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Factors affecting photobiological hydrogen production in five filamentous
cyanobacteria from Thailand
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Abstract

We report here the screening of sixteen cyanobacterial and three green algal strains from Thailand for their potential bio-
hydrogen production. Five filamentous cyanobacterial species, namely Calothrix elenkinii, Fischerella muscicola, Nostoc
calcicola, Scytonema bohneri, and Tolypothrix distorta, all possessing nitrogenase activity, showed potentially high bio-
hydrogen production. These five strains showed higher hydrogen production in the absence than in the presence of
nitrogen. In particular, F. muscicola had a 17-fold increased hydrogen production under combined nitrogen and sulfur
deprived conditions. Among various sugars as a carbon source, glucose at 0.1% (w/v) gave the maximal hydrogen
production of 10.9 umol(Hz) mg~!(Chl) h™! in T. distorta grown in BG11 medium without nitrate. Increasing light intensity
up to 250 pumol(photon) m2s~! increased hydrogen production in F. muscicola and T. distorta. Overall results indicate
that both F. muscicola and T. distorta have a high potential for hydrogen production amenable for further improvement
by using molecular genetics technique.

Additional key words: culturing parameters; heterocyst; N2-fixing condition.

Introduction

Presently the global climate change attributed mainly to
the usage of fossil fuels causes environmental problems in
many parts of the world. Hence, there is an urgent need for
new forms of renewable energy, which is environmental
friendly and efficient, to replace limited fossil sources.
Hydrogen is considered an ideal energy carrier for the
future because of its high heating value and no carbon
dioxide generation upon combustion (Meller et al. 2017).
Cyanobacteria exhibit their capacity to convert captured
solar energy to H» (Khetkorn et al. 2017). In direct
biophotolysis, light energy captured by the PSII is used to
split water, producing molecular oxygen, protons, and
electrons. In cyanobacteria, the reduced ferredoxin

provides electrons to reduce protons to molecular
hydrogen catalyzed by hydrogenase. In indirect biophoto-
lysis, photosynthetic water splitting with consequent
generation of reduced ferredoxin enables the reduction of
CO; to carbohydrates which can be used to drive H»
production. On the other hand, instead of utilizing the
light-driven reduction of ferredoxin, the cyanobacterial
hydrogenase was found to receive its electrons via
pyruvate:flavodoxin/ferredoxin oxidoreductase (PFOR) —
flavodoxin/ferredoxin for dark fermentative hydrogen
production (Gutekunst et al. 2014). There are at least three
enzymes in cyanobacteria which are directly involved in
hydrogen production. Hydrogenases comprise an uptake
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hydrogenase encoded by Aup genes present in all No-fixing
strains, and a bidirectional hydrogenase (reversible hydro-
genase) encoded by hox genes present in N»-fixing and
non-N»-fixing cyanobacteria (Tamagnini et al. 2007).
Nitrogenase complex, which generates hydrogen as a
byproduct, is present in both filamentous N-fixing and
unicellular N»-fixing cyanobacteria (Bothe et al. 2010).
Hydrogen produced from nitrogenase can be used as a
substrate for uptake hydrogenase, resulting in a decrease
in net amount of hydrogen (Hansel and Lindblad 1998). To
increase hydrogen production, one possible improvement
is the inhibition of the uptake hydrogenase activity
(Tamagnini et al. 2002). Nitrogenase is also very sensitive
to oxygen (Fay 1992). This explains why some fila-
mentous cyanobacteria develop specialized cells called
heterocysts with no oxygen evolving activity of PSII
(Masukawa et al. 2001). Furthermore, different species
have different capacities to produce hydrogen whereby the
production rate can be further affected by external factors
(Allahverdiyeva et al. 2010). There is a wide variety
among cyanobacteria in their inherited activity to produce
hydrogen. Cyanobacteria grown under nutrient limitation
conditions show increased H, production. The nitrogenase
activity is inhibited by external nitrogen sources, such as
nitrite, nitrate, and ammonia (Bothe et al 2010). The
absence of nitrogen and sulfur affects the transcription of

Materials and methods

Strains and growth conditions: Sixteen cyanobacterial
strains and three green algae were obtained from TISTR.
The culture collection contains planktonic and benthic
strains isolated mostly from Bangkok ponds and soils. For
screening of hydrogen production, the cells were grown in
liquid BG11 medium at pH 7.5 modified according to
Stanier et al. (1971) under continuous white fluorescent
illumination of 50 umol(photon) m2 s~ at 30°C for 14 d
before subjecting to hydrogen measurement. To study the
effect of various external factors on hydrogen production,
the cells were adapted under the desired tested conditions.
For nitrogen or sulfur deprivation, the cells grown for 14 d
as mentioned above were transferred to BG11, medium
(BG11 lacking nitrate) at pH 7.5, or BG11, lacking sulfate
(BG11,-S) at pH 7.5, where nitrate or sulfate is replaced
by chloride, and further grown for 24 h prior to
measurement of hydrogen. To examine the effect of other
external factors, the cells grown as mentioned above for 14
d were transferred to BG11, and grown for 24 h under
different tested conditions, i.e., pH, temperature, carbon
source, and light intensity prior to hydrogen measurement.

