
Advanced Viticulture and Enology of 
Cold-Hardy Fruit Musts: PIWI Grapes, 
Cider Pomology, and Wild Fermentation 
Dynamics in the Berlin-Brandenburg 
Terroir 
The cultivation of fermentable fruit and the subsequent vinification of the harvested must 
represent a highly intricate intersection of agronomy, microbiology, and biochemical 
engineering. In marginal, cool-climate regions such as the Berlin-Brandenburg area of 
Germany, historical viticultural and pomological practices have been profoundly constrained by 
short growing seasons, late spring frosts, and elevated humidity, which traditionally fostered 
devastating fungal and bacterial pathogens1. However, the convergence of shifting climatic 
baselines, the advanced breeding of cold-hardy, fungus-resistant grape varieties (PIWI), the 
preservation of heirloom cider apple genetics, and a resurgence in low-intervention, 
wild-fermentation enology has established a dynamic new frontier for northern fermented 
beverages. 
The exhaustive analysis presented herein explores modern viticulture and orchard 
management tailored to cool-climate, sandy-soil terroirs. It meticulously details the agronomic 
management of PIWI grape varieties and heritage cider apples, the complex microbial 
succession underlying spontaneous alcoholic and malolactic fermentations, the 
physicochemical mechanisms of must clarification, and the oxidative thermodynamics 
governing the long-term maturation of wine in wooden casks. 

Pedoclimatic Realities and Microclimate Engineering 
The Berlin-Brandenburg region is characterized by challenging edaphic 
conditions—predominantly dry, rapidly draining sandy soils with notoriously low water-holding 
capacities and poor nutrient retention—coupled with a temperate, continental climate1. While 
the region boasts a viticultural history dating back to the 13th century, often associated with 
monastic settlements and modern urban micro-sites such as the Viktoriapark in Kreuzberg, the 
Humboldthain park, and the Britzer Weinkultur, it demands highly specialized agricultural 
interventions to achieve commercial viability6. 
The climatic realities of this region expose traditional Vitis vinifera and standard Malus 
domestica cultivars to severe abiotic and biotic stress. High precipitation and humidity during 
the vegetative cycle create ideal vectors for the proliferation of downy mildew (Plasmopara 
viticola), powdery mildew (Erysiphe necator), botrytis bunch rot (Botrytis cinerea), and apple 
scab (Venturia inaequalis)3. Traditional cultivation in such environments necessitates the 
intensive application of synthetic agrochemicals or heavy organic copper and sulfur spraying, 
which contradicts modern sustainability paradigms, risks phytotoxicity (such as fruit russeting 



from copper formulations), and exacerbates soil compaction via repeated mechanical 
interventions10. 
Windbreaks and Evapotranspiration Dynamics 
A critical microclimate engineering tool for sandy soils is the integration of windbreaks or 
shelterbelts. The strategic placement of linear tree strips profoundly modifies atmospheric 
evaporative demand (AED)16. Windbreaks function by presenting a porous obstacle to 
approaching airflow, significantly reducing wind velocities by up to 70-80% on the leeward 
side17. This drastic reduction in turbulence directly depresses the vapor pressure deficit within 
the canopy, resulting in a parallel reduction of reference evapotranspiration by 15% to 30% 
during the summer growing season17. In soils with limited water retention, mitigating this 
evaporative loss preserves critical moisture, ensuring that the soil water content does not drop 
below the permanent wilting point of -1500 kPa17. 
Furthermore, windbreaks buffer extreme diurnal temperature fluctuations. By reducing 
convective heat loss, soils remain warmer during the day and retain more heat at night16. This 
microclimatic buffering provides a decisive defense against late spring frost events—such as 
the European Eisheiligen (Ice Saints) in mid-May—which frequently threaten the sensitive floral 
primordia of early-blooming cultivars in northern latitudes2. 

