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Promoting the use ofSaccharomycodaceageasts in winemaking by

leveraging genomewide analyses

Abstract

Wine has been produced and consumed by humans for centuries. At the heart of
winemaking is the activity of fermenting yeasts, particul@iccharomyceserevisiaethat
leads vinification. The growing trend of using staitaltures of other yeasts alongsi8e
cerevisiaeaims to improve wine properties and create distinguishable products. Yeasts from
the Saccharomycodacedaamily, specifically the sister generdlanseniaspora and
Saccharomycodesre considered promising in this context. However, theiizatibn is
hampered by the poor knowledge of their physiology and interaction mechanismS.with
cerevisiaeThis thesis addresses these gaps through a combination of knog#tdgeng and
application.

The first genome sequence caccharomycoddsdwigii wine strain is described in
(Chapter II), facilitating comparative genomic analyses, both ispracies Chapter I1l1') and
inter-species Chapter V), againstHanseniasporaproviding insights into the physiology of
Sd. ludwigiiand theSaccharomycodacdamily. Phenotypigrofiling of Non-Saccharomyces
isolates from grape musts in the Palmela winemaking area (Peninsula de Setubal region)
enabled the identification of straifanseniasporaivarumMJT198 (HUMJT198), based on its
very high betaglucosidase activityGhapter IV.A). The combined use of HUMJT198 wih
cerevisiaeproduced wines with increased free terpenes, expanding the rble wfarum
strains beyond modulation of secondary aroma. Exploring comparative genomics of
HuMJT198 and othéfanseniasporapecies betglucosidaseencoding genes wergentified
as contributors to this effect. Transcriptomic and metabolomic analyses revealed further
interactions between HUMJT198 aBdcerevisia@at a molecular levelGhapter IV. B).

Altogether, the results described in this thesis supports the trend of exploring Non
Saccharomyce&’easts as biflavourants in wine production but also other beverages,
applying knowledgalriven and rational methods that improve the likelihood of success

compared to the trisdnd-error approaches currently in use.

Keywords: NonSaccharomycesSaccharomycodacea&accharomycodekidwigii,

Hanseniasporaivarum,winemaking






Promovendo o uso the leveduraSaccharomycodaceawa producéo de
vinho através da utilizacdo de analises gendmicabrangentes
Resumo

A producéo de vinho e o seu consumo acompanham o Ser Humano ha varios séculos,
com a atividade de leveduras fermentativas, c@aocharomyceserevisiae a liderar o
processo de vinificagdo. A utilizacdo de inéculos combinados de leveduras nafvas e
cerevisiagé uma tendéncia crescente neste sector, ambicionando melhorar as propriedades do
vinho e criando produtos distintos. Leveduras da famiBaccharomycodaceae
particularmente dos génerd$anseniasporae Saccharomycodestém sido consideradas
promissoras neste contexto. No entanto, o conhecimento limitado sobre a sua fisiologia e os
mecanismos de interacdo c@ncerevisiagrestringe a sua utilizacdo. Esta tese aborda estas
lacunas, combinando investigacdo fundamental e aplicacdo prética.

No Capitulo 1l , € descrita a primeira sequéncia gendémica de uma estirpe de
Saccharomycodekidwigii isolada de vinho, permitindo andlises genémicas comparativas
intraespécie Qapitulo Il ) e interespécies Gapitulo V), aprofundando a compreensao da
fisiologia deSd. ludwigiie da familiasSaccharomycodacead fenotipagem de isolados N&o
Saccharomycesbtidos de mostos da regido vitivinicola da Peninsula de Setubal permitiu a
identificacdo de estirpelanseniasporauvarum(HUMJT198), pela sua elevada atividade de
betaglucosidase Gapitulo IVA). A utilizacdo combinada de HUMJT198 c@n cerevisiae
resultou em vinhos com maior concentracdo de terpenos livres, enaltecendo o papel das
levedurasHanseniasporana modulacdo daroma primario. A exploracdo gendémica de
HUMJT198 e outras espécies Hanseniasporaidentificou genes codificadores de beta
glucosidase como responsaveis por este efeito. Adicionalmente, andlises transcriptomicas e
metaboldmicas revelaram interacdes moleculares entre HuMJT398egevisia¢Capitulo
IV B).

No geral, os resultados desta tese apoiam a exploracdo de leveduras N&o
Saccharomycescomo agentes bioaromatizantes, aplicando métodos baseados em
conhecimento, com maior probabilidade de sucesso face a abordagem empirica atualmente

utilizada.

Palavraschave: N&o-SaccharomycesSaccharomycodaceaesaccharomycodesudwigii,

Hanseniasporaivarum produc¢ao de vinho
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the four predicted sulfite exporters with similarity with the sulfite export pump SsulSrom
cerevisiae orthologues for genes that been found to mediate tolerance o SCcerevisiae
such as genes involved in biosynthesis of lysine and arginine or the genes involved in the sulfate
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(Stratford et al., 1987). This schematic representation is original and was specifically prepared
by the authors to be presented in Tavares gRAR1)..........ccccoeeeiiiiiiiiiiiiceeeeeeeeeee 117

Chapter I

Figure Ill. 1- Phenotypic characterization of straisl. ludwigiiBJK_5C andSd.
ludwigii UTAD17 by growing the cells in spot assays in media containing A) different carbon
sources; B) increasing concentrations of acetic acid and ethanol; C) increasing concentrations
of potassium metabisulfite after 720............cccuiiiiiiieee 132

Figure Ill. 27 Means of the fermentation profiles obtained v@th ludwigilUTAD 17
andSd. ludwigiiBJK_5C that followed the weight loss and corresponding releaseah@Q)

Vitis viniferalL. cv. Sauvignon Blanc (white grape variety) andvB8)s viniferal. cv. Touriga
Nacional (red grape VariEty)........ceeuuuuiii it e e e eeas e e e e e eetmmme e e e e e eaaaaaeeaeaene 133

Figure Ill. 3 - Normalized aroma compounds of wines obtained from A) the red grape
variety, Touriga Nacional, and the B) white grape variety, Sauvignon Blanc, fermented with
Sd. ludwigiistrains UTAD17 (black filling) and BJK_5C (white filling). C) Radar charts of the
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29



wine. However, strain UTAD17 produced wines with a more neutral yeast contribution to the
03V /=T 1= 100 o T VOSSO PO PP PPPPPPPP 136

Figure lll. 4 - Pulsedfield gel electrophoresis ddd. ludwigiistrains BJK_5C and
UTAD17. In this experimensd. ludwigiiBJK _5C chromosomal bands are separated by
electrophoresis into 9 visible bands which can be compared with the 7 baddslodwigii
UTAD17. S. cerevisiaeand H. wingei are used as weight markers for lower and higher
molecular weights respectively. The total sum of the 9 separated bands yields 17.75 Mbp. Two
extra chromosomal bands were observed in BJK_5C and are represented by a dashed lines.

Figure Ill. 5- A) Whole-genome alignment &d. ludwigiiBJK_5C contigs (Scaffold
1 to 8) andSd. ludwigiilUTAD17 contigs (SCLUDASCLUD20). This alignment facilitated a
better understanding of the genomic similarities and differences between t8d.tlawigii
strains. The analysis revealed that the genetic information in contig 1 of UTAD17 is arranged
differently in BJK_5C, as it is divided into three different contigs. Additionally, seven contigs
of UTAD17 could not be rearranged with BJK_5C genome desprtedia complete BLASTn
match against it. B) Genomic sequence alignment of the seven U édhtigs that could not
be aligned with BJK_5C with the genome of UTAD17 reveals that they completely (full
colouring), or partially (dashed colouring), align with other UTAD17 contigs, which may have
interfered in the wholgenome alignment between tined strains................cccoevvevevvieenn. 141

Figure 1ll. 617 Metabolic aspects that were found to be specific to the genonszs of
ludwigii UTAD17, including the presence of genes involved in thiamine biosynthesis, in the
catabolism of Nacetylglucosamine, and also specific bet@nnosyltransferases., could also

be found in the genome of strain BIK _BC.......cccooiiiiiiiiiiiiieececc e 143
Figure Ill. 77 Induction of hyphadike structures orgd. ludwigiiBJK_5C at 37°C,
caused by NaCetylgIuCOSAMING............ooviiiiii e eree e e e e e e e 144

Figure Ill. 8 - Results of the BLASTp search between the proteomé&dofudwigii
strain BJK_5C and strains UTAD17 and NBRC1722. A) From the selected ORFs that
constitute the proteome of BJK_5C, 4,879 pro&meoding genes were considered highly
similar, 20 were dissimilar and 1 was considered similar to proteins from UTAD17. The
BLASTp search against NBRC1722 revealed 4,863 highly similar proteins, 34 dissimilar and
2 similar. B) A functional analysis revealed that, from the 5 proteins that did not have a hit
against bottsd. ludwigiiproteomes, only 2 had an assigned function (Urea active transporter
and heat SNOCK PrOtEIN).........ouiii i 145

Figure Ill. 9 - Non-synonymous Single Nucleotide Polymorphisms (SNPs) bet&den
ludwigii BJK_5C andSd. ludwigii UTAD17, being identified in bold the genes which
accumulated a higher number of SNPs (orthologues to ScFLO1, ScNUC159 and S&3KR.

Figure I1ll. 107 Differences in Sd. ludwigii phenotypes: strain UTAD17 showed
higher tolerance to sulfur dioxide than BJK_5C. In opposition, BJK_5C demonstrated a higher
tolerance than UTAD17 to increased concentrations of acetic acid and ethanol. Additionally,
wines fermented with both strains resulted in défe¢ outcomes in terms of fermentation rates
and aroma properties: UTAD17 took half of the time of BJK_5C in completely fermenting
white wine. The fermentation produced by BJK_5C resulted in unpleasant concentrations of
ethyl acetate, while those obtainagd UTAD17 were more neutral...................cceevvveee. 157

Figure lll. 117 Maltose and Galactose degradation pathways in yeast. The comparative
genomic analysis of bothd. ludwigiistrains, BJK_5C and UTAD17, revealed that both strains
are equipped with the same genomic machinery for the degradation of galactose and maltose.
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While maltose degradation pathway appears to be complete in both strains, the galactose

degradation pathway is missing the GAL7 gene, encoding a galdepisesphate

uridyltransferase responsible for converting the galaet®smto glucosdP.................. 159
Figure 1ll. 12 T The sulfite efflux pumps aBd. ludwigii A) Genomic location of the

SSU1lgenes in threesd. ludwigii strains UTAD17, BJK 5C and NBRC1722 shows a

duplication of these genes in UTAD17. B) ClustalW alignment of the predistels8quences

in UTAD17, BJK _5C, NBRC1722 arffl. CEreViSIaL.........cccuuviiieeiiiiimmmeiiiieeeee e 162
Figure Ill. 13- Proposed structure for the gene cluster encompassing the sulfite efflux

pump inSd. ludwigii. A) Gene cluster a&d. ludwigiiBJK_5C and NBRC1722 presents only

one Gene combo downstream from gBNEN1(SSULA, SSULBNdLCB3). B) Gene cluster

of Sd. ludwigiiUTAD17 presents a duplication of the gene combo downstream from gene

Figure 1ll. 14 Potential pathways of ethyl acetate production in yeast, through the
activity of alcohol acetyltransferase (AAT) enzymes. The reactions catalyzed by AATs are
indicated in orange, while the the three reactions forming aCetyl during glucose
catabolism ge shown in green. Reaction I, pyruvate dehydrogenase (pdh); reaction II; acetyl
CoA synthetase (acs); and reaction Ill, ATP citrate lyase (acl). Adapted from Kruis et al

Chapter IV.A

Figure IV.A. 1 - Betaglucosidase activity oasculinmedium from Moscatel Galego
isolates. From 105 isolates, 11 demonstrated a very high activigsanin 32 had high
activity, 27 demonstrated moderate activity, and 35 had neghstasidase activity oesculin

Figure IV.A. 2 - Presence and absence of bgltzcosidase encoding genes across the
Hanseniasporajenus. In this genus, it was possible to identify 4-gktaosidaseencoding
genes. Overall, the most prominent genB@_U1, which is present in all tested strains, apart
from H. gamundia@CRUBLO28............oooiiiiiicee e e 187

Figure IV.A. 3 - Phylogenetic display of the betgucosidase sequences identified in
the ORFeomes of the 31 strains of th@nseniasporagenus.In this phylogenetic tree it
possible to observe four different types of bglizcosidasesBGLU1 (red); BGLUZ2 (yellow);
BGLU3(green);BGLUA (DIUE).......uuuueiiiii e eeeeeeee e 188

Figure IV.A. 4 - Inoculation and sampling strategies for the fermentations conducted
on natural must withH.uvarum MJT198 andS. cerevisiaeQA23. These fermentations
consisted of two different inoculation strategies: a sequential inoculation which startét with
uvarumMJT198 followed by an addition &. cerevisia®A23 at 72h; and a single culture
(control) withS. cerevisiaeFor both inoculation strategies, three samples were taken for aroma
determination: the initial timepoint, taken immediately after inoculatian),(Bt 72h after
inoculation (T2n), and at the end of fermentationegd. ..........oovvvveeeeeriiiiiieereeee e 189

Figure IV.A. 5 - Fermentation monitoringA) Fermentation profiles showing the
production and release of carbon dioxide over time. The averages and standard deviations
among replicates are displayed for i) sequential inoculatiod.aivarumMJT198 andS.
cerevisiaeQA23 (black triangles); and ii) single inoculation $f cerevisiagQA23 (gray
squares). The sequential inoculation took 504h to complete, while the single inoculation only
took 192h.B) Yeast cell counts for the sequential inoculation withuvarumMJT198,
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represented bgpenblack triangles an&. cerevisia€)A23 byopengray squaresyeast cell
counts for the single inoculation wigh cerevisia€@A23are represented by filled gray squares

Figure IV.A. 6 - Principal Components Analysis (PCA) biplot showing sample
clustering based on aroma production.This analysis enabled thdentification of three
different sample clusters: A) Cluster formed by the initial wine must samples (filled dots) and
the samples took at 72K (uvarum S. cerevisiad 72htriangles, ands. cerevisiad 72h i
squares); B) Cluster formed by the final samples of the young wine produced by the consortium
of H. uvarumMJT198 and5. cerevisia€A23 (filled triangle$; C) Cluster formed by the final
samples of the young wine produced by the single inoculati@ oérevisia€A23 (filled
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Figure IV.A. 7 - Major and minor aroma volatiles by H.uvarum MJT198 and S.
cerevisiae QA23. I) Volatiles produced at 72h; Il) Volatiles produced at the end of
fermentation Statistically significant differences {palue < 0.05parerepresented by *...198

Figure IV.A. 8 - Webcharts showing the differences in volatile wine aroma compounds
in the wines obtained witB. cerevisia®A23 (complete line) and with the @aoculation of
H. uvarumMJT198 andS. CEreVviSia®A23.........oouuuiiiieeieeiiiieeeeeie e e b 199

Chapter IV.B

Figure IV.B. 1 - Graphical representation of a cylindrical FT-ICR analyzer cell.
In this representation, the magnetic field is located in{vesz while the excitation plates are
located along the-gxis and the detection plates alon thaxis. The trapping electrodes are
locared at each end of the cell, and the orbiting ionsegmesented by the red circle. From
Barrow €t al. {2004 .........uuuiiiiieee e reer e e ——————————— 206

Figure IV.B. 2 - Functioning of ESI. I) The analyte in a diluted solution is injected
into the system by a needle; ii) a very high voltagé /) is applied to the tip of the metal
capillary, causing the dispersion of the sample into an aerosol of charged droplets; iii) The
charged analyteare released from the droplets and some pass through the orifice of a heated
capillary into the analyzer of the mass spectrometer. The coaxial flow of dry N2 around the
capillary is determinant for an effective nebulization. From Banerjee & Mazunibda®).

Figure IV.B. 31 Experimental setup for the analysis of the votatile metabolome
and transcriptome during fermentations in Moscatel galego must. The samples were obtained
following the sequential inoculation &f. uvarumMJT198 followed byS. cerevisia€A23,
and single inoculation d. cerevisiagat different timepoints............cccceveveiiiiiieeeieeee. 211
Figure IV.B. 41 Visual spectra obtained from HCR-MS at TOh, T72h, and Tend, for
A) The sequential inoculation strategytbfuvarumMJT198 followed byS. cerevisia€A23,
and B) The single inoculation & cerevisiaeThe peak corresponding to the internal standard
Leucineenkephalin is highlighted with an arrow and can be found at m/z 556.2765754
Figure IV.B. 5 - PCA biplot of the samples obtained by-FOR-MS. In this chart it is
possible to find four clustsiof samples: A) composed by the samples tookoafoF every
sample, and 7n for the sequential inoculation; B) composed by the samples of the single
inoculation ofS. cerevisiaat T72h; C) composed by the samples of the sequential inoculation
of H. uvarumMJT198 andS.cerevisia®A23 at the end of fermentation; D) composed by the
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samples of the single inoculation wigh cerevisiaeaat the end of fermentation. PCA was
performed using the statistical analysis of the MetaboAnalysthasbkd platform.......... 215
Figure IV.B. 6 - Specific and common peaks identified in samples taken at the
fermentation onset, after inoculation with uvarumMJT198 (HU) andS. cerevisia€)A23
(SC). Some common peaks were regarded as belonging to the wine.must............. 216
Figure IV.B. 7i Venn diagrams depicting the evolution in the number of peaks from
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MJT198 (HU) and B) the single inoculation wih cerevisiagSC).............ccccceeeeeeerennnes 217
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exclusive taH. uvarumfermentations (left) an8. cerevisiaéermentations (right)......... 222
Figure 1V.B. 10i Barcodes obtained through metabolomic profiling of the
fermentation of natural must with A). uvarumandS. cerevisiaé sequential inoculation; B)
single inoculation witl. cerevisiae These barcodes indicate presence (1) or absence (0) of
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Figure IV.B. 11i Volcano plots indicating the peaks with significant intensities
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Figure IV.B. 127 Overall comparison of the evolution of peaks between the end and
the beginning of fermentation, being represented the peaks exclusive to the sequential
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Figure IV.B. 13i Heatmap demonstrating thé uvarumMJT198 genes that were
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Figure IV.B. 1471 GO functional categoriedistribution according to the gene set size
that originated them. A) GO categories upregulated at 72 hours and B) GO categories

downregulated at 72 NOUIS...........uuiiiii e e e e 232
Figure IV.B. 151 Gene Set Enrichment Score Analysis (GSEA) with the most
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Thesis Outline

The budding yeaSaccharomyceserevisiaethe key species in vinification, is not very
frequent in grape musts and is therefore usually inoculated in the form of commercial strains.
Differently, otheryeasts are naturally present in grapes and contribute for what is known as the
A mi crterircalwhi ch refers to the specific microc
yeasts and fungi, that inhabit a particular vineyard or winemaking region, influencing the
characteristics of the wine produced there.

The recent years of extensive advances in molecular microbiology approaches to
understand how these microbial communities interact with each other showed that wine
microbiota plays an important role in modulating its aroma and flavor. This thesis isdfocuse
on the study of yeasts belonging to the poorly characteBaedharomycodacedamily, a
sister family ofSaccharomycetacegghat includesS. cerevisiagand that includes species
belonging to the genendanseniasporaand Saccharomycodeghat are preslent in grape
musts especiallyHanseniasporapecies. In the introductory chapt&h@pter I) an historical
perspective on winemaking practices and wine consumption is provided, detailing its
significance in human society and a description of its underneath microbial diversity. It is also
detailed the impacts of NeBaccharomyce¥easts (or NSYs) in wine aroma (primary,
secondary, tertiary) properties, along with a description of what are, currently the trends of
their use as biflavourants.

Chapter |1, the first chapter of results, describes the first wigaleome sequencing of
a Saccharomycodelidwigii strain, UTAD17 that has been isolated from a wine must in
Portugal 6s Douro region. Not abl yistincegenomi¢t ant t
features (especially compared to sister species dfiimseniasporayenus) that may help to
explain its tolerance to this chemical preservative. Additionally, a comparative genomic
analysis encompassing a broader rangeas$t species belonging to multiple genera (including
Candida Pichia, Hanseniasporaand Saccharomycggevealed that UTAD17 encodes a few
unique proteins not found Hanseniasporauch as a set betamannosyltransferases that are
believed to significantly impact the structure of the cell w@lapter Ill continues the
exploration ofSd. ludwigij this time addressing a phenotypic and genomic characterization of
Sd. ludwigiiBJK_5C, a strain collected from an apple cider vinegar facility. Karyotyping for
this strain, along with the previously used UTAD17 strain, revealed notable differences in

genomic architecture afhe speciesRelevant genotypphenotype assessments, based on
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comparative phenotypic and genomic analyses of this strain along with UTAD17, were put
forward concerning the different ability of the strains to grow on different carbon sources, their
different levels of tolerance to sulfur dioxide or to acetic acid;thatt different capabilities

to ferment natural musts obtained from red and white grape varieties.

Chapter IV A focuses on thélanseniasporagenus, addressing the potential role of
these species in modulating primary wine aroma, something that has been little addressed since
most literature focused the use of these species as modulators of secondary aroma. Extensive
phenotyping of a collectioof yeasts recovered from Moscatel Galego, a terpehegrape
must, led to the identification of several higgtaglucosidasgroducing strains, among which
H. uvarumMJT198. This strain was further characterib®an the genomic point of view and
using extensive comparative genomic analysis with a number of publicly available
Hanseniasporgenomes (herein annotated for the first time) two candlutgeglucosidase
encoding genes are proposed to be underneath the observed phenotypes. Additionally, it is also
described in this chapter the successful exploratidth ofvarumMJT198 as a cadjuvant of
S. cerevisiagn fermentations of Moscatel Galego natural must, resulting in wines with
enhanced content of free penes.

In Chapter 1V B, we continue the exploration of the results obtaineH.imvarum
MJT198 natural must fermentations, performing an untargeted metabolomic analysis of the
impact of this yeast in the supernatant of the fermentation and, necessarily, in the overall
metabolome of the wine produced by the consortium, in comparison witméseobtained
with singlecultures ofH. uvarumor S. cerevisiaeA molecular analysis, based on RNA
sequencing, was also undertaken to understand Hhowvarumgenomic expreson was
impacted by the caultivation, an approach that is innovative since what has been performed
in the literature in the field was much more focuse® oterevisiabut not on the canoculated

Non-Saccharomyceseasts (NSYS)
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Chapter I. Introduction

Parts of the work described in this chapter are included in the following paper:

Tavares MJSantos D, Seixas |, Mendes Ferreira A, Mira Mfne aroma, a tale of

molecules, enzymes and microbes: emphasis on the role of Yeasts. (submitted)
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[.1 Tracing the Intertwined History of Wine and Humanity 1 A Journey of
wine History

Winemaking has been linked to human civilization since ancient times. The origins of
this practices date back to the Neolithic period, with the oldest evidence of wine production
spanning from Georgia around 6000 B@:Govern et al., 201, Estreicher, 201)/ Iran around
5000 BC(Estreicher, 201;7Voigt, 1983 and Armenia around 4100 B(Estreicher, 2017
where the oldedtnown winery was discovere@Keushguerian & Ghaplanyan, 2015 his
early start indicates that the cultivation and fermentation of grapes began almost concurrently
with the dawn of agriculture. Some historians suggest even that the cultivation of grapes for
winemaking might have been one of the primary reasonsiéodévelopment of agriculture
(Bode, 1992 The ease of transport and storage, compared to other foods, is believed to turn
wine into avaluable commodity for the producing communities, positively influencing
agricultural practices and tragBode, 1992 The spread of winemaking coincided with the
expansion of ancient civilizatioriBode, 1992 The Egyptians established a royal winemaking
industry around 3000 B(/erstreperet al., 2006 after grape cultivation was introduced from
the Levant, a region that embraced viticulture since the Bronze Age and maintained it until the
decline of Byzantine ruléRobinson, 1994) This tradition, eriched over times, left an
inheritance for the Greeks and Rom&R®ebinson, 1994)The ancient Greeks provided an
indelible mark on oenology, nurturing unique grape varietals and inventing practices such as
resinlined wine vessels, an ancestor of the aromatic RefRiobinson, 1994)The Romans,
inheriting this legacy, were instrumental in refining winemaking techniques, integrating wine
into the daily fabric of their societfRobinson, 1994)Historically, wine has been more than
just a beverage, holdingjgnificant cultural and religious importance. In fact, wine's role in
religious ceremonies spans various cultures and times: ancient Greeks and Romans revered the
wine gods, Dionysus and Bacchus, respecti¢ébrriano, 201 it has been a part of Jewish
rituals since Biblical times and is central to Christian communion pra¢M&Sovern, 2013
Outreville, 202). Even in Islamic history, despite prohibitions against alcohol, wine's
distillation for medicinal purposes was (and is still) naablayyan,1935.

Wine also played crucial roles in shaping economies and societies, as previously said.
In ancient Greece, wine began as a staple but grew into a significant economic driver, with
Greek wine being widely known and expor(8adde, 1992Li et al., 2018. The wine industry's
impact is also evident in events like the French Revolution, where a wine tax contributed to the

social upheaval leading to the fall of the monarn@bigck, 2012)Additionally, in society, wine
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has often been associated with celebration and social gatherings. It is a symbol of joy,
prosperity, and is used in various ceremonies, from religious rituals to weddings and communal

celebrations.

[.1.1The dynamic ecosystem of wine fermentation: exploring endogenous and inoculated
yeasts

AWine is the most healthful

Louis Pasteur
Despite its prevalence and ordinary consumption, wine is distinguished by various

characteristics that render it unique and distinct across regions, vintages, anchgedpks.
An experienced wine taster can discern over a hundred different aromas, contributing to the
wine's complex bouqueFigure I. 1). These aromas depend on factors ranging from the grape
variety, which itself carries genetic information that can express a spectrum of scents from the
subtle fragrance of fresh berries to the flowery undertones of roses; to the mitzobial
where the unique yeast and bacteria in the vineyard environment influence fermentation and
introduce distinctive flavorse(g., buttery notes or sharp, tangy accents). The fermentation
conditions, such as temperature and duration, also play a critical role, with cooler fermentations
preserving fresh fruit aromas while warmer conditions might encourage the development of
spicier, nore robust notegMolina et al., 2007 Killian & Ough, 1979 Torija et al., 2003)
Lastly, storage methods, includingettype of vessel in which the wine is adbd it stainless
steel, which maintains a wine's crispng3ghler et al., 2023Viontalvo et al., 2024 or oak
barrels, which can impart a vanilla richneBshave et al., 2021ssalssa et al., 202}, along
with the length ofaging, further shapes the wine's profile, rounding out flavors and adding

layers of complexity to the final product enjoyed by consumers worldiBiyger et al., 2011)
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Figure I. 1- Wine Aroma Wheel. The wine aroma wheel is one of the tools used by wine tasters to characterize the sensory
profile of a given wine during a wine tasting event (Schuring, 2019).

The aromatic complexity of wine is intricately linked to the dynamic interaction
between its alcohol content and the many chemical compounds that contribute to its mouthfeel.
The alcoholic content of this beverage results from the fermentation procdaatéacby
yeasts, such aS. cerevisiagwhich convert natural grape sugars into ethanol and carbon
dioxide. While modern understanding attributes the production of wine to specific yeast
species, the historical context had winemaking surrounded by mgstend mystery. In
ancient times, the phenomenon of fermentation, transforming grape juice into a complex,
aromatic, and alcoholic beverage, was often credited to spiritual or supernatural entities
(Chambers & Pretorius, 201@uring the Middle Ages, empirical knowledge led winemakers
to observe the froth on fermenting casks, using it to inoculate the nexd kapmtmitive form
of yeast inoculation, marking a crucial development in winemakimger, 2004)

The turning point came in 1680 when Dutch naturalist Anton van Leeuwenhoek became
the first to directly observe yeast cells through his developed [¢@besnbers & Pretorius,
2010) (Figure 1. 2). Two centuries later, Louis Pasteur postulated that these microscopic
organisms were the key to fermentation, capable of imparting diverse flavors to wines from the
same grape@Chambers & Pretorius, 20,10olly et al., 2014)Emil Hansen's groundbreaking
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work in 1890 led to the isolation of pure yeast strains. Dr. Hermann Mithi@rgau then
employed these strains as starter cultures for winemaking, marking a pivotal moment in yeast
utilization (Verstrepen et al., 200&€hambers & Pretorius, 2010lardi & Romano, 2023)
(Figure 1. 2). This newfound knowledge surrounding yeasts paved the way for the emergence
of the first commerciaB. cerevisiaeultures in 1965Kigure I. 2). Winemakers embraced
these innovative biological products to enhance predictability in fermentation speed and overall
wine quality, especially in regions with limited winemaking traditions, thereby marking a
significant stride in the evolution of winekiag practicegGarcia et al., 2016)

Anton van Leeuwenhoek
observes yeast cells using
the microscope.

Hermann Miiller-Thurgau
introduces the practice of
wine inoculation with pure

Louis Pasteur describes fermentation
as an anaerobic process undertaken

by microbes, such as yeast and
bacteria, to yield energy.

The first commercial
active dry S. cerevisiae
yeast strains were

The term Saccharomyces

S : Emil Hansen refines
cerevisiae is used by Julius

Meyen to name the budding yeast Louis Pasiens technique produced for a large
for 1501"’3{% pure yeast winery in California.
cultures.

Figure 1. 2i Historical milestones surrounding the knowledgeSofcerevisiaeand yeast fermentation process. The first
microscopic observation @&. cerevisiaeells was in 1680, by Anton van Leeuwenhoek. This milestone was the first step
towards the creation of the first commercial dry inoculum for wine fermentation, that revolutionized winemaking. This
illustration was specifically prepared for this thesis.

The evolution of genomics, catalyzed by the publication of the $rsterevisiae
genome in 1996, enabled the broadening of knowledge conceh@rmydding yeast. The
expansion to wine strains unveiled the genomic nuances specific to the winemaking
environment, laying the foundation for the study of other yeast gérigtare 1. 3). Although
broadly used and commercialized in the winemaking context, the prevalence o$.wild
cerevisiaestrains in vineyards is scarce when comparing to other yeast d&a et al.,

2016 Cray et al., 201, 38Boulton et al., 1999)n fact, there are several other wiredated yeast

species that inhabit wineries and vineyards, that differently contribute to wine fermentation.
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However, the high predictability &. cerevisiagrompted the development of commer@&al
cerevisiaestarter cultures for wine productioa.g.,S. cerevisia&EC1118S. cerevisia€A23,

S. cerevisia®IN13) which made wine fermentations conducted with these strains much more
reliable and faster, compared to spontaneous fermentakimus€ I. 3).

