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ABSTRACT 

Liqueur d’expedition (dosage) is a final sugar addition made to sparkling wine which determines 
the sweetness and balance of the finished product. In the present study, the influence of dosage 
sugar composition on Maillard reaction-associated products and precursors in traditional 
method (bottle-fermented) sparkling wines was evaluated over 18-months of storage in 
climate‑controlled cellar conditions (14 °C, 70 % relative humidity). Evaluated dosage sugar-
types included glucose, fructose, cane-derived sucrose, beet-derived sucrose, maltose, and Must 
Concentrate Rectified (MCR) Sucraisin®, which were compared to a zero dosage (no sugar 
added) control. Maillard reaction-associated products were quantified by headspace solid-phase 
microextraction coupled to gas-chromatography-mass spectrometry (HS-SPME-GC/MS), and 
precursors including sugars and amino acids, were measured by enzymatic assay and proton 
(1H) nuclear magnetic resonance (NMR) spectroscopy, respectively. Partial least squares 
discriminant analysis (PLS-DA) was used to effectively discriminate between wines based on 
aging duration but did not adequately separate wines treated with different dosage sugar-types. 
Decreases in alanine and glycine were observed after 18-months of cellar aging, suggesting that 
Maillard reaction product formation may be partially related to their depletion. Benzaldehyde 
and ethyl-3-mercaptopropionate were identified as discriminatory Maillard reaction-associated 
compounds when comparing 0- and 18-month aged wines, with benzaldehyde increasing and 
ethyl-3-mercaptopropionate decreasing over the aging period. This research contributes to an 
increased understanding of Maillard reaction pathways in the unique low-temperature and 
low pH sparkling wine matrix and establishes the relatively greater effect of aging duration 
compared to dosage sugar-type on the formation of Maillard reaction-associated products.  
The combined application of HS-SPME-GC/MS and 1H NMR based metabolomics presents 
new insights into the chemical composition of sparkling wines during aging.

 KEYWORDS:  sparkling wine, cellar aging, HS-SPME-GC/MS, 1H NMR, dosage, Maillard reaction

ORIGINAL RESEARCH ARTICLE

OPEN ACCESS

DOI: https://doi.org/10.20870/oeno-one.2023.57.2.7370

mailto:?subject=
https://oeno-one.eu/
 https://doi.org/10.20870/oeno-one.2023.57.2.7370


OENO One | By the International Viticulture and Enology Society304 | volume 57–2 | 2023

INTRODUCTION 

Sparkling wine is a rapidly growing sector of the global wine 
industry, with over 20 million hectolitres produced each year 
(OIV, 2020). The technology used to produce sparkling wine 
is a critical factor in determining wine style and quality. 
Although several methods exist, traditional method or 
Méthode Champenoise wines have been widely studied for 
their aging potential and complexity (Culbert et al., 2017).

Traditional method sparkling wines undergo a second 
fermentation of the base wine which takes place in the same 
bottle that is later purchased by the consumer (Figure  1).  
The second fermentation is initiated by the addition of liqueur 
de tirage (tirage), a combination of yeast, sugar, nutrients, 
and an adjuvant/riddling aid. Subsequently, the wine is aged 
on the yeast lees (sur lies) at cellar temperature (15 ± 3 °C) 
with the duration ranging from 9  months to several years 
depending on the regulations associated with the wine’s 
region of production. At the end of the aging period, lees are 
riddled and disgorged from the bottle. The displaced volume 
is accounted for by the addition of dosage, which determines 
the sweetness of the finished wine (Kemp et al., 2017). 
Dosage can be a mixture of wine (aged or non-aged), grape 
must, or a blend of wine and grape must, which can include 
the addition of cane or beet sugar (sucrose), liquid sugar 
(dextrose), rectified concentrated grape must, oxidized wine, 
SO2, citric acid, tannin, and occasionally brandy, Icewine, or 
other spirits (Kemp et al., 2015, 2017). The level of residual 
sugar in dosage is categorized as: zero dosage/brut nature 
(0 - 3 g L-1), brut (< 12 g L-1), extra brut (12 - 17 g L-1), sec 
(17 – 32 g L-1), demi sec (32 – 50 g L-1), and doux (50 + g L-1)  
(Di Gianvito et al., 2019; International Organisation of Vine 
and Wine (OIV), 2021; Jackson, 2014). While sparkling 
wines with no sugar added in dosage (zero dosage or brut 
nature) are commonly produced, sugar additions in dosage can 
impart unique chemical and sensory attributes to the finished 
wine (Kemp et al., 2017; McMahon et al., 2017; Wilson et al., 
2022), thereby influencing finished wine quality. 

Kemp et al. (2017) demonstrated that the wine type in 
dosage impacts volatile aroma compounds during aging. 
The authors compared sparkling wines with zero dosage 
to those with dosage prepared in Chardonnay still wines, 
Pinot noir sparkling wines, the same non-vintage sparkling 
wine as the treatment wine, or Brandy, each dosed with 

brut (8  g L-1) levels of cane sugar. The type of wine used 
in dosage had a significant influence (p  <  .05) on the 
composition of assessed volatile aroma compounds (ethyl 
esters: ethyl octanoate, ethyl hexanoate, ethyl butanoate, 
ethyl isobutyrate, ethyl isovalerate, ethyl-2-methylbutyrate; 
and alcohols: 2-phenylethanol, 1-hexanol) in the finished 
sparkling wines after 15-weeks of aging, although the 
treatment with zero dosage was not different from the dosage 
treatment with sugar added to the same sparkling wine. 
McMahon et al. (2017) studied the influence of different 
sugar-types (glucose, fructose, and sucrose) in dosage at brut 
or demi sec residual sugar levels on consumer preference, 
aroma, and taste attributes. Although the wines were not 
aged following dosage addition, fructose and sucrose 
showed higher ratings (p < .05) for caramelized, vanilla, and 
honey aromas compared to glucose. Additionally, findings 
revealed a consumer preference for wines sweetened with 
sucrose (p < .05) compared to glucose or fructose. Further, 
sparkling wines with increasing sucrose levels in dosage 
(from 0 – 31 g L-1) have been associated with improved foam 
formation but reduced stability, possibly due to modifications 
of the wine’s viscosity (Crumpton et al., 2018a). 

It is of note that many studies related to wine chemistry do 
not specify the source of sucrose, whether they are sugar beet 
or sugar cane derived, despite sensory differences reported 
between the two products (Urbanus et al., 2014; Wilson et 
al., 2022). Beet sugar is characterized by off-dairy, oxidized, 
earthy, and barnyard orthonasal aromas, compared to cane 
sugar with dominant fruity retronasal (aroma by mouth) 
qualities (Urbanus et al., 2014). Wilson et al. (2022) compared 
the use of cane and beet sugar in tirage for sparkling wines 
made from Auxerrios (Vitis vinifera) and found that wines 
made with beet sugar had a higher concentration of linear 
fatty-acid derived ethyl esters, leading to fruity, tropical, 
and apple aromas. This was attributed to differences in 
sugar production, and specifically to higher concentrations 
of medium-chain fatty acids created in sugar beets during 
extended storage prior to processing (Wilson et al., 2022). 
Stable carbon isotope analysis of sugars in sparkling wines by 
Martinelli et al. (2003) revealed that beet sugar is commonly 
used in Europe and South America, while cane sugar is 
typically used in Brazil, Australia, and America. 

Charnock et al. (2022a) suggested that dosage sugar may 
be involved in the formation of compounds related to the 

FIGURE 1. Simplified overview of the traditional method sparkling wine production process, with an emphasis on 
dosage, reproduced and adapted from Charnock et al. (2022a) with permission of the copyright owner.
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Maillard reaction during prolonged storage of finished 
sparkling wines. The Maillard reaction is a non-enzymatic 
reaction between the carbonyl group of a reducing sugar 
and the amine group of amino acids, peptides, or proteins 
which has been typically studied in high-heat conditions, 
although it also occurs at low-temperatures over a longer 
period of time (Ames, 1990; Charnock et al., 2022a; Nursten, 
2005). Previous studies on Maillard reaction-associated 
products in model wine conditions have shown that carbonyl 
compounds react with amino acids under low temperature 
and low pH (pH 3.5) conditions similar to sparkling wine 
(Pripis‑Nicolau et al., 2000). Thus, the Maillard reaction 
may be an important contributor to sensory changes during 
sparkling wine production and aging under low pH (pH 3 - 4) 
and low temperature (15 ± 3 °C) conditions. Several Maillard 
reaction-associated compounds have been identified in aged 
sparkling wines, and exhibit roasted, bready, nutty and 
caramel aromas (Cutzach et al., 1999; Jeandet et al., 2015; 
Keim et al., 2002; Le Menn et al., 2017; S. Marchand et al., 
2000; Pripis‑Nicolau et al., 2000; Silva Ferreira et al., 
2003; Tominaga et al., 2003b). However, limited research 
has evaluated the relationship between Maillard reaction-
associated products and sugar or amino acid levels in sparkling 
wines during post-disgorgement aging (Le Menn et al., 
2017). The formation of Maillard reaction-associated 
compounds in sparkling wine may be, at least in part, linked 
to interactions between dosage sugars and amine-containing 
compounds, (Charnock et al., 2022a) liberated from 
autolyzed yeast cells and assimilated into the wine matrix 
prior to disgorgement (Alexandre and Guilloux-Benatier, 
2006; Riera, 2016; Tudela et al., 2012). Alternatively, sugars 
may undergo acid-catalyzed degradation during the aging 
period, in turn producing compounds which may participate 
in the Maillard reaction cascade (Charnock et al., 2022a). 
Thus, it is anticipated that utilizing different sugar-types in 
dosage may alter the composition of the finished wine due to 
differences in sugar structures. 

Various methods for the quantification of heterocyclic 
Maillard reaction-associated compounds have been proposed, 
most recently with an optimized headspace solid‑phase 
microextraction coupled with gas chromatography–mass 
spectrometry (HS-SPME-GC/MS) method developed by 
Burin et al. (2013), however, the authors only evaluated red 
and white still wines. This method has been applied to aged 
base wines for Champagne production (Le Menn et al., 2017) 
and more recently has been adapted for the measurement 
of furan-derivatives in base wines subject to accelerated 
aging (Medeiros et al., 2022). In addition to measuring 
the formation of Maillard reaction-associated products, 
simultaneously monitoring the relative composition of 
reactant compounds (i.e., amino acids, sugars) during 
wine aging is necessary to understand their potential role 
in these reaction pathways. However, previous studies in 
model wine have shown that amino acid levels decrease 
(mg  L-1 range) without a proportional increase in the 
formation of Maillard‑associated aroma compounds (mg L-1 
range) (Grant‑Preece et al., 2013). This is attributed to the 
participation of amino acids in side reactions, leading to a 

suite of alternative compounds than those being measured 
with a targeted approach. Although revealing the direct 
role of reactant compounds is therefore challenging in 
Maillard-associated pathways, relative concentration 
changes in precursor compounds are nevertheless important 
to understand these interactions in complex environments. 
Recently, 1H NMR-based metabolomics have emerged 
as a valuable tool for the characterization of chemical 
components in a complex matrix (Wishart et al., 2022). 
NMR is a rapid, non-destructive, targeted technique that 
can simultaneously identify and quantify different chemical 
families of metabolites in a single sample. It has previously 
been applied to wine for authenticity purposes and regional 
discrimination (Gougeon et al., 2018; Gougeon et al., 2019a; 
Gougeon et al., 2019b; Le Mao et al., 2021; Le Mao et al., 
2023; Son et al., 2009).

To the best of our knowledge, no prior literature has 
investigated the role of dosage sugar-type in the formation 
of Maillard reaction-associated products in sparkling wine. 
Through a time-course analysis, the present study evaluates 
the composition of reaction products and precursors over 
18-months of bottle aging by analytical techniques including 
HS-SPME-GC/MS and 1H NMR. Various dosage treatments 
including fructose, glucose, sucrose (both cane and beet 
derived), maltose, Must Concentrate Rectified (MCR) 
Sucraisin®, and a zero dosage control were evaluated.

MATERIALS AND METHODS 

1. Chemicals and reagents
ᴅ-Glucose monohydrate (> 99.5 %), ᴅ-Fructose (> 99.5 %), 
and maltose monohydrate (>  95.0  %) were reagent grade 
and purchased from BioShop Canada Inc. (Burlington, ON, 
Canada). MCR Sucraisin® rectified grape must concentrate 
was purchased from L’Institut Œnologique de Champagne 
(IOC, Épernay, France). Commercial cane and beet-derived 
sucrose products were processed and supplied by Lantic/
Rogers (Taber, AB, Canada). Potassium metabisulfite 
(KMS) was purchased from Vines to Vintages (Jordan, ON, 
Canada). HPLC-grade water was purchased from Fisher 
Chemical (Fair Lawn, USA), 750  mM phosphate buffer, 
5 mM 3-(Trimethylsilyl)-1-propanesulfonic acid-d6 sodium 
salt (DSS-d6), 5.84  mM 2-chloro pyrimidine-5-carboxylic 
acid, and 99.9  % D2O was purchased from Sigma Aldrich  
(St. Louis, USA). Chemical standards for HS-SPME-GC/
MS were obtained from the following suppliers according 
to Table 1: 1-2, 4-5, 8-15, 17-19, 21-22 from Sigma Aldrich 
(St. Louis, USA); 3, 16, and 20 from Fisher Scientific 
(Mississauga, ON); 6 and 7 from Tokyo Chemical Industry 
(Tokyo, Japan), and internal standards a-c from CDN Isotopes 
(Pointe-Claire, QC, Canada). Milli-Q water was obtained 
from Biocel water purifying system (Millipore, Etobicoke, 
ON, Canada) and filtered through a 0.22 µm filter (Millipore). 
Sodium chloride (NaCl; ≥ 99 %) was purchased from Fisher 
Chemical (Fair Lawn, USA). Absolute anhydrous ethanol 
was purchased from Greenfield Global (Mississauga, ON, 
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Canada). GC-MS grade methanol (≥ 99.8 %) was purchased 
from Millipore Sigma (Burlington, USA). 

