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Rhodopseudomonas sphaeroides produces molecular H2 and CO2 from reduced
organic compounds which serve as electron sources and from light which provides
energy in the form of adenosine 5'-triphosphate. This process is mediated by a
nitrogenase enzyme. A mutant has been found that, unlike the wild type, will
quantitatively convert glucose to H2 and CO2. Techniques for isolating other
strains capable of utilizing other unusual electron sources are presented. Metab-
olism of glucose by the wild-type strain leads to an accumulation of gluconate.
The isolated mutant strain does not appear to accumulate gluconate.

The purple, nonsulfur photosynthetic bacteria
produce molecular hydrogen under defined con-
ditions (5). Although low rates of hydrogen bio-
synthesis occur for dark-grown cultures of these
bacteria (6), the light-mediated process appears
to be quantitatively more significant and has
therefore attracted more study. These organisms
utilize reduced carbon compounds and water as
electron donors. For those compounds studied,
the process under certain conditions yields CO2
and H2 as the sole products of conversion (7).
Equations 1 and 2 show the stoichiometry of this
photoconversion process for glucose and malate:

light
C6HI206 + 6 H20 > '=12 H2 + 6 C02 (1)

light
C4H605 + 3 H20 ' 6 H2 + 4 C02 (2)

Depending on the organic substrate, there
may or may not be any net storage of chemical
energy, but the energy to drive the conversion
at a significant rate comes from light, presum-
ably via energy stored in ATP formed by pho-
tophosphorylation, photoelectron transport, or
both. Although the standard degradative path-
ways (oxidative pentose phosphate cycle, tricar-
boxylic acid cycle, and Entner-Doudoroff path-
way) occur in these organisms (1, 3), the specific
pathways responsible for hydrogen production
have not been identified.
Hydrogen formation can be mediated by ni-

trogenase or hydrogenase enzymes. Hydrogen-
ases as a class are reversibly inhibited by oxygen,
which appears to compete with protons as an
electron acceptor in the reductive process. Hy-
drogenases are noncompetitively inhibited by
carbon monoxide, which may affect the obliga-
tory electron transport chain. Cytochrome C3 iS

generally required for activity (18). ATP is not
required for enzyme activity, but could be re-
quired for metabolism leading to reduction of
electron carriers to reductants of sufficient elec-
tro-negativity to serve as hydrogenase sub-
strates.

Nitrogenases are irreversibly inhibited by ox-
ygen. They are noncompetitively inhibited by
CO, which may affect the transfer of electrons
from the Fe subunit to the Mo-Fe subunit. Cur-
iously, while all substrate reductions occur on
the Mo-Fe subunit, proton reduction (hydrogen
production) is unaffected by CO (9). At least two
ATP molecules per electron transferred are re-
quired for the enzymatic reaction (14, 18).
An understanding of H2 biosynthesis by non-

sulfur purple bacteria requires knowledge of the
extent to which these two systems operate in
the cell. Hillmer and Gest (8) have discussed the
problem and concluded that nitrogenase appears
to be the sole enzyme responsible for the H2
biosynthesis in Rhodopseudomonas capsulata.
We present here similar results for R. sphae-
roides.
A long-range goal of this research is the utili-

zation of photosynthetic bacteria for the biosyn-
thesis of H2, either as a primary fuel source or as
a necessary component in synthetic fuel cycles
(i.e., for reduction of carbon compounds contain-
ing oxygen or nitrogen). Such large-scale hydro-
gen production would require bacterial strains
capable of utilizing the various kinds of reduced
compounds that might be readily available, such
as agricultural, paper mill or sewage organic
wastes. In this paper we demonstrate one such
strain of R. sphaeroides capable of quantita-
tively converting glucose to C02 and H2 when in
the light. Some properties of this strain and how
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other strains may be isolated for other substrates
are briefly described.

