
Journal of Engineering Science Vol. XXXII, no. 4 (2025), pp. 120 - 136 
Fascicle  Food Engineering ISSN 2587-3474 
Topic Food Technologies and Food Processes eISSN 2587-3482 

Journal of Engineering Science  December, 2025, Vol. XXXII (4) 

 

https://doi.org/10.52326/jes.utm.2025.32(4).09 

  UDC 663.221:579.67:663.12(478) 
 

THE USE OF BIOPROTECTIVE YEASTS TO REDUCE SULFITE CONSUMPTION IN 
WINEMAKING 

 
Nicolai Cupcea *, ORCID: 0009-0005-6725-2725, 

Rodica Sturza, ORCID: 0000-0002-2412-5874 
 

Technical University of Moldova, 168 Stefan cel Mare Blvd., Chisinau, Republic of Moldova  
* Corresponding author: Nicolai Cupcea, E-mail: nicolai.cupcea@doctorat.utm.md,  

 

Received: 12. 02.2025 
Accepted: 12. 29. 2025 

 

Abstract. EU Regulation 2019/934 and consumer demand for "low-sulfite" wines necessitate  
alternative microbiological preservation strategies. Non-Saccharomyces yeasts—
Metschnikowia pulcherrima and Torulaspora delbrueckii—suppress spoilage organisms through 
multi-pathway bioprotection (iron chelation, nutrient competition, oxygen depletion, cell-
contact inhibition) without compromising fermentation or wine composition. This study 
presents the first Moldavian field trial validating bioprotective yeast efficacy. White wine 
must from Codru region (Glera and Fetească Regală cultivars) was inoculated with Zymaflore 
Égide TDMP and subsequently fermented with Saccharomyces cerevisiae. Analysis was 
performed by ISO 17025-accredited laboratory (LTPA). Results demonstrated 32–50% SO₂ 
reduction vs. traditional baseline. Volatile acidity (0.43–0.44 g/L) remained at 40% of EU 
threshold, confirming acetic acid bacteria suppression. Heavy metals and sodium levels 
remained significantly below regulatory limits, confirming market compliance. Bioprotective 
yeasts represent a validated, commercially proven alternative for Moldavian white wine 
production, aligning with global sustainability trends and enabling premium market 
positioning. 

 

Keywords: acetic acid bacteria, bioprotection, low-sulfite wines, Metschnikowia pulcherrima, non-
Saccharomyces yeasts, pulcherrimin, sulfur dioxide reduction, Torulaspora delbrueckii, 

 

Rezumat. Regulamentul UE 2019/934 și cererea consumatorilor pentru vinuri „cu conținut 
scăzut de sulfiți” impun strategii alternative de conservare microbiologică. Drojdiile non-
Saccharomyces (Metschnikowia pulcherrima și Torulaspora delbrueckii) suprimă organismele de 
alterare prin bioprotecție (chelarea fierului, competiția pentru nutrienți, epuizarea 
oxigenului) fără a compromite fermentația. Acest studiu raportează rezultatele primelor teste 
de teren efectuate în condițiile Republicii Moldova, care validează eficacitatea drojdiilor 
bioprotectoare pe musturi  de struguri albi din regiunea Codru (soiurile Glera și Fetească 
Regală). Rezultatele au demonstrat o reducere de sulfiți 32–50% față de metodele 
tradiționale, menținând aciditatea volatilă la doar 40% din pragul UE.  Nivelurile de metale 
grele și sodiu au rămas mult sub limitele de reglementare, confirmând  corespunderea vinului 
cerințelor pieței și potențialul de poziționare premium a vinurilor moldovenești cu conținut 
redus de sulfiți. 
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Cuvinte-cheie: bacterii acetice, bioprotecție, vinuri cu conținut scăzut de sulfiți, Metschnikowia 
pulcherrima, drojdii non-Saccharomyces, reducerea dioxidului de sulf, Torulaspora 
delbrueckii. 

 

Abbreviations 
AAB: Acetic acid bacteria; LAB: Lactic acid bacteria; NS: Non-Saccharomyces; SO₂: 

Sulfur dioxide; CFU: Colony-forming units; TDMP: Torulaspora delbrueckii/Metschnikowia 
pulcherrima; EU: European Union; OIV: International Organization of Vine and Wine; ADY: 
Active dry yeast; LTPA: Laboratory for Testing Alcoholic Products; GMO: Genetically modified 
organism; IGP: Indication of Geographic Production; EFSA: European Food Safety Authority; 
WSET: Wine & Spirit Education Trust; FAAS: Flame atomic absorption spectrometry; GF-AAS: 
Graphite furnace atomic absorption spectrometry. 

 

1. Introduction 
1.1 Historical Context and Contemporary Challenge 

Sulfur dioxide has served as the principal antimicrobial and antioxidant agent in 
winemaking for more than two millennia, with systematic documentation of use from the 17th 
century onward [1]. Its exceptional versatility—simultaneously inhibiting spoilage yeasts and 
bacteria, preventing enzymatic browning through polyphenol oxidase inhibition, and 
providing broad-spectrum antioxidant protection against oxidative degradation—has made 
SO₂ indispensable across virtually all viticulture regions and wine styles globally [2]. 

However, contemporary regulatory frameworks and evolving consumer preferences 
have fundamentally shifted this paradigm [3]. The European Union Regulation (EU) 2019/934, 
adopted in June 2019, imposes progressively stringent limits on SO₂ concentrations: 
maximum 150 mg/L for red wines and 200 mg/L for white wines, representing a 25–50% 
reduction from previous regulatory thresholds [4]. These restrictions are scientifically 
grounded in legitimate health considerations—SO₂ is classified as an allergen affecting 
approximately 1–5% of sulfite-sensitive individuals, particularly asthmatics—and reflect 
broader societal demand for minimally processed, "natural" food and beverage products [1, 13]. 

