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Abstract 17 

Sensory properties, shelf life, and safety of a majority of fermented foods are determined by the 18 

metabolic activity of food fermenting lactic acid bacteria. This communication reviews major 19 

metabolic routes of lactic acid bacteria, and indicates how metabolism is influenced by the 20 

environmental conditions or manipulated for improved control of food fermentations. Emphasis 21 

is placed on homofermentative and heterofermentative metabolism of carbohydrates, organic 22 

acids, and the conversion of amino acids with major impact on food safety and quality. In 23 

addition to the role of lactic metabolism in food fermentations, their implications for food 24 

spoilage is discussed.  25 

26 



3 
 

Highlights  27 

 Homolactic metabolism generally generates lactate as main metabolite. 28 

 Pyruvate can be diverted to acetate or acetoin as alternative end products 29 

 Heterolactic metabolism generates lactate and acetate or ethanol as main metabolites 30 

 The availability of substrates for cofactor regeneration determines acetate formation 31 

 Catabolism of arginine and glutamine contributes to acid resistance of LAB 32 

33 
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Introduction. 34 

The term “lactic acid bacteria” (LAB) describes as group of Gram-positive bacteria that share 35 

metabolic and physiological characteristics [1, 2, 3]. Suitable criteria to define the term LAB 36 

have been lacking for most of the 20th century and the term has been associated with food-37 

fermenting or probiotic organisms, often including bifidobacteria. Currently, the term LAB 38 

describes organisms in the order Lactobacillales [4], confirming the suggestion that LAB 39 

constitute a phylogenetically homogenous group [1]. LAB include environmental organisms, 40 

members of plant microbiota, commensals of humans and animals, and opportunistic or obligate 41 

pathogenic organisms [4]. Five of the 6 families of LAB also include food fermenting organisms 42 

[4]; Lactobacillaceae and Leuconostococcaceae comprise predominantly non-pathogenic 43 

organisms with a safe tradition of use in food fermentations (Fig. 1) [4]. Food-fermenting LAB 44 

excel at exploitative competition and inhibit competitors by combining rapid utilization of 45 

abundant carbohydrates with accumulation of lactic and acetic acids. The evolution of LAB is 46 

shaped by reduction of genome size to achieve niche adaptation [5]. The reduction of the genome 47 

size was associated with abandoning the metabolic efficiency and versatility that are 48 

characteristic of the closely related bacilli. Abandoning the metabolic efficiencies of aerobic or 49 

anaerobic electron transfer chains, however, enables LAB to adhere to an “iron free diet” and to 50 

occupy plant or animal associated ecological niches where lack of iron limits bacterial growth 51 

[6]. LAB dominate fermentation microbiota in a majority of fermented foods (Fig. 1) but are also 52 

relevant as food spoilage organisms. 53 

Metabolism of lactic acid bacteria: an overview 54 

LAB have been classified as obligate homofermentative, facultative heterofermentative, and 55 

obligate heterofermentative [1, 2, 3]. The pentose phosphate pathway for homofermentative 56 
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fermentation of pentoses (Fig. 2) [7], however, is not accommodated in this classification. 57 

Moreover, major metabolic differences and branching points are dependent on the pathway 58 

employed for fermentation of hexoses rather than the ability to ferment pentoses (Table 1). In 59 

LAB fermenting glucose via the Emden Meyerhoff pathway (Fig. 2A), carbohydrates are 60 

preferentially transported by PTS systems, metabolism of sugars other than glucose is subject to 61 

carbon catabolite repression, pyruvate is the central branching point of metabolism, and fructose 62 

is exclusively used as carbon source (Table 1) [2, 8, 9]. In LAB fermenting glucose via the 63 

phosphoketolase pathway (Fig. 2B), PTS systems are not functional, metabolism of 64 

disaccharides is preferred over glucose fermentation, acetyl-phosphate is the central branching 65 

point of metabolism, and fructose is preferentially or exclusively reduced to mannitol (Table 1) 66 

[8, 10]. This communication aims to summarize recent advances related to lactic metabolism 67 

with emphasis on respiration, homolactic fermentation of pentoses, the utilization of lactate and 68 

diols, and their relevance for food quality. 69 

Homolactic metabolism of hexoses and pentoses 70 

Pyruvate is the key branching point of homolactic metabolism of hexoses (Fig. 2). The fate of 71 

pyruvate depends on the availability of oxygen and substrates. Anaerobic metabolism under 72 

substrate limitation is mediated mainly by pyruvate formate lyase (Fig. 3A) [7, 9]. Lactate is the 73 

main product of metabolism when the fermentable carbohydrates are abundant (Fig. 3B). 74 

Aeration allows the alternative regeneration of co-factors (Fig. 3C) but lactate generally remains 75 

the major metabolite of most LAB growing aerobically [11, 12, 13].  76 

Many LAB are conditionally respiring [14]. LAB are auxotroph for heme (all LAB) and 77 

menaquinone (some LAB) but the availability of heme (and menaquinone) in the fermentation 78 
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substrate supports cofactor recycling and proton export by respiration (Fig. 3D) [15]. Respiration 79 

shifts metabolism towards acetate and acetoin as major metabolites (Fig. 4) [6,16].  80 

Homolactic LAB occur as sole fermentation microbiota in many in meat and dairy fermentations 81 

and the fermentation of condiments at high salt concentrations; in vegetable and cereal 82 

fermentations, they are found in association with heterolactic LAB (Fig. 1). Homofermentative 83 

metabolism of carbohydrates in food yields lactate as sole or major product of metabolism (Fig. 84 

1); exceptions include soy fermentations with T. halophilus where low concentrations of hexoses 85 

favour metabolism by pyruvate formate lyase (Fig 1). Carnobacterium spp., which grow on 86 

vacuum packaged meats and fish, preferentially metabolize hexoses via pyruvate formate lyase 87 

