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Aerobic photoproduction of H2 was demonstrated in Anabaena spp. strains CA
and 1F when cells were growing under nitrogen-fixing conditions. The rates of
production, measured either by the hydrogen electrode or in a flow system by gas
chromatography, were 10 to 15% of the rate of photosynthetic 02 evolution or 50
to 80%6 of the rates of acetylene reduction. Strains CA, and 1F differed in 's9veral
respects. In strain CA, H2 production was immediately paitially sensitive to
3-(3,4-dichlorophenyl)-1,1-dimethylurea, whereas strain 1F was not immediately
affected. Strain CA also showed a consistently higher rate of H2 production than
did strain 1F. H2 production in strain CA was also markedly influenced by the
light intensity used for growth., although the growth rates indicated that the light
intensities used were essentially saturating.

A

Heterocystous cyanobacteria (blue-green al-
gae) can evolve hydrogen in a nitrogenase-cata-
lyzed, ATP-dependent reduction of protons. It
has been suggested that under aerobic condi-
tions, the hydrogen produced is recycled by an
uptake hydrogenase in an energetically useful
Knall gas-type reaction (1). Under conditions of
nitrogen limitation, e.g., in an argon atmo-
sphere, there is enhanced hydrogep production
and minimum hydrogen recycling, with the re-
sult that net hydrogen evolution can be found (6,
9, 15). We now wish to report that culturss of
heterocystous cyanobacteria growing on N2 pro-
duce hydrogen under aerobic cultpre conditions
at rates 10 to 15% of the rate of photosynthetic
02 evolution, or 50 to 80%o of the rate of acety-
lene reduction.

MATERIALS AND METHODS
Organisms and culture conditins. Two rapidly

growing marine forms of nitrogen-fixing cyanobacteria
were used, Anabaena spp. strains CA and 1F (3, 12).
They were grown on medium ASP-2 (13) free of any
added combined nitrogen at 39C with continuous
gassing with 1 ± 0.1% CO2 in air. Wjth strain CA, the
NaCl content of the medium was 5 g/liter; with strain
1F, it was 18 g/liter. The growth baths were illuminat-
ed by four fluorescent lamps on each side pf the bath,
14 cm from the lamp center to the growth tube center.
Two types of lamps were used, F36T12/D/HO and
F48T12/CW/1500, and intensities were controlled by
screens inserted between the lamps and the bath.
Cultures were routinely started from slants every
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week and grown through several transfers under the
desired regime to ensure steady-state conditions.
Growth rate and dry weight determinations were done
as previously described (2).

Anayticil methods. Ethylene was detected and mea-
sured by using an Antek model 464 IPC gas chromato-
graph (Antek Instruments, Inc., Houston, Tex.)
equipped with a Chromosorb 104 column (0.33 by 183
cm) (Johns-Manville, Celite Division, Denver, Colo.)
held at 500C.
Hydrogen measurements. Amperometric measure-

ment of hydrogen and oxygen was performed simulta-
neously, using two no. 5331 electrodes (Yellow
Springs Instrument Co., Yellow Springs, Ohio) incor-
porated into a 2.6-ml wAter-jacketed electrode cham-
ber (6, 14). The measuring temperature was 39C. The
contents of the electrode chamber were continuously
mixed with a small magnetic stirring bar. The elec-
trode signals were detected and amplified by using
model 150B microvolt-ammeters (Keithley Instru-
ments, Inc., Cleveland, Ohio) and recorded. Actinic
light was provided by a projector with a DAY-DAK
500-W lamp, screened by a no. 34-01-2 hot mirror
(Baird-Atomic, Inc., Bedford, Mass.). The lamp was
operated at 100 V, and the intensity incident on the
electrode chamber was varied by using screens.
The flow system for measuring hydrogen production

