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Introduction

Some strains of micro-organisms, such as Brettanomyces
bruxellensis (B. bruxellensis) (ethylphenol producers) (Cha-
tonnet et al. 1992), Oenococcus oeni (O. oeni) (biogenic
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Abstract

Aims: In this study, pulsed-electric fields (PEF) and high-voltage electrical
discharges (HVED) are proposed as new techniques for the microbial
stabilization of red wines before bottling. The efficiency of the treatment was
then evaluated.

Methods and Results: PEF and HVED-treatments have been applied to wine
for the inactivation of Oenococcus oeni CRBO 9304, O. oeni CRBO 0608,
Pediococcus parvulus CRBO 2.6 and Brettanomyces bruxellensis CB28. Different
treatment times (1, 2, 4, 6, 8 and 10 ms) were used at 20 kV cm ™! for the PEF
treatments and at 40 kV for the HVED treatments, which correspond to
applied energies from 80 to 800 kJ 17'. The effects of the treatments on the
microbial inactivation rate and on various characteristics of red wines
(phenolic  composition, characteristics and physico-chemical
parameters) were measured.

Conclusions: The application of PEF or HVED treatments on red wine
allowed the inactivation of alteration yeasts (B. bruxellensis CB28) and bacteria
(O. oeni CRBO 9304, O. oeni CRBO 0608 and P. parvulus CRBO 2.6). The
electric discharges at 40 kV were less effective than the PEF even after 10 ms of
treatments. Indeed, 4 ms of PEF treatment at 20 kV cm ™' were sufficient to
inactivate all micro-organisms present in the wines. Also, the use of PEF had

chromatic

no negative impact on the composition of wines compared to the HVED
treatments. Contrary to PEF, the phenolics compounds were degraded after the
HVED treatment and the physico-chemical composition of wine were modified
with HVED.

Significance and Impact of the Study: PEF technology seems to be an
interesting alternative to stabilize microbiologically wines before bottling and
without modifying their composition. This process offers many advantages for
winemakers: no chemical inputs, low energy consumption (320 kJ 1Y), fast
(treatment time of 4 ms) and athermal (AT =~ 10°C).

amine producers) (Lonvaud-Funel 2001), or even some
strains of Pediococcus parvulus (P. parvulus) (polysaccha-
ride producers) (Dols-Lafargue et al. 2008) which can
alter the red wine quality must be eliminated in order to
preserve it. The microbiological stabilization of red wines
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before bottling is usually obtained by the addition of sul-
phur dioxide (Jackson 2008). The authorized concentra-
tion of sulphur dioxide is regularly reduced by the
European Union due to the allergenic effect of the mole-
cule and other harmful effects on human health (Puérto-
las et al. 2009). Actual researches are focused into new
chemical products and physical processes that could
complement or replace sulphur dioxide (Guerrero and
Cantos-Villar 2015).

Studies have been carried out on additives such as sor-
bic acid, lysozyme, octanoic and decanoic acids, as well
as numerous antibiotics and antiseptics (5-nitrofury-
lacrylic acid, pimaricine, dimethyldicarbonate, etc.). Sor-
bic acid is known to have a fungicidal action by
disrupting homeostasis pH of cells (Plumridge et al.
2004) but it does not affect bacteria that degrade the sor-
bic acid into 2-ethoxy-3,5-hexandiene which gives off a
geranium-like off-odour (Crowell and Guymon 1975).
Saturated short-chain fatty acids such as octanoic and
decanoic acids possess significant fungicidal properties
(Geneix et al. 1983) but they have no effect on bacteria.
Dimethyldicarbonate acts on yeasts by inhibiting certain
glycolytic enzymes but below authorized maximal con-
centration it is not an effective preservative against lactic
acid and acetic acid bacteria (Costa et al. 2008). Other
alternatives have been introduced based on ‘natural
antimicrobial agents’, of which the use of lysozyme is
especially important, as well as some antimicrobial pep-
tides or bacteriocins (Navarro et al. 2000). As lysozyme
can cause human IgE-mediated immune reactions (Mine
and Zhang 2002), its presence in food products, includ-
ing wine, can cause some concerns. Nisin is a bacteriocin
exhibiting antimicrobial activities towards a wide range of
Gram-positive bacteria by forming pores in the cytoplas-
mic membrane but some strains of bacteria and many
yeasts tolerate nisin via a nisinase activity (Rojo-Bezares
et al. 2007).

Different physical processes aimed at the partial or
total elimination of micro-organisms, such as thermal
treatment, high pressures, filtration, racking and centrifu-
gation, have also been studied. The thermal treatment of
foods (pasteurization or sterilization) is remarkably wide-
spread, and has proved its efficiency in the inactivation
of spoilage and pathogenic micro-organisms. In parallel
to this effectiveness, thermal treatments induce well-
documented modifications in colour and flavour or even
significant nutritional losses. The practical conditions
vary according to the micro-organism, alcohol and sugar
content, pH, and the phase of cell multiplication (Couto
et al. 2005). Sterile microfiltration is effective for remov-
ing any type of micro-organism in wine, but the fouling
of the membrane for some wines rich in suspended parti-
cles and in colloids such as polysaccharides, polyphenols
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and proteins, is still a problem. Indeed, this phenomenon
may affect wine quality by the retention of some com-
pounds and may also reduce permeation rates, which will
have a negative effect on the economic viability of the
process (El Rayess et al. 2011). High pressures (400—
600 MPa) at chilled or mild process temperatures
(<45°C) allow foods to be preserved with minimal effects
on taste, texture, appearance, or nutritional value (Bala-
2008).
arrived at in the various studies that have been carried

