
Comprehensive Analysis of Vegetable 
Lacto-Fermentation: Microbial 
Succession, Osmotic Dynamics, and 
Biochemical Mechanisms 
Introduction to Lactic Acid Fermentation in Vegetable 
Matrices 
The preservation of vegetable matter via lactic acid fermentation represents one of the oldest, 
most biochemically complex, and ecologically elegant food processing methodologies in human 
history. At its core, lacto-fermentation is a microbially driven biotransformation wherein 
indigenous epiphytic lactic acid bacteria (LAB) metabolize plant carbohydrates into organic 
acids—predominantly lactic and acetic acids1. This process rapidly lowers the pH of the food 
matrix, effectively eliminating pathogenic and putrefactive microorganisms while preserving the 
structural integrity and enhancing the nutritional profile of the plant tissue4. 
The success of spontaneous vegetable fermentations, such as those yielding sauerkraut 
(fermented cabbage) and kimchi (traditional Korean fermented vegetables), relies entirely on the 
precise manipulation of environmental parameters to dictate microbial succession1. Chief 
among these parameters is the concentration of sodium chloride (NaCl). The application of salt 
initiates a cascade of physical, chemical, and biological events that select for highly specialized, 
halotolerant, and aciduric LAB, while imposing insurmountable osmotic and acidic stress on 
spoilage organisms5. The metabolic exudation of lactic and acetic acids by the LAB consortium 
fundamentally restructures the thermodynamic and biochemical equilibrium of the brine, 
transforming a highly perishable agricultural commodity into a stable, functional food rich in 
bioactive metabolites, bacteriocins, and structural biopolymers10. 

The Physicochemical Foundation of Sodium Chloride 
(NaCl) Feedstocks 
Before examining the biological interactions within the fermentation vessel, it is necessary to 
understand the physicochemical nature of the primary selective agent: sodium chloride. The 
origin, purity, and trace mineral composition of the salt heavily dictate the osmotic dynamics and 
structural outcomes of the fermented vegetable matrix13. 

Salt Origins, Fractional Crystallization, and Impurities 
Industrial and artisanal salt production generally falls into two categories: the solar evaporation 
of seawater (yielding sea salt) and the solution mining or dry mining of subterranean halite 
deposits (yielding rock or vacuum pan salt)13. The extraction of high-purity sodium chloride via 
solar evaporation involves a sequential fractional crystallization process monitored historically 



by the Baumé scale6. As seawater concentrates in shallow ponds, calcium carbonate 
precipitates first, followed by calcium sulfate (gypsum) in the sulfate stage13. Only when the 
brine reaches a highly supersaturated state (between 25.0 and 29.5 degrees Baumé) does 
sodium chloride crystallize as halite13. 
The residual liquor, known as bittern, contains high concentrations of magnesium, potassium, 
and sulfate ions7. Because unrefined sea salts often retain fractions of these trace alkaline earth 
metals, their use in fermentation introduces calcium and magnesium ions into the brine. As will 
be discussed regarding pectin cross-linking, these divalent cations play a critical role in 
preserving the structural crispness of the vegetable tissue16. Conversely, highly refined vacuum 
pan salts—which undergo rigorous chemical purification using the lime-soda process to 
precipitate competing multivalent ions—lack these trace minerals13. 
Furthermore, modern environmental analyses indicate that minimally processed, unrefined sea 
salt extracted from coastal solar pans contains significantly higher concentrations of microplastic 
particles compared to vacuum salt or mined rock salt18. Subterranean brine deposits predate 
synthetic polymers, and the closed-loop thermal crystallization (often using Mechanical Vapor 
Recompression) effectively eliminates microplastic contamination13. Consequently, the selection 
of salt directly impacts both the trace mineral availability and the microscopic purity of the 
fermentation brine. 
Anti-Caking Agents and Fermentation Viability 
Because sodium chloride is highly hygroscopic, commercial table salts are frequently treated 
with anti-caking agents to prevent agglomeration caused by solid crystalline bridges forming 
between particles during moisture evaporation13. The most universally applied agent is Yellow 
Prussiate of Soda (YPS), or sodium ferrocyanide decahydrate13. YPS acts as a microscopic 
crystal habit modifier, adsorbing onto the faces of nascent salt crystals to preserve flowability13. 
While regulatory authorities approve YPS at trace levels (10 to 250 ppm) due to its high stability 
and lack of toxicity, artisanal fermentation practitioners often advocate for unrefined or 
additive-free salts (such as Kosher or Himalayan salts) to avoid potential, albeit poorly 
documented, interferences with sensitive microbial ecosystems13. 

