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Abstract Non-Saccharomyces (NS) species that are either
naturally present in grape must or added in mixed fermentation with S. cerevisiae may impact the wine’s chemical composition and sensory properties. NS yeasts are prevailing during prefermentation and early stages of alcoholic fermentation. However, obtaining the correct balance between
S. cerevisiae and NS species is still a critical issue: if
S. cerevisiae outcompetes the non-Saccharomyces, it may
minimize their impact, while conversely if NS take over
S. cerevisiae, it may result in stuck or sluggish fermentations.
Here, we propose an original strategy to promote the nonSaccharomyces consortium during the prefermentation stage
while securing fermentation completion: the use of a long lag
phase S. cerevisiae. Various fermentations in a Sauvignon
Blanc with near isogenic S. cerevisiae displaying short or long
lag phase were compared. Fermentations were performed with
or without a consortium of five non-Saccharomyces yeasts
(Hanseniaspora uvarum, Candida zemplinina,
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Metschnikowia spp., Torulaspora delbrueckii, and Pichia
kluyveri), mimicking the composition of natural NS community in grape must. The sensorial analysis highlighted the positive impact of the long lag phase on the wine fruitiness and
complexity. Surprisingly, the presence of NS modified only
marginally the wine composition but significantly impacted
the lag phase of S. cerevisiae. The underlying mechanisms
are still unclear, but it is the first time that a study suggests
that the wine composition can be affected by the lag phase
duration per se. Further experiments should address the suitability of the use of long lag phase S. cerevisiae in
winemaking.
Keywords Non-conventional yeast . Prefermentation stage .
Wine . Lag phase

Introduction
Grape musts contain naturally complex and diverse microbial
community. The alcoholic fermentation process is mainly conducted by Saccharomyces cerevisiae with either inoculated or
indigenous strains. However, many other yeast species and
genera (referred to here as non-Saccharomyces yeasts) can
persist and survive at significant levels during the fermentation process, even at the late stages of fermentation (Andorra
et al. 2011; David et al. 2014; Wang et al. 2014; Zott et al.
2008). Before active CO2 release (prefermentation) and during the early stages of alcoholic fermentation, these species are
predominant with populations that may reach up to 105–107
cells/mL (Wang et al. 2015; Zott et al. 2010). The population
dynamics of yeast species during the fermentation is complex
and mainly due to competition or other interactions among
yeast species. It is noteworthy that S. cerevisiae produces
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biomass and consumes sugars and nitrogen more efficiently
and rapidly compared to other yeasts. Moreover, the Crabtree
effect and heat production are described as a fitness advantage
for S. cerevisiae niche construction (Goddard 2008; Salvadó
et al. 2011). Yeast metabolites such as ethanol, medium-chain
fatty acid, killer toxin, and antimicrobial peptides have been
also considered to explain yeast interactions (Albergaria et al.
2010; Branco et al. 2015; Cheraiti et al. 2010; Fleet 2003;
Wang et al. 2015). Finally, quorum sensing or cell-to-cell contact phenomena were also reported between S. cerevisiae and
other species (Arneborg et al. 2005; Nissen and Arneborg
2003; Renault et al. 2013) and contribute to explaining the
interaction phenomenon. Three main genera
(Hanseniaspora, Candida, and Metschnikowia) dominate the
yeast consortium during the prefermentation stage.
Hanseniaspora uvarum has been widely reported as a major
non-Saccharomyces yeast during the initial stages of wine
fermentation (Beltran et al. 2002; Combina et al. 2005; Jolly
et al. 2003; Li et al. 2010; Pretorius 2000; Zott et al. 2010).
Candida zemplinina (synonym Starmerella bacillaris) was
isolated from grape must by different authors, whatever the
wine-producing region or the grape variety considered
(Masneuf-Pomarede et al. 2015; Nisiotou and Nychas 2007;
Pfliegler et al. 2014; Tofalo et al. 2012; Tristezza et al. 2013;
Zott et al. 2008). Finally, Metschnikowia spp. was reported at
high population levels in grape must (Garofalo et al. 2016;
Jolly et al. 2014).
Non-Saccharomyces (NS) yeasts may affect the wine fermentation both directly, by producing flavors and indirectly
by modulating the growth and the metabolism of S. cerevisiae.
During fermentation, those yeasts could impact the higher
alcohol content of wine. Increased production of 2phenylethyl alcohol, which is associated with pleasant aromas
at moderate concentration, was reported for Metschnikowia
pulcherrima (Clemente-Jimenez et al. 2004), Lachancea
thermotolerans (Beckner Whitener et al. 2015), and
C. zemplinina (Andorra et al. 2010). However, wines
fermented by C. zemplinina had concentrations of higher alcohols exceeding 400 mg/L thus resulting in a negative effect
(Andorra et al. 2010). Hanseniaspora is frequently reported to
produce fruity acetate esters (Mateo et al. 1991; Rojas et al.
2001; Romano et al. 1997; Viana et al. 2008). In mixed fermentation with S. cerevisiae, Torulaspora delbrueckii enhances the complexity and fruity notes of wine compared to
a pure culture of S. cerevisiae. This phenomenon seems to be
linked with the enhancement of specific ethyl esters (Renault
et al. 2015). Specific enzymatic activities among which glycosidases and carbon-sulfur lyases are produced by nonSaccharomyces that may catalyze the release of volatile compounds from a non-volatile precursor, such as terpenols
(Garcia et al. 2002; Hu et al. 2016; Rodriguez et al. 2010;
Sadoudi et al. 2012) or volatile thiols (Anfang et al. 2009;
Zott et al. 2011). The de novo synthesis of monoterpenes by
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non-Saccharomyces was also recently reported (Rossouw and
Bauer 2016).
Due to their production of positive volatile compounds, the
presence of NS yeast has been associated with higher wine
quality and complexity (Anfang et al. 2009; Ciani et al. 2006;
Egli et al. 1998; Fleet 2003; Pérez et al. 2011; Rossouw and
Bauer 2016; Swiegers and Pretorius 2005). Their dominance
during the early stages of winemaking can influence the final
composition of the wine (Romano et al. 1997) and some authors suggest that the limitation of the non-Saccharomyces
population could result in a loss of complexity in wines
(Varela et al. 2009). The possibility to enhance wine aromatic
complexity using non-Saccharomyces species in mixed fermentation was examined by many authors. Usually, the nonconventional yeasts were associated with S. cerevisiae in order
to prevent sluggish or stuck fermentations (see the reviews of
Ciani et al. 2010; Jolly et al. 2014; Padilla et al. 2016). An
alternative way could be to take advantage of the natural nonSaccharomyces population naturally present on grapes in the
vineyard (Pretorius 2000). Moreover, the cellar equipment
could act as an inoculum source of a non-Saccharomyces population that may persist in the winery environment from one
year to another (Ciani et al. 2004; Grangeteau et al. 2015).
However, very few studies described the impact of the natural
non-Saccharomyces community during the prefermentation
stage on the wine composition and quality. Indubitably,
S. cerevisiae growth is a key point for controlling the development of the non-Saccharomyces population in the early
stages of winemaking. Indeed, the rapid development of
S. cerevisiae (either indigenous or inoculated) risks to outcompete the non-Saccharomyces flora by nutrient depletion
(Andorrà et al. 2012). In order to promote the impact on the
non-Saccharomyces community, one strategy consists of
delaying S. cerevisiae starter development by applying a sequential inoculation or by lowering its inoculation level (e.g.,
103 cells/mL). An alternative way is the use of a S. cerevisiae
strain inoculated at a normal rate (4–5 × 106 cells/mL) but
showing a long lag phase duration. Indeed, lag phase is a
quantitative trait that varies between few hours and few days
among S. cerevisiae strains in enological conditions
(Camarasa et al. 2011; Marullo et al. 2006). The genetic control of this parameter has been partially identified by a
Quantitative Trait Loci (QTL) mapping approach (Marullo
et al. 2007). A subsequent study reveals that two distinct chromosomal translocation events involving the gene encoding the
sulfite pump SSU1 mainly control this trait (Zimmer et al.
2014). The identification of these translocations paves the
way for controlling the lag phase duration using markerassisted breeding programs as done previously for other enological traits (Dufour et al. 2013; Marullo et al. 2007).
For some scientists and enologists, the growth of nonSaccharomyces yeast during the early stage of winemaking
is still considered as an uncontrollable risk, whereas for the
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others, their development is one way to increase the wine
quality. In this project, our initial hypothesis was that the
non-Saccharomyces component of the microbial community
during the prefermentation stage could impact wine composition. We aimed to evaluate the organoleptic benefit associated
with the development of a complex yeast community during
the prefermentation stage and to quantify its impact on the
fruity notes and wine complexity. For that purpose, we developed and used near isogenic S. cerevisiae strains with short or
long lag phase in order to modulate the duration of the
prefermentation phase and the non-Saccharomyces impact.

