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ABSTRACT: The review deals with photosynthetic H, production by various organisms, paying a special attention to bioreactor
technology. It includes a general characterization of the catalyzing enzymes (hydrogenase and nitrogenase), quantum efficiency, the
kinetics and mechanism of H, photoevolution, the distribution and activity of H, photoproducers (bacteria, cyanobacteria & 33 genera
of eukaryotic algae) , physiological functions of this process as well as recent development in photobiological hydrogen technology.
Hydrogen gas is a potential carrier of energy. For that reason used to bring space shuttles into their orbit .In this case, a fuel cell can
generate electricity from hydrogen and oxygen. Its high energy content makes hydrogen gas an interesting energy carrier. An
environmental friendly way is to use solar energy. In that particular case, we are talking about photohydrogen. Environmental
parameters and physiological factors, which may be of use to optimize algae and cyanobacterial hydrogen generation, are
summarizing. These parameters include: light intensity, gas atmosphere (Co,, N, and O,), temperature, pH, carbohydrate substrates,
metal ions, H, uptake systems, age of cyanobacterial culture, cell density, and immobilization of cells. Nitrogenase is a major catalytic
enzyme of hydrogen production in cyanobacteria, which can express three distinct nitrogenases: molybdenum nitrogenase, vanadium
nitrogenase and iron nitrogenase. Cyanobacterial and algal hydrogenase is an enzyme that catalyzes both hydrogen evolution and
hydrogen uptake. Today, several parameters are computer controllable in the photobioreactors. Already the photobioreactor to 20 L
and its application for cultivation of various photosynthetic cells, Chlorella, Chlamydomonas, Scenedesmus, Spirulina and Anabaena,

scaled up. © 2014 iGlobal Research and Publishing Foundation. All rights reserved.
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INTRODUCTION

The majority of earthly life forms are based on a bioenergetic
cycle of photosynthesis and / or respiration described by the
following equation:

8hv
2H,0 < O, +4H " +4¢

{G ~ 470 kJ(~2.46ev)}

Hydrogen is be considered an environmentally desirable fuel
since its combustion product (water) is non-polluting and it
can produced in renewable energy systems. There are
currently several industrial methods for production of H,
mostly from natural gas ,oil, coal and water. Nearly 90% of H,
is obtained by reaction of natural gas or light oil with steam at
high  temperature  (reforming).Coal gasification and
electrolysis of water are other industrial methods for H,
production. These industrial methods mainly consume fossil
energy sources and sometimes hydroelectricity [1].

Considerable researches have done on the utilization of solar
energy for H, production. A number of reviews have been
published in the past on the hydrogen production by water
splitting using photoelectrochemical, photochemical and
photobiological methods [2]. Photochemical methods use a
photosensitizer to promote water photolysis, but the yields are
poor. Photoelectrochemical methods apply semi- conductor
electrodes for light absorption and charge separation .The
problem here is to fined suitable electrode materials with a
high enough band gap to generate the photovoltage required
for water splitting.Photobiological H, production has a
number of advantages and capitalizes on the fact that
microbial species produce molecular hydrogen. It has been
suggested that the most suitable candidates for the
development of an environmentally acceptable technology for
hydrogen production are cyanobacteria and green algae [3-5].
This is because cyanobacteria and green algae are unique in
their ability to produce hydrogen using water as their ultimate
electron  substrate and solar energy as energy
source.Simultaneously green algae and cyanobacteria
consume CO, from air with H, evolution [6,7].

The design, optimization and practical demonstration of
computer —controlled photobioreactors in which solar energy
is used for hydrogen production by photosynthetic organisms
would be an important step toward an advanced hydrogen
production technology. Development of photobioreactors is a
rapidly developing branch of environmental biotechnology
based on the utilization of light energy and wasted CO, [8-10]
The aim with the recent state of the art is to discuss the recent
studies of physiological, biochemical and genetic
characteristics of photosynthetic organisms in relation to
practical beneficial application of these organisms in
photoreactors for hydrogen production.
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Distribution of hydrogen photoproducers

Many photosynthetic organisms have the capacity to
photoproduce molecular hydrogen. According to Boichenko
and Hoffmann [11], these include several hundred species
belonging to at least 50 genera of prokaryotes and 33 genera
of eukaryotes. It is worthy to mention that the numbers of H,-
metabolizing phototrophes are incapable of H, photo-
evolution, although they carry out other hydrogenase mediated
reactions.

1- Photosynthetic bacteria

Purple photosynthetic bacteria, a biochemically very flexible
and adaptable group of microorganisms, contains only one
photosystem generate ATP via a cyclic electron flow, but
incapable of direct photochemical reduction of ferredoxin.
Although these bacteria contain at least two types of
hydrogenases [12-14], H, photoproduction is mediated only
by nitrogenase when both ATP and low potential electrons
from ferredoxin, (reduced via a dark ATP-linked process) are
available Fig. (1). Since the nitrogenase system operates with
a very low rate under saturating irradiances, N-fixing purple
bacteria synthesize large amounts of the enzyme in nitrogen-
starved cells reaching up to 25% of total soluble proteins. The
increase in nitrogenase content of the cells is be stimulated by
the increase of photophosphorylation rate, and ensures high
capacity to H, photoproduction. In green photosynthetic
bacteria, however, H, evolution utilizes inorganic sulphur
compounds as electron donors. Unlike purple bacteria, the
photogenerated potential of reaction centres in green bacteria
is sufficiently low for a direct reduction of ferredoxin. The
halophilic archeobacterium Halobacterium halobium, which
carries out a unique type of anaerobic photosynthesis by
bacteriorhodopsin-mediated  light-driven ~ H*-pump, s
incapable to H, photoproduction [15].

2 — Cyanobacteria

Cyanobacteria (blue- green algae), like all bacteria, lack
nuclei, mitochondria and chloroplasts .However, there O,-
evolving and CO,.consuming photosynthesis comprises two
photosystem that generate reductants from water in
mechanisms similar to those of green plants. Morphologically
cyanobacteria are  divided into unicellular and filamentous
forms. The latter include a group of heterocystous species,
containing distinct specialized cells (heterocysts),which fix
nitrogen. Also some unicellular cyanobacteria are capable of
N, reduction and H, evolution mediated by nitrogenase [5].
The net H, evolution by cyanobacteria is thus the sum of H,
production catalysed by the nitrogenase and H, consumption
catalysed by the uptake and probably by the reversible
hydrogenase [16]. The uptake hydrogenase is a thylakoid-
bound enzyme, whereas the reversible hydrogenase is
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associated with cytoplasmic membranes, and in filamentous
cyanobacteria, both enzymes are present in heterocysts as well
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as in vegetative cells.
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Figure (1): The schematic representation of hydrogen production by photosynthetic
organisms via photosynthetic phosphorelation [7].
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Table(1): Genera of photosynthetic prokaryotes having the capacity to hydrogen photoproduction
(according to Kessler [17-19], Lambert and Smith [20], Gogotov [13]). *Nitrogen fixing cyanobacteria

(Berchtold and Bachofen [21], Markov et al. [5, 22] probably capable of H, photoproduction.

Purple sulphur bacteria

Cyanobacteria(cont.)

Microcystis

Myxosarcina

Purple-nonsulphur bacteria

Chromatium Calothrix
Ectothiorhoodospira Chamaesiphon Nostoc™
Thiocapsa Chlorogloea Nodularia*
Thiocystis Chroococcus Oscillatoria
Chroococcidiopsis Plectonema

Coccochloris

Pleurocapsa*

Rhodobacter
Rhodomicrobium Cyanothece Pseudanabaena*
Rhodopseudomonas Cylindrospermum Rivularia*
Rhodospirillum Dermocarpa* Schizothrix*
1 Ve
Green bacteria Dichothrix Scytonema
Chlorobium Fischerella Sphaeronostoc*
Pelodictyon Gloeobacter Spirulina
Cyanobacteria Gloeocapsa Stigonema
*
Amorphonostoc* Gloeotheca Stratonostoc
Anabaena* Gloeotrichia* Synechocystis
Anabaenopsis* Hapalosiphon* Synechocooccus
Aphanizomenon* Hyella* Tolypothrix
Aphanocapsa Lyngbya Trichodesmium*
Aphanothece* Mastigocladus Westiellopsis*
Aulosira* Microcoleus Xenococcus*

Cyanobacteria are the best candidates for hydrogen production

because:

* Cyanobacteria are photosynthetic prokaryotes lacking
cell organelles like chloroplasts and mitochondria so that
all electron transport reactions have to carry out within
the same thylakoid membrane system. The electron
supply is be substantially maintained under in vivo
conditions by the interaction of various electron transport
systems possibly sharing the same redox components.

