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Abstract: Most yeast and bacteria in wine are able to metabolize hydroxycinnamic acids into volatile
phenols via enzyme-mediated decarboxylation. Our trials performed in wine and model systems
suggest that lysozyme addition prior to fermentation affects both bacterial activity and the release
of hydroxycinnamic acids from their tartrate esters. This increases the potential for volatile phenol
formation, as microorganisms can only metabolize free hydroxycinnamates. Wines with delayed
malolactic fermentation due to lysozyme addition contained significantly higher concentrations of
free hydroxycinnamic acids and elevated levels of volatile phenols in some cases. The reason for
this is likely related to the side activity of lysozyme in combination with a detoxification mechanism
that only occurs under stressful conditions for the yeast. Experiments in model systems indicate
that lysozyme can affect the yeast at a pH higher than usually found in wine by attacking chitin in
the bud scars of the cell walls and therefore weakening the cell structure. Free hydroxycinnamates
can also affect yeast viability, making an increased release during fermentation problematic for
a successful fermentation.
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1. Introduction

Fresh and acid-driven white wines are commonly produced without intentional bacterial activity.
Traditional ways to prevent bacterial growth are stabilization with sulfur dioxide (SO;), pasteurization
at 60 °C for two minutes [1], or lysozyme addition. Lysozyme is a 1,4-3-N-acetyl-muramidase,
which cleaves the 3 1,4-glycosidic bonds between N-acetyl-muramic acid and peptido-glycans in cell
walls of Gram-positive bacteria [2]. Commercial lysozyme is a white slightly sweet powder that is
purified from egg-white and was approved for wine treatment by the International Organisation of
Vine and Wine in 2001 with a maximum legal limit of 0.5 g/L wine [3,4]. In contrast to sulfur dioxide,
the efficiency of lysozyme increases with increasing pH [5], with an effective pH range from 3.5 to
12.0 [6] which makes it usable in all types and styles of wine. Malo-lactic fermentation (MLF) can be
delayed by the addition of 250 mg/L and a treatment with 500 mg/L generally prevents any bacterial
activity. The inhibiting effect of 500 mg/L lysozyme is comparable to the addition of 40 mg/L SO, [5].
Saccharomyces yeast is not reported to be influenced by lysozyme under winemaking conditions.

The phenolic composition of wine is complex, but the amount of hydroxycinnamic acid (HCA)
usually varies between 100 and 200 mg/L, depending on the grape variety and winemaking process [7-9].
According to Suarez et al. (2007), most yeast and bacteria species in wine are able to metabolize
hydroxycinnamic acids under winemaking conditions to form vinylphenols. However, further reduction
of vinylphenols to ethylphenols can only be conducted by a few yeasts such as Dekkera / Brettanomyces,
or Pichia. Lactic acid bacteria or Saccharomyces yeast strains form little or no ethylphenols [10].
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The predominant volatile phenols in wine are 4-vinylguaiacol, 4-vinylphenol, 4-ethylguaiacol,
and 4-ethylphenol [11]. The formation during fermentation depends on the yeast strain and the
concentration of phenolic inhibitors [12]. White wines are dominated by vinylphenols, while red
wines mostly contain ethylphenols [13]. The corresponding enzyme for the decarboxylation of HCA is
located in the yeast cell cytoplasm with a pH optimum of 6.5, which infers that this process is only
active in living cells. The conversion rate is strain specific; although all strains appear to incorporate
hydroxycinnamic acids, only some metabolize them into volatile phenols. A higher concentration of
precursors does not necessarily correspond to increased enzyme activity, which peaks at the beginning
of the stationary phase and remains at that level until cell death is induced [12]. Commercial strains
might possess this decarboxylase activity but can only metabolize the free acid form and not the tartaric
ester, which is the predominant form in the grape [14]. According to Grando et al. [15], vinylphenols are
an indicator for yeast activity, although there is no proof that yeast is actively regulating the conversion.

The objective of this study was to explain our previous observation that wines treated with
lysozyme may display elevated levels of free hydroxycinnamic acids and, in some cases, volatile
phenols and investigate this phenomenon using a model system.