Material and methods
Media and culture conditions
The S. cerevisiae strains were grown at 30 °C on complete
YPD-2 medium containing 1% yeast extract (Difco
Laboratories, Detroit, Michigan), 1% peptone (Difco), and
2% dextrose solidified with 2% agar when necessary.
Sporulation was induced on acetate medium (1% potassium
acetate, 2% agar) for 3 days at 24 °C. Auxotrophies were
detected on SD medium (0.67% YNB, 2% dextrose, 2% agar)
supplemented with lysine (30 mg/L) or uracil (10 mg/L). The
non-Saccharomyces strains were grown at 25 °C in YPD-6
differing for YPD-2 by its dextrose concentration (6%).
Molecular genotyping of chromosome XVI forms and ho
allele
The homo or heterothallic (HO or ho) status of spore clones
was checked by PCR using the following primers: p301,
AGTCACATCAAGATCGTTTATGG; p302, GCACGGAA
TATGGGACTACTTCG; and P303, ACTCCACTTCAAGT
AAGAGTTTG (Huxley et al. 1990). The different allelic
forms of chromosome XVI were detected by using the PCR
tests developed by Zimmer et al. (2014). According to the
primer set, the presence/absence of the allelic forms XVI-wt
(p788, TCTTTTTGGGCTGGTAGGAT; p789, ATATTTGT
AGTGCCTGCACA), XV-t-XVI (P758, AAAGAAGT
TGCATGCGCCTA; p765, GACACCCATGACCATCAC),
and VIII-t-XVI (p764, TCGAACATCGAGCATGCA; p765,
GACACCCATGACCATCAC) was detected. The wild-type
copies of chromosomes VIII, XV, and XVI were detected
using the primers p786, CGCATCCAGTACAAAGAAATG;
p787, CTGAGTGATTTGTTTCCCGA; p758, AAAGAAGT
TGCATGCGCCTA; p761, GAGTTTTTTGCGCCTGCATT;
p788 , TCTTTTTGGGCTGGTAGGAT; and p7 89,
ATATTTGTAGTGCCTGCACA, respectively. The parental
strain YPM64 (CRBO L1317) is derived from a monosporic
clone of the commercial strain Zymaflore VL3 (Laffort,
Bordeaux, France) and carries the translocation XV-t-XVI that
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reduces the lag phase length in sulfited grape juice (Zimmer
et al. 2014). The parental strain YPM22 (CRBO L1303) is
derived from the Σ1278b lab strain and carries the XVI-wt
form. None of the strains used in this work have the other
translocated form VIII-t-XVI previously described (PerezOrtin et al. 2002). All PCR fragments were analyzed using
multi-NA apparatus using the DNA-1000 bp kit (Shimatzu,
Noisiel, France). The translocation PCR was also used as control to confirm the correct implantation of the strains at the end
of the alcoholic fermentation.
Construction of near isogenic strains with a short
and a long lag phase
Backcross experiments were carried out using auxotrophic
markers as previously described (Dufour et al. 2013).
Haploid strains and homothallic spore clones were crossed
by mixing 106 haploid cells with 10 spores/mL treated by
cytohelicase (2 mg/L) (Sigma, L’Isle d’Abeau Chesnes,
France) for an hour. Zygote formation was observed in liquid
YPD-2 after 6 h. Then, 100 μL of the mixture was plated on
SD medium for selecting prototrophic hybrids. The hybrid
nature of growing colonies was confirmed by the Mendelian
segregation of lysine and uracil auxotrophies by tetrad dissection using a Singer micromanipulator MSM 200 (Singer
Instruments, Roadwater, Somerset, UK). The use of the parental strains YPM22 (ho, ura3, XVI-wt) and YPM64 (HO/
HO, lys2/lys2, XV-t-XVI/XV-t-XVI) allowed the construction
of the hybrid VL3-BC4-LAG. At each backcross step, one
meiotic segregant was selected for the following genotype:
ho, LYS2, ura3, XVI-wt, and backcrossed with the strain
YPM64. Auxotrophies were selected on appropriate media,
while ho and XVI-wt genotypes were selected by molecular
typing. After four backcrosses, the hybrid VL3-BC4-LAG
was obtained. Six diploid progeny clones with the following
phenotypes HO/HO, LYS2/LYS2, and URA3/URA3 were finally selected. Three of them carried the XVI-wt form, while
the others three carried the XV-t-XVI form. Table 1 summarizes the relevant genotypes of S. cerevisiae strains used in the
backcross experiment.
Non-S. cerevisiae strains
Five non-conventional yeast strains were used (Table 1), either
from Centre de Ressources Biologiques Oenologique,
Bordeaux, France (CRBO) or Centre de Recherche PernodRicard, Créteil, France (CRPR) collections: H. uvarum CRBO
L0551, T. delbrueckii CRBO L0705 (commercialized as
Zymaflore Alpha by Laffort, Bordeaux, France),
C. zemplinina CRBO L0471, Pichia kluyveri CRPR NZ318,
an d Metschnikowia spp . CRBO L056 3, close to
Metschnikowia andauensis (Chasseriaud et al. 2015).
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Yeast strains used in this study

Strain

Species

CRBO L0471 (Cz)

Candida zemplinina

CRBO L0471

CRBO L0705 (Td)

Torulaspora delbrueckii

CRBO L0705

CRBO L0551 (Hu)
CRPR NZ318 (Pk)
CRBO L0563 (Mp)

Hanseniaspora uvarum
Pichia kluyveri
Metschnikowia spp.

CRBO L0551
CRPR NZ318
CRBO L0563

YPM22

Saccharomyces cerevisiae ho, ura3, XVI-wtho, ura3, XVI-wt

CRBO L1303

YPM64
VL3-BC1

Saccharomyces cerevisiae HO/HO, lys2/lys2, XV-t-XVI/XV-t-XVIHO/HO, lys2/lys2, XV-t-XVI/XV-t-XVI
Saccharomyces cerevisiae HO/ho, LYS2/lys2, URA3/ura3, XV-t-XV/XVIHO/ho, LYS2/lys2, URA3/ura3,
XV-t-XV/XVI
Saccharomyces cerevisiae ho, mat a, ura3, LYS2, XVI-wtho, mat a, ura3, LYS2, XVI-wt
Saccharomyces cerevisiae HO/ho, LYS2/lys2, URA3/ura3, XV-t-XV/XVIHO/ho, LYS2/lys2, URA3/ura3,
XV-t-XV/XVI
Saccharomyces cerevisiae ho, mat a, ura3, LYS2, XVI-wtho, mat a, ura3, LYS2, XVI-wt
Saccharomyces cerevisiae HO/ho, LYS2/lys2, URA3/ura3, XV-t-XV/XVIHO/ho, LYS2/lys2, URA3/ura3,
XV-t-XV/XVI
Saccharomyces cerevisiae ho, mat a, ura3, LYS2, XVI-wtho, mat a, ura3, LYS2, XVI-wt

CRBO L1317
This study

VL3-BC1-2B
VL3-BC2
VL3-BC2-4A
VL3-BC3
VL3-BC3-2C

Genotype

Origin

VL3-BC4

This study
This study
This study
This study
This study
This study

Saccharomyces cerevisiae HO/ho, LYS2/lys2, URA3/ura3, XV-t-XV/XVI HO/ho, LYS2/lys2, URA3/ura3,
XV-t-XV/XVI
VL3-BC4-msp1
Saccharomyces cerevisiae HO/HO, mat a/mat α, URA3/URA3 LYS2/LYS2, XV-t-XVI/XV-t-XVIHO/HO,
mat a/mat α, URA3/URA3 LYS2/LYS2, XV-t-XVI/XV-t-XVI
VL3-BC4-msp2
Saccharomyces cerevisiae HO/HO, mat a/mat α, URA3/URA3 LYS2/LYS2, XV-t-XVI/XV-t-XVI
VL3-BC4-msp3 (Sh-LP) Saccharomyces cerevisiae HO/HO, mat a/mat α, URA3/URA3 LYS2/LYS2, XV-t-XVI/XV-t-XVI

