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Lysozyme resistance of the ropy strain Pediococcus parvulus IOEB 8801 is correlated
with beta-glucan accumulation around the cell
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Lactic acid bacteria (LAB) are often exploited to carry out malolactic fermentation in wine. However, a few
specific LAB strains and, more precisely, some Pediococcus parvulus strains synthesize a β-glucan, which can be
deleterious to wine quality as it confers a ropy texture to the wine that can no longer be commercialized.
Although molecular methods exist to detect these unwanted microorganisms, ropy Pediococcus still remain
difficult to remove from wine, because of their natural resistance to traditional wine stabilizing treatments. In
this work, we show that ropy P. parvulus are resistant to lysozyme. We clearly demonstrate that this resistance
may be ascribed to the presence of the β-glucan that forms around the cell a protective barrier against
anti-bacteria agents. Moreover, this resistance increases during bacterial growth. We show that using lysozyme
with β-glucanase can strongly improve the treatment against ropy strains, in model media as well as red and
white wine based media. This work not only brings potential solutions to the wine industry, but also opens
interesting perspectives for studying β-glucan producing bacteria which are widespread in the food industry.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

“Ropy”wines are characterized by an increased viscosity and a slimy
texture (“graisse”). Even though the aromatic profile of the wine is not
affected, the dramatic visual appearance and texture on the palate render
its marketing impossible. This problem can occur in tanks, barrels, or
even after bottling, mainly in wines displaying high pH (>3.8). At the
onset of ropiness, these wines contain high populations of lactic acid
bacteria, in most cases belonging to the species Pediococcus parvulus
which is the only recognized agent of ropiness in Bordeaux wines
(Dols-Lafargue and Lonvaud-Funel, 2009). The spoilage also occurs in
beer and in cider (Dols-Lafargue and Lonvaud-Funel, 2009; Duenas et
al., 1995). In each case, the pediococci strain synthesizes a highmolecular
weight β-1,3-glucan with β-1,2-linked branched units consisting of a
single glucose. Synthesis is performed via a membrane spanning
glucosyltransferase, called Gtf, catalyzing both the polymerization of
UDP-glucose and the export of the neosynthesized β-glucan (Werning
et al., 2006). The Gtf protein is encoded by the gtf gene, located on a
5.5 kb plasmid for red wine pediococci and on a 35 kb plasmid for
cider pediococci (Dols-Lafargue and Lonvaud-Funel, 2009). Other lactic
acid bacteria species also carry this gene: Lactobacillus diolivorans and
Lactobacillus suebicus have it on a 5.5 kb plasmid whereas in some
Oenococcus oeni strains it is located on the chromosome (Dols-Lafargue
et al., 2008; Garai-Ibabe et al., 2010; Walling et al., 2005; Werning et
al., 2006).
: +33 5 57 57 58 13.
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Based on the gtf gene sequence (at least 97% identical in all the
species studied), rapid and highly sensitive real-time PCR reactions
were developed to detect ropy bacteria (Delaherche et al., 2004;
Ibarburu et al., 2010). The main advantage of these techniques is
that they allow an early detection of the spoiling agent (detection
limit 40 CFU.mL−1). In this case, the winemaker needs to immediate-
ly prevent pediococci development, because β-glucan production is
largely associated with bacterial growth. Only 12 mg/L is sufficient
to spoil the wine (Dols-Lafargue and Lonvaud-Funel, 2009). Sulfur
dioxide is commonly used in winemaking to protect the wine from
undesirable bacteria development (Ribéreau-Gayon et al., 2000).
However, the antimicrobial effect of SO2 decreases with increasing pH,
and ropy pediococci generally display high levels of resistance to SO2