Viticulture of Cold-Hardy PIWI Grape Varieties 
To navigate pathogenic constraints, modern viticulture in Berlin and Brandenburg is pivoting 
toward the cultivation of fungus-resistant grape varieties, known by the German acronym PIWI 
(Pilzwiderstandsfähige Rebsorten). PIWIs are interspecific hybrids created by crossing 
high-quality European Vitis vinifera cultivars with American or Asian wild grape species (e.g., 
Vitis labrusca, Vitis riparia, or Vitis amurensis) that possess inherent evolutionary resistance to 
fungal pathogens and extreme cold10. 
Genetic Introgressions and Appellation Legislation 
Historically, interspecific hybrids suffered from a poor enological reputation due to the 
presence of undesirable organoleptic traits, most notably the "foxy" aroma profile associated 
with American genetics19. European appellation laws strictly mandated that quality wines 
bearing a Protected Designation of Origin (PDO) could only be produced from 100% pure Vitis 
vinifera vines21. 
However, decades of backcrossing by pioneer breeders such as Valentin Blattner, and institutes 
including the Julius Kühn Institute (Geilweilerhof) and the Freiburg Wine Institute, have 
marginalized the non-vinifera genetic footprint3. Modern PIWIs retain critical resistance loci 
(such as the Rpv genes for downy mildew and Ren genes for powdery mildew) and utilize 
physical barriers like thickened cuticles to prevent Botrytis, while completely restoring the 
complex aromatic and structural profile of Vitis vinifera3. Recognizing the necessity of these 
sustainable cultivars, the European Union formally revised its agricultural regulations in 2021, 
granting member states the right to include resistant hybrid varieties in their appellation 
wines19. In Brandenburg, initiatives like the Vitis BB project are actively evaluating these modern 
PIWI vines specifically for their combined drought and frost tolerance in sandy terroirs4. 



Cultivar Selection for the Northern Terroir 
In cool-climate viticulture, the selection of the correct PIWI cultivar dictates the trajectory of 
the must. The most successful varieties engineered for regions like Brandenburg include both 
white and red cultivars optimized for early ripening, polygenic pathogen resistance, and cold 
hardiness: 
 

PIWI Cultivar Skin Color Ripening 
Kinetics 

Disease 
Resistance 
Profile 

Key Aromatic 
& Enological 
Characteristic
s 

Solaris White Very Early Very High 
(Downy/Powde
ry mildew) 

Aromatic, 
Muscat-like, 
tropical fruit 
notes. 
Accumulates 
massive sugar 
levels rapidly 
(often >24° 
Brix). Ideal for 
cool climates 
but requires 
careful harvest 
timing to 
prevent 
flabbiness22. 

Regent Red Medium High Deep color, 
high tannin 
structure. 
Aromas of 
cherry and 
plum. Highly 
suitable for 
oak maturation 
and produces 
complex 
polymeric 
pigments13. 

Cabernet White Medium-Late High Complex, 



Blanc spicy, 
extract-rich 
wines with 
aromas of 
green pepper, 
gooseberry, 
and citrus. 
Closely mimics 
the profile of 
Sauvignon 
Blanc13. 

Calardis Soleil White Medium Very High 
(includes Black 
Rot) 

Loose cluster 
structure 
highly resistant 
to Botrytis. 
Ripens later 
than Solaris, 
making it ideal 
for avoiding 
premature acid 
degradation in 
warming 
seasons25. 

Souvignier 
Gris 

White Medium High Powerful, 
full-bodied 
wines with 
honeydew and 
apricot 
aromas. Often 
reminiscent of 
Pinot Gris with 
a creamy 
phenolic 
melt13. 

Muscaris White Medium High Slender to 
full-bodied 
wines with 
vibrant acidity 
and intense, 



spicy Muscat 
bouquets. 
Excellent for 
aromatic dry 
styles or sweet 
wines13. 

Architectural Canopy Management: Minimal Pruning vs. Guyot 
The architectural manipulation of the vine canopy directly influences microclimate airflow, light 
interception, and carbohydrate partitioning. Traditional European viticulture relies heavily on 
cane-pruning systems such as the Single or Double Guyot28. In a Guyot system, the vine is 
severely pruned during winter dormancy, leaving a single or double fruiting cane with a specific 
bud count28. This restricts yields, forcing the vine to concentrate secondary metabolites into a 
smaller number of clusters, which is historically correlated with higher quality28. 
However, emerging agronomic research in PIWI cultivation demonstrates the profound efficacy 
of "Minimal Pruning" or mechanical light pruning systems15. In minimal pruning systems, the 
vines are mechanically hedged rather than manually cane-pruned, leaving a vastly higher bud 
load30. 
The physiological response of the vine to minimal pruning fundamentally alters the 
phenological timeline. The vine produces significantly higher yields characterized by a massive 
proliferation of clusters with substantially smaller individual berries30. Because the canopy 
volume and crop load are immense, the ripening process is intentionally delayed32. In warming 
climates, this delay is highly advantageous. It shifts the final ripening phase into the cooler 
autumn weeks, mitigating the rapid respiration of organic acids and preventing the excessive, 
rapid sugar spikes that lead to unbalanced, high-alcohol wines32. Research indicates that 
minimal pruning does not detrimentally lower the oenological quality of the must; rather, total 
sugar production per vine increases, while parameters like pH and Total Polyphenol Index (TPI) 
remain relatively stable, and manual labor costs decrease30. 

