 ab 75.2£15 ab 79.2+1 ab 67.7£1 b 0.024

Free SO (mg/L) 82733 ¢ 827+3.0 ¢ 18.1£1.8 b 9.87+0.5 ¢ 23.5+1.2 ab 19.6+2.6 b 26.7+2.8 a 26.942.6 a <0.0001
Glucose (g/L) 0.04+0.03 ¢ 0.07+0.01 b 0.02+0.00 cd 0.01+0.00 d 0.02+0.00 cd 0.17+0.03 a 0.01+0.01 d 0.03£0.01 cd < 0.0001
Fructose (g/L) 0.54+0.54 ab 0.85+0.11 a 0.02+0.03 ¢ 0.50+0.14 ab 0.32+0.05 be 0.87+0.16 a 0.01+0.01 ¢ 0.1840.04 bc < 0.0001
Glycerol (g/L) 7.5£0.06 ¢ 8.8+0.01 a 7.0£0.02 g 7.940.04 ¢ 7.6+0.02 e 8.5£0.04 b 7.1£0.02 f 7.7£0.05d <0.0001
Malic acid (g/L) 2.2+0.1 a 1.5+£0.03 b 0.0£0.0d 0.0£0.03 d 2.1+0.14 a 1.3+0.02 ¢ 0.0+£0.03 d 0.0+0.0d <0.0001
Tartaric acid (g/L) 2.2+0.03 g 3.0£0.02 d 2.6+0.08 f 2.8+0.03 e 2.8+0.01 e 3.6+0.01 a 3.2+0.01 ¢ 3.4+0.01 b <0.0001
Citric acid (g/L) 0.2740.01 a 0.26+0.02 ab 0.24+0.01 be 0.09+0.01 e 0.24+0.01 ¢ 0.2340.01 ¢ 0.20+0.0 d 0.06£0.01 f < 0.0001
Lactic acid (g/L) 0.07£0.01 ¢ 0.054+0.03 ¢ 3.65+0.35 a 3.14+0.39 b 0.06+0.01 ¢ 0.05+0.01 ¢ 3.34+0.41 ab 3.01+0.34 b <0.0001
Acetic acid (g/L) 0.52+0.02 be 0.45+0.04 be 0.60+0.06 ab 0.71+0.08 a 0.44+0.02 be 0.374£0.04 ¢ 0.48+0.05 be 0.4940.23 bc < 0.0001

2 Data are presented as mean =+ standard deviation (n = 6 from duplicate measurement of three biological replicates). Different letters in the same row indicate significant differences

between means according to one-way ANOVA with Tukey’s post hoc test (o = 0.05).
® AVNM, ACE_VIN13 NoMLF; ASNM, ACE_Sauvy NoMLF; NAVNM, NoACE_VIN13 NoMLF; NASNM, NoACE_Sauvy NoMLF; AVM, ACE_VINI3 MLF; ASM,
ACE _Sauvy MLF; NAVM, NoACE VIN13 MLF; NASM, NoACE Sauvy MLF. Titratable acidity is expressed as equivalent to tartaric acid.
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Table A.2
Mean score and p-value for each attribute of Sauvignon blanc wines evaluated on a 7-point scale by
RATA panellists.?

Treatment®

Attribute AVNM ASNM AVM _ ASM  NAVNM NASNM NAVM Nasm  Prale
Aroma

Tropical fruit 395ab 4.22a 322d 3.46bcd 3.85abc 3.39cd 3.61bcd 3.24d 0.03
Passion fruit 3.22 3.41 3.10 3.49 3.56 3.39 3.00 3.24 0.76
Grapeftuit 2.66a 26la 249a 1.8b 283a 2.68a 259a 239a 0.05
Citrus 2.71 2.88 2.80 2.37 3.24 2.63 2.66 241 0.14
Apple/pear 2.37 2.07 1.88 1.93 2.24 2.39 1.80 1.59 0.11
Melon 227ab 256a 1.78bc 1.98bc 1.76bc 2.02bc 2.24ab 1.54c 0.04
Floral 222bc 2.80a 1.76c 2.07bc 2.27b 2.05bc  239ab 2.10bc 0.07
Green/grassy/herbaceous 2.39 2.15 2.41 1.85 2.27 2.02 2.39 2.63 0.32
Chemical 0.88 0.56 0.80 0.88 0.71 1.00 0.80 0.93 0.75
Confectionery 1.00 1.39 0.88 1.02 0.80 1.34 0.80 0.93 0.26
Stone fruits 2.61 2.73 2.12 2.46 2.68 2.80 2.20 2.49 0.33
Honey 149a 1.37ab 0.73c 139ab 0.80c 0.78 ¢ 1.24ab 1.05bc 0.01
Toffee/caramel/buttery  0.39 1.05 0.85 0.61 0.80 1.00 0.95 0.61 0.12
Nutty 0.46 0.71 0.68 0.71 0.63 0.39 0.76 0.49 0.43
Spice 0.90 0.88 0.68 0.80 0.83 0.63 0.63 0.59 0.71
Sulfidic 095d 0.85d 2.02ab 1.54bc 1.02cd 2.10a 0.71d 1.88ab  <0.0001
Mineral 1.15 1.44 1.68 1.56 1.46 1.49 1.68 1.59 0.67
Bread/yeast/leesy 0.76 1.12 1.44 1.22 0.83 1.00 1.02 1.00 0.23
Cheesy/creamy 0.83 0.68 0.76 1.07 0.56 0.61 0.71 0.68 0.60
Bacon 027bc 0.24c 0.71a 0.76a 034bc 0.51abc 0.29bc 0.59 ab 0.05
Blackcurrant bud/sweaty 1.29 1.37 1.51 1.49 1.10 1.27 1.39 1.51 0.79
Flavour

Tropical fruit 36lab 4.02a 2.63d 320bc 327bc 329bc 3.51b 2.83cd  <0.001
Passion fruit 2.88 2.85 3.17 2.95 2.80 3.34 2.90 2.68 0.59
Grapefruit 2.78 2.39 2.56 2.66 3.00 2.54 2.73 2.71 0.74
Citrus 3.02bcd 2.95c¢d 3.63a 2.78d 3.49ab 298cd 3.32abc 3.44 abc 0.04
Apple/pear 1.71 2.32 1.93 1.73 2.07 2.27 1.80 1.66 0.13
Melon 1.34 1.95 1.98 1.95 1.54 2.02 1.44 1.83 0.16
Floral 1.90ab 2.12a 1.61bc 146c 1.51bc 146¢c 1.51bc 1.34c¢ 0.06
Green/grassy/herbaceous 2.29 2.17 2.02 2.17 1.85 1.83 1.90 2.02 0.81
Chemical 0.95 0.85 0.83 0.80 0.59 0.90 0.66 0.88 0.67
Confectionery 1.32a  1.32a 0.85bc 090bc 1.05ab 0.6lc 0.98 abc 0.88 bc 0.06
Stone fruit 239b 3.17a 198b 222b 241b 2.00b 227b 2.15b <0.01
Honey 1.12bc  1.63a  0.83bcd 1.00bcd 0.78cd 095bcd 1.20b 0.71d 0.01
Toffee/caramel/buttery ~ 0.59 0.95 0.51 0.63 0.56 0.85 0.46 0.49 0.39
Nutty 0.44 0.66 0.59 0.71 0.54 0.59 0.61 0.49 0.89
Spice 0.90 0.68 0.80 0.90 0.68 0.73 0.88 0.78 0.76
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. Treatment®

Attribute p-value
AVNM ASNM AVM ASM NAVNM NASNM NAVM NASM

Sulfidic 1.12bcd 0.80cd 1.78a 1.15bc 1.07bed 1.46ab 0.66d 1.46ab  <0.01
Mineral 1.29b 122b 183a 1.56ab 1.37b 1.83a 1.29b 1.39b 0.07
Bread/yeast/leesy 0.66 1.05 1.10 0.88 0.78 0.88 1.05 1.07 0.52
Cheesy/creamy 0.68 0.71 0.59 0.68 0.39 0.80 0.71 0.54 0.65
Bacon 0.34 0.29 0.44 0.37 0.22 0.22 0.20 0.59 0.13
Blackcurrant bud/sweaty 1.20 1.15 1.20 0.95 0.85 0.88 1.10 1.39 0.44
Taste
Balance 3.22 3.27 3.32 3.29 3.32 3.54 3.07 3.59 0.33
Acidity 380cd 3.71d 4.07abc 3.76cd 4.39a 4.05bc 432ab 427ab  <0.01
Alcohol 3.61 3.24 3.61 3.39 3.29 3.29 3.24 3.32 0.25
Sweet 3.15a 34la 273b 2.76b 2.76b 2.66bc  2.63bc 2.4l1c  <0.0001
Bitter 2.66bc 2.00d 283ab 2.80ab 3.15a 234cd 2.66bc 229cd <0.0001
Aftertaste
Length of fruity 398b 437a 3.76b 390b 3.83b 3.88Db 393b 3.68b 0.10
Length of non-fruity 390a 334c 390a 388a 3.78ab 3.56abc 3.71 abc 3.41 bc 0.06

2 Different letters in the same row indicate significant differences in mean attribute scores (two-way ANOVA followed
by Fisher’s least significant difference, a = 0.1). Bolded p-values indicate significant differences at o = 0.1. “Aroma” and
“Flavour” refer respectively to the orthonasal and retronasal perception of sensory attributes.
® AVNM, ACE VINI13 NoMLF; ASNM, ACE Sauvy NoMLF; NAVNM, NoACE VIN13 NoMLF; NASNM,
NoACE Sauvy NoMLF; AVM, ACE VIN13 MLF; ASM, ACE Sauvy MLF; NAVM, NoACE VIN13 MLF;
NASM, NoACE_Sauvy MLF.
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Table A.3

Results of three-way ANOV A conducted with different parameters at bottling for Sauvignon blanc wines from different treatments.?

Parameter BMHM:M%@ §ﬁmw§s ?BWMMMW_M%\FE CM x YSP CM x MLF® YS xMLE® CM xYS x MLF®
Total phenolics <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 (Fig. A3 & 4)
Hydroxycinnamates <0.001 <0.001 <0.001 0.866 0.009 (Fig. A.3 & A.5) <0.001 (Fig. A3 & A .5) 0.782
GSH-3-SH <0.001 <0.001 <0.001 <0.001 (Fig. 1 & A.8)  0.013 (Fig. 1 & A8)  0.021 (Fig. 1 & A.8) 0.292
Cys-3-SH 0.975 0.035 0.014 0.008 (Fig. 1 & A.8) 0.347 0.666 0.274
(35)-3-SH <0.001 <0.001 <0.001 <0.001 (Fig. 2) 0.581 0.023 (Fig. 2) 0.466
(3R)-3-SH <0.001 <0.001 <0.001 <0.001 (Fig. 2) 0.566 <0.001 (Fig. 2) 0.172
(3S)-/(3R)-3-SH ratio <0.001 0.006 0.014 0.517 0.965 0.097 0.697
(35)-3-SHA <0.001 <0.001 <0.001 0.701 <0.001 <0.001 0.016 (Fig. 3)
(3R)-3-SHA <0.001 <0.001 0.549 0.622 0.003 (Fig. 3) 0.122 0.104
(3S)-/(3R)-3-SHA ratio 0.191 0.608 <0.001 0.794 0.169 0.001 (Fig. A.9) 0.846
WWW&MMM%%%NMM <0.001 <0.001 <0.001 <0.001 (Fig. A.10) 0.523 0.049 (Fig. A.10) 0.621
wmwww@m:mmﬂmﬁvmmwa: 0.078 <0.001 <0.001 0.006 (Fig. A.11) <0.001 (Fig. A.11)  <0.001 (Fig. A.11) 0.087
4-MSP <0.001 <0.001 <0.001 0.036 (Fig. 4) <0.001 (Fig. 4) <0.001 (Fig. 4) 0.243

4 p-Value of each three-way ANOV A model. Bolded p-values indicate significant two-way or three-way interactions, with the location of results showing the simple main effects
given in brackets.

b Two-way interactions between different factors.

