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The maintenance of the balance between oxidized and reduced redox cofactors is
essential for the functioning of many cellular processes in all living organisms. During
Saccharomyces cerevisiae fermentation, it is supported by metabolism and
consequently, modulates the formation of a wide range of by-products. In this study,
we investigated the question of variability between wine yeast species in their
management of redox balance and its consequences on the fermentation
performances and the formation of metabolites. To this aim, we quantified the changes
in NAD(H) and NADP(H) concentrations and redox status throughout the fermentation
of 6 wine yeast species. While the availability of NADP and NADPH remained
balanced and stable throughout the process for all the strains, important differences
between species were observed in the dynamics of NAD and NADH intracellular pools.
A comparative analysis of these data with the fermentation capacity and metabolic
profiles of the strains revealed that Saccharomyces cerevisiae, Torulaspora delbrueckii
and Lachancea thermotolerans strains were able to reoxidize NADH to NAD
throughout the fermentation, mainly by the formation of glycerol. These species
exhibited good fermentation capacities. Conversely, Starmerella bacillaris and
Metschnikowia pulcherrima species were unable to regenerate NAD as early as one
third of sugars were consumed, explaining at least in part their poor growth and
fermentation performances. The Kluyveromyces marxianus strain exhibited a specific
behaviour, by maintaining similar levels of NAD and NADH throughout the process.
This balance between oxidised and reduced redox cofactors ensured the consumption
of a large part of sugars by this species, despite a low fermentation rate. In addition,
the dynamics of redox cofactors affected the production of by-products by the various
strains either directly or indirectly, through the formation of precursors. Major examples
are the increased formation of glycerol by S. bacillaris and M. pulcherrima strains, as a
way of trying to reoxidise NADH, and the greater capacity to produce acetate and
derived metabolites of yeasts capable of maintaining their redox balance. Overall, this
study provided new insight into the contribution of the management of redox status to
the orientation of yeast metabolism during fermentation. This information should be
taken into account when developing strategies for more efficient and effective
fermentation.
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Abstract

The maintenance of the balance between oxidized and reduced redox cofactors is essential for the
functioning of many cellular processes in all living organisms. During Saccharomyces cerevisiae
fermentation, it is supported by metabolism and consequently, modulates the formation of a wide
range of by-products. In this study, we investigated the question of variability between wine yeast
species in their management of redox balance and its consequences on the fermentation
performances and the formation of metabolites. To this aim, we quantified the changes in NAD(H)
and NADP(H) concentrations and redox status throughout the fermentation of 6 wine yeast species.
While the availability of NADP and NADPH remained balanced and stable throughout the process for
all the strains, important differences between species were observed in the dynamics of NAD and
NADH intracellular pools. A comparative analysis of these data with the fermentation capacity and
metabolic profiles of the strains revealed that Saccharomyces cerevisiae, Torulaspora delbrueckii and
Lachancea thermotolerans strains were able to reoxidize NADH to NAD throughout the fermentation,
mainly by the formation of glycerol. These species exhibited good fermentation capacities.
Conversely, Starmerella bacillaris and Metschnikowia pulcherrima species were unable to regenerate
NAD as early as one third of sugars were consumed, explaining at least in part their poor growth and
fermentation performances. The Kluyveromyces marxianus strain exhibited a specific behaviour, by
maintaining similar levels of NAD and NADH throughout the process. This balance between oxidised
and reduced redox cofactors ensured the consumption of a large part of sugars by this species,
despite a low fermentation rate. In addition, the dynamics of redox cofactors affected the production
of by-products by the various strains either directly or indirectly, through the formation of
precursors. Major examples are the increased formation of glycerol by S. bacillaris and M.
pulcherrima strains, as a way of trying to reoxidise NADH, and the greater capacity to produce
acetate and derived metabolites of yeasts capable of maintaining their redox balance. Overall, this
study provided new insight into the contribution of the management of redox status to the
orientation of yeast metabolism during fermentation. This information should be taken into account

when developing strategies for more efficient and effective fermentation.

Keywords: wine fermentation, Saccharomyces and non-Saccharomyces yeasts, redox homeostasis,

NAD(H) and NADP(H), yeast redox metabolism
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1. Introduction

Yeasts have long been recognized for their role in fermenting sugars (Anderson, 1989; Gonzalez et
al., 2021; Nielsen, 2003). During fermentation, they use the nutrients contained in grape juice for the
generation of energy and the production of anabolic precursors, required for their growth and
survival. In doing so, they convert sugars into ethanol and carbon dioxide as well as a wide range of
metabolites including glycerol, organic acids and volatile compounds. The activity of this metabolic
network is influenced by several factors including nutrient and substrate availability, oxygen
requirements, and fermentation by-products (Barrajon-Simancas et al., 2011; Carrau et al., 2010,
2008; Fleet, 2003; Swiegers et al., 2005; Torrea, 2003). Several pathways of this network involve
intricate reductive and oxidative reactions facilitated by dehydrogenase enzymes (about 200
reactions in Saccharomyces cerevisiae) that utilize nicotinamide adenine dinucleotide NAD(H) and its
phosphorylated version NADP(H), as well as flavin adenine dinucleotide FAD(H,) as cofactors
(Nielsen, 2003). During fermentation, the formation of energy achieved by converting sugars into
ethanol via glycolysis is a redox-neutral process. On the other hand, the formation of biomass
(anabolism) and organic acids from sugars generates an excess of reduced cofactors NADH (Oura,
1977). Furthermore, anabolism is associated with the consumption of NADPH, used as reducing
cofactor in many reactions involved in the biosynthesis of amino acids, lipids and nucleotides

(Bruinenberg et al., 1983; Cortassa et al., 1995; van Dijken and Scheffers, 1986).

Maintaining cellular redox balance between oxidised and reduced cofactors is essential to ensuring
metabolic functioning, but it is subjected to specific constraints during yeast fermentation.
Importantly, S. cerevisiae and more generally wine yeasts do not possess any transhydrogenase
enzyme for interconverting NADH and NADPH (Bruinenberg et al., 1983; Kulkarni and Brookes, 2019;
Pahlman et al., 2001; Rigoulet et al., 2004; van Dijken and Scheffers, 1986; van Hoek and Merks,
2012a). Thus, exchanges between the two pyridine nucleotide coenzyme systems can only be
ensured by the coupling of kinase and dehydrogenase activities, which enables the conversion of
NADH and NADP cofactors into NAD and NADPH (Bakker et al., 2001; Nissen et al., 2001; Sazanov and
Jackson, 1994). However, the actual contribution of these systems as redox shunt is minimal
(Haselbeck and McAlister-Henn, 1993; Outten, 2003). In addition, the mitochondrial inner membrane
is almost physically impermeable to redox cofactors (Jagow and Klingenberg, 1970). This imposes a

separate management of the NADH and NADPH turnover in the different cellular compartments.

The amount of oxygen in natural grape juice is low, around 8 mg/L, and it is rapidly depleted, thereby

rendering the medium anaerobic. Consequently, intracellular redox homeostasis during wine
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fermentation is exclusively ensured through the production of ethanol and other metabolic end-
products. In S. cerevisiae, the reduction of dihydroxyacetone-3-phosphate to glycerol-3-phosphate
has been reported as the main route for balancing the cytosol surplus of NADH, while mitochondrial
redox shuttles that export redox equivalents to the cytosol play a key role in mitochondrial NADH
recycling (Bakker et al., 2001). NADPH consumption takes place mainly in the cytoplasm (Albers et
al., 1998), and is largely compensated by the activity of the two dehydrogenases in the oxidative part
of the pentose phosphate pathway: the glucose-6-phosphate dehydrogenase Zwflp and the 6-
phosphogluconate dehydrogenase Gnd1p. In addition, cytosolic (Ald6p) and mitochondrial (Ald4p,
Ald5p) NADP-dependent aldehyde dehydrogenases fine-tune the NADPH turnover (Saint-Prix et al.,
2004). In this context, previous works highlighted that S. cerevisiae redox metabolism exhibits
remarkable flexibility, responding to external factors that modulate anabolic requirements by
adjusting specific inter-compartmental electron exchanges and the formation of unique metabolites,
while also facilitating the excretion of redox sinks (Hazelwood et al., 2008; Henriques et al., 2021;
Nielsen, 2003; van Hoek and Merks, 2012b). This plasticity was also highlighted by altering
NAD*/NADH and NADP*/NADPH ratios, which forced the yeast to redistribute the carbon flux in the
metabolic network to restore the redox balance (Bloem et al., 2016; Celton et al., 2012a; Heux et al.,
2006; Hou et al., 2009; Jain et al., 2012). Apart from influencing the formation of central carbon
metabolites, this metabolic flexibility to maintain redox balance modulates the synthesis of other
compounds involving dehydrogenases (Bloem et al., 2016; Celton et al., 2012b, 2012a; Duncan et al.,
2023; Jain et al., 2012). These include a variety of aroma and flavour compounds of interest for the

sensory quality of fermented beverages.