The vast majority of these other yeasts do not belong t8dabeharomycegenus and
therefore they are known as N8&accharomycesreasts (or NSYs). Today, there are
recognized 149 NSY genera which comprise nearly 1,500 sgg@olbset al., 2014Kurtzman
et al., 2011) 40 of these being commonly isolated from grape mest.,(Hanseniaspora
uvarum Torulaspora delbrueckiMetschnikowia pulcherrimgJolly et al., 2014Ciani et al.,

2010) Historically, NSYs were deemed of importance and were mostlyrdedgaas
undesirable due to their capacity to cause spo{lagly et al., 2014)This association resulted

from NSYs being inefficient fermenters with a low tolerance for ethanol and thus these species
were commonly isolated from contaminated musts, being linked to undesirable outcomes in
wine quality, such as elevated volatile atyidevels (associated to acetic acid production),
turbidity, or sedimentatiorfJolly et al., 2014 Padilla et al., 2016)Nevertheless, ancient
winemaking practices, which haleng involved spontaneous fermentations, acknowledged
the relevance of indigenous yeast presence in grape must to enhance particular characteristics
in the resulting winegJolly et al., 2014)Therefore despite posing a higher risk of spoilage

and presenting challenges in the control of the winemaking process, wines fermented
spontaneously exhibit heightened organoleptic properties, including superior mouthfeel and
distinct aromas anflavors (Jolly et al., 2014 Fleet, 2003 Fleet, 2008) These contrasting

features led to a scenario in which NSYs are friends, besides being foes.
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The Australian Wine Research Release of the first complete
Institute publishes the first genome sequences of Non-
genome sequence of a S. Saccharomyces yeasts with

cerevisiae wine strain relevance in winemaking.

(AWRI1631)

André Goffeau and colleagues
publish the first genome
sequence of a laboratory strain

of S. cerevisiae (S288c)

N I
Construction of the first The AWRI published the ¥ S S N
llection of S. cerevisiae § & §° ¥
collection o genome sequences of 4 more &9 & S
disruption mutants, enabling S. cerevisiae wine strains gg’ F
high-throughput functional (AWRI796, QA23, VIN13, Q?’
genomics VL3)
Figure . 3i Mi | estones in yeasts® genomics, with interest in wi

laboratory strairS. cerevisia&288cto the senquencing and analysis of wiakated NSYs, such dorulaspora delbruecki,
Hanseniasporauvarum, Hanseniasporaguilliermondii, or Saccharomycodekidwigii. This illustration was specifically
prepared for this thesis.

I.1.2 The impact of Non Saccharomyce¥ easts in winemaking

Wine-related NSYs include those found on grapes or in vineyards; in wines (whether
healthy or spoiled); or associated with thimery/cellar structure and equipment or with the
corks(Boulton, 1999) Insects have also been identified as important carriers of these yeasts
into fermenting mus{Jolly et al., 2014 Stefanini, 2018Fogleman et al., 1982Numerous
external factors impact the presence and diversity of the-agiseciated NSY community
(Jolly et al., 2014) including the geographic location, climatic conditions, pesticide
application, grape variety, the stage of ripening, grape health, harvesting methods, and specific
weather conditions in each vintage have all been found to influence the yeast community
associated to grape mugBadilla et al., 2016 Hygiene practices, coupled with the consistent
use of sulfur dioxide (S£ that is for long used to control microbial activity in musts, also

affect the yeasassociated wine communitié€¥olly et al., 2014§Figure I. 4).
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Figure I. 4i External factors impacting wine yeast communities. Numerous external factors impact the presence and diversity
of the wineassociated NSY community, including greographic factesg, climate conditions, altitude, agronomic practices

(e.g, use of pesticides or fertilizers, harvesting methods), sanitation praetigesige of antiseptics and wine preservatives),

or graperelated factorsg.g, grape variety and ripeness).

Despite these variations, the NSYs species identified on grapes and in wines exhibit a
notable similarity worldwid€Jolly et al., 2014) Specifically, in the initial days of spontaneous
fermentation of grape must, the yeast population is predominantly composed of apiculate yeasts
essentially belonging to thi¢anseniasporé&loeckera(the teleomorphic and anamorphic state,
respectively(Jolly et al., 201%1andCandidagenera. This is followed by several species from
the generaMetschnikowiaand Pichia, and occasionally, species fronBrettanomyces
KluyveromycesSchiz@accharomycesTorulaspora Rhodotorula Zygsaccharomycesand
Cryptococcusgenera(Jolly et al.,, 2014 Padilla et al., 201,6Fleet, 2003 Fleet, 2008
Lambrechts & Pretorius, 200Bretorius, 2000Barata et al., 2000Yypically, these yeasts are
divided into three main groups that try to cluster them according with their metabolic
capacities: i) primarily aerobic yeasts; ii) apiculate yeasts with low fermentative activity; and
iii) yeasts wih fermentative metabolisidolly et al., 2014Fleet, 1998Combina et al., 2005)
(Table I. 1).
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Table I. 1- Non-Saccharomyce¥ easts found in wine. The abundance of NSYs in wine fermentation gradually changes
accor di ng ¢haracteristies. ienca, $ntthé fermentation onset, primarily aerobic yeaRiika sp. orCandida

sp) dominate the yeast communities, being replaced by apiculate yeasts with low fermentative ability (like those from the
Hanseniasporayenus). In the end of fermentation, there is a predominance of yeasts with fermentative metabolism, such as
Zygaosaccharomycebailii (Jolly et al., 2014; Fleet, 2003; Fleet, 2008; Combina et al., 2005).

Non-Saccharomyces

Fermentation stage Genus Species
group
P. kluyveri
Pichia P. fermentans
P. guilliermondii
Aerobic yeasts Fermentation onset Debaryomyces D. hansenii
Rhodotorula R. mucilaginosa
Candida C. stellata
Cryptococcus €, ellafelus
yp C. laurentii
Apiculate yeasts with H. uvarum
. Early stages of . - .
low fermentative . Hanseniaspora H. guilliermondii
o fermentation ) ,
activity H. occidentalis
KIuvveromvees K. marxianus
. y y K. thermotolerans
Yeasts with !
. . Torulaspora T. delbruecki
fermentative End of fermentation ; . .
: Metschnikowia M. pulcherrima
metabolism o
Zygaosaccharomyces Z. bailii
Saccharomycodes Sd. ludwigii

During fermentation, with the increasing concentrations of ethanol, the abundance of
each yeast varies sequentialiigure 1. 5). For instance, in fresh must and in the early stages
of fermentation, there is a prevalence of aerobic aralt fggmentative yeasts, suchRishia
or Candidg but these successively replaced by others that can endure progressively higher
ethanol concentrations. Adding to the intoxicating effects of ethanol, the combined effects of
decreased nutrient availability, 3@r oxygen deficiency will also cause impact in viability of
the different yeast species. Interestingly, directi teltell contacts in the presence of high
concentrations of viabl8. cerevisiageasts has also been found to be an important meschani
by which the viability of NSYs can be reducdally et al., 2014Nissen et al., 2003)
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Figure 1. 5i Microbial evolution during wine fermentation. In the early stages of fermentationSHotharomyce¥ easts
dominate the wine must, due to low alcohol contents, being gradually replaBeddrngvisiacAdapted from Ghos(R015.

[.1.3NSYs and wine aroma A chemical dance of grapes and microbes

The influence of NSYs on wine flavor is dependent on the concentration of metabolites
they produce, which is intricately correlated to the activity of the producing syfdolbset
al., 2015) Environmental conditions in the must including high osmotic pressure, an equimolar
mixture of glucose and fructose, the presence o$, S0boptimal growth temperature,
increased alcohol concentrations, anaerobic conditions, and variable nutrient levels, all play
crucial roles in shaping the survival and growth dfedéent yeasts and, consequently, their
impact on wine aroma. Wine aroma is a complex concept that usually combines the definitions
of aroma, flavor and bouquet. While the aropeat seis defined as the mixture of odorous,
volatile compounds; wine flavor is the overall sensory impression of both aroma and taste
compounds, encompassing more complete factors such as acidity, alcoholic strength,
astringency and bitternedsambrechts & Pretorius, 200CGanon et al., 2022.in et al., 2019)
Additionally, the wne bouquet is a broader concept, aggregating other factors that contribute
to the overall sensorial perception of this beverage, such as grape variety, microbial terroir,
fermentation conditions, microorganisms inoculated, aging or bottling. Hence, thigiatefin
of wine aroma bouquet encloses the overall sensory experience taken in all steps of wine
production(Robinson et al., 2014Ruiz et al., 2019)There are three main categories of wine
aroma Figure I. 6) varietal, or primary, that is the aroma fraction related to the grapes;
secondary, dependent of the fermentation process; and tertiary, connected to the aromas

developed during the aging procéBsiiz et al., 209; Belda et al., 2017a)
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Figure 1. 6- Wine Aroma. The primary aroma, or varietal, of wine originates in the grapes and is composed by free aromatic
molecules and glycosylated precursors; The secondary aroma is the fermentative aroma that arises upon yeast activity; the
tertiary aroma is the ptfermentative aroma, originated during wine agifgis imagewasespecially prepared to be included

in thisthesis.

I.3.1 Primary Aroma

Wine primary aroma (also called varietal) is obtained from the principal flavor
compounds in grape mufRuiz et al., 2019and originates from the secondary metabolites
present in grapes. This aroma can be classified into several families related with specific
descriptors, such as floral, green fruit, citrus fruit, stone fruit, tropical fruit, red fruit, black fruit,
dry fruit, herbaceous, herbal, spices, and otfietsz et al., 2019)The volatile compounds
that contribute to these varietal charactarsstof wines are terpenes, methoxypyrazines,
organic acids, tannins and precursors of aromatic aldehydes and volatiléSkygksr et al.,

201% Chen et al., 2022However, most of these compounds are present in wine in the form

of watersoluble glycosides or conjugated with amino acids, an issue that hampers their
aromatic potentia{Styger et al., 2011Belda et al., 2017aelda et al., 2017)For instance,
although monoterpenes can be found as free volatile compounds, they are present at much
higher concentrations in a naadorous form, linked to sugar moleculgzaffrey & Ebeler,

2021) These compounds can, however, be released through the hydrolysis of the glycosidic
precursor, achievable by micrebeediated enzymatic degradatidichimayr et al., 202]1de

Ovalle et al., 2021 Hence, although it is true that the primary aromaves from grapes, it is

also true that microbial activity (either endogenous, from the microbiome, or exogenously
added) can modulate its perception through the secretion of glycosidases and peptidases that
break the glycosidic bonds, releasing the teegeinto their volatile forniMichlmayr et al.,

2021, GonzalezBarreiro, 201%.
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I.3.1.1Terpenes: Monoterpenes, sesquiterpenoids and norisoprenoids

Terpenes, or isoprenoids, are organic compounds consisting of isoprenec@ live
building block) and represent the largest class of natural products, encompassing different
isomers and enantiomgBuckle, 2015) Their distinctive carbon skeleton facilitates clustering
in monoterpenes, sesquiterpenes, diterpenes, triterpenes, depending on whether they harbor
two, three, four, or six isoprene units, respecti@yckle, 2015 Aldred, 2009 Mosquera et
al., 2021) In plants, these compounds are resgmasfor a wide range of basic cellular
processes, such as respiration, photosynthesis, growth, development, reproduction, and
adaptation to environmental conditiofNinkuu et al., 2021Singh & Sharma, 2015Yolatile
terpenes are also believed to have a major contribution in plant defense, by serving as airborne
signals that induce defense response in undamaged parts of the plant, and also by inducing
responses in neighboring plaitsn et al., 2019Wang et al., 201;%harma et al., 2017The
most rel@ant functional present in terpenes are alcohols, but some terpenes contain ketones or
exist in an oxidized form (being known in this case as terpenoids) harboring a basic isoprenoid
structure coupled with an oxygeontaining ring(Jackson 2008. In wine, monoterpenes
(with a C10 skeleton) are largely dominant, but sesquiterpenes (C15 compounds) and C13
norisoprenoids can also be found in significant quanii8é&sghenaui& Ugliano, 2018, Song
et al., 2018) Both monoterpenes and sesquiterpenes derwe fsopentenyl pyrophosphate
(IPP) Figure I. 7) (Wang et al., 2019)Usually located in the grape skin, monoterpenes are
synthesized in the plastid through the -@@thytD-erythritol4-phosphate (DOX/MEP)
biosynthetic pathway, while sesquiterpenes are synthesized in the cytosol following the
mevalonate (MVA) pathwayHgure 1. 7) (Wang et al., 2013Carrau et al., 2008lack et al.,

2015) In both pathways, synthesis of the final terpene involves the enzyme terpene synthase
(Carrau et al., 200&arrau et al., 2005)

Contrasting to monoterpenes and sesquiterpenes that have a dedicated biosynthetic
pathway, Clahorisoprenoids result from the degradation of {metatenoids, which is an
independent process that occurs in the chloropfague I. 7) (Black et al., 2015)As said
above, although terpenes are typically volatile, a considerable portion of these compounds exist
in the must complexed with glycosides, or asaditriols, which are not aromat{€affrey &

Ebeler, 2021 Michlmayr et al., 2012Carrau et al., 20Q8artin et al., 2016Zerbib et al.,
2018 Mateo & Jiménez, 2000Hence, recent studies have shown increasing interest in

breaking these complexes, to release the terpenes and increase wine aromatic complexity.
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Monoterpenes

Monoterpenes are cyclic molecules composed of two isoprene units, known to have a

significant impact in modulation of wine aroma due to a potent aromatic footprint resulting

from a very reduced sensorial thresh@@hffrey & Ebeler, 2021Jackson, 20Q8-lamini et

al., 2018) In fact, more than 50 monoterpenic compounds have been isolated from wines

including linalool (associated to citrus and flowery aroma)}h@jienol (flowery), citronellol

(green citrus), geraniol (roselike), nerol (rdge), (-)-cisr 0 s e

oxi de

(gerani un

terpineol (floral, woody)RibéreauGayon et al., 2006(Figure I. 7; Figure 1.9A). Grape

cultivars can be grouped according to their total free monoterpene concentration, being

classified as neutral, if terpenes are present at very low concentraign<fardonnay);

aromatic, if concentration of monoterpenes is betwedmig/L (.9.,Riesling); and Muscat

49



if the concentration of monoterpenes is close to 6 mg/g.,(Muscat blanc or Muscat of
Alexandria) (Lin et al., 2019) Linalool and geraniol have the most importance in Muscat
grapes(Mateo & Jiménez, 200M)eing responsible for the floral, fruity and citrus aroma of
their corresponding wine¢Styger et al., 2011)Significantly, the interactions between
combinations of monoterpenes and their metabolites results in a very characteristic spectrum
of flavor intensities among Muscat varietigsn et al., 2A9; GonzalezBarreiro et al., 2015
Aldred, 2009) As stated before, glycosylated forms of monoterpenes are the more common
form of these molecules (circa ~90%jdure |. 8) found in grape varieties such as Muscat,
Sylvaner, Weisser, Riesling, and Gewdrztramifuén et al., 2019 Mateo & Jiménez, 20Q0
RibéreauGayon, 200k Terpenes can be found bound to disaccharides such as
arabinoglycosides/vicianose (in which the terpene is bound to an arafinosse
saccharide), apioside/acuminose (in which the terpene is bound to an-gipose
saccharide), and rhamnoside (inigfhthe terpene is bound to a rutin@gaecose saccharide)
(Moreno & Peinadp2012.

Eree aroma oorr.poungl

|-OH -OH 1 >

G O . Cw
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R = Various monoterpene _OH L OH
alcohols 2

A 4 v (l)u
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K OH ) Ko /' ) —ou
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HO CH?I | HO Al OH _A<OH
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Figure I. 8- Glycosidic precursors and free odorless polyols are present in the grape, being a reserve of odorless precursors in
the fruit. Adapted from Jackson et §2008.

Breaking of the glycosidic bond iocrease the release of free monoterpenes, can be
achieved enzymatically or by acidic hydrolysis. While acidic hydrolysis occurs very slowly
during wine storage (although it can be accelerated by heat indutianyhezAcevedo,

2024, enzymatic activity is more frequent as the result of the secretibataflucosidase
hydrolytic enzymes by plant cells or by microorganisms present in the fermentation must
50



(Dzi adas &. Theeattieitgqof beRpludosidase enzymes is particularly relevant in
white wines, due to their high levels of bound terpdRresnande®acheco, 2021being less
relevant in red cultivars as their activity can also result in loss of color due to anthocyanin
breakaggBehrens, 201.8Monteiro et al., 2019)Despite this, the use of bejhucosidases
improved the organoleptic profile of wines obtained with Shiraz, a red grape \(daekgon,
2008)

Sesquiterpenes

Sesquiterpenes are a terpene subclass with 15 carbon atoms and three isoprene units
(Figure 1. 7) (Li et al., 2020) These are widely used in the perfumery industry, due to their
aromatic properties and abundance in plant(liie the ones obtained from carrots or ginseng)
(Slaghenaufi & Ugliano, 2018; Li et al., 202@ased on the number of their carbon rings and
chemical structure they can be classified as acyclic, monocyclic, bicyclic, tricyclic and
tetracyclic, and can also be grouped according to the number of egggtaining group$Li
et al., 2020 Cincotta et al., 2015)In wine, several descriptors have been associated with
sesquiterpenes, such as t helidta]2020Woopetgd per 0 a
2008)originated by rotundone, an oxygenated bicyclic sesquitergenetsal., 2020) Besides
rotundone, there are other sesquiterpenes that can be identified in grapes and wine (97
compounds have been identified), such a@phalangene, betacaryophyllene, alpha
caryophyllene, and germacrene D, and oxygenated sesquiterpenes, including farnesol and
nerolidol Figure I. 7, Figure 1. 9B) (Li et al., 2020) All sesquiterpenes identified in grapes
are derived from farnesyl diphosphate that originates a farnesyl carbocation, that, depending
on the downstream pathway can originate different mole¢ulesal., 2020K6nen and Wust,
2019 Smit et al., 2019).
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Cl3-isoprenoids

Contrasting to monoterpenes and sesquiterpenes, whose biosynthesis originates in the
common ancestor isopenterpyrophosphate, IPP, the Gh8risoprenoids detected in wine
are produced from carotenoi(Black et al., 2015RodriguezBustamante & Sanchez, 2007
De Luca, 2011l)via a threestep reaction, that starts with the oxidative cleavage (using
molecular oxygen as a receptor for the electrons) of the carotenoid by a carotenoid cleavage
dioxygenase, which results into C13 subunits. The resulting metabolites can be then furt
enzymatically transformed, through glycosyltransferases, invotatile C13norisoprenad
glycoconjugateqBlack et al., 2015De Luca, 2011) An example of this reaction is the
conversion of zeaxanthin or lutein inteh@droxy-betaionone and 42limethyldodeca
2,4,6,8,10pentaend ,12dialdehyde, catalyzed by the enzyme carotenoid cleavage
dioxygenasé€De Luca, 2011fFigure I. 10).

As is the case for the other terpenes, most terpenoids are also found in grapes in their
glycosylated forms, usually more abundant (two to three times) in skin than in the pulp of the
grapes (Black et al., 2033De Luca, 2011).When free, Cl1aorisoprenoids provide aromas
related with eucalyptus odor (produced by isomers of vitispir@iagk et al., 2015De Luca,

2012, Cheynier et al., 2010j)ea (theaspiran€Black et al., 2015Cheynier et al., 2010)ose

and exotic flowers (betdamascenonejBlack et al., 2015 Cheynier et al., 2010)
raspberry/violet (betéonone)(Black et al., 2015)but alsokerosene (TDN 1,1,6trimethyk
1,2-dihydronaphtaleneFigure I. 10B) (Black et al., 2015Cheynier et al., 2010Much of the
differences observed in the typical aromas of a particular wine cultivars are attributed to C13
norisoprenoids, which is the case of TDN in Riesling wines thed dtaaracteristic petrol notes
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(Black et al.,

2015Cheynier et al.,

2010Although the kerosene notes are well noticeable in

these wines, TDN is not easily detected in grapes and must. Instead, it is much more frequent

to find

particularly abundarin grapes cultivated in sunny regigiack et al.,

its precursors (like 2,6,10a6tramethyll-oxaspiro[4.5]dec®,6-dien-8-diol),

2015)Besides TDN,

the most important C18orisoprenoids in wine are betamascenone and beatamore (Black

et al., 2015De Luca, 2011Cheynier et al., 2I0). Betadamascenone adds the aroma of roses

and honey, increases the aromas associated with ethyl esters and decreases methoxypyrazines

related aromagBlack et al., 2015)Since the concentration of this compound highly decreases

with aging, its effects are more pronounced in young wines than in-agedlone$Cheynier

et al,,

2010) Betaionone, attributes the aroma of violet and raspberry, and ubbka

damascenone, its concentration is not reported to decrease ov@Blatieet al., 2015)
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1.1.3.1.2The evolution of terpene concentration and profile with wine aging

The concentration of terpenes has been reported to change along wige daekson,
2008) which also impacts the type, and th@portions of terpenes present in aged wines.
Although some increase in content is noticeable, because of the release of previously bound
terpenes, the majority of the observed changes results in loss of tezfsad aromadg~{gure
I. 11) (Jackson, 2008)This occurs due to oxidations that may happen because of the higher
temperatures and acidic conditions registered during ageing, resulting in a gradual substitution
of monoterpene alcohols to monoterpene oxides, whose sensory thresholds are 10 teanes high
(Jackson, 2008)A paradigmatic example is linalool that can be oxidized, via aniépoto
four oxides (cisand transfuran linalooloxide and cis/ trans pyran linalool oxide), all with
higher sensorial threshold leggMarais, 1983)These changes are more significant in grape
varieties that depend largely on monoterpene alcohols to express their characteristic aroma and
fragrance, such as Mus¢aackson, 2008Yhe conversion of geraniol into alpkerpineol and
nerol Figure 1. 11A) is another modification registered to occur during ageing, which
inevitable changes wine aroma from a more floral scent to a mustjikgrexzent, associated
t o-terpineol Figure I. 11A). Other chemical modifications include the occurrence of
cyclization, in which the terpene is transformed into a lactone; or conversion into a ketone,

s u ¢ h-aa dionéne, or spiroethers, such as vitispg@iackson, 2008)

Linalool a-Terpineol Limonene Terpinolene

Main products

N A on\\of
NS

Neral Geraniol Geranial TMVP

i Sé“ Compound  Olfatory perception threshold (! g/L)

Limonenc a-Terpincol " _tap| neol 400
Main product

Citronellol 18
o ™ Geraniol 130
) ] ™™ Linalool 50

~
Nerol 400

A) Terpinolene MHO Nerol B)

Figure I. 11- A) Terpene interconversion. During aging, the terpene profile of wines can be altered due to acid catalyzed
reactions that can occur. For instance, during -terpire@de reacti
and nerol. BSensory thresholds of the main monoterpenes found in wine. Adapted from Demyttenaeg(2080aand Cus

et al.,(2013.
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[.1.3.2 Pyrazines and volatile thiols

Besides terpenes, methoxypyrazines are gdapeed compounds associated to the
vegetal, green, and herbaceous aromas that characterize the Bordeaux cultivars, such as
Sauvignon Blanc, Cabernet Sauvignon, Cabernet Franc, Merlot, or Carmenére. Other
descrptors include bell pepper, vegetal and eartRigyre 1. 12). Methoxypyrazines are
powerful odorants with very low perception thresholds2(Ing/L), with isobuty
methoxypyrazine being the most relevant3(b ng/L) (Ruiz et al., 2019) Isopropy}
methoxypyrazine and sdumityl-methoxypyrazyne can also be found, however at lower levels
(Padilla et al., 20L6Allen & Lacey, 1998)

HaC_CHs _N._OCHjs
\ C
= J CHj
( IT '
A) B)

Figure I. 121 A) 3-isobutyt2-methoxypyrazine (IBMP) and B)}i8opropyt3-methoxypyrazine (IPMP) are the most common
methoxypyrazines found in wine. These compounds resemble the vegetal aromas (green bell pepper and grass, respectively)
that are characteristic to some grape cultivarg. (Cabernet Sauvignon).

Volatile thiols are organic sulfur derivates particularly relevant in some vine cultivars
such as Sauvignon BlariPadilla et al., 2016)ut that have a very low sensorial threshold.
Examples of volatile thiols are-#ercapted-methylpentarR-one, 3mercaptohexandl, and
3-mercaptohexyl acetate, that largely contribute to descriptors of passionfruit, grapefruit,
gooseberry, blackcurranychee, guava and box hed@viegers & Pretorius, 2003wiegers
& Pretorius, 2005) Volatile thiols are mainly foundh their nonvolatile form, by being
conjugated to cysteine or glutathione moietieigre 1. 13B). Enzymes, like carbesulfur-
lyases release volatile thiols from their cysteinylated precursors4&j4> and Cys3MH),
having, like betaglucosidases an oenological interest in enhancing wine varietal characteristics
(Padilla et al., 2016Tufariello et al., 2021)
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Figure I. 13- Volatile thiols are usually conjugated wigtutathione or cysteine molecules, beingvotatile. Once released,

their aromas resemble passionfruit and grapefruit, being very common in grape cultivars such as Sauvignon Blanc. Adapted
from Roland et aJ (2010).

l.1.4 Microbiological effect on the final concentration of terpenes in wine

The concentration of free terpenes in wines, although intimately related to the grape
variety, can also be modulated by microbial activégpeciallyby species encoding beta
glucosidases, capable of releasing bound terpenes into their volatile form. Microbial beta
glucosidases encoded by yeasts belonging t8dlcseharomycesr nonSaccharomycegenera
(e.g.,Debaryomyces hansenriRosi et al., 1994, D. pseudopolymorphusRosi et al., 1994
or H. uvarum- Gaensly et al., 201%Albertin et al., 201p have gained attention for wine
application due to their high activity under winemaking conditions. These enzymes show good
activity under winemaking conditions including at low pHs, low temperatures or in the
presence of high concentrations of sugar bambl(Manzanares et al., 200@hang et al.,

2020.

The disclosure of genomic sequences, together with more exhaustive phenotyping of
wine NSYs species that are part of the must microbiome, has been revealing that several of
these yeasts exhibit high/very high levelsbetaglucosidase activity such as the species
belonging toCandida Pichia, Hanseniasporar MetschnikowigespeciallyM. pulcherrima
although significant intestrain variation has been obseriddrata et al., 201%Huang et al.,
2021). Starmerella stellata(former Candida stellata) and Trigonopsis vinaria(former
Candidavinaria) are other good examples of species described to séatatglucosidases
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with high activity (Huang et al.,, 2021Garcia et al., 2018)Among the species from the
Hanseniasporagenus, H. valbyensis H. uvarum H. guilliermondii H. osmophila H.
occidentalisandH. vineaewere all reported to secrete beglacosidasediowever significant
inter-strain variation has been obsenétiiang et al., 2021Fresni et al., 2021.6pez et al.,
2015 Valera et al., 2021)

l.1.5Secondary Aroma

Wine secondary aroma appears during the alcoholic fermentatgrajmé must and is
originated from the activity of the wine microbiota, endogenous or a{ldaxpena et al.,
2021) The aromas formed during this step can be classified g@enmnentative(Ruiz et al.,
2019 Carpena et al., 202Perestrelo et al., 202Meing related to the mechanical crushing of
grapes €.9., Cs alcohols and € aldehydes, such as hexanol and hexanal, respectively
(Perestrelo et al., 2020/erzera et al., 2021)or as fermentative, originating during the
alcoholic or malolactic fermentath process€.g., higher alcohols and ester@Ruiz et al.,
2019 Carpena et al., 202Perestrelo et al., 202Verzera et al., 2021Yhe concentration of
metabolites produced during the fermentation process highly influences the wine secondary
aroma, which is mainly composed by higher alcohols, volatile fatty acids, esters or aldehydes
(Styger et al., 20%1Ruiz et al., 2019Carpena et al., 2021pue to the great diversity of the
wine microbiota, the secondary aroma is the product of a countless nafrib&ractions
between microorganisms and their enzymatic and metabolic bel{gigeet, 2003) In fact,
several studies have already shown that the chemical composition of wine is greatly impacted
by the interactions that are established between microbial species, especially between yeasts
(Jolly et al., 2014Roullier-Gall et al., 202Q) For example, Barbosa and colleag @015
have demonstrated that yegstst interactions contribute to aroma modulation, not only
because of their individual contritbon, but mostly due to changes in the genomic expression
patterns of yeasts during the coexistence in wine fermentation. Hence, species and even, strain
selection, is of high importance to obtain a wine with stylistic and distinguishable properties.
The llowing sections detail the molecules that are more prominently linked to secondary wine

aroma.

1.2.3.1Higher alcohols

Higher alcohols, also known as fusel alcohols, are pivotal compounds in shaping the

secondary aroma of win¢Sarpena et al., 2021)Vhile higher alcohols usually enhance wine
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aroma, their impact is contingent upon concentration. Beyond an average threshold of 300
mg/L, higher alcohols can impart unpleasant arof@epena et al., 2021For instance,
isoamyl alcohol and isobutanol provide desirable pepper notes in aged red wines at optimal
concentrations but may yield negative descriptors like burnt toast and old(@agzkna et

al., 2021 De-La-FuenteBlanco et al., 2016)Similarly, 2phenylethanol contributes pleasant
floral notes to wine aroma, but becomes pungent above 300(Padilla et al., 201,8Carpena

et al., 2021)

In yeasts, higher alcohol productionccurs during fermentian from the
decarboxylation oélphaketo acidsa reaction included in the Ehrlich pathway (Hazelwood et
al., 2008). Tis threesteppathway beginsvith the transamination of an aromatic amino acid
to form an alphaketo acid,which is then decarboxylated by pyruvate decarboxyilsteean
aldehydeThe aldehyde is finally reducédthe corresponding higher alcohol forfidure I.
14A) (Hazelwood et al., 2008Wsually, e amino acid precursor deternsnehich higher
alcohol is formed: valine, leucine and isoleucine yield branchadh aliphatic alcohols,
namely isobutanol, amyl alcohol, and isoamyl alcohol, respectively. Conversely,
phenylalanine, tyrosine, and tryptophan lead to the production of acoamiaohols 2
phenylethanol, tyrosol, and tryptopliblazelwood et al.,2008, Holt et al., 2019). Additionally,
other higher alcohols, like -ethylbutancil, 3or methytl-butanotl, derived from
isoleucine and leucine, respectively, are also formed gluwvine fermentatio(Ravasio et al.,
2014).However, although higher alcohol formation through the Ehrlich pathway is influenced
by amino acids availability, it has been observed that there is often no direct link between
higher alcohol production and its amino acid precursor present in the grapelims is due
to the intracellular alph&eto acids pool, which can originate from sources other than amino
acid metabolism (Crépin et al., 2017). flct, in wine S. cerevisiaestrains it has been
demonstrate thatmost alphegketo acids (>90%) used to produce higher alcohols are derived
from the Central Carbon Metabolism (CCM), through sugar catabolism, with a limited
contribution from the amino acid metabolism (Crépin et al., 2Bblero et al., 2017). This
could be explainedsthe Ehrlich pathwageems to function as a detoxification routedipha
keto acidsproduced duringugar metabolismas well as a regulatory mechanism for amino
acid metabolism and cataboligRomano et al., 2022).