* Cyanobacteria can be easily grown for a long time as
immobilized cultures, which are more hydrogen evolving
than the free-living ones.

* Cyanobacteria are highly adaptive to wide variations of
environmental conditions and, subsequently, they can
survive under extremely stressing conditions due to their
evolutionary history.

Among all photosynthetic organisms, only some cyanobacteria
are capable to H, photoproduction under aerobic conditions
inspite of the oxygen sensitivity of nitrogenase. This is be
achieved by operation of some protective mechanisms within
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the cells [23] that may be promising for biotechnological
applications. Data on hydrogen metabolism in a particular
prokaryote Prochloron having chloroplast-like organization of
thylakoid membranes and light-harvesting chlorophyll a/b-
protein complexes are still lacking.

3 - Algae

The ability for H, photoproduction have been recorded in 30
genera of green algae , two species of yellow green algae, and
one species of diatoms, in most cases in unicellular organisms
and three primitive multicellular algae, filamentous
Tribonema, Ulothrix and Volvox. This ability was never
observed in green, red, and brown macroalgae or in some
widely used unicellular algae as Porphyridium cruentum,
Euglena gracilis, Dunaliella salina which belong to the
hydrogenase - containing species. All these findings indicate
variations of H,-metabolizing pathoways in eukaryotes,
because of different properties of distinct hydrogenases,
similar to those of prokaryotes, or due to different
compartmentation of a uniform enzyme in the cells [24-26].
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Various species of algae differ extremely in the H,
photoproduction capacities, similar to different strains of the
same species [27, 28] or different populations of the same
strain under various growth and adaptation conditions. This
may reflect modulation of amounts and activity of the
inducible hydrogenase(s). Steady state rates of H,
photoproduction in green algae usually do not exceed 0.6 - 5.6
mmol kg™ (Chl) S, that is comparable with the rate of dark
H, production in the most active strains. The main reason for
this low steady state rate of H, photoproduction is the
stimulation of a competitive ferredoxin - mediated cyclic
electron flow around PS 1, since the turnover time of electron
transfer from plastoquinone pool to the cytochrome bgf
complex is comparable to the turnover time of hydrogenase
[29].

4 - Mosses:

According to Ben-Amotz et al. [30], all five species of tested
mosses exhibited uptake hydrogenase activity but were
incapable of H, photoproduction.

5 - Higher plants:

There are several reports on a hydrogenase activity in
germinating seeds and roots as well as in leaves [31, 32],
isolated leaf cells, isolated chloroplosts and even in
subchloroplast PS 1l preparations [29]. In comparative studies

of H, photoproduction in Chlorella and leaf discs of higher
plants, Efimtsev et al. [31] found that the polarographic
signal attributed to evolved H; in the latter was at least 1000-
fold smaller than that in the algae. Furthermore, Benemann et
al. [33] and Moller and Lin [34] observed the hydrogenase
activity in calluses, roots and hypocotyls, but not in leaves.
Thus, it seems that even if the phonomenon of H, exchange in
photosynthetic tissues of higher plants exists, then it is of a
marginal significance for their metabolism. Also, the nature of
evolved H,in subchloroplast PS Il particles [29] is obscure,
and may be, possibly, a result of a nonenzymaic reaction
.Nevertheless, the problem needs further careful studies [35].

Mechanism of hydrogen metabolism:

The basic requirements for hydrogen metabolism can be
simplified into an enzyme system and an electron source.

A) Enzyme system:

In cyanobacteria, there are two enzymes can be involved in
hydrogen metabolism:

- Nitrogenases that produce hydrogen during nitrogen
fixation.

- Hydrogenases that catalyze reversible or unidirectional
evolution of molecular hydrogen.

Bacillariophyta

Chlorophyta(cont.)

Chlorophyta(cont.)

Nitzschia Chlorella Neochloris
Xanthophyta Chlorococcum Oocystis
Pleurochloris Chlorosarcinopsis Pandorina
Tribonema Chodatella Pediastrum
Chlorophyta Coccomyxa Pseudospongiococcum
Ankistrodesmus Dictyosphaerium Scenedesmus
Bulbochaeta Eudorina Scotiella
Carteria Golenkinia Selenastrum
Coelastrum Gonium Tetraedron
Dictyococcus Haematococcum Ulothrix
Chlamydomonas Halochlorococcum Volvox

Chlamydobotrys

Kirchneriella

Table (2): Genera of photosynthetic eukaryotes having the capacity to hydrogen photoproduction
(From Bishop et al. [36], Greenbaum [37-40], Boiechenko et al. [25,26]).
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HETEROCYST

VEGETATIVE CELL

Figure (2): Digramatic relationship between hydrogen production and cell metabolism in

heterocystous cyanobacteria [22].
1 - Nitrogenase-Catalyzed Hydrogen Evolution:

As an inherent property of the enzyme mechanism, a side
reaction of nitrogenase is the evolution of hydrogen, according
to either reaction of the following:

*) In the presence of nitrogen
N, + 8H" + 8Fd,q + 16 Mg-ATP
16 Mg- ADP + 16 Pi

> 2NHs3 + H, + 8Fdyy +

*) In the absence of nitrogen

2H" + 2 Fd g + 4 Mg-ATP -
Mg-ADP + 4 Pi

H, + 2Fdo + 4

Cyanobacteria  with  nitrogenase- catalysed hydrogen
production can be classified into three groups based on their
morphological and physiological characterisitic.These are:
heterocystous, nonhterocystous filamentous and
nonhterocystoous unicellular species.

*) Heterocystous Cyanobacteria :

In these species, heterocysts,are the site of nitrogenase
reactions  under aerobic  growth  conditions.Many
heterocystous strains have been studied for

hydrogen  production. Among these are:Anabaena
cylinderica, A.azollae, A. variabilis , A. flos-aquae,
Chlorogloeopsis  fritschii, ~ Mastigocladus  laminosus,
M.thermophilus, Nostoc muscorum, Nostoc sp. [16, 41].
Heterocysts possess a number of morphological and
biochemical modifications designed to protect nitrogenase
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from oxygen inactivation. They are lacking both
photosynthetic carbon dioxide fixation and oxygen evolution.
On the other hand, they possess all the necessary photosystem
I components and are capable of photophosphorylation with
synthesis of ATP.

Some reductants can serve as sources of electrons to
ferredoxin in heterocysts such as:-

-NADH generated by the glycoloic pathway.
-isocetrate by means of isocitrate dehydrogenase.

-pyruvate may provide reduced ferredoxin via the enzyme
pyruvate:ferredoxin oxidoreductase.

-Moleucular hydrogen donates electrons by means of uptake
hydrogenase to ferredoxin via the photosynthetic electron
transfer chain in light or the respiratory chain in heterocyst
[22].

Nitrogenase activity has also been detected in vegetative cells
under anaerobic or microaerobic conditions.However,to date,
hydrogen production by vegetative cells has not been observed
[42].

*) Nonheterocystous Unicellular Cyanobacteria :

Hydrogen production in nonheterocystous unicellular strains is
always under the influence of O, produced during
photosynthesis. There is no universal system for the oxygen
protection of nitrogenase- catalysed hydrogen production in
nonheterocystous cynobacteria. Most unicellular
cyanobacteria can produce hydrogen under anaerobic or
microaerobic conditions. On the other hand, only a few such
cyanobacteria were shown to be capable of aerobic hydrogen
production [8].
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*) Nonheterocystous Filamentous Cyanobacteria:

Hydrogen photoproduction by nonheterocystous filamentous
strains has been intensively studied in marine cyanobacteria
Lyngbya sp. isolate N.108, Oscillatoria miami BG7 , and
Phormidium valderianum  .Greater amount of hydrogen
photoproduction was shown in Oscillatoria sp compared to
the heterocystous cyanobacterium A. cylindrica. Oscillatoria
miami was shown to exhibit sustained and high rates of
hydrogen photoproduction via a two steps process of aerobic
photosynthesis and anaerobic hydrogen photoproduction [43].

The nitrogenase enzyme system consists of two
metalloproteins, a MoFe-protein (properly dinitrogenase) of
240 KDa, and a Fe-protein (dinitrogenase reductase) of 60
KDa. The MoFe-protein is a tetramer of two similar subunits,
heterodimers, which contain MoFe-cofactor composed of
culsters (4 Fe : 3S) and (Mo : 3Fe : 3S), binding substrates,
and P-cluster pair of two (4 Fe : 4 S), facilitating electron
transfer from the (4 Fe : 4 S) cluster of Fe-protein to the
MoFe-cofactor [44].

