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Abstract: Lachancea thermotolerans is a non-Saccharomyces yeast appreciated for its potential of
acidification due to the production of lactic acid; however, this species also synthetizes other
metabolites that modulate organoleptic wine properties. The aim of this study was to evaluate
the strain L. thermotolerans Lt93 to ferment ‘Treixadura’ and ‘Mencía’ musts and its impact
on yeast population dynamics and wine characteristics. Fermentations using monocultures of
L. thermotolerans Lt93 and S. cerevisiae strains, sequential inoculation and spontaneous process were
performed. The dynamic of yeast population and wine composition were analyzed following standard
methodology. L. thermotolerans Lt93 was unable to overgrow wild yeast population in ‘Treixadura’
white must; however, with ‘Mencía’ red must, Lt93 was the predominant yeast at the beginning
of fermentation and remained at high frequency until the end. Lt93 Treixadura wines had slightly
higher acidity and higher content of esters and acids than ScXG3 wines. Lt93 Mencía wines presented
higher acidity (10.1 g/L) and 0.8% (v/v) lower ethanol content than Sc71B wines. The content of esters
and fatty acids was 3.3 and 4.0 times lower, respectively, in Lt93 than in Sc71B Mencía wines. It was
possible to increase wine acidity and modulate the chemical wine profile by using Lt93.

Keywords: non-Saccharomyces; Lachancea thermotolerans; Saccharomyces cerevisiae; monoculture fermentation;
sequential fermentation; wine

1. Introduction

The fermentation of grape juice into wine is a complex microbiological and biochemical process
in which yeast, responsible for alcoholic fermentation, plays an essential role. Not only does yeast
transform grape sugars into ethanol and carbon dioxide, they also produce a large number of secondary
compounds. These metabolites include higher alcohols, volatile acids, esters, carbonyl compounds,
volatile phenols, sulfur-containing compounds and thiols; although minor, they are very important
from a sensorial point of view [1,2].

Spontaneous fermentations involve a sequential succession of yeasts: during early stages,
several yeast species of genera Hanseniaspora, Candida, Pichia and Metschnikowia are present; however,
as fermentation progresses, these non-Saccharomyces species are naturally substituted by Saccharomyces
because the latter is a good fermenter and has high alcohol tolerance [3,4]. Traditionally, the presence of
non-Saccharomyces yeast was associated to undesirable compounds and they were considered spoilage
microorganisms [5]. However, nowadays their benefits on wine quality are widely recognized [6].
Non-Saccharomyces yeast synthetize metabolites that contribute to wine quality; moreover, they
also produce enzymes to optimize certain steps during winemaking [7]. Later on, their role in
alcohol reduction and acidification of wines add an extra value to these yeasts, which can be used
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as a tool to mitigate the consequences of climate change in wine [8]. In this context, the potential of
non-Saccharomyces yeast in winemaking has been re-evaluated [6]; thus, nowadays, there are several
strains of non-Saccharomyces yeasts commercially available as active dry products [9].

Non-Saccharomyces yeasts have limited fermentation power and they are not able to dominate the
wild yeast populations in must; however, their activity in early stages of fermentation is enough to
contribute positive changes in wine quality. Therefore, to take advantage of their desirable oenological
traits, it is necessary to inoculate a strain of S. cerevisiae in order to complete fermentation. Thus, the use
of controlled mixed fermentations has been proposed [4,10]. Numerous studies have reported the use of
non-Saccharomyces as monoculture and in mixed fermentation (simultaneous or sequential) compared
to S. cerevisiae; most of them conclude that sequential inoculation is usually the best option [5,11,12].

Among non-Saccharomyces yeast, Lachancea thermotolerans (formerly Kluyveromyces thermotolerans)
is widely used at industrial level to acidify wines, especially in warm viticultural regions [9,13].
Indeed, the results of numerous studies about the oenological properties of L. thermotolerans confirmed
its suitability to obtain quality wines [14]. The first reports about L. thermotolerans highlighted the
high production of lactic acid during alcoholic fermentation; consequently, they also evidenced the
acidification ability of this yeast [15–17]. Further studies corroborate these findings (for a review
see [9]). Moreover, L. thermotolerans used in combination with S. cerevisiae reduced the ethanol content
of wines 0.7–0.9% (v/v) [11] or from 0.2% (v/v) to 0.35% (v/v) [18–20]. This fact, along with its potential
to increased total wine acidity, make the application of L. thermotolerans a suitable strategy to face
climate change consequences in oenology [8,21]. Additional effects of this yeast include a reduction of
0.46 g/L in volatile acidity [22] and the consumption of acetic acid [23]; an increase of 2.2 g/L of glycerol
content in industrial fermentations [11]; significant variations in the content of higher alcohols, esters or
terpenic compounds [5,12,21,24]; or an increase from 1.3- to 2.0-fold of 2-phenylethanol [5,11]. All these
characteristics are involved in wine complexity resulting in wines differentiated at sensory level [11,12].
However, it is important to mention that some of these metabolic properties of L. thermotolerans are
strain-dependent [14,19,22,25]; therefore, more research is necessary about the isolation and selection
of L. thermotolerans strains using specific criteria for their future exploitation [9].

Recent studies have revealed the existence of genetic variation in the microbial communities from
different viticultural areas [26]. Such diversity resulted in phenotypic differences responsible for the
regional signatures in wines [27,28]. Accordingly, the oenological performance of L. thermotolerans
strains was influenced by their geographical and ecological origin [14,29]. Moreover, the use of mixed
cultures could be used to enhance the varietal expression of certain cultivars [12].

In Galicia (NW of Spain) the wine industry constitutes an important sector from both social and
economic points of view. A wide climatic and orographic heterogeneity, together with the growth of
different traditional grapevine varieties reinforce the concept of terroir in this region. Among the Vitis
vinifera L. cultivars grown in Galicia, ‘Treixadura’ and ‘Mencía’ are two of the most representative ones.
Moreover, recent studies evidenced the existence of a biogeographic pattern in the yeast population that
could be associated to a particular microbial terroir and wine typicality in certain areas of Galicia [30].
The results associated the presence of L. thermotolerans to Treixadura and Mencía musts in Denomination
of Origin (DO) Ribeiro and DO Monterrei. Preliminary studies at laboratory scale on the oenological
potential of non-Saccharomyces yeasts highlighted the strain L. thermotolerans Lt93 by its potential to
acidify wine and modulate its sensory profile [31] positively. However, the results obtained with this
strain at winery scale by sequential fermentations indicated that further research was necessary [32].

The purpose of this work was to evaluate the potential of L. thermotolerans Lt93 to ferment
Treixadura and Mencía musts under different inoculation modalities as well as its impact on fermentation
kinetics, yeast population dynamics and wine characteristics. The results showed the advantage of
using the strain Lt93 to acidify wine and modulate its volatile composition and sensory profile.
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2. Materials and Methods

2.1. Grapevine Cultivars and Yeast Strains

Fermentations were carried out using must of two traditional Vitis vinifera L. cultivars from
Galicia (NW Spain): ‘Treixadura’ and ‘Mencía.’ ‘Treixadura’ is a white cultivar grown in all Galician
Denominations of Origin (DO) with a relevant role in DO Ribeiro [33]. The culture of the red variety
‘Mencía’ is also widespread in Galicia and close regions [34], but is especially important in DO
Ribeira Sacra.

