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Oenococcus oeni strains are well-known for their considerable phenotypic variations in terms of tolerance to
harsh wine conditions and malolactic activity. Genomic subtractive hybridization (SH) between two isolates
with differing enological potentials was used to elucidate the genetic bases of this intraspecies diversity and
identify novel genes involved in adaptation to wine. SH revealed 182 tester-specific fragments corresponding to
126 open reading frames (ORFs). A large proportion of the chromosome-related ORFs resembled genes
involved in carbohydrate transport and metabolism, cell wall/membrane/envelope biogenesis, and replication,
recombination, and repair. Six regions of genomic plasticity were identified, and their analysis suggested that
both limited recombination and insertion/deletion events contributed to the vast genomic diversity observed in
O. oeni. The association of selected sequences with adaptation to wine was further assessed by screening a large
collection of strains using PCR. No sequences were found to be specific to highly performing (HP) strains
alone. However, there was a statistically significant positive association between HP strains and the presence
of eight gene sequences located on regions 2, 4, and 5. Gene expression patterns were significantly modified in
HP strains, following exposure to one or more of the common stresses in wines. Regions 2 and 5 showed no
traces of mobile elements and had normal GC content. In contrast, region 4 had the typical hallmarks of
horizontal transfer, suggesting that the strategy of acquiring genes from other bacteria enhances the fitness of
O. oeni strains.

Oenococcus oeni is the most common species of lactic acid
bacteria (LAB) associated with malolactic fermentation
(MLF) in wine. After alcoholic fermentation (AF), most red
and some white wines undergo MLF to improve their organ-
oleptic properties and microbiological stability. From an evo-
lutionary point of view, O. oeni may be considered a specialized
microorganism, as it has a small genome of approximately 1.8
Mb (27) and occupies a very narrow ecological niche. It is one
of the naturally occurring LAB in grape must. As a result of
natural selection, thanks to its remarkable tolerance for the
fluctuating environmental conditions during AF, O. oeni be-
comes the dominant species among those triggering MLF (for
a review, see reference 42).

Oenococcus oeni has been described as a relatively homoge-
neous species, and a variety of molecular approaches failed to
clearly differentiate strains on a molecular level (23, 39, 45, 48,
49). Discrimination was accomplished only recently, using fine
techniques, such as differential display PCR, restriction endo-
nuclease analysis–pulsed-field gel electrophoresis (18, 22, 50),

and multilocus sequence typing (7, 8). Multilocus sequence
typing clearly demonstrated an unexpectedly high level of al-
lelic diversity in O. oeni. This was recently partially elucidated
by Marcobal et al. (26), who demonstrated the hypermutable
status in the genus, due to the absence of the mismatch repair
(MMR) genes mutS and mutL. As reported for other bacteria,
the lack of mut genes results in the accumulation of spontane-
ous errors in DNA replication, or in reduced stringency in
recombination, thus generating high levels of polymorphism
(35). More interestingly, the lack of MMR also facilitates the
generation of isolates with beneficial mutations, resulting in
increased fitness for the environment. This point is of tremen-
dous importance in selecting commercial O. oeni starters. The
considerable phenotypic variation in resistance to wine condi-
tions among indigenous O. oeni isolates coexisting in tanks in
the early stages of fermentation is well established and was
simply thought to account for the unpredictability of MLF.
Commercial starter strains are now widely used in winemaking
for greater control over this conversion. However, although
progress has been made in selecting and preparing O. oeni
strains, commercial starters for direct inoculation in wines are
not always effective (6).

A comprehensive catalogue of the genomic differences con-
tributing to plasticity in O. oeni populations is now essential to
provide relevant data on fundamental aspects of its evolution.
A further aim is to identify genetic markers predictive of eno-
logical performance to guide industrial strain selection strate-
gies. A first step in this direction identified correlations be-
tween enhanced enological properties and genomic variations
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in nine target genes (7). Another interesting avenue to explore
is the possible contribution of high-level polymorphism to fit-
ness. Genetic recombination creates rearrangements (dele-
tions, duplications, and inversions) and mediates the integra-
tion of horizontally acquired mobile elements, such as
plasmids, bacteriophages, genomic islands, and transposable
elements. The introduction of genes with novel functions into
genomes or their replacement with functionally similar or-
thologs or paralogs is recognized as an important mechanism
for adaptation to specific niches in prokaryotes and LAB in
particular (24, 25, 32).

The major aim of this study was to explore the genome
diversity in O. oeni populations and extend our knowledge of
the global gene repertoire of this species. Comparative genome
analyses using subtractive hybridization (SH) were used to
identify genetic differences between two O. oeni isolates with
different tolerances for the wine environment. These data were
combined with the publicly available genome sequence of the
O. oeni PSU-1 strain, as well as that of the ATCC BAA-1163
strain, completely sequenced in our laboratory (A. Lonvaud, J.
Guzzo, et al., unpublished data). We present the first compar-
ative genomic analysis of O. oeni, showing great genetic diver-
sity among the various strains and highlighting the role of
insertion/deletion (indel) events in creating diversity. Further-
more, we propose two hypotheses: variable gene distribution
may be related to enological potential and some of these se-
quences have been acquired on small islets through horizontal
gene transfer (HGT).

MATERIALS AND METHODS

Bacterial strains, selection, and culture conditions. Strains of O. oeni expected
to be as diverse as possible were selected in 2000 on the basis of their origin—
different vineyards in France, the United States, and Portugal—and type of
product—red wine, white wine, champagne, and liquor wines. Species identifi-
cation was carried out by PCR using primers OO1 and OO2, targeting the gene
encoding the malolactic enzyme specific to O. oeni (12). Our study also included
five commercial malolactic starters and the laboratory strains IOEB 8413 and
ATCC BAA-1163. To avoid redundancy in our collection, the isolates were
analyzed by pulsed-field gel electrophoresis using NotI, as previously described,
and strains with distinct pulsotypes were retained (2). In addition, strains were
analyzed using an insertion element (IS)-based PCR strategy, currently devel-
oped in our laboratory to type O. oeni isolates. This PCR targets the junctions
between the different IS30 elements identified in the genome of O. oeni and the
adjacent sequences (C. Le Marrec, et al., unpublished data). The selected 79
strains are presented in Table 1. All O. oeni isolates were routinely grown at 25°C
in modified MRS (Difco) containing 1% DL-malate and adjusted to pH 5.0
(M-MRS).