subramaniam ef al. Similar conclusions were
out on wine (Buzrul 2012). The limiting factor in using
high-pressure treatments is the cost of the equipment.
Therefore, the wine sector needs to develop alternative
or complementary techniques that are efficient, easy to
implement, which consume little energy, and which will
lead to a reduction in the use of the sulphur dioxide.
Pulsed-electric fields (PEF) and high-voltage electrical
discharges (HVED) fit these criteria. PEF and HVED
methods require short times of treatment (a few ms) and
low energy consumption depending on the treated pro-
duct and the required application. Depending on the PEF
generator characteristics, the energy cost of a PEF treat-
ment (taking into account investment (85 k€) and opera-
tion costs) is about 0-12 € kWh™! (El Crack generator
(5 kW), Toepfl et al. 2006). When comparing PEF and
high-pressure treatment, the estimated total costs for
liquid processing reaches 200-700 € per ton for high-
pressure treatment but only 10-80 € per ton for PEF.
The biological cell subjected to PEF sees its transmem-
brane potential rise. This transient or permanent perme-
abilization of the cell membrane allows the transfer of
intracellular material into the extracellular medium (Zim-
mermann 1986). Several studies have been carried out
relating to PEF treatment on different products (Grimi
et al. 2007) for various applications such as the destruc-
tion of micro-organisms at low temperatures (Delsart
et al. 2015), changes in enzyme activity (Giner-Segui
et al. 2009), or the extraction of plant cellular compo-
nents (Corrales et al. 2008; Donsi et al. 2010; Delsart
et al. 2012; Garde-Cerdan et al. 2013). This technology is
athermal process, does not require or create chemical
inputs (enzymes, dioxide...), and implies a low energy
cost (a few hundred kJ 17! for sterilization) (Marsellés-
Fontanet et al. 2009). Furthermore, this technique is easy
to integrate into an existing process and has already been
implemented on an industrial scale for the production of
apple juice at a rate of 20 000 kg h™' (Heinz et al. 2003).
High-Voltage Electric Discharges (HVED) create electric
arcs by the application of electric fields between two
pointed or flat electrodes. The intensity of the electric
fields is higher than that used in PEF treatments and
causes the fragmentation of solid particles. Different
applications of electrical discharges have been studied:
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degradation of organic compounds in an aqueous solu-
tion (Surgiarto and Sato 2001), inactivation of micro-
organisms (Delsart et al. 2015), improvement of the
extraction of high-value compounds from biological
products such as polyphenols from grape pomaces (Bous-
setta et al. 2011).

The objective of this study is to determine the opti-
mum parameters of PEF or HVED (variation in the
duration and/or the electric field strength) in order to
reduce the number of micro-organisms in the treated red
wine. The inactivation of three lactic acid bacteria
(O. oeni strain CRBO 9304, O. oeni strain CRBO 0608,
P. parvulus strain CRBO 2.6) and one species of yeast
(B. bruxellensis CB28) was studied. The consequences of
PEF and HVED on the polyphenols, colour and the
physico-chemical composition of the treated red wine
were also analysed.

Materials and methods

Red wine samples preparation

A commercial red wine (Cotes de Bordeaux, 2010) was
prepared prior to microbial inoculation. Free SO, was
eliminated from the wine using hydrogen peroxide at
35%. The wine was subjected to a first clarifying plate fil-
tration (SEITZ K200; Pall Corporation, New York, NY)
and a second sterilizing plate filtration (SEITZ KS80; Pall
Corporation), and then transferred to four autoclaved
(sterilized) 10-1 tanks in the aim to inoculate separately
four different micro-organisms.

Micro-organisms and cultivation/inoculation conditions

Four micro-organisms were selected according to their
representativeness and dangerousness in red wines. These
organisms were three lactic acid bacteria (O. oeni strain
CRBO 9304, O. oeni strain CRBO 0608, P. parvulus strain
CRBO 2.6) and one species of yeast (B. bruxellensis
CB28). The three strains of lactic acid bacteria were
grown in an MRS (Man, Rogosa, Sharpe) liquid culture
medium while B. bruxellensis was grown in YPG (Yeast,
Peptone, Glucose) liquid culture medium. These labora-
tory strains were gradually adapted to media resembling
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more and more to the composition of wine in order to
facilitate their implantation into the wine by avoiding cell
stress (Renouf 2006). For the bacteria, the initial medium
used was the ELB (Enrichment Lactic Bacteria) medium
described by Renouf (2006). As for the B. bruxellensis
yeast, the medium used was the EBB (Enrichment
B. bruxellensis) medium described by Renouf and Lon-
vaud-Funel (2007). When the microbial population
reached the end of the exponential phase in these media,
a similar medium was prepared and supplemented with
ethanol (6% v/v) to receive the previous microbial cul-
ture (inoculated at 10% v/v). Following that a new med-
ium was prepared with ethanol (10% v/v) and inoculated
via the 2nd medium at 10% v/v. Each strain contained in
these media was assessed by a direct epifluorescence
method (Divol and Lonvaud-Funel 2005). Depending on
the microbial concentration a certain volume of these
inocula was mixed into 8-8-51 of sterilized red wine.
These volumes represent less than 50 ml. Inoculations
were performed 24 h before electric treatments. The four
batches of wine were then kept at room temperature.