2-Hydrogenase — Catalyzed Hydrogen Evolution

Hydrogenases are a heterogeneous group of enzymes now
known to be widespread in prokaryotes and eukaryotes [45].
They catalyze consumption or evolution of hydrogen and thus
they are be subdivided into “uptake” and “bidirectional”
hydrogenases. Both contain iron and nickel in their active
centers, so-called (NiFe) hydrogenases. Uptake hydrogenases
are located at the thylakoid membrane of heterocysts from
filamentous cyanobacteria. They are mainly active in
recycling hydrogen molecules that are be evolved during
nitrogen fixation and referred to as uptake hydrogenase. They
are membrane bound enzymes re-oxidizing hydrogen
molecules and feeding electrons thus produced into the
electron transport chain via the quinone pool of the thylakoid
membrane which finally donated to O, in the dark [46, 47].
This reaction is sensitive to CO and CN and is be coupled to
oxidative phosphorylation [48].

The second enzyme, the so-called bidirectional hydrogenase
is, active at least in vitro not only in hydrogen uptake, but also
in the evolution of the gas. It can be found in both heterocysts
and vegetative cells as well as in unicellular strains. It is
monomeric soluble enzyme containing a catalytic center
termed the H-cluster and ferredoxin. It also catalyzes
hydrogen oxidation (the same as the uptake enzyme). The
physiological function of bidirectional hydrogenase is still
obscure. This enzyme has been purified from the unicellular
strain Anacystis nidulans SAUG 1402.1 (Synechococcus PCC
6301) as well as from the filamentous nitrogen-fixing
Anabaena variabilis .Mutant construction and analysis is be
performed to elucidate the physiological function of the
enzyme [49, 50].

Measurements of hydrogenase activity were recorded using a
hydrogen electrode. Native and SDA - PAGE used in
combination with Western immunoblots in order to verify the
occurrence and to identify hydrogenases in organisms grown
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under different external conditions (Serebryakova et al.
1999,2000).To measure hydrogen gas , qualitatively and
quantitatively two prominent techniques are available : Clark-
type electrodes and gas chromatography. The Clark-type
electrode ( figure ,3) is a sensitive instrument for studying
hydrogen metabolism and allows measurements in the gas
phase as well as in aqueous solution.

B eyt el et Lty bt b e bbb el
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Figure(3):The Clark-type electrode consists of a Pt- (A) and a
reference Ag/AgCl-electrode (B) covered by a film of half-
saturated KCI electrolyte (C) enclosed within a Teflon membrane
(D) which is held in place by a rubber ring (E). Originally
developed for measuring oxygen gas, it is only a matter of
polarity, whether the electrode senses hydrogen or oxygen gas.
For hydrogen measurements 600 mV (F) are supplied ,and the
electrodes output (G).

Molecular hydrogen is a key intermediate in the metabolism of
bacteria algal hydrogen metabolism, is really a curiosity! Thus
all information on hydrogenases is derived from investigations
with bacteria. Hydrogenases catalyze the simplest of chemical
reactions, e.g. the interconversion of the neutral molecule
hydrogen and its elementary constituents: (two protons and
two electrons). It was recognized that hydrogenases contain
iron and nickel. Hence, two basic types of hydrogenases exist,
those that contain only iron and those that additionally contain
nickel. In the end-1990s, a third type of hydrogenases is being
discovered in archaebacteria, which contains no metal at all.
NiFe-hydrogenases are typically heterodimers with the active
site in the larger subunit. As we now know from the crystal
structure of the NiFe-hydrogenase from the sulfur-reducing
bacterium Desulfovibrio gigas the active site looks like that:
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French researchers resolved the crystal structure in 1995. It
took a bit longer to get the structure from a Fe-hydrogenase.
However, in 1998 it was resolved from the bacterium
Clostridium pasteuranium by Meyer and Gagnon [51] and
Peters et al [52].

It is interesting that hydrogenases contain carbon monoxide
(CO) and cyanide (CN) in their active site. Both compounds
are generally highly toxic [53].

The following scheme shows how the hydrogenase is believe
to be connecting to the photosystems in Scenedesmus obliquus
[7, 54].

Y’ |
Cysg,
Cys,,;—S
NN
CYSSBE\ >Felé
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Dac—-_Fél‘s;"’F;«cso
;CC X "C*
’ N

The physiological role of reversible hydrogenase remained
unclear untill recently .There is now evidence that reversible
hydrogenase play a role in dark anaerobic degradation of
carbon reserves with hydrogen being produce as an electron
sink [8, 55].The unicellular Cyanobacterium cyanothece 7822
,is capable of hydrogenase —catalyzed hydrogen production in
vivo under anaerobic condition in the dark without the addition
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of an artifical reductant such as methyl viologen [56, 57]. In
the light hydrogenase mediated hydrogen production occur in
the nonheterocystous filamentous cyanobacterium
,Oscillatoria limentica .However when O. limentica is
inhibited in the presence of sulphide ,photosynthetic oxygen
evolution is inhibited and adaptive changes occur .This allows
transfer of electron from sulphide to photosystem I- dependent
reaction including hydrogen evolution [58]. The requirement
for illumination during growth in order to exhibit hydrogenase
activity probably reflects an energy requirement for the cell
metabolism (protein synthesis).

The hydrogenase is constitutively present, no matter whether
the organism faces anaerobic conditions or not. Thus, one can
suppose a crucial role of the enzyme in algal photosynthesis.
As shown in the scheme, (figure 4) ferredoxin (Fd) is the
natural electron donor for the hydrogenase. Thus the
hydrogenase takes over electrons from photosystem 1. The
electrons are coming from the splitting of water at
photosystem Il. For algae facing anaerobic stress caused by
darkness and respiration or the environment, this reaction
would give algae the ability to release excess electrons from
the linear photosynthetic electron transport chain during a
switch from dark to light intensities. The hydrogenase-
mediated release of excess electrons from ferredoxin would
also be consistent with the need of supplying the Calvin cycle
with ATP. In the dark there is only little ATP in the
chloroplast available [59]. Coming into the light the Calvin
cycle thus cannot use the reductive power of NADPH because
of the lack of energy. The proton consuming hydrogenase
reaction would enhance the formation of a proton gradient
over the thylakoid membrane, supporting ATP synthesis. This
theory is consistent the findings by Stuart and Gaffron (1940)
that uncoupling photophosphorylation in Scenedesmus causes
an apparent enhancement of photohydrogen production. What
is the benefit for the algae? If algae encounter light stress
photosystem | reduces more ferredoxin than can be oxidized
by other metabolic processes like the Calvin cycle. Thus, the
electrons would stuck in the photosystems and the light energy
would be hazardous due to radical generation. In the presence
of oxygen, that situation will hardly appear: ferredoxin can be
oxidize by oxygen in the so-called Mehler reaction. But what
happens under anaerobic conditions? In such case, the
hydrogenase could substitute for the oxygen dependent Mehler
reaction [55, 60, 61].

B ) Electron sources:

Photosynthesis, respiration and fermentation act as possible
sources of electrons for proton reduction into molecular
hydrogen. Kinetic studies indicated that ATP hydrolysis
proceeds electron transfer in the Fe-protein/MoFe-protein
complex. Dissociation or structural reorganization of this
complex is the rate-limiting step in the catalytic cycle of
nitorgenase which operates with a low rate of 5 turnovers per
s. Artificial electron donors (e.g. methyl viologen or reduced
DCPIP) efficiently supplement electrons also for H, evolution
through saturation of redox components under non-
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photosynthetic conditions (e.g. inhibited PS II). With respect
to hydrogen production being finally mediate by ferrodoxin, it
is generally accept that PS Il and | function separately. Some
aspects of hydrogen evolution mechanism are being illustrated
inFigs. (1, 2,3 &4).

1-Photosystem | reactions:

Earlier studies using inhibitors, mutants and monochromatic
radiation have led to the conclusion that H, photoproduction
depends on the activity of photosystem | (PS I). The PSI-
driven H, production proceeds with a very high maximum
quantum efficiency [62]. In green algae the quantum vyield of
H, reaches 20-25%, close to the theoretical value for two-
electron reaction of H, production with the PS I / PS |1 ratio of
| : 1. Compared with the hydrogenase - mediated reaction of
PS I, ATP dependent.. H,-evolution via nitrogenase in
photosynthetic bacteria is characterized by an about 4-fold
decreased quantum efficiency in relation to number of
photochemical centers. Under certain conditions H,
photoproduction represents a one-electron reaction of semi-

reduced ground state of hydrogenase, which is be achieved via
a dark ATP-dependent electron flow:

NADPH+H"  — Fd— hydrogenase.