This study
This study

VL3-BC4-msp4 (Lg-LP) Saccharomyces cerevisiae HO/HO, mat a/mat α, URA3/URA3 LYS2/LYS2, XVI-wt/XVI-wt
VL3-BC4-msp5
Saccharomyces cerevisiae HO/HO, mat a/mat α, URA3/URA3 LYS2/LYS2, XVI-wt/XVI-wt
VL3-BC4-msp6
Saccharomyces cerevisiae HO/HO, mat a/mat α, URA3/URA3 LYS2/LYS2, XVI-wt/XVI-wt

This study
This study
This study

Fermentation assays
Fermentation assays in a model synthetic medium were performed as previously described (Marullo et al. 2006). The synthetic medium was filtered through a 0.45-mm nitrate-cellulose
membrane (Millipore, Molsheim, France) before use. The SO2
amount was adjusted at concentrations of 0 or 40 mg/L (only for
the fermentation assays, not for the precultures).
For fermentation assays in natural grape must, white grape
must was obtained from Sauvignon grapes, harvested in
vineyards in the Bordeaux area (2011 vintage or 2014 vintage). Tartaric acid was stabilized (precipitation) before long
storage at −20 °C. The initial assimilable nitrogen 152 and
157 mg N/L respectively for 2011 and 2014 vintages was
adjusted to 200 mg N/L using Thiazote (Laffort, Bordeaux,
France) in order to prevent nitrogen deficiencies (Bely et al.
1990a). The sugar concentration was 203 and 194 g L−1, respectively, for 2011 and 2014. The free and total SO2 were 25
and 75 mg/L for 2011 and 4 and 18 mg/L for 2014. The grape
must was filtered through a 0.45-μm nitrate-cellulose membrane before inoculation for precultures only. The initial indigenous yeast population in grape must, estimated by YPDplate counting before filtration, was low, i.e., around 20 colony-forming unit (CFU) per mL.

This study

Non-Saccharomyces yeasts were individually precultured
in filtered and half-diluted medium/must during 24 h at 24 °C
and were then used to inoculate the medium/must at 1 × 106
viable cells/mL for H. uvarum and C. zemplinina or at 1 × 104
viable cells/mL for P. kluyveri, T. delbrueckii, and
Metschnikowia spp. For S. cerevisiae, precultures were performed in filtered half-diluted medium/must at 24 °C during
24 h (short lag phase, Sh-LP) or 72 h (long lag phase, Lg-LP).
S. cerevisiae strains were then inoculated at 1 × 106 viable
cells/mL, except for the Blow inoculum^ modality where ShLP was inoculated at 1 × 103 viable cells/mL. The cell number
and viability was determined by flow cytometry (see below).
All fermentations assays were repeated three to four times.
Fermentations were run in closed 1.2-L glass reactors,
locked to maintain anaerobiosis, with permanent stirring
(≈ 150 rpm) (Bely et al. 1990b). CO2 was released through a
sterile air outlet condenser, and the precise amount of CO2
released was determined by measurement of glass reactor
weight loss. The temperature was set at 13 °C in order to
mimic a prefermentative stage at cold temperature. As soon
as the fermentation begun (CO2 release > 2.5 g/L), the temperature was set at 18 °C and was finally adjusted at 20 °C
when 75% of the reaction was reached (CO2 release > 72 g/L)
in order to mimic the temperature management at the
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industrial scale. At 75% of the alcoholic fermentation,
S. cerevisiae strain implantation (Sh-LP/short lag phase or
Lg-LP/long lag phase) was controlled using the translocation
PCR described in the present study.
At the end of alcoholic fermentation (AF) (no more CO2
release), stirring was stopped and lees settled as sediment during 48 h at 13 °C. After racking, SO2 was added (50 mg/L)
and the wines were bottled before further chemical and/or
sensory analysis.
For the so-called binary cultures, fermentations were conducted in 750-mL bottles (four replicates per modality),
locked to maintain anaerobiosis without stirring in order to
mimic winery conditions. The amount of CO2 released was
determined by measurement of glass reactor weight loss. A
prefermentative stage was conducted (13 °C), then the temperature was set at 18 °C when the fermentation started (CO2
release > 2.5 g/L). The long lag-phased S. cerevisiae Lg-LP
was inoculated at 1 × 106 viable cells/mL and mixed with only
one NS species inoculated at 1 × 106 viable cells/mL for
H. uvarum and C. zemplinina and 1 × 104 viable cells/mL
for P. kluyveri, T. delbrueckii, and Metschnikowia spp.
Fermentation kinetic monitoring
The amount of CO2 released was determined by measurement
of glass reactor weight loss. Different kinetic parameters were
calculated: the lag phase (h) was the time between inoculation
and the beginning of CO2 release (CO2 release higher than
2.5 g/L). The end of the fermentation was determined when
the CO2 release reached 97.5% of the total amount of expected
CO2. This point allowed us to estimate the alcoholic fermentation time (AF time, h) which was the time necessary
to ferment the sugars in the medium, excluding the lag phase.
The t30, t35, t50, and t80 were the time needed to reach 30,
35, 50, and 80% of the total amount of expected CO2, respectively. All modalities (except Cz) were able to achieve the
fermentation (i.e., to consume over 98.5% of initial sugar).
Finally, the CO2tot was the total amount of CO2 released at
the end of the fermentation (g/L).
Dosage of entering and sorting AF metabolites
The standard chemical parameters of wines were measured by
the analytical laboratory SARCO (Bordeaux, France): ethanol
concentration (% (v/v)) was determined by infrared reflectance
(Infra-Analyzer 450, Technicon, Plaisir, France), acetic acid
production (g/L) was measured by colorimetry (A460) in continuous flux (Sanimat, Montauban, France), and both residual
D-glucose and D-fructose (g/L) were quantified using an enzymatic method (Boehringer Kit D glucose/D fructose, RBiopharm, Darmstadt, Germany) on the supernatants. All assays showed complete fermentations (i.e., residual sugars at
the end of AF lower than 1 g/L). External glycerol (g/L) was
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assayed by enzymatic method (Boehringer kits 10 148 270
035, R-Biopharm, Darmstadt, Germany). The total SO2 and
free SO2 (mg/L) were measured by pararosaniline titration
(Pate et al. 1962).
Alternatively, when only small volumes were available (i.e.,
for binary cultures), small samples were harvested (800 μl),
stored at −20 °C, and analyzed thanks to the metabolomic platform of Bordeaux by semi-automatized enzymatic assays
(http://metabolome.cgfb.u-bordeaux.fr/). The concentrations
of the following organic metabolites were measured: acetic
acid, glycerol, malic acid, pyruvate, acetaldehyde, and total
SO2 using the respective enzymatic kits, K-ACETGK, KGCROLGK, K-LMAL-116A, K-PYRUV, K-ACHYD, and
K-TSULPH (Megazyme, Bray, Ireland), following the instructions of the manufacturer. Glucose and fructose were assayed as
described by Stitt et al. (1989).
Global population growth monitoring
The population growth was monitored by regular samplings
using a flow cytometer (Quanta SC MPL, Beckman Coulter,
Villepinte, France), equipped with a 488-nm laser (22 mW)
and a 670-nm long-pass filter. Cell samples were diluted in
McIlvaine buffer pH 4 (0.1 M citric acid, 0.2 M sodium phosphate dibasic) supplemented with propidium iodide (0.3% v/v)
in order to stain dead cells (red fluorescence measure in FL3
channel). The experimental points were used to estimate three
population growth parameters: the time of growth start
tgrowth (h) was defined as the time between inoculation and
effective doubling of the initial inoculated population, the
maximum population size K (cells mL−1), and the Klag
(cells mL−1) which is the population reached at the tgrowth.
Thiol and ester quantification
A HS-SPME-GC/MS method developed and validated by
Antalick et al. (2010) was used to quantify 32 esters which
included ethyl fatty acid esters, acetates of higher alcohol,
ethyl branched acid esters, isoamyl esters, methyl esters, ethyl
cinnamates, and some others. For volatile thiols, a specific
extraction was performed according to Tominaga et al. (1998).
Sensory analysis
For sensory analyses, triplicates of the same modality were
blended (equimolar ratio). Fifty milliliters of the five resulting
wines were poured into black wine glasses, labeled with random three-digit codes, and covered with half of a plastic Petri
dish. Evaluations were performed in a dedicated room, at
room temperature (around 20 °C). All the 24 panelists were
staff of the research laboratory at ISVV, Bordeaux University,
or from the Laffort Company and had previous experience
with the sensory evaluation of wines. The evaluation of the
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overall complexity was performed on a continuous scale illustrated by a series of six pictures that facilitate the comprehension of the complexity (Meillon et al. 2010). Analyses were
carried out by orthonasal evaluations. The samples were presented simultaneously to the panel who estimated the intensity
of the fruitiness and complexity of the wines on a discontinuous scale from 1 to 7. The resulting data were normalized for
each panelist, in order to take into account individual variation
before variance analysis (ANOVA) followed by Duncan test
(alpha = 0.05) by means of R and agricolae package (R
Development Core Team 2010).
Statistical analyses
All data were analyzed either through non-parametric statistics (Wilcoxon test) or variance analysis (ANOVA) followed
by Duncan test (alpha = 0.05) by means of R (R Development
Core Team 2010). A principal component analysis (PCA) was
performed using R and ade4 package (Chessel et al. 2004).