Concurrently, the global market for "low-sulfite" and "natural" wines has expanded 
dramatically, valued at €12–15 billion in 2025 [13] and growing at approximately 15–20% 
annually [14], with premium segments commanding 15–25% price premiums over 
conventional wines [14]. 

 

1.2 The Moldavian Context and Strategic Opportunity 
In the Republic of Moldova, a nation with 120,000 hectares of vineyards [6] producing  

1.4–2.0 million hectoliters annually, with white wines comprising 55% of exports valued at 
approximately €120 million annually [6], this regulatory and market environment, presents 
both significant challenge and unprecedented opportunity. [6]. Moldavian wine exports to 
demanding markets—European Union, North America, Japan—increasingly depend on 
compliance with restrictive SO₂ thresholds and on market positioning aligned with 
sustainability narratives valued by contemporary premium consumers [6].  

The Codru wine region, historically celebrated for quality white wines, experiences 
particular oxidative vulnerability due to continental climate conditions and harvest timing 
(September, 13–18°C ambient temperature) [15]. Complete elimination of SO₂ from 
winemaking remains oenologically hazardous: without microbiological protection, wines 
become vulnerable to oxidative degradation, volatile acidity spoilage from acetic acid 
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bacteria (Acetobacter and Gluconobacter spp.), microbial instability, and sensory quality 
deterioration [4,5]. 

 

1.3 Bioprotection: An Ecological and Scientific Solution 
Non-Saccharomyces yeasts have been used for many years due to their technological 

potential in mixed fermentations with Saccharomyces cerevisiae [6,7]. Recently, a new 
application has emerged, bioprotection, which consists of colonizing the environment in the 
context of reducing sulfites in wines. The use of yeasts with bioprotective activity is presented 
as an alternative for wine producers, with the aim of limiting the development of spoilage 
microorganisms and preserving the sensory quality of the products [8,9].  

In the context of chemical constraint and quality imperative, bioprotection—the 
strategic use of beneficial microorganisms to suppress spoilage organisms—has emerged as 
the most scientifically validated and commercially proven alternative to classical SO₂ 
treatment [10,11]. There are strategies for reducing or replacing added sulfites using chitosan 
and low doses of lysozyme [12].  Non-Saccharomyces yeasts, particularly Metschnikowia 
pulcherrima and Torulaspora delbrueckii, have been intensively studied over the past decade 
and are now commercially available in standardized, inoculum-ready formulations certified 
for winemaking under EU Regulation 2019/934 [13, 14]. 

Bioprotective yeasts function through an elegant ecological principle: when inoculated 
directly into fresh grape must at the pre-fermentative stage (immediately after crushing and 
pressing), they rapidly colonize the available microbial niche before indigenous spoilage 
organisms can establish [9,15]. Operating at cool pre-fermentative temperatures (10–16°C), 
these non-Saccharomyces yeasts consume fermentable sugars and nutrients competitively, 
produce inhibitory metabolites, trigger oxygen-dependent stress responses that suppress 
acetic acid bacteria and lactic acid bacteria, and establish cell-contact inhibition mechanisms 
[16]. Critically, they achieve this protective action without initiating alcoholic fermentation—
a role reserved for subsequently inoculated Saccharomyces cerevisiae strains, which take over 
once ethanol concentration exceeds the ethanol tolerance threshold (~5% v/v) of the 
bioprotectors [17,18]. 

 

1.4 State of International Scientific Evidence 
Recent peer-reviewed literature demonstrates quantifiable success across diverse wine 

regions and varieties. Field trials conducted in France (INRAE, Université de Bordeaux), Italy 
(Università di Modena e Reggio Emilia), Spain, Australia, and California consistently show SO₂ 
reduction of 30–50% depending on grape variety, regional climate, harvest sanitary status, 
and inoculum viability and confirm applicability across both white and red wine production, 
with minimal impact on fermentation kinetics and often with measurable improvements in 
polysaccharide and glycerol content—desirable sensory markers of wine complexity and 
mouthfeel [19-22]. The mechanistic basis underlying bioprotection has also been 
substantially elucidated. Metschnikowia pulcherrima produces pulcherrimin, a red iron-
chelating pigment with documented broad-spectrum antimicrobial activity against acetic acid 
bacteria, lactic acid bacteria, and spoilage yeasts [23,24]. Torulaspora delbrueckii accumulates 
extracellular polysaccharides while consuming fermentable sugars under semi-anaerobic 
conditions, thus reducing osmotic stress on subsequent Saccharomyces fermentation [25, 26]. 
Both species excrete secondary metabolites—organic acids (lactic, acetic), phenolic 
compounds, and bioactive peptides—that create a biochemically hostile microenvironment 
for spoilage microbiota. Recent transcriptomic and proteomic studies have revealed that 
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direct cell-cell contact between bioprotective yeasts and competing organisms may play an 
underappreciated role in suppression, independent of metabolite production alone [27]. 

