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ABSTRACT

The aim of the research was to investigate a potential application of high hydrostatic pressure (HHP) for
reduction/elimination of Brettanomyces bruxellensis and Saccharomyces cerevisiae in wines. Dry red wine was
inoculated with B. bruxellensis and sweet white wine was inoculated with S. cerevisiae yeast. Both wines were
treated by HHP under 100 and 200 MPa for 1, 3, 5, 15 and 25 min. The culturability was determined immediately
after the treatment and again after 30, 60 and 90 days of storage. The phenolic content and chromatic characteristics
were evaluated spectrophotometrically immediately after the treatment and after 90 days of storage. The
culturability of B. bruxellensis was not confirmed immediately after the most invasive treatment (200 MPa for 15
and 25 min). With the same parameters, only a decrease in the culturability of S. cerevisiae was observed. During
storage, opposing results were observed for two yeasts treated with 200 MPa for 15 and 25 min: there was a
complete reduction of S. cerevisiae in the wine treated, but the culturability of B. bruxellensis completely recovered
in all wines, implying that B. bruxellensis yeast entered a viable but not culturable (VBNC) state after HHP
exposure. Regarding the chemical analyses, applied process parameters induced a slight decrease of anthocyanins in
red wine, while changes of total phenolics and total colour difference value were negligible. In conclusion, HHP
could potentially be successful for microbial stabilisation of sweet wines and consequently assure a lower use of
sulphur dioxide, while inactivation of B. bruxellensis could only be successful in the early stages of wine
contamination.
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INTRODUCTION

Wine production is a complex microbiological
and chemical process that involves the activity of
different microorganisms — primarily yeasts. In
order to produce high-quality wines, it is crucial
to control the growth of microorganisms during
the winemaking process. It is not only important
to maximise the fermentative performance of
Saccharomyces cerevisiae yeast and lactic acid
bacteria during alcoholic and malolactic
fermentation, but also to manage the growth of
undesirable yeasts and bacteria (Fungelsang et
al., 2007). Uncontrolled growth of specific wine
microorganisms leads to significant wine
spoilage, which could occur at several stages of
winemaking: during alcoholic and malolactic
fermentation, during the storage in barrels prior
to packaging, and in the bottled wine (Agnolucci
et al., 2017). One of these undesirable
microorganisms is Brettanomyces bruxellensis,
the main spoilage yeast in red wines.
Contamination with this yeast negatively affects
the sensory properties of wine through
production of off-flavours that are often
described as “barnyard”, “horse sweat” and
“medicinal”. Moreover, this consequently results
in wine not suitable for consumption and,
subsequently, in great economic losses (Oeclofse
et al., 2009; Childs et al., 2015). The compounds
most responsible for this off-flavour of red wine
are volatile phenols (4-ethylphenol and
4-ethylguaiacol); these are formed by a
B. bruxellensis metabolism from
hydroxycinnamic acids (p-coumaric and ferulic
acid), which are their precursors naturally
present in wine (Kheir et al., 2013). The main
challenge in controlling B. bruxellensis growth is
its strong ability to survive and grow in
unfavourable conditions, such as low pH, high
alcohol content, anaerobic conditions and very
low amounts of fermentable sugars (Fabrizio et
al., 2015). In stress conditions, this yeast has an
ability to enter a viable but not culturable
(VBNC) state, a physiological condition
characterised by the inability of cells to divide on
culture media, even if they are still alive and
maintain metabolic activity (Agnolucci et al.,
2010; Serpaggi et al., 2012; Agnolucci et al.,
2017). This represents an additional challenge in
controlling the B. bruxellensis population.
Conversely, S. cerevisiae is considered the main
yeast for alcoholic fermentation, but it could also
negatively affect wine quality through
refermentation of sweet wines and bottled wines
with residual sugars (Loureiro and Malfeito-
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Ferreira, 2003). In addition to S. cerevisiae,
refermentation could also be caused by other
yeasts such as Zygosaccharomyces bailii,
Schizosaccharomyces pombe and Saccharomy-
codes ludwigi, but it is Z. bailii and S. cerevisiae
that most commonly cause refermentation in
white sweet wines (Martorell et al., 2005;
Enrique et al., 2007; Rai and Bridge, 2009;
Alonso et al., 2015).

Microbiological stability is fundamental for
preserving wine quality. Generally, this may be
achieved by the use of chemical additives,
physical removal through filtration, various
biological procedures or other methods, along
with the control of cellar/tank temperatures
(Kheir et al., 2013; Lisanti et al., 2019). The
proposed biological methods used to avoid yield
losses caused by B. bruxellensis are related to
antimicrobial peptides derived from natural
proteins (Enrique et al., 2008), killer toxins
produced by non-Saccharomyces yeasts (Santos
et al., 2009; Mehlomakulu et al., 2014,
Mehlomakulu et al., 2015), as well as tailored
selected yeast and bacterial strains inoculated to
promote alcoholic and malolactic fermentation
(Berbegal et al., 2018). Nevertheless, the most
popular, inexpensive and effective agent is the
chemical preservative sulphur dioxide (SO,). In
terms of antimicrobial activity, molecular SO, is
the most active form while bisulphite ions show
low antimicrobial activity and bound SO, exerts
only a low antibacterial action. In finished wine,
the typical targets for preventing microbial
spoilage are at least 0.6 and 0.8 mgL-' of
molecular SO, for dry and sweet wines,
respectively (Waterhouse et al., 2016). However,
the level of molecular SO, should be kept under
its sensory threshold of 2 mgL! (Waterhouse et
al., 2016). Previous investigations reported that a
concentration of 1.4 mgL-!' of molecular SO,
induced a VBNC state with up to 29 % of viable
cells of B. bruxellensis, while viable cells were
not detected at a concentration of 2.1 mgL! of
molecular SO, (Agnolucci et al., 2013). Meaning
that it can be expected that concentrations of
total SO, in wine are likely to exceed legal limits
and potentially also affect human health.
According to Fabrizio et al. (2015), even if the
health aspect is neglected the addition of SO, is
not effective due to the presence of resistant
strains or cross contamination in cellar
operations.

Furthermore, the use of SO, is being
reconsidered due to increasing allergenic
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concerns, and researchers are investigating
alternative methods to reduce the concentrations
commonly added during winemaking (Santos et
al., 2012; Guerrero and Cantos-Villar, 2015),
wherein the use of high hydrostatic pressure
(HHP) is highlighted as promising. Generally,
HHP is a non-thermal batch process that utilises
the application of pressures between 100 and
600 MPa to inactivate spoilage microorganisms
in beverages and other foods (van Wyk et al.,
2018). This is an interesting alternative to
traditional food processing and preservation
methods due to its limited effects on covalent
bonds, and results in minimal modifications in
the nutritional and sensory quality of treated
products. Previous investigations regarding the
effect of HHP on microbial stabilisation of wine
are mainly related to controlling the growth of
B. bruxellensis (Gonzalez-Arenzana et al., 2016;
van Wyk and Silva, 2017a; van Wyk and Silva,
2017b; van Wyk and Silva, 2019) and
S. cerevisiae yeast (Tonello et al., 1998; Marx et
al., 2011). Studies have demonstrated that the
effectiveness of HHP on microbial inactivation is
strongly dependent on applied pressure and
treatment duration (Gonzalez-Arenzana et al.,
2016; van Wyk and Silva, 2017a,b), as well as on
the type of wine treated (van Wyk and Silva,
2017b).