¢ Three-way interactions between the factors.
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Table A.4
Mean concentration and standard deviation of volatile compounds at the time of sensory analysis in Sauvignon blanc wines that underwent
different treatments.?

Concentration (ug/L)®

Compound ODT¢ OAV!Y
AVM ASM NAVM NASM AVNM ASNM NAVNM NASNM
Varietal thiols (ng/L)
(35)-3-SH 819+36 830+39 684+1 591+27 70445 640+16 565+51 396+36 60! 7-14
(3R)-3-SH 802+11 868+12 677+14 608+16 751+£28 683£10 576+11 415431 50! 8-17
(35)-3-SHA 23+1 15+1 19+1 11+1 2343 14+1 17+1 9+0 2.5¢ 4-9
(3R)-3-SHA 13+1 10+1 10+1 8+1 134+2 8+1 10+1 5+0 9! 0.6-1.4
4-MSP 60+2 116+6 61+4 105+1 74+7 143+37 72+9 90+2 0.81  76-179
Isoprenoids
Linalool 12.5+0.3 16.4+0.6 12.1£0.4 14.8+0.5 12.8+1 15.0+0.9 12.3+0.4 14.8+0.5 152 0.8-1.1
a-Terpineol 2.2+0.2 5.0+0.3 2.0+0.3 4.4+0.3 2.2+0.6 2.1+£0.2 1.5+£0.2 2.1+0.2 2503 <0.1
B-Damascenone 4.2+0.4 4.4+0.1 3.5+0.1 3.9+0.1 4.1+0.3 4.5+0.2 3.3+0.2 4.9+0.4 0.052  66-98
Cs alcohols
1-Hexanol (mg/L) 2.90+0.08  3.16+0.08  2.78+0.03  2.92+0.31  2.84+0.08  3.12+0.06  2.844+0.04  3.08+0.05 8.02  0.3-0.4
(E)-3-Hexen-1-ol 68.742 67.7+1 62.6+2 59.6+4 66.3£3 67.0+1 63.9+1 63.0+1 1550* <0.1
(Z)-3-Hexen-1-ol 16348 156+13 157+4 151+13 1712 180£5 163+4 15846 4002 0.4-0.5
Ethyl esters
Ethyl propanoate 307+8 36149 315+10 30043 310+12 32147 286+7 276+10 2100° 0.1-0.2
Ethyl 2-methylpropanoate 19942 196+2 201+2 201+1 191+4 189+2 196+2 197+1 5600° <0.1
Ethyl butanoate 137+6 42+6 121£13 40+3 117+14 19£10 79+6 7.443 600° <0.2
Ethyl 2-methylbutanoate 9.9+0.3 11.2+0.2 10.3+0.3 11.7+0.6 8.5+0.5 9.5+£0.3 9.5+0.3 10.9+0.4 12 8.5-11
Ethyl 3-methylbutanoate 13.9+0.6 14.3:0.4 14.4+0.3 15.6+0.5 11.2+0.5 11.9+0.6 12.9+0.5 14.3£0.4 3? 3.7-53
Ethyl hexanoate 493462 171£10 468427 195+11 489+49 127424 405+13 97+5 148 7-35
Ethyl octanoate 596+47 188+8 530+20 21749 518+18 199+11 491422 186+5 20° 9-30
Ethyl decanoate 258+14 210+1 252+3 226+3 290+5 24043 283+9 229+2 200  1.1-1.5
Ethyl 2-phenylacetate 1.5+0.02 1.6+0.02 1.5+0.03 1.6+0.02 1.4+0.01 1.6+0.01 1.4+0.01 1.5+£0.01 6507 <0.1
Ethyl lactate (mg/L) 230+39 158+10 229+10 160+4 n.d. n.d. n.d. n.d. 1465 1.1-1.6
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Table A.4 contd.

Concentration (ug/L)®

Compound ODT® OAV!
AVM ASM NAVM NASM AVNM ASNM NAVNM NASNM
Acetates
Ethyl acetate (mg/L) 29.742 26.1+1 31.3+1 32.9+1 24.9+1 7.24+1 22.4+1 8.11+0.3 155 0.5-22
Hexyl acetate 34.043 18.4+2 26.5+1 21.9+1 46.5+3 49.8+3 33.1+1 32.443 6708 <0.1
2-Phenylethyl acetate 131417 13945 101£2 13444 12543 196+£5 106+2 155+7 2502 0.4-0.8
Higher alcohols
1-Propanol (mg/L) 12.940.3 15.240.5 10.5+0.5 14.5+0.7 12.6+0.5 17.0+0.4 10.44+0.4 13.44+0.6 50°  0.2-0.3
2-Methyl-1-propanol (mg/L) 40.2+1 28.4£5 38.0+1 32.2+1 40.3£2 29.1+1 37.2+1 30.1£2 408 0.7-1.0
1-Butanol 821422 837430 740+39 686427 742+68 662+23 633421 5762 160° 3.6-5.2
3-Methyl-1-butanol (mg/L) 237+3 243+4 231+5 243+6 238+6 240+6 223+6 23542 302 7.4-8.1
2-Ethyl-1-hexanol 4.1+0.3 4.0+0.1 4.7+0.4 5.4£1.0 5.2+1.1 5.5+0.9 5.0+£0.5 5.6£1.3 270 <0.1
1-Octanol 4.44+0.3 6.1£0.3 3.4+0.3 8.4+0.6 4.1+0.2 4.9+0.2 2.8+0.2 3.8+0.3 0.8 3.5-10.5
Benzyl alcohol 36115 423+£13 3246 418+14 290+4 288+3 265+4 2634 900000% <0.1
2-Phenylethanol (mg/L) 1.20£0.02  2.13+0.05  1.09+0.03  1.97+0.05  1.20+0.03  2.22+0.04  1.09+0.02  1.94+0.07 143 0.1-0.2
Fatty acids
2-Methylpropanoic acid (mg/L) 1.59£0.07  1.42+0.06  1.49£0.07 1.45+0.04  1.07+0.05  0.97£0.02  0.97+0.03  0.93£0.04 2.3¥ 0406
Butanoic acid (mg/L) 1.25+0.03  1.03+0.02  1.14+0.04  1.03£0.04  1.10+£0.06  0.94+0.02  1.03+0.02  0.94+0.03 10? 0.1
3-Methylbutanoic acid 794+14 799+11 746+21 832+17 71422 757+11 654+15 753425 33.4%  20-25
Hexanoic acid (mg/L) 2.5340.10  1.45+0.03  2.3140.04  1.63£0.04  2.29+0.06  1.57£0.04  2.22+0.04  1.52+0.04 0.42°® 3.5-6.0
Octanoic acid 59.045 31.9+0.4 52242 37.7+1 51.6+1 35.1+1 49.1+£0.4 35.4+1 500° 0.1
Decanoic acid (mg/L) 1.44+0.16  0.79+0.05  1.07+£0.07  0.98+0.03  1.46+0.04  1.11+0.02  1.374£0.04  1.13+0.07 1.0 0.8-1.5

4 Data are presented as mean + standard deviation (n = 6 from duplicate measurement of three biological replicates). According to three-way ANOVA, all compounds
were significantly influenced by two-way or three-way interactions with the exception of (3S)-3-SHA (a. = 0.05).

b Concentrations are given as ug/L unless specified otherwise in the Compound column. AVNM, ACE_VIN13 NoMLF; ASNM, ACE_Sauvy NoMLF; NAVNM,
NoACE_VIN13 NoMLF; NASNM, NoACE Sauvy NoMLF; AVM, ACE VIN13 MLF; ASM, ACE Sauvy MLF; NAVM, NoACE VINI3 MLF; NASM,
NoACE Sauvy MLF. n.d., compound not detected.

¢ ODT, odour detection threshold (pg/L for all compounds unless a different concentration unit is specified in the Compound column). References used: * (Tominaga et
al., 2006); 2 (Guth, 1997); ® (Ferreira et al., 2000); * (Waterhouse et al., 2016); ® (Moyano et al., 2002); 8 (Swiegers et al., 2005); 7 (Burdock, 2010); & (Peinado et al.,
2004); ° (Song et al., 2016); 1° (Pino & Queris, 2011); 1 (Etiévant, 1991); 2 (Zea et al., 2012); *3 (Gabrielli et al., 2017).

4 0AV, odour activity value.
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Fig. A.1. Proposed metabolic pathways for the formation of 3-SH precursor diastereomers and fate
of subsequently-released 3-SH enantiomers (Bonnaffoux et al., 2017; Capone et al., 2011; Chen et
al., 2018; Clark & Deed, 2018; Jeffery, 2016; Peyrot des Gachons et al., 2002; Thibon et al., 2016;
Tominaga et al., 1998). Steps: a, conjugation of GSH and (E)-2-hexenal catalysed by GST or from
chemical reaction; b, interconversion between GSH-3-SHal and GSH-3-SH-SO;3 in the presence of
bisulfite; ¢, enzymatic aldehyde reduction by alcohol dehydrogenase or aldo-keto reductase; dl,
degradation of GSH-3-SH to Cysgly-3-SH catalysed by y-glutamyl-transpeptidase; d2, degradation
of GSH-3-SH to GluCys-3-SH catalysed by phytochelatin synthase or carboxypeptidase; el,
degradation of CysGly-3-SH to Cys-3-SH catalysed by carboxypeptidase; €2, degradation of GluCys-
3-SH to Cys-3-SH, enzymes unclear; f, release of 3-SH from Cys-3-SH catalysed by yeast carbon-
sulfur lyase; g, acetylation of 3-SH catalysed by alcohol acetyltransferase or other potential enzymes;
h, formation of cis-2-methyl-4-propyl-1,3-oxathiane (Cis-2-MPO) via condensation of 3-SH and
acetaldehyde.
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Grape variety Sauvignon blanc

