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Abstract

The use of norgaccharomyces strains in aerated conditions has proven effed¢tvalcohol content
reduction in wine during lab-scale fermentatione finocess has been scaled up to 20 L batches, in
order to produce lower alcohol wines amenable t3@g analysis. Sequential instead of
simultaneous inoculation was chosen to prevent exygxposure dtaccharomyces cerevisiae

during fermentation, since previous results indidahat this would result in increased acetic acid
production. In addition, an adaptation step wakiohed to facilitate norsaccharomyces

implantation in natural must. Wines elaborated Withulaspora delbrueckii or Metschnikowia
pulcherrima in aerated conditions contained less alcohol tduantrol wine & cerevisiae, non-

aerated). Sensory and aroma analysis revealeththguality of mixed fermentations was affected
by the high levels of some yeast amino acid relbtgatoducts, which suggests that further progress

requires a careful selection of n8aecharomyces and the use of specific N-nutrients.

Keywords

reduced alcohol wine, aerobic fermentation, noncBawmyces, sensory analysis

Highlights
Aerated fermentation with na8accharomyces strains for reduced alcohol wine was scaled up.
Sensory analysis of wines in comparison with stesha cerevisiae, non aerated) was performed.

Wines elaborated with different strains had diffeér@roma profiles.

Volatile compound analysis identifies the compouredponsible for differences in aroma nuances.
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1. Introduction

Saccharomyces cerevisiae, the yeast carrying alcoholic fermentation of grapust, constitutes a
minor fraction of the microbiota found on soundergrapes (Wang et al., 2015). Other yeast
species, collectively known as n&echaromyces in this field, are much more abundant and
considered to play an important role during thstfirours of grape must fermentation (Fleet and
Heard, 1993). Cell counts of the yeast gemtamaseniaspora, Pichia, Metschnikowia or
Torulaspora can be moderately high during a short time wheatall levels are still low, befoi@
cerevisiae takes over the fermentation process. There arg endences that some non-
Saccharomyces yeast species can positively contribute to thenarprofile, sensory complexity,
and color stability of wines (Andorra et al., 20C2ymitini et al., 2011; Gobbi et al., 2013; Viana e
al., 2008; Sadoudi et al., 2012). Many authors fsaggested the controlled use of these strains in
combination withS. cerevisiae in order to improve aromatic complexity of wined@i et al., 2010;
Fleet, 2008; Padilla et al., 2016).

Nowadays, most yeast-producing companies haveSaceharomyces yeast starters in their
catalogs, and among theifrgrulaspora delbrueckii is the most represented in the market. Mixed
cultures ofT. delbrueckii/ S. cerevisiae have been proposed to reduce the acetic acidrdaame to
enhance organoleptic profiles of wines (Morenol e2801; Jolly et al., 2003; Bely et al., 2008).

The competitive advantage Sfcerevisiae over all the other yeast species during grape must
fermentation translates into a small variabilityaloohol yield between different isolates of this
species. For that reason, the alcohol yield vdiglmf non-Saccharomyces wine yeasts has been
explored by several authors (Ciani et al., 201@nCand Maccarelli 1998; Comitini et al., 2011;
Domizio et al., 2011).

A recent proposal to reduce the ethanol contentioé considers the use of aerobic conditions
in order to allow for respiro-fermentative metabuoliof grape juice sugars. N&echaromyces

yeast strains are used in order to overcome th&atons due to the Crabtree positive character of
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S cerevisiae (Gonzalez et al., 2013). Relevant parametersdesashe potential usefulness of yeast
strains for this purpose were not only their restpiry capacity under high sugar conditions, but the

production of acetic acid and the amount of sugarsumed during the aerobic stage (Quirés et al.,

2014). The feasibility of the process was provethatiaboratory scale by co-inoculation of
Metschnikowia pulcherrima andS. cerevisiae, and controlled aeration during the first 48 h (&les

et al., 2015). A maximal reduction of 3.7% ABV (@thol by volume) was achieved for the

fermentation of a natural grape must (260 g/L ssigas compared to anaerobic fermentation with

S cerevisiae. Considering additional parameters, like keepiisgalved oxygen levels as low as

possible, and avoiding excess volatile acidity,22%2ABV reduction was achieved under optimized

conditions. The aim of this work was to scale-up firocess to pilot scale in order to identify
potential bottlenecks outside the controlled caads of the laboratory, and to produce wines
amenable to sensory analysis. A straiviopulcherrima and a commercial strain @brulaspora
delbrueckii were used.

The effect of the commercial straindelbrueckii Viniferm NSTD on wine quality had been
previously analyzed under standard fermentatiomitioms (Belda et al., 2015). The mouthfeel
properties of wine produced at semi-pilot scala sequential inoculation with cerevisiae were

preferred by a sensory panel, and correlated witinerease in the mannoprotein content.

2. Materials and methods

2.1. Srainsand laboratory media

StrainM. pulcherrima Mp591, used in preliminary winemaking experimemtas provided by

Agrovin S.A. (Alcazar de San Juan, SpaM).pulcherrima strains used in the screening were
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isolated from grapes in La Rioja, Spain, and bekontipe Microwine group strain collection
(Instituto de Ciencias de la Vid y del Vino, LogmiSpain). M. pulcherrima CECT 12841
(Morales et al., 2015) was used as a referenciéoscreeningyl. pulcherrima Mp395, used in the
final fermentation trial, was selected in the snreg@ among other isolates of this species, based on
the amount of sugars consumed, ethanol yield, @awditoma impact in a synthetic must.
cerevisiae Viniferm Caracter and. delbrueckii Viniferm NSTD are commercial strains from
Agrovin S.A. (Alcazar de San Juan, Spain).

Synthetic grape must contained: 100 g/L glucos®,dlD fructose, 6 g/L citric acid, 6 g/L malic
acid, 0.764 g/L ammonium chloride, 1.7 g/L Yeadrdgen Base without ammonium sulphate and

amino acids, and 18 mg/L myo-inositol, pH adjudte8.5 with NaOH.

