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Abstract: Indoles are bioactive components found in wine products and are associated
with yeast activity. Cava, a Spanish sparkling wine, is characterized by aging in contact
with lees, making it a potential matrix for indoles. Therefore, the aim of this study was
to determine the indole content in Cava produced at an industrial scale. Nine indoles
were analysed by Ultra High-Performance Liquid Chromatography—Tandem Mass Spec-
trometry in Cava samples with different ageing times (n = 74). Significant amounts of
tryptophan (2.3-1680.4 ug/L), tryptophan ethyl ester (0.1-5.2 pg /L), 5-methoxytryptophol
(0.3-29.2 pg/L) and n-acetyl serotonin (0.3-2.3 pg/L) were determined. Tryptophan and
tryptophan ethyl ester were positively correlated and decreased with ageing time. In fact, a
concentration of less than 0.56 g of the latter indole can become a marker of the most aged
Cavas. The ageing time in contact with lees seems to play a key role affecting the indole
content, since base wines show high amount of tryptophan and tryptophan ethyl ester
while aged sparkling wines have values around the lower 95% confidence limit. Notably,
the identification of tryptophan ethyl ester as a potential marker for aging in Cava suggests
a new avenue for further research and quality assessment in its production.

Keywords: melatonin; sparkling wine; indole; tryptophan ethyl ester; UHPLC-MS/MS

1. Introduction

Melatonin (MEL), an indole (N-acetyl-5-methoxytryptamine) secreted mainly by the
pineal gland and by plants as a secondary metabolite [1,2], has been reported as a bioactive
compound that presents positive effects on human health [3,4]. These health benefits are
attributed to its antioxidant, anticarcinogenic and neuroprotective properties [5,6]. MEL's
antioxidant capacity has been confirmed in in vivo studies by mitigating chronic age-related
oxidative stress [7] and reducing blood pressure in men with chronic hypertension [8].
Clinically, MEL effectively treats sleep disorders by restoring circadian rhythm, which
especially benefits people with neurodegenerative diseases [4]. Moreover, the European
Food Safety Authority (EFSA) accepted scientific evidence as a health claim when dosed
between 0.5 and 5 mg [9].

Melatonin is naturally present in some foods from the Mediterranean Diet. Grapes
and olive oil were the first products of this diet in which melatonin was detected [10]. It
was first identified in wines in 2006 [1,2]. Although in wine MEL has been detected at levels
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ranging from 0.005 ng/mL to 1.50 ng/mL [11,12], Rodriguez-Naranjo et al. [13] found
significantly high concentrations (245423 ng/mL) in ten different single-varietal wines.

In addition to MEL, its derivatives and precursors, such as tryptophan (TRP) and
tryptophan ethyl ester (TEE) have also been detected [14]. Moreover, wine can contain
other tryptophan derivatives whose biological properties are not fully understood yet and
further research is needed to uncover the specific characteristics and functions of these
compounds [14,15]. Interestingly, TEE is one of the predominant tryptophan derivatives in
wine, surpassing the concentration of MEL [16].

MEL is synthesized from TRP, having as intermediary compounds 5-hydroxytryptophan
(5-OHTRP), serotonin (SER), and ultimately N-acetylserotonin (NSER). MEL can be me-
tabolized by deacetylation to 5-methoxytryptamine as can be seen in Figure 1 [2,17]. In
addition, MEL can similarly be produced by O-serotonin methylation followed by N-
methoxytryptamine acetylation in the yeast cell (Figure 1) [13].
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Figure 1. Metabolism of indole compounds derived from 1-TRP [16].

In fact, it has been reported that during the winemaking process melatonin is produced
after the yeast inoculation [2]. Therefore, the role of Saccharomyces cerevisiae has been shown
to play a key role regarding the melatonin content and its isomers in wine [11,17]. During
alcoholic fermentation, most yeast strains synthesize TRP and different indole compounds
derived from it. In addition, yeast can also produce 5-hydroxytryptophan (5-OHTRP),
an intermediate from MEL metabolism, through different pathways [16]. For this reason,
among all the factors affecting melatonin content, yeasts are supposed to be the most
important [18].

Several techniques have been used for the determination of MEL in foods, such
as liquid chromatography (LC) coupled with different detectors, gas chromatography
(GC) related methods, or capillary electrophoresis (CE) methods [19]. In case of wine,
techniques such as LC-tandem mass spectrometry (MS/MS), Ultra High-Performance
Liquid Chromatography (UHPLC)-MS/MS, or LC coupled with high resolution mass
spectrometry (HRMS) have been widely employed [19-21]. However, these techniques
were not optimized for sparkling wines. Therefore, we previously optimized and validated
the UHPLC-MS/MS method [22].
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One type of wine where these indoles may be present is Cava, which is a sparkling wine
produced in Spain (Catalonia). Cava is characterised by a two-stage fermentation process:
a first fermentation of the must to elaborate the base wine and a second fermentation
performed in the same bottle that reaches to the consumer. Since Cava is a quality wine
produced in a specific region (QWPSR), the regulation establishes that the wine must
undergo a biological ageing process where the yeast lees from the second fermentation
remain in contact with the wine in the same bottle where the fermentation takes place [23].
In fact, the biological ageing time varies, but in the case of high-quality sparkling wines
from Europe, such as Cava or Champagne, it ranges from a few months to several years.
Specifically, Cava is aged for a minimum of 9 months, Reserva category wines for a
minimum of 15 months, and Gran Reserva for a minimum of 30 months [23]. During the
vinification of sparkling wine, amino acids such as TRP are released from the yeasts into
the wine [24], which contribute to the development of the characteristic flavor and aroma
of sparkling wines [22]. Therefore, Cava may be a good matrix to contain indoles. To
our current knowledge, there are no studies analyzing the effect of biological ageing on
the content of melatonin and its related tryptophan-derived compounds in this kind of
sparkling wine.

In view of the above, the aim of the present study was to evaluate the content of
indoles in Cava and the impact of the aging time on them. Hence, it could help to clarify
the effect of sparkling wine technology on indole content.