Microscopic analysis of the strains: The general morpho-
logical observations of the most efficient strains were
carried out at three days of growth in BG11 and BG11,
media. The micrographs were obtained using an Eclipse
Ti-U inverted light microscope (Nikon®, Japan).

the hox gene and enhances the production of H, (Antal and
Lindblad 2005, Baebprasert et al. 2010). Sulfur depri-
vation can decrease PSII activity by inducing respiration
to be higher than photosynthesis with subsequent
production of hydrogen (Fouchard et al. 2005). The Nostoc
sp. PCC7422 disrupted in uptake hydrogenase showed
three times higher nitrogenase activity-based hydrogen
production than that of the wild type (Yoshino ef al. 2007).
In addition, the increase of light intensity enhances the
hydrogen production of Phormidium valderianum and
Halobacterium halobium (Patel and Madamwar 1994),
whereas Spirulina platensis and Arthrospira sp. PCC8005
produce hydrogen under anaerobic conditions in darkness
(Aoyama et al. 1997, Raksajit et al. 2012).

There are considerable differences between various
photosynthetic organisms in their ability to produce
hydrogen. Screening of species for their natural production
activity has not been performed in broad scale so far. In
the present work, we screened for new species with high
hydrogen productivity. We used sixteen cyanobacterial
species and three green algae obtained from Thailand
Institute of Scientific and Technological Research
(TISTR). Furthermore, we investigated the effect of
external factors, such as nutrient deprivation, carbon
source, pH, temperature, and light intensity on hydrogen
production of the most efficient strain.

Hydrogen production: One milliliter of harvested cells
suspended in the same respective medium during an
adaptation phase was transferred to a 20-ml vial with a
butyl-rubber septum. The argon gas was blown into the
vial at 1.4 kPa for 5 min to generate an anaerobic
condition. The vials were placed on a rotatory shaker at
100 rpm for 24 h. Hydrogen in the head space of gas-tight
vial was analyzed using a gas chromatography with argon
as a carrier gas as previously described (Allahverdiyeva et
al. 2010). The linear calibration curve with various H, con-
centrations (0, 0.05%, 0.1%, 0.25%, 0.5%, and 1.0% H>)
was done. The calibration up to 0.5% H», which is in a
linear range, was used. Hydrogen production rate is
expressed in pumol(H,) mg'(Chl) h™'. The determination of
Chl content was done spectrophotometrically after extrac-
tion of cells with 90% (v/v) methanol (MacKinney 1941).

Nitrogenase activity was determined by the reduction of
acetylene (C,H>). One milliliter of cell suspension in
BG11, medium was transferred to a serum bottle with a
butyl-rubber septum. Oxygen at the head space of the
bottle was eliminated by purging with argon. The bottle
was incubated on a rotatory shaker at 100 rpm, 30°C under
illumination of 50 pmol(photon) m=2s! for 20 h to induce
nitrogenase. Acetylene (C,H»), the substrate of nitro-
genase, was added to the bottle. The ethylene (C,H4)
produced after 30 min incubation (Khetkorn ez al. 2012)
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was analyzed by Perkin-Elmer AutoSystem gas chromato-
graph equipped with flame ionization detector. Enzyme
activity was expressed as pmol(C2Hs) mg™'(Chl) h™!. The

