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Abstract. A comparably poor growth medium containing 
0.1% yeast extract as sole non-defined constituent was 
developed which allowed good reproducible growth of 
lactic acid bacteria. Of seven different strains of lactic 
acid bacteria tested, only Lactobacillus plantarurn and 
Lactobacillus sake were found to catalyze stoichiometric 
conversion of L-malate to L-lactate and CO 2 concomitant 
with growth. The specific growth yield of malate fermen- 
tation to lactate at pH 5.0 was 2.0 g and 3.7 g per mol 
with L. plantarum and L. sake, respectively. Growth in 
batch cultures depended linearly on the malate concentra- 
tion provided. Malate was decarboxylated nearly exclu- 
sively by the cytoplasmically localized malo-lactic enzy- 
me. No other C4-dicarboxylic acid-decarboxylating enzy- 
me activity could be detected at significant activity in 
cell-free extracts. In pH-controlled continuous cultures, 
L. plantarum grew well with glucose as substrate, but not 
with malate. Addition of lactate to continuous cultures 
metabolizing glucose or malate decreased cell yields 
significantly. These results indicate that malo-lactic fer- 
mentation by these bacteria can be coupled with energy 
conservation, and that membrane energetization and 
ATP synthesis through this metabolic activity are due to 
malate uptake and/or lactate excretion rather than to an 
ion-translocating decarboxylase enzyme, 
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Fermentative conversion of L-malate to L-lactate is called 
malo-lactic fermentation (Kunkee 1967) and is a well- 
known and important process during the so-called "sec- 
ondary" acid-degrading fermentation which follows the 
primary alcoholic fermentation in wine making (Davis 
et al. 1985; Wibowo et al. 1985). Since malic acid makes 
up about half of the total acid content of the must, 
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malo-lactic fermentation contributes considerably to the 
deacidification of wine and, with this, to its flavour 
quality and stability. Already to the end of the last 
century, lactic acid bacteria were found to carry out this 
important reaction (Koch 1898, 1900; Mfiller-Thurgau 
and Osterwalder 1913). 

Conversion of malate to lactate through malo-lactic 
fermentation does not yield products for further energy 
generation and, at least at first sight, the process does 
not provide an obvious advantage to the bacteria. 
Simultaneous fermentation of L-malate and D-glucose by 
a Leuconostoc rnesenteroides strain in a complex medium 
did not result in a quantitative or qualitative change of 
the fermentation products or cell yields (Kandler et al. 
1973), and it was concluded that malo-lactic fermentation 
does not provide energy for growth. This view is also 
maintained in textbooks (e.g. Gottschalk 1979), however, 
it is now expressed less definitively (Gottschalk 1986). 
It is assumed that the physiological significance of this 
fermentation which is wide-spread among lactic acid 
bacteria should be mainly the decrease of acidity to 
compensate excess proton activity (Doelle 1975). 

Indications of energy conservation through malo- 
lactic fermentation was obtained recently by assays of 
ATP contents in lactic acid bacteria in the presence or 
absence of malate (Cox and Henick-Kling 1989). Since 
the free energy change of the decarboxylation reaction 
is small (AG o' = -26.5 kJ per tool; Thauer et al. 1977), 
energy conservation could be associated only with the 
generation of a chemiosmotic gradient across the cyto- 
plasmic membrane. Fermentative energy conservation 
through decarboxylation of dicarboxylic acids has been 
reported in the recent past for oxalate (Dawson et al. 
1980; Smith et al. 1985; Dehning and Schink 1989a), 
malonate (Dehning and Schink 1989b; Dehning et al. 
1989), succinate (Schink and Pfennig 1982; Denger and 
Schink 1990), and glutarate (Matthies and Schink 1992). 
In all cases, a fraction of an ATP equivalent was 
conserved, and molar growth yields in the range of 
0.9-3.5 g dry cell matter were observed. 

