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Abstract The bacterial population during malolactic fer-
mentation of Tempranillo wine was studied using the
polymerase chain reaction-denaturing gradient gel electro-
phoresis, a culture-independent method successfully used
for identification and monitoring of bacterial population in
different habitats included food fermentations. The results
showed that Oenococcus oeni was the predominant species
in the malolactic fermentation of Tempranillo wines,
although the presence of Gluconobacter oxydans, Asaia
siamensis, Serratia sp., and Enterobacter sp. was also
observed. These results were partly coincidental with
those obtained from a culture-dependent method, using a
selective medium. Therefore, it may be concluded that
for a more complete knowledge of the bacterial community
present during malolactic fermentation of Tempranillo
wine, an approach that combines a culture-independent
method and a culture-dependent method would be
advisable.
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Introduction

Malolactic fermentation (MLF), a process in which L-malate
is converted into L-lactate and carbon dioxide, has been
described as having a significant influence on wine quality
(Henick-Kling 1993; Lonvaud-Funel 1999). Lactic acid
bacteria (LAB) are responsible for this process, although
other species of bacteria may also be present (Bae et al.
2006; Renouf et al. 2007).

Information regarding the composition and dynamics of
microbial communities throughout the vinification process
is always useful to control the process, which will
contribute to improving wine quality. Both traditional and
molecular methods have been used to study the microbial
population dynamics during wine fermentation, mainly
those of yeasts and LAB, which has allowed for a better
understanding of the relations and interactions between the
different species involved (Andorra et al. 2008; Reguant
and Bordons 2003; Renouf et al. 2007).

In recent years, randomly amplified polymorphic DNA-
polymerase chain reaction (RAPD-PCR) has been frequent-
ly used in the genetic characterization of strains of bacteria
participating in different food fermentations, including
MLF (Coppola et al. 2006; Lechiancole et al. 2006; Rodas
et al. 2005; Ruiz et al. 2010; Sanchez et al. 2004; Zapparoli
et al. 2000). This culture-dependent method provides
significant insight into specific isolates and microbial
populations, but it is well known that only a small
proportion of microorganisms are cultivable and, therefore,
culture-dependent techniques often result in an incomplete
representation of the true bacterial diversity present (Amann
et al. 1995; Hugenholtz et al. 1998). Thus, recent microbial
ecology studies of foods have employed novel culture-
independent molecular approaches, such as those that use
polymerase chain reaction amplification with different
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primers, in combination with denaturing gradient gel
electrophoresis (DGGE) or temporal temperature gradient
electrophoresis (Ampe et al. 2001; Ercolini 2004; Giannino
et al. 2009; Meroth et al. 2003; Miambi et al. 2003). These
methods allow for a rapid detection of individual species
and offer a profile of the changes in community structure
with time (Lopez et al. 2003; Pérez Pulido et al. 2005).
They have revealed microbial constituents and microbial
interactions not observed by previous plating analysis
(Giraffa and Neviani 2001), although they also present
some limitations (Prakitchaiwattana et al. 2004).

Some recent studies that use PCR-DGGE to examine the
bacterial population during winemaking have been
reported. Bae et al. (2006) used PCR-DGGE to examine
bacteria growing in enrichment cultures from wine grapes
cultivated in Australia and reported that the main malolactic
bacterium, Oenococcus oeni, could not be found on grapes
using this method, though its recovery could be obscured
by overgrowth from other species. On the contrary, Renouf
et al. (2006) reported that this technique made it possible to
follow the evolution of the predominant species during
laboratory microvinification and in several winemaking
chateaux, although they proposed (Renouf et al. 2007) to
use it in combination with population enumeration in
selective media in order to monitor microbial changes at
all stages of production since it does not provide quantita-
tive data.

Spano et al. (2007) used PCR-DGGE to study bacterial
populations in red wine and reported that it may be considered
a reliable technique to monitor the bacterial starters exten-
sively used in fermented beverages. On the other hand,
Andorra et al. (2008) reported that it is ideal for detecting
species diversity in a mixed population with similar relative
proportions, although the massive presence of a species did
decrease the chances of detecting other minor species.