PEF and HVED equipment

The laboratory PEF and HVED batch treatment system
(Fig. 1) consisted of a 11 cylindrical polyethylene treat-
ment chamber comprising two electrodes (anode and
cathode), connected to a high-voltage pulse generator
(Tomsk Polytechnic University, Tomsk, Russia). To
obtain a pulsed-electric field, two parallel stainless steel
plate-electrodes (diameter = 100 mm) were used with a
distance (d, mm) between electrodes of 20 mm. For the
creation of electrical discharges, the plate electrode
(diameter = 30 mm) was used in conjunction but with a
stainless steel rod-electrode (diameter = 10 mm) with a
fixed inter-electrode distance (d, mm) of 5 mm (Fig. 1).
The generator of voltage U =40 kV and intensity
I=10 kA could provide peak power up to 4-10° kW.
Pulses were generated at frequency, f = 0-5 Hz for PEF
treatment and f = 0-33 Hz for HVED treatment, by the
discharge of two capacitors in parallel. The pulse shape
was exponential decay for the PEF treatment and oscilla-
tory decay for the HVED treatment. Pulse width #; was
approx. 10 ps. A pause At, of 60 s was made every 50

I
Plate
Figure 1 Experimental design with the

7 electrodes
Wine
electrodes configuration of chambers used for

.
Needle {
electrode PEF and HVED
. Generator
Wine (40 kV-10 kA)
Plate
electrode

=

] pulsed-electric fields and high-voltage
electrical discharges treatments.
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pulses. The PEF- or HVED-treatment time of samples
(tpgr O tyyvep, ms) were calculated as the product of
average pulse width (#;, us) and the number of pulses (n)
delivered in the treatment chambers. The total specific
energy applied (W, kJ 1"') was determined by the follow-
ing formula: W = (n x P;)/V, where V is the volume (I)
of the treated wine and P; is the energy of one electric
pulse (J) calculated from the following formula:
P; = (C x U»/2 with C, the capacity of the capacitor
(200 nF) and U, the voltage of the generator (40 kV).

Microbial inactivation experiments

For the determination of optimum parameters, the
200 ml aliquots were PEF or HVED treated according to
the experimental designs. The control samples were not
treated. Different treatment times (1, 2, 4, 6, 8 and
10 ms) were used at 20 KV cm™ ' for the PEF treatments
and at 40 kV for the HVED treatments. Energy consump-
tion during the treatments ranged from 80 to 800 kJ 1™
depending on the different treatment modes. The two
batches of wine that contained separately O. oeni CRBO
0608 and P. parvulus were not subjected to HVED treat-
ments.

The treatments were performed under aseptic condi-
tions. The cell was flamed with ethanol (96% v/v) and
rinsed with sterilized distilled water between each treat-
ment. Before and after treatments, the temperature
(T, °C) of the wine in the treatment chamber was mea-
sured by means of a teflon-coated K-type thermocouple
(£0-1°C) connected to the data logger thermometer Cen-
ter 305/306 (JDC Electronic SA, Yverdon-Les-Bains,
Switzerland). Then, the samples were placed in sterile
containers and stored at 10°C, without light.

Determination of viable count

Immediately after the treatments, aliquots were taken in
order to determine the number of micro-organisms as
per the methods described by the O. I. V. (2013). The
yeast and bacteria were recovered onto YPG or onto
MRS respectively. The compositions of YPG and MRS
media are detailed by the O. I. V. (2013). Pimaricine was
added into the MRS media at a concentration of
100 mg 17" in order to inhibit the growth of yeasts and
moulds.  Biphenyl (150 mg1™'),  chloramphenicol
(100 mg ™" and cycloheximide (1 mg 1" were incor-
porated into the YPG media for the inactivation of
moulds, bacteria and Saccharomyces yeast. Three consecu-
tive decimal dilutions and an undiluted sample were
taken. This operation was repeated in triplicate. Plates
were incubated for 10 days at 30°C for B. bruxellensis in
an aerobic atmosphere and 10 days at 25°C for O. oeni

PEF & HVED for wine microbial stabilization

and P. parvulus in an anaerobic atmosphere. After incu-
bation, the colony forming units (CFU) were counted.

Analyses of the wine

The physico-chemical parameters (pH, total and volatile
acidity, concentration of glucose-fructose, residual reduc-
ing sugar, malic acid, lactic acid and tartaric acid) of
wine samples were measured 8 days after electric treat-
ments by means of a near infra-red spectrophotometric
analyser (FOSS WineScan™ Flex 79000, FOSS, Hillerad,
Denmark). Colour intensity (CI) was calculated as the
sum of absorbance at 420, 520, and 620 nm of the wine
using a spectrophotometer (Lambda 25 UV/Vis Spec-
trometer, PerkinElmer, Waltham, MA) with a 1 mm
path-length quartz cuvette (O. I. V. 2013). The measure-
ments of CI were carried out 8 days after electric treat-
ments. Total polyphenol index (TPI), tannin content, and
anthocyanin content were determined using the same
spectrophotometer. TPI was measured 8 days after elec-
tric treatments by direct reading of the absorbance at
280 nm of wine diluted at 1/100 (v/v) (O. I. V. 2013).
Tannin content was measured 16 days after electric treat-
ments, comparing the absorbances at 550 nm of an acidi-
fied sample and a sample that was both acidified and
heated at 100°C for 30 min (Ribéreau-Gayon and Ston-
estreet 1964). Anthocyanin analysis was based on a
method using differences in pH and decoloration with
sulphur dioxide (Ribéreau-Gayon and Stonestreet 1965)
and was carried out 16 days after the treatments.

