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Abstract
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The combustion of fossil fuels has created many environmental problems, the major one, the
greenhouse effect. Thus, we need solutions in order to replace fossil fuels and recycle the CO2

in the atmosphere. Renewable energies have created attention the last decades but electricity
is the main energy form obtained. Photosynthetic organisms (including cyanobacteria) can be
used as cell factories since they can convert solar energy to chemical energy. In addition,
the requisites to grow them are few; light water, CO2 and inorganic nutrients. Cyanobacteria
have been genetically engineered in order to produce numerous chemicals and fuels of human
interest in direct processes. However, the amount of product obtained is still low. Increased
carbon fixation in cyanobacteria results in higher production of carbon-based substances. This
thesis focuses on the effects of overexpressing the native phosphoenolpyruvate carboxylase
(PEPc) in the model cyanobacterium Synechocystis PCC 6803. PEPc is an essential enzyme
and provides oxaloacetate, an intermediate of the tricarboxylic acid cycle (TCA cycle). The
TCA cycle is involved in connecting the carbon and nitrogen metabolism in cyanobacteria. The
strains were further engineered to produce ethylene and succinate, two examples of interests
for the chemical and fuel industry. Strains with additional PEPc produced significantly more
ethylene and succinate. Moreover, an in vitro characterization of PEPc from the cyanobacterium
Synechococcus PCC 7002 was performed. The focus was on oligomerization state, kinetics and
the structure of the carboxylase. This thesis demonstrates that increasing carbon fixation and
discovering the bottlenecks in chemical production can lead to higher yields and gives us hope
that cyanobacteria can be commercialized.
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Introduction 

The motivation of this work 
Since the industrial revolution and the combustion of fossil fuels started in the 
middle of the 18th century, the levels of CO2 in the atmosphere have increased 
dramatically. This increase has been exponential during the last centuries be-
ing a major contributor to the increase in greenhouse effect. If CO2 levels con-
tinue increasing, the world's temperature will be more elevated causing cata-
strophic effects. These effects will include extinction of some species or the 
increase of the level of seawater (McCarty 2001, Vermeer and Rahmstorf 
2009, Höök 2013, Clark et al 2016). 
 
As a result, we need solutions in order to reduce, or at least, not increase the 
current CO2 levels in the atmosphere. Biofuels may contribute to recycle the 
CO2 gas emitted when fuels are burned since photosynthetic organisms fix 
CO2 and convert it to biomass. The idea of growing excessively photosyn-
thetic organisms to capture CO2 and/or GMMs with increased carbon fixation 
in order to help to reduce the CO2 levels are being tested (Puppan 2002, Packer 
2009).  
 
The last decades, investigation has focused on five primary renewable energy 
sources, wind, hydraulic, geothermal, sun and biomass. Most of those renew-
able energies produce electricity but there is a current (and future) high de-
mand on fuels and chemicals (Manzano-Agugliaro 2013). It is predicted that 
the oil reserves are going to be exhausted in few decades so new strategies to 
produce fuel are needed. One appealing approach is to produce products by 
using waste or photosynthetic organisms. According to the Cambridge Dic-
tionary, Biofuel is “fuel that is made from living things or their waste and is 
less harmful to the environment than other types of fuel”. Biofuels have al-
ready been produced but generations that are more modern are being investi-
gated.  
 
The first generation of biofuels were made by conversion of food-vegetable, 
starch/sugars, cellulose or vegetable oil (Aro 2016). It was considered eco-
nomically and environmentally friendly, but the main disadvantages are the 
competition for land with food production and the increment of deforestation 
(Porqueras et al 2012).  
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Second generation of biofuels were based on the same technology as the first 
generation, but no food-vegetables were used. Instead, lignocellulosic mate-
rial and organic waste were the sources (Porqueras et al 2012, Aro 2016). The 
advantages of this generation were that food agriculture is not used and it is 
environmental friendly.  
 
Third generation of biofuels would be produced from microalgae and sea-
weeds. The organisms can be used to produce biofuels from their biomass or 
they can naturally produce biofuel precursors. The cells could be genetically 
engineered and seawater and/or waste could be used for cultivation. The ad-
vantage is that there was not competition with e.g. agricultural land. The main 
disadvantages were slow production and large cultivation areas (Porqueras et 
al 2012, Aro 2016). 
 
The fourth generation of biofuels will use synthetic biology to genetically en-
gineer cyanobacteria and algae. In addition, it involves the combination of 
photovoltaics and microbes. In this generation, the aim is to produce the bio-
fuels and chemicals in direct processes and create green synthetic cell factories 
(Demribas 2011, Lü et al 2011, Aro 2016).  
 
In this thesis, I engineered cyanobacteria with molecular biology tools in order 
to enhance the carbon fixation process and increase biofuel and biochemical 
production (fourth biofuel generation). 

Cyanobacteria and biotechnology 
Cyanobacteria are gram-negative prokaryotes with the capacity to perform ox-
ygenic photosynthesis. It is believed that these organisms were responsible for 
rising the O2 levels in the atmosphere 2.3 billion years ago (Stainer and Cohen 
Bazire 1997, Kasting and Siefert 2002, Dvornyk et al 2003). Cyanobacteria 
are widely distributed in many habitats, from extreme environments to aquatic 
systems, and they are present in different forms, from unicellular to filamen-
tous. One of the most interesting features that some cyanobacteria have is that 
they are capable of fixing nitrogen from the atmosphere. This fact makes them 
important in habitats where usable nitrogen is a limiting component (Kasting 
and Siefiert 2002).  
 
Using cyanobacteria or microalgae to produce substances of human interest 
or to reduce CO2 levels in the atmosphere has gained attention. The fact that 
growing these microorganisms do not need to compete for fertile land and 
require few compounds makes them good candidates. In addition, many 
strains grow in seawater making the technology more sustainable (Karube et 
al 1992, Stephens et al 2010, Kumar et al 2011).  
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Cyanobacteria have a high value because they can naturally produce sub-
stances of human interest such as H2, toxins, biomass, fatty acids, etc (Belay 
et al 1993, Chaiklahan et al 2008, Dutta et al 2015). In addition, they can be 
genetically engineered to produce valuable substances such as sugars and bio-
fuels and other chemicals in direct processes (Rosgaard et al 2012, Paper VI). 
Prokaryotes do not (in general) have compartments and are simpler organisms 
compared to eukaryotes and therefore they are easier to genetically engineer. 
In this thesis, all the experiments were performed in the model cyanobacte-
rium Synechocystis PCC 6803 (Syn PCC 6803). Syn PCC 6803 is a unicellular 
cyanobacterium isolated from a freshwater lake in California (USA) in 1968 
(Stanier et al 1971). The genome was sequenced in 1996 (Kaneko et al 1996) 
and the cells can be naturally transformed (Grigorieva 1982). 

Metabolic engineering 
Metabolic engineering involves the modification of genetic elements and reg-
ulation in order to produce a substance or make the process more efficient 
(Bailey 1991). This idea raised since during many centuries, microorganisms 
were used to produce substances such as cheese, alcohol, etc. (Alam et al 1988, 
Caplice and Fitzgerald 1999, Tamang et al 2016).  
 
Metabolism is all the chemical and physical reactions that happen in a living 
organism. The chemical reactions are performed by enzymes and enzymes are 
proteins which have the capacity to accelerate reactions, thus they are cata-
lysts. How enzymes are encoded and expressed is a regulated complex pro-
cess. 
 
The central dogma of biology (Crick 1970) is represented in Figure 1. DNA 
is transcribed into RNA. Promoters and transcription factors regulate tran-
scription. Promoters are DNA sequences upstream of the gene-coding region 
where the transcription factors and the RNA polymerase bind. Once the poly-
merase is attached to the DNA, it recognizes the transcription starting site 
(TSS) and it starts to “read” the DNA creating the mRNA. The transcription 
is done when the RNA polymerase reads a DNA sequence that makes the 
RNA polymerase to drop from the DNA, called terminator (Figure 1). The 
released mRNA has different regions; the 5´UTR region, the ribosomal bind-
ing site (RBS), the coding sequence of the enzyme, the stop codon and the 
3´UTR (Figure 1). The RBS in the mRNA is recognized by the ribosomes and 
the translation process starts. The starting of the translation process may be 
controlled by the 5´UTR sequence. The ribosome reads 3 nucleotides (one 
codon) of the mRNA and adds an amino acid making a chain called peptide. 
When the last codon is read (stop codon), the ribosome dissociates from the 
mRNA and the translation is finished. The peptide formed while translation 
happens, is folded into the active structure (enzyme) by different interactions 
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of the side chains of the peptide- in some cases this process can be assisted by 
other proteins, called chaperones. 

 
Figure 1. The central dogma of biology. aa = amino acids, mRNA = messenger RNA, 
RBS = ribosomal binding site, RNA pol = RNA polymerase, tRNA = transfer RNA, 
TSS = transcription starting site, 3´UTR = 3´ untranslated region, 5´ UTR = 5´ un-
translated region.  
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The knowledge of all these processes and elements allowed to us to develop 
synthetic biology. Synthetic biology is the combination of biology and engi-
neering to create novel biological functions and systems (Jouhten 2012). One 
of the troubles of using cyanobacteria for production of substances of human 
interest is that the yield is very low. However, we and others have found sev-
eral ways to increase the production of substances. 
 
Promoters can be constitutively active or induced by substances. Several dif-
ferent native promoters have been discovered in Syn PCC 6803 (Mohamed et 
al 1993, Abe et al 2014, Zhou et al 2014, Englund et al 2016). Few of these 
native promoters have been modified showing an increased or decreased ex-
pression of the downstream gene (Huang et al 2010, Qi et al 2013). In addition, 
heterologous promoters have been tested and shown to be active in Syn PCC 
6803 (Ferino and Chauvat 1989, Huang and Lindblad 2013, Camsund et al 
2014, Camsund and Lindblad 2014). Usually strong promoters favours the 
production of substances but in some cases a weak and/or inducible promoter 
can be better for production, especially when the product is toxic (Gold 1990, 
Giacalone et al 2006). 
 
RBS have an effect on the translation process and therefore on the expression 
of proteins. Different native RBS have been identified in Syn PCC 6803 and 
modified showing different protein levels (Thiel et al 2018). In addition, syn-
thetic RBS have been designed and implemented in Syn PCC 6803 leading to 
different expression levels (Heidorn et al 2011). We have the hypothesis that 
heterologous expression increases the productivity of substances because the 
non-native protein is not regulated by the host organism. However, our lab 
experienced that when the hydrogenase from Chlamydomonas reinhardtii was 
introduced into Syn PCC 6803 the protein was transcribed but not translated 
(Lindblad et al 2019). Mutalik et al 2013 developed a bicistronic design 
(BCD) in Escherichia coli that has two RBS and makes sure that any second-
ary structures around the second RBS are melted by the translation of the 
leader peptide. Thus, the ribosome can bind to the RBS and translation can 
occur. Lindblad et al 2019, implemented this strategy in cyanobacteria show-
ing the translation of HydA using the BCD construct.  
 
Riboswitches and riboJ are other ways to control translation. In riboswitches, 
molecules can bind to the 5´UTR of the mRNA and block or initiate transla-
tion. Several riboswitches have been discovered in bacteria (including cyano-
bacteria), filamentous fungi, green algae, and higher plants (Nudler and 
Mironov 2004, Winkler and Breaker 2005, Thore et al 2006, Perez et al 2016). 
However, only few have been characterized in cyanobacteria (Wagner et al 
2015, Perez et al 2016), even though a large number of genes are predicted to 
be regulated by riboswitches (Singh et al 2018). Again, several heterologous 
riboswitches have been successfully tested in cyanobacteria (Nakahira et al 
2013, Ma et al 2014, Ohbayashi et al 2016). RiboJ are “RNA leaders” that 
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help to standardize translation. It consists of 75 nucleotide sequence including 
the satellite RNA of tobacco ringspot virus and followed by a 23 nucleotide 
hairpin. During the posttranscriptional process, the ribozyme cleave the RNA 
resulting in a hairpin just upstream of the RBS. Thus, after cleavage of the 
RiboJ, the 5’UTR region is the same in all mRNAs transcribed containing the 
RiboJ sequence and the translation process is predicted to be standardized 
(Lou et al 2012, Clifton et al 2018). RiboJ has been used in cyanobacteria for 
several applications including for biofuel production (Taton et al 2014, En-
glund et al 2018, Miao et al 2018). 
 
Antisense RNA can control the translation process too. In this case, an anti-
sense RNA is synthesized and binds complementary to the mRNA. Conse-
quently, the ribosome cannot bind or cannot elongate the peptide chain since 
there is a physical block impeding the translation. Antisense RNAs have been 
discovered in all three kingdoms of life (Wagner and Simons 1994, Brantl 
2002) including cyanobacteria (Georg et al 2009, Mitschke et al 2011). None-
theless, there are no studies where antisense RNAs are used to down regulate 
genes for higher production of substances in cyanobacteria.  
 
Another way to increase heterologous expression is optimizing the codon us-
age. The majority of amino acids are encoded by different codons. Each or-
ganism has a different abundance of tRNA (tRNAs is a RNA that carry an 
amino acid (Figure 1). Changing rare codons (without changing the amino 
acid) for more common ones in the host organism, has shown to have positive 
effects on protein expression in different organisms such as bacteria (cyano-
bacteria), green algae, plants, mammalian cells and others (Rouwendal et al 
1997, Patterson et al 2005, Burgess-Brown et al 2008, Lindberg et al 2010, 
Lindblad et al 2012, Wang et al 2012).   
 
The amount of product can be enhanced by different strategies, for instance, 
by fusing two proteins (scaffold) (Dueber et al 2009, Moon et al 2010). It is 
believed that scaffolds help the production of substances when the intermedi-
ate is toxic (the product of the first enzyme and the substrate of the second one 
in the pathway) (Dueber et al 2009). The secretion of toxic desired products 
by transporters can also help (Doshi et al 2013, Peralta-Yahya et al 2012) as 
well as deletion of competitive pathways (Peralta-Yahya et al 2012). How-
ever, it is important to know if the pathway is essential for the cell. Thus, 
knocking down pathways may be a more suitable solution.  
 
A few decades ago, Stern et al discovered extra genic palindromic sequences 
(Stern et al 1984), that lately were identified to be an “immune” system of 
different organisms (Makarova et al 2002, Mojica et al 2005, Pourcel et al 
2005, Ishino et al 2018). Several clustered regularly interspaced short palin-
dromic repeats (CRISPR) systems have been found in nature and it has been 
estimated that 90% of archaea and 40% of bacteria have a CRISPR system 
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(Makarova et al 2011, Qi et al 2013). Much information about CRISPR sys-
tems is available, for a review, see Barrangou 2014. The simplest CRISPR 
system discovered is when the cells are infected by a foreign DNA and the 
DNA is stored into the CRISPR loci. Then, the cells transcribe the palindromic 
repeats stored in the CRISPR locus and the RNA produced is cleaved into 
small fragments. The fragmented RNA has an antisense sequence complemen-
tary to the pathogen DNA and a sequence that can be recognized by Cas9 
endonuclease protein. When the cells are infected again with the same foreign 
DNA, the RNA binds together with the Cas9 to the foreign DNA. Lastly, the 
Cas9 cleaves the pathogen DNA avoiding the replication of it (Barrangou 
2014). 
 
Qi et al 2013, engineered the Cas9 protein in order to block translation but 
avoid the cleavage of DNA and therefore use it as a reversible strategy for 
downregulation of gene expression (CRISPRi). They showed that the best 
DNA strand to target in order to silence the gene expression is the non-tem-
plate strand. They also demonstrated that the repression was better when the 
CRISPRi system was close to the TSS. The advantage with CRISPRi is that 
multiple gene expressions can be controlled in a reversible way, making the 
process very efficient. The CRISPRi has been implemented in cyanobacteria 
showing that the system can knock down the expression of several genes at 
the same time and therefore increase production of substances of human in-
terest (Yao et al 2015, Huang et al 2016, Li et al 2016). 
 
Bacteria have two different forms of DNA, both circular. The chromosome 
(Carins 1963) and in some bacteria, a DNA molecule called plasmid which 
replicates independently from the chromosome (Kado 1998). With the current 
knowledge of molecular biology, the genetic engineering in cyanobacteria can 
be done in both DNAs. So, with all the knowledge mentioned above, we have 
the possibility to knock out and/or knock down genes, overexpress proteins or 
express heterologous proteins in more efficient ways.  Nowadays, we can 
challenge nature by expressing heterologous or synthetic pathways in cyano-
bacteria and other organisms in order to increase/decrease processes or pro-
duce substances of human interest.   