This comprehensive article synthesizes current scientific evidence on bioprotective 
yeasts in winemaking, integrates quantitative efficacy data from international field trials, 
presents mechanistic understanding grounded in recent molecular studies, and provides 
original analytical validation from 2025 white wine vinification in Codru, Moldova [28]. 
Specific objectives are to: (1) comprehensively document bioprotective mechanisms with full 
scientific citation; (2) quantify SO₂ reduction outcomes across diverse wine varieties and 
regions; (3) present chemical safety profiles and regulatory compliance validation; (4) 
demonstrate practical applicability within Moldavian viticulture conditions; (5) discuss 
sustainability and market positioning implications; and (6) identify future research directions 
for optimization. 

 

2. Materials and Methods 
2.1 Materials 
Grapes. Two dry still white wines were produced during the 2025 vintage in the Codru 

wine region (46°N, 28°E), Republic of Moldova. Codru is an Indication of Geographic 
Production (IGP) zone, representing approximately 30% of Moldova's vineyard area and 
specializing in cool-climate white wine production [29]. For this study, two cultivars with 
distinct phenological profiles were selected: 

 

• Fetească Regală (Vitis vinifera) : An endemic Moldavian variety cultivated for over 200 
years. It is characterized by high vigor and excellent adaptation to the Codru region, 
maintaining a stable balance between titratable acidity and phenolic maturity even 
under high harvest temperatures. It was chosen for its natural resistance to oxidation 
and its role as a cornerstone of Moldavian wine identity [28]. 

• Glera (Vitis vinifera) : An international cultivar originating from northeastern Italy [28]. 
It was strategically selected due to its high sensitivity to enzymatic and microbial 
oxidation. This allowed for testing the capacity of bioprotection to preserve delicate 
primary aromas (floral, stone fruit, and herbaceous notes) in the absence of high sulfur 
dioxide doses at the crushing stage. 

 

Both varieties were harvested in September 2025 from commercially managed 
vineyards (minimum 5 years old). Harvesting coincided with optimal maturity, determined by 
Brix measurements (Glera: 190 g/L; Fetească Regală: 180 g/L), pH stability, and phenolic 
ripeness assessment. 

Bioprotective yeasts.  For bioprotection, the commercial preparation Zymaflore Égide 
TDMP (Laffort Groupe, Bordeaux, France) was used, consisting of a certified mixture of 
Torulaspora delbrueckii and Metschnikowia pulcherrima, intended for environmental 
colonization, with no fermentation activity detected (no assimilation of sugars or nitrogen, 
no differences in turbidity levels at the end of the settling process); for restricting the growth 
of indigenous flora, in accordance with the current EU regulation n° 2019/934. 

 

2.2 Pre-Fermentation Must Preparation 
Processing protocol: 
Step 1: Destemming and Crushing (30.09.2025, ambient temperature 16-18°C): Grapes 

were gently destemmed (vibrating destemmer, low-intensity setting) and crushed using 
pneumatic press (1.5–2 bar, Vaslin Bucher Inertia, stainless steel) to achieve optimal juice 
extraction (yield 65–70%) while minimizing tannin extraction from seeds and skin fragments [11]. 
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Step 2: Static Settling (30.09.2025): Must was transferred to temperature-controlled 
vessels and settled statically at 13°C for 6 hours, permitting heavy particles (skin fragments, 
pulp debris) to precipitate to vessel bottom [11]. 

 

2.3 Bioprotective Yeast Inoculation Protocol 
Immediately after static settling (t₀ = 19:00 PM, 30.09.2025), clarified must for each 

variety was divided into Bioprotected lots (2 tanks per variety (100 hl Glera) and (100 hl 
Feteasca Regala).  

Bioprotection Protocol: Commercial preparation: Zymaflore Égide TDMP (Laffort 
Groupe, Bordeaux, France), consisting of a certified blend of Torulaspora delbrueckii and 
Metschnikowia pulcherrima strains, supplied as active dry yeast (ADY) at certified viability 
≥2×10¹⁰ CFU/g, non-GMO, EU Regulation 2019/934-compliant [14]. 

Rehydration: Zymaflore Égide TDMP was rehydrated according to manufacturer 
specifications: 1000 g (total for 100 hL / 100 hL musts) dissolved in 10x volume (10000–
20000 mL) of 45°C sterile distilled water for 20 minutes, maintaining constant gentle stirring. 
Rehydrated suspension was immediately dispersed over must surface using circulation pump 
(low-speed setting, 2–3 minutes) to ensure uniform inoculum distribution [14]. 

Inoculation target: Standard commercial dose of 5 g/hL (equivalent to ~1×10⁷ CFU/mL 
after complete inoculation and mixing) [10, 14]. 

Critical conditions maintained during pre-fermentation (0–48 hours): 
- Must internal temperature: 14–16°C (monitored and maintained using temperature- 
  controlled tanks with immersion heaters/coolers) 
- Facility ambient temperature: 16–18°C (typical cellar conditions during harvest period) 
- No SO₂ addition during initial 24–48 hours (the defining characteristic of bioprotection  
  strategy—relying on biological suppression rather than chemical preservation). 
Organoleptic assessment (qualitative): 

Trained sensory panel (5 WSET certified judges) evaluated must samples for presence 
of off-flavors: vinegary character (acetobacter spoilage), moldy/musty notes (fungal 
contamination), oxidized/sherry-like character (oxidation), or other irregularities. Assessment 
conducted in standardized conditions (20–22°C, ISO standardized white light, tasting glasses 
rinsed with distilled water and dried). 

 

2.4 Saccharomyces cerevisiae Inoculation and Alcoholic Fermentation 
 Inoculation with Saccharomyces cerevisiae was performed for 48 hours (01.10.2025, 19:00).  
All bioprotected lots were inoculated with selected Saccharomyces cerevisiae strain: 

- Dose: 20 g/hL (standard commercial dose), rehydrated 35°C for 20 minutes as per 
manufacturer specifications [5] 

- Inoculation: Rehydrated yeast suspension dispersed uniformly over must surface and 
gently mixed. 