In the present paper, various strains of lactic acid 
bacteria were checked for their ability to grow by malate 
decarboxylation to lactate. 

http://springerlink.metapress.com/content/1432-072X/
http://www.ub.uni-konstanz.de/kops/volltexte/2007/2569/
http://nbn-resolving.de/urn:nbn:de:bsz:352-opus-25690
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Materials and methods 

Sources of  organisms 

Lactobacillus easei (DSM 20 008), Lactobacillus corymformis (DSM 
20005), Leuconostoc mesenteroides (DSM 20343) and Lactobacillus 
sake (DSM 20017) were obtained from the Deutsche Sammlung 
fiir Mikroorganismen und Zellkulturen GmbH, Braunschweig, 
FRG. Lactobacillus plantarum strain B 38 was kindly provided by 
Prof. F. Radler, Mainz, FRG, Lactobaeillus spec. (DSM 20252) 
by Dr. N. Weiss, Weihenstephan, FRG, and Streptococcusfaecalis, 
10C 1, by Dr. P. van Demark, Cornell University, Ithaca, New York, 
USA. 

Media and growth conditions 

For anaerobic cultwatlon of lactic acid bacteria, cystein-reduced 
(2.8 mM) mineral salts media with 0.1% yeast extract and further 
supplements were used. Media were prepared anoxically after 
Widdel and Pfennig (1981). The following components were used 
(per liter): a) medium with final pH 6.4: KH2PO4, 6.8 g; NH4C1, 
1.0 g, MgSO~ x 7 H20, 0.2 g; MnSO 4 • H20 , 0.05 g; b) medium 
with final pH 5.0: KH2PO4, 0.68 g; Naz-succinate, 6.75 g; NH4C1, 
1.0 g; MgSO4 x 7 H20, 0.2 g; MnSO, • H 2 0  , 0.05 g. Low-sodium 
media were prepared with the respective potassium salts. After 
autoclaving, media were supplemented with 1 ml of trace element 
solution SL 10 (Widdel et al. 1983) per liter, as well as 0.5 ml/1 of 
ten4old concentrated 7-vitamins solution (Widdel and Pfennig 
1981). Substrates were added from concentrated sterile stock solu- 
tions before inoculation. Growth was followed via turbidity in 22-ml 
screw-cap tubes with a Spectronic 20 Spectrophotometer (Milton 
Roy, Rochester, NY, USA) at 450 nm or 546 nm. Culture purity 
was checked microscopically after growth in the above media or 
on agar plates with a complex medium (Evans and Niven 1951). 

'Experiments in pH-controlled batch and continuous culture 
were performed at 30 ~ with the phosphate-buffered medium in 
an anaerobic chemostat system with 640-ml working volume with- 
out headspace. The pH was maintained at pH 5.7 with 1 MHC1 
or 1 M NaOH by a laboratory pH control set Type M 7822 NLC 
(Mostec, Liestal, Switzerland). Contamination of the reservoir was 
prevented by a heat trap; reservoir and trap were kept under 
N,/CO2 (90%/10%) at 50 mbar pressure. Growth was followed at 
436 nm in 1-ml cuvettes. 

Enzyme assay 

Cell-free extracts were prepared from malate-grown cells harvested 
in the late log-phase, either by incubation with lysozyme 
(2 rag. ml-1) in a 50 mM phosphate buffer, pH 7.2, with 1 mM 
MgClz at 35 ~ for 30 min, or by French press cell treatment at 
6.9 MPa. After centrifugation at 20000 x g for 20 min. the clear 
supernatant (crude extract) was used either directly for enzymatic 
studies, or was further subtractionated by centrifugation at 
120000 xg for 40 min. 

Malo-lactic enzyme was measured via COz formation either 
manometrically (Caspritz and Radler 1983) or by gas chromato- 
graphy (Platen and Schink 1990). The test was carried out anoxically 
at 25 ~ in 25-ml serum tubes sealed with butyl rubber stoppers; 
300-gl samples were taken at intervals from the headspace after 
shaking. Standards were prepared with a 100 mM NaHCO3 solu- 
tion. 