(Dols-Lafargue et al., 2008; Lonvaud-Funel and Joyeux, 1988). Further-
more, SO2 is subjected tomaximum authorized levels and the European
Commission has recognized the health issues raised by its use in
the wine industry (Commission Regulation (EC) N° 606/2009; OIV,
2011). Enterocin AS-48 has been proposed to inactivate ropy lactic
acid bacteria from cider, but today, its use in wine is still not permitted
(Martínez-Viedma et al., 2010). Lysozyme is an alternative to prevent
bacterial spoilage in wine, especially those which harbor a high pH. Iso-
lated from egg white, it displays a muramidase activity and hydrolyzes
the bacterial cell wall. Its use in wine is authorized in EU since October
2001 (OIV, 2011). It is recommended for the control of spontaneous
malolactic fermentation which often leads to increased volatile acidity
or biogenic amine formation, due to undesirable lactic bacteria species
or strain development (Bartowsky, 2009; Delfini et al., 2004; Gerbaux
et al., 1997; Lasanta et al., 2010; Lopez et al., 2009). Besides the fact
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that, like SO2, it can cause allergic reactions in susceptible individuals, its
effectiveness is reduced in acid wines, wines with high polyphenol or
metal cation concentrations or wines treated with bentonite (Blättel
et al., 2009; Guzzo et al., 2011; Lin and Georgiou, 2005; Weber et al.,
2009). In addition, some wine lactic acid bacteria are resistant to lyso-
zyme even though the mechanisms underlying this characteristic are
not totally understood (Blättel et al., 2009; Delfini et al., 2004). Thus,
it is not uncommon to find ropy pediococci in wines despite lysozyme
treatment. These ropy pediococci strains are indeed known to show a
high tolerance to various growth inhibitors in wine (Dols-Lafargue et
al., 2008; Lonvaud-Funel and Joyeux, 1988). Compared to other lactic
acid bacteria, they are able to grow in what is considered to be harsh
wine conditions (low pH, high ethanol or SO2 concentrations). The
ropy β-glucan produced by these bacteria can be partially associated
with the cells, hence forming a protective layer and allowing the adhe-
sion of the bacteria to different biotic and abiotic surfaces (Blättel et al.,
2011; Dols-Lafargue et al., 2008; Fernandez de Palencia et al., 2009).

The aims of this work are to demonstrate the increased resistance
to lysozyme of ropy pediococci, to identify the origin of this resistance
and to suggest ways to improve ropy pediococci remediation in red
and white wines.

2. Materials and methods

2.1. Strains and growth conditions

The ropy P. parvulus IOEB 8801 belongs to our collection (Enology
Institute of Bordeaux). The strain P. parvulus IOEB 8801 was chosen as
a model strain for this study because (i) among the pediococci in the
IOEB collection, it is the one harboring the most ropy phenotype and
(ii) we obtained a non‐ropy isogenic mutant of this strain (P. parvulus
IOEB 0206) by plasmid curing experiments (Walling et al., 2005).

Bacteria were propagated in liquid MRS containing (g.L−1): glucose
20; yeast extract, 4; beef extract, 8; bactopeptone, 10; sodium acetate,
5; trisodium citrate, 2; K2HPO4, 2; MgSO4, 7H2O, 0.2; MnSO4, H2O, 0.1;
Tween 80, 1 mL and adjusted to pH 5.0. Ethanol (10%) was added
prior to inoculation. For solid media, agar (20 g.L−1) was added prior
to sterilization.

The red wine used was a blend of different varieties of red grapes
(vintage 2008), with a pH of 3.7. It was treated with H2O2 to eliminate
the total SO2. The white wine used was a Chardonnay (vintage 2010),
which did not initially contain any free SO2. Its pH was adjusted to 3.6
with KOH 5 N. Both wines were sterilized by filtration (0.2 μm cut-off
membrane). The ethanol content was 12% vol for both. The ropy
pediococci were progressively transferred (4 intermediate cultures
with growing proportions of wine) from pure MRS medium to a me-
dium containing 75% of wine and 25% of MRS-ethanol. The inocula-
tion rate was of 10% vol/vol (pre-culture duration 3 to 6 days) and
the cultures were incubated at 25 °C without agitation.

2.2. Analytical methods

Growth was followed by measuring the absorbance at 600 nm.
Precise determinations were carried out by colony counts on solid
MRS media using several dilutions for plating. Results were expressed
as CFU.mL−1 based on weighted mean calculations (AFNOR, 1998).
Survival rates were calculated as the ratio of colony forming units be-
tween treated samples and untreated samples. EPS concentrations
were determined after ethanol precipitation and phenol-sulfuric
assay and glucose concentration was assayed by HPLC as previously
described (Dols-Lafargue et al., 2008).

