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Non-Saccharomyces yeasts are a heterogeneous microbial group involved in theagly
stages of wine fermentation. The high enzymatic potentialfdhese yeasts makes them
a useful tool for increasing the nal organoleptic charactastics of wines in spite of
their low fermentative power. Their physiology and contriltion to wine quality are still
poorly understood, with most current knowledge being acquied empirically and in most
cases based in single species and strains. This work analydethe metabolic potential
of 770 yeast isolates from different enological origins andepresenting 15 different
species, by studying their production of enzymes of enologal interest and linking
phylogenetic and enzymatic data. The isolates were screemefor glycosidase enzymes
related to terpene aroma release, theb-lyase activity responsible for the release of
volatile thiols, and sul te reductase. Apart from these arma-related activities, protease,
polygalacturonase and cellulase activities were also stied in the entire yeast collection,
being related to the improvement of different technologidaand sensorial features of
wines. In this context, and in terms of abundance, two diff@nt groups were established,
with a-L-arabinofuranosidase, polygalacturonase and cellulasbeing the less abundant
activities. By contrast, b-glucosidase and protease activities were widespread in
yeast collection studied. A classical phylogenetic studynivolving the partial sequencing
of 26S rDNA was conducted in conjunction with the enzymatic o les of the 770 yeast
isolates for further typing, complementing the phylogenét relationships established by
using 26S rDNA. This has rendered it possible to foresee theantribution different yeast
species make to wine quality and their potential applicabify as pure inocula, establishing
species-speci ¢ behavior. These consistent results allowd us to design future targeted
studies on the impact different nonSaccharomycesyeast species have on wine quality,
understanding intra and interspeci ¢ enzymatic odds and, herefore, aiming to predict
the most suitable application for the current nonSaccharomycesstrains, as well as the
potential future applications of new strains. This work thefore contributes to a better
understanding of the concept of wine microbiome and its potatial consequences for
wine quality, as well as to the knowledge of norSaccharomycesyeasts for their use in
the wine industry.
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Belda et al. Enzymatic Basis of Wine Yeast “Flavorome”

INTRODUCTION release Belda et al., 20)5and the modulation of wine aroma
pro les and other microbial products (reviewed kiplly et al.,

Microorganisms coexist and interact in many environments014. In addition to fermentative aromas, mainly dependent
and processes, and this fact is of practical relevance for bodgh S. cerevisiagnetabolism, nonSaccharomycegeasts have
the environmental and industrial eldsI(ey et al., 2018 |ong been described as a useful tool for revealing the vérieta
Grape musts naturally contain a mixture of yeast speciegrole of certain grape varieties, whose aroma-determinant
and wine fermentation is not a “single-species” procéds«{, components are usually found as odorless conjugated precursor
1990. Despite the dominance ofaccharomyces cerevisi@e (Gunata et al., 1990; Tominaga et al., )99Frace amounts
fermentation, which is expected and welcomed to avoid StUbe terpenes and thiols could be present in grapes in a free
and sluggish fermentations, the indigenous nSaecharomyces form, although during fermentation yeasts may also releasent
yeasts, already present in the musts, play a critical rolenduri from their corresponding odorless precursors. The cleavage of
the early stages of fermentation. While these yeast spe@es grpenic glycosides is dependent on the hydrolytic activity o
not the ones mainly responsible for alcoholic fermentatidreyt  glycosidasesMateo and Di Stefano, 1997and b-lyases for
can release a wide variety of hydrolytic enzymes depending;steine-conjugated thiol$(viegers et al., 2009
on their diversity (olly et al., 2014 Non-Saccharomycg®gasts However, the improvement of the aromatic properties of wine
were originally held responsible for microbe-related profde s not the only aspect dependent on the enzymatic properties
in wine production due to their isolation from Sp0i|8d wines. of yeastsl as other sensorial and techno]ogica| featumedea
However, in recent years both empiric and scienti ¢ knowledg enhanced by other hydrolytic activities. Pectinolytic ymes
has emerged concluding that, in some cases, higher midrobignainly polygalacturonase) are widely used in enology to help
diversity improves wine complexity. degrade the plant cell wall polysaccharides of the grape skin and

The concept of vineyard and wine microbiome has beerpulp. They can also help to improve clari cation and Iterabjjit
addressed in recent years, obtaining extensive and mefing processes, releasing more color and avor compounds entrapped
results on the microbial complexity of the fermentation prese in the grape skin, and facilitating the release of phenolic
(Liuetal., 201} These population studies, carried out by bothcompounds (ang and Dornenburg, 2000; Van Rensburg and
classical molecular methods and metagenomics, are clyrentoretorius, 2000 Finally, the use of proteases in winemaking is
ongoing to better understand and establish the concept afiot a widely extended practice at the present time, with beitéon
“microbial terroir” (Bokulich et al., 2013, 2014; Gilbert et al.,heing used more frequently to solve protein haze problems. The
2019. Considering that a wide variety of yeast species havgse of bentonite usually impairs the sensorial properties oéwjin
been identi ed in di erent scienti ¢ studies BiSSOﬂ and Joseph, so the use of proteases for this purpose may be a poten[ia]
2009; Barata et al., 2012he role of all these yeast speciessolution (Viarangon et al., 20)2
and their intraspeci ¢ variations need to be known. Therefis @ On the other hand, the presence of sul te reductase in wine
intense debate over the pertinence of the concept of microbigleast strains is responsible for the production of hydrogdmisu
terroir in vineyards and wine fermentation. Several fastorin wine fermentations, with the consequent appearance of the
have been described as determinants of microbial dlverBIty characteristic rotten eggo - av0r$wiegers and Pretoriusy 2007
enological environments. Robust results reportedBxkulich This paper explores the knowledge established between the
etal. (2014jand Wang et al. (2015have concluded that grape- concepts of wine microbiome and microbial terroir, linkinbet
associated microbial biogeography is non-randomly asgetia phylogenetic data provided with the enzymatic charactesstic
with regional, varietal and climatic factors across msttale determined in a wide yeast collection. These results haveredi
viticultural areas. However, this concept should be studied us to establish a general enzymatic phenotypical charaatinz
depth, encompassing a strain-typing level and its nal in uenc of several wine-related yeast species and their intraspecic
on wine quality. variability, predicting the impact of yeast microbiome on win