Results and discussion

Screening of photosynthetic microorganisms for their
capacity to produce hydrogen: Sixteen cyanobacterial
strains and three green algae from TISTR were tested for
their ability to produce hydrogen. Hydrogen production
was observed under light/anaerobic conditions, whereas
no production was observed in darkness or under aerobic
conditions. A total of nineteen strains can be divided into
three groups based on their ability of hydrogen production:
(1) strains with efficient hydrogen production, (2) strains
with detectable hydrogen production, and (3) strains with
no detectable hydrogen production under the conditions
studied. Group 1 consists of five strains of filamentous
cyanobacteria with hydrogen production of at least
0.1 pmol(H,) mg™'(Chl) h™! (Table 1) including Calothrix
elenkinii (0.09 = 0.01), Fischerella muscicola (0.35 +
0.08), Nostoc calcicola (0.09 £ 0.01), Scytonema bohneri
(0.09 = 0.01), and Tolypothrix distorta (0.21 + 0.05).
Group 2 consists of four strains, Ankistrodesmus falcatus,
Aphanocapsa biformis, Chlorogloea fritshii, and Chroo-
coccus turgidus, which showed detectable, albeit a very
low hydrogen production less than 0.1 pmol(H»)
mg(Chl) h™!. Group 3 consists of ten strains, Coccomonas
orbicularis, Gloeocapsa atrata, Lyngbya shackletoni,
Microcystis pulverea, Myxosarcina burmensis, Oscil-
latoria salina, Oscillatoria subbrevis, Phormidium
calcicola, Plectonema gracillimum, and Scenedesmus
acuminatus, which showed no hydrogen production under
the conditions studied. The five strains of the group 1 were
used for further studies of hydrogen production under
various external conditions.

Cell structure: Cyanobacteria can utilize many sources of
nitrogen to support their growth. Some non-N,-fixing
cyanobacteria can use combined nitrogen, such as nitrate,
or ammonia, when available, and some N»-fixing cyano-
bacteria are also able to fix dinitrogen by nitrogenase from
atmosphere to produce ammonia and release H» as a by
product. However, the absence of combined nitrogen,
which creates N,-fixing condition, induces the formation
of heterocysts, where nitrogenase and uptake hydrogenase
are located (Bothe et al. 2010). Moreover, it has been
known that N»-fixing cyanobacteria are more efficient in
the production of hydrogen than non-N,-fixing cyano-
bacteria. In the present study, five most actively hydrogen-
producing cyanobacterial strains were used to study the
morphological changes when grown in either BG11 with
nitrate as nitrogen source (non-N»-fixing) or BG11 without
nitrate (BG11,) (N,-fixing) under continuous illumination
of 50 umol(photon) m2s! for three days at 30°C. Fig. 1
shows light microscope images of the five cyanobacterial
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activity of nitrogenase from Anabaena PCC 7120 was used
as a positive control.

strains under BGI11 (non-N,-fixing) (Fig. 14-F) and
BG11, (N-fixing) (Fig. 1F-J). Cells under non-N,-fixing
conditions were organized in long filaments of vegetative
cells with no differentiation. On the other hand, under N»-
fixing condition, all five strains showed the appearance of
heterocysts after three days. It seems that the development
of heterocysts coincides with the ability of the cells to
increase the hydrogen production.

Effect of nitrogen and sulfur deprivation on H:
production: The five strains of cyanobacteria showed the
heterocyst formation under N»-fixing condition. Non-
heterocystous and heterocystous cyanobacteria were
reported to have different level of hydrogen production
depending on growth medium (Dutta et al. 2005,
Berberoglu et al. 2008, Yeager et al. 2011). Cells were
transferred to either BG11 medium without nitrate
(BG11,), or without both nitrate and sulphate (BG11,-S).
Cells grown without nitrate showed about a 4-fold increase
in hydrogen production when compared to cells grown in
the presence of nitrate (Fig. 2). For cells grown in the
absence of both nitrate and sulphate, there were no
significant changes in hydrogen production of most strains
except for F. muscicola which showed about a 17-fold
increase of hydrogen production (Fig. 2). Some green
algae also showed an increase of hydrogen production
when grown under the depletion of nitrogen and sulfur
(Tsygankov et al. 2006, Maneeruttanarungroj ez al. 2010).
This is because not only the presence of active nitrogenase
in heterocyst cells, but also sulfur deprivation inhibits the
repair of D1 protein in PSII after photodamage (Melis et
al. 2000). The reduced activity of PSII facilitates the
restoration of anaerobic conditions in the culture resulting
in the increase of hydrogen production. The results showed
that most of five strains of cyanobacteria produce high
concentration of hydrogen when grown in BG11,. This
condition was used as a control for next experiments.

Effect of external pH and temperature on H:
production: In order to find the optimal pH for hydrogen
production, the five most active strains were incubated in
BG11,adjusted to pH 6.5, 7.5, and 8.5 for 24 h prior to the
measurement of hydrogen. The amount of hydrogen
produced by each strain was the highest at pH 7.5
(Fig. 34). At pH 6.5 and 8.5, the production decreased,
with the values ranging from 28—67% of the maximum and
50-70% of the maximum, respectively, among the five
strains. Similar results have been observed in Calothrix
XPORK 5E with a lower hydrogen production at pH 6.8
than that at pH 7.5 (Allahverdiyeva et al. 2010) and in
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Table 1. Summary of the preliminary screening of hydrogen production of sixteen cyanobacterial strains and three green algae strains

from Thailand.

