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Abstract This study reports on monitoring Oenococcus
oeni intraspeciWc diversity evolution during winemaking.
Three diVerent wines were monitored. The proportion of
O. oeni species was determined by species-speciWc PCR
and O. oeni strains were distinguished by multiplex PCR-
RAPD. Each strain was tested by PCR for 16 signiWcant
markers revealed by a previous genetic comparison
between a strong oenological potential strain and one
with poor oenological potential. Population levels and
diversity changed according to winemaking stages, oeno-
logical practices and the chemical properties of the wine.
In all situations, O. oeni was the best-adapted species.
Within the O. oeni group, intraspeciWc strain diversity
decreased and the malolactic fermentation was the result
of the most resistant strains with the highest number of
markers.

Keywords Oenococcus oeni · IntraspeciWc diversity · 
Genetic markers

Introduction

Lactic acid bacteria (LAB) play an important role in wine-
making mainly through the malolactic fermentation
(MLF), which decreases total acidity, improves microbio-
logical stability and enhances organoleptic properties.
Winemakers are aware of the importance of a successful
MLF. However, MLF sometimes fails, due to very harsh

environmental conditions in the wine for bacterial sur-
vival and growth, i.e. low pH, high alcohol content, high
SO2 concentrations, and low temperatures [18]. The
eYciency of the bacteria depends on their inherent ability
to survive and proliferate in wine. The development of
new industrial starters for direct inoculation represents a
considerable advantage in winemaking technology [9].
These considerations led us to search for a new approach
using comparative genomics. This was based on two
Oenococcus oeni strains: 1491, which has strong oenolog-
ical potential, and 8413, which has undesirable character-
istics. A Khi2 test conWrmed their statistical diVerence
(P < 0.05) and revealed 11 genetic markers [5, 6].
According to annotated gene banks, these genetic markers
are involved in cadmium transporting P-type ATPase,
Dps ferritin, polysaccharide biosynthesis export protein,
maltose phosphorylase, transcriptional regulator, hypo-
thetical protein, predicted transcriptional regulators, alco-
hol–sugar dehydrogenase, copper chaperone, and
Arabinose eZux protein MFS. Statistical analysis also
revealed Wve other genes in the oenological O. oeni col-
lection, with putative functions intervening in multistress
response, transport and structure membrane protein.
These Wve selective genes encode for thioredoxin, glyc-
erol uptake facilitator protein, Arabinose eZux permease,
glycotransferase involved in cell wall biogenesis, and a
hypothetical protein [7].

We monitored the whole population of lactic acid bacte-
ria and the ratio of O. oeni species in three diVerent wines.
Indigenous O. oeni strains were isolated and used to study
intraspeciWc diversity. The objective was to understand the
selection mechanism among indigenous strains during the
Wrst stages of winemaking by using the genetic markers
previously cited.
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Materials and methods

Samples

Washings of grapes, fermenting musts, and wines were col-
lected, as described by Renouf et al. [13, 14], from three
vineyards in the Bordeaux area. After harvest, we moni-
tored changes in the bacterial population throughout the
winemaking process until post-fermentation addition of
SO2 in the three wines (Table 1).

Bacteria isolation and population enumeration

Serial dilution of each sample was used to inoculate dupli-
cate plates of grape juice medium which contained (l¡1 dis-
tilled water): 5 g yeast extract, 500 mL red grape juice and
2 ml tween 80. The pH was adjusted to 4.8 with 5 N KOH.
Yeast growth was inhibited by adding 100 mg/L pimari-
cine. Plates were incubated at 25 °C for 7 days under
anaerobic conditions. Colonies were counted on plates with
30–300 colonies. From a wine sample, three replications
were made for the population enumeration.

O. oeni identiWcation

In order to assess the ratio of O. oeni to the total LAB pop-
ulation on the culture plates, we tested 25% of the colonies
on counted plates. Each colony was cultured in liquid
medium, with a similar composition to that of the plates,
but without agar for 7 days. DNA was extracted from
10 mL liquid culture according to the protocol described by
Renouf et al. [13]. The O. oeni species-speciWc PCRs [8]
were then performed using 2 ng of the DNA extracted from
each colony. Positive ampliWcation indicated that the col-
ony sampled belonged to the O. oeni species group. Compi-

lation of PCR responses for each colony gave the
percentage of O. oeni species among the LAB population.
When ampliWcation was negative, the species was identi-
Wed by PCR-DGGE targeting the rpoB gene [15].

The typing of O. oeni strains was based on a multiplex
RAPD-PCR method using two primers, On2 and Coc,
developed by Cocconcelli et al. [4] and Zapparolli et al.
[20], respectively, and as used by Reguant and Bordons
[12].

Presence of gene markers

The presence of 16 genetic markers was determined for
each O. oeni colony isolated at diVerent winemaking
stages: (1) grape surface at harvest, (2) grape must before
alcoholic fermentation (AF), (3) during AF, (4) at devatting
(when wine is transferred from one tank to another and sep-
arated from the lees), and (5) during MLF.