The aim of this research was to study the bacterial
population during spontaneous MLF of Tempranillo wine
produced in two vintages at cellars in Castilla-La Mancha
(Spain), using PCR-DGGE, in order to complete and
compare the results previously obtained from a culture-
dependent method.

Materials and methods
Sampling

A total of 60 samples of Tempranillo wine were taken
during the 2006 and 2007 vintages at five wineries (A—E)
located in four provinces of the Castilla-La Mancha region
(Spain). The wineries were selected because they had never
used commercial starters for MLF. The winemaking process
involves manual harvesting of grapes, followed by the
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vinification practices typical of this wine-producing area.
Briefly, they consist of a controlled alcoholic fermentation
at 25+2°C in stainless steel tanks or jars, followed by
spontaneous MLF.

Two batches (I and IT) were sampled at each winery. The
samples were aseptically collected at the end of alcoholic
fermentation (stage 0) and at the middle and the end of
MLF (stages 1 and 2, respectively). The criterion for
defining the middle and the end of MLF was the content of
L-malic acid and residual sugar (glucose + fructose) in
wines, which were determined using the enzymatic tests
purchased from Boehringer (Boehringer Mannheim,
Mannheim, Germany). L-Malic acid content ranged between
1.27 and 2.31 g/L at stage 0 and between 0.00 and 0.34 g/L
at stage 2. Residual sugar content ranged between 0.00 and
6.24 g/L at the end of alcoholic fermentation and reached
values between 0.00 and 0.12 g/L at the end of MLF. The
samples were kept refrigerated until analysis.

Bacterial strains and culture conditions

The reference strains Lactobacillus plantarum CECT 4645,
Lactobacillus casei CECT 4045, Lactobacillus hilgardii
CECT 4659, Leuconostoc mesenteroides CECT 394, O.
oeni CECT 218, Gluconobacter oxydans CECT 4009,
Serratia rubidaea CECT 868, and Enterobacter gergoviae
CECT 857 from the Spanish Type Culture Collection (CECT)
and Asaia siamensis JCM 10715T from the Japan Collection
of Microorganisms (JCM) were used in this study.

Following CECT recommendations, the Lactobacillus
and Leuconostoc species were grown in Man, Rogosa, and
Sharpe medium (MRS) broth (Scharlab, Barcelona, Spain),
O. oeni was grown in Leuconostoc oenos medium (MLO)
broth (Claus et al. 1983; Scharlab), G. oxydans was grown
in mannitol medium (Scharlab), and the Serratia and
Enterobacter species were grown in trypticasein soy broth
(Pronadisa, Madrid, Spain). 4. siamensis was grown in AG
medium composed of D-glucose (0.1%), glycerol (1.5%),
peptone (0.5%), yeast extract (0.5%), malt extract (0.2%),
and CaCOs; (0.7%) at pH 3.0. All cultures were incubated
at 30°C.

PCR-DGGE analysis
DNA extraction

The DNA extraction kit (DNeasy Blood & Tissue) supplied
by Izasa (Barcelona, Spain) was used. A total of 1.5 mL of
wine were centrifuged (10 min, 5,000xg, 4°C), and the
pellet was resuspended in 180 pL of a lysis buffer
containing 24 g/L Tris, 7.4 g/L EDTA, 1.2% Triton, and
40 mg/mL lysozyme (Sigma-Aldrich, Madrid, Spain) and
incubated at 37°C for 30 min. Subsequently, 25 pL of
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proteinase K and 200 pL of lysis buffer were added and,
after mixing for 20 s, incubated at 56°C for 30 min. Two
hundred microliters of ethanol (96—-100%; Panreac, Barce-
lona, Spain) were added and mixed for 20 s. The mixture
was transferred to a DNeasy Mini spin column placed in a
2-mL collection tube and centrifuged (I min, 6,000xg,
25°C). The DNeasy Mini spin column was placed in a new
2-mL collection tube, and 500 pL of wash buffer (Izasa)
was added. Following another centrifugation (3 min,
18,000xg, 25°C), the DNeasy Mini spin column was placed
in a clean 1.5-mL microcentrifuge tube, and 50 pL of
elution buffer (Izasa) was added. After centrifugation
(1 min, 6,000xg, 25°C), the DNA was stored at —20°C.