The microbial metabolism of higher alcohols in wine plays a crucial role in aroma
modulation. Studies have shown that the presence of NSYs in wines, either alone or alongside

S. cerevisiaecan result in lower titers of higher alcohdlkeromel et al., 2019However,
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certain yeast species, like uvarum C. zemplininandP. anomalaare known for their higher
alcohol production, while others liké. guilliermondii H. osmophilaandP. membranifaciens
produce lower amoun{€arpena et al., 202)Vhile the conventional understanding of higher
alcohol biosynthesis in yeasts revolves around the Ehrlich pathway, recent research by Seixas
and colleagues (2023) has shed light into what appears to be a distinct pathway for higher
alcohol production iH. guilliermondii Unlike S. cerevisiaewhichmostly utilizes keteacids

from the Krebs cycle and sugar catabolism as precu(€oépin et al., 201;7Rollero et al.,

2017 Romano et al., 2022¢vidences point to the idea tlvatguilliermondiiuses amino acids
assimilated from the growth mediunfrigure 1. 14). In particular, it was found thdas.
cerevisiae synthesizes higher alcohols at high carbdrogen (C:N) ratios, whileH.
guilliermondii produces these compounds at low C:N ratios, presumably to efficiently utilize
the carbon derived from assimilated amino adidgure |. 14B) (Seixas et al., 2023[Findings
consistent with this model were also obtained for atheguilliermondiistrains(Viana et al.,

2008) and for Metschnikowia pulcherrimaGonzéalez et al., 2018ndicating that the
observations are likely not specific to the strain utilized. This study marked an important
advance on the comprehension of aroma modulation in NSYs, particularly concerning the
metabolic preferences that lead to the production of hghehols and acetate esters, pointing

that probably not all aspects of the physiology of NSYs cannot be extrapolated from the

knowledge known irS. cerevisiae

59



amino acid a-keto acid aldehyde higher alcohol

o) Bat1, Bat2 0 Pdc1, Pdc5 o Adh1-7

HIN\/K Aro8, Aro9 o\)J\ Pdc6, Aro10 )\ AadX, Sfal
e

OH_\ OH e—) H A —) R

R transamination R decarboxylation reduction
5 < Atf1-2
aml,no acid pyruvate mes—) acetyl-CoA
anabolic pathway
o
central carbon metabolism A ‘
(sugars) R O/\
A) acetate ester
Saccharomyces cerevisiae Aniiio Hanseniaspora guilliermondii
acids "
Amino
Glucose Glucose acids
Glycolysis |_ Glycolysis l
» a-keto — —  G-keto
> -> acid pool ~~~s. Growth e acid pool
pyruvate precursors pyruvate . e
g 0. = precursors
aldehyde aldehyde
~ NADH+ H Q‘-.w‘ "
EtOH &> NAD* S A A
_ AcCoA
AAT 1A/2-PE AAT Clw\ 1A/2-PE
e oA A Ac-CoA
(ath A - C .
Ethyl acetate (AL gm Ethyl acetate CoA
2-PEAC/IAC 2-PEtAc/IAc
N AT

* . & acetate esters
acetate esters
B) Favoured by higher C:N ratios Favoured by lower C:N ratios

Figure I. 14- Higher alcohol and acetate ester production in yeA}fEhe Ehrlich pathway . cerevisiaéor higher alcohol
biosynthesis. The Ehrlich pathway is a thstep reaction that begins with a transamination of an aromatic amino agid into

-keto acids, which are then decarboxylated by the enzyme pyruvate decarboxylase (PDC) into aldehydes, and finally reduced
to their higher alcohol form. Once produced, higher alcohols can be then esterified, by a condensation reaction with acetyl
CoA mediged by the enzyme acetyltransferase (AT linto their corresponding acetate esters. Adapted from Cordente et

al., (2019).B) Schematic representation of higher alcohol/ acetate ester produc8omenevisiaand inH. guilliermondii

In S. cerevisia@roduction of higher alcohols/ acetate esters is driven byda@tls produced by the Krebs cycle, whildHn
guilliermondii the precursors are the amino acids assimilated from the growth medium. IA: isoamylalcBtiol;22
phenylethanol; 2PEtAc: 2phenylethyl acetate; IAt isoamyl acetate. Adapted from Seixas et(2D23).

1.2.3.2 Volatile fatty acids

Volatile fatty acids (VFA) are, in the wine context, mostly produced throughout the
fermentation process and originate the corresponding ethyl esters, being categorized according
to their chemical carbon structy@arpena et al., 202Iyhese compounds, also known as low
molecular weight organic acids, include a group of aliphatic monocarboxylic acids with two to
six carbon atoms (C2 to C6): acetic (C2/HAc), propionic (C3/HPnRbiggric(iC4/iHBuU), i
butyric (C4/HBu), isevaleric (iC5iHVa), nvaleric ((G/HVa), isacaproic (iIC6/HCa), and-n
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caproic (iC6/HCa) acidgAgnihotri et al., 2022)In wines acetic acid is the most abundant
volatile acid, being responsible for about 90% of the volatile fatty acid content, followed by
propanoic acid and butanoic adidambrechts & Pretorius, 20Q0Usually, when in small
amounts, VFAs contribute to the overall aroma of wine by adding a smokey, spicy or medicinal
smell (Styger et al., 2011and even to the perception of fresh frii@hambers & Pretorius,
2010, DelLa-FuenteBlanco et al., 2016)However, vinen in excess, VFAs usually result in
defected wines by producingaeaty, leathery, or barnyard aroma descriffoespena et al.,
2021, Agnihotri et al., 2022Jackson, 2008)

The production of VFAs by NSYs is well documented. Species belonging to the
Hanseniasporaand Zygaaccharomycegenera and als8chizeaccharomycepombehave
been described as producers of VFAs, especially aceti¢laamcbrechts & Pretorius, 2000)
Additionally, wines produced witHl. vineae H. uvarum H. guilliermondii, C. stellatar C.
zemplininawere also reported to display higher concentrations of isobutyriq@aighena et
al., 2021) In the specific case dfianseniasporaspecies or genusherehave been reports
indicating a positive correlation between the generation of acetic acid and aceta{&estass
et al., 2023 Rojas et al., 2001)This suggests that these species might possess a metabolic
network that promotes a greater internal reservoir of acetate, thereby facilitating an increased
supply of acetylCoA for the synthesis of acetate esters, in comparison to other yeast species
(Seixas et al., 2023¥ptill, there is supported evidence of a great #sppFcies and intestrain
variability concerning this phenotyg®arbosa et al., 20]1%eixas et al., 2023 age et al.,
2014) which likely results from not having been identified the genetic traits connected to the

production of these molecules.

[.2.3.3. Esters

Esters constitute the predominant class of aroma compounds found in wine, with over
160 compounds identifie¢Padilla et al., 2016)Distinguished for enhancing wireroma
complexity with fruity descriptors, esters exert a highly positive influence, typically up to a
threshold of 100 mg/l{Padilla et al., 201;,6Lambrechts & Pretorius, 200Carpena et al.,
2021) These compounds can be categorized into two main types: fatty acid ethyl esters,
synthesized through the esterification of activated fatty aéiggi(e |. 15) (Carpena et al.,
2021) and acetate esters, derived from higher alcohols during the Ehrlich pathway, catalyzed
by alcohol acetyltransferas@Sarpena et al., 2021)
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In wines, ethyl hexanoate, ethyl octanoate, and ethyl decanoate are the most abundant
fatty acid ethyl esters, imparting fruity, sweet, and also floral n@@espena et al., 2021
Marullo et al., 2021)Meanwhile, common acetate esters include isobutyl acetate, amyl acetate,
hexyl acetate, ethyl acetate, isoamyl acetate, apleBylethyl acetate (2PA), contributing
fruity and banana arom#@€arpena et al., 2021Additionally, white wines often contain fatty
acid ethyl esters, such as ethyl butanoateoeap, caprylate, caprate and laurg@tarpena et
al., 2021).
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Figure I. 15- Esters in wine. Aschematic representation of the biosynthetic pathway of ethyl acetate and isoamyl acetate in
yeast. Adapted from Swiegers et §€007)

The ester profile of wines is greatly influenced by yeast activity during fermentation,
underscoring the pivotal role of yeast strain selection in shaping the final product. While several
S. cerevisiaestrains are proficient in ester productidtanseniasporaCandidaand Pichia
have also been studied for their unique enzymatic mechanisms in this (Egapena et
al.,2021 Nykanen & Nykanen, 197 Martin et al., 2018Hu et al., 201® In S. cerevisiag
acetate ester biosynthesis is mediated abgohotO-acetyltransferases, (AATs), which
conjugate an acetfToA molecule to the corresponding higher alcof8#ixas et al., 2023
Verstrepen et al., 2003In S. cerevisiaghree genes encoding AATs directly connected to
acetate ester biosynthesis were identified: ScAtfl and ScAtf2, which catalyze the majority of
these reactions; and ScEatl, coding for an alternative enzyme, mostly involved in ethyl acetate
biosynthesigSeixas et al., 2023)The recent genomic analysis ldf guilliermondii strain

UTAD222 (Seixas et al., 20)9evealed the presence of four genes suggested to be AATS.
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Homologues to these genes were also found.invarumand inH. opuntiae(Seixas et al.,
2019, 2023) Notably, HanseniasporaAATs bear a low similarity to those describedSn
cerevisiag although they still retain motifs that are essential for the activity of these enzymes,
such asHXXXDG and WRLICLP, hypothesized as part of the active site of AATases (Seixas
et al., 2019). These observations suggest the existence of a distinct family of alcohol
acetyltransferase enzymes, responsible for acetate astieesg, whose properties, if different
from the ones found iB. cerevisia@nzymes, can potentially explain the differences found in
differences in acetate ester production observed among thesessf{&ilas et al.,2019)
While some similarities betweeB. cerevisiagienesand those osome NorSaccharomyces
have beerfiound, especially ihhachanceaspecies, there is still a great discrepancy with other
Non-Saccharomycegeasts from the wine environmeiigure 1. 16).
oD
<o§\ %“é\ %&0
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Lachancea thermotolerans
Lachancea dasiensis
Saccharomycodes ludwigii
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Figure I. 16 Heat map based on NE6cBrind $he pcoring system used, BLOBUM6E2, is based on
frequencies of amino acid substitutions in related proteins, which reflects the amino acid chemistry and protein dteicture. T
heatmap herein presented ranges from deep red, which indicates th8,vauaesponding to no hit found, to deep green,
with a score higher than 500.

[.2.3.4. Aldehydes

Aldehydes form a significant class of compounds contributing to the secondary aroma
profile of wine (Padilla et al., 2016 Among them, acetaldehyde stands out as the most
common, constituting over 90% of the total aldehyde content in(warmebrechts & Pretorius,

2000) With a low sensorial threshol@Romano et al., 1994acetaldehyde imparts pleasant
fruity aromas, reminiscent of apples, even at low concentrations. However, high levels can lead
to undesirable characteristics resembling rotten g@deer et al., 2011; Liu & Pilone00Q.
Fortified wines exhibit varying levels of acetaldehyde, ranging from 175 mg/L in sherry wines

to 300 mg/L in port wines; whereas concentrations in red or white wines typically range
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between 30 mg/L and 80 mg/L, respectivéBomano et al.,, 1994; Liu & Pilone, 2000)
Moreover, acetaldehyde serves as a precursor to other -aetewant compounds. For
instance, diacetyl, acetoin and -b@tanediol derive from acetaldehyde. Diacetyl contributes
nutty and toasty notes, acetoin imparts a buttery taste, whileutaBedib does not have a
strong odor(Styger et al., 2011; Cheynier et al., 2D100 produce diacetyl, acetaldehyde
undergoes a condensation reaction. Then, diacetyl is rapidly reduced to form acetoin, which in
turn can be reduced through the enzymeh2y&nediol dehydrogenase to produce- 2,3
butanediolBae et al., 2016

Acetaldehyde emerges from yeast activity during fermentation, being an intermediate
compound in yeast metabolism, through the conversion of pyruvate via enzymes in the
glycolytic pathway(Romano et al., 1994; GarelRios & Guillamén, 2019)Other aldehydes
such as isobutyraldehyd@&tsumi et al., 2010and phenylacetaldehyd®ilela, 2020)are
formed in the Ehrlich pathway and may accumulate in the fermenting(haztlwood et al.,
2008. Besides S. cerevisiae other NSYs, such asSchizeaccharomycespombe or
Zygasaccharomycedailii have been described to produce acetaldehyde at considerable
amounts, having a fundamental role in the aroma of fortified wines like port or sherry wines
(Liu & Pilone, 2000) Acetic acid bacteria typically found in grape musts, such as those
belonging toAcetobacter, Gluconacetobactand Komagateibactelgenera, are capable of
producing acetaldehyde through the oxidation of eth@@lméynieret al., 2000; Liu & Pilone,
2000; Gomes et al., 20§,8hus contributing to modulate it®ncentration in wines.

Besides microbial activity, the overall concentration of acetaldehyde can be influenced
by other factors such as high temperatures or the presence of hydrogen peroxide (a byproduct
of phenolic oxidation) that were both reported to elevate acetaldehyds (leive& Pilone,

2000) Additionally, the addition of sulfur dioxide (S¥oduring winemaking is also known to
increase the production of acetaldehydeSincerevisiaeand inZ. bailii (Kuanyshev et al.,
2017) At the wine pH (24), bisulfite (HSQ) is the prevalent form obtained upon dissociation

of sulfur dioxide. Acetaldehyde promptly binds to HS@Bd therefore the production of this
carbohydrate is believed to represent an impontethanism by which yeasts try to counteract
the deleterious effect of SQGarciaRios & Guillamon, 2019; Casalone et al., 199BY.
adding SQto wine oenologists can, to a certain extent, neutralize the perceived aromatic
character of acetaldehyde, rather than inhibiting acetaldehyde prodluttiénPilone, 2000)

The high reactivity of acetaldehyde also enables the formation of a wide range of flavor

compoundgStyger et al., 2001 For instance, beneficial reactions between acetaldehyde and

64



flavonoids (through the formation of etHytidges condensation produetsu & Pilone, 2000
were reported tamprove bouquets of red wines by increasing, not only its astringency, but
also its color stabilityLiu & Pilone, 2000)

1.2.4. Tertiary aroma

Throughout the aging process, the aroma profile of young wine, characterized by
varietal nuances of the grape and the diverse attributes resulting from yeast fermentation,
undergoes significant development, evolving into a more refined and complex bstgget
et al., 2011, Slaghenaufi & Ugliano, 2018; Pereira et al., 202is transformation occurs as
the wine interacts with French oak barrels, absorbing vdeoived volatiles, or through micro
oxygenation facilitated by cork stoppers, which enhaoe@dation reactions. Consequently,
the aroma developed during aging becomes one of the most defining features of the wine
(Styger et al., 2011; Pereira et al., 20Zypically, during aging, whether in barrels or in
bottles, the fruity ester aromas, characteristic of young wines, are gradually replaced by warmer
notes, such as wood, cocoa or chocolate, imparted by th@edira et al.2021). Moreover,
as amino acids and alcohols undergo oxidation, there is a shift in the balance of volatile
compounds msent in the wineresulting in an increase aldehydege.g.,acetaldehydejnd
other oxidized compounds, suchka$ones and organic acids (Styger et al., 2011 hSlaaufi
& Ugliano, 2018;G. Pereira et al., 2031 Thesecompoundsontribute to thédormation or
degradation of sulfucontaining volatile compounds. During aging in oak barrels, compounds
such as cisand transak lactone are produced, as well as some volatile phenols such as
eugenol, 4methylguaiacol, and vanillin, introducing aromagtements of wood, coconut
(eugenol and 4nethylguaiacol), dark chocolate-fdethylguaiacol), and vanilla (vanillin
(Spillman et al., 2004)

[.2.4.1 Volatile phenols

Volatile phenols play a pivotal role in shaping the tertiary aroma of wine, emerging as
the most influential volatile compounds in this developmental pfRadilla et al.,2016;
Swieger & Pretorius, 2005Depending on their concentration, these compounds exhibit a wide
range of aromatic description, spanning from the pleasant aromas of vanillin, methyl vanilla or
homovanillyl alcohol, to undesirable ethvors such as barnyard/stable (attributed to
ethylphenols) or pharmaceutieblke scents, mostly in tite wines (associated with

vinylphenols- Padilla et al., 2016; SwiegersRBretorius, 2005Carpena et al., 2021Among
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the ethylphenols commonly encountered in winethylguaiacol and-thylphenol, stand out,
while notable exemples of vinylphenols includgidylguaiacol or 4vinylphenol(Swiegers &
Pretorius, 2005)

Thebiosynthesis of vinylphenols, such asidylphenol and 4vinylguaiacol, can occur
during the alcoholic fermentation step or during aging in oak baffeeldilla et al., 2016;
Swiegers & Pretorius, 20D55tereospecific decarboxylases preser8.inerevisiagas well as
in some NSYsHBrettanomycddekkeraspp are particularly known for this trait) facilitate the
conversion of hydroxycinnamic acids (likeepumaric and ferulic acid) intovinylphenol and
4-vinylguaiacol, respectivelyNikfardjam et al.,2009) Moreover, lactic acid bacteria,
includingPediococcuspp., also contribute to the synthesis of volatile phenols present in wine
being capable of decarboxylating cinnamic acids into ethylphenols or convexdmgraric
and ferulic acids into-#inyl guaiacol and 4/inylphenol(Swiegers & Pretorius, 2005

66



.2 The Saccharomycodaceadamily as a case study of wine Non
Saccharomyce¥ easts

l.2.1 The Saccharomycodacedamily 1 A Taxonomic and Phylogenetic introduction

The Saccharomycodaceae family  (Order: Saccharomycocetales Class:
Saccharomycete®ivision: AscomycotaKingdom:Fungi) was first described in 1954 by the
Russian taxonomist Wladimir Kudrejawzdwodder et al., 1962and is comprised by four
genera of apiculate yeastdanseniasporaSaccharomycodesNadsonia,and Wickerhamia
(van Wyk et al., 2023Placed phylogenetically close to the fan#igccharomycetaceaéhat,
among other species, includgaccharomyceserevisia¢, Saccharomycodaceaeasts share
the singular characteristic of cellular division through bipolar bud@ritey et al., 2016)
(Figure I. 17).

Figure I. 171 Optical Microscopy image of twBaccharomyataceaespecies: AjSaccharomycoddsdwigii UTAD17 and
B) HanseniasporauilliermondiiUTAD222. Pictures taken with 400x resolution

A preliminary study published in 1931 by Stellibgcker positioned these yeasts in
the tribe Nadsonieaeof the subfamily Saccharomycetoideadn this study, the authors
emphasized the lemeshaped vegetative cells which reproduced by bipolar bud8ipgncer
& Gorin, 1968; StellingDecker, 193} (Figure |. 18).
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Figure I. 18 Drawings representing the vegetative reproduction procebwimdeniasporaThese drawings represent the
division stages observed at 0, 30, 60, 85, 105, 125, 135, 145, 165 and 180 minutes from the bud stage to a separate cell in
severaHanseniasporapeciesfl. valbyensisH. uvarum K. apiculat). Adapted from Miller & Phaff (1958).

However, while the genetdanseniasporandSaccharomycodesxhibit some degree
of relatedness$\ladsoniaandWickerhamiaare placed distant from one another as well as from
the other genera of tifeaccharomycodacedamily (Kurtzman, 2011; Kurtzman & Robnet,
1998;2003. A study conducted by Kurtzman and Robnett (1998) analysed the D1/D2 region
of the largesubunit (LSU) of the ribosomal DNA to conclude that whiNedsonia,
WickerhamiaHanseniasporandSaccharomycodeshare the uniqueorphological property
of bipolar budding, this trait is a weak predictor of phylogenetic relateqikestzman &
Robnet 199§. In particular, it was found that based on DNA sequence analyses,
Hanseniasporand Saccharomycodeare included in th&accharomyceslade,Nadsoniais
clustered inAscoideaandWickerhamiancluded inDebaryomycegFigure I. 19)(Kurtzman
& Robnet, 1998
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Figure I. 19- Phylogenetic trees Baccharomycodacedamily based on the D1/D2 domain of the laggdunit (LSU) ribosomal DN/
A) Phylogenetic tree of tfeaccharomycedade represented by 1 of 60 most parsimonious trees derived from maximum parsimony
of LSU domain D1/D2.; B) Phylogenetic tree of thscoidea/Nadsonia/Dipodascukade represented by 1 of 2 most parsimonious
derived from maximum parsimony analysis.; C) Phylogenetic tree @abaryomyces/Lodderomyocglade represented by 1 of 100 n
parsimonious trees derived from maximparsimony analysis. Adapted from Kurtzman and Robnett (1998)
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Besides these genera, thaccharomycodacedamily is composed by another genus
that was defined as the imperfect fornHainseniasporéMiller & Phaff, 1958) theKloeckera
genus, that includes the asexual and anamorph fortamseniasporaWithin the Kloeckera
genus six species are recognized, as detailedrable I. 2). The introduction of molecular
taxonomy enabled furthexssociationdetween the species BanseniasporandKloeckera
first using boththe GC conten{fNakase & Komagata, 19Y@nd DNAT DNA relatedness
(Meyer et el.,1978 and later, based on ITS sequences and preteinding geneurtzman
& Robnet, 2003; Yamada et al., 1992; Esté@aezoso et al., 2001; Cadez et 2006.

Table I. 2- Relationships between species of the vegetative gdoaskeraandHanseniasporabased on DNA composition
and DNADNA relatedness, as proposed by Nakase & Komagata (1970) and Meyer et al (1978).

Kloeckera species Hanseniasporaspecies
K. apiculata H. uvarum
K.apis H. guilliermondii
K. africana H. vineae
K. corticis H. osmophila
K. javanica H. occidentalis
K. lindneri H. valbyensis

Besides reproduction, one of the main phenotypic differences observed among
Saccharomycodaceagasts concerned the mannan content of the cell polysaccharides. In
specific, in 1968, Spencer and Gorin observed, using Nuclear Magnetic Resonance (NMR),
thatNadsonia elongatandN. fulvescenboth produced galactomannans, while the analysed
species of theHanseniaspora(H. uvarum H. valbyensis, H. osmoph)laKloeckera (K.
africana, K. corticig(previously known a&. magna(Cadez & Smith, 2011andK. javanicg
andSaccharomycodd$d. ludwigi) genera formed polysaccharides containing only mannose.
Notably, Sd. ludwigiistood out in this study by having what appeared to be a more complex
mixture of mannangSpencer & Gorin, 1968)Figure I. 20), which may be related to its
described enhanced ability to excrete mannoproteins with a very high content of mannose
(Domizio et al., 2011; Giovani et al., 2011) this regard, the authors were also able to divide
the Hanseniaspor&loeckeragenera into three clusters based on their mannan content: one
composed by. valbyensiganamorphK. linderi), H. uvarumanamorpiK. apiculatg, K; one

composed byd. osmophilalanamorptK. corticis),andH. vineae (anamorptK. africana); and
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a third group containing a single speditsoccidentalisanamorphK. javanica- Spencer &
Gorin, 1968)
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Figure I. 20- Nuclear Magnetic Resonance (NMR) spectra of3hecharomycodacedamily. These spectra highlighted the
yeastSaccharomycoddadwigii as containing a more complex set of mannan polysaccharides, hinting for the presence of a
mixture of mannans. Adapted from Spencer et al (1968).

The following sections provide further details about the biology and physiology of
Hanseniaspora and Saccharomycodes species considering that within  the

Saccharomycodacedamily these are the species central to the development of this thesis.

[.2.1.1Evolutionary and Genomic insights into the genuslanseniaspora

Yeasts species within thtanseniasporgenus are commonly found inhabiting various
fruits, flowers, and bark&Saubinet al., 202Dbeing believed to be dispersed to these different
environments (and to others, like vineyards) by insgdsxas et al., 2019,2023, Kleman et
al., 2022; Bianchi et al., 202Qam et al., 2015; Schubert et al., 2014; Giang et al., 2017
Among these insects, those from theosophila genus exhibit attraction to the volatiles
produced byHanseniasporapp., including Zohenylethyl acetate, isoamyl acetate, and ethyl
acetatg€Seixas et al., 2023; Kleman et al., 2022; Bianchi et al., 2020; Lam et al., 2015; Schubert
et al., 2014; Giang et al., 2017n 2024, there were 24 speciesH#Enseniasporalescribed,
with the latest additions including. menglaensig2023) (Chen et al., 2023H. smithiae
(2021)(Cadez et al., 202 1). gamundia€2019)(Cadez et al., 2019H. terricola (2019)(Liu
et al.;2019pndH. mollemarun{2018)(Groenewald et al., 2018)able I. 3). However, it was
not until 2014 that the first complete genome dfl@nseniasporaspecies was published,
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specificallyH. vineaeg(Giorello et al., 2014)Subsequently, others followed encompassing
guilliermondi (Seixas et al., 20)9H. opuntiag(Sternes et al., 2016lH. osmophilaSternes

et al., 208), H. uvarum(Sternes et al., 2016; Langenberg et al; 2@hdH. valbyensigRiley

et al., 2016)Using taxonomic markers, such as the D1/D2 domains of the 26S rRNA subunit
of the InternalTranscribed Spacer (ITS), it has been revealedHhaseniasporaeasts can

be divided into two distinct lineages (Boekhout et al., 1994; Ouoba et al., 2015), the fast
evolving lineage (or FEL) and a slow evolving lineage (or SEL). These findings were further

supported by genomidsased analysis conducted by Steenwsicil. (2019)

Table I. 3- Hanseniasporapecies belonging to the Fdstolving lineage (FEL) and Slowvolving Lineage (SEL), and their

corresponding isolation sources, and general genome information available (GC content, genome size, number of proteins)

GENOME

ISOLATION . GENBANK
SIZE
SPECIES sources C¢®) - S& (EXAMPLE) REF.
(Mbp)
H.dermontiae  Stemrofbark 37 87  GCA_ 030567235, 20Zetal
-~ .. Grapes, wines, . Seixas et al.,
H. guillermondii 852 FTRE 31 9 GCA_900119595. o015
H. hatyaiensis ~ Rottenwood ~ 36.5 96  GCA_030573555.: Ca“'Z%Zlgt al.,
H.jakobseni  Afcanpaim g4 11 GCA 030573515 Cucbaetal,
wine 2015
H. lachancei Fermenting 35 89  GCA 030567275 Cadezetal,
agave juice 2003
H. lindneri Soil 36 108  GCA_ 019649525 207 &tel
Chen et al.,
H. menglaensis Fruits,flowers 30.5 9.5 GCA _040256855.. 2003;Ryan et
al.,2024
H. meyeri Fruits 37 88  GCA_030370665. C20eZetals
Groerewald et
FEL W omollemarum  Gardensoll 35 92  GCA_042466605. . o 2018
Steenwyk et al.,
2019
Nectar Cadez et al.,
H. nectarophila ' 34 10 GCA _030573495.. 2014; Badura et
flowers
al., 2023
Cactus. grape Cadez et al.,
H. opuntiae - grap 35 8.8  GCA 001749795.. 2003 Sternes et
must
al., 2016
H. Orange juice . Cadez et al.,
pseudoguilliermondii  concentrate 34.5 8.8 GCA_030573455.. 2006
H. singularis Flowers 26 89  GCA_030565715: *NmoraKoret
- stromatabark Cadez et al.,
H. smithiae draught beer n.a n.a n.a 2021
H. taiwanica soil 33 10 GCA_030580555. 207 &tals
H. terricola Flower, rotten n.a n.a n.a Liu et al., 2021
wood
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H. thailandica Insect frass ~ ~34.9 10  GCA_030573475.. J'”i?mgéggm et
Grapes, wines,
flowers, fruits, Cadez et al.,
soil, plants, 2017% Sternes et
H. uvarum insects, birds, 32 9 GCA 037102615.: al., 2016;
mollusk and Guaragndh et
shrimps,honey al.,2020
by-products
Soil, Sap of
tree Beey,
H. valbyensis Tomaf;“'q“e 26.5 115 GCA_001664025.1 Riley et al., 2016
balsamic
vinegar
Fungal
. stromata from Cadez et al.,
H. gamundiae fermented 37 10.2 GCA_003020785.1 2019
beverage
' Grape, grape Granchi et al.,
H. osmophila ' 37 115 GCA_001747045.1 2002;Sternes et
must
al., 2016
H. occidentalisvar . Cadezt al.,
SEL citrica Orange juice 35 11.3 GCA 030573535.1 2006; Steenwyk
etal., 2019
Cadez et al.,
il eEsiler sy soil 34.5 115  GCA_030567355.1 2000 Esteves
occidentalis — Zarzoso et
al.,2001
EstevesZarzoso
H. vineae Grapes, wines, 4,5 113 GCA 0005854753 Cctal, 2001,
fruits, soil — Giorello et al.,
2014

The resultof Steenwyk et al., (201%uggestd that the fasevolving lineage (FEL)
initiated its diversification approximately 87 million years ago and experienced a period of
rapid evolution; while the slowevolving lineage (SEL) began diversifying around 54 million
years agdSteenwyket al., 2019 (Figure I. 21). While both lineages exhibited gene losses
when compared to budding yeasts in 8scharomycotingubphylum €.g.,S. cerevisiag
Kluyveromyces marxianusCyberlindnera jadinii, Wickerhamomyces anomgluspecies
within the FEL lineage displayed exceptionally high evolutionary rates, lower Gilanine
Cytosine (GC) content, smaller genome sizes, and reduced gene n(8tbersvyk et al.,
2019) The genes lost by both lineages fall essentially into three categories: metabolism, DNA
repair, and celtycle. Interestingly, the accelerated evolution observed in the FEL lineage was
associated wit an increased loss of genes related to DNA repair anrdyaéd regulation, that
are believed to have facilitated genetic diversifica(®teenwyk et al., 2019)n specific, it

was found that FEL species, compared to SEL species, experienced increased mutational loads,
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instabilities in homopolymers, and higher proportions of mutations linked to the common

endogenously damaged basex®guaningSteenwyk et al., 2019).

Hanseniaspora vineae CBS 2171
Hanseniaspora osmophila CBS 313"
(Hanseniaspom occidentalis var. occidentalis CBS‘2592r
Hanseniaspora occidentalis var. citrica CBS 6783

iaspora dige CRUB 1928’

l a jakobsenii YAV17'
Hanseniaspora singularis ST-244"
0.0 Hanseniaspora lindneri CBS 285"
t iaspora um CBS 15034’
Hanseniaspora valbyensis NRRL Y-1626"
Hanseniaspora smithiae sp. nov. CRUB 1602
F 1 a hatyaiensis ST-476'
Hanseniaspora guilliermondii CBS 465
Hanseniaspora lachancei CBS 8818"
Hanseniaspora opuntiae AWRI3578
" Hanseniaspora pseudoguilliermondii CBS 8772
Hanseniaspora uvarum CBS 314
Hanseniaspora nectarophila UFMG POG a.1’
Hanseniaspora clermontiae CBS 8821"
Hanseniaspora meyeri CBS 8734"
Hanseniaspora thailandica ST-464

0.0

Saccharomyces cerevisiae S288C

0.2

Figure I. 21i Phylogeny of thédanseniasporapecies, and the division between Hasblving Lineage (FEL), represented
inside the orange box, and Sk&wvolving Lineage (SEL), represented inside the blue box. Image adapted from Cadez et al
(2021)

Another consequence of FEL's loss of genes is ploidy var{&teenwyk et al., 2019)
although this hypermutation phenotype may have had oppositeddaongeffects, since the
accumulation of deleterious mutations resulting from increased mutation rates may have
ultimately slowed down sequence evolut{&am & Hadany, 2012)nterestingly, this pattern
of accelerated sequence evolution followed by a reduction in pace was also observed in SEL
lineage ofHanseniasporathough to a lower exte(teenwyk et aj 2019).