2. Experimental design

2.1 Sparkling winemaking
Disgorged sparkling wine was produced and supplied by 
the Niagara College Teaching Winery in Niagara-on-the-
Lake, ON, Canada. The base wine was a 2015 vintage and 
comprised of 59 % Chardonnay and 41 % Pinot noir. Grapes 
were harvested at 18.8 (± 0.5) °Brix. Following primary 
fermentation, the base wine was bottled for secondary 
alcoholic fermentation in November 2016 and aged on 
yeast lees for three years prior to disgorging in November 
2019. For both alcoholic fermentations, the oenological 
Saccharomyces cerevisiae strain EC1118 (Lallemand Inc., 
Montreal, QC, Canada) was used. 

Dosage solutions were prepared in filtered and degassed 
sparkling wine from the same production lot as the bottles 
used for treatments. The dosage composition was modified 
by the introduction of six sugar treatments (ᴅ-glucose (GLU); 
ᴅ-fructose (FRU); sucrose derived from sugar beets (BET) 
and sugar cane (CAN); maltose (MAL); and the commercial 
product MCR Sucraisin® (MCR). The control treatment had 
no sugar added in the dosage solution (CTR) (Figure 2). 
Dosage solutions were prepared to target 6.5 ± 1 g L-1 sugar 
per 750 mL bottle, as per the brut style (< 12 g L-1 residual 
sugar). Sulfur dioxide (SO2) was added to each dosage 
solution (as potassium metabisulfite) to ensure 900  mg L-1 
free SO2 prior to addition. Dosage treatments were added 
to individual wine bottles on a commercial bottling line at 
Millesime Sparkling Wine Processing Inc. (St. Catharines, 
ON). Wines were bottled at 6 atmospheres (atm) with 20 mL 
of dosage solution added to each bottle. A total of 12 bottles 
per treatment were prepared. Samples were bottled with 
cork closures (Diam technical cork, Céret, France) and wire 
cages, and wines were subsequently cellared at the Cool 
Climate Oenology & Viticulture Institute (CCOVI) at Brock 
University (St. Catharines, ON) with environmental controls 
(14 °C and 70 % relative humidity).

2.2 Wine chemical analysis
At intervals of 0, 9, and 18-months post-dosage addition, 
triplicate bottles of each treatment and control wines were 
collected from the cellar and analysed in triplicate for each 
parameter. Standard wine chemical analysis including pH, 
titratable acidity (TA, g L-1 tartaric acid equivalent), alcohol 
(v/v %), free and total SO2 (ppm), degree of browning 
(A420), sugar composition (g L-1) and organic acids (g L-1) 
were performed immediately. Additionally, basic chemical 
analysis was carried out on the un-treated sparkling wine 
used to prepare the dosage solutions [12.3 % (v/v) alcohol, 
pH 3.05, 8.9 g L-1 total acidity, 3.20 g L-1 malic acid, 0.12 g 
L-1 acetic acid, 0.75 g L-1 residual sugar]. 

Prior to analysis, wine samples were degassed at room 
temperature (20 °C) by vacuum filtration through P8 (20 µm) 
filters (Fisher Scientific, Mississauga, ON, Canada) using 
a Sentio® microbiology pump (Pall® Life Sciences, New 
York, NY, USA). pH and TA were measured using a Hanna 
Instruments HI 84502 auto-titrator (Woonsocket, RI, USA) 
calibrated with standard solutions of pH 4.0, 7.2, and 10.0 
and a pump calibration standard to ensure auto titration 
accuracy (HI 84502-55, Hanna Instruments, Woonsocket, 
RI, USA). Ethanol content (v/v  %) was analysed by gas 
chromatography-flame ionization detection (GC-FID) 
according to a modified method by Nurgel et al. (2004), 
with modifications of an Agilent 6890 GC-FID (Agilent, 
Santa Clara, CA, USA) equipped with a DB wax column  
(30 m x 0.25 mm x 0.25 µm), an Agilent 7638B automated 
split/spitless injector (Agilent, Santa Clara, CA, USA) and 
an internal standard of 0.1  % butanol. Free and total SO2 
levels were analysed by the aspiration method outlined by 
Iland et al. (2015). Degree of browning was measured as 
the absorbance at λ420nm (A420) in a 1 cm spectrophotometric 
cell using a Cary 60 UV-Vis spectrophotometer (Agilent, 
Santa Clara, CA, USA) multiplied by 1000 (mAU). Sugar 
and organic acid composition (g L-1) was analysed by 
Megazyme® enzymatic assay kits (K-FRUGL, K-MASUG, 
K-LMAL, K-LACET; Bray, Ireland). 

FIGURE 2. Experimental design for dosage sugar-type treatments in disgorged commercial sparkling wine [CTR, 
control (zero dosage); GLU, glucose; FRU, fructose; CAN cane-derived sucrose; BET, beet-derived sucrose; MAL, 
maltose; MCR, rectified concentrated grape must (1:1 glucose: fructose)]. 
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The analysis of metal ions in the un-aged sparkling wines 
following dosage addition was carried out by inductively 
coupled plasma–mass spectrometry (ICP-MS) and 
inductively coupled plasma–optical emission spectrometry 
(ICP-OES) techniques following U.S. Environmental 
Protection Agency (USEPA) Methods 200.8 and 6010D, 
respectively (USEPA, 1994; USEPA, 2018). This method has 
been previously applied to sparkling wine by Charnock et al. 
(2022b). Sample replicates showed mean relative standard 
deviations of 5.4 ±  7.4  %. Arsenic content was below the 
limit of detection (< 10 mg L-1) for all wine samples except 
for wines treated with cane sugar (sucrose; CAN) in dosage, 
and as such, no statistical evaluation was carried out due to 
the high proportion of < LOD data (Wood et al., 2011). 

Following basic chemical analysis, 45 mL from each wine 
bottle were transferred directly into two 50  mL conical 
tubes (Eppendorf, Mississauga, ON, CA) and sealed with 
screw caps and parafilm wrap. Samples were immediately 
transferred to a -40  °C freezer for storage until 1H NMR 
and HS-SPME/GC-MS analyses (Sections  2.4 and 2.5, 
respectively). 

2.3 Sugar purity analysis by high performance liquid 
chromatography (HPLC)
Sugar purity analysis by high-performance liquid 
chromatography (HPLC) was carried out by Eurofins 
Experchem Laboratories (Toronto, ON) according to 
Association of Official Analytical Chemists (AOAC) (1982). 

2.4 1H NMR spectroscopic analysis of amino acids

2.4.1. Sample preparation
1H NMR sample preparation and analysis was carried out 
at The Metabolomics Innovation Centre (TMIC), Wishart 
Node (University of Alberta, Edmonton, AB). Wine samples 
from the 0-month and 18-month aging intervals were 
assessed. Sparkling wine samples were shipped frozen 
to TMIC and stored at -40  °C until analysis, at which 
time they were thawed on ice for 8  hours prior to sample 
preparation. Thawed samples were sonicated in an ice 
water bath to remove dissolved carbon dioxide and were 
subsequently centrifuged at 11,000  rpm for 20  minutes at 
4  °C (Eppendorf 5810R benchtop centrifuge, Eppendorf, 
Hamburg, Germany). Samples were then filtered to remove 
unwanted macromolecules, primarily proteins, in order to 
ensure spectral clarity (Mercier et al., 2011). Centrifugal 
filter units (Amicon Ultra-0.5  mL 3 kDa MWCO, Merck 
Millipore, Burlington, USA) were rinsed five times prior to 
sample filtration to ensure the removal of residual glycerol 
from filter membranes. During each rinse, approximately 
0.5 mL of HPLC grade water was centrifuged at 10,000 rpm 
for 10 minutes at 4 °C. The exterior tube was subsequently 
replaced, and 450 uL aliquots of wine were transferred to 
each pre-washed filter for to centrifugation at 11,000 rpm for 
20 minutes. 

To 200  uL of wine filtrate, 50  uL of a standard buffer 
solution was added (750 mM phosphate buffer, 5  mM 
3-(Trimethylsilyl)-1-propanesulfonic acid-d6 sodium salt 

(DSS-d6), 5.84  mM 2-chloro pyrimidine-5-carboxylic 
acid and 54  % D2O (pH  7.0)). The pH was maintained at 
7.0 for analysis to accommodate the global fitting routine 
for processing software and metabolite identification with 
a pH-sensitive compound library (Mercier et al., 2011).  
The inclusion of 2-chloro pyrimidine-5-carboxylic acid 
allows for improved spectral phasing due to a down field 
signal which does not interfere with known biological 
metabolites (Trimigno et al., 2018). Deuterated water 
provided a field frequency lock and DSS-d6 was employed 
as a chemical shift reference (1H, δ 0.00  ppm). Solutions 
were vortexed thoroughly and centrifuged at 10,000 rpm 
for 5 minutes at 4 °C to eliminate sample precipitates in the 
sample. The supernatant (250 uL) was then transferred to a 
3 mm NMR tube (Bruker, Milton, ON) for analysis. 

2.4.2. NMR analysis 
1H NMR spectra were acquired at 25  °C with a 700 MHz 
Bruker NMR with a 5 mm cryoprobe and z-axis pulsed 
field gradient (PFG) following a standard one-dimensional 
pre‑saturation NOESY pulse sequence (noseypr1d) to 
supress the water signal. This included a 2 s recycling delay 
with pre-saturation (80 Hz pulse power), proton 90 ° pulse 
width approx. 8 ms, 50 ms mixing time, 4 s acquisition time, 
12 ppm sweep width, and 128 scans. The singlet produced 
by the DSS methyl groups was used as an internal standard 
for chemical shift referencing (set to 0 ppm, concentration 
5.0 mM). All spectra were shimmed so that the DSS linewidth 
was below or equal to 1 Hz. Shimming adjusted DSS signal 
peak to be without shoulders or other artefacts. 1H NMR 
spectra were processed and analysed for quantification by the 
MagMet fully automated analysis software package with a 
custom metabolite library for beer and wine (http://magmet.
ca, Accessed August 11, 2022). MagMet software has been 
previously shown to perform with absolute concentration 
accuracy of 90 % or greater and is freely available through 
web servers (Ravanbakhsh et al., 2015; Wishart et al., 2022). 
Amino acids in the MagMet metabolite library for beer and 
wine analysis included: alanine, arginine, choline, glutamine, 
glycine, histidine, isoleucine, proline, leucine, phenylalanine, 
threonine, tyrosine, uracil, uridine, and valine. Chemical 
shifts and coupling constants for amino acid determination 
are shown in Supplementary Table  S1. Analytes with all 
concentrations below the limit of quantification (< 40 mM) 
were removed from data analysis. 1H NMR analyses were 
run on triplicate bottles with analytical duplicates, and the 
mean relative standard deviation was 8.6 ± 6.3 % for repeated 
measurements on the same bottle.

2.5 Headspace solid-phase microextraction coupled with 
gas chromatography–mass spectrometry (HS-SPME-GC/
MS) analysis of Maillard reaction-associated products
The HS-SPME-GC/MS method for the determination of 
Maillard reaction-associated compounds was adapted from 
Burin et al. (2013). Additional compounds relevant to the 
Maillard reaction in sparkling wine were incorporated into 
the method. Standard compounds numbered 1-3, 8, 12, 
14‑17, and internal standards a-b (according to Table 1) were 
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incorporated into the method while several compounds were 
removed as they failed to meet recovery and/or R2 criteria 
with any internal standard.

2.5.1. Standard preparation
The method for standard preparation followed Kemp (2010). 
Concentrations of standards were prepared according to 
their anticipated concentrations in sparkling wine based on 
existing literature. Individual stock solutions of each analyte 
were prepared to 1000 mg L-1 in methanol. From individual 
stock solutions, a high concentration composite standard 
was prepared to 1  mg L-1 in 10  % v/v ethanol in Milli-Q 
water. This composite standard was subsequently diluted 10-
fold to 100 mg L-1 as a working standard and diluted with 
sterile filtered de-aromatized wine. The de-aromatized wine 
served to maintain a comparable matrix and alcohol content 
across standards and samples, since SPME analysis is highly 
dependent on matrix composition (Rocha et al., 2001).  
De-aromatized wine was obtained by rotary evaporation of 
500 mL of sparkling wine without dosage addition at 60 °C 
(Büchi Rotovapor R-200, Heating Bath B-490, New Castle, 
USA) to a final volume of 100 mL. The concentrated residue 
was dissolved in Milli-Q water and prepared to 500 mL in 
10 % v/v ethanol. Internal standards were prepared separately 
to a 1 mg L-1 composite internal standard solution. 