Non-Saccharomyces yeast species, naturally found in grape must, may affect wine quality positively
or negatively. These yeasts are of growing interest in winemaking for shaping wine flavours of natural
grape musts, and they are predominantly found in the earlier stages of wine fermentation (Ciani et
al., 2010; Henschke and Jiranek, 1993; Jolly et al., 2003; Lane and Morrissey, 2010). They are typically
outcompeted by Saccharomyces cerevisiae strains in the medium, mainly due to their low resistance
to ethanol. The impacts of selected yeast species on wine properties have been largely described in
literature. Torulaspora delbrueckii, produces polyols, low volatile acidity, and high succinate
(Ballester-Tomas et al., 2017; Brandam et al., 2013; lvit et al., 2020; Mbuyane et al., 2018; Tondini et
al., 2020). Starmerella bacillaris shows variations in carbon metabolism including high glycerol yields
and lows alcohol and acetate yields (Contreras et al., 2015; Englezos et al., 2018). Metschnikowia
pulcherrima produces relevant higher alcohols and reduces ethanol concentration, particularly
during mixed fermentation, and simultaneously favour the production of esters and higher alcohols

such as phenylethanol (Contreras et al., 2015; Jolly et al., 2014; Morales et al., 2015; Quirds et al.,
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2014; Sadineni et al., 2012). The inoculation of Lachancea thermotolerans typically results in wines
with low volatile acidity and certain strains produce lactic acid, thereby increasing wine’s titratable
acidity (Bagheri et al., 2018; Binati et al., 2020; Ciani et al., 2010; Comitini et al., 2021; Jolly et al.,
2014; Morata et al., 2018). Finally, Kluyveromyces marxianus produces higher concentrations of
certain aroma compound from the Ehrlich pathway (Labuschagne et al., 2021; Rollero et al., 2019).
These metabolic differences are likely connected to the genetic background of the yeasts (Ayer et al.,
2012; Harrison et al., 2007; Henriques et al., 2021; Li and Bao, 2007; van Hoek and Merks, 2012a),
especially their ability to catalyse certain reactions and to manage their intracellular redox balance.
Nevertheless, limited knowledge is available regarding the strategies used by the non-Saccharomyces
species to manage the NAD(H) and NADP(H) turnover and the subsequent consequences on the

formation of central carbon metabolites and volatile compounds.

The aim of this study was to survey the landscape of redox status dynamics amongst yeast species
throughout alcoholic fermentation under conditions simulating those of winemaking in order to
better comprehend the differences observed in terms of fermentation performances and flavour
production. We selected wine yeast species known for their varying fermentation abilities and
response to available oxygen and sugars. Using a metabolomics approach, we assessed intracellular
redox cofactors and extracellular by-products to determine the redox state of the different strains

over time and correlate it with the yeast metabolic activity.

2. Materials and Methods

2.1. Yeast strains and growth conditions

2.1.1. Yeast Strains
The yeasts investigated were selected from a variety of wine yeast species known for possessing a
range of fermentation performance abilities and differing response to the presence of oxygen and
sugars (Crabtree effect). They were chosen from the natural isolates in the culture collections of the
South African Grape and Wine Research Institute (SAGWRI; formerly Institute for Wine
Biotechnology (IWBT), Stellenbosch University, South Africa), the Centre International de Ressources
Microbiennes. (CIRM, France)), and Lallemand Inc. (Montreal, QC, Canada) (Table 1). They were
cryopreserved at -80°C in 20% (v/v) glycerol Yeast Peptone Dextrose (YPD) medium (10 g/L yeast
extract. 20 g/L peptone. 20 g/L glucose) and cultivated on YPD agar plate (YPD + 20 g/L agar).

Table 1

Cryopreserved yeast cultures were thawed at room temperature, and then streaked on YPD agar.
Thereafter, a preculture was prepared for each yeast strain by inoculating a single colony into 50 mL

of YPD broth, which was then incubated at 28°C under agitation at 180 rpm for 12 - 15 h. The

5
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MultisizerTM 3 Coulter Counter (Beckman Coulter, Brea, CA, USA) was used to calculate the cell
density of each strain. Thereafter, all strains were inoculated from their respective preculture at a

cell density of 1 x 10° cells/mL.

2.1.2. Synthetic grape must medium
A synthetic grape must (SM) medium that mimics grape juice composition was used containing 200
g/L sugars (100 g/L glucose and 100 g/L fructose) (Table S1), and 200 mg/L yeast assimilable nitrogen
(YAN) as a mixture of amino acids (Table S2) and ammonium, trace elements (Table S3), and vitamins
(Table S4) as described by Bely et al. (1990). The pH of the medium was adjusted to 3.3 using 10 M
NaOH.

2.1.3. Fermentation conditions
Triplicate fermentations were carried out in 330-mL glass flasks equipped with a sampling port
containing 250 mL of SM medium for each strain. These flasks were also equipped with water-filled
fermentation locks in order to maintain self-generated anaerobiosis during fermentation. Steam-
pasteurisation of the flasks with SM was carried out at 100°C for 15 min to ensure asepsis without
destroying thermolabile compounds such as vitamins. Then, the medium was saturated with sterile
air for 20 min while being constantly agitated to balance the levels of dissolved and headspace
oxygen. Furthermore, after sparging and before inoculation, under sterile conditions the SM was
supplemented with 5 mg/L phytosterols in order to meet the lipid requirements of the yeast during
anaerobic growth. The phytosterol stock solution, prepared with a commercial solution of B-
sitosterol >70% (Sigma 85541) that also contains other sterols, was composed of 20 g/L B-sitosterol
(Sigma-Aldrich, St. Louis, MO, USA), Tween 80 (Sigma-Aldrich)/absolute ethanol (1:1, v/v) in the stock
solution. The medium was fermented under isothermal conditions at 22°C with continuous agitation

at 250 rpm.

2.2, Analytical methods

2.2.1. Fermentation, growth kinetics, and cell dry biomass.
The progress of the fermentations was monitored by the release of CO, determined by measuring
the weight of the fermentation flasks. For the initial three days of fermentation, the flasks were
weighed at least five times daily, with measurements taken at 3-hour intervals. This approach was
particularly useful for strains known for their high fermentation kinetics as it allowed for a clear
depiction of the CO; production rate and the transition from the lag phase to the exponential phase.
Several parameters of fermentation kinetics were calculated: the lag time, the maximum rate of
fermentation (Rmax), the time to reach Rmax, the CO, produced at Rmayx, the rate of fermentation

when 30 and 60 g/L CO, was produced. With the exception of fermentation duration, all of these
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parameters were extracted from the weight loss data using the in-house R package alfisStatUtilR
(v1.0.0) based on a local regression and likelihood model that smooth the data with the locfit
function (Loader, 2013). In this model, the rate of CO, production was calculated by polynomial
smoothing of the last 10 fermenter weight measurements. The lag phase is defined as the period
from the beginning of fermentation to the point at which 1 g/L cumulative CO; has been produced.
The end of fermentation (EF) was defined as the time when CO, production rate reached stable

values £ 0.02 g/L/h for a continuous period of 48 h.

Yeast growth was monitored by measuring the absorbance of the culture at 600 nm (OD600). The
intracellular redox state was investigated at three points during fermentation based on the growth
curve values and time of cultivation from preliminary fermentations. We used the following modified
Gompertz function, previously described by Zwietering et al. (1990), on the growth curves data in
order to determine the sampling points for each strain based on its physiological state during the

fermentation.

Function to fit:

X
G(t) = Aexp {—exp [,um%

e

A—0)+ 1]}
Where G(t) is the cell population at time t (in this study calculated as In[OD600(t)/0D600(to)]), A is
the maximum population level (Y units), pmaxthe maximum growth rate (h™!) and A the lag time (h)

defined as the time axis intercept of the tangent through the inflection point.

Therefore, intracellular redox state was determined from culture samples that were collected at mid-
growth phase at 50% OD (corresponding to entry into exponential CO, production), maximum
population (corresponding to entry into stationary growth phase and with a CO, concentration of 30

g/L for some strains), and at mid-stationary growth phase with a CO, concentration of 60 g/L.