Cold-Hardy Pomology: Heirloom Orchards for Craft 
Cider 
To comprehensively understand the conversion of fruit must into fermented beverages in cold, 
marginal soils, the viticultural analysis must be paralleled with the advanced pomology of 
heirloom cider apples (Malus domestica). Craft cider production from specialized, high-tannin 
apple varieties requires pedoclimatic adaptations and biochemical processing analogous to 
high-end viticulture, particularly in the arid sands of Brandenburg1. 
Rootstock Dynamics and Interstem Grafting 
Just as grapevines rely on phylloxera-resistant rootstocks, the foundation of a productive apple 
orchard lies in the successful union of a scion cultivar with a selected rootstock1. The rootstock 
dictates the tree's vigor, precocity, and susceptibility to both abiotic and biotic stresses1. 
While global commercial production relies heavily on the highly dwarfing M.9 rootstock due to 



its exceptional precocity, M.9 is extremely susceptible to fire blight (Erwinia amylovora) and 
struggles in the dry, rapidly draining sandy soils of Brandenburg due to its shallow root 
architecture1. Alternatively, the Geneva series (e.g., G.41, G.214, G.890) provides unparalleled 
immunity to fire blight and replant disease1. However, biomechanical constraints limit certain 
genotypes; histological evaluations reveal that G.41 forms a structurally weak, brittle graft union 
with specific scions, resulting in catastrophic breakage during high wind events1. 
To overcome the limitations of dwarfing rootstocks in arid landscapes, arborists employ 
interstem (or interstock) grafting. This technique involves a double-grafting process where a 
15-30 cm section of a dwarfing rootstock (such as M.9) is grafted between a vigorous, 
deep-rooting, drought-tolerant rootstock (such as MM.111 or Antonovka) and the chosen 
fruiting scion1. The vigorous root system penetrates deeply into the sandy soil profile, 
accessing lower water tables1. Simultaneously, the M.9 interstem biochemically restricts 
vegetative vigor by altering the basipetal transport of auxins and the acropetal flow of 
cytokinins1. This structural bottleneck shifts the tree's energy partitioning away from vegetative 
wood toward early floral initiation, combining the drought survival traits of a standard tree with 
the precise size control of a dwarf1. 
Architectural Canopy Management: The Oeschberg Method 
For extensive Streuobstwiese (meadow orchard) systems utilizing vigorous rootstocks, 
traditional pruning paradigms often resulted in structural failure or the premature dieback of 
lower branches due to severe shading by the upper canopy1. To counter this, the Oeschberg 
method (Oeschbergschnitt) is utilized to shape large, free-standing fruit trees1. 
The Oeschberg architecture establishes a strict hierarchical dominance: a single, dominant 
central leader (Stammverlängerung) trained in a narrow spindle, supported by three to four 
structurally dominant scaffold branches (Leitäste) radiating at steep 45-degree angles1. By 
aggressively shortening and redirecting the scaffold branches outward, the arborist builds 
robust structural wood capable of bearing immense fruit loads1. This specific pyramidal 
geometry ensures that sunlight easily penetrates the interior of the tree, maintaining a low Leaf 
Area Index (LAI) and maximizing Photosynthetically Active Radiation (PAR) interception, which is 
biochemically necessary for consistent annual floral initiation and even ripening across the 
entire volumetric space of the canopy1. 
Cellular Homeostasis: The Pathogenesis of Bitter Pit 
Achieving premium fruit must requires exact management of plant nutrition. Apples are highly 
susceptible to physiological disorders, most notably bitter pit, which manifests as dark, sunken, 
necrotic lesions on the fruit peel1. 