2.2. Screening of M. pulcherrimastrains

M. pulcherrima strains were grown on YPD (2% glucose, 1% yeaisaelx 2% peptone) for 48
hours at 25°C and 200 rpm. Cells were washed Ztand resuspended in water to dgp10.
Then, 250 ml Erlenmeyer flasks containing 50 mitksgtic grape must were inoculated with 1 ml
preculture, covered with an aluminium foil, andubated for 4 days at 200 rpm at 18°C. After this
time, consumed sugars and metabolites produceddeseemined by HPLC as described in section

2.5. Experiments were carried out in duplicate.

2.3. Non-Saccharomycesoculum preparation for winemaking

Non-Saccharomyces strains were grown in YPD for 48 hours at 25°C 20d rpm. After
centrifugation, aliquots of 8000 units @were suspended in 1 L pasteurized natural whitst,mu

and incubated for 3 days at 150 rpm and 22°C tptatlam to grape must. Natural must was
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pasteurized in the autoclave by heating up to ré@&38C and leaving to cool down inside. The

whole culture was then used to inoculate 20 L e$lirnatural non-sterile grape must (see below).

2.4. Scaled-up aerated winemaking procedure

Natural Viura-Malvasia white must was racked owginhat 4°C. It contained 21% sugars, 237
mg/L total assimilable nitrogen, and 35 mg/L t&&h, pH 3.43. Batches of 20 L in 30 L vats (36
cm diameter, resulting in a column of liquid ab2Q0tcm high) were inoculated with 1 L
conditioned inoculum of1. pulcherrima or T. delbrueckii. Batches of 21 L were inoculated wih
cerevisiae following the instructions of manufacturer (30 g)HIn this way, the input volume of
grape must in the whole process was the samelfooraditions (21 L). Each tank was
supplemented with 1.4 g/L tartaric acid, and OL3A¢timax Natura (Agrovin S.A., Spain). Three
vats were fermented for each condition, using iedejent inocula. Vats inoculated with non-
Saccharomyces were sparged with compressed air at 200 mL/h tiiv@ubmerged ceramic
spargers. Gas flowas controlled with MFC17 mass flow controllers (&g Instruments and
Controls, Inc.;Orangeburg, NY), previously caliledivith an electronic precision flowmeter
(Agilent Technologies, Santa Clara, CA). Room terapge was maintained at 18°C.

Temperature and density were monitored daily. Dgngas measured with a portable digital
densitometer (Densito 30PX, Mettler Toledo GmbHaWtical, Schwerzenbach, CH). At day 4, air
flow was stopped, 50 mg/L potassium bisulfite wddeal and, one hour later, vats were inoculated
with S. cerevisiae, following the instructions of manufacturer (3Bg). At day 5, 0.3 g/L Actimax
Plus (Agrovin S.A., Spain) was added in all vatsitool vats included. After sugar depletion, on
day 9, 90 mg/L potassium bisulfite was added ireet, headspace filled with nitrogen and vats
closed and kept 10 days at 10°C. Finally, wine tnaassferred into colored glass bottles and kept at

4°C.
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Implantation of yeast starter cultures was monda@kng the fermentation. Samples of days 0, 4
and 8 were plated on YPD, and DNA of 5 isolatedoms extracted (Looke et al., 2011). The
presence oM. pulcherrima or T. delbrueckii was confirmed by PCR amplification of d1/d2 LSU
26S DNA and sequencing (Kurtzman and Robnett 19%9@plification of interdelta elements
(Legras and Karst, 2003) was used to verify im@iaon at theS. cerevisiae strain level.

Production and consumption of the main fermentatedated metabolites in daily samples was

determined by HPLC.

2.5. HPLC analysis of main fermentation metabolites

Production and consumption of the main fermentateated metabolites in daily samples,
(glucose, fructose, glycerol, acetic acid and athamere determined in duplicate using a Surveyor
Plus chromatograph (Thermo Fisher Scientific, WalthMA) equipped with a refractive index and
a photodiode array detector (Surveyor Rl Plus amde§yor PDA Plus, respectively). Hyper REZ
XP carbohydrate H+8m column and guard (Thermo Fisher Scientific) wesed and maintained
at 50°C. Elution was performed with 1.5 mM3®, as mobile phase, at a flow rate of 0.6 mL/min.
Prior to injection, samples were filtered throug@2um-pore-size nylon filters and diluted 10-fold.

One way analysis of variance was carried out omthim fermentation metabolites. Means of
biological replicates were compared using Tukeg&,twith significance level set at 5%. Al

analyses were performed using SPSS Statistics prd@2gam (IBM, Armonk, NY).

2.6. Sensory analysis of wines

Sensory analysis was performed one month aftelifgpt@ he starting point was a sorting task to

select exemplars representative for sensory dift@® observed in the sensory space. These



173 samples were further characterized (flash probiea panel of semi-trained panelists and their
174 aroma quality was finally evaluated by a panel oferexperts. In the three tasks, samples were
175 presented simultaneously attending to a randonr aifferent for each assessor. Twenty-mL

176 samples were poured in dark wine glasses (ISO 38917) labelled with 3-digit random codes and
177 covered by plastic Petri dishes. All samples wergexd at room temperature and evaluated in

178 individual booths. Panelists were not informed dlibe nature of the samples to be evaluated.
179

180 2.6.1. Sorting task

181 The sorting task consisted in grouping wines byilanity and generating descriptors to

182 differentiate the wines. A total of eleven winesvés + 2 duplicates) were evaluated. Vats Scl,
183 Sc2 and Sc3, were elaborated wtlterevisiae; Mp4, Mp5 and Mp6, elaborated wikh.

184 pulcherrima; Td7, Td8 and Td9, elaborated withdelbrueckii. The sorting task was carried out by
185 a panel of eighteen wine experts (11 women andry, maging from 23 to 63 years of age, average
186 = 35) in two independent sessions. In a first sesshe panel was asked to group samples by
187 orthonasal aroma; and in a second session, acgaain-mouth sensations (aroma, mouthfeel and
188 taste). No limits to number of groups were giveandists were asked to write a maximum of 3
189 words describing each group of wines.