Six  calibration standards were prepared over a range of 
1–100  mg L-1 for all analytes except for furfural, which 
included a seventh standard at 300  mg L-1. Acceptable 
regression coefficients over the range of analysis were 
determined for all analytes (R2 > 0.9, Table 1). To each 10 mL 
amber glass vial (La-Pha-Pack®, Langerwehe, Germany), 
1.5 g of NaCl, standard composite solution, and a modified 
matrix of de-aromatized wine were added to a total volume 
of 4.9 mL. The de-aromatized wine was modified to match 
the matrix ratio of deionized water and de-aromatized wine 
for all standards, according to the added volume of working 
standard solution. This required 1 part of 10 % v/v ethanol 
in deionized water to 9 parts of 10 % v/v ethanol in sterile 
filtered de-aromatized wine. Finally, 0.1 mL of the 1 mg L-1 
internal standard composite solution was added for a final 
concentration of 20 mg L-1. Vials were immediately sealed 
with a PFTE/silicone screw cap (VWR, Radnor, USA) and 
stored at 4 °C for < 24 hr until analysis. 

2.5.2. Sample preparation
Wine samples from 0-month and 18-month aging intervals 
were assessed. Samples at 9-months could not be analytically 
evaluated due to COVID-19 impacts on equipment access. 
Samples were degassed prior to analysis by vacuum filtration 
as previously described. Samples were prepared in 10  mL 
amber glass vials containing 1.5 g NaCl and contained 4.9 
mL wine and 0.1 mL composite internal standard solution. 
Vials were immediately sealed by screw cap and stored at 
4 °C for < 24 hr until analysis.

2.5.3. GC-MS analysis
Analysis was carried out using an Agilent 7890B GC and 
5977B quadrupole MSD (Santa Clara, CA, USA) equipped 

with a DB-624UI capillary column (30 m x 0.25 mm, 1.4 µm 
film thickness, Agilent Technologies, Santa Clara, CA, USA) 
and PAL RSI 85  autosampler (CTC Analytics, Zwingen, 
Switzerland). The autosampler was outfitted with a Peltier 
stack tray cooler which held samples at 4 °C until analysis 
(model G4565A, CTC Analytics, Zwingen, Switzerland). An 
85 µm Carboxen/ polydimethylsiloxane (CAR/PDMS) coated 
23-guage metal alloy SPME fibre (Supelco®, Bellefonte, 
USA) was utilized for headspace analysis, as outlined by 
Burin et al. (2013). Instrumental parameters followed Burin 
et al. (2013) and required vial agitation 250 rpm for 5 min 
at 40  °C before inserting the fibre into the headspace for 
55 min at 40 °C throughout continued agitation (250 rpm). 
The sample was desorbed from the fiber to the inlet at 250 °C 
for 5 min. The carrier gas was Helium (Ultra-high purity 5.0, 
Linde Canada Inc., Mississauga, ON, Canada) at a flow rate 
of 1.0 mL min-1, and the oven program was as follows: initial 
temperature 40 °C for 4 min, ramped 2 °C min-1 to 160 °C, 
held 1 min, ramped 5 °C min-1 to 230 °C, held 5 min. All 
analysis was carried out in selective-ion monitoring (SIM) 
mode, with ions used for identification and quantification 
shown in Table 1. The ionization mode was electron impact 
(70 eV), and the interface was held at 280 °C. All integration 
data was processed with Agilent OpenLab software (2.4.5.9, 
Agilent Technologies).

2.5.4 Analytical performance
Compound identification was carried out by a comparison 
of retention times and mass spectra to pure compounds by 
the NIST spectral database. Standard concentrations were 
quantified based on the ratio of peak area of compound to 
the corresponding deuterated internal standard. Analyses 
were run on triplicate bottles with analytical duplicates, 
and the mean relative standard deviation was 3.7  ±  0.1  % 
for repeated measurements on the same bottle. The limits 
of detection (LOD) and limits of quantification (LOQ) for 
each compound were determined as the ratio of the standard 
error of the y-intercept over the slope multiplied by 3.3 or 
10, respectively, and are shown in Table 1. Accuracy (percent 
recovery) was measured by spiking control wine in triplicate 
with all compounds at 20 mg L-1. 

3. Statistical analysis
Statistical analysis was carried out using XLSTAT Version 
2021.2.1 (Addinsoft Inc., New York, NY, USA). Standard 
wine chemical data, amino acids, and Maillard reaction-
associated products were analysed by two-way  Analysis 
of Variance (ANOVA) with Tukey’s Honest Significant 
Difference (HSD) tests to evaluate the individual effect of 
dosage sugar-type (treatment), aging duration (time), and 
their interactions. Significance was established at p  <  .05. 
To assess the relative effect size of treatment and time on 
each variable, Eta-squared (h2) values were derived from 
a two-way ANOVA with all interactions included in the 
model. Effect size is considered small with Eta-squared 
values  >  0.01, medium when levels >  0.06, and large for 
values > 0.140 (Lakens, 2013). 
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Multivariate statistical analysis was first carried out by 
principal component analysis (PCA) as an unsupervised 
method to observe patterns within amino acid and Maillard 
reaction-associated product composition (Supplementary 
Figures S1 – S4). Subsequently, a supervised analysis by partial 
least squares discriminant analysis (PLS-DA) was carried out 
using MetaboAnalyst 5.0 web-software to separately assess 
amino acid and Maillard reaction-associated product data. 
Prior to multivariate models, each dataset was mean centred 
and log10-transformed. Log10-transformation reduces relative 
concentration distributions to better fit a normal distribution, 
which was assessed by a visual comparison of histograms 
(data not shown). To validate the explained variation and 
predictive ability (R2 and Q2, respectively) of the models, a 
cross-validation using five components was carried out for 
each analysis. PLS-DA maximizes the separation between 
features and visualizes the distribution of samples in a two-
dimensional space, which is supported by loading plots and 
Variable Importance in Projection (VIP) scores to identify key 
discriminating analytes in the model. VIP scores > 1 indicate 
potentially discriminating compounds (Cocchi et al., 2018). 
PLS-DA revealed significantly predictive models when 
assessing the aging interval for both amino acids (Q2 = 0.59; 
R2  =  0.66) and Maillard reaction-associated products 
(Q2  =  0.98; R2  =  0.98) (Figure  3) (Bevilacqua and Bro, 
2020; Szymańska et al., 2012). However, predictive PLS-
DA models were not generated when comparing the dosage 
sugar treatments in the wines aged for 18-months for amino 
acids (Q2 = -0.14; R2 = 0.17) nor Maillard reaction-associated 
products (Q2 = 0.21; R2 = 0.50) (data not shown). Negative 
values for Q2 show that the model has no predictive relevance 
(Szymańska et al., 2012), and R2  <  0.50 explain less than 
50 % of the variation within the model. 

RESULTS AND DISCUSSION 

1. Wine chemical composition 
The chemical composition of the sparkling wines during 
aging is shown in Table  2. Basic chemical parameters 
including ethanol, pH, TA, malic acid, acetic acid, SO2, and 
the degree of browning were significantly different between 
aging intervals as well as between dosage treatments. The 
interaction between treatment and time was also significant 
for all basic chemical parameters. Ethanol content varied 
between sampling intervals and dosage treatments at the 9- 
and 18-month  periods. The interaction between treatment 
and time showed no trends consistent with sugar treatment 
nor aging duration (data not shown). We therefore speculate 
this variation is the result of individual second alcoholic 
fermentations taking place per bottle following the traditional 
method of sparkling wine production (ethanol range of 
1.5  % v/v across all samples) and is therefore not related 
to treatment nor time effects. Malic and acetic acids had a 
0.22 and 0.03  g L-1 range in concentration, respectively, 
and differences are also attributed to the second alcoholic 
fermentation where variation in yeast growth under stress 
conditions (e.g., CO2  pressure, high alcohol, low pH, 
low temperature) can influence organic acid composition 

(Berbegal et al., 2022). Both free and total SO2 levels 
decreased during the aging period, which we expect is due 
to mild oxidation during storage and is consistent with an 
increase in the degree of browning observed over 18-months 
of cellar aging. Additionally, pH slightly increased by 3.2 % 
during aging which may be related to the simultaneous 
decrease in TA (11.7 % decrease), likely as a result of tartaric 
acid precipitation during aging (Crumpton et al., 2018b).  
No consistent relationships were observed to relate sugar 
type to any basic wine chemical parameter during aging.

As expected, sugar concentrations were different between 
dosage treatments. The control sparkling wine contained 
the lowest concentration of residual sugar, although high 
variability of residual sugar levels in control wines was 
observed (range of 1.10 g L-1). Both dosage treatments with 
sucrose additions (6.5 ± 1 g L-1; cane and beet-derived sugar) 
contained < 1.4 g L-1 sucrose and higher concentrations of 
glucose and fructose at each sampling interval, suggesting 
the separation of glucose and fructose monomers by 
incomplete acidic hydrolysis. The complete acidic hydrolysis 
of sucrose can occur rapidly at low pH (pH 3), similar to that 
of sparkling wine (Jakob et al., 2020; Pinhero Torres et al., 
1994). The glucose and fructose composition of wines treated 
with MCR Sucraisin® in dosage agrees with the anticipated 
sugar composition of concentrated and dehydrated grape 
must, as discussed later in Section 2. 

For dosage treatments containing maltose, sugar cane- 
and sugar beet-derived sucrose, the corresponding sugar 
decreased over time (Supplementary Table S2). For example, 
the concentration of maltose decreased over 18-months of 
aging by approximately 0.7 g L-1. Maltose is an exogenous 
sugar to grapes and has been widely investigated for its role 
in the Maillard reaction due to its abundance in seeds 
and plant materials and therefore various food products 
(Ajandouz and Puigserver, 1999; Kwak and Lim, 2004; 
Omari et al., 2021; Shen et al., 2018). It has not been 
previously reported in the context of winemaking. Sucrose 
levels decreased by approximately 0.3 g L-1 in wines treated 
with cane-derived sugar (sucrose) in dosage, and 0.1 g L-1 
for treatments of beet-derived sugar. Wines treated with 
fructose in dosage showed the opposite effect, whereby 
the concentration of fructose increased between 0-, 9-, and 
18-month intervals with an approximate 2.8  g  L-1 overall 
increase. In these same wines, glucose levels decreased during 
aging by 1.6 g L-1, suggesting the gradual isomerization of 
glucose to fructose which can be facilitated by metal ions 
in solution (Lara-Serrano et al., 2021). Bottle variation in 
residual glucose and fructose concentrations also contributed 
to this variability. For wines with glucose in dosage, glucose 
levels did not differ between the final 18-month interval and 
either the 0- or 9-month concentrations, however differences 
between the 0-and 9-month aging periods were found, with 
the lowest concentration at 9-months. No increase in fructose 
was observed in the glucose dosage wines. The isomerization 
of glucose to fructose is reported to be independent of 
the initial glucose concentration (Carraher et al., 2015), 
indicating that the suggested isomerization may be dependent 
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on fructose levels or other matrix components. Additionally, 
sugar levels during aging are confounded by bottle variation 
in residual glucose levels following second fermentation, as 
previously discussed. As expected, changes in glucose levels 
for wines treated with glucose in dosage are consistent with 
residual sugar levels (sum of glucose and fructose). Minor 
changes may also be due to the transformation of sugars in 
the Maillard reaction or via isomerization during aging. 

The analysis of metal ions content in sparkling wines 
following dosage sugar treatments is shown in Supplementary 
Table S5. Metal ions (e.g., Fe2+, Cu2+, Al2+, Zn2+, Mg2+, Ca2+) 
have been shown to accelerate the Maillard reaction in model 
conditions (Hayase et al., 1996; Kwak and Lim, 2004;  
Omari et al., 2021; Rizzi, 2008), although limited research 
exists pertaining to the metal composition of sparkling wines 
(Charnock et al., 2022b; Focea et al., 2017; Jos et al., 2004a;  
Jos et al., 2004b; Rapa et al., 2023). Further, the impact 
of metals on the formation of Maillard reaction-associated 
products in sparkling wines has not yet been reported.  
The present analysis of metals in sparkling wines serves to 
contribute to our understanding of wine metal composition 
and screen for variation attributable to dosage sugar.  
All metals measured in wines were below the internationally 
regulated maximum allowable limits established by the OIV 
(International Organisation of Vine and Wine (OIV), 2015). 
No differences between dosage treatments were observed 
for metals apart from boron and barium. Boron levels 
were highest among control, glucose, fructose, and MCR 
Sucraisin® wines, with the lowest levels in cane and beet-
derived sucrose treatments. Barium levels were also highest 
in the control wine, with the lowest levels in fructose, MCR 
Sucraisin®, and maltose treatments. Small concentration 
ranges for boron and barium across all dosage treatments of 
0.6  mg L-1 and 3 mg L-1, respectively, indicates that bottle 
variation is the driving factor for differences between wines, 
and thus metal content does not appear to be associated with 
sugar treatment. 

2. Sugar Purity Analysis by HPLC
Each sugar product was evaluated as received by the supplier. 
Table  3 summarizes the composition and purity of sugars 
prior to their use in the preparation of dosage solutions. 
Reagent grade sugars showed lower purity than reported 

by the supplier (> 99.5 % for ᴅ-Glucose monohydrate and 
ᴅ-Fructose; > 95.0  % for maltose monohydrate), although 
ᴅ-Fructose composition was comparable at 99.4  %. 
Commercially available sucrose products derived from either 
sugar cane or sugar beets showed very high purity (99.9 % 
sucrose). Therefore, differences in the chemical composition 
of sparkling wines treated with cane or beet sugar in dosage 
are therefore attributable to 0.1  % of impurities in each 
refined sugar product, or bottle-to-bottle variation. MCR 
Sucraisin® is obtained from concentrating and dehydrating 
grape must and is approximately 1:1 glucose and fructose 
with trace amounts of minor sugars from the grape juice 
(Kliewer, 1967). Our analysis of MCR Sucraisin® shows 
a 1.3 glucose-fructose ratio, accounting for 91.7  % of the 
sugar composition. Glucose predominates in unripe grapes, 
although the ratio gradually decreases during ripening, 
reaching approximately 1 by maturity, after which point 
fructose becomes the primary sugar component in overripe 
grapes (Kliewer, 1967). The high glucose-fructose ratio of 1.3 
in MCR Sucraisin® is therefore consistent with a sparkling 
wine must source, where glucose dominates the composition 
in early grape harvests. 

