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Abstract  

The environmental consequences associated with the use of fossil-sourced fuels and 
chemicals have brought with it a realization that future development must move in a 
more sustainable direction. Currently available biofuels or renewably produced 
chemical, such as bioethanol or biodiesel, are produced from microbial fermentation 
of sugar-rich crops or by chemical conversion of natural oils or fats. However, these 
strategies are not sustainable in the long run as fuel and chemical production 
competes with food supply and arable land usage. Instead of relying on 
photosynthetic feedstocks that require further conversion, one can engineer 
photosynthetic cyanobacteria to produce a product of interest directly from CO2 and 
sunlight. The first part of this thesis aimed to develop new synthetic biology tools for 
the model cyanobacteria Synechocystis sp. PCC 6803. The second part of the thesis 
focused on evaluating the regulation of fatty acid synthesis in cyanobacteria, and the 
production of fatty acid-derived chemicals in Synechocystis.  

In paper I, fusion of small affinity proteins (Affibodies) to the major type IV pili 
protein was shown to mediate successful surface display of the affibody. This surface 
display strategy was further shown to allow inter-species binding between 
Synechocystis and Escherichia coli or Staphylococcus carnosus displaying 
complementary polymerizing affibodies.  

In paper II, a CRISPR-interference tool was successfully implemented in 
Synechocystis for inducible gene repression. Further, its multiplexing ability was 
proven by simultaneous repression of up to four aldehyde reductase/dehydrogenase 
genes. In paper III, this established CRISPRi tool was used to target and repress 
native pathways competing with heterologous fatty alcohol production in 
Synechocystis. Repressing the gene encoding the PlsX phosphate acyltransferase 
allowed re-direction of carbon-flux from membrane lipids to fatty alcohol 
production, with a final best strain producing 10.4 mg g-1 DCW octadecanol and 
hexadecanol.  

In paper IV, the transcriptional response towards perturbations within the fatty acid 
synthesis pathway was evaluated for the two model cyanobacteria Synechocystis and 
Synechococcus elongatus PCC 7942. Preliminary results indicate that blocking fatty 
acid synthesis initiation/elongation causes a transcriptional response of the involved 
pathway genes only in S. elongatus PCC 7942, indicating differential transcriptional 
responses in these two strains.  



 
 
 

II 
 

In paper V, metagenomically sourced aldehyde deformylating oxygenase (Ado) 
variants were evaluated for their alka(e)ne synthesizing ability. Several of these 
novel Ado enzymes outperformed the generally well-performing Ado from S. 
elongatus when relating alka(e)ne production to the soluble enzyme amount. 

 

 

Keywords: cyanobacteria, metabolic engineering, surface display, CRISPRi, fatty 
alcohols, fatty acid synthesis, alkane deformylating oxygenase. 
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Populärvetenskaplig sammanfattning 

De negativa miljökonsekvenserna som kopplas till användandet av fossila 
energikällor har lett till insikten att framtida utveckling måste gå i en mer hållbar 
riktning. Utvecklingen av miljövänliga energikällor såsom solceller och 
vindkraftverk fyller en viktig funktion, dock finns det även ett stort behov att tillgå 
energi i form av förnyelsebara flytande bränslen. Dagens bioetanol och biodiesel är 
producerade genom att använda grödor som majs och raps till bränsleproduktion. 
Bioetanolen är producerad genom att socker utvunnet ur t.ex. majs, matas till 
jästceller som då producerar etanol på samma sätt som vid tillverkningen av 
alkoholhaltiga drycker. Biodiesel framställs genom en kemisk process där oljan från 
t.ex. raps omvandlas. För att fullt ut ersätta fossila bränslen så kommer behovet av 
biobränslen att fortsätta växa. Att använda livsmedelsgrödor till bränsleproduktion 
istället för mat är kontroversiellt; det blir också konkurrens om de begränsade 
resurserna odlingsmark och färskvatten. Dagens tillgängliga biobränslen utgör därför 
dessvärre inte en hållbar strategi.  

Ett relativt nytt forskningsfält fokuserar på att designa cyanobakterier till att 
producera olika kemiska föreningar som kan användas som biobränslen eller i andra 
industriella applikationer. Dessa cyanobakterier är väldigt användbara eftersom att de 
likt växter utför fotosyntes. Detta betyder att cyanobakterierna tar upp CO2 från 
luften för att mätta sitt behöv av kol, och deras energi får de från infångat solljus. De 
växande möjligheterna med genmodifiering betyder att dessa cyanobakterier skulle 
kunna designas till att bli små cellfabriker; CO2 och solljus tas upp och ut kommer en 
önskad produkt. Vilken produkt beror på hur denna cellfabrik designas, med andra 
ord vilka nya gener och därmed metaboliska syntesvägar som introduceras i 
cyanobakterierna. En stor utmaning för att detta ska bli realistiskt att applicera i stor 
industriell skala är att få dessa cyanobakterier att tillverka tillräckligt mycket av 
produkten. För att realisera detta behöver dessa cellfabriker gå igenom omfattande 
optimering, vilket kräver tillgång till olika verktyg för bl.a. genmodifiering. Denna 
avhandling har fokuserat på att utveckla nya modifierings-verktyg för 
cyanobakterier, samt att undersöka flera aspekter av produktionen av energi-rika 
produkter som härstammar från fettsyrasyntesen. 

I artikel I så utvecklades ett system som gör det möjligt att uppvisa särskilda 
affinitets-proteiner på ytan av cyanobakterierna. Denna teknik kunde användas likt 
kardborreband för att binda olika celler till varandra. Detta skulle kunna möjliggöra 
produktionssystem där olika celler med olika arbetsuppgifter tvingas ihop i en 
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syntetisk symbios. En framtida applikation skulle också kunna vara att binda 
cyanobakterierna till särskilda ytor och därmed utveckla immobiliserade odlingar.  

Att genetiskt modifiera cyanobakterier kan ta en lång tid; att introducera en mutation 
kan ta upp till fyra veckor. Många gener är också livsviktiga för cyanobakterien och 
kan inte muteras bort, utan behöver istället nedregleras. I artikel II så 
implementerades ett nytt verktyg som kallas för CRISPRi för att dämpa genuttryck i 
cyanobakterier. Detta verktyg kan nedreglera flera gener samtidigt; något som 
signifikant kan påskynda forskningsarbetet. En vanlig metod när man optimerar 
cellfabriker är att mutera bort eller dämpa metaboliska vägar som tävlar om samma 
substrat som används för att syntetisera ens slutgiltiga produkt. I artikel III så 
användes CRISPRi för att förbättra produktionen av feta alkoholer i cyanobakterier 
genom att dämpa sådana konkurrerande metaboliska vägar.  

För att förbättra produktionen av en produkt är det även viktigt att förstå hur de 
involverade metaboliska vägarna är reglerade i cellen. I artikel IV så undersökte vi 
hur två olika stammar av cyanobakterier reagerade på en blockerad fettsyrasyntes. 
Intressant nog så visar preliminära resultat att de svarar olika på detta, vilket öppnar 
upp möjligheten att denna viktiga metaboliska väg justeras på olika sätt i olika 
cyanobakterier.  

Förbättringar av cellfabriker kan också åstadkommas genom att se till att enzymerna 
som ingår i produktens metaboliska syntesväg uppehåller hög aktivitet. I artikel V så 
jämförde vi nio stycken enzymer som katalyserar samma reaktion men som isolerats 
från olika cyanobakteriegenom eller i sekvenseringsdata för olika områden i 
Östersjön. Detta enzym katalyserar formationen av linjära långa kolväten Genom att 
utvärdera produktionen av sådana kolväten i cyanobakterier som uttryckte dessa 
olika versioner av enzymet så kunde vi identifiera mer aktiva varianter.   
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1 Introduction 

Rising awareness of the negative environmental consequences coupled to using 
fossil-sourced fuels has resulted in great efforts to develop renewable strategies for 
fuel and commodity chemical production. The bound energy in fossil fuels is the 
result of ancient photosynthesis and carbon assimilation. Renewable biofuels instead 
take advantage of the biomass or products formed by the photosynthesis of today, 
thereby aiming for carbon- neutral processes.  

 

1.1 Development of the biofuel field 

To date, 1st generation biofuels such as bioethanol and biodiesel are the only biofuels 
that have reached industrial production levels 1. Sugar- or starch-rich crops like corn, 
wheat, or sugar cane are used mainly for bioethanol production by subjecting them to 
microbial fermentation. Oil-seed crops such as palm, rapeseed, or soybean are 
instead used to produce biodiesel by first extracting the lipids and then performing 
chemical transesterification to yield fatty acid esters. A controversy with 1st 
generation biofuels is the competition between using crops, arable land, and 
freshwater for fuel production rather than for food 1. To circumvent these issues, 2nd 
generation biofuels are produced from lignocellulosic feedstocks that are non-food 
crops. This includes waste from the forestry or food industry, but also special energy 
crops such as switchgrass that can grow on marginal lands. The main obstacle for 
widespread implementation of 2nd generation biofuels is that lignocellulosic 
feedstock requires extensive pretreatment to extract the sugar molecules bound in it. 
This pretreatment, often relying on enzyme cocktails, adds to the costs of the process, 
and ultimately the price of the product 1. Much research work is focused on 
improving the efficiency of the lignocellulose breakdown, either by engineering the 
feedstocks directly to improve their use in such a process, or to identify improved 
enzymes for catalyzing the breakdown 1. However these 2nd generation biofuels are 
currently not able to compete in terms of costs with the 1st generation ones.  

As an alternative to plants, use of algae biomass has been evaluated. Generally algae-
based biofuels are characterized as 3d generation biofuels 1,2. Photosynthetic algae do 
not need to compete for land usage; they can also be cultivated in wastewater 
streams, or salt water if the selected strain permits it. While algae biomass can be 
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used for fermentation purposes, they have mainly attracted attention due to some 
strains propensity of accumulating large quantities of lipids, which could be 
converted to biodiesel. However, often these oleaginous algae grow too slowly to 
allow for widespread industrial production. In addition, use of these eukaryotic algae 
has been hampered due to the difficulty in engineering them.  

The growing field of synthetic biology and metabolic engineering has given rise to 
what is called 4th generation biofuels. Here, the emphasis in not only on the feedstock 
but is also heavily focused on optimizing the microbial production host 3,4. The 
ability to engineer such cell factories also opens up the possibility to produce non-
native products and to modify product properties. The catalytic potential found in the 
natural world still remains greatly unexplored, showcasing the importance of 
continued sequencing efforts. Especially metagenomic sequencing, where whole 
communities and difficult to culture microorganisms are sequenced, has already been 
shown to be a valuable resource for discovery of enzymes with novel functions or 
improved activities 5. Paper V in this thesis explores the use of metagenomic data for 
screening new enzyme variants. Host-engineering work has been performed mainly 
on heterotrophs such as Escherichia coli or yeast. However, photosynthetic 
organisms such as cyanobacteria and microalgae are considered the ultimate 
production hosts. Biofuels would be produced directly from sunlight and CO2 
assimilated by the photosynthetic host, skipping the need to provide costly sugar-
feedstocks 3,4. Cyanobacteria have received the most attention, as they are more 
amenable to genetic engineering than the more complex eukaryotic algae.  

1.2 Cyanobacterial cell factories 

Cyanobacteria are Gram-negative prokaryotes that carry out oxygenic 
photosynthesis. Their existence dates back more than 3.5 billion years, and they are 
responsible for the great oxygenation event that permanently transformed the 
conditions on Earth 6. Cyanobacteria are also considered the progenitors to the 
chloroplast organelles found in all photosynthesizing eukaryotes 7. One major 
advantage with cyanobacteria is that they support higher solar energy conversion 
efficiencies (up to ~9%) than plants (up to ~4%) 8. The cyanobacteria are a large 
phylum of bacteria that are highly diverse in morphology as well as ecological 
distribution.  

Cyanobacteria rely on their light-dependent reactions to produce NADPH and ATP, 
which is then used to fix carbon in the Calvin–Benson–Bassham (CBB) cycle. The 
photosynthetic machinery in cyanobacteria is located in an intracellular membrane 
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system called the thylakoids. Shorty described, the incoming light is captured by the 
two photosystems (PSI and PSII); the process starts at PSII where the energy is used 
to split water and form O2, H+, and electrons. These electrons go through an electron 
transport chain to PSI, where they are excited again by new photons and ultimately 
used to reduce ferredoxins (Fd), which are used by Fd-NADP+ reductase (FNR) to 
produce NADPH. During this process a proton (H+) gradient is formed across the 
thylakoid membrane; this is used by the ATP synthase to produce ATP 9. See figure 
1 for a simple schematic. The CO2-fixation in the CBB cycle is carried out in 
proteinaceous microcompartments, called carboxysomes, by the enzyme ribulose-
1,5-biphosphate carboxylase/oxygenase (Rubisco). Inorganic carbon (CO2 and 
HCO3

-) is actively transported into the cells and shuttled into the carboxysomes in the 
form of HCO3

-. Inside these structures, the HCO3
- is transformed into CO2 by the 

enzyme carbonic anhydrase. This mediates a high local CO2-concentration around 
Rubsico, making the carbon fixation more efficient 10.  