[4].  88 

Food fermentations with LAB are not aerated (Fig. 1) and thus do not support respiration. The 89 

cytochrome oxidase of LAB, however, is active at low oxygen concentrations and may 90 

contribute to oxygen elimination during initial stages of food fermentations [14]. Genes required 91 

for respiratory metabolism are expressed even in the absence of heme and oxygen, suggesting a 92 

preference of LAB for respiration whenever possible [12]. Respiration has become a valuable 93 

tool in the production of starter cultures. Oxidative stress and the oxidation of membrane lipids is 94 

a major factor limiting the shelf life of frozen or dried LAB for use as starter or probiotic 95 

cultures. Respiratory metabolism increases the biomass yield as well as the resistance to 96 

oxidative stress and thus improves the yield in large-scale culture production [14,17,18]. 97 

Acetoin formation impacts food quality even if it is only a minor metabolite. Chemical oxidation 98 

of α-acetolactate, an intermediate of acetoin formation, yields diacetyl, which impacts the flavour 99 

of beer, wine, bread, and dairy products. Diacetyl formation in beer constitutes a spoilage event 100 
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while the compound is a desired contributor to the flavour of wine and dairy products (Fig. 1). 101 

Diacetyl formation by Lc. lactis is supported by the availability of oxygen and citrate as 102 

alternative substrates to support cofactor regeneration [2, 9].  103 

Homofermentative metabolism of pentoses has been initially observed in an isolate later 104 

classified as Lactobacillus vini [3]; the metabolic pathway was described in Lc. lactis and 105 

enterococci (Fig. 2C) [7]. The conversion of 3 mol pentoses through transketolase and 106 

transaldolase reactions yields 5 mol of triose phosphate; the net energy gain in the pathway (7 107 

mol of ATP / 3 mol of pentose) is thus slightly higher when compared to pentose catabolism 108 

through the phosphoketolase pathway (Fig. 2D). During metabolism of pentoses through the 109 

pentose phosphate pathway by Lc. lactis and enterococci, a significant proportion of pyruvate is 110 

metabolised by pyruvate formate lyase (Fig. 3A) [7]. The occurrence of L. vini in wine or 111 

industrial fermentation of ethanol [19] implies that the metabolic pathway supports 112 

competitiveness in ecosystems where hexoses were depleted by yeast fermentation.  113 

Heterofermentative metabolism of hexoses and pentoses.  114 

Heterofermentative LAB employ the phosphoketolase pathway for carbohydrate metabolism 115 

(Figs. 2 and 5A). The energy yield of the pathway is only one ATP per glucose and most 116 

heterofermentative LAB grow poorly with glucose as sole carbon source [10]. Two metabolic 117 

strategies improve metabolic efficiency of the pathway; (i) phosphorolytic cleavage of 118 

disaccharides to eliminate the need phosphorylation at the expense of ATP [8]; (ii) the use of 119 

alternative electron acceptors to convert acetyl-phosphate to acetate instead of ethanol [10]. 120 

When combined, these metabolic shifts increase the yield of ATP per glucose to 2.5. 121 

Accordingly, metabolism of maltose sucrose and raffinose by disaccharide phosphorylases, and 122 

metabolism of pentoses is not repressed by glucose [8, 10].  123 



8 
 

Heterolactic metabolism generally converts pyruvate from hexoses and pentoses to lactate; 124 

however, alternative end products of pyruvate are observed in citrate and pyruvate metabolism of 125 

Leuconostoc spp and Oenococcus oeni [20,21**] and lactate utilization of L. buchneri. The use 126 

of alternative electron acceptors to oxidise reduced cofactors allows heterofermentative LAB to 127 

use acetyl-phosphate for ATP synthesis [10]. Some heterofermentative LAB do not harbour an 128 

alcohol dehydrogenase and do not ferment glucose in the absence of alternative electron 129 

acceptors [3, 22].  130 

Oxygen and fructose are the most significant electron acceptors for recycling of reduced co-131 

factors (Fig. 5B) [10] and many strains have the capacity for respiration [11, 21**]. However, 132 

some strain in the L. reuteri group do not grow aerobically and most Weissella spp. do not 133 

reduce fructose to mannitol [10, 23]. Other compounds that are reduced with concomitant 134 

oxidation of NAD(P)H include oxidized glutathione [10], a wide range of aldehydes and ketones 135 

including aldehydes originating from lipid oxidation [10], α-keto acids originating from amino 136 

acid transamination [24], and quinic acid [25]. Recent studies indicate that the reduction of 137 

hydroxycinnamic acids also contributes to cofactor recycling [26].  138 

Heterofermentative LAB occur in most plant fermentations including wine, cider, cereal 139 

porridges and sourdough, and sauerkraut or kimchi (Fig. 1). Their competitiveness in plant 140 

substrates reflects the availability of maltose, sucrose, or raffinose, and alternative electron 141 

acceptors. The availability of alternative electron acceptors increases the growth rate of L. reuteri 142 

by 30 – 50% and hence contributes substantially to the competitiveness in food fermentations 143 

[27]. Cofactor recycling by heterofermentative LAB impacts food quality because acetate 144 

production is increased and the redox potential as well as the antioxidant capacity of fermented 145 

foods are strongly influenced. Acetate has antibacterial and antifungal activity, and impacts 146 
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flavour in addition to contributing to sour taste. Excessive acetate formation is considered a 147 

spoilage event in the production of alcoholic beverages [28]; however, moderate levels of acetate 148 

improve the flavour of baked goods (Fig. 1). Acetic acid formation in sourdoughs is readily 149 

adjusted by supplementation with sucrose [10]. Sucrose addition to support production of 150 

sufficient amounts of exopolysaccharides in sourdough, however, results in excessive acetate 151 

production and the use of Weissella spp. that are unable to utilize fructose as electron acceptor is 152 

preferred [23].  153 

The requirement for co-factor regeneration to achieve efficient heterofermentative metabolism of 154 

hexoses also influences the redox-potential of food fermentations [29*] and substantially alters 155 

flavour formation in lipid oxidation pathways [30] as well as thiol exchange reactions [31]. 156 

