PONTIFICIA UNIVERSIDAD CATOLICA DE CHILE
ESCUELA DE INGENIERIA

PHYSIOLOGY OF OXYGEN CONSUMPTION
BY AN INDUSTRIAL STRAIN OF
SACCHAROMYCES CEREVISIAE UNDER
ENOLOGICAL FERMENTATION CONDITIONS

MARCELO ANDRES ORELLANA ACUNA

Thesis submitted to the Office of Research and GaedStudies in partial
fulfillment of the requirements for the Degree add@or in Engineering
Sciences

Advisor:
EDUARDO AGOSIN TRUMPER

Santiago de Chile, August, 2013

00 2013, Marcelo Orellana Acuia



PONTIFICIA UNIVERSIDAD CATOLICA DE CHILE
ESCUELA DE INGENIERIA

PHYSIOLOGY OF OXYGEN CONSUMPTION
BY AN INDUSTRIAL STRAIN OF
SACCHAROMYCES CEREVISIAE UNDER
ENOLOGICAL FERMENTATION CONDITIONS

MARCELO ANDRES ORELLANA ACUNA

Members of the Committee:

:

EDUARDO AGOSIN T., PHD %//‘

FELIPE LAURIE G.,PHD

FLORIAN BAUER, PHD__

CRISTIAN VIAL E.,PHD //A =

Thesis submitted to the Office of Research and Graduate Studies in partial
fulfillment of the requirements for the Degree of Doctor in Engineering

Sciences

Santiago de Chile, August, 2013







ACKNOWLEDMENTS

| would like to thank all people who have contrigaitto this work either in the
research area or with everyday support. Many thaalkk® to everyone in the
Biotechnology laboratory, the Chemical Engineerargl Bioprocess Department, for

their friendship and for making the laboratory gnegable place to work.

Special thanks to Professor Eduardo Agosin for dastinuous support and
patience, his valuable supervision, his sharp elasens and good advice throughout

this thesis.

Also thanks to PhD. Felipe Aceituno, MSc. Isabel edioe, Eng. Marianna
Delgado and Eng. Waldo Acevedo for their suppodifferent stages of this thesis and
for their comments and discussions to improve ihal fversion of this manuscript and

the oral presentation.

Thanks to the Comision Nacional de Investigaciéen@fica y Tecnoldgica
(CONICYT), the Vicerrectoria de Investigacion (VR&nhd Pontificia Universidad

Catolica de Chile for providing the necessary fagdio make this research possible.

Finally, I would like to say thanks to my familyefhando, Cynthia, Cristina and
Consuelo for their unconditional love and supparig thanks to Milena for her support

and love in the last part of this long trip.



INDEX OF CONTENTS

ACKNOWLEDMENTS ... e '
INDEX OF CONTENTS ... i
FIGURE INDEX ... o et mmeme e e e e et e e e e Vi..
TABLE INDEX ... et e e e e e e e e e iX..
ABBREVIATION INDEX .. ..t e X
AB S T R A C T s e Xi.
RESUMEN .. e XIV.

[. INTRODUCTION ...t e e e e e e eaaas
10 1Y o] 1)Y= 11 [0 OSSP PPPPPPPPPP 1
[.2 Oxygen management during Win€making .....cccccceeeeeeieiiiiiiiiiiiiiiiieiieeeeeeeeeeens 1.
[.3 Metabolic role of oxygen during wine yeast femation ................ccccoevvevevvveienenn,
I.4 Metabolism ofSaccharomyces cerevisiaeaerobic and anaerobic conditions ......
[.5 Oxygen regulatory effects on the physiologysoterevisiae...............ccccccevevenen. 9
[.5.1 Gene expression regulated DY OXYGEN .......uuiiiiiiiiiiiiiiiieeeie s 9

I.5.2 Crabtree effect and cytosol-mitochondria rediouttles..............cccceeeeeeenn. 14

1.5.3 Effect of oxygen availability on tricarboxglacid (TCA) cycle..........ccc......... 16
[.6 Continuous cultures as a tool for conductinggablogical studies. ...................... 18
[.7 Dynamic response &accharomyces cerevisiphysiology to environmental
PEITUIDALIONS ...t e e et e e e e e e s rmnmne e e e e e e e nannene s 22
1.8 Metabolic flux analysis (MFA) as a tool for essch............c.cccciiiii, 23.
1.9 Yeast oxygen consumption under winemaking aons...............ccceeeeeeerrinnnnee. 26
[.20 WOrking NYPOtheSeS..........uuiiiiiii e 28
10 RO o] [=Tox 1YL TP PPPPPPPPPP 29
[12 APPIOBCK ... et e e e enn e e 29

[I. MATERIALS AND METHODS ... 31
[1.1 Yeast strain and culture conditioNS........ccccuuuiii s 31
[1.2 CUIUIE MEAIA. ...eiieeiiiiieiie ettt ee e e e e e e 31
[1.3 Gas measurement and CONLIOL.......... o errreeieiee e rmneeee e 33



[1.3.1 DiSSOIVed OXYQEN IEVEIS ......uiiiiiitcemmem e 33

11.3.2 Oxygen impulses generation and sampling time...........c.cccccvvvvvvvivvieennnen. 34
[1.4 Bioreactor SAMPIING ......ooviiiiiiiiiieieeeee e 35
[1.5 Analytical tECNNIQUES........uii s 35

[1.5.1 High pressure liquid chromatography (HPLC).......cooviiiiiiiiiiiiiiiiiiiiiiiieieee, 35

[1.5.2 Dry cell weight determination ..., 36

[1.5.3 Assimilable nitrogen and proline determioati................ccccoeevnnnnnnnnnnnnnns 6.3

[1.5.4 Ergosterol extraction and determination .ca.............eevevieeieiieeieeiieiieiiniees 36

[1.5.5 Biomass components determination ... 37
[1.6 RNA extraction and quantification ..., 37
[1.7 Transcriptome @nalyYSIS .....ccoooooeieiieeee e 38

[1.7.1 Microarray analysis of dissolved oxygen lBve................coo. 8.3

11.7.2 Data clustering analysis of dissolved oxy¢grels...........ccccccvvvveririiriinnnnnnne. 39

[1.7.3 Microarray analysis through dissolved oxygmpulse.............ccccccvvviiinennnnn. 40

[1.7.4 Data clustering analysis for dissolved oxyg@pulse ............ccceeeeeeeeeeennenn. 40

[1.7.5 Transcriptional Network analysSis ..... .. .. e 41
1.8 MetaboliC flUX @N@lYSIS .......ooiieeeee e 42

[1.8.1 StOIChIOMELIIC MEALIIX ...eiiiiiiiiiet et e e e e e e e smneeee e e e 42

[1.8.2 FIUX @SHMALION ...coiiiiiiiiiiiiiiie e e 43

11.8.3 Consistency and sensibility 8NalySiS e .veeeeeeeeiiiiiiiiiiiiiiiiiiiiiiiiiinieeeee 43
[11.1 Long-term impact of increasing concentratiaiglissolved oxygen on wine
yeast physiology under enological CoNditioNS.cco...coooiiiieieie e 45

[11.1.1 Simulation of dissolved oxygen concentras@and oxygen uptake rates

under enological CONAILIONS.........uuuuueiiiiiiiiiiiiieiie s e e 45

[11.1.2 Carbon balances at different dissolved @tygoncentration ....................... 46

[11.1.3 Relationship between biomass increase aoting consumption in the

(1 IT e gTot= o) B0 )1 Vo = o TR 47

[11.1.4 Impact of dissolved oxygen concentrationspecific rates and respiratory

QUOLIENT (RQ) e 48

[11.1.5 Metabolic flux analySiS.............ieeemuiiiiiiiiiiiiiiiiiiiiiiiii e 49



111.1.5.1. Sources and sinks of NADH and NADPH........cooiiiiiii i 52

[11.1.5.2 Sources and SiNKS Of ATP.......oi oo e 53
[11.1.6 Gene expression analysis of dissolved oryigeels ..............ccoeeiii. 54
[11.1.6.1 Analysis of oxygen level transitions............cccccvviiiceeeee, 55

111.1.6.1.1 Genes differentially expressed betw@emnd 1.2 uM dissolved oxygen55
[11.1.6.1.2 Genes differentially expressed betwge&uM and 2.7 uM dissolved

(01470 [ <] o [ RSPPPPTPP PP 55
111.1.6.1.3 Genes differentially expressed betwdemd 21 uM dissolved oxygen.56
[11.1.6.1.4 Other gene expression CNANGES .....ccccooieiiiiiiiiiieee e 56
[11.1.6.2 CIUSLEriNG @NalYSIS......ccoeiii it 58
[11.1.6.2.1 Genes down-regulated at 21 uM dissolmeghen ..., 58
[11.1.6.2.2 Genes down-regulated with 1.2 pM digedloxygen .........cccccvvvvveennene. 58
111.1.6.2.3 Genes negatively correlated with digedloxygen ...........cccccvvvvvvvivinnnns 59
[11.1.6.2.4 Genes positively correlated with dis@al OXYgen ............ccccccveveeennnnnnnns 59
[11.2 Transient effect of oxygen on wine yeast pbiayy, in anaerobic conditions
using an iIMpuUISe Of OXYGEN ... 62
[11.2.1 Dissolved oxygen dynamics under wine fertaéion conditions at laboratory
CSTor= 1 [T PRSP PU U PP PPPPPRP 62
[11.2.2 Metabolic dynamics of the yeast cells thghout the oxygen impulse......... 63
[11.2.3. Transcriptomic dynamics of the yeast celidore and after the oxygen
IMIPUISE e ———————————————— 65
[11.2.3.1 Characterization of yeast transcriptorfterahe oxygen impulse ............. 65
[11.2.3.1.1 Genes of immediate reSponse to OXYGEeN.........cooovveiiiiiiiiiiiiiiiieeeeen, 1.6
[11.2.3.1.2 Genes of delayed reSponse t0 OXYGEeN. .......uuvurrmrrmmimmiiiiiiniannennenns 61.
[11.2.3.1.3 Genes of over-delayed response t0 OXYGe.......coooevieeeeeeeieieeeeeeeeeeeeeeen 68
[11.2.3.2 Gene ontology aNalYSIS..........cueveieeee s seeese s eseses e sseesesseeseaeaeeea s 68
[11.2.3.3 Transcriptional networks controlling tb&ygen response..........ccccccceeeee.e. 69
[11.2.3.3.1 Master transcriptional regulators................eeveiiiiiiiiiiiiiiiiiiiiieeeeeee 69
[11.2.3.3.2 Haplp regulatory NEIWOIK .........uuueeeeeermmemmmmmnmninniineinnenennnnnnnnnnnnn 70
[11.2.3.3.3 Skn7p regulatory NetWOrK ........cce.eeeeeemieimiiiiii e 71



V. DISCUSSION ...ttt 3.7

IV.1 Impact of different oxygen levels in wine yéagtracellular metabolism.......... 73
IV.2 Effect of different oxygen concentration irettransition between fermentative
and respiro-fermentative metaboliSm ... 74
IVV.3 Succinic acid transport under different dissol oxygen levels ...........ccccceeenens 75
IV.4 Role of cytosol-mitochondria redox shuttles@spiro-fermentative metabolism
............................................................................................................................ 76
IV.5 Respiratory related genes are expressed gtdady state oxygen levels despite
high sugar CONCENIratiONS ..........ooi i i ceeeeee e 77
IV.6 Physiological response of wine yeast at tlghbst dissolved oxygen

(olo] pTol=T o1 7= 11 0] o AP T PP TP PPPPRP 78
IV.7 Yeast cell wall remodeling by different steagtgte dissolved oxygen

(olo] pTol=T o1 7= 11 0] o HEU PP PP P PPPPPP 79
I\VV.8 Dissolved oxygen levels impact for winemakpr@cess. .........cccccvvvvvviiiieeennnn. 80
IV.9 Physiological response of the wine yeasterevisia&C1118 to an oxygen
impulse under enological CONAItIONS. ........ccamamiiiiiiiiiiiiiiiiiiiiiie e mnemnee e 81
V.10 Gene expression response and regulatory mieswibroughout dissolved

(00040 1= TN T0 0] 61U L= PP 82

V.11 Master transcription factors controlling thieort-term oxygen yeast response. 82

IV.11.1 Beneficial oxygen impulse effects from aneinaking perspective: the role

OF HaP L. e 83
IV.11.2 Other yeast oxidative stress response @gggen addition in wine
fermentation conditions: the role of SKN7P. coceceeeiiiiiiiiiiiiiiiiieeeeas 85
IV.12 Other stress related responses and effextyajen impulse on the yeast cell
L1772 || PP 86
V. CONCLUSIONS AND FUTURE DIRECTIONS .......ccoeeeeiiieean, 87
VI ANNEXES ... e 91.
VII. REFERENGCES ...t e 102



FIGURE INDEX

Figure 1.1: Aerated pump over operation. The arrows indighte direction of the
fermenting must flow (P= pump). (Adapted from (R#eu-Gayon, et al., 2006)). ......... 2

Figure 1.2: The oxygen dependent steps of sterol synthesisS.incerevisiae
intermediates and oxygen requirements. Enzymestrggualene epoxidase; Erg7p,
lanosterol synthase; Ergllp (Cyp51p), lanosterdi@emethylase; Erg24p, sterol C-14
reductase; Erg25p, sterol C-4 methyloxydase; Erg26gol C-3 dehydrogenase (C4-
decarboxylase);Erg27p, sterol C-3 ketoreductasgrsterol C-24 methyltransferase;
Erg2p, sterol C-8 isomerase; Erg3p, sterol C-5 tdesse; Erg5p, sterol C-22
desaturase; Erg4p, sterol C-24 reductase. (Addpiad(Rosenfeld & Beauvoit, 2003)).

Figure 1.3: Electron transfer and energy generation from gacin aerobic and
anaerobic conditions b§. cerevisiag(Adapted from (Walker, 1998)).............cceumnn. 7

Figure 1.4: Diagram showing two mechanisms in which heme mayliate oxygen
control of transcription irs. cerevisiaeln the first case (1), heme serves as a ligand fo
a transcription factor and heme concentration eggaltranscription. In the second case
(2), heme is a prosthetic group of a transcriptiactor and up- or down regulates
transcription in response to changes in its redates(Adapted from (Bunn & Poyton,
RS S G ) TR PP PPPPPPPPRPPPPR 11

Figure 1.5: Haplp and Hap2/3/4/5p (represented by HAP) interadgth upstream
activator sites (UAS) to activate the transcriptadraerobic genes. Furthermore, Haplp
also activates transcription of some hypoxic geRex1p represses the transcription of
hypoxic genes interacting with upstream represises $URS). (Adapted from (Kwast et
AlL, L998) ). e e e e e 12

Figure 1.6: Three main redox shuttles that have been propmseark inS. cerevisiae
1) the glycerol-3-phosphate shuttle (Gut2p), 2) #éxternal NADH dehydrogenase
(Ndelp) shuttle and 3) the mitochondrial alcohohydogenase (Adh3p) shuttle.
(Adapted from (Bakker, et al., 2001)). .....ccemmmmmmmi e 16

Figure 1.7: TCA pathways during respiration and fermentatBlack arrows, the TCA

pathway functions as a cycle during respiratiorey&&rrows, the TCA pathway operates
as an oxidative branch and a reductive branch guignmentative metabolism. FR,

Vi



fumarate reductase; SDH, Succinate dehydrogenaswlewx; OGDH, Oxoglutarate
dehydrogenase complex. (Taken from (Camarasa,, @03)). ........ccoeeveeeieieiieenennennn. 17

Figure 1.8: Representation of a continuous culture in a stit@nk bioreactor. The
liquid medium from the feed reservoir, containingovn concentrations of substrates
(S), biomass (%, commonly =0), and productsjPis pumped into the bioreactor at a
flow ratev. Gaseous feed can also be used (not shown). Tieewwations of biomass
(X), substrates (S) and products (P) inside theehictor are equal to those in the
effluent. The effluent is pumped out at the sante as the feed rate, The volume of
medium in the bioreactor, V, is constant. The @ltate D is defined as/V (Adapted
from (Acevedo, et al., 2004)). .......uuuuumeemmmneeieeienreiren e ————————————————- 19

Figure Ill.1: Relationship between dissolved oxygen concentratial specific oxygen

uptake rate (OUR) ofSaccharomyces cerevisiastrain EC1118. Blue symbols
correspond to steady state nitrogen limited cowtisucultures with increasing dissolved
oxygen concentrations. The corresponding OURs wetermined in the same cultures.
Brown squares represent the five dissolved oxygaditions evaluated in this research.

Figure 111.2: Flux distributions irS. cerevisia&C1118 strain grown in nitrogen limited
chemostats at D = 0.1'hrom anaerobic (top) to 21 uM (bottom) dissolved/gen
concentrations. Numbers indicate specific reastigated with oxygen consumption:
1) Respiration, 2) Unsaturated lipid synthesis=R)osterol synthesis, 4) Proline uptake.
The fluxes are expressed as percentage of thedathbn uptake. Negative numbers
indicate flux in the reverse direction. The fluxr fmaintenance is expressed as a
percentage of the total ATP produced. CARB, cardodites; GLC, glucose; FRUC,
fructose; F6P, fructose 6-phosphate; R5P, ribogedsphate; DHAP, dihydroxyacetone
phosphate; G3P, glyceraldehyde 3-phosphate; E4Rhrese 4-phosphate; GLY3P,
glycerol 3-phosphate; 3PG, 3-phosphoglycerate; GLY@cerol; SER, serine; PEP,
phosphoenolpyruvate; AC, acetate; ACCOA, acetylnzgme A; LIP, lipids; OAA,
oxaloacetate; PYR, pyruvate; ADE, acetaldehyde; HT®@thanol, ASP, aspartate;
ISOCIT, isocitrate; GLN, glutamine; FUM, fumaratdKG, a-ketoglutarate; GLU,
glutamic acid; PROT, protein; SUC, succinate; SUCEXracellular succinate; mATP,
maintenance ATP; PRO, proline; NARK mitochondrial NADH; NADHy, cytosolic
NADH; ERG, ergosterol; UN_LIP, unsaturated lipidS............cccevvvvreeiiiieeiieiininnnnns 51.

Figure I11.3: Hierarchical clustering of th8. cerevisia¢ranscriptome data obtained for
the five dissolved oxygen conditions. From centeoutside, the dendrogram depicts: 1)
Hierachical clustering tree; 2) Color ribbons iradee each of the 56 clusters; 3)
Heatmaps of gene expression values, where blachraee represent low and high gene

Vii



expression levels, respectively. Increasing dissbloxygen concentrations, from 0
(most internal) to 21 uM (most external), are showhe scale of the calculated
distances in the dendrogram is also illustrated................cccceee . 61

Figure 111.4: a) Dissolved oxygen dynamics during dissolved orygapulse. Time
zero corresponds to anaerobic, steady state anaecohditions. The curve is the
dissolved oxygen average value of three indepenebgoeriments. b) Sampling points
before and after OXygen IMPUISE. ......... e 63

Figure I11.5: Metabolic dynamics of wine yeast throughout a dis=ib oxygen impulse
within the first hour (upper panel) and within tfiest residence time (bottom panel).
Specific rates of glucose consumption (open diamogtycerol production (close
square), ethanol production (close triangle) and, @@duction (open circle) are
indicated. Each point represents the average vafutree independent experiments
during the time course (0 (steady state), 10 mihm2n, 30 min, 45 min, 60 min, 300
min and 600 Min (0Ne residence tIME))......ccccevirrireiiieie e 64

Figure 111.6: Mean time-dependent profiles of clusered genes.Differentially
expressed genes through dissolved oxygen pulse chestered in six groups according
to their time dependent expression profiles. Gnegsl represent the expression level of
each gene in that cluster during the time courdaclBline represents the average
expression level of all genes in that cluster dytime time course (O (steady state), 4
min, 10 min, 1 hour, 5 hours and 10 hours). Absolumtensity values were mean
normalized for each gene and for each time-point...............cccccuvvvviviviviviiininiiiennn. 66

Figure I11.7: Genes regulated by Haplp. Master transcription factor and target genes
are illustrated from the top to the bottom of tlgufe. Nodes were identified according

to the cluster to which they belong: Cluster 1htigiamond), Cluster 4 (grey hexagon)

and Cluster 5 (grey square). a) Genes directlylaggu by Haplp, b) Genes regulated
by Haplp through transcription factors relatedttess and c) Genes regulated by Haplp
trOUQGN YaPLP/ROXLP. .eeeeuennuiiiniiiieeeee e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e eas 71

Figure 111.8: Genes regulated by Skn7p.Master transcription factor and target genes
are illustrated from the top to the bottom of tlgufe. Nodes were identified according
to the cluster they belong: Cluster 1 (light diamipnCluster 4 (grey hexagon) and
Cluster 5 (grey square). a) Skn7p regulatory netveord b) Genes regulated by Skn7p
=T To =T o o PP TRTRTRT 72

viii



TABLE INDEX

Table 11.1: Conditions used to generate the steady state Idssmxygen levels
evaluated in this STUAY. ... 34

Table 11.2: Estimation of ethanol and G@pecific production rates by the MFA model.

Table Ill.1: Dissolved oxygen concentrations and specific orygptake rate of.
cerevisiaeEC 1118 grown under different oxygen levels................cco 45

Table IIl.2: Dissolved oxygen concentration and glucose yiétdslifferent oxygen
feeding CONAItIONS..........cciiiiie ettt eaeas 47

Table 111.3: Proline consumption and nitrogen yields. ... ..ovevvveiiiiiiiiiiiiiniiiii. 48
Table 11.4: a) Specific consumption and production rates andSkeady-state
metabolite concentration i8. cerevisiaecEC 1118 grown under increasing dissolved

oxygen Culture CONAILIONS. ..o e 49

Table 11.5: Specific production rates of major biomass comptneat different
dissolved 0Xygen CONCENtIAtIGNS..........cceccueeiiieieeiie ettt e 50

Table 111.6: Contribution to NADH and ATP turnover of differemtetabolic pathways
in S. cerevisia&C1118 grown under different dissolved oxygen ¢eltonditions.....54

Table I11.7: Characterization of differentially expressed gemesoss the different

OXYGEN [EVEIS. ... 57
Table 111.8: Functional terms enrichment for the genes in ehadter ..............c.......e. 60
Table 111.9: Functional terms enrichment for the genes in eaddter ......................... 69



ABBREVIATION INDEX

CCC
ChiP
Cwi
DCW
DEPC
DNA
FAD
FDR
GEO
GO
HPLC
MFA
NMR
NOPA
OUR
RMA
RNA
RPM
RQ
SGD
TCA

UFA

Cophenetic Correlation Coefficient
Chromatin Immunoprecipitation
Cell Wall Integrity

Dry Cell Weight
Diethylpyrocarbonate
Deoxyribonucleic Acid
Flavin Adenine Dinucleotide

False Discovery Rate

Gene Expression Omnibus

Gene Ontology

High Pressure Liquid Chromatography
Metabolic Flux Analysis

Nuclear Magnetic Resonance
Nitrogen by o-phthaldialdehyde
Specific Oxygen Uptake Rate
Robust Multiarray Analysis
Ribonucleic Acid

Revolutions Per Minute
Respiratory Quotient
Saccharomyces Genome Database
Tricarboxylic Acid

Unsaturated Fatty Acids



YAN

YPD

Yeast Assimilable Nitrogen

Yeast extract Peptone Dextrose

Xi



PONTIFICIA UNIVERSIDAD CATOLICA DE CHILE
ESCUELA DE INGENIERIA

PHYSIOLOGY OF OXYGEN CONSUMPTION BY AN INDUSTRIAL BRAIN OF
SACCHAROMYCES CEREVISIAE UNDER ENOLOGICAL FERMENTADN
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MARCELO ANDRES ORELLANA ACUNA

ABSTRACT

Discrete oxygen additions play a critical role inng fermentation process.
However, no system biology studies have been cdaduso far about how oxygen
modifies yeast metabolism under wine fermentationdd@ions. We proposed here the
first systemic approach for the quantitative untderding of the impact of oxygen on
wine yeast physiology, under enological conditidnsorder to do this, transcriptomic,
fluxomic and metabolomic effects of dissolved oxyge wine yeast physiology were
evaluated.

