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SUMMARY 

Hydrogenase and nitrogenase activities of sulfate-reducing bacteria allow their adaptation to different 
nutritional habits even under adverse conditions. These exceptional capabilities of adaptation are important 
factors in the understanding of their predominant role in problems related to anaerobic metal corrosion. 
Although the D2-H § exchange reaction indicated that Desulfovibrio desulfuricans strain Berre-Sol and De- 

sulfovibrio gigas hydrogenases were reversible, the predominant activity in vivo was hydrogen uptake. Hy- 
drogen production was restricted to some particular conditions such as sulfate or nitrogen starvation. Under 
diazotrophic conditions, a transient hydrogen evolution was followed by uptake when dinitrogen was effec- 
tively fixed. In contrast, hydrogen evolution proceeded when acetylene was substituted as the nitrogenase 
substrate. Hydrogen can thus serve as an electron donor in sulfate reduction and nitrogen metabolism. 

INTRODUCTION 

Sulfate-reducing bacteria are important in mar- 
ine environments where they play a major role in 
the decomposition of organic compounds and the 
anaerobic corrosion of iron and steel [8]. The physi- 
ology of these bacteria is complex and involves sev- 
eral biochemical pathways, some of which are not 
fully elucidated [12,18]. Three major characteristics 

Correspondence: Dr. P.A. Lespinat, A.R.B.S. Equipe Com- 
mune d'Enzymologie CNRS-CEA, C.E.N. Cadarache, 13108 
Saint-Paul-lez-Durance Cedex, France. 

are exhibited by most sulfate-reducing bacteria: sul- 
fate reduction including several steps leading to sul- 
fide formation and a number of unique redox pro- 
teins [11,12]; hydrogen metabolism catalyzed by 
one or more hydrogenases [15a]; and most generally 
a nitrogenase activity responsible for dinitrogen fix- 
ation and also for an irreversible hydrogen produc- 
tion [13]. 

The relationship between hydrogenases and ni- 
trogenase is well documented. In bacteria having an 
aerobic metabolism, such as Azotobacter [21] or 
Azospirillum [14], hydrogen evolved via nitrogenase 
activity or of exogenous origin can be recycled and 
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serve as an electron-donor in nitrogen fixation 
[4,22]. In bacteria following a fermentative metab- 
olism, such as Clostridium [16] or Klebsiella grown 
under strictly anaerobic conditions [9], hydrogenase 
activity results in hydrogen production which, in 
the absence of electron acceptors other than pro- 
tons, releases excess reducing power from the cells. 
With anaerobic bacteria endowed with an oxidative 
metabolic pathway with an electron acceptor such 
as nitrate [10] or sulfate, the situation is more com- 
plex, since they are able to either evolve or consume 
hydrogen according to their nutritional status and 
to the electron source available [1]. 

The present work shows that hydrogen metab- 
olism turns to either production or uptake accord- 
ing to the sulfate level and to the nitrogen nutri- 
tional status. Hydrogen can act as an electron do- 
nor and as an energy source when carbon substrate 
is limiting. 

MATERIALS AND METHODS 

The strains used were DesulJbvibrio desulfuricans 
strain Berre-Sol (NCIB 8388) and D. gigas (NCIB 
9332). The bacteria were either subcultured daily in 
batch culture or grown continuously in a chemostat 
with complete Starkey's medium [19] with ammonia 
as nitrogen source plus 0.1% (w/v) of yeast extract 
under an atmosphere of argon or nitrogen. When 
necessary they were adapted to diazotrophic con- 
ditions by eliminating combined nitrogen from the 
renewal medium entering the chemostat (save for 
0.01% (w/v) of yeast extract to provide vitamins) 
and keeping an atmosphere of pure N2. 

For experiments with resting cells, cultures kept 
under anaerobic conditions were centrifuged (10 
rain at 7000 x g) then resuspended in one-tenth of 
their initial volume of 0.35 M NaC1 or of lactate- 
free, sulfate-free and eventually nitrogen-free me- 
dium. The suspension thus obtained was used to 
inoculate the appropriate medium for further ex- 
periments. 

Kinetic experiments on hydrogen evolution or 
uptake, and on dinitrogen or acetylene reduction, 
were performed in penicillin vials or serum vials 

under the appropriate atmosphere. Hydrogen pro- 
duction or uptake and acetylene reduction to eth- 
ylene were followed by gas-chromatography [3]. 
Nitrogen fixation was measured with aliquots of 
cultures as the total amount of 15N incorporated 
during the incubation period. The Dz-H + exchange 
activity was determined in 50 mM Tris-HC1 buffer 
at pH 7.6 by a direct mass-spectrometric technique 
with a membrane inlet system [2]. All the results 
were expressed as specific activity (micromoles per 
milligram of cell protein). 