3. 1H NMR analysis of amino acids 
Seven amino acids and nutrients including alanine, choline, 
glycine, proline, leucine, phenylalanine, and tyrosine were 
identified and quantified by 1H NMR in sparkling wines 
aged for 0- and 18-months post-dosage and are shown in 
Table  4. Arginine, glutamine, isoleucine, threonine, uracil, 
and valine were below the limit of quantification. Aging time 
was a significant contributor to alanine, glycine, leucine, and 
tyrosine levels. Mean concentrations of alanine and glycine 
decreased over the 18-month aging period (by 12.3 and 11.2 %, 
respectively), indicating that they may degrade or participate in 
reactions including the Maillard reaction (Charnock et al., 
2022a; Pripis-Nicolau et al., 2000; Zhang et al., 2018).  
Due to the varied fate of amino acids, decreasing amino acid 
levels do not necessarily equate to a proportional increase 
in Maillard reaction-associated products (Grant-Preece et al., 
2013). A decrease in amino acids during bottle aging of 
red and white table wines has previously been reported  
(Cassino et al., 2019; Zhang et al., 2018). Zhang et al. 
(2018) observed a decrease in all evaluated amino acids 

Evaluated sugar product
Composition (%)

Fructose Glucose Lactose Maltose Sucrose Total Sugar

ᴅ-Glucose monohydrate < 0.1 90.7 < 0.1 < 0.1 < 0.1 90.7

ᴅ-Fructose 99.4 < 0.1 < 0.1 < 0.1 < 0.1 99.4

Sucrose

(cane sugar)
< 0.1 < 0.1 < 0.1 < 0.1 99.9 99.9

Sucrose

(beet sugar)
< 0.1 < 0.1 < 0.1 < 0.1 99.9 99.9

Maltose monohydrate < 0.1 0.5 < 0.1 87.3 < 0.1 87.8

MCR Sucraisin® 40.0 51.8 < 0.1 < 0.1 < 0.1 91.7

TABLE 3. Sugar purity and composition. 
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apart from asparagine over 12-months of bottle aging for 
Cabernet‑Sauvignon. This included a decrease in alanine, 
leucine, proline, and phenylalanine; however, Zhang et al. 
did not include glycine, choline, and tyrosine. Similarly, 
Cassino et al. (2019) identified a slow but progressive decrease 
in the concentration of amino acids over a 24-month period 
for red and white table wines stored at 12 °C. This contradicts 
our findings, where leucine and tyrosine levels increased by 
an average of 12.4 and 4.0 %, respectfully over 18-months 
of bottle aging. Amino acids have been shown to increase 
during sparkling wine aging in contact with yeast lees, but 
not in their absence (Condé et al., 2017; Culbert et al., 2017; 
Martínez-Rodríguez et al., 2002; Prokes et al., 2022).  
The reason for the increase in leucine and tyrosine is unclear, 
but may be linked to trace amounts of residual yeast solids 
remaining in each bottle post-disgorgement, allowing levels to 
rise as cell membranes release amino acids into the wine matrix 
during their breakdown (Alexandre and Guilloux‑Benatier, 
2006). The concentrations of choline and proline were not 

influenced by time, treatment, nor their interactions. Interactive 
effects of aging duration and dosage sugar treatment on amino 
acid and nutrient composition were observed (Supplementary 
Table  S3). Specifically, alanine decreased between 0- and 
18-months of aging for wines treated with MCR Sucraisin®, 
beet-derived sucrose, and fructose by 13.3, 13.3 and 9.8 mg 
L-1, respectively. Despite time and treatment interactions 
for glycine and tyrosine, there was no evidence for 
further systematic trends when comparing the amino acid 
composition of the same dosage treatment during aging. 

Multivariate analysis by PLS-DA revealed a sufficiently 
predictive model (Q2 = 0.59; R2 = 0.66) with results illustrated 
in Figure  3A-C. PLS-DA is an effective discrimination 
technique to maximize and visualize the separation between 
features. Ellipses at the 95  % confidence interval are 
grouped by aging duration of 0 and 18 months (T0 and T18, 
respectively). PC1 (36.6  %) and PC2 (16.6  %) accounted 
for 53.2  % of the total variability in the amino acid data 

Time Txmt Alanine Choline Glycine Proline Leucine Phenylalanine Tyrosine

0 months

CTR 71.32 ± 4.69 abc 6.92 ± 0.25 180.65 ± 17.25 ab 253.38 ± 31.50 16.46 ± 2.77 b 10.24 ± 1.61 a 7.74 ± 0.33 a

GLU 69.37 ± 1.56 ab 6.84 ± 0.16 166.83 ± 12.21 a 270.74 ± 9.60 14.91 ± 0.20 ab 11.88 ± 1.20 ab 7.93 ± 0.14 ab

FRU 67.72 ± 0.89 a 6.75 ± 0.18 256.06 ± 32.08 d 268.85 ± 8.39 15.43 ± 3.46 ab 12.34 ± 0.31 b 7.93 ± 0.17 ab

CAN 75.39 ± 1.27 c 6.96 ± 0.13 263.04 ± 20.99 d 274.62 ± 8.58 15.74 ± 2.99 ab 12.05 ± 0.77 ab 8.22 ± 0.18 b

BET 69.45 ± 2.23 ab 6.92 ± 0.08 225.40 ± 12.87 cd 271.30 ± 9.11 15.47 ± 3.27 ab 12.07 ± 0.52 b 8.01 ± 0.21 ab

MAL 73.05 ± 2.90 bc 6.89 ± 0.14 189.32 ± 20.4 abc 265.86 ± 5.80 15.40 ± 2.57 ab 11.13 ± 0.66 ab 7.77 ± 0.17 a

MCR 71.08 ± 2.55 abc 6.88 ± 0.11 211.92 ± 36.76 bc 273.38 ± 9.06 11.54 ± 2.04 a 12.15 ± 1.32 b 7.94 ± 0.17 ab

B B A A

18 months

CTR 63.22 ± 4.89 ab 7.01 ± 0.28 136.22 ± 34.83 a 268.06 ± 8.32 19.12 ± 2.69 11.53 ± 1.26 8.36 ± 0.25

GLU 68.00 ± 4.16 b 7.11 ± 0.19 175.12 ± 14.34 ab 277.54 ± 8.63 16.24 ± 1.93 11.03 ± 2.04 8.56 ± 0.27

FRU 57.89 ± 5.50 a 6.58 ± 0.57 218.56 ± 20.37 b 244.50 ± 29.73 16.40 ± 3.38 10.88 ± 1.44 7.90 ± 0.61

CAN 68.30 ± 7.96 b 7.15 ± 0.11 211.48 ± 30.89 b 274.33 ± 7.78 14.29 ± 2.79 11.57 ± 1.35 8.42 ± 0.26

BET 56.12 ± 2.71 a 6.68 ± 0.53 214.52 ± 40.34 b 264.42 ± 26.67 16.99 ± 1.74 12.14 ± 0.43 8.32 ± 0.43

MAL 65.00 ± 7.17 ab 6.62 ± 0.86 155.58 ± 10.77 a 256.05 ± 30.53 17.49 ± 4.05 12.40 ± 1.07 8.09 ± 0.93

MCR 57.80 ± 3.49 a 6.51 ± 0.42 214.27 ± 35.57 b 251.11 ± 12.51 17.42 ± 1.61 10.11 ± 1.59 8.10 ± 0.32

A A B B

p-value

Txmt *** n.s. *** n.s. n.s. n.s. ***

Time *** n.s. *** n.s. ** n.s. ***

Tx x Time * n.s. * n.s. n.s. n.s. *

F-statistic

Txmt 7.96 2.15 19.64 1.90 1.88 1.43 2.02

Time 88.62 0.77 17.70 2.47 9.92 1.43 14.43

Tx x Time 2.80 1.46 2.48 2.01 1.98 3.33 1.24

Eta-squared 
(h2)

Txmt 0.214 0.139 0.535 0.119 0.110 0.086 0.117

Time 0.397 0.008 0.080 0.026 0.096 0.014 0.139

Tx x Time 0.075 0.095 0.067 0.126 0.115 0.200 0.071

TABLE 4. Sparkling wine amino acid and nutrient composition (mg L-1) evaluated at 0-and 18 months of cellar aging 
with different dosage sugar treatments [zero sugar control (CTR); ᴅ-glucose (GLU); ᴅ-fructose (FRU); sucrose derived 
from sugar beets (BET) and sugar cane (CAN); maltose (MAL); and MCR Sucraisin® rectified grape must concentrate 
(MCR)].

Mean value ± standard deviation of triplicate bottles analysed in duplicate (n=3) at each time interval. Comparisons of treatment means 
was carried out via two-way ANOVA followed by Tukey’s post-hoc means separation tests. Significance: n.s. = p > .05; * = p < .05; 
** = p < .01; *** = p < .001. Means followed by different lowercase letters in each column (each time interval assessed separately) 
are significantly different; different capital letters in the same column indicate that means for each time interval are significantly different
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(Figure 3A-C). VIP variables > 1 included alanine, glycine, 
and leucine. The relative abundance of alanine and glycine 
decrease by 1.5-1.6-fold over the 18-month aging duration, 
while leucine shows an approximate 1.4-fold increase 
(p < .05). 

4. GC-MS analysis of Maillard reaction-
associated products
Maillard reaction-associated products in the aged sparkling 
wines at 0-months and 18-months post-dosage are shown 
in Table 5. Interaction results are shown in Supplementary 
Table S4. Eight compounds were measured > LOQ at both 
time intervals (benzaldehyde, ethyl-3-mercaptopropionate, 
2-acetylfuran, 5-methylfurfural, furfural, homofuraneol, 
furfuryl ethyl ether, ethyl-2-furoate), and one compound 
was measured > LOQ only in wines aged for 18-months 
(2-methylthiazole). Benzenemethanethiol and 2-acetylthiazole 
were detected in all wines although < LOQ. Similarly, 
2-ethylthiazole was detected but < LOQ in wines aged for 
18-months, and < LOD at 0-months. 2-Methylthiazole was 
also < LOQ in wines at 0-months. Although many Maillard 
reaction-associated products included in this method 
have previously been reported in sparkling wine literature 
(Table  1), they were not detected in our wines. This may 

be due to method sensitivity or to differences in regional, 
varietal, and viticultural practices, which alter the chemical 
composition of grapes used for sparkling wine production 
(Jones et al., 2014), thus modifying precursors available for 
age-related compound formation.

Aging duration was the primary driver for the development of 
Maillard reaction-associated compounds and had a stronger 
effect than dosage sugar type. Increases in concentration 
were observed for most compounds over the 18-month aging 
period, apart from ethyl-3-mercaptopropionate and furfuryl 
ethyl ether, which decreased. No systematic trends were 
observed in the formation of Maillard reaction-associated 
product families when comparing sugar treatments over the 
aging period.

The sensory relevance of odorants can be estimated by 
calculating their odour activity value (OAV), which is the 
ratio of the analyte’s concentration to its sensory detection 
threshold. Generally, an OAV > 1 is considered important in 
influencing odour perception. No reported sensory threshold 
data is available for 2-methylthiazole or ethyl-2-furoate, and 
thus OAV values could not be calculated. Of the remaining 
analytes, ethyl-3-mercaptopropionate and furfuryl ethyl 

FIGURE 3. Partial least squares discriminant analysis (PLS-DA) of amino acids (A-C) and Maillard reaction-associated 
products (D-F) in sparkling wines aged with various dosage sugary-types aged for 0 (T0) and 18 months (T18). Scores 
plot of sparkling wine samples (A,D), loading plots show key differentiating variables (B,E), and Variable Importance 
in Projection (VIP) scores (C,F). VIP > 1 indicates variables with significant (p < .05) fold changes, whereby blue 
denotes a significant fold change decrease and red indicates a significant fold change increase.

Hannah M. Charnock et al.
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ether are the only compounds present in our samples with 
OAV values > 1. 

4.1 Benzaldehyde
Benzaldehyde is formed by the oxidation of benzylic alcohol 
or via Maillard reaction pathways with phenylalanine  
(Pripis-Nicolau et al., 2000), and has been reported to 
increase during Champagne aging in contact with yeast 
lees (Loyaux et al., 1981). It has been measured at levels 
up to 7  mg L-1 in aged Champagne (Delfini et al., 1984). 
Benzaldehyde contributes a desirable bitter almond, sweet, 
and buttery odour to wine (de Souza Nascimento et al., 2018; 
Delfini et al., 1984), and has a sensory detection threshold 
of 3 – 3.5  mg L-1 (Delfini, 1987). Levels in the present 
study were below sensory detection thresholds, indicating 
that further aging is likely required for perceived sensory 
relevance. When comparing benzaldehyde levels in the wines 
prior to aging, differences were observed between treatments 
although they are attributed to bottle variation due to high 
variability between wines of the same sugar treatment.  
No differences were observed between the treatments after 
18-months. 