2. Materials and Methods

2.1. Must Media Fermentations

Preliminary experiments were conducted in grape must and wine under varying winemaking
conditions. Trials were done in Vitis vinifera L. cv. Chardonnay and Pinot blanc in 2008 and 2009.
Naturally occurring Botrytis cinerea was used to evaluate the effect of mold infections on HCA
concentration. Infected grapes were treated separately and blended with healthy material where
applicable. All fermentations were performed in 25 L glass carboys. Fermentation temperature was
maintained at 18 °C and all experiments were performed in duplicate. Where applicable, 100 mg/L
lysozyme (Lallemand, Montréal, QC, Canada) or 50 mg/L sulfur dioxide were added to the juice prior
to inoculation. If the experiment included a pH variation, the pH was adjusted with sodium hydroxide
or phosphoric acid (both VWR, Radnor, PA, USA). Saccharomyces cerevisiae (CY 3079, Lalvin, Lallemand,
Montréal, QC, Canada) was inoculated at a rate of 20 g/100 L. Malolactic fermentation (MLF) was
induced with a commercial freeze-dried Oenococcus oeni culture (Enoferm® ALPHA, Lallemand;
AWRI culture collection B421) where applicable. All organisms were used following the instructions of
the manufacturer. MLF was either induced as mentioned above or was conducted spontaneously with
native bacteria. Selected experiments were also performed with native yeast for alcoholic fermentation
(AF) and native bacteria for MLF. The objective was to evaluate the effect of microbial interaction on
general fermentation behavior and volatile phenol production.

Grapes were crushed, pressed, and cold settled over night prior to fermentation. Initial juice
analysis was performed via FT-MIR spectroscopy (FT 120 WineScan, FOSS, Hillered, Denmark) and is
shown in Table 1.

Table 1. Analytical data of grape musts prior to fermentation.

Cultivar Total Sugar Titratable pH Amino-Nitrogen =~ Ammonium
(g/L) Acid (g/L) (NOPA) (mg/L) (mg/L)
2008 Chardonnay 209.1 8.3 3.5 147 94
2009 Chardonnay 229.1 7.2 3.5 168 38
2008 Pinot blanc 200.2 7.0 3.4 210 108
2009 Pinot blanc 203.4 6.5 3.6 227 62

Fermentation performance and yeast-related parameters (fermentable sugar, total acid, ethanol,
and « amino acids) were monitored using FI-MIR. Samples for fermentation control were taken daily.
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The finished wines were stabilized with 100 mg/L sulfur dioxide, filtered through K100 cellulose filter
pads (Seitz Pall, Port Washington, NY, USA), and bottled prior to final analysis.
Table 2 summarizes the experiments that were performed with grapes.

Table 2. Analytical data of grape musts prior to fermentation.

No SO,
pH3.4 50 mg/L SO,
100 mg/L lysozyme

No SOZ
pH 3.6 50 mg/L SO,
100 mg/L lysozyme

No SOZ
pH34 50 mg/L SO,
100 mg/L lysozyme

No SO,
pH3.6 50 mg/L SO,
100 mg/L lysozyme

Pinot Blanc 0% Botrytis cinerea Infection

Pinot Blanc 50% Botrytis cinerea Infection

100 mg/L lysozyme
Spontaneous MLF
Chardonnay pH3.5 Simultaneous MLF
Sequential MLF
Spontaneous fermentation

2.2. Synthetic Media Fermentations

Bench-scale fermentation experiments were conducted in YPD-medium (Sigma-Aldrich, St. Louis,
MO, USA) using the same wine yeast as trials conducted in grape must. Phosphoric acid and sodium
hydroxide were used to adjust the pH to (1) pH 3.0 to mimic harsh wine conditions and (2) pH 6.6 to
account for the pH optimum of the decarboxylase enzyme to maximize volatile phenol production
while minimizing stress for the yeast. Fermentations were monitored over ten days.

For the organism-free storage trials with lysozyme, an acetate buffer containing 6.0 g/L acetic acid
and 8.2 g/L sodium acetate (all VWR International, Radnor, PA, USA) at pH 4.7 was prepared. This pH
range is commonly used for enzyme-activity assessment, since it maximizes transformation rates [16].
Lysozyme (Lysovin, Scott Laboratories, Pickering, ON, Canada) was added to the buffer at 200 mg/L
in addition to 500 mg/L dibutyl tartrate (Acros Organics, NJ, USA). Storage trials were conducted
over 120 days and free tartrate was analyzed spectrophotometrically with sodium metavanadate
(Sigma Aldrich, St. Louis, MO, USA) according to Rebelein [17] with minor modifications suggested
by Fernandes and Reis [18].