Statistical analysis

Each experiment was repeated at least three times. The
data were collected via microsort® ExciL® 2011 software
(ver. 14.2.2) (Redmond, WA). The data were subjected
to analysis of variance (P < 0-05) to determine the
significant differences between means using Xistat (ver.
2012) (Addinsoft, Paris, France). A Fisher test, at a sig-
nificance level of P = 0-05, was conducted for the separa-
tion of means. Groups detected as significantly different
were marked in the table with different letters. Values
were reported in the table as mean + standard deviation.
The error bars in all figures correspond to standard
errors.

Results

Temperature variation

The temperature increase AT of the wine in treatment
chamber measured before and after PEF or HVED treat-
ments is presented in Fig. 2.
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The higher the treatment energy, the greater was the
resulting temperature increase (AT = 23°C after PEF
treatment at 800 kJ ™! and AT = 11-3°C for the same
sample treated with PEF treatment at 80 kJ 17! (wine
inoculated with P. parvulus)). The temperature increase
was greater after PEF treatments as compared to the
HVED treatments (AT = 16-9°C after PEF treatment
(W=2800KkI") and AT = 11-4°C after HVED treat-
ment (W =800 kJ I™!) for B. bruxellensis). Although a

W, kJ.F?
@ o 200 400 600 800

) _ o 200 400 600 800

t, ms

W, kJ.F?
€ _ o 200 400 600 800

0 2 4 6 8 10
t, ms

Figure 2 Temperature variations AT of red wines inoculated with dif-
ferent micro-organisms separately (Pediococcus parvulus (V), Oeno-
coccus oeni 9304 (M), Brettanomyces bruxellensis (@) and O. oeni
0608 (4)) for pulsed-electric fields (PEF) at 20 kV cm™" in function of
energy inputs and treatment times (a). Temperature variations AT on
wine inoculated with O. oeni 9304 (b) or B. bruxellensis (c) after PEF

() or high-voltage electrical discharges (#) treatments with different
energy inputs and treatment times.
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pause At, of 60 s was made after each train of 50 pulses
or 50 discharges in order to protect the thermosensitive
molecules of the wine, maximum temperatures measured
further to PEF and HVED treatment were 42-5°C
(AT = 23°C, P. parvulus) and 34-4°C (AT = 14-4°C,
O. oeni 9304) respectively.

Bacteria and yeast inactivation in red wines

The results of counts for P. parvulus CRBO 2.6, B. brux-
ellensis CB 28, and O. oeni CRBO 9304 and CRBO 0608
in the wine samples were plotted (Fig. 3) against specific
energy.

The initial concentrations of the different micro-organ-
isms were 2:09 x 10°, 9:56 x 10", 111 x 10" and
590 x 10* CFU ml™" for O. oeni CRBO 9304, O. oeni

(a) 1-E+06
T 1-E+04
£
Y
o 1-E+02
1-E+00 [ 2 ¥ = A _— =}
0 200 400 600 800
W (kJ.F7)
(b) 1-E+06
T 1-E+04
€
o
O 1-E+02 4 B
* [ 4
1.E400 1 — -t
0 200 400 600 800
W (kJ.F7)
(c) 1-E+06
T 1-E+04
€
o
O 1-E+02 ) Py *
* * b
1.E+00 . - S—!
0 200 400 600 800
W (kJ.F)

Figure 3 Counting of different micro-organisms inoculated in red
wine (Pediococcus parvulus (€»), Oenococcus oeni 9304 (M), Bret-
tanomyces bruxellensis (@) and O. oeni 0608 (4)) for pulsed-electric
fields (PEF) at 20 kV cm™" in function of energy inputs (a). Counting
of O. oeni 9304 (b) and B. bruxellensis (c) inoculated separately in
red wine after PEF (C)) or high-voltage electrical discharges (@) treat-
ments with different energy inputs.
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CRBO 0608, P. parvulus and B. bruxellensis respectively.
The inactivation of bacteria and yeasts in wine by electri-
cal treatments increased with the augmentation of energy
input. Contrary to the HVED treatment, total inactiva-
tion of these bacteria and yeasts by the PEF was observed.
For example, for the same duration and energy of electric
treatment (+ = 4 ms, W = 320 kJ 17}), the PEF treatment
inactivated all the micro-organisms (Fig. 3a), whereas
after the HVED treatment, the wine still contained 1 log
cycle of O. oeni CRBO 9304 (Fig. 3b) and B. bruxellensis
(Fig. 3c). PEF treatment at 20 kV cm™ ! for 4 ms
(W =320 k] I"!) seems to provide a satisfactory degree
of inactivation of the four micro-organisms under study.

The physico-chemical parameters of red wines

Different physico-chemical parameters of wines (pH, total
and volatile acidity (TA and VA), concentration of glu-
cose-fructose (GF), residual reducing sugar (RRS), malic
acid (Mal), lactic acid (Lac) and tartaric acid (Tar)) were
measured in wines (Table 1).

Two measurements were made to determine the quan-
tity of sugars in the wines: glucose-fructose and residual
reducing sugar concentrations. Following the HVED
treatments, the glucose—fructose and residual reducing
sugar concentrations increased by up to 123 and 111%
respectively in the wines inoculated with B. bruxellensis.
The PEF treatments on the wines also resulted in an
increase in glucose-fructose (up to 50% for wines inocu-
lated with B. bruxellensis) and residual reducing sugar
concentrations (up to 56% for wines inoculated with
B. bruxellensis) except for the wines inoculated with
O. oeni 0608 (—3 and —6% for the glucose-fructose and
residual reducing sugar concentrations respectively).