Thiol-exchange reactions catalysed by heterofermentative LAB reduce allergenic proteins in 157 

food fermentations [32].  158 

Utilization of lactate, glycerol, and diols.  159 

Anaerobic degradation of lactate (Fig. 6A) was described in silage and sourdough fermentations 160 

[33] and as spoilage event in pickles [34]. In these fermentations, lactate utilizing lactobacilli are 161 

associated with primary lactate producing fermentation organisms [34]. Growth of L. buchneri is 162 

not supported by lactic acid as sole carbon source; however, co-fermentation of hexoses and 163 

lactate yields acetate and 1,2 propanediol as main products [33]. With pyruvate as substrate, the 164 

pathway produces equimolar amounts of acetate and lactate (Fig. 6B) [20].  165 

Glycerol and 1,2 propanediol are metabolized through the same metabolic pathway (Fig. 6C) 166 

[35,36]. Co-metabolism of glycerol or 1,2 propanediol and fermentable carbohydrates yields 167 

mainly the reduced products 1,3 propanediol or propanol [33]. In the absence of fermentable 168 

carbohydrates, the oxidising and reducing branches of the pathway operate simultaneously and 169 
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glycerol or 1,2 propanediol metabolism yields hydroxypropanoic acid or propanoic acid and 1,3 170 

propanediol or propanol, respectively, in approximately equimolar amounts (Fig. 6C, [33,37*]. 171 

This metabolic pathway supports ATP generation and slow growth with glycerol or 1,2 172 

propanediol as sole carbon source.  173 

Metabolism of glycerol by homofermentative LAB also yields 1,3 propanediol [38] but in 174 

contrast to heterofermentative lactobacilli, co-factors regeneration by formation of 1,3 175 

propanediol supports simultaneous glycerol catabolism by the glycerol kinase pathway (Fig. 6D) 176 

with propanediol, acetate and 2,3 butanediol as alternative end products [38].  177 

Metabolism of glycerol and 1,2 propanediol constitutes spoilage in beer, wine, cider, and pickles. 178 

These ecosystems are characterized by paucity of fermentable carbohydrates and electron 179 

acceptors, which were consumed by primary fermentation organisms (Fig. 1). The metabolism of 180 

yeast and lactate metabolism by L. buchneri provide glycerol and 1,2-propanediol, respectively, 181 

as substrates. In pickles, lactate consumption and diol metabolism results in an increase of the 182 

pH and compromises the hygienic stability of the product [34]. The growth of a secondary lactic 183 

microbiota in cider and beer may result in off flavour [28]. 3-Hydroxypropionic aldehyde that is 184 

formed during maturation of cider and wine is chemically transformed to acrolein, which is 185 

responsible for undesirable peppery flavours in alcoholic beverages [39].  186 

Glycerol metabolism generates several antimicrobial compounds contributing to food and feed 187 

preservation. The conversion of lactate to acetate and propionate by co-fermentation of primary 188 

lactate producers, lactate-utilizing L. buchneri, and propanediol-utilizing L. diolivorans delays 189 

the fungal spoilage of bread [33]. Hydroxypropionaldehyde or reuterin is a more potent 190 

antimicrobial compound than propionic or acetic acids, however, this intermediate accumulates 191 

only when glucose is limited and glycerol is present in excess. Supplementation of cheese milk 192 
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with glycerol and L. reuteri as adjunct culture allowed the generation of active levels of reuterin 193 

and the reduction of spore counts of Clostridium tyrobutyricum [40*].  194 

Metabolism of citrate and malate. 195 

LAB produce succinate, lactate, acetate and ethanol, or acetoin as alternative end products from 196 

citrate (Fig. 7). The conversion of citrate to succinate maximises the oxidation of reduced co-197 

factors (Fig. 7) [2, 10] but does not include a proton-consuming decarboxylation reaction. 198 

T. halophilus converts citrate via pyruvate formate lyase to acetate and ethanol, thus combining 199 

one proton-consuming decarboxylation reaction with ATP generation [41]; likewise, many 200 

heterofermentative lactobacilli convert citrate to lactate, thus combining one proton-consuming 201 

decarboxylation with regeneration of reduced NADH [10]. Citrate is converted to the alternative 202 

end products acetoin and lactate by Lc. lactis, Leuconostoc spp. and O. oeni [2]. Citrate 203 

conversion to acetoin proceeds via two proton consuming decarboxylation reactions, prevents 204 

accumulation of an organic acid, and thus contributes to pmf generation and acid tolerance (Fig. 205 

7) [42]. Product formation from citrate in O. oeni is dependent on the pH. Low pH favours 206 

acetoin formation to maximise the contribution to pmf generation while neutral pH favours 207 

lactate production to allow regeneration of reduced co-factors [42, 43]. 208 

The impact of acetoin formation on food flavour and quality was discussed above. Malolactic 209 

fermentation by O. oeni not only reduces the acid level and hence the acid taste of wine, 210 

particularly white wines, but also changes the concentration of flavour volatiles through 211 

carbohydrate and citrate metabolism [55].  212 

Amino acid metabolism in response to acid stress 213 
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Carbohydrate metabolism by LAB in food fermentations is often limited by acidification and low 214 

pH (Fig. 1). Low pH shifts lactic metabolism from hexose fermentation to utilization of amino 215 

acids. Glutamine, glutamate, and arginine play a major role in pH homeostasis and stationary 216 

phase survival of LAB (Fig. 8) [42]. Arginine catabolism via the arginine deiminase pathway 217 

generates metabolic energy by substrate level phosphorylation and increases intracellular and 218 

extracellular pH (Fig. 8B) [10]. The contribution of arginine conversion to acid resistance 219 

appears to be optimal at pH values higher than 3.5 while the protective effect of the glutamine / 220 

glutamate system extends to lower pH-values [44**]. Analysis of the expression of the arginine 221 

deiminase pathway also suggests that acid resistance by amino acid decarboxylation takes 222 

priority over the arginine deiminase pathway [44**, 45, 46]. Some LAB maintain an agmatine 223 

deiminase pathway that operates analogous to the arginine deiminase pathway and also increases 224 

acid resistance [47,48]. The use of agmatine by LAB indicates a trophic relationship between 225 

