











Figure 21 The heterocyst frequency was retained at high levels in the Fe limited
cultures (blue triangles), similar to the controls (black squares). Heterocyst frequen-
cy [%] over the cultivation time in Fe-limited and control cultures. Except of day
zero, all data points represent > 3000 counted cells (vegetative cells and heterocysts)
from three biological triplicates (count of > 1000 per replicate) and the error bars
indicate the standard deviation. For data points on day zero > 1000 cells were count-
ed from the inoculation culture that was grown under control conditions. The stand-
ard deviation was set to 30 %, the highest experimentally observed one.

The Fe-limited culture possessed a high heterocyst frequency ranging from ~
5.9 % to 6.4 % during the last three weeks of cultivation (Fig. 21). In agree-
ment with this observation, also the diazotrophic cyanobacterium Calothrix
parietina possessed an increased heterocyst frequency under iron starvation
(64). A retained high heterocyst frequency is desirable for a long term pro-
duction process of H, from indirect photolysis processes (9).

To conclude, the Fe limitation was found to be a suitable cultivation strategy
as glycogen storage was built up, growth was impaired and heterocysts were
retained for potentially enhanced H, production. Further efforts to reallocate
the photosynthetic energy towards H, inside the heterocysts are required.
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Manufacturing biofilms in closed photobioreactors for
H, production (Exclusively presented in this thesis)

Photobioreactors have majorly been designed to constantly circulate a liquid
culture medium for optimal light conditions. Acién et al. estimated that ~ 54
% of the energy input was due to the use of pumps circulating the liquid
inside a microalgal pilot plant for feed production (25). Energy input always
adds to the cost of the production and if low-price commodities are being
produced, these costs significantly determine the economic viability of the
process. Therefore, efforts to develop an economically viable H, production
need to be intensified in order to increase the probability that photobiological
H, production could contribute to the global decarbonisation of the transport
sector.

The majority of the energy input in conventional photobioreactors containing
suspension cultures is due to mixing and liquid circulation. Thus, I propose a
novel design of a photobioreactor, in which liquid circulation is not required.
The design is inspired by microbiological mats in nature (153) and the recent
studies on biofilm photobioreactors for the purpose of photo fermentation.
However, photo fermentative bacteria require a constant supply of organic
compounds and thus liquid circulation is commonly integrated in these sys-
tems to feed the biofilm (154-156). While in conventional photobioreactor
systems biofilm formation is undesired (157), the here presented design of
the photobioreactor consists of an immobilised culture with no intention of
liquid agitation (Fig. 22).
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Figure 22 The design of a biofilm photobioreactor. Schematic sequence of the inner

compartments in a biofilm photobioreactor orientated to the artificial light source
LED.
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A flat panel design was chosen and a cyanobacterial culture is required to be
inserted into the photobioreactor chassis. Therefore, the culture is immobi-
lised on the glass surface inside the bioreactor chassis. The biofilm is direct
contact to a cellulose membrane to supply water for photosynthesis. A metal
grid supports the stability of the cellulose membrane on the biofilm.

Two different methods to transfer a cyanobacterial culture onto the glass
surface to form a biofilm have been tested. The first method comprises a
natural cell sedimentation step, in which the cyanobacterial culture of about
200 mL was concentrated in four 50 mL Falcon tubes to a volume of about
30 mL (Fig. 23). A 7-fold concentration within 120 min was possible to ob-
tain. This concentration step was necessary to decrease the culture volume to
be immobilised on the glass surface and enable a drying step to form a solid
biofilm.

62



i
m fr

0 min ~10 min ~30min ~100 min 120 min

Figure 23 The gravity-driven sedimentation process in ~ 50 mL culture of Nostoc
PCC 7120 AhupW.