2. Materials and Methods
2.1. Chemicals and Reagents

L-Tryptophan, 5-hydroxy-L-tryptophan, serotonin hydrochloride, N-acetyl-5-hydroxy-
tryptamine, melatonin, 5-methoxy-tryptophol, 5-hydroxyindole-3-acetic acid, 5-methoxy-3-
indoleaceticacid, L-tryptophan ethyl ester hydrochloride, L-tryptophan-d5 with an isotopic
purity of >97% (indole-d5) (internal standard, IS), hydro-chloric acid, and ammonium
hydroxide ACS were supplied by Sigma-Aldrich (St. Louis, MO, USA).

Acetonitrile of LC-MS grade was from Riedel-de Haén (Seelze, Germany), and
methanol, hexane, and acetone of HPLC grade were purchased from Merck (Darmstadt,
Germany). Ultrapure water was obtained using a Milli-Q system (Millipore, Milford,
MA, USA).

The single standard stock solutions and IS solution were prepared weekly by dissolv-
ing known amounts of pure standards in methanol (1000 mg/L) and then stored in the
dark at 4 °C until analysis. Spiking standard solutions (20 mg/L) were prepared weekly by
diluting standard stock solutions with methanol.

2.2. Vineyard Conditions

The vineyards from which the study samples were taken have a calcareous soil, which
provides good drainage and moisture retention. Climatic conditions during the grape
growing season were characterised by warm temperatures (30 °C on average), moderate
humidity and seasonal rainfall patterns (500 mm rainfall average) and dry conditions in
summer that favor grape ripening. Grapes were produced following standard agricultural
practices and quality controls were made in each cellar.

All the samples in the study belong to the Cava DO. This means that all wineries
were subjected to quality checks and inspections carried out by the Regulatory Council
technical services at different times throughout their production. These checks range from
the vineyard, yield control, quality monitoring and the final analysis of the destination
of these grapes, without forgetting the repeated inspections throughout the entire Cava
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production process. The base wines and subsequent Cava samples were elaborated with
the usual coupage of Macabeu, Parellada and Xarel-lo grape varieties.

2.3. Samples

Commercial Cava and Cava samples produced at industrial scale were analysed
(Figure 2). For the biological ageing series (Figure 2a), Cava samples were produced
employing the traditional method and collected during the ageing process from Freixenet,
Segura Viudas and Castellblanch wineries (Catalonia, Spain).
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Figure 2. Sampling process and preparation of biological ageing series (a) and commercial cava
samples (b).

For the second fermentation in the bottle from the base wines, 4042 mL of tirage
liqueur was added. This was composed of 1-2 x 10° yeast cells/mL, 500 g sucrose, 0.1-0.2 g
bentonite and 50 mL/hL ammonium phosphate (to stimulate yeast growth). The yeast
employed belongs to the private collection of the three wineries.

Each winery provided samples with different ageing time ranging between 3 and
60 months (Figure 2a). For each sample period, four bottles of each biological aged wine
were opened and frozen. The remaining bottles were stored in the winery conditions until
the next sampling time. There was a total of 6 base wines and 23 Cava of different category
collected from the wineries: 5 were post-fermentative samples (3, 4, 5, and 6 months),
4 Cava (10, 12, 13 months), 8 Reserva (17, 18, 27, 30, 40 months) and 6 Gran Reserva (30, 40,
48, 52, 60 months).

In relation to the commercial samples (Figure 2b), 45 Cava were purchased from local
supermarkets corresponding to different regions of Catalonia (Spain) included in the DO
Cava as well as from different classifications according to their biological ageing in contact
with lees: 18 samples of Cava, 15 were Reserva and 18 labelled as Gran Reserva. In the
commercial samples, there was more variability as all the authorized varieties were used.
Most of the samples of both commercial and winery Cavas were elaborated using white
grape varieties (Macabeu, Parellada and Xarel-lo) (n = 40), nevertheless, 5 samples used red
grapes (Pinot noir, Trepat, Monastrell and Garnacha) to elaborate rosé Cava. As commercial
sparkling wines that had been produced on an industrial scale at different wineries, each
one used different yeast strains from its private collection.

2.4. UHPLC-MS/MS Conditions

A total of 9 indoles: 5-methoxytryptophol (SMTL), TRP, TEE, NSER, MEL, SER, 5-
OHTRP, 5-hydroxyindolacetic acid (§OHIA) and 5-methoxyindolacetic acid (SMIA) were
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determined during biological ageing and analysed in different real Cavas (n = 74) pro-
duced at industrial scale according to their commercial category (Cava, Reserva and
Gran Reserva).

Biological samples were centrifuged to eliminate yeast lees and commercial samples
were degassed by magnetic stirring for 5 min. These samples were stored in 250 mL amber
bottles at —20 °C until analysis and, prior to analysis, filtered with a nylon membrane
filter (0.2 pm) (Waters, Milford, MA, USA). To avoid degradation of melatonin, all sample
preparation was carried out under reduced light conditions.

The chromatography analysis was performed following the method previously de-
scribed and validated [22]. Briefly, an Acquity system equipped with a binary pump system
(Waters, Milford, MA, USA) was used for sample analysis by UHPLC-MS/MS. Detection
was performed using a triple quadrupole mass analyser (TQD) (Waters, Milford, MA, USA).
The column used for the analysis was a BEH C18 Shield (150 x 1.0 mm i.d.) with a particle
size of 1.7 um (Waters, Milford, MA, USA) which was maintained at 30 °C. Chromatogra-
phy conditions were as follows: elution was in linear gradient from 95% of mobile phase A
(5:94.9:0.1 v/v/v ACN/water/formic acid) and 5% of B (95:4.9:0.1 v/v ACN/water/formic
acid) to 25% of A in 8 min, with a flow rate of 0.125 mL/min. Samples of 8 pL injected
and kept at 10 °C. Between each injection, the system was stabilised for 1 min at the initial
conditions and a standard washing procedure with mobile phases A and B was included.
At the start of a new batch of samples, it was checked for carry-over by injecting water
(blank sample) after a spiked sample.

The electrospray interface (ESI) was operated in positive mode; the source temperature
was fixed at 130 °C, the capillary voltage was set at +3.0 kV, and the desolvation temperature
was set at 350 °C. The cone gas (nitrogen) flow rate was 350 L/h. The gas used in the
collision cell was argon at a flow rate of 0.1 mL/min.