The two unicellular and freshwater cyanobacteria Synechocystis sp. PCC 6803 
(hereafter Synechocystis) and Synechocystis elongatus PCC 7942 have long been 
used as model organism to study photosynthesis and the circadian rhythm, 
respectively 11. The full genome of Synechocystis was sequenced in 1996 12. Since 
then more than 86 complete genomes, and 290 drafts have been made available 13. 
The ability to easily genetically engineer these photosynthetic prokaryotes sparked 
interest in attempting to modify them for chemical production 14. Such metabolic 
engineering efforts have up until now mainly been performed on the well-studied 
Synechocystis and S. elongatus PCC 7942. One major drawback has been the slow 
growth of these strains (doubling time 7-12 h) 11. Efforts to find faster growing 
strains yielded identification of marine Synechococcus sp. PCC 7002 (doubling time 
2.6 h), which in addition has a higher salinity, temperature, and light tolerance 11,15. 
The most recent find is the freshwater Synechococcus elongatus UTEX 2973, which 
has a doubling time of 1.9 h during optimal conditions 16. Interestingly, the S. 
elongatus PCC 7942 and UTEX 2973 strains share 99.8% of their genome. A recent 
study was able to significantly improve the growth rate of S. elongatus PCC 7942 by 
introducing three of the nucleotide differences that sets it apart from S. elongatus 
UTEX 2973 17.  

Metabolic engineering of cyanobacteria has currently allowed for proof-of-principle 
production of many compounds (Fig. 1), such as various alcohols; fatty acid-derived 
fatty acids, fatty alcohols, and alka(e)nes; the short-chain hydrocarbon ethylene, 
various carbohydrates, carboxylic acids, and terpenes 18,19. The best production so far 
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has been realized for products that branch off close to the carbon fixation pathway 20. 
Examples of high titers for such products in Synechocystis are 5.5 g L-1 ethanol, and 
0.8 g L-1 lactate 21,22. Similar high rates or titers in S. elongatus PCC 7942 are 36.1 
mg L-1 h-1 sucrose, and 12.6 or 5.7 g L-1 2,3-butanediol during constant light or 
diurnal conditions, respectively 23,24. Products that are produced further away from 
central carbon metabolism, such as fatty acid products or terpenes have titers near the 
mg L-1 or µg L-1 mark, necessitating further optimization work 18,19. This thesis 
attempted to tackle the engineering of fatty acid-derived products in Synechocystis, 
see Chapter 3 and Papers III-V.   

 

 

Figure 1. Schematic of a cyanobacterial cell showcasing a selection of products that cyanobacteria have 
been engineered to over-produce. Note that not all steps in the biosynthesis pathways are shown. Shown in 
dark green are the thylakoids, the inset shows a simplified overview of its photosynthetic machinery that 
supports production of ATP and NADPH. Shown in grey is a carboxysome where CO2 is fixed by 
Rubisco, as well as two transporters allowing import of inorganic CO2 and HCO3

-. Abbreviations: 3-
phosphoglycerate (3PGA), glyceraldehyde 3-phosphate (G3P), fructose 6-phosphate (F6P), ribulose 1,5-
bisphosphate (RuBP), methylerythritol 4-phosphate pathway (MEP), tricarboxylic acid cycle (TCA), fatty 
acid synthesis pathway (FAS), photosystem II (PSII), plastoquinone (PQ), cytochrome b6f (Crb6f), 
plastocyanin (PC), photosystem I (PSI), ferredoxin (Fd), ferredoxin-NADP+ reductase (FNR). 
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2 Engineering strategies and tools to optimize 
cyanobacterial cell factories 

 

2.1 Overview of common engineering strategies  

To improve production by cyanobacterial cell factories one is required to re-wire the 
hosts metabolism in favor of product formation. In the case that a non-native product 
is the target, the biosynthetic pathway or component enzymes must first be identified 
in another organism and then heterologously expressed and confirmed functional in 
the cyanobacteria host. Often, first proof-of-principle strains produce low titers and 
need to be further optimized 18,19,25. The main aim of most metabolic engineering 
strategies is to re-allocate a larger portion of the host’s bound carbon into target 
product formation. This can be done by increasing transcription of the biosynthetic 
pathway genes, by deleting or repressing pathways that compete for the same 
precursor or intermediate metabolites, or by targeting regulatory processes known to 
stifle pathway flux or metabolite availability 22,24,26. Engineering the co-factor 
availability to fit the pathway or enzyme requirements has also proven powerful 27,28. 
In addition, pathway enzymes can be selected to ensure compatibility with the host 
(e.g. avoiding oxygen-sensitive enzymes in oxygen-producing cyanobacteria), or 
engineered to improve or diversify their activity 29,30. The central metabolic 
engineering workflow is thus to implement selected strategies, evaluate the resulting 
effects, learn from it, and follow up with new engineering-rounds to further improve 
production 31.  

Most metabolic engineering work in cyanobacteria so far has focused on pinpoint 
engineering where one gene at a time is knocked-in, knocked-out, or differentially 
expressed 18,19. This is carried out with the currently available synthetic biology tools, 
such as various constitutive or inducible promoters, ribosome binding sites (RBS) 
with varying strength, and other gene regulatory tools like riboswitches or small 
RNAs (sRNAs) 11,32. These parts will be presented shortly in section 2.2. The rapid 
growth of systems biology and its integration into metabolic engineering will require 
more high-throughput engineering and screening tools. The possibility of using 
CRISPR/Cas systems for multiplexed, markerless gene editing and regulation carries 
a lot of promise 33. This technique will be discussed in more detail in section 2.2.1, 
and was used in Paper II-IV. 
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While modifying the metabolism is often the first step in optimizing a production 
host, other factors also need to be taken into consideration at one point during the 
design process 34. Many chemicals that are suitable in fuel applications are toxic to 
the cells, necessitating tolerance engineering in order to obtain a production host that 
can handle the high titers that are necessary for an economically viable process 34–36. 
Further engineering could be required to tackle stresses inherent to the selected 
cultivation process, examples include pathogen attacks, salt stress, temperature 
fluctuations, and light-limitation or inhibition 34. While often overlooked at lab-scale 
studies, improved downstream processing could greatly improve the cost-
effectiveness of cyanobacterial applications 34,37. This could include facilitated 
separation of product and biomass by e.g. introducing transporter proteins or an 
inducible cell lysis system 34,38,39. Engineering the cell size for improved product 
accumulation or more efficient harvesting of biomass could also prove valuable 34. In 
addition, a functionalized cell surface could be used to optimize the cultivation or 
harvesting process 34. This can be realized by developing surface display strategies, 
see section 2.3 and Paper I for a more in-depth discussion on this topic.   

 

2.2 Overview of synthetic biology tools for cyanobacteria 

The model cyanobacteria Synechocystis, S. elongatus PCC 7942, and Synechococcus 
sp. PCC 7002 are naturally competent, meaning that they readily take up exogenous 
DNA 11. The fast-growing S. elongatus UTEX 2973 instead requires conjugation for 
DNA uptake 16. Cyanobacteria mutants are commonly constructed by introducing a 
replicative vector, containing exogenous DNA, into the cell, or by taking advantage 
of their ability to do homologous recombination by introducing a “suicide vector” to 
insert DNA into the chromosome 40. A suicide vector is constructed by flanking a 
gene of interest and selection marker with up- and downstream regions 
complementary to the chromosome target site. These chromosome modifications are 
often targeted to “neutral sites” on the chromosome, whose editing have been shown 
to not cause any phenotypic effects on the host, or to genes that are desirable to 
knock-out for the application in mind 41.  

Replicative plasmids based on the broad-host range plasmid RSF1010 have 
commonly been used for cyanobacteria 41,42. However, alternatives based on elements 
from endogenous cyanobacteria plasmids have been developed and show improved 
expression levels and altered copy numbers 43,44. Access to plasmids that support 
different intracellular copy numbers is a useful tool to alter gene expression.  
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Altering gene expression and translational efficiency can also be done by carefully 
selecting the promoter and RBS that drives gene transcription and translation, 
respectively. Constitutive promoters are often sourced from the cyanobacteria strains 
themselves, one example is the widely used PpsbA2 that also has been re-designed to 
inhabit varying strengths depending on its length 32,45. Availability of inducible 
promoters is especially important when expressing pathways or enzymes that might 
impose a metabolic burden on the cell or result in a toxic product. The majority of 
the characterized inducible promoters for cyanobacteria are metal-inducible, however 
the involved regulators often cross-react with other metal ions, or the metal ligand 
can induce other transcriptional responses in the cell 40. Well-established inducible 
systems in E. coli can be unreliable when transferred to cyanobacteria. While the 
IPTG-inducible Ptrc from E. coli has been shown to work well in S. elongatus PCC 
7942 and Synechococcus sp. PCC 7002, it is not repressed in Synechocystis, where it 
instead is used as a strong constitutive promoter 11,42. Recently, the vanillate-
inducible Pvan as well as the arabinose-inducible promoter PBAD have been shown to 
work in S. elongatus PCC 7942 46,47. The toolset for Synechocystis has also been 
expanded with the rhamnose-inducible PrhaBAD, as well as a large set of 
anhydrotetracycline (aTc)-inducible promoters that allow varying levels of tightness, 
final strength, and induction ratio 48,49. Regarding RBS selection, most standardized 
ones have been evaluated in E. coli, and sometimes there is discrepancy between 
their reported strengths and what is observed upon use in cyanobacteria 45. This 
therefore necessitates individual evaluation of RBS not yet characterized in 
cyanobacteria 32.  

Several new tools for modulating gene expression or translation have recently been 
described for use in cyanobacteria, such as sRNAs, riboregulators, and riboswitches 
11,32,50. Riboregulators and sRNA systems are based on blocking mRNA translation 
by expressing cis- or trans-encoded RNAs that hybridize with their target 50,51. 
Riboswitches are small aptamer sequences that form secondary structures, which 
reorganize upon binding of a specific ligand. These secondary structures can be used 
to sequester a gene’s RNA polymerase or ribosome binding site, thereby blocking it 
from transcription or translation, in the presence or absence of the ligand. 
Theophylline-responsive riboswitches have been characterized in several 
cyanobacteria such as S. elongatus PCC 7942, Leptolyngbya BL0902, Anabaena sp. 
PCC 7120, Synechocystis sp. WHSyn, and Synechocystis 11,32.  

Engineering cyanobacteria is time-consuming when considering the speedy 
workflow in the model organisms E. coli or yeast. For the two main model 
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cyanobacteria, Synechocystis and S. elongatus PCC 7942 it can take up to two weeks 
to obtain transformants. Furthermore, cyanobacteria are polyploid and contain 
several copies of their genome. The copy number depends on the strain as well as the 
growth phase and conditions, but an average of 20 copies has been reported for 
exponentially growing Synechocystis 52. This polyploidy means that transformants 
with chromosomal modifications need to go though a segregation process, i.e. 
continued growth under steadily increasing selection pressure, in order to incorporate 
the modification into all chromosome copies. Together this can add up to four weeks 
of work to obtain one single mutant. In addition, the limited number of antibiotic 
selection markers limits the number of possible modifications.  

  

2.2.1 CRISPR/Cas for gene editing or expression modification 

The CRISPR/Cas (clustered regularly interspaced short palindromic repeats/CRISPR 
associated genes) adaptive immune system found in many bacteria and archaea has 
been successfully utilized as a gene editing and expression modification tool in many 
organisms 53,54. Engineering of cyanobacteria would greatly benefit from the 
multiplexed and markerless gene editing ability of CRISPR/Cas, allowing quicker 
creation of strains with multiple modifications 33. Spin-off tools that allow 
transcriptional regulation of genes, either by repression or activation, further add to 
its wide applicability 33,55,56.  