Dry biomass was determined by filtering 10 mL of culture through a 0.45-um pore size nitrocellulose
filter (Millipore®). The filter was then rinsed twice with 50 mL of distilled water and dried in an oven

at 110°C for 48 h (until no more weight loss was observed).

2.2.2. Quenching and quantification of redox cofactors
The concentration of redox cofactors was determined from a population of 107 cells for each cofactor
pair. At different stages of fermentation, the yeast cellular metabolism was instantly inactivated
(quenched) using a HEPES/methanol mixture (Faijes et al., 2007). Briefly, a 1 mL culture sample was
transferred to a pre-chilled tube containing a cold (-80°C) mixture of HEPES/methanol (60% methanol
in 10 mM HEPES buffer at pH 7.1). The cells and the supernatant were separated using a pre-chilled (-
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10°C) centrifuge at 5000 rpm for five minutes. Then, the obtained pellets were frozen at -80°C until
NAD(H) and NADP(H) were extracted. The cofactors were extracted and quantified according to the
supplier’s protocols, NAD(H) (MAKO037) and (MAKO038) (Sigma-Aldrich). At each sampling point, the

biomass was used to normalize the redox cofactor concentrations.

2.2.3. Quantification of primary metabolites
The concentrations of yeast primary metabolites such as ethanol, glycerol, acetate, a-ketoglutarate,
and succinate were determined by HPLC (HPLC 1260 Infinity, Agilent™ Technologies, Santa Clara, CA,
USA) on a Phenomenex Rezex ROA column (Phenomenex™, Le Pecq, France) at 60 °C. The column
was eluted with 0.005 N H,S0O, at a flow rate of 0.6 mL/min. Organic acids with the exception of
succinate were analyzed with a UV detector (Agilent Technologies) at 210 nm; the concentrations of
the other compounds including succinate were quantified with a refractive index detector (Agilent

Technologies). Analysis was carried out with the Agilent™ OpenlLab CDS 2. x software package.

2.2.4. Quantification of selected secondary metabolites
The concentrations of ethyl acetate, ethyl propanoate, ethyl 2-methylpropanoate, ethyl butanoate,
ethyl 2-methylbutanoate, ethyl 3-methylbutanoate, ethyl hexanoate, ethyl octanoate, ethyl
decanoate, ethyl dodecanoate, ethyl lactate, diethyl succinate, 2-methylpropyl acetate, 2-
methylbutyl acetate, 3-methyl butyl acetate, 2-phenylethyl acetate, 2-methylpropanol, 2-
methylbutanol, 3-methylbutanol, hexanol, 2-phenylethanol, propanoic acid, butanoic acid, 2-
methylpropanoic acid, 2-methylbutanoic acid, 3-methylbutanoic acid, hexanoic acid, octanoic acid,
decanoic acid, and dodecanoic acid were measured in the liquid phase after sample pre-treatment by
double liquid-liquid extraction with dichloromethane in the presence of deuterated standards
(Rollero et al., 2015). Samples were analyzed with an Agilent 8860 gas chromatograph (Agilent
Technologies) equipped with an Agilent 7693A Autosampler (Agilent Technologies and coupled to an
Agilent 5977B mass spectrometer (Agilent TechnologiesData were acquired and processed on
Openlab CDS 2 software (Agilent Technologies, Santa Clara, California, USA). The gas chromatograph
was fitted with a ZB-WAX 30 mx0.25 mmx0.25 um fused silica capillary column (Phenomenex).
Helium was used as carrier gas (Air Products, Allentown, Pennsylvania, USA) at a constant flow rate
of 1 mL/min. The following oven parameters were used for this analysis: initial temperature was 40°C
held for 3 min, followed by an increase at a rate of 4°C/min to 160°C, then an increase at a rate of
15°C/min until 220°C and finally an increase at a rate of 20°C/min until 240°C held at this
temperature for 10 min. Injector was set at 240°C, the autosampler was tempered to 8°C and sample
volume was 2 L injected in split mode at a split ratio of 10:1. The mass spectrometer quadrupole

temperature was set at 150°C, the ion source was set at 230°C, and the transfer line at 240°C. For
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quantification, mass spectra were acquired in Selected lon Monitoring (SIM) mode at an electron

impact energy of 70 eV.

2.2.5. Quantification of acetoin and 2.3-butanediol
Acetoin and 2,3-butanediol were analyzed by GC-FID after a double liquid-liquid extraction in
chloroform in the presence of 1 mL internal standard (hexanol, 1:1000 v/v). The organic phase was
dried and injected into the GC column. The apparatus used includes a HP 5890 gas chromatograph
(Agilent Technologies) equipped with an SGE™ BP20 polar column (30 m x 0.53 mm x 1.0 um) and

coupled to a flame ionization detector.

2.3. Statistical analyses
All the experiments were carried out in biological triplicates. Statistical analyses were performed with
R version 4.2.3 (The R Foundation for statistical computing, 2023). The aov function in R was used to
implement one-way and two-way ANOVA, and when p-values were less than 0.05, the post-hoc
Tukey's honesty significance difference (HSD) test, which is performed with the agricolae package
(v1.3.5), was used to assess significant differences between the means. XLSTAT version 2023.1.1
(Addinsoft, NY, USA) was used for the Principal Component Analysis (PCA) of the secondary

metabolites.

3. Results
We conducted fermentations in conditions mimicking those of wine fermentation in order to survey
the landscape of intracellular redox status and compare the dynamics of the redox metabolism in
eight individual strains from different wine yeast species (Table 1) throughout alcoholic
fermentation. Alcoholic fermentations were monitored until no more weight loss was recorded.
NAD(H) and NADP(H) concentrations were quantified at mid-exponential growth phase and when 30
g/L and 60 g/L CO; had been released, except for SbMTF3768, SbMTF3800, and Mp1 which did not
reach 60 g/L CO; release. These time points were determined in preliminary fermentations (data not
shown). At the same time points, the concentrations of yeast primary metabolites and dry biomass
were quantified. The concentrations of the main secondary metabolites (i.e. major flavour

compounds) were determined at the end of fermentation.

3.1. Wine yeast synthetic grape juice fermentation kinetics.
The comparison of key fermentation parameters from kinetics curves (Fig. 1, Table 2, Fig. S1)

revealed important differences between strains in their fermentation capacity.

As expected, Scl exhibited the highest fermentation performances, completed fermentation in the

shortest time (265 h) with the highest fermentation rates (Rmax: 1.0 g/L/h, rate at 30 g/L CO,: 0.95
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g/L/h, rate at 60 g/L CO,: 0.75 g/L/h) and a short lag time (13 h). On the contrary, the non-
Saccharomyces yeast strains exhibited slower fermentation kinetics, and their major fermentation
parameters differed significantly. We noticed strain variations regarding their fermentation kinetics,

even among strains of the same species, however, intra-specific similarities were also observed.

Td1, LtY1240, and Lt1 exhibited an intermediate level of fermentative capacity. These yeasts
displayed the ability to consume most of the sugars (production of CO, of 94, 93.1, and 83.8 g/L,
respectively) and reached the end of fermentation within a reasonable timeframe (374, 433, and 374
h, respectively). This longer fermentation time compared to S. cerevisiae is explained by lower
fermentation rates throughout the process, and in particular during the stationary phase, with

between 1.8- (Td1) and 2.7- (LtY1240, and Lt1) times lower rates at 60 g/L of CO, (Table2).

On the other hand, KmY885, SbMTF3768, SbMT3800, and Mp1 demonstrated a lower capacity for
fermentation, with species-dependent characteristics. First, KmY885 displayed a notable ability to
carry out virtually complete fermentation producing 85 g/L CO,. However, the consumption of sugar
by this strain was achieved over an extended period compared to all other yeasts, of 808 h. In fact,
KmY885 showed a longer lag time than the other strains (56 h), combined with a low fermentation
rate from the beginning of fermentation (Rmax: 0.21 g/L/h), but an ability to maintain this
fermentative activity for an extended period of time (Fig. 1). SbMTF3768, SbMT3800, and Mp1 were
unable to complete the fermentation and ceased to ferment after having released 51.7, 52.5 and
42.7 g/L of CO; at the end of fermentation, respectively. The two Starmerella bacillaris strains had
similar fermentation profiles, characterised by a lag phase of around 30 h, followed by a gradual
increase in fermentation rate over 60 h to reach a maximum level of 0.33 g/L/h. In contrast, Mp1
differentiated by the shortest lag phase (10 h), but by a low fermentative activity. The rate of
fermentation, displaying a maximum value of 0.25 g/L/h, suddenly dropped sharply after 31 h of

fermentation.