For quantification, the multiple reaction monitoring (MRM) mode was used in which
two specific MRM transitions of the deprotonated molecular ions were monitored for each
compound. The product ion with the highest signal was chosen. MassLynx software
(version 4.1) was used for data acquisition and integration.

Once the indoles were quantified, a calibration curve was first performed to com-
pensate for random and systematic errors such as non-spectral interferences from matrix
components and fluctuations due to the method and instrumental errors. As shown in
Tudela et al. [22] the calibration curve exhibited a significant linear relationship between
the chromatographic response and the indole concentrations (R? > 0.99), indicating a high
precision and accuracy of the analytical method employed). Both repeatability and accuracy
were adequate for all the indoles (Table 1).

Table 1. Validation parameters of target indoles.

Compound Calibration Curves ? Range (ug/L) LOD Repeatability Matrix Effects?  Accuracy %

a b R (n=6) (ug/L) RSD % (n = 6) (n=6) (n=6)
5MIA 9823.1 1.50 0.9988 0.61 7.5 +15.6% 97.9
5MTL 4277.2 0.80 0.9973 0.29 8.0 +12.9% 97.1
NSER 886.5 —0.10  0.9980 0.05 8.2 +0.5% 97.0
50OHIA 41,130.3 1.30 0.9982 1.46 9.3 —26.8% 99.2
TRP 3006.1 0.40 0.9999 0-1000 0.13 5.9 —10.1% 98.5
MEL 288.5 —0.03  0.9935 0.02 4.8 +19.7% 98.3
50OHTRP 4072.7 0.90 0.9997 0.11 3.6 —38.8% 99.0
SER 25,841.8 2.70 0.9987 19.80 8.2 —14.2% 98.2
TEE 445 3.57 0.9953 0.01 6.4 —4.6% 101.0

2 [cls = (As/Ars.) a £ b, where [c]s = analyte concentration in sample, A = area of analyte, Ajg = area of internal
standard. ® Mean response variation in the range of calibration in presence of matrix.
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2.5. Statistical Procedures

Data was processed using Prism 9 version 9.5.1 (733) (GraphPadSoftware, LLC.,
San Diego, CA, USA). Simple and multifactorial ANOVA and the corresponding pairwise
post-hoc comparison of the means were conducted using Bonferroni’s correction, with
significance level of 0.05. The ageing time, commercial category, titratable acidity, pH and
volatile acidity of the samples were considered. Pearson’s correlation coefficients for the
parameters were also calculated. Clustering heatmap was used to visualize how the means
of different wine categories compare to each other and to reveal patterns and relationships
in the data.

3. Results and Discussion
3.1. Oenological Parameters in Cava Samples

In the present study, the 9 indoles were analysed in 74 samples of Cava (29 from
wineries and 45 from commercial Cava). In addition to the indole concentrations, data on
alcohol content, titratable acidity, pH, and acetic acid were provided for the cellar samples.
These oenological parameters were comparable across the different categories of Cava and
exhibited no significant differences (Figure 3). The radar chart data has been plotted on
a logarithm scale of 10. The alcohol content was previously normalized by a factor of 10
to align it with the scale of the other compounds. On average, the following values were
reported: 11.80% alcohol, 4.34 g/L titratable acidity, a pH of 3.01, 0.8 g/L acetic acid and an
absorbance of 0.06 at 420 nm.

Base wine
10

Postfermentative

Reserva Cava

——Alcohol (%) (x10) ——Titratable Acidity (g/L) ——pH ——Color (420 nm) —— Acetic (g/L)

Figure 3. Radar chart of winery samples characterization according to sparkling wine category
(logarithmic scale).

3.2. Indoles in Cava Samples

Of the total of nine indoles analysed, four were detected at levels greater than the
limit of detection (LOD) in Cava. However, neither MEL nor its isomers, SER, 5-OHTRP,
50HIA or 5MIA were found in any sample. The current study did not detect MEL in
Cava, which aligns with findings from other researchers who also reported the absence
of this compound in wine [14,25,26]. As shown in the literature, MEL content can vary
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significantly due to several factors, including different grape varieties (ranging from 0.16
to 129.5 ng/g), various agronomic practices, and the yeast strain used [27,28]. It has also
been demonstrated that melatonin in wine is primarily synthesized at the beginning of
fermentation and subsequently decreases [29,30]. Since the base wine for Cava has already
undergone a first alcoholic fermentation, it is consistent that this indole is not present in
any of the samples. Therefore, although some grapes and wine are possible sources of
melatonin, cava cannot be considered one of them.

As previously stated, MEL has been shown to be synthesized from tryptophan,
but it can also be formed by O-methylation of serotonin followed by N-acetylation of
5-methoxytryptamine in the yeast [13]. The lack of detection of MEL levels in Cava wines
could be due to the wine-making practices needed for their elaboration, which involved a
second fermentation and an extensive ageing process that, in some categories, exceeded a
year. These processes could contribute to the transformation and reduction of MEL present
in the base wines, thus explaining its absence in the final Cava products. In addition, the
lack of MEL can also be related to a higher amount of its isomers, as reported in some
wines [25,31]. In the present study, TEE was the isomer found in the Cava samples.

SER, 5-OHTRP, 5-OHIA and 5-MIA indoles were also not detected in Cava samples
as seen in some recent studies [26,32]. SER is not commonly found in wines, although
according to [33], malolactic fermentation bacteria significantly affect the formation of this
compound. The lack of detection of this compound was therefore consistent with the fact
that the Cava analysed did not undergo this type of fermentation. The other compounds
have only been isolated occasionally, such as 5OHIA, which was detected in an Albanian
wine [17]; and 5-OHTRP, which was first reported in the must in 2019 but was found to be
rapidly consumed by yeasts during alcoholic fermentation [34].

3.3. Indoles Content and Ageing Time

Regarding the indoles detected (SMTL, NSER, TRP, TEE) in the samples, Table 2 shows
the concentration present according to the ageing time of winery and commercial samples.
Moreover, there was a clear difference in the profile of the different wine categories in terms
of indole content.

