WA

WINE Washington State Grape and Wine Research Program
ANNUAL PROGRESS/FINAL REPORT FORMAT
2024-25 Funding Cycle

Project Title: Reassessment of Free SO2 and Molecular SO2 on the Viability of Yeast and
Bacteria in Wine

PI: Hailan Piao, Co-PI: Thomas Henick-Kling, Thomas Collins, James Harbertson
Washington State University, 30 June 2025

Summary

This research investigated the combined effects of sulfur dioxide (SO2), a widely used
preservative in winemaking, and pH on the survival of three key wine-associated
microorganisms: Saccharomyces cerevisiae (the primary fermentative yeast), Brettanomyces
bruxellensis (an important spoilage yeast known for producing strong off-flavors), and
Oenococcus oeni (the primary bacterium for conducting malolactic fermentation). The study
focused on the effects of SO2 under wine storage conditions, typical pH, and alcohol content.

We evaluate how different concentrations of SOz and different wine pH affect microbial viability
over a four-day period in both red and white wine matrices.

In red wine trials (Cabernet Sauvignon), our results demonstrated a clear relationship between
lower pH values (more acidic) and increased microbial suppression. At moderately acidic
conditions (pH 3.6), even small additions of SOz (e.g., 25 mg/L) led to a substantial reduction in
S. cerevisiae viability, whereas at higher pH (4.0), the same SO2 dose was notably less effective.
B. bruxellensis, which can reduce wine quality even at low population density, showed strong
sensitivity to the combination of acidic environments and SOz exposure. Most B. bruxellensis
cells died rapidly regardless of SO2 dosage, indicating their high susceptibility. O.oeni was also
highly sensitive under these conditions, especially at low pH and high SO2 concentrations, with
complete loss of viability observed by day 3.

In Chardonnay white wine, similar trends were observed, although higher total SO2 additions
were needed to reach effective molecular SOz concentrations due to presumably some binding
with other wine constituents. S. cerevisiae and B. bruxellensis were fully inhibited with additions
of 50 mg/L total SOz treatments (mSO2 ranged from 0.11 to 0.40 mg/L in S. cerevisiae trials and
0.14 to 0.31 mg/L in B. bruxellensis trials), especially at pH 3.2 and pH 3.5. O.oeni again
showed the greatest vulnerability at lower pH values; no viable cells were detected at pH 3.2
regardless of any total SO2 treatments (mSO2 ranged from 0.43 to 1.27 mg/L at pH 3.2 and 0.12
to 0.64 mg/L at pH 3.5), while limited survival was observed at pH 3.8, though viability was still
decreasing as SOz concentrations increased.



The study also compared two analytical methods for measuring free SO2 —capillary
electrophoresis (CE) and the Admeo Y 15 analyzer. CE provided more accurate detection of truly
free SO2, while the Admeo Y15 tended to overestimate values by including weakly bound SO2
forms, which may lead to larger additions than necessary in the winemaking process. The SO2
analysis method used in the Admeo system is tuned to correlate with the widely used aeration
oxidation method for SOz analysis.

Overall, the findings emphasize the critical role of wine pH and precise SO2 management for
microbial control. The results demonstrate again that lowering wine pH (higher acidity)
significantly enhances the antimicrobial effectiveness of SOz, enabling effective microbial
suppression with lower SOz additions.

In red wine, the critical mSO2 concentrations required to completely inhibit S. cerevisiae, B.
bruxellensis, and O.oeni were 0.40 + 0.01, 0.25 + 0.02, and 0.24 + 0.01 mg/L as measured by
Admeo and 0.27 +0.05, 0.18 £ 0.01, and 0.07 + 0.01 mg/L measured by CE, respectively.

In white wine, the corresponding minimum mSO2 concentrations needed for fully suppressing S.
cerevisiae, B. bruxellensis, and O.oeni were 0.11 +0.05, 0.11 + 0.00, and 0.12 + 0.03 mg/L as
measured by Admeo.

The higher mSO: concentrations required for complete suppression of the tested wine
microorganisms in red wine may be due to protective components such as phenolic compounds
binding free SO2. Further investigation into the impact of phenolics on the antimicrobial activity
of mSO2 would be of significant interest.

This study showed that winemakers can rely on lower free SO2 concentrations to inhibit their
unwanted microorganisms during wine storage.

These results provide winemakers with science-based strategies to improve microbial stability
and wine quality while minimizing unnecessary SOz additions. By carefully adjusting pH and
accurately monitoring free SO2, winemakers can optimize microbial control in a way that
preserves sensory characteristics and aligns with consumer preferences for foods with lower
content of SOx.
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5. Objective(s) and Experiments Conducted to Meet Stated Objective(s):

5.1 Objective 1.

To evaluate the recently developed method for analyzing free sulfur dioxide (SO2) in wine using

capillary electrophoresis (CE), originally developed in Dr. Thomas Collins’ laboratory. While
this technique has proven effective for assessing free SOz in cider, it has not yet been
comprehensively validated for wine. A key advantage of this method is its capability to




distinguish between bound and free forms of sulfur dioxide (SO2), enabling rapid and specific
measurement of free SO2. This study involves a comparative analysis between the CE method
and conventional techniques, particularly the automated Admeo Y 15 analyzer (Admeo Inc.,
Napa, CA, USA). The SO: analysis method used in the Admeo system is tuned to correlate with
the widely used aeration oxidation method for SO2 analysis.

For these experiments, free SO2 concentrations were measured using both the Admeo analyzer
and CE. The results obtained from both methods were compared across various test conditions,
including different pH, total SO addition, red and white wine, and microbial strains. For each
experiment, CE analysis began with generating a standard curve, followed by quality control
checks and testing in model wine. These procedures were repeated for each microbial species
used in this study.

5.2 Objective 2.

This study was focused on the effectiveness of SOz additions to wine under storage conditions.
It was to give winemakers better guidance on how effective various SO2 additions are under
different wine pH and typical alcohol content. Other studies have looked at the effects of SO2
additions on microorganisms in grapes and must. To determine the precise concentration of
molecular sulfur dioxide (mSO2) required to inhibit key wine yeast and bacterial species in red
wine (Year 1) and white wine (Year 2). Common winemaking practices suggest mSO>
concentrations of 0.4 — 0.6 mg/L for white wines and approximately 0.8 mg/L for red wines. This
discrepancy is attributed to differences in wine matrix factors, such as pH and alcohol content —
typically lower pH and alcohol in white wines versus higher pH in red wines. This objective
aims to assess mSO: efficacy under various conditions using both conventional and research-
based analytical techniques for measuring bound and free SO-.

5.3 Experimental Design and Procedures
Year 1:

Experiments using red wine (Cabernet Sauvignon) provided by Sparkman Cellars, Woodinville,
WA, were conducted at three pH values representing the common pH range of red wines
produced in Eastern Washington (3.6, 3.8, and 4.0). Three total SO2 concentrations were applied
at each pH to achieve corresponding target concentrations of mSO2 (Table S1). The impact of
mSO:2 on selected wine yeast and bacterial species was examined (Table S2).

Year 2:

Experiments were repeated using white wine (Chardonnay), also from Sparkman Cellars. The pH
was adjusted to 3.2, 3.5, and 3.8 to reflect typical white wine pH. Three total SO2 concentrations
were added to reach the target mSO:2 concentrations (Table S1). The same microbial species
panel from Year 1 was used (Table S2).

5.4 Experimental Procedures

5.4.1 pH and SO: Adjustment

Year 1:

The initial pH of Cabernet Sauvignon wine was adjusted to 3.6 by adding 2 g/L. of L-malic acid.



Adjustments to 3.8 and 4.0 were achieved by adding 0.8 g/L and 1.6 g/L of potassium
bicarbonate, respectively (Table S3). To attain the target concentrations of mSO2, varying
amounts of total SO2 were added, and the resulting free SO2 concentrations were measured using
both the Admeo analyzer and capillary electrophoresis (CE). When 25, 50, and 75 mg/L of total
SO:2 were added to the wine at pH 3.6, the corresponding mSO2 concentrations ranged from 0.2
to 0.6 mg/L as measured by CE and from 0.2 to 0.8 mg/L as measured by Admeo.

Rather than modifying total SO2 concentrations to achieve equivalent mSO: levels across
different pH conditions, a consistent total SO2 concentration was maintained across all pH
treatments. This approach was chosen due to the challenges in precisely targeting specific mSO2
levels, as slight variations in pH resulted in fluctuations in the actual mSO2 concentration.

Year 2:

The Chardonnay wine had an initial pH of 3.1 and an alcohol content of 15.06%. pH adjustments
to 3.2, 3.5, and 3.8 were made using 0.3 g/L, 1.2 g/L, and 2.2 g/L potassium bicarbonate,
respectively (Table S3). Alcohol content was reduced below 14% with water addition. Similar to
the red wine experiments, total SO2 was added at amounts of 25, 50, and 75 mg/L to
Saccharomyces cerevisiae and 50, 75, and 100 mg/L to the Brettanomyces bruxellensis and
Oenococcus oeni. The resulting free SO2 concentrations were measured using the Admeo
analyzer. When 25 to 100 mg/L of SOz were added to the wine at pH 3.2, the corresponding
mSOz2 concentrations measured by Admeo ranged from 0.15 to 1.07 mg/L.

