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Abstract
Background and Aims: Tryptophan is involved in the formation of bioactive compounds, such as melatonin (MEL) and
3-indoleacetic acid (3-IAA), by yeast. Melatonin is a neurohormone whose occurrence in wine has been widely reported in
recent years. The occurrence, however, of MEL and other indolic compounds related to tryptophan metabolism by wine
yeast strains has been scarcely reported in grape musts. This work examined the occurrence of these compounds during the
alcoholic fermentation (AF) of musts from seven grape cultivars, Corredera, Chardonnay, Moscatel, Palomino Fino, Sau-
vignon Blanc, Tempranillo and Vijiriega.
Methods and Results: Must was fermented with three Saccharomyces cerevisiae strains and then in two cases an additional
sequential inoculation with the non-Saccharomyces yeast Torulaspora delbrueckii was carried out. Fermented must samples were
analysed by UHPLC/HRMS to determine the concentration of: L-tryptophan, 5-hydroxytryptophan, 5-hydroxytryptamine, N-
acetyl-5-hydroxytryptamine, MEL, 3-IAA, tryptamine, tryptophol and L-tryptophan ethyl ester. The profile of indolic
compounds during AF with the Aroma White strain depended on the cultivar. The yeast strain did not influence the profile of
indolic compounds; instead, fermentation time was found to be a more influential factor.
Conclusions: The production of indolic compounds during the AF depends largely on the cultivar used and the day of fer-
mentation on natural grape musts.
Significance of the Study: This is the first study that quantifies 5-hydroxytryptophan and N-acetyl-5-hydroxytryptamine
during the AF of grape must. The occurrence of compounds with bioactive potential, for example 3-IAA and ML, during fer-
mentation with commercial yeast strains is also described.
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Introduction
The amino acid L-tryptophan (L-TRP) contains an indolic
ring which confers a strong hydrophobic character (Palego
et al. 2016). In addition to taking part in the biosynthesis of
proteins, it is involved in the metabolism of several com-
pounds of interest, such as 5-hydroxytryptamine (5-HT) and
melatonin (MEL), their principal precursor being L-TRP
(Murch et al. 2000). The occurrence of MEL has been
reported in many plant-based foods and beverages, includ-
ing grapes (Iriti 2009, Mercolini et al. 2012), strawberries
(Stürtz et al. 2011), pomegranate wines (Mena et al. 2012),
sweet cherries (Zhao et al. 2013) and peppers and tomatoes
(Riga et al. 2014), amongst others (Feng et al. 2014).

Yeast such as Saccharomyces cerevisiae are capable of meta-
bolising L-TRP to produce MEL. This was first reported for
yeast grown in two media (Sprenger et al. 1999) and then
in fermented products including beer (Maldonado
et al. 2009), wine (Stege et al. 2010, Rodriguez-Naranjo
et al. 2011a,b, Mercolini et al. 2012) and bread (Yılmaz
et al. 2014). Different metabolic pathways have been pro-
posed for the production of MEL from L-TRP. The synthesis
of MEL by yeast was initially proposed to follow the same
steps as those in animals, that is, via 5-hydroxytryptophan

(5-HTRP), 5-HT and N-acetyl-5-hydroxytryptamine
(NA5-HT) (Figure 1). A subsequent study, however,
reported that the capacity of S. cerevisiae to synthesise 5-HT
via 5-HTRP was limited (Park et al. 2008). This suggested
that MEL formation via 5-HTRP was not the only viable
pathway. An alternative pathway for synthesising MEL from
L-TRP via 5-methoxytryptamine (Figure 1) has recently
been proposed (Tan et al. 2016). Different Saccharomyces and
non-Saccharomyces yeast have been reported to produce MEL
during alcoholic fermentation (AF), for example in synthetic
must (SM) by S. cerevisiae [Aroma White (AW), Red Fruit
(RF), QA23, ES488, IGV-GRE and Uvaferm strains], Torulas-
pora delbrueckii or Metschnikowia pulcherrima (Rodríguez-
Naranjo et al. 2012, Fernández-Cruz et al. 2017) and in
orange juice by Pichia kluyveri (Fernández-Pachón et al. 2014).