Plasmolysis and the Establishment of the Brine Matrix 
The addition of salt to raw vegetables is the fundamental trigger for lacto-fermentation. A 
specific salt concentration of 2.0% to 3.0% by mass or volume is universally recognized as the 
optimal parameter for initiating a controlled vegetable fermentation4. 

Methods of Salting and Mathematical Calibration 
There are two primary techniques for introducing salt to the vegetable matrix: dry salting and 
wet brining. Dry salting involves massaging solid sodium chloride directly into shredded 
vegetables (such as cabbage for sauerkraut). The hypertonic environment forces cellular 
plasmolysis, drawing water, dissolved soluble carbohydrates, amino acids, and minerals out of 
the plant cells to form a self-generated, nutrient-rich exudate5. In wet brining, whole or thickly 
chopped vegetables (such as cucumbers or carrots) are submerged in an externally prepared 
saline solution5. 



Calculating the precise 2.0% to 3.0% concentration requires accounting for the intrinsic water 
content of the vegetables, which are typically 93% to 98% water15. For maximum precision, the 
percentage must be calculated based on the combined weight of the produce and any added 
water5. For example, to achieve a 2.5% salinity, an artisan would weigh the produce and water 
(e.g., 100 grams total), multiply by 0.025, and add exactly 2.5 grams of salt15. This rigorous 
mass-based mathematical approach ensures consistency, regardless of the crystalline density 
of the salt chosen (e.g., dense Himalayan salt versus low-density, hollow Alberger process flake 
salt)13. 
 

Vegetable Type Salting 
Methodology 

Optimum Salinity 
(%) 

Rationale and 
Matrix 
Adjustments 

Shredded Cabbage 
(Sauerkraut) 

Dry Salting 2.0% – 2.5% Relies on high 
surface area for 
rapid plasmolysis; 
2% yields optimal 
heterofermentative 
initiation5. 

Napa Cabbage 
(Kimchi) 

Dry or Wet Brining 2.0% – 3.0% Complex matrix; 
rapid pH drop 
required to stabilize 
diverse auxiliary 
ingredients (e.g., 
alliums, radish)1. 

Cucumbers / Root 
Vegetables 

Liquid Brine 
Submergence 

3.0% – 5.0% High initial water 
content dilutes the 
external brine 
rapidly; requires 
higher starting 
salinity to prevent 
pectinolytic 
softening6. 

Hot Peppers (Mash 
or Whole) 

Dry or Wet Brining 3.0% – 5.0% High propensity for 
mold proliferation 
requires a more 
aggressive 
hypertonic barrier6. 



Thermodynamic Water Activity and Anaerobiosis 
The introduction of 2-3% salt significantly depresses the thermodynamic activity of water within 
the matrix. While standard thermodynamic models (like Debye-Hückel) apply to dilute solutions, 
the ionic strength of hypersaline environments necessitates complex geochemical modeling, 
such as the Pitzer equations, to calculate the mean ionic activity coefficients and specific ion-ion 
interactions13. By depressing water activity, the brine immediately limits the availability of 
unbound water required for the metabolic processes of competitive putrefactive 
microorganisms8. 
Furthermore, once the vegetables are submerged beneath this exudate or brine, an obligate 
anaerobic environment is established5. This oxygen deprivation acts as a secondary selective 
pressure, rapidly inhibiting strictly aerobic spoilage bacteria (such as Pseudomonas species) 
and highly oxidative molds4. LAB, conversely, are aerotolerant anaerobes or facultative 
anaerobes; they lack a functional electron transport chain for oxidative phosphorylation but 
possess unique enzymatic adaptations allowing them to dominate in oxygen-depleted 
matrices33. 

The Plasmolysis of Pathogens and Enterobacteriaceae 
At salt concentrations below 1.5%, the osmotic pressure is insufficient to suppress competitive 
microbiota. In hypotonic conditions, enteric bacteria (e.g., Escherichia coli), pectinolytic spoilage 
organisms, and undesirable yeasts outcompete the LAB, leading to tissue maceration and 
off-flavors4. The 2.0–3.0% optimum is a precise biological compromise: it is high enough to 
induce lethal osmotic shock in Gram-negative pathogens, yet low enough to permit the rapid 
proliferation of halotolerant LAB4. 
Gram-negative bacteria, possessing a thinner peptidoglycan layer enclosed between an inner 
and outer membrane, are particularly susceptible to this shock35. The hypertonic brine forces an 
immediate, massive efflux of water from their cytoplasm, causing a sudden drop in turgor 
pressure35. The cell membrane detaches from the cell wall, cellular volume collapses, and 
metabolic processes cease in a phenomenon known as plasmolysis35. 
During the initial 24 to 48 hours of spontaneous fermentation, a transient population of 
Enterobacteriaceae often attempts to proliferate before the pH drops7. This brief activity is 
responsible for a characteristic "nitrite peak" observed in vegetable fermentations, as these 
organisms reduce naturally occurring plant nitrates into nitrites39. However, the combination of 
osmotic stress and the onset of acid production by early-stage LAB rapidly triggers the collapse 
of the Enterobacteriaceae populations, subsequently allowing the nitrite peak to be degraded 
and ensuring the safety of the final product39. 