Bitter pit is fundamentally a disorder of localized cellular calcium ( ) homeostasis1. 
Calcium is highly immobile and transported almost exclusively through the xylem1. Because the 
expansive leaf canopy transpires at a vastly higher rate than the developing fruit, calcium is 

preferentially partitioned to the vegetative shoots1. At the cellular level,  plays critical 
structural roles in stabilizing phospholipid bilayers and cross-linking pectic polysaccharides in 



the middle lamella1. When apoplastic free calcium is deficient, cell membranes lose structural 
integrity, leading to plasmolysis and localized necrosis1. 
Paradoxically, fruit suffering from bitter pit may exhibit high total calcium levels due to the 
excessive activity of pectin methyl esterase (PME). PME demethylates cell wall pectins, 

exposing carboxyl groups that irreversibly bind available , locking it into the cell wall 
matrix and depleting the free apoplastic pool required for membrane stabilization1. High 

concentrations of potassium ( ) and magnesium ( ) severely antagonize calcium 
uptake, competing directly at the root exchange sites and displacing calcium in the cell wall, 
resulting in tissue collapse1. Mitigation requires strict vigor control, foliar calcium chloride 
sprays directly onto the fruit epidermis, and the avoidance of high-potassium fertigation1. 
LARS Classification and Cider Biochemistry 
The production of premium hard cider requires the meticulous blending of specific apple 
typologies to achieve a harmonious organoleptic profile. The Long Ashton Research Station 
(LARS) established the definitive classification system based on titratable malic acid and total 
polyphenols (tannins) in the pressed must1. 
 

LARS 
Classification 

Malic Acid (% w/v) Tannin (% w/v) Sensory Role in 
Must Blending 

Sweet < 0.45 < 0.20 Provides the 
fermentable sugar 
base and alcohol 
potential without 
astringency1. 

Sharp > 0.45 < 0.20 Adds acidity, 
crispness, and 
lowers pH to 
microbiologically 
protect the must1. 

Bittersweet < 0.45 > 0.20 The backbone of 
complex cider; 
imparts mouthfeel, 
body, and crucial 
phenolic structure1. 

Bittersharp > 0.45 > 0.20 Extremely rare; 
provides perfect 



inherent balance of 
acid and tannin for 
single-varietal 
ciders1. 

Tannins are crucial for their potent antioxidant properties, which protect the fermenting must 
from deleterious oxidation and microbial spoilage1. 

The Biochemistry of Pre-Fermentation Processing 
Whether processing grapes or apples, the biochemical manipulation of the crushed fruit 
determines the structural potential of the final wine. 
Organic Acid Evolution in PIWI Musts 
In grape viticulture, a critical challenge exacerbated by warming climates is the rapid respiration 
of organic acids during the ripening phase33. The two dominant organic acids are tartaric acid 
and malic acid, which together constitute up to 90% of the berry's total acidity33. 
While tartaric acid concentrations remain relatively stable throughout ripening, malic acid is 
actively respired by the berry as a cellular energy source following véraison33. In warm years, 
this respiration accelerates, leading to musts with elevated pH levels, decreased microbial 
stability, and flabby taste profiles33. However, PIWI varieties exhibit distinct genetic controls 
over malic acid degradation rates. Cultivars like Solaris and Regent may retain sufficient malic 
acid in cooler northern limits, but require precise harvest timing to prevent a dramatic drop in 
total acidity33. The tartaric/malic ratio at harvest is a fundamental metric, dictating the must's 
chemical buffering capacity and resistance to oxidative degradation38. 
Maceration and Keeving in Cider Production 
In cider enology, pre-fermentation processing relies heavily on maceration (cuvage) and 
keeving (défécation). During maceration, milled apple pomace rests in open vats, where oxygen 
exposure triggers polyphenol oxidase (PPO) activity1. This initiates the enzymatic browning of 
tannins, causing them to irreversibly adsorb to the solid cellular pulp1. Paradoxically, extended 
oxygen contact reduces soluble tannin in the final juice, resulting in a softer mouthfeel, while 
facilitating the vital leaching of endogenous pectins1. 
Keeving is a method of deliberate nutrient deprivation designed to arrest fermentation 
prematurely, yielding a naturally sweet, clear cider. When juice is held at very low temperatures, 
pectin methyl esterase (PME) catalyzes the demethylation of linear homogalacturonan chains in 
the dissolved pectin1. The newly exposed, negatively charged carboxyl groups cross-link with 
calcium ions to form a dense gel of calcium pectate1. This negatively charged pectic acid matrix 
acts as a magnet, attracting positively charged nutrients, primarily yeast-assimilable nitrogen 
(YAN) and thiamine1. As sluggish initial fermentation produces trace carbon dioxide, the 
bubbles lift this complex matrix of pectin, yeast cells, and bound amino acids to the surface, 
forming a dense brown cap (chapeau brun)1. The winemaker racks the severely 
nutrient-depleted clear must from beneath the cap. Bereft of vital nitrogen, the subsequent 
fermentation proceeds at a highly retarded rate, eventually arresting completely while residual 



fructose remains1. 