Saccharomyces cerevisiae ScXG3 and Lachancea thermotolerans Lt93 are authocthonous strains from
the yeasts culture collection maintained at Estación de Viticultura e Enoloxía de Galicia (EVEGA).
S. cerevisiae ScXG3 is a strain that has shown desirable fermentation abilities at pilot scale and it
enhances wine quality [35,36]. L. thermotolerans Lt93 has been selected after preliminary studies at
laboratory scale [31]. S. cerevisiae Lalvin 71B® (Lallemand) is a commercial strain isolated in Narbonne,
France. Lalvin 71B® is a high ester producer and it has low nitrogen demand; in addition, it can
undertake malo-etanolic fermentation.

2.2. Yeast Growth and Inocula Preparation

Yeast strains were grown in YPD (yeast extract 1% w/v, peptone 2% w/v, glucose 2% w/v, and agar
2% w/v for solid media) at 28 ◦C and stored at 4 ◦C. Inocula for fermentation assays were obtained
as follows: a pre-inoculum of each strain was grown in liquid YPD overnight at 28 ◦C. Then, it was
transferred to a 2 L Erlenmeyer flask containing 1 L of YPD and incubated at 28 ◦C, 150 rpm for 24 h
in a SANYO orbital incubator. The cells were recovered by centrifugation at 7025× g for 10 min in
an Avanti® J-26 XP centrifuge (BECKMAN COULTER, Madrid, Spain), washed with sterile water and
re-suspended in 100 mL of saline solution. The inocula concentration was calculated by serial dilutions
and spread on YPD plates in duplicate. Plates were incubated at 28 ◦C and those containing between
20 and 200 colonies were used for viable cells counting.

2.3. Vinifications

Organic must from ‘Treixadura’ was kindly provided by Cume do Avia winery (Ourense, Spain)
in 2018 vintage. Its chemical characteristics are summarized in Table 1. This must was distributed in
1 L bottles and they were inoculated (in triplicate) with 1 × 108 cells/mL of the following yeasts:

1. S. cerevisiae ScXG3
2. L. thermotolerans Lt93
3. L. thermotolerans Lt93 + S. cerevisiae ScXG3 by sequential fermentation (Lt93 + ScXG3)
4. No yeast addition (spontaneous fermentation with indigenous yeast from the must) (Spo)

Table 1. Characteristics of Treixadura and Mencía musts used in this study.

Parameter Treixadura Mencía
◦ Brix 22.4 21.5

Sugars (g/L) 219.5 209.0
Total acidity (g tartaric acid/L) 5.7 4.6

pH 3.51 3.57
Malic acid (g/L) 2.3 1.4

Tartaric acid (g/L) 4.7 4.8

Fermentations were carried out at 18 ◦C. For sequential fermentation, Lt93 was inoculated first;
then, after the fermentation had begun and the ◦ Brix had decreased about 5 points (day 4), the second
strain (ScXG3) was added.



Beverages 2020, 6, 36 4 of 20

Grapes from ‘Mencía’ were harvested manually during the 2019 vintage in vineyard EVEGA
and transported to the experimental winery of EVEGA. At the winery, the grapes were de-stemmed,
crushed and pressed in a hydraulic press to separate must and marc. During grape processing, 50 mg/L
of SO2 were added to prevent oxidation as well as for microbiological control. Then, they were
homogeneously distributed in 5 L stainless steel tanks (2.8 L of must + 1.7 kg of marc in each tank).
Must characteristics are summarized in Table 1. The mass was inoculated with 2 × 107 cells/mL of yeast
inoculum and fermented in duplicate at room temperature. The following yeast strains were used:

1. S. cerevisiae Sc71B
2. L. thermotolerans Lt93
3. L. thermotolerans Lt93 + S. cerevisiae Sc71B by sequential inoculation (Lt93 + Sc71B)
4. No yeast addition (spontaneous fermentation with indigenous yeast from the must) (Spo)

S. cerevisiae Sc71B was added as recommended by the manufacturer: 20 g/hL of yeast were
rehydrated in warm water (35–40 ◦C) for 20 min by gently stirring, acclimated gradually by mixing
with grape juice and inoculated into the must. Fermentations were performed at room temperature.
For sequential fermentation, Lt93 was inoculated first; then, after the fermentation had started and the
◦ Brix had decreased about 5 points (day 2), the second strain (Sc71B) was added. After five days of
maceration, the fermentations were manually pressed and allowed to finish.

The development of alcoholic fermentation was monitored by daily measurement of ◦ Brix (using
a digital refractometer) and temperature. In addition, samples were taken from the must and at
the beginning (Fi), tumultuous (Ft) and final (Ff) stages of fermentation for microbiological control.
When the fermentations ended, white wines were centrifuged, sulfited (25 mg/L of free SO2) and stored
until further chemical and sensory analysis. Red wines were racket and kept at room temperature to
allow spontaneous malolactic fermentation; when malic acid content was not detected (after 14 days in
S. cerevisiae Sc71B fermentations and 40 days in spontaneous ones), the wines were racked again and
sulfited (25 mg/L of free SO2). Finally, red wines were bottled and stored until further chemical analysis.

2.4. Microbiological Control

Must samples and those taken at different stages of fermentation were used to determine yeast
population dynamic during the vinification process. The samples were serial diluted in 2% w/v
buffered peptone water and spread on WL Nutrient Agar medium (Scharlau Microbiology, Barcelona,
Spain) [37]. Plates were incubated at 28 ◦C until visible colonies appeared; those containing between
20 and 200 colonies were used to quantify the total viable cells and the frequency of each type of
yeast based on their colony morphotype. Then, a representative number of colonies based on their
aspect and frequency (10–20 for each sample) were selected randomly and isolated on YPD for further
characterization. Saccharomyces and non-Saccharomyces yeasts were distinguished by growth on Lysine
medium (Thermo Scientific™ Oxoid™, Madrid, Spain), since the former ones are unable to grow on
this medium.

Yeast species identity was confirmed by PCR amplification of the 5.8S rRNA gene and the
two internal (non-coding) ITS1 and ITS2 spacers using the ITS1 and ITS4 primers [38]. S. cerevisiae
isolates were characterized at the strain level by analysis of mitochondrial DNA restriction profiles
(mtDNA-RFLPs). Total yeast DNA was obtained as described by Querol [39] and digested with the
restriction endonuclease Fast digest Hinf I (ThermoFisher Scientific, Madrid, Spain). The restriction
fragments were separated by gel electrophoresis on a 0.8% (w/v) agarose gel in 1X TBE (ThermoFisher
Scientific, Madrid, Spain). After having stained with ethidium bromide (0.5 µg/mL), the DNA pattern
bands were visualized under UV light and documented using a Molecular Imager® Gel DocTM XR+

imaging system (BIO-RAD, Madrid, Spain).
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2.5. Chemical Analysis

Must parameters, including ◦ Brix, sugar content, total acidity, pH, malic acid and tartaric acid,
were determined using the official methodology [40]. Basic parameters of wines (alcohol content,
reducing sugars, pH, titratable and volatile acidity, tartaric, malic and lactic acids) were determined
by Fourier transform infrared spectrometry (FTIR) using a Wine Scan FT120 analyzer (FOSS Electric,
Barcelona, Spain) calibrated according to OIV [40]. In addition, the free and total sulfur dioxides were
also quantified using the OIV methods.