This dynamic interplay between rapid evolution and subsequent deceleration suggests
complex evolutionary trajectories within thtanseniasporayenus, highlighting the delicate
balance between adaptation and the accumulation of genetic load o€ dilee et al2021)

Still, the precise cause of this particular evolutionary strategianseniasporaremains

elusive, although environmental factors may play a pivotal role in shaping those responses
(Cadezetal2021).l n f act, FELO s ctdrized lty hedghtenedumutatiomrates,c h a r ¢
may imply a more robust adaptive response to fluctuating and stressful environments, which

can potentially increase the likelihood of beneficial mutations occur{&icaud et al., 2001;

Healeyet al., 201%. Given its frequent isolation from environments with abundant simple
sugars, such as ripe frullanseniasporanay have evolved by selectively suppressing-non
essential genes that do not contribute to its adaptation to these specific l(@baiais et al.,

2021) Interestinglythe origin of grapes seems to coincide with the estimated origin time frame

of this genus, suggesting a potential link between the evolutionary trigéfanskeniaspora

hypermutation and adapt aMartonret alt, 8018 Bteenwgkreaa p e s 6
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al.,2019;Wikstrom et al.,2001)Phenotypically, the differential loss of genes experienced by

the two lineages led to distinct characteristics and behaviors with SEL species being defined

as the fAfermentati ve clHdneasandHeosnwophitejvem 8Vgki ng, f
etal.,2022whi |l e FEL | ineage are designluvardm as t he
H. guilliermondiior H. opuntiae van Wyk et al., 2022).

Genomic and Physiologic Insights into thédanseniasporagenus

The disclosure and analysis dflaguilliermondiigenome (strain UTAD222) by Seixas
and colleagues (2018hed light on crucial aspects of tHanseniasporghysiology. In fact,
while possessing genes encodamgymes for major pathways of central carbon metabolism,
including glycolysis, TCA cycle and pentose phosphate pathway, the absence of a functional
neoglucogenesis was revealed to be a metabolic characteristic Hemssniasporaspp.
(Seixas et al., 2019)This metabolic limitation was given by tladsence of fructosek,6-
biphosphatase and phosphoenolpyruvate carboxykinasaréhptesent in members of all the
other families that compose th®accharomycetalesrder €.g., Saccharomycetaceage
MetschnikowiaceaandPichiaceag (Seixas et al., 2019Another important limitation found
in Hanseniasporametabolism concerned the absence of genes involved in biosynthesis of
several essential vitamins andfeators, such as thiamanbiotin, or pyridoxingSeixas et al.,
2019) In this work, the authorsuggestedhat the deficiencyn vitamin biosynthesis likely
contributes significantly to the reduced fermentative capafijanseniasporgSeixas et al.,
2019). This is particularly relevant because thiamina its active form as thiamine
pyrophosphat€ TPP) is an essential cofactor for pyruvate decarboxylpk®jing a critical
rolein glycolysis and fermentation across a wide range of organisms (Hohmann & Meacock,
1998).In S. cerevisiagfor instance, thiamine availability directly influences glycolytic and
fermentative fluxesy impacting pyruvate decarboxylase performance. When thiamine is
limited, S. cerevisiaaupregulates genes responsible for thiamine biosynthesis to maintain
metabolic function $eixas et al., 2019; Brion et al., 20 1dndspecific strains adapted to
winemaking have evolved to enhance expression of these biosynthetic genes, thereby
supporting fermentation under thiamilmited conditions in grape mustS€ixas et al., 2019;
Brion et al., 2014Xu et al., 2012)Altogether, these findings suggest thénseniaspora
species rely on environmental vitamins to survive, a hypothesis further supported by the strong
up-regulation ofS. cerevisiagenes involved in the biosynthesis of thiamine (ScTHI20 and
ScTHI21), biotin (ScBIO3),and pyridoxin (SCSNO1) when in -@ultivation with H.
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guilliermondii UTAD222 that is highly suggestive of nutrient competiti@arbosa et al.,
2015; Seixas et al., 2019)

The genome analysis of strath guilliermondiiUTAD222 also gave relevant insights
into sugar uptake irHanseniaspora While Hanseniasporaspecies, and particularl.
guilliermondii, have been widely described as fructophi@ani et al.,2010; Seixas et al.,
2019; Cabral et al., 2015; Ciani et al.1999possessing a particular affinity for fructose, no
orthologue for fructose specific transporters (Ffz1 or Fsyl) could be found in the genome of
H. guilliermondiiUTAD222 (Seixas et al., 201%)or in the genome of any othegpecies of the
Hanseniasporgenus, such ad. uvarum H. vineaeor H. valbyensigChen et al., 2023; Cadez
et al.,2021; Cadez et al., 2019; Liu et al., 2019; Groenewald et al.).28%8&ad, the authors
have disclosed two hexokinases in the genomid. gjuilliermondii UTAD222 displayng a
high level of similarity to those df. bailii strains, which have been demonstrated to favor
fructose catabolisrfCordente et al., 2019; Giorello et al., 2D1While further studies on the
Hanseniaspordnexose transporters are required, the phosphorylation of fructose mediated by
hexokinases may be key to explain the fructophilic natutéasfiseniasporaas described in
wine S. cerevisiastrains(Cordente et al2019; Cadez et al., 2019; Groenewald et al., 2018
The analysis of théd. guilliermord i t r dinsport ome o | e dhistsmecies he di
harbos multiple genes encoding sugar transporters, nearly half of which were hexose
transporters, including higaffinity glucose and galactose permeag®sixas et al., 2039
Most notably, the analysis of nitrogen transportetdanseniasporaevealed a preference for
permeases with a broad substrate range over specific amino acid permeases, contfsting to
cerevisiaethat favors the use of specific amino acid permeéSesas et al., 2019 he
absence of specificity in. gui | | ipermeages ohayhu®, sepresent an adaptive
strategy to cope with the substantial variability and diversity of amino acids present in wine

musts(Seixas et al., 2019)

[.2.1.2.The applications ofHanseniasporan winemaking

The ability of the genuBlanseniasporao modulate both primary and secondary wine
aromas made it increasingly interesting and attractive for winemakers in pursuit for innovative
products. Although commerciaHanseniasporaproducts are scarce, with only one
commercially available starter culture (Fermivin VINEAE, Oenobrands, France), their
abundance in the wine must, along with their potential to produce acetate esters and beta

glucosidase enzymes that, as described abawe &n impact on the secondaryl gnimary
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wine aroma, turned interesting the utilizationH#nseniasporapecies as eadjuvants ofS.
cerevisiag(Martin et al., 2018; Steensels et al., 20I#)e use oHanseniasporapecies in

mixed fermentation witls. cerevisiadas been reported to produce wines with significantly
different aroma profiles, usually with increased concentrations of higher alcohols, acetate esters
and varietal aromasamely isoamyl acetate and phenylethyl acetate, which are associated with
increased fruity and floral characters of wi(®8w/iegers et al., 2005; Barbosa et al., 2QHge

et al., 2014Pietrafesa et al., 2020; Hu et al., 2018; Gallo et al., RGzwever, the formation

of these aromas and{pyoducts, as well as the population dyimesrand fermentative ability

of S. cerevisiaavere found to be highly dependent on nutrient availgb{i#arbosa et al.,

2015)

As previously described in this chapter, differential availability of nitrogen and sugars
has been shown to exert opposite effects on acetate ester accumulation profiles Setween
cerevisiaeandH. guilliermondii Specifically, a higher carbeto-nitrogen (C/N) ratio leads to
higher acetate ester productionycerevisiagand a lower C/N ratio stimulates higher alcohol
and acetate ester production kh guilliermondii (Seixas et al., 2023)Additionally,
transcriptomics studies dth guilliermondiihaverevealed thait consumes less nitrogen in the
presence o8. cerevisiagdue to competition for nutrients between the two species (Seixas et
al., 2023) These findings support previous studies that showed that microbial interactions,
influenceHanseniaspordehaviorduring fermentatioffWang et al., 201;3Harlé et al., 220).
Similarly, astudy conducted by Barbosa aralleagues (2015)bserved, for the first time, the
effect ofH. guilliermondiico-inoculation in the transcriptome 8f cerevisia¢Barbosa et al.,
2015. In this work, the authors observed that the presen¢¢ glilliermondiiled to 350
differently expresse®. cerevisiagenes among whictthose related to vitamins biosynthesis
were upregulated in mixed culture conditions, whereas genes involved in amino acids
biosynthesis were enriched in single culture conditions (Barbosa et al., Z0&5& findigs,
altogether with the observation of the decreased fermentative activity of the budding yeast in
mixed fermentatioriBarbosa et al., 2015)inforce the need to stuggast physiology, their
nutritional requirements and their interactions vather yeasts and the environment.

Hanseniasporaspecies are also notable for their enzymatic repertoire. Specifically,
these yeasts produce belacosidases, that besides contributing to terpene release can increase
the antioxidant content in winégan Wyk et al., 2023; Manzanaresaét 2000. For instance,
compounds such as anthocyanins &mel polyphenol resveratrol, a powerful antioxidant

prevalent in red winegreoften bound taylycosylated precursors, inhibiting their beneficial
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effects (Gaensly et al., 2015; Manzanares et al., 2011; Vidal et al., 260#&thermore,
Hanseniasporaspecies have also been described as producers ofxyesidases,
polygalacturonases and proteases, which are also highly desirable in winemaking, as they
contribute to i mproving the wiSpeefEaly, aastudymat i c
conducted by Lopez et al. (2015) identified strainsHofuvarum H. osmophilaand H.
occidentalisas having relevant betducosidase and beleg/losidase actiies, as well as

strains ofH. guilliermondii H. vineaeand H. occidentalisas having high protease activity

(LOpez et al., 2015)

Relevantinter-species and intestrain variability has beemoweverobserved among
HanseniasporgRomano et al., 2003; Tristezza et al., 2016, Martin et al., 2018; Lopez et al.,
2015) Specifically, theHanseniasporapeciesH. osmophilaH. occidentalisandH. vineae
were reported to produce lower levels of acetaldehyde and ethyl aegtatecompared td.
guilliermondii, H.meyeri, H.opuntiag H. nectarophilaandH. uvarum(Badura et al., 2023).

On the other handy. uvarumis typically a high betaglucosidase producéHu et al., 2016;

Zhang et al., 2021; Gao et al., 2022), as wel.agneae displaying higher activities compared

to H. osmophilaand even tdd. guilliermondii (Lépez et al., 2014; Martin et al., 2018espite

these general trends, considerable variakalgpexists among strains within the same species,
underscoring the importance of careful yeast sielecto ensure desirable fermentation
outcomegTristezza et al., 2016; Lépez et al., 2015; Albertinetal601 Mor eover , t he
phenotype can be influenced not only by strain selection but also by fermentation conditions.
Factors such as the mode of inoculation, fermentation temperature or the presence or absence
of aeration, significantly impact the aromaofile (Lage et al., 2014; Barbosa et al., 2022;
Albergaria et al., 2003)Therefore, in addition to select the most suitable species or, rain
meticulous management and engineering of fermentation conditions are crucial to achieving

optimal aroma attributes.

[.2.2. The Saccharomycode¥easts

First described in 1904 by E.C Hans&accharomycodegeasts are large, apiculate
organisms that, like other yeasts from Baccharomycodacedamily, divide asexually by
bipolar buddiig (BoundyMills et al., 2011) Sd. ludwigiiwas initially isolated from deciduous
trees in EuropgPhaff et al., 1998and has since been found in soil, fruits and fruit juices,
insects, and fermented bevera@@sundyMills et al., 2011) However, it is widely accepted
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that this species originates from oak trees, as well as the slime fluxes and insects associated
with oak treeqPhaff et al., 1998, Beech & Davenport, 1970, Lachance et al., .1988)
Saccharomycodegenus was first described in théM@ntury by the German mycologist and
botanist, Gustav Ludwig, witlsd. ludwigiias the only specied.udwig, 1886) Later, Sd.
sinensiswas added to the genus based on sequence analysis of 18S ribosomal DNA (rDNA)
(Yamada et al., 1992, Wang et al., 201Hpwever, subsequaé works by Kurtzman and
Robnett (1998), as well as Yamazaki et(2005)presentecgubstantial evidence highlighting
significant differences betweel. sinensisand Sd. ludwigij suggesting that they should not

be classified within the same genus. Specifically, these authors demonstrated that the first type
strain ofSd. sinensigNRRL Y-12797 had a sequence of the D1/D2 domains of the 26S rDNA
more identical to that dladsonia fulvescenar. elongatathan toSd. ludwigii(Kurtzman and
Robnett, 1998, BoundMlills et al., 2011) Later, Yamazaki et al (2005), analyzed the D1/D2
sequence of another type strain &. sinensiglFO10111) and concluded that this species did

not belong to any genera wittaccharomycodace&®/ang et al., 2015Y o correctly classify

. sinensisa new genus within thBaccharomycetaceaéamily, Yueomycesvas proposed

in 2015, includingrueomycesinensigWang et al., 2015More recently, Wang et.gl021)
proposed a new species within tBaccharomycodegenus,Sd. pseudtudwigii, which was
isolated from fruit and tree bark in Chif&ang et al., 2021)These findings were based on

the comparison of several gene sequences, namely the ribosomal genes 18S rRNA, D1/D2
domains of the 26S rRNA, and the ITS region (including the 5.8S rRNA), as well as the
translation elongation factor EE, TEF1, and the RNAolymerase Il gene, RPB2 from twelve
different Saccharomycodestrains (nineSd. ludwigiistrains and thre&d. pseududwigii)

(Figure 1. 22). This study demonstrated that, while the three put&ivpseudtudwigii strains

were close relatives ®d. ludwigij they exhibited significant dissimilarities. These differences
included 4 substitutions and 1 insert/deletion in the D1/D2 domain, 12 substitutions and 9
inserts/deletions in the ITS regiorg&9 synonymous and 4 n@ynonymous substitutions in

the RPB2 gene, and 18 synonymous and 3symonymous substitutions in the TEF1 gene,
betweensd. pseudtudwigii and Sd. ludwigiistrains(Wang et al., 2021)Furthermore, the
alignment of these gene sequences and the resultantlocuki tree, clearly showed that the
three Sd. pseudtudwigii strains formed a distinct clade fro8d. ludwigij supporting the

creation of a new speciéBigure |. 22).
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ycodes fudwigii NRRLY-127937 | UT3601

Saccharomycodes sinensis IFO 101117 | AB127389
s2 100 [H iaspora occidentalis var. occidentalis NRRL Y-79467 | UB4225
83 H. iasp identalis var. citrica CBS 6783" | AJ973101

100 Hanseniaspora osmophila NRRLY-16137 / UB4228

Hanseniaspora vineae NRRLY-175297 | UB4224

H iaspora guillier fiif NRRL Y-16257 | U84230
Hanseniaspora lachancei CBS 88187 /| AJ512457
Hanseniaspora opuntiae CBS 87337 | AJ512453
F jaspora p g uilli dii CBS 87727 | AJ512455
Hanseniaspora meyeri CBS 87347/ AJ512454

Hi i a cl tiae CBS 88217 | AJ512452
Hanseniaspora uvarum NRRLY-16147 / UB4229
Kloeckera lindneri NRRL Y-175317 / UB4226
Hanseniaspora valbyensis NRRLY-1626" | U73596
Jus NRRLY-366" / U74592

Pichia membranifaci NRRLY-2026" | U75725

A) ——— 10 changes

CBS 1169 (MT937299/MT937306/MT940428/MT940409)

CBS 2625 (MT937301/MT937312/MT940430/MT940410)

CBS 1168 (MT937298/MT937313/MT940427/MT940415)

90} CBS 820 (MT937297/MT937305/MT940425/-)

CBS 8217 (AY046261/MT937309/MT940426/AF402074)  Saccharomycodes ludwigii
100 [|CBS 8338 (MT937304/MT937308/MT940433/MT940413)

— CBS 2624 (MT937300/MT937311/MT940429/MT940412)
CBS 7780 (MT937303/MT937307/MT940432/MT940414)
LL CBS 5929 (MT937302/MT937310/MT940431/MT94041 1)
1

-

v
b

CGMCC 2.4525 (KP866232/KP866244/KP866234/KP866229/KP866227)
00 CGMCC 2.45267 (KP866237/KP866237/KP866230/KPR66226) Saccharomycodes pseudoludwigii sp. nov.
97! CGMCC 2.4527 (KP866236/KP866236/KP866231/KP866225)
B) Saccharomyces cerevisiae NRRL Y-12632 (Z75578/NR_111007/JQ689017/JQ698955/JQ699041)

Figure 1. 22i A) Phylogenetic placement of ttf&accharomycodesnd Hanseniasporagenera reveals th&d. ludwigiiis
loosely related télanseniasporandSd. sinensis. Pichia membranifaciemass used as an outgroup. Adapted from Miller et
al (2011).B) New speciesSacccharomycodes pselutiwigii based on a muHbcus tree combining sequences of thel8S
rRNA, D1/D2 domains of the 26S rRNA, the ITS region (including the 5.8S rRNARBB2andTEF1of nineSd. ludwigii
strains and thre8d. pseudadwigii strains. Adapted from Wang et gR021).

Sd. ludwigiistrains that had been subjected to karyotyping harbor seven chromosomes,
with molecular sizes ranging from 0.8 to 2.3 Mbp, although sspétific polymorphic
chromosomal DNA has been obsery®dmazaki & Oshima, 1996 he first report of these
findings was from a study conducted by Yamazaki and Oshima (1996) in which the authors
performed the tetrad analysis of 24 genetic markers. These markers included the two mating
type alleles (al/U), Zdrious phenotypespamdo idragresisianta nt g €
mutant genes of on8d. ludwigiistrain. Additionally, chromosomal electrophoresis through
PulsedField Gel Electrophoresis (PFGE) showed that the 24 genes analyzed were classified
into seven linkage groups, with seven chromosomal bands also being observed in the PFGE
gels (Figure I. 23A). However, strairspecific polymorphisms were noted in three pairs of
homologous chromosomes in a diploid st(&igure I. 23A). Specifically, these chromosomes
appeared as doublets consisting of homologous chromosomes of slightly different sizes. To
further investigate this hypothesis, the authors performed PFGE on four tetrad clones from a

single ascus of the diploid strain, whiasulted in a different band profi{E€igure 1. 23B).

82



1 2 3 4 5 6

A) B)
Figure I. 23/ Electrophoretic karyotypes of Sd. ludwigiistrains. A) Electrophoretic karyotypes of &d. ludwigiistrains:
Lane 1 consists of the diploid streu. ludwigiiO-81; lane 2 and lane 3 consist of the haploid str8shsludwigiilFO 1043
andSd. ludwigiiOUT 6282; lane 4 iS. cerevisia&/NN 295, used as a size marker. Arrowheads A, B and C indicate three
putative doublet bands of chromosomes in diploid stre81.0B) Electrophoretic karyotypes of diploid strak®D (lane 1)
and its tetrad clones fromsingle ascus (lanes%), andS. cerevisia& NN 295 as size marker (lane 6). Arrowheads A, B and
C indicate three putative doublet bands of chromosomes of stBdinAdapted from Yamazaki and Oshima (1996).

In terms of its lifecycle, Sd. ludwigiiwas described in 1939 by Winge and Laest
(1939)as a heterothallic species. Specifically, it was observed that after sporulation each cell
becomes an ascus containing two pairs of spores, with one pair at eqdtaeraaki et al.,
1976, Winge & Laustsen, 1939, Barnett, 200)pically, each pair of spores copulates upon
germination, producing diploid cells and leaving no opportunity for haplophase multiplication
(Winge and Laustsen, 1939, Yamazaki et al., 19M6jvever, withSd. ludwigij the authors
were able to obtain haploid vegetative cells by single spore isol@tiomge & Laustsen,
1939) Interestingly, this work supports a theory first suggested by F. Ludwig in 1886, in which
this author illustrated sposegregation inside the ascus, with the spores from each mating type
adhering to each other and the resulting zygote producing normal vegetativg wasg,
1886)(Figure 1.24).

A

Figure I. 24- Ascus ofSaccharomycoddadwigii showing paired ascospores. lllustration by Ludwig, published in 1886 and
adapted from Barnett (20Q7)

83



In their publication, Winge and Laustsen described the behavi@actharomycodes
ludwigiid tetrads. By dissecting several tetrads and applying different conditions to the spores,
they observed various phenotyfégénge & Laustsen, 1939)n one experiment, they allowed
all four spores to germinate separately. In another, they separated one pair, allowing both spores
to germinate independently while leaving the other pair to form a zyigioter€ 1. 25A). They
observed that in the separated pair, one spore contindadde continuously, while the other
ceased dividing after only a few divisiorigdure 1. 25A). In homothallic yeasts, such as most
natural isolates 0. cerevisia¢Katz Ezov et al., 20108 haploid cell can switch its mating
type through a gereonversion process, allowing mating between mother and daughter cells
(Figure 1. 25B). This ability is not present i&d. ludwigii When haploid clones &d. ludwigii
from the same mating type were kept apart from other colonies, they did not form diploids.
This indicates that, unlik8. cerevisiagwhich can exhibit both homothallic and heterothallic

behaviorsSd. ludwigiiis exclusively heterothadi(Barnett, 2007).

Diploph Diploph
HETEROTHALLIC HOMOTHALLIC
‘ ! \. Mating MATa/MATo, MATa/MATo,
o x>
- gg: T L\ e ‘_\

— MATa Sporulation . &
8 “ Sporulation Sh © o(%
— D o MATa  MATe

'(-—-—-.._.___‘_‘@SDE
= 9‘99///'
©B Mating-type
MAT® | Germination smtc};.mg
GQ%% Germination Mi.:ing
A) — B) Haplophase

Figure I. 251 A)Winge and Laustsen model 88. ludwigid tetrad. In this work, the authors found that ascospores A and B
fused to form a diploid zygote, which buds and forms a growing colony of large cells. Ascospores C and D did not conjugate.
Instead, they formed haploid daughter cells: those from ascospwezeCelongate and stopped budding after two or three
divisions, whereas the daughter cells from ascospore D were small and continued to grow to form a haploid colony (adapted
from Barnett (2007)B) Differences in heterothallic and homothallic behavidorheterothallic yeasts, after sporulation,
spores from different mating types, MATand MATa, germinated maintaing haplophase; in homothallic yeasts, mother
cells are able to switch matifigpe and mate with daughter cells, becoming diploid. Adapted from Aksit (2012).

In their studies, Winge and Laustsen observed3taludwigiipreferentiallyundergoes
intra-tetrad matingKigure 1. 26), facilitated by strong interspore bridges that efficiently keep
spores together in pairs of opposite mating types within meiotic tgWdge & Laustsen,
1939, 1942, Papaioannou et al., 2021, Simmons & Ahearn,).1R86ently, Miyakawa and
colleagues have focused their work on understarfsithdudwigids interspore bridges and their
role in this mating proceg®liyakawa et al., 2012, 2016, 202®pecifically, the authors
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observed that the components of the interspore bridge were different from those of the spore
wall, and that the lemeshape morphology @&d. ludwigij as well as the polarity of the first

and second meiotic divisions, were fundamental in producing a pair of spores of the opposite
mating types(Miyakawa et al., 2012, 2016)n their pioneering work on this matter,

Mi yakawads team i s oSddudvegb,mntefsmore bridgeeand dbgervedd t i m
that these structures detached from spore wallswglugermination and zygote formatio
(Miyakawa et al., 2020)A structural study revealed a different composition of these bridges
compared to those 8. cerevisiaeNotably, while inS. cerevisiagpores can be separated with

a glass needle, repeated sonication cycles could not break the brid@es indwigii
(Miyakawa et al., 2020).Furthermore, it was observed that these bridges do not contain
proteins as major components, as no denaturation occurred following treatments with SDS and
proteinase KMiyakawa et al., 2020)These studies reinforce the unique and robust nature of
Sd. ludwigid snterpsore bridges that tightly tether two spores of opposing mating types,
facilitating the fusion of spores within the same tetrad, instead of dispersing and finding

unrelated spores to mate wigZakharov, 2023)

asci ascospores
d 1Ta
o - MAT
. © VATa © )
D MATa chiasma
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/ intratetrad
sporulation o mating W w
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@ 2n @ g .
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/ k,\ meiosis | with crossovers achiasmate meiosis |
A) 10_um diplophase B)

Figure I. 261 Life cycle of Saccharomycoddadwigii. A) Brightfield images of strainSd. ludwigiiNBRC 1722 and diploid
progenitor NBRC 1721 in their life cycle. B) Prophase | of meiosis with chiasma formation and crossover versus achiasmate
meiosis observed i8d. ludwigii Adapted from Papaioannou et, §2021).

In addition to intratetrad mating, Winge and Laustsen also noted an unusual segregation
pattern in two pairs of marked genes, Nn andHgre 1. 27) in Sd. ludwigii The genéN was
associated with the formation of normal cells, whereas the alteRulted in a lethal, abnormal
hyphaelike germination that persisted for only two or three generations. Additionally, the gene
L produced long cells, while its allelded to short cell§Winge & Laustsen, 1939, Barnett,
2007, Winge, 1946)These observations were later explained by Lindegren, who interpreted
that N and L were on different chromosomes and positioned near the centromere, thereby

preventing the occurrence of crossing over between (Bammett, 2007, Lindegren, 1945).
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Figure I. 271 Two kinds of segregation in the asci®dccharomycoddadwigii, heterozygous for genes N (N,n) and L (L,l)

as described by Winge and Laustsen (1942). The phenotypes observed for each allele, obtained from independent germination
of each ascospore, were the following: N allowed normal growth; n was lethal and dimlgedfew times; L provided long

cells, and | provided short cells. Adapted from Barnett (2007).

Recently, in 2021, Papaioannou and colleagues conducted an extensive study to
understand the absence of meiotic crosswmgr and the preference for intratetrad mating in
Sd. ludwigii By combining bioinformatics, molecular biology, and evolutionary approaches,
they aimed to uncover the genetic and evolutionary reasons behind this unique meiotic
behaviow (Papaioannou et al2021) The researchers first hypothesizédit significant
sequence variation or structural differences between homologue chromaaaghesxplain
the lack of crossingver. However, genome sequencing of two parental hafididudwigii
strains showed high collinearity, ruling out major differences between homologues.
Additionally, by analyzing nomandom chromosomal distribution of genetic markers, the
authors observed that all chromosomes were covered by these markers, indicatmeséhat t
genes captured most of the existing crossiwgr, and that no significant chromosomal
structural differences could be obseryBdpaioannou et.a2021) Then, to investigate the
genetic causes for the absence of crossirgg inSd. ludwigij the authors studied the meiotic
machinery of this yeast. Interestingly, they observed that, with the exception dfigéie
which is absent itsd. ludwigiiand inS. cerevisiaés responsible for major defects in meiotic
recombination, Sd. ludwigii retains the essential machinery for meiotic recombination
(Papaioannou et al2021) Supporting these findings was the observation that some of the
meiotic genes that were missing §d. ludwigiiwere also absent in other members of the
Saccharomycetaceade.g., Lachancea kluyvejy which are capable of performing meiotic
crossingover(Papaioannou et al2021) Interestingly, similar td&. cerevisiagkey meiotic
recombination compeents are also required iBd. ludwigid smeiosis. Specifically, the
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deletion of the meiotic recombination protein SPO13%dnludwigiiled to reduced sporulation

and spore viability, highlighting its role in generating meiotic DNA dowbtand breaks
(DSBSs). In addition, immunostaining of the recombinase protein RAD51 demonstrated its
specific localization during meiosis and its depemdeon SPO11. The presence of discrete

foci in wild-type strains contrasted with their absencepin a rxls p mdtahts, indicating

the necessity of these proteins for normal meiotic tfanc Additionally, the deletion of the

DMC1 gene, another meiosspecific recombinase, resulted in elongated, filamentous RAD51
foci, similar to patterns observed & cerevisiagindicating its role in DSB repair and in
interhomolog interaction@Papaioannou et al2021) Furthermore, the Single Nucleotide
Polymorphism (SNP) analysis &d. ludwigio s mei osi s performed betw
and a geographically distant strain revealed low sequence divergence, and crosses between
these strains frequdy produced tetrads with four viable spo(Bapaioannou et al., 2021).
Sequencing of all spores from five full tetrads of this cross, followed by analysis of the SNP
segregation patterns, revealed a complete absence of meiotic cimssiagAdditionally, the

authors extended this analysis to two tetrads from another dligli@in and confirmed the
extreme rarity of meiotic crossirmyver in Sd. ludwigii Additionally, they investigated the
existence of crossingver in telomeric regions of chromosomeékeir findings revealed that

the initiation of recombination i®&d. ludwigiiwas not biased towards telomeres or adjacent
regions. Instead, the extreme suppression of crossiegwas consistent across the entire
genomgPapaioannou et al., 2021).

Finally, the authors searched for evolutionary signs of homologue interacti®aks in
ludwigii, by comparing divergent strains. They sequenced ten haploid and diploid strains,
finding variable sequence divergence and heterozygosity levels in diploids. By performing a
phylogenetic analysis based on genemige SNP content, they identified a majouster of
seven strains and four more divergent ones. Comparison between the dendrograms of
individual chromosomes revealed chromosatapendent topologies and w@isces for certain
strains, with chromosomes showing unstable topologies having significantly different SNP
densities from their genomic averages. This suggested that the absence or rarity of meiotic
recombination over time has allowed chromosomes to adetien SNPs independently.
Supporting this hypothesis, similar analysid.achancea kluyveria related yeast capable of
meiotic recombination, showed very stable topologies with all chromosomes matching the

whole-genome topolog{Papaioannou et al., 2021)
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Overall, these findings suggested that the genetic diversity within populations and the
level of heterozygosity in individuals are significantly influenced by mating strategies.
Fertilization within the meiotic tetramffers Sd. ludwigiitwo significant biological advantages
over random spore pairing: firstly, individual spores are unlikely to find a suitable mate during
fungal cell dispersal, thus maintaining spore connection after meiosis allows them to fuse in
pairs, preserving the digid stage; secong) intratetrad mating preserves heterozygosity in
large genome sections, enhancing the development of improved biological features in daughter
cells (Zakharov, 2023) Specifically, the centromeric regions of all chromosomes remain
heterozygous, provided that the mating type locus is closely linked to the centromere of its
chromosome(Zakharov, 2023)JFigure |. 28). Therefore, according to these authdssl.
ludwigii may have evolved to perform achiasmate meiosis to ensure a successful adaptation to
its environment, by thriving with minimal levels of rare meiotic recombingf@paioannou
et al., 2021).

crossing over in meiosis |

heterozygosity around MAT and centromeres
homozygotization in centromere-distal regions|

heterozygosity throughout the genome

Figure I. 28/ Preservatiomf heterozygosity itsd. ludwigiithrough highrates of intratetrad mating coupled with suppression
of meiotic recombination. A) Intratetrad mating with crossingr in meiosis | results in heterozygosity around the mating
type locus (MAT) and centromeres, but in homozygotization inreem@redistal regions. B) Intratetrad mating with
achiasmate meiosis (without crossioeger) is the preferred mating strategySd. ludwigiiand results in heterozygosity
throughout the genomAdapted fromPapaioannou et al., (2021).