\

Crushing method ACE NoACE

[ | [ |
Yeast strain VIN13 Sauvy VIN13 Sauvy

e T

Malolactic fermentation MLF  NoMLF MLF NoMLF MLF  NoMLF MLF  NoMLF

Fig. A.2 Outline of treatments for Sauvignon blanc winemaking trial showing the parameters of grape
crushing method (accentuated cut edges (ACE) and conventional crushing method (NoACE)), yeast
strain (VIN13 and Sauvy), and with/without malolactic fermentation (MLF and NoMLF).
Fermentation of each treatment was conducted in triplicate.
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Fig. A.3. Results of (A) total phenolics (a.u.) and (B) hydroxycinnamates (mg/L caffeic acid
equivalents, CAE) in Sauvignon blanc wines from different treatments at bottling. Cyan bars show
analytes from NoACE treatment and olive bars show analytes from ACE treatment, with error bars
representing standard deviation (n = 9 from triplicate measurements obtained for each winemaking
replicate). MLF, malolactic fermentation; Y'S, yeast strain; CM, crushing method.
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Fig. A.4. Simple main effect plots of significant two-way interactions from three-way ANOVA for
total phenolics in Sauvignon blanc wines at bottling showing interaction of (A) crushing method and
malolactic fermentation, (B) crushing method and yeast strain, and (C) malolactic fermentation and
yeast strain. Abbreviations above each plot represent the significant interactions between factors
followed by p-values in brackets. MLF, malolactic fermentation; YS, yeast strain; CM, crushing
method.
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Fig. A.5. Simple main effect plots of significant two-way interactions from three-way ANOVA for
hydroxycinnamates in Sauvignon blanc wines at bottling showing interaction of (A) crushing method
and malolactic fermentation, and (B) yeast strain and malolactic fermentation. Abbreviations above
each plot represent significant interactions between factors followed by p-values in brackets. MLF,
malolactic fermentation; YS, yeast strain; CM, crushing method.
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Fig. A.7. EEM contour plots of the PARAFAC model with three components for Sauvignon blanc
treatment wines, illustrating the fluorescent properties of typical fluorophores in white wine.
Tentative assignments: Comp. 1: Tyrosine; Comp. 2: hydroxycinnamates; Comp. 3: aromatic amino
acids.
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Fig. A.8. Simple main effect plots of significant two-way interactions from three-way ANOVA for
residual GSH-3-SH in Sauvignon blanc wines at bottling showing interaction of (A) crushing method
and malolactic fermentation, (B) yeast strain and malolactic fermentation, and (C) crushing method
and yeast strain; and for residual Cys-3-SH in wines at bottling showing interaction (D) crushing
method and yeast strain. Abbreviations above each plot represent significant interactions between
factors followed by p-values in brackets. MLF, malolactic fermentation; YS, yeast strain; CM,
crushing method.
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Fig. A.9. Plot showing (A) enantiomeric ratio of (35S)-/(3R)-3-SHA and simple main effect plots of
significant two-way interactions from three-way ANOVA for (35)-/(3R)-3-SHA ratios in Sauvignon
blanc wines at bottling showing interaction of (B) yeast strain and malolactic fermentation. Cyan bars
in A show analytes from NoACE treatment and olive bars show analytes from ACE treatment, with
error bars representing standard deviation (n = 6 from duplicate measurement of three biological
replicates). Abbreviations above each plot in B represent significant interactions between factors

followed by p-values in brackets. MLF, malolactic fermentation; Y'S, yeast strain.

104

S15



Chapter 7 Supplementary Information
Wang et al. Impact of accentuated cut edges and winemaking variables on Sauvignon blanc wine

15
A NoMLF MLF == NoACE
ACE
1.0 = =

Apparent molar conversion
yield of precursor to thiol (%)

0.5+
0.0-

VIN13  Sauvy VIN13  Sauvy
yeast strain

B B YS|MLF CC1 CcM|YS

S 14 (p = 0.049) £ 10 (p < 0.001)

=1 VINGB | 5 ~o- ACE

s = Sauy| &§ % NoACE

2 100 2

£ £

= = 0-9p=0.281

o o

© 0.9 S

© ©

£ p =0.001 £ |

= 04 = 038 p < 0.001

® ®

£, \ prooot| £ ‘ ‘

g MLF NoMLF W VIN13  Sauvy
malolactic fermentation yeast strain

B.2 MLF|YS c.2 YS|CM

= = 0.049) = (p < 0.001)

211 (e 2 1.0

- - MLF |5

s & NoMLF| §

2 1.0- o

£ E oo VIN13

S € |p=0.029 Sauvy

© 09 =0.010 2

£ £

= 08l = 0.8 p <0.001

® ®

.§07 ‘ p < 0.001 .§07 ‘ ‘

g VINI3  Sauvy g ACE NoACE

yeast strain crushing method
Simple main effect

(Apparent molar conversion yield from
precursors to thiols)

Fig. A.10. Apparent molar conversion yield from (A) thiol precursors to free thiols and simple main
effect of significant two-way interactions from three-way ANOVA for conversion yield of precursors
to the sum of 3-SH and 3-SHA in Sauvignon blanc wines at bottling showing interaction of (B) yeast
strain and malolactic fermentation and (C) crushing method and yeast strain. Cyan bars in A show
analyte from NoACE treatment and olive bars show analytes from ACE treatment, with error bars
representing standard deviation (n = 6 from duplicate measurement of three biological replicates).
Abbreviations above each plot in B and C represent significant two-way interactions between factors
followed by p-values in brackets. MLF, malolactic fermentation; YS, yeast strain; CM, crushing
method.
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Fig. A.11. Apparent molar conversion yield from (A) 3-SH to 3-SHA and simple main effect of
significant two-way interactions from three-way ANOVA for conversion yield of 3-SH to 3-SHA in
Sauvignon blanc wines at bottling showing interaction of (B) crushing method and malolactic
fermentation, (C) yeast strain and malolactic fermentation and (D) crushing method and yeast strain.
Cyan bars in A show analyte from NoACE treatment and olive bars show analytes from ACE
treatment, with error bars representing standard deviation (n = 6 from duplicate measurement of three
biological replicates). Abbreviations above each plot in B, C, and D represent significant two-way
interactions between factors followed by p-values in brackets. MLF, malolactic fermentation; Y'S,
yeast strain; CM, crushing method.
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CHAPTER 8

Concluding Remarks and Future Perspectives

8.1 Conclusions

The scope of this thesis was to obtain a better comprehension of varietal thiols from the
perspectives of investigating potential new thiol precursors and sulfur-containing volatile
compounds. As well as examining the reactivity and chirality of varietal thiols and assessing
the impact of different winemaking practices.

8.1.1 Preliminary exploration of potential new precursors of 4-MSP and 3-SH

Addressing Objective 1 of the project, preliminary experiments were conducted by
applying deuterium labelled mesityl oxide to grape leaves and berries. Analysis of the grape leaf
and berry extracts using HPLC-QQQ-MS revealed the presence of deuterium labelled GSH-4-
MSP. The identity of deuterium labelled GSH-4-MSP and Cys-4-MSP was further confirmed
utilising high-resolution time-of-flight mass spectrometry, demonstrating that mesityl oxide
can act as a precursor of GSH-4-MSP and that grapevine tissues could utilise mesityl oxide
(when applied in this case) to synthesise GSH-4-MSP (Chapter 2).

Complying with Objective 2 that hypothesised the potential for MalCys-3-SH to be a
precursor of 3-SH, synthesised MalCys-3-SH standard was used to optimise MS and source
conditions of an HPLC-MS/MS method. This was followed by the analysis of Sauvignon blanc
juice extracts prepared by percolating approximately 1 L of Sauvignon blanc juice through Ci8
sorbent and concentrating the juice into an extract. Despite trialling extracts at different grape
maturity time points, MalCys-3-SH was not identified in the current set of samples.

8.1.2 The production, stability, and chirality of cis-2-MPO and identification of sulfur-containing
volatile compounds

In line with Objective 3 of the thesis, a winemaking study showed that cis-2-MPO was
produced from the second day of the alcoholic fermentation of Sauvignon blanc wine, with the
concentration peaking in the early to middle stage of fermentation before a continuous
decrease occurred until the end of fermentation (Chapter 3). Significantly different evolution
profiles of cis-2-MPO induced by different yeast strains were illustrated by comparing the use

of single inoculation with VIN13 yeast (advantageous in producing considerable amounts of
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varietal thiols) or J7 (Saccharomyces cerevisiae AWRI 81, a flor yeast with reported ability to
produce high concentrations of acetaldehyde), or co-inoculation of VIN13 and J7. Strong to
moderate Pearson correlations of the evolution profiles of cis-2-MPO occurred with that of
acetaldehyde, but weak correlation with 3-SH, indicated that acetaldehyde may be the
restricting factor in the production of cis-2-MPO. Additionally, cis-2-MPO was unstable in
wine during storage, with its concentration continuously decreasing under various conditions,
such as different storage temperature, pH of wine, and addition of SO, or acetaldehyde.
However, cis-2-MPO was retained by low storage temperature (4 °C), pH 3.0, and acetaldehyde
addition.

Despite the weak correlation between the evolution profiles of 3-SH and cis-2-MPO,
their concentrations determined in wine were strongly correlated. To study the enantiomeric
relationships of (3R)-3-SH with (2S,4R)-2-MPO and (3S)-3-SH with (2R,4S)-2-MPO, SIDA with
HS-SPME-GC-MS was developed to resolve and quantify the enantiomers of cis-2-MPO using
a chiral stationary phase (Chapter 4). The chemical formation of cis-2-MPO was verified by
spiking (3R)-3-SH as a single enantiomer and acetaldehyde standards in a commercial white
wine, with subsequent detection of the corresponding cis-2-MPO enantiomer after a short
storage period, which was also used to determine the elution order of cis-2-MPO enantiomers.
Concentrations of (25,4R)-2-MPO and (2R,4S5)-2-MPO in a selection of wines were determined,
ranging from undetected to 303 ng/L and 250 ng/L, respectively. Accordingly, SIDA with HPLC-
MS/MS was utilised to quantify (3R)-3-SH and (3S)-3-SH in the same wine samples, which the
concentrations were 207-7474 ng/L and 186-6294 ng/L respectively. Strong Pearson correlation
of (3R)-3-SH with (2S,4R)-2-MPO (r = 0.654) and (3S)-3-SH with (2R,4S)-2-MPO (r = 0.860)
were revealed. Furthermore, one of the enantiomers of cis-TMO, originating from
condensation of acetaldehyde and 4-MSPOH, was identified in wine with a concentration of
up to 28 ng/L.

Based on a single cis-TMO enantiomer having been identified, it was hypothesised that
a single enantiomer of 4-MSPOH may be present in wine. Thus, a HPLC-MS/MS method for
chiral thiol analysis was adapted to resolve and quantify 4-MSPOH enantiomers in wine. HPLC
parameters, including eluent composition, mobile phase flow rate, concentration of eluent
additive, chiral column phase, and column temperature were evaluated (Chapter 5). The most
optimised method, which partially resolved 4-MSPOH enantiomers, was applied to screen
wine samples that were determined to contain cis-TMO. However, neither enantiomer of 4-

MSPOH was detected at the current stage, most likely due to the small number of wine samples
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analysed or the poor sensitivity of the instrument used.

Aside from investigating 4-MSPOH enantiomers, it was considered that additional
thiols, namely blackcurrant mercaptan (BCM) and grapefruit mercaptan (GFM), could
potentially be present in wine. Using commercially purchased BCM and synthesised GFM
standards, a published method utilising thiol derivatisation by DTDP and SIDA HPLC-MS/MS
was modified for the characterisation and identification of GFM and BCM in wine (Chapter
5). A preliminary calibration for BCM was achieved, followed by the screening of a selection of
wine samples, but BCM was not detected. Study of GFM showed that it was unstable and could
spontaneously degrade, with the identity of the derived compound of GFM being explored but
not positively confirmed.

