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4 Abstract

ABSTRACT

Cyanobacteria are the only prokaryotic organisms performing oxygenic photosynthesis. They
comprise a diverse and versatile group of organisms in aquatic and terrestrial environments. In-
creasing genomic and proteomic data launches wide possibilities for their employment in various
biotechnical applications. For example, cyanobacteria can use solar energy to produce H,. There
are three different enzymes that are directly involved in cyanobacterial H, metabolism: nitrogen-
ase (nif) which produces hydrogen as a byproduct in nitrogen fixation; bidirectional hydrogenase
(hox) which functions both in uptake and in production of Hy; and uptake hydrogenase (hup)
which recycles the H, produced by nitrogenase back for the utilization of the cell.

Cyanobacterial strains from University of Helsinki Cyanobacteria Collection (UHCC), isolated
from the Baltic Sea and Finnish lakes were screened for efficient H, producers. Screening about 400
strains revealed several promising candidates producing similar amounts of H, (during light) as the
AhupL mutant of Anabaena PCC 7120, which is specifically engineered to produce higher amounts
of H, by the interruption of uptake hydrogenase. The optimal environmental conditions for H, pho-
toproduction were significantly different between various cyanobacterial strains. All suitable strains
revealed during screening were N»-fixing, filamentous and heterocystous. The top ten H, producers
were characterized for the presence and activity of the enzymes involved in H, metabolism. They all
possess the genes encoding the conventional nitrogenase (nifHDK1). However, the high H, photo-
production rates of these strains were shown not to be directly associated with the maximum capaci-
ties of highly active nitrogenase or bidirectional hydrogenase. Most of the good producers possessed
a highly active uptake hydrogenase, which has been considered as an obstacle for efficient H, pro-
duction. Among the newly revealed best H, producing strains, Calothrix 336/3 was chosen for fur-
ther, detailed characterization. Comparative analysis of the structure of the nif and hup operons en-
coding the nitrogenase and uptake hydrogenase enzymes respectively showed minor differences
between Calothrix 336/3 and other N»-fixing model cyanobacteria.

Calothrix 336/3 is a filamentous, N,-fixing cyanobacterium with ellipsoidal, terminal hetero-
cysts. A common feature of Calothrix 336/3 is that the cells readily adhere to substrates. To make
use of this feature, and to additionally improve H, photoproduction capacity of the Calothrix
336/3 strain, an immobilization technique was applied. The effects of immobilization within thin
alginate films were evaluated by examining the photoproduction of H, of immobilized Calothrix
336/3 in comparison to model strains, the Anabaena PCC 7120 and its AhupL mutant. In order to
achieve optimal H, photoproduction, cells were kept under nitrogen starved conditions (Ar at-
mosphere) to ensure the selective function of nitrogenase in reducing protons to H,. For extended
H, photoproduction, cells require CO, for maintenance of photosynthetic activity and recovery
cycles to fix N,. Application of regular H, production and recovery cycles, Ar or air atmospheres
respectively, resulted in prolongation of H, photoproduction in both Calothrix 336/3 and the
AhupL mutant of Anabaena PCC 7120. However, recovery cycles, consisting of air supplemented
with CO,, induced a strong C/N unbalance in the AhupL mutant leading to a decrease in photosyn-
thetic activity, although total H, yield was still higher compared to the wild-type strain. My find-
ings provide information about the diversity of cyanobacterial H, capacities and mechanisms and
provide knowledge of the possibilities of further enhancing cyanobacterial H, production.
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TIIVISTELMA

Syanobakteerit ovat ainoita prokaryoottisia eliditd, jotka kykenevét fotosynteesiin. Syanobakteerit
ovat monimuotoisia ja niitd 16ytyy ldhes jokaisesta elinympéristostd. Lisddntyva tieto eri lajien
genomeista ja niiden ilmentymisestd avaa laajoja mahdollisuuksia syanobakteerien biotekniseen
soveltamiseen. Syanobakteerit pystyvat muun muassa valoenergiaa hyviksikdyttden tuottamaan
vetyd. Niilld on kolme entsyymid, jotka ovat suoraan yhteydessd vetymetaboliaan: nitrogenaasi
(nif) tuottaa vetyd typen sitomisen sivutuotteena; kaksisuuntainen hydrogenaasi (hox) sekd kulut-
taa ettd tuottaa vetyd; ja lisdksi vetyd kuluttava hydrogenaasi (hup) kierréttdd nitrogenaasin tuot-
taman vedyn takaisin solun energiakayttoon.

Téssd tutkimuksessa seulottiin Itdmeresté ja Suomen jérvisté eristettyjen syanobakteerien (Hel-
singin yliopiston kantakokoelma, UHCC) joukosta hyvin vetyd tuottavia kantoja. Neljidn sadan
seulontaan valitun kannan joukosta 16ytyi muutama villityypin syanobakteerikanta, joiden vedyn
tuotanto on samalla tasolla kuin geenitekniikan avulla muokattujen kantojen tehostettu vedyntuot-
tokyky — kuten Anabaena 7120 -kannan hup poistogeeninen mutantti (AhupL). Thanteelliset olo-
suhteet vedyn valotuotannolle vaihtelevat eri kantojen vélilld. Kaikki seulonnassa valikoituneet
kannat ovat ilmakehén typped sitovia, rihmamaisia ja heterokystejd muodostavia. Vedyn tuotan-
toon osallistuvat kartoitettiin kymmeneltd parhaalta kannalta, joilta kaikilta 16ydettiin tavallista
nitrogenaasia (nifHDK1) koodaavat geenit. Valittujen kantojen korkea vedyn tuotantokyky ei
kuitenkaan osoittautunut olevan suoraa seurausta nitrogenaasin tai kaksisuuntaisen hydrogenaasin
korkeasta aktiivisuudesta. Suurimmalla osalla parhaista vedyntuottajista osoittautui olevan hyvin
aktiivinen vetyd kuluttava hydrogenaasi, jonka on ajateltu olevan este tehokkaalle vedyn tuotan-
nolle. Kymmenen parhaan vedyntuottajakannan joukosta valittiin Calothrix 336/3 tarkempaan
tarkasteluun. Nitrogenaasin ja vetyd kuluttavan hydrogenaasin nif ja hup operonien vertaileva
analyysi paljasti pienid poikkeamia Calothrix 336/3:n ja muiden typped sitovien mallikantojen
vililla.

Calothrix 336/3 on rihmamainen, typped sitova syanobakteeri, jolla on soikion muotoiset, rihmo-
jen péissd olevat heterokystit. Calothrix 336/3:11a on kyky tarttua kiinni erilaisiin pintoihin ja kasvaa
niiden pinnalla. Titd ominaisuutta ja immobilisointi-tekniikkaa hyddyntdmaélld pystyttiin edelleen
parantamaan vedyn valotuotantokapasiteettia. Alginaatilla immobilisointia vedyn valotuotantosys-
teemind tutkittiin Calothrix 336/3:1la ja verrattiin sitd Anabaena 7120:een ja sen AhupL-mutanttiin
samassa systeemissd. Thanteellisen vedyn valotuotannon saavuttamiseksi, soluja pidettiin typpiva-
paissa olosuhteissa (Ar kaasufaasina), ndin varmistaen nitrogenaasin toiminnan protonien pelkisti-
misessd vedyksi. Lisdksi syanobakteerisolut tarvitsevat pitkdaikaiseen vedyn valotuotantoon myos
hiilidioksidia fotosynteettisen aktiivisuuden siilyttdmiseksi sekd palautumissyklit mahdollistaakseen
typen sitomisen. Sadnnollisten vedyn valotuotantojaksojen ja palautumissyklien avulla, joissa Ar tai
ilma toimivat kaasufaaseina, saatiin sekd Calothrix 336/3:n ja Anabaena 7120 AhupL-mutantin ve-
dyn valotuotantoa huomattavasti pitkitettyd. On huomionarvoista, ettd ilman ja lisatyn hiilidioksidin
toimiessa palautumissyklissd, AhupL-mutantin fotosynteettinen aktiivisuus vdaheni C/N epétasapai-
non johdosta, vaikka sen vedyn tuotto olikin parempi kuin vastaavan villityypin. Tutkimukseni lisdd
tietoa syanobakteerien vedyntuotannon moninaisuudesta ja mekanismeista, sekd lisdd ymmarrystd
syanobakteerien vedyn tuotannon lisd&imiseksi tulevaisuudessa.
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12 Introduction

1 INTRODUCTION

1.1 Hydrogen as a source and carrier of energy

The depletion of easily accessible fossil fuels and the detrimental environmental ef-
fects of their utilization have caused the need to find new renewable and environmen-
tally friendly energy alternatives. According to the IPCC (Intergovernmental Panel on
Climate Change 2013), if greenhouse gas emissions continue to rise as they do now,
the global climate might rise up to 5 °C by the end of this century. However, if emis-
sions are reduced starting from 2020, the temperature of climate would rise only one
degree (IPCC 2013). In order to address this problem, the European Union has com-
mitted to increase the share of renewable energy from 11%, recorded at year 2009, to
at least 20% of the total energy consumption by 2020 (European Renewable Energy
Council, EREC 2010). Finland has made a statement committing to cut greenhouse gas
emissions by at least 80% from the 1990 level by 2050 (EREC 2009). Fulfillment of
these targets requires the utilization of all possible renewable energy sources.

Molecular hydrogen (H,), also called “the fuel of the future”, has potential to be a
clean, renewable energy source since it provides energy without CO, emission. Indeed,
the production of H, by photosynthetic organisms can actually capture carbon. H, has
the highest gravimetric energy density of any known fuel. Most of the current com-
mercial H, production is based on steam reforming of natural gas. Some portion of
commercial H, is produced through the electrolysis of water, which requires electricity
generated by burning fossil fuels. Thus large scale H, production from the fossil fuels
is not a sustainable option.

The ultimate goal is to develop technologies, where H, is produced from renewable
and sustainable resources. This could be achieved by direct water splitting by photoac-
tive materials during illumination (Herrero et al. 2011, Graetzel et al. 2012, Kenney et
al. 2013, Kim & Choi 2014). Progress in this direction has been achieved using inex-
pensive earth-abundant elements as catalysts for construction of an “artificial leaf” for
electrolysis of water into H, and O, (Nocera 2012, Kibsgaard et al. 2014, Jackson et al.
2014). The electrolysis process, where electricity obtained from other renewable tech-
nologies, like geothermal, wind or bioenergy, can be further routed to the artificial,
bioinspired catalyst to produce H, (Ott et al. 2004, Magnuson et al. 2009, Ham-
marstrom et al. 2011, Wang et al. 2011, Lubner et al. 2011, Helm et al. 2011, Brown et
al. 2012). Recently, a bio-photoelectrolysis cell system for H, production, which uti-
lizes cyanobacteria, has been devised (McCormick et al. 2013).
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H, is also used as an energy carrier for electricity. H, can be converted into electrici-
ty via fuel cells, electrochemical devices that combine H, with O, to generate electrici-
ty. Fuel cell engines are believed to be a future replacement for combustion engines
since they are approximately twice as efficient as the traditional internal combustion
engine (van der Zwaan et al. 2013). If widely utilized, H, fuel cell technology will
provide a link between renewable energy sources and sustainable energy services
(Levin et al. 2004). However, the future utilization of solid state H, storage will un-
cover new possibilities for applications, since it would increase the gravimetric energy
density of H, significantly (Hanlon et al. 2012).

The European Union has developed a H, energy roadmap, HyWays, which aims to
establish the impacts of the large scale introduction of H, on environment, society and
economy (HyWays 2008). The prospects for a future H, economy will depend on de-
veloping competitively priced fuel cells for stationary applications or vehicles. Multi-
fuel integrated energy systems could co-produce electricity, H, and liquid fuels with
overall high-conversion efficiencies and low emissions, whilst also facilitating CO,
capture and storage (Floudas et al. 2012). H, can be produced independently from oth-
er countries, thus being of national interest in energy security.

There are several strategies to produce bioH, by living organisms, direct water bio-
photolysis (as performed by green algae and cyanobacteria), indirect water biophotoly-
sis (by green algae and cyanobacteria), photo-fermentation (performed by purple non-
sulfur bacteria), water-gas shift reaction (by photo-heterotrophic bacteria), and dark-
fermentation (as performed by anaerobic bacteria, cyanobacteria and green algae)
(Kerby et al. 1995, Levin et al. 2004, Azwar et al. 2014). Cyanobacteria and green al-
gae are the only organisms capable of performing oxygenic photosynthesis with simul-
taneous production of H, in sunlight from water via hydrogenase and nitrogenase en-
zymes linked directly or indirectly to the photosynthetic electron-transport chain
(Houchins 1984, Happe & Naber 1993, Tamagnini et al. 2007, Tsygankov 2007).

The focus of this thesis is the sustainable photoproduction of H, by using solar en-
ergy, water and cyanobacteria.

1.2 Cyanobacteria

Cyanobacteria are classified as Gram-negative prokaryotes, although many species
have cell envelopes similar to a Gram-positive envelope, for example in the thickness
of the peptidoglycan layer and composition of lipids. Cyanobacteria are covered with a
gelatinous sheath followed by an outer membrane, a peptidoclycan layer and a cyto-
plasmic or plasma membrane (Liberton & Pakrasi 2008). Cyanobacterial cells range in
size from those of typical bacteria (0.5-1 pm in diameter) to cells as large as 60 um in
diameter (Madigan et al. 2008). Most species are obligate phototrophs, being unable to
grow in the dark on organic compounds. Some can grow photomixotrophically (You et
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al. 2014). However, most cyanobacteria can use simple organic compounds, such as
glucose, if light is not present (Rippka et al. 1979).

Cyanobacteria exhibit a carbon-concentrating mechanism (CCM), which allows the
cells to raise the concentration of CO, in the carboxysome, in near proximity to Ru-
bisco up to 1000-fold over that in the surrounding environment (Giordano et al. 2005,
Price et al. 2008). The carboxysome is a special compartment consisting of thousands
of proteins. The CCM compensates for the low affinity of Rubisco for CO,, depresses
photorespiration, and also helps the cell in dissipating excess light energy (Tchernov et
al. 2003, Giordano et al. 2005, Price et al. 2008). The CCM is induced under low inor-
ganic carbon (C; as CO, and HCOy") conditions, and under non-limiting C;, the CCM
declines to a basic constitutive level with mainly CO, uptake (Price et al. 2008).