5.4.2 Capillary Electrophoresis and Admeo Analysis, and Molecular SOz Calculation

Reagents for CE, including the running buffer, internal standard, and model wine, were prepared
and routinely replenished as needed to ensure consistency and reliability throughout the analysis.
Each experiment involved generating a standard curve (Figure S1, as an example), quality
control testing, and validation with model wine. Admeo Y 15 analysis was conducted according
to the manufacturer’s instructions, following calibration with a standard reagent. Molecular SO2
(mSO2) concentrations were calculated using the web-based SO2 Wine Calculator
(https://www.omnicalculator.com/food/molecular-so2).

5.4.3 Microbial Colony Counting

Microbial viability was assessed by determining colony-forming units per milliliter (CFU/mL) of
each sample. WL-nutrient medium was used for yeast culture, while MLB medium was utilized
for the cultivation of the bacteria.

Experimental procedures began with the inoculation of individual yeast or bacterial strains into
10 mL of the respective nutrition medium, followed by incubation at 30 °C for 1-3 days for yeast
strains and 7-10 days for bacterial strains. Cell density was measured by optical density at 600
nm (ODeoo) using a spectrophotometer. Cells were harvested by centrifugation, washed once
with phosphate buffer, and resuspended in the same buffer to adjust cell density to an ODeoo of
10.

Subsequently, 0.1 OD units of cells, corresponding to approximately 10° cells/mL for yeast and
107 cells/mL for bacteria, were inoculated into each pH-adjusted wine sample. Immediately after
inoculation, 0.1 mL aliquots were taken from each sample and plated onto WL and MLB agar
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plates. Following plating, SOz stock solutions were directly added to each sample at
concentrations of 25, 50, and 75 mg/L (or 50, 75, and 100 mg/L) total SO, as outlined in Table
1. Wine samples without SOz addition were also included as controls. All the experiments were
conducted in triplicate to ensure reproducibility and statistical reliability.

5.4.4 Optimization of Experimental Conditions

One of the challenges encountered during the project was the loss of SOz due to leakage during
experiments. To address this issue and identify an optimal container type, we tested SO2
retention across various vessels, including 15 mL screw-cap tubes, 15 mL snap-cap tubes, and 2
mL capillary electrophoresis (CE) vials. Among these, the 15 mL screw-cap tubes and 2 mL CE
vials showed comparable loss of free SOz, approximately 2-3 mg/L within one day. In contrast,
the snap-cap tubes showed a higher loss of about 3-4 mg/L of free SOz over the same period
(Table S5). Based on these results, 15 mL screw-cap tubes were selected as the optimal
container for these tests.

For the experiments, we received 40 L of Cabernet Sauvignon wine for the year 1 study and 20 L
of Chardonnay wine for the year 2 study from Sparkman Cellars. Upon receipt, the basic
chemical composition of each wine was analyzed, including pH, titratable acidity (TA) using an
auto titrator, sugar content, L-malic acid, L-lactic acid, acetic acid, total SO2, and free SO2, using
the Admeo Y15 analyzer (Tables S6 and S7).

6. Summary of Major Research Accomplishments and Results by Objective

Due to the substantial number of samples required for free SO2 analysis using both the Admeo
analyzer and capillary electrophoresis (CE), along with the simultaneous evaluation of microbial
viability through plating, experiments were conducted in successive groups. Each microorganism
was tested sequentially across three different pH before proceeding to the next microorganism,
repeating the process at the same pH values. Year 1 experiments were completed using red wine,
while Year 2 experiments were conducted with white wine. The results presented below are
summarized by individual microorganism for each wine type.

6.1 Effect of pH and Sulfur Dioxide on Saccharomyces cerevisiae Viability in Red Wine

The viability of Saccharomyces cerevisiae in red wine was assessed over a four-day period under
varying concentrations of total sulfur dioxide (SO2) at three different pH levels: 3.6, 3.8, and 4.0.
Samples were plated on days 0, 1, 2, and 3 following additions of 0 mg/L (control), 25 mg/L, 50
mg/L, and 75 mg/L SOz (Table S8).

At the lowest pH tested (3.6), yeast viability sharply declined with increasing SO2 concentration.
The control group (no SO2 addition) consistently maintained high viability throughout the
observation periods. In contrast, treatments with 50 mg/L and 75 mg/L SOz resulted in complete
loss of viability, with no colony growth detectable as early as day 1 and no recovery thereafter up
to 2 months. Even the 25 mg/L treatment caused a significant viability reduction, over 99.5% by
day 1, with no viable colonies detected on subsequent days (Figure 1A).

At the higher pH of 3.8, the inhibitory effect of SOz was slightly less significant compared to pH
3.6. The control group (no SO2 addition) again maintained high viability, although a slight
decline was observed on day 1, possibly due to natural variation in yeast sensitivity in the acidic,



alcoholic environment. The addition of 75 mg/L SOz caused complete loss of viability on the
first day. The 50 mg/L and 25 mg/L additions resulted in viability reductions of 99.8% and
95.0%, respectively, within 1 day. Continued exposure to the 50 mg/L fully inhibited yeast
growth for the remainder of the experimental period up to 3 days. The 25 mg/L group, viability
further declined, with 98.8% suppression by day 2 and 99.9% by day 3 (Figure 1B).

At the highest pH (4.0), yeast viability remained comparatively higher across all SO2
concentrations. Notably, even at 75 mg/L SOz, a small number of colonies were observed after
one day of exposure, unlike at lower pH levels, where no viable colonies were detected by day 1
(Table S8). At 25 mg/L SOz, antimicrobial effectiveness was greatly reduced compared to pH
3.6 and 3.8, with only a 55.4% suppression observed by day 1. This increased to 66.6% by day 2
and 77.9% by day 3. In contrast, the 50 mg/L treatment resulted in a 99.8% reduction by day 1,
similar to the effect observed at pH 3.8. No colonies were observed on day 2; however, a small
number of colonies reappeared by day 3, indicating partial recovery (Figure 1C and Table S8).

Free SO2 concentrations were measured using both CE and the Admeo Y15 analyzer throughout
the incubation period. As expected, free SO2 concentrations steadily decreased from day 0 to day
3. Overall, concentrations measured by CE were approximately half of those measured by
Admeo (Figure S2), confirming that CE specifically detects truly free SO2, while the Admeo

Y 15 likely also detects loosely bound SOz, resulting in an overestimation.

Following free SO2 measurement, molecular SO2 (mSO2) concentrations were calculated using a
web-based calculator (https://www.omnicalculator.com/food/molecular-so2). Under identical
total SO2 additions, mSOz2 concentrations calculated from CE data ranged from 0.10 — 0.59 mg/L
at pH 3.6, 0.05 — 0.27 mg/L at pH 3.8, and 0.02 — 0.21 mg/L at pH 4.0. In contrast, mSO2
concentrations based on Ademo data ranged from 0.27 — 0.74 mg/L at pH 3.6, 0.14 — 0.40 mg/L
at pH 3.8, and 0.08 — 0.27 mg/L at pH 4.0 (Table 1).

When evaluating the mSO2 concentrations needed for complete suppression of S. cerevisiae,
growth was fully inhibited by day 1 at mSOz concentrations of 0.40 — 0.5 mg/L (Admeo) and
0.27 - 0.28 mg/L (CE) (Figure 1 and Table 1). With continued SOz exposure, complete
inhibition was observed by day 2 at concentrations as low as 0.18 — 0.27 mg/L, measured by
Admeo, and 0.10 — 0.11 mg/L as measured by CE.

6.2 Effect of pH and Sulfur Dioxide on Brettanomyces bruxellensis Viability in Red Wine

The viability of B. bruxellensis in red wine was assessed over a four-day period under varying
concentrations of total sulfur dioxide (SO2) at three different pH: 3.6, 3.8, and 4.0. Samples were
plated on days 0, 1, 2, and 3 following the addition of zero mg/L (control), 25 mg/L, 50 mg/L,
and 75 mg/L SO (Table S9).

Compared to S. cerevisiae, B. bruxellensis showed greater sensitivity to SO2 and pH conditions.
After inoculation, 60 — 80 % of the B. bruxellensis population was suppressed after just one day,
even in the without SOz (Figure 2). Suppression increased with continued exposure to SOz.

At pH 3.6, B. bruxellensis viability declined sharply with increasing SO2 concentration. Viability
also decreased over time in the control group (no SO2 addition, but residual SO2 was present in
the test wine). Additions of 50 mg/L and 75 mg/L SOz resulted in complete loss of viability by
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day 1, with no colony recovery thereafter (up to 14 days). The 25 mg/L treatment also showed
strong antimicrobial effects, reducing viability by 98.1% on day 1, 99.6% on day 2, and nearly
complete suppression by day 3 (Figure 2A, Table S9). The mSO: in this wine during the
experiment was 0.01 to 0.42 mg/L by CE and 0.16 to 0.58 mg/L by Admeo (Table 2).

At pH 3.8, SO2 showed, as expected, a slightly reduced inhibitory effect compared to pH 3.6. In
the control group (0 mg/L), viability dropped by approximately 40% on day 1 and further
decreased through day 3. The 75 mg/L treatment eliminated all viability by day 1, while the 50
mg/L treatment allowed only a few colonies to form on days 1 and 2, with no viable colonies
observed by day 3. The 25 mg/L treatments led to 91.2 % viability reductions by day 1, 99.1%
by day 2, and 99.9% by day 3 (Figure 2B). The mSOz: in this wine during the experiment was
0.01 to 0.26 mg/L by CE and 0.10 to 0.36 mg/L by Admeo (Table 2).