No. Strains Cell type Origin

Habitat Hydrogen production rate [pmol(Hz) mg'(Chl) h™']
Aerobic

Anaerobic

50 umol(photon) m2s™! Darkness 50 umol(photon) m2s™'  Darkness

1 Ankistrodesmus Green algae ~ Bangkok pond 0.003 0.000 0.010 0.000
falcatus

2 Aphanocapsa  Cyanobacteria Bangkok cement 0.002 0.000 0.010 0.000
biformis surface

3 Calothrix Cyanobacteria Bangkok pond 0.005 0.000 0.090 0.000
elenkinii

4 Chlorogloea Cyanobacteria Bangkok pond 0.003 0.000 0.010 0.000
fritshii

5 Chroococcus Cyanobacteria Bangkok pond 0.002 0.000 0.010 0.000
turgidus

6 Coccomonas Green algae  Bangkok pond 0.001 0.000 0.001 0.000
orbicularis

7 Fischerella Cyanobacteria Suphanbur soil ~ 0.009 0.000 0.350 0.000
muscicola i

8 Gloeocapsa Cyanobacteria Bangkok pond 0.001 0.000 0.001 0.000
atrata

9 Lyngbya Cyanobacteria Bangkok pond 0.001 0.000 0.001 0.000
shackletoni

10 Microcystis Cyanobacteria Bangkok pond 0.001 0.000 0.001 0.000
pulverea

11 Myxosarcina Cyanobacteria Bangkok pond 0.001 0.000 0.001 0.000
burmensis

12 Nostoc calcicola Cyanobacteria Pathumtha pond 0.005 0.000 0.090 0.000

ni

13 Oscillatoria Cyanobacteria Samutprak cement 0.002 0.000 0.001 0.000
salina an surface

14 Oscillatoria Cyanobacteria Bangkok pond 0.002 0.000 0.001 0.000
subbrevis

15 Phormidium Cyanobacteria Bangkok pond 0.001 0.000 0.001 1.000
calcicola

16  Plectonema Cyanobacteria Nonthaburipond 0.002 0.000 0.001 0.000
gracillimum

17 Scenedesmus Green algae  Bangkok pond 0.001 0.000 0.001 0.000
acuminatus

18  Scytonema Cyanobacteria Bangkok cement 0.005 0.000 0.090 0.000
bohneri surface

19 Tolypothrix Cyanobacteria Bangkok cement 0.008 0.000 0.210 0.000
distorta surface

Laminaria japonica, where a decreased hydrogen
evolution was detected at the pH higher than 7.5 (Park et
al. 2009). Effect of temperature on hydrogen production of
the five most active strains was also studied. Cells were
cultivated in BG11, under three different temperatures at
25, 30, and 45°C for the last 24 h. The hydrogen evolution
of all five strains was the highest at 25°C, being 1.2-1.6
times higher than that at 30°C (Fig. 3B). In contrast, there
was no detectable hydrogen production at 45°C. However,
in Calothrix 336/3, higher hydrogen production occurred
at 30°C compared to that at 23°C (Allahverdiyeva et al.
2010). This suggested that the optimal temperature to
enhance hydrogen production varies among different
cyanobacterial strains.

Effect of carbon source, glucose concentrations and
light intensities on Hz production: Previous studies have
reported that cyanobacteria are able to use different sugars,
such as sucrose, fructose, and glucose, as a carbon source
(Reddy et al. 1996, Chen et al. 2008, Raksajit et al. 2012).
In this study, cells were grown in BG11, supplemented
with 0.1% of glucose, mannitol, sorbitol, or sucrose during
24 h prior to the hydrogen production measurement. The
different sugars tested at a concentration of 0.1% had
variable effect on hydrogen production activity (Fig. 44),
the degree of which depended on the sugar types and
species. Sorbitol and sucrose had small effects on
hydrogen production activities. Sucrose inhibited the
hydrogen production of T. distorta and C. elenkinii, but
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activated the production slightly in F. muscicola and to a
larger extent, namely 9-folds and 13-folds in N. calcicola
and S. bohneri, respectively. Sorbitol inhibited the
production in T. distorta and F. muscicola, but caused a
modest increase of production in N. calcicola and
S. bohneri, while the production in C. elenkinii greatly
increased, showing 8-fold activation when compared with
the control. Mannitol also inhibited the production in
T. distorta, in contrast to its weak (in N. calcicola and

S. bohneri) or very strong (19-fold in C. elenkinii and
12-fold in F. muscicola) activation of hydrogen pro-
duction. The effect of glucose on hydrogen production of
the five most active strains was the most significant
because after incubation for 24 h in the presence of
glucose, the production increased between 20 (in
S. bohneri) and 52-folds (in T. distorta), depending on the
strain. In the presence of glucose, the highest production
observed in T. distorta was 10.9 pmol(H,) mg~'(Chl) h™!.