Whilst cyanobacteria share the basic cellular features of other bacteria, they are
unique in that they have evolved coupled photosystems which are able to remove elec-
trons from water and produce O, as a byproduct (Knoll 2008). These photosystems are
localized to a complex and organized system of internal membranes, called thylakoids.
Thylakoids consist of a membrane surrounding a thylakoid lumen. Chlorophyll a in
thylakoid membranes is an essential pigment for photosynthesis (Bjorn et al. 2009),
but chlorophylls absorb only a certain range of the sunlight spectrum. Accessory and
protective pigments such as phycobilins and carotenoids give an extended ability to
harvest a wide spectrum of light for photosynthesis and, in some cases, protect cells
from UV and other light-induced cell damage. The major light-harvesting antenna
complexes in cyanobacteria are the water-soluble phycobilisomes, which surround the
reaction centers (DeRuyter & Fromme 2008) and cyanobacteria have been character-
ized by their ability to form high amounts of the phycobilin pigment, phycocyanin,
giving the blue color that lead to their naming as blue-green algae (Whitton & Potts
2012).

Major protein complexes, Photosystem (PS) II, PSI, Cytochrome bsf complexes and
ATP-synthase are also embedded in the thylakoid membrane. During photosynthesis,
light is captured by the antenna complexes and excitation energy is transferred to PSI
and PSII reaction centers where charge separation occurs. PSII uses absorbed light
energy to split water to O, and protons and passes electrons down the electron
transport chain — through plastoquinone, Cytochrome b¢/f and plastocyanin. Mean-
while, PSI is also excited by light and performs a charge separation at P700, a primary
electron donor of PSI, and passes electrons through the iron-sulfur clusters to ferredox-
in (Fd), which acts as a soluble electron carrier. Finally, Fd transfers electrons to the
Fd-dependent NADP" oxidoreductase enzyme (FNR) that reduces NADP' to NADPH.
Plastocyanin, a small mobile electron carrier, recovers oxidized P700 by donating
electrons originated mainly from water splitting in PSII. This process is known as line-
ar electron transport. During linear electron transport, protons are transferred from cy-
tosol to lumen through the thylakoid membrane, thus producing an electrochemical
proton gradient across the membrane. This drives ATP production via the ATP syn-
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thase complex (Figure 1). Photosynthetically generated NADPH and ATP are utilized
primarily by the Calvin-Benson-Bassham cycle for fixation of CO,, but may also fuel
many other metabolic pathways. In addition, Fd, FNR and NADPH which are reduced
during light reactions, can distribute electrons to various alternative reactions. A com-
mon alternative is cyclic electron transport around PSI, where the electron flow from
NADPH or Fd is re-directed back to plastoquinone, leading to ApH generation and
additional ATP production (DeRuyter & Fromme 2008). In some cases, Fd can also
directly donate electrons to nitrogenase (Bothe 1970, Smith et al. 1971) and bidirec-
tional hydrogenase (Gutekunst et al. 2014) enzymes. Under specific conditions, these
enzymes may contribute to efficient H, generation (Tamagnini et al. 2007).

Despite the prokaryotic nature of cyanobacteria, they have also contributed signifi-
cantly to the eukaryotic kingdom, since it is likely that the engulfment of an ancient
cyanobacterium resulted in the plant chloroplast (Sagan 1967, Mulkidjanian et al.
2006). In the Earth’s history, cyanobacteria have been important primary producers,
playing a significant role in both carbon and nitrogen cycles. Fossil traces of the ances-
tors to present cyanobacteria have been found dating back ~3.5 billion years. The evo-
lution of cyanobacterial PSII (2.8-2.3 billion years ago) gave rise to increasing atmos-
pheric oxygen which changed the life conditions on Earth, yielding an explosion in
biodiversity (Knoll 2008, Schopf 2012). Cyanobacterial ecological plasticity, physio-
logical flexibility and long evolutionary history are possible reasons for their easy ad-
aptation to numerous ecological niches. Diversity is also seen in the sizes of their ge-
nomes, with sequenced genomes ranging from 1.44 (marine UCYN-A organism) to
15.87 Mbp (Mastigocoleus testarum) (Tripp et al. 2010, Dagan et al. 2013). Cyanobac-
teria can be found in environments ranging from fresh water to oceans, from terrestrial
to arctic environments and from rocks to soil. Symbiotic interactions with other organ-
isms are diverse, including fungi (lichens), sponges, protists and plants (Whitton &
Potts 2012).

Cyanobacteria are promising microorganisms for the production of biofuels: they
directly convert solar energy into chemical energy using water, CO, and some miner-
als as a substrate. Under certain conditions cyanobacteria can produce non-organic
(H») and organic biofuels. Cyanobacteria have many positive aspects regarding biofuel
production: (i) they can double their biomass in 6-12 hours at their exponential growth
phase (Mori et al. 1996, Kondo et al. 1997); (ii) under suitable weather they can be
cultivated year around; (iii) the culture systems demand less water than terrestrial
crops; (iv) they can be grown in brackish water on non-arable land, avoiding the com-
petition with the production of food crops; (v) they can utilize most nutrients from in-
dustrial or household waste; (vi) they can produce useful side-products, like bioactive
compounds for pharmaceutical use or biomass used as feed or fertilizer, or fermented
to produce different biofuels (Abed et al. 2009, Rastogi & Sinha 2009, Ortiz-Marquez
et al. 2013).
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A number of enzymes from different organisms have been transferred to cyanobac-
teria to engineer novel pathways for the targeted production of different organic biofu-
els. By means of genetic and metabolic engineering the following fuels have been suc-
cessfully produced in cyanobacteria: (i) alcohol-derived fuels, like ethanol, isobutyral-
dehyde and butanol (Dexter & Fu 2009, Atsumi et al. 2009, Lan & Liao 2011, 2012,
Gao et al. 2012, Savakis et al. 2013); (ii) isoprenoid-derived fuels, isoprene and mono-
terpenes (Lindberg et al. 2010, Bentley & Melis 2012, Bentley et al. 2013); (iii) eth-
ylene and other alkenes (Takahama et al. 2003, Converti et al. 2009, Eser et al. 2011,
Ungerer et al. 2012, Guerrero et al. 2012); and (iv) fatty acids and alcohols (Kacz-
marzyk & Fulda 2010, Liu et al. 2011, Tan et al. 2011). Cyanobacteria have also been
metabolically engineered to produce and secrete sugars and lactate (Niederholtmeyer
et al. 2010, Angermayr et al. 2012).
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Figure 1. BioH, production pathways in cyanobacteria (modified from Hallenbeck
2012).

1.2.1 Morphology of filamentous cyanobacteria

Among cyanobacteria there are a wide range of morphologies including unicellular
and multicellular forms. In some multicellular cyanobacteria, four different cell types
can be found: the vegetative cells, heterocysts, hormogonia and akinetes. Under favor-
able growing conditions, filamentous cyanobacteria form mainly vegetative cells, also
called as photosynthetic cells. Many filamentous strains in response to the deprivation
of combined nitrogen, differentiate some vegetative cells into heterocysts. Heterocysts
are decribed in more detail below. In response to certain environmental impulses,
some filamentous cyanobacteria also produce hormogonia, which are short and mobile
filaments that can be transiently used for short-range dispersal and the establishment of
symbiosis. Hormogonia do not fix N, and are smaller and more cylindrical than vege-
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tative cells. The smaller cell size is a result of the hormogonia being formed by cell
division without cell growth or DNA replication. This also results in fewer copies of
the chromosome in each cell (Meeks et al. 2002, Meeks & Elhai 2002).

When environmental conditions become extremely harsh, some heterocystous
strains can differentiate vegetative cells into akinetes, which are spore-like cells.
Akinetes are bigger than vegetative cells, very resistant to both cold and desiccation
and can survive for a long time. In this cell type, high levels of valuable substances
such as nitrogen and carbohydrates are stored in the form of cyanophycin and glyco-
gen. When the environment becomes more favorable, the akinete germinates into a
vegetative cell (Meeks et al. 2002).

1.2.1.1 Heterocysts

In N,-fixing filamentous cyanobacteria, the absence of a combined nitrogen source
allows some vegetative cells to differentiate into specialized cells, known as hetero-
cysts. Heterocysts are microoxic compartments where nitrogenase catalyzed N, fixa-
tion occurs. These specialized cells are usually distributed at a frequency of 5-10% of
the total cells in a semi-regular pattern, either individually along a filament or at one
end of a filament.

Heterocysts can be morphologically identified by special nodules at their polar re-
gions which connect them to adjacent vegetative cells. This polar region also contains
membranes with high respiratory activity to consume residual O, that, in addition to
N,, enters the heterocyst from adjacent vegetative cells through the terminal pores
(microplasmodesmata). These channels are thought to be a connection medium, allow-
ing the exchange of different metabolites between cells in a filament. Heterocysts also
accumulate granules of cyanophycin as a nitrogen reservoir to the polar regions of het-
erocysts (Fay 1992, Walsby 2007, Flores & Herrero 2010).

Heterocysts and vegetative cells are interdependent. As heterocysts lack Rubisco,
and cannot reduce CO,, they rely on carbon compounds supplied by the vegetative
cells, mostly as sucrose (Lopez-Igual et al. 2010). Also, alanine is transported from
vegetative cells into heterocysts where it is catabolized for reducing power (Pernil et
al. 2010). In turn, heterocysts provide vegetative cells with fixed nitrogen. Glutamine
and B-aspartyl-arginine produced from cyanophycin in the heterocysts is transferred
intercellularly to vegetative cells (Flores & Herrero 2010, Burnat et al. 2014). PSI in
the heterocyst provides nitrogenase with energy as ATP by cyclic photophosphoryla-
tion and light-reduced Fd as an electron donor (Figure 2) (Flores & Herrero 2010, Bo-
the et al. 2010). Carbohydrates are metabolized in heterocysts mainly through the oxi-
dative pentose phosphate (OPP) pathway, which produces NADPH (Summers et al.
1995).
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cells in N,-fixing cyanobacteria (modified from Hallenbeck 2012).

The irreversible differentiation of a vegetative cell into a heterocyst takes about 24

hours during a nitrogen step-down (Yoon & Golden 1998, Huang et al. 2004). More
than 500 proteins are differentially expressed in heterocysts during this differentiation
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from a vegetative cell (Ow et al. 2008), demonstrating the complex regulation of this
process. The transcriptional regulators NtcA and HetR are required for differentiation
(Herrero et al. 2001, Flores & Herrero 2010). NtcA is highly conserved in cyanobacte-
ria; it perceives nitrogen stress by responding to the internal 2-oxoglutarate (2-OG)
level, which is an indicator of the C/N balance (Muro-Pastor et al. 2001, 2003, Flores
& Herrero 2010). The NtcA response is to control nitrogen availability in cells by
binding to the promoter region of target genes and activating or repressing their ex-
pression. An example of this is the binding of NtcA upstream of the site-specific re-
combinase xisA, resulting in the excision of an 11,5 kb DNA element located within
nifD in Anabaena sp. PCC 7120 (hereafter, Anabaena 7120) (Ramasubramanian et al.
1994). Rearrangements also take place during the late stages of heterocyst differentia-
tion of other cyanobacteria. These excision elements comprise of a 55-kb XisF within
Fd (fdxN) and a 10.5-kb XisC within the large subunit of uptake hydrogenase (hupL)
(detailed below) (Bothe et al. 2010). Recently, it has been found that NtcA can bind to
more than 2000 DNA regions in Anabaena 7120, from which only a small portion of
genes are involved in N metabolism, suggesting a wider role for NtcA in the physiolo-
gy of the cells (Picossi et al. 2014).

NtcA and HetR, the master regulator of cell differentiation, demonstrate mutual de-
pendency for expression. Mutants deficient of HetR do not develop heterocysts, while
overexpression leads to an increase in heterocyst differentiation (Buikema & Hasel-
korn 2001). The activity of HetR is modulated by the products of ZetF and patS. HetF
is needed for HetR autoregulation and pat4 mutants form heterocysts only at the end
of the filaments (Wong & Meeks 2001, Buikema & Haselkorn 2001). PatS and HetN
are required for maintaining an established pattern of heterocysts (Yoon & Golden
2001, Callahan & Buikema 2001).

Ammonium, nitrate and urea are the most common sources of fixed nitrogen for cy-
anobacteria. Ammonium is the most preferred source, as it is the most energetically
economical. The availability of fixed nitrogen sources reduces cyanobacterial N, fixa-
tion. In Anabaena 7120, the genes involved in the uptake and reduction of nitrate and
nitrite are organized as a nird (Fd nitrite reductase)-nrtA-nrtB-nrtC-nrtD (four genes
encoding an ATP-binding ABC-transporter) -narB (Fd nitrate reductase) cluster. This
gene cluster is highly expressed in the absence of ammonium but also in the presence
of nitrate or nitrite. Upon transfer of Anabaena 7120 cells to ammonium deficient con-
ditions, the transcription levels of the nir4-narB genes increased within approximately
30 minutes (Cai & Wolk 1997, Thiel 2005).

When conditions are unfavorable for N, fixation, mainly due to high O, concentra-
tions, a modification of the nitrogenase Fe-protein occurs, which inactivates nitrogen-
ase reversibly. Addition of ammonium at a high pH can lead to increasing O, levels in
heterocysts by limiting the available reductant for respiration. This nitrogenase modi-
fication can similarly be induced during periods of low carbohydrate supply to hetero-
cysts (Ernst et al. 1990).
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Ammonium produced by nitrogenase is incorporated via the GS-GOGAT pathway.
In this pathway, glutamine synthetase (GS) catalyzes the ATP-dependent amidation of
glutamate, forming glutamine. Glutamate synthetase (GOGAT) catalyzes the reductive
transamidation of 2-oxoglutarate (2-OG), producing two molecules of glutamate (Mar-
tin-Figueroa et al. 2000, Meeks et al. 1977, 1978, Flores & Herrero 2010). 2-OG di-
rectly enters the GS-GOGAT cycle in cyanobacteria, serving as a carbon skeleton for
the incorporation of inorganic nitrogen. High levels of 2-OG indicate nitrogen starva-
tion (a high C/N ratio) and induce nitrogen assimilation systems. Heterocysts contain
high levels of GS and lack GOGAT. Isolated heterocysts produce glutamine when in-
cubated in the presence of glutamate. This suggests that there is a glutamate-glutamine
exchange between vegetative cells and heterocysts that results in a net export of nitro-
gen from the heterocysts (Wolk et al. 1976, Flores & Herrero 2010). Alternatively,
glutamine can be converted to arginine which is incorporated into granule of cyano-
phycin (Gupta & Carr 1981).

1.2.2 Anabaena sp. PCC 7120

Anabaena 7120, also known as Nostoc sp. PCC 7120 or Anabaena/Nostoc sp. ATCC
27893 is a photoautotrophic, filamentous, heterocyst-forming and N,-fixing cyanobac-
terium. This is the first filamentous cyanobacterium whose genome has been se-
quenced. The genome size is approximately 7.21 Mbp, and divided on one chromo-
some and six plasmids (Sazuka et al. 1999, Kaneko et al. 2001). The transcriptome
(Ehira & Ohmori 2003, 2006) and proteome of the strain have been characterized
(Stensjo et al. 2007, Ow et al. 2008). Anabaena 7120 has been a model organism for
N,-fixing cyanobacterial research. The strain is not symbiotically competent and lacks
the ability to form either hormogonia or akinetes. Availability of genetic transfor-
mation tools, including an efficient conjugation system, have made this strain suitable
for studies of cellular differentiation, pattern formation, N, fixation and H, production.