[.2.2.1.The role of Saccharomycodem winemaking, and additional applications

In the winemaking contexg&d. ludwigiiis usually regarded as a spoilage agent, being
usually detected in thast stages of fermentation, or even, during storage, in bottled wines or
in badly sanitized corks, usually resulting in cloudiness and turbidity phendqlypgsano,
2018, Esteves et al., 2019, Loureiro & Malfeferreira, 2003, Thomas, 1998)ue to its
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unique high tolerance to sulfur dioxi@éejarano, 2018, Stratford et al., 1987, Domizio et al.,
2011) along with its capacity to ferment and endure ethanol concentrations up ikt
& Maccarelli, 1997) this species is difficult to eradicate from wineries and cellar equipment.
For this reason, it is of toen Voegiameddedran2tOhled )
negatively impacting the visual quality of win&j. ludwigiiis also able to modify its aroma
and flavor, resulting in a compléyedifferent product from an organoleptic point of view
(Vejarano, 2018, Esteves et al., 2019, Romano et al., 1889as associated &d. ludwigii
include an increased production of ethyl acetate, acetaldehyde, acetoin, as well as in the higher
alcohols isobutanol, amyl alcohol, and isoamyl alcgBbaimizio et al., 2011, Vejarano, 2019,
Esteves et al., 2019, Ciani & Maccarelli, 1997, Romano et al., 1999, Granchi et al,, 2002)
which can confer negative undertones to the wine upon exceeding their ikespeesholds
of perception.

A much more consensual application ®fl. ludwigiiis related to its use in the
production of lowalcohol beers or with differentiated fla@e Francesco et al., 2015, Sileoni
et al., 2023, Adamenko et al., 2020, Jackowski et al., 2028ct, a wide number of reports
have stated that the use 8f8. ludwigiiin beer production leads to a desirable aroma,
characterized by a high ester contébe Francesco et al., 2013w concentration of the
undesirable diacety(De Francesco et al., 2015and highantioxidant potential (higher
polyphenol conten{)Adamenko et al., 2020)he good results obtained with this yeast for beer
production have led to the development of a commercial product, Fermentum Mobile FM58,
(Ferment um Mobi |(&ckowsky at &s 20230Ndlitomhakly j5d. Judwigiihas
been appointed to produce other fermented beverages, suchraEstdaEscalante et al.,
2011) or fruit juices(Romano et al., 1999Besides the beverage industry, a recent study
conducted by Pilap et.a(2022) has revealed a novel potential for the segmmekration of
bioethanol production using &d. ludwigiistrain, due to its thermotolerant nature and high

acetic acid resistance.

While OMICS-related studies are more abundant Hianseniasporathere is still a
significant knowledge gap regardifgccharomycoded his work aims to address this gap by
exploring wineSaccharomycodaceeeasts using comparative OMICs, aiming to enhance their

application in various biotechnological aspects.
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Chapter II.

Genome Sequencing, annotation and exploration of the S©2
tolerant non-conventional yeastSaccharomycodesidwigi

Part of the results shown in this chapter were published in:

Tavares MJGilldener U, Esteves M, MendEBaia A, Mendeg-erreira A, Mira NP,
AGenome Sequence SaécharbrhyeodeMtwigieU TYAeDals7to . Mi crob
Resour Announc, 7 (2018). doi: /10.1128/mra.01185

Tavares M) Guldener U, MendeBerreira A and MiraN P, fGenome seque

annotation and exploration of the Stdlerant norconventional yeasBaccharomycodes
ludwigiio , BMC Genomics, 22, 1 3-020-@703821 ) . doi : [/ 10.
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1.1 Abstract

Saccharomycoddsidwigii belongs to the poorly characteriz8dccharomycodaceae
family and is known for its ability to spoil wines, primarily due to its high tolerance to sulfur
dioxide (SQ). To enhance our understandingSxd. ludwigij our group initially performed
lllumina sequencing, resulting in a draft genome consisting of over 1,000 contigs.
Subsequently, we rgequenced th&d. ludwigiilUTAD17 genome using PacBio technology,
which produced 20 contigs assembloktle DNAt o a
content of this strain, as estimated by karyotying. Annotation of the assembled UTAD17
genome predicted 4,644 protencoding genes. Comparative analysis of the predfsted
ludwigii ORFeome with otheBaccharomycodaceapecies led to the identification of 213
unique proteins. These included six enzymes involvedaedtylglucosamine catabolism, four
cell wall betamannosyltransferases, several flocculins and three acetoin reductases. Unlike its
sister species in thelanseniasporagenus,Sd. ludwigii possesses functional pathways for
gluconeogenesis, the glyoxylate cycle and thiamine biosynthesis. Additidddlljydwigid s
genome revealed four efflux pumps similar to &sei1sulfite exporter, and robust orthologues
for 65% of the S@tolerance genes found B cerevisiagsuggesting a genetic basis for its
high SQ tolerance.

This work provides the first genorsvade picture of &Sd. ludwigiistrain, advancing
our understanding of the physiology and genetics of this species abadtigaromycodacea
family. The release of this genomic sequence and the insights gained from it can guide the
development of improved wine preservation strategies to counteract spoilage prompted by
ludwigii. Furthermore, it will accelerate the exploration of this species as a cell factory,
particularly in the production of fermented beverages, a/iiee use of NoiSaccharomyces

species, including of spoilage species, is gaining popularity.

Keywords: Saccharomycodesudwigii, Saccharomycodacea Non-Saccharomycesvine

yeast Sulfur resistancgGenome sequencing
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[1.2 Introduction

Saccharomycoddsdwigii is a budding yeast in tif@accharomycodacedamily, known
for its largeapiculate morphology, and notorious for spoiling wines due to its high tolerance
to sulfur dioxide (S@ (Vejarano et al., 2018)While the Saccharomycodacedamily also
includes theHanseniasporagenus- species likeH. guilliermondii and H. uvarum which
positively impact wine arom@oundyMills et al., 2011; Martin et al., 2018; Lage et al., 2014)
- Sd. ludwigiiis predominantly a spoilage speci8sl. ludwigiistrains are frequently isolated
from sulfite preserved grape mts, enebf-vinification samples, and during storadgoundy
Mills et al., 2011 Romano et al., 1999; Granchi et al., 2002; Boulton et al.,)1$eral
sources have been suggested to serve as reserv@ds hidwigij including grape surfaces
(Combina et al., 2005; Barata et al., 2QX@nsanitized cork§Combina et al., 2005; Vejarano
et al.,, 2018; Loureiro & Malfeitd-erreira, 2003) and cellar equipmeniVejarano, 2018,
Loureiro & Malfeito-Ferreira, 2003; Stringini et al., 20099omplicating spdage control.
Additionally, the yeast has been identified in plant fl{ildembina et al., 2005; Stringini et al.,
2009 and the intestinal microbiota of vineyard insd€tsgleman et al., 1982; Stefanini, 2018)
suggesting possible transportation vectors. Spoilage effects associ@tedudwigiiinclude
off-flavors like acetoin, ethyl acetate, acetaldehyde, and acetiqReidano et al., 1999;
Vejarano, 2018; Loureiro & Malfeitberreira, 2003)as well as increased sediment and
cloudiness in wineglLoureiro & Malfeito-Ferreira, 2003; Fleet, 2003Beyond winesSd.
ludwigii has been found in spoiled carbonated bever@digzler et al., 2012¥ermented fruit
juices(Erkmen, O. & Bozoglu, 2016; Roller, S. @ovill, 1999, and highethanol drinks like
mezcal and tequildLachance, 1995)

The spoilage ability o8d. ludwigiiis largely due to its high SQolerance, which is used
by winemakers as an antimicrobial agent, with its effectiveness dependent on the concentration
of undissociated Spredominant at low pH leve(Stratford et al., 1987; Stifard & Rose,
1986. At wine pH (34), bisulfite is the most abundant form, and once inside the cell, it
accumulates due to its inability to cross the plasma membrane. After crossing the microbial
plasma membrane by simple diffusion, the lipdphmolecular SQ dissociates in the near
neutral cytosol resulting in the release of protons and of bisulfite which, due to its negative
charge, cannot cross the plasma membrane and accumulates int@figaile 1. 1A)
(Stratford et al., 1987; Stratford & Rose, 1988ptably, studies witlsd. ludwigii( at pH 4. 0)
revealed that the accumulation of S@side the cells was significantly lower than the one

registered folS. cerevisiadStratford et al., 1987hat is much more susceptible to SOhat
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different accumulation was hypothesized (but not experimentally demonstrated) to result from
the different lipid composition of the plasma membrane of these two yeasts that may result in
different permeabilities to S@QStratford et al., 1987)n the presence of S@&d. ludwigiicells

excrete high amounts of the $8equestering molecule acetaldehyde, however this response
does not seem to account for the enhanced tolerance of this species since similar excretion rates
were observed in susceptite cereisaestrains(Stratford et al., 1987)

% of total SO,

pH value
Molecular ——p»  bisulfite ——  sulfite
A) 802 4—— uso, *—— g0,

80 L Logiino W7 g
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Figure 1l. 1i A) Distribution of sulfite, bisulfite, and molecular $@s a function of pH in aqueous solution. Adapted from
Jarvis (20148) Schematic representation ®f cerevisaeesponse to SOAdapted from Lage et.a(2019).

To counteract the deleterious effect of intracellular accumulation of SOcerevisiae

relies on the activity of the sulfite plasma membrane transporter Ssul, which is believed to
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promote the extrusion of metabisulfite (Lage et al., 2019; Avram & Bakalinsky, (Pguye
Il. 1B). The high tolerance to Sf Brettanomyces bruxellensianother relevant wine
spoilage species, was also associated to the activity of Ssul (Varela et al., 2019), however, in
Sd. ludwigiino such similar transporter has been described until thus far. In fact, the molecular
traits underlying the high tolerance to 58 Sd. ludwigiiremain largely uncharacterized.

To fill this gap and further understa®al. ludwigij our group isolated and sequenced
the first publicly genome of &d. ludwigiistrain, UTAD17, isolated from a wine must obtained
from the demarcated Douro region, in Portugal. This sequencing project was performed using
lllumina and PacBio, resulting in 20 contigs and a predicted ORFeome of 4,528 canonical
proteincoding genes, coparable to otheBaccharomycodaceamembers likeH. osmophila
which has 4,657 predicted proteins (Sternes et al., 2016).

This chapter describes the information extracted from the genomic sequence of the
UTAD17 strain shedding light into the biology and physiology ofSteludwigiispecies with
emphasi s 2dmltem@anii®80® phenotype. Not only thi
design of better preservation strategies by the wine industry to circumvent spoilage caused by
Sd. ludwigij but this is also expected to accelerate the exploration of this species (and specially
of this strain) in production of fermented bewgga and in other biotechnological applications.

In fact, there is a growing interest of using Nmmventional yeast species, including those
previously considered spoilage organisms, to enhance the aroma profile of fermented
beverages, and this portfoldd new potentially interesting species includ&ss ludwigii(Holt

et al., 2018Steensels et al., 2015; Domizio et al., 2014).
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1.3 Methods

[1.3.1 Strains and Media

Thestrains used in this chapter w&accharomycoddsdwigii UTAD17 andCandida
albicans SC5314 UTAD17 was isolated from a wine must obtained from the Douro
demarcated regidmarvested from the experimental vineyard of UTAD (with approved use for
research), in Portugdal. albicansSC5314is a reference strain @. albicans.

Cells were grown in rich growth media Yeast Peptone Dextrose (YPD) or in Minimal
Medium (MM). YPD contains, per liter, 20 g glucose (Labchem), 10 g yeast extract (Gibco)
and 20 g Peptone (HiMedia LaboratoriegdM contains, per liter, 20 g glucose (Labchem),
2.65 g (NH)2SOQs (Merck Millipore) and 1.7 g of yeast nitrogen base without amino acids and
without ammonium sulphate (Difco). YPD and MM medium were sterilized by autoclaving for
15 minutes at 121°C and 1 atm.

11.3.2 Pulsedfield gel electrophoresis (PFGE)
Separation oSd. ludwigiiUTAD17 chromosomal DNA was carried out as described
by Sipiczki et al.(2003) and as modified by El Hage & Housel€3013) Briefly, yeast
chromosomes were separated in 1% agarose gels in 0.5 x TBE (butf&M trisbase (pH
7.6), 45 mM Boric Acid, 25 mM EDTAx ool ed at 12 AC-DRIh a Bi
electrophoresis apparatus (BRad, Hercules, CA, USA). Electrophoresis was conducted at
3 V/cm for IB0OM swindmpai n2g00swi tch in6éeovsl a
ramping switch intaral. The CHEFDNA size markers used to calculate the molecular sizes
of UTAD17 chromosomal bands wefansenula wingeifor chromosome bands ranging from
1.05 to 3.13 Mbp an8. cerevisiag¢for chromosomes below 1.05 Mbp). The molecular sizes
for Sd. ludwigilUTAD17 chromosomes were then calculated through a calibration curve (band

distance vs molecular size) making use of ImageJ software.

[1.3.3 Genome sequencing, assembly and annotation 8dl. ludwigiilUTAD17

Genomic DNA extraction obd. ludwigilUTAD17, as well as subsequent sequencing and
assembly was performdxy two different companies: lllumina sequencing was performed by
STABVIDA (Caparica, Setubal, Portugal), and PacBio sequencing was conducted by
Genomics (Shirley, New York, United States). Briefly, genomic DNA Saf
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ludwigii UTAD17 was extracted using Quiagen Magattract HMW kit according to the
manufacturerdéds instructions. The DNA quality
Fragment Analyzét Automated CE System combined High Sensitivity Large
Fragmen60Kb Analysis Kit.

For lllumina paireeend sequencing, thBNA libraries of Sd. ludwigiiUTAD17 were
prepared using the ThruPLEX DNgeq kitto produce inserts in the range of bp.

Library amplification was performed on the cluster generation station of the GAlIx and using
the lllumina MiSeq cluster generation kit. To obtain the paheud reads, primers were
designed to hybridized with lllumina specific adaptors resulting in reading of each end as a
separate run. The sequencing reaction was run for 100 cycles (tagging, imaging and cleavage
of one terminal base at a time), and four images of each tile on the chip were taken in different
wavelengths for exciting each baseecific fluorophore.

For PacBio, galified genomic DNA was fragmented using CovarEUBE devices and
were subsequently repaired by treating the sample with a-@age repair mix. Following
DNA-damage repairplunt ends were created on each end and then hairpin adapters
incorporating a unique barcode were ligated to each blunt end. The SMRTbell DNA template
|l i braries were selected using a bluepippin
guality wasanalyzed by Qubit and average fragment size was estimated ngwggent 2100
Bioanalyzer. We used Sequel Sequencing kit 2.1 to sequence the library in PacBio Sequel
platform. For the bioinformatics analysis, we first demultiplexed the PacBio subreatfl
Lima package, after which the demultiplexed bam file was converted to FASTA format using
SAMt ool s FASTA. FI ye was us e dplasnods-desatoes2b | e t h
-—-asmcoverage 1200 parameters. Thasassesseglsieg enes
BUSCO11 (version 4.1.2, run in mode genome and proteome with the lineage dataset:
saccharomycetes_o0db10). 91% was obtained when the software was run in the genome mode
and 96% when run in the proteome mode. The results obtained with BABfi¥ed us to
estimate the degree of reads contamination as being below 1%.

To further curate the PacBassembled contigs and avoid sequencing mistékeseads
obtained from the Illumina sequencing were mapped in the 20 contigs obtained (resulting in
more than 95% mapping). The annotation of the 20 curated PacBio contigs was performed in
the Geneious software framework (version 2019.2.3). Afterwardalihinitio gene detection
algorithm Augusts (trained i8. cerevisiagS. pombandA. nidulan$ was used to identify

putative CDSs in the sequence of the contigs. Wheneveredeted gene models coincided
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with CDSs previously described as belonging toSHde ludwigilUTAD17 ORFeome these

were automatically validated. BLASTP analysis using the UNIPROT database as a target was
used to curate and modify the gene models predicted in silico. Those gene models having an
identified hit at UNIPROT were considered valid whileh o s e t hat di dnot
criterion were considered hypothetical. To obtain further information concerning the
annotation, including functional categorization, the OmicsBox (versibri@4) framework

was used.

[1.3.4 Metabolic reconstruction and comparative proteomic analysis ofSd. ludwigii

UTAD17 ORFeome and other yeast species

Metabolic reconstruction &d. ludwigilUTAD17 was performed making use of KEGG
BlastKoala annotation togKanehisa et al., 2016)sing as a query dataset th@ genes
predicted in thén silicoannotation, choosing Fungi as the taxonomic group and enabling Koala
to search against the family eukaryotes.pep KEGG database. To further improve this
functional annotation the eggNOG@apper(HuertaCepas et al., 201 Jensen et al., 2008;
HuertaCepas et al., 20)%et at the default parameters was also used. For the comparative
analysis of thésd. ludwigiilUTAD17 ORFeome with the proteomesSQfcerevisiaeC1118,

H. guilliermondii UTAD222, H. uvarum AWRI 3580, H. osmophilaAWRI 3579, T.
delbrueckii CBS 1146, andL. fermentatiCBS 6772 pairwise BLASTp analyses were
performed using the setd proteins publicly available at UNIPROT for each strain. Two
proteins from the different yeast species under analysis were considered highly similar
whenever identity associated with the pairwise alignments was above 50% had an associated
value below & >Whenever protein pairwise alignments resulted in identities between 30 and
50% with an associatedvalue below e ?the corresponding proteins were considsigdlar.

In all the other cases the protein pairs were considered dissimilar. In order to assess genetic
relatedness between the different strains used in the comparative proteomic analysis the IST
sequence of these strains (and also of others belormithge tsame species and available at
NCBI) was aligned using MUSCL&Edgar, 2004and used for phylogenetic distance analysis

on MEGA X (Tamura et al., 2021For this, the maximum likelihood method was used and
general time reversible model chosen baseN@ghbair-Join and BioNJ algorithms applied

to a matrix of pairwise distances estimated using the Maximum Composite Likelihood (MCL)
approach. The phylogenetic analysis was performed using default parameters, and a bootstrap
method analysis with 250 replications’he ITS sequenceof Schizgaccharomyces

pombe9 72 h was wused as an outgroup.
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[1.3.5 Morphological studies ofSd. ludwigiiin the presence of NAcetylglucosamine

Sd. ludwigiilUTAD17 andC. albicansSC5314cells were overnight grown in liquid
YPD medium, at 30°C with orbital agitation of 250 rpm. Following this period, cells were
inoculated into MM with an optical density of @g=0.1 and incubated in the same conditions.
After reaching the exponential state (~3h), cells were harvested and inoculateghe0(QD
into different culture medium: i) MM; ii) MM + 50mM Mcetylglucosamine, and incubated
at two different temperatures: i) 30°C and ii) 37 °C with orbital agitation (250 rpm), for 18
hours. After thisperiod, cells were observed under an optical microscepth 100x

magnification
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1.4 Results and Discussion

I1.4.1 Overview on the genomic sequence o$d. ludwigii UTAD17 and on the

corresponding functional annotation

In order to have a suitable portrait of the genomic architecture SthHedwigilUTAD17,
strain karyotyping based on PFGE was perfornkeéglife 1. 2). The results obtained revealed
seven clearly separated chromosomal bands, r
Mbp (Figure IlI. 2).

3.13 Mbp ! . ‘ 2.90 Mbp

2.70 Mbp . 2.81 Mbp

2.35 Mbp .

* 2.17 Mbp

1.81 Mbp 1.87 Mbp

1.37 Mbp | 1.44 Mbp

1.05 Mbp
0.932 Mbp

Total

13.75 Mbp

A Hansenula wingei
B S. cerevisiae

Figure Il. 2- Karyotyping ofSaccharomycoddadwigii UTAD17, based on PFGE. Total DNA 8f. ludwigiilUTAD17 was

separated by PFGE, as detailed in materials and methods. In the end of the run 7 clearly separated bands, presumed to
correspond to the 7 chromosomesSdf ludwigiilUTAD17, were obtained. Molecular sizes of these chromosomes was
estimated based on the migration pattern obtained for the chromosomal banddafgenula wiingei(lane A)
andSaccharomyceserevisiaeBY4741that were used as markélane B).

This number of chromosomes and their size range is consistent with what was
previously described for oth&d. ludwigiistrains(Yamazaki & Oshima, 199@)nd is also in
line with what is reported for other members of Baccharomycodacedamily (Esteve
Zarzosoet al.,, 2001; Cadez et al.,, 2002; Seixas et al., 2088)uencing with lllumina
generated 20,333,547 reads of de2mmintd p36dbn ave
contigs. These contigs were obtained after a filter to have a coverage above 300x and a size

above 1,000 nucleoti des, and resulted in Nb5C
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contigs t ot alTabik I.11P Seduericing2vthlPadBip geferated 585,118 reads
(with a 445.3 coverage) which wede novoassembled into 20 contigs and an assembled
genome of 1 Zable 919 1).9T4hid adsgmblefd genome size corresponds to
approximately 95% of the estimated size this strain, based on the karyotyping shown above in
Figure II. 2.

Table Il. 17 Sequencing results &d. ludwigilUTAD17 genome generated by Illumina MiSeq and PacBio

UTAD17 lllumina sequencing UTAD17 PacBio sequencing
summary summary
Number of reads 20,333,547 585,118
Number ofcontigs 1,360 20
N50 17,540 bp 1.48 Mbp
Assembled genome 10,785,241 bp 12,999,941 bp

Using the gathered genomic information fro&d. ludwigii UTAD17, in silico
annotation was performed exploring results provided by different algorithms usddiftio
gene detection, afterwards subjected to an exhaustive manual curation. Using this approach
5,033 proteirencoding genes (CDS) were predicted in the genonsel ofudwigiiUTAD17,
out of which 4644 are believed to encode canonical preg&ginoding genes and 389 were
considered putative genes since upon BLAST against the UNIPROT database no hit was found
(details are provided iAppendix Table II.1). The putative CDSs were distributidoughout
17 of the 20 assembled contigs with genes not being detected only in contigs 14, 16 and 19
(Appendix Table 11.2). Contigs 14 and 19 share high similarity (above 95% at the nucleotide
level) with described mitochondrial DNA from oth&d. ludwigii strains, for which we
anticipate these correspond to portions of UTAD17 mitochondrial DNA.

To get a more functional view of ti8&l. ludwigilUTAD17 ORFeome all the predicted
proteins were organized into biological functions using for that the eggiM@&gper, a tool
that enables functional annotation using COG categ(iiaesrtaCepaset al., 2017; Jensen et
al., 2008; Huert&epas et al., 20)9Figure 1l. 3). The highest number of proteins for which
it was possible to assign a biological funct
ATranscriptiono, -iTeasbhbatoonb afgdrefiiBoati on
which is consistent with the distribution obtained féanseniasporaspeciesand for S.
cerevisiagFigure Il. 3). The number o8. cerevisiagenes clustered in 12 of the 21 functional

COG classes surpassed thos8afludwigilUTAD17 by approximately 20% (details provided
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in Appendix Table 11.3, an observation that is consistent with the later species behwghpte

genome duplication like the other species of$laecharomycodacedamily (BoundyMills

et al., 2011; Seixas et aRP019; Wolfe et al., 2005 Indeed, further mining o®d. ludwigii

UTAD17 genome revealed traits found in qvbole genome duplication species such as
disassembly of the genes necessary for allantoin metabolism, absence of galactose catabolism
genes and the lack of a functional pathway for de novo nicotinic acid biesysWolfe et

al., 2015) Furthermore, out of the 555 ohnologue pairs identifie8.icerevisiadByrne &

Wolfe, 2009 we could identify homologues for 517 in the genom&af ludwigiiUTAD17,

with 512 of these existing in singt®py (that is, the two ohnologues were similar to the same

Sd. ludwigilUTAD17 protein) Appendix Table I11.4).
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Figure 1l. 3- Functional categorization of the predicted ORFeonfediudwigii UTAD17. After annotation of the assembled
genomic sequence, the validated gene models were clustered according with the biological function they are predicted to be
involved in (using COG functional categories) using the egght@@per tool (black bars).sfa comparison, the distribution

of theS. cerevisia@roteome is also shown (white bars).

I1.4.2 Comparative analysis of the predicted proteomes @&. ludiwgiiwith members of the

Saccharomycetaceaand Saccharomycodacedamilies.

The get further hints into the physiology ®f. ludwigiithe predicted ORFeome of the
UTAD17 strain was compared with the one predictedHfaguilliermondii H. uvarumandH.
osmophila these representing three species of $faecharomycodaceaamily with an
available annotated genomic sequence. TBasharomycetaceapecies with relevance in
the wine environment were also included in this comparative andlgsisancea fermentati

Torulaspora delbrueckiand theS. cerevisiasvine strain EC1118Figure 11.4).
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Figure Il. 4i Comparative analysis of the predicted proteome of ShecharomycodaceaspeciesSd. ludwigij H.
guilliermondii, H. uvarumandH. osmophila The ORFeome predicted f8d. ludwigilUTAD17 strain was compared with the
one of theHanseniasporapecies that also belong to thaccharomycodacedamily using pairwise BlastP alignments. Three
species belonging to tif&accharomycetacedamily with relevance in the wine environme8t, cerevisiael.
fermentatiandT. delbrueckiwere also included in this comparative analysis. The graph shows the numBdr of
ludwigii proteins highly similar @ al ue bel o w2 and identifylalaole 50%), similar-(@lue below or equal to

e P and identity between 30 and 50%) or dissimilawvgie above 'e ¥ from those found in the other yeast species
considered.

The Sd. ludwigiiUTAD17 ORFeome showed the highest degree of similarity Wwith
fermentat T. delbrueckiiandH. osmophilawhile similarity with the predicted proteomes of
H. uvarumandH. guilliermondiiwas considerably smalleFigure II. 4). This observation
was surprising but is in line with the results obtained by phylogenetic analysis of the the ITS
sequence of the strains used in this comparative proteomic analysis that also shows a higher
divergence oH. guilliermondiiandH. uvarumspecies within th&accharomycodacedamily
(Appendix Figure 11.1). H. osmophilavas described to have phenotypic traits similar to those
exhibited by Sd. ludwigij including the ability to survive in high sugar grape musts or
reasonable fermentative capac{tgranchi et al., 2002yiana et al., 2008two traits not
observed foH. uvarumor H. guilliermondit Similarly, L. fermentati formerly described as
Zygasaccharomycefermentati(Kurtzman & Robnet, 2003also shares phenotypic traits with
Sd. ludwigiiincluding tolerance to SCand ethanol and the ability to grow on grapests or
wines with high residual sugar cont¢Bellut et al., 202Q)Thus, it is possible that the observed
higher similarity of theSd. ludwigiiwith H. osmophila L. fermentatiand T. delbrueckii
proteomescan result from the evolution of similar adaptive responses to the challenging
environment of wine musts, not reflecting their phylogenetic relatedness. In this context, it is

intriguing whyH. guilliermondiiandH. uvarumare apparently so divergent calesiing they
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are also present in grape mudts.capture more specific features of 8e ludwigiispecies,
the proteins considered dissimilar from those found in the set of yeasts used for the comparative

proteomic analysis were compared resulting in the Venn plot depickedure Il. 5.

213 proteinsonly found in S. ludwigii UTAD17 |

1) N-acetylglucosamine catabolism
N-acetylglucosamine 6-phospate diacetylase SCLUD7.g8)

A Glucosamine-6-phosphate isomerase (SCLUD7.g6)

A 2 putative N-acetylglucosamine kinases (SCLUD6.g44 and SCLUD7.g11)

A N-acetylglucosamine-6-O-sulfatase (SCLUD1.g1073)

A Putative beta-hexosaminidase (SCLUD7.g7)
2) Adhesion and flocculation

A Predicted flocculins (SCLUD4.g808, SCLUD3.g431, SCLUD13.g10, SCLUD1.g579)
3) Cell wall structure

A Betamannosyltransferases (SludBMT1, SludBM T2, SludBM T3, SludBMT4)
4) Formation of aroma compounds

A Predicted 2,3-butanediol dehydrogenase (SCLUD5.g30, SCLUD7.g344, SCLUDS8.g438)

eylydowso 'y

”’%\ o 201 S. ludwigii UTAD17 proteins not found in Hanseniaspora spp.

1) Carbohydrate metabolism
Phosphoenolpyruvate carboxykinase (SludPCKA)
A Fructose-1,6-biphosphatase SludFBP1
A Isocitrate cyase (SludIC11)
2) Thiamine biosynthesis
3) Amino acid permeases

Figure 1l. 5- TheSd. ludwigilUTAD17 proteins found to be dissimilar from those found in the other yeast species were
compared and the results afown in the Venn plot. In the picture are highlighted the 213 proteins/¢ghatunique o8d.
ludwigi,as no robust homologue could be found in any oSd the oth

ludwigii that were found in th8accharomycetace@pecies buhotin the otheiSaccharomycodaceapecies. Some of the
functions represented in these two protein datasets are highlighted in this picture.

This analysis identified 213 proteins that were only foundah ludwigii (detailed in
Appendix Table I1.5). This set included six enzymes required for catabolism of N
acetylglucosamine (GIcNAc) into fructosepBosphate including a-Bcetylglucosaminé-
phosphate deacetylase (SCLUD7.g8), a glucosagipleosphate isomerase (SCLUD7.g6)
and two putative Macetyglucosamine kinases (SCLUD6.g44 and SCLUD7.gEigure 1.

