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Abstract 

Cyanobacteria are photoautotrophic organisms with minimal nutritional requirements and 

high metabolic plasticity that use sunlight and CO2 as energy and carbon sources, 

respectively. The unicellular Synechocystis sp. PCC 6803 was the first photosynthetic 

organism to have its genome sequenced and rapidly became the best studied 

cyanobacterium. However, to be used as an efficient and robust photoautotrophic chassis 

it requires a customized and well-characterized synthetic biology toolbox. The availability of 

regulatory elements and vectors is crucial for the sustainable production of added-value 

compounds by Synechocystis. In this context, compatible solutes, that are organic 

molecules involved in the halo and thermotolerance mechanisms in several organisms, 

emerge as a promising choice due to their stabilizing, protecting and moisturizing 

properties, that make them valuable to the cosmetics, pharmaceutical and biomedical 

industries. 

In this study, a comprehensive approach was followed envisaging the production of 

heterologous compatible solutes using Synechocystis / Synechocystis-based chassis. For 

this purpose, the molecular toolbox for this unicellular cyanobacterium was expanded, 

customized chassis were generated, and synthetic devices were assembled and introduced 

into the chassis. Initially, fourteen heterologous or redesigned promoters were 

characterized exhibiting a wide range of activities varying from 0.13- to 41-fold compared 

with the cyanobacterial reference promoter PrnpB. From this set of promoters, three of them 

could be efficiently repressed / derepressed using suitable inducers. In addition, three self-

replicative vectors from the SEVA repository (Standard European Vector Architecture) were 

validated to be used in Synechocystis. The presence of the plasmids did not lead an evident 

phenotype or hindered Synechocystis growth, with most of the cells being able to maintain 

the plasmid even in the absence of selective pressure, for at least two weeks. The 

functionality of the developed toolbox was firstly demonstrated by using some of the tools 

to restore the production of the native compatible solute glucosylglycerol in a Synechocystis 

deficient mutant, ∆ggpS. Subsequently, an updated version of the Synechocystis genome-

scale metabolic model iSyn811 was used to simulate production rates of compatible 

solutes. Regarding heterologous compatible solutes, the analysis showed that the 

maximum production rate was obtained for glycine betaine, followed by (hydroxy)ectoine 

and mannosylglycerate. Therefore, a synthetic device aiming at producing glycine betaine 

was designed, assembled and implemented into Synechocystis wild-type and mutants 

deficient in the synthesis of native compatible solutes (glucosylglycerol ∆ggpS or both 

sucrose and glucosylglycerol ∆sps∆ggpS). These mutants were generated to avoid 

redundancy and to redirect metabolic fluxes towards the heterologous compounds. Their 



XII 
 

characterization showed that they accumulate glycogen as the main carbon storage 

compound but can redirect carbon flux towards the production of other carbon-based 

compounds, namely extracellular polymeric substances and compatible solutes, as a 

mechanism to survive under saline conditions. Glycine betaine was detected in all the 

mutants harboring the synthetic device (WT, ∆ggpS and ∆sps∆ggpS), reaching 64.29 

µmol/gDW in the ∆ggpS mutant grown in 3% NaCl, after four days. In addition, the 

production of glycine betaine in this mutant led to a significant growth improvement and 

supported its survival under 5% NaCl. Furthermore, with the aim of producing other 

heterologous compatible solutes, two constructs were designed to produce 

(hydroxy)ectoine, and one synthetic device envisaging the production of mannosylglycerate 

was assembled and implemented into Synechocystis wild-type and ∆ggpS chassis. 

Preliminary studies showed that although the mgsD gene was transcribed, no 

mannosylglycerate could be detected, maybe due to the small culture volumes utilized. 

Overall, this work contributed to expand the synthetic toolbox for the model cyanobacterium 

Synechocystis, allowed an insight into the key players responsible for the survival of 

Synechocystis under saline conditions, and provided an important stepping-stone to 

produce glycine betaine or other relevant compatible solutes using Synechocystis / 

Synechocystis-based chassis. 

 

Keywords: compatible solutes, cyanobacteria, glucosylglycerol, glycine betaine, 

promoters, Synechocystis, sucrose, synthetic biology, synthetic biology toolbox. 
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Resumo 

As cianobactérias são organismos fotoautotróficos com requisitos nutricionais mínimos e 

alta plasticidade metabólica que utilizam respetivamente a luz solar e o CO2 como fontes 

de energia e carbono. O genoma da cianobactéria unicelular Synechocystis sp. PCC 6803 

foi o primeiro a ser sequenciado de entre os organismos fotossintéticos e isto fez com que 

rapidamente se tornasse a cianobactéria mais bem estudada. Contudo para ser usada 

como um chassi fotoautotrófico eficiente e robusto é necessário um conjunto de 

ferramentas de biologia sintética adequadas e bem caracterizadas. Neste contexto, a 

disponibilidade de elementos regulatórios e vetores é crucial para a produção sustentável 

de compostos de valor acrescentado por Synechocystis ou chassis derivados de 

Synechocystis. Os solutos compatíveis (moléculas orgânicas envolvidas nos mecanismos 

de halo e termotolerância em diversos organismos, incluindo cianobactérias) surgem como 

uma escolha promissora devido às suas propriedades estabilizadoras, protetoras e 

hidratantes, de grande interesse para as indústrias cosmética, farmacêutica e biomédica. 

Neste trabalho, foi adotada uma abordagem abrangente com vista à produção de solutos 

compatíveis heterólogos usando Synechocystis e chassis derivados de Synechocystis. 

Com este propósito expandimos a caixa de ferramentas moleculares disponível para esta 

cianobactéria, gerámos chassis adaptados ao fim em vista e construímos dispositivos 

sintéticos que foram posteriormente implementados nesses mesmos chassis. Inicialmente, 

caracterizámos catorze promotores heterólogos ou redesenhados que apresentaram uma 

gama de força variável entre 0,13 e 41 vezes em relação ao promotor de referência das 

cianobactérias - PrnpB. Deste conjunto de promotores, três podem ser eficazmente 

reprimidos / desreprimidos usando os indutores adequados. Avaliámos, também, a 

utilização de três vetores replicativos do repositório SEVA (Standard European Vector 

Architecture). A presença destes plasmídeos não originou nenhum fenótipo evidente nem 

alterou a taxa de crescimento de Synechocystis, sendo que a maioria das células manteve 

o plasmídeo mesmo na ausência de pressão seletiva, durante pelo menos duas semanas. 

A funcionalidade da caixa de ferramentas desenvolvida neste trabalho foi demonstrada 

restituindo a produção do soluto compatível glucosilglicerol num mutante que não sintetiza 

este composto devido à ausência de uma das enzimas da via - ∆ggpS. Posteriormente, 

utilizámos uma versão atualizada do modelo metabólico de Synechocystis - iSyn811 - para 

simular taxas de produção de solutos compatíveis. No que diz respeito aos solutos 

heterólogos, a taxa mais elevada foi obtida para a glicina betaína, seguida da 

(hidroxi)ectoína e do manosilglicerato. Tendo em conta este facto, desenhámos e 

construímos um módulo sintético para a produção de glicina betaína, que foi 

posteriormente introduzido na estirpe selvagem de Synechocystis e nos chassis 

previamente gerados: mutantes deficientes na síntese dos solutos compatíveis nativos, 



XIV 
 

nomeadamente glucosilglicerol (∆ggpS) ou sacarose e glucosilglicerol (∆sps∆ggpS). Estes 

mutantes foram concebidos de forma a evitar redundância e redirecionar os fluxos 

metabólicos para a produção dos solutos heterólogos. A sua caracterização mostrou que 

acumulam glicogénio, como o principal composto de reserva de carbono. Podem, contudo, 

como um mecanismo de sobrevivência em condições salinas, redirecionar o fluxo de 

carbono para a produção de outros compostos, nomeadamente substâncias poliméricas 

extracelulares e solutos compatíveis. A glicina betaína foi detetada em todos as estirpes 

onde foi introduzido o módulo sintético (WT, ∆ggpS e ∆sps∆ggpS), tendo atingido 64.3 

µmol/g peso seco no mutante ∆ggpS crescido em 3% de NaCl, após quatro dias de cultura. 

Para além disso, a produção de glicina betaína aumentou significativamente o crescimento 

deste mutante e permitiu a sua sobrevivência em 5% de NaCl. Com o objetivo de produzir 

outros solutos compatíveis heterólogos, desenhámos ainda duas construções para a 

produção de (hidroxi)ectoína e construímos um módulo sintético com vista à produção de 

manosilglicerato. Este último foi introduzido na estirpe selvagem de Synechocystis e no 

mutante ∆ggpS. Estudos preliminares demonstraram que o gene mgsD é transcrito, 

contudo não foi possível detetar a produção de manosilglicerato provavelmente devido ao 

reduzido volume de cultura utilizado. 

Em suma, este trabalho contribuiu para expandir o conjunto de ferramentas sintéticas para 

a cianobactéria modelo Synechocystis, elucidar os mecanismos responsáveis pela 

sobrevivência de Synechocystis em condições salinas e avançar com a produção de glicina 

betaína ou outros solutos compatíveis de interesse em Synechocystis / chassis derivados 

de Synechocystis. 

 

Palavras-chave: biologia sintética, caixa de ferramentas de biologia sintética, 

cianobactérias, glicina betaína, glucosilglicerol, promotores, sacarose, solutos compatíveis, 

Synechocystis. 
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1.1 Cyanobacteria 

Phylum Cyanobacteria: A phylogenetic lineage of organisms in the domain bacteria able to 

carry out oxygenic photosynthesis with water as an electron donor and to reduce carbon 

dioxide as a source of carbon, or those secondarily evolved from such organisms. 

Synonyms: blue–green algae, cyanophyta, oxyphotobacteria, oxychlorobacteria, 

myxophyceae. 

From Garcia-Pichel et al. (2020). 

 

1.1.1 Evolutionary and ecological importance 

Cyanobacteria, previously known as blue-green algae, occupy a pioneered position since 

they are among the earliest inhabitants of the planet, being the subject of many 

evolutionary, biological and ecological studies. Although there is still considerable 

controversy about the exact time cyanobacteria appeared on Earth, there is no doubt that 

they are extremely ancient organisms. There is evidence that oxygenic photosynthesis 

occurred even in the Archean era, > 3.5 billion years (Byr) ago (Knoll, 1980; Olson, 2006; 

Rosing & Frei, 2004), almost since the origin of the Earth (~ 4 Byr). In the Proterozoic era 

(2.5 and 0.54 Byr), termed as “the age of blue-green algae”, the atmosphere turned from 

anoxic to oxygenated due to the emergence of organisms capable of oxygenic 

photosynthesis (Schopf, 2000). For this reason, the majority of cyanobacterial diversity 

evolved after the Great Oxidation Event (GOE) (Sánchez-Baracaldo, 2015) (Figure 1). The 

second major oxygenation event known as Neoproterozoic Oxidation Event (NOE) (0.8 Byr) 

significantly increased atmospheric O2 concentrations similar to those found in the 

atmosphere today (Sánchez‐Baracaldo & Cardona, 2020; Scott et al., 2008). The NOE has 

been linked to the origin of animals and, more recently, to the emergence of marine 

planktonic groups (Brocks et al., 2017) (Figure 1). Apart from the oxygenation, 

cyanobacteria also influenced the advancements of life on Earth by shaping themselves as 

the ancestors of plastids (Sergeev et al., 2002). A fateful endosymbiosis between a 

cyanobacteria and a heterotrophic unicellular eukaryote (Parfrey et al., 2011) turned out to 

be one of the most transformative events in life’s history – the emergence of the first 

photosynthetic eukaryotes (Archibald, 2015). These plastids further evolved into 

semiautonomous organelles (chloroplasts), giving rise to the remarkable evolution and 

diversity of algae and land plants (Maréchal, 2018). Cyanobacteria continue to affect life on 

Earth today as the major oxygen producers on this planet. As primary producers and 

efficient fixers of atmospheric nitrogen, cyanobacteria play a significant role in Earth’s 

carbon and nitrogen cycles respectively (Karl et al., 2002). Cyanobacteria perform more 

than 35% of global CO2 fixation, despite the fact that they comprise less than 0.2% of 
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photosynthetic biomass (Falkow et al., 2006). Plants fix CO2 into building blocks for growth 

by performing photosynthesis in chloroplasts, while cyanobacteria fix carbon in a special 

compartment called carboxysome. Even though carbon fixation in chloroplasts and 

carboxysomes depend upon the same class of enzymes called RuBisCO (ribulose-1,5-

bisphosphate carboxylase-oxygenase), the process is two times more efficient in 

carboxysome than in chloroplast (Gough, 2020; NREL, 2020). Their unprecedented ability 

of CO2 fixation allows cyanobacteria to make a significant contribution to global carbon 

fixation (Fang et al., 2018), alleviating climate change. 

 

 

Figure 1. Evolutionary course of cyanobacterial lineages. Taxa with smaller cell diameter (basal 

lineages and Microcyanobacteria) are shown at the bottom and larger cell diameter 

(Macrocyanobacteria) at the top. Not to scale. GOE, Great Oxidation Event; NOE, Neoproterozoic 

Oxidation Event; Byr, Billion years. Adapted from Sánchez‐Baracaldo and Cardona (2020).  

 

1.1.2 Biodiversity and environmental adaptation  

The long evolutionary process of cyanobacteria gave rise to the biodiversity we find today. 

