VINE AND WINE
OPEN ACCESS JOURNAL

OE N International
/By VES Vltlculture & Enology

[nVino

(2

*correspondence:
m.piergiovanni@unitn.it

Associate editor:
Stamatina Kallithraka

=S
Received:
28 January 2023

Accepted:
20 March 2023

Published:
5 May 2023

This article is published under
the Creative Commons
licence (CC BY 4.0).

Use of all or part of the content
of this article must mention

the authors, the year of
publication, the title,

the name of the journal,

the volume, the pages

and the DOI in compliance with
the information given above.

nte Neustadt2022

DOI: https://doi.org/10.20870/0eno-one.2023.57.2.7361

29)

Society

ORIGINAL RESEARCH ARTICLE

Free methyl salicylate and its
glycosides mapping in monovarietal
Italian white wines

Maurizio Piergiovanni'2, Domenico Masuero?®, Silvia Carlin?, Giovanni Luzzini¢,
Nicole Furlan®, Davide Slaghenaufi4, Maurizio Ugliano?, Luca Rolle?,

Susana Rio Segade®, Paola Piombino®, Elisabetta Pittari¢, Andrea Versari’,
Giuseppina Paola Parpinello’, Matteo Marangon?, Christine Mayr Marangon® and
Fulvio Mattivi'3

! Center Agriculture Food Environment (C3A), University of Trento, 38098, San Michele all’ Adige (TN lialy
2 Department of Chemisiry, life Sciences and Environmental Sustainability (SCVSA), 43124, Parma (PR), lialy
% Research and Innovation Cenfre, Fondozione Edmund Mach, 38098, San Michele all’Adige (TN lialy

“ Department of Biotechnology, University of Verona, 37039, San Piefro in Cariano (VR) lialy

> Depariment of Agricultural, Forest and Food Sciences, University of Torino, 10095 Grugliasco (TO), lialy

¢ Department of Agriculiural Sciences, Division of Vine and Wine Sciences, University of Napoli Federico |l,
83100 Avellino (AV), ltaly

7 Department of Agriculiural and Food Sciences, University of Bologna, 47521 Cesena (FC), lialy

8 Department of Agronomy, Food, Natural Resources, Animals and Environment (DAFNAE), University of
Padova, 35020 legnaro (PD), ltaly

» This article is published in cooperation with IVAS 2022 (In Vino Analytica Scientia
conference), 3-7 July 2022, Neustadt, Germany.

ABSTRACT

Aroma is an identifying characteristic of wines and is of crucial importance for the consumer
appreciation. Among all odour-active compounds, some key molecules appear only after ageing
and give a strong contribution to both identity and added value of the wine bottle. Methyl
salicylate (MeSA) is an odorant which usually appears after ageing and could provide an increase
in fruity aromas and freshness. This odour-active ester can be found mainly bound to one or
more carbohydrates, forming a glycoside. In wines, the hydrolysis of glycosides contributes
to the aroma evolution of wine. In our previous works, MeSA was found in relevant content,
both in bound and free form, in some genetically related Italian varieties such as Trebbiano
di Lugana, Trebbiano di Soave (both employed in the production of Lugana wines), and
Verdicchio. In this research, a straightforward filter-and-shot LC-MS/MS method was used
for the determination of 7 different MeSA glycosides in 246 samples representative of 18 different
monovarietal Italian white wines. MeSA glycosides were found in relevant concentrations in
Verdicchio and Lugana wines, whereas they were determined for the first time in all others.
Results were in accordance with the literature since Lugana and Verdicchio emerged for the
total amount of glycosides, together with Erbaluce, whose richness was not known to date.
This trend was observed for all analytes, with stronger intensity, especially in MeSA—glucoside,
MeSA—gentiobioside and MeSA—violutoside. The triglycosylated form was not detected in
any case. The same trend was also observed for the free form, whose value was not above
the olfactory threshold for any sample. MeSA in all its forms also showed a qualitative trend,
with MeSA - glucoside and MeSA—primeveroside emphasised in richer cultivars with also
a characteristic pattern. The knowledge of the concentration of MeSA glycosides could be
considered a potential predictor of the potential evolution of white wines towards balsamic-like
nuances.
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INTRODUCTION

Among the distinctive characteristics that distinguish a
wine, aroma is one of the most important. Some grape
cultivars are known to give wines with a highly recognisable
aroma profile, whereas some others display their character
as a consequence of winemaking style and evolution
during cellaring and bottle ageing (Flamini et al., 2010;
Piergiovanni ef al., 2022). From a commercial point of view,
distinctive sensory characteristics, including varietal aroma
characters, are among the key aspects increasing the added
value in wines with consequent positive effects in terms
of price placement and quality perception. In wine, aroma
compounds are present both as bound and free. The free
form, which represents a minor fraction, contributes to the
aromatic bouquet, whereas the conjugated forms act as a
reservoir of odours which are released over time (Ugliano,
2013). These hidden smells constitute a potential whose
controlled expression gives a significant contribution to
wine complexity, characteristic nuances as well as added
value. The several mechanisms through which bound aroma
compounds in wines can be liberated have been extensively
described (Parker ef al., 2018).

Within these molecules, methyl salicylate (MeSA) is a key
odorant whose presence is highly impacting for some wine
cultivars known to be particularly rich in its precursors.
This is an odour-active compound known to provide pleasant
aromatic nuances of wintergreen, which could be related to
floral, spicy, and slightly balsamic notes (Bauer et al., 2008).
Its structure is based on salicylic acid (SA) with a methyl
group linked to the carboxylic function through an ester
bond. Because of its pleasant odour, MeSA is synthetically
produced by the fragrance industry and widely used in
cosmetics and personal care products or as a food additive
(Deng et al., 2017a; Greene et al., 2017; Lapczynski et al.,
2007).

MeSA (DrugBank Accession Number DB09543) is also a
natural bioactive compound, used as a major active ingredient
of topical analgesics, having both stimulatory and inhibitory
actions on transient receptor potential vanilloid 1 (TRPV1)
channel. The latter action has been suggested to partly
explain the analgesic effects (Ohta et al., 2009)

In natural products, MeSA is known to occur in many cultivars
of tea (Deng et al., 2017a), elderberry (Ricci et al., 2018), green
pepper (Buttery et al., 1969), tomato (Tieman et al., 2010),
sweet birch bark (Murphy et al., 2021), wintergreen leaves
(Greene et al., 2017) and grapes (Granum et al., 2023)
where it is involved in many plant defence mechanisms
(Hippauf et al., 2010; Simpson et al., 2011). Recent studies
on grapes and wines demonstrated a strong correlation between
MeSA and the presence of several cryptogamic diseases, which
makes its content eligible to be considered a chemical marker
for this issue (Jansen ef al., 2011; Poitou et al., 2021). MeSA was
also present in higher quantities in wines produced without SO,
(Pelonnier-Magimel et al., 2022).

In many plants, MeSA originates from salicylic acid
esterification, catalysed by salicylic acid carboxyl
methyltransferase (SAMT) (Sheng et al., 2018). This synthetic
pathway has been assessed to be significant in many plant
leaves, whereas there is no evidence of its occurrence in berry
fruits such as grapes (Zou et al., 2021). In these fruits, MeSA
originates as a secondary metabolite during the ripening
stage and is mainly present bonded to one or more sugars
(Slaghenaufi et al., 2020); the resulting configuration is
defined as a glycoside. Glycosylation, which is not restricted
only to MeSA, is a common plant phenomenon that concerns
many small and low-polar metabolites (aglycones) and is
based on the enzymatic activity of glycosyltransferases (GTs)
(Flamini et al., 2014); therefore, glycosylation provides
to bonded molecules a better water-solubility, stability and
simplifies accumulation, and transport (Luki¢ ef al., 2016).
Glycosides survive through all winemaking steps, so MeSA
is present in wine both as free and conjugated, in different
amounts depending on many aspects like grape cultivar,
agronomic and oenological parameters (Boido et al., 2013;
Mao et al., 2014).

