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Hydrogen production during fermentation of acetoin 
and acetylene by Pelobacter acetyienicus 
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1. SUMMARY 

Pelobacter  aceO,lenicus accumulated only small 
amounts of H, (< 3.5 kPa) during fermentation 
of acetoin or acetylene to acetate and ethanol. 
Formate was also produced in small amounts ( -, 
0.5 raM). Growth on acetoin was retarded by 
addition of ethanol, but not by addition of H., or 
formate. However. addition of H, and/or  formate 
resulted in increased production of 2.3-butanediol. 
whereas addition of H2-scavenging Methanospir i l -  

lure hungate i  resulted in production of acetate plus 
H z (as CH4) instead of acetate plus ethanol. 
Growth yields were consistent with acetate kinasc 
as the sole ATF-generating reaction. The results 
are discussed with respect to thermodynamics and 
ATP synthesis during substrate conversion. 

2. INTRODUCTION 

Pelobacter  acetyleni¢'u~ ferments acetoin and 
acetylene to acetate and ethanol [1 ]. Fermentation 

Corregoondenee to: g. Conrad, Fakutt~it fiir Uiologie, Uni- 
vetsil~it Konslanz, P,O.B. 5560. I)-7750 Konstatm F.R.G. 

of acetoin or acetylene is an exergonic reaction 
under standard conditions: 

CH3COCHOHCH 3 + H20 

CH~CH2OH + CH3COO + H ÷; 

",G ° '  - -74.1 ],~J mol I acetoin (l} 

2C2H ~ -r 3H,O 

CH~CH2OH + CH3COO + H*: 

AG °" = 148.9 kJ mol I acetylene (2) 

Pelobacter  can also ferment ethanol to acetate and 
H:. Since this reaction is endergonie under stan- 
dard conditions. H, must not accumulate to par: 
tial pressures higher than 3 5 kPa [2]: 

CH~CH_,OH + H:O ~ CH3COO ~ + H + + 2H2; 

,AG ° '  = + 9.6 kJ tool ~ ethanol (3) 

H, is also formed in small amounts during fer- 
mentation of acetoin to acetate and ethanol [3]. In 
coculturcs ,~,ith H_-utilizing Ace tobae te r ium woodil 

or methanogenic bacteria, aeetoin was fermented 
exclusively to acetate and H, [3,4]. The formation 
of acetate plus H,_ instead of ethanol allows gener- 
ation of an additional ATP. Growth yidds with 
acetoin or acetylene indicate that the acetate kinase 
reaction is the only ATP-forming step in acetoin 
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or acetylene fermentation [1,4]. Formation of H 2 
plus acetate thus should be more advantageous 
than formation of ethanol plus acetate. 

In fact, there is no thermodynamic reason why 
H 2 should not be a major product of acetylene or 
acetoin fermentation. The fermentation of 
acetylene allows H 2 production in an exergonic 
reaction: 

C2H2 + 2H20 ~ CH3COO-~- H++ H2; 

AG ° '  = -144.1 kJ tool -1 acetylene (4) 

Similarly, aectoin could b¢ converted to acetate, 
H 2, and 2,3-butanediol; 

2CH3COCHOHCH3 + 2H:O 

2CH3COO-+ 2H++ H~ 

+ CH3CHOHCHOHCH3; 

AG ° '  = -53 .3  kJ mo1-1 acetoin (5) 

or acetate and H 2 only: 

CH3COCHOHCH 3 + 2H20 

- '  2CH3COO- + 2H++ 2H2; 

/ tG° '  = -64 .2  kJ mol -~ acetoin (6) 

In this study we show that P. acetylenieus never- 
theless did not accumulate H2 during fermenta- 
tion of acetoin or acetylene to larger amounts than 
during fermentation of ethanol, and that addition 
of H 2 or formate shifted the fermentation pattern 
of acetoin to increased 2,3-butanediol production. 

3. MATERIALS AND METHODS 

Pelobacter acetylenicus strain WoAcyl (DSM 
2348) and Mefhanospirillum hungafei strain Mlh 
were from our culture collection. They were grown 
at 28°C in a mineral medium [5] in serum bottles 
(120 ml) or Balch tubes (25 ml) with a N2/CO 2 
(8:2;  v /v )  or H2/CO 2 (812; v /v )  gas atmo- 
sphere. 

Growth was followed by measuring the optical 
density (OD6s0) at 650 nm and 1 cm light path in 
a spectrophotometer (Bausch and Lomb, Roches- 
ter, NY, U.S.A.). The dry cell mass was de- 
termined gravimetricany by drying washed cell 
suspensions at 80°C until constant weight was 

reached. At ODgso ffi 1.0, the suspensions con- 
tained 402 mg dry wt. I - t  of P, acetylenicus and 
392 mg dry wt. 1-1 of M. hungatei, respectively. 

