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Hydrogen Production by Cyanobacteria. I. Screening
of Unicellular and Filamentous Forms
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Six strains of cyanobacteria of various morphological types (unicellular, non-heterocystous and hetero-
cystous filamentous forms) 1solated locally and obtained from culture collection centres were screened
for photoproduction of hydrogen under anaerobic conditions, which exhibited high variation in pro-
duction rates. Hydrogen evolution was light dependent, required absolute anaerobiosis and a dark
adaptation period of 12 hr. Nitrogenase activity (acetylene reduction) was not observed in the non-
heterocystous forms presently screened except in Synechococcus cedrorum under anaerobic conditions.
Heterocystous cyanobacteria exhibited very high rates of hydrogenase activity and uptake of

hydrogen.
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Introduction

Generation of hydrogen through photobiological
conversion of solar energy by photosynthetic
microorganisms viz. green algae, cyanobacteria
and photosynthetic bacteria is being investigated
all over the world, since it is a potential source of
renewable and clean burning fuel. Photosynthetic
micreorganisms are activated under solar radia-
tion which convert simple substances like H,O,
H,S or reduced carbon compounds into hydrogen
or other gaseous and liquid fuels and the multiface-
ted advantages of bioenergy systems have been dis-
cussed extensively (Mitsui 1978, 1980). The
sciente and technology of biological hydrogen
production is still in its very early stages of develop-
ment, and needs extensive basic and applied
research.

Photoproduction of hydrogen was first dis-
covered in green algae by Gaffron and Rubin
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(1942) and later in photosynthetic bacteria (Gest &
Kamen 1949). Benemann and Weare (1974) repor-
ted cyanobacteria to be potential producers of hy-
drogen. Photoproduction of hydrogen by photo-
synthetic bacteria is dependent on the supply of an
appropriate organic substrate (Ormerod et al.
1961), while in green algae and/or cyanobacteria
hydrogen production was from water (Lambert et
al. 1979). The nitrogenase dependent hydrogen
evolution of cyanobacteria is known to be more
stable and efficient than in green algae in which
organisms the hydrogen production is catalysed
by hydrogenase (Weissman & Benemann 1977).

In the present communication, a report on the
preliminary survey for hydrogen production and
of some relevant enzymes using local strains of
different morphological types of cyanobacteria is
being reported.

Section, Indian Institute of Chemical Technology, Hyderabad 500 007



362 Ch V. Ramana et al.

Materials and Methods

Four strains of cyanobacteria isolated from aqua-
tic and terrestrial habitats in and around Hydera-
bad and two strains obtained from culture collec-
tion centres were grown photoautotrophically in
BG-11 medium (Rippka et al. 1979) at 28 + 2°C
and 2,400 lux. Filamentous heterocystous forms
were also grown in the above medium which is
devoid of nitrogen source (BG-11).

Estimation of chlorophyll and biomass: Chl-a
was estimated by the method of Strainetal. (1971)
and the biomass in terms of dry constant weight at
60°C. -

Preparation of cell suspension and hydrogen pro-
duction assay: Seven day-old cultures of cyanoba-
cteria were harvested by centrifugation (5,000 x g
for 15 min) and washed repeatedly with saline
(0.3% w/v in distilled water). The pellet was sus-
pended in BG-11y medium and the cell suspension
was distributed (2 ml in each) into 15 ml capacity
test tubes, sealed with suba seals. Anaerobic condi-
tions were created by repeatedly evacuating and
sparging with argon (100%). For assay under
aerobic conditions the sealed tubes were used with-
out sparging with argon. Hydrogen in the gas
phase was detected gas chromatographically by
injecting 0.5 ml of the gas phase withdrawn at
certain intervals of time from the reaction vessel,
into a gas chromatograph (CIC make) equipped
with molecular sieve SA column toa T.C.D. with
nitrogen as a carrier gas (flow rate 30 ml/min; oven
temperature of 60°C). The amount of hydrogen
produced was quantitated from the peak heights
with reference to a standard graph prepared using
ultrapure hydrogen.

Nitrogenase activity: Nitrogenase was assayed
by acetylene reduction techniques. Five mls of al-
gal suspension was takenin a 15 x 125 mm rimless
test tube and sealed with suba seal. The gas phase
was replaced with argon (100%) by repeated eva-
cuation and flushing. Acetylene (10%, v/v of the
gas phase of the test tube) was injected into the test
tubes from a syringe. The tubes were incubated at
25 4 2°C and at a light intensity of 2,400 lux. Samp-
les of the gas phase (0.5ml) were withdrawn perio-

dically with a gas tight syringe and analysed for
ethylene in a gas chromatograph equipped with a
Porapak N (2m x 1/18° OD SS column, 80-100
mesh) column to a flame ionization detector. Gas
analyses were run with the following parameters:
oven temperature 70°C, nitrogen as carrier gas
(flow rate 20 ml/min), injector temperature 45°C.
Integrator and recorder were used at highest sensi-
tivity. The amount of ethylene formed was calcula-
ted from peak heights of the recorder and by
reference to a calibration curve prepared using
standard ethylene.