The immediate source of electrons for PS I-driven H,
photoproduction is a pool of reduced carriers between the two
photosystems,  electron equivalents, belong to cyt bgf/
plastocyanin and plastoquinone sub pools or two fractions of
PS | complexes. Depending on irradiance, the PS | donor pool
is be competitively reproduced by an electron flow from
fermentative metabolism via the NADH-plastoquinone oxido-
reductase and chloroplastic succinate dehydrogenase or by the
PS Il-driven electron flux from the water oxidising system
[30, 38]. Although some PS I-deficient mutants have reported
to be capable of evolving molecular hydrogen [63] careful
examination of these mutants revealed that PS I-contaminate.
Besides H, and O, evolution, an operation of associated redox
reactions also documented by measurements of chlorophyll
fluorescence induction [24] and NADH content in the cells
[55, 64, 65].

H;
S
Fd
: “
PSS : pCc-| PST | L
; it
H,0O %O +2H

Figure(4):Diagrammatic relationship between hydrogen production and two photosystems in Scenedesmus obliquus.
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Figure(6): Z-Scheme diagram of light reactions in green plants and algae.

2-Photosystem 11 reactions:

In the absence of alternative electron acceptors (CO,, NO,,
NO,), a prolonged steady-state rate of H, photoproduction in
PS | is sustained mainly by the electron flux from water-
splitting reaction of PS Il [38, 40, 66]. However, the light-
saturated rates of simultaneous evolution of H, and O, are
rather low, possibly in consequence of a negative feedback of
intracellular O, concentration on hydrogenase as a sink of
electrons. Beside the long-range electron flow from PS |1 to
hydrogenase via PS |, there is a theoretical possibility of a
short circuit in PS ll-driven electron flow to low potential
acceptors via photoreduced pheophytin. Boichenko and Litvin
[67] and Ball et al [68] found that some PS I-lacking mutants
of Chlamydomonas were capable of high radiant energy
saturated rates of H, photoproduction (11 - 22 mmol kg-1
(Chl) ™) with turnover time of 23 ms for corresponding
reaction centers. However, the quantum vyield of this H,
production was very low (0.3 - 0.7%) indicating the
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participation of a small amount of functional photosynthetic
units. The spectral analysis does not exclude the possibility of
presence in the tested PS I-less mutants of a minor amount of
PS | complex that can be not detected by other methods.
Moreover, other  “true”  PSI-lacking  mutants of
Chlamydomonas with the normal dark hydrogenase activity
but incapable of H, photoproduction have been found [48, 69].

In Oscillatoria chalybia, however, no decrease in the light-
induced hydrogen evolution (m/e = 2) is be recorded with the
light induction of the dark inactive Calvin cycle [70]. Thus,
carbon dioxide and protons do not compete for photosynthetic
electrons [63].

Metronidazole is selectively toxic to anaerobic bacteria and
shows very little effect on aerobic microorganisms. The
precise mechanisms of the metronidazole inhibitions are not
fully understand, but here is a good evidence that it interacts
with low potential electron carriers (ferredoxin, flavodoxin) in
the pyruvate synthase or hydrogenase reactions present in
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anaerobic bacteria. Metronidazole is also assumed to inhibit
the ferredoxin dependent reactions but  unaffected other
photoreductions in chloroplasts of higher plants [70-72].

Factors Affecting Hydrogen production

Various factors may have an influence on cyanobacterial
hydrogen production e.g light intensity, gas atmosphere,
temperature, composition of the growth medium
.immobilization, etc.

Species and Strains: Rates of hydrogen production can vary
greatly in different species. Screening of cyanobacteria from
different ecosystems may provide suitable H, producers. Thus
many researchs have been undertaken with heterocystous
cyanobacteria and it was found that the nonheterocystous
marine cyanobacterium Oscillatoria sp. shows higher rates of
hydrogen photoproduction than heterocystous A . cylindrica
[73-75].

Light and Dark Condition: Light is an essential factor for
hydrogen evolution by algae and cyanobacteria since
hydrogen evolution depend directly or indirectly on the rate of
photosynthetic reactions. Hydrogen production usually
increases with increasing light intensity. However, at high
light intensities hydrogen production is associated with high
oxygen production rates and is rapidly inhibited [76].The
relationship between hydrogen production and light intensity
is dependent on the culture age, gas phase and density of
culture [5]. At the later stages of growth .the efficiency of the
light conversion to hydrogen production decreased. Hydrogen
evolution also depends on light quality [77]. There are some
indications that the dark —light illumination can increase
hydrogen production compared to continuous illumination in
cyanobacteria.

Age of Cyanobacterial Culture and Cell Density: The
hydrogen production rate depends on the age of the culture
with the maximum rate of hydrogen photoproduction being
observed at the beginning of the stationary phase [76].
Hydrogen production decreased in older cultures .In contrast,
the oxygen -evolution capacity and photosynthetic pigment
decreased steadily with time.

Temperature and pH: The optimum temperature for
hydrogen production varied considerably with the organism.
Temperature conditions that are optimal for growth of
cyanobacteria may not necessarily be optimal for hydrogen
production. Hydrogen photoproduction did not occur at pH
values below 6.5 or above 10 in cyanobacteria [9].

Culture Medium

CO2: Like all phototrophic organisms, cyanobacteria use
carbon dioxide for photosynthesis. Cyanobacterial cultures
grown under limiting CO, conditions have hydrogen
production rates proportional to their growth rates.In
nonheterocystous cyanobacteria, CO, inhibits nitrogenase
probably by competing for ATP and reductant [77, 78].
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N2: Molecular nitrogen ,which is the substrate for nitrogenase
Jinhibits nitrogenase catalysed hydrogen production in some
cyanobacteria .Inhibitory effect of nitrogen or hydrogen
production by A. cylindrica is relieved by low concentration of
carbon monoxide (an inhibitor for all nitrogenase reactions
except the hydrogen-producing reaction of nitrogenase ) and
acetylene (an inhibitor of hydrogenase ) [79].

Fixed Nitrogen (Nitrate. Ammonium,etc): Nitrogenase
catalyzed hydrogen evolution is inhibited by the presence of
fixed nitrogen (ammonium, NOs;, NO, and wurea ) in the
growth medium [80].

Physiological Active Compounds and Carbohydrates:
Photohydrogen production in A. variabilis was stimulated up
to 7-fold by the addition of a cell extract of the water fern,
Azolla caroliniana to the medium [81]. Nitrogenase activity
and hydrogen photoproduction by cyanobacteria can be
enhanced in the presence of exogenous carbohydrate. Nguen
proposed that exogenous carbohydrates protect the nitogenase
from oxygen [82].

Metal ions Vanadium Sulphide: Hydrogenase activity is
stimulated by the divalent cations Zn**, Ni?*, Mn?" , Mg?,
CO* and Fe®* (Asada et al. 1992,1998).Nickel is involved in
several biological processes and low concentrations are
required for the synthesis of active hydrogenase, hydrogen
production by cyanobacteria depends on the supplying of
growing cultures with iron . Hydrogen photoproduction in A.
variabilis catalyzed by vanadium nitrogenase was 4 times

higher than hydrogen photoproduction catalyzed by
molybdenum nitrogenase (Asada et al. 2000).
Molecular Hydrogen: Molecular Hydrogen in high

concentration (up to the 50% in the gas phase) inhibits
nitrogenase activity and photosynthesis in cyanobacteria
[83].This can lead to the inhibition of hydrogen
photoproduction as well.

H, Uptake: Most heterocystous and some nonheterocystous
cyanobacteria possess an active H, uptake system [84].
Maximization of net hydrogen productionby some
heterocystous cyanobacteria includes minimization of
hydrogen consumption catalyzed by the so-called uptake
hydrogenase or/and reversible hydrogenase. H, consumption
in the dark depends on O, uptake according to the equation:

H, + 0.50, = H,O (oxyhydrogen reaction)

Immobilization of Cells: Cyanobacteria, when immobilized
in matrices such as calcium ginate ,agar,cotton,polyurethane
or polyvinylfoams,hollow fibres or glass beads produce
hydrogen for weeks and months [22]. Little is known about
the mechanisms which induce changes in hydrogen production
when cells are immobilized [85].

Biochemistry and Genetics of Hydrogen production.

The genetics of algae and cyanobacterial hydrogen production
has received little investigation because most attention has
been directed on the role of nitrogenase and/or hydrogenase in
hydrogen production. They include methods for induction and
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selection of mutants, methods for introduction of DNA into
cells, and methods for selection and analysis of complemented
mutants and recombinants. According to Markov et al. [22],
Seibert et al. [86] and Elsen et al. [15] the possible work of
objectives of genetic work related to cyanobacterial hydrogen
photoproduction include:

*Investigation of genes controlling the proportion of cells that
differentiates to heterocysts.

*Investigation of hydrogenase genes aimed at deletion of,
uptake, hydrogenase activity.

*Optimization of photosynthetic conversion efficiency for
hydrogen production.