Fig. 1. Cell morphology of the five most biohydrogen producing species observed under an inverted light microscope. (4) C. elenkinii,
(B) F. muscicola, (C) N. calcicola, (D) S. bohneri, and (E) T. Distorta were grown for three days under BG11 with nitrate as nitrogen
source (upper panel), or in BG11 without nitrate (BG11,) as shown in (F)) C. Elenkinii, (G) F. Muscicola, (H) N. Calcicola, (I) S. bohneri,

and (J) T. Distorta (lower panel). The arrows show the heterocyst cells. Scale bars — 10 pm.
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HYDROGEN PRODUCTION
o
N

C. elenkinii F. musicola N. calcicola S. bohneri T. distorta

Fig. 2. Effect of nitrogen and sulfur deprivation on hydrogen
production of the five most active species. Hydrogen production
was determined by incubating cells under anaerobic condition
under 50 umol(photon) m2 s at 30°C for 24 hin BG11, BG11,,
and BG11,-S (BG11, lacking sulfate). Means + SD (n =3).

Glucose was found to activate efficiently the hydrogen
production in all five strains studied. Hence, we further
monitored the effect of glucose concentration on hydrogen
production. For this, cells were incubated with glucose
concentrations ranging from 0.1% to 0.5% for 24 h before
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measurement of hydrogen production. Activation of
hydrogen production of all five strains was noticed under
all glucose concentrations tested (Fig. 4B). F. muscicola,
N. calcicola, and T. distorta reached their highest
hydrogen production under 0.1% glucose, while the
production of hydrogen in C. elenkinii and S. bohneri was
further enhanced by increasing the glucose concentration
to 0.2 and 0.3%. Under the most effective glucose
concentration, all the five strains were able to produce
between 3.2 and 10.9 pmol(H,) mg'(Chl) h™'.

To monitor the effect of increased light intensity on
hydrogen production, the cells were incubated in darkness
or under light intensity of 50 (control), 100, 150, or
250 umol(photon) m2 s™' for 24 h prior to hydrogen
production measurement. An increase in light intensity
caused activation of hydrogen production of all strains
studied (Fig. 4C). The hydrogen production activity of
N. calcicola was doubled under 100 pmol(photon) m2s™'.
However, N. calcicola was unable to benefit from a higher
light intensity which was in contrast to the other four
strains studied. The other four strains showed increased
activation with increasing light intensity. The highest light
intensity studied was 250 pmol(photon) m s~ which led
to an activation of hydrogen production in 7. distorta
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Fig. 3. Effect of pH and temperature on hydrogen
production of the five most active species. Hydrogen
production was determined by incubating cells
suspended in BGl1, under anaerobic condition
under 50 umol(photon) m2 s7! at 30°C for 24 h at
various pHs of 6.5, 7.5, and 8.5 (4) and at various
temperatures of 25°C, 30°C, and 40°C, at pH 7.5

C. elenkinii F. musicola N. calcicola S. bohneri

12

(B). Means £ SD (n = 3).

T. distorta

mcontrol 00.1% glucose 70.1% mannitol 80.1% sorbitol
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HYDROGEN PRODUCTION
[umol(H,) mg"(Chl) h~']
(0]

C. elenkinii F. musicola N. calcicola S. bohner/

(9 folds), F. muscicola (14 folds), C. elenkinii (27 folds),
and S. bohneri (47 folds). Our results were in agreement
with those in Anabaena siamensis strain TISTR 8012,
where an increased light intensity resulted in an increased
hydrogen production (Khetkorn et al. 2010). The effect of
glucose, in combination with high light intensity, on
hydrogen production was also examined. F. muscicola,
N. calcicola, and T. distorta were incubated in 0.1%
glucose under 250 umol(photon) m2s™!, whereas C. elen-
kinii and S. bohneri were incubated in 0.3% glucose under
250 umol(photon) m~ s7'. Hydrogen production of all
strains with the combination of glucose and high light
intensity was lower than that in the presence of glucose
under control light intensity of 50 umol(photon) m= s
(Fig. 4D).