Hydrogenase activity and uptake of hydrogen:
Hydrogenase activity was measured in terms of
dye reduction. Three mls of algal suspension in
BG-11, medium in a test tube, sealed with suba
seal, in which the gas phase was replaced with
oxygen free hydrogen by flushing with ultra pure
hydrogen for anaerobic assay. For acrobic assay,
to the gas phase of the tube (air), 15% hydrogen
was injected. 0.2umoles (for 3ml) of methylene
blue was added after 12 hr of dark adaptation with
a syringe, and the reaction was followed spectro-

-photometrically at 578nm using a Beckman

DU-40 unit.

Hydrogen uptake studies were similar to those
described earlier for hydrogen production except
that 4% of ultra pure hydrogen was added into the
test tubes. Consumption of hydrogen was compa-
red with control samples containing equivalent
amounts of medium and hydrogen to correct the
possible loss of hydrogen through leakage.

Photosynthetic activity: Photosynthetic activity
was measured in terms of oxygen liberation. Cell
suspension was withdrawn after 24 and 48 hrs of
light anaerobic incubation in BG-11, medium and
assayed for oxygen evolution on Hansatech model
DW 1 oxygen electrode. One ml of algal suspen-
sion was placed in the reaction vessel with the oxy-
gen electrode polarised at — 0.8V with respect to
two independent Ag-AgCl reference electrodes.
The current signals from the electrodes were
amplified through conversion control box and
recorded on a recorder. Standardization of oxygen
was done by injecting different amounts of air satu-



rated distilled water at the beginning and end of
each experiment.

Results and Discussion

A large number of cyanobacteria are reported to be
capable of hydrogen production in the presence of
light (Berchtold & Bachofen 1979). Table 1 shows
that different morphological forms of cyanobacte-
ria are capable of producing hydrogen in anaero-
bic light conditions. Among the six test organisms
chosen, all could photoevolve hydrogen, except N.
entophytum. However, a high variation was obser-
ved in the rates of hydrogen production. Earlier,
Barchtold and Bachofen (1979) had stated, that
the differential efficiency of hydrogen production
could be due to physiological and morphological
properties of the cells.

The two unicellular cyanobacteria screened in
the present investigation, i.e. Synechococcus sp
and S. cedrorum, showed doubling time of less than
12 hrs, while the filamentous forms required more
than 25 hrs (table 1). Since all the cultures were
assayed for hydrogen production after seven days
of growth, the difference in growth phase of
the cultures used for assay might have influenced
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their capacity for hydrogen production. Indeed,
Daday et al. (1977) had observed a strong depende-
nce of hydrogen evolution on the age of the culture
of Anabaena cylindrica.

Hydrogen production by algae is largely via bio-
photolysis of water resulting in simultaneous oxy-
gen liberation. Table 1 shows the oxygen liberation
rates of the six cultures of cyanobacteria at 24 and
438 hrs, which denotes a slight decrease in the oxy-
gen liberation rates after 48 hrs of incubation,
while there was an increase in the rates of hydrogen
production. The variation in the photosynthetic acti-
vity of the test algae might have influenced hydro-
gen evolution capacity, since oxygen is liberated
during biophotolysis of water inhibiting the
hydrogen producing system (Bothe & Eisbrenner
1981). A critical observation reveals that the evolu-
tion ratios of H; to O, observed in the present expe-
riments are not 2 : 1 as could be expected for bio-
photolysis of water. This may be due to the the
different efficiency in reutilization of the gases for
metabolic processes.

Intetestingly, N. entophytum did not liberate
molecular hydrogen under the present experimen-

Table 1 Growth, photoproduction of hydrogen and photosynthetic activity of different strains of cyanobacteria

Strain Doubling Biomass Photoproduction of H, Photosynthetic acuivity
time yieldt [umol(mg Chl-a)” 'hr ') [pmol O, evolved (mg Chl-a) " ‘hr !}
(hr)  (mg dry
wt/1) at 24 hr at 48 hr at 24 hr at 48 hr
UNICELLULAR
Synechococcus sp. O.U. 103 10.6 750 4.0 50 53.8 50.2
*Synechococcus cedrorum 11.8 900 43 5.5 17.3 153
FILAMENTOUS NON-HETEROCYSTOUS
Oscillatoria amphibia O.U. 109 36.0 250 1.6 23 62.5 60.3
Oscillatoria sp. 0.U. 113 30.0 500 24 24 36.4 36.0
FILAMENTOUS HETEROCYSTOUS
Nostoc sp. O.U. 115 26.0 600 34 23 23.6 20.2
*Nostoc entophytum 480 200 0.0 0.0 19.2 152