4.2 Ethyl-3-mercaptopropionate
Ethyl-3-mercaptopropionate has previously been identified 
in aged Champagne wines with concentrations ranging 
from 40 – 12 000  ng L-1 (Tominaga et al., 2003b). 
Tominaga et al. (2003b) reported the concentration of  
ethyl-3-mercaptopropionate to increase after 13-15 years of 
bottle aging, and subsequently decrease. Further, levels are 
also influenced by the aging time on lees prior to disgorging 
(Tominaga et al., 2003b). Our measured concentrations 
decreased during 18-months of bottle aging and ranged 
from 14.12  ±  1.18 to 50.90  ±  2.51  mg L-1 for both time 
intervals – levels surpassing those previously reported. 
Ethyl-3-mercaptopropionate levels decreased during aging 
for all sugar treatments, with an average decrease of 63.5 %. 
Cane-derived sucrose and MCR Sucraisin® treatments 
had the greatest decreases at 69.5 and 67.7 % during aging 
(corresponding to approximately 34.4 and 29.5  mg L-1, 
respectively), while glucose dosage wines had the lowest 
overall decrease at 58.4  % after 18-months (24.0 mg L-1). 
Ethyl-3-mercaptopropionate contributes to the empyreumatic 
aroma of aged Champagne wines (Tominaga et al., 2003b) 
although it has also been identified in Concord grapes, where 
it has fruity and “pleasant” qualities (Kolor, 1983). OAV 
values calculated in our samples ranged from 206 – 255 for 
wines at 0-months, and 71 – 96 in wines after 18-months 
aging. These results indicate that at both time points, ethyl-3-
mercaptopropionate is an important contributor to sparkling 
wine aroma. 

4.3 2-Methylthiazole
2-Methylthiazole is reported to have a green vegetable aroma 
(Kolor, 1983), and to the best of our knowledge, has not been 
previously reported in sparkling wine literature. It was found 
< LOQ in wines at 0-months and increased after 18-months 
to a maximum of 6.13 mg L-1 with no differences measured 

between treatments. To our knowledge, no reported sensory 
detection threshold is available for OAV determination. 

4.4 2-Acetylfuran
2-Acetylfuran has balsamic, burnt, and sweet aroma 
qualities (Burin et al., 2013; Le Menn et al., 2017) with 
a relatively high sensory detection threshold of 80  mg L-1 
(Vanderhaegen et al., 2003). It is reported to increase 
with base wine aging (studied up to 27 years) for several 
Champagne varieties (Chardonnay, Pinot noir, and Meunier), 
with a maximum reported concentration of 14.70  mg L-1  
(Le Menn et al., 2017). Martínez-García et al. (2021) 
observed a similar trend for sparkling wines aged up to 
15 months, with maximum levels reaching as high as 0.77 mg 
L-1. While levels in our wines were much lower, ranging from 
3.12 – 5.15 mg L-1, significant variation due to dosage sugar 
treatment, aging duration, and their interaction was observed. 
2-Acetylfuran concentrations varied between dosage sugar-
types at both 0- and 18-month periods with the highest levels 
in the control, glucose, and cane sugar treatments after 
18-months. 2-Acetylfuran levels unanimously increased 
during aging for all sugar treatments, although there was 
no systematic time by treatment interaction effect for any 
individual sugar type.

2-Acetylfuran is an intermediate Maillard reaction product 
with a complex formation pathway involving glucose 
or glucose and glycine. Glycine decreased during aging, 
suggesting its involvement in Maillard reaction-associated 
pathways, and may be particularly important for 2-acetylfuran 
levels. While mean glucose levels across all wines did 
not decrease over time, they decreased in glucose-dosage 
wines between the 0- and 9-month intervals, supporting its 
involvement in 2-acetylfuran formation. Future research on 
sparkling wines treated with glucose in dosage or potentially 
tirage is necessary to determine if its presence can generate 
2-acetylfuran to levels with sensory relevance. 

4.5 Furfural
Furfural has fruity, caramel, and toasted aroma 
qualities (Torrens et al., 2010), and is a precursor to 
2-furanmethanethiol, a powerful aromatic thiol which 
forms in barrel-fermented white wines during aging 
(Blanchard et al., 2001). The formation of furfural via the 
Maillard reaction is well documented and is preferentially 
generated from reactions involving fructose under low pH 
(pH  <  7) conditions (Nursten, 2005). During Champagne 
production, furfural increases with bottle aging, and has 
been reported to reach maximum levels of 3.8 mg L-1 after 
25  years (Tominaga et al., 2003b). This is in agreement 
with Torrens et al. (2010) identifying furfural increases over 
24 months of Cava aging. In our study, furfural levels were 
highest after 18-months (average of 214.9 mg L-1) but did 
not vary with treatment nor the interaction between time 
and treatment. Despite the presence of additional fructose in 
wines with fructose dosage, no differences in furfural levels 
were observed between treatments after 18-months. It is 
possible that residual fructose levels in the wine following 
second fermentation are sufficient for Maillard activity and 
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furfural is therefore present in all wines, although below the 
sensory threshold of 14 mg L-1 (Ferreira et al., 2000). 

4.6 5-Methylfurfural
5-Methylfurfural is a furan compound of interest in several 
wine aging studies (Bosch-Fusté et al., 2007; Burin et al., 
2013; López de Lerma et al., 2010; Pereira et al., 2014; 
Spillman et al., 1998; Ubeda et al., 2019) and is described 
as sweet, fruity, caramel, nutty, and spicy (Burin et al., 2013; 
Torrens et al., 2010) with a sensory threshold  >  1  mg L-1 
(Spillman et al., 1998). It is formed via Maillard reaction 
pathways similar to that of furfural, whereby it originates 
from fructose reactions under acidic conditions. It is proposed 
that its formation is also related to residual fructose levels in 
the wines since no relationship was identified between the 
fructose dosage treatments and elevated 5-methylfurfural 
concentrations. Instead, 5-methylfurfural levels increased in 
all sparkling wines during aging, with no differences between 
treatment at either aging timepoint. 

4.7 Homofuraneol 
Homofuraneol is derived from Maillard reactions primarily 
with pentose sugars and is a complex furan derivative 
with strawberry, caramel, and sweet aroma qualities 
(Blank and Fay, 1996; Cutzach et al., 1999; Escudero et al., 
2000). Homofuraneol levels were most influenced by 
aging duration (h2  =  0.912), and to a lesser extent, sugar 
treatment (h2  =  0.014). Contrary to our findings, Cutzach 
et al. (1998) found that homofuraneol levels diminished 
during the aging of young sweet red wines. This disparity 
may be attributed to higher residual sugar levels present in 
sweet wines than sparkling wines. Homofuraneol has been 
detected at concentrations with sensory relevance in Pinot 
noir and Chardonnay sparkling wines after 12 and 24 months 
of aging, respectively (Sawyer et al., 2022). Although 
homofuraneol levels in our study were below the sensory 
threshold (10 mg L-1; Kotseridis et al., 2000) in all wines in the 
present study, they approached an OAV of 1 after 18-months 
of aging. Differences between treatments were observed 
at 0-months, but not at 18-months. Since homofuraneol is 
primarily formed through interactions with pentose sugars, 
the sugar-type in dosage is unlikely to influence its formation 
during aging. Further research on the compositional changes 
of pentose sugars, endogenous to the grapes, during the aging 
process, is therefore warranted.

4.8 Furfuryl ethyl ether
Furfuryl ethyl ether has a spicy, nutty, and solvent-like 
aroma (Harayama et al., 1995; Spillman et al., 1998) 
and a low sensory threshold of 2.5 mg L-1 reported in beer 
(Harayama et al., 1995). Over 18-months, the concentration 
of furfuryl ethyl ether decreased by an average of 12  %, 
although all measured concentrations had an OAV > 1. OAV 
values were 3 for all 0-month wines except for the MCR 
Sucraisin® treatment with an OAV of 2. After 18-months, 
OAV values dropped to 2 for all wines aside from the control 
and glucose treatment which remained at 3. Treatment 
by time interaction data indicates that furfuryl ethyl ether 

concentration was unchanged in glucose and maltose dosage 
treatments over the aging period, while all other dosage 
treatments decreased. Cane-derived sucrose treatments had 
the greatest average decrease at 20.1 % (1.3 mg L-1). 

Our measured levels of furfuryl ethyl ether were lower 
than those previously reported in table wine literature  
(25 – 170 mg L-1; Spillman et al., 1998). Furfuryl ethyl ether 
has been shown to increase over 93 weeks of barrel aging for 
white wines (Spillman et al., 1998). However, the oxidative 
environment during barrel aging may account for differences 
in furfuryl ethyl ether formation and degradation when 
compared to sparkling wine bottle aging. In beer, furfuryl 
ethyl ether is formed from furfuryl acetate, a fermentation 
by-product (Harayama et al., 1995), although this compound 
has not yet been identified in wine. The degradation of 
furfuryl ethyl ether, derived during the fermentation process, 
likely explains its decrease in sparkling wines during aging 
(Spillman et al., 1998). 

4.9 Ethyl-2-furoate
Ethyl-2-furoate is a Maillard intermediate compound produced 
by the esterification of ethanol and furoic acid, whereby furoic 
acid is generated via the Maillard reaction in the absence of 
oxygen (Cutzach et al., 1999; Vernin and Parkanyi, 1982).  
It has only recently been studied in sparkling wine  
(Medeiros et al., 2022; Ubeda et al., 2019) and is described 
as having an odour of white flowers (Ubeda et al., 2019). 
Sensory detection thresholds have not yet been reported. 
Medeiros et al. (2022) identified ethyl-2-furoate at 2 – 
3 mg L-1 in sparkling base wines, with significantly higher 
levels observed for wines stored at 15  °C compared to 
30  °C, presumably due to ethyl-2-furoate consumption in 
Maillard activity at higher temperatures. Ethyl-2-furoate 
concentrations increased during aging, supporting the suggested 
formation of ethyl-2-furoate via furfural (Medeiros et al., 
2022). This agrees with our findings, as concentrations 
increased over 18-months of aging. Treatment effects were 
only present at the 0-month timepoint, with the lowest 
levels in glucose dosage wines (27.03 ± 1.98 mg L-1) and the 
highest amounts in wines treated with cane-derived sucrose 
and MCR Sucraisin® (30.85 ± 1.27 and 30.81 ± 2.55 mg L-1, 
respectfully). It is of note that in the present study, we have 
identified concentrations of ethyl-2-furoate substantially 
higher than those previously reported, with our measured 
levels ranging from 24.40 – 35.08 mg L-1. Due to the absence 
of sensory threshold information, its impact on the aroma 
profile of sparkling wine remains to be elucidated. 

4.10 Multivariate analysis of Maillard reaction-
associated product composition during aging
PLS-DA results for Maillard reaction products at the 
two timepoints are shown in Figure 3D-F. PC1 (85.8 %) and 
PC2 (11.0  %) explain 96.8  % of the data variability, with 
benzaldehyde and ethyl-3-mercaptopropionate the most 
important analytes contributing to the discrimination between 
the two aging time points. Ethyl-3-mercaptopropionate 
decreased by 1.2-fold over 18-months of bottle aging, while 
benzaldehyde had a similar degree of increase over the same 
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time interval. 5-Methylfurfural has a VIP score nearing 1.0, 
suggesting that it is also influential to the model. PLS-DA was 
an effective technique for the separation of sparkling wines 
based on their aging duration (across dosage treatment) but 
did not discriminate well between dosage treatments. From 
this study, it is clear that the duration of wine aging has a 
greater effect on the composition of age-related compounds 
than dosage sugar-type. These results also suggest that the 
formation of Maillard reaction products may be partly related 
to the depletion of alanine and glycine precursors. 

CONCLUSION

To our knowledge, this is the first study to evaluate dosage 
sugar-type in the context of Maillard reaction-associated 
products in sparkling wines. Maillard reaction-associated 
products were slowly formed and possibly also degraded 
in sparkling wines during 18-months of bottle aging. Our 
results clearly showed that the chemical composition of 
the wines, including sugar and amino acid precursors, is 
influenced to a greater extent by the aging duration of the 
wines rather than the dosage sugar composition. Amino 
acids alanine and glycine have been identified as key 
contributors to amino acid variability during aging, and both 
decrease during the aging period. Additionally, benzaldehyde 
and ethyl-3-mercaptopropionate were identified as key 
discriminating compounds when comparing wines aged for 
0- and 18-months, with significant increases and decreases, 
respectively. No systematic trends were observed in the 
formation of Maillard reaction-associated product families 
when comparing sugar treatments over 18-months of aging. 
Further information pertaining to the Maillard reaction 
pathways of dosage sugars or sugars endogenous to wine 
is necessary to characterize these interactions in the unique 
low-temperature and low pH sparkling wine conditions. 
Specifically, model wine studies with controlled conditions 
are necessary for understanding reactions between single 
sugars and single amino acids, particularly those involving 
alanine and/or glycine. Since the duration of sparkling wine 
aging is a key limitation for this type of research, accelerated 
aging by the application of mild heating or metal ions may 
hasten the rate of chemical reactions to enable analysis on 
a shorter time scale than typical wine aging. An expanded 
investigation of additional Maillard reaction-associated 
compounds and organoleptic data that is specific to their 
detection thresholds in a sparkling wine matrix will also be 
highly beneficial. Future studies including the application 
of GC-Olfactometry and rapid sensory evaluation methods 
would provide valuable information regarding the identity of 
relevant aroma compounds and sensory differences in aged 
sparkling wines, respectively. 