Taken together, the five most actively hydrogen-
producing cyanobacterial strains in the present study
produce hydrogen within the range of 0.17—4.2 umol(H>)
mg '(Chl) h! comparable to other previously reported
heterocystous cyanobacteria (Masukawa et al. 2001). In
addition, we compared the hydrogen production of
filamentous cyanobacteria among C. elenkinii, F. musci-
cola, N. calcicola, S. bohneri, T. distorta, Anabaena sp.

00.1% sucrose

E3

Fig. 4. Effect of carbon sources, glucose concen-
trations, and light intensities on hydrogen pro-
duction of the five most active species. Hydrogen
production was determined by incubating cells in
BG11, under anaerobic condition under 50 pumol
(photon) m2s™! at 30°C for 24 h, with and without
0.1% glucose, 0.1% mannitol, 0.1% sorbitol, and
0.1% sucrose (A4), with various concentrations of
glucose (B), with various light intensities (C), and
with and without 0.1% glucose under 50 or 250

T. dlstorta

umol(photon) m2 s~! (Glu+HL) (D). Means + SD
(n=3)

PCC 7120 (Masukawa et al. 2002), and the unicellular
strain Synechocystis sp. PCC 6803 (Baecbprasert et al.
2010). It was found that the five most actively hydrogen-
producing cyanobacterial strains have the capacity to
produce hydrogen at rates higher than Anabaena sp. PCC
7120 (about 1- to 5-folds), or Synechocystis sp. PCC 6803
(about 160- to 540-folds) (Table 2). Although, the
hydrogen production of five most actively hydrogen-
producing cyanobacterial strains is less than that of
Anabaena siamensis TISTR 8012 (Khetkorn et al. 2010)
under the same hydrogen-producing condition [Ar, BG11,,
30°C, 40 umol(photon) m2 s7!, 24 h of incubation time],
higher production rates could be obtained when the five
most actively hydrogen-producing strains were acclimated
to the optimum conditions [Ar, BG11, using 0.1 or 0.3%
glucose, 30°C, 50 umol(photon) m 2 s71].

Nitrogenase activity: In most filamentous cyanobacteria,
hydrogen is not only generated by the hydrogenase but also
by the nitrogenase (Tamagnini et al. 2002,2007). However,
there are filamentous cyanobacteria that do not have the
bidirectional hydrogenase, but only the uptake hydroge-
nase (e.g., N. punctiforme). Basically, acetylene reduction
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Table 2. Comparison of the ability of hydrogen production in the five most active species with other cyanobacterial strains.

Organism

Morphology

Hz production rate

Growth condition

[umol(Hz2) mg '(Chl) h']

Ha production condition

Calothrix elenkinii

Fischerella muscicola

Nostoc calcicola

Scytonema bohneri

Tolypothrix distorta

Anabaena PCC 7120
(Masukawa et al. 2002)
Synechocystis sp. PCC
6803

Filamentous with 0.09 +0.01
heterocysts 321+0.19

Filamentous with 0.35 +0.08
heterocysts 8.73+0.43

Filamentous with 0.09 + 0.01
heterocysts 427+0.17

Filamentous with 0.09 + 0.01
heterocysts 7.63 +0.26

Filamentous with 0.21 + 0.05
heterocysts 10.95+0.22

Filamentous with 2.60 = 0.07
heterocysts

Unicellular 0.12+0.02

Air, BG11,, 30°C,
50 pmol(photon) m=2 57!

Air, BG11,, 30°C,
50 umol(photon) m=2 s~!

Air, BG11,, 30°C,
50 umol(photon) m2s!

Air, BG11,, 30°C,
50 umol(photon) m=2 s~!

Air, BG11,, 30°C,
50 umol(photon) m2 s~

Air, BG11,, 26°C,

70 pmol(photon) m=2 57!
Air, BG11, 30°C,

30 umol(photon) m2s!

Ar, BGl1,, 30°C,

50 pmol(photon) m2 s

Ar, BG11, using 0.3% glucose
as carbon source, 30°C,

50 pmol(photon) m2 s

Ar, BGl11,, 30°C,

50 pmol(photon) m2s~!

Ar, BG11, using 0.3% glucose
as carbon source, 30°C,

50 pmol(photon) m2 s7!

Ar, BGllo, 30°C,

50 umol(photon) m2 s~!

Ar, BG11, using 0.1% glucose
as carbon source, 30°C,

50 pmol(photon) m2 s~

Ar, BGl1,, 30°C,

50 pumol(photon) m2 s~}

Ar, BG11, using 0.3% glucose
as carbon source, 30°C,

50 umol(photon) m2 s!

Ar, BG11,, 30°C,

50 pmol(photon) m2 s

Ar, BG11, using 0.1% glucose
as carbon source, 30°C,

50 pumol(photon) m2s~!