Table 2. Indoles content (ug/L) in different categories of Cava Wine (winery samples n = 29;
commercial samples n = 45).

Concentration (ug/L) in Biological Ageing (Winery)

Indoles Base Wines Post Fermentative Aging Cava Reserva Gran Reserva
n=6) (n=5) n=4) (n=6) (n=28)

Max Min Average Max Min Average Max Min Average Max Min Average Max Min Average
5MTL 5.5 <LOD 192 3.0 <LOD <0.6 <LOD <LOD® <LOD <LODP® 33  <LOD 04b
NSER 1.3 0.8 1.0? 0.9 0.6 0.7° 1.3 0.5 0.82 0.8 0.5 0.6° 0.7 0.5 0.7b

TRP 1680.4 250.3 1165.02 855.1 84.9 326.8° 180.3 95.4 133.3P 144.7 30.3 77.2° 32.5 8.5 16.4°
TEE 52 2.3 36° 6.3 14 2,620 22 14 1.7 be 1.0 0.3 0.7 < 0.4 0.1 0.24
Concentration (ug/L) in commercial Cava.
Cava Reserva Gran reserva
(n=18) (n =15) (n=12)
Max Min Average Max Min Average Max Min Average
5MTL 29.2 <LOQ 172 54 <LOQ 092 57 <LOQ 092
NSER 2.3 0.3 082 1.3 0.3 082 11 04 0.72
TRP 57487 23 125472 179.5 29 66.4 20 128.1 5.9 38.8°
TEE 2.8 <LOD 072 14 <LOD 042 0.6 0.1 03P

Small letters on the same line indicate statistically significant differences between means (p < 0.05). LOD = Limit
of Detection; LOQ = Limit of Quantification.

Overall, the most abundant indole was TRP. It was found in greater quantities in the
base wine, and it decreased with the ageing time of Cava. Statistically significant differences
were observed in the content of the base wine and Gran Reserva compared to the other
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categories during biological ageing samples (n = 29) (Figure 4a). Considering the total
number of samples (n = 74) (Figure 4b), including commercial Cava, these differences were
also shown, but to a lesser extent. This highlights the influence of lees on the content of this
indole, among other changes they can exhort.

a Biological ageing samples (n=29) b Total samples (n=74)
1400
1400
~ 1100
~ 1100 5
3 =
Ea 2 300
: 800 ) =
K] UCL= 616 _F‘j
g 500 g 500 .
= Mean= 336 = . — UCL=308
= = kS ¥ L - - _
= 200 I = 200 . Mean= 190
u LCL-56 t &
LCL="72
-100 -100
Base wine Post ferm Cava Reserva Gran Reserva Base wine Postferm Cava Reserva Gran Reserva
Graphical mean with 95% Decision Limit. UCL= Upper Control Limit. LCL= Graphical mean with 95% Decision Limit. UCL= Upper Control Limit. LCL=
Lower Control Limit Lower Control Limit.

Figure 4. Analysis of the graphical means with 95% decision limits for the TRP pg/L content in
biological ageing samples (a) and in the total of samples (b) by category. UCL: Upper Control Limit
and LCL: Lower control limit. * indicates that the mean of each category is significantly different
from the mean of the samples.

This was in line with what has been reported in some commercial wines of different
varieties, where the amount of TRP decreased during ageing [35-37]. The decrease of
TRP could probably be because S. cerevisiae, consumed TRP for their growth [16] before
ageing in contact with lees. Although there is great variability in TRP content (2.3 to
1680.4 ug/L), it should be noted that for all Cava samples under the Gran Reserva category,
the average content was below 55.4 ng/L. Moreover, Baenas et al. [38] reported that lees by
products have greater concentrations of compounds derived from tryptophan compared to
TRP itself.

Another compound present in all samples was TEE. The relationship between mela-
tonin concentrations and this isomer is not known but it appears that they come from
different biosynthetic pathways, possibly TEE coming directly from TRP [14,19]. It is the
most abundant putative melatonin isomer detected in red wine and has the same molecular
weight as melatonin. This compound is relevant for its possible nutritional role, as it could
provide a tryptophan reserve capable of crossing the gastrointestinal tract and possibly the
blood-brain barrier [39].

In the present study, TEE was detected in amounts ranging from 0.1 to 5.2 pug/L
(Table 2), presenting significant differences among all categories. Notably, all Gran Reserva
Cava samples, both commercial and biological aging, exhibited TEE concentrations below
the threshold of 0.56 pug TEE/L. This threshold may therefore serve as a potential marker
to distinguish Gran Reserva Cava (aged for a minimum of 30 months) from other Cava
categories. Cava with TEE levels above 0.56 ug/L would be categorized as either Cava
(aged for a minimum of 9 months) or Reserva (aged for a minimum of 15 months), pending
further investigation. This finding suggests a new avenue for further research and quality
assessment in Cava production.

Moreover, both TRP and TEE decreased with ageing time, showing an exponential
trend line. In fact, these similar trends were reinforced by the fact that these two indoles
were significantly correlated (p < 0.001) (Figure 5). According to the equation of the
correlation line (Figure 5), a linear relationship was shown between the TRP and TEE which
reflected a moderate positive association between the two variables. Furthermore, the
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coefficient of determination (R?) indicated that 88.32% of the variability in the variable y
can be explained by the variability in the variable x through the regression line. Although
Iriti et al. [14] found this correlation during alcoholic fermentation of grape must, to the best
of our knowledge, this is the first time that it has been reported during biological ageing.

oo [T T T T T T T T T T T T T T T T T T T T ]

L y=0.101251 + 0.00621936x 4

g

ol R?=0.8832 o / b
=

Tryptophan ethyl ester (ng/L)

o
< —
A -
el R M U NS RS B
0 200 400 600 800 1000
Tryptophan (pg/L)

Figure 5. Correlation between TRP and TEE in commercial and winery samples.