The olfactory power of MeSA has been estimated
by measuring the BET (Best Estimate Threshold).
Surprisingly, it resulted in higher values in model wine
(76.2 + 25.5 ug/L; Poitou et al., 2021) than in white wine
(38 pg/L; Slaghenaufi et al., 2022), suggesting perceptual
interactions between MeSA and other wine VOCs, as already
proven for guaiacol (Yoder ef al., 2012). A study on cherry
wine found that its olfactory threshold in ethanol aqueous
solution (9 % v/v) was 20 ug/L, and after omission/addition
experiments, it was found that ethyl decanoate and MeSA at
sub-threshold concentration had great effects on cherry wine
aroma due to their perceptual interaction (Niu et al., 2019).
Furthermore, perceptual interactions have also been reported
for ethyl salicylate, a compound characterised by chemical
and olfactory features similar to MeSA (Cruz et al., 2021,
Ferreira et al., 2022). Moreover, once bound to sugars, MeSA
is not olfactory detectable, so it must be converted into free
form to contribute to wine aroma (Esti and Tamborra, 2006;
Ghaste ef al., 2015; Hjelmeland and Ebeler, 2015).

Recently, many published papers focusing on the
contribution of MeSA in wine aroma highlighted a strong
correlation between grape cultivars and MeSA content,
suggesting that some cultivars are rich in this compound.
In the Italian white wine scenario, a relevant content of
MeSA was detected mainly in Lugana and Verdicchio
(Carlin et al., 2019a and 2019b; Crespan et al., 2021).
Verdicchio and Lugana are genetically related Italian white
wines produced, respectively, in the Marche region and on
the southern side of the Garda Lake (Vantini et al., 2003).
The MeSA content in these wines was evaluated to be
sensorially detectable for most aged samples assessed by
sensory analysis (Slaghenaufi et al., 2021). This result was
supported by a recent article which evaluated the MeSA
content in many commercial white and red monovarietal
wines produced using eight different Italian varieties
cultivated in north and central Italy (Slaghenaufi et al., 2022);
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results confirmed that only Lugana and Verdicchio wines
contained MeSA above its odour-detection threshold (ODT).

However, these findings are related to the free form
and did not account for the conjugated ones whose
hydrolysis can be crucial during ageing, especially for
the non-aromatic cultivars whose odour profile could be
enriched by glycosides hydrolysis (Fracassetti et al., 2020;
Slaghenaufi and Ugliano, 2018). In previous works, our research
group investigated many aspects concerning the occurrence
of some MeSA glycosides in wines (Carlin et al., 2019a and
2019b). The presence of monoglycosylated, diglycosylated,
and triglycosylated forms have been evaluated, both from
a qualitative and quantitative perspective, within a sample
set composed of Italian wines (Verdicchio, Trebbiano di
Soave, Trebbiano di Lugana, Turbiana) which are produced
from genetically-related cultivars, and also considering
many representatives of international and national cultivars
(Carlin et al., 2019b). Results showed a relevant content of
the monoglycoside and some diglycosides in Lugana and
Verdicchio-related grapes, whereas triglycosides were under
the limit of quantitation for all samples.

This study aimed at conducting a comprehensive evaluation
of the MeSA content in some of the most representative
Italian white wine cultivars: in particular, both free
and glycosylated MeSA, including monoglycosylated,
diglycosylated, and triglycosylated forms, were investigated
within 246 monovarietal wine samples produced using
18 cultivars sourced from 9 regions of Italy. Quantitative
MeSA data will be used to map the occurrence of MeSA
glycosides in Italian white wines, to add a further piece to
the exploration of their ageing potential, and to increase
the overall knowledge of key Italian autochthonous white
cultivars (Carlin et al., 2022).

TRENTINO ALTO

MATERIALS AND METHODS

1. Solvents and standards

Free methyl salicylate (MeSA) and methyl salicylate
2-0-B-d-glucoside (MeSAG) were purchased from
Sigma Aldrich and Methyl salicylate 2-O-3-d-xylopyranosyl
(1-6)-d-glucopyranoside (MeSA-primeveroside or Gaultherin)
was supplied from iChemical Technology (Shanghai, China).
Plastic syringes and the 0.22 um cartridge filter were supplied
by Millex-GV (Millipore, Tullagreen, Ireland). All solvents
for LC-MS analysis were purchased in compliance with the
MS grade requirement from Sigma-Aldrich (Milan, Italy).

2. Wine samples

The sample set consisted of 246 monovarietal white wines
(vintage 2019) from 18 Italian grape cultivars collected
in 9 Italian regions. For each variety, between 8 and
21 different commercial wines produced without malolactic
fermentation and wood ageing were collected from the main
regions of production: 14 Albana (Emilia-Romagna, ALB);
16 Cortese (Piemonte, CRT); 13 Arneis (Piemonte, ARN);
15 Erbaluce (Piemonte, ERB); 13 Falanghina (Campania,
FAL); 12 Fiano (Campania, FIA); 14 Garganega (Veneto,
GAR); 17 Gewiirztraminer (Trentino Alto Adige, GWR);
13 Greco di Tufo (Campania, GRE); 21 Lugana (Veneto,
LUG); 13 Miiller-Thurgau (Trentino Alto Adige, MLR);
12 Nosiola (Trentino Alto Adige, NSL); 13 Pallagrello
bianco (Campania, PAL); 12 Pinot grigio (Friuli Venezia
Giulia /Veneto/Trentino Alto Adige, PG); 14 Ribolla gialla
(Friuli Venezia Giulia, RIB); 11 Verdicchio (Marche,
VERD); 14 Vermentino (Sardegna, VEM); 8 Vernaccia
(Toscana, VER). The bottles were stored in a cellar at 4 °C
until analysis (performed ten months after sampling). Sample
origin and geographical distribution are shown in Figure 1.

N° samples

FRIULI VENEZIA

g —L GIULIA i
Gewirtraminer, Pinot grigio, Ribolla I
Mdller Thurgau, gialla VENETO

Nosiola Garganega, s

PIEMONTE Lugana, Pinot
Arheis EMILIA ROMAGNA grigio
Cortese, Al
Erbaluce MARCHE

TOSCANA Verdicchio
Vernaccia
CAMPANIA ‘
SARDEGNA Falanghina,
Vermentino Fiano, Greco di
tufo,
Pallagrello

FIGURE 1. Map of ltaly with regional distribution of varieties and samples.
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3. Sample preparation and UHPLC-MS/MS
analysis of MeSA glycosides

The sample preparation procedure was the same used by
Carlin et al. for UHPLC-MS/MS Ion Trap for the
quantification of MeSA glycosides (Carlin et al., 2019a).
Wine samples were filtered at 0.22 um after bottle opening
and injected; no other treatment was required.

The separation was performed at 40 °© C in reverse phase
with an Exion LC system provided by AB Sciex LLC
(Framingham, MA, USA) using an Acquity UPLC® BEH
HSS-T3 (1.8 pm, 2.1 x 50 mm) precolumn coupled to an
Acquity UPLC® C18 HSS-T3 (1.8 um, 2.1 mm x 150 mm)
column both from Waters Corporation (Milford, MA, USA).
The mobile phase consisted of water (A) and methanol (B),
both acidified at 0.1 % v/v with formic acid. Elution was
performed at 0.28 mL/min with the following multistep linear
gradient: 0—1 min, 100 % A isocratic; 1-3 min, 100-90 % A;
3-18 min, 90-60 % A; 18-21 min, 60-0 % A; 21-25.5 min,
0 % A isocratic; 25.5-25.6 min, 0-100 % A; 25.6-28 min
100 % isocratic.