A non-Saccharomycestrain was rst used intentionally ayor. Thus, since the wine microbial terroir has been dechas
in wine fermentation in the 1960s, whe@antarelli (1955) the distinctive autochthonous microbiome of a wine regiorda
signi cantly reduced the volatile acidity of wines by usingit has been experimentally demonstrated as a determiningfeat
selectedTorulaspora delbrueckatrains. Nowadays, there is a of wine qualities Bokulich et al., 2014 this work provides a
wide variety of current and expected applications of non-compelling basis to understand the in uence of these micabbi
Saccharomycegasts whose metabolic heterogeneity not onlyjj erences on the wine avor identity, developing the new
allows overcoming certain shortcomings detected in m8st concept of wine yeast avorome and also providing some of its
cerevisiaebut also enables the development of innovativeenzymatic basis.
fermentation processes to obtain wines with new properties in
sensorial, technological and safety aspects.

Apart from reducing volatile acidity in winesv(oreno et al., MATERIALS AND METHODS
1991; Renault et al., 20Q%ther specic applications have
been attributed to certain wine yeast species, such as dlcofarape Samples and Yeast Isolation
reduction Contreras et al., 20)4modulation of acidity Gobbi  Grape samples were collected from three di erent Spanish wine
et al.,, 2013; Benito et al., 2Q15ncreased glycerol content appellations: Tierra de Ledn (vineyard named in this study as
(Ciani and Ferraro, 1998; Soden et al., 2QGhannoprotein  G), Ribera del Duero (vineyards named as PDC and EM) and
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Rueda (vineyard named as O). G is a young (20-40 years olthen Itered (0.22mm). Both fractions were subsequently mixed
vineyard with vines of the Prieto Picudo variety; the PDC andvhen the agar solution was around A loop full of each
EM vineyards are between 25 and 91 years old, with vines gkast strain was spread onto the medium surface and incubated
the Tempranillo variety; and O is an ancient vineyard with pre-at 28 C for 3 days. Any signi cant growth of the colonies
Phylloxera vines between 100 and 200 years old of the Verdejudicated the presence db-glucosidase activity. A positive
variety, and also involves biodynamic agricultural pragsic control (Rhodotorula glutiniCECT 10143) and a negative one
Representative samples were taken by analyzing a variety (@orulaspora delbrueckiECT 10676) were used as reference for
di erent sample points depending on the particular agronomicalgrowth determinations.
heterogeneity of each vineyard. Three samples points were Additionally, b-D-xylosidase anda-L-arabinofuranosidase
selected in vineyard G, 10 in vineyard PDC, 5 in vineyard EMactivities were evaluated wusing the corresponding
and 9 in vineyard O. methylumbelliferyl-conjugated substrates (methylumibetyl-
Seventy-three yeasts were isolated from vineyard G duhieg t b-D-xylopyranoside (MUX) and methylumbelliferg-L-
2012 harvest; 450 yeasts were isolated from vineyards PDC aarabinofuranosidase (MUA), respectively; Sigma-Aldrich),
EM during the 2013 and 2014 harvests; and nally, 247 yeastccording to the method described bjanzanares et al. (1999)
were isolated from vineyard O during the 2013 and 2014 hasveswith slight modi cations for their development in 96-well
(Table S1). microplates. Methylumbelliferone release was measured by
For the isolation of nonSaccharomycggasts, grape samplesdetecting uorescence using a Varioskan Flash Mutimode
weighing about 0.5kg were taken from healthy grape buncheReader (Thermo Scientic) with an excitation wavelength at
After pressing, to reduce the number of ubiquito@spullulans 355 nm and emission at 460 nm. Once agdn,glutinisCECT
and basidiomycetous species of no interest to the enologic&D143 andr. delbrueckiCECT 10676 were used as positive and
objectives of this work, grape musts were incubated ovetnigmegative controls, respectively.
at 20C. A suitable diluted aliquot of grape must was then
spread onto a lysine agar medium (Oxoid) plates at@8 b-Lyase Activity
for 48 h. As stated above, 770 discrete colonies were idplatd-Lyase activity was evaluated on a medium containing the
and then restreaked on the same medium to obtain purdollowing: 0.1% S-methyl-L-cysteine (Sigma-Aldrich), 001
cultures that were cryopreserved and included in a yeasgiyridoxal-S-phosphate (Sigma-Aldrich), 1.2% Yeast Carbon
collection. Base (Difco, Detroit, MI, USA) and 2% agar. This medium was
These yeast isolates were identied by partial sequencingdjusted to pH 3.5 and sterilized as described above to avoid
of the 26S large subunit rRNA gene. Total genomic DNAagar hydrolysis. The agar solution was autoclaved, anchall t
was extracted using the isopropanol metho@ugrol et al., other components were adjusted to pH 3.5 with HCl and Itered
1992, and the DNA for sequencing was ampli ed by using (0.22mm), then both fractions were mixed when the agar solution
an Eppendorf Mastercycler, with forward NL-1 primer%5 was around 60C. Any signi cant growth of the colonies after 48—
GCA TAT CAA TAA GCG GAG GAA AAG-8) and reverse 72 hindicated the presencelmlyase activity (Patent pendingj).
NL-4 primer (8*GGT CCG TGT TTC AAG ACG G-3 delbrueckiCECT 10676 ang. glutinisCECT 10143 were used as
(Kurtzman and Robnett, 1997 The sequences obtained to positive and negative controls, respectively.
identify yeasts were analyzed and compared by BLAST-search
(http://blast.ncbi.nlm.nih.gov/Blast.cgi).  Finally, gsences Pectinase Activities
were deposited in the GenBank database (http://www.ncbieast isolates were screened for polygalacturonase wctivit
nim.nih.gov/genbank/) with the accession numbers listed iin a polygalacturonate agar medium containing 1.25%