We simulated the range of dissolved oxygen conagafrs that occur after an
enological pump-over, by sparging nitrogen-limiteshtinuous cultures with oxygen-
nitrogen gaseous mixtures to achieve increasingdygtetate dissolved oxygen
concentrations. When the dissolved oxygen increfisgs 1.2 to 2.7uM (20 °C), yeast
cells change from a fully fermentative to a mixedpiro-fermentative metabolism. This
transition is characterized by a switch in the apen of the tricarboxylic acid (TCA)
cycle and an activation of NADH shuttling from theytosol to mitochondria.
Nevertheless, fermentative ethanol production ragththe major cytosolic NADH sink
for all oxygen conditions, suggesting the limitatiof mitochondrial NADH reoxidation
as the major cause of the Crabtree effect, inswfaglucose repression. This is
reinforced by the induction of several key respiratgenes by oxygen, despite the high

sugar concentration.
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On the other hand, we simulated typical enoldgag@erations for oxygen
addition by carrying out an impulse of pure oxygen 30 seconds, under anaerobic
conditions, employing nitrogen limited continuousdtares. Respiratory and ergosterol
biosynthetic genes were induced after oxygen ingouloreover, genes involved in
yeast cell wall remodeling and oxidative stress ragnothers were significantly induced
and/or repressed by oxygen impulse. The changesmnession of these genes are
coordinated responses that share common elementseatevel of transcriptional
regulation.

The results of this study indicate that mitochoaldrespiration is responsible
for a substantial part of the oxygen response astyeells during alcoholic fermentation.
Furthermore, genes involved in proline uptake, nognotein composition of yeast cell
and oxidative stress were significantly induced/andepressed both short and long
term by oxygen, highlighting the dual role of oxgg® “making or breaking wines.”
These findings will facilitate the development ofygen addition strategies to optimize

yeast performance in industrial fermentations.

Members of the Doctoral Thesis Committee:
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FISIOLOGIA DEL CONSUMO DEL CONSUMO DE OXIGENO EN UNCEPA
INDUSTRIAL DE SACCHAROMYCES CEREVISIARN CONDICIONES DE
FERMETACION ENOLOGICA

Tesis enviada a la Direccion de Investigacion ytdgtagdo en cumplimiento parcial de
los requisitos para el grado de Doctor en Cieréals Ingenieria.

MARCELO ANDRES ORELLANA ACUNA

RESUMEN

Las adiciones discretas de oxigeno juegan un paftedo en el proceso de
fermentacion del vino. Sin embargo, hasta ahorssenban llevado a cabo estudios de
biologia de sistemas, acerca de cémo el oxigendficeodl metabolismo de la levadura
vinica bajo condiciones de fermentacion vinica. ppnemos aqui la primera
aproximacion sistémica para el entendimiento ctetiid del impacto del oxigeno
sobre la fisiologia de la levadura vinica, bajodioiones enologicas. Para este fin, los
efectos del oxigeno disuelto en el transcriptoniaxoma y metabdloma sobre la
fisiologia de la levadura vinica fueron evaluados.

Simulamos el rango de concentraciones de oxigeasegproducen después de
un remontaje enoldgico, burbujeando cultivos cam limitados en nitrégeno con
mezclas gaseosas oxigeno-nitrégeno, para alcarmacemtraciones crecientes de
oxigeno en estado estacionario. Cuando el oxigsoeltb aumenta desde 1.2 a @M
(20 °C), el metabolismo de la levadura cambia dés@émente fermentativo a mixto
respiro-fermentativo. Esta transicion se caracdepar un cambio en la operacion de
ciclo del &cido tricarboxilico y el aumento delnsporte de NADH desde el citosol a la
mitocondria. Sin embargo, la produccién fermentatle etanol sigue siendo el principal
sumidero del NADH citosdlico para todas las comaties con oxigeno, sugiriendo la
limitacion de la reoxidacion mitocondrial de NADIdmo la principal causa del efecto
Crabtree, en lugar de la represion por glucosa Estreforzado por la induccién de

varios genes respiratorios clave por oxigeno, arp#sla alta concentracion de azlcar.
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Por otro lado, simulamos las tipicas operacioneslégitas de adicion de
oxigeno realizando un impulso de oxigeno puro pors8gundos, en condiciones
anaerdbicas, utilizando cultivos continuos limitadm nitrégeno. Genes respiratorios y
de biosintesis de ergosterol fueron inducidos desplel impulso de oxigeno. Ademas,
genes involucrados en remodelamiento de paredacefuéstrés oxidativo entre otros,
fueron significativamente inducidos y/o reprimidpsr el impulso de oxigeno. Los
cambios en la expresion de estos genes son regpuasbdrdinadas que comparten
elementos comunes a nivel de regulacién transorgati

Los resultados de este estudio indican que laireesfn mitocondrial es
responsable de parte sustancial de la respueskdgaino en células de levadura durante
la fermentacion alcohdlica. Ademas, genes invollmsaen consumo de prolina,
remodelamiento de pared celular y estrés oxiddtieoon significativamente inducidos
y/o reprimidos, tanto a corto como a largo plazo gpdgeno, destacando el papel dual
del oxigeno en “crear o destruir vinos”. Estos dmjbs facilitaran el desarrollo de
estrategias de adicion de oxigeno para optimizadesempefio de la levadura en

fermentaciones industriales.

Miembros de la Comisiéon de Tesis Doctoral

Eduardo Agosin T.
Ricardo Pérez C.
Claudio Gelmi W.
Felipe Laurie G.
Florian Bauer
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[. INTRODUCTION

1.1 Motivation

Oxygen is frequently added during enological fertagan at an industrial scale
in order to improve fermentative rate, yeast viapihnd biomass concentration (Julien
et al., 2000). Oxygen additions during enologieahfentation are particularly effective
at the end of the yeast growth phase (Sablayretlat, 1996)From a yeast perspective,
oxygen is required for the synthesis of the séedatanaerobic” growth factors, i.e.
ergosterol and unsaturated fatty acids (Fornaironrgfond et al., 2002; Rosenfeld et
al., 2003). Furthermore, oxygen is essential falipe consumption as nitrogen source
(Ingledew et al., 1987). To the best of our knowksdno systemic studies have been
conducted so far about how oxygen modifies yeasalbodism under wine fermentation
conditions. The aim of this work is to use a systeapproach for a quantitative
understanding of the impact of dissolved oxygenyeast cells physiology, under
enological conditions. These findings will facitéathe development of oxygen addition

strategies to optimize yeast performance in incaldgrmentations.

I.2 Oxygen management during winemaking

“Oxygen can make or break wines” (Ribereau-Gayo®33). Indeed,
winemakers are aware that oxygen is a criticalofa¢d consider over the whole
winemaking process. During wine production, oxygealways encountered. From the
onset of harvest through several winery operatguth as crushing, pressing, racking
and fermentation, oxygen will be always present T@iu et al.,, 2006). The
consequences of significant oxygen exposure rarge hotorious flavor changes to
acetification (Oszmianski et al., 1996; Ribéreay@aet al., 2006). Conversely,

moderate oxygen exposure could benefit someeswiby, for instance, improving



yeast performance and contributing to the stadditbn of colour and reduction of
astringency and bitterness (Atanasova et al., 2Q@3tellari et al., 1998; Danilewicz,
2003; Waterhouse & Laurie, 2006). Thus, the optimanagement of oxygen
incorporation during the winemaking process is ®iggketo produce a high quality
product.

Oxygen addition during wine fermentation is gengrathieved through aerated
pump overs. An aereated pump over consists imgetermenting must to flow out of
the tank in contact with atmospheric air and themping it back into the upper part of
the tank (Figure 1.1) (Ribéreau-Gayon et al, 2006).

Figure 1.1: Aerated pump over operation. The arrows indig¢hte direction of the
fermenting must flow (P= pump). (Adapted from (Rimu-Gayon, et al., 2006)).

Controlled oxygen additions during wine fermentasi@lso can be beneficial for
wine aromatic diversity. For instance, Valero et @002) compared the higher alcohols



and esters content of wines fermented with andowitloxygenated musts. They found
higher aroma contents in wines produced with oxgggeh musts, although they showed
a lower esters/higher-alcohols ratio. Moreover, gety additions during wine
fermentation significantly reduce the capacityorygen consumption by the yeast lees
(Salmon, 2006).

Another technique aiming to introduce small andtcgled quantities of oxygen
after alcoholic fermentation, called micro-oxygeoaf is common practice in many
wineries (Salmon, 2006). Micro-oxygenation wasiatly developed with the aim of
bringing about desirable changes in aroma and rextthich cannot readily be obtained
by traditional ageing techniques (Parish et alo®@0

The main benefits of this technique for wine are #timination of sulphide
aromas, as well as an improvement in color stgbdind “tannin structure” (Pérez-
Magarifio et al., 2007; Sanchez-Iglesias et al0920 The general principle of micro-
oxygenation is the addition of small and controliadounts of oxygen into the wine by
means of a sparger that distributes the gas irfaime of small bubbles (Parish et al.,
2000; Schmidtke et al., 2011; Zoecklein et al.,200

However, oxygen could also be detrimental whereddad the wrong moment or
in too high concentrations, resulting in wine oxida, white wine color degradation due
to its low antioxidant capacity, off-flavors synfiie and growth of undesirable
microorganisms such as acetic acid bacteria (Deva&ti al., 2007; Du Toit et al., 2006).

It is therefore clear that oxygen plays a criticale during the winemaking
process, which could be either beneficial or detntmlefor the quality of the final
product, depending on the moment and amount of sxpoto dissolved oxygen.
Therefore, to develop oxygen addition strategiest maximize wine yeast performance
in industrial fermentations and minimize the degental effects of oxygen on wine yeast
metabolism and wine quality, it is essential to enstand the molecular mechanisms
involved in wine yeast oxygen consumption undereAfgrmentation conditions.



1.3 Metabolic role of oxygen during wine yeast ferrantation

Wine fermentation is a complex and dynamic proadi®sng which sugar is
transformed to ethanol due to the biological attivf the fermenting yeast. Upon
inoculation, wine yeast adapts to adverse conditiooind in grape must, such as low
pH (2.9-3.8), and high sugar concentrations (up3®® g-L%). After the onset of
fermentation, the biological activity of yeast puoeé additional stressful conditions,
such as nitrogen limitation and increasing ethaookentration in the fermenting must.

The adverse conditions that the wine yeast fabesughout winemaking are the
main reasons for sluggish and stuck fermentations.fermentations in which the rate
of sugar consumption is extremely slow, especiailyards the end of the fermentation
(Ingledew et al., 1985), avoiding the completiontled fermentation process. Sluggish
and stuck fermentations are a frequent and majuylg@m for the winemaking industry,
due to the economic losses that they can causes.

Many authors have highlighted that oxygen additiaresan efficient method to
avoid sluggish and stuck fermentations (AlexandreCBarpentier, 1998; Bisson &
Butzke, 2000; Blateyron & Sablayrolles, 2001; Swgiul#les et al., 1996). Furthermore,
Sablayrolles (Sablayrolles, et al.,, 1996) demotetrathat the most effective
oxygenation results are obtained by adding appratéty 5 mg- [* at the end of the cell
growth phase.

From the wine yeast perspective, oxygen addit@s do positive effect on yeast
metabolism because it helps to improve the feraimet rate, yeast viability and
biomass concentration (Julien et al., 2000; Vagdral., 2001). Yeast cells need oxygen
to produce anaerobic growth factors such as engsted mono—unsaturated fatty acids
(Fornairon-Bonnefond et al., 2002; Rosenfeld e2@03). Molecular oxygen is required
for squalene conversion to ergosterol at the lef/slx enzymatic steps catalysed by five
enzymes: a non P450 mono-oxygenase (Erglp), twookylkhses/desaturases (Erg25p
and Erg3p) and two cytochromes P450 (Ergllp an@9pg(Rosenfeld & Beauvoit,
2003). In other words, 12 oxygen molecules are iredqufor the conversion of one

squalene to ergosterol (Figure 1.2). Meanwhile, bi@synthesis of mono-unsaturated



fatty acids, such as palmitoleate (C18)land oleate (C18%) requires ¥2@per double
bond formation, as an electron acceptor. Thesdioaacare catalyzed by the unique
microsomal acyl-CoA desaturase Olelp (Fornaironrigéond, et al., 2002; Rosenfeld
& Beauvoit, 2003).
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Figure 1.2: The oxygen dependent steps of sterol synthesisS.incerevisiae

intermediates and oxygen requirements. EnzymestgErgqualene epoxidase; Erg7p,
lanosterol synthase; Ergllp (Cyp51p), lanosterd@d@emethylase; Erg24p, sterol C-14
reductase; Erg25p, sterol C-4 methyloxydase; Erg26gol C-3 dehydrogenase (C4-
decarboxylase);Erg27p, sterol C-3 ketoreductasgéirsterol C-24 methyltransferase;
Erg2p, sterol C-8 isomerase; Erg3p, sterol C-5 tdesse; Erg5p, sterol C-22
desaturase; Erg4p, sterol C-24 reductase. (Addpied(Rosenfeld & Beauvoit, 2003)).



Ergosterol and unsaturated fatty acids play a l#g m the fluidity of the yeast
membrane, which enhances ethanol tolerance (Alegagtdal., 1994). Specifically, the
increase of oleic acid (&1 (You et al, 2003) and ergosterol (Swan & Watst®08)
are associated with an enhanced resistance tockthdmwever, yeast cells adapted to
high ethanol concentration have a lower contematiitoleic acid (Gg:.1) compared to
non-adapted yeast cells (Dinh et al 2008), sugggsd consistent role of lipid
composition in yeast resistance to stress (BauBretorius, 2000).

A comprehensive and quantitative approach in wieenéntation conditions
could allow a deeper understanding of how oxygéectsf wine yeast physiology and
the mechanisms that explain the positive effectsoxygen addition in the wine
fermentation process. To the best of our knowledlgs, comprehensive approach has

not been developed yet and is one of the main gddlss thesis.

1.4 Metabolism of Saccharomyces cerevisiae in aerobic and anaerobic conditions

The impact of oxygen on the metabolismSafccharomyces cerevisibas been
of great research interest for two main reasonisst,fS. cerevisiags one of the few
yeasts that can grow fast in anaerobic conditidfisser et al, 1990). Second, this
organism is widely used for the production of ettla heterologous proteins, biomass
and other biotechnological products (Cot et al.0720Kapat et al., 2001; Verduyn,
1991), either in aerobic and anaerobic conditiassyell.

The ability ofS. cerevisia¢o grow in anaerobic and aerobic conditions hanbe
extensively investigated through genetic and pHhggioal studies. Under anaerobic
conditions (i.e. fermentative metabolism), the &bt surplus generated by the
oxidation of carbon sources in the form of NADHoalanced through the generation of
ethanol and, to a lesser extent, glycerol. Thusphalic fermentation is a consequence
of the redox balance that the yeast must maintaiorder to survive (Vargas et al,
2010).

On the other hand, under aerobic conditions (@gpiratory metabolism), oxygen

can act as an electron sink, through the mitochahetectron transport chain. The



reduction of oxygen, in this case, allows the rdaiiobn of NADH and ensures redox
balancing (Figure 1.3). At high sugar concentragionthe regulation between
fermentative and respiratory metabolismSaccharomyces cerevisige established by

the Crabtree effect. This effect states that, aueter aerobic conditions, fermentation

predominates over respiration (Walker, 1998).

Energy source
(e.g. glucose)

Electrons

Electroncarriers
(NADH)

ATP

| Final Electron Acceptors |

l l

Oxygen Organiccompound
(Respiration) (Fermentation)

Figure 1.3: Electron transfer and energy generation from glacin aerobic and
anaerobic conditions b$. cerevisiag(Adapted from (Walker, 1998))

In the majority of industrial fermentation procesge obtain products such as
alcoholic beverages and fuel ethan®l, cerevisiaas introduced into an environment
with high sugar concentration and varying oxygeailability (Sanchez & Cardona,
2008). Therefore, it is necessary to understandrégelation of yeast metabolism in

response to changes in oxygen availability.



Transcriptomic analyses have been performed usimdgsirial yeasts under
conditions relevant to the winemaking process. €heslude studies of gene expression
during fermentation (Marks et al., 2008; Rossigaebhl., 2003; Rossouw et al., 2009)
and during exposure to a variety of environmestadss conditions such as sub-lethal
ethanol concentration (Alexandre et al., 2001angjes in growth temperature (Pizarro
et al., 2008), with and without rehydration (Rossiget al., 2006) and high sugar
concentration (Erasmus et al., 2003) . The latiave allowed the identification of stress
response mechanisms that are activated by yeast wigke fermentation conditions.

Additionally, studies that combine transcriptoraied proteomic analyses under
wine fermentation conditions (Rossouw et al, 20Z@zuarregui et al, 2006) have
elucidated part of the molecular basis of fermévgabehavior between different wine
yeast strains such as ethanol production, stessstance and metabolism of sulfur and
nitrogen, which could be related to the productdparticular organoleptic compounds.
Therefore, these studies provide valuable insightthe understanding of the wine
fermentation process.

On the other hand, extensive investigations haen performed to elucidate the
mechanism that regulates the transition betweemmdetative and respiratory
metabolism. Several “omics” studies have beenedwut using laboratory strains ®f
cerevisiae,under carbon limited conditions at three levelgtabolomic (Wiebe, et al.,
2008), proteomic (de Groot, et al., 2007; Rintakaal., 2009) and transcriptomic levels
(Kwast, et al., 2002; Lai, et al., 2006; Lai et &005; Rintala, et al., 2009; Tai, et al.,
2005; ter Linde, et al., 1999; Wiebe, et al., 2008)

Genome wide studies have revealed that a large gfathe S. cerevisiae
transcriptome reacts to dissolved oxygen availgbipartly dependent on the carbon
source and nutrient limitation. For instance, Pigieal. (2002) identified 877 transcripts
differentially expressed between aerobic and améemlucose-limited conditions; and
Tai et al. (2005) found that only 155 of these gemesponded consistently to
anaerobiosis under four different macronutrientitions. Furthermore, Lai et al.
(2005, 2006) monitored th&. cerevisiaetranscriptome during the transition from
aerobic to anaerobic conditions in batch cultivagion glucose and galactose. These

studies demonstrated that oxygen availability meslithe transcription of genes which



participate in different biological processes sashmitochondrial respiration, lipids and
ergosterol metabolism, oxidative stress respondecalh cycle regulation among others.

In addition to transcriptome analyses, a comparigbithe transcriptome and
proteome revealed the impact of post-transcriptioegulation on different pathways
such as glycolysis and amino acid biosynthetichways, with respect to oxygen
availability (de Groot, et al., 2007). Moreover,nRila et al. (2009) suggested post
transcriptional regulation of the TCA cycle and #lectron transport chain under low
oxygen levels, after a similar study.

Nevertheless, none of these previously mentionedies combine both oxygen
availability and winemaking conditions. Therefowes propose the first comprehensive
study regarding the effect of oxygen on the phygjgl of a wine yeast strain under
enological conditions (i.eacidic pH, nitrogen limited and carbon sufficieniltare

conditions).

1.5 Oxygen regulatory effects on the physiology d. cerevisiae

1.5.1 Gene expression regulated by oxygen

In addition to the oxygen effects on yeast phyggl@reviously mentioned,
oxygen also exerts regulatory effects on yeast gapeession at transcriptional level
(Zitomer & Lowry, 1992). Oxygen-regulated genes tendivided in two categories:
aerobic and hypoxic genes. Aerobic genes are tiiesc optimally under normoxic
conditions; while hypoxic genes are transcribedeurttypoxic and anoxic conditions
(Poyton, 1999).

One of the main and best studied mechanisms thradmth oxygen regulates
gene expression in yeast, is the system in whicheleplay a central role. Hemes are
prosthetic groups of cytochromes and oxygen bingmugeins such as catalases. Hemes
have some characteristics that convert them irdeal ioxygen effector molecule. First,
their biosynthesis is fully oxygen dependent. Se¢dime enzymes responsible for heme

synthesis are present even in anaerobic-grown @eild are controlled at post-



translational level by oxygen. Therefore, the indut of heme biosynthesis begins
immediately upon transition from anaerobic to aeraimnditions (Kwast et al., 1998;
Rosenfeld & Beauvoit, 2003). Consequently, a simgiplicative model of heme
dependent regulation of aerobic genes has beehlisbied on the assumption that heme
levels may increase during oxygenation of anaerobltures and decrease as oxygen
becomes limiting (Rosenfeld & Beauvoit, 2003; Ziem& Lowry, 1992).

Furthermore, it has been suggested that the heto state, in addition to heme
intracellular concentration, is involved in the wé&gion of gene expression through
oxygen (Figure 1.4) (Bunn & Poyton, 1996; Rosenf&l@eauvoit, 2003). The latter is
supported by the evidence that some genes thattranscribed optimally under
normoxic conditions (e.gcytochrome cand cytocrome oxidageare not regulated
collectively at a single oxygen concentration aagehdifferent thresholds for activation
(Burke et al., 1997).
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Figure 1.4: Diagram showing two mechanisms in which heme mayliate oxygen
control of transcription irs. cerevisiaeln the first case (1), heme serves as a ligand fo
a transcription factor and heme concentration eggsltranscription. In the second case
(2), heme is a prosthetic group of a transcriptiactor and up- or down regulates
transcription in response to changes in its redates(Adapted from (Bunn & Poyton,
1996)).

Several heme-dependent transcription regulatost,exg. transcription factor
Haplp (heme activated protein), which activates tthascription of several aerobic
genes and some hypoxic genes; the transcripticorfatap2/3/4/5p, which activates
transcription of many aerobic genes and it is aégulated by kind of carbon substrate;
Rox1p (regulation by oxygen), the repressor of kypgenes under aerobic conditions
(Figure 1.5) (Plakunov & Shelemekh, 2009; ZitometL&wry, 1992).
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Figure 1.5: Haplp and Hap2/3/4/5p (represented by HAP) interadth upstream
activator sites (UAS) to activate the transcriptadraerobic genes. Furthermore, Haplp
also activates transcription of some hypoxic geRex1p represses the transcription of
hypoxic genes interacting with upstream represises $URS). (Adapted from (Kwast et
al., 1998)).

The transcription factor Haplp is synthesized imshejently of the oxygen
concentration in the medium; however, in absencehahe, it is transcriptionally
inactive. The activity of Haplp and the expresdmrel of Haplp-regulated genes are
proportional to the oxygen concentration. The oxygfareshold for Haplp activity is
between 0.5 and iM of oxygen. Below this threshold , an abrupt dasesin Haplp
activity is observed and above it, Haplp activibgreases gradually until oxygen

concentration reaches 2Q0M (Hon, et al.,, 2003). The latter may explain thesek
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dependent effect of oxygen on the expression oflHapgulated aerobic genes, as
observed, for example, withYClandTIF51a(Burke et al., 1997; Kwast et al., 1998).

On the other hand, Haplp could play a role as ¢rgtnal repressor. Indeed,
Haplp is able to repress the transcription of itgnogene (Hon et al., 2005).
Furthermore, during hypoxic growth, Haplp represHes transcription of genes
involved in ergosterol synthesis suchE®®G2,ERG5andERG11(Hickman & Winston,
2007) .

The other main transcriptional activator of oxygesponsive genes in yeast is
the highly conserved heteromeric complex Hap2/@/4This heteromer activates genes
transcription primarily in response to oxygen viame and/or growth on non-
fermentable substrates (e.g. lactate, glycerolg. Adterotrimer Hap2/3/5p is involved in
binding to DNA, whereas Hap4p is a regulatory sutourecessary for complex
activation (Kwast et al., 1998). The Hap2/3/4/5m#cription factor binds to DNA in a
heme-independent fashion and the role of heme én attivation of Hap2/3/4/5p
complex is unknown. Genes that are upregulatedruael®biosis in a heme-dependent
fashion through this complex are mainly involved nritochondrial respiration (e.g.
COX4 COX53 COX6andAAC? (Plakunov & Shelemekh, 2009).

The counterpart of the transcriptional activatorgntioned above, is the
transcriptional repressor Rox1p. Rox1p causes wiotte transcriptional repression of
hypoxic genes in aerobic conditions. Such gendsidecCOX5b(anaerobic isoform of
the Vb subunit of cytochrome ¢ oxidas@NB1(anaerobic isoform of the transcription
initiation factor elF-5a)and AAC3 (anaerobic isoform of mitochondrial adenine
translocase) .The repressor effect of Rox1p is emyigdependent, but the transcription
of its gene is activated by the heme-dependenvif&taplp and requires the presence of
heme (Zitomer, et al., 1997). Under aerobic coaoddi(i.e. in the presence of heme)
ROX1gene is transcribed to repress its target gené®rdds in anaerobic conditions,
ROX1 transcription is repressed and the Rox1p levetigally decreases, resulting in
activation of hypoxic genes, as mentioned above.