*QObtaining mutants detective in alternative electron sinks than
hydrogen.

Nitrogenase genes (nif)

Both nitrogenase and hydrogenase are complex enzymes
.Their synthesis required the action of large number of
accessory genes and whose expression is regulated by
products of several regulatory genes. .In addition, the three-
nitrogenase systems (Mo, V, Fe) are genetically distinct,
encoded by different structural genes [87]. Nitrogenase genes
can be divided into three categories according to the
classification presented above and describe the relation
between cyanobacterial nitrogenase and molecular oxygen. A
number of genes that are turned on or off in Anabaena
heterocysts have been cloned and sequenced. Most attention
has focused on the three-gene nifH, nifD and nifK. The nifH
gene codes for the structural units of dinitrogenase reductase,
and nifD,nifK for the structural units of dinitrogenase. In
contrast to the other microorganisms, in the vegetative cells of
cyanobacteria a large segment of DNA separates the nif gene
from nifHD genes .It seems that the DNA separating nifK and
nifHD does not contain nif structural genes [88]. During
heterocyst differentiation, this DNA segment is removed and
nitrogenase activity initiated [89].

Hydrogenase genes

Genetic investigations of hydrogenase have only just begun.
Recently the nucleotide sequence of the gene proposed to
encode the small subunit of the reversible hydrogenase of the
thermophylic unicellular Synechococcus PCC 6716 and the
heterocystous A. cylindrica has been isolated. Major aim of
genetic work with uptake hydrogenase is to produce
hydrogenase—deficient (hup-) strains of cyanobacteria.
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Hybridization DNA from A. cylindrica and three plasmids
containing cloned hydrogenase genes from the bacterium
Bradyrhizobium japonicum has made [90]. Studies on mutant
organisms containing hydrogenases that are able to operate at

higher O, concentration [13, 91, 92], suggested that the
enzyme is amenable to manipulation that may affect its O,
tolerate. This observation led to investigatation of several
classical genetic approaches to generate and isolate
Chlamydomonas reinhardtii mutant that can produce Hj in the
presence of O,. They involved using random mutagensis,
followed by application of selective pressures under gradually
increasing O, concentration .The two selective pressure [15,
93-97] were based on the reversible activity of algal
hydrogenase, e.g., Hp-production and H, —uptake. Due to the
lake of specificity of the selective pressure, a chemochromic
sensor also developed to allow quickly screening the survivors
of the selective pressures for H,-producing clones using the
combination of mutagenensis, selection and screening. This
led to isolation of two generations of H,-production mutants,
76Dd4 and 141F2, with respectively 4 and 9 times higher
tolerance to oxygen compared to WT. Sequences of bi-
directional hydrogenase from several different cyanobacteria
is now available. All of them show a high similarity to the
soluble NAD-reducing hydrogenase of Aalcaligenes eutrophus
[57, 98-99]. Surprisingly, the respective gene clusters contain
additional genes that are homologous to peripheral subunits of
NADH: ubiquinone oxidoreductase, also known as complex I,
of the respiratory electron transport. This discovery led to a
structural model of the bi-directional hydrogenase associated
with this large membrane complex [99-101]. Genes encoding
other homologues of these subunits could not found outside
the hydrogenase gene cluster in the complete genomic
sequence of Synechocystis sp. PCC6803 . In addition, Appel et
al. [102] stated that, the activity of bi-directional hydrogenase
of the cyanobacterial Synechocystis sp. PCC6803 was found
not to be regulating in parallel to respiration but to
photosynthesis. A mutant with a deletion in large hydrogenase
was impaired in the oxidation of photosystem | (PSI) which
excites either PSI alone or both photosystems. PSIl of the
mutant was higher than that of WT cells .The transcript level
of the photosynthetic genes psbA, psaA and petB was found to
be different in hydrogenase —free mutant cells compared to
wild — type cells WT which indicate that the hydrogenase has
an effect on the regulation of these genes [103]. Collectively,
these results suggest the functions of the bi-directional
hydrogenase as a valve for low potential electrons generated
during the light reaction of the photosynthesis, thus preventing
a slowing down of electron transport [104-107].
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Enzyme Hydrogenase Nitrogenase
H2-Production Yes Yes

H2-Uptake Yes No

Reaction-energy dependent No Yes

ATP

Oxygen sensitive Yes Yes

Subunits 1-3 6

Catalytic High Low

Present in prokaryotes Yes Yes

Present in eukaryotes Yes No

Table 4. Hydrogenases Vs. Nitrogenases
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Figure (7): Schematic digram of hollow fibre photobioreactor for continuous production of hydrogen
by immobilized cyanobacteria.

Photobioreactors

Photosynthetic microorganisms can be engineered to produce
pharmaceuticals, chemical intermediates , and clean energy
(e.g., hydrogen) They also fix atmospheric carbon dioxide an
important consideration as increased levels of carbon dioxide
are linked to global warming .1t is expected that, in the
future, photosynthetic microorganisms will play a larger role
than higher plants in photosynthetic carbon dioxide fixation
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because they have higher photosynthetic rates per unit
biomass and, if optimized, can be cultivated in a compact
space [108, 109].

To produce algae derived materials at competitive prices,
efficient large-scale photobioreactors must have designed.
The combination of control and large scale is the key to
success as well as to exploit the potentials of photosynthetic
cells. Photobioreactors are sophisticated type of continuous
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culture with the uptake of carbon dioxide. Many closed
photobioreactors have proposed for the cultivation of
microalgae. The most common are vertical or horizontal
tubular, helical (serpentine), and inclined or horizontal thin-
panel photobioreactors. Some of the photobioreactors that
work well in the laboratory may not work as well when
scaled up because the surface-to-volume ratio decreases,
causing poor light distribution inside the reactor. Figure (7)
shows a schematic diagram of a photobioreactor for
continuous production of H, by immobilized blue green algae
on hydrophilic and hydrophobic cellulosic hollow fibers was
greater than to the hydrophobic polysulphone fibers [110-
112].

A two-phase photobioreactor can run continuously for a
period of several months with a blue green algal suspension.

CO, uptake phase:

CO, + H,0 - photosynthetic products + O,

Maximum CO, consumption rate = 150 - 170 mlg™ dry wt h*
H, photoproduction phase:

Photosynthetic products — H,
Maximum H, production rate = 20 ml g-1 dry wt h™*

In the CO, uptake phase, the cells take up CO, from the gas
phase and synthesize the products that subsequently be used
for H, photoproduction in the H, production phase. Such two-
stage system of photosynthetic accumulation of starch
followed by anaerobic dark fermentation with H, production
in algae as well as in mixed cultures of algae and
photosynthetic bacteria demonstrated a stable but rather
moderate  yield. Use of previously fixed carbon
(carbohydrates) through the oxidative pentose phosphate
pathway (which generates the reductant for nitrogenase and
hence H, production) occurs in blue green algae with the
release of CO,. Improvement of this system is limit also by
ATP dependence of the dark H, production. The addition of
N, to this system is essential for long-term H, production
because N, fixation is required to maintain cell metabolism. In
addition, it is significant to operate the photobioreactor at
higher CO, concentration than the normal level in air. The
immobilization materials (cellulosic fibers) are relatively
cheap because they are make from waste products of cotton
industry [113-114].

Incorporating heterocystous blue green algae that possess an
active H, uptake system can operated under a partial vacuum
and with continuous flow of medium through the system, thus
avoiding H, consumption.

Light inside the photobioreactor:

Various light parameters have been used to assess light
conditions inside photobioreactors, and the modeling of
photosynthetic cell growth has often been based on parameters
such as the incident and average light intensities. The concept
of mean light intensity is an improvement over the incident
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light intensity but does not consider light distribution within
the photobioreactor.

According to Einstein’s low of photochemical equivalence,
the photosynthesis rate (and hence the cell growth rate) should
be proportional to the rate of light energy absorbed by the
cells. During the linear growth phase, the cell concentration in
the photobioreactor is high, so depending on the depth of the
reactor, the growing cells absorb almost all the supplied light
energy. Total light energy supplied per unit volume of
photobioreactor (E/V), therefore, would a better measure of
photobioreactor performance than the incident or the average
light intensities [114].

Growth index

One important step in designing and optimizing
photobioreactors is the mathematical modeling of
photosynthetic cell growth. Classic models such as that of
Monod are base on the specific growth rate of the cell [115].
In most of the growth kinetics and photosynthetic cell growth
models, specific rates during the exponential growth phase are
use as growth parameters [25]. However, during high-cell
density batch cultivation of photosynthetic cells, there are
distinct sequential growth phases. The cell growth rate during
a growth phase, which has an overwhelming influence on
culture productivity, would be a good index for process design
and optimization.