Interestingly, the formation of biomass of strains with good or intermediate fermentation
performances, ranging from 3.0 to 3.8 g/L was higher than that of strains with low fermentation

capacities, varying between 1.1 and 1.7 g/L (Table 3).
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3.2. Quantification of NAD(H) and NADP(H) cofactors during synthetic grape must
fermentation

Total concentration of NAD(H) and NADP(H) and those of their respective forms (i.e., oxidised and
reduced) in yeast pellets were measured at 3 different stages of fermentation (mid-exponential
growth phase and when 30 g/L and 60 g/L CO, had been released). By focusing on these specific time
points, we aimed to capture major changes in the yeast metabolism and obtain a clearer
understanding of cofactor dynamics during fermentation. Overall, while the NAD*/NAD(H) pair
underwent significant changes during fermentation depending on the strains, the NADP*/NADP(H)
pair tended to maintain a relative balance with only minor fluctuations in both the ratio and total
concentration (Fig. 2). Additionally, the total NADP(H) concentration within the cells was

considerably lower across all strains compared to total NAD(H) levels.

Regarding NADP(H) levels (Fig. 2A), there were no marked differences observed between strains
during fermentation. The total pool for this cofactor ranged between 12 and 27 pmol per 107 cells,
with only small variations amongst strains. With the exception of SbMTF3800 and Mp1, the levels of
total NADP(H) tended to increase between 50% OD, as the strain entered into exponential CO,
production, and 30 g/L CO,. Overall, the ratio of NADP*/NADPH remained unchanged throughout the
fermentation, remaining between 0.68 and 1.09, with some exceptions. Some yeast strains (Lt1,
KmY885 and SbMTF3800) displayed a redox state that slightly favoured NADPH during the growth

stage, but the balance was restored as the fermentation progressed.

In contrast, a high variability in the concentration of total NAD(H) was observed depending on both
the species and the fermentation stage (Fig 2B). At 50% population, NAD(H) concentration was above
100 pmol/10°® cells for strains with the highest fermentation performance, Sc1, Td1, and LtY1240.
Their intracellular NAD(H) concentrations remained high until 30 g/L of CO, had been released,
before dropping drastically. Strains with lower fermentative capacity exhibited lower NAD(H)
concentrations at the beginning of fermentation compared to Scl, Td1, and LtY1240, below 80
pmol/10° cells. In addition, for strains able to produce at least 60 g/L CO, despite their low
fermentation performances (KmY885 and Lt1), total intracellular NAD(H) also consistently declined
during the last part of fermentation. A notable variation amongst species was observed in the
NAD*/NADH ratio, which is a good indicator of the balance between the reduced and oxidised forms
of this cofactor. The ratio measured in L. thermotolerans was in general lower than that of Sc1 and
Td1, due to the limited amount of NAD* in this former species. Interestingly, KmY885 was the only
strain for which the NAD*/NADH ratio remained high after production of 30 or 60 g/L of CO,. All

these species managed to maintain NAD* concentration above 10 mmol/10° cells throughout the
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fermentation. Regarding SbMTF3768, SbMTF3800, and Mp1, by the time the CO, reached 30 g/L,

NAD* approached depletion with concentrations lower than 2 pmol/10° cells and ratios close to zero.

In summary, all strains eventually reached a reduced state, with a pool of NAD(H) in favour of NADH
over NAD*, with varying degrees of reduction observed amongst them. Some strains displayed only
slight reduction (Sc1, Td1, LtY1240, and KmY885), while others exhibited more pronounced degree of
reduction (Lt1, SbMTF3768, SoMTF3800, and Mp1).

3.3. Primary metabolites production between yeasts as impacted by redox balance
requirements.
Variations were observed in the production of primary metabolites amongst the different yeast
strains (Table 4), including ethanol, glycerol, acetate, succinate, and lactate. As sugar consumption
significantly varied depending on the strains (Table 4), we compared the yields of production of
central carbon metabolites (MMmetaboiite Per M 0of sugars consumed) to better understand their
specificities regarding the partitioning of carbon fluxes within the metabolic network and their redox

balance mechanisms (Fig. 3).

First, significant differences were found in the yield of production of ethanol. Sc1 exhibited the
highest yield (1849 mM/M) while KmY885, which displayed intermediate fermentation behaviour,
had the lowest ethanol yield (1749 mM/M). Interestingly, the ethanol yield in Td1 was comparable to
that of Lt1 (1818 mM/M and 1812 mM/M respectively), while LtY1240 had a higher yield than these
two strains (1838.52 mM/M). Finally, strains with the weakest fermentative behaviour (Mp1,
SbMTF3768 and SbMTF3800) showed a low ethanol yield (1796 mM/M, 1764 mM/M and 1768

mM/M respectively).

Beyond ethanol, glycerol production differed between strains (Table 3 and Table S6). Non-
Saccharomyces yeasts exhibited higher levels of glycerol yields compared to S. cerevisiae (60 mM/M).
Interestingly, the yeasts with the lowest fermentation capacities, SOMTF3800, SbMTF3768, and Mp1
displayed the highest yields of glycerol production (144 mM/M, 137 mM/M, and 116 mM/M,
respectively). KmY885 produced the highest amount of glycerol, 9.8 g/L. This species also
differentiated by its high production of acetate, of 1.95 g/L corresponding to a yield of 35 mM/M.
This yield is the highest among all strains, including S. cerevisiae (7.9 mM/M). The other non-
Saccharomyces species exhibited yields of production of acetate lower than that of S. cerevisiae, in
particular Td1 (1.5 mM/M). It is noteworthy that in KmY885, glycerol and acetate were continuously
produced throughout fermentation, while they were mainly synthetised during the growth phase (up

to 30 g/L CO») by the other strains (Fig. S1 E and Table S6).
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Td1 differed from the other species directing a substantial part of glucose towards the formation of
succinate (15.6 mM/M), resulting in a final production of 2.1 g/L (Table 3, Table S6, and Fig S1 B). Lt1
was the only yeast to produce large amounts of lactate, with yield of production of 44.7 mM/M.
Surprisingly, the formation of lactate by the second L. thermotolerans strain LtY1240 was low, with a
yield of production of 1.5 mM/M, similar to that of S. cerevisiae (1.8 mM/M). An important variability
was observed between strains in their capacity to produce 2,3-butanediol: Lt1 and Mp1 did not
produce this compound, while the other species produced 2,3-butanediol, with a yield of production
ranging from 0.16 to 3.7 mM/M. Finally, all the strains displayed a low capacity to produce acetoin,

only detected as traces at the end of fermentation conducted with Ltl, SbMTF3768 and SbMTF3800.

3.4. Production of secondary metabolites by the different yeasts
To provide an overview of the production of major aroma compounds (secondary metabolites) at the
end of fermentation by the different yeast strains, we used a principal component analysis (PCA)
biplot to show the product yields of the aroma compounds grouped according to their metabolic
origin (Fig 4). Fusel alcohols and acids and their ester derivatives were grouped according to alpha-
keto acid intermediates of the Ehrlich pathway that they derive from. In addition, medium chain fatty

acids and their ethyl esters were grouped together as they derived from acetyl-CoA.

The data reveal notable differences in the production of secondary metabolites amongst yeast
species, with strains from the same species exhibiting similar profiles (Fig 4). Sc1 differed from the
rest of the strains by demonstrating the highest product yields of a-keto-y-(methylthio)butyrate
(aKMBA) (catabolism of methionine), a-ketoisocaproate (catabolism of leucine), and a-
ketomethylvalerate (cababolism of isoleucine) derivatives. This strain also positively correlated with a
large production of short-/medium-chain fatty acids (S/MCFAs) and ethyl esters associated with
these metabolites. Td1 exhibited a similar profile of formation of volatile compounds, but with lower
yields. The strain Mp1 was characterized by high level of a-ketoisovalerate and phenylpyruvate
derivatives, combined with a low capacity to produce the other volatile compounds. The capacity to
produce ethyl lactate and derivatives of a-ketobutyrate separated L. thermotolerans strains —in
particular Lt1- from the other species. Finally, S. bacillaris strains showed intermediate abilities for

the production of ethyl lactate, a-ketoisovalerate and a-ketobutyrate derivatives.

