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Abstract

Sensory properties, shelf life, and safety of a majority of fermented foods are determined by the
metabolic activity of food fermenting lactic acid bacteria. This communication reviews major
metabolic routes of lactic acid bacteria, and indicates how metabolism is influenced by the
environmental conditions or manipulated for improved control of food fermentations. Emphasis
is placed on homofermentative and heterofermentative metabolism of carbohydrates, organic
acids, and the conversion of amino acids with major impact on food safety and quality. In
addition to the role of lactic metabolism in food fermentations, their implications for food

spoilage is discussed.
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Highlights

Homolactic metabolism generally generates lactate as main metabolite.

Pyruvate can be diverted to acetate or acetoin as alternative end products
Heterolactic metabolism generates lactate and acetate or ethanol as main metabolites
The availability of substrates for cofactor regeneration determines acetate formation

Catabolism of arginine and glutamine contributes to acid resistance of LAB
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Introduction.

The term “lactic acid bacteria” (LAB) describes as group of Gram-positive bacteria that share
metabolic and physiological characteristics [1, 2, 3]. Suitable criteria to define the term LAB
have been lacking for most of the 20" century and the term has been associated with food-
fermenting or probiotic organisms, often including bifidobacteria. Currently, the term LAB
describes organisms in the order Lactobacillales [4], confirming the suggestion that LAB
constitute a phylogenetically homogenous group [1]. LAB include environmental organisms,
members of plant microbiota, commensals of humans and animals, and opportunistic or obligate
pathogenic organisms [4]. Five of the 6 families of LAB also include food fermenting organisms
[4]; Lactobacillaceae and Leuconostococcaceae comprise predominantly non-pathogenic
organisms with a safe tradition of use in food fermentations (Fig. 1) [4]. Food-fermenting LAB
excel at exploitative competition and inhibit competitors by combining rapid utilization of
abundant carbohydrates with accumulation of lactic and acetic acids. The evolution of LAB is
shaped by reduction of genome size to achieve niche adaptation [5]. The reduction of the genome
size was associated with abandoning the metabolic efficiency and versatility that are
characteristic of the closely related bacilli. Abandoning the metabolic efficiencies of aerobic or
anaerobic electron transfer chains, however, enables LAB to adhere to an “iron free diet” and to
occupy plant or animal associated ecological niches where lack of iron limits bacterial growth
[6]. LAB dominate fermentation microbiota in a majority of fermented foods (Fig. 1) but are also

relevant as food spoilage organisms.
Metabolism of lactic acid bacteria: an overview

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

obligate heterofermentative [1, 2, 3]. The pentose phosphate pathway for homofermentative

4
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fermentation of pentoses (Fig. 2) [7], however, is not accommodated in this classification.
Moreover, major metabolic differences and branching points are dependent on the pathway
employed for fermentation of hexoses rather than the ability to ferment pentoses (Table 1). In
LAB fermenting glucose via the Emden Meyerhoff pathway (Fig. 2A), carbohydrates are
preferentially transported by PTS systems, metabolism of sugars other than glucose is subject to
carbon catabolite repression, pyruvate is the central branching point of metabolism, and fructose
is exclusively used as carbon source (Table 1) [2, 8, 9]. In LAB fermenting glucose via the
phosphoketolase pathway (Fig. 2B), PTS systems are not functional, metabolism of
disaccharides is preferred over glucose fermentation, acetyl-phosphate is the central branching
point of metabolism, and fructose is preferentially or exclusively reduced to mannitol (Table 1)
[8, 10]. This communication aims to summarize recent advances related to lactic metabolism
with emphasis on respiration, homolactic fermentation of pentoses, the utilization of lactate and

diols, and their relevance for food quality.

Homolactic metabolism of hexoses and pentoses

Pyruvate is the key branching point of homolactic metabolism of hexoses (Fig. 2). The fate of
pyruvate depends on the availability of oxygen and substrates. Anaerobic metabolism under
substrate limitation is mediated mainly by pyruvate formate lyase (Fig. 3A) [7, 9]. Lactate is the
main product of metabolism when the fermentable carbohydrates are abundant (Fig. 3B).
Aeration allows the alternative regeneration of co-factors (Fig. 3C) but lactate generally remains

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

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

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

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

Homolactic LAB occur as sole fermentation microbiota in many in meat and dairy fermentations
and the fermentation of condiments at high salt concentrations; in vegetable and cereal
fermentations, they are found in association with heterolactic LAB (Fig. 1). Homofermentative
metabolism of carbohydrates in food yields lactate as sole or major product of metabolism (Fig.
1); exceptions include soy fermentations with T. halophilus where low concentrations of hexoses
favour metabolism by pyruvate formate lyase (Fig 1). Carnobacterium spp., which grow on

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

[4].