As a first step in the photobioreactor design, the relative
significance of the exponential and the linear growth rates
during light-limited batch cultivation of photosynthetic cells
using various types and sizes of photobioreactors. The results
indicated that there was negative correlation between the
specific growth rates and the linear growth rates or between
the specific growth rates and the final cell concentrations
during the cultivation of Chlorella pyrenoidosa C-212 and
Spirulina platensis M-135 cells. However, regardless of the
type and size of the photobioreactor, There is a positive
correlation between the linear growth rates and the final cell
concentrations for C. pyrenoidosa and S. platensis [89, 113,
116-120]. A mathematical model that explain the existence of
the various growth phases during the light-limited batch
cultivation, predicts that the linear growth phase is longer than
the exponential growth phase under various conditions. At a
given Et/V, the linear growth rates decreased with an increase
in depth of the photobioreactors, indicating that the light
distribution inside the reactor must considered in the rational
design and scale-up of photosynthetic processes. Compared
with the fairly homogenous distribution of light inside a very
shallow photobioreactor,distinct spatial heterogeneity of light
intensities inside the deep photobioreactors. When a
photobioreactor containing a high cell concentration is
illuminate from the surface, the cells at the surface absorb
light rapidly, and light intensity decreases sharply into the
center of the reactor. As a result, the photobioreactor can
divided into illuminated and non-illuminated volume fractions.
The concept of a light distribution coefficient (Kiv) defined as
the cell concentration at which 50% of the photobioreactor
volume receives enough light for photosynthetic growth. The
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higher the Kiv, the more uniformly light is distributed within
the photobioreactor.
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Figure (8): The effects of light energy supplied per uni t

volume of photobioreactor (Et/V) on the linear growth

rates of  Chlorella pyrenoidosa in cuboidal

photobioreactors. The depths of the photobioreactors were

0.02 m, 0.04 m, 0.06 m, 0.08 m, and 0.16 m.

The significance of this coefficient can seen in the comparison
of the Kiv values of two 0.02-m-deep cuboidal
photobioreactors (Figure 9). Photobioreactor A is illuminate
from one surface with an incident light intensity of
325umol/m%, and B is illuminated from two surfaces at
incident light intensities of 162.5 pmol/m%. By assuming a
critical light intensity of 7.65 pmol/m?s and a light extinction
coefficient of 200 m%/kg [116], the effect of cell concentration
on the illuminated volume fraction was calculated. Although
the Et/V in the two photobioreactors is the same,
photobioreactor B is more uniformly illuminated,;
consequently, the Kiv value for B (3.1 kg/m®) is higher than
that for A (1.9 kg/m®).

A 1.2
=
k=] =
2 IR
Light 325 [ = £ . .
M= e A Eog = %8
= 3 3
B oo A \
T
B 'E a4 r\
= - B
% ) g 5o |
-1 ; 1625 . =
Lgd 225 | £ (8] & |25 g T Y SN
2 = 0 1 2 3 4 &
Call conen, kgim?

Figure (9): The effects of cell concentration on the
illuminated volume fraction of a cuboidal photobioreactor
illuminated from one surface (A) or from two surfaces (B).
Although the light energy supplied per unit volume (in
pmol/m2s) is the same in the two photobioreactors, the
calculated light distribution coefficients were 1.9 kg/m3
and 3.1 kg/m3 for photobioreactors A and B, respectively.

Ogbonna et al. [113] found that the linear growth rates
increased with an increase in Kiv. However, as in the case of
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Et/V, the data were scattered, show that Kiv alone is not a
sufficient index of light supply efficiency of photobioreactors.
At a constant Kiv, however, a linear relationship observed
between the linear growth rate and the Et/V. Similarly, when
the Et/V held constant, there was a good correlation between
the Kiv and the linear growth rate.

On the basis of the results of the recent work [6, 55], the light
supply coefficient defined as the product of the light energy
supplied per unit volume and the light distribution coefficient
(Et/V Kiv)--as an index of the light supply efficiency in
photobioreactors. There was a linear relationship between the
light supply coefficient and the linear growth rates of C.
pyrenoidosa and S. platensis in cuboidal photobioreactors of
various sizes. When other internally illuminated and externally
illuminated cylindrical photobioreactors were used , Ogbonna
et al. [117] found a posative correlation between the linear
growth rates of C. pyrenoidosa and the light supply
coefficient, indicating that the proposed light supply
coefficient can be used to quantitatively evaluate light
condition inside the photobioreactor, regardless of the cell
type, reactor type, or size.

Scale-up parameters

Most microbial fermentation processes significantly affected
by the degree of mixing within the bioreactor. Consequently,
parameters that directly or indirectly describe mixing behavior
in the bioreactor have used as bioreactor design criteria. The
volumetric mass transfer coefficient is the most widely used
index for bioreactor design and scale-up today. Ogbonna et al
[113] and Fang and Liu [54]) stated that the effect of
volumetric mass transfer coefficient (k,a) on the
photoautotrophic cultivation (using only light and inorganic
material) of C. pyrenoidosa and the variation of k, a between 6
and 145 h-1 had no significant effect on the linear growth rate
(Figure 10). This shows that, unlike its use to scale-up
processes with many heterotrophic (i.e., requiring organic
carbon sources) microorganisms, k a is not a good parameter
for the scale-up of photosynthetic processes.

Because of the rapid light attenuation inside photobioreactors,
spatial heterogeneity of light intensities occurs inside the
photobioreactor. Thus, even when light energy is available in
the entire photobioreactor, limitation of light energy is the
most commonly encountered problem in large-scale cultures
of photosynthetic cells. Conventionally, illumination surface
area per unit volume is used as a photobioreactor design
criterion. An efficient photobioreactor has a high surface area-
to-volume ratio. In a cultivation pond, this is achieved by
keeping the pond as shallow as possible. Tubular
photobioreactors and thin panels are the most widely
investigated closed systems for photosynthetic cell cultivation,
because they have high surface area-to-volume ratios.
However, many economic and technological problems in the
scale-up of such photobioreactors result from the need to keep
the surface area-to-volume ratio high, limiting tube diameters
and panel depths [121].
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Figure (10) : The effects of the light supply coefficient (Et
/VKiv; ) and the volumetric oxygen transfer coefficient (k
La; ) on the photoautotrophic linear growth rate of C.
pyrenoidosa.

The effects of Et/V Kiv on the linear growth rates of C.
pyrenoidosa in various types and sizes of photobioreactors are
also show in Figure 10. The inflection observed at high Et/V
Kiv values implies a decrease in the photosynthetic efficiency
in response to excessive supply of light energy. The
relationship between the light supply coefficient and the linear
growth rate of S. platensis in cuboidal photobioreactors of
various sizes was also linear. Therefore, this coefficient is a
good index of light supply efficiency of various types of
photobioreactors. Because photobioreactor performance
determined by the availability of light energy, so the light
supply coefficient can used not only to evaluate various types
of photobioreactors but also for rational design and scale-up of
photobioreactors. When a photobioreactor with the optimal
light supply coefficient for a target process is design, it should
efficiently scale up by keeping this coefficient at its optimum

[6].

Large - scale processes

Many photobioreactors that have been proposed work well in
the laboratory are extremely difficult to implement.
Commercial, scale-up potentials should be a primary design
criterion for photobioreactors. A successful scale-up will
achieved only if the data obtained with a small-scale reactor
can reproduce with large-scale reactors. To achieve this, the
factors that affect cell growth and productivity must
maintained within the optimal range as the reactor scaled up
from the laboratory to the industrial scale [6, 55].

Like other microorganisms, the growth and productivity of
photosynthetic cells are affected by many factors, including
media components, temperature, mass transfer characteristics,
pH, and concentrations of O, and CO; in the reactor. However,
as shown in Figure 10, the light supply is more important than
mass transfer rate during autotrophic cultivation of
photosynthetic cells. If the intensity of the light-distributing
object is constant, then the light supply coefficient of a unit
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decreases with an increase in the size of the unit.Therefore at a
constant light intensity, there is an optimal unit size for a
given cell and process. An optimal unit size for a process is
determined firstly, and the photobioreactor scaled up by
increasing the number of this unit in three dimensions. In this
way, the optimal light supply coefficient of the reactor
maintained during the scale-up [122].