Table S1. polygalacturonic acid (Sigma), 0.67% yeast nitrogen base
. . (YNB, Difco), 1% glucose and 2% agar, adjusted to a nal pH
Phylogenetic Tree Analysis 3.5, as previously describet(auss et al., 20)1with slight

Phylogenetic analyses were conducted with InfoQuest FRiodi cations. Agar was sterilized separately by autoclgvand
Software (version 4.5 Bio-Rad Laboratories, Madrid, Spdin¢ all the other components were adjusted to pH 3.5 and boiled.
clustering was performed following the Neighbor joining (NJ)Both solutions were mixed when agar reached a temperature

method, with Kimura two-parameter correction. of around 60C. Metschnikowia pulcherrim&ECT 11202 and
. . . Lachancea thermotolera@&CT 1951 were used as positive and
Culture Media and Enzymatic Screening negative controls, respectively.
Procedures
Glycosidase Activities Protease Activities

b-Glucosidase activity was evaluated as reportediliyna et al.  Protease activity was evaluated on YPD plates (containing 1%
(2005) on a medium containing 0.5% cellobiose (4-bEB-  yeast extract, 2% peptone, 2% glucose, and 2% agar) with 2% skim
glucopyranosyl-D-glucose), 0.67% yeast nitrogen basedpif milk powder (Sigma-Aldrich). The plates were incubated for 5
and 2% agar. This medium was adjusted to pH 3.5 as followdays at 30C. A clear zone around the colony identi ed protease
The components of the medium were sterilized separately tactivity (Strauss et al., 20pWickerhamomyces anomaR¥CC
avoid agar hydrolysis. Agar and cellobiose were autoclavedl 2495 andT. delbrueckiCECT 10676 were used as positive and
the yeast nitrogen base was adjusted to pH 3.5 with HCI andegative controls, respectively.
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Cellulase Activities
Cellulase production was determined on YPGE plates
(containing 1% yeast extract, 2% peptone, 3% glycerol, and
2% ethanol) with 0.4% carboxymethylcellulose, as previously
described {eather and Wood, 1982Aureobasidium pullulans
CECT 2660 and'. delbrueckiCECT 10676 were used as positive
and negative controls, respectively.

01 922003 00

u Meyerozyma guilliermondii

B Kluyveromyces marxianus

B Zygosaccharomyces bailii
Rhodosporidium toruloides

® Wickerhamomyces anomalus

B Hanseniaspora opuntiae
Torulaspora delbrueckii
Saccharomyces cerevisiae

W Hanseniaspora osmophila

Sul te Reductase Activity 56,0%
Hydrogen sulde production was evaluated by using 4
modi cation of the lead acetate method.iderholm et al.,
2009 described byBelda et al. (2015for its use in 96-well
microplates. Briey, this method detects volatile;8l in the
headspace of a culture medium containing 1.17% yeast carbpn
base (Difco), 4% glucose anhydrous, and 0.5% ammoOniuNFIGURE 1 | Population distribution across the 770 yeastisol  ates.
sulfate. Yeasts were grown at 28for 3 days in 96-well
microplates containing 200 of medium with orbital agitation

(200rpm). Hydrogen sul de formation was initially detected yeast species only present at levels of less thanFigare 1).

by using paper strips (Whatman lIter paper) that had been|y gpite of this small diversity of species, the high sample size
previously embedded with a 0.1M lead acetate solution angy70 isolates) allowed us to conduct a functional analy$is o
allowed to dry at 65C for 10 min and deposited over microplate tpe yeast collection in question. Considering the completasy
wells. Hydrogen sul de formation was qualitatively measurecso|lection used here, a phylogenetic analysis of the 770tésola
based on the degree of blackening of the lead acetate strige|onging to 15 yeast species identi ed on the basis of rDNA
and quantitatively estimated by densitometric measurememgs sequences, was carried out in order to con rm the success
of the color intensity (Software “My Image Analysis V1.1"of the molecular identi cation process (Figure S1). It stbbe
Thermo Scienti ¢).R. glutinisCECT 10143 and'. delbrueckii noted thatM. fructicolaandM. pulcherrimacould not be properly
CECT 10676 were used as positive and negative control$ erentiated by 26S sequence analysisigman et al., 20)3and
respectively. are henceforth referred to here Betschnikowiap.

Notable dierences between the diversity and richness of

east species in the di erent vineyards sampled were observed
i/Figurez Table S3). Furthermore, some di erences could be
perceived between yeast populations of di erent vintages from
dthe same vineyard. Particular note should be taken of the low
diversity of yeast species in the EM vineyard, which had only
three yeast species, all of which were identi ed in both the
2013 and 2014 vintages, with. uvarum accounting for more
4han three quarters of the total of 196 isolates, followed_by
hermotoleranand Metschnikowiap. Figure 2A).

In the case of the PDC vineyardrigure 2B), a total of
4 yeast isolates, comprising eight species, were obtained.
H. uvarum, Metschnikowissp. and L. thermotoleranswere
once again the most dominant species (39, 24.8, and 19.7%
of the total population, respectively). However, in this case,
signi cant dierences could be observed between vintages.