At pH 4.0, the B. bruxellensis viability pattern was similar to that at pH 3.8 wine. The 75 mg/L
SOz addition again resulted in no colony growth after one day. In the control group (no SOz
addition), about 79.9% of B. bruxellensis was suppressed after 1 day, with further decline over
time. The 25 mg/L and 50 mg/L SO additions showed suppression of 90.7% and 99.9%,
respectively, by day 1. However, the overall antimicrobial effect of SO: at this pH was less
compared to lower pH values (Figure 2C and Table S9). The mSO: in this wine during the
experiment was 0.01 to 0.18 mg/L by CE and 0.07 to 0.25 mg/L by Admeo (Table 2).

Free SOz concentrations, monitored using both CE and the Admeo Y 15analyzer, declined
steadily from day 0 to day 3. Measurement by CE was approximately half that by the Admeo
system (Figure S3), supporting that CE detects only truly free SO2, while the Admeo Y15 likely
also detects loosely bound SO: species.

Subsequent calculations of molecular SO2 (mSO2) showed that at equivalent total SO2 additions,
mSO: concentrations ranged from 0.01 — 0.42 mg/L at pH 3.6, 0.01 — 0.26 mg/L at pH 3.8, and
0.01 — 0.18 mg/L at pH 4.0 (CE values). In contrast, mSO2 concentrations based on Admeo free
SO: analyses ranged from 0.16 — 0.58 mg/L, 0.10 — 0.36 mg/L, and 0.07 — 0.25 mg/L,
respectively (Table 2).

Evaluating mSO2 concentrations needed for complete suppression of B. bruxellensis: growth was
entirely inhibited by day 1 at concentrations between 0.25 —0.35 mg/L (Admeo) and 0.18 — 0.22
mg/L (CE) (Figure 2 and Table 2). By day 3, suppression was achieved at even lower mSO2
concentrations — 0.22 mg/L (Admeo) and 0.13 mg/L (CE) - reassessing the critical thresholds for
effective microbial control.

6.3 Effect of pH and Sulfur Dioxide on Oenococcus oeni Viability in Red Wine

The viability of O. oeni in red wine was assessed over a four-day period under varying
concentrations of total sulfur dioxide (SO2) at three distinct pH: 3.6, 3.8, and 4.0. Samples were
analyzed on days 0, 1, 2, and 3 after treatment with no SO2 (control), 25 mg/L, 50 mg/L, and 75
mg/L SO2 additions (Table S10).

The O. oeni bacteria showed notable sensitivity to red wine conditions (similar amount of free
and total SOz presented in both yeast experiments). One day post-inoculation, its population was
suppressed by 92.9% at pH 3.6, 78.1% at pH 3.8, and 52.3% at pH 4.0, even without SOz



addition (7 mg/L total SO2 and 2 mg/L free SOz detected in wine) (Figure 3). Continued
exposure intensified suppression, while higher pH levels significantly improved bacterial
viability.

At pH 3.6, O. oeni viability declined sharply with increasing SO2 concentration. Even in the
control group, viability decreased over time. Exposure to higher SOz concentrations led to
complete loss of viability: by day 2 at 75 mg/L (mSO2 concentration of 0.24 + 0.01 mg/L), and
by day 3 at 50 mg/L (mSOz2 concentration of 0.13 + 0.01 mg/L). The 25 mg/L treatment also
showed strong inhibition, reducing viability by 99.11% on day 1, 99.99% on day 2, and resulting
in nearly complete suppression by day 3 (Figure 3A, Table S10).

At apH of 3.8, SO2 was slightly less inhibitory. In the control group (no addition of SO2),
viability declined by approximately 78.1% by day 1 and by 99.7 % by day 3. Treatments with 50
mg/L and 75 mg/L SOz suppressed 98.45% and 99.96% of the population by day 1, respectively
(Figure 3B). The 25 mg/L treatment allowed 10.46% viability by day 1, which reduced to 0.7%
by day 2 and 0.15% by day 3. Populations declined from 10’ CFU/mL to 10° (0 mg/L), 10* (25
mg/L), 10° (50 mg/L), and 10? (75 mg/L) (Table S10).

AtpH 4.0, O. oeni viability was significantly better compared to the lower pH values. In the
control group, about 47.67% of bacterial cells remained viable by day 1; viability dropped to
20.45% by day 2 and 11.53% by day 3 (Figure 3C and Table S10). Both 25 mg/L and 50 mg/L
SOz treatment caused similar suppression: about 65% viability by day 1, 87.6 - 91.0% by day 2,
and 95.7 - 96.5% by day 3. At 75 mg/L, loss of viability was 89.7% by day 1 and decreased
further over time (Figure 3C and Table S10).

Free SO2 concentrations, measured using both CE and the Admeo Y 15 analyzer, declined
steadily from day 0 to day 3. CE measurements of free SO2 were approximately half those
measured by Admeo (Figure S4), supporting that CE detects only truly free SO2, while the
Admeo Y15 likely also detects loosely bound SOz species. Notably, the reduction in free SO2
concentrations was more significant during the O.oeni experimental period compared to the
Saccharomyces cerevisiae period. Increased oxidation of the base wine led to accelerated
depletion of free SOz during the O.oeni trials.

Molecular SO2 (mSO2) concentrations, calculated from a total SOz addition of 75 mg/L, were
0.07 £ 0.01 mg/L at pH 3.6, 0.09 + 0.04 mg/L at pH 3.8, and 0.01 + 0.00 mg/L at pH 4.0, based
on capillary electrophoresis (CE) measurements. Ademo-based mSO: levels, across total SO2
additions ranging from 25 to 75 mg/L, ranged from 0.08 — 0.24 mg/L (pH 3.6), 0.05 — 0.19 mg/L
(pH 3.8), and 0.03 — 0.08 mg/L (pH 4.0) (Table 3). The reduction in free SO2 led to significantly
lower mSO2 during O.oeni trials compared to S. cerevisiae and B. bruxellensis experiments.

Complete suppression of O. oeni was achieved by day 2 at mSO?2 levels between 0.24 + 0.01
mg/L (Admeo) and 0.07 + 0.01 mg/L (CE) (Figure 3 and Table 3). By day 3, suppression
occurred even at lower levels, such as 0.13 +0.01 mg/L (Admeo) at 50 mg/L total SO at pH 3.6.
In this experimental condition, free SO2 was undetectable due to reduced availability of free SOz,
resulting from wine oxidation.

6.4 Effect of pH and Sulfur Dioxide on Saccharomyces cerevisiae Viability in White Wine



The viability of Saccharomyces cerevisiae in white wine was monitored over a four-day period
under varying concentrations of total sulfur dioxide (SO2) at three different pH levels: 3.2, 3.5,
and 3.8. Samples were plated on days 0, 1, 2, and 3 following additions of 0 mg/L (control), 25
mg/L, 50 mg/L, and 75 mg/L SOx.

At pH 3.2, yeast viability declined sharply with increasing SO2 concentration. S. cerevisiae
viability in the control group decreased over time, with 74.34% viability on day 1, 59.70% on
day 2, and 51.17% on day 3. In contrast, treatments with 50 mg/L and 75 mg/L SO2 led to
complete loss of viability as early as day 1, with no recovery. Even the 25 mg/L treatment
showed a significant viability suppression — reaching 0.27% by day 1, 0.06% by day 2, and
0.01% by day 3 (Figure 4A, Table S11).

At a pH of 3.5, the inhibitory effect of SO2 was slightly less significant compared to pH 3.2. The
control group (0 mg/L) showed higher viability: 86.79% on day 1, 74.30% on day 2, and 66.62%
on day 3. The 50 mg/L and 75 mg/L treatments caused complete viability loss by day 1. The 25
mg/L treatments showed 63.77% viability on day 1, which declined to 16.25% by day 2 and
11.82 % by day 3 (Figure 4B).

At pH 3.8, yeast viability was generally higher in the control group across all time points. The 75
mg/L SOz treatment caused complete viability loss by day 1. The 50 mg/L treatment caused
viability to drop by 85.57% on day 1, 97.0% on day 2, and 99.96% by day 3. The 25 mg/L SOz
treatment showed a moderate inhibitory effect, reducing viability by 15.04% on day 1, 59.36%
on day 2, and 67.11% on day 3 (Figure 4C and Table S11).

Free SOz concentrations were measured using the Admeo Y15 analyzer throughout the
incubation period. Chardonnay white wine showed lower free SO2 concentrations, potentially
due to lower phenolic content, resulting in less loosely bound SO2. In lower SO2 additions (25
mg/L and 50 mg/L), free SO2 was undetectable by CE; thus, only Admeo-based measurements
were performed.

As expected, free SO2 concentrations decreased consistently from day 0 to day 3 (Figure S5).
Molecular SO2 (mSO2) concentrations were calculated using a web-based calculator. Under
identical total SOz additions, mSOz ranged from 0.05 - 0.82 mg/L at pH 3.2, 0.03 - 0.28 mg/L at
pH 3.5, and 0.03 - 0.28 mg/L at pH 4.0 (Table 4).