The ionisation was performed in electrospray (ESI) using
an AB Sciex LLC QTRAP 6500+ (Framingham, MA, USA)
operating with the same optimal setting described in detail by
Carlin ef al. (2019a). The best-performing transitions were
selected to be used as the quantifier (Q) and qualifier (q).
The following [M+Na'] masses were used for quantification
purposes: 337.09 for MeSAG, m/z 469.13 for the
three isomers gaultherin, canthoside A and MeSA-vicianoside
(violutoside), m/z 499.14 for MeSA-gentiobioside and m/z
483.15 for MeSA-rutinoside; Q/q ratio and retention times
were used as confirmation criteria for each compound. Mass
spectrometer instrumental parameters are reported in the
Supplementary information (Table S1).

As many as 15 freshly prepared calibration samples with
concentrations within 0.02 pug/L and 2000 pg/L of MeSAG
and gaultherin were used for the acquisition of calibration
curves.

MultiQuant and Analyst from AB Sciex LLC (Framingham,
MA, USA) were used for data acquisition and elaboration,
respectively.

4. Analysis of free MeSA

For quantification of free MeSA, SPME extraction followed
by GC-MS analysis was used, following the procedure
described by Slaghenaufi et al. (2022). Five pL of internal
standard 2-octanol (4.2 mg/L in ethanol) are added to 5 mL
of wine diluted with 5 mL of deionised water in a 20 mL
glass vial. Three grams of NaCl are added prior to GC-MS
analysis. Samples were equilibrated for 1 min at 40 °C.
Subsequently, SPME extraction was performed using a
50/30 pum divinylbenzene—carboxen—polydimethylsiloxane
(DVB/CAR/PDMS) fibre (Supelco, Bellefonte, PA, USA)
exposed to sample headspace for 60 minutes. GC-MS analysis
was carried out on an HP 8060 (Agilent Technologies)
gas chromatograph coupled to a 5977B quadrupole mass
spectrometer equipped with a Gerstel MPS3 autosampler

(Miilheim/Ruhr, Germany). Separation was performed using a
DB-WAX UI capillary column (30 m x 0.25 mm, 0.25 pm
film thickness, Agilent Technologies) and helium as carrier gas
at 1.2 mL/min of constant flow rate. GC oven was programmed
as follows: start at 40 °C for 3 min, raise to 230 °C at 4 °C/min
and maintain for 20 min. With this configuration, retention
time (t) was 32.68 min, and linear retention index (LRI) was
1771. Mass spectrometer operated in electron ionisation (EI)
at 70 eV with ion source temperature at 250 °C and quadrupole
temperature at 150 °C. Mass spectra were acquired in SIM
mode (quantitation ion (m/z) 121, qualifier ions (m/z) 92, 152).
A calibration curve was prepared using seven concentration
points and three replicate solutions per point in still-white
wine. Five pL of internal standard 2-octanol (4.2 mg/L in
ethanol) were added to each calibration point, which was
then submitted to SPME extraction and GC-MS analysis as
described for the samples. Calibration curves were obtained
using Chemstation software (Agilent Technologies, Inc.)
by linear regression, plotting the response ratio (analyte
peak area divided by internal standard peak area) against
concentration ratio (added analyte concentration divided by
internal standard concentration).

5. Model ageing protocols

In order to evaluate the evolution of MeSA during wine ageing,
a subset of six wine samples for each variety was submitted
to an accelerated ageing protocol based on the procedures
described by Slaghenaufi ef al. (2019) and Slaghenaufi and
Ugliano (2018) with minor differences. Wine bottles were
opened in a polyethylene glove box under nitrogen, and free
SO, levels were determined and then, where needed, adjusted
to 30 + 3 mg/L. Sixty mL of each wine were then placed in
glass vials with polypropylene screw caps with butyl/Teflon
septa. Vials were kept under vacuum in thermally sealed
plastic oxygen barrier bags at either 10 °C (Control), 40 °C
(T40) and 60 °C (T60) (= 0.2 °C) for 30 days. All samples
were produced in duplicate.

RESULTS

1. MeSA glycosides in Italian white wines

Experimental data of MeSA glycosides in the 246 wines
analysed are reported in Table S2 and plotted in Figure 2.
The concentration of the triglycosylated form of MeSA
(MSTG-A) was under the quantitation limit in all samples,
s0 it was not reported.

Lugana and Verdicchio were the cultivars which showed the
highest total amount of MeSA glycosides, with values over
1000 pg/L (1286 and 1101 pg/L, respectively). Moreover,
Erbaluce emerged from other cultivars with a mean total
value of 674.9 pg/L, whereas the other 15 displayed lower
concentrations. The average total value for the entire sample
set, excluding the three previously mentioned cultivars, was
109.3 pg/L, spanning from 328.3 pg/L of Garganega wines
and 29.5 pg/L of Gewiirztraminer ones.

From a quantitative point of view, the monoglycosylated
form (MeSAG) and two diglycosides (MeSA—gentiobioside
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FIGURE 2. Boxplot of the total MeSA glycoside concentrations in the cultivars considered.
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FIGURE 3. Boxplots
MeSA-violutoside (C)

and MeSA violutoside) were the most abundant forms for
almost all cultivars (Figure 3). This distribution was in total
accordance with the trend observed for other white varieties
reported in our previous article (Carlin et al., 2019a).

The sum of these three glycosides accounted for more than
80 % of bound MeSA (from 85.1 % of Vernaccia di San
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Gimignano to 96.7 % of Ribolla gialla) in every sample
except Arneis, which displayed an average value of 62.0 %
due to its relevant amount of MeSA-rutinoside. For MeSAG
(Figure 3A), MeSA—gentiobioside (Figure 3B), MeSA—
violutoside (Figure 3C) and the sum of MeSA—canthoside
A + rutinoside + primeveroside (Figure 3D) the same trend
appeared.
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MeSA

Concentration (pg/L)

Cultivar Gent/total Mono/total Viol/total Ruti/total Prim/total Cant/total Free/total
Lugana ‘ 436 39.2 3.00 2.68,

Verdicchio 41.9 41.0; 3.34 2.84 0.43

Erbaluce 30.3 3.13 2.55 0.78
Garganega 32,6 41.6 20.4 4.04- 0.73
Cortese 367 278 30.4 1.54 2711 0.7 |N0RS
Albana 304 150 3.06 3.58 1.63 0.92
Ribolla gialla 28.7 346 327000 2008 o
Fiano 18.7 1.38 2.61-
Arneis 27.5- 2.62 0.95 0.81
Greco di Tufo 4.79 5.94 2.79 0.93
Pinot grigio 30.2 38.9 27.4- 2.23 033 113
Pallagrello - 47.4 226 5.54 4.92 3.86 1.60
Vernaccia 45.2 25.8- 6.36- 0.74
Nosiola 27.9 305 27.3 5.99 3.27 5.05 131
Miiller Thurgau 34.1 40.4 22:1 2.12_ 0.47 1.25
Falanghina 32.7- 672 415
Vermentino a2 2.07

Gewidirztraminer 24.2 . 1.46)

FIGURE 4. Boxplots of the free MeSA concentration (A) and a heatmap of the relative percentual distribution
of MeSA over its measured forms (B) in the cultivars considered. Colour intensities from blue (low) to red (high)
highlighted what were the richest and the poorest cultivars for every MeSA form.

Pie charts reported in Figure S1 displayed the relative
distribution of MeSA over Lugana (Figure S1A), Erbaluce
(Figure S1B), Verdicchio (Figure SI1C) and the mean of
other 15 cultivars (Figure S1D). Lugana and Verdicchio
had a specular distribution of MeSA between MeSAG and
MeSA-—gentiobioside with almost 40 % of the total each.
Erbaluce gave an increased amount of MeSA—gentiobioside
and a simultaneously decreased content of MeSAG but with
percentages of other forms very similar to the previously
mentioned cultivars.

2. Free MeSA and its relation with its
glycosides

In addition to bound forms, also free MeSA was measured in
all 246 samples (numeric data not shown), and the boxplot
representing their distribution was reported in Figure 4A. Free
MeSA gave a mean of 1.69 pg/L, spanning from Verdicchio
to Vernaccia di San Gimignano (5.26 and 0.44 pg/L,
respectively). The sample with the highest concentration was
a Lugana with 13.45 pg/L whereas several samples among
Falanghina, Ribolla gialla, Nosiola and Miiller-Thurgau
showed negligible contents (under 0.20 pg/L).

