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1 Hydrogen: A Future Energy Carrier

The global demand for energy is on an exponential rise over the years, while the
fossil fuels reserves are diminishing at a faster pace (Nasr et al. 2014a). Addition-
ally, fossil fuel combustion significantly affects the environment due to CO, release
(Nasr et al. 2013a). Accordingly, scientists are searching for exploring new and
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alternate energy sources that are sustainable and possibly could replace fossil fuels
(Nasr et al. 2014b).

Hydrogen is emerging as a potential energy carrier of the future owing to
its renewable nature, zero carbon dioxide emission during combustion (Nasr
et al. 2013b), has more energy per unit weight and could be used in fuel cells
(Nasr et al.2013c¢).

2 General Characteristics of Microalgae

Microalgae are primitive tiny plants found in aquatic habitats, however, lack
various structures found in tracheophytes (vascular plants) such as leaves and
roots (Amos 2004). The main cell composition of green algae includes nucleus,
cell wall, chlorophyll and other pigments, pyrenoid, stigma and flagella.
Cyanobacteria (blue-green algae) and green algae have the ability to carry out
plant-type photosynthesis (Schnackenberg et al. 1996). Cyanobacteria are now
categorized as prokaryotes due to their anatomical similarities to bacteria.
Microalgae and Cyanobacteria perform oxygenic photosynthesis (Eq. 1), where
water is split by sunlight into O, and a strong reductant, typically ferredoxin,
typically used to reduce CO, to carbohydrates (sugars) (Tiwari and Pandey 2012).

C02—|—H20 + sunlight — [CH20]+02 (1)

(CH,0O—represents carbohydrate general formula).

3 General Mechanisms of Hydrogen Production

Biohydrogen production is the biological conversion of water, sunlight and/or
organic substrates into hydrogen by the action of nitrogenase or hydrogenase
enzymes. Hydrogen, a by-product of nitrogen-fixation by the enzyme nitrogenase,
is produced by reducing molecular nitrogen into ammonia. Hydrogenase is another
key enzyme in biohydrogen production that catalyses the formation and decompo-
sition of hydrogen (Tiwari and Pandey 2012).

Biologically, hydrogen can be produced through photobiological process (green
algae, photosynthetic bacteria or cyanobacteria), or through dark fermentation
(heterotrophic bacteria) (Hena et al. 2016). Microbial hydrogen production mainly
involves three distinct mechanisms, based on the abundance of carbon and other
energy sources (Nasr et al. 2015): (1) Dark fermentation, where the organic matter
is converted to hydrogen, carbon dioxide and soluble metabolites (mainly volatile
fatty acids) by a group of heterotrophic obligate or facultative anaerobic bacteria, in
the absence of light (Nasr et al. 2013d), (2) Photofermentation, where organic acids
(e.g. VFAs) are converted to hydrogen by the action of photosynthetic bacteria
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(e.g. Rhodobacter) in the presence of light and (3) Biophotolysis, where carbon
dioxide and sunlight are used as energy sources for the dissociation of water into
molecular hydrogen and oxygen by photoautotrophic organisms (cyanobacteria and
green algae) (Gaffron and Rubin 1942).

Biological process of hydrogen generation has multiple benefits which include
less energy demand and minimum capital investments (Nasr et al. 2014a). How-
ever, biological conversion efficiencies of substrates to hydrogen gas are influenced
by various external factors including pH, temperature, substrate concentration, type
of inoculum, etc. (Nasr et al. 2014b). The biohydrogen production efficiency of
microalgae depends heavily on the species involved and their growth requirements.