The aim of this research was to preliminary
investigate the effectiveness of HHP process
parameters (pressures and treatment duration) for
inactivation of B. bruxellensis and S. cerevisiae
yeasts. Its efficiency was examined in terms of
the different types of wine, where dry red wine
was used for inoculation by B. bruxellensis, and
sweet white wine for inoculation by S. cerevisiae
yeast. The effect of HHP on main quality
parameters (total phenolics, total anthocyanins
and colour change) was also examined.

MATERIALS AND METHODS
1. Chemicals

Deionized water was produced by a Millipore
Milli Q system (Bedford, USA). Brettanomyces
bruxellensis CBS 2499 was purchased from
Westerdijk Fungal Biodiversity Institute
(Utrecht, Netherlands), while S. cerevisiae DSM
70468 was obtained from Leibniz-Institut DSMZ
— Deutsche Sammlung von Mikroorganismen
und Zellkulturen GmbH (Braunschweig,
Germany). Yeast extract, glucose, peptone and
the Wallerstein Labs Nutrient (WLN) agar were
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purchased from Biolife (Milano, Italy).
Brettanomyces agar was obtained from
Laboratorios Conda (Madrid, Spain), glycerol,
sodium hydroxide and ethanol absolute from
Gram-mol (Zagreb, Croatia) and chlo-
ramphenicol from Sigma Aldrich (St. Louis,
USA). Folin-Ciocalteu reagent was obtained
from Kemika (Zagreb, Croatia), sodium bisulfite
from Acros Organics (Geel, Belgium),
hydrochloric acid (37 %) from Carlo Erba (Val
del Reuil, France) and sodium carbonate
anhydrous (99 %) from T.T.T. (Sveta Nedjelja,
Croatia).

2. Wines

The wines used in this study were vintage 2016
red wine Cabernet Sauvignon and sweet wine
GraSevina, obtained from winery Erdutski
vinogradi d.o.o. (Erdut, Croatia). The wines
were passed through a 0.4-um pore filter. Next,
the physicochemical parameters and microbial
population were determined by spreading both
wines on various solid mediums (WLN agar,
Brettanomyces agar, Sabourand dextrose agar
and Lysine agar). After confirming that there
were no undesirable microorganisms, each wine
was further inoculated with the tested yeast. The
average physicochemical parameters of the
wines were analysed by FTIR spectrophotometer
Bacchus II (Microdom, Saint-Savinien, France)
and the results are showed in Table 1.

3. Wine preparation

B. bruxellensis CBS 2499 and S. cerevisiae
DSM 70468 were used as test microorganisms.
These strains were selected because the
B. bruxellensis CBS 2499 strain has a high
tolerance to stress and S. cerevisiae DSM 70468
strain has a high tolerance to ethanol, and
because they were not previously tested for
inactivation by HHP. Moreover, the CBS 2499
strain has a published genome and the DSM
70468 strain has a high-quality Illumina
sequence read dataset, which should facilitate
future studies at the transcriptome, proteome,
and metabolome levels, hopefully leading to a
complete understanding of HHP effects on these
yeasts. Both cultures were stored at -80 °C in
20 % glycerol (v/v). Yeast peptone dextrose
(YPD) medium (10 gL-! yeast extract, 20 gL!
peptone and 20 gL-! glucose) was used for
growing B. bruxellensis and S. cerevisiae
inoculum. YPD medium was acidified to pH 3.5
with phosphoric acid.
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TABLE 1. Physicochemical properties of dry red wine Cabernet-Sauvignon and sweet white wine

GraSevina.

Cabernet-Sauvignon  Gra$evina
Alcohol (vol %) 13.0+0.1 11.7+0.1
Total acidity (gL of tartaric acid) 6-4%0.1 5.5+0.2
Volatile acidity (gL of acetic acid) 0.6+0.0 0.4+0.0
pH 3.5+0.0 3.320.0
Reducing sugars (gL™") 3.7+0.1 53.7+0.5
Malic acid (gL™) 0.5+0.0 1.3+0.1
Lactic acid (gL' 1.5+£0.1 0.3+0.0
Free SO, (mgL™) 12+1.1 24413
Total SO, (mgL™) 48+1.2 80+2.2

* Concentrations expressed as mean + standard deviation (N=3).

The inocula were prepared as described by
Delsart ef al. (2016) and Krizanovi¢ et al. (2019)
in a four-step procedure, to ensure yeast
adaptation to wine conditions. Both yeast
cultures, B. bruxellensis and S. cerevisiae, were
grown in separate YPD media and then in YPD
media with 4, 8 and 12 % (v/v) ethanol, at 28 °C
without shaking. When the yeast population
entered the stationary phase in the first medium,
another medium was used and inoculated with
10 %, v/v of culture from the previous medium.
The growth of both yeasts during the inoculum
preparation in YPD media without or with
ethanol was followed by measuring the
absorbance at 600 nm and by plate counts (Table
2), but the cell population of both yeast in wines
was only measured by plate counts.

Cells of B. bruxellensis and S. cerevisiae yeast
were harvested by centrifugation at 4000 rpm for
10 min and inoculated into wine samples at
approximately 6 and 5 log (CFUmL™!) for red
and sweet wine, respectively. The initial cell
populations of B. bruxellensis and S. cerevisiae
yeast in wine samples were then confirmed by
plate counts. The inoculation of wine samples
was performed 24 h before HHP treatment and
these were incubated at 20 £ 2 °C. The cell
population of both yeasts in the wine samples
immediately after inoculation and after 24 h, i.e.
before HHP treatment, was identical.

4. High hydrostatic pressure processing

The experiment was performed in three
biological replicates for each yeast. Each
biological replicate was treated with high
hydrostatic pressure system FPG7100 (Stansed
Fluid Power, Harlow, UK) in triplicate for each
set of processing parameters and then analysed.

660 © 2020 International Viticulture and Enology Society - IVES

After inoculation with tested yeast, 100 mL of
wine was poured into a plastic bottle, packaged
in an individual plastic bag, vacuum sealed, and
placed in a working vessel of high hydrostatic
pressure system. To assess the possible effects of
HHP treatment, an experimental test was
conducted with various pressures (100 and
200 MPa) and processing times (1, 3, 5, 15 and
25 min). A control sample represented the wine
sample inoculated with B. bruxellensis or
S. cerevisiae and not exposed to HHP treatment.
The control sample and the samples obtained
after HHP treatment were placed in sterile bottles
and stored for 90 days at 20 &+ 2 °C, to assess the
long-term effects of applied treatment.