8.1.3 Impact of oenological factors on chemical and sensory profiles of Shiraz and Sauvignon
blanc wines

Fulfilling Objective 4, the impact of accentuated cut edges (ACE), jointly with water
dilution of grape must and skin contact time, on the volatile and sensory profiles of Shiraz wine
was investigated (Chapter 6), with a focus on varietal thiols and their precursors. GSH-3-SH
and Cys-3-SH were quantified in Shiraz grape must with average concentrations of 193 pg/L
and 4.6 pg/L, respectively. ANOVA revealed that the use of ACE did not increase the
concentrations of thiol precursors in the must or varietal thiols, including 3-SH and 3-SHA, in
the resultant wine. However, 3-day skin contact significantly increased concentration of 3-SH
compared with a 6-day treatment. Two-way ANOVA revealed that other volatile compounds
were significantly affected by crushing method and skin contact time. Briefly, most ethyl esters
were significantly increased by the conventional crushing technique and 3-day skin contact
time. In contrast, acetates, higher alcohols, fatty acids, and isoprenoids were affected by the
interactive effect of crushing method and skin contact time: ACE coupled with 3-day skin
contact time significantly increased all volatiles apart from the acetates. Sensory analysis of the
wines outlined that ‘floral/perfume/musk’ aroma was significantly more intense in the
treatment with ACE coupled with 3-day skin contact time and this was potentially related to
the more abundant isoprenoids in the treatment; ‘red fruit’ flavour was more potent in the
conventional crushing treatment with either 3-day or 6-day skin contact time, which was likely
relevant to the higher concentrations of ethyl esters. In addition, the chapter provided some
insight into volatile profiles of commercially produced Sauvignon blanc and Pinot noir wine
arising from ACE treatment. Although the winemaking was not replicated in this case, the

results showed that the impact of ACE could potentially be grape variety dependent, thus
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providing inspiration for study of the impact of this pre-fermentation technique on other
varieties.

As such, the influence of ACE, yeast strain, and malolactic fermentation on the phenolic,
volatile, and sensory profiles of Sauvignon blanc was subsequently studied (Chapter 7).
During a cold maceration stage of grape must, the extraction rate and concentration of GSH-
3-SH and Cys-3-SH were both significantly increased by ACE treatment. Analysis of total
phenolics and hydroxycinnamates in the resultant wines showed minor increases by ACE
compared with the conventional crushing, which should be considered in relation to an
increased chance of wine browning. The impact of the three winemaking practices on varietal
thiols varied: the concentration of 4-MSP and enantiomers of 3-SH and 3-SHA being
significantly increased by ACE treatment; VIN13 yeast produced a greater amount of 3-SH and
3-SHA enantiomers and Sauvy generated a higher amount of 4-MSP; MLF increased the
concentration of 3-SH enantiomers and 4-MSP, but decreased 3-SHA enantiomers. Analysis of
other volatile compounds and sensory profiles of the wines showed that most volatiles were
significantly affected by three-way interactions of crushing method, yeast strain, and
malolactic fermentation. Yeast strain and MLF had greater impacts on the sensory profile than
crushing method, with treatments that did not undergo malolactic fermentation having more
‘fruity’ and ‘floral’ notes compared with the more savoury attributes (i.e., ‘sulfidic, ‘mineral’
and ‘bacon’) in the MLF treatments. MLF tended to increase concentrations of varietal thiols,
ethyl esters, higher alcohols, and fatty acids. Sauvy yeast strain produced greater amounts of
isoprenoids, ethyl esters of branched-chain fatty acids, and higher alcohols than VIN13, with
the latter characterised by higher levels of fatty acids and ethyl esters of straight-chain fatty
acids. ACE crushing method tended to increase varietal aroma compounds and higher alcohols,
and was more intense in ‘confectionery’ and ‘sulfidic’ flavour, ‘tropical fruits’ and ‘bacon’ aroma,
and ‘length of fruity/non-fruity’ attributes. This differed to the conventional crushing
treatment, which had higher concentrations of ethyl esters and fatty acids, and greater

intensity of ‘tropical fruits’ flavour, ‘floral’ and ‘sulfidic’ aroma, and ‘bitter’ sensory traits.

8.2 Future perspectives

8.2.1 Precursors of varietal thiols

The potential presence of MalCys-3-SH in a limited number of Sauvignon blanc juice
extracts was explored (Chapter 2). Although it was not detected in this study, a larger selection
of grape juice and wine samples are recommended to be screened in the future. If positive

identification of MalCys-3-SH can be accomplished, development of a fully validated HPLC-
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MS/MS method is warranted to enable the accurate quantification of MalCys-3-SH in grape
and wine samples. Profiling the concentration of MalCys-3-SH in grapes during both grape
growing season and in grape juice/must during fermentation could be conducted, as it has been
done with other precursor types, to further understanding biochemical relationships.
Correlation between the concentration of MalCys-3-SH and 3-SH could also be studied in
model fermentations spiked with MalCys-3-SH standard, to examine the potential
contribution of MalCys-3-SH to the pool of 3-SH found in wine.

It was verified that grape leaf and grape berry could use deuterium labelled mesityl oxide
to synthesise the corresponding labelled GSH-4-MSP (Chapter 2). However, proceeding
experiments using a balanced number of grapevines are recommended to explore the origin
and metabolism of mesityl oxide: firstly, deuterium labelled mesityl oxide could be applied to
the soil of potted grape vines and deuterium labelled GSH-4-MSP and Cys-4-MSP could be
evaluated in grapevine tissues; secondly, soil bacteria that are characterised to release mesityl
oxide in commercial vineyards could be explored.

8.2.2 Reactivity of known varietal thiols and identification of new sulfur-containing volatile
compounds

cis-2-MPO was identified in wine because of the reaction between 3-SH and
acetaldehyde. Although its typical concentrations in wine are below the odour detection
threshold, the potential sensory contribution of cis-2-MPO to wine as a function of interaction
with other constituents (e.g.,, 3-SH and 3-SHA) could be studied. Aside from this,
quantification of 4-MSPOH enantiomers in wine with a fully optimised and validated HPLC-
MS/MS could be revisited. Relevant to the reaction between varietal thiols and acetaldehyde
(or indeed other aldehydes), potential 1,3-oxathianes corresponding to 3-sulfanylpentan-1-ol,
2-methyl-3-sulfanylbutan-1-ol, and 3-sulfanylheptan-i-ol could be identified and their sensory
importance, formation and fate were studied.

Moreover, it could be worthwhile to develop a more sensitive method for the
identification of BCM in wine, along with screening a larger number of wines. GFM has been
proven to be unstable in wine and the presence of its potential derived product in wine, namely
thiocineole, could also be verified and its relevance determined. To ascertain the potential
sensory importance of BCM and GFM to wine aroma, odour detection thresholds of both
mercaptans in wine matrix would need to be obtained. For a broader screening of potential
new thiols in wine, using thiol selective extraction techniques, such as DTDP derivatisation®

and silver ion solid phase extraction protocols?, coupled with mass spectrometry or
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olfactometry experiments could be alternative methods.

8.2.3 Impact of novel winemaking practices on chemical and sensory profiles of wine

To fully understand the influence of the ACE technique on wine chemical and sensory
profiles, commercial scale fermentation trials would be advantageous. Given the impact of ACE
seeming to depend on grape variety, the influence of ACE on grape varieties other than Shiraz,
Sauvignon blanc, Pinot noir, and Marquette, which have already been studied, requires
detailed investigation. Despite the uncommon usage of malolactic fermentation in Sauvignon
blanc wine production, the study in Chapter 7 revealed the potential of lactic acid bacteria for
varietal thiol production, which may be exploitable in other wine varieties. However, enzymes
in lactic acid bacteria that may be involved with varietal thiol release from their conjugated

precursors, such as -lyase, would need to be characterised.
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Abstract: Accentuated Cut Edges (ACE) is a recently developed grape must extraction technique,
which mechanically breaks grape skins into small fragments but maintains seed integrity. This study
was the first to elucidate the effect of ACE on Shiraz wine’s basic chemical composition, colour,
phenolic compounds, polysaccharides and sensory profiles. A further aim was to investigate any
potential influence provided by ACE on the pre-fermentation water addition to must. ACE did not
visually affect Shiraz wine colour, but significantly enhanced the concentration of tannin and total
phenolics. Wine polysaccharide concentration was mainly increased in response to the maceration
time rather than the ACE technique. ACE appeared to increase the earthy/dusty flavour, possibly due
to the different precursors released by the greater skin breakage. The pre-fermentation addition of
the water diluted the wine aromas, flavours and astringency profiles. However, combining the ACE
technique with water addition enhanced the wine textural quality by increasing the intensities of the
crucial astringent wine quality sub-qualities, adhesive and graininess. Furthermore, insights into the
chemical factors influencing the astringency sensations were provided in this study. This research
indicates that wine producers may use ACE with pre-fermentation water dilution to reduce the wine
alcohol level but maintain important textural components.

Keywords: skin fragmentation; water addition; tannin; phenolics; polysaccharides; rate-all-that-apply;
astringent sub-quality; progressive profiling

1. Introduction

Accentuated Cut Edges (ACE) is a new grape must processing technique that has recently received
interest in the Australian and New Zealand wine sectors. The ACE technique, which is employed
after conventional grape crushing, is a process whereby grape skins are mechanically cut into smaller
fragments (6% of their original size) while maintaining seed integrity [1]. This technique provides
more broken skin edges, with the goal of enhancing the extraction of phenolic components from the
grape skin earlier during fermentation, while avoiding the extraction of astringent or bitter compounds
potentially resulting from seed damage [2]. The development of ACE started from a northern Tasmanian
vineyard in Australia working on Vitis vinifera cv. Pinot noir grapes [3]. The work was initiated
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due to the recognition that wines made from this variety can have poor colour development and
low pigment stability [4]. Since a more intense colour in red wines is often associated with higher
quality perception by consumers [5], the finding that ACE resulted in the intensification of wine
colour was promising for the future production of higher quality wine. Compared with conventional
crushing, Pinot noir wines made using the ACE technique had 50% higher wine colour density and
95% higher stable pigment concentration [1]. In addition to colour, the quality of red wine is also
associated with a positive mouthfeel (or textural) properties, such as the sensation of astringency,
which is known to be influenced by various phenolic components such as tannins [6]. In the study
on Pinot noir, wines produced by ACE were three times higher in tannin concentration than those
prepared by conventional crushing [1], and had both greater astringency and bitterness intensities [2].
Recent research demonstrated that wines with the same overall astringency intensity may possess
subtle mouthfeel texture sub-quality differences e.g., velvety, puckering [7,8]. Whether ACE treatment
affects these more nuanced sensations is not known. ACE-treated Pinot noir wine also had a greater
intensity of fruity components, notably the aromas of banana, peach, and black currant and the flavour
of dark fruit [2].