Merging all data from free and bound MeSA, it was possible
to have a comprehensive overview of this odorant and its
precursors. In the heatmap reported in Figure 4B, relative
percentages of each form over the cultivars were displayed.
Colour intensities from blue (low) to red (high) highlighted
what were the richest and the poorest cultivars for every
MeSA form. A trend was observed over the diagonal.

DISCUSSION

The data reported in Figure 2 and Table S2 showed the
existence of a clear varietal distinction associated with the
MeSA glycoside content of different wines. In accordance
with our previous works (Carlin et al., 2019a), Lugana
and Verdicchio clearly stood out for their high content
of glycosides, with an average total amount of 1286 and

1101 pg/L, respectively. This is in agreement with previously
published data concerning the high content of free MeSA in
Lugana and Verdicchio (Carlin ef al., 2019b; Fracassetti et al.,
2020; Slaghenaufi ef al., 2022). As the grape cultivars used
to produce these wines are genetically related (Crespan et al.,
2021), the observation of similar and significantly higher
content of different MeSA forms in these wines is not
surprising. Conversely, the relatively high MeSA precursors
content of Erbaluce wines, showing a total average content
of 674.9 ng/L (more than half of what was found in Lugana
and Verdicchio), was reported here for the first time. To the
best of our knowledge, methyl salicylate was not previously
determined in Erbaluce wines made from fresh grapes.
“Erbaluce” or “Erbaluce di Caluso” is a white genotype of
Vitis vinifera L. cultivated in the provinces of Torino, Biella,
and Vercelli, surrounding the town of Caluso in Piemonte,
North West Italy (Vincenzi et al., 2012). To date, the Erbaluce
variety has been used to produce conventional wines as well
as for Passito wines (Passito di Caluso) and for sparkling
wines with the bottle-fermentation method (Produzioni and
Agroalimentari, 2016). Low concentrations of MeSA have
been found in Erbaluce dehydrated grapes (4.13-9.33 ng/L
as free form and 15.9—4.71 ug/L as glycosylated form;
Rolle et al., 2012). However, MeSA has not been detected
in those grapes affected by Botrytis cinerea in noble form
and showing higher weight loss. In a study carried out
on 23 wine samples of Caluso Passito DOC aged from 4
to 28 years, made from dehydrated Erbaluce grapes, very
low concentrations were found (1 + 1 pg/L as averaged
concentration; Giordano et al., 2009). Therefore, MeSA
concentration could decrease during the grape withering
process and become non detectable in most of the samples
analysed of Passito wines (Giordano ef al., 2009).

Garganega wines, which were for the most belonging to
the Soave appellation, also showed relatively high MeSA
precursor content (328.3 pg/L vs 109.3 pg/L), although
in this case, the possible presence of small portions of
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FIGURE 5. Schematic representation of MeSA monoglycosides and diglycosides.

Lugana in the final blend must be considered. The Soave
appellation regulation allows indeed a 5 % w/w maximum
addition of different grapes from the province of Verona,
in which both Soave and Lugana wines are produced
(Produzioni and Agroalimentari, 2020).

Additionally, from data reported in Table S2, a relevant
content of MeSA—rutinoside was detected in Arneis samples.
MeSA-rutinoside, whose structure was based on MeSAG
with an L-rhamnose bound through a 1->6 glycosidic bond,
was identified among the most important odour precursors in
several passion fruit varieties (Passiflora edulis, Passiflora
flavicarpa, Passiflora ligularis and Passiflora molissima)
(Chassagne et al., 1998). Arneis was the cultivar with the
greatest average content of this glycoside, even higher
than Lugana and Verdicchio (41.4 vs 38.6 and 36.7 ng/L,
respectively), whereas MeSA-—rutinoside was the most
abundant glycoside for this cultivar (it accounted for up to
34.5 % of its total MeSA precursors), which seemed to be an
identity characteristic.

In terms of structural distribution, the first trend detected
was a very similar distribution of every glycoside over the
different varieties. The only monoglycoside (MeSAG) was,
in all varieties, either the first or the second MeSA form for
concentration. It accounted for a minimum of 23.4 % in

Arneis (whose distribution profile was highly characterised
by MeSA-—rutinoside) to a maximum of 51.2 % in Fiano, for
an average value of 36.6 % which is approximately a 1:2 ratio
of mono-to-diglycosides. This fact was not surprising since
MeSAG was the only naturally occurring monoglycoside
of methyl salicylate and was also the basic structure of
all MeSA glycosides (Mao et al., 2014). In particular, all
diglycosides considered in this article were composed of a
MeSAG unit linked to another sugar through a glycosidic
bond in position 6 (Figure 5).

In MeSAG (MeSa 2-O-B-D-glucoside), methyl salicylate was
connected to the hydroxy function in the anomeric carbon
of a D—glucose in glucopyranose form. In diglycosides,
a 126 glycosidic bond links a further sugar to glucose, as
reported in Table 1. Within all six naturally occurring MeSA
diglycosides, there is MeSA-lactoside where the sugar
connection is 1->4 but this was never detected in wines
(Mao et al., 2014).

MeSa 2-0-a-L-arabinopyranosyl(1-> 6)-B-D-glucopyranoside
(MeSA-violutoside), MeSa  2-O-B-D-xylopyranosyl(1->6)-
B-D-glucopyranoside (MeSA—primeveroside), MeSa 2-O-§-
D-apiofuranosyl(1-> 6)-B-D-glucopyranoside (MeSA—
canthoside A) have the same molecular weight with some
structural differentiation. Of all varieties, MeSA—violutoside

TABLE 1. Detected MeSA glycosides and related structural information.

Glycoside name MW (g/mol) Unit 1 Unit 2 Glycosidic bond
MeSAG 314.0 D—glucose
MeSA~canthoside A 446.1 D-glucose D-apiose 126
MeSA-primeveroside 446.1 D—glucose L-xylose 126
MeSA-violutoside 446.1 D—glucose L-arabinose 126
MeSA-rutinoside 460.1 D—glucose L-rhamnose 126
MeSA-gentiobioside 476.1 D—glucose D-glucose 126
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FIGURE 6. Content of free MeSA in T40 (A) and T60 (B) wines and the difference between T40 and Control (C) and

T60 and Control (D) wines.

was absolutely the most abundant of them, whereas MeSA—
Canthoside A was the less concentrated (Table S2). MeSA—
violutoside (Figure 3C) followed the same trend across the
cultivars even if, in this case, the concentration absolute
differences were smaller. Due to their lower content, MeSA—
primeveroside and MeSA—Canthoside A were reported

in Figure 3D as a sum with MeSA-rutinoside. The same
distribution was observed with lower dispersion. MeSA—
Canthoside A, which was the less abundant, was also the only
glycoside composed of a branched chain pentose (apiose)

which was present in a furanose five-member ring rather than
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linear ones that cyclise in pyranosic six-member rings (like
xylose and arabinose) (Loscos et al., 2007).

The same trend could be observed for MeSA 2-O-a-L-
rhamnopyranosyl(1-> 6)-B-D-glucopyranoside (MeSA-
rutinoside) even though its content was minor if compared
to the total amount (data shown as a sum with other
two minor analytes in Figure 3D). In this analyte, the second
unit besides glucose was an L-rhamnose, which is a sugar
with an increased molecular weight due to a methyl group
more than the previously mentioned glycosides.

Finally, MeSA  2-O-B-D-glucopyranosyl(1->6)-p-D-gluco
pyranoside (MeSA—gentiobioside) was in this research, the
most abundant diglycosylated form of methyl salicylate
(Figure 3B). Gentiobiose is a disaccharide composed of
glucose units and was also the analyte with the highest
molecular weight. MeSAG and MeSA—gentiobioside were
present both in relevant concentrations, and this trend was
in strong accordance with the broad content of glucose, the
most abundant natural monosaccharide.