1.3 Cyanobacterial H, metabolism

An important approach to the sustainable production of H, from a variety of renewable
resources, such as sunlight, water, organic wastes or biomass, is through using micro-
organisms. Early work on photobiological H, production was performed by Gaffron
and Rubin, who in 1942 reported that the green alga Scenedesmus produced H, under
light conditions which followed a dark, anaerobic treatment. In 1974, Benemann and
Weare demonstrated that a N,-fixing cyanobacterium, Anabaena cylindrica, produced
H, and O, gas simultaneously in an argon (Ar) atmosphere for several hours. Later, the
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cyanobacterium Arnabaena 7120, which transiently produced H,, was found to have a
reversible, or bidirectional, hydrogenase (Houchins & Burris 1981b).

Since this early work, a total of three enzymes have been demonstrated to be direct-
ly involved in the process of H, metabolism in cyanobacteria (Figure 3): nitrogenase
catalyzes the production of H, as a byproduct of the fixation of N, to ammonia; uptake
hydrogenase catalyzes the utilization of H, produced by nitrogenase; bidirectional hy-
drogenase has the capability to evolve and consume H,. Cyanobacterial strains can
have a bidirectional hydrogenase, an uptake hydrogenase, or both.

Some cyanobacteria can produce H, by direct water biophotolysis. During direct bi-
ophotolysis, electrons for H, production are supplied directly from water-splitting PSII
via linear electron flow. However, this production system is limited in cyanobacteria
by the simultaneous evolution of O,, which hydrogenases are highly sensitive to. For
this reason, H, production via direct photolysis in cyanobacteria lasts only a few sec-
onds during a dark to light transition (Cournac et al. 2004). During indirect biophotol-
ysis the O,-producing water splitting and O,- sensitive H, production reactions are
temporally or spatially separated. During indirect biophotolysis, electrons are supplied
to H, via degradation of intracellular carbon compounds produced during photosyn-
thetic CO, fixation.
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1.3.1 Nitrogenases

There are different types of nitrogenase based on the metal composition in the active
site. The molybdenum (Mo) containing nitrogenase fixes atmospheric nitrogen into
ammonia (NH3) and produces H, as a byproduct according to:

N,+8H +8¢ + 16 ATP — 2NH; + H, + 16 ADP + 16 Pi.

The NHj produced is later converted into proteins and nucleic acids (Meeks et al.
2002). This reaction is highly endergonic and costly for the cell, since 16 ATP mole-
cules are consumed per nitrogen molecule fixed.

In the absence of atmospheric N,, nitrogenase catalyzes the reduction of protons
to H, (Masukawa et al. 2010):

2H +2e¢ +4 ATP —» H, +4 ADP + 4 Pi.

Reduction of protons to H, by the nitrogenase enzyme is a relatively slow reaction (6.4
s™) (Hallenbeck et al. 1979). The properties of the cyanobacterial Mo-nitrogenase, as
shown by purification and characterization, are equivalent to those of heterotrophic
organisms (Hallenbeck & Benemann 2002).

Mo-containing nitrogenase comprises of two subunits: the dinitrogenase, which is a
MoFe protein, and the dinitrogenase reductase, which is a Fe-protein (Figure 3). The
dinitrogenase is an 0,3, heterotetramer of about 240 kDa. It is a substrate reducing
active site and the a and B subunits are encoded by nifD and nifK genes. The dinitro-
genase reductase is a homodimer of 64 kDa, encoded by the nifH gene (Bothe et al.
2010). It initiates electron transfer from the external donor, Fd or flavodoxin (FIv) to
the dinitrogenase, where the actual reduction of N, occurs (Howard & Rees 1996).
Reduced Fe-protein forms a complex with MoFe-protein, two Mg-ATP molecules are
hydrolysed by the Fe-protein, and transfer of an electron to the MoFe-protein takes
place. The complex dissociates, ADP is released and can be reduced again. The pro-
cess is repeated until enough electrons have been transferred to N, to form NH; (Bur-
gess & Lowe 1996, Bothe et al. 2010).

The reaction catalyzed by nitrogenase requires reducing power. Electrons derived
from carbohydrates transported from vegetative cells are transferred to nitrogenase
mainly via NAD(P)H and a heterocyst specific Fdx. Anabaena 7120 possesses two
heterocyst-specific ferredoxins, encoded by fdxN and fdxH genes. The FdxH functions
as a donor to nitrogenase, whereas the role of FdxN remains unclear. FdxH takes elec-
trons from PSI in the light, but can also be reduced by FNR in darkness with the use of
NADPH produced in OPP. Alternatively, electrons can pass to nitrogenase via NADH
and a NADH-dehydrogenase to the plastoquinone pool, PSI, which can also reduce
Fdx. ATP may be generated by either cyclic photophosphorylation or oxidative phos-
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phorylation. Oxidative phosphorylation also helps in keeping oxygen levels low, using
the same source of reductants as nitrogen fixation (Haselkorn & Buikema 1992, Bothe
et al. 2010).

While most N,-fixing strains have only one Mo-containing nitrogenase, some N-
fixing Nostoc and Anabaena strains possess two Mo-containing nitrogenases (Thiel et
al. 1995, 1997, Masukawa et al. 2009). One of the Mo-containing nitrogenases, encod-
ed by the nifl-operon, is expressed in heterocysts, while the other, encoded by nif2-
genes, is expressed only in vegetative cells under anaerobic conditions (Thiel et al.
1995, 1997). The structural genes of nitrogenase, nifHDK, are located together with a
number of additional accessory nif-genes (Meeks et al. 2001).

Apart from the conventional Mo-containing nitrogenases, there are also alternative
nitrogenases, V-containing and Fe-containing nitrogenases. V-containing nitrogenases
have been found in different cyanobacterial strains (Thiel 1993, Masukawa 2009). The
stoichiometry between NH; production and H, formation via Mo-nitrogenase is about
2:1, whereas the stoichiometry for V-containing nitrogenase is 2:3 (Masukawa et al.
2009, Bothe et al. 2010). The vnf-genes encoding the V-containing nitrogenase are
transcribed in the absence of molybdenum (Thiel 1993). A Fe-containing nitrogenase
has not been identified in cyanobacteria examined thus far.

Nitrogenases are sensitive to O,. In order to protect these enzymes, cyanobacteria
have developed different strategies based on either spatial or temporal separation, to
separate O, evolving photosynthesis from N, fixation. Some filamentous or unicellular
strains express nitrogenase activity only in the darkness to avoid inactivation by O,
(Herrero et al. 2001). On the other hand, Trichodesmium sp., a N,-fixing cyanobacte-
rium of global ecological importance, fixes nitrogen aerobically and expresses nitro-
genase activity in the light within special, protective compartments called diazocytes
(Fredriksson & Bergman 1997).

1.3.2 Hydrogenases

Hydrogenase catalyzes the simple chemical reaction, the reversible formation of hy-
drogen from protons and electrons: 2H" + 2¢~ <> H,, a reaction not requiring ATP but
reductants. The redox-potential of the individual electron acceptors or donors capable
of interacting with the enzyme determines the direction of the reaction (Bock et al.
2006, Vignais & Billoud, 2007). There are three phylogenetically distinct classes of
enzymes, the [NiFe]-hydrogenases, the [FeFe]-hydrogenases and the [Fe]-
hydrogenases. All have conserved functional cores (Volbeda et al. 1995, Peters 1999,
Lyon et al. 2004, Vignais & Billoud, 2007). Cyanobacteria have two types of [NiFe]-
hydrogenases, uptake and bidirectional hydrogenases (Tamagnini et al. 2007).
Cyanobacterial hydrogenases have not been crystallized, so most conclusions re-
garding the structure of the active site are depicted from the X-ray structure of [NiFe]-
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hydrogenases from Desulfovibrio gigas (Volbeda et al. 1995). Results from other or-
ganisms fundamentally verify these structures and it is expected that the general fea-
tures are the same for cyanobacteria.

The genes which are essential for the biosynthesis, maturation and processing of the
[NiFe]-hydrogenases have all been recognized. Furthermore, their products have been
biochemically and functionally characterized. The overall assembly of a [NiFe]-
hydrogenase is a complex process, which involves auxiliary proteins, the products of
the hyp-genes, namely HypABCDEF. These proteins dictate the synthesis and inser-
tion of the metal center into the large subunit with ATP, GTP, and carbamoyl phos-
phate (Bock et al. 2006, Hoffmann et al. 2006, Forzi & Sawers 2007, Vignais &
Billoud 2007, Shomura & Higuchi 2012). Other genes involved in the maturation of
hydrogenases encode endopeptidases like Aup W/hoxW, which cleave off the last amino
acids of the C-terminal end of the large subunit of hydrogenase (Lindberg et al. 2012).

The presence of only one copy of most of the Ayp genes in the genome of cyanobac-
teria indicates co-regulation of the Ayp-genes on the maturation of both types of hy-
drogenases, regardless of whether they possess only the uptake hydrogenase (e.g. Nos-
toc punctiforme ATCC 29133, hereafter N. punctiforme), the bidirectional hydrogen-
ase (e.g. Synechocystis PCC 6803) or both enzymes (e.g. Anabaena 7120). Factors that
affect the regulation and maturation of uptake hydrogenases in cyanobacteria are not
well studied. The present knowledge is mainly based on research conducted using
Escherichia coli (Bock et al. 2006, Hoffmann et al. 2006, Forzi & Sawers 2007,
Vignais & Billoud 2007). The hyp-genes are conserved and can either be clustered,
like in Anabaena 7120 or spread in the genome, as in Syrnechocystis PCC 6803
(Kaneko et al. 2001). Details of the regulation system are not known, but the Ayp-
genes are most likely regulated differently depending on the species, the environment
and the type of hydrogenase.

1.3.2.1 Uptake hydrogenase

In N,-fixing cyanobacteria H, is mainly produced by the nitrogenase enzyme, however
uptake hydrogenase consumes the H, produced by nitrogenase and redirects extracted
electrons back to other cell functions. Uptake hydrogenase may also function as a pro-
tector of the micro-oxic environment of the heterocyst, since O, is reduced via the ox-
yhydrogen reaction (Tamagnini et al. 2007). Uptake hydrogenase has been found in
almost all of the N,-fixing cyanobacteria examined so far, with a few exceptions in
unicellular N,-fixing strains (Steunou et al. 2008). The inactivation of uptake hydro-
genase in Anabaena variabilis ATCC 29413 (hereafter 4. variabilis) reduced the
growth rate and caused a lower rate of N, fixation when compared with the corre-
sponding wild type (Happe et al. 2000). However, it is still thought that uptake hydro-
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genase is not essential for diazotrophic growth (Happe et al. 2000, Lindberg et al.
2002, Masukawa et al. 2002).

All known cyanobacterial uptake hydrogenases consist of at least two subunits, en-
coded by the structural genes hupSL (hydrogen uptake, small, large) (Vignais et al.
2001) (Figure 3). The hupSL genes are transcribed together as an operon and are usu-
ally located in close proximity to the maturation genes. The active site is positioned in
HupL and HupS harbors three FeS clusters (Volbeda et al. 1995; Vignais et al. 2001,
Raleiras et al. 2013).

The localization of uptake hydrogenase is not fully clear. In Anabaena 7120, and in
N. punctiforme, uptake hydrogenase was found to be exclusively localized in hetero-
cysts (Peterson & Wolk 1978, Carrasco et al. 2005, Seabra et al. 2009, Camsund et al.
2011). Whereas in N,-fixing non-heterocystous Lyngbya majuscula CCAP 1446/4,
uptake hydrogenase was found in the vegetative cells (Seabra et al. 2009). It has been
suggested that the uptake hydrogenase enzyme is a membrane-bound protein, with a
putative HupC subunit playing an anchoring role (Tamagnini et al. 2007).

On a gene expression level, the transfer of non-N,-fixing vegetative cells to N,-
fixing conditions has been demonstrated to induce hupL transcription in Anabaena
7120 and A. variabilis through the action of the cyanobacterial global nitrogen regula-
tor NtcA (Carrasco et al. 1995, Happe et al. 2000, Weyman et al. 2008). It has also
been demonstrated that the transcription of hupSL is increased following incubation
under anaerobic conditions, incubation with addition of H, to the gas phase, or by ad-
dition of Ni to the culture medium (Axelsson & Lindblad 2002).

The regulation of uptake hydrogenase is further complicated in some species by the
need for excision of an intervening sequence, a process linked to heterocyst develop-
ment (Carrasco et al. 2005). Prior to expression of hupSL in Anabaena 7120, a 10.5 kb
DNA fragment is excised from within hupL. In Anabaena 7120, two additional gene
rearrangements occur (Golden et al. 1985). Each excision requires a site-specific re-
combinase. XisC is responsible for the excision of the 10.5 kb in AupL and its gene is
located within the interrupting sequence. Studies of the upstream region of another
site-specific recombinase, xis4, have revealed a binding site of the nitrogen regulator
NtcA (Carrasco et al. 1995).

1.3.2.2 Bidirectional hydrogenase

Bidirectional hydrogenase can either consume or evolve H, depending on the redox-
state of the cells (Tamagnini et al. 2007, Carrieri et al. 2011). Its physiological role is
not fully understood, but there are three main possible functions: (i) it serves as a safe-
ty valve for excess electrons generated during the dark-light transition (Appel &
Schulz 1998, Appel et al. 2000); (ii) it catalyzes oxidation of H, in the periplasm by re-
directing electrons to the respiratory chain; or (iii) it removes surplus reductants under
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anoxic conditions (Schmitz et al. 1995, Tamagnini et al. 2007, Carrieri et al. 2011, Gu-
tekunst et al. 2014).

Bidirectional hydrogenase is a pentameric enzyme, consisting of a hydrogenase and
a diaphorase part, encoded by the hoxEFUYH-genes (hydrogen oxidation) (Figure 3).
The active site is positioned in the large subunit, HoxH, and the electron transporting
4Fe4S cluster is located in the small subunit, HoxY (Schmitz et al. 2002, Germer et al.
2009). hoxEFU are the structural genes for a diaphorase unit, which bidirectionally
transports electrons to produce or reduce NAD(P)H.

In some cyanobacterial strains all sox-genes are clustered in one operon but with
multiple transcription start points, like in Syrnechocystis PCC 6803, or are divided on
two operons, like in Anabaena 7120 (Sjoholm et al. 2007). It has been demonstrated
that the sox-genes have a circadian clock expression (Schmitz et al. 2001). LexA and
AbrB-like proteins are members of the complex signaling cascade that regulates the
expression of the bidirectional hydrogenase genes (Gutekunst et al. 2005, Oliveira &
Lindblad 2009, Dutheil et al. 2012, Sakr et al. 2013).