Currently, Australian wine producers are faced with managing the impacts of a shortened vintage
period for many grape cultivars, termed ‘vintage compression’. This is thought to be due to the influence
of climate change, with warmer growing seasons, a greater number of high temperature days and more
days that have smaller diurnal temperature differences, resulting in the grapes harvested earlier and at
higher sugar levels [9]. Management techniques to deal with the logistical disadvantages of processing
the same tonnage of grapes in the face of vintage compression has increasingly gained importance
within the wine industry [10]. In 2017, ACE was studied to address vintage compression, proposing the
concept of Pressed Early Accentuated Cut Edges (PEACE) [11]. Based on the preliminary findings
from PEACE, a two-day maceration on skins following ACE treatment was shown to be sufficient
to extract a larger proportion of anthocyanin and tannin in Pinot noir wines relative to conventional
crushing (eight days on un-fragmented skins). Thus, the ACE treatment allows the ferments to be
pressed off skins earlier when compared with conventional crushing techniques, thereby highlighting
the potential of PEACE to economise on tank space, pump-over logistics and labour requirements
under the conditions of a compressed vintage [11].

However, as highlighted previously, ACE studies have thus far focused on Pinot noir, but one of
the most planted red wine grape varieties globally, including in Australia, is Vitis vinifera cv. Shiraz [12],
giving it a higher level of economic importance. Meanwhile, as vintage compression conditions lead to
grapes destined for winemaking being harvested with increased sugar levels, the alcohol concentrations
of wines made in Australia and elsewhere have also risen [13]. The high level of residual sugar or
alcohol concentration in wines influences the sensory perception and hence reduces the perceived
wine balance, quality or consumer preference [14]. While opportunities to manipulate wine alcohol
through techniques such as earlier harvests, pre-fermentation water addition and reverse osmosis have
been studied, these operations might also potentially lead to reduced wine quality [15-17].

Shiraz is economically important, but faces the same compressed vintage challenges. There is
potential for ACE to be applied to Shiraz, however, this has not been done in a highly coloured and
phenolic red grape variety before. The extent to which ACE can enhance Shiraz wine properties/sensory
is unknown. Thus, the aims of the present study were to investigate, in Shiraz wine production,
the impact of the ACE technique on wine chemical composition, sensory attributes and in particular,
astringency and its sub-qualities. In order to determine the potential improvement provided by
ACE over conventional crushing, a combination of both early pressing and water addition to wines
were examined. Three treatments were investigated for both ACE and conventional crushing,
whereby short skin maceration (three days on skins) was compared with a longer skin maceration
time (six days). Furthermore, the longer skin contact treatments (6 days) for both standard and
ACE-processed grapes were also prepared with water addition (at the pre-fermentation stage to
reduce must sugar to 13.5 Baumé (Bé)). All wine treatments were chemically characterised through a
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number of basic wine compositional parameters, most importantly colour, phenolic composition and
polysaccharide concentration. In addition, the sensory characteristics of all treatments were profiled
by rate-all-that-apply (RATA) using 61 untrained participants, and then astringency and astringent
sub-qualities, assessed by modified progressive profiling (PP) using a trained panel.

2. Materials and Methods

2.1. Chemicals

Reagents and reference compounds (>97% purity) used for the high-performance liquid
chromatography (HPLC), methyl cellulose precipitable (MCP) tannin method, and the modified
Somers assay were purchased from Sigma-Aldrich (Castle Hill, NSW, Australia). Milli-Q water
(Millipore, North Ryde, NSW, Australia) was utilised for the preparation of solutions.

For the winemaking process, potassium metabisulfite (PMS) and diammonium phosphate (DAP)
were purchased from Laffort Australia (Woodville North, SA, Australia), while tartaric acid (H,T) was
purchased from Tarac Technologies (Nuriootpa, SA, Australia). Springwater (Woolworths®, Unley, SA,
Australia) was used for the preparation of solutions for addition to wine as well as for must dilution,
to avoid chlorine impact (potential formation of 2, 4, 6-trichloroanisole).

2.2. Vinification Protocol

Shiraz grapes were sourced from a vineyard (35°13’ S, 138°62" E) located in the McLaren Vale region of
South Australia during the 2019 vintage. The region experiences a temperate-warm Mediterranean climate,
and the mean January temperature in 2019 was 31.6 °C, and the average annual rainfall from 2000 to 2019,
518.1 mm [18]. The grapes were machine harvested from 22 year-old vines holding 7.63 tonnes/hectare
average yield (1 hectare is 10,000 m?). A total of 600 kg was subsampled from the machine-harvested
grapes. A portion of the grapes (300 kg) underwent a conventional crushing technique (Miller MC250)
and was named NOACE treatment. The remaining 300 kg of grapes were crushed firstly by the same
conventional approach and then underwent further processing through the Della Toffola Maceration
Accelerator (DTMA, Della Toffola, TV, Italy; ACE treatment; minimum grape amount required by the
winery). After the homogenisation of the two musts, the initial must conditions were measured by
OenoFoss Type 41-01, and were not different to one another, having the following chemical compositions;
sugar 14 Bé (1 Bé = 1.8 Brix = 18 g/L fermentable sugar = 1% potential alcohol), pH 3.39, 5.2 g/L titratable
acidity (TA), 1.5 g/L malic acid, and 171.2 mg/L yeast assimilable nitrogen (YAN).

Thereafter, both musts were acid-adjusted by the addition of 1 g/L H,T, 300 mg/L DAP added,
followed by yeast inoculation with Enartis Ferm® red fruit (batch L.ES 736051) at a rate of 200 mg/L.
As shown in Figure 1, both NOACE and ACE musts were further separated (under constant stirring
to maintain the ratio between the skin and juice) into 9 by 25 kg aliquots in 30 L plastic fermenters
(Brewcraft, SA, Australia). Water addition treatments were conducted by the direct addition of
500 mL of spring water (i.e., no juice run off was performed) to the NOACE- and ACE-treated musts
in triplicate, to reduce the sugar concentration to 13.5 Bé, based on the Australian water addition
regulatory limit. The fermentation of all six treatments (Figure 1) was conducted in triplicate, in a
20 °C temperature-controlled room, with manual plunging performed twice daily (at 10 am and
4 pm, with 10 punch downs per plunging). One day after inoculation with yeast, the lactic acid
bacteria were co-inoculated by the addition of VP41 (LALLEMAND®, Edwardstown, SA, Australia,
batch 314125093016) at a rate of 1.5 mg/L. After either 3 or 6 days of skin contact, the wines were
pressed at 1.5 bar for 10 min using a water bag press, transferred to 10 L glass demijohns with airlocks
(Ambrosio, Italy) and stored at 18 °C until dry (the total residual sugar and malic acid of all wines
were below 2 g/L and 0.4 g/L, respectively). PMS was added to achieve 60 mg/L total Sulphur, then the
wines stored in a 0 °C room for one week and racked off “gross lees”. Thereafter, the wines were
settled for a month at 0 °C and again racked from the “fine lees” before bottling. Wines were bottled in
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375 mL dark green bottles covered with carbon dioxide and screw caps, and cellared at 16 °C for a
month before being analysed.

| McLaren Vale Shiraz |
l
[

[ | Conventional crush }

DTMA Maceration Accelerator |

| H,0 Dilutionto 13.5 B¢ | | H,0 Dilutionto 13.5 B¢ |
3-day skin 6-day skin 6-day skin 3-day skin 6-day skin 6-day skin
contact contact contact contact contact contact

| ACE_short |  [ACE_Long | [ACE_Long_Dil| NOACE_short | [NOACE_Long| [ NOACE_Long_Dil

Figure 1. Summary of the treatments conducted on Shiraz musts prepared by the NOACE (conventional
crush) or Accentuated Cut Edges (ACE) (conventional crush plus Della Toffola Maceration Accelerator
(DTMA)) treatment, with six different treatments performed in triplicate.

2.3. Basic Wine Composition and Wine Colour Measurements

The wine samples were analysed for pH, titratable acidity (TA, as tartaric acid g/L equivalents and a
TA measurement pH endpoint of 8.2), volatile acidity (VA, as g/L equivalent to acetic acid), and sulphur
dioxide (SO,, free and total) by the Australian Wine Research Institute’s (AWRI) Commercial Services
Laboratory (using the Winescan method and the method of sulphur dioxide free and total (the Thermo
Fisher Discrete Analyser), respectively). The total residual sugars and malic acid levels were measured
by Chemwell® 2910 Automated EIA and Chemistry Analyser (Awareness Technology, Palm City, FL,
USA) with the Megazyme K-FRUGL (Chicago, IL, USA) and Vintessential Enzymatic L-Malic Acid
(Dromana, VIC, Australia) test kits. The alcohol level of the samples was measured with the Anton
Paar Alcolyzer Wine ME and DMA 4500M (North Ryde, NSW, Australia).

The wine colour was measured by both the modified Somers assay [19] and CIELab tristimulus
using the Cintra 4040, (GBC Scientific Equipment, Braeside, VIC, Australia), and the results calculated
and presented as the chroma and hue angle as described previously [20].

2.4. Phenolic Components and Polysaccharide Analyses in Wines

Total tannin concentration for the treatments was measured by the high-throughput MCP tannin
method in technical duplicates, while the total phenolic concentration was determined by the modified
Somers assay in technical triplicates [19]. Furthermore, the tannins from wine samples were isolated by
solid-phase extraction [21] and analysed by HPLC (Agilent 1100) following phloroglucinolysis [22] to
determine the subunit composition, mean degree of polymerisation (mDP), and molecular mass (MM
(phloro)) according to the conditions outlined previously [23]. All the terminal monomer subunits had
their retention times authenticated using standards before measurement [23]. The tannin molecular
mass was also measured by gel permeation chromatography (MM (GPC)) on an Agilent 1200 with
the modifications described previously [24]. 20 mg/mL malvidin-3-glucoside in methanol was used
as a standard to validate the method; this standard was removed from the freezer, equilibrated to
temperature and then diluted 1:5 with N,N-dimethylformamide prior to analysis.

For the polysaccharide analysis, the wine samples were prepared and hydrolysed as described
by Li, et al. [25], but the dialysis step was replaced by a cold, pure ethanol wash [9]. The total wine
soluble polysaccharides and the monosaccharide residues following acid hydrolysis were determined
by HPLC (Agilent 1100) [26]. The monosaccharides were identified and quantified using commercial
standards (Sigma-Aldrich, St. Louis, MO, USA).
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2.5. Sensory Evaluations

2.5.1. Wine Descriptive Profiling by Naive Wine Consumers Using Rate-All-That-Apply (RATA)

RATA is a rapid and flexible method that can profile different food or beverages products using
naive consumers as subjects [27,28]. For the characterisation of wines products, the discrimination
and profiling abilities of RATA with naive consumers have been validated against descriptive analysis
using small, highly trained panellists [27]. Thus, a panel of 61 untrained participants (34 female and
27 male, average age 26 years) who had consumed red wine in the last 12 months assessed the Shiraz
treatment wines in this study. The RATA assessment was conducted across two sessions (nine wine
samples per session, all the samples from the triplicate of winemaking were assessed) under the same
conditions as the work of Danner et al. [27] in computerized, individual booths with forced one minute
breaks between each sample, and a five minute break after the first four wines. The participants used
a seven-point intensity RATA scale (anchored from 1 = “extremely low” to 7 = “extremely high”)
to evaluate 58 attributes (Table S1, definitions were provided to the consumers) across the sensory
modalities of wine colour, aroma, flavour, taste, mouthfeel, and aftertaste.

