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Introduction

Abstract

Aims: Oenococcus oeni is the lactic acid bacteria species which is the most
adapted to wine. Recently, two groups of strains that form two genetic lineages
were described in red and white Burgundy wines. The aim of this study was to
analyse the phenotypes of these strains in order to determine how they have
adapted specifically to either red or white wine.

Methods and Results: Four strains from each group were tested in grape must
and in wines to evaluate their tolerance to pH and to phenolic compound
content. White wine strains proved to be the most tolerant to low pH, both in
grape must and in wine, whereas they were inhibited by the presence of grape
tannins in wine. Red wine strains were more sensitive to acidity, but very
resistant to phenolic compounds.

Conclusions: The results suggest that pH and phenolic compounds drive
strain selection at several stages of wine production.

Significance and Impact of the Study: Although it is well known that O. oeni
is well adapted to wine, this study shows that strains of some genetic lineages
within this species have evolved to adapt better than others to specific types of
wines.

sourness of malic acid and to improve the aromatic com-
plexity and the microbiological stability of wine (Davis

Oenococcus oeni is the lactic acid bacteria (LAB) species
that is the most adapted species to wine. It is barely
detectable at the surface of grape berries and in grape
must, but it survives in wine and develops during or after
the alcoholic fermentation (AF) performed by yeasts,
reaching a population level of 10°-10° CFU per ml
(Lafon-Lafourcade et al. 1983). At this stage O. oeni is
usually the single LAB species detectable in wine. It per-
forms the malolactic fermentation (MLF), which mainly
consists in the decarboxylation of malic acid into lactic
acid and releases carbon dioxide (Versari et al. 1999;
Cappello et al. 2017). MLF is achieved in red wines and
in a number of white wines in order to reduce the

Journal of Applied Microbiology © 2018 The Society for Applied Microbiology

et al. 1985).

Oenococcus oeni is the predominant species in wine
and in apple cider and it was also recently reported in
kombucha fermentation (Coton et al. 2017), but it is
rarely detected in other Multilocus
sequence typing analyses have shown that the species
comprises two major lineages, named groups A and B,

environments.

and probably at least one additional group C (Bilhere
et al. 2009; Bridier et al. 2010). Group A is the largest
and contains only strains isolated in wine, whereas group
B includes strains from both wine and cider. Diverse sub-
groups in A and B were also described. They were associ-
ated with cider, Champagne or specific regions such as
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Chile and South Africa. Genome sequence analyses and
phylogenetic tree reconstructions have confirmed the dif-
ferent groups and subgroups previously reported and
they have provided a more detailed description of them
(Campbell-Sills et al. 2015; Sternes and Borneman 2016).
It was suggested that group A results from the domestica-
tion of ancestral O. oeni strains during wine making and
the production of different types of wines has permitted
the emergence of more specialized subgroups of strains
(Campbell-Sills et al. 2015). Several other studies have
reported genetic groups of strains associated with specific
regions (Guerrini ef al. 2003; Marques et al. 2011;
Franques et al. 2017). However, isolates of the same
strain or the same genetic group were often detected in
different regions, suggesting that they can disseminate
over long distances (Larisika et al. 2008; Gonzalez-Are-
nzana et al. 2015; El Khoury et al. 2017).

A recent study has uncovered numerous genetic groups
of strains in five regions of France and particularly two
groups containing a vast majority of strains isolated
either from red or white wines produced in Burgundy (El
Khoury et al. 2017). The group associated with white
wines also contains strains from Champagne and from
white wines produced in other regions. All the strains of
the other genetic group were isolated from Burgundy red
wines, except one, which was from an Aquitaine red
wine. A comparative genomics analysis of these strains
has revealed a close phylogenetic proximity of both
groups of strains (Campbell-Sills et al. 2017). It was sug-
gested that the two groups appeared from a common
ancestor that has evolved adapting to both types of
wines.