RESULTS 

Desulfovibrio gigas and Desulfovibrio desulfuri- 
cans strain Berre-Sol were able to grow either with 
combined nitrogen in the medium or under diazo- 
trophic conditions, but with different growth 
parameters (Table 1). For both species the genera- 
tion time was approximately doubled and the 
growth yield was halved under diazotrophic con- 
ditions. This phenomenon has been previously de- 
scribed in a study of D. desulfuricans strain Berre- 
Sol grown in the same conditions [13]. 

The hydrogenase specific activities of whole rest- 
ing cells prepared from each species were practically 
the same in the two types of nitrogen nutrition. In 
the absence of redox mediators the deuterium-pro- 
ton exchange gave different values for the Hz/HD 
ratio for the two Desulfovibrio species (Table 2). 
With D. desulfuricans strain Berre-Sol growing cells 
the exchange rate was unaffected by acetylene but 
the initial velocity was decreased about 4-times by 
9 mM carbon monoxide (1%) (Fig. 1). 

Different experimental conditions were used to 
compare H2 production and H2 uptake activities of 
the two Desulfovibrio strains. Hydrogen uptake was 
increased in the presence of an electron acceptor 
such as sulfate for D. gigas (Fig. 2) or of combined 
nitrogen with D. desulfuricans strain Berre-Sol (Fig. 
3). 

In contrast, the presence of lactate as an elec- 
tron-donor decreased but did not suppress H2 up- 
take. The H2 partial pressure corresponding to an 
equilibrium between H2 production and uptake was 
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Table I 

Growth parameters of D. desulfuricans strain Berre-Sol and D. gigas grown on lactate-sulfate medium in the presence of combined 
nitrogen or under diazotrophic conditions 

Strain N source Final O.D. at Generation time Growth yield 
450 nm (h) (g/tool) 

D. desulfuricans ammonia 1.40 b 4.3 6.3 
dinitrogen 0.4" 9.5 3.0 

0.8 b 

D. gigas ammonia 1.35 b 5.8 4.2 

dinitrogen 0.35" 13 N.d. ~ 
0.75 b 

a Continuous culture. 
b Batch culture. 
c N.d., not determined. 

in fact very low. In  the presence o f  lactate and in 

the absence o f  a m m o n i u m  it established itself 

a round  15 / tM in the uptake o f  added H2 (Fig. 3) 

as well as in the product ion  f rom a zero level (Fig. 

4). The latter case, i.e., the absence o f  nitrogen 

metabolism, was the only one in which H2 produc-  

tion was observed. 

An  interesting pat tern was observed under  dia- 
zotrophic  condit ions (Fig. 4). As long as no nitro- 

genase activity was exhibited (lag-time in nitrogen 
fixation), hydrogen  product ion  occurred, but  as 

soon as dinitrogen was being effectively fixed, the 

H2 previously evolved was consumed.  The concom-  
itant kinetics o f  dinitrogen fixation appeared as bi- 

Table 2 

Comparison of the D2-H + exchange activity of D. desulfurieans 
strain Berre-Sol and D. gigas cells after sparging by 20% deu- 
terium. 

The reported values represent initial velocities (expressed in 
/~mol/min/mg protein). 

O. desulfuricans D. gigas 

D2 uptake 7.00 11.30 

HD evolution 2.95 9.70 

H2 evolution 2.60 4.70 

Hz/HD 0.88 0.48 

phasic, with an initial faster componen t  leading to 

a linear part. In contrast ,  when the substrate for  

nitrogenase was acetylene instead o f  dinitrogen, H2 

evolution proceeded even after nitrogenase activity 

was established and the concomitant  C2H2 reduc- 

tion was linear. Acetylene also had an inhibitory 

effect upon  hydrogen uptake by D. gigas resting 
cells [20] (Fig. 2). 
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Fig. 1. D2-H + exchange activity of D. desulfuricans strain Berre- 
Sol growing cells sparged with 20% D2. Solid line: without ad- 
dition of CO. Dashed line: with 9 mM CO added at 30 s. 
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Fig. 2. Effect of sulfate and acetylene on hydrogen uptake by 
resting cells of D. gigas. Solid line: without added sulfate. 
Dashed line: with 30 mM sulfate. Open symbols: without addi- 
tion of acetylene. Closed symbols: with 15% acetylene added in 
the atmosphere. 