Beyond this overall picture, analysis of the production of each volatile compound has enabled us to
go further in characterising the metabolic specificities of each strain. The Td1 strain produced higher
alcohols amounts comparable to those produced by Sc1, but stood out for its very limited capacity to
produce acetate esters. The yield of conversion of higher alcohols to acetate esters was 10 times

lower in Td1 than in Scl. More generally, non-Saccharomyces yeasts were low producers of acetate
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esters with the exception of KmY885, which had a 4 times higher capacity to produce acetate esters
than Scl. Interestingly, strains associated with low fermentative performances produced high levels
of isobutanol: 245.8 mg/L, 130.0 mg/L, and 192.5 mg/L by Mp1, SbMTF3768 and SbMTF3800,
respectively (Table 4). Conversely, the strong fermenters Sc1, Td1, Lt1, and LtY1240 promoted the
formation of isoamyl alcohol, with concentrations of 395.96 mg/L, 334.6 mg/L, 380.91 mg/L,
317.7mg/L, respectively. In addition, the two L. thermotolerans strains Lt1 and LtY1240 were the
highest producers of propanol, with concentrations of 56.1 mg/L and 59.2 mg/L, respectively. Finally,
the high capacity of Mp1 to synthesise higher alcohols despite its low capacity to consume sugars,
must be mentioned. As an example, this strain synthetized an amount of phenylethanol similar to
that of Scl while consuming half as much sugar. Overall, the production of secondary metabolites by
different yeasts varied considerably between species and, to a lesser extent, between strains of the

same species.

4. Discussion
The balance between reduced and oxidised redox factors is a physiological requirement with huge
implications on the profile of metabolites produced from sugars by S. cerevisiae during fermentation.
This is primarily because the redox balance is maintained exclusively by the central metabolism,
which depends on the genetic background of the yeast strain but also adapts to changes in the
environment, such as nutrient availability. Consequently, various compounds are synthetized as
redox sinks including glycerol and organic acids (acetate, pyruvate, succinate) (Bakker et al., 2001;
Croft et al., 2020; Saez and Lagunas, 1976; van Dijken and Scheffers, 1986). Furthermore, the
intracellular NAD(P)(H) content modulates the formation of a wide range of molecules, including
volatile compounds (Bloem et al., 2016; Celton et al., 2012a, 2012b). The present study aimed to
explore the variability of redox status within wine yeast species over fermentation. In particular, we
wanted to know whether the availability of cofactors differed depending on the species and to
elucidate the further consequences on their fermentation performances and production of

metabolites.

It has recently been established that during anaerobic wine fermentation, the two major couples of
redox cofactors in S. cerevisiae display different dynamics (Duncan et al., 2023). While NADP(H) level
and ratio were stable, intracellular NAD(H) levels decreased during fermentation, that deviates from
the generally accepted view of a redox cofactor pool at a constant level (Bakker et al., 2001; de
Koning and van Dam, 1992; Richard et al., 1993; Sdez and Lagunas, 1976). In this study, monitoring
the redox status changes of 8 wine yeasts revealed that this global drop in NAD(H) levels also applies
to other yeasts such as L. thermotolerans, T. delbrueckii and K. marxianus species, exhibiting NAD(H)

levels after production of 60 g/L of CO, at least two-times lower than at the beginning of
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fermentation. Additionally, we found that the intracellular availability of both NAD* and NADH had a
distinctive profile throughout the fermentation according to the strain and these changes in the
redox status dynamics could explain the respective fermentation kinetics and performance of the
species. Scl, Td1, Lt1 and LtY1240 were characterised by a high content of NAD(H) during the two
first stages of fermentation (97 pmol/10° cells on average, compared to 72 pmol/10° cells for the
other strains) combined with a ratio NAD*/NADH favouring NADH throughout the fermentation.
However, these strains displayed a substantial level of NAD*, above 13 pmol/10° cells, when 60 g/L
CO;, was released, showing their capacity to manage the redox balance all along the fermentation.
Interestingly, these 4 strains showed the best growth capacity and fermentation performances.
Conversely, Mp1, SbMF3800 and SbMTF3768, in addition to their lower levels of NAD(H), were
associated with a depletion of the oxidised cofactor NAD* observed as soon as 30 g/L of CO, was
produced (concentrations ranging from not detectable to 3 pmol/10° cells). These yeasts displayed
poor growth and have proved unable to complete fermentation. Finally, K. marxianus KmY885 stood
out for its capacity to balance the availability in reduced and oxidised cofactors (NAD*/NADH ratio
around 0.9), despite a low NAD(H) intracellular concentration. This strain, even with a weak growth,
consumed most of the sugars at a low but constant rate. Overall, our observations reveal that a
limited ability to regenerate oxidised cofactor NAD* contributes, at least in part, to the poor growth

and fermentation capacities of some wine yeast species.

The formation of glycerol has been widely described as the main pathway for the regeneration of
NAD* from NADH, synthesised in excess for the formation of biomass (Ansell et al., 1997; Bakker et
al., 2001; Larsson et al., 1998; Pronk et al., 1996). Additionally, the formation of 2,3-butanediol and,
to a lesser extent, succinate through the TCA reductive pathway can also act as valuable NADH redox
valves (Camarasa et al., 2003; Ehsani et al., 2009). Interestingly, the yield of glycerol formation with
respect to the sugar consumed by the different strains studied varied substantially and inversely with
their growth and fermentation capacity, comprised between 59 mM/M for Sc1 and 140 mM/M for S.
bacillaris strains (Fig S2). Increased flux in the glycerol pathway is sufficient to cover the increased
demand for NAD" in Td1, Lt1, LtY1240, and KmY885. Conversely, in Mp1, SbMTF3768, and
SbMTF3800, the flux of conversion of glucose to glycerol (and to a lesser extent, 2,3-butanediol and
succinate) is insufficient to maintain redox balance, despite a greater proportion of glucose being
used in these metabolic pathways. This disparity in metabolic pathways within S. cerevisiae may be
one of the origins of the limited fermentative activity and fermentation issues observed in these

strains.

Differences in the flux partitioning of the carbon network among yeasts are further by the strain-

dependent yields of production for the other compounds. 2,3-butanediol production remains notably
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low (below 8.8 mM/M), with LtY1240 yielding the highest at 3.7 mM/M. In contrast, KmY885, Lt1,
Mp1, and Td1 preferentially favour succinate production, with yields ranging from 10.6 to 15.6
mM/M. These observations reveal the key role of the formation of glycerol in the management of
redox balance for all the studied yeast species. Furthermore, they display specific redox
requirements for growth and fermentation (Albers et al., 1998, 1996) and exploit the plasticity of
yeasts genome (Ambroset et al., 2011; Legras et al., 2018; Marsit and Dequin, 2015) and gene
interactions (Harrison et al., 2007) in order to adapt to the grape juice environment during the

fermentation process.

Lactic acid production in L. thermotolerans strains shows significant variation (Banilas et al., 2016;
Hranilovic et al., 2018; Vicente et al., 2023), possibly due to repression in some strains (Battjes et al.,
2023) and up-regulation (Shekhawat et al., 2020) one or more the LDH genes. Oxygen availability also
appear to influence L. thermotolerans strains’ persistence in wine, and consequently lactate
production by (Shekawat et al. 2019; Battjes et al 2023). When comparing the carbon balances of Scl
with low (LtY1240) and high (Lt1) lactate producers, we observed that Lt1 replaces a portion of
ethanol or lactate production, possibly due to its higher LDH activity compared to other yeast strains.
However, this substitution does not significantly alter the redox balance. This can be explained by the
fact that, from a redox perspective, the conversion of pyruvate into ethanol and/or lactate is

essentially equivalent, involving the oxidation of 1 mole NADH/mol.

The regeneration of NADPH, which is consumed during anabolic reactions, occurs through two
primary pathways in S cerevisiae: the pentose phosphate pathway (involving enzymes Zwflp and
Gnd1p), and the oxidation of acetaldehyde to acetate, catalysed by NADP-dependent acetaldehyde
dehydrogenases Ald6p and Ald4p (Bruinenberg et al., 1983; Celton et al., 2012a; Grabowska and
Chelstowska, 2003; Remize et al., 2000; Saint-Prix et al., 2004). Although NADP* and NADPH
concentrations, as well as their ratios, remain similar regardless of the yeast strain or fermentation
stage, consistent with prior research (Cadiere et al., 2011; Duncan et al., 2023), we have observed
significant variability in acetate production among the strains (Fig. 4 and Fig. S2).

Different hypotheses can be suggested to explain these observations. First, low acetate yields can be
attributed to an increased conversion of acetate to acetyl-CoA, driven by the demand for lipid
biosynthesis as shown by Cadiére et al. (2010) in an evolved strain of S. cerevisiae. In light of this, a
similar phenomenon could explain the decrease in acetate yields in non-Saccharomyces yeasts,
suggesting a minor role of acetate production for the management of NADP(H) in these yeasts.

Secondly, the observed increase in acetate production, e.g., in KmY885, may reflect a fine-tuning
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strategy for the production of NADP(H) and metabolic processes to meet anabolic demands, thereby

resulting in a stable intracellular cofactor pools.