Cryptococcus amylolentus
® Metschnikowia viticola
Aureobasidium pullulans
® Lachancea thermotolerans
u Metschnikowia sp.
w Hanseniaspora uvarum

Statistical Analysis of Enzymatic Data
Enzymatic activity was coded on a scale from 1 (no activity
to 5 (highest activity) and loaded into InfoQuest FP Softevar
(version 4.5 Bio-Rad Laboratories, Madrid, Spain) as a cara
type. A similarity matrix was calculated using the Unweighte
Pair Group Method with Arithmetic Mean (UPGMA). Groups
were assigned according to the identi cation of the strabs
26S analysis. Group separation was calculated with the diéekk
method. Principal Components Analysis (PCA) was performe
with InfoQuest FP Software.

The species distribution per sample site was introduced int(}5
R program R Core Team, 20)3The function vegdist from the
package vegan version 2.2<%ksanen et al., 20)was used to
calculate a dissimilarity matrix between samples.

RESULTS There was a signi cant decreaselinthermotoleranssolates in
o ) the 2014 vintage, and there was a higher diversity. The other
Description of Yeast Populations species identi ed weréureobasidium pullulansCryptococcus

In this work, 770 yeast isolates from grape musts of di erentamylolentus Wickerhamomyces anomalusKluyveromyces
origins were identi ed by partial sequencing of the 26S rRNAmarxianus,and Torulaspora delbrueckijpintly accounting for
gene (Table S1). Fifteen dierent species were found amorigss than 16.6% of the PDC population and 5.4% of the total
the yeast collection studied herEigure 1), which consisted of population.

a wide range of yeast species usually found in vineyards, and Similar diversity was observed in the O vineyard, with six
mostly having been reported to be of enological interésedt, yeast species being identi ed among the 247 isoldtgi(e 2C).
2008; Jolly et al., 20).4Hanseniaspora uvarumwas the most H. uvarumwas again the most abundant, accounting for 64.4%
abundant species, making up more than half of the total igslat of the total, with the key observation being the low abundanc
followed byMetschnikowiasp. (comprisingM. pulcherrimaand  of L. thermotolerangone of 247 isolates). It should be noted
M. fructicolg and Lachancea thermotoleransith the other 12 that in this vineyardM. viticolawas identi ed as an additional
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> 0 0
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FIGURE 2 | Total and vintage-speci ¢ population distributi on from the four sampled vineyards. (A)  Population distribution of EM vineyard(B) Population
distribution of PDC vineyard(C) Population distribution of O vineyard(D) Population distribution of G vineyard.

Metschnikowiaspecies. Contrary to what was observed in theaim of this work was to robustly establish the wine-related
PDC vineyard, a higher diversity was found in the 2013enzymatic pro le of a large collection of wine yeasts.

vintage, when compared to 2014, when omly uvarum and A combined analysis of phylogenetic and enzymatic dbta (
Metschnikowiap. were isolated. glucosidasea-L-arabinofuranosidaseb-D-xylosidase,b-lyase,

The G vineyard comprised 10 yeast species (nine norprotease, polygalacturonase (pectinase), cellulase, ante sul
Saccharomycspecies along with son&accharomyces cerevisiageductase) was performed to observe whether there were any
isolates)Hanseniasporgenus was distributed among isolates ofoverall di erences in enzyme abundances and their presence
three speciedi. uvarum(28.8%)H. osmophilg19.2%), andd.  among di erent phylogenetic groups, inferring species-speci c
opuntiae(11%) Figure 2D). Apart from Hanseniasporapecies behaviors Figure 3, Figure S1). In this context, two di erent
and L. thermotoleransin the other vineyards the other ve groups of highly and less abundant enzymes could be estatblishe
non-Saccharomycspecies were either not isolatéd€yerozyma highlighting a-L-arabinofuranosidase, polygalacturonase and
guilliermondii, Zygosaccharomyces badind Rhodosporidium cellulase as the least abundant activities and, on the othed h
toruloide$ or rarely isolated (V. anomalusand T. delbrueckji  b-glucosidase and protease as the most widespread activities
In this case, the absence of isolates from di erent vintagaden throughout the yeast collection studied.
itimpossible to establish any population trends. Finally,tcary Figure 3 shows the overall abundance and activity level of
to what was expected due to the use of a lysine medium, 11 yedlsé di erent enzymes studied in the 770 yeast isolates, and
isolates were identi ed &S. cerevisiaaevertheless, they were not their distribution among the 15 species identi eloGlucosidase
removed from the collection, but instead used as a compaatiwas widespread among wine yeast species. All the straidis of

control for the enzymatic study. bailii and L. thermotoleransvere observed to bb-glucosidase
_ negative, whereas most of the strains belonging.toullulans, T.
Phylo-Functional Study delbrueckiand S. cerevisiasere also found to bb-glucosidase

To address a targeted use of nBaccharomycepecies in the negative, without any species-speci c behavior. On the other
wine industry, it is required a better understanding of thei hand, note should be taken of the activity ldf osmophila, H.
speci ¢ metabolic properties and their strain-dependent feasu  opuntiae, M. guilliermondiiand R. toruloidegFigure 3, Figure