LAB and agmatine producing organisms such as Enterobacteriaceae.  226 

Glutamine deamidation contributes to acid resistance in L. reuteri and other LAB [10, 44**]. 227 

The efficiency of the glutamate and glutamine systems to extrude protons is strongly dependent 228 

on the selection of ion species that are transported (Fig. 8A) [44**]. In E. coli, the ion selective 229 

antiporter GadC exchanges extracellular glutamate or glutamine with GABA [49*]. Import of 230 

uncharged glutamate or glutamine coupled to export of positively charged GABA couples 231 

glutamate decarboxylation to proton consumption, the net export of one positive charge, and 232 

hence pmf generation (Fig. 8A) [44**, 49*]. Expression of glutamate decarboxylase in 233 

lactobacilli is upregulated upon entry into the stationary phase of growth [44**] and by acid 234 

stress [44**, 50]. Moreover, glutamate decarboxylase of lactobacilli exhibits a sharp pH 235 

optimum at pH 4.5 and is essentially inactive at neutral pH [51]. Histidine decarboxylase and 236 
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tyrosine decarboxylase also contribute to pH homeostasis in LAB (Fig. 8C) [46]. Comparable to 237 

glutamate decarboxylation, intracellular consumption of protons and electrogenic antiport of 238 

histidine and histamine generate a proton motive force [42].  239 

The metabolism of amino acids significantly impacts the quality of long-ripened fermented foods 240 

(Fig. 1). Glutaminase activity of LAB accumulates glutamate to levels exceeding the taste 241 

threshold and thus contributes to the umami, savoury taste of bread and long-ripened cheeses 242 

[52*,53]. Glutamate also accumulates to taste active concentrations in fish, meat and soy 243 

fermentations but meat-derived (meat) or fungal (soy) glutaminases may account for this 244 

accumulation. Strain specific glutamate decarboxylase activity of LAB has been described in 245 

dairy, meat, and in cereal fermentations and allows accumulation of γ-aminobutyrate (GABA) as 246 

bioactive ingredient. Particularly in East Asian countries, GABA is well-recognized for its 247 

relaxing and health-promoting properties and LAB are a major means of producing GABA or 248 

GABA-enriched foods [54]. 249 

Arginine conversion by LAB in food constitutes spoilage or contributes to flavour. Acid 250 

resistance in beer spoiling LAB is supported by arginine [50]. Citrulline, an intermediate of the 251 

arginine deiminase pathway (Fig. 8), is a precursor to the formation of toxic ethyl carbamate in 252 

wine and spirits and ADI-negative strains are preferred as starter cultures to initiate malolactic 253 

fermentation of wine [55]. In baked goods, arginine conversion by sourdough LAB provides 254 

ornithine as precursor to the character impact compound of wheat bread crust, 2-acetyl-1-255 

pyrroline, and is thus a major contributor to crust odour [10]. 256 

Decarboxylation of amino acids other than glutamate generates biogenic amines with adverse 257 

implications for human health when consumed with alcohol or in combination with monoamine 258 

oxidase inhibitors. Histamine and tyramine are the major biogenic amines in fermented foods 259 
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and their formation is attributable to LAB [56]. Biogenic amine formation is controlled by 260 

selection of competitive and decarboxylase negative starter cultures that suppress decarboxylase 261 

positive microbiota throughout fermentation [57]. 262 

Conclusions 263 

Lactic metabolism has been investigated for over a century but recent genomic analyses of LAB 264 

have allowed elucidation of several novel metabolic pathways that impact food quality [8, 7, 37, 265 

44]. Current knowledge on major metabolic pathways of LAB provides a basis for the control of 266 

lactic metabolism in food but additional metabolic pathways that make only minor contributions 267 

to the overall metabolic flux but also impact food quality remain to be elucidated. Examples 268 

include the conversion of amino acids to flavour volatiles [24], esterases, decarboxylases, and 269 

hydratases involved in conversion of phenolic compounds [25], and enzymes involved in lipid 270 

metabolism. Moreover, awareness of the diversity of fermented foods (Fig. 1) and the 271 

development of starter cultures for fermented foods in emerging economies will lead to the 272 

discovery of LAB with novel metabolic properties.  273 
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Figure legends 

Figure 1. Periodic Table of Fermented Foods providing an overview on the diversity of 

products, fermentation organisms, and raw materials. Fermented foods are grouped by product 

category and ranked within a group by flavour intensity or ripening time where applicable. 

Colour coding of specific fields indicates the presence of specific groups of fermentation 

organisms (see key on top of table); typical organisms, typical concentration of metabolites, and 

characteristic ripening / fermentation times are indicated. Water activities are not presented for 

dry foods or alcoholic beverages. Food products are generally listed in the language of origin; 

translations are provided where possible. The figure is formatted for large scale (A0) printing. 

Figure 2. Overview on carbohydrate fermentation lactic acid bacteria. Major end products of 

metabolism are printed in bold; branching points of metabolism or “metabolic switches” are 

underlined. The formation of reduced / oxidised co-factors (printed in white on blue background 

or blue, respectively) is indicated if it occurs upstream / downstream of relevant metabolic 

branching points; ATP synthesis (printed in red) is shown to indicate the net ATP yield of the 

metabolic pathway. Panel A. Homofermentative metabolism of hexoses via the Embden-

Meyerhoff Pathway. Panel B. Heterofermentative metabolism of hexoses via the 

phosphoketolase pathway. Panel C. Homofermentative metabolism of pentoses via the pentose 

phosphate pathway. Panel D. Heterofermentative metabolism of pentoses via the 

phosphoketolase pathway. Drawn according to [2, 3, 7, 10]. 