PCR amplification of the microbial community
16S rRNA gene

The DGGE samples were prepared by two successive PCR
amplifications (nested PCR), using the primer pairs
described elsewhere (Ogier et al. 2002). First, a 700-bp
fragment of the 16S rRNA gene that included the V3 region
was amplified. The PCR was carried out in a total volume
of 50 pL, containing 5 pL of 10x Tag reaction buffer,
2 mM MgCl,, each dNTP (Biotools) at a concentration of
200 puM, 1 puM primer W01 (5'-AGAGTTTGATC[AC]
TGGCTC-3'), 1 uM primer W012 (5'-TACGCATTTCACC
[GT]CTACA-3"), 2.0 U of Taq polymerase (Biotools), and
10 pL of template DNA. The amplification program was
96°C for 2 min; 30 cycles of 96°C for 1 min, 50°C for 30 s,
and 72°C for 1 min; and, finally, 72°C for 2 min.

Secondly, the 700-bp fragment was used to amplify the
V3 region as described by Ogier et al. (2002) using the
primers HDA1-GC (5'-CGCCCGGGGCGCGCCCCG
GGCGGGGCGGGGGCACGGGGGGACTCCTACGG
GAGGCAGCAGT-3") and HDA2 (5'-GTATTACCG
CGGCTGCTGGCA-3"). The PCR was carried out in a
total volume of 50 pL, containing reaction buffer (10 mM
Tris-HCI, 2 mM MgCl,, 50 mM KCl—final concentra-
tions), each dNTP at a concentration of 200 pM, 1 uM of
each primer, 2.0 U of 7ag polymerase (Ecogen, Madrid,
Spain), and 1 pL of the amplified 700-bp fragment. The
amplification program was 94°C for 2 min; 30 cycles of
94°C for 1 min, 58°C for 30 s, and 72°C for 1 min; and,
finally, 72°C for 7 min. The sizes and quantities of the
PCR products were determined using 1.5% agarose gel
electrophoresis.

PCR amplification of the rpoB gene

Primers rpoBIl (5-ATTGACCACTTGGGTAACCGTCG-
3", rpoB10 (5-ATCGATCACTTAGGCAATCGTCG-3),
and rpoB2 (5'-CGCCCGCCGCGCGCGGCGGGCG
GGGCGGGGGCACGGGGGGGCACGATCACGGGT

CAAACCACC-3), spanning the 336-bp region of the rpoB
gene (Renouf et al. 2006), were also assayed in this study.
Primer rpoB2 has a GC-rich clamp DNA sequence that
improves DGGE separation (Scheffield et al. 1989). The
reactions were carried out in a total volume of 50 pL,
containing the same reaction buffer used above, each dNTP
at a concentration of 200 uM, 1 uM of each primer, 2.0 U
of Taq polymerase (Ecogen), and 10 pL of template DNA.
The amplification program was 94°C for 5 min; 94°C for
1 min, 58°C for 1 min, and 72°C for 1 min for the first
15 cycles, followed by 15 cycles at 52°C as the annealing
temperature; and, finally, 72°C for 10 min. The sizes of the
PCR products were determined using 1.5% agarose gel
electrophoresis.

Analysis of PCR products by DGGE

The amplification products obtained as described above
were subjected to DGGE analysis using the DCode
Universal Mutation Detection System (Bio-Rad Laborato-
ries, Richmond, CA, USA) on 16 cmx16 cmx1 mm gels.
Electrophoresis was performed at 60°C in 1x TAE buffer
(40 mM Tris-acetate, 2 mM EDTA; pH 8.0) using 8%
polyacrylamide gels containing 30-60% urea—formamide
linear denaturing gradient (100% corresponded to 7 M urea
and 40% (v/v) formamide) increasing in the direction of
electrophoresis for 2 h at 180 V. Following electrophoresis,
the gels were fixed for 5 min in fixation buffer (10%
ethanol, 0.5% acetic acid), stained for 30 min in a SYBR
Green solution (Sigma-Aldrich), and photographed with a
KODAK DC290 Zoom Digital Camera.

