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Abstract. Growth of Propionibacierium freudenreichii
was studied with glycerol, lactate, and propionate as en-
ergy sources and a (hree-clectrode poised-potential
amperometric electrode system with hexacyanoferrate
(III) as mediator. In batch culture cxperiments with
glycerol and lactate as substrates, hexacyanoferrate (I1I)
was completely reduced. Growth yields increased and the
fermentation patterns were shifted towards higher acelate
formation with increasing hexacvanoferrate (IT1T) concen-
trations (0.25—8.0 mM). In experiments with regulated
clectrodes. glycerol, lactate, and propionate were oxi-
dized to acetate and CO,, and the electrons were quanti-
tatively transferred to the working electrode. Growth
yields of 29.0, 13.4 and 14.2 g cell material per mol were
calculated, respectively. The high cell yield obtained dur-
ing propionate oxidation cannot be explained solely by
substrate level phosphorylation indicating that additional
energy was conserved via electron transport phosphoryla-
tion. Furthermore, this result indicated complete reversi-
bility of the methyl-malonyl-CoA pathway in propionic
acid bacteria.

Key words: Propionic acid bacteria — Propionibacierium
sp. — Methyl-malonyl-CoA pathway — Electron trans-
port phosphorylation — Hexacyanoferrate (III) —
Poised-potential amperometric system

Bacteria of the genus Propionibacterium are regarded as
anacrobic bacteria which ferment lactate or glucose to
propionate, acetate, and CO; in a ratio of 2:1:1, as
proposed for the first time by Fitz (1878). During this
fermentation, electrons released in acetate formation are
consumed [or propionate production via malate dehydro-
genase and fumarate reductase reaction (Schink 1988).
Reduction of external electron acceptors is possible
as well. In culturcs of Propionibacterium freudenreichii,
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growth rate and growth yield increased in the presence
of oxygen at low concentrations (De Vries et al. 1972;
Van Gent-Ruyters et al. 1976). Presence of cytochrome b,
cytochrome a,, cytochrome d, and a CO-binding pigment
(cytochrome o) was reported (Chaix and Fromageot
1942; Sone 1972; De Vries et al. 1972; Schwartz and
Sporkenbach 1973}, and it was concluded that they func-
tion in electron transport to oxygen and fumarate (De
Vries et al. 1973; Sone 1974). Also nitrate can be used as
clectron acceptor by some propionibacteria, as demon-
strated for Propionibacterium pentosaceum (Van Gent-
Ruyters et al. 1975; Kaneko and Ishimoto 1978}, Thus,
propionic acid bacteria appeuar to possess 4 respiralory
chain which is to some extent comparable to that of a
number of aerobic and facultatively aerobic bacteria.

In a study on anaerobic degradation of glvcerol by
LEscherichia coli, we found recently that hexacyanoferrate
(ITT) could act as an artificial electron acceptor which
replaced fumarate or nitrate during anaerobic growth
(Emde et al. 1989). In the present study, the influence of
continuously reoxidized hexacyanoferrate (III) on the
fermentation metabolism of P. freudenreichiiis described.

Materials and methods

Bacteria and media

Propionibacterium frevdenrewchin (DSM 20271) was obtained from
the Deutsche Sammlung von Mikroorgamsmen GmbH, Braun-
schweig, FRG.

For all growth cxpenments, carbonate-buffered mineral me-
dium with 0.2 g KH,PO,, 0.25g NH,CL 30g NaCl, ¢4¢g
MgCl, %6 H,0, 0.5 g KCland 0.15 g CaCl, x 2 HyO per liter was
prepared (Widdel and Pfennig 1981). The basal medium was auto-
claved and the following components were added per liter medium
under a N,/CO, (90%/10%) atmosphere: 30ml 1 M NaHCO;
solution; 20 ml veast extract solution (5% w/v); 1 ml trace element
solution ST 10 (Widdel ct al. 1983); 1 ml selenite-tungstate solution
{Tscheeh and Plennig 1984); 0.5 ml tenfold concentrated 7-vitamin
solution (Pieanig 1978). The pH was adjusted to 7.2—7.4, and the
complele medium was filled into stertle screw-cap bottles.
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Culture conditions