The dense culture slurry obtained by the gravity-driven sedimentation pro-
cess was applied onto the glass surface (Fig. 24, A). To confine the biofilm,
slices of gelatine were used. A subsequent drying process generated a ho-
mogenous biofilm (Fig. 24, B-C). However, there were several drawbacks
using this method to form a biofilm. The biomass transfer efficiency (based
on ODggoum) from the culture onto the glass surface reached between 65 — 75
%, while a significant amount of cell material could not be concentrated by
the sedimentation process (Fig. 24 D). Filaments of short length between one
to three cells per filament were microscopically identified in the supernatant
after sedimentation (data not shown). Other cell residues could not be trans-
ferred as they were lost inside the pipette used for the transfer. Furthermore,
long biofilm drying processes between 6 - 10 h were required dependent on
the final culture slurry volume for the transfer. During photobioreactor as-
sembly, the biofilm was vulnerable to deformation (Fig. 24 E) when e.g. the
cellulose membrane and metal grid were inserted for the purposes of immo-
bilisation and stability. If the optimal drying time was exceeded, a blue sub-
stance was extracted from the cells when filling the photobioreactor with the
culture medium (Fig. 24 F). Based on spectroscopic analysis, this blue sub-
stance was likely phycobilisomes, putatively extracted by the cells upon
osmotic stress (data not shown).
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Figure 24 Advantages and disadvantages in biofilm formation using the sedimenta-
tion process. The sedimentation process allows for A. homogenous biofilm for-
mation, confined by two galantine slices, inside the photobioreactor chassis with
views on B. the front side and C. the back side of the biofilm photobioreactor. The
sedimentation process from a D. culture (D. left) leads to biomass losses as the su-
pernatant contains cells that are not transferred onto the biofilm (D. right). The bio-
film is E. physically vulnerable to the insertion into the reactor chassis, F. too long
drying processes and G. gas bubble formation in between the glass surface and the
biofilm that caused stress and the loss of biofilm homogeneity, respectively.

The application of culture slurry onto the glass surface was found to be dis-
advantageous, as it comprised biomass loss and the risk of osmotic stress.
Therefore, a second approach, a filtration process, was attempted for a more
efficient biofilm formation. In this process it was aimed to decrease the dry-
ing time and increase the biomass transfer efficiency. Instead of sedimenta-
tion, the cells were directly transferred onto the cellulose membrane that was
used in the reactor design for stabilising the biofilm (Fig. 25). This filtration
process required between 30 — 40 min for a 200 mL culture and decreased
the biofilm preparation time by at least 5 h as compared to the sedimentation
process. In sum, the risk of non-optimal drying times that would lead to os-
motic destruction of the cells upon the contact with the culture medium was
reduced.
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Figure 25 Biofilm formation with the filtration process. The A. original cyanobacte-
rial culture Nostoc PCC 7120 AhupW is directly transferred onto a B. cellulose fil-
trate paper folded in a metal grid holder to receive the C. cyanobacterial biofilm.
After the insertion of the biofilm into the D. photobioreactor with the view on E. the
back side and F. the front side of the reactor chassis.

Using the filtration process, biomass transfer efficiencies (based on ODgggum)
between 92.0— 99.9 % were reached, which was a significant improvement
as compared to the sedimentation-based process. Short filaments containing
one to three cells were microscopically identified in the collected filtrate and
thus both biofilm formation techniques could not guarantee a complete cul-
ture transfer. During the assembly, there was a lower risk to physically dam-
age the biofilm as compared to the previous method. Both biofilm formation
techniques were based on the same design to immobilise the biofilm directly
onto the glass surface and it was observed that immediate gas production,
putatively O, from photosynthesis, resulted to biofilm deformation within 12
h (Fig. 26).
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Figure 26 The effect of illumination on the biofilm homogeny. A. small gas bubbles
appear between the glass surface and the biofilm upon illumination (~20 pmol m™ s~
") and lead to B. biofilm deformation and the loss of homogeneity within the 12h.

Biofilm deformation decreases the effective area of illumination, while on
the other hand a homogenous biofilm would guarantee an even distribution
of the light onto the photobioreactor surface and is therefore desired. A new
design was developed to mitigate the effect of evolving gas that deformed
the biofilm. In this optimised design, the biofilm is not immobilised onto the
glass surface, but covered by a transparent silicon membrane on the illumi-
nated side and by the cellulose membrane on the non-illuminated side. While
the cellulose membrane allows for an efficient and quick biofilm formation,
the silicon membrane could allow for a continuous gas exchange and prevent
the deformation of the biofilm.
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Figure 27 The design of the optimised biofilm photobioreactor. Schematic sequence
of the inner compartments in a biofilm photobioreactor orientated to the artificial
light source LED. * The metal grid comprises an opening for optimal light penetra-
tion on the biofilm.