The pH was only slightly modified by the electric treat-
ments. Following the PEF or HVED treatment (10 ms),
the pH increased to a maximum of 1% (B. bruxellensis)
and 4% (B. bruxellensis and O. oeni 9304) respectively.
Inversely, the total acidity of the treated wines actually
did not change (P. parvulus wines) or decreased com-
pared to the untreated wines except for the wines inocu-
lated with O. oeni 0608 (+4%). This decrease was greater
in wines treated with electric discharges (—15% with
B. bruxellensis and O. oeni 9304) than in wines treated
with PEF (—5% with B. bruxellensis). As for the concen-
trations of organic acids, malic acid was not present in
any of the wines while the tartaric acid concentrations
were higher than those of lactic acid. Further to the elec-
tric treatments, the concentrations of lactic acid decreased
while those of tartaric acid increased with the exception
of wines inoculated with O. oeni 0608. These variations
were more pronounced in the wines treated with HVED
(the maximum increase in tartaric acid was 15% for

Journal of Applied Microbiology 120, 152-164 © 2015 The Society for Applied Microbiology

Table 1 Physico-chemical parameters of controls and wines treated by pulsed-electric fields or high-voltage electrical discharges

Brettanomyces bruxellensis CB28

Pediococcus parvulus

Oenococcus oeni 0608

Oenococcus oeni 9304

PEF & HVED for wine

20 kV cm™’,
10 ms

20 kV cm™',

10 ms

20 kv cm™’,
10 ms

20 kv cm™7,
10 ms

Control Control 40 kV, 10 ms

Control

40 kV, 10 ms

Control

1.95 4+ 0-07b 150 +£ 0-00a 145 £ 0-07a 1.60 + 0:00a 1.85 + 0.07b  1-30 £ 0-00a 195 &+ 0-07b  2-90 + 0-14c
2:95 + 0-07c 240 + 0-00b 2-80 + 0-00b

1-90 &+ 0-14b

1-60 + 0-00a

GF, g 1™’

1-80 + 0-00a 3-80 + 0-00c

2-00 + 0-00a

1-60 + 0-00b
3-66 + 0-03a

1.70 + 0-00a
3-63 + 0-00a

2-05 + 0-07a 2-50 + 0-14b

RSS, g I
pH

367 + 0-01b 363 +£ 0-00a 3-67 + 0-00b  3-79 + 0-00c

3-64 + 0-00a

3-66 + 0-00a 3-80 + 0-04b

3-65 + 0-00a

2:53 £ 0-00b 2:86 + 0-00a 298 + 0-01b  3-00 £+ 0-01a  3:03 £ 0-01a 3.02 £ 0-01a 288 £ 0-01b  2:58 &+ 0-01c
0-46 + 0-04b

2:96 + 0-00a

2:99 £ 0-00a

TA, gH,S0, 17"

0-33 £ 0-01b 039 +£ 0-017a 035+ 0-01b 042 + 0-01a 037 + 0-01b  0-44 + 0-01c

0-39 + 0-00a

0-38 + 0-01a

0-39 + 0-00ab
0-00 + 0-01a

VA, gCH3COOH I7!

Mal, g I’

microbial stabilization

0-00 +£ 0-11a 0-00 £ 0-01a 0-00 £ 0-03a  0-00 + 0-02a 0-00 + 0-01a  0-00 + 0-04a 0-00 +£ 0-01a  0-00 + 0-O1a

0-00 + 0-00a

0-92 + 0-02a 076 + 0-07b 093 £ 0-03a 1-08 £ 0-01b 097 + 0-01a 097 + 0-00a  0-97 + 0-02a 0-86 + 0-02b  0-72 + 0-01c

0-98 + 0-02a

Llac, g I’

2:36 £ 0-01ab 246 + 0-11b 198 £ 0-01a 197 £0-13a 214 £ 0.07a 235+ 0-:00b 2:17 £ 0-01a 2:52 + 0-01b  2-50 + 0-00b

216 £ 0-01a

Tar, g1’

Different letters correspond to the groups detected as significantly different in Fisher test («x = 5%).
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(a) 180 a a a a a b b b
2 160 |-

% 140 F

3

£ 120F

<

100

Untreated PEF 20 kV.cm™" HVED 40 kV

(b) 26 a a a a a b ab
T el .
; -
| __

PEF 20 kV.cm~" HVED 40 kV
tepgp=10ms  tyyep=10ms

Untreated

Figure 4 Influence of pulsed-electric fields or high-voltage electrical
discharges treatments on anthocyanin (a) and tannin concentrations
(b) in wine inoculated with B. bruxellensis (f), Oenococcus oeni 9304
(1), O. oeni 0608 (&), or Pediococcus parvulus 2.6 (). (Different let-
ters correspond to the groups detected as significantly different in
Fisher test (x = 5%)).

B. bruxellensis wines and O. oeni 9304 wines, and the
maximum decrease in lactic acid was 26% for B. bruxel-
lensis wines) as compared with wines subjected to PEF
treatments (the maximum increase in tartaric acid was
16% and the maximum decrease in lactic acid was 11%
for B. bruxellensis wines).

Following PEF treatments, the volatile acidity in the
wines decreased by as much as 17% (wines inoculated
with O. oeni 0608), whereas the volatile acidity in the
wines treated with HVED increased up to 17% (wines
inoculated with O. oeni CRBO 9304). The decrease in
volatile acidity due to the PEF treatments was generally
more pronounced as compared to the increase in this
analytic parameter due to the HVED treatments.

