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Figure S4 of the Supporting Information), succinate levels were
clearly lowered in all botrytized base wines. Therefore, lowered
succinate levels in the botrytized base wines may be due to less
effective regulation of the tricarboxylic acid (TCA) cycle than in
the healthy base wine, indicating a reduced alcoholic fermenta-
tive activity in the botrytized wines because succinate is one of
the major intermediates of the TCA cycle. This reduced ferment-
ability in the botrytized wines could also be explained by
reductions in glycerol, 2,3-butanediol, tyrosine, and valine deri-
vative (A1) levels observed in the present study, because these
metabolites are the main products of the alcoholic fermentation.14

Marked accumulations of glycerol and gluconic acid in bo-
trytized grape berry are well-known phenomena.32 It is therefore
likely that glycerol concentration is substantially increased in
wines vinified from botrytized grape berries.33 However, glycerol
levels in the botrytized wines were significantly lowered com-
pared to those in healthy wines in the present study. It may also
be a consequence of the reduced fermentability of the botrytized
base wines because glycerol is one of the main products from the
alcoholic fermentation. These results indicated that the different
glycerol levels between the healthy and botrytized wines were
dominated by the differences of glycerol produced during alco-
holic fermentation rather than by intrinsic concentration in the
grapes. However, high differences in glycerol concentrations
between the healthy and botrytized grapes could affect the con-
centrations of glycerol in corresponding wines, but no changes in
glycerol levels were found between healthy (H) and botrytized
and desiccated (BD) wines in 2008 (Figure 5A). Although
glycerol was not detected in 1H NMR spectra of the grape musts
due to overlap with huge NMR peaks of glucose and fructose in
the present study, relative glycerol concentration in grape musts

could be comparable using gluconic acid concentrations as pro-
vided inTable 1. Indeed,more accumulation of gluconic acid usually
leads to higher levels of glycerol in grapes.32 Therefore, high glycerol
levels in the corresponding base wines following large amounts of
gluconic acid in botrytized and desiccated (BD) must from 2008
may lead to a similar level of glycerol with healthy (H) base wines.
To date, few studies have reported the metabolic or fermenta-

tive influences of Botrytis infection of grape berry in the corre-
sponding wine. Ribereau-Gayon30 suggested that the reduced
fermentability in botrytized samples could be caused by accu-
mulation of antiyeast substances, such as acetic acid or manno-
proteins. However, the identification of the metabolites responsible
for the antiyeast activity still require further investigation. More-
over, the disappearance of numerous grape proteins and the
finding of two pectinolytic enzymes secreted by B. cinerea in the
botrytized Champagne base wine were reported.7 Therefore, it is
likely that the lesser fermentability in the botrytized base wine

Figure 6. Changes in glucose (Glc) and oligosaccharides (C1 and C2)
between the base wines vinified with healthy and botrytized grapes
harvested in 2008 (a), 2009 (b), and 2010 (c), highlighting the reduced
consumption of oligosaccharides (C1 and C2) in the botrytized base
wines after alcoholic fermentation. B20 and B40 represent 20 and 40%
Botrytis infection, respectively.

Figure 7. Comparisons of succinate levels in grape musts and base
wines obtained and vinified from healthy and botrytized grape berries
harvested in 2008 (A), 2009 (B), and 2010 (C). H, healthy; B20 and
B40, 20 and 40% botrytized; BD, botrytized and desiccated.
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growing regions. This method determines the diagnostic power
of bacterial and fungal profiles for predicting regional origin by
using a subset of samples to train a model that identifies unique
features within data categories. The technique then determines
the accuracy of the model by categorizing sample subsets that
were not used to build the model. Fungal models display a large
degree of predictive power (observed error range 0.146–0.188;
ratio to random error 2.449–4.592), particularly when all must
samples are included regardless of variety or vintage (error
0.146 ± 0.055; ratio 4.592) (SI Appendix, Table S1). Bacterial
models for all must samples (error 0.282 ± 0.076; ratio 2.325)
and Chardonnay must samples (error 0.085 ± 0.116; ratio 4.914)
perform well, but vintage-controlled and Cabernet Sauvignon
models yield high error rates (SI Appendix, Table S1). The most

important taxonomic features for regional prediction in these
models are many of the same significant taxa identified by CDA
and LDA, including Pseudomonas, Acetobacter, and Cladosporium
spp. (SI Appendix, Table S2).
These results reveal that nonrandom regional distributions of

grape microbiota exist across large geographical scales. Growing
regions can be distinguished based on the abundance of several
key fungal and bacterial taxa, defining potentially predictive re-
gional features with obvious consequences for grapevine man-
agement and wine quality. The chemicosensory distinction of
wines from different growing regions is well established (29–33),
providing the conceptual basis of wine terroir, although the
causative factors are elusive (9). Likewise, the formative influ-
ences of many key grape-derived microbiota on wine quality