Ecological Succession in Wild Fermentation 
The conversion of fruit must into wine via spontaneous, or "wild," fermentation harnesses the 
uninoculated indigenous microbiomes of the vineyard and the cellar, managing complex 
ecological successions rather than relying on sterile, monocultural inoculations of commercial 
yeast17. 
The Non-Saccharomyces Pre-Fermentative Phase 
The fresh must represents a highly selective, hyper-osmotic environment characterized by high 
sugar concentrations, low pH, and high dissolved oxygen18. In the initial 48 to 72 hours, the 
microbial landscape is entirely dominated by non-Saccharomyces yeasts, primarily species 
belonging to the genera Hanseniaspora (e.g., H. uvarum), Candida (Starmerella bacillaris), 
Metschnikowia, Lachancea, and Torulaspora17. Historically disparaged as spoilage organisms, 
these indigenous yeasts are now recognized as the primary drivers of aromatic complexity and 
terroir expression2. 
Their contribution is fundamentally enzymatic. Non-Saccharomyces yeasts secrete a vast array 

of extracellular hydrolytic enzymes that Saccharomyces cerevisiae lacks, most critically 
-glucosidase43. Many potent aromatic compounds in grapes, such as monoterpenes (linalool, 

geraniol) and -norisoprenoids, exist bound to sugar molecules as odorless, non-volatile 

glycosides44. The -glucosidase enzymes cleave these -glucosidic bonds, liberating the 
volatile aglycones into the wine matrix and massively amplifying the floral and fruity aromatic 

profile44. Additionally, esterases and -lyases secreted during this phase contribute to the 
formation of acetate esters and the liberation of volatile thiols43. 
Bio-Acidification via Lachancea thermotolerans 
Within the non-Saccharomyces consortium, Lachancea thermotolerans holds exceptional 
biotechnological significance for mitigating climate-induced acid loss48. L. thermotolerans 
possesses a unique metabolic pathway characterized by high lactate dehydrogenase (LDH) 
activity42. While standard yeasts ferment hexoses purely into ethanol and carbon dioxide via 
pyruvate, L. thermotolerans redirects a portion of the carbon flux away from ethanol 

production and into the synthesis of -lactic acid51. 
This "bio-acidification" process can generate substantial lactic acid, drastically decreasing the 
wine's pH (frequently by 0.3 to 0.5 units) and simultaneously lowering the final alcoholic 
strength by 0.2% to 0.7% (v/v)42. By naturally augmenting the total acidity without the artificial 
addition of tartaric acid powder, L. thermotolerans restores freshness, improves color stability, 
and fundamentally protects the wine by establishing a lower pH baseline for subsequent sulfur 
dioxide efficacy42. 
Saccharomyces cerevisiae Ascension and Cell-to-Cell Contact Death 
As the fermentation progresses, the accumulation of ethanol, the depletion of dissolved 



oxygen, and nutrient scarcity create a highly toxic matrix39. Non-Saccharomyces yeasts 
generally exhibit low ethanol tolerance (succumbing between 4% and 9% v/v)41. At this juncture, 
Saccharomyces cerevisiae, present only in trace amounts on the grape skin but highly endemic 
to winery environments, exponentially proliferates and seizes total ecological dominance to 
drive the fermentation to dryness2. 
The mechanism by which S. cerevisiae eradicates competing yeast species transcends simple 
ethanol toxicity; it is an aggressive, active biochemical warfare mechanism. S. cerevisiae 
secretes specific antimicrobial peptides (AMPs) into the fermenting must, which are lethal to 
non-Saccharomyces species such as Hanseniaspora and Lachancea53. Mass spectrometry 
reveals that these AMPs are fragmented derivatives of the highly conserved glycolytic enzyme 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)53. 
During the exponential and early stationary growth phases, S. cerevisiae accumulates these 
GAPDH-derived peptides (termed saccharomycin) on the outer surface of its cell wall53. 
Through direct physical cell-to-cell contact, S. cerevisiae utilizes these surface-bound peptides 
to rupture and kill competing yeast cells, ensuring it monopolizes the remaining hexose 

sugars53. Additionally, indigenous S. cerevisiae strains intrinsically excrete sulfur dioxide ( ) 
as an intermediate metabolite in their sulfate assimilation pathway (ranging from 10 to 90 
mg/L), further paralyzing sensitive competing microflora58. 