Within prokaryotic groups, cyanobacteria are one of the most morphologically diverse 

groups, ranging from unicellular to colonial or filamentous (Castenholz, 2015; Shih et al., 

2013). The earlier cyanobacteria forms were unicellular with small cell diameters 

(Gloeobacter, Synechococcus) (Larsson et al., 2011). Filamentous forms appeared shortly 

afterwards (Pseudanabaena lineages) (Schirrmeister et al., 2011). The origin of multicellular 

forms of cyanobacteria increased the biologic complexity, size and diversity after the GOE, 

including the recently described groups Microcyanobacteria (cell diameters ranging from 1 

to 2 µm) and Macrocyanobacteria (cell diameters larger than 3 µm and up to 50 µm)  

(Sánchez-Baracaldo, 2015; Schirrmeister et al., 2013) (Figure 1). Most of the strains can 



CHAPTER I 

5 
 

divide by binary fission while others can undergo multiple divisions. This is the case of 

cyanobacteria that form a large number of small daughter cells named baeocytes that 

subsequently grow out to normal-sized cells (Castenholz, 2015). Some filamentous strains 

are capable of cell differentiation to fix nitrogen (heterocysts), to survive under adverse 

environmental conditions (akinetes) or to move and infect plants (hormogonia) (Adams & 

Duggan, 2012; Castenholz, 2015). Moreover, there are cyanobacteria that exhibit branching 

trichomes, constituting what may be the most advanced type of morphological structure 

attained in the prokaryotic world (Castenholz, 2015). The notable biodiversity of 

cyanobacteria is also reflected in their genomes, the sizes of which vary from 1.4 to 9 Mb 

(Larsson et al., 2011). 

The biodiversity and the high plasticity allow cyanobacteria to colonize a large variety of 

habitats. The vast majority of cyanobacteria is found in terrestrial, freshwater and marine 

environments. However, they can inhabit the harshest environments such as drylands, 

glaciers, hot springs and hypersaline environments (Whitton, 2012). This ubiquitous feature 

is a consequence of the great capacity of cyanobacteria to adapt to any place. Among a 

variety of adaptive strategies, cyanobacteria have the remarkable ability to move to areas 

where conditions are most favourable, in response to a light or chemical signals/stimuli 

(phototaxis or chemotaxis, respectively) (Schuergers et al., 2017). Some cyanobacteria are 

also capable of changing the ratio of pigments in response to the light spectrum (chromatic 

adaptation) (Castenholz, 2015). Moreover, cyanobacteria can produce compounds such as 

secondary metabolites, extracellular polymeric substances (EPS) or compatible solutes to 

cope with extreme environmental conditions (De Philippis et al., 1998; Klähn & Hagemann, 

2011; Kultschar & Llewellyn, 2018). Besides the ecological role of these compounds, they 

also have high biotechnological potential for industrial production. 

 

1.1.3 Cyanobacteria as a source of compounds with biotechnological 

interest 

The overwhelming available knowledge on the diversity, physiology and ecology of 

cyanobacteria allows for the exploitation of their applications in biotechnology. In the last 

few years, cyanobacteria have gained significant attention as a prolific source of e.g. 

bioactive compounds, biofuels, biopolymers, pigments, vitamins, and whole-food 

supplements (Figure 2). Cyanobacteria have been identified as a rich source of bioactive 

compounds. Isolated compounds belong to groups of lipopeptides, polyketides, amides, 

alkaloids, fatty acids and indoles (Abed et al., 2009; Rao et al., 2015). The range of 

biological properties of these secondary metabolites includes antibacterial, antifungal, 

antialgal, antiprotozoal, antiviral, molluscicidal, anti-inflammatory, cytotoxic, antitumor and 

antibiotic activities (Abed et al., 2009; Niedermeyer, 2015; Nunnery et al., 2010; Sharma et 
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al., 2013). The increased concern regarding limited petroleum-based fuel supplies and their 

contribution to atmospheric CO2 levels, led to the utmost emergence of bioenergy 

production. In this context, cyanobacteria has been investigated for the sustainable 

production of different biofuels including biohydrogen, biodiesel, bioethanol and biomethane 

(Parmar et al., 2011). Some cyanobacteria have also been found to accumulate 

polyhydroxyalkanoate (PHA), which is a biodegradable polymer that can replace petroleum-

based plastics. Among PHA, the most important material is polyhydroxybutyrate (PHB). 

This biopolymer can replace the commodity polymer polypropylene (PP), being a promising 

bioplastic candidate in the present world to address rising environmental concerns (Markl 

et al., 2018; Yashavanth et al., 2021). Currently, PHB has been used in medical implants, 

bioremediation, tissue engineering, drug delivery, printing and photographic materials 

(Abed et al., 2009; Sharma et al., 2013; Yashavanth et al., 2021). Cyanophycin is another 

biopolymer produced by cyanobacteria, that is constituted by two amino acids (aspartate 

and arginine) and serves as a nitrogen and carbon storage compound. It has attracted 

increasing attention due to its vast applicability in the fields of food, medicine, cosmetics, 

nutrition, and agriculture (Du et al., 2019). Moreover, many cyanobacteria produce 

extracellular polymeric substances (EPS), mainly composed of polysaccharides, that can 

remain attached to cell surface as sheaths, capsules or slime (capsular polysaccharides - 

CPS) or be released into the surrounding environment (released polysaccharides - RPS) 

(Pereira et al., 2009). The main areas for the possible application of cyanobacterial EPS 

are bioremediation, food, cosmetics, biomedicine, tissue engineering and pharmaceutics 

(Singh et al., 2019). Recently, the release of extracellular vesicles by cyanobacteria has 

been explored and may constitute a target for packaging products of interest, highlighting 

potential application in the field of biomedicine (Lima et al., 2020). Cyanobacteria pigments 

such as chlorophyll a (green), carotenoids (orange) and phycobiliproteins - phycocyanin 

(blue), allophycocyanin (blue) and phycoerythrin (red) - are historically used as food and 

cosmetic colorants, fluorescent probes, and have health potential as nutraceutical and 

pharmaceutical compounds due to the strong antioxidant, anti-inflammatory, 

neuroprotective and hepatoprotective effects (Castenholz, 2015; Mazard et al., 2016; Raja 

et al., 2016; Sharma et al., 2013). Among pigments, cyanobacteria also synthesize 

“sunscreen” compounds such as mycosporines and scytonemin to protect themselves from 

UV exposure. Pharmacologically, they are known for their anti-inflammatory and 

antiproliferative activities and have huge potential to be used in sunscreen products in the 

cosmetic industry (Raja et al., 2016). Some cyanobacteria also constitute potential sources 

for large-scale production of vitamins, such as vitamin B and E. For example, Spirulina sp. 

(Arthrospira) is considered to be the richest whole-food source of vitamin B12 (Watanabe 

et al., 2002), having nowadays a considerable popularity in the health sector, food industry 
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and aquaculture (Soni et al., 2017). Furthermore, production of compatible solutes by 

cyanobacteria has gained commercial interest due to the extent biotechnological 

applications (see more in detail in section 1.3 – Compatible solutes). 

 

 

Figure 2. Schematic representation of some of the biotechnological relevant compounds produced 

by cyanobacteria. 

 

The potential of cyanobacteria to produce compounds of interest is unlimited. Therefore, 

cyanobacteria have emerged as promising organisms to become “low-cost” cell factories, 

mainly due to their simple nutritional requirements, metabolic plasticity and obviously to the 

fact that they can utilize renewable feedstock (CO2), water (electron source) and sunlight 

(energy source) to produce value-added compounds (Branco Dos Santos et al., 2014; 

Knoot et al., 2018). In recent years, a great effort has been made to maximize and 

customize the production of a variety of compounds. This has been addressed by optimizing 

industrial processes to develop more feasible cyanobacterial manufacturing in large-scale 

but also by genetic/metabolic engineering of cyanobacterial cells (Abed et al., 2009; Luan 

& Lu, 2018). In this context, a significant effort is being made to expand and refine molecular 

and synthetic biology tools for the genetic manipulation of cyanobacteria, namely Nostoc 

sp. PCC 7120, Synechococcus elongatus PCC 7942, and particularly Synechocystis sp. 
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PCC 6803 (Carroll et al., 2018; Hagemann & Hess, 2018; Luan & Lu, 2018; 

Pattharaprachayakul et al., 2020; Santos-Merino et al., 2019; Xia et al., 2019). 

 

1.2 Synthetic biology 

Synthetic biology is the engineering of biology: the synthesis of complex, biologically based 

(or inspired) systems, which display functions that do not exist in nature. This engineering 

perspective may be applied at all levels of the hierarchy of biological structures - from 

individual molecules to whole cells, tissues and organisms. In essence, synthetic biology 

will enable the design of ‘biological systems’ in a rational and systematic way. 

From Serrano et al. (2005). 

 

1.2.1 Synthetic biology of cyanobacteria 

This subject is presented as Chapter II, since it is a book chapter in which E. A. Ferreira is 

co-author (“Synthetic biology of cyanobacteria”; in: Kourist, R., & Schmidt, S. (ed.) of book 

The Autotrophic Biorefinery: Raw Materials from Biotechnology, GmbH, Berlin/Boston: De 

Gruyter, 2021, pp. 131-172). 

 

1.3 Compatible solutes 

A compatible solute is a substance compatible with the cellular metabolism that 

accumulates in the cytoplasm to balance external osmotic pressure. This accumulation can 

be due either to transport from the medium or to de novo synthesis and helps maintaining 

turgor pressure, cell volume, and concentration of electrolytes, all needed for cell viability 

and proliferation. 

Synonyms: osmolytes, organic osmotic solutes, chemical chaperones. 

From Antón (2011). 

 

1.3.1 Main features and physiological roles 

Living organisms have the ability to adapt to changes in the external environment to survive 

under harsh conditions. Under high salt concentrations, water usually moves out of the 

microbial cells along the osmotic gradient causing dehydration of the cytoplasm (turgor 

pressure) (Ladas & Papageorgiou, 2000). Therefore, to survive in these conditions, 

microorganisms have two distinct osmoadaptation mechanisms. Halophilic Archaea 

primarily use a “salt-in” strategy where osmotic balance is achieved by accumulating ions, 

mainly K+ and Cl-, and by adapting the entire intracellular enzymatic machinery (Galinski & 

Trüper, 1994). In contrast, most halophilic Bacteria and Eukarya, largely use a “salt-out” 
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strategy, which involves the active export of Na+ and Cl- as well as the intracellular 

accumulation of compatible solutes (Galinski, 1995). The accumulation of these compounds 

can be achieved by the uptake of solutes from the environment or by de novo synthesis. 

The first approach is energetically more favourable than the de novo synthesis and yields 

a much faster response (Galinski, 1995). However, when compatible solutes are not freely 

available externally or if those fail to meet an organism’s biochemical requirements, 

microorganisms synthesize their own (da Costa et al., 1998). Microorganisms that 

accumulate organic solutes can more easily adjust the osmotic pressure to salinity 

fluctuations than organisms that use the “salt-in” strategy. In some organisms, a 

combination of adaptive mechanisms may operate (DasSarma & DasSarma, 2015; 

Hagemann, 2011). The cellular concentration of compatible solutes is regulated according 

to the external salt conditions (Hagemann, 2013). Upon salt downshock, excess of 

compatible solutes can be excreted via mechanosensitive channels or converted, inside the 

cells, to osmotically inactive forms. Inorganic ions can be transiently accumulated following 

sudden increases of salinity, to be later replaced by newly synthesized organic solutes 

(Wood et al., 2001). The term compatible solute was first used in 1972 (Brown & Simpson, 

1972) and was later defined as a solute that, at high concentration, allows all essential cell 

processes to function effectively (Brown, 1990). They are low molecular mass organic 

molecules, generally uncharged or zwitterionic compounds with a high solubility (Poolman 

& Glaasker, 1998). Structurally they can be assigned to different classes, including sugars 

(sucrose, trehalose, mannosylglycerate), polyols (glycerol, sorbitol), heterosides 

[glucosylglycerol, glucosylglycerate, floridoside (galactosylglycerol)], amino acids (proline, 

glutamate) and amino acid derivatives (ectoine, hydroxyectoine, glycine betaine, glutamate 

betaine, homoserine betaine) (Hagemann, 2011; Hagemann & Pade, 2015; Kirsch et al., 

2019; Klähn et al., 2010; Mackay et al., 1984; Pade et al., 2012; Pade et al., 2016) (Figure 

3A). In many extremophiles, compatible solutes are accumulated not only in response to 

increased salt concentrations, but also as a response to other environmental stresses such 

as temperature or desiccation (Eleutherio et al., 1993; Potts, 1994). In addition to the 

osmotic equilibrium, compatible solutes can also exhibit direct protective effects towards 

nucleic acids, enzymes, proteins, membranes, cells and tissues (Jadhav et al., 2018). The 

protective effect often explains why the accumulation of low amounts of compatible solutes 

(at concentrations not making big contributions to the intracellular osmotic potential) results 

in significant increase of salt or drought tolerance (Hagemann, 2013). The action of 

compatible solutes is currently best explained by the solute exclusion hypothesis (Galinski, 

1995; Jadhav et al., 2018). According to this model, compatible solutes do not directly 

interact with macromolecules, such as proteins and/or membranes, during their protective 

action. Instead, they are preferentially excluded from the surface of the macromolecule, 



CHAPTER I 

10 
 

directing the remaining free water to the vicinity of the macromolecule surface, thereby 

retaining its hydration shell, favouring the folding and preventing denaturation. Furthermore, 

the accumulation of compatible solutes aids in stabilizing proteins by decreasing the 

accessible volume, which favours the more compact folded state (Minton, 2000). 

 

1.3.2 Compatible solutes in cyanobacteria 

Within cyanobacteria, there is a close correlation between the compatible solutes used to 

compensate osmotic potential and the natural habitat of the organism. Freshwater strains, 

resisting up to 3.5% NaCl (0.6 M, equivalent to seawater conditions), accumulate the sugars 

trehalose or sucrose. The moderately halotolerant strains can survive in environments with 

NaCl up to 10% (1.7 M) by accumulating glucosylglycerate or glucosylglycerol, while 

glutamate betaine and glycine betaine were identified as compatible solutes in halophilic 

cyanobacteria that can tolerate salt concentrations up to saturation (Hagemann, 2011; 

Mackay et al., 1984; Reed et al., 1986) (Figure 3B). 