4 Photoautotrophic Hydrogen Production

Photosystems (PS) are the complexes of pigments, such as chlorophylls, caroten-
oids and phycobiliproteins, in addition to several dozen proteins that are the
functional units of photosynthesis (Singh et al. 2015). PS are able to capture
photons by light harvesting pigments (also known as antenna) and then alter light
(photon) into chemical energy via photosynthetic reaction centre (Miura et al.
1997). The initial form of chemical energy is further transformed as reductant to
metabolic energy (reduced ferredoxin which then generates nicotinamide adenine
dinucleotide phosphate (NADPH)) and a membrane potential proton-motive force
which is then transformed into adenosine triphosphate (ATP) (Florin et al. 2001).
ATP and NADPH are used to fix CO; into glucose, further used along with nitrogen
(as ammonia or nitrate), phosphorous (as phosphate) and other inorganic nutrients
as the primary building material for all other algal cell components (carbohydrates,
proteins, nucleic acids, fats, etc.) (Schnackenberg et al. 1996).

Eukaryotic microalgae are photoautotrophic (possess chlorophyll A and other
pigments) organisms, and perform oxygenic photosynthesis using photosynthetic
systems (PSII and PSI). Photosynthesis is a two-stage process (Fig. 1), which
includes light reaction (the photo part) and Calvin cycle (the synthesis part) (Florin
et al. 2001). During the light reaction of photosynthesis, the pigments in PSII
(P680) absorb light (photons with wavelengths <680 nm), creating a powerful
oxidant which can split water into protons (H"), electrons (¢ ) and O, (Miura et al.
1997). A series of electron carriers and cytochrome complex transfer the released
electrons to PSI (Schnackenberg et al. 1996). The photons (wavelength <700 nm)
are absorbed by the pigments in PSI (P700) where NADPH is formed by reducing
nicotinamide adenine dinucleotide phosphate (NADP+) by adding a pair of e~ and
H*. Additionally, the oxidized ferredoxin (Fd,,) is reduced to reduced ferredoxin
(Fd,cq), which is directed to the enzyme hydrogenase (Hase) for hydrogen liberation
(Tiwari and Pandey 2012).

Adenosine triphosphate (ATP) is also produced during light reactions by the
addition of a phosphate group to ADP by chemiosmosis, through a process known
as photophosphorylation (Bishop and Bishop 1987). The formation of ATP and
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Fig. 1 Schematic representation of photosynthesis and biophotolysis process (Amos et al., 2004)

NADPH thus marks the first step in the photosynthesis (conversion of light to
chemical energy). Subsequently, the ATP and NADPH formed during light reac-
tions are reduced with CO, from the air carbon fixation) via reductive pentose
phosphate pathway or Calvin cycle for cell division (Weissman and Benemann
1977).

During Calvin cycle, the fixed carbon is reduced to carbohydrate by the addition
of electrons (Miura et al. 1986). The excess reduced carbon thus formed is accu-
mulated as carbohydrates (CH,0O) and/or lipids inside the cells. The metabolic steps
involved in Calvin cycle are termed as dark reactions, or light-independent reac-
tions, as it does not require direct light (McCully and McKinlay 2016).

S Hydrogenase-Dependent Hydrogen Production

The hydrogen ions liberated during microalgal photosynthesis by splitting the water
molecules to hydrogen ion and oxygen are transformed to hydrogen gas by the
action of hydrogenase enzyme (Hena 2016). Hydrogenase oxidizes reduced ferre-
doxin to liberate molecular hydrogen in anaerobes, (Eq. 2, where the electron
carrier “X” is assumed to be ferredoxin) (Winkler et al. 2002). Thus, addition of
external iron source may be required for hydrogen production (Fig. 2). However,
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Fig. 2 Hydrogenase- s 3
mediated hydrogen
production [8]

fermentation pathway

the oxygen-labile nature of hydrogenase is a bottleneck for sustainable hydrogen
production using microalgae.