2.3. Enzyme treatment

The enzyme preparations used were the oenology quality lyso-
zyme “Lacticid” (Lamothe Abiet, France), a β-1,3-β-1,6 glucanase
(EC: 3.2.1.58) from Trichoderma harzianum in a laboratory grade pow-
der form named Glucanex® (from Novozyme and distributed by
Sigma-Aldrich, l"Isle d'Abeau, France) and in an oenology quality liquid
form (Vinoflow® Max A, VMA, from Novozyme and distributed by
Lamothe Abiet). A 100× concentrated enzyme stock solution was pre-
pared in sterile water and immediately added (concentration indicated
in the text) to the cell culture. Sterile water was added to the control
assay. Reactions were performed at 25 °C in the culture broth.

After the indicated contact time, serial dilutions were performed
in NaCl 9 g.L−1 and plated onto MRS agar. Determinations were
done in triplicate. The ropy character of the colonies and microscope
observations were used to confirm that the colonies corresponded to
pediococci.

2.4. Viability assays

The absence of viable but not cultivable (VBNC) cells was checked
by epifluorescence microscopy (Olympus Bx 41 microscope), using
the ChemChrome V6 Kit, as recommended by the supplier (Chemunex,
Ivry-sur-Seine, France). The quantification limit of the method is of
1.5·103 cells.mL−1 and the detection limit can be estimated at
1.5·102 cells.mL−1.

2.5. Microscopy

To visualize the glucan capsule before and after glucanase treatment,
MRS grown cells of P. parvulus IOEB 8801 were treated (or not) for 4 h
with 0.5 mg.mL−1 Glucanex®. For transmission electron microscopy
(TEM), bacteria were fixed for 2 h in 0.1 M sodium cacodylate buffer
(pH 7.2) containing 2% glutaraldehyde, at room temperature. Fixed
bacteria were stored at 4 °C in the fixative solution. They were rinsed
in cacodylate buffer, included in 1% gelatin and postfixed (i) with 1% os-
mium tetroxide containing 1.5% potassium cyanoferrate and (ii) with
3% uranyl acetate at 4 °C. They were gradually dehydrated in ethanol
(30% to 100%) and embedded in Epon. Thin sections (70 nm) were col-
lected on 150-mesh cooper grids before examination with a HITACHI
H7650 TEM.

2.6. Repeatability

All the experiments described in the paper were performed twice
using independent cultures.

3. Results and discussion

The growth of P. parvulus IOEB 8801 on MRS medium was accom-
panied by the production of soluble exopolysaccharides. Production
occurred mainly during growth phase after a short delay and was
thus partially connected with growth (Fig. 1A). The ropy character
appeared after 1 day of culture. All media used in this study yielded
similar growth profiles.

At different growth phases, samples of P. parvulus IOEB 8801 cul-
tures were collected and subjected to lysozyme treatment: the first
sample was taken at the exponential growth phase (after 1 day of
growth, Fig. 1B), the second on entry into stationary phase (after
3 days of growth, Fig. 1C) and the last one, during late stationary
phase (after 6 days, Fig. 1D). The survival rates after lysozyme treat-
ment were estimated using these 3 samples. It appeared clearly that
bacteria treated during the exponential growth or during the station-
ary phase were totally eliminated by treatment with 0.2 mg.mL−1

(20 g/hL) of lysozyme (survival rate b10−8, no colony detected on
the agar plates, Fig. 1B and D). On the contrary, when lysozyme treat-
ment was performed on cells entering into stationary growth phase,
the pediococci were more resistant. Fig. 1C shows that, after 2 days
of treatment with 0.2 mg.mL−1 of lysozyme, the survival rate was
of 10−4 and a slight growth was observed between 2 and 3 days of
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Fig. 1. A. P. parvulus IOEB 8801 growth and exopolysaccharide production inMRS+ethanol (10% vol).● Absorbance;□ glucose;△ exopolysaccharides; the gray arrows indicate time of
growth before sampling in order to perform lysozyme treatment (see panels B to D). Survival rate of P. parvulus cells sampled after B. 1 day of culture, C. 3 days of culture and D. 6 days of
culture, and immediately treated with the indicated lysozyme concentration. ○ Non‐treated control;□ lysozyme 0.2 mg.mL−1; lysozyme 0.4 mg.mL−1; ■ lysozyme 0.5 mg.mL−1.
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treatment. Treatments of wine pediococci collected at the entry into
stationary growth phase were repeated using different doses of lyso-
zyme: the survival rate remained high (10−3–10−4) even in the pres-
ence of 0.4 mg.mL−1 of lysozyme. Furthermore, the maximum dose of
lysozyme recommended by the supplier (50 g/hL, i.e. 0.5 mg.mL−1)
was not sufficient to completely eliminate the ropy pediococci in this
physiological state (Fig. 1C).