In this CRISPR/Cas immune system, the bacteria or archaea incorporates a piece of 
an invading virus or plasmids DNA (the protospacer) in an array on the genome. 
With each invader a new piece is added to the array and the host’s immunity grows 
57. In this array, the DNA pieces from the invasive elements (CRISPR spacers) are 
separated by host-specific repeat elements (CRISPR repeats). Transcription and 
processing of this array yields CRISPR RNAs (crRNAs) that are used for detecting 
new attacks by successfully binding to complementary protospacers, resulting in 
degradation of the foreign DNA. Adjacently located to the CRISPR array are often 
the Cas genes that encode proteins involved in carrying out the immune response 
57,58. The current CRISPR/Cas classification describes two main classes, each 
containing several subtypes. The main difference is that class I systems use multiple 
effectors proteins while class II systems uses one large multi-domain effector protein, 
making class II more suitable for biotechnological applications 59.  
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Figure 2. Mechanism of the class II CRISPR/Cas9 system, showing the incorporation of a protospacer 
sequence from invading DNA, it’s subsequent introduction into the CRISPR array and further maturation 
for use with the CRISPR/Cas immune system to detect any DNA with a complementary sequence.  For a 
more detailed explanation, see the main text. 
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The subtype II (class II) CRISPR/Cas9 system from Streptococcus pyogenes has 
been widely applied for engineering purposes 55,60. In this system the CRISPR array 
is transcribed to form a pre-crRNA; RNA-molecules called trans-activating crRNAs 
(tracrRNAs) hybridizes to the repeat sequences found in this pre-crRNA to form 
crRNA-tracrRNA complexs that binds to the effector protein Cas9. An RNase III 
endogenous to the host processes this into a mature crRNAs. The resulting mature 
crRNA-tracrRNA duplex directs Cas9 to its target by binding to the complementary 
protospacer, and the nuclease domains in Cas9 catalyze the double stranded break 
(DSB) 61. See Figure 2 for an overview of these steps. Genetically fusing the crRNA 
and tracrRNA into a chimeric single guide RNA (sgRNA) has been shown to work 
equally well to target the Cas9 protein, and is the preferred method for gene 
engineering 62. An alternative class II (sub-type V) CRISPR/Cas12a (previously 
Cpf1) has recently seen more widespread use 60,63. This minimal Cas12a system is 
able to process the maturation of crRNA itself without a tracrRNA or RNase III 60.  

To stop the CRISPR/Cas system from cleaving its own genome by hybridizing to the 
complementary spacer-sequence in its CRISPR array, a protospacer adjacent motif 
(PAM) needs to be present at the target region, as is the case in the foreign DNA. 
The PAM sequence and location depends on the considered CRISPR/Cas system 60. 

Gene editing by CRISPR/Cas systems usually take advantage of the host organism’s 
own DNA repair strategy. Non-homologous end joining methods are error-prone and 
introduce insertions or deletions at the Cas-catalyzed DSB, while homology-directed 
repair allows precise insertions when the cells are supplied with a donor template 
with homology arms to the target site 60. Besides gene editing, the CRISPR/Cas 
system has been expanded to allow modification of gene expression 56. Using Cas9 
or Cas12a with deactivated nuclease-domains (dCas9 and dCas12a), still allows 
association with the target DNA and instead blocks transcription initiation or 
elongation by physically stopping the RNA polymerase or other transcription 
initiation factors from docking or reading through 64,65. This technique is called 
CRISPR-interference (CRISPRi) and is of especial interest in metabolic engineering 
applications where essential genes sometimes need to be down regulated. Fusing 
dCas9 to transcriptional activators has also been shown to allow activation of gene 
expression 56,66. 

Gene editing with the S. pyogenes CRISPR/Cas9 system has been carried out in S. 
elongatus PCC 7942 and S. elongatus UTEX 2973, however a major observed 
obstacle is the toxicity of the Cas9 effector 67,68. The CRISPR/Cas12a system from 
Francisella novicida has been successfully applied in other bacteria that have shown 
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the same phenotype 63, and have now recently been successfully used for both gene 
knock-out and knock-in applications in the three model cyanobacteria S. elongatus 
UTEX 2973, Synechocystis, and filamentous Anabaena sp. PCC 7120 69. CRISPRi 
using the S. pyogenes dCas9 has found use for metabolic engineering in a diverse set 
of cyanobacteria. In Paper II this CRISPRi tool was implemented for the first time in 
Synechocystis, and in Paper III-IV it was used to improve fatty alcohol production 
and block membrane lipid synthesis, respectively. Other engineering examples 
include, doubling of lactate production in Synechococcus sp. strain PCC 7002 by 
moderately repressing glutamine synthetase I, thereby slowing nitrogen assimilation 
and causing a regulatory response that up-regulated glycolysis and flux towards 
pyruvate and subsequently lactate 70. Succinate production was 12.5-fold improved in 
S. elongatus PCC 7942 by down-regulating synthesis of the storage metabolite 
glycogen, as well as succinate consuming pathways 71. CRISPRi-mediated repression 
of nitrogen-assimilating glutamine synthetase in nitrogen-fixing Anabaena sp. PCC 
7120 allowed inducible secretion of produced ammonium 72. 

 

2.3 Surface display as a tool to functionalize the cell surface 

Aside from gene editing and regulatory tools, a tool like surface display can also be 
used to tailor a prospective production host 34. Surface display aims to display a 
protein or peptide of choice on the extracellular surface of the engineered microbe, 
allowing it direct access to the surrounding environment. The passenger protein that 
is aimed for display is fused to a carrier protein that allows translocation and 
anchoring of the fusion-complex to the surface. It is important that the selected 
carrier protein maintains correct folding and translocation in spite of the fused 
passenger. Commonly used carrier proteins are full-length or truncated integral outer 
membrane proteins, S-layer proteins, or proteins found in cellular appendages such 
as flagella or different types of fimbriae, see Figure 3. Native proteins have an 
advantage, as they already know how to navigate the membrane architecture and 
secretion machinery of the host cell. However, examples of heterologously sourced 
carrier motifs have also proven successful 73–75. Autotransporter proteins are another 
popular carrier choice. These proteins encode signal peptides that direct their 
secretion, a passenger domain that is exported and presented on the cell surface, and 
a translocator domain that forms a β-barrel structure in the outer membrane and 
allows the passenger to pass through to the surface 74. 
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Surface display applications have ranged from whole cell catalysis where the cell 
envelope helps stabilize the displayed enzyme 76, display of cellulases to help break 
down lignocellulosic feedstocks 77, screening of displayed peptide or protein libraries 
as an alternative to phage-display selection 78, or bioremediation by display of 
chemical- or metal-binding peptides 79, to name a few.  

Functionalizing the cell surface of a microbial production host by the means of 
display strategies could provide opportunities to improve its suitability in a large-
scale production process. For cyanobacteria and microalgae cultivations, biomass 
harvesting can account for up to a third of the total production cost 80. Optimizing 
this step could improve the competitiveness of the process for more low-cost 
products, such as biofuels. Inducible display of complex-forming protein- or peptide-
pairs could allow for facilitated biomass harvesting, by mediating controlled 
flocculation and sedimentation 81,82, similar to what occurs naturally for many 
industrial yeast strains at the end of fermentation 83. Display of peptides with affinity 
towards specific types of materials could be used to design immobilized cultivation 
systems 84, where use of growth-arrested strains could fully circumvent the need for 
harvesting. In addition, immobilization could find use in patterning cells to 
potentially improve light penetration and distribution in large-scale processes.  

 

Figure 3. A schematic showing the localization of commonly employed carrier proteins for mediating 
surface display. The showcased carriers include subunits of the polymeric flagella or fimbriae structures, 
the cell enveloping S-layer proteins, sandwich fusion to extracellularly exposed loops of outer membrane 
proteins (OMPs), and insertion into autotransporter proteins (ATs). Note that this figure shows a general 
bacterium and not a cyanobacterium. The passenger protein is shown as an orange circle.  
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Affinity-driven binding between microbes could also be used to build synthetic 
microbial communities. The division of labor between microbes carrying different 
specializations could be used to build more robust and advanced production systems 
85. An example of such a consortia could be to combine a cyanobacterial strain 
engineered to produce sugars, e.g. sucrose, that is then used as the feedstock for 
another microbe engineered to produce the final product 86,87. Growth in a biofilm-
format could also benefit the production process by providing a higher resilience 
towards the product 88, which in the case of solvent-like biofuels can prove a 
significant hurdle to overcome.  

Successful surface display has been reported for S. elongatus PCC 7942 and 
Synechocystis 89,90. For S. elongatus PCC 7942, display of a FLAG-epitope was 
realized by fusing it in-frame with an extracellular loop of the native SomA porin. It 
was found that the native S-layer as well as extracellular lipopolysaccharides 
occluded the displayed epitope; deletion of involved genes improved display. The 
study further demonstrated that this exposed affinity-tag could be used to bind S. 
elongatus to protein A-displaying yeast or protein A-coupled magnetic beads. 
However, this binding required the addition of a anti-FLAG antibody, forming the 
bridge between the FLAG-epitope and protein A 89. Display in Synechocystis has 
instead been realized by expressing the antigen 43 autotransporter from E. coli 90. 
The Synechocystis study showed that E. coli antigen 43 was able to translocate 
correctly in the non-native cyanobacteria, and allow display of its own antigen 43 
passenger domain, which was susceptible to degradation by externally added 
proteinase K. However, display of any other passenger proteins was not explored 90. 
In Paper I, a novel surface display system for Synechocystis was realized by fusing 
small affinity proteins to the major type IV pili subunits.   
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3 Microbial production of fatty acid derived chemicals 

Fatty-acid derived oleochemicals from natural fats and oils have in part become 
replacements for petroleum-based chemicals. Lipids from oil feedstocks are 
commonly in the form of triacylglycerols, and the properties of the resulting 
oleochemicals depend on the acyl-chains present in this raw material. Oleochemicals 
constitute many various products; examples are fatty acid esters used as biodiesel, 
fatty alcohols, waxes, methyl-ketones, and many more 35. Alka(e)nes are however 
still mainly produced from petrochemical sources 91. The use of oil feedstocks for 
chemical and fuel production instead of food is controversial and ethically 
questionable. In addition, the required need of arable land to grow these crops due to 
a growing demand risks exacerbating deforestation in ecologically sensitive areas 92. 
Microbial production of oleochemicals by fermenting biomass or directly fixing 
carbon would provide a more long-term sustainable solution 1,4. Use of engineered 
microbial catalysts would also allow for a higher level of control of the final 
properties of the produced oleochemicals 35. This tailoring would allow production of 
chemical blends that fulfill the requirements imposed on different fuel types 93,94.  

Three microbial pathways exist for producing these hydrocarbon-rich compounds; 
these are the fatty acid synthesis, isoprenoid, and polyketide pathways. The following 
sections will cover the fatty acid synthesis pathway as it’s found in cyanobacteria, as 
well as the derived biosynthetic production of fatty alcohols and hydrocarbons.  

 

3.1 Type II fatty acid synthesis 

Fatty acid synthesis (FAS) is omnipresent in nature. In animal, fungi, and some 
bacteria this pathway is catalyzed by a single large multi-domain protein, defined as 
type I FAS 95. Eukaryotic organelles (chloroplasts and mitochondria) and most 
bacteria instead catalyze their de novo fatty acids using several discrete enzymes, this 
system is collectively called type II FAS 95. Further descriptions will relate only to 
the FASII system as it’s found in cyanobacteria.  

Acyl carrier proteins (ACPs) mediate the shuttling of acyl chains between the 
different enzymes in the FASII pathway. These small ACPs sequester the growing 
acyl chain into a hydrophobic pocket, shielding it from the aqueous cytosol. Upon 
interaction with a FASII enzyme, the acyl chain is flipped out from this pocket and 
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into the active site of the enzyme where it’s modified before it’s returned to the ACP 
and taken to the next enzyme 96. 

 

 

Figure 4. Schematic of the fatty acid and phosphatidic acid synthesis pathway in cyanobacteria. Acetyl-
CoA substrates originate from central carbon metabolism. The native alka(e)ne synthesis is shown in grey 
since it’s discussed more in detail in section 3.3.2. For full enzyme names the reader is referred to the main 
text. Abbreviations: glycerol-3-phosphate (G3P), lysophosphatidic acid (LPA), free fatty acid (FFA), 
lysophospholipid acyltransferase (LPLAT). 

 

FAS is an iterative process, every initiated new acyl chain is taken trough a cyclic 
elongation process where two carbons are added to the chain for each cycle, see 
Figure 4 95. The first committed step of the pathway is the carboxylation of acetyl-
CoA to form malonyl-CoA, catalyzed by the acetyl-CoA carboxylase (AccABCD). 
This malonyl-CoA is then converted into malonyl-ACP by malonyl-CoA:ACP 
transacylase (FabD). The FAS cycle is initiated by β-ketoacyl-ACP synthase III 
(FabH) that condenses this malonyl-ACP with an acetyl-CoA. The following four 
reactions constitute the cyclic elongation module: The formed β-ketoacyl-ACP is 
reduced into β-hydroxyacyl-ACP by β-ketoacyl-ACP reductase (FabG), next a β-
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hydroxyacyl-ACP dehydratase (FabZ) transform the chain into a trans-2-enoyl-ACP, 
which is subsequently reduced to an acyl-ACP chain by an enoyl-reductase (FabI); 
this acyl-ACP chain is re-introduced into the elongation cycle by being condensed 
with a new malonyl-ACP by the β-ketoacyl-ACP synthase II (FabF) enzyme. This 
cycles continues until the acyl chain is 16- or 18-carbons long, the common chain-
lengths found in prokaryotic membranes 97. Cyanobacteria lack a fatty acid 
degradation pathway, usually named β-oxidation, but are instead able to take up and 
activate exogenous fatty acids into acyl-ACPs and introduce them into their own 
FAS elongation cycle or use them for lipid synthesis. This ACP-activation of fatty 
acids is performed by the acyl-ACP synthase (Aas) 98.  