Results
Construction of nearly isogenic strains with short and long
lag phase
In a previous work, a major genetic determinism of the lag
phase in oenology has been deciphered by describing the role
of two translocation forms targeting the promoter region of
SSU1 gene on chromosome XVI (Zimmer et al. 2014). These
two types of gross chromosomal rearrangements enhance the
transcription of the SSU1 gene that encodes a sulfite pump
playing a major role in sulfite resistance during the first hour
of alcoholic fermentation (Divol et al. 2012). Both
translocated forms are frequently found among wine starter
cultures ensuring their rapid growth in grape must contain free
SO2 (Zimmer et al. 2014). Therefore, the rare non-translocated
form XVI-wt was used to construct a wine yeast strain showing a long lag phase. By a marker-assisted backcross program,
we produced nearly isogenic strains showing important differences in their lag phase.
The VL3-BC4-LAG hybrid was obtained by introgressing
in the YPM64 (VL3-like background) the XVI-wt form of the
strain YPM22 (Table 1). As the strain YPM64 possesses the
XV-t-XVI translocated form, the genotype for the VL3-BC4LAG hybrid is heterozygous (XV-t-XVI/XV-wt) for this locus. Previous works demonstrated that four rounds of backcrosses are mostly sufficient to obtained nearly isogenic lines
sharing more than 93% of genome identity (Marullo et al.
2007, 2009). To avoid manual spore to spore pairing, the
backcross program was carried out using the auxotrophic
markers ura3 and lys2 as previously described (Dufour et al.
2013). At the final step, homothallic spore clones with the
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following genotype (URA3/URA3, LYS2/LYS2, HO/HO) were
selected from the VL3-BC4-LAG hybrid in order to get prototrophic, diploid monosporic clones expected to be fully homozygous. The XVI-wt and XV-t-XVI alleles segregated in a
Mendelian way (five full tetrads analyzed). The kinetic properties were measured for six progeny clones on a Sauvignon
Blanc grape juice (2011 vintage) in duplicate (Online Resource
1). As expected, the lag phase was strongly affected by the inheritance of the chromosome XVI forms, with more than 90 h of
difference (Wilcoxon test, alpha = 0.05) in fermentation start. In
contrast, the other kinetic parameters were statistically similar
between the two groups suggesting that the progenies tested have
broadly the same technological properties under fermentative
conditions except for the lag phase. According to their short
and long lag phase, two of these clones carrying the XV-t-XVI
and XVI-wt forms were named Sh-LP and Lg-LP, respectively.
Sh-LP and Lg-LP strains were subsequently compared more
thoroughly in a synthetic grape juice, with or without sulfite
(Fig. 1), and several parameters were measured (Table 2): five
kinetic parameters (lag phase, AF time, time to complete 30, 35,
50, or 80% of AF t30, t35, t50, t80) and nine entering or sorting
AF metabolites (acetaldehyde, pyruvate, glucose, fructose, glycerol, malic acid, acetic acid, total SO2, CO2max). Our results
indicated that these two nearly isogenic strains displayed identical fermentation kinetics, except for lag phase that increased
from 25 to 28 h (Sh-LP with or without sulfite and Lg-LP without
sulfite) to 193 h for Lg-LP in the presence of sulfite. Regarding
metabolites, a significant Bsulfite^ effect was identified for pyruvate: both Lg-LP and Sh-LP fermentations displayed higher
amounts of pyruvate in the presence of sulfite (0.012–0.014 g/L
compared to 0–0.002 g/L). Finally, the concentration of total SO2
was significantly higher in synthetic medium with sulfite as expected (30–40 versus 1–8 mg/L). Moreover, the amount of total
SO2 was also higher for Sh-LP compared to Lg-LP (around 7 mg/
L more SO2), with or without sulfite, in accordance with previous
experiments showing that the translocation harbored by Sh-LP
confersan increased expression of the sulfite pump (Zimmeret al.
2014). Altogether, those results indicated that Sh-LP and Lg-LP
displayed identical phenotypes under fermentative conditions,
except, as expected, for lag phase and sulfite pumping.
Fermentation kinetics of short and long lag-phased
S. cerevisiae with or without a non-Saccharomyces
reconstructed consortium
In order to estimate the impact of both lag phase duration and
complex yeast consortium including S. cerevisiae and nonSaccharomyces yeasts, we conducted prefermentation maceration
and AF in a Sauvignon Blanc grape must (2011 vintage). Five
different modalities were tested (in triplicates), including either
S. cerevisiae Sh-LP or Lg-LP inoculated at 1 × 106 viable cells/
mL. The fermentations were run as either pure or complex culture.
In this latter case, a non-Saccharomyces community (NS
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Fig. 1 Impact of sulfite on the fermentation kinetics of short and long lag
phase strains in a synthetic grape must. Sh-LP and Lg-LP were tested in
synthetic medium with or without sulfite (40 mg/L). For fermentation
kinetics, error bars represent standard deviation of the triplicates. The

boxplots represent some parameters of interest (lag phase, AF Time,
CO2tot). Boxplots with different letter are significantly different
(Duncan test following ANOVA, alpha = 0.05, only lag phase parameter
was significant)

consortium)wasmimicked usinga mix offivestrainsbelongingto
five different species. The highly abundant H. uvarum and
C. zemplinina were inoculated at 1 × 106 viable cells/mL while
the less frequent P. kluyveri, T. delbrueckii, and Metschnikowia
spp. were inoculated at 1 × 104 viable cells/mL. Finally, a Blow
inoculum^ modality was also tested (Sh-LP inoculated at 1 × 103
viable cells/mL added with NS consortium) in order to assess the
impact of a long lag phase performed by a short lag phase strain. A
prefermentation stage was simulated by setting the temperature at
13 °C until the actual beginning of CO2 release. The three quarters
of the AF were then performedat 18 °C andthe lastquarter at20 °C
to mimic a winery-like temperature management at the end of
fermentation. The corresponding fermentation kinetics are shown
in Fig. 2, and fermentation parameters are summarized in Table 3.
The fermentation kinetic profiles were very similar: no significant
differences were recorded for the total amount of CO2 released
(CO2tot) or for AF time (calculated without lag phase). Indeed, the
main difference between the different modalities was due as expected to the lag phase duration: the modalities with the short lag

phase S. cerevisiae strain (Sh-LP) presented identical lag phases,
and no difference was associated with or without nonSaccharomyces (69.3 and 68.1 h, respectively). The Blow
inoculum^ modality with the short lag phase S. cerevisiae strain
(Sh-LP (low inoculum) + NS) displayed, as expected, a significantly greater lag phase of 128.6 h. Finally, the modalities with the
long lag phase S. cerevisiae strain alone (Lg-LP) presented a
higher lag phase of 242.1 h (without NS consortium).
Interestingly, the same strain associated with NS showed a shorter
lag phase (201.3 h).
Population growth
The total population growth was evaluated by flow cytometry. As the different species could not be differentiated, the overall yeast population was globally evaluated (Fig. 2 and Table 3). For all modalities, the start of
the population growth (tgrowth) preceded slightly (a few
hours) the actual beginning of CO2 release referred