Lactate dehydrogenase (E.C. 1.1.1.27) and malate dehydrogenase 
(E.C. 1.1.1.37), were determined after Bergmeyer (1974). Oxalo- 
acetate decarboxylase was assayed after Dimroth (1981), malate 
dehydrogenase, oxaloacetate decarboxylating ("malic enzyme '~, 
E.C. 1.1.1.39) after London and Meyer (1969). 

Chemical analyses 

Acetate and ethanol were assayed by gas chromatography as 
described (Dehning et al. 1989). DL-malate and DL-lactate were 
quantified either enzymatically (Bergmeyer 1984, 1985) or by 
capillary gas chromatography of their methyl esters with malonate 
as internal standard (Dehning and Schink 1989b). 

Protem was quantified by a micro-biuret method (Zamenhoff 
1957) with bovine serum albumine as standard. 

Chemicals 

All chemicals used were of analytical grade and obtained from 
Fluka, Neu-Ulm, and Merck, Darmstadt, FRG. Blochemicals were 
purchased from Boehringer, Mannheim, and Sigma, Mfinchen, 
FRG. Gases were obtained from Messer-Griesheim, Frankfurt, 
FRG. 

Results 

Malate utilization by lactic acid bacteria 

Lactic acid bacteria  are usually cultivated in rather  
complex media  (e.g. Evans  and  Niven 1951; de M a n  et 
al. 1960). Studies on a possible energy conservat ion f rom 
malate  util ization required a comparab ly  p o o r  g rowth  
medium which allowed determinat ion o f  small growth  
yield increases over backg round  growth.  Experiments  
with Lactobacillus plantarum revealed that  a mineral  
med ium supplemented with trace elements, 7 vitamins, 
and 0.1% yeast  extract  al lowed reliable growth  with 
cons tant  g rowth  yields with glucose (Y = 24 -28  g �9 mol  
glucose -1) up to 1 0 m M  initial concentrat ion.  The 
medium could be buffered efficiently at p H  6.4 with 
20 m M  potass ium phosphate ,  or at p H  5.0 with 20 m M  
sodium succinate. 

Seven different strains of lactic acid bacteria were 
checked in succinate-buffered medium for utilization of  
malate. As shown in Table 1, only Lactobacillus sake and 
L. plantarurn conver ted  malate  nearly stoichiometrically 
to lactate with significant growth.  L. casei and L. coryni- 
formis carried ou t  basically the same fermentat ion but  
growth  was considerably lower. N o  growth  during lactate 
utilization was observed with Lactobacillus sp., Leuco- 
nostoc mesenteroides, or Streptococcus faecalis. G r o w t h  
experiments at p H  6.4 with phosphate-buffered  medium 
yielded basically similar results, but  mala te-dependent  
g rowth  yields were slightly higher with L. easel and 
L. coryniformis (results no t  shown). Cult ivat ion in low- 
sodium (<0 .1  m M  N a  +) media  had no influence on 
g rowth  rates or  yields. L. sake and L. plantarum both  
used only the L-enant iomer o f  D,L-malate, and conver ted 
it exclusively to L-lactate. Con t ra ry  to L. sake, L. plan- 
tarum exhibited cell autolysis only after p ro longed  in- 
cuba t ion  for more  than  2 days beyond  growth  cessa- 
tion, and was therefore used in the following growth  
experiments. 

Var ia t ion o f  yeast  extract versus malate  supply with 
L. plantarum (Fig. I) demons t ra ted  that  yeast  extract  
suppor ted  growth  as energy and cell ca rbon  source 
independent  o f  malate  addition. Malate,  on the other  



Table 1. Malate transformation and malate-dependent growth of various lactic acid bacteria at pH 5.0 

459 

Malate net Cell Malate consumed Products formed 
provided OD4501 matter [mM]3 
[mM] formed 2 L-Malate D-Malate 

[raM] 

YMalate 
[g DM" mol-t] 