Despite the absolute values, there are also relevant differences
in the pattern of MeSA derivatives for each cultivar. Analysing
the pie charts reported in Figure 4, a different distribution
of MeSA over its glycosides emerged, with an increased

MeSA-—gentiobioside percentage in Lugana, Verdicchio and
Erbaluce if compared to the means of the poorest cultivars.
In particular, in Erbaluce wines MeSA—gentiobioside
accounted for up to half of the whole MeSA amount but
with a reduction of the MeSAG percentage. On the opposite,
a lower percentage of MeSA—violutoside was detected in
those three varieties if compared to the mean of others. Other
apparent trends were not shown, but interestingly, the relative
compositions of Lugana and Verdicchio were in accordance
with their common genetic origins. This finding supports the
hypothesis that both the absolute quantities accumulated in
the berry, as well as the pattern of the bound forms are likely
under genetic control. For other cultivars except for Arneis,
there was a more homogeneous distribution even though
MeSAG, MeSA—gentiobioside and MeSA—violutoside were
clearly the most abundant.

About free MeSA, analysing data reported in Figure 4A,
the same trend of glycosylated forms was observed. From
literature data and previous knowledge, only Lugana and
Verdicchio were expected to give concentrations over
the average, whereas no data were available for wines
from other cultivars (Carlin et al., 2019; Fracassetti et al.,
2020; Slaghenaufi et al., 2022). Data shown in Figure 4A
clearly showed the same trend detected for all glycosides,

TABLE 2. Significant differences between varieties of the same ageing treatments, according to Kruskal-Wallis,
(o = 0.05). Accelerated ageing treatments: T40 = 40 °C and T60 = 60 °C for 30 days.

T40 T60
Variety Groups Variety Groups
Verdicchio A Lugana A
Lugana A Verdicchio A
Erbaluce B Erbaluce B
Garganega B C Garganega C
Gewiirztraminer B C Cortese C
Falanghina C Ribolla gialla C
Ribolla gialla C Pinot grigio C
Pallagrello C Pallagrello C
Pinot grigio C Falanghina C
Albana C Albana C
Arneis C Arneis C
Cortese Gewiirztraminer
Nosiola C Nosiola C
Vernaccia C Vernaccia C
Vermentino C Greco di Tufo C
Greco di Tufo C Vermentino C
Miller-Thurgau C Miller-Thurgau C
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TABLE 3. The significant difference between wines of the same variety and different ageing treatments, according

to Kruskal-Wallis (o = 0.05).
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with Lugana, Verdicchio and Erbaluce higher in content
if compared to others. In this case, the situation was less
defined since a broader variability was detected, reasonably
due to different winemaking styles and types of closures
(Parker et al., 2020). Although for wines of identical
vintage and conservation, analysed two years after harvest,
none of them has reached a concentration of free MeSA
higher than the sensory threshold (ODT in wine, 38 pg/L)
(Slaghenaufi et al., 2022) it cannot be ruled out that even at
concentrations below the threshold it may contribute to the
overall aroma, as found in cherry wine (Niu et al., 2019).

Looking at the situation as a whole, from the relative
perspective (Figure 4B), the odour-active form accounted
for less than 5 % (less than 1 % in most cases), confirming
that free MeSA was just the tip of the iceberg whereas most of
it was stored in silent form. Interestingly, when displaying
cultivars organised based on their total glycosides content
in decreasing concentration (up~>down) and free MeSA
relative percentages in the same decreasing way (left>right),
higher values were oriented along the diagonal revealing
an unexpected trend. Varieties with a higher total content
of free MeSA, like Lugana, Verdicchio and Erbaluce, were
more inclined to accumulate MeSA—gentiobioside and
MeSAG, whereas cultivars with lower concentrations, like
Gewiirztraminer, Vermentino and Falanghina tended to have
a higher proportion of free MeSA. Something similar was
also observed from an opposite point of view since low
percentages were distributed mostly in the high, right and
left, down corners.

Further insights into the relationship between free MeSA
and precursor content were obtained by submitting a subset
of 108 wines (six for each variety) to an accelerated ageing
experiment. Free MeSA content of the wines after ageing is
shown in Figure 6, and statistically significant differences in
Tables 2 and 3.

Samples at T40 showed a similar content to control wines,
with the only exceptions being Lugana and Verdicchio,
which showed an average accumulation of about 5 ug/L.
Conversely, more than half of the varieties, ten out of
eighteen, at T60, showed a significant increase compared to
control wines. Although in most of the varieties, the average
content showed increases over two times the initial content, in
absolute terms, the difference turns out in almost all cases to
be small since the average differences reached a maximum of
2.9 pg/L. We found a larger increase of MeSA in Verdicchio,

Lugana and Erbaluce varieties, close to 10 pg/L. As already
observed for non-aged wines, Lugana and Verdicchio
were the varieties with the highest content, followed by
Erbaluce. This observation was consistent with the presence
of glycosidic precursors undergoing acid hydrolysis
(Carlin et al., 2019a).

Although the increase in MeSA content was widespread under
the conditions of accelerated ageing, for several samples, a
constant (or even slightly negative) MeSA balance during
ageing was observed, in agreement with the observations of
Slaghenaufi ef al. (2021). As can be seen in Figure 6, this was
not due to a variety-specific effect, as in almost all varieties,
there were samples which did not accumulate MeSA during
ageing. Besides MeSA release from the precursor, hydrolytic
degradation of MeSA in the presence of amino acids (Cheng
et al., 2021) and transesterification (Gutierrez et al., 2022)
have been reported, although the likelihood of this reaction
in wine should be investigated. The absence of MeSA
accumulation could therefore be due to a balance of the
reactions leading to its release from precursors as well as its
degradation. Nevertheless, a positive correlation between
the variation of free MeSA during ageing (T60) and the total
glycoside precursor content in control wines was observed
(r Pearson = 0.812, r* = 0.6597) (Figure 7A), clearly
indicating the importance of total glycosidic precursors
content in odour-active MeSA accumulation during ageing.

In a further attempt to investigate the factors associated with
the presence of outliers in which the final MeSA content after
ageing was either too low or too high compared to precursor
content, the possible effect of pH was investigated. Wines were
divided into two groups according to ANOVA (o = 0.05), the
first group including wines which showed a net accumulation
of MeSA with ageing (T60) and the second group which did
not. We found a statistically significant difference (Kruskal—
Wallis, a = 0.05) between the two groups, with the samples
not accumulating MeSA showing higher pH, indicating that
low pH could promote the release of MeSA from precursors
(Figure 7B), representing an additional modulation factor of
the chemical reactions leading to MeSA during ageing.

CONCLUSIONS

Methyl salicylate is an impactful odorant in wines whose
scientific interest is continuously rising. To date, except for
Lugana and Verdicchio, only little was known about MeSA
occurrence in Italian white single-cultivar wines. In this
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paper, a comprehensive overview representative of MeSA
and its glycosides was provided over wines from the most
relevant white autochthonous varieties cultivated in Italy.
Lugana, Verdicchio and Erbaluce stood out for their high
content of both MeSA precursors as well as odour-active
form. While recent reports have shown that Lugana and
Verdicchio both contain high amounts of MeSa, the fact that
also Erbaluce behaves similarly is totally new information.
The same trend over the cultivars could be detected for all
forms, free, monoglycosylated and diglycosylated, whereas
the triglycoside MSTG-A was not detected in any case.
MeSAG, MeSA—gentiobioside and MeSA—violutoside were
the most abundant forms, accounting for almost 80 % of all
MeSA in almost all cultivars. A trend was detected in terms
of precursors distribution since these three precursors were
the forms which accumulated most in the richest cultivars,
whereas the remaining glycosides and the free form showed
lower relative variations. Precursor content was positively
associated with increased content of MeSA during ageing.
According to the ageing experiment, Lugana, Verdicchio and
Erbaluce were the cultivars expected to release the highest
amount of odour-active MeSA over the years, which also
appeared to be promoted by low pH. The release of this
hidden balsamic wintergreen-like potential further completes
the aroma bouquet unveiling an evolution potential for
these wines, which could be impactful for both consumer
appreciation and bottle-added value.