2.3. Hydroxycinnamic Acid Analysis by LC-DAD

The analysis of hydroxycinnamic acids (HCA) by HPLC-DAD was adapted from Rentzsch et al. [19].
Quantitative analysis of HCAs at 320 nm was shown to have no interferences from other phenols or tannins
from seeds and skins [20]. Identification of peaks was performed using analytical standards and UV-Vis
spectral data [21,22]. The LC instrument consisted of a Jasco PU 980 low pressure gradient pump
and the 3-line degasser Spectra Systems SCM 1000 coupled with a Jasco MD 2010 Plus, Diode Array
Multiwavelength Detector (Jasco Germany GmbH, Gross-Umstadt, Germany). Samples were injected
by a Spark Basic Marathon autosampler (Spark Holland B.V., Emmen, Netherlands) on a YMC-Pack
ODS-AM separation column with the dimensions 250 mm x 4.6 mm and a particle size of 5 pm (YMC
Europe GmbH, Dinslaken, Germany). The oven temperature was set to 50 °C. A binary gradient
at a constant flow of 0.5 mL/min was used with eluent A being water with 5% acetonitrile and
a 10 mM KH,PO4/H;3PO4 buffer and eluent B being a 50:50 acetonitrile-water mixture with a 10 mM
KH,PO,4/H3PO4 buffer. Conditions started at 85% eluent A decreased to 80% by 15 min, from 80% to
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65% by 40 min, and from 65% to 45% by 45 min. After 50 min, it was then set back to initial conditions
(85% A) for 10 min to reach equilibrium (total analysis time 60 min).

Instrument control and data acquisition were performed with Chrompass Version 1.8 (Jasco
Corporation, Gross-Umstadt, Germany). Most tartrate esters of hydroxycannamic acids are not
commercially available [23], therefore the quantification was done as suggested in the literature by
calculating concentrations as monomeric HCA equivalents [24]. HCAs were quantified as p-coumaric
acid and ferulic acid equivalents (standards purchased from Sigma-Aldrich, St. Louis, MO, USA).

2.4. Volatile Phenol Analysis by GC-MS

Volatile phenols were first extracted by solid phase extraction (Lichrolut EN 200 mg, Merck KGaA,
Darmstadt, Germany), eluted with dichloromethane, and analyzed by GC-MS. [?H,]-4-ethylphenol
and 3,4 dimethylphenol were used as internal standards (500 pg/L prior to solid phase extraction).

The GC-MS setup that was used was a Thermo Trace GCxGC (Thermo Fisher Scientific, Dreieich,
Germany), with a split/splitless injector in connection with a Finnigan Trace DSQ (Thermo Fisher
Scientific, Dreieich, Germany). An amount of 2 puL of sample was injected splitless under a surge
pressure of 150 kPa for 2 min using a TriPlus AS autosampler (Thermo Fisher Scientific, Dreieich,
Germany). The injector port was held at a temperature of 230 °C. The separation column was
a20 m x 0.18 mm id. fused silica capillary column, coated with 0.32 um of a 5% phenyl 95%
dimethylpolysiloxane stationary phase (ZB-5, Phenomenex, Aschaffenburg, Germany). The inlet
pressure was held at a constant pressure of 102 kPa with helium as a carrier gas. The temperature
profile was started at 40 °C, initially held for 4 min and then raised to 180 °C with a rate of 3 °C/min.
It was held for 0.5 min and raised to 300 °C with a rate of 6 °C/min. That final temperature was
held for 5 min to prepare for the next run. The MS transfer line and ion source temperature were
held at 250 °C. Electronic ionization was realized at 70 eV. Detection (EI+) was in the full scan mode
(m/z 29-161) and quantification was done on extracted ion traces of fragment ions (4-ethylphenol:
m/z 77,107, 122; 4-vinylphenol: m/z 91, 120; 4-ethylguaiacol: m/z 137, 152; 4-vinylguaiacol: m/z 77,
107, 135, 150). Instrument control and data acquisition were performed with Xcalibur (Version 1.2;
ThermoFisher Scientific, Waltham, MA, USA).

2.5. Flow Cytometry

The analysis of yeast cell viability and bud-scar fluorescence was performed by flow cytometry
using a CyFlow Cube 6 instrument (Sysmex Partec, Gorlitz, Germany) equipped with a 488-nm laser.
Fluorescein diacetate and propidium iodide (both Sigma Aldrich, St. Louis, MO, USA) were used for
viability with a protocol published by Hutter [25]. A wheat germ agglutinin—fluorescein isothiocyanate
conjugate (Sigma Aldrich, St. Louis, MO, USA) was used for bud-scar analysis as described by Hutter
and Nitzsche [26].