It has been accepted that in cyanobacteria both NADH and NADPH can act as sub-
strates for bidirectional hydrogenase. Some studies have shown that NADH is a pref-
erential substrate, whereas NADPH is an efficient activator, of bidirectional hydrogen-
ase (Serebryakova & Sheremetieva 2006, Aubert-Jousset et al. 2011). Interestingly,
recent investigations demonstrated that Fd (or Flv) act as electron donor to the bidirec-
tional hydrogenase in Synechocystis PCC 6803, under both dark to light transition and
dark fermentation conditions (Gutekunst et al. 2014).

Bidirectional hydrogenase is found in vegetative cells as well as in heterocysts and
its presence is not connected to N, fixation (Hallenbeck & Beneman 1978, Houchins
& Burris 1981). Also, it seems that bidirectional hydrogenase does not play an essen-
tial role in those strains where it is present, with the inactivation of ox genes in Syn-
echocystis PCC 6803 and Anabaena 7120 resulting in only small decreases in growth
rate compared to wild type strains (Appel et al. 2000, Masukawa et al. 2002, Eckert et
al. 2012).

Both aerobic and anaerobic conditions allow constitutive expression of bidirectional
hydrogenase, but the enzyme is only active in dark, anoxic conditions, or during a tran-
sition from anoxic dark to light. Higher levels of /ox transcripts have been detected
under microoxic or anoxic conditions in Synechocystis PCC 6803 and Anabaena 7120
(Cournac et al. 2004, Schutz et al. 2004, Kiss et al. 2009). Following circadian rhythm,
hox transcripts increase in light and decrease in darkness (Kucho et al. 2005). Bidirec-
tional hydrogenase in Anabaena 7120 is transcribed in both vegetative cells and heter-
ocysts under oxic conditions, with several fold higher activity observed in the mi-
crooxic heterocysts. When transferred to anoxic conditions, the activity of bidirection-
al hydrogenase increased about two orders of magnitude with approximately the same
activities found in both vegetative and heterocyst cell types (Houchins & Burris
1981a). Interestingly, the activity of bidirectional hydrogenase in the unicellular strain
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Gloeocapsa alpicola CALU 743 was found not to be directly dependent on O,
(Sheremetieva et al. 2002).

14 Improvement of cyanobacterial H, production

There are many ways of enhancing the H, production capacity of cyanobacteria. To
improve large-scale H, photoproduction using cyanobacteria, several research chal-
lenges must first be overcome: (i) the underlying limitations of photosynthetic effi-
ciency and balance; (ii) the genetic engineering challenges of some cyanobacteria; (iii)
the oxygen sensitivity of the hydrogenase and nitrogenase enzymes; (iv) the competi-
tion between nitrogenases, hydrogenases and other metabolic pathways for electrons;
(v) the inhibitory effects of fixed nitrogen on nitrogenase activity; (vi) the low turno-
ver of nitrogenase; and (vii) H, uptake occurring inside of the cells. The most promis-
ing approaches are regarded as biotechnical, such as bioprocessing engineering, but it
is equally important to improve the efficiency of the technical engineering required for
the whole production system.

Cyanobacterial conversion of total incident light energy to free energy of H, has
been shown to be about 0.7 % under favourable laboratory conditions, where higher
efficiencies can be expected (Yoon et al. 2006, Sakurai & Masukawa 2007, Ber-
beroglu et al. 2008). Under natural sunlight, this efficiency drops to 0.1% (Tsygankov
et al. 2002). Interestingly, calculated theoretical efficiencies of a nitrogenase based
system range from 4.6% (Hallenbeck 2011) to 6.3-7.3% (Sakurai & Masukawa 2007),
implying large scope for improvements.

Very high rates, 300 to 400 umol H, mg Chl ' h™' (the latter when supplemented
with 50 mM glycerol), of light-driven nitrogenase based H, production have recently
been demonstrated by the unicellular cyanobacterium, Cyanothece ATCC 51142 (Min
& Sherman 2010, Melnicki et al. 2012). Surprisingly, this strain produced even more
H, (465 pmol H, mg Chl™' h™") under aerobic conditions (Bandyopadhyay et al. 2010).
However, these results have subsequently been questioned (Skizim et al. 2012). So far,
the maximum rate published for heterocystous N,-fixing cyanobacteria is 167.6 umol
H, mg Chl™' h™' by the uptake hydrogenase mutant of A. variabilis PK84 (Sveshnikov
et al. 1997, Tsygankov et al. 1999). For heterocystous strains that produce H, only via
the bidirectional hydrogenase route, a much lower maximum rate of 3.1 pmol
H, mg Chl™ h™" was reported for Arthrospira maxima (Carrieri et al. 2008 according
to Skizim et al. 2012) and 25 pl H, (mg dry weight) ' h™" for Gloeocapsa alpicola
CALU 743 (Troshina et al. 2002).
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1.4.1 Improvement of the enzymes involved in H, production

Improving the efficiency of the enzymes involved in H, production can be achieved
via a systems biology understanding of their function in cyanobacteria and the success-
ful application of genetic engineering (Navarro et al. 2009). Although a lot of work has
been completed towards engineering cyanobacteria for the production of biofuels (An-
germayr et al. 2009, Lu 2010), relatively little has been focused on the genetic and
metabolic engineering of cyanobacteria for improving H, production.

There are several strategies to prolonging the catalytic lifetime and negating the ox-
ygen sensitivity of hydrogenases. These include: (i) computer pathway simulations and
genetic engineering modifications into the catalytic site of hydrogenases for O, gas
diffusion, possibly by applying steric hindrance to the gas channels to block O, from
reaching the catalytic site; (ii) down-regulating PSII-catalyzed O, evolution; and (iii)
screening for more O,-tolerant hydrogenases from environment and importing those
genes into cyanobacteria (Tamagnini et al. 2007, Vignais & Billoud, 2007, Ghirardi et
al. 2009).

Cyanobacterial [NiFe] hydrogenases are O, sensitive, but can be reactivated when
O, is removed. The exact mechanism for O, inactivation is not known, but it is pro-
posed that O, uses the same gas channel as H, to reach the active site of hydrogenase,
thus competively binding to the same site. Therefore, amino acids in the gas channel
have been modified to prohibit the O, molecule from entering (Buhrke et al. 2005,
Vignais & Billoud, 2007).

There have been several attempts to express a foreign O, tolerant hydrogenase in
cyanobacteria. Oxygen-tolerant [NiFe] hydrogenases from Alteromonas macleodii and
Thiocapsa roseopersicina were heterologously expressed in Synechococcus elongatus
PCC 7942 and were found to be active by in vitro assay (Weyman et al. 2011). The
expression of [FeFe] Clostridial hydrogenase in Synechococcus elongatus sp. 7942
resulted in > 500-fold increase of H, evolution in total of 2.8 umol H, mg Chl™" h™'
(Ducat et al. 2011). [FeFe] hydrogenase from Chlamydomonas reinhardtii was suc-
cessfully expressed in Synechocystis PCC 6803 without additional maturation proteins
(Berto et al. 2011). The [FeFe] hydrogenase operon from Shewanella oneidensis MR-1
has been expressed in the heterocysts of Anabaena 7120 (Gértner et al. 2012). Alt-
hough the heterologous protein was active, supporting the O, protective function of
heterocysts, the increase in H, production was disappointingly small, likely due to
competition for reducing power with coexisting nitrogenase. So far, all of these at-
tempts have been only partially successful due to hindrances in the electron transport
chain compatibility.

A systems biology approach has been applied for the construction and verification
of genome-scale metabolic models for Synechocystis PCC 6803 (Fu 2009, Montagud
et al. 2010, Yoshikawa et al. 2011). This approach has led to the recently developed
“Biobrick” shuttle vector system (Huang et al. 2010, Rokke et al. 2014) or SBPkb sys-
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tem (Galdzicki et al. 2011) and the characterization of other synthetic biology tools,
like promoters, ribosomal binding sites, terminators and regulatory elements. These
features facilitate successful transformation and bioengineering in cyanobacteria lead-
ing to strains capable of producing higher amounts of H, (Shetty et al. 2008, Boyle &
Silver 2009, Purnick & Weiss 2009).

There are at least two major problems in producing H, using cyanobacteria, the
function of: (i) uptake hydrogenase and (ii) bidirectional hydrogenase in the consump-
tion of H, as it is produced. In recent years, there have been numerous attempts to
solve these problems. Several specified mutants have been created with reduced or
deleted uptake hydrogenase activity. Uptake hydrogenase-deficient mutants of A. vari-
abilis (Mikheeva et al. 1995), N. punctiforme (Lindberg et al. 2002), Anabaena 7120
(Masukawa et al. 2002), Nostoc sp. PCC 7422 (Yoshino et al. 2007) and Anabaena
siamensis TISTR 8012 (Khetkorn et al. 2012) were generated and shown to produce
H, at a higher level than wild-type strains. Except for N. punctiforme, other strains also
possess bidirectional hydrogenase, which can also have H, uptake activity. Masukawa
et al. (2002) have succesfully produced a hox-defective mutant (AhoxH) of Anabaena
7120 and also a mutant deficient in both hydrogenases (AhupL/AhoxH). Additionally
they demonstrated that the double mutant produced H, at the same rate as other uptake
hydrogenase-deficient mutants. This is contrasted by the bidirectional hydrogenase-
deficient mutant (AhoxH), which produced less H, than the wild type (Masukawa et al.
2002). Unlike filamentous cyanobacteria, deletion of uptake hydrogenase in unicellu-
lar Cyanothece PCC 7822 led to inactivation of nitrogenase and therefore resulted in
decreased cell viability (Zhang et al. 2014). The important role of uptake hydrogenase
in unicellular cyanobacteria could be related to the fact that these organisms have to
contend with oxygen on a continuing basis, without the advantage provided by the het-
erocyst (Zhang et al. 2014).

Genetic engineering has been applied to change the properties of the active site of
the nitrogenase enzyme in order to produce more H, in air (N, atmosphere). Site-
directed mutagenesis was applied to six amino acid residues close to the FeMo-
cofactor of nitrogenase in Anabaena 7120 in order to selectively direct electron flow
towards proton reduction (Masukawa et al. 2010). Indeed, several mutants exhibited a
significantly increased H, production rate under the N, atmosphere. Site-directed mu-
tagenesis at the a-75 site of nif2 in A. variabilis resulted in impaired acetylene reduc-
tion, but a four-fold higher H, production was observed in a N, atmosphere compared
to the wild type (Weyman et al. 2010).

Another interesting approach to improve H, yield would be to increase heterocyst
frequencies either by the use of chemicals (Bothe & Eisbrenner 1977) or by genetic
modifications (Meeks & Elhai 2002). Increasing the heterocyst frequency to approxi-
mately 20-25 % is known to enhance nitrogenase activity (Meeks & Elhai 2002).
However, it was found that nitrogenase activity of genetically modified Anabaena
7120 with increased heterocyst frequency up to 29% was comparable to a wild-type
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strain with a heterocyst frequency of 10%, suggesting that at very high heterocyst fre-
quencies the remaining vegetative cells were not able to provide enough carbohydrates
to heterocysts (Buikema & Haselkorn 2001).

1.4.2 Funneling electron flow towards H, production

In order to improve the H, photoproduction rates, competing electron transport path-
ways must be identified and eliminated. The electron flow must be redirected to H,
production instead of the production of biomass. To overcome these barriers of H,
production, the entire electron flow, from water splitting to H,, the transcriptional reg-
ulation, maturation and function of the enzymes involved in H, production and the
metabolic and regulatory network in the target strains needs to be thoroughly charac-
terized.

In general, electron transport is regulated by cyclic electron flow and nonphoto-
chemical quenching (Cournac et al. 2002, Li et al. 2009). It has been suggested that
inactivation of these routes would result in higher rates of H, photoproduction. Direct-
ing more electrons to hydrogenase by preventing cyclic electron transfer around PSI
would maintain the high ratio of NADPH to ATP required for producing H,. Support-
ing this theory, a Chlamydomonas reinhardtii mutant with low cyclic photophosphory-
lation has been shown to produce H, more effectively than ordinary cells (Kruse et al.
2005). A mutant strain of Synechocystis PCC 6803, deficient in cyanobacterial NDH-1
complex (M55), also produced higher levels of H,, presumably because of low activity
of cyclic electron flow (Cournac et al. 2004). However, a decrease in cyclic electron-
transport rates in phycobilisome mutants had only a minor impact on linear photosyn-
thetic electron-transport flow (Bernat et al. 2009).

Modifications made to the growth, development or nutrient uptake pathways of cy-
anobacterial cells can yield improved H, production. For example, the deletion of
components involved in the respiration and nitrate assimilation of Synechocystis PCC
6803 has been shown to improve H, production (Gutthann et al. 2007, Baebprasert et
al. 2011). Increased H, production has also been achieved using specific inhibitors to
prevent biomass accumulation, possibly through the redirection of electron flow to-
wards nitrogenase and bidirectional-hydrogenase (Khetkorn et al. 2012b). Finally, the
overexpression of the sigma factor sigE has been a successful approach to increased
H, production, whereby an increase in heterocyst frequency was also observed (Mella-
Herrera et al. 2011, Osanai et al. 2013).

The low efficiency of light to H, conversion in photosynthetic systems is believed
to be caused by the shading effect and non-photochemical quenching capacity of huge
light-harvesting system of photosynthetic cells. In mass cultures, upper cell layers uti-
lize the available illumination and shade the lower layers (Ort et al. 2011). Therefore,
when the size of the photosynthetic antennae is reduced through genetic modifications,
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it improves the usage of high light intensities by photosynthetic microorganisms
(Mussgnug et al. 2007). Recently, modifications made to the light harvesting machin-
ery of green algae have increased their photosynthetic capacity (Polle et al. 2002,
Mussgnug et al. 2007, Beckmann et al. 2009, Mitra & Melis 2010, Oey et al. 2013)
and improved H, production (Kosourov et al. 2011). However, truncation of the phy-
cobilisome antennae of Synechocystis PCC 6803 resulted in decreased culture produc-
tivity, suggesting that antennae engineering for increased H, production is a complex
matter (Page et al. 2012).