Fig. 1. Grape must bacterial communities demonstrate distinct regional patterns. (A) Weighted UniFrac distance dendrogram comparing bacterial
communities of Chardonnay musts from across California. Branches are colored by the growing regions they represent, white branches encompass
two or more regions. Pie charts represent average phylum-level taxonomic compositions of all samples from each site. P value represents goodness-of-
fit scores between tree topology and sample ordination along the geographical axis. Map adapted from Oak Ridge National Lab Distributed Active
Archive Center for Biogeochemical Dynamics spatial data access tool (http://webmap.ornl.gov/). (B) Weighted UniFrac distance PCoA of bacterial
communities in Chardonnay musts from across California. (Inset) Same plot categorized by vintage. (C ) Canonical discriminant analysis plot comparing
Chardonnay musts from Napa, Sonoma, and Central Coast growing regions coplotted against bacterial taxa loadings. Circles represent canonical
group means and 95% confidence interval for each class, which are significantly different if their confidence intervals do not overlap. Arrows rep-
resent the degree of correlation between each taxon and each class as a measure of predictive discrimination of each class. (D) LDA effect size
taxonomic cladogram comparing all Chardonnay musts categorized by growing region. Significantly discriminant taxon nodes are colored and branch
areas are shaded according to the highest-ranked variety for that taxon. For each taxon detected, the corresponding node in the taxonomic cladogram
is colored according to the highest-ranked group for that taxon. If the taxon is not significantly differentially represented between sample groups, the
corresponding node is colored yellow. Highly abundant and select taxa are indicated: A, Acetobacter; E, Erwinia; G, Gluconobacter; H, Hymenobacter;
J, Janthinobacterium; K, Klebsiella; L, Lactobacillus; M, Microbacteriaceae; O, Sporosarcina; P, Pseudomonadaceae; S, Sphingomonas; U, Leuconostocaceae;
X, Moraxellaceae; Y, Methylobacterium. For the complete list of discriminate taxa and ranks used to generate this cladogram, see Dataset S4.
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Archive Center for Biogeochemical Dynamics spatial data access tool (http://webmap.ornl.gov/). (B) Weighted UniFrac distance PCoA of bacterial
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group means and 95% confidence interval for each class, which are significantly different if their confidence intervals do not overlap. Arrows rep-
resent the degree of correlation between each taxon and each class as a measure of predictive discrimination of each class. (D) LDA effect size
taxonomic cladogram comparing all Chardonnay musts categorized by growing region. Significantly discriminant taxon nodes are colored and branch
areas are shaded according to the highest-ranked variety for that taxon. For each taxon detected, the corresponding node in the taxonomic cladogram
is colored according to the highest-ranked group for that taxon. If the taxon is not significantly differentially represented between sample groups, the
corresponding node is colored yellow. Highly abundant and select taxa are indicated: A, Acetobacter; E, Erwinia; G, Gluconobacter; H, Hymenobacter;
J, Janthinobacterium; K, Klebsiella; L, Lactobacillus; M, Microbacteriaceae; O, Sporosarcina; P, Pseudomonadaceae; S, Sphingomonas; U, Leuconostocaceae;
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To elucidate which of these climatic conditions may drive
specific microbial populations across growing regions and vin-
tages, partial least squares regression (PLSR) was used to model
covariance between environmental features and bacterial and
fungal taxa at multiple taxonomic levels. PLSR projections were
initially made between all order- to species-level taxa detected
(Fig. 3 and SI Appendix, Fig. S7) and used to select taxa ex-
plaining >30% of the variance in the first two components.
Projections of these extracted features reveal highly covariable
relationships between several climatic conditions and microbial
taxa (Fig. 3 and SI Appendix, Fig. S7). Notably, net precipitation
associates strongly with Mycosphaerellaceae, B. fuckeliana, and
Pseuodomonadales; RH with Moraxellaceae and Cladosporium;
and maximum temperature and average low temperature associate

negatively with Penicillium, Pseudomonas, Enterobacteriaceae, and
Leuconostocaceae (Oenococcus oeni) in Chardonnay musts (Fig. 3).
Scatterplots and correlation coefficients were generated between
these variables and factors to test the strength of the PLSR model,
confirming noisy but significant (P < 0.05) correlations for many
of these observations (SI Appendix, Figs. S8 and S9).
The apparent modification of grape microbial consortia by en-

vironmental factors suggests that biogeographical trends are
responsive to local conditions, as opposed to being shaped by
physical patterns of microbial dispersion, a finding with powerful
implications for the future of wine-grape cultivation. First, some
of these conditions can be modified by viticultural practices, so
trellising types, canopy management, and other methods may be
selected to alter the microclimate of the fruiting zone in an at-