Samples (1-10 ml) were taken from the head- 
space of the cultures and analyzed for H 2 and 
CH 4 by gas chromatography [2]. H 2 partial pres- 
sures lower than 100 Pa were detected with a 
RGD2 detector (Techmation. Diisseldorf, F.R.G.) 
based on the HgO-to-Hg vapour conversion tech- 
nique. Acetoin, butanediol, ethanol, and acetate 
were assayed by standard gas chromatographic 
procedures [61. Formate was analyzed by HPLC 
(Sykam, Gauting, F.R.G.) using an Aminex HPX- 
87H column and 0.5 mM H2SO4 as eluent. 

Celbfree extracts were prepared by French press 
treatment of cell suspensions at 140 MPa under a 
N2 gas atmosphere. Formate dehydrogenase was 
measured analogous to hydrogenase [11 with for- 
mate as electron donor and benzyl viologen as 
electron aceeptor (¢so0=7.4 cm 2 #mol -~) in 
strictly anoxie cuvettes under N 2 gas. 

The standard Gibbs free energy of a reaction 
(riG ° ' )  was calculated from the standard Gibbs 
free energies of formation (~G~) of the reactants 
and products. The values were taken from rcL 7, 
except those for acetoin ( AG~ = - 279.7 kJ mol - ~) 
and 2,3-butanediol ( -321.8  kJ mol t) which were 
from ref. 4. 

Table I 

Ma~mum concemrations of H 2 and formate produced by P. 
acetylenicus during growth with various substrates, and in 
coculture with M. hungotei 

nm, not measured. 

Substra'ie H2(kPa) disso|vcdH 2 formale(~M) 

NO substrate 0.36 2,5 < 30 
Ethanol (10 raM) 3.32 22,7 2.50 
Acetylene (9 kPa) 2.37 t6.2 375 
Acetylene (40 kPa) 2,66 18.2 nm 
Acetoin (4 mM) 2.79 19,1 230 
Acetoin (10 mM) 3A2 23,4 380 
A¢©loin (10 raM) 

+ H 2 (80 kPa) 80 547 930 
Acetoin (10 raM) 

+ M. hungatei 0.003 002 n.m. 



4. RESULTS 

Pelobacter acetylenicus grown on ethanol, 
acetylene, or aeetoin produced H2 and formate 
until a particular concentration was reached (Ta- 
ble 1, Fig. 1). The final concentrations of H e and 
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Fig. 1. H 2 production during fermentation of aceloin (A) or 
acetylc~ (B); consumption of acetoin or acetylene (a); pro- 
duction of  H 2 in the presence (o) or absence (o) of substrate. 
(C) H 2 p¢oductlon (o, o) during consumption of acetotn (z~, 
&) at low (closed symbols) and high (open symbols) concentra- 

tions, and without substrale (O). 
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Fig. 2. G r o w t h  of P. acetplemcus with  10 m M  acetoin  in the 

presence of  var ious  (0 to a0  mM)  e thanol  concentra t ions .  

Replicate experiments are depicted by different symbols. 

formate were simi]ar with all three substrates. In 
cocultures with H2-utilizing Methanospirillum 
hungatei, H 2 accumulated only intermediately to 
partial pressures of < I kPa, but finally reached 
values of about 3 Pa (Table 1) that were identical 
with the lower H 2 threshold concentrations of M. 
hungatei [2]. 

H z accumulation started simultaneously with 
consumption of acetoin or acetylene, but con- 
tinued for some time after the substrate was de- 
pleted (Fig. 1) and converted completely to ethanol 
and acetate (not shown). The maximum con- 
centrations of H z and formate that were finally 
reached were not proportional to the amounts of 
acetoin and acetylene fermented (Fig. 1, Table 1). 
However. the formate concentration increased if 
acetoin was fermented under an atmosphere of 
H J C O  2 instead of N2/CO 2 (Table 1). 

P. acetylenicus did not grow on ethanol due to 
inhibition by accumulating H2 unless it was cocul- 
tured with a H2-scavenging bacterium, e.g. M. 
hungatei [2]. Growth rates with acetoin, on the 
other hand, were n, t significantly affected by ad- 
dition of either H z or formate (Table 2). However, 
addition of increasing amounts of ethanol resulted 
in increasing retardation of growth with aeetoin 
(Fig. 2). 

Acetoin was fermented to acetate and ethanol 
as main products and H2 as a minor product 
(Table 2) in similar ratios and with similar growth 
yields as observed earlier [1,3]. 2,3-Butanediol was 
only a minor product. However, production of 
2,3-butanediol increased relatively to that of 
ethanol and acetate, and the growth yield de- 
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Table 2 
Fermentalion balance, growth rates, and molar growth yields of P. acetylenictLs on acetoin (100 #toni) in the presence or absence of 
H 2, formate, and/or M. hungatei 

nm, not measured 

Additions Pm~ Y products formed (#moll recovery (%) 
(h I) (g mol I) acetate ethanol H2 butanediol C H 

N2/CO 2 0.107 9.0 104 72 12 0.6 97 94 
N 2/CO: 

M. hungatei 0.080 10.1 170 nm 340 nm 117 110 
H •/CO_, 0.095 7.4 57 47 - 28 28 87 86 
N2/CO2 

+ formate 0.099 7,2 74 72 26 17 99 103 
H,/CO~ 

+ formate 0D45 5.1 62 58 - 38 50 l 15 115 

creased if acetoin was fermented in the presence 
of H 2 and/or at high formate concentrations (Ta- 
ble 2). On the other hand, the relative production 
of acetate and the growth yield increased if H z 
was scavenged in cocultures with M_ hungutei 
(Table 2). 