Mechanisms of Osmotic Tolerance in Lactic Acid 
Bacteria 
The ability of LAB to thrive in a hypertonic brine while pathogenic bacteria undergo lethal 
plasmolysis is governed by sophisticated molecular defense mechanisms, primarily the active 
accumulation of osmoprotectants. 



Turgor Pressure Maintenance and the Gram-Positive Advantage 
Bacterial cell viability depends on maintaining positive turgor pressure—an outward hydrostatic 
pressure exerted by the cytoplasm against the cell membrane and cell wall. LAB, being 
Gram-positive, possess a thick, highly cross-linked peptidoglycan cell wall that provides a robust 
mechanical scaffold against environmental stress35. While this structural advantage offers 
baseline resilience against membrane rupture, the primary biochemical defense against 
hyperosmotic shock is the accumulation of compatible solutes. 
Compatible Solutes and Glycine Betaine Transport 
To counteract the hypertonic external environment without interfering with internal enzymatic 
functions, LAB actively transport or synthesize "compatible solutes" (osmoprotectants)31. These 
are highly soluble, low-molecular-weight organic compounds that accumulate to molar 
concentrations within the cytoplasm, restoring osmotic equilibrium and preventing the lethal 

influx of sodium ions ( )31. 
Glycine betaine (N,N,N-trimethylglycine) is the most critical osmoprotectant for LAB in vegetable 
fermentations29. LAB such as Lactiplantibacillus plantarum and Lactococcus lactis generally 
cannot synthesize glycine betaine de novo; instead, they rely on high-affinity membrane 
transport systems to scavenge it from the surrounding plant matrix37. 
In L. plantarum, the uptake of quaternary ammonium compounds like glycine betaine, carnitine, 
and choline is mediated by osmoregulated secondary transport proteins and ATP-binding 
cassette (ABC) transporters, such as the QacT system30. When the external osmolality 
increases due to NaCl addition, these transport systems are rapidly activated45. This 
mechanism shares evolutionary parallels with the highly studied OpuA, OpuB, and OpuC 
ABC-type transporters found in Bacillus subtilis, which similarly import choline for subsequent 
oxidation into glycine betaine via the GbsB and GbsA enzymes30. 
The master regulatory protein CcpA (Catabolite Control Protein A) plays a vital role in 
integrating these responses in LAB. Transcriptomic studies reveal that under salt stress, CcpA 
regulates the uptake of glycine betaine, alters fatty acid composition to maintain membrane lipid 
homeostasis, and modulates ion transport44. The accumulation of glycine betaine not only 
retains intracellular water but also stabilizes the native state of cellular proteins and lipids 
against denaturation by salt31. Consequently, osmoprotectant-loaded LAB can maintain their 

internal  concentration at a manageable 200–300 nmol/mg (dry weight), while 

unprotected bacteria suffer massive  influx (exceeding 2,000 nmol/mg), leading to rapid 
cell death37. 

Microbial Succession: The Dynamics of Sauerkraut 
and Kimchi 
Vegetable fermentation is not a static microbiological event; it is a dynamic, multi-stage 
ecological succession. As the environmental parameters—pH, oxygen availability, and nutrient 
profile—shift over time, one dominant bacterial population yields to another. The successional 



pathways of sauerkraut and kimchi illustrate how different matrix compositions lead to divergent 
microbiological outcomes1. The contemporary resurgence of artisanal fermentation workshops 
and community laboratories (e.g., Edible Alchemy in Berlin) specifically capitalizes on these 
diverse pathways to educate consumers on microbiome health, demonstrating how wild versus 
cultured starter techniques can radically alter the final organoleptic profile21. 

Sauerkraut: A Two-Stage, Homofermentative Dominated Succession 
Sauerkraut represents a classic, prolonged microbial succession dominated fundamentally by 
two key species, resulting in a homofermentative, highly acidic final product1. 