The aim of this study was to compare the phenotypic
properties of these strains in order to determine why they
are preferentially associated with red or white wines. The
main stressors that LAB can encounter in wine are acid-
ity, ethanol, sulphur dioxide, temperature, phenolic com-
pounds and inhibitors produced by yeasts (Wibowo et al.
1985). Given that white wines have usually a lower pH
than red wines and in contrast red wines contain more
phenolic compounds, these two parameters could be
important for strains selection. Phenolic compounds have
many different chemical structures that are grouped into
nonflavonoids (phenolic acids, hydroxybenzoic acids,
hydroxycinnamic acids and stilbenes) and flavonoids (an-
thocyanins, flavonols and flavan-3-ols). Condensed tan-
nins are polymers of flavan-3-ol unit which can be
esterified with gallic acid with varying degrees of galloyla-
tion and polymerization. Their concentration in wine
depends of grape variety and maturity, as well as soil, cli-
mate conditions and winemaking practices, particularly
the period of maceration during which phenolic com-
pounds present in grape skin and seeds are extracted in
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wine (Gil et al. 2012). Their effect on LAB may be posi-
tive or negative depending on the nature and concentra-
tion of the compounds and on the bacterial strains
(Reguant et al. 2000; Figueiredo et al. 2008; Garcia-Ruiz
et al. 2011). The inhibition of bacteria may result from
the interaction of the compounds with the cell mem-
brane, which alters its permeability and leads to cell leak-
age (Campos et al. 2009; Garcia-Ruiz et al. 2011).

Here, we report the phenotypic characteristics of
strains of the red and white wine groups, focusing on
their tolerance to acidity and polyphenols content in
grape must and in wine. The results provide a possible
explanation for their predominance in each type of wine.

Materials and methods

Bacterial strains and growth conditions

Oenococcus oeni strains used in this study were isolated
from Burgundy red and white wines (El Khoury et al.
2017) and are available through the ‘Centre de Res-
sources Biologiques Oenologiques’ of Bordeaux Univer-
sity ' (CRBO): strains CRBO_14196, CRBO_14198,
CRBO_14202, CRBO_14203 from white wines and
CRBO_14206, CRBO_14210, CRBO_14213, CRBO_14214
from red wine.

All strains were grown in liquid grape juice medium
containing 250 ml 17" pasteurized red grape juice, 5 g 17"
yeast extract and 1 ml 1~' Tween 80, adjusted to pH 4-0.
The cultures were incubated at 25°C for approx. 7 days
until late exponential phase. Bacterial populations were
monitored by fluorescence microscopy.

Survival assays in grape musts and in wines

Trials were performed by inoculating the strains from a
freshly prepared culture to 2 x 10° CFU per ml in 10 ml
of a modified grape must containing 250 ml 1~ grape
juice (white grape variety containing 160 g 17" of sugars),
5 g 17" yeast extract, 1 ml 17! Tween 80 and 6% ethanol
(v/v). In the first trial, the medium was adjusted to pH
2-8, 3-0, 3-3, 3-6 or 4-0 and in the other one, the medium
was supplemented or not with 1, 2:5 or 5 g 17! of com-
mercial preparations of tannins designated T1, T2, or T3
(Table 1) with pH set at 4-0. Similar trials were per-
formed in wines #1 and #2 (Table 2). The wines were sta-
bilized with 200 mg1™' of the preservative dimethyl
dicarbonate as described in Costa et al. (2008). Controls
have confirmed the absence of yeasts and bacteria in the
treated wines. In a first trial the wines were adjusted to
pH 28, 3-0, 3-3, 3:6 or 4-0 and in a second one they were
supplemented with 1, 2-5 or 5 g 17" of the commercial
product T3 and adjusted to pH 3-6 with potassium
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Table 1 Composition of commercial
tannins products

T

‘Anthocyanins fraction’

T2

‘Monomeric fraction’

T3

‘Oligomeric fraction’

mDP

Total proanthocyanidins

(mgg™

Molecular tannins (mg g~")

(+)-catechin
(—)-epicatechin

Procyanidin dimers B1
Procyanidin dimers B2
Procyanidin dimers B3
Procyanidin dimers B4

Total (mg g™")

Total anthocyanins (%)