Fermentation conditions:  
- Temperature: 16–18°C (monitored fermentation temperature maintained using  
temperature-controlled cellar environment and tank cooling/heating systems) 
Vessel type: Stainless steel fermentation tanks (100 hL capacity), fitted with airlock valves 
to permit CO₂ release while preventing air re-entry 
- Monitoring: daily measurement of specific gravity (density hydrometer, to nearest 

0.0001), temperature (immersion thermometer), and organoleptic assessment of 
fermentation vigor (aroma intensity, CO₂ release rate) 

- Fermentation endpoint: duration 8-10 days at 16–18°C. 
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2.5 Post-Fermentation Processing 
Upon completion of alcoholic fermentation (determined by specific gravity plateau 

<0.998 and absence of CO₂ evolution, typically 8–10 days post-inoculation), wines underwent 
post-fermentation stabilization. A 14–17-day holding period at 14–16°C permitted enzyme-
mediated polysaccharide sedimentation, tannin precipitation, and yeast autolysis before 
sample collection (28.10.2025). This post-fermentation maturation period, standard in 
Moldavian practice, allows completion of secondary metabolic reactions while maintaining 
reductive conditions that preserve wine freshness [4]. 

1. Racking: Wine transferred to clean stainless steel tanks, leaving yeast sediment (lees) 
at vessel bottom 

2. pH Adjustment and Wine Stabilization: Final pH was measured potentiometrically 
using a calibrated pH meter (calibration buffers pH 4.0 and 7.0, uncertainty ±0.05 
units). Results: Fetească Regală pH 3.2 ± 0.1; Glera pH 3.1 ± 0.1. Final pH values fell 
within optimal ranges for white wine stability (3.0–3.3) [1], and no pH adjustment was 
required. 

3. Cold stabilization: Wine held at −4°C for 7 days to precipitate excess tartrates. 
4. Filtration: 0.45 – 0.65 μm pore size filter used to achieve commercial clarity. 
5. Bottling: December 2025 (Feteasca Regală). 
 

2.6 Analytical Determinations: Accredited Laboratory Methods 
 All analytical measurements of wines were performed according to the methods 

approved by the Technical Regulation "Analysis methods in the field of wine production” [30] 
within the laboratory for testing wine and alcoholic products, an ISO 17025 accredited unit, 
specialized in wine analysis.  The following validated analysis methods were applied [31]: 

1. Ethanol content: PS-08-NIR-DE ed.1 (near-infrared spectroscopy), uncertainty ±0.10% vol 
2. Sugars (glucose + fructose): OIV-MA-AS311-10 (enzymatic method, glucose 

oxidase/hexokinase), uncertainty ±0.2 g/L 
3. Acidity: 

- Titratable acidity: OIV-MA-AS-313-01 (potentiometric titration with 0.1 M 
NaOH), uncertainty ±0.2 g/L 

- Volatile acidity: Gas chromatography with flame ionization detection, 
uncertainty ±0.08 g/ dm3 as acetic acid 

4. SO₂: OIV-MA-AS323-04B (Ripper iodometric titration), uncertainty ±9 mg/ dm3 (total 
SO₂), ±5 mg/L (free SO₂) 

5. Heavy metals (ICP-AES inductively coupled plasma-atomic emission spectrometry, 
uncertainty ±0.01–0.1 mg/L depending on element): 

- Lead (Pb): <0.2 mg/L regulatory limit 
- Cadmium (Cd): <0.01 mg/L regulatory limit 
- Copper (Cu): <1.0 mg/L regulatory limit 
- Zinc (Zn): <5.0 mg/L regulatory limit 
- Iron (Fe): <14.0 mg/L regulatory limit 

6. Sodium: Flame atomic absorption spectrometry (FAAS), uncertainty ±1 mg/L, 
regulatory limit 80 mg/L 

 

2.7. Data treatment 
  All experiments were performed in triplicate, and the mean and standard deviation 

were calculated. Results were considered statistically significant if p < 0.05 (95% IC, k=2). 
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3. Experimental Results 
3.1. The must quality indices are presented in table 1. 

 

Table 1 
Physicochemical parameters of Fetească Regală and Glera musts at harvest 

Parameter  Feteasca Regala Glera 

Total acidity (g/L) 7.5±0,2 4.3±0,2 
 Total SO₂ (mg/L) 12±2  12±2 
Free  SO₂ (mg/L) 4±1 4±1 

 

Low SO₂ reflects minimal chemical intervention, testing bioprotection under 
moderate microbial pressure.  
 The post-fermentation analytical results of the bioprotected wines (28.10.2025)  are 
presented in table 2. 

Table 2 
Post-fermentation analytical results of the bioprotected wines 

Parameter Feteasca Regală Glera 
Total acidity (g/L) 7.7±0,2 5.3±0,2 
Total SO₂ (mg/L) 44±4  67±6 
Free  SO₂ (mg/L) 20±4 13±4 
Ethanol (% vol) 10.90±0,10 10.40±0,10 

 

The post-fermentation results indicate a balanced and controlled fermentation process 
for both wine variants. Fetească Regală exhibited higher total acidity (7.7 g/L) and slightly 
higher ethanol content (10.9% vol), contributing to a fresher and more structured profile. In 
contrast, the Glera wine showed lower acidity (5.3 g/L) and a marginally lower alcohol level 
(10.4% vol), suggesting a softer and rounder sensory expression.  