 

Figure 3. Classes of compatible solutes found in microorganisms (A) and the major compatible 

solutes produced by cyanobacteria in habitats with different salinity conditions. Adapted from Kirsch 

et al. (2019) and Hagemann (2011). 
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In contrast to heterotrophic bacteria, that often uptake compatible solutes, photoautotrophic 

organisms such as cyanobacteria prefer the de novo synthesis (Klähn & Hagemann, 2011). 

Among cyanobacteria, Synechocystis sp. PCC 6803 has become a popular model organism 

to study molecular mechanisms of osmotic adaptation based on extrusion of ions (Na+, Cl-) 

and uptake and/or synthesis of compatible solutes, as well as the bioenergetics basis of salt 

adaptation (Hagemann, 2013). Although Synechocystis sp. PCC 6803 is a freshwater 

strain, it is a moderately halotolerant organism that accumulates glucosylglycerol and 

sucrose as its main compatible solutes (Reed & Stewart, 1985). Sucrose is synthesized in 

a two-step reaction by the enzymes sucrose-phosphate synthase (Sps) and sucrose-

phosphate phosphatase (Spp). The Sps catalyses the reaction of UDP-glucose and fructose 

6-phosphate to sucrose 6-phosphate. This intermediate is dephosphorylated by Spp, 

forming sucrose (Hagemann & Marin, 1999; Lunn, 2002) (Figure 4). The biosynthetic 

pathway of glucosylglycerol involves the enzymes glucosylglycerol-phosphate synthase 

(GgpS) and glucosylglycerol-phosphate phosphatase (GgpP). GgpS is a 

glucosyltransferase that catalyses the synthesis of glucosylglycerol 3-phosphate from 

glycerol 3-phosphate and ADP-glucose. GgpP causes dephosphorylation of the 

intermediate and glucosylglycerol is released (Hagemann & Erdmann, 1994; Hagemann et 

al., 1997; Marin et al., 1998) (Figure 4). The synthesis and accumulation of both compatible 

solutes in Synechocystis is salt induced at both transcriptional and biochemical levels. In 

the case of sucrose, the increase in sps transcription occurs within minutes after a salt 

shock (Marin et al., 2004). Recently, a possible negative regulation of sps by the response 

regulator 39 (Rre39) was identified (Song et al., 2017). Furthermore, the quick accumulation 

of this sugar in salt-stressed cells is accompanied by a rapid activation of enzymes (Du et 

al., 2013). However, the factors involved in the transcriptional and biochemical regulation 

are still largely unknown. In the case of glucosylglycerol, the increase in salinity induces 

ggpS transcription (Marin et al., 2004). The transcription regulation involves several 

components: alternative sigma factors (e.g. SigF), a transcription factor (LexA) and a DNA-

binding repressor protein (GgpR) (Huckauf et al., 2000; Kizawa et al., 2016; Klähn et al., 

2010; Marin et al., 2002). Moreover, ggpS was also shown to be post-transcriptionally 

regulated by a small regulatory RNA, the iron-stress activated RNA 1 (IsaR1) (Rübsam et 

al., 2018). In terms of biochemical regulation, GgpS is enzymatically inactivated by an 

electrostatic binding to nucleic acids (Novak et al., 2011). After salt shock, inorganic ions 

flow into the cells and disrupt this bond, resulting in GgpS activation (Hagemann & 

Erdmann, 1994). Unlike the accumulation of compatible solutes upon increasing salinity, 

little is known about the cellular response of Synechocystis to a decreasing salt 

concentration. To prevent the cell from bursting, the compatible solutes intracellularly 

accumulated are released from the cell or enzymatically degraded by an invertase (SyInv), 
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in the case of sucrose, or by the glucosylglycerol hydrolase A (GghA), in the case of 

glucosylglycerol (Kirsch et al., 2018; Kirsch et al., 2017). 

 

 

Figure 4. Biosynthetic pathways of sucrose and glucosylglycerol in Synechocystis sp. PCC 6803. 

Sps - sucrose-phosphate synthase; Spp - sucrose-phosphate phosphatase; GgpS - glucosylglycerol-

phosphate synthase; GgpP - glucosylglycerol-phosphate phosphatase. 

 

1.3.3 Biotechnological applications 

The interesting properties of compatible solutes make them suitable for a variety of 

biotechnological applications. Besides their contribution to the osmotic balance, compatible 

solutes have an important role as stabilizers of biomolecules (enzymes, DNA, membranes), 

and whole cells (Margesin & Schinner, 2001) and can act as chemical chaperones for 

protein folding (Roberts, 2005). In this context, glycerol, sorbitol, hydroxyectoine and glycine 

betaine can increase the production of functional, stable and correctly folded recombinant 

proteins in E. coli (Barth et al., 2000). Other studies have shown that ectoine, glycine betaine 

and trehalose inhibit insulin amyloid formation and; ectoine and hydroxyectoine inhibit 

aggregation and neurotoxicity of β-amyloid, constituting potential therapeutic compounds 

for the treatment of diabetes and Alzheimer’s disease, respectively (Arora et al., 2004; 

Kanapathipillai et al., 2005). Mannosylglycerate showed to be a good stabilizer of proteins 

in vivo using a yeast model of Parkinson’s disease (Faria et al., 2013). The experimental 

effects of compatible solutes on macromolecules have shown that they also confer 

thermoprotection to proteins. Accumulation of glycine betaine in E. coli cells adapted to high 

salinity conditions showed a huge reduction in protein aggregation during heat shock 

(Diamant et al., 2001). Mannosylglycerate showed the best performance as a 

thermoprotectant of enzyme activity in vitro, suggesting that it also fulfils a protein 

thermoprotective function in vivo (Borges et al., 2002). In addition to thermoprotection, 

compatible solutes are also known as cell membranes stabilizers in plants and 

microorganisms during drought conditions (Hincha & Hagemann, 2004). In fact, the 



CHAPTER I 

13 
 

insertion of genes encoding proteins responsible for the synthesis of compatible solutes 

allows the generation of stress-resistant transgenic organisms, constituting an advantage 

for the cultivation of commercially important crops. In particular, the genes related with the 

synthesis of ectoine, glycine betaine, glucosylglycerol or mannosylglycerate were 

transferred into Arabidopsis thaliana and tobacco plants, grasses and potato (Solanum 

tuberosum), improving their tolerance to salinity, temperature or/and drought (Alia et al., 

1998; Holmström et al., 2000; Klähn et al., 2009; Nakayama et al., 2000; Scheller et al., 

2012; Sievers et al., 2013). Within the molecular biology field, several compatible solutes, 

notably glycine betaine and ectoine, can also be used as enhancers for polymerase chain 

reactions (PCR) and PCR amplifications of GC-rich DNA templates by reducing the DNA 

melting temperature (Henke et al., 1997; Schnoor et al., 2004), and ectoine and 

hydroxyectoine can be used to decrease the accessibility of DNA regions to endonucleases 

(Malin et al., 1999). Glucosylglycerol serves as stabilizer for the storage of enzymes and 

antibodies (Borges et al., 2002; Luley-Goedl et al., 2010). Glycine betaine and trehalose 

have been used as cryo-protectants for the freeze-drying of biomolecules and also for long-

term preservation of microorganisms (Cleland et al., 2004; Galinski & Tindall, 1992), while 

ectoine and hydroxyectoine have been identified as effective agents in cryopreservation of 

mononuclear cells derived from human umbilical cord blood, human endothelial cells or 

mesenchymal stem cells and erythrocytes (Bissoyi & Pramanik, 2013; El Assal et al., 2014; 

Sun et al., 2012). Moreover, the anti-inflammatory effect of ectoine suggests a medical 

oriented application in the future for treating lung inflammation, colitis and for tissue 

protection in ischemia (Abdel-Aziz et al., 2013; Harishchandra et al., 2011; Pech et al., 2013; 

Sydlik et al., 2009). Sucrose has also moved into biotechnological focus since it is an 

attractive nutritive sugar and feedstock (Hagemann & Hess, 2018). 

In terms of commercially available products, a wide range of ectoine-based medical devices 

such as nasal/ear sprays and eye drops, for the treatment of allergic rhinitis, 

rhinoconjunctivitis, rhinosinusitis, acute pharyngitis and laryngitis, skin inflammatory 

conditions like atopic dermatitis, dry eye, and dry nose (Dwivedi et al., 2014; Eichel et al., 

2013; Heinrich et al., 2007; Marini et al., 2014; Muller et al., 2016) are currently 

commercialized by the German biotechnology company Bitop AG. From this company, 

“Ectoin® natural” (ectoine) and “Glycoin® natural” (glucosylglycerol) are multifunctional 

cosmetic active ingredients with cell protection and anti-aging properties for skin care 

(Buenger & Driller, 2004; Motitschke et al., 2000). Bitop AG also commercializes what they 

call “BioStab products”: Ectoin®, Hydroxyectoin and Glucosylglycerol as chemically pure 

substances to “prevent loss of activity of diagnostic enzymes and antibodies during storage 

and to optimize PCR”. Furthermore, glycine betaine has been commercialized as “Betafin®” 

by IFF Nutrition & Biosciences company for animal food supplements to maintain 
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performance and reduce production costs. “BetaPower® Natural Betaine” from the same 

company is being commercialized as human dietary supplement to improve physical 

performance and hydration. Glycine betaine has been used as food supplement due to its 

proven physiological role as methyl donor that has beneficial stress-mitigating effects (Day 

& Kempson, 2016; Kumar et al., 2012). 

 

1.4 Main aims 

The major aim of this study was to use the photoautotrophic cyanobacterium Synechocystis 

sp. PCC 6803 as a valuable platform/chassis for the production of compatible solutes. For 

this purpose, we aimed at: 

i) Expanding the synthetic toolbox for Synechocystis sp. PCC 6803, by 

characterizing a novel set of promoters and validating replicative vectors 

(Chapter III); 

ii) Generating and characterizing Synechocystis sp. PCC 6803 mutants deficient 

in the synthesis of native compatible solutes (Chapter IV);  

iii) Designing and assembling synthetic devices meant for the production of 

heterologous compatible solutes (Chapters IV and V); 

iv) Implementing the synthetic devices into the wild-type and the customized 

chassis (Chapters IV and V); 

v) Evaluating the production of compatible solutes (Chapters IV and V). 
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Supplementary Figures 

 

 

Figure S1. Characterization of the regulated expression of the PBADwt in Synechocystis. Normalized GFP fluorescence was 

determined for cell cultures harboring the promoter and expressing the AraC (PBADwt::gfp-PrnpB::araC) without (-) or with 

addition [0.2% or 1% (wt/vol)] of L-arabinose. Measurements were performed up to three days (0, 24, 48 and 72 h) and 

the fluorescence was normalized to Abs790. The fluorescence of the control strain harboring the pSEVA251 was subtracted 

from each sample. Error bars correspond to standard deviations from three biological replicates with technical triplicates 

(measured in duplicate). Data from PrnpB::gfp and PBADwt::gfp were included for comparison purposes.  
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Figure S2. Characterization of the regulated expression of the PluxR in Synechocystis. Normalized GFP fluorescence was 

determined for cell cultures harboring the promoter and expressing the LuxR (PluxR::gfp-PrnpB::luxR) without (-) or with 

addition (1 nM, 1 µM or 1 mM) of  AHL. Measurements were performed up to three days (0, 24, 48 and 72 h) and the 

fluorescence was normalized to Abs790. The fluorescence of the control strain harboring the pSEVA251 was subtracted 

from each sample. Error bars correspond to standard deviations from three biological replicates with technical triplicates 

(measured in duplicate). Data from PrnpB::gfp and PluxR::gfp were included for comparison purposes.  
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Figure S3. SDS-PAGE and SDS-PAGE/Western blot of Synechocystis wild-type (WT) and mutant strains (mts). 10 µg of 

cell-free protein extracts of Synechocystis wild-type (1) and Synechocystis mutants harboring pSEVA351 (2), pSEVA351 

PT7.1.x.lacO::gfp-PrnpB::lacI (3), PT7.2.x.lacO::gfp-PrnpB::lacI (4) and PT7.3.x.lacO::gfp-PrnpB::lacI (5) with the T7 RNA polymerase 

under the control of the PrnpB and RBS BBa_B0030 integrated into the chromosomal neutral site N15, pSEVA251 (6) and 

pSEVA251 Ptrc.x.lacO::gfp-PrnpB::lacI (7) were separated on a 12% SDS-PAGE, and visualized using Coomassie Brilliant 

Blue (a) or blotted onto nitrocellulose membrane (b).  For the detection of LacI, the nitrocellulose membrane was incubated 

with the rabbit anti-LacI polyclonal antibody (Abnova) and the HRP-conjugated goat anti-rabbit IgG antibody (Sigma). 

The molecular weight (MW) of the NZYColour Protein Marker II (NZYTech) bands are indicated on the right. A single 

peptide, with the LacI expected molecular weight (~38 kDa), was detected in four mutant strains (b). The results are 

representative of three independent biological replicates. 
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Figure S4. Characterization of the regulated expression of the Ptrc.x.tetR1 in Synechocystis. Normalized GFP fluorescence 

was determined for cell cultures harboring the redesigned trc promoter and expressing the TetR repressor (Ptrc.x.tetO1::gfp-

PrnpB::tetR) without (-) or with addition (1 µg/mL or 2 µg/mL) of  aTc. Measurements were performed up to three days (0, 

24, 48 and 72 h) and the fluorescence was normalized to Abs790. The fluorescence of the control strain harboring the 

pSEVA251 was subtracted from each sample. Error bars correspond to standard deviations from three biological replicates 

with technical triplicates (measured in duplicate). Data from PrnpB::gfp and Ptrc.x.tetO1::gfp were included for comparison 

purposes. 
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Figure S5. Characterization of the promoter PpsbA2* in Synechocystis. Normalized GFP fluorescence of Synechocystis 

cultures harboring the PpsbA2*. Measurements were performed up to three days (0, 24, 48 and 72 h) and the fluorescence 

was normalized to Abs790. The fluorescence of the control strain harboring the pSEVA251 was subtracted from each 

sample. Error bars correspond to standard deviations from three biological replicates with technical triplicates (measured 

in duplicate). PrnpB::gfp was included for comparison purposes. 