DISCUSSION 

Although hydrogenase activity was potentially 
reversible for the two Desulfovibrio species studied 
here, as can be seen from the D2-H + exchange re- 
action, it was largely directed toward hydrogen up- 
take under most physiological conditions exam- 
ined. This is consistent with a rather low Km of 5- 
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Fig. 3. Effect of lactate and ammonia on hydrogen uptake by 
resting celts of D. desulfuricans strain Berre-Sol. Solid line: with- 
out addition of ammonia. Dashed line: with 36 mM ammonia. 
Open symbols: without addition of lactate. Closed symbols: with 
32 mM lactate. 
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Fig. 4. Hydrogenase activity and nitrogen or acetylene reduction 
in cells of D. desulfuricans strain Berre-Sol. Solid line: hydrogen 
evolution or uptake. Dashed line: acetylene or lSN2 reduction, 
both expressed as reducing-equivalents used. Open symbols: in 
the presence of lSN2. Closed symbols; in the presence of C2Hv 

7 #M reported for H2 in the uptake activity of the 
purified hydrogenase [15]. 

Significant hydrogen production occurs only 
under specific and/or transient circumstances. This 
was the case when there was a limitation of nitrogen 
metabolism resulting from omission of combined 
nitrogen from the medium or from a delay in the 
establishment of  diazotrophic conditions. Nitrogen 
starvation and hydrogen evolution were both pro- 
longed when acetylene was substituted for dinitro- 
gen as nitrogenase substrate. 

In contrast, the reverse of these conditions fa- 
vored the consumption of  added hydrogen, which 
could serve as an electron donor for sulfate or sul- 
rite reduction. With some Desulfovibrio strains, sul- 
fate reduction is dependent on electrons transferred 
from H2 [1]. In the same manner, H2 was used more 
extensively when nitrogen metabolism was taking 
place, probably due to an increased need for reduc- 
ing equivalents when the carbon supply was used 
in anaplerotic reactions [5]. Under diazotrophic 
conditions, the appearance of  nitrogen-fixing activ- 
ity was immediately followed by a transition from 
hydrogen evolution to hydrogen uptake, indicating 
that the H2 substituted tbr lactate as an electron 
donor. 



It is possible that the net uptake corresponds to 
a single process, or it may  result f rom a combina- 
tion of production and uptake catalyzed by two or 
more enzymes associated in a recycling phenome- 
non. Such a cycling process is known to occur in 
diazotrophic species between the H2-evolving activ- 
ity of  nitrogenase and a 'unidirectional' hydrogen- 
ase [20]. As a certain amount  of  nitrogenase-cata- 

lyzed Hz evolution is unavoidable under diazo- 
trophic conditions, such a recycling can be expected 
when dinitrogen is being fixed, but not under acety- 

lene, since the latter gas suppresses H2 production 
by nitrogenase [20]. Another recycling process be- 
tween two differently located hydrogenases has 
been postulated in the genus Desulfovibrio [17]. In 
this scheme, hydrogen produced internally at the 

expense of lactate or pyruvate would diffuse across 
the cytoplasmic membrane and be oxidized at the 
external face by a periplasmic hydrogenase. The 

electrons thus produced would be transferred back 
into the cytoplasm where they would be used prin- 

cipally in sulfate reduction; the protons left outside 
would create a gradient able to drive the synthesis 
of  ATP by a reversible ATPase [7]. Such a proton 
gradient could also be of  importance in corrosion 
caused by Desulfovibrio [8]. The latter cycling pro- 
cess is difficult to demonstrate even by the use of  
deuterium, since it is masked by the exchange re- 
action which is catalyzed by a single hydrogenase, 
but it provides a logical explanation for the role of  
the several hydrogenases isolated in some Desulfov- 
ibrio species [6,15@ 

The hydrogenase activities of  sulfate-reducing 
bacteria help them to adapt  to changes in sulfate 
and nitrogen sources. It  has been demonstrated re- 
cently (W.A. Hamilton,  personal communication) 
that Desulfovibrio species are able to grow on hy- 
drogen as sole electron and energy source produced 
electrochemically at the surface of a steel cathode. 
Therefore, in marine environments where electron 

donors are sometimes scarce, metallic structures 
may act as cathode and favor a proliferation of sul- 
fate-reducing bacteria leading to anaerobic corro- 
sion. 
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