Several previous studies have investigated the formation
of L-TRP derivatives by the QA23 yeast strain, because of its
ability to rapidly complete fermentation and its wide appli-
cation in white, rosé and red winemaking (Rodríguez-
Naranjo et al. 2012, Blanco et al. 2013, Fernández-Cruz
et al. 2017, González et al. 2018). By comparison,
S. cerevisiae strains, such as AW and RF, have been used only
sporadically in laboratories, but have recently been studied
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in SM (Fernández-Cruz et al. 2016, 2017, Muñíz-Calvo
et al. 2017). Whereas AW is widely used in white winemak-
ing, RF imparts appealing sensory properties to rosé and red
wines. Moreover, the use of non-Saccharomyces yeasts in
winemaking, such as T. delbrueckii, is considered an emerg-
ing biotechnological tool of great commercial interest
(Puertas et al. 2017). Torulaspora delbrueckii is characterised
by the production of low acetaldehyde, acetic acid, hydro-
gen sulfide and volatile phenols (Renault et al. 2009). As
such, its sequential inoculation with S. cerevisiae is consid-
ered to improve wine quality (Bely et al. 2008, van Breda
et al. 2013, Azzolini et al. 2014, González-Royo et al. 2015,
Renault et al. 2015). It is therefore attracting the interest of
winemakers to improve the fermentation process, which in
turn will produce wines with improved characteristics, such
as colour, aroma and better technological properties
(Suárez-Lepe and Morata 2012).

In addition to 5-HT and MEL, L-TRP metabolism encom-
passes other metabolites as shown in Figure 1. Different
pathways have been proposed for the synthesis of indolic
compounds such as 3-indoleacetic acid (3-IAA) (Maslov
et al. 2011). This compound is a phytohormone that has
been exhaustively described in both plants and microorgan-
isms such as bacteria (Epstein and Ludwig-Muller 1993,
Spaepen et al. 2007, Yu et al. 2014, Cook et al. 2016).
Together with L-TRP metabolites, such as tryptophol (TOL),
tryptamine (TRY) and L-TRP ethyl ester (L-TRP EE) (Gil-
Agustí et al. 2007, Favre et al. 2014, Gardana et al. 2014,
Tudela et al. 2016), these compounds are of interest as bio-
actives because of their potential as antioxidants
(Bonnefont-Rousselot and Collin 2010), endothelial func-
tion protectors (Jadhav et al. 2012), antiangiogenic mole-
cules (Cerezo et al. 2017) and neuroprotective agents
(Hornedo-Ortega et al. 2018).

The present study tested whether different grape must
substrates, yeast strains and inoculation procedures influ-
ence the formation of L-TRP metabolites in semi-industrial
fermentations. In addition, the study aimed to ascertain the
conditions which most efficiently produce L-TRP metabo-
lites, some of which have bioactive potential.

Materials and methods

Reagents
The compounds, 5-HTRP, TOL, 3-IAA, 5-HT, NA5-HT, MEL,
L-TRP EE and TRY of high-grade purity (>97%) were pur-
chased from Sigma Aldrich (St Louis, MO, USA); L-TRP from
Panreac (Darmstadt, Germany); analytical grade methanol

for UHPLC analysis from Merck (Darmstadt, Germany) and
formic acid from Prolabo (Obregón, Mexico).

Grapes
Grapes from six white cultivars, Corredera, Chardonnay,
Moscatel, Palomino Fino, Sauvignon Blanc and Vijiriega,
commonly grown in the south of Spain, and one red culti-
var, Tempranillo, were harvested from vineyards located at
the Instituto de Investigación y Formación Agraria y Pes-
quera (IFAPA) in Jerez de la Frontera, Spain (longitude
06:00:58 W, latitude 36:45:29 N).

Yeast strains
Yeasts were selected according to their efficiency in produc-
ing MEL and other L-TRP derived compounds reported in
previous work (Fernández-Cruz et al. 2016, 2017) and
included: S. cerevisiae AW (Enartis, Trecate, Italy), S. cerevisiae
Lalvin YSEO QA23 (Lallemand, Bayern, Germany),
S. cerevisiae RF (Enartis) and T. delbrueckii TD291 Biodiva
(Lallemand). The yeasts were supplied as commercial active
dehydrated yeasts (ADY).