Ar, BGl1,, 30°C, 1% CO2,

70 umol(photon) m2 s

Ar, BG11, 0.1% glucose as
carbon source, 30°C, darkness

(Baebprasert et al. 2010)
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PCC 7120

method is widely used to monitor nitrogenase activity,
since it catalyzes the conversion of acetylene (C,H>) to
ethylene (C,Hy). In this work, we also analyzed the activity
of nitrogenase in five strains and Anabaena PCC 7120 as a
positive control. All strains studied showed nitrogenase
activity (Fig. 5). Interestingly, nitrogenase activities of all
strains, especially F. muscicola and T. distorta, were higher
than that of Anabaena PCC 7120.
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Fig. 5. Nitrogenase activity of the five cyanobacterial
species with most active hydrogen production (C. elenkinii,
F. muscicola, N. calcicola, S. bohneri, and T. distorta), and
Anabaena PCC 7120 as a positive control. Ethylene (C2Ha)
production was measured by using GC with FID detector.
Means + SD (n = 3).

Conclusion: Among sixteen cyanobacterial and three
green algal strains from Thailand, F. muscicola and
T. distorta have the high potential for hydrogen pro-
duction. The most favorable condition for maximum
hydrogen production was achieved when the cells of
T. distorta were adapted for 24 h under nitrogen-fixing
conditions with addition of 0.1% glucose which resulted in
hydrogen production of 10.9 pumol(Hy) mg'(Chl) h™.
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Moreover, the hydrogen production of all five strains,
especially 7. distorta, can be further increased by genetic
engineering of gene(s) involved in hydrogen production,

References

Allahverdiyeva Y., Leino H., Saari L. et al.: Screening for
biohydrogen production by cyanobacteria isolated from the
Baltic Sea and Finnish lakes. — Int. J. Hydrogen Energ. 35:
1117-1127, 2010.

Antal T.K., Lindblad P.: Production of Hz by sulphur-deprived
cells of the unicellular cyanobacteria Gloeocapsa alpicola and
Synechocystis sp. PCC 6803 during dark incubation with
methane at various extracellular pH. — J. Appl. Microbiol. 98:
114-120, 2005.

Aoyama K., Uemura I., Miyake J. et al.: Fermentative meta-
bolism to produce hydrogen gas and organic compounds in a
cyanobacterium, Spirulina platensis. — J. Ferment. Bioeng. 83:
17-20, 1997.

Baebprasert W., Lindblad P., Incharoensakdi A.: Response of Ha
production and Hox-hydrogenase activity to external factors in
the unicellular cyanobacterium Synechocystis sp. strain
PCC6803. — Int. J. Hydrogen Energ. 35: 6611-6616, 2010.

Berberoglu H., Jay J., Pilon L.: Effect of nutrient media on
photobiological hydrogen production by Anabaena variabilis
ATCC29413. — Int. J. Hydrogen Energ. 33: 1172-1184, 2008.

Bothe H., Schmitz O., Yates M.G. et al.: Nitrogen fixation and
hydrogen metabolism in cyanobacteria. — Microbiol. Mol. Biol.
Rev. 74: 529-551, 2010.

Chen P.C., Fan S.H., Chiang C.L. et al.: Effect of growth
conditions on the hydrogen production with cyanobacterium
Anabaena sp. strain CHs. — Int. J. Hydrogen Energ. 33: 1460-
1464, 2008.

Dutta D., De D., Chaudhuri S., Bhattacharya S.K.: Hydrogen
production by cyanobacteria. — Microb. Cell Fact. 4: 36, 2005
Fay P.: Oxygen relations of nitrogen fixation in cyanobacteria. —

Microbiol. Rev. 56: 340-373, 1992.

Fouchard S., Hemschemeier A., Caruana A. et al.: Autotrophic
and mixotrophic hydrogen photoproduction in sulfur-deprived
Chlamydomonas cells. — Appl. Environ. Microbiol. 71: 6199-
6205, 2005.

Gutekunst K., Chen Xi, Schreiber K. et al.: The bidirectional
NiFe-hydrogenase in Synechocystis sp. PCC 6803 is reduced
by flavodoxin and ferredoxin and is essential under mixotropic
nitrate-limiting conditions — J. Biol. Chem. 289: 1930-1937,
2014.

Hansel A., Lindblad P.: Towards optimization of cyanobacteria
as biotechnologically relevant producers of molecular hydro-
gen, a clean and renewable energy source. — Appl. Microbiol.
Biot. 50: 153-160, 1998.