2.5.2. Astringency Profiles of Wines Assessed by a Trained Sensory Panel Using Modified Progressive
Profiling (PP)

Wine astringency is a complex sensation, and is particularly hard and fatiguing for untrained
individuals (normal consumers) to assess, comprehend and describe, especially the different
sub-qualities of astringency perception [29]. As one study aim was to obtain an advanced understanding
of the impact of ACE on the temporal perception of Shiraz wine’s texture, the astringency profiles of
treatment wine samples in this study were evaluated in more detail by a trained sensory panel (n =8,
3 male and 5 female, average age 51 years) using the modified PP methodology [30]. The processes
of panel recruitment, training, and sample evaluation were conducted in the same manner as our
previous work [30]. Seven attributes of wine astringency were evaluated as previously determined [30]
including overall astringent intensity (OAI) and 6 sub-qualities (pucker, mouth coat, dry, grippy,
adhesive and graininess). The intensity of attributes in each wine were rated consecutively on 15 cm
scales with low and high word anchors located at 10 and 90% of the scale, respectively. The entire
attribute set were assessed in two rounds, one after the other for a given wine sample. However,
the PP evaluation in this study only had 5 time periods (each lasting 10 s; the first with wine in the
mouth and then 4 after expectoration, with 20 s gaps between each time period). This was because the
panel training had revealed that the astringency sensation had disappeared by the fifth evaluation
time period (Figure 2). All wines were presented to panellists in coded black glasses, monadically in
randomised order and evaluated in computerised, individual booths. The 18 wines (6 treatments X 3
replicate of winemaking) were evaluated in duplicate across four sessions (two hours, twice weekly
commencing at 10 a.m. at the University of Adelaide’s Waite campus sensory facility).

Nose clip Expectorate
+ sample
Water

Sip
Cleanser l sample

I T T T T — U Time
0s 20s 40s 355 755 855 105s 1155 1355 1455 1655 175s
™™ Evaluation period: (@) ® ® @ ®
Round 1: Pucker Round 2: Dry
OAI Grippy
Mouth coat Adhesive
Graininess

Figure 2. Schematic representation of the modified Progressive Profiling protocol. OAI is overall
astringent intensity.
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2.6. Data Analyses

The chemical measures were analysed by one-way analysis of variance (ANOVA) at an alpha
level (x) of 5% with Fisher’s least significant difference post hoc test (LSD) in XLSTAT (ver. 2016;
Addinsoft SARL, Paris, France). The data from RATA were analysed by a multivariate ANOVA (at «
10%), with two-way interaction (treatment and replicate of winemaking as fixed factors, and assessor
as random factor) using XLSTAT. Significantly different RATA attributes (means) were further analysed
with Principal components analysis (PCA). In terms of PP assessment, the data were firstly analysed
by univariate ANOVA (at a 5%) for each attribute at every single time period, with a treatment,
replicate of winemaking and a replicate of sensory evaluation as fixed factors, and an assessor as a
random factor using XLSTAT. Significantly different PP attributes were further analysed by the mixed
assessor model canonical variate analysis (MAM-CVA) in RStudio (R ver. 3.5.1, Boston, MA, USA) with
the software package CVAS (Version 1.0, written by Caroline Peltier on 3 November 2014). A partial
least squares regression (PLS-R) between the significantly different attributes in PP (Y, the variables
being predicted) and the significantly different chemical parameters (X, the predictor variables) were
performed (stop conditions was automatic, cross-validation method used was Jackknife (LOO), and a
confidence interval was 95%) using XLSTAT.

3. Results and Discussion

3.1. Basic Wine Chemical Composition and Colour

The basic wine composition resulting from the winemaking treatments is shown in Table 1.
The treatments were significantly differentiated on the chemical parameters of alcohol and acid.
The alcohol concentration in the water addition treatments was significantly lower in both the ACE
and NOACE groups, as expected. A trend of higher pH and lower TA was found in the water addition
treatments. pH is known to influence both wine colour [31] and astringency sensation [32]. The range
of difference in pH was less than 0.1, which would only influence the wine colour and astringency
perception negligibly, if at all.

Table 1. Basic chemical composition of the Shiraz wines prepared following NOACE and ACE
maceration with either 3 days (Short) or 6 days (Long) on skins, or 6 days on skins with pre-fermentation
water dilution to 13.5 Bé (Long_Dil).

A TR magu e Mo T T
ACE_Short (1).4(i§3a 1632012 5 '0524;) 3’55’& 067.(2) " <040 290'%77* 5133 +2.52
ACE_Long 1(;1.i557 S 15=ox :S'f)g iy %’ZZ? 067.8 o <0.40 32’%%* 4833 +1.52
ACELong DIl 2% 1z7xonp ¥ 007x 070 <0.40 BOE 50332057
NOACE Short — 099* 193015 >or  7UE 078% <0.40 BE 48674153
NOACE_Long 1&‘353: 133 +023 ?)'.(5)% . g'zz;—; Ogé o <0.40 292'%%1' 48.00 + 0.00
NOACE Long Dil 0o0*  1a7x025  07*  670* 070« <0.40 O 5000£173
F 8452 2914 8.502 6.488 1.492 N/A 1,594 1.827
p *0.002 0.061 0.002 0.004 0.273 N/A 0.243 0.187

§ Data are the means (+ standard deviation) of triplicate fermentations, analysed with one-way analysis of variance
at an alpha level of 5% and Fisher’s least significant difference test. ¥ Bold p values represent significant differences
between treatments. A post-hoc test was run across wines within each column; values followed by the same letter in
a column are not significantly different.

The effect of the ACE treatment on wine colour was firstly examined using the modified Somers

method (Table 2). Similar to the previous findings from Pinot noir wines [1], the ACE treatments with
longer time on skins had significantly increased wine colour density and stable pigment concentration
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(SO, resistant pigments). However, the colour enhancement in the Shiraz wines was not as large in
magnitude (approx. 17% higher wine colour density and 8% higher stable pigment concentration)
relative to that observed in Pinot noir (50% higher wine colour density and 95% higher stable pigment
concentration). The difference in the grape varieties may have been the cause, since the Shiraz grapes
have inherently more red pigments and a darker colour than Pinot noir, and compounds which may also
be more readily extractable [4]. Additionally, the colour effects were measured by CIELab (Figure 3),
which is expected to better approximate the colour perceived by the human eye (the modified Somers
assay was based on the measurement of spectrophotometric data for several wavelengths rather than
the CIELab (a whole range, 375 to 780 nm)) [33]. The chroma, represents the intensity/depth of the wine
colour, and the hue angle is identified as orange, yellow, beige, brown, pink or any of the other colours.
There was no significant difference in the wine colour by CIELab across the six treatments, with the
chroma of all wines being approximately 50 and the hue angle 355 (i.e., a purple to red hue). The results
differed to those obtained by the Somers assay and the previous Pinot noir study. The modified Somers
assay was more sensitive, however, in the case of this study, the colour differences were most likely not
perceivable based on the CIELab measurements.

Table 2. Colour measurements by the modified Somers assay of Shiraz wines prepared following the
NOACE and ACE maceration with either 3 days (Short) or 6 days (Long) on skins, or 6 days on skins
with pre-fermentation water dilution to 13.5 Bé (Long_Dil).

§ Wine Color Hue Total Anthocyanins SO, Resistant
Density (a.u.) (mg/L) Pigments (a.u.)
ACE_Short 11474+ 073 a 0.56 + 0.00 590 + 28 2.70 £0.10 ab
ACE_Long 1476 +0.31 a 0.56 + 0.01 607 =10 2.68 + 0.08 ab
ACE_Long_Dil 13.75 £ 0.53 ab 0.56 + 0.01 608 + 20 2.56 £ 0.09 be
NOACE_Short 1428 £ 0.61 a 0.56 + 0.00 587 +13 272 +£0.06 a
NOACE_Long 12.58 +0.43 ¢ 0.58 +0.01 557 +21 2.48 +0.06 ¢
NOACE_Long_Dil 12.93 + 0.80 bc 0.58 + 0.01 573 £31 2.45+0.06 ¢
F 7.261 2.860 2.391 6.225
p 10.002 0.063 0.100 0.005

§ Superscript represents that a.u. is the absorbance units. ¥ Data are the means (+ standard deviation) of triplicate
fermentations, analysed with one-way analysis of variance at an alpha level of 5% and Fisher’s least significant
difference test. ¥ Bold p values represent the significant differences between the treatments. A post hoc test was run
across the wines within each column; the values followed by the same letter in a column are not significantly different.

mm ACE_Short
601 - 360 J ACE_Long
] N . i —— =31 ACE_Long_Dil
© 404 350 I = NOACE_Short
g © [ NOACE Long
E 2 = NOACE_Long_Dil
O 201 | 340 ©
340 T
0- . . . T T L1330

Chroma Hue angle

Figure 3. The colour of wines measured by CIELab. Shiraz wines were prepared following NOACE
and ACE maceration with either 3 days (Short) or 6 days (Long) on skins, or 6 days on skins with
pre-fermentation water dilution to 13.5 Bé (Long_Dil). Results are presented as the chroma and hue

angle (mean + standard deviation of triplicate fermentations).
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3.2. Wine Total Phenolics and Total Tannin

3.2.1. ACE Effects

Wine phenolic components are important to wine colour, stability and quality, and they are
considered to be primarily responsible for the sensation of astringency in wine [6,34,35]. As shown in
Figure 4, with the exception of ACE_Short treatment, the total tannin concentrations in ACE-treated
Shiraz wines were significantly higher than all NOACE treatments (F = 3.72, p = 0.036). Since no oak
treatment was applied in this study, the tannins in wines were condensed tannins derived from the
grape berries, and are located in the skin hypodermal layers, pulp, and the soft parenchyma of the
seed between the cuticle and the hard seed coat [36,37]. Consistent with the previous literature [1,2],
more broken skin edges provided by the ACE technique resulted in an increase in tannin extraction in
Shiraz wines.

2000+ r70

s mm ACE_Short
2 =~
S 18004 a Les 2 =3 ACE_Long
g ab o = ACE_Long Dil
£ 5 16001 b, P b 3
$S T bc c c leo 3 == NOACE_Short

S T <3
€ = 14001 TC T 5 =1 NOACE_Long
s 1 | e = .
2 4200 55 ® NOACE_Long_Dil
“6 ~
o :

1000 T T T T T T —r 50
Total tannin Total phenolics

Figure 4. Mean total tannin concentrations and total phenolics (+ standard error) of Shiraz wines
prepared following NOACE and ACE maceration with either 3 days (Short) or 6 days (Long) on skins,
or 6 days on skins with pre-fermentation water dilution to 13.5 Bé (Long_Dil). Different superscript
letters above the bars indicate significant differences (p < 0.05) between treatments analysed by LSD.
The a.u. in the right axis is absorbance units.