ACKNOWLEDGEMENTS

This article was a part of the project “The aroma diversity
of Italian white wines. Study of chemical and biochemical
pathways underlying sensory characteristics and perception
mechanisms for developing models of precision and
sustainable enology.” This project was funded by the
Ministry of Education, University and Research (MIUR)
under the PRIN 2017 grant (Prot. 201 7RXFFRR, CUP code
B38D19000120006).

REFERENCES

Boido, E., Farifa, L., Carrau, F., Dellacassa, E., & Cozzolino, D.
(2013). Characterization of Glycosylated Aroma Compounds in
Tannat Grapes and Feasibility of the Near Infrared Spectroscopy
Application for Their Prediction. Food Analytical Methods, 6, 100—
111. https://doi.org/10.1007/s12161-012-9423-5

Buttery, R. G., Seifert, R. M., Guadagni, D. G., & Ling, L. C.
(1969). Characterization of some volatile constituents of bell
peppers. Journal of Agricultural and Food Chemistry, 17(6), 1322—
1327. https://doi.org/10.1021/jf60166a061

Carlin, S., Masuero, D., Guella, G., Vrhovsek, U., & Mattivi, F.
(2019a). Methyl salicylate glycosides in some Italian varietal
wines.  Molecules, 24(18), 1-15.  https://doi.org/10.3390/
molecules24183260

Carlin, S., Piergiovanni, M., Pittari, E., Tiziana Lisanti, M., Moio, L.,
Piombino, P., Marangon, M., Curioni, A., Rolle, L., Segade, S.,
Versari, A., Ricci, A., Parpinello, G. P., Luzzini, G., Ugliano, M.,
Perenzoni, D., Vrhovsek, U., & Mattivi, F. (2022). The contribution
of varietal thiols in the diverse aroma of Italian monovarietal white
wines. Food Research International, 157(March), 111404. https://
doi.org/10.1016/j.foodres.2022.111404

Carlin, S., Vrhovsek, U., Lonardi, A., Landi, L., & Mattivi, F.
(2019b). Aromatic complexity in Verdicchio wines: A case study.
Oeno One, 53(4), 597-610. https://doi.org/10.20870/0eno-
one.2019.53.4.2396

Chassagne, D., Crouzet, J., Bayonove, C. L., & Baumes, R. L. (1998).
Identification of Passion Fruit Glycosides by Gas Chromatography/
Mass Spectrometry. Journal of Agricultural and Food Chemistry,
46(10), 4352-4357. https://doi.org/10.1021/5£9804 16k

Cheng, C-Y., Brinzari, T.V., Hao, Z., Wang, X., & Pan, L. (2021).
Understanding Methyl Salicylate Hydrolysis in the Presence of
Amino Acids. Journal of Agricultural and Food Chemistry, 69 (21),
6013-6021. https://doi.org/10.1021/acs.jafc.1c00958

Crespan, M., Migliaro, D., Larger, S., Pindo, M., Palmisano, M.,
Manni, A., Manni, E., Polidori, E., Sbaffi, F., Silvestri, Q.,
Silvestroni, O., Velasco, R., Virgili, S., & Camilli, G. (2021).
Grapevine (Vitis vinifera L.) varietal assortment and evolution in
the Marche region (central Italy). Oeno One, 55(3), 17-37. https://
doi.org/10.20870/0eno-one.2021.55.3.4628

Cruz, I. A., Andrade, L. R. S., Bharagava, R. N., Nadda, A.
K., Bilal, M., Figueiredo, R. T., & Ferreira, L. F. R. (2021).
An overview of process monitoring for anaerobic digestion.

OENO One | By the International Viticulture and Enology Society

2023 | volume 57-2 | 125


https://oeno-one.eu/
https://ives-openscience.eu/
https://doi.org/10.1007/s12161-012-9423-5 
https://doi.org/10.1007/s12161-012-9423-5 
https://doi.org/10.1007/s12161-012-9423-5 
https://doi.org/10.1007/s12161-012-9423-5 
https://doi.org/10.1007/s12161-012-9423-5 
https://doi.org/10.3390/molecules24183260 
https://doi.org/10.3390/molecules24183260 
https://doi.org/10.1016/j.foodres.2022.111404 
https://doi.org/10.1016/j.foodres.2022.111404 
https://doi.org/10.20870/oeno-one.2019.53.4.2396 
https://doi.org/10.20870/oeno-one.2019.53.4.2396 
https://doi.org/10.1021/jf980416k
https://doi.org/10.1021/acs.jafc.1c00958 
https://doi.org/10.20870/oeno-one.2021.55.3.4628 
https://doi.org/10.20870/oeno-one.2021.55.3.4628 

Maurizio Piergiovanni et al.

Biosystems Engineering, 207, 106—119. https://doi.org/10.1016/;.
biosystemseng.2021.04.008

Deng, W. W., Wang, R., Yang, T., Jiang, L., & Zhang, Z. Z.
(2017a). Functional Characterization of Salicylic Acid Carboxyl
Methyltransferase from Camellia sinensis, Providing the Aroma
Compound of Methyl Salicylate during the Withering Process of
White Tea. Journal of Agricultural and Food Chemistry, 65(50),
11036-11045. https://doi.org/10.1021/acs.jafc.7b04575

Esti, M., & Tamborra, P. (2006). Influence of winemaking
techniques on aroma precursors. Analytica Chimica Acta, 563, 173—
179. https://doi.org/10.1016/j.aca.2005.12.025

Ferreira, V., de la Fuente, A., & Saenz-Navajas, M. P. (2022). Wine
aroma vectors and sensory attributes. Managing Wine Quality.
https://doi.org/10.1016/b978-0-08-102067-8.00008-7

Flamini, R., Rosso, M. De, Panighel, A., Vedova, A. D., Marchi, F.
De, & Bavaresco, L. (2014). Profiling of grape monoterpene
glycosides (aroma precursors) by ultra-high performance- liquid
chromatography-high resolution mass spectrometry (UHPLC/
QTOF). https://doi.org/10.1002/jms.3441

Flamini, R., Traldi, P., Dunn, A. M., Hofmann, O. S., Waters, B.,
Witchel, E., S. Jackson, R., Reynolds, A. G., & Zamora, F. (2010).
Wine and biochemistry. Proceedings of the 20th USENILX Security
Symposium.

Fracassetti, D., Camoni, D., Montresor, L., Bodon, R., & Limbo, S.
(2020). Chemical characterization and volatile profile of trebbiano
di lugana wine: A case study. Foods, 9(7). https://doi.org/10.3390/
foods9070956

Ghaste, M., Narduzzi, L., Carlin, S., Vrhovsek, U., Shulaev, V.,
& Mattivi, F. (2015). Chemical composition of volatile aroma
metabolites and their glycosylated precursors that can uniquely
differentiate individual grape cultivars. Food Chemistry, 188, 309—
319. https://doi.org/10.1016/j.foodchem.2015.04.056

Giordano, M., Rolle, L., Zeppa, G., & Gerbi, V. (2009). Chemical
and volatile composition of three italian sweet white passito wines.
Journal International des Sciences de la Vigne et du Vin, 2009, 43,
n°3.

