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Microcalorimetric Studies of the Growth of Sulfate-Reducing
Bacteria: Energetics of Desulfovibrio vulgaris Growth
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The metabolism of Desulfovibrio vulgaris Hildenborough grown on medium
containing lactate or pyruvate plus a high concentration of sulfate (36 mM) was
studied. Molecular growth yields were 6.7 ± 1.3 and 10.1 ± 1.7 g/mol for lactate
and pyruvate, respectively. Under conditions in which the energy source was the
sole growth-limiting factor, we observed the formation of 0.5 mol of hydrogen per
mol of lactate and 0.1 mol of hydrogen per mol of pyruvate. The determination
of metabolic end products revealed that D. vulgaris produced, in addition to
normal end products (acetic acid, carbon dioxide, hydrogen sulfide) and molecular
hydrogen, 2 and 5% of ethanol per mol of lactate and pyruvate, respectively.
Power-time curves ofgrowth ofD. vulgaris on lactate and pyruvate were obtained,
by the microcalorimetric Tian-Calvet apparatus. The enthalpies (AHjet) associ-
ated with the oxidation of these substrates and calculated from growth thermo-
grams were -36.36 ± 5 and -70.22 ± 3 kJ/mol of lactate and pyruvate, respec-
tively. These experimental values were in agreement with the homologous values
assessed from the theoretical equations of D. vulgaris metabolism of both lactate
and pyruvate. The hydrogen production by this sulfate reducer constitutes an
efficient regulatory system of electrons, from energy source through the pathway
of sulfate reduction. This hydrogen value may thus facilitate interactions between
this strain and other environmental microflora, especially metagenic bacteria.

Sulfate-reducing bacteria exhibit a strictly an-
aerobic mode of growth based on the use of
sulfate as the terminal electron acceptor (23).
This dissimilatory reduction of sulfate to sulfide
is linked to the oxidation of organic electron
donors, such as lactate, pyruvate, or ethanol. In
addition to substrate level phosphorylation, ox-
idative phosphorylation coupled with the elec-
tron transfer has been clearly demonstrated (20).
These bacteria, which contain a high activity

ofhydrogenase (hydrogen:ferricytochrome c3 ox-
idoreductase, EC 1.12.2.1) and cytochrome C3,
can either produce or consume molecular hydro-
gen. Growth by anaerobic oxidation of hydrogen
with concomitant reduction of sulfate has been
repeatedly reported (1, 17, 28, 29, 30). On the
other hand, hydrogen is produced by some spe-
cies of Desulfovibrio during growth on pyruvate
medium lacking sulfate (21, 34).

Furthermore, production of hydrogen by pure
cultures of Desulfovibrio vulgaris Hildenbor-
ough on lactate media high in sulfate has been
described previously (14; S. A. Traore, Ph.D.
thesis, Universite d'Aix Marseille, France, 1978).
Production of hydrogen when sulfate is not a
limiting factor is not easily understandable be-
cause ofenergetic considerations. This hydrogen
production might play an important role in the
interactions between sulfate-reducing bacteria

and H2-oxidizing bacteria, as methanogenic bac-
teria. Through interspecies hydrogen transfer,
as defined by Bryant et al. (10), significant
amounts of hydrogen are produced by Desulfo-
vibrio desulfuricans and D. vulgaris and used
for carbon dioxide reduction by methane bacte-
ria.
The growth energetics ofsulfate-reducing bac-

teria have already been studied by assessment
of molecular growth yields (15, 16, 25); the pur-
pose of this work was to study the growth of D.
vulgaris by using microcalorimetric techniques.
These techniques have been developed by Be-
laich et al. (5, 7) and are very convenient for this
study of anaerobic growth (3, 4). The shape of
the power-time curves of bacterial growth are
dependent on physiological growth conditions,
and heat quantities evolved during growth are
correlated to fermentation products. Another
interest of microcalorimetry is that it allows
determination of all growth parameters calcula-
ble by the standard technique of optical density
measurement.

