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A B S T R A C T

The influence of grape maturity on wine volatome was investigated using HS-SPME-GC×GC-TOFMS. Shiraz
wines were made from grapes harvested from four different vineyards from two berry maturity levels. A total of
1276 putative compounds were detected in at least one of the wine samples and 175 showed significant trends
related to grape maturity. The first two dimensions of the Principal component analysis accounted for 57% of the
variation and separated the samples according to the harvest date. Wines from the first harvest date were
characterised by an abundance of lipoxygenase derived compounds, norisoprenoids and sulfur-containing
compounds whereas a significant increase in some acetate esters was observed in wines produced from the more
mature grapes.

This study demonstrated a common evolution of grape volatiles for Shiraz inside the same mesoclimate.
During the late ripening stage of the grape, a direct nexus between sugar concentration and wine volatile
evolution was not observed.

1. Introduction

Wine aromatic profile is one of the major determinants of wine
quality. Hundreds of compounds, from a large number of different
chemical classes, with concentrations ranging from ng/L to mg/L levels
are present in wine. Even volatile compounds present in concentrations
at below their perception threshold may contribute to the final wine
aroma through synergistic effects with other compounds in wine
(Pineau, Barbe, Van Leeuwen, & Dubourdieu, 2009). Traditional one-
dimensional (1D) gas chromatography-mass spectrometry (GC–MS) has
been widely used for targeted and untargeted analyses of several dozen
(semi) volatile compounds. Employment of 1D GC–MS into the field of
oenology has therefore brought important advances in understanding
the complexity of both the grape matrix and wine. Additionally, gas
chromatography coupled to olfactometric detection (GC-O) has assisted
in identification of the distinct olfactory characteristic of individual

wine volatiles. In 1D GC, volatiles elute along the retention time axis
and often co-elute. Therefore the separation capacity has to greatly
exceed the number of sample constituents (Mondello, Tranchida, Dugo,
& Dugo, 2008). 1D GC-MS/MS has proven to be an extremely reliable
and powerful tool for analyses and quantification of pre-selected tar-
geted compounds. However, despite optimisation of chromatographic
separation, selection of highly specific mass to charge ratios (m/z),
advancement of chromatogram deconvolutions techniques and multi-
variant data processing, the complexity of the grape/wine matrix re-
sults in a large number of compounds that are not able to be measured
when a targeted approach is utilised. Two dimensional (2D) gas chro-
matography allows the identification of several hundred wine (semi)
volatile compounds due to factors such as; better peak separation,
higher peak capacity, sensitivity, selectivity and structural chromato-
graphic peak organisation, and is therefore considered superior to
conventional 1D GC–MS (Mondello et al., 2008). Due to the superior
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separation power capability of GC×GC identification of previously
unidentified wine compounds is possible (Carlin et al., 2016). Recently,
GC×GC-TOFMS has been utilised to characterise volatile wine com-
pounds from various treatments and regions (Carlin et al., 2016).

The timing of grape harvest is known to be crucial in the wine
making process and a key determinant of wine style. Additionally, se-
quential harvests have been proposed as a tool to diversify wine styles
(Bindon, Varela, Kennedy, Holt, & Herderich, 2013; Deloire, 2013).
Cramer et al. (2014) reported changes in the transcript abundance of
approximately 18,000 genes related to increased total soluble solids
(TSS) content, with the majority of changes observed in the grape skins.
Importantly, transcripts of several genes involved in isoprenoids and
polypropanoids synthesis were significantly altered during grape ma-
turation (Cramer et al., 2014). Other studies (Bindon et al., 2013; Pons,
Lavigne, Eric, Darriet, & Dubourdieu, 2008) have emphasised marker
compounds that are potentially linked to wine aromatic maturity. Pons
et al. (2008) identified the contribution of γ-nonalactone to prune and
jammy aromas in red wines. However, the aforementioned studies have
focused on a few preselected compounds only.

This study aimed to quantitate changes in the wine volatome arising
from sequential harvest dates in four vineyards within the same warm
mesoclimate. Anecdotal observations had led the authors to speculate
that a significant evolution of volatiles occurred during a late ripening
stage of berry that was independent of sugar accumulation. Therefore,
Shiraz wines were made using controlled triplicate fermentations from
grapes harvested at two different berry maturity levels, based upon a
sugar accumulation model. Comprehensive untargeted GC×GC-
TOFMS analyses were conducted on the finished wines to reveal ob-
jective changes in wine volatome.

2. Materials and methods

2.1. Experimental vineyards

The investigation was carried out in four commercial Shiraz (Vitis
vinifera L.) vineyards located in Griffith, Australia. The calculated
Huglin index for the region in 2015 was 3140, inferring the region is
classified as very warm. All vines, irrespective of vineyard, were own
rooted, drip irrigated, mechanically pruned and trellised to open
sprawling canopy. Clone, spacing and other basic vineyard character-
istics are presented in Table 1. Inside each commercial vineyard, a
smaller, 400 vine experimental plot across 8 rows was established.
These sections were characterised by measuring mesoclimatic tem-
perature, soil moisture profile and vine water status (data not shown).
The average yield per vine and average number of bunches per vine
were recorded on six vines at the first harvest date (H1), Table 1.

