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Abstract: Hanseniaspora vineae and Hanseniaspora opuntiae are apiculate yeasts normally found on the
skins of ripe grapes and at the beginning of alcoholic fermentation. Several studies have reported that
these species can provide interesting sensory characteristics to wine by contributing high levels of
acetate esters and can increase the mouthfeel and body of wines. The present work aims to evaluate
the use of these two species sequentially with Saccharomyces cerevisiae to improve the sensory profile
of Albillo Mayor white wines. The fermentations were carried out in triplicate in 150 L stainless steel
barrels. At the end of the alcoholic fermentation polysaccharides, colour, and an extensive study of the
aromatic profiles were measured. Results showed up to 1.55 times higher content of 2-phenylethanol
in H. opuntiae wines and up to three times higher concentration of fermentative esters in H. vineae
wines than in the controls. Interestingly, it should be noted that the compound safranal was identified
only in the H. vineae wines. These results indicated that the species studied are an interesting bio-tool
to improve the aromatic profile of Albillo Mayor white wines. A novel non-targeted NMR-based
metabolomics approach is proposed as a tool for optimising wine productions with standard and
sequential fermentation schemes using apiculate yeast strains due to its discriminant capacity to
differentiate fine features between wine samples from the identical geographical origin and grape
variety but diverse fermentations or vintages.

Keywords: Hanseniaspora vineae; Hanseniaspora opuntiae; Saccharomyces cerevisiae; polysaccharides;
terpenes; safranal; double pulsed field gradient echo NMR-based metabolomics

1. Introduction

Hanseniaspora spp. are apiculate yeasts normally present in grape skin microbiota
at maturity and in the must at the beginning of fermentation [1-3]. They can often be
found in must before the sixth day of fermentation [4]. Their characteristics and enological
potential have recently been reviewed [2]. Normally, they have a low resistance to SO; [2]
and are used to exclude them at the beginning of fermentation to avoid undesired levels of
volatile acidity and ethyl acetate. However, there are also some species, recently defined as
the fermentation clade [5], that show increased fermentation capacity, floral aromas, and
complexity by the formation of high levels of acetate esters and benzenoids [2,6]. They have
been extensively used to enhance the production of esters, such as 2-phenylethyl acetate
and isoamyl acetate, sensorially acknowledged as floral and fruity aroma descriptors [7].
Several species of Hanseniaspora can release extracellular glycolytic (f-xylosidase and
-glucosidase) activities, which can enhance the release of volatile terpenes during the
fermentation of aromatic varieties [8]. Most of them have low fermentative power and can
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be found in must fermentation, especially in the initial stages. It appears that Hanseniaspora
species do not have antagonistic interactions with Saccharomyces cerevisiae (Sc), although
they have shown strong mortality in single or mixed fermentations with Sc [9].

Hanseniaspora vineae (Hv) has specific features inside this species that makes it a
friendly yeast (due to its low formation of higher alcohols, acetic, and medium chain fatty
acids) that significantly improves wine flavour and quality [10-13]. Among them are the
medium-high fermentative power (8-10% v/v), the low volatile acidity producing wines
(even lower than some single fermentations with Sc [14]), high levels of 2-phenyl ethyl
acetate with floral sensory impact [10,15,16], and de novo production of terpenes [16-18].
Additionally, Hv decreases levels of higher alcohols [10] and improves wine fruitiness.
Within Hanseniaspora species, the higher fermentative power of Hv could be related to its
closer protein similarity with Saccharomyces strains of the key glycolytic enzymes, such as
pyruvate kinase and phosphofructokinase [5] compared to the other species. Concerning
the colour, H. vineae has also shown some protective effect on the colour of rosé wines [19].
When Hv has been used with Lachancea thermotolerans (Lt) in biological acidification pro-
cesses, the production of lactic acid decreases compared to mixed cultures with other
non-Saccharomyces species, so some unknown interaction can exist between them [20].

Hanseniaspora opuntiae (Ho) is also interesting because this strain produces low volatile
acidity and the expression of floral and sweet aromas [21], mainly of phenylethanol, 3-
methyl-butanol and phenylacetaldehyde, and enhances the production of acetate esters [22].
However, the fermentative power is usually lower than 6% v/v and, therefore, needs to
be used in sequential inoculation with Sc. It has been isolated in must fermentations [23]
and is frequent in the wild microbiome of grape skins, together with H. guillermondii and
H. uvarum [1]. Ho has been described as a potential biocontrol agent [24,25] and, because
of its weak fermentative power, it shows good biocompatibility with Sc and other non-
Saccharomyces. The use of Ho has been proposed in mixed fermentations with Lt in warm
areas with neutral varieties to enhance freshness and fruitiness [26].

Both species have shown the ability to increase the mouthfeel and the body of wines
even when it is not clearly connected with specific molecules because the analysis of cell
wall polysaccharides did not show higher contents in wines [14,19]. A higher absorbance
has been observed at 260 nm and 280 nm compared with other Saccharomyces and non-
Saccharomyces species [14]. Absorbance values at these wavelengths can be used to estimate
nucleic acid and protein content in hydroalcoholic solutions. This might be related to the
higher elution of intracellular components [27] compared to Sc. This sensory effect is clear
and has been observed in evaluations by tasting panels.