Di erent yeast species have been reported to modulate win81). Regarding the other two glycosidases, the abundance of
avor and aroma, in part because of their enzymatic propertied-D-xylosidase andh-L-arabinofuranosidase was found to be
(Hernandez-Orte et al., 2008; Maturano et al., 20The main  of medium and low, respectively. Special mention should be
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FIGURE 3 | Abundance and distribution of enzymatic activitie s among the total yeast collection, individually considerin g the 15 yeast species
identi ed. The eight enzymatic activities evaluated were: (A}glucosidase; (B)b-D-xylosidase; (C)a-L-arabinofuranosidase; (Dp-lyase; (E) Protease; (F)
Polygalacturonase; (G) Cellulase; (H) Hydrogen sul de pradtion. Enzymatic activity was determined on a scale from Inp activity) to 5 (highest activity)
corresponding to a progressive color code from green to red.
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made of the production ob-D-xylosidase inS. cerevisiae, T. phenotypic di erences betweeN!. viticola and the other two
delbrueckii, M. guilliermondii, W. anomalus, R. torulojdasd  Metschnikowiagpecies isolates.
A. pullulans,with the production of a-L-arabinofuranosidase Finally, hydrogen sul de production due to the activity of
being only noteworthy in the three latter species, as well asul te reductase was remarkably high in soHe uvarum and
in C. amylolentusOverall, a glycosidase-active cluster could bén most H. osmophilaand H. opuntiaeisolates, con rming a
observed in the basidiomycetous group. @mylolentusnd R.  genus-related behavior. Regarding the other yeast specigs, o
toruloide$, together with the yeast-like fungés pullulans all of ~ S. cerevisiaandT. delbrueckihad certain HS-producer strains.
them located at the bottom of the phylogenetic tree (Figure S1 ~ Thus, Figure S1 shows an active cluster at the lower region of
b-Lyase activity was widespread, albeit in most cases withe phylogenetic tree composed by basidiomycetous spegCies (
moderate activity throughout the isolates. OfilydelbrueckjiM.  amylolentusind R. toruloidesand by Metschnikowiasp. andA.
guilliermondii,and K. marxianushad a wholly positive speci ¢ pullulansisolates. A highly inactive cluster in enzymatic terms
behavior. could also be observed in the lower-middle zone.
Protease activity was, together withglucosidase, the most
abundant activity in the yeast population studied. Howevets4 Origin-Dependent Intraspeci ¢ Study
of the yeast species (six out of 15) had no protease activitin order to study the concept of microbial terroir in depth, an
This apparent contradiction can be explained by the smalintraspeci c analysis was conducted on the enzymatic propgrtie
representation these species have in the total number of yeasisociated to every strairkigure 4 shows the intraspecic
isolates. It should be mentioned that protease activity wélg f clustering of the isolates of di erent species ( ve speciekisd
absent in the phylogenetically related spec®escerevisiaeZ.  from more than one origin) by carrying out a PCA analysis using
bailii, and T. delbrueckiias well as inL. thermotoleransM.  enzymatic data.
guilliermondii,and C. amylolentugFigure 3). Considering the three less abundant species analyZed (
On the other hand, pectinase and cellulase activities had delbrueckii A. pullulans,and W. anomalu}, it was possible
restricted distribution, with pectinase having only a sigant  to clearly establish origin-dependent strain clusters comgose
presence inMetschnikowiasp. andA. pullulans,and cellulase of homogeneous populations that could be distinguished by
only in A. pullulans Apart from that, almost half 08. cerevisiae their enzymatic pro les.T. delbrueckiwas isolated from the G
and a fewT. delbrueckiisolates had pectinase activity. It should (seven isolates) and PDC (one isolate) vineyards in the 2012
be mentioned that protease and pectinase activities are tlie maand 2014 vintages, respectively. Two di erent groups could be