7610

Table 2

Comparison of short lag phase and long lag phase strains in a synthetic grape must with or without sulfite

Modalities

Acetaldehyde (g/L)

Pyruvate (g/L)

Acetic acid (g/L)

Glucose (g/L)

Fructose (g/L)

Glycerol (g/L)

Malic acid (g/L)

Total SO2 (g/L)

Lg-LP with sulfite
Lg-LP without sulfite
Sh-LP with sulfite
Sh-LP without sulfite

0.089
0.078
0.055
0.081

0.014 ± 0.003 a
0±0b
0.012 ± 0.004 a
0.002 ± 0.002 b

0.42 ± 0.09 ns
0.38 ± 0.14 ns
0.5 ± 0.15 ns
0.46 ± 0.06 ns

0.064 ± 0.127 ns
0 ± 0 ns
0 ± 0 ns
0 ± 0 ns

0.064 ± 0.127 ns
0 ± 0 ns
0 ± 0 ns
0 ± 0 ns

1.52
4.73
1.95
4.05

0.071
0.095
0.076
0.085

33.11 ± 3.41 b
1.52 ± 1.34 d
40.57 ± 2.64 a
7.46 ± 1.79 c

±
±
±
±

0.035 ns
0.037 ns
0.016 ns
0.033 ns

±
±
±
±

1.63 ns
0.81 ns
2.27 ns
2.46 ns

±
±
±
±

0.056 ns
0.031 ns
0.038 ns
0.019 ns

Modalities

Pyruvate (g/L)

CO2max (g/L)

t50 (h)

t80 (h)

Lg-LP with sulfite
Lg-LP without sulfite

0.014 ± 0.003 a
0±0b

95.4 ± 2.6 ns
95.7 ± 2.5 ns

67.2 ± 3.7 ns
63.9 ± 2.8 ns

130.3 ± 11.9 ns
129.7 ± 12.4 ns

Sh-LP with sulfite

0.012 ± 0.004 a

96 ± 2.3 ns

69.1 ± 4.4 ns

141.1 ± 16.4 ns

Sh-LP without sulfite

0.002 ± 0.002 b

96 ± 1.8 ns

65.5 ± 4.6 ns

140.2 ± 16.4 ns

ns not significant (alpha = 0.05)
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Data presented are the means of four fermentations, ±standard deviation. A Kruskal-Wallis test was used to assess significant differences between modalities: modalities sharing the same letters are not
significantly different
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Fig. 2 Effect of the Saccharomyces cerevisiae lag phase and the nonSaccharomyces consortium. Five modalities were tested in triplicate,
including short or long lag-phased S. cerevisiae strain (Sh-LP and LgLP, respectively) inoculated at classical concentration (1 × 106 viable
cells/mL) or with low inoculum (1 × 103 viable cells/mL), with or without
non-Saccharomyces (NS) ecosystem. Error bars represent standard deviation of the triplicates. The boxplots represent some parameters of interest
(lag phase, AF time, CO2tot, tgrowth, K, Klag, acetic acid). Boxplots
with different letter are significantly different (Duncan test following
ANOVA, alpha = 0.05). Growth and growth parameters (K, Klag) are
shown in log(cells/mL). For sensory analyses, triplicates of the same
modality were blended (equimolar ratio). Orthonasal evaluations were
conducted by 24 panelists to estimate the intensity of the fruitiness and
complexity of the five resulting wines

herein as the lag phase. Consequently, significant differences within the modalities were detected for this parameter. In contrast, the maximal yeast population (K)
was similar (7.79 to 7.85 log10 cells/mL). We estimated
the maximal population during the lag phase, before the
actual beginning of CO2 release (Klag). Interestingly,
for the long lag phase BLg-LP + NS^ modality, a significant increase in yeast population during the lag
phase was recorded (Klag of 6.97 log10 cells/mL compared to 6.81–6.86 log10 cells/mL in other modalities),
possibly as a consequence of NS growth.

Wine analyses
At the end of AF, several classical chemical parameters of the
wine were measured (ethanol, acetic acid, glycerol, residual
sugars, free and total SO2; see Table 3). No significant differences among modalities were found, except for acetic acid that
was slightly increased in the Blow inoculum^ modality
(0.33 g/L) compared to Sh-LP (0.27 g/L) (Fig. 2). Volatile
thiols (4MSP, 3SH, A3SH) and several esters were also quantified. No significant differences were recorded for volatile
thiols among the different modalities, while five esters
displayed abundance variation depending on the modalities
(C2C3, C2iC4, C9C2, C2PhC2, dhcinnC2).
A principal component analysis was drawn based on ester
abundances (Fig. 3). The first two axes explained 56.8% of the
total variation of the 32 esters and showed a clear clustering
based on the lag phase duration, with the modalities including
long lag phase S. cerevisiae Lg-LP as well as the low inoculum modality with Sh-LP grouped together. Neither specific
clustering according to the presence/absence of the NS consortium nor according to the S. cerevisiae background (Sh-LP
versus Lg-LP) was evidenced.
Finally, a sensory analysis was conducted: the fruitiness
and complexity of the wines resulting from the five different
modalities were assessed by 24 panelists. Our results show
that the modalities with actual long lag phase (i.e., modalities
with either the long lag-phased S. cerevisiae Lg-LP or the
short lag-phased Sh-LP at low inoculum) displayed significantly more intense complexity and fruitiness (Fig. 2). Long
lag phases were not associated with acetic acid production, as
acetate was lower for Lg-LP + NS and Sh-LP modalities.
Investigating lag phase duration through binary cultures
In order to determine whether the shortening of the long lag
phase was due to a specific NS species or to the whole NS
consortium, we performed binary cultures including the long
lag-phased S. cerevisiae (Lg-LP) and either the whole NS
consortium or individual NS species (Fig. 4). The fermentations were performed without stirring in order to mimic winery conditions. No significant differences among the modalities for the ethanol, residual sugars, and acetic acid were found
(Table 4). Our results confirmed that lag phase varied depending on the modalities: 353 h for Lg-LP, against 179 and 181 h
for Lg-LP + NS and Lg-LP + Cz, respectively. Three other NS
species (Metschnikowia spp., P. kluyveri, and T. delbrueckii)
also allowed a significant, but slighter, shortening of the lag
phase (306–319 h) compared to Lg-LP pure culture. In addition, the fermentation duration varied significantly depending
on the modalities: Lg-LP + NS modality displayed the shortest
AF time (249 h), followed by Lg-LP + Cz (266 h), Lg-LP + Hu
(376 h), Lg-LP + Mp (405 h) and Lg-LP, Lg-LP + Pk, and LgLP + Td (446, 447, and 506 h, respectively).
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Table 3.

Impact of the lag-phase and the non-Saccharomyces consortium in a Sauvignon Blanc grape must (2011 vintage)

Modalities

CO2tot (g/L) Lag-phase (h)

AF time (h)

K (log [cells/mL]) Klag (log [cells/mL]) tgrowth (h)

Ethanol (%v/v)

Residual glucose Acetic acid (g/L)
& fructose (g/L)

Sh-LP
Sh-LP + NS
Sh-LP (low inoculum) + NS
Lg-LP
Lg-LP + NS

99 +/- 1 ns
100 +/- 0 ns
100 +/- 0 ns
99 +/- 2 ns
99 +/- 1 ns

243.3 +/- 9.5 ns
229.6 +/- 12.2 ns
237 +/- 6.2 ns
239.1 +/- 7.7 ns
245 +/- 4.3 ns

7.79 +/- 0.02 ns
7.8 +/- 0.04 ns
7.81 +/- 0.02 ns
7.85 +/- 0.02 ns
7.84 +/- 0.05 ns

12.59 +/- 0.04 ns
12.63 +/- 0.04 ns
12.64 +/- 0.03 ns
12.54 +/- 0.08 ns
12.58 +/- 0.03 ns

0.58 +/- 0.54 ns
0.1 +/- 0.03 ns
0.09 +/- 0.02 ns
1.3 +/- 1.61 ns
0.18 +/- 0.17 ns