L. casei 30 0.076 22.8 

L. coryniforrnis 30 0.065 19.4 
L. plantarum 20 0.054 17.8 

L. sake 20 0.133 37.5 
Lactobaeillus sp. 20 0.004 - 
L. mesenteroides 30 0.014 -- 

S. faecahs 20 0.022 

15.0 0.2 15.9 DL-Lactate 1.5 
0.4 Acetate 

15.0 1.4 16.5 L-Lactate 1.2 
9.0 0.0 9.0 DL-Lactate 2.0 

0.4 Acetate 
10.0 0.2 9.9 L-Lactate 3.7 
2.8 0.0 1.1 DL-Lactate - 
6.1 0.0 3.4 DL-Lactate - 

0.4 Ethanol 
1 . 2  0 . 0  - - 

Experiments were carried out in 22-ml screw-cap tubes 
x net OD is OD of the experimental tubes minus that reached in 
malate-free control tubes 
2 Cell dry matter was calculated via cell turbidity using 
the experimentally determined conversion factors 0.1 OD45o 
= 29.7 mg dry matter per liter (L. mesenteroides), 335 mg dry 
matter per liter (L. spec.), 36.0 mg dry mass per liter (S. faecalis), 

30.0 mg dry mass per liter (L. casei), 29.8 mg dry mass per liter 
(L. eoryniformis), 33.1mg dry mass per liter (L. plantarum), 
28.2 mg dry mass per'liter (L. sake) 
3 D,L-Lactate, acetate, ethanol and propionate were assayed in all 
samples. Net product concentrations were calculated as differen- 
ces of test tubes vs. malate-free control tubes. Concentrations 
<0.3 mM are not listed 

hand, could serve as energy source only if at least 0.1% 
yeast extract was provided which was probably mainly 
assimilated into cell material. Similar results were ob- 
tained with L. sake (not shown). 

Growth of L. plantarum with 15 mM L-malate in the 
presence of 0.1% yeast extract was followed in pH- 
controlled batch fermentor cultures at pH 5.7. Initial 
growth after inoculation was fast and mainly due to yeast 
extract fermentation (Fig. 2 a). In a second growth phase 
between 5 and 15 h after inoculation, malate was con- 
verted stoichiometrically to lactate and trace amounts of 
acetate. Growth was considerably slower through this 
phase, and ceased nearly completely after about 7 mM 
malate was degraded. In the last phase, the leftover 
malate was converted to lactate without significant 
growth (Fig. 2a). Also in this culture system, malate- 
dependent growth correlated strictly with the amount of 
malate provided, and lactate was found as nearly only 
product, together with traces of acetate (Fig. 2b). 

Continuous culture and product inhibition experiments 

In  con t inuous  cul ture  with 5 m M  glucose as substrate  
(results no t  shown),  L. plantarum grew well with near ly  
cons tan t  growth yields at var ious  d i lu t ion  rates. The 
m a x i m u m  growth rate reached reproducib ly  was 
0.483 h -  t (pmax = 1.4 h). The growth yield was between 
24.8 and  26 g dry mat te r  per mol  glucose; the mainte-  
nance  coefficient m E was de te rmined  to 1 .67-10  . 4  
_+ 0.3 �9 10 . 4  mol  glucose per gram dry matter.  