MATERIALS AND METHODS
Strain and media. D. vulgaris Hildenborough,

NCIB 8303 was used for this study. This strain was
routinely cultivated on Starkey medium which con-
tained (in grams per liter) the following: NH4Cl, 2;
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MgSO4 7H20, 2; Na2SO4, 4; K2HPO4, 0.5; and yeast
extract (Difco Laboratories), 1. This medium was sup-
plemented by the trace elements solution, prepared by
the method of Bauchop and Elsden (2) and the rec-
ommendations of Vosjan (34); it contained (per liter)
the following: 36 N HCI, 51.3 ml; MgO, 10.75 g; CaCO3,
2 g; ferric citrate, 6 g; ZnSO4 7H20, 1.44 g; MnSO4.
4H20, 1.12 g; CuSO.45H20, 0.25 g; BO3H3, 0.06 g;
(Mo)7NH4024 . 4H20, 1 g. A 1-ml portion of this solu-
tion was added to 999 ml of Starkey medium. The pH
was adjusted to 7.2 with 1 N NaOH.

Lithium lactate or sodium pyruvate (Merck & Co.,
Inc.) was used as the energy source; both lactate and
pyruvate media were sterilized by autoclaving at
1100C for 30 min.
Analytical methods. Anaerobiosis was obtained

with a vacuum pump. Air in the culture tubes was
removed and replaced by argon gas.
Growth kinetics were followed with an automatic

biophotometer (Bonet Maury and Jouan) at 30°C. All
experiments were performed at 300C; optical densities
were read at 450 nm on a Zeiss (type MQ III) spectro-
photometer.

Molecular growth yields were determined from the
weight of the washed and dried cells; they were also
estimated by determining the total nitrogen content
of the cells by microkjeldahl techniques and applying
the bacterial formula established in the chemical anal-
ysis laboratory of the Service Central de Microanalyse
of the Centre National de la Recherche Scientifique.
For this purpose, the bacterial cells were carefully
washed and lyophilized. After lyophilization, the water
content of the cells was measured with a thermograv-
imetric balance.
The hydrogen, carbon dioxide, and liquid end prod-

ucts were determined on a Girdel 30 gas chromato-
graph equipped with a flame ionization detector. Hy-
drogen sulfide was titrated by the method of Fogo and
Popowsky (11).
Thermochemical methods. The heat of combus-

tion of the bacteria was obtained by using a calori-
metric bomb in the Laboratoire de l'Ecole Nationale

Superieure des Techniques Avanc6es (ENSTA,
France).
To obtain power-time curves, we used a differential

Calvet microcalorimeter, the properties of which were
discussed in the monograph of Calvet and Prat (24);
the experiments were conducted as previously de-
scribed (7).

RESULTS
Figure 1 shows the final optical densities of

bacteria obtained with different concentrations
of lactate or pyruvate when the culture medium
contained 36.3 mM sulfate. For both substrates,
it can be seen that optical densities are propor-
tional to the concentration of the substrate up
to 15 mM. For higher concentrations, the optical
densities increased slowly on pyruvate medium
but remained constant on lactate medium. It can
therefore be concluded that the energy source
(pyruvate or lactate) will be the growth-limiting
factor if its initial concentration does not exceed
15 mM.
Molecular growth yields (Y1a and Ypyr) (Ta-

ble 1) were determined by the dry weight and
total nitrogen content measurement methods.
Although this last method regularly gave lower
growth yield values, both techniques were in
good agreement. Thus, YI.& and Yp, values were
6.7 ± 1.3 and 10.1 ± 1.7 g/mol, respectively.
These results show that lactate yielded less en-
ergy than pyruvate. This finding is extensively
discussed below.
Growth kinetics patterns on pyruvate are

shown in Fig. 2A and B; analogous patterns were
recorded with lactate. In both cases, a substrate
concentration of lower than 15 mM was the
growth-limiting factor. When the substrate was
exhausted, the increase of optical density

45 60 75 90
Substrates concentrations (mM)

FIG. 1. Comparative study of D. vulgaris Hildenborough growth on equimolar quantities of lactate (A)
andpyruvate (0).
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TABLE 1. Yiac and Ypy, values of D. vulgaris
Hildenborougha