5. Culturability analysis

Brettanomyces agar (100 mgL-' chloramphe-
nicol, 10 mgL-' cycloheximide and 100 mgL-!
coumaric acid) was used to analyse
B. bruxellensis cell culturability, and WLN agar
with 100 mgL-!' chloramphenicol was used to
analyse the S. cerevisiae cell culturability.

Inoculated wines were analysed before and
immediately after HHP treatments as well as
after storage for 30, 60 and 90 days. The samples
were decimally diluted in physiological saline
solution. The serial decimal dilutions and the
undiluted sample of inoculated red wines were
plated onto Brettanomyces agar in triplicate and
incubated at 28 °C for up to 7 days, and the
samples of inoculated sweet wines were plated
onto WLN agar (with added chloramphenicol) in
triplicate, and incubated at 25 °C for up to
2 days. The number of colony-forming units
(CFU) was calculated according to the following
formula (Eqn. 1):
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TABLE 2. Growth of B. bruxellensis CBS 2499 and S. cerevisiae DSM 70468 yeasts expressed as log
(CFU mL"") and optical density (OD) during inoculum preparation.

. B. bruxellensis S. cerevisiae
Medium
log (CFUmL™" ODsg0mm log (CFUmL™) ODso0m
YPD 8.25+0.11 7.86+0.25 7.28+0.00 4.64+0.10
YPD with 4 % (v/v) ethanol 8.19+0.20 7.35+0.10 7.1940.12 4.49+0.00
YPD with 8 % (v/v) ethanol 8.21+0.08 7.52+0.10 7.11£0.10 3.48+0.20
YPD with 12 % (v/v) ethanol 7.65+0.25 4.76+0.15 6.33£0.10 3.35+0.10

* Data expressed as mean =+ standard deviation (N=3).

number of formed colonies
CFU = Xreciprocial value of decimal dilution
sample volume used

6. Spectrophotometric and chromatic analyses

The spectrophotometric analyses were carried
out using a Specord 50 Plus spectrophotometer
(AnalytikJena, Jena, Germany). Total phenolics
(TP) content was determined by the Folin-
Ciocalteu method as described in detail by
Singleton and Rossi (1965). The results were
expressed as mgL! of gallic acid equivalents
(mg GAEL""). The total anthocyanins (TA)
content was determined using the SO, bleaching
method as previously described by Ribéreau-
Gayon and Stonestreet (1965). All spectropho-
tometric analyses were conducted in triplicate.

The chromatic characteristics of the wine
samples were measured with a Specord 50 Plus
AnalytikJena spectrophotometer (Jena,
Germany) using the CIELab space (OIV, 2006).
Chromatic characteristics were expressed as CIE
coordinates of L (lightness), a (redness/
greenness) and b (yellowness/blueness), with
illuminant D65 and observer 10° standardisation,
using the software WinASPECT PLUS (Jena,
Germany). All measurements were performed in
triplicate and the results presented as average
value of total colour difference. The total colour
difference value (AE) between the control and
treated wine samples was calculated with the
following formula (Eqn. 2):

AE = /(AL)? + (Aa)? + (AD)?

7. Data analysis

Significant differences between samples for
chemical and microbiological analyses were
determined by one-way analysis of variance
(ANOVA) using the Statistica V.10 software
(StatSoft Inc., Tulsa, USA). Tukey’s honestly
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significant difference (HSD) test (p<0.05) was
used for comparison when samples differed
significantly after ANOVA.

RESULTS
1. Short-term effect of HHP

Figure 1 shows the reduction of B. bruxellensis
and S. cerevisiae yeasts in wines subjected to
pressures of 100 and 200 MPa for 1, 3, 5, 15 and
25 min. The initial cell population of
B. bruxellensis yeast in wine before HHP
treatment was 5.5 log (CFUmL-!) and
S. cerevisiae yeast was 4.4 log (CFUmL™"). With
100 MPa HHP treatment for all treatment
durations, no reduction in cell culturability was
observed for the yeasts. Conversely, with
200 MPa HHP treatment a reduction in cell
culturability was observed for both yeasts even
for the shortest treatment duration of 1 min.

However, at 200 MPa the treatment duration had
a significantly different impact between the two
yeasts. After treatment for 1 min, a similar
reduction in culturability was observed for the
yeasts. At longer treatment durations (3 and
5 min), the observed culturability reduction was
much higher for B. bruxellensis and the
difference increased with treatment duration. In
S. cerevisiae the largest culturability reduction
was 1.5 log (CFUmL""), observed after the 15-
and 25-min treatments (the reduction was 1.0 log
(CFUmL-!) after the 1-min treatment). In
B. bruxellensis the cell culturability decreased
rapidly, achieving complete reduction after the
15-min treatment, with the observed culturability
reduction of 5.5 log (CFUmL").

2. Long-term effect of HHP

The long-term effect of HHP was investigated
during 90 days of storage at three different
sampling points (after 30, 60 and 90 days), and
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FIGURE 1. Cell culturability of (a) B. bruxellensis CBS 2499 and (b) S. cerevisiae DSM 70468 in wine
samples before and immediately after HHP treatments of 100 and 200 MPa.

the results are presented in Figure 2. In terms of
culturability, the opposing results can be
observed for both yeasts when comparing the
long-term effects of HHP at 100 MPa to those at
200 MPa, and when comparing the long- and
short-term effects of HHP at 200 MPa.

For dry red and sweet white wines inoculated
with B. bruxellensis or S. cerevisiae yeast treated
using 100 MPa, no change in cell culturability
was observed for either yeast in treated and
control (untreated) samples after storing for 30
and 60 days. With further storage (after 90 days)
an increase in culturability was observed for
S. cerevisiae in both treated and control samples,
while cell culturability for B. bruxellensis
remained the same as in earlier sampling points
for the control sample but decreased in almost all
treated samples.

Monitoring wines treated with 200 MPa during
the 90-day storage showed a significant
reduction in S. cerevisiae cell culturability, while
B. bruxellensis culturability completely
recovered over the period. After 30 days of
storage for dry red wine treated with 200 MPa,
the cell culturability of B. bruxellensis differed
in samples treated for 5, 15 and 25 min
compared to the control sample. After 60 days,

662 © 2020 International Viticulture and Enology Society - IVES

culturability in the control sample was higher
than in the treated samples (for all treatment
durations). After 90 days, the B. bruxellensis cell
culturability was higher in almost all treated
samples compared to the control sample.

While monitoring sweet white wine treated with
200 MPa during storage, the cell culturability of
S. cerevisiae was observed only in samples
treated for 1, 3 and 5 min, but not in samples
treated for 15 and 25 min. A gradual increase in
cell culturability during storage was observed in
samples treated for 1, 3 and 5 min. However,
after 30 and 60 days, cell culturability in the
control sample was higher than in samples
treated for up to 5 min, while after 90 days the
culturability for those samples was roughly equal
to the control sample.