Both membranes are re-enforced by two metal grids that are clammed with four
silicon rubber tubes into the case stabilising the embedded biofilm (not shown). The
use of the cellulose membrane enables the previously described filtration process to
form a homogenous biofilm. The metal grid facing the illuminated area of the bio-
film is decreased to a minimal material, but still supported the stability of the bio-
film (Fig. 28A).
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Figure 28 The assembly of the optimised biofilm using a transparent silicon mem-
brane. The biofilm is A. covered by the silicon membrane and B. upon light illumi-
nation (~20 pE m™ s™) bubble formation was observed on top of the membrane
inside the biofilm photobioreactor.

When assembled, the cyanobacterial biofilm was observed to form gas bub-
bles immediately upon illumination as previously observed. Most of these
gas bubbles were formed on the membrane facing the LED. Biofilm distor-
tion caused by these bubbles was not observed using the silicone membrane
as compared to previous attempts for biofilm immobilisation on the glass
surface. The use of a silicone membrane also enabled to sporadically observe
H, production by gas chromatography (data not shown). In contrast to sus-
pension cultures, the H, evolution from the biofilm was not continuous dur-
ing illumination (data not shown). Gas bubbles on top of the silicone mem-
brane were observed to stay on the surface and could explain the discontinui-
ty of the H, evolution. Further developments of the shown prototype are
required to enable the enrichment of the gas phase with H,. A focused gas
stream directed towards on the area of bubble accumulation could facilitate
gas exchange. This optimisation could support a constant H, harvest and O,
removal from the system. Similar gas exchange units are commonly installed
in conventional photobioreactors to extract O, from the system (25).

Throughout the bioreactor tests, the cells were observed to proliferate in the
biofilms; in long-term experiments even outgrowing the biofilm while cells
accumulated in the bioreactor chassis. An economic analysis on the biofilm
was not foreseen or conduced in this study, as this would require upscaling
the systems. Nevertheless, the developed system appears to be economically
promising due to the lack of liquid circulation that increases substantially the
production costs.
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Summary, conclusion and future directions

In thesis chapter I, the five Dps from N. punctiforme have been investigated
to identify their physiological function. After overexpression and purifica-
tion we collected information on their multimeric state and verified that all
NpDps could be subjected to further enzymatic analysis. While NpDpsl,
NpDps2 and NpDps3 were observed to catalyse the reaction between H,O,
and Fe”', the previous role of NpDps2 in immediate response to H,0, was
verified.

Whether these three canonical NpDps can be used in cyanobacterial produc-
tion systems to cope with elevated O, concentrations needs to be investigat-
ed, but they all comprise the necessary enzymatic function to detoxify H,O,,
a product of the reactive oxygen species reaction cascade that is harmful to
the cells.

In contrast to NpDps1-3, NpDps4 was found to catalyse the reaction be-
tween O, and Fe’” and no indication of detoxifying H,0, was found.
NpDps4 comprised a special His-type FOC that was found in many different
cyanobacterial Dps proteins and further investigation of its role in the atypi-
cal enzyme activity needs to be further analysed. Therefore, point mutations
on the His-type FOC in Npdps4 could be inserted to modulate and study the
Fe’* oxidation reaction. This could give insights on how the FOC structure
affects the enzyme’s capability to utilise O,, or HO, as shown for canonical
Dps.

Whether NpDps4 could be used as a resistance protein to protect cyanobac-
terial producers inside photobioreactor systems needs to be investigated.
Inserted into heterocysts, it could contribute to the natural mechanisms to
maintain the microoxic environment. How intracellular O, concentrations in
heterocysts are affected in photobioreactor systems with elevated O, levels is
unknown.