Figure 3. Alternative fates of pyruvate in homofermentative lactic acid bacteria. Major end 

products of metabolism are printed in bold. The formation of reduced and oxidised co-factors is 

indicated as white font on blue background or as blue font, respectively; ATP synthesis in red 

font. Dashed arrows indicate chemical conversions.  
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Panel A. Metabolism by pyruvate formate lyase. Equal proportions of pyruvate are reduced to 

ethanol to regenerate reduced co-factors, or oxidised to acetate to synthesise ATP. Pyruvate 

formate lyase is inhibited by an abundant substrate supply and by low pH, and is inactivated by 

oxygen [3, 7, 9]. In Lc. lactis, sugars that are imported by PTS systems favour pyruvate 

conversion to lactate while non-PTS sugars favour metabolism via pyruvate formate lyase [9]. 

Panel B. Metabolism by lactate dehydrogenase. This metabolic route is dominant at anaerobic or 

aerobic conditions when fermentable carbohydrates are abundant, i.e. in most food 

fermentations.  

Panel C. Metabolism by pyruvate oxidase or α-acetolactate synthase. Acetate and acetoin are 

minor products of most organisms at aerobic conditions; however, lactate may be converted to 

acetate during the stationary phase of growth [11, 12] and Tetragenococcus halophilus produces 

acetate as main product at aerobic conditions [13]. Acetate is formed by pyruvate oxidase and 

acetate kinase activities [11]. 

Panel D. Oxidation of reduced co-factors at aerobic conditions and at aerobic conditions 

supporting respiration. LAB are conditionally respiring dependent on the availability of heme; 

many organisms also require menaquinone supplementation for respiration. Cofactor recycling 

and proton extrusion by the respiratory chain allow energy generation by the F0F1ATPase [12, 

15] and shifts metabolism towards acetate and acetoin as major products. Acetate formation with 

concomitant ATP generation by acetate kinase is energetically favourable, however, acetoin 

formation prevents acidification of the growth medium and thus contributes to pH homeostasis 

[16]. 

Enzymes are indicated by numbers as follows: 1, pyruvate formate lyase; 2, acetaldehyde 

dehydrogenase; 3, alcohol dehydrogenase; 4, phosphotransacetylase; 5, acetate kinase; 6, lactate 
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dehydrogenase; 7, pyruvate oxidase; 8, pyruvate dehydrogenase; 9, acetolactate synthase; 10, 

acetolactate dehydrogenase, 11, NADH oxidase or NADH peroxidase. MQ and MQH2, 

menaquinone / menaquinol couple; NoxAB, type II NADH dehydrogenase complex; CydAB, 

respiratory cytochromes. 

Figure 4. Metabolism of Lc. lactis MG1363 at anaerobic conditions (black symbols), aerobic 

conditions (gray symbols), and aerobic conditions supporting respiration (open symbols). Shown 

are the concentrations of glucose (▲), lactate (●), acetate (▼), and acetoin (■). Data are re-

plotted from [6]. 

Figure 5. Alternative fates of acetyl phosphate and pyruvate in hexose metabolism by 

heterofermentative lactic acid bacteria. Major end products of metabolism are printed in bold. 

The formation of reduced and oxidised co-factors is indicated as white font on blue background 

or as blue font, respectively; ATP synthesis in red font; proton consuming decarboxylation 

reactions are indicated in gray. Note that the ATP yield does not account for the phosphorylation 

of glucose because disaccharide phosphorylases produce glucose-1-P without expending ATP. 

Panel A. Anaerobic metabolism in the absence of alternative electron acceptors.  

Panel B. Metabolism in the presence of alternative electron acceptors.  

Enzymes are indicated by numbers as follows: 1, phosphoketolase; 2, phosphotransacetylase, 

acetaldehyde dehydrogenase, and alcohol dehydrogenase; 3, Emden-Meyerhoff pathway and 

lactate dehydrogenase; 4, acetate kinase; 5, NADH oxidase, NADH peroxidase or respiratory 

chain; 6, NAD(P)H dependent dehydrogenases reducing organic substrates including fructose, 

oxidised glutathione, and a wide range of aldehydes and ketones including aldehydes originating 

from lipid oxidation and α-keto acids originating from amino acid transamination, quinic acid, 

and hydroxycinnamic acids. Drawn with information from [10, 24, 25, 26, 30, 31]. 
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Figure 6. Catabolism of lactate, pyruvate, diols, and glycerol by lactic acid bacteria. Major end 

products of metabolism are printed in bold. The formation of reduced and oxidised co-factors is 

indicated as white font on blue background or as blue font, respectively; ATP synthesis in red 

font.  

Panel A. Lactate metabolism by Lactobacillus buchneri. In the oxidising branch of the pathway, 

lactate is oxidised to acetate with concomitant formation of ATP. The reducing branch of the 

pathway yields 1,2 propanediol to regenerate reduced co-factors. Homologues of lactaldehyde 

dehydrogenase and propanediol dehydrogenase in L. buchneri are found in genomes of many 

lactobacilli but this metabolism has been described only for L. buchneri, L. parabuchneri, and L. 

parafarraginis [33, 34]. 

Panel B. Pyruvate metabolism in Leuconostoc spp. and Oenococcus oeni [20].  

Panel C. Conversion of glycerol and diols. Diol metabolism in L. reuteri occurs in a 

proteinaceous microcompartment, likely to protect against the toxic intermediate reuterin [35]. 

The oxidative and ATP-generating branch of the metabolic pathway generates 3-

hydroxypropionate and propionate, respectively, from glycerol and 1,2-propanediol while the 

reducing branch regenerates the reduced co-factors and produces 1,3 propanediol and propanol, 

respectively. In co-fermentation with hexoses, only the reducing branch of the pathway is used to 

support ATP-generation from acetyl-P. This pathway or parts of this pathway were shown to be 

operating in Lactobacillus diolivorans, Lactobacillus reuteri, and Lactobacillus collinoides. 

Drawn with information from [33, 36, 37].  