Ergosterol biosynthesis, much like heme biosynthesiquires the presence of
oxygen. This sterol also plays a significant raleokygen transcriptional regulation in

yeast. For example, i8. cerevisiaeabout one third of the hypoxic genes are presumed
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to be regulated by ergosterol through negativeldaekl (i.e. expression inversely related
with ergosterol concentration) (Kwast et al., 200®) S. cerevisiaethe expression of
ERG genes, encoding for ergosterol biosynthetic ensynee regulated by the sterol
dependent transcription factors Upc2p and Ecm22g2p also activates the expression
of hypoxic genes such as those encoding proteanspiorting sterols into the yeast (e.g.
PDR11, AUS) as well as thddAN/TIR genes involved in mannoprotein synthesis.
Activation of these genes, occurs as a respondmtto a decrease in sterol or heme
concentrations (Davies & Rine, 2006).

Despite these previous considerations, it is natcjear the way how these
regulatory networks contribute to the observedotffef oxygen over industrial yeast
physiology in wine making conditions. Furthermoadl, the above mentioned studies
were carried out with laboratory yeast strains, olvhare significantly different from

industrial wine yeast strains (Novo et al., 2008ssbuw et al., 2012).

[.5.2 Crabtree effect and cytosol-mitochondria redx shuttles

Among all the environmental factors that regulaspiration and fermentation in
yeast cells, the availability of glucose and oxypene been extensively studied. Under
enological conditions, i.e. high sugar concentregj&. cerevisiaanetabolizes glucose
mainly via fermentative metabolism, even when oxygeavailable. This phenomenon
is known as the Crabtree effect (De Deken, 1968k&a1998). It is only at low sugar
concentration and low specific growth rates, tBatcerevisiaecan exhibit complete
respiratory metabolism in the presence of oxygergton et al., 1993).

Several hypotheses have been suggested to exp&i@rabtree effect, such as
catabolic repression of respiratory enzymes (Gamc#€98), bottleneck of the carbon
flux towards the TCA cycle (Pronk et al., 1996)danlimitation of the yeast respiratory
enzymes to reoxidize the NADH produced by glycdy@’emuri et al., 2007). These
hypotheses will be explained below.

Glucose catabolic repression occurs mainly at thestriptional level of those
genes that encode for the enzymes required forutiieation of alternative carbon

sources in the presence of glucose or fructoseh&umore, several genes involved in
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respiratory chain, such &YC1 COX5b and COX6 among others, are repressed by
glucose (Gancedo, 1998).

Another approach suggested that the inhibitionhefactivity of the respiratory
enzymes, instead of their transcriptional repressie responsible for the Crabtree
effect. Overexpression of a mitochondrial heterolesy NADH dehydrogenase i8.
cerevisiaecaused a decrease in ethanol production femnentative metabolism) in
aerobic and elevated glucose conditions. The |ategests that there would be an
increased carbon flow to respiratory pathways degie high sugar concentration of
the culture medium (Vemuri, et al., 2007), whiclhosgly suggests that respiratory
enzymes do not have the capacity to metabolizéhaltarbon and balance the electrons
that arise from upstream glycolytic flow.

How mitochondrial respiratory enzymes oxidize theduced coenzymes
(NADH) produced in glycolysis? The ye&t cerevisiadacks transhydrogenase activity
(NADH+NADP" « NAD*+NADPH) and the mitochondrial inner membrane isudHy
impermeable to pyridine nucleotide coenzymes (vgkebD et al., 1986; von Jagow et
al., 1970). As a consequence, redox balances neusstiablished in each compartment,
that is to say the NADH must be reoxidized in trmmpartment where they are
generated (cytosol or mitochondrial matrix) (Rigeulet al., 2004). However, redox-
shuttle mechanisms could lead to a redox couplevdst mitochondrial and
cytoplasmatic redox equivalents, employing metabéslthat are transported, or diffuse
freely, across biological membranes.

Three main redox-shuttle mechanisms have been gedpdo work inS.
cerevisiaemitochondria: 1) the glycerol-3-phosphate shuf@®it2p), 2) the external
NADH dehydrogenase (Ndelp) shuttle and 3) the rhdaodrial alcohol dehydrogenase
(Adh3p) shuttle (Figure 1.6) (Bakker et al., 20(Murray et al., 2011). The Adh3p
reaction consumes the ethanol that diffuses from dytoplasm and produces
acetaldehyde and NADH in the mitochondrial matAgetaldehyde can diffuse back to
the cytoplasm, while NADH is reoxidized by oxygenthe electron transport chain. The
ethanol-acetaldehyde conversion is potentially rglbke AG = 33.5 J/mol at pH 5,
25°C and 0.25 M of ionic strength) (Alberty, 200€n the other hand, the Ndelp
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reaction directly couples cytosolic NADH oxidatioo the respiratory chain. This is
similar to the functioning of Gut2p, which shuttlelectrons from glycerol 3-phosphate
oxidation to the mitochondrial quinone pool. Baklatral. (2000) and Rigoulet et al.
(2004) supported the idea of the preeminence of AHB3p and Ndelp shuttles,
respectively. While there is only one study on fbaction of these shuttles under
nitrogen-limited conditions (Pahlman et al., 200tpst authors have accepted Adh3p as
the main redox shuttle in anaerobic conditions {@aket al., 2000; Murray, et al.,
2011).

NAD* NADH NADH NAD+
Adh1/2 Gpd1/2
ethanol acetaldehyde NADH NAD+  G3P DHAP cytosol
Nde1
N Nde2 nnnagfCUR | ,
D N Q NN DC1 : COX
ethanol acetaldehyde / \
2H*+050, H,0
Adh3
mitochondrial
NAD* NADH matrix

Figure 1.6: Three main redox shuttles that have been propmseark inS. cerevisiae
1) the glycerol-3-phosphate shuttle (Gut2p), 2) &éxternal NADH dehydrogenase
(Ndelp) shuttle and 3) the mitochondrial alcohohyikogenase (Adh3p) shuttle.
(Adapted from (Bakker, et al., 2001)).

1.5.3 Effect of oxygen availability on tricarboxylic acid (TCA) cycle
The tricarboxylic acid (TCA) pathway plays a cehtrde in oxidative growth of
S. cerevisiaelt also plays an important role in biosynthetiogesses, especially those

generating amino acids. In aerobic conditions, gathway functions effectively as a
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cycle and produces reducing equivalents (NADH aA®IH,) used by the respiratory
chain to produce energy in the form of ATP.

In contrast, in anaerobic, carbon-limited condisipthe cycle is interrupted at
the level of succinate dehydrogenase (Camarada €083). Thus, under fermentation
conditions, there is an “oxidative branch” and edlictive branch” of the cycle (Figure
.7).

Pyruvate
Acetyl-CoA
Oxaloacetate
Malate Citrate
Fumarate Isocitrate
SDH
FR
Succinate 2-Oxoglutarate
Succinyl-CoA
OGDH

Figure 1.7: TCA pathways during respiration and fermentatilack arrows, the TCA
pathway functions as a cycle during respiratioreyGrrows, the TCA pathway operates
as an oxidative branch and a reductive branch guiénmentative metabolism. FR,
fumarate reductase; SDH, Succinate dehydrogenaswlex; OGDH, Oxoglutarate

dehydrogenase complex. (Taken from (Camarasa.,, 0413)).
This prediction was first calculated as thermodyigaity feasible and has been

proposed to operate . cerevisiadLupiafiez et al., 1974). Later, the prediction was

achieved using Metabolic Flux Analysis (MFA). By asering the consumption and
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production rates of extracellular metabolites apg@lging those to a stoichiometry-
based metabolic model, the need of a reductivachrainder anaerobic growth was
proposed (Gombert et al., 2001; Nissen et al., 199hese predictions were confirmed
few years later by Camarasa et al. (2003) using Nd@Ropic filiation of-*C- glucose to
study the redistribution of tHeC-label in anaerobic conditions. The reductive braof
the cycle has an unusual feature; every reacti@s gothe opposite direction compared
to the normal behavior in respiratory conditionkislis an important issue in the case of
succinate dehydrogenase, because this enzymergjistrepressed by sugar, and is part
of both the electron transport chain and the TCAleyThe reductive branch then by-
passes this enzyme and utilizes fumarate reducdasempletely different enzyme that
employs FADH as a cofactor to transform fumarate to succintes is important since

it is this pathway that allows for the regeneratafrsoluble FAD in the cell (Vargas et
al., 2010). However, this FAD cannot fully replabe FAD regenerated by respiration,
because some reactions, such as the reactiomlofegpassimilation by Putlp, depend
on FADH, oxidation by oxygen, via the mitochondrial resporg chain (Wanduragala
et al., 2010). However, so far there is no assessaig¢he operation of the TCA cycle in

wine making conditions according to oxygen avallgbi

1.6 Continuous cultures as a tool for conducting pisiological studies.

“Omic” studies require cultivation of cells undeontrolled, well-defined and
reproducible conditions. Therefore, batch cultuses not appropriate, because it is
known that culture conditions, e.g. nutrient coraions, change continuously and
simultaneously with time. On the other hand, stestdye continuous cultures, offer the
unique possibility to minimize the variations ofveonmental conditions, as well as
those related to the specific growth ra, @y controlling the dilution rate (D 1),
under narrowly defined nutritional conditions (Heson & Hobbs, 2005).

Continuous cultivation is an open system in whigitl medium from the feed

reservoir is supplied to the culture at a constate (Figure 1.8). At the same time,
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medium with cells is removed to the same rate totaim a constant culture volume in
the bioreactor (Acevedo et al., 2004). When th@uiutariables are constant in time, the
culture reaches steady state conditions.

X \ Vv x
iy —» S
So =
Po

wn <
0 X

. J

Figure 1.8: Representation of a continuous culture in a stit@nk bioreactor. The
liquid medium from the feed reservoir, containingokn concentrations of substrates
(So), biomass (¥, commonly =0), and productsjPis pumped into the bioreactor at a
flow ratev. Gaseous feed can also be used (not shown). Tezrwations of biomass
(X), substrates (S) and products (P) inside theehictor are equal to those in the
effluent. The effluent is pumped out at the sante &3 the feed rate, The volume of
medium in the bioreactor, V, is constant. The thlutrate D is defined as/V (Adapted
from (Acevedo, et al., 2004)).

All continuous systems are set up initially as achaculture (Hoskisson &
Hobbs, 2005). The feeding from a feed reservotuiaed on preferentially during the
exponential phase of microbial growth and lastsl ahé culture reaches steady state
conditions predicted for the continuous culture.

The criterion used to control the feed rate deteesmithe continuous culture type

(Villadsen et al., 2011). In chemostats, the uguedrbon-limited culture medium is
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delivered at a constant rate, which determinesdéiegrowth rate and parameters at the
steady state. In turbidostats, fresh medium isvdedd when the cell density increases
above a predetermined value, with all nutrientsextess. In pH-auxostats, feed is
controlled to keep a constant pH.

An essential parameter in continuous culture isdihation rate (i), which is

defined as:

D_U
v

wherev is the feed rate, in L*h and V is the medium volume in the bioreactorin
Becauser and V are kept constant in continuous cultures, &lso constant.

The inverse of the dilution rate is the residemce t(h):

Generally, steady state is reached after threwéarésidence times have elapsed
since feeding was started.

Using mass balances, it can be easily demonstthtgdat the steady state the
specific growth ratey, is equal to the dilution rate, D (Acevedo, ef 2004; Hoskisson
& Hobbs, 2005; Villadsen, et al., 2011). This ismajor advantage of this culture system
as it allows control of the cell growth rate andigles to work at constant growth rate
values. Therefore, in steady state, the growth catebe manipulated as a function of
the dilution rate, provided that the growth rateéédow the critical dilution rate (Dc), the
rate at which the steady-state biomass concentraiaero. That is, Dc is higher than
the maximum specific growth ratgrfax) of the organism under the given conditions,
and the culture washes out of the vessel (Hoskigsétobbs, 2005; Villadsen, et al.,
2011)

Volumetric and specific rates can be determinedyeism continuous culture
experimental data (Villadsen, et al., 2011). Thiiretric production rate,;,gs defined
as the mass of compound i produced per volume aiftoe and per unit of time. The
specific production rate;, refers to the mass of compound i produced penugight of
cell per unit of time. The specific production ratn be calculated from the volumetric

production rate:
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re = —
X

where X is the biomass in unit weight of cell pelwne of reactor. The production rates
of products are positive, while consumption ratiesubstrates are negative.

Additionally, the specific growth rate is equalpt@nd corresponds to:

_9x
Cox

rx

Yield coefficients are useful parameters for coriguer, design and optimization
of culture processes (Villadsen, et al., 2011). yTlaee calculated by scaling two

production rates, according to the definition:

Il _lai
~ril qil

where the first index i indicates the reference.rdield coefficients are always positive.
They can be expressed in g; gnole- mol&, or C-mole- C-molé,

In chemostat based studies, it has been demorbtthtd growth rate can
drastically affect thé&. cerevisia¢ranscriptome, proteome and metabolome (Castetlo,
al., 2007; Regenberg, et al., 2006). Furthermohlegnacomparing the transcriptome of a
wild-type and a slow-growing. cerevisiaemutant grown in batch cultures, several
genes appeared to change their expression. Howehen these cells were grown in
continuous culture, at the same specific growtk,rahly a few genes were expressed
differentially (Hayes et al., 2002).

Chemostat cultures are more appropriate than batdtures for tightly
controlled, physiological studies of -omics becatisgy allow discrimination between
the direct effects of the tested conditions (irs ttase, the variations in dissolved oxygen
concentration) and the indirect ones, that are mi#ge on growth rate variations (Boer
et al., 2007; Castrillo et al., 2007; Hayes et aD02; Knijnenburg et al., 2009).
Furthermore, since specific growth rate and otlétuce parameters are kept constant in
a chemostat continuous culture, this system caomssita useful tool for the calculation
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of cellular physiological parameters, conversiontesa and for genome-wide
transcription studies.

On the other hand, prolonged chemostat cultivafidd® generations or more)
can lead to evolutionary adaptation of cells to ¢h#ure conditions (Mashego, et al.,
2005), to avoid this drawback we carried out theeexnents approximately until 7
generations (equivalent to five residence timesjffident to reach steady-state
conditions and avoid the adaptation of yeast céllgthermore, given the nature of
steady-state chemostat cultures it is clear thatoispossible to mimic the dynamic
conditions characteristics of a batch winemakingcpss (such as variable glucose and
ethanol concentration), nevertheless our cultureditions corresponds to the late
exponential cell growth phase of a batch winemakiragess, in which the effect of the
discrete oxygen additions on the fermentation kisedre more important (Sablayrolles,
et al., 1996).

Therefore, chemostat continuous cultures were t&elen this thesis as the most
appropriate conditions to understand the molecahar metabolic effects of oxygen on
the wine yeast physiology under enological condgjodespite the dynamic nature of

winemaking process at industrial scale.

I.7 Dynamic response ofSaccharomyces cerevisiae physiology to environmental

perturbations

The ability of Saccharomyces cereviside adapt to changes in its nutritional
environment and other environmental changes has Isekjected to considerable
attention due to its crucial importance for surlior instance, there are a substantial
number of genes whose modification in their expogspatterns are shared by most of
the environmental changes as a part of a commoinoanvental response. Additionally,
unique gene expression patterns have been found diiderent environmental
perturbations such as temperature, oxidative steesb different nutrient limitation
(Causton, et al., 2001; Gasch, et al., 2000). Ttetsdies contributed considerably
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towards the understanding of the molecular mechanistilized by yeast to adapt and
survive under different environmental conditions.

Changes in glucose concentration (Dikicioglu et 2011; Kresnowati et al.,
2006; van den Brink et al., 2008) and oxygen abdity (Lai et al., 2005; Lai et al.,
2006; van den Brink et al., 2008) are among the tnsiadied environmental
perturbations - and resulting physiological effectsn yeast cells. From these studies,
part of the regulatory network that modulates gerpression in each case has been
deciphered.

Furthermore, the dynamic analysis of the transoniygt allowed to divide the
transcriptional response into two main phases, lsttared by glucose and oxygen
perturbations: a primary, acute and transient tidpisonal response that allows yeast
cells to adapt to the new conditions; and a seagndizlayed transcriptional response,
explained by the long term effects of the environtak perturbation on yeast
metabolism. Unfortunately, all of these studieseheen carried out using laboratory
yeast strains under conditions that are far froos¢hfound in winemaking (i.e. nitrogen
limited, carbon sufficient cultures, with varialdiessolved oxygen availability).

On the other hand, during the industrial winemakpmgcess, air is discretely
added to avoid detrimental effects of elevated erygoncentrations on the final
product and to maximize the beneficial effects xygen. Therefore, in order to mimic
more faithfully the effects of oxygen on wine yephysiology in an enological context,
it is necessary to evaluate the response of wirastymetabolism under a transient
increase of oxygen concentration under wine feratemt conditions. The latter is the

second specific objective of this thesis.

1.8 Metabolic flux analysis (MFA) as a tool for regarch

To understand and describe cell metabolism frortolbady systemic perspective,
it is necessary to know both the metabolic fluxed the intracellular concentrations of
metabolites involved. Nevertheless, it is quitdiclilt to determine a large number of

intracellular metabolite concentrations, due to thaltiple steps involved in their
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determination and the protocols specificity requirr the different intracellular
metabolites (Villas-Bobas et al, 2005).

Metabolic fluxes are the rates at which a metababt processed by the cell.
These rates constitute a fundamental determinanelbfphysiology, primarily because
they provide a measure of the degree of parti@patif various pathways in overall
cellular functions and metabolic processes (Stepbaulos et al., 1998).

A powerful method for the determination of fluxes@ss metabolic pathways is
Metabolic Flux Analysis (MFA), in which intracellad fluxes are calculated by using a
stoichiometric model that includes the most impartantracellular reactions and by
applying mass balances over each intracellular imoéta. Therefore, enzymatic kinetics
and regulatory information, which are difficult ¢dtain, are not required for analyzing
the behavior of metabolic networks (Varma & Palss®94)

A set of measured extracellular fluxes, typicalbnsisting of specific substrate
uptake rates and specific product secretion rateséd as input for calculations. The
final outcome of flux calculations is a metabolloxf map showing a diagram of the
biochemical reactions included in the calculatialeng with an estimate of the steady
state rate (i.e. the flux) at which each reactiothe diagram occurs (Stephanopoulos et
al., 1998; Villadsen et al, 2011).

In a metabolic network, metabolite concentratiomsaction fluxes and

stoichiometric coefficients are related by thedwling dynamic mass balance:

dXmet
dt
In this equation,Xmet is am x 1 concentration vector for the intracellular

=M=xv

metabolites; M is them x r stoichiometric matrix, in which the element of ke row
andjth column is the stoichiometric coefficient of methtsoi in reactionj; andv is ar
x 1 reaction rate vector. As a result of the very higmover of the pool of most
intracellular metabolites, the concentration of th&erent metabolite pools rapidly
adjust to new levels, even after the cells haveeegpced large environmental

perturbations (Stephanopoulos, et al., 1998). Toere a pseudo-steady state of the
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system is assumed, implying that there is no mdtabaccumulation, i.e‘?Xste't =0,

then
0=M=xv

This equation forms the basis of the metabolic flaralysis (i.e. the
determination of the unknown pathway fluxes in ithieacellular rate vectov). Each
column inM corresponds to a reaction and each roM inorresponds to a metabolite in
the network. Each row im corresponds to the flux through the previously tieered
reaction. This vector equation represents K linadgebraic balances for the K
metabolites with J unknown pathway fluxes. Becatlee number of reactions (J) is
always greater than the number of metabolites (Kthe metabolic network, there is a
certain number of degrees of freedom in the setlgébraic equations given by
F =J - K. Therefore, some reaction rates (or efemefv) have to be able to determine
the remaining rates.

When solving for a metabolic model, three differgitwations can occur:

« |If exactly F fluxes (or reaction rates) inare measured, the system
becomegieterminedand there is a single solution that is simple taiob

e If less than F fluxes are measured, the systamderdetermineand the
unknown fluxes can be determined only if additiocahstraints are
introduced or if an overall optimization criteri@mimposed (e.g. cellular
growth or production of particular metabolite), gab to the constraints
of metabolic balancing.

* Finally, if more than F fluxes are measured, theteay of flux balance
equations i®overdeterminedand the redundant fluxes (or equations) can
be used to calculate better estimates of measumddnan-measured
fluxes. (Wang & Stephanopoulos, 1983).

Metabolic flux analysis has been used successtollgvaluate changes 8.
cerevisiaemetabolism under different conditions (Jouhten let 2008; Nissen et al.,
1997; Pizarro et al., 2007; Varela et al., 200issen et al. (1997) predicted several

important features of the yeast metabolism in astaerconditions, most remarkably the
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first indication that the TCA cycle operated in tviomanches, later experimentally
confirmed by Camarasa et al. (2003).

To the best of our knowledge, fluxes redistribusiarf wine yeast metabolism
grown in enological conditions due to changes ssadlived oxygen availability have not
been evaluated yet. Therefore, Metabolic Flux $sial was employed to evaluate
changes inS. cerevisiaephysiology, under different steady state dissolwaggen

levels, in wine fermentation conditions.

1.9 Yeast oxygen consumption under winemaking contions

Oxygen consumption bgaccharomyces cerevisiaader enological conditions has
been extensively studied due to its relevancedaigtial level. The addition of oxygen
during winemaking is essential to reach wine drgr{@e. residual sugar below 2 @)L
(Sablayrolles, et al., 1996), and to avoid sluggisd stuck fermentations (Blateyron &
Sablayrolles, 2001). Research on oxygen consumjmyogeast cells under enological
conditions has focused on the impact of oxygefeamentation kinetics, yeast viability
and biomass production (Fornairon-Bonnefond et 2002; Julien et al., 2000;
Rosenfeld et al., 2003).

The contribution of different pathways to the alkeloxygen consumption in
wine fermentation conditions has also been evalutiteough the use of respiratory
deficient mutants, electron transport chain inlitsitand blockers of lipid synthesis
(Rosenfeld et al,, 2002; Salmon et al., 1998). &hstsidies showed that several
metabolic pathways are involved in oxygen consuomptinder enological conditions.
Furthermore, they have allowed to quantitate oxygamsumption by these different
pathways; for example, sterol biosynthesis duringlegical fermentation required
between 0.3 and 1.5 mg of dissolved oxygen pamgof biomass, whereas only a
negligible amount was required for unsaturatedyfattids (UFA) biosynthesis
(Rosenfeld et al., 2003; Salmon et al., 1998).

Rosenfeld et al. (2002, 2003) calculated that tmkbiosynthetic pathway was

responsible for 30% to 75% of the total oxygen comsd by yeast cells under
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enological conditions. Unfortunately, these resultere obtained using specific

inhibitors of lipids and sterol biosynthesis in centrations that might be toxic for yeast
cells. Furthermore, in vitro studies suggest thatoupling cytochrome P450 oxidases
involved in sterol biosynthesis can consume oxygengrating reactive oxygen species
(ROS). The latter, explain part of yeast oxygenscwmption under enological conditions
(Rosenfeld et al., 2002; Salmon, 2006).

According to these authors, oxidative phosphoigtati.e. aerobic respiratory
metabolism, does not occur under alcoholic feradgnt conditions (Salmon, 2006).
This hypothesis was supported by the low level ebpiratory enzymes and
mitochondrial cytochromes determined during theenfigrmentation process (Salmon et
al., 1998). Furthermore, promitochondria only Isiig contribute to the overall oxygen
consumption capacity by yeast cells growing unbigh glucose concentrations
(Rosenfeld et al., 2004). Salmon (2006) proposedd\werall distribution of oxygen
consumption among the previously mentioned metab@athways under wine
fermentation conditions. However, 46% of the tat&ygen consumption by yeast cells
could not be explained by the considered metalpaiibways.

Oxygen is also essential for proline consumptiowlesr enological conditions
(Ingledew & Magnus, 1987). Additionally, a functadrnrespiratory chain is necessary
for the utilization of proline as nitrogen source $. cerevisiagWang & Brandriss,
1987). Indeed, the enzyme proline oxidase directgsfers electrons to ubiquinone in
the mitochondrial membrane, allowing the metabolish proline in yeast
(Wanduragala, et al., 2010).

As a whole, the above mentioned evidences do uygpast the hypothesis that
the mitochondrial respiratory chain is not funcébminder enological conditions and,
together with proline consumption, could explainyw8almon and coworkers could not
achieve a total oxygen balance.