An assessment of the resistance to wine and the malolactic efficiency of the 79
strains was performed as previously described (7). Briefly, precultures grown in
modified acidic grape medium (11) were used to inoculate three different wines.
Microvinifications were done in duplicate using independent precultures. Assays
were conducted at 20°C and monitored for a 3-week period for their residual
malic acid content. The consumption of malic acid was checked weekly using a
thin-layer chromatography method (Roche, France). Briefly, a 5-�l sample of
wine was spotted and allowed to separate using a solvent containing 67% (vol/
vol) methanol, 17% (vol/vol) acetic acid, and 0.1% (wt/vol) bromophenol blue.
The completion of the MLF was further confirmed by determining the malic acid
concentration (L-malic acid UV test; R-Biopharm). Strains which completed
MLF in the three tested wines (six assays for each strain) were further considered
isolates of high potential (HP) (Table 1). Isolates which did not perform MLF in
any assay formed the low potential (LP) group. The remaining strains completed
MLF in one or two out of the three tested wines, with low reproducibility, and
were further considered isolates of intermediate potential (IP) (Table 1).

Genomic subtraction and cloning of fragments. The isolation of genomic
DNA and genomic subtraction was performed through the Genome Express
proprietary protocol (Cogenics-Genome Express S.A., Meylan, France), adapted

from the initial Straus and Ausubel SH protocol (43) in which strains IOEB
Sarco 1491 and IOEB 8413 were used as the tester and driver, respectively
(named hereafter SH-1491). The restriction enzymes Sau3A and RsaI were used
for the digestion of genomic DNA. Similarly, the opposite SH experiment was
conducted, in which strains IOEB 8413 and IOEB Sarco 1491 were used as the
tester and driver, respectively (SH-8413). Subtractive PCR probes originating
from SH-1491 and SH-8413 were amplified, respectively, from 1,508 clones and
1,403 clones (see Table S1 in the supplemental material) and sequenced in a
single pass using the M13 primer according to standard protocols. All sequences
were performed on Amersham Pharmacia Biotech Mega BACE4000 DNA se-
quencers.

Bioinformatics analysis. (i) A set of 786 filtered sequences (466 and 320 for
the Sau3AI and RsaI tester digestions, respectively) with a mean size of 616 �
172 bp was provided by SH-1491 and assembled using the phred/phrap programs
(14) with their default parameters. A total of 127 contigs and 55 singlets with
mean sizes of 641 bp and 415 bp, respectively, were obtained from both diges-
tions (see Table S1 in the supplemental material), totaling about 104 kb (i.e.,
5.8% of the genome size) and with a GC content of 38.7%. The sequences of the
182 SH-1491 genomic fragments were then tested for their strain specificities,
annotated, and ordered to reconstitute the original genome through an in-house
bioinformatics strategy.

(ii) The 132 sequences obtained from SH-8413 were first trimmed of vector
sequences and then tested by BLASTN and BLASTX cross-searches against the
genome sequence of O. oeni ATCC BAA-1163 (not yet public at the time of this
writing; a draft version has been released by A. Lonvaud, J. Guzzo, and cowork-
ers under the GenBank accession number AAUV00000000.1). Since the 132
SH-8413 sequences were 99.8% identical to their ATCC BAA-1163 counter-
parts, both strains were then considered closely related isolates and made the
complete genome sequence of strain ATCC BAA-1163 a useful reference for
comparative analyses and the rapid and efficient detection of false positives.
SH-1491 sequences exhibiting more than 93% identity to their ATCC BAA-163
counterparts were considered false positives and removed from the SH-1491-
specific set. Because some of these discarded sequences may also reflect addi-
tional gene copies, i.e., paralogous genes in the IOEB Sarco 1491 strain with
respect to the control strain, this collection of sequences was kept for further
bioinformatic investigations.

(iii) The rest of the specific SH-1491 sequences were submitted to syntactic
and functional annotation. BLASTX homology searches were performed against
the nonredundant GenBank protein sequence database available at NCBI, and
best BLAST hits (BBH) were recorded. A total of 14 SH-1491 orphan sequences,
i.e., without any detectable homologs, were set apart and not submitted to the
rest of the procedure. Mobile elements were identified using the ISfinder data-
base (41) and manual expertise.

(iv) Because two restriction enzymes were used during SH, some genetic
elements needed to be locally microassembled to reconstitute their original
architecture as well as to reconstitute a given region. The analysis was completed
with the aid of the genome annotation data from O. oeni PSU-1 strain
(CP000411), Lactobacillus plantarum WCFS1 (AL935263), and Streptococcus
agalactiae A909 (NC_007432). Sequences were orientated and ordered along the
corresponding homolog sequences using either T-COFFEE (31) or CAP2 (19).
The presence of at least three consecutive genetic elements was taken as a
criterion to define the presence of a plasticity region in the IOEB Sarco 1491 O.
oeni strain. All details are given in Tables S1 in the supplemental material.

Genomic PCR. The validation of each subtracted sequence as tester specific
was performed by PCR, using the DNA of the tester and driver strains as well as
the DNA of the ATCC BAA-1163 strain as controls. PCR was also used to (i)
assess SH-1491 sequence distribution in our collection of O. oeni isolates, using
internal primers, and (ii) characterize the presence and gene arrangement in the
plasticity regions when necessary. The primer design was achieved using the
eprimer3 and Oligo Analyser 1.0.3 software. Oligonucleotides were purchased
from Sigma-Aldrich. They are described in Table 2.

RNA isolation. Exponential phase cultures grown in M-MRS were exposed to
the following stresses: 10 min at 52°C, 1 h in the presence of 12% alcohol, or 1 h
at an acidic pH (pH 3.8). The cells were harvested by centrifugation, resuspended
in 1 ml of Tri-reagent (Sigma) and mechanically broken up with glass beads as
described before (13). After centrifugation, RNA was extracted from superna-
tants as recommended by the manufacturer. Purified RNA was suspended in
appropriate volume of 0.1% diethyl pyrocarbonate-treated water. Contaminating
chromosomal DNA was removed by digestion with RNase-free DNase (1 U/�l;
Ambion). The determination of the sample concentration and quality was per-
formed by optical density readings at 260 and 280 nm (SmartSpec Plus spectro-
photometer; Bio-Rad, France) and by agarose gel electrophoresis. RNA prepa-
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rations were stored at �80°C until used. Extractions were performed from two
independent cultures.