The only available kinetic study on the cyanobacterial FAS, specifically on the 
enzymes from Synechococcus sp. PCC 7002, have shown that FabH catalyzes the 
rate-limiting step 99. In an S. elongatus sp. PCC 7942 study, improved fatty acid 
content was observed upon overexpressing FabF but not FabD or FabH 100. 
Overexpressing FabG in Synechocystis does not alter the lipid content 101. 

 

3.1.1 Phosphatidic acid synthesis and membrane homeostasis 

The long chain acyl-ACPs produced by FAS are used to produced membrane lipids, 
but also alka(e)nes in the case of cyanobacteria 97,102. For more details on alka(e)ne 
biosynthesis see section 3.3.2. In addition, the β-hydroxyacyl-ACP intermediate is 
used for synthesizing the lipid A moiety that anchors lipopolysaccharides in the outer 
membrane 103,104. Unlike most bacteria where lipids are phospholipids, cyanobacteria 
contain mainly glycolipids. The most abundant is monogalactosyldiacylglycerol 
(MGDG), making up 40-60 % of the total lipid content. The remaining fraction is 
roughly evenly distributed between digalactosyldiacylglycerol (DGDG), 
sulfoquinovosyldiacylglycerol (SQDG), and the phospholipid phosphatidylglycerol 
(PG) 105. The common precursor for these glycerolipids is phosphatidic acid (PA), 
which is synthesized by the sequential acylation of the sn-1 and sn-2 positions of 
glycerol-3-phosphate (G3P), see figure 4. The phosphate acyltransferase PlsX and 
acyltransferase PlsY act to acylate the sn-1 position with predominantly C18:0 acyl 
chains 106. The sn-2 position is acylated mainly by the C16:0-ACP specific PlsC 
106,107, a minor C18-ACP specific PlsC has also been characterized in Synechocystis 
108. 
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Upholding membrane homeostasis is important for many cell functions; especially 
the photosynthesis machinery embedded in the thylakoid membranes. The membrane 
fluidity is determined by the ratio of saturated and unsaturated acyl chains in the 
membrane lipids. This ratio is altered upon environmental fluctuations, e.g. cold 
stress, to ensure the membrane stays fluid 97. Cyanobacteria only catalyze aerobic 
desaturation, which is performed specifically on the acyl chains already bound in 
membrane lipids 109. There is great diversity in the number of desaturases in different 
cyanobacterial strains 109. S. elongatus sp. PCC 7942 only encodes a ∆9-desaturase, 
while Synechocystis has four different ones (∆6, ∆9, ∆12, ∆15). Membrane lipids can 
also be remodeled by lipases cleaving off acyl-chains and other acyltransferases 
(LPLATs) adding new ones 107.  

 

3.1.2 General overview of regulation of type II fatty acid synthesis 

FAS is a very expensive pathway for the cell to maintain. One C16 acyl-ACP 
product costs 8 acetyl-CoA, 12 NADPH, and 7 ATP. In addition, lipid production 
needs to be balanced with the growth of the cell to avoid over-accumulation 97. It can 
also be advantageous for the cells to be able to sense when an external fatty acid 
source is available, allowing down-regulation of their own FAS pathway and instead 
using exogenous resources 110. Following is a short overview of the regulatory 
mechanism currently known to occur in cyanobacteria and other prokaryotes, as well 
as chloroplasts.  

 

3.1.2.1 Transcriptional regulation 

Several transcription factors have been coupled to the regulation of FASII genes in 
prokaryotes. In E. coli the FadR regulator acts as a repressor of genes involved in β-
oxidation, but also as an activator for the genes involved in FAS. The ability to 
globally up-regulate FAS by over-expressing FadR has proven useful in metabolic 
engineering efforts 111. The effector molecule, which disrupts FadR DNA-binding, is 
fatty acyl-CoAs 97,112. These CoA-activated acyl chains originate from imported 
exogenous fatty acids that are activated by the acyl-CoA synthetase (FadD) 110. E. 
coli encodes the anaerobic pathway for unsaturated fatty acid synthesis; here 
unsaturated chains are formed and elongated directly in the FAS cycle. The FabR 
regulator represses the two genes involved in this pathway (fabA and fabB) when it 
senses that there is an accumulation of unsaturated fatty acids 97,113. In Gram-positive 
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Streptococcus pneumoniae and Lactococcus lactis, the FAS genes are found in one 
or two big clusters, respectively. Transcription of these clusters is repressed by the 
FabT repressor, which binds to its operator sequence in the presence of fatty acyl-
ACPs 97,113. While the FAS-products fatty acyl-ACPs (CoAs) are the more commonly 
observed effectors, in the Gram-positive Bacillus subtilis it is instead the FAS-
precursor malonyl-CoA (ACP) 114. This FapR regulator acts on a regulon that 
contains the FAS genes as well as plsX and plsC, providing a coupling between FAS 
and lipid synthesis. FapR is a repressor that releases from its DNA operon when it 
binds to accumulating malonyl-CoA (ACP) 97,113. In Synechocystis the global 
transcription factor LexA has been implicated in repression of various FAS-genes 
(fabD, fabH, fabF, fabG) 115. In E. coli and other bacteria, LexA is generally 
involved in the cellular SOS-response 116. However, studies in Synechocystis have 
instead shown it to regulate genes coupled to carbon-availability, the type IV pili 
motility machinery, glucosylglycerol transporters, and a bidirectional hydrogenase 
115. In Paper IV the transcriptional response in cyanobacteria Synechocystis and S. 
elongatus PCC 7942 towards perturbations in fatty acid synthesis were explored. 

 

3.1.2.2 Biochemical regulation 

As a complement to transcriptional regulation, cells also utilize biochemical 
regulation where small molecules or proteins affect the activity of enzymes. This 
biochemical regulation can exert a much quicker metabolic response and is therefore 
useful for more rapid short-term regulation. It’s common that the end product of a 
pathway regulates enzymes at the pathway start (feedback-regulation). In E. coli such 
feedback inhibition is performed by fatty acyl-ACPs (C16:0, C18:0, C18:1) on FAS-
enzymes AccABCD, FabH, and FabI 97. An accumulation of the end product thus 
blocks the first committed step of FAS, catalyzed by AccABCD, as well as the 
initiating condensation and cycle pulling-reactions performed by FabH and FabI, 
respectively. Similarly, C18:1 acyl-ACP chains have been shown to allosterically 
regulate the chloroplastidic AccABCD in Brassica napus 117. Other implicated 
allosteric inhibitors are the signal transduction PII proteins that sense the nitrogen 
and carbon state of the cell. These PII proteins bind and reduce the activity of 
AccABCD in the presence of Mg-ATP, but release from their targets when 
intracellular levels of 2-oxoglutarate, pyruvate, or oxaloacetate increase. A regulatory 
effect from PII proteins on AccABCD has been shown for plant chloroplasts, E. coli, 
as well as the cyanobacteria Synechocystis 118–120. Different from heterotrophic 
bacteria such as E. coli, is also the importance of light in photosynthetic organisms. 
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This is reflected in the ability of the cellular redox-state to regulate pathways. 
Irradiance of light produces reduced thioredoxins that can diffuse through the cell 
and reduce disulfide bonds, and thereby alter the catalytic activity of selected targets. 
Studies in Pisum sativa (pea) have show that chloroplastidic AccABCD is one such 
target, here de novo FAS is only active in the reducing environment brought about by 
light availability 121,122. However, the PII proteins add an extra step of control by 
making sure there is also enough carbon, and therefore substrates, available to 
support flux through FAS 118.  
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3.2 Fatty alcohols 

3.2.1 Fatty alcohol applications 

Fatty alcohols are amphipathic compounds of high industrial importance, mainly due 
to the diversity of chemicals that can be synthesized by modifying their hydroxyl 
group 123. The application of the products depends on their final chain length. Shorter 
C11-C14 products are used as surfactants in a wide range of applications such as 
detergents and cosmetics. Longer C16-C22 products find uses as lubricants, 
emollients, and as thickening agents in cosmetics and food applications 123,124. 
Unmodified short- and medium-chain fatty alcohols could also serve as biofuels and 
diesel replacements 125. When natural fats and oils are used for fatty alcohol 
production, the resulting chain length is determined by the lipid profile of the 
triacylglycerols (TAGs) or wax esters (esters of fatty alcohols and fatty acids) in the 
raw material. Due to the rarity of shorter acyl-chains in natural sources, these are 
typically produced via petrochemical methods where ethylene (C2) is polymerized to 
the desired length and finally oxidized into an alcohol 123.  

3.2.2 Biological roles and biosynthesis of fatty alcohols 

Synthesis of primary fatty alcohols has been observed in many different organisms, 
and although they do occur in their free form they are more commonly found as 
components of various waxes 126 or ether lipids 127,128. In plants they are incorporated 
into waxes that act as protectants of various tissues and pollen grains, as well as 
against desiccation, pathogens, and UV-radiation 126. Insects use them as pheromones 
129, while birds use them to clean and lubricate their feathers 130. Wax esters also 
serve as storage compounds in various organisms, such as the bacteria Acinetobacter 
calcoaceticus 131, the protist Euglena gracilis 132, and the jojoba plant 133.  

The biosynthetic pathway towards fatty alcohols is catalyzed by fatty acyl-ACP (or 
CoA) reductases (FARs) acting on fatty acyl-ACP (or CoA) substrates and can 
follow one of two routes. Fatty alcohol-forming FARs (OH-FAR) catalyze a four-
electron reduction that goes through an un-released aldehyde intermediate. Fatty 
aldehyde-forming FARs (AL-FAR) instead catalyze a two-electron reduction to 
produce a fatty aldehyde that is subsequently converted to a fatty alcohol by action of 
a separate fatty aldehyde reductase 124,133, see Figure 5. The former direct pathway 
has generally been associated with FARs isolated from eukaryotic organism, while 
the later two-enzyme pathway has been implicated in bacteria 124. However this 
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paradigm was challenged when FARs isolated from the marine bacterium 
Marinobacter aquaeolei VT8 were shown to catalyze synthesis of fatty alcohols by 
the direct four-electron reduction 134–136. The M. aquaeolei VT8 FAR that is the main 
contributor to the strains innate fatty alcohol synthesis 137 has since its 
characterization been extensively used in various metabolic engineering efforts due 
to its soluble nature, broad specificity, and high activity 138. Eukaryotic FARs are 
instead generally membrane-integral protein and have a conserved substrate 
specificity, e.g. the C16:0-ACP specific DPW FAR from rice 126,139.  

 

Figure 5. Schematic of the natural biosynthetic pathways (black arrows) as well as extra implemented 
metabolic engineering efforts (blue arrows) towards microbial fatty alcohol production. A common 
strategy is also to block the fatty acyl-CoA degrading β-oxidation pathway. For full enzyme names the 
reader is referred to the main text. 

 

3.2.3 Metabolic engineering for fatty alcohol production  

Studies on engineering microbes for fatty alcohol production have followed similar 
strategies. Although the fatty acyl-ACPs (or CoAs) can be used directly by some 
FARs, commonly a thioesterase (Tes) is overexpressed to allow accumulation of free 
fatty acids and to circumvent the feedback inhibition from FAS-sourced fatty acyl-
ACPs 140,141, see Figure 5. Depending on the desired product chain length, different 
Tes can be expressed 142. A C12:0-ACP specific Tes from Umbellularia californica 
has frequently been used to allow medium-chain products 138,143–146. To make the 
released free fatty acids useable for the FARs, overexpression of fatty acyl-CoA 
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synthetases or fatty aldehyde forming carboxylic acid reductases (CAR) are included 
147,148, see figure 5. When fatty acyl-CoAs are used as intermediates, a block in the 
acyl-CoA degrading β-oxidation pathway is introduced. These strategies have 
realized strains with fatty alcohol titers reaching 1.7 g L-1 of predominantly C16-C18 
chains, or 1.55 g L-1 C12-14 depending on the Tes-specificity 138. Further, in E. coli 
studies where fatty aldehydes have been intermediates, the activity of various native 
and heterologous aldehyde reductases and their relative contribution to fatty alcohol 
synthesis have been explored 147,149–151. Yeast hosts have also proven to be promising 
for fatty alcohol production; oleaginous Rhodosporidium toruloides expressing the 
M. aquaeolei VT8 FAR supported a titer of 8 g L-1 152.  