DNA sequencing and data analysis

In order to identify the microbial populations, DGGE bands
were excised from the gels immediately after staining.
DNA from the selected bands was eluted in 50 pL of sterile
water, overnight at 4°C, cloned into the pSTBIlue-1 plasmid
using the Blunt Cloning Kit (Novagen, USA), and
sequenced with the ABI Prism 3700 DNA analyzer
(Applied Biosystems).

Homology of the 16S rRNA gene was used to determine
the closest known relative species; to this end, partial 16S
rRNA gene sequences were compared to those available in the
GenBank database (http://blast.ncbi.nlm.nih.gov/Blast.cgi)
and the European Molecular Biology Library (EMBL;
http://www.ebi.ac.uk/embl/Submission/webin.html).

Results

When the reference strains were analyzed in order to
determine the discriminant capacity of primers rpoB (rpo
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B1 and rpo B2) and HDA (HDA1-GC and HDA?2), a poorer
discrimination was obtained with the rpoB primers since
the species O. oeni CECT 218 and L. plantarum CECT
4645, both usually present in MLF, were not separated
using these primers. The remanining reference species
were adequately separated by both (rpo and HDA), and
therefore, primers HDA were selected for the analysis of
wine samples.

Samples taken at different stages during both vintages at
all wineries showed profiles with a variable number of
dominant bands, ranging from 3 to 5. As an example, Fig. 1
shows the electrophoretic profiles of samples taken at
different stages during both vintages in winery A.

A higher number of bands were present in samples taken
at the end of alcoholic fermentation (stage 0), decreasing
throughout MLF. At the end of MLF (stage 2), samples
from both vintages at all wineries exhibited three bands
(bands 1, 3, and 5 in Fig. 1) corresponding to the dominant
species.

In order to identify the bacterial species, PCR-DGGE
bands were eluted from polyacrylamide gels and se-
quenced. All the sequences retrieved corresponded to
portions of 16S rRNA genes. Comparison of sequences
from the excised bands with those available in the GenBank
and the EMBL databases revealed that all were >97%
similar to 16S rRNA fragments already in the databases,
except for band 2, which showed only a 90% homology
with a fragment related to L. casei, and therefore, it could
not be assigned to this species. Presence of common
oenological bacteria, such as O. oeni and G. oxydans, and
other less common ones, such as 4. siamensis, Serratia sp.,
and Enterobacter sp., was displayed. In addition, one band
present in some samples was identified as belonging to
plant chloroplasts.

The EMBL accession numbers of the sequences and the
percentages of homology obtained are listed in Table 1.

2006 vintage 2007 vintage

Batch I

llllb TR

-n.—-nu—s—-ﬁ—-
B e e e B o S e ! g

Batch II Batch I Batch 11

Stage

-

NEWN

Fig. 1 DGGE patterns of PCR products from the V3 region of the
rRNA gene obtained from samples taken at different stages during
both vintages in winery A. Band 1, O. oeni; band 2, nonidentified;
band 3, G. oxydans; band 4, A. siamensis; band 5, Enterobacter sp.
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Table 1 Identities of bands obtained from the V3 region of the rRNA
gene using DGGE analysis

No. of Closest relative % Accession
band Identity  number

1 Oenococcus oeni 98 FN395004
2 Gluconobacter oxydans 97 FN395006
3 Asaia siamensis 98 FN396609
4 Enterobacter sp. 98 FN396611
5 Serratia sp. 97 FN396610

As regards the presence of these species at each winery
(Table 2), it was observed that, while O. oeni, G. oxydans,
A. siamensis, and Enterobacter sp. were present at all
wineries, Serratia sp. was only present at wineries C, D,
and E.

It is worth highlighting that G. oxydans and Enter-
obacter sp. were present in 57 and 59 samples, respectively,
of a total of 60 samples, while O. oeni was absent in 14 of
20 samples taken at stage 0, appearing in all samples taken
at later stages. Only the species O. oeni, G. oxydans, and
Enterobacter sp. remained until the end of MLF (stage 2).