190

191 2.6.1.1. Sorting task data analysis

192 An individual similarity binary matrix (11 wines Xlwines) was built with data of each panelist,
193 where 1 means similar and 0 means different. A@asoence matrix, obtained by sum of all

194 panelists, was submitted to a non-parametric Mintgshsional Scaling (MDS) analysis (absolute
195 model) in order to obtain a spatial representationines. The quality and the reliability of

196 representations were evaluated by Shepard diagrachKruskal’s stress value. Finally,

197 Hierarchical cluster analysis (HCA) with the Wardearion was performed on the matrix consisting
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of wines x coordinates of the retained MDS dimensid\ll analyses were carried out with
XLSTAT (2015 version).

A list of 12 descriptors for these wines was mad# terms generated by panel members,
avoiding hedonic and quantity adjectives, and gimmgivords belonging to the same category

(Franco-Luesma et al., 2016). Descriptors aredigtelable 1.

2.6.2. Aroma characterization: flash profile

A flash profile was carried for wine aroma charagggion. The panel was formed by 13 semi-
trained assessors (8 women and 5 men, rangingdbota 39 years old, average = 31) with
experience in sensory description of wine. The t&a& similar to classical flash profile, with some
modifications carried out with the aim of facilitag the interpretation of attributes, which deems
difficult in this methodology given the absencecohsensus and training of participants. Therefore,
references for the 12 terms obtained in sortink faable 1) were built and presented to
participants. This familiarization task finished evhpanelists could correctly match terms with
reference standards. Afterwards, they were predemté the six samples, four representing each
group formed in previous task, and 2 duplicates finst session, assessors were asked to provide
the descriptors differentiating each wine. In aoseksession, they were asked to rank the six wines
attending to each one the terms chosen to diffeateramong samples. A non-structured 10 cm
continuous length scale anchored with the wordséabe” and “high intensity” on the left and

right ends was provided for each descriptor.

2.6.2.1. Flash profile data analysis
Principal Component Analysis (PCA) was performethwihe mean intensity scores of

descriptors that were individually discriminantanwo-way ANOVA (participants as random and



222 wines as fix factors) and that were used by maae tialf of panelists. Analyses were carried out
223  with XLSTAT software (version 2015).

224

225 2.6.3. Aroma quality evaluation

226 Evaluation of aroma quality was carried out by agd@f 12 wine experts (7 women, ranging
227 from 27 to 62 years old, average = 38). They wlreemologists, who had attended wine-tasting
228 classes and had relevant professional experien@egmaking (Parr et al., 2002). Assessors were
229 presented with seven wines: the four representiat) group formed in sorting task and three
230 control samples. The control wines comprised onsgonhite wine (elaborated with Viura) of
231 high quality (C_hq) and two white wines of low gtyalepresenting reduction (C_Red) and

232 oxidation (C_ox) defects. Reduction defect was gaed by spiking wines with hydrogen sulfide

233  (60ug L™ and methanethiol (20y L™) and oxidation with methional (9@ L™) and
234 phenylacetaldehyde (18@ L™). Participants were asked to smell each sampte Fedt to right

235 and to score their aroma quality on a nine-poiates¢l=very poor; 3=poor; 5=average; 7=good and
236 9=very good) based on orthonasal olfaction.

237 2.6.3.1. Aroma quality data analysis

238 A two-way ANOVA was carried on quality scores witbsessors as random factor and wines as
239 fixed factor, followed by Fischer post-hoc pairweemparison (95%) test.

240

241  2.7.Volatile compounds analysis
242

243 Major volatile compounds were isolated by liquiglid extraction and analyzed in a gas
244  chromatograph with flame ionization detector (GOFas described (Ortega et al., 2001). Minor

245 and trace volatile compounds were isolated thraaiid-phase extraction (SPE) and analyzed by



246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

gas chromatography coupled to a mass spectrometiegttbn system (GC-MS), as described
(Lopez et al., 2002).

Polyfunctional mercaptans were analyzed and queattify GC-MS with negative chemical
ionization (NCI) after SPE derivatization with 2.85,6-pentafluorobenzylbromide (PFBBr)
(Mateo-Vivaracho et al., 2008).

Free Volatile Sulfur Compounds (VSCs) were deteedihy direct static headspace analysis
using a GC coupled with a pulsed flame photomelkeiection system (GC-PFPD) (Franco-Luesma
and Ferreira, 2014).

Free forms of aldehydes (methional, isobutyraldehysbvaleraldehyde, and
phenylacetaldehyde) were quantified by SPME folldwg GC-MS as described (Bueno et al.,

2014).

2.7.1. Volatile compound data analysis

Quantitative data of volatile compounds were trarmmeed into Odor Activity Values (OAV) by
dividing them by their corresponding sensory thotd (ST). The OAV of the limits of detection
and quantification was also calculated and usediasnal value when that of compound was lower
(San Juan et al., 2011). Odorants with similar dhahand sensory properties were grouped in
aroma vectors (Loscos et al., 2007, Saenz_Navagls 015). Table 2 shows the composition of
the fourteen aroma vectors constructed. To rankpoomds or families of compounds in
accordance to the differentiation ability, the geot between the maximum OAV and minimum
OAV was worked out for each compound or family. ¥&amax/min = 1.5 was stablished as

threshold.

2.8. Multivariate analysis
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Principal Component Analysis (PCA) was calculateith\wensory descriptors as active variables
and chemical compounds (expressed as OAVS) asesupptary variables. Only chemical
compounds presenting OAV>1.5 in at least one wiaeeweonsidered. The statistical analyses were

carried out with XLSTAT software (Version 2014.2)02

3. Results and discussion

3.1. Sdection of a Metschnikowia pulcherrimdrain

Some strains dfl. pulcherrima had shown good properties to be used in aerobitsigtation
for alcohol level reduction (Quirds et al., 2014yane of them was successfully used at laboratory
scale in co-inoculation witB. cerevisiae (Morales et al., 2015). For that reason, we dettde
make a screening among different grape isolat®s. ptilcherrima to select a good candidate for
further development.