The objective of this research was to use Hv and Ho in sequential fermentations
with Sc to improve the sensory profile of high-quality white wines made with the Albillo
Mayor variety.

2. Materials and Methods
2.1. Yeast Strains

The Hv strain T02/5A was selected by the team of Professor Francisco Carrau at the
Universidad de la Republica (Montevideo, Uruguay), and, currently, it is being produced
as an active dry yeast by Oenobrands SAS (Montpellier, France).

The Ho strain A56 was selected in La Mancha and tested in lab microfermentation
(8 mL and 1 L), pilot (30 L), and industrial scales (12,000 L) [7]. It has shown the ability
to enhance aroma complexity, increasing fruitiness and floral aroma. It also improves the
body and palatability.

Sc Fermivin 3C (Oenobrands SAS) was used as a control and to finish the sequential
fermentations. This strain has been used for good compatibility with Hv.

2.2. Must and Fermentation

The white must used in this study was made from Vitis vinifera variety Albillo Mayor
grapes. This grape was cultivated in the Bodegas Comenge vineyards located in the D.O.
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Ribera del Duero in the area of Curiel de Duero, Valladolid, Spain. All fermentations were
made with grapes from the 2021 vintage.

Must from the Albillo Mayor white variety was obtained under pneumatic pressing
(p < 1.2 bar) and later settled at low temperature with pectolytic enzymes. Later, it was
racked in the fermentation barrels. This must showed a density of 1091 g/L, a pH of 3.21,
and a total acidity of 5.43 g/L, expressed as tartaric acid.

Fermentations were performed in triplicate in 150 L stainless steel barrels inoculated
with 5 L (=3%) of liquid inoculum prepared in YPD media. The musts were fortified with
100 mg/L of Nutrient Vit Green (Lallemand Inc., Montreal, QC, Canada). Fermentation
kinetics are available in Appendix A (Figure Al). Sc fermentations were inoculated at time
zero and used as controls in this study. These controls were also inoculated with Sc on day
six to add the same volume in all triplicates. The presence of indigenous yeasts was not
verified, but periodic optical microscopic observations indicated the correct implantation
of yeasts of the Hanseniaspora species. Fermentations proceeded until dryness, and the
evolution was monitored daily by measuring density and temperature button sensors.
Fermentations proceeded until the residual sugars were lower than 2 g/L.

2.3. Analysis of Polysaccharides Content

The polysaccharides content was measured by the HPLC-refractive index (RI) tech-
nique, according to the method described by [28]. This method uses 0.1 M NaNQOj in
deionised water (MilliQQ) as an eluent. The calibration curve was constructed from the
following pullulan standards: polymaltotriose (Shodex, Showa Denko K.K, Japan) was
used to determine the concentration of polysaccharides in the samples—P-800 (788 kDa),
P-400 (404 kDa), P-200 (212 kDa), P-100 (112 kDa), P-50 (47.3 kDa), P-20 (22.8 kDa), P-10
(11.8 kDa), and P-5 (5.9 kDa).

The equipment used was a 1100 HPLC chromatograph (Agilent Technologies, Palo
Alto, CA, USA) equipped with a refractive index detector with an Ultrahydrogel 250 molec-
ular exclusion column (Waters).

2.4. Measurement of Colour Parameters

Colour parameters were measured by visible spectrophotometry using a 1 mm plastic
cuvette. The instrument used was a Smart Analysis (DNA Phone s.rl., Parma, Italy)
spectrophotometer. This instrument allows the direct measurement of absorbance at 420,
520, and 620 nm—the parameters of colour intensity, tonality, and CIELab coordinates.

2.5. Analysis of Volatile Compounds Produced by Fermentation

Fermentative volatiles were analysed by gas chromatography flame ionisation detec-
tion (GC-FID). Samples were filtered using 0.45 um cellulose methyl ester membrane filters
(Phenomenex, Madrid, Spain). One mL of filtrate was added to 100 uL of Internal Standard
(4-Methyl-2-pentanol, 500 mg/L) (Fluka Chemie GmbH, Buchs, Switzerland) in a 2 mL
GC vial. Analyses were performed using an Agilent Technologies 6850 GC (Palo Alto, CA,
USA). The injection inlet was set at 250 °C, and the detector was set at 300 °C. A DB-624
column (60 m x 250 um x 1.40 um) was used with a temperature programme of 40 °C
for the first 5 min, followed by a linear slope of 10 °C min~! until 250 °C, which was held
for 5 min. The runtime was 40 min per injection. Hydrogen was the carrier gas, with a
flow of 22.1 mL min~! and a split flow 1:10. The peaks were identified according to their
retention time compared with the external standards; quantification was performed using
a calibration curve in accordance with the method (OIV-MA-AS315-27) (OIV, 2016). The
volatile compounds identified were: acetaldehyde, methanol, 1-propanol, diacetyl, ethyl
acetate, 2-butanol, isobutanol, 1-butanol, acetoin, 2-methyl-1-butanol, 3-methyl-1-butanol,
ethyl lactate, isobutyl acetate, 2,3-butanediol, isoamyl acetate, 2-phenylethyl acetate, and
2-phenylethyl alcohol. The limit of detection was 0.1 mg L~!. The concentration of the
volatiles was expressed as mg L1
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2.6. Analysis of Terpenes and Polyoxygenated Terpenes