Usually, one bioreactor used to cultivate various types of cells

and produce various metabolites. These processes can do by
using the appropriate substrate and controlling the
temperature, aeration, pH, and other factors as desired.
Because the difference between the ordinary bioreactor and
the photobioreactor is the presence or absence of light, it is
reasonable to consider light as a part of the photobioreactor.
The light requirements of cells and processes vary greatly;
consequently, the optimal light supply coefficient depends on
the cell type and the process. Thus, each cell and process
requires a different photobioreactor [6, 55, 118, 119].For
economic reasons, it is desirable to use the same
photobioreactor for several processes; therefore, it should be
possible to change the light supply coefficient of the
photobioreactor to suit the process. The light supply
coefficient of a photobioreactor is a function of the size of
each unit (the distance between two light-distributing objects)
and the light intensity. It is technically easier to change the
light intensity than the distance between the light-distributing
objects. A photobioreactor can be used for various processes
by changing the intensity of the light-distributing objects,
either by using a light source with controllable intensity or by
changing the light source altogether. In this way, the light
supply coefficient of the photobioreactor can changed, even
during cell cultivation. This design allows for starting with
low light intensity at the initial stages of growth when the cell
concentration is still low and then increasing the light intensity
as the cultivation progresses [113].

Hydrodynamic stress

Mixing is very important in photobioreactors. It helps to keep
the cells in suspension, distribute the nutrients and the
generate heat within the reactor, improve CO, transfer into the
reactor, degas the photosynthetically produced O,, improve
mass transfer between the cells and the liquid broth, and
facilitate the movement of cells in and out of the illuminated
part of the photobioreactor. However, because the growth
rates of most photosynthetic cells are very low, only a very
low degree of mixing is required to achieve most of these
objectives [116]. Furthermore, at high light distribution
coefficients, the variation in light intensity within the reactor
is minimal, so there is little advantage in moving the cells
toward and away from the light source [123]. Many
photosynthetic cells have no cell wall, and some are mobile or
filamentous, making them fragile and sensitive to shear stress.
Therefore, it is desirable to keep the hydrodynamic stress as
low as possible.

Cultivation under a sterile condition

The risk of contamination by heterotrophic microorganisms is
low when there is no organic carbon source in the medium.
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However, at facilities where many other photoautotrophic
cells are cultivated, contamination by other photoautotrophs
can be a serious problem. Thus, the new photobioreactor
should be able to withstand sterilization procedures [96].

Productivity versus efficiency

The photobioreactor consisting of a cylindrical glass vessel
and a fluorescent lamp that illuminated from the center to
determine the optimal unit size. The light intensity of the
fluorescent lamp was constant, but it is possible to induce
variation in the light supply coefficient of the reactor by using
glass vessels of different diameters. The effects of unit size
(diameters) on the light supply coefficients, the linear growth
rate, and vyield coefficient during the cultivation of C.
pyrenoidosa are shown in Figure (11).
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Figure (11): The effects of unit diameter on linear growth rate,
yield coefficient, and light supply coefficient of C. pyrenoidosa.
Each unit was internally illuminated by a 4-W fluorescent lamp
producing a light intensity of 163 pumol/m2s.

The light supply coefficient and thus the linear growth rate
decreased with increasing unit diameter. The highest
productivity (in this case, the linear growth rate) obtained with
very narrow units corresponding to high light supply
coefficients. However, under such conditions, more light
supplied than the cells can use efficiently because of
photoinhibition or energy loss in the form of heat. This
process leads to low yield coefficients. The yield coefficient
increases with increasing unit diameter, because at relatively
low light supply coefficients, most of the supplied light energy
is absorbed and efficiently used for cell growth and product
formation. However, with large unit sizes, the light supply
coefficient decreases and the illuminated volume fraction of
the unit is low (i.e., a large portion of the unit is dark). This
increases maintenance energy and decreases productivity and
the yield coefficient [116, 117, 123].

For a light source of constant intensity, the optimal unit size
depends on the cell and the process economy. If light
represents a significant percentage of the total production cost,
then greater importance should attached to the efficiency of
light use, and the unit size giving the highest yield coefficient
should selected. However, if the cost of light is relatively
cheap (such as the case of solar energy), the design criterion
should obtain the highest productivity. A high light supply
coefficient is desirable; provide that the light intensity is not
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high enough to cause photoinhibition. In most cases, a
compromise made between productivity and the vyield
coefficient [124].

A photobioreactor for C. pyrenoidosa cultivation

Prototype photobioreactor consisting of four units built with
0.5-cm-thick transparent Pyrex glass for the cultivation of C.
pyrenoidosa (Figure 12). Each unit was equipped with a
centrally fixed glass tube into which the light source inserted.
Transparent glass tubes were used as housings for the lamps,
so the reactor illuminated by simply inserting the lamps into
the glass tubes (no mechanical fixing). Any light source could
used. 4-W either fluorescent or halogen lamps with
controllable light intensity were used as the illuminating
system. Because the lamps are not mechanically fixed and can
easily be replaced, the same reactor can be used for efficient
cultivation of various cells by using a light source with
controllable light intensity or by simply replacing the light
source with one that gives the desired light intensity [6, 55].

For mixing, an impeller modified in shape so that it did not
touch the glass-housing unit during rotation used. This
impeller has low shear stress and high mixing capacity. With
this impeller, a kLa value of 100 h-1 achieved at an aeration
rate (with air) of 0.5 V/Vmin and an agitation speed of 250
rpm. This value is enough to prevent cell sedimentation,
achieve a sufficient rate of CO, transfer to the culture, and
prevent O, build-up within the reactor [116, 117]. Aeration
was done through a 5.5-cm-diameter ring sparger with four 1-
mm-diameter holes. The glass housing units serve as baffle
plates in breaking the gas bubbles, thus increasing the KkLa.
When a higher gas transfer rate is required, a sparger with
numerous smaller diameter holes should used. One benefit of
this design is that only the reactor is heat sterilized. The lamps
are inserted after cooling, thus making it possible to cultivate
under sterile conditions [116]. The production of C.
pyrenoidosa biomass in this photobioreactor using 4-W
fluorescent lamps, which give a light supply coefficient of
0.374 kJkg/m?s. The linear growth rate (0.164 kg/m3day) was
consistent with the light supply coefficient, and the final cell
concentration was 1.37 g/L. This concentration is relatively
low and would result in high cost of downstream processing.
When the light supply coefficient was increased to 0.692
kikg/m? s, the linear growth rate and the final cell
concentration increased relative to the light supply coefficient
but the efficiency of the cell's use of the supplied light energy
decreased.

Chlorella and some other algae can metabolize organic carbon
sources, so heterotrophic cultivation can used to achieve high
cell ~ concentrations.  Under such  conditions  the
photosynthetically derived products are not accumulate and
the main advantage of photosynthetic cell cultures is lost.
Experiments adapted by Ogbonna et al. [113] showed that the
protein and chlorophyll contents of Chlorella biomass
produced from heterotrophic cultures were much lower than
those of the photoautotrophic cultures. In some other species
(e.g., Euglena), chlorophyll synthesis was completely
inhibited under heterotrophic conditions.
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Figure (12): The novel photobioreactor. A: The distance from the
reactor wall to the glass tube (2.3 cm). B: The distance between
the opposite glass tubes (4.6 cm). C: The diamater of the glass
tube housing the fluorescent lamp (2.4 cm). D: The diameter of
the reactor (14 cm). Source: Adapted from Reference 21.

Also, they investigated a sequential heterotrophic-
photoautotrophic  cultivation system to produce high
concentration of C. pyrenoidosa biomass with high cellular
protein and chlorophyll contents. This method involves
passing a high concentration of monoalgal biomass from a
heterotrophic  culture through a photobioreactor for
accumulation of protein and chlorophyll. This system
composed of the conventional mini-jar fermentor for the
heterotrophic phase and the new photobioreactor for the
photoautotrophic phase. The exhaust gas from the
heterotrophic phase used for aeration of the photoautotrophic
phase to reduce CO, emission (Figure 13). The mini-jar
fermentor and the photobioreactor were filled with the media
and inoculated with the preculture of C. pyrenoidosa. The
lamps of the photobioreactor turned off, and both reactors
wrapped with aluminum foil to shut out the light. The cultures
then grown heterotrophically using glucose as the carbon
source. When the glucose completely consumed, the
photobioreactor lamps turned on; continuous feeding of fresh
medium into the mini-jar fermentor started; and the effluent
continuously passed into the photobioreactor for protein and
chlorophyll accumulation. Changes in the cell concentration as
well as chlorophyll and protein contents of the cells in the
photobioreactor shown in Figure 14. It was possible to
produce high C. pyrenoidosa biomass concentration (14 g/L)
containing 63.5% protein and 2.5% chlorophyll continuously
for >600 h. During the steady state, the CO, concentration in
the exhaust gas was reduced by 15% and the cell productivity
was 4 g/L day. This productivity is much higher than the
values reported to date in photoautotrophic cultures.