25 11 4.5
8220 & 26-8 7322 £ 120 10000 + 64-3
207 £ 05 144.1 &+ 2.0 76 £ 0-2
19-0 + 0-6 129:6 + 3-4 129 £ 0-3
193 £ 16 2:6 + 01 1.6 & 0-1
14.1 £ 0-6 2:9 &+ 01 73+ 03
4.9 + 0-4 4.0 £ 0-2 09 &+ 0-1
5.3 £ 0-8 2:0 +£ 0-6 21 +£ 0.0
80-8 + 4.5 2852 + 34 324 4+ 1.0
10 nd nd

mDP, mean degree of polymerization; nd, not detected.

Table 2 Composition and physicochemical properties of wines

Wine #1 Wine #2

Grape variety Chardonnay Pinot noir

Ethanol (% v/v) 127 12-6

pH 3-58 3-60

L-malic acid (g I™") 3.4 1.5

Volatile acidity (g I”") 0-28 0-30

mDP - 35

Total proanthocyanidins (g 17" 0-116 + 0-004 1-37 + 0-06

Molecular tannins (mg 1=
(+)-catechin 0-04 £+ 0-01 194 +£ 0-39
(—)-epicatechin 0-05 + 0-01 17-4 + 0-26
Procyanidin dimers B1 nd 1.2 + 0-06
Procyanidin dimers B2 nd 1-9 £+ 0-06
Procyanidin dimers B3 nd 5.3 + 0-03
Procyanidin dimers B4 nd 3:3 £ 0-06
Total (mg () 0-09 + 0-02 48-5 + 1-05
Total anthocyanins (mg I=") nd 145.2 + 84

mDP, mean degree of polymerization; nd, not detected.

hydroxide 10 N. After 2, 7 or 14 days of incubation at
25°C, samples were collected and serial dilutions were
plated on a grape juice medium containing 250 ml 1
commercial grape juice, 5 g 17" yeast extract, 20 g 17"
agar, 1 ml1™' Tween 80, 100 mgl ' pimaricin and
adjusted to pH 4-8. Colonies were counted after 7—
10 days of incubation at 25°C. All assays were performed
in triplicates.

Cells observations by transmission electron microscopy

To visualize the effect of polyphenols, one strain of
each group AW (genetic group A, white wine) and
AR (genetic group A, red wine) (CRBO_14196 and
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CRBO_14213) were inoculated in red and white wines and
after 1 week at 20°C cells were recovered by centrifugation
(10 000 g, 10 min, 4°C). Cells pellets were fixed for 3 h in
0-1 mol I™" sodium cacodylate buffer (pH 7-2) supple-
mented with 2% glutaraldehyde, at room temperature.
They were rinsed twice in cacodylate buffer and recovered
by centrifugation (8000 g, 3 min). Cells inclusions were
done in 1% agarose and postfixed with (i) 1% osmium
tetroxide containing 1-5% potassium cyanoferrate during
1 h at room temperature in darkness and (ii) with 3% ura-
nyl acetate during 45 min at 4°C in darkness. They were
washed three times with water during 5 min and gradually
dehydrated in ethanol (50-100%) and embedded in
Epon™, Thin sections (60 nm) were collected on 150-mesh
copper grids, before examination with a HITACHI H7650
TEM Bordeaux Imaging Center, CNRS-INSERM, Bor-
deaux University.

Determination of phenolic compounds in commercial
products and in wines

Mean degree of polymerization

The proanthocyanidins’ mean degree of polymerization
was determined by phloroglucinolysis
Drinkine et al. (2007).

according to

Total proanthocyanidins

Total proanthocyanidins were estimated according to
Ribereau-Gayon and Stonestreet (1965). This method is
based on the Bate-Smith reaction, in which proantho-
cyanidins release anthocyanidins by heating in an acid
medium. The wines were diluted to 1 : 50 (v/v) in a 10%
ethanol solution. One millilitre of sample was added to
0-5 ml of water and 1-5 ml of 12 mol 1! HCI and the
mixture was homogenized. Two tubes were prepared per
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sample: one was incubated in boiling water for 30 min
(sample A), while the other one was maintained at room
temperature (sample B). After cooling at room tempera-
ture, 0-25 ml of 95% ethanol were added to each sample
and the absorbance at 550 nm was determined. Total
proanthocyanidins (g 17') were calculated as 19-33x
(abssso nm sample A—absss, nm sample B).

