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Abstract. All of fourteen sulfate-reducing bacteria tested
were able to carry out aerobic respiration with at least
one of the following electron donors: H,, lactate, pyru-
vate, formate, acetate, butyrate, ethanol, sulfide, thio-
sulfate, sulfite. Generally, we did not obtain growth with
O, as electron acceptor. The bacteria were microacro-
philic, since the respiration rates increased with decrea-
sing O, concentrations or ceased after repeated O,
additions. The amounts of O, consumed indicated that
the organic substrates were oxidized incompletely to
acetate; only Desulfobacter posigaiei oxidized acetate
with O, completely to CO,. Many of the strains oxidized
sulfite (completely to sulfate} or sulfide (incompletely,
cxcept Desulfobulbus propionicus); thiosulfate was oxidi-
zed only by strains of Desulfovibrio desulfuricans; tri-
thionate and tetrathionate were not oxidized by any of
the strains. With Desulfovibrio desuffuricans CSN and
Desulfobulbus propionicus the oxidation of inorganic
sulfur compounds was characterized in detail. D. desuifu-
ricans formed sulfate during oxidation of sulfite, thio-
sulfate or elemental sulfur prepared from polysulfide.
D. propionicus oxidized sulfite and sulfide to sulfate, and
clemental sulfur mainly to thiosulfate. A novel pathway
that couples the sulfur and nitrogen cycles was detected :
D. desulfuricans and (only with nitritc) D. propionicus
were able to completely oxidize sulfide coupled to the
reduction of nitrate or nitrite to ammonia. Cell-free
extracts of both strains did not oxidize sulfide or thic-
sulfate, but [ormed ATP during oxidation of sulfite
{37 nmol per 100 nmol sulfite). This, and the effects of
AMP, pyrophosphate and molybdate on sulfite oxida-
tion, suggested that sulfate is formed via the (reversed)
sulfate activation pathway (involving APS reductase and
ATP sulfurylase). Thiosulfate oxidation with O, pro-
bably required a reductive first step, since it was obtained
only with energized intact cells,
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During the last years evidence has been accumulating
that the anaerobic sulfate-reducing bacteria are able to
survive or even take advantage of thc presence of
molecular oxygen. Various observations can be classified
into three categories:

(i) Sulfate-reducing bacteria are to some extent O,-
tolerant. Especially in the absence of H,S (which forms
toxic products with O,) they remain viable for hours or
even days when exposed to O, (Hardy und Hamilton
1981; Cypionka et al. 1985; Fukui and Takii 1990).

(i) It has been suggested that sulfate-reducing bacteria
arc able to reduce sulfate in the presence of oxygen. Suifate
reducers are found in high numbers near or within the
anoxic/oxic interfaces in sediments (Laanbroek and Pfen-
nig 1981; Battersby et al. 1985; Jorgensen and Bak 1991).
Sulfate reduction was cven reported to go on in oxic
zones of microbial mats at O, tensions near saturation
{(Cohen 1989; Canfield and DesMarais 1991). However,
so far it has not been unequivocally demonstrated that
a pure culture of sulfate-reducing bacteria carrics out
sulfate reduction in the presence of O,.

(iii) Sulfate-reducing bacteria can respire with O,
(Postgate 1979; Abdollahi und Wimpenny 1990; Dilling
and Cypionka 1990). Some sulfate-reducing bacteria can
utilize H,, various organic compounds and even sulfur
compounds as electron donors for microaerophilic respi-
ration, with rates comparable to those of acrobic bacteria.
The reduction of molecular O, by Desulfovibrio de-
suffuricans (up to 5SmM O, added stepwise to keep the
concentralion low) was coupled to the formation of ATP,
but not to aerobic growth.

In the present work we compared the capacity of
acrobic respiration with various substrates among fresh-
water and marine sulfate reducers. With two freshwater
strains the oxidation of sulfur compounds was charac-
terized in detail.
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Materials and methods

Organisms and cultivation

The sulfate-reducing bacteria (Table 1) were cultivated in the
medium described by Cypionka and Pfennig (1986) with H,/CO,
(80/20, v/v) or lactate (20 mM) as electron donor, and sulfate or
nitrate (10 mM, cach) as clectron acceptor. Acetate (2 mM) was
added as carbon source during growth with H; as cleetron donor.
Desulfovibrio desulfuricans strain CSN and Desulfobulbus pro-
pionicus were cultivated in chemostats (Cypionka 1986) with H,
and limiting concentrations of nitrate (10 mM) or sulfate (20 mM)
al a dilution rate of | per day.