Varietal aroma compounds were analysed by GC-MS. One hundred mL of centrifuged
(15 min at 6.000 rpm) wine was added to 100 uL of 2-octanol (IS) and processed by solid
phase extraction using a Bond Elut ENV of 500 mg and a 6 mL cartridge (Agilent Technolo-
gies, Santa Clara, CA, USA). Cartridges were conditioned (by flushing 5 mL of methanol,
5 mL of hydroalcoholic solution (12% v/v), and 5 mL of MQ water). Volatiles were eluted
with pentane-dichloromethane (50%), dried, and dissolved in pentane-dichloromethane
(50%) up to 200 puL. A GC 7890A (Agilent Technologies), and a Mass Spectrometer 5975C
inert detector was used. Helium was used as a carrier at 2.1 mL min~!. Five uL were
injected in splitless mode. A DB-WAX IU column (60 m x 0.25 mm x 0.25 pm) was used.
The injector was set at 180 °C for 1 min and then increased up to 260 °C at 250 °C min .
The column was kept at 60 °C-15 min and then at 3 °C/min. until 220 °C for 25 min. The MS
fragmentor voltage was 70 eV. The analysis was performed in scan mode (m/z 10—1000).
Aroma compounds were identified by their retention times and main mass fragments. The
quantification was performed using internal standard patterns.

2.7. Analysis of Freshness Aroma Compounds

In white wines, the perception of freshness is related to the aromas of peppermint
and fresh hay. In this respect, the freshness aroma compounds were analysed by gas
chromatography with thermal desorption coupled to tandem mass spectrometry GC-
MS/MS. The analyses were performed using an Agilent Technologies 7990C GC (Palo Alto,
CA, USA) equipped with a thermal desorption unit, cryo-injection system (CIS-4) (Gerstel),
and MPS automatic sampler (Gerstel, Miilheim a/d Ruhr, Germany). The MS/MS detector
was an Agilent 7000B model.

The sample preparation was carried out with the stir bar solid extraction technique
(SBSE) using a Gerstel twister. The GC was equipped with a DB-Wax Ul column
(60 m x 0.25 um x 0.25 mm) using helium as the carrier gas at a flow rate of 1.5 mL/min.
The mass acquisition mode was the MRM.

The compounds related to freshness aroma analysed were: limonene, menthone, men-
thol, pulegone, carvone, mintlactone, piperitone, eucalyptol, 4-heptenol, methyl salicylate,
ethyl salicylate, ethyl benzoate, safranal, cis-hexenol, trans-hexenol, and n-hexenol.

2.8. Nuclear Magnetic Resonance Spectroscopy

All Albillo Mayor white wine samples fermented with Sc, Hv, and Ho were prepared
for NMR acquisitions with the following conditions: 540 uL were dissolved in 60 uL of
deuterium oxide solution with 99.9% prepared deuteration; in turn, they were mixed with
0.05% weight of sodium 3-(trimethylsilyl) propionic-2, 2, 3, 3, d4 acetate salt as an internal
reference (CAS No. 7789-20-0) and 0.1% of phosphonate KH,POy buffer (CAS No. 7778-70-0);
that was, in turn, prepared for a pH adjustment of each wine solution for a value of 3.1.

All wine NMR spectra were recorded at 14.1 Tesla of static magnetic field on a Bruker
600 AVANCE III HD spectrometer equipped with a 5 mm 1H/D BBO probe head with
z-gradient.

A selective double pulsed field gradient echo (DPFGE) 1H NMR scheme for non-
targeted metabolomics analysis of Albillo Mayor wines, comprising two years of vintages
(2019 [14] and 2021) and three types of fermentation processes (Sc, Hv, and Ho), is noted. We
do not have any data on fermentations with Ho in the 2019 vintage because this yeast was
not used. A total data matrix size of 45 spectra (9 spectra per five discriminant variables)
was applied for maximal discriminant capacities at the following conditions: a selective
excitation of uniquely aromatic 1H spin systems (5.5-11 ppm, 3360 Hz spectral width) was
conducted, as published elsewhere [29], enlisting solely the key parameters; A REBURP
selective 7t refocusing band-selective uniform response pure phase pulse, that is flanked
by two gradient pulses during an echo period that allows one to exclusively refocus the
selected aromatic chemical shift range and simultaneously defocus the intense water to
ethanol hydroalcoholic chemical shift range, was calibrated with the AU programmes
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Shapetool and NMRSIM from Bruker TopSpin 4.0.8 platform. The REBURP calibration
allowed the selective excitation of a frequency range of 3360 Hz from a frequency offset
of the REBURP pulse, defined at 2300 Hz in a positive sense, with respect to the carrier
frequency at 4.5 ppm. These parameters permit the selective excitation of a chemical shift
range between 5.5 and 11 ppm. The pulse length of the REBURP 7 pulse was optimised at
1900 milliseconds with a low power level pulse amplitude of 223 milliwatts. The rest of the
acquisition parameters are: 64 transients collected into 262,144 complex data points, with
acquisition times of 3 s and recovery delays of 2 s, which produced experimental times per
wine batch of five and a half minutes.