  



CHAPTER III 

92 
 

 

Figure S6. Complementation of a Synechocystis ΔggpS mutant with a synthetic device meant to restore the production of 

glucosylglycerol (GG). (a) Schematic representation of the GG device. (b) Growth curves of Synechocystis wild-type (WT), 

ΔggpS mutant and the complemented ΔggpS mutant (ΔggpS_GG device). The cells were grown in BG11, or BG11 

supplemented with 3% or 5% (wt/vol) NaCl. Cultures were incubated at 30 ºC with orbital shaking (150 rpm) under a 12 

h light (25 µE/m2/s) / 12 h dark regimen. Growth was monitored by measuring optical density at 730 nm (OD730) every two 

days for a 16-days period. Error bars correspond to standard deviations from three biological replicates with technical 

duplicates.   
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Figure S7. Analysis of ggpS and ggpP transcript levels by RT-qPCR. Cultures of Synechocystis wild-type (WT), the ΔggpS 

mutant and the ΔggpS mutant harboring GG device (ΔggpS_GG device) were grown in BG11 medium supplemented with 

0, 3 or 5% (wt/vol) NaCl. The relative fold expression is normalized for the wild-type at 0% (wt/vol) NaCl and the rnpB, 

petB and 16S were used as reference genes. Error bars correspond to standard deviations from three biological replicates 

with technical triplicates. 
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Figure S8. Proton NMR spectra of Synechocystis cell extracts for the detection of the compatible solutes glutamate (Glu), 

sucrose (Suc), and glucosylglycerol (GG). Cell extracts were obtained from Synechocystis wild-type (WT), ΔggpS mutant 

and the complemented ΔggpS mutant (ΔggpS_GG device) cultures grown in BG11 [0% (wt/vol) NaCl] – left pannel, or 

BG11 supplemented with NaCl [3% (wt/vol) NaCl] – right panel. Spectra were acquired at 25 °C on an AVANCE III 800 

spectrometer (Bruker) using a four channel inverse detection probe head with solvent presaturation of the extracts. Dashed 

red lines label one representative ressonance of Glu, Suc and GG. 
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Supplementary Table 

 

Table S1. List of primers used in this study. 

Primer 

name 
Sequence* Ta (ºC)** Purpose 

Reference/ 

Source 

pJ201F 

(pTF***) 

CTCGAAAATAATAAAGGG

AAAATCAG 
51 

Confirmation of 

constructs in pJ201 

DNA2.0, 

Inc. 

pJ201R 

(pTR***) 
TGGTAGTGTGGGGACTC 

DNA2.0, 

Inc. 

GFP.F 
TCTTGTTGAATTAGATGG

TG 
51 

Confirmation of 

constructs with the 

GFP generator 

This work 

GFP.R 
TGTGAGTTATAGTTGTATT

CC 

VF2 
TGCCACCTGACGTCTAAG

AA 

55 

Confirmation of 

constructs in 

BioBrick plasmids 

http://parts.i

gem.org/Par

t:BBa_G001

00 

VR 
ATTACCGCCTTTGAGTGA

GC 

http://parts.i

gem.org/Par

t:BBa_G001

01 

PS1 AGGGCGGCGGATTTGTCC 

60 

Confirmation of 

constructs in 

pSEVA vectors 

1 

PS2 GCGGCAACCGAGCGTTC 

ggpS.5-O 
GCTGGCTCGAGAACACCG

TAGGGCAGGGAATAGGTC 

60 

Generation of the 

ΔggpS mutant / 

Southern probe 

This work 

ggpS.5-I 

GATTACAACCGGTTGTAA

TCACGGCTAATGCACCCG

ACTTCCCGGAACCCAAGT

TAATTC 

ggpS.3-O 
CTGGCTTTAACCCTGTCG

AGGGAACCATCATAG 

60 
Generation of the 

ΔggpS mutant 
“ 

ggpS.3-I 

GATTACAACCGGTTGTAA

TCGTGGTCGGCGGATGGT

AACCAAATAACCATTGTC 

BBa_ggpS.F 

GTTTCTTCGAATTCGCGG

CCGCTTCTAGATGAACTC

ATCCCTTGTGATCCTTTAC 

60 

Amplification of 

ggpS in the 

BioBrick format 

“ 

BBa_ggpS.R 

GTTTCTTCCTGCAGCGGC

CGCTACTAGTATTATTAC

ATTTGGGGGGGCTCTCCC

AGTACC 

ggpP.FI 
ATTACAAACGGGCATTGA

AGC 
56 RT-qPCR 

“ ggpP.RI 
TGTCCGATTGTGATAGTA

ACG 

ggpS.FI 
CGTGGGCACCAATCCGGC

AAATATC 
56 RT-qPCR 
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ggpS.RI 
GGTTAGTCAACACCGCAT

CGGGTAG 

rnpBF1 
CGTTAGGATAGTGCCACA

G 
56 RT-qPCR 2 

rnpBR1 
CGCTCTTACCGCACCTTT

G 

SpetB1F 
CCTTCGCCTCTGTCCAAT

AC 
56 RT-qPCR 2 

SpetB1R 
TAGCATTACACCCACAAC

CC 

BD16SF1 
CACACTGGGACTGAGACA

C 56 RT-qPCR 2 

BD16SR1 CTGCTGGCACGGAGTTAG 

PrnpB.F 
ACAGCGGCCTATGGCTCT

AATC 
 

Confirmation of 

constructs with 

PrnpB 

This work 

*Restriction enzyme recognition sites are underlined 
**Ta – annealing temperature 
***DNA2.0 original primer names 
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ysy014_suppl_data.zip 

 

ysy014_Fasta file 
 

>PrnpB 

TTCAATGCGGTCCAATACCTCCCCTGCCCAACTGGGTAAGCTCGCGGCTCCACTGAGTAA 

TACAGACAAGGCTAAACAGGCAAATTTTTTCATTGGTCAACTCCTAGCACCAATTTCCCA 

AGACTACGGAGGGGGCAATGAAGTTTCAATTAATTGGGGTCACAAACCACAGCGGCCTAT 

GGCTCTAATCAATGGCACACTAGAAAAA 

 

>PT7.1.x.lacO 

TCATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCC 

 

>PT7.2.x.lacO 

TACTACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCC 

 

>PT7.3.x.lacO 

TAATACGAGTCACTATAGGGGAATTGTGAGCGGATAACAATTCC 

 

>PpsbA2* 

AGCTTTACAAAACTCTCATTAATCCTTTAGACTAAGTTTAGTCAGTTCCAATCTG 

 

>PtacI 

GAGCTGTTGACAATTAATCATCGGCTCGTATAATGTGTGGAATTGTGCGCGGATAACAAT 

TTCACAC 

 

>Ptrc.x.lacO 

AATTGTGAGCGCTCACAATTTTCTGAAATGAGCTGTTGACAATTAATCATCCGGCTCGTA 

TAATGTGTGGAATTGTGAGCGGATAACAATTTCACACA 

 

>Ptrc.x.araO 

GTTATTAGCATTTTTATCCATAAGATTAGCGTTGCGCCGACATCATAACGGTTCTGGCAA 

ATATTCTGAAATGAGCTGTTGACAATTAATCATCCGGCTCGTATAATGTGTGGTTGTAGC 

ATTTTTATCCATAAGATTAGCGGATCCTA 

 

>Ptrc.x.tetO1 

GAGCTGTTGACAATTAATCATCCGGCTCGTATAATGTGTGGATCCCTATCAGTGATAGAG 

ATTCACACA 

 

>Ptrc.x.tetO2 

GAGCTGTTGACAATTAATCATCCGGCTCGTATAATGTGTGGATCCCCGTCAGTGACGGAG 

ATTCACACA 

 

>ggpS 

ATGAATTCATCCCTTGTGATCCTTTACCACCGTGAGCCCTACGACGAAGTTAGGGAAAAT 

GGCAAAACGGTGTATCGAGAGAAAAAGAGTCCCAACGGGATTTTGCCCACCCTCAAAAGT 

TTTTTTGCCGATGCGGAACAGAGCACCTGGGTCGCATGGAAACAGGTTTCGCCGAAGCAA 

AAGGATGATTTTCAGGCGGATATGTCCATTGAAGGCCTTGGCGATCGTTGTACGGTGCGC 

CGGGTGCCCCTGACGGCGGAGCAGGTAAAAAACTTCTATCACATCACTTCCAAGGAAGCC 

TTTTGGCCCATTCTCCACTCTTTCCCCTGGCAGTTCACCTACGATTCTTCTGATTGGGAT 

AATTTTCAGCACATTAACCGCTTATTTGCCGAGGCGGCCTGTGCCGATGCCGATGACAAT 

GCATTGTTTTGGGTCCACGACTATAACCTCTGGTTAGCGCCCCTTTACATTCGTCAGCTC 

AAGCCCAACGCCAAGATTGCCTTTTTCCACCACACCCCCTTCCCCAGCGTTGATATTTTC 

AATATTTTGCCCTGGCGGGAGGCGATCGTAGAAAGCTTGCTGGCCTGTGATCTCTGTGGT 

TTTCATATTCCCCGCTACGTAGAAAATTTTGTCGCCGTGGCCCGTAGTCTCAAGCCGGTG 

GAAATCACCAGACGGGTTGTGGTAGACCAAGCCTTTACCCCCTACGGTACGGCCCTGGCG 
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GAACCGGAACTCACCACCCAGTTGCGTTATGGCGATCGCCTCATTAACCTCGATGCGTTT 

CCCGTGGGCACCAATCCGGCAAATATCCGGGCGATCGTGGCCAAAGAAAGTGTGCAACAA 

AAAGTTGCTGAAATTAAACAAGATTTAGGCGGTAAGAGGCTAATTGTTTCCGCTGGGCGG 

GTGGATTACGTGAAGGGCACCAAGGAAATGTTGATGTGCTATGAACGTCTACTGGAGCGT 

CGCCCCGAATTGCAGGGGGAAATTAGCCTGGTAGTCCCCGTAGCCAAGGCCGCTGAGGGA 

ATGCGTATTTATCGCAACGCCCAAAACGAAATTGAACGACTGGCAGGGAAAATTAACGGT 

CGCTTTGCCAAACTGTCCTGGACACCAGTGATGCTGTTCACCTCTCCTTTAGCCTATGAG 

GAGCTCATTGCCCTGTTCTGTGCCGCCGACATTGCCTGGATCACTCCCCTGCGGGATGGG 

CTAAACCTGGTGGCTAAGGAGTATGTGGTGGCTAAAAATGGCGAAGAAGGAGTTCTGATC 

CTCTCGGAATTTGCCGGTTGTGCGGTGGAACTACCCGATGCGGTGTTGACTAACCCCTAC 

GCTTCCAGCCGTATGGACGAATCCATTGACCAGGCCCTGGCCATGGACAAAGACGAACAG 

AAAAAACGCATGGGGAGAATGTACGCCGCCATTAAGCGTTACGACGTTCAACAATGGGCC 

AATCACCTACTGCGGGAAGCCTACGCCGATGTGGTACTGGGAGAGCCCCCCCAAATGTAG 

 

>PlambdacI 

TAACACCGTGCGTGTTGACTATTTTACCTCTGGCGGTGATAATGGTTGC 

 

>PluxR 

ACCTGTAGGATCGTACAGGTTTACGCAAGAAAATGGTTTGTTATAGTCGAATAAA 

 

>PT7pol 

TAATACGACTCACTATAGGGAATACAAGCTACTTGTTCTTTTTGCA 

 

>ParaC 

GCGTAACAAAAGTGTCTATAATCACGGCAGAAAAGTCCACATTGATTATTTGCACGGCGT 

CACACTTTGCTATGCCATAGCATTTTTATCCATAAGATTAGCGGATCCTACCTGACGCTT 

TTTATCGCAACTCTCTACTGTTTCTCCAT 

 

>GFPgenerator 

TCACACAGGAAAGTACTAGATGCGTAAAGGAGAAGAACTTTTCACTGGAGTTGTCCCAAT 

TCTTGTTGAATTAGATGGTGATGTTAATGGGCACAAATTTTCTGTCAGTGGAGAGGGTGA 

AGGTGATGCAACATACGGAAAACTTACCCTTAAATTTATTTGCACTACTGGAAAACTACC 

TGTTCCATGGCCAACACTTGTCACTACTTTCGGTTATGGTGTTCAATGCTTTGCGAGATA 

CCCAGATCATATGAAACAGCATGACTTTTTCAAGAGTGCCATGCCCGAAGGTTATGTACA 

GGAAAGAACTATATTTTTCAAAGATGACGGGAACTACAAGACACGTGCTGAAGTCAAGTT 

TGAAGGTGATACCCTTGTTAATAGAATCGAGTTAAAAGGTATTGATTTTAAAGAAGATGG 

AAACATTCTTGGACACAAATTGGAATACAACTATAACTCACACAATGTATACATCATGGC 

AGACAAACAAAAGAATGGAATCAAAGTTAACTTCAAAATTAGACACAACATTGAAGATGG 

AAGCGTTCAACTAGCAGACCATTATCAACAAAATACTCCAATTGGCGATGGCCCTGTCCT 

TTTACCAGACAACCATTACCTGTCCACACAATCTGCCCTTTCGAAAGATCCCAACGAAAA 

GAGAGACCACATGGTCCTTCTTGAGTTTGTAACAGCTGCTGGGATTACACATGGCATGGA 

TGAACTATACAAATAATAATACTAGAGCCAGGCATCAAATAAAACGAAAGGCTCAGTCGA 

AAGACTGGGCCTTTCGTTTTATCTGTTGTTTGTCGGTGAACGCTCTCTACTAGAGTCACA 

CTGGCTCACCTTCGGGTGGGCCTTTCTGCGTTTATA 

 

>RBS 

ATTAAAGAGGAGAAA 

 