Experiments in the presence of regulated electrodes were performed
n an anoxic three-clectrede poised-potential amperometric system
described earlier (Emde et al. 1989). Belore use, the culiure vessel,
the counter electrode (a platinum wire with a surface of about
1.5 ¢m?), the working electrode {(a platinum net with an overall
surface of about 40 cm?), and the reference electrode wire (a silver-
chlonde coated silver wire) were autoclaved. The electrodes were
connected to a Laboratory petentiostat (Type LB 81 M, Bank
Flektronik, Gotlingen, FR(G), and the working electrode was poised
at 4 presel potential against the reference electrode (4230 mV).
With an additional plalinum wire in the central compartment, the
potential of the growth medium and the electron flow beiween
working and counter electrode could be recorded. To avoid develop-
ment of high gas pressures in the culture vessel during fermentation,
both compartments were connected with a 500 m! botile filled with
N2/CO; (80%/10%) at a pressure of 1 bar. [For experiments with
lactate, glycerol, or propionate as substrates, 100 ml cell suspension
{grown in batch culture with 10 mM lactate), substrate, and me-
diator were filled into the central compartment, and 5 ml medium
was [lled into the counter clectrode compartment.

Experiments in batch culture were carried out in 60 m! scrum
bottles. The bottles were filled with 25 ml medium, gassed with N,/
€O, (90%/10%), and closed with butyl rubber stoppers. Substrates
were added from freshly prepared sterile stock solutions. Lxper-
ments with lactate as substrate were performed exclusively with
L-lactate. The growth temperature was 28— 30°C 1n all cases.

Analytical determinations

Acetate and propionate were determined as described earlier
{Dehning and Schink 1989) using a 6000 Vega Series gas chroma-
tograph (Carlo Erba, Milano, [taly) equipped with flame ionization
detector and a D-2000 mtegrator (Merck-Ilitachi, Tokyo, Japan).
3 pl samples were injected directly on a glass column (2 m x 2 mun)
packed with 60/80 Carbopak C/0.3% Carbowax 20M/0.1% H3PO,
(Supelco Inc., Bellefonte, Pa, USA) at a temperature of 120°C.
Hexacyanoferrate (III) was quantified in culture supernatants at
419 nm wavclength in an Uvikon 860 spectrophetometer (Kontron,
Ziirich, Swilzerland). The system was calibrated with K3[Fe(CN)g)
al various concentrations. Selutions of K 4[Fe(CN)4] did not absorb
at this wavelength. For calculation of hexacyanoferrate (I11) concen-
trations, the low background absorption of the respective cell sus-
pension supernatants was taken into account. t-Lactate and glycerol
were determined enzymatically by standard methods (Bergmeyer
1974).

Growth yield determinations

The cell density of cultures was measured in 1 ml cuvettes in a
Zeiss PL 4 spectrophotometer at 578 nm, and growth yields were
calculated via optical densities which were calibrated by direct dry
mass determinations in 500 ml bottle culiures. An eptical density of
4E <55 = 0.1 corresponded to 354 + 3.0 mg dry cell mass per liter.
For growth yield determinations in the three-electrode poised-poten-
tial system, samples were taken with a sterile syringe directly from
the culture vessel.

Chemicals

All chemicals were of reagent grade quality and obtained from
Merck, Darmstadt, Fluka, Neu-Ulm. and Sigma, Miinchen, FRG.
Cobalt (III)-sepulchrate-trichloride was obtained from Aldrich,
Steinheim. FRG. Enzymes were purchased from Boehringer,
Mannheim, FRG.
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Fig. 1. Growth of Propionibucterium frewdenreichii with 5 mM
glyeerol (125 pmol) and various amounts of hexacyanoferrate (I1T)
in batch culture. @, Optical density: A. acetate; W, propionate