2H +2X equced — 6 Ha+2Xoxidized (2)

Hydrogenase enzyme has been found in green algae, Scenedesmus obliquus
(Florin et al. 2001), in marine green algae Chlorococcum littorale (Schnackenberg
et al. 1996), Playtmonas subcordiformis (Cao et al. 2001) and in Chlorella fusca
(Winkler et al. 2002), though, hydrogenase activity was not reported from
C. vulgaris and Dunaliella salina (Cao et al. 2001). Gaffron and Rubin (1942)
have indicated that the electron donation (reducing) capacity of hydrogenase does
not arise from water constantly, but may evolve intracellularly from starch like
organic compounds. Greenbaum et al. (1995) have shown good conversion rate of
light to hydrogen (10-20%), with light at 400-700 nm wavelength. Furthermore,
they found that a mutant strain of Chlamydomonas could achieve CO, fixation and
hydrogen liberation using one photosystem only (photosystem II). Miura et al.
(1986) proposed hydrogen production by a photo/dark cycle, and found that starch
was reduced from CO, during photosynthesis (in the presence of light), after which
the starch was converted to hydrogen gas, organic acids and/or alcohols under
anaerobic and dark conditions. They indicated that oxygen sensitivity of hydroge-
nase is overcome by green algae during anaerobic phase, and under light conditions,
photosynthetic bacteria convert organic acids and alcohols to hydrogen gas. Asada
and Kawamura (1986) have indicated that hydrogen gas could be produced by
cyanobacteria through auto-fermentation in dark and anaerobic conditions, where
the highest activity among the investigated cyanobacteria was witnessed for Spiru-
lina species. Gaffron and Rubin (1942) found that Scenedesmus spp could produce
hydrogen molecules under light conditions after exposure to dark and anaerobic
conditions.
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6 Nitrogenase-Dependent Hydrogen Production

In photosynthetic bacteria, nitrogenase enzyme plays a major role in catalysing
hydrogen gas production (Kapdan and Kargi 2006). Nitrogen-fixation in prokary-
otic organisms like cyanobacteria is catalysed by nitrogenase, whereas it is absent
among eukaryotes, such as microalgae (Oldroyd and Dixon 2014). In photosyn-
thetic bacteria, nitrogenase facilitates hydrogen production, though hydrogenases
may involve both in hydrogen production and uptake under specific conditions.
Nitrogenase catalysed hydrogen liberation arises as a side reaction during nitrogen-
fixation process where photosynthetic bacteria, in the presence of light, could
convert organic acids and other organic substrates into H, and CO, (Fig. 3). During
nitrogen-fixation in cyanobacteria, molecular nitrogen is reduced to ammonia by
the utilization of a reducing agent (ferredoxin) and ATP through an irreversible
reaction (Flores et al. 2005).

N,+6H1"+6e~ « 2HN;

12ATP < 12(ADP + Pi)
Nitrogenase mediates reduction of proton in the absence of nitrogen gas.

2H"4+2¢~ < H,
4ATP « 4(ADP + Pi)

In the presence of oxygen, ammonia and at high N/C ratio, nitrogenase activity is
found inhibited, though hydrogen production can be resumed after ammonia deple-
tion (Koku et al. 2003). Therefore, the process needs an atmosphere with limited
ammonium and free oxygen availability (Yokoi et al. 1998). For example, in

Fig. 3 Hydrogenase-mediated hydrogen production [8]
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R. sphaeroides, a complete inhibition of hydrogen production was noticed at
ammonia concentrations higher than 2 mM (Yokoi et al. 1998). Hydrogen produc-
tion was also found to be limited in medium containing ammonia salts, whereas
proteins (e.g. albumin, glutamate and yeast extract) enhanced hydrogen production
when used as a nitrogen source (Oh et al. 2004). At higher nitrogen levels, the
metabolism is directed more towards utilizing organic substrates for cell synthesis
and growth than hydrogen production (Fascetti and Todini 1995). Removal effi-
ciency of ammonia along with stimulation of hydrogen production could be
enhanced by the supplementation of carbonate (Antal Lindblad 2005).