>T7pol 

ATGAACACGATTAACATCGCTAAGAACGACTTCTCTGACATCGAACTGGCTGCTATCCCG 

TTCAACACTCTGGCTGACCATTACGGTGAGCGTTTAGCTCGCGAACAGTTGGCCCTTGAG 

CATGAGTCTTACGAGATGGGTGAAGCACGCTTCCGCAAGATGTTTGAGCGTCAACTTAAA 

GCTGGTGAGGTTGCGGATAACGCTGCCGCCAAGCCTCTCATCACTACCCTACTCCCTAAG 

ATGATTGCACGCATCAACGACTGGTTTGAGGAAGTGAAAGCTAAGCGCGGCAAGCGCCCG 

ACAGCCTTCCAGTTCCTGCAAGAAATCAAGCCGGAAGCCGTAGCGTACATCACCATTAAG 

ACCACTCTGGCTTGCCTAACCAGTGCTGACAATACAACCGTTCAGGCTGTAGCAAGCGCA 
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ATCGGTCGGGCCATTGAGGACGAGGCTCGCTTCGGTCGTATCCGTGACCTTGAAGCTAAG 

CACTTCAAGAAAAACGTTGAGGAACAACTCAACAAGCGCGTAGGGCACGTCTACAAGAAA 

GCATTTATGCAAGTTGTCGAGGCTGACATGCTCTCTAAGGGTCTACTCGGTGGCGAGGCG 

TGGTCTTCGTGGCATAAGGAAGACTCTATTCATGTAGGAGTACGCTGCATCGAGATGCTC 

ATTGAGTCAACCGGAATGGTTAGCTTACACCGCCAAAATGCTGGCGTAGTAGGTCAAGAC 

TCTGAGACTATCGAACTCGCACCTGAATACGCTGAGGCTATCGCAACCCGTGCAGGTGCG 

CTGGCTGGCATCTCTCCGATGTTCCAACCTTGCGTAGTTCCTCCTAAGCCGTGGACTGGC 

ATTACTGGTGGTGGCTATTGGGCTAACGGTCGTCGTCCTCTGGCGCTGGTGCGTACTCAC 

AGTAAGAAAGCACTGATGCGCTACGAAGACGTTTACATGCCTGAGGTGTACAAAGCGATT 

AACATTGCGCAAAACACCGCATGGAAAATCAACAAGAAAGTCCTAGCGGTCGCCAACGTA 

ATCACCAAGTGGAAGCATTGTCCGGTCGAGGACATCCCTGCGATTGAGCGTGAAGAACTC 

CCGATGAAACCGGAAGACATCGACATGAATCCTGAGGCTCTCACCGCGTGGAAACGTGCT 

GCCGCTGCTGTGTACCGCAAGGACAAGGCTCGCAAGTCTCGCCGTATCAGCCTTGAGTTC 

ATGCTTGAGCAAGCCAATAAGTTTGCTAACCATAAGGCCATCTGGTTCCCTTACAACATG 

GACTGGCGCGGTCGTGTTTACGCTGTGTCAATGTTCAACCCGCAAGGTAACGATATGACC 

AAAGGACTGCTTACGCTGGCGAAAGGTAAACCAATCGGTAAGGAAGGTTACTACTGGCTG 

AAAATCCACGGTGCAAACTGTGCGGGTGTCGATAAGGTTCCGTTCCCTGAGCGCATCAAG 

TTCATTGAGGAAAACCACGAGAACATCATGGCTTGCGCTAAGTCTCCACTGGAGAACACT 

TGGTGGGCTGAGCAAGATTCTCCGTTCTGCTTCCTTGCGTTCTGCTTTGAGTACGCTGGG 

GTACAGCACCACGGCCTGAGCTATAACTGCTCCCTTCCGCTGGCGTTTGACGGGTCTTGC 

TCTGGCATCCAGCACTTCTCCGCGATGCTCCGAGATGAGGTAGGTGGTCGCGCGGTTAAC 

TTGCTTCCTAGTGAAACCGTTCAGGACATCTACGGGATTGTTGCTAAGAAAGTCAACGAG 

ATTCTACAAGCAGACGCAATCAATGGGACCGATAACGAAGTAGTTACCGTGACCGATGAG 

AACACTGGTGAAATCTCTGAGAAAGTCAAGCTGGGCACTAAGGCACTGGCTGGTCAATGG 

CTGGCTTACGGTGTTACTCGCAGTGTGACTAAGCGTTCAGTCATGACGCTGGCTTACGGG 

TCCAAAGAGTTCGGCTTCCGTCAACAAGTGCTGGAAGATACCATTCAGCCAGCTATTGAT 

TCCGGCAAGGGTCTGATGTTCACTCAGCCGAATCAGGCTGCTGGATACATGGCTAAGCTG 

ATTTGGGAATCTGTGAGCGTGACGGTGGTAGCTGCGGTTGAAGCAATGAACTGGCTTAAG 

TCTGCTGCTAAGCTGCTGGCTGCTGAGGTCAAAGATAAGAAGACTGGAGAGATTCTTCGC 

AAGCGTTGCGCTGTGCATTGGGTAACTCCTGATGGTTTCCCTGTGTGGCAGGAATACAAG 

AAGCCTATTCAGACGCGCTTGAACCTGATGTTCCTCGGTCAGTTCCGCTTACAGCCTACC 

ATTAACACCAACAAAGATAGCGAGATTGATGCACACAAACAGGAGTCTGGTATCGCTCCT 

AACTTTGTACACAGCCAAGACGGTAGCCACCTTCGTAAGACTGTAGTGTGGGCACACGAG 

AAGTACGGAATCGAATCTTTTGCACTGATTCACGACTCCTTCGGTACCATTCCGGCTGAC 

GCTGCGAACCTGTTCAAAGCAGTGCGCGAAACTATGGTTGACACATATGAGTCTTGTGAT 

GTACTGGCTGATTTCTACGACCAGTTCGCTGACCAGTTGCACGAGTCTCAATTGGACAAA 

ATGCCAGCACTTCCGGCTAAAGGTAACTTGAACCTCCGTGACATCTTAGAGTCGGACTTC 

GCGTTCGCGTAATAA 

 

>cI 

ATGAGCACAAAAAAGAAACCATTAACACAAGAGCAGCTTGAGGACGCACGTCGCCTTAAA 

GCAATTTATGAAAAAAAGAAAAATGAACTTGGCTTATCCCAGGAATCTGTCGCAGACAAG 

ATGGGGATGGGGCAGTCAGGCGTTGGTGCTTTATTTAATGGCATCAATGCATTAAATGCT 

TATAACGCCGCATTGCTTGCAAAAATTCTCAAAGTTAGCGTTGAAGAATTTAGCCCTTCA 

ATCGCCAGAGAAATCTACGAGATGTATGAAGCGGTTAGTATGCAGCCGTCACTTAGAAGT 

GAGTATGAGTACCCTGTTTTTTCTCATGTTCAGGCAGGGATGTTCTCACCTGAGCTTAGA 

ACCTTTACCAAAGGTGATGCGGAGAGATGGGTAAGCACAACCAAAAAAGCCAGTGATTCT 

GCATTCTGGCTTGAGGTTGAAGGTAATTCCATGACCGCACCAACAGGCTCCAAGCCAAGC 

TTTCCTGACGGAATGTTAATTCTCGTTGACCCTGAGCAGGCTGTTGAGCCAGGTGATTTC 

TGCATAGCCAGACTTGGGGGTGATGAGTTTACCTTCAAGAAACTGATCAGGGATAGCGGT 

CAGGTGTTTTTACAACCACTAAACCCACAGTACCCAATGATCCCATGCAATGAGAGTTGT 

TCCGTTGTGGGGAAAGTTATCGCTAGTCAGTGGCCTGAAGAGACGTTTGGCGCTGCAAAC 

GACGAAAACTACGCTTTAGTAGCTTAATAACGCTGATAGTGCTAGTGTAGATCGC 

 

>lacI 

ATGGTGAATGTGAAACCAGTAACGTTATACGATGTCGCAGAGTATGCCGGTGTCTCTTAT 
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CAGACCGTTTCCCGCGTGGTGAACCAGGCCAGCCACGTTTCTGCGAAAACGCGGGAAAAA 

GTGGAAGCGGCGATGGCGGAGCTGAATTACATTCCCAACCGCGTGGCACAACAACTGGCG 

GGCAAACAGTCGTTGCTGATTGGCGTTGCCACCTCCAGTCTGGCCCTGCACGCGCCGTCG 

CAAATTGTCGCGGCGATTAAATCTCGCGCCGATCAACTGGGTGCCAGCGTGGTGGTGTCG 

ATGGTAGAACGAAGCGGCGTCGAAGCCTGTAAAGCGGCGGTGCACAATCTTCTCGCGCAA 

CGCGTCAGTGGGCTGATCATTAACTATCCGCTGGATGACCAGGATGCCATTGCTGTGGAA 

GCTGCCTGCACTAATGTTCCGGCGTTATTTCTTGATGTCTCTGACCAGACACCCATCAAC 

AGTATTATTTTCTCCCATGAAGACGGTACGCGACTGGGCGTGGAGCATCTGGTCGCATTG 

GGTCACCAGCAAATCGCGCTGTTAGCGGGCCCATTAAGTTCTGTCTCGGCGCGTCTGCGT 

CTGGCTGGCTGGCATAAATATCTCACTCGCAATCAAATTCAGCCGATAGCGGAACGGGAA 

GGCGACTGGAGTGCCATGTCCGGTTTTCAACAAACCATGCAAATGCTGAATGAGGGCATC 

GTTCCCACTGCGATGCTGGTTGCCAACGATCAGATGGCGCTGGGCGCAATGCGCGCCATT 

ACCGAGTCCGGGCTGCGCGTTGGTGCGGATATCTCGGTAGTGGGATACGACGATACCGAA 

GACAGCTCATGTTATATCCCGCCGTTAACCACCATCAAACAGGATTTTCGCCTGCTGGGG 

CAAACCAGCGTGGACCGCTTGCTGCAACTCTCTCAGGGCCAGGCGGTGAAGGGCAATCAG 

CTGTTGCCCGTCTCACTGGTGAAAAGAAAAACCACCCTGGCGCCCAATACGCAAACCGCC 

TCTCCCCGCGCGTTGGCCGATTCATTAATGCAGCTGGCACGACAGGTTTCCCGACTGGAA 

AGCGGGCAGGCTGCAAACGACGAAAACTACGCTTTAGTAGCTTAATAACTCTGATAGTGC 

TAGTGTAGATCTC 

 

>tetR 

ATGTCCAGATTAGATAAAAGTAAAGTGATTAACAGCGCATTAGAGCTGCTTAATGAGGTC 

GGAATCGAAGGTTTAACAACCCGTAAACTCGCCCAGAAGCTAGGTGTAGAGCAGCCTACA 

TTGTATTGGCATGTAAAAAATAAGCGGGCTTTGCTCGACGCCTTAGCCATTGAGATGTTA 

GATAGGCACCATACTCACTTTTGCCCTTTAGAAGGGGAAAGCTGGCAAGATTTTTTACGT 

AATAACGCTAAAAGTTTTAGATGTGCTTTACTAAGTCATCGCGATGGAGCAAAAGTACAT 

TTAGGTACACGGCCTACAGAAAAACAGTATGAAACTCTCGAAAATCAATTAGCCTTTTTA 

TGCCAACAAGGTTTTTCACTAGAGAATGCATTATATGCACTCAGCGCTGTGGGGCATTTT 

ACTTTAGGTTGCGTATTGGAAGATCAAGAGCATCAAGTCGCTAAAGAAGAAAGGGAAACA 

CCTACTACTGATAGTATGCCGCCATTATTACGACAAGCTATCGAATTATTTGATCACCAA 

GGTGCAGAGCCAGCCTTCTTATTCGGCCTTGAATTGATCATATGCGGATTAGAAAAACAA 

CTTAAATGTGAAAGTGGGTCCGCTGCAAACGACGAAAACTACGCTTTAGTAGCTTAATAA 

CACTGATAGTGCTAGTGTAGATCAC 

 

>araC 

ATGGCTGAAGCGCAAAATGATCCCCTGCTGCCGGGATACTCGTTTAACGCCCATCTGGTG 

GCGGGTTTAACGCCGATTGAGGCCAATGGTTATCTCGATTTTTTTATCGACCGACCGCTG 

GGAATGAAAGGTTATATTCTCAATCTCACCATTCGCGGTCAGGGGGTGGTGAAAAATCAG 

GGACGAGAATTTGTCTGCCGACCGGGTGATATTTTGCTGTTCCCGCCAGGAGAGATTCAT 

CACTACGGTCGTCATCCGGAGGCTCGCGAATGGTATCACCAGTGGGTTTACTTTCGTCCG 

CGCGCCTACTGGCATGAATGGCTTAACTGGCCGTCAATATTTGCCAATACGGGTTTCTTT 

CGCCCGGATGAAGCGCACCAGCCGCATTTCAGCGACCTGTTTGGGCAAATCATTAACGCC 

GGGCAAGGGGAAGGGCGCTATTCGGAGCTGCTGGCGATAAATCTGCTTGAGCAATTGTTA 

CTGCGGCGCATGGAAGCGATTAACGAGTCGCTCCATCCACCGATGGATAATCGGGTACGC 

GAGGCTTGTCAGTACATCAGCGATCACCTGGCAGACAGCAATTTTGATATCGCCAGCGTC 

GCACAGCATGTTTGCCTGTCGCCGTCGCGTCTGTCACATCTTTTCCGCCAGCAGTTAGGG 

ATTAGCGTCTTAAGCTGGCGCGAGGACCAACGCATCAGCCAGGCGAAGCTGCTTTTGAGC 

ACTACCCGGATGCCTATCGCCACCGTCGGTCGCAATGTTGGTTTTGACGATCAACTCTAT 

TTCTCGCGAGTATTTAAAAAATGCACCGGGGCCAGCCCGAGCGAGTTCCGTGCCGGTTGT 

GAAGAAAAAGTGAATGATGTAGCCGTCAAGTTGTCAGCTGCAAACGACGAAAACTACGCT 

TTAGTAGCTTAATAACACTGATAGTGCTAGTGTAGATCAC 

 