Granum, B., Bernauer, U., Bodin, L., Chaudhry, Q., Pieter Jan, C.,
Dusinska, M., Ezendam, J., Gaffet, E., Galli, C. L., Panteri, E.,
Rogiers, V., Rousselle, C., Stepnik, M., Vanhaecke, T., Wijnhoven,
S., Koutsodimou, A., Uter, W., & von Goetz, N. (2023). SCCS
scientific opinion on Butylated hydroxytoluene (BHT) -
SCCS/1636/21. Regulatory Toxicology and Pharmacology, 138,
105312. https://doi.org/10.1016/J.YRTPH.2022.105312

Greene, T., Rogers, S., Franzen, A., & Gentry, R. (2017). A critical
review of the literature to conduct a toxicity assessment for oral
exposure to methyl salicylate. Critical Reviews in Toxicology,
47(2), 98-120. https://doi.org/10.1080/10408444.2016.1236071

Gutierrez, L., Mancini, P., Kneetman, M., & Ferretti, C. (2022).
Transesterification of methyl salicylate with isoamyl alcohol
assisted by microwave irradiation and promoted by acid-basic
catalysts. Indian Chemical Engeineer, 65(1), 90-100. https://doi.org
/10.1080/00194506.2022.2085192

Hippauf, F., Michalsky, E., Huang, R., Preissner, R., Barkman, T. J.,
& Piechulla, B. (2010). Enzymatic, expression and structural
divergences among carboxyl O-methyltransferases after gene
duplication and speciation in Nicotiana. Plant Molecular Biology,
72(3), 311-330. https://doi.org/10.1007/s11103-009-9572-0

Hjelmeland, A. K., & Ebeler, S. E. (2015). Glycosidically bound
volatile aroma compounds in grapes and wine: A review. American
Journal of Enology and Viticulture, 66(1), 1-11. https://doi.
org/10.5344/ajev.2014.14104

Jansen, R. M. C., Wildt, J., Kappers, 1. F., Bouwmeester, H. J.,
Hofstee, J. W., & Van Henten, E. J. (2011). Detection of diseased
plants by analysis of volatile organic compound emission. Annual
Review of Phytopathology, 49, 157-174. https://doi.org/10.1146/
annurev-phyto-072910-095227

Bauer, K., Garbe, D., & Surburg, H. (2008). Common Fragrance
and Flavor Materials: Preparation, Properties and Uses, 3rd
Edition (3rd ed.). Wiley.

Lapczynski, A., Jones, L., McGinty, D., Bhatia, S. P., Letizia, C.
S., & Api, A. M. (2007). Fragrance material review on methyl
salicylate. Food and Chemical Toxicology, 45(1 SUPPL.), 428-452.
https://doi.org/10.1016/j.fct.2007.09.053

Loscos, N., Hernandez-Orte, P., Cacho, J., & Ferreira, V. (2007).
Release and formation of varietal aroma compounds during
alcoholic fermentation from nonfloral grape odorless flavor

precursors fractions. Journal of Agricultural and Food Chemistry,
55(16), 6674—6684. https://doi.org/10.1021/j£0702343

Luki¢, 1., Radeka, S., Grozaj, N., Staver, M., & Persuri¢, D. (2016).
Changes in physico-chemical and volatile aroma compound
composition of Gewiirztraminer wine as a result of late and ice
harvest. Food Chemistry, 196, 1048—1057. https://doi.org/10.1016/j.
foodchem.2015.10.061

Mao, P, Liu, Z., Xie, M., Jiang, R., Liu, W., Wang, X., Meng, S., &
She, G. (2014). Naturally Occurring Methyl Salicylate Glycosides.
Reviews in Medicinal Chemistry, 14, 56—63.

Murphy, B. J., Carlson, R. E., Howa, J. D., Wilson, T. M., &
Buch, R. M. (2021). Determining the authenticity of methyl
salicylate in Gaultheria procumbens L. and Betula lenta L. essential
oils using isotope ratio mass spectrometry. Journal of Essential Oil
Research, 33(5), 442—451. https://doi.org/10.1080/10412905.2021.
1925362

Niu, Y., Wang, P., Xiao, Z., Zhu, J., Sun, X., & Wang, R. (2019).
Evaluation of the perceptual interaction among ester aroma
compounds in cherry wines by GC-MS, GC-O0, odor threshold and
sensory analysis: An insight at the molecular level. Food Chemistry,
275, 143—153. https://doi.org/10.1016/j.foodchem.2018.09.102

Ohta, T., Imagawa, T., & Ito, S. (2009). Involvement of transient
receptor potential vanilloid subtype 1 in analgesic action of
methylsalicylate. Molecular Pharmacology, 75(2), 307-317.
https://doi.org/10.1124/mol.108.051292

Parker, M., Capone, D. L., Francis, I. L., & Herderich, M. J. (2018).
Aroma Precursors in Grapes and Wine: Flavor Release during
Wine Production and Consumption. Journal of Agricultural and
Food Chemistry, 66(10), 2281-2286. https://doi.org/10.1021/acs.
jafc.6b05255

Parker, M., Onetto, C., Hixson, J., Bilogrevic, E., Schueth, L.,
Pisaniello, L., Borneman, A., Herderich, M., de Barros Lopes, M., &
Francis, L. (2020). Factors Contributing to Interindividual Variation
in Retronasal Odor Perception from Aroma Glycosides: The Role
of Odorant Sensory Detection Threshold, Oral Microbiota, and
Hydrolysis in Saliva. Journal of Agricultural and Food Chemistry,
68(38), 10299—-10309. https://doi.org/10.1021/acs.jafc.9b05450

Pelonnier-Magimel, E., Lytra, G., Franc, C., Farris, L., Darriet, P., &
Barbe, J. C. (2022). Methyl Salicylate, an Odor-Active Compound
in Bordeaux Red Wines Produced without Sulfites Addition. Journal
of Agricultural and Food Chemistry, 70(39), 12587-12595. https://
doi.org/10.1021/acs.jafc.2c00751

Piergiovanni, M., Gosetti, F., Rocio-Bautista, P., & Termopoli, V.
(2022). Aroma determination in alcoholic beverages: Green MS-
based sample preparation approaches. Mass Spectrometry Reviews.
https://doi.org/10.1002/mas.21802

Poitou, X., Redon, P., Pons, A., Bruez, E., Deliére, L., Marchal, A.,
Cholet, C., Geny-Denis, L., & Darriet, P. (2021). Methyl salicylate,

126 | volume 57-2 | 2023

OENO One | By the International Viticulture and Enology Society


https://oeno-one.eu/
https://ives-openscience.eu/
https://doi.org/10.1016/j.biosystemseng.2021.04.008 
https://doi.org/10.1016/j.biosystemseng.2021.04.008 
https://doi.org/10.1021/acs.jafc.7b04575 
https://doi.org/10.1016/j.aca.2005.12.025
https://doi.org/10.1016/b978-0-08-102067-8.00008-7
https://doi.org/10.1002/jms.3441 
https://doi.org/10.3390/foods9070956 
https://doi.org/10.3390/foods9070956 
https://doi.org/10.1016/j.foodchem.2015.04.056
https://doi.org/10.1016/J.YRTPH.2022.105312 
https://doi.org/10.1080/00194506.2022.2085192 
https://doi.org/10.1080/00194506.2022.2085192 
https://doi.org/10.1007/s11103-009-9572-0 
https://doi.org/10.5344/ajev.2014.14104 
https://doi.org/10.5344/ajev.2014.14104 
https://doi.org/10.1146/annurev-phyto-072910-095227 
https://doi.org/10.1146/annurev-phyto-072910-095227 
https://doi.org/10.1016/j.fct.2007.09.053 
https://doi.org/10.1021/jf0702343
https://doi.org/10.1016/j.foodchem.2015.10.061 
https://doi.org/10.1016/j.foodchem.2015.10.061 
https://doi.org/10.1080/10412905.2021.1925362 
https://doi.org/10.1080/10412905.2021.1925362 
https://doi.org/10.1016/j.foodchem.2018.09.102
https://doi.org/10.1021/acs.jafc.6b05255 
https://doi.org/10.1021/acs.jafc.6b05255 
https://doi.org/10.1021/acs.jafc.9b05450 
https://doi.org/10.1021/acs.jafc.2c00751 
https://doi.org/10.1021/acs.jafc.2c00751 
https://doi.org/10.1002/mas.21802 

a grape and wine chemical marker and sensory contributor in wines
elaborated from grapes affected or not by cryptogamic diseases.
Food Chemistry, 360(May), 1-9. https://doi.org/10.1016/j.
foodchem.2021.130120

Produzioni, R. P. D., & Agroalimentari (2016). DISCIPLINARE DI
PRODUZIONE DEI VINI A DENOMINAZIONE DI ORIGINE
CONTROLLATA E GARANTITA “ERBALUCE DI CALUSO” O
“CALUSO” Approvato. Mipaaf Sezione Qualita e Sicurezza Vini
DOP e IGP, 1-6.