We have found potential ferredoxins that NpDps4 and NpDps5 might inter-
act with, but further investigations on the possible electron transfer from
these ferredoxins to the NpDps proteins are required. These studies could
give answers on how the release of iron from Dps proteins is triggered to
fully understand their role in iron homeostasis.
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In the 2™ chapter of the thesis, the limitation of Fe and its effect on cultural
proliferation, carbohydrate accumulation and heterocyst frequency were
studied. While Fe limitation did not fully cease growth inside the culture of
Nostoc PCC AhupW, it displays a promising cultivation strategy to investi-
gate the reallocation of photosynthetic energy into the biosynthesis of H,.
The initiation of a co-limitation of other nutrients might be useful to stop
cellular proliferation. Over four weeks of cultivation time, the heterocyst
frequency remained on a high level of ~ 6 %, which is an essential prerequi-
site for H, production from heterocystous cyanobacteria. Further long term
experiments need to be conducted and higher illumination levels need to be
applied to evaluate the potential of the cultivation strategy for outdoor use.
Nevertheless, hydrogenases or entire photo fermentative pathways have to
be inserted into the heterocyst metabolism for ultimate H, production. This
requires the techniques of synthetic biology. The reallocation of carbon stor-
age could then be monitored and improved towards the production of the
desired compound.

Little is known about cyanobacterial biofilms and how they could be used
for H, production. The here presented study discusses practical aspects about
a novel design for a cyanobacterial biofilm photobioreactors. The biofilm
can be formed using a filtration method that guarantees a high biomass trans-
fer efficiency from a liquid However, the presented design requires further
improvements in regards to efficient gas exchange. If continuous photobio-
logical H, production can be established during light conditions, the upscal-
ing of the reactor is required to analyse the system from an economical point
of view. Non-proliferating and efficient H,-producing cyanobacteria are then
required to be analysed economically to compare with conventional systems.

Finally, it remains to be investigated whether both strategies to enhance cya-
nobacterial H, production can be combined in one setup. The cultivation
under Fe limitation to impair growth might affect the capability of genetical-
ly introduced Dps proteins for an enhanced robustness during oxidative
stress. Too little is known about how Dps proteins manage iron homeostasis
inside the cells, especially in Nostoc cultures that contain an unusually high
number of five Dps proteins.
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Sammanfattning pd Svenska

Klimatfordndringarna ar ett stort globalt hot. Vi vet med sédkerhet att den
okning av koldioxid som sker i atmosfdren grundas i vart bruk av fossila
brianslen med start under den industriella revolutionen. For att begrénsa den
klimatpéverkan som var energikonsumtion leder till behdver vi gé fran fos-
sila brianslen mot fornybara alternativ. Vitgas dr en alternativ energibdrare
som av méanga anses vara nddvéndig for denna dvergang. Vitgasforbranning
ledar inte till 6kad koldioxidhalt eftersom vatten &r den enda avgas som bild-
as vid forbranning. Vitgas producerat av cyanobakterier dr ett intressant
fornybart alternativ som har utforskats under flera decennier. Med hjilp av
genteknik och genom forbéttring av odlingsforhdllanden har man lyckats
optimera H,-produktionen. De stora forskningsanstringningarna har resulte-
rat i en omvandling av solenergi till H, med en effektivitet pa 4,0%, vilket &r
langt fran dess teoretiska maximum.

I tva separata kapitel beskriver jag nya koncept for att forbéttra fotobiolo-
gisk Hp-produktion fran cyanobakterier. Cyanobakterier dr fotosyntetiseran-
de prokaryoter som endast behover solenergi, vatten, koldioxid fran luften
och sma méngder niringsdmnen for tillvixt och biosyntes av exempelvis Hs.
I cyanobakterier finns tva enzym som kan bilda vétgas; hydrogenas och nit-
rogenas. For att en robust produktion av vitgas ska bli en framtida realitet
maste bade cellens metabolism och odlingsprocesser fordndras och optime-
ras.