Wine volatile compounds were quantified by gas chromatography (GC) [33]. Major volatile
compounds (acetaldehyde, ethyl acetate, methanol and higher alcohols) were quantified by direct
injection using a 7890A gas chromatograph with flame ionization detector (FID) (Agilent Technologies,
Palo Alto, CA, USA). Minor volatile compounds (volatile fatty acids, ethyl esters of fatty acids and
acetates of higher alcohols) were extracted (solid phase extraction) according to Bouzas-Cid [33].
After that, the extract was injected in an Agilent 6890 (Agilent Technologies, Palo Alto, CA, USA) gas
chromatograph coupled to an Agilent 5973N selective mass spectrometer (MS) detector with a single
quadrupole analyzer.

The compounds were identified by comparison of their mass spectra and retention times to
those of the pure standards using the National Institute of Standards andTechnology (NIST) Mass
Spectral Library. For quantification, the peak area of each compound was calculated by integration
and compared to an internal standard of known concentration. All determinations were carried out in
duplicate. In addition, the odor activity value (OAV) for each compound was calculated as the ratio
between its concentration and its perception threshold [2,41–46]; those compounds with an OAV > 1
are considered to contribute to wine aroma.

2.6. Sensory Evaluation

White wines were evaluated at sensory level by a tasting panel with experience in Galician wines.
The tasting sessions were held in November at the tasting room of EVEGA. The panel consisted of eight
judges, six males and two females aged between 35 and 60 years old. A descriptive score card including
21 descriptors and global wine quality was used [32]. The selected descriptors were specifically chosen
for Galician white wines and were scored from 0 (absent) to 9 (most intense). Wine samples (30 mL)
were coded and presented arbitrarily to the panel in clear tulip-shaped glasses.

2.7. Statistical Analysis

The differences in chemical composition of wines, considering the yeast strain as a factor,
were checked by one-way ANOVA. A Tukey HSD test was used to separate means. These analyses
were carried out using SPSS18.0 for Windows.

Sensory descriptors were classified for each wine by comparing the percentage of the geometric
means (GM%). GM was calculated as square root of the product between relative intensity (I%) and
relative frequency (F%) [47]. Principal component analysis (PCA) was used to separate the wines
according to their volatile composition considering those compounds with OAV > 1 in at least two

wines. Previously, data were standardized using the function f =
(x−mean)

standard deviation to guarantee their
equity in those variables or factors with different values in different units. The PCA was performed
using PAST Version 3.26 (2019).

3. Results

3.1. Fermentation Kinetics and Dinamic of Yeast Population

3.1.1. Treixadura

Figure 1 represents the evolution of ◦ Brix and yeast population dynamics during Treixadura
fermentations. ScXG3 started fermentation within the first 24 h with a rapid decrease of ◦ Brix until
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day 8, but the fermentation speed slowed down at the end of the process. Spontaneous fermentations
and those inoculated with L. thermotolerans Lt93 showed a similar curve: they began to ferment 2 days
later, after which the fermentation speed was as fast as the S. cerevisiae one. This fact suggested that
Lt93 was unable to overgrow wild yeast population and to begin fermentation.
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Figure 1. Evolution of ◦ Brix and yeast population (CFU/mL) during fermentation of Treixadura with
S. cerevisiae ScXG3 and L. thermotolerans Lt93 in monoculture, sequential fermentation (Lt93+ScXG3)
and spontaneous process (Spo). M—must; Fi—initial fermentation; Ft—tumultuous fermentation;
Ff—final fermentation.

Regarding quantitative level, Treixadura must contained 4.4 log of colony forming units (CFU)/mL.
Yeast population dynamic during fermentation showed similar tendency in ScXG3 and spontaneous
processes: their number increased up to 8.0 log CFU/mL in tumultuous stage and then decreased at the
end (6.5 log CFU/mL), as expected. However, in those fermentations with Lt93 the maximum amount
of yeast was achieved at the initial stages, decreased slightly at the middle stages, but it remained at
values of 6.6 log CFU/mL at the end (Figure 1).

Concerning the qualitative level, the yeast species found in Treixadura must were: Candida spp.
(30%), Saccharomyces cerevisiae (23%), Pichia anomala (20%), Hanseniaspora uvarum (17%), Metschnikowia
spp. (7%) and L. thermotolerans (3%). After inoculation of the fermentative species, the implantation
ability of S. cerevisiae ScXG3 and L. thermotolerans Lt93 was different (Figure 2). Genetic analysis of
isolates from ScXG3 fermentations showed that ScXG3 was the dominant strain at all fermentation
stages. However, L. thermotolerans Lt93 was unable to overgrow must yeast population and to control
fermentations. Its frequency decreased as fermentation progressed when it was added at monoculture.
In this case, six different strains of S. cerevisiae were identified, two of them (ScXG3 and ScR4) being
co-dominants in the process. Population dynamics in sequential fermentations Lt93+ScXG3 was
similar to the previous one. When ScXG3 was added, this fermentation was already spontaneously
dominated by ScR4. Spontaneous processes were also controlled by several strains of S. cerevisiae.
A total of 13 different strains were identified; however, only two of them (ScXG3 and ScR4) appeared
at frequencies higher than 10%, and were thus the main strains responsible for fermentation.
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Figure 2. Inoculum implantation in Treixadura fermentations: frequency of each inoculated yeast
strain at initial (Fi), tumultuous (Ft) and final (Ff) stage of fermentation. Sc—S. cerevisiae; spp.—species.

3.1.2. Mencía

The results of Mencía fermentations were completely different from those observed with Treixadura.
Both yeast species used as starters, S. cerevisiae Sc71B and L. thermotolerans Lt93, started fermentation
within the first two days; however, in Lt93, the ◦ Brix decrease slowed down close to the end (Figure 3).
Spontaneous fermentation started after three days but its speed was similar to the commercial
S. cerevisiae. Yeast population in Mencía must was 6.02 log CFU/mL. The amount of yeasts increased
until 7.9 log CFU/mL at the beginning and middle stages in fermentations with S. cerevisiae and
decreased at the end. L. thermotolerans fermentations showed lower yeast counts than S. cerevisiae trials
at all stages: they reached up to 7.5 log CFU/mL in Fi and Ft and decreased at final stages until 6.2 log
CFU/mL. Beverages 2020, 6, x FOR PEER REVIEW 8 of 20 
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Figure 3. Evolution of ◦ Brix and yeast population (CFU/mL) during Mencía fermentations with
S. cerevisiae Sc71B and L. thermotolerans Lt93 in monoculture, sequential fermentation (Lt93+Sc71B),
and spontaneous process (Spo). m—must; Fi—initial fermentation; Ft—tumultuous fermentation;
Ff—final fermentation.
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At qualitative level Mencía must contained: H. uvarum (77%), Metschnikowia spp. (19%),
Pichia kluyveri (2%) and Starmerella bacillaris (2%). As observed in Treixadura, S. cerevisiae strain
(Sc71B in this case) showed a good implantation ability when it was added as single inoculum to must.
This strain represented 85% of yeasts at the beginning of fermentation and achieved 100% at the end
(Figure 4). In contrast to Treixadura fermentations, L. thermotolerans Lt93 (added as monoculture) was
able to ferment Mencía must and successfully overgrow must microbiota being the dominant yeast
(>90%) at the beginning and middle of the fermentation. Furthermore, Lt93 remained in high frequency
in the final stages of fermentation but in codominance with S. cerevisiae, mainly strain Sc71B (Figure 4).
In sequential trials Lt93 was also the dominant yeast at the beginning (>90%). After S. cerevisiae Sc71B
inoculation, Lt93 was replaced gradually as the fermentation progressed, decreasing up to 28% at
the final stages of fermentation. In this case, the sequential inoculum Sc71B was the dominant strain
within S. cerevisiae population, reaching frequencies of 78% and 90% in tumultuous and final stages,
respectively. S. cerevisiae Sc71B appeared also in codominance with ScXXII and other minor S. cerevisiae
strains (n = 8) in the spontaneous processes (Figure 4).
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Figure 4. Inoculum implantation in Mencía fermentations: frequency of each inoculated yeast strain at
initial (Fi), tumultuous (Ft) and final fermentation (Ff); Hu—Hanseniaspora uvarum; Sc—S. cerevisiae;
spp.—species.