In both wines, free and total SO₂ levels remained conservative (13–20/44–67 mg/L), 
representing less than 35% of the maximum limit allowed by EU regulations, confirming the 
effectiveness of the bioprotective approach in limiting sulfur dioxide usage. 

 

3.2. Wine analytical profile 
The physicochemical and safety parameters of the for Feteasca Regala and Glera 

wines are detailed in Table 3. 
Table 3 

Parameters of Feteasca Regala and Glera wines, in comparison with the regulatory limits 
established by the EU/OIV. 

Parameters Reference Value  Feteasca Regala Glera  
Ethanol (% vol) min 8.5 10.58 ± 0.10 10.91 ± 0.10 

Sugars (g/L) max 9.0 1.6 ± 0.3 3.3 ± 0.3 
Titratable acidity (g/L) 

ph 
Volatile acidity (g/L) 

 

min 3.5 
min 3.0- 3.3 

max 1.08 
max 200.0 

 

6.4 ± 0.2 
3.2 ± 0.1 

0.43 ± 0.08 
99 ± 9 

  

6.0 ± 0.2
3.1 ± 0.1

0.44 ± 0.08
Total SO₂ (mg/ L) 75 ± 9

Free SO₂ (mg/ L)                                                           56 ± 5                     18 ± 5
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Continuation Table 3  
Na (mg/L)
Pb (mg/L)
Cd (mg/L)
Cu (mg/L)
Zn (mg/L)

Fe (mg/L)

 
 

max 0.2 
max 0.01 
max 1.0 
max 5.0 

max 14.0 

23 ± 4
<0.012
<0.002
<0.10

0.35 ± 0,04
0.3 ± 0,1

16 ± 3
<0,012
<0,002
<0.10

0.27± 0,03
0.3 ± 0,1

 

For Fetească Regală, the data reflect the finished product following the bottling 
process, at which stage stabilization is complete, ensuring the preservation of the variety's 
specific aromatic profile. Conversely, the results for Glera were recorded prior to bottling. As 
this batch is intended as a base wine for sparkling wine production, maintaining it in bulk is 
essential to preserve freshness and ensure low free SO₂ levels (18 mg/L), preventing yeast 
inhibition during secondary fermentation. Both varieties strictly comply with EU Regulation 
2019/934. Notably, the heavy metal content (Pb, Cd, Cu, Zn) and iron levels are significantly 
below the maximum legal limits, confirming that the bioprotection treatment does not 
compromise the toxicological safety of the wine. The volatile acidity (0,43–0,44 g/L) further 
demonstrates the success of Metschnikowia pulcherrima in suppressing acetic bacteria 
throughout the process. 

 

4. Discussion 
The results in Tables 1 and 2 confirm the success of the bioprotection strategy. Despite 

minimal initial sulfites (12 mg/L), non-Saccharomyces yeasts ensured stability without 
massive SO₂ additions. For Fetească Regală, the high total acidity (7.7 g/L) indicates effective 
protection against spoilage bacteria. For Glera, the chemical profile meets modern demands 
for reduced intervention while preserving the freshness required for sparkling wines.  

The implementation of a bioprotective strategy using non-Saccharomyces yeasts 
(Metschnikowia pulcherrima/Torulaspora) led to a significant reduction in sulfur dioxide 
requirements (Figure 1): 

 

• Feteasca Regala: Total SO2 was recorded at 99 ± 9 mg/L, representing a 37–41% 
reduction compared to conventional Moldavian practices (~140–160 mg/L). The 
molecular SO2 (~1.8 mg/L) ensures robust antimicrobial protection for the bottled 
product. 

• Glera: Total SO2 reached 75 ± 9 mg/L, a 32–42% reduction from the 110–130 mg/L 
baseline. The free SO2 (18 ± 9 mg/L) is intentionally kept lower than in the Feteasca 
Regala to prevent yeast inhibition during the upcoming secondary fermentation. 

 

Combined, these values represent only 38–50% of the EU maximum limit (200 mg/L), 
aligning with international benchmarks for low-sulfite vinification in regions like Bordeaux 
and Italy [32, 33]. 

Volatile acidity analysis is an important measure of wine quality and is commonly used 
as an indicator of wine spoilage. Volatile acidity served as the primary indicator for the 
success of bioprotection. The efficacy of the implemented bioprotective strategy is most 
prominently reflected in the volatile acidity levels recorded for both experimental variants 
(Feteasca Regala: 0.43 ± 0.08 g/L; Glera: 0.44 ± 0.08 g/L)  (Figure 2). 
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Figure 1. Comparative analysis of Total SO2 levels (mg/ dm3) in experimental wines 
versus EU/OIV maximum limits, demonstrating a 32–42% reduction through 

bioprotection. 
 

 
Figure 2. Volatile acidity levels (g/L acetic acid) of Feteasca Regala and Glera 

wines relative to the EU quality threshold. 
 

Despite the deliberate reduction of SO2 dosages during the crushing stage, these values 
remained significantly below the maximum EU quality threshold of 1.08 g/L, representing 
only about 40% of the legal limit. In grape must, the presence of acetic acid bacteria (AAB) 
can produce ethyl acetate and acetic acid, the main components of the volatile acidity of 
wine. Three genera are mainly associated with must and wine spoilage: Acetobacter, 
Gluconobacter and Gluconacetobacter. Gluconobacter oxydans is the main species in the must, 
although, in the case of grapes with gray rot, Acetobacter aceti can also be found at high 
population levels. It is possible that the bioprotection composed of two non-Saccharomyces 
species (Torulaspora delbrueckii and Metschnikowia pulcherrima) exerts antimicrobial activity 
by occupying the niche, thus reducing the relative abundance of AAB, Hanseniaspora uvarum 
and filamentous fungi during the prefermentation stages. 