Metabolic engineering work in cyanobacteria has resulted in much lower titers. In a 
first pioneering study the sole expression of FARs from either jojoba or Arabidopsis 
thaliana was required to produce hexa- and octadecanol in Synechocystis. Production 
was positively correlated with prolonged cultivation time and increased light 
intensity; the best titer reached roughly 200 µg L-1 153. A follow-up study showed that 
additional over-expression of the Synechocystis native acyl-ACP synthetase (Aas), 
allowing re-activation of available free fatty acids, boosted production 154. Further 
improvements were realized by exchanging the jojoba FAR to the M. aquaeolei VT8 
FAR and knocking-out the competing alka(e)ne pathway. This allowed a hexa- and 
octadecanol specific titer of 2.87 mg g-1 DCW 155. In paper III production in a similar 
background strain was improved further by repressing the competing phosphatidic 
acid synthesis pathway using CRISPRi. More recent work has demonstrated the 
ability to translate a 1-octanol producing pathway from E. coli to Synechocystis 
156,157. The pathway involved a C8-ACP specific Tes from Anaerococcus tetradius 
and the CAR enzyme. Optimized inducible expression of the heterologous proteins 
and inclusion of a isopropyl myristate overlay allowed octanol and decanol titers to 
reach 100 mg L-1, the highest yet for cyanobacteria 157. In another study by the same 
group, expression of CAR and a C16-C18 TesA from E. coli in a ∆aas Synechocystis 
background allowed production of around 70 mg g-1 DCW fatty alcohols, mainly 
consisting of hexa- and tetradecanol 158. 

  



 
 

 

 
   23 
     

3.3 Long chain hydrocarbons 

3.3.1 Hydrocarbon applications  

The natural gas or petroleum-sourced fuels of today consist mainly of saturated 
hydrocarbons (paraffins). The type of fuel depends on the included paraffin 
compounds length, degree of branching, and if they are linear, cyclic, or aromatic 91. 
The fuel composition determines its final application; liquefied petroleum gas is 
made from C3-C4, gasoline generally contains hydrocarbons of C4-C12, diesel has a 
mix of C9-C23 with an average of C16, and jet fuels components are commonly C8-
C16 94. Unsaturated hydrocarbons (olefins) are more generally converted further into 
other products such as detergents and lubricants, since they have useful reactive 
double-bonds 91. However, they could also find use in fuel applications.  

3.3.2 Biological roles and biosynthesis of hydrocarbons 

The existence of hydrocarbon production in nature has been known for a long time, 
however it’s only recently that the involved enzymes and pathways have begun being 
characterized 159–161. The biological role of hydrocarbons in eukaryotes is similar to 
what was previously mentioned for fatty alcohols. Plants incorporate long chain 
alkanes (C20-34) into their protective cuticular waxes 162, while insects mainly use 
them as a means of signaling and communication 163. The extensive hydrocarbon 
production in Botryococcus braunii has been implicated in energy storage, while 
most other microalgae produce much smaller amounts and an alternative role in 
membrane fluidity has been suggested 164,165. The physiological role of hydrocarbons 
in cyanobacteria is debated. Recent studies have implicated them in maintaining 
cyanobacterial membrane flexibility, cell division and growth 166, as well as playing a 
role in warding off the effect of salt and cold temperature stress 167–169. Although 
many fungi and other bacteria also produce hydrocarbons, their physiological 
function remains elusive 160.   

To date, four general pathways catalyzing the biosynthesis of alka(e)nes have been 
described, see Figure 6. Depending on the pathway, it can produce either saturated 
and unsaturated hydrocarbon chains, or only internal or terminal alkenes (olefins). 
Plants, insects, and cyanobacteria all contain enzymes that allow formation of Cn-1 
alka(e)nes from Cn fatty aldehyde intermediates. The plant enzymes are poorly 
understood and the current available knowledge pertains mainly to the membrane-
integral aldehyde decarbonylases CER1 and CER1-LIKE from Arabidopsis thaliana. 
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Both CER-proteins form complexes with CER3, a proposed acetyl-CoA reductase, 
and Cytb5, an electron-providing cytochrome b5, to produce alka(e)nes and a CO co-
product 170–172. CER1 and CER1-LIKE are proposed to act mainly on ≥C29 and C25-
C27 chains, respectively 172. Alka(e)ne biosynthesis in insects instead relies on 
membrane-bound cytochrome P450 enzymes of the CYP4G protein family. These 
also require an electron-supplying redox partner, here a NADPH-cytochrome P450 
reductase, and catalyze the oxidative decarbonylation of aldehydes to form 
alka(e)nes and a CO2 co-product 173,174. The chain-length specificity is highly 
dependent on the insect species 163.  

In 2010 a seminal study by Schirmer et al. described a cyanobacterial two-step 
alka(e)ne pathway involving soluble enzymes. Cn fatty acyl-ACP chains are first 
converted to fatty aldehydes by an acyl-ACP reductase (Aar), and then further into 
the final Cn-1 alka(e)ne products by an aldehyde deformylating oxygenase (Ado) 102. 
The cleaved off carbon ends up in a formate (HCOO-) by-product 175. Of this Aar-
Ado pair, the Ado enzyme has received much research attention due its soluble 
nature and ability to catalyze a biotechnologically highly interesting reaction 176. This 
Ado enzyme is classified as a ferritin-like non-heme di-iron oxygenase and its 
activity is dependent on the presence of O2 and a supply of external electrons 102,177. 
While the native reducing system has not been fully elucidated, NADPH together 
with cyanobacterial ferredoxin/ferredoxin-NADP+ reductase (Fd/FNR) systems 
supports higher in vitro activities than NADPH with chemical or heterologous 
spinach Fd/FNR reducing systems 178,179. However, in vitro characterization of Ado 
has revealed it to be a very slow enzyme with the highest turnover numbers reaching 
~1 min-1 180.  

Alka(e)ne biosynthesis is ubiquitous in cyanobacteria and while most strains encode 
the Aar-Ado pathway, a minority contain an alternative pathway that converts Cn 
fatty acyl-ACP substrates to Cn+1 terminal olefins 181,182. The responsible olefin 
synthase (Ols) is a multidomain polyketide-like enzyme that loads the fatty acyl-
chain onto its own ACP-domain, whereby it elongates the chain by adding two 
carbons from malonyl-CoA, before catalyzing a reduction, sulfonation, and cleaving 
off the acyl chain from the synthase to form the final terminal olefin and a CO2 by-
product 181. Other enzymes capable of synthesizing Cn-1 terminal olefins directly from 
Cn free fatty acids have also been described. A cytochrome P450 OleT enzyme 
isolated from Jeotgalicoccus sp. ATCC 8456 acts towards C12-C20 chains and can 
use H2O2 as its sole oxygen and electron donor, but exhibits higher activity in the 
presence of O2, NAD(P)H, and an external reducing system 183,184. Two O2-
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dependent decarboxylases, the soluble UndA and membrane-integral UndB, from 
Pseudomonas species have instead been found to preferentially act on medium chain 
(C10-C14) fatty acids 185,186. Production of very long chain olefins (C23-33) can be 
achieved by the head-to-head condensation catalyzed by the OleABCD enzymes. 
Here Cn and Cm acyl-CoA substrates are condensed, modified, and finally 
decarboxylated to form Cn+m-1 olefins with an introduced internal double bond 161.  

Finally, an enzyme able to produce Cn-1 alka(e)nes directly from Cn fatty acids has 
been found in microalgae such as Chlamydomonas reinhardtii and Chlorella 
variabilis NC64A 164,187. This fatty acid photodecarboxylase (FAP) prefers longer 
(>C14) chains and is dependent on the continuous presence of blue light (400-520 
nm) 187. This light-activation has been shown to be disconnected from photosynthesis 
as alka(e)ne production continues in light-conditions with an inhibited PSII 164.  

 

Figure 6. Schematic of the natural biosynthetic pathways (black arrows) as well as extra implemented 
metabolic engineering efforts (blue arrows) towards microbial long-chain hydrocarbon production. For full 
enzyme names the reader is referred to the main text. 

 

3.3.3 Metabolic engineering efforts for alka(e)ne production 

The metabolic engineering strategies mentioned previously for fatty alcohol 
formation overlap well with the work carried out to improve alka(e)ne production, 
see figure 6. As always, one of the main goals is to improve precursor supply by e.g. 
de-regulating fatty acid synthesis by modulating expression of transcriptional 
regulators, by overexpressing a Tes enzyme, by blocking β-oxidation, or by blocking 
aldehyde reductases/dehydrogenases competing for intermediates 188,189. Selection of 
chain-length specific Tes variants has, as for fatty alcohols, also been extensively 
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used to control the final alka(e)ne chain lengths. A successful examples is the use of 
a C4 specific Tes from Bacteroides fragilis to produce volatile propane at a titer of 
32 mg L-1 in E. coli 190.  

Most studies have utilized the Ado enzyme for final alka(e)ne formation. However, 
one inherent problem is its slow catalytic activity, causing this step to become rate 
limiting. Improvements have been realized by fusing Aar and Ado to each other, or 
by expressing the cyanobacterial Fd/FNR reducing system in non-cyanobacterial 
hosts 191,192. Protein engineering work to improve the overall Ado activity or its 
conversion of shorter and/or branched substrates has allowed some, but limited 
improvement 193–195. Comparisons of Ado homologs has also been performed to 
identify more active ones; the variants from S. elongatus, N. punctiforme, and 
Thermosynechococcus elongatus have generally faired well 102,150,196. The catalytic 
ability of different metagenomic ADO variants was studied in paper V. 

The highest produced amounts of alkanes to date have been realized in fed-batch 
cultivations of E. coli. A titer of 580 mg L-1, consisting predominantly of nonane and 
dodecane, was achieved by using the A. thaliana CER1 as the terminal enzyme in an 
strain engineered to produce shorter chain fatty acids 197. An improved titer of 1.31 g 
L-1 was realized when ADO-driven alkane production was balanced against the 
native fatty alcohol synthesis, which was suggested to aid in an improved 
intracellular aldehyde substrate balance 192.  

Introduction of several genomic copies of Aar and Ado have an additive effect on 
alka(e)ne production in Synechocystis and Nostoc punctiforme, further supporting 
that the pathway enzymes are strongly limiting for production 198–200. Increased pre-
cursor supply in these cyanobacteria strains has also been realized by overexpressing 
native lipases, producing fatty acids that are re-activated to fatty acyl-ACPs by native 
Aas enzymes. A N. punctiforme strain with the two above-mentioned modifications 
accumulated enough heptadecane to make up 12.9% of the dry cell weight 199. 
Overexpression of Aas alone has also improved production in Synechocystis 198.  

Recently a study in Synechocystis aimed to increase the pool of fatty aldehyde 
substrates by overexpressing the CAR enzyme together with a C16-C18 specific 
TesA from E.coli. However, this caused accumulation of fatty alcohols rather than 
improved alka(e)ne synthesis due to high activity of endogenous aldehyde reductases 
158. The CAR-Tes-ADO combination has generally achieved lower final alka(e)ne 
titers in E. coli than compared to the Aar-Ado pairing 188. Ado and Aar have been 
shown to form a protein complex, allowing the insoluble aldehyde intermediate to be 
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funneled directly from Aar to Ado 201. This could explain the incompatibility 
between CAR-produced fatty aldehydes and Ado. In general, one of the big issues 
facing microbial alka(e)ne biosynthesis is the more effective side-reactions that out-
perform Ado and detoxify any surplus or un-catalysed fatty aldehydes into fatty 
alcohols or fatty acids 202,203. To circumvent the use of a fatty aldehyde intermediates, 
alternative alka(e)ne enzymes that act on fatty acid substrates have recently been 
explored. Co-expression of TesA and the membrane-integral decarboxylase UndB 
from Pseudomonas allowed production of roughly 18 mg g-1 DCW alkenes, mainly 
1-pentadecane, in Synechocystis 158. Exchanging UndB to the photodecarboxylase 
FAP from C. variabilis further improved production to around 37 mg g-1 DCW or 77 
mg g-1 DCW under normal or high-light conditions, respectively 158.  
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4 Present investigation 

4.1 Aim of the thesis 

Metabolic engineering of microbes for renewable production of chemicals is a 
growing field. The use of cyanobacteria is of interest due to their low nutrient 
requirements; needing only photons from sunlight and carbon from atmospheric CO2 
as their energy and carbon source, respectively. However, their late arrival to the 
scene of metabolic engineering and synthetic biology has caused the number of 
available tools for these hosts to lag behind the well-established hosts Escherichia 
coli and Saccharomyces cerevisiae. The first part of this thesis focused on 
broadening the toolset available for the cyanobacterium Synechocystis sp. PCC 6803. 
In Paper I, a strategy for surface display of small affinity proteins was established, 
and shown to allow inter-species interaction and binding. In Paper II a CRISPR-
interference tool was established for inducible and multiplexed gene repression.  