The phenolic composition and chromatic characteristics
of red wines

The consequences of treatments (PEF at 20 kV cm™/,

10 ms; HVED at 40 kV, 10 ms) on wine colour were
studied by measuring the concentrations of anthocyanins
and tannins, the Colour Intensity (CI), and the Total
Polyphenol Index (TPI) (Figs 4 and 5).

The concentrations of anthocyanins were similar or
superior (by up to 5% for O. oeni 9304 wines) in the
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Figure 5 Influence of pulsed-electric fields and high-voltage electrical
discharges treatments on colour intensity (a) and on total polyphenol
index (b) of wine inoculated with Brettanomyces bruxellensis (&),
Oenococcus oeni 9304 (F), O. oeni 0608 (§&) or Pediococcus parvulus
2.6 (N). (Different letters correspond to the groups detected as signif-
icantly different in Fisher test (¢ = 5%)).

PEF-treated wines as compared to the control. The con-
centrations decreased (by up to 27% for B. bruxellensis
wines) with the HVED treatments as compared to the
control wines (Fig. 4a).

The concentrations of tannins in wines treated with
HVED decreased (by up to 8% for B. bruxellensis and
O. oeni 9304) while the PEF treatments resulted in a
slight increase (up to 4 and 8% for O. oeni 9304 and
P. parvulus respectively) (Fig. 4b).

The measurements for colour intensity in the wine
before and after treatments are given in Fig. 5a. The CI
of wines treated with PEF decreased (by up to 2% for
B. bruxellensis wines) or increased (by up to 5% for
O. oeni 0608 wines) slightly, whereas the HVED treat-
ments resulted in a decrease (up to 20% for O. oeni 9304
wines) of the CI.

The determinations of total polyphenol index in the
wine before and after treatments are given in Fig. 5b.
Further to PEF treatment, the TPI of the wines decreased
(by up to 6% for O. oeni 9304 wines) or increased (by
up to 5% for B. bruxellensis wines) as compared to con-
trol wines. The TPI of the wines treated by HVED
decreased (by up to 15% for O. oeni 9304 wines).
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Discussions

Temperature variation following PEF or HVED
treatment

Even if PEF or HVED are considered as nonthermal tech-
nologies, an increase in temperature was observed due to
the electric current flowing through the wine (ohmic
heating). Like observed in the Fig. 2, the temperature of
electrically treated solution increases with the energy
input. The temperature augmentation was greater after
PEF treatments as compared to the HVED treatments.
The different temperature increases can be explained by
the frequency (f =0-5Hz for PEF treatment and
f =033 Hz for HVED treatment) and the shape of
pulses (exponential decay for PEF and oscillatory decay).
In both cases (HVED and PEF), the initial energy deliv-
ered by the generator is totally transferred into the treat-
ment cell. In the case of PEF, this energy dissipates by
heat conduction (Joule effect). In the case of HVED, the
initial energy is also converted into mechanical energy
(shock wave), into chemical energy (active species in the
arc channel), into light. As a result, there is less energy
converted into heat. Once the arc disappears, there is a
rapid voltage decrease; the electric field around the arc
also decreases and consequently the heat conduction is
reduced.

Note that the heat generated during the treatment was
not sufficient to directly inactivate micro-organisms
(Zimmermann et al. 1974). Indeed, the higher the tem-
perature, the greater was the conductivity of the treat-
ment medium. A higher temperature increases cell
membrane fluidity (Stanley 1991) and facilitates mass
transfer from cells of certain compounds such as organic
acids, which leads to an increased inactivation rate (Liu
et al. 1997). In order to improve the inactivation effect
without damaging the compounds of interest in the pro-
duct, such as pigments and flavours, some researchers
even recommend that PEF should be used at moderate
temperatures, i.e. in the range of 45-55°C (Dunn and
Pearlman 1987). However, as these temperatures are not
reached, the inactivation of micro-organisms will not be
a direct function of this parameter.