Results

Reduction of hexacyanaferrate (111)
in barch culture experiments

Anaerobic growth of Propionibacierium freudenreichii
was studied in batch culture experiments with glycerol as
sole electron source and with hexacyanoferrate (III) at
various concentrations (Fig. 1). Hexacyanoferrate (I1I)
was reduced completely and the growth yields depended
strictly on the amount of clectron acceplor provided.
With higher amounts of hexacyanoferrate (III), propi-
onate formation decreased and more acetate was formed.
However, control experiments demonstrated that hexa-
cyanoferrate (III) was reduced not only by glycerol oxi-
dation but also by oxidation of yeast extract components
and possibly of acetate. Without electron acceptor, propi-
onate was [ormed as sole fermentation product, but
glycerol was only incompletely degraded: of 125 pmol
glycerol provided, 19.5 pmol remained in the growth me-
dium in the experiment without electron acceptor, and
13.4 ymol in the experiment with only 12.5 pmol hexa-
cyanoferrate (IT) provided. This result was confirmed
by batch culturc experiments with 20 mM glycerol as
substrate (not shown). In these experiments, 15.4 mM
glycerol remained unused in the growth medium, even
after an incubation time of 96 h, whercas 20 mM lactate
was fermented complctely within 48 h. Also with lactate
as electron source, added hexacyanoferrate (I11) was com-
pletely reduced (not shown). As in experiments with
glycerol as substrate, the growth vields increased with
Increasing electron acceptor concentrations, and the end
product patlern was shifted towards higher acetate for-
mation.

Oxidation of glyecercl, lactate, and propionate
in the poised-potential amperometric system

With hexacyanoferrate (T1I) as electron carrier (me-
diator), growth experiments with glycerol and lactate as
substrates and 5% inoculum were carried out in the
poised-polential culture system. In thesc experiments,
growth stopped after 2—3 doublings, and undegraded
substrate remained in the growth medium. Similar nega-
tive results were obtained as well with various electron
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Fig. 2. Oxidation of § mM glycerol with 5 mM hexacyanoferrate
(IIT) in the presence of regulated electrodes by a cell suspension of
Propionibacterium freudenreichii. a @, Optical density: A, cleetrical
current. b U1, Amount of electrons transferred to the working elec-
trode; M, potential of the growth medium. ¢ *, Glycerol; O, hexa-
cyanoferrate (II1); A, acelale; W, propionate

acceptor concentrations (0.25— 5.0 mM), variation of the
poised electron potential, and addition of growth factors
(vitamins and trace elements).

In cell suspension experimenis starting with cell den-
sities of OD = 0.30, hexacyvanoferrate (I11) was used as
mediator at mouch higher efficiency. With 5 mM glycerol
as substrate (500 pmol), cell growth was corrclated with
electron flow, and an electrical current up to 12 mA was
recorded (Fig. 2a). Large amounts of electrons (calcu-
lated as the inlegraled current curve via lhe equation:
n. = I xtx F 1) were transferred from the growing bac-
terial cclls to the working clectrode while the electron
potential of the growth medium was kept nearly constant
by continuous mediator reoxidation (Fig. 2b). Thus, the
concentration of oxidized mediator remained always high
enough to allow glycerol degradation, which was finished
after 11 h (Fig. 2¢). At this time, the maximum current
was obtained. After complete glycerol degradation,
growth continued at a lower rate for further 11 h, and
the current decreased only slowly. After 22 h, acetate was
found as sole fermentation product indicating that also
all propicnate in the cell suspension was degraded. At
this time, 29.9 mg cell material was formed, but a carbon
recovery of only 89.1% could be calculated indicating
that part of the substrate was oxidized completely to
CQ,. So, from the fermentation data given in Tahle 1,
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Fig. 3. Oxidation of SmM lactate with 5 mM hexacyanoferrate
(IIT) in the presence of regulated clectrodes by a cell suspension of
Propionibacterivm freudenreichii. a @, Oplica] densily; A, current.
b O, Electrons; W, potential. ¢ %, Laclale; O, hexacyanefcrrate
(I1T); A, acetate; M, propionate

the electron balance was calculated on the basis of
the following reactions (values in wmol): 387 propionate
— 290 cell material (484 e~ released); 127 propionate —
381 CO, (1778 ¢7); 152 propionate — 152 acctate + CO;
(912 e "}; 500 glycerol — 500 acetate + CO, (3000 e7). In
summary, 6174 umol clectrons were released by the cells
during glycerol-propionate  fermentation whereas
6760 pmol cleetrons were transferred to the working clee-
trode. Thus, 109% of the electrons released were
recovered indicating that, in addition to glycerol and
propionate, also yeast extract components werc oxidized
either completely to CO, or to traces of undetected prod-
ucts.

Similar results were obtlained with 5 mM lactate as
substrate (500 pmol) in lactate-grown cell suspensions
(Fig. 3a—c¢). Lactate was degraded within 3 h; acetate
and few propionate were formed as fermentation prod-
ucls. After that, growth continued at a lower rate with
propionate as electron source. After 22 h, 22.1 mg cell
material was formed and a carbon recovery of 83.9% was
calculated (Table 1). Assuming that 191 umol propionate
was completely oxidized to CO,, the electron recovery
was 107%.