Although a wide variety of compounds are targeted by metabolic engineering efforts, 
fatty acid-derived ones are of special importance due to similar or identical properties 
to fossil-sourced fuels and chemicals. The second part of this thesis thus focused on 
the evaluation or improvement of fatty-acid derived chemical production in 
Synechocystis. Different perspectives were adopted for the three projects in question. 
In Paper III the established CRISPR-interference tool was applied to identify targets 
that enabled improved fatty alcohol production. In Paper IV, the transcriptional 
response towards perturbations within the fatty acid synthesis pathway was evaluated 
for the two model cyanobacteria Synechocystis and Synechococcus elongatus PCC 
7942, in order to unravel potential regulatory mechanisms. In Paper V, several 
variants of the aldehyde deformylating oxygenase enzyme were compared to each 
other and evaluated on the basis of their alkane synthesizing ability. 
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4.2 Paper I – Surface Display of Small Affinity Proteins on 
Synechocystis sp. PCC 6803 Mediated by Fusion to the Major Type 
IV Pilin PilA1 

Functionalizing the cell surface can prove useful for optimizing microbial cell 
factories beyond the confines of cell metabolism 34. Here, the ability of native surface 
structures on Synechocystis to allow display of an Affibody carrier protein (ZTaq) was 
evaluated. Affibodies are small (6.5 kDa), stable, quick-folding affinity proteins that 
are highly amenable to engineering, making them widely applicable 204. Surface 
proteins elected for evaluation were the native S-layer protein (Slp), the major type 
IV pilin protein (PilA1), and two putative minor pilin proteins (PilA2 and PilA4). 
The heterologous E. coli antigen 43 autotransporter was also included, as it 
previously has been shown to allow display of its native passenger domain in 
Synechocystis 90. 

Genetic fusions of the selected carrier proteins and ZTaq affibody passenger were 
created and expressed in Synechocystis. Selection of a sandwich fusion (for antigen 
43), N-terminal fusion (for Slp), or C-terminal fusion (for Slp, PilA1, PilA2, and 
PilA4) of the ZTaq was based on the inherent characteristics of the carrier protein. The 
surface display level of ZTaq by the different constructs was evaluated by flow 
cytometry and immunofluorescence (Fig. 7). Results from the two methods coincided 
well and showed that C-terminal fusion to PilA1 or PilA4, and especially N-terminal 
fusion to Slp were promising candidate carrier proteins.  

To improve display levels for the PilA1 and PilA4 fusions, the native pilA1 and pilA4 
genes were knocked out in the respective mutant strains to fully replace them with 
the fusion variants. However, this caused either reduced or unchanged ZTaq-display 
(Fig. 7C-F). A more than 2-fold improvement in display level was instead realized 
for the PilA1-ZTaq strain by deleting the gene encoding the pili-retracting PilT1 
ATPase (Fig. 7C and D), a modification know to cause a hyperpilated phenotype 205. 
This strategy was not successful for the PilA4-ZTaq strain, where it instead caused an 
almost complete loss of display (Fig. 7E and F). The native role of the putative minor 
pilin PilA4 is not yet known, although the different response to the pilT1 deletion 
indicates divergent regulation for PilA4 and the major pilin PilA1.  
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Figure 7. Evaluation of the ZTaq-surface display levels on Synechocystis when fused to different carrier 
proteins. For the flow cytometry analysis (A, C, and E), the measured median fluorescence intensities 
(MFI) were normalized against the wild type control values, producing relative MFI values. For the 
immunofluorescence analysis (B, D, and F) representative images of labeled, if present, Synechocystis are 
shown. The cells chlorophyll content causes red autofluorescence; the targeted and displayed ZTaq is 
instead fluorescing in green. Bars 2 µm.  
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The immunofluorescence analysis showed that in the best display-strains ZTaq-Slp 
and PilA1-ZTaq ∆pilT1, the fusion proteins were able to form a cell-enveloping S-
layer or become incorporated into the pili structures extending from the cells, 
respectively (Fig. 7B & D). To evaluate how stable the PilA1- and Slp-based display 
systems were, the relative amounts of cell-attached and shed fusion proteins were 
analyzed by isolating protein fractions from the cell surfaces and the culture media. 
The reduced recovery of extractable pili for the PilA1-ZTaq strains, as compared to 
their background strains, indicates that incorporation of the fusion proteins 
negatively affected the pili, possibly by causing truncations (Fig. 8A). Similar trends 
were also seen for the culture media fractions. Analysis of the Slp fusion proteins 
confirmed the previous result that only ZTaq-Slp, and not Slp-ZTaq, managed correct 
secretion and assembly on the cell surface (Fig. 8B). However, analysis of the 
medium fractions showed that the ZTaq-Slp proteins were shed from the cells in large 
quantities. Taken together, these results indicate that blocking the N- or C-terminal 
end of Slp is detrimental to surface attachment or secretion, respectively. The high 
degree of shedding by the ZTaq-Slp construct, made it unsuitable as a display system. 
The display system deemed most stable, C-terminal fusion to PilA1 in a ∆pilT1 
background, was evaluated further. 

 

Figure 8. Amounts of (A) pilin and (B) S-layer proteins found on the cell surface or released into the 
culture medium for relevant ZTaq-displaying Synechocystis strains. Analyzed both by SDS-PAGE (top 
images) and immunoblotting against ZTaq (bottom images). Arrowheads denote expected protein sizes 
based on whole-cell lysate immunoblots. Controls in (A) constitute the hyperpilated ∆pilT1 strain and the 
type IV pili-lacking ∆pilA1 strain. In (B) the ∆slp control is not different from the wild type, as the wild 
type was discovered to have a mutated slp. For the medium fraction of ZTaq-Slp, only one-sixth of the 
normalized amount was loaded due to the high protein concentration. 
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Figure 9. Evaluation of the interspecies cell-cell binding between Synechocystis and E. coli or S. carnosus. 
(A-E) Flow cytometry was used to assess the extent of binding, while (F-G) microscopy analysis helped 
visualize the nature of the binding. (A) The ability of E. coli or S. carnosus to bind to either of three 
Synechocystis strains (PilA1-ZTaq ΔpilT1, PilA1-antiZTaq ΔpilT1, and wild type) was calculated by 
analyzing the ratio of FL1-channel positive events (E. coli or S. carnosus) that also were positive for 
channel FL6 (Synechocystis). (B and C) Representative quadrant plots for mixed E. coli ZTaq and 
Synechocystis wild-type (B) or PilA1-antiZTaq ΔpilT1 (C). (D and E) Representative quadrant plots for 
mixed S. carnosus ZTaq and Synechocystis wild-type (D) or PilA1-antiZTaq ΔpilT1 (E). (F-G) 
Representative micrographs of cell-cell binding between E. coli (FITC-labeled) or S. carnosus (shown by 
phase contrast) and Synechocystis (red autofluorescence). Bars 5 µm. 

 

Display of complementary Affibodies (ZTaq:anti-ZTaq) were evaluated for their ability 
to drive affinity-driven interspecies binding between Synechocystis and the 
heterotrophs E. coli or Staphylococcus carnosus. A Synechocystis strain expressing 
the anti-idiotypic affibody to ZTaq (anti-ZTaq) was constructed in the ∆pilT1 
background and confirmed to display anti-ZTaq. E. coli strains expressing either ZTaq 
or anti-ZTaq were constructed by using the autotransporter AIDA-I system 206. S. 
carnosus strains expressing the two affibodies were received as gifts. Affibody-
driven interactions were analyzed with flow cytometry and immunofluorescence 
(Fig. 9). The extent of binding was assayed by calculating the percent of 
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fluorescently labeled E. coli or S. carnosus (fluorescence channel 1, FL1) found 
associated with cyanobacterial autofluorescence (fluorescence channel 6, FL6) (Fig. 
9A-E). Results clearly showed that Synechocystis and E. coli or S. carnosus 
displaying complementary, but not identical, affibodies mediated specific 
interspecies binding. Immunofluorescence microscopy allowed visualization of the 
formed cell-complexes (Fig. 9F-G). The same strategy of using polymerizing 
affibodies was however not successful in driving intraspecies binding between 
Synechocystis only strain.  

This study presents a novel strategy for surface display of Affibodies on 
Synechocystis. Fusion to the major pilin PilA1 could prove useful for future display 
of other functional peptides or small affinity proteins, possibly allowing 
immobilization of Synechocystis production hosts on surfaces as well as other 
microbes in engineered consortia. 

 

4.3 Paper II - Multiple Gene Repression in Cyanobacteria Using 
CRISPRi 

Improving cyanobacteria for chemical production will require extensive engineering 
efforts, making development of synthetic biology tools of outmost importance. Gene 
repression by CRISPR-interference has all the possibilities of becoming such a useful 
tool, allowing important multiplexing abilities as well as allowing regulation of 
essential genes. In this study, Synechocystis was engineered to express the 
deactivated (dCas9) from S. pyogenes and a synthetic CRISPRi-array containing the 
gene-targeting sgRNAs. These were integrated into two different loci, for a 
schematic see figure 10. GFP, expressed from the strong Ptrc promoter, was 
integrated into a third locus and provided an easy to monitor repression target.   

 

Figure 10. A schematic of the described CRISPRi tool, showcasing its multiplexing ability. 
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CRISPRi-mediated repression of GFP was evaluated for strains where the CRISPRi 
components were expressed from constitutive as well as inducible promoters. 
Inducible repression would be highly useful for targeting essential genes, both for 
engineering purposes but also for basic science studies. We selected to test three 
different TetR-repressed, and aTc-inducible PL promoters. These PL promoters have 
been characterized in Synechocystis previously, and the selected ones allowed 
different levels of expression and leakiness 49. 

Using the constitutive PpsbA2 or the strongest aTc-inducible PL03 promoter to drive 
dCas9 expression allowed over 99% reduction in GFP fluorescence, even when no 
aTc-inducer had been added (Fig. 11A). Immunoblot assays against dCas9 showed 
substantial leaky expression from PL03 in non-induced conditions (Fig. 11C). Use of 
the weaker, but more tightly regulated, PL22 promoter instead allowed inducible 
repression. The repression percentage was increased from 10% in a non-induced 
state, to 94% when aTc had been added. Further, repression was shown to be 
reversible (Fig. 11B). 

 

Figure 11. Inducible and reversible repression of GFP by CRISPRi. (A) ATc-inducible repression was 
achieved when using the PL22 promoter. Strong constitutive repression was possible when dCas9 was 
expressed from the constitutive PpsbA2 or leaky PL03 promoter. (B) Time course of the GFP-fluorescence in a 
PL22-dCas9/PL22-sgRNA strain after aTc addition (t=0 days) and removal (t=4 days). (C) Western blot 
against dCas9 showing the leaky expression from the PL03 promoter, and tighter control of the PL22 
promoter.  
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Next, targeting of native genes was evaluated. Synechocystis produces both 
polyhydroxybutyrate (PHB) and glycogen as carbon storage polymers, especially 
during nitrogen starvation 207,208. Both these pathways have been targeted for deletion 
in metabolic engineering efforts, to enforce a higher carbon flux through other 
pathways and toward the target product 18,19. To disrupt PHB production, phaE 
encoding one of the subunits in the terminal PHB synthase, was targeted. With dCas9 
expressed under Ppsba2, no PHB polymer could be detected after two days of nitrogen 
starvation. CRISPRi was also successful in reducing glycogen production. Inducible 
CRISPRi-targeting of glgC (ADP-glucose pyrophosphorylase) repressed its 
transcript levels by 90% and glycogen content by 75%.  

 

Figure 12. Evaluated multiplexed CRISPRi-repression of up to four aldehyde reductases/dehydrogenases, 
using constitutive dCas9/sgRNA expression. (A) RT-qPCR was used to measure the mRNA levels for the 
four genes in the wild type (WT) control and from individual knockdown strains (1-sgRNA mutants). (B) 
The mRNA levels for the four genes in a 3-sgRNA mutant (targeting the first three genes), and the 4-
sgRNA mutant that targeted all genes.  