0.27 +/- 0.01 bc
0.28 +/- 0.04 bc
0.33 +/- 0.02 a
0.31 +/- 0.02 ab
0.26 +/- 0.02 c

68.1 +/- 1.4 d
69.3 +/- 2 d
128.6 +/- 1.6 c
242.1 +/- 2.2 a
201.3 +/- 6.4 b

6.86 +/- 0.06 b
6.82 +/- 0.02 b
6.83 +/- 0.01 b
6.83 +/- 0.04 b
6.97 +/- 0.05 a

56.4 +/- 3.1 d
60.3 +/- 2.4 d
105.3 +/- 3.7 c
233.4 +/- 5.1 a
178.6 +/- 5.6 b

Modalities

Glycerol (g/L)

4MMP (ng/L)

3MH (ng/L)

A3MH (ng/L)

C3C2 (μg/L)

C4C2 (μg/L)

C6C2 (μg/L)

C8C2 (μg/L)

C10C2 (μg/L)

Sh-LP
Sh-LP + NS
Sh-LP (low inoculum) + NS
Lg-LP
Lg-LP + NS

5.52 +/- 0.16 ns
5.74 +/- 0.41 ns
5.51 +/- 0.02 ns
5.57 +/- 0.16 ns
5.59 +/- 0.15 ns

0.6 +/- 1 ns
0 +/- 0 ns
0 +/- 0 ns
0.6 +/- 1 ns
0 +/- 0 ns

834 +/- 285 ns
1005 +/- 917 ns
459 +/- 14 ns
524 +/- 126 ns
910 +/- 729 ns

112 +/- 35 ns
101 +/- 47 ns
56 +/- 23 ns
67 +/- 39 ns
95 +/- 62 ns

68.8 +/- 3.1 ns
71.7 +/- 4.5 ns
69.5 +/- 4.6 ns
62.8 +/- 1.2 ns
70.8 +/- 8.1 ns

381 +/- 23 ns
367 +/- 5 ns
388 +/- 45 ns
403 +/- 6 ns
398 +/- 21 ns

704 +/- 169 ns
628 +/- 48 ns
778 +/- 122 ns
814 +/- 119 ns
759 +/- 37 ns

521 +/- 71 ns
503 +/- 15 ns
545 +/- 18 ns
513 +/- 60 ns
533 +/- 33 ns

81.3 +/- 10.6 ns
76 +/- 11.2 ns
79.6 +/- 6.2 ns
77.9 +/- 5.5 ns
77.9 +/- 12 ns

Modalities

C12C2 (μg/L)

C2C3 (μg/L)

C2iC4 (μg/L)

C2C4 (μg/L)

C2iC5 (μg/L)

C2C6 (μg/L)

C2C8 (μg/L)

iC4C2 (μg/L)

mC4C2 (μg/L)

Sh-LP
Sh-LP + NS
Sh-LP (low inoculum) + NS
Lg-LP
Lg-LP + NS

7.87 +/- 4.41 ns
8.75 +/- 4.18 ns
4.71 +/- 1.64 ns
3.02 +/- 1.74 ns
3.22 +/- 0.57 ns

24.9 +/- 1.9 a
23.3 +/- 0.6 ab
19.5 +/- 2.2 c
21 +/- 1.2 bc
20.2 +/- 1.3 c

101 +/- 3 a
98 +/- 3 a
78 +/- 15 b
88 +/- 6 ab
86 +/- 2 ab

5.3 +/- 0.8 ns
4.2 +/- 0.6 ns
4.6 +/- 0.7 ns
4.7 +/- 0.4 ns
4.6 +/- 0.5 ns

6480 +/- 1779 ns
6955 +/- 325 ns
6236 +/- 1460 ns
6585 +/- 87 ns
6408 +/- 535 ns

118 +/- 38 ns
95 +/- 3 ns
107 +/- 31 ns
85 +/- 29 ns
104 +/- 8 ns

0.015 +/- 0 ns
NaN +/- NA ns
0.015 +/- 0 ns
0.015 +/- 0 ns
0.015 +/- 0 ns

69 +/- 8 ns
75 +/- 4 ns
79 +/- 9 ns
79 +/- 9 ns
87 +/- 6 ns

3.4 +/- 0.6 ns
3.6 +/- 0.1 ns
3.3 +/- 0.3 ns
3.1 +/- 0.1 ns
3.2 +/- 0.2 ns

iC5C2 (μg/L)

C5C2 (μg/L)

C7C2 (μg/L)

C9C2 (μg/L)

C4C1 (μg/L)

C6C1 (μg/L)

C8C1 (μg/L)

C10C1 (μg/L)

C4iC5 (μg/L)

Sh-LP
Sh-LP + NS
Sh-LP (low inoculum) + NS
Lg-LP
Lg-LP + NS

7.5 +/- 0.8 ns
7.6 +/- 0.1 ns
6.7 +/- 0.3 ns
6.6 +/- 0.6 ns
6.4 +/- 0.9 ns

0.75 +/- 0.11 ns
0.63 +/- 0.12 ns
0.91 +/- 0.19 ns
0.87 +/- 0.09 ns
0.66 +/- 0.29 ns

0.18 +/- 0.01 ns
0.23 +/- 0.02 ns
0.29 +/- 0.03 ns
0.37 +/- 0.2 ns
0.4 +/- 0.12 ns

0.046 +/- 0.004 b
0.064 +/- 0.01 a
0.045 +/- 0.004 b
0.046 +/- 0.009 b
0.048 +/- 0.006 b

0.33 +/- 0 ns
0.33 +/- 0 ns
0.33 +/- 0 ns
0.33 +/- 0 ns
0.33 +/- 0 ns

1.08 +/- 0.16 ns
1.01 +/- 0.03 ns
1.21 +/- 0.15 ns
1.37 +/- 0.27 ns
1.19 +/- 0.04 ns

0.92 +/- 0.22 ns
0.86 +/- 0.08 ns
1.04 +/- 0.14 ns
1.11 +/- 0.26 ns
0.94 +/- 0.03 ns

0.063 +/- 0.015 ns
0.061 +/- 0.009 ns
0.065 +/- 0.006 ns
0.059 +/- 0.004 ns
0.06 +/- 0.006 ns

0.27 +/- 0.05 ns
0.24 +/- 0.02 ns
0.29 +/- 0.07 ns
0.26 +/- 0.05 ns
0.26 +/- 0.05 ns

Modalities

C6iC5 (μg/L)

C8iC5 (μg/L)

hexC2 (μg/L)

C6iC4 (μg/L)

C1 trans-ger (μg/L) PhC2C2 (μg/L) C2PhC2 (μg/L) dhcinnC2 (μg/L) cinnC2 (μg/L)

Sh-LP
Sh-LP + NS
Sh-LP (low inoculum) + NS
Lg-LP
Lg-LP + NS

1.29 +/- 0.2 ns
1.28 +/- 0.15 ns
1.22 +/- 0.27 ns
1.16 +/- 0.05 ns
1.22 +/- 0.06 ns

2.85 +/- 0.25 ns
2.89 +/- 0.46 ns
2.68 +/- 0.43 ns
2.78 +/- 0.17 ns
2.84 +/- 0.07 ns

0.378 +/- 0.089 ns
0.338 +/- 0.02 ns
0.452 +/- 0.061 ns
0.563 +/- 0.228 ns
0.49 +/- 0.042 ns

0.109 +/- 0.017 ns
0.103 +/- 0.013 ns
0.1 +/- 0.022 ns
0.113 +/- 0.035 ns
0.101 +/- 0.008 ns

0.09 +/- 0.059 ns
0.099 +/- 0.013 ns
0.043 +/- 0.004 ns
0.039 +/- 0.005 ns
0.041 +/- 0.009 ns

0.55 +/- 0.04 a
0.54 +/- 0.02 a
0.47 +/- 0.01 b
0.48 +/- 0.01 b
0.52 +/- 0.05 ab

433 +/- 38 a
393 +/- 18 ab
335 +/- 52 b
372 +/- 4 b
380 +/- 14 ab

0.34 +/- 0 a
0.33 +/- 0.01 a
0.25 +/- 0.02 c
0.27 +/- 0.02 c
0.3 +/- 0.02 b

1.34 +/- 0.03 ns
1.33 +/- 0.01 ns
1.32 +/- 0.03 ns
1.32 +/- 0.05 ns
1.32 +/- 0.04 ns