Reverse transcription- and real-time PCR. cDNA was synthesized using the
iScript cDNA synthesis kit (Bio-Rad) as recommended. The 25-�l reaction
mixture (4 �l of 5� iScript reaction mix, 1 �l of iScript reverse transcriptase, and
1 �g of RNA) was incubated for 5 min at 25°C, 30 min at 42°C, and 5 min at 85°C.
Real-time PCR was carried out on a Bio-Rad iCycler with the iQ SYBR green
supermix (Bio-Rad) in 96-well plates. A volume of 5 �l containing 10 pg of
cDNA was added to 20 �l of PCR mixture (12.5 �l of iQ SYBR green supermix,
0.05 �l of each primer at 100 �M, and 6.4 �l of RNase-free water). Specific
cDNA was amplified by real-time PCR with specific primers that were designed
based on internal regions of the stress-responsive omrA gene (3) and of the eight
SH fragments of interest identified in our study (see Table S1 in the supplemen-
tal material). In each run, negative and positive controls were included. Thermal
cycling conditions were designated as follows: the reaction mixture was pre-
heated for an initial denaturation at 95°C for 5 min, and 30 cycles were then
carried out, each consisting of a denaturation step (30 s, 95°C), an annealing step
(20 s, 52°C), and an extension step (20 s, 72°C). For each measurement, the
threshold cycle value was determined with a baseline set manually at 100 relative
fluorescence units (RFU). The differences in gene expression between the M-
MRS standard condition and wine mimetic stresses (1-h shock in ethanol, acid,
or heat) were analyzed using the comparative critical threshold method, in which
the amount of target RNA is adjusted to a reference relative to an internal

calibrated target RNA as previously described (13). The results were normalized
by using the ldhD gene coding for lactate dehydrogenase, as its transcript level is
weakly affected by the three tested stress conditions (10). Manipulations were
done in duplicate. We considered that genes were significantly down- or upregu-
lated if their relative expression levels were found to be at least twofold lower or
higher than that of the control reference (10, 13).

Statistical analysis. A chi-square test was computed considering the number
of positive PCR amplifications obtained in the strain collection for each couple
of primers and the total numbers of strains in each group of enological potential.
A sequence was considered statistically overrepresented in the HP group if the
chi-square test was significant at the 5% level.

Nucleotide sequence accession numbers. The nucleotide sequence data cor-
responding to regions 4, 5, and 6 from the IOEB Sarco 1491 strain have been
deposited under the accession numbers FJ625794, FJ613272, and FJ613273,
respectively.

RESULTS

Analysis of the subtracted library. SH-1491 revealed 182
tester-specific fragments, containing a total of 140 genetic el-
ements. A total of 14 sequences had no significant BLASTX

TABLE 1. O. oeni strains used in this work and their originsa

Enological potential and strain(s) Origin

HP
B1 (Microenos MBR B); IOEB Sarco 450 .........................................................Laffort, commercial strains
PSU-1 .......................................................................................................................California, commercial strain
VO (Viniflora oenos) .............................................................................................CHR Hansen, commercial strain
VF (Vitilactic F) .....................................................................................................Martin Vialatte, commercial strain
IOEB Sarco 347, 438a............................................................................................Red wine-MLF, Gironde (La Roquille, Arveyres), France
IOEB Sarco 433a ....................................................................................................Red wine-MLF, Lot (Cahors), France
IOEB Sarco 384 ......................................................................................................White wine-MLF, Savoie, France
IOEB Sarco 396, 422..............................................................................................White wine-MLF, Jura, France
IOEB Sarco 451, 453, 1491 ...................................................................................Red wine, Gironde, France

IP
IOEB Sarco 7, 10....................................................................................................Red wine, Landes (Tursan), France
IOEB Sarco 114, 394, 417, 419, 452, 456, 457, 459, 461 ...................................Red wine-MLF, Gironde (Bordeaux), France
IOEB Sarco 237, 238, 239, 240, 241.....................................................................Champagne, Champagne, France
IOEB Sarco 386, 387..............................................................................................Red wine, Gironde (Margaux), France
IOEB Sarco 388 ......................................................................................................Red wine, Pyrénées Atlantiques (Crouseilles), France
IOEB Sarco 390, 392, 393, 448, 449.....................................................................White wine, Chablis, France
IOEB Sarco 395, 397b............................................................................................White wine, MLF, Savoie, France
IOEB Sarco 401 ......................................................................................................White wine, Lot et Garonne (Bazens), France
IOEB Sarco 410, 411, 412, 413 .............................................................................White wine, Gironde, France
IOEB Sarco 414 ......................................................................................................White wine, Bourgogne, France
IOEB Sarco 416 ......................................................................................................Red wine, southern France
IOEB Sarco 420, 421, 423 .....................................................................................White wine, MLF, Jura, France
IOEB Sarco 415, 426, 427, 429, 431, 432 ............................................................Red wine, Gironde (Quinsac, St. Germain du Puch, Parempuyre,

Libourne, Blanquefort, Rauzan), France
IOEB Sarco 442 ......................................................................................................Floc, Gascogne, France
IOEB Sarco 443, 444..............................................................................................Pineau, Charentes, France

LP
IOEB 8413, ATCC BAA-1163..............................................................................Red wine-MLF, Aquitaine, France
IOEB Sarco 37, 39a, 171, 428, 440, 447 ..............................................................Red wine-MLF, Gironde (St. Seurin sur l’isle, Petit Palais,

Sadirac, Libourne, Saint Emilion, Bordeaux), France
IOEB Sarco 436b, 446............................................................................................Red wine-MLF, Gironde (Arveyres), France
IOEB Sarco 399 ......................................................................................................Red wine-MLF, Gers (Vic Fezensac), France
IOEB Sarco 409 ......................................................................................................White wine-MLF, Charentes, France
IOEB Sarco 4 ..........................................................................................................White wine-MLF, Jura, France
IOEB Sarco 433b ....................................................................................................Red wine-MLF, Lot (Cahors), France
IOEB Sarco 434 ......................................................................................................Red wine, Portugal
IOEB Sarco 441 ......................................................................................................Floc, Gascogne, France
IOEB Sarco 445 ......................................................................................................Banyuls, Côte Vermeille, France
IOEB Sarco 454, 455, 462 .....................................................................................White wine, Gironde (Bordeaux), France

a The type of product, the geographical region, and the city (in parentheses) are indicated. Strains were classified into three groups referring to their enological
potential (high, intermediate, or low) to induce MLF in three different wines. IOEB, Institut d’Oenologie de Bordeaux (France).
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match in the database (Table 3). The remaining fragments
corresponded to 126 putative open reading frames (ORFs), of
which 81 had a significant BLASTX match with sequences
originating from the O. oeni gene repertoire. In contrast, the
IOEB Sarco 1491 strain had retained 45 sequences, displaying
no BLASTX matches with known O. oeni sequences but with
homologs in other bacteria (Table 3). Details of these se-
quences are given in Tables S1, S2, and S3 in the supplemental
material.