NMR postprocessing for producing the MSA input variables was carried out as follows:
ppm calibration and manual phase corrections were conducted with Bruker TopSpin 4.0.8
software; global and intermediate baseline corrections, least-square or parametric time
warping NMR alignments, variable size bucketing for untargeted profiling, and data matrix
normalisation were carried out with the NMRProcFlow software.

2.9. Statistical Analysis

Statgraphics v.5 software (Graphics Software Systems, Rockville, MD, USA) was used
to calculate means, standard deviations, analysis of variance (ANOVA), least-significant
difference (LSD) test, and principal component analysis (PCA). The LSD test was used to
detect significant differences between the means. Significance was set at p < 0.05.

Multivariate statistical analysis (MSA) for NMR data pre-processing, which includes
data matrix normalisation by sum (to adjust for differences amongst samples), log transfor-
mation, and autoscaling (mean centring divided by the standard deviation of each variable),
was applied to remove any possible variation during the experimental phase in order to
make features as comparable between them as possible. The statistical analysis workflow
for obtaining the unsupervised principal component (PCA) and the supervised partial-least
square discriminant analysis (PLS-DA) from the constant sum normalized DPFGE NMR
data matrix were developed with Metaboanalyst 5.0 software. In all cases, T2 Hotelling’s
regions depicted by ellipses in score plots of each model define a 95% confidence interval.
The reliability of each classification in the supervised PLS-DA model was evaluated in
terms of the goodness of fit (R?) and the goodness of prediction (Q?).

3. Results
3.1. Polysaccharides Content after the Fermentation Process

The polysaccharides present in wine are the sum of the grape polysaccharides and the
yeast wall polysaccharides. From the grapes are the pectic polysaccharides: polysaccharides
rich in arabinose and galactose, and rhamnogalactouronan [29] from the yeast wall the
mannoproteins are the principal polysaccharides [30]. Since, in this study, the vinifications
were made from the same white must, we assume that the variations in polysaccharide
content were due to the transfer of cell wall polysaccharides by the yeasts studied or their
interaction with the grape polysaccharides.

Figure 1 shows the chromatograms, as well as the polysaccharide content identified by
liquid chromatography refractive index detection (LC-RID) for the fermentations studied.
The largest peaks corresponded to Sc fermentations with polysaccharide concentrations
around 300 mg/L. These values were statistically higher than those identified in wines
fermented by the Hanseniaspora genus yeasts. It is interesting to note that, in previous
studies, we obtained similar results after the fermentation of rosé musts [19]. These results
seem to indicate that Hanseniaspora yeasts have lower polysaccharide release kinetics than
Saccharomyces yeasts, with no significant differences between Hv and Ho species. Since, on
the sixth day, S. cerevisiaze was inoculated into the Hv and Ho barrels, it appears that the
interaction of yeasts of the genus Hanseniaspora and Saccharomyces results in a lower release
of polysaccharides from the latter. More studies will be necessary to understand the cell wall
polysaccharide composition of these species and their sensory impact on the wines obtained.
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Figure 1. Polysaccharides (mg/L) and chromatograms measured by molecular exclusion liquid
chromatography refractive index detection (LC-RID). Ho (red histogram: fermentations with H.
opuntiae); Hv (green histogram: fermentations with H. vineae); and Sc (blue histogram: fermentations
with S. cerevisiae). Bars with the same letter are not significantly different (p < 0.05) for average and
standard deviation (ANOVA analysis, 1 = 3).

3.2. Colour Parameters

Figure 2a shows the colour parameters measured by spectrophotometry. From ab-
sorbances at 420, 520, and 620 nm, colour intensity and the tonality parameters can be
defined. The sum of these three absorbances represents the colour intensity. Lower colour
intensity values were identified in the Ho fermentations, with values around 0.21 ab-
sorbance units, with no significant differences between Hv and Sc wines. In relation to
tonality (A420/Aspp), no significant differences were identified between the fermentations
studied. However, in previous research, we did find a lower tonality in rosé wines fer-
mented with Hv compared to Sc fermentations [19]. These variations in tonality may have
been due to the formation of acylated anthocyanins, which were not present in this case, as
the fermentations were from white must.

White
wines

b 100

Tonality

(absorbance (adimensional) Chroma Hue () L a b H O

Hv

191+0482 7.83+1.54° 72.00+1.44° 9577+220> 240+032° 745+1532 ‘ 1 V

140+0.122 7.20+095° 69.71+1.202 92.40+1.31* 250+0.39* 6.76+0.882

1.39+£0.06> 7.81+£0392 69.71+1.842 91.17+1.072 272+0.38* 7.33+0.27°

— 80

Figure 2. Colour parameter values and CIELAB coordinates (a) and lightness representation (b) mea-
sured by UV-visible Spectrophotometry. Ho (H. opuntiae); Hv (fermentations with H. vineae); and Sc
(fermentations with S. cerevisiae). Values in the same column with the same letter are not significantly
different (p < 0.05) for average and standard deviation (ANOVA analysis, 1 = 3).
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Figure 2 also includes the CIELab coordinates. The uniform three-dimensional space
is defined by the colourimetric coordinates L*, a*, and b*. Figure 2b graphically illustrates
the L* coordinate for all the wines studied. L* is the measure of lightness and can vary
from 0 (completely opaque) to 100 (completely transparent). The results obtained for this
coordinate allowed the wines to be separated into three clusters. Wines fermented by Ho
show L* values around 96, which is statistically higher than the values obtained for Hv
and Sc wines. Hv wines show higher mean values of L* than Sc wines, but no significant
differences between them, graphically shown by the overlapping of the corresponding
clusters. These results are inversely proportional to the colour intensity obtained, indicating
that the higher transparency of Ho wines results in lower absorbance at 520, 620, and 420 nm
wavelengths.