In this work, we have re-evaluated the fate of @xygduring enological
fermentations taking advantage of an integratedemomprehensive approach to better
understand the impact of oxygen metabolism on wyeast physiology. For this

purpose, we carried out fluxomic, transcriptomid ametabolic analyses, under dynamic
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and steady-state continuous culture conditions ratreasing dissolved oxygen

concentration.

1.10 Working hypotheses

The way in which oxygen impactS. cerevisiagphysiology at metabolic and
transcriptional levels has been thoroughly discdiss®ove. However, some questions
about potential metabolic pathways involved in eaxygonsumption by industrial wine
yeasts under enological - i.e. nitrogen limited aadbon sufficient — culture conditions
remain to be elucidated, considering that:

* Quantitative and qualitative re-evaluation of théfedent pathways
involved in oxygen consumption, using an industr&fain of S.
cerevisiae under the same culture conditions is required.

« Some of the evidence previously presented here besn obtained
through the use of respiratory chain or lipid swysik inhibitors. These
compounds were utilized at high concentrations @rfedd, et al., 2002).
The latter could have been toxic for yeast celld &&d to incorrect
conclusions.

» Evidence on proline consumption Baccharomyces cerevisiaghen a
small amount of oxygen is supplied under theseupailtonditions casts
doubt about nonfunctional mitochondrial respiratochain under
enological conditions.

Thus, we suggest that pathways involved in oxygetabolism under enological
culture conditions are still not well understoodl areed to be revisited employing state-
of-the-art system biology tools.

Moreover, the hypothesis of this thesis is thatréspiratory chain is triggered at
a low oxygen threshold, and increases its actwitgn oxygen concentration increases.
This also results in the canonical operation of it cycle.

28



A systemic analysis of oxygen fate on wine yedstsplogy under enological
conditions, will allow a better understanding oheiyeast metabolism and its potential

impact in wine quality.

[.11 Objectives

The general objective of this work was to evalubgeimpact of oxygen on wine
yeast physiology through the analysis of the maathways involved in oxygen

consumption by wine yeast, under enological coonsi

The following specific objectives were developed:

i. To quantify the long-term impact of differenvids of dissolved oxygen on wine
yeast physiology, at metabolic, transcriptomic affukomic levels, under

enological culture conditions.

il. To evaluate the transient effect of oxygenwine yeast physiology, in anaerobic
conditions using an impulse of oxygen, at transonpc and metabolic levels,

under enological conditions.

1.12 Approach

In the first part of this study, the long-term effe of oxygen on wine yeast
physiology were evaluated using nitrogen-limitedtamuous cultures with five different
steady-state dissolved oxygen concentrations. Tlsas#ies were carried out under
tightly controlled conditions that reproduce windamg process at laboratory scale
(objective i.). Metabolic Flux Analysis (MFA) wased to determine intracellular flux
redistribution in wine yeast, using the five dissal oxygen levels evaluated in this
study. Furthermore, Affymetrix microarray technasgwere employed to evaluate the

differential gene expression of wine yeast cellthatdifferent dissolved oxygen levels.
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These results are presented in the section Ilh&. résults, derived from the completion
of Objective i., are contained in the article “Orygresponse of the wine yeast
Saccharomyces cerevisiaeC1118 strain grown under carbon-sufficient, m&o-
limited oenological conditions.”, published in Apgd and Environmental Microbiology,
in December 2012.

In the second part of this study, the transiget short-term) effects of oxygen
on the physiology of wine yeast cells were evaldiadieiring and after an oxygen
impulse, under the same culture conditions of thet part of this study. In this case,
Affymetrix microarray technologies were employed t&valuate the differential
transcriptome expression of wine yeast cells bedmek after the oxygen impulse. These
results are presented in the section 1ll.2. Theltgsderived from the completion of
Objective ii., are contained in the article “Metéb@nd transcriptomic response of the
wine yeastSaccharomyces cerevisiatrain EC1118 after an oxygen impulse under
carbon sufficient, nitrogen-limited fermentativenditions.”, submitted to FEMS Yeast

Research, in September 2013.
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[I. MATERIALS AND METHODS

1.1 Yeast strain and culture conditions

Saccharomyces cerevisid®@C1118 (Lalvin, Switzerland), an industrial strain
used worldwide by the wine industry, was employedughout this study. Dried yeasts
were rehydrated as specified by the supplier andcedtas frozen stocks with 15%
glycerol, at -80°C. From these stocks, 50-100 ptetif suspension were inoculated into
50 mL of YPD medium (1% yeast extract, 2% peptoneé 2% glucose) at 28 °C in
aerobic conditions until mid — logarithmic growthgse, prior to bioreactor cultures.

For bioreactor cultivation, 2 L BIOSTAT B bioreact (Sartorius Biotech,
Germany) with a working volume of 1.5 L was inodath with enough volume of the
previously mentioned microbial broth, to obtainiaitial cell density of 18 cells- mL*
determined using a Neubauer chamber (Hausser 8icieBtue bell, PA). The culture
was allowed to grow in batch mode until reachingdye®-mid exponential growth.
Constant feeding was then initiated at a dilutiaie (D) of 0.1 H. Temperature was set
to 20°C to simulate white wine fermentation andvp&t automatically kept at 3.5 using
NaOH 5N.

11.2 Culture media

A defined medium simulating standard white grapeeguwas used in the
bioreactor fermentations. Residual glucose conagatr in the chemostat outlet was
targeted to 40 g-Lto sustain glucose repression at the same lewadl &xperiments. In
order to achieve this, glucose feed concentratienewmodified according dissolved
oxygen concentration, glucose feed concentratioaee V80 g-L[* for the cells grown

anaerobically, with 1.2AM and with 21uM of dissolved oxygen. For cells grown at 2.7

31



1M and 5pM of dissolved oxygen 85 g-Land 95 g-[* were used, respectively. On the
other hand, in oxygen impulse experiments, the aglecfeed concentrations were 80
g-L™". Fructose was not included in the formulation incases. The composition for
other nutrients was based on the MS300 medium itbesicby Salmon and Barre
(Salmon & Barre, 1998). Since MS300 was designedhédch fermentations and its use
in chemostats resulted in 100 mg-bf residual nitrogen (data not shown), it was
modified to run continuous cultures limited in ogen. The modified medium, called
cMS300 was different from MS300 in phosphate, $eal@@nd biotin content. cMS300
contained : 3 g-t of KHPQO; , 5.75 g-[* of K,SO; ,500 mg-[* of MgSQ*7H,0 and
0.05 mg- [* of biotin, following the mineral medium used byz&iro et al. (Pizarro et
al., 2008). Other vitamins and micronutrients weh® same as MS300. Yeast
Assimilable Nitrogen (YAN) corresponded to 380 mg-for all culture conditions.
However, in anaerobic conditions, the YAN corresfezhto 300 mg -, since proline
is not assimilable by yeast under anaerobic grawetiditions (Ingledew et al., 1987).
The nitrogen sources employed were (% w/w): 18.68tnanium chloride (NECI),
20.5%; |-proline, 16.9%; I-glutamine, 1.25%; rbmine, 6%; I-tryptophan, 4.9%;
[-alanine, 4%; I-glutamic acid, 2.6%; I-serine6%; I-threonine, 1.6%; I-leucine,
1.5%; l-aspartic acid, 1.5%; I-valine,1.3%; I-plkalanine, 1.1%; I-isoleucine, 1.1%;
I-histidine, 1.1%; |-methionine, 0.6%; I-tyrosin@6%,; I-glycine, 0.6%; | —lysine and
I-cysteine, 0.4% (Salmon & Barre, 1998).

The biomass yields of both ergosterol and oleid a€itheS. cerevisia&=C1118
strain in chemostats was determined, as descripadateles (Mateles & Battat, 1975).
The resulting Yerg and Yxoeic Under anaerobic conditions were 0.9 and 3.45 mg of
substrate (g biomass)respectively. Ergosterol and oleic acid conceiatmain the final
culture medium were set three-fold above their l@ssnyields to ensure excess but still
being less than the original anaerobic factors tdation (15 mg-[* ergosterol and 90
mg- L* oleic acid). Accordingly, culture media were sugpented with 10 mg-t of
ergosterol and 30 mg-Lof oleic acid, in the form of Tween 80, for allpetiments

carried out. Ergosterol and oleic acid excess wasirtned by detecting these anaerobic
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factors in the supernatant of all cultures at stestdte, i.e. continuous cultures were

limited only in nitrogen.

11.3 Gas measurement and control

The gas flow was controlled by an Aalborg GFC M&&sv meter (Aalborg,
USA). Polyurethane tubing and butyl rubber septaewased to minimize oxygen
diffusion into the anaerobic cultures. The gasredtéhrough a 0.2 pum filter to maintain
sterility. The dissolved oxygen concentration wasasured online with an InPro 6950
probe (Mettler Toledo, USA). This probe has a daeclimit of 0.03 uM and an
accuracy of 1%. Gaseous carbon dioxide and gasowgen were measured on-line
with gas analyzers Gascard NG (Edinburgh InstrumettK) and Parox 1000
(Messtechnick Engineering, Switzerland), respebtiveAfterwards, a condenser
connected to a cryostat set at 2°C cooled the aff-§he entire system was monitored
and controlled online by a SIEMENS PCS7 computerese

11.3.1 Dissolved oxygen levels

To achieve different levels of dissolved oxygerg tultures were sparged, with
different oxygen/nitrogen gas mixtures at a floveraf 0.25 L-miit. For anaerobic
experiments, ultrapure nitrogen (certified 99.998% INDURA, Chile) was passed
through an HPIOT3-2 oxygen trap (Agilent, USA) exluce residual oxygen levels to
less than 15 ppb. Other oxygen levels were achidyedparging 1%, 5% and 21%
oxygen/nitrogen mixtures (INDURA, Chile) directlgto the culture, reaching 1}2V,
2.7uM and 5 uM dissolved oxygen (20°C) at steady staspectively (Table 11.1). For
the last oxygen condition, gaseous flow rate wiith 21% mixture was increased from
0.25 to 1 L-mift. At this point, stirring was increased from 2004@0 rpm, reaching
21uM dissolved oxygen (20°C) at a steady staté.didsolved oxygen conditions were
performed by triplicate. In all cases, steady steds reached within 5 residence times

(60 hours) and kept for at least 1.5 more residénues.
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Table 11.1: Conditions used to generate the steady state hdtssmxygen levels
evaluated in this study.

Gas feed Feed rate Agitation Dlsgg:;/eenolrgzﬁen

composition (liter min™) (RPMY° a
(LM)

Nitrogen 0.25 200 0+0.00
1% oxygen 0.25 200 1.2+ 0.06
5% oxygen 0.25 200 2.7+ 0.28
21% oxygen 0.25 200 5.0+ 0.02
21% oxygen 1.00 400 21.0+11

@The data are the averages * standard deviationbrime independent chemostat steady states.
® RPM: Revolutions per minute.

[1.3.2 Oxygen impulses generation and sampling time

Aerated pump over, a typical enological operation dxygen addition, was
simulated by adding an impulse of oxygen understm®ae culture conditions described
above. In order to achieve this, triplicate anakratontinuous cultures (D=0.1"h
20°C), were sparged with ultrapure nitrogen (dedi99.999% B INDURA, Chile) at
0.25 L-min* gas flow rate. The stirrer speed was set to 360 fteady state anaerobic
conditions were reached within six residence tifg€sh). At this point, the nitrogen gas
feed was substituted with pure oxygen (INDURA, €hilAfter 30 seconds of sparging
oxygen, the nitrogen gas feed was restored. Coettperiments were carried out to
discard that dissolved oxygen consumption couldatigbuted to stripping by the
restoration of nitrogen gas feeding after oxygeuditazh (Supplementary Figure 1,
annexes D). The dissolved oxygen concentration m@sitored using a high accuracy
optical sensor 3 LCD-trace Fibox v7 (PreSens®, Rsigerg, Germany). This sensor
was calibrated according to manufacturer instristidA maximum of 125-156M (4-5
ppm) of dissolved oxygen were generally obtainethwiis protocol. Samples were
taken after 0 min, 4 min, 10 min, 20 min, 30 miB,Min, 1 hour, 5 hours and 10 hours
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(equivalent to one residence time) following theygen impulse and used for further

analyses.

I1.4 Bioreactor sampling

Steady-state culture samples were taken aftenst & residence times using an
ice-cold, sterile 50 mL, plastic syringe pluggedoirthe sampling device of the
bioreactor. The samples were immediately trangfieime a 50 mL sterile plastic tube,
from which 10 mL of culture were either employed flry weight determination or
transferred to 2.0 Eppenddff tubes. Afterwards, samples were centrifuged at
10.000 x g for 3 min. and 1 mL supernatant aliqwe¢se transferred to clean tubes and
stored at -80°C until further chemical analyseseratively, for RNA isolation, 20 mL
culture samples were collected as fast as possititea Falcof” tube filled with 35 to
40 mL of crushed ice (Pizarro et al., 2008). Frdwis ttube, 1 mL of sample was
transferred to a 1.5 ml Eppenddtftube. After centrifuging at 10000 x g for 3 mihet
supernatant was removed and the pellet was dirotten in liquid nitrogen and stored
at -80°C until RNA isolation.

I1.5 Analytical techniques

11.5.1 High pressure liquid chromatography (HPLC)

Extracellular metabolites were determined as fo#lo@0 pL of the supernatant
samples were injected automatically in a LaChroni0DO HPLC system (Hitachi,
Japan). Organic acids, alcohols and sugars wewrgaepd using an Aminex HPX-87H
anionic exchange column (Bio-Rad, USA), with3@, 5mM as the mobile phase. Each
run lasted 30 min per sample. Organic acids ¢gitmalic, succinic and acetic acid)
were detected by a LaChrom L-7450A diode arrayaetgHitachi, Japan) at 210 nm.
Sugars (glucose, fructose and trehalose) and dkadfgbycerol and ethanol) were

detected by LaChrom L-7490 refraction index dete(ttitachi, Japan). Each compound

35



was quantified automatically by the equipment ofegasoftware, using a calibration

curve made with known concentration standardsdoheompound quantified.

[1.5.2 Dry cell weight determination

Dry cell weight (DCW) was determined by filterin® InL of culture samples
through 0.2um acetate ester filters (Whatman). The filters wened to a constant
weight before use. After filtering the sample, fileer was washed twice with 10 mL
MiliQ water, and then removed and dried again tooastant weight at 65°C in an

infrared dryer-equipped balance (Precisa, Switnéjla

[1.5.3 Assimilable nitrogen and proline determinaton

Residual assimilable nitrogen in the cultures wasermined using thes-
phthaldehyde/N-acetyl-I-cysteine spectrophotomedssay (NOPA) procedure (Dukes
& Butzke, 1998) using an UV/Visible spectrophotoerdt/\VV-150 (Shimadzu, Japan) at
335 nm. On the other hand, proline was determingdHEPLC performed after
derivatization of amino acids with 6-aminoquinoN4hydroxysuccinimidyl carbamate
to detect it by fluorescence (Liu et al., 1998).isTmeasurement was subcontracted
(IADET Ltda., Chile).

11.5.4 Ergosterol extraction and determination

From the bioreactor sampling device, 50 mL of sanwphs collected. The cells
were centrifuged at 5000 rpm for 5 min .The supmawas discarded, and the cells
were frozen in liquid nitrogen. The pellet was kapt80°C until used. Ergosterol was
extracted with ethyl ether, using a method basetiermethod previously described by
Nylund (Nylund & Wallander, 1992) . Briefly, the lttewere mixed with 8M KOH for
saponification. A 10% of ethanol was added to impreoell disaggregation. The mixture
was boiled in reflux for 3 hours and was then exted 4 times with 100 mL ethyl ether.
The organic phase was washed 2 times with 100 miQMvater and the remaining

humidity was removed by filtering in anhydrous sodisulfate. The organic phase was
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then evaporated in a rotary evaporator at 60°Gimmbg yellow oil that was dissolved in
methanol up to 5 mL. 1 mL of this extract was thesed for HPLC analysis
(Salmanowicz et al., 1990). A C-18 column was usild pure methanol for the mobile
phase. Ergosterol peak appeared at 4 min undee twwlitions, and was detected at
280 nm with a diode array detector. Ergosterol eatration was determined by

interpolation of a standard curve ranging betwean®50 mg- L

[1.5.5 Biomass components determination

Biomass samples were treated as the samples for &éd¢aribed later. DNA
extraction was performed using the Wizard SV GeiddNA extraction kit (Promega,
USA). Total lipids were determined gravimetricaland saturated and unsaturated fatty
acids measured by gas chromatography by an exteenate (ANALAB Ltda., Chile).
Total carbohydrates were determined using the gherahod (Varela et al, 2004).
Proteins were determined using the BCA assay (Sania Biotech, USA). The RNA
amount was determined from the extractions destidter. All the determinations were

normalized to the biomass dry weight of the coroesiing samples.

I1.6 RNA extraction and quantification

Before RNA isolation, all water-based reagents WeEPC-treated. RNA was
extracted from frozen cell pellets obtained as joesly described using the AxyPrep
Multisource RNA kit (Axygen Biosciences, USA), mbed for use with glass beads for
cell lysis. Briefly, the cell pellet was re-suspeddn the R-I kit buffer and put into a
screw-cap tube containing 250 pL of acid-washedsglbeads (50Qum diameter)
(Sigma, USA). These tubes were stirred in thredesyof 45 seconds in a Mini Bead
Beatef™ (Biospec, USA), left for an equivalent time in ibetween cycles. The lysate
was centrifuged at 10.000 x g, and the supernatasttransferred to a tube with 250 pL
of isopropanol. After this point, kit manufactuiestructions were followed. RNA was
checked for integrity in a 1.3% agarose gel, pregpan a buffer with 20mM MOPS,
5mM sodium acetate and 1mM EDTA. After heating, ZR86formaldehyde was added.
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This was also used as the electrophoresis runnufiggrb RNA was quantified in a
NanoDrop (Thermo Scientific, USA) and samples widlbsorbance ratios of
260nm/280nm and 260nm/230nm> 1.8 were used fdrdugrocessing.

[I.7 Transcriptome analysis

[1.7.1 Microarray analysis of dissolved oxygen leve

The Yeast Genome 2.0 chips from Affymetrix were duder microarray
experiments. Triplicate arrays for each one offthe dissolved oxygen conditions were
performed. 5ug of total RNA for chips hybridization was preparadcording to
manufacturer instructions using GeneChip® 3’ IVT pEess Kit (Affymetrix).
Microarray hybridization, staining and scanning eeperformed according to
manufacturer instructions (Affymetrix, 2009). Gesression data was imported from
the CEL files into R and the quality was assess&dguthe tools in the simpleaffy
package from Bioconductor (Gentleman, et al., 20B&gr the quality check step, data
was normalized in R using robust multiarray analy®MA) from the affy package
from Bioconductor (Gentleman, et al., 2004). Diéfietial expression analyses between
the different conditions were carried out using Rank Products algorithm (Breitling et
al., 2004) with a false discovery rate cut-off ot.OHierarchical clustering on the data
was also performed as detailed below. Calculatiorese performed using the R
statistical software (R Development Core, 2006)e Thsulting lists of genes from
differential expression analyses were then subdittethe AmiGO term enrichment
analysis (Carbon, et al., 2009) to find out whicbn& Ontology (GO) annotations, and
functions, were overrepresented among the genegated by oxygen levels. Full gene
annotation was then extracted from Saccharomyce®@e Database (Christie, et al.,
2004). The raw microarray data was submitted toeGErpression Omnibus (GEO,
http://www.ncbi.nim.nih.gov/geo/), where it is aladile under the code GSE34964.
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I1.7.2 Data clustering analysis of dissolved oxygelevels

A hierarchical clustering of gene expression levelas performed using
Euclidean distance to measure differences betwegmession vectors and group
average clustering algorithm. This clustering mdthvas selected because exhibited the
highest cophenetic correlation coefficient (CCCA0.€ompared to single linkage
(CCC=0.41), Complete Linkage (CCC=0.58) and Wamsthod (CCC=0.55). The
CCC values were calculated as previously descriBe#al & Rohlf, 1962) . A distance
cut-off value of 2.25 was selected to make theitpant of the clustered data into 56
groups with different gene expression patterns upentested conditions. The specific
clustering algorithm and distance cut off value evelefined after a partition-based
cluster structure consistency analysis using theGette measure (Pearson et al, 2004).
Briefly, all possible values of cut off distancedplit the clustered data into k different
groups were tested and the Silhouette associatbatessdor each partition were
calculated. According to this analysis, the maximawarage value of 0.30 for Silhouette
measure was obtained when using the group avehagtering algorithm and a distance
cut off value of 2.25, thus producing 56 independgme groups. The resulting partition
was then visually inspected for consistency indeadrogram with the associated heat
maps of the clustered genes in each group. Therdgraan with the heat maps for each
gene was built using the iTOL webserver (Letuni@é&rk, 2007). A color-coded strip
illustrating the independent gene clusters was éddehe dendrogram to facilitate the
mapping and analysis of individual genes. A Genéoldgy enrichment analysis was
then carried out independently for each of the Efiigs obtained with the partition-
based clustering methodology described above. BE3t software (Conesa, et al.,
2005) was used to perform the Gene Ontology enrctiranalysis. This software has
integrated the Gossip package for statistical assest, which uses the Fisher's exact
test and corrects for multiple testing to find ehed GO terms between two sets of
sequences (Bluthgen, et al.,, 2005). The complete ofeannotated genes for
Saccharomyces cerevisiagas used as reference control group with a fatsstipe

discovery rate value of 0.05.
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[1.7.3 Microarray analysis through dissolved oxygernmpulse

The Yeast Genome 2.0 chips from Affymetrix were duder microarray
experiments, as described previously. RNA sampfesvo independent experiments
taken at 0 min, 4min, 10 min, 1 hour, 5 hours a@dhburs following the oxygen
impulse were used for transcriptome analysigg®f total RNA was prepared for chips
hybridization was prepared according to manufactungtructions using GeneChip® 3’
IVT Express Kit (Affymetrix). Microarray hybridizain, staining and scanning were
carried out according to manufacturer instructiPaymetrix, 2009). Gene expression
data was imported from the CEL files into R anddhality was assessed using the tools
in the simpleaffy package from Bioconductor (Gemiha, et al., 2004). After the quality
check step, data was normalized in R using robudtiarray analysis (RMA) from the
affy package from Bioconductor (Gentleman, et aD04). Differential expression
analyses between the points over time were camied using the Rank Products
algorithm (Breitling et al., 2004) with a false diwery rate cut-off of 0.1. We analyzed
differential expression comparing all time pointsthe zero time point, and we also
compared each point to the one that immediatelpvi@d. Hierarchical clustering using
Pearson correlation on the data was also perfoanetetailed below. Calculations were
performed using the R statistical software (R Depsient Core, 2006). Full gene
annotation was then extracted from Saccharomyce®Ge Database (Christie, et al.,
2004).

11.7.4 Data clustering analysis for dissolved oxygeimpulse

A hierarchical clustering of gene expression leveds performed using Pearson
correlation to measure differences between exmessectors and group average
clustering algorithm. This clustering method walested because exhibited the highest
cophenetic correlation coefficient (CCC=0.651) camgal to single linkage
(CCC=0.455), Complete Linkage (CCC=0.571) and Wardéthod (CCC=0.524). The
CCC values were calculated as previously descriBe#lal & Rohlf, 1962) . A distance
cut-off value of 0.656 was selected to make theitmar of the clustered data into 6

groups with different gene expression patterns upentested conditions. The specific
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clustering algorithm and distance cut off value evelefined after a partition-based
cluster structure consistency analysis using theGette measure (Pearson et al, 2004).
Briefly, all possible values of cut off distancedplit the clustered data into k different
groups were tested and the Silhouette associatétesvedor each partition were
calculated. According to this analysis, the maximanerage value of 0.624 for
Silhouette measure was obtained when using thepgreerage clustering algorithm and
a distance cut off value of 0.656, thus producingn@ependent gene groups. The
resulting partition was then visually inspected ¢onsistency in the dendrogram. The
dendrogram was built using the iTOL webserver (h&tu& Bork, 2007). A color-
coded strip illustrating the independent gene ehsstvas added to the dendrogram to
facilitate the mapping and analysis of individuahgs (Supplementary figure 2, annexes
D). A Gene Ontology (GO) enrichment analysis wastbarried out independently for
each of the 6 groups obtained with the partitioseolaclustering methodology described
above. Blast2GO software (Conesa, et al., 2005)usead to perform the Gene Ontology
enrichment analysis. This software has integratexl Gossip package for statistical
assessment, which uses the Fisher's exact testaaretts for multiple testing to find
enriched GO terms between two sets of sequencég(®in, et al., 2005). The complete
set of annotated genes f&accharomyces cerevisiagas used as reference control

group with a false positive discovery rate valu® df.