The screening involved INI. pulcherrima recent isolates, in addition k. pulcherrima CECT
12841, from the previous work (Morales et al., 2085 a reference. Strains were grown in a
synthetic must with vigorous agitation for 4 day48°C and parameters considered important for
the correct behavior of strains in aerated fernientavere measured. Results are presented in
Figure 1. The strain with the lowest ethanol ywetas Mp274, but it also showed the highest acetic
acid yield (see plot) and ethyl acetate productaata not shown). Strain Mp440 had the lowest
acetic acid yield and very low ethanol yield, tha& amount of sugars consumed was lower than
other strains. There was a group of 5 strains withw acetic acid yield and similar ethanol yield:
Mp374, Mp395, Mp411, Mp416 and Mp711. Among thenp395 and Mp711 showed the highest

amounts of consumed sugars and glycerol produchibstrains could ferment a synthetic must



295 with 400 g/L sugars, and consumed between 86 gf5d) and 138 g/L (Mp395) in 4 days at
296 25°C (data not shown).

297

298 3.2. Preliminary pilot-scale tests

299

300 Two fermentation assays were run during the 20&esa season (prior fd. pulcherrima strain
301 selection). Norsaccharomyces strains were grown in YPD for 48 h, centrifuged déimen

302 inoculated in must at initial OD600 of 0.4. An aeya regime of 60 L/h (3 VVH) was maintained
303 for 48 hin vats inoculated with ndgaccharomyces. After this time, aeration was stopped, &d
304 cerevisiae was added as dry yeast at 30 g/HL. Nitrogen supgheation was performed at the

305 beginning and after inoculation 8fcerevisiae, as described in Materials and Methods. Room
306 temperature was set at 20°C. The wines produca€rated conditions contained less alcohol than
307 the control (see Table 4), but acetic acid was twelimits of acceptability (data not shown). In
308 addition, microbiological analyses showed thahiese conditions, native must microbiota

309 prevailed over the inoculated n&@aecharomyces strains 24 h after inoculation.

310 Considering these results, a second trial includeatyiced airflow (12 L/h or 0.6 VVH) and a
311 step of adaptation of strains to must conditions wa. For the latter, strains were grown for 48 h
312 in YPD, cells were then collected and suspendéddlirof pasteurized must at OD 8. Cells were
313 incubated for 3 days with vigorous agitation anehtlused to inoculate 20 L fresh grape must.
314 Room temperature was set at 20°C. In these condjtinoculated noaccharomyces strains

315 prevailed over wild microbiota at least urfilcerevisiae inoculation. Reduction in alcohol levels
316 was moderate (see Table 4), but still significany acetic acid produced was very low in all

317 conditions. This fermentation was performed atviy end of the 2015 harvest season, and counts
318 of S cerevisiae in must were high. Must contained 0.5 % ethani)(wust before inoculation. For

319 that reason, we decided to repeat this assay unoler suitable conditions.
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3.3. Optimized pilot-scale aerobic fermentation

This experiment was carried during the 2016 harseason with a white must containing 21%
sugars, pH 3.43, and 237 mg/L total assimilablegén.T. delbrueckii NSTD andM. pulcherrima
Mp395 were conditioned as previously described.rRtemperature was set at 18°C and aeration
in nonSaccharomyces vats at 12 L/h. Must was racked overnight at 49€t, before inoculation,
and was still cold at inoculation time. After 2 dayhe temperature increase in vats indicated
microbial activity in nonSaccharomyces vats (see Figure 2). For that reason, aerationkesaistill
day 4, longer than in previous assays. Potassisnifie was added just after aeration stopping,
and 1 hour late®. cerevisiae added in nor&accharomyces vats, as active dry yeast at 30 g/HL. On
day 5, total nitrogen was below 15 mg/L and anaattdition of nitrogen supplements was done in
all vats to hels. cerevisiae activity. On day 9, density indicated that sugaese depleted in all
vats so 90 mg/L potassium bisulfite was added ahn eat, head space filled with nitrogen and vats
closed and kept for 10 days at 10°C. Then, winetveasferred into colored glass bottles and kept
at 4°C.

Microbiological analysis showed that must contai@egix 18 cells/ml just before inoculation.
Maximal counts in norgaccharomyces vats, higher than £@ells/ml, were found on day 2. The
color of colonies in plates indicated tiat pulcherrima was dominant in the vats where it had been
inoculated. Maximal counts i cerevisiae vats were reached on day 4, lower thahcEls/ml,
and maintained constant till the end of fermentatio

On day 4, before inoculation with cerevisiae, counts inM. pulcherrima vats were 1 log unit
lower than on day 2, and the color indicated thiiral of colonies were other microorganisms. All

five sequenced nohtetschnikowia colonies were cerevisiae. Counts inT. delbrueckii vats for



344 this time point were about 2 log units lower thanday 2. All five sequenced colonies wédte

345  delbrueckii.

346 The must density curve followed the same pattesin tiesidual sugars, plotted in Figure 2. Sugar
347 consumption in norgaccharomyces vats was appreciated earlier tharSicerevisiae vats. On day
348 2, there were 203, 176 and 153 g/L residual sugaiSaccharomyces, Metschnikowia and

349 Torulaspora vats respectively. On day 4, before additiois.aferevisiae, residual sugars i&

350 cerevisiaeand inM. pulcherrima vats were similar, around 50% of initial sugarkjlevin T.

351 debrueckii vats the 75% of initial sugars had been consui®edars had been exhausted on day 7
352 in S cerevisiae vats and on day 8 in ndgaccharomyces vats. The aerated process had taken only
353 one day more than the traditional one.