Panel D. Glycerol kinase pathway. This pathway is used for glycerol catabolism by Pediococcus 

pentosaceus; enzymes of this pathway may also result in glycerol formation from pyruvate by 

heterofermentative LAB under stress conditions [38].  
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Enzymes are indicated by numbers as follows: 1, lactate dehydrogenase; 2, pyruvate 

dehydrogenase; 3, phosphotransacetylase and acetate kinase; 4, lactaldehyde dehydrogenase / 

glycolaldehyde dehydrogenase; 5, propanediol dehydrogenase; 6; glycerol / propanediol 

dehydratase; 7, phosphotransacylase; 8, propionate kinase; 9, propane(di)ol oxidoreductase; 10 – 

11, glycerol kinase pathway; glycerol kinase and glycerol phosphate dehydrogenase to 

dihydroxyacetone-3-phosphate; further conversion by the Emden-Meyerhoff pathway and 

pyruvate dehydrogenase or α-acetolactate synthase yields acetate and 2,3 butanediol as end 

products. The enzymes related to lactate metabolism by L. buchneri are designated as per 

annotation of the L. buchneri genome sequence (Accession No. NC_015428.1).  

Figure 7. Alternative fates of citrate and malate in heterofermentative lactic acid bacteria to 

support pH homeostasis or cofactor regeneration. Major end products of metabolism are printed 

in bold. The formation of reduced and oxidised co-factors is indicated as white font on blue 

background or as blue font, respectively; ATP synthesis in red font; proton consuming 

decarboxylation reactions are indicated in gray. Dashed arrows indicate chemical conversions. 

Citrate is converted to succinate to achieve regeneration of two reduced cofactors, or to acetoin 

to achieve proton consumption and pmf generation by two decarboxylation reactions. Citrate 

conversion to lactate or acetate and ethanol combined oxidation of one mole NADH and one 

decarboxylation reaction. Lactobacilli convert citrate to succinate or lactate [2, 10]; T. halophilus 

converts citrate preferentially via pyruvate formate lyase acetate and ethanol [13, 41]; Lc. lactis, 

Leuconostoc spp. and O. oeni convert citrate to the alternative end products acetoin or lactate [2, 

42, 43]. 

Enzymes are indicated by numbers as follows: 1, citrate lyase; 2, malate dehydrogenase; 3, 

fumarate hydratase, 5, succinate dehydrogenase; 6, oxaloacetate decarboxylase; 7, malolactic 
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enzyme; 8, lactate dehydrogenase; 9, acetolactate synthase; 10, acetolactate dehydrogenase; 11, 

pyruvate formate lyase; 12, acetaldehyde dehydrogenase; 13, alcohol dehydrogenase; 14, 

phosphotransacetylase; 15, acetate kinase 

Figure 8. Acid resistance that are mechanisms based on the conversion of amino acids. Protons 

that are consumed in enzymatic reactions are printed in bold red font.  

Panel A. Conversion of glutamine to glutamate and -aminobutyrate (GABA). Charges of 

substrates and metabolites are drawn to reflect an intracellular and extracellular pH of 4.25. 

Drawn with information from [42, 44**, 49*]. 

Panel B. Conversion of arginine to ornithine [10]. The agmatine deiminase pathway in Lc. lactis 

and L. brevis operates analogously to convert agmatine to putrescine [47, 48].  

Panel C. Decarboxylation of histidine, phenylalanine, or tyrosine, shown at the example of 

histidine. Charges of substrates and metabolites are drawn to reflect an intracellular and 

extracellular pH of 4.25. [46, 48] 
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Table 1. Comparison of metabolic properties of homolactic and heterolactic metabolism.  

 Homolactic metabolism Heterolactic metabolisma)

Metabolism of glucose Emden-Meyerhoff pathway Phosphoketolase pathwayb)

Metabolism of galactose Tagatose pathway and / or 
Leloir pathway Leloir pathway 

Metabolism of fructose Emden Meyerhoff pathway Mannitol-dehydrogenasec),
phosphoketolase pathway 

Metabolism of pentoses 

Phosphoketolase pathway or 
pentose phosphate pathway; 

sequential metabolism of 
hexoses and pentoses 

Phosphoketolase pathway; 
simultaneous metabolism of 

hexoses and pentoses 

Preferred substrate Glucose Fructosec,d), sucrose and / or 
maltose 

Alternative products from 
pyruvate 

Formate, ethanol, and acetate; 
lactate, or acetoin Lactate, acetate, (acetoin)e) 

Alternative end products from 
acetyl-phosphate Acetate Ethanol or acetatee) 

Products of lactate metabolism 
Acetate, formed by stationary 
cultures at aerobic conditions, 

or acetoin 
1,2 Propanediol and acetatef) 

a) All species in the Lactobacillus vaccinostercus, and L. collinoides groups, most species in the 
L. reuteri, L. brevis, L. buchneri and L. fructivorans groups, L. rossiae, L. siliginis, L. floricola; 
and all Leuconostococaceae (Genera Fructobacillus, Leuconostoc, Oenococcus, and Weissella). 
b) not all heterofermentative LAB grow with glucose as sole carbon source.  
c) Mannitol dehydrogenase is absent in most strains of Weissella  
d) Fructobacillus spp. preferentially ferment fructose. Several Fructobacillus species do not 
produce ethanol from fructose as they apparently lack an alcohol dehydrogenase. 
e) Acetoin formation during co-metabolism of hexoses or pentoses and citrate is observed in Lu. 
mesenteroides and Oenococcus spp. but not in heterofermentative lactobacilli. Diacetyl results 
from chemical oxidation of α-acetolactate, an intermediate of acetoin formation.  
f) This pathway is found only in L. buchneri and few other species.  
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19 It aly 20 Germany 21 U.K., U.S.A 22 U.S.A. 23 U.K., Belgium 24 Turkey, 

Bulgaria
25 Ghana 26 France 27 Europe 28 Indonesia 29 Japan 30 Germany, 

Korea
31 worldwide 32 worldwide 33 Emment al (CH) 34 Quebec (CAD) 35 Allgäu (D) 36 Spain

grapes grapes S. cerevisiae apples  corn  bar ley  wheat Lu.mesent eroi millet W. conf usa wheat S. cerevisiae wheat  r ye S. cerevisiae soy R. st olonif er soy A. oryzae cabbage Lu kimchi bovine Lc. lact is bovine  raw Sc. t hermophil. bovine Lc. lact is bovine Lc. lact is pork E. f aecium
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NL)
53 Leicest ershire, 