[1.7.5 Transcriptional network analysis
We mapped each gene present in the different ctuste its potential

transcriptional regulators. We searched for thishe YEASTRAC (Teixeira, et al.,
2006) and TRANSFAC (Matys, et al., 2003) databased, built a consensus list from
the information from both databases. Then, usiegGktoscape software (Smoot et al.,
2011), we mapped each of the transcription factmgo a previously published
regulatory network (Jothi, et al., 2009) and ol#dinthe sub-networks for each
transcription factor. Then we identified the targehes for each cluster. As a result, we
obtained a regulatory module, related to a spetifioscription factor and a specific

gene cluster.
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1.8 Metabolic flux analysis

The Metabolic Flux Analysis (MFA) model was builtitw the intention to
describe yeast metabolism under fermentative comditand how it is affected by the

addition of oxygen. We sought to solve the masariza equation:

M+«xv=0

Where “M” is a stoichiometric matrix and “v” is thesctor of fluxes through the
intracellular reactions. This equation assumes thaacellular metabolites are at a
steady state; hence the rate of accumulation cdaaliular metabolites is 0. This makes
the equation solvable for “v”.

[1.8.1 Stoichiometric matrix

Stoichiometric matrix was built based on the matisieloped by Varela (Varela,
et al., 2004). This matrix includes glycolysis, TCx¥cle, fermentative and anaplerotic
reactions, as well as essential anabolic pathwdyse following oxygen-related
reactions were added to this matrix: proline consion, NADH- and FADH -
dependent respiration pathways (each one lumpedna reaction), ergosterol and
unsaturated fatty acid synthesis. These reactioese wextracted from YeastCyc
database. The approach of Nissen (Nissen, et @7)1was used for the biomass
equation, leaving every biomass component (protBiNA, RNA, carbohydrate and
lipids) as individual products. Moreover, the lipidvere separated into sterols,
unsaturated and saturated fatty acids, in ordeate a better description of the oxygen-
dependent pathways. The resulting matrix, which4Yaseactions and 44 metabolites, is
detailed in Annexes A. The condition number of thatrix was 44, indicating that the
model is numerically robust (Villadsen, et al., 2D1
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11.8.2 Flux estimation

Since the model has three degrees of freedom (numibeeactions minus
number of metabolites) the system becomes overrdeted if more than three
extracellular rates are measured. The inputs wakiaed including all of the possible
combinations of rates (from 3 to 15), were selectemim the following set of
experimentally measured extracellular rates of tsates uptake or metabolic
production: glucose, ethanol, glycerol, succinatetate, Cg) oxygen, proline, biomass
components (carbohydrates, DNA, RNA, proteins) d&ne three classes of lipids
mentioned above. The procedures for measuring @sn@mponents have been
previously stated. Since the resulting matrix is sguare, a “pseudo-inverse” operation
was carried out (Stephanopoulos et al, 1998) teestile mass balance equation and
estimate the flux vector, including the unselectedes. Evaluation of the rate
combinations indicated that the more rates selefdednput, the more accurate the
estimations of the model. This prompted us to Udexiracellular rates as an input,
leaving ethanol and C(as calculated rates. This was validated by seitgiinalysis as
described below. Redistribution of intracellulandés under different oxygen conditions
was assessed by determining the flux vector forthihee individual replicates for each

condition, and comparing resulting fluxes to eattteousing a t test.

11.8.3 Consistency and sensibility analysis
Data consistency was checked using the method idedctby Wang and

Stephanopoulos (Wang & Stephanopoulos, 1983). Aftafirming the absence of gross
measurement errors, a custom-sensitivity analyses \performed, based on the
normalized error distribution, which was calculatasl the differences between the
estimated fluxes and the fluxes calculated usingdifieal rates (specific rates
plus - minus experimental error). Afterwards, tihyeage root of the square sum of these
differences was calculated, in order to obtain éher value. Finally, the errors were
normalized by the value of the corresponding flalcalated with the unmodified rates.
The specific rates were modified by the experimegrtar one at a time and the sum of
the errors on all the fluxes of the stoichiometnatrix was calculated. The errors in

ethanol and C@rates were ones that contributed the most to ¥eeadl flux error of the
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model. Therefore, we used 13 rates as input amehasd the specific rates of ethanol
and CQto validate the model. These estimations had less 11% error (Table 11.2).

All the preceding calculations were carried outngscustom scripts in R computer

language.

Table 11.2: Estimation of ethanol and G@pecific production rates by the MFA model.

Dissolved oxygen (LM)

Estimated

specific 0 1.2 2.7 5 21
rate$

Ethanol 26.44 26.67 21.44 18.35 10.9

error (%)  -4.27 5.64 -8.99 2.68 -11.4

CO; 13.59 15.05 11.46 13.77 10.2

error (%) 1.29 8.3 -5.58 -3.88 -8.0

&Data in C-mmol (gDCWh)*
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[ll. RESULTS

[11.1 Long-term impact of increasing concentrations of dissolved oxygen on wine

yeast physiology under enological conditions

I11.1.1 Simulation of dissolved oxygen concentratios and oxygen uptake rates
under enological conditions

The oxygen uptake capabilities 8f cerevisiadeC 1118 from a synthetic must
was evaluated in continuous cultures (Figure 1l1.JAn increase in specific oxygen
uptake rate (OUR) was found with dissolved oxygenta 21 uM. From this critical
value on, the specific OUR remained constant atr81®l- (g DCW hY. This empirical
critical value was close to the value previousjyorted for the OUR under fully aerobic,
nitrogen-limited continuous cultures (3.5 mmol- (G\W h)") (Larsson, et al., 1993).
Thus, five different levels of dissolved oxygen weselected to cover the complete
range from anaerobic to the maximum specific OURJyfe 11l.1 and Table I1l1l.1).
These concentrations covered the entire dissolxgdem range for the yeast cells under

enological conditions (Saa et al., 2012).

Table Ill.1: Dissolved oxygen concentrations and specific orygptake rate of.

cerevisiaeEC 1118 grown under different oxygen levels.

Dissolved oxygen

a,b
concentration OUR

(mmol G, gDCW* h!)

(HM)?
0 +0.00 NA
1.2+ 0.06 -0.1+0.0
2.7£0.28 -0.7+0.3
5.0+ 0.02 2.3+0.3
21.0+1.1 -3.9+0.1

2The data are the averages * standard deviationbriae independent chemostat steady states.
® OUR: Specific Oxygen Uptake Rate.
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Figure Ill.1: Relationship between dissolved oxygen concentratial specific oxygen

uptake rate (OUR) ofSaccharomyces cerevisiastrain EC1118. Blue symbols
correspond to steady state nitrogen limited cowtirsucultures with increasing dissolved
oxygen concentrations. The corresponding OURs wetermined in the same cultures.

Brown squares represent the five dissolved oxygauitions evaluated in this research.

[11.1.2 Carbon balances at different dissolved oxygn concentration

Accounting for all the carbon inputs and outputsaha from the culture (i.e. the
carbon balance) is a requirement for a quantitatssessment of metabolic physiology.
Sugar and oxygen uptakes were measured, as wdheasccumulation of several
organic compounds. Carbon balances, calculatedghrthe yields on glucose (in Cmol
per Cmol of glucose consumed), close near to oabl€Tlll.2), indicating that no major
product or substrate had been left out. Analyzhegy darbon balances more in depth, it
was found that at highest dissolved oxygen conagair the biomass yield on glucose
(Ygx) increased, while ethanol aglycerol yields on glucose decreased when dissolved

oxygen increases. (Table I11.2).
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Table IIl.2: Dissolved oxygen concentration and glucose yiéhdslifferent oxygen
feeding condition

Dissolved Ygx C-mol Yggly C-mol  Yge C-mol Ygc C-mol Carbon
Oxygen  biomass (C- glycerol (C- ethanol (C- CO, (C-mol recovery
(uM)  mol glucose} mol glucose} mol glucose} glucose) (%)

0+ 0.00 0.094 +0.01 0.03+0.01 0.60+0.02 0.3RG8 107%2.6
1.2+0.06 0.094 +£0.005 0.03+0.002 0.57+0.02 27@&0.02 97 +3.6
2.7+0.28 0.108 +0.002 0.037+0.001 0.61+0.08.29@0.015 107+7.2

5+ 0.02 0.12+0.007 0.027 £0.008 0.55+0.08  @®02 108+ 10.3

21+ 1.1 0.18+0.01 0.018 +0.004 0.52+ 0.07 0.384 106+5.9

4The data are average * standard deviations feetimdependent chemostat steady states.

[11.1.3 Relationship between biomass increase andrg@ine consumption in the
presence of oxygen

Biomass concentration significantly increased with availability of dissolved
oxygen, almost doubling at 5 uM dissolved oxygempared to anaerobic conditions
(Table 111.3). This also correlated with an incream proline consumption, which
concurs with the limitation of all other nitrogenusces (Ingledew & Magnus, 1987).
Proline consumption and biomass increase matched aler, up to 2.7 uM dissolved
oxygen, according to the biomass yield on nitrogen this strain in anaerobic
conditions (Pizarro et al. (2008) and Table 111.Bnis correspondence did not occur for
higher dissolved oxygen concentrations, most likkgcause the biomass yield on
nitrogen under aerobic conditions is different tkia¢ yield calculated for anaerobic
conditions (12.1 g biomass (g Nitrogéh) Consistent with the biomass increase, the
glucose consumption volumetric rate increased witheasing dissolved oxygen levels
(from 141 to 197 C-mmol glucose: (L Hpr 0 to 5 uM dissolved oxygen, respectively).
Nevertheless, increasing the dissolved oxygen durtiesulted only in a modest increase
in biomass and a decrease of the glucose consumatiametric rate (to 125 C-mmol
glucose- (L hY).
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Table 111.3: Proline consumption and nitrogen yields.

Dissolved  Biomass Proline Nitrogen Total
oxygen . consumed consumed nitrogen
- a -
(LM)? (g-LY) (mg- L2 as proline consumed
(mg-L)  (mg-L?)
0+0.00 31+0.2 0+ 0.0 0 300.0
1.2£0.06 3.7 +0.05 90+ 1.8 21.9 321.9
27+028 42+01 239+ 4.8 58.3 358.9
50+£0.02 56+0.3 318+ 6.3 77.4 377.4
21.0+£11 58+0.2 438+ 8.8 106.6 406.6

4The data are the average + standard deviatiortriee independent chemostat steady states.

[11.1.4 Impact of dissolved oxygen concentration orspecific rates and respiratory
guotient (RQ)

The impact of oxygen on cell physiology was moredent when analyzing
specific rates (Table 1ll.4a). An inverse relatibipswith dissolved oxygen was observed
for glucose consumption and ethanol and glyceretifig production rates. However, in
all cases, significant ethanol production was fo@hdble 111.4b), consistent with the
presence of the Crabtree effect. Accordingly, tespiratory quotient (RQ) were all
larger than 1 for all oxygenated conditions (Talblda). Organic acid production was
also affected by oxygen availability. For instanaeetic acid was produced only under
strict anaerobiosis (0.3 C-mmol-(gDCW™h) On the other hand, a striking and
significant  (p < 0.01) increase in succinicdaproduction occurred between 1.2 and
2.7uM dissolved oxygen conditions (from 0.02 to 0.27m@ol-(gDCW hY). This
increase was unexpected, as there is no known miscmabf succinic acid export in
yeast, though succinic acid production has beesistamtly reported in previous studies
(Pizarro et al., 2007; Pizarro et al., 2008).
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Table 11l.4: a) Specific consumption and production rates andSkeady-state
metabolite concentration i8. cerevisiacEC 1118 grown under increasing dissolved

oxygen culture conditions.

Dissolved

oxygen Specific consumption and production r&ts-mmol- (gDCWh™)) RQP

concentration Succinic
(uM) Glucose  Ethanol Glycerol Acid CO,

0.0+0.00 -43.6+5527.7+40 15+0.6 0.06+0.02 13.8+1.8 NA
1.2+0.06 -43.9+26252+0.6 1.4+0.2 0.02+0.04 120+1.2 241
2.7+0.28 -37.5+0.0254+1.2 1.4+0.0 0.27+0.05 11.5+0.2 17
5.0+0.02 -37.4+1.018.0+2.3 1.0+0.3 0.22+0.00 13.3+£0.1 6
21.0+1.1 -21.6+0.212.3+0.2 0.4+0.0 0.15+0.01 11.0+£0.2 2.8

4The data are the average + standard deviatiortriee independent chemostat steady states.
P RQ: Respiratory Quotient, NAot applicable.

Dissolved
oxygen Steady state metabolite concentration () L
concentration )

(LM) Biomass Glucose Ethanol
0.0+0.00 3.1+0.2 42.1+1.8 20.3+2.4
1.2+ 0.06 3.7+0.05 40.5+5.4 21.1+0.5
2.7+ 0.28 42+0.1 40.7+3.0 23.5+2.8
5.0+ 0.02 5.6 +0.3 37.5+3.0 24.2+2.8
21.0+1.1 58+0.2 41.7+1.4 16.2+ 0.8

2The data are the average + standard deviatiortriee independent chemostat steady states.

[11.1.5 Metabolic flux analysis
The redistribution of intracellular carbon fluxes ithe central metabolic

pathways ofSaccharomyces cerevisiaecurring in response to increasing availability
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of dissolved oxygen under enological conditions weakermined using a stoichiometric
model specially developed for this work (see AnrseXg. The carbon flux towards
fermentation progressively decreased, with a comemtnincrease of the flux through
the TCA cycle as the dissolved oxygen content emed (Figure 111.2). Furthermore, the
TCA cycle under anaerobic conditions was not fuoral and operated in two branches,
as previously suggested for anaerobic, carbonduintbnditions (Camarasa, et al., 2003;
Nissen, et al., 1997). A similar situation was otsed with 1.2 uM dissolved oxygen
level. However, with 2.7 uM and higher dissolvedygaen concentrations, the TCA
cycle followed its canonical direction, with a larghcrease in carbon flux circulation
through it (p < 0.05) (Figure 111.2). Another rerkable feature was the increase of the
flux towards carbohydrate synthesis in conditionshw2l pM dissolved oxygen,
increasing more than 60% compared to the otheditons (Figure 1ll.2). This was

supported by experimental data (Table 111.5).

Table 111.5: Specific production rates of major biomass compteat different

dissolved oxygen concentratfon

Dissolved oxygen concentration (LM).
Component 0 1.2 2.7 5 21
rated

Carbohydrates 0.915+0.039 0.951+0.041 1.070 +0.048 1.020 +0.045 2.588 +0.129

0.006 +0.000 0.007 £0.000 0.006 *+0.000 0.0063 +0.000 0.006 +0.000

DNA
. 0.864 +0.056 0.874 +0.060 0.836 +0.054 0.877 +0.061 0.865 +0.051
Proteins
RNA 0.062 +0.006 0.059 + 0.005 0.044 +0.004 0.054 +0.005 0.061 +0.006
Ergosterol 2.13E-9+ 0.0 0.009+0.000 0.022+0.001 0.018+0.001 0.004+0.000
) 0+ 0.000 -0.108 +0.003 - 0.244 +0.005 -0.242 +0.005 - 0.322 +0.007
Proliné

2The data are the averages + standard deviationBrime independent chemostat steady states.
® Rates ifC-mmol (gDCWh) %)
¢ specific rate of proline consumption.
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Figure Il1.2: Flux distributions irS. cerevisia&C1118 strain grown in nitrogen limited
chemostats at D = 0.1*hfrom anaerobic (top) to 21 pM (bottom) dissolved/gen
concentrations. Numbers indicate specific reastigriated with oxygen consumption:
1) Respiration, 2) Unsaturated lipid synthesid=R)osterol synthesis, 4) Proline uptake.
The fluxes are expressed as percentage of thedathbn uptake. Negative numbers
indicate flux in the reverse direction. The fluxr fmaintenance is expressed as a
percentage of the total ATP produced. CARB, cardodtes; GLC, glucose; FRUC,
fructose; F6P, fructose 6-phosphate; R5P, ribogbdsphate; DHAP, dihydroxyacetone
phosphate; G3P, glyceraldehyde 3-phosphate; E4ARhrese 4-phosphate; GLY3P,
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glycerol 3-phosphate; 3PG, 3-phosphoglycerate; GLYI@cerol; SER, serine; PEP,
phosphoenolpyruvate; AC, acetate; ACCoA, acetylnzgme A; LIP, lipids; OAA,

oxaloacetate; PYR, pyruvate; ADE, acetaldehyde; HT®@thanol, ASP, aspartate;
ISOCIT, isocitrate; GLN, glutamine; FUM, fumaratdKG, a-ketoglutarate; GLU,

glutamic acid; PROT, protein; SUC, succinate; SUCEXracellular succinate; mATP,
maintenance ATP; PRO, proline; NALRI mitochondrial NADH; NADHy, cytosolic

NADH; ERG, ergosterol; UN_LIP, unsaturated lipids.

[11.1.5.1. Sources and sinks of NADH and NADPH

Metabolic Flux Analysis showed that mitochondricay@d an increasingly
important role in NADH and ATP turnover above 2.W jdissolved oxygen. Fluxes
through respiration, as well as cytosol to mitodra NADH exchange, increased
significantly as dissolved oxygen rose (Figure2)ll.Mitochondrial NADH production
and utilization significantly increased with oxygém< 0.05), rising from 25% to 60%
of the total NADH production in the cell, when ieesing from 2.7 to 21 uM dissolved
oxygen levels, respectively. Analyses of NADH retization pathways showed that
ethanol production was still the dominating fornr i@oxidizing cytosolic NADH
produced by glycolysis under all the conditionstads(Table 111.6). Below 2.7 uM
dissolved oxygen, glycerol is the only other electsink, albeit a minor one (~ 4% of
NADH reoxidization). Above 2.7 pM dissolved oxygenthe culture, reoxidization of
cytosolic NADH through the mitochondrial redox dheitsignificantly exceeds its
reoxidization by glycerol synthesis (t test, p €©03); moreover, glycerol synthesis
showed almost no contribution at the 21 uM dissblmeygen condition.

NADPH metabolism was slightly affected by oxygervels. The most
remarkable change occurred in the aldehyde dehgdesg reaction. NADPH
production by this reaction decreased from 4% to Wfen the available oxygen
increased from QUM to 1.2 pyM dissolved oxygen. The rest of the NADPH was
produced through the pentose phosphate pathwayxahat slightly increased when
comparing the anaerobic condition to the rest @& tonditions. However, the flux
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through this pathway represents only 2% of theaaih all conditions (Supplementary
Table 1, see Annexes B), confirming previous resported by Varela et al. (2004).

[11.1.5.2 Sources and sinks of ATP

Oxygen also increased mitochondrial contributionAfBP production. Under
anaerobic conditions, ATP was produced through ajjgis by substrate-level
phosphorylation. On the other hand, ATP producedbgative phosphorylation had a
noticeable contribution, rising from 5.7% to 21%tofal ATP when dissolved oxygen
increased from 2.7UM to 21 pM, respectively. Furthermore, at a dissdloxygen
concentration of 2uM, the glycolytic pathway was still the main cobtrtor to ATP
production, producing more than 70% of the totaPATable I11.6). Nevertheless, at the
highest dissolved oxygen level, the amount of ATi®dpced by any means is
significantly reduced - decreasing by approx. 30¥is was also associated with an
increase of the fraction of ATP used in maintenamgech increased from 43% to 54%

in the 2.7uM and 21 uM dissolved oxygen conditions, respebtive
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Table 111.6: Contribution to NADH and ATP turnover of differemtetabolic pathways

in S. cerevisia&C1118 grown under different dissolved oxygen caltonditions.

Process Dissolved oxygen concentratibguM)
0 1.2 2.7 5 21
Total NADH
synthesigmmol
(gDCW h)™)
Cytosolic 13.7+1.7 13.8+0.8 11.6+0.1 11.1+05 6.7%20.5
Mitochondrial 01+02 02£01 34200 71202 95£02

Cytosolic NADH
consumed (%) for:

Ethanol production 960 +1.7 96.0+08 89.6+00 85005 735+0.5

Glycerol 40+02 40%01 34%00 30£01 12x01
production
Mitochondrial 0.0 0.0 70+0.0 120+00 253%0.1
shuttle
Total ATP produced
(mmol (gDCWh)™)
Glycolysis 27.2+3.4 275%1.60 23.1%0.00 22.0%0.90 13.20 0.90
TCA cycle 0.0 000  0.61%0.06 1.320.06 1.70+0.17
Oxidative 00  0.05%0.05 1453034 2.850.07 3.20+0.40
phosphorylation

#The data are the average + standard deviatiortarfiee independent experiments.

[11.1.6 Gene expression analysis of dissolved oxygéevels

To complement the metabolic flux data, global gerpression ofs. cerevisiae
EC 1118 for the five dissolved oxygen culture ctinds, was determined. As a whole,
the effect of oxygen on the transcriptome was Bahjtsince only 8.8% of the transcripts
(507 genes) were affected by oxygen availabilityisToercentage was calculated taking
into account the differentially expressed geneallithe possible comparisons between
the different oxygen conditions. The comparisowieein the anaerobic and the highest
dissolved oxygen conditions (21 uM) yielded 313Jaddntially expressed genes. This
data was consistent with previous reports (Taglgt2005), in which 371 genes were
differentially expressed between anaerobic andbéeroonditions in nitrogen-limited,

continuous cultures.
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[11.1.6.1 Analysis of oxygen level transitions

To simulate the oxygen consumption kinetics of yeadls after an oxygen
impulse during wine-making aeration operations a&ugds-dynamic setting was
simulated by comparing the data of one conditiotinwhe next higher dissolved oxygen
condition (Table 11.7). The largest effect with ®@Qifferentially expressed genes,
occurred upon the onset of oxygen addition (between 0 and 1.2 uM dissolved
oxygen). The transition betweenp® and 21 pM had an equivalent impact, causing
differential changes in 195 genes. Remarkably, s the transition between oxygen-
limited and oxygen-saturated conditions (Figurel)ll The effect was much lower
when comparing the intermediate transitions (AM2 with 2.7 uM, and 2.7uM with 5
K1M), affecting the expression of 25 and 19 gerespectively.

111.1.6.1.1 Genes differentially expressed betweeband 1.2 uM dissolved oxygen
These genes can be classified into two groups.fif$tegroup consisted of six
genes annotated as “siderophore transport”, whiahiigipate in iron uptake. The
putative increase in iron uptake could be relatethé overexpression of haemoprotein-
related genes, such as cytochromes. The secong goonprised nine genes annotated
as “aminoacid transport”, including the prolinensporterPUT4. This highlights both
the induction of respiratory genes and the impdaixygen in regulating the nutrient

uptake of yeast.

[11.1.6.1.2 Genes differentially expressed betweet.2 yM and 2.7 puM dissolved
oxygen

Between 1.241M and 2.7 uM dissolved oxygen, key mitochondriateg such as
CYC1 (cytochrome c¢) andNDE1 (external NADH dehydrogenase), were induced.
Ndelp is responsible for the shuttling of cytosakdox equivalents directly into the
respiratory chainGUT2,another gene responsible for a shuttle mechanisgo(iet, et
al., 2004) was also induced betweeru® and 2.7 uM dissolved oxygen. Among

repressed genes, two members of THe genes and theElPF1 gene — all encoding for
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the synthesis of cell wall mannoproteins - werenthult is worthy to note that the
repression of mannoproteins could have several ecuesices on wine quality,
modulating astringency and other organoleptic prige (Gonzalez-Ramos et al.,

2008). TheAUS1gene involved in fatty acids and sterol uptake alas repressed.

111.1.6.1.3 Genes differentially expressed betweéen and 21 uM dissolved oxygen

This transition consolidated the trend in induct@respiratory genes. Induced
genes included more respiratory genes, sud¥as1land COX7 (subunit of Complex
IV), supporting the idea of active respiration, ewender these high-glucose conditions.
Other induced genes were stress response gends,asU€TT1 (catalase)HSP12
(membrane heat-shock protein) &aBX4(glutaredoxin) hinting to a potential oxidative
stress occurring at highest dissolved oxygen camditThe repressed genes at this
transition included genes involved in iron metafolj as well as those involved in

sulfate and phosphate ion transport (Table 111.7).