Another indole studied was NSER, which is an intermediate metabolite in melatonin
synthesis that also has been attributed with health-promoting properties such as a neuro-
protective effect [40]. NSER, it has just been found in wines in a couple of studies showing
contradictory results [34,41]. In one of them, it only appeared in a very small amount in
the must and disappeared after fermentation [41] but in the other one the amount was
found to increase after alcoholic fermentation [34]. In the present study in Cava samples
aged in contact with lees, NSER ranges from 0.3 pg to 2.3 ug (Table 2). Regarding the
variation between categories, significant differences were found between base wine and
the rest of categories (Figure 3). These were only shown in the biological ageing samples.
Therefore, a tendency for their content to decrease as a function of ageing time could be
observed, although the decrease did not significantly fit a correlation model with months of
ageing. When comparing rosé and white commercial Cava it was found that, interestingly,
the NSER concentration showed significant differences between these Cavas (Cava rosé
0.26 pg/L and white Cava 0.74 ug/L). The influence of grape variety has not been exten-
sively studied, only in the case of Romanian wines it was found that the concentrations of
melatonin and its precursors were higher in rosé wines [42]. Further studies are needed to
clarify the role of skin maceration on NSER content.

Finally, SMTL was detected in a range between 0.3 ug/L and 29.2 pg/L in only
22 samples of commercial and winery Cava (Table 2). As shown in Table 2, not all Cava
samples reported this compound, as in some cases it was below the Limit of Detection
(LOD) [22]. It could be seen that there is a certain tendency to reduce the amount of SMTL
the longer the Cava is aged. However, it was not possible to establish a correlation between
the amount of this indole and Cava ageing. The presence of SMTL in S. cerevisiae has
been reported [43,44] but it was not clear the pathway that induced its formation [45].
Furthermore, it seemed that a higher presence of TRP did not increase the presence of this
indole [43]. Therefore, the role of SMTL in wines and lees remains to be clarified.
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3.4. Multivariant Analysis

To confirm that the differences between the samples are attributable to biological
aging with lees, a multivariate analysis was conducted. First, a discriminant analysis of
the samples was conducted (Figure 6). This analysis showed that the samples were clearly
separated by months of aging. It suggested that, despite the minor differences among the
wineries, the aging factor had the greatest influence on the variability of the samples.

6_6 _I a 1 I I I 1 1_
o Cava
- x Reserva
46 o Gran Reserva 7
- I:l -
o~
26 —
u=.‘ I o X
= o 2 -
0.6 | o 8 %
5 SEEEE B
-1.4 -_I e i 1 1 I 1 1
-3 -1 1 3 5 7 9
Function 1

Figure 6. Discriminant analysis chart of biological ageing and commercial samples.

In this sense, Figure 7 shows a heatmap to observe the overall variation of indole
content as a function of ageing time. Lighter colors correspond to a higher abundance
of the compound, while darker colors show a lower quantity of the estudied indole. As
could be seen in the graph, the higher ageing time, the less content of TRP, TEE and 5SMTL.
That was in agreement with ANOVA that showed that TRP and TEE varied significantly
between different categories of Cava and 5SMTL showed a tendency to decrease (Table 2).
Hence, this parameter could be used as an ageing marker in sparkling wines. Moreover,
more studies are needed to clarify the role of lees in the amount of these compounds.

Base wine-]

Postfermentative

Gran Reserva

Tryptophan 5-methoxy- N-acetyl
ethyl ester tryptophol serotonin

Tryptophan

Figure 7. Heatmap of the mean of the indole content (TRP, TEE, 5MTL and NSER) in different
categories of cava (p < 0.05). Largest values are shown in white; smallest values in black; baselines
values in yellow. As the TRP is in much higher quantities it is represented on a smaller scale (1:1000).
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4. Conclusions

In conclusion, TRP, TEE, SMTL and NSER were identified for the first time in biological
ageing samples. Moreover, it was the first time that the latter two indoles were reported
in wine. However, MEL and its isomers SER, 5-OHTRP, 50HIA or 5MIA could not be
detected, therefore, Cava is not a source of Melatonin.

Furthermore, TEE content is proposed as a possible biomarker of ageing in the Gran
Reserva category. An amount lower than 0.56 pg TEE/L would help to define this category
of sparkling wine and prevent fraud of these differentiated quality wines.

The most characteristic indoles of the base wines were TRP and TEE. They correlated
positively and decreased with ageing time. 5MTL and NSER showed a tendency to decrease
during biological ageing, but no significant differences could be established. Therefore, it
has been demonstrated that the content of indoles in Cava varies as a function of ageing
time. Finally, according to our experimental results, it could be concluded that biological
ageing plays a key role in determining the indole content in sparkling wine. However,
further studies are needed to clarify the role of lees in the indole content.

Author Contributions: Conceptualization, C.A.-R., E.L.-T. and M.R.-A.; methodology, C.A.-R,,
AM.-G. and M.R.-A.; software, C.A.-R.; validation, C.A.-R., AM.-G., M.R.-A. and E.L.-T.; formal
analysis, C.A.-R.; investigation, C.A.-R., AM.-G., M.R.-A. and E.L.-T.; resources, M.R.-A ; data
curation, C.A.-R. and M.R.-A.; writing—original draft preparation, C.A.-R.; writing—review and
editing, A.M.-G. and M.R.-A; visualization, C.A.-R. and A.M.-G.; supervision, M.R.-A. and E.L.-T.
project administration, M.R.-A.; funding acquisition, M.R.-A. and E.L.-T. All authors have read and
agreed to the published version of the manuscript.