2.6. Data Analysis

Data handling and statistical analyses were done with the Excel Statistics Add-on XL-Stat 2010
(Addinsoft Deutschland, Andernach, Germany) and SigmaPlot 12.5 (Systat Software Inc., San Jose,
CA, USA).

3. Results and Discussion

Previous studies suggest that a delay in malolactic fermentation can lead to elevated levels
of volatile phenols [27]; the reason for that phenomenon is currently unknown. The malic acid
degradation in Chardonnay and Pinot blanc shown in Figure 1 confirms that lysozyme can delay
but not inhibit MLF if it is added in concentrations below the legal limit. Since results obtained in
2009 were very similar to those in 2008, they were used as confirmation data and are not presented
separately here.
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Figure 1. Delayed malolactic fermentation due to the addition of lysozyme in Chardonnay (a) and Pinot
blanc (b) analyzed by FT-MIR spectroscopy (AF: alcoholic fermentation, MLF: malolactic fermentation)
Error bars represent the standard deviation of experimental duplicates.

The addition of 100 mg/L lysozyme in 2008 was only sufficient to delay MLF for about 50 days,
after which malate degradation could be observed and was essentially complete in a time-span
comparable to the control. It remains unclear whether the lysozyme was degraded, bound, precipitated,
or somehow metabolized but a clear loss in activity is evident over time as reported in other
studies [4,28].

It is suggested that lysozyme can bind to polyphenols, which leads to the inactivation of the
enzyme. These processes may occur in the first few days of fermentation. As previously described,
the effect of lysozyme additions is comparable to low sulfur dioxide additions [5], which could also be
confirmed here by the direct comparison between the two treatments (Figure 1b). In this case, 50 mg/L
SO; had the same effect as 100 mg/L lysozyme. General yeast performance and the yield of alcoholic
fermentation in this study was not influenced by lysozyme. Since pH influences the efficiency of sulfur
dioxide, the lower pH shown in Figure 1b displays a longer delay in MLF but seems to have no effect
on lysozyme.

There are indications in the literature that lysozyme additions can modify the volatile aroma
characteristics of wine even if no MLF is observed [29]. In the present study, additional observations
could be made that involve the effect of lysozyme on the phenolic profile of wine, suggesting that
lysozyme addition to the juice prior to fermentation may not only affect bacterial activity but also
the release of hydroxycinnamic acids from their tartrate esters. This increases the theoretical potential
for volatile phenol formation because microorganisms can only metabolize free hydroxycinnamates.
Although general yeast performance was not affected by lysozyme, wines with delayed malolactic
fermentation due to low level lysozyme addition (100 mg/L) contained significantly higher
concentrations of free hydroxycinnamic acids. Figure 2 shows hydroxycinnamic acids after wine
production in Pinot blanc with healthy grapes and 50% Botrytis cinerea infected grapes, as well as
in Chardonnay.

While Botrytis only has a minor effect on the concentration of p-coumaric acid after fermentation,
ferulic acid was below the detection limit in most wines made from infected grapes. The only
exceptions were wines treated with lysozyme. One explanation could be the increased activity of
Botrytis cinerea’s polyphenol oxidase, laccase, which is not inhibited by low levels of sulfur dioxide and
could therefore reduce HCAs effectively. Previous studies suggest that Botrytis infections influence
HCAs differently [30]. While ferulic acid and caffeic acid can be depleted completely, p-coumaric acid
tends to remain stable, leading to a higher potential of 4-vinylphenol production in infected wines. It is
also worth noting that an analytical decrease in HCA tartrate esters does not necessarily correspond
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to an increase in free HCAs. This can be explained by the high reactivity of these molecules and the
formation of several reaction products (GRPs) [31,32].
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Figure 2. Hydroxycinnamic acids after winemaking in Pinot blanc with (a) healthy grapes and
(b) 50% Botrytis cinerea infected grapes, as well as (c) in Chardonnay (AF: alcoholic fermentation,
MLEF: malolactic fermentation) vintage 2008. Letters ab,c,d,ef,g indicate statistically significant
differences determined by ANOVA.

