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ABSTRACT

BarTHA, R. (University of Washington, Seattle), aNp E. J. Orpar. Nickel-de-
pendent chemolithotrophic growth of two Hydrogenomonas strains. J. Bacteriol. 89:
1015-1019. 1965.—The trace element requirements for growth of facultative chemolitho-
trophic Hydrogenomonas strains H1 and H16 were investigated under both autotrophic
and heterotrophic conditions. The organisms were grown in a mineral medium, ren-
dered deficient in trace elements by extraction with 8-hydroxyquinoline and chloro-
form, and, in some cases, by coprecipitation with copper. The organic substrates,
succinate and fumarate, used for heterotrophic growth were treated in a similar fashion.
Acetate and butyrate were purified by redistillation. It was found that iron alone was
required for heterotrophic growth (optimal concentration, 1.5 X 10~¢ M Fe***) but
cells grown chemolithotrophically on molecular hydrogen required the addition of
nickel. The yield of protein was proportional to the nickel added, reaching a maximum at
3 X 107 m Ni**. Manganese, cobalt, copper, and zinc, alone or in combination, failed to
substitute for nickel in the experiments with Hydrogenomonas. Although nickel is re-
quired specifically for the chemolithotrophic growth of Hydrogenomonas, nickel defi-
ciency did not affect: (i) the synthesis or activation of hydrogenase, (ii) the Knallgas
reaction, (iii) the assimilation of CO, by resting cells, or the synthesis of the storage
material poly-8-hydroxybutyric acid. It is suggested that nickel participates in some
reaction involved in CO; fixation by growing cells.
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Two facultatively chemolithotrophic strains of
Hydrogenomonas, H1 and H16, isolated and char-
acterized as described in an earlier paper (Bartha,
1962), showed a definite requirement for trace
elements that was satisfied by the addition of
ferrous ammonium citrate and Hoagland’s trace
element solution (Bergmann, 1958). Since bio-
chemical abilities are sometimes associated with
specific trace elements (e.g., nitrogen-fixation
with molybdenum) and the specific requirements
of hydrogen bacteria had not been reported, it
was decided to identify and compare the trace
elements essential for growth of Hydrogenomonas
under chemolithotrophic and heterotrophic con-
ditions.

MATERIALS AND METHODS

A mineral medium consisting of 0.49%, Na,HPO, ,
0.159, KH,PO, , 0.19;, NH,Cl, 0.029, MgS0,-7H:0,
0.019, CaCl;, and 0.05% NaHCO; was rendered

1 Presented in part at the 64th Annual Meeting
of the American Society for Microbiology, 3-7
May 1964, Washington, D.C.

2 Present address: Department of Agricultural
Microbiology, Rutgers, The State University,
New Brunswick, N.J.

deficient in heavy metals by a method based
on the data of Gentry and Sherrington (1950).
Na,HPO, (8 g), 3 g of KH,PO,, and 4.5 ml of
389% HCI were dissolved in 800 ml of water. The
resulting solution at pH 5.0 was extracted three
times with 50-ml amounts of 19, 8-hydroxy-
quinoline and chloroform. The pH was then ad-
justed to 7.2 with trace element-free NH,OH
prepared from NH;, and the extraction was
repeated. Residual 8-hydroxyquinoline was ex-
tracted with chloroform, and any remaining
chloroform was boiled off. MgSO,, CaCl;, and
NaHCO; were made up in concentrated stock
solutions and extracted in a similar fashion.
The described method did not assure the quanti-
tative removal of molybdenum. Therefore, in some
experiments designed specifically to test a possible
molybdenum requirement, solutions were rendered
deficient by coprecipitating molybdenum with
copper sulfite (Hewitt, 1952) prior to the extrac-
tion with 8-hydroxyquinoline and chloroform.
The organic substrates, succinic and fumaric
acids, were extracted with 8-hydroxyquinoline
and chloroform at pH 5 and 7.2 after partial and
complete neutralization with KHCO; solution
previously extracted with 8-hydroxyquinoline
and chloroform. The volatile acetic and butyric
acids were redistilled twice and neutralized with
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KHCO; which had been extracted with 8-hydroxy-
quinoline and chloroform. The organic substrates
were added to the mineral medium at a final con-
centration of 0.2%, and trace elements were added
in the form of analytical-grade reagents without
further purification. In all experiments, glass-
distilled water and acid-cleaned Pyrex glassware
were employed.