>luxR 

ATGAAAAACATAAATGCCGACGACACATACAGAATAATTAATAAAATTAAAGCTTGTAGA 

AGCAATAATGATATTAATCAATGCTTATCTGATATGACTAAAATGGTACATTGTGAATAT 

TATTTACTCGCGATCATTTATCCTCATTCTATGGTTAAATCTGATATTTCAATCCTAGAT 
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AATTACCCTAAAAAATGGAGGCAATATTATGATGACGCTAATTTAATAAAATATGATCCT 

ATAGTAGATTATTCTAACTCCAATCATTCACCAATTAATTGGAATATATTTGAAAACAAT 

GCTGTAAATAAAAAATCTCCAAATGTAATTAAAGAAGCGAAAACATCAGGTCTTATCACT 

GGGTTTAGTTTCCCTATTCATACGGCTAACAATGGCTTCGGAATGCTTAGTTTTGCACAT 

TCAGAAAAAGACAACTATATAGATAGTTTATTTTTACATGCGTGTATGAACATACCATTA 

ATTGTTCCTTCTCTAGTTGATAATTATCGAAAAATAAATATAGCAAATAATAAATCAAAC 

AACGATTTAACCAAAAGAGAAAAAGAATGTTTAGCGTGGGCATGCGAAGGAAAAAGCTCT 

TGGGATATTTCAAAAATATTAGGTTGCAGTGAGCGTACTGTCACTTTCCATTTAACCAAT 

GCGCAAATGAAACTCAATACAACAAACCGCTGCCAAAGTATTTCTAAAGCAATTTTAACA 

GGAGCAATTGATTGCCCATACTTTAAAAATTAATAACACTGATAGTGCTAGTGTAGATCA 

C 
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pGDggpS.K 

 

 

>pGDggpS.K 

CACCCGCCGCGCTTAATGCGCCGCTACAGGGCGCGTCCATTCGCCATTCAGGCTGCGCAA 

CTGTTGGGAAGGGCGATCGGTGCGGGCCTCTTCGCTATTACGCCAGCTGGCGAAAGGGGG 

ATGTGCTGCAAGGCGATTAAGTTGGGTAACGCCAGGGTTTTCCCAGTCACGACGTTGTAA 

AACGACGGCCAGTGAATTGTAATACGACTCACTATAGGGCGAATTGGGCCCGACGTCGCA 

TGCTCCCGGCCGCCATGGCGGCCGCGGGAATTCGATTCTGGCTTTAACCCTGTCGAGGGA 

ACCATCATAGCGGTGGTCCGTGGTGCCAATCAGATATTTACCCAACCAGGGAATGATGAA 

ATAGGGCCGTTTATCCACAAACGCTTCCACATATAAGGCTGAAGCGGGGGCTCCAGGGAA 

GGGATCCACCACAATATGACTGCCCTTGGTGCCACCAATTTTTCTTTCTTGGACAATGGC 

AACGGGTTCTCCCCCTCGATGGGCTAAGCCACAAACTTCATCTACCCAGGGGCCAGTGGT 

ATTAATGACGATCGCCTGGGCGCTATTAACAGTAAATTTTTCTCCGCTCAGTTGATCCTG 

GCAATGGATGGCGGTAATCAGGTTATTTTCCCCTTTCTCCAACCCCTTCACAGCCACATA 

ATTGAGCATGGCCGCCCCGGCCTTTTGGGCCGATAGGGTCACTTCTAAATCTAACCGTTC 

CGCATATTCCACCTGGCCGTCAAAATATTGGGCTCCTCCTTTTAAGCCTTTTTTCTCCGC 

CGCTCGGAACAGTTGCTGGAACTGTTGGGGGCTTAACATCCTATGGGAAGGGAGGGTTTT 

ATCAAAACTGAGGATGTCGTAAAGAATCATGCCCGCCTGAATTTCCCAATAGGCCCGGCT 

CGACCAGTCGTACACCGGAATGGTCAACTGGAGGGGCTGGACCAAATGGGGGGCGGTGTG 

GAGCAGAACTTCCCGCTCCCGCAGGGATTCCCGCACCAGATTAAATTCAAAATATTCCAG 

ATAGCGCAGGCCGCCATGGATTAAGCGGGTGGACCAACTACTCGTACCACTGGCGAAATC 

ATCCTTTTCGATCAGGAGGGTTTTTAGGCCCCGTAGGGCTCCGTCCCGGGCCGTGCCAAC 

CCCGTTAATGCCTCCCCCAATCACAATTAGGTCATAGGCCGTATTTTGGATTTCTGGGAA 

ATTACGCATGGCTGGGTAATGCTCCAATGAGGAATAAATCGTGCAATTGAATGGAAAAAA 

GCCCCCTAAACTCTAACTTTGGGCAATTTTTAGGGGGTTTGGACAATGGTTATTTGGTTA 

CCATCCGCCGACCACGATTACAACCGGGCGATTTACTTTTCGACCTCATTCTATTAGACT 

CTCGTTTGGATTGCAACTGGTCTATTTTCCTCTTTTGTTTGATAGAAAATCATAAAAGGA 

TTTGCAGACTACGGGCCTAAAGAACTAAAAAATCTATCTGTTTCTTTTCATTCTCTGTAT 

TTTTTATAGTTTCTGTTGCATGGGCATAAAGTTGCCTTTTTAATCACAATTCAGAAAATA 

TCATAATATCTCATTTCACTAAATAATAGTGAACGGCAGGTATATGTGATGGGTTAAAAA 

GGATCGATCCTCTAGCGAACCCCAGAGTCCCGCTCAGAAGAACTCGTCAAGAAGGCGATA 

GAAGGCGATGCGCTGCGAATCGGGAGCGGCGATACCGTAAAGCACGAGGAAGCGGTCAGC 

CCATTCGCCGCCAAGCTCTTCAGCAATATCACGGGTAGCCAACGCTATGTCCTGATAGCG 
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GTCCGCCACACCCAGCCGGCCACAGTCGATGAATCCAGAAAAGCGGCCATTTTCCACCAT 

GATATTCGGCAAGCAGGCATCGCCATGGGTCACGACGAGATCCTCGCCGTCGGGCATCCG 

CGCCTTGAGCCTGGCGAACAGTTCGGCTGGCGCGAGCCCCTGATGCTCTTCGTCCAGATC 

ATCCTGATCGACAAGACCGGCTTCCATCCGAGTACGTGCTCGCTCGATGCGATGTTTCGC 

TTGGTGGTCGAATGGGCAGGTAGCCGGATCAAGCGTATGCAGCCGCCGCATTGCATCAGC 

CATGATGGATACTTTCTCGGCAGGAGCAAGGTGAGATGACAGGAGATCCTGCCCCGGCAC 

TTCGCCCAATAGCAGCCAGTCCCTTCCCGCTTCAGTGACAACGTCGAGCACAGCTGCGCA 

AGGAACGCCCGTCGTGGCCAGCCACGATAGCCGCGCTGCCTCGTCTTGGAGTTCATTCAG 

GGCACCGGACAGGTCGGTCTTGACAAAAAGAACCGGGCGCCCCTGCGCTGACAGCCGGAA 

CACGGCGGCATCAGAGCAGCCGATTGTCTGTTGTGCCCAGTCATAGCCGAATAGCCTCTC 

CACCCAAGCGGCCGGAGAACCTGCGTGCAATCCATCTTGTTCAATCATGCGAAACGATCC 

TCATCCTGTCTCTTGATCAGATCTTGATCCCCTGCGCCATCAGATCCTTGGCGGCAAGAA 

AGCCATCCAGTTTACTTTGCAGGGCTTCCCAACCTTACCAGAGGGCGCCCCAGCTGGCAA 

TTCCGGTTCGCTTGCTGTCCATAAAACCGCCCAGTCTAGCTATCGCCATGTAAGCCCACT 

GCAAGCTACCTGCTTTCTCTTTGCGCTTGCGTTTTCCCTTGTCCAGATAGCCCAGTAGCT 

GACATTCACCCGGTTGTAATCACGGCTAATGCACCCGACTTCCCGGAACCCAAGTTAATT 

CCCGCCGGGGCATTTTAGTACGTTGAATAAAACTTTTCACCGCTAATATCGGTACAGAAA 

AATTGATTACGTCCTGGGCGAGTCCACAGACATCGCGTTCCCCTGTGGGGGCAATTACGG 

TAACGGCTCATAAATCTTTGTTAAAGATTACTTAACCCGTCAGTAAAATGCCGTAACACT 

AATTACCTTTTCCCCTTACTCCAGAGGAGAACAGCAGCGGCAAGCCACCAATCTCTGGTT 

TTTGGAAAGCCGCCCCTGGACTATGGAAAAAGTAGTTACTTGTTAAGTATAGTAACAGAA 

AAAGCTTTTCTGGCAAGATTTCTGCTTCTGGAGTTGGGGGTATCCTCTGGAAATTTACCC 

GTCGATTGCGGTAAATTCTATTTTTTTTGTTAACCTTAAAACTATTGCCATGGGCAGGGT 

AAATTGATTTTTTCTTGTTGTTTGATCCCATTTTCCAGTCTTTTTGACTTCCATTCAGTC 

AGGATAATTTTTGCAGTTTTTTTATGGAGTTTTGATAACATTGAGCTTTGCCCCCGGCGA 

TCGCCTAGGGATAAACAATAAACGTGTGAACTAATATGCCTGGATTTATCCCTGGATTGA 

CATTGTTTTTGCCCCCCTAAGTCAGCAATGACAGAGTTGAAAATCCCTTACTCCCCAGCA 

ATTTCAGCTTATTTTGAGCTTATTTTTCAGTATGAAAACATTGAATCGTATCCATCTGGT 

CGAAGAAGAAACAGAAAAACTAATGGCTTGGGCCCGGAGTGTCACGGAATCGCCGGAGAA 

CTATTTCCAAGCGGCCCGGGAAGTGGTGAAAAAATTGGGGGGCCATTACCAAGGGGATGG 

CCTAACCCAAGTGGGATTTTGGGTGCCCCGGTTAGCGGGGGAAGGGGCTTTTACTGAAAA 

GTTAATTTACCTAGAGGTGTTTACGCCCCTGGGGGAGATTGATTTCCAAGCGCCGGAACA 

AACTGGCTTGTTTCGTTGGGAAAGGATTGAATTGCCGCAACAGGGGGAATTTGTTTGGGC 

TGTGCTGTCGGGGATGCGGCCAGGCACCAGAGATCAAGCTGGTTCTTTCTATTGGTTGCG 

CTATTACGATTCCATTTTGTCCAACACGTTGGTCATCCGTGATCCCCTGACCTATTCCCT 

GCCCTACGGTGTTCTCGACCATATGGGAGAGCTCCCAACGCGTTGGATGCATAGCTTGAG 

TATTCTATAGTGTCACCTAAATAGCTTGGCGTAATCATGGTCATAGCTGTTTCCTGTGTG 

AAATTGTTATCCGCTCACAATTCCACACAACATACGAGCCGGAAGCATAAAGTGTAAAGC 

CTGGGGTGCCTAATGAGTGAGCTAACTCACATTAATTGCGTTGCGCTCACTGCCCGCTTT 

CCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAACGCGCGGGGAGAGG 

CGGTTTGCGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGT 

TCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCCACAGAATC 

AGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAA 

AAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAA 

TCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCC 

CCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTC 

CGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAG 

TTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGA 

CCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATC 

GCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTAC 

AGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGAACAGTATTTGGTATCTG 

CGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACA 

AACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAA 

AGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAA 

CTCACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTT 

AAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAG 
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TTACCAATGCTTAATCAGTGAGGCACCTATCTCAGCGATCTGTCTATTTCGTTCATCCAT 

AGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCC 

CAGTGCTGCAATGATACCGCGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATAAA 

CCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCA 

GTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCGCAA 

CGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATT 

CAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGTTGTGCAAAAAAGC 

GGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACT 

CATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCGTAAGATGCTTTTC 

TGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTG 

CTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTAAAAGTGCT 

CATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATC 

CAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCACCAG 

CGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGAC 

ACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGG 

TTATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGT 

TCCGCGCACATTTCCCCGAAAAGTGCCACCTGATGCGGTGTGAAATACCGCACAGATGCG 

TAAGGAGAAAATACCGCATCAGGAAATTGTAAGCGTTAATATTTTGTTAAAATTCGCGTT 

AAATTTTTGTTAAATCAGCTCATTTTTTAACCAATAGGCCGAAATCGGCAAAATCCCTTA 

TAAATCAAAAGAATAGACCGAGATAGGGTTGAGTGTTGTTCCAGTTTGGAACAAGAGTCC 

ACTATTAAAGAACGTGGACTCCAACGTCAAAGGGCGAAAAACCGTCTATCAGGGCGATGG 

CCCACTACGTGAACCATCACCCTAATCAAGTTTTTTGGGGTCGAGGTGCCGTAAAGCACT 

AAATCGGAACCCTAAAGGGAGCCCCCGATTTAGAGCTTGACGGGGAAAGCCGGCGAACGT 

GGCGAGAAAGGAAGGGAAGAAAGCGAAAGGAGCGGGCGCTAGGGCGCTGGCAAGTGTAGC 

GGTCACGCTGCGCGTAACCACCA 
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pSEVA251 

 