2.2. Harvest and wine making

Grapes were harvested sequentially on two occasions according to a

well-established berry sugar evolution model (Deloire, 2013). Briefly,
sugar accumulation per berry was monitored from veraison onwards.
The first harvest date (H1) was predicted to be 12 days after the point of
slowdown of sugar accumulation per berry, followed by the second
harvest (H2), a further 12 days afterwards (Deloire, 2013). Harvest
dates are presented in Table 1. At each harvest, 60 kg of grapes per
replicate were randomly collected across the experimental site. Prior to
transportation to the experimental winery grapes were sulfured with
40mg/kg of sulfur dioxide (SO2) in the form of dissolved potassium
metabisulfite. At arrival to the winery, grapes were stored at +4 °C
overnight. All biological replicates were kept separate during the grape
processing. Grapes were destemmed, crushed and transferred to 100 L
stainless steel tanks for fermentation. Acidity was adjusted with tartaric
acid to pH 3.6. Grape must was inoculated with 300mg/L Sacchar-
omyces cerevisiae yeast EC118 (Lalvin) and fermentations were carried
out at 25–26 °C. After the onset of fermentation, the yeast assimilable
nitrogen (YAN) was adjusted to 220mg/L for treatments that had an
initial TSS level below 23.4° Brix using a combination of Fermaid K
(Lallemand) and diammonium phosphate. Ferments that had a TSS in
excess of 23.4° Brix were adjusted to 250mg/L YAN. Malolactic fer-
mentation was carried out by co-inoculation of Enoferm Alpha (Oeno-
coccus oeni) (Lallemand) at a rate of 10mg/L two days after the start of
alcoholic fermentation. Wines were pressed off skins with a small hy-
draulic basket press up to a pressure of 1 bar when the residual sugar
level had dropped below 0.5 g/L. Pressed wines were maintained at
22 °C until the completion of malolactic fermentation. Wines were then
sulfured with 80mg/L of SO2 and pH was adjusted to 3.6. Wines were
cold stabilised for 21 days at +0–2 °C and free SO2 was re-adjusted to
30mg/L prior to bottling in 0.75 L screw cap bottles.

2.3. General analyses of grape maturity, yeast available nitrogen and basic
wine parameters

Juice samples were collected after grape crushing for basic para-
meters of maturity. TSS expressed as °Brix was analyzed with a portable
density meter (Anton Paar DMA 35N, Graz, Austria). Titratable acidity
(TA) and pH were determined by sodium hydroxide titration to the end
point pH 8.2 with an automatic titrator (Metrohm Fully Automated 59
Place Titrando System, Metrohm AG, Herisau, Switzerland). Ethanol
was measured with an Anton Paar Alcolyser DMA 4500 density meter
(Graz, Austria). Ammonia and α-amino acids (NOPA) were determined
by commercially available enzymatic tests designed and developed for
Arena discrete analyser (Thermo Fisher, Scoresby, Australia). YAN was
calculated from ammonia and NOPA.

2.4. SPME-GC×GC-TOFMS

To a 20mL headspace vial 1.5 g of sodium chloride was added,
followed by 2.5 mL of wine spiked with 50 µL of 2-octanol and [2H11]-
ethyl hexanoate at concentrations of 2mg/L and 1mg/L, respectively.
Quality control samples (QC) consisted of equal proportion of each
sample and were placed at the beginning of run (n= 5) and thereafter
every 5th sample. GC×GC-TOFMS analysis of wines were performed
using a GC Agilent 6890 N (Agilent Technologies Santa Clara, CA)
coupled to a LECO Pegasus IV time-of-flight mass spectrometer
(TOFMS) (Leco Corporation, St. Joseph, MI, USA) equipped with
Gerstel MPS autosampler (GERSTEL GmbH & Co. KG), as described
before with some modifications (Beckner Whitener et al., 2016; Carlin
et al., 2016). Briefly, samples were incubated for 5min at 35 °C and
volatiles were extracted with a divinylbenzene/carboxen/poly-
dimethylsiloxane (DVB/CAR/PDMS) coating 50/30 µm, and a 2-cm
length SPME fibre (Supelco, Sigma Aldrich, Milan, Italy) for 20min and
desorbed for 3min at 250 °C in splitless mode. The fibre was recondi-
tioned between each sample for 7min at 270 °C. Helium was used as a
carrier gas at a flow rate of 1.2mL/min. The oven was equipped with
VF-WAXms 30m×0.25mm, 0.25 μm film thickness (Agilent

Table 1
General vineyard parameters, yield per vine and harvest dates for the experi-
mental sites.