YI.-, (g/mol) Ypyr, (g/mol)

Expt no. Nitrogen Nitrogen
Dry wt determi- Dry wt determi-

nation nation

1 7.90 5.20 8.64 11.70
2 8.50 5.80 12.40 9.20
3 10.03 7.50
4 6.90 5.90 12.80 8.33

Mean 7.76 5.63 11.00 9.20
a Average means of Yiac and Ypyr were 6.70 ± 1.30

and 10.10 ± 1.70 g/mol, respectively.
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FIG. 2. Growth ofD. vulgaris Hildenborough with
limiting energy source. Curves 1,2,3, and 4 have been
obtained with 5.2, 7.8, 10.4, and 13 mM pyruvate,
respectively, in the presence of 36.3 mM sulfate. B.
Growth of D. vulgaris Hildenborough with excess
energy source. Curves 1, 2, 3, and 4 have been ob-
tained with a recorder biophotometer on 156, 52, 26,
and 17.3 mMpyruvate, respectively, in the presence
of 36.3mM sulfate.

stopped abruptly (Fig. 2A), whereas when the
carbon source was not limiting growth, growth
stopped only after a long slow-down period (Fig.
2B). Growth rates of D. vulgaris with lactate or
pyruvate as the energy source are given in Table
2.
One can see that growth was more rapid on

pyruvate than on lactate. The cellular rate of
catabolic activities was calculated from molecu-
lar growth yields and growth rates (Table 2).
Catabolic activity values were similar for both
carbon substrates.

Power-time curves when pyruvate or lactate
was the growth-limiting factor (Fig. 3) were typ-
ical of power-time curves found when growth is

TABLE 2. Growth parameters ofD. vulgaris
Hildenborougha

Substrate Ac d

and expt t/2 (h)b ,uC = 0.69/ti/2 Ys
no. mog

per h)

Lactate
1 3.4 0.202 30.2
2 2.8 0.246 36.8
3 3 0.230 34.4
4 3.1 0.222 33.2
5 2.8 0.246 36.8
6 4.3 0.160 23.9
7 3 0.230 34.4
8 2.8 0.246 36.8
9 2.66 0.259 38.8

Mean 3.1 ± 0.5 0.222 ± 0.03 33.9 ± 4.5

Pyruvate
1 2.6 0.265 26.5
2 2.3 0.300 29.8
3 2 0.345 34.2
4 2 0.345 34.2
5 2.3 0.300 29.8
6 2.4 0.287 28.5
7 2.6 0.265 26.3
8 2.4 0.287 28.5
9 2.08 0.332 33.0

Mean 2.3 ± 0.23 0.302 30.1 + 3.0
a These experiments were done at 30°C on 7.8 mM

of lactate or pyruvate.
b ti/2, , Generation time
C

, Growth rate.
dAc, Catabolic activities; Ys, , Bacterial dry

weight per mole of substrate metabolized.
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FIG. 3. Comparison of growth thermograms of D.
vulgaris Hildenborough growing on 10 ml ofStarkey
medium containing 7.8 mM lactate (L) andpyruvate
(P). The experiments have been done at 30°C in a
Tian-Calvet calorimeter.
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limited by the sole energy source (5). They show
an exponential phase followed by a return to the
baseline when the energy source becomes limit-
ing. The integrations of power-time curves al-
lowed the assessment of the enthalpies associ-
ated with the metabolism of the energetic sub-
strate (AHm). The experimental values for the
two studied substrates are reported in Table 3.
Mean values for lactate and pyruvate were
-36.36 ± 5 and -70.22 ± 3 kJ/mol, respectively.
It is noteworthy that the enthalpy corresponding
to the more reduced substrate metabolism, i.e.
lactate, was twice as low as that linked to the
pyruvate metabolism. This result is not in agree-
ment with the classical stoichiometry reactions
proposed by Peck (19) for lactate oxidation:

CH3CHOH COO + 0.5 SO42- + 0.71 H+

C02 + CH3COO- + 0.218 H2S (1)