>pSEVA251 

TTAATTAAAGCGGATAACAATTTCACACAGGAGGCCGCCTAGGCCGCGGCCGCGCGAATT 

CGAGCTCGGTACCCGGGGATCCTCTAGAGTCGACCTGCAGGCATGCAAGCTTGCGGCCGC 

GTCGTGACTGGGAAAACCCTGGCGACTAGTCTTGGACTCCTGTTGATAGATCCAGTAATG 

ACCTCAGAACTCCATCTGGATTTGTTCAGAACGCTCGGTTGCCGCCGGGCGTTTTTTATT 

GGTGAGAATCCAGGGGTCCCCAATAATTACGATTTAAATTTGTGTCTCAAAATCTCTGAT 

GTTACATTGCACAAGATAAAAATATATCATCATGAACAATAAAACTGTCTGCTTACATAA 

ACAGTAATACAAGGGGTGTTATGAGCCATATTCAGCGTGAAACGAGCTGTAGCCGTCCGC 

GTCTGAACAGCAACATGGATGCGGATCTGTATGGCTATAAATGGGCGCGTGATAACGTGG 

GTCAGAGCGGCGCGACCATTTATCGTCTGTATGGCAAACCGGATGCGCCGGAACTGTTTC 

TGAAACATGGCAAAGGCAGCGTGGCGAACGATGTGACCGATGAAATGGTGCGTCTGAACT 

GGCTGACCGAATTTATGCCGCTGCCGACCATTAAACATTTTATTCGCACCCCGGATGATG 

CGTGGCTGCTGACCACCGCGATTCCGGGCAAAACCGCGTTTCAGGTGCTGGAAGAATATC 

CGGATAGCGGCGAAAACATTGTGGATGCGCTGGCCGTGTTTCTGCGTCGTCTGCATAGCA 

TTCCGGTGTGCAACTGCCCGTTTAACAGCGATCGTGTGTTTCGTCTGGCCCAGGCGCAGA 

GCCGTATGAACAACGGCCTGGTGGATGCGAGCGATTTTGATGATGAACGTAACGGCTGGC 

CGGTGGAACAGGTGTGGAAAGAAATGCATAAACTGCTGCCGTTTAGCCCGGATAGCGTGG 

TGACCCACGGCGATTTTAGCCTGGATAACCTGATTTTCGATGAAGGCAAACTGATTGGCT 

GCATTGATGTGGGCCGTGTGGGCATTGCGGATCGTTATCAGGATCTGGCCATTCTGTGGA 

ACTGCCTGGGCGAATTTAGCCCGAGCCTGCAAAAACGTCTGTTTCAGAAATATGGCATTG 

ATAATCCGGATATGAACAAACTGCAATTTCATCTGATGCTGGATGAATTTTTCTAATAAT 

TAATTGGACCGCGGTCCGCGCGTTGTCCTTTTCCGCTGCATAACCCTGCTTCGGGGTCAT 

TATAGCGATTTTTTCGGTATATCCATCCTTTTTCGCACGATATACAGGATTTTGCCAAAG 

GGTTCGTGTAGACTTTCCTTGGTGTATCCAACGGCGTCAGCCGGGCAGGATAGGTGAAGT 

AGGCCCACCCGCGAGCGGGTGTTCCTTCTTCACTGTCCCTTATTCGCACCTGGCGGTGCT 

CAACGGGAATCCTGCTCTGCGAGGCTGGCCGTAGGCCGGCCTCAGCCTGCCGCCTTGGGC 

CGGGTGATGTCGTACTTGCCCGCCGCGAACTCGGTTACCGTCCAGCCCAGCGCGACCAGC 

TCCGGCAACGCCTCGCGCACCCGCTGGCGGCGCTTGCGCATGGTCGAACCACTGGCCTCT 

GACGGCCAGACATAGCCGCACAAGGTATCTATGGAAGCCTTGCCGGTTTTGCCGGGGTCG 

ATCCAGCCACACAGCCGCTGGTGCAGCAGGCGGGCGGTTTCGCTGTCCAGCGCCCGCACC 

TCGTCCATGCTGATGCGCACATGCTGGCCGCCACCCATGACGGCCTGCGCGATCAAGGGG 

TTCAGGGCCACGTACAGGCGCCCGTCCGCCTCGTCGCTGGCGTACTCCGACAGCAGCCGA 

AACCCCTGCCGCTTGCGGCCATTCTGGGCGATGATGGATACCTTCCAAAGGCGCTCGATG 
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CAGTCCTGTATGTGCTTGAGCGCCCCACCACTATCGACCTCTGCCCCGATTTCCTTTGCC 

AGCGCCCGATAGCTACCTTTGACCACATGGCATTCAGCGGTGACGGCCTCCCACTTGGGT 

TCCAGGAACAGCCGGAGCTGCCGTCCGCCTTCGGTCTTGGGTTCCGGGCCAAGCACTAGG 

CCATTAGGCCCAGCCATGGCCACCAGCCCTTGCAGGATGCGCAGATCATCAGCGCCCAGC 

GGCTCCGGGCCGCTGAACTCGATCCGCTTGCCGTCGCCGTAGTCATACGTCACGTCCAGC 

TTGCTGCGCTTGCGCTCGCCCCGCTTGAGGGCACGGAACAGGCCGGGGGCCAGACAGTGC 

GCCGGGTCGTGCCGGACGTGGCTGAGGCTGTGCTTGTTCTTAGGCTTCACCACGGGGCAC 

CCCCTTGCTCTTGCGCTGCCTCTCCAGCACGGCGGGCTTGAGCACCCCGCCGTCATGCCG 

CCTGAACCACCGATCAGCGAACGGTGCGCCATAGTTGGCCTTGCTCACACCGAAGCGGAC 

GAAGAACCGGCGCTGGTCGTCGTCCACACCCCATTCCTCGGCCTCGGCGCTGGTCATGCT 

CGACAGGTAGGACTGCCAGCGGATGTTATCGACCAGTACCGAGCTGCCCCGGCTGGCCTG 

CTGCTGGTCGCCTGCGCCCATCATGGCCGCGCCCTTGCTGGCATGGTGCAGGAACACGAT 

AGAGCACCCGGTATCGGCGGCGATGGCCTCCATGCGACCGATGACCTGGGCCATGGGGCC 

GCTGGCGTTTTCTTCCTCGATGTGGAACCGGCGCAGCGTGTCCAGCACCATCAGGCGGCG 

GCCCTCGGCGGCGCGCTTGAGGCCGTCGAACCACTCCGGGGCCATGATGTTGGGCAGGCT 

GCCGATCAGCGGCTGGATCAGCAGGCCGTCAGCCACGGCTTGCCGTTCCTCGGCGCTGAG 

GTGCGCCCCAAGGGCGTGCAGGCGGTGATGAATGGCGGTGGGCGGGTCTTCGGCGGGCAG 

GTAGATCACCGGGCCGGTGGGCAGTTCGCCCACCTCCAGCAGATCCGGCCCGCCTGCAAT 

CTGTGCGGCCAGTTGCAGGGCCAGCATGGATTTACCGGCACCACCGGGCGACACCAGCGC 

CCCGACCGTACCGGCCACCATGTTGGGCAAAACGTAGTCCAGCGGTGGCGGCGCTGCTGC 

GAACGCCTCCAGAATATTGATAGGCTTATGGGTAGCCATTGATTGCCTCCTTTGCAGGCA 

GTTGGTGGTTAGGCGCTGGCGGGGTCACTACCCCCGCCCTGCGCCGCTCTGAGTTCTTCC 

AGGCACTCGCGCAGCGCCTCGTATTCGTCGTCGGTCAGCCAGAACTTGCGCTGACGCATC 

CCTTTGGCCTTCATGCGCTCGGCATATCGCGCTTGGCGTACAGCGTCAGGGCTGGCCAGC 

AGGTCGCCGGTCTGCTTGTCCTTTTGGTCTTTCATATCAGTCACCGAGAAACTTGCCGGG 

GCCGAAAGGCTTGTCTTCGCGGAACAAGGACAAGGTGCAGCCGTCAAGGTTAAGGCTGGC 

CATATCAGCGACTGAAAAGCGGCCAGCCTCGGCCTTGTTTGACGTATAACCAAAGCCACC 

GGGCAACCAATAGCCCTTGTCACTTTTGATCAGGTAGACCGACCCTGAAGCGCTTTTTTC 

GTATTCCATAAAACCCCCTTCTGTGCGTGAGTACTCATAGTATAACAGGCGTGAGTACCA 

ACGCAAGCACTACATGCTGAAATCTGGCCCGCCCCTGTCCATGCCTCGCTGGCGGGGTGC 

CGGTGCCCGTGCCAGCTCGGCCCGCGCAAGCTGGACGCTGGGCAGACCCATGACCTTGCT 

GACGGTGCGCTCGATGTAATCCGCTTCGTGGCCGGGCTTGCGCTCTGCCAGCGCTGGGCT 

GGCCTCGGCCATGGCCTTGCCGATTTCCTCGGCACTGCGGCCCCGGCTGGCCAGCTTCTG 

CGCGGCGATAAAGTCGCACTTGCTGAGGTCATCACCGAAGCGCTTGACCAGCCCGGCCAT 

CTCGCTGCGGTACTCGTCCAGCGCCGTGCGCCGGTGGCGGCTAAGCTGCCGCTCGGGCAG 

TTCGAGGCTGGCCAGCCTGCGGGCCTTCTCCTGCTGCCGCTGGGCCTGCTCGATCTGCTG 

GCCAGCCTGCTGCACCAGCGCCGGGCCAGCGGTGGCGGTCTTGCCCTTGGATTCACGCAG 

CAGCACCCACGGCTGATAACCGGCGCGGGTGGTGTGCTTGTCCTTGCGGTTGGTGAAGCC 

CGCCAAGCGGCCATAGTGGCGGCTGTCGGCGCTGGCCGGGTCGGCGTCGTACTCGCTGGC 

CAGCGTCCGGGCAATCTGCCCCCGAAGTTCACCGCCTGCGGCGTCGGCCACCTTGACCCA 

TGCCTGATAGTTCTTCGGGCTGGTTTCCACTACCAGGGCAGGCTCCCGGCCCTCGGCTTT 

CATGTCATCCAGGTCAAACTCGCTGAGGTCGTCCACCAGCACCAGACCATGCCGCTCCTG 

CTCGGCGGGCCTGATATACACGTCATTGCCCTGGGCATTCATCCGCTTGAGCCATGGCGT 

GTTCTGGAGCACTTCGGCGGCTGACCATTCCCGGTTCATCATCTGGCCGGTGGTGGCGTC 

CCTGACGCCGATATCGAAGCGCTCACAGCCCATGGCCTTGAGCTGTCGGCCTATGGCCTG 

CAAAGTCCTGTCGTTCTTCATCGGGCCACCAAGCGATTCCCACACATTATACGAGCCGGA 

AGCATAAAGTGTAAAGCCTAGATCCGAAGGATGAGCCGGGCTGAATGATCGACCGAGACA 

GGCCCTGCGGGGCTGCACACGCGCCCCCACCCTTCGGGTAGGGGGAAAGGCCGCTAAAGC 

GGCTAAAAGCGCTCCAGCGTATTTCTGCGGGGTTTGGTGTGGGGTTTAGCGGGCTTTGCC 

CGCCTTTCCCCCTGCCGCGCAGCGGTGGGGCGGTGTGTAGCCTAGCGCAGCGAATAGACC 

AGCTATCCGGCCTCTGGCCGGGCATATTGGGCAAGGGCAGCAGCGCCCCACAAGGGCGCT 

GATAACCGCGCCTAGTGGATTATTCTTAGATAATCATGGATGGATTTTTCCAACACCCCG 

CCAGCCCCCGCCCCTGCTGGGTTTGCAGGTTTGGGGGCGTGACAGTTATTGCAGGGGTTC 

GTGACAGTTATTGCAGGGGGGCGTGACAGTTATTGCAGGGGTTCGTGACAGTTAGGGCGC 

GCCCAGCTGTCTAGGGCGGCGGATTTGTCCTACTCAGGAGAGCGTTCACCGACAAACAAC 

AGATAAAACGAAAGGCCCAGTCTTTCGACTGAGCCTTTCGTTTTATTTGATGCCT 
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AAATTGGCGAAAATGAGACGTTGATCGGCACGTAAGAGGTTCCAACTTTCACCATAATGA 

AATAAGATCACTACCGGGCGTATTTTTTGAGTTATCGAGATTTTCAGGAGCTAAGGAAGC 

TAAAATGGAGAAAAAAATCACTGGATATACCACCGTTGATATATCCCAATGGCATCGTAA 

AGAACATTTTGAGGCATTTCAGTCAGTTGCTCAATGTACCTATAACCAGACCGTTCAGCT 

GGATATTACGGCCTTTTTAAAGACCGTAAAGAAAAATAAGCACAAGTTTTATCCGGCCTT 

TATTCACATTCTTGCCCGCCTGATGAATGCTCATCCGGAATTTCGTATGGCAATGAAAGA 

CGGTGAGCTGGTGATATGGGATAGTGTTCACCCTTGTTACACCGTTTTCCATGAGCAAAC 

TGAAACGTTTTCATCGCTCTGGAGTGAATACCACGACGATTTCCGGCAGTTTCTACACAT 

ATATTCGCAAGATGTGGCGTGTTACGGTGAAAACCTGGCCTATTTCCCTAAAGGGTTTAT 

TGAGAATATGTTTTTCGTCTCAGCCAATCCCTGGGTGAGTTTCACCAGTTTTGATTTAAA 

CGTGGCCAATATGGACAACTTCTTCGCCCCCGTTTTCACCATGGGCAAATATTATACGCA 

AGGCGACAAGGTGCTGATGCCGCTGGCGATTCAGGTTCATCATGCCGTTTGTGATGGCTT 

CCATGTCGGCAGAATGCTTAATGAATTACAACAGTACTGCGATGAGTGGCAGGGCGGGGC 

GTAATTTGACTTAAATCGTAATTATTGGGGACCCCTGGATTCTCACCAATAAAAAACGCC 

CGGCGGCAACCGAGCGTTCTGAACAAATCCAGATGGAGTTCTGAGGTCATTACTGGATCT 

ATCAACAGGAGTCCAAGACTAGTCGCCAGGGTTTTCCCAGTCACGACGCGGCCGCAAGCT 

TGCATGCCTGCAGGTCGACTCTAGAGGATCCCCGGGTACCGAGCTCGAATTCGCGCGGCC 

GCGGCCTAGGCGGCCTCCTGTGTGAAATTGTTATCCGCTTTAATTAAAGGCATCAAATAA 

AACGAAAGGCTCAGTCGAAAGACTGGGCCTTTCGTTTTATCTGTTGTTTGTCGGTGAACG 

CTCTCCTGAGTAGGACAAATCCGCCGCCCTAGACAGCTGGGCGCGCCCTAACTGTCACGA 

ACCCCTGCAATAACTGTCACGCCCCCCTGCAATAACTGTCACGAACCCCTGCAATAACTG 

TCACGCCCCCAAACCTGCAAACCCAGCAGGGGCGGGGGCTGGCGGGGTGTTGGAAAAATC 

CATCCATGATTATCTAAGAATAATCCACTAGGCGCGGTTATCAGCGCCCTTGTGGGGCGC 

TGCTGCCCTTGCCCAATATGCCCGGCCAGAGGCCGGATAGCTGGTCTATTCGCTGCGCTA 

GGCTACACACCGCCCCACCGCTGCGCGGCAGGGGGAAAGGCGGGCAAAGCCCGCTAAACC 

CCACACCAAACCCCGCAGAAATACGCTGGAGCGCTTTTAGCCGCTTTAGCGGCCTTTCCC 

CCTACCCGAAGGGTGGGGGCGCGTGTGCAGCCCCGCAGGGCCTGTCTCGGTCGATCATTC 

AGCCCGGCTCATCCTTCGGATCTAGGCTTTACACTTTATGCTTCCGGCTCGTATAATGTG 

TGGGAATCGCTTGGTGGCCCGATGAAGAACGACAGGACTTTGCAGGCCATAGGCCGACAG 

CTCAAGGCCATGGGCTGTGAGCGCTTCGATATCGGCGTCAGGGACGCCACCACCGGCCAG 
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ATGATGAACCGGGAATGGTCAGCCGCCGAAGTGCTCCAGAACACGCCATGGCTCAAGCGG 