354 Table 5 shows metabolites found at the end of fatat®n. A moderate reduction in ethanol
355 content, but still significant, was achieved by émel of fermentation. The levels of acetic acidever
356 low in all samples. Moreover, levels were signifittg lower in nonSaccharomyces, aerated

357 fermentations than i8. cerevisiae fermentationsM. pulcherrima produced the highest levels of
358 glyceroal.

359
360 3.4. Sensory analysis

361 Results of the sorting task based exclusively dinomrasal aroma perception are summarized in
362 the dendrogram shown in Figure 3. Samples grotiprée stable clusters perfectly matching the
363 yeast used. Wines belonging to the same clustex grewuped together at least 10 times (56% of
364 participants), except the Mp4 wine which was grabyeh Mp5 and Mp6 six (33%) and four

365 (22%) times, respectively, which suggests thateésliéast similar to the other two replicates. For
366 that reason, this cluster containilg pulcherrima wines was split into two for wine

367 characterization. Results of the sorting task basethe overall flavor (aroma, taste and mouth-feel
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properties) produced similar results (Supplemenfagure S1) which suggests that most sensory
differences are mainly driven by aroma properties.

Wines Scl, Td7, Mp5 and Mp4 (with replicates of 'Sadd Td7* as controls) were chosen as
group representative for wine aroma characterinaitd were subjected to orthonasal descriptive
analysis by means of flash profile with a panet@i-trained assessors. Training consisted in
familiarization with terms and references obtaifredh the sorting task and given in Table 1.
Sixteen different terms were generated includireglth attributes in Table 1, together witikat,
grain, lemon (cited by just one participant) ared fruit (cited by two participants). The more cited
terms (at least 7 out of 13 panelists) wersedation, spirit-like, dried fruit, nuts-walnut, reduction,
white fruit-pear andtropical fruit-banana. As the pairgried fruits/nuts-walnuts and
oxidation/spirit-like were strongly correlated (r>0.90) they were furtt@nsidered as single terms
under the labeldried fruit/nuts andoxidation/spirit-like.

Figure 4 shows the projection of wines on the graipiained with the first and second principal
components of PCA analysis, representing respégth89 and 38% of variance. Duplicate
samples group together in the plot, indicatingridibility of panel. Three groups of wines can be
observed in the graph, coinciding with yeasts u$éds result suggests that even if wine Mp4
seems to be relatively different from Mp5, theysengt aroma commonalities that make them to be
more similar to each other thanSocerevisiae or T. delbrueckii wines. The first PC confronts the
termswhite fruit-pear andtropical fruit-banana, mainly attributed to wines elaborated w&h
cerevisiae yeasts, talried fruit/nuts andreduction, which characteriz&. delbrueckii wines. The
second PC is basically driven by the texxrdation/spirit-like, which seems to be predominant in
M. pulcherrima, especially in Mp4 and to a lesser extent in Mff&is can be clearly seen in the
spider plot shown in Figure 5, which confirms tBaterevisiae wines have maxima scores for
white fruit-pear andtropical fruit-banana, T. delbrueckii wines fordried fruit/nuts andreduction

and, M. pulcherrima wines foroxidation/spirit-like.
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Aroma quality was also assessed and results armatiged in Figure 6. As seen in the Figure,
scores for experimental wines ranged from 3.9 (faav@rage quality) for bothl. pulcherrima
wines to 6.7 (good quality) f@&. cerevisiae wine. T. delbrueckii wine was classified as average

quality.

3.5. Volatile compound analysis

Table 6 shows the quantitative data of more thandd&tile compounds found in the 4
exemplars analyzed used in sensory analyses. Coatiens are within the normal range of
occurrence in wines (San Juan et al., 2012; Swsegfeal., 2005) with some exceptions, since levels
of ethyl dihydroxycinnamate, methionol apigphenylethanol are unusually highTindel brueckii
sample, and those of 2-methyl-1-propanol (isobujanavi. pulcherrima samples.

Data of aroma compound concentration were convamtedOAVs and further grouped with
other aroma molecules with similar odors into arameetors, as shown in Table 3. The biplot with
the two first components of the PCA made on sendatg and aroma vectors is given in Figure 7.
The plot makes it possible to identify the arometoes potentially responsible for the sensory
differences observed between samples. The fruayacier of wines elaborated withcerevisiae is
consistent with the higher levels of acetates, @afig 3-mercaptohexyl acetate (MHA), and ethyl
esters. The lowest aroma qualityMétschnikowia wines is no doubt related to their oxidation and
spirit/like character and to their negligible fyutharacter. These sensory notes can be attriboited
the highest levels of aliphatic fusel alcohols, ethhave been found to impair the perception of
fruitiness and give a spirit note (de-la-FuenterBtaet al., 2017), and to the highest levels of
Strecker aldehydes and of acetaldehyde, whichesponsible for the oxidative notes. Finally, the
reductive odor note found iforulaspora wines should be related to their highest leve3Cs
(Franco-Luesma et al., 2016), while the dry fruit/oharacter may be related to the highest levels

of methional (San-Juan et al., 2011) and of cintama he fact that the oxidation notes were found
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only in Metschnikowia wines and not ifforulaspora wines indicates that this defect is related to the
strain used, rather than to the process of aeratiats own. Strain selection for commercial
purposes would require the analysis of volatile poonds produced under aerated conditions.

It is noteworthy that many compounds explainingvaaalifferences are related to the amino acid
metabolism of the different yeast strains. Thithescase of fusel alcohols and their acetates, of
Strecker aldehydes, and of the most important V$i2S:and methanethiol. Attending to present
data, it seems that some of these compounds ardikadg responsible for some of the aromatic
problems detected iMetschnikowia wines (oxidation, lack of fruitness) afdrulaspora wines
(reduction). Thus, it can be hypothesized thatexifip reengineering of the nitrogen
supplementations provided to the yeast may prodirmes with much improved sensory characters

and yet reduced levels of ethanol.