Preparations af cells

In order to remaeve H, S, cultures were sparged with CO, for 15 min.
Then the eclls were harvested by centrifugation (18000 - g, 10 min),
washed once in N,-saturated potassium phosphate buffer (50 mM,
pH 7.0) or 30 mM K, resuspended under H, in the same solution
to a concentration of 60 to 80 mg protein/mi.

For the preparation of cell-free extracts, washed cells were passed
three times through a French press (Aminco, Silver Spring, Md.,
USA). In order to remove whole cells and cell debris, the lysate was
centrifuged at 18000 - g for 10 min, and the supernatant used as
cell-free extract.

Measurement of O, reduction and sulfide consumption

Respiration of washed cclls was measured by means of O, electrodes
(Bachofer, Reuilingen, FRG or Modcl 59, Yellow Springs Instru-
ments Yellow Springs, Ohio, USA). Washed cells were incubated
at 30 °Cin 10 ml N,-saturated potassium phosphate bulfer (30 mM,
pH 7.2). O, and H, were added as pulses of O,- or Hy-saturated
potassium phosphate buffer (30 mM, pH 7.2, assumed to contain
[.17mM O, or 0.68 mM H, at atmospheric pressure and 25 °C).

Table 1. Substrates oxidized with O, by sulfate-reducing bacteria®

If sulfur compounds were to be analyzed. experiments were perfor-
med in 30mM bicarbonale buffer, and O, was added as O,-
saturated distilled water. Sulfide oxidation was measured by means
of an Ag/Ag.S electrode coupled to a microcomputer (Cypionka
1989). Several experiments were performed with measuring pH, pS
and pO, simultaneously by electrodes.

Chemical analyses

Thiosulfate was determined as described by Ner and Tabatabai
(1975), sulfide as described by Chne (1969), sulfite as described by
Pachmayr {1960), ammonia as described by Chaney and Marbach
(1962), nitrite as described by Zimmermann (1979), and protein as
described by Schmidt et al. (1963). Sulfate and nitrate were
determined by ion chromatography using the columns LCA A0l
or LCA A09 (Sykam, Gilehing, FR(}) as described by Bak et al.
(1991). ATP was determined by the lucilerin-luciferase method as
described elsewhere (Stahlmann et al. 1991).

Results

Reduction of Q, by freshwater
and marine sulfate-reducing bacteria

The fourteen sulfate-reducing bacteria tested (Table 1)
were all able to respire with O,. Depending on the strain
used, H,, Tactate, pyruvate, formate, ethanol, acetate, and
butyrate, as well as sulfite, thiosulfate and sulfide served
as electron donors for O, reduction. Freshly harvested
cells reduced O, with endogenous substrates which
usually were exhausted after several additions of O,. The
respiralion rates with the different substrates added were

Strain 11, Lactate Pyruvate SO3 $.03" H,8 Others
Freshwater strains Formate,
Desulfovibrio desulfuricans CSN® + 3 + + + + ethanol
Desulfovibrio desuifuricans Bssex DSM 642 + + + + + (+)

Desulfovibrio desuifuricans ATCC 27774 + + + + (+) (+)

Desulfotibrio vulgaris Marburg DSM 2119 + + +® (+) 4 Formate
Desulfovibrio sulfodismutans DSM 3696 (—) — +* {(+) - |
Desulfotomaculum orientis DSM 765 (—) - — + - —

Desulfobulbus propionicus DSM 2032 — +v - + - + Propionate
Marine strains

Desulfovibrio salexigens NCIB 8403 — — - {(+) - -

Desulfovibrio sapovoraris DSM 2055 - + + {(+) - - Butyrate
Desulfobacter postgate; DSM 2034 - — — - - - Acetate
Desulfobacter hydrogenophilus DSM 3380 - - — (+) - -
Desulfebacterium auioirophicurm DSM 3382 + + — (+) - - Formate
Desulfococcus multivorans DSM 2059 - + +° — — (+)