 

The multiplexing ability of the CRISPRi system was evaluated by simultaneous 
targeting of up to four aldehyde reductases and dehydrogenases (slr0942, sll0990, 
slr1192, and slr0091). Strains with single targeting of slr0942, sll0990, or slr1192 
had >10-fold repression (Fig. 12A). Repression of slr0091 was instead only around 
2.5-fold. The distance between the sgRNA-binding site and the target gene’s 
transcription start site (TSS) is correlated with the repression efficiency 64. 
Accordingly, the three highly repressed genes had TSS upstream of their respective 
genes, while the closest one for slr0091 was found two genes and 2440 bp upstream. 
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Combined triplex (3-sgRNA) or quadplex (4-sgRNA) strains allowed the same 
repression levels, proving the multiplexing capability of the tool (Fig. 12B). 

This study highlights the usefulness of CRISPRi for gene repression applications in 
Synechocystis. The ability to repress multiple gene targets opens up many 
opportunities to increase the pace with which engineering efforts can be explored and 
performed.  

 

4.4 Paper III – Diversion of the long-chain acyl-ACP pool in 
Synechocystis to fatty alcohols through CRISPRi repression of the 
essential phosphate acyltransferase PlsX 

The established CRISPRi tool in Synechocystis was further applied in a metabolic 
engineering study aimed to improve the production of fatty alcohols. Fatty alcohols 
were selected as a proof of concept target as they have been successfully produced in 
Synechocystis previously 155. A promiscuous FAR from M. aquaeolei VT8 (hereafter 
Maqu) and a C16 acyl-ACP specific FAR from Oryza sativa (hereafter DPW) were 
expressed separately in Synechocystis to create platform strains for this study 135,139. 
The Maqu-platform strains (DK01) outperformed the DPW-strain (DK02), all text 
below will thus only relate to work done on the DK01 strains.  

The FAR substrates are fatty acyl-ACPs originating from fatty acid synthesis and 
membrane lipid turnover 98. Their general fate is to be funneled into membrane lipid 
synthesis by first being converted into PA intermediates by various acyltransferases, 
or to become converted into alka(e)nes (Fig. 13). We targeted a total of six genes 
involved in these competing pathways with the CRISPRi tool in order to increase the 
supply of fatty acyl-ACP substrates available for fatty alcohol production (Fig. 14A). 
Note that the three acyltransferases PlsX (slr1510) and PlsC (sll1848 and sll1752), 
involved in PA-synthesis, are considered essential 107,108; making inducible repression 
by CRISPRi a suitable method to modulate their expression. 

Strains where different sets of these genes were targeted were assessed for improved 
fatty alcohol production in the Maqu-expressing platform strain (DK01). Multiplexed 
repression was confirmed by RT-qPCR for all targets (Fig. 14A). Lessening of the 
repression level was observed when more sgRNAs were included in the array of 
targets, indicating saturation of the dCas9 protein in our system. The dCas9 was 
expressed from the weaker, but more tightly regulated PL22 promoter. Attempts to 
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have stronger expression of dCas9, and overcome the proposed saturation, instead 
caused deletions within the sgRNA array, indicating that the system was unstable 
under these conditions.  

 

 

Figure 13. Overview of pathways involved in acyl-ACP synthesis and consumption in Synechocystis.  The 
heterologous fatty alcohol pathway is marked in green. Dashed arrows indicate pathways with several, not 
shown, steps. Abbreviations: FAR – fatty acyl-CoA/ACP reductase, G3P – glycerol-3-phosphate, LPA – 
lysophosphatidic acid, PA – phosphatidic acid, FFA – free fatty acid, LPLAT - lysophospholipid acyl 
transferase. 

 

Figure 14. CRISPRi-mediated repression of genes involved in fatty acyl-ACP consuming pathways, in 
Synechocystis strains expressing Maqu. (A) Relative abundances of mRNA for the different targeted 
genes; values are normalized against the DK01-strains mRNA amounts for the corresponding gene. (B) 
Intracellular amounts of alka(e)nes and fatty alcohols in the studied strains. (C) Fatty alcohols extracted 
from the culture media of selected strains.  
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Repression of only aar and ado (DK03), as well as the multiplexed repression of all 
six targets (DK06) allowed a 20% and 75% improvement of octadecanol production 
in the Maqu-strain, respectively (Fig. 14B). Analysis of the collected culture media 
showed that most fatty alcohol products remained inside the cells (Fig. 14B-C). New 
repression strains were constructed to determine if the improved production in the 
6sgRNA-containing DK06 strain was due to a combinatorial effect of all targets, or 
mainly due to the addition of plsX repression. Results showed that plsX repression 
alone had the highest positive impact on octadecanol production (Fig. 15). This best 
strain DK11 produced 9.3 mg g-1 DCW octadecanol and 1.1 mg g-1 DCW 
hexadecanol. Additional repression of the alka(e)ne pathway in strain DK12 did not 
improve production. Inclusion of a dodecane solvent overlay was evaluated for its 
ability to sequester the intracellular fatty alcohols. The overlay worked best on the 
hexadecanol product, and in total managed to isolate 30% and 40% of the fatty 
alcohols produced in strains DK01 and DK11, respectively.  

Figure 15. Fatty alcohol and alka(e)ne production in Maqu-expressing Synechocystis strains with 
CRISPRi-repression of plsX alone or together with the alka(e)ne pathway genes.  

 

By constructing non-Maqu strains repressing the same targets as in DK11-12, 
creating DK13 (sgRNA:plsX) and DK14 (sgRNA:aar, ado, plsX), it was concluded 
that fatty alcohol content scaled positively with a negative impact on growth (Fig. 
16A). Lipid profile data of the same repression only strains (DK13-14) and fatty 
alcohol producing strains (DK01, DK11-12) showed that the amount of α-linolenic 
acid (α-C18:3) was higher in all mutant strains, especially DK11-12 and DK14 (Fig. 
16B). Transcription for the acyl-lipid desaturase DesB, responsible for α-linolenic 
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acid synthesis as a part of the cold-shock response in Synechocystis 209, was elevated 
in the same strains (Fig. 16C). This together indicates that the presence of fatty 
alcohols (DK11), lack of alkanes (DK14), or the additive effect of both (DK12) 
affected membrane fluidity in such a way that the cells induced their signature cold-
shock response, indicating a rigidified membrane. This altered membrane fluidity 
could have a negative effect on the photosynthetic machinery located in the thylakoid 
membranes. As a proxy for this the build-up of reactive oxygen species (ROS), 
indicative of a compromised electron transport, was quantified in fatty alcohol 
producing strains. The results showed ROS amounts that correlated well with the 
level of membrane alteration (Fig. 16D).  

 

Figure 16. The cellular response of fatty alcohol producing and repression only Synechocystis strains, to 
perturbations in membrane lipid homeostasis. (A) Growth curves of fatty alcohol producing strains (DK01, 
DK11, and DK12), and the corresponding repression strains (DK13 and DK14) showed the negative effect 
from the fatty alcohols. The various strains were also evaluated for their (B) content of α-linolenic acid (α-
C18:3) and (C) corresponding increase in transcript level for the responsible DesB desaturase. (D) Also 
evaluated was the accumulation of ROS in fatty alcohol producing strains. 
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This study highlights the usefulness of the CRISPRi tool in exploratory metabolic 
engineering efforts, where several repression targets can be evaluated more quickly. 
The previously un-characterized phosphate acyltransferase PlsX was identified as an 
important node in C18 acyl-ACP consumption in Synechocystis; its repression 
allowed a threefold improvement in octadecanol production. However, the negative 
effects on membrane homeostasis by the accumulating fatty alcohols necessities 
future work on developing detoxifying strategies. In addition, the ability of the 
CRISPRi tool to enable repression of essential genes is also of high importance for 
studies aimed at more fundamental understandings of the cell.  

 

4.5 Paper IV (Manuscript) - Indications of differential transcriptional 
regulation of fatty acid synthesis in Synechocystis and S. 
elongatus PCC 7942 

Knowing how a metabolic pathway is regulated is important for knowing how to 
engineer it best. In this study we aimed to explore FAS regulation in cyanobacteria 
by analyzing the transcriptional response to induced perturbations to this FAS 
pathway. These perturbations aimed at causing an accumulation of the two 
metabolites indicated in affecting transcriptional regulation of FAS in heterotrophic 
bacteria; i.e. fatty acyl-ACPs and malonyl-CoAs (ACPs). The effect for FAS 
initiation/elongation blockage, i.e. malonyl-CoA (ACP) accumulation was studied 
for both Synechocystis and Synechococcus elongatus PCC 7942, while blocked PA-
synthesis, i.e. fatty acyl-ACP accumulation was only realized for Synechocystis. 

The β-ketoacyl-ACP synthetase (FabF and FabH) inhibitor cerulenin was used to 
perturb FAS initiation/elongation, and thus cause causes build-up of the malonyl-
CoA (ACP) substrate114. Batch cultivations with various cerulenin concentrations 
proved that it effectively blocked cyanobacterial cell growth, and that the effect 
could be titrated (Fig 18A-B). The same effect was also confirmed for strains grown 
in turbidostat mode. Such turbidostat cultivations, treated with either of two 
cerulenin concentrations (0.3 or 0.5 µg ml-1), were subsequently sampled for 
transcriptomics analysis (Fig. 18C-D). The goal was to sample the cultures where 
growth had not yet started to become too affected, avoiding transcriptional changes 
coupled to such a response. Samples taken before cerulenin-addition (t=0h) acted as 
baseline controls. 
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Figure 17. The fatty acid synthesis pathway and a simplified version of the downstream phosphatidic acid 
synthesis in Synechocystis, ultimately leading to membrane lipids, in cyanobacteria. The native alka(e)ne 
pathway is indicated with a dashed arrow to indicate that due to the low flux through this pathway, it was 
not considered further in this study. The activity of FabF (and to a lesser extent FabH) was inhibited by 
adding cerulenin. The phosphatidic acid pathway was blocked by repressing plsX with CRISPRi. 

Figure 18. Growth of cerulenin treated (A and C) Synechocystis and (B and D) S. elongatus PCC 7942. 
(A-B) Batch cultivations with the addition of cerulenin amounts ranging from 0-2 µg ml-1. The cerulenin is 
dissolved in ethanol; the maximum used ethanol concentration was shown not to affect growth. The color-
legends in (A) also apply to the graph in (B). (C-D) Representative turbidostat cultivation graphs of the 
cultures used for transcriptomics sampling. The turbidostat was set to maintain a cell density of OD720 0.2 
and a light-intensity of 300 µE. Green vertical lines indicate sampling time points, while the orange lines 
indicate addition of the clarified cerulenin amount. (D) The t=0h sampling point for S. elongatus PCC 
7942 is not shown in the graph. 
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Analysis of the genes in the FAS- and PA-synthesis pathways in the transcriptomics 
data showed different responses in the two cyanobacteria strains. No significant 
changes (>2-fold change and p-value<0.05) were observed for these genes in 
Synechocystis (Fig. 19A). In contrast, S. elongatus PCC 7942 showcased bigger 
differences overall in its transcriptional response, including several FAS genes. Here 
the fabD, fabH, and fabI genes were all significantly up-regulated in the 0.5 µg ml-1 
sample, and fabI in the 0.3 µg ml-1 sample (Fig. 19B). The overall global 
transcriptional response in both these two strains mainly constituted genes with 
unknown functions, but also had some overrepresentation of up-regulation of genes 
with functional annotations as transporters or stress-responsive proteins. 

 

Figure 19. Transcriptional log2-fold changes for fatty acid and phosphatidic acid synthesis genes in 
cerulenin-treated (A) Synechocystis and (B) S. elongatus PCC 7942. 

 

The study was complemented by analyzing the transcriptional response in 
Synechocystis upon blocking the first step of the PA-synthesis (catalyzed by PlsX), 
and allowing accumulation of fatty acyl-ACPs. In Paper III, CRISPRi-mediated 
partial repression of plsX allowed re-direction of some C18 acyl-ACP flux into fatty 
alcohol production. Here the goal was instead to accumulate only this FAS end-
product. Four different plsX-targeting sgRNAs were tested in order to find one that 
would allow full repression of the PA-pathway. These four sgRNAs (1-4) targeted 
158, 58, 83, or 136 bp from the TSS, respectively. Batch cultivations showed that 
only sgRNA2 and sgRNA4 were able to block growth in an induced state, indicating 
a highly repressed PA pathway (Fig. 20A). The repression efficiency was further 
analysed by checking the protein levels of PlsX. To realize this, the chromosomal 
plsX was tagged with a C-terminal FLAG-tag. This was shown to not affect its 
cellular functions. The PlsX-levels were analysed at the time of CRISPRi-induction 
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(0 h), and 24, 48, and 72 h after induction. The reduced amounts even in the non-
induced samples indicate that although the CRISPRi-system is under the inducible 
PL22 promoter, there is some leakiness (Fig. 20B). Still, after induction the PlsX 
amount was reduced in all strains, most so in sgRNA2 and sgRNA4. 