Similar  experiments  with D,L-malate as substrate  yield- 
ed basically different results. Fig. 3 shows the depend-  
ence of  optical  density, leftover substrate,  and  products  
formed on  increasing concen t ra t ions  of  mala te  provided 
in the reservoir.  In  all cases, equ i l ib r ium states are plot ted 
which were reached after at least 3 full m e d i u m  exchanges 
at a d i lu t ion  rate of  0.027 h -  t cor responding  to abou t  
0.5 ~max (~tmax = 0.066 h -1 • 0.005 h -1 was determined 
for growth  with mala te  in washout  experiments). At 
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Fig. 1 a, b. Growth of Lactobacilhtsplantarum 
in minimal medium, pH 5.0, with L-malate and 
yeast extract. Maximum OD values reached 
are shown, a Variation of L-matate provided 
with constant amounts of yeast extract. (A) 
0.1%, (o) 0.2%, ([]) 0.3%, (A) 0.5% yeast 
extract in the medium background, b Varia- 
tion of yeast extract provided with constant 
amounts of malate. (A) 0 mM, (�9 10 mM, 
(n) 20 raM, (4) 40 mM L-malate in the medi- 
um background 
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Fig. 2 a. Growth of Lactobacillus plantarum in pH-controlled batch 
culture at pH 5.7 with 30 mM D,L-malate in the presence of 0.1% 
yeast extract. Optical density, product and substrate concentration 
are plotted on a logarithmic scale. (o) Optical density, (A) L-malate, 
(O) L-lactate, (m) acetate, b Malate-dependent growth of Lactoba- 
cillus plantarum in pH-controlled batch culture. ( � 9  Optical density, 
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utilization by Lactobacillus plantarum in continuous culture at 
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D,Dmalate concentrations lower than 20 mM, the optical 
density increased slightly less than in batch cultures, with 
a specific growth yield of 1.44 g dry matter per mol 
malate. L-malate was used up nearly completely, and 
the Dlactate concentration increased linearly (Fig. 3). 
At higher malate concentrations provided, the formed 
Dlactate increased as well, but more and more Dmalate 
accumulated unused in the fermentor. The optical density 
did not increase any further but remained in the same 
range as with 20 mM D,Dmalate. 

To check for effects of accumulating lactate on 
substrate conversion and cell yields, L. plantarum was 
cultivated in pH-controlled continuous cultures at pH 5.7 
with glucose or malate as substrate, in the presence of 
varying amounts of Dlactate in the reservoir. With 5 mM 
glucose as substrate, 20 mM added L-lactate decreased 
growth by 6% and lactate production by about 12% 
(Fig. 4a). Glucose was used up completely to the detec- 
tion limit. The effect of added lactate on malate utiliza- 
tion was more dramatic (Fig. 4b): With 10 mM L-malate 
as substrate, 20 mM added L-lactate decreased growth 
yields by 33% and lactate formation by 41% ; the remnant 
malate accumulated in the reactor. Higher lactate addi- 
tions decreased yields and product formation further, 
but never completely. With 40 mM L-malate as substrate, 
similar effects were observed (Fig. 4b). Acetate was not 
formed to significant amounts. 

Enzyme measurements 

Enzymes possibly involved in malate conversion to 
lactate were determined in crude cell extracts of L. 

Table 2. Specific activities of  malate-trans- 
forming enzymes in cell-free extracts of Lac- 
tobacillus sake and Lactobacillus plantarum. 
All enzyme activities were found to more 
than 96% in the cytoplasmic fraction 

Enzyme E.C. number L. sake L. plantarum 

Malate dehydrogenase 
Malate dehydrogenase, oxalo- 

acetate-decarboxylating 
Oxaloacetate decarboxylase 
Malo-lactic enzyme 

1.1.1.37 <0.1 0.035 
1.1.1.40 <0.1 0.16 

4.1.1.3 n.d. <0.1 
? 22.0 0.90 

Enzyme activities are listed as l.tmol �9 min-  1. mg-  1 protein 



plantarum and L. sake. As shown in Table 2, neither 
malate dehydrogenase, malic enzyme, nor oxaloacetate 
decarboxylase was found at significant activities. Only 
the malo-lactic enzyme which decarboxylates malate di- 
rectly to lactate without release of oxaloacetate was found 
at high activity, especially in L. sake. The malo-lactic 
enzyme was found to more than 96% in the cytoplasmic 
fraction of the respective cells tested, and was not 
inhibited by avidin. The malate-degrading activity of 
L. plantarum cells growing with malate at maximal rate 
is 0.55 ~tmol �9 min-1,  mg-1 protein. 