Vineyard 1 Vineyard 2 Vineyard 3 Vineyard 4

Plantation 1995 2008 1997 1997
Clone Minato BVRC12 SA1654 SA1654
Spacing (m) 2.5× 3.7 2.5× 3.7 2.5× 3.7 2.5×3.7
Trellis system Sprawling Sprawling Sprawling Sprawling
Average Yield/vine (kg) 10.2 ± 2.2 18.5 ± 1.6 14.0 ± 1.8 17.7 ± 0.9
Plateau of sugar

accumulation date
3.2.2015 5.2.2015 10.2.2015 10.2.2015

Days after plateau for H1 12 12 12 12
Days after plateau for H2 24 24 24 24

H1, Harvest 1, H2 harvest 2.
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Technologies) column in a first dimension (1D) and a Rxi 17 Sil MS
1.5 m×0.15mm, 0.15 μm film thickness (Restex Cooperation, Bell-
fonte, PA) column in the second dimension (2D). Oven temperature was
held for 2min at 40 °C and ramped up at the rate of 6 °C/min to 250 °C,
held for 5min, then returned to the initial conditions. The secondary
oven temperature was held at 5 °C above the temperature of the pri-
mary oven throughout the chromatographic run. The modulator was
offset by +15 °C in relation to the secondary oven and modulation time
was 7 s as described previously (Carlin et al., 2016). The ion source
temperature was set at 230 °C and electron ionisation at 70 eV. Spectra
were collected in a mass range of m/z 35–350 with an acquisition rate
of 200 spectra/s and acquisition delay of 120 s.

2.5. GC×GC-TOFMS data alignment, processing and peak identification

ChromaTOF software version 4.32 was used to perform baseline
correction, chromatogram deconvolution and peak alignment. The
baseline offset was set to 0.8 and signal to noise (S/N) ratio was set at
100. A peak width of 42 s in the 1D was set and 0.1 s in 2D was es-
tablished. Traditional, not adaptive integration was used. The required
match (similarity) to combine peaks was set to 650. A library (NIST 2.0,
Wiley 8 and FFNSC 2) search was conducted for molecular weights
between 40 and 350 limited to report 5 library identifications. The mass
threshold was set at 50 and the minimum similarity required to assign a
compound name was set at 700. Under these conditions we were able to
detect 1276 putative compounds. For identification of compounds with
authentic standards, mix of 122 compounds was injected under iden-
tical GC×GC-TOFMS conditions as described previously (Carlin et al.,
2016). Injected standards, calculated linear temperature retention
index (LRI) and an unique mass is available in Carlin et al. 2016
(Supplementary material Fig. 1, Carlin et al., 2016). For the putative
identification of compounds, a series of alkanes (C10-C30) was injected
and the GC×GC-TOFMS was operated identically to the above de-
scribed conditions. Retention indices were used to calculate the ex-
perimental LRI, which was compared to the literature (NIST 2.0 and
Wiley 8 and FFNSC 2, VCF, Flavour net, ChemSpider). Mass spectra of
the compounds that contributed significantly to the separation of
samples according to the harvest date were compared to the mass
spectra recorded in NIST 2.0 and Wiley 8 and FFNSC 2 mass spectral
library (Chromaleont, Messina, Italy), with a library similarity match of
750. Based on the identification level following assignments were
given; A comparing mass spectra and retention time with those of pure
standard, B retention index match on a similar phase column, C mass
spectral database. A typical two dimensional chromatogram is pre-
sented in Supplementary material Fig. 1.

2.6. Statistical analyses

Reported compounds to contribute significantly to sample separa-
tion in this study according to the harvest date were selected if the q-
values for any of comparisons between any of the wines were below
0.05. Compounds identified as typical column bleed compounds were
removed. In addition, variables/compounds observed to be from the
same chromatographic peak (split peaks) after manual inspection were
summed. The QC samples were used to assess the quality of the data,
according to Want et al. (2010). The relative coefficient of variance
(%CV) was calculated for each feature. The %CV for selected identified
175 compounds did not exceed 50% of variation, previously reported as
the cut off value for compound selection (Beckner Whitener et al.,
2016). All statistical analyses of wine volatiles were conducted in R
v3.2.2 (RStudioTeam, 2012). For each putative compound, a linear
model was fitted with harvest time (categorical), vineyard and inter-
actions as fixed effects. The models were used to perform analyses of
variance (ANOVA). As multiple significance testing of the variables was
undertaken, a correction to the p-value associated with each variable
was made using the Benjamini Hochberg procedure for false discovery,

giving q (FDR corrected p) values (Benjamini, Krieger, & Yekutieli,
2006). A significance level of 5% was applied after this correction for
all considerations. Post-hoc multiple comparison tests were performed
to determine specific effects using the package multcomp v1.4–6
(Hothorn, Bretz, & Westfall, 2008). Unit variance scaling was used for
PCA and heatmap generation. Values outside the range of 3 standard
deviations were reassigned to 3 in the case of for the heatmaps. PCA
was calculated using the pcaMethods package v1.60.0 (Stacklies,
Redestig, Scholz, Walther, & Selbig, 2007) employing the NIPALS al-
gorithm.