Bacteria and yeast inactivation in red wines following
PEF or HVED exposure

The only study relating experimental results about the
inactivation by PEF of yeasts and bacteria in wines shows
that the population of Dekkera bruxellensis, Dekkera
anomala, Saccharomyces bayanus, Lactobacillus hilgardii
and Lactobacillus plantarum can be reduced by 5 log cycle
after the application of a field strength of 31 kV cm™*
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and an energy input superior to 300 kJ kg~ ' (Puértolas
et al. 2009). In our case with others strains of micro-
organisms, the total inactivation (until 5 log cycle) has
been accomplished following a PEF treatment of
20 kV cm ™! and an energy input of 320 kJ kg~ '. After
application of HVED at 40 kV with different treatment
times on red wines, bacteria and yeasts were not totally
inactivated contrary to the PEF treatments. The main rea-
sons for the lower efficiency of HVED compared to PEF
are the temperature increase, the cell configuration and
the treatment conditions. The temperature increase after
PEF treatment seems to be more important than after
HVED treatment and can to be a first explanation of this
difference of efficiency between both techniques. In the
case of batch processes, the main process parameters that
affect the inactivation of micro-organisms are: electric
field strength, intensity, number of pulses, frequency,
pulse shape, specific energy, temperature and configura-
tion of the treatment chamber (volume, gap) (Wouters
et al. 2001). Under similar treatment conditions, different
inactivation levels of microbial flora will be obtained
according to the characteristics of the micro-organisms.
The strength of the electric fields required to induce
membrane permeabilization is related to the geometry
and the size of the cell but also membrane constitution.
As the size of the cells increases, the critical electric field
decreases (Grahl and Markl 1996). Thus, yeasts are more
sensitive to electric field pulses than bacteria due to their
larger size. In the present study, the B. bruxellensis yeasts
did not seem to be more sensitive than the bacteria.
Under stressful conditions, a certain part of the B. brux-
ellensis yeasts can take a resistant form (<0-45 pum)
known as viable but nonculturable (Millet and Lonvaud-
Funel 2000), which could explain this resistance to elec-
tric fields. Moreover, variations in cell shape influence
the inactivation rates induced by electric treatments.
Heinz et al. (2002) demonstrated that, in order to
achieve the same effect on a rod-shaped cell, there is a
need of an electrical field that is five times stronger than
for a spherical cell of similar dimension. This is explained
by the fact that rod-shaped cell take up a position paral-
lel to the direction of the electric field, which induces a
lesser degree of electroporation (Eynard et al. 1997).
Oenococcus oeni and P. parvulus cells have a spherical
shape and may therefore be more sensitive to the electric
field pulses than B. bruxellensis cells, which have a more
or less elongated oval shape (Van der Walt 1970). The
initial concentration of micro-organisms varied from
1-11 x 10" to 2:09 x 10° CFU ml™"' for P. parvulus and
O. oeni CRBO 9304 respectively, and this variation can
affect treatment efficiency. Indeed, the greater the size of
the inoculum, the higher the rate of the inactivation
because at high microbial concentrations the probability
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of the formation of ‘pearl chains’ rises and these ‘equiva-
lent cells” of larger volume, equivalent to the sum of the
individual cell volumes, increase PEF treatment efficiency
(Molinari et al. 2004). O. oeni can appear as single cells,
in pairs, or in chains of different sizes. P. parvulus cells
are nonmobile. Yeasts tend to combine to form pairs or
small chains (Smith and Grinsven 1984). Thus, the high
resistance of P. parvulus may be due to its relatively low
concentration in the wine. The same thing is observed
for the different degrees of sensitivity of the two strains
of O. oeni, which were present at two different concen-
trations.

Effects of PEF or HVED treatments on the
physico-chemical parameters of red wines

Numerous parameters of wines (pH, total and volatile
acidity, concentration of glucose-fructose, residual reduc-
ing sugar, malic acid, lactic acid and tartaric acid) influ-
ence the stability and/or the organoleptic characteristics
of wines during the ageing process.

The concentrations of carbohydrates affect the
organoleptic properties of wine. Indeed, they contribute
to the sweetness on the palate, and the production of
products such as glycerol, which gives body and round-
ness to wine. Glucose and fructose are the principal fer-
mentable sugars. Residual sugar refers to all of the sugars
that remain in the wine after fermentation, including the
nonfermentable sugars. After the application of HVED,
the glucose-fructose and residual reducing sugar concen-
trations increased in red wines. The same phenomena
have been observed after PEF treatments on the wines
but with a lower intensity except for the wines inoculated
with O. oeni 0608 where the concentrations of glucose-
fructose did not change while the concentrations of
residual reducing sugar decreased slightly. The walls of
Gram-positive bacteria are rich in polysaccharides, the
release of which would explain the increase in sugar con-
tent. Yeast cell walls are composed of mannoproteins,
glucans and chitins, which are rich in sugar. Their enzy-
matic degradation may explain the rise in the sugar con-
tent in the wine after the electroporation by electric
treatments. The pulsed-electric treatments provoked cel-
lular disorganization (cell wall, membranes, organelles)
and the electroporation of cell membranes (Aronsson
et al. 2001). Numerous enzymes are released and can also
enhance the electroporation of cell walls and membranes.
For example, autolysins of bacteria, such as f5-1,4-N-acet-
ylmuramidases, f-1,4-N-acetylglucosaminidases, N-acetyl-
muramyl-1-alanine amidases and peptidases are enzymes
which hydrolyse various specific bonds in cell-wall pepti-
doglycan (Crouigneau et al. 2000). The high chemical
reactivity of carbohydrates with acids, bases and proteins
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in aqueous matrices and different biochemical reactions
where the action of different enzymes (pectinases, cellu-
lases, hemicellulases, glycosidases...) is involved, must
have been greater in treated wines than in control wines.
These modifications of the sugar content by the PEF
or HVED treatments of wines could have organoleptic
consequences.

Acid levels directly affect colour, the stability of tar-
trates and proteins, and the sensory perception of wine.
The measurements of pH, total acidity and the concen-
trations of malic acid, lactic acid and tartaric acid in the
wines brought to light the impact of electric treatments
on these parameters. Acids can disassociate and release
hydrogen ions, which are measured by the pH. Total
acidity is the sum of all organic acids, including their
salts. The electric treatments modified only slightly pH of
wines, while the total acidity of the treated wines actually
decreased compared to the untreated wine except for the
wines inoculated with O. oeni 0608 where the opposite
was observed. These modifications were lower in wines
treated with PEF than in wines treated with HVED. The
wine had undergone malolactic fermentation so malic
acid was replaced by the smoother tasting monocar-
boxylic lactic acid and was not detected in wines. Con-
centrations of lactic acid and tartaric acid have been
changed following the electric treatments. Acidity is
detected on the palate as a sharp, lively, tingling sensa-
tion. Moreover, medium and high levels of acidity pro-
voke salivation. Thus, variations in the acidity of wines
further to treatment can have organoleptic consequences.
Like the modifications have been more important after
the application of electric discharges, the sensorial impact
should be stronger for the HVED treated wines than for
PEF-treated wines.