The oligonucleotide primers used for PCR ampliWcation
and sequencing were designed with the ePrimer3 program
(Table 2), and positive and negative PCR results for
markers test presence were validated by the method of
Delaherche et al. [6]. Each 25 �L ampliWcation reaction
mixture contained 2 ng DNA template, 2 �L custom-made
PCR Master Mix (MP Biomedicals-Qbiogene, France), and
5 pmol of each primer. The reaction mixture was preheated
for 5 min at 95 °C and subjected to 30 cycles, each consist-
ing of denaturing (30 s, 95 °C), annealing (30 s, 55 °C), and
extension step (30 s, 72 °C), in an iCycler iQ (Bio-Rad,
France). In addition with the conventional negative PCR
control run without DNA, a positive control with the DNA
of the 1491 O. oeni strains was used for each PCR test.
AmpliWed products were resolved on 1.5% agarose gel con-
taining ethidium bromide and viewed under a UV-transillu-
minator.

Table 1 Main characteristics of 
the wines monitored during 
industrial winemaking

Wine A B C

Origin Saint-Emilion Graves Médoc

Grape variety Merlot Cabernet-Sauvignon Petit-Verdot

Sulphur dioxide added at harvesting 8 g/hL 7 g/hL 4 g/hL

Initial cold maceration 5 days at 10 °C No No

Must sugar concentration (g/L) 254 220 238

Alcoholic fermentation yeast Indigenous Xora Indigenous Xora Levain 522 Davis

Post AF vatting 4 days 6 days 10 days

Ethanol content at the end of AF (% v/v) 14.65 12.00 13.95

pH before MLF 3.49 3.66 4.12

Free SO2 before MLF (mg/L of H2SO4) 7 10 9

Total SO2 before MLF (mg/L of H2SO4) 41 50 44

TPI before MLF 69.8 75.6 65.2

CI before MLF 1.84 2.02 1.76CI colour intensity, TPI total 
polyphenol index
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Chemical analysis of the wines

Analyses were carried out using the oYcial methods or
those recommended by the International Organization of
Viticulture and Wine.

Results and discussion

Despite the inXuence of various winemaking processes, LAB
developed homogeneously during the initial winemaking
stages (Fig. 1). At harvest, the average LAB population on
the grape surface was 102–103 CFU/grape. After a transitory

growth phase in must to reach approximately 104 CFU/mL,
the LAB population decreased during AF. In wine A, which
had a higher ethanol level, LAB could no longer be counted
(< 1 CFU/10 mL) when the AF was completed. Then LAB
population subsequently began to grow again, reaching
107 CFU/mL, and malic acid consumption was activated.

O. oeni represented a minority of the species on the
grape surface. The main species, identiWed by PCR-DGGE,
belonged to the Lactobacillus genus, mainly Lactobacillus
plantarum and L. casei [13, 16]. The proportion of O. oeni
increased throughout AF and it was the only species present
during MLF in the three cases studied (Fig. 2). IdentiWcation

Table 2 Markers and sequences of the primers used in PCR detection

Marker Forward primer (5�!3�) Reverse primer (5�!3�) Amplicon 
length (bp)

Cadmium transporting P-type ATPase-M1 GAAGCTCAAGATACCATCC CGACTTGTGCACAGATTCC 650

Dps ferritine-M2 TTGGTTAATTCAGCCGTTGT ATTGATCACGATGTCCCAAC 500

Polysaccharide biosynthesis export 
protein-M3

CTCGTAAGCATGGTTCTCTC ATTGGTTTGATGAAAAATGG 565

Maltose phosphorylase-M4 ACGCATGATTCCTCATTATC GGTCTTTCAAAATACCATCG 600

Transcriptional regulator-M5 TGGCAAACGTCTCAATCAAC AGCTTACGGCTGATGCTTT 380

Hypothetical protein-M6 TACTGTTCGTCAGCCGATGT CTCCCGACAAACTGCTAATG 400

Predicted transcriptional regulators-M7 CAATCAAGCCGGAATAGTT TGACCAGTTCGAATGAATTC 462

Hypothetical protein-M8 ATGACGCCATTCTATATCCA ATTTGCCTCGATAGTTTCTG 605

Alcohol–sugar dehydrogenase-M9 GGAAACAATTTACGCTTGC CGGCCTGTTTGATAAAGAA 471

Copper chaperone-M10 CCTCCTACTTAACCTTGACG AGTCCCACCTCCTGAATAAA 420

Arabinose eZux protein MFS-M11 TGGCTTAATCCCATCAGAAA CCAAATTGTCCAGAATACCG 600

Thioredoxin-M12 GTTTCTGAAGACCCGCTTA TGATGCCCCCTTCGTAAT 300

Glycerol uptake facilitator protein-M13 CTAACGCATTCCTGAAGAAC CCCAACTATATTCCCAGTGA 602

Arabinose eZux permease-M14 TTTTATCTGTCCAAGCAGGT AATTAGAAGAACGCTGATAGCC 330

Glycosyltransferases involved in 
cell wall biogenesis-M15

TGTTAACGATACGAAGCGCG GAATCACTCCATTCCGTCACC 600

Hypothetical protein lp_3433-M16 AAATAACGCAGGCCAATC CCATGATTCCTGGTTTACTGAG 569

Fig. 1 Changes in the total lactic acid bacteria population during
winemaking. The example shown is wine B. The vertical bars repre-
sent the standard deviation