consisted of a glass tube (22 by 210 mm) with attached
24/40 male joint and a top made of a 24/40 female joint
fitted with inlet and outlet tubes, each with a stopcock.
Cultures were directly transferred from the growth
tubes to the all-glass system, and gas flow at the inlet
was begun. The e'xiting gas was passed through a gas
sampling valve with a 1-ml gas sample loop coupled to
a model 8500 gas chromatograph (Carle Instruments
Inc., Anaheim, Calif.). The hydrogen in the exiting gas
stream was measured by periodically diverting the
flow from the gas sampling valve through a Sphero-
carb (Analabs, Inc., North Haven, Conn.) column
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FIG. 1. Tracings, reduced in scale, of simultaneous recordings of H2 and 02 production at 39°C by Anabaena
spp. strains CA (A) and 1F (B). Cultures grown with F48T12/CW/1500 lamps were transferred directly from the
growth tube to the electrode chamber and gassed for 2 min with 1% CO2 in air. This eliminated the background
level of H2 always present in the cultures. The intensity incident upon the front of the electrode chamber was
1,200 giE/m2 per s. The cell densities were 0.13 mg (dry weight) per ml for strain CA and 0.16 mg (dry weight) per
ml for strain 1F. Arrows indicate light on ( T ) or light off ( ).

(0.33 by 213 cm) held at 37°C. Hydrogen was identified
by retention time and quantitated by peak height.
Mass spectrometry was also used to verify qualitative-
ly that the gas samples from the cultures contained
hydrogen.

RESULTS AND DISCUSSION
Figure 1 shows typical rates of H2 production

when cells were transferred from the growth
bath to the electrode chamber and measure-
ments were begun within several minutes. The
curves represent for strain CA an aerobic H2
production rate of 32 ,ul and an 02 evolution rate
of 250 pl; for strain 1F the rates were 24 ,ul of H2
and 210 PIl of 02, all per milligram (dry weight)
per hour. The activity was strictly light depen-
dent. In the case of strain CA, the immediate
small dark H2 uptake was taken to indicate a low
level of uptake hydrogenase activity, whereas
with strain 1F, there was even less indication of
uptake hydrogenase activity. Strains CA and 1F
behaved differently upon addition of DCMU to
the electrode chamber. Photosynthetic 02 evo-
lution ceased, but H2 production continued in
both organisms, albeit at a lower rate in strain

CA than in strain 1F (Fig. 2). In general, it is
believed that DCMU will not immediately block
H2 production caused by nitrogenase (6); how-
ever, different effects were seen in Anabaena
cylindrica depending upon the prior history of
the cells (8). The differences in DCMU sensitiv-
ity in strains CA and 1F may simply reflect
differences in the reductant pool(s), or they may
indicate that some part of the H2 production in
CA is closely linked to photosynthesis. The
argument can be made that if H2 can indeed be
formed directly via photosynthesis, it will be
evident only in nitrogen-fixing cyanobacteria
grown on N2 wherein the requisite highly active
hydrogenase(s) is coordinately induced.
The results with strains CA and 1F, using the

hydrogen electrode, were completely verified by
using closed growth tubes under normal aerobic
culture conditions (Fig. 3). Strain CA again
behaved differently from strain 1F, giving higher
rates of H2 production. The H2 production was,
within limits, independent of the flow rate of gas
through the culture or of cell density. There was
little effect on H2 production when the gas phase
was shifted from 1% CO2 in air to 1% CO2 in N2.
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FIG. 2. Effect ofDCMU on the photoproduction of H2 and on 02 evolution by Anabaena spp. strains CA (A)
and 1F (B). Growth conditions, cell densities, and measurng conditions were as described in the legend to Fig. 1.
The DCMU was dissolved in 95% ethanol to a final concentration of 10-' M. The addition of DCMU is indicated
by arrows.