MATERIALS AND METHODS
Organisms. Wild-type R. sphaeroides was ob-

tained from the Berkeley Collection. Strains capable
of producing H2 from unusual carbon sources were
isolated as described in Results.
Media and culture conditions. Cells were grown

and maintained in 15-ml screw cap vials in a modified
Hutner's medium of 2% (vol/vol) Hutner's concen-
trated mineral base with growth factors (2) and 1%
(wt/vol) yeast extract (Difco Laboratories)-5 mM
Na2HPO4-5 mM NaH2PO4 in glass-distilled water (pH
7.2; "rich" medium), fortified with 10 mM of the par-
ticular carbon source required. The experimental
("minimal") medium was as above, except that 0.2%
(wt/vol) yeast extract or experimentally defined levels
of NH4Cl were provided as the fixed nitrogen source.
The carbon source was provided at 10 or 20 mM. In
all cases, cells were grown anaerobically under illumi-
nation from a bank of General Electric Lumiline in-
candescent bulbs in a temperature-controlled light
box. Temperature was maintained at 27 to 28°C. Light
intensity was measured with a Weston illumination
meter, model 756. Cell density was measured with a
Klett-Summerson photoelectric colorimeter, model
800-3 with a red (660 nm) filter. Protein was deter-
mined by the method of Lowry et al. (13). Ammonia
was determined colorimetrically, using a Nessler's re-
agent assay (Sigma Chemical Co.).
Measurement of gas production. Cells were

grown in three types of vessels, depending on the
experiment: (i) when a gas phase was not necessary
and only H2 production was of interest, cells were
grown in 25-ml test tubes fitted with a 0.01 N NaOH
gas trap (Fig. 1). The tubes were completely filled with
minimal medium. Gas in the needle prevented back
flow of NaOH into the culture medium. Evolved gas
collected at the top of the trap. The volume of this gas
was quantified by drawing the gas off into a calibrated,
gas-tight syringe. (ii) When a gas phase for the system
was necessary, 100-ml bottles with attached traps and
pipettes were used (Fig. 2). Flasks contained 50 ml of
minimal medium and a gas phase of known volume,
50 to 70 ml. The trap contained 0.1 N NaOH. Gas
evolved by the cells was measured manometrically
with the attached calibrated pipette. Gas was sampled
through a serum stopper above the gas phase. (iii) In
the third system, cells for H2 production were grown
in Hungate-type tubes (Bellco Glass, Inc.) equipped
with flange-type butyl-rubber stoppers to allow sam-
pling of the gas phase above the cultures or the con-
tents of the liquid medium. It was determined that
over a period of several hours the serum stoppers did
not allow loss of a measurable amount of H2 in any of
the three systems. To begin the experiment, cells were
inoculated with 1 to 5% by volume of a stationary-
phase culture, and the flasks were assembled and
flushed with the appropriate atmosphere.

For all systems, the constituents of the collected
gases were determined qualitatively and quantita-
tively by gas-liquid chromatography (GLC), using a
modified Aerograph 1520 gas-liquid chromatograph
with columns of Porapak R, Porapak T, or a 0.5-nm
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FIG. 1. Culture tube (25 ml) with attached CO2

trap. Trap is filled with 0.01 N NaOH.
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FIG. 2. Culture flask (100 ml) with attached CO2
trap and manometer. Trap is filled with 0.1 N NaOH.

molecular sieve, with peaks integrated with a Hewlett-
Packard 18652AA/D converter or using a Hewlett-
Packard 5830A gas-liquid chromatograph with a col-
umn of carbosieve 101. Carrier gases were helium and
nitrogen, respectively, for the two systems. It was
found that the alkaline traps ofsystem i and ii removed
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85 to 90% of the atmospheric C02.
Nitrogenase assay. Nitrogenase activity was es-