While the concentration of free hydroxycinnamic acids was significantly higher in Pinot blanc
wines, Chardonnay treated with lysozyme prior to fermentation did not display elevated levels
compared to other fermentation strategies (Figure 2). This inconsistent behavior cannot be explained by
lysozyme alone but might be caused by differences in pH, inhibiting compounds, and the availability of
tartrate-bound precursors as reported by Chatonnet, Dubourdieu, Boidron and Lavigne [12]. However,
when free hydroxycinnamic acids are present, the potential for volatile phenol formation increases
drastically. Figure 3 shows volatile phenol levels in the corresponding Chardonnay and Pinot blanc
wines. According to the literature, HCAs are metabolized to volatile phenols as long as no inhibiting
substances such as tannins are present [12]. In Pinot blanc with a low concentration of phenolic
substances, the decarboxylation should readily occur.

The pattern of volatile phenol production over all experiments shows a positive correlation
(correlation coefficient: 0.708, p value: 0.009) with precursor concentrations shown in Figure 2. The only
exception is the lysozyme-treated wine with higher pH. Despite the high level of p-coumaric acid,
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the formation of the corresponding volatile phenol was not increased. Possible reasons for that were
evaluated in model wines and will be discussed later.
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Figure 3. Volatile phenol concentration in (a) Pinot blanc and (b) Chardonnay wines (AF: alcoholic
fermentation, MLF: malolactic fermentation). Letters a,b,c,d indicate statistically significant differences
determined by paired t-test.

The transformation of hydroxycinnamic acids into volatile phenols could be a stress reaction where
acids are metabolized into a less toxic form [7]. Saccharomyces cerevisiae is only able to decarboxylize
the trans-(E)-configuration with a higher affinity towards p-coumaric acid compared to ferulic acid [12].
Our results (in Figures 2 and 3) show this higher affinity, but also illustrate the question of which
factors might influence the yeast metabolism of these compounds.

It was previously observed that the concentration of monomeric hydroxycinnamates increased
in the presence of lysozyme [33]. In the current study, this increase occurred after alcoholic and
malolactic fermentation in the wine matrix, indicating a slow process and only passive involvement
of the present organisms. Consequently, the subsequent model trials were performed under sterile
conditions without organisms. Model experiments using dibutyl tartrate as a model tartrate ester
revealed that lysozyme indeed has a side activity that causes these ester bonds to be cleaved (Figure 4).
An inexpensive model ester, dibutyl tartrate, was used to specifically monitor the tartrate esterase
activity over time. Under optimized pH conditions for this reaction, as suggested by Sashiwa, Saimoto,
Shigemasa, Ogawa and Tokura [16], which is slightly higher than found in wine, the model ester is
degraded within 120 days, which leads to a significant increase in free tartaric acid levels compared to
the control.

It is well established that Gram-positive lactic acid bacteria are sensitive to lysozyme; however,
it has been shown before that yeast can also be affected under certain conditions. Some molecular
biological methods use the lysozyme in combination with other enzymes at pH 5 to perforate the cell
wall of yeast in order to make it accessible for fluorescent probes [34]. It is plausible that lysozyme is
able to directly influence the metabolism of yeast cells since the structure of chitin in their cell walls
and specifically in bud scars is structurally similar to the target molecules of Gram-positive bacteria
cells. The yeast cell wall is complexed with approximately 2—4 % chitin to provide stability. The chitin
is mainly located in the ringed structures of bud and birth scars [35]. Even partial degradation could
lead to an increasing stress level, leaky cells, and the induction of detoxification pathways.

Our experiments in model systems indicate that lysozyme can affect the yeast by attacking
chitin. To clarify the role of Saccharomyces in the release of volatile phenols from increased precursor
concentrations, these experiments were done in a synthetic YPD medium. While fermentation
performance was not affected by HCA or lysozyme additions as high as 500 mg/L, cell survival
at low pH after fermentation was lowered significantly (Figure 5). The antimicrobial effect of HCAs on
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lactic acid bacteria through neutralizing the membrane potential and disrupting energy generation for
the cell has been reported [36] but the trend can also be observed with yeast here. The number of dead
cells in the presence of HCAs was significantly higher at low pH than the control and at a higher pH.
The effect of lysozyme on bud scar fluorescence is also clearly visible at high pH. Increased fluorescence
indicates that more chitin is exposed and can bind the dye, which is an indication that it is partially
degraded. This observation supports the hypothesis that, under certain circumstances, lysozyme can
play a role in the long-term survival and viability of yeast.
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Figure 4. Free tartaric acid released from the model ester dibutyl tartrate after 120 days of storage in a
model system in the presence of lysozyme without microbial activity.