Food fermentations with LAB are not aerated (Fig. 1) and thus do not support respiration. The
cytochrome oxidase of LAB, however, is active at low oxygen concentrations and may
contribute to oxygen elimination during initial stages of food fermentations [14]. Genes required
for respiratory metabolism are expressed even in the absence of heme and oxygen, suggesting a
preference of LAB for respiration whenever possible [12]. Respiration has become a valuable
tool in the production of starter cultures. Oxidative stress and the oxidation of membrane lipids is
a major factor limiting the shelf life of frozen or dried LAB for use as starter or probiotic
cultures. Respiratory metabolism increases the biomass yield as well as the resistance to

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

Acetoin formation impacts food quality even if it is only a minor metabolite. Chemical oxidation
of a-acetolactate, an intermediate of acetoin formation, yields diacetyl, which impacts the flavour

of beer, wine, bread, and dairy products. Diacetyl formation in beer constitutes a spoilage event
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while the compound is a desired contributor to the flavour of wine and dairy products (Fig. 1).
Diacetyl formation by Lc. lactis is supported by the availability of oxygen and citrate as

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

Homofermentative metabolism of pentoses has been initially observed in an isolate later
classified as Lactobacillus vini [3]; the metabolic pathway was described in Lc. lactis and
enterococci (Fig. 2C) [7]. The conversion of 3 mol pentoses through transketolase and
transaldolase reactions yields 5 mol of triose phosphate; the net energy gain in the pathway (7
mol of ATP / 3 mol of pentose) is thus slightly higher when compared to pentose catabolism
through the phosphoketolase pathway (Fig. 2D). During metabolism of pentoses through the
pentose phosphate pathway by Lc. lactis and enterococci, a significant proportion of pyruvate is
metabolised by pyruvate formate lyase (Fig. 3A) [7]. The occurrence of L. vini in wine or
industrial fermentation of ethanol [19] implies that the metabolic pathway supports

competitiveness in ecosystems where hexoses were depleted by yeast fermentation.
Heterofermentative metabolism of hexoses and pentoses.

Heterofermentative LAB employ the phosphoketolase pathway for carbohydrate metabolism
(Figs. 2 and 5A). The energy yield of the pathway is only one ATP per glucose and most
heterofermentative LAB grow poorly with glucose as sole carbon source [10]. Two metabolic
strategies improve metabolic efficiency of the pathway; (i) phosphorolytic cleavage of
disaccharides to eliminate the need phosphorylation at the expense of ATP [8]; (ii) the use of
alternative electron acceptors to convert acetyl-phosphate to acetate instead of ethanol [10].
When combined, these metabolic shifts increase the yield of ATP per glucose to 2.5.
Accordingly, metabolism of maltose sucrose and raffinose by disaccharide phosphorylases, and

metabolism of pentoses is not repressed by glucose [8, 10].
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Heterolactic metabolism generally converts pyruvate from hexoses and pentoses to lactate;
however, alternative end products of pyruvate are observed in citrate and pyruvate metabolism of
Leuconostoc spp and Oenococcus oeni [20,21**] and lactate utilization of L. buchneri. The use
of alternative electron acceptors to oxidise reduced cofactors allows heterofermentative LAB to
use acetyl-phosphate for ATP synthesis [10]. Some heterofermentative LAB do not harbour an
alcohol dehydrogenase and do not ferment glucose in the absence of alternative electron

acceptors [3, 22].

Oxygen and fructose are the most significant electron acceptors for recycling of reduced co-
factors (Fig. 5B) [10] and many strains have the capacity for respiration [11, 21**]. However,
some strain in the L. reuteri group do not grow aerobically and most Weissella spp. do not
reduce fructose to mannitol [10, 23]. Other compounds that are reduced with concomitant
oxidation of NAD(P)H include oxidized glutathione [10], a wide range of aldehydes and ketones
including aldehydes originating from lipid oxidation [10], a-keto acids originating from amino
acid transamination [24], and quinic acid [25]. Recent studies indicate that the reduction of

hydroxycinnamic acids also contributes to cofactor recycling [26].