3.2. Chemical Characteristics of Wines

3.2.1. Treixadura

The general composition of Treixadura wines is summarized in Table 2. The results showed
significant differences among wines in total acidity, lactic acid, glycerol content and pH. Wines obtained
with Lt93 presented higher total acidity values probably due to a higher content of both lactic and
tartaric acid. Consequently, they also had lower pH. The remaining parameters were similar for all
wines. In addition, those wines involving Lt93 activity achieved higher values of total SO2. The content
of residual sugar after fermentation was >2.0 g/L in three of the wines, being ScXG3 wine the one with
the highest amount.
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Table 2. Characteristics of Treixadura wines elaborated with S. cerevisiae ScXG3, L. thermotolerans Lt93,
sequential fermentation of both strains and by spontaneous fermentation (Spo).

Chemical Parameter ScXG3 Lt93 Lt93+ScXG3 Spo

Alcohol content (%vol) 13.5 ± 0.2 13.5 ± 0.1 13.6 ± 0.1 13.6 ± 0.0
Glucose + fructose (g/L) 4.2 ± 2.3 3.5 ± 0.7 1.6 ± 1.1 2.9 ± 0.3

Total acidity (g tartaric acid /L) * 5.6 ± 0.1 a 5.8 ± 0.1 b 5.7 ± 0.1 ab 5.6 ± 0.0 a

Volatile acidity (g acetic acid/L) 0.45 ± 0.04 0.36 ± 0.05 0.39 ± 0.01 0.38 ± 0.02
Lactic acid (g/L) * 0.1 ± 0.0 a 0.2 ± 0.0 b 0.2 ± 0.1 ab 0.1 ± 0.0 a

Malic acid (g/L) 1.8 ± 0.0 1.7 ± 0.1 1.7 ± 0.1 1.8 ± 0.0
Tartaric acid (g/L) 3.4 ± 0.0 3.7 ± 0.0 3.4 ± 0.2 3.4 ± 0.1

pH (-) * 3.45 ± 0.02 a 3.39 ± 0.02 b 3.42 ± 0.03 ab 3.46 ± 0.02 a

Glycerol (g/L) * 3.9 ± 0.1 a 3.3 ± 0.1 b 3.5 ± 0.1 b 3.6 ± 0.1 ab

Total sulfur dioxide (mg/L) * 36.7 ± 3.0 a 54.3 ± 5.5 b 49.7 ± 1.1 b 37.3 ± 2.1 a

Data are mean values of three replicate fermentations ± SD. * significant differences according to Tukey’s test
(p < 0.05). a,b in the same row indicate significant differences among wines.

Some fermentative volatile compounds were also determined in order to evaluate the effect of
the yeast strains on wine aroma profile. Table 3 shows the concentration of 20 compounds including
higher alcohols, acetaldehyde, esters and fatty acids. It is worth mentioning that 15 of them achieved
concentrations above their odor threshold (Table S1 in Supplementary Materials). Data analysis also
showed significant differences among wines in 55% of these compounds at p < 0.05. The highest content
of higher alcohols was achieved in ScXG3 wines whereas Lt93 wines presented the lowest values mainly
due to 2-methyl-1-propanol and 3-methyl-1-butanol content. However, Lt93 wines presented higher
amounts of ethyl esters and C6–C12 fatty acids than the remaining wines (Table 3). Regarding C4–C5
fatty acids, their concentration was higher in ScXG3 wines. The wines from spontaneous fermentation
(Spo) are highlighted for their content of 2-phenylethyl acetate. It is also important to note the
higher content of acetaldehyde in Spo and Lt93+ScXG wines, although the differences were not
statistically significant.

Principal component analysis allowed the separation of Treixadura wines based on their volatile
composition (Figure 5). The first two components, PC1 and PC2, explained 71.33% of the variance.
ScXG3 wines were plotted on the negative side of PC1 and PC2 characterized by higher concentrations
of higher alcohols and C4–C5 fatty acids. Wines from spontaneous fermentations were close to the
plot center. In contrast, Lt93 wines were located in the positive side of PC1 and negative side of PC2
due to their higher contents of ethyl esters and C6–C12 fatty acids. However, wine from sequential
fermentations with Lt93+ScXG3 appeared close to the Spo wines, as expected. Both wines did not
stand out by any particular compound and they were fermented by several S. cerevisiae strains.Beverages 2020, 6, x FOR PEER REVIEW 11 of 20 
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Figure 5. Principal component analysis (PCA) of Treixadura wines: biplot for the first two components
(PC) for volatile compounds with OAV > 1. Wines were from fermentation with the following yeasts:
ScXG3—S. cerevisiae ScXG3; Lt93—L. thermotolerans Lt93; Lt93—ScXG3-L. thermotolerans Lt93 and
sequential inoculation of S. cerevisiae ScXG3; Spo: spontaneous fermentation.
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Table 3. Concentration of volatile compounds in Treixadura wines elaborated with S. cerevisiae ScXG3,
L. thermotolerans Lt93, sequential fermentation of both strains and by spontaneous fermentation (Spo).

Compounds Spo Lt93 Lt93 + ScXG3 ScXG3 Statistical
Significance

Alcohols (mg/L)
Methanol 38.33 ± 1.53 37.33 ± 1.53 41.00 ± 1.73 38.67 ± 1.15 ns
1-propanol 20.39 ± 0.32 20.08 ± 0.98 23.90 ± 3.23 23.21 ± 1.66 ns
2-methyl-1-propanol 37.25 ± 2.51 b 26.05 ± 3.77 a 36.35 ± 2.42 b 53.46 ± 2.08 c ***
2-methyl-1-butanol 16.07 ± 0.14 a 15.99 ± 1.23 a 17.50 ± 1.23 a 23.33 ± 2.37 b ***
3-methyl-1-butanol 145.94 ± 2.68 ab 139.31 ± 8.52 a 155.57 ± 11.06 bc 168.98 ± 6.75 c **∑

Higher alcohols 219.64 ± 5.31b 195.80 ± 6.29 a 233.32 ± 17.68 b 268.97 ± 11.28 c ***

Other major compounds
(mg/L)
Acetaldehyde 82.00 ± 15.87 47.67 ± 13.50 65.00 ± 31.48 46.67 ± 34.93 ns
Ethyl acetate 37.33 ± 2.52 46.00 ± 3.00 38.67 ± 12.74 40.33 ± 4.93 ns

Higher alcohol acetates(µg/L)
2-phenylethyl acetate 282 ± 29 b 197 ± 34 a 215 ± 25 a 242 ± 20 ab *
Hexyl acetate 128 ± 35 115 ± 64 70 ± 26 92 ± 55 ns
Isoamyl acetate 1257 ± 155 1548 ± 352 1474 ± 264 1142 ± 133 ns∑