* Cultures obtained from culture collection centres
T Biomass yield expressed is that of seven-day-old culture

The results were average of three independent experiments with two replicates. Growth and assay conditions were: pH 7.5,
temperature 28 + 2°C and light intensity 2,400 lux. For other experimental details see text
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tal conditions, while in the rest of the forms hydro-
gen production was light dependent requiring
absolute anaerobiosis. Though dark hydrogen
evolution was not observed in any of the test
organisms studied in the present investigation, the
possibility of fermentative hydrogen production
could not be ruled out. Endogenous fermentative
hydrogen prodution is reported to be low, which
can be enhanced by the addition of fermentable
substances, such as glucose (Gaffron & Rubin
1942), when a number of organic acids and carbon
dioxide are also liberated (Vinayakumar & Kessler
1975).

Hartman and Krasna (1964) had termed the
appearance of active hydrogenase after anaerobic
incubation as “adaptation” which was observed
among many photosynthetic microorganisms.
Though aerobic hydrogen formation among the
heterocystous cyanobacteria is reported (Xiankong
et al. 1983, Asada & Kawamura 1986), none of the
organisms tested in the present work could be so
established. However, aerobic nitrogenase and
hydrogenase activities were observed among hete-
rocystous forms tested (table 2 & 3). This could be
interpreted as due to low activity of the enzymes
during aerobic conditions resulting in undetecta-
ble quantities of hydrogen. It was observed that
mere anaerobic conditions were not enough for
photoproduction of hydrogen, while an additio-
nal dark anaerobic adaptation of 12 hr was not

Table 2 Nitrogenase activity of cyanobacteria

Strain Nitrogenase activity
[umol C,H, formed

(mg Chl-a)"! hr™ 1]

Aerobic Anaerobic
Synechococcus sp. 0.0 0.0
Synechococcus cedrorum 0.0 0.6
Oscillatoria amphibia 0.0 0.0
Oscillatoria sp. 0.0 0.0
Nostoc sp. 84 20.8
Nostoc entophytum 3.6 10.6

Results expressed are average of three independent experi-
ments after 24 hours of incubation. Assay conditions as in
table 1

only congenial but also a prerequisite for hydrogen
production (Data not shown).

All non-heterocystous cyanobacterial forms te-
sted did not reveal nitrogenase activity under aero-
bic conditions, though under anaerobic conditi-
ons S. cedrorum showed the activity (table 2). Simi-
lar induced nitrogenase activity was reported in
non-heterocystous Yorms earlier by Rippka et al.
(1971) under semiaerobic or anaerobics
conditions.

In the present investigation a very high light
dependent uptake hydrogenase activity under
anaerobic conditions was observsed for non-hete-
rocystous forms, while heterocystous forms revea-
led hydrogenase activity also under aerobic condi-
tions, though to a lesser extent (table 3). Anaerobic
hydrogen uptake in all the strains tested was light--
dependent (table 4) corroborating the earlier obser-
vations made by Howarth and Codd (1985). Very
high uptake hydrogenase activity was observed in
N. entophytum, which perhaps did not allow accu-
mulation of detectable amounts of hydrogen in the
gas phase resulting in non-detection of hydrogen.
Hydrogen evolution by nitrogen non-fixing
cyanobacteria is mediated by hydrogenase, and
the presence of an active nitrogenase is not a pre-
requisite for hydrogen evolution an observation
which was made earlier by Howarth and Codd
(1985).

Table 3 Hydrogenase activity of cyanobacteria

Strain Hydrogenase activity
[umol dye reduced
(mg Chl-a)™1]
Aerobic Anaerobic
Synechococcus sp. 0.0 80.7
Synechococcus cedrorum 0.0 120.2
Oscillatoria amphibia 0.0 145.3
Oscillatoria sp. 0.0 112.0
Nostoc sp. 28.5 153.8
Nostoc entophytum 12.3 180.5

Results expressed are average of five independent experiments
done in triplicates. Dark adapted (12 hrs) cultures were assa-
yed for dye reduction and the results expressed pertain to that
after 5 hr of incubation. Assay conditions as in table |



Table 4 Uptake of molecular hydrogen by cygnobacteria

Strain Uptake of hydrogen
[amol (mg Chil-a)~1]
Light Dark
Synechococcus sp. 3.0 0.0
Synechococcus cedrorum 6.8 0.0
Oscillatoria amphibia 4.3 0.0
Oscillatoria sp. 23 0.0
Nostoc sp. 20.2 0.0
Nostoc entophytum 38.3 0.0

The cultures were assayed for hydrogen uptake after 24 hrs of
anaerobic incubation. Assay conditions as in table 1. For other
experimental details see text

In conclusion, the two unicellular cyanobacte-
rial forms (Synechococcus sp and S. cedrorum)
could be considered to be more promising for hy-
drogen production not only because of their fast
growth, but also because of high biomass yield
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