1.​ Early Fermentation (Days 1–5): The succession is initiated by Leuconostoc 
mesenteroides, an obligate heterofermentative bacterium1. L. mesenteroides possesses a 
distinct physiological advantage: it exhibits a faster growth rate at lower temperatures 
(15°C - 20°C) and higher salt concentrations than other indigenous LAB32. Crucially, as a 
heterofermenter, it metabolizes hexose sugars via the phosphoketolase pathway, 
producing equimolar amounts of D-lactic acid, acetic acid, ethanol, and carbon dioxide (

)1. The vigorous production of  by L. mesenteroides purges residual oxygen 
from the brine, solidifying the strict anaerobic conditions required for subsequent 
phases10. Additionally, it secretes mannitol and specific flavor precursors that contribute to 
the sensory profile1. During this phase, the pH drops rapidly from roughly 6.5 to 
approximately 4.51. 

2.​ Mid-to-Late Fermentation (Days 7–30+): As the pH falls below 4.5, L. mesenteroides 
becomes inhibited by its own acidic byproducts1. The ecological niche is then rapidly 
occupied by more acid-tolerant, homofermentative lactobacilli, primarily Lactiplantibacillus 
plantarum (formerly Lactobacillus plantarum), alongside Lactiplantibacillus pentosus and 
Levilactobacillus brevis1. L. plantarum utilizes the highly efficient 
Embden-Meyerhof-Parnas (EMP) pathway to convert remaining sugars almost exclusively 
into lactic acid1. This phase drives the pH down to a highly stable terminal level of 3.2 to 
3.81. The extended maturation period allows L. plantarum to generate complex secondary 
metabolites, resulting in the sharp, clean, and highly acidic flavor profile characteristic of 
mature sauerkraut1. 

Kimchi: Rapid, Heterofermentative Complexity 
Kimchi fermentation diverges significantly from sauerkraut due to its highly complex ingredient 
matrix, which includes high-sugar vegetables (daikon radish), alliums (garlic, green onions), 
ginger, chili powder (gochugaru), and often animal-derived amino acids from fish sauce or 
salted shrimp1. 
Unlike sauerkraut, which trends heavily toward a homofermentative climax, kimchi is 
characterized by a persistent and dominant heterofermentative profile1. The abundance of 
soluble sugars from the diverse ingredients fuels an explosive early growth of Leuconostoc 
species (e.g., L. mesenteroides, L. citreum, L. holzapfelii) and Weissella species (e.g., W. 
koreensis, W. soli)1. 
This explosive heterofermentative activity causes the pH of kimchi to plummet much faster than 



sauerkraut, dropping to roughly 4.5 in just 3 to 5 days1. The dominance of Leuconostoc and 

Weissella produces a complex metabolite mix featuring high levels of  (giving kimchi its 
characteristic effervescence), mannitol (contributing a cooling sweetness), acetic acid, and 
gamma-aminobutyric acid (GABA)1. 
As the pH stabilizes around 3.9 to 4.3 (the optimal edible range), the microbial community shifts 
toward Latilactobacillus sakei and, to a lesser extent, L. plantarum1. L. sakei is particularly 
well-adapted to the cold temperatures often used in traditional kimchi fermentation and 
possesses unique metabolic pathways to cope with oxygen changes, heme uptake, and the 
complex spice matrix1. Because the fermentation kinetics are highly accelerated and effectively 
complete by day 20, kimchi retains a highly complex, multi-metabolite profile that differs 
markedly from the pure lactic acid dominance of aged sauerkraut1. 

Microbiological & 
Chemical Parameter 

Sauerkraut 
(Cabbage-based) 

Kimchi (Complex Matrix) 

Metabolic Pathway 
Dominance 

Shifts to Homofermentative 
at maturity 

Persistent 
Heterofermentative 

Primary Initiating Genera Leuconostoc mesenteroides Leuconostoc spp., 
Weissella spp. 

Climax Dominance Lactiplantibacillus 
plantarum 

Latilactobacillus sakei, 
Leuconostoc spp. 

Kinetics of Acidification Slow (weeks to achieve pH 
< 4.0) 

Rapid (days to achieve pH 
~ 4.2) 

Terminal pH Range 3.2 – 3.8 3.4 – 4.5 

Key Metabolite Profile Lactic acid (overwhelmingly 
dominant) 

Lactic acid, Acetic acid, 

Mannitol, GABA,  

The Biochemistry of Pathogen Inhibition 
The safety and preservation of lacto-fermented vegetables rely on multiple overlapping 
biochemical mechanisms, primarily centered on organic acid toxicity and the targeted 
production of bacteriocins. 
The Proton Effect: Membrane Permeability of Weak Organic Acids 



The primary mechanism by which lacto-fermentation inhibits putrefying and pathogenic bacteria 
is the accumulation of weak organic acids—namely lactic acid and acetic acid. It is a 

fundamental misconception that mere hydrogen ion ( ) concentration (measured as 
ambient pH) is solely responsible for bacterial death. While strong mineral acids like 
hydrochloric acid (HCl) fully dissociate in aqueous solutions, weak organic acids only partially 

dissociate, governed by their specific acid dissociation constant ( )58. 