Higher alcohol acetates 1667 ± 193 1859 ± 442 1759 ± 299 1476 ± 114 ns

Ethyl esters (µg/L)
Ethyl hexanoate 258 ± 38 b 381 ± 47 c 119 ± 104 a 242 ± 3 b **
Ethyl octanoate 360 ± 145 528 ± 77 479 ± 109 343 ± 39 ns
Ethyl decanoate 65 ± 49 107 ± 44 91 ± 26 57 ± 24 ns∑

Ethyl esters 683 ± 197 a 1017 ± 96 b 689 ± 85 a 641 ± 64 a *

Fatty acids (µg/L)
Butyric acid 1163 ± 68 b 1473 ± 155 c 1436 ± 37 c 964 ± 51 a ***
Isobutyric acid 1347 ± 123 b 1127 ± 103 a 1287 ± 53 ab 2703 ± 70 c ***
Isovaleric acid 395 ± 38 a 341 ± 26 a 387 ± 40 a 676 ± 25 b ***∑

Short-chain acids (C4–C5) 2905 ± 159 a 2942 ± 205 a 3106 ± 71 a 4343 ± 136 b ***
Hexanoic acid 2560 ± 273 b 3269 ± 328 c 2874 ± 102 bc 2050 ± 89 a ***
Octanoic acid 4678 ± 978 ab 5590 ± 595 b 4928 ± 502 b 3539 ± 213a *
Decanoic acid 912 ± 279 ab 1287 ± 55 b 931 ± 268 ab 607 ± 241 a *
Dodecanoic acid 178 ± 67 121 ± 67 118 ± 28 86 ± 11 ns∑

Medium-long chain acids
(C6–C12) 8328 ± 1593 b 10,267 ± 883 b 8851 ± 898 b 6282 ± 543 a *∑

Total fatty acids 11,233 ± 1511 13,209 ± 1021 11,957 ± 853 10,626 ± 617 ns

Data are mean values of three repetitions ± Standard Deviation. Different letters (a–c) in the same row indicate
significant differences according to the Tukey’s test (p < 0.05). The notations *, ** and *** indicate significant
differences among wines at p < 0.05, p < 0.01 and p < 0.001, respectively. The ns notation indicates no significant
differences at p < 0.05 according to a one-way ANOVA. Those compounds of which the concentration is above their
odor threshold in at least one of the trials are in bold.

3.2.2. Mencía

Table 4 summarizes the basic characteristics of Mencía wines fermented with different yeast strains.
Significant differences were found for all parameters among the resulting wines. Alcohol content was
lower in Lt93 wines (added as monoculture and in sequential fermentation) than in those fermented with
S. cerevisiae. Sugar content was <0.2 g/L in S. cerevisiae fermentations (Sc71B and Spo), indicating the
best fermentation performance of this species. A clear difference was also found in total acidity, which
achieved values >10 g/L in Lt93 wines, mainly related to the higher values of lactic acid in these wines
compared to S. cerevisiae ones. Consequently, pH of Lt93 wines was lower, despite the fact that the
malic acid had been already consumed at the end of alcoholic fermentation. Volatile acidity was higher
in Lt93 wines, but the values were below its threshold (0.8 g/L). Wines from commercial strain Sc71B
and spontaneous fermentation were similar in their basic characteristics, except for malic acid, glycerol
and SO2 content.
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Table 4. Characteristics of Mencía wines elaborated with S. cerevisiae Sc71B, L. thermotolerans Lt93,
sequential fermentation of both strains and by spontaneous fermentation (Spo).

Chemical Parameter Sc71B Lt93 Lt93+Sc71B Spo

Alcohol content (%vol.) * 12.5 ± 0.1 a 11.7 ± 0.0 b 11.9 ± 0.1 b 12.3 ± 0.1 a

Glucose + fructose (g/L) * 0.2 ± 0.1 a 3.6 ± 0.3 b 1.85 ± 0.2 c 0.2 ± 0.1 a

Total acidity (g tartaric acid /L) * 5.3 ± 0.1 a 10.1 ± 0.0 c 10.3 ± 0.0 c 6.8 ± 0.0 b

Volatile acidity (g acetic acid/L) * 0.24 ± 0.06 ab 0.36 ± 0.01 bc 0.42 ± 0.01 c 0.20 ± 0.00 a

Lactic acid (g/L) * 0.2 ± 0.1 a 7.1 ± 0.1 b 7.2 ± 0.8 b 0.4 ± 0.1 a

Malic acid (g/L) * 1.4 ± 0.1 b 0.1 ± 0.0 a 0.1 ± 0.0 a 2.5 ± 0.0 c

Tartaric acid (g/L) * 2.6 ± 0.0 a 3.2 ± 0.0 c 3.1 ± 0.0 b 2.6 ± 0.0 a

pH (-) * 3.74 ± 0.00 a 3.54 ± 0.02 b 3.57 ± 0.00 b 3.61 ± 0.01 b

Glycerol (g/L) * 10 ± 0.0 a 8.6 ± 0.0 c 9.1 ± 0.0 b 8.2 ± 0.0 d

Total sulfur dioxide (mg/L) * 27.5 ± 0.7 a 40.0 ± 0.7 b 43.0 ± 0.7 b 38.5 ± 0.7 b

Data are mean values of two replicate fermentations± SD. * significant differences according to Tukey’s test (p < 0.05).
a–d in the same row indicate significant differences among wines.

The results about aroma profile of Mencía wines indicated that 15 from a total of 18 identified volatile
compounds showed significant differences among wines (Table 5). In addition, eight compounds,
mainly acetates and ethyl esters, achieved concentrations above their odor threshold (Table S2).
Wines fermented with S. cerevisiae showed a higher concentration of volatile compounds than Lt93
wines for all groups of compounds determined (Table 5), especially in esters and volatile organic acids.
These results allowed a clear separation of wines by PCA (Figure 6) using those compounds with
OAV > 1, alcohol content, total acidity and pH. In this case, the first two components, PC1 and PC2,
explained 95.4% of the variance. Lt93 and Lt93+Sc71B wines were plotted on the negative side of PC1
due to their low content of acetates and ethyl esters and their high total acidity. In contrast, wines made
with S. cerevisiae Sc71B and by spontaneous fermentation were located in the positive side of PC1,
characterized by higher concentrations of ethyl esters, acetates and alcohol than non-Saccharomyces
wines. Sc71B wines appeared in the negative part of PC2 due to their higher content of acetates.
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Figure 6. Principal component analysis of Mencía wines (PCA): biplot for the first two components
(PC) for volatile compounds with OAV > 1, alcohol content, total acidity and pH. Wines were
from fermentation with the following yeasts: Sc71B—S. cerevisiae Sc71B; Lt93—L. thermotolerans
Lt93; Lt93-Sc71B—L. thermotolerans Lt93 and sequential inoculation of S. cerevisiae Sc71B; Spo:
spontaneous fermentation.
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Table 5. Concentration of volatile compounds (expressed in µg/L) in Mencía wines elaborated with
S. cerevisiae Sc71B, L. thermotolerans Lt93, sequential fermentation of both strains and by spontaneous
fermentation (Spo).