3. Changes in wine phenolics
and chromatic characteristics

To evaluate the potential effect of HHP on wine
quality, total phenolics and total anthocyanins
were determined in all samples, and the results
are shown in Table 3. In the red wine,
immediately after treatment the concentrations of
both total phenolics and total anthocyanins were
significantly different in treated and untreated
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FIGURE 2. Cell culturability of (a and b) B. bruxellensis CBS 2499 and (c and d) S. cerevisiae DSM
70468 in wine samples treated by HHP during storage (30, 60 and 90 days).

wines, but those differences were not significant.
The greatest differences were observed for total
anthocyanins in wines treated with 200 MPa for
15 and 25 min, but the decrease in these
compounds was less than 10 % in comparison to
control wine. During the storage period, the
difference in the concentration of total phenolics
were also statistically significant, but rather
small between the control and treated wines.
Conversely, the differences in the concentration
of total anthocyanins were statistically
significant between the samples treated with
different pressures, but not statistically different
between the samples treated with the same
pressure concentrations. Herein, the lower
concentrations were observed in the treated
samples, with a larger decline determined in the
samples treated with 200 MPa. Moreover, longer
treatment durations resulted in a larger decrease
of these compounds. For example, the most
invasive treatment — 200 MPa for 25 min —
resulted in a more than 26 % lower concentration
of total anthocyanins after 90 days of storage. In
terms of total phenolics sweet wine demonstrated
a similar trend to that observed in red wine,
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where the differences in concentration of total
phenolics in the control and treated wines were
statistically significant, but also quite small at
less than 5 %. After 90 days of storage a
decrease was observed for all analysed
parameters, but there were no significant
differences in the concentrations of total
phenolics between treated and control samples.

In addition, the total colour difference value
(AE) between the control and treated wine
samples was calculated and the results are also
shown presented in Table 2. In red wine,
significant values of AE could be observed
immediately after the HHP treatment but all
were below 2, which is considered a limit value.
Similar results were obtained in sweet wine,
except for 200 MPa treatment for 1, 3 and 5 min,
where the values were 2.0, 2.9 and 3.4,
respectively. During the storage period, these
values increased in the red wines to above 3.0,
especially in samples treated with 100 MPa and
after longer treatment with 200 MPa (15 and
25 min). This trend could not be observed in
sweet wine samples, where a slight increase, or
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even a decrease of AE occurred after 90 days of
storage. These samples are characterised with AE
values below 2, meaning that HHP treatment did
not affect colour change.

DISCUSSION

Brettanomyces bruxellensis is often considered
the main spoilage microorganism in red wines. It
causes deterioration of wine quality through the
production of volatile phenols, which are the
compounds responsible for off-flavours in red
wine (Oelofse et al., 2009; Childs et al., 2015).
In the wine industry, contamination by
B. bruxellensis is very hard to control due to its
ability to survive and grow in conditions that are
inhibitory for most other microorganisms (low
pH, anaerobic conditions, high alcohol level, and
very low amounts of fermentable sugars), and its
ability to enter a VBNC state in stress conditions
(Agnolucci et al., 2010, 2017; Serpaggi et al.,
2012; Fabrizio et al., 2015). Several other yeast
species are also associated with wine quality
degradation. Primarily, these yeasts are related to
the refermentation of sweet wines and bottled
wines with residual sugars. Yeasts such as
Saccharomyces cerevisiae, Zygosaccharomyces
bailii, Schizosaccharomyces pombe and
Saccharomycodes ludwigi are reported to cause
refermentation in various types of wine, while
S. cerevisiae and Z. bailii are most commonly
reported to cause refermentation in sweet white
wines (Loureiro et al., 2003; Martorell et al.,
2005; Enrique et al., 2007; Rai and Bridge,
2009; Alonso et al., 2015).

Among the different methods employed for
microbial stabilisation, SO, is most common, but
as it is not always effective due to its potential
negative effect on human health and the presence
of resistant yeast strains or the occurrence of
cross contaminations in cellar operations
(Fabrizio et al., 2015), new technologies for
preventing and controlling undesirable yeasts are
being developed. One of these technologies is
high hydrostatic pressure (HHP), wherein
pressures between 100 and 600 MPa are
employed to inactivate spoilage microorganisms
in beverages and other foods (van Wyk et al.,
2018). Until now, this was successfully applied
for growth control of several strains of
B. bruxellensis (AWRI 1499, AWRI 1608,
AWRI 1613 and two strains isolated from Rioja
red wines) and several strains of S. cerevisiae
(CBS 1171, KCCM 1224 and different
commercial strains) in must and in white, red
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and rosé wines (Tonello et al., 1998; Perrier-
Cornet et al., 2005; Mok et al., 2006; Marx et
al., 2011; Gonzalez-Arenzana et al., 2016; Van
Wyk and Silva, 2017a,b; Van Wyk et al., 2019).

1. Short-term effect of HHP

The trends observed (a higher reduction with
higher pressures and longer treatment durations)
are in line with previous investigations, which
showed that microbial inactivation during HHP
processing strongly depends on applied
pressures and treatment duration (Gonzalez-
Arenzana et al., 2016; van Wyk and Silva,
2017a,b). Additionally, a recent investigation
suggested a minimum threshold pressure below
which no inactivation occurs (van Wyk and
Silva, 2019), with a pressure of 100 MPa
considered to be the threshold as it did not result
in significant inactivation of B. bruxellensis
yeast (Gonzalez-Arenzana et al., 2016; Van Wyk
and Silva, 2017a). Our study additionally
confirms that hypothesis, for reduction of both
yeasts, as there were no significant differences
observed after application of 100 MPa pressure.
Although application of the same pressure
resulted in statistically significant reduction of
B. bruxellensis cell culturability (Figure 1a),
these changes are negligible as they are under
the same decimal dilution. Hence, the results
suggest that a more effective reduction could be
achieved by applying higher pressures, such as
200 MPa.