4. Conclusions

In summary, we have shown the feasibility of sgalip aerated fermentation conditions, and the
use of nonSaccharomyces yeast strains, for reducing ethanol content olewirOne key point in the
optimization process has been the improvementeoirtbculum preparation step, to warrant pre-
adaptation of norgaccharomyces cells to grape must, as well as an active metsitmodiver since
the inoculation time. Aeration conditions could betextrapolated directly from the relative air
flows (vvh) under laboratory conditions, and pralgabcreasing the depth of the tanks would
require further reduction in air flows. Since wevdgreviously shown the increased production of
acetic acid bys. cerevisiae under aerated conditions, sequential inoculatiotin S. cerevisiae
being inoculated after aeration is stopped, seerbg & better choice than co-inoculation with non-
Saccharomyces strains. The secondary problem of nutrient degheliy the norsaccharomyces
starter, before inoculation of standard wine yedsds been easily addressed by a rational use of

yeast nutrients in key moments of the process. KMeweaesults of sensory and aroma analysis
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suggest that those nutrients should be specififatipulated to limit the formation of problematic
compounds such as VSCs, Strecker aldehydes ordlesdlols. While the current protocol allowed
circumventing the problem of acetic acid productimther optimization will be required to
develop an industrially feasible protocol for aethtermentation with noSaccharomyces yeast
strains. Topics to be further addressed are thielgmmoof adjusting oxygenation levels to improve
alcohol reduction, the noBaccharomyces strain selection, and the formulation of speaifitrients

to limit the formation of aroma compounds of denimated negative character.

Abbreviation
HCA, Hierarchical Cluster AnalysiyI DS, Multidimensional ScalingDAV, Odor Activity Value;

PCA, Principal Component Analysi¥;AN, Yeast Assimilable Nitrogen.
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Figure Captions

Figure 1. Sugars consumed and metabolites produceddbschnikowia pulcherrima strains in

synthetic must (200 g/L sugars) at 18°C.
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Figure 2. Monitoring of fermentation parameters.

Figure 3. Tree diagram obtained from Hierarchical Clustealksis (HCA) with the Ward criterion
of wines performed with data from MDS of orthonasama descriptors as variables.

Figure 4. Projection of wines used in flash profile (4 wineg replicates) and discriminant
attributes on the two first dimensions (PC1 and R&2he PCA performed with selected aroma

descriptors.
Figure5. Sensory description of wine samples (averageuplicate samples Scl and Td7).

Figure 6. Mean aroma quality ratings of studied wines (idolg controls: C_ox, C_red, C_hg.
Different letters indicate the existence of a digant difference between samplesQ.05) (Fischer

post-hoc test). Error bars are calculated as'€f(s) standard deviation; n, number of assessors.

Figure 7. Projection of sensory descriptors (blue colorgroital vectors (red color), and wines on
the two first dimensions (PC1 and PC2) of the P@A&grmedwith sensory descriptors as active

variables and chemical variables (expressed as PaAY/supplementary variables.



Table 1. List of descriptors used for aroma descriptive analysis (flash profile), with the

corresponding odor reference standards presented during familiarization task.

Descriptor

Odor reference

1 Solvent/spirit-like
2 Dried fruit. Dried prune

3  Alcohol/ethanol

4 Tropical fruit. Passion fruit
5  Tropica fruit. Banana

6  Ydlow fruit. Peach

7 White fruit. Pear

8 Nuts. Walnut

9 Medicinal/chemist
10 Oxidation. Potato, honey
11 Vegeta. Green

12  Reduction. Rotten eggs

isoamyl alcohol

4,5-dimethyl-3-hydroxy-2,5-dihydrofuran-2-one,
linalool, methional, B-damascenone, phenyl acetal dehyde

ethanol

3-mercaptohexyl acetate

isoamyl acetate

y-decalactone

isobutyl acetate
4,5-Dimethyl-3-hydroxy-2,5-dihydrofuran-2-one,
2-methoxyphenol

4-vinylphenol, 2-methoxy-4-vinylphenol
methional, phenylacetaldehyde, acetaldehyde
2-isobutyl-3-methoxypirazine

Hydrogen sulfide, methanethiol




Table 2. Family vectors constructed by combining the OAV of similar odorants in both

structures and odor properties.

Family vector

Chemical compounds

Acetates

Acetic/ethyl acetate

Acids

| soamyl/isobutanol
Norisoprenoids

Ethyl esters

Cinnamates

Volatile phenols

Vanillas

Vinyl phenols
Lactones
Terpenols
Volatile sulfurs

Isovaeraldehyde

2-methylpropyl acetate, butyl acetate, phenylethyl acetate,
isoamy! acetate, hexyl acetate

Acetic acid, ethyl acetate

butyric, 2-methylpropanoic, 2-methylbutanoic, hexanoic,
octanoic, and decanoic acids

Isoamyl alcohol, isobutanol
[-damascenone, a-ionone, B-ionone

ethyl propanoate, butyrate, hexanoate, octanoate, decanoate,
lactate, 2-methylpropanoate, 2-methylbutyrate, 3-methylbutyrate,
diethyl succinate

ethyl cinnamate, ethyl dihydroxycinnamate

guaiacol, o-cresol, m-cresol, 4-propylguaiacol, eugenol, E-
isoeugenol, 2,6-dimethoxyphenol, 4-allyl-2,6-dimethoxyphenol

vanillin, acetovanillone, methyl vanillate, ethyl vanillate,
syringaldehyde

4-vinylphenol, 4-vinylguaiacol

y-nonal actone, y-decal actone, y-butyrolactone
linalool, a-terpineol, B-citronellol, geraniol
hydrogen sulfide, methanethiol