Among the first group of 81 sequences, 71% showed homol-
ogy with O. oeni chromosomal DNA (see Table S2 in the
supplemental material). A total of 34 sequences had no
matches in ATCC BAA-1163, but orthologs were present in
other O. oeni isolates with high identity levels (80 to 100%).
The remaining nucleotide sequences matched protein se-
quences of both the PSU-1 and ATCC BAA-1163 strains, with
similar identity levels, except for a peptide methionine sulfox-
ide reductase (91.8 and 76.3% identity in the two isolates,
respectively). It is noteworthy that 11 of those sequences
shared less than 80% identity with their O. oeni counterparts

(see Table S2 in the supplemental material). In this first group,
a total of 13 sequences were related to hypothetical proteins.
Other predicted protein sequences derived from the SH frag-
ments matched proteins related to carbohydrate transport and
metabolism (n � 6), cell wall/membrane/envelope biogenesis
(n � 5), and replication recombination (n � 4). Interestingly,
six sequences matched components of the arc operon involved
in the arginine degradation pathway in O. oeni ATCC 23279
(12, 29, 47): an ornithine carbamoyltransferase (ArcB), a car-
bamate kinase (ArcC), two arginine/ornithine ArcD1 and
ArcD2 antiporters, an arginine deiminase (ArcA), and an argi-
nyl-tRNA synthase (ArgS2). The first four genes were absent
from the PSU-1 and ATCC BAA-1163 genomes, while or-
thologous arcA and argS2 sequences were detected in both
strains. The argS2-related sequence is not part of the ADI
operon but corresponds to the argS1 divergent ectopic copy of
the gene found in both arc� and arc-lacking strains (29). As the
IOEB Sarco 1491 strain degrades arginine, unlike IOEB 8413
(47), this result illustrates the effectiveness of SH, as used in
our laboratory, at retrieving IOEB Sarco 1491 strain-specific
genes. This first group of 81 Oenococcus-related sequences
also contained mobile/extrachromosomal sequences, consist-
ing of two IS-related elements, as well as 22 phage-related
sequences (see Table S2 in the supplemental material).

SH-1491 also revealed a second group of 45 sequences
(29%) with best BLASTX matches outside the species, rather
than with previously sequenced O. oeni genes/proteins (Table
3; see also Table S3 in the supplemental material). These novel
gene sequences represented approximately 2% of the total
number of ORFs in the genomes of O. oeni PSU-1 and ATCC
BAA-1163 and were, therefore, added to the global gene
repertoire of O. oeni. This group contained 29 sequences cor-
responding to chromosomally encoded proteins, mainly dedi-

TABLE 2. Primers used in this study

Name Location/purpose PCR primer sequence (5�–3�)

Reg.1 F OEOE_0684, upstream of region 1 TACGAAGATGGTATTAAAGCGGTTA
Reg 1 R OEOE_0691, downstream of region 1 TATCAAAATCAAGATCTTTTTCCAA
2.1 F Region 2, checking of 3-oxo-acyl carrier protein reductase CATCTTTTGAAAGGAGACAA
2.1 R Region 2, checking of 3-oxo-acyl carrier protein reductase TTAAGGCACCAAGATTTTTA
2.2 F Region 2, checking of HP YP_809753 GGCTGCTGAGAAATCTATTA
2.2 R Region 2, checking of HP YP_809753 TTTTAGAAAACGGTAAACCA
Reg 4 F Region 4, left end, IS30 ACACCATTTTAAAGGAAGC
Reg 4 R Region 4, right end, intergenic fnr/IS30 AGGAGCTGTTAGTGCCTGTA
4.1. F Region 4, checking of HP NP_786185 GTCCTATGCCGACTTCCA
4.1. R Region 4, checking of HP NP_786185 ACTGAAGACTGCGTTAGCTC
4.2. F Region 4, checking of cadA ATPase TCAAGATACCAAGTCCAAA
4.2. R Region 4, checking of cadA ATPase TAAGACTGCTAAAACGAGGA
4.3. F Region 4, checking of dpsB ACGGACATTCTGATCTAACA
4.3. R Region 4, checking of dpsB TTACGTTAAGTTGACCCAAG
4.4. F Region 4, checking of copper chaperone TTAACCTTGACGTTTTCAAC
4.4. R Region 4, checking of copper chaperone AGCAAGGTAAAGGCTAACTT
4.5. F Region 4, checking of fnr CTTAGTACCGACGCATGTTT
4.5. R Region 4, checking of fnr GTTTAAGACCTTGATGCTGA
Reg 5 F Region 5, left end AAACGCATTTTGTTTAATAGCATCT
Reg 5 R Region 5, right end CTACGCATGATTCCTCATTATCTCT
Reg 6 R Region 6, right end (PTS IIA) AGGGAGATGTTTCCAATGAAGA
OmrA F RT-qPCRa GTACCGGTTACAGCTCTA
OmrA R RT-qPCR GCCATAGCATCCTGAGT
Dldh F RT-qPCR TGAACAATGGGGAAAAGAGC
Dldh R RT-qPCR AATTGCATCATAGCCCTTGG

a RT-qPCR, reverse transcription-quantitative PCR.

TABLE 3. Identification of sequences obtained by SH experiments

BlastX query result
Total
no. of

sequences

No. of sequences with indicated
characteristics

Mobile elements Other
genetic

elementsPhages Plasmids ISs

No significant hit 14
Hit in O. oeni 81 22 0 2 57
Hit outside O. oeni 45 14 0 2 29

Total 140
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cated to sugar transport and metabolism, particularly incom-
plete transport systems for cellobiose (phosphotransferase
system [PTS] subunit A) and fructose (PTS IIABC). The re-
maining novel sequences consisted of 14 phage- and two trans-
poson-associated genes. The BBH of the 45 alien sequences
were associated with other LAB usually present in wine envi-
ronments, such as lactobacilli (55%), Pediococcus pentosaceus,
and Leuconostoc mesenteroides (Fig. 1).