Not t inghamshir
54 It aly, Spain

grapes S. cerevisiae grapes apples S. cerevisiae barley bar ley  corn Lc. lact is corn L. f erment um wheat ,  egg L. sanf rancisc. rye L. sanf rancisc. soy Mucor spp. pepper A. orzyae cucumber Lu.mesent eroi bovine Lc. lact ic ovine  bovine Lc. lact is bovine Lc. lact is bovine Lc. lact is pork  
3.5-4.0 Debaromyces 3.5-4.0 S. cerevisiae 3.5-4.0 L. brevis 3.5-4.0 S. cerevisiae 3.5-4.0 S. cerevisiae 3.5 L. delbrueckii 3.8 - 4.2 Pc.acidilact ici 5.0 L. pont is 4.5-5.5 L. mindensis 5.0 - 6.0 Bc. subt ilis ? Z. rouxii 3.5-4.0 L. brevis 4.5 Lc. cremoris 4.4-4.6 Lc. lact is 5.0-5.5 Lu.mesent eroi 5.2-5.4 Br. linens 5.5-6.0 P. roquef ort i 6.0-7.0 st aphylococci

n/ a L. plant arum n/ a n/ a Ac acet i n/ a n/ a  0.98 Sc. t hermophil. 0.98 Candida spp. 0.95 C. humilis 0.96 C. humilis 0.98 M. purpureus ? Bc. subt ilis 0.96 L. plant arum 0.98 G. candidum 0.95  0.97 Lc. lact is 0.97 D. hansenii 0.97  0.90  
>6 y E: 15 1y -  1c E: 19 -  23 2 - 4 w E: 5-8, L:0.05 4 w E: 5 4 w E: 5 1 - 2 d L:0.12 1 - 3 d L: 0.12 2 d L:0.1 A:0.01 1 d L:0.1; A:0.01 2 - 3 d M onascor ubr ami n 1 - 3 y G 2 -  4 w L: 0.1 16 h L:0.1; 2Ac 2 - 4 m L: 0.1 2 - 4 w L:0.1; 2Ac 1-3 m L: 0.1, N 1-4m L: 0.1 N 0.5 - 2 y G
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grapes grapes apples S. cerevisiae wheat S. cerevisiae bar ley  Malt S. cerevisiae r ice Lu wheat  egg L. sanf rancisc.      rye L. sanf rancisc.      beans Mucor spp. f ish T. halophilus olives L. plant arum mare L. acidophilus buf f al Sc.t hermophil raw bov L. helvet icus raw L. helvet icus bovine Sc. t hermophil. f ish, r ice L. plant arum
3.5-4.0 S. cerevisiae 3.5-4.0 S. cerevisiae 3.5-4.0 Lact ic and 3.5-4.0 3.5-4.0 S. cerevisiae 3.5 Lu.mesent eroi 3.5-4.0 L. plant arum 5.5 C. humilis 4.5-5.0 L. cr ispat us ~6.0 M. purpureus 4.0-4.5 T. muriat icus 3.5-4.2 L. pent osus 4.0-4.5 K. marxianus 4.7-5.2 L. helvet icus 6.0 Sc. t hermophil 5.2-5.4 Sc.t hermophil 5.5-6.5 L. helvet icus 4.0-4.5 L. brevis

n/ a  n/ a n/ a acet ic acid bact . n/ a NSLAB n/ a  0.98 L. casei 0.98 P. pent osaceus 0.96  0.97 S. cereviae 0.94 Bc. subt ilis 0.85 Lt . salicampi 0.96 Candida spp. 0.98 S. lact is 0.97  0.90 NSLAB 0.97 Micrococcus 0.96 P. roquef or t ii 0.90 D. hansenii
0.5-1 y E: 12-16 0.5-1 y E: 12-16 2 -  4 m E: 8-11 4 w E: 5; L: 0.1 4 w E: 5-6 12 h E: 0.5; L: 0.01 1 d L: 0.1 -0.2 1 d L:0.1; A:0.01 1 d L:0.15; A: 0.02 6 m M onascor ubr ami n 6-12m L: 0.1; G 2 -  4 d L: 0.2 24 h L: 0.15; E: 1.5 1 d L: 0.1 1 - 5 y L: 0.1; G 3-6 m L: 0.1 3 - 6 m L: 0.1 N 2 - 12m L:0.05; G

87 Japan 88 Zhejiang 

(China)
103  China, Korea 104 Bot swana, 

Zimbabwe
105 Germany 106 Uganda 107 Bot swana 108 Bay Area (U.S.) 109 West phalia, D 110 Japan 111 East  Asia 112 India, Nepal 113 Caucasus 

region
114 Tuscany (It aly) 115 It aly 116 Muenst er  

Valley (Alsace, 
117 Roquef ort  (F) 118 Norway

r ice A. oryzae r ice A. oryzae prunes S. cerevisiae sor ghum S. cerevisiae bar ley  sor ghum L. f erment um sor ghum L. reut eri wheat L. sanf rancisc. rye L. sanf rancisc.      soy Bc. subt ilis soy A. sojae r addi sh L. f erment um bovine Lact obacillus ovine Lc. lact is raw ov L. helvet icus raw Lc. lact is raw ov Lc. lact is t rout NSLAB?