2- and 3-methylbutyraldehyde




Table 3. OAV vaues of aroma vectors and differentiation ability calculated as the

quotient between maximum and minimum concentrations (Max/Min) for the four wines

studied.
Sl Mp4 Mp5 Td7 max/min
2-Furfurylthiol (FFT) 0.0 0.0 7.7 0.0 39
Cinnamates 0.3 0.2 0.2 5.8 29
Acetates 68.4 19.0 275 2.5 27
Vinylphenols 125 5.2 6.5 0.5 26
3-Mercaptohexyl acetate (MHA) 3.2 0.9 0.7 0.0 16
Methionol 16 14 14 9.2 6.7
Ethyl esters 14.2 6.3 7.9 2.7 54
Acetic acid/ethyl acetate 3.2 6.9 7.3 18 4.0
B-phenyl ethanol 25 3.6 35 8.5 34
M ethional 4.4 7.5 5.5 13.6 3.1
|sobutyral dehyde 1.1 2.8 24 2.1 2.6
Lactones 1.6 1.2 0.7 0.6 2.6
Benzylmercaptane (BM) 55 55 14.0 6.6 2.6
Acids 67.2 30.8 31.2 29.3 2.3
2-methyl-3-furanthiol (MF) 296 656 641 632 2.2
Norisoprenoids 63.0 34.7 40.4 28.4 2.2
Isoamy! al cohol/isobutanol 8.0 135 135 6.7 2.0
2- and 3-methylbutanal 24 3.9 3.3 2.1 19
Acetaldehyde 20.0 36.9 255 234 1.8
3-Mercaptohexanol (MOH) 13 19 2.2 25 18
Phenylacetaldehyde 13.0 195 21.6 18.8 17
Volatile Sulfur Compounds (VSCs) 3.5 3.0 2.6 4.0 1.6

Terpenols 04 0.6 0.5 0.5 16




Table 4. Metabolites produced in wines during scaling-ugags. Means followed by

the same letter within the same column are noftifsigntly different (P > 0:05)

Assay 1 (12 VVH) Assay 2 (0.6 VVH)
Ethanol Ethanol Acetic acid Glycerol
(% vol/vol) (% vol/vol) (g/L) (g/L)
S cerevisiae 12.49+0.05a 1255+0.17a 0.15+0.01b 7.P06c

M. pulcherrima 591  11.20 £0.09 b 11.95+0.08b 0.15+0.00b778&0.06 a
T. delbrueckii 10.63+0.49Db 12.04+0.21b 0.23+0.04a 7.70018b




Table 6. Volatile compounds quantification (ug/L) in thewdnes representing each

group formed by sensory analysis (Figure 3).

sensory

compounds threshoi d® 1 Mp4 Mp5 Td7
ACETATES

2-methylpropyl acetate 1600 [1] 14.2 9.43 14.0 811.
butyl acetate 1800 [2] 15.6 12.1 115 8.99
phenylethyl acetate 250 [3] 289 66.3 88.8 110
ethyl acetate 12300 [4] 27793 78723 83590 17765
isoamyl acetate 30 [3] 2017 562 814 62.5
hexyl acetate 1500 [2] <10 <10 <10 <10
ACIDS

acetic acid 300000 [3] 269220 148380 14709314398
butyric acid 173 [5] 658 641 687 445
2-methylpropanoic acid 2300 [6] 1370 2056 1926 5664
2-methylbutanoic acid 33 [9] 1125 669 652 746
hexanoic acid 420 [5] 3210 1087 1181 256
octanoic acid 500 [5] 9522 1292 1519 317
decanoic acid 1000 [5] 1081 227 330 48
ALCOHOLS

2-methyl-1-propanol 40000 [3] 25994 164899 16698B8577
1-butanol 150000 [2] 460 311 313 754
3-methyl-1-butanol 30000 [3] 220696 281809 27866556544
1-hexanol 8000 [3] 548 272 328 937
Z-3-hexenol 400 [3] 202 209 207 209
Methionol 1000 [5] 1589 1384 1406 9237
benzyl alcohol 200000 [7] 731 573 553 555
B-phenylethanol 14000 [5] 35182 50721 48651 118983
CARBONYLIC

COMPOUNDS

benzaldehyde 2000 [8] 26.6 18.4 20.2 21.4
B-damascenone 0.05 [3] 2.98 1.59 1.88 1.30
a-ionone 2.6 [2] 0.30 0.34 0.32 0.27
B-ionone 0.09 [5] 0.29 0.24 0.24 0.21
acetaldehyde 500 [3] 10001 18434 12771 11689
Diacetyl 100 [3] <50 <50 <50 <50
Acetoin 150000 [2] 511 479 426 996
syringaldehyde 50000 [6] 0.56 0.40 0.75 0.60
isobutyraldehyde 6.0 [9] 6.4 16.5 14.5 12.6
2-methylbutanal 16 [9] 2.7 3.6 5.1 2.1
3-methylbutanal 4.6 [9] 10.2 17.0 13.9 9.1
Methional 0.5 [10] 2.2 3.8 2.8 6.8
B-phenylacetaldehyde 1.0 [9] 13.0 19.5 21.6 18.8
ESTERS

ethyl propanoate 5500 [11] <50 107 121 295
ethyl butyrate 125 [11] 149 116 151 66.8
ethyl hexanoate 62 [11] 603 236 305 42.6



ethyl octanoate

ethyl decanoate

ethyl lactate

diethyl succinate

ethyl 2-methylpropanoate
ethyl 2-methylbutyrate
ethyl 3-methylbutyrate
ethyl cinnamate

ethyl dihydrocinnamate
methyl vanillate

ethyl vanillate
VOLATILE PHENOLS
guaiacol

o-cresol
4-ethylguaiacol
m-cresol
4-propylguaiacol
eugenol

4-ethylphenol
4-vinylguaiacol
E-isoeugenol
2,6-dimethoxyphenol
4-vinylphenol
4-allyl-2,6-dimethoxyphenol
vanillin

acetovanillone
LACTONES
E-whiskylactone
Z-whiskylactone
y-nonalactone
y-nonalactone
y-decalactone
y-butyrolactone
TERPENOLS

linalool

a-terpineol

B-citronellol

geraniol

VOLATILE SULFUR
COMPOUNDS (VSCs)
hydrogen sulfide (H2S)
methanethiol (MeSH)
ethanethiol (EtSH)
dimethyl sulfide (DMS)
diethyl sulfide (DES)
dimethyl disulfide (DMDS)
POLYFUNCTIONAL
MERCAPTANS
2-methyl-3-furanthiol (MF)
2-furfurylthiol (FFT)