Contribution of phages to plasticity. One striking finding
was the subtraction of 36 phage-related sequences (26%) (see

Tables S2 and S3 in the supplemental material). Analysis re-
vealed that the IOEB Sarco 1491 strain contained at least part
of the temperate oenophages fOg44, fOg30, and fOgPSU1 (12,
2, and 3 matching sequences, respectively), as well as smaller
tracts of �L10 (n � 3) and �10MC (n � 1) (16, 17, 38, 44).
Another 14 phage-related sequences had best BLASTX
matches (	30% identity) with structural proteins from phages
infecting other LAB: a �C31-like phage (7 matching se-
quences), �AT3 (n � 4), �Sfi19 (n � 1), �bil309 (n � 1), and
�Lp2 (n � 1), infecting L. mesenteroides, Lactobacillus casei,
Streptococcus thermophilus, Lactococcus lactis, and L. planta-
rum, respectively. There was only one exception: a sequence
matching a replisome protein from a more distantly related
phage, infecting Clostridium beijerinckii (Fig. 1).

Among the phage-related sequences identified above, we
focused on a DNA fragment related to a hypothetical protein
from �A2, infecting L. casei, and found an orthologous se-
quence in the genome of strain PSU-1 (OEOE_0686). In this
strain, the phage-related sequence was located upstream from
four ORFs corresponding to a putative DNA invertase gene,
recently identified on plasmids isolated from S. thermophilus
(15) and Lactobacillus paracasei (9), and three putative cell
surface proteins, whose sequences have few BLAST hits in the
LAB family (Fig. 2). Remarkably, sequences corresponding to
the latter three sequences were also subtracted from the ge-
nome of the IOEB Sarco 1491 strain (Table 4). The sizes and
organizations of the locus referred to as region 1 were the same

FIG. 1. Origins of the BBH of the 45 alien sequences identified in
O. oeni IOEB Sarco 1491. Lm, L. mesenteroides; Lp, L. plantarum; L,
lactobacilli; P. pento, P. pentosaceus; GEs, genetic elements.

FIG. 2. Organization of region 1, a possible tract of phage origin. (A) Schematic representation of region 1 in the IOEB Sarco 1491, PSU-1,
and ATCC BAA-1163 strains. The core attB site used by fOgPSU-1 and overlapping the tRNA gene (OEOE_t0685) is represented by a black box.
The gray hatched boxes represent the putative junctions (PSU-1) and core attachment sites (ATCC BAA-1163), considered to characterize the
site-specific integration of region 1 in the O. oeni genome. (B) Alignments of the putative left, right and bacterial attachment sites found in the
PSU-1 and ATCC BAA-1163 strains, respectively. DRL, leftward DR; DRR, rightward DR.
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in the genomes of both PSU-1 and IOEB Sarco 1491 isolates,
as revealed by an analysis of the 6.4-kb amplicon obtained from
a PCR with flanking primers reg1F and reg1R, based in ORFs
OEOE_0684 and OEOE_0691, respectively. Only a 778-bp
amplicon was obtained from the genomic DNA of both IOEB
8413 and ATCC BAA-1163, indicating that region 1 was absent
from these isolates. To better characterize this indel event, we
compared the corresponding 778-bp intergenic region from the
ATCC BAA-1163 strain with the boundaries of region 1 in the
PSU-1 strain. Region 1 was, therefore, located between genes
coding for a tRNA lysine and a hypothetical protein (Fig. 2).
This analysis also led to the identification of (i) two imperfect

50-bp direct repeats (DR) flanking region 1 and (ii) a third
copy in the 778-bp intergenic region in ATCC BAA-1163 (Fig.
2). Interestingly, the leftward DR was just downstream from
the core attB site proposed for fOgPSU-1 prophage establish-
ment in the PSU-1 strain (38). Despite the presence of five
fOgPSU-1-related sequences among the O. oeni IOEB Sarco
1491-specific genes, amplification of a 6.4-kb amplicon with
reg1F and reg1R primers showed that no lysogenization by any
fOg-related phage occurred at this particular attB site in this
isolate. A fOgPSU-1-related element is, therefore, likely to be
integrated at another site in the IOEB Sarco 1491 strain. The
existence of multiple loci as targets for prophage integration
has been demonstrated in O. oeni (38). One potential target is
attBfog44, located nearby, downstream from OEOE_0696. Con-
sidering all these data, the chromosomal region under investi-
gation is, therefore, likely to be a spot of high prophage inte-
gration in O. oeni.

The hypothesis of a possible phage origin for region 1 was
further supported by the observation that the noncoding re-
gion immediately downstream from the leftward DR exhibited
a significant homology to a remnant fOgPSU-1-related inte-
grase gene. Phage integrase gene and attachment sites are

known to be in close proximity on viral genomes. Region 1
may, therefore, represent a remnant prophage and the DR the
attachment sites used for its site-specific integration in the O.
oeni genome. The distribution of region 1 was assessed in our
collection, using two sets of primers internal to the
OEOE_0688 and OEOE_0689 genes. The ratios of positive
isolates for the traits were 88.5 and 87.2%, respectively (Table
4). This may indicate an ancient acquisition of a prophage in O.
oeni, which may have undergone many evolutionary stages,
resulting in the current structure of region 1. The presence of
a defective integrase and imperfect direct repeats flanking the
locus may be part of the mechanism promoting stabilization in
the species. It remains unclear whether the absence of region
1 in strains ATCC BAA-1163 and IOEB 8413 is due to a lack
of lysogenization or a deletion event, based on an illegitimate
recombination process, using the short stretches of homolo-
gous DNA bordering the region.

Other plasticity regions. A total of 33 additional SH-1491
sequences (absent or highly divergent in the driver) mapped to
five distinct plasticity regions, in which synteny was conserved
in O. oeni (PSU-1 and/or ATCC BAA-1163) or other LAB
(Table 4).