In relation to the rest of the coordinates obtained, no significant differences in the
values of a* and b* were observed; a* is a measure of redness (or —a* of greenness) and b* of
yellowness (or -b* of blueness). Hue angle (H*) and chroma (C*) values are obtained from
L*, a* and b* coordinates [31]. No significant differences were found for these parameters,
so the yeast used for fermentation did not seem to influence these colourimetric variables.

3.3. Volatile Compounds Produced by Fermentation

Table 1 shows the aroma compounds produced during fermentation, measured by
GC-FID. In relation to the total content of these compounds, the Hv fermentations showed
values of around 920 mg/L, which is significantly higher than the concentrations identified
in the other fermentations (average values of 922.3 mg/L for Hv versus 771.6 mg/L and
804.1 mg/L for Ho and Sc, respectively), mostly due to the important presence of ethyl
acetate in white wines treated with Hv fermentations (178.77 & 18.07 mg/L). However, no
significant differences were identified for quantitatively important compounds in wines,
such as acetaldehyde, acetoin, or 2,3-butanediol.

Table 1. Fermentation volatile compounds (mg/L), measured by GC-FID. Means =+ standard devia-
tion of three replicates. Different letters in the same row indicate values with statistical differences
(p < 0.05) for average and standard deviation (ANOVA analysis, n = 3).

Compound Ho Hv Sc
Acetaldehyde 3129 +£291% 35.50 +4.28 2 37.23 £ 4.48%
Carbonvl compounds Diacetyl (butane-2,3-dione) 1.66 +£0.052 212+0492 473 +1.06°
Y P Acetoin (3-hydroxybutan-2-one) 695 +0.162 710+£0.342 7.56 £0.572
2,3-Butanediol (butane-2,3-diol) 408.33 £75.31% 426.62 £17.24% 491.23 +28.55%
1-Propanol (propan-1-ol) 10.74 £ 0.16 7 2246 +3.11° 9.97 £0.66 ?
Isobutanol (2-methylpropan-1-ol) 20.64 £1.61° 22.06 £0.63 2 1937 +£1.73%
Higher alcohols 3-Methyl-1-butanol (2-methylbutan-1-ol) 94.95 + 5.04'; 93.82 + 3.32 az 84.20 + 6437
2-Methyl-1-butanol (3-methylbutan-1-ol) 27.78 £ 3.58 2543 +£1.29% 21.52+£0.712
2 phenyl ethanol (2-phenylethanol) 2830 + 093P 17.00 £ 0.51 2 18.28 +-4.88?
Total higher alcohols 182.41 4+ 6.40° 180.78 4+ 4.45P 153.35 £ 8.00 2
Ethyl acetate 48.35 +2.04% 178.77 +18.07° 44.37 £ 5.67 @
Isobutyl acetate 256 +£2222 1.75+1.582 124 £1.07%
ethyl butyrate 1.40 +0.04 P 1.31 £0.06% 1.4140.01P
Esters Ethyl lactate (2-hydroxypropanoate) 6.51 & 0.90 2 8.71 +1.94 % 13.15 £4.25°
Isoamyl acetate 5374070 4.5540.34° 2924+0.12°
2-Phenylethyl acetate 41.85+1.59° 39.87 +£7.51° 14.72 £ 4.06 2
Total esters 106.03 +1.11° 234.96 £+ 13.66 © 7780 £8.112
Other alcohol Methanol 31.04 £2.82% 31.52+9.63¢ 27.93 +4.66 °
ther alcohols Hexanol (hexan-1-ol) 3.87 £0.192 439 +£027° 430 +£0.19

Total volatiles

771.59 £+ 70.50 2

923.00 + 40.06 P

804.14 22402
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Higher alcohols are produced by the catabolism of grape amino acids via the Ehrlich
pathway or by the production of x-keto acids during amino acid biosynthesis from sug-
ars [32]. Regarding the content of these compounds, wines fermented by yeasts of the
Hanseniaspora genus showed statistically higher concentrations than Sc wines (around
180 mg/L). These concentrations are below 400 mg/L, at which point some authors con-
sider that higher alcohols give negative organoleptic perceptions [33]. Similarly, apiculate
yeasts yielded higher 3-methyl-1-butanol and 2-methyl-1-butanol contents than Sc, but
this increase was only statistically significant in Ho (95 mg/L). It is interesting to note that
these levels are low, as the average content of 3-methyl-1-butanol in wines varies between
90 and 300 mg/L [34]. 2-phenylethanol has a positive sensory impact in wines, which is
described as ‘rose-like” and ‘floral” [35]. The content of this compound was found to be
around 28 mg/L in wines fermented by Ho. These values are statistically higher than those
identified for the other fermentations; in all cases, the concentrations were higher than
their perception threshold, 10 mg/L, according to [36]. It should be noted that, in previous
research, we also found no significant differences in 2-phenylethanol when comparing Sc
with Hv fermentations [14].