[11.1.6.1.4 Other gene expression changes

The genes annotated to the “TCA cycle” Gene Oniol@O) term showed no
differential expression in the analyzed transitiddewever, when comparing anaerobic
and 21uM dissolved oxygen conditions, the TCA cyelen was statistically enriched
among the induced genes (p < 0.01), includk@O1 (aconitase) andCIT1 (citrate
synthase). On the other hanBRD1 was significantly repressed when comparing
anaerobic with 5 uM dissolved oxygen conditioRRD1 encodes a soluble fumarate
reductase that is responsible for the operatiamefeductive branch of the TCA cycle.
This observation is consistent with the redistidtiut of metabolic carbon fluxes
observed by MFA with increasing dissolved oxygemaamtrations: increase of TCA

fluxes and the disappearance of the anaerobichtaneh operation of the TCA cycle.
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Table I111.7: Characterization of differentially expressed gemesoss the different

oxygen levels.

Transition of oxygen Differentially E.”“Ch_ed GC
tration. (M) expressed Biological I
concen ' Process terms Highlighted genes
(gene expression genes (p < 0.01)
effect) (FDR <0.1] (GO term frequency)
0 - 1.2 (inducec 39 Siderophore transpc FRE: (ferric reductast
(10.3/0.2) ENB2(enterobactin)
Amino acid transport PUT4 (proline transporter)
(12.8/1.0)
0-1.2(repressec 161 NF° NF°
1.2-2.7 (inducec 11 Mitochondrial NDEZ1 (external NADH
intermembrane space dehydrogenase)
(27.3/0.8) CYCl1(cytochrome c)
Inorganic anion SUL1(high affinity sulfate
transmembrane transporter)
transporter activity PHOB84(phosphate transporter).
(18.2/0.3)
1.2-2.7 (represse 14 Cell wall (18.9/1.8 HPF1 (hazeprotective
Sterol transport mannoprotein)
(13.5/0.9) TIR2(cell wall mannoprotein)
UPC2(sterol regulatory element
binding protein)
AUS1 (ABC-type sterol
transporter)
2.7-5.0 (inducec 3 NF° NF°
2.7-5.0 (represse 16 NF° NF°
5.0-21.0 (inducec 10C Respiratory chai CYCL1 (cytochrome c, isoform
(7/0.5) COX7 (subunit VII of
cytochrome c oxidase)
5.C- 21.0(represset 95 Iron ion homeostas FRE: (ferric reductast

(23.2/0.9)
Transport (45.3/19.6)

ENB2(enterobactin)
PHO84(phosphate transporter)
SUL1(high affinity sulfate
transporter)

% FDR, false discovery rate, as determined by thekRanducts method

b As determined by the GO Term Enrichment tool ai@@ (Carbon, et al., 2009)

¢ Data between parenthesis: (frequency of the tenong the differentially expressed genes/ frequency
among the whole transcriptome $f cerevisiae).
9 NF: No significant GO term.
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[11.1.6.2 Clustering analysis
Genes that responded to oxygen in at least onat@mavere classified into 56

clusters (Figure 111.3), by means of hierarchichlstering. We classified the clusters
according to their major tendencies with regardh dissolved oxygen concentration.
We analyzed the 12 clusters that showed at leaseoriched GO term according to the
GO term enrichment analysis (Table 111.8). We diiésd the clusters according to their
general trends in relation to the dissolved oxygencentration. We found four broad
categories: First, clusters with genes down-regdlaat 21 puM dissolved oxygen.
Second, clusters with genes down-regulated withuM2lissolved oxygen. Third, genes
negatively correlated with dissolved oxygen. Foughnes positively correlated with

dissolved oxygen. We describe the genes that betagch cluster below.

[11.1.6.2.1 Genes down-regulated at 21 uM dissolveakygen

Several gene clusters displayed this behavior. Etusters (2, 8, 26 and 52)
related to iron metabolism were repressed undgiMIldissolved oxygen. From these,
clusters 2, 26 and 52 were induced with 1.2 puMalN&sl oxygen. This confirms the
induction of iron uptake at low oxygen levels anttehat is reversed at high oxygen
concentrations. Besides genes related to iron roktaln several genes involved in
ergosterol metabolism were down-regulated at higiigen levels. This suggests a
possible product repression, when enough oxygemprésent to synthesize these

compounds (Davies & Rine, 2006).

[11.1.6.2.2 Genes down-regulated with 1.2 uM disseéd oxygen

Several clusters show a common negative responsewmdevels of oxygen.
Gene expression in clusters 25 and 29 droppedfisigmily at 1.2 uM dissolved oxygen,
although it increased concomitantly with oxygen amntration for the higher oxygen
levels (Figure 111.3). Several transcription facdyelong to these clusters, most notably
two positive regulators of nitrogen catabolisdMAL81 and GZF3 (Georis et al, 2009).
Other genes, such as those from cluster 37, disglayvery low expression. This is

characteristic of silenced transposable elemertig;hnare further lowered with oxygen
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increase. Cluster 43 also shows this pattern. Gluister include$=RD1, the fumarate
reductase gene, confirming the two—branch TCA ttams as well asSLC1,a key

enzyme involved in phospholipid metabolism (Athaesit & Daum, 1997).

[11.1.6.2.3 Genes negatively correlated with disseed oxygen

The family of TIR genes appeared both in cluster 53 and the 1.2+K.8xygen
transition, showing a dose-dependent response ygeox(Figure 111.3). These results
suggest that cell wall remodeling is taking pladeew oxygen increases, which could be
also linked to the increasing ergosterol productibable 111.5). Consistently, thePC2
transcription factor, which regulates ergosterasnthesis and’IR genes (Davies &
Rine, 2006), was also repressed as the oxygenilerelased (Cluster 13).

[11.1.6.2.4 Genes positively correlated with disseted oxygen

Supporting the idea of a respiratory metabolisndenrthese conditions, several
genes related to the complex IV of the respiratcngin were jointly induced with
dissolved oxygen, and they were grouped in clig2gFigure 111.3).

Despite these findings, some metabolic pathwaysh €8 acetate production
showed phenotypic changes that were not refleggegehe expression. For instance, we
observed that théALD genes, coding for aldehyde dehydrogenases regpensr
acetate production (Boubekeur et al, 2001), weteaffected by oxygen levels, despite

acetate was only detected in anaerobic cultures.

59



Table 111.8: Functional terms enrichment for the genes in ehcster

Number
Cluster of Representative enriched

numbef  genes GO terms (FDR < 0.05) Highlight gene’s

FREZ2, FRE3Ferric and cupric

2 5 Iron ion transport
reductase),
ENB2(Enterobactin)
8 23 Iron ion homeostasis FREL, FRE@Ferric and cupric
reductase)
UPC2(sterol regulatory element binding
13 18 - .
protein)
16 13 Response to zinc ion EEB1(acyl CoA-ethanol O-
acyltransferase)
o5 60 Transcription, DAL 81, GZF3
DNA-dependent (nitrogen metabolism regulators)
26 3 Iron ion transport FET3(ferrous ion transport)
29 16 ~ Oxoacid metabolic i
process
Mitochondrial - COX4, COX5A, COX13
32 10 respiratory chain . .
(cytochrome c oxidase subunits)
complex IV
37 5 DNA integration -
1-acylglycerol FRD1 (fumarate reductase)
43 23 -3-phosphate O- SLC1(1-acylglycerol-3-phosphate

acyltransferase activity O-acyltransferase)

Cellular alcohol ERG1,ERG2,ERG3

51 5 biosvnthetic brocess (ergosterol biosynthetic process)
y b OLEZ1 (fatty acid desaturase)
52 4 Iron ion trar]Smembr"’meSITl(siderophore iron transport)
transport
53 2 ?é::l\(;\}:lrlal constituent OfTIRl, TIRZ(cell wall mannoproteins)

& Clusters not described in the table did not shoyemnriched GO terms.
®Annotations extracted from SGD
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Figure 111.3: Hierarchical clustering of th8. cerevisia¢ranscriptome data obtained for
the five dissolved oxygen conditions. From centeoutside, the dendrogram depicts: 1)
Hierachical clustering tree; 2) Color ribbons iratee each of the 56 clusters; 3)
Heatmaps of gene expression values, where blackraath represent low and high gene
expression levels, respectively. Increasing dissbloxygen concentrations, from 0
(most internal) to 21 uM (most external), are showhe scale of the calculated

distances in the dendrogram is also illustrated.
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[11.2 Transient effect of oxygen on wine yeast phyelogy, in anaerobic conditions

using an impulse of oxygen

[11.2.1 Dissolved oxygen dynamics under wine fermdation conditions at
laboratory scale.

We mimic the industrial discrete oxygen additioasried out during enological
fermentations, perturbing anaerobic chemostat mdt@D = 0.1 H), with pure oxygen
for 30 seconds. The dynamics of dissolved oxyges wlzaracterized by a sudden
increase of dissolved oxygen concentration fron8 @@ L* (0.94pM) till 4.2 mg L
(131.2uM), followed by consumption within the next 4 mieatfrom the beginning of
the oxygen impulse (Figure lll.4a). The maximumueabf dissolved oxygen reached
under these conditions was almost 1.5 times themmar value of dissolved oxygen
determined after a pump over during Cabernet Saovigvine fermentation at industrial
scale (Moenne et al, in preparation). Furthermdhe, specific oxygen uptake rate
(OUR) estimated throughout a model recently devedldpy our group (Saa, et al., 2012)
was 1.28 mmol (g DCW H) This value was within the range of the previousigyorted

values under our culture conditions (Aceituno,|gt2912).
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Figure 111.4: a) Dissolved oxygen dynamics during dissolved oxrygapulse. Time
zero corresponds to anaerobic, steady state anaerohditions. The curve is the

dissolved oxygen average value of three indepenebgo¢riments. b) Sampling points
before and after oxygen impulse.

[11.2.2 Metabolic dynamics of the yeast cells throghout the oxygen impulse

The transient modification of dissolved oxygen &lality under these culture
conditions did not show significant short-term effeon the major specific rates of
substrates and products (glucose, ethanol, glyeslcarbon dioxide), nor in biomass
concentration (Figure 111.5). These results illagtr that the steady-state fermentative
metabolism was not modified by the transient additdf dissolved oxygen under our

culture conditions, in contrast to the transitioatireen fermentative and respiro-
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fermentative metabolism that occurred under coptilsy increasing dissolved oxygen

concentration (Aceituno, et al., 2012).
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Figure 111.5: Metabolic dynamics of wine yeast throughout a dissi oxygen impulse
within the first hour (upper panel) and within thiest residence time (bottom panel).
Specific rates of glucose consumption (open diajjogtycerol production (close
square), ethanol production (close triangle) and, @@duction (open circle) are
indicated. Each point represents the average wvaliubree independent experiments
during the time course (0 (steady state), 10 minmi, 30 min, 45 min, 60 min, 300

min and 600 min (one residence time)).
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[11.2.3. Transcriptomic dynamics of the yeast cellsbefore and after the oxygen

impulse

111.2.3.1 Characterization of yeast transcriptome dter the oxygen impulse

The analysis of the transcriptional dynamics otc&evisiae strain EC1118 in
response to oxygen impulse yielded a total of 1€4eg differentially expressed (FDR <
0.1, according to rank products analysis (Breitliegal., 2004)). Hierarchical clustering
and patrtition of these genes resulted in 6 clugtémgire 111.6 and supplementary Figure
2, annexes D). Clusters 1, 3 and 5 contain gerasdsatie transiently induced after the
oxygen impulse; and clusters 2, 4 and 6, groupetlyemes that are transiently repressed
after the impulse (Figure 111.6).

We classified the clusters in three categoriesraaeg to their temporal response
after the oxygen impulse. The first group corresjsoto genes of immediate response to
oxygen, whose peak of expression was 10 minutes iafipulse (cluster 1 induced and
cluster 2 repressed). The second group correspanggnes of delayed response to
oxygen, whose peak of expression was 1 hour alfterdissolved oxygen impulse
(cluster 3 induced and cluster 4 repressed). Fingile third group corresponds to genes
of over-delayed response to oxygen, whose expregmak was reached 5 hours after
the oxygen impulse (cluster 5 induced and clustaeessed) (Figure 1Il.6). The

following is a description of the genes that beltmthese clusters.
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Figure 111.6: Mean time-dependent profiles of clusered genes.Differentially

expressed genes through dissolved oxygen pulse chestered in six groups according
to their time dependent expression profiles. Ghegsl represent the expression level of
each gene in that cluster during the time courdackBline represents the average
expression level of all genes in that cluster dytime time course (0 (steady state), 4
min, 10 min, 1 hour, 5 hours and 10 hours). Absolutensity values were mean

normalized for each gene and for each time-point.
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[11.2.3.1.1 Genes of immediate response to oxygen

Among the 43 genes that were induced 10 minutes akygen impulse (cluster
1), it is worthy to mention the presence of genesoding components of the
mitochondrial respiratory chain, such @¥'C1 (aerobic isoform of cytochrome c) and
RIP1 (component of the mitochondrial cytochrome bcl plax). HMG1, ERG5and
CYB5 which are involved in sterol synthesis é@D2which participates in oxidative
stress response, were also induced 10 minutes iafferise. Furthermore, genes that
encode transcription factors such BR®OX1 and MOT3 also belong to cluster 1.
Concomitantly, 8 genes were repressed after thiegécluster 2). Among thes&/SC4
is part of a family of proteins that look after lcehll integrity (Levin, 2011; Zu, et al.,
2001). Another 6 genes of unknown function are pdrthis cluster; among them,
YMLO83Cwas repressed under aerobic conditions by an hdependent mechanism

(Ter Linde, et al., 2003), which is consistent wotlr results.

[11.2.3.1.2 Genes of delayed response to oxygen

Among the 16 genes induced an hour after the ldss@xygen impulse (cluster
3), there are genes related to stress response asUdlOR7 whose over expression
increases yeast resistance to high salt conceriréitisman, et al., 2004) aficSL1who
is involved in trehalose biosynthesis (Bell, et 4998). Trehalose is accumulated in
yeast under stress conditions (Li, et al., 2009prédver, the geneZEOL which
regulates the activity of the cell wall integritgthway (Green, et al., 2003) aGiVP1
(cell wall protein 1), whose expression is regudaby this pathway (Klis, et al., 2006),
were both induced. On the other hand, among thgeh4s repressed an hour after the
dissolved oxygen impulse (cluster 4); we found rgdagroup ofPAU genes encoding
members of the seripauperin family of proteins. Tapression of these proteins by
aerobiosis, similarly to the DAN/TIR family of maoproteins (Luo & van Vuuren,
2009), has been already reported (Luo & van Vuugf99; Rachidi, et al., 2000).
HEM13 involved in heme synthesis aAdJS1, which encodes for an ABC transporter
responsible for sterol uptake, were also repredsiedur after the oxygen impulse. The
repression oHEM13is intriguing, but it could be a delayed respooaased by heme

excess after the sudden increase of oxygen (K&8f)1Interestingly, genes that supply
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nucleotides for DNA synthesis, suchRER3(Yao, et al., 2003), also belong to cluster
4.

111.2.3.1.3 Genes of over-delayed response to oxyge

Among the 21 over-delayed oxygen response genesevpeak of induction
was 5 hours after the oxygen impulse (cluster fgre are several genes involved in
stress response by different environmental stimaudgch asHSP12(encoding a heat-
shock protein induced by oxidative stresS),T1 (catalase 1)GRE1 (stress response
gene), DDR2 (multi-stress response protein induced by enviremal stresses)
(Kobayashi, et al., 1996) ar#8lP18 (induced by osmotic stress) (Singh, et al., 2005).
Additionally, the induction of the proline transparPUT4 is in line with the oxygen
requirement for proline assimilation in yeast (kdgw, et al., 1987). On the other hand,
the glutamine transporté&dGP1was repressed 5 hours after the oxygen impulsstésl
6).

111.2.3.2 Gene ontology analysis

Gene ontology enrichment analysis of each clustemwed that only clusters 1
(induction at 10 min) and 4 (repression at 1 hdvaje significantly enriched functional
terms (Table 111.9). For cluster 1, processes eglatio ergosterol synthesis, electron
transport chain and iron and heme metabolism werieleed. For cluster 4, only the
term “response to stress” is enriched (Table IlidR)e to the presence of the large group
of PAU genes encoding members of the seripauperin faohifyroteins. Seripauperins
have been implicated in enological fermentatioesstrresponse (Marks, et al., 2008),
and are known to be induced by anaerobiosis anéssgd in aerobiosis. This pattern is
coherent with the observed delayed repression #feeioxygen impulse (Figure 111.6,

cluster 4).
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Table 111.9: Functional terms enrichment for the genes in eacdter

Number .
Cluster of R_epresentatlve o
number enes enriched GO terms Highlight gene$
9 (FDR < 0.1)
Sterol metabolic  ARE2(Acyl-CoA:sterol
process acyltransferaseEFRG5, HMGL1.
1 43 Electron transport CYC1, CYBJcytochrome b5)
chain RIP1(Ubiquinol-cytochrome-c
Heme binding reductaseCYC1,CYB5, ERG5
2 8 NF NF
3 16 NF NF
4 14 Response to stress PAU3-4-7-8-17-18-23
(seripauperin family)
5 21 NF NF
6 2 NF NF

& Annotations extracted from SGD
NF: no significant GO term.

111.2.3.3 Transcriptional networks controlling the oxygen response

111.2.3.3.1 Master transcriptional regulators
The regulatory mechanism(s) responsible for thiediht transcriptional profiles

obtained in response to the oxygen impulse weresinyated. We searched for the
transcription factors controlling the genes in thetusters and extracted the specific
regulatory networks corresponding to those traption factors from the global network
(Jothi, et al., 2009). The latter included 80 oluthe 104 differentially expressed genes.
We found several overlapping transcriptional modulleat controlled several genes
across the different clusters; but not a singléviddal transcription factor network was
found to be responsible for a single cluster. Ninetess, shared upstream regulators for
the different transcription factor networks, suchHaplp and Skn7p, were identified.

These are shared by more than six different suvarks, which are described below.
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[11.2.3.3.2 Haplp regulatory network

The genes belonging to the Haplp regulatory nddsvare a significant part of
the genes in four of the different clusters (cludte= 49%, cluster 4 = 33%, cluster 3 =
31% and cluster 5 = 48 %). In absolute terms, Haplmainly involved in the
regulatory networks of cluster 1 genes (21 out of genes). In fact, a GO term
enrichment analysis of the complete list of diffdrally expressed genes related to
Haplp is partially coincident with the GO termsocbister 1 (related with the electron
transport chain and sterol metabolism).

A closer analysis, however, reveals that Haplptexées action in two ways.
One direction involves the direct regulation by Hamf target genes, such as those of
iron metabolism FRE1/4, proline uptake RUT4), sterol metabolismHMG1) and
respiratory chain component€YC1/j§ (Hickman & Winston, 2007; Ter Linde &
Steensma, 2002) (Figure IlIl.7c). Alternatively, Hpp regulates intermediate
transcription factors that control different braastof the oxygen response. One of these
intermediates is Msn2p (Figure 111.7b), a transtoip factor involved in oxidative stress
response (Chen, et al., 2009). Msn2p directly rfaids the expression bfBX6, which
belongs to cluster 1, and participates in prote&grddation (Decottignies, et al., 2004).
Moreover, Msn2p controls the expression of trapsiom factors such as Yaplp, which
was also a direct target of Haplp (Figure lll.7BAdditionally, Msn2p together with
Yaplp, control several genes related to oxidatitvess that are members of either
cluster 1 §0OD2 or cluster 5CTT1, HSP1p

Another target of Yaplp - and intermediate of thepkp network - is Rox1p
(Figure lll.7a), a transcription factor known topress the so-called hypoxic genes
(Plakunov & Shelemekh, 2009). The inductiorR§dX1 occurring 10 minutes after the
dissolved oxygen impulse (cluster 1), is consisteitit the subsequent repression of its
target genes;lEM13 andAAC3 (Kwast, et al., 2002), 1 hour after the oxygen uisp
(cluster 4).

Therefore, the transcriptional cascades Haplp-Roahd Haplp-Msn2p —both
modulated by Yaplp- strongly suggest that thereaeglapping functions between the

oxygen and oxidative stress transcriptional network
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Figure 111.7: Genes regulated by Haplp. Master transcription factor and target genes
are illustrated from the top to the bottom of tigufe. Nodes were identified according

to the cluster to which they belong: Cluster 1htigiamond), Cluster 4 (grey hexagon)

and Cluster 5 (grey square). a) Genes directlylagguh by Haplp, b) Genes regulated
by Haplp through transcription factors relatedttess and c) Genes regulated by Haplp
through Yaplp/Rox1p.

[11.2.3.3.3 Skn7p regulatory network

Most of the networks described above are also dkp#non Skn7p, a
transcription factor that has homology with two-qmnent bacterial transcription
factors, and is involved in the induction of hehbck and oxidative stress response
transcription factors (Morgan, et al., 1997; Rattal., 2000). For instance, transcription
factors such as Yaplp and Msn2p are targeted by Skai7p (Figure 111.8a) and Haplp
(Figure 111.7b), as described above. Another exangdl overlapping functions between

Skn7p and Haplp regulatory networks is the trapsonial regulation oPUT4 This
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gene is directly targeted by both master regulgsbrs/p and Haplp (Figures 1ll.8a and
[ll.7c respectively).

Overlapping between Haplp and Skn7p is not comp&#a7p is an upstream
regulator of the Mot3p transcription factor, whishpart of cluster 1. Thus, it appears to
be responsible for the subsequent transcripticem@iesssion of cluster 4 gene members,
such asPAUS (Figure 111.8b). Additionally, Skn7p directly retates the expression of
PAU23 (also known aDAN2). Therefore, the main functional module of cluster
(repressed 1 hour after the oxygen impulse) isla¢égd through this pathway (Figure
[11.8b). On the other hand, Skn7p modulates thestaption ofMGAL (Figure 111.8b), a
regulator of pseudohyphal differentiation (Loren+&itman, 1998).

Figure 111.8: Genes regulated by Skn7pMaster transcription factor and target genes
are illustrated from the top to the bottom of tiggife. Nodes were identified according
to the cluster they belong: Cluster 1 (light diamiprCluster 4 (grey hexagon) and
Cluster 5 (grey square). a) Skn7p regulatory neétvaod b) Genes regulated by Skn7p
and Haplp.
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V. DISCUSSION

This research addresses the impact of oxygen ophisiology of an industrial
strain of Saccharomyces cerevisiamder enological (i.e. carbon-sufficient, nitrogen
limited) conditions. In the first part, we experimially captured a subset of dissolved
oxygen concentrations aiming to represent the axyigeiting range of dissolved
oxygen concentrations found in the discrete enollgaeration operations (Saa, et al.,
2012). In the second part, we utilized an impulsexygen in anaerobic conditions, in
order to represent the dynamic of dissolved oxyg#ar an oxygen impulse during

industrial winemaking aeration operations (Moenn& Agosin, unpublished data).

IV.1 Impact of different oxygen levels in wine yeasextracellular metabolism.

Oxygen levels had major metabolic effects, reflectey changes in the
production of several extracellular compounds ardatvolic flux redistribution within
the cell. For instance, ethanol and glycerol spe@foduction rates decreased with
oxygen along with the respiratory quotient. Thisars indication of a transition from
fermentative to mixed respiro-fermentative metatoli Nevertheless, the respiratory
guotient values indicate that full respiratory nietigsm was never achieved. Although
this has been already reported for laboratory rsdrainder nitrogen-limited conditions
(Tai, et al., 2005), the evidence of an active iraspry metabolism under enological
conditions is striking since there is a generaldbghat respiration is under catabolic
repression under these conditions (Gancedo, 1998grReld et al., 2002; Salmon,
2006).