3.2.2. Maceration Time and Dilution Impacts

However, the enhancement of tannin extraction in the shorter skin maceration treatment was
more obvious in Pinot noir wines [11] compared to the Shiraz in this study. This might due to the
DTMA machine being less destructive when cutting Shiraz skins than the original ACE equipment and
Pinot noir must processing. In addition, there was no significant difference in the tannin concentration
between the long skin maceration and long skin maceration plus dilution treatments. This meant
that the small amount of water addition before fermentation could reduce the alcohol level without
significantly influencing the total tannin concentration in Shiraz wines. This is contrary to the losses in
tannin concentration observed following the dilution of Shiraz in other studies [12,17], nevertheless,
the amount of water addition in the current study was much lower. The total phenolics measurement
indicated that the combined estimate of wine tannins together with other phenolic components, such as
non-polymeric flavonoids and derived pigments, tracked similarly to the tannin concentration (F = 3.59,
p = 0.041). The contents of total anthocyanins were not significantly different across the six treatments,
thus the differences observed in total phenolics might mainly be caused by the proanthocyanidins and
polymeric pigments (SO, resistant pigments).

3.3. Wine Tannin Composition

3.3.1. Maceration Time and Dilution Impacts

The tannin composition of the winemaking treatments was determined and are shown in Table 3.
The mass conversion indicates the extent to which the isolated tannin was depolymerised to resolved
constituent subunits by the phloroglucinolysis method, which also reflects the confidence for the
interpretation of the measured subunit compositions as representative of all tannin in the sample.
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Tannin mDP, which represents the average length of tannin polymers, was found to increase in the
shorter skin maceration treatments relative to the longer maceration time of 6 days, independently of
the treatment at crushing. The shorter skin maceration treatments also had a higher percentage of
epigallocatechin subunits, indicating a greater proportion trihydroxylated material extraction from
the grapes, likely reflecting a contribution from the grape skins [36,38]. On the contrary, the wines
undergoing longer maceration times, including the water addition treatments, had a higher percentage
of epicatechin gallate, which mainly originates from the grape seeds [36]. This indicated that when a
greater proportion of grape seed tannins was transferred into wines, that this was mainly due to the
maceration time, rather than the implementation of the ACE technique. It is important to highlight from
the current results that the overall molecular mass (MM) of the tannin population was determined by
either the phloroglucinolysis or GPC techniques had different outcomes in the current study. The MM
determination by phloroglucinolysis correlated with the mDP measure, and was found to decrease in
response to the extended maceration time, in agreement with an increase in seed tannin extraction.
On the other hand, the MM measurement from GPC, which more accurately determines the average
size of tannins as a function of their hydrodynamic volume rather than by mDP per se, was found to
increase with longer maceration times. This was expected, since seed tannins are known to have a
larger absolute size, or hydrodynamic volume, independent of the polymer length [23].

Table 3. The tannin composition of Shiraz wines prepared following the NOACE and ACE maceration
with either 3 days (Short) or 6 days (Long) on skins, or 6 days on skins with pre-fermentation water
dilution to 13.5 Bé (Long_Dil).

S MM . . . . Mass
(Phloro) t mDP Eplgall:)catechm Eplcatec}(l)m Conversion (%) of 1 MM (GPQ)
(g/mol) %) Gallate (%) Phloroglucinolysis (g/moD)
ACE_Short 52893 +53a 9.58+0.17a 346+10a 41+0.0c¢ 40 +2 1793 £33 b
ACE_Long 2616 + 15b 8.64 £0.06 b 32.6 £ 0.7 bc 49+0.2a 40+1 1833 £32a
ACE_Long_Dil 2691 +82b 8.89 £0.27b 31.8+1.3c¢ 47+02a 38+2 1811 + 12 ab
NOACE_Short 2884 + 46 a 9.55+0.15a 343 +£0.7 ab 41+01c 38+2 1778 £ 23 b
NOACE_Long 2720 +105b 899 +0.34b 31.1+1.0c 47 +0.1a 39+3 1787 £ 36 b
NOACE_Long _Dil 2583 +114b  8.55+0.37b 320+13c¢ 44+00Db 39+4 1673 £ 24 c
F 7.752 7.968 5.595 18.758 N/A 20.966
p % 0.003 0.003 0.010 <0.0001 N/A <0.0001

§ Tannin molecular mass determined by phloroglucinolysis. ¥ Tannin mean degree of polymerisation determined
by phloroglucinolysis. ¥ Tannin molecular mass determined by gel permeation chromatography at 50% elution.
® Data are the means (+ standard deviation) of triplicate fermentations, analysed with one-way analysis of variance
at an alpha level of 5% and Fisher’s least significant difference test. ® Bold p values represent the significant
differences between treatments. A post-hoc test was run across the wines within each column; the values followed
by the same letter in a column are not significantly different.

3.3.2. ACE Effects

The observations from the tannin profiles could potentially indicate that seed integrity was
maintained by ACE, since the amount of extracted tannin increased in response to ACE, but the tannins
remained compositionally similar for comparable maceration times. Should ACE have disrupted the
seed integrity, a decrease in mDP and an increase in proportional epicatechin gallate would have
been expected earlier during maceration. According to the GPC results, the tannins derived from the
ACE_Long and ACE_Long_Dil treatments were significantly larger in size than those found in the
NOACE wines, suggesting more skin tannin components. Of relevance to the current study, is that
larger tannins could potentially result in greater astringency perception, and this will be addressed in
greater detail in the sections to follow.

3.4. Wine Polysaccharide Composition

ACE treatment and dilution had little impact on the polysaccharide composition (Table 4),
while the total polysaccharide concentrations increased slightly as the maceration was prolonged from
3 to 6 days. In terms of the proportional composition of the individual monosaccharide residues,
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recovered following the acid hydrolysis of polysaccharides, fucose residues were significantly different
across the treatments, but the levels were very low. At these equivalent levels, even in water, it is
difficult to perceive the sweetness of fucose [39]. Significant differences across the treatments were
also detected for rhamnose residues and the residues of galactose and arabinose, which are usually
attributed to the rhamnogalacturonans (RGs) (e.g., RGII) and polysaccharides rich in arabinose and
galactose (PRAGs), respectively; where both classes of polysaccharides are grape-derived. RG II and
PRAGs have been shown to be important contributors to the mouthfeel of red wines and are thought
to be negatively associated with bitterness and astringency [40,41]. Polysaccharides can also directly
contribute to the mouthfeel properties of wines, such as the enhancement of the perception of palate
fullness [41,42]. In addition, mannose (expected to be released by yeast as mannoproteins during
fermentation and aging) was not significantly different across treatments.

3.5. Sensory Characteristics

3.5.1. Wine Descriptive Profiling by RATA

In the current study, the ACE technique was also studied to determine the outcomes of the
sensory profile of Shiraz wines. Samples were firstly evaluated by 61 untrained wine consumers to
evaluate the properties of wine colour, aroma, flavour, taste, mouthfeel, and aftertaste. Among the 58
attributes of RATA, eight were significantly discriminated between the wine treatments (p < 0.1) by
the wine consumers, and are displayed in Table 5. The eight significantly different attributes were
further visualized in a PCA plot with the sample loadings (Figure 5). Encouragingly, the winemaking
triplicates for each treatment appeared consistent, as a significant treatment X replicate of winemaking
sensory difference was not detected. As shown, the average intensities of vanilla were higher in the
ACE treatment with short maceration on both the nose and palate. The NOACE maceration with
3 and 6 days on skins had more intense “FL” (floral/perfume/musk) flavour, but the aroma of “FL”
was more intense in the ACE_Short treatment wines. These observations are interesting and the
profiles of volatile aromatic compounds from wines measured by head space gas chromatography
(GC) with mass spectrometry would be useful to examine this further (e.g., Monoterpenoids and
C13-Norisoprenoids) [43]. The intensity of sweetness in NOACE (Short and Long) wines were higher
than ACE wines, but all the samples in the current study were technically dry wines (total residual
sugar were all below 2 g/L). The different perceptions in sweetness were likely to be due to the different
matrix effect (such as wine alcohol level and/or possibly release of yeast-derived compounds) across the
treatments [44,45]. In addition, the intensity of F_ED (flavour of earthy/dusty) in the ACE treatments
were higher than in the NOACE one, especially the sample of ACE_Long. A longer skin contact
combined with an increase in skin breakage could account for this observation, whereby more related
flavour substances (such as 3-Isopropyl-2-Methoxypyrazine) may have been released into wine [46].
In other words, the ACE technique may have accelerated the release of certain volatile substances or
their precursors. However, the intensities of the flavour of herbaceous and red fruits were negatively
impacted by the ACE technique, which would be worth analysing in the future by GC, such as
detecting 3-sec-Butyl-2-methoxypyrazine and Nerol for the herbaceous character, as well as 3-Ionone
and Furaneol for the red fruits character [43]. Furthermore, the intensity improvement of dark fruits
found in ACE-treated Pinot noir wines [2] was not detected in the current Shiraz wines, which might
be caused by the difference in grape varieties. Wines made by Shiraz grapes are commonly associated
by the sommeliers with attributes of dark fruits [47], thus, the ACE technique did not significantly
affect this character. Last, but not the least, the negative dilution effects (intensity reduction in every
significantly different RATA attribute) for the pre-fermentation water addition were clear to see in the
RATA evaluation, which was consistent with previous literature [12].
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Table 4. Concentrations (mg/L) of total polysaccharides and monosaccharide residues following acid hydrolysis. Shiraz wines prepared following the NOACE and

ACE maceration with either 3 days (Short) or 6 days (Long) on skins, or 6 days on skins with pre-fermentation water dilution to 13.5 Bé (Long_Dil).

Mannose Rhamnose Glucuronic Acid  Galacturonic Acid Glucose Galactose Xylose Arabinose Fucose Total Polysaccharides
ACE_Short $114+4 40+£2b 8+1b 271+ 12c¢ 32+4c 123 + 4 bc 7+1 126 £6¢ 13+1c 736 +28 ¢
ACE_Long 116 + 4 49+3a 10+0a 307+9a 50 + 11 ab 135+2a 7+2 153 £4a 16 + 2 ab 842 +26a
ACE_Long_Dil 113 +1 49+2a 11+1a 293 £ 9 ab 57 +4ab 130 +3 ab 8+0 148 + 2 ab 15+ 0ab 824 +9ab
NOACE_Short 116 £5 38+1b 11+1a 251+9d 6l+2a 121+5¢ 7+1 125+ 5¢ 14 +1bc 744 +23 ¢
NOACE_Long 117 £2 46+1la 11+1la 283 + 6 bc 47 £12Db 131 +4ab 6+1 145+3b l6+1la 802 + 26 ab
NOACE_Long_Dil 111 +9 46+1a 11+1a 281 + 4 bc 50 +5ab 129 + 6 abc 7+1 144+ 7b 17+1a 795 +35b
F 0602 15325 3947 14743 5155 3898 1029 19 492 5621 8146
p 0700  <0.0001 0.024 <0.0001 0.009 0.025 0443 <0.0001 0.007 0.001

§ Data are the means (+standard deviation) of triplicate fermentations, analysed with one-way analysis of variance at an alpha level of 5% and Fisher’s least significant difference test
* Bold p values represent significant differences between the treatments A post-hoc test was run across the wines within each column; values followed by the same letter in a column are

not significantly different
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Table 5. The significantly different attributes across the treatments from rate-all-that-apply (RATA)
detected by a multivariate ANOVA (at o« 10%).