Volatile esters are an important group of aromatic compounds and are regarded as
the main source of fruity aroma in wines [37]. In relation to the total content of these
compounds, concentrations up to two times higher were identified in Hv wines compared
to Ho and three times higher than in Sc wines, suggesting that fermentations with Hv
could result in wines with more pronounced fruity aromas. Similarly, the contents of the
majority ester ethyl acetate were much higher in the Hv wines than in the other wines. It
was also identified that apiculate yeasts produced higher concentrations of other esters,
with a positive sensory impact in wines compared to Sc. This is the case of isoamyl acetate
and its characteristic banana aroma. This also happened with 2-phenylethyl acetate content,
which is a particularly important ester because of its characteristic floral aroma [38] and its
low threshold of perception, 0.25 mg/L, according to [39]. The apiculate yeasts produced
wines with up to 2.8 times higher 2-phenylethyl acetate content than Sc.

3.4. Terpenes and Polyoxygenated Terpenes

The varietal aromas identified in this study are shown in Table 2. Different grape
varieties can be classified according to their free monoterpene content [40]. In this respect,
we can classify the Albillo Mayor grape variety as neutral, as it presents values in free
monoterpenes lower than 1 mg/L. In the wines studied, the total monoterpene content was
higher in the Ho fermentations (~124 mg/L), but only statistically significant compared
to Hv.

Linalool is one of the most important monoterpene alcohols in wines and is charac-
terised by its floral and lemon odour. The contents of this compound were more than two
times higher in the Ho and Sc fermentations than in the Hv fermentations, only below
their perception threshold (25 ng/L according to [41]) in Hv wines. The same trend was
observed for the compound terpinen-4-ol, although, in all fermentations, the identified
concentrations remained below the threshold of perception (250 nug/L according to [42]).
However, for other terpenes, it was the apiculate yeasts (Ho and Hv) that resulted in wines
with statistically higher contents than Sc. This is the case for 3-citronellol and «-terpineol,
with concentrations two times higher in Hanseniaspora yeast wines than in Saccharomyces
wines. It should be noted that neither of these two terpenes might have a significant impact
on the final aromatic profile of the wines, as the concentrations identified are below their
perception thresholds, 18 and 250 pg/L, respectively [42,43].
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Table 2. Terpenes and polyoxygenated terpenes (ug/L) by GC-MS. Ho (fermentations with H. opun-
tiae); Hv (fermentations with H. vineae); and Sc (fermentations with S. cerevisiae). Mean + standard
deviation of three replicates. Different letters in the same row indicate values with statistical differ-
ences (p < 0.05) for average and standard deviation (ANOVA analysis, n = 3).

Compound (ug/L) Ho Hv Sc
linalool 39.07 +0.16 ° 14.55 +2.49 2 31.53 +9.65°
terpinen-4-ol 29.00 + 6.25P 14.69 + 7.612 2491 + 5.552b
Epoxylinalool 10.04 £1.742 12.76 + 3.41 ab 17.39 + 3.53 b
TERPENES B-citronellol 10.93 +1.83b 10.56 + 1.66 © 555+ 1944
geraniol 13.14 £ 1352 15.06 £ 1.502 1593 £ 5672
a-terpineol 21.92 +£2.70" 23.71 + 3.68 P 7.80 +1.64°
Total terpenes 124.10 + 5.96 ° 91.32 +12.232 103.11 + 20.47 @b
cis-linalool oxide 257 +0.16P 3524+0.14°¢ 073 +£0.152
trans-linalool oxide 049 +£0.202 056 £0.172 0.38 £0.072
cis-pyran linalool oxide 29.15 +3.25P 20.06 +2.812 2092 +£2.4842
trans-pyran linalool oxide 2453 +4922 19.66 +5.822 26.09 +2.692
POD{I%)I;{%ETIESA TED 2,6-dimethyl-3,7-octadiene-2,6-diol 6.68 £035b 359+0212 3.20+0.132
2,6-dimethyl-1,7-octadiene-3,6-diol 6.40 £1.31b 1.39 £ 0.64° 0.92 +0.082
3,7-dimethyl-1,7-octanediol 1.59 £090°4 1.57 £0944 1.05+0.112
8-hidroxylinalool 62.40 + 3.61° 8.90+1.882 6.17 £0.852
Total polyoxygenated terpenes 133.82 +7.11° 59.24 +8.60 2 59.46 +3.47 2

The content of polyoxygenated terpenes was statistically higher in the Ho wines than
in the rest. The largest differences were identified in the 8-hidroxylinalool compound,
with up to ten times higher concentrations in Ho fermentations (Table 2). The content of
polyoxygenated terpenes did not play a major role in the aromatic profile of the wines
obtained, as all the concentrations identified were below the perception threshold of these
compounds, which are much less aromatic than terpenes (3-5 mg/L according to [44]).

3.5. Freshness Aroma Compounds Measured with GC-MS-MS

Seventeen volatile compounds from different groups were analysed by GC-MS-MS;
this analysis looks for volatile compounds associated with wine freshness, of which only
five have been identified and are shown in Figure 3.