The  of lactic acid is 3.86, and the  of acetic acid is 4.7620. According to the 

Henderson-Hasselbalch equation, when the environmental pH falls near or below the  of a 
specific acid, a significant proportion of the acid molecules exist in their undissociated 
(protonated) state58. 
The uncharged, undissociated forms of lactic and acetic acid are lipophilic, allowing them to 
freely diffuse across the lipid bilayer of pathogenic bacterial cell membranes61. Once inside the 
pathogen's cytoplasm, where the internal pH is maintained near neutrality (pH ~7.0), the acids 

immediately encounter an environment well above their . Consequently, they rapidly 

dissociate, releasing protons ( ) and acid anions (lactate/acetate) directly into the cell 
interior58. 
This internal dissociation triggers a lethal biological crisis for the pathogen via the "proton 
effect": 

1.​ Collapse of the Proton Motive Force (PMF): The massive influx of internal protons 

destroys the transmembrane electrochemical gradient (the  component of the 
PMF), paralyzing the pathogen's ability to synthesize ATP or transport nutrients across 
the membrane20. 

2.​ ATP Depletion: The pathogen desperately attempts to pump the excess protons back out 
of the cell using its own membrane ATPases. This futile cycle rapidly exhausts cellular 
ATP reserves, leading to metabolic exhaustion and cell death58. 

3.​ Anion Toxicity: The concurrent accumulation of intracellular lactate and acetate anions 
further disrupts metabolic enzymes and destroys internal osmotic balance58. 

Because acetic acid possesses a higher  (4.76) than lactic acid (3.86), it maintains a 
substantially higher proportion of undissociated molecules at typical fermentation pH ranges 
(e.g., pH 4.5)60. Therefore, the acetic acid produced by heterofermentative bacteria like L. 
mesenteroides acts as an exceptionally potent antimicrobial agent in the early stages of 
fermentation, providing a synergistic preservation effect alongside the higher volumes of lactic 
acid62. 

Bacteriocins and Quorum Sensing 
In addition to organic acids, LAB synthesize and secrete ribosomally synthesized antimicrobial 
peptides known as bacteriocins. These proteinaceous toxins provide LAB with a significant 



competitive advantage in the crowded vegetable matrix by targeting and neutralizing closely 
related Gram-positive competitors and, in specific configurations, Gram-negative pathogens43. 
Bacteriocins are broadly classified into distinct subgroups, with Class I (lantibiotics, e.g., Nisin, 
which feature post-translational modifications like lanthionine) and Class II (small, heat-stable, 
non-lanthionine peptides) being the most prominent in LAB64. In vegetable fermentations, Class 
IIa (pediocin-like, featuring a conserved YGNGV motif) and Class IIb (two-peptide) bacteriocins 
play critical ecological roles65. For example, L. plantarum produces plantaricin, a highly potent 
Class IIb bacteriocin that targets the cell envelope of competing microbes43. 
The mechanism of action for Class IIa bacteriocins is highly specific. They recognize and bind to 
the membrane-embedded portion of the mannose phosphotransferase system (Man-PTS) IIC 
and IID subunits located on the plasma membrane of target cells65. Upon binding, the 
bacteriocins undergo a conformational change, inserting themselves into the lipid bilayer to form 

pores. This pore formation causes a rapid, uncontrolled efflux of intracellular ions ( , 

) and amino acids, obliterating the target cell's proton motive force and resulting in 
immediate cell death63. While primarily targeting Gram-positive spoilage organisms (such as the 
dangerous foodborne pathogen Listeria monocytogenes), certain plantaricins and Class IIa 
variants have demonstrated broad-spectrum activity capable of permeabilizing the outer 
membrane of Gram-negative pathogens such as E. coli and Salmonella species43. 
Crucially, the biosynthesis of bacteriocins is not a constant, constitutive process; it is tightly 
regulated by Quorum Sensing (QS)64. LAB continually secrete low molecular weight signaling 
molecules called autoinducer peptides (AIPs). When the population density of the LAB reaches 
a critical threshold, the extracellular concentration of AIPs triggers a two-component regulatory 
system (involving a histidine kinase receptor and a response regulator)64. This phosphorylation 
cascade initiates the transcription of bacteriocin structural genes. By delaying bacteriocin 
production until they have achieved sufficient biomass, LAB efficiently utilize their metabolic 
energy to mount a coordinated, overwhelming chemical attack against competitors at the 
precise moment it will yield ecological dominance64. 