timated by acetylene reduction (11). Cultures in var-
ious growth states in system ii flasks were flushed with
10% acetylene in argon for about 5 min to standardize
atmospheres. This was sufficient as shown by GLC
analysis of the flask atmospheres. The cultures were
incubated with gentle stirring for 15 min in the light.
Then gas samples of known volume were taken in gas-
tight syringes and assayed by GLC for ethylene as
described above, using a column of Porapak T at
175°C and a flame ionization detector. The culture
flasks were then flushed with argon for 5 min. Nitro-
genase activity and the long-term effect of acetylene
on the production of H2 gas were measured by using
the modified Hungate tubes (system iii). Ethylene
production was determined by GLC as described above
with a Hewlett-Packard 5830A gas-liquid chromato-
graph. Samples in these experiments were withdrawn
directly from over the nitrogen-limited cultures as
described above.

14C tracer experiment. Log-phase cells in rich
medium were harvested at room temperature by cen-
trifugation at 8,000 x g for 5 min, then suspended in
25 ml of minimal medium in the 25-nil tubes with
attached traps (system i). The culture medium was
made up to 20 mM in the appropriate carbon source,
and the flasks were allowed to incubate at 27°C and
10,000-lux illumination. As gas production began (10
to 20 h), low levels (0.4 to 0.8 mCi/mmol) of the
appropriate uniformly '4C-labeled carbon source (New
England Nuclear Corp.) were added to the cultures.
The gas was measured and collected at intervals and
injected into serum-stoppered Warburg flasks contain-
ing 2 N KOH in the center wells to trap atmospheric
CO2. After gas evolution ceased, the culture media
were collected and placed inside wells of Warburg
flasks containing 2 N KOH in the center wells. Con-
centrated H2SO4 was added to the media. The solution
in the center wells of the Warburg flasks and the liquid
in the traps of the culture flasks were assayed by
scintillation counting, using a Packard Tri-Carb liquid
scintillation counter, model 3375, and Aquasol-2 (New
England Nuclear) as the scintillator.

Samples of the culture media were taken at inter-
vals throughout the period of gas production and killed
in 80% methanol. Portions were assayed by two-di-
mensional paper chromatography, autoradiography,
and Geiger counting (10, 16). The solvent system for
the first dimension was phenol-water-glacial acetic
acid-EDTA (840:160:10:1, vol/vol/vol/vol) and in the
second dimension equal volumes of n-butanol-water
(370:25, vol/vol) and propionic acid-water (180:220,
vol/vol). Chromatograms were developed for 36 h in
each direction.
CO2 production using system iii was assayed in a

similar manner by quantitative liquid scintillation
counting of 14CO2 recovered from supematant frac-
tions of spent media after hydrogen production. Uni-
formly labeled malate and glucose were used as sub-
strates. Before the evolved CO2 was trapped, the su-
pernatant fractions were first treated with 0.2 ml of 3
N KOH per 5 ml of culture to insure that free CO2 was
converted to carbonate-bicarbonate ions. The alkaline
supernatant fractions were then added to a Warburg

vessel containing 0.4 ml of an organic base (NCS tissue
solubilizer; Amersham/Searle) in the center well. A 1-
ml amount of 4 N HCI was then added to the main
chamber of the vessel, and the vessel was quickly
sealed with a rubber stopper. Acidification of the
supernatant fractions converted the carbonate ions to
CO2 which was then trapped in the organic base in the
center well. After several hours of gentle shaking to
remove the last of the CO2 from the supernatant
solutions, the contents of the center well were removed
with a syringe, and the center well was washed several
times with NCS solubilizer. All of the washings and
the original contents from the center well were then
placed in a commercial scintillation fluid (Multisol;
Isolab Inc.) and counted for carbon-14 with an IsoCapj
300 6868 liquid scintillation system (Searle Analytic
Inc.). The amount of quenching was estimated by
using an external standard method programmed for
the scintillation counter.
The analysis of radioactive carbon-14 assimilation

was carried out as follows: cells were washed four
times with the growth medium, and portions were
added to 0.4 ml of NCS solubilizer, mixed thoroughly,
and added to Multisol for counting by liquid scintilla-
tion corrected for quenching.
GLC analysis of sugars and sugar acids. For