P. parvulus IOEB 8801 cells isolated during exponential growth or
at the entry of the stationary phase of growth were examined by elec-
tron microscopy. As shown in Fig. 2A, the cells were surrounded by a
A

B

Fig. 2. Transmission electron microscopy of P. parvulus IOEB 8801 (A) isolated during early
3 day growth, and (C) isolated at the entry of the stationary phase and subsequently treate
loose coat of β-glucan. The coat became thicker at the end of the ex-
ponential growth (Fig. 2B). We thus hypothesized that the coat of
β-glucan prevented the lysozyme from reaching the cell wall, thus
protecting it.

To verify this hypothesis, we performed two types of experiments.
First, the ropy Pediococcus (IOEB 8801) and its non-ropy mutant
(IOEB 0206), both sampled at the entry of stationary growth phase
were treated with lysozyme. The non-ropy mutant IOEB 0206 does
not display the gtf gene and does not produce β-glucan in neither sol-
uble nor capsular form (Walling et al., 2005). The results presented in
C

exponential growth — 1 day growth, (B) isolated at the entry of the stationary phase —

d for 4 h with 0.5 mg/mL of Glucanex. The black arrows indicate the β-glucan layer.

image of Fig.�2
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Fig. 3. Population dynamics of P. parvulus IOEB 8801 and its non-ropy mutant IOEB
0206, after lysozyme treatment. Prior to enzyme treatment, the cells were grown for
3 days in MRS+ethanol 10% vol. □ P. parvulus IOEB 8801+lysozyme 0.2 mg.mL−1;
■ P. parvulus IOEB 8801+lysozyme 0.5 mg.mL−1. P. parvulus IOEB 0206+lysozyme
0.2 mg.mL−1.
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Fig. 4. Population dynamics of P. parvulus IOEB 8801 after lysozyme and glucanase treat-
ment. Prior to enzyme addition, the cells were grown for 3 days inMRS+ethanol 10% vol.
○: non‐treated control; △ Glucanex® 0.5 mg.mL−1; □ lyzozyme 0.2 mg.mL−1;
◊ lyzozyme 0.2 mg.mL−1+Glucanex® 0.1 mg.mL−1; lysozyme 0.2 mg.mL−1+
Glucanex® 0.25 mg.mL−1; ♦ lysozyme 0.2 mg.mL−1+Glucanex® 0.5 mg.mL−1.
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Fig. 3 indicate that the non-ropy mutant was completely eliminated
by treatment with 0.2 mg.mL−1 lysozyme in the very first hours of
treatment, whereas, in the same conditions, the ropy pediococci
remained at a population level higher than 104 CFU.mL−1.

The second test combined lysozyme with Glucanex®, a β-1,3, β-1,6
fungal glucanase, known to hydrolyze the β-glucan from Botrytis
cinerea but also from P. parvulus (Dubourdieu et al., 1985; Llaubères
et al., 1990). The results are shown in Fig. 4. First, the survival curves
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Fig. 5. Influence of lysozyme and oenological glucanase treatment on P. parvulus IOEB 8801 surv
(25% MRS-ethanol+75% red wine). A. Lysozyme 0.2 mg.mL−1; B. lysozyme 0.5 mg.m

lyzozyme+VMA 0.3 μL.mL−1; lyzozyme+Glucanex® 0.25 mg.mL−1; ♦ lyzozyme+Glu
show that the untreated control and culture treated only with
Glucanex® were very similar. Hence, β-glucanase did not display
any proper significant bactericidal activity. However, electron mi-
croscopy scans clearly showed that the glucanase treated cells had
lost their glucan coat (Fig. 2C). Furthermore, β-glucanase improved
the bactericidal action of lysozyme used at 0.2 mg.mL−1 in a
dose-dependent way (Fig. 4). As a result, ropy pediococci were total-
ly eliminated after 48 h by the joint action of Glucanex® (0.25 mg.mL−1

or more) and lysozyme (0.2 mg.mL−1). No viable but non-cultivable
cells were detected in the assays (data not shown).