The Pearson correlation coefficient and Ward’s minimum variance
method were used for hierarchical clustering in the heatmap dendro-
grams. The ggplots package v3.0.1 (RStudioTeam, 2012) was used to
draw heatmaps.

Basic juice and wine parameters were compared by one-way and
two-way analyses of variance (ANOVA) using Statistica, Version 12
(StatSoft, Tulsa, OK, USA). The means were separated using Stats-
Fisher’s LSD test (different letters account for significant differences at
p≤ 0.05). All quoted uncertainty is the standard deviation of three
replicates of one treatment.

3. Results and discussion

3.1. Grape juice maturity parameters

Grapes were harvested according to the sugar loading model, 12 and
24 days after the slow-down of sugar accumulation into the berry for H1
and H2, respectively. A plateau of sugar accumulation was reached
within a 7 day period across all four vineyards, causing a 7-day harvest
gap for each nominal harvest time (Table 1). The average TSS juice
concentration increase from H1 to H2 was 1.25 °Brix in vineyards 1, 2
and 3 whereas an increase of 2.2 °Brix was measured in Vineyard 4
(Table 2). It has been suggested, that during the late ripening period,
phloem cessation occurs, resulting in reduced water and sugar flow into
the berry (Rogiers, Greer, Hatfield, Orchard, & Keller, 2006). Further
increase in TSS in late ripening stage is therefore primarily related to a
concentration effect, due to the berry transpiration and xylem efflux
(Rogiers et al., 2006). The observed slow-down of active sugar accu-
mulation during the late ripening period supports this hypothesis, even
though the decrease in berry fresh weight with ripening was not sig-
nificant (Table 2). The small difference in grape juice TSS from Vine-
yard 1, did not result in a significant increase in wine ethanol content
between two harvests, Table 2. Later harvest dates resulted in increased
juice YAN and NOPA values at all sites except Vineyard 1. Minor
changes related to grape maturity were noted for ammonia (Table 2).
Contrasting trends in NOPA behaviour related to the grape maturity in
Shiraz and Cabernet Sauvignon juice have been previously observed
(Antalick et al., 2015).

3.2. Wine volatiles

Employing two-dimensional GC coupled to TOFMS in this in-
vestigation has enabled detection of 1276 putative compounds. This
compares favourably with the untargeted GCMS approaches used to
detect 253 peaks in Semillon (Schmidtke, Blackman, Clark, & Grant-
Preece, 2013) or 99 compounds in Pinot Noir (Schueuermann,
Khakimov, Engelsen, Bremer, & Silcock, 2016),

Chromatogram processing and univariate data analysing was used
to determine the compounds that were different between harvest dates,
and this narrowed the selection to 215 compounds. These compounds
were further thoroughly checked for mass spectra similarities using the
libraries (NIST 2.0, Wiley 8 and FFNSC 2), authentic standards and LRI
match. Silicon containing compounds, likely originating form column
bleeding or fibre were also removed from the list and split peaks were
summed together. Finally, 175 compounds were identified to be re-
levant (see “Data processing and statistical analysis”). Criteria for
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considering compounds relevant were previous reports of these com-
pounds in wines, compounds known to derive from fermentation and
known grape metabolites (terpenes, norisoprenoids).

These compounds were also annotated as described in the Materials
and methods section. 33 compounds were identified with the help of
authentic standards, mass spectra and LRI comparison, 93 by mass
spectra and LRI comparison and 37 compounds were tentatively iden-
tified only by comparison of mass spectra to the reference libraries.
Only a few compounds remained unidentified due to a poor mass
spectra match, even though it has been previously shown that the
ChromaTOF software has high ability to correctly deconvolute and
annotate compounds (Carlin et al., 2016).

In order to clarify the overall impact of harvest date on the wine
volatile composition, a PCA and heatmap were generated (Figs. 1, 2).
PCA accounted for 57% of the variability in data set and demonstrated
that wines of different harvests can be clearly separated based on their
volatile chemical composition, irrespective of the vineyard (Fig. 1).
Samples from the different harvest dates (H1 vs H2) were separated
along principal component (PC)1, irrespective of differences in TSS
concentrations. PC2 accounted for 14.9% of the variation, with wines
from vineyard 2 slightly separated from remaining samples at H1 and
H2. This vineyard was also the highest yielding site and the abundance
of some compounds, for example (E)-2-hexen-1-ol, some terpenoids and
other compounds originating from the lipoxygenase (LOX) pathway
were higher in these wines. Further on, slight separation of Vineyard 2
is also evident in Fig. 2, where H2 wines from Vineyard 2 showed fewer
similarities to wines from other vineyards at H2. Clear grouping of
treatments replicates were noticed and evolution of volatiles from H1 to
H2 could be observed (Fig. 2). Irrespective of vineyard, LOX derived
compounds, some terpenes and sulfur containing compounds decreased
from H1 to H2, whereas an increase in some acetate esters at H2 was
noticed (Fig. 2, Supplementary material Fig. 2).