A set of 10 SH-1491 sequences mapped to region 2 (30
ORFs; 
30 kb) in the genome of the PSU-1 strain (Table 4).
This region, located between the OEOE_0060 and OEOE_0091
genes, is presented in Fig. 3. It consists of a variety of genes,
including those coding for proteins involved in carotenoid bio-
synthesis. Various genes dedicated to sugar transport and me-
tabolism are also interspersed in the region, including those
encoding a galactoside acetyltransferase and a putative arabi-
nose permease. The region also contains genes encoding hy-
pothetical proteins whose functions have yet to be elucidated.
Region 2 as a whole was absent from the genome of the ATCC
BAA-1163 strain, replaced by a different set of 11 genes, in-

FIG. 3. Organization of region 2 in O. oeni PSU-1 and ATCC BAA-1163. Black arrows indicate genes common to O. oeni PSU-1 and ATCC
BAA-1163, white arrows indicate genes specific to PSU-1, and hatched arrows indicate genes specific to ATCC BAA-1163. �, pseudogene; E,
SH-1491-specific sequences.

VOL. 75, 2009 VARIABLE GENE DISTRIBUTION IN OENOCOCCUS OENI 2085



cluding seven encoding hypothetical proteins (Fig. 3). PCR
analysis revealed the distribution of seven subtracted se-
quences, indicating the prevalence of region 2 among our
strain panel of 79 isolates. Positive strains were in the 73 to
85.9% range (Table 4). The GC content percentage of the
region was characteristic of the O. oeni genome as a whole.
Last, no common hallmarks of laterally transferred genes (un-
usual GC bias, anomalous codon usage, presence of tRNA
genes at the 3� end, tendency to be flanked by DR, and inclu-
sion of mobile genetic elements) were found in its vicinity in
strain PSU-1. Region 2 may, therefore, result from an ortholo-
gous replacement event, occurring during the evolutionary his-
tory of the species (32).

Region 3 corresponded to six genes encoding proteins re-
quired for the biosynthesis of capsular polysaccharides, includ-
ing three putative glycosyltransferases. Unlike the other plas-
ticity regions, variability did not consist of different genes, but
rather homologs with low identity. Hence, although four of the
SH-1491-specific sequences had a best, identical BLASTX
match with proteins from both O. oeni PSU-1 and ATCC
BAA-1163, they shared less than 80% identity with the match-
ing proteins. In addition, the gene ordering differed from that
of strain PSU-1 (Table 4). The reason for this divergence,
observed only in the IOEB Sarco 1491 strain, is not known.
Among the various hypotheses is that the region subtracted
from the IOEB Sarco 1491 strain may result from a duplication
event and/or a substantial intragenic recombination, as re-
cently proposed by de Las Rivas et al. (8).

Three additional plasticity regions (4, 5, and 6) were de-
tected. They differed from the above loci as they harbored gene
sequences with deduced protein sequences displaying BBH
outside O. oeni. The most interesting of these was region 4,
which comprised 11 ORFs in the IOEB Sarco 1491 strain,
including four with a BBH in L. plantarum (Fig. 4). The locus,
presenting a GC bias, was sandwiched between two copies of
IS30, whose sequences were also partially subtracted. In addi-
tion, part of the intervening sequence exceeded 90% identity
with L. plantarum DNA, while synteny and gene order were
conserved between the corresponding orthologous regions
(Fig. 4). All these data indicate a recent HGT event (Fig. 4).
Identifiable functions corresponded to aquaglyceroporin
(GlpF) and P1-type ATPase (CadA) dedicated, respectively, to

the efflux of water and cadmium (Cd2�) in bacteria. The next
gene corresponded to trxB, the second thioredoxin gene iden-
tified in O. oeni (20). Thioredoxins are key players in main-
taining intracellular protein disulfides in reduced form. Region
4 also harbored a gene coding for a Dps-like protein in the
mini-ferritin family. These proteins are particularly important
during oxidative stress or the depletion of environmental nu-
trients (46). The next genes were a putative copper chaperone
and a transcriptional regulator in the fumarate-nitrate-reduc-
tase (FNR) transcription regulator family. FNR-like regulators
respond to a broad spectrum of intracellular and exogenous
signals, including cyclic AMP, anoxia, redox state, oxidative
stress, and temperature (21). Region 4 was present in the
commercial O. oeni PSU-1 genome but displayed slight mod-
ifications at its leftward extremity. ORF1 and ORF2 were
missing, while the left IS30 was replaced by an IS1223-related
element (Fig. 4). IS1223 elements belong to the IS3 family and
were recently identified in the genome of Lactobacillus saliva-
rius UCC118 (41). Using Reg 4 F/R primers revealed that the
strains in our collection that harbored region 4 all exhibited the
structure described for the IOEB Sarco 1491 strain. The results
of the distribution analysis of selected sequences internal to
nine ORFs, showing that positive isolates varied from 14 to
36% (Table 2), also indicated polymorphism within the region.

Regions 5 and 6 contained 
5 kb and 4 kb, respectively.
These loci included an acetyltransferase, a glucosidase, and a
maltose phosphorylase, as well as genes involved in sugar
transport (Table 4). Matching proteins were not found in O.
oeni but were found in L. plantarum/Streptococcus pyogenes
(region 5) and S. agalactiae (region 6), with identity levels from
47 to 76%. BLASTN searches revealed no hits in the data-
banks. An examination of the local and relative GC content of
the O. oeni genome did not reveal any significant variations or
hallmarks of horizontal transfer (using Island Finder). Signif-
icantly, distribution analysis of five sequences representing
both regions in our collection revealed low scores, also indi-
cating recent horizontal transfer (Table 4). This was striking
for region 6, as only 5% of the 79 isolates screened shared the
sequences corresponding to the putative PTS-fructose-specific
IIC and IIA.