Heterofermentative LAB occur in most plant fermentations including wine, cider, cereal
porridges and sourdough, and sauerkraut or kimchi (Fig. 1). Their competitiveness in plant
substrates reflects the availability of maltose, sucrose, or raffinose, and alternative electron
acceptors. The availability of alternative electron acceptors increases the growth rate of L. reuteri
by 30 — 50% and hence contributes substantially to the competitiveness in food fermentations
[27]. Cofactor recycling by heterofermentative LAB impacts food quality because acetate
production is increased and the redox potential as well as the antioxidant capacity of fermented

foods are strongly influenced. Acetate has antibacterial and antifungal activity, and impacts
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flavour in addition to contributing to sour taste. Excessive acetate formation is considered a
spoilage event in the production of alcoholic beverages [28]; however, moderate levels of acetate
improve the flavour of baked goods (Fig. 1). Acetic acid formation in sourdoughs is readily
adjusted by supplementation with sucrose [10]. Sucrose addition to support production of
sufficient amounts of exopolysaccharides in sourdough, however, results in excessive acetate
production and the use of Weissella spp. that are unable to utilize fructose as electron acceptor is

preferred [23].

The requirement for co-factor regeneration to achieve efficient heterofermentative metabolism of
hexoses also influences the redox-potential of food fermentations [29*] and substantially alters
flavour formation in lipid oxidation pathways [30] as well as thiol exchange reactions [31].
Thiol-exchange reactions catalysed by heterofermentative LAB reduce allergenic proteins in

food fermentations [32].
Utilization of lactate, glycerol, and diols.

Anaerobic degradation of lactate (Fig. 6A) was described in silage and sourdough fermentations
[33] and as spoilage event in pickles [34]. In these fermentations, lactate utilizing lactobacilli are
associated with primary lactate producing fermentation organisms [34]. Growth of L. buchneri is
not supported by lactic acid as sole carbon source; however, co-fermentation of hexoses and
lactate yields acetate and 1,2 propanediol as main products [33]. With pyruvate as substrate, the

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

Glycerol and 1,2 propanediol are metabolized through the same metabolic pathway (Fig. 6C)
[35,36]. Co-metabolism of glycerol or 1,2 propanediol and fermentable carbohydrates yields
mainly the reduced products 1,3 propanediol or propanol [33]. In the absence of fermentable

carbohydrates, the oxidising and reducing branches of the pathway operate simultaneously and
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glycerol or 1,2 propanediol metabolism yields hydroxypropanoic acid or propanoic acid and 1,3
propanediol or propanol, respectively, in approximately equimolar amounts (Fig. 6C, [33,37*].
This metabolic pathway supports ATP generation and slow growth with glycerol or 1,2

propanediol as sole carbon source.

Metabolism of glycerol by homofermentative LAB also yields 1,3 propanediol [38] but in
contrast to heterofermentative lactobacilli, co-factors regeneration by formation of 1,3
propanediol supports simultaneous glycerol catabolism by the glycerol kinase pathway (Fig. 6D)

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

Metabolism of glycerol and 1,2 propanediol constitutes spoilage in beer, wine, cider, and pickles.
These ecosystems are characterized by paucity of fermentable carbohydrates and electron
acceptors, which were consumed by primary fermentation organisms (Fig. 1). The metabolism of
yeast and lactate metabolism by L. buchneri provide glycerol and 1,2-propanediol, respectively,
as substrates. In pickles, lactate consumption and diol metabolism results in an increase of the
pH and compromises the hygienic stability of the product [34]. The growth of a secondary lactic
microbiota in cider and beer may result in off flavour [28]. 3-Hydroxypropionic aldehyde that is
formed during maturation of cider and wine is chemically transformed to acrolein, which is

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

Glycerol metabolism generates several antimicrobial compounds contributing to food and feed
preservation. The conversion of lactate to acetate and propionate by co-fermentation of primary
lactate producers, lactate-utilizing L. buchneri, and propanediol-utilizing L. diolivorans delays
the fungal spoilage of bread [33]. Hydroxypropionaldehyde or reuterin is a more potent
antimicrobial compound than propionic or acetic acids, however, this intermediate accumulates

only when glucose is limited and glycerol is present in excess. Supplementation of cheese milk

10
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with glycerol and L. reuteri as adjunct culture allowed the generation of active levels of reuterin

and the reduction of spore counts of Clostridium tyrobutyricum [40*].
Metabolism of citrate and malate.