+ 0.282 HS- + H20

and for pyruvate oxidation:

CH3CO COO- + 0.25 S042- + 0.359 H+

C02 + CH3COO- + 0.108 H2S (2)

+ 0.142 HS-

From equations 1 and 2 it is possible to cal-
culate the enthalpies associated with lactate or

pyruvate metabolism; these values, -70.18 and
-88.74 LJ/mol, respectively, for lactate and pyr-
uvate, are in the same order of magnitude.
To explain the thermochemical results, the

balance of fermentation products corresponding
to the metabolism of both substrates has been
performed. For this purpose all fermentation
products formed in the calorimetric vessel are

estimated at the end of growth, when the power-
time curve returned to the baseline. (Table 4).
The most striking features were that molecular
hydrogen was produced in both cases and in a

relatively high proportion when lactate was the
energy source. In addition to hydrogen, sulfide,
carbon dioxide, and acetate end products, the
chemical balance of lactate or pyruvate metab-
olism indicated that small amounts of ethanol
were also produced, accounting for, respectively,
2 and 5% of the oxidized substrates. The stoichi-
ometric reaction of the oxidation of the two
substrates by D. vulgaris, drawn from Table 4,
can be written as follows for lactate oxidation:

CH3CHOH COO + 0.37 SO42-

+ 0.56 H --+ C02 + 0.98 CH3COO(3
+ 0.02 CH3CH2OH + 0.16 H2S

+ 0.215 HS- + 0.5 H20 + 048 H2

and for pyruvate oxidation:

CH3CO COO + 0.2 So42- + 0.15 H20

+ 0.33 H+ -. C02 + 0.95 CH3COO-
+ 0.05 CH3CH2OH + 0.087 H2S

(4)

+ 0.113 HS- + 0.1 H2

Equations 3 and 4 are very different from 1

TABLE 3. Catabolism enthalpies of lactate (AHci) andpyruvate (AHcp) by D. vulgaris Hiidenborougha
AHcl AHc,

Expt no.
kcal/mol kJ/mol kcal/mol kJ/mol

1 -8.28 -34.6 -17.25 -72.1
2 -10.60 -44.3 -17.38 -72.65
3 -9.29 -38.83 -17.1 -71.47
4 -9.26 -38.7 -17.63 -73.69
5 -8.66 -36.29 -17.33 -72.44
6 -7.8 -32.60 -16.4 -68.59
7 -7 -29.26 -15 -62.7
8 -16.3 -68.13

Mean -8.6 ± 1.07 -36.36 ± 5 -16.8 ± 0.72 -70.22 ± 3
AU the results are given with their confidence interval of the mean (P - 0.05); 1 kcal/mol - 4.18 kJ/mol.

TABLE 4. Fermentation products produced from 100 pmol of lactate or pyruvate by D. vulgaris
Hildenborough

Metabolite amt (umol)'
Energy source

Acetate Ethanol Carbon dioxide Hydrogen sulfide Gaseous hydrogen
Lactate 96.80 ± 3.2 2.30 ± 0.8 99.02 i 0.9 37.98 ± 4.1 47.90 ± 2.5
Pyruvate 94.50 + 1.8 4.88 ± 1 99.07 ± 1.2 19.20 + 1.5 7.20 ± 0.6

a The amounts represent mean values established from nine experiments.
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and 2 proposed earlier (19). From our fermen-
tation balances, it can be calculated that the
enthalpies corresponding to the catabolism of
lactate and pyruvate were, respectively, -30.26
and -78.96 kJ/moL These data were in agree-
ment with the experimental heat quantities ac-
companying the growth limited by lactate or
pyruvate and especially the heat of lactate me-
tabolism which is about half that of pyruvate.
H2 production kinetics with lactate or

pyruvate as electron donors. (i) Growth on
lactate medium (equation 3). On lactate me-
dium, H2 formation was observed throughout

JS

C

0

0.