Plasticity regions and association with bacterial fitness. To
investigate the involvement of the plasticity regions identified

FIG. 4. Architecture of region 4 in O. oeni (IOEB Sarco 1491 and PSU-1) and L. plantarum. In the IOEB Sarco 1491 strain, the 7-kb region
contains 11 genes flanked by two IS30 sequences. A statistically significant positive association was found between HP strains and the presence of
sequences indicated by hatched arrows. Primers Reg 4 F and Reg 4 R are represented by black arrows.
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in the increased fitness of O. oeni, the distribution of selected
sequences among groups previously characterized for their
enological potential was analyzed, as well as gene expression
under enological stresses. The distribution of 28 selected se-
quences representing the six plasticity regions described above,
as well as randomly selected singletons, was assessed using
PCR (see Table 4). Their prevalence was determined in a
strain collection including 19 LP, 44 IP, and 14 HP isolates (the
10 wild strains described above and the four commercial mal-
olactic starters B1, PSU-1, VO, and VF). None of the SH-1491
sequences were unequivocally present in HP isolates. How-
ever, the prevalence of eight individual SH-1491 sequences was
significantly higher in the HP group than in the rest of the O.
oeni collection. The greatest statistically significant differences
between the groups concerned the putative dps and copper
chaperone sequences, both from region 4. These were present
in 43% of HP and 11% of IP and LP isolates and 50% of HP
and 17% of IP and LP isolates, respectively. Three additional
SH-1491 fragments belonging to the same 7-kb region, related
to the hypothetical protein NP_7876185, the P-type ATPase,
and Fnr, were also prevalent. The three remaining prevalent
sequences were related to the 3-oxo-acyl carrier protein reduc-
tase and hypothetical protein YP_809753, both from region 2,
as well as a maltose phosphorylase from region 5.

Assuming that the eight genes were novel factors involved in
adaptation to wine, we investigated whether any of the genes
were actively expressed under normal (laboratory) culture con-
ditions as well as during ethanol and acid shocks, two major
stress conditions in winemaking identified during our selection
of HP strains (see Materials and Methods). Heat shock was
also tested, as it is also a frequent stress factor during wine-
making. RNA was extracted from stressed and control cells
during the exponential growth phase in MRS broth and the
relative expression of the eight genes was determined by re-
verse transcription followed by quantitative PCR (Fig. 5). Six
HP strains were tested, including five that were positive for the

eight sequences of interest (IOEB Sarco 1491, 438, 433a, 384,
and B1), while the commercial PSU-1 strain was positive for
only six potential-associated fragments. Transcripts were ob-
tained for all genes tested, in both stressed and control cells.
Remarkably, each performance-associated fragment corre-
sponded to a stress-responsive gene and was induced or re-
pressed by a factor greater than two following at least one of
the wine stresses tested. Variations in expression were ob-
served following one (dpsB, copper chaperone, HP NP_
786185, and oxo-acyl carrier protein reductase), two (HP YP_
809753 and fnr), or all three stresses (maltose phosphorylase
and P-ATPase) applied to the O. oeni strains.

DISCUSSION

The major aim of this study was to explore genome diversity
among O. oeni strains and extend the global gene repertoire for
this species. Various divergent sequences as well as novel se-
quences representing about 2% of the total number of ORFs
present in the complete sequenced genomes of O. oeni PSU-1
and ATCC BAA-1163 were identified by SH. Our data are
therefore consistent with recent developments in the study of
bacterial genomes, which have made it abundantly clear that
the sequence of a few genomes is unlikely to provide full
information about the species.

From the analysis of the subtracted sequences, some hypoth-
eses concerning the mechanisms generating plasticity in O.
oeni could be proposed. The findings of numerous variable
sequences support the role of recombination in creating diver-
sity in O. oeni (8). SH identified major variations in singlets,
and some also mapped to discrete areas. This is true for region
3, a small polymorphic locus related to polysaccharide biosyn-
thesis. We believe that this locus is part of a larger region of
plasticity, since it is immediately upstream from the recently
described dpsA variable region (2).

Another important point highlighted by our study was the
occurrence of indel events in O. oeni. Region 2 (30 ORFs) was
present in strains IOEB Sarco 1491 and PSU-1 but absent in
strain ATCC BAA-1163. No hallmarks of transfer were found,
suggesting a possible loss of the region.

High abundance and diversity of sequences of foreign origin
were found. A substantial proportion could be attributed to
phage-related sequences (26% of the subtracted sequences).
Some of the matching proteins were related to phages known
to be active with O. oeni (�fog44, �fog30, �fogPSU-1, �L10,
and �10MC), suggesting the lysogenization of the IOEB Sarco
1491 strain. However, matches with phages infecting other
LAB, as well as more distantly related gram-positive bacteria,
were also identified in this study. Similar findings were recently
reported in O. oeni BIFI-83 (25). Phages evolve mainly by
exchanging modules, and it is now widely accepted that these
exchanges are not restricted to phages infecting the same bac-
terial species (5). The significant contribution of phage-related
sequences to the dispensable gene reservoir of O. oeni is con-
sistent with numerous reports of a high incidence of lysogeny
in the species (1, 34). However, these findings contrast with the
situation recently described in the genomes of the ATCC
BAA-1163 and PSU-1 strains, which do not contain any intact
temperate bacteriophages or large tracts (	10 kb) of obvious
bacteriophage origin (27, 37, 38). The apparent discrepancy

FIG. 5. Expression of the eight enological potential-associated
fragments during acid (unfilled bars), ethanol (filled bars), and heat
(hatched bars) shocks. 1, Dps; 2, copper chaperone; 3, HP NP_786185;
4, HP YP_809753; 5, maltose phosphorylase; 6, CadA; 7, 3-oxo-acyl
carrier protein reductase; 8, Fnr.
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with the genome data may be related to the fact that the IOEB
Sarco 1491 strain was only recently isolated from wine (2000)
and moderately propagated in the laboratory. In contrast, two
long-established laboratory strains have been chosen for se-
quencing projects, and this is also true of the IOEB 8413 driver
strain. Many genetic changes occur during multiple laboratory
subcultures, including the loss of mobile elements. These
events have probably resulted in an underestimation of phage
sequences in the previously available complete genome data of
O. oeni. An assessment of the stability of phage-related se-
quences during the prolonged cultivation of bacterial strains
on synthetic media, in the absence of any phage pressure, is
now required.

Our results confirm previous findings, indicating the pres-
ence of strong, widespread pressure due to bacteriophage pre-
dation in the environment of O. oeni. This phenomenon has
major repercussions on virus evolution. Thus, virulent bacte-
riophages have the potential to activate dormant prophages,
leading to rapid evolution. The evolution of temperate bacte-
riophages via host recombination results in chimeric phages
with novel phenotypes. Phages also exert considerable influ-
ence on the genomes of their bacterial hosts through various
mechanisms, e.g., prophages also play a prominent role in
shaping bacterial genome architecture. An interesting mecha-
nism, by which Campylobacter jejuni bacteria were infected by
virulent bacteriophage CP34, led to major genomic rearrange-
ments in the surviving bacteria (40), leading to the hypothesis
that these bacteria exist in vivo as families of related metage-
nomes generated to survive local environmental pressures.