LAB produce succinate, lactate, acetate and ethanol, or acetoin as alternative end products from
citrate (Fig. 7). The conversion of citrate to succinate maximises the oxidation of reduced co-
factors (Fig. 7) [2, 10] but does not include a proton-consuming decarboxylation reaction.
T. halophilus converts citrate via pyruvate formate lyase to acetate and ethanol, thus combining
one proton-consuming decarboxylation reaction with ATP generation [41]; likewise, many
heterofermentative lactobacilli convert citrate to lactate, thus combining one proton-consuming
decarboxylation with regeneration of reduced NADH [10]. Citrate is converted to the alternative
end products acetoin and lactate by Lc. lactis, Leuconostoc spp. and O. oeni [2]. Citrate
conversion to acetoin proceeds via two proton consuming decarboxylation reactions, prevents
accumulation of an organic acid, and thus contributes to pmf generation and acid tolerance (Fig.
7) [42]. Product formation from citrate in O. oeni is dependent on the pH. Low pH favours
acetoin formation to maximise the contribution to pmf generation while neutral pH favours

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

The impact of acetoin formation on food flavour and quality was discussed above. Malolactic
fermentation by O. oeni not only reduces the acid level and hence the acid taste of wine,
particularly white wines, but also changes the concentration of flavour volatiles through

carbohydrate and citrate metabolism [55].

Amino acid metabolism in response to acid stress

11
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Carbohydrate metabolism by LAB in food fermentations is often limited by acidification and low
pH (Fig. 1). Low pH shifts lactic metabolism from hexose fermentation to utilization of amino
acids. Glutamine, glutamate, and arginine play a major role in pH homeostasis and stationary
phase survival of LAB (Fig. 8) [42]. Arginine catabolism via the arginine deiminase pathway
generates metabolic energy by substrate level phosphorylation and increases intracellular and
extracellular pH (Fig. 8B) [10]. The contribution of arginine conversion to acid resistance
appears to be optimal at pH values higher than 3.5 while the protective effect of the glutamine /
glutamate system extends to lower pH-values [44**]. Analysis of the expression of the arginine
deiminase pathway also suggests that acid resistance by amino acid decarboxylation takes
priority over the arginine deiminase pathway [44**, 45, 46]. Some LAB maintain an agmatine
deiminase pathway that operates analogous to the arginine deiminase pathway and also increases
acid resistance [47,48]. The use of agmatine by LAB indicates a trophic relationship between

LAB and agmatine producing organisms such as Enterobacteriaceae.

Glutamine deamidation contributes to acid resistance in L. reuteri and other LAB [10, 44%**].
The efficiency of the glutamate and glutamine systems to extrude protons is strongly dependent
on the selection of ion species that are transported (Fig. 8A) [44**]. In E. coli, the ion selective
antiporter GadC exchanges extracellular glutamate or glutamine with GABA [49*]. Import of
uncharged glutamate or glutamine coupled to export of positively charged GABA couples
glutamate decarboxylation to proton consumption, the net export of one positive charge, and
hence pmf generation (Fig. 8A) [44**, 49*]. Expression of glutamate decarboxylase in
lactobacilli is upregulated upon entry into the stationary phase of growth [44**] and by acid
stress [44**, 50]. Moreover, glutamate decarboxylase of lactobacilli exhibits a sharp pH

optimum at pH 4.5 and is essentially inactive at neutral pH [51]. Histidine decarboxylase and
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tyrosine decarboxylase also contribute to pH homeostasis in LAB (Fig. 8C) [46]. Comparable to
glutamate decarboxylation, intracellular consumption of protons and electrogenic antiport of