Total anthocyanins
Total anthocyanins were determined using the SO,
bleaching method according to Ribereau-Gayon and
Stonestreet (1965).

Analysis of monomeric and dimeric flavan-3-ols

Monomeric and dimeric flavan-3-ols: catechin, epicate-
chin, procyanidin dimers (B1, B2, B3, B4) were deter-
mined using a Thermo-Finnigan Surveyor HPLC system
formed by UV-Vis detector (Surveyor PDA Plus), an
autosampler (Surveyor autosampler Plus) and a quater-
nary pump (Surveyor LC pump Plus) controlled by Xcal-
ibur data treatment system. The separation of monomeric
and dimeric flavan-3-ols was performed on a reversed
phase Lichrospher C18 (250 mm x 4 mm, 5 um) follow-
ing a previously described method (Chira ef al. 2009).
Water/formic acid (solvent A) (99 : 1, v/v) and acetoni-
trile/formic acid (99 : 1, v/v) (solvent B) were used at a
flow rate of 1 ml min~'. The gradient conditions were:
3% B isocratic from 0-3 min, 3-5% B linear from 3-
14 min, 5-10% B linear from 14-22 min, 10-14% B lin-
ear from 22-26 min, 14-25% B linear from 2640 min,
25-100% B linear from 40-41 min, 100% B isocratic
from 41-43 min, and 100-3% B linear from 43—44 min,
with re-equilibration of the column from 44-50 min
under the initial gradient conditions. Detection was per-
formed with a fluorescence detector set at 280 nm excita-
tion wavelength and 320 nm emission wavelength with
medium fluorescence intensity; as well as a diode array
detector set at 280 nm. Quantification was performed
using an external standard calibration curves.

Wine analyses

The composition and physicochemical parameters of
wines #1 and #2 used in this study are provided in
Table 2. They were determined with methods described
above and by Fourier-transform infrared spectroscopy
using an QOenoFOSS™ (Foss electric, Hilleroed, Den-
mark).

Statistical analyses

Statistical analyses were performed using the R software
and the Kruskal-Wallis test (o« = 0-05).
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Results

Tolerance to low pH and phenolic compounds in grape
must

Four O. oeni strains from each genetic subgroup, named
here AR (group A, red wine) and AW (group A, white
wine) were tested in order to compare their growth capa-
bilities in grape must and in wine. To evaluate their tol-
erance to pH, they were inoculated to 2 x 10° CFU per
ml in a grape juice medium adjusted from pH 2-8 to 4-0.
Residual bacterial populations were determined after 2
and 7 days by plate counts (Fig. 1). Two days after inoc-
ulation, all the strains of group AW survived even at the
lowest pH. After 7 days they developed under all condi-
tions, although to a lower extent at pH 2-8 and 3-0. The
strains of group AR were less resistant after the first
2 days. After 7 days, they developed well at pH 3-6 and
4-0, but less at pH 3-3 and they were significantly inhib-
ited at pH 3-0 and 2-8.

Their tolerance to phenolic compounds was evaluated
by incubation in the presence of three commercial
products containing 10% anthocyanins, 90% condensed
tannins and some monomers or dimers (product T1),
a majority of monomers and dimers of catechin and
epicatechin (product T2), and almost exclusively con-
densed tannins (product T3) (Table 1). Each product
was added to 1, 2:5 or 5g1' in a grape juice med-
ium before inoculating bacteria. The results show that
all the strains of both groups had a similar behaviour
(Fig. 1c,d). After 2 days, they had almost normal
growth (107 CFU per ml) in the presence of 1 or
25 g1 of each mixture. It is only with 5 g1 '—
which represents the highest concentration of polyphe-
nols found in red wine—that growth was stopped, and
only with products T2 and T3, since T1 had almost no
effect. After 7 days, the impact of polyphenols was
more evident, but still the same for all the strains. The
inhibition of bacteria was detected only with the high-
est concentrations of the tested products, particularly
with T3. Cell growth was stopped in the presence of
25 g 17" of this product and cell inactivation was the
most important with 5 g 17",

