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Abstract: An gpproach consisting of controlling yeast inoculum to minimize volatile acidity production by Saccharomyces
cerevisiae during the alcoholic fermentation of botrytized must wasinvestigated. Direct inoculation of rehydrated active dry
yeasts produced the most volatile acidity, while ayeast preparation pre-cultured for 24 hours reduced the final production by
upto 23%. Using yeasts collected from afermenting wine asastarter must al so reduced volatile acidity production. The condi-
tionsfor preparing theinoculum affected the fermentation capacity of thefirst generation yeasts: fermentation duration, sugar
to ethanol ratio, and wine composition. A pre-culture medium with alow sugar concentration (< 220 g/L) isessential to limit
volatile acidity production in high sugar fermentations.

Résumé: L'influence de la préparation del'inoculum de levure sur la production d'acidité vol atile au cours de lafermentation
acoolique de moditsrichesen sucre, tels quelesmolits de raisins atteints par la pourriture noble, aété éudiée. Trois méthodes
de préparation du levain ont &é comparées: uneinoculation directe avec 20 g/hL delevures sechesactives (L SA) rehydratées,
uneinoculation avec deslevains obtenus par préculture sur molit de raisins sains ou botrytisés, dilués ou non, et uneinocula-
tion al'aide de mo(t en pleinefermentation (4 jours) comme pied de cuve. Lasouche Saccharomyces cerevisiae Zymaflore ST
et utiliste dans cetravail. Cette étude met en évidence que l'inoculation directe avec des LSA est lamodalité qui engendrela
plusforte production d'acidité volatile, par contre un levain issu d'une pré-culture permet de réduire cette production jusgu'a
23 %. Le pied de cuve permet |laméme réduction apres deux repiquages successifs. La composition du milieu de laprécul-
ture affectele déroulement delafermentation. Une pré-culture de 24 h dansun milieu peu richeen sucre (<220 g/L) tel un mo(t
sain ou un moit issu d'une vendange botrytisée dilué de moitié est préconisée pour lameilleure maitrise delaproduction d'aci-
dité volatile mais égaement pour réduireladurée defermentation, le rendement sucrefalcool. Cetravall montre que l'état phy-
siologique des populationslevuriennes au moment del'inocul ation joue un role essentiel sur le déroulement delafermentation
des moits de raisins botrytisés. Les préparationsindustrielles sont beaucoup plus sensibles aux inhibiteurs de lafermentation
dcooliquequedeslevainsobtenus par préculture sur un mo(it dont laconcentration en sucre n'excéde pas 220 g/L. Dansnos condi-
tions expérimentales, laconcentration en levure en début de fermentation n'affecte paslaproduction finde en acidité volatile.
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INTRODUCTION

Volatileacidity, mainly acetate, can play asignificant
rolein winearomaand an excessve concentration of this
acoholic fermentation by-product is highly detrimental
towine quaity. The amount of volatile acidity produced
isusudly low (0.25t0 0.50 g/L expressed in acetic acid)
but may be higher under certain fermentation conditions.
In particular, during fermentation of high-sugar media,
such asbotrytized musts, the volatile acidity content may
be 1.8 g/L or even higher, i.e. over the EEC legal limit
of 1L.5g/L.

Severa authors have studied the origins of volatile
acidity production by Saccharomyces cerevisiae under
usua winemaking conditions. This production is affec-
ted by the yeast strain (MILLAN and ORTEGA,1988 ;
SHIMAZU and WATANABE, 1981), the composition of
the medium, and fermentation conditions, such as tem-
peraturevariations (MONK and COWLEY, 1984). Other
studies have demondtrated the stimulating effect of inso-
Iuble materials on fermentation, reducing the produc-
tion of volatile acidity by providing the yeasts with
saturated and unsaturated fatty acids (ALEXANDRE et
al., 1994 ; DELFHNI and COSTA,1993; LAVIGNE, 199%).