Fig. 2. Varietal variation in bacterial (Left) and fungal (Right) communities of Zinfandel, Cabernet Sauvignon, and Chardonnay grape musts. (A) LDA
effect size taxonomic cladogram comparing bacterial communities in all Sonoma Cabernet Sauvignon, Chardonnay, and Zinfandel musts. Significantly
discriminant taxon nodes are colored and branch areas are shaded according to the highest-ranked variety for that taxon. For each taxon detected, the
corresponding node in the taxonomic cladogram is colored according to the highest-ranked group for that taxon. If the taxon is not significantly
differentially represented between sample groups, the corresponding node is colored yellow. Highly abundant and select taxa are indicated: C, Cit-
robacter; E, Erwinia; G, Gluconobacter; H, Hymenobacter; J, Janthinobacterium; K, Klebsiella; L, Lactococcus; M, Microbacteriaceae; P, Pseudomonadaceae; S,
Sphingomonas; U, Leuconostocaceae; X, Moraxellaceae; Y, Methylobacterium. (B) Weighted UniFrac distance PCoA of bacterial communities in all Sonoma
Cabernet Sauvignon, Chardonnay, and Zinfandel musts. (C and D) One-way ANOVA of select bacterial (C) and fungal taxa (D) exhibiting significant differences
between grape varieties. The x axes represent relative abundance (maximum 1.0). Bonferroni-corrected and false-discovery-rate (FDR) corrected P values
are shown. (E ) Bray–Curtis dissimilarity PCoA of fungal communities in all Cabernet Sauvignon, Chardonnay, and Zinfandel musts. (Inset) Same plot
categorized by vintage. The x axis represents relative abundance (maximum 1.0). (F ) LDA effect size taxonomic cladogram comparing fungal com-
munities in all Cabernet Sauvignon, Chardonnay, and Zinfandel musts in all regions. Significantly discriminant taxon nodes are colored and branch
areas are shaded according to the highest-ranked variety for that taxon. Highly abundant and select taxa are indicated: A, Aureobasidium pullulans;
B, Botryotinia fuckeliana; C, Cladosporium; D, Davidiella; G, Rhodotorula glutinis; H, Hanseniaspora; M, Erysiphe necator; N, Sclerostagonospora
opuntiae; P, Penicillium; R, Rhizopus oryzae; S, Saccharomyces cerevisiae; T, Lachancea thermotolerans; U, Aspergillus; Y, Cryptococcus; Z, Candida
zemplinina. For the complete list of discriminate taxa and ranks used to generate these cladograms, see Datasets S7 and S8.

Bokulich et al. PNAS | Published online November 25, 2013 | E143

M
IC
RO

BI
O
LO

G
Y

PN
AS

PL
US

SE
E
CO

M
M
EN

TA
RY

La	dimension	microbienne	
du	terroir



Zygosaccharomyces

supportent	bien	de	fortes	concentrations	
de	sucre,	d'alcool,	d'acide	acétique	etc.



Brettanomyces

Donnent	les	arômes	
« brett »	(4-éthylgaïacol)
Tolèrent	l’alcool,	
moins	l’acidité.



To determine if there was a significant difference
between classes of strains for principal components, we
performed ANOVA on the principal components scores for
each axis, as described in Materials and methods. The
class term, with wine, wild, palm, sake, and S. paradoxus,
was significant for the first principal component
(P < 0.001), but not for the second principal component
(P = 0.124). The strain term, which represents random
strain effect within each class, was not significant for
either of the first two principal components (P = 0. 816
and P = 0.591, respectively) (Table S1). A post-hoc
Tukey’s HSD test revealed that wines fermented using
grape wine strains are significantly different from those
fermented using wild, palm wine, and S. paradoxus
strains for the first principal component (Table S2), but
not significantly different from sake or lab strains. Despite
some levels of discrimination between sake, palm, wild,
and S. paradoxus strains (experiment C, Tables 2 and S2),
these classes are not significantly different from one
another for wine attributes captured by the first principle
component, which readily distinguishes grape wine strains
from other strains of S. cerevisiae and S. paradoxus. Simi-
larly, linear discriminate analysis is able to predict class
membership for each wine replicate 65% and 67% of the
time for wine and wild strains, respectively, but only 27%
of the time, on average, for the other classes.