Effect of low pH in wine

The survival of bacteria was examined after inoculation
in a Chardonnay white wine and a Pinot noir red
wine, both adjusted to different pH values (Fig. 2). In
the white wine, strains of the AW group survived and
developed well at pH 3-3-4-0. At pH 2-8 and 3.0, a
high mortality was observed immediately from the sec-
ond day and during 2 weeks of the experiment. In the

Journal of Applied Microbiology © 2018 The Society for Applied Microbiology
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Figure 1 Survival of Oenococcus oeni strains in grape must as a function of pH and phenolic compounds. Four strains from genetic groups AR
(grey boxes) or AW (empty boxes) were inoculated to 2 x 10° CFU per ml in a commercial grape juice adjusted to various pH (a, b) or in the
presence of 0, 1, 2:5 or 5 g I~" of phenolic compound mixtures T1, T2 or T3 (c, d) and bacterial populations were monitored by plate counts
after 2 days (a, ¢) and 7 days (b, d). All cultures were performed in triplicate. Boxplots represent survival population distribution for all strains
belonging to one genetic group in a specific condition. Statistics differences between conditions were performed with R software using Kruskal—
Wallis test (o = 0-05). Significant differences were marked with different letters.

same wine, strains of the AR group could only develop
at pH 3-6 and 4-0. At pH 3:3, they declined during
the first week and could not restart growth even after
2 weeks. Below pH 3-3 they have not survived at all
Figure 2 also shows the same trials performed in a red
wine. The strains of both groups showed a relatively
similar behaviour, being able to maintain a high popu-
lation only at the highest pHs (3:6 and 4-0), but
strains of group AW could hardly maintain a popula-
tion level close to 10° CFU per ml, whereas strains of
group AR grew up to 10" CFU per ml and more after
2 weeks.

Journal of Applied Microbiology © 2018 The Society for Applied Microbiology

Effect of phenolic compounds in wine

To determine if phenolic compounds induce a stronger
inhibition in wine than in grape must the tolerance of
strains has been tested in red or white wines adjusted to
pH 3-6 and supplemented with product T3 that was the
most inhibiting in grape must (Fig. 3). In the absence of
added T3, the strains of both groups were slightly inhib-
ited after the first 2 days, but they started growing after 1
or 2 weeks. It is interesting to note that AW group
strains grew better in the white wine, while AR group
strains preferred the red wine, as noticed in previous pH
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legend of Fig. 1.

! was sufficient to reduce their population by more

of T3 in both types of wine, with a stronger inhibition as
the concentration of the product increased. However,
although AW- and AR group strains were similarly inhib-
ited in white wine, they had a different sensitivity in red
wine. Strains of the AW group were more sensitive to the
addition of T3 than those of the AR group. Addition of

6

than 2 logs. A dose of 2:5 g 17" led to a 4 logs reduction.
And 5 g 17" caused a total elimination of bacteria. In
contrast, AR group strains grew well with 1 g 17" of T3.
In the presence of 2:5 g 17, their population remained
close to 10> cells per ml. Only 5 g 17! of T3 could reduce
their population significantly. At this concentration, they

Journal of Applied Microbiology © 2018 The Society for Applied Microbiology
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Figure 3 Influence of phenolic compounds
on the survival of Oenococcus oeni strains
inoculated in red or white wines. Four strains
from genetic groups AR (grey boxes) or AW
(empty boxes) were inoculated to

2x 10% CFU per ml in a white wine (a—c) and
a red wine (d—f) supplemented with 0-5 g |
of the phenolic compound mixture T3 with
pH set at 3-6. Bacterial populations were
monitored after 2 days (a, d), 7 days (b, e)
and 14 days (c, e) of incubation. Statistical
analyses were performed as described in