Photosynthesis and carbon fixation in cyanobacteria  
Photosynthesis is divided into two group of reactions; the light dependent and 
the light non-dependent reactions. During light the protein complex located in 
the thylakoid membrane, Photosystem II (PSII), splits water into O2 and H+ 
obtaining an electron that is excited and transferred to the plastoquinone com-
plex (PQ). The PQ is then oxidized by transferring the excited electron to the 
cytochrome b6f (cyto b6f). The electron is then passed to the soluble protein 
plastocyanin (PC) which transfers the electron to the Photosystem I (PSI). In 
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the PSI complex, the electron is excited again by light and transferred to the 
ferredoxin (Fd), then to the Ferredoxin-NADPH-reductase (FNR) which re-
duces NADP+ into NADPH. When water is split, H+ accumulate in the 
thylakoid lumen. In addition, during the transfer of the electron from the PQ 
to the cyto b6f, H+ are transported in to the lumen of the thylakoid. The accu-
mulation of H+ in the thylakoid lumen makes a differential pH between the 
lumen of the thylakoid and the cytoplasm (Figure 2A). These H+ are then used 
to drive the ATP synthase. The products of the light dependent reactions are 
NADPH (reducing power) and ATP (energy). They are important for the light 
non-dependent reactions as well as other reactions in the metabolism of oxy-
genic photosynthetic organisms (Figure 2A) (Lambers et al 2008).  
 
Light non-dependent reactions are those reactions that use the NADPH and 
the ATP synthetized during the light dependent reactions. These products are 
used by the Calvin-Benson-Bassham cycle (Calvin Cycle) in order to fix in-
organic carbon (CO2) and synthesize 3-phosphoglycerate (3PGA) (Figure 3) 
(Lambers et al 2008). The enzyme responsible to fix carbon in the Calvin cycle 
is ribulose 1,5-biphosphate carboxylase/oxygenase (RuBisCO) and it is the 
most abundant protein on earth (Raven 2013). There are four RuBisCO forms 
found in nature. Form I is the most abundant one and it is present in chemo-
autotrophic bacteria, purple bacteria, cyanobacteria, red and brown algae and 
all higher plants (Andersson 2008, Watson and Tabita 1997). RuBisCO has a 
hexadecameric structure composed by 8 large and 8 small subunits (Watson 
and Tabita 1997). In cyanobacteria, RuBisCO is assembled into the hexa-
decameric structure by the assistance of the GroEL/GroES chaperonin and 
chaperone X (Liu et al 2010). RuBisCO can take either CO2 or O2 as a sub-
strate leading to two different processes (Figure 3) (Eisenhut et al 2008).  
 
RuBisCO has more specificity to O2 than CO2 and when O2 binds to RuBisCO, 
2-phosphoglycerate (2PGA) and 3PGA are formed. 2PGA is metabolized in a 
toxic pathway and may lead to loss of carbon (Photorespiration) (Figure 3) 
(Eisenhut et al 2008). Interestingly, it is unknown why this process is essential 
for the cells (Eisenhut et al 2008*). In order to overcome the high specificity 
of RuBisCO towards O2, cyanobacteria and other photosynthetic organisms 
have evolved the carbon concentrating mechanism (CCM) consisting of adap-
tations made to increase CO2 levels around RuBisCO (Price et al 2007). In 
cyanobacteria, the CCM consists of the inorganic carbon transporters, the car-
boxysome and the carbonic anhydrase.  
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Figure 2. Overview of photosynthesis (A) and respiration (B) in cyanobacteria. Some 
components are shared in these two processes on the thylakoid and plasma membrane.  
Abbreviations: PSII - Photosystem II, PQ - Plastoquinone, PC - Plastocyanine, PSI - 
Photosystem I, SDH - Succinate dehydrogenase, NDH - NADH dehydrogenase-like , 
NADP - Nicotinamide adenine dinucleotide phosphate, ATP - Adenosine Triphos-
phate and Cyd COX - cytochrome bd-quinol oxidase - cytochrome c oxidase. 
 
There are five inorganic carbon transporters in cyanobacteria, three take up 
bicarbonate and two CO2 (Figure 4) (Price 2011). The bicarbonate transporters 
are located in the plasma membrane and it is suggested that bicarbonate passes 
through the outer membrane by porins. In contrast, CO2 transporters are based 
on plastoquinone oxidoreductase NADPH dehydrogenase respiratory com-
plexes (NDH-I) (Figure 4) and therefore they are suggested to be located in 
the thylakoid membrane. CO2 can pass passively through the membrane so the 
main activity of these two transporters is the hydration of CO2 by two proteins 
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which perform the opposite reaction of carbonic anhydrase (Figure 4) (Mi et 
al 1995, Price et al 2002, Price 2011).   
 
BicA is a Na+ dependent transporter and it has a low affinity for bicarbonate. 
The genes encoding this transporter are constitutively expressed. BCT1 is an 
ATP dependent transporter that has high affinity for bicarbonate. It is induced 
by high light as well as low levels of inorganic carbon. StbA is another Na+ 
dependent transporter, induced under low inorganic carbon levels and with a 
relatively high affinity for bicarbonate (Price 2011). The CO2 transporters, 
NDH-I3 and NDH-I4 complex are induced under low inorganic carbon level 
and constitutively expressed, respectively (Price 2011). 
 

 
Figure 3. Main carbon and nitrogen metabolism in cyanobacteria. Blue color corre-
sponds to amino acids, green color to the name of the pathways, red color correspond 
to photorespiration and maroon to storage molecules.  
 
Carboxysomes are polyhedral cytosolic inclusion bodies composed by several 
proteins. Two different carboxysomes are found in cyanobacteria depending 
on the RuBisCO type encapsulated and their respective structural proteins. 
1,5- biphosphate (RuBP) produced in the Calvin cycle and bicarbonate diffuse 
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through the carboxysome shell where carbonic anhydrase and RuBisCO are 
grouped together (Figure 3). Once bicarbonate is inside the carboxysome, car-
bonic anhydrase converts it into CO2. RuBisCO is then surrounded by high 
levels of CO2 since the later cannot diffuse trough the carboxysome shell (So 
et al 2002). Thereafter, RuBisCO converts RuBP and CO2 into 3PGA. 3PGA 
diffuses the carboxysome shell and can be either further metabolized or used 
to regenerate RuBisCO’s substrate, RuBP.  
 
The excess of carbon fixed in the Calvin cycle is stored as glycogen. During 
the darkness, glycogen is broken down to glucose (Smith 1983). Glucose is 
metabolized through glycolysis (Embden-Meyerhof-Parnas (EMP), oxidative 
pentose pathway (OPP) and the Entner-Doudoroff (ED) pathway (Figure 3, 
Chen et al 2016) and further downstream by the tricarboxylic acid cycle (TCA 
cycle) (Zhang and Bryant 2011). During these processes abundant reducing 
power are generated but only small amount of ATP is obtained. The NADPH 
produced is oxidized in the NDH-I4 complex and the electrons in the succinate 
dehydrogenase complex (SDH) (Figure 2B and 3), both located in the 
thylakoid and plasma membrane, contribute to reduce the PQ. The reduction 
of the PQ accepts also H+, which is transferred into the thylakoid membrane 
and the final electron acceptor, is O2. The H+ gradient created is used to drive 
the ATP synthase and ATP is produced for essential reactions. In cyanobacte-
ria, photosynthesis and respiration share machinery in the thylakoid mem-
brane but respiration mostly happens in the cytoplasmic membrane (Peschek 
1999). When O2 is not present, the cells produce other substances (lactate, 
acetate, succinate, etc in order to get rid of excess electrons and this process 
is called fermentation (Binder 1982, Vermaas 2001).  
 
In addition of RuBisCO, there are other carbon fixing enzymes in plants and 
cyanobacteria. Phosphoenolpyruvate carboxylase (PEPc) is an important car-
bon fixation enzyme for C4 and CAM plants and it is also present in bacteria 
(including cyanobacteria), fungi and C3 plants (Svensson 2003). PEPc cata-
lyzes the conversion of phosphoenolpyruvate and bicarbonate, in the presence 
of Mg2+, into oxaloacetate and inorganic phosphorus. It is a very important 
carboxylase in C4 and CAM plants since PEPc fixes carbon producing oxalo-
acetate which is converted into malate in the mesophyll cells present in leaves. 
After that, the malate is transported to the bundle sheath cells (in C4 plants) 
where it is decarboxylated forming pyruvate and CO2. The former is then 
transported again to the mesophyll cells in order to restart the cycle while the 
CO2 is used by RuBisCO (Ehleringer 2002). 
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Figure 4. Inorganic carbon transporters present in cyanobacteria. The BicA and NDH-
I4 are constitutively expressed while BCT1, SbtA and NDH-I3 are induced in low lev-
els of inorganic carbon. The transporters located in the plasma membrane transport 
bicarbonate while the ones located in the thylakoid membrane transport CO2.   
 
There are several PEPc isoforms found in nature, some related with photosyn-
thesis and others involved in C/N partitioning, ripening fruit, seed formation 
and more (Lepiniec et al 1993, Chollet et al 2002, Oleary et al 2011), but all 
subunit forms are around 100 kDa. The cyanobacterial crystal structure of 
PEPcs have not been determined yet but all the amino acid sequences of PEPc 
discovered so far have the key residues to form the homotetramer structure, 
glutamic acid (E528) and arginine (R533) (Syn PCC 6803 numbering) (Smith 
and Plazas 2011).  
 
In cyanobacteria (C3 metabolism), PEPc plays an anaplerotic role providing 
carbon skeletons for the nitrogen metabolism since the reaction that PEPc cat-
alyzes produces an intermediate of the TCA cycle (Figure 3). It was believed 
that cyanobacteria had an incomplete TCA cycle because the enzyme 2-ox-
oglutarate dehydrogenase is lacking and therefore succinyl coenzyme A can-
not be synthesized. In 2011, Zhang and Bryant discovered that Synechococcus 
PCC 7002 has two enzymes, 2-oxoglutarate carboxylase and succinic semial-
dehyde dehydrogenase, which convert 2-oxoglutarate to succinate semialde-
hyde and the succinate semialdehyde to succinate, respectively (Zhang and 
Bryant 2011) (Figure 3). In addition, they concluded that these enzymes are 
present in all cyanobacteria except in Prochlorococcus and marine Synecho-
coccus species. Xiong et al 2014, demonstrated that an intact gamma amino 
butyrate shunt (GABA shunt) is present in the cyanobacterium Syn PCC 6803 
and that this shunt has a major contribution to succinate production compared 
to the pathway described by Zhang and Bryant (Figure 3).  
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It was suggested that in cyanobacteria, only 5% of the photosynthetic carbox-
ylation rate is present in darkness and that PEPc may fix up to 20% of the total 
carbon fixed when the cells are in the steady state (Owttrim and Coleman 
1986). PEPc is essential for cyanobacteria (Luinenburg and Coleman 1990) 
and several PEPcs from different organisms have been characterized (Table 
1). 
 
In 2014, Jia et al overexpressed and knocked down pepc in the cyanobacte-
rium Anabaena sp. PCC 7120. Both strains showed higher photosynthesis 
compared to the wild type (WT). However, decreased dark respiration was 
only observed in the strain with down regulated PEPc. In addition, the former 
strain showed higher photosynthesis when the cells were exposed to environ-
mental stresses like low temperature and high salinity (Jia et al 2014).  
 
Yan et al 2015, downregulated the PEPc activity and they demonstrated a 
higher and lower carbohydrate and protein content, respectively in the Syn 
PCC 6803 cells. However, a lower growth rate was not observed in this engi-
neered strain compared to the WT. It was also observed that PEPc activity was 
stable during growth except for the stationary phase. This in agreement with 
what it was observed in the cyanobacterium Coccochoris peniocystis (C. peni-
ocystis) back in 1986 (Owttrim and Colman 1986). 
 
It has been shown that several substances can inhibit PEPc activity. In green 
algae, higher plants and the in cyanobacteria Synechococcus volcanus (S. vol-
canus) and C. peniocystis, PEPc is repressed by malate and aspartate (Owttrim 
and Colman 1986, Lepiniec et al 1993, Rivoal et al 1998, Chen et al 2002). In 
the cyanobacterium C. peniocystis, the carboxylase is also inhibited by oxalo-
acetate and citrate (Owttrim and Colman 1986). Recently, Takeya et al 
showed that PEPc activity from Syn PCC 6803 was not inhibited by malate 
and aspartate at pH 7.0, while a clear inhibition could be seen at pH 9.0 
(Takeya et al 2017). It has been suggested that the pH in cyanobacteria fluc-
tuates during light and darkness (Coleman and Colman 1981). The combina-
tion of less bicarbonate in the cells (due to lower CO2 pumped during dark-
ness), low PEP levels and lower pH with the production of inhibitors could 
contribute to the reduced PEPc activity in darkness (Coleman and Colman 
1981, Owttrim and Coleman 1986, Iwaki et al 2006).    
 
 
In addition to RuBisCO and PEPc, there are at least two other carboxylases 
present in cyanobacteria. Acetyl-CoA carboxylase is involved in the fatty acid 
pathway providing lipids for the cell membrane (Gornicki et al 1993) and car-
bamoyl phosphatase synthetase is involved in the production of pyrimidine 
and arginine (Cunin et al 1986).  
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Table 1. Characterized PEPc from different organisms. Abbreviations: ACoa- Acetyl-
CoA, ATP- Adenosine Triphosphate, C-Citrate, D-Aspartate, DAP- Dihydroxyace-
tone phosphate, E-Glutamate,  F- Fumarate, G6P- Glucose-6-Phosphate, IC-Isocitrate, 
M-Malate, ML- Manolate,  NADPH-Nicotinamide adenine dinucleotide phosphate, 
OAA-Oxaloacetate, O-2 oxoglutarate, P-Phosphate, Pyr- Pyruvate, Q-Glutamine, RT- 
Room temperature, S-succinate, 3PGA- 3-phosphoglyceraldehyde, n.t. no tested. (?) 
temperature used for the activity assay but the optimal is not specified, * optimal tem-
perature but the temperature between brackets is the one used for the in vitro activity 
assay. 
 

Organism T 
(°C) 

pH 
 

V max 
(units/
mg) 

Km 
(PEP) 
mM 

Km 
(HC
O3

-) 
mM 

Inhibitor/ 
Activator 

Ref 

Anabaena PCC 
7120 

35 8 2.6 1.1 
 

0.24 A, M Takeya et 
al 2017 

Coccochloris 
peniocystis 
 

40 
 
  

8 
 
  

8.84 
  

0.6 
 
  

0.8 
 
  

O, M  
lesser ex-
tent: C, IC, 
O, ATP, D, 
ML, P/ Pyr, 
3PGA, 
NADPH  

Owttrim 
and Col-
man 1986 

Synechococcus 
PCC 7002 
 

35-
35 

7.5
-8 

14.43-
20.74 

1.06-
0.77 

0.97-
0.24 

n.t.-Q/S (IV) 

Synechococcus 
vulcanus 

42* 
(30) 

9 
7.5 

25.3 
17.3 

0.53 
0.58 

nd 
0.48 

D Chen et al 
2002 

Synechocystis 
PCC 6803 

30 
 

7.3 1.74 
 

0.34 
  

0.8 
 
  

S, M, F, C, 
A 

Takeya et 
al 2017 

Oceanimonas 
smirnovii 

20 
(RT) 

10 21.8 1.22 0.139  Park et al 
2015 

Chlamydomo-
nas reinhardtii  

25 
(?) 

8.8 
8.1 

22 
18 

  E,D,O,M/Q
DAP  

Rivoal et 
al 1998 

Selenastrum 
minutum  

25 
(?) 

9 
9 

 
5.29 
5.71 

(S50) 
2.23 
0.32 

 Q Schuller 
et al 1990 

Zea Mays  30 
(?) 

7.3 
8 

18.2 
23 

1.48 
0.59 

0.12 
0.1 

M, D/ G6P Chen et al 
2002, 
Takeya et 
al 2017, 
Willeford 
et al 1992 
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Metabolic engineering for increased carbon fixation and 
subsequent higher biofuel production  
It is known that carbon fixation is one of the bottlenecks in the production of 
substances in photoautotrophic organisms. Since prokaryotes have a simpler 
gene distribution compared to plants, most studies have been performed on 
bacterial or cyanobacterial RuBisCOs. Most research have focused on trying 
to increase the carboxylase activity and the specificity towards CO2 (Whitney 
et al 2011), but a great significant improvement has never been achieved. In 
2015, we summarized the knowledge about engineering for increased carbon 
fixation in cyanobacteria (Paper I). 
 
Numerous amino acid substitutions have been made in loop 6 of RuBisCO 
since the loop is involved in the specificity of the enzyme. Leucine 332 was 
substituted by different amino acids (alanine, isoleucine, methionine, threo-
nine and valine) but all of these substitutions resulted in a diminution of spec-
ificity (Lee et al 1993). Alanine 340 was replaced by histidine and asparagine, 
and a slight increase of specificity was observed in both substitutions (13% 
and 9%, respectively), while the carboxylation rate decreased (25-33%) or in-
creased (19%), respectively (Madgwick et at 1998). Other substitutions have 
been made in the loop 6, but no significant improvement was achieved (Madg-
wick et at 1998, Parry et al 2003).  
 