When evaluating the mSO: levels with complete suppression of S. cerevisiae, growth was fully
inhibited by day 1 at concentrations of between 0.11- 0.40 mg/L (Figure 4 and Table 4).

6.5 Effect of pH and Sulfur Dioxide on Brettanomyces bruxellensis Viability in White Wine

The viability of Brettanomyces bruxellensis in white wine was monitored over a four-day period
under varying total sulfur dioxide (SOz2) concentrations at three different pH: 3.2, 3.5, and 3.8.
Due to the lower free SO2 concentrations observed in Chardonnay wine, approximately 4.0 mg/L
at 25 mg/L total SO treatment, the total SO2 concentrations for this trial were increased to 50
mg/L, 75 mg/L, and 100 mg/L to ensure adequate free SOz availability. Samples were plated on
days 0, 1, 2, and 3 following additions of 0 mg/L (control), 50 mg/L, 75 mg/L, and 100 mg/L
SOo.



At pH 3.2, B. bruxellensis viability declined sharply with increasing SOz concentration. In the
control group without SO2, moderate viability loss was observed: 48.07% on day 1, 0.2% on day
2, and complete loss by day 3. All SOz-treated samples led to complete loss of viability as early
as day 1, with no subsequent recovery (Figure 5A, Table S12).

At a pH of 3.5, a similar inhibitory pattern was observed. Control group (0 mg/L) viability
decreased moderately to 51.28% on day 1, 0.46% on day 2, and 0.01% by day 3. All SO2
treatments at this pH level resulted in complete loss of viability by day 1 (Figure 5B).

At pH 3.8, the control group initially showed slightly higher viability at 59.58% on day 1, which
declined to 1.65% on day 2 and 0.06% by day 3. The 75 mg/L and 100 mg/L SOz treatments
caused complete viability loss by day 1. The 50 mg/L treatment allowed minimal survival, with
approximately 10" CFU/mL observed on day 1, and fewer than 10> CFU/mL on day 2 and day
3 (Figure 5C and Table S12).

Free SOz concentrations were measured using the Admeo Y 15 analyzer throughout the
incubation period and showed a consistent decline from day 0 to day 3 (Figure S6). Molecular
SOz (mSO2) concentrations were calculated using a web-based calculator. At equivalent total
SOz additions (0-100 mg/L), mSO2 ranged from 0.08—1.07 mg/L at pH3.2, 0.04—0.51 mg/L at
pH 3.5, and 0.02—0.24 mg/L at pH 4.0 (Table 5).

When evaluating the mSO2 concentrations with complete suppression of B. bruxellensis, growth
was fully inhibited by day 1 at concentrations of between 0.11 and 0.31 mg/L (Figure 5 and
Table 5).

6.6 Effect of pH and Sulfur Dioxide on Oenococcus oeni Viability in White Wine

The viability of O. oeni in white wine was monitored over a four-day period under varying
concentrations of total sulfur dioxide (SO2) at three different pH: 3.2, 3.5, and 3.8. Due to the
inherently low free SO2 concentration found in the Chardonnay wine, approximately 4.0 mg/L at
25 mg/L total SOz addition, the total SO2 concentrations in this trial were increased to 50 mg/L,
75 mg/L, and 100 mg/L to ensure sufficient free SO2 availability. Samples were plated on days 0,
1, 2, and 3 following the addition of 0 mg/L (control), 50 mg/L, 75 mg/L, and 100 mg/L SOa.

At pH 3.2, O.0eni was not viable in any sample, including the control group. This suggests that
such a low pH was outside the optimal survival range for the O.oeni strain tested in this trial
(Figure 6A, Table S13).

At pH 3.5, O.0eni showed moderate viability in the control group, with survival rates decreased
from 41.87% on day 1 to 21.46% on day 2, and 6.83% by day 3. All SO: treatments at this pH
level resulted in complete loss of viability by day 1 (Figure 6B).

At pH 3.8, O.o0eni viability significantly improved in the control group, with 82.87% viability on
Day 1, 75.07% on Day 2, and 49.43% by Day 3. The 75 mg/L and 100 mg/L SO additions
resulted in complete viability loss by day 1. The 50 mg/L SO: addition caused a 97.43%
reduction in population by day 1, but still allowed minimal survival, with approximately 10°
CFU/mL observed on day 2 and 10> CFU/mL on day 3 (Figure 6C and Table S13).



Free SOz concentrations were measured throughout the incubation period using the Admeo Y15
analyzer and consistently declined from day 0 to day 3 (Figure S7). Molecular SO2 (mSO2)
concentrations were calculated using a web-based calculator. At equivalent total SO2 additions
ranging from 0 to100 mg/L, mSOz2 concentrations ranged from 0.03—1.27 mg/L at pH3.2,
0.02—0.64 mg/L at pH 3.5, and 0.01-0.34 mg/L at pH 4.0 (Table 6).

When evaluating the mSO2 concentrations with complete inhibition of O. oeni, growth was fully
suppressed by day 1 at mSO2 concentrations of between 0.12 and 0.18 mg/L (Figure 6 and
Table 6).

7. Outreach and Education Efforts - Presentations of Research

Manuscripts are being prepared for publication in peer-reviewed journals. Posters were presented
at WineVit and WAVE. We are happy to make extension seminar presentations.

8. Research Success Statements

This integrated research provides comprehensive insight into the pH-dependent sensitivity to
SOz of key wine microbes, Saccharomyces cerevisiae, Brettanomyces bruxellensis, and
Oenococcus oeni, in both red and white wines. By determining precise mSO2 thresholds required
for microbial suppression across varying pH levels, the study provides actionable, science-based
guidance for sulfur dioxide management in winemaking. These findings enable the wine industry
to optimize SOz usage, achieving effective microbial control while minimizing excessive sulfite
additions.

Optimizing precision mSO2 application offers a targeted, evidence-based approach to microbial
management that directly enhances wine quality, safety, and production efficiency. Using these
new insights in the inhibitory concentrations of mSOz in red and white wine allows winemakers
to more precisely adjust free SO2 concentrations with specific pH conditions and microbial
sensitivities. Winemakers can effectively suppress spoilage organisms such as B. bruxellensis
and control fermentation by S. cerevisiae and O. oeni without overusing sulfites. This precision
control reduces off-flavors and preserves sensory integrity, thereby improving overall wine
quality. Enhanced microbial stability also mitigates contamination risks, increasing product
safety and self-stability. Additionally, efficient SO2 management decreases the need for
corrective interventions to correct wine flavor defects, ultimately lowering costs and ensuring
greater consistency across vintages.

9. Funds Status

Year 1 Year 2

Jul 2023 — Jun 2024 Jul 2024 — Jun 2025
Total Awarded Amount $64,327 $64,336
Salaries (Hailan Piao) $51,077 $53,120
Supplies and Other Expenses | $11,000 $11,100
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Remaining Balance as of

June 30, 2025

$0

$3,319.54*

Benefits

$24,629
(July 2023 — June 2024)

$12,078.39
(July 2024 — Dec. 2024)

$6,437.21
(Jan. 2025 — Apr. 2025)

Footnotes: Hailan Piao taught the MBIO101 lab from January to mid-February. The

compensation I received from teaching resulted in salary savings from the research grant.
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Figure 1. Viability of Saccharomyces cerevisiae in red wine across varying pH and total SO2 concentrations over time. Wine samples were adjusted

to three pH: (A) pH 3.6, (B) pH 3.8, and (C) pH 4.0. Each sample received one of the four total SO2 treatments: 0 mg/L (control), 25 mg/L, 50 mg/L,
or 75 mg/L. S. cerevisiae yeast viability was assessed following 2 days of plating and expressed as percentage survival from day 0 to day 3. Viability
trends indicate a dose-dependent decrease in survival with increasing SO2 concentrations, with effects modulated by pH.

Table 1. Molecular SO2 concentration (mg/L) in Cabernet Sauvignon wine measured using capillary electrophoresis and Ademo Y15 analyzer for the
Saccharomyces cerevisiae viability tests in red wine at different pH over time.

pH

pH 3.6

pH 3.8

pH 4.0

Method
Type

CE Admeo

CE Admeo

CE Admeo

TSO:z
Added
(mg/L)

25 50 75 25 50

75

25

50 75 25 50 75

25

50 75 25 50 75

12



Day 0

Day 1

Day 2

Day 3

0.10
+

0.00

0.07
+

0.01

0.06
+

0.01

0.03
+

0.02

0.28
+

0.02

0.19
+

0.03

0.15
+

0.00

0.12
+

0.02

0.59
+

0.02

0.46
+

0.04

0.34
+

0.02

0.31
+

0.01

0.27
+

0.03

0.20
+

0.04

0.17
+

0.00

0.15
+

0.01

0.50
+

0.04

0.45
+

0.06

0.38
+

0.00

0.36
+

0.01

0.74
+

0.07

0.66
+

0.07

0.59
+

0.01

0.55
+

0.01

0.05
+

0.01

0.03
+

0.00

0.03
+

0.00

0.03
+

0.00

0.11
+

0.02

0.07
+

0.01

0.07
+

0.01

0.05
+

0.01

0.27
+

0.05

0.18
+

0.04

0.15
+

0.00

0.14
+

0.01

0.14
+

0.01

0.09
+

0.01

0.07
+

0.01

0.06
+

0.01

0.28
+

0.01

0.24
+

0.00

0.21
+

0.01

0.19
+

0.01

0.40
+

0.01

0.36
+

0.01

0.35
+

0.02

0.32
+

0.01

0.02
+

0.00

0.00
+

0.00

0.00
+

0.00

0.00
+

0.00

0.11
+

0.00

0.06
+

0.00

0.05
+

0.00

0.01
+

0.01

0.21
+

0.00

0.14
+

0.00

0.11
+

0.01

0.07
+

0.02

0.08
+

0.00

0.04
+

0.00

0.04
+

0.01

0.03
+

0.01

0.18
+

0.01

0.15
+

0.00

0.14
+

0.01

0.11
+

0.01

0.27
+

0.00

0.25
+

0.01

0.24
+

0.01

0.20
+

0.01

Table Footnote: Each measurement shown as mean + standard deviation; TSO: = Total SO: added to each wine sample prior to analysis; CE =