Most oxygen-evolving photosynthetic organisms are only capable of utilizing the
visible 400-700 nm of the solar spectrum. The challenge for bio-energy applications
based on photosynthesis is to engineer photosystems capable of utilizing a wider range
of the solar spectrum. The photosynthetic efficiency of Acaryochloris sp. containing
Chl d is as high as only Chl a-containing cyanobacteria and can effectively extend the
utilized range of the solar spectrum to 750 nm (Swingley et al. 2008, Pfreundt et al.
2012). Co-culturing purple non-sulphur bacteria capable of utilizing near-infrared ra-
diation (NIR) photons with cyanobacteria might improve overall efficiencies of H,
production (Das & Veziroglu 2008). Converting NIR radiation to visible light availa-
ble for photosynthesis with the photon up-conversion mechanism (Antal et al. 2012)
might also be feasible to improve H, production by natural and artificial photosynthet-
ic systems. Applying carbon nanotubes to the plant chloroplast has been demonstrated
to increase photosynthetic capacity through augmented photoabsorption in NIR wave-
lengths and enhanced electron transport rates (Calkins et al. 2013, Giraldo et al. 2014)

Constructing mutant strains with several improvements is a strategy for improved
H, production. An example of this is the deletion of the homocitrate synthese genes
from AhupL mutant of Anabaena 7120. This double mutant demonstrated a higher H,
production and increased heterocyst ratio in a N, atmosphere when compared to paren-
tal strain (Masukawa et al. 2007).

1.4.3 Immobilization

Cyanobacterial H, production is difficult to maintain in photobioreactor suspension
cultures. Efficient production requires intensive mixing for better light utilization,
which might cause damage to the filaments. Upscaling the suspension culture systems
is also difficult. The immobilization of cyanobacteria and design of special photobio-
reactors with new materials (for example, gas barrier plastic) might solve these chal-
lenges (Das & Veziroglu 2001, Carvalho et al. 2006, Posten 2009, Show et al. 2011,
Kumar et al. 2011, Guo et al. 2011, Kitashima et al. 2012). The purpose of immobili-
zation is to maintain and control the biological activity and photosynthetic productivity
of the cells while improving stability, density and reuse of cells. Cells entrapped in
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films are more protected from contaminations and receive equally distributed light
(Moreno-Garrido 2008, Kosourov & Seibert 2009, Meunier et al. 2011).

Immobilization of biomolecules and whole cells can be distinguished by their at-
tachment to solid surfaces (biofilms, adsorption to porous (nano) materials) or entrap-
ment in different organic and inorganic polymer matrixes (gels, foams, latex) (Olguin
2003, Moreno-Garrido 2008, de-Bashan & Bashan 2010, Meunier et al. 2011). Sup-
porting structures inside the gel have been applied to increase mechanical stability
(Markov et al. 1993, Kaya & Picard 1995, Kosourov & Seibert 2009) and nanoparti-
cles added to protect cells from UV radiation and oxidative stress (Sicard et al. 2011).
Immobilization has been used for biosensors, environmental remediation, biofuel pro-
duction, and biosynthesis of chemicals. Key elements for cell immobilization are: (i)
the diffusion properties of the immobilization matrix; (ii) the optimal thickness of the
microbial layer; (iii) the physical and chemical stability of the matrix in the long term
and the retention of the cells within the matrix; iv) low cost; v) neutrality of the matrix
to cell metabolism; and vi) simplicity of the immobilization technique (Mallick 2002,
Olguin 2003, Azbar & Kapdan 2011). Entrapped cells have limited gas diffusion and
substrate acquisition, depending on the porosity of the matrix, which results in re-
strictions of the available applications. Natural and artificially induced biofilm for-
mations have limited control of cell concentration and biofilm thickness, and the re-
lease of cells (Sekar et al. 2004). There are some examples of cyanobacteria being
immobilized to enhance H, production (Brouers & Hall 1986, Phlips & Mitsui 1986,
Kuwada & Ohta 1987, Sarkar et al. 1992, Markov et al. 1993, 1995, Serebryakova &
Tsygankov 2007, Dickson et al. 2009, Rashid et al. 2009, 2012).

Combining different embedded microbes within biocomposite material structures,
can lead to a more efficient or multifunctional hybrid material, such as a biomimetic
leaf (Bagai & Madamwar 1998, Flickinger et al. 2007, Jenkins et al. 2013). Recently, a
method for hydrated microbial latex coatings was developed, with the successful im-
mobilization of cyanobacteria and green algae (Gosse et al. 2012). Implementing this
technique, it could be possible to physically paint viable cyanobacteria onto a variety
of surfaces for multipurpose applications.

Application of microalgae cultivation and co-culturing other microbes for
wastewater treatment coupled with H, and biofuel generation as a biorefinery, could
reduce energy, fertilizer and freshwater costs and reduce greenhouse gas emissions.
This biorefinery approach could ensure the economic viability and sustainability of the
whole biofuel production process and yield multiple possible products according to
several Life Cycle Analyses (LCA) (Lardon et al. 2009, Clarens et al 2010, Kumar et
al. 2010, Cherubini 2010, Subhadra 2010, Pittman et al. 2011, Shirvani et al. 2011,
Pfromm et al. 2011, Ferreira et al. 2012, Ortiz-Marquez et al. 2013). Such symbiotic
immobilization approaches have already been undertaken. For example, by the immo-
bilization of Nostoc sp., which increased H, production in a system integrated with
biosorption of biological waste (Kaushik et al. 2011, Mona et al. 2013).
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1.4.4 Screening for more efficient H, producing strains

The genetic pool of cyanobacteria is enormous, with a wide range of possibilities for
biofuel production. However, only a few studies have attempted to find cyanobacteria
with high H, production from natural environments or from culture collections (Lam-
bert & Smith 1977, Howarth & Codd 1985, Kumar & Kumar 1992, Vyas & Kumar
1995, Masukawa et al. 2001, 2009, Yeager et al. 2011, Kothari et al. 2012, Bandyo-
padhyay et al. 2013). It is possible to discover strains that have naturally higher capaci-
ties for H, production than the model organisms generally studied in laboratories. H,
production capacities of these naturally good H, producing strains could be further
improved by genetic modifications of the strains or manipulation of culture conditions
(Shah et al. 2001, Antal & Lindblad 2005, Ananyev et al. 2008, Berberoglu et al. 2008,
Burrows et al. 2008, 2009, Carrieri et al. 2008, Chen et al. 2008, Marques et al. 2011).
Screening is possible not only by searching for the organism, but also by screening the
genes for H, production for example from global ocean sampling metagenomic data-
bases (Venter et al. 2004, Rusch et al. 2007). Barz et al. (2010) have undertaken such
an approach to demonstrate that hydrogenases are common in marine cyanobacteria.

Screening many cyanobacteria for H, reliably is very labor intensive. For the best
possible outcome, cyanobacteria need to be tested under various environmental culture
conditions (including pH, temperature, cell density, light intensity and quality).
Screening under standard conditions might result in under- or overestimated produc-
tion of the strain, leading to distorted results (Yeager et al. 2011). Concentrating
screening efforts to certain environments might be beneficial. For example, it has been
suggested that cyanobacteria originating from marine intertidal and freshwater are
more suitable in producing H, than terrestrial cyanobacteria (Kothari et al. 2012).

The selection of cyanobacterial strains most suitable for biofuel production is de-
termined by both the process itself, and the end product. Agricultural style, open pro-
duction systems are exposed to the surrounding environment and cyanobacteria need
to tolerate variations in temperature, light, salinity, and contamination. Ideally, strains
that produce high yields in a range of climates are identified in a screening process and
then modified for optimized production in various geographical areas in different sea-
sons. In closed, industrial production systems, similarly to laboratory conditions, the
cost of the system is the main problem and production must be very efficient. It is
clear that no one strain will be likely to have all desired characteristics, therefore do-
mestication and modifications must be made for commercially viable production. Re-
search performed with model cyanobacteria does not often reflect the complexity of
microbial communities in nature and in open production systems. Understanding and
controlling the complex communities is the key for economically viable use of cyano-
bacteria.

The Nagoya Protocol is a supplementary agreement to the Convention on Biologi-
cal Diversity (CBD 2011). The European Union and most of its member states, includ-
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ing Finland, have signed and ratified the Nagoya Protocol. According to the Protocol,
the country in which a certain microbe has been isolated has equal rights to determine
the usage of the microbe’s genetic resources. Thus, finding important and useful local
microbes, for example in the field of biofuels, is of national importance.
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2 AIMS OF THE STUDY

The aim of my thesis has been to discover promising H, producing cyanobacterial
strains that grow naturally in Finnish lakes and the Baltic Sea. The second aim has
been to improve the H, producing capacity of those newly identified cyanobacteria,
which demonstrate distinct production of H,. Towards these goals the following ap-
proaches were taken:

(i) Screening of the University of Helsinki Cyanobacteria Collection for capacity of H,
production (Paper I).

(i1) Characterization of the best H, producing strains for the presence and activity of
the enzymes involved in H, production (Paper II).

(iii) Extending the period of active H, production by engineering an immobilization
technique for good H, producers (Paper III).

(iv) Optimizing the immobilized cyanobacterial cultures for high H, production (Paper
V).
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3 METHODOLOGY

3.1 Growing cyanobacteria

The University of Helsinki Cyanobacteria Collection (UHCC) contains about 1000
planktonic and benthic strains isolated mostly from the Baltic Sea and Finnish lakes.
The strains from the UHCC collection are maintained at the Division of Microbiology,
Department of Applied Chemistry and Microbiology, University of Helsinki in agar
plates and/or in liquid Z8 medium at pH 7.5 (Kotai 1972), at room temperature (22
°C), under approximately 7 pmol photons m™ s PAR. Depending on the strain, differ-
ent Z8 media with slightly modified content were used for maintenance: Z8 (non-N,-
fixing species); Z8x (without combined nitrogen — N,-fixing species); or Z8xS (saline
media without combined nitrogen — some Baltic Sea species). About 200 strains were
axenic cultures. The axenicity was confirmed by microscopy and plating on R2A and
LB plates at UH.

The strains held at the University of Turku were maintained in liquid medium of Z8
or BG11, at room temperature (22 °C) and under approximately 20 pmol photons m™
s' PAR. The axenic strains were stored in 5% DMSO at -70°C, from which fresh
patches were thawed when necessary.

For experiments, cultures were cultivated in liquid Z8 media (UHCC strains) and
continuously aerated under an illumination of 40 pmol photons m™” s PAR at 23°C.
WT and the AhupL, AhupL/AhoxH and AhoxH hydrogenase mutants of Anabaena
7120 were grown under an illumination of 40 pmol photons m™ s PAR in BG11,
media at pH 8.2 (Paper I) or Z8x media at pH 7.5 (Papers 11, 111, IV). Growing condi-
tions for other reference strains (N. punctiforme and its AhupL mutant NHMS5, A. vari-
abilis and Synechocystis PCC 6803) are described in Papers I and I1.

The taxonomic characteristics of some of the H, producing strains were resolved by
PCR amplification and sequencing of a part of the 16S rRNA gene. The taxonomic
identities were evaluated by comparing obtained sequences to other cyanobacterial
16S rRNA genes from the NCBI database. The taxonomic identity of other strains was
determined based only on morphology.

Cell fitness after immobilization was determined by diluting the cells to adjust
ODy5 to values of 0.25 and transferred to 24-well cell culture plates (2 ml well vol-
ume). The cells were grown under standard growth conditions at 50 pmol photons m™
s for 6 days and the change in optical density was measured.
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Table 1. Cyanobacterial strains used in the study. In addition, in total of 400 strains
were screened in Paper 1.

Mutated genes

Individual

Cyanobacterial strain  Origin (antibiotics, vec- References
tor) paper
Anabaena variabilis U.S. Department II
ATCC 29413 of Energy Joint
Genome Institute
Anabaena 7120 I 1L, II0, IV
Anabaena 7120 AhupL hupL::Sp® L IL 1L, IV Masukawa et
(pPRL277) al. 2002
Anabaena 7120 AhoxH hoxH::Nm® I Masukawa et
(pUC4K) al. 2002
Anabaena 7120 hupL::Sp® IL IV Masukawa et
AhupL/AhoxH (pRL277) al. 2002
hoxH::Nm®
(pUC4K)
Nostoc punctiforme cycad Macroza- I
ATCC 29133 mia
Nostoc punctiforme cycad Macroza- hupL:Nm® I Lindberg et
ATCC 29133 NHMS5 mia (pRneoK) al. 2002
Synechocystis PCC Californian II
6803 freshwater lake
(Stanier et al.
1971)
Calothrix 336/3 Lake Enéjarvi, L IL, 111, IV
Laukilanlahti
Calothrix XPORK 5E Porkkala cape, the I 11
Baltic Sea coast
Nostoc Becid 19 Gulf of Finland, I, II
Vuosaari, the Bal-
tic Sea coast
Calothrix Becid 33 Gulf of Finland, I 1II
the Baltic Sea
coast
Nostoc XHIID A6 Lake Hiidenvesi, I II
Kirkkojarvi
Nodularia AV33 Brackish water, I 1I
the Baltic Sea
Nodularia TRO31 Brackish water, I, II
the Baltic Sea
Anabaena XSPORK 7B Porkkala cape, the L1II
Baltic Sea coast
Calothrix XSPORK Porkkala cape, the I, 11
36C Baltic Sea coast
Calothrix XSPORK Porkkala cape, the I, II
11A Baltic Sea coast
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3.2 Immobilization

The cells for immobilization in Ca**-alginate films were harvested by centrifugation
and re-suspended in fresh Z8x medium with 4% alginate. A template consisting of a
webbed plastic screen, placed over a Scotch-type tape, was built. The mixture was pi-
petted onto the template and levelled even with glass rod. The alginate films were pol-
ymerized with a mist of 50 mM calcium chloride solution. The templates with en-
trapped cells were then cut into 3 cm” pieces. The thickness of the film was about 0.2-
0.5 mm. When it was necessary, the cells from alginate films were recovered by solu-
bilizing films with 5 mM EDTA.

33 H, and enzyme assays

3.3.1 H, production

Cells from the growth media were harvested and re-suspended in 5 ml of fresh Z8x
medium at a concentration of 0.1-40 pg Chl ml"' (Paper I), 5 ug Chl mI™" (Paper II) and
transferred into 23 ml vials. The sealed vials including cells were sparged with Ar and
placed in a cultivation chamber at 26-30 °C under continuous light (cool white fluo-
rescent lamps, 130-150 pmol photons m™ s™ PAR) and with shaking at 80 rpm for 24
h. For Nodularia TRO31 and Nodularia AV33 strains, 50 pmol photons m™ s PAR
was used for illumination, due to their light sensitivity.