Cell suspension experiments with glycerol or lactate
as substrate in the prescnce of regulated electrodes were
also performed with a hexacyanoferrate (III) concen-
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{gxmol %)
14.2

Growth
yield ®
29.0

Carbon
recovery®
(%)

719

891

83.9

92.8

Electrons
shunted?
(mol)
5240
6760
6750
7463

Cell
madterial
formed
(mg)
15.4
29.9
22.1
22.5

DifTer-

€nce
- 73
— 74
— 83

—127
time, I = Faraday constant)

Afler
the
cxperi-
mendts
415
429
403
383

K;3[Fe{CN)s] (pmol)

Before
the
experi-
ments
488
503
488
510

Differ-
— 680

ence
— 668
— 666
— 689

After
the
experi-
ments
(20.0)
(20.0)
(20.0)
(20.0)

" Calculated from integrated current via the equation: n, = IxtxF~ ! (0, = amount of electrons, 1 = current, t

Propionate (pumol)
" These values include the carbon recovered as cell material [(CoH,04); Pfennig and Biebl 1976]

Before
the
experi
menfs
668
666
689
680

Differ-
ence
-+280
-+ 652
+ 711
+ 804

After
the
experi-
ments
618
966
1028
1150

Acetate (pmol)

Before
the
experi-
menis
338
314
346

Table 1, Fermentation stoichiometry and growth yiclds of Propionibacrerium freudenreichu after 22 b growih with 5 mM added substrate (500 pmol) and 5 mM hexacyanoferrate (I1) in
M7

the presence of regulated ¢lectrodes. The amounis of acetate and propionate at the beginning (before addition of substrale) and at the cnd of the experiments, as well as the respective

differences are shown

¢ Calculated from cell material formation minus ccll material (ormation of the control experiment

4 Control experiment without added substrate

Added
substrate
(500 pmol)
None?
Glycerol
Lactale
Propionate
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Fig. 4. Oxidation of 5 mM propiouate with 5 mM hexacyanoferrate
(I1II) in the presence of regulated electrodes by a cell suspension of
Propionibacterium freudenreichii, a ®, Optical density; A, current.
b [, Electrons; M, potential. ¢ C, Hexacyanoferrate (ITD); A,
acclate; @, propionatce

tration of { mM (results are not shown). Under these
conditions, similar results were obtained as with 3 mM
hexacyanoferrate (I1IT) provided, but the electron poten-
tial of the growth medium could not be kept constant
indicating that hexacyanoferrate (I1I) reoxidation be-
came now Lhe ratelimiting step.

As shown in the experiments with added glycerol and
lactale as substrates, also all propionate present in the cell
suspension either from the beginning or formed during
glycerol or lactate fermentation was used as electron
source. This result was confirmed by control experiments
without added substrate. In these experiments, propi-
onale was oxidized completely to acetate, and 154 mg
cell material was formed per 668 pmol propionate de-
graded. Even in these cxperiments, the carbon recovery
was low (71.9%) indicating that 188 umol propionate
was oxidized to CO,. For the clectron balance, a value
of 115% was calculated.

With 5 mM added propionate (500 pmol), a cell ma-
terial synthesis of 22.5mg and a carbon recovery of
92.8% was calculated (Table 1). Apparently, 85 pmol
propionatc was lost by complete oxidation to CO,, and
accounting this deficit, an electron recovery of 117%
was calculated. Growth was exponential with a rate of
0.051 h™*, and acetate was formed as sole fermentation
product (Fig. 4a—c). After 22 h, 7463 umol electrons
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Fig, 5. Registration of the electron potential decrease of the growth
medivm with 20 mM glycerol plus 25 mM hexacyanoferrate (I11) in
the presence of regulated electrodes by a washed cell suspension of
Propionibacterium freudenreichii. The arrow indicales the ime when
hexacyaneferrate (IIT) reoxidation was switched off. The broken line
refers to the potential decrease of a control experiment without
added substrate

were translerred to the working electrode (6760 with
5 mM added glvcerol, and 6750 with 5 mM added lactate
as substrates).

In cell suspension experiments with Propioni-
bacterium shermanii, similar results as with P. freudern-
reichii were obtained (results are not shown). Glycerol,
lactate, and propionate were degraded completely as well,
and acetate was formed as sole fermentation product.