5, Figure II. 7 and Appendix Table 11.5). A predicted Nacetylglucosamine permease
(SCLUD1.g377) was also identified in the genom8afludwigilUTAD17, however, this was
also present in the genome of the other four yeast species considered. THedsétakigii
specific proteins also included a protein weakly similar to a described bacterial N
acetylglucosaminé-O-sulfatase (SCLUD1.g1073) and a putative detgosaminidase
(SCLUD7.g7), these two enzymes being required for cataboligrmalgdaccharidebarboring
GlcNAc like heparinsulphate Figure Il. 5 and Appendix Table I1.5). In yeasts GIcNAc
metabolism has been essentially described in dimorphic specie€dikéida albicansor
Yarrowia lypolytica where it serves as a potent inducer of morphological trangiiovotny

et al.,, 1994 Recently, the ability ofScheffersomyces stipitt® consume GICNAc was
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described enlarging the panoply of GIcNAc consuming yeasts tedinmorphic species
(Passoth et al., 1996)

Aiming to uncover why GIcNAc catabolism is presenSiah. ludwigij but not in the
otherSaccharomycodaceapecies, we grew UTAD17 in minimal medium supplemented with
50 mM of GIcNAc. This assay aimed to determine if, simyldd yeasts likeC. albicans,
GIcNAc could induce hyphae formation$al. ludwigilUTAD17. We first teste®d. ludwigid s
filamentation capacity at 30°C, usifig albicansSC5314as a positive control due to itell-
established role of GIcNAc in inducing filamentation in this spe@ieseem et al., 2011; Su
et al., 2018; Rao et al., 20R1At this temperature, no hyphae formation was observed in
UTAD17, although hyphae structures began to appear atbicangFigure Il. 6). Increasing
temperature to 37°C, led &d. ludwigiiUTAD17 cells becoming elongated and developing
what looked like hyphatke structures, suggesting a positive relationship between GIcNAc
catabolism and dimorphic growth #&d. ludwigii (Figure 1l. 6). In C. albicans,GIcNAc
catabolismis closely associated with pathogenic and commensal relationships, as GIcNAc
serves as a major carbon source that supfgorts a | kgrowtla in éisnans and other
mammals(Liu et al., 2013; Yang et al., 2023}t also functions as a powerful inducer of
mor phol ogical transitions such as hyphae dev
virulence and infection of host nich@su et al., 2013; Yang et al., 2023No reports ofSd.
ludwigii associated to human infections has been described, altitaaghequently isolated
from the gut ofinsects(Fogleman et al., 1982; Stefanini, 201&here the ability to degrade
this carbon source could provide an advantage for effective colonization of this host.
Additionally, the ability ofSd. ludwigiito use GIcNAc as a carbon source will likely provide
an important advantage in the competitive environment of winesn{iuist et al., 2013; Yang
et al., 2023).
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MMB + 50 mM GlcNac
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Figure Il. 6i N-acetylglucosamine promotes hyphae formatio8dnludwigiilUTAD17. Like inC. albicansin Sd. ludwigii
UTADL17 is also possible to observe the formation of hyghaestructures, at 37°C, suggesting that GIcNAc is capable of
inducing dimorphic growth in this species

A set of proteins with a predicted function in adhesion and flocculation also emerged
among the set dbd. ludwigiispecific proteinsKigure Il. 5). The ability ofSd. ludwigiito
cause cloudiness in bottled wines has been described as well as its ability to grow on biofilms
or to flocculate even when growing in synthetic growth mediumareiro & Malfeito-Ferreira,
2003) Further investigations should focus on what could be the role played by these
flocullins/adhesins in the aggregation and abilitysdf ludwigiito form biofilms considering
that they are considerably different from the flocullins/adhesins found in the closely related
yeast species. A particularly interesting aspect will be to investigate whether these adhesins

mediateSd. ludwigiiadherence to the abiotic surfaces of cellars or to cellar equipment.

11.4.3 Metabolic reconstruction of Sd. ludwigiilUTAD17

To reconstruct thé&d. ludwigiimetabolic network, the ORFeome predicted for this
strain was used as an input for BlaskK OALA tool (Kanehisa et al., 20168gsulting in the
schematic representation shownFigure Il. 7 (the corresponding functional distribution is
shown inAppendix Figure 1l .2 while in Appendix Table 11.6 are provided further details
about the genes clustered in each of the metabolic pathways). This analysis sh@&us that
ludwigii UTAD17 is equipped with all the genes of the main pathways of central metabolism
including the pentose phosphate pathway, glycolysis, gluconeogenesis, Krebs cycle and
oxidative phosphorylation, besides the already discussed capacity to use Gritjlfke (I.

7; the identity of enzymes associated to the different enzymatic steps shown in the metabolic
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map are provided iAppendix Table 11.6). The fact thaSd. ludwigiilUTAD17 is equipped

with neoglucogenic enzymes, an isocitrate lyase and all the enzymes required for biosynthesis
of thiamine are marked differences from what is observethirseniasporapeciegSeixas et

al., 2019)(Figure 1. 7; Figure Il. 5 andAppendix Table 11.6). Considering the critical role

of thiamine in driving fermentation, the fact ti&d. ludwigiicells are able to biosynthesize it

can be responsible for the higher fermentative capacity of these cells, compared with
Hanseniasporapp. that are auxotrophic for this vitamiizixas et al., 2019; Steenwyk et al.,
2019) A closer look into the genes involved in thiamine biosynthessslinudwigiilUTAD17
revealed that this yeast encodes 10 enzymes required for conversion of histidine and pyridoxal
phosphate into the thiamine precursor hydroxymethylpyrimidine diphosphate-BiMRree
enzymes for corarsion of HMRP into HMRPP and four predicted thiamine transporters
(Figure II. 7). This is interesting since in. fermentatiand inT. delbrueckiiwe could only
identify one enzyme for each of the different enzymatic steps required for biosynthesis of 3
HMP-PP, similar to what is reported fdkluveromyces lactisK. thermotoleransor
Saccharomycekluyveri (Wightman & Meacock2003)(Figure Il. 7 and Appendix Table

11.6). In fact, until thus far the expansion of enzymes involved in synthesi$iMBB-PP has

been described as a specific feature ofhecharomycesensu strictu species thatrbours3
enzymes for the synthesis ofHMP-P (Thi5, Thill, Thil2 and Thil3) and two for the
synthesis of HMP-PP(Wightman & Meacock, 2003 he amplification of only the-BIMP-

P branch, but not the HET branch (which provides the other precursor for thiamine
biosynthesisFigure Il. 7) is noteworthy [Figure Il. 7). 3HMP-P has only been described as
anintermediate of thiamine biosynthesis atidlis it is not clear the outcome that might be
obtained bySd. ludwigiicells with the expansion of enzymes involved in synthesis of this
precursor. In the case &. cerevisiaghe expansion of genes producingHBIP-P was
proposed to assure proper channelling of pyridoxine to thiamine biosynthesis avoiding
depletion in biosynthesis of amino aci@ightman & Meacock, 2003)senes required for
catabolism of lactate, mannose, sucrose, raffinose and starch wdmatsa the genome of
UTAD17 (Figure Il. 7, Appendix Table 11.6) consistent with the demonstrated abilitySaf.
ludwigii UTAD17 and other strains of this species to grow on these sources (results not shown).
As said above$d. ludwigiilUTAD17 strain is not equipped with genes allowing catabolism of
galactose and we could also not detect genes for catabolism of lactose, this observation being
in line with the reported inability of this species to grow on these carbon sdBa@sdy

Mills et al., 2011)
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Concerning nitrogen metabolism, all the genes required for synthesis of proteogenic
amino acids, synthesis and degradation of GABA and for conversion of amino acids into higher
alcohols through the Ehrlich pathway were found in $te ludwigiilUTAD17 ORFeome
(Appendix Table 11.6 ; Appendix Table II.7 andFigure 1l. 7). No genes encoding enzymes
for the synthesis of spermidine, spermine or putrescine, or for biosynthesis of methionine
through the salvaging pathway (the main sourcepiacursorsfor the biosynthesis of
polyamines) were found in the genome of UTAD17, similar to what was observed for
HanseniasporapeciegSeixas et al., 2019; Steenwyk et al., 209hough this observation
is intriguing, considering that polyamines, and specially spermidine, plays a detrimental role
in mediating growth irS. cerevisiadChattopadhyay et al., 20Q3) is in line with previous
reports of the inability of the UTAD17 strain, andSd. ludwigiispecies in general, to produce
biogenic amines (which are produced from polyamifigsjeves et al., 2019; Ivit et al., 2018
Another noticeable difference betwe8d. ludwigiilUTAD17 and theHanseniasporapecies
was the observation th&d. ludwigiiis equipped with specific permeases for methionine,
GABA, histidine, proline, glutamine, lysine, arginine, choline, isoleucine/valine/isoleucine,
besides encoding five putative general amino acid permeasesHemseniasporancodes
only two specific amino acid permeases but thirteen general amino acid perrfraasesl|.
7andAppendix Table I1.6) (Seixas et al., 2039
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Figure Il. 7- Schematic overview on the central carbon and nitrogen metabolic netwdsks hfdwigilUTAD17. The
predicted ORFeome &d. ludwigiiwas used as an input in the metabobtworks reconstruction tools eggN@@&pper and
KEEG Koala to gather a schematic representation of the metabolic pathways linked to central carbon and nitrogen metabolism
active inSd. ludwigiilUTAD17. The picture schematically represents some of the active pathways identifiedinnsthc
analysis, emphasizing in red proteins that were fouridinludwigiibut in otherSaccharomycodaceadhis schematic
representation is original and was specifically prepared by the authors to be presented ireTavg(2621).
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[1.4.4 The predicted FLAVOROMA genes inSd. ludwigiiUTAD17

One of the aspects for whi@d. ludwigiiis considered to have strong biotechnological
potential is its use in tailored flavetermented beveragéRomano et al., 199%steves et al.,
2019; Ivit et al., 2018; Holt et al., 2018; Michel et al., 2016; De Francesco et al), ROttbs
context, we searched the UTAD17 ORFeome for genes predicted to be involved in formation
of volatile aroma compounds, with the more relevant aspects of this analysis being summarized
in the metabolic map shown Figure 1l. 7 and further detailed iAppendix Table I1.7. Sd.
ludwigii UTAD17 is equipped with enzymes for biosynthesis of ethyl esters, namely ethyl
acetate Figure Il. 7 and Appendix Table 11.7). In specific, we could identify two alcohol
acetyttransferases in the genome of the UTAD17 strain, SCLUD4.g700, moderately similar
to S. cerevisia&atl and SCLUD®6.9g215, weakly similar to tieveromyces lactiKlEatl and
Wickerhamomyces anomaléaEatl Figure Il. 7 andAppendix Table 11.7). Eatl fromw.
anomalusand K. lactis were recently described as part of a novel family of alcohol
acetyltransferases essentially responsible for ethyl acetate prodiatios et al., 2017)No
orthologues of ScAtfl or ScAtf2, two other alcohol acetyltransferases tBaterevisiaalso
contribute for synthesis of ethyl acetate, were identified in the ORFeore.dlidwigii
UTAD17. Similarly, no orthologues for ScAtfl or ScAtf2 were found in the genome of
Hanseniasporapecies whose ability to produce ethyl esters (aftnawhich these species are
particularly known foii e.g, H. guilliermondii- Lage et al., 2014 was hypothesized to result
from the activity of a specific set of putative set alcohol adetylsferases only found in the
genomes of these speci&eixas et al., 2019and whose functional characterization is being
pursued in our laboratory. Strikingly, although the UTAD17 strain is equipped with enzymes
leading to synthesis of ethyl esters &l ludwigiiis known for high capability to produce
ethyl estergRomano et al., 1999; Michel et al., 2016; Domizio et al., 2011; Ciani & Maccarelli
et al., 1997, during fermentation of natural grape juice the production of these volatiles by
UTAD17 cdls was almost negligible, even below the one exhibite® bgerevisiadEsteves
et al., 2019) Further investigations will have to be performed to better understand this
observation specially focusing whether this trait is specific of the UTAD17 strain (which by
some reason could have the activity of alcohol adetylsferase enzymes impairedjdrether
this resulted from the composition of the grape juice used in the fermentations that could be
less favourable for production of ethyl estersSaly ludwvigii cells.Sd. ludwigiiis also known
for its ability to produce 2;Butanediol and acetoifiRromano et al., 1999; De Francesco et al.,

2015; Romano et al., 1998FConsistently, three predicted HBtanediol dehydrogenases
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(SCLUD5.g30, SCLUD7.g344 and SCLUD8.g438) are found in the genome of the UTAD17
strain Figure 1. 7 andAppendix Table 11.7). Enzymes for the production of higher alcohols,
isoamyl alcohols and a putatileetaglucosidase were also detected in the genome of the
UTAD17 strain Appendix Table 11.7).

The retention of aromatic compounds in wines (namely fruity esters) has been linked
to increased content of mannoproteins, which have also been found to increase mouthfeel,
provide protection against protein and tartaric instability and reduced astrir{(@anm)i et al.,
2006; Domizio et al., 2034 Sd. ludwigiiis known for its enhanced ability to excrete
mannoproteingEsteves et al., 2019; Domizio et al.,, 2011; Giovani et al., R(A2ther
characterization of these mannoproteins releasegdbyudwigiishowed a very high content
(above 90%) of mannose suggesting that hypannosylation of these proteins released from
the cell wall occurgGiovani et al., 2012)Notably, mining of theSd. ludwigiiUTAD17
genome allowed us to identify five putativieetamannosyltransferases (SludBMTL1,
SludBMT2, SludBMT3 and IBdBMT4) with strong homology tbetamannosyltransferases
described inCandida albicansC. glabrataor Pichia pastoris(Mille et al., 2008; Krainer et
al., 2013 (Appendix Table 1.8 andFigure Il. 7). In those species, these enzymes mediate
the incorporation dbetal,2-linked oligomannosides in the cell wall (a unique feature since in
S. cerevisia¢ h e s el,4dinkexl) abd to promote hypenannosylation of secreted proteins
(Mille et al., 2008; Krainer et al., 201)lo orthologues of these enzymes could be found in
H. uvarumor in H. guilliermondii while H. osmophilaappears to encode only one of these
mannosyltransferases Agpendix Table 11.8). The presence of thesebeta
mannosyltransferases in the genomeSdf ludwigii UTAD17 strongly suggests that the
composition of the cell wall should be quite different from the one found in other
Saccharomycodaceamd inS. cerevisiaewhich can affect the function of this structure as a

selective barrier (for example, against>Sa¥ it will be discussed below).

I1.4.5 Elucidating Sd. ludwigii stress responses relevant in the context of wine

fermentation: emphasis on tolerance to sulfur dioxide

The fact that contamination I8d. ludwigiiis observed either in sulfited grapaists
or in stabilized wine§Romano et al., 199%®Barata et al., 2010; Loureiro & Malfeifeerreira,
2003 indicates that this yeast is equipped with means to survive the harshnerentoof
vinification which include, among others, the high concentration of sugars present in the

beginning of the fermentation or the high concentrations of ethanol obtained in the end, besides
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the presence of inhibitory concentrations obS&though not much is known concerning how
wine NonSaccharomyce¥ easts respond to environmental stress, a lot of knowledge was
gathered on the field i®. cerevisiaencluding the genes necessary for tolerance to ethanol
(van Voorst et al., 2006; Yoshikawa et al., 2Q0@8)high concentrations of glucofEeixeira
et al., 2010pbr even those required for this species to thrive in oenologically relevant conditions
(the secalled fermentome Walker et al., B14). We have searched the genome of UTAD17
for orthologues of these sets of stredsrance genes describeddncerevisia@and found that
Sd. ludwigilUTAD17 harbours around #85% of those genes, as detailedppendix Table
[1.9. This percentage is considerably higher than the one founH. imvarum or H.
guilliiermondii that only harboured 33% of the ethatmlerance genes and 35% of the
Af er ment o(Baxas ega. ,n2019A closer comparison revealed thad. ludwigii
UTAD17 =encodes al | -geneseidenfifiscc inHanseniasporaédnd &7e 0
additional others that were not foundHianseniaspordAppendix Table 11.9). Sd. ludwigii
UTAD17 was al so fSocerevisiagthanolesistamcel gene thab could not
be identified in its sister speciékanseniasporddetails inAppendix Table 11.9). Although
these numbers need to be taken carefully because the proteins might have suffered divergent
evolutive paths inS. cerevisiaeand in the other yeasts and therefore the absence of an
homologue does not necessarily mean that a functional orthologue is absent, the higher
presence of stress genesSd. ludwigiiUTAD17 is consistent with the described increased
resilience of this species to whnelated stresses, compared witlinseniasporapecies. From
the analysis performed it stood out that a large cohgreafxisomabenes and mitochondrial
proteins involved in translation and in the respiratory chain are priegninS. cerevisiae
and in Sd. ludwigiibut are absent frorklanseniasporagenomes Appendix Table II.6).
Although the molecular mechanism by which tperoxisomalfunction contributes for
tolerance to ethanol i8. cerevisiaeould not be uncovered until thus far, it was clear that when
cells are challenged with toxic concentrations of ethanol a proliferation of these organelles
occurs(Teixeira et al., 2009)which is also consistent with the protective effect exerted by
PEX genegYoshikawa et al., 2009; Teixeira et al., 2p@8ad with their reported upegulation
under ethanol stregStanley er al., 2010Further investigations will be required tonfiom
whether or notperoxisomalfunction plays a role in mediating tolerance to ethandbdhn
ludwigii.

Sd. ludwigilUTAD17 does not encode a clear orthologue for the transcription factors

Msn2 and Msn4{Gasch et al., 2000)esponsible for the control of the environmental stress
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response irS. cerevisiaend that also play a role in response of this species to vinification
conditions(Cardona et al., 2007; Marks et al., 20@8pser mining of th&d. ludwigiigenome
allowed us to identify one protein (SCLUD3.g330) that shows similarity at the level of the C
terminal domain (67% identity) to the-t€rminus of ScMsn2 and ScMsn4, the region that
comprises the DNA binding domain of these regulgi@isner et al., 2002Appendix Figure
[1.3). Due to evolution, transcription factors tend to conserve their homology across more
distant species essentially at the DNA binding domain, while transactivation domains are
largely more variable. IRlanseniasporapecies no orthologue of ScMsn2/ScM¢84éixas et
al., 2019)nor this was also found in ti8accharomycetaceaspeciesS. pomber S. kluyverii
(Brion et al., 2016)This does not mean thElanseniasporar Sd. ludwigiido not mount an
environmental stress response with some similarities tortbelescribed i8. cerevisiasince
such a response was described to occ&. ipomber S. kluyverii(Brion et al., 2016)albeit
the absence of a Msn2/Msn4 clear orthologue.

Tolerance to S&@in S.cerevisiaehas been largely attributed to the activity of the sulfite
export pump SsuflLage et al., 2019 vram & Bakalinsky, 1997; Nadai et al., 2Q16vhich
was also found to influence tolerance to this preservative in the more tolerant strain
Brettanomyces bruxellengigarela et al., 2019Notably, the genome &d. ludwigilUTAD17
was found to encode four genes with a strong similarity (above 45% at the amino acid level)
with the efflux pump ScSsul: SCLUD1.g608, SCLUD1.g608b, SCLUD1.g612,
SCLUD1.g61D) (Appendix Figure 1. 4). These four genes are arranged in tandem and appear
as two duplicated pairs with SCLUD1.g608 and SCLUD1.g612 showing higher similarity to
ScSsul (47.5% identity) and SCLUD1.g608b, SCLUD1.g612b showing a lower similarity due
to a premature STOP codon thahders the proteins shorter at thée@ninal region Figure
Il. S5andAppendix Figure Il. 4). This is very interesting since it is the first time that a candidate
sulfite export system is described3d. ludwigii Our preliminary results from a transcriptomic
analysis undertaken in S@hallengedsd. ludwigiicells confirms that the folBSUlgenes are
transcribed (albeit the shorter versions at a considerably lower extent than the larger ones) and
their transcription is augmented upon exposure to(8B8ults not shown). Further studies will
be required to investigate-ltitkeoi mdiimpisd u anl drec
tolerance to S@n Sd. ludwigii More SQ-tolerantB. bruxellensistrains were found to encode
alleles with higher activity of SSU1 than those encoded by less susceptible strains, this being
attributed to the agtence of point mutations that result in increased activity of the pumps

(Varela et al., 2019)in this sense, it will also be interesting to investigate if a similar trait is

115



observed in the case of tB&Ulgenes encoded [8d. ludwigiiconsidering that a strong inter
strain variability concerning tolerance to Si@s also been describ@dejarano et al., 2018)

In S. cerevisia¢ranscription ofSSU1is largely dependent of the transcriptional activator Fzfl
(Avram et al., 1999but we could not identify an orthologue for this regulator in the genome
of Sd. ludwigii(nor in B. bruxellensis suggesting that in this species this sulfite efflux pump
could be under the control ofdéferent regulatory circuit.

Recently our group has performed a genawae phenotypic screening that identified
around 200 genes required for tolerance te i8@S. cerevisiaexpanding the set of resistance
determinants to this preservative well beyond S&abe et al., 2019 Among these newly
identified SQ-resistance genes was the Com2 transcription factor, an orphan homologue of
Msn2, which was identified as being critical not only for tolerance but also for the
reprogramming ofS. cerevisiadranscriptome in response to S€ress(Lage et al., 2019).
Although the SCLUD3.g330 regulator discussed above shows more homology with ScMsn2
than with ScCom2Appendix Figure Il. 3), it still remains the question of whether or not this
regulator could mediate response and/or toleran&g ofudwigiito SG. Around 65% of the
other SQ-resistance genes identified$n cerevisiadad a robust orthologue in the ORFeome
of Sd. ludwigilUTAD17 including the genes mediating the sulfur assimilation pathe:ay (
MET14 MET16 and METJ) or the genes involved in biosynthesis of lysine and arginine
(Figure II. 8 andAppendix Table 11.10).

Another aspect that might also influence the extreme tolerance tofd. ludwigii
is the different structure of the cell wall which, as discussed above, is likely to be enriched in
b-1,2mannosi des due tnoannoshiteansfprasess Ehis enedification cbuld
result in a lower permeability &d. ludwigiicell wall to SQ and thus explain the observed
reduced diffusion rate into the inside of these cells, compared to the one obser@ed for
cerevisiag(Stratford et al., 1987; Stratfo& Rose, 1985 Since ethanol tolerance has also
been demonstrated to depend on diffusionssctioe cell wall, it is possible that this anticipated
difference in the cell wall o&d. ludwigiican also contribute for its higher tolerance to ethanol,
especially when compared to its closely relatthseniasporaspecies. IrFigure Il. 8 we
have schematically represented the features that might influence tolerance o S®©
ludwigii, as uncovered by the herein described genomic analysis. What can be the individual
contribution of these different players for the overall phenotype exhibited by this species and
how they might determine intistrain variability, is something that will ed future studies

focused on the herein uncovered candidates.
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Figure Il. 8- Mechanisms suggested to contribute for tolerance tars88d. ludwigij as suggested by mining the genome of

the UTAD17 strain. The candidate players that might contribute for the enhanced tolerangexbili@d bySd. ludwigii

cells, as suggested by mining of the genome of the UTAD17 strain, were selected and are herein highlighted. Besides the four
predicted sulfite exporters with similarity with the sulfite export pump Ssul$arerevisiagorthologues for genes that been
found to mediate tolerance to 5@ S. cerevisiasuch as genes involved in biosynthesis of lysine and arginine or the genes
involved in the sulfate assimilation pathway, are also indicated. The eventual involvement of a Qaat®egulatory
pathway inSd. ludwigiiis also hypothesized, based on the existence of a transcription factor with some degree of similarity to
this crucial S@-determinant irS. cerevisiaésee details for further discussion in the text). It is also hypothesized whether the
presumed different structure of tBel. ludwigiicell wall, resulting from this species harbouring a set of mannoproteins and a
di fferent s t-gluoan fcammpared dof the tomeeexhibited by in otBaccharomycodaceaspecies and by
Saccharomycetacepean contribute for the reported reduced diffusion of B@ the inside ofsd. ludwigiicells (Stratford

et al., 1987). This schematic representatias adapted frorfiavares et al(2021).
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[1.5 Conclusions

In this work we have deepened the genomic sequence and annotation of the wine
spoilage specieSd. ludwigiilUTAD17 shedding light into relevant aspects of the biology and
physiology of this species such as its high resilience to the wine preservativer 88
resilience to thrive in the challenging environment of the wine must. Compared to its sister
Hanseniasporaspecies, that also belong to taccharomycodaceafamily, significant
differences were observed including functional neoglucogenesis, giexghd thiamine
pathways or a different cell wall structure. We have also unravelled aspects that might render
a suitable exploration ddd. ludwigiias an interesting microbial cell factory either as a co
adjuvant in production of fermentation beverages, or in production of aroma compeugnds (
ethyl acetate) or of biofuel®.g, production of bioethanol using the-GIcNAc enriched

renewable source chitin).
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Chapter IlI.

Comparative genomics oSaccharomycodedsidwigii strains unveils
relevant aspects of the physiology of this species, and adaptive
traits underlying tolerance to sulfur dioxide

Part of the results shown in this chapter was published in:

Esteves M, Barbosa C, Vasconcelogdvares M,) MendesFaia A, Mira NP and
MendesFer r ei r a A. AChar act er i z icangentionah ejeastp ot e nt
SaccharomycoddsdwigiUT AD17 in winemakingo, Microorgan
10.3390/microorganisms7110478

Tavares M, Esteves M, Coelho B, Butler G, Sousa MJ, Mereeseira A and Mira
NP.ACompar at i v Saccharomycoddedwigii gtfains unveils relevant aspects of
the physiology of this species and adaptive

Microbial Genomics (manuscript preparation).
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[11.1 Abstract

Sd. ludwigiiis a poorlystudied member of th@accharomycodaced@mily and studies
addressing the establishment of relevant gengtyy@motype associations are very scarce. In
this chapter, the genomic sequence of the UTAD17 strain, described in the previous chapter, is
leveraged to examine such type of studies ustwngarative analysis between UTAD17 and
strain BJK_5C, isolated from an apple cider vinegar facility in Slovenia. Significant phenotypic
differences were observed between UTAD17 and BJK_5C concermrimglitfierent levels of
tolerance to Seor to acetic acid; pattern of sugar consumption amna formation under
fermentation Results obtained concerning the performance of these strains while fermenting
natural grape musts are also described, pointing to a possible application of these strains as
adjuncts ofS. cerevisiaeTo correlate these differences with genotypaturesthe genome of
BJK_5C was obtained and compared to the one of UTAD17. The results obtained concerning
this interstrain Sd. ludvgii comparative genomic and phenotypic analyses are herein
discussed.

Keywords: Saccharomycodacea&accharomycodelidwigii, genomics of wine spoilage

yeast, wine fermentation, sulfur dioxide
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[11.2 Introduction

Saccharomycoddsidwigii is a nonSaccharomycegeast from theSaccharomycodacea
family that can be found in wine musts and bottled wifésmazaki & Oshima, 1996;
Vejarano et al.,, 2018 However, besides this nich8d. ludwigiistrains have been isolated
from other instances such as fruit juices and their fermented prdBuatset al., 2022; Roller
& Covill, 1999; Wang et al., 2021)equila and mezcglLachance, 1995)0il samples, insect
guts (Lachance et al., 1995and tree secretior($tringini et al., 2009; BoundMlills et al.,

2011) Such diversity is suggestive of a relatively high adaptability of the species to different
environments. The recent description ofSd. ludwigii strain capable of enduring high
temperaturegcapable of growing id3°C)and exhibiting multistress tolerance against several
stress agentésuch asacetic acid, furfural, Hydroxymethyl furfural and etharjofurther
supports this idegPilap et al., 2022Recently, a novel species, closely relate8dolwwigii,

was proposed for the first tin{gvVang et al., 2021)This species, termeftl. pseudtudwigii,

was isolated from fruit and tree bark in China and exhibited relevant differences in several
genomic markers (such asnsiderable differences in the sequencetheiTS region, and
RPBlandTEF1gene$, compared t&d. ludwigii(Wang et al., 2021).

Following the previous chapter, in which the genome $daludwigiistrain (UTAD17),
isolated from grape must, was thoroughly examimedhis work the focus lies in observing
the main phenotypic and genomic differences observed when us8ty Bdwigii strain
(BJK_5C) isolated from an apple cider vinegar facility. Specifically, this work will compare
the fermentative performance of the BJK_5C strain using a red and white natural must,
comparing the results twohat had been also performed for the UTAD17 stfBsteves et al.,
2019) The relevance of this experiment enexgafter several studies have shown that,
depending on the straifd. ludwigiican be used an adjunct®fcerevisiagn the fermentation
of grape musts, resulting in wines with increased organoleptic properties, such as differential
aroma profiles and mouthfe@Domizio et al., 2014; Domizio et al., 2011a; Domizio et al.,
2011b)

In a previousvork, the strairSd. ludwigilUTAD17 was useas an adjunct @&. cerevisiae
to ferment a Touriga Nacional red grape n{&steves et al., 2019). In this studyyas found
thatall the glucose and fructose available in the must were consumed in a timely iftanner
days wherd. ludwigiiandS. cerevisiagvere ceinoculatedand 8 days when the inoculation
was sequential Sd. ludwigiilUTADL17 inoculated first and, after 728, cerevisiag(Ciani &
Maccarelli, 1997. The analysis of the fermented wines obtained ®dh ludwigiiUTAD17
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andS. cerevisiashowed low levels of acetic acid and ethyl acetatéch contrasts with the
results obtained in similar studies conducted with ditedudwigiistrains that reported, in all
cases, high levels of these metabol{feemizio et al., 2011; Romano et al., 1999; Ciani &
Maccarelli, 1997) In fact, the wines obtained Wyd. ludwigiiUTAD17 in single culture
produced lower levels of ethyl acetate than those Withcerevisiagwhetherin single
inoculation or in sequential dnoculation (Esteves et al., 2019) Additionally, the wines
obtained withSd. ludwigiiwere also found to have low concentrations of secondary aroma
compounds, pointingp a possible use of this strains in the production of wines with a greater
expression of their varietal characfEsteves et al., 2019)

In thisChapterwe have undertaken fermentations of two natural musts (Touriga Nacional,
a red grape variety, and Sauvignon Blanc, a white grape vausiyy two differentSd.
ludwigii strains: UTAD17 and BJK_5Qhe results obtained differgdt some point, between
the strainsconfirming, that the background of tBe. ludwigiistrain used in starter cultures is
relevant for the outcome of the obtained product. To get clarifying insights into this aspect, the
genome sequence of BJBC strain was alsoenein obtained and discussed, in comparison
with the findings obtained before for UTAD17.
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[11.3 Methods and Materials

[11.3.1 Strains and growth media

The experiments conducted in this study used 8o ludwigii strains: BJK_5C,
isolated from an apple cider vinegar facility in Slovenia and kindly provided to us by Professor
Janja Trcek (University of Maribor, Slovenia), and the UTAD17 strain, described in the
previous chaptgiTavares et al., 2021%trains were preserved-80°C in YPD (containing 20
g/L glucose, 10g/L peptone, 5 g/L yeast extract), and routinely maintained at 4°C also in solid
YPD plates.