580 [2]
200 [5]
154000 [2]
200000 [2]
15 [5]
18.0 [5]
3.0 [5]
1.1[5]
1.6 [5]
3000 [12]
990 [12]

9.5 [5]
31.0 [2]
33.0 [5]
68.0 [13]
10.0 [12]
6.0 [5]
35.0 [11]
40.0 [3]
6.0 [14]
570.0 [12]
180.0 [15]
1200.0 [6]
995.0 [14]
1000.0 [14]

790.0 [2]
67.0 [2]
25.0 [6]
25.0 [6]
0.7 [6]
35000 [14]

25.0 [5]

250.0 [5]
100.0 [2]
20.0 [14]

1.1-1.6 [16]
1.8- 3.1 [17]
1.1[18]
25 [18]
0.9 [18]
29 [18]

0.004 [19]
0.0004 [20]

703
51.6
2327
67.9
12.0
1.17
2.86
0.36
<0.01
2.36
0.77

10.0
0.36
0.64
0.66
<0.02
0.40
0.67
357
2.05
12.5
652
<0.01
3.91
80.0

<0.02

<0.01
3.17
3.17
13.7
2098

3.88
0.88

<0.15
3.97

3.05
1.37
<2.00
<2.00
<5.00
<5.00

1.19

59.9 99.2 20.6
<17 <17 <17
2798 3066 2613
119.8 94.4 53.9
10.8 11.5 10.7
0.13 0.31 0.17
2.00 2.21 1.80
0.22 0.22 0.34
<0.01 <0.01 7%8.
2.24 2.53 2.18
<0.02 0.73 0.53
3.77 5.21 3.45
0.34 0.25 0.30
0.36 0.44 0.10
0.94 0.83 1.37
<0.02 <0.02 <0.02
0.58 0.42 0.74
0.48 0.56 0.33
145 184 15.9
2.65 2.52 4.22
2.65 6.11 2.70
288 337 14.8
<0.01 <0.01 <0.01
2.48 2.48 2.59
62.2 71.2 46.8
<0.02 <0.02 <0.02
<0.01 <0.01 <0.01
3.64 3.76 2.38
3.64 3.76 2.38
8.8 4.3 4.2
5682 5238 3050
4.74 4.09 3.92
1.22 1.00 1.19
2.64 2.44 1.65
6.97 5.42 7.04
2.75 2.20 3.42
0.96 1.04 641.
<2.00 <2.00 <2.00
<2.00 <2.00 .@Q
<5.00 <5.00 .66
<5.00 <5.00 <5.00
2.63 g5 252

<0.00014<0.00014 0.0031 <0.00014



4-methyl-4-mercapto-2- 0.0008[21] <0.001 <0.001 <0.001 <0.001
pentanone (MP)

3-mercaptohexyl acetate (MHA) 0.004 [21] 0.013 G®O0 0.0028 <0.0014
3-mercaptohexanol (MOH) 0.06 [21] 0.081 0.115 0.1340.148
benzylmercaptane (BM) 0.0003 [22] 0.0016 0.0017 0420 0.0020

%0dour thresholds (calculated in red wine if avddalotherwise threshold in synthetic
wine is given). Reference in which the odour thoddhvalue has been calculated is
given in brackets. [1] Ferreira et al., (2002), Rt]evant (1991), [3] Guth (1997), [4]
Escudero et al., (2004), [5] Ferreira et al., (2008] Gemert (2003), [7] Aznar et al.,
(2003), [8] Peinado et al., (2004), [9] Culleréakt (2007), [10] Escudero et al., (2000),
[11] San Juan et al., (2011), [12] Lopez et al00@), [13] Ferreira et al., (2009), [14]
Escudero et al., (2007), [15] Boidron et al., (19886] Siebert et al., (2009), [17]
Solomon et al., (2010), [18] Goniak and Noble (198I9] Tominaga et al., (2006),
[20] Tominaga et al., (2000), [21] Tominaga et @l998), [22] Tominaga et al., (2003).

These references are available as Supplementagyiatat

*H,S was produced by addition of an Air-bubbled watdution of NaS (supplied by

Sigma—Aldrich, St. Louis,MO, USA) at pH 9.6

**concentration of MF expressed as micrograms per of furfurylthiol (FT)



Table 5. Metabolites produced in wines during optimizedpsdcale aerobic

fermentation. Means followed by the same lettehiwithe same row are not

significantly different (P > 0.05)

S cerevisiae M. pulcherrima T. delbruekii

Residual sugars (g/L)* 0.00+ 0.00 0.00 £ 0.00 0.03 + 0.06

Glycerol (g/L) 7.20 £ 0.00b 9.07 + 0.06 a 6.33+ 0.35¢C
Ethanol (% vol/vol) 11.78+ 0.10a 10.90+ 0.20c 11.32+ 0.20b
Acetic acid (mg/L) 300.44+ 5.47a 166.99% 28.84b 131.24+ 6.85Db
Glycerol Yield (mg/g) 3432+ 0.00b 4322+ 0.27 a 30.19+ 1.67c
Ethanol Yield (g/g) 0.44+ 0.00 a 041+ 0.01c 043+ 0.01b
Acetic acid Yield (mg/qg) 1.43+ 0.03a 080+ 0.14Db 0.63 + 0.03b

*0.00 indicates below the limit of quantificatio®.03 g/L)
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Highlights

Aerated fermentation with non-Saccharomyces strains for reduced alcohol wine was
scaled up.

Sensory analysis of winesin comparison with standard (S. cerevisiae, non aerated) was
performed.

Wines elaborated with different strains had different aroma profiles

Volatile compound analysis identifies the compounds responsible for differencesin

aroma nuances.