Data presented are the means of triplicates, +/- standard deviation. A Kruskal-Wallis test was used to assess significant differences between modalities: modalities sharing the same letters are not
significanty different; NS stands for not-significant (alpha=0.05). For esters name, see legend of Fig. 3
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Fig. 3 Principal component analysis (PCA) of five wines on the basis of
32 ester abundances. Five modalities were tested in triplicate, including
short or long lag-phased S. cerevisiae strain (Sh-LP and Lg-LP, respectively) inoculated at classical concentration (1 × 106 viable cells/mL) or
with low inoculum (1 × 103 viable cells/mL), with or without nonSaccharomyces (NS) community. The first two principal components
(PA) explained respectively 31.5 and 25.3% of the total variance. The
boxplots represent the five esters found to be significantly different for at
least one modality. Different letters indicate significantly different means
(Duncan test following ANOVA, alpha = 0.05). Esters are noted as follows on the correlation circle: C2C4, butyl acetate; mC4C2, ethyl 2methylbutyrate; C4C2, ethyl butyrate; cinnC2, ethyl cinnamate; C10C2,

ethyl decanoate; dhcinnC2, ethyl dihydrocinnamate; C12C2, ethyl
dodecanoate; C7C2, ethyl heptanoate; C6C2, ethyl hexanoate; iC4C2,
ethyl isobutyrate; iC5C2, ethyl isovalerate, C9C2, Ethyl nonanoate;
C8C2, Ethyl octanoate; PhC2C2, ethyl phenylacetate; C3C2, ethyl
propanoate; hexC2, ethyl trans-2-hexenoate; C5C2, ethyl valerate;
C2C6, hexyl acetate; C2iC5, isoamyl acetate; C4iC5, isoamyl butyrate;
C6iC5, isoamyl hexanoate; C8iC5, isoamyl octanoate; C2iC4, isobutyl
acetate; C6iC4, isobutyl hexanoate; C4C1, methyl butyrate; C10C1,
methyl decanoate; C6C1, methyl hexanoate; C8C1, methyl octanoate;
C1 trans-ger, methyl trans-geranate; C2C8, octyl acetate; C2PhC2,
phenylethyl acetate; C2C3, propyl acetate

To assess whether acetaldehyde production was involved in the shortening of the lag phase in binary cultures with C. zemplinina species, additional fermentations
were performed in a Sauvignon Blanc grape must (2014
vintage) with Lg-LP and C. zemplinina as pure species
and both (Lg-LP + Cz). In the 2014 vintage, the shortening of the lag phase of Lg-LP was still significant

(Table 5), with 44 h for the Lg-LP + Cz modality compared to 51 h for Lg-Lp alone. A sample was harvested at
40 h (Fig. 5), and several metabolites were measured. No
significant differences were detected between Lg-LP and
Lg-LP + Cz modalities for acetaldehyde, pyruvate, acetic
acid, glycerol, malic acid, and total SO2. The Cz modality
was associated with decreased pyruvate and acetic acid
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Fig. 4 Fermentation kinetics and parameters in a Sauvignon grape must
for the long lag-phased S. cerevisiae Lg-LP, with or without NS species.
Seven modalities were tested with the long lag-phased S. cerevisiae strain
(Lg-LP), with or without non-Saccharomyces (NS) ecosystem, or with
individual non-Saccharomyces noted as follows: Cz, C. zemplinina; Hu,

H. uvarum; Mp, Metschnikowia spp.; Pk, P. kluyveri; Td, T. delbrueckii).
For population kinetics, error bars represent standard deviation of the four
replicates. The boxplots represent parameters of interest (lag phase, AF
time, CO2tot). Boxplots with different letter are significantly different
(Duncan test following ANOVA, alpha = 0.05)

content compared to Lg-LP + Cz. Finally, the same metabolites were measured at the end of AF, and no

significant differences between Lg-LP and Lg-LP + Cz
modalities were detected.

Table 4

Main characteristics of binary cultures including a long lag phase S. cerevisiae

Modalities

Lag phase
(h)

AF time
(h)

CO2tot
(g/L)

Ethanol
(% v/v)

Residual glucose
and fructose (g/L)

Acetic acid
(g/L)

Lg-LP
Lg-LP + NS
Lg-LP + Cz
Lg-LP + Hu
Lg-LP + Mp
Lg-LP + Pk
Lg-LP + Td

353 ± 9 a
179 ± 2 c
181 ± 5 c
367 ± 25 a
306 ± 3 b
307 ± 9 b
319 ± 11 b

446 ± 88 a
249 ± 18 c
266 ± 21 bc
376 ± 81 abc
405 ± 87 ab
447 ± 51 a
506 ± 68 a

94 ± 1 ns
95 ± 2 ns
94 ± 2 ns
95 ± 2 ns
95 ± 1 ns
94 ± 1 ns
93 ± 2 ns

12.23 ± 0.11 ns
12.12 ± 0.2 ns
12.37 ± 0.28 ns
12.4 ± 0.2 ns
12.37 ± 0.07 ns
12.27 ± 0.24 ns
12.14 ± 0.14 ns

0.91 ± 0.19 ns
1.07 ± 0.36 ns
0.65 ± 0.32 ns
0.72 ± 0.28 ns
0.77 ± 0.05 ns
0.94 ± 0.35 ns
1.08 ± 0.27 ns

0.2 ± 0.06 ns
0.3 ± 0.05 ns
0.24 ± 0.14 ns
0.29 ± 0.07 ns
0.23 ± 0.02 ns
0.31 ± 0.05 ns
0.21 ± 0.1 ns

Data presented are the means of triplicated fermentations, ± standard deviation. A Kruskal-Wallis test was used to assess significant differences between
modalities: modalities sharing the same letters are not significantly different
ns not significant (alpha = 0.05)

Impact of C. zemplinina on the S. cerevisiae Lg-LP lag phase in a Sauvignon Blanc grape must (2014 vintage)

Modalities 40 h after inoculation

End of AF

Acetaldehyde
(g/L)

Pyruvate (g/L)

Cz

0.015 ± 0.002 ns

0.01 ± 0.008 b

Lg-LP

0.014 ± 0.003 ns

Lg-LP + Cz 0.016 ± 0.003 ns

Modalities

Acetic acid
(g/L)

Glycerol
(g/L)

0.085 ± 0.003 b 0.73 ± 0.35
ns
0.017 ± 0.002 0.129 ± 0.013 a 0.58 ± 0.49
ab
ns
0.024 ± 0.002 a 0.144 ± 0.008 a 0.12 ± 0.08
ns

Malic acid
(g/L)

Total SO2
(g/L)

Acetaldehyde
(g/L)

Pyruvate (g/L) Acetic acid
(g/L)

2 ± 0.21 ns

13.2 ± 9.1 ns

0.019 ± 0.006 ns

0.046 ± 0.012 0.767 ± 0.047 a NR
a
0 ± 0.001 b
0.134 ± 0.02 b 0 ± 0 ns

NR

0.001 ± 0.002 0.161 ± 0.016 b 0.127 ± 0.147
b
ns

0 ± 0 ns

2.13 ± 0.28 ns 16.8 ± 2.3 ns

0.02 ± 0.005 ns

1.97 ± 0.13 ns 19.6 ± 0.9 ns

0.019 ± 0.003 ns

End of AF

Fructose (g/L)

Glucose
(g/L)
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Table 5

0 ± 0 ns

Fermentation kinetic parameters

Glycerol (g/L)

Malic acid (g/L)

Total SO2 (g/L)

Ethanol (% v/v)

CO2max (g/L)

Lag phase (h)

AF time (h)

t30 (h)

t50 (h)

t80 (h)

Cz
Lg-LP

6.08 ± 1.88 ns
2.75 ± 2.07 ns

1.11 ± 0.16 b
1.58 ± 0.08 a

1.17 ± 1.55 ns
5.13 ± 2.64 ns

NR
11.5 ± 0.4 ns

67.8 ± 12.9 b
91.1 ± 0.8 a

80.5 ± 4.4 a
51.2 ± 1 b

258.4 ± 6.8 a
205 ± 9.7 b

99.6 ± 7 a
36.4 ± 0.8 b

131.5 ± 11.5 a
57.4 ± 1.9 b

198.2 ± 10.5 a
98.7 ± 5.2 b

Lg-LP + Cz

2.57 ± 2.97 ns

1.48 ± 0.09 a

6.06 ± 3.23 ns

11.6 ± 0.1 ns

91 ± 2.2 a

44.3 ± 1.2 c

210.3 ± 3.1 b

42.5 ± 1.7 b

63.1 ± 2.2 b

104.6 ± 3.7 b

Data presented are the means of four fermentations, ± standard deviation. A Kruskal-Wallis test was used to assess significant differences between modalities: modalities sharing the same letters are not
significantly different
ns not significant (alpha = 0.05)
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Fig. 5 Impact of C. zemplinina on the fermentation kinetics in a
Sauvignon Blanc grape must (2014 vintage). Three modalities were
tested: the long lag-phased S. cerevisiae strain (Lg-LP), the
C. zemplinina strain (Cz), and mixed culture (Lg-LP + Cz). For population kinetics, error bars represent standard deviation of the four replicates.