Nutrient Deprivation and Hydrogen Sulfide ( ) Metabolism 
A critical risk factor in wild fermentations, particularly in the nutrient-poor sandy soils of 
Brandenburg, is Yeast Assimilable Nitrogen (YAN) starvation59. YAN consists of primary amino 
acids and ammonium ions required for yeast protein synthesis59. 
When S. cerevisiae exhausts the available nitrogen pool, a severe metabolic crisis occurs within 
its sulfur reduction pathway. The yeast continuously reduces environmental sulfates and 

sulfites into sulfide ions ( ) with the intention of binding them to nitrogenous carbon 

skeletons (specifically -acetylserine and -acetylhomoserine) to synthesize the essential 
amino acids methionine and cysteine58. If nitrogen is depleted, the yeast cannot synthesize 
these carbon-nitrogen backbones. The highly reactive sulfide ions accumulate intercellularly 
with no metabolic sink. To avoid immediate toxicity, the yeast cell rapidly vents these ions into 

the wine as hydrogen sulfide ( ) gas59. The presence of  imparts severe reductive 
aromas of rotten eggs, requiring rapid intervention to prevent permanent taint59. 

Spontaneous Malolactic Fermentation (MLF) 
Following alcoholic fermentation, wine frequently undergoes a secondary biological 
deacidification known as malolactic fermentation (MLF). In wild, low-intervention winemaking, 
this is facilitated by indigenous lactic acid bacteria (LAB), predominantly Oenococcus oeni64. 
O. oeni thrives in the hostile post-fermentation matrix (high ethanol, low pH, nutrient depletion) 
where other bacteria perish. It utilizes the malolactic enzyme to catalyze the direct 



decarboxylation of L-malic acid into L-lactic acid and carbon dioxide66. Because lactic acid 
contains only one carboxylic acid group compared to malic acid’s two, MLF naturally raises the 
wine's pH, significantly softens the acidic perception, and contributes complex secondary 
metabolites like diacetyl (imparting buttery aromas)68. 
The Danger of Biogenic Amines 
A perilous consequence of spontaneous MLF by wild bacterial strains is the potential 
generation of biogenic amines (BAs). BAs are low-molecular-weight nitrogenous compounds 
produced via the enzymatic decarboxylation of free amino acids66. 
Certain wild strains of O. oeni, Lactobacillus, and Pediococcus possess specific, 
pyridoxal-5-phosphate-independent decarboxylase genes70. If the wine pH is elevated and 

 levels are low, these bacteria actively decarboxylate amino acids to generate energy and 
forcibly raise their intracellular pH to survive70. 
The primary biogenic amines formed in wine are: 

●​ Histamine: Derived from histidine. Highly vasoactive, causing severe allergic reactions, 
flushing, headaches, and respiratory distress in sensitive consumers70. 

●​ Putrescine & Cadaverine: Derived from ornithine/arginine and lysine, respectively. They 
utterly degrade the wine's organoleptic profile, masking varietal fruit with aromas of 
rotting meat, rancidity, and putrefaction71. 

There are no legally mandated global upper limits for biogenic amines in wine, though safety 
advocates heavily monitor them69. Managing BA production requires maintaining low-pH 
stability, minimizing wild Pediococcus populations, and racking off the lees early to remove the 
amino acid precursors liberated by yeast autolysis70. 

Colloidal Stability: Racking, Clarification, and Fining 
The transition from a microbiologically active fermentation to a stable wine destined for aging 
requires precise physical and biochemical interventions. 
Lees Management and Racking 
Following alcoholic fermentation, dead yeast cells, grape pulp, and precipitated tartrates sink to 
form a dense sludge known as the "gross lees" (particles > 100 micrometers)34. The wine must 
be meticulously racked (siphoned) off these gross lees within days to prevent cellular 

putrefaction, the release of heavy mercaptans, and reductive  defects34. 
Conversely, the smaller, suspended cellular fragments known as the "fine lees" are frequently 
retained and periodically agitated (bâtonnage)78. During maturation, fine lees undergo 
autolysis—the enzymatic self-destruction of yeast cell walls. This releases mannoproteins, 
polysaccharides, and peptides into the wine matrix, increasing mid-palate volume, integrating 
harsh tannins, and providing a powerful reductive buffer against oxidation18. 
Protein Stability and Bentonite Fining 
White PIWI wines require rigorous clarification to prevent protein haze. Grape 
pathogenesis-related (PR) proteins, primarily thaumatin-like proteins (TLPs) and chitinases, are 
robust molecules with molecular weights ranging from 10 to 40 kDa and an isoelectric point 