LAFON-LAFOURCADE and RIBEREAU-GAYON
(1977) showed that raising theinitial sugar content from
189t0 391 g/L increased the volatile acidity concentra-
tionfrom 0.56to 1.46 g/L inwinesmadefrom botrytized
grapes. S cerevisae respondsto increased externa osmo-
larity by enhanced production and intercellular accumu-
lation of glyceral to counterbalancethe osmotic pressure
(BLOMBERG and ALDER, 1989-1992 ; MAGER and
VARELA, 1993). Thisregulation mechanismisdueto
the expression of certain osmoresponsive genesinclude
glyceral 3-phosphate dehydrogenase which is encoded
by GPD1 (ALBERTYN etal., 1994 ; ATTFIELD and
KLETSAS, 2000), and aso two types of adehyde dehy-
drogenase encoded by ALD2 and ADL 3 (NAVARRO-
AVINO et al.,1999; ERASMUSet al., 2003 ; PIGEAU
and INGLIS, 2005). In order to maintain theintracellu-
lar redox balance, yeast cells regenerate an equimolar
amount of cytoplasmic NADH. Thisrequirement seems
to be partialy met by a decreased reduction of acetalde-
hyde to ethanal, on the one hand, and an increased oxi-
dation to acetate, on the other (BLOMBERG and ALDER,
1989). Thus, it is clear that an overproduction of acetate
cannot be avoided in high sugar fermentation (CARIDI
etal., 1999). Recently, BELY et al. (2003) reported that
production of volatile acidity wasinversely correlated
to the assmilable nitrogen concentration of themust during
high sugar fermentation. They suggested that, by stimu-
lating cell growth, nitrogen addition providesNADH in
the redox-equilibrating process, which in turn reduces
volatile acidity formation.
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Substances secreted by Botrytis cinereainhibit yeast
growth (RIBEREAU-GAY ON et al., 1979), thus contri-
buting to the formation of large quantities of volatile aci-
dity in botrytized mugts.

MILLAN et al. (1991) described theinfluence of the
physiological state of theinoculum on acetic acid pro-
duction under standard conditions. Thus, yeast showed a
higher specific rate of acetic acid production during the
exponentia growth than in the declining phase. On the
other hand, little data are available on high sugar fer-
mentation conditions.

Theaim of thiswork isto assesstheimpact of yeast
inoculum preparation on fermentation behavior and vola:
tile acidity production in sweet botrytized wine.

MATERIALSAND METHODS
| - YEAST INOCULATION

Figure 1lillustratesthe varioustechniquesused to pre-
pare yeast inoculum: i) musts were inoculated with
200 mg/L indugtrid activedry yeast (ADY) immediately
after rehydration in diluted mugt, asrecommended on the
packaging (A); ii) mustswereinocul ated with awineino-
culated using procedure A (B1) or B1 (B2) that had been
fermenting for four days (pied de cuve), and, findly, iii)
mustswereinoculated with yeast cells previoudy grown
in botrytized musts (diluted with water 1:1 vol. or not) or
in non-botrytized musts at 23 °C in flasks without agita-
tion for 24 hours (C, D, and E). These pre-cultureswere
inoculated with 200 mg/L ADY.

Rehydration
“Water ¥4 Q Active Dry Yeast
+ Zymaflore ST
L]
Must ¥4 \‘ %
L] ..
Direct yeast E
inoculation - Pre-cultures
20 min
3800 3% of final volume
24 h,23°C
Pied de cuve
Subculture after 96 h
— . .
Botrytized must B otrytized Non-botrytized
@ diluted 1:1 must must

\ l

I
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Figure 1 - Inoculum preparation protocols
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Il - CELL POPULATION DETERMINATION

Cdl population was determined by measuring absor-
bance at 610 nm, one absorbance unit corresponding to
107 cells/mL.

[ -MUST

Themustswere obtained from botrytized Sauvignon
and Semillon grapes harvested in vineyards in the
Sauternes and Barsac appellations (2000 to 2003 vin-
tages). They werecallected inthe cdllar after settling. The
initial sugar concentration varied from 345t0 365 g/L.

IV - FERMENTATION CONDITIONS

Activedry SaccharomycescerevisaeZymeflore ST
(Laffort Enologie, FHoirac, France) wasused. Thisgrain
was selected by the laboratory from native microflora
during spontaneous fermentation of abotrytized must for
itslow production of SOz binding compounds (BARBE
et al., 2000; MASNEUF and DUBOURDIEU, 2000).
Yeadt strain implantation was verified by comparing the
initial industriad yeast karyotype with the biomassusing
pulsed field electrophoresis (FREZIER and DUBOUR-
DIEU, 1992). All theinoculated yeastswerewd | implan-
ted.

1) Inthelaboratory

Fermentations were carried out in 375 mL sterile
bottles (330 mL must per bottle) a 23 °C. Fermentations
were monitored by COz release: theamount of COz rdea
sed was determined by measuring weight loss every
24 hours.

2) Inthewinery

Mustswere placed in identical 225 L barrelsfilled
to 90 % vol. Alcoholic fermentations were monitored
daily by measuring the dengity. Thefermentation tempe-
rature was not controlled and ranged from 17 to 25 °C.
Every experiment was duplicated.