In agreement with the PCA analysis, wine attributes that
are significantly different between classes by ANOVA include
cabbage, wet dog, oxidized mushroom, citrus, and floral
(Table S1). Differences in the mean class scores for these
attributes are depicted in Fig. 3. Wines fermented using
wild, palm, sake, and S. paradoxus strains scored higher
for undesirable attributes, whereas wines fermented using
grape wine strains and the lab strain scored higher for
desirable attributes. Post-hoc Tukey’s HSD tests revealed
that cabbage, wet dog, citrus, and floral attributes differen-
tiated between grape wine strains and other strains, but
not between any classes of non-grape wine strains (Table
S2). Mushroom aroma was variable between many classes,
differentiating grape wine strains from wild S. cerevisiae
and S. paradoxus strains, but also differentiating sake
strains from wild S. cerevisiae and S. paradoxus strains
(Table S2). Oxidized aroma did not differentiate wine
strains from any other class of strains (Table S2). The only
significant differences between strains within a class was
between two grape wine strains, M33 and CDB
(P = 0.044) for mushroom aroma. The results of this
quantitative analysis support our results of the initial dis-
crimination tests, showing that human perceived differ-
ences between wines produced by wine strains and other
classes of strains are significantly greater than differences
within each class. In addition, the aromas that contributed
the most to the perceived differences between wine and

wild strains are cabbage, wet dog, citrus and floral, with
wine yeasts being associated with the latter two.

Chemical analysis

A final experiment was conducted to test if the flavor and
aroma attributes that contribute to the ability of humans
to discriminate between wines fermented using wine
strains and those fermented using wild strains and S. par-
adoxus strains are due to differences in chemical concen-
trations produced during fermentation. The chemical
composition of the wines was evaluated for 25 chemicals,
including commonly produced yeast metabolites associ-
ated with wine flavor (Table S6). Overall, the chemical
composition was able to predict the class of the wine
90% of the time (75% for oak, 100% for S. paradoxus,
and 100% for grape wine strains). The combination of
propanol (alcohol aroma), ethyl octanoate (green apple
aroma), and ethyl propionate (plum, apple aroma) alone
was able to completely distinguish between classes. Each
chemical attribute was also considered independently
using ANOVA (Table S3), and a post-hoc Tukey’s HSD for
chemical attributes that were significantly different

Floral

MushroomOxidized

Cabbage

Wet dog Citrus

Wet dog Citrus

Floral

MushroomOxidized

Cabbage

(a)

(b)

Wine

Paradoxus
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Palm

Sake
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Fig. 3. Sensory attributes differentiate between wine and non-wine

strains of Saccharomyces cerevisiae. (a) Class means for wine strains,

wild strains, and Saccharomyces paradoxus strains, and (b) means for

the palm, sake, and laboratory strains are shown for each of the six

quantitative descriptive wine attributes that distinguish wine strains

from other non-wine strains. Means were scaled from 0 (center) to 1

(spokes), where 0 represents the lowest mean score, and 1 represents

the highest mean score for any class.
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 für die H
efen verändert sich m