Strain 6Ala? - - — — - +

4 Wespiration was measured by means of an oxygen electrode. Washed cells (0.1 to 1.5 mg protein per ml} were incubated in N,-saturated
phosphate buffer (50 mM, pH 7.0) at 30 °C. Substrates (5 to 50 yM) and oxygen (0.1 to 2% O,-saturated buffer) were added by mcans of
Hamilton syringes. Experiments werc carried in triplicate with different cell preparations. Respiration rates were corrected for endogenous
respiration. There was no chemical O, uptake by autoxidation of sulfide or sulfite at the low concentrations tested.

+ for rates >0.5 nmol O, per min and mg protein
(+) for rates <0.5 nmol O, per min and mg protein

+"P activity observed after addition of increased substrate concentrations (1 mM)

(—) low activity detected only m part of the experiments
— 1o actvity
¢ Cypionka 1989

4 Alanine-degrading strain isolated from brackish Black Sea sediment (Cypionka, unpublished)
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Fig. 1A, B, Acrobic respiration of sulfate-reducing bacteria with
lactate and acetate as electron donors. A Desulfovibrio desuifuricans
CSN (washed cells, 0.32 mg protein/ml, assay volume 3 ml) oxidized
L-lactate incompletely (probably to acetate) as indicated by an
O,/lactate ratio of about 1. B Desulfobacter posigater (0.26 mg
prolein/ml, assay volume 10 ml) oxidized acclate with a stoichiome-
try of 2 O, per acetate that indicates complete oxidation to CO,.
The numbers at the arrows indicate nmol addition

between 1 and 25 nmol O, per min and mg protein. Rates
comparabie to those of acrobic bacteria (up to 670 nmol
O, per min and mg protein) were found with strains of
the genus Desulfovibrio. Generally, the sulfate reducers
were microaerophilic; ihe respiration rates often in-
creased with decreasing O, concentrations, and slowed
down aller repealed O, additions. Freshwater strains

g5

oxidized a greater range of substrates with ), than did
marine strains.

Six strains were able to oxidize H, with O, (Tab. 1);
the consumption of 0.5 O, per H, indicated the ‘Knallgas
reaction’ with formation of water as end product. Most
of the strains oxidized lactate; the disappearance of 1 O,
per lactate (Fig. 1 A) indicated incompicte lactate oxida-
tion to acetate in all cases, even though with sulfate as
electron acceptor some of the strains [ Desulfobacteriim
autotrophicum, Desulfococcus multivorans, Desulfobacter
hydrogenophilus) are able to oxidize lactate completely
to CO,. Some strains consumed less O, with DL-laclate
than with L-lactate, probably due to the lack of a
racemase. Desulfovibrio sulfodismutans, D. salexigens and
Desulfotomaculum orientis did not oxidize lactate with
(,, although this substrate is utilized with sullate. De-
sulfobacter postgatei was the only strain which oxidized
acetate; the disappearance of 2 O, per acetate indicated
complete oxidation to CO, (Fig. 1B).

Of the fourteen strains investigated all but one were
able to oxidize inorganic sulfur compounds with O,
(Tab. 1). While sulfide and sulfite were oxidized by most
of the strains, O, uptake with thiosulfate was only
observed with three strains of Desulfovibrio desulfuricans.
Sulfite and thiosuifate were oxidized with uptake of 0.5
and 2 mol O, respectively, indicating complete oxidation
to sulfate. With sulfide as eleciron donor, only De-
sulfobulbus propionicus consumed 2O, per sulfide (sce
below); the other strains took up less O, during sulfide
oxidation, indicating incomplete oxidation. While in
freshwater strains the capacities of O, reduction with
sulfite or with sulfide appeared always concomitant,
marine strains oxidized only one of these sulfur com-
pounds. Reduction of O, with trithionate or tetra-
thionate was not observed with any of the strains
Investigated.

In control experiments without cells at low O, concen-
trations the various sulfide compounds were not chemi-
cally oxidized to sulfate, and did not cause O, uptake at
detectable rates.