Under both laboratory and winery conditions, fer-
mentation was stopped by adding sulfur dioxide
(300 mg/L) when the required alcohol concentration of
14%vol. wasreached. Residua sugarsranged from 100
to 120 g/L, depending on theinitial concentration.

V - ANALYTICAL METHODS
1) Assimilable nitrogen

Theassmilablenitrogen concentration in mugts, inclu-
ding ammonium satsand a-amino acids, was estimated
by the Srensen method (AERNY, 1996 ; MASNEUF
and DUBOURDIEU, 1999). Thismethod isbased onthe
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reaction of forma dehyde with amino functions. Thevaria-
tion coefficient was < 5 %.

2) Wineandysis

Ethanol concentration (% val.) was measured by infrae
red reflectance (Infra Analyser 450; Technicon, Plaisit,
France). Sugar (g/L) and volatile acidity (expressedin
g/L acetic acid) were determined chemicdly by colori-
metry (A460 nm) in continuous flux (Sanimat,
Montauban, France). Theseandyseswerecarried out in
the SARCO laboratory (Floirac, France) and followed a
quality assurance protocol approved by the French
Accreditation Committee « Réseau Cofrac ».

The quantity of resdud sugars(g/L) wasusedto cdl-
culate the sugar to ethanol ratio SE (g/L.%val), widdly
used in enology.

3) Statidtica andysis

Volatileacidity concentrationswere subjected to single
factor variance andysiswith threerepetitions (a = 0,01)
followed by aNewman-K euls average comparison test
(£ = 0,05) (ANOVA, Statbox Software®, Grimmer
Logiciels).

RESULTSAND DISCUSSION

I - IMPACT OF INOCULUM PREPARATION ON
VOLATILE ACIDITY AND FERMENTATION
BEHAVIOR

Severd fermentations were carried out under labo-
ratory conditionsat 23 °C (tablel) using the varioustech-
niquesfor preparing yeast inoculum (figure 1). Initial
Sugar concentrationsvaried from 345 to 365 g/ for botry-
tized musts and from 210 to 220 g/L. for non-botrytized
musts. Thevolatile acidity concentrationinthewineand
the sugar to ethanal ratio, calculated from residua sugar
and acohol values (not communicated), varied accor-
ding to the yeast inoculum preparation. Direct inocula
tion without pre-culture (A) or with 24 h pre-culturein
botrytized must (D) always produced the least favorable
resultsin both series of experiments. On the contrary,
yeast cells previoudy grown in diluted half-botrytized
musts (C) produced 12 % (must 1), 9.4 % (must 2), 19.8%
(must 3), and 17.3 % (must 4) lesssvolatile acidity, com-
pared to direct inoculation. Furthermore, the sugar/etha
nol ratios were always|ower. In this experiment, the
difference between direct inoculation (A) and pre-cultu-
red preparation C corresponded, in extreme cases (mugt 1),
to aremarkable differencein acohal production for the
same amount of residual sugars, i.e. asmuch as 0.9 per-
cent less alcohol in wine produced by direct inocula-
tion (results not communi cated).
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Tablel - Impact of yeast inoculum preparation
on volatileacidity (g/L acetic acid), fermentation duration (h), and sugar/alcohol ratio (g/L..%val.)
in laboratory conditionsat 23 °C.
Inoculum preparations. A, B1, B2, C, D and E (figure 1). ND: non-determined

Influence dela préparation del'inoculum sur la production d'aciditévolatile
et la durée defermentation en conditionsdelaboratoire.

Inoculum A, B1,B2,C,D et E (figure 1). ND : non-déterminé

Direct

Pied de cuve :

inoculation  repeated subcultures Pre-cultured yeast
A B1 B2 C D E
Must 1 Volatile acidity 0.67 b* 0.62b 0.60 a 0.59a 0.65b ND
Fermentation duration 190 205 205 190 190 ND
Sugar/alcohol 18.8 17.6 18.2 174 175 ND
Must 2 Volatile acidity 1.06b ND ND 0.96 a 1.09b 0.96 a
Fermentation duration 240 ND ND 240 250 190
Sugar/al cohol 19.1 ND ND 18.3 185 18.3
Must 3 Volatile acidity 0.86¢c 0.78b 0.72 ab 0.69 a 0.84c 0.70 a
Fermentation duration 170 180 180 170 170 170
Sugar/alcohol 19.2 18.2 18.3 18.1 18.2 17.7
Must 4 Volatile acidity 1.04b ND ND 0.86 a 1.02b ND
Fermentation duration 385 ND ND 290 385 ND
Sugar/al cohol 17.9 ND ND 17.2 17.6 ND

* Means of duplicate or triplicate fermentations.