In Synechococcus PCC 6301, the replacement of methionine 259 to threonine 
improved the carboxylation catalytic efficiency by 12% and the affinity by 
15% (Greene et al 2007). In addition, the single substitution of different amino 
acids increased the affinity for RuBP (Muller-Cajar et al 2008). Several mod-
ifications of the small subunit in Synechococcocus and Anabaena affected the 
structure and decreased the carboxylation rate (Lee et al 1991, Read et al 1992, 
Kostov et al 1997). Many other substitutions have been done in the large sub-
unit of RuBisCO from different organisms leading, in most cases, to repressed 
catalytic activity or increased specificity towards O2 (Reviewed in Kellogg 
and Juliano 1997). Another approach tested was the combination of large and 
small subunits of RuBisCO from different organisms. This approach resulted 
in incorrect assembly or increased specificity towards O2 (Wang et al 2001). 
The combination, for instance, of the small subunit of Cylindrotheca sp.N1 or 
Olisthodiscus luteus with the large subunit of Synechococcus PCC 6803 led 
to an improvement of the specificity towards CO2 (Read and Tabita 1992). All 
these results suggest that the RuBisCO's small subunit is involved in the spec-
ificity and stability of the enzyme. 
 
In cyanobacteria, few studies with increased carbon fixation and higher pro-
duction of carbon based compounds have been published. Higher in vitro Ru-
BisCO activity was detected in the cyanobacterium A. nidulans when both the 
native RuBisCO's subunits were introduced under the lac promoter (Daniell 
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et al 1989). In Synechococcus elongatus PCC 7942, the insertion of a gene, 
which encodes a protein for sucrose export, increased the PSII activity, chlo-
rophyll content, carbon fixation and biomass (Ducat et al 2012).  The same 
cyanobacterium, S. elongatus, was genetically engineered in order to produce 
isobutyraldehyde. The overexpression of RuBisCO in the already engineered 
strain resulted in higher isobutyraldehyde production (Atsumi et al 2009). In 
another study, where Synechococcus was engineered to produce 2,3-butane-
diol,  the overexpression of some enzymes between the 3PGA and pyruvate 
resulted in higher production of the biofuel (Oliver et al 2015). Kanno et al 
2017, engineered S. elongatus PCC 7942 to improve glucose metabolism, by 
downregulating the native carbon fixation regulation and enhancing the bot-
tlenecks of carbon fixation resulting in increased of 2-3 butanediol production.  
 
Liang and Lindblad 2017, overexpressed RuBisCO and three other enzymes 
of the Calvin cycle in Syn PCC 6803. The engineered strains showed higher 
growth rate as well as biomass accumulation. These four engineered strains 
were coupled with the pathway to produce ethanol and the production of the 
alcohol was enhanced compared to the control strain (Liang et al 2018). In 
addition, Liang and Lindblad 2017 overexpressed RuBisCO tagged with the 
Flag tag in both the N-terminus (FL50) and the C-terminus (FL52). The strains 
with tagged RuBisCO showed higher protein level, increased growth, photo-
synthetic activity and in vitro RuBisCO activity. The tagged RuBisCO seemed 
to be more transcribed and may have stabilized translation (Liang and Lind-
blad 2017). 
 
Kamennaya et al 2015 overexpressed the BicA bicarbonate transporter in Syn 
PCC 6803 under the control of the inducible PnirP promoter. When the engi-
neered cells were induced and cultivated with bubbling flasks without supple-
mented CO2 higher growth rate, optical density and higher biomass compared 
to WT was observed. However, if the cells were supplemented with CO2, the 
engineered strain decreased doubling time but produced more biomass com-
pared to the WT. Several experiments showed that the extra carbon incorpo-
rated was directed towards saccharide-rich exopolymeric substances (Ka-
mennaya et al 2015).  
 
A synthetic pathway based on the 3-hydroxypropionate bicycle was intro-
duced in the cyanobacterium S. elongatus PCC 7942. The synthetic pathway 
bypasses photorespiration by re-assimilating glyoxylate, which is a toxic 
product in photosynthetic organisms (reviewed in Dellero et al 2016) (Figure 
3). The result of this study was increased carbon fixation in the cyanobacte-
rium (Shih et al 2014). 
 
Some scientists have tried to design and introduce a synthetic carbon fixation 
pathway in heterotrophic organisms since autotrophic organisms grow slower 
and seems to be more difficult to engineer (Gong and Li 2016, Schwander et 



 25

al 2016). The carboxylase chosen in this pathway (crotonyl-coenzyme A 
(CoA)/ethylmanonyl-CoA/hyrodxybutyryl-CoA (CETCH) is the enoyl-CoA 
carboxylase reductase (ECR) which has a carboxylation activity 37 times 
higher than RuBisCO. The CETCH pathway is shorter and requires less ATP 
and NADPH than the existing aerobic carbon fixation pathways and the prod-
uct released from this pathway is glyoxylate. Unfortunately, this pathway has 
not been yet implemented in any living organism but it has been tested in vitro 
(Schwander et al 2016). 
 
The synthetic carbon fixation malonyl-CoA-oxaloacetate-glyoxylate (MOG) 
pathways were created in 2010 by Bar-Even and colleagues. These synthetic 
metabolic pathways were designed based on 5000 enzymes, five existing car-
bon fixation pathways and their carboxylases. Four different criteria were ap-
plied including the affinity of the enzymes, the energetic cost for the cell, the 
favorable thermodynamic reactions and how the synthetic pathway would af-
fect the host organism. Several synthetic pathways were created with at least 
one carboxylase. The results showed that the most efficient carboxylase is 
PEPc. Shorter pathways were created but they concluded that the most effi-
cient ones were the C4 glyoxylate/alanine and the C4 glyoxylate/lactate. 
These two pathways share the first six enzymes and differ only in the last 
reactions (Bar-Even et al 2010). 
 
Only four studies about overexpression of PEPc in cyanobacteria are availa-
ble. In 2014, Jia et al overexpressed PEPc in Anabaena sp. PCC 7120 showing 
higher photosynthetic rates. In 2016, we published a paper which is described 
in the next section (Paper II). In the same year, Li et al published a paper where 
S. elongatus PCC 7942 was engineered with the CRISPR-Cas9 system. Ob-
tained strain showed increased succinate production (11 fold) compared to 
WT by knocking down one of the enzymes for glycogen synthesis and knock-
ing in two enzymes in the TCA cycle, gltA and PEPc (Li et al 2016). In addi-
tion, Hasunuma et al 2016, showed increased succinate production when PEPc 
was overexpressed in Syn PCC 6803 (Hasunuma et al 2016).  
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Aim 

The aim of my thesis can be summarized in four points: 
 
 

1. Overview and understanding of photosynthesis with a focus on carbon 
fixation and subsequent downstream metabolism in cyanobacteria 

2. Overexpression of native enzymes of the synthetic MOG pathway in 
cyanobacteria and analysis of the effects 

3. Characterization of phosphoenolpyruvate carboxylase (PEPc) from 
cyanobacteria 

4. Increased production of selected chemicals by genetic engineering of 
cyanobacteria with additional PEPc 
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Results and Discussion 

Partial introduction of the MOG pathway in 
Synechocystis PCC 6803 (Paper II) 
After studying the MOG pathways, we identified that the enzymes, 1-3 (Phos-
phoenolpyruvate synthase (PPSA), PEPc and Malate dehydrogenase (MDH) 
are present in the genome of Syn PCC 6803. Thus, we decided to overexpress 
the carboxylase individually and the three first enzymes of the pathways in an 
operon under the control of the native light regulated promoter, PpsbA2. The 
introduced genes were designed to homologous recombine with the psbA2 in 
the chromosome of the cyanobacterium and therefore replace the native 
psbA2. The psbA2 codes for the protein D1 involved in the PSII. Mohamed et 
al 1993, showed that the gene encoding this protein has two copies in the ge-
nome. Thus, when the psbA2 is knocked out the psbA3 is activated providing 
the D1 protein needed (Mohamed et al 1993).  
 
After confirming the introduction of the additional genes in both engineered 
strains, we observed that full segregation in all the chromosomes could not be 
achieved. The recombination sites (designed to recombine with the psbA2) 
were 500 bp and the introduced ppsa, pepc and mdh were 2500 bp, 3000 bp 
and 1000 bp, respectively. Thus, the extra copies of the native genes were 
much larger than the designed homologous recombination site.  
 

 
 
Figure 5. Location of the genetic constructs in the engineered strains. A corresponds 
to the WT genome, B to the engineered strain with two extra copies of pepc 
(WT+2xPEPc) and C to the engineered strain containing one extra copy of ppsa, pepc 
and mdh (WT+PPM) (Paper II).  
 
 
As a result, in the engineered strain overexpressing only the native pepc 
(WT+2xPEPc), the extra copy of the pepc recombined with the native pepc 
and the psbA2 and therefore the engineered strain contained two extra copies 
of the pepc. The engineered strain overexpressing the three genes of the MOG 
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pathway (WT+PPM) showed that the native pepc and the extra copy of pepc 
recombined but in this case, it did not recombine with the psbA2 (Figure 5).  
 

 
Figure 6. Chlorophyll a content of the engineered strains (WT+Kmr, WT+2xPEPc and 
WT+PPM) for 12 days under low light intensity (3 µmol photons·m-2·s-1). Mean ± SE 
(Paper II). 
 
When the engineered strains were grown under normal light (45 µE·m-2·s-1), 
no differences were observed in chlorophyll a content. Interestingly, when 
they were grown in low light (3 µE·m-2·s-1), the engineered strain with two 
extra copies of pepc (WT+2xPEPc) showed a higher chlorophyll a content 
compared to the control strain (WT+Kmr). Nevertheless, no differences were 
observed between the control strain (WT+Kmr) and the engineered strain con-
taining the three first genes of the MOG pathways (WT+PPM) (Figure 6).  
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Figure 7. PEPc protein level in the engineered strains (day 9 of Figure 6). A corre-
sponds to the SDS-PAGE where PEPc cannot be detected and B corresponds to the 
Western immunoblot using an antibody against PEPc. M corresponds to the marker 
in kDa (Paper II). 
 
 
Firstly, the WT-PEPc level (WT+Kmr) was barely detectable while the engi-
neered strains showed higher levels of PEPc (Figure 7). The PEPc protein 
level increased by increasing the number of pepc copies present in the genome 
(Figure 7). Secondly, in agreement with the higher PEPc protein level,  the in 
vitro PEPc activity assays showed higher activity in the engineered strains, 
WT+2xPEPc and WT+PPM, compared to the control strain (WT+Kmr) (Table 
2).  
 
Table 2. In vitro PEPc activities in the engineered strains (day 9 of Figure 6).  
   

Engineered strain of  
Synechocystis PCC 6803 

Number of copies of pepc In vitro PEPc activity 
(nmol of malate·mg of pro-
tein-1·min-1)  

WT+Kmr 1 35.4 ± 5.1 
WT+2xPEPc 3 80.3 ± 12.0 
WT+PPM 2 42.2 ± 7.6 
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Characterization of PEPc from the cyanobacterium 
Synechococcus PCC 7002 (Paper III) 
PEPc from the cyanobacterium Synechococcus PCC 7002 was chosen to be 
kinetically characterized because the PEPc from Syn PCC 6803 was already 
characterized (Takeya et al 2017). In addition, this cyanobacterium has a 
higher growth rate compared to Syn PCC 6803 (Yu et al 2015) and the PEPc 
from another Synechococcus showed the highest Vmax and a low Km for bi-
carbonate compared to other cyanobacterial strains (Table 1, Chen et al 2002). 
The carboxylase has conserved amino acids typical for freshwater strains, 
while it is a marine strain (Smith and Plazas 2011) and a predicted amino acid 
model structure showed that the PEPc from Synechococcus PCC 7002 has two 
extra barrels compared to other PEPcs (Smith and Plazas 2011). This makes 
the Synechococcus PCC 7002 enzyme interesting to examine. 
 

 
 
Figure 8. Purified Phosphoenolpyruvate carboxylase (PEPc) from Synechococcus 
PCC 7002. Blue color corresponds to the purification of PEPc PCC 7002 in TBS pH 
8.0. Red color corresponds to the purification of PEPc PCC 7002 in TBS+25 mM 
MgCl2, pH 8.0. A SDS-PAGE showing the purified PEPc PCC 7002. L corresponds 
to marker (kDa). B Chromatograms showing the influence of Mg2+ on the yield of 
purified PEPc (Paper III).  
 
The PEPc from Synechococcus PCC 7002 (PEPc PCC 7002) was successfully 
purified by adding a Strep-tag on the N-terminus (Figure 8A). Interestingly, 
when the protein was purified in the presence of Mg2+ (25 mM MgCl2), the 
yield of the purification was almost doubled compared to when the process 
was lacking the divalent cation (Figure 8B).  
 
PEPc has been reported to be present in both as a dimer and a tetramer, the 
former being the inactive and the latter the active form. The stabilization of 
the tetramer is due to an interaction between a glutamic acid (E498) and an 
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arginine (R503) (Synechococcus PCC 7002 numbering) and it is conserved 
among all PEPcs (Smith and Plazas 2011). The tetramer dissociates into dimer 
in excess of dilution, in agreement with our data (Paper III, Willeford and 
Wedding 1992).  
 
 

 
Figure 9. Chromatogram of PEPc PCC 7002 using size exclusion chromatography 
(Superdex) when PEPc PCC 7002 was run with TBS+25 mM MgCl2, pH 8.0. The 
fraction collected between 50-60 mL corresponds to the tetramer while the fraction 
between 66-76 corresponds to the dimer (Paper III).  
 
 
The purified PEPc PCC 7002 showed two different levels of activities and 
therefore we suspected that at least two oligomers were present. Size exclusion 
chromatography (SEC-Superdex column) was performed in order to verify the 
number of isoforms. The volume of the protein and buffer loaded into the col-
umn (570 µL) was very small compared to the total volume of the column 
(100 mL). The high dilution may result in the dissociation of the protein into 
the dimer form and that is why the small peak form (dimer) was always eluted 
in all the conditions tested (Table 3). Since, at that stage, we did not know if 
the large and the small peaks corresponded to the tetramer and dimer, size 
exclusion chromatography-small scattering angle X ray (SEC-SAXS) (using 
the column Shodex) was performed. The molecular weight of the proteins cor-
responding to the small and the large peaks were estimated to be 231 kDa and 
462 kDa for the dimer and tetramer, respectively and this is agreement with 
the theoretical molecular calculated 115.4 kDa/monomer. In the Shodex col-
umn (4.6 mL) coupled to the SAXS, the dilution was much smaller and there-
fore the main peak observed in all the conditions tested was the tetramer (Fig-
ure 10). In addition, when the protein concentration was lowered to the same 
as used in the Superdex column (0.87 mg/mL), the peak of the dimer was 
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larger. With all these data, together with the data from the Batch-SAXS we 
can conclude that there is a higher proportion of dimer when the concentration 
is lower.  
 
When the purified PEPc PCC 7002 with TBS+25 mM MgCl2, pH 8.0 (Mg_25) 
was run in the SEC-Superdex, two isoforms were eluted (Figure 9), but when 
the protein was run with only TBS, pH 8.0, only the dimer form eluted (Table 
3). When SEC-Shodex was used, the dimer form was never observed alone 
but the tetramer peak increased when MgCl2 was used (Figure 11). Thus, 25 
mM of MgCl2 has an influence on the formation of the tetramer in PEPc PCC 
7002 and this fact might explain the higher yield of purified PEPc PCC 7002 
compared to when the divalent cation was not present (Figure 8B). A similar 
effect was observed in the PEPc from Crassula argentea but with lower con-
centration of Mg2+ (Wu and Wedding 1985).  
 

 
Figure 10. Overlay of signal plots from SEC-SAXS (Shodex) of PEPc PCC 7002 in 
TBS at two different concentrations (red, grey) and in TBS with 25 mM MgCl2 (yel-
low). The main peak corresponds to the tetramer, the small peak corresponds to the 
dimer (Paper III). 
 
After that, we decided to investigate if the substrates and/or the cofactor of 
PEPc induced the tetramerization form. The concentrations used were based 
on the in vitro PEPc assay that we used in our previous assays (Paper II). When 
low concentration of MgCl2 (10 mM MgCl2, Mg_10) or NaHCO3 (5 mM) 
were used, the dimer was the only isoform present (Table 3). Interestingly, 5 
mM of PEP induced the tetramerization form (Table 3). We suspect that the 
low concentration of Mg2+ did not induce the tetramerization form due to the 
dilution excess during the SEC-Superdex. However, it has not been observed 
before that PEP induces the tetramerization form of PEPc.  
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When we started to combine the substrates with/without cofactor, we could 
observe that the tetramer was eluted when 5 mM NaHCO3 and 10 mM of 
MgCl2 were mixed. It was proposed that, in the PEPc reaction, Mg2+ binds 
first, then PEP and the last HCO3

- (Kai et al 2003), so it is difficult to explain 
why MgCl2 (10 mM) and NaHCO3 (5 mM) condition induced the tetrameri-
zation. 
 