ACKNOWLEDGEMENTS

The authors gratefully acknowledge that the land where 
we research, live and play is the traditional territory of the 
Haudenosaunee and Anishinaabe peoples. We recognize 
the accountability that we and our research have to 

environmental justice and land stewardship. We would like 
to thank the Research Hotel training program offered by 
The Metabolomics Innovation Centre (TMIC) with 1H NMR 
access and training provided by the Wishart Node (University 
of Alberta). Additionally, we would like to thank the GC-MS 
expertise of Shufen Xu from the Analytical Laboratory of the 
Cool Climate Oenology and Viticulture Institute (CCOVI). 
We would also like to thank Niagara College Teaching 
Winery (Niagara-on-the-Lake, ON, Canada) for the provision 
of disgorged sparkling wine, and Millesime Sparkling Wine 
Processing Inc. (St. Catharines, ON, Canada) for the use of 
their facility during dosage additions. Figures 1 & 2, and the 
graphical abstract were created with BioRender.com. 

FUNDING

This research was supported by the National Sciences 
and Engineering Research Council of Canada (NSERC) 
Discovery Grant to BK (RGPIN-2018-04783). HC gratefully 
acknowledges the NSERC Canadian Graduate Scholarship – 
Doctoral (CGS D).

AUTHOR CONTRIBUTIONS

Conceptualization, BK, HC, and GP; Investigation 
and Analysis, HC; Writing – Original Draft, HC; Data 
Visualization, HC; Review and Editing, BK and GP; 
Supervision, BK and GP; Funding acquisition, BK, HC. The 
authors declare no conflicts of interest in this research. 

REFERENCES
Ajandouz, E. H., & Puigserver, A. (1999). Nonenzymatic browning 
reaction of essential amino acids: Effect of pH on caramelization 
and Maillard reaction kinetics. Journal of Agricultural and Food 
Chemistry, 47(5), 1786–1793. https://doi.org/10.1021/jf980928z

Alexandre, H., & Guilloux-Benatier, M. (2006). Yeast autolysis in 
sparkling wine - A review. Australian Journal of Grape and Wine 
Research, 12(2), 119–127. https://doi.org/10.1111/j.1755-0238.2006.
tb00051.x

Ames, J. M. (1990). Control of the Maillard reaction in food 
systems. Trends in Food Science and Technology, 1, 150–154. 
https://doi.org/10.1016/0924-2244(90)90113-D

Association of Official Analytical Chemists (AOAC) (1983). 
Official Methods of Analysis 982.14.

Berbegal, C., Polo, L., García-Esparza, M. J., Álvarez, I., Zamora, F., 
Ferrer, S., & Pardo, I. (2022). Influence of the dry yeast preparation 
method on final sparkling wine characteristics. Fermentation, 8, 
313. https://doi.org/10.3390/fermentation8070313

Bevilacqua, M., & Bro, R. (2020). Can we trust score plots? 
Metabolites, 10(7), 1–7. https://doi.org/10.3390/metabo10070278

Blanchard, L., Tominaga, T., & Dubourdieu, D. (2001). Formation 
of furfurylthiol exhibiting a strong coffee aroma during oak barrel 
fermentation from furfural released by toasted staves. Journal of 
Agricultural and Food Chemistry, 49(10), 4833–4835. https://doi.
org/10.1021/jf010539w

Blank, I., & Fay, L. B. (1996). Formation of 4-hydroxy-2,5-
dimethyl-3(2H)-furanone and 4-hydroxy-2(or 5)-ethyl-5(or 

Hannah M. Charnock et al.

https://oeno-one.eu/
https://ives-openscience.eu/
https://doi.org/10.1021/jf980928z
https://doi.org/10.1111/j.1755-0238.2006.tb00051.x
https://doi.org/10.1111/j.1755-0238.2006.tb00051.x
https://doi.org/10.1016/0924-2244(90)90113-D
https://doi.org/10.3390/fermentation8070313
https://doi.org/10.3390/metabo10070278 
https://doi.org/10.1021/jf010539w 
https://doi.org/10.1021/jf010539w 


OENO One | By the International Viticulture and Enology Society 2023 | volume 57–2 | 319

2)-methyl-3(2H)-furanone through Maillard reaction based on 
pentose sugars. Journal of Agricultural and Food Chemistry, 44(2), 
531–536. https://doi.org/10.1021/jf950439o

Bosch-Fusté, J., Riu-Aumatell, M., Guadayol, J. M., Caixach, J., 
López-Tamames, E., & Buxaderas, S. (2007). Volatile profiles 
of sparkling wines obtained by three extraction methods and 
gas chromatography-mass spectrometry (GC-MS) analysis. 
Food Chemistry, 105(1), 428–435. https://doi.org/10.1016/j.
foodchem.2006.12.053

Burin, V. M., Marchand, S., De Revel, G., & Bordignon-Luiz, M. 
T. (2013). Development and validation of method for heterocyclic 
compounds in wine: Optimization of HS-SPME conditions applying 
a response surface methodology. Talanta, 117, 87–93. https://doi.
org/10.1016/j.talanta.2013.08.037

Carraher, J. M., Fleitman, C. N., & Tessonnier, J. P. (2015). Kinetic 
and mechanistic study of glucose isomerization using homogeneous 
organic brønsted base catalysts in water. ACS Catalysis, 5(6), 3162–
3173. https://doi.org/10.1021/acscatal.5b00316

Cassino, C., Tsolakis, C., Bonello, F., Gianotti, V., & Osella, 
D. (2019). Wine evolution during bottle aging, studied by 1H 
NMR spectroscopy and multivariate statistical analysis. Food 
Research International, 116(August 2018), 566–577. https://doi.
org/10.1016/j.foodres.2018.08.075

Charnock, H. M., Pickering, G. J., & Kemp, B. S. (2022a). The 
Maillard reaction in traditional method sparkling wine. Frontiers in 
Microbiology, 13, 1–20. https://doi.org/10.3389/fmicb.2022.979866

Charnock, H. M., Cairns, G., Pickering, G. J., & Kemp, B. S. 
(2022b). Production method and wine style influence metal profiles 
in sparkling wines. American Journal of Enology and Viticulture, 
73(3), 170–182. https://doi.org/10.5344/ajev.2022.21051

Cocchi, M., Biancolillo, A., & Marini, F. (2018). Chapter Ten - 
Chemometric Methods for Classification and Feature Selection. 
In J. Jaumot, C. Bedia, & R. B. T.-C. A. C. Tauler (Eds.), Data 
Analysis for Omic Sciences: Methods and Applications (Vol. 82, 
pp. 265–299). Elsevier. https://doi.org/https://doi.org/10.1016/
bs.coac.2018.08.006

Condé, B. C., Bouchard, E., Culbert, J. A., Wilkinson, K. L., 
Fuentes, S., & Howell, K. S. (2017). Soluble protein and amino 
acid content affects the foam quality of sparkling wine. Journal of 
Agricultural and Food Chemistry, 65(41), 9110–9119. https://doi.
org/10.1021/acs.jafc.7b02675

Crumpton, M., Rice, C. J., Atkinson, A., Taylor, G., & Marangon, M. 
(2018a). The effect of sucrose addition at dosage stage on the foam 
attributes of a bottle-fermented English sparkling wine. Journal of 
the Science of Food and Agriculture, 98(3), 1171–1178. https://doi.
org/10.1002/jsfa.8570

Crumpton, M., Atkinson, A., & Marangon, M. (2018b). Effect 
of carboxymethyl cellulose added at the dosage stage on the 
foamability of a bottle-fermented sparkling wine. Beverages, 4(2), 
1–8. https://doi.org/10.3390/beverages4020027

Culbert, J. A., McRae, J. M., Condé, B. C., Schmidtke, L. M., 
Nicholson, E. L., Smith, P. A., Howell, K. S., Boss, P. K., & 
Wilkinson, K. L. (2017). Influence of production method on the 
chemical composition, foaming properties, and quality of Australian 
carbonated and sparkling white wines. Journal of Agricultural and 
Food Chemistry, 65(7), 1378–1386. https://doi.org/10.1021/acs.
jafc.6b05678

Cutzach, I., Chatonnet, P., & Dubourdieu, D. (1998). Étude sur 
l’arôme des vins doux naturels non muscatés 1ère partie: Analyse 
qualitative de l’arôme des banyuls et rivesaltes au cours de leur 
vieillissement. Journal International Des Sciences de La Vigne et 
Du Vin, 32(2), 99–110.

Cutzach, I., Chatonnet, P., & Dubourdieu, D. (1999). Study of the 
formation mechanisms of some volatile compounds during the 
aging of sweet fortified wines. Journal of Agricultural and Food 
Chemistry, 47(7), 2837–2846. https://doi.org/10.1021/jf981224s

de Souza Nascimento, A., de Souza, J., dos Santos Lima, M., & 
Pereira, G. (2018). Volatile profiles of sparkling wines produced 
by the traditional method from a semi-arid region. Beverages, 4(4), 
103. https://doi.org/10.3390/beverages4040103

Delfini, C. (1987). Experimental observations on the origin and 
disappearance of benzylic alcohol and benzoic aldehyde in musts 
and wine. Bulletin of the International Office of Vine and Wine, 
675–676, 463–473.

Delfini, C., Di Stefano, R., & Istituto Sperimentale per l’ Enologia 
Italy. (1984). Benzaldehyde, an aromatic substance responsible 
for the smell of bitter almond in wines. Rivista Di Viticoltura e Di 
Enologia, 11(7–8), 9–10.

Di Gianvito, P., Arfelli, G., Suzzi, G., & Tofalo, R. (2019). New 
trends in sparkling wine production: Yeast rational selection. In 
Alcoholic Beverages: Volume 7: The Science of Beverages. Elsevier 
Inc. https://doi.org/10.1016/B978-0-12-815269-0.00011-8

Escudero, A., Charpentier, M., & Etievant, P. (2000). Characterization 
of aged Champagne wine aroma by GC-O and descriptive profile 
analyses. Sciences Des Aliments, 20(3), 331–346. https://doi.
org/10.3166/sda.20.331-346

Ferreira, V., López, R., & Cacho, J. F. (2000). Quantitative 
determination of the odorants of young red wines from 
different grape varieties. Journal of the Science of Food and 
Agriculture, 80(11), 1659–1667. https://doi.org/10.1002/1097-
0010(20000901)80:11<1659::AID-JSFA693>3.0.CO;2-6

Focea, M. C., Luchian, C. E., Moroşanu, A. M., Niculaua, M., 
Cotea, V. V., Odăgeriu, G., & Zamfir, C. I. (2017). Content of 
metals and organic acids from experimental sparkling white 
wine. BIO Web of Conferences, 9, 02007. https://doi.org/10.1051/
bioconf/20170902007

Gougeon, L., Da Costa, G., Le Mao, I., Ma, W., Teissedre, P. L., 
Guyon, F., & Richard, T. (2018). Wine analysis and authenticity 
using 1H-NMR metabolomics data: Application to Chinese wines. 
Food Analytical Methods, 11, 3425–3434. https://doi.org/10.1007/
s12161-018-1310-2

Gougeon, L., da Costa, G., Guyon, F., & Richard, T. (2019a). 
1H NMR metabolomics applied to Bordeaux red wines. Food 
Chemistry, 301, Article 125257. https://doi.org/10.1016/j.
foodchem.2019.125257

Gougeon, L., da Costa, G., Richard, T., & Guyon, F. (2019b). 
Wine authenticity by quantitative 1H NMR versus multitechnique 
analysis: A case study. Food Analytical Methods, 12, 956–965. 
https://doi.org/10.1007/s12161-018-01425-z

Grant-Preece, P., Fang, H., Schmidtke, L. M., & Clark, A. C. (2013). 
Sensorially important aldehyde production from amino acids in 
model wine systems: Impact of ascorbic acid, erythorbic acid, 
glutathione and sulphur dioxide. Food Chemistry, 141(1), 304–312. 
https://doi.org/10.1016/j.foodchem.2013.02.100

Harayama, K., Hayase, F., & Kato, H. (1995). Contribution to stale 
flavor of 2-furfuryl ethyl ether and its formation mechanism in beer. 
Bioscience, Biotechnology, and Biochemistry, 59(6), 1144–1146. 
https://doi.org/10.1271/bbb.59.1144

Hayase, F., Shibuya, T., Sato, L., & Yamamoto, M. (1996). Effects of 
oxygen and transition metals on the advanced Maillard reaction of 
proteins with glucose. Bioscience, Biotechnology and Biochemistry, 
60(11), 1820–1825. https://doi.org/10.1271/bbb.60.1820