(pI) typically below 6.083. Resistant to low pH and proteolytic enzymes, these proteins are 
soluble at room temperature but denature upon exposure to heat, unfolding and aggregating 
to form a milky flocculation or "protein haze"83. 
The standard for eradicating protein instability is bentonite fining. Bentonite is a complex, 
multilayered hydrated aluminum silicate clay, predominantly composed of montmorillonite86. Its 
efficacy relies entirely on electrostatic adsorption. In the acidic environment of wine (pH 3.0 - 
3.6), PR proteins possess a net positive charge86. When sodium or calcium bentonite is 
hydrated, the clay layers swell (with sodium bentonite exhibiting significantly higher swelling 
indices than calcium bentonite), exposing massive surface areas laden with exchangeable 
cations and presenting an overwhelming negative electrostatic charge86. The negatively 
charged bentonite platelets violently attract the positively charged thaumatin and chitinase 
proteins, collapsing them into insoluble complexes that precipitate to the bottom86. 
However, bentonite indiscriminately strips the wine of highly desirable aromatic compounds. 
Mass spectrometry confirms the removal of key volatile esters (e.g., ethyl octanoate) and 
monoterpenes. This is not solely due to direct clay adsorption, but is predominantly driven by 
hydrophobic interactions where the aromatic compounds remain physically bound to the 
proteins that are being precipitated88. 
Phenolic Management via Proteinaceous Fining Agents 
Red wines (such as Regent) rely on proteinaceous fining agents to remove excessively harsh, 
astringent polyphenols and condensed tannins89. Agents such as egg white (albumin), gelatin, 
casein, and isinglass (a highly pure collagen derived from fish bladders) operate by 
complexation89. 
When these positively charged proteins are introduced into the wine, they seek out negatively 
charged, highly reactive tannins. The resulting protein-tannin complexes grow in molecular 
weight until they become insoluble and precipitate89. Isinglass is particularly prized for white 
wines and light reds, as it has a lower affinity for large condensed tannins but efficiently 
removes smaller polyphenolic monomers, yielding brilliant clarity without stripping the wine's 
intrinsic body90. Furthermore, potassium caseinate demonstrates exceptional utility in 
selectively adsorbing ochratoxin A (OTA), a dangerous fungal metabolite, from contaminated 
musts95. 
 

Fining Agent Primary Target Mechanism of 
Action 

Typical 
Application 

Bentonite PR-Proteins 
(Thaumatin/Chitinas
e) 

Electrostatic 
adsorption 
(negative clay binds 
positive proteins)86. 

White wines (Haze 
prevention)86. 

Egg White Large Condensed Protein-tannin Red wines (Tannin 



Tannins complexation and 
precipitation89. 

softening)89. 

Isinglass Small Phenolic 
Monomers 

Gentle 
protein-polyphenol 
binding93. 

White / Light Red 
wines 
(Clarification)94. 

Potassium 
Caseinate 

Oxidized Phenolics / 
Ochratoxin A 

Adsorption and 
protein 
coagulation89. 

Defect remediation 
/ Toxin removal95. 

Long-Term Storage in Wooden Casks 
Following clarification, the long-term maturation or élevage of the wine in oak barrels 
chemically stabilizes pigment structure and alters tactile mouthfeel through a process of slow, 
continuous oxidation. 
Micro-Oxygenation (MOX) and Phenolic Polymerization 
The fundamental utility of the wooden cask lies in its physical porosity. The continuous, 
infinitesimal permeation of atmospheric oxygen through the oak staves and the bung is 
technically defined as the Oxygen Transmission Rate (OTR)97. A standard 225-liter Bordeaux 
barrique introduces approximately 10 to 30 mg/L of oxygen into the wine per year97. 
This slow ingress of oxygen drives a cascade of metal-catalyzed redox reactions97. The oxygen 
oxidizes small amounts of ethanol into acetaldehyde. In red wine maturation, acetaldehyde acts 
as an essential molecular bridge97. It facilitates the covalent cross-linking and polymerization of 
free anthocyanins (unstable red pigment molecules) with condensed tannins97. This 
tannin-anthocyanin condensation creates massive polymeric pigments that permanently lock 