 
Table 3. Conditions used in the size exclusion chromatography-Superdex. All the con-
ditions contained TBS pH 8.0. 
 

Buffer Addition to the TBS buffer Tetramer Dimer ratio 
(tetramer:dimer) 

TBS - - + 0 : 1 

Mg_25 25 mM MgCl2 + + 1.4 : 1 

Mg_10 10 mM MgCl2 - + 0 : 1 

HCO3
- 5 mM NaHCO3

- - + 0 : 1 

PEP 5 mM PEP + + 1.06 : 1 

Mg_10+ 
HCO3

- 
10 mM MgCl2 and 5 mM 
NaHCO3

- 
+ + 0.85 : 1 

Mg_10+PEP 10 mM MgCl2 and 5 mM 
PEP 

+ + 1.3 : 1 

HCO3
-+ PEP 5 mM NaHCO3

-and 5 mM 
PEP 

+ + 0.85 : 1 

Mg_10+ 
HCO3

-+PEP 
10 mM MgCl2, 5 mM Na-
HCO3

- and 5 mM PEP 
+ + Unknown 

(higher:lower) 

 
 
Not surprisingly, since individually PEP induced the tetramer form, when ei-
ther NaHCO3 (5 mM) or MgCl2 (10 mM) were mixed with PEP (5 mM), the 
tetramer was also eluted (Table 3). The PEPc from maize may be induced 
when PEP and Mg2+ are present forming a complex (Willeford et al 1990), 
and this is somehow in agreement with our results since this condition showed 



 34 

the higher ratio towards tetramer when PEP, or low concentration of Mg2+ and 
HCO3

-, was present (Table 3). 
 
Since PEP interfered with the reading at A280, when the PEPc reaction was 
performed, no peaks were observed. Instead, the tubes where the dimer and 
tetramer eluted in the previous runs, were collected and an SDS-PAGE was 
run. The tetramer form was the main isoform present in the reaction (Table 3, 
Paper III), in agreement with other studies showing that the tetramer is the 
active form of PEPc (Wu and Wedding 1985). 
 
The tetramer form eluted from the experiment Mg_25 (Table 3, Figure 9) was 
kinetically characterized (T-PEPc PCC 7002). Even though the high concen-
tration of Mg2+ can influence the kinetics of the carboxylase, we considered 
that in the other experiments, the substrates were incubated with the carbox-
ylase and it could have more influence on the kinetics of the enzyme. In addi-
tion, we were not in control of the dimer fraction since we concentrated the 
protein after elution (and therefore the dimer might be transformed to te-
tramer) and the dimer converted to tetramer during the reaction. The dimer 
fraction showed less activity compared to the tetramer, 9.5 ± 1.1 units·mg-1 

and 20.74 ± 1.8 units·mg-1, respectively.  
 
The optimal pH of T-PEPc PCC 7002 is 7.5-8 (Figure 11A) and this is in the 
range of all cyanobacterial PEPc characterized so far (Table 1). The optimal 
temperature is 35°C being the same as the PEPc from Anabaena (Figure 11B, 
Table 1, Takeya et al 2017). The carboxylase obeyed Michaelis - Menten ki-
netics for both substrates (Figure 11C and D) and this concurred with the same 
enzyme from the cyanobacterium C. peniocystis (Owttrim and Coleman 
1986). The Km for PEP was 0.77 mM being one of the highest among all the 
cyanobacterial PEPc characterized so far (Table 1). PEP is abundant during 
the day (Eisenhut et al 2008) and lower in darkness but still present in the cells 
(Owttrim and Coleman 1988, Hanai et al 2014). The Km for HCO3

- is 0.24 
mM being the lowest Km, together with that of Anabaena PEPc, of all cyano-
bacterial PEPcs (Table 1). During the day, the inorganic carbon transporters 
are active and it has been estimated that the level of HCO3

- is 3-4 mM in C. 
peniocystis, with lower levels during the night (Coleman and Colman 1981). 
The Vmax of the tetramer at optimum conditions was 20.74 ± 1.8 units·mg-1 
(Table 1).   
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Figure 11. Specific activity of purified tetramer of PEPc PCC 7002 obtained in Figure 
10. A Specific activity of T-PEPc PCC 7002 using different pHs (23°C). B Specific 
activity of T-PEPc PCC 7002 using different temperatures (pH 7.5). C Specific activ-
ity of T-PEPc PCC 7002 using different concentrations of PEP (pH 7.5, 35°C). D 
Specific activity of T-PEPc PCC 7002 using different concentrations of NaHCO3

- (pH 
7.5, 35°C). One unit is defined as 1 µmol of NAD+ produced per minute. Mean ± SD. 
(Paper III)  
 
It is well known that PEPcs are well conserved on the C-terminus but not on 
the N-terminus where the residues for regulation are located. Malate is a 
known inhibitor of PEPc and in photosynthetic PEPcs, malate seems to induce 
the dimer form and therefore “inactivate” the enzyme (Wu and Wedding 
1985). When PEPc PCC 7002 was run in the Superdex-SEC together with 
Mg_25, the tetramer form eluted, meaning that malate did not dissociate the 
enzyme under the conditions tested. It can either be that the malate does not 
affect the oligomerization of PEPc PCC 7002 or that the oligomerization to-
wards the tetramer with high concentrations of Mg2+ is too strong to be af-
fected by the concentration of malate that we tested. In addition, when the in 
vitro PEPc activity assay was performed, 2 mM of malate did not affect the 
Vmax of the protein (Figure 12). Thus, malate is not an allosteric inhibitor of 
PEPc PCC 7002 under the conditions tested. 
 
In order to observe if potential activators and inhibitors may affect the Vmax 
of the enzyme, the concentration of the NaHCO3 and PEP were reduced to 1 
mM in the in vitro PEPc activity assays. 5 mM of 2-oxoglutarate, 5 mM of 
glycine, 2 mM of aspartic acid and 2 mM of citric acid did not affect the Vmax 
of the PEPc PCC 7002 (Figure 12). Different pH-values been reported to en-
hance the effect of some of these compounds (Takeya et al 2017). The fact 
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that the cyanobacterial pH changes during day and night and that these com-
pounds may change the levels during light and darkness could have a different 
effect on the carboxylase in vivo (Hatch 1979, Coleman and Colman 1981, 
Kenyon et al 1987). 
 

 
Figure 12. Specific activity of the tetramer form of PEPc PCC 7002 eluted in Figure 
10 in the presence of different compounds. The amount of PEP and HCO3

- was 1 mM. 
One unit is defined as 1 µmol of NAD+ produced per minute. Mean ± SD. Asterisks 
correspond to significant differences compared to the control (Paper III).  
 
While none of the compounds discussed above affected T-PEPc PCC 7002, 2 
mM of succinate and 2 mM of glutamine increased and decreased the Vmax, 
respectively (Figure 12). Succinate has been reported to be an inhibitor (Ozaki 
and Shiio 1969, Wong and Davis 1973) but in agreement with our results (T-
PEPc 7002), it seems to also be an activator of PEPc from Syn PCC 6803 
(Takeya et al 2017). Against expectations, glutamine showed to be an inhibitor 
of T-PEPc PCC 7002 while it has been reported to be an activator in green 
algae and to S. volcanus (Schuller et al 1990, Rivoal et al 1998, Chen et al 
2002).  
 
The scattering curves obtained with SEC-SAXS were used to compare the 
calculated scattering curves from crystallized PEPc. The PEPc from E. coli 
was the most similar structure among all the scattering curves compared. This 
is not surprising since the E. coli PEPc was crystalized with the presence of 
Mn2+ and this organism contains a PEPc involved in the TCA cycle, similar 
function of PEPc in cyanobacteria.  
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Increased ethylene production by overexpressing PEPc 
(Paper IV) 
Ethylene is an important hormone in plants and it is involved in germination, 
fruit ripening and senescence (Aharoni and Lieberman 1979, Boller et al 1983, 
Abeles and Takeda, 1990). There are several pathways found in nature (Kende 
1993, Weingart 1999). Pseudomonas syringae has a simple pathway in order 
to produce ethylene before the infection of its host. The pathway expresses the 
ethylene-forming enzyme (efe) which uses 2-oxoglutarate and arginine as sub-
strates and produce ethylene and succinate. Both products are precursors of 
biofuels and plastics.  
 
The efe was successfully introduced in two cyanobacteria, Syn PCC 6803 and 
S. elongatus PCC 7942, giving rise to ethylene production. It was believed 
that the efe was unstable but a recent study showed that the instability may be 
associated to the expression strategy used (Carbonell et al 2016). Many studies 
have been done in order to increase the ethylene expression and therefore the 
production. Different promoters, RBS and number of copies have been tested 
in order to increase ethylene production (Guerrero et al 2012, Ungerer et al 
2012, Veetil et al 2017, Xiong et al 2015 and Zhu et al 2015).  
 
Since we discovered that our previous strain WT+2xPEPc showed higher 
chlorophyll a level, and chlorophyll a is produced from glutamate and the lat-
ter is synthesized from 2-oxoglutarate, we decided to introduce the efe in Syn-
echocystis WT+2xPEPc and WT+Kmr (Paper II) under the control of the in-
ducible promoter, PnrsB. Interestingly, the engineered strain overexpressing 
pepc and expressing efe (CD-P, Table 4) showed significant higher ethylene 
production (10.5 ± 3.1 µg · ml-1 · OD-1· day-1) compared to the control strain 
CD-C (6.4 ± 1.4 µg · ml-1· OD-1· day-1) (p=0.002) (Figure 13). The Efe protein 
level was similar in both strains (Figure 14), while the PEPc protein level was 
higher in the CD-P (Figure 15) leading to the conclusion that PEPc is a bot-
tleneck in the production of ethylene in Syn PCC 6803. 
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Figure 13. Ethylene production of the engineered strains created in this study (Table 
4). Mean ± SE. Asterisks correspond to significant differences compared to the control 
(Paper IV).  
 
In order to further improve the ethylene production, another copy of pepc 
and/or phosphoenolpyruvate synthase, ppsa (from Syn PCC 6803 or Synecho-
coccus PCC 7002) were introduced into CD-P. The created engineered strains 
are summarized in Table 4 and the Efe, PPSA and PEPc protein levels are 
shown in Figure 14 and 15. The engineered strains expressing either an extra 
copy of the native PPSA (CD-P2) and/or PEPc (CD-P3 and CD-P1) or a copy 
of the PEPc (CD-P4) or PPSA+PEPc from Synechococcus (CD-P6) did not 
further increase the ethylene production (Figure 14). The engineered strain 
with the heterologous expression of PPSA from Synechococcus (CD-P5) how-
ever, showed significant higher ethylene production (16.8 ± 4.5 µg·ml-1·OD-

1· day-1) compared to the control engineered strain overexpressing PEPc, CD-
P (p=0.003) (Figure 13). The DNA and amino acid identity between PPSA 
from Syn PCC 6803 and Synechococcus proteins is 70.5 and 76.6%, respec-
tively. Since not much is known about PPSA, it might be that some differences 
can be attributed to the amino acids, located at the N-terminus or on the inser-
tion between 145-160 amino acid sequence PPSA PCC 7002 (Paper IV). This 
may explain the different kinetics and regulation of the enzymes in the metab-
olism of Syn PCC 6803. 
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Figure 14. Expression of the Flag tagged proteins, ethylene-forming enzyme (Efe) and 
phosphoenolpyruvate synthase (PPSA). A SDS-PAGE loaded with 4 µg of crude ex-
tract of the engineered strains (Table 4). B Western immunoblot using the anti-flag 
antibody. The upper band correspond to PPSA (approximate molecular weight 91.17 
and 92.56 KDa for PPSA6803 and PPSA7002, respectively) and the lower band to EFE 
(approximate molecular weight 42.16 kDa) (Paper IV). 
 

 
Figure 15. Expression of phosphoenolpyruvate carboxylase (PEPc) of the engineered 
strains (Table 4).  A SDS-PAGE loaded with 31 µg of crude extract of the engineered 
strains (Table 4). B Western immunoblot using the anti-PEPc antibody. The PEPc 
approximate molecular weight is 110 KDa. PEPc6803 and PEPc7002 corresponds to pu-
rified protein (100 ng loaded) of PEPc from Synechocystis PCC 6803 and Synecho-
coccus PCC 7002, respectively (Paper IV). 
  
Further bottlenecks for ethylene production were investigated by the addition 
of several substances to the engineered strain CD_P. When arginine was added 
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to the medium in our standard condition (50 mM Tris pH 8.0, 50 mM Na-
HCO3, Km (25 µg · mL-1), Cm (20 µg · mL-1), 5 µM of NiCl2 and 20 µE·m-

2·s-1), the ethylene production did not increase (BG11+Arg, Figure 16) agree-
ing with Carbonell et al 2019. However, higher Efe protein concentration was 
observed. We conclude that arginine and Efe are not a limiting the ethylene 
production. It is known that nitrogen starvation increases 2-oxoglutarate levels 
and therefore may increase ethylene production. However, in a previous study 
the opposite effect was observed (Ungerer et al 2012). We did not see a de-
crease in ethylene production in 24h (Figure 16) in agreement with Carbonell 
et al 2019, when 2-oxoglutarate was added. The addition of arginine into the 
nitrogen starvation condition (BG110+Arg) did not increase or decrease eth-
ylene production compared to the standard condition (Figure 16). When nitro-
gen starvation and arginine are present, the cyanophycin (the nitrogen storage 
compound synthesized from arginine and aspartic acid) synthesis is upregu-
lated (Stephan et al 2000) and arginine may not be available for the Efe reac-
tion. Another strategy in order to increase 2-oxoglutarate levels was the addi-
tion of azaserine which is an inhibitor of the glutamine amino transferase in 
the GS-GOGAT cycle (Merida et al 1991). However, the ethylene production 
was decreased instead (BG11+Aza and BG11+Arg+Aza+Cyclo, Figure 16) 
while the Efe protein level was similar to the standard condition. 
 
 
 

 
Figure 16. Ethylene production when the engineered strain CD-P was incubated with 
different conditions. Mean ± SE. Asterisks correspond to significant differences com-
pared to the control. All the conditions contained 50 mM Tris pH 8.0, 50 mM Na-
HCO3, Km (25 µg · mL-1), Cm (20 µg · mL-1), 5 µM of NiCl2 and 20 µE·m-2·s-1 for 
24h. Arg corresponds to 50 µM of arginine, Aza corresponds to 100 µM azaserine, 
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BG11 corresponds to media with nitrate, BG110 corresponds to media without nitrate, 
Cyclo corresponds to 100 µM cyclodyxim (Paper IV). 
 
Acetyl-CoA may be an activator of PEPc and since the overexpression of 
PEPc can lead to lower acetyl-CoA and lower activity of citrate synthase (re-
action between acetyl-CoA and citrate, Figure 3), the Acetyl-CoA carboxylase 
was inhibited by cycloxydim. Interestingly, the cells did not increase ethylene 
production (Figure 16) meaning that acetyl-CoA is not a limited substrate for 
the TCA cycle in the engineered strain CD-P. Acetyl-CoA may be replaced 
by the “C4 like metabolism”. When cycloxydim was added the CD-P1 and 
CD-P4, the engineered strains increased ethylene production (Figure 17) 
meaning that acetyl-CoA is a limiting compound in those strains.  

 

 

Figure 17. Ethylene production when the engineered strains CD-P1 and CD_P4 were 
incubated in standard (BG11) or addition of 100 µM cyclodyxim (BG11+Cyclo) 
Mean ± SE. Asterisks correspond to significant differences compared to the BG11 
(Paper IV).   
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Table 4. Engineered strains used/constructed in this study. 