I /CL

0+4

growth (Fig. 4). It stopped only at the end when
all of the lactate had been oxidized, and the
formation rate was well correlated with the in-
crease in optical density (Fig. 4). H2 production
seemed to precede sulfate reduction since a sig-
nificant amount of H2 was accumulated in the
culture medium before significant amounts of
hydrogen sulfide could be detected.

(ii) Growth on pyruvate medium (equa-
tion 4). In this case, H2 evolution stopped before
the exponential growth phase took place (Fig. 5)
and the amounts of H2 accumulated were rather
low.

FIG. 4. Kinetics ofH2 or H2S fornation during growth of D. vulgaris Hildenborough on 7.8 mM lactate in
the presence of 36.3mM sulfate.
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FIG. 5. Kinetics ofH2 or H2S formation during growth ofD. vulgaris (Hildenborough) on 7.8 mMpyruvate

in the presence of 36.3mM sulfate.
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DISCUSSION
Table 6 shows all the enthalpy values which

must be taken into consideration. Normally, the
heat associated with the metabolism of the sub-
strates (AHmJt) and the heat corresponding to
their catabolism (AHLj,t) are two quite different
sets of data which must be used carefully. Be-
laich (6) recently proposed that they are related
by the equation:

AHnt = (1- a)AH1t + Y5 (5)

In this relation, a represents the fraction of the
energy source which is incorporated into the
cellular material, Y. is the molecular growth
yield, and Ahm is the enthalpy variation linked
to the synthesis of 1 g (dry weight) of bacteria.
The quantity of the energy source incorpo-

rated as cellular carbon is always low in anaer-
obic growth on complex media. Belaich has
shown (thesis, University d'Aix Marseille,
France, 1967) that 50% of the cellular carbon of
the anaerobic bacterium Zymomonas mobilis,
when grown on complex medium with glucose as
the carbon source, was provided by glucose. In
the case of D. desulfuricans grown on complex
medium supplemented with lactate, only 30% of
the cellular carbon was derived from lactate (30).
Therefore, taking the carbon content of the bac-
teria (Table 5) and 50% as the value of cellular
carbon coming from the energy source, the share
of cellular carbon (a) corresponding to lactate
metabolism is:

alact = Ylact x 0.4892 x 1
x x -0
T 3 100O-

-6.7 x 0.4892 x 12x 50
12 3 100

0.045 mol

and to pyruvate metabolism is:

1 150

apyr = Ypyr x 0.4839 x 12 x 3 x 100
1 1 50

= 10.1 x 0.4839 x x x -

12 3 100

(6)
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ing to the growth on complex medium is low and
the order ofmagnitude ofthis enthalpy variation
is 0.011 kcal/g (0.05 kJ/g). So, from equation 5,
and values for HAt, a, and Y. the AHm.t values
of growth on lactate and pyruvate were -28.56
kJ and -70.16 kJ/mol, respectively; thus, the
AHmet and AHcat were due to low molecular
growth yields and AhM. Comparison ofthe AHm,t
values obtained with the two stoichiometries
(Table 6; A, C, and E; Table 7) shows clearly
that the stoichiometry we propose for lactate
metabolisn explains its low experimental AH..t
value; there is marked hydrogen production ac-

companying this metabolism, whereas a very

low rate of hydrogen production occurs during
pyruvate metabolism. Therefore, the experimen-
tal and theoretical AHm.t values are comparable
(Table 6A and C). Finally, the results obtained
by classical chemical analysis techniques un-
ambiguously show that D. vulgaris Hildenbor-
ough accumulates about 0.5 mol of H2 per mol
of lactate, even in the presence of high sulfate

TABLE 6. Comparison of experimental and
theoretical metabolic enthalpies taking into account

the anabolism enthalpies of bacteria grown on
lactate orpyruvate

Substrate metabolized

Enthalpy variation (AH) (kJ/mol)
Lactate Pyruvate

A. AHmet experimental val- -36.36 -70.22
ues

B. AHcat by classical sto- -70.18 -88.74
ichiometries (equations 1
and 2 in text)

C. AHmet theoretical values -66.68 -80.29
(from B above and equa-
tion 5 in text)

D. lHcat by our stoichiome- -30.26 -78.96
tries (equations 3 and 4
in text)

E. AHmet theoretical values -28.56 -70.16
(from B above and equa-
tion 5 in text)

(7)
= 0.067 mol

In these relationships, 12 is the atomic weight
of carbon, and 3 is the number of carbon atoms
contained in the energy source (6).
As shown by Belaich (6), the AhM, correspond-