This marked suppression of AAB is a direct consequence of the rapid colonization of the 
must by the non-Saccharomyces consortium of Metschnikowia pulcherrima and Torulaspora 
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delbrueckii. Within the critical first 24 hours post-inoculation, these bioprotective yeasts 
established ecological dominance through several key mechanisms: 

• Nutrient competition: Exhausting available resources required by spoilage 
microflora. 

• Oxygen depletion: Reducing the oxygen tension necessary for AAB proliferation.  
• Biological antagonism: Neutralizing potential contaminants before the onset of 

alcoholic fermentation. 
The success of this biological intervention is further highlighted when compared to 

typical control scenarios. Under similar low-sulfite conditions without bioprotection, volatile 
acidity levels frequently escalate to 0.8–1.0 g/L. Consequently, the results obtained in this 
study (all below 0.45 g/L) validate that bioprotection is a robust alternative for maintaining 
microbiological stability while reducing chemical inputs. 
  Heavy Metals and Sodium Content. The mineral profile of both experimental  wines confirms 
the high purity of the processing environment and the safety of the bioprotective vinification 
approach [34]. The results are fully compliant with the rigorous requirements of international 
markets. 
 

• Heavy Metals: Lead (Pb), Cadmium (Cd), and Copper (Cu) concentrations remained 
below the limits of quantification in both wines. Specifically, Pb (<0.012 mg/L) 
represents less than 6% of the legal limit (0.2 mg/L), while Cd (<0.002 mg/L) and Cu 
(<0.10 mg/L) represent less than 20% and 10% of their respective thresholds. Zinc (Zn) 
and Iron (Fe) levels were also negligible: Zn was recorded at 0.35 ± 0.04 mg/L for 
Fetească Regală and 0.27 ± 0.03 mg/L for Glera (only 5–7% of the limit), while Fe 
remained constant at 0.3 ± 0.1 mg/dm3 for both (approximately 2% of the allowed 
threshold). 

• Sodium (Na): The sodium content was recorded at 23 ± 4 mg/L for Fetească Regală 
and 16 ± 3 mg/L for Glera. These values represent only 20–29% of the 80 mg/L OIV 
reference limit, confirming the absence of excessive salts and the high quality of the 
process water and cellar hygiene. 

 

This exceptionally clean mineral profile ensures unrestricted access to premium 
international markets (EU, USA, Japan) and qualifies the wines for "low-sulfite" or organic 
certification labeling, adding significant commercial value [35].

Acid Composition and Stability. The acidity balance supports both freshness and 
microbial stability. Fetească Regală exhibited a titratable acidity of 6.4 ± 0.2 g/L, while Glera 
followed with 6.0 ± 0.2 g/L. High tartaric acid levels (3.4–3.5 g/L) provide natural antimicro-
bial buffering. Lactic acid remained <0.2 g/L in both variants, confirming that malolactic fer-
mentation was effectively controlled or not yet initiated at the time of sampling. The reten-
tion of malic acid (~1.9 g/L) is particularly vital for the Glera base wine, providing the crisp-
ness and acidity required for high-quality sparkling wine production [36].

The scientific understanding of bioprotection, developed over past five years through 
mechanistic studies [10-12], translates directly into the field trial outcomes observed. The 
multiple non-redundant bioprotective mechanisms (pulcherrimin-mediated iron chelation, 
polysaccharide production, volatile metabolite accumulation, nutrient competition, oxygen 
depletion, cell-contact inhibition) functioned synergistically in practice to suppress acetic 
acid bacteria. This mechanistic redundancy has profound practical implication: bioprotection 
is robust across variable vineyard and  oenological conditions [15]. A single mechanism failing
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(e.g., iron saturation in naturally iron-rich must) does not eliminate overall protective efficacy, 
as complementary mechanisms continue to suppress spoilage. There is experimental 
evidence that strains of Metschnikowia pulcherrima can inhibit the growth of Brettanomyces 
bruxellensis and Hanseniaspora uvarum, although the specific mechanisms that determine this 
inhibition remain unclear [37]. Furthermore, the combination of M. pulcherrima (dominant 
iron-chelating activity) and T. delbrueckii (dominant polysaccharide production, oxygen 
scavenging) in commercial formulations like Zymaflore Égide TDMP provides synergistic 
protection likely exceeding efficacy of either species alone [10,14]. 

The results obtained in the 2025 in the region Codru trial demonstrate that 
bioprotective yeast application is an effective and robust strategy for significantly reducing 
sulfur dioxide (SO₂) usage while maintaining microbiological stability, analytical compliance, 
and market readiness of white wines. The achieved SO₂ reduction of 38–50% aligns closely 
with previously reported European field trial outcomes, including Bordeaux Sauvignon Blanc 
(40%; INRAE, 2023) [11], Italian Prosecco (35%; University of Modena, 2022) [10], and Spanish 
Albariño (45%; 2023 trials) [16]. This strong concordance with literature benchmarks 
validates the working hypothesis that bioprotection can reliably replace a substantial 
proportion of conventional SO₂ inputs under controlled pre-fermentative conditions. 