Engineered 
strains 

Genetic modification 

CD-E Resistant to Km, Sp and Cm 

CD-C Resistant to Km and Cm and expressing the efe from P.syringae 
(resistant to Sp) 

CD-P Overexpressed pepc from Syn PCC 6803 (Km), expressing the efe 
from P.syringae (Sp) and resistant to Cm 

CD-P1 Overexpressed pepc from Syn PCC 6803 (Km), expressing the efe 
from P.syringae (Sp) and another extra copy of the native pepc 
(Cm) 

CD-P2 Overexpressed pepc from Syn PCC 6803 (Km), expressing the efe 
from P syringae (Sp) and an extra copy of the native ppsa (Cm) 

CD-P3 Overexpressed pepc from Syn PCC 6803 (Km), expressing the efe 
from P.syringae (Sp), an extra copy of the native ppsa and an-
other extra copy of the native pepc (Cm) 

CD-P4 Overexpressed pepc from Syn PCC 6803 (Km), expressing the efe 
from P.syringae(Sp) and another extra copy of pepc from Syn-
echococcus (Cm) 

CD-P5 Overexpressed pepc from Syn PCC 6803 (Km), expressing the efe 
from Psyringae (Sp) and another extra copy of the ppsa from Syn-
echococcus (Cm) 

CD-P6 Overexpressed pepc from Syn PCC 6803 (Km), expressing the efe 
from P.syringae (Sp) and another extra copy of the ppsa and pepc 
from Synechococcus (Cm) 
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Increased succinate production by introducing a 
glyoxylate shunt and overexpressing PEPc (Paper V) 
Succinate is an important industrial precursor since 1,4-butanediol, adipic acid 
and some pharmaceuticals including antibiotics and amino acids (Zeikus et al 
1999) can be synthesized from it. Succinate is a key metabolite in the TCA 
cycle (Figure 3) and secrete naturally during fermentation (Nghiem et al 1997, 
Guettler et al 1999, Lee et al 2002, Song and Lee 2006, Dashko et al 2014). It 
is known that during light, the oxidative branch of the TCA cycle is the most 
operative, since 2-oxoglutarate is used for the nitrogen metabolism (Hasun-
uma et al 2016). In darkness, SDH plays an important role by reducing the PQ 
and therefore contributing to the synthesis of ATP and the oxidative branch is 
the most active (Hasunuma et al 2016).  In anoxic darkness, a very reductive 
environment and no final electron acceptor for the electron transport chain, 
the cells need to get rid of electrons. Consequently, some substances are se-
creted (succinate, acetate…), and under this condition, the reductive branch of 
the TCA cycle is the most active (Hasunuma et al 2016).  
 
The glyoxylate shunt is present in some bacteria and in some nitrogen fixing 
cyanobacteria and it is connected to the TCA cycle (Maloy et al 1980, McKin-
lay et al 2015, Zhang and Bryant 2015). The advantage of this cycle is that 
bacteria are capable to grow with acetate or fatty acids as a sole carbon source. 
It also avoids the carbon loss of the isocitrate dehydrogenase and in bacteria 
the 2-oxoglutarate dehydrogenase. The first enzyme of the glyoxylate pathway 
isocitrate lyase (ICL) consumes the TCA cycle intermediate isocitrate and pro-
duces two products, glyoxylate and succinate. Glyoxylate is further metabo-
lized by malate synthase (MS) (the second enzyme of the glyoxylate shunt) or 
by the photorespiration metabolism (Eisenhut et al 2008).  
 
The overexpression of PEPc has been shown to increase succinate secretion 
in cyanobacteria under dark anoxic conditions (Hasunuma et al 2016). Thus, 
we decided to introduce the partial (ICL) and the complete glyoxylate shunt 
(ICL+MS) in the engineered strains WT+Kmr and WT+2xPEPc (Paper II) 
(Table 5). Interestingly, the introduction of the complete glyoxylate shunt into 
the WT+Kmr resulted in no colonies leading to the conclusion that the leakage 
of the PnrsB expressing ICL and MS affects the viability of the cells. How-
ever, the partial and the complete glyoxylate shunt was successfully intro-
duced in the WT+2xPEPc (2P_C) creating 2P_I and 2P_IM, respectively. The 
engineered strains are summarized in Table 5. 
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Table 5. Engineered strains created/used in this study. Km corresponds to kanamycin 
resistant cassette, Cm corresponds to chloramphenicol resistant cassette, ICL corre-
sponds to isocitrate lyase from E. coli BL21, and MS to malate synthase from E. coli 
BL21. 

Engineered strain Genetic modification 
WT_C WT+Kmr (Paper II) resistant to Cm 
2P_C WT+2xPEPc (Paper II) resistant to Cm 
2P_I WT+2xPEPc expressing ICL (Cm)  
2P_IM WT+2xPEPc expressing ICL and MS (Cm) 

 
In light and darkness, the 2P_IM showed the highest succinate secretion in the 
presence of nitrogen (Figure 18J and K). In anoxic darkness, 2P_I was the 
strain secreting most succinate (Figure 18I). In nitrogen starvation, 2P_IM 
showed the highest succinate secretion in light and darkness (Figure 18J and 
K) while in nitrogen starvation, anoxic darkness the highest secretion was ob-
served 2P_I (Figure 18I).  
 
Interestingly, when SDH was inhibited the succinate secretion increased com-
pared to the non-blocked SDH treatment in all conditions tested with the ex-
ception of dark anoxic and nitrogen starvation (Figure 18). In the presence of 
nitrogen, in light or darkness, the 2P_IM showed the highest succinate secre-
tion (Figure 18J and K) while in anoxic darkness 2P_C had the highest suc-
cinate secretion (Figure 18F). The 2P_I was the strain with secreting most 
succinate when SDH was inhibited, nitrogen starvation in light, darkness and 
anoxic darkness (Figure 18G, H and I). 
 
With these data we can conclude that SDH is active in light, darkness and in 
fermentation and thus contributing to reduce the PQ in the electron transport 
chain. 
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Figure 18.Succinate secretion in the engineered strains created in this study (Table 
5). BG11 corresponds to the standard media, BG110 corresponds to the standard me-
dia without nitrogen source. Light condition was performed at 20 μE·m−2·s−1 for 4 
days, Dark condition was performed in darkness for 4 days and anoxic darkness was 
performed in darkness and anaerobic conditions for 4 days. Standard corresponds to 
BG11 or BG110, with 5 μM of NiCl2 and +TTA corresponds to BG11 or BG110 + 5 
μM of NiCl2 and 1 mM of 2-thenoyltrifluoroacetone.  
 
Western Blots showed higher PEPc levels in 2P_C, 2P_I and 2P_IM compared 
to the WT_C (Paper V). The ICL was expressed in the 2P_I and 2P_IM strains 
while the MS was only expressed in the 2P_IM strain (Paper V). The expres-
sion levels of ICL and MS was different depending on the conditions used in 
the 2P_IM strain (Figure 19). Higher expression of ICL and MS was present 
in light conditions compared to dark or anoxic darkness (Figure 19). It has 
been reported that the PnrsB has different levels of activity depending on the 
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light condition and that may explain the differences observed in the levels of 
ICL and MS, even though darkness condition was not tested in those studies 
(Englund et al 2015, Englund et al 2016). Nitrogen starvation increased ICL 
and MS protein levels in light (Figure 19). It may be that the PnrsB has a 
different activity during nitrogen stress or that secondary effects in this condi-
tion affects the metal homeostasis of the cells resulting in higher expression 
of the promoter.  
 

 
Figure 19. SDS-PAGE/Western immunoblot of the Synechocystis strain 2P_IM, ana-
lyzed for the presence of isocitrate lyase (ICL) and malate synthase (MS). A SDS-
PAGE of crude protein from the 2P_IM strain in light, darkness and anoxic darkness. 
BWestern immunoblot using anti-Strep antibody for the 2P_IM strain in light, dark-
ness and anoxic darkness.  
 
 
The overexpression of PEPc (2P_C) had a positive effect on growth in light, 
light+acetate and darkness+acetate (Paper V). However, the engineered strain 
2P_I showed decreased growth rate compared to the 2P_C because most likely 
the cells metabolized the toxic compound, glyoxylate (Dellero et al 2016). 
Interestingly, the growth was recovered to the 2P_C levels in the 2P_IM strain 
since the complete glyoxylate shunt was introduced and it connected with the 
TCA cycle. 
 
In closing, it would be interesting to further engineer the 2P_IM strain by 
knocking out or down SDH. The resulting strain could be cultivated in diurnal 
light cycles. The advantage is that succinate could be produced in the same 
high yield constantly during light and darkness periods. 
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Conclusions and Future Directions 

This thesis demonstrates that increased carbon fixation, by other means than 
overexpressing RuBisCO, can enhance production of carbon-based com-
pounds of human interest such as ethylene and succinate. In addition, the cy-
anobacterial PEPc has been demonstrated to be active in the tetramer form and 
have similar profile to other non-photosynthetic C3 PEPcs from E. coli. 
 
With all the metabolic engineering tools that researchers have been developed 
for cyanobacteria, future engineered cyanobacterial strains containing or over-
expressing multiple pathways may be feasible for large scale biochemical or 
biofuel production.  
 
For instance, the inhibition of SDH in the strain expressing the glyoxylate 
shunt and overexpressing PEPc (2P_IM-Paper V) showed the highest succin-
ate secretion in light and darkness. The 2P_IM could be further engineered by 
introducing the ethylene-forming enzyme and knocking out SDH. If the re-
sulting strain would be grown in diurnal cycles, the cells would produce eth-
ylene and succinate simultaneously in both light and darkness given the inno-
vation of producing higher rates in dark periods. The advantage of these two 
compounds is that ethylene is a gas and succinate is secreted into the media, 
so no complex downstream processes would be required which would make 
the process more economic. In addition, if bottlenecks would be identified and 
optimized cultivation would be achieved it could result in improved produc-
tivity. 
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Svensk sammanfattning 

Cyanobakterier är intressanta organismer då de är de enda kända bakterier som 
genomför syre-bildande fotosyntes. Cyanobakterier, till skillnad från de flesta 
bakterier, kräver endast ljus vatten, koldioxid, och vissa icke-organiska nä-
ringsämnen för att växa. Eftersom dessa mikroorganismer är relativt enkla att 
modifiera genetiskt har flera metaboliska reaktionsvägar för att producera 
biobränsle introducerats. Tack vare forskning är det i dag möjligt att framställa 
biobränsle genom att odla modifierade cyanobakterier men mängden 
biobränsle som kan utvinnas är fortfarande låg och framställnings- och ex-
traktionsprocessen kostsam. 

Cyanobakterier tar framförallt in koldioxid genom ribulosbisfosfatkarboxy-
las-oxygenas (RuBisCO), världens vanligaste enzym, och den berömda Cal-
vin-Benson-Bassam-cykeln. När koldioxid är inne i cellerna används det för 
att bygga socker, fetter, och proteiner. Emellertid är RuBisCO ett ineffektivt 
enzym eftersom det förutom koldioxid även tar in syre som inte kan användas 
för detta syfte. Om vi betraktar reaktionsvägarna i cellen som produktionsked-
jor så kan vi öka produktionen genom att tillföra mer substrat. Om vi således 
ökar mängden koldioxid som tas upp av cellerna kan detta leda till ökad pro-
duktion av de ämnen vi intresserar oss för. Det har visat sig möjligt att öka 
produktionen av flera biobränslemolekyler på detta sätt (t.ex. etanol, iso-
butanol och succinat). Merparten av forskningen som gjorts på detta område 
har fokuserat på att introducera fler kopior av RuBisCO, eller andra proteiner 
som naturligt förekommer i Calvin cykeln, för att öka kolfixeringen och där-
med produktionen av biobränsle. 

Bar-Even med kollegor (2010) designade flera nya reaktionsvägar som teore-
tiskt skulle förbättrar koldioxidupptagningen i fotosyntetiska organismer ge-
nom att kombinera delar av de sex kolfixeringsreaktioner som finns i naturen.  

Genom att kombinera delar av de sex kolfixeringsreaktionerna som finns i 
naturen har Bar-Even med kollegor (2010) designat flera nya reaktionsvägar 
som teoretiskt skulle förbättra koldioxidupptagningen i fotosyntetiserande 
organismer. Enzymet som fixerar kol i dessa nya reaktioner är fosfoe-
nolpyruvatkarboxylas (PEPc). Detta enzym finns representerat i många meta-
boliska processer (både i fotosyntetisk och icke-fotosyntetisk metabolism) och 
är mer effektivt än RuBisCO. Växter som finns i varma klimat har utvecklat 
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mer effektiva processer för att bibehålla vatten och ta upp koldioxid och en-
zymet som möjliggör den förbättrade koldioxidupptagningen är PEPc.   

Cyanobakterier innehåller PEPc naturligt men det är inte deras huvudsakliga 
kolfixeringsenzym. Utifrån idén från Bar-Even med kollegor har vi ökat anta-
let kopior av det naturligt förekommande PEPc-enzymet i cyanobakterien 
Synechocystis sp. PCC 6803. De nya genetiskt modifierade cellerna med fler 
kopior av PEPc har högre kolfixeringsaktivitet och snabbare tillväxt.     

Etylen är en grundkomponent i bioplaster samt biobränsle och den industri-
ella produktionen av eten orsakar stora mängder koldioxidutsläpp. Det är så-
ledes viktigt att hitta alternativa, mer miljövänliga, sätt att producera etylen. 
Genom att ta en gen från bakterien Pseudomonas syringae och introducera 
den i cyanobakterier har forskare lyckats producera etylen. Dessa genetiskt 
modifierade celler som producerar etylen har optimerats genom olika strate-
gier men aldrig kombinerats med genetiskt modifierade celler som tar upp 
mer koldioxid. I min studie har vi kombinerat genetiskt modifierade cyano-
bakterier med högre halter PEPc med genen som producerar etylen. Dessa 
genetiskt dubbelmodifierade cyanobakterier producerar mer etylen än de cy-
anobakterier som tidigare designats för att producera etylen. Vidare har yt-
terligare genetiska modifikationer introducerats för att producera ännu högre 
halter etylen. 
 
Succinat är en grundkomponent i bioplaster och vissa biologiskt nedbrytbara 
polymerer men används även som en livsmedelstillsats. Cyanobakterier pro-
ducerar succinat naturligt och olika förhållanden kan förbättra utsöndrandet 
av denna organiska syra. Vissa organismer, t.ex. bakterien Escherichia coli 
(E. coli), har flera olika reaktionsvägar att producera succinat. I mina studier 
har vi introducerat en alternativ reaktionsväg från E. coli till mina modifie-
rade cyanobakterier med högre halt av PEPc. De genetiskt modifierade cel-
lerna med mer PEPc visade högre succinatnivåer än icke-modifierade celler, 
och när vi kombinerade dessa med reaktionsvägen från E.coli gick succinat-
produktionen upp ytterligare.  
 
Under mina doktorandstudier ville jag lära mig mer om biokemi. Vi be-
stämde mig därför för att karaktärisera PEPc från en annan cyanobakterie, 
Synechococcus sp. PCC 7002. Genom detta experiment visade det sig att 
PEPc fanns två olika former. Proteinet bestod av antingen två eller fyra lika-
dana subenheter (homodimer eller homotertramer), beroende på under vilka 
förhållanden experimentet utfördes. När proteinet bestod av fyra subenheter 
var det mer aktivt än när det bestod av två. Det visade sig också att PEPc-re-
aktionen från Synechococcus var snabbare än reaktionen hos Synechocystis. 
Eftersom PEPc-enzymets proteinstruktur är okänd i cyanobakterier använde 
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vi en teknik som tillät oss att observera formen av PEPc i låg upplösning. Ef-
ter en jämförelse med alla kända strukturer av PEPc kunde vi avgöra att 
PEPc från Synechococcus är mycket lik PEPc från E. coli. 
 
Det krävs fortfarande mycket forskning innan cyanobakterier kan börja an-
vändas för storskalig produktion av biokemiska produkter och biobränslen. 
Mina framsteg visar att genmodifiering av kolfixieringsmekanismen kan öka 
produktionen av efterfrågade ämnen och substanser från cyanobakterier.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 51

Acknowledgements 

After spending in this lab almost 7 years of my life, I would like to thank some 
people that made my work easier and funnier! 
 
Firstly, I would like to thank my supervisor, Peter Lindblad for giving me 
the opportunity to become a PhD. You know more than anyone that during 
my master, I did not want to be a PhD student but the lab gave me another 
perspective of life and science. Thank you for believing in me, support all my 
ideas and giving me the opportunity to find myself when I really needed it! 
 
Thank you Pia Lindberg, my second supervisor, for helping me every time 
that I needed with calculations, scientific discussions and writing. You are a 
great scientist! 
 
Karin Stensjö, I always felt that you were my supervisor too even though it 
was not written anywhere. Thank you for your energy, your love and the dis-
cussions about life and science! I am going to miss you a lot! 
 
Rui Miao, my lovely dear, thank you for your help, for those beers on Fridays, 
for all those what´s apps, support and moments that I will never forget! You 
know that you have a Spanish loud friend wherever I end up! 
 
Namita Khanna and Bagmi Pattanaik, you were my best mentors in the lab! 
Your help during my starting is something that I will never forget. Also all the 
love that you gave me during those years. I love you girls!  
 
Adam Wegelius, the biggest idiot that I have ever met! I had so much fun 
with you and thank you for explaining me unconditionally how metabolism 
and electrons work! I am going to miss all the stupid jokes that we have; ostia! 
har det bra! cabron!  
 
The crazy girl in the lab, Kate Kukil or cutie as I call you. I had so much fun 
with you and I hope we will have more in the future! Keep chasing your 
dreams and do not change! Cheers! 
 