Capillary Electrophoresis;, Admeo = Admeo Y15 Analyzer
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Figure 2. Viability of Brettanomyces bruxellensis in red wine across varying pH and total SOz concentrations over time. Wine samples were adjusted
to three pH: (A) pH 3.6, (B) pH 3.8, and (C) pH 4.0. Each sample received one of the four total SO2 treatments: 0 mg/L (control), 25 mg/L, 50 mg/L,
or 75 mg/L. B. bruxellensis yeast viability was assessed following 4 days of plating and expressed as percentage survival from day 0 to day 3.
Viability trends indicate a dose-dependent decrease in survival with increasing SO2 concentrations, with effects modulated by pH.

Table 2. Molecular SOz concentration (mg/L) in Cabernet Sauvignon wine measured using capillary electrophoresis and Ademo Y 15 analyzer for the
Brettanomyces bruxellensis viability tests in red wine at different pH over time.

pH

pH 3.6

pH 3.8

pH 4.0

Method
Type

CE

Admeo

CE Admeo

CE

Admeo

TSO:z
Added
(mg/L)

25

50

75

25

50

75

25

50 75 25 50

75

25

50

75 25 50 75
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Day 0

Day 1

Day 2

Day 3

0.01
+

0.01

0.00
+

0.00

0.00
+

0.00

0.00
+

0.00

0.22
+

0.00

0.07
+

0.01

0.06
+

0.00

0.01
+

0.01

0.42
+

0.01

0.23
+

0.01

0.18
+

0.01

0.13
+

0.02

0.16 0.35
+ +

0.00 0.00

0.06 0.26
+ +

0.00 0.00

0.05 0.25
+ +

0.01 0.02

0.06 0.23
+ +

0.00 0.02

0.58
+

0.01

0.50
+

0.00

0.47
+

0.02

0.44
+

0.03

0.01
+

0.00

0.00
+

0.00

0.00
+

0.00

0.00
+

0.00

0.13 0.26
+ +

0.00 0.00

0.04 0.15
+ +

0.00 0.00

0.03 0.10
+ +

0.00 0.02

0.00 0.07
+ +

0.00 0.01

0.10
+

0.00

0.04
+

0.00

0.04
+

0.01

0.02
+

0.01

0.22
+

0.01

0.16
+

0.01

0.15
+

0.01

0.13
+

0.01

0.36
+

0.00

0.32
+

0.01

0.30
+

0.01

0.27
+

0.01

0.01
+

0.01

0.00
+

0.00

0.00
+

0.00

0.00
+

0.00

0.10 0.18
+ +

0.01 0.01

0.02 0.09
+ +

0.00 0.00

0.01 0.06
+ +

0.00 0.00

0.00 0.03
+ +

0.00 0.00

0.07
+

0.01

0.02
+

0.01

0.02
+

0.01

0.02
+

0.01

0.15
+

0.01

0.09
+

0.00

0.07
+

0.00

0.05
+

0.01

0.25
+

0.02

0.20
+

0.01

0.18
+

0.00

0.16
+

0.01

Table Footnote: Each measurement shown as mean + standard deviation; TSO: = Total SO: added to each wine sample prior to analysis; CE =

Capillary Electrophoresis;, Admeo = Admeo Y15 Analyzer
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Figure 3. Viability of Oenococcus oeni in red wine across varying pH and total SO2 concentrations over time. Wine samples were adjusted to three
pH: (A) pH 3.6, (B) pH 3.8, and (C) pH 4.0. Each sample received one of the four total SOz treatments: 0 mg/L (control), 25 mg/L, 50 mg/L, or 75
mg/L. O. oeni bacteria viability was assessed following 7 days of plating and expressed as percentage survival from day 0 to day 3. Viability trends

indicate a dose-dependent decrease in survival with increasing SO2 concentrations, with effects modulated by pH.

Table 3. Molecular SO2 concentration (mg/L) in Cabernet Sauvignon wine measured using capillary electrophoresis and Ademo Y15 analyzer for the
Oenococcus oeni viability tests in red wine at different pH over time.

pH

pH 3.6

pH 3.8

pH 4.0

Method
Type

CE Admeo

CE

Admeo

CE

Admeo

TSO:
Added
(mg/L)

25 50 75 25 50

75

25

50 75 25

50

75

25

50

75 25 50 75
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Day 0

Day 1

Day 2

Day 3

0.00
+

0.00

0.00
+

0.00

0.00
+

0.00

0.00
+

0.00

0.00
+

0.00

0.00
+

0.00

0.00
+

0.00

0.00
+

0.00

0.07
+

0.01

0.00
+

0.00

0.00
+

0.00

0.00
+

0.00

0.08
+

0.02

0.03
+

0.00

0.02
+

0.01

0.03
+

0.02

0.13
+

0.01

0.07
+

0.01

0.05
+

0.01

0.05
+

0.02

0.24
+

0.01

0.17
+

0.02

0.13
+

0.03

0.12
+

0.04

0.00
+

0.00

0.00
+

0.00

0.00
+

0.00

0.00
+

0.00

0.02
+

0.02

0.00
+

0.00

0.00
+

0.00

0.00
+

0.00

0.09
+

0.04

0.00
+

0.00

0.00
+

0.00

0.00
+

0.00

0.05
+

0.02

0.03
+

0.02

0.04
+

0.01

0.04
+

0.01

0.10
+

0.03

0.07
+

0.02

0.06
+

0.02

0.06
+

0.02

0.19
+

0.04

0.14
+

0.04

0.13
+

0.04

0.12
+

0.02

0.00
+

0.00

0.00
+

0.00

0.00
+

0.00

0.00
+

0.00

0.00
+

0.00

0.00
+

0.00

0.00
+

0.00

0.00
+

0.00

0.01
+

0.00

0.00
+

0.00

0.00
+

0.00

0.00
+

0.00

0.03
+

0.00

0.01
+

0.00

0.01
+

0.00

0.01
+

0.00

0.04
+

0.00

0.03
+

0.00

0.02
+

0.00

0.01
+

0.00

0.08
+

0.00

0.05
+

0.00

0.04
+

0.00

0.03
+

0.00

Table Footnote: Each measurement shown as mean + standard deviation; TSO: = Total SO: added to each wine sample prior to analysis; CE =

Capillary Electrophoresis;, Admeo = Admeo Y15 Analyzer
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Figure 4. Viability of Saccharomyces cerevisiae in white wine across varying pH and total SOz concentrations over time. Wine samples were
adjusted to three pH: (A) pH 3.2, (B) pH 3.5, and (C) pH 3.8. Each sample received one of the four total SO treatments: 0 mg/L (control), 25 mg/L,
50 mg/L, or 75 mg/L. S. cerevisiae yeast viability was assessed following 2 days of plating and expressed as percentage survival from day 0 to day 3.
Viability trends indicate a dose-dependent decrease in survival with increasing SO2 concentrations, with effects modulated by pH.

Table 4. Molecular SO2 concentration (mg/L) in Chardonnay wine measured using Ademo Y 15 analyzer for the Saccharomyces cerevisiae viability
tests in white wine at different pH over time.

pH pH 3.2 pH 3.5 pH 3.8
TSO2
Added 0 25 50 75 0 25 50 75 0 25 50 75
(mg/L)
Dav 0 0.05+ 015+ 040+ 082+ | 003+ 0.05+ 011+ 028+ | 002+ 0.02+ 0.04+ 0.14+
y 0.04 0.02 0.02 0.09 0.02 0.02 0.05 0.08 0.01 0.01 0.02 0.04
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Day 1

Day 2

Day 3

0.06 =
0.06

0.02 £
0.03

0.02 £
0.03

0.06
0.04

0.04 £
0.05

0.05 +
0.07

0.12 +
0.05

0.08 £
0.07

0.08 +
0.07

0.38 +
0.10

0.33 £
0.09

0.26 £
0.10

0.02 £
0.02

0.03 £
0.02

0.02 £
0.03

0.03 +
0.02

0.04 £
0.03

0.02 £
0.03

0.06
0.02

0.07 £
0.03

0.05 +
0.04

0.22 +
0.08

022 +
0.08

0.15+
0.08

0.02 £+
0.01

0.02 £
0.01

0.01 £
0.01

0.02 £
0.01

0.02 £
0.01

0.01 £
0.02

0.04 +
0.02

0.04 £
0.02

0.02 £
0.02

0.12 +
0.04

0.12 £
0.04

0.08 +
0.04

Table Footnote: Each measurement shown as mean + standard deviation; TSO:> = Total SO: added to each wine sample before analysis
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Figure 5. Viability of Brettanomyces bruxellensis in white wine across varying pH and total SO2 concentrations over time. Wine samples were
adjusted to three pH levels: (A) pH 3.2, (B) pH 3.5, and (C) pH 3.8. Each sample received one of the four total SO2 treatments: 0 mg/L (control), 50
mg/L, 75 mg/L, or 100 mg/L. B. bruxellensis yeast viability was assessed following 4 days of plating and expressed as percentage survival from day
0 to day 3. Viability trends indicate a dose-dependent decrease in survival with increasing SO2 concentrations, with effects modulated by pH.