Immobilized cells in the 3 cm® pieces in vials were flashed with Ar for 20 min, sup-
plemented with different concentration of CO, and incubated in a growth chamber at
26°C under continuous light from above (130-150 umol photons m™ s PAR). The
atmosphere was returned back to Ar + CO, after a 5-7 days (Paper III) or 4-5 days
(Paper 1V) (a cycle). Films containing cells were periodically treated with sterilized
gases, Ar or N, containing CO,, air or air containing 6% CO, (Paper IV). In the case of
air treatments, the headspaces in the vials were returned back to Ar with 6% CO, after
16 — 20 h. H, and O, were quantified taking 150 pl samples from the vials with a gas-
tight syringe (Hamilton Co.) and measured with a Gas-Chromatograph (GC, Perkin
Elmer Clarus 500) equipped with a thermal conductivity detector (TCD) and a Molec-
ular Sieve 5A column (60/80 mesh). Calibration was performed using 1.0% H, (AGA,
Finland). Ar worked as a carrier gas. H, production rates were calculated on the basis
of the cells’ Chl content or on the area of the films.
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3.3.2 Nitrogenase enzyme activity

The most widely used method for measurement of nitrogenase activity is the acety-
lene reduction assay (Dilworth 1966). This method relies on the capability of cyano-
bacteria to reduce compounds with a triple bond. Besides reducing atmospheric N,,
cyanobacteria can also reduce acetylene (C,H,) to ethylene (C,H,4), which can be de-
tected using gas chromatography.

Sample preparation was similar to that used in the H, production assay; with the ex-
ception that the gas phase contained 10% acetylene. To quantify ethylene, 10 pl sam-
ples from the vials were measured with GC (Perkin Elmer Autosystem) equipped with
a flame ionization detector (FID) and a CP-CarboBOND column (Varian). Helium
worked as a carrier gas and the calibration was performed using 1% ethylene (AGA,
Finland). Enzymatic activity was calculated on the basis of the cells’ Chl content or
the area of the films.

3.3.3 Hydrogenase enzyme activity

A French press (Cell Disrupter, Constant Systems) (30 kPSI, two rounds) was used to
harvest and homogenize cells for hydrogenase assays. To determine bidirectional hy-
drogenase activity, these cells were transferred to a vial and incubated with 5 mM me-
thyl viologen and 20 mM sodium dithionate in a N, environment for 2h in light. H,
was quantified with GC measurements.

H, uptake assay was performed using homogenized cells, placed in a cuvette (Hell-
ma Analytics) with a septum, and were first flushed with N,, followed by H, and final-
ly incubated with 1 mM benzyl viologen. The reduction of benzyl viologen was moni-
tored as 5 min intervals for 30 min using spectrophotometry at an absorbance of 555
nm. Activities were calculated based on a molar absorption coefficient for benzyl vio-
logen €555=7550 M em™.

34 Chlorophyll and protein analysis

Chl contents were determined after solubilization of the alginate films, using a spec-
trophotometer at 665nm after extraction from cells using 90% methanol (Meeks &
Castenholz 1971). Protein concentrations were determined from homogenized cells
using the Bio-Rad Protein Assay based on Bradford protein assay (Bradford 1976).
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3.5 DNA isolation and southern hybridization

Genomic DNA was extracted according to the method of Neilan et al. (1995). The
quality of DNA was ensured by agarose gel electrophoresis (Sambrook et al. 1989). 1-
2 ng of DNA was digested using the restriction enzymes Hindlll and EcoRI. The ob-
tained fragments were separated on an agarose gel, followed by subsequent stages of
Southern hybridization as described in Paper III.

3.6 Sequences of nif and hup operons in Calothrix 336/3

The genome of Calothrix 336/3 was commercially sequenced using Illumina Hi-Seq
2000 in the Beijing Genome Institute.

The hup and nif operons were automatically annotated by the DOE-JGI Microbial
Annotation Pipeline (DOE-JGI MAP), while the partially sequenced Calothrix 336/3
genome was processed via the Integrated Microbial Genome Expert Review (IMG-
ER) system (Markowitz et al. 2009).

3.7 Microscopy imaging

Images were obtained at 40x magnification using a Zeiss Axioskop 2 Plus fluores-
cence microscope, equipped with a Zeiss Axiocam HRc digital camera.

3.8 HPLC analysis

The Chl a was separated from 100% methanol cell extracts by HPLC device equipped
with a diode array detector and a reverse phase C18 endcapped column as described in
Paper IV. HPLC was used when special accuracy was needed to measure Chl a.

3.9 Photochemical activity

The photochemical performance of cells in films was evaluated utililizing the Dual-
PAM 100. The steady-state Chl a fluorescence level (£¢) and the utmost fluorescence
level at light (Fm”) was determined to calculate the PSII yield Y(II) (Fm’-F/Fm’) and
described in Paper I'V.
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4 RESULTS AND DISCUSSION

4.1 Screening of the UHCC for naturally good H, producers

The fact that cyanobacteria strains from the Baltic Sea are genetically very diverse
(Sihvonen et al. 2007, Halinen et al. 2008), prompted an idea to screen the University
of Helsinki Cyanobacteria Collection for efficient H, photoproducers. About 400 cya-
nobacterial strains from the UHCC were subject to preliminary screening. Preliminary
screening was undertaken on cells grown under 7 pmol photons m™ s™' PAR of light at
the University of Helsinki. These were concentrated to a volume of 50 ml and trans-
ferred to the Turku laboratory for the H, assay. During pre-screening, the strains were
subjected to four different conditions: microoxic and aerobic dark, aerobic and mi-
crooxic light. Half of the strains subjected to the screening process, mostly filamentous
cyanobacteria, produced H,, generally in very small amounts in light, microoxic condi-
tions.

Approximately 25 promising strains were selected for a second stage screening pro-
cess. During this process, cells were grown in the Turku laboratory at 40 umol photons
m? s PAR with constant aeration, and H, assays were accordingly performed. The
top ten strains were chosen for further investigation in a third stage where characteri-
zation of the strains and optimization of the H, production process was undertaken. In
order to evaluate the H, production capacities of the studied strains, the wild-type
(WT) control strain and AhupL mutant of N. punctiforme, and the wild-type (WT) con-
trol, AhupL, AhoxH and AhupL/AhoxH mutants of Anabaena 7120 were employed
(Paper I).

Later studies demonstrated that the growth and selected H, production conditions
strongly affected the results of the screening. Most likely, strains that grew well in pH
7.5 were represented better in the selection to be screened. Also, the growth medium
for screening, Z8, has a specific composition that is preferred by some cyanobacteria.
It is important to note that the screening of the UHCC was completed under specific
conditions, in which the H, production rates were significantly lower due to the trans-
portation of cells and the high cell density. Still, even with robust pre-screening condi-
tions, UHCC strains with high H, production potential were identified (Paper I).
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4.2 H, production and nitrogenase activities of the UHCC strains

Optimization of H, production process for each strain (optimization parameters are
dicusssed below) in the third stage resulted in increased H, production rates of all con-
trol strains and only a few of the selected UHCC strains. The AhupL and
AhupL/AhoxH deletion mutants of Anabaena 7120 showed a 4-7 times higher H, pho-
toproduction rate compared to the WT, whereas the AhoxH mutant of Anabaena 7120
demonstrated an even lower amount of H, production compared to the WT strain
(Figure 4). Among the top ten UHCC strains, it was possible to optimize the H, pro-
duction yields of Calothrix 336/3, Nostoc XHIID A6 and the Calothrix XPORK 5E
strains. As a result, these strains produced H, at approximately the same level as
AhupL and AhupL/AhoxH mutants and at a rate which was about 3-4 times higher than
that of Anabaena 7120. The optimization process was not very successful for the re-
maining UHCC strains which were chosen for characterization, with H, production
rates of these strains remaining at a level which was only comparable with Anabaena
7120 (Paper 1I).

H, production of all selected UHCC strains was based on nitrogenase activity. It is
known that nitrogenase activity is affected by O, concentration and, to a lesser extent,
temperature (Compaore & Stal 2010). The measured nitrogenase activity, expressed as
the ethylene production rate, was similar in Anabaena 7120 and its AhupL mutant.
Calothrix Becid 33, Nostoc Becid 19, and Nodularia AV33 showed higher ethylene
production activity as compared to their H, production. This resembles the behavior of
Anabaena 7120 and is likely related to the presence of active uptake hydrogenase
(Figure 4). Indeed, Southern hybridization and enzyme activity confirmed the pres-
ence of uptake hydrogenase in these strains (see below). Contrasting this, the seven
other UHCC strains, Calothrix 336/3, XPORK 5E, XSPORK 11A XSPORK 36C, An-
abaena XSPORK 7B, Nostoc XHIID A6, and Nodularia TRO31, showed similar lev-
els of ethylene and H, production rates, as was the case with the AhupL mutant (Paper
10).

These ethylene production results might indicate that N, fixation and H,-evolution
are not strictly coupled in all cyanobacterial strains. In line with this, modification
within the a-subunit of the vegetative cell-located Mo-nitrogenase of A. variabilis has
previously been demonstrated to result in decreased activities of both N, fixation and
ethylene-reduction, whilst having no impact on the H,-formation of this nitrogenase
(Weyman et al. 2010). Nitrogenase activity of the marine cyanobacterium Trichodes-
mium erythraeum, was saturated at a certain level of light intensity, but H,-production
and thus the Hy/ethylene ratio gradually increased with either increases in light intensi-
ty above this threshold value, or by alterations in the light quality (Wilson et al. 2012).
It is therefore likely, that the measured nitrogenase activity of the UHCC strains does
not describe the whole H, capacity of the nitrogenases.
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Figure 4. H, production and nitrogenase activity of reference strains and the top ten H,
producers from the UHCC.

4.2.1 The effect of different environmental parameters on H, production

H, production of the studied cyanobacterial strains was found to be dependent on light.
Light distribution to planktonic cells is balanced between light intensity, mixing and
cell concentration. The capacity of cyanobacteria to efficiently utilization light is high-
ly varied. In short-term H, photoproduction experiments, Nodularia AV33 and Nodu-
laria TRO31 tolerated only 50 umol photons m™s™ at a maximum, whereas Calothrix
XPORK 5E could bear 250 and Calothrix 336/3 up to 500 pmol photons m™s™ before
a decrease was observed in H, production. The optimal light intensity was assessed
considering the compromise between viability and H, production and was species spe-
cific, ranging from 50 to 150 pmol photons m™s™ in UHCC strains. A light intensity of
~150 umol photons m™s™ was found to be optimal overall UHCC strains (except Nod-
ularia) and was thus used in protocols for H, production experiments.

Modulation of cell density (Chl concentration) similarly affected H, production rates
of the cells. In fact, the H, production rate of the cells gradually increased with de-
creasing cell density (Chl concentration), with Nodularia strains the only exception.
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Notably, the planktonic strains originating from the Baltic Sea demonstrated a higher
sensitivity to light than those from Finnish lakes.

The growth and H, production rates of cyanobacterial strains studied were affected
by pH in a strain specific manner. For example, Anabaena 7120 showed a significantly
higher H, production rate at pH 7.5 than at pH 8.2, whilst Calothrix 336/3 was grown
at pH 7.5 but was not able to grow in a medium of pH 6.8 or pH 8.2 (Paper I).

It is obvious that not only pH but also changes in the composition of the growth
medium and/or H, production assay medium differently affects the rate of H, produc-
tion depending on the strain. The Calothrix XPORK 5E strain demonstrated similar
growth and H, production rates in both the BG11, and Z8x media, whereas Calothrix
336/3 strain demonstrated similar growth but lower H, production rates in BG11,
when compared to the Z8x medium. Nodularia AV33, which usually grows in Z8xS
medium at pH 7.5, could not survive in BG11, medium at pH 7.5, with salt supple-
ment. (Paper I).

Ni*" has been shown to enhance the activity of the bidirectional hydrogenase
(Vignais et al. 2001) and to stimulate growth, heterocyst frequency, CO, fixation and
nitrogenase activity of some cyanobacteria (Rai & Raizada 1986). In contrast to these
results, addition of 1 pM Ni*" to the growth and H, assay medium of the AhupL mu-
tant of Anabaena 7120 resulted in only a slight increase in H, production rate. This is
in line with previous results showing that Ni** supplementation does not improve the
H, production of Anabaena 7120 (Marques et al. 2011). The nitrogenase activity of
Calothrix sp. has been proposed to be maximal when the phosphorus (P) content of the
medium is high (Livingstone and Whitton 1983). However, the addition of P to Z8X
medium did not increase H, production rates in Calothrix 336/3 (data not shown). (Pa-
per I).

The optimum temperature for H, production varies in different cyanobacterial spe-
cies (Dutta et al. 2005). The effect of temperature on H, production was studied with
Calothrix 336/3. An increase in the temperature of the H, assay from 23°C to 30°C
stimulated the H, production rate of this strain about two times, with a temperature-
dependent increase in H, production noted for most UHCC, and all reference strains
(unpublished data). These results agree with those obtained in different laboratories.
For example, maximal H, production of Anabaena variabilis SPU 003 was achieved at
30°C (Shah et al. 2001), whereas Nostoc muscorum SPU 004 demonstrated maximum
H, production rate at 40°C (Shah et al. 2003). Decreasing temperatures below 15°C
correspondingly resulted in severe reduction of the H, production of all strains (un-
published data). This is interesting, particularly given that the UHCC strains are isolat-
ed from habitats of cold climate and can be cultivated about at 4-12 °C. However,
many cyanobacterial species isolated from colder habitats have been reported to have
considerably higher optimal temperature for photosynthesis and growth than in their
native cold water habitats (Nadeau & Castenholz 2000). In short term experiments the
H, and nitrogenase assays were performed mostly at 30° C, since this temperature was
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optimal compromise between the H, production and the cell viability. In long term
experiments, in order to increase viability of cells, the treatments were performed at
26° C (Paper I).

The cyanobacteria selected from the UHCC are heterocystous, filamentous, N»-
fixing cyanobacteria. Heterocysts are special microoxic compartments where N, fixa-
tion takes place. The microoxygenic environment inside of heterocysts is created by:
(i) the absence of active PSII; (ii) a thick cell envelope consisting of an inner laminat-
ed layer composed of densely packed glycolipids and an outer layer composed of spe-
cific polysaccharides protecting the cell from oxygen diffusion; and (iii) the high res-
piratory activity consuming any penetrated oxygen (Meeks et al. 2002, Meeks & Elhai
2002, Tamagnini et al. 2007, Bothe et al. 2010).

Taking into account these arguments, O, environment around the cells should not
strongly affect H, production rates. To assess the impact of O, on the production of H,
by the Calothrix 336/3 cells, H, production assays in both the presence and absence of
O, were performed. In the presence of Ar + 21% O, the H, production rate of Calo-
thrix 336/3 cells decreased by about 24% in comparison to Ar treated cells. It is possi-
ble that the decrease in H, production rate which was observed in the presence of O,
occured due to the leakage of the heterocyst envelope, or due to the leakage of O, into
heterocysts from neghbouring vegetative cells. Although an increase in the O, levels in
the headspace of assay vials only inhibited nitrogenase to a small degree, the total H,
production rate decreased substantially (93 %) in the presence of air, demonstrating a
higher degree of inhibition of H, production by the presence of N, rather than O,. In-
deed, in the presence of N, most of the electrons are allocated to NH; production,
where one molecule of H, is produced at the expense of 8 electrons. Importantly, in
the absence of atmospheric N,, nitrogenase allocates all electrons to H, (Masukawa et
al. 2010) (Paper I1I).