Table 2. Formation of sulfate by oxidation of morganic sullur compounds with O,

Sulfur Desulfovibrio desuffuricans CSN? Desulfabulbus propionicus®

compound
Percent Respiration rate Percent Percent Respiration rate Percent
sulfate (mmol Q, per inhibition sulfate (nmol O, per inhibition
formed® min and mg by CCCP® formed® min and mg by CCCP*®

protein) protein)

Sulfite 103 3.8 37 107 3.8 60

Thiosullate 194 1.5 100 — 0 —4

Sulfide 0 <0.8 -4 108 18.5 0

* Washed cells (0.2 to 0.6 mg protein/ml) were incubated in N,-saturated carbonate buffer (30 mM, pIl 7.2). The sulfur compounds were
added stepwise to final concentrations of 40 to 70 pM within 2 h, consumed O, was refilled to a concentration of 30 pM. each time,
Respiration was measured by an O, electrode and sulfate by means of 10n chromatography. Results are averaged from four experiments

at two days

® Compared to the amount of sulfur compound added; corrected for the amount of sulfate formed in control experiments without added

sulfur compounds

¢ The cells were preincubated with 30 pM CCCP for 30 min. Data corrected for eventual inhitntion by 50 uM methanol as the solvent of CCCP

¢ Not tested due to no or very low activity
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Aerobic respiration with inorganic sulfur compounds in
Desulfovibrio desulfuricans and Desulfobulbus propionicus

With two freshwater strains, Desulfovibrio desulfuricans
strain CSN and Desulfobulbus propionicus, the oxidation
of inorganic sulfur compounds was characterized in
detail. As already indicated by the O, uptake stoichio-
melry, washed cells of D. desulfuricans formed stoichio-
metric amounts of sulfate from sulfite or thiosulfate
{Table 2). This strain oxidized sulfide only slowly with
Q,, and did not produce sulfate (see, however, sulfide
oxidation with nitrate, below).

D. propionicus oxidized sulfide and sulfite completely

to sulfate. Sulfide oxidation was biphasic indicating the
formation of mtermediates (Fig, 2). If sulfide was added
to cells incubaied in the presence of O, (Fig. 2 A), biphasic
curves of oxygen uptake and acidification were observed.
If OO, was added to cells incubated in the presence of
sulfide (Fig. 2B), the disappearance of 1 sulfide per O,
was observed, half of which was recovered, however, after
complete O, consumption. This could be explained by
oxidation of sulfide to thiosulfate in the first, and dispro-
portionation of thiosulfate in the second step. However,
separately added thiosulfate was not consumed by D. pre-
Ppionicus as long as oxygen was present (Table 3).
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Table 3. Oxidation of sulfide with nitrate or nitzite as electron acceptor

Desulfovibrio desulfuricans CSN?

Desulfobulbus propionicus®

Elcctron Percent” Percent® Rate (nmol Percent Poreent® Percent® Rate (amol Percent
acceptor ammonia sulfate sulfide inhibition ~ ammonia sulfale sulfide inhibition
formed formed per min and by CCCP?  formed formed per min and by CCCP*
mg protein) mg prolein) protein)
Nitrate 83 93 20 100 0® 0* 0 -
Nitrite 83 63 18 100 81 0 19 0

* The electron acceptor was added stepwise to a final concentration of 105 pM; consumed sulfide was refilled after each pulse. Sulfide
utiization was measured by means of a sulfide electrode. sulfate by ion chromatography and ammonia by a photometrical test. Data
averaged from two experiments at different days. For further conditions see Tablc 2