Funding: This study was made possible thanks to the financial assistance provided by the Comisién
Interministerial de Ciencia y Tecnologia (CICYT) (Spain), AGL2016-78324-Rand by the Generali-
tat de Catalunya, Project 2021SGR00861, INSA (Recognized as a Maria de Maeztu Unit of Excel-
lence grant (CEX2021-001234-M) funded by MICIN/AEI/FEDER, UE) and XIA (Xarxa d'Innovaci6
Alimentaria). C. A. was the recipient of a doctoral fellowship PRE2022-104187 funded by MI-
CIU/AEI/10.13039/501100011033 and FSE+.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Acknowledgments: Thanks to Freixenet, Castellblanch and Segura Viudas for producing samples.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Iriti, M.; Rossoni, M.; Faoro, F. Melatonin content in grape: Myth or panacea? J. Sci. Food Agric. 2006, 86, 1432-1438. [CrossRef]

2. Marhuenda, J.; Villafio, D.; Arcusa, R.; Zafrilla, P. Melatonin in Wine and Beer: Beneficial Effects. Molecules 2021, 26, 343.
[CrossRef] [PubMed]

3. Ahmad, S.B.; Ali, A,; Bilal, M.; Rashid, S.M.; Wani, A.B.; Bhat, R.R.; Rehman, U.M. Melatonin and Health: Insights of Melatonin
Action, Biological Functions, and Associated Disorders. Cell. Mol. Neurobiol. 2023, 43, 2437-2458. [CrossRef] [PubMed]

4. Treister-Goltzman, Y.; Peleg, R. Melatonin and the health of menopausal women: A systematic review. J. Pineal Res. 2021, 71, 12743.
[CrossRef] [PubMed]

5. Marhuenda, J.; Medina, S.; Martinez-Herndndez, P; Arina, S.; Zafrilla, P.; Mulero, J.; Oger, C.; Galano, ].M.; Durand, T.; Solana,
A.; et al. Effect of the dietary intake of melatonin- and hydroxytyrosol-rich wines by healthy female volunteers on the systemic
lipidomic-related oxylipins. Food Funct. 2017, 8, 3745-3757. [CrossRef]

6. Ballester, P; Zafrilla, P.; Arcusa, R.; Galindo, A.; Cerdd, B.; Marhuenda, J. Food as a Dietary Source of Melatonin and Its Role
in Human Health: Present and Future Perspectives. In Current Topics in Functional Food; IntechOpen: Rijeka, Croatia, 2022.
[CrossRef]


https://doi.org/10.1002/jsfa.2537
https://doi.org/10.3390/molecules26020343
https://www.ncbi.nlm.nih.gov/pubmed/33440795
https://doi.org/10.1007/s10571-023-01324-w
https://www.ncbi.nlm.nih.gov/pubmed/36752886
https://doi.org/10.1111/jpi.12743
https://www.ncbi.nlm.nih.gov/pubmed/33969545
https://doi.org/10.1039/C7FO01081H
https://doi.org/10.5772/intechopen.103969

Foods 2025, 14, 722 12 0f 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Nogués, M.R,; Giralt, M.; Romeu, M.; Mulero, M.; Sanchez-Martos, V.; Rodriguez, E.; Acufia-Castroviejo, D.; Mallol, ]. Melatonin
reduces oxidative stress in erythrocytes and plasma of senescence-accelerated mice. J. Pineal Res. 2006, 41, 142-149. [CrossRef]
Scheer, FAJ.L.; Van Montfrans, G.A.; van Someren, E.J.W.; Mairuhu, G.; Buijs, R.M. Daily Nighttime Melatonin Reduces Blood
Pressure in Male Patients with Essential Hypertension. Hypertension 2004, 43, 192-197. [CrossRef] [PubMed]

EFSA Panel on Dietetic Products; Nutrition and Allergies (NDA). Scientific Opinion on the substantiation of health claims related
to melatonin and alleviation of subjective feelings of jet lag (ID 1953), and reduction of sleep onset latency, and improvement of
sleep quality (ID 1953) pursuant to Article 13(1) of Regulation (EC) No 1924/2006. EFSA |. 2010, 8, 1467. [CrossRef]
Grao-Cruces, E.; Calvo, ].R.; Maldonado-Aibar, M.D.; Millan-Linares, M.d.C.; Montserrat-de la Paz, S. Mediterranean Diet and
Melatonin: A Systematic Review. Antioxidants 2023, 12, 264. [CrossRef] [PubMed]

Meng, J.E; Shi, T.C.; Song, S.; Zhang, Z.W.; Fang, Y.L. Melatonin in grapes and grape-related foodstuffs: A review. Food Chem.
2017, 231, 185-191. [CrossRef]

Mercolini, L.; Mandrioli, R.; Raggi, M.A. Content of melatonin and other antioxidants in grape-related foodstuffs: Measurement
using a MEPS-HPLC-F method: Melatonin and other antioxidants in grape-related food. J. Pineal Res. 2012, 53, 21-28. [CrossRef]
Rodriguez-Naranjo, M.I; Gil-Izquierdo, A.; Troncoso, A.M.; Cantos-Villar, E.; Garcia-Parrilla, M.C. Melatonin is synthesised by
yeast during alcoholic fermentation in wines. Food Chem. 2011, 126, 1608-1613. [CrossRef] [PubMed]

Iriti, M.; Vigentini, I. Article Commentary: Tryptophan-Ethylester, the False (Unveiled) Melatonin Isomer in Red Wine. Int. J.
Tryptophan Res. 2015, 8, 22450. [CrossRef] [PubMed]

Fracassetti, D.; Vigentini, I.; Lo Faro, A.; De Nisi, P.; Foschino, R.; Tirelli, A.; Orioli, M.; Iriti, M. Assessment of Tryptophan,
Tryptophan Ethylester, and Melatonin Derivatives in Red Wine by SPE-HPLC-FL and SPE-HPLC-MS Methods. Foods 2019, 8, 99.
[CrossRef]

Fernandez-Cruz, E.; Alvarez-Fernandez, M.A.; Valero, E.; Troncoso, A.M.; Garcia-Parrilla, M.C. Melatonin and derived I-
tryptophan metabolites produced during alcoholic fermentation by different wine yeast strains. Food Chem. 2017, 217, 431-437.
[CrossRef]

Muniz-Calvo, S.; Bisquert, R.; Fernandez-Cruz, E.; Garcia-Parrilla, M.C.; Guillamén, J.M. Deciphering the melatonin metabolism
in Saccharomyces cerevisiae by the bioconversion of related metabolites. J. Pineal Res. 2019, 66, 12554. [CrossRef] [PubMed]
Planells-Carcel, A.; Kazakova, J.; Pérez, C.; Gonzalez-Ramirez, M.; Garcia-Parrilla, M.C.; Guillamén, .M. A consortium of
different Saccharomyces species enhances the content of bioactive tryptophan-derived compounds in wine fermentations. Int. J.
Food Microbiol. 2024, 416, 110681. [CrossRef] [PubMed]