Localizing nitrogenase enzyme in the heterocysts of filamentous cyanobacteria
is the most effective mechanism for depriving nitrogenase from oxygen and to
provide it with energy ATP and reducing power (Llama et al. 1979). In filamentous
cyanobacteria, vegetative cells perform oxygenic photosynthesis, whereas organic
compounds are broken down to supply nitrogenase with reducing power. ATP is
supplemented by PSI-dependent and anoxygenic photosynthesis within the hetero-
cysts (Weissman and Benemann 1977). Additionally, previous studies on the
enhancement of hydrogen production have indicated that the hydrogen-generation
ability of cyanobacteria can be improved through nitrogen deprival (Weissman and
Benemann 1977; Miyamoto et al. 1979)

7 Biophotolysis

Hydrogen gas is produced by microalgae under certain growth conditions, resulting
in an overall net dissociation of water, known as “biophotolysis” (Miura 1995).
Biophotolysis is a very interesting biological process, where water is converted to
hydrogen and oxygen using solar energy. Microalgae have all the required genetic,
enzymatic, metabolic and electron transport systems to convert water into hydrogen
gas using light (Kapdan and Kargi 2006).

The biophotolysis process can be presented as:

2H,0 + light = 2H,+0,

Biophotolysis can be classified as “direct” and “indirect photolysis”. In direct
biophotolysis, the reduced ferredoxin generated by the splitting of water during
photosynthesis is directly used to reduce the hydrogen-producing hydrogenase or
nitrogenase, without intermediate CO, fixation (Miura 1995). However, if the
hydrogen is generated from carbohydrates produced by microalgae during normal
photosynthesis, then the process is known as “indirect biophotolysis” (Gaffron and
Rubin 1942).
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7.1 Direct Biophotolysis

In direct biophotolysis, the electrons generated by the absorption of light energy by
PSII are transported to ferredoxin using light energy captured by PSI. The above
process is catalysed by the enzyme hydrogenase (Benemann 1996) present in the
stroma of algal chloroplast. Hydrogenase accepts electrons liberated from reduced
ferredoxin and donates them to two protons to generate one H, molecule. Equation
(3) presents direct biophotolysis reaction (green algae and in vitro systems; poten-
tially in cyanobacteria), whereas Eq. (4) demonstrates direct biophotolysis reaction
with respiratory O, uptake (green algae, possibly cyanobacteria) (Hena 2016).
Though direct biophotolysis is an attractive method for sustainable hydrogen
production, in practice, the process is strongly limited by the powerful inhibition of
hydrogenase activity by concomitantly released oxygen (Miura 1995). To combat
the above challenge, alternate methods have been proposed such as spatial separa-
tion of hydrogen and oxygen, chloroplast immobilization, oxygen scavenging and

gas purging.

O, hv H;
tr ¥ t (3)

H,O — PSII - PSI - ferredoxin —» Hase

0, hv CO; < (recycle) CO, O, hv
tv ¥ ‘ t ¥ t v ¥
H,0 - PSII - PSI -+ (CH,0), = // = (CH,0),; PSI - PSI -+ Hase—> H,

first stage (open ponds) (// separation of stages) second stage (photobioreactors)

4)

7.2 Indirect Biophotolysis

Reduced carbon from the photosynthetic process is generally deposited as endog-
enous carbohydrates, in the form of starch in microalgae and glycogen in
cyanobacteria (Dauvillée et al. 2006). These stored intracellular energy reserves
such as carbohydrates may act as electron donors or reducing equivalents for
hydrogenase and nitrogenase to function (Antal and Lindblad 2005). The energy
from carbohydrates is released via fermentation in dark conditions, and the surplus
reducing power may be shifted to protons (H") by hydrogenase generating hydro-
gen (Gfeller and Gibbs 1984). Thus, indirect biophotolysis encompasses two stages,
stage-1: photosynthesis for carbohydrate production, and stage-2: hydrogen pro-
duction through dark fermentation of the stored carbohydrate. Through the above
two-stage process, the release of oxygen and hydrogen can be spatially separated
from each other (Benemann 1996). This separation makes the hydrogen purification
process relatively simpler as CO, can be easily separated from the gas (H,/CO,)
mixture (Bélafi-Bako et al. 2006).
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Miura et al. (1997) studied hydrogen production using natural light/dark cycles
via indirect biophotolysis. In their study, they have found that during photosynthe-
sis, the CO,; is reduced to starch which is then fermented to hydrogen gas and
organic acids under anaerobic and dark conditions. Another mechanism for indirect
biophotolysis is by heterocystous cyanobacteria; filamentous species that could
achieve water-splitting and CO,-fixing photosynthesis, as well as exclude O, and
reduce N, (Prince and Kheshgi 2005). In heterocysts, localization of nitrogenase
provides an oxygen free environment for cyanobacteria to fix nitrogen from air
(Prince and Kheshgi 2005). Another approach of indirect biophotolysis is to carry
out two reactions in separate stages, first O, production (with CO, fixation)
followed by H, production (with CO, release) (Miura 1995).