assiv. 
Bedingt durch die hohen Zuckergehalte treten 
hohe O

sm
olaritäten auf und in Abhängigkeit 

der Rebsorte liegen unterschiedliche pH
-W

er-
te im

 M
ost vor. D

ies korreliert m
it einer Ver-

schiebung des Artgefüges hin zu H
efearten, 

die im
 Zusam

m
enhang m

it der W
einbereitung 

stehen. G
enannt seien hier die G

attungen 
H

anseniaspora, M
etschnikow

ia, Candida, 
Torulaspora, D

ebaryom
yces und Pichia. Iso-

liert w
urden zw

ischen 5x10
4 bis 9x10

5 Zel- 
len/m

l M
ost. U

ntersuchungen von W
asch-

w
asser aus der Presse w

iesen auch einen 
G

ehalt von über 10
4 Zellen/m

l auf. D
ies ist ein 

sehr w
ichtiger Befund, denn in der W

einbe-
reitung eingesetzte G

erätschaften, w
ie Pres-

sen, Schläuche, Pum
pen, und anderes, kön-

nen daher auch als eine Infektionsquelle der 
M

oste angesehen w
erden. Trotz eines Rück-

gangs der H
efezellzahlen nach Schw

efelung 
und Sedim

entation w
ird sich eine M

ischung 
von H

efen aus dem
 W

einberg und dem
 Keller 

einstellen. D
er Einfluss der Kellerflora w

ird 
um

so größer, je w
eniger H

efen auf den Trau-
ben w

aren und diese H
efen aus dem

 W
einberg 

im
 Rahm

en der Verarbeitung absterben.
D

ass w
iederum

 die Kellerflora nicht stabil 
ist, sondern von außen m

assiv beeinflußt 
w

ird, zeigen die Experim
ente von Beltran et 

al., 2002. D
iese Arbeitsgruppe untersuchte 

über fünf Jahre in spontan gärenden M
osten 

zw
eier Rebsorten eines Betriebes das Vorkom

-
m

en von H
efen und konnte eine große Vari-

abilität über diesen Zeitraum
 zeigen. W

urden 
in einem

 Jahr H
anseniaspora uvarum

 und 
Candida stellata identifiziert, w

ar es im
 näch-

sten Jahr nur H
. uvarum

. In einem
 w

eiteren 
Jahr konnten neben diesen beiden Arten noch 
zusätzlich Candida sorbosa und Issatchenkia 
terricola bestim

m
t w

erden. In der zw
eiten 

parallel untersuchten M
ostsorte fanden sich 

sow
ohl andere H

efen als auch erhebliche Ab-
w

eichungen in der Zusam
m

ensetzung. 
Ein w

eiteres beachtensw
ertes Beispiel aus 

der Praxis kom
m

t aus Spanien (Santam
aria et 

al., 2005). D
iese Arbeitsgruppe untersuchte 

über sieben Jahre die H
efepopulationen eines 

Betriebes (Abb. 3). Zunächst w
urde über drei 

Jahre die H
efeflora im

 über 100 Jahre alten 
Betrieb analysiert. In diesem

 w
urde aus-

schließlich Rotw
ein produziert. Reinzuchthe-

Abb. 2: Entw
icklung 

der spontanen 
Hefeflora in Abhän-
gigkeit der Zeit, der 

Zellkonzentration 
und des Alkoholge-

haltes.
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particular in the food environments. Now that we know
about the ability of microorganisms to exchange genes
through nonvertical descent and even between distant
species, the use of genetically modified organisms in the
food chain should be avoided.

Finally, domestication of cheese fungi has impacted
their mode of reproduction. Indeed, industrial compa-
nies replicate their strains exclusively clonally, without
sex. This together with bottlenecks and strong selection
may contribute to the degeneration of cheese strains in
the form of reduced fertility as occurs in domesticated
plant and animal species (44–47). Investigations of pre-
mating (i.e., prevention of syngamy between individuals)
and postmating fertility (i.e., syngamy occurs but the
progeny is not viable or fertile) between andwithin genetic
clusters of P. roqueforti has suggested reduced fertility of
cheese strains (48). This degeneration has occurred inde-
pendently in two cheese lineages, representing convergent
evolution on a very short timescale.

YEASTS IN THE WINERY, BAKERY,
AND BREWERY
Humans have used Saccharomyces yeasts for thousands
of years for brewing, baking, and wine making. Because

yeasts are able to convert sugars into alcohol, they were
used primarily as effective ways to preserve the qual-
ity and safety of foods and beverages, because high
concentrations of ethanol are toxic for most other mi-
crobes. During food fermentation, yeasts convert sugars
to ethanol and carbon dioxide under both anaerobic
(fermentation) and aerobic conditions (known as the
Crabtree effect) (49, 50).

Saccharomyces species are ascomycetous yeasts (51)
that are model systems for ecology, genetics, and evo-
lution (52), particularly at the genomic level (53). Studies
have focused primarily on domesticated forms: besides
the famous Saccharomyces cerevisiae, other closely re-
lated species belonging to the Sacharomyces sensu
stricto complex and several important interspecific
hybrids have been isolated from fermented food (bread)
and beverages (beer, wine, cider, and sake). Their rela-
tionships are shown in Fig. 1. The abundance and va-
riety of hybrids in fermented products are intriguing
(54) and suggest that such hybrids could have selective
advantages over parental species (55). It is possible
that stressful conditions in fermentation processes pro-
mote hybridization events (52). The persistence of these
hybrids in the long term has been questioned (56), but
there is some evidence that they undergo progressive

FIGURE 1 Relationships between Saccharomyces species and their industrial hybrids.
Tree topology was obtained using a subset of 25,000 single nucleotide polymorphisms
selected after genome alignment.

4 ASMscience.org/MicrobiolSpectrum
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La	généalogie	du	genre	Saccharomyces…
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(303 ORFs), in-frame stop codons (25 ORFs), or the absence of
start or stop codons due to the presence of SNPs or indels (15
ORFs). We identified 11 Ty elements in the assembly (2 Ty1, 7
Ty2, 1 Ty4, and 1 Ty5), whereas 50 such elements have been
identified in the S288c genome. We detected no Ty3 elements.
This depletion of Ty elements is consistent with the results of
comparative genome hybridization for the EC1118 strain (12).
This overall picture was further supported by a direct estimate of
the overall Ty abundance from sequencing reads (1.8%), much
lower than that in S288c (3.4%), which was found to have the
highest Ty abundance in a previous population study (5). This
analysis also confirmed a clear inversion in the proportions of
Ty1 and Ty2 in EC1118 compared with S288c.