Discussion 

Growth by malo-lactic fermentation 

In the present communication, growth of lactic acid 
bacteria on the basis of malolactic fermentation is 
documented for the first time. This is as well the first 
unequivocal proof that malate conversion to lactate can 
be coupled with energy conservation. This observation 
became possible only because a comparably poor growth 
medium was applied which allowed measurement of the 
small energy gain in cell mass by this reaction; earlier 
reports claiming that malo-lactic fermentation is not 
coupled to energy conservation were based on experi- 
ments with very rich media (Pilone and Kunkee 1976) 
containing in addition e.g. 100 mM glucose as back- 
ground substrate (Kandler et al. 1973). However, for 
detection of small energy gains it is necessary to cultivate 
bacteria in substrate-limited cultures. The growth media 
used in the present study contained 1.0 g. 1-1 yeast 
extract as sole undefined medium constituent. We could 
not replace yeast extract entirely by defined components 
to achieve reliable growth with all strains examined. 
Nonetheless, variation of the amounts of yeast extract 
against malate proved that yeast extract served mainly 
for assimilatory purposes, and that at least at higher 
malate-to-yeast extract ratios energy metabolism was 
entirely fueled by malo-lactic fermentation. The glucose- 
specific growth yields obtained with this medium were 
in the same range as those obtained in complex media 
(de Vries et al. 1970) indicating that growth in our 
medium was not limited by any unknown component. 

These results confirm reports on enhanced ATP 
synthesis in the presence of malate by Leuconostoc oenos 
(Cox and Henick-Kling 1989), and help to explain the 
observation that growth rates of L. oenos increased in 
the presence of malate, especially at lower pH conditions 
(Pilone and Kunkee 1976). However, not all lactic acid 
bacteria tested in our study exhibited malate decarboxyla- 
tion-dependent growth: only L. plantarum and L. sake 
combined this decarboxylation reaction with significant 
cell matter production. Nonetheless, the two growth- 
positive Lactobacillus strains are important constituents 
of the bacterial flora in wine, and have been found among 
the predominant species in several different fermenting 
wines (Kunkee 1967; Renault and Heslot 1987; Sieiro 
et al. 1990). Malate decarboxylation-dependent growth 
may be of ecological importance in this environment, 
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therefore, and this even more so because the free energy 
change of this reaction increases with higher proton 
activity: If we assume about equal concentrations of 
malate and lactate (Radler 1986) and COz at 1 bar 
pressure, the free energy change at pH 7.0 is 

malate 2- + H + --+ lactate- + CO2, 

AG o' = -26.5 kJ- tool  -1 , 

and increases to -33.9 kJ.  mo1-1 at pH 5.7 (growth 
conditions mainly applied in this study) or to -46.5 kJ 
x tool- 1 at pH 3.5, the pH typically prevailing in young 

wines. It is not surprizing, therefore, to find that bacteria 
actually exploit this energy span, at least to help maintain 
the comparably high proton gradient across the cyto- 
plasmic membrane under such growth conditions. 

Biochemistry of energy conservation 

Two different systems for conservation of decarboxyla- 
tion energy in microbial metabolism have been described 
so far: i) in oxaloacetate decarboxylation by Klebsiella 
aerogenes (Dimroth 1980), methylmalonyl CoA decarb- 
oxylation by VeilloneIla alcalescens (Hilpert and Dimroth 
1983) and Propionigenium modestum (Hilpert et at. 1984), 
and in glutaconyl CoA decarboxylation by e.g. Acidami- 
nococcus fermentans (Buckel and Semmler 1982), the 
respective decarboxylating enzyme is membrane-bound 
and acts as a primary sodium pump to conserve the 
energy in a sodium ion gradient across the cytoplasmic 
membrane, ii) In oxalate fermentation to formate and 
CO2, the decarboxylating enzyme is localized in the 
cytoplasm, and the decarboxylation energy is conserved 
indirectly by an electrogenic oxalate/formate antiporter 
system (Anantharam et al. 1989). 