Regarding the yeast species treated, a higher
reduction was achieved for B. bruxellensis
(Figure la) than for S. cerevisiae (Figure 1b).
Treatments at 200 MPa for 15 and 25 min
resulted in the highest reduction for both yeasts,
but these treatments were more effective for
B. bruxellensis as its culturability was not
confirmed after the treatment (Figure la). As
previously stated, complete reduction of
S. cerevisiae was not achieved by applied
pressures, and the most intensive treatment
(200 MPa during 25 min) resulted in only
1.5 log reduction. According to data in the
literature (Tonello et al., 1998), higher applied
pressures (300 and 500 MPa) resulted in a higher
reduction in S. cerevisiae. Marx et al. (2011)
showed that application of 600 MPa for 7 min
resulted in complete inactivation of this yeast.
The discrepancy between the B. bruxellensis and
S. cerevisiae reduction could be due to several
factors. First, different yeast species and strains
could behave differently under HHP treatment
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(van Wyk and Silva, 2017a). Tonello et al.
(1996) showed that HHP inactivation depends on
type and size of microorganisms targeted,
wherein different efficacy was obtained for
S. cerevisiae and S. ludwigii yeasts. Taken
together, we can expect that optimal set of
processing parameters for preventing wine
spoilage will depend not only on yeast species,
but also on the strain. Second, the sugar present
in wine could also act protectively, as
determined for B. bruxellensis yeast treated by
thermosonication (Krizanovi¢ et al., 2020).
Third, alcohol concentration also proved an
important factor for microbial inactivation, with
higher reduction achieved in wines with alcohol
levels above 13 % (Tonello et al., 1996, 1998;
van Wyk and Silva, 2017b; Krizanovi¢ et al.,
2020), which were significantly higher than
those in treated sweet wine (11 %) (Table 1).
Generally, previous investigations also
established that suspending medium could
significantly affect pressure resistance of
microorganisms. Moreover, the resistance could
be greatly increased when treated in nutritionally
rich media containing substances that can act
protectively against damage or contain nutrients
essential for microorganism repair (van Opstal et
al., 2003; Molina-Hoppner et al., 2004; Chauvin
et al., 2006; Goh et al., 2007; Sokotowska et al.,
2013). In other words, the results obtained in this
study indicate the baroprotective effect of sugar
in sweet wine on S. cerevisiae cells during
pressurisation.

2. Long-term effect of HHP

Our results (Figure 2) suggest that HHP
treatment resulted in B. bruxellensis entering an
VBNC state; the culturability was not confirmed
immediately after 15-min and 25-min treatments
(Figure 1a), but after the stress was removed the
cells were able to grow on culture media again.
Unlike the given results, van Wyk et al. (2018)
showed that HHP processing at 400 MPa for 5 s
resulted in complete inactivation of
B. bruxellensis yeast. The authors showed that
culturability was not recovered during 12 months
of storage, meaning that the VBNC state after
HHP exposure was not observed, as is the case
in our research. The obtained differences could
be primarily due to the variation of applied
pressures. Hence, the lower pressures used in
this research potentially cause B. bruxellensis to
enter a VBNC state, but higher pressures
(400 MPa) used in van Wyk et al. (2018) cause
complete inactivation. Additionally, a potential
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explanation could be that the strain (AWRI 1499)
used in that study is more susceptible to HHP
treatment in comparison to the CBS 2499 strain
we used. Generally, there is a large diversity of
genotypes and phenotypes of B. bruxellensis
strains isolated from wine, and previous studies
showed that metabolic activity, sulphur dioxide
tolerance and behaviour in the VBNC state are
strain dependent (Capozzi et al., 2016; Crauwels
et al., 2016; Avramova et al., 2019; Dimopoulou
et al., 2019). In terms of non-thermal
technologies, it has already been demonstrated
that HHP inactivation efficiency strongly
depends on the yeast strain used, wherein AWRI
1499 was more resistant than AWRI 1608 and
AWRI 1613 (van Wyk and Silva, 2017a).
Although analyses regarding high tolerance to
stress showed that genomic characteristics are
distributed in the genome of both CBS 2499 and
AWRI 1499 strains (Godoy et al., 2017), it is
possible that CBS 2499 could be more resistant
to HHP treatments. However, before making any
general conclusions it is necessary to conduct
further, more extensive studies. Nevertheless,
van Wyk et al. (2018) showed that, among
higher sulphur dioxide, pulsed electric field
(PEF) and HHP, the latter was the best and the
most reliable treatment for B. bruxellensis
inactivation, meaning that HHP has a great
potential for the wine industry.

Besides provoked stress conditions, the main
theory regarding the microbial inactivation by
HHP is related to changes in the cell membrane
associated with macromolecules such as
proteins, as well as to compression of the
membrane’s bilayer due to changes in
permeability (Ross et al., 2003). These changes
may not necessarily lead to cell death, although
surviving cells showed enhanced sensitivity to
different inhibitors (Mackey, 2000). In fact,
several investigations showed the occurrence of
sublethal injury after HHP exposure using
different plating techniques (Alpas et al., 2000;
Chilton et al., 2001; Jordan et al., 2001;
Somolinos et al., 2008). In other words, and
contrary to the VBNC state, sub-lethally injured
cells still possess the ability to grow on growth
media (Li ef al., 2014). This effect is the most
probable explanation for trend estimated in the
case of S. cerevisiae yeast: immediately after the
longest HHP treatments (15 and 25 min)
sublethal injury occurred and, consequently, cells
were able to grow on selective medium.
However, after a certain period of storage,
enhanced sensitivity resulted in cell death,
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potentially due to higher levels of sugar (osmotic
pressure), presence of ethanol, sulphur dioxide,
or their combination. Nevertheless, these results
imply that HHP treatment could be successfully
applied in sweet wine production, in terms of
avoiding the risk of a secondary fermentation
and subsequent degradation of wine.

3. Changes in wine phenolics and chromatic
characteristics

In terms of the phenolic content, the results
obtained in this research (Table 3) are in
accordance with previous investigations where it
was demonstrated that HHP treatment did not
result in immediate changes of total phenolics in
red and white wines, while changes in
concentrations were estimated after 9 and
12 months of storage (Santos et al., 2013a,b). As
with sweet wine, these differences were observed
in both, control and treated wines, and most
probably were due to different chemical and
biochemical reaction that occur during wine
ageing.

Furthermore, the colour difference value (AE) is
important because it shows whether the changes
in the chromatic characteristics were visually
relevant. According to the literature, the
difference in colour is clearly perceptible when
the value of AE between two samples is in the
range 2 - 10, while for values higher than 10 the
colours are more opposite than similar (Brainard,
2003). Moreover, a recent study showed that all
the colour differences higher than 6 should be
taken as considerable, clearly visible (Ramirez-
Navas and Rodriguez de Stouvenel, 2012), while
values higher than 3 were visible to the human
eye (Puértolas et al., 2010).

These results confirm the potential of the HHP
technique for microbial stabilisation of sweet
wines, wherein the yeasts are inactivated without
detrimental effects on wine quality parameters,
such as visual colour perception and phenolic
content. A previous investigation also reported
that HHP treatment resulted in low values of AE,
meaning that although changes in chromatic
characteristics occurred, they could not be
perceived by the human eye (Tao et al., 2012).
Santos et al. (2013a) showed that immediately
after the HHP treatment and during first
six months of storage the AE values of red wine
were below 3, but increased after 9 and
especially after 12 months of storage. A similar
trend was observed in white wines, but the
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values above 3 were observed much earlier, after
3 months of storage (Santos et al., 2013b). Even
though obtained results suggest application of
HHP on wine without effect on main quality
parameters, it is necessary to conduct further
research on longer storage periods and overall
wine quality.