Genes Present in S288c but Missing from EC1118. In total, 111 of the
genes present in S288c were not found in the EC1118 genome
(Table S4). Most of these genes are repeated and located in
subtelomeric regions, which have not been accurately assembled,
making it difficult to estimate copy number precisely. However,
several of these genes (e.g., HXT16, PAU21, and SOR1) are known
to vary in copy number between strains (7, 12, 14). A large 17-kb
telomeric region on chromosome VI encompassing YFL052W to
YFL058W was absent in EC1118. Nontelomeric genes (21 genes)
were also found absent from EC1118. They consist mainly of genes
that are present in tandem duplicated arrays (ENA2/5, MST27,
PRM8, ASP3, and FCY22) or in a 20.5-kb region of chromosome
XII adjacent to the rDNA array, including 4 copies of ASP3. Most
of the missing nontelomeric genes were found frequently deleted in
other S. cerevisiae strains (Table S4). Two missing genes, MST27 and
PRM8, belonging to the DUP240 family, have been found depleted
in other wine yeasts (12, 16).

Genes Present in EC1118 but Missing from S288c. We identified 34
ORFs in EC1118, encoding proteins of 50 to 150 aa, that were
absent from S288c. Only 6 of these ORFs were kept in EC1118
annotation (Table S3), thanks to the presence of identified
orthologs in S. cerevisiae strains YJM789, RM11–1a, and
AWRI1631 and conserved genomic sequences in Saccharomyces
sensu stricto: EC1118!1J19!0562g, present in most of these strains
and species, EC1118!1G1!0023g, highly conserved in S. mikatae,
the duplicated EC1118!1M36!0034g and EC1118!1M36!0045g,
present in a single copy in S. mikatae and in AWRI1631 and
in 2 copies in Schizosaccharomyces japonicus, and two other
genes with a defined function. The first gene, KHR1
(EC1118!1I12!1684g), which encodes a heat-resistant killer
toxin, is located in a 1.6-kb fragment inserted into EC1118
chromosome IX and flanked by 2 LTR elements. KHR1 was also
found at the same location in the genome of YJM789. The
second gene, EC1118!1O30!0012g, is predicted to encode Mpr1,
a protein with N-acetyltransferase activity conferring resistance
to oxidative stress and ethanol tolerance (17). This ORF has
been identified in the !1278b strain and, interestingly, also in
other wine yeasts (RM11–1a and AWRI1631).

We also found another 34 genes and 5 pseudogenes to be
present in EC1118 but missing from S288c. Unlike the genes
described above, these genes were organized into 3 large clusters
that have been analyzed in detail (see below).

Identification and Localization of Large Chromosomal Regions Unique
to EC1118. Three large regions of the EC1118 genome, a total of
120 kb in length, which could not be aligned with the S288c
reference genome, were identified (Fig. 1).

The first of these regions was 38 kb long (region A) and was
located in the subtelomeric region of the left arm of chromosome
VI. The extremity of this chromosome displays a high degree of
rearrangement (Fig. 1). A 23-kb fragment in the left arm of
chromosome VI (including YFL052W to YFL062W in S288c) is

absent. An internal part of this region encompassing the genes
from YFL059W to YFL062W (5 kb) was found inserted into the
right telomeric end of chromosome X. Second, a 12-kb fragment
originating from chromosome VIII (including YHR211W to
YHR217C) was found in the 3" region of YFL051C (Fig. 1)
resulting in YFL051C being fused to YHR211W (gene
EC1118!1F14!0155g). The sequences of YFL051C and of
YHR211W are highly similar, suggesting that the translocation
was mediated by homologous recombination. Similar transloca-
tions to chromosome X were also found in strains YJM789 and
RM11–1a. PCR, sequencing, and Southern blot analysis on
EC1118 chromosomes confirmed these rearrangements.

We identified a second unique region (region B) as a 17-kb
insertion into chromosome XIV, between genes YNL037C and
YNL038W. Interestingly, a sequence similar to region B was
detected in the RM11–1a genome, but the sequence is slightly
rearranged compared with EC1118 and located between genes
YNL248C and YNL249C. We confirmed the localization of
region B in EC1118 by PCR amplification of the breakpoints.

A third region, 65 kb in length (region C), was identified in the
subtelomeric region of the right arm of chromosome XV,
replacing the last 9.7 kb of this chromosome. Southern blot
analysis confirmed the location of region C on chromosome XV.