Cells were cultivated chemolithotrophically in
test tubes, the lower ends of which were blown
into bulbs each with a volume of about 25 cc.
Each tube contained 10 ml of medium and was
stoppered with foam rubber, cleaned previously
with ethylenediaminetetraacetic acid (EDTA).
The tubes were placed in anaerobic jars with an
atmosphere of 709, Hs , 20% O:, and 10%, CO. ,
and the jars were incubated on a reciprocating
shaker at 30 C for 3 days. Cells were cultivated
heterotrophically in unmodified test tubes con-
taining 5 ml of medium. These tubes were incu-
bated in an inclined position on a shaker at 30 C
for 24 hr.

Growth was measured as milligrams of protein
per milliliter of cell suspension (Layne, 1957).
The actual iron content of the hygroscopic FeCl;
was determined by the method of Diehl and Smith
(1960). Hydrogenase activity was measured by
the Knallgas reaction in an atmosphere that
contained 709% H., 209 0., and 109, CO.,
with use of a Warburg respirometer at 30 C. The
cells (0.1 mg of protein per ml and 3.0 ml of sus-
pension per reaction flask) were suspended in
trace metal-deficient mineral medium.

For studies of C!O; incorporation and poly-8-
hydroxybutyric acid synthesis, cells were grown
chemolithotrophically with a limited supply of
nickel (one-tenth of the optimal concentration).
The cells were washed and suspended in 0.066 M
phosphate buffer (pH 7.0), which was rendered
deficient in trace elements by extraction with
8-hydroxyquinoline and chloroform. Radioactive
carbon was provided as Na,C!4Q; . At appropriate
intervals, excess carbonate was expelled by acidi-
fication with HCI, the cells were collected on
Millipore filters, and incorporated radioactivity
was measured with a Nuclear-Chicago gas-flow
counter. Poly-8-hydroxybutyric acid was meas-
ured by the method of Williamson and Wilkinson
(1958). Synthesis of the compound was determined
by analyzing cells for protein and poly-8-hydroxy-
butyric acid before and after they were incubated
with agitation (magnetic stirrer) for 12 hr under
an atmosphere of 709, H,, 209 O., and 109,
CO. at 30 C.

REsuLTs

Trace element requirements. The influence of
concentration of iron on growth of Hydrogenomo-
nas strain H16 is summarized in Table 1. Results
obtained with strain H1 did not differ signifi-
cantly from those obtained with strain H16.

Both organisms, when grown heterotrophically
on acetate, butyrate, succinate, and fumarate,
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TaBLE 1. Iron requirement for growth of
Hydrogenomonas strain H16

Heterotrophic Chemolithotrophic
Fe requirement* Fe requirementt
Fe concn Protein Fe concn Protein
M mg/ml M mg/ml
0.00 0.20 0.00 0.20
5 X 1077 0.47 5 X 1077 0.75
1 X 10-¢ 0.66 1 X 10°¢ 1.02
1.5 X 10-¢ 0.78 1.5 X 10~ 1.27
2 X 10~¢ 0.77
4 X 10~ 0.76 2.5 X 10~ 1.28

* Heterotrophic growth on 0.29, succinate.
1 All cultures provided with optimal (3 X 107
M) NiCl, .

TABLE 2. Nickel requirement for chemolithotrophic
growth of Hydrogenomonas strain H16*

Nickel concn Protein
M mg/ml
0.00 0.05

1 X 1077 0.54
2 X 1077 0.75
3 X 1077 1.26
4 X 1077 1.00
5 X 1077 1.05
1 X 10-¢ 1.02

* All cultures provided with optimal (1.5 X
10-¢ M) FeCls.

required the addition to the medium of iron only.
This was added as FeCl; from concentrated stock
solution containing EDTA to prevent precipita-
tion. The final EDTA concentration in the me-
dium varied according to the iron concentration
but never exceeded 0.000019,. The minimal iron
concentration permitting optimal growth was
1.5 X 10~¢ M. Growth was considered optimal
when limited only by the carbon source in hetero-
trophic culture and by the nitrogen source in
chemolithotrophic culture.