TABLE 5. Elemental analysis ofmolecular formula
of D. vulgaris Hildenborough grown on lactate or

pyruvate

Energy Bacterial cell formula Cell carbon
source content (%)

Lactate CH,.64 0o.33 No.23 So.o PO.014 48.92
Pyruvate CH,.64 00.31 No.25 S0.07 PO.012 48.39

TABLE 7. Values of the standard enthalpiesa

Compound AHlf (25°C, kcal/ ReferenceMOl)

CH3CHOHCOO- -164.11 (9)
CO2 -98.9 (9)
CH3COO- -115.98 (9)
CH3CH20H -68.60 (9)
H20 -68.31 (9)
CF{CO COO- -142.5 (9)
H2S -9.56 (27)
HS- -6.81 (27)
804- -213.55 (18)
a Heat of H2PO4 ionization at 30°C +0.714 (2);

H25 -. HS- + H+ pK -6.89 (11).
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concentrations. It must be kept in mind that the
growth was actually limited by lactate concen-
tration (Fig. 1).
The ignificant amount of hydrogen produc-

tion by the sulfate reducer D. vulgaris Hilden-
borough in lactate-sulfate media high in sulfate
deserves further comment. Indeed, the lack of
sulfate reduction due to hydrogen evolution cor-
responds to a loss of energy for bacterial growth,
since it has been demonstrated that growth of
these bacteria on lactate is quite dependent on
sulfate respiration. The loss of energy related to
hydrogen production can be estimated from the
energy balance ofredox reactions occurring dur-
ing the reduction of sulfate and the intermediary
compounds (sulfite, trithionate, and thiosulfate)
as proposed by Siegel (26). As Fig. 6 indicates,
the electrons released during the oxidation of
lactate into pyruvate (Eo = -190 mV) could
reduce adenosine phosphosulfate into sulfite and
trithionate into thiosulfate, whereas the elec-
trons coming from the last step of lactate metab-
olism (pyruvate -. acetate, E,o = -690 mV) cold
reduce sulfite into trithionate and thiosulfate
into sulfide.
The amount ofATP available from the differ-

ent redox reactions (Fig. 6) has been established
assuming that for every two electrons trans-
ferred, a potential difference (AE) of about 300
mV is required to allow the synthesis of one
molecule of ATP. It can be noted that the
amount of ATP consumed for activation of sul-

SO

-l90mV

FIG. 6. Elect1ons flow from lactate through sulfate
reduction by the Siegel hypothesis (26).

fate into adenosine phosphosulfate is balanced
by the ATP (20; Fig. 6) furnished by substrate
level phosphorylation. Thus, the reduction of
one molecule of sulfate by the eight electrons of
two molecules of lactate could provide four ATP
molecules per every two molecules or two ATP
molecules per mol of lactate. Taking account of
the fact that the production of H2 from lactate
constitutes an energy loss of 25%, the ATP gain
would be only 1.5 ATP per mol of lactate.
Such a scheme can be drawn when pyruvate

serves as the energy source. Then the reduction
of one molecule of sulfate requires the oxidation
of four molecules of pyruvate. Since electrons
from pyruvate are at a very low potential (Eo,
=-690 nmV), the amount of ATP synthesized
is higher: 10 ATP molecules per 4 molecules of
pyruvate (8 ATP molecules from oxidative phos-
phorylation plus 2 of 4 ATP molecules from
substrate level phosphorylation). In this case,
the loss of 10%, of total electrons into molecular
hydrogen lowers the gain to 9 ATP molecules
per 4 molecules or 2.25 ATP molecules per mol-
ecule of pyruvate.