Function of the EC1118 ORFs Encompassed by the Unique Regions.
Within the three unique EC1118 regions, 34 ORFs predicted to
code for proteins of #150 aa in length and with homologs in
other species were identified (Table S5). These genes were
classified according to the Munich Information Center for
Protein Sequences (MIPS) functional catalog and were found to
be involved mostly in key functions of the winemaking process,
such as carbon and nitrogen metabolism, cellular transport, and
the stress response (Fig. 2).

During wine fermentation, yeast cells must convert large
amounts of glucose and fructose into alcohol. This process is also
limited by nitrogen. Twenty of the 34 newly identified genes were
found to encode proteins potentially involved in the metabolism
and transport of sugar or nitrogen. These genes included genes
similar to those encoding a Kluyveromyces thermotolerans glucose
transporter, the S. cerevisiae glucose high-affinity transporter
HXT13, and the S. pastorianus–specific fructose symporter FSY1.
Several of these genes have homologs with known functions in
amino acid metabolism, such as a transcription factor involved in
proline utilization (PUT3), a S. cerevisiae permease potentially
involved in the export of ammonia (ATO3), and 2 tandem-
repeated genes encoding permeases of neutral amino acids.
Another example of genes encoding proteins with nitrogen-
related functions is provided by the gene encoding 5-oxo-L-

Fig. 1. Chromosomal distribution of the 3 unique EC1118 regions. The
alignment of EC1118 contigs with S288c chromosomes led to the identifica-
tion of 3 genomic regions unique to EC1118. The localization and length of
these 3 regions are indicated by colored chromosomal segments. The insertion
into chromosome VI of a 12-kb fragment from chromosome VIII is also shown.

16334 ! www.pnas.org"cgi"doi"10.1073"pnas.0904673106 Novo et al.

Un	milieu	pas	terrible,	le	vin…



Levures	de	la	peau	du	raisin

Levures	du	moût	en	fermentation

Levures	des	surfaces	de	la	cave





Inoculer…

- pour aller vite !



Inoculer…

- pour aller vite !

Le problème 
du virus killer



Inoculer…

- pour aller vite !

- pour aller loin (13-15°) !



Inoculer…

- pour aller vite !

- pour aller loin !

- pour aller « bien » (la 71B !)



150 Microbial modulation of wine aroma and flavour Australian Journal of Grape and Wine Research 11, 139–173, 2005

(Figure 7). The most significant esters are ethyl acetate
(fruity, solvent-like), isoamyl acetate (isopentyl acetate,
pear-drops aromas), isobutyl acetate (banana aroma),
ethyl caproate (ethyl hexanoate, apple aroma) and 2-
phenylethyl acetate (honey, fruity, flowery aromas) 
(Table 1) (Thurston et al. 1981). Commercial wine strains
produce variable amounts of esters, such as isoamyl
acetate, hexyl acetate, ethyl hexanoate and ethyl
octanoate, which have a potential impact on the aroma
profile (Rankine 1977, Soles et al. 1982, Lambrechts and
Pretorius 2000, Marais 2001). However, there are sever-
al non-Saccharomyces wine yeasts that can contribute to the
ester aromas of wine. For example, mixed culture fer-
mentations by wild yeasts, such as Hanseniaspora guillier-
mondii and Pichia anomala, together with Saccharomyces
cerevisiae showed increased acetate ester concentrations
compared to fermentations with Saccharomyces cerevisiae
alone, without significantly affecting acetaldehyde, acetic
acid, glycerol and total higher alcohols (Rojas et al. 2003).

Although esters in wine are mainly produced by yeast
metabolism (through lipid and acetyl-CoA metabolism),
their production can be influenced by the grape variety. In
Pinot Noir wines the characteristic fruity flavours of plum,
cherry, strawberry, raspberry, blackcurrant and blackberry
characters were shown to be influenced by four distinct
esters: ethyl anthranilate, ethyl cinnamate, 2,3-dihydro-
cinnamate, and methyl anthranilate (Moio and Etiévant
1995). These esters are synthesised by the yeast from
grape precursors and have distinct aromas: sweet-fruity
and grape-like odour (ethyl anthranilate) and cinnamon-
like, sweet-balsamic, sweet-fruity, plum and cherry-like

flavour (ethyl cinnamate). The aroma of ethyl 2,3-
dihydrocinnamate is very similar to ethyl cinnamate, but
its contribution to the overall aroma is smaller (Moio and
Etiévant 1995). 