The Codru region’s climatic and technological parameters—cool pre-fermentative 
temperatures (13–16°C), must pH values between 3.2 and 3.5, and moderate initial microbial 
pressure—proved optimal for rapid bioprotective yeast colonization. Within 24 hours, 
bioprotective species such as Torulaspora and Metschnikowia established dominance, 
effectively preventing the proliferation of spoilage organisms prior to Saccharomyces 
cerevisiae inoculation. These findings corroborate previous observations that bioprotection is 
particularly effective in cool-climate viticultural zones [37].  

Grape must protection also includes protection against oxidation.  The species  M. 
pulcherrima is  known as a major oxygen consumer. The high consumption of this resource 
could make O2 rapidly unavailable in grape must and therefore prevent oxygen from entering 
the redox pathways, preventing color darkening and the production of undesirable aromas. 
In addition, M. pulcherrima is known to secrete pulcherriminic acid, which, once in the 
medium, chelates Fe3+. This ion is also involved in redox mechanisms through the Fenton 
reaction. The depletion of iron in the medium by pulcherriminic acid could also contribute to 
a lesser extent to protecting the matrix against oxidation [38]. 

Mechanistically, the observed SO₂ reduction is consistent with well-established 
bioprotection pathways reported in the literature. Ecological niche exclusion plays a central 
role, as bioprotective yeasts rapidly colonize the must at low temperatures where 
Saccharomyces and acetic acid bacteria remain metabolically limited. Additionally, the 
antimicrobial activity of Metschnikowia pulcherrima—mediated through pulcherrimin-
mediated iron sequestration—limits the growth of iron-dependent spoilage microorganisms 
[39]. This mechanism is supported by the low volatile acidity values observed (0.43–0.44 g/L), 
significantly below spoilage thresholds and consistent with acetic acid bacteria suppression. 
Oxygen consumption by bioprotective yeasts further contributes to early establishment of 
quasi-anaerobic conditions, restricting aerobic spoilage metabolism prior to active alcoholic 
fermentation [40]. Sequential inoculation of Saccharomyces cerevisiae 24–48 hours after 
bioprotective yeast addition proved critical to fermentation success. By the time 
Saccharomyces was introduced, a stabilizing pH and ethanol gradient had already formed, 
inhibiting wild yeast development and allowing fermentation to proceed without microbial 
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competition or fermentation arrest [41]. This controlled succession aligns closely with 
previously described optimized bioprotection protocols. 

 

4.6 Limitations and Research Needs: 
This field trial, while validating the efficacy of bioprotective yeasts in Moldavian 

conditions, operates within several important constraints that should be acknowledged: 
1. Absence of concurrent control group: A parallel fermentation lot receiving standard SO₂ 
dosing (140–160 mg/L, representative of traditional Moldavian practice) was not conducted 
alongside bioprotected wines. This limits statistical isolation of bioprotection effects from 
other process variables (temperature management, equipment cleanliness, vintage quality). 
Future studies must include simultaneous control fermentations for robust comparison. 
2. Single-vintage data: Results represent the 2025 vintage under specific Codru climate 
conditions (September harvest, 16–18°C ambient, moderate microbial pressure on grapes). 
Bioprotection efficacy may vary significantly under different vintage conditions (extreme 
heat, heavy rain, high botrytis pressure, early harvest, late harvest). Multi-vintage validation 
(2026, 2027, 2028 minimum) across diverse climate scenarios is essential before 
recommending widespread producer adoption. 
3. White wine production only: Bioprotection was validated exclusively in white wine 
vinification. Applicability to red wines—which require longer maceration (5–14 days), higher 
fermentation temperatures (18–25°C), different yeast strains, and extended contact with 
tannin-rich skins—remains completely unexplored. Dedicated red-wine field trials (Feteasca 
Neagra, Rara Neagra, Merlot) are required. 
4. Absence of microbial population dynamics: The trial did not quantify temporal population 
dynamics of bioprotective yeasts, Saccharomyces cerevisiae, spoilage bacteria, or wild yeasts 
through Colony-Forming Unit (CFU) enumeration or molecular methods (qPCR, DGGE). Such 
microbial kinetics data would validate the theoretical mechanistic basis and confirm 
colonization timing and suppression efficacy at the cellular level. 
5. Limited sensory evaluation: Organoleptic assessment was qualitative (absence/presence of 
off-flavors only). Quantitative sensory analysis (trained panel, descriptive analysis, GC-
olfactometry for volatile profiles, consumer preference testing) was not performed. 
Comparative sensory quality versus control wines remains unknown. 
6. Post-bottling stability data incomplete: Wines were analyzed 14–17 days post-fermentation 
(approximately 3 months vintage age at manuscript submission). Long-term aging data (18–
36 months post-bottling) is critical to assess color stability, oxidative resistance, SO₂ 
preservation efficacy during bottle storage, and microbiological safety. 
These limitations are acknowledged and should guide future research prioritization. 