in the wine's deep color, rendering it highly resistant to bleaching by 97. The elongation of 
these polymers physically softens perceived astringency, transforming a harsh red wine into a 
structurally integrated product97. 
To simulate this without immense barrel expenditures, active Micro-Oxygenation (MOX) 
devices inject calibrated, continuous micro-doses of oxygen (e.g., 0.5 – 3 mg/L/month 
post-MLF) through porous ceramic diffusers into stainless steel tanks holding oak staves, 
mirroring the OTR of a natural barrel97. 
Cellar Thermodynamics and Evaporative Kinetics 
The physical dynamics of a barrel are completely subservient to the thermodynamic realities of 
the cellar. As the barrel breathes, capillary evaporation occurs, where the wine migrates 
through the wood matrix and evaporates from the outer surface101. This creates a negative 
pressure vacuum and a physical void space at the top of the barrel known as the "ullage"101. If 
this ullage is not regularly eliminated by "topping up," the exposed surface area absorbs 
massive amounts of oxygen, leading to catastrophic oxidation and volatile acidity spikes101. 
The rate and composition of the evaporative loss are dictated by ambient humidity and 



temperature100. Water and ethanol possess different molecular weights and evaporation 
kinetics. In high humidity cellars (>70% RH), water evaporation is suppressed by the saturated 
atmosphere, causing ethanol to evaporate at a faster relative rate, ultimately decreasing the 
wine's total alcoholic strength106. In low humidity cellars (<70% RH), the dry air extracts water 
molecules faster than the heavier ethanol vapors, leading to an overall concentration effect 
that increases the alcoholic strength106. 
Microbiological Spoilage in Barrels: The Brettanomyces Threat 
While the barrel provides the optimal environment for oxidative maturation, its porous 
microstructure makes it an impregnable fortress for the most feared spoilage yeast in 
winemaking: Dekkera bruxellensis (anamorph: Brettanomyces bruxellensis)110. 
Unlike Saccharomyces, Brettanomyces thrives in the nutrient-depleted, high-ethanol 
environment of a finished wine in a barrel110. Brettanomyces possesses a highly specific, 
two-step enzymatic pathway designed to metabolize the naturally occurring hydroxycinnamic 
acids in grapes (specifically p-coumaric and ferulic acids)110. First, phenolic acid decarboxylase 
(PAD) strips the carboxyl group, converting them into highly reactive vinylphenols110. 
Subsequently, vinylphenol reductase (VPR) reduces these intermediates into 4-ethylphenol 
(4-EP) and 4-ethylguaiacol (4-EG)110. 

Above sensory thresholds (around 400-600  for 4-EP), these volatile phenols mask all 
varietal aromatics with overwhelming odors described as "horse sweat," "barnyard," and 
"medicinal band-aids"110. 
Because Brettanomyces lodges up to 5.5 mm deep within the oak staves, the primary defense 

mechanism relies on the careful management of molecular sulfur dioxide ( )101. The 

antimicrobial efficacy of  is strictly and logarithmically dependent upon the pH of the 

wine113.  exists in an equilibrium state; only the uncharged, molecular  can 
penetrate the yeast cell membrane to exert toxicity120. 

Wine pH % Molecular SO2​ Free SO2​ Required 
for 0.8 mg/L 
Molecular Target 
(mg/L) 

Free SO2​ Required 
for 0.5 mg/L 
Molecular Target 
(mg/L) 

3.00 6.1% 13 8 

3.20 3.9% 21 13 

3.40 2.5% 32 20 



3.60 1.6% 50 31 

3.80 1.0% 79 49 

4.00 0.7% 125 78 

Table: The critical relationship between wine pH and the concentration of antimicrobial 

molecular 120. 

For Brettanomyces control, a molecular  concentration of 0.5 to 0.8 mg/L is generally 

required58. A wine resting at a stable pH of 3.20 requires only 21 mg/L of free  for total 
protection120. Conversely, a wine with a high pH of 3.80 requires an immense 79 mg/L of free 

 to achieve the exact same level of protection120. Such high levels bleach the wine's color, 
harden tannins, and present regulatory issues58. This underscores the absolute necessity of 
maintaining high acidity—either through early harvest, acid-retaining PIWI cultivars, or 
bio-acidification via Lachancea thermotolerans—to secure the wine during its oxidative 
maturation42. 
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