* Compared to the amount of added pitrale or nitrite; corrected fo the amount of ammonia formed in control experiments without nitrate
or nitrite added. In control experiments withoul sulfide added. cells of both strains converted about 35% of the added nitrate or mtrite

to ammoma without sulfate production

¢ Compared to the amount of sulfide disappeared; corrected for the amount of sulfate formed in control experiments without sulfide added
¢ The cells were preincubated with 50 pM CCCP for 30 mun. Data corrected for eventual inhibition by 50 pM methanol as the solvent of CCCP
° Cells of Desulfobulbus propionicus grew very slowly with nitrate. With washed cells, no nitrate-dependent oxidation of sulfide was observed

with the sulfide electrode

Oxidation of elemental sulfur and polysulfide

Polysulfide or [resh sulfur suspensions (prepared after
Pfennig and Biebl 1976, by dilution of polysulfide and
sparging with CO, in order to remove free H,S) were
oxidized with O, with rates higher than thosc of sulfide
oxidation. As end products, Desuifovibrio desuifuricans
produced mainly sulfate, and Desulfobulbus propionicus
mainly thiosulfate. No aerobic respiration was observed
with sulfur flower or sulfur suspensions prepared accor-
ding to Janek (1933).

Complete oxidation of suffide with nitrate or nitrite

Desulfovibrio desulfuricans and Desulfobulbus propionicus
are able to grow with nitrate as ¢lectron acceptor which
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Fig. 3. Oxidation of sulfide with nitrate or nitrilc by Desulfovibrio
desulfuricans CSN. Washed cells (0.16 mg protein per ml) were
incubated in W,-saturated KCI. Numbcrs indicatc nmol addition
to 3 ml cell suspension

is reduced to ammonia {Cypionka 1989; Widdel and
Pfennig 1982). These strains oxidized sulfide coupled to
the reduction of oxidized nitrogen compounds to ammo-
nia (Table 3). D. desulfuricans consumed 1 sulfide per
nitrate and 0.75 sulfide per nitrite (Fig. 3); sulfate and
ammonia were formed as end products in stoichiometric
amounts and with higher rates than with O, as electron
acceptor. The capacity of nitrate reduction in D. desulfuri-
eans was induced only after growth with nitrate, while
the capacity of nitritc reduction was present constitu-
tively. D). propionicus grew slowly with nitrate in our
hands, and produced only small amounts of ammonia.
Oxidation of sulfide by washed cell of this strain was
obscrved with nitrite, but not with nitrate.

Mechanism of sulfate formation

Cell-free extracts of Desulfovibrie desulfuricans and De-
sulfobulbus propionicus oxidized sulfite, but not sulfide or
thiosulfate with O, as electron acceptor. The oxidation
of sulfur compounds was coupled to ATP formation
(Table 4). With cell-free extracts higher amounts of ATP
were detected alter sulfite oxidation than with whole cells,
presumably due to rapid ATP consumption by whole
cells. Addition of 100 nmol sulfite caused formation of
37 nmol ATP with cell-free extract of D. desulfuricans,
and 29 nmol with D. propionicus. The sulfite-dependent
0, reduction by cell-free extracts of D. desulfuricans was
accelerated by AMP (1 mM) and pyrophosphate (5 mM),
whereas molybdate (0.1 mM) caused inhibition. These
results indicated that sulfate was formed via the reversed
sulfate activation pathway, i.e. APS reductase and ATP
sulfurylase.

The uncoupler CCCP inhibited the reduction of O,
with thiosulfate and sulfur or polysulfide by washed cells
of D. desulfuricans irreversibly (Table 2). O, reduction
with sulfide by D. propionicus was not affected. Aerobic
respiration with sulfite was partially inhibited by CCCP
in both of the strains (Table 2). The oxidation of sulfide
wilh nitrate or nitrite was completely inhibited by CCCP
in D. desulfuricans (Table 3).
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Table 4. ATP formaticn coupled to the oxi-

dation of sulfur compounds with O, by Sulfur ATP formed (nmol per 100 nmol sulfur compound added)
washed cells and cell-free extracts® compound
Desulfovibrio desulfuricans Desulfobulbus propionicus
Whole cells Cell-free extract Wholc cclls Cell-free extract
Sulfite 19 37 L4 29
Thiosulfate 16 3 nt® nt®
Sulfide nt® nt® 19 nt"

* Washed cells (1.0 mg protein/ml) or cell-free extracts (0.2 mg protein/ml) were incubated
in N,-saturated phosphate buffer (30 mM, pH 7.0). 2min after addition of the sulfur
compound, a sample of 50 ul was taken for ATP determination. Data corrected for ATP at
zero-time and averaged over two experiments at different days. Control experiments revealed
thatcell-free extracts did not form ATP by chemiosmotic mechanisms during oxidation of H,
" Not tested due to no or very low activily