Y1ac and Ypr values of 6.7 ATP and 10.1 g/
mol respectively, were in agreement with these
ATP values, since the ratio of Ypr/Ylct = 1.5 is
quite identical to the ATP gain ratio:

ATP gain on pyruvate medium

+ ATP gain on lactate medium

= 2.25 + 1.5 = 1.5

The greater lack of energy observed during
growth on lactate as compared with that on
pyruvate could be attributed to the greater
amount of H2 produced with the former sub-
strate.

It is to be noted that Vosjan reported that
hydrogen production can be attributed to iron
deficiency in the medium (34). This reason does
not apply in our growth conditions, since an
excess of iron was added in a chelated form (Fe-
citrate) which is readily usable by the cells (22);
furthermore, hydrogen production occurred at
the very early stage of growth. The inhibition of
sulfur reductase activity of cytochrome c3 of D.
vulgaris Hildenborough by sulfide has been ob-
served in our laboratory (12); in the same con-
ditions, sulfide had no effect on the reductase
activity of the homologous cytochromes from D.
desulfuricans (strain Norway 4) or D. gigas (12).
The present data show that D. vulgaris liberates
25% of the electrons from lactate into molecular
hydrogen, thus lowering the sulfide concentra-
tion in the growth culture; low sulfide concen-
trations could prevent inhibition of the cyto-
chrome by hydrogen sulfide poisoning. In con-
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trast to the hypothesis of Vosjan (34), the pro-
duction of hydrogen throughout growth in our
experimental conditions could be considered as
efficient regulation of electron flow by cyto-
chrome C3 during growth instea of cytochrome
inefficacy in cells.

Recently, Tsuji and Yagi (31) have reported
hydrogen production by D. vulgaris strain Mi-
yazaki in lactate-sulfate media. A comparison of
both their experimental conditions and results
with ours reveals the following significant differ-
ences: (i) growth was limited by sulfate and not
by lactate concentration (16.1 mM sulfate for
55.6 mM of lactic acid); (ii) hydrogen was only
produced at the early stage of growth; and (iii)
only trace amounts of hydrogen (0.014 mol of H2
per mol of lactate) were produced as compared
with the high quantities of hydrogen evolved in
our experimental growth conditions. Neverthe-
less, it is clear that a comparison of the two
strains would require the use of identical growth
conditions.
The data on physiology, biochemistry, and

metabolism of D. vulgaris strain Hildenborough
indicate that this microorganism is especially
well adapted among the sulfate reducers to per-
form interspecies hydrogen transfer. Indeed, one
has to emphasize that in this strain, the hydro-
genase is located in the periplasmic space (8, 32)
and exhibits high specific activity (32, 33). In
addition, as reported here, high amounts of hy-
drogen appear to be produced in lactate media
high in sulfate. All of these features facilitate
hydrogen transfer with H2-utilizing microorga-
nisms, such as methanogenic bacteria.

It could well be that, in natural conditions,
the loss of energy induced by hydrogen produc-
tion which is seen in pure culture, is counterbal-
anced by a facilitated utilization of high poly-
mers, such as cellulose, by the complex microbial
flora of which sulfate-reducing bacteria are very
active members. This facilitation would be due
to (i) accumulation of less sulfide, (ii) utilization
of both H2 and C02 from sulfate-reducing bac-
teria by methanogenic bacteria (hydrogen ac-
cumulation is inhibitory because of thermody-
namic reasons [9]), and (iii) lowering of the
acetate concentration and its possible inhibitory
effect on several members of the complex flora.
The questions which remain to be answered

deal with the enzymatic reactions implicated in
this hydrogen production. It should be pointed
out that in our growth conditions, the phosphor-
oclastic reaction might be the main method of
hydrogen production. However, hydrogen con-
centration is greater on lactate than on pyruvate,
which suggests that an additional reaction such
as NADPH ferredoxine oxidoreductase activity

could be implicated in hydrogen evolution from
lactate as source of energy. A very interesting
problem is that no lactate dehydrogenase has
yet been purified from sulfate-reducing bacteria,
and thus, the nature of its electron acceptor
remains to be determined.
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