The boxplots represent parameters of interest (lag phase, AF time,
CO2tot, acetaldehyde at 40 h after inoculation). Boxplots with different
letter are significantly different (Duncan test following ANOVA,
alpha = 0.05)

Discussion

possible to differentiate the modalities according to the lag
phase duration as revealed by the PCA analysis. Moreover,
the wines fermented by the Lg-LP S. cerevisiae strain were
judged to be more complex and fruity comparing with the
wines fermented by the Sh-LP. Two different factors could
explain such differences: (i) the lag phase duration itself impacts ester composition and sensory analysis and/or (ii) the
genetic differences between the short and long lag phase
strains (Sh-LP and Lg-LP are nearly isogenic with > 93% of
identical genome) explain the differences of the ester composition and wine sensory analysis. The latter hypothesis seems
unlikely, as the low inoculum modality that involved short lag
phase strain (Sh-LP) displays the same pattern regarding ester
composition and sensory analysis than Lg-LP, along with increased lag phase. In conclusion, it is the first time that a study
suggests that the wine composition can be affected by the lag
phase duration in a must that does not contain other species.
The underlying mechanisms are still unclear and may range
from physicochemical phenomena to enzymatic ones

The lag phase has a strong impact on wine composition
In this work, two nearly isogenic strains of S. cerevisiae showing major difference in their lag phase were successfully obtained through a breeding program based on four successive
backcrosses. In our conditions, the modulation of the lag
phase due to the differential inheritance of the chromosome
XVI form was confirmed, with a difference in lag phase of up
to 68 versus 242 h for the Sh-LP and Lg-LP, respectively, in
the presence of sulfite. Both fermentation kinetics and population growth parameters were similar for the two nearly isogenic strains, as well as the acetic acid and glycerol contents.
Thus, it was possible to modulate the lag phase without affecting the other fermentation properties of the strain. No significant differences concerning the volatile thiol content according to the nearly isogenic strain were shown. However, on the
basis of abundance of 32 esters on the final wines, it was
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(physicochemical or enzymatic reactions that may occur naturally in a grape must, provided that sufficient time is allowed)
to biological processes (as a result of the specific metabolic
activity of yeast strains associated with lag phase).
The availability of two nearly isogenic S. cerevisiae with different lag phase allowed us to modulate the duration of the
prefermentation phase with the aim to promote the role of nonSaccharomyces before alcoholic fermentation by delaying the
growth of S. cerevisiae. One modality based on a low inoculation
rate of the Sh-LP was also added to our experimental design as an
alternative strategy to postpone the growth of S. cerevisiae.
According to previous studies on the non-Saccharomyces diversity and population level during the prefermentation stage, we
formulated a combination of non-Saccharomyces based on two
major species, H. uvarum and C. zemplinina, and three minor
species, P. kluyveri, T. delbrueckii, and Metschnikowia spp., to
mimic a possible natural non-Saccharomyces community during
prefermentation phase. Thus, different prefermentation modalities associated S. cerevisiae (Sh-LP and Lg-LP) and nonSaccharomyces consortium were tested for their impact on wine
composition and sensory analysis. No significant difference
concerning the ethanol, glucose, and fructose was shown between S. cerevisiae monoculture and complex yeast consortium,
except a significant albeit slight increase in acetic acid content for
the Sh-LP low inoculum modality (0.27 to 0.33 g/L).
In our experimental conditions, a higher maximal population during the lag phase (Klag) was obtained for the BLg-LP
+ NS^ modality compared to the Sh-LP high and low inoculum + NS, probably due to a significant NS growth. The
presence/absence of NS consortium did not impact the global
ester composition of the wines. Still, some esters displayed
content variation according to the lag phase duration and the
presence of NS.
The wine sensorial analysis highlighted the positive impact
of the long lag phase on the wine fruitiness and complexity
perception, independently of the presence of NS. Our results
seem to indicate that a long prefermentation stage, through
either a long lag phase S. cerevisiae or a low inoculation rate,
is associated with higher complexity and fruitiness for the
resulting wines. This major effect seems slightly enhanced
by the presence of NS; however, in this experiment, we could
not definitively conclude concerning the positive impact of the
non-Saccharomyces yeasts during the prefermentation stage
on the wine fruitiness and complexity.
The non-Saccharomyces consortium impacts the lag phase
of S. cerevisiae
Fermentation kinetic analysis revealed that the lag phase in the
modality with the Lg-LP S. cerevisiae strain was shortened in the
presence of non-Saccharomyces yeasts (201 h) compared to the
pure S. cerevisiae modality (242 h, Table 3). In the modality BLgLP + NS,^ a slight growth of the NS population was noticed (37%
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increased of Klag). The presence of the NS consortium seemed to
impact the growth start (tgrowth) of the Lg-LP strain, with 233 and
179 h for Lg-LP and Lg-LP + NS, respectively. To investigate
whether this impact was due to the whole non-Saccharomyces
community or to a given species, binary cultures were performed.
Our results concerning the fermentation kinetics showed that the
lag phase was shortened to a similar extent both with the nonSaccharomyces community and C. zemplinina alone and to a lesser extent with Metschnikowia spp., H. uvarum, and P. kluyveri.
The shortening of the lag phase in the presence of C. zemplinina
was furthermore confirmed in another grape must (2014 vintage),
albeit in lesser proportion than for 2011 vintage, which is probably
relatedtotheloweramountofSO2 inthe2014vintage(totalSO2 of
75 and 18 mg/L for 2011 and 2014, respectively).
In winemaking conditions, different factors were reported to impact the lag phase: temperature (Marullo
et al. 2009), initial sugar concentration, nutrients such
as thiamin (Bataillon et al. 1996), nitrogen (Bely et al.
1990a), and SO2 (Egli et al. 1998; Henick-Kling et al.
1998; Zimmer et al. 2014). Free SO2 inhibits the growth
of yeast by entering into the cells in its molecular form
(Ingram 1948). As reviewed by Divol et al. (2012), yeast
cells have different responses to the presence of SO2
including the production of acetaldehyde and the active
efflux of SO2 by the sulfite pump Ssu1p. Both mechanisms play a major role in sulfite resistance during the
first hour of alcoholic fermentation. Indeed, the expression of the SSU1 gene was shown to be due to its genetic environment through different translocation events
(Nardi et al. 2010; Perez-Ortin et al. 2002; Zimmer et al.
2014). In our study, the Lg-LP S. cerevisiae strain possesses the XVI-wt form which is supposed to express at
a basal level the SSU1 gene. As a consequence, in the
presence of SO2, the physiology of the Lg-LP strain in
the first hours after inoculation is affected as the cell has
to trigger the expression regulation of SSU1 and to pump
out SO2. This physiological adaptation delayed the initiation of growth and of fermentation. One can hypothesize that the non-Saccharomyces community could decrease the amount of available molecular SO 2 , thus
impacting the Lg-LP growth initiation and reducing the
lag phase duration. The underlying mechanisms are unclear, but it has been shown that acetaldehyde production
was involved in lag phase duration and yeast-yeast interactions (Cheraiti et al. 2005, 2010). However, in our
case, the amount of acetaldehyde was not significantly
altered in the presence of C. zemplinina during the lag
phase, suggesting that other mechanisms could be involved. The molecular causes should be explored in a
subsequent work and could be important for understanding the early yeast community dynamic in a complex
must media colonized by non-Saccharomyces yeast and
S. cerevisiae.
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