certain experiments carried out with system iii, glucose
was determined colorimetrically by Glucostat reagent
(Worthington Biochemical Corp.) or by quantitative
GLC of the trimethylsilyl (TMS) derivative. Glucon-
ate and an unknown sugar or sugar acid were also
quantitatively assayed by GLC of their respective
TMS derivatives. Separation of the TMS sugars was
done on a column of Chromosorb W containing a
liquid phase of 3% OV-1 (Supelco, Inc.). The TMS
sugars were measured with a flame ionization detector
(FID) and quantitated against known amounts of com-
mercially available TMS sugars (Sigma Chemical Co.)
or with TMS samples prepared by the method de-
scribed by Laine et al. (12). The FID response was
linear from 0.01 to 0.1 ,ug of glucose or gluconate. All
measurements were made at a constant temperature
of 195°C, with nitrogen as the carrier gas.

Samples for silylation were prepared in the follow-
ing way: 1 to 5 ml of a cell suspension was centrifuged
at 10,000 x g for 10 min, and the clear supernatant
fraction and cell pellet were separated. The superna-
tant fraction was then freeze-dried, and silylating re-
agents were added to the dried residue containing the
nonvolatile by-products of the spent medium. The
reaction mixture was then stored at room temperature
for about 6 h to allow complete formation of the TMS
derivatives. The samples were then stored at -30°
until analysis was carried out. GLC analysis was car-
ried out by injection of from 0.5 to 2.0 ll of the
silylation mixture directly onto the column of the gas
chromatograph.

RESULTS
Isolation of permissive strains. To isolate

strains of R. sphaeroides able to produce H2 gas
from glucose or gluconate from wild-type strains
which do not ordinarily produce H2 gas, the
wild-type cells were spread on 2% (wt/vol) agar
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plates made with rich medium and 10 mM glu-
cose or gluconate. These plates were grown aer-
obically in the light. The small, pigmented col-
onies that appeared first were removed and
grown anaerobically in rich medium with the
appropriate carbon source in the light. This
process was repeated twice with the newly iso-
lated cells. Cultures passed three times were
used to inoculate minimal media and 10 mM
carbon source in 25-ml tubes with traps. These
tubes were plated in the light at 27°C. Cultures
corresponding to the tubes producing H2 were
retained. In this way, strains capable of produc-
ing H2 when grown on glucose (Glc+) or gluco-
nate (Gnt+) were isolated.
Metabolism of substrates. Wild-type R.

sphaeroides utilizes malate and lactate effi-
ciently, both in terms of maximum rate and in
terms of total conversion (Fig. 3). With glucose
as substrate, however, wild-type organisms form
little H2, and only after a considerable lag. Glu-
conate yields no H2. Both compounds support
dense photosynthetic growth, however. Citrate
supports no growth on minimal medium alone,
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FIG. 3. H2 evolution by wild-type R. sphaeroides.
Wild-type cultures were grown in minimal medium
with a 10 mM concentration of the indicated carbon
source anaerobically at 8,000-lux illumination. Sym-
bols: 0, glucose; A, lactate; @, malate; O, gluconate;
U, citrate. (A) Rate of H2 evolution versus time; (B)
total H2 evolved versus time.

and such cultures do not produce H2. The Glc+
strain produces H2 when supplied with malate
or lactate with wild-type efficiency, and pro-
duces high levels of H2 when supplied with glu-
cose (Fig. 4). The Gnt+ strain also uses malate
or lactate with efficiencies similar to the wild-
type but also can make appreciable amounts of
H2 when supplied with gluconate.

Cessation of H2 production by 70 h (Fig. 3a
and 4a) indicates only depletion of substrate. If
a utilizable substrate is added as the H2 produc-
tion rates begin to decline, the rates will rapidly
increase, often above the initial maximum. Pe-
riodic replenishment of the culture medium with
yeast extract or trace elements of the modified
Hutner's mineral base also extended H2 produc-
tion up to at least 6 weeks, although the rate of
gas evolution was reduced.
Culture conditions versus H2 production.