Gardana, C; Iriti, M.; Stuknyté, M.; De Noni, I.; Simonetti, P. ‘Melatonin isomer” in wine is not an isomer of the melatonin but
tryptophan-ethylester. J. Pineal Res. 2014, 57, 435-441. [CrossRef]

Gomez, E].V,; Raba, ].; Cerutti, S.; Silva, M.F. Monitoring melatonin and its isomer in Vitis vinifera cv. Malbec by UHPLC-MS/MS
from grape to bottle: Melatonin and its isomer from grape to bottle. J. Pineal Res. 2012, 52, 349-355. [CrossRef] [PubMed]
Vitalini, S.; Dei Cas, M.; Rubino, EM.; Vigentini, I.; Foschino, R.; Iriti, M.; Paroni, R. LC-MS/MS-Based Profiling of Tryptophan-
Related Metabolites in Healthy Plant Foods. Molecules 2020, 25, 311. [CrossRef]

Tudela, R.; Ribas-Agusti, A.; Buxaderas, S.; Riu-Aumatell, M.; Castellari, M.; Lépez-Tamames, E. Ultrahigh-Performance Liquid
Chromatography (UHPLC)-Tandem Mass Spectrometry (MS/MS) Quantification of Nine Target Indoles in Sparkling Wines. J.
Agric. Food Chem. 2016, 64, 4772-4776. [CrossRef]

European Commission. Commission Delegated Regulation (EU) 2019/934. Off. ]. Eur. Union 2019, 934, 1-52.

Alexandre, H.; Guilloux-Benatier, M. Yeast autolysis in sparkling wine—A review. Aust. ]. Grape Wine Res. 2016, 12, 119-127.
[CrossRef]

Que, Z.; Ma, T.; Shang, Y.; Ge, Q.; Zhang, Q.; Xu, P.; Francoise, U.; Liu, U.; Sun, X. Microorganisms: Producers of Melatonin in
Fermented Foods and Beverages. J. Agric. Food Chem. 2020, 68, 4799-4811. [CrossRef] [PubMed]

Dei Cas, M.; Vigentini, I; Vitalini, S.; Laganaro, A.; Iriti, M.; Paroni, R.; Foschino, R. Tryptophan Derivatives by Saccharomyces
cerevisiae EC1118: Evaluation, Optimization, and Production in a Soybean-Based Medium. Int. J. Mol. Sci. 2021, 22, 472.
[CrossRef]

Cheng, G.; Ma, T.; Deng, Z.; Gutiérrez-Gamboa, G.; Ge, Q.; Xu, P; Zhang, Q.; Zhang, J.; Meng, ].; Reiter, R J.; et al. Plant-derived
melatonin from food: A gift of nature. Food Funct. 2021, 12, 2829-2849. [CrossRef] [PubMed]

Fernandez-Cruz, E.; Carrasco-Galén, F.; Cerezo-L6pez, A.B.; Valero, E.; Morcillo-Parra, M.A; Beltran, G.; Torija, M.J.; Troncoso,
A.M.; Garcia-Parrilla, M.C. Occurrence of melatonin and indolic compounds derived from -tryptophan yeast metabolism in
fermented wort and commercial beers. Food Chem. 2020, 331, 127192. [CrossRef]

Morcillo-Parra, M.A.; Beltran, G.; Mas, A.; Torija, M.J. Effect of Several Nutrients and Environmental Conditions on Intracellular
Melatonin Synthesis in Saccharomyces cerevisiae. Microorganisms 2020, 8, 853. [CrossRef] [PubMed]

Jiao, J.; Xia, Y.; Yang, M.; Zheng, ].; Liu, Y.; Cao, Z. Differences in grape-surface yeast populations significantly influence the
melatonin level of wine in spontaneous fermentation. LWT 2022, 163, 113568. [CrossRef]


https://doi.org/10.1111/j.1600-079X.2006.00344.x
https://doi.org/10.1161/01.HYP.0000113293.15186.3b
https://www.ncbi.nlm.nih.gov/pubmed/14732734
https://doi.org/10.2903/j.efsa.2010.1467
https://doi.org/10.3390/antiox12020264
https://www.ncbi.nlm.nih.gov/pubmed/36829823
https://doi.org/10.1016/j.foodchem.2017.03.137
https://doi.org/10.1111/j.1600-079X.2011.00967.x
https://doi.org/10.1016/j.foodchem.2010.12.038
https://www.ncbi.nlm.nih.gov/pubmed/25213934
https://doi.org/10.4137/IJTR.S22450
https://www.ncbi.nlm.nih.gov/pubmed/25922582
https://doi.org/10.3390/foods8030099
https://doi.org/10.1016/j.foodchem.2016.08.020
https://doi.org/10.1111/jpi.12554
https://www.ncbi.nlm.nih.gov/pubmed/30633359
https://doi.org/10.1016/j.ijfoodmicro.2024.110681
https://www.ncbi.nlm.nih.gov/pubmed/38490108
https://doi.org/10.1111/jpi.12183
https://doi.org/10.1111/j.1600-079X.2011.00949.x
https://www.ncbi.nlm.nih.gov/pubmed/22225625
https://doi.org/10.3390/molecules25020311
https://doi.org/10.1021/acs.jafc.6b01254
https://doi.org/10.1111/j.1755-0238.2006.tb00051.x
https://doi.org/10.1021/acs.jafc.0c01082
https://www.ncbi.nlm.nih.gov/pubmed/32248679
https://doi.org/10.3390/ijms22010472
https://doi.org/10.1039/D0FO03213A
https://www.ncbi.nlm.nih.gov/pubmed/33877242
https://doi.org/10.1016/j.foodchem.2020.127192
https://doi.org/10.3390/microorganisms8060853
https://www.ncbi.nlm.nih.gov/pubmed/32517009
https://doi.org/10.1016/j.lwt.2022.113568

Foods 2025, 14, 722 13 of 13

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Kocadagli, T.; Yilmaz, C.; Gokmen, V. Determination of melatonin and its isomer in foods by liquid chromatography tandem
mass spectrometry. Food Chem. 2014, 153, 151-156. [CrossRef] [PubMed]