All the tests carried out in model media were repeated in the pres-
ence of red (Fig. 5) orwhite (not shown)winebasedmedia, using either
the laboratory grade (Glucanex®) or an oenological preparation (VMA)
of glucanase. It appeared that, in the presence of red wine, lysozyme
alone was not sufficient to completely eliminate the ropy pediococci.
Furthermore, the effective glucanase concentrations needed to be
higher than in the model media: in the presence of 0.2 mg.mL−1 of
lysozyme, 0.3 μL.mL−1 of VMAor 0.5 mg.mL−1 of Glucanex®were nec-
essary to completely eliminate the ropy pediococci. In the presence of
higher doses of lysozyme (0.5 mg.mL−1), it was possible to lower
the effective doses of glucanase (0.25 mg.mL−1 of Glucanex® or
0.1 μL.mL−1 of VMA). In the presence of white wine, even though
pediococci populations and their associated ropy character were at
levels similar than in red wine media, the bacteria were less resistant
to lysozyme treatment and the effective enzyme concentrations were
similar to those described formodelmedia (not shown). Several studies
had reported that lysozyme is less active in red than in white wine, due
to the inhibitory effect of polyphenolic compounds and particularly
tannic acid (Delfini et al., 2004; Guzzo et al., 2011). Nevertheless, even
in red wine based media, pediococci were totally eliminated by the
combined action of lysozyme and glucanase, used at their maximal
authorized/recommended level. Beta-1,3 glucanases are generally
used by winemakers to improve wine filterability or clarification
(Villetaz et al., 1984; Dubourdieu et al., 1985). They were also proved
to be efficient to eliminate spoilage yeasts (Blättel et al., 2011; Enrique
et al., 2010). Our results indicate that they are useful aswell to eliminate
ropy pediococci from wine, in association with lysozyme, even in the
toughest conditions: (i) cell concentration higher thanwhat is generally
described for ropy wines (107 cells.mL−1), (ii) strong ropy character,
(iii) cells in a physiological state enabling the highest resistance to lyso-
zyme, and (iv) presence of lysozymewine inhibitors such as ethanol or
polyphenols. Assays in naturally occurring ropy wines will allow to de-
termine the exact efficient doses of lysozyme and glucanase in pure
wine in the future.

These results may be generalized to other wine or cider lactic acid
bacteria producing beta glucans, since these polymers are highly
identical (Dols-Lafargue and Lonvaud-Funel, 2009). For example,
the association of β-glucanase and lysozyme was proven to kill all
Time (days)
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the ropy O. oeni in the IOEB collection, while lysozyme alone did not
(not shown). In addition, most of the lactic acid bacteria produce
polysaccharide structures which accumulate to form very thin or
large capsules around the cell. As with ropy beta glucan, these
polysaccharidic structures may protect the peptidoglycan wall and
partially prevent the action of lysozyme, hence explaining the ineffec-
tiveness of lysozyme treatments in some wines (Delfini et al., 2004).
Furthermore, repeated lysozyme treatments in wineries may favor
the persistence and prevalence of lysozyme resistant encapsulated
species or strains. Indeed, the ropy O. oeni were all isolated from
white wines, where lysozyme treatment is more frequent than in
red wines (Dols-Lafargue et al., 2008).

This work also opens interesting perspectives for studying
β-glucan producing bacteria from other ecological niches (cider,
cheese …). The presence of this specific glucan at the surface of bac-
teria considerably modifies their adhesion capacities or their resis-
tance to stress and thus their probiotic status (Deutsch et al., 2012;
Fernandez de Palencia et al., 2009; Stack et al., 2010; Werning et al.,
2008). As for lysozyme resistance, differences in β-glucan capsule
thickness depending on the growth phase may also explain some of
the contradictory results reported in the literature regarding the
stress resistance or the adhesion capacity conferred by the production
of β-glucan.

4. Conclusion

The present paper clearly shows that the glucan capsule thickness
varies during P. parvulus growth and modulates the bacteria resis-
tance towards muramidase activity. As a result, the association of
β-glucanase with lysozyme is essential for ropy pediococci remedia-
tion, in model media as well as red and white wine based media.
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