Estimation of electron transfer potentials

In cell suspension experiments with P. freudenreichii with
5mM propionale and 5mM hexacyanoferrate (111),
propionate was degraded also at a poised potential of
+ 350 mV, but the maximum current was only about
3mA and growth was linear with time. If hexa-
cyanoferrate (ITI) was used at 25 mM concentration,
similar results were obtained as in experiments with 5 mM
hexacyvanolerrate (I1I) at a poised potential of + 510 mV,
indicating that propionate degradation at 4 350 mV was
limited by ihe low concentration of oxidized hexa-
cyanoferrate (IIT) at this potential rather than by the
clectron potential itself.

Electron potential decreases were measured with
washed and in fresh medium resuspended cells. The
washed cell suspension were grown with 20 mM glyceral,
lactate, or propionate plus 25 mM hexacyanoferrate (11I)
at a poised potential of + 350 mV. After 2 h, hexacyano-
ferrate (III) reoxidation was switched off and the electron
potential of the growth medium was recorded. With
glycerol as substrate, the potential reached a stable value
at —140 mV after 1.5 h (Fig. 5). With lactate and propi-
onate as clectron sources, similar curves were recorded
(not shown) and values of —105, and —100 mV were
determined. The final potentials were subtrate-specific:
in control experiments with washed cell suspensions in
the absence of added substratc, the electron potential did
not decrease significantly.

Experiments were carried out also with other me-
diators to estimate the clectron transfer potentials. In
cell suspensions with 0.5 mM coball (III)-sepulchrate

{II, = —350 mV) at a poised potential of —310 mV, no
growth occurred and no current was detected with S mM
added propionate or glycerol as substrates. With 5 mM
lactate, cells grew by fermentation, but no ¢lectron trans-
fer to the working clectrode could be recorded. In similar
experiments with 0.5 mM anthraquinone 2,6-disulfonic
acid (B, = —184 mV)ata poised potential of —144 mV,
similar results were ohtained with propionate and lactate
as substrates, but few electrons were transferred while
5mM glycerol was degraded. Tn cell suspension ex-
periments with (.5 mM indigodisulfonic acid (E,” =
—125mV) at a poised potential of —85mV, a current
up to 0.8 mA could be recorded with all three substrates
at the beginning ol the experiments, but the current de-
creased rapidly after 2 h.

Discussion

Influence of hexacyancferrate (IIT) reduction
on the fermentation patiern

In the present communication, incomplete oxidation of
glycerol, lactate, or propionate to acetate by Pro-
pionibacterium freudenreichii with hexacyanoferrate (11T)
as cleetron acceptor was demonstrated. In batch culture
experiments as well as in experiments in the presence of
regulated elecirodes, hexacyanoferrate (I1I) proved as a
well suited clectron acceptor and mediator with Pro-
pionibacterium sp. Without hexacyanoferrate (I11) pro-
vided, glycerol was only incompletely degraded, because
cell material formation from glvcerol releases excess
electrons:

4C3H803—)3<C4H7O3> +3H20+5H “I’Sei

<C,4H,0;> stands for cell material (Plennig and Bicbl
1976). Some propionic acid bacteria, e.g., Anaerovibrio
alvcerini, release these excess eleclrons as molecular hy-
drogen (Schauder and Schink 1989). That about 4 mM
glycerol was degraded in our cultures without added
hexacyanoferrate (IT11) was probably due to reduction of
yeast extracl components, ¢. g., reduction of aspartate to
succinate {Crow 1987).

In batch culture, the extent of glycerol or lactaie oxi-
dation depended stoichiometrically on the amount of
hexacyanofcrrate (ITT) provided, and the fermentation
pattern was shifted towards higher acctate formation.
In the presence of regulated electrodes maintaining a
constant concentration of oxidized hexacyanoferrate
(111}, propionate formation stopped completely and acet-
ate was formed as sole fermentation product. So far,
only oxygen and nitrate were known as external electron
acceptors for propionic acid bacteria (Pritchard et al.
1977; Van Gentl-Ruyters ct al. 1973). Our results indicate
that hexacyanoferrate (III) in combination with regulated
clectrodes is a third efficient way to shift the fermentation
pattern of propionibacteria towards higher acetate [or-
mation.