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

The metabolism of amino acids significantly impacts the quality of long-ripened fermented foods
(Fig. 1). Glutaminase activity of LAB accumulates glutamate to levels exceeding the taste
threshold and thus contributes to the umami, savoury taste of bread and long-ripened cheeses
[52%*,53]. Glutamate also accumulates to taste active concentrations in fish, meat and soy
fermentations but meat-derived (meat) or fungal (soy) glutaminases may account for this
accumulation. Strain specific glutamate decarboxylase activity of LAB has been described in
dairy, meat, and in cereal fermentations and allows accumulation of y-aminobutyrate (GABA) as
bioactive ingredient. Particularly in East Asian countries, GABA is well-recognized for its
relaxing and health-promoting properties and LAB are a major means of producing GABA or

GABA-enriched foods [54].

Arginine conversion by LAB in food constitutes spoilage or contributes to flavour. Acid
resistance in beer spoiling LAB is supported by arginine [50]. Citrulline, an intermediate of the
arginine deiminase pathway (Fig. 8), is a precursor to the formation of toxic ethyl carbamate in
wine and spirits and ADI-negative strains are preferred as starter cultures to initiate malolactic
fermentation of wine [55]. In baked goods, arginine conversion by sourdough LAB provides
ornithine as precursor to the character impact compound of wheat bread crust, 2-acetyl-1-

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

Decarboxylation of amino acids other than glutamate generates biogenic amines with adverse
implications for human health when consumed with alcohol or in combination with monoamine

oxidase inhibitors. Histamine and tyramine are the major biogenic amines in fermented foods
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and their formation is attributable to LAB [56]. Biogenic amine formation is controlled by
selection of competitive and decarboxylase negative starter cultures that suppress decarboxylase

positive microbiota throughout fermentation [57].
Conclusions

Lactic metabolism has been investigated for over a century but recent genomic analyses of LAB
have allowed elucidation of several novel metabolic pathways that impact food quality [8, 7, 37,
44]. Current knowledge on major metabolic pathways of LAB provides a basis for the control of
lactic metabolism in food but additional metabolic pathways that make only minor contributions
to the overall metabolic flux but also impact food quality remain to be elucidated. Examples
include the conversion of amino acids to flavour volatiles [24], esterases, decarboxylases, and
hydratases involved in conversion of phenolic compounds [25], and enzymes involved in lipid
metabolism. Moreover, awareness of the diversity of fermented foods (Fig. 1) and the
development of starter cultures for fermented foods in emerging economies will lead to the

discovery of LAB with novel metabolic properties.
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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 a-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 FoF1ATPase [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; S, 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 MQHo2,
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 (A), lactate (®), acetate (V¥), and acetoin (m). 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 a-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 a-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 y-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]

28



Table 1. Comparison of metabolic properties of homolactic and heterolactic metabolism.

Homolactic metabolism

Heterolactic metabolism®

Metabolism of glucose

Metabolism of galactose

Metabolism of fructose

Emden-Meyerhoff pathway

Tagatose pathway and / or
Leloir pathway

Emden Meyerhoff pathway

Phosphoketolase pathway®
Leloir pathway

Mannitol-dehydrogenase®,
phosphoketolase pathway

Phosphoketolase pathway or
pentose phosphate pathway;
sequential metabolism of
hexoses and pentoses

Phosphoketolase pathway;
simultaneous metabolism of
hexoses and pentoses

Metabolism of pentoses

Fructose®?, sucrose and / or

Glucose
maltose

Preferred substrate

Formate, ethanol, and acetate;
lactate, or acetoin

Alternative products from

Lactate, acetate, (acetoin)®
pyruvate

Alternative end products from

e)
acetyl-phosphate Ethanol or acetate

Acetate
Acetate, formed by stationary
cultures at acrobic conditions,
or acetoin

Products of lactate metabolism 1,2 Propanediol and acetate?

9 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).

® not all heterofermentative LAB grow with glucose as sole carbon source.
© Mannitol dehydrogenase is absent in most strains of Weissella

9 Fructobacillus spp. preferentially ferment fructose. Several Fructobacillus species do not
produce ethanol from fructose as they apparently lack an alcohol dehydrogenase.

® 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 a-acetolactate, an intermediate of acetoin formation.

D This pathway is found only in L. buchneri and few other species.
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bacteria Propionibacterium Botrytis B. Blastobotrys Bl.
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