For the different experiments, both strains were cultivated in minimal medium (MMB)
[containing 20 g/L glucose, 1.7 g/L nitrogen base without amino acids, and 1.67 g/L
ammonium sulphate] or in synthetic grape juice medium (GJM). GJM, designed to mimic
natual grape must, was prepared with a slight modification of the formulation originally
described by Henschke and Jiranek (1993), as previously published by Seixas et al (2023). In
specific, equimolar concentrations of glucose and fructose (200 g/L) wedeagsearbon
source. Nitrogen was supplied as a mixture @frdmonium phosphate (DAP) and amino acids
(from a stock solution containing: 1g/L alanine, 9.1 g/L arginine-HCI, 1.7 g/L asparagihe-H
3.5 g/L aspartic acid, 6.22 g/L glutamic acid-HCI, 2 g/L glutamine, 0.74 g/L glycine-HCI, 2.04
g/L histidine-HCI HO, 2 g/L isoleucine, 3 g/L leucine, 3.12 lysine-HCI, 1.5 g/L phenylalanine,

5 g/L proline, 4 g/L serine, 3.5 g/L threonine, 1 g/L tryptophan, 0.2 g/L tyrosine, 2 g/L valine,
and 1.5 g/L methionine).

[11.3.2 Growth of Sd. ludwigii strains in different carbon sources and under different

relevant environmental stresses.

The capacity o6d. ludwigiilUTAD17 and BJK_5C strains to grow in different carbon
sources and to endure different stress conditions was assessed based on spot assays. To perform
this phenotypic assay, the tv&d. ludwigiistrains were grown overnight in 25 mL liquid
minimal medium MMB, at 30°C with orbital agitation of 250 rpm, in 50mL shake flasks. On
the next day, a new suspension was prepared in fresh medium (aiming for an ingtahOMD
0.1) and the cells incubated at 30°C and 250 rpm until exgahphase was reached (after 3
hours). At this point, a cell suspension having ardoa0of 0.05 was prepared in water as well
and two subsequent dilutions (1:5 and 1:25). Of these cell suspensions, 4 uL were applied as
spots onto MMB medium having 2% of glucose (used as a control) or fructose, saccharose,
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galactose, maltose, mannose, mannitol, rhamnose, sorbitol, xylose, glycefiollactic acid.

The media and the organic acids concentrations were adjusted to pH 3.5. Cell growth was
monitored for 72h. This same experimental setup was used to monitah gfouTAD17 and
BJK_5C in MMB medium supplemented with ethanol (2% to 6%), acetic acid (10 mM to 60
mM, final pH 3.5) and S@©(from 2 to 6 mM). S@was included in media by incorporating
equal amounts of freshly prepared stock solutions of potassiumisudfied (Merck) in water,

with pH adjusted to 3.5, to obtain the desired final concentrations.

[11.3.3 Karyotyping based on pulsedfield gel electrophoresis (PFGE)

PFGE was used to separate the chromosomal DNA barfis. ddidwigiiBJK_5C in
similar terms to what had been done before for UTAD17. The experimental setting described
by Sipiczki et al(2003) modified by Hage & Houselef2013)was used. In brief terms, the
yeast chromosomal bands were separated in a BioRad -OiRHFelectrophoresis apparatus
(Bio-Rad, Hercules, CA, USA) using a 1% agarose gel in 0.5x TBE buffer at 12°C.
Electrophoresis ran at 3 V/cm for 36h with a ZWDs rarping switch interval and fo60h
with a 306600s ramping switch interval. The size comparison of the obtained bands and the
correspondent calculation of their molecular sizes was made possible by usingDBDHAEF
size markers oHansenula wingefwith chromosome bands ranging from 1.05 to 3.13 Mbp)
and of S. cerevisiagusing chromosomes with a molecular weight below 1.05 Mbp). The
molecular sizes of the chromosomal bands obtained in the PFGE gl lofdwigiiBJK _5C
were calculated using a calibration curve (band distance vs mmlesieé of chromossomes

obtained foH. wingeiandS. cerevisiagusing the ImageJ software.

[11.3.4 Quantification of Sd. ludwigiiUTAD 17 and Sd. ludwigiiBJK_5C total genomic
DNA and ploidy by flow cytometry

Total genomic DNA content fronsd. ludwigiistrains UTAD17 and BJK _5C was
performed using a SYBR Gredyased protocol, as described befdiea et al.,2014). Briefly,
cells were grown in YPD medium at 26°C until reikponential phase (Qbnm ~ 0.1),
harvested by centrifugation, washed twice witfOHand fixed overnight in 500L of 70%
ethanol (vol/vol). After the fixing step, cells were collected by centrifugation, washed with 50
mM of sodium citrate buffer (pH 7.5),-sispended in 758L of 50mM sodium citrate buffer
(pH 7.5) supplemented with 1mg of RNAse, and incubated at 50°C for 1h. Afterwards, 1 mg
126



of proteinase K was added to the cell suspension and the mixture was left at 50°C for another
hour. Later, cells were stained using 120 of SYBR Green | working solution (56@ld

dilution of the commercial solution), and samples were sonicated at low power before being
analyzed in an Epicsw XLTM (Beckman Coulter) flow cytometer equipped with an argon ion
laser emitting a 488 nm beam & mW. The green fluorescence was collected through a 488
nm blocking filter, a 550 nm longass dichroic and a 525 nmnlopass. The mean fluorescent
intensities obtained foB. cerevisiadY4741 and BY4743 were used to build a calibration
curve, from which it was possible to estimate the size of the genomesSaf. thielwigiistrains
BJK_5C and UTAD17.

I11.3.5 Grape juice preparation, fermentation trials and analytics.

Natural grape juice was obtained by crushing grapes dfitiseviniferaL. cv. Touriga
Nacional (red) and/itis viniferaL. cv. Sauvignon Blanc (white). After homogenization, the
juice was clarified, by centrifugation at 12,734x g for 10 min, to carefully separate the solid
fraction. A sample of the grapeice was collected at this point for routine analysis. After
pasteurzation at 70 °C for 10 min, the grapgce was immediately cooled on ice. For each
Sd. ludwigiistrain (UTAD17 and BJK _5C)the inoulum was prepared by separately-pre
growing the yeast cells in 50 riflasks, containing 25 mL of synthetic grapgice medium
(GJM). Nitrogen was added up to 267 mg YAN/L, supplied @sminonium phosphate (DAP).

The flasks were incubated overnight at 25 °C in an orbital shaker set at 150 rgnSinains

Sd. ludwigiiUTAD17 and BJK_5Gwere inoculated idividually in grapejuice with an initial
cellular concentration of POCFU/mL. Fermentations trials were conducted by inoculating
single cultures o8d. ludwigiistrains UTAD17 and BJK_5C to each grape must. Single culture
fermenations were carried out in triplicates using a previously described sybtendes
Ferreira et al., 2009onsisting of 100 mL flasks filled to 2/3 of their volume (80 mL) and
fitted with a sidearm port sealed with a rubber septum for anaerobic sampling. Two flasks
containing not inoculated grapeust were used as control. The flasks containing Touriga
Nacional grape must were maintained at 25 °C under static conditions, while Sauvignon Blanc
fermentations were carried out at 15 °C, also under static tcwrsdi Fermentations were
monitored daily by weight loss (as an estimation of. @@duction) and were allowed to
proceed until no further weight loss was observed. For the assessment of growth parameters

and analytical determinations, aseptic sampling was performed using a fypagg/stem.
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After fermentation, the wines were centrifuged for 10 min at 5500 rpm, to remove yeast cells
and were kept at 1720 AC until the analytical
The amount of glucose, fructose, acetic acid, as well as Yeast Assimilable Nitrogen
(YAN) (comprising primary amino nitrogeh PAN - and ammonium) were enzymatically
determined using a Y15 autoanalyzer (Biosystems S.A, Barcelona, Spain). TotaHS@nd
titratable acidity were determined according to the standard methods compiled in the
Compendium of International Methods of Analysis of Musts and WiRass, 202Q)Ethanol
and glycerol concentrations were determined in a-pmfiormance liquid chromagraphy
system (HPLC Flexar, PerkinElmer, Shelton, Connecticut, EE. UU) equipped with the ion
exclusion cation exchange column Aminex HBXH (Bio-Rad Laboratories, Hercules, CA,
USA) and refractive index detector. Samples were eluted with sulfuric ad@b(M) at 60 °C
and a 0.6 mL/min flow rate. Samples were previously filtered through a membrane (Millipore,
0.22 em pore size) before an injection of 6
relative retention times, compared to the respectiemdsrds, using the Perkin Elmer
Chromera Software.

Aliphatic higher alcohols ¢propanol, tbutanol, 2methyl1-butanol and dnethyt1-
butanol), acetaldehyde, and ethyl acetate present in differently obtained wines were analyzed
as described Moreira et al. (2011), using a HevRattkard 5890 (HewleRackard, Palo Alto,
CA 94304, USA) gas chromatograph equipped with a flame ionization detectd¥l@@nd
connected to a H.P. 3396 Integrator. Fifty microliters-ofethy}+2- pentanol at 10 g't were
added to 5 mL of wine as the internal standard. Thelsaenp ( 1 € L) was i nject
intoaCRWAX 57 CB column (Chrompack) of 50 m I O
The program temperature varied from @& AC (
from 80 °C to 200 °C (4 min) at 15 °C rhinInjector and detector temperatures were set at
220 °C. Carrier gas wasyldt 1l 2 mL mirl 1. The determination of-phenylethanol, acetates
of higher alcohols (isoamyl acetatepBenylethyl acetate) and ethyl esters of fatty acids (ethyl
butanoate, ethyl hexoate and ethyl octanoate), volatile fatty acids (butyric, isobutyric,
isovaleric acids) and free fatty acids (hexanoic, octanoic and decanoic acids) was performed in
a Hewlett Packard 5890 gas chromatograph, equipped with a flame ionization detec¢has. For
purpose, 50 mL of wine, with-decanol at 1.5 mg/L as the internal standard, was extracted
successively with 4, 2, and 2 mL of ethieexane (1:¥ : vi 1) for 5 min. The
eL) was injected (splitlessP2i mmoaadBP225( §$€

thickness. The temperature program was 40 A
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Injector and detector temperatures were set at 220 °C. The carrier gas usedavd?HaL

min' L.

[11.3.6 Genome sequencing, assembly and annotation ®d. ludwigiiBJK_5C

To obtain genomic DNA o&d. ludwigiiBJK_5C, cells were grown overnight in YPD
at 28°C, 250rpm, and DNA extraction was performed as described preiSakdyar et al.,
2018) Sequencing of the genomic DNA obtained was performed by lllumina MiSeq and
MinlON, enabling the obtention of long reads together with shorter, more accurate, reads. For
the llluminabased sequencing, the DNA libraries were prepared using the ThruPLEX DNA
seq kit, and paireénd sequencing of the generated DNA fragments was performed on a MiSeq
platform with two sequencing rounds, generating 250 bp pamddeads. The quality of the
lllumina data was assessed using Fastqc. Reads twemed with Skewer version 0.2.2,
choosing the pairednd mode, and a minimum read length after trimming of 50 bases. For the
MinlON, sequencing libraries were prepared by barcoding with the Rapid Barcoding Kit
(SQK-RBKO004) from Oxford Nanopore Techmajies (ONT). The prepared libraries were
loaded onto an ONT MinION flow cell (FLMIN 106) and sequenced for 50h. Basecalling
was performed using the ONT Guppy software, version 3.2.4+d9ed22f with the following
p ar a me-tnmutr_math fagis-save_pathdstg--flowcell FLO-MIN106 --kit SQK-RBK004
--verbose_logs --cpu_threads_per_caller 5-num_callers 7. Basecalled data were
demul tiplexed usi ng gcat ver sion -fhstqgl. O W |
fastg/all_multiplexed_reads.fastdparcode_dir demtiplex_gcat--detectmiddle --min-read
length 1--trim --kit RBK0O04 --epi2Zme, and basecalled data were demultiplexed using gcat
version 1.1.0. Read quality was checked with NanoPlot version 1.23.1, and potential
contaminant reads were identified by comméind BLASTN from the BLAST+ package
version 2.2.31 and reads with Q < 7 and length < 1 kilobase (Kb) were remived with NanoFilt
version 2.3.0. Filtered MinlON reads were assembled using Canu version 1.8 using
recommended parameters for haplotype separana Illumina reads were used to polish the
assembly with Pilon version 1.2.3. Assembly statistics were checked using QUAST version
Genome annotation of the 8 contigs obtained was performed using the WebAugustus tool
within the framework of Geneious softve (version 2021.2.2) using as training datasets the
genomes 08. cerevisiageS. pombandSd. ludwigilUTAD17 to identify putative gene models.
BLASTp analysis against the UNIPROT database was used in the manual curation of the

predicted gene models.
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[11.3.7 Comparative genomic analysis o8d. ludwigiiUTAD17 and BJK_5C.

A low and highresolution approach was used for the comparative analysis of the genomes
of Sd. ludwigii BJK_5C and UTAD17. The lowesolution analysis was performed by
comparing, in MAUVE, the 8 contigs obtained after the mixed assembly of the obtained
BJK_5C reads with the 20 contigs that had been obtained for the UTAD17 strain. The high
resolution analysi was focused on the identification of single nucleotide polymorphisms
(SNP) in the homologous gene alleles encoded by the two strains. For thisuthieall
BJK_5C reads were mapped against the UTAD17 annotated genome using the tools available
at CLC Genomics Workbench. To make the SNP call detection, a variant detection using
probabilistic and qualitpased variant detection were used. Only those SNiRTowerage >
20%, forward/reverse balance > 0.4 and frequency wef@ consideredlhe predicted set of
BJK_5C proteins (the BJKC ORFeome) was compared with the UTAD17 proteome
established in the previogbapterusing BLASTp. Proteins were considetdghly similar in
between the two strains if the BLAST associated to the pairwise alignment was above 50%,
with an associatedwalue below 1E20. If the pairwise alignment identity fell between 30 and
50%, and the associated/alue below 1E20E, we considered these proteins to be similar. In
every other case, the proteins pairs were considered dissimilar. To get further insights into
biological function of the identified BJKC proteins, functional analysis was performed using
BLASTKoala(Kanehisa et al2016)
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[11.4 Results and Discussion

[11.4.1 Sd. ludwigiiBJK_5C and Sd. ludwigiiUTAD17 show different phenotypic traits

concerning tolerance to environmental stressors and utilization of carbon sources.

To see whether the different isolation environment from wher8dhéudwigiistrains
UTAD17 (retrieved from wine must) and BJK_5C (retrieved from a cider plant) were
recovered impacted the physiology of these strains, their growth was examined using different
carbohydrates as carbon sources including glucose, fructose, glycer@ctizlacid, and
maltose. In the presence of glucose or fructose, growth of the two strains was identical,
however, in all other casesd. ludwigiiBJK_5C exhibited a more robugrowth than the
UTAD17 strain Figure Ill. 1A). The difference is particularly noticeable when the cells were
cultivated in media having lactate, maltose, glycerol and galactose as carbon sources that only
resulted in an almost negligible growth of UTAD17 cells, while BJK_5C cells exhibited a clear
growth under these conditionsFigure Ill. 1A). We have also compared the ability of these
strains to tolerate environmental stresses relevant in the context of their ecological niches
including tolerance to ethanol and S@elevant in winemaking) and high concentrations of
acetic acid, relevant in the context of production of apple cider vinegar. For this analysis, the
strains were always cultivated in a media containing glucose as the carbon source. The results
obtained,shown inFigure 1ll. 1B, demonstrate a clear higher tolerance of UTAD17 cells
towards S@induced stress, while BJK_5C cells were clearly more tolerant to EtOH and to
acetic acid [Eigure 1ll. 1B.). This pattern is, somehow consistent with the expected adaptive
responses evolved by these cells to thrive in the environments where they were isolated from,
since high S@concentrations are much more prevalent in the wine environment, where
UTAD17 originates, while acetic acid is extremely prominent in the context of vinegar
production (acetic acid concentration in vinegar varies from 4 te 8&atford, 1999 where
BJK_5C was isolatedSd. ludwigii BJK_5C was also shown to tolerate higher ethanol
concentrations than UTAD17. This observation rhaydue to a differentiahetabolization of
ethanol between the two straifdditionally, strain BJK_5C may possess a higher tolerance
to stress conditions, due to the constant exposure to an extreme environment, similarly to what
was registered . cerevisiag¢Teixeira et al., 2009; Hirasawa et al., 2007; Yoshikawa et al.,
2009; Guaragnella et al., 202Further studies are, thus, needed to better understese

mechanisms to proper leverage them for potential biotechnological applications.
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A) UTAD17 BJK_5C

DL-LacticAcid

Maltose

B) UTAD17 BJK_5C UTAD17 BJK_5C

4% EtOH

S » - "B 3

Figure lll. 1- Phenotypic characterization of strafdd. ludwigiiBJK_5C andSd. ludwigiiUTAD17 by growing the cells in
spot assays in media containing A) different carbon sources; B) increasing concentrations of acetic acid and ethanol; C)
increasing concentrations of potassium metabisulfite after 72h.

St it

[11.4.2 Strains Sd. ludwigiiBJK_5C and UTAD17 exhibit different fermentation profiles

of natural grape must, resulting in wines with different aromatic profiles

Prior studies describe the utilization ®. ludwigiistrains as adjuncts &. cerevisiae
for the production of bee(®e Francesco et al., 2015; Jackowski et al., 2083l these cases
had been use8d. ludwigiistrains with origin in grape musts or in fermented beverages. This
was also the case of the UTAD17 strain that had been previously used, togeth&t with
cerevisiaeQA23 commercial strain, to ferment red grape m(Stteves et al., 2019n this
study we decided to examine the performanicthe BJK_5C strain in fermentation of two
natural grape musts (red and white) considering its origin in a cider plant. As a control and
point of comparison we used the UTAD17 strain. The vinifications were performed in red and
in white grape musts, fromoliriga Nacional and Sauvignon Blanc grape varieties. The results
obtained concerning the fermentation parameters are shdviguire Ill. 2. Growth dynamics
and fermentation profiles of the two strains in Touriga Nacidriguge Ill. 2B) were similar
(fermentation was complete in both cases after approximately 384 hours) but in Sauvignon
Blanc a clear difference was observed, with the UTAD17 cells fermenting the must at a much
higher rate Figure 1ll. 2A) Sd. ludwigiiUTAD17 completed the fermentation after ~384
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hours, whileSd. ludwigiiBJK_5C cells only completed the fermentation after 816 hours. One

possibility that may be investigated in the future as a determining factor of the slower
fermentation rate of BJK_5C <cell s I's t hi
temperaturessince fermentations of white grape musts were conducted at 15°C, while red

grape musts were fermented at 25°C.
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Figure lll. 2i Means of the fermentation profiles obtained v8th ludwigilUTAD 17 andSd. ludwigiiBJK_5C that followed

the weight loss and corresponding release of I@@\) Vitis vinifera L. cv. Sauvignon Blanc (white grape variety) and B)
Vitis vinifera L. cv. Touriga Nacional (red grape variety).

The red and white wines produced by the §ao ludwigiistrains exhibited very similar
properties in terms of ethanol, acetic acid and glycerol produdtedi€ Ill. 2). In particular,
both strains generated wines with approximately the same amount of ethanol (~10%), despite
Sauvignon Blanc having more total sugars than Touriga Nacidablg I11. 1; Table Ill. 2),
with UTAD17 showing a slightly higher concentration in both cases. Red wines had higher
concentrations of acetic acid, compared to the white wine obtained for both strains, with those
obtained by UTAD17 having slightly higher concentrations. In contghgterol production
was marginally higher in red wines produced by BJK_5C célble Ill. 2).
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Table Ill. 1 7 Physicochemical properties of thitial Sauvigon Blanc and Touriga Nacional grape musts.

Parameter Sauvignon Blanc Touriga Nacional
Total Sugars (g/L) 197.04 185.87
Glucose (g/L) 101.08 95.42
Fructose 95.96 90.45
YAN (mg/L) 220.6 189.38
Ammonia (mg/L) 80 109

Table Ill. 2- Concentrations of ethanol, acetic acid and glycerol of the wines obtained from the fermentation of the grape
varieties Touriga Nacional (red grape variety) and Sauvignon Blanc (white grape variety) w8h. thelwigii strains
UTAD17 and BJK_5C.

Touriga Nacional Sauvignon Blanc
Sd. ludwigiistrain Ethanol Acetic acid Glycerol Ethanol Acetic acid Glycerol
(%) (%) (9/L) (%) (%) (9/L)
UTAD17 10.4 0.438 6.1 10.7 0.306 54
BJK_5C 10.2 0.435 7.3 10.2 0.213 6.7

Concerning the aroma compounds profile, showkigure 1ll. 3, it was evident a
higher concentration of higher alcohols, ethyl acetate and-shairt fatty acids (butyric and
isobutyric acids) in both wines, compared to the amount of acetate esters (with the exception
of ethyl butanoate), acetaldehyde and intermediate chain fatty acids (decanoic aciolcoctan
acid) Figure lll. 3). In general, the volatiles detected in the red and white wines were similar,
with the exception of the fatty acids that were present in considerably higher amotfiols(~2
in the white wines. Notably, the effect of the strairBdf ludwigiiused to produce the wines
was much more evident than the type of must used (that is, we found much more differences
in the wines produced by UTAD17 or BJK 5C, than those obtained when comparing the
white/red wine fermented by the same stré&igure 1ll. 3). In general, wines produced by
strain BJK_5C had higher amounts of volatiles, compared to wines produced by strain
UTAD17. This difference was more noticeable for ethyl acetate that achaes@utentration
~2-fold higherin the red wine and af®ld increasen the white wineEigure Ill. 3). This high
production of ethyl acetate by BJK_5C is, in fact, consistent with results from studies with
otherSd. ludwigiistrains under different conditioEstelaEscalante, 2011; Estelescalante,

2018; Romano et al., 1999; Vejarano, 20th8is suggesting that the low production prompted
by UTADL17 cells is a straispecific phenotype.
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Figure lll. 3- Normalized aroma compounds of wines obtained from A) the red grape variety, Touriga Nacional, and the B)
white grape variety, Sauvignon Blanc, fermented Bithludwigiistrains UTAD17 (black filling) and BJK_5C (white filling).

C) Radar charts of the obtained wines, summarizing the main differences found b8tvdedwigii strains BJK_5C
(complete line) and UTAD17 (dashed line). Generally, wines obtained with the strain BJK_5C showed an overproduction of
ethyl acetate, while those obtained with UTAD17 revealed more ethyl esters. The effects of both strains were moregronounc
in the white wine than in the red wine. However, strain UTAD17 produced wines with a moeg peast contribution to the

overall aroma.

[11.4.3 Genome sequencing unveils differences in architecture and in the ORFeomes of
Sd. ludwigiiUTAD17 and BJK_5C strains.

In the previous chapter, karyotyping of the genomé&af ludwigiilUTAD17 strain
revealed that this strain is equipped with 7 chromosomes and a genome totaling ~13.75 Mb.
This number of chromosomes was in line with what has been reported for other strains of this
speciegYamazaki & Oshima, 1996)n this context, we have used PFGE to obtain the number,
and size, of chromosomes for BBC, having obtained 9 chromosomal bands (with sizes
ranging from 0.929 Mbp and 3.13 Mbp) as detailedrigyre 1ll. 4). The total genome size
is circa 17.75 Mbp. Compared to the genome of UTAD17, two extra chromosomal bands and
approximatelymore 4 Mbp were obtained in the PFGE of the BJK_5C strain. We wondered
whether these differences can reflediféerent ploidy of the UTAD17 and BJKC strains,
that may not be easily perceived by the PF&&Esster chromosomes (with the same molecular
weight) will appear under a single band, eventually more intense. Indeed, when comparing the
PFGE gel obtained for the tv&d. ludwigiistrains Figure Ill. 4), it is possible to observe that
two of the chromosomal bands (2.87 Mbp and 1.48 Mbp) present in the karyotype of BJK_5C

appear to have a lower intensity than the others, suggesting that these bands may represent
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homologous chromosomes with different sizes (or, alternatively, pieces of chromosomes that
became fragmented).

The existence of small chromosomes in other yeasts has been reported, incl@ding in
glabrataandS. cerevisiagoften leading to environmental adaptatiGhsmad et al., 2013)n
a specific study undertaken @h glabratg the authors proposed two different mechanisms
explaining the occurrence of these small chromosofabmad et al., 2013)i) involving
segmental duplication covering the centromeric region, resulting in duplicated genes and
mitotic instability; ii) involving a translocation event whexdarger chromosome arm moved
to another chromosome, leaving the centromere with a shorter arm. This led to genes being
present in only one copy within the genome, resulting in mitotic stapNitynad et al., 2013).
Although the existence of small chromosomes has not been reporgdl indwigij the
unusual cell division observed in this species, characterized by achiasmate meiosis, may
increase its meiotic complexity, potentially leading to the development of diverse structures
and phenotype@apaioannoet al., 202

To further explorethis issue, we estimated the genome sizes of BJK _5C and of
UTAD17 strains by flow cytometry, using the established genome sifsefevisiadaploid
(BY4741) and diploid (BY4743) strains as refereno&gpendix Table Il .1). The results
obtained indicate that the fluorescence intensities dbthéudwigiicells in GO and G1 phases
are quite different, suggesting different ploidy levels, with BJK_5C likely being triploid, and
UTAD17 diploid. Polyploid states in yeasts have been linked to higher genomic complexity,
resulting in increased stress tolerance evwlutionary adaptatioMozzachiodi et al., 2022;
Selmecki et al., 2015hut also sterility and reduced genetic diver@itypzzachiodi eal., 2022;
Ezov et al., 2006)For instance, a study by Ezov et @006) on wild triploidS. cerevise
strains revealed that these yeasts performed clonal reproduction more frequently than sexual
reproduction leading to a complete homogenization of their ribosomal OQE2ov et al.,
2006) Furthermore, the domestication 8f cerevisiaehas resulted in complex polyploid
genomes, such as triploid and tetraploid forms, in industrial stfiéioszachiodi et al., 2022;
Ezov et al., 2006Being isolated from an industrial apple cider vinegar plant, it is possible that
BJK 5C cells have been exposed to varioudusirial stresses that may have boosted
alterations in genomic architecture and evolution towards higher ploidy, an aspect that will

require further elucidation.
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BJK_5C A B UTAD17

A - Hansenula wingei
B - S cerevisiae

313Mbp PR 5 2SVD —  290Mbp
2.87Mbp — - —— - - ) —— 281 Mbp
2.61Mbp

— 217 Mbp
1.99Mbp

1.76Mbp —————— 1.87Mbp

15/Mbp — ¢ 4 7T
148Mbp ==~~~ -

1.41Mbp

————— 1.62Mbp

— 144Mbp

0.929Mby — 0.932Mbp

Total ~13.40 Mbp Total ~13.75 Mbp

Figure lll. 4- Pulsedfield gel electrophoresis &d. ludwigiistrains BJK_5C and UTAD17. In this experim&ut ludwigii

BJK_5C chromosomal bands are separated by electrophoresis into 9 visible bands which can be compared with the 7 bands of
Sd. ludwigiiUTAD17. S. cerevisiaeand H. wingei are used as weight markers for lower and higher molecular weights
respectively. The total sum of the 9 separated bands yields 17.75 Mbp. Two extra chromosomal bands were observed in
BJK_5C and are represented by dashed lines.

To expand our knowledge about genomics of $ide ludwigiistrains we decided to
obtain the genome sequence of the BaX& strain, using a hybrid assembly of lllumina MiSeq
and MinlON reads. With this mixed approach we obtained a reduced number of contigs after
the assembly, while obtaining higjuality reads suitable for a fitaned SNPs analysis. After
assembly, the readvere assembled into 8 contigs, with sizes ranging from 3.045 Mbp to 86.26
Kbp and an average GC content of 30.7%, as detail@alite Ill. 3. As expected, the GC
content obtained fo®d. ludwigiiBJK_5C was identical to the one reported for the UTAD17
strain Table Ill. 3). The assembled genome size for B3& was 12.25 Mbp, which differs
from the estimated size of 17.75 Mbp obtained by PFGE by ~5Mbp.

Table Ill. 3i Genome general assembly and annotation statistied.dtidwigiiBJK_5C andsd. ludwigilUTAD17

Genome assembly statistics Sd. ludwigii Sludwigii UTAD17
BJK_5C
Number of contigs ‘ 8 20
N50 (mbp) 1.82 1.48
Assembly size (mbp) | 12.25 13
Number of predicted genes | 4,901 5,008
Average GC content (%) ‘ 30.7 il
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A proposed correspondence between the obtained contigs and the chromosomal bands
observed in the PFGE, based on genomic size, can be foumdbie IIl. 4. In this
correspondence, thevo additionalBJK_5Cchromosomal banddentified in the PFGEvere
left out. Additionally, a smaller contig, identified as the mitochondrial contig, during

sequencing (Scaffold 8) was also excluded from the correspondence, due to its reduced size.

Table Ill. 4i Proposed correspondence between contigs obtained through genome assembly aifieRlUiSet
Electrophoresis (PFGE).