Solar energy

Because the cost of electricity is high, only few algae-derived
products can produced at competitive prices with artificial
light sources. Use of solar energy is obviously desirable,
because it is abundant and free. However, an appropriate
method for harvesting the solar energy and distributing the
light inside the photobioreactor is required. Optical fibers can
used. A light collection device consisting of Fresnel lenses
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used to collect the solar light, which then distributed inside the
reactor through the optical fibers (Figure 15). Because the
position of the sun changes continuously, the device is
equipped with a light-tracking sensor so that the lenses rotate
with the position of the sun. Because of diurnal and seasonal
changes in the sunlight intensity high volumetric productivity
is difficult to achieve if only solar energy used for reactor
illumination. At night the cells metabolize their intracellularly
stored carbohydrates for cell maintenance, resulting in
decreased productivity [113, 117]. For maximum productivity,
therefore, the solar light should be supplemented with an
artificial light source at night and on cloudy days. By
combining light sources, an optimal amount of light can
supplied continuously to the photobioreactor during the
process at reduced cost.
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Figure (13): System wused for the continuous sequential
heterotrophic-photoautotrophic cultivation of C. pyrenoidosa.
The working volumes of the mini-jar and the photobioreactors
were 2.0 and 3.0 L, respectively.
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Figure (14): Changes in cell concentration, chlorophyll

concentration, and protein concentration of C. pyrenoidosa cells
in the photobioreactor during the continuous sequential
heterotrophic-photoautotrophic cultivation.

A major problem of this system that the efficiency of light
collection and transmission very low (about 7%), so a more
efficient system still needed.  Already scaled up the
photobioreactor to 20 L, and its application for cultivation of
various photosynthetic cells is currently being investigated [6,
55, 123]
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Figure (15): System used for light collection and distribution through the optical fibers. An
artifical light source supplements solar energy during the night or on cloudy days.

Table (5): List of Hydrogen —Producing Cyanobacteria( after, Tamagnini et al. [90])

Organism Methods Measurment M moles
H2/h

Anabaena cylindrica Closed system ,GC hours 0.49
Anabaena cylindrica Closed system ,GC hours .0.7
Anabaena cylindrica Closed system ,GC hours 0.17
Anabaena cylindrica Closed system ,GC hours 0.1
Anabaena cylindrica Inert gas GC Days 1.4
Anabaena cylindrica Inert gas GC minutes 0.04
Anabaena cylindrica Inert gas GC Days 0.58
Anabaena cylindrica Closed system ,GC days 0.2
Anabaena flos-aquae Closed system ,GC minutes 0.17
Anabaena sp. Closed system ,GC hours 0.043
Anabaena 7120 Closed system ,GC hours 42
Calothrix Closed system ,GC Days 0.13
Calothrix scopulorum Closed system ,GC hours 0.13
Mastigocladus Laminosus Inert gas GC Days 0.29-0.59
Mastigocladus Closed system ,GC hours 71
Mastigocladus laminosus Closed system ,GC Days 0.17
Nostoc muscorum Closed system ,GC hours 0.37
Nostoc muscorum Closed system ,GC hours 12
Oscillatoria brevis Closed system ,GC hours 0.17
Oscillatoria miami BG 7 Closed system ,GC Days 0.18,230
Oscillatoria miami BG 7 Closed system ,GC Days 0.29,260
Oscillatoria miami BG 7 Closed system ,GC days 0.38
Plectonema boryanum Closed system ,GC hours 268
Synechococcus-sp.BG 043511 2

Inert gas GC hours 0.46

Tolypothrix
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Physiological significance

All green photosynthetic plants - including algae - consume
carbon dioxide in the presence of light to build tissue,
respiring oxygen as a waste product. “But because
hydrogenase shuts down in the presence of oxygen, it doesn't
function during photosynthesis. It is only works during
darkness, when photosynthesis is not occurring.

Because plant functions are at low ebb during darkness, the
amount of hydrogen produced is minimal. But to solve the
problem, by imposing a nutrient stress to the algae. First they
grow out the algae, fattened it under normal photosynthetic
conditions. Then withhold sulfur. Sulfur is critical for the
completion of normal photosynthesis. In the absence of the
element, the algae ceased emitting oxygen and stopped storing
energy as carbohydrates, protein and fats. Instead, the algal
cells began using an alternative metabolic pathway to exploit
stored energy reserves anaerobically - in the absence of
oxygen. The hydrogenase activated, splitting large amounts of
hydrogen gas from water and releasing it as a byproduct.

The significant thing is that the plant is using the energy of the
sunlight to produce hydrogen, not oxygen. Without sulfur, it
produces a great deal more hydrogen in the presence of light
than it does under normal circumstances in the dark. The algae
ultimately would die if the nutrient stress were maintained for
more than a few days, but they can be “fattened” again with
sulfur and sunlight, allowing for repetitions of the process and
continued harvesting of hydrogen gas. Eventually, the process
used for the production of huge quantities of hydrogen.
Hydrogen burns clean and hot, and it constitutes one-third of
the water found in the Earth's oceans, rivers, lakes and
atmosphere.

The functions of hydrogenase(s) in cell metabolism are
altogether debatable. It is getting more complicated in non-
heterocystous blue green algae where the enzyme exists in
oxygen-evolving cells while all known hydrogenases are
sensitive to oxygen (oxygen insensitive hydrogenases are
scarcely reported and genetically studies are running to clone
oxygen insensitive hydrogenases [94, 96]. In heterocysts, there
is most probably very little opportunity for oxygen-related
inhibition of hydrogenases. The question why such enzymes
exist in green photosynthetic cells (seemingly with no
physiological contribution and is subjected to oxygen-related
inhibition) urges a molecular comparison between
heterocystous- and green cell hydrogenases. Nevertheless,
several postulations have proposed for physiological
importance of hydrogenase, some of them are:

After prolonged periods of anaerobiosis, endogenous donors
over reduce photosynthetic electron transport chain from
fermentative metabolism. Moreover, the process is probably
even activating by hydrogenase. Simultaneously, anaerobic
conditions inhibit the functioning of water-oxidizing system
that sometimes cannot remove by external oxidants. In this
non-fundamental state, PS Il possibly mediates a cyclic
electron flow with the participation of cyt b-559 and reduced
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plastoquinone pool (via Q, and Q). H, photoproduction in
hydrogenase containing — algae promotes rapid reoxidation of
carriers between the two photosystems and increases the ATP
level due to coupled photophosphorylation. It indirectly
stimulates substrate phosphorylation level that triggers CO,
fixation and the mechanism of positive feedback of evolving
O, on operation of water-splitting system. Obviously, this
important function of hydrogenase/PSI couple gives to algae a
selective ecological advantage to survive and grow under
natural environment with occasional anaerobic conditions (for
example, during a mass multiplication of accompanying
heterotrophic microorganisms). In addition, the ability of
reversible hydrogenase to derive reductants without
participation of PS Il by directing the available radiant energy
into PS I-dependent cyclic phosphorylation could prove
beneficial in light-limiting anaerobic environments. An
unidentified phycobilisome-bound hydrogenase interacts with
a protein Kkinase, regulating the distribution of excitation
energy between the two photosystems. Therefore, some
workers postulated that hydrogen metabolism simulates a
safety valve at either direction (H, oxidation or proton
reduction) depending on the energy status of the cell.

There is an intriguing correlation between hydrogenase
content in green algae and the growth enhancement and
chlorophyll synthesis under unfavorable conditions.

Hydrogenases cooperate with nitrogenase complex, recycling
the H, lost during the N,-fixing cycle, and/or protecting the
latter against oxygen inactivation by an oxy hydrogen
reaction.

A light modulation of the dark fermentative H, production in
greening mutants of Chlorella through competition of
hydrogenase with NADPH-photochlorophyllide
photoreductase and an unidentified photoreductase of Mg-
protochlorophyrin for common electron donors.

Only blue green algae and algae are net energy producers from
the viewpoint of H, photoproduction since at least 4 mol ATP
per mol evolved H, are consumed in the reaction of blue green
algal nitrogenase, but not in the hydrogenase-mediated
reaction.

Biological hydrogen production is the most challenging area
of biotechnology with respect to environmental problems. The
future of biological hydrogen production depends not only on
research advances, i.e.improvement in efficiency through
genetically  engineering  microorganisms  and/or  the
development of bioreactors, but also on economic
considerations (the cost of fossil fuels), social acceptance, and
the development of hydrogen energy systems.

Cars already have been developed that run on hydrogen-
powered devices known as fuel cells. These vehicles are
virtually pollution-free; the only substance emitted from the
tailpipe is water vapor. They do not release carbon dioxide or
other heat-trapping gases, which are widely considered the
primary culprits in global warming. Fuel cells big enough to
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power electrical generating plants could also be built. long-
term goal is to develop strains of algae that we would grow in
mass cultures to produce enormous quantities of hydrogen gas.
However, at this point, they have to improve the production
performance.
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