Yilmaz, C.; Gékmen, V. Formation of amino acid derivatives in white and red wines during fermentation: Effects of non-
Saccharomyces yeasts and Oenococcus oeni. Food Chem. 2021, 343, 128415. [CrossRef] [PubMed]

Manfroi, L.; Silva, PH.A.; Rizzon, L.A.; Sabaini, P.S.; Gléria, M.B.A. Influence of alcoholic and malolactic starter cultures on
bioactive amines in Merlot wines. Food Chem. 2009, 116, 208-213. [CrossRef]

Ferndndez-Cruz, E.; Cerezo, A.B.; Cantos-Villar, E.; Troncoso, A.M.; Garcia-Parrilla, M.C. Time course of L-tryptophan metabolites
when fermenting natural grape musts: Effect of inoculation treatments and cultivar on the occurrence of melatonin and related
indolic compounds: L-Tryptophan derivatives in grape cultivars. Aust. J. Grape Wine Res. 2019, 25, 92-100. [CrossRef]
Arapitsas, P; Guella, G.; Mattivi, E. The impact of SO2 on wine flavanols and indoles in relation to wine style and age. Sci. Rep.
2018, 8, 858. [CrossRef] [PubMed]

Nardin, T.; Roman, T.; Dekker, S.; Nicolini, G.; Thei, F.; Masina, B.; Larcher, R. Evaluation of antioxidant supplementation in must
on the development and potential reduction of different compounds involved in atypical ageing of wine using HPLC-HRMS.
LWT 2022, 154, 112639. [CrossRef]

Hoenicke, K.; Simat, T.J.; Steinhart, H.; Kohler, H.].; Schwab, A. Determination of Free and Conjugated Indole-3-Acetic Acid,
Tryptophan, and Tryptophan Metabolites in Grape Must and Wine. J. Agric. Food Chem. 2001, 49, 5494-5501. [CrossRef]

Baenas, N.; Garcia-Viguera, C.; Dominguez-Perles, R.; Medina, S. Winery By-Products as Sources of Bioactive Tryptophan,
Serotonin, and Melatonin: Contributions to the Antioxidant Power. Foods 2023, 12, 1571. [CrossRef]

Konturek, S.J.; Konturek, P.C.; Brzozowska, I.; Pawlik, M.; Sliwowski, Z.; Czesnikiewicz-Guzik, M.; Kwiecien, S.; Brzozowski, T.;
Bubenik, G.A.; Pawlik, W.W. Localization and biological activities of melatonin. J. Physiol. Pharmacol. 2007, 58, 381-405. [PubMed]
Fotinos, A.; Zhu, Y.; Mao, L.L.]J.; Atassi, N.; Zhou, EW.; Ahmad, S.; Guan, Y.; Berry, ].D.; Cudkowicz, M.E.; Wang, X. Melatonin
and Other Neuroprotective Agents Target Molecular Mechanisms of Disease in Amyotrophic Lateral Sclerosis. In Melatonin
Neuroprotective Agents Antidepressant Therapy; Springer: New Delhi, India, 2016. [CrossRef]

Fernandez-Cruz, E.; Alvarez-Fernandez, M.A.; Valero, E.; Troncoso, A.M.; Garcia-Parrilla, M.C. Validation of an Analytical
Method to Determine Melatonin and Compounds Related to 1-Tryptophan Metabolism Using UHPLC /HRMS. Food Anal. Methods
2016, 9, 3327-3336. [CrossRef]

Albu, C; Radu, L.E,; Radu, G.L. Assessment of Melatonin and Its Precursors Content by a HPLC-MS/MS Method from Different
Romanian Wines. ACS Omega 2020, 5, 27254-27260. [CrossRef]

Sprenger, J.; Hardeland, R.; Fuhrberg, B.; Han, S.Z. Melatonin and Other 5-Methoxylated Indoles in Yeast: Presence in High
Concentrations and Dependence on Tryptophan Availability. Cyfologia 1999, 64, 209-213. [CrossRef]

Alvarez-Fernandez, M.A.; Fernandez-Cruz, E.; Garcia-Parrilla, M.C.; Troncoso, A.M.; Mattivi, E; Vrhovsek, U.; Araptsas, P.
Saccharomyeces cerevisiae and Torulaspora delbrueckii Intra- and Extra-Cellular Aromatic Amino Acids Metabolism. ]. Agric.
Food Chem. 2019, 67, 7942-7953. [CrossRef] [PubMed]

Muiiz-Calvo, S.; Bisquert, R.; Guillamén, J.M. Melatonin in yeast and fermented beverages: Analytical tools for detection,
physiological role and biosynthesis. Melatonin Res. 2020, 3, 144-160. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.foodchem.2013.12.036
https://www.ncbi.nlm.nih.gov/pubmed/24491714
https://doi.org/10.1016/j.foodchem.2020.128415
https://www.ncbi.nlm.nih.gov/pubmed/33268169
https://doi.org/10.1016/j.foodchem.2009.02.034
https://doi.org/10.1111/ajgw.12369
https://doi.org/10.1038/s41598-018-19185-5
https://www.ncbi.nlm.nih.gov/pubmed/29339827
https://doi.org/10.1016/j.lwt.2021.112639
https://doi.org/10.1021/jf010575v
https://doi.org/10.3390/foods12081571
https://www.ncbi.nlm.nih.gov/pubmed/17928638
https://doi.org/10.1007/978-81-322-2803-5_51
https://doi.org/10.1007/s12161-016-0529-z
https://doi.org/10.1021/acsomega.0c03463
https://doi.org/10.1508/cytologia.64.209
https://doi.org/10.1021/acs.jafc.9b01844
https://www.ncbi.nlm.nih.gov/pubmed/31264861
https://doi.org/10.32794/mr11250053

	Introduction 
	Materials and Methods 
	Chemicals and Reagents 
	Vineyard Conditions 
	Samples 
	UHPLC-MS/MS Conditions 
	Statistical Procedures 

	Results and Discussion 
	Oenological Parameters in Cava Samples 
	Indoles in Cava Samples 
	Indoles Content and Ageing Time 
	Multivariant Analysis 

	Conclusions 
	References