Ammonium concentration and light intensity
were both important in determining rates of H2
production by R. sphaeroides. Either compara-
tively high (20 mM) or low (0.5 mM) levels of
NH4Cl did not support or only poorly supported

Time (hrs)
FIG. 4. H2 evolution by Glc+ and Gnt+ mutants of

R. sphaerodies. The appropriate strains were grown
anaerobically in minimal medium with a 10 mM
concentration ofthe indicated carbon source at 8,000-
lux illumination. Symbols: 0, glucose, Glc+ strain;
0, malate, Glc+ strain; Ol, gluconate, Gnt+ strain;
U, malate, Gnt+ strain. (A) rate ofH2 evolution versus

time; (B) total H2 evolved versus time.

I
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growth and did not support H2 production. The
optimum initial NH4Cl level both for growth of
cells and for H2 production was observed be-
tween 2 to 10 mM. However, the concentration
of NH4Cl fell to very low levels (i.e., c0.5 mM)
before H2 production was initiated (Table 1).
NH4Cl at a concentration of 5 mM added to
cultures producing gas completely suppressed
H2 production and inhibited C02 production. H2
production was strongly influenced by the inten-
sity of the incandescent light source. H2 produc-
tion increased at an approximately linear rate in
the range of 1,000 to 12,000 lux, with the rate of
production doubling with a doubling of illumi-
nation intensity, although intensities greater
than 40,000 lux inhibited production of H2 gas.
Enzymatic source of H2. Several experi-

ments were performed to characterize the enzy-
matic nature of the H2-evolving hydrogenase.
The rate of H2 production was linearly related
to the cellular activity of nitrogenase (Fig. 5).
This was true for each of the three carbon
sources employed (malate, lactate, and glucose).

In a second series of experiments, nitrogen,
acetylene, carbon monoxide, and oxygen were

compared for their effects on H2 production by
cells limited for fixed nitrogen (Table 2). H2
production from glucose was maximal under the
inert atmosphere of Ar. As little as 5% acetylene
in Ar was sufficient to diminish the H2 evolution
rate to less than one-half; 50% acetylene in-
hibited H2 production completely. An atmos-
phere of 50% Ar-50% N2 inhibited the acetylene
reduction assay slightly, but lowered H2 produc-
tion to about 30% of the control level; 100% N2
inhibited acetylene reduction by about two-
thirds and suppressed H2 production completely.
Carbon monoxide was also added to cultures
actively producing H2 gas. As can be seen, acet-
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ylene reduction was completely suppressed by
CO, but the rate of H2 production was only
slightly, if at all, reduced by this gas. Similar
cultures exposed to 18% 02 in argon as the
atmosphere showed the irreversible loss of both
H2-evolving and acetylene-reducing capacities.
Stoichiometry. Cultures of the glucose-uti-

lizing strain (Glc+), the gluconate-utilizing strain
(Gnt+), and of the wild type were assayed quan-
titatively (system ii) for substrate conversion by
using radioactively labeled compounds (Table
3). The wild-type cells converted 24% of the
available glucose to the equivalent amounts of
H2 (see equation 1). '4CO2 recovered from the
system was somewhat greater, consisting of 34%
of the [14C]glucose initially present. The non-
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FIG. 5. Comparison ofH2 evolution with acetylene
reduction. Wild-type and Glc+ mutants were grown
anaerobically on minimal medium with a 20 mM
concentration of the indicated carbon source in the
light. %/hr/g protein: Acetylene reduction is pre-
sented as percent acetylene in atmosphere reacted
per hour per gram of protein. Symbols: A, malate,
wild-type strain; A, lactate, wild-type strain, *, glu-
cose, Glc' strain.