Discussion

Reduction of O, by sulfate-reducing bacteria

Our study demonstrates that the capacity of aerobic
respiration is widespread among sulfate-reducing bac-
teria. Obviously, these classically anaerobic bacteria
know to handle the strong oxidizing agent O,, and even
form ATP coupled to aerobic respiration (Dilling and
Cypionka 1990). In an undisturbed sediment as their
typical natural environment, they might be able to shift
the oxic/anoxic interface upwards, and thus get closer to
their organic substrates that originate from the oxic
milieu, That the capacity of acrobic respiration was morc
pronounced in freshwater than in marine strains might
be an adaptation to sulfate limitation, which typically
occurs in freshwater but not in marine sediments,

In spite of their capacity of aerobic respiration the
sulfate reducers have to be classified as anaerobic bacteria
furtheron. So far, we did not observe unequivocally
aerobic growth in homogenously shaken cultures. Fur-
thermore, some substrates utilized with sulfate as electron
acceptor were not oxidized with O,. This is presumably
caused by the O, sensitivity of some enzymes involved
in substrate oxidation (e.g., hydrogenase in Desulfovibrio
vulgaris, Fitz and Cypionka 1991).

Oxidation of sulfur compounds by sulfate-reducing bacteria

Oxveen enables sulfate-reducing bacteria to oxidize n-
organic sulfur compounds. In several strains complete
oxidation to sulfate was obtained. This exceeds the partial
sulfur oxidation observed during disproportionation of
thiosulfate or sulfite to sulfide and sulfate (Bak and
Cypionka 1987). The capacity of both, oxidation and
reduction of sulfur compounds depending on the availa-
ble electron acceptor, has been described in eubacterial
and archaebacterial sulfur bacteria like Weolinella (Macy
et al. 1986) or Acidianus (Segerer et al. 1986). However,
those bacleria are unable to reduce sulfate and thus to
catalyze the reactions of the whole sulfur cycle in both
directions. Complete oxidation of suifide coupled to the
ammonification of nitrate or nitrite demonstrates that
the oxidation of sulfur compounds by the sulfate-re-
ducing bacteria is not purely chemical or O,-dependent.

Furthermore, this is a novel process coupling the sulfur
and nitrogen cycles: the denitrifying sulfur-oxidizing
bacteria like Thiobacillus denitrificans form N, but not
ammonia as the completely reduced form of nitrogen.

Our experiments on the mechanisms of sulfur oxida-
lion are not in favor of the still controversely discussed
trithionate pathway of sulfite reduction (Kobayashi et
al. 1969; Fitz and Cypionka 1989, 1990). Most of the
strains were able to oxidize sulfide (or sulfite) with O,.
But only with three strains oxidation of thiosulfate was
observed, and no strain oxidized trithionate with O,.
Thus, if sulfite reduction inchides the trithionate pathway,
the latter must be irreversible or sensitive 1o Q,.

The first step of thiosulfate oxidation is most probably
the reductive cleavage to sulfide and sulfite by thiosulfate
reductase, like already proposed for thiosulfate dispro-
poriionation (Krimer and Cypionka 1989). The uncoup-
ler sensitivity and the observation that thiosulfate oxida-
tion was not catalyzed by cell-free extracts suggest that
an energy-dependent reversed electron transport is in-
volved, which can be carried out by energized whole cells,
only.

Sulfate formation from sulfite obviously includes the
reaction of sulfate activation, APS reductase and ATP
sulfurylase, as proposed also for the disproportionation
of sulfite. This was demonstrated by ATP formalion in
cell-free extracts (that cannot carry out ATP regeneration
by chemiosmolic mechanisms), as well as by the action
patterns of AMP, pvrophosphate, and molybdate.

In summary, we have learned that the sulfur metabo-
lism of the dissimilatory sulfate-reducing bacteria is no
onc-way street. Besides reduction and disproportionation
of sulfur compounds (Bak and Cypionka 1987; Kridmer
and Cypionka 1989), their complete oxidation is possible
with oxygen or even with nitrate as electron acceptor.
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