It has always been problematic to find a uniform and appropriate strategy for the
normalization and comparison of H, production data. Calculations of most of the ob-
tained data were performed on the basis of cellular Chl content (Paper I, 11, III) and on
the area (m?) of films (Paper III, IV). To analyse the reliability of the data obtained on
Chl basis, a comparison of the H, production rate of Calothrix XPORK 5E and Calo-
thrix 336/3 strains based on dry biomass was done. On the basis of Chl, the H, produc-
tion rate of Calothrix XPORK 5E was only 70% of that of Calothrix 336/3, whereas
on the basis of dry weight the H, production rate was only ~50%. Therefore, a detailed
analyze of the properties of specific strains are required (Paper I).

4.3 Hydrogenases of the UHCC strains

Cyanobacteria possess two types of hydrogenases, uptake and bidirectional hydrogen-
ases (Tamagnini et al. 2007). Among the selected UHCC strains only Calothrix Becid
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33 demonstrated relatively high bidirectional hydrogenase activity when compared to
the control Anabaena 7120 strain. Four of the other strains, Calothrix XSPORK 5E,
Nodularia AV33, TRO31 and Nostoc XHIID A6, showed much lower enzyme activity
than the control, whilst the activity of the bidirectional enzyme in all remaining UHCC
strains was below the lower limit of detection. (Paper II).

Uptake hydrogenase has been found in almost all of the N,-fixing cyanobacteria ex-
amined so far, with the only exception found in unicellular N,-fixing strains (Steunou
et al. 2008). The activities of the uptake hydrogenases of selected UHCC strains varied
considerably. Since (i) non of the ten good H, producers selected from UHCC demon-
strated better nitrogenase activity compared to the control Anabaena 7120, and (ii) net
H, production yield is a combination of H, production by nitrogenase and H, con-
sumption by uptake hydrogenase it was reasonable to expect that selected UHCC
strains were either naturally missing, or possessing a very low uptake hydrogenase
activity. In contrast to these expectations, nine of the selected ten UHCC strains
demonstrated similar or higher levels of uptake hydrogenase activity than the control
strain Anabaena 7120. Two UHCC strains, Calothrix Becid 33 and Calothrix 336/3
demonstrated twice as high uptake hydrogenase activity in comparison to the Anabae-
na 7120 strain. Importantly, Calothrix XSPORK 36C did not show any uptake hydro-
genase activity, similar to the AhupL/AhoxH mutant of Anabaena 7120 used as a nega-
tive control. (Paper II).

Thus, the conclusion was made that the maximum capacity of nitrogenase or uptake
hydrogenase enzymes cannot be taken as a main reason for the increased yield of H,
photoproduction in the selected UHCC strains. However, it is important to consider
that, for certain cyanobacterial strains, the activity of uptake hydrogenase can be influ-
enced by different external factors such as nickel, H,, carbon and nitrogen concentra-
tions in the surrounding medium. An increase in H, uptake activity has been demon-
strated when a fraction of headspace air was replaced with H, in Anabaena 7120
(Houchins & Burris 1981a) and N. punctiforme (Oxelfelt et al. 1995) cultures, or when
cells were supplemented with Ni concentrations below 10 uM (Oxelfelt et al. 1995).
However, addition of ammonium was shown to decrease the activity of both uptake
hydrogenase and the nitrogenase in N. punctiforme (Oxelfelt et al. 1995). It is highly
possible that in vivo conditions, the enzymes studied function with a different rate de-
pending on the intracellular redox status of the cells.



Results and Discussion 47

4.4 Gene analysis

4.4.1 Southern hybridization of genes involved in H, production of UHCC
strains

The genes involved in the H, production of UHCC strains were identified by Southern
hybridization using the PCR products for the nifl, nif2, vnf, hup and hox genes, which
were obtained from the genomic DNA of 4. variabilis and Calothrix XPORK 5E. Pos-
itive hybridization signals from the nifH 1, nifDI and nifK1 probes indicated the pres-
ence of the conventional Mo-nitrogenase in all selected UHCC strains. Additionally,
all of the selected UHCC strains lacked alternative nitrogenases, with no hybridization
signals detected using nifD2, nifH2, nifK2 and vufDG, vnfK probes (Paper II).

Southern hybridization with hupL-, hupS- and hoxY specific probes resulted in posi-
tive signals from eight UHCC strains, whereas two strains, Calothrix XSPORK 36C
and Calothrix 11A, lacked signals. The combined absence of signal from Southern
hybridization of the AupSL and hoxY genes, and the lack of observable hydrogenase
activity suggest that the Calothrix XSPORK 36C strain lacks both hydrogenase en-
zymes. The negative Southern hybridization result for the soxY gene also suggests the
absence of bidirectional hydrogenase in Calothrix XSPORK 11A. However, this can-
not be certain due to the demonstration of low enzyme activity, slightly above the low-
er limit of detection of the assay (Paper II).

Interestingly, even though bidirectional hydrogenase activity was not observed in
Calothrix 336/3, Calothrix XSPORK 36C, Anabaena XSPORK 7B, and Nostoc Becid
19, these strains demonstrated, a positive hybridization signal with the hoxY probe,
which could indicate a possible presence of the bidirectional enzyme in these strains.
Despite this, the analysis of the sequenced genome of Calothrix 336/3 did not indicate
probable hox elements. However, it is still possible that these strains possess the bidi-
rectional hydrogenase (except Calothrix 336/3), but it is not expressed and maturated
under the tested conditions (Paper II).

4.4.2 Structures of the hup and nif operons in Calothrix 336/3

The most efficient H, producer among the screened UHCC strains Calothrix 336/3
was subjected to de novo genome sequencing (unpublished data). The structure of the
hup operon in Calothrix 336/3 was compared with the corresponding regions in Calo-
thrix PCC 6303, Calothrix PCC 7507, and Anabaena 7120 from the NCBI database.
Typically, the hupS gene coding for the small subunit of the uptake hydrogenase is
followed by hupL encoding the large subunit. The structure of the sup operon in Calo-
thrix 336/3 is similar to that in Calothrix PCC 6303 and Anabaena 7120. In all these
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strains, the AupL gene is interrupted by the AupL element, which is excised during het-
erocyst maturation by the internally encoded XisC recombinase. Interestingly, and in
difference to Anabaena 7120, the hupL elements of both Calothrix 336/3 and Calo-
thrix PCC 6303 contain a gene encoding the orange carotenoid protein (OCP). OCP in
cyanobacteria acts as a non-photochemical quencher of energy and a photosensor for
triggering a photoprotective mechanism through increasing thermal dissipation (Jallet
et al. 2014). Gene clusters coding for HypA-HypF maturation factors responsible for
the proper folding and activity of hydrogenases, were alike in all four strains. The dis-
tance between Ahup and hyp operons remains unclear for Calothrix 336/3 (Paper II).

The structural genes of nitrogenase, nifD, nifH and nifK, are conserved among cya-
nobacteria in the nif operon. In Calothrix 336/3 they were identified in a large gene
cluster also encoding several accessory elements of nitrogenase. This cluster is moder-
ately compact compared to the nif operons in the other two Calothrix strains, which
are interrupted by long DNA segments. The excision element (14 kb) and genes for
xisA recombinase were found in Calothrix PCC 6303. No known excision element was
found in the Calothrix 336/3 nif operon (Paper II).

The presence of excision elements and genes for xisF and xisA recombinases specif-
ic for the nif operon varies among cyanobacteria. Within heterocystous cyanobacteria,
three excision elements ranging from 11 to 55 kb have been found in nifD, fdxN and
hupL genes (Henson et al. 2011). Recently, the presence of two excision elements (80
and 5.9 kb) in the nifH gene of Anabaena sp. 90 was demonstrated (Wang et al. 2012).
Excision elements and genes for xisF and xis4 recombinases are present in Anabaena
7120 (Paper II).

A compact nif operon without excision elements might be related to symbiotic rela-
tionships, like in ‘Nostoc azollae’ 0708 (Ran et al. 2010, Wang et al. 2012). In many
aspects, symbiotic cyanobacteria behave ideally for H, production performed in pho-
tobioreactors. Their growth rate is very low. Still, metabolic activities and nitrogenase
activity of these cells are increased, as is the heterocyst frequency. Calothrix species
are known as cyanobionts of lichens, liverworts and hornworts, cycads, green algae
and diatoms (Rosenberg & Paerl 1981, Rasmussen & Nilsson 2002, Foster et al.
2011). Perhaps the right signals will yield cyanobacteria in an advantageous, artificial
symbiotic state. For example, Calothrix symbionts with diatoms have yielded 171-420
times higher N, fixation rates than free living cells (Foster et al. 2011). Symbiotic cya-
nobacteria can also have heterocyst frequencies up to 60-80% (Franche et al. 2009).
However, there are no known symbiotic relations with Calothrix 336/3 (Paper II).

The fdxN gene, within the nif gene cluster in Calothrix 336/3, encodes a “bacterial-
type” ferredoxin (Mulligan & Haselkorn 1989). Although its role remains unclear, the
disruption of the fdx/N gene did not affect the diazotrophic growth of Anabaena varia-
bilis (Masepohl et al. 1997).
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4.5 Morphology of the selected H, producers of UHCC

All H, producers selected from the pre-screening of UHCC were N,-fixing, fila-
mentous cyanobacteria with the ability to form heterocysts. The taxonomic identities
of the strains were based on the 16S rRNA gene sequence data and morphology of the
strains. Eight of the ten best H, producers were found to be benthic cyanobacteria,
with Calothrix 336/3 being periphytic. The remaining two strains are planktonic Nodu-
laria strains. Morphologically, Nodularia strains have barrel shaped cells with interca-
lary heterocysts. Calothrix strains have terminal ellipsoidal heterocysts at basal end of
filaments. Nostoc and Anabaena strains have terminal and intercalary heterocysts, with
a beaded trichome appearance. The microscopic image of 6 week old, immobilized
cells showed that heterocysts in the entrapped cultures were difficult to distinguish
from vegetative cells (Paper I II, III).

Calothrix 336/3 was observed to have a ratio of about 5 % heterocysts to vegetative
cells under normal growth conditions (unpublished data). Increasing the heterocyst
frequency to approximately 20-25 % is known to increase nitrogenase activity and thus
H, production (Meeks & Elhai 2002) and this is one of the biotechnological strategies
towards further increases in H, production of the Calothrix 336/3 strain. One possible
approach to increase heterocyst frequency might be to limit Mo, Ca and Fe nutrients,
since defiencies of these nutrients has led to increases in heterocyst frequencies in oth-
er Calothrix species (Sinclair & Whitton 1977).

4.6 H,production from the immobilized cells

Like many other prokaryotes, cyanobacteria secrete small signal molecules into the
environment that induce self and neighbouring cell gene expression, known as quorum
sensing. Cyanobacterial growth density and particularly N, fixation activity of Ana-
baena 7120 are known to be dependent on quorum sensing (Romero et al. 2011). This
molecular signaling prohibits high cell densities and H, production. In order to pro-
duce high amounts of H, in limited space, immobilization of cyanobacteria was ap-
plied.

4.6.1 Comparison of the H, production and growth by suspension and immobi-
lized cells

Long-term experiments involving several H, production cycles (5-7 days each cycle)
were performed to compare the H, photoproduction capacities of Anabaena 7120, the
AhupL mutant of Anabaena 7120, and Calothrix 336/3. These were undertaken for
both immobilized and suspension cell cultures. In order to release excess pressure and
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to lessen the possible negative effect of accumulated O, and H,, the culture vials were
opened and the gas atmosphere of the headspace was refreshed at the end of each H,
production cycle (Paper I1I).

The maximum specific rate of H, production was consist between the alginate-
entrapped cells and the suspension cultures of the Calothrix 336/3 (25-35 pumol H, mg
Chl™'h™"), Anabaena 7120 (9-13 umol H, mg Chl 'h™") and the AhupL mutant (about
30 pmol H, mg Chl ' h™"). The Anabaena 7120 produced significantly less H, than the
AhupL mutant or Calothrix 336/3 (Paper I1I).

In suspension cultures, H, production reduced significantly after the first cycle: An-
abaena 7120 did not produce any H, on the second cycle; AhupL decreased H, pro-
duction dramatically, and did not produce H, after second cycle; and Calothrix 336/3
demonstrated a more gradual decrease in H, production yield. Differently to suspen-
sion cultures, all immobilized cells demonstrated a slower, more gradual loss of H,
production activity over time; with production diminishing only after 4 to 6 cycles.
Immobilized cyanobacterial cells not only produced more H, over a much longer time
course, they also demonstrated high viability. After 84 days of entrapment, the cells
were still able to produce similar amounts of H, compared to freshly immobilized
cells. The cells were viable even after 6 months after the initial immobilization, with-
out demonstrating outgrowth from the films. Entrapped cells could also be revived
after several months of total dehydration of the films. Such long-term viability of en-
trapped cells could have a significant biotechnological value. (Paper III, IV).

Whilst cells can remain viable on recovery from the alginate films, one of the main
advantages of immobilization is that cells that remain entrapped are strongly (under
microoxic conditions) or partially (under oxic conditions) inhibited in cell growth (Pa-
per III). This presents the opportunity to control cell growth during the H, production
phase. Since the energy flow to biomass is proportional to the growth rate (Dickson et
al. 2009), it is important to to keep cultures at their lowest growth rate to redirect most
of the cell’s energy to H, production, instead of biomass accumulation. The reduced
growth observed after immobilization might result from the inability of filaments to
reproduce through hormogonia distribution. It is possible that, due to the lack of space,
signals transmitted by dying cells could cause death in living, neighbouring cells
(Rooke et al. 2010). Whilst this was not evident for Calothrix 336/3, since cells stayed
viable after 6 months of entrapment. It is also possible that growth limitations caused
by encapsulation might lead to a distorted cell metabolism due to decreased activity,
eventually leading to cell death in the longer term (Dickson et al. 2013). Constant ex-
posure to light can result in photoinhibition and photodamage, to which cells must re-
spond in order to live. Thus, the delicate balance between light utilization efficiency
and photoinhibition of entrapped cells is important for future optimization of H, pro-
duction by immobilized cyanobacterial cells (Paper 111, IV).

Entrapment of cells in polymeric films causes significant changes in gene expres-
sion profiles, as recently described for Synechocystis PCC 6803 encapsulated in rigid,
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aqueous silica gels (Dickson et al. 2012). Microarray experiments demonstrated down-
regulation of photosynthetic genes responsible for linear electron flow from PSII to
carbon fixation, upregulation of the genes involved in cyclic electron flow around PSI,
several nitrite/nitrate transporters, and genes related to iron stress, particularly isi4 and
isiB (Dickson et al. 2012). Entrapment of cells in alginate films is also advantageous in
reducing the possibility of culture contamination. This is important for long term H,
production, when it is difficult to maintain axenic cell cultures. Also, storing the cells
in harsh conditions is useful for the economical operation of the production system
(Paper 111, IV).