With a shift to 1% CO2 in argon, there was an
increase in H2 production to the very high rate of
80 ,ul of H2 per mg (dry weight) per h, approxi-
mately 30% of the measured rate of photosyn-
thetic 02 evolution.
H2 production was higher in the flow system

than on the H2 electrode, perhaps due to the
unavoidable buildup of H2 in the electrode
chamber or to some slight toxicity of materials in
contact with the cells. In any event, the simple
flow system minimizes disturbances to the cells
and yields values believed to be most nearly
representative of the steady-state growth condi-
tion. Although these aerobic H2 production val-
ues, ca. 40 ,ul of H2 per mg (dry weight) per h in
strain CA, are the highest ever achieved with
nitrogen-fixing cyanobacteria, still higher rates
of 130 jil of H2 per mg (dry weight) per h have
been recorded in the photosynthetic-bacterium
Rhodopseudomonas capsulata (4). However, in
contrast to the aerobic cyanobacterial photopro-
duction of H2, in which H20 is the -ultimate
electron donor, the photosynthetic bacteria pro-
duce H2 from organic compounds by an anaero-
bic light-dependent process. The bacterial sys-
tem is thus energetically and experimentally less
favorable than the cyanobacterial system.

For the present, we have little understanding
of the underlying physiological or biochemical
characteristics in cells which predispose to-
wards aerobic hydrogen production. We leave
aside any arguments based upon the synthesis
and regulation of uptake hydrogenases in strains
CA and 1F as we have, as yet, little information
on this point. There was a relationship between
the light intensities below 180 1j.E/m2 per s and
hydrogen production (Table 1), with little
change in growth rate. In strain CA especially,
the higher the light intensity, the higher the rate
of aerobic hydrogen production. A possibly re-
lated observation is an increased H2 production
in "photobleached" cells of A. cylindrica, al-
though after the photobleaching treatment, the
cells stopped growing (7). A possible explana-
tion for the high aerobic H2 production in strains
CA and 1F is provided by the general observa-
tions on oxygen uptake by light-generated re-
ductant (5, 10, 11), presumably a protective
mechanism when CO2 supply is restricted in a
cell. In nitrogen-fixing cyanobacteria wherein
the requisite H2 handling machinery is necessar-
ily present, excess light-generated electron flow
may be shunted to hydrogen production in place
of being controlled by a "back-reaction" with
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FIG. 3. H2 production by Anabaena spp. strains CA and 1F in sealed, all-glass growth tubes as a function of
flow rate of 1% CO2 in air through the culture and as a function of culture density. The light intensity for growth
and measurement of H2 production was 450 ,uE/m2 per s (F48T12/CW/1500 lamps). The cell density for the flow
rate experiment (A) was 0.2 mg (dry weight) per ml. The flow rate for the cell density experiment (B) was 6
ml/min. Solid circles indicate strain CA; open circles indicate strain 1F. The inset figure in panel A shows the
effect on H2 production in strain CA of shifting the gassing mixture from 1% CO2 in air to 1% CO2 in argon at 2 h.
There was little change in the rate of H2 production when the gas mixture was shifted from 1% CO2 in air to 1%
CO2 in N2 (data not shown).

02. If this is true, it suggests that it may be most
fruitful to search via enrichment culture or muta-
tion for strains of nitrogen-fixing cyanobacteria
that are not impaired in photosynthetic electron
flow but are limited in oxidant utilization, either
CO2 or N2.

TABLE 1. Effect of light intensity on growth rate
and aerobic H2 production and 02 evolution in

Anabaena spp. strains CA and IF'

Gener- H2 produc- 02
Light intensity ation time tion evolution

(h) (,Il/mg [dry wt] per h)
No. of ,uE/m2 CA F CA IF CA IF
screens per s C

0 180 4.5 4.8 19 21 259 260
1 75 4.7 4.8 9 20 254 256
2 35 5.0 5.5 3 14 231 254
3 20 5.6 5.7 2 14 230 260
a Conditions for electrode measurements of H2 and

02 were the same as in Fig. 1. The cultures were
grown at 39°C and illuminated by F36T12/D/HO fluo-
rescent lamps.
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