CONCLUSIONS

The results here showed that effectiveness of
HHP for microbial stabilisation of wine depends
on process parameters, such as applied pressure
and treatment duration. Immediately after the
treatment, HHP was more effective for reducing
B. bruxellensis in red wine, wherein its
culturability was not confirmed after
pressurising by 200 MPa for 15 and 25 min.
Conversely, the same process parameters only
resulted in a decrease not complete reduction of
culturability of S. cerevisiae yeast in sweet wine.
The opposite result was established during
90 days of storage. Primarily, the culturability of
B. bruxellensis was confirmed in all analysed
samples, indicating that cells entered a VBNC
state after HHP exposure, but after a certain
period they were able to grow on culture media
and were completely recovered. However,
culturability of S. cerevisiae in samples treated
by 200 MPa for 15 and 25 min was not
confirmed after 30, 60 and 90 days of storage.
The results suggest that HHP is a promising
technique for microbial stabilisation of sweet
wine, in terms of avoiding refermentation, and
consequently it can assure lower concentrations
of sulphur dioxide in treated wines. In the case
of B. bruxellensis, HHP could have a positive
effect only in the first stages of wine
contamination, when the number of yeast cells is
considerably lower. In terms of the quality
parameters, applied treatments slightly affected
the concentration of total anthocyanins in red
wine, while changes in total phenolics and total
colour difference value were negligible and
unrelated to treatment.

Acknowledgement: This work was supported
by means of the Croatian Science Foundation
project “New enological tools for the reduction
of sulfur dioxide and production of high-quality
wine” [P-09-2014-3796.

REFERENCES
Agnolucci, M., Cristani, C., Maggini, S., Rea, F.,

Cossu, A., Tirelli, A., Nuti, M. (2013). Impact of
sulphur dioxide on the viability, culturability, and

© 2020 International Viticulture and Enology Society - IVES 667



Marina TomasSevic et al.

volatile phenol production of Dekkera bruxellensis in
wine. Annals of Microbiology, 64(2), 653—659. doi:
10.1007/s13213-013-0698—-6

Agnolucci, M., Rea, F., Sbrana, C., Cristani, C.,
Fracassetti, D., Tirelli, A., Nuti, M. (2010). Sulphur
dioxide affects culturability and volatile phenol
production by Brettanomyces/Dekkera bruxellensis.
International Journal of Food Microbiology,
143(1-2), 76-80. doi: 10.1016/j.ijfoodmicro.
2010.07.022

Agnolucci, M., Tirelli, A., Cocolin, L., Toffanin, A.
(2017). Brettanomyces bruxellensis yeasts: Impact on
wine and winemaking. World Journal of
Microbiology & Biotechnology, 33(10), 180. doi:
10.1007/s11274-017-2345-z

Alonso, A., Belda, I., Santos, A., Navascués, E.,
Marquina, D. (2015). Advances in the control of the
spoilage caused by Zygosaccharomyces species on
sweet wines and concentrated grape musts. Food
Control, 51, 129-134. doi: 10.1016/j.foodcont.2014.
11.019

Alpas, H., Kalchayanand, N., Bozoglu, F., Ray, B.
(2000). Interactions of high hydrostatic pressure,
pressurization temperature and pH on death and
injury of pressure-resistant and pressure-sensitive
strains of foodborne pathogens. International Journal
of Food Microbiology, 60(1), 33-42. doi:
10.1016/S0168-1605(00)00324-X

Avramova, M., Grbin, P., Borneman, A.,
Albertin, W., Masneuf-Pomaréde, 1., Varela, C.
(2019). Competition experiments between
Brettanomyces bruxellensis strains reveal specific
adaptation to sulfur dioxide and complex interactions
at intraspecies level. FEMS Yeast Research, 19(3),
f0z010. doi: 10.1093/femsyr/foz010

Berbegal, C., Spano, G., Fragasso, M., Grieco, F.,
Russo, P., Capozzi, V. (2018). Starter cultures as
biocontrol strategy to prevent Brettanomyces
bruxellensis proliferation in wine. Applied
Microbiology and Biotechnology, 102(2), 569-576.
doi:10.1007/s00253-017-8666-x

Brainard, D.H. (2003) Color appearance and color
difference specification. In The science of color (2nd
ed., pp. 191-216). Oxford, UK: Elsevier Science.

Capozzi, V., Di Toro, M.R., Grieco, F.,
Michelotti, V., Salma, M., Lamontanara, A., Russo,
P., Orru, L., Alexandre, H., Spano, G. (2016). Viable
But Not Culturable (VBNC) state of Brettanomyces
bruxellensis in wine: New insights on molecular basis
of VBNC behaviour using a transcriptomic approach.
Food Microbiology, 59, 196-204. doi: 10.1016/
j.fm.2016.06.007

Chauvin, M., Chang, S., Kang, D., Swanson, B.
(2006). Sucrose and ultra high pressure inactivation
of Saccharomyces cerevisiae and Listeria innocua.

Journal of Food Processing and Preservation, 30(6),
732-741. doi: 10.1111/j.1745-4549.2006.00102.x

668 © 2020 International Viticulture and Enology Society - IVES

Childs, B.C., Bohlscheid, J.C., Edwards C. G. (2015).
Impact of available nitrogen and sugar concentration
in musts on alcoholic fermentation and subsequent
wine spoilage by Brettanomyces bruxellensis. Food
Microbiology, 46, 604—609. doi: 10.1016/j.fm.
2014.10.006

Chilton, P., N. Isaacs, P. Manas, B. Mackey (2001).
Biosynthetic requirements for the repair of membrane
damage in pressure-treated Escherichia coli.
International Journal of Food Microbiology, 71(1),
101-104. doi: 10.1016/S0168-1605(01)00566—9

Crauwels, S., F. Van Opstacle, B. Jaskula-Goiris, J.
Steensels, C. Verreth, L. Bosmans, C. Paulussen, B.
Herrera-Malaver, R. de Jonge, J. De Clippeleer
(2016). Fermentation assays reveal differences in
sugar and (off-) flavor metabolism across different
Brettanomyces bruxellensis strains. FEMS Yeast
Research, 17(1), fow105. doi: 10.1093/femsyr/
fow105

Delsart, C., N. Grimi, N. Boussetta, C. Miot
Sertier, R. Ghidossi, E. Vorobiev, M. Mietton
Peuchot (2016). Impact of pulse-)electric field and
high-voltage electrical discharges on red wine
microbial stabilization and quality characteristics.
Journal of Applied Microbiology, 120(1), 152—-164.
doi: 10.1111/jam.12981

Dimopoulou, M., M. Hatzikamari, I. Masneuf-
Pomarede, W. Albertin (2019). Sulfur dioxide
response of Brettanomyces bruxellensis strains
isolated from Greek wine. Food Microbiology, 78,
155-163. doi: 10.1016/j.fm.2018.10.013.