Compounds Spo Lt93 Lt93+Sc71B Sc71B Statistical
Significance

Alcohols
Benzyl alcohol 14 ± 2 8 ± 0 6 ± 1 14 ± 4 ns
2-methyl-1-propanol 1622 ± 211 a 180 ± 69 c 1264 ± 112 ab 846 ± 59 b ***
3-methyl-1-butanol 6350 ± 163 b 5311 ± 198 c 5081 ± 185 c 7155 ± 61 a ***
2-phenylethyl alcohol 5604 ± 360 ab 3949 ± 638 bc 3266 ± 349 c 6491 ± 159 a **∑

Higher alcohols 13,577 ± 733 a 9440 ± 370 b 9612 ± 53 b 14,492 ± 161 a ***

Ethyl esters
Ethyl butyrate 150 ± 20 a 56 ± 3 b 55 ± 5 b 133 ± 16 a **
Ethyl isovalerate 20 ± 1 a 8 ± 2 c 9 ± 1 c 13 ± 0 b ***
Ethyl hexanoate 1148 ± 153 a 499 ± 47 b 476 ± 37 b 1258 ± 20 a ***
Ethyl octanoate 1405 ± 124 a 274 ± 12 b 229 ± 31 b 1360 ± 69 a ***
Ethyl decanoate 344 ± 105 a 86 ± 6 ab 41 ± 16 b 248 ± 75 ab *
Ethyl dodecanoate 22 ± 4 12 ± 9 10 ± 3 27 ± 7 ns∑

Ethyl esters 3090 ± 407 a 935 ± 66 b 819 ± 52 b 3040 ± 49 a ***
Diethyl succinate 943 ± 46 a 84 ± 26 b 51 ± 11 b 1208 ± 183 a ***

Acetates
Ethyl acetate 7450 ± 1972 ab 3702 ± 493 b 4087 ± 219 b 10761 ± 648 a **
Isoamyl acetate 1917 ± 318 b 1659 ± 107 b 1648 ± 205 b 2845 ± 128 a *
Hexyl acetate 188 ± 56 143 ± 2 152 ± 13 216 ± 47 ns
2-phenylehtyl acetate 250 ± 46 ab 185 ± 17 ab 123 ± 26 b 304 ± 41 a *∑

Higher alcohol acetates 2355 ± 327 b 1987 ± 91 b 1923 ± 192 b 3365 ± 134 a **

Fatty acids (C6–C10)
Hexanoic acid 132 ± 25 a 55 ± 7 b 41 ± 9 b 142 ± 13 a **
Octanoic acid 244 ± 42 a 32 ± 7 b 19 ± 6 b 242 ± 20 a ***
Decanoic acid 49 ± 2 a 17 ± 0 b 10 ± 1 b 44 ± 11 a **∑

Fatty acids 425 ± 69 a 105 ± 14 b 70 ± 16 b 428 ± 44 a ***

Data are mean values of two repetitions ± Standard Deviation. Different letters (a–c) in the same row indicate
significant differences according to the Tukey’s test (p < 0.05). The notations *, ** and *** indicate significant
differences between the different wines at p < 0.05, p < 0.01 and p < 0.001, respectively. The ns notation indicates no
significant differences at p < 0.05 according to a one-way ANOVA. Those compounds which concentration is above
their odor threshold in at least one of the trials are in bold.

3.3. Sensory Evaluation of Treixadura Wines

Chemical composition influences the sensory characteristics of wines [2]. Figure 7 represents the
sensory profile of Treixadura wines obtained after fermentation with different yeast strains. Wines from
Lt93 and spontaneous fermentations achieved higher scores than ScXG3 wines in most descriptors
including global impression, aroma intensity and persistence with floral and fruity notes. The results
are consistent with the presence of higher concentrations of esters in those wines. Regarding taste level,
the differences were less noticeable being significant for structure and global quality in mouth. Lt93 and
Spo wines stood out in all mouth descriptors as well as in global quality. As expected, Lt93 wines and
those from spontaneous processes presented close profiles since the dynamics of yeast population
during fermentation was similar. ScXG3 wines obtained the lowest scores in almost all descriptors.



Beverages 2020, 6, 36 13 of 20

Beverages 2020, 6, x FOR PEER REVIEW 13 of 20 

 

 
Figure 6. Principal component analysis of Mencía wines (PCA): biplot for the first two components 
(PC) for volatile compounds with OAV > 1, alcohol content, total acidity and pH. Wines were from 
fermentation with the following yeasts: Sc71B—S. cerevisiae Sc71B; Lt93—L. thermotolerans Lt93; 
Lt93-Sc71B—L. thermotolerans Lt93 and sequential inoculation of S. cerevisiae Sc71B; Spo: spontaneous 
fermentation. 

3.3. Sensory Evaluation of Treixadura Wines 

Chemical composition influences the sensory characteristics of wines [2]. Figure 7 represents 
the sensory profile of Treixadura wines obtained after fermentation with different yeast strains. 
Wines from Lt93 and spontaneous fermentations achieved higher scores than ScXG3 wines in most 
descriptors including global impression, aroma intensity and persistence with floral and fruity 
notes. The results are consistent with the presence of higher concentrations of esters in those wines. 
Regarding taste level, the differences were less noticeable being significant for structure and global 
quality in mouth. Lt93 and Spo wines stood out in all mouth descriptors as well as in global quality. 
As expected, Lt93 wines and those from spontaneous processes presented close profiles since the 
dynamics of yeast population during fermentation was similar. ScXG3 wines obtained the lowest 
scores in almost all descriptors. 

 
Figure 7. Sensory profile of Treixadura wines obtained with different yeast strains. * Descriptor with 
significant differences among wines at p < 0.05. 

0
10
20
30
40
50
60
70
80

Aroma intensity*
Persistency

Flowery

Fruity*

Stone fruit

Pome fruit

AlcoholSweetness

Acidity

Bitterness

Structure*

Global taste*

Global
impression*

Treixadura wines

Spo Lt93 Lt93-ScXG3 ScXG3

Figure 7. Sensory profile of Treixadura wines obtained with different yeast strains. * Descriptor with
significant differences among wines at p < 0.05.

4. Discussion

Non-Saccharomyces yeasts have become an important tool in modern winemaking.
Indeed, first considered detrimental, these yeast are nowadays recognized as desirable because they
add complexity and regional signatures to wine [6,7,27,28]. Among non-Saccharomyces species,
L. thermotolerans has been widely explored at industrial level because it increases the acidity of wines
and influences their quality [9]. Numerous studies have reported that most of the positive contributions
of L. thermotolerans to wines are strain–dependent; therefore, selection processes are considered to be
necessary to increase the availability of strains. Moreover, it has been reported that L. thermotolerans is
a quite good fermenter, but it requires the co-inoculation of a S. cerevisiae to complete fermentation [6,10].

Previous studies carried out in EVEGA allowed the selection of Lt93, a strain of L. thermotolerans
that increased lactic acid and total acidity and improved sensory properties of wine at laboratory
scale [31]. Therefore, it was interesting to assess its oenological behavior with natural musts. In this
work, L. thermotolerans Lt93 was used as monoculture and by sequential fermentation to ferment
Treixadura and Mencía (traditional white and red cultivars in Galicia).

Kinetics of Treixadura fermentations showed a delay of L. thermotolerans Lt93 to begin fermentation;
in fact, the fermentation curve of Lt93 and spontaneous process was similar (Figure 1) suggesting
that Lt93 failed to compete with yeast population in the must. The analysis of yeast implantation at
different stages of fermentation confirmed our supposition (Figure 2). The low frequency of Lt93 at
the beginning of fermentation and its decrease during the process clearly indicated that it was unable
to control fermentation. Instead, different strains of S. cerevisiae were responsible for fermentation
as it happened in the spontaneous vinification. Sequential trials also follow this dynamic since they
were already spontaneously dominated by ScR4, a wild strain of S. cerevisiae, when ScXG3 was added.
We believe that although the initial amount of yeasts in Treixadura must was not particularly high,
the proportion of S. cerevisiae (23%), which is a better fermenter than L. thermotolerans, could have
caused this outcome.