In crude extracts of acetylene- and of acetoin- 
grown cells, a benzyl viologen-dependent formate 
dehydrogenase activity of about 240 and 270 ttmol 
mjn-I g - t  protein, respectively, was detected. 
NAD ÷ or NADP + was not reduced by this en- 
zyme. 

5. DISCUSSION 

Although thermodynamics allow stoichiometric 
H 2 production during fermentation of acetoin or 
acetylene, H 2 was produced only in small amounts. 
The maximum H 2 partial pressures reached with 
acetoin or acetylene (<  3.5 kPa) were similar to 
those observed with substrates that allow only 
limited H~ formation for thermodynamic reasons, 
e.g. ethanol or lactate [2,8], or alanine [9]. 

Fermentation of acetoin to acetate plus ethanol 
according to Eqn. 1 provides - 7 4  kJ mo1-1. Irre- 
versible ATP synthesis under physiological condi- 
tions in a fully charged living cell requires a Gibbs 
free energy change of about - 7 0  kJ mol-~ [7]; 
Eqn. 1 releases nearly exactly this amount. H 2 
formation from acetoin at stoichiometric amounts 
according to Eqns. 5 or 6 would have to be 

coupled to substrate-level synthesis of 2 mol ATP 
in both cases via acetate kinase reaction: it is 
obvious that the Gibbs free energy changes of 
Eqns. 5 and 6 cannot cover the corresponding 
energy demand (about -140  kJ per reaction). 
Ti:erefore, ethanol has to be formed instead of 
acetate plus H, ,  and H2 can accumulate only to 
trace concentrations. These H 2 concentrations are 
identical to those of syntrophic ethanol oxidation 
[2] and thus, may explain why high background 
concentrations of ethanol impair acetoin fermen- 
tation as shown in Fig. 2. 

It becomes obvious from these considerations 
that a fermentation reaction coupled to stoichio- 
metric ATP formation does not only need to be 
thermodynamically permissive (AG ° '  <0), but 
needs a AG ° '  that is negative enough for concom- 
itant ATP formation (at least if ATP is exclusively 
formed by substrate-level phosphorylation). 

Fermentation of acetoin to acetate and H 2 
according to Eqn. 4 seems to be sufficiently ex- 
ergonic in allow concomitant ATP synthesis. 
However, most of the Gibbs free energy change of 
the fermentation reaction is due to the primary 
conversion of acetylene to acetaldehyde (,~G ° '  = 
-112 kJ reel -I acetylene). There is no evidence 
that the energy of this reaction might be conserved 
by ATP synthesis or any other form useful for the 
cells [1]. Rather, this reaction leads to accumula- 
tion of toxic acetaldehyde whose further fermenta- 
lion creates the same problem as discussed fol 
acetc, n fermentation. Whereas the Gibbs free en- 



ergy change of oxidation of acetaldehyde to acetate 
plus H 2 is insufficient (~G ° ' ~  - 3 2 . 1  kJ mol 
acetaldehyde), dismutat ion to ethanol and acetate 
provides sufficient enemy ('~.G ° ' =  - 7 3 . 8  kJ 
tool ~ acetaldehyde) for stoiehiometrie ATP 
synthesis via the acetate kinase reaction. 

Formate  was also produced in small amounts ,  
probably due 1o a reversible formate dehydro- 
genase, Formate  production concomitant  with I I ,  
production has also been reported for fermenta- 
tion of amino acids by Acidaminobacter Io'dro- 
genoformans IlO] and Eubacterium acidaminophi- 
lure [9], as well as for methanogenic degradat ion 
of ethanol in anaerobic digestor floes [ l l  b Both 
H 2 and  formate may play a role in interspecies 
electron transfer to electron scavenging anaerobes. 
Since both reached only trace concentrat ion levels, 
they may be in equil ibrium with the same low- 
potential  electron carrier,  c.g~ ferredoxin. There-  
fore, the energetic considerations above may apply 
to both H2 and formate equally well. 

High or  low concentrat ions of Ha or  formate 
d id  not result in inhibi t ion or s t imulat ion of 
growth,  but influenced the fermentat ion pattern 
and  the growth yield on acetoin. Decrease of the 
H 2 partial  pressure in cocultures with M. hungatei 
resulted in production of acetate plus H~_ (as 
C H 4 )  instead of ethanol,  while an increase of  H ,  
o r  formate resulted in part ial  reduction of acetoin 
to bufanediol.  Production of butanediol  has previ- 
ously been observed with P carbinolicus [3]. 
Growth  yields with acetoin were highest in the 
presence of  H,-ut i l iz ing M. hungatei and lowest in 
the presence of high amounts  of  H_, added. 
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