Winemaking procedure
White winemaking. Grapes from the six white cultivars were
harvested, destemmed, crushed and pressed. A pectolytic
enzyme preparation (2.5 mL/hL, Enartis ZYM; Enartis, San
Martino, Trecate, NO, Italy) and 40 mg/L of SO2 (Sulfosol,
Sepsa-Enartis; Enartis) were added to the must which was
held for 24 h at 4�C. Subsequently, the clarified must was
placed in a 100 L stainless steel vessel. The AF was induced
by inoculation with the AW yeast strain and monitored at
18�C. Fermentations were in triplicate (n = 3) for each culti-
var. Fermentation was considered finished when the con-
centration of residual sugar was less than 3 g/L.

Rose winemaking. Tempranillo must was produced with a
pneumatic press. A pectolytic enzyme preparation (3 mL/hL,
Enartis ZYM) and 40 mg/L of SO2 were added. The must
was then placed into 15 stainless steel 10 L vats.

The Tempranillo must was subjected to five inoculation
treatments: (i) inoculation with S. cerevisiae QA23 yeast (CT-
QA23); (ii) inoculation with S. cerevisiae RF yeast (CT-RF);
(iii) sequential inoculation (SI-QA23) with T. delbrueckii
TD291 and then with S. cerevisiae QA23, that is, when den-
sity had decreased by 15 units after the start of AF;
(iv) sequential inoculation (SI-RF) with T. delbrueckii TD291
and then with S. cerevisiae RF, again when density had

Figure 1. L-Tryptophan pathways showing
formation of different indolic compounds by animals
( ), plants ( ) and yeast ( ) and by
alternative common pathways ( ). [Adapted
from Dickinson (2003), Simat et al. (2004) and Tan
et al. (2016)]. 3-IAA, 3-indoleacetic acid; 3-IAD,
3-indole acetaldehyde; 3-IPA, 3-indolepyruvic acid;
5-HT, 5-hydroxytryptamine; 5-HTRP, 5-
hydroxytryptophan; 5-MTRY, 5-methoxytryptamine;
L-TRP, L-tryptophan; MEL, melatonin; NA5-HT, N-
acetyl-5-hydroxytryptamine; TOL, tryptophol; TRY,
tryptamine.
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decreased by 15 units; and (v) spontaneous fermentation
(SP), that is without inoculation with commercial yeast. All
fermentations were maintained at 16–18�C and were in
triplicate (n = 3).

Sampling
The white and rose musts were settled for 24 h after which
samples (15 mL) were taken. For white fermentations, addi-
tional samples (15 mL) were taken daily from inoculation
until the end of AF, that is when the residual sugar concen-
tration was less than 3 g/L. The Tempranillo fermentations,
CT-QA23 and CT-RF, were sampled daily until day 6, while
SP, SI-QA23 and SI-RF were sampled daily until day 9. Sam-
ples were also taken on day 13–14. The duration of AF and
final residual sugar concentration for wines of each cultivar
are provided in Table S1 and Figure S1. Samples were
stored at −80�C prior to analysis.

Sample preparation
Samples were thawed and centrifuged for 10 min at 1500 g
(Sorvall TC Dupont Centrifuge, Thermo Fisher Scientific,
Barcelona, Spain) to remove lees. The resulting supernatant
was collected in 15 mL falcon tubes and an aliquot (500 μL)
extracted as described by Fernández-Cruz et al. (2017).
Extracts were placed in a vacuum concentrator
(HyperVACLITE, Gyrozen, Seoul, Korea) until total dryness
was achieved (34�C, 2000 rpm in 740 g). Samples were sub-
sequently reconstituted in aqueous methanol (1:1, 167 μL)
to a 3:1 final concentration. Prior to UHPLC/HRMS analysis,
samples were filtered (13 mm VWR syringe filters, 0.45 μm
polytetrafluorethylene (PTFE)) and placed in dark coloured
glass vials.

UHPLC/HRMS analysis
Extracts were analysed with a UHPLC system (Dionex Ulti-
mate 3000, Thermo Fisher, San Jose, CA, USA) comprising
an autosampler (WPS-3000RS), pump (HPG-3400RS) and
column compartment (TCC-3000RS). Separation was
achieved using a 2.1 × 100 mm SB-C18 column (Zorbax
RRHD, 1.8 μm particle size) fitted with a guard column
(2.1 × 5 mm, 1.8 μm particle size). The UHPLC system was
coupled to a hybrid Quadrupole-Orbitrap Qexactive equip-
ment (Thermo Scientific, Bremen, Germany). The UHPLC
and HRMS conditions were set according to a previously
validated method (Fernández-Cruz et al. 2016). Each sam-
ple replicate was injected in duplicate (n = 6). More infor-
mation about the UHPLC/HRMS data is provided in
Table S2. The system was controlled with Chromeleon
Express software (Thermo Fisher Scientific, Bremen,
Germany). Xcalibur software (v.3.0.63) and TraceFinder
software (v.3.1), were used for data analysis. All software
was provided by Thermo Scientific.