Figure 3a shows the limonene content, which is a monoterpene with a perception
threshold of 15 pg/L, according to [45]. This compound is associated with orange and
lemon aromas [46]. Wines fermented with Ho showed limonene concentrations of around
1.08 ng/L; these values are statistically higher than the other fermentations. However, all
the wines produced showed values below the threshold of perception of the compound.
Interestingly, no other monoterpenes derived from limonene, which are associated with
mint, peppermint, or liquorice aroma (carvone, menthol, or pulegone), were identified.

Different C6 compounds were identified by GC-MS-MS (Figure 3b—d); these com-
pounds are formed by enzymatic oxidation of polyunsaturated fatty acids and are often
related to herbaceous aromas in wines. The highest n-hexenol concentrations were iden-
tified in Hv wines, but without significant differences from Sc wines. Regarding the
trans-hexenol compound, all wines showed concentrations between 82 and 98 pg/L, with
no significant differences among them. This compound has a perception threshold in water
of 400 ug/L, according to [47]. No significant differences in cis-hexenol concentrations
were identified. All wines showed cis-hexenol contents below the threshold of perception
(400 pg/L according to [48]).
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Figure 3. Volatile compounds measured by GC-MS-MS (ug/L): Limonene content (a); n-hexenol
(b); trans-hexenol (c); cis-hexenol (d); and safranal (e). Ho (fermentations with H. opuntiae); Hv
(fermentations with H. vineae); and Sc (fermentations with S. cerevisiae). Different letters above
columns indicate values with statistical differences (p < 0.05) for average and standard deviation
(ANOVA analysis, n = 3).

The last aroma identified by GC-MS-MS was safranal. This compound has only been
detected in wines fermented with Hv (Figure 3e). The presence of safranal in wines has
been little studied, although it has been identified in northern Italian sparkling wines [49].
Safranal is a C10 norisoprenoid (C10H14O) [50] that has a monoterpene aldehyde chemical
structure, and it is the most powerful aroma in saffron [51,52]. This compound is formed in
saffron during drying and storage by hydrolysis from picrocrocin [53]. All Hv fermented
wines showed safranal concentrations around 9 ug/L, while this compound was not
detected in any of the other wines studied. Additional research is needed to understand
how Hv metabolism influences the formation of this potent volatile compound.

3.6. Non-targeted NMR Metabolomics of Albillo Mayor White Wines Fermented with Sc, Hv,
and Ho

The novel DPFGE NMR data matrix was recently conceived to discriminate wine sam-
ples from the same grape variety (Cabernet Sauvignon), as well as the same geographical
origin (Parras, Coahuila, Mexico), but which were produced with different fermentation
schemes for achieving alcohol reduction in a large-scale regime for three consecutive
iterations [54]. Said work concluded that wines fermented with co-inoculations using
Saccharomyces cerevisiae and another strain (Starmerella bacillaris or S. bayanus) for achieving
alcohol reduction can be discriminated from standard fermentations only with supervised
deep learning algorithms (PLS-DA, sPLS-DA and OPLS-DA). In particular, the super-
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vised PLS-DA approach can only discriminate between wines from the same variety and
geographical origin produced with standard (Saccharomyces cerevisiae) and co-inoculated
(Starmerella bacillaris or S. bayanus) fermentations, but it is incapable of producing a holistic
fingerprint to afford discrimination between wines treated with Starmerella bacillaris and
S. bayanus. The methodology to differentiate between standard fermentations with Sac-
charomyces cerevisiae and those involving a co-inoculation with Starmerella bacillaris and S.
bayanus was only possible with orthogonal projections to latent structures-DA approaches.

Figure 4 shows the DPFGE NMR data matrix constructed from wine samples from
the same grape variety (Albillo Mayor) and the same geographical origin (Ribera del
Duero, Spain). These are fermented with three fermentation schemes (Sc, Hv, and Ho)
during two different vintages (2019 and 2021), and they use the respective multivariate
statistical analysis (MSA) to obtain PCA and PLS-DA discriminant scores and chemical
shift discriminant loading values. It is highlighted that Ho yeast was not used in the 2019
vintage and, therefore, no data are presented. First, the principal component analysis (PCA)
approach explains, in an unsupervised way, the variance of each dataset when increasing
the number of principal components without referring to any class label, generally used for
organising the NMR data matrix and for determining correlations between discriminant
factors (fermentation schemes and year of vintages for the present study) and outliers
(DPFGE-NMR data matrix), whereas an important number of metabolomic works claim
the need to test the discriminant capacity of PCA models as a prerequisite to evaluate the
quality of the MSA data inputs. PCA score plots of analysed Albillo Mayor white wines
can straightforwardly discriminate between different years of vintage. Additionally, the
2019 samples present a positive PC2 dimensionality, while samples from the 2021 vintage
show a negative PC2 coordinate. This occurs in both cases, regardless of the yeast strain. In
contrast, there is no evident way to distinguish between Sc controls and Ho or Hv strains
with a simple PCA approach.