8 Challenges and Technological Advancements
in Biohydrogen Production from Microalgae

Although hydrogen production from microalgae is a much exploited area, there are
few major drawbacks that limit its application at its commercial level. Some of
these well-known challenges include (1) O, sensitivity of hydrogenase enzyme,
(2) non-dissipated proton gradient and state transitions, (3) small antenna size,
(4) competition for photosynthetic reductant and (5) requirement of specific
photobioreactor (Dubini and Ghiradi 2014). Nevertheless, the past decade has
shown good progress in overcoming some of these shortcomings mainly through
genetic engineering approaches. Several attempts have been made at pilot and
industrial scale for the production of hydrogen by microalgae. However, most of
these successful studies involved either genetically engineered microalgal strains or
sulphur-deprived conditions (Dubini and Ghirardi 2014; Gimpel et al. 2015). Some
of the recent advancements in this area are discussed in brief below.

Oxygen sequestration to mitigate the O, sensitivity of hydrogenase enzymes is
been investigated as an alternative approach for enhancing hydrogen biosynthesis
in microalgae. Wu et al. (2011) have reported that introduction of leghaemoglobin
(LbA) proteins (oxygen sequester protein from the root nodules of legumes)
increased the hydrogen production in Chlamydomonas sp to fourfold compared to
its wild type. With further modifications to the above strain, Wu et al. (2011) could
increase the gene expression of HemH (ferrochelatase gene) and LbA
(leghemoglobin gene) to 6.8 fold in the transgenic strain of Chlamydomonas.
Similarly, two genetically modified Chlorella vulgaris strains (YSLO1 and
YSL16) with upregulated hydrogenase gene (HYDA) expression could liberate
hydrogen through photosynthesis in the presence of oxygen (Hwang et al. 2014).
Other alternative approaches were tested to remove O, which included the estab-
lishment of new pathways in Chlamydomonas. It is known that pyruvate oxidase
(PoX) enzyme is involved in the decarboxylation of pyruvate to CO, and acetyl
phosphate. The reaction is O, dependent and was assumed that the intracellular O,
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levels in Chlamydomonas could be reduced by introducing this gene (Dubini and
Ghirardi 2014). The engineered algae strain could produce 2.5 fold higher hydrogen
compared to its wild strain under very low light (30 pE m 2 s ') and sulphur-
deplete growth conditions (Gimpel et al. 2015).

Incomplete inactivation of O, formation was also achieved in the transgenic
strain of Chlorella sp. by knocking down the PSBO gene, a nuclear gene that
encodes the plastid manganese-stabilizing protein of photosystem II (Lin et al.
2013). This was achieved by antisense RNA technology, i.e. by introducing a short
interference RNA antisense-PSBO fragments to knock down the PSBO gene
expression in the transgenic Chlorella sp. This was resulted in a tenfold improve-
ment in hydrogen evolution in transgenic strain of Chlorella sp. (Lin et al. 2013).