Among the putative sequences of foreign origin, we identi-
fied 21 genes that were physically clustered in four loci (regions
1, 4, 5, and 6). Region 1 corresponded to a remnant prophage.
Regions 2, 4, and 5 were particular as these sequences had best
BLASTX matches outside the species, while gene order was
conserved between the orthologous regions. In addition, se-
quences displayed a restricted distribution among our strain
panel. These data may denote their acquisition through lateral
gene transfer. Accordingly, region 4 had additional hallmarks
of transfer (atypical patterns of codon usage and presence of
flanking IS elements). An increase of HGT is one of the con-
sequences of a defect in the MMR system in bacteria.

We identified six different regions of plasticity in this study,
resulting from recombination or indel events. We next inves-
tigated their involvement in the increased fitness of O. oeni in
wine. The bacterial species is not amenable to genetic trans-
formations enabling gene inactivation. Therefore, we analyzed
the distribution of selected sequences from each region among
groups previously characterized for their enological potential
(high, intermediate, or low). We also analyzed gene expression
under enological stresses. There was a statistically significant
positive association between HP strains and the presence of
eight genes. The eight genes were also stress-responsive in
wine in HP strains. Although these data do not represent
formal proof, they suggest that the presence of these particular
sequences contribute to the fitness of O. oeni in wine. All eight
sequences belonged to regions 2, 4, and 5, expected to result
from indel events. A sequence related to an oxo-acyl carrier
protein reductase was part of region 2, a locus containing 30
ORFs that is proposed to be deleted in some O. oeni strains.
Further work is now needed to understand how this sequence

could benefit O. oeni in wine. Interestingly, this locus also
contained a sequence related to an arabinose permease. Ar-
abinose is one of the sugars detected in wines at the end of AF,
when glucose and fructose have been degraded by yeasts. It is
well-known that some O. oeni isolates do not utilize arabinose
(A. Lonvaud-Funel, unpublished data). The correlation of this
phenotype with the absence of region 2 is currently being
investigated in the laboratory, even though no prevalence of
this sequence among HP strains was observed in the current
study. Other potential-associated sequences were found in re-
gions 4 and 5, proposed to be acquired by HGT. Hence, five
out the nine tested genes from region 4 were associated to
fitness and were stress responsive in wine. Although their func-
tionality and role remain to be assessed, it is noteworthy that
one of these potential-associated genes was a Dps gene ho-
molog. A first member of this family was recently identified on
a genomic island in O. oeni and shown to protect E. coli from
the deleterious effects of wine, copper, and ferric ions (2).
Another remarkable potential-associated sequence is related
to cadA, which encodes a putative cadmium efflux system. Its
significant induction under acid stress was consistent with data
from Penaud et al. (33), who demonstrated this trait for vari-
ous P-type ATPases detected in the genome of Lactobacillus
bulgaricus. Cadmium is a major environmental hazard and
contributes indirectly to oxidative stress by affecting the cellu-
lar thiol redox balance of bacteria. Cadmium is not commonly
found on grapes or in wine and originates mostly from envi-
ronmental and technological contamination. However, the
prevalence of this stressor in the environment of O. oeni is all
the more questionable, as cadA was found close to a thiore-
doxin gene, trxB. Trx has been observed to play a protective
role against Cd2� in yeasts, while Trx from E. coli has recently
been demonstrated to be a potent Cd2� chelator upon acute
Cd2� exposure (36).

A prophage was recently shown to modify S. thermophilus
fitness through lysogenic conversion (5). This was not the case
for region 1, as the genes encoding the cell surface proteins
present in this putative remnant prophage were not prevalent
among HP strains. Similarly, we observed no potential-associ-
ated sequences in region 6, related to a putative PTS-fructose
system in O. oeni. This region needs further study. Hence,
fructose in combination with arginine was previously shown
to trigger the expression of a subset of stress-responsive
genes, such as arcR, omrR, and ftsH, while the cultivation of
O. oeni in a fructose- and arginine-supplemented medium
prior to wine exposure protected the bacteria from subse-
quent wine shock (4).

The acquisition of novel genes is proposed to be a strategy
used by O. oeni to adapt to its environment. Our study raises
additional questions about the mechanisms of transfer and the
nature of the donors. An examination of region 4 provides
some interesting clues. The locus is flanked by IS30 elements,
suggesting a transfer through transposition. Members of this IS
family have been widely transferred among LAB, where they
are linked to genes involved in cold-shock adaptation, bacte-
riocin production, sugar utilization, and antibiotic resistance. It
has, therefore, been suggested that IS30-related elements play
a role in LAB genome plasticity and environmental adaptation
(30, 32). While it is likely that this 7-kb locus is acquired, it is
difficult to assess the relevancy of proposed donors, as the
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genes detected for potential horizontal transfer have generally
undergone amelioration. Accordingly, the different structures
observed in the PSU-1 and IOEB Sarco 1491 strains may be
indicators of this type of rapid amelioration in the O. oeni
species. As BBH were found for some sequences in Lactoba-
cillus plantarum, frequently isolated from wine environments,
this LAB is a candidate donor. Both species share physical as
well as phylogenetic proximity, considered to influence lateral
transfers. The locus is not flanked by IS elements in L. plan-
tarum WFSC1. On the other hand, Molenaar and coworkers
(28) did not identify this locus as a region of flexibility during
exploration of L. plantarum genome diversity. However, the
microarrays used only tested 81% of the total number of bases
in the WCFS1 isolate. One alternative hypothesis is that O.
oeni and L. plantarum are both recent recipients from an un-
known donor. We observed that the BBH of 19 other SH
sequences (singlets) were also associated with LAB present in
the environment of O. oeni (lactobacilli and L. mesenteroides).
The availability of complete genomic sequences will soon pro-
vide the opportunity to measure and compare the amount of
laterally transferred sequences between O. oeni and the other
bacteria found in the complex ecosystems present in must and
wines.

This work provided some evidence for an association be-
tween the presence of particular sequences and the enological
potential. However, it should be noted that O. oeni is present
on the surface of grape berries. We cannot rule out that some
of the subtracted sequences in this study may be relevant for
the survival of O. oeni in a plant-associated environment. For
example, divergence in the sequences harbored in region 3 may
modulate the synthesis and/or structure of extracellular com-
pounds, resulting in variations in surface interactions and, pos-
sibly, the ability to persist in the niche.
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