Finally, we were interested in whether the redox status of the different yeast species had an impact
on the formation of volatile compounds. The main classes of fermentative aromas include fusel
alcohols acids, acetate esters, medium chain fatty acids and ethyl esters. In yeast, the production of
fusel alcohols and acids and their corresponding ester derivatives is achieved by the catabolism of
alpha-keto acids. Alpha-keto acids may be produced by transamination of the assimilated amino
acids (Hazelwood et al., 2008), alternatively they may be de novo produced through central carbon
network (Crépin et al., 2017; Rollero et al., 2019). The synthesis of MCFAs consists of two-carbon-unit
elongations of the carbon chain, using acetyl-CoA. It appears that the synthesis of all these molecules
involves a wide range of dehydrogenases (Hazelwood et al., 2008; Lilly et al., 2006) and it has been
previously shown that the modulation of cofactor demand has an impact on their formation in S.

cerevisiae (Bloem et al., 2016; Celton et al., 2012a).

Interestingly, the strains showing a high degree of reduction (high NADH/NAD* ratio combined with
low fermentative capacity) favoured the production of higher alcohols at the expense of the
corresponding fusel acids in the respective pathways. This is in line with the low NAD* availability in
these yeasts. Furthermore, we found that M. pulcherrima and S. bacillaris strains produced low level
of MCFAs and acetate esters and accumulated high levels of isobutanol at the expense of isoamyl
alcohol. This profile of volatile compounds production likely reflects the low capacity of these yeasts
to produce oxidised compounds, in particular acetate. Indeed, acetate is the precursor of acetyl-CoA
involved in MCFAs and acetate esters formation and is also required, together with NAD*, for the
conversion of a-ketoisovalerate (precursor of isobutanol) to a-ketoisocaproate (precursor of isoamyl
alcohol)(Rollero et al., 2019). Supporting this pattern, KmY885, as the strain with balanced levels of
NAD* and NADH throughout the fermentation, was able to synthetize oxidised compounds and
produced high levels of isoamyl alcohol and displayed a high yield of conversion of fusel alcohols to

acetate esters compared S. cerevisiae.

Overall, our observations demonstrate that redox status of the yeasts may directly modulate the

formation of volatile or indirectly, through the formation of precursors.

In conclusion, the redox state of a yeast cell is therefore an important factor that can influence its
fermentation performance and metabolite production. This study demonstrates that yeast strains
employ diverse approaches to maintain redox balance, which may have implications for their
metabolic activities and the production of various compounds during fermentation. By

understanding the mechanisms by which yeast cells manage their intracellular redox state, it is
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possible to improve the fermentation performance during wine production and ultimately the

metabolic footprint of the different yeast species/strains.
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Table 1: Wine yeast strains investigated in this study and their codes used throughout this

manuscript.
Yeast species Strain Code Supplier/Culture Collection
Saccharomyces cerevisiae Lalvin EC1118™  Scl Lallemand
Torulaspora delbrueckii Level’Biodiva™  Td1 Lallemand
Lachancea thermotolerans Level? Laktia™ Ltl Lallemand
Lachancea thermotolerans IWBT Y1240 LtY1240 SAGWRI
Kluyveromyces marxianus IWBT Y885 KmY885 SAGWRI
Starmerella bacillaris MTF 3768 SbMTF3768 CIRM
Starmerella bacillaris MTF 3800 SbMTF3800 CIRM
Metschnikowia pulcherrima  Level? Flavia™ Mp1l Lallemand

SAGWRI: South African Grape and Wine Research Institute, Stellenbosch University, South Africa;

CIRM: Centre International de Ressources Microbiennes (France), and Lallemand: Lallemand Inc.

(Montreal, QC, Canada)
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Table 2: Comparison of different fermentation kinetics parameters between strains.

Parameter Scl Td1 Ltl LtY1240 KmY885 SbMTF3768 SbMTF3800 Mp1l
Rmax 1.01 0.84 0.80 0.87 0.21 0.33 0.32 0.25
(g/L/h) +0.01 4 +0.02 B¢ +0.03 ¢ +0.01°8 +0.02°F +0.01° +0.04° +0.01°F
Time to reach 32.5 42.3 43.2 40.2 89.6 59.2 61.3 31.5
Rmax (h) +0.50° +1.26 ¢ +1.53°¢ +0.76 ¢ +0.00* +2.25° +1.61° +0.50 °
CO; at Rmax 18.92 19.51 19.69 19.29 8.25 8.86 8.99 4.71
(g/L) +0.18 A +0.46 A +0.05 A +0.58 A +0.29 8 +0.41°8 +0.88 ° +0.18 ¢
Rate at 30 g/L CO; 0.95 0.77 0.81 0.89 0.20 0.21 0.21 0.08
(g/L/h) +0.12 A +0.02 8 +0.05® +0.03 %8 +0.01°¢ +0.02 © +0.03 ¢ +0.00 ©
Rate at 60 g/L CO, 0.74 0.41 0.29 0.27 0.13 nr o oy
(g/L/h) +0.02 A +0.01°® £0.02 € £0.01°€ +0.01° p-n-r: p-n-r- p-n-r:
Lag Time 13.03 17.47 17.17 14.67 55.80 30.10 31.17 10.20
(h) +0.64 +0.51°¢ +1.05¢ +0.12 ° +5.07 4 +1.11°8 +0.358 +0.00°
Max CO, 98.11 94.00 83.76 93.14 85.02 51.72 52.50 42.75
(g/L) +0.93 A +0.98 B +0.96 ¢ +0.97 8 +1.26 +1.05° +0.59 ° +0.85 ¢
Duration 264.63 374.07 374.03 432.92 807.85 422.01 421.97 469.97
(h) +0.00 " +0.00 F +0.00 © +0.00 © +0.014 +0.00 ° +0.00 +0.00 B

Results represent the mean + SD for three replicates. Means in the same row with the same superscript letter(s) are not significantly different (p < 0.05)

p.n.r. — point not reached.

Rmax — maximum rate of CO, production. Time to reach Rmax — the time (h) at which maximum rate of fermentation is reached. CO, at Rmax — CO> (g/L)
produced at Rmax. Rate at 30 and/or 60 g/L — Rate (g/L/h) when the yeast reaches 30 and/or 60 g/L CO,. Lag time — the time (h) from the beginning of
fermentation to the point at which 1 g/L cumulative CO; has been produced.
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Table 3: Dry biomass (g/L) during synthetic grape must fermentation by wine yeast strains.

Fermentation

phase Scl Td1 Ltl LtY1240 KmY885 SbMTF3768 SbMTF3800 Mp1l
20g/Lco 331 2.88 2.83 3.01 142 1.69 111 111
&L t0a £0114  £027A #0524 0094 +001°  +0.224  +0.06°  +0.04°
3.85 3.64 3.26 3.03 121
60g/LCO2 £0154 #0104  +0.04® +005® +o0o07c  PNT pnr- pnr-

Results represent the mean + SD for three replicates. Means in the same row with the same
superscript letter(s) are not significantly different (p < 0.05). p.n.r. — point not reached.
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Table 4: Primary metabolites (central carbon metabolites or from sugar metabolism) quantified at
the end of fermentation (g/L). Fermentations were stopped when the CO, production rate was at or
less than 0.02 g/L/h for 48 h.

Me::zjhte Scl Td1 Lt1 LtY1240 KmY885 SbMTF3768 SbMTF3800 Mp1l
Ethanol 95.03 93.25 81.62 89.55 76.08 47.58 47.84 38.06
+0.97 A +1.12A +0.64C  +0.758  +1.890 +0.05¢F +1.12F +0.33F

Glycerol 5.95 8.77 8.70 5.28 9.84 7.40 7.82 4.78
+0238  +04278  +0.147  £330C  +0.08A  +0.1978C  +0.30A8€  +0.13C

Acetate 0.51 0.10 0.34 0.20 1.95 0.15 0.25 0.09
+0.048 +0.01P%  +0.01¢ +0.13S°F  +0.03A  +0.020¢ +0.06 P +0.01¢F

Succinate 0.99 2.18 1.25 1.17 1.25 0.46 0.48 0.67
+0.04¢ +0.20A +0.028  +0.01%  +0.01°® +0.01° +0.02° +0.04°

Lactate 0.18 0.09 6.51 0.17 0.07 0.06 0.06 0.05
+0.01°8 +0.00® +0.29A  +0.118  +0.01° +0.00® +0.01° +0.00®