Volatile acidity consists of volatile fatty acids, primarily
acetic acid, and, to a much lesser degree, formic, propi-
onic and butyric acids. Accounting for more that 90% of
total wine volatile acidity, acetic acid plays the most
important role in wine quality (Eglinton and Henschke
1999). The flavour threshold for acetic acid ranges from
04tollg 17! (Dubois 1994). At threshold concentra-
tion, it provides warmth to the palate and, as the concen-
tration increases, it imparts a sourness/sharpness to the
palate, with a vinegary odour at higher concentrations.
All volatile carboxylic acids have marked odours: propi-
onic acid is characterized as fatty, butyric acid resembles
rancid butter, and C4 to C;, carboxylic acids possess a
goaty odour. Acetic acid occurs in wine primarily as a
by-product of yeast and bacterial metabolism. Acetic acid
can be produced by the metabolism of citric, malic, tar-
taric, and gluconic acids, as well as by that of hexoses,
pentoses and glycerol. The production of acetic acid is
rare under strictly anaerobic conditions (in the absence
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(Jackson 2008). As
HVED treatments produce reactive oxygen species and
did not inactivate all the micro-organisms, this could
explain the high level of volatile acidity in the wines trea-
ted with HVED.

All these measurements show that electric treatments

of suitable reducible substances)

(10 ms) can have significant organoleptic repercussions
on wine quality. The consequences were more significant
following HVED treatments than following PEF treat-
ments. Microbial inactivation in the red wine by a PEF
treatment of 20 kV cm ™' was obtained after a treatment
time of 4-6 ms. Therefore, this duration of PEF treat-
ment ought to be less destructive of the wine matrix.

Effects of PEF and HVED treatments on the phenolic
composition and chromatic characteristics of red wines

The anthocyanins are the pigments responsible for the
colour of red wine. Following HVED treatments, their
concentrations in wines were decreased as compared to
the control, while the concentration of anthocyanins in
the PEF-treated wines was similar or superior. The stabil-
ity of anthocyanins is influenced by many parameters
such as pH, storage temperature, the presence of
enzymes, oxygen, type of metals, light and processing
conditions (Rein and Heinonen 2004). As for the HVED
treatments, no study exists on the effects of this process
on anthocyanin stability. As the temperature increases
during the PEF treatment were higher (42.5°C) than
those measured treated with the HVED
(34-4°C), it is apparent that the increase in temperature
during the treatment is not the cause of the decrease in
anthocyanins due to the HVED treatments. The varia-
tions in pH following HVED treatments were insufficient
to explain the decrease in anthocyanin concentrations.
However, the production of shockwaves, acoustic cavita-
tion, free radicals and intense pulses of light with fre-
quencies in the ultraviolet and the visible spectra by the
HVED treatments (Morgan et al. 1988; Loske et al. 2002)
could explain the degradation of anthocyanins in these
wines. As certain metals affect the stability of antho-
cyanins in wines and the electrodes erosion can liberate

in  wines

metals by electrochemical reaction during the treatments
(Morren et al. 2003), it would be interesting to identify
and measure these metals.

Tannins are responsible for the sensation of astringency
and bitterness in wines and are also involved in stabiliz-
ing the colour by association with the anthocyanins. Tan-
nins can be hydrolysed, oxidized or precipitated by
polymerization with proteins or polysaccharides via
chemical or biochemical reactions. The inactivation of
some enzymes by PEF treatments can counter theses phe-
nomena and explain the slightly increased prevalence of
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tannins in PEF-treated wines. In fact, the high enzymatic
inactivation rates that are provoked by PEF treatment
have been demonstrated for many enzymes and many
media, including polyphenoloxidase of grape juice
(Huang et al. 2012). This increase in deactivation rates
can also be linked to a higher degree of tannin depoly-
merization by PEF treatments (Delsart et al. 2013). On
the other hand, HVED treatments caused increased tan-
nin oxidation.

Anthocyanins and tannins are directly linked to quality
attributes such as colour. Thus, any increase or decrease
in the quantities of these compounds will have an impact
on wine colour.

The colour intensity of wines treated with PEF was simi-
lar to control wines, whereas the HVED treatments resulted
in a decrease of the CI. These results are coherent with the
concentrations of anthocyanins and tannins found in the
wines. Results obtained in other juices such as watermelon,
tomato, and strawberry juices show a reduction in brown-
ing and an enhancement of lightness, brightness, and red-
ness further to processing by PEF (Aguil6-Aguayo et al.
2009; Aguilé-Aguayo et al. 2010). The ability of PEF tech-
nology to inactivate oxidative enzymes is a possible expla-
nation of these more colourful wines. As described above,
the oxidative phenomena produced during HVED treat-
ments are significant and can degrade polyphenol com-
pounds (Boussetta et al. 2011). Puértolas et al. (2009)
conducted the only study carried out so far into the micro-
bial stabilization of red wine by means of PEF treatment.
They indicate that no significant changes in colour nor
odour were observed in musts and wine upon tasting fur-
ther to PEF treatment at the highest intensities (from 16 to
31 kV cm ™', number of pulses from 0 to 100, specific
energy per pulse from 1-02 to 3-77 kJ 17, and a frequency
of 1 Hz). Similar results have been found in products other
than wine. There was no significant difference in colour
between nontreated samples and a cranberry juice treated
with 40 kV cm ™! for 150 ms (Jin and Zhang 1999) or a
yoghurt-based drink containing a strawberry fruit syrup
(Evrendilek et al. 2004), indicating that the changes
induced by PEF treatments are relatively minor.

Finally, the total polyphenol index refers to the total
quantity of phenolic compounds. Control wines and
PEF-treated wines contained the same quantity of
polyphenols while the phenolics content of wines treated
by HVED decreased, which is coherent with the preced-
ing results.
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