Statistical analysis
The data were subjected to Multiple linear regression,
ANOVA and Tukey’s honest significant difference (HSD) to
determine any significant differences (P < 0.05). In addition,
linear discriminant analysis (LDA) was also applied. Statis-
tica software (StatSoft, Tulsa, OK, USA) v.7.0 was used for
the statistical analyses.

Results and discussion

Composition of must from white grape cultivars during
fermentation with S. cerevisiae AW
Must from six white grape cultivars, Corredera, Chardon-
nay, Moscatel, Palomino Fino, Sauvignon Blanc and Vijir-
iega, were analysed during AF with the S. cerevisiae AW
strain to determine the occurrence of indolic compounds
derived from L-TRP metabolism. It must be noted that, in all
cases, the S. cerevisiae AW was the main strain inoculated
during AF (data not shown).

Figure 2 shows changes in the concentration of the pre-
cursor amino acid L-TRP, together with metabolites of the
MEL pathway, 5-HTRP, 5-HT, NA5-HT and MEL, the higher
alcohol TOL and other compounds of interest (3-IAA and
L-TRP EE), during AF. The initial concentration of L-TRP in
must ranged from 0.4 to 2.3 mg/L (416–2313 ng/mL), with
Corredera and Chardonnay containing the lowest and high-
est concentration, respectively (Figure 2a). The amino acid
profile is influenced by several parameters, such as the soil
composition of the area where the grapes were cultivated,
the cultivar employed (Garde-Cerdán et al. 2009), irrigation
(Bouzas-Cid et al. 2018), leaf treatments (Ruiz-Rodríguez
et al. 2017) and terroir (Moreno et al. 2015, Uriarte
et al. 2016). Despite it being one of the main amino acids,
however, little attention has been paid to L-TRP; a few stud-
ies report the L-TRP concentration of grapes and must in dif-
ferent cultivars. The concentration measured in the current
study is much lower than that previously reported (Table 1).
At the end of AF, L-TRP values had decreased significantly,
ranging from 4.2 ng/mL for Vijiriega to 1902 ng/mL for
Moscatel.

The first intermediate metabolite in the MEL pathway,
described previously for animals, plants and yeasts, is
5-HTRP (Figure 1). This study is the first to report the occur-
rence of 5-HTRP in grape must during AF. As shown in
Figure 2b, 5-HRTP was initially present at a low concentra-
tion (<2.5 ng/mL) in must prior to AF for all cultivars; a sig-
nificant quantity was then consumed by the end of AF. The
progressive decrease in 5-HTRP concentration ranged from
55% for Corredera to 99% for Sauvignon Blanc. It appears
that yeast are capable of consuming 5-HRTP quickly during
the early stages of AF (i.e. during days 1–3). A similar trend
was previously observed during the AF of SM (Fernández-
Cruz et al. 2016).

The subsequent MEL pathway intermediates, 5-HT and
NA5-HT, were not detected in the white musts, however,
the final metabolite, MEL, was quantified during AF of all
samples, except Palomino Fino. Melatonin was measured at
a concentration ranging from 0.10 to 0.45 ng/mL in the ini-
tial must samples (i.e. prior to AF) (Figure 2c). Accumula-
tion of MEL followed two trends during AF, despite the use
of the same yeast strain. A zigzag plot trend was observed
for the MEL concentration in Corredera and Moscatel, with
significant change observed during AF. In contrast, MEL
concentration remained constant during AF of Chardonnay,
Sauvignon Blanc and Vijiriega (Figure 2c). A previous study
reported the maximum production of MEL on day 2 for a
SM fermentation with the S. cerevisiae AW strain
(Fernández-Cruz et al. 2016). In this study, however, more
than one peak in MEL production was found during AF
(Figure 2c). There was a maximum peak for MEL at the end
of AF (i.e. on day 9) for Chardonnay, while other cultivars,
for example Corredera and Moscatel, gave multiple peaks,
especially during the first stages of AF (i.e. between days

© 2018 Australian Society of Viticulture and Oenology Inc.