The iron-supplemented medium supported
heterotrophic growth of Hydrogenomonas without
change through 10 transfers, but it proved inade-
quate for chemolithotrophic development, which,
in three transfers, first decreased and then ceased
completely. However, the addition to the medium
of Hoagland’s solution rendered it nutritionally
suitable for growth on hydrogen, indicating that
iron was not the only metal supplement needed
when the organism developed chemolitho-
trophically. Hoagland’s solution contains 12 cat-
ions and 5 anions, and, to identify the required
element, it was necessary to perform a series of
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omission and replacement experiments. The re-
sults of these tests established that nickel was
essential for chemolithogrophic growth. It substi-
tuted completely for Hoagland’s solution. The
influence of nickel concentration on growth of
Hydrogenomonas strain H16 is shown in Table 2.
Optimal growth was obtained at a level of 3 X
1077 a NiCl,, and continued transfer in medium
supplemented with iron and nickel at optimal
concentrations has not revealed additional re-
quirements.

No nickel requirement was demonstrated by
Hydrogenomonas strains grown on organic sub-
strates that were rendered deficient in nickel by
various methods. Purified substrates were ashed,
and the ash, in an amount equivalent to the usual
substrate concentration of 0.2¢;, failed to sup-
port significant chemolithotrophic growth of cells
in nickel-deficient medium. This test provided
evidence that the purified organie substrates were
not contaminated with sufficient nickel to support
growth, and that no nickel supplement is needed
by cells growing heterotrophically. The require-
ments for nickel when [lydrogenomonas grows
chemolithotrophically is specifie. It was not possi-
ble to substitute manganese, cobalt, copper, or
zine, or any other component of Hoagland’s trace
element solution for nickel.

Role of nickel. The most plausible explana-
tion of the nickel requirements cf Ilydrogenomo-
nas is possible involvement of the metal in en-
zymatic reactions essential for chemolithotrophic
metabolism. Nickel may serve as the active center
of a metal enzyme or as activator for some enzyme
reaction. Since the most characteristic features
of the chemolithotrophic metabolism of Hy-
drogenomonas are the oxidation of hydrogen and
the fixation of CO., the effect of nickel on these
processes was investigated.

The hydrogenase activity of chemolitho-
trophically grown nickel-deficient cells, as meas-
ured by the rate of Knallgas reaction, did not
differ significantly from a cell suspension having
similar optical density but grown with nickel.
Moreover, the addition of nickel to nickel-starved
resting cells had no effect on the hydrogenase
activity. Since it was possible that growth ceased
when nickel was depleted, but that cells retained
their normal hydrogenase supply and activity,
the effect of nickel on the synthesis of the enzyme
was investigated. Ceells grown on nickel-deficient
succinate medium having no hydrogenase activity
were adapted to hydrogen oxidation in trace ele-
ment-deficient mineral medium under a Ha/O./
CO. atmosphere. It is evident that the rate of
hydrogenase synthesis, measured manometrically
as the rate of hydrogen oxidation, was identical
with and without added nickel (Fig. 1). There-
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Fic. 1. Hydrogenase adaptation with and with-
out nickel added. Hydrogenomonas H16 was grown
on trace clement-deficient succinate medium. The
cells were washed and suspended in trace element-
deficient mineral medium provided with 2 X 10-6
M FeCls . Some of the Warburg reaction flasks were
provided, in addition, with 3 X 1077 s NiCl, .
Atmosphere: 70, Hs + 209 02 + 109 CO, .
Temperature: 30 C; pH, 7.0. Symobls: +NiCls =
®;, —\NiCl, = O

fore, nickel does not appear to be required for the
synthesis or the activation of hydrogenase.

The rate of CO. fixation by chemolithotrophi-
cally grown, nickel-deficient resting cells was not
increased by the addition of nickel. Cells of
Hydrogenomonas demonstrate a relationship be-
tween CO. fixation and the rate of hydrogen
oxidation. When CO. fixation was inhibited by
iodoacetic acid, the rate of the hydrogen oxidation
decreased (Bartha, 1962). However, nickel de-
ficieney failed to cause a secondary inhibition of
hydrogen oxidation, and this and results of radio-
isotope experiments both indicate that CO. fixa-
tion by resting cells was not dependent on nickel.
Resting, nickel-deficient cells accumulated, by
means of chemolithotrophiec CO. incorporation,
large amounts of poly-B-hydroxybutyric acid, but
the process was not influenced significantly by the
addition of nickel (Table 3).