The exportation of acetic acid also shows an éstimg trend being present only
in strict anaerobic conditions. Even with a lowsdilyed oxygen level (1.2 uM), acetic
acid production could not be measured. This caeelwith decrease of the flux through
the aldehyde dehydrogenase reaction and a sligh#dase of flux through the pentose

phosphate pathway. Therefore, it is likely thattakee production in anaerobiosis is
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necessary to provide NADPH to the cell, a functibat is taken over by the pentose
phosphate pathway when oxygen is available. In ftaith pathways are complementary
and, together, they are the only source of NADPHglocose-containing media
(Grabowska & Chelstowska, 2003). While the mecharfisr the coordination of these
two pathways is unclear, the lack of change inekjgression oALD6 gene (encoding
aldehyde dehydrogenase) in response to oxygen sisgge non-transcriptional
mechanism. Ald6p involvement in a calcium/calmochdependent signaling pathway
supports this hypothesis (Butcher & Schreiber, 2004

IV.2 Effect of different oxygen concentration in the transition between fermentative
and respiro-fermentative metabolism

The respiratory quotient showed a large decreatseka 1.2 and 2.7 uM of
dissolved oxygen. Consistently, Metabolic Flux Ams#é predicts two very different
metabolic configurations depending on the concéntraof dissolved oxygen: fully
fermentative (including 0 and 1.2 uM dissolved cxtygonditions) and mixed respiro-
fermentative metabolism (from 2.7 uM and highesdiged oxygen content).

Fully fermentative conditions featured low carbdoxés and a two-branch
operation of the TCA cycle, with ethanol and glyteas the only redox sinks and
glycolysis as the major source for ATP and NADH.eTtwo-branch TCA cycle
operation for anaerobic conditions was initiallggasted by MFA (Nissen, et al., 1997)
and later proven by’C based metabolomic analysis (Camarasa, et al3)200der
carbon-limited conditions. To the best of our kneade, this is the first report of a two-
branch TCA cycle operation under carbon sufficiarttpgen-limited conditions.

Cultures with more than 2.7 uM of dissolved oxygowed a mixed respiro-
fermentative metabolism despite the high externghs concentration (40 gL It is
worth noting that the model assumes that respirasaovorking under these conditions.
Under this assumption, the estimations of ethamol @Q production were reliable
(Table 11.2), providing further support for a fuimtal and active respiratory pathway
under these culture conditions.
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The main features of the putative mixed respiroafamtative metabolic
configuration were: significant respiratory actyiif CA cycle operation in its canonical
direction, increased succinic acid production, amtbchondrial redox shuttle working
as a significant cytosolic NADH sink. This effect @axygen on yeast metabolism is
mirrored by gene expression, e.g. inductiorC&iX andCYC1lgenes (respiration), the
repression of fumarate reductase gene (reductimachrof the TCA cycle) and the
induction of theNDE1 and GUT2 genes (mitochondrial electron shuttles). Moreover,
TCA genes such a&8CO1 (aconitase) an€IT1 (citrate synthase) are induced at the
highest concentration of oxygen evaluated. Altogeththe data confirmed the
occurrence of a respiratory metabolism. Nevertiseld$P and NADH were still mainly
produced by glycolysis, confirming that this is thajor pathway regarding carbon flow

operating in these conditions.

IV.3 Succinic acid transport under different dissoled oxygen levels

One of the hallmarks of mixed respiro-fermentatimetabolism was the large
increase (approx. 10 fold) of succinic acid productbetween 1.2 and 2.7 uM of
dissolved oxygen. This most likely resulted frore thuch larger flux towards the TCA
cycle, as compared to the two-branch TCA cycle atpan, since this was not observed
above 1.2 uM of dissolved oxygen. Nevertheless, siwecinic acid is exported remains
unclear. Several succinic acid transporters ofrtfit®chondrial membrane are known
and could account for exportation out of this oejn(Palmieri et al, 2000). However,
no transporter for succinic acid has been idewtife@ the plasma membrane yet.
Therefore, succinic acid could be exported eithediffusion and/or active transport.
However, the diffusion mechanism implicates a potidm rate that is six fold higher
than the one observed (see Annexes C). Prelimiegogriments argued in favor of an
active transport mechanism, since batch cultureSagtharomyces cerevisi&C1118
with approx. 2.7 uM of dissolved oxygen were aldeekport succinic acid, despite

being supplemented with exogenous succinic acid.
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IV.4 Role of -cytosol-mitochondria redox shuttles in respiro-fermentative

metabolism

Another feature of the mixed respiro-fermentativetabolism under the culture
conditions of this study was the increase of simgtlredox equivalents from the
cytoplasm to the mitochondria. MFA analysis sugggghat the functioning of Adh3p
shuttle is necessary to explain the ethanol redoctinder the 21uM of dissolved
oxygen condition. However, the function of neitiNetelp nor Gut2p can be ruled out in
respiro-fermentative metabolism, since replacindhZw with Ndelp does not change
model estimations. Moreover, inclusion of the Gusbpttle in the MFA model yielded
good estimations for all aerobic conditions (dad&shown). Experimental evidence for
Ndelp and Gut2p suggests that both mechanismsctave as enzymatic activity for
both was detected under aerobic, nitrogen-limitedd@ions (Pahlman, et al., 2001).
Moreover, at the oxygen metabolic threshold (betwde?2 and 2.7uM dissolved
oxygen), we found an induction of the Ndelp genéhattranscriptional level. Gut2p
gene was also gradually induced by oxygen, cordtiadi previous studies where this
gene was reported to be catabolically repressegb(fRat, et al., 2004) . Therefore, the
increased mitochondrial capacity for cytosolic NADébxidization could be attributed
to the presence of these shuttles, as well as efAih3p shuttle, which showed a
constant and significant gene expression regardfetse oxygen level.

Despite the increase in mitochondrial shuttle @gtithe mitochondria showed a
limited reoxidization capacity, as reflected by tlaege contribution of the ethanol
production pathway to NADH reoxidization, even wtiba yeast was under the highest
dissolved oxygen concentration (Table 111.6). Thisited capacity, instead of catabolic
repression, was the most likely cause of the Ceabéffect (Vemuri, et al., 2007) and,
overall, of the inability ofSaccharomyces cereviside develop a full respiratory
metabolism under nitrogen limitation. Whether tinsitation occurs at the shuttle level
or at the activity of the respiratory enzymes leigelunclear from our experiments.
Nevertheless, the shuttle hypothesis is in lindwgicent reports that have proposed that

mitochondrial membrane surface availability is @ulcin regulating the respiro-
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fermentative transition (Zhuang et al, 2011). Thae focusing on the shuttles can be a
valuable and novel approach to shift yeast metafmotio a more oxidative state. This
could be useful, for example, to lower ethanol picdobn in enological fermentation, an

active area of research in metabolic engineeriag, f®r example, Ehsani et al., (2009)).

IV.5 Respiratory related genes are expressed undesteady state oxygen levels

despite high sugar concentrations

The hypothesis of a limited mitochondrial reoxidiaa as the major cause of the
Crabtree effect was reinforced by gene expressiatyses. We found little evidence of
glucose catabolic repression of respiratory enzyraggheCOX, cytochromes b and ¢
(CYB2 and CYC) genes are responsive to oxygen despite high reattesugar
concentration. This was also observed by Tai efTal, et al., 2005). Even under
anaerobic conditions, expression of these genedighsr than the average (Figure IIl.
3), which discards any repressive effect from thgh lexternal glucose concentration.
The data also suggests that oxygen was able toideglucose catabolic repression, as
the expression of many responsive genes (suclQ§ was positively correlated with
dissolved oxygen concentrations (Figure 111.3). rEfere, heme-dependent oxygen
induction, through the HARanscription factor (Plakunov & Shelemekh, 20G&)uld
be able to by-pass catabolic repression. Howetwem|s not possible to detect significant
changes in transcription factor activities usingwérk Component Analysis (Liao, et
al., 2003), suggesting that the mechanisms involwedhis phenomenon are too
elaborated to be inferred only from gene exprespiofiles. This regulatory landscape

appears to encompass all conditions in the pressnmweygen.
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IV.6 Physiological response of wine yeast at the dhiest dissolved oxygen

concentration.

The physiological response of wine yeast at thédsgdissolved oxygen level
(21 uM), has several unique features. For instance, a jpgzgkne expression scheme
occurred. Respiratory genes were induced, but tanseding for ion transporters, such
as those for iron and copper, were repressed. i$hige opposite of what occurs upon
oxygen exposure where both, iron transport and in@spy genes are induced
coordinately, since iron is required for buildinget essential hemoproteins of the
respiratory chain.

The situation at 21 pM could be a major physiolagieconfiguration when
maximum OUR capacity of yeast cells is reachedufedll.1). One component of this
reconfiguration could be oxidative stress, whichuildoalso explain the iron uptake
restriction, seeing that an excess of iron gengnaiare free radicals into the cell (Eide,
1998). Furthermore, some oxidative stress markeegesuch a&RX4 are induced.
Grx4p negatively regulates the activity of Aftlpu{él-Carrion et al, 2006), the master
transcriptional factor regulating iron metabolisithe latter provides a mechanism to
explain iron transporter repression. Aftlp couldoainfluence nitrogen metabolism
(Shakoury-Elizeh, et al., 2004) which is indeeé tlase under high oxygen conditions.
For instance,DAL81], (regulator of allantoin utilization), a transdigm factor that
positively regulates the utilization of alternatimtrogen sources, shows the highest
expression at anaerobic condition and 21 pM dissblexygen, both conditions in
which nitrogen is effectively unavailable. Aftlp wd influence other nutrients
metabolism (Shakoury-Elizeh, et al., 2004), for ebhiwe also found transporter
repression (Table 111.7).

The repression of the nutrient transporters couiplagn the modest biomass
increase when comparing M with 5 uM dissolved oxygen conditions. Also, ltel
nutrient availability could play a role in estabiisg OUR saturation at 21M dissolved
oxygen (Figure Ill.1), since nutrient limitation rcampair the yeast capacity to build

more respiratory complexes and/or mitochondriasTigisupported by the fact that the
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critical OUR is much higher in carbon-limited cultg (Larsson, et al., 1993), indicating
that the catalytic capacity of the respiratory ohean sustain a higher OUR. Therefore,
the low critical OUR under nitrogen-limited cultucenditions is more likely related to
the total respiratory complexes available.

The evidence presented here suggests some degréetiofoxidative and
nutritional stress in the oxygen-saturated cond#ig21l puM). Consistently, we have
observed that with dissolved oxygen higher thapR1(Figure Ill.1), biomass can drop
as low as 4 g-L (data not shown), suggesting that at 21 uM dissbloxygen yeast
cells are at the limit of its biomass producingam@pes. Additionally, in this condition
there is a strong increase in carbohydrate syrgt{@&saible 111.5), which is a landmark of
physiological stress responses in microorganismse(lal., 2009). Altogether, this data
suggests that yeasts are possibly under multiiattstress under nitrogen-limited
conditions at the OUR saturation regime. Increasetohydrate synthesis also explains
the simultaneous increase of biomass/glucose y&ld decrease of ethanol and
COy/glucose yields, another puzzling feature of theu2A dissolved oxygen condition
(Table I11.2).

IV.7 Yeast cell wall remodeling by different steady state dissolved oxygen

concentration

The changes in dissolved oxygen concentrations ialpact the cell wall. For
instance SLC1, which encodes a key enzyme in phospholipid méishpis repressed
at 1.2 uM of dissolved oxygen. At the highest oxygencentration, these changes can
be another source of stress. For example, ergbstedounsaturated lipid biosynthetic
gene expression significantly decreased at 21 ubkotlired oxygen. In fact, the
ergosterol content and synthesis rate decreas&@@%ywhen comparing gM and 21
MM dissolved oxygen conditions (Table III.5). Thesgosterol reduction could also
contribute in establishing a stress phenotype,rgthat ergosterol has been regarded as
a protective compound against oxidative stress dbHo, et al., 2010). On the other

hand, oxygen represses several mannoprotein-ergcgdimes TIR) in a dose-dependent
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fashion This could be caused by Upc2p, an induteéhe ergosterol biosynthesis and
TIR genes (Davies & Rine, 2006). Upc2p decreasesgit tissolved oxygen levels
(Table 111.8) by a yet unknown mechanism. Moreovexygen represses another cell
wall-related geneMUC1, (also called~LO11), which is involved in flocculation of

non-industrial yeast strains (Bayly, et al., 2005)

IV.8 Dissolved oxygen levels impact for winemakingrocess.

From a wine making perspective, metabolic flux gsial and gene expression
data suggest that elevated dissolved oxygen caomtiems could affect yeast
performance during and after fermentation. Duriagrfentation, reaching oxygen levels
above 2.7 uM would reduce the ethanol yield (Tdhl@); and reaching 21 uM or
higher would induce a severe stress on the yelsfurgher decreasing its fermentative
capacity. These oxygen levels are easily achieweldd industrial wine making practice
(Moenne et al, unpublished data). Therefore, thesglts indicate that it is advisable not
to keep wine yeast cells at these oxygen levelsaforextended period of time.
Furthermore, mannoprotein genes repression by oxggeld also be damaging since
their presence in wine has been linked to many fizaleeffects, such as increased
mouth feel, aroma retention and astringency redodfGonzalez-Ramos, et al., 2008).
Furthermore, one of these mannoproteins (Hpfl@ ley contributor to white wine
clarification by protein haze removal (Dupin, et, &000). Another repressed gene
product, Flolp, is crucial for flocculation. Rems®Es of these proteins could be a novel
mechanism of how oxygen can affect wine qualitide$srom its known oxidative effect
on phenolic compounds (Waterhouse & Laurie, 2006).

On the contrary, low oxygen levels could be berafibor winemaking. For
instance, with 1.2 uM of dissolved oxygen, ethgroduction is similar to anaerobiosis,
and without acetic acid detection, which is benafisince acetic acid is a common “off-
flavor” in wine when is present in high concentpati(Boulton, et al., 1998). Viability
and stress resistance of the wine yeast might @sease, as specific content of

ergosterol, a protective compound against straasgse fermentation (Landolfo, et al.,
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2010), increases to its maximum (Orellana, M, Ageit F.F, & Agosin E., unpublished
data). Moreover, nitrogen-deficient musts can bedusiore efficiently in winemaking
since the proline carrierPUT4) is induced (Table 11l.7) and proline assimilation
effectively increased at 1.2 uM of dissolved oxyg@&able 111.5), which in turn allows
further biomass synthesis. Further research wilkimeed to find a trade-off between

oxygen addition and limitation under wine makingditions.

IV.9 Physiological response of the wine yea$. cerevisiae EC1118 to an oxygen

impulse under enological conditions.

The impact of an oxygen impulse on wine yeast mhggy resulted in several
unique features. For instance, in terms of dissblweygen dynamics, the time during
which the dissolved oxygen was consumed was ctofsur minutes, in agreement with
previously published data for transient anoxia (ledial., 2006; van den Brink, et al.,
2008). From a physiological perspective, dissolweggen is quickly consumed as
compared to another nutritional perturbations (saglglucose and ammonia) performed
under similar conditions (Dikicioglu, et al., 201This results from the fact that, under
anaerobic conditions, wine yeast cells actively regp several genes involved in
pathways and reactions that require oxygen forrtlienction. Therefore, post-
transcriptional regulation mechanisms are probaddponsible for the regulation of the
corresponding proteins, which would allow yeastsct rapidly respond to changes in
dissolved oxygen availability (Rintala, et al., 20%arela, et al., 2005).

This hypothesis is reinforced by the limited numbkgenes whose expression is
significantly affected by oxygen impulse (104 geneas compared with those
differentially expressed after glucose (372 germsammonia impulses (369 genes),
evaluated under similar culture conditions (Dikglig et al., 2011). The differential
expression of 104 genes is small, but coherent wighnotion that oxygen is not a
powerful stimulus on transcriptional change, as alestrated by the wine yeast response

to increasing long-term dissolved oxygen levels giamo, et al., 2012). The small
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number of genes differentially expressed also Istiragg a consequence, lack of gene
ontology term enrichment in our analysis. This f@ices the notion that oxygen, as a
short or long-term transcriptional stimulus, aaty/mn a few key genes.

It is noteworthy that the specific rates of mairrbcam compounds (glucose
consumption, and ethanol, biomass, glycerol andaradioxide production) remained
constant throughout the experiment. The latter|ccte attributed to the fast oxygen
consumption kinetics (4 minutes) that occurred um experiments (Figure lll.4a), in
agreement with previously published data for cafloited media, either in batch or

continuous culture conditions (L.aat al, 2006, van den Brinlet al, 2008).

IV.10 Gene expression response and regulatory netwks throughout dissolved

oxygen impulse

The gene expression clusters gathered througheutxjgen impulse showed a
single peak or valley at a certain time, reflectanyg uniphasic and, to some extent,
simpler response to the oxygen impulse under retrdgnited conditions; this was not
the case with more complex gene expression patf@asously reported for carbon-
limited, dynamic studies evaluated at aerobic/ast@ertransitions or vice versa (Lai, et
al., 2006; Lai, et al., 2005; van den Brink, et 2008).

IV.11 Master transcription factors controlling the short-term oxygen yeast

response.

Integrating gene expression data with existing aldbanscriptional networks
allowed us to find several master transcriptioregjutators of the oxygen response in
yeast. In particular, Haplp and Skn7p were the nmogibrtant, despite not being
regulated directly by oxygen itself. These reguatoave well-known small metabolite
dependent activation mechanisms and, thereforg,cnald be a likely starting point for

the regulatory cascade that results in the obsdraedcriptome dynamics. For instance,
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Haplp is activated by heme (Kwast, et al., 1998) 8kn7p responds to free radical
generating agents, such as hydrogen peroxide (Nd, 2008).

Each of these transcription factors have a majée mo different, although
related, biological processes that are inducedime weast cells due to a sudden increase
of dissolved oxygen under enological conditionspHais the master regulator of the
so-called “aerobic genes” (Kwast, et al., 1998n'Hkis one of the main transcriptional
controllers of S. cerevisiaeoxidative stress response (OSR) (Morano, et #122
Morgan, et al., 1997).

IV.11.1 Beneficial oxygen impulse effects from a wemaking perspective: the role
of Haplp.

The analysis of temporal gene expression of thereift clusters shows a trend
towards induction of mitochondrial respiratory chaenes, as part of the immediate
response to oxygen impulse (cluster 1), supportiug previous findings that
mitochondrial respiration could be active undereviearmentation conditions (Aceituno,
et al., 2012). This can impact the viability andrentative rate of yeast after discrete
oxygen additions, under enological conditions (Résld, et al., 2003; Valero, et al.,
2001).

On the other hand, the induction of sterol biokgtit genes, such &MG1,
ERG5andCYBS 10 minutes after the oxygen impulse (clusterid)n line with the
absolute requirement of oxygen for the biosynthesithese compounds (Rosenfeld &
Beauvoit, 2003); and also, concurs with the inductof ergosterol synthesis due to
oxygen availability, by wine yeast under winemakiognditions (Rosenfeld, et al.,
2003). Ergosterol plays a key role in the fluiditiythe yeast membrane, allowing to
increase ethanol tolerance (Alexandre, et al., 1,94 important attribute of industrial
yeast strains. Supporting our findings, the inductiof genes involved in sterol
homeostasisGYB5andERG gene family, among others) has been previouslgrteg
during the transition from anaerobic to aerobic dibons (Lai, et al., 2006). The
transient induction of ergosterol biosynthesisderdinated with the down-regulation of

its uptake; this is reflected in the repressioM0fS] one hour after the oxygen impulse
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(cluster 4). It is remarkable that, for long-termygen addition experiments, this
coordinated response of the ergosterol-relatedsgesms not detected (Aceituno, et al.,
2012), strongly suggesting that the induction ofygen-dependent ergosterol
biosynthesis is a transient phenomenon. The laéads support to the enological
practice of discrete oxygen additions, since onthefmain goals of this operation is to
allow ergosterol and unsaturated fatty acid synshiesthe fermenting yeast (Valero, et
al., 2001).

Furthermore, the over-delayed induction of proliremsportePUT4 (cluster 5)
reveals that the discrete addition of oxygen ureleslogical conditions also allows
nitrogen deficient musts to be more efficientlynfented during winemaking (Aceituno,
et al., 2012). The induction 6fUT4 and the repression of glutamine transpoft&P1
within the same temporal frame (5 hours after orygapulse), could represent a
coordinated response due to the availability ofipeoas a nitrogen source. Coherently
with this idea, in long-term oxygen additio8JT4 is induced even at low oxygen
concentration (Aceituno, et al., 2012).

As for the transcriptional regulation of this groop genes all, excepAGP],
belong to the Haplp transcriptional network, suppgrthe hypothesis that Haplp is the
master coordinator of the metabolic changes cabgeakygen addition on wine yeast
physiology. Nevertheless, some of these genesarsately controlled by the Haplp
transcriptional network. For instance, the inductiof PUT4 is also controlled by
oxidative stress through Skn7p (Figure 111.8a). Tater is supported by the current
induction of PUT4 with HSP12 and CTT1 (Figure 111.8a), five hours after oxygen
impulse (cluster 5)HSP12and CTT1 are known to participate in oxidative stress
response (Jamieson, 1998). Indeed, there are &eseidences that support the
relationship between stress response &ulT4 induction. For instance, Ni and
coworkers (Ni, et al., 2009) demonstrated the dirateraction between Skn7p and
PUT4 promoter through ChIP experiments. Additional ewice supportsPUT4
induction by saline stress (Dhar, et al., 2011;,Rem@l., 2000; Yale & Bohnert, 2001).
Therefore, the induction &#UT4 could also be a nutritional response caused bgaxy
availability as part of metabolic changes due taative stress by the sudden increase

of dissolved oxygen.
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IV.11.2 Other yeast oxidative stress response upooxygen addition in wine
fermentation conditions: the role of Skn7p.

Several evidence support that oxidative stressoresp of wine yeast cells is
induced by a sudden increase of dissolved oxyganinstance, the induction of both,
CTT1andSOD2 which belong to two of the major antioxidant defe mechanisms in
yeast (Jamieson, 1998). These genes are reguhatéddip, Msn2p and Msn4p, which
in turn are regulated by the master oxidative sttemscription factor Skn7p. The latter
is consistent with the known role of Msn2p, Msn4y &aplp in the yeast oxidative
stress response. InterestingGT T1andSOD?2are regulated either directly or indirectly
by Haplp (Jamieson, 1998), supporting the idea tthere are overlapping functions
between oxygen transcriptional response and oxelatress response. Moreov@QD?2
is induced 10 minutes after the oxygen impulsesfelul), whileCTT1is induced 5
hours later (cluster 5). This temporal differenceghh be explained by the fact that
Sod2p is a mitochondrial ROS scavenger, while Gglpcytosolic. Therefore, the yeast
response against ROS caused by the oxygen impulskel Wwe biphasic, composed of: a
short-term response, i.e. the control of ROS gemerdrom its mitochondrial source;
and a secondary response, minimizing ROS concentriait the cytoplasm.

However, oxidative stress response modifies theesgmon of genes that do not
respond uniquely to oxidative stress, the so-caltsdmon stress response (CER) genes
(Causton, et al., 2001) or environmental strespoese (ESR) genes (Gasch, et al.,
2000). For instance; TT1andHSP12expression are induced by heat shock and saline
stress (Martinez-Pastor, et al., 1996). Additignate induction offSL1 an hour after
the oxygen impulse (cluster 3), suggests a delayaction of trehalose biosynthesis
due to oxidative stress caused by the sudden sered dissolved oxygen. This
hypothesis is supported by the induction of trebalsynthesis as yeast's response to
hydrogen peroxide, an oxidative damaging agentrElst 2000). Nevertheless, the
induction of genes that participate in trehalosdatmalism is also considered as an
environmental stress response (Gasch, et al., 2@00sidering the essential role of
trehalose in response to thermal, osmotic and etlstresses (Pereira, et al., 2001). The
induction of the genes mentioned above clearlybéistees that the sudden increase of

dissolved oxygen concentration represents an emviental stress for the wine yeast.
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On the other hand, the involvement of Skn7p intthascriptional regulation of
PAU genes (Figure I11.8b) was coherent with its knawle in oxidative stress just as
the cell-wall related Pau proteins are known t@oesl to stress (Luo & van Vuuren,
2008). This hypothesis is supported by the fact ttenscriptional repression of Pau
proteins by oxygen is independent of Rox1p and hi@aehidi, et al., 2000).

IV.12 Other stress related responses and effect okygen impulse on the yeast cell

wall.

Another effect of oxidative stress on wine yeasgspblogy is related with cell
wall remodeling through the modification in the exgsion of cell wall mannoprotein
genes (Abramova, et al., 2001), as suggested brefitession oPAU genes (cluster 4)
and the induction o€WP1 (cluster 3). Moreover, transcription factor anaysuggests
that these genes are simultaneously regulated by Stel2p transcription factor
(Supplementary Figure 3, annexes D).