Table 5. Molecular SO2 concentration (mg/L) in Chardonnay wine measured using Ademo Y 15 analyzer for the Brettanomyces bruxellensis viability
tests in white wine at different pH over time.

pH pH 3.2 pH 3.5 pH 3.8
TSO2
Added 0 50 75 100 0 50 75 100 0 50 75 100
(mg/L)
Dav 0 0.08 = 0.31 =+ 0.60 = 1.07 + 0.04 + 0.14 £ 025+ 0.51 + 0.02 + 0.06 + 0.11 0.24 +
y 0.00 0.03 0.02 0.07 0.00 0.03 0.01 0.06 0.00 0.01 0.00 0.01
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Day 1

Day 2

Day 3

0.07
0.02

0.07 £
0.02

0.05 +
0.04

0.10 £
0.02

0.10 £
0.02

0.09 +
0.02

0.31 £
0.00

0.27 £
0.00

0.23 £
0.03

0.78 +
0.00

0.70 £
0.03

0.56 +
0.09

0.03 +
0.01

0.03 £
0.01

0.03 +
0.01

0.05 +
0.01

0.03 £
0.01

0.05 +
0.01

0.17 £
0.01

0.15 £
0.01

0.13 £
0.02

041+
0.01

0.36 £
0.03

0.33 +
0.05

0.02 £
0.00

0.02 £
0.00

0.02 £
0.00

0.03 +
0.00

0.03 £
0.00

0.03 +
0.01

0.08 +
0.00

0.08 £
0.00

0.07 £
0.00

0.20 £
0.01

0.18 £
0.02

0.19+
0.00

Table Footnote: Each measurement shown as mean + standard deviation; TSO:> = Total SO: added to each wine sample before analysis

21



100%

80%

60%

Viability (%)

40%

20%

0%

| | | | Day3
0 50 75 100

pH 3.2

Total SO, addition (mg/L)

EDay 0 B pH 3.5 E Day 0
= Day 1 = Day 1
Day 2 Day 2

Viability (%)

100% - Day 3
80%
60%
40%
20%
e | IR
0 50 75 100

Total SO, addition (mg/L)

100% -

80% -

Viability (%)

20% A

0% -

60% -

40% -

pH 3.8 E Day 0
= Day 1
Day 2

Day 3
|‘ - | |
0 75 100

50
Total SO, addition (mg/L)

Figure 6. Viability of Oenococcus oeni in white wine across varying pH and total SO2 concentrations over time. Wine samples were adjusted to three
pH: (A) pH 3.2, (B) pH 3.5, and (C) pH 3.8. Each sample received one of the four total SO treatments: 0 mg/L (control), 50 mg/L, 75 mg/L, or 100
mg/L. O. oeni bacteria viability was assessed following 7 days of plating and expressed as percentage survival from day 0 to day 3. Viability trends
indicate a dose-dependent decrease in survival with increasing SO2 concentrations, with effects modulated by pH.

Table 6. Molecular SOz concentration (mg/L) in Chardonnay wine measured using Ademo Y 15 analyzer for the Oenococcus oeni viability tests in
white wine at different pH over time.

pH pH 3.2 pH 3.5 pH 3.8
TSO2
Added 0 50 75 100 0 50 75 100 0 50 75 100
(mg/L)
Dav 0 0.03 + 0.43 + 0.80 = 1.27 £ 0.02 + 0.12+ 0.37+ 0.64 + 0.01 + 0.05 + 0.18 + 0.34 +
y 0.04 0.08 0.12 0.10 0.00 0.03 0.03 0.03 0.01 0.01 0.01 0.02
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Day 1

Day 2

Day 3

0.01 £
0.02

0.01 £
0.02

0.01 £
0.02

0.12 +
0.03

0.08 £
0.06

0.08 +
0.06

048 +
0.05

0.40 +
0.07

037+
0.05

0.99 +
0.04

0.86 £
0.06

0.82 +
0.06

0.01 £
0.01

0.02 £
0.02

0.01 £
0.01

0.07
0.02

0.05 £
0.02

0.05 +
0.02

0.27 £
0.01

0.24 +
0.03

022 +
0.02

0.50 +
0.00

047 £
0.05

0.45 =+
0.05

0.01 £
0.00

0.01 £
0.00

0.01 £
0.01

0.04 £+
0.00

0.03 £
0.02

0.04 £
0.03

0.14 +
0.00

0.12 £
0.03

0.15+
0.06

0.28 +
0.01

0.26 £
0.03

032+
0.11

Table Footnote: Each measurement shown as mean + standard deviation; TSO:2 = Total SO: added to each wine sample before analysis
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Supplemental Figures and Tables:
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Figure S1. Free SO: standard curve for the capillary electrophoresis.

Table S1. Experimental design incorporating pH variation, various SO: additions

Wine Red Wine (Cabernet Sauvignon)

pH levels pH 3.6 pH 3.8 pH 4.0

Total SO2

added (mg/L) 25 50 75 0 25 50 75 0 25 50 75
Wine White Wine (Chardonnay)

pH levels pH 3.2 pH 3.5 pH 3.8

Total SO2

added (mg/L) 25 50 75 0 25 50 75 0 25 50 75

Table S2. Yeast and bacterial strains tested

Strain Name Genus Species
UCD506 Saccharomyces S. cerevisiae
UCD615 Brettanomyces B. bruxellensis
UCD148 Oenococcus 0. oeni




Table S3. pH adjustments for red and white wine

Wine Red Wine (Cabernet Sauvignon)
Treatments Initial wine pH Target wine pH
pH 3.9 3.6 3.8 4.0
L-malic acid (g/L) 0 2.0 2.0 2.0
Potassium bicarbonate (g/L) 0 0 0.8 1.6
Wine White Wine (Chardonnay)

Treatments Initial wine pH Target wine pH
pH 3.1 3.2 3.5 3.8
Potassium bicarbonate (g/L) 0 0.3 1.2 2.2
Water (v/v) 0 7% 7% 7%

Table S4. Chemical reagents and their specifications for CE analysis

Reagents Concentration pH Volume | Intended Use
Adjustment of phosphate solution

KOH 3M I'L pH
Phosphate buffer 20 mM 3.0 1L CE running buffer
Phosphate buffer 20 mM 4.6 1L SO2 stock solution preparation
SO?2 stock solution 25 g/L 4.6 500 mL | Building calibration curves
Trifluoroacetic acid 5000 mg/L 500 mL | Internal standard
(TFA) (5,000 mg/L)

14% ABV '
Model wine solution 4 ¢/L tartaric acid | 3.6 1L Quality control

2 g/L malic acid

Table S5. Tests for free SO2 leakage

SO2 leakage by days | Screw Cap Snap Cap CE Vial
Day 0 19.00 +0.00 | 19.00+0.00 | 19.00 + 0.00

Day 1

16.33+047 |15.67+047 |1633+0.47
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Table S6. Chemical composition of Cabernet Sauvignon wine

Total Sugar (g/L) Glucose (g/L) Fructose (g/L)
0.20 0.11 0.09

L-malic acid (g/L) L-lactic acid (g/L) Acetic acid (g/L)
0.04 1.02 0.98

Total sulfite (mg/L) | Free sulfite (mg/L) Alcohol (%)
45% 28%* 14.40
pH TA (g/L)
3.90 5.5

Table Footnote: Total and free SO: levels in the wine decreased to 12 ppm and 2 ppm, respectively, following
method development and project initiation. Free SO2 was too low to be considered significant and was

therefore regarded as negligible.

Table S7. Chemical composition of Chardonnay wine

Total Sugar (g/L) Glucose (g/L) Fructose (g/L)
0.27 0.22 0.05
L-malic acid (g/L) L-lactic acid (g/L) Acetic acid (g/L)
1.11 0.10 0.23
Total sulfite (mg/L) | Free sulfite (mg/L) Alcohol (%)
30 1* 15.06
pH TA (g/L)
3.1 6.7

Table Footnote: Free SOz was only 1 mg/L and therefore considered negligible.
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Table S8. Colony-forming units (CFU/mL) of Saccharomyces cerevisiae in red wine at varying pH levels and SO, concentrations over a four-day period. Data

represents the mean value calculated from triplicate experiments. “Mean” indicates the average colony count, while “St.dev” represents standard deviation.