Elias Englund, thank you for teaching me so much in science, for all the sci-
entific and non-scientific discussions, for the parties, for the trips together and 



 52 

for the long talks about anything! This lab has not been the same since you 
left!  
 
Feiyan Liang, thank you for those swimming afternoons and the trips that we 
have done! Learn how to drive because you know that I will come to China 
and you have to show me around! 
 
Alessia Albergati, the best master student ever! Thank you for all your sup-
port during my last leg of my PhD! I am going to miss you and I hope we keep 
in touch! 
 
João Rodrigues for your enthusiasm for science enjoy your PhD but remem-
ber to enjoy your life too!  
 
Dennis Dienst, thank you for all the weird, nerd conversations that we had! It 
has been fun to work with you! 
 
Hao Li, thank you for all your gossiping! Good luck with your PhD! 
 
Henna Mustila thank you for your peace and good luck in the future! Re-
member to travel time to time! 
 
Xufeng Liu keep making genetically engineered cyanobacteria for biofuel 
production! I am sure your strains will be commercialized one day in the fu-
ture! 
 
Thank you for all the people who I met in this lab but especially to Daniel 
Camsund for all talks that we had, Isabel Moreno for all the moments shared, 
Brigita Nemez for all your knowledge shared! I am 100% sure you are going 
to be a top scientist! Robin and Federico my favorite master students, Jan 
you are an “annoying” and a lovely girl and I wish you all the best, Ravi for 
being such a fun guy, Giovanni Davide, Christoph Howe and Nita 
Rukimansari for sharing your knowledge and being great lab mates. I also 
thank Johan, Matina, HaoJi, Marco, Manuel, Casper, Pierre, Keyhan, 
Michelle, Sara, Fikret, Johannes, Sasha, Leif and all the people in this de-
partment that made me feel home for so many years.  
 
I would like to give BIG thanks to: Sven Johansson for all your help! I am 
going to miss you a lot and I hope you can buy many American cars when you 
retire! Susanne Söderberg also for your help, you have always been a cyano! 
and Jessica Stålberg for all the help and parties shared! 
 
 
 
 



 53

I would also like to thank to people that have educated me… 
 
My lovely Grandma Carmen, “yaya”, the best person on earth! Thank you for 
educating me, for all your unconditional support and for helping me in all my 
difficult moments. I love you! 
 
Thank you to my mum, Alicia de la Fuente for believing in me when I did 
not! Michael Wagner such a charming man, thank you for educating me, in-
troduce me to diving and traveling and make me feel that I am your daughter! 
You are my blonde dad! I love you both! 
 
Thank you to my dad, Ignacio Durall for your special way to “think about 
life” but being a fun and charismatic person! Pampa, my stepmother who I 
met when I was 4 years old. Actually, you are a mum too, thank you for all 
your help, I will eternally be thankful to you! I love both of you too! 
 
Thank you to my brothers Joaquim and Carlo for being so mean and so naive, 
respectively ;) You have big hearts! Sara Fernandez and the little girl com-
ing ;) thank you for being always there, you are family and a friend :) and 
thank you for keeping my family calm. I love you guys! 
 
I would like to thank all my friends from Spain, Mariagna Sampere, Marc 
Olloquequi, Lucia Elvia, Lluis Roca, Fran Chias, Elba, Mariona Garcia, 
Elia Fernandez, Elisabeth Mallebrera, Cristina Collell and Paco Galiano, 
for all the parties, vacation and discussions that we had, and more to come! 
To my friends in Sweden, Sandra Buitrago, Manu Tabas, Oscar P. Ridell, 
Patricia Garcia, Gigi, Chris, Lisa, Tintin, Stephe, my lovely Sandra Lara 
and Andre Potti, and all the people that I met in this town. A BIG THANK 
to my dearest friend John Dolve (and Chiara), for being such a good room-
mate and friend. For all the parties and the moments that we have supported 
to each other and for making me feel that Swedish people are so lovely and 
that vegan food can be delicious! 
 
I would like to thank also my new family in Sweden Åsa, Mike, Linnea, Max, 
Malin, Ulf, Cornelia, Cajsa, Henrik, Veronica, Wilma, Oscar and Findus 
and especially to Gunnel and Leif Linder for all your generosity with me and 
treating me as one more of the family since the first day. 
 
Finally, I would like to thank the most important person in my life, my hus-
band Martin Linder. I could write another thesis about how great you are! 
Thank you for putting up with me, IT IS NOT AN EASY TASK! Thank you 
for all your support, help, love, caring, patience, travels and dives shared! I 
LOVE YOU AND I WILL ALWAYS DO! 
 
 



 54 

 



 55

References 

Abe, K., Miyake, K., Nakamura, M., Kojima, K., Ferri, S., Ikebukuro, K., & Sode, K. 
(2014). Engineering of a green‐light inducible gene expression system in Syn-
echocystis sp. PCC 6803. Microbial Biotechnology, 7(2), 177-183. 

Abeles, F. B., & Takeda, F. (1990). Cellulase activity and ethylene in ripening straw-
berry and apple fruits. Scientia Horticulturae, 42(4), 269-275. 

Aharoni, N., & Lieberman, M. (1979). Ethylene as a regulator of senescence in to-
bacco leaf discs. Plant Physiology, 64(5), 801-804. 

Alam, S., Stevens, D., & Bajpai, R. (1988). Production of butyric acid by batch fer-
mentation of cheese whey with Clostridium beijerinckii. Journal of Industrial Mi-
crobiology, 2(6), 359-364. 

Andersson, I., & Backlund, A. (2008). Structure and function of Rubisco. Plant Phys-
iology and Biochemistry, 46(3), 275-291. 

Aro, E. M. (2016). From first generation biofuels to advanced solar biofuels.  Journal 
of the Human Environment, 45(1), 24-31. 

Atsumi, S., Higashide, W., & Liao, J. C. (2009). Direct photosynthetic recycling of 
carbon dioxide to isobutyraldehyde. Nature Biotechnology, 27(12), 1177. 

Barrangou, R. (2014). CRISPR‐Cas systems and RNA‐guided interference. Wiley In-
terdisciplinary Reviews: RNA, 4(3), 267-278. 

Bailey, J. E. (1991). Toward a science of metabolic engineering. Science, 252(5013), 
1668-1675. 

Bar-Even, A., Noor, E., Lewis, N. E., & Milo, R. (2010). Design and analysis of syn-
thetic carbon fixation pathways. Proceedings of the National Academy of Sci-
ences, 107(19), 8889-8894. 

Belay, A., Ota, Y., Miyakawa, K., & Shimamatsu, H. (1993). Current knowledge on 
potential health benefits of Spirulina. Journal of Applied Phycology, 5(2), 235-
241. 

Binder, A. (1982). Respiration and photosynthesis in energy-transducing membranes 
of cyanobacteria. Journal of Bioenergetics and Biomembranes, 14(5-6), 271-286. 

Boller, T., Gehri, A., Mauch, F., & Vögeli, U. (1983). Chitinase in bean leaves: in-
duction by ethylene, purification, properties, and possible function. Planta, 
157(1), 22-31. 

Brantl, S. (2002). Antisense-RNA regulation and RNA interference. Biochimica et 
Biophysica Acta (BBA)-Gene Structure and Expression, 1575(1-3), 15-25. 

Burgess-Brown, N. A., Sharma, S., Sobott, F., Loenarz, C., Oppermann, U., & Gile-
adi, O. (2008). Codon optimization can improve expression of human genes in 
Escherichia coli: A multi-gene study. Protein Expression and Purification, 59(1), 
94-102. 

Cairns, J. (1963). The bacterial chromosome and its manner of replication as seen by 
autoradiography. Journal of Molecular Biology, 6(3), 208-IN5. 

Camsund, D., Heidorn, T., & Lindblad, P. (2014). Design and analysis of LacI-re-
pressed promoters and DNA-looping in a cyanobacterium. Journal of Biological 
Engineering, 8(1), 4. 



 56 

Camsund, D., & Lindblad, P. (2014). Engineered transcriptional systems for cyano-
bacterial biotechnology. Frontiers in Bioengineering and Biotechnology, 2, 40. 

Carbonell, V.,Vuorio, E., Aro, E.M.,  & Kallio, P., (2016). Sequence Optimization of 
Efe Gene from P. Syringae is Not Required for Stable Ethylene Production in 
Recombinant Synechocystis sp. PCC 6803. International Journal of Innova-
tive Science Engineering and Technology, 4, 30-35. 

Carbonell, V., Vuorio, E., Aro, E. M., & Kallio, P. (2019). Enhanced stable production 
of ethylene in photosynthetic cyanobacterium Synechococcus elongatus PCC 
7942. World Journal of Microbiology and Biotechnology, 35(5), 77. 

Caplice, E., & Fitzgerald, G. F. (1999). Food fermentations: role of microorganisms 
in food production and preservation. International Journal of Food Microbiology, 
50(1-2), 131-149. 

Chaiklahan, R., Chirasuwan, N., Loha, V., & Bunnag, B. (2008). Lipid and fatty acids 
extraction from the cyanobacterium Spirulina. Science Asia, 34, 299-305. 

Chen, L. M., Omiya, T., Hata, S., & Izui, K. (2002). Molecular characterization of a 
phosphoenolpyruvate carboxylase from a thermophilic cyanobacterium, Synecho-
coccus vulcanus with unusual allosteric properties. Plant and Cell Physiology, 
43(2), 159-169. 

Chen, X., Schreiber, K., Appel, J., Makowka, A., Fähnrich, B., Roettger, M., ... & 
Gutekunst, K. (2016). The Entner–Doudoroff pathway is an overlooked glyco-
lytic route in cyanobacteria and plants. Proceedings of the National Academy of 
Sciences, 113(19), 5441-5446. 

Chollet, R., Vidal, J., & O'Leary, M. H. (1996). Phosphoenolpyruvate carboxylase: a 
ubiquitous, highly regulated enzyme in plants. Annual Review of Plant Biology, 
47(1), 273-298. 

Clark, P. U., Shakun, J. D., Marcott, S. A., Mix, A. C., Eby, M., Kulp, S., ... & Schrag, 
D. P. (2016). Consequences of twenty-first-century policy for multi-millennial 
climate and sea-level change. Nature Climate Change, 6(4), 360. 

Clifton, K. P., Jones, E. M., Paudel, S., Marken, J. P., Monette, C. E., Halleran, A. D., 
... & Saha, M. S. (2018). The genetic insulator RiboJ increases expression of in-
sulated genes. Journal of Biological Engineering, 12(1), 23. 

Coleman, J. R., & Colman, B. (1981). Inorganic carbon accumulation and photosyn-
thesis in a blue-green alga as a function of external pH. Plant Physiology, 67(5), 
917-921. 

Crick, F. (1970). Central dogma of molecular biology. Nature, 227(5258), 561. 
Cunin, R., Glansdorff, N., Pierard, A., & Stalon, V. (1986). Biosynthesis and metab-

olism of arginine in bacteria. Microbiological Reviews, 50(3), 314. 
Daniell, H., Torres-Ruiz, J. A., Inamdar, A., & McFadden, B. A. (1988). Amplified 

expression of ribulose bisphosphate carboxylase/oxygenase in pBR322-trans-
formants of Anacystis nidulans. Archives of Microbiology, 151(1), 59-64. 

Dashko, S., Zhou, N., Compagno, C., & Piškur, J. (2014). Why, when, and how did 
yeast evolve alcoholic fermentation? FEMS Yeast Research, 14(6), 826-832. 

Dellero, Y., Jossier, M., Schmitz, J., Maurino, V. G., & Hodges, M. (2016). Pho-
torespiratory glycolate–glyoxylate metabolism. Journal of Experimental Botany, 
67(10), 3041-3052. 

Demirbas, A. (2011). Competitive liquid biofuels from biomass. Applied En-
ergy, 88(1), 17-28. 

Doshi, R., Nguyen, T., & Chang, G. (2013). Transporter-mediated biofuel secretion. 
Proceedings of the National Academy of Sciences, 110(19), 7642-7647. 

Ducat, D. C., Avelar-Rivas, J. A., Way, J. C., & Silver, P. A. (2012). Re-routing car-
bon-flux to enhance photosynthetic productivity. Applied and Environmental Mi-
crobiology, 78(8), 2660-2668. 



 57

Dueber, J. E., Wu, G. C., Malmirchegini, G. R., Moon, T. S., Petzold, C. J., Ullal, A. 
V., ... & Keasling, J. D. (2009). Synthetic protein scaffolds provide modular con-
trol over metabolic flux. Nature Biotechnology, 27(8), 753. 

Dutta, D., De, D., Chaudhuri, S., & Bhattacharya, S.K., (2005). Hydrogen production 
by Cyanobacteria. Microbial Cell Factories, 4, 36.  

Dvornyk, V., Vinogradova, O., & Nevo, E. (2003). Origin and evolution of circadian 
clock genes in prokaryotes. Proceedings of the National Academy of Sciences, 
100(5), 2495-2500. 

Ehleringer, J. R., & Cerling, T. E. (2002). C3 and C4 photosynthesis. Encyclopedia 
of Global Environmental Change, 2, 186-190. 

Eisenhut, M., Huege, J., Schwarz, D., Bauwe, H., Kopka, J., & Hagemann, M. (2008). 
Metabolome phenotyping of inorganic carbon limitation in cells of the wild type 
and photorespiratory mutants of the cyanobacterium Synechocystis sp. strain PCC 
6803. Plant Physiology, 148(4), 2109-2120. 

Eisenhut, M., Ruth, W., Haimovich, M., Bauwe, H., Kaplan, A., & Hagemann, M. 
(2008). The photorespiratory glycolate metabolism is essential for cyanobacteria 
and might have been conveyed endosymbiontically to plants. Proceedings of the 
National Academy of Sciences, 105(44), 17199-17204. 

Hagemann, M. (2008). The photorespiratory glycolate metabolism is essential for cy-
anobacteria and might have been conveyed endosymbiontically to plants. Pro-
ceedings of the National Academy of Sciences, 105(44), 17199-17204. 

Englund, E., Andersen-Ranberg, J., Miao, R., Hamberger, B., & Lindberg, P. (2015). 
Metabolic engineering of Synechocystis sp. PCC 6803 for production of the plant 
diterpenoid manoyl oxide. ACS Synthetic Biology, 4(12), 1270-1278. 

Englund, E., Liang, F., & Lindberg, P. (2016). Evaluation of promoters and ribosome 
binding sites for biotechnological applications in the unicellular cyanobacterium 
Synechocystis sp. PCC 6803. Scientific Reports, 6, 36640. 

Englund, E. (2016). Metabolic Engineering of Synechocystis sp. PCC 6803 for Ter-
penoid Production (Doctoral dissertation, Acta Universitatis Upsaliensis). 

Ferino, F., & Chauvat, F. (1989). A promoter-probe vector-host system for the cya-
nobacterium, Synechocystis PCC6803. Gene, 84(2), 257-266. 

Georg, J., Voß, B., Scholz, I., Mitschke, J., Wilde, A., & Hess, W. R. (2009). Evidence 
for a major role of antisense RNAs in cyanobacterial gene regulation. Molecular 
Systems Biology, 5(1), 305. 

Greene, D. N., Whitney, S. M., & Matsumura, I. (2007). Artificially evolved Synecho-
coccus PCC6301 Rubisco variants exhibit improvements in folding and catalytic 
efficiency. Biochemical Journal, 404(3), 517-524. 

Giacalone, M. J., Gentile, A. M., Lovitt, B. T., Berkley, N. L., Gunderson, C. W., & 
Surber, M. W. (2006). Toxic protein expression in Escherichia coli using a rham-
nose-based tightly regulated and tunable promoter system. Biotechniques, 40(3), 
355-364. 

Gold, L. (1990). Expression of heterologous proteins in Escherichia coli. Methods in 
Enzymology, 185, 11-14. 

Grigorieva, G., & Shestakov, S. (1982) Transformation in the cyanobacterium Syn-
echocystis sp. 6803, FEMS Microbiology Letters, 13(4), 367–370. 

Gong, F., & Li, Y. (2016). Fixing carbon, unnaturally. Science, 354(6314), 830-831. 
Gornicki, P., Scappino, L. A., & Haselkorn, R. (1993). Genes for two subunits of 

acetyl coenzyme A carboxylase of Anabaena sp. strain PCC 7120: biotin carbox-
ylase and biotin carboxyl carrier protein. Journal of Bacteriology, 175(16), 5268-
5272. 



 58 

Guettler, M.V., Rumler, D., Jain, M.K. (1999). Actinobacillus succinogenes sp. nov., 
a novel succinic-acid-producing strain from the bovine rumen. International 
Journal of Systematic and Evolutionary Microbiology, 49, 207–216. 

Guerrero, F., Carbonell, V., Cossu, M., Correddu, D., & Jones, P. R. (2012). Ethylene 
synthesis and regulated expression of recombinant protein in Synechocystis sp. 
PCC 6803. PloS one, 7(11), e50470. 