DiscussioN

The experiments deseribed here clearly estab-
lish a specifie nickel requirement for the chemo-
lithotrophic growth of /{/ydrogenomonas. Although
the role of nickel has not been identified, various
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TaBLE 3. Accumulation of poly-B-hydrorybutyric
acid (PHBA) in resting cells of Hydrogenomonas
in the presence and absence of nickel*

Sample Protein PHBA

mg/ml mg/m

Starting material 0.72 0.03
After 12 hr —Ni 0.72 0.40
After 12 hr +Ni 0.75 0.42

* Optimal (1.5 X 10~¢ M) FeCl; was provided.

tests were performed and the number of possibili-
ties decreased appreciably. Nickel was not essen-
tial for activation or synthesis of hydrogenase or
for the Knallgas reaction. Moreover, carbon
dioxide fixation and poly-B-hydroxybutyric acid
synthesis by resting, nickel-deficient cells was not
favorably influenced by the addition of nickel. It
is possible that cells grown chemolithotrophically
on limited nickel may have retained sufficient
active nickel-enzyme complex to function meta-
bolically. However, the activity of these cells
would be minimal, and a substantial increase in
carbon dioxide fixation and poly-B-hydroxybuty-
ric acid synthesis would be expected to occur upon
addition of nickel, provided that these processes
were nickel-dependent.

Iron had a marked favorable influence on both
the Knallgas reaction and CO, fixation, but the
effect is considered to be of a secondary nature.
Iron deficiency in this aerobic organism inhibits
electron transport, and, thus, hydrogen oxidation
is decreased. If electron transport is inhibited, the
supply of energy and reducing power for CO.
fixation is decreased also. Studies of partially
purified hydrogenase from Hydrogenomonas H16
(Bartha, unpublished data) did not indicate that
nickel or iron was directly involved in hydrogen
activation.

It was not possible to locate a previous report
describing nickel as essential for bacterial growth.
It is not known whether the nickel requirement
of Hydrogenomonas is unique, or if traces of nickel
that contaminate commercially available chemi-
cals are sufficient to satisfy the apparently very
low demand by bacteria for nickel. Nickel and
other bivalent metals activate in vitro the fol-
lowing enzymes: arginase (Hellerman and Per-
kins, 1935; Edelbacher and Zeller, 1936; Heller-
man and Stock, 1938; Stock, Perkins, and
Hellerman, 1938; Mohamed and Greenberg,
1945); B-keto acid decarboxylase (Speck, 1948;
Kornberg, Ochoa, and Mehler, 1948); phospho-
monoesterase (Neumann, 1949); phosphoprotein
phosphatase (Paigen, 1958); uridine diphospho-
glucose phosphorylase (Turner and Turner, 1958);
enolase (Wold and Ballon, 1957); and carboxy-
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peptidase (Coleman and Valle, 1960). In some of
these enzymes, nickel and other bivalent metal
activators appear to be strongly associated with
the enzyme protein and may possibly take part
in the catalyzed reactions. In other cases, the
metal ions seem to orient the enzyme-substrate
complexes, or to maintain the active configuration
of the enzymes. Warren, Wacker, and Valle (1959)
reported the presence of higher concentrations of
nickel and other metals in ribonucleic acid than in
other cellular components, and they suggested
that those metals may maintain the structure of
nucleic acid polymers or participate in protein
synthesis. Nevertheless, nickel has not been pre-
viously demonstrated to have an essential role.
On the contrary, it is usually a poor substitute for
Mg*tt, Mnt™, or other metal activators. It is only
in the case of chemolithotrophic growth of Hy-
drogenomonas that other bivalent metals cannot
replace nickel. Here nickel is essential, but its
mode of action remains to be identified.

The fact that Hydrogenomonas cannot develop
chemolithotrophically in the absence of nickel,
but can, under that condition, synthesize poly-g3-
hydroxybutyric acid and grow heterotrophically,
is understandable only if nickel has an essential
function in carbon dioxide fixation by cells grow-
ing chemolithotrophically. The pathway of carbon
dioxide fixation by resting Hydrogenomonas cells
was described by Hirsch and Schlegel (1963),
Hirsch (1963), Hirsch, Georgiev, and Schlegel
(1963), and Schlegel and Gottschalk (personal
communication); carbon dioxide is fixed via the
Calvin cycle and poly-B-hydroxybutyric acid is
synthesized from acetyl coenzyme A via aceto-
acetate. These reactions appear to be independent
of nickel; however, little is as yet known about
the mechanism of carbon dioxide fixation by
growing cells, and it is possible that niclel acts
in the transformation of assimilated carbon
dioxide to nitrogenous compounds.
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