FIGURE 4 | Intraspeci c distribution of isolates from the four origins and their corresponding vintages sampled. Tridimensional plots correspond to the
PCA analysis of speci c populations considering their enzymatic activities, and group separation was calculated withtte Jackknife method. Color legends: red (EM
2013), pink (EM 2014), blue (PDC 2013), cyan (PDC 2014), dagteen (O 2013), pale green (O 2014), and yellow (G 2012). Tiritensional visualization was captured
in order to optimize group distinction.
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statistically identi ed (with two Principal Components (PCs and G (2012). On the other handi. uvarumisolates from O
explaining 85.2% of the di erences, and three PCs explainin@2013 and 2014) did not establish a consistent enzymatic pro le
100%), showing a clear origin-dependent di erentiation with of their own, with most of the isolates being statisticallyibtited
b-glucosidase and pectinase mostly a ecting this clusteringo other origin pro les. Finally, in an intermediate situati,
(Figure 4, Table S2a).A. pullulans was also isolated from EM (2014) and PDC (2013) originated not-fully consistent
two vineyards: PDC (2014) and O (2013), with 20 and Syroups, with their enzymatic pro le overlapping with the pro le
isolates, respectively. In this case, two dierent groups werdescribed by other vineyards from the same appellation (EM
established depending on the isolation origin, composing?a00 2014 with PDC 2014; PDC 2013 with EM 201®jigure 4),
homogeneous population group§igure 4). The PCA analysis describing a wider origin-speci ¢ pro le. The PCA analysis of
allowed us to statistically support this clustering, with th&t  these data gives us statistical evidence of the signi cahtteese
two PCs explaining 94.55% of these dierences, and threelustering results. Sul te reductase abéD-xylosidase activities
PCs explaining 98.51%. In this caseglucosidase and-D-  contributed notably to these di erences, signi cantly a éat)
xylosidase were the factors mostly responsible for a ecting?C1, which could alone explain 62.62% of the di erences betwee
this clustering, by greatly contributing to the rst PC, witi  groups, and also PC2, which accumulates an explanation of
alone explains 81.84% of the established dierences (Tabi9.48% of the di erenced-{gure 4, Table S2e).
S2b).W. anomaluswas isolated from three di erent vineyards:
G (2012), PDC (2014), and O (2013), with 1, 2 and 2
isolates, respectively, and these ve isolates again tesca DISCUSSION
phenotypic cluster according to their origin, composing three
di erent phylo-functional groups Figure 4). This clusteringwas Diversity and Richness of Yeast Species
again statistically signi cant in the PCA analysis, explagni The main aim of this work was to establish a large collection
96.8% of the dierences with the rst two PCs, and 97.5%o0f non-Saccharomycegeasts isolated from dierent Spanish
with three PCs. Protease activity was the most responsibigine appellations in order to perform a joint phylo-functional
factor, explaining the origin-dependent cluster separatiamd  analysis, linking phylogenetic and phenotypic data on the
contributing signi cantly to the rst PC, which could explai enzymatic properties of the yeast species identi ed. Furthoeen
63.88% of the di erences detected (Table S2c). an attempt has been made to relate certain enzymatic aesyiti
Due to their large sample size, the other two species evaluatadhich are usually associated with certain yeasts, to thengate
(L. thermotoleransand H. uvarum) generate more complex role they could play in enology.
clustering but, in most cases, some statistically homogese The experimental approach developed for this study was
groups could be composed depending on the origin-dependeriiased on culture-dependent techniques in order to obtainesie
strain phenotype. Regarding. thermotoleransa total of 88 collection of enological origin that may have a use in winemgk
isolates were analyzed from G (2012), PDC (2013, 2014), EMtom a general point of view, our population datgidure 1)
(2013, 2014), and O (2013), with 6, 50, 31 and 1 isolategere in line with other studies reporting that, apart from the
respectively. Aureobasidiumand Rhodotorulaspecies that were intentionally
Clusters were established for the isolates from the fouavoided inthis study as described in the yeastisolationguiace,
di erent vineyards, although a less precise separation coeld tHanseniasporapp.,Metschnikowisspp., andL. thermotolerans
established between the isolates of di erent years from #8mes dominate yeast communities in fresh musg&rgkitchaiwattana
vineyard. Figure 4 shows thatL. thermotolerangsolates from et al., 2004; Pinto et al., 20]%vith H. uvarum accounting for
EM (2013), PDC (2014), O (2013), and G (2012) establishedore than half of the total yeast population isolatese(tran
statistically homogeneous groups, de ning their own enztima etal., 2002; Wang et al., 2015
pro le. Isolates from EM (2014) did not form a homogeneous There has recently been con rmation of the major di erences
group, but 50% of these isolates could be assigned to the EM population richness values between culture-dependent and
(2013) enzymatic pro le. Regarding PDC (2013) isolates, & waindependent approaches in enological environmenitga(g
not possible to establish a uniform prole, with most of its et al., 201p Our overall results of yeast diversity using a culture-
isolates being similar to the enzymatic pro les from otheigins.  dependent approach are wider than those obtained in other
Apart from that, the PCA of the enzymatic properties of thesimilar studies.Wang et al. (2015have managed to identify
total L. thermotolerangopulation could explain 79.28% of the a total of three speciesd( uvarum, Issatchenkia terricoland
di erences between origins, considering the rst two PCsdan Starmerella bacillarjsfrom a collection of 179 yeasts isolated
91.87% considering the rst three PCs. These di erencesdtoulfrom nine dierent origins by using a lysine medium, and
be attributed mostly td-D-xylosidase activity, b5 production, ve species (the three previously mentioned, together wth
and b-glucosidase activity (Table S2d). Finally, regarding theerevisiaeand Hanseniaspora valbyensis 183 isolates from
largest species population in this study, the analysisHof the same nine samples using YPD plates. The higher diversity
uvarumenzymatic pro le generated the most complex clusteringpbtained in our work (15 vs. 5 species) could be explained by
although in some cases an origin-dependent enzymatic pro I&oth the larger sample size (770 vs. 362 isolates) and theegreat
could be de nedH. uvarumwas isolated from all the vineyards, heterogeneity in sampling areaBidgure 1). According to data
reaching a total of 431 isolates from all sampled origins. hrereported byBeltran et al. (2002)several di erences in yeast
origins established consistent groups: EM (2013), PDC (R014diversity were observed between years, as showigare 2
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Di erences in the microbial composition among vintages, grapavhat was observed in-glucosidase activitfjanseniasporapp.
varieties, climate and location have been widely reported blyad neitherb-D-xylosidase (with the exception éf. osmophila
Bokulich et al. (2014)and could account for the dierences and a fewH. uvarum strains) nor a-L-arabinofuranosidase
observed for yeast diversity found in the G vineyard compdoed activities, which was in complete agreement with previous
the diversity found in the other three vineyards studiedg{fie =~ observations reported by/lanzanares et al. (1999However,
S2, Table S3). The di erent microclimatic conditions, viaey they also highlighted a remarkabkeD-xylosidase activity for
location and vine variety of this vineyard, with only the 201 someW. anomalusandH. uvarumstrains at the usual enological
vintage sampled, could account for such a di erence. The 201@H values of 3-3.8, with their use also being recommended
vintage in most Spanish wine appellations was characterized figr terpene release in wine fermentation. Furthermore, lowe
low rainfall (Figure S2), which could restrict the lament®u repression levels by glucose and ethanol have been reported
fungi overgrowth that could displace some of the yeast speciésr W. anomalusglycosidase activitiesViateo et al., 2011
present in the grape microbial consortiai( et al., 201p  Regarding the other yeast isolates, beD-xylosidase-active
Additionally, as we show in this work, not only were the disi¢y  cluster was observed in the phylogenetically related species
and richness of yeast species a ected by location, but also tAe delbrueckii, Z. bailii,and S. cerevisiaeHowever, a high
phenotypic prole of the same yeast species diered acrosglucose-dependent repression has been observed in thesesspeci
vineyards, and even in consecutive vintageg\re 4). (Gueguen et al.,, 1995; Mateo and Di Stefano, 1997; Mateo
Although most of the current population studies usinget al., 201}, restricting their use in terpene release in wine
culture-independent molecular methods report higher divtgrs fermentation.
values for fresh must than those reported heBoKulich and Finally, a-L-arabinofuranosidase, as the least distributed
Mills, 2013; David et al., 2014; Pinto et al., 2)Ebwide variety glycosidase, was observedNh guilliermondij W. anomalus
of yeast species of enological interesbllfy et al., 2004were  A. pullulans R. toruloides,and C. amylolentus McMahon
represented in the yeast collection established for theiyeratic et al. (1999)have reported the major abilityA. pullulans

characterization. glycosidases have to release wine terpene glycosides. igcord

. . to Mateo et al. (201])a-L-arabinofuranosidase, together with
Enzyme Abundance and Species-Speci ¢ a-L-rhamnosidase, is the least glucose-repressed glycosidase
Distribution in wine yeasts, so both are of enological interest. Regarding