Hanai, M., Sato, Y., Miyagi, A., Kawai-Yamada, M., Tanaka, K., Kaneko, Y., ... & 
Hihara, Y. (2014). The effects of dark incubation on cellular metabolism of the 
wild type cyanobacterium Synechocystis sp. PCC 6803 and a mutant lacking the 
transcriptional regulator cyAbrB2. Life, 4(4), 770-787. 

Hasunuma, T., Matsuda, M., & Kondo, A. (2016). Improved sugar-free succinate pro-
duction by Synechocystis sp. PCC 6803 following identification of the limiting 
steps in glycogen catabolism. Metabolic Engineering Communications, 3, 130-
141. 

Hatch, M. D. (1979). Mechanism of C4 photosynthesis in Chloris gayana: pool sizes 
and kinetics of 14CO2 incorporation into 4-carbon and 3-carbon intermediates. 
Archives of Biochemistry and Biophysics, 194(1), 117-127. 

Heidorn, T., Camsund, D., Huang, H. H., Lindberg, P., Oliveira, P., Stensjö, K., & 
Lindblad, P. (2011). Synthetic biology in cyanobacteria: engineering and analyz-
ing novel functions. Methods in Enzymology, Volume 497, Academic Press, pp. 
539-579. 

Huang, H. H., Camsund, D., Lindblad, P., & Heidorn, T. (2010). Design and charac-
terization of molecular tools for a synthetic biology approach towards developing 
cyanobacterial biotechnology. Nucleic Acids Research, 38(8), 2577-2593. 

Huang, H. H., & Lindblad, P. (2013). Wide-dynamic-range promoters engineered for 
cyanobacteria. Journal of Biological Engineering, 7(1), 10. 

Huang, C. H., Shen, C. R., Li, H., Sung, L. Y., Wu, M. Y., & Hu, Y. C. (2016). 
CRISPR interference (CRISPRi) for gene regulation and succinate production in 
cyanobacterium S. elongatus PCC 7942. Microbial Cell Factories, 15(1), 196. 

Höök, M., & Tang, X. (2013). Depletion of fossil fuels and anthropogenic climate 
change—A review. Energy Policy, 52, 797-809. 

Ishino, Y., Krupovic, M., & Forterre, P. (2018). History of CRISPR-Cas from encoun-
ter with a mysterious repeated sequence to genome editing technology. Journal 
of Bacteriology, 200(7), e00580-17. 

Iwaki, T., Haranoh, K., Inoue, N., Kojima, K., Satoh, R., Nishino, T., ... & Wadano, 
A. (2006). Expression of foreign type I ribulose-1, 5-bisphosphate carbox-
ylase/oxygenase (EC 4.1. 1.39) stimulates photosynthesis in cyanobacterium Syn-
echococcus PCC 7942 cells. Photosynthesis Research, 88(3), 287. 

Jia, X. H., Zhang, P. P., Shi, D. J., Mi, H. L., Zhu, J. C., Huang, X. W., & He, P. M. 
(2015). Regulation of pepc gene expression in Anabaena sp. PCC 7120 and its 
effects on cyclic electron flow around photosystem I and tolerances to environ-
mental stresses. Journal of Integrative Plant Biology, 57(5), 468-476. 

Jouhten, P. (2012). Metabolic modelling in the development of cell factories by syn-
thetic biology. Computational and Structural Biotechnology Journal, 3(4), 
e201210009. 

Kado, C. I. (1998). Origin and evolution of plasmids. Antonie Van Leeuwenhoek, 
73(1), 117-126. 

Kai, Y., Matsumura, H., Izui, K. (2003) Phosphoenolpyruvate carboxylase: three-di-
mensional structure and molecular mechanisms. Archives of Biochemistry and 
Biophysics, 414 (2), 170-179. 



 59

Kamennaya, N. A., Ahn, S., Park, H., Bartal, R., Sasaki, K. A., Holman, H. Y., & 
Jansson, C. (2015). Installing extra bicarbonate transporters in the cyanobacte-
rium Synechocystis sp. PCC6803 enhances biomass production. Metabolic Engi-
neering, 29, 76-85. 

Kaneko, T., Sato, S., Kotani, H., Tanaka, A., Asamizu, E., Nakamura, Y., ... & Ki-
mura, T. (1996). Sequence analysis of the genome of the unicellular cyanobacte-
rium Synechocystis sp. strain PCC 6803. II. Sequence determination of the entire 
genome and assignment of potential protein-coding regions. DNA Research, 3(3), 
109-136. 

Kanno, M., Carroll, A. L., & Atsumi, S. (2017). Global metabolic rewiring for im-
proved CO2 fixation and chemical production in cyanobacteria. Nature Commu-
nications, 8, 14724. 

Karube, I., Takeuchi, T., & Barnes, D. J. (1992). Biotechnological reduction of CO2 
emissions. Modern Biochemical Engineering, Springer, Berlin, Heidelberg, pp. 
63-79. 

Kasting, J. F., & Siefert, J. L. (2002). Life and the evolution of Earth's atmosphere. 
Science, 296(5570), 1066-1068. 

Kellogg, E. A., & Juliano, N. D. (1997). The structure and function of RuBisCO and 
their implications for systematic studies. American Journal of Botany, 84(3), 413-
428. 

Kende, H. (1993). Ethylene biosynthesis. Annual Review of Plant Biology, 44(1), 283-
307. 

Kenyon, W. H., Holaday, A. S., & Black, C. C. (1981). Diurnal changes in metabolite 
levels and Crassulacean acid metabolism in Kalanchoe daigremontiana leaves. 
Plant physiology, 68(5), 1002-1007. 

Kostov, R. V., Small, C. L., & McFadden, B. A. (1997). Mutations in a sequence near 
the N-terminus of the small subunit alter the CO2/O2specificity factor for ribulose 
bisphosphate carboxylase/oxygenase. Photosynthesis Research, 54(2), 127-134. 

Kumar, K., Dasgupta, C. N., Nayak, B., Lindblad, P., & Das, D. (2011). Development 
of suitable photobioreactors for CO2 sequestration addressing global warming us-
ing green algae and cyanobacteria. Bioresource Technology, 102(8), 4945-4953. 

Lambers, H., Chapin, F. S., & Pons, T. L. (2008). Photosynthesis. Plant Physiological 
Ecology Springer, New York, NY, pp. 11-99. 

Lee, B., Read, B. A., & Tabita, F. R. (1991). Catalytic properties of recombinant oc-
tameric, hexadecameric, and heterologous cyanobacterial/bacterial ribulose-1, 5-
bisphosphate carboxylase/oxygenase. Archives of Biochemistry and Biophysics, 
291(2), 263-269. 

Lee, G. J., McDonald, K. A., & McFadden, B. A. (1993). Leucine 332 influences the 
CO2/O2 specificity factor of ribulose‐1, 5‐bisphosphate carboxylase/oxygenase 
from Anacystis nidulans. Protein Science, 2(7), 1147-1154. 

Lee, P.C., Lee, S.Y., Hong, S.H., Chang, H.N., (2002). Isolation and characterization 
of a new succinic acid-producing bacterium, Mannheimia succiniciproducens 
MBEL55E, from bovine rumen. Applied Microbiology and Biotechnology, 58, 
663–668. 

Lepiniec, L., Keryer, E., Philippe, H., Gadal, P., & Crétin, C. (1993). Sorghum phos-
phoenolpyruvate carboxylase gene family: structure, function and molecular evo-
lution. Plant Molecular Biology, 21(3), 487-502. 

Li, H., Shen, C. R., Huang, C. H., Sung, L. Y., Wu, M. Y., & Hu, Y. C. (2016). 
CRISPR-Cas9 for the genome engineering of cyanobacteria and succinate pro-
duction. Metabolic Engineering Communications, 38, 293-302. 



 60 

Liang, F., & Lindblad, P. (2017). Synechocystis PCC 6803 overexpressing RuBisCO 
grow faster with increased photosynthesis. Metabolic Engineering Communica-
tions, 4, 29-36. 

Liang, F., Lindberg, P., & Lindblad, P. (2018). Engineering photoautotrophic carbon 
fixation for enhanced growth and productivity. Sustainable Energy & Fuels, 
2(12), 2583-2600. 

Lindblad, P., Lindberg, P., Oliveira, P., Stensjö, K., & Heidorn, T. (2012). Design, 
engineering, and construction of photosynthetic microbial cell factories for re-
newable solar fuel production. Journal of the Human Environment, 41(2), 163-
168. 

Lindblad, P., Fuente, D., Borbe, F., Cicchi, B., Conejero, J. A., Couto, N., ... & Evans, 
C. (2019). CyanoFactory, a European consortium to develop technologies needed 
to advance cyanobacteria as chassis for production of chemicals and fuels. Algal 
Research, 41, 101510. 

Lindberg, P., Park, S., & Melis, A. (2010). Engineering a platform for photosynthetic 
isoprene production in cyanobacteria, using Synechocystis as the model organism. 
Metabolic Engineering Communications, 12(1), 70-79. 

Liu, C., Young, A. L., Starling-Windhof, A., Bracher, A., Saschenbrecker, S., Rao, B. 
V., ... & Beckmann, R. (2010). Coupled chaperone action in folding and assembly 
of hexadecameric Rubisco. Nature, 463(7278), 197. 

Lou, C., Stanton, B., Chen, Y. J., Munsky, B., & Voigt, C. A. (2012). Ribozyme-based 
insulator parts buffer synthetic circuits from genetic context. Nature biotechnol-
ogy, 30(11), 1137. 

Luinenburg, I., & Coleman, J. R. (1990). A requirement for phosphoenolpyruvate car-
boxylase in the cyanobacterium Synechococcus PCC 7942. Archives of Microbi-
ology, 154(5), 471-474. 

Lü, J., Sheahan, C., & Fu, P. (2011). Metabolic engineering of algae for fourth gener-
ation biofuels production. Energy & Environmental Science, 4(7), 2451-2466. 

Ma, A. T., Schmidt, C. M., & Golden, J. W. (2014). Regulation of gene expression in 
diverse cyanobacterial species using theophylline-responsive riboswitches. Ap-
plied and Environmental Microbiology, 80(21), 6704-6713. 

Madgwick, P. J., Parmar, S., & Parry, M. A. (1998). Effect of mutations of residue 
340 in the large subunit polypeptide of Rubisco from Anacystis nidulans. Euro-
pean Journal of Biochemistry, 253(2), 476-479. 

Makarova, K. S., Aravind, L., Grishin, N. V., Rogozin, I. B., & Koonin, E. V. (2002). 
A DNA repair system specific for thermophilic Archaea and bacteria predicted 
by genomic context analysis. Nucleic Acids Research, 30(2), 482-496. 

Makarova, K. S., Haft, D. H., Barrangou, R., Brouns, S. J., Charpentier, E., Horvath, 
P., ... & Van Der Oost, J. (2011). Evolution and classification of the CRISPR–
Cas systems. Nature Reviews Microbiology, 9(6), 467. 

Maloy, S. R., Bohlander, M. A. R. K., & Nunn, W. D. (1980). Elevated levels of 
glyoxylate shunt enzymes in Escherichia coli strains constitutive for fatty acid 
degradation. Journal of Bacteriology, 143(2), 720-725. 

Manzano-Agugliaro, F., Alcayde, A., Montoya, F. G., Zapata-Sierra, A., & Gil, C. 
(2013). Scientific production of renewable energies worldwide: an overview. Re-
newable and Sustainable Energy Reviews, 18, 134-143. 

McCARTY, J. P. (2001). Ecological consequences of recent climate change. Conser-
vation biology, 15(2), 320-331. 

McKinlay, J. B., Oda, Y., Rühl, M., Posto, A. L., Sauer, U., & Harwood, C. S. (2014). 
Non-growing Rhodopseudomonas palustris increases the hydrogen gas yield 
from acetate by shifting from the glyoxylate shunt to the tricarboxylic acid cycle. 
Journal of Biological Chemistry, 289(4), 1960-1970. 



 61

Mérida, A., Candau, P., & Florencio, F. J. (1991). Regulation of glutamine synthetase 
activity in the unicellular cyanobacterium Synechocystis sp. strain PCC 6803 by 
the nitrogen source: effect of ammonium. Journal of Bacteriology, 173(13), 4095-
4100. 

Mi, H., Endo, T., Ogawa, T., & Asada, K. (1995). Thylakoid membrane-bound, 
NADPH-specific pyridine nucleotide dehydrogenase complex mediates cyclic 
electron transport in the cyanobacterium Synechocystis sp. PCC 6803. Plant and 
Cell Physiology, 36(4), 661-668. 

Miao, R., Xie, H., & Lindblad, P. (2018). Enhancement of photosynthetic isobutanol 
production in engineered cells of Synechocystis PCC 6803. Biotechnology for 
Biofuels, 11(1), 267. 

Mitschke, J., Georg, J., Scholz, I., Sharma, C. M., Dienst, D., Bantscheff, J., ... & 
Hess, W. R. (2011). An experimentally anchored map of transcriptional start sites 
in the model cyanobacterium Synechocystis sp. PCC6803. Proceedings of the Na-
tional Academy of Sciences, 108(5), 2124-2129. 

Mohamed, A., Eriksson, J., Osiewacz, H. D., & Jansson, C. (1993). Differential ex-
pression of the psbA genes in the cyanobacterium Synechocystis 6803. Molecular 
and General Genetics, 238(1-2), 161-168. 

Mojica, F. J., García-Martínez, J., & Soria, E. (2005). Intervening sequences of regu-
larly spaced prokaryotic repeats derive from foreign genetic elements. Journal of 
Molecular Evolution, 60(2), 174-182. 

Moon, T. S., Dueber, J. E., Shiue, E., & Prather, K. L. J. (2010). Use of modular, 
synthetic scaffolds for improved production of glucaric acid in engineered E. coli. 
Metabolic Engineering Communications, 12(3), 298-305. 

Mueller-Cajar, O., & Whitney, S. M. (2008). Directing the evolution of Rubisco and 
Rubisco activase: first impressions of a new tool for photosynthesis research. 
Photosynthesis Research, 98(1-3), 667-675. 

Mutalik, V. K., Guimaraes, J. C., Cambray, G., Lam, C., Christoffersen, M. J., Mai, 
Q. A., ... & Endy, D. (2013). Precise and reliable gene expression via standard 
transcription and translation initiation elements. Nature Methods, 10(4), 354. 

Nakahira, Y., Ogawa, A., Asano, H., Oyama, T., & Tozawa, Y. (2013). Theophylline-
dependent riboswitch as a novel genetic tool for strict regulation of protein ex-
pression in cyanobacterium Synechococcus elongatus PCC 7942. Plant and Cell 
Physiology, 54(10), 1724-1735. 

Nghiem, N.P., Davison, B.H., Suttle, B.E., Richardson, G.R. (1997). Production of 
succinic acid by Anaerobiospirillum succiniciproducens. Applied Biochemistry 
and Biotechnology, 63 (5), 565–576. 

Nudler, E., & Mironov, A. S. (2004). The riboswitch control of bacterial metabolism. 
Trends in Biochemical Sciences, 29(1), 11-17. 

Ohbayashi, R., Akai, H., Yoshikawa, H., Hess, W. R., & Watanabe, S. (2016). A 
tightly inducible riboswitch system in Synechocystis sp. PCC 6803. The Journal 
of General and Applied Microbiology, 62(3), 154-159. 

O'Leary, B., Park, J., & Plaxton, W. C. (2011). The remarkable diversity of plant 
PEPC (phosphoenolpyruvate carboxylase): recent insights into the physiological 
functions and post-translational controls of non-photosynthetic PEPCs. Biochem-
ical Journal, 436(1), 15-34. 

Oliver, J. W., & Atsumi, S. (2015). A carbon sink pathway increases carbon produc-
tivity in cyanobacteria. Metabolic engineering Communications, 29, 106-112. 

Owttrim, G. W., & Colman, B. R. I. A. N. (1986). Purification and characterization 
of phosphoenolpyruvate carboxylase from a cyanobacterium. Journal of Bacteri-
ology, 168(1), 207-212. 



 62 

Owttrim, G. W., & Colman, B. (1988). Phosphoenolpyruvate carboxylase mediated 
carbon flow in a cyanobacterium. Biochemistry and Cell Biology, 66(2), 93-99. 

Ozaki, H., Shiior, I., (1969). Regulation of the TCA and Glyoxylate Cycles in Brevi-
bacterium flavum: II. Regulation of Phosphoenolpyruvate Carboxylase and Py-
ruvate Kinase. Journal of Biochemistry, 6 (3), 1969, 297–311. 

Packer, M. (2009). Algal capture of carbon dioxide; biomass generation as a tool for 
greenhouse gas mitigation with reference to New Zealand energy strategy and 
policy. Energy Policy, 37(9), 3428-3437. 