Iland, P., Bruer, N., Edwards, G., Caloghiris, S., & Wilkes, E. (2015). 
Chemical analysis of grapes and wine: Techniques and concepts 

https://oeno-one.eu/
https://ives-openscience.eu/
https://doi.org/10.1021/jf950439o 
https://doi.org/10.1016/j.foodchem.2006.12.053 
https://doi.org/10.1016/j.foodchem.2006.12.053 
https://doi.org/10.1016/j.talanta.2013.08.037 
https://doi.org/10.1016/j.talanta.2013.08.037 
https://doi.org/10.1021/acscatal.5b00316 
https://doi.org/10.1016/j.foodres.2018.08.075 
https://doi.org/10.1016/j.foodres.2018.08.075 
https://doi.org/10.1016/j.foodres.2018.08.075 
https://doi.org/10.1016/j.foodres.2018.08.075 
https://doi.org/10.1016/j.foodres.2018.08.075 
https://doi.org/10.5344/ajev.2022.21051 
https://doi.org/https://doi.org/10.1016/bs.coac.2018.08.006 
https://doi.org/https://doi.org/10.1016/bs.coac.2018.08.006 
https://doi.org/10.1021/acs.jafc.7b02675 
https://doi.org/10.1021/acs.jafc.7b02675 
https://doi.org/10.1021/acs.jafc.7b02675 
https://doi.org/10.1021/acs.jafc.7b02675 
https://doi.org/10.1021/acs.jafc.7b02675 
https://doi.org/10.1021/acs.jafc.7b02675 
https://doi.org/10.1021/acs.jafc.7b02675 
https://doi.org/10.3390/beverages4020027 
https://doi.org/10.1021/acs.jafc.6b05678 
https://doi.org/10.1021/acs.jafc.6b05678 
https://doi.org/10.1021/jf981224s
https://doi.org/10.3390/beverages4040103 
https://doi.org/10.1016/B978-0-12-815269-0.00011-8 
https://doi.org/10.3166/sda.20.331-346 
https://doi.org/10.3166/sda.20.331-346 
https://doi.org/10.1002/1097-0010(20000901)80:11<1659::AID-JSFA693>3.0.CO;2-6 
https://doi.org/10.1002/1097-0010(20000901)80:11<1659::AID-JSFA693>3.0.CO;2-6 
https://doi.org/10.1051/bioconf/20170902007
https://doi.org/10.1051/bioconf/20170902007
https://doi.org/10.1007/s12161-018-1310-2 
https://doi.org/10.1007/s12161-018-1310-2 
https://doi.org/10.1016/j.foodchem.2019.125257 
https://doi.org/10.1016/j.foodchem.2019.125257 
https://doi.org/10.1007/s12161-018-01425-z 
https://doi.org/10.1016/j.foodchem.2013.02.100 
https://doi.org/10.1271/bbb.59.1144 
https://doi.org/10.1271/bbb.60.1820 


OENO One | By the International Viticulture and Enology Society320 | volume 57–2 | 2023

(M. Cargill (ed.); 2nd Editio). Patrick Iland Wine Promotions Pty 
Ltd.

International Organisation of Vine and Wine (OIV) (2015). 
International Code of Oenological Practices: Annex - Maximum 
Acceptable Limits.

International Organisation of Vine and Wine (OIV) (2021). 
International Code of Oenological Practices: Code I.1.4-4.

Jackson, R. S. (2014). Specific and Distinctive Wine Styles. In Wine 
Science. https://doi.org/10.1016/b978-0-12-381468-5.00009-9

Jakob, F., Gebrande, C., Bichler, R. M., & Vogel, R. F. (2020). 
Insights into the pH-dependent, extracellular sucrose utilization 
and concomitant levan formation by Gluconobacter albidus TMW 
2.1191. Antonie van Leeuwenhoek, International Journal of 
General and Molecular Microbiology, 113(7), 863–873. https://doi.
org/10.1007/s10482-020-01397-3

Jeandet, P., Heinzmann, S. S., Roullier-Gall, C., Cilindre, C., 
Aron, A., Deville, M. A., Moritz, F., Karbowiak, T., Demarville, 
D., Brun, C., Moreau, F., Michalke, B., Liger-Belair, G., Witting, 
M., Lucio, M., Steyer, D., Gougeon, R. D., & Schmitt-Kopplin, 
P. (2015). Chemical messages in 170-year-old Champagne bottles 
from the Baltic Sea: Revealing tastes from the past. Proceedings of 
the National Academy of Sciences of the United States of America, 
112(19), 5893–5898. https://doi.org/10.1073/pnas.1500783112

Jones, J. E., Kerslake, F. L., Close, D. C., & Dambergs, R. G. (2014). 
Viticulture for sparkling wine production: A review. American 
Journal of Enology and Viticulture, 65(4), 407–416. https://doi.
org/10.5344/ajev.2014.13099

Jos, A., Moreno, I., González, A. G., López-Artíguez, M., & 
Cameán, A. M. (2004a). Study of the mineral profile of Catalonian 
“brut” Cava using atomic spectrometric methods. European Food 
Research and Technology, 218(5), 448–451. https://doi.org/10.1007/
s00217-004-0875-8

Jos, A., Moreno, I., González, A. G., Repetto, G., & Cameán, A. M. 
(2004b). Differentiation of sparkling wines (Cava and Champagne) 
according to their mineral content. Talanta, 63(2), 377–382. https://
doi.org/10.1016/j.talanta.2003.11.015

Keim, H., De Revel, G., Marchand, S., & Bertrand, A. (2002). 
Method for determining nitrogenous heterocycle compounds in 
wine. Journal of Agricultural and Food Chemistry, 50(21), 5803–
5807. https://doi.org/10.1021/jf025591m

Kemp, B. (2010). The Effect of the Timing of Leaf Removal on Berry 
Ripening , Flavour and Aroma Compounds in Pinot Noir Wine. 
Lincoln University.

Kemp, B., Alexandre, H., Robillard, B., & Marchal, R. (2015). 
Effect of production phase on bottle-fermented sparkling wine 
quality. Journal of Agricultural and Food Chemistry, 63(1), 19–38. 
https://doi.org/10.1021/jf504268u

Kemp, B., Hogan, C., Xu, S., Dowling, L., & Inglis, D. (2017). 
The impact of wine style and sugar addition in liqueur d’expedition 
(dosage) solutions on traditional method sparkling wine composition. 
Beverages, 3(4), 7. https://doi.org/10.3390/beverages3010007

Kliewer, W. M. (1967). The glucose-fructose ratio of Vitis Vinifera 
grapes. American Journal of Enology and Viticulture, 18(1), 33–41. 
http://www.ajevonline.org/cgi/content/abstract/18/1/33

Kolor, M. G. (1983). Identification of an important new flavor 
compound in Concord grape: Ethyl 3-mercaptopropionate. Journal 
of Agricultural and Food Chemistry, 31, 1125–1127.

Kotseridis, Y., Razungles, A., Bertrand, A., & Baumes, R. (2000). 
Differentiation of the aromas of Merlot and Cabernet Sauvignon 
wines using sensory and instrumental analysis. Journal of 

Agricultural and Food Chemistry, 48(11), 5383–5388. https://doi.
org/10.1021/jf000401y

Kwak, E. J., & Lim, S. I. (2004). The effect of sugar, amino acid, 
metal ion, and NaCl on model Maillard reaction under pH control. 
Amino Acids, 27(1), 85–90. https://doi.org/10.1007/s00726-004-
0067-7

Lakens, D. (2013). Calculating and reporting effect sizes to facilitate 
cumulative science: A practical primer for t-tests and ANOVAs. 
Frontiers in Psychology, 4(NOV), 1–12. https://doi.org/10.3389/
fpsyg.2013.00863

Lara-Serrano, M., Morales-DelaRosa, S., Campos-Martin, J. M., 
Abdelkader-Fernández, V. K., Cunha-Silva, L., & Balula, S. S. 
(2021). Isomerization of glucose to fructose catalyzed by metal-
organic frameworks. Sustainable Energy and Fuels, 5(15), 3847–
3857. https://doi.org/10.1039/d1se00771h

Le Mao, I., Da Costa, G., Bautista, C., de Revel, G., & Richard, T. 
(2023). Application of 1H NMR metabolomics to French sparkling 
wines. Food Control, 145(June 2022). https://doi.org/10.1016/j.
foodcont.2022.109423

Le Mao, I., Martin-Pernier, J., Bautista, C., Lacampagne, S., 
Richard, T., & Da Costa, G. (2021). 1H-NMR Metabolomics as a 
tool for winemaking monitoring. Molecules, 26(22), 1–13. https://
doi.org/10.3390/molecules26226771

Le Menn, N., Marchand, S., De Revel, G., Demarville, D., Laborde, 
D., & Marchal, R. (2017). N,S,O-Heterocycles in aged Champagne 
reserve wines and correlation with free amino acid concentrations. 
Journal of Agricultural and Food Chemistry, 65(11), 2345–2356. 
https://doi.org/10.1021/acs.jafc.6b04576

López de Lerma, N., Peinado, J., Moreno, J., & Peinado, R. A. (2010). 
Antioxidant activity, browning and volatile Maillard compounds 
in Pedro Ximénez sweet wines under accelerated oxidative aging. 
LWT - Food Science and Technology, 43(10), 1557–1563. https://
doi.org/10.1016/j.lwt.2010.06.004

Loyaux, D., Roger, S., & Adda, J. (1981). The evolution of 
Champagne volatiles during ageing. Journal of the Science of 
Food and Agriculture, 32(12), 1254–1258. https://doi.org/10.1002/
jsfa.2740321219

Marchand, S., De Revel, G., & Bertrand, A. (2000). Approaches to 
wine aroma: Release of aroma compounds from reactions between 
cysteine and carbonyl compounds in wine. Journal of Agricultural 
and Food Chemistry, 48(10), 4890–4895. https://doi.org/10.1021/
jf000149u

Marchand, S., De Revel, G., Vercauteren, J., & Bertrand, A. 
(2002). Possible mechanism for involvement of cysteine in aroma 
production in wine. Journal of Agricultural and Food Chemistry, 
50(21), 6160–6164. https://doi.org/10.1021/jf025604w

Martinelli, L. A., Moreira, M. Z., Ometto, J. P. H. B., Alcarde, A. R., 
Rizzon, L. A., Stange, E., & Ehleringer, J. R. (2003). Stable carbon 
isotopic composition of the wine and CO2 bubbles of sparkling 
wines: Detecting C4 sugar additions. Journal of Agricultural 
and Food Chemistry, 51(9), 2625–2631. https://doi.org/10.1021/
jf026088c

Martínez-García, R., Mauricio, J. C., García-Martínez, T., Peinado, 
R. A., & Moreno, J. (2021). Towards a better understanding of the 
evolution of odour-active compounds and the aroma perception 
of sparkling wines during ageing. Food Chemistry, 357(January), 
129784. https://doi.org/10.1016/j.foodchem.2021.129784

Martínez-Rodríguez, A. J., Carrascosa, A. V., Martín-Álvarez, P. J., 
Moreno-Arribas, V., & Polo, M. C. (2002). Influence of the yeast 
strain on the changes of the amino acids, peptides and proteins 
during sparkling wine production by the traditional method. Journal 
of Industrial Microbiology and Biotechnology, 29(6), 314–322. 
https://doi.org/10.1038/sj.jim.7000323

Hannah M. Charnock et al.

https://oeno-one.eu/
https://ives-openscience.eu/
https://doi.org/10.1016/b978-0-12-381468-5.00009-9 
https://doi.org/10.1007/s10482-020-01397-3 
https://doi.org/10.1007/s10482-020-01397-3 
https://doi.org/10.1073/pnas.1500783112 
https://doi.org/10.5344/ajev.2014.13099 
https://doi.org/10.5344/ajev.2014.13099 
https://doi.org/10.1007/s00217-004-0875-8 
https://doi.org/10.1007/s00217-004-0875-8 
https://doi.org/10.1016/j.talanta.2003.11.015 
https://doi.org/10.1016/j.talanta.2003.11.015 
https://doi.org/10.1021/jf025591m 
https://doi.org/10.1021/jf504268u 
https://doi.org/10.3390/beverages3010007 
http://www.ajevonline.org/cgi/content/abstract/18/1/33 
https://doi.org/10.1021/jf000401y 
https://doi.org/10.1021/jf000401y 
https://doi.org/10.1007/s00726-004-0067-7 
https://doi.org/10.1007/s00726-004-0067-7 
https://doi.org/10.3389/fpsyg.2013.00863 
https://doi.org/10.3389/fpsyg.2013.00863 
https://doi.org/10.1039/d1se00771h 
https://doi.org/10.1016/j.foodcont.2022.109423 
https://doi.org/10.1016/j.foodcont.2022.109423 
https://doi.org/10.3390/molecules26226771 
https://doi.org/10.3390/molecules26226771 
https://doi.org/10.1016/j.lwt.2010.06.004 
https://doi.org/10.1016/j.lwt.2010.06.004 
https://doi.org/10.1002/jsfa.2740321219 
https://doi.org/10.1002/jsfa.2740321219 
https://doi.org/10.1021/jf000149u 
https://doi.org/10.1021/jf000149u 
https://doi.org/10.1021/jf025604w 
https://doi.org/10.1021/jf026088c 
https://doi.org/10.1021/jf026088c 
https://doi.org/10.1016/j.foodchem.2021.129784 
https://doi.org/10.1038/sj.jim.7000323 


OENO One | By the International Viticulture and Enology Society 2023 | volume 57–2 | 321

McMahon, K. M., Diako, C., Aplin, J., Mattinson, D. S., 
Culver, C., & Ross, C. F. (2017). Trained and consumer panel 
evaluation of sparkling wines sweetened to brut or demi sec 
residual sugar levels with three different sugars. Food Research 
International, 99(January), 173–185. https://doi.org/10.1016/j.
foodres.2017.05.020

Medeiros, J., Xu, S., Pickering, G. J., & Kemp, B. S. (2022). 
Influence of caffeic and caftaric acid, fructose, and storage 
temperature on furan derivatives in base wine. Molecules, 27, 1–16. 
https://doi.org/ 10.3390/molecules27227891

Mercier, P., Lewis, M. J., Chang, D., Baker, D., & Wishart, D. S. 
(2011). Towards automatic metabolomic profiling of high-resolution 
one-dimensional proton NMR spectra. Journal of Biomolecular 
NMR, 49(3–4), 307–323. https://doi.org/10.1007/s10858-011-
9480-x

Mosciano, G. (1992). 17. P&F, 41.