94 L-Tryptophan derivatives in grape cultivars Australian Journal of Grape and Wine Research 25, 92–100, 2019

 17550238, 2019, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ajgw

.12369 by U
niversidad D

e Sevilla, W
iley O

nline L
ibrary on [24/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



1–6). These results show a remarkable difference among the
substrates studied, resulting in each cultivar displaying a
different trend in MEL production.

The occurrence of L-TRP EE during AF of white grape
must was highly variable (Figure 2d). In five of the six initial
samples, L-TRP EE was present. The exception, Corredera,
L-TRP EE did not appear until day 3. Moreover, Corredera,
Palomino Fino and Vijiriega gave relatively constant L-TRP
EE values, with little change during AF (ca. 0.1 ng/mL). In
Chardonnay and White Muscat, L-TRP-EE concentration to
slightly increased up until the end of AF (0.5 ng per
106 CFU), when it then diminished (Vigentini et al. 2015).
In an earlier study, we reported an increase in L-TRP EE
concentration in SM during AF using the S. cerevisiae AW
strain under laboratory conditions, with a final concentra-
tion of 17.5 ng/mL at the end of AF (Fernández-Cruz
et al. 2016). Other researchers have also reported the for-
mation of L-TRP EE in growth medium and grape musts,
under laboratory conditions. In growth medium, L-TRP EE
increased in concentration 24 h after inoculation (12.0–-
208.1 ng/mL) with different strains of S. cerevisiae (UMY255,
EC1118 and IOC18-2007), but it decreased to a negligible
concentration (0.3–1.6 ng/mL) 72 h after inoculation
(Vigentini et al. 2015). In the current study, the maximum
concentration of L-TRP EE found in white grape must
(0.1 ng/mL) was lower than that reported in SM
(17.5 ng/mL). Apparently, yeast produce ethyl esters from
amino acids part way through AF, when the concentration
of alcohol in the fermenting medium is high (Lambrechts
and Pretorius 2000). The L-TRP EE appears to be formed
from L-TRP (Figure 1) in a one-step reaction (Arapitsas
et al. 2018).

Figure 2. Effect of Saccharomyces cerevisiae Aroma White strain on the
concentration of (a) L-tryptophan, (b) 5-hydroxytryptophan, (c) melatonin,
(d) L-tryptophan ethyl ester, (e) 3-indoleacetic acid and (f ) tryptophol
during the fermentation of musts of the white grape cultivars, Corredera
( ); Chardonnay ( ); Moscatel ( ); Palomino Fino ( ); Sauvignon Blanc
( ) and Vijiriega ( ). Values are means of six replicates (n = 6) � standard
deviation.

Table 1. L-Tryptophan concentration reported in white and red grape
cultivars.

Type of grape
and cultivar

Concentration
(ng/mL) References

White
Kerner 2000–80 000 Hoenicke et al. (2001)
Riesling 4000–35 000 Linsenmeier et al. (2004)
White grapes from
different countries

200–11 000 Bell and Henschke (2005)

White grapes from
Alentejo region
(Portugal)

5500–17 800 Herbert et al. (2006)

Albana 70–117 Mercolini et al. (2012)
Emir 108–760 Ünal et al. (2015)
Narince 22–410 Ünal et al. (2015)
Sultaniye 34–520 Ünal et al. (2015)
Verdejo 2500–4000 Ruiz-Rodríguez et al. (2017)
Treixadura 8000–18 000 Bouzas-Cid et al. (2018)
Chardonnay 5000–45 000 Meng et al. (2018)

3–400 Vigentini et al. (2015)
Red
Sangiovese 70–133 Mercolini et al. (2012)
Croatina 5–200 Vigentini et al. (2015)
Tempranillo 9410–17 630 Pérez-�Alvarez et al. (2017)

23–380 Garde-Cerdán et al. (2017)
25–810 Gutiérrez-Gamboa et al.

(2017)
30 000 González-Santamaría et al.

(2018)
Monastrell 33 420 Garde-Cerdán et al. (2017)
Carignan Noir 6240–15 540 Gutiérrez-Gamboa et al.

(2018a,b)
Garnacha 13–100 Gutiérrez-Gamboa et al.