Biohydrogen production by microalgae is also limited by the competition of
hydrogenases enzymes for photosynthetic reductant from ferredoxin with other key
enzymes viz., Ferredoxin-NADP™ reductase (FNR), Ferredoxin/thioredoxin
reductase (FTR), nitrite reductase, sulphite reductase and glutamate synthase that
are involved in major metabolic pathways (Dubini and Ghirardi 2014). To improve
the electron flow and to reduce the competitions, engineering of FNR and the
hydrogenase genes have all been exploited under in vitro conditions (Oey et al.
2016). Studies have also focused on engineering electron competitors genes such as
RuBisCo, cyclic electron flow, starch degradation and respiration (Ruehle et al.
2008; Pinto et al. 2013) with a reportedly increase in hydrogen yield (Oey et al.
2016). Obtaining additional reducing power through genetic engineering is there-
fore expected to increase hydrogen yields in microalgal cells due to the reduced
competitions by different enzymes. A study by Doebbe et al. (2007) has shown that
the expression of HUPI (hexose transporter gene) from Chlorella kessleri in
C. reinhardtii has resulted the production of an improved strain that are able to
use glucose as both carbon and electron source. They have also noticed a 1.5-fold
improvement in hydrogen production rate in the modified strain. In another study,
Pinto et al. (2013) have shown that expression of a genetically modified small
sub-unit of Rubisco (RBCS-Y67A) in C. reinhardtii has resulted in the elimination
of photosystem II activity in the modified strain leading to a 15-fold rise in hydrogen
production rate under sulphur-deplete conditions (Dubini and Ghirardi 2014).

A truncated antenna mutant of Chlamydomonas sp. showed an eightfold increase
in biohydrogen production under sulphur deprivation due to the increased light
capture efficiency and decrease photo inhibition in the mutant strain (Kosourov
et al. 2005). It is expected that the reduction of antenna size increases light
harvesting efficiency of the microalgal cells as it enhances the light absorption and
distribution leading to overall increase in photon conversion efficiency of the
microalgal cells (Beckmann et al. 2009; Oey et al. 2013, 2016). A twofold increase
in hydrogen production is also reported in C. reinhardtii by downregulation of
three major proteins of light harvesting complex II (LHC II), i.e. LHC MBI, 2 and
3 with the use of RNAIi constructs (Oey et al. 2013). Similarly, D1 mutant of
Chlamydomonas sp. with non-functional photosystem II has exhibited a substantial
improvement in hydrogen production rate in the transgenic strain (Scoma et al. 2012;
Oey et al. 2016). It was also reported that the hydrogen production in microalgae can
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also be enhanced by modifying (locking) the electron transport chain and by
lowering the cyclic electron transport thereby reducing the competition for electron
with the hydrogenases (Kruse et al. 2005a; Tolleter et al. 2011; Oey et al. 2016).
Further, the use of latest gene editing technologies such as transcription
activator-like effector nucleases (TALENS), zinc finger nucleases (ZFN) and
CRISPER/Cas systems could offer specific and lasting gene editing (Cho et al.
2013; Sizova et al. 2013; Gao et al. 2015; Oey et al. 2016). In the recent past,
immobilization of algal cells has shown excellent potential in biotechnological
industry including biohydrogen production from microalgae. An immobilized
wild type and tlal sulphur-deprived mutant strain (truncated antenna) of
C. reinhardtii on alginate films could produce higher hydrogen gas for a longer
period (over 250 h) (Kosourov et al. (2011). More recently, several studies have
also underlined the possibility of using microalgae to perform photoheterotrophic
degradation of organic acid-rich dark fermentation effluent (Zhang et al. 2014).

9 Conclusions

Microalgae are regarded as a cheaper and viable source of biohydrogen production
compared to other biomass based fuels. Biohydrogen production from microalgae
can be achieved by various means such as biophotolysis and photofermentation.
Though much progress has been made at the in vitro level, commercialization of
this technology is far from real. This may require the integration of advanced
engineering (next generation reactor configurations) and biotechnological
approaches (genetic engineering). Though researchers were successful in integrat-
ing or modifying a specific challenge or character, scale up of the process may
require inclusion of multiple characters into a single microalgal strain. Inclusion of
all the required traits into a single microalgal strain for continuous biohydrogen
production is still one of the biggest challenges that limit its commercialization.
Advances in metabolic engineering may play a major role in development of
sustainable substitutes for the long-term biohydrogen production such as simulta-
neous wastewater treatment and biohydrogen production using microalgae in the
near future.
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