Regarding enzymatic screening, eight enzymatic activitie® Metschnikowiapp., most of them had remarkalideglucosidase
evaluated to establish an enzymatic prole of enologicabnd b-D-xylosidase activities, although a considerable number
interest for the 15 yeast species studi€&ig(re 3). A group of Metschnikowiasp. (not consideringM. viticolaisolates) had
of three glycosidasesb-glucosidaseb-D-xylosidase, anda- alsoa-L-arabinofuranosidase activity. Along these lines, is ha
L-arabinofuranosidase) were determined, recording dirdre been reported that a commercial strain . pulcherrima
performances in terms of activity, distribution and abundan could increase volatile terpenes in wine due to #slL-
According to other works Kia et al., 2005 b-glucosidase arabinofuranosidase activityéllemand, 2013
was a widespread activity among wine yeasts. Our results Overall, our results are in agreement with other works
have highlighted thé-glucosidase production danseniaspora reporting that Pichia, Wickerhamomyceand Hanseniaspora
species, as well as M. guilliermondiiand W. anomalusThese genera are major producers of glycosidase enzyivies{anares
results are also consistent with other enzymatic screenihgt et al., 199p and, furthermore, we report the remarkable
additionally reported the ability of somél. uvarum strains  glycosidase activity of wine-related basidiomycetesh sisR.
to produce versatild-glucosidase enzymes with no repressiorntoruloidesand C. amylolentus
by glucose and with no signi cant activity decrease in a wide b-Lyase activity, which is also directly related to varietal
range of pH valuesl(pez et al., 20)5Delcroix et al. (1994) aroma enhancement, recorded a moderate distribution in the
and Hernandez et al. (2002¢videnced a loss of stability of overall yeast collection studieigure 3shows moderatb-lyase
b-glucosidase inS. cerevisiaeyith a strong reduction in its activity in the majority of yeast species, with its production
enzymatic activity (about 80%) when changing from pH 5 tobeing remarkable inT. delbrueckji K. marxianus, and M.
pH 3, while other authors have reported a notable decrease iguilliermondii Although this activity has been studied in depth
most nonSaccharomycespecies at pH values below Bdsi in S. cerevisiagine strains Howell et al., 2005; Thibon et al.,
et al., 199% However,Mateo et al. (2011have reported that 2008; Roncoroni et al., 20),Jactual information on the ability
W. anomalugeached its maximunb-glucosidase activity at pH of non-Saccharomycés release volatile thiols in wine is very
3.2, also recording lower rates of catabolic repressiondmoge. scarceZott et al. (2011)have reported thab-lyase activity is
Thus, withb-glucosidase being the nal activity responsible fora strain-dependent characteristic in n@accharomycegasts
the release of wine terpenes from their glycosylated precsirsoas described irS. cerevisiaéRoncoroni et al., 2011; Santiago
both Hanseniasporapecies anilV. anomaluseem to be a useful and Gardner, 2015 Accordingly, Figure 3 shows thatb-lyase
tool to increase wine terpenics, as suggestelllbydes-Ferreira activity has great intraspeci ¢ variabilityott et al. (2011have
et al. (2001andMateo et al. (2011 yespectively. reported that, apart fronT. delbrueckjisomeM. pulcherrimaand
Regarding the other two glycosidases analyzéedD{ L. thermotoleranstrains have the ability to release volatile thiols
xylosidase and-L-arabinofuranosidase), di erent abundancesin Sauvignon Blanc wines, but only a few strains of these epeci
were observed among the yeast population studied. Contrary teave recorded-lyase activity in ourin vitro assays. Regarding
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the Hanseniasporgenus, and as occurred witlhD-xylosidase, improving phenolic extraction and clari cation processes in
H. osmophilarecorded higheib-lyase activity compared tbl.  some pectinase-dependent wine properties, has recently been
opuntiaeand H. uvarumspecies. These phenotypical di erencescon rmed (Belda et al., unpublished). Furthermore, in ligbit
were consistent with the observations made in the phylogenetthe behavior ofA. pullulans this was the only cellulase-active
tree (Figure S1), in whictd. osmophilawas distant from the species in the collection studied, in contrast with data régor
Hanseniasporgenus cluster. Due to the high nitrogen catabolichy Strauss et al. (2008nd Merin et al. (2015which describe
repression a ectindp-lyase activity irS. cerevisiaghich restricts  the presence of cellulase activity in some ascomycetoussyeast
its contribution to thiol release in wine fermentatiomifibon  (Candida stellataM. pulcherrima,and H. uvarum) and in the
et al., 2008 these alternative yeasts should be studied in depth dmsidiomycetous yeaRBhodotorula dairenensiespectively.
a way to improve volatile thiol release in enological corfig. It has been reported that at least 75% of tBe cerevisiae
H2S production, as a result of sul te reductase activity, is @nological strains have limited pectinolytic activiBidénco et al.,
rare feature among the majority of noBaccharomycepecies. 1999. However,Merin et al. (2011and Merin and Morata de
Furthermore, as occurred with-lyase (the other sulfur-related Ambrosini (2015)have con rmed the existence of a constitutive
activity), major intraspeci c variability could be obsed/en  pectinase activity not repressed by glucose in Batcharomyces
species such ds$. uvarumand L. thermotoleransas well as in  species, in contrast with what occurred $ cerevisiagRadoi
S. cerevisia@s previously reported byinderholm et al. (2008) et al., 200k In this context, our results con rm that the vast
Given that the nitrogen composition of musts has been desdrib majority of Metschnikowiasp. andA. pullulansstrains are of
to a ect H2S production by yeastéinderholm et al., 2008and  interest for their use as pectinase sources in enology, ogemin