The band corresponding to O. oeni always showed the
highest intensity, and it was much higher during the later
stages of MLF. The intensities of the bands corresponding
to G. oxydans and Enterobacter sp. were higher at the early
stages of MLF, but always lower than that of the O. oeni
band.

Discussion

In this study, the bacterial community from spontaneous
MLF in Tempranillo wine was analyzed using a culture-
independent method. PCR-DGGE has been used to study
the structure and evolution of microbial communities from
different habitats (Li et al. 2010; Liu et al. 2009; Lubbs et
al. 2009; Petersson et al. 2009; Ponnusamy et al. 2008;
Puglisi et al. 2009) included food fermentations (Endo and
Okada 2005; Giannino et al. 2009; Meroth et al. 2003). All
authors agreed that this method was well suited to study of
microbial communities in each of the samples.

In contrast with the results obtained by Renouf et al.
(2006), the discriminant capacity obtained with PCR-rpoB/
DGGE was not sufficient for monitoring bacterial compo-
sition during winemaking because some of the species
usually present during MLF in wines were not adequately
separated. However, these authors advised that the detec-
tion of species present at low concentrations was difficult.

HDA primers have been successfully used by different
authors for PCR-DGGE analysis (Giannino et al. 2009;
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Table 2 Species participating in different stages of MLF at each winery during both vintages from DGGE analysis

Winery Vintage Batch Stage 0. oeni G. oxydans A. siamensis Serratia sp. Enterobacter sp.
A 2006 I 0 + - + - +
1 + + - - +
2 + + - - +
11 0 + + + - +
1 + + - - +
2 + + - - +
2007 I 0 - + + - +
1 + + - - +
2 + + - - +
II 0 - + + - +
1 + + - +
2 + + - - +
B 2006 I 0 - + + - +
1 + - + - -
2 + + - - +
I 0 - + + - +
1 + + - +
2 + + - - +
2007 I 0 - + + - +
1 + + - - +
2 + + - - +
II 0 - + - - +
1 + + - - +
2 + + - - +
C 2006 I 0 - + + + +
1 + + - + +
2 + + - - +
I 0 + + + + +
1 + + + + +
2 + + - - +
2007 I 0 - + + + +
1 + + - + +
2 + + - - +
11 0 + + - + +
1 + + - - +
2 + + - - +
D 2006 I 0 - + + + +
1 + + - - +
2 + + - - +
11 0 + + + + +
1 + + + + +
2 + + - - +
2007 I 0 - + + + +
1 + + + + +
2 + + - - +
11 0 + + - + +
1 + + - +
2 + + - - +
E 2006 I 0 - + + + +
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Table 2 (continued)

Winery Vintage Batch Stage 0. oeni G. oxydans A. siamensis Serratia sp. Enterobacter sp.

1 + + - + +

2 + + - - +

I 0 - + + + +

1 + - + + +

2 + + - - +

2007 I 0 - + + + +
1 + + - - +

2 + + - - +

I 0 + + + +

1 + + - - +

2 + + - - +

+ species was present in the sample, — species was absent in the sample

Pérez Pulido et al. 2005). However, others (Lopez et al.
2003; Miambi et al. 2003) have reported, as occurred in our
study, co-amplification of nonbacterial DNAs, including
plant chloroplast, when using HDA and gc338f and 518r
primers, to study bacterial population in food such as wine
and fermented cassava. They affirm that it can be
problematic since competition between bacterial and non-
target templates during PCR may mask lower bacterial
populations. Therefore, in order to avoid this problem, it
seems advisable to design more bacterium-specific PCR
primers on future studies.

The band sequencing results from the profiles obtained
by PCR-DGGE for the different samples were partially
coincident with those reported by Renouf et al. (2006), who
described the presence of O. oeni, L. casei, and G. oxydans
during winemaking in different chateaux. In that study, in
agreement with our results, O. oeni was the predominant
species, which was represented by a highly intense band in
most of the samples analyzed. Presence on the surface of
grapes of wine-related acetic acid bacteria, such as
members of Gluconobacter, has been reported and these
bacteria may represent significant populations in musts
(Lonvaud-Funel 1999).