Endogenous Acid Tolerance Mechanisms in LAB 
The aggressive production of organic acids fundamentally alters the vegetable matrix. While this 
acid-shock kills pathogens, it demands an evolutionary solution: how do LAB survive in the 
highly acidic, low-pH environment (frequently falling below pH 4.0) that they themselves create? 
LAB rely on highly specialized, energy-dependent biochemical pathways to regulate their own 
intracellular pH, ensuring homeostasis despite the hostile extracellular gradient. 

The -ATPase Proton Pump 
The primary, universal defense mechanism against intracellular acidification in LAB is the 

-ATPase enzyme complex68. Unlike pathogenic bacteria that catastrophically exhaust 
their ATP trying to pump out protons in acidic environments, LAB have evolved highly efficient, 



acid-inducible -ATPase systems specifically tuned for this purpose68. 
Located in the cytoplasmic membrane, this multi-subunit complex actively extrudes protons (

) from the cytoplasm to the extracellular environment, a mechanism powered directly by 
the hydrolysis of ATP68. Under severe acid stress, transcriptomic analyses of L. plantarum 
reveal a significant, rapid upregulation of the atp operon (which encodes the structural subunits 

of the -ATPase)68. By continuously pumping out the excess protons delivered by the 
influx of their own organic acids, LAB maintain an intracellular pH close to neutrality (pH 
6.0–7.0). This targeted proton extrusion preserves the functionality of their critical metabolic 
enzymes and nucleic acids, allowing them to remain metabolically active while the external 
environment remains aggressively acidic68. 

The Glutamate Decarboxylase (GAD) System and GABA Production 
A vital, specialized secondary acid-resistance mechanism utilized heavily by Latilactobacillus 
sakei, Levilactobacillus brevis, and L. plantarum is the Glutamate Decarboxylase (GAD) 
system57. This pathway provides a highly efficient method for consuming intracellular protons 
while simultaneously generating a valuable, bioactive metabolic byproduct. 
The GAD system relies fundamentally on the enzyme glutamate decarboxylase (encoded by the 
gadA or gadB genes) and a specific membrane-bound antiporter protein (gadC)57. When the 
intracellular environment becomes dangerously acidic, the LAB import extracellular 
L-glutamate—which is naturally abundant in plant tissues, and particularly concentrated in 
auxiliary kimchi ingredients like fish sauce or soy sauce—via the GadC antiporter71. 

Inside the cell, the GAD enzyme catalyzes the irreversible -decarboxylation of the 
L-glutamate molecule to form gamma-aminobutyric acid (GABA). The biochemical elegance of 
this specific reaction lies in its stoichiometry: the decarboxylation of a single glutamate molecule 

consumes one free intracellular proton ( ) and releases one molecule of carbon dioxide (

)57. The newly synthesized GABA is then exported back out of the cell via the GadC 
antiporter in a continuous exchange for a fresh molecule of glutamate71. 
This continuous biochemical cycle acts as a powerful intracellular proton sink, actively raising 
the internal pH without expending precious cellular ATP57. The optimal parameters for this 
system vary slightly by species; for example, L. sakei exhibits maximum GAD activity at 55°C 
and pH 5.0, while L. plantarum optimizes at 40°C and pH 4.557. The massive accumulation of 
GABA in the extracellular brine is particularly notable in kimchi, functionally transforming the 
fermented vegetable into a nutraceutical food rich in this non-protein amino acid, which acts as 
the primary inhibitory neurotransmitter in the mammalian central nervous system and assists in 
regulating blood pressure and anxiety10. 

Manganese Accumulation and Iron-Free Oxidative Stress Defense 
Although lacto-fermentation ultimately establishes an anaerobic environment, the initial stages 
of fermentation expose LAB to oxygen. Furthermore, several LAB species retain the potential to 



undergo aerobic respiration via specific enzymes33. This oxygen exposure leads to the 

inevitable formation of lethal Reactive Oxygen Species (ROS), such as superoxide anions (

), hydrogen peroxide ( ), and highly reactive hydroxyl radicals ( ) generated by 
enzymes like NADH oxidase (Nox), pyruvate oxidase (Pox), and lactate oxidase (Lox)33. 
Most aerobic organisms neutralize ROS using iron-dependent heme enzymes, most notably 
classic catalase. However, LAB are highly unique in that they typically lack heme and cannot 
synthesize classic iron-dependent catalases34. To survive oxidative stress without iron, L. 
plantarum and related species rely on the massive, active intracellular accumulation of 

manganese ions ( )34. Using high-affinity transport systems, LAB import manganese to 
levels thousands of times higher than those found in standard bacteria34. 