Attribute Definition F P
Aroma
A_FL Floral/perfume/musk 2.292 0.044
A_Van Vanilla 2.112 0.062
Taste
T_Sw Sweet 2.201 0.052
Flavour
F_RF Red fruits (e.g., raspberry, strawberry, red cherry, and red current...) 2.036 0.071
F_ED Earthy/dusty 3.210 0.007
F_FL Floral/perfume/musk 1.999 0.076
F_Her Herbaceous 1.984 0.079
F_Van Vanilla 2.144 0.058

Biplot (axes F1 and F2:79.28 %)

3
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&
& |ACE_Long_pil - NOACE_Long
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2 F_FL
NOACE_Long_Dil * - NOACE_short
F_RF
B T_Sw
3
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Figure 5. The PCA of six treatments for all the significantly different sensory attributes (p < 0.1) from
RATA. Shiraz wines prepared following the NOACE and the ACE maceration with either 3 days (Short)
or 6 days (Long) on skins, or 6 days on skins with pre-fermentation water dilution to 13.5 Bé (Long_Dil).
A_FL and A_Van represent the aroma of floral/perfume/musk and the aroma of vanilla, respectively.
T_Sw is the taste of sweetness. In terms of flavours, “RF”, “ED”, “FL”, “Her” and “Van” represent red
fruits, earthy/dusty, floral/perfume/musk, herbaceous, and vanilla, respectively.

Wine colour differences were not detected by the consumers, in agreement with the results of the
CIELab measurements taken in this study. The differences found in the chemical parameters of the acid
and phenolics were not sufficiently large to elicit a sensory perception difference in the current study for
either acidity or bitterness. Sixty-one untrained wine consumers did not detect a significant difference
in astringency intensity between the six winemaking treatments. However, it is relevant to note that
the intensity of astringency alone is insufficient to fully characterize the perception of wine astringency,
that is, some wines may have a similar astringency intensity but diverse sub-qualities (textures) [48].
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Meanwhile, it is also important to recognise that astringency perception is dynamic [49], in that the
progression of both the intensity and sub-qualities varies depending upon the wine matrix [30,50-52].
Hence, a comprehensive astringency profile of each winemaking treatment was further evaluated by a
trained sensory panel using PP.

3.5.2. Astringency Profiles of Wines Assessed by PP

The PP technique is a sensory tool for the dynamic and quantitative measurements of astringency
intensity and sub-qualities [30,53]. An examination of the PP panel data in this study showed good
repeatability performance by the panel, as there were no significant differences between the replicates
of sensory evaluation for each attribute at five evaluation periods. Significantly different astringency
profiles of the Shiraz wine treatments were perceived by the panel according to the statistical analysis
of the perception data (p < 0.05). Six treatments significantly differed by intensity for mouth coat
(F=70.27, p < 0.0001) and adhesive (F = 21.34, p < 0.0001) at the second evaluation period (20-30 s after
expectoration of wine sample). Meanwhile, the intensities of OAI (F = 27.03, p < 0.0001) and graininess
(F =85.67, p < 0.0001) were significantly different by treatment at the third evaluation period (50-60 s
after expectorating wine). Although a significant influence of the assessor is common in sensory
evaluation (p < 0.0001 in the current PP), a MAM-CVA was used to reduce the scaling effect caused
by the different assessors [54]. For the ease of interpretation, a joint presentation of the wine sample
loadings (six wine treatments configuration plot) and the four significantly different PP attributes
(sensory attribute configuration plot) are presented in one MAM-CVA plot (Figure 6). The first two
canonical variates (CVs) accounted for 97.8% of the total variance ratio. As seen in Figure 6, the first CV
was primarily related to the lower graininess and adhesive mouthfeel. The second CV is dominated by
a mouth-coating mouthfeel, and to a lesser extent, the overall astringency intensity in the negative
direction. The first axis strongly separated the less adhesive and grainy NOACE_Long dilution wines
from all the other treatments. As illustrated by the lack of overlap between the confidence intervals,
the grainier and more adhesive ACE_Long and ACE_Long dilution wines were clearly different from all
NOACE wines. The astringency profiles of ACE_Short, NOACE_Short and NOACE_Long were similar,
and clearly indicated that the astringency profiles of Shiraz wine made by conventional crushing were
significantly influenced by the pre-fermentative implementation of water. Nevertheless, the use of the
ACE technique not only reduced the impact of water addition on the astringency sensation, but also
introduced obvious increases in the intensities of the adhesive and graininess textural sub-qualities.
The enhancement provided by the ACE technique on the astringency profiles of Shiraz was consistent
with what was found for Pinot noir (Sparrow, Holt, et al., 2016). As mentioned in the introduction,
the most planted red wine grape variety in Australia is Shiraz, but this noble grape variety is also
important for the wine industry globally (as it is grown and produces Shiraz or Syrah wines from
for e.g., France, Portugal, Italy, Spain, South Africa, USA and New Zealand). This study confirmed
others in Pinot noir revealing that ACE significantly enhanced the concentration of tannin and total
phenolics. It also extended these findings in Shiraz wines showing that ACE was able to modify the
astringency reduction caused by water dilution through an increased perception of adhesive and
graininess sub-quality intensities. These positive influences on the textural quality of Shiraz wines
could lead to a more extensive future application of ACE in the wine industry, not only for this but
other red wine grape varieties in multiple wine producing countries.
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Figure 6. The mixed assessor model canonical variate analysis (MAM-CVA) of six treatments for all
significantly different sensory attributes (p < 0.05) from five evaluation periods. Shiraz wines prepared
following the NOACE and ACE maceration with either 3 days (Short) or 6 days (Long) on skins,
or 6 days on skins with pre-fermentation water dilution to 13.5 Bé (Long_Dil). Hotelling Lawley stat =
4.458, F = 6.711 (p < 0.001). Ellipses indicate the confidence intervals of 90%.

To explore the underlying relationships between the significantly different mean PP sensory
and wine chemistry data, the correlations between the discriminated astringency attributes (Y) and
significantly different chemical parameters (X) were analysed by PLS-R (details of the first run of the
PLS-R model are shown in Table S2 and Figure S1). The model was refined by a re-run of PLS-R using
variables that produced variable importance in the projection (VIP) values greater than or close to
1 [55]. In the new model, the optimum number of components/latent variables required was 2, and the
cross-validation index Q? for two components was 0.829 (and being greater than 0.5 represented the
large predictive relevance of the model) [56]. This improved model (Table 6) explained 90.8% of the
variation in wine chemical composition (X-variables) and 93.5% of the variation in sensory attributes
(Y-variables). To extract the relevant features for the corresponding responses (mouth coat 2, adhesive 2,
OAI 3, and graininess 3), the standardized regression coefficients of the selected chemical parameters
(MM (GPC), total tannin, total phenolics, galacturonic acid, epicatechin gallate (%), fucose, and total
polysaccharides) are displayed, respectively, in Figure 7. The intensity of the overall astringency
and three discriminated sub-qualities were all significantly (standardized coefficients were all greater
than 0.3) and positively associated with tannin MM (GPC), which confirmed earlier research [30,35].
The total tannin and total phenolics concentrations and the percentage of tannin galloylation also
positively contributed to OAI, which was consistent with earlier findings [30,57]. However, this was
the first reported observation of the contribution of these three phenolic parameters for astringency
sub-qualities. On the contrary, the negative associations of OAI and three sub-qualities with fucose
residues (recovered following the acid hydrolysis of polysaccharides) were found. It is difficult to
perceive the sweetness of fucose at a low level which was mentioned in Section 3.3 [39], and therefore
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suppress the perception of astringency [58]. However, the negative associations might support the

idea that the fucose in wines co-operated with other wine matrix components, eliciting a dampening
of astringency perception, and this too warrants further investigation. The chemical parameters of
galacturonic acid and total polysaccharides did not predominantly influence any astringency sensation,
as standardised regression coefficients were <0.1 [59]. However, it should not be neglected that
phenolic and polysaccharide composition in wine did not affect astringency perception alone in many
cases, and their interactions are also important [25,40,41], but this needs to be meticulously investigated

in the future.

Table 6. Fit statistics of the partial least squares regression (two components) analysis between the

discriminated astringency attributes (Y) and significantly different chemical parameters (X).

Mouth Coat 2 Adhesive 2 Overall Ast.rlngency Graininess 3
Intensity 3
. 2
Cumulative Q 0.721 0.918 0.757 0.924
quality index

R? 0.897 0.971 0.899 0.974

Std. deviation 0.913 0.549 0.964 0.209
Mean-square error 0.334 0.120 0.372 0.017
Root mean squared 0.578 0.347 0.610 0.132

error of prediction

Mouth Coat 2 and Adhesive 2 attributes were perceived 20-30 s after the expectoration of the wine samples.
Overall Astringency Intensity 3 and Graininess 3 attributes were evaluated 50-60 s after the expectoration of the

wine samples.
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Figure 7. Standardised coefficients of the partial least squares regressions between the significantly
different sensory attributes in PP (Y) and the selected (based on the variable importance in the projection)
significantly different chemical parameters (X). MM (GPC) is tannin molecular mass determined by
gel permeation chromatography at 50% elution. (a) Mouth coat 2 (20-30 s after the expectoration of
wine sample) (b) Adhesive 2 (c) Overall astringency intensity 3 (50-60 s after expectorating wine)

(d) Graininess 3.
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4. Conclusions

A new grape must processing technique (ACE) was applied for the first time on Shiraz wines
to elucidate the impacts on non-volatile wine chemical compositions and sensory profiles. The ACE
technique did not influence the visual colour perception of Shiraz wines, but significantly increased
the concentrations of total tannin and phenolics. The polysaccharide concentration in Shiraz wines
was mainly influenced by the maceration time rather than ACE technique. In addition, the greater
contribution of broken skin edges provided by ACE could accelerate the release of substances related to
the flavour of earthy/dusty characters into wine, which should be studied further. The pre-fermentation
addition of water had significant dilution effects on the consumer-perceived wine aromas and flavours.
Water addition did not reduce the concentrations of tannin or phenolics significantly, but influenced the
astringency profile evaluated by a trained panel. However, the ACE technique was able to moderate
the perceived astringency reduction caused by dilution through an increased intensity of perception of
adhesive and graininess sub-qualities. The differences on astringency sensation could be perceived
by the trained panel but not in the consumers’ assessment, however, more involved consumers may
perceive these subtle changes. The knowledge generated by this study suggests that wine producers
could utilise the ACE processing technique, in particular when winemakers need to modify the wine
alcohol level by using pre-fermentative water dilution, and minimising the loss of important wine
textural attributes. Insights into the compositional factors affecting the astringency sensation (overall
intensity and sub-qualities) were provided in this study.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/9/8/1027/s1,
Table S1: List of sensory attributes scored in the rate-all-that-apply (RATA) assessment, Table S2: The model
performance for the first run of partial least squares regression, and Figure S1: The plot of the first run of Partial
Least Squares regression between the significantly different sensory attributes from PP (in blue) and significantly
different chemical parameters (in red).
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