Mean pH 3.6 pH 3.8 pH 4.0
Day Control 25mg/L. 50mg/LL. 75mg/L | Control 25mg/L. 50mg/LL. 75mg/L | Control 25mg/LL. 50mg/L. 75 mg/L
Day 0 | 1.24E+06 1.27E+06 1.16E+06 1.20E+06 | 1.26E+06 1.17E+06 1.28E+06 1.40E+06 | 1.18E+06 1.19E+06 1.14E+06 1.13E+06
Day1 | 1.35E+06 6.31E+03 0.00E+00 0.00E+00 | 1.13E+06 5.67E+04 1.94E+03 0.00E+00 | 1.40E+06 6.26E+05 2.10E+03 1.97E+03
Day2 | 1.06E+06 0.00E+00 0.00E+00 0.00E+00 | 9.58E+05 1.29E+04 0.00E+00 0.00E+00 | 1.06E+06 3.70E+05 0.00E+00 0.00E+00
Day 3 | 6.20E+05 0.00E+00 0.00E+00 0.00E+00 | 9.52E+05 6.35E+02 0.00E+00 0.00E+00 | 1.06E+06 2.51E+05 3.95E+02 0.00E+00
St.dev pH 3.6 pH 3.8 pH 4.0
Day Control 25mg/L. 50mg/LL. 75mg/L | Control | 25mg/L. 50 mg/L. 75mg/L | Control 25mg/LL. 50mg/L 75 mg/L
Day 0 | 3.45E+05 2.84E+05 2.24E+05 237E+05| 7.33E+04 6.67E+04 7.33E+04 1.10E+05 | 3.09E+05 2.97E+05 2.50E+05 2.17E+05
Day1 | 1.43E+05 4.48E+03 0.00E+00 0.00E+00 | 7.83E+04 3.48E+04 1.94E+03 0.00E+00 | 4.48E+04 0.00E+00 0.00E+00 2.78E+03
Day 2 | 1.44E+05 0.00E+00 0.00E+00 0.00E+00 | 6.17E+04 7.73E+03 0.00E+00 0.00E+00 | 3.02E+05 1.29E+05 0.00E+00 0.00E+00
Day3 | 3.37E+05 0.00E+00 0.00E+00 0.00E+00 | 1.02E+05 4.17E+01 0.00E+00 0.00E+00 | 6.36E+04 4.17E+04 5.59E+02 0.00E+00
Footnote: Scientific notation: E + n indicates x 10" (e.g. 1.24E+06 = 1.24 x 109)
6 @ 25PPM_CE H3.8 & 25PPM_CE 0 TO—25PPM DA
pH 3.6 50PPM_CE P 50PPM_CE pH 4.0 50PPM_DA
+-+@---75PPM_CE <. @+ 75PPM CE —=&— 75PPM_DA
50.00 —&— 25PPM_DA 50.00 - o— 25PPM DA 50.00 ---@--- 25PPM_CE
- 50PPM_DA PR 50PPM DA - S0PPM_CE
- —&— 75PPM_DA - - -
= 40.00 — = 40.00 1 —&— 75PPM_DA = 40.00 ®--- 75PPM_CE
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Figure S2. Free SO, measurements from experiments conducted to optimize molecular SO, (mSQO,) content for the S. cerevisiae in red wine across varying pH
levels and total SO, additions over time. CE indicates capillary electrophoresis, and DA indicates Admeo.
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Table S9. Colony-forming units (CFU/mL) of Brettanomyces bruxellensis in red wine at varying pH levels and SO concentrations over a four-day period. Data

represents the mean value calculated from triplicate experiments. “Mean” indicates the average colony count, while “St.dev” represents standard deviation.

Mean pH 3.6 pH 3.8 pH 4.0
Day Control 25mg/L. 50mg/L.  75mg/L | Control 25mg/L 50mg/LL. 75mg/L | Control 25mg/L 50mg/L 75 mg/L
Day 0 | 3.64E+06 3.59E+06 4.08E+06 3.71E+06 | 3.99E+06 4.02E+06 4.17E+06 3.93E+06 | 3.99E+06 3.89E+06 3.72E+06 3.47E+06
Day1 | 1.39E+06 6.67E+04 0.00E+00 0.00E+00 | 1.50E+06 3.53E+05 6.67E+00 0.00E+00 | 8.00E+05 3.58E+05 4.89E+03 0.00E+00
Day 2 | 1.50E+05 5.63E+03 0.00E+00 0.00E+00 | 2.50E+05 3.54E+04 3.33E+00 0.00E+00 | 5.65E+05 4.06E+04 1.75E+03 0.00E+00
Day3 | 5.20E+04 1.40E+03 0.00E+00 0.00E+00 | 1.40E+05 4.96E+03 0.00E+00 0.00E+00 | 8.45E+04 2.05E+04 9.87E+02 0.00E+00
St.dev pH 3.6 pH 3.8 pH 4.0
Day Control 25mg/L. 50mg/LL.  75mg/L | Control | 25mg/L. 50 mg/LL. 75mg/L | Control 25mg/LL 50mg/L 75 mg/L
Day 0 | 4.85E+05 4.98E+05 7.85E+05 7.85E+05 | 1.63E+05 1.67E+03 7.00E+04 1.80E+05 | 1.65E+04 8.01E+04 5.19E+05 4.24E+04
Day1 | 2.32E+05 5.83E+04 0.00E+00 0.00E+00 | 3.58E+05 0.00E+00 6.67E+00 0.00E+00 | 7.83E+05 3.93E+05 6.91E+03 0.00E+00
Day2 | 3.18E+04 S5.18E+03 0.00E+00 0.00E+00 | 4.13E+04 0.00E+00 3.33E+00 0.00E+00 | 7.87E+05 5.58E+04 2.47E+03 0.00E+00
Day3 | 6.67E+02 1.32E+03 0.00E+00 0.00E+00 | 1,78E+04 3.71E+03 0.00E+00 0.00E+00 | 1.18E+05 2.87E+04 1.40E+03 0.00E+00
Footnote: Scientific notation: E + n indicates x 10" (e.g. 3.64E+06 = 3.64 x 109)
—e— 25PPM_DA 25PPM_DA —e— 25PPM_DA
pH 3.6 50PPM_DA pH3.38 50PPM_DA pH 4.0 50PPM_DA
—&— 75PPM_DA —e— 75PPM_DA —se— 75PPM_DA
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Figure S3. Free SO, measurements from experiments conducted to optimize molecular SO, (mSQO) content for the B.bruxellensis in red wine across varying pH
and total SO; additions over time. CE indicates capillary electrophoresis, and DA indicates Admeo.
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Table S10. Colony-forming units (CFU/mL) of Oenococcus oeni in red wine at varying pH levels and SO, concentrations over a four-day period. Data represents
the mean value calculated from triplicate experiments. “Mean” indicates the average colony count, while “St.dev” represents standard deviation.

Days

Days

Mean pH 3.6 P H3.8 pH 4.0
Day Control 25mg/L. 50mg/L. 75mg/L | Control 25mg/L 50mg/LL. 75mg/L | Control 25mg/LL 50mg/L 75 mg/L
Day 0 | 3.40E+07 3.23E+07 3.44E+07 3.38E+07 | 6.02E+07 5.65E+07 7.02E+07 7.12E+07 | 3.07E+07 3.22E+07 2.90E+07 2.91E+07
Day1 |2.35E+06 2.86E+05 1.83E+04 5.73E+02 | 9.12E+06 3.76E+06 6.48E+05 1.71E+04 | 1.44E+07 1.06E+07 9.99E+06 2.74E+06
Day 2 | 7.33E+04 4.83E+03 2.23E+02 3.33E+00 | 8.44E+05 2.44E+05 2.47E+04 9.60E+02 | 6.18E+06 3.60E+06 2.26E+06 4.20E+05
Day3 | 4.02E+03 3.13E+02 1.17E+01 0.00E+00 | I.11E+05 5.31E+04 6.29E+03 2.53E+02 | 3.21E+06 9.71E+05 5.84E+05 1.41E+05
St.dev pH 3.6 pH 3.8 pH 4.0
Day Control 25mg/LL. 50mg/LL.  75mg/L | Control | 25mg/L 50 mg/L. 75 mg/L | Control 25mg/LL 50mg/L 75 mg/L
Day 0 | 1.30E+06 2.17E+05 4.05E+06 1.55E+06 | 2.42E+07 2.33E+07 3.14E+07 3.55E+07 | 9.07E+06 1.02E+07 6.58E+06 3.63E+06
Day1 | 1.16E+06 8.51E+04 8.83E+01 3.80E+02 | 4.82E+06 2.76E+06 5.06E+05 1.20E+04 | 3.02E+06 5.35E+05 1.23E+05 3.74E+06
Day2 | 5.77E+04 2.47E+03 2.33E+01 3.33E+00 | 4 78E+05 2.06E+05 2.03E+04 6.83E+02 | 1.19E+06 1.23E+06 2.45E+06 4.95E+05
Day3 | 3.25E+03 [1.13E+02 1.67E+00 0.00E+00 | 9. 11E+04 4.69E+04 5.33E+03 1.47E+02 | 1.18E+06 6.93E+05 6.48E+05 1.38E+05
Footnote: Scientific notation: E + n indicates x 10" (e.g. 3.40E+07 = 3.40 x 10)
—e— 25PPM_DA 25PPM_DA —e— 25PPM_DA
pH 3.6 50PPM_DA pH 3.8 50PPM_DA pH 4.0 50PPM_DA
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Figure S4. Free SO, measurements from experiments conducted to optimize molecular SO, (mSO») content for the O. oeni in red wine across varying pH and total
SO, additions over time. CE indicates capillary electrophoresis, and DA indicates Admeo.
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Table S11. Colony-forming units (CFU/mL) of Saccharomyces cerevisiae in white wine at varying pH and SO, concentrations over a four-day period. Data
represents the mean value calculated from triplicate experiments. “Mean” indicates the average colony count, while “St.dev” represents standard deviation.