Harvest date, sugar concentration and an interaction of both can
influence wine volatile development in the earlier stages (up to 18
°Brix), of berry ripening, (Boss, Böttcher, & Davies, 2014). In particular,
compounds that contribute negatively to the final wine flavour decrease
with increasing TSS concentration and time, whereas aromas that are
regarded as positive, such as fruity aromas, are more associated with
TSS increase than time (Boss et al., 2014). The present study focused on

the evolution of wine volatiles around physiological ripeness and
commercial harvest dates, after rapid sugar accumulation into the
berry. Despite small or no differences in final wine ethanol content
amongst the wines, a clear differentiation of volatiles was noticed in
wines from both harvest dates (Figs. 1, 2). Results suggest that volatile
chemical evolution in the final wine is strongly related to the time after
sugar plateau and can be predicted from this point onwards. It could be
further hypothesised that evolution of volatiles after the plateau of
sugar accumulation is not linked to grape sugar content at this stage of
berry ripening. A similar conclusion was recently made by Böttcher,
Boss, Harvey, Burbidge, and Davies (2017). This implies that sugar
accumulation per berry may be able to be used as an indirect indicator
of grape physiological maturity and consequently wine volatile evolu-
tion.

Compounds that contribute significantly to sample separation will
be discussed according to their metabolic origin in the following
paragraphs. Metabolites that significantly contribute to the separation
of samples according to the harvest date are listed in Table 3. The
metabolites are organised in a descending order according to the q
value, which indicates the level of significance by which the compound
abundance is affected by the later harvest date.

3.2.1. Lipoxygenase derived compounds
The concentration of LOX derived metabolites decreased in wines

from H1 to H2 (Fig. 2). This was a consistent finding, despite different
branching points in their formation being recognised. The only excep-
tions were the corresponding acetates formed by acetyl alcohol trans-
ferases (ATF) 1 and 2. In particular, a significant decrease of (Z)-6-
nonenol, 2-penten-1-ol,(Z), 4-hepten-1-ol and (Z)-3-hexenol was ob-
served in H2 wines, irrespective of the vineyard (Fig. 2, Supplementary
material Fig. 2). A decreasing trend of C5 and C6 compounds was re-
cently reported in Cabernet Sauvignon grape skins in the late ripening
period (Yang et al., 2015). This reduction coincided with a drastic de-
crease of alcohol dehydrogenase (ADH) activity and lesser decrease in
activity of 13- and 9- hyperoxide lyase (HPL) (Yang et al., 2015). Si-
milarly, Kalua and Boss (2009) hypothesised that activity of ADH and
other enzymes involved in LOX pathway have greater impact on the
variations in abundances of C6 alcohols than the substrate availability.
These suggestions have been further substantiated by the finding in the

Table 2
Juice and wine basic composition.

Harvest Vineyard 1 Vineyard 2 Vineyard 3 Vineyard 4 H V H*V

TSS (°Brix) H1 23.28 ± 0.2a 22.3 ± 0.10a 23.4 ± 0.18a 22.5 ± 0.0a *** *** **
H2 24.12 ± 0.1b 23.6 ± 0.10b 24.7 ± 0.52b 24.7 ± 0.18b

Sugar/berry(mg) H1 260.5 ± 3.7a 321.6 ± 13.5 282.9 ± 13.6 261.4 ± 12.4a NS *** NS
H2 249.3 ± 15.2b 333.3 ± 3.5 305.9 ± 23.8 266.1 ± 11.4

Berry fresh mass (g) H1 1.11 ± 0.02 1.4 ± 0.06 1.27 ± 0.06 1.2 ± 0.04 NS *** NS
H2 1.04 ± 0.07 1.4 ± 0.04 1.20 ± 0.07 1.1 ± 0.06

pH H1 3.98 ± 0.02 3.93 ± 0.03b 3.71 ± 0.02b 3.66 ± 0.01b *** *** ***
H2 4.01 ± 0.03 4.18 ± 0.01a 4.01 ± 0.01a 4.02 ± 0.01a

TA (g/L) H1 3.2 ± 0.01a 4.13 ± 0.11a 3.53 ± 0.11a 3.47 ± 0.06a *** *** ***
H2 2.93 ± 0.06b 3.37 ± 0.06b 2.77 ± 0.01b 2.43 ± 0.06b

YAN (mg N/L) H1 127 ± 1.5 183 ± 4b 84 ± 3b 98 ± 1b *** *** **
H2 130 ± 3.1 192 ± 4a 104 ± 3 a 112 ± 6a

NOPA (mg N/L) H1 105 ± 0.6 142 ± 2.9b 70 ± 2.5b 76 ± 1.0b *** *** ***
H2 109 ± 1.6 161 ± 4.0a 89 ± 2.6a 92 ± 4.6a

Ammonia (mg N/L) H1 25.3 ± 0.6b 49.0 ± 1.0a 18.0 ± 0.0 26.7 ± 0.6a *** *** ***
H2 26.7 ± 0.6a 38.0 ± 0.0b 18.3 ± 0.6 24.0 ± 1.0b