The potential of electron transfer to hexacyanoferrate
(I1I) cannot yet be defined exactly. Comparative studies
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Tahle 2. Amounts of ATP generated by Propionibacterium freudenreichii via substrate level phosphorylation (SLP) and electron transport
phosphorylation (ETP) with hexacyaneferrate (11T) in the presence of regulated clectrodes

Substrate Growth yield Potential (E,") of the Possible ATP gain of the ATP formed via
(gxmol™) dehydrogenase reactions, respective reactions
involved (mV) SI.P ETP Sum
Glycerol 29.0 —190; — 290 —44)* — 0.33; 0.66 2 1 3
Lactate 134 —190; —440 —: 0.66 1 0.66 1.66
Propionate 142 + 30; —170; —440 - - 0.66 1 0.66 1.66

2 Calculated from E,” for acetate + CO,/pyruvate ( —700 mV; Zubay 1983) minus 260 mV for reversible ATP synthesis under physiological

conditions (50 kJ/mol; Thauver et al. 1977}

with various electron carriers and glycerol, lactate, or
propionale as substrates indicated that electron transfer
was possible down to an electrode potential of —80 to
—140 mV. In propionibacteria electrons are transferred
to fumarate, oxygen, and nilrale via cylochrome b
(B, = +30mV) (De Vries et al. 1973; Sone 1974; Van
Gent-Ruyters et al. 1975), and/or menaquinone (E,” =
—70 mV) (Schwartz 1972; Schwartz and Sporkenbach
1975). Our estimated electron transfer potentials indicate
that reduction of hexacyanoferrate (III) (E,” =
+ 430 mV) occurs in the range of the potential of
menaquinone.

Comparison of growth yields during growth with glycerol,
lactate, and propionate

From growth yield determinations in batch culture with
P. freudenreichii and glycerol concentrations of 1—
4mM, a vyield of 15.9 g ccll material per mol glyccrol
degraded was calculated. Assuming a reaction stoichi-
ometry of the membrane-bound proton ATPase of 3 H*/
ATP (Maloney 1983), degradation of glycerol to propi-
onate yields 1.66 ATP: 1 ATP is formed by substrate
level phosphorylation (SLP3}, and 0.66 ATP by electron
transport phosphorylation (ETP) via the fumarate re-
ductase reaction (Schink 1988). Assuming thal about
10.0 g cell material is formed per ATP generated
(Stouthamer 1979), a theorctical growth vield of 16.6 g
per mol can be calculated, confirming our experimental
result.

In batch culture experiments with lactate as substrate,
a growth vield of 8.9 g cell material per mol lactate de-
graded was reached. This value agrees well with the value
determined by De Vries et al. (1973) (8.1 g/mol). Degra-
dation of 3 lactate to 2 propionale and 1 acetate yields
2 x 0.66 ATP via fumarate reductase and 1 ATP via acet-
ate kinase reaction (Schink 1988). Thus, about 0.8 ATD
per mol Iactate degraded is formed and a theoretical
growth yield of 8.0 g/mol can be calculated.

In the poised-potential amperometric culture system,
glycerol, lactate, and propionate were degraded to acet-
ate, and growth yields of 29.0, 13.4, and 14.2 g/mol with
glycerol, lactate and propionate, respectively, were calcu-
lated. Electron transfer to hexacyanoferrate (I1I) appears
to be linked to ETP under these conditions. The electron
transler potential to hexacyanoferrate (TTT) was estimated

to be —80 to —140 mV (see above)., Assumung that a
minimum AE, -value of about 140 mV is necessary Lo
translocate 1 proton across the cytoplasmic membrane,
1 ATP, (.66 ATP, and 0.66 ATP should be generated by
ETP during oxidation of plycerol, lactate, and propi-
onate, respectively to acetate (Table 2}. Together with the
amounts of ATP formed by SLP, total yields of 3.0,
1.66, and 1.66 ATP can be calculated. The experimentally
determined growth vields of 29.0 g/mol glycerol and
134—14.2 g per mol lactate or propionate degraded
agree well with those calculations.

Besides propionate, also acetate was partly degraded
in our cell suspension experiments. Anaerobic acetate
degradation with propionic acid bacteria was detected
before only with P. pentosacewn in the presence of nitrate
(Van Gent-Ruyters et al. 1975). Further mvestigations
will clarify if under the conditions of the poised-potential
amperometric system a complete citric acid cycle fanc-
tions in P. freudenreichii.
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