_ 0.00 0.00 0.03 0.00 + 0.00 + 0.03 0.05 0.00
Acetoin +0.00 8 +0.00 +0.02 A8 0.008 0.008 +0.02 48 +0.02° +0.00 8
Butanediol 0.30 0.30 0.00 0.35 0.23 0.13 0.11 0.00
+0.04A +0.04 A +0.00¢  +0.10A  +0.0178  +0.01°%€ +0.10 B¢ +0.00¢

Residual 0.52 0.82 20.08 7.95 33.73 96.18 90.29 116.47
sugars +0.19°€ +0.13€ +2380  +520f  +172€ +0.978 +2.438 +3.55A

Results represent the mean + SD for three replicates. Means in the same row with the same

superscript letter(s) are not significantly different (p < 0.05).
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Table 5: Concentrations of secondary metabolites (mg/L) produced by the various strains, and, residual
sugars is sum of glucose and fructose measured at the end of fermentation for each strain.

sc1 Td1 Lt1 LtY1240  KmY885  SbMTF3768 SbMTF3800 Mpl
Residual " 052 0.82 20.08 7.95 3373 90.29 96.18 116.47
esidual sugars (g/L) +0.19°¢ +0.13¢ +238°  +520fF  +172°¢ +243° +0.97° +3554
Higher alcohols (mg/L)
o | 3059 31.13 56.17 59.23 32.09 29.10 3152 8.21
ropano +1.84° +3.69° +196%  +336%  +167° +2.10° +3.258 +0.80°¢
cobutanol 68.92 86.01 121.60 66.96 80.96 195.49 130.05 245.87
+5.54€ +18.390% 1021  +298¢  +2.18F +20.32°8 +16.70 € +17.374
| | Alcohol 395.96 334.63 380.91 317.68 124.37 48.45 53.22 204.84
soamyl Alcoho +38455  +60.09%  +5498%  +7.19A  +498°%  +11.49¢ +436¢ +2235°
Methionol 1.82 2.43 15.23 18.89 6.13 1.75 553 1.50
+0.47° +0.08° +1.98%  +726A  £092° +0.24° +1.258 +0.27°
>-Phenviethanol 165.99 154.08 87.52 82.94 10.67 22.50 27.14 191.32
-Fhenylethano +13.684 +2276A  +12.47°  +589F  +009°€ +8.82°¢ +1.09¢ +32.404
Acetate esters (mg/L)
soamvl acetat 2.79 0.09 1.19 0.96 1.16 0.00 0.00 0.15
soamyl acetate +0.09 A +0.01°¢ +022%  +0.05°  +0.07° +0.00¢ +0.00¢ +0.03¢
> Phenviethvi acetat 27.25 0.00 22.55 0.00 8.90 0.00 0.00 0.00
-rhenylethyl acetate +1.704 +0.00¢8 +11314  +000®  +0.07° +0.008 +0.008 +0.008
> Methvlbutyl 0.55 0.01 0.30 0.24 0.29 0.00 0.00 0.03
~Methylbutyl acetate +0.024 +0.00°¢ +0.058  +0.028  +0.02° +0.00¢ +0.00¢ £0.01°€
proovl Acetat 0.05 0.02 0.08 0.06 0.24 0.00 0.00 0.01
ropyl Acetate +0.00¢ +0.00° +0.00®  +0.01C  +0.02* +0.00° +0.00° +0.00°
»-Methvioronyl acetat 0.09 0.03 0.24 0.12 0.24 0.04 0.00 0.07
-viethylpropyl acetate +0.01¢ +0.01 0 +001A  +0028  +0.014 +0.01° +0.01F +0.01°¢
Yield of converstion Ratio
_ Sacetateester o 1 00 078 0.07 0.20 0.19 2.97 0.01 0.00 0.03
> Higher alcohol
Ethyl Esters (mg/L)
Ethl lactat 1.70 0.76 61.21 0.73 0.69 1.60 1.09 0.20
Yl factate +0.168 +0.038 +177A  +004®  +0.04° +0.18° +031°8 £0.03°
Ethvl oropionoat 0.17 0.00 0.00 0.00 0.19 0.01 0.00 0.02
Y propionoate +0.00° +0.00° +000®  +000°  +001*  +0.01¢® +0.00° +0.00°¢
Ethvl isobutvrat 0.00 0.03 0.11 0.04 0.04 0.03 0.00 0.00
ylisobutyrate +0.00¢ +0.01¢8 +0024  +000®  +0.00° +0.01¢8 +0.00¢ +0.00°¢
Ethvl butanoat 030 035 0.06 0.05 0.01 0.10 0.08 0.02
v butanoate +0.018 +0.024  +0.00%E +00L°F  +0.00F +0.01°€ +0.03® +0.00 FF
Ethvl hexanoat 0.87 0.16 0.05 0.06 0.01 0.00 0.00 0.00
yihexanoate +0.06 A +0.01° +000®  +000¢  +0.00 +0.00° +0.00° +0.00®
Ethl octancat 1.03 0.15 0.07 0.09 0.03 0.00 0.02 0.01
Vi octanoate +0.034 +0.02¢8 +001¢  +001¢  +0.00° +0.00° +0.00° +0.01°
Ethl 0.99 0.11 0.19 0.74 0.04 0.02 0.03 0.03
thyl decanoate +0.09 4 +0.05 8 +0.05°%  +£031°  +0.00° +0.00° +0.00° £0.00°
Ethvl dodecanoate 0.19 0.10 0.03 0.10 0.10 0.06 0.03 0.00
Y +0.03 +0.01%  +0.05°%  +0.01"  +0.00°  +0.05°% +0.05 B¢ +0.00°¢
Fusel and medium-chain fatty acids (mg/L)
> i« acid 332 7.25 14.16 561 468 3.76 1.96 0.49
ropanoic aci +0.50 C0E +2.738 +174A  +0508C +026°0 4067 +0.53 0 + 0.05¢
2-methvibutancic acid 41.73 2.09 0.49 0.27 0.67 0.13 0.11 0.09
-methylbutanoic aci +14.644 +024°8 +0.03%  +0.028  +0.03° +0.01° +0.00° £0.00°
3methvibutanoic acid 40.67 1.96 1.60 0.79 0.24 031 0.06 0.10
ethylbutanoic ac £2.725 +0.30° £233%  +105°  +0.01° +0.38° +0.05° +0.01°
Butancic acid 31.01 6.37 2.00 1.59 0.44 0.20 031 0.26
utanoic aci +0.86 +5.388 £2858%  £259%  +001° +0.08° +0.02°8 +0.11°8
" ic acid 123.30 1.76 0.25 2.00 0.40 111 0.19 0.25
exanoic acl +14.98 A +1.42° +0.11°®  +298°  +0.01° +1.62° +0.01° +0.05°
Octanoic acid 9.49 143 0.93 1.23 0.16 0.41 0.43 0.39
ctanolc aci +1.014 +021¢8 +0.128  +028%  +0.02€ +0.02 & +0.026¢ +0.04 &
Decanoic acid 2.26 0.15 0.46 2.07 0.22 0.09 0.09 0.18
ecanolcact +0.47 +0.02° +021°  +0.81°  +0.01° +0.01°8 +0.02°8 +0.158
bod ic acid 0.23 0.16 0.15 021 0.19 0.22 0.21 0.00
odecanoic acl +0.03 +0.00 +0.00°  +0.02%  +0.00%  +0.01% +0.06 " +0.00°¢
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Results represent the mean * SD for three replicates. Means in the same row with the same superscript letter(s) are not significantly
different (p < 0.05).
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Figure captions

Figure 1: Fermentation kinetics of eight wine yeast strains. A: CO, production curves of the different
wine yeast strains fermented in synthetic grape must with 200 g/L total sugars and 200 mg/L YAN at
22°C. The values are displayed as mean and standard deviations from triplicate experiments. B: The
rate of CO; production by various wine yeast strains during fermentation. The dashed line represents
the end of fermentation threshold, which we defined it as when the rate of CO; production is < 0.02
g/L/h for at least 48 h. The values are displayed as mean from triplicate experiments. Standard
deviations are not displayed to enhance visual clarity but are all lower than 5%. (B). Sc1 (Peach), Td1
(Dark Orange), Lt1 (Blue), LtY1240 (Light Green), KmY885 (Light Blue), SbMTF3768 (Rose Pink),
SbMTF3800 (Red), and Mp1 (Dark Green).