Patterson, S. S., Dionisi, H. M., Gupta, R. K., & Sayler, G. S. (2005). Codon optimi-
zation of bacterial luciferase (lux) for expression in mammalian cells. Journal of 
Industrial Microbiology and Biotechnology, 32(3), 115-123. 

Park, S., Lee, W., Kim, H., Pack, S. P., & Lee, J. (2015). Characterization of Phos-
phoenolpyruvate Carboxylase from Oceanimonas smirnovii in Escherichia coli. 
Applied Biochemistry and Biotechnology, 177(1), 217-225. 

Parry, M. A. J., Andralojc, P. J., Mitchell, R. A., Madgwick, P. J., & Keys, A. J. 
(2003). Manipulation of Rubisco: the amount, activity, function and regulation. 
Journal of Experimental Botany, 54(386), 1321-1333. 

Peralta-Yahya, P. P., Zhang, F., Del Cardayre, S. B., & Keasling, J. D. (2012). Micro-
bial engineering for the production of advanced biofuels. Nature, 488(7411), 320. 

Pérez, A. A., Liu, Z., Rodionov, D. A., Li, Z., & Bryant, D. A. (2016). Complemen-
tation of cobalamin auxotrophy in Synechococcus sp. strain PCC 7002 and vali-
dation of a putative cobalamin riboswitch in vivo. Journal of Bacteriology, JB-
00475. 

Porqueras, E. M., Rittmann, S., & Herwig, C. (2012). Biofuels and CO2 neutrality: an 
opportunity. Biofuels, 3(4), 413-426. 

Peschek, G. A. (1999). Photosynthesis and respiration of cyanobacteria. In The Pho-
totrophic Prokaryotes, Springer, Boston, MA, pp. 201-209. 

Pourcel, C., Salvignol, G., & Vergnaud, G. (2005). CRISPR elements in Yersinia pes-
tis acquire new repeats by preferential uptake of bacteriophage DNA, and provide 
additional tools for evolutionary studies. Microbiology, 151(3), 653-663. 

Price, G. D., Maeda, S. I., Omata, T., & Badger, M. R. (2002). Modes of active inor-
ganic carbon uptake in the cyanobacterium, Synechococcus sp. PCC7942. Func-
tional Plant Biology, 29(3), 131-149. 

Price, G. D., Badger, M. R., Woodger, F. J., & Long, B. M. (2007). Advances in un-
derstanding the cyanobacterial CO2-concentrating-mechanism (CCM): functional 
components, Ci transporters, diversity, genetic regulation and prospects for engi-
neering into plants. Journal of Experimental Botany, 59(7), 1441-1461. 

Price, G. D. (2011). Inorganic carbon transporters of the cyanobacterial CO2 concen-
trating mechanism. Photosynthesis Research, 109(1-3), 47-57. 

Puppan, D. (2002). Environmental evaluation of biofuels. Periodica Polytechnica So-
cial and Management Sciences, 10(1), 95-116. 

Qi, F., Yao, L., Tan, X., & Lu, X. (2013). Construction, characterization and applica-
tion of molecular tools for metabolic engineering of Synechocystis sp. Biotech-
nology Letters, 35(10), 1655-1661. 

Qi, L. S., Larson, M. H., Gilbert, L. A., Doudna, J. A., Weissman, J. S., Arkin, A. P., 
& Lim, W. A. (2013). Repurposing CRISPR as an RNA-guided platform for se-
quence-specific control of gene expression. Cell, 152(5), 1173-1183. 

Raven, J. A. (2013). Rubisco: still the most abundant protein of Earth? New Phytolo-
gist, 198(1), 1-3. 

Read, B. A., & Tabita, F. R. (1992). A hybrid ribulose bisphosphate carboxylase/ox-
ygenase enzyme exhibiting a substantial increase in substrate specificity factor. 
Biochemistry, 31(24), 5553-5560. 



 63

Rivoal, J., Plaxton, W. C., & Turpin, D. H. (1998). Purification and characterization 
of high-and low-molecular-mass isoforms of phosphoenolpyruvate carboxylase 
from Chlamydomonas reinhardtii. Biochemical Journal, 331(1), 201-209. 

Rosgaard, L., de Porcellinis, A. J., Jacobsen, J. H., Frigaard, N. U., & Sakuragi, Y. 
(2012). Bioengineering of carbon fixation, biofuels, and biochemicals in cyano-
bacteria and plants. Journal of Biotechnology, 162(1), 134-147. 

Rouwendal, G. J., Mendes, O., Wolbert, E. J., & De Boer, A. D. (1997). Enhanced 
expression in tobacco of the gene encoding green fluorescent protein by modifi-
cation of its codon usage. Plant Molecular Biology, 33(6), 989-999. 

Schuller, K. A., Plaxton, W. C., & Turpin, D. H. (1990). Regulation of phosphoe-
nolpyruvate carboxylase from the green alga Selenastrum minutum: properties 
associated with replenishment of tricarboxylic acid cycle intermediates during 
ammonium assimilation. Plant Physiology, 93(4), 1303-1311. 

Schwander, T., von Borzyskowski, L. S., Burgener, S., Cortina, N. S., & Erb, T. J. 
(2016). A synthetic pathway for the fixation of carbon dioxide in vitro. Science, 
354(6314), 900-904. 

Shih, P. M., Zarzycki, J., Niyogi, K. K., & Kerfeld, C. A. (2014). Introduction of a 
synthetic CO2-fixing photorespiratory bypass into a cyanobacterium. Journal of 
Biological Chemistry, 113. 

Singh, P., Kumar, N., Jethva, M., Yadav, S., Kumari, P., Thakur, A., & Kushwaha, H. 
R. (2018). Riboswitch regulation in cyanobacteria is independent of their habitat 
adaptations. Physiology and Molecular Biology of Plants, 24(2), 315-324. 

Smith, A. J. (1983). Modes of cyanobacterial carbon metabolism. Annales de l'Institut 
Pasteur/Microbiologie 134 (1), 93-113. 

Smith, A. A., & Plazas, M. C. (2011). In silico characterization and homology mod-
eling of cyanobacterial phosphoenolpyruvate carboxylase enzymes with compu-
tational tools and bioinformatics servers. American Journal of Biochemis-
try and Molecular Biology, 1, 319-336. 

So, A. K., John-McKay, M., & Espie, G. S. (2002). Characterization of a mutant lack-
ing carboxysomal carbonic anhydrase from the cyanobacterium Synechocystis 
PCC 6803. Planta, 214(3), 456-467. 

Song, H., & Lee, S. Y. (2006). Production of succinic acid by bacterial fermentation. 
Enzyme and Microbial Technology, 39(3), 352-361. 

Stanier, R. Y., Kunisawa, R., Mandel, M., & Cohen-Bazire, G. (1971). Purification 
and properties of unicellular blue-green algae (order Chroococcales). Bacterio-
logical Reviews, 35(2), 171. 

Stanier, R. Y., & Bazine, G. C. (1977). Phototrophic prokaryotes: the cyanobacteria. 
Annual Reviews in Microbiology, 31(1), 225-274. 

Stephan, D. P., Ruppel, H. G., & Pistorius, E. K. (2000). Interrelation between cyan-
ophycin synthesis, L-arginine catabolism and photosynthesis in the cyanobacte-
rium Synechocystis sp. strain PCC 6803. Zeitschrift für Naturforschung, 55(11-
12), 927-942. 

Stephens, E., Ross, I. L., Mussgnug, J. H., Wagner, L. D., Borowitzka, M.A., Posten, 
C., ... & Hankamer, B. (2010). Future prospects of microalgal biofuel production 
systems. Trends in Plant Science, 15(10), 554-564. 

Stern, M. J., Ames, G. F. L., Smith, N. H., Robinson, E. C., & Higgins, C. F. (1984). 
Repetitive extragenic palindromic sequences: a major component of the bacterial 
genome. Cell, 37(3), 1015-1026. 

Svensson, P., Bläsing, O. E., & Westhoff, P. (2003). Evolution of C4 phosphoenolpy-
ruvate carboxylase. Archives of Biochemistry and Biophysics, 414(2), 180-188. 



 64 

Takeya, M., Hirai, M. Y., & Osanai, T. (2017). Allosteric inhibition of phosphoe-
nolpyruvate carboxylases is determined by a single amino acid residue in cyano-
bacteria. Scientific Reports, 7, 41080. 

Tamang, J. P., Watanabe, K., & Holzapfel, W. H. (2016). Diversity of microorganisms 
in global fermented foods and beverages. Frontiers in Microbiology, 7, 377. 

Taton A, Unglaub F, & Wright NE. (2014). Broad-host-range vector system for syn-
thetic biology and biotechnology in cyanobacteria. Nucleic Acids Research, 
42(17), 136. 

Thiel, K., Mulaku, E., Dandapani, H., Nagy, C., Aro, E. M., & Kallio, P. (2018). 
Translation efficiency of heterologous proteins is significantly affected by the ge-
netic context of RBS sequences in engineered cyanobacterium Synechocystis sp. 
PCC 6803. Microbial Cell Factories, 17(1), 34. 

Thore, S., Leibundgut, M., & Ban, N. (2006). Structure of the eukaryotic thiamine 
pyrophosphate riboswitch with its regulatory ligand. Science, 312(5777), 1208-
1211. 

Ungerer, J., Tao, L., Davis, M., Ghirardi, M., Maness, P. C., & Yu, J. (2012). Sus-
tained photosynthetic conversion of CO2 to ethylene in recombinant cyanobacte-
rium Synechocystis 6803. Energy & Environmental Science, 5(10), 8998-9006. 

Veetil, V. P., Angermayr, S. A., & Hellingwerf, K. J. (2017). Ethylene production 
with engineered Synechocystis sp PCC 6803 strains. Microbial Cell Factories, 
16(1), 34. 

Vermaas, W. F. (2001). Photosynthesis and respiration in cyanobacteria. Encyclope-
dia of Life Sciences, 1, 1-7. 

Vermeer, M., & Rahmstorf, S. (2009). Global sea level linked to global temperature. 
Proceedings of the National Academy of Sciences, 106(51), 21527-21532. 

Wagner, E. G. H., & Simons, R. W. (1994). Antisense RNA control in bacteria, 
phages, and plasmids. Annual Review of Microbiology, 48(1), 713-742. 

Wagner, D., Rinnenthal, J., Narberhaus, F., & Schwalbe, H. (2015). Mechanistic in-
sights into temperature-dependent regulation of the simple cyanobacterial hsp17 
RNA thermometer at base-pair resolution. Nucleic Acids Research, 43(11), 5572-
5585. 

Wang, Y. L., Zhou, J. H., Wang, Y. F., Bao, J. S., & Chen, H. B. (2001). Properties 
of hybrid enzymes between Synechococcus large subunits and higher plant small 
subunits of ribulose-1, 5-bisphosphate carboxylase/oxygenase in Escherichia 
coli. Archives of Biochemistry and Biophysics, 396(1), 35-42. 

Wang, B., Wang, J., Zhang, W., & Meldrum, D. R. (2012). Application of synthetic 
biology in cyanobacteria and algae. Frontiers in Microbiology, 3, 344. 

Watson, G. M., & Tabita, F. R. (1997). Microbial ribulose 1, 5-bisphosphate carbox-
ylase/oxygenase: a molecule for phylogenetic and enzymological investigation. 
FEMS Microbiology Letters, 146(1), 13-22. 

Weingart, H., Völksch, B., & Ullrich, M. S. (1999). Comparison of ethylene produc-
tion by Pseudomonas syringae and Ralstonia solanacearum. Phytopathology, 
89(5), 360-365. 

Willeford, K. O., & Wedding, R. T. (1992). Oligomerization and regulation of higher 
plant phosphoenolpyruvate carboxylase. Plant Physiology, 99, 755-758. 

Whitney, S. M., Houtz, R. L., & Alonso, H. (2011). Advancing our understanding and 
capacity to engineer nature’s CO2-sequestering enzyme, Rubisco. Plant Physiol-
ogy, 155(1), 27-35. 

  



 65

Willeford, K.O., Wu, M. X., Meyer, C. R., & Wedding, R. T. (1990). The role of 
oligomerization in regulation of maize phosphoenolpyruvate carboxylase activ-
ity: Influence of Mg-PEP and malate on the oligomeric equilibrium of PEP car-
boxylase. Biochemical and Biophysical Research Communications, 168(2), 778-
785. 

Winkler, W. C., & Breaker, R. R. (2005). Regulation of bacterial gene expression by 
riboswitches. Annual Review of Microbiology, 59, 487-517. 

Wong, K.F., Davies, D.D. (1973). Regulation of Phosphoenolpyruvate Carboxylase 
of Zea mays by Metabolites. Journal of Biochemistry, 131(3), 451–458. 

Wu, M. X., & Wedding, R. T. (1985). Regulation of phosphoenolpyruvate carbox-
ylase from Crassula by interconversion of oligomeric forms. Archives of Bio-
chemistry and Biophysics, 240(2), 655-662. 

Xiong, W., Brune, D., & Vermaas, W. F. (2014). The γ‐aminobutyric acid shunt con-
tributes to closing the tricarboxylic acid cycle in Synechocystis sp. PCC 6803. 
Molecular Microbiology, 93(4), 786-796. 

Xiong, W., Morgan, J. A., Ungerer, J., Wang, B., Maness, P. C., & Yu, J. (2015). The 
plasticity of cyanobacterial metabolism supports direct CO2 conversion to eth-
ylene. Nature Plants, 1(5), 15053. 

Yan, F., Quan, L., Wei, Z., & Cong, W. (2015). Regulating phosphoenolpyruvate car-
boxylase activity by copper-induced expression method and exploring its role of 
carbon flux distribution in Synechocystis PCC 6803. Journal of Applied Phycol-
ogy, 27(1), 179-185. 

Yao, L., Cengic, I., Anfelt, J., & Hudson, E. P. (2015). Multiple gene repression in 
cyanobacteria using CRISPRi. ACS Synthetic Biology, 5(3), 207-212. 

Yu, J., Liberton, M., Cliften, P. F., Head, R. D., Jacobs, J. M., Smith, R. D., ... & 
Pakrasi, H. B. (2015). Synechococcus elongatus UTEX 2973, a fast growing cy-
anobacterial chassis for biosynthesis using light and CO2. Scientific reports, 5, 
8132. 

Zeikus J. G., Jain  M. K., & Elankovan P. (1999). Biotechnology of succinic acid 
production and markets for derived industrial products. Applied Microbiology Bi-
otechnology, 51, 545-552. 

Zhang, S., & Bryant, D. A. (2011). The tricarboxylic acid cycle in cyanobacteria. Sci-
ence, 334(6062), 1551-1553. 

Zhang, S., & Bryant, D. A. (2015). Biochemical validation of the glyoxylate cycle in 
the cyanobacterium Chlorogloeopsis fritschii strain PCC 9212. Journal of Bio-
logical Chemistry, 290(22), 14019-14030. 

Zhou, J., Zhang, H., Meng, H., Zhu, Y., Bao, G., Zhang, Y., ... & Ma, Y. (2014). 
Discovery of a super-strong promoter enables efficient production of heterolo-
gous proteins in cyanobacteria. Scientific Reports, 4, 4500. 

Zhu, T., Xie, X., Li, Z., Tan, X., & Lu, X. (2015). Enhancing photosynthetic produc-
tion of ethylene in genetically engineered Synechocystis sp. PCC 6803. Green 
Chemistry, 17(1), 421-434. 

https://dictionary.cambridge.org/dictionary/english/biofuel 
 



Acta Universitatis Upsaliensis
Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology 1848

Editor: The Dean of the Faculty of Science and Technology

A doctoral dissertation from the Faculty of Science and
Technology, Uppsala University, is usually a summary of a
number of papers. A few copies of the complete dissertation
are kept at major Swedish research libraries, while the
summary alone is distributed internationally through
the series Digital Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Science and Technology.
(Prior to January, 2005, the series was published under the
title “Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology”.)

Distribution: publications.uu.se
urn:nbn:se:uu:diva-392234

ACTA
UNIVERSITATIS

UPSALIENSIS
UPPSALA

2019


	Abstract
	List of Papers
	Contents
	Abbreviations
	Introduction
	The motivation of this work
	Cyanobacteria and biotechnology
	Metabolic engineering
	Photosynthesis and carbon fixation in cyanobacteria
	Metabolic engineering for increased carbon fixation and subsequent higher biofuel production

	Aim
	Results and Discussion
	Partial introduction of the MOG pathway in Synechocystis PCC 6803 (Paper II)
	Characterization of PEPc from the cyanobacterium Synechococcus PCC 7002 (Paper III)
	Increased ethylene production by overexpressing PEPc (Paper IV)
	Increased succinate production by introducing a glyoxylate shunt and overexpressing PEPc (Paper V)

	Conclusions and Future Directions
	Svensk sammanfattning
	Acknowledgements
	References