For biotekniska applikationer av cyanobakterier sd anvinds ofta fotobioreak-
torer. En utmaning &r att syrgasnivaerna i dessa reaktorer okar pa grund av
cellernas fotosyntes vilket leder till att méngden av reaktiva syrearter (ROS)
Okar. I en fotobioreaktorodling behdver ROS-halterna kontrolleras for att
inte en oxidativ stress som kan leda till en kollaps av hela odlingssystemet
ska uppkomma. Cyanobakterier i sldktet Nostoc har anvénts som modellor-
ganismer for att studera och utveckla vétgasproduktion fran heterocyster,
som dr en celltyp med lag syrgashalt dar kvavefixering och vitgasproduktion
kan ske. Min forskningen har haft syftet att karaktérisera mini-ferritiner
(Dps) 1 Nostoc. Dessa antas fungera i skydd mot ROS, samt i cellens jirnba-
lans. Trots deras uppenbara relevans for att forhindra oxidativ stress i
cyanobakterier &r de bakomliggande biokemiska mekanismerna i stort okdn-
da.
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I avhandlingens forsta kapitel presenteras och diskuteras resultat som visar
att Dps-proteinerna fran Nostoc punctiforme har specifika fysiologiska funk-
tioner och anvénder skilda mekanismer for jarnlagring, skydd mot ROS,
samt reglering av cellens syrenivéer. For att fungera i upplagring av jérn sé
kravs det att Dps har en globular struktur bestdende av tolv monomerer. Mi-
na resultat forsdkrade att NpDps1-NpDps5 alla var stabila multimerer under
fysiologiska forhéllanden och darfor kunde anvéndas for biokemiska studier.
Strukturmodeller av NpDpsl- NpDps3 exponerade ett for Dps proteiner
typiskt ferroxidascenter (FOC), dér Fe** binds och oxideras till Fe’* for lag-
ring. Spektroskopiska analyser visade att NpDps1-3 anvinder H,0, for Fe*"
oxidation, vilket tyder pa en funktion i ROS-tolerans.

Strukturbestimning av NpDps4 med rontgenkristallografi avslojade ett
atypiskt FOC, dir konserverad aminosyror, som dterfinns i typiska Dps,
ersatts av andra. Sekvensjimforelser mellan Dps-proteinhomologer fran
cyanobakterier avsldjade en tidigare okdnd FOC-klass, som jag namngett till
His-typ FOC. His-typ FOC identifierades inte i Dps-proteiner frdn andra
bakterier och kan vara en unik struktur for Dps-proteiner i cyanobakterier.
Spektroskopiska analyser visade att NpDps4 anvinder syrgas for Fe’" oxida-
tion. Dérfor foreslér jag att NpDps4 har betydelse for reglering av syrgasni-
vaerna i heterocysten. Min slutsats ar att de typiska NpDps 1 - 3 &r viktiga
for cellens reglering av H,O,, medan NpDps4 har en mer generell roll i jam-
lagring. Bada dessa funktioner &r en del av cellens skydd mot oxidativ stress.

Den biokemiska karaktérisering visar tydligt att NpDps1 - 4 alla dr intres-
santa kandidater 1 utvecklingen av en robust fotobioreaktorproduktion av
vitgas.

Vi har visat att NpDps1 - 4 binder Fe*" och kan lagra jirn, men for att Dps
proteiner ska kunna kontrollera de fria jarnet i cellen s& krdvs dven att det
lagrade jarnet frisétts vid behov, vilket bor ske genom att det lagrade jarnet
(Fe’") reduceras. Tyvirr ir lite kiint om denna process, och nigon potentiell
elektrondonator som kan interagera med Dps och frimja mobiliseringen av
det lagrade jarnet har hittills inte identifierats. Vara resultat fran protein-
protein interaktionsstudier visar for forsta gangen att elektronbirande ferre-
doxiner bildar komplex med Dps proteiner frin cyanobakterier. Detta ar
intressant men ytterligare undersokningar behdvs for att avgora om denna
interaktion har betydelse for frisdttning av det lagrade jarnet i cellerna.

Min arbetshypotes i detta arbete har varit att de specifika funktionerna i
Nostoc skulle tydliggoras vid en biokemisk karaktérisering av de fem NpDps
proteinerna. Denna biokemiska undersokning var den forsta ddr multipla
Dps proteiner i en och samma organism studerats. Forskningen har varit
betydelsefull for att forstd hur de individuella Dps proteinerna inom gruppen
ferritinliknande proteiner i en och samma organism samarbetar for att reglera
jarn, syre och ROS-nivéer i cellerna. Min forskning har ocksé bidragit till att
identifiera proteiner som direkt kan ha betydelse for de processer; syrgas och
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jarnreglering samt skydd mot oxidativ stress, som dr viktiga for vétgaspro-
duktion i cyanobakterier.

