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Desulfovibrio desulfuricans has been implicated as the causative agent of deteriora-
tion in many areas of industrial interest. For the most part, the destructiveness pro-
duced by this organism is a function of sulfate and iron metabolism. D. desulfuricans
qualifies as the only nonphotosynthetic obligative anaerobe containing cytochrome;
however, the amount of iron assimilated greatly exceeds the levels needed for
porphyrin synthesis. The studies reported here are concerned with evaluating other
possible roles of iron in the matabolism of this organism. D. desulfuricans ATCC
7757 was grown in mineral medium (complete), minus iron or sulfate with yeast
extract and either lactate, glucose, or pyruvate as carbon source, at 30 C for 23 days.
Neither lactate nor glucose would support growth without either iron or sulfate while
pyruvate would support growth in the absence of sulfate. Cyanide prevented growth
in lactate but not in glucose or pyruvate with complete mineral medium. Concomi-
tant inhibition studies with azide, iodoacetate, and fluoride were not as decisive. The
experimental evidence points to an iron-containing enzyme controlling lactate oxida-
tion. This specific problem is now under investigation.

Desulfovibrio desulfuricans has been implicated as the causative agent of deterioration
in many areas of industrial interest. For the most part, the destructiveness produced by
this organism is a function of its iron and sulfate metabolism. In addition, it qualifies
as somewhat of a nutritional schizophrenic. For example, the oft repeated truism that
anaerobic bacteria do not contain cytochromes was violated when Postgate (1954) char-
acterized cytochrome Cy from a strain of D. desulfuricans. It remains the only non-
photosynthetic obligate anaerobe containing this type of porphyrin linked enzyme. In
1945, Wight and Starkey reported that D. desulfuricans was capable of autotrophic
growth. This was subsequently confirmed by several groups (Butlin and Adams, 1947;
Peck, 1960). However, later studies (Postgate, 1960; Mechalas and Rittenberg, 1960)
using C* carbonate suggested that the earlier conclusions were in error. In fact, if auto-
trophy implies the ability to utilize CO, as the sole source of assimilatory carbon, then
the tracer studies showed that no more CO, is taken up than by Aerobacter aerogenes.
However, many strains of D. desulfuricans exhibit another claim to autotrophy, the
apparent ability to derive energy from oxidation of molecular hydrogen. This property
to utilize exogenous hydrogen may only be a consequence of an endogenous dissimila-
tory reaction involving the phosphoroclastic breakdown of pyruvate in which metabolic
hydrogen oxidation seems to be coupled to sulfate reduction (Peck, 1960):

SO,= + 4H, ———— 4H,0 + S=

This reaction is coupled to adenosine triphosphate (ATP) formation and seems to be a
major source of energy for these cells (Peck, 1960; Senez, 1962). There is some evi-

* Contribution number 116, Department of Biology, Wayne State University.
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dence, though inconclusive, that cytochrome C; functions as an intermediary in hydro-
gen-sulfate oxidoreduction. It has been established (Postgate, 1956b) that levels of both
hydrogenase and cytochrome C; are directly related to the iron content of the growth
medium. However, no more than 1% of the assimilated iron can be accounted for in
assays of these enzymes. The fate of the remainder of the iron is not known. The
major purpose of this paper was to investigate other possible roles for iron in D. desul-
furicans. This has been done in two ways: (1) assaying for an absolute iron requirement
in the presence of one available organic carbon source and interdependence of a sulfate
requirement in these situations and (2) the effect of certain metabolic poisons, two of
which are specific iron-binding agents, on the utilization of these same substrates. We
also hoped to learn whether the organism could obtain enough energy for growth from
substrate-produced ATP when the cytochrome-linked sulfate reduction system was
inoperative.

We used D. desulfuricans ATTC 7757 throughout the course of these studies, and we
maintained the cultures on a modification of Medium C (Butlin, Adams, and Thomas,
1949) containing sodium lactate (60%) 4.1 g; Difco yeast extract 1.0 g; K, HPO, 0.5 g;
MgSO, 1.0 g; Na,SO, 1.0 g; NH,CI 1.0 g; CaCl, 0.05 g; distilled water 1 liter. The
pH was adjusted to 7.22+ 0.2 with IN NaOH and the Eh adjusted to approximately
—200 mv by the addition of 5 uwmoles/ml of Na,S or cysteine HCl. Incubation was at
30 C in either screw cap test tubes or prescription bottles filled completely to exclude
as much air as possible. Serial transfers were made every 3 to 5 days with inocula
washed twice with saline then resuspended and adjusted to 60% transmittance in a
Coleman Junior spectrophotometer set at 525 my. An amount equal to 1/20 of the total
medium volume was used as inoculum unless otherwise specified. We routinely checked
for contaminants as recommended by Postgate (1953). Except for an initial experiment
which correlated turbidity and total counts, all growth measurements were by optical
density determinations. With this data, we calculated a generation time for our organ-
ism (Table 1). This is somewhat longer than that reported for Canet strain 41 (Senez,
1962) but is of the same order of magnitude.