since nonSaccharomyceg®asts have high nutritional demands new research line for their industrial application.
(Jolly et al., 2024 the lack of sul te reductase activity in most of .. . .
them is a positive characteristic for their application withewe ~ Origin-Dependent Intraspeci ¢ Phenotypic
risk of wine reduction. Pro les
Protease, pectinase and cellulase have been studied for thigietagenomic approaches have allowed researchers to de Iyitive
involvement in several technological processes in winengaki establish the concept of microbial terroir, relating locatiand
Figure 3 shows that protease is a widespread activity wheglimatic factors to speci c microbial populations in vineyard
the total population of yeasts is considered, in agreemertt wit(Bokulich et al., 2004 This nding has been put forward as a
previous works l(agace and Bisson, 1990; Chomsri, 2008 determinantin the di erential avor and aroma pro les of wire
This is caused by the protease activity of the most abundaritom di erent origins (Gilbert et al., 201§ Additionally, our
speciesilanseniasporapecies aniletschnikowiap.), although results con rm that signi cant phenotypical di erences could
other species of enological interest with a lower relativébe observed between strains of the same species from di erent
abundance recorded no activitys( cerevisiae, T. delbrueckii,origins, delving further into the concept of microbial terrpfor
andL. thermotoleransamong others). In addition, protease and the rsttime at strain level.
pectinase seem to be the main di erential activities betwigken The results shown inFigure 4 allow us to conrm the
viticolaand the otheMetschnikowigpecies isolated. The use of possibility of separating single species populations basedein th
proteases in winemaking is not a widely extended practiceeat thenzymatic properties establishing origin-dependent clustirs
moment, with bentonite being used more often to solve proteirhas been suggested that high-throughput screening (HT &yass
haze problems. The use of bentonite usually impairs the s&isorare crucial for discovering interesting enzymes and newcssl
properties of wines, so the use of proteases for this purpog&oddard and Reymond, 20p4Here, we also report the potential
seems to be a potential future applicationgrangon etal., 20)2  these techniques have to develop phylo-functional analg§es
Special note should be taken of the high protease activity gfeast communities to perform innovative ecological studfes
W. anomalus especially in the NS-PDC-167 straiRiure 3  similar approach has recently been adopted Zdyang et al.
Figure S1), which should be studied in depth for its application2015)to establish phylo-functional di erences among the gut
in protein haze prevention. In fact, an aspartate-protease fsbm microbiota of di erent human populations.
pulcherrimahas been characterized and expresse®l icerevisiae ~ The connecting lines shown irFigure 4 have allowed
by Reid et al. (201 pr its potential wine application, butthe role us to decipher the phylogenetic relationships among groups
of proteases from yeasts in winemaking is still poorly undexdto of isolates according to their phenotypical similarities.eTh
Regarding pectinolytic activity, dierent studies havetridimensional plot for T. delbrueckiji A. pullulans,and W.
con rmed that most yeast species are unable to produce pectanomalusshows highly de ned origin-dependent clusters with
enzymes. It should be mentioned that polygalacturonaseificti  signi cant percentages of statistical di erences among groups,
has been reported in a few wine yeast isolates without eséfdj  bearing in mind that they were scarcely isolated. The poputatio
a species-speci ¢ behaviofifauss et al., 2001; Merin et al.,distribution of L. thermotoleranand H. uvarumisolates shown
201). In this context, our results suggest thét pulcherrima  in the tridimensional plot could be better interpreted consiher
M. fructicola(jointly identi ed here asMetschnikowiasp.), and numerical data for group homogeneityFigure 4) because of
A. pullulansare leading candidates for their use as a source d@ghe high number of isolates considered. The results for both
pectinase in winemaking. Following the con rmed usefulness species isolated from Ribera del Duero vineyards (EM and PDC)
pectinases fronAA. pullulansin winemaking conditions ilerin  suggest that the EM population isolated in 2014 was more
and Morata de Ambrosini, 20)5the impact ofM. pulcherrima, heterogeneous when compared with data for 2013. In contrast,
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yeast populations from the PDC vineyard followed the opposit¢hroughput genomic techniques, together with data on the

trend, with the populations being more homogeneous in 2014 fospecies-speci ¢ enzymatic pro les reported in this work, open

both species, as compared to 2013. These di erences, togethmw possibilities for future comparative genomic works thik w

with the di erent behavior of EM and PDC populations shown in allow for the targeted development of high throughput metaboli

Figure 2, could be related to microclimatic determinants and toscreenings.

viticulture practices conditioning the health status of ggea that

could determine microbial populations in thenSipiczki, 2006;

Barata et al., 2008In the case oH. uvarumisolates from the

O vineyard (Rueda wine appellation), the populations obtaine

in both the 2013 and 2014 vintages were very heterogeneagus. fp

they were the only species analyzed for consecutive vintages

this vineyard, it is not possible to draw a wider conclusioatb

the intraspeci ¢ consistency in the O vineyard. It may be thee

that the biodynamic practices applied in this vineyard conité

to a great microbial diversity, as suggestedshyati et al. (2012) ACKNOWLEDGMENTS
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