I avhandlingens andra kapitel undersoker jag teorin att ett forbattrat H,-
utbyte krdver en omfordelning av fotosyntetisk energi frén celltillvéxt till Hp-
produktion. For att utvirdera denna teori odlades Nostoc PCC 7120 AhupW
under jérnsvélt i fyra veckor. Den Fe-begridnsade kulturen uppvisade en ~
5,3 ganger lagre klorofyll a-koncentration och en ~ 4,5 ganger hogre kolhyd-
ratkoncentration jamfort med kontrollen. Detta resultat tyder pa att energi
lagras i cellerna pa bekostnad av tillvixt. En annan viktig upptéckt var att
den Fe-begrinsade cellkulturen bestod av langa filament med en hog hete-
rocystfrekvens pa ~ 6%, och att dessa heterocyster kunde aterfa sin aktivitet
ndr Fe ater tillsattes. Den laga syrgashalten i heterocyster mojliggor effektiv
H,-produktion fran O,-intoleranta foto-fermentativa processer.

Jag forslér att jarnsvélt som odlingsstrategi kan nyttjas for effektiv vét-
gasproduktion pé bekostnad av celltillvdxt. For att kunna undersoka detta har
jag utvecklat en prototyp-biofilmfotobioreaktor med fokus pé att (i) sdnka
kostnaden (ii) sdnka energiforbrukningen (iii) och 6ka cellernas kapacitet for
att skorda solenergi och omvandla energin till for samhéllet anviandbara pro-
dukter.
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Supplementary

Table S1 Overview of the DNA-binding properties of Dps structures. N- and C-
terminal sequences based on the crystal structures (http://www.rcsb.org/). Lys and
Arg highlighted in blue colour. Underscored amino acids indicate the existence of a-
helices structures. DNA-binding capabilities for the prokaryotic Dps sequences
given for Escherichia coli, E. coli Dps (1DPS) (76); Bacillus subtilis, B. subtilis Dps
(2CHP); Mycobacterium smegmatis, M. smegmatis Dpsl (1UVH) and Dps2 (2290)
(75, 95); Lactococcus lactis, L. lactis DpsA (12S3) (54) and DpsB (1ZUJ) (54);
Deinococcus radiodurans, D. radiodurans Dps1 (2C2U) and Dps2 (2C2J) (77, 78);
Helicobacter pylori, H. pylori (1J14) (79); Listeria innocua, L. innocua Dps (6HV1)
(101); Streptococcus pyogenes, S. pyogenes Dps (2WLU) (97); Agrobacterium tu-
mefaciens, A. tumefaciens Dps (109R) (81); Thermosynechococcus elongatus BP-1,
T. elongatus Dps (2C41) and DpsA (2VXX) (51, 89); Campylobacter jejuni, C.
jejuni Dps (3KWO) (82); Bacteriodes fragilis, B. fragilis Dps (2VZB) (80); Myco-
bacterium arborescens, M. arborescens Dps (2YJK) (158); Bacillus anthracis, B.
anthracis Dps1 (1JI5) and Dps2 (1J1G) (53); Streptococcus suis, S. suis (2UX1)
(131); Salmonella enterica, S. enterica Dps (3AKS) (96); Listeria monocytogenes, L.
monocytogenes Dps (21Y4) (159); Treponema pallidum, T. pallidum (2FJC); Kineo-
coccus radiotolerans, K. radiotolerans Dps (4A25); Yersenia pestis, Y. pestis Dps
(4DYU) ; Vibrio cholerae, V. cholerae Dps (31Q1); Halobacter salinarum, H. sa-
linarum DpsA (100); Staphylococcus aureus, S. aureus Dps (2D5K) ; Brucella
melitensis, B. melitensis Dps (3GE4); Sulfolobus solfataricus, S. solfataricus Dps
(2CLB) (134, 160); Streptomyces coelicolor, S. DpsA (4CY9) and DpsC (4CYB)
(161). Further information on protein tags for protein purification purposes found in
the referred literature as only native protein sequences have been given here on the
basis of KEGG protein sequence entries (https://www.genome.jp/kegg/). *N-
terminal signal peptide for D. radiodurans Dpsl
'"MRHSVKTVVVVSSLLLGTALAGGAGAQSAG' not included in the displayed N-
sequence.
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