Fig. 1.
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reached the same level as AW group strains incubated
with only 1 g 17" of T3 (approx. 10°~10* CFU per ml). It
is noteworthy that the red and white wines used in this
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experiment had initial tannins concentrations of 1-37 and

0-116 g 1™, respectively, which may account in the inhi-

bition of cells.
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Microscopy analysis of cells in wine

Electron microscopy analyses were performed to investi-
gate whether cell morphology was modified upon expo-
sure to wine and phenolic compounds. Figure 4 shows
micrographs of strains CRBO_14196 (group AW) and
CRBO_14213 (group AR) incubated for 1 week in red
and white wines supplemented or not with 1 g1~ of

O. oeni CRBO_14196

White wine

M. Breniaux et al.

product T3. For clarity, a single cell representative of the
whole population is shown in each picture. Strain
CRBO_14196 exposed to red wine had an irregular cyto-
plasmic organization which could be linked to its inhibi-
tion in this wine. Similar observations were reported for
cells exposed to sulphites or polyphenols (Garcia-Ruiz
et al., 2010). This was not noticed when cells were incu-
bated in the white wine, even in the presence of 1 g 17"

O. oeni CRBO_14213

Figure 4 Electron micrographs of
Oenococcus oeni CRBO_14196 and 14213
after 1 week incubation in a white and red
wine supplemented or not with polyphenols.
Oenococcus oeni strains CRBO_14196 (a, b,
e, g) and CRBO_14213 (c, d, f, h) were
incubated for 1 week in a Chardonnay and
Pinot noir wine in the absence (a, ¢, e, f) or
presence (b, d, g, h) of 1 g |~ of mixture T3.
Each cell is representative of the sample.
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T3. In the latter conditions, cells were always surrounded
by small size and dark ‘pellets’ which were likely com-
posed of phenolic compounds. No cytoplasmic changes
or dark pellets were detected in micrographs of the AR
group strain. However, this strain appeared with a rough
surface, suggesting that it was surrounded by cell-bound
exopolysaccharides. The AW group strain had a smoother
surface, although this does not exclude the presence of
exopolysaccharides.

Discussion

This study shows that O. oeni strains of the AW- and AR
groups have different phenotypes in grape must and in
wines and confirms that they are specifically adapted to
either red or white wine, as it was previously hypothe-
sized (El Khoury et al. 2017). Many other strains from
different genetic groups are present in these wines. How-
ever, strains of AR- and AW groups are particularly inter-
esting because they form two well-defined genetic groups,
which makes it possible to investigate their genetic char-
acteristics (Campbell-Sills et al. 2017), and most of them
were isolated from Burgundy wines, suggesting that they
are present together in the vineyards and in the cellars of
this region and that selection of one group or the other
one occurs during the production of wines. It is well
known that there is a first selection of bacteria after the
harvest, when they are transferred from the surface of
grape berries into the grape must. Many species do not
survive the lack of oxygen, the low pH or other stressors
in grape must (Lafon-Lafourcade et al. 1983; Piao et al
2015). A second selection is caused by the metabolism of
yeasts during AF and particularly the increase in ethanol
concentration. Oenococcus oeni resists the best and usually
becomes the single LAB species detectable at the end of
this fermentation. However, there is a succession of O.
oeni strains during the different steps of winemaking
because strains differ in growth and stress resistance
capacities (Reguant et al. 2005). Here, we found that
strains of AR- and AW groups do not have the same tol-
erance for acidity of grape must and presence of phenolic
compounds in wine, which likely contributes to selection
of strains from one or the other group during red or
white wine production.