Vauesfollowed by different letters are satistically different (Newman-Keulstest, o = 0.05).

The subcultures produced from fermenting must (B1
and B2) and pre-culture E (using non-botrytized must)
aso reduced volatile acidity productioninthewine. After
two successive subcultures (B2), volatile acidity concen-
trationswerethe same asthelowest level obtained using
pre-culture C (diluted botrytized must). The sugar/alco-
hol ratiosfor both subcultureswere better than those obtal-
ned by direct inoculation.

Compared to direct inoculaion, mustsinoculated with
yeast cultured in diluted must also decreased fermenta:
tion duration in case of duggish fermentation (must 4).

To confirm al these results, other experimentswere
carried out in awinery using two techniques:. direct ino-
culation (A) and yeast pre-cultured in botrytized must
diluted by half (C). It was not possible to calculate the
sugar/alcohol conversion ratios dueto lack of accurate
data. The results (tableau 11) confirmed that direct ino-
culation was less favorablein terms of volatile acidity
production. Winesmade with pre-cultured yeast in dilu-
ted must contained 16.5 % (must 5), 16.1 % (must 6), and
9.4 % (must 7) lessvolétile acidity. Moreover, fermen-
tation timeswere systematically shorter.

I1-IMPACT OF PHY SIOLOGY STATE OF INO-
CULUM

Asprevioudy stated, yeasts pre-cultured in diluted
must gave positive results, in terms of both volatile aci-
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dity production and sugar/d cohol conversionratio. One
advantage of pre-cultureistoincreasetheyeast concen-
tration compared to direct inoculation. Under our labo-
ratory conditions, the cell population in pre-cultures
increased from 2.106 cellsmL (corresponding to
200mg/L ADY) to 8.106 cellgmlL after 24 h. Additional
experiments were carried out to determine whether this
increasein yeast concentration in theinoculum wasres-
ponsible for the reduction in volatile acidity produc-
tion. Table 11 presents volatile acidity levelsin wines
inoculated with different yeast doses. The maximum cell
populaions obtained after 3 days fermentation were not
sonificantly different, i.e. 2.7x107 cellsmL indl samples
The yeast concentration in the inoculum did not affect
volatile acidity production by S cerevisae. The pre-cul-
tured yeast preparation produced 23.6 % lessvolatile aci-
dity inwine and fermentation timeswere shorter, thereby
confirming the previous results. These findings suggest
that the pre-cultured yeast preparation not only increa:
sad theyeast concentration in theinoculum, but aso modi-
fieditsphysiologica sate, compared to direct inoculaion
with ADY (A). Figure 2 presents the kinetics of vola-
tile acidity production and cell growth in experiments 2
and 4. The inoculum preparation did not affect the cell
growth rate. Volatile acidity was produced essentially
during cell growth. When thefina population was rea-
ched, at least 70 % of thevolatile acidity had dready been
released. Thisiscondstent with previousresults (BELY
et al., 2003). It isworth pointing out thet, in the case of
direct inoculation, volatile acidity production was higher
than in pre-cultured samples from the onset of fermen-
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tation. Asthe growth curves were similar, the specific
production of volatileacidity, i.e. per unit cell, was higher
following direct inoculation. Thisisdueto the fact that
the sugar concentration of the mediuminwhichthefirst
generaions grow after rehydration affectstheir metabo-
lism. Activedry yeastsare produced by aerobic metabo-
lism, in the presence of very low sugar concentrations.
At the end of the production process, yeasts are usudly
maintained in the desired dormant State to minimize meta-
bolic activity during storage by lyophilization, which
causesmgor physicd and physiologica changes. BEKER
and RAPOPORT (1987) reported that ADY had dama-
ged cytoplasm and plasmamembranes. A rehydration
period of 20 minissufficient for the cellular membranes
to repair themselves, as described by SAULITE et al.,
(1986) but not sufficient to acclimetize yeaststo the high
sugar concentration of abotrytized must (>350¢/L). The
higher the sugar concentration in the must to be inocu-
lated, the more the yeasts have to respond to increased
externd osmolarity. Alcohalic fermentation is partialy
diverted towardsthe production of by-products, resulting
inalower sugar/dcohaol conversionratio and higher vola:
tileacidity levels. Pre-culturefor 24 hinlow sugar concen-
trations (<220 g/L), e.g. musts diluted by half (C) or
non-botrytized muds (E) isgpparently crucid for the yeast
to adapt to high sugar fermentation. Excessve sugar levels
in pre-culture (D, tableI) prevent this adaptation.