GrowTH IN IRON-DEFICIENT MEDIA

The first attempts at growing our organism in an iron-deficient medium gave inconclu-
sive results. We followed the extraction procedure essentially outlined by Waring and
Werkman (1943) using 15 successive extractions with 8-hydroxyquinoline in chloroform.
Extreme care was taken in the preparation of all glassware and media. Washing was
done consecutively in detergent and tap water, aqua regia (4 hr), running distilled

Tasie 1. Correlation of direct count with optical density

Transmission Hours after Average Number Number of Division Time
at 525 mu Inoculation Organisms/Field | Organisms/ml in Hours
100 0 3.1 1.54 x 10¢
57 48 467.5 2.34 x 108 6.5

Grown in Medium C, modified (Butlin, Adams, and Thomas, 1949). Inoculum: 1 ml of a suspen-
sion at 909, transmission. Incubation at 30 C.
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water, deionized water and two final rinses in glass distilled water (resistance 1.1
Mohm). Media substituents were reagent grade (except Merck and Co. 609 sodium
lactate) and were dissolved in glass-distilled water. The cysteine HCl used for redox
potential adjustment, extracted at 4C, and the ferrous sulfate solution were sterilized
by filtration. Since 8-hydroxyquinoline forms complexes with many metal ions, we
supplemented all the extracted media with a separately sterilized solution of trace ele-
ments (ZnSO,4 « TH,O, CuSO, » 5H,0 and MnSO, + H,O) in a final concentration of
0.1 pug/ml. There was apparent iron-dependent growth even in the medium supposedly
freed of iron as evidenced by precipitated FeS. We repeated the extraction procedure
using an Fe?? tracer in order to determine the kinetics and extent of iron removal. Ini-
tial specific activity of our medium was 1933 counts/min/ml measured in a Nuclear
Chicago Model 132 Spectrometer with a Nal well detector. Four per cent of radio-
activity remained in the medium after 15 extractions. Results with a modified extrac-
tion procedure (Morrison and Freiser, 1951) using a smaller water: chloroform ratio
were even more erratic. Although none of the tubes of extracted medium C without
added iron supported growth, there was some growth throughout the replicate series of
tubes with varied iron concentrations. The only apparent difference between the
extracted and unextracted medium was that the iron and other divalent cations had
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Fic. 1. Effect of procedures to remove residual chloroform.
1) Extracted with chloroform
2) Extracted with chloroform, heated and shaken
3) Extracted with chloroform, boiled
4) Unextracted
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been removed from the extracted medium by 8-hydroxyquinoline and chloroform. The
insolubility of the chelating agent in aqueous solutions and its marked solubility in
chloroform however eliminated 8-hydroxyquinoline in the medium as the cause. The
erratic growth, therefore, seemed to be due either to residual chloroform or to the
removal of a necessary growth factor by chloroform.

These two latter possibilities were investigated next. Medium C, 500 ml was extracted
36 times with 5 ml of portions of chloroform which were pooled and evaporated to
dryness; no residue was found. Aliquots of chloroform-extracted media were inoculated
along with unextracted controls. Chloroform treatment apparently prevented growth.
Various procedures were tried to remove the residual chloroform; results of this experi-
ment are shown in Fig. 1. All subsequent procedures involving extraction by chloro-
form included a 5 minute boil prior to autoclaving. The actual assay for iron require-
ment (Fig. 2) revealed that 7.2 my moles/ml ferrous sulfate was sufficient to permit
growth equal to, if not better than, the unextracted control. Despite the extensive
extraction procedure, it was impossible to prevent minimal growth even in the complete
absence of added iron. Since even slight growth was unexpected, the possibility that
iron contamination resulted from inoculum carry-over was considered. We prepared
three different types of inocula: (1) suspension adjusted to 909 instead of 60% trans-
mission, (2) suspension washed twice with HCl-saline, pH 2.6 then adjusted to 90%
transmission, (3) suspension prepared from harvest grown in medium C partially freed
of iron by 8 extractions with 8-hydroxyquinoline. We found no difference in the
amounts of growth attributable to inoculum history. Postgate (1956b) using the same
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Fic. 2. Assay of iron requirements
1) Unextracted medium
added
2) Extracted medium, 0.00 mu moles/ml Fe++*
added
3) Extracted medium, 0.90 mu moles/ml Fe*+*
added
4) Extracted medium, 1.80 mu moles/ml Fe*+
added
5) Extracted medium, 3.60 mu moles/ml Fe+++*
added
6) Extracted medium, 7.20 mu moles/ml Fe++*
added
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extraction procedures was not able to get any growth with his strain of D. desulfuricans
using lactate as a carbon source, although he did report that the same levels of added
iron were needed for optimal growth. When glucose was substituted for lactate in
extracted medium C with and without iron, the same general results were obtained