Ethanol (%) H1 13.5 ± 0.11 12.6 ± 0.0b 13.3 ± 0.1b 12.4 ± 0.1b *** *** ***
H2 13.6 ± 0.00 13 ± 0.1a 13.7 ± 0.1a 13.1 ± 0.1a

H1, H2, refer to harvest 1, 2, respectively. TSS refers to total soluble solids, TA refers to titratable acidity, YAN refers to yeast assimilable nitrogen, NOPA refers to
primary amino acids assimilable by yeast.
H refers to Harvest, V refers to Vineyard and H*V refers to interaction harvest*vineyard.
t test was performed on a raw data and means flowed by a different letter are different between 2 harvest dates for individual vineyard at p≤ 0,05 (Fisher’s LSD test).
All quoted uncertainty is the standard deviation of three replicates of one treatment.
Significance of two-way ANOVA for harvest date, vineyard and interaction harvest date× vineyard is indicated with *, where *** indicates p≥ 0.001. ** indicates
p≥ 0.01 and NS indicates no significant differences.
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present study, that there was no significant differences in concentra-
tions of linoleic and linolenic acid in grapes (data not presented), key
substrates for production of green leaf volatiles between harvest dates.

The abundance of (Z)-3-hexenol in wines from all the vineyards
decreased significantly from H1 to H2. This compound had the highest
q value, and contributed the most to the separation of samples ac-
cording to the harvest date. A decrease in abundance of (Z)-3-hexenol
with ripening has been observed in previous studies across different
vintages (Antalick et al., 2015; Kalua & Boss, 2009). Pedneault, Dorais,
and Angers (2013) have also observed a decrease in LOX derived al-
cohols and aldehydes, in particular (Z)-3-hexenol and (E)-2-hexenol,
with grape maturation. However, (Z)-3-hexenol in contrast to (E)-2-
hexenol, seems to be only slightly altered during alcoholic fermentation
(Herraiz, Herraiz, Reglero, Martin-Alvarez, & Cabezudo, 1990).
Therefore (Z)-3-hexenol appears to be a valuable marker of grape ma-
turity in Shiraz wines. While (E)-2-hexenol was also decreased in wines
from the later harvest, the trend was less robust than observed for (Z)-3-
hexenol. This is in accordance with previous work (Antalick et al.,
2015). Despite a direct linear contribution of (E)-2-hexenol, hexanol
and corresponding aldehydes to the formation of hexyl acetate (Dennis
et al., 2012), no particular trend for this compound was observed in
wines from H1 to H2. In contrast, abundances of (E)-2-hexenyl acetate
decreased in all four vineyards between harvests suggesting its direct
relationship with its precursor (E)-2-hexenol. Formation of acetates
from corresponding alcohols is regulated by the activity of ATF1 and
ATF2 and the availability of alcohols is not the limiting factor (Sumby,
Grbin, & Jiranek, 2010). In addition, no correlation between acetates

and corresponding higher alcohols was found in recent meta-study that
reconsidered 104 publications that reported wine volatile data (Ilc,
Werck-Reichhart, & Navrot, 2016). Similarly, in our study, acetates
derived from C6 compounds decreased or showed no particular trend
with delayed harvest.

3.2.2. Esters
Higher alcohol acetates (HAAs) that originate from yeast sugar and

nitrogen metabolism exhibited an increasing trend with grape ripening
(Fig. 2). The relative abundance of 1-butanol-3-methyl acetate (isoamyl
acetate), acetic acid, propyl ester (propyl acetate), acetic acid heptyl
ester (heptyl acetate), acetic acid octyl ester (octyl acetate), acetic acid,
butyl ester (butyl acetate), 3-ethoxypropyl acetate and others increased
from H1 to H2 (Fig. 2, Supplementary material Fig. 2). This is in
agreement with previous work that reported an increase in HAAs
during grape ripening (Bindon et al., 2013; Šuklje et al., 2016). The
higher YAN levels in the H2 grape juices could have also influenced the
acetates concentrations in these wines. Addition of amino acids in juice
have resulted in significant increase in several yeast derived volatiles,
such as esters, higher alcohols and even thiols on some occasions in
particular varietals (Pinu et al., 2014). However, in the present study,
higher alcohols exhibited inconsistent behaviours in relation to the
harvest date. The relative abundance of 1-butanol increased from H1 to
H2, whereas lower abundances of LOX derived alcohols were generally
present in H2 wines, as discussed previously.