The role of some of the above mentioned genes e farmentation sheds some
light on the impact of oxygen in winemaking. Fom@mple, genes such &AU5 are
highly up-regulated during early stages of winemfentation (Rachidi, et al., 2000;
Rossignol, et al., 2003). Furthermore, the stabdit Pau5p is increased by osmotic and
ethanol stresses (Luo & van Vuuren, 2008), reinfgyadhe idea that oxygen has a
deleterious impact on the yeast stress responsaghy for instanceR? AUS repression.
On the other hand®AU genes behavior coincides with the dose-depenéenéssion of
TIR genes with increasing steady-state concentrafiahissolved oxygen (Aceituno, et
al., 2012). Altogether, these evidence suggests dkggen affects the mannoprotein
composition of yeast cell wall and, consequentlinenorganoleptic properties (Caridi,
2006; Gonzalez-Ramos, et al., 2008). Therefoigeems that excessive oxygen addition
could be detrimental for wine yeast stress restgtaturing winemaking, as well as for

resulting wine quality.
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V. CONCLUSIONS AND FUTURE DIRECTIONS

During the industrial winemaking process, oxygerditiohs are a common
practice in most wineries because it is benefitoal yeast growth, fermentative rate
(Julien, et al., 2000; Rosenfeld, et al., 2003pnaatic diversity and color stability
(Pérez-Magarifio et al., 2007) among other facteusthermore, oxygen is an efficient
tool in order to avoid sluggish and stuck fermeotet, a mayor problem for
winemaking industry (Bisson & Butzke, 2000; Blatayr& Sablayrolles, 2001).

Nonetheless, oxygen could have also detrimentaceffwhen added at the
wrong moment or in too high concentrations, resgltin wine oxidation, color
degradation and off-flavors synthesis (Toit et @006). Therefore, to facilitate the
development of oxygen addition strategies that mae yeast performance in industrial
fermentations and, to avoid the detrimental eff@ft®xygen on winemaking process,
improved knowledge about how oxygen modifies wineast physiology under
enological conditions is fundamental.

In this study, we present the first quantitatived asystemic assessment of the
impact of dissolved oxygen on wine yeast physiolagyder winemaking (i.e. nitrogen
limited and carbon sufficient) conditions.

In the first part of this study, we found that, endh nitrogen-limited setting,
dissolved oxygen levels exert a large metaboliceatffmainly on wine yeast
mitochondria. Furthermore, there is a threshold separates fermentative and respiro-
fermentative metabolism. This is related to thereggion of some key genes, such as
COX NDE1 and GUT2 and FRD1 Changes in the expression of these genes could
explain most of the flux changes estimated in i@ato respiration, cytosolic NADH
shuttling to the mitochondria and the change in T€Ale operation when dissolved
oxygen increases.

Additionally, gene induction casts doubts on tperation of glucose catabolic
repression under nitrogen-limited conditions, sificean be overridden by oxygen.
Indeed, the significative gene inductions of soreg itochondrial respiratory enzymes

(Supplementary table 2, annexes B) do not supperthypothesis of catabolic repression
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as the principal cause of Crabtree effect. FurtibeemMetabolic Flux Analysis suggests
that the Crabtree effect could be explained bylithged capacity of yeast mitochondria
to reoxidize cytosolic NADH under winemaking comnafis.

On the other hand, the physiological response okwieast at its fastest OUR
presents two main features: the nutritional restiicreflected by the repression of genes
encoding ion transporters, such as iron and compeithe stress responses of wine yeast
due to high oxygen concentration. The nutritiorestriction in these conditions, could
explain both, the modest biomass increase when aongp 21 yM with the 5 pM
dissolved oxygen condition and the fact that thgcat OUR is higher under carbon-
limited conditions. This could be related with theduced availability of respiratory
complexes under nitrogen limited conditions.

The stress phenotype of wine yeast at its fastet @ configured by the strong
increase in carbohydrate synthesis, which is a nemkl of stress responses in
microorganisms (Li, et al., 2009). Additionallygtheduction of ergosterol content could
also contribute in establishing a stress phenotsipee ergosterol is necessary to
mitigate oxidative stress and oxidative damag8.igerevisiasvine yeast strains during
growth under unfavorable conditions (Landolfo, let2010).

From a winemaking perspective, the results sugiesthigh dissolved oxygen
levels, could affect yeast performance throughbetférmentation process. For instance,
reaching dissolved oxygen levels above 2.7 uM waelduce the ethanol yield on
glucose (Table 111.2), which is beneficial if thdjective is to reduce the final ethanol
content in wine. Additionally, dissolved oxygen ééwf 21 uM would produce severe
stress phenotype on wine yeast, further decreasnfermentative capacity. This is
reflected in the reduction of the specific ethapmdduction rate (Table Ill.4a), at the
highest dissolved oxygen concentration.

Nonetheless, low oxygen levels could be benefié@l winemaking. For
instance, with 1.2 pM dissolved oxygen, ethanoldpotion is similar to anaerobiosis
(Table Ill.4b), and without acetic acid productievhich is beneficial since acetic acid is
a common “off-flavor” in wine when its producedhagh concentration (Boulton, et al.,

1998). Moreover, nitrogen-deficient musts can bedusore efficiently in winemaking
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since the proline carriePUT4) is induced under transient or steady-state amditif
oxygen. Indeed, proline assimilation effectivelycreased at 1.2 uM oxygen (Table
[11.5), which in turn, increases the biomass sysiheAdditionally, the induction of
genes coding for ergosterol pathway by the tramsestition of dissolved oxygen
supports this enological practice, since one of in goals of discrete oxygen
additions during winemaking process, is allowingosterol and unsaturated fatty acid
synthesis in the fermenting yeast (Valero, et241Q1)

Other genes affected by an oxygen impulse and wi&ate dissolved oxygen
levels were mannoprotein—encoding genes, which wegsessed as part of the global
remodeling of the cell wall. This repression cohlye negative consequences in wine
quality, considering the positive impact of yeasinmoproteins for wine aroma, color
and astringency, among others (Caridi, 2006).

The induction of mitochondrial respiratory genesrbgans of oxygen, despite
high sugar concentrations, supports the hypothesian active respiration under
winemaking conditions. Furthermore, Metabolic FAmxalysis assumes that respiration
works in presence of oxygen. Under this assumptiangestimations of ethanol and £€O
production were reliable (Table 11.2), providingrtheer support for a functional and
active respiratory pathway under our culture coods.

These evidence mentioned above, contradicts theergenbelief that
mitochondrial respiratory enzymes are subjectedcdtabolic repression (Gancedo,
1998) due to high sugar concentrations under wikergaconditions (Salmon, 2006).
Nonetheless, the inclusion of an active respiratpathway under winemaking
conditions could explain an important part of thé%# of overall yeast oxygen
consumption, which is not explained by several @ygconsumption pathways
evaluated in a recent study (Salmon, 2006).

In the second part of this study, we assessednipadt of transient oxygen
addition on the yeast transcriptome in nitrogentkoh conditions. The impact of the
transient oxygen addition was related to the indaodf mitochondrial respiratory chain
components, proline transport and sterol biosyithedthways -which might have a
positive impact on the wine fermentation progresse repression of mannoprotein

coding genes, which could have detrimental effémtsvine quality. However, we did
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not find an alteration on the dynamics of extradal metabolites, because the oxygen
added is quickly consumed under our culture coowlkti Nevertheless, data on short-
term transcriptomic dynamics were informative siicey differ to long-term oxygen
responses in the induction of sterol biosynthesithyays, oxidative stress response and
other stress-associated responses. Furthermorerabketranscription factors were
identified such as Haplp and Skn7p among the mastvant. These transcription
factors control the expression of the majority bé tgenes directly involved in the
physiological oxygen response in wine yeast. Thusy represent attractive targets for
fine-tuning expression, with the aim of enhancihg beneficial effects of oxygen on
wine quality and/or improving the wine yeast stressistance under winemaking
conditions.

Therefore, in order to validate our evidence thittrgyly suggest that respiratory
pathway is active under winemaking conditions, weairrently working on measuring
oxygen consumption by mitochondria extracted fromewyeasts that were grown under
the same conditions employed in our experiments, (itrogen limited and carbon
sufficient) mimicking winemaking conditions.

This study is a contribution to the understandifigp@v oxygen modifies yeast
physiology, metabolism and gene expression durimgrvaking. The effect of different
dissolved oxygen concentrations, using differenygex addition strategies, on wine
yeast physiology has been highlighted. Progresshim research area will make it
possible to develop oxygen addition strategiesclwvimaximize wine yeast performance
in industrial fermentations, and minimize the da@ntal effects of oxygen on wine
yeast metabolism and wine quality, while considgrihe dual role of oxygen in

“making or breaking wines.”
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VI. ANNEXES

Annexes A. Reactions included in the MFA model

In the following biochemical reactions the subsi€YT, MIT, and EX indicate
cytosolic, mitochondrial, and extracellular metates|, respectively; AICAR refers to

5-phosphoriboxyl-5-aminoimidazole-4-carboxamide;Fiéfers to tetrahydrofolate.

Glycolysis
1. Glucose + 1/6 ATP>Glucose 6-phosphate + 1/6 ADP + 1/6 H
2. Glucose 6-phosphate Fructose 6-phosphate

3. Fructose 6-phosphate + 1/6 ATR3/6 Glyceraldehyde 3-phosphat@/6

Dihydroxyacetone phosphate + 1/6 ADP + 1/6 H
4. Dihydroxyacetone phosphateGlyceraldehyde 3-phosphate

5. Glyceraldehyde 3-phosphate + 1/3 NAR: + 1/3 ADP + 1/ + 1/3 HO >

3-Phosphoglycerate + 1/3 ATP + 1/3 NARH + 2/3H"

6. 3-Phosphoglycerate Phosphoenolpyruvate + 1/361

7. Phosphoenolpyruvate + 1/3 ADP + 1/3 $tPyruvate + 1/3 ATP
Ethanol, glycerol, and acetate synthesis

8. Pyruvate + 1/3 H->2/3 Acetaldehyde + 1/3 GO

9. Acetaldehyde + 1/2 NADH/t + 1/2 H >Ethanol + 1/2 NADcyt
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10. Acetaldehyde + 1/2 NADRy + 1/2 HO > Acetate + 1/2 NADPyr+ H'

11. Dihydroxyacetone phosphate + 1/3 NABH + 1/3 H > Glycerol3-phosphate +

1/3 NAD'cyr
12.Glycerol 3-phosphate + 1/3"H>Glycerol + 1/3 P

Pentose phosphate pathway
13. Glucose 6-phosphate + 2/6 NARR: + 1/6 HO 5/6 Ribosé&-phosphate + 2/6

NADPHcyt + 2/6 H + 1/6 CQ
14.Ribose 5-phosphate 2/5 Erythrose 4-phosphate + 3/5 Fructeégghosphate

15.5/9 Ribose 5-phosphate + 4/9 Erythrose 4-phosphadédFructose 6-phosphate +

3/9 Glyceraldehyde 3-phosphate

Tricarboxylic acid cycle
16.3/7 Pyruvate + 4/7 Oxaloacetgte+ 1/7 NAD v + 1/7 HO 6/7 Isocitrate + 1/7

CO, + 1/7 NADHyr + U7 H
17.lsocitrate + 1/6 NADyr =5/6 a-Ketoglutarate + 1/6 CO+1/6 NADHyr

18.a-Ketoglutarate + 1/5 NAQyt + 1/5 ADP + 1/5 P + 1/5 40 4/5 Succinate + 1/5

ATP + 1/5 CQ + 1/5 NADHy;r + 1/5 H
19. Succinate + 1/4 FAD>Malate +1/4 FADH2 + 1/4 H

20.Malate + 1/4 HO + 1/4 NAD i+ > Oxaloacetatgr + 1/ANADHyt + 1/4 H
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21.Acetate + 1/2 Coenzyme A + ATP ¥ B Acetyl coenzyme A ADP + P + 1/2

H.O
22.1socitrate + 1/6 NADRyt =5/6 a-Ketoglutarate + 1/6 CE+ 1/6 NADPHt

Anaplerotic reaction: pyruvate carboxylase

23.3/4 Pyruvate + 1/4 COr 1/4 ATP->Oxaloacetateyr + 1/4ADP + 1/4 P + 1/4 H

Carbohydrate synthesis

24.Glucose 6-phosphate + 1/6 AP Carbohydrates + 1/6 ADP2¥6 P

Nitrogen metabolism and amino acid biosynthesis
25. a-Ketoglutarate + 1/5 N + 1/5 NADPH:yt + 1/5 H = Glutamate 1/5 HO +

1/5 NADP' eyt
26. Glutamate + 1/5 N + 1/5 ATP-> Glutamine + 1/5 ADP + 1B + 1/5 HO

27.4/9 Oxaloacetatgt + 5/9 Glutamate> 4/9 Aspartate + 5/@-Ketoglutarate

28.3/8 3-Phosphoglycerate + 5/8 Glutamate + 1/8 NARP-> 3/8Serine + 5/8x-

Ketoglutarate + 3/8 P + 1/8 NADQYWr
29.NH4ex + ATP-> NH4 + ADP +Pi

Synthesis of DNA, RNA, proteins, and lipids
30.5/23 Ribose 5-phosphate + 10/23 Glutamine + 3&%&t+ 4/23 Aspartate + 1/23
CO; + 6/23 ATP + 1/23 NADR.yt 2 9/23AICAR + 10/23 Glutamate + 4/23 Fumarate

+ 1/23 NADPH:yT + 6/23ADP + 6/23 Pi + 5/23 H+ 2/23 HO
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31.0.4579 AICAR + 0.4371 Glutamine + 0.0842 THF +31.3 Aspartate 0.2544
Ribose 5-phosphate + 0.4625 ATP + 0.0509 NARBRH 0.1540 NAD ¢yt + 0.3301
H,O >DNA + 0.4371 Glutamate + 0.12F8marate + 0.0509 NADR,t + 0.1540

NADHcyt + 0.5166 H + 0.4625ADP + 0.4625 Pi

32.0.5112 AICAR + 0.5271 Glutamine + 0.0568 THF +9®2 Aspartate 0.2400
Ribose 5-phosphate + 0.4890 ATP + 0.0568 NARP+0.1348 NAD ¢yt + 0.3427
H,O >RNA + 0.5271 Glutamate + 0.10F8marate + 0.1348 NAD&+ + 0.0568

NADPHcyt + 0.7080 H + 0.4890ADP + 0.4890 Pi

33.0.0263 Ribose 5-phosphate + 0.7189 Glutamate 31Q.Glutamine- 0.2319
Aspartate + 0.3944 Pyruvate + 0.0869 Serine + 0.85@&hrose 4-phosphate + 0.0895
Phosphoenolpyruvate + 1.008%FP + 0.0522 NADPIg;r + 0.0742 NADyr + 0.0201
NADHcyt + 0.088NADPHcyr + 0.0083 S@” + 0.7685 HO ->Proteins + 0.5596-
Ketoglutarate + 0.0518 Fumarate + 0.0044 Glycelalde 3-phosphate0.1155 CQ +
0.0110 NH" + 0.0124 THF + 0.0742 NADyr + 1.061H" + 0.0522 NADPy1 +

0.0201 NAD ¢yt + 0.0883 NADPcyt + 1.0084ADP + 1.0084 Pi

34.0.8326 Acetyl coenzyme A + 0.0662 Glyceraldehyg#8sphate 0.1012 Serine +
0.4000 ATP + 0.7111 NADP#yt + 0.0259 H -> Lipids + 0.0258 HO + 0.4000 ADP

+ 0.4000 Pi + 0.4163 Coenzymer 0.7111 NADPcyt
Manteinance ATP

35. ATP-> "manteinance”
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Oxaloacetate shuttle
36. Oxaloacetaigr + 1/4 ATP->Oxaloacetaigt + 1/4 ADP + 1/£i

Mitochondrial synthesis of ethanol

37.Acetaldehyde + 1/2 NADr + 1/2 H-> Ethanol + 1/2 NADyr

FAD oxidation

38.FADH, + 1/2Q, +ADP +Pi=> ATP + FAD  2H,0

Proline consumption

39. Proline + FAD + NAD "+ 2H,O & NADH + FADH, + Glutamate + H
Unsaturated lipid synthesis

40.0.061 Q + Lipids + 0.12H = Unsaturated lipids+ 0.12,9

Squalene synthesis

41. AcetylCoA + 0.5 ATP + 0.361 NADPH +0.361# 0.833 Squalene + 0.5ADP +

0.361 NADP + 0.167 CQ+ CoA
Ergosterol synthesis

42 Squalene + 0.3674-0.367 NADPH + 0.1 NADH + 0.533'H> 0.934 Ergosterol +

0.033 CQ + 0.033 formate + 0.567.89
Formate incorporation

43.Formate + ATP> THF
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Electron transport chain

44.NADH + 1/20, + ADP + 1/2Pi +H > ATP +NAD" + H,0O

Annexes B. Supplementary tables

Supplementary Table .. Average fluxes for each reaction (humbered as in
previous section) for the five dissolved oxygenditans. Data in C-mmol (gDCW

hyt

Dissolved Oxygeny(M) 0 1.2 2.7 5 21

01 43.56791 43.93017 37.45833 35.40776 21.62[141
02 41.7412. 42.0506: 35.4277. 33.421¢ 19.6349

03 42.27222 42.61684 35.99882 33.99629 20.200993
04 19.6537: 19.903. 16.5860 15.951: 9.68210:

05 40.91255 41.34309 34.71817 33.08311 19.92073
0€ 40.8039! 41.2345: 34.6126! 32.9776:. 19.8152!

07 40.72317 41.15371 34.53187 32.89681 19.73443
08 39.70785 40.01887 30.83968 27.55615 12.92306
09 26.37516 26.71167 22.28275 21.43511 13.07627
10 0.031122 0.0112¢4 0.011266 0.022955 0.022p55
11 1.48233. 1.4052. 1.41334. 1.04684! 0.42286:

12 1.482331 1.40522 1.413343 1.046845 0.422B62
13 0.91180° 0.96468: 0.9606: 0.96646. 0.96646:

14 0.509793 0.539161 0.543223 0.546467 0.546467
15 0.337649 0.364081 0.367738 0.370658 0.370658
16 0.367146 0.557225 5.241644 10.17779 13.17687
17 0.057972 0.220897 4.236103 8.467075 11.03685
18 -0.4012: -0.2654: 3.08055! 6.60635¢ 8.74782:

19 -0.38068 -0.32281 1.617522 5.0608[79 6.848967
2C -0.3288: -0.2709: 1.66333! 5.10669! 6.89478i

21 -0.00027 0.01124 0.011266 0.022955 0.022955
22 0.25672: 0.25672. 0.2567. 0.25671! 0.25671!

23 0.754398 0.805152 1.538157 0.915469 0.84p57
24 0.91486: 0.91486: 1.07 1.0Z 2.58¢

25 1.156713 1.15673 1.139657 1.139674 1.139674
26 0.237184 0.237206 0.217369 0.217391 0.217891
27 0.485519 0.485544 0.464089 0.464115 0.464115
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28 0.289491 0.289499 0.281267 0.281275 0.281R75
28 0.27013! 0.27014: 0.26276: 0.26276! 0.26276!

30 0.048963 0.0489¢ 0.025329 0.025357 0.025B57
31 0.006801 0.00681! 0.00686: 0.00687! 0.00687!

32 0.063172 0.063181 0.045031 0.04504 0.04504
33 0.864401 0.86440: 0.86439: 0.8643¢ 0.8643¢

34 1.39E-07 1.39E-07 1.39E-Q7 1.39E-p7 1.39E;07
35 11.20334 11.4032 10.86781 12.85686 10.18332
3€ 0.53861- 0.58935 1.33189: 0.70919 0.63429!

37 0.065756 -0.0435§ -1.73413 -3.087p1 -4.4838
38 -0.09517 -0.1023 0.35558 1.21682 1.712242
39 6.7E-15 -0.108 -0.244 -0.242 -1.26E-14
4C -0.0059¢ -0.005¢ -0.0063! -0.0061¢ -0.0061¢

41 2.2E-08 2.2E-08 2.2E-08 2.2E-08 2.20E408
42 -0.0002° 0.0112¢ 0.01126! 0.02295! 0.02295!

43 -0.0002! 0.00940! 0.00938: 0.01912: 0.01912:

44 0.095335 0.1954 2.537532 4.469145 6.053y23

Supplementary Table 2 Gene expression of key mitochondrial respirageyes

according to Affymetrix microarray data (Aceiturat,al., 2012).

| Dissolved oxygen concentratiopl{])
Gene code Gene Function 0 1.2 2.7 5
name
YGL187C coxa ComplexiVio g qq 943 985  10.12
subunit
YNLOS2W coxsa  COmPEXIV g 60 919 995  10.30
YJR048W CYC1l Cytochrome c 6.55 5.49 7.09 8.7
Complex lli
YORO065W CYT1 catalytic 7.51 7.13 7.33 8.27
subinit
Average gene
expression of
the whole 6.69 6.40 6.50 6.66
transcriptome

Data is deposited at Gene Expression Ominbus uhderumber GSE34964.
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Annexes C. Succinic acid transport

The observed production rate of succinic acid (@dtl4a, main text) is the
actual production rate only if there is no intrdlar accumulation of the product, i.e., it
is exported against concentration gradient. Sirae/ea succinic acid transporters in
yeast are unknown, we evaluated a diffusion meshanin the first case, the diffusion
is governed by the intracellular and extracellydbk. Since the pKlL of succinic acid is
4.21 ,assuming an intracellular pH of 5 (Walker98pand extracellular pH of 3.5, most
of the succinic acid should be in an anionic, mamboxylic form that is unable to cross
the membrane. This arises from the following caltiahs, using the equation for

diffusion of weak acids in (Villadsen, et al., 2011

H —pKa
Cintracellular 1+ 107 p

H—-—pK
Cextraceliular 1+ 10pH—-pRa

Replacing the values for compartment pH and pKa,ob&in that the ratio
intracellular/extracellular concentration is 6 lastpH conditions. Therefore, to achieve
a production rate of succinic acid of 0.24 C-mngidCW™*h)™, (the rate in the 4 pM of
dissolved oxygen), which corresponds to an exthaleelconcentration of 2.54 mM, the
cell should to accumulate 15.24 mM of intracellulsuccinic acid. This would
correspond to an actual production rate of 1.44r@ein(gDCW h)" of succinic acid,

six-fold higher than the observed production rate.

To differentiate between active transport and passiffusion, we carried out
batch cultures of in presence of 0.2 §-éxogenous succinic acid, with should inhibit
diffusion but not active transport. These cultunese performed in 250 ml flasks filled
with cMS300 medium up to 225 ml. They were inocediatind incubated in an orbital
shaker at 150 RPM at 20°C. These cultures had apfgxM dissolved oxygen,
resembling the 5% condition. We found that succega is produced at roughly the
same rate (0.11 C-mmol (gDCW™) despite the exogenous succinic acid, giving
evidence of active transport. Although there isknown transporter for succinic acid,
we tested the Pdrl2p transporter. This is an ATpedéent transporter of the ABC

family that is known to transport monocarboxyliadscand induced by succinic acid
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(Hatzixanthis, et al., 2003). We evaluated batcluces of aPDR12null mutant in a
BY4743 strain background; however, it produced sucacid in the same amount as
the control with 4 uM dissolved oxygen. Despitesteetback, we can conclude that

succinic acid should be actively exported by aaspunknown transporter.

Annexes D. Supplementary figures

Supplementary figure 1: Dissolved oxygen dynamics after oxygen impulsehwit
different compositions of culture media: distillegater (lines), viable biomass (open
square) and heat inactivated biomass (close circleghis experiment, the nitrogen gas
feed was replaced with pure oxygen for 35 secoAfter this time, the nitrogen gas
feed was restored.

e inactive biomass o viable biomass - destilled water
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Supplementary figure 2: Hierarchical clustering of th8. cerevisia¢ranscriptome data
after dissolved oxygen impulse. From the centdh&ooutside, the dendrogram depicts
(i) a hierarchical clustering tree; (ii) color rilas indicating each of the 6 clusters, and
(iif) heat maps of gene expression values, whedeared blue represent low and high
gene expression levels, respectively. Expressigrl lef each gene during the time
course from 0 minutes (most internal) to 10 houmegt external), are shown. The scale
of the calculated distances in the dendrogransis illlstrated.
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Supplementary figure 3: Stel2p regulates the expression of mannoproteiresgen
Master transcription factor and target genes éustrated from the top to the bottom of
the figure. Nodes were identified according to thester which they belong: Cluster 3
(grey octagon) and Cluster 4 (grey hexagon).
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