ASSEMBLY PFGE
Scaffold Size (Mbp) Chromosomes  Size (Mbp)
1 3056 |, 1 3.13 3.13
2 2.87
2 218 —F|—» 3 2.61 2.61
3 182 1 , 4 1.99 1.99
4 156 —T|T—> 5 1.76 1.76
5 143 |1, 6 157 157
7 1.48
6 132 —(4—» 8 141 141
7 0818 |, 9 0.929 0.929
8 0.086
Sum 12.25 Sum (Mbp) 17.749 13.40

We undertook a whole alignment (using MAUVE) of BJK_5C and UTABdSembled
contigs resulting in the chromosomal map that is showRigare Ill. 5. Following this
analysis, we observed that most of the contigs from UTAD17 could align with those obtained
for BJK_5C Figure lll. 5). The wholecontig alignment of botl&d. ludwigist r ai ns 6 al
revealed what appears to be several genomic arrangements including inversions (verified in the
Scaffolds 4 and 7 from BJK_5C, comparing to
as wel |l as regions that ar e ithaaitshemmotogy inn  t h e
UTAD17 (see scaffolds 1, 2, 4 andFadure 1ll. 5). One observation that caught our eye was
the existence of severdlTAD17 contigs that are very similar to each otheg(,contig 19 is
99% identical to contig 12), or similar parts of other contig.(contig 15 appears to be
identical to contig 1 and contig 8, with more than 99% identiigure Ill. 5B). The existence
of these seemingly duplication of contigs may result from sequencing errors but they can also

be attributable to some putative loss of chromosomal homozygosity that increased genomic
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dissimilarities and prevented the overlapping of sequences during assembly. This is an aspect
that will have to be studied in the future in order to get a full picture of what is thesBJK
genomic architecture. To understand whether the observed differences in theyarwiee
comparisons of BJK_5C and UTAD17, we aligned the contigs obtained for BJK_5C with those
published for the straid. ludwigiiNBRC1722(Papaioannou et al., 202The results showed

a very high similarity in the chromosomal arrangat@# both strains, with the only differences

being the absence of match of the predicted mitochondrial contig in BJK_5C (0.086 Mbp)
(Appendix Figure 111 .1). These findings suggest that the genomic sequence and chromosomal
arrangement of UTAD17 is the different player, which may result from an adaptation to the
wine environmentHowever, tirther genomic analyses focused on otBér ludwigiistrains

are needed tbelp us answer this question.
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Figure lll. 5- A) Whole-genome alignment @&d. ludwigiiBJK_5C contigs (Scaffold 1 to 8) agdl. ludwigiilUTAD17 contigs (SCLUDASCLUD20). This alignment facilitated a better understanding of the genomic
similarities and differences between the t8a. ludwigiistrains. The analysis revealed that the genetic information in contig 1 of UTAD17 is arranged differently in BJK_5Qiadédiinto three different
contigs. Additionally, seven contigs of UTAD17 could not be rearranged with BJK_5C genome desdpgeat@mplete BLASTn match against it. B) Genomic sequence alignment of the seven UTAD17 contigs

that could not be aligned with BJK_5C with the genome of UTAD17 reveals that they completely (full colouring), or paatiatig @blouring), align with other UTAD17 contigs, which may have interfered in the
whole-genome alignment between the two strains.
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[11.4.4 Comparison of the ORFeomes of BJK_5C and UTAD17

Having the genomic sequence of the BJK_5C strain available, we undertsiiko
annotation of its genome using the predicted ORFeome of the UTAD17 strain as reference.
After manually curating the results suggested by the automatic gene finders, a total of 4,901
putative ORFs were predicted to be encoded by BJK_5C cells, whiclnis imith the number
predicted for UTAD17 cellsTable Ill. 3). We started exploring the biological information
emerging from this comparative analysis by focusing on aspects that were identified as
characteristic of th&d. ludwigiispecies while analysing the UTAD17 genome (described in
chapter 1). These include the high number of genes involved in thiamine biosynthesis , which
were not found in other yeasts of tBaccharomycodacedamily (e.g, THI5, encoding the
first enzyme of thiamine biosynthesis, was present in 10 copies in the genome of UTAD17
Tavares et al., 202]lhe set of betanannosyltransferases similar to those found.ialbicans
or Pichia pastorisbut absent in other species more closely relatestl tdudwigii; the genes
involved in the catabolism of ddcetylglucosamine. IAthe genes necessary for thiamine
biosynthesis were present in the genome of the B@Kstrain, although at a lower copy
number than in UTAD1TTavares et al., 2021ppecifically, while UTAD17 encoded 10 and
6 copies of th&HI13andTHI20/21genes; BJK_5C, encoded 5 and 2 copies of these genes.
Like UTAD17, BJK_5C encodes four thiamine transportergyre Ill. 6). The genome did.
ludwigii NBRC1722 also revealed a similar multiplication of genes linked to thiamine
biosynthesisAppendix Table Il .2) suggesting that this is a characteristic ofS$de ludwigii
species. While the physiological impact of this amplification remains unclear, it represents an

interesting aspect for further studies.
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Figure lll. 6i Metabolic aspects that were found to be specific to the genores lofdwigilUTAD17, including the presence
of genes involved in thiamine biosynthesis, in the catabolismaxfdtlylglucosaminendspecific betamannosyltransferases.,
could also be found in the genome of strain BJK_5C.

We could also identify in the genome of the BJK_5C and of the NBRC172 strains
orthologues for thbetamanosyltransferases that had been previously identified in the genome
of UTAD17 (Figure lll. 6, Appendix Table 1l .2). Interestingly, in all these strains (see
Appendix Table 111.2), these five predictebletamannosyltransferases genes appear arranged
in tandem in the genome. Similarly, the genes required for the catabolism- of N
acetylglucosamine were also detected in the genomes of BJK_5C and NBREIfjz22 (1.

6, Appendix Table 11l.2). Notably, Nacetylglucosamine kinase was found in three copies in
BJK_5C, while UTAD17 and in NBRC1722 only have two copiegpendix Table 111.2).

The presence of Jdcetylglucosamine induced morphological changes in UTAD17 cells
(Chapter 11). To determine if this sameehaviorcould also be observed for ottid. ludwigii

strains, we conducted the same experiment with strain BJK_5C. The results confirmed that, at
37°C, GIcNAc triggered formation of hyphae in BJK_5C cellst had been observed for the
UTAD17 strain Figure lll. 7).

143



MMB MMB + 50 mM GlcNac

30 30 337

S ludwigii BJK_5C g

Figure lll. 7i Induction of hyphadike structures o®d. ludwigiiBJK_5C at 37°C, caused byd¢etylglucosamine.

To pinpoint more general differences in the proteome8JK 5C and UTAD17
strains, we conducted a pairwise BLASTP analysis that allowed us to catdferm®teins
into three groups: highly similar{&lue O1E-20 and identity> 50%); similar {ealue O 1E-
20 and identity between 30 % and 50%); and dissimilealee > 1E20 or no BLASTp hit)
(Figure l11l. 8A). Most proteins predicted for BJK_5C (4,879) were similar to those predicted
for UTAD17, with only 20 proteins being identified as dissimilaig(re Ill. 8A). Among
these 20 was included a predicted mobile viral element (SCLUD BJK 1.g875), a
carbohydratéinding domain (SCLUD_BJK 2.g794), a Pac2 protein involved in reproduction
(SCLUD_BJK_7.g170), among othef&aple Ill. 5).

To further explore proteome variation acré&d. ludwigii strains, we conducted a
similar ORFeome analysis for the NBRC1722 laboratory s(Rapaioannou et al., 2020f
the proteins predicted to be encoded by the NBRC1722, 4,863 were highly similar to those
encoded by BJK_5C, 2 were considered similar and 34 were dissifmigpre [ll. 8A).
Among the dissimilar proteins, 8 were common to both UTAD17 and NBRCI'&2e(lll.
5). For functional insights into these proteins, we performed an INTERPRO search combined
with UNIPROT. This identified two proteins with defined functions: a urea active transporter
(SCLUD_BJK 5.g556) and a heat shock protein (SCLUD_BJK_6.g9). Additionaity
identified one protein with a Zinc/Cysteine DNA binding domain, typically involved in
carbohydrate catabolism such as galactose and maltose (SCLUD BJK 4.g165); a cell wall
protein (SCLUD_BJK_5.g153); and a protein involved in preribossome assenttdnsport
(SCLUD_BJK 7.g305). The remaining two proteins (SCLUD_BJK 1.g167 and
SCLUD_BJK_ 3.g86) could not be assigned a functkigyre I1ll. 8B). The complete list of

dissimilar proteins is available rable III. 5.
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Figure Ill. 8- Results of the BLASTp search between the proteom8sl ofudwigiistrain BJK_5C and strains UTAD17 and
NBRC1722. A) From the selected ORFs that constitute the proteome of BJK_5C, 4,879-qroteliimg genes were
considered highly similar, 20 were dissimilar and 1 was considered similar to proteins from UTAD17. ThepBie®®dh

against NBRC1722 revealed 4,863 highly similar proteins, 34 dissimilar and 2 similar. B) A functional analysis revealed that,
from the 5 proteins that did not have a hit agatath Sd. ludwigiiproteomes, only 2 had an assigned function (Urea active
transporter and heat shock protein).

The comparative analysis of ti&d. ludwigiiBJK_5C proteome with those of two
different Sd. ludwigiistrains, UTAD17 and NBRC1722, revealed several key insights. As
expected, BJK_5C showed a higher similarity to UTAD17, another natural isolate, than to
NBRC1722, a laboratory strain. Despite this, our analysis identified 8 unique proteins in
BJK_5C that vere dissimilar from both UTAD17 and NBRC1722 proteorfiesble IIl. 5).
Although these sequences provided limited functional informatiowjth only 2 having
assigned functiodsthey may still provide valuable insights into the genetic adaptation of
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BJK_5C to its industrial environment. Furthermore, we could also identify dissimilar proteins
in the proteomes of UTAD17 or NBRC172Phe differences observed ¢drowever, result

from issues occurred during sequencanghrough different gennding algorithms that may

have prevented gene detection.
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Table lll. 5i Complete list of dissimilar proteins between the proteomé&dofudwigiiBJK_5C and UTAD17 and NBRC1722, including their probable function and associated GO

terms.

Sd. ludwigiiBJK_5C proteins without homologue in the ORFeome o8d. ludwigiiUTAD17 and Sd. ludwigiiNBRC1722

INTERPRO

PROTEIN PROBABLE FUNCTION INTERPRO FAMILY DOMAIN GO TERMS
SCLUD_BJK_1.9167 X X X X
SCLUD_BJK_3.986 X X X X

The Nterminal region of a number o
fungal transcriptional regulatory
proteins contains @ysrich motif that
is involved in zinedependent binding
%fnt)cll\lui.t;h?nr\?v%i(éﬂ ic\;vroménaag?rﬂgle; regulation of DNAtempIatgd trgnspription
bound b’ six Cvs residues. A wide Zn(2)Cys(6) fungatype (G0:0006355); zinc ion binding
SCLUD_BJK_4.9165 ¢ y tei y K .t ¢ X DNA-binding domain (G0:0008270); DNAbinding transcription
range of proteins are known to conta (IPR0O01138) factor activity, RNA polymerase-Bpecific
this domain. These include the (GO:0000981)
proteins involvedn arginine, proline, '
pyrimidine, quinate, maltose and
galactose metabolism, amide and
GABA catabolism, leucine
biosynthesis, amongst others
Cell wall protein; Fungaspecific E
. . ? . xtracellular membrane
SCLUD_BJK_5.g153 domain that contains eight cysteine X protein, CFEM domain X
and is found in some proteins with (IP’R008427)
proposed roles ifungal pathogenesis
SCLUD_BJK_5.9536 X X X X
transmembrane transpg@0:0055085); urea
Sodium/solute symporter transmembrane transport (GO:0071918);
. ) h transmembrane transporter activity
SCLUD_BJK_5.9556 Urea active transporter (IPR001734); Urea active X i ;
transporter (IPRO31155) (G0.002_2357), urea transmembrane transpo
activity (G0O:0015204); membrane
(G0O:0016020)
SCLUD_BJK_6.99 Heat shock protein 78, mitochondriz X X X
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They are nucleolar proteins that
contain a central domain consisting

ten repeats of acidic serine clusters Srp40, Gterminal

SCLUD_BJK_7.9g305 i i i i
_BJK_7.9 alternatlng with .Iysme alanllne and X (IPRO07718) X
prolinerich basic stretches; may be
involved in preribosome assembly o
transport
Sd. ludwigiiBJK_5C proteins without homologue in the ORFeome o8d. ludwigiiUTAD17
PROTEIN PROBABLE FUNCTION INTERPRO FAMILY INTERPRO DOMAIN GO TERMS

Reverse transcriptase, RNA
dependent DNA polymerast
Protein of unknown function (IPR0O13103); Integrase, DNA integration (GO:0015074); nucleic acid
DUF5314 (IPR035179) catalytic core (IPR001584); binding (GO:0003676)
GAG-preintegrase domain
(IPR025724)

Indicative of a mobile element such ¢
aretrotransposon or retrovirus;
SCLUD_BJK_1.9875 retroviral insertion elements and lies
just upstream of the integrase regio
on the polyproteins

Microtubulebinding subcomplex of
the outer kinetochore that is essenti
for proper chromosomsegregation;

mediates the formation and Attachment of spindle microtubules to
SCLUD_BJK_2.g342 maintenance of bipolar kinetochere DASH complex subunit Spc19 X kinetochore (GO:0008608); DASH complex
- microtubule attachments by forming (IPR0O13251) (GO:0042729); spindle microtubule
closed rings around spindle (G0O:0005876)
microtubules and establishing
interactions with proteins from the
central kinetochore
Putative carbohydrate binding domai
SCLUD_BJK_2.g794 The domain contains up to eight X Carbohydrate X
- conserved cysteine residues that mi binding WSC (IPR002889)
be involved in disulphide bridges
Function as an upstream regulator ¢
S BN Sl the Fa_b_l lipid kinas_e pathway. The Vacuolar segregation
_BJK_5.9 Fab1 lipid pathway is important for subunit 7 (IPR024260) X X
correct regulation of membrane
trafficking events.
SCLUD_BJK_4.g641 X X X X
SCLUD_BJK_5.g8 X X X X
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SCLUD_BJK_7.9170

Promotes the onset of gluconate
uptake upon glucose starvation. Th

Pac2 protein controls the onset of
sexualdevelopment, by inhibiting the
expression of stell, in a pathway th
is independent of the cAMP cascad

Gtil/Pac2 family (IPR018608) X X

SCLUD_BJK_7.9246

X

SCLUD_BJK_5.g30

U3 small nucleolar RNAassociated
protein 15- Involved innucleolar
processing of pré&8S ribosomal
RNA. Required for optimal pre

ribosomal RNA transcription by RNA

polymerase | together with a subset

U3 proteins required for transcriptior
(t-UTPs).

SCLUD_BJK_5.g52

X

SCLUD_BJK_2.g342

DASH complex subunit SPC19;
Microtubulebinding subcomplex of
the outer kinetochore that is essenti
for proper chromosome segregatior
mediates the formation and
maintenance of bipolar kinetochere
microtubule attachments by forming
closed rings around splle
microtubules and establishing
interactions with proteins from the
central kinetochore

attachment of spindle microtubules to
DASH complex subunit Spc19 X kinetochore (GO:0008608); spindle
(IPR013251) microtubule (GO:0005876); DASH complex
(G0:0042729)

SCLUD_BJK_3.g325

X

Sd. ludwigiiBJK_5C proteins without homologue in the ORFeome o8d. ludwigiiNBRC1722

PROTEIN PROBABLE FUNCTION INTERPRO FAMILY INTERPRO DOMAIN GO TERMS
Major adhesin focontrolling Flocculin 11 domain
SCLUD_BJK_1.91187 filamentous growth, mat, and biofilm X X

formation of Baker's yeast

(IPR0O18789)

149



SCLUD_BJK_1.g831

Involved in the RNAprocessing
pathways; involved in numerous
processes associated with RNA
processing and gene expression
regulation; important modulators of
RNA biogenesis and function

Small nuclear ribonucleoprotei
Sm D2 (IPR027248)

Sm domain,
eukaryotic/archaetype
(IPR001163); Sm domain

(IPRO47575)

RNA splicing (GO:0008380); RNA binding
(G0O:0003723); small nucleaibonucleoprotein
complex (GO:0030532)

SCLUD_BJK_2.g374

May be involved in protehprotein
interactions as well

X

High mobility group box

SCLUD_BJK_2.g791

Involved in sporulation and affects th
sphingolipid composition of the
plasma membrane

Membrane protein SUR7/Rim9
like, fungi (IPR009571)

SCLUD_BJK_3.9142

Ribosome biogenesis protein

X

SCLUD_BJK_3.g59

Involved in sporulation and affects th
sphingolipid composition of the
plasma membrane

Membrane protein
SUR7/RimSlike, fungi
(IPR009571)

SCLUD_BJK_3.g741

X

X

SCLUD_BJK_4.g391

Mitochondrial intermembrane
chaperone that participates in the
import and insertion of mulpass
transmembrane proteins into the

mitochondrial inner membrane. Alsc
required for the transfer dietabarrel

precursors from the TOM complex t
the sorting and assembly machiner

(SAM complex) of the outer

membrane. Acts as a chaperdike
protein that protects the hydrophobi
precursors from aggregation and gui
them through the mitochondrial
intermembrane space.

domain (IPR009071) X
Ubiquitin-like domain
(IPR0O00626); Ubiquitin protein binding (GO:0005515)
domain (IPR019956)
RNA recognition motif nucleic acid binding (GO:0003676);
domain(IPR000504) RNA binding (GO:0003723)
plasma membran@&0O:0005886)
X X
Tim10-like (IPR004217) X

SCLUD_BJK_5.9135

E3 ubiquitinprotein ligase that
mediates monoubiquitination of
histone H2B to form H2BK123ub1 ir
association with the E2 enzyme
RAD6/UBC2. H2BK123ub1 gives a
specific tag for epigenetic
transcriptional activation, elongation
by RNA polymerase Il, telomeri
silencing, and is also a prerequisite f
H3K4me and H3K79me formation. I
thereby plays a central role in histon

E3 ubiquitin ligase Brel
(IPR013956)

Histone monoubiquitination (GO:0010390);
ubiquitin-protein transferase activity
(G0:0004842)

Zinc finger, RINGtype (
IPR001841)
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code and gene regulation. Also
modulates the formation of double
strand breaks during meiosis.

Carbohydratéinding domain found
in fungal adhesins (also referred to ¢

SCLUD_BJK_5.g139
agglutinins offlocculins)

PA14/GLEYA domain
(IPR037524); GLEYA
adhesin domain
(IPR018871)

flocculation (GO:0000128)

Transcription activator involved in the
regulation of genes expressed in
response to environmental change:
Whenoverexpressed it activates
transcription of the multidrug
resistance ABC transporter PDR5,
thus conferring resistance to the
fungicide fluconazole (FCZ) and
cycloheximide. When overexpresset
it also confers, independent of PDR!
increased resistance te 4

nitroquinolineN-oxide (4NQO)

SCLUD_BJK_5.g270

X Basicleucine
zipper domain (IPR004827)

regulation of DNAtemplated
transcription (GO:0006355); DNAinding
transcription factor activity (GO:0003700)

SCLUD BJK_6.9325 X

X X

X

SCLUD_BJK_mtDNA.g345 Cytochrome @xidase subunit 2

Cytochrome c
oxidase subunit Hlike C-
terminal (IPR002429)

Cytochrome c/quinol
oxidase subunit Il (IPR045187

X

Ribosomal protein L11\-

translation (GO:0006412); structura

SCLUD_BJK_4.g222 60S ribosomal protein L1B Ribosomal protein  L11/L1Z _termmal (|PR0.20784)’ constituent of ribosome (GO:0003735);
(IPR0O00911) Ribosomal protein L11, C ribosome (GO:0005840)
terminal (IPR020783) )
SCLUD_BJK 5.g51 Putative nitroreductase X X X
SCLUD_BJK 5.g122 X X X X

Catalyses the posttranslational
formation of 4hydroxyproline in-
xaapro-gly-sequences in collagens

and other proteins. Prokaryotic

enzymes might catalyse hydroxylatic
of antibiotic peptides. These are 2
oxoglutaratedependent dioxygenase:
requiring 2oxoglutarate and dioxyger
as cosubstrates and ferrous iron as
cofactor

SCLUD_BJK_5.g271

Prolyl 4hydroxylase, alpha
subunit (IPR006620); Prolyl
4-hydroxylase alpha subunit
Fe(2+) 20G dioxygenase
domain (IPR044862);
Oxoglutarate/irordependent
dioxygenase (IPR005123)

Prolyl 4hydroxylase
(IPR045054)

oxidoreductase activity, acting on paired
donors, with incorporation or reduction of
molecular oxygen (GO:0016705); iron ion

binding (GO:0005506); 1ascorbic acid binding

(GO:0031418)

SCLUD_BJK_5.9498 60S rlboAsomaI protein L37

Ribosomal protein L37e
(IPR0O01569)

translation (GO:0006412); structura
constituent of ribosome (GO:0003735);
ribosome (GO:0005840)
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SCLUD_BJK_6.g374 X X X X
SCLUD_BJK_2.9g216 X X X X
Zinc metabolism: altering membrang
SCLUD_BJK_3.g44 sterol content or by directly altering X X X
cellular zinc levels.
SCLUD_BJK_3.g501 X X X X
. . kinetochore assembly (GO:005138Z
SCLUD_BJK_1.9229 DNA damrﬁgﬁ]trgr‘?:gcaend genome (?;S(t)rfggesrze)proteln X DNA repair (GO:0006281); protein
heterodimerization activity (GO:0046982)
SCLUD_BJK_1.9674 X X X X
SWIB/MDM2 domain
SCLUD_BJK_1.9753 Transcription regulation (IPRO03121); SWIB domain
(IPR019835)
SCLUD_BJK_1.9949 Uncharacterized protein YGL108C X X X
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To complement the comparative analysis of 8 ludwigii ORFeomes, a high
resolution analysis, based on identification of Single Nucleotide Polymorphisms (SNPs), was
performed. For this, the Illumina reads obtained from the BJK_5C genome were mapped to the
genome sequence of the UTAD17 strain (as detailed terras and methods) resulting in the
identification of 51,505 SNPs; 23,439 of which were in coding sequences; and 9,888
corresponding to neaynonymous SNPs. After filtering these SNPs to match the designated
quality parameters, the number of mdmonymais SNPs that resulted in amino acid changes
was 3,872. IrFigure Ill. 9, we show the distribution of these reyinonymous SNPs in the
protein pairs, being particular noticeable the existence of a higher degree of changes in genes
predicted to encode flocculinge.¢, SCLUD10.9g193, and SCLUD7.g3, eabhrbouringl6
SNPs, compared to the alleles encoded by the UTAD17 strain), SCLUD1.g770, an orthologue
of S. cerevisiaenucleoporin NUC159; and SCLUD5.g229, an orthologueSoterevisiae
signalling mucin HKR1 Figure 1ll. 9). For future works, it would be interesting to study if
these gene modifications directly impact, or not, the function of their corresponding proteins
and, consequently, modify the phenotype.Sincerevisiacadhesins of the Flo family are
involved in cell flocculation and play an important role in formation of filaments and biofilms,
allowing the transition from a planktonic lifestyle to more structured and multicellular
structuregWillaert et al., 2021)Mucin HXK1 is also involved in the activation of a pathway
leading to filamentous growth, regulating 3ncerevisiaghboth cell wall betaglucan synthesis
and budding pattern i8. cerevisiag¢Yabe et al., 1996 Interestingly, a study perfored by
Coi et al (2017\ith S. cerevisiagvine strains also revealed a high number of mutations in the
geneFLO11 (encoding a flocculin), compared to the corresponding alleles encoded by flor
strains. Further studies will be required to dissect what are the functional outcomes (if any) of
the different alleles of flocculins encoded by B3 and by UTAD17, for example, in the
ability of the cells to form biofilms, a trait that may be relevant in the conteSt ofudwigii
spoilage capacity that has been linked to the formation of cloudiness (corresponding to cellular
aggregates or biofilms). It is important to dendtewever, that the sttielomeric location of
these genes (strongly suggested by their location on the contig ends, SCLUD1.g3 and
SCLUD10.g193), potentiates a high level of mutations in these proteins, since chromosome
ends are more prone to elevated ratemeiotic recombination, sister chromatid exchange,
DNA transfer and also to sequencing mistakes and assembly (ksoe=t al., 2011)

The establishment of what is the outcome of the SNPs found acroSsl.tthedwigii

ORFeome is difficult, except for proteins that might become truncated due to frameshifts or
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premature STOP codons. Thug focused attention on these and found 13 genes exhibiting
frameshifting mutations leading to premature truncations in BJK 5C: two flocculins
(SCLUD7.g3 and SCLUD17.g359), a pheromgmecessing carboxypeptidase
(SCLUD1.g368), a mannoswyligosaccharide glucosidase (SCLUD4.g637), an RNA
polymeraseassociated protein LEO1 (SCLUD4.9g637), a vacuolar protein seatisgciated
protein 5 (SCLUD.g380), and a Nucleosome assembly protein NAP1 (SCLUD7.g139) could
also be identified Table IIl. 6). Although SNP identification in polyploids can be more
challenging than in haploids or diploids, due to the need to distingoisioeologousSNPs
(polymorphic positions occurring across subgenomes within and among individuals) from
allelic SNPs (polymorphic positions occurring within a single subgenome among individuals),
the complete genome sequencing performed ensures the obtention dfaealsthe copies

of each genelaking a closer look intthe SNPs herein identified, it can be useful to determine
their real phenotype in the cells, especially in those that appear compitatelgted €.9.,
SCLUD3.g14 that is truncated Bt amino acids).

Table Ill. 6i Single Nucleotide polymorphisms (SNPs) exhibiting freshdts identified in the gene sequences encoded by
Sd. ludwigiiBJK_5C when compared to strain UTADX7ai Function not available

Non-synonymous SNPs in

Uc-:r?n?ig ORF name Probable function BKJ_ 5C compared to
UTAD17
SCLUD1 SCLUD1.g268 n.a Glu481fs
SCLUD1 SCLUD1.g368 Pheromongrocessing carboxypeptidase KEX Asn689fs
SCLUD2 SCLUD2.g650 Probable endonuclease Asn636fs
SCLUD2 SCLUD2.g669 Uncharacterizettansporter SLY41 Argl74fs
SCLUD3 SCLUD3.g14 Hypothetical protein Phelifs
SCLUD3 SCLUD3.g16 Hypothetical protein Pro76fs
SCLUD4 SCLUDA4.g637 Mannosytoligosaccharide glucosidase Asn343fs
SCLUD5 SCLUD5.g307 RNA polymeraseassociated protein LEO1 Glul44fs
SCLUD5 SCLUD5.g380 Vacuolar protein sortingssociated protein 5 GIn292fs
SCLUD5 SCLUD5.g445 Hypothetical protein Lys203fs
SCLUD7 SCLUD7.g3 Flocculation protein FLO1 Phe3017fs
SCLUD7 SCLUD7.g139 Nucleosome assembly protein NAP1 Ser439fs
SCLUD17 SCLUD17.g359 Flocculation protein FLO1 Thr31fs
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[11.4.5 GenotypePhenotypeEcotype associations in the genome 8d. ludwigiiBJK_5C

In this section we investigated whether certain differential phenotypes that were observed
for UTAD17 and BJK_5C strains could be attributed to differences in proteins linked to these
phenotypes. To recapitulate the main findings that had been descrivedaithe two strains

a schematic representation was bugigQre Ill. 10).

S. Iudwigii UTAD17

Vs
High Tolerance to Sulfite Dioxide SO, Low Tolerance to Sulfite Dioxide

8. ludwigii BIK_5C

Does not use maltose and galactose as sole Carbon Growth in medium with maltose and galactose

carbon sources as sole carbon sources

Sources

Low tolerance to Acetic Acid and Ethanol Acetic acid High tolerance to Acetic Acid and Ethanol
EtOH

Higher Fermentation Rate in white wine Wlie 2 1tUlLE  Lower Fermentation Rate in white wine
Complete fermentation in 384h Rate Complete fermentation in 816h

Ethyl Acetate production:
‘Wine Aroma 2-fold higher than UTAD17 in red grape must

3-fold higher than UTAD17 in white grape must

Figure Ill. 10i Differences in Sd. ludwigii phenotypes:strain UTAD17 showed higher tolerance to sulfur dioxide than
BJK_5C. In opposition, BJK_5C demonstrated a higher tolerance than UTAD17 to inaeasentrations of acetic acid and
ethanol. Additionally, wines fermented with both strains resulted in different outcomes in terms of fermentation rates and
aroma properties: UTAD17 took half of the time of BJK_5C in completely fermenting white winesffilentation produced

by BJK_5C resulted in unpleasant concentrations of ethyl acetate, while those obtained by UTAD17 were more neutral.

[11.4.5.1 Maltose and Galactoses sole carbon sources

The phenotypic analysis undertaken showed Siualudwigii BJK_5C cells are able to
use maltose and galactose as sole carbon sources, while strain UTAD17 does not grow on these
sources Kigure 1ll. 1). In yeasts, maltose assimilation usually requires a maltose permease
(MALT), a maltase to undertake cleavage of the two glucose monomers (MALS) and a
transcriptional activator for these genes (MAL(RJanke et al., 1997; Novak et al., 200We
could find orthologues for these genes in both BJK_5C and UTAD17 cells (
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Table Ill. 7), but only BJK_5C could grow on maltose as a sole carbon sdtigied
lll. 1). These findings suggest that the utilization of maltose by these yeasts might be
differently regulated in both strains. However, additional experimental data, such as
experiments of direct consumption coupled with transcriptional studies bfAh& (maltose
transporter) andMALS (maltase) genes (that are repressed in the presence of glucose and
induced in the presence of maltogdpvak et al., 20043hould be conducted to draw proper
conclusions on this aspect. As for galactose utilization, it followsLdleir pathway that
converts galactose into gluceehosphate, that is subsequently mobilized via glycolysis
(Sellick et al., 2008; Holden et al., 2003)he enzymes required for this are galactose
mutarotase (GAL10), galactokinase (GAL1), galactbsdosphate uridyltransferase (GAL7),
UDP-galactosed-epimerase (GAL10), and phosphoglucomutase (PGM1/PGB@&)ick et
al., 2008; Holden et al., 2003 0oth BJK_5C and UTAD17 strains encode homologues for 5
of these six enzymes, but it was not possible teaiéh any of them the GAL7 genEigure
. 11,

Table lll. 7). Thus, while this absence is consistent with the lack of Stfa®D17 to
consume galactose, it is contradictory with the capability of sBdiK 5C todo so.One
possibleexplanation for this phenotype is the potential presence of a @Régene in the

genome of BJK_5C, enabling its growth.
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gal2p maltT

Maltose
Galactose
~ i
-Galactose
gal10 v
Maltose .
¥ GAL7 absent in
6 Galactose l maltS maltR BJK_5C and in
gallv UTAD17
1P MAL pathway
Glucose (2x) completein BJK_5C
Galactose-1P -y and UTAD17
gal7 v P9 Glycolysis

p PIM2 P

Glucose-1P Glucose-6P

Figure lll. 11 Maltose and Galactose degradation pathways in yeast. The comparative genomic analys&doflditigii

strains, BJK_5C and UTAD17, revealed that both strains are equipped with the same genomic machinery for the degradation
of galactose and maltose. While maltose degradation pathway appears to be complete in both strains, the galactose degradation
pathway ismissing the GAL7 gene, encoding a galactbgshosphate uridyltransferase responsible for converting the
galactoselP into glucosdP.

Table lll. 7i Genes involved in the degradation of maltose and galactose and their presence/absence in the ggdomes of
ludwigii strains BJK_5C and UTAD17. These genes were dectmdéirmed using BLASTp against UNIPROT and BLAST
Koala (KO number)n.ai not available

- Sd. ludwigii Sd. ludwigii
Pathway Gene KO Description BJK_5C gene UTAD17 gene
malt/malt61 n.a Maltose permease SCLUD_BJK 7.g13 SCLUD7.g9
Maltose | malsfmall2 Koo7oo  XalPhaglucan — oq \h gyw 49418 SCLUDS.g33
; branching enzyme
degradation Microtubule
malr/mal3 K10436 . : : SCLUD_BJK_7.9g218 SCLUD7.g219
integrity protein
gall0 K07748 Mutarotase SCLUD_BJK_2.g661 SCLUDA4.g645
gall K00869 Galactokinase SCLUD_BJK 2.g42 SCLUD6.g78
Galactose GalactoselP-
degradation gal? K00365 Uridyltransferase na na
(Leloir gal10 kor7ag ~ UDPgluCOsed- o b Bk 2661 SCLUDA4.g645
pathway) epimerase
SCLUD_BJK_5.g355 SCLUD3.g215
pgml/pgm2 K01835 Phosphoglucomutas SCLUD BJK 1.91183 SCLUD9.g215
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