Once inside the cytoplasm,  serves as an essential cofactor for specialized antioxidant 
enzymes, such as manganese-dependent superoxide dismutase (Mn-SOD) and a non-heme 

pseudocatalase (Mn-Kat)73. Furthermore, highly concentrated intracellular  can 
complex with inorganic phosphate, peptides, and organic acids to directly scavenge and 
decompose superoxide radicals non-enzymatically34. This unique, iron-free redox defense 
system allows LAB to dominate the aerotolerant niche during early fermentation without risking 
the catastrophic oxidative damage that iron-driven Fenton reactions would otherwise cause in 

the presence of 74. 

Biochemical Transformations: Texture, Flavor, and 
Nutritional Enhancement 
The intersection of salt concentration, enzymatic activity, and microbial metabolism ultimately 
defines the sensory, rheological, and nutritional qualities of the final fermented product. 
Enzymatic Modulation of Plant Cell Walls and Texture Preservation 
The structural integrity, bite, and crispness of fermented vegetables are heavily dependent on 
the management of plant cell wall components, specifically the highly complex polysaccharide 
pectin25. Pectin methylesterase (PME) and polygalacturonase (PG) are endogenous plant 
enzymes released during the mechanical tissue maceration inherent in preparation25. If left 

unchecked, PG rapidly hydrolyzes the -(1,4)-glycosidic bonds in the polygalacturonic acid 
backbone of pectin, leading to catastrophic tissue softening and mushiness—a primary cause of 
commercial product failure16. 
The precise application of salt (2-3%) critically modulates these enzymes. The high ionic 
strength of the sodium chloride brine alters the electrostatic interactions within the plant cell 
wall, partially inhibiting polygalacturonase activity16. Concurrently, the salt facilitates the 
extraction of calcium and magnesium ions from the plant tissue (or provides them directly if 
unrefined solar salts are used)13. These divalent cations interact with the demethylated pectin 



chains (which are the product of continued PME activity) to form robust calcium-pectate 
cross-links16. This biochemical bridging reinforces the middle lamella of the cell walls, ensuring 
the vegetables retain a rigid, crisp texture throughout months of highly acidic storage16. 

Glucosinolate Degradation and the Generation of Bioactive 
Isothiocyanates 
Vegetables belonging to the Brassica genus (including cabbage, daikon radishes, and mustard 
greens) are characterized by high intracellular concentrations of secondary sulfur-containing 
metabolites called glucosinolates11. In their intact form within the plant vacuole, glucosinolates 
are biologically inert. However, during the mechanical disruption of salting and packing, 
endogenous plant enzymes known as myrosinases are released from specialized cells, coming 
into contact with the glucosinolates and hydrolyzing them into a suite of bioactive breakdown 
products27. 
The acidic, microbially active environment of fermentation heavily influences this degradation 
pathway. Rather than forming toxic nitriles, the low pH and specific microbial milieu direct the 
breakdown of glucosinolates (such as glucobrassicin and sinigrin) into isothiocyanates, 
sulforaphane, and ascorbigen11. These sulfur-containing volatile compounds are directly 
responsible for the pungent, characteristic aromas of sauerkraut and kimchi11. Furthermore, 
isothiocyanates and ascorbigen are highly stable in acidic environments and represent potent 
bioactive compounds known to induce Phase II detoxification enzymes (such as glutathione 
S-transferase, GST) in mammalian systems, conferring significant chemopreventive and 
antioxidant properties to the fermented matrix11. 

Control of Biogenic Amines 
A critical safety function of successful, rapid lacto-fermentation is the strict suppression of 
biogenic amines (BAs). BAs, such as histamine, tyramine, and putrescine, are 
low-molecular-weight organic bases formed by the microbial decarboxylation of free amino acids 
(e.g., histidine converted to histamine, tyrosine converted to tyramine)82. Ingestion of foods with 
high BA concentrations can lead to severe physiological reactions, including vasodilation, 
migraines, tachycardia, and localized allergic responses—symptoms clinically identical to 
scombroid food poisoning typically associated with temperature-abused fish82. 
The formation of BAs in fermented vegetables is primarily driven by contaminating spoilage 
organisms or a dangerously slow initial fermentation rate84. The strict adherence to a 2-3% salt 
concentration and the subsequent rapid succession of L. mesenteroides directly mitigates this 
safety risk. By establishing an immediate, aggressive pH drop via organic acid production, the 
specific decarboxylase enzymes responsible for BA formation in competitive bacteria are either 
permanently inhibited, or the aminobiogenetic bacteria themselves are eradicated via 
plasmolysis before significant amine accumulation can occur85. 