3.1-4.4 S. cerevisiae 3.5-4.5 S. cerevisiae ? lact ic acid 4.0 lact ic acid 4.0 S. cerevisiae 3.5 - 4.5 L. brevis 4.0 L. f erment um 4.5 C. humilis 5.0 C. humilis 5.5-6.0 3.5-4.5 T. halophilus 4.0-4.5 L. brevis 4.0 Leuconost oc 5.0-5.5 Lu.mesent eroid 5.5-6.0 Sc. t hermophil. 5.2-5.4 Br. linens 5.5-6.5 P. roquef or t ii 5.5-6.5 enzymat ic

n/ a L. plant arum n/ a M.  purpureus n/ a baceria n/ a bact eria n/ a  0.98 L. plant arum 0.98 L. plant arum 0.96  0.96  0.97  0.83 Z. rouxii <0.4 L. plant arum 0.98 K. marxianus 0.98  0.90 NSLAB 0.97 G. candidum 0.97  0.96 hydrolysis

6-12 m E: 15 L: 0.02 6-12 m E: >14 ? E: >12 1 - 2 d E: 5; L: 0.1 4 w E: 8-14 1 - 4 d L: 0.12; A: 0.01 1 - 2 d L: 0.12; A: 0.01 1 d L: 0.12; A: 0.01 1 d L: 0.15; A:0.01; G 1 d Polyglut amat e 6-9 m L: 0.1; G 2-3 w L: 0.2 24 h L: 0.08; E: 1, 2Ac 1 - 4 w L: 0.1 0.5-5 y L:0.1; G 1-3 m L: 0.1, N 3-6 m L: 0.1; N 2-4m N; G

57 Russia 58 Carribean 59 Black Forest  

(D) 
60 Normandie (F) 61 Cognac (F) 62 It aly 63 Mexico 64  China 65 U.K., Ireland, 

U.S.A.
66 worldwide 67 worldwide 68 worldwide 69 China 70 Modena (I)

Spirits and vinegar
pot at oes sug cane cherr ies S. cerevisiae apples S. cerevisiae wine S. cerevisiae pomace S. cerevisiae agave S. cerevisiae sor ghum A. oryzae barley S. cerevisiae grains S. cerevisiae grapes S cerevsiae f ruit s S cerevsiae grains A. oryzae grapes S. cerevisiae

6.0 S. cerevisiae 4.0-5.0 S. cerevisiae 3.5 - 4.0 L. suebicus 4.5 - 5 Lact ic and 4.5 - 5 4.5 -  5 lact ic acid 4.5-5.0 C. humilis 4.5 - 5 S. cerevisiae 3.5-4.5 L. f erment um 2.5 Acet obact er 2.5 Acet obact er 2.5-3.0 Acet obact er  2.5 S. cerevisiae 2.5 Acet obact er
n/ a  n/ a n/ a  n/ a acid bact eria n/ a n/ a bact eria n/ a W. cibar ia n/ a L. parabuchneri n/ a L. acidophilus n/ a n/ a  n/ a  n/ a Acet obact er n/ a Zygosacchar omy.

2 d E: 40 0.1-2 y E: 40-80 2 -  12 m E:44 A: 0.01 12 m E: 40; A:0.02 2 - 50 y E: 40 2 - 4 d E: >40 0.5 - 4 E: 44 1 - 2 y E: 35-53 1y -  1c E: 44 2d A: 0.8-3 4w / 1d A: 0.8 - 1 4w / 1d A: 0.8 - 1 3 - 6 m A: 1 L:0.1 12 y A: 1, L:0.01

89 China 90 China 91 India 92 China 93 East  Asia 94 unknown 95 Et hiopia 96 Brazil 97 Indonesia 98 Mexico, 

Madagascar
99 t ropical 

count r ies
100 t ropical 

count r ies
101 t ropical 

count r ies
102 t ropical 

count r ies

Tea, coffee and chocolate
t ea enzymat ic t ea A. niger  t ea enzymat ic t ea enzymat ic t ea Gl. xylinum sucrose L. hordei cof f ee Pichia spp. cof f ee  cof f ee Paradoxurus Vanilla Bc. subt ilis cocoa Candida spp. cocoa Candida spp. cocoa Candida spp. cocoa Candida spp.
 -  f erment at ion  ? S. cerevisiae  -  f erment at ion  -  f erment at ion 3.5 Z. bailii 3.3-3.5 S. cerevisiae 5.0 Erwinia spp. 5.0 f ungi 5.5 hermaphrodit 5.5 bet a- 5.0-5.5 Lact obacillus 5.5-6.5 Lact obacillus 5.0-5.5 Lact obacillus 5.0-5.5 Lact obacillus 

n/ a  n/ a B l .  adeni ni vor ans n/ a  n/ a  0.99 Lact obacillus n/ a Acet obact er n/ a Lu.mesent eroid n/ a  n/ a (Civet  cat ) n/ a glycosidase 0.30 A. acet i 0.40 A. acet i 0.40 A. acet i n/ a A. acet i
  2 m volat iles     1 d E:0.5 A:0.1 L:0.1 1 d E:3; L:0.2; A:0.1 2 d volat iles  - none 2 d volat iles 2 d Vanillin 7d volat iles 7d volat iles 7d volat iles 7d E: 5
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C.

Non starter lactic acid 
bacteria

NSLAB
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Br.
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6
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CervelatCottage 
Cheese

Salami

2p Gruyère Brie

Propionibacteria

18
Meats and 

fish

Summer 
Sausage
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Dairy 

products

14
Soft cheese

Yoghurt3p

17
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ripened 
cheeses
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15
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nickel
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(Lactobacillales)
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6
Cereal 

beverages

 

Boza Baguette

11
Condiments 
(soy and fish 

sauces)
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Emmentaler 
(Swiss)

Black beans 
(豆豉) Fish sauce Parmigiano6p

4d 5p
豆腐乳
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Feta

Shaoxing 
wine 
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CambozolaMiso (味噌)Tempe Cream 
Cheese
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Jamón
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16
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† 4f Rum

Pediococcus

Water kefir Coffee 
arabica

Vodka 
(водка)
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E
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5
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9
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4
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StoutIce Cider
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centuryc:
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S a n Fr a nc i sc o 
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(乌龙 )
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Kombucha
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wasser Cognac
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Eisbock Bushera

Key to description of fermented foods
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Glutamate above taste threshold

Ammonia above flavor theshold

12
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products

A

Grappa Baijou (白酒)

Natto (納豆) Soy Sauce 
(醤油)
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