As a general trend, abundances of ethyl esters of fatty acids (EEFAs),
branched fatty acids esters (EEBAs) and others decreased in wines from

Fig. 1. Principle component analyses (PCA) after unit variance scaling. Blue colour identifies samples belonging to the first harvest (H1) and the samples from second
harvest (H2) are marked in red. Numbers 1, 2, 3, 4 indicate vineyard 1, 2, 3, 4, respectively. PCA was conducted on 175 putative biomarkers selected after the two-
stage Benjamini and Hochberg step-up false discovery rate at confidence interval of 5%. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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H1 to H2 (Fig. 2, Supplementary material Fig. 2). A similar pattern was
observed for octanoic acid and the corresponding ethyl ester. Fatty acid
concentrations directly influence production of corresponding EEFAs,
whereas enzymatic activity is not a limiting factor (Saerens et al.,
2008). However, the relative abundance of ethyl butyrate increased
from H1 to H2, irrespective of the decreasing trend of corresponding
butyric acid. The increase in ethyl butyrate abundance with Shiraz
grape ripening has been reported previously (Antalick et al., 2015;
Šuklje et al., 2016). An increase in ethyl butyrate concentrations with
grape ripening was also reported in Cabernet sauvignon wines (Bindon
et al., 2013). Production of ethyl butyrate and other EEFAs is regulated
by several enzymes and it is difficult to determine which enzyme
pathway is stimulated during ripening. Saerens et al. (2008) proposed
an alternative manner of ethyl butyrate formation in wine through
chemical synthesis.

The relative abundance of other minor isoamyl-, isobutyl-, methyl-
and cinnamic acids esters, as observed for majority of EEFAs, decreased
from H1 to H2 (Supplementary material Fig. 2). Contrary to a previous
Cabernet Sauvignon study (Bindon et al., 2013), no direct relationship
between the grape juice TSS and wine esters concentrations could be
established in the present work.

3.2.3. Terpenoids
This study detected 28 monoterpenes and identified 2 sesqui-

terpenes that contributed significantly to sample separation between
the two harvest dates. However, lack of consistency in the pattern of
monoterpene behaviour was noted among the vineyards (Fig. 2,
Supplementary material Fig. 2). An increase in grape monoterpene
concentrations during rapid sugar accumulation (up to 20 °Brix) was
reported (Marais, 1983), whereas Martin, Chiang, Lund, and Bohlmann
(2012) found a decrease in monoterpene concentrations in late ri-
pening. The same authors observed a significant decrease in the
abundance of linalool and α-terpineol synthase from 82 to 96 days after
anthesis. This appears to correspond to a study on Cabernet Sauvignon
which reported a decrease in expression of genes involved in terpenoid
metabolism after the berries reached 23 °Brix (Cramer et al., 2014). In
wine, monoterpenes undergo acid catalysed rearrangements. Linalool
and several derivatives such linalyl acetate as well as oxidation pro-
ducts (E)-and (Z)- linalool oxide and linalool oxide pyranosid, were
identified in the wines. Linalool can be easily oxidised in wine condi-
tions and result in formation of compounds with a higher detection
thresholds compared to the 25 μg/L reported for linalool (Marais,
1983). Additionally, in wine conditions linalool can form α-terpineol
and other terpenes such as nerol, limonene and terpinolene via proto-
nation (Marais, 1983). According to hierarchical cluster analyses
(Fig. 2), compounds with similar behaviour are grouped closely to-
gether. In our study, α-terpineol, linaly acetate, 2-bronene and (E)-li-
nalool oxide were grouped jointly with linalool. This suggests linalool is
probably a key substrate for formation of other monoterpenes in wine.
Ilc et al. (2016) identified linalool as a key intermediate involved in the
production through oxidation and acidic catalysis, of more than half the
terpenes analysed in their study. However, in the present study, (Z)-
linalool oxide and linalool oxide pyranoside were grouped apart of li-
nalool (Fig. 2). A partial explanation to this finding could be the for-
mation of furanoid linalool oxides through two pathways utilising 3,7-
dimethyloct-1-ene-3,6,7-triol and linaly 6,7-epoxid, whereas pyranoid
linalool oxides could be formed only via epoxide (Luan, Hampel,
Mosandl, & Wüst, 2004). Other terpenes displayed diverse behaviour
and were positioned dispersedly on the heatmap (Fig. 2). Terpenes are
also reported to be released from aglycones in wines. Additionally, two
sesquiterpenes, α-calacorene and α-neoclovene known to be

synthetised from farnesyl diphosphate ions, contributed significantly to
the separation of the samples with higher levels measured in H1 wines
(Fig. 2, Supplementary material Fig. 1). The method utilised in this
investigation was not able to identify rotundone, a potent sesquiterpene
responsible for peppery aroma in Shiraz wines from cooler climates.