TABLE 1. Effect ofammonium on H2 productiona
Concn of NH4 in medium OD640b Dry wt (mg/ml) H2 production ()l/h/g

Time (MM) of protein)
(h)

A B A B A B A B

0 2 6.1 50 50 0.073 0.076 0 0
10 0.4 1.5 130 140 0.091 0.089 0 0
14 <0.2 <0.2 180 220 0.110 0.109 0 1.0
18 <0.2 <0.2 190 240 0.112 0.107 0 13
22 - <0.2 195 250 - - 0.7 14
29 - - 210 240 0.105 0.108 10 8
38 <0.2 <0.2 225 245 - - 7.5 7
44 - - 210 225 - - 5 5
53 - - 190 200 - - 3 4
60 <0.2 <0.2 200 190 0.110 0.106 2 4

a Wild-type R. sphaeroides strains were grown anaerobically in the light with NH4Cl as nitrogen source.
Ammonia concentration was determined by Nessler's reagent. NH4' could not be determined below 0.2
mM. -, Not determined.

b OD64o, Optical density, in Klett units, at 640 nm.
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C02 radioactivity remaining was mostly in start-
ing material [ U-`C]glucose, although on paper
chromatography a compound with an Rf value
similar to gluconate was also observed.
Malate was converted by the wild type to 57%

of the theoretical H2 and 60% of the theoretical
C02 (see equation 2). With lactate as the carbon
source, the wild type gave 48% conversion to H2
and 58% of the theoretical C02. Although some
(<5%) starting material remained for these two
substrates, most non-CO2 radioactivity was
found in insoluble carbohydrate polymers.
The Glc+ strain with glucose as substrate

yielded an essentially complete (99%) conversion
to H2, with 91% conversion to C02, and with no
apparent substrate remaining after H2 produc-
tion had ceased. It should be noted that the
extent of glucose-supported H2 production by
Glc+ was much greater than for the wild-type R.
sphaeroides.
The Gnt' strain with gluconate as substrate

gave an average of 42% conversion to H2 and

TABLE 2. Effect of inhibiting atmosphere on H2
productiona

Atmosphere Acetylene re- H2 produc-Atmosphere ductionb tjionc
100% Ar 100 4.1
95% Ar-5% C2H2 - 1.7
50% Ar-50% C2H2 - 0.0
50% Ar-50% N2 82 1.2
100% N2 37 0.0
90% Ar-10% CO <1 4.0
82% Ar-18% 02 <0.5 0.0

a All cells were initially grown under Ar in minimal
medium with 10 mM malate in the light. After the
onset of visible gas production, cells were given the
appropriate atmosphere. For the acetylene reduction
assay, the atmospheres were made 10% in C2H2 for the
period of the assay (15 min) and then flushed with the
appropriate atmospheres. Cultures were continuously
stirred to maximize the surface area of the media.

b Values indicate relative percent C2H2 reduced per
hour per gram of protein.

c Values indicate milliliters of H2 evolved per hour
per gram of protein.

57% conversion to C02. Again, this is much
higher than found in the wild type.
The possible identity of low-molecular-weight

compounds formed during H2 production was
investigated by GLC analysis (Fig. 6). Spent
culture-suspending media of the mutant Glc+
and the wild type were trimethylsilylated and
analyzed by GLC in these experiments. The Glc+
mutant formed no discernible soluble product,
and only the two isomeric forms of glucose were
found at the completion of H2 production. The
wild-type organism converted some of the glu-
cose to gluconate and an unknown compound
migrating with a retention time nearly identical
to the 5-carbon sugars, and we have termed this
unknown material as "C-5 sugar".