Fabrizio, V., I. Vigentini, N. Parisi, C. Picozzi, C.
Compagno, R. Foschino (2015). Heat inactivation of
wine spoilage yeast Dekkera bruxellensis by hot
water treatment. Letters in Applied Microbiology,
61(2), 186—191. doi: 10.1111/lam.12444

Enrique, M., Marcos, J.F., Yuste, M., Martinez, M.,
Vallés, S., Manzanares, P. (2007). Antimicrobial
action of synthetic peptides towards wine spoilage
yeasts. International Journal of Food Microbiology,
118(3), 318-325. doi:10.1016/j.ijfoodmicro.2007.
07.049

Enrique M., Marcos J.F., Yuste M., Martinez M.,
Vallés S., Manzanares P. (2008). Inhibition of the
wine spoilage yeast Dekkera bruxellensis by bovine
lactoferrin-derived peptides. International Journal of
Food Microbiology, 127, 229-234. d0i:10.1016/
j-ijfoodmicro.2008.07.011

Godoy, L., E. Silva-Moreno, W. Mardones, D.
Guzman, F. A. Cubillos, A. Ganga, A. (2017).
Genomics perspectives on metabolism, survival
strategies, and biotechnological applications of
Brettanomyces bruxellensis LAMAP2480. Journal of
Molecular Microbiology and Biotechnology, 27(3),
147-158. doi: 10.1159/000471924

Goh, E.L., Hocking, A.D., Stewart, C.M.,
Buckle, K.A., Fleet, G.H. (2007). Baroprotective

OENO One 2020, 54,2, 657-670



effect of increased solute concentrations on yeast and
moulds during high pressure processing. Innovative
Food Science and Emerging Technologies, 8(4),
535-542. doi: 10.1016/].ifset.2007.04.004

Gonzalez-Arenzana, L., Sevenich, R., Rauh, C.,
Lépez, R., Knorr, D., Lopez-Alfaro, 1. (2016).
Inactivation of Brettanomyces bruxellensis by high
hydrostatic pressure technology. Food Control, 59,
188-195. doi: 10.1016/j.foodcont.2015.04.038.

Guerrero, R.F., Cantos-Villar, E. (2015).
Demonstrating the efficiency of sulphur dioxide
replacements in wine: A parameter review. Trends in
Food Science and Technology, 42(1), 27-43. doi:
10.1016/.tifs.2014.11.004

Jordan, S., Pascual, C., Bracey, E., Mackey, B.
(2001). Inactivation and injury of pressurel Iresistant
strains of Escherichia coli O157 and Listeria
monocytogenes in fruit juices. Journal of Applied
Microbiology, 91(3), 463-469. doi: 10.1046/
j-1365-2672.2001.01402.x

Kheir, J., Salameh, D., Strehaiano, P., Brandam, C.,
Lteif, R. (2013). Impact of volatile phenols and their
precursors on wine quality and control measures of
Brettanomyces/Dekkera yeasts. European Food
Resesearch and Technology, 237(5), 655-671.
doi:10.1007/s00217-013-2036—4

Krizanovi¢, S., Gracin, L., Cindri¢, M.,
Tomasevié¢, M., Kelsin, K., Luki¢, K., Gani¢, K.K.
(2019). Comparison of Proteomic, Metabolic, and
Growth Profiles of Brettanomyces bruxellensis
Isolates from Croatian Wines. American Journal of
Enology and Viticulture, 70(1), 77-87. doi:
10.5344/ajev. 2018.18025

Krizanovi¢, S., Tomasevi¢, M., Rezek Jambrak, A.,
Curko, N., Gracin, L., Luki¢, K., Kovagevi¢ Ganié, K.
(2020). Effect of thermosonication and
physicochemical properties of wine on culturability,
viability, and metabolic activity of Brettanomyces
bruxellensis Yeast in Red Wines. Journal of
Agricultural and Food Chemistry, 68(11),
3302-3311. doi: 10.1021/acs.jafc.9b03661

Li, L., Mendis, N., Trigui, H.,J. Oliver, D., Faucher,
S.P. (2014). The importance of the viable but non-
culturable state in human bacterial pathogens.
Frontiers in Microbiology, 5, 258. doi: 10.3389/
fmicb.2014.00258

Lisanti, M.T., Blaiotta, G., Nioi, C., Moio, L. (2019).
Alternative methods to SO, for microbiological
stabilization of wine. Comprehensive Reviews in
Food Science and Food Safety, 18(2), 455—479. doi:
10.1111/1541-4337.12422

Loureiro, V., Malfeito-Ferreira, M. (2003). Spoilage
yeasts in the wine industry. International Journal of
Food Microbiology, 86(1-2), 23-50. doi: 10.1016/
S0168-1605(03)00246—-0

OENO One 2020, 54,2, 657-670

Mackey, B. (2000). Injured bacteria. In The
microbiological safety and quality of food (2000 ed.,
pp- 315-341). Gaithersburg, USA: Springer.

Martorell, P., Querol, A., Fernandez-Espinar, M.T.
(2005). Rapid identification and enumeration of
Saccharomyces cerevisiae cells in wine by real-time
PCR. Applied and Environmental Microbiology,
71(11), 6823-6830. doi: 10.1128/AEM.71.11.
6823-6830.2005

Marx, G., Moody, A.,Bermtidez-Aguirre, D. (2011).
A comparative study on the structure of
Saccharomyces cerevisiae under nonthermal
technologies: high hydrostatic pressure, pulsed
electric fields and thermo-sonication. International
Journal of Food Microbiology, 151(3), 327-337. doi:
10.1016/j.ijfoodmicro.2011.09.027

Mehlomakulu, N.N., Setati, M.E., Divol, B. (2014).
Characterization of novel killer toxins secreted by
wine-related non-Saccharomyces yeasts and their
action on Brettanomyces spp. International Journal
of Food Microbiology, 188, 83-91. doi:10.1016/
j-ijfoodmicro.2014.07.015

Mehlomakulu, N.N., Setati, M.E., Divol, B. (2015).
Non-Saccharomyces killer toxins: Possible biocontrol
agents against Brettanomyces in wine?. South Afican
Journal of Enology and Viticulture, 36(1), 94—104.
doi: 10.21548/36-1-939

Molina-Hoppner, A., Doster, W., Vogel, R.F.,
Génzle, M.G. (2004). Protective effect of sucrose and
sodium chloride for Lactococcus lactis during
sublethal and lethal high-pressure treatments. Applied
and Environmental Microbiology, 70(4), 2013-2020.
doi: 10.1128/AEM.70.4.2013-2020.2004

Mok, C., Song, K.T., Park, Y.S., Lim, S., Ruan, R.,
Chen, P. (2006) High hydrostatic pressure
pasteurization of red wine. Journal of Food Science,
71(8), M265-M269. doi: 10.1111/j.1750-3841.
2006.00145.x

Oclofse, A., Lonvaud-Funel, A., Du Toit, M. (2009).
Molecular identification of Brettanomyces
bruxellensis strains isolated from red wines and
volatile phenol production. Food Microbiology,
26(4), 377-385. doi: 10.1016/j.fm.2008.10.011

OIV (2006). Determination of chromatic
characteristics according to CIELab. Compendium of
International Analysis of Methods, R2006. Method
OIV-MA-AS2-11.