Regarding the amount of viable yeast, ScXG3 and Spo showed the conventional tendency to
increase until the tumultuous phase and then decrease at the end of the fermentations; however,
Lt 93 trials reached the maximum yeast counting at the beginning, but remained quite high until the
end (Figure 1). A longer survival of S. cerevisiae in sequential fermentations has been described and
explained by extra nutrients due to the death and autolysis of non-Saccharomyces [19].
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The first studies on L. thermotolerans performance during fermentation had already reported
a decrease in viability compared to S. cerevisiae [15]. Regarding mixed cultures, the permanence of
L. thermotolerans depended on the timing of S. cerevisiae inoculation and the proportion of inocula.
In co-cultures, S. cerevisiae strongly competed with L. thermotolerans, which completely died off

after 7 days, but when the proportion of non-Saccharomyces in the inoculum increased, so did its
permanence [5,16]. Despite the higher proportion of inoculum, L. thermotolerans Lt93 was unable
to survive longer than 7 days in Treixadura fermentation (Ft in Figure 2) and to compete with wild
S. cerevisiae population in the must. This lack of competitiveness in Treixadura trials was unexpected
since L. thermotolerans had been often isolated from must and natural fermentations of this cultivar in
DO Ribeiro and DO Monterrei in Galicia [30].

The loss of viability of non-Saccharomyces yeasts during fermentation has been related to several
factors such as the presence of certain metabolites, redox conditions, the secretion of antimicrobial
peptides by S. cerevisiae or cell-cell interactions [21,48–50]. In this case the presence of SO2,
possible interactions with other yeast, and the high proportion of S. cerevisiae in the must could
have been responsible for the failure of L. thermotolerans Lt93 in Treixadura fermentations.

In contrast, both strains inoculated into Mencía must, S. cerevisiae Sc71B and L. thermotolerans Lt93,
begun fermentation within the first two days; although Lt93 slowed down its fermentation speed close
to the end (Figure 3). As observed in Treixadura, when the S. cerevisiae strain (Sc71B in this case) was
used as a single inoculum, it was the dominant strain during all the fermentation process (Figure 4).
In Mencía, the non-Saccharomyces strain, Lt93, also carried out the fermentation successfully being the
dominant yeast during all fermentation stages, except at the end. In the final stages, Lt93 fermented
in codominance with S. cerevisiae Sc71B (Figure 4). In sequential trials, Lt93 was replaced gradually
by the second inoculum, S. cerevisiae Sc71B, as the fermentation progressed. This strain appeared
also in codominance with ScXXII and other minor S. cerevisiae strains in spontaneous processes.
The prevalence of S. cerevisiae Sc71B in the spontaneous fermentation indicated that this strain was
well adapted to winery environment and Mencía must characteristics. The codominant strain, ScXXII,
has also been described as resident yeast in EVEGA winery [51].

Available results about sequential fermentations indicated that the population of L. thermotolerans
achieved higher counts and it also survived longer [11,21]. It is important to note that some of the
previously mentioned studies were carried out using sterile/pasteurized musts. Fermentations with
natural must confirmed that L. thermotolerans was dominant until 4–5 days, then decreased but survived
until the 10th day [17]. Similar tendencies were observed in mixed cultures under co-inoculation [11].
In sequential trials L. thermotolerans was more competitive and remains at high concentration longer in
some trials [11,24] or decreased fast after Saccharomyces inoculation [12,19]. Our results with Mencía
agree with those findings and support the suitability of L. thermotolerans Lt93 for fermentation; in fact,
it was the dominant yeast at the beginning and remained viable as a co-dominant with S. cerevisiae
until the end.

The dynamic of yeast population during fermentation influences the chemical characteristics
of wines. Accordingly, Treixadura and Mencía wines presented significant differences for certain
parameters depending on the fermentative yeast strains, although the differences were less noticeable
in Treixadura than in Mencía wines. Even so, significant differences were observed for parameters
related to wine acidity despite the low implantation level of Lt93. In addition, Lt93 wines achieved
higher values of total SO2 both in Treixadura and Mencía wines. The content of SO2 in L. thermotolerans
wines has received little attention. It is known that the decrease in pH promotes better levels of
molecular SO2 with low contents of total sulfites, making the fermentations and especially the ageing
process safer [13]. Nisiotou et al. [12] reported higher total SO2 in wines involving L. thermotolerans
compared to a commercial Saccharomyces as we found in this study; however, other authors [18] found
lower concentrations of SO2 in sequential fermentations with L. thermotolerans.

A content of residual sugar >2.0 g/L in Treixadura wines indicated that fermentation was not
complete, especially in ScXG3 wines. These results could be due to the lack of nutrients at the end
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of fermentation since this strain had shown to end fermentations that reached high alcohol content
successfully [32,35]. Moreover, in the case of Lt93 fermentations, several S. cerevisiae strains were
involved, but again, they were unable to complete fermentation.

The effects of L. thermotolerans Lt93 on the basic parameters of Mencía wines agree with those
previously reported for this non-Saccharomyces yeast. The reduction of ethanol in Lt93 Mencía
wines ranged from 0.4–0.8% vol. compared to S. cerevisiae fermentations. Similar values were
reported in natural musts [19,22] and sterilized musts [20]; however, reductions of 1.0–1.5% were
observed in industrial trials, although the presence residual sugars indicated that fermentations were
not completed [11]. Other studies with mixed fermentations reported a lower ethanol reduction
(0.2%) [5,18] or did not find significant differences [21]. These findings confirmed that ethanol reduction
is strain-dependent. Moreover, other factors such as the interaction among strains in mixed cultures
could be involved. For instance, no differences were found for ethanol content in Treixadura wines,
because L. thermotolerans was unable to control fermentation.

Among non-Saccharomyces yeasts, L. thermotolerans is particularly appreciated for its potential to
enhance wine acidity. In this study Lt93 increased the total acidity of Mencía wines almost two-fold
compared to S. cerevisiae related to a high production of lactic acid (7.0 g/L). Similar values were found
in pure fermentation of L. thermotolerans [15], although the maximum concentration of lactic acid
exceeds 16 g/L [52], and it was also found in L. thermotolerans Greek strains. Other studies evidenced
a great variability among strains [22,25], such as in the range 1.8–12.0 g/L in Chardonnay wines [14].
In mixed fermentations, the production of lactic acid was also variable, for example from 0.22 g/L [18],
0.53–4.42 g/L [19], 3.18 g/L [20] to 6.38 g/L at winery scale [11]. The latter was similar to our results
for Mencía. As a result of the lactic acid content, the total acidity of wines increased and the pH
decreased. Natural or biological wine acidification is considered an interesting tool in winemaking,
especially in those regions where wines reached high pH as a consequence of climate change from
warmer climates/vintages [11,14,19–21]. In addition, acidity increase can have a positive impact on
sensory properties and microbial stability of wine [6]. Despite the low survival of Lt93 in Treixadura
fermentations, its wines had values of lactic acid and total acidity slightly higher than S. cerevisiae
ones. Regarding malic acid degradation by L. thermotolerans, the available data also point to a great
variability [9], but not completely, as found in this study with Mencía. A possible explanation could be
a phenomenon of simultaneous malolactic and alcoholic fermentation.