Nurgel, C., Pickering, G. J., & Inglis, D. L. (2004). Sensory and 
chemical characteristics of Canadian ice wines. Journal of the 
Science of Food and Agriculture, 84(13), 1675–1684. https://doi.
org/10.1002/jsfa.1860

Nursten, H. (2005). The Maillard Reaction: Chemistry, Biochemistry 
and Implications. The Royal Society of Chemistry.

OIV (2020). The Global Sparkling Wine Market.

Omari, I. O., Charnock, H. M., Fugina, A. L., Thomson, E. L., & 
McIndoe, J. S. (2021). Magnesium-accelerated Maillard reactions 
drive differences in adjunct and all-malt brewing. Journal of the 
American Society of Brewing Chemists, 79(2), 145–155. https://doi.
org/10.1080/03610470.2020.1795437

Pereira, V., Cacho, J., & Marques, J. C. (2014). Volatile profile 
of Madeira wines submitted to traditional accelerated ageing. 
Food Chemistry, 162, 122–134. https://doi.org/10.1016/j.
foodchem.2014.04.039

Pinhero Torres, A., Oliveria, F. A. R., Silva, C. L. M., & Fortuna, 
S. P. (1994). The influence of pH on the kinetics of acid hydrolysis 
of sucrose. Journal of Food Process Engineering, 17(2), 191–208. 
https://doi.org/10.1111/j.1745-4530.1994.tb00335.x

Pripis-Nicolau, L., De Revel, G., Bertrand, A., & Maujean, A. 
(2000). Formation of flavor components by the reaction of amino 
acid and carbonyl compounds in mild conditions. Journal of 
Agricultural and Food Chemistry, 48(9), 3761–3766. https://doi.
org/10.1021/jf991024w

Prokes, K., Baron, M., Mlcek, J., Jurikova, T., Adamkova, A., 
Ercisli, S., & Sochor, J. (2022). The influence of traditional and 
immobilized yeast on the amino-acid content of sparkling wine. 
Fermentation, 8(1). https://doi.org/10.3390/fermentation8010036

Rapa, M., Ferrante, M., Rodushkin, I., Paulukat, C., & Conti, M. E. 
(2023). Heavy metals , rare earth elements and isotopic fingerprint 
of Venetian Protected Designation of Origin sparkling wines. British 
Food Journal. https://doi.org/10.1108/BFJ-06-2022-0483

Ravanbakhsh, S., Liu, P., Bjorndahl, T. C., Mandal, R., Grant, J. 
R., Wilson, M., Eisner, R., Sinelnikov, I., Hu, X., Luchinat, C., 
Greiner, R., & Wishart, D. S. (2015). Accurate, fully-automated 
NMR spectral profiling for metabolomics. PLoS ONE, 10(5), 1–15. 
https://doi.org/10.1371/journal.pone.0124219

Riera, A. B. (2016). Yeast stress responses to acclimation for 
sparkling wine production. Universitat Rovira i Virgili.

Rizzi, G. P. (2008). Effects of cationic species on visual color 
formation in model Maillard reactions of pentose sugars and amino 
acids. Journal of Agricultural and Food Chemistry, 56(16), 7160–
7164. https://doi.org/10.1021/jf801197n

Rocha, S., Ramalheira, V., Barros, A., Delgadillo, I., & Coimbra, 
M. A. (2001). Headspace solid phase microextraction (SPME) 
analysis of flavor compounds in wines. Effect of the matrix volatile 
composition in the relative response factors in a wine model. 
Journal of Agricultural and Food Chemistry, 49(11), 5142–5151. 
https://doi.org/10.1021/jf010566m

Sawyer, S., Longo, R., Solomon, M., Nicolotti, L., Westmore, H., 
Merry, A., Gnoinski, G., Ylia, A., Dambergs, R., & Kerslake, F. 
(2022). Autolysis and the duration of ageing on lees independently 
influence the aroma composition of traditional method sparkling 
wine. Australian Journal of Grape and Wine Research, 28(1), 146–
159. https://doi.org/10.1111/ajgw.12527

Shen, Y., Chen, G., & Li, Y. (2018). Bread characteristics and 
antioxidant activities of Maillard reaction products of white 
pan bread containing various sugars. LWT - Food Science and 
Technology, 95(April), 308–315. https://doi.org/10.1016/j.
lwt.2018.05.008

Silva Ferreira, A. C., Barbe, J. C., & Bertrand, A. (2003). 3-Hydroxy-
4,5-dimethyl-2(5H)-furanone: A key odorant of the typical aroma 
of oxidative aged port wine. Journal of Agricultural and Food 
Chemistry, 51(15), 4356–4363. https://doi.org/10.1021/jf0342932

Son, H. S., Hwang, G. S., Kim, K. M., Ahn, H. J., Park, W. M., 
Van Den Berg, F., Hong, Y. S., & Lee, C. H. (2009). Metabolomic 
studies on geographical grapes and their wines using 1H NMR 
analysis coupled with multivariate statistics. Journal of Agricultural 
and Food Chemistry, 57(4), 1481–1490. https://doi.org/10.1021/
jf803388w

Spillman, P. J., Pollnitz, A. P., Liacopoulos, D., Pardon, K. H., & 
Sefton, M. A. (1998). Formation and degradation of furfuryl alcohol, 
5-methylfurfuryl alcohol, vanillyl alcohol, and their ethyl ethers in 
barrel-aged wines. Journal of Agricultural and Food Chemistry, 
46(2), 657–663. https://doi.org/10.1021/jf970559r

Szymańska, E., Saccenti, E., Smilde, A. K., & Westerhuis, J. A. 
(2012). Double-check: Validation of diagnostic statistics for PLS-
DA models in metabolomics studies. Metabolomics, 8, 3–16. https://
doi.org/10.1007/s11306-011-0330-3

Tominaga, T., Blanchard, L., Darriet, P., & Dubourdieu, D. (2000). 
A powerful aromatic volatile thiol, 2-furanmethanethiol, exhibiting 
roast coffee aroma in wines made from several Vitis vinifera grape 
varieties. Journal of Agricultural and Food Chemistry, 48(5), 
1799–1802. https://doi.org/10.1021/jf990660r

Tominaga, T., Guimbertau, G., & Dubourdieu, D. (2003a). 
Contribution of benzenemethanethiol to smoky aroma of certain 
Vitis vinifera L. wines. Journal of Agricultural and Food Chemistry, 
51(5), 1373–1376. https://doi.org/10.1021/jf020756c

Tominaga, T., Guimbertau, G., & Dubourdieu, D. (2003b). Role 
of certain volatile thiols in the bouquet of aged Champagne wines. 
Journal of Agricultural and Food Chemistry, 51(4), 1016–1020. 
https://doi.org/10.1021/jf020755k

Torrens, J., Rlu-Aumatell, M., Vichi, S., López-Tamames, E., & 
Buxaderas, S. (2010). Assessment of volatlle and sensory profiles 
between base and sparkling wines. Journal of Agricultural and Food 
Chemistry, 58(4), 2455–2461. https://doi.org/10.1021/jf9035518

Trimigno, A., Münger, L., Picone, G., Freiburghaus, C., Pimentel, 
G., Vionnet, N., Pralong, F., Capozzi, F., Badertscher, R., & 
Vergères, G. (2018). GC-MS based metabolomics and NMR 
spectroscopy investigation of food intake biomarkers for milk and 
cheese in serum of healthy humans. Metabolites, 8(2). https://doi.
org/10.3390/metabo8020026

Tudela, R., Gallardo-Chacón, J. J., Rius, N., López-Tamames, E., 
& Buxaderas, S. (2012). Ultrastructural changes of sparkling wine 
lees during long-term aging in real enological conditions. FEMS 

https://oeno-one.eu/
https://ives-openscience.eu/
https://doi.org/10.1016/j.foodres.2017.05.020 
https://doi.org/10.1016/j.foodres.2017.05.020 
https://doi.org/ 10.3390/molecules27227891 
https://doi.org/10.1007/s10858-011-9480-x 
https://doi.org/10.1007/s10858-011-9480-x 
https://doi.org/10.1002/jsfa.1860 
https://doi.org/10.1002/jsfa.1860 
https://doi.org/10.1080/03610470.2020.1795437 
https://doi.org/10.1080/03610470.2020.1795437 
https://doi.org/10.1016/j.foodchem.2014.04.039 
https://doi.org/10.1016/j.foodchem.2014.04.039 
https://doi.org/10.1111/j.1745-4530.1994.tb00335.x 
https://doi.org/10.1021/jf991024w 
https://doi.org/10.1021/jf991024w 
https://doi.org/10.3390/fermentation8010036 
https://doi.org/10.1108/BFJ-06-2022-0483 
https://doi.org/10.1371/journal.pone.0124219 
https://doi.org/10.1021/jf801197n 
https://doi.org/10.1021/jf010566m 
https://doi.org/10.1111/ajgw.12527 
https://doi.org/10.1016/j.lwt.2018.05.008 
https://doi.org/10.1016/j.lwt.2018.05.008 
https://doi.org/10.1021/jf0342932 
https://doi.org/10.1021/jf803388w 
https://doi.org/10.1021/jf803388w 
https://doi.org/10.1021/jf970559r 
https://doi.org/10.1007/s11306-011-0330-3 
https://doi.org/10.1007/s11306-011-0330-3 
https://doi.org/10.1021/jf990660r 
https://doi.org/10.1021/jf020756c 
https://doi.org/10.1021/jf020755k 
https://doi.org/10.1021/jf9035518 
https://doi.org/10.3390/metabo8020026 
https://doi.org/10.3390/metabo8020026 


OENO One | By the International Viticulture and Enology Society322 | volume 57–2 | 2023

Yeast Research, 12(4), 466–476. https://doi.org/10.1111/j.1567-
1364.2012.00800.x

Ubeda, C., Kania-Zelada, I., del Barrio-Galán, R., Medel-Marabolí, 
M., Gil, M., & Peña-Neira, Á. (2019). Study of the changes in 
volatile compounds, aroma and sensory attributes during the 
production process of sparkling wine by traditional method. Food 
Research International, 119, 554–563. https://doi.org/10.1016/j.
foodres.2018.10.032

Urbanus, B. L., Cox, G. O., Eklund, E. J., Ickes, C. M., Schmidt, 
S. J., & Lee, S. Y. (2014). Sensory differences between beet and 
cane sugar sources. Journal of Food Science, 79(9), S1763–S1768. 
https://doi.org/10.1111/1750-3841.12558

USEPA (1994). Method 200.8 Determination of Trace Elements 
in Waters and Wastes By Inductively Coupled Plasma-Mass 
Spectrometry.

USEPA (2018). Method 6010D (SW-846): Inductively Coupled 
Plasma-Optical Emission Spectrometry.

Vanderhaegen, B., Neven, H., Coghe, S., Verstrepen, K. J., 
Verachtert, H., & Derdelinckx, G. (2003). Evolution of chemical 
and sensory properties during aging of top-fermented beer. Journal 
of Agricultural and Food Chemistry, 51(23), 6782–6790. https://
doi.org/10.1021/jf034631z

Vernin, G., & Parkanyi, C. (1982). Mechanisms of formation of 
heterocyclic compounds in Maillard and pyrolysis reactions. In 
G. Vernin (Ed.), Chemistry of Heterocyclic Aroma Compounds in 
Flavours and Aromas (pp. 151–207). Ellis Horwood Ltd.

Wilson, A., Charnock, H., Xu, S., & Kemp, B. (2022). Influence of 
cane and beet sugar for second fermentation on “fruity” aromas in 
Auxerrois sparkling wines. Oeno One, 56(2), 125–134. https://doi.
org/10.20870/oeno-one.2022.56.2.4864

Wishart, D. S., Cheng, L. L., Copié, V., Edison, A. S., Eghbalnia, 
H. R., Hoch, J. C., Gouveia, G. J., Pathmasiri, W., Powers, R., 
Schock, T. B., Sumner, L. W., & Uchimiya, M. (2022). NMR and 
metabolomics — A roadmap for the future. Metabolites, 12, 678.

Wood, M. D., Beresford, N. A., & Copplestone, D. (2011). Limit of 
detection values in data analysis: Do they matter? Radioprotection, 
46(6), 85–90. https://doi.org/10.1051/radiopro/20116728s

Zhang, X. K., Lan, Y. Bin, Zhu, B. Q., Xiang, X. F., Duan, C. 
Q., & Shi, Y. (2018). Changes in monosaccharides, organic acids 
and amino acids during Cabernet Sauvignon wine ageing based 
on a simultaneous analysis using gas chromatography–mass 
spectrometry. Journal of the Science of Food and Agriculture, 
98(1), 104–112. https://doi.org/10.1002/jsfa.8444.

Hannah M. Charnock et al.

https://oeno-one.eu/
https://ives-openscience.eu/
https://doi.org/10.1111/j.1567-1364.2012.00800.x 
https://doi.org/10.1111/j.1567-1364.2012.00800.x 
https://doi.org/10.1016/j.foodres.2018.10.032 
https://doi.org/10.1016/j.foodres.2018.10.032 
https://doi.org/10.1111/1750-3841.12558 
https://doi.org/10.1021/jf034631z 
https://doi.org/10.1021/jf034631z 
https://doi.org/10.20870/oeno-one.2022.56.2.4864 
https://doi.org/10.20870/oeno-one.2022.56.2.4864 
https://doi.org/10.1051/radiopro/20116728s 
https://doi.org/10.1002/jsfa.8444