Strains of the AW group proved to be the most toler-
ant to low pH, particularly in grape juice, in which they
developed up to pH 2.8, whereas AR group strains just
survived up to pH 3-0. This tolerance to low pH is a
strong advantage for AW group strains in white wines,
which are the most acidic. Champagne wines also have a
low pH, often close to or below 3-0. It is interesting to
note that all the strains isolated from Champagne that
have been characterized at the genomic level to date
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belong to this group (Bridier et al. 2010; Sternes and
Borneman 2016; Campbell-Sills et al. 2017). This includes
three starters commercialized by different companies. It is
no coincidence that all the best adapted strains that were
selected to perform MLF in Champagne are members of
this group. Their high tolerance to acidity is a critical
property for their use in this type of wine. All the strains
of group AW contain the gtf gene, which is very rarely
encountered among other O. oeni strains (Dimopoulou
et al. 2016; Campbell-Sills et al. 2017). It encodes a glu-
cosyltransferase producing a free or cell-bounded extra-
cellular glucan which is known to improve the tolerance
of bacteria to wine stressors, including low pH (Dols-
Lafargue et al. 2008). However, electron micrographs
analysed in this study have not shown evidences of cell-
bounded exopolysaccharides on the tested strain. Further
experiments are required to determine whether this gene
contributes significantly to the selection of AW group
strains during production of white wines.

The presence of polyphenols in grape must had little
effect on bacteria. Only the product T3, which is com-
posed almost exclusively of condensed tannins, induced
significant cell mortality at high concentration. This is in
agreement with previous works that showed that this type
of tannins can strongly affect the viability of O. oeni cells
(Figueiredo et al. 2008). Products T1 and T2, consisting
of anthocyanins and condensed tannins or catechin and
epicatechin monomers and dimers, respectively, only slo-
wed down the growth of bacteria when they were used at
the highest concentration. These results are also in agree-
ment with previous studies that showed no effect or a
stimulatory effect of these compounds (Reguant et al
2000; Alberto et al. 2001; Figueiredo et al. 2008; Garcia-
Ruiz et al. 2009). The prevalence of AR group strains in
red wines cannot be explained by the presence of
polyphenols in the must as no variation was detected
between the two groups of strains. In contrast, polyphe-
nols have a selective influence in wine. Indeed, in white
wine the strains of both groups were inhibited similarly,
but in red wine, the strains of the AW group were
strongly inhibited, while those of group AR develop well
even in the presence of a very high content of T3. Elec-
tron micrographs showed that an AW group strain incu-
bated in red wine had an irregular cytosolic organization
with evident cytoplasm contractions, which may correlate
with its loss of viability as noticed in previous studies
(Hartmann et al. 2010; Garcia-Ruiz et al. 2011; Lyu et al.
2016). In white wine with the presence of T3, cells of
AW group strain were surrounded by small dark pellets,
which likely represent tannins interacting with extracellu-
lar components. This was not observed for the AR group
strain that in contrast appeared with a regular cytoplasm
and a rough surface possibly made of cell-bounded
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exopolysaccharides. Strains of the two groups have differ-
ent gene repertoires, which allow them to produce differ-
ent exopolysaccharides (Campbell-Sills et al. 2017).
Nevertheless, there is no evidence that these various com-
pounds contribute to polyphenol resistance of the strains
of AR group.

According to our results, bacteria of the AW group are
associated with white wines because they develop well in
the most acidic conditions, whereas they do not resist to
polyphenols in wine. Strains of the AR group are more
sensitive to acidity but they tolerate polyphenols, which
favours their prevalence in red wine. These evidences that
some strains lineages are genetically adapted to develop
in specific types of wines, which can be important when
considering the selection of industrial strains. However,
this specificity does not necessarily mean that bacteria are
unable to achieve MLF in another type of wine than the
one from which they originate. Indeed, their phenotypic
properties favour their growth during wine production
and their prevalence over other strains, but if they are
propagated in a culture medium and inoculated in wine,
it is possible that they achieve MLF in different wines.
For example, strains of group AW were unable of per-
forming MLF when they were inoculated in a red wine,
whereas those of the AR group ferment both types of
wines (Campbell-Sills et al. 2017). Nevertheless, the selec-
tion of strains naturally adapted to certain types of wines
could be preferred by winemakers willing to produce
wines with starters that mimic the oenological quality
obtained when spontaneous fermentations are performed
by indigenous micro-organisms (Garofalo et al 2015;
Petruzzi et al. 2017).
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