Perrier-Cornet, J.M., Tapin, S., Gaeta, S., Gervais, P.
(2005) High-pressure inactivation of Saccharomyces
cerevisiae and Lactobacillus plantarum at subzero
temperatures. Journal of Biotechnology, 115(4),
405-412. doi.org/10.1016/].jbiotec.2004.09.009

Puértolas, E., Saldana, G., Alvarez, 1., Raso, J.
(2010). Effect of pulsed electric field processing of
red grapes on wine chromatic and phenolic
characteristics during aging in oak barrels. Journal of

© 2020 International Viticulture and Enology Society - IVES 669



Marina TomasSevic et al.

Agricultural and Food Chemistry, 58(4), 2351-2357.
doi: 10.1021/5£904035v

Rai, M., Bridge, P.D. (2009). Applied mycology.
Wallingford, UK: CABL.

Ramirez-Navas, J.S., Rodriguez de Stouvenel, A.
(2012). Characterization of Colombian quesillo
cheese by spectrocolorimetry. Vitae, 19(2), 178—185.

Ribéreau-Gayon, P., Stonestreet, E. (1965).
Determination of anthocyanins in red wine. B Soc
Chim Fr, 9, 2649.

Ross, AL, Griffiths, M.W., Mittal, G.S., Deeth, H.C.
(2003). Combining nonthermal technologies to
control foodborne microorganisms. International
Journal of Food Microbiology, 89(2-3), 125—138.
doi: 10.1016/S0168-1605(03)00161-2.

Santos A., San Mauro M., Bravo E., Marquina D.
(2009). PMKT2, a new killer toxin from Pichia
membranifaciens, and its promising biotechnological
properties for control of the spoilage yeast
Brettanomyces bruxellensis. Microbiology, 155,
624-634. doi:10.1099/mic.0.023663—0

Santos, M.C., Nunes, C., Cappelle, 1J.,
Gongalves, F.J., Rodrigues, A., Saraiva, J.A.,
Coimbra, M.A. (2013a). Effect of high pressure
treatments on the physicochemical properties of a
sulphur dioxide-free red wine. Food Chemistry,
141(3), 2558-2566. doi: 10.1016/j.foodchem.
2013.05.022.

Santos, M.C., Nunes, C., Rocha, A.M.,
Rodrigues, A., Rocha, S.M., Saraiva, J.A.,
Coimbra, M.A. (2013b). Impact of high pressure
treatments on the physicochemical properties of a
sulphur dioxide-free white wine during bottle storage:
Evidence for Maillard reaction acceleration.
Innovative Food Science and Emerging Technologies,
20, 51-58. doi: 10.1016/j.1fset.2013.07.001.

Santos, M.C., Nunes, C., Saraiva, J.A.,
Coimbra, M.A. (2012). Chemical and physical
methodologies for the replacement/reduction of sulfur
dioxide use during winemaking: review of their
potentialities and limitations. European Food
Research and Technology, 234(1), 1-12. doi:
10.1007/s00217-011-1614-6.

Serpaggi, V., Remize, F., Recorbet, G., Gaudot-
Dumas, E., Sequeira-Le Grand, A., Alexandre, H.
(2012). Characterization of the “viable but
nonculturable” (VBNC) state in the wine spoilage
yeast Brettanomyces. Food Microbiology, 30(2),
438-447. doi: 10.1016/5.fm.2011.12.020.

Singleton, V.L., Rossi, J.A. (1965). Colorimetry of
total phenolics with phosphomolybdic-
phosphotungstic acid reagents. American Journal of
Enology and Viticulture, 16(3), 144-158.

Sokotowska, B., Skapska, S., Fonberg-Broczek, M.,
Niezgoda, J., Rutkowska, M., Chotkiewicz, M.,
Dekowska, A., Rzoska, S. (2013). The effect of high

670 © 2020 International Viticulture and Enology Society - IVES

hydrostatic pressure on the survival of
Saccharomyces cerevisiae in model suspensions and
beetroot juice. High Pressure Research, 33(1),
165—-171. doi: 10.1080/08957959.2013.769047.

Somolinos, M., Garcia, D., Pagan, R., Mackey, B.
(2008). Relationship between sublethal injury and
microbial inactivation by the combination of high
hydrostatic pressure and citral or tert-butyl
hydroquinone. Applied and Environmental
Microbiology, 74(24), 7570-7577. doi: 10.1128/
AEM.00936-08.

Tao, Y., Sun, D.-W., Gorecki, A., Blaszczak, W.,
Lamparski, G., Amarowicz, R., Fornal, J., Jelinski, T.
(2012). Effects of high hydrostatic pressure
processing on the physicochemical and sensorial
properties of a red wine. Innovative Food Science and
Emerging Technologies, 16, 409-416. doi:
10.1016/j.ifset.2012.09.005.

Tonello, C., Largeteau, A., Demazeau, G., Lonvaud-
Funel, A. (1996). Possible applications of high
pressures in oenology. Revue francaise d’enologie
161, 13-16.

Tonello, C., Largeteau, A., Demazeau, G., Lonvaud-
Funel, A. (1998). High pressure inactivation
modelling of Saccharomyces cerevisiae in grape juice
and wine. High Pressure Biology and Medicine,
102-108.

van Opstal, I., Vanmuysen, S.C., Michiels, C.W.
(2003). High sucrose concentration protects E. coli
against high pressure inactivation but not against high
pressure sensitization to the lactoperoxidase system.
International Journal of Food Microbiology, 88(1),
1-9. doi: 10.1016/S0168-1605(03)00070-9.

van Wyk, S., Farid, M.M., Silva, F.V. (2018). SO,,
high pressure processing and pulsed electric field
treatments of red wine: Effect on sensory,
Brettanomyces inactivation and other quality
parameters during one year storage. /nnovative Food
Science and Emerging Technologies, 48, 204-211.
doi: 10.1016/.ifset.2018.06.016.

van Wyk, S., Silva, F.V. (2017a). High pressure
inactivation of Brettanomyces bruxellensis in red
wine. Food Microbiology, 63, 199-204. doi:
10.1016/j.fm.2016.11.020.

van Wyk, S., Silva, F.V. (2017b). High pressure
processing inactivation of Brettanomyces bruxellensis
in seven different table wines. Food Control, 81, 1-8.
doi: 10.1016/j.foodcont.2017.05.028.

van Wyk, S., Silva F.V. (2019). Nonthermal
Preservation of Wine. In Preservatives and
Preservation Approaches in Beverages (pp. 203-235)
Oxford, UK: Academic Press.

Waterhouse, A.L., Sacks, G.L., Jeffery, D.W. (2016).
Understanding wine chemistry. Chichester, UK: John
Wiley & Sons.

OENO One 2020, 54,2, 657-670