Fig. 2 Changes in the percentage of Oenococcus oeni (solid line) (left Y-
axis) and the number of O. oeni RAPD proWles (dotted line) for the three
wines (open triangle A; open circle B and open diamond C) (right Y-axis)
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was then reWned up to the strain level, using the multiplex
RAPD-PCR [12]. Among the various molecular available
methods, the multiplex method combining a short primer
(Coc) with a longer primer (On2), speciWc to a fragment of
the malolactic enzyme of O. oeni was highly discriminat-
ing, rapid and reproducible, making it possible to analyze a
large number of strains in a reasonable time, so all the iso-
lates from the three wines were analysed using this method.
Like species diversity, strain diversity among O. oeni
decreased during fermentation. The residual strains in wine
during MLF were detected at harvest and resisted the
increasingly inhospitable environment as winemaking pro-
gressed. Ultimately, during MLF, only two strains were
present in wines B and C and three in wine A.

A previous genomic comparison between two strains
with diVerent oenological potential revealed 16 signiWcant
genetic markers [7]. We used these markers to characterize
the resistance of indigenous strains of O. oeni. All strains
were tested by PCR for the 16 genetic markers. Some
strains had relatively few markers (A-XII, B-VIII, C-VIII),
while others had all 16 (A-I, A-II, A-III, B-II, C-I, C-II)
(Table 3).

The average number of markers per strain increased as
winemaking progressed, reaching a maximum during MLF
(Fig. 3). Finally, the strains responsible for MLF were those
with the highest number of markers. In wines A and C,
these strains (A-I, A-II, AIII, C-I and C-II) had all the 16
markers. These strains originated from the grape surface
and were present throughout the winemaking process. On
the grape surface and in the must, these strains were diluted
among others that had fewer markers, but they became
dominant at the end of AF and were the only ones during
MLF. These observations conWrmed the relevance of the
genetic markers investigated for assessing the resistance
and growth potential of O. oeni strains, as well as their
capacity to complete MLF in wine.

Some markers may characterize resistance to early stress
factors, such as high sugar concentrations and low water
activity in fresh must, or low temperatures in initial cold
maceration. Others may withstand later stresses, such as
those resulting from yeast metabolism, e.g. ethanol and
other inhibiting metabolites, and, Wnally, other markers
may contribute to the strains’ ability to survive throughout
the winemaking process. The Wrst marker (M1) targeted the
cadmium-transporting P-type ATPase gene, which was
revealed to play a key role in environmental stress response
[1]. In Klebsiella spp. cadmium toxicity was aVected by
glucose concentrations [2]. Similar phenomena may have
occurred for O. oeni in the must. This [19] demonstrated
the implication of the metal ions like Cd(II) in bacteria
homeostasis and the relationship with the DPS ferritin
gene, which was targeted by the second marker (M2). The
M12 marker targeted the thioredoxin gene, which was alsoT
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known to play a major role in response to environmental
stresses [21] notably in O. oeni [10]. Other markers tar-
geted essential cellular functions viz. the cell wall organiza-
tion (M15) and the transcription (M5 and M7). The
importance of metabolite transport was also underlined by
the markers M11, M14 and mainly M13, which was only
detected in strains present at all winemaking stages. Glyc-
erol transport has been described as a strategy for preserv-
ing cell membrane integrity [17].

Wine A made from the most highly sulphited must at
harvest had the lowest pH and the highest alcohol level, and
could consequently be considered the most hostile environ-
ment. In this wine, the proportion of non-O. oeni species
and the number of markers per strain increased more
quickly than in the other two wines. O. oeni was the only
species present by mid-AF, and the strains present exhib-
ited most of the markers. This wine resulted from the must
with the highest sugar concentration and was also subjected
to initial cold maceration. The high sugar concentration and
low temperature probably led to osmotic and temperature
stresses, which may have accelerated selection of the most
resistant strains. In wine C, O. oeni strains with numerous
markers became dominant after devatting. Strain diversity
remained relatively high during AF started with commer-
cial yeast. The yeast strain probably had an impact on the
O. oeni population via interactions [11]. Long post-AF vat-
ting in wine C may also intervene since during maceration,
phenolic compounds were extracted from grape solids and
they were known to have a signiWcant impact on bacterial
viability [3].

Finally, the genomic approach, based on the presence of
16 signiWcant genetic markers, was very accurate for deter-
mining the resistance of indigenous O. oeni strains. Some
markers were detected less frequently than the others.
Genes implied directly in multistress response were the
most relevant. Their target by simple methods of PCR
could be adapted to the selection of the O. oeni industrial

starter able to resist to constraints commonly met in the
wine as to the description of O. oeni intraspeciWc diversity
evolution. Our hypotheses are not exhaustive. That should
be tested using other tools, such as proteomic and transcrip-
tomic approaches, to elucidate the adaptation mechanisms
of O. oeni strains in wine and the relevance of certain phys-
iological changes.
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