Mean pH 3.2 pH 3.5 pH 3.8
Day Control 25mg/L. 50mg/LL  75mg/L | Control 25mg/L 50mg/LL. 75mg/L | Control 25mg/L 50mg/L 75 mg/L
Day 0 | 1.66E+06 1.33E+06 1.49E+06 1.33E+06 | 1.67E+06 1.51E+06 1.52E+06 1.58E+06 | 1.48E+06 1.52E+06 1.27E+06 1.32E+06
Day1 | 1.23E+06 3.56E+03 0.00E+00 0.00E+00 | 1.46E+06 9.64E+05 0.00E+00 0.00E+00 | 1.37E+06 1.26E+06 1.81E+05 0.00E+00
Day2 | 1.0O0E+06 7.96E+02 0.00E+00 0.00E+00 | 1.24E+06 2.74E+05 0.00E+00 0.00E+00 | 1.24E+06 6.33E+05 3.50E+04 0.00E+00
Day3 | 8.56E+05 1.54E+02 0.00E+00 0.00E+00 | 1.11E+06 2.04E+05 0.00E+00 0.00E+00 | 1.14E+06 5.20E+05 4.83E+02 4.44E+00
St.dev pH 3.2 pH 3.5 pH 3.8
Day Control 25mg/LL. S50mg/LL. 75mg/L | Control 25mg/LL. S50mg/LL. 75mg/L | Control 25mg/LL 50mg/L 75 mg/L
Day 0 | 1.77E+05 8.02E+04 2.04E+05 4.70E+04 | 2.07E+05 1.94E+05 1.23E+05 2.59E+04 | 2.53E+05 2.76E+05 8.30E+04 2.56E+05
Day1 | 1.51E+05 4.56E+03 0.00E+00 0.00E+00 | 2.90E+05 3.19E+05 0.00E+00 0.00E+00 | 2.85E+05 7.97E+04 1.20E+05 0.00E+00
Day2 |227E+05 1.13E+03 0.00E+00 0.00E+00 | 1.73E+05 2.70E+05 0.00E+00 0.00E+00 | 2.98E+05 3.00E+05 4.75E+04 0.00E+00
Day3 | 1.72E+05 2.00E+02 0.00E+00 0.00E+00 | 1.16E+05 2.34E+05 0.00E+00 0.00E+00 | 2.68E+05 3.43E+05 6.84E+02 6.29E+00
Footnote: Scientific notation: E + n indicates x 10" (e.g. 1.66E+06 = 1.66 x 109
pH 3.2 —e—25PPM pH 3.5 —e—25PPM pH 3.8 —&—25PPM
50PPM 50PPM S0PPM
20.00 - —e—75PPM 20.00 - —e—75PPM 20.00 - —e—75PPM
2 S 2
éﬂ 16.00 F éﬁ 16.00 | éﬂ 16.00 -
o (o] N
8 12.00 - 8 12.00 8 12.00 T
-] D 5]
2 2 2
= = . = L
8.00 ¢ 8.00 ¢ 8.00 §
4.00 ¢ 4.00 ¢ 400 §
I
.
0.00 T T 1 0.00 0.00
0 Days 3 0 Days 3 0 Days

Figure S5. Free SO» measurements from experiments conducted to optimize molecular SO, (mSO>) contents for the S. cerevisiae in white wine across varying

pH levels and total SO, additions over time. Free SO, concentrations were measured using the Admeo Y15 analyzer.
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Table S12. Colony-forming units (CFU/mL) of Brettanomyces bruxellensis in white wine at varying pH levels and SO, concentrations over a four-day period.
Data represents the mean value calculated from triplicate experiments. “Mean” indicates the average colony count, while “St.dev” represents standard deviation.

Mean pH 3.2 pH 3.5 pH 3.8
Day Control S0mg/LL. 75mg/LL. 100 mg/L | Control 50mg/. 75mg/LL 100 mg/L | Control 50mg/LL. 75mg/LL. 100 mg/L
Day 0 | 1.89E+06 2.17E+06 2.17E+06 2.21E+06 | 2.08E+06 2.22E+06 2.22E+06 2.06E+06 | 2.40E+06 2.00E+06 2.37E+06 2.65E+06
Day1 | 9.28E+05 0.00E+00 0.00E+00 0.00E+00 | 1.08E+06 0.00E+00 0.00E+00 0.00E+00 | 1.54E+06 3.24E+02 0.00E+00 0.00E+00
Day2 | 3.47E+03 0.00E+00 0.00E+00 0.00E+00 | 9.17E+03 0.00E+00 0.00E+00 0.00E+00 | 4.25E+04 1.78E+01 0.00E+00 0.00E+00
Day3 | 9.56E+01 0.00E+00 0.00E+00 0.00E+00 | 1.76E+02 0.00E+00 0.00E+00 0.00E+00 | 1.53E+03 9.56E+01 1.11E+00 0.00E+00
St.dev pH 3.2 pH 3.5 pH 3.8
Day Control 50mg/L 75mg/L 100 mg/L | Control 50 mg/.  75mg/LL. 100 mg/L. | Control S50mg/L. 75mg/LL. 100 mg/L
Day0 | 3.21E+05 2.70E+05 3.92E+05 4.38E+05 | 3.68E+05 1.27E+05 4.46E+05 3.08E+05 | 5.45E+05 3.66E+05 5.37E+05 6.17E+05
Day1 3.23E+05 0.00E+00 0.00E+00 0.00E+00 | 5.23E+05 0.00E+00 0.00E+00 0.00E+00 | 8.26E+05 4.24E+02 0.00E+00  0.00E+00
Day2 | 7.14E+02 0.00E+00 0.00E+00 0.00E+00 | 5.71E+03 0.00E+00 0.00E+00 0.00E+00 | 3.13E+04 2.28E+01 0.00E+00  0.00E+00
Day 3 8.35E+01 0.00E+00 0.00E+00 0.00E+00 | 2.12E+02 0.00E+00 0.00E+00 0.00E+00 | 1.34E+03 5.58E+01 1.57E+00 0.00E+00
Footnote: Scientific notation: E + n indicates x 10" (e.g. 1.89E+06 = 1.89 x 109)
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Figure S6. Free SO, measurements from experiments conducted to optimize molecular SO, (mSO>) contents for the B. bruxellensis in white wine across varying
pH levels and total SO, additions over time. Free SO, concentrations were measured using the Admeo Y15 analyzer.
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Table S13. Colony-forming units (CFU/mL) of Oenococcus oeni in white wine at varying pH and SO, concentrations over a four-day period. Data represents the
mean value calculated from triplicate experiments. “Mean” indicates the average colony count, while “St.dev” represents standard deviation.

Days

Days

Mean pH 3.2 pH 3.5 pH 3.8
Day Control 50mg/. 75mg/L. 100 mg/L | Control 50mg/L. 75mg/LL. 100mg/L | Control 50mg/LL 75mg/LL. 100 mg/L
Day 0 1.13e+07 1.25E+07 1.18E+07 1.24E+07 | 1.97E+07 1.96E+07 2.05E+07 1.87E+07 | 2.15E+07 2.19E+07 2.10E+07 6.10E+09
Day1 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 6.00E+06 0.00E+O00 0.00E+O00 0.00E+00 | 1.80E+07 3.08E+05 0.00E+00  0.00E+00
Day 2 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 2.43E+06 0.00E+00 0.00E+00 0.00E+00 | 1.65E+07 6.50E+03 3.33E+02 0.00E+00
Day 3 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 5.33E+05 0.00E+00 0.00E+00 0.00E+00 | 9.91E+06 2.00E+02 0.00E+00 0.00E+00
St.dev pH 3.2 pH 3.5 pH 3.8
Day Control 50mg/l. 75mg/l. 100 mg/L. | Control 50mg/l. 75mg/L. 100mg/L | Control 50mg/LL. 75mg/LL. 100 mg/L
Day 0 6.42E+06 5.42E+06 5.97E+06 5.46E+06 | 7.09E+06 6.81E+06 8.25E+06 8.13E+06 | 8.27E-03  8.29E-03  1.27E-02  2.49E-02
Day 1 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 3.63E+06 0.00E+00 O0.00E+00 0.00E+00 | 0.00E+00 O0.00E+00 4.76E-03  8.37E-03
Day 2 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 2.64E+06 0.00E+O00 0.00E+O00 O0.00E+00 | 4.78E-03  1.65E-02  2.91E-02  2.91E-02
Day 3 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 6.80E+05 0.00E+00 0.00E+00 0.00E+00 | 8.27E-03  2.86E-02  5.69E-02  1.05E-01
Footnote: Scientific notation: E + n indicates x 10" (e.g. 1.13E+07 = 1.13 x 10)
pH 3.2 —e—50PPM pH 3.5 —o—50PPM pH 3.8 ——50PPM
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30.00 *—100PPM 30.00 100PPM 30.00 —e—100PPM
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Figure S7. Free SO, measurements from experiments conducted to optimize molecular SO, (mSQO>) contents for the O. onei in white wine across varying pH and
total SO, additions over time. Free SO concentrations were measured using the Admeo Y15 analyzer.
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