It has been shown that Chardonnay wines character-
istically contain ethyl esters such as ethyl-2-methyl
propanoate, ethyl-2-butanoate, 3-methyl butanoate, ethyl
hexanoate, ethyl octanoate, ethyl decanoate, and the
acetate esters hexyl acetate, 2-methylbutyl acetate and
3-methylbutyl acetate. Although, Riesling wines contained
similar esters, 3-methyl butanoate and ethyl hexanoate
were found to be unimportant to the final aroma of the
wines (Smyth et al. 2005). Ester concentrations differed
among wine types, and there appears to be a synergy
between the grape and the yeast metabolism in estab-
lishing the characteristic ester blueprint of different grape
varieties.

The synthesis of acetate esters by Saccharomyces cere-
visiae is catalysed by a group of enzymes called alcohol
acetyltransferases (AAT) by utilising alcohols and acetyl-
CoA as substrates (Peddie 1990). Different Saccharomyces
AATase encoding genes have been cloned, namely ATF1,
ATF2, and LgATF (Fujii et al. 1994, Nagasawa et al. 1998,
Yoshimoto et al. 1998, Lilly et al. 2000, Mason and Dufour
2000).

The ATF1 gene was first cloned from Saccharomyces cere-
visiae and a brewery lager yeast, Saccharomyces uvarum
(Fujii et al. 1994). In this research, yeast strains with mul-
tiple copies of the Saccharomyces uvarum ATF1 gene and
subsequently elevated enzyme activity showed a 27-fold
increase in isoamyl acetate concentration and a nine-fold

Figure 7. A schematic representation of the
formation of ethyl acetate and isoamyl acetate in
wine yeast (based upon Swiegers and Pretorius
2005).
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Saccharomyces cerevisiae. For this reason, Saccharomyces cere-
visiae is almost universally preferred for initiating alcoholic
fermentation, and has earned itself the title of the wine
yeast. The primary role of wine yeast is to catalyse the
rapid, complete and efficient conversion of grape sugars to
ethanol, carbon dioxide and other minor, but sensorially
important metabolites without the development of off-
flavours (Figure 5) (Pretorius 2000). A secondary role
concerns the modification of grape-derived constituents
such as glyco- and cysteine-conjugates, which enhance
the wines’ varietal character. In this section, specific atten-
tion will be given to the contribution of yeast-derived
acids, alcohols, carbonyl compounds, phenols, esters, sul-
fur compounds and monoterpenoids to the aroma and
flavour profile of wine.

2.1 Acids
2.1.1 Non-volatile acids
The acidity of grape juice and wine has a direct impact on
its sensory quality and physical, biochemical and microbial
stability (Fowles 1992, Jackson 1994, Boulton et al. 1998).
Acids can have both positive and negative impacts on
aroma and flavour, depending on concentration and the
type and style of wine. This acidity, particularly pH, influ-
ences (i) the survival and growth of all microorganisms;
(ii) the effectiveness of anti-oxidants, antimicrobial com-
pounds and enzyme additions; (iii) the solubility of pro-
teins and tartrate salts; (iv) the effectiveness of bentonite
treatment; (v) the polymerisation of the colour pigments;

(vi) the oxidative and browning reactions; and (vii) the
freshness of some wine styles. Wine contains a large 
number of organic and inorganic acids. The predominant
non-volatile organic acids are tartaric acid and malic acid,
accounting for 90% of the titratable acidity (TA) of grape
juice. Citric acid and lactic acid also contribute to the acid-
ity of grape juice; succinic and keto acids are present only
in trace amounts in grapes, but concentrations are high-
er in wines as a result of fermentation (Whiting 1976,
Fowles 1992, Radler 1993, Boulton et al. 1998).

The main features of wine acidity include the types
and concentrations of the acids, the extent of their disso-
ciation, the titratable acidity and pH. Acidity imbalances
can result, under certain climatic conditions, from the
development of acidic compounds in the grapes and the
physical and microbial modification of these compounds
during the process of winemaking. Without adjustment of
acidity, the wines will be regarded as unbalanced or spoilt. 

Chemical adjustment in cooler climates generally
means reducing titratable acidity by blending, chemical
neutralisation by double salting (addition of calcium car-
bonate) and precipitation. In warmer viticultural regions
with adequate sunshine during the growing season and
grape ripening period, malic acid is catabolised at a faster
rate than tartaric acid. Adjustment of wine acidity gener-
ally entails increasing the titratable acidity, or more criti-
cally, lowering the pH by the addition of tartaric acid, and
sometimes malic acid and citric acid, depending on the
laws of the country. 

Figure 5. A schematic representation of derivation and synthesis of flavour-active compounds from sugar, amino acids and sulfur metabolism
by wine yeast.
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