3.2.4. Norisoprenoids
Norisoprenoids are formed via the degradation of C40 carotenoids,

either directly or released via chemical and enzymatic reactions in wine
(Mendes-Pinto, Silva Ferreira, Caris-Veyrat, & Guedes de Pinho, 2005).
With maturity, a trend of decreasing concentration of the majority of
norisoprenoids with C9, C10, C11 and C13 backbones was noticed in
the present study (Fig. 2, Supplementary material Fig. 2). Contradictory
results on the evolution of norisoprenoids with ripening in grapes and
wine have been reported. Marais, Van Wyk, and Rapp (1992) reported
an increase in Riesling wines whilst Versini, Carlin, Dalla Serra,
Nicolini, and Rapp (2001) observed no influence of grape ripeness on 1,
1, 6-Trimethyl-1, 2-dihydronaphthalene (TDN) concentrations in wine.
Final concentrations in wines are also strongly influenced by wine pH
and storage conditions (Mendes-Pinto et al., 2005). For example, the
formation of C9 and C10 norisoprenoids, such as cyclohexanone, 2,2,6-
trimethyl- (TCH) and β-cyclocitral, respectively, were suggested to
occur via thermal degradation from β-carotene via 5,6-epoxy-β-ionone
as key intermediate. A decrease in the relative abundance of TCH and β-
cyclocitral in wines from H1 in comparison to H2 was observed. Sa-
franal, another potent C10 norisoprenoid with a yet unknown con-
tribution to the wine sensory profile (Carlin et al., 2016), was con-
sistently found in lower abundances in wines from H2. Both isomers (E-
and Z-) of β-damascenone were also identified. Traditional one-di-
mensional GC, enables detection of a prevalent (E)-β-damascenone
isomer, whereas utilisation of two dimensional GC enabled the detec-
tion of both. In our experimental wines, (Z)- β-damascenone was found
in lower abundances compared to the trans isomer, however both
compounds exhibited a decreasing trend with increased grape maturity.
(E)-β-damascenone was also reported as one of the key compounds
contributing to the typicity of Shiraz and Sauvignon blanc wines (Mayr
et al., 2014). Similarly, the relative abundance of both theaspirane
isomers, A and B respectively, decreased from H1 to H2. Interestingly,
hydroxydihydroedulan and edulan I abundances also decreased with
grape maturity. These norisoprenoids were previously reported in
Shiraz and Pinot Noir grapes and wines. The formation of hydro-
xydihydroedulan from the degradation of diastereoisomeric diols to
vitispiranes at a ratio of 1:3 has been proposed (Waldmann &
Winterhalter, 1992). As in the case for some monoterpenes, chemical
rearrangement and release from glycosides might also contribute to the
differences observed in the level of some norisoprenoids between H1
and H2.

3.2.5. Sulphur containing compounds
Volatile sulphur compounds (VSCs) have low detection thresholds

in wine and are often associated with negative sensorial descriptors
(Ugliano et al., 2011). In this study, 10 VSCs that contributed to the
sample separation were identified. During grape ripening, all VSCs
decreased with the exception of 2-(methylthio)ethanol, which was
found to be increased significantly in H2 wines (Fig. 2, Supplementary
material Fig. 2). This compound is characterised by French beans and
meaty odours, the latter being a typical descriptor of (over)ripe Shiraz
wines.

Coherent modifications of yeast sulphur metabolism from methio-
nine were also noticed. Methionol, methional and ethyl 3-(methylsul-
fanyl) propanoate were significantly lower in wines from H2. Synthesis

Fig. 2. Heatmap conducted on 175 putative biomarkers selected after the two- stage Benjamini and Hochberg step-up false discovery rate at confidence interval of
5%. Compounds were subjected to unit variance scaling. Broad band of a red colour on the top of the heatmap indicates H1 and a broad band of a blue colour on the
top of a heatmap indicates H2. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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of methional and its derivatives are strongly dependent on juice me-
thionine and YAN concentrations (Moreira et al., 2002). Production of
methional is an exclusively enzymatic reaction, catalysed by amino-
transferase and α-ketoacids decarboxylase (Landaud, Helinck, &
Bonnarme, 2008) and VCS formation is strongly influenced by fer-
mentation media. Low YAN values during fermentation can stimulate
the production of unwanted VSCs such as H2S (Moreira, de Pinho,
Santos, & Vasconcelos, 2011). Therefore, higher YAN values in juices
from H2 may have potentially contributed to the lower VSC content in
the corresponding wines.

4. Conclusion

In this study, GC×GC-TOFMS was utilised to determine the effect
of harvest date on wine volatile compounds. This powerful approach
allowed the detection of a vast array of compounds belonging to the
classes of terpenoids, norisoprenoids, esters, acids, higher alcohols,
sulphur compounds, ketones and others. Amongst the 1276 compounds
detected, 175 significantly contributed to the separation of samples
according to the harvest dates at signal to noise ratio above 100. A
rational modification of volatile compound composition was able to be
distinguished across the four vineyards located in the same mesocli-
mate. This was despite a temporal gap of a week between designated
harvests and differences in various vineyard management strategies.
Dozens of lipoxygenase derived compounds decreased with delayed
harvest and a similar pattern was also observed for wine sulphur
compounds. Abundances of some higher alcohol acetates increased.
This study suggested that the plateau of sugar loading into the berry
could be used as a reliable physiological indicator from which to de-
termine potential harvest dates according to a specific wine aromatic
composition. Further studies using other varieties from different cli-
mates and winemaking protocol would be valuable to further demon-
strate the robustness of such a model.
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