(Fig. 3).
Tur ErFrecT oF SULFATE ON GROWTH

The next experiment was designed to test the ability of D. desulfuricans, ATCC 7757
to utilize lactate, glucose, and pyruvate in the absence as well as the presence of sulfate.
The medium used was one proposed by Postgate (1952) for similar studies on the
Hildenborough strain. Sodium lactate, sodium pyruvate, or glucose in concentrations of
4.1, 3.5, and 3.0 g/liter were added to Medium C with and without sodium sulfate.
Lactate and glucose were utilized only in the presence of sulfate whereas pyruvate was
utilized both in the absence and presence of sulfate (Fig. 4). Lactate and pyruvate are
utilized for growth by all strains of D. desulfuricans in the presence of sulfate, but
growth on lactate in the absence of sulfate has never been reported. Postgate (1952)

0.3

o
o

ABSORBANCE 525 my
@)

2 6 10 14 18 22
TIME IN DAYS

Fic. 3. Effect of extraction of iron upon growth on glucose.
1) Unextracted medium, inoculum from medium C
2) Unextracted medium, inoculum from iron deficient medium
3) Extracted medium, inoculum from medium C
4) Extracted medium, inoculum from iron deficient medium
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Fic. 4. TUtilization of lactate, pyruvate, and glucose

1) Lactate with Na,SOq

)
2) Lactate without Na,SO4
3) Pyruvate with NasSO4

4) Pyruvate without Na>SO4
5) Glucose with Na,SO4

6) Glucose without Na;SO4

observed that among the 12 strains of D. desulfuricans he tested, eight were able to
grow on pyruvate in the absence of sulfate. He suggested that this ability to grow
without sulfate is distributed at random throughout the genus of Desulfovibrio. No
correlation was observed between this ability and motility, halophily, possession of
hydrogenase, or ability to grow on peptone yeast-extract glucose medium.

The ability to utilize glucose also appears to be randomly distributed throughout the
genus Desulfovibrio. Baker, Papinski, and Campbell (1962) reported that none of their
eight strains was able to utilize glucose in the presence or absence of sulfate. Ishimoto
et al. (1954) also reported that their strain was unable to utilize glucose as a hydrogen
donor for the reduction of sulfate. Nine strains tested by Postgate (1951) all grew on
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glucose. Rittenberg (1941) found that marine strains of sulfate-reducing bacteria grew
well on glucose.

Effect of Inhibitors Upon Growth

This experiment was undertaken to determine if any differences between the pathways
for anaerobic utilization of glucose and lactate could be demonstrated by the use of
inhibitors.

A final effort to demonstrate an absolute iron requirement for D. desulfuricans was
also made and an additional precaution instituted in preparing the glassware. After the
two rinses in glass-distilled water, all glassware was completely filled with glass-distilled
water and autoclaved for 30 minutes. This was followed by a final rinse in glass-
distilled water.

Two liters of Medium C and 2 liters of Medium C with 3.5 g of glucose substituted
for the lactate were prepared. One liter of each medium was immediately dispensed
into tubes and autoclaved. The remaining liter was extracted with 8-hydroxyquinoline.
The first extraction was done with 2 g of 8-hydroxyquinoline while the second through
fourth extractions were with 1 g and the fifth through thirteenth were with 0.5 g. The
extracted medium was supplemented with trace element solutions, and the redox poten-
tial of all tubes of media was adjusted with an extracted solution of sodium sulfide.

The inhibitors were dissolved in glass-distilled water; the sodium fluoride, iodoacetic
acid, and potassium cyanide were autoclaved whereas the sodium azide was sterilized
by filtration.

Two types of inocula were prepared, the first from cells grown in unextracted Medium
C and the second from cells grown in Medium C partially freed of iron by eight
extractions with 1 g of 8-hydroxyquinoline. Both suspensions were adjusted to 90%
transmission at a wave length of 525 mu. One ml of these was used as inoculum.