DPFGE-NMR Data matrix

o'H frequency (ppm)

Figure 4. Cont.
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Figure 4. Top: The double pulsed field gradient echo NMR data matrix [54] of Albillo Mayor wine
samples fermented with Sc, Hv, and Ho during two years of vintage (2019 and 2021), showing the
NMR binning strategy for further analysis with multivariate statistical analysis (MSA) to obtain a non-
targeted metabolomic model to discriminate wines from the same variety with subtle discriminant
variables, such as the fermentation process and the year of vintage. Middle: unsupervised principal
component analysis (PCA). Bottom: supervised partial least square discriminant analysis (PLS—DA)
score (left) and loading (right) plots. The PLS—DA score plot highlights the goodness of both the fit
(R2) and the prediction (Q2) and, for each model, their variances at each component are expressed in
parentheses. Both unsupervised PCA and supervised PLS—DA loading plots, as a function of 1TH
NMR frequency shifts, indicate the importance of relevant metabolites that discriminate fermentation
processes and year of vintage and are, respectively, highlighted with yellow and purple dots.

To maximise separation amongst samples, the supervised PLS-DA deep learning algo-
rithm performs variable selection and classification of key features amongst cohorts with an
accurate predictive fit (R%2 =0.97) and performance (Q*=0.91) at competitive computational
costs to obtain highly discriminant holistic fingerprints that allow distinctions between
wine samples from the same variety but different fermentation schemes (e.g., Sc, Hv, and
Ho in the 2021 vintage, as well as Sc and Hv in the 2019 vintage). Interestingly, Albillo
Mayor wine samples fermented with Hanseniaspora strains present roughly a negative PC1
coordinate in PLS-DA score plots, regardless of their year of vintage. In contrast, samples
fermented with Saccharomyces strains in the 2019 and 2021 vintages are discriminated
against by means of positive PC1 scores in PLS—discriminant analysis.

Both PCA and PLS-DA loading plots (middle and bottom right in Figure 4), as a
function of proton DPFGE chemical shifts, indicate component 1 thresholds associated with
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'H frequencies. In turn, these are related to a set of discriminant metabolites. Although a
DPFGE NMR targeted analysis is out of the scope of the present work and merits reporting
in greater detail elsewhere, some important observations are mentioned here. If a PCA
or PLS-DA component 1 threshold of £0.1 is selected, a set of at least 85 discriminant
NMR signals is observed. Even with a component 1 threshold of £-0.15, at least 35 proton
DPFGE-NMR shifts are discriminant to either the fermentation scheme or the vintage,
indicating the robustness of the DPFGE NMR data matrix and the discriminant capacity of
aromatic spin systems in wine metabolomics.

4. Conclusions

The cell wall polysaccharide release capacity was lower in Hanseniaspora genus yeast
than in Sc. In addition, it appears that these species interact with the polysaccharide
transfer capacity of S. cerevisiae yeast. Some differences were identified in the colour of
the white wines obtained; the wines fermented by Ho were more transparent and had low
colour intensity.

The wines studied showed clear differences in their volatile compound profiles. Fer-
mentations with apiculate yeasts produced wines with higher alcohols content, indicating a
higher presence of 2-phenyl ethanol in Ho wines. However, Hv produced more fruit esters,
but similar amounts of 2-phenylethyl acetate compared to Ho. Regarding varietal aromas,
Ho yeast resulted in wines with higher monoterpene content, including limonene.

Alcoholic fermentation by Hv produced wines with safranal. The presence of this
powerful aromatic compound could significantly increase the complexity of the wines.
Selection of some Hanseniaspora genus yeasts is a powerful tool to provide interesting
aromatic compounds to wines from neutral grape varieties, such as Albillo Mayor.

For the first time, an unsupervised PCA analysis of a DPFGE NMR data matrix
produced score plots to differentiate wine samples with different vintages that have the
same geographical origin and variety. However, the non-targeted metabolomic approach
is limited to differentiating between fermentation schemes. In contrast, an extended
supervised PLS-DA deep learning algorithm can uniquely discriminate between Sc, Hv,
and Ho fermentation schemes of Albillo Mayor white wine samples from the same variety
and geographical origin. The present metabolomic approach might serve to optimise
diverse variables within the fermentation schemes for obtaining a multivariable space
associated with the observed sensory characteristics that provide the Hanseniaspora strains
with their qualities with respect to the standard fermentation schemes.
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Appendix A

Figure Al shows the average fermentation kinetics of the yeasts studied in alcoholic
fermentation. All the barrels showed temperatures between 12 and 16 °C throughout
the fermentation process. The fermentations were very slow in all cases, with more than
50 days needed for the yeast to consume the sugars in the must. The largest decreases in
density occurred during the first 14 days after inoculation. In this first stage, Ho and Sc
wines showed similar kinetics. However, after the first 14 days, the Ho wines fermented
more slowly than the other samples. Sc and Hv wines finished the fermentation process
with similar densities (around 990 g/L at devatting). Ho wines showed a density of around
1001 g/L.

1100

1080

1060

1040

1020

Density (g/L)

1000

980 T T T T T 1
0 10 20 30 40 50 60

Time (days)
— Sc — Ho — Hv

Figure Al. Fermentation kinetics of studied yeast strains in steel barrels: Ho (fermentations with H. op-
untiae), Hv (fermentations with H. vineae), and Sc (fermentations with S. cerevisiae). Means =+ standard
deviation of three replicates.
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