Khetkorn W., Lindblad P., Incharoensakdi A.: Enhanced
biohydrogen production by the Na-fixing cyanobacterium
Anabaena siamensis strain TISTR 8012. — Int. J. Hydrogen
Energ. 35: 12767-12776, 2010.

Khetkorn W., Lindblad P., Incharoensakdi A.: Inactivation of
uptake hydrogenase leads to enhanced and sustained hydrogen
production with high nitrogenase activity under high light
exposure in the cyanobacterium Anabaena siamensis TISTR
8012. —J. Biol. Eng. 6: 19, 2012.

Khetkorn W., Rastogi R.P., Incharoensakdi A. et al.: Microalgal
hydrogen production — a review. — Bioresour. Technol. 243:
1194-1206, 2017.

including the uptake hydrogenase and the nitrogenase as
well as the redirection of the electron flow towards
hydrogenase.

MacKinney G.: Absorption of light by chlorophyll solutions. —J.
Biol.Chem. 140: 315-322, 1941.

Maneeruttanarungroj C., Lindblad P., Incharoensakdi A.: A
newly isolated green alga, Tetraspora sp. CU2551, from
Thailand with efficient hydrogen production. — Int. J. Hydrogen
Energ. 35: 13193-13199, 2010.

Masukawa H., Nakamura K., Mochimaru M. et al.: Photo-
biological hydrogen production and nitrogenase activity in
some heterocystous cyanobacteria. — Biohydrogen 2: 63-66,
2001.

Masukawa H., Mochimaru M, Sakurai H.: Disruption of the
uptake hydrogenase gene, but not of the bidirectional
hydrogenase gene, leads to enhanced photobiological hydrogen
production by the nitrogen-fixing cyanobacterium Anabaena
sp. 7120. — Appl. Microbiol. Biot. 58: 618-624, 2002.

Melis A., Zhang L.P., Forestier M. et al.: Sustained photobio-
logical hydrogen gas production upon reversible inactivation of
oxygen evolution in the green alga Chlamydomonas
reinhardtii. — Plant Physiol. 122: 127-136, 2000.

Moller K.T., Jensen T.R., Akiba E. et al.: Hydrogen — A
sustainable energy carrier. — Prog. Nat. Sci. 27: 34-40, 2017.
Park J.I., Lee J., Sim S.J. ef al.: Production of hydrogen from
marine macro-algae biomass using anaerobic sewage sludge

microflora. — Biotechnol. Bioproc. E. 14: 307-315, 2009.

Patel S., Madamwar D.: Photohydrogen production from a
coupled system of Halobacterium halobium and Phormidium
valderianum. — Int. J. Hydrogen Energ. 19: 733-738, 1994.

Raksajit W., Satchasataporn K., Lehto K. ef al.: A. Enhancement
of hydrogen production by the filamentous non-heterocystous
cyanobacterium Arthrospira sp. PCC 8005. — Int. J. Hydrogen
Energ. 37: 18791-18797, 2012.

Reddy P.M., Spiller H., Albrecht S.L. et al.: Photodissimilation
of fructose to H2 and CO: by a dinitrogen fixing cyano-
bacterium, Anabaena variabilis. — Appl. Environ. Microb. 62:
1220-1226, 1996.

Stanier R.Y., Kunisawa R., Mandel M. et al.: Purification and
properties of unicellular blue-green algae (order Chrooco-
ccales). — Bacteriol. Rev. 35: 171-205, 1971.

Tamagnini P., Axelsson R., Lindberg P. et al.: Hydrogenase and
hydrogen metabolism of cyanobacteria. — Microbiol. Mol. Biol.
Rev. 66: 1-20, 2002.

Tamagnini P., Leitdo E., Oliveira P. et al.: Cyanobacterial
hydrogenase: diversity, regulation and applications. — FEMS
Microbiol. Rev. 31: 692-720, 2007.

Tsygankov A.A., Kosourov S.N., Tolstygina LV. et al.:
Hydrogen production by sulfur-deprived Chlamydomonas
reinhardtii under photoautotrophic conditions. — Int. J.
Hydrogen Energ. 31: 1574-1584, 2006.

Yeager C.M., Milliken C.E., Bagwell C.E. et al.: Evaluation of
experimental conditions that influence hydrogen production
among heterocystous cyanobacteria. — Int. J. Hydrogen Energ.
36: 7487-7499, 2011.

Yoshino F., Ikeda H., Masukawa H. et al.: High photobiological
hydrogen production activity of a Nostoc sp. PCC 7422 uptake
hydrogenase-deficient mutant with high nitrogenase activity. —
J. Mar. Biotechnol. 9: 101-112, 2007.

341




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /CZE <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