(2018a, b)
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The initial concentration of 3-IAA observed in the six
white grape musts was negligible (<1 ng/mL), in agreement
with that previously observed in the initial must obtained
from Kerner and Malvasia grapes, that is less than 5 ng/mL
(Simat et al. 2004, Maslov et al. 2011). Our results show a
remarkable increase in 3-IAA during the early stages of AF
for all must samples (Figure 2e), indicating production
because of yeast metabolism. In yeast, the occurrence of
3-IAA is reported to be dependent on L-TRP (Contreras
et al. 2014, Nutaratat et al. 2016). This relationship was not
found in the current study, even though two accumulation
trends were observed during AF. Chardonnay, Moscatel,
Sauvignon Blanc and Vijiriega showed a significant decrease
in 3-IAA at day 3, relative to their initial 3-IAA concentra-
tion. A similar trend was previously reported for Müller-
Thurgau grape must fermented with S. cerevisiae Uvaferm
CM, where the highest concentration of 3-IAA (being
70 ng/mL) occurred during turbulent fermentation, with
the concentration diminishing at the end of AF (Simat
et al. 2004). In the case of SM fermented by the S. cerevisiae
AW strain, the main trend observed was an initial increase,
and then a decrease in 3-IAA concentration, from
83.8 ng/mL at day 1 to 0.9 ng/mL by the end of AF
(Fernández-Cruz et al. 2016). In contrast, Corredera and
Palomino Fino gave a relatively consistent 3-IAA concentra-
tion, being 16.5 and 14.8 ng/mL, respectively, at the end of
AF, that is the concentration was significantly higher than
that prior to AF (Figure 2e). Similarly, a study involving fer-
mentation of Riesling grape must by four commercial
S. cerevisiae strains (Uvaferm CEG, Lalvin Cross, Anchor VIN
and Anchor Exotics SPH) reported an increase in 3-IAA dur-
ing AF of 10–35 ng/mL, but the concentration did not
diminish at the end of fermentation (Mihaljevi�c Žulj
et al. 2015). These data suggest that the combination of
yeast strain and grape cultivar play a decisive role in the
accumulation of 3-IAA.

Tryptophol was the compound with the highest concen-
tration during the AF of must from the six white grape culti-
vars (Figure 2f). Tryptophol was present in the initial must
at a concentration of 3.3 and 31.3 ng/mL for Moscatel and
Palomino Fino, respectively. Two accumulation patterns
were then observed. Corredera, Chardonnay, Palomino Fino
and Sauvignon Blanc accumulated TOL weakly during AF
with a final concentration ranging from 365 to 666 ng/mL.
In contrast, TOL increased sharply after 1–2 days of AF of
Moscatel and Vijiriega (1170–1217 ng/mL) and was con-
stant at the end of AF, giving a significantly higher concen-
tration of TOL compared with that observed for other
cultivars. The same trend was reported for AF of must from
Müller-Thurgau grapes, with TOL being synthesised during
the first stages of the fermentation process and increased
until the end of AF (Simat et al. 2004). In SM fermented
with S. cerevisiae AW strain, TOL also increased in concentra-
tion during the first 3 days of AF (Fernández-Cruz
et al. 2016). It is well established that TOL is the fusel alco-
hol of the amino acid L-TRP and it is produced by yeast dur-
ing AF via the Ehrlich pathway (Hazelwood et al. 2008, Mas
et al. 2014). Synthesis of TOL occurs after the formation of
two intermediate metabolites, 3-indolpyruvic acid (3-IPA)
and 2-indolacetaldehyde (3-IAD), which are derived from
L-TRP (Dickinson 2003) (Figure 1). In our samples, this
pathway appears to be the one that yeast preferred during
AF, because of most of the L-TRP present in the initial must
was transformed into TOL.

Linear discriminant analysis was performed with cultivar
selected as the independent variable. Forward stepwise anal-
ysis included the following variables: 5-HTRP, MEL, 3IAA,
TRYPT, TOL, L-TRP EE in the model. 5-Hydroxytryptamine
and NA5-HT could not be included, as they were not
detected in a sufficient number of samples. Classification
rates of 100% were achieved. Figure 3 shows that samples
were grouped according to cultivar using factors 1 and
3. This indicates the production of indolic compounds
depends largely on the grape cultivar being fermented, in
addition to the yeast strain.