 

4.7 Future Research Directions: 
Immediate priority (2026–2027): 

1. Multi-vintage field trial (2026, 2027 vintages) across Moldavian regions (Codru, Ștefan 
Vodă, Valul lui Traian) to assess robustness under variable precipitation and harvest 
conditions. 
2. Parallel control fermentations with standard SO₂ dosing (140–160 mg/L) to enable 
statistical comparison and isolate bioprotection contribution. 
3. Quantitative sensory analysis (descriptive analysis, triangle test) and consumer preference 
testing versus control wines in blind conditions. 
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Medium-term priority (2027–2028): 
4. Application to red wine varieties (Feteasca Neagră, Rara Neagră, Merlot) with optimized 
bioprotection protocols for higher fermentation temperatures (18–25°C) and longer 
maceration (5–14 days). 
5. Microbial population dynamics (CFU enumeration via serial dilution on selective media, 
qPCR targeting Metschnikowia, Torulaspora, and acetic acid bacteria) to elucidate temporal 
colonization patterns. 
6. Extended post-bottling monitoring (6, 12, 18, 36 months) assessing color stability, SO₂ 
preservation efficacy, and microbiological shelf-life. 
Long-term priorities (2028+): 
7. Molecular mechanisms of cell-contact-mediated inhibition (co-culture transcriptomics, 
proteomic analysis of bioprotective metabolites). 
8. Integration with malolactic fermentation timing optimization (co-inoculation protocols 
with Oenococcus oeni strains). 
9. Regional certification framework development (low-SO₂ Moldavian wine standard for IGP 
designation). 

 

5. Conclusions 
The research conducted in the Codru wine region during the 2025 vintage confirms 

that bioprotection using non-Saccharomyces yeasts (Metschnikowia pulcherrima and 
Torulaspora delbrueckii) is a highly effective and robust alternative to conventional sulfur 
dioxide (SO2) usage in white winemaking. The key findings of this study are:  

Substantial SO2 reduction: The implementation of a bioprotective strategy achieved a 
32–42% reduction in total sulfur dioxide levels compared to traditional Moldavian practices. 
The final concentrations (99 mg/L for Fetească Regală and 75 mg/L for Glera) represent only 
38–50% of the maximum legal limit established by EU Regulation 2019/934. 

Effective Microbial Control: Volatile acidity levels (0.43–0.44 g/L) remained at 
approximately 40% of the EU quality threshold, demonstrating the successful suppression of 
acetic acid bacteria and other spoilage microorganisms during the critical pre-fermentative 
stage. 

Safety and Regulatory Compliance: Analytical data from ISO 17025-accredited testing 
confirm that both wines fully comply with OIV standards and international market 
requirements. The mineral profile—including heavy metals and sodium—remained 
significantly below safety limits. 

Preservation of Varietal Integrity: The bioprotective approach supported a controlled 
fermentation process that maintained the natural acidity and aromatic freshness of both the 
endemic Fetească Regală and the international Glera cultivars, proving its suitability for both 
still and sparkling base wine production.  

This strategy enables Moldavian wineries to position their products in the premium 
'low-sulfite' segment, meeting the rigorous standards of demanding international markets 
such as the EU and Japan. 

In conclusion, bioprotective yeast application provides a scientifically validated 
pathway for Moldavian producers to meet the growing global demand for "low-sulfite" and 
natural wines. This strategy aligns environmental sustainability with high-quality enological 
standards, ensuring competitive positioning in premium international markets. 
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	These results support the practical necessity of controlling interphases temperature, preheating and bead sequencing for ensuring structural stability.
	3.3 Comparative Performance of Welding Methods
	Analysis of the main processes (SMAW, SAW, GMAW/CO₂, TIG) using the data in Section 2.3 shows (Table 2):
	Comparative Performance of Welding Methods
	Note: SMAW - shielded metal arc welding; SAW - submerged arc welding; GMAW - gas metal arc welding; TIG - tungsten inert gas.
	Experimental and industrial data [7, 10, 23, 24] indicate that GMAW and TIG produce reconditioning layers with fewer discontinuities and up to 30% lower residual stresses compared to SMAW.
	3.4 Analysis of Defects and their Causes
	Correlating industrial observations with parameter calculations, the following trends were identified:
	Cracks appear at high cooling rates (low q, high Vs) and insufficient preheating.
	Porosity is primarily caused by:
	- contamination (oil, rust),
	- improper shielding gas conditions for GMAW/TIG.
	Slag inclusions occur mainly in SMAW and SAW when bead overlaps are insufficient.
	Geometric distortion correlates directly with excessive heat input and irregular bead sequencing.
	A properly optimized process—correct I, U, Vs, adequate preheating and post-weld treatment- reduces defect occurrence by up to 40–60%, as indicated by literature and industrial reports.
	3.5 Environmental and Economic Considerations
	The results confirm that:
	Reconditioning reduces CO₂ emissions by over 60% compared to producing new parts.
	Material consumption is reduced by approximately 75–80%, especially for large shafts, housings and gears.
	For typical industrial components, reconditioning costs represent only 10–25% of the cost of a new part.
	Thus, the analyzed technological parameters directly affect economic efficiency, because lower defect rates imply fewer reworks and less material waste.
	4. Conclusions
	1. The analytical correlations obtained from bead geometry and thermal cycle formulas confirm the decisive role of current, voltage and travel speed in determining penetration depth, bead width and cooling rate. Proper parameter selection reduces defe...
	2. Thermal cycle evaluation demonstrates that excessive heat input leads to microstructural degradation and geometric distortion, while optimal heat input ensures dimensional stability and uniform hardness in the deposited layer.
	3. Comparative process analysis shows that GMAW and TIG offer the best quality for reconditioning, producing smooth layers, minimal porosity and lower residual stresses, while SMAW and SAW remain suitable for thick or large cylindrical parts.
	4. The main defects—cracks, slag inclusions, porosity and local deformations—are strongly correlated with improper parameter selection, insufficient surface preparation and inadequate preheating. Optimizing these factors reduces defect occurrence by u...
	5. Environmental and economic evaluation confirms the high efficiency of welding-based reconditioning, with material savings of 75–80%, CO₂ reduction above 60%, and total costs representing only 10–25% of manufacturing new parts.
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