Exopolysaccharides and Dextran Synthesis 
In fermentations where the matrix contains sufficient amounts of sucrose, or those specifically 
formulated with added sugars, Leuconostoc mesenteroides and certain Weissella species can 
utilize the extracellular enzyme dextransucrase to synthesize massive extracellular polymers 



known as dextrans87. Dextransucrase cleaves the disaccharide sucrose, utilizing the high 
energy from the glycosidic bond to polymerize the glucose monomer into a long, branched 

homopolysaccharide chain (predominantly an -1,6-linked glucan), while releasing the residual 
fructose into the brine to be metabolized49. 
The extensive production of dextran significantly increases the rheological viscosity of the brine, 
sometimes leading to a transient "ropy" or viscous fermentation12. While excessive ropiness is 
occasionally viewed as a textural defect in some commercial products, moderate dextran 
production acts as a highly functional prebiotic, enhancing the mouthfeel of the brine and 
providing immunomodulatory and cholesterol-lowering benefits to the host upon consumption12. 

Stereochemistry of Lactic Acid Production 
The specific strains of LAB dominating the terminal phase of the fermentation dictate the 
stereochemical orientation of the final lactic acid product. Lactic acid exists as two distinct 
optical isomers: L-lactate and D-lactate90. 
Humans possess the enzyme L-lactate dehydrogenase in high quantities, making L-lactate 
readily metabolizable and safe in high volumes. Conversely, humans metabolize D-lactate much 
more slowly; high systemic accumulations can theoretically lead to D-lactic acidosis in highly 
susceptible individuals with short-bowel syndrome92. In vegetable fermentations, 
Lactiplantibacillus plantarum possesses both L- and D-lactate dehydrogenases, typically 
producing a racemic mixture (DL-lactate)90. Leuconostoc species, however, primarily synthesize 
D-lactate32. The ultimate ratio of D- to L-lactate in the mature product is therefore a direct 
biochemical biomarker of the successional timeline; a prolonged heterofermentative phase (as 
seen in cold-fermented kimchi dominated by Leuconostoc) tends to yield higher proportions of 
D-lactate, while an accelerated homofermentative climax balances the stereochemical profile32. 

Synthesized Conclusions 
The lacto-fermentation of vegetables represents an exceptionally calibrated, multistage interplay 
of physical chemistry, microbial ecology, and molecular biology. The precise integration of 2.0% 
to 3.0% sodium chloride serves as the primary environmental master-switch, dictating the entire 
thermodynamic and biological trajectory of the system. By inducing rapid cellular plasmolysis 
and establishing an anaerobic, hypertonic environment, the salt selectively eradicates 
putrefactive Enterobacteriaceae and highly oxidative spoilage fungi, allowing a highly 
specialized cohort of lactic acid bacteria to thrive and initiate succession. 
Organisms such as Leuconostoc mesenteroides, Lactiplantibacillus plantarum, and 
Latilactobacillus sakei dominate this specific ecological niche by deploying advanced, 
evolutionary survival mechanisms. These range from the active transport of osmoprotectants 
like glycine betaine via the QacT system to the iron-independent scavenging of reactive oxygen 
species via massive intracellular manganese accumulation. As these bacteria orchestrate a 
complex ecological succession—shifting from the rapid heterofermentative gas production of 
kimchi to the prolonged homofermentative acidification of sauerkraut—they fundamentally 
reshape the chemical landscape of the plant matrix. Through the coordinated operation of 



ATP-driven  proton pumps and the GABA-producing glutamate decarboxylase (GAD) 
pathway, they successfully survive the very organic acids they excrete. 
These organic acids, operating synergistically with quorum-sensing regulated, pore-forming 
bacteriocins, collapse the proton motive force of pathogenic competitors, ensuring absolute 
microbiological safety and the strict suppression of toxic biogenic amines. Simultaneously, 
enzymatic modulation of pectin preserves the cellular crispness of the plant tissue, while 
secondary microbial metabolism transforms inert plant glucosinolates into highly bioactive 
isothiocyanates and synthesizes functional exopolysaccharides like dextran. Ultimately, 
vegetable lacto-fermentation stands as a flawless natural paradigm of biopreservation, where 
extreme, carefully calibrated environmental stress is harnessed to synthesize a safe, 
biochemically complex, and nutritionally enhanced food product. 
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