4.6.2 The effect of CO, additions on H, photoproduction

Cyanobacterial cells maintained under conditions without CO, additions stopped H,
production after only the first cycle (5-7 days). This could be due to the rapid utiliza-
tion of CO, during photosynthesis, resulting in a deficency of CO, available to the
cells, thus inhibiting H, production. To avoid this limitation, CO, was regularly added
to the headspace of Ar-purged vials. Supplementation of CO, increased the H, photo-
production yield in both suspension and immobilized cultures of the cyanobacterial
strains studied. Different levels of CO, (2%, 6%, 10%) were applied to Anabaena
7120, its AhupL mutant and to Calothrix 336/3, although only Calothrix 336/3 was
followed over several cycles in all CO, levels. The level of 6% CO, was found to be
suitable for sustaining the H, production of all three strains. However, even with CO,
supplementations, the H, production process could only be sustained for 25-38 days,
depending on the utilized strain. After 38 days of immobilization, the entrapped Calo-
thrix 336/3 cells supplemented with 2 % and 6 % CO, were still able to produce H,
and O,, indicating the viability of this strain, although variation between experiments
was noted (Paper 111, IV).

B-cyanobacteria, including filamentous N,-fixing strains, have the capacity to ex-
press CCMs that allow photosynthesis and growth to be saturated by CO, at well be-
low normal temperature-dependent air-equilibrium concentrations. This does not pre-
vent increased CO, from increasing the photosynthetic rate and amount of carbon per
cell, and may also increase the excretion of dissolved organic carbon (Price et al. 2008,
Fu et al. 2007). Possibly, Anabaena 7120 and Calothrix 336/3 have different proper-
ties in their CCM —system, what can be seen from the prolonged H, and O, produc-
tions of the Calothrix 336/3 strain. There was, however, an upper threshold level for
improvement of H, production by CO,. The entrapped Calothrix 336/3 cells supple-
mented with 10% CO, already demonstrated a decrease in H, production after the sec-
ond cycle. In this case, the decrease in H, production might also be due to a drop in
pH, since the Z8-media is not buffered adequately to prevent this occuring. It is also
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known that the extended incubation of cells with CO, increases their ratio of hetero-
cysts compared to vegetative cells (Marques et al. 2011) (Paper III).

H, production activity was more prominent in the AhupL mutant due to the lack of
uptake hydrogenase in this strain. In the best case, the AhupL cells in films supple-
mented with Ar + 6% CO, produced over 0.9 mol m? of H, gas for 33 days, while the
films with Anabaena 7120 and Calothrix 336/3 cells produced only about 0.1 and 0.42
mol m™ for 25 and 38 days. The film made with Calothrix 336/3 was thicker than the
other films (~0.5-1 mm), which might result in a slow diffusion of H, from the film,
making it easier for uptake hydrogenase to recapture H,. It is also highly possible that,
due to thickness of the film, the H, production capacity of the Calohrix 336/3 cells
observed in alginate films during continuous culturing is underestimated (Paper IV).

One of the important findings in this thesis work is that immobilized cells which
have significantly reduced growth are able to utilize levels of up to 10% CO,. These
conditions might be favorable for the production of different valuable carbon com-
pounds. The intracellular glycogen level of cyanobacteria is on average 1-5% w/w dry
weight and varies mainly as a function of light and macronutrient availability (Wilson
et al. 2010). It has been demonstrated, that high light stress (De Philippis et al. 1992)
and growing the cells in high CO, concentrations (Eisenhut et al. 2007) lead to an in-
crease of the glycogen pool. In general, elevated temperature and higher than atmos-
pheric CO, concentrations increase photosynthetic growth of cyanobacteria, also lead-
ing to higher C:P and N:P ratios (Fu et al. 2007), although there are considerable dif-
ferences between species. The decreased levels of gas exchange observed at the end of
long term experiments indicate down-regulation of photosynthesis and carbon assimi-
lation activities in response to nitrogen starvation. When excess carbon is combined
with nitrogen depletion, a rapid glycogen accumulation of up to 70% w/w dry weight
is observed in cyanobacteria (Yoo et al. 2007). At the gene expression level, nitrogen
deficiency results in a lack of transcripts from phycobilisome encoding genes and pho-
tosynthesis-related genes and reduced amounts of proteins involved in Chl synthesis,
the Calvin-Benson-Bassham cycle, and sugar anabolism (Krasikov et al. 2012, Ehira &
Ohmori 2014) (Paper 111, IV).

The lack of ammonia in the GS-GOGAT cycle leads to an increase in the 2-OG lev-
el, which activates a signaling cascade resulting in the degradation of phycobilisomes.
When nitrogen is available again, the phycobilisomes are resynthesized and glycogen
is degraded (Karradt et al. 2008). The presence of chemically and osmotically inert
stores of intracellular glycogen enables cyanobacteria to survive macronutrient-
starvation conditions and to recover rapidly (Griindel et al. 2012). Microorganisms
capable of closely adjusting the rate of glycogen degradation to their energy mainte-
nance requirements survive for the longest periods (Dawes 1992). Calothrix 336/3 is
able to survive long periods without added nutrients. Even after 25 days incubation in
conditions of only Ar + CO,, it’s Chl a level was increased in contrast to Anabaena
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7120. This might indicate that Calothrix 336/3 is uniquely adapted to variations in C/N
levels, and is able to balance amounts of glycogen and phycobilisomes (Paper 111, IV).

It is known that some cyanobacteria can also synthesize another carbon reserve,
polyhydroxybutyrate (PHB) (Stal 1992). It is assumed, that PHB acts mainly as a regu-
lator of the intracellular reduction charge (De Philippis et al. 1992). It is highly possi-
ble that UHCC strains also exhibit significant amounts of PHB and extracellular poly-
meric substances (EPS). EPS amounts increase when C/N metabolism is unbalanced in
favor of fixed carbon (Otero & Vincenzini 2004).

4.6.3 N recovery during long-term H, photoproduction

Although all three studied strains were supplemented with CO,, a clear decline of pho-
tosynthetic capacity and H, production capacity was still observed during the long-
term H, production process. This decline was most likely due to a lack of N-sources.
Measurements of photochemical activity from the surface of the films using the Dual-
PAM 100 fluorometer at the beginning of, and after 19 days of H, production, demon-
strated that photosynthetic activity significantly declined in all strains under long-term
N-starvation (Ar +6% CO,) conditions. In these films, the effective PSII yield, Y(II),
dropped from 0.33 to 0.16 in Anabaena 7120, from 0.29 to 0.18 in Calothrix 336/3,
and from 0.34 to 0.06 in AhupL after 19 days of the experiment. Photosynthetic per-
formance of the cells was also evaluated by measuring the amount of O, in the head-
space of the vials, and demonstrated a similar decrease (Paper IV).

To further stabilize H, photoproduction and to support the viability of the entrapped
cyanobacterial strains, a recovery phase was introduced to the long-term experiments.
During the recovery phase, the cells were periodically exposed to air + 6% CO,, or air
with atmospheric levels of CO, for about 16 - 20 h every fourth day. The air treat-
ments, by supplying cells with N,, allowed nitrogen-deficient cells to briefly fix N, to
recover photosynthetic apparatus and other impaired metabolic activities. The regular
treatment of entrapped Anabaena 7120 and Calothrix 336/3 strains with air and air +
6% CO, completely recovered photochemical activity after 19 days of the long-term
H, production process. However, the AhupL mutant behaved differently, demonstrat-
ing recovery of PSII yield only during treatment with air, and not during treatment
with air +CO, (Paper IV).

Under optimal conditions, the films with entrapped AhupL cells produced over 1.1
mol H, m™ for 32 days when treated periodically with air, while the Calothrix 336/3
produced over 0.5 mol Hy m™ for the period of 27 days when treated periodically with
air + 6% CO,. The films with entrapped Anabaena 7120 cells did not produce more
than 0.1 mol m™ under any conditions tested. Thus, the recovery phase increased the
H, production of AhupL mutant and Calothrix 336/3 strains, while having negligable
impact on Anabaena 7120 (Paper 1V).
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Even the periodic treatments of the immobilized cultures with air or air + 6% CO,,
allowed the cells (except AhupL with air + CO, treatment) to recover photosynthetic
apparatus and made O, production more stable. Still, all three strains stopped produc-
ing H,, albeit after extended periods of time. Moreover the wild-type cells always pro-
duced less H, and usually for shorter periods of time. The decrease in H, yield could
not be linked to the H, uptake process exclusively, since the AhupL mutant strain was
also affected. Furthermore, the AhupL/AhoxH mutant deficient in both hydrogenases,
showed almost the same kinetics of H, production as the AhupL strain (unpublished
data), indicating that bidirectional hydrogenase was not involved in H, uptake. Despite
this, the increase of H, uptake capacity over the time of the experiment could not be
entirely ruled out as a factor in H, production for both wild-type strains. It is known
that alginate matrix significantly restricts the diffusion of gases to and from the en-
trapped cells (Kosourov & Seibert 2009). Thus, increasing levels of H, and O, inside
of the films may favor the oxyhydrogen reaction (Rao & Hall 1996, Tamagnini et al.
2007). The comparison of net H, and O, yields in the examined strains indicates that a
direct connection between H, uptake and O, respiration may exist in long-term H,
production process for these strains (Paper 1V).

4.7 The role of uptake hydrogenase

Prolonged incubation of alginate films in the absence of nitrogen caused a significant
loss of photochemical activity and the degradation of Chl a in the entrapped cells.
Wild type strains recovered photosynthetic apparatus due to periodic treatments with
air, independent of the presence or absence of CO, in air. In contrast, the AhupL mu-
tant, treated periodically under air + 6% showed significant bleaching, decreased Chl
a, and a decrease in PSII yield. The photosynthetic performance as measured by O,
production confirmed this reduced photosynthetic capacity. Also, immobilized AhupL
cultures showed reduced cell fitness, determined by suspension culture regrowth for 6
days following recovery from the alginate matrix (Paper IV).

These results indicate that uptake hydrogenase may protect, not only the nitrogenase
system from O, inactivation in heterocysts, but also vegetative cells from photoinhibi-
tion by removing excess O, that may be accumulated inside the films. This condition
can also accelerate the consumption of H, in the wild-type strains. Despite accelerating
the H, production rate, the elimination of uptake hydrogenase in cells may thus reduce
the length of the process.

When uptake hydrogenase is inactivated, the heterocysts compensate by increasing
respiratory activity, modifying the heterocyst cell envelope and the upregulation of
stress response proteins. There is a reduction in the amount of ATP and NADPH
available to drive N,-fixation, which leads to an increased C:N ratio. In order for het-
erocysts to maintain a high N,-fixation rate they compensate by generating more re-
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ducing power (Ekman et al. 2011). Alternative mechanisms, such as O, photoreduction
pathway triggered by a heterocysts specific FIv3B flavodiiron protein (Ermakova et al.
2014), might be strongly upregulated to keep the O, concentrations low in heterocysts
(Ekman et al. 2011).
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CONCLUSION AND FUTURE PERSPECTIVES

Important parameters for photoautotrophic cyanobacterial H, production are efficien-
cy, robustness, stability, and the cost efficiency of the production system. These are
the parameters which have guided the work for this thesis. However, the task of ful-
filling these parameters is not easy.

When characterizing the diverse H, producers in the UHCC, it was found that a
high H, production rate is not due to the presence of highly active nitrogenase or bidi-
rectional hydrogenase enzymes. It is noteworthy that the best H, producers in the
UHCC possess a highly active uptake hydrogenase enzyme as compared to the refer-
ence strain, Anabaena 7120. Although, it should be kept in mind that regardless of the
high activity determined in vitro, the uptake hydrogenase might not function in vivo. In
order to enhance H, production, the the cell metabolism and intracellular redox status
of the UHCC strains should be further studied.

In all experiments, the Calothrix 336/3 strain outperformed the wild-type of 4Ana-
baena 7120, both in H, photoproduction yields and in the duration of the process.
Since both wild-type strains possess uptake hydrogenase, elimination of uptake hydro-
genase in Calothrix 336/3 might result in higher H, photoproduction yields than the
AhupL mutant of Anabaena 7120.

Factors including culture density, light intensity, pH, temperature, medium compo-
sition and the presence of O, affected the H, production of the studied strains. Accord-
ingly, the productivity and economics of all photosynthesis-related processes is influ-
enced by the light utilization efficiency. Factors that may impact the efficiency of H,
production include light saturation and distribution, self-shading, and an inability of
strains to utilize all wavelengths of light. Comparison of autotrophic systems to heter-
ologous production systems is difficult in terms of economical viability.

Further usage of the UHCC strains for H, production might be possible with the
best producing strains, Calothrix 336/3, Nostoc XHIID A6 and Calothrix XPORK 5E.
For the rest of the UHCC strains, utilization appears implausible. Filamentous cyano-
bacteria could be utilized as host organisms to various hydrogenase enzymes to in-
crease the nitrogenase based H, production.

Continuous H, production from immobilized cells is a more promising H, produc-
tion system in larger scale than production from suspension cultures. Combining im-
mobilization with recovery treatments demonstrated the great potential for gains to be
made that could finally yield a completely continuous cyanobacterial H, production
system.
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The function of uptake hydrogenase was clarified in a metabolic context, with the
role of this enzyme in protecting the photosynthetic apparatus of vegetative cells from
photoinhibition being revealed. This information could be useful in future strain engi-
neering approaches when introducing foreign hydrogenases into cyanobacteria or
when attempting to enhance H, production rates in cyanobacteria using endogenous H,
producing enzymes.

It has been claimed that H, production by the cyanobacterial nitrogenase systems is
not efficient enough to be of practical use. Nitrogenase must be produced in large
amounts, requiring a number of other proteins for assembly and the maintainance of a
suitable environment. The reaction itself consumes much ATP, thus being energetical-
ly expensive for the cell. Whilst this work has demonstrated improvements towards the
feasibility of cyanobacterial H, production, further optimizations of the nitrogenase
process, including the continuing identification of optimal conditions and further ge-
netic engineering of promising strains will certainly improve the situation.

The main goal in the future studies is to engineer sustainable integrated cyanobacte-
ria based production system. Integration of efficient waste-water purification, and pro-
duction of H,, other biofuels, and valuable biocompounds, could be applied in order to
make the system economically viable. The key scientific methods to develop such a
system would be application of systems biology approach, high throughput RNA-
sequencing, computational biomodels, proteomics, metabolic engineering, and genome
sequencing of good producers.
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