On the contrary, the presence of species belonging to
Serratia and Enterobacter has not been frequently reported
in wines. They could have its origin in the grape surface, as
mentioned for Gluconobacter, since both genera are widely
distributed in nature, occurring in the soil, plant surfaces,
and vegetables (Holt et al. 1994). Renouf et al. (2005)
stated that these species play a significant role in the
microbial consortium on grape surfaces, producing exopo-
lysaccharides; years later, Renouf et al. (2007) described
the presence of these species on grape surfaces from several
vineyards in the Bordeaux area. On the other hand, Bae et
al. (2006) identified 4. siamensis in enrichment cultures
from wine grapes cultivated in Australia.
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Comparison of the PCR-DGGE results with those
obtained from the identification of isolates obtained from
MLOA plates inoculated with the same wine samples (Ruiz
et al. 2010) revealed coincident results in terms of species
diversity. However and as it was suspected, significant
differences were observed in the species identified from
both methods since only a selective medium for LABs was
used in that study.

Thus, while L. plantarum, L. hilgardii, L. casei, and
Leuconostoc mesenteroides were only identified by plating
analysis, G. oxydans, A. siamensis, Serratia sp., and
Enterobacter sp. were only detected by PCR-DGGE
analysis. Only O. oeni was displayed by both methods.
Results from other studies (Meroth et al. 2003; Miambi et
al. 2003; Pérez Pulido et al. 2005) also revealed differences
in the microbial composition of fermented foods depending
on whether culture-dependent or culture-independent
methods were used.

Enrichment cultures, such as those on MLO or MRS
medium, favor the detection of a group of bacteria even at
low concentrations but have the disadvantage of limiting
the groups of bacteria that can be detected. In contrast,
analysis of microbial populations by culture-independent
methods allows for the identification of various groups of
bacteria, although these must be present at higher concen-
trations. Renouf et al. (2007) reported that PCR-DGGE was
only able to reveal the predominant species and that the
detection of the numerous different species present at low
concentrations was difficult using this technique. It could
also be the reason why O. oeni was not detected at some
samples taken at the beginning of MLF in this study.

Therefore, failure to detect certain species on PCR-
DGGE gels does not necessarily mean that the species are
absent, but only that they are less numerous than others. On
this respect, Renouf et al. (2007) affirmed that depending
on the environmental conditions, the best-adapted species
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constitute the overwhelming majority, and the population
ratio of different species can exceed 1,000-fold, making
detection of minor species difficult.

The limitations of PCR-DGGE analysis in ecological
studies have been discussed (Prakitchaiwattana et al. 2004)
and include different affinity of the primer DNA for template
DNA in different species and competitive influences when
template DNAs are present in different relative amounts.
Miambi et al. (2003) also reported that the use of thel6S
rRNA gene may represent a limitation in the bacterial
community analysis present at vegetable samples because
interferences with plant chloroplasts are possible.

From the results obtained in this study, it may be concluded
that, although PCR-DGGE analysis provides a broad picture
of the different groups of bacteria present in malolactic
fermentation in wine, it does not provide a complete picture
either. The variations observed between the results obtained
from culture-dependent and culture-independent methods
suggest that a combined approach is needed to detect
dominant and minor species and to better understand the
bacterial ecosystem present in wine fermentation.

Moreover, it is worth highlighting that the use of a culture-
dependent method with a high intraspecific discrimination
capacity, such as RAPD-PCR, would make it possible to
obtain additional information about the participating geno-
types, which may be significant from a technological
point of view.

This study has provided a more complete view of the
composition of the bacterial community present during
MLF of Tempranillo wine produced at cellars in Castilla-La
Mancha. Our research has shown the presence of the
species G. oxydans, A. siamensis, Serratia sp., and Enter-
obacter sp. in Tempranillo wine for the first time. Their
significant presence in these wines suggests that it would be
interesting to determine in future researches (1) their
viability during MLF and (2) the influence on the process
and on the organoleptic properties of the wines in case of
survival (if they survive).
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