All attempts to demonstrate an absolute iron requirement were unsuccessful. Growth
in the extracted medium, however, was very slight. Sodium azide and sodium fluoride
reduced the amount of growth attained on both carbon sources; iodoacetic acid was
completely inhibiting for both carbon sources. The only significant difference observed
between carbon sources was with the potassium cyanide. It completely inhibited growth
upon sodjum lactate while affecting growth on glucose only slightly (Table 2).

TaBLE 2. Effect of specific inhibitors on growth of D. desulfuricans

Carbon NaXN3; KCN NaF CH,;I COOH

Source Control (0.003M) (0.003M) (0.02M) (0.01M)
Glucose. .. ... 44 + 3+ + N.G.
Lactate...... 347 N.G. N.G. 241 N.G.
Pyruvate. ... 4+1 —_ 4+ —_—

Grown in Medium C, modified (Butlin, Adams, and Thomas, 1949). Inoculum: 1 ml of a suspen-

sion at 909, transmission. Incubation at 30 C.

* Maximum growth in all glucose 18-23 days.
+ Maximum growth in 7 days; control in 2 days.
f Maximum growth in all pyruvate 2 days.

N.G. No growth.
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Effect of Potassium Cyanide Upon Growth on Pyruvate

The effect of KCN upon the growth of D. desulfuricans on pyruvate was investigated
in an effort to more nearly ascertain at which point lactate metabolism was being
inhibited. Sodium pyruvate (3.5 g) was substituted for the sodium lactate in Medium C,
and sodium sulfide was used to adjust the redox potential of the medium. A sterile
KCN solution was added to certain of the tubes in sufficient amounts to give final con-
centrations of 0.003M. All tubes were inoculated with 1 ml of a suspension of D. desul-
furicans adjusted to 909 transmission at a wavelength of 525 mpu.

The initiation of growth and final amount of growth attained by pyruvate were
unaffected by the presnce of KCN (Table 2).

THEORETICAL CONSIDERATIONS

A number of difficulties are involved in interpreting inhibitor studies. No inhibitor
is entirely specific and some inhibitor effects cannot yet be adequately explained. Azide
and cyanide inhibit respiration by binding the iron of cytochrome oxidase in an oxidized
state. But they may also inhibit other heavy metal enzymes such as catalase, and azide
has been shown to uncouple oxidative phosphorylation. Iodoacetic acid inhibits gly-
colysis by reacting with the sulfhydryl groups of phosphoglyceraldehyde dehydrogenase
whereas fluoride prevents the conversion of phosphoglyceric acid to phosphopyruvic
acid by combining with magnesium as fluoro-phosphate-protein complex. However,
iodoacetate also inhibits pyrophosphatase and fluoride has been found to inhibit ATP.
Inhibitors may be bound in an inactive form by substances present in the medium, the
cells, or cell extracts. Keto acids, such as pyruvic acid and oxalacetic acid, react rapidly
with cyanides to form cyanohydrine. With intact cells, there may be a permeability
barrier to the inhibitor. The undissociated acid is usually the form which penetrates
more rapidly, and thus a pH dependence is encountered with inhibitors such as azide.
While Ishimoto et al. (1954) found that the uptake of molecular hydrogen by a strain
of D. desulfuricans metabolizing lactate was completely inhibited by 0.0013 M NaNj
or 0.0013 M KCN, no similar studies have been reported for glucose utilization.

At the present time, it is possible to do little more than speculate as to why cyanide
completely inhibited growth of D. desulfuricans ATCC 7757, on lactate, while affecting
growth on glucose little, if at all. This is especially true since the growth of the organ-
ism on pyruvate in the presence of cyanide could very likely be due to the binding of
cyanide as a cyanohydrin, rather than the absence of inhibition.

One might suppose that the oxidation of glucose did not proceed through the same
final chain of reactions as did lactate, but this seems rather improbable since pyruvate
must be a key intermediate common to both pathways. It could also be possible that
cytochrome c; is bound in an inactive form by cyanide. Under these conditions, growth
on glucose might be possible because the organism could carry on a fermentative type
of reaction, using pyruvate as a hydrogen acceptor, which would permit generation of
enough energy for growth. This explanation seems unlikely because growth on glucose
in the absence of sulfate would seem to be a necessary corollary. Also Postgate (1956a)
has demonstrated that cytochrome c; both in intact cells and in a partially purified state,
is insensitive to carbon monoxide and potassium cyanide. The possibility that a perme-
ability barrier for potassium cyanide exists in the presence of glucose must also be
considered.

It has been suggested that in some instances inhibition by CO, KCN, or NaNj; does