The content of glycerol was lower in L. thermotolerans Lt93 monoculture and sequential wines than
in S. cerevisiae and spontaneous fermentation with both cultivars (Mencía and Treixadura) regardless of
Lt93 implantation (Tables 2 and 4). On the contrary, most studies reported that L. thermotolerans enhance
glycerol concentration during sequential fermentations [11,16,19,20]. In addition, Hranilovic [14]
has reported concentrations of glycerol between 3.9–8.0 g/L in pure L. thermotolerans fermentations.
Glycerol contributes smoothness and complexity that influence wine quality positively.

Several studies have shown the potential of L. thermotolerans to modulate wine aroma [9,25].
Conversely, other authors did not find remarkable differences in wines fermented with this species at
aroma level [19,22,32]. Higher alcohols are the largest group of volatile compounds in wine. Most studies
reported that L. thermotolerans produced lower levels of higher alcohols than S. cerevisiae [11,18,21,24,32].
Mencía wines also followed this tendency mainly due to 3-methyl-1-butanol and 2-phenylethyl alcohol,
although the concentrations were not above their odor threshold (Table 5). In contrast, for Treixadura
wines, some of these compounds had OAVs > 1 (Table S1); ScXG3 wines presented the highest value of
higher alcohols but none of the wines surpassed 300 mg/L (Table 3, Table S1), level below which they
contribute to the aroma complexity [7]. However, in some cases, L. thermotolerans in mixed cultures
yielded higher content of higher alcohols [5]. In particular, they found higher concentration of 2-phenyl
ethanol, as reported by Gobbi et al. [11].

Esters and acetates are qualitatively important groups of volatile compounds because they
impart desirable fruity and floral notes to wine [2]. Data about the production of esters by L.
thermotolerans showed a great variability. In some cases, an increase in esters production was
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observed [11,12,18,19,29], whereas other authors found a reduction in esters concentration with
variations among strains [21,24]. In the current study, Mencía wines elaborated with Lt93 had lower
concentrations of total ethyl esters, ethyl acetate and higher alcohols acetates than S. cerevisiae wines.
The proportion of individual compounds differed between wines. Within ethyl esters, ethyl hexanoate
achieved the highest concentration in Lt93 wines, whereas ethyl octanoate did so in S. cerevisiae wines.
Regarding acetates of higher alcohol, the most abundant compound was isoamyl acetate in all Mencía
wines. In addition, most esters presented an OAV > 1 indicating their relevance at sensory level (Table
S2). Aroma composition of Treixadura wines differed from Mencía. No significant difference was found
for ethyl acetate and the higher alcohol acetates among Treixadura wines, except for 2-phenylethyl
acetate content, which was higher in spontaneous fermentations (Table 3). The total concentration of
ethyl esters was significantly higher in Lt93 monoculture wines mainly due to the content of ethyl
hexanoate, although ethyl octanoate was the most abundant ethyl esters in these wines, as found in
other studies [19]. These differences cannot be entirely attributed to L. thermotolerans since we have
confirmed that its frequency was quite low throughout the fermentation. The combination of Lt93
and several S. cerevisiae strains were involved in this aroma profile. The results of Lt93 low rate of
implantation during fermentation agreed with a previous study using sequential fermentation of these
strains [32]; however, in that case, the concentration of esters and acetates was higher in pure ScXG3
wines than in sequential Lt93 wines.

The concentration of fatty acids in wines is relevant because they are precursors for the ethyl
esters biosynthesis [53] and they are linked to unpleasant aromas. Indeed, fatty acids impart cheesy,
sweaty, fatty and rancid notes to wines, but they can contribute to the aromatic equilibrium and
complexity of wine [54,55]. It was found that concentrations of 4–10 mg/L of C6–C10 fatty acids provide
a mild and pleasant aroma, whereas levels above 20 mg/L had a negative effect [56]. In Mencía and
Treixadura assays, those wines with higher content of fatty acids also presented a higher concentration
of ethyl esters. Regarding the influence of yeast, Lt93 Mencía wines showed lower concentrations of
fatty acids than S. cerevisiae wines, although their content was below the odor threshold described
for these volatiles OAV < 1 (Table S2). The results agreed with those reported for pure cultures of
L. thermotolerans [25] and in sequential fermentations [5,18,19,24]. In contrast, Treixadura wines had
higher content of C6–C12 fatty acids when Lt93 was involved in fermentation. Furthermore, in these
wines, the concentration of individual compounds was above its odor threshold (Table S1), and the
sum of C6–C10 fatty acids was within the range of being positive to wine aroma.

Finally, the content of acetaldehyde presented an OAV > 1 for all Treixadura wines; thus, it could
influence their sensory properties. This compound is the main aldehyde formed during winemaking
and its concentration is influenced by yeasts. In these wines, the content of acetaldehyde is lower than
100 mg/L, a level that is considered to impart fruity flavors [55].

The results obtained in the current study confirmed that the use of L. thermotolerans Lt93 during
the fermentation had an effect on population dynamics during fermentation. Variations in amount and
proportion of yeast strains responsible for fermentation influenced the chemical composition of wines.
Thus, the S. cerevisiae wines were clearly separated by PCA from wines from Lt93 (monoculture or
sequentially fermented) based on their volatile composition.

In addition, these chemical differences had an influence at sensory level [2]. Benito [9] summarized
the impact of L. thermotolerans on the sensory properties of wine as an increase in general acidity,
overall impression, structure and aroma quality and a reduction in acetic acid. Our results with
Treixadura wines confirmed these findings except for acidity; however, other author also found more
intense notes of acidity in sequential fermentations with L. thermotolerans and S. cerevisiae [11,12].
The wines elaborated with Lt93 and by spontaneous fermentation were better scored than elaborated
with ScXG3 ones for aroma intensity and floral and fruity notes, probably due to their higher content
of esters.
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5. Conclusions

The results exposed in this study highlight the potential of L. thermotolerans Lt93.
This non-Saccharomyces strain enhanced wine quality due to their acidifying properties, but also
due to its impact on wine chemical composition. However, its competitiveness during natural
fermentation was not always as satisfactory as expected. In Treixadura fermentations Lt93 failed to
overgrow the indigenous yeast population in musts and could not start the fermentation. Even so,
its presence and interaction with other yeasts during fermentation influenced positively the chemical
and sensory properties of wine. Conversely, Lt93 was by far the most successful in dominating
Mencía fermentations. Consequently, the acidity of Mencía Lt93 wines was almost two-fold higher
than in S. cerevisiae wines. Therefore, further research is necessary to optimize the potential of this
L. thermotolerans strain in Galician wine industry.

Future studies with red cultivars will need to focus on the proportion and timing of inoculum in
sequential fermentations to find a protocol to take advantage of both species (L. thermotolerans and
S. cerevisiae) benefits. Regarding white cultivars, the performance of L. thermotolerans will be evaluated
using other ancestral white cultivars from Galicia.

Supplementary Materials: The following are available online at http://www.mdpi.com/2306-5710/6/2/36/s1,
Table S1: Odor activity values (OAV) of volatile compounds determined in Treixadura wines made with different
yeast strains; Table S2: Odor activity values (OAV) of volatile compounds determined in Mencía wines elaborated
with different yeast strains.
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