Enzyme measurements in cell-free extracts of L. plan- 
tarum and L. sake revealed that only the malo-lactic 
enzyme was present at activities sufficient to carry out 
malate decarboxylation at the observed rates. No oxalo- 
acetate decarboxylase, malic enzyme, or malate dehydro- 
genase was found at significant activity. The malo-lactic 
enzyme was detected entirely in the cytoplasmic fraction, 
and there was no indication of membrane association as 
already reported by other authors (Schfitz and Radler 
1973; Caspritz and Radler 1983). However, this is not a 
reliable proof because membrane-associated enzymes are 
easily sheared off the membranes through the preparation 
process (e.g. Abrams 1965; Rohde et al. 1984). Malate- 
dependent growth of both Lactobacillus strains was not 
impaired in low-sodium medium indicating that sodium 
ions were probably not involved in this energy conserva- 
tion system. All these results support the assumption that 
energy conservation in malo-lactic fermentation is due to 
substrate/product transport rather than to a sodium 
pumping decarboxylase enzyme. 

This hypothesis is further corroborated by the ob- 
served product inhibition of malate transformation and 
associated growth. Although cell yields increased linearly 
with provided malate in batch culture experiments, 
growth did not parallel malate conversion to lactate 
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through the entire growth curve: After transformation of 
about 60-70% of the provided malate, growth ceased 
while malate was still transformed to lactate. Obviously, 
decarboxylation-dependent energy conservation oper- 
ated best at a high substrate-to-product ratio, and became 
inefficient when this ratio fell under a certain limit. This 
observation gave a first hint that substrate import or 
product export could have key functions in this type of 
energy conservation. 

We therefore started growth experiments in a chemo- 
stat because in this culture system the bacterium has to 
operate always at limiting substrate concentration against 
the full corresponding product concentration (Veldkamp 
1977). Growth of L. plantarum in the chemostat was not 
directly correlated with the malate concentration pro- 
vided in the reservoir, but exceeded yeast extract-depend- 
ent growth only slightly. Nonetheless, malate was still 
decarboxylated to lactate, however, not completely, and 
leftover malate accumulated in the reactor at a certain 
ratio over the lactate formed, as typical of cultures under 
the influence of product inhibition (Pirt 1975). Since this 
effect was expressed much more severely with malate 
than with glucose as substrate, it is obvious that product 
efflux plays an essential and specific role in energy 
conservation by malolactic fermentation. Energy conser- 
vation coupled to lactate efflux in lactic acid bacteria 
has been hypothesized repeatedly on the basis of convinc- 
ing indirect experimental evidence (Michels et al. 1979; 
Otto et al. 1980; ten Brink and Konings 1982; Konings 
and Veldkamp 1980, 1983). On the other hand, Propioni- 
genium modestum which conserves decarboxylation ener- 
gy by a primary sodium pump can be grown in continuous 
culture at constant yields at various substrate concentra- 
tions (B. Schink, unpublished). 

Substrate import, on the other hand, cannot con- 
tribute significantly to the energy budget in malo-lactic 
fermentation because the substrate affinities of the des- 
cribed malolactic enzymes are far too low (Kin for malate 
at 9.5 and 16.7raM with L.plantarum and L. mesen- 
teroides, respectively; Caspritz and Radler 1983; Lon- 
vand-Funel and Strasser de Saad 1982) to establish an 
energy-yielding substrate gradient across the membrane. 
Rather, malate transport across the cytoplasmic mem- 
brane appears to be an electroneutral symport with 
protons, at least in the yeast Hansenula anomala (Corte- 
Real and Lefio 1990). One could also think of an 
electrogenic malate/lactate antiporter as a means of 
energy conservation as suggested by Poolman (1990), 
analogous to the oxalate/formate antiporter of Oxalo- 
bacter formigenes (Anantharam et al. 1989). For the 
reason mentioned before, such a system would need to 
recruit its energy mainly from a high inside-to-outside 
lactate gradient in the range of 1000 : 1 in order to obtain 
the minimum energy unit of one third of an ATP 
equivalent (around 20 kJ �9 mol- t) for ATPase-dependent 
ATP synthesis (Schink 1990). Obviously, this is possible 
only at an early stage in batch culture and hardly ever 
in continuous culture. The growth yields of malo-lactic 
fermentation determined in batch culture are mainly 
established during the initial substrate conversion phase, 
therefore, and are in general smaller than those observed 

with decarboxylation fermentations depending on pri- 
mary sodium pumps. 
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