Produzioni, R. V. D., & Agroalimentari (2020). Disciplinare di
produzione della denominazione di origine controllata dei vini
“Soave” consolidato con la modifica di cui al provvedimento
ministeriale n. 0006383 del 30.01.2019, con le modifiche ordinarie
approvate con DM 24 ottobre 2019, pubblicato sull. Mipaaf Sezione
Qualita e Sicurezza Vini DOP e IGP, 1-12.

Ricci, A., Cirlini, M., Levante, A., Dall’Asta, C., Galaverna, G.,
& Lazzi, C. (2018). Volatile profile of elderberry juice: Effect of
lactic acid fermentation using L. plantarum, L. thamnosus and L.
casei strains. Food Research International, 105(November 2017),
412-422. https://doi.org/10.1016/j.foodres.2017.11.042

Rolle, L., Giordano, M., Giacosa, S., Vincenzi, S., Rio Segade, S.,
Torchio, F., Perrone, B., & Gerbi, V. (2012). CIEL*a*b* parameters
of white dehydrated grapes as quality markers according to chemical
composition, volatile profile and mechanical properties. Analytica
Chimica Acta, 732, 105-113. https://doi:10.1016/j.aca.2011.11.043

Sheng, L., Zeng, Y., Wei, T., Zhu, M., Fang, X., Yuan, X., Luo, Y.,
and Feng, L. (2018). Cloning and functional verification of genes
related to 2-phenylethanol biosynthesis in rosa rugosa. Genes,
9(12). https://doi.org/10.3390/genes9120576

Simpson, M., Gurr, G. M., Simmons, A. T., Wratten, S. D.,
James, D. G., Leeson, G., & Nicol, H. 1. (2011). Insect attraction
to synthetic herbivore-induced plant volatile-treated field crops.
Agricultural and Forest Entomology, 13(1), 45-57. https://doi.
org/10.1111/1.1461-9563.2010.00496.x

Slaghenaufi, D., Guardini, S., Tedeschi, R., & Ugliano, M. (2019).
Volatile terpenoids, norisoprenoids and benzenoids as markers of
fine scale vineyard segmentation for Corvina grapes and wines.
Food Research International, 125. https://doi.org/10.1016/].
foodres.2019.108507

Slaghenaufi, D., Indorato, C., Troiano, E., Luzzini, G., Felis, G. E.,
& Ugliano, M. (2020). Fate of Grape-Derived Terpenoids in Model
Systems Containing Active Yeast Cells. Journal of Agricultural and

Food Chemistry, 68(47), 13294—13301. https://doi.org/10.1021/acs.
jafc.9b08162

Slaghenaufi, D., Luzzini, G., Avrini, G., Marconcini, S., Vela, E.,
& Ugliano, M. (2022). Occurrence, biogenesis and sensory impact
of methyl salicylate in Lugana wines. 56, 91-100. https://doi.
org/10.20870/0eno-one.2022.56.2.5389

Slaghenaufi, D., Luzzini, G., Samaniego Solis, J., Forte, F., &
Ugliano, M. (2021). Two sides to one story—aroma chemical and
sensory signature of lugana and verdicchio wines. Molecules, 26(8),
11-18. https://doi.org/10.3390/molecules26082127

Slaghenaufi, D., & Ugliano, M. (2018). Norisoprenoids,
sesquiterpenes and terpenoids content of Valpolicella wines during
aging: Investigating aroma potential in relationship to evolution of
tobacco and balsamic aroma in aged wine. Frontiers in Chemistry,
6(MAR), 1-13. https://doi.org/10.3389/fchem.2018.00066

Tieman, D., Zeigler, M., Schmelz, E., Taylor, M. G., Rushing, S.,
Jones, J. B., & Klee, H. J. (2010). Functional analysis of a tomato
salicylic acid methyl transferase and its role in synthesis of the
flavor volatile methyl salicylate. Plant Journal, 62(1), 113-123.
https://doi.org/10.1111/j.1365-313X.2010.04128.x

Ugliano, M. (2013). Oxygen contribution to wine aroma evolution
during bottle aging. Journal of Agricultural and Food Chemistry,
61(26), 6125-6136. https://doi.org/10.1021/jf400810v

Vantini, F., Tacconi, G., Gastaldelli, M., Govoni, C., Tosi, E.,
Malacrino, P., Bassi, R., & Cattivelli, L. (2003). Biodiversity of
grapevines (Vitis vinifera L.) grown in the province of Verona. Vitis,
42(1), 35-38.

Vincenzi, S., Tolin, S., Cocolin, L., Rantsiou, K., Curioni, A., &
Rolle, L. (2012). Proteins and enzymatic activities in Erbaluce
grape berries with different response to the withering process.
Analytica Chimica Acta, 732, 130-136. https://doi.org/10.1016/j.
aca.2011.11.058

Yoder, W. M., Currlin, S. W., Larue, A., Fernandez, K. M., King, D.,
& Smith, D. W. (2012). Interaction of guaiacol and methyl salicylate
in binary mixture significantly lowers perceptual threshold in human
observers. Journal of Sensory Studies, 27(3), 161-167. https://doi.
org/10.1111/j.1745-459X.2012.00378.x

Zou, X., Zhao, K., Liu, Y., Du, M., Zheng, L., Wang, S., Xu, L.,
Peng, A., He, Y., Long, Q., & Chen, S. (2021). Overexpression
of salicylic acid carboxyl methyltransferase (Cssamtl) enhances
tolerance to huanglongbing disease in wanjincheng orange (citrus
sinensis (1.) osbeck). International Journal of Molecular Sciences,
22(6), 1-19. https://doi.org/10.3390/ijms22062803.

OENO One | By the International Viticulture and Enology Society

2023 | volume 57-2 | 127


https://oeno-one.eu/
https://ives-openscience.eu/
https://doi.org/10.1016/j.foodchem.2021.130120 
https://doi.org/10.1016/j.foodchem.2021.130120 
https://doi.org/10.1016/j.foodres.2017.11.042
https://doi:10.1016/j.aca.2011.11.043 
https://doi.org/10.3390/genes9120576
https://doi.org/10.1111/j.1461-9563.2010.00496.x 
https://doi.org/10.1111/j.1461-9563.2010.00496.x 
https://doi.org/10.1111/j.1461-9563.2010.00496.x 
https://doi.org/10.1111/j.1461-9563.2010.00496.x 
https://doi.org/10.1111/j.1461-9563.2010.00496.x 
https://doi.org/10.1111/j.1461-9563.2010.00496.x 
https://doi.org/10.1111/j.1461-9563.2010.00496.x 
https://doi.org/10.1021/acs.jafc.9b08162 
https://doi.org/10.1021/acs.jafc.9b08162 
https://doi.org/10.20870/oeno-one.2022.56.2.5389 
https://doi.org/10.20870/oeno-one.2022.56.2.5389 
https://doi.org/10.3390/molecules26082127 
https://doi.org/10.3389/fchem.2018.00066
https://doi.org/10.1111/j.1365-313X.2010.04128.x 
https://doi.org/10.1021/jf400810v
https://doi.org/10.1016/j.aca.2011.11.058 
https://doi.org/10.1016/j.aca.2011.11.058 
https://doi.org/10.1111/j.1745-459X.2012.00378.x 
https://doi.org/10.1111/j.1745-459X.2012.00378.x 
https://doi.org/10.3390/ijms22062803