 

 

Figure 20. Evaluation of the growth effect and PlsX amounts in the four different plsX-targeting sgRNA-
strains. (A) Batch cultivations with or without addition of 1 mg ml-1 aTc, which induced transcription of 
the CRISPRi-system. A wild type Synechocystis was used as a control. (B) Immunoblots against PlsX-
FLAG for the four sgRNA-strains and a dCas9-only control. Cultures were first grown overnight and 
sampled in this non-induced state (t=0), before adding the aTc inducer. Subsequent samples were taken 24, 
48, and 72 h after induction. The pF in the strain names indicate the expression of FLAG-tagged PlsX. The 
lane named M denotes the protein size marker. 

 

Figure 21. Evaluating the ability to drive accumulation of C18:0 acyl-ACPs by CRISPRi-repression of 
plsX in the four different sgRNA Synechocystis strains. (A) Growth of the batch cultures used for analysis; 
induction with aTc was done after 1 day of growth (t=0, un-induced). (B) The measured C18:0 acyl-ACP 
quantities in the sgRNA-strains as well as the dCas9 only control. The amounts of C18:0 acyl-ACPs were 
normalized against the total protein amount in the analyzed cell lysate to adjust for any differences in cell 
lysis and protein extraction. 
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The stronger repression of plsX was also confirmed to cause C18:0 acyl-ACP 
accumulation (Fig. 21B). No accumulation was observed under non-induced 
conditions, but 24 h after CRISPRi-induction the sgRNA2 strain stopped growing 
and instead started accumulating C18:0 acyl-ACP (Fig. 21A-B). The next-best 
repression strain sgRNA4 stopped growing after 48 h of induction, and also 
showcased higher C18:0 acyl-ACP amounts in this non-growing state (Fig. 21A-B). 

The effect of blocking the PA-pathway and allowing C18:0 acyl-ACP accumulation 
was studied by growing the sgRNA2 and sgRNA4 strains in turbidostat mode and 
sampling for transcriptomics (Fig. 22A). As for the malonyl-CoA (ACP) part of the 
study, the goal was to sample cells in an induced state, allowing a build-up of C18:0 
acyl-ACP, while still not affecting growth too much. Transcriptional analysis of the 
FAS and PA synthesis involved genes showed that only the CRISPRi-targeted plsX 
was significantly altered (Fig. 22B). Therefore, it appears that accumulation of C18:0 
acyl-ACPs does not induce transcriptional regulation of FAS in Synechocystis. The 
global transcriptional response mainly included genes with unknown functions, or 
ones annotated with transport or cell envelope functions. This could indicate that the 
cells were experiencing and reaction towards the blocked membrane lipid synthesis. 
 

 

 

Figure 22. (A) Representative graphs of the turbidostat cultivations used for transcriptomics-sampling for 
strains sgRNA2 and sgRNA4. The turbidostat was set to maintain a cell density of OD720 0.2 and a light-
intensity of 50 µE. Green vertical lines indicate sampling time points, while the orange lines indicate 
induction of CRISPRi-repression of plsX by adding aTc at 1 mg ml-1. (B) The transcriptional log2-fold 
changes for fatty acid and phosphatidic acid synthesis genes calculated for the two different sgRNA 
Synechocystis strains. 
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In conclusion, this study presents preliminary results regarding the differential 
transcriptional regulation of FAS genes in Synechocystis and S. elongatus PCC 7942. 
The transcriptional response of FAS and PA synthesis genes in Synechocystis were 
insignificant towards perturbations of FAS-initiation/elongation or PA-synthesis. In 
S. elongatus PCC 7942, blocking FAS-initiation/elongation resulted in up-regulation 
of FAS-genes fabD, fabH, and fabI. However, further experiments will be needed to 
confirm these findings. The observed results also correspond well with the proposed 
preference for biochemical regulation in Synechocystis and transcriptional regulation 
in S. elongatus PCC 7942 210. Altogether, elucidation of such differences could prove 
useful when engineer strains for chemical production. 

 

4.6 Paper V (Manuscript) - Evaluation of Baltic Sea metagenome-
derived aldehyde deformylating oxygenases in Synechocystis sp. 
PCC 6803 

Hydrocarbons in various forms constitute important fuel chemicals that currently are 
sourced mainly from petrochemical sources. The cyanobacterial Ado enzyme’s 
ability to catalyze the unusual synthesis of alka(e)nes, while being a small (around 30 
kDa) and soluble enzyme, makes it especially interesting for biotechnological 
applications. Marine and freshwater cyanobacteria have been shown to differ in their 
alka(e)ne composition, with C15- and C17-chain length products predominating in 
the respective groups 211. This study aimed to evaluate and compare the in vivo 
activity of Ado homologs representative of marine or freshwater/brackish 
cyanobacterial communities or strains. A Baltic Sea metagenomic dataset 212 was 
used to identify a total of six Ado homologs, two (Ado1 and Ado4) representing 
more marine regions and four (Ado2-3 and Ado5-6) with freshwater/brackish 
characteristics. Included in the evaluation were also the Ado homologs from S. 
elongatus (Ado7), Synechocystis (Ado8), and N. punctiforme (Ado9). Comparison of 
Ado variants in the original cyanobacteria hosts could provide an advantage to 
comparisons in E. coli or yeast, as the necessary but not yet fully characterized 
reducing system is made available.  

Synechocystis strains overexpressing the described Ado variants were assayed for 
alka(e)ne production after three, five, and seven days of cultivation to determine the 
best point of harvest for further experiments. Although specific titers remained 
relatively constant for most strains, the best producing strains expressing Ado1, 
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Ado5, or Ado7 allowed the highest production at the later time points (Fig. 23B). 
The higher alkane content in these strains was also connected to lower final cell 
densities, implicating stress from the accumulating hydrocarbons (Fig. 23A). The 
improvement in saturated heptadecane (C17:0) production was not translated to the 
heptadecene (C17:1) specific titers (Fig. 23C). The unsaturated acyl-ACP chains 
required for this might be too limited or more quickly used up by other enzymes. 
Since no improvement in alka(e)ne production was observed from strains expressing 
Ado3 or Ado6, it was concluded that these were non-functioning. These two variants 
had the most diverging sequences of the group, 36-40% identity on average, and had 
substitutions in conserved residues along the Ado substrate channel. 

Figure 23. Evaluation of the (A) growth, (B) heptadecane (C17:0), and (C) heptadecene (C17:1) 
production of the different Ado-overexpressing Synechocystis strains.  

 

To more fairly compare the in vivo activities of the remaining seven Ado variants, 
alkane production was correlated to the amounts of soluble Ado enzyme after five 
days of cultivation. To ensure sufficient fatty aldehyde substrate availability, the 
native Aar from Synechocystis was overexpressed in addition to the already 
overexpressed heterologous Ado variants. 

The results showed broad variation in the specific titers between strains (Fig. 24B), 
as well as the relative solubility of the evaluated Ado variants (Fig. 24C). Again, the 
best producers (Ado1 and Ado7) had comparatively low final cell densities (Fig. 
24A). By normalizing the heptadecane specific titers to the relative soluble Ado 
amounts rough estimates of the in vivo Ado activities were calculated. Less soluble 
Ado variants (Ado1, Ado2, and Ado4) allowed more heptadecane to be produced per 
available soluble enzyme amount (Fig. 24D). Notably, three times less enzyme was 
required by the Ado1-expressing strain to reach a specific titer on par with the Ado7 
strain, the overall best producer. Similar trends also applied when comparing Ado2 
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or Ado4 with Ado8. However, no clear correlations were found between high alkane 
production and the ecological origin of the evaluated Ado variants.  

 

Figure 24. Evaluation of the (A) growth and (B) alka(e)ne specific titers for Synechocystis strains 
expressing Synechocystis Aar on a replicative plasmid from the PpsbA2 promoter, in addition to Ado 
overexpressed from Ptrc on the chromosome. (C) The amount of soluble heterologous protein for each Ado 
protein, relative to the quantity for the Ado8 variant. (D) The in vivo activity for each Ado variant was 
calculated by dividing the specific titer of C17:0 with the relative quantity of heterologous Ado for the 
corresponding strain, and then presented in a relative fashion to the Ado8 value.  

 

This study highlights the value of a continued search for improved Ado variants and 
the importance of relating the alkane productivity with the solubility of the Ado 
enzyme. The discrepancy in solubility between highly similar variants, e.g. the Ado1 
and Ado4 pair, could be useful for studying if residues that increase solubility also 
affect the catalytic activity of the enzyme. Overall, the characterized novel and more 
active Ado variants could prove valuable for future metabolic engineering 
applications.    
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5 Conclusions and future outlook 

In this thesis several aspects of optimizing a cyanobacterial production host were 
explored. Paper II describes the first implementation of CRISPRi in cyanobacteria; 
the tool was additionally designed to be inducible and shown to allow multiplexed 
gene targeting. This makes it tremendously useful for future engineering efforts, as 
was showcased in Paper III. Here, the CRISPRi tool was applied to improve fatty 
alcohol production in the same Synechocystis. Although the best production strain 
produced modest amounts, 10.4 mg g-1 DCW octadecanol and hexadecanol, the study 
highlighted the ability to divert carbon flux from an essential pathway (lipid 
synthesis) by repressing the initiating step. Although the CRISPRi tool in these 
instances is inducible, the promoter allows quite weak expression in its on-state. The 
observed saturation of CRISPRi-driven repression when multiplexing up to 6 targets 
suggests that future work should aim to improve it further by identifying new 
candidate promoters that are tightly regulated and have high induction ratios. Such an 
optimized CRISPRi could be used in conjunction with systems biology tools to allow 
more high-throughput engineering efforts, significantly improving the future outlook 
of cyanobacterial cell factories. The ability to target both essential and non-essential 
genes could also help elucidating the function of the large un-annotated portion of 
the Synechocystis genome. 

The focus on fatty acid-derived products was explored further in Paper V. Here, 
alka(e)ne synthesis in Synechocystis was evaluated for nine different Ado variants; 
six were novel ones sourced from metagenomic data. Interestingly some of these 
novel variants showed higher catalytic capability per enzyme amount, than compared 
to previously regarded highly active ones. This Ado enzyme catalyzes the rate-
limiting step in the Aar-Ado pathway towards alka(e)nes, and finding improved 
variants is of high interest. The observed lower solubility of the more active variants 
could be explored further to elucidate if this is necessary for higher activity, and if 
fused solubility tags could help improve soluble enzyme amounts while maintaining 
the higher catalytic efficiency.  

A common observation in both Paper III and V, was that accumulation of fatty 
alcohols or alka(e)nes has a negative effect on cell growth. It’s assumed that these 
fatty products will predominantly partition to the membranes, a big problem for 
cyanobacteria that harbor their photosynthetic machinery in intracellular thylakoid 
membranes. To realize improved production of such products, future work will have 
to solve a way to export them out of the cells and alleviate the experienced toxicity. 
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Similar efforts have had some success in E. coli and yeast hosts. However the 
unusual membrane structure of cyanobacteria, where these Gram-negative bacteria 
have an unusually thick peptidoglycan layer, might require identification of native 
transporters or more tailored solutions than just overexpressing a heterologous 
transporter. In addition, transporters located in the cell envelope membranes would 
not have access to products accumulating in the thylakoids, possibly necessitating co-
localization of production pathway enzymes and the transporters to maximize 
product export.  

The ability to re-program a pathway necessitates an understanding of its regulation. 
This topic is largely unexplored in cyanobacteria. In Paper IV the response of 
Synechocystis, but partially also S. elongatus PCC 7942, to perturbations in fatty acid 
synthesis was evaluated. Introducing a block at fatty acid initiation/elongation 
induced different transcriptional responses in these two model cyanobacteria. Further 
work is needed to confirm this finding, but if true could prove valuable for future 
metabolic engineering work and highlights the need to alter ones strategy in different 
hosts. A strain relying on transcriptional regulation could prove more straightforward 
to engineer if the responsible transcription factor is identified. However, such a 
regulator would have to be highly specific for the FAS pathway, to avoid larger 
global effects. Biochemical regulation could be overcome by using protein 
engineering, although here the catalytic activity of the regulated enzyme would have 
to be maintained. 

Lastly, in Paper I surface display of Affibodies was realized in Synechocystis by 
fusing them to the major subunits of the type IV pili. The system was also shown to 
allow affinity-driven inter-species polymerization. Future work should aim at 
improving display levels as well as exploring display of other passengers, e.g. 
peptides that could allow immobilization on certain materials.  

In conclusion, this thesis has expanded the toolbox available for Synechocystis by 
implementing inducible CRISPRi as well as developing a surface display system. 
Further, the thesis has investigated the production of fatty acid-derived products by 
presenting useful repression targets, improved Ado enzyme variants, as well as 
exploring the regulation revolving the fatty acid synthesis pathway. 
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