DISCUSSION
Nitrogenase. The data in this paper support

the concept that H2 biosynthesis in R. sphae-
roides is mediated by nitrogenase. This view is
based on several experimental lines of evidence.
First, acetylene and molecular nitrogen, both

IC)

0

x

cL

Time (min)
FIG. 6. GLC analysis ofTMS derivatives ofculture

media. After gassing, cultures were freeze-dried, tri-
methylsilylated, and separated by GLC, using a flame
ionization detector (FID). (A) Glc+ strain, (B) WT
strain. a.glc, TMS derivative of a-glucose; f3glc, TMS
derivative of f8-glucose; gnt, TMS derivative of glu-
conic acid.

TABLE 3. Recovery ofH2 and CO2 from gas-producing culturesa

Cell type Substrate H2 gas evolved CO2 gas eluted Total label re-
covered

WT Glucose, 0.5 1.4 (24) 1.0 (34) (91)
WT Malate, 0.5 1.7 (57) 1.25 (60) (92)
WT Lactate, 0.5 2.9 (48) 1.7 (60) (91)
Glc+ Glucose, 1.0 12.0 (99) 5.45 (91) (95)
Gnt+ Gluconate, 0.5 2.3 (42) 1.7 (57) (90)

a All cultures were grown in mIiimal medium with 0.2% yeast extract as nitrogen source and 10 inM carbon
source (pH 7.2). Other conditions were as described in the text. Values indicate, in millimoles, averages of four
trials, with analysis done after cessation of measurable gas evolution. Percent values, in parentheses, are of
theoretical maximum yields, assuming complete conversion. WT, Wild-type R. sphaeroides, Glc+, glucose-
utilizing mutant; Gnt+, gluconate-utilizing mutant.
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substrates for reduction catalyzed by nitrogen-
ase, inhibited H2 evolution. Second, the ammo-
nium ion, which is generally a repressor of nitro-
genase synthesis (15), blocked the synthesis of
H2. Third, the cellular-specific activity of nitro-
genase was coordinately (linearly) related to the
specific activity of the H2-producing enzyme.
And, finally, the effects of CO on in situ H2
biosynthesis were predictable, based on pub-
lished results with the purified enzyme (9). As
reported by others, CO blocks nitrogenase-cat-
alyzed reduction of molecular nitrogen without
inhibiting H2 evolution (8, 9). We have demon-
strated a similar effect for R. sphaeroides.
Mutants. It was determined that glucose did

not support extensive H2 production by the wild
type. What H2 is produced occurs only with a
long (48-h) lag period. However, selection of the
Glc+ and Gnt+ mutants capable of H2 production
was accomplished without difficulty by succes-
sive subculturing on a mineral base medium
containing glucose or gluconate as the sole car-
bon source. These strains were stable when
maintained on a nonspecific (rich) medium with-
out the appropriate carbon compound. They
would produce H2 when returned to miniimal
conditions and the carbon compound with only
the usual lag to deplete the fixed nitrogen in the
system. These mutant strains are probably al-
tered in their increased capacity to convert glu-
cose to C3 metabolites using the steps of the
Entner-Doudoroff pathway, the principle deg-
radative pathway for glucose (3, 17). It is of
interest that the Glc+ mutant excreted signifi-
cant quantities of a metabolite migrating with
the same solubility (paper chromatography) and
retention time (GLC) as gluconate, an interme-
diate in the Entner-Doudoroff pathway. Evi-
dently, the oxidation of glucose to gluconate
preceeds the phosphorylation step which is re-
quired for subsequent reactions. The build up of
glucose carbon in gluconate may indicate that
gluconate phosphorylation is a partially rate-
limiting step in this metabolic pathway.

It should be noted, since C02 is generally
found at greater than stoichiometric amounts
relative to H2 (and its production may actually
be even higher), that other pathways not leading
to complete metabolism of the substrates to H2
and C02 may occur. It may also be that H2 is
being recycled. R. sphaeroides can grow pho-
toautotrophically on H2 and C02, and the uptake
stoichiometry would not be expected to be the
same as that from H2 production. Since the Glc+
strain gave essentially complete stoichiometric
conversion, it is clear that reuptake and/or in-
complete conversion was minimized.

J. BACTERIOL.
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