Effect of yeast strain on the composition of Tempranillo must
during fermentation
Tempranillo must was settled for 24 h and then inoculated
with several yeast strains. Figure 4 shows the compositional
changes observed during the five different fermentations
carried out with Tempranillo must. Figure 4a shows an ini-
tial L-TRP concentration of 3492 ng/mL, which was consid-
erably lower than the concentration previously reported for
must of different red grape cultivars, being 9410–30 000
ng/mL (Table 1). This may reflect differences in soil type
and climate, as previously suggested (Fernández-Marín
et al. 2013). Compared with the results obtained, however,
for the white grape cultivars (Figure 2a), the initial concen-
tration of L-TRP was highest in Tempranillo must. The accu-
mulation of L-TRP remained similar to that observed for the
white must, that is significant consumption of L-TRP was
observed between days 1 and 4, irrespective of the inocula-
tion treatment; with negligible concentration detected from
day 5. The same trend was previously observed in SM
(Fernández-Cruz et al. 2017).

The initial concentration of 2.3 ng/mL and the accumula-
tion trend of 5-HTRP (Figure 4b) were similar to those
observed for white grape must (Figure 2b). All fermentations
followed the same pattern, regardless of the yeast strain inocu-
lated, even the spontaneous fermentation. As for L-TRP,
5-HTRP was exhausted during the early stages of AF, but it was
not produced in either the white or Tempranillo grape musts.
We reported the same trend for the occurrence of 5-HTRP in
SM fermented with S. saccharomyces RF, QA23 and T. delbrueckii
under laboratory conditions (Fernández-Cruz et al. 2017).
These results show that use of the same yeast strains under

Figure 3. Linear discriminant analysis performed on must of the white
grape cultivars Corredera ( ), Chardonnay ( ), Moscatel ( ), Palomino
Fino ( ), Sauvignon Blanc ( ) and Vijiriega ( ) at different points during
alcoholic fermentation by Saccharomyces cerevisiae Aroma White.

© 2018 Australian Society of Viticulture and Oenology Inc.
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either semi-industrial or laboratory conditions gave similar pat-
terns of 5-HTRP consumption. Thus, it appears that the inocu-
lation method does not significantly affect 5-HTRP
consumption during AF, regardless of fermentation scale.

This is the first time, to our knowledge, that NA5-HT has
been quantified during AF of Tempranillo must. The initial
must contained 0.25 ng/mL NA5-HT at (Figure 4c). During
AF, NA5-HT concentration peaked between days 3 and
4 and then decreased substantially until the end of AF, to
give final concentration of 0.3 ng/mL. In an earlier study, we
reported NA5-HT at a negligible concentration (0.1 ng/mL)
at the start of fermentation in SM, with NA5-HT disappear-
ing during AF (Fernández-Cruz et al. 2017). In commercial
sparkling wines, such as Cava, Reserva, and Gran Reserva,
NA5-HT has been quantified at a higher concentration of
0.3–2.0 ng/mL (Tudela et al. 2016).

Following the corresponding pathway (Figure 1) MEL is
one of the final L-TRP metabolites. In this study, MEL was
present in Tempranillo must at a low concentration, that is
0.07 ng/mL (Figure 4d). A considerably higher MEL con-
centration has been reported in red grape must after press-
ing, that is 74.1, 77.7, 241.2 and 322.7 ng/L for Cabernet
Sauvignon, Tempranillo, Merlot and Tintilla de Rota, respec-
tively (Rodriguez-Naranjo et al. 2011a). During AF,

Figure 4. Effect of yeast on the concentration of (a) L-tryptophan,
(b) 5-hydroxytryptophan, (c) melatonin, (d) L-tryptophan ethyl ester,
(e) 3-indoleacetic acid and (f ) tryptophol in Tempranillo grape must
fermented with: Saccharomyces cerevisiae QA23 ( ); S. cerevisiae Red Fruit
( ); sequential inoculation with Torulaspora delbrueckii and S. cerevisiae
QA23 ( ); sequential inoculation with T. delbrueckii and S. cerevisiae Red
Fruit ( ); spontaneous fermentation ( ). Mean � standard deviation (SD),
values are means of six replicates (n = 6) � SD.

Figure 5. Linear discriminant analysis performed on must of the red grape
cultivar Tempranillo fermented (a) with Saccharomyces cerevisiae QA23/Red
Fruit (RF) at day 0 ( ), day 1 ( ), day 2 ( ), day 3 ( ), day 4 ( ), day
5 ( ) and day 6 ( ) and (b) with inoculation of SP ( ), CT-RF ( ),
CT-QA23 ( ), SI-RF ( ) and SI-QA23 ( ).