Figure 2: A: Total NADP(H) levels in pmol/107 cells were also measured at the same time points as
total NAD(H) and are presented by physiological stage. B: Total NAD(H) levels in mmol/cell at
different physiological phases in wine yeast during fermentation. A ratio of more than 1.0x indicates
a more oxidized system (NAD* or NADP* dominance), while a ratio less than 1.0x defines a more
reduced system (NADH or NADPH dominance). Letters above the histograms denote statistically
significant differences (p < 0.05) in Total [NADH] and [NADPH] values between strains at specific time
points, namely 50% OD (entry into exponential phase of CO, production), 30 g/L CO; (entry into
stationary growth phase and maximum population for faster strains and in KmY885). Meanwhile,
65% CO, production corresponds to the mid-stationary growth phase and was sampled at 60 g/L CO,
production for the faster strains and 30 g/L CO, for Mp1, SbMTF3768, and SOMTF3800 only. The data
are representative of three independent biological replicates and two technical replicates per
sampling point.

Figure 3: Comparison of primary metabolite production yield between the yeast strains investigated
in this study. The mean values and standard deviations from triplicate experiments are presented,
with the data reflecting three independent biological replicates. The error bars represent the
standard deviation. Letters above the histograms indicate statistically significant differences (p <
0.05).

Figure 4: Principal component analysis biplot of the aroma compounds that were quantified at the
end of fermentation (analysed according to the intermediates or product of their respective
metabolic pathways) and the various strains. Aroma compounds are analysed based on the keto acid
precursors involved in the metabolic pathways that produce these compounds, with the exception of
medium-chain fatty acids (MCFAs), which are derived from acetyl-CoA metabolism; as such, MCFAs
are analysed based on this substrate. aKMBA - a-keto-y-(methylthio)butyrate.
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Table S1: Composition of a synthetic must with 200 g/L of sugars, 200 mg/L of assimilable nitrogen,

and 5 mg/L of phytosterols. The pH is adjusted to 3.3 with a 10 M NaOH solution.

Compounds Quantity per liter
Glucose 100 g
Fructose 100 g
Malic acid 6g
Citric acid 6g
Potassium phosphate (KH2PO4) 0.75g
Potassium sulfate (K2S0a4) 05g
Magnesium sulfate heptahydrate (MgSOa, 7H20) 0.25g
Calcium chloride dihydrate (CaCly, 2H,0) 0.155g
Sodium chloride (NaCl) 0.2g
Ammonium chloride (NH4Cl) 0.216¢g
Amino acid stock solution (Table S2) 6.16 mL
Stock solution of trace elements (Table S3) 1mL
Stock solution of vitamins (Table S4) 10 mL
Phytosterols stock solution 0.25mL
Iron stock solution (20g/L FeCls; 6H,0) 1mL
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Table S2: Composition of the amino acid stock solution. This solution was stored at -20 °C.

Amino acid

Quantity per liter

Aspartic acid
Glutamic acid
Alanine
Arginine
Cysteine
Glutamine
Glycine
Histidine
Isoleucine
Leucine
Lysine
Methionine
Phenylalanine
Proline
Serine
Threonine
Tryptophan
Tyrosine
Valine

34¢g
94¢g
111g
28.6¢g
lg
38.6¢g
l4g
25¢g
25¢g
37¢g
13g
24¢g
29¢g
46.8 g
6g
58¢g
13.7¢g
l4g
34¢g

Table S3: Composition of the stock solution of trace elements. The solution is sterilized by filtration at

0.22 um and stored at 4°C.

Compounds

Quantity per liter

Manganese sulfate monohydrate
Zinc sulfate heptahydrate
Copper sulfate pentahydrate
Potassium iodide

Cobalt chloride hexahydrate

Boric acid

Ammonium heptamolybdate

4g
4g
lg
lg
04¢g
lg
lg

Table S4: Composition of the vitamin stock solution. This solution is stored at -20 °C.

Vitamin compounds

Quantity per liter

Myo-inositol

Calcium pantothenate
Thiamine hydrochloride

Nicotinic acid
Pyridoxine
Biotin

2g
0.15¢g
0.025g
0.2g
0.025g
3mL
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Table S5: Determination of growth kinetics and extrapolation of 50% population sampling point at

0D600 for cofactors measurements

Parameter Scl Td1 Lt1 LtY1240 KmY885 SbMTF3768 SbMTF3800 Mp1l

i;‘i:’th 0.34 0.27 0.27 0.22 0.12 0.11 0.10 0.17
(hrl')“ +0.07 A +0.04M  £0014  +001°%  +0.01° £+0.01°  +002°  +0.01°C

50% OD 20h 32h 20h 30h 60 h 45h 48h 32h

Results represent the mean + SD for three replicates. Means in the same row with the same letter are

not significantly different (p < 0.05)

Table S6: Production of redox sinks during fermentation (g/L).

Metabolite

&/L) Scl Td1 Lt1 LtY1240 KmY885 SbMTF3768 SbMTF3800 Mp1l
Concentration of metabolites when fermentations reached 50% OD
Ethanol 11.24 10.55 3.50 12.00 3.14 6.10 7.76 4.59
+0.108 +0.05°¢ +0.14°¢ +0.364 +0.20°¢ +0.05¢ +0.46° +0.23F
Glycerol 1.54 1.75 0.49 1.83 0.58 1.24 1.51 0.77
+0.044 +0.014 +0.03¢ +0.07 4 +0.01¢ +0.02°¢ +0.138 +0.05°
Acetate 0.17 0.02 0.00 0.02 0.00 0.00 0.00 0.02
+0.004 +0.02°8 +0.008 +0.018 +0.008 +0.008 +0.008 +0.018
Succinate 0.11 0.18 0.00 0.14 0.00 0.00 0.04 0.05
+0.02°8 +0.004 +0.00° +0.018 +0.00° +0.00° +0.02P +0.01°¢
Lactate 0.07 0.04 0.00 0.05 0.00 0.00 0.00 0.02
+0.00* +0.00 ¢ +0.00 ¢ +0.008 +0.00 ¢ +0.00°¢ +0.00 ¢ +0.00°
Concentration of metabolites when fermentations reached 30 g/L CO>
Ethanol 35.40 35.20 34.98 37.05 31.24 30.66 30.63 34.04
+1.2978 +0.26 "8 +2.65 48 +0.234 +1.35%8 +2.738 +2.378 +3.3618
Glycerol 3.65 4.93 5.45 471 6.38 5.39 5.63 4.63
+0.16 ¢ +0.138 +0.47 %8 +0.038 +0.234 +0.56 48 +0.58 A8 +0.37 8¢
Acetate 0.39 0.03 0.11 0.09 1.19 0.01 0.04 0.15
+0.02°8 +0.03°¢ +0.01°¢ +0.01°¢ +0.064 +0.00°¢ +0.03¢ +0.11°¢
Succinate 0.44 0.79 0.71 0.57 0.71 0.23 0.23 0.61
+0.02° +0.044 +0.07 %8 +0.00 ¢ +0.07 "8 +0.02°¢ +0.01°F +0.02 B¢
Lactate 0.16 0.05 6.60 0.06 0.03 0.04 0.05 0.05
+0.01° +0.00° +0.44 A +0.00° +0.00° +0.00°8 +0.008 +0.00°
Concentration of metabolites when fermentations reached 60 g/L CO2
Ethanol 63.90 63.08 61.50 61.75 57.69 p.n.r. p.n.r. p.n.r.
+2.424 +1.474 +0.624 +0.724 +0.41°8
Glycerol 5.06 7.32 7.83 6.30 8.74 p.n.r. p.n.r. p.n.r.
+0.20°F +0.34¢ +0.138 +0.01° +0.104
Acetate 0.45 0.06 0.23 0.19 1.75 p.n.r. p.n.r. p.n.r.
+0.018 +0.06° +0.01°¢ +0.01°¢ +0.034
Succinate 0.68 1.65 1.04 0.92 1.04 p.n.r. p.n.r. p.n.r.
+0.03¢ +0.154 +0.038 +0.01°8 +0.01°8
Lactate 0.20 0.08 6.53 0.08 0.05 p.n.r. p.n.r. p.n.r.
+0.018 +0.01°8 +0.36 4 +0.008 +0.008

p.n.r. - point not reached

Results represent the mean + SD for three replicates. Means in the same row with the same subscript letter(s) are not significantly different

(p <0.05)
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Figure S2: The carbon balance in MMproduct/Msugars Of €ach strain was compared at the end of
fermentation. The major primary metabolites of alcoholic fermentation (ethanol and carbon dioxide)
are represented by stacked bars on the left y-axis, while the by-products (such as biomass, glycerol,
acetate, 2,3-butanediol, acetoin, pyruvate, succinate, a-ketoglutarate, and lactate) are shown on the
right y-axis as stacked bars. All values represent the quantity of carbon (in mM/L) used for each product

per mol/L of consumed carbon (from glucose and fructose, which is referred to as glucose in this study).
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