It wasrecently established thet theinitial assmilable
nitrogen content affected volatile acidity productionin
sweet winesinoculated with pre-cultured yeast prepara:
tion(C) (BELY etal., 2003). It seemed important to study
theimpact of yeast preparation methods combined with
assimilable nitrogen adjustment. Asshown in figure 3,
irrespective of the method used to preparetheinoculum,
there was a correlation between volatile acidity produc-
tion and the assmilable nitrogen content of themust. The
higher the nitrogen concentration, thelessvolatile acidity
was released. As mentioned above, direct yeast inocu-
lation (A) gavethe least positive results, while pre-cul-
ture in diluted must (C) was the most advantageous,
irrespective of the nitrogen concentration. These results

show the advantage of using the right yeast preparation
and adjusting assimilable nitrogen to minimize volatile
acidity production during the fermentation of botryti-
zed must. A 68 % reduction was obtained by adding nitro-
gen to obtain 200 mgN/L in amust with alow initial
assimilable nitrogen concentration (25 mgN/L) and ino-
culating with pre-cultured yeastsrather than ADY. Other
yeast srainswere aso tested to verify theimpact of pre-
culture on reducing volatile acidity (unpublished data).

CONCLUSION

Fermenting grape mustswith pure selected yeast cul-
tures offers several advantages. Fermentation is better

Tablell - Impact of yeast inoculum prepar ation on
volatile acidity and fermentation duration in winery
conditions. Inoculum prepar ations:

A and C (figurel)

Influencedela préparation del'inoculum sur la produc-
tion d'aciditévolatile et laduréedefermentation en
conditionsdechai.

Inoculum A et C (figure1)

Direct  Pre-cultured
inoculation yeast
A C

Must 5
Volatile acidity (g/L acetic acid)  1.82 b* 152a
Fermentation duration (h) 800 600
Must 6
Volatile acidity (g/L acetic acid) 124b 104a
Fermentation duration (h) 430 385
Must 7
Volatile acidity (g/L acetic acid) 1.06 b 0.96 a
Fermentation duration (h) 410 360

* Meansof triplicate fermentations.
Values followed by different letters are statistically different
(Newman-Keulstest, a = 0.05).

TABLE |11 - Volatileacidity production and fermentation duration in winesinoculated with different cell
concentrationsin laboratory conditionsat 23°C. Inoculum preparations: A and C (figure 1)

Production d'acidité volatile et dur ée defermentation en fonction du taux d'inoculation. Inoculum A et C (figurel)

Direct inoculation Pre-cultured yeast

A Cc
Experiment number 1 2 3 4 5
Initial cell concentration (cells/mL) 1.106 (10 g/hl)  2.106 (20 g/hl) 1.106 2.106 8.106
Volatile acidity (g/L acetic acid) 1.05 b* 110b 0.85a 0.84a 0.84a
Fermentation duration (h) 360 340 265 265 240

(*) Means of triplicate fermentations.
Vauesfollowed by different letters are Satigticaly different (Newman-Keulstest, o = 0.05).
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Figure2 - Kineticsof volatile acidity production
(circle) and cdl growth (square) at 23 °C.
Inoculum preparations: A(open symbol) and C (filled symbol)

(figure 1)
Evolution del'aciditévolatile (cer cle) et dela croissance

cellulaire (carré) au coursdelafermentation a23°C.
Inoculum A (symbole ouvert) et C (symboleplein) (figure 1)

controlled and the risk of negative organoleptic effects
resulting from the metabolism of indigenous yeastsis
reduced. The yeast strain used for these experiments,
S cerevisiae Zymaflore ST, was sdlected for itslow pro-
duction of SO2 binding compoundsduring high sugar fer-
mentation. However, the outcome of fermentation may
also be affected by the physiological state of the yeast
used. Thus, yeastsfrom a 24 h pre-culture in areduced-
sugar medium (<220 g/L) were better adapted to fer-
menting a high-sugar must (> 350g/L) than active dry
yeadt inoculated immediately after rehydration. The com-
position of the pre-culture medium affected the synthesis
of the products excreted into thewine, particularly those
synthesized in thefirst few days, such as volatile aci-
dity. The direct consequence was a decrease in fermen-
tation time and the sugar to ethanal rtio.

The advantage of inoculation with yeast collected from
fermenting wine (pied de cuve) wasaso shownupinthis
study. Theseyeast cellshave dso an opportunity to accli-
matize to the medium. This preparation is easy to envi-
sage ashotrytized grapesare harvested over afairly long
period.
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