HCAs may have an inhibiting effect on starving yeast cells when the ability to maintain neutral
cellular pH is limited. Figure 5b shows a significant increase in dead yeast cells at low pH and
especially with higher levels of HCA in the medium. The cellular detoxification mechanism should
lead to higher rates of decarboxylation and therefore increased levels of volatile phenols as observed
in other studies [7].
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Figure 5. Model fermentations in YPD medium in the presence of lysozyme and hydroxycinnamic
acids at different pH conditions ((a) bud scar fluorescence by flow cytometry, (b) yeast viability by flow
cytometry). Letters a,b,c indicate statistically significant differences determined by paired ¢-test.
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However, this increase does not occur in all cases. In our wine experiments, only Pinot
blanc at lower pH showed significantly higher levels of volatile phenol production with elevated
precursor concentrations. On the other hand, the Chardonnay trials with larger amounts of
monomeric hydroxycinnamates did not necessarily result in higher volatile phenol synthesis. Previous
studies demonstrated that HCAs are passively transported into the cell easier than other phenolic
acids [12,13,37]. With a pKa between 4.01 and 4.42, these molecules have a predominantly neutral
charge at wine pH and are not deprotonated. After reaching the cytoplasm through passive diffusion,
the acids release a proton and lower the cellular pH. The decarboxylase that produces volatile phenols
is activated by low pH and the enzyme activity is generally decreasing with increasing pH [38].
Conversely, at higher pHs (i.e., pH 6.6 in this case), HCAs are favored in their dissociated form and are
therefore not transported nor decarboxylated by the yeast. Table 3 shows the decrease of p-coumaric
acid in a model system during fermentation.

Table 3. Changes in p-coumaric acid at different concentrations and pH in model trials.

Sample Initial p-Coumaric Acid  p-Coumaric Acid after p-Coumaric Acid Lost
Concentration (mg/L) 10 Days (mg/L) (%)
pH 3.0; 100 ppm lysozyme 100.8 76.6 £ 10.1 234 £10.1
pH 3.0; 100 ppm lysozyme 500.7 401.5 +£13.3 19.7 £2.7
pH 3.0; 500 ppm lysozyme 100.8 78.7 £25.3 21.3+253
pH 3.0; 500 ppm lysozyme 500.7 393.6 £3.2 21.3 £ 0.6
pH 6.6; 100 ppm lysozyme 100.5 76.7 £ 1.6 233+ 1.6
pH 6.6; 100 ppm lysozyme 500.9 438.7 + 20.8 123 +4.2
pH 6.6; 500 ppm lysozyme 100.5 82.8 £ 4.6 172 £ 4.6
pH 6.6; 500 ppm lysozyme 500.9 439.1 £219 122+ 4.4

Quantitatively, some HCAs are always lost, independent from starting concentration, pH,
or lysozyme addition. However, at higher pH, the medium seems to retain higher levels of p-coumaric
acid, especially when concentrations are high. Campos, Couto and Hogg [36] demonstrated that
500 mg/L of HCAs can inhibit bacteria; however, yeast seems to be less affected by these unusually
high levels. At low wine pH, on the other hand, possibly in combination with other stressful medium
conditions, hydroxycinnamic acids can be readily converted into volatile phenols once they are released
from their precursors.

4. Conclusions

Our studies performed with Chardonnay and Pinot blanc fermentations in two vintages suggest
that lysozyme addition to juice prior to fermentation may not only affect bacterial activity but also
the release of hydroxycinnamic acids from their tartrate esters. This increases the theoretical potential
for volatile phenol formation because microorganisms can only metabolize free hydroxycinnamates.
In addition to that, lysozyme and HCAs in combination with unfavorable pH conditions were shown
to have a negative effect on yeast survival after fermentation. These stress conditions around pH
3 are expected to result in an attempt to detoxify the medium in order to secure cell survival and
consequently cause a higher production of volatile phenols. Since this could not be observed in all cases,
additional factors, for example phenolic inhibitors, might be involved in triggering or suppressing
that mechanism. The antimicrobial activity through an addition of lysozyme to wine fermentations,
however, is accompanied by a side activity that needs to be considered from a stylistic perspective.
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