© 2018 Australian Society of Viticulture and Oenology Inc.
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considerable variation in MEL was observed, similar to that
described above during AF of white grape must (Figure 2c).

The concentration of 3-IAA in Tempranillo must
(Figure 4e) also followed the trend described during AF of
white grape must (Figure 2e). 3-Indole acetic acid was ini-
tially present at a concentration of 2.8 ng/mL, but the con-
centration subsequently increased during the first few days
of fermentation, reaching a maximum (irrespective of inoc-
ulation treatment) between days 2 and 4. The concentration
of 3-IAA then decreased significantly until the end of AF,
with the final concentration ranging from 7.2 to 10.8 ng/mL
for the CT-RF and SP samples, respectively. Similar trends
were seen for SM fermented with RF and QA23 yeast
strains (Fernández-Cruz et al. 2017).

The initial concentration of TOL in Tempranillo must
(Figure 4f ) was low, at 4.9 ng/mL, compared with the level
(123 ng/mL) reported for Monastrell grape must (Bordiga
et al. 2016). The concentration of TOL then increased signif-
icantly during AF, reaching a final concentration of between
1979 for CT-QA23 and 2668 ng/mL for SP.

L-Tryptophan ethyl ester was not detected in the initial
Tempranillo must, but it accumulated in all fermentations,
irrespective of inoculation treatment, from day 1 at a con-
stant concentration (data not shown), with no change in
concentration observed during AF (0.032–0.042 ng/mL).

Linear discriminant analysis was performed to compare
the occurrence of indolic compounds as a function of both
inoculation treatment and the duration of fermentation,
that is, from the initial must (i.e. at day 0) to day 6. All the
quantified compounds were included in the analysis.
Figure 5 shows the plots obtained with a forward stepwise
method in which 35 samples were analysed. Four groups,
representing the initial must, and the must after 1, 5 and
6 days of fermentation, were clearly differentiated
(Figure 5a). Samples collected on days 2–4, representing the
midpoint of AF, formed one uniform group, with few
noticeable differences. The greatest change was therefore
observed during the early stages of AF, where L-TRP metab-
olism by yeast was more noticeable. In contrast, the produc-
tion of indolic compounds during AF was not strongly
influenced by the inoculation treatment (Figure 5b); that is
separation of samples was achieved only when the duration
of fermentation was the variable.

Conclusion
Must from several cultivars gave different profiles of the
indolic compounds derived from the amino acid L-TRP.
Although the presence of L-TRP in the initial must is essen-
tial, the occurrence of individual indolic compounds was not
always related to the initial concentration of L-TRP. Changes
in the concentration of 5-HTRP and NA5-HT, intermediates
of the MEL pathway in yeast metabolism, were described
for the first time during the AF of grape must fermented by
different yeast strains. The accumulation of MEL and 3-IAA,
compounds considered to have bioactivity potential, was
also reported during AF, with an especially high concentra-
tion observed for Corredera. The higher alcohol, TOL, was
the L-TRP metabolite present at the highest final concentra-
tion in all white fermentations, with L-TRP being the path-
way preferred by yeast. In a common substrate such as
Tempranillo must, inoculation treatments involving differ-
ent yeast strains did not affect the occurrence of indolic
compounds during AF. Their occurrence was, however,
influenced by the duration of fermentation. Further studies
are required to ascertain the combination of grape cultivar

and inoculation strategy that optimises the concentration of
indolic compounds so as to realise their potential bioactivity
in wine.
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Figure S1. Sugar consumption during alcoholic fermenta-
tion of must from (a) the white grape cultivars Corredera
( ), Chardonnay ( ), Moscatel ( ), Palomino Fino ( ), Sau-
vignon Blanc ( ) and Vijiriega ( ) and from (b) Tempranillo
following inoculation with Saccharomyces cerevisiae QA23 ( )
and S. cerevisiae Red Fruit (RF) ( ), sequential inoculation
with Torulaspora delbrueckii and S. cerevisiae QA23 ( ) and
with T. delbrueckii and S. cerevisiae RF ( ), and spontaneous
fermentation ( ).
Table S1. Effect of grape cultivar on the duration of alco-
holic fermentation and residual sugar concentration at the
end of fermentation.

Table S2. Retention time, protonated ion, main fragment,
theoretical fragment, relative intensity, formula and error of
the different indolic compounds analysed during the alco-
holic fermentation.
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