ATGAATGCCCAGGGCAATGACGTGTATATCAGGCCCGCCGAGCAGGAGCGGCATGGTCTG 

GTGCTGGTGGACGACCTCAGCGAGTTTGACCTGGATGACATGAAAGCCGAGGGCCGGGAG 

CCTGCCCTGGTAGTGGAAACCAGCCCGAAGAACTATCAGGCATGGGTCAAGGTGGCCGAC 

GCCGCAGGCGGTGAACTTCGGGGGCAGATTGCCCGGACGCTGGCCAGCGAGTACGACGCC 

GACCCGGCCAGCGCCGACAGCCGCCACTATGGCCGCTTGGCGGGCTTCACCAACCGCAAG 

GACAAGCACACCACCCGCGCCGGTTATCAGCCGTGGGTGCTGCTGCGTGAATCCAAGGGC 

AAGACCGCCACCGCTGGCCCGGCGCTGGTGCAGCAGGCTGGCCAGCAGATCGAGCAGGCC 

CAGCGGCAGCAGGAGAAGGCCCGCAGGCTGGCCAGCCTCGAACTGCCCGAGCGGCAGCTT 

AGCCGCCACCGGCGCACGGCGCTGGACGAGTACCGCAGCGAGATGGCCGGGCTGGTCAAG 

CGCTTCGGTGATGACCTCAGCAAGTGCGACTTTATCGCCGCGCAGAAGCTGGCCAGCCGG 

GGCCGCAGTGCCGAGGAAATCGGCAAGGCCATGGCCGAGGCCAGCCCAGCGCTGGCAGAG 

CGCAAGCCCGGCCACGAAGCGGATTACATCGAGCGCACCGTCAGCAAGGTCATGGGTCTG 

CCCAGCGTCCAGCTTGCGCGGGCCGAGCTGGCACGGGCACCGGCACCCCGCCAGCGAGGC 

ATGGACAGGGGCGGGCCAGATTTCAGCATGTAGTGCTTGCGTTGGTACTCACGCCTGTTA 

TACTATGAGTACTCACGCACAGAAGGGGGTTTTATGGAATACGAAAAAAGCGCTTCAGGG 

TCGGTCTACCTGATCAAAAGTGACAAGGGCTATTGGTTGCCCGGTGGCTTTGGTTATACG 

TCAAACAAGGCCGAGGCTGGCCGCTTTTCAGTCGCTGATATGGCCAGCCTTAACCTTGAC 

GGCTGCACCTTGTCCTTGTTCCGCGAAGACAAGCCTTTCGGCCCCGGCAAGTTTCTCGGT 

GACTGATATGAAAGACCAAAAGGACAAGCAGACCGGCGACCTGCTGGCCAGCCCTGACGC 

TGTACGCCAAGCGCGATATGCCGAGCGCATGAAGGCCAAAGGGATGCGTCAGCGCAAGTT 

CTGGCTGACCGACGACGAATACGAGGCGCTGCGCGAGTGCCTGGAAGAACTCAGAGCGGC 

GCAGGGCGGGGGTAGTGACCCCGCCAGCGCCTAACCACCAACTGCCTGCAAAGGAGGCAA 

TCAATGGCTACCCATAAGCCTATCAATATTCTGGAGGCGTTCGCAGCAGCGCCGCCACCG 

CTGGACTACGTTTTGCCCAACATGGTGGCCGGTACGGTCGGGGCGCTGGTGTCGCCCGGT 

GGTGCCGGTAAATCCATGCTGGCCCTGCAACTGGCCGCACAGATTGCAGGCGGGCCGGAT 

CTGCTGGAGGTGGGCGAACTGCCCACCGGCCCGGTGATCTACCTGCCCGCCGAAGACCCG 

CCCACCGCCATTCATCACCGCCTGCACGCCCTTGGGGCGCACCTCAGCGCCGAGGAACGG 

CAAGCCGTGGCTGACGGCCTGCTGATCCAGCCGCTGATCGGCAGCCTGCCCAACATCATG 

GCCCCGGAGTGGTTCGACGGCCTCAAGCGCGCCGCCGAGGGCCGCCGCCTGATGGTGCTG 

GACACGCTGCGCCGGTTCCACATCGAGGAAGAAAACGCCAGCGGCCCCATGGCCCAGGTC 

ATCGGTCGCATGGAGGCCATCGCCGCCGATACCGGGTGCTCTATCGTGTTCCTGCACCAT 

GCCAGCAAGGGCGCGGCCATGATGGGCGCAGGCGACCAGCAGCAGGCCAGCCGGGGCAGC 

TCGGTACTGGTCGATAACATCCGCTGGCAGTCCTACCTGTCGAGCATGACCAGCGCCGAG 

GCCGAGGAATGGGGTGTGGACGACGACCAGCGCCGGTTCTTCGTCCGCTTCGGTGTGAGC 

AAGGCCAACTATGGCGCACCGTTCGCTGATCGGTGGTTCAGGCGGCATGACGGCGGGGTG 

CTCAAGCCCGCCGTGCTGGAGAGGCAGCGCAAGAGCAAGGGGGTGCCCCGTGGTGAAGCC 

TAAGAACAAGCACAGCCTCAGCCACGTCCGGCACGACCCGGCGCACTGTCTGGCCCCCGG 

CCTGTTCCGTGCCCTCAAGCGGGGCGAGCGCAAGCGCAGCAAGCTGGACGTGACGTATGA 

CTACGGCGACGGCAAGCGGATCGAGTTCAGCGGCCCGGAGCCGCTGGGCGCTGATGATCT 

GCGCATCCTGCAAGGGCTGGTGGCCATGGCTGGGCCTAATGGCCTAGTGCTTGGCCCGGA 

ACCCAAGACCGAAGGCGGACGGCAGCTCCGGCTGTTCCTGGAACCCAAGTGGGAGGCCGT 

CACCGCTGAATGCCATGTGGTCAAAGGTAGCTATCGGGCGCTGGCAAAGGAAATCGGGGC 

AGAGGTCGATAGTGGTGGGGCGCTCAAGCACATACAGGACTGCATCGAGCGCCTTTGGAA 

GGTATCCATCATCGCCCAGAATGGCCGCAAGCGGCAGGGGTTTCGGCTGCTGTCGGAGTA 

CGCCAGCGACGAGGCGGACGGGCGCCTGTACGTGGCCCTGAACCCCTTGATCGCGCAGGC 

CGTCATGGGTGGCGGCCAGCATGTGCGCATCAGCATGGACGAGGTGCGGGCGCTGGACAG 

CGAAACCGCCCGCCTGCTGCACCAGCGGCTGTGTGGCTGGATCGACCCCGGCAAAACCGG 

CAAGGCTTCCATAGATACCTTGTGCGGCTATGTCTGGCCGTCAGAGGCCAGTGGTTCGAC 

CATGCGCAAGCGCCGCCAGCGGGTGCGCGAGGCGTTGCCGGAGCTGGTCGCGCTGGGCTG 

GACGGTAACCGAGTTCGCGGCGGGCAAGTACGACATCACCCGGCCCAAGGCGGCAGGCTG 

AGGCCGGCCTACGGCCAGCCTCGCAGAGCAGGATTCCCGTTGAGCACCGCCAGGTGCGAA 

TAAGGGACAGTGAAGAAGGAACACCCGCTCGCGGGTGGGCCTACTTCACCTATCCTGCCC 

GGCTGACGCCGTTGGATACACCAAGGAAAGTCTACACGAACCCTTTGGCAAAATCCTGTA 

TATCGTGCGAAAAAGGATGGATATACCGAAAAAATCGCTATAATGACCCCGAAGCAGGGT 

TATGCAGCGGAAAAGGACAACGCGCGGACCG 
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TTAATTAAAGCGGATAACAATTTCACACAGGAGGCCGCCTAGGCCGCGGCCGCGCGAATT 

CGAGCTCGGTACCCGGGGATCCTCTAGAGTCGACCTGCAGGCATGCAAGCTTGCGGCCGC 

GTCGTGACTGGGAAAACCCTGGCGACTAGTCTTGGACTCCTGTTGATAGATCCAGTAATG 

ACCTCAGAACTCCATCTGGATTTGTTCAGAACGCTCGGTTGCCGCCGGGCGTTTTTTATT 

GGTGAGAATCCAGGGGTCCCCAATAATTACGATTTACGTATTTAAATGAACCTTGACCGA 

ACGCAGCGGTGGTAACGGCGCAGTGGCGGTTTTCATGGCTTGTTATGACTGTTTTTTTGG 

GGTACAGTCTATGCCTCGGGCATCCAAGCAGCAAGCGCGTTACGCCGTGGGTCGATGTTT 

GATGTTATGGAGCAGCAACGATGTTACGCAGCAGGGCAGTCGCCCTAAAACAAAGTTAAA 

CATCATGAGGGAAGCGGTGATCGCCGAAGTATCGACTCAACTATCAGAGGTAGTTGGCGT 

CATCGAGCGCCATCTCGAACCGACGTTGCTGGCCGTACATTTGTACGGCTCCGCAGTGGA 

TGGCGGCCTGAAGCCACACAGTGATATTGATTTGCTGGTTACGGTGACCGTAAGGCTTGA 

TGAAACAACGCGGCGAGCTTTGATCAACGACCTTTTGGAAACTTCGGCTTCCCCTGGAGA 

GAGCGAGATTCTCCGCGCTGTAGAAGTCACCATTGTTGTGCACGACGACATCATTCCGTG 

GCGTTATCCAGCTAAGCGCGAACTGCAATTTGGAGAATGGCAGCGCAATGACATTCTTGC 

AGGTATCTTCGAGCCAGCCACGATCGACATTGATCTGGCTATCTTGCTGACAAAAGCAAG 

AGAACATAGCGTTGCCTTGGTAGGTCCAGCGGCGGAGGAACTCTTTGATCCGGTTCCTGA 

ACAGGATCTATTTGAGGCGCTAAATGAAACCTTAACGCTATGGAACTCGCCGCCCGACTG 

GGCTGGCGATGAGCGAAATGTAGTGCTTACGTTGTCCCGCATTTGGTACAGCGCAGTAAC 

CGGCAAAATCGCGCCGAAGGATGTCGCTGCCGACTGGGCAATGGAGCGCCTGCCGGCCCA 

GTATCAGCCCGTCATACTTGAAGCTAGACAGGCTTATCTTGGACAAGAAGAAGATCGCTT 

GGCCTCGCGCGCAGATCAGTTGGAAGAATTTGTCCACTACGTGAAAGGCGAGATCACCAA 

GGTAGTCGGCAAATAAGACAATTGTCCTTTTCCGCTGCATAACCCTGCTTCGGGGTCATT 

ATAGCGATTTTTTCGGTATATCCATCCTTTTTCGCACGATATACAGGATTTTGCCAAAGG 

GTTCGTGTAGACTTTCCTTGGTGTATCCAACGGCGTCAGCCGGGCAGGATAGGTGAAGTA 

GGCCCACCCGCGAGCGGGTGTTCCTTCTTCACTGTCCCTTATTCGCACCTGGCGGTGCTC 

AACGGGAATCCTGCTCTGCGAGGCTGGCCGTAGGCCGGCCTCAGCCTGCCGCCTTGGGCC 

GGGTGATGTCGTACTTGCCCGCCGCGAACTCGGTTACCGTCCAGCCCAGCGCGACCAGCT 

CCGGCAACGCCTCGCGCACCCGCTGGCGGCGCTTGCGCATGGTCGAACCACTGGCCTCTG 

ACGGCCAGACATAGCCGCACAAGGTATCTATGGAAGCCTTGCCGGTTTTGCCGGGGTCGA 
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TCCAGCCACACAGCCGCTGGTGCAGCAGGCGGGCGGTTTCGCTGTCCAGCGCCCGCACCT 

CGTCCATGCTGATGCGCACATGCTGGCCGCCACCCATGACGGCCTGCGCGATCAAGGGGT 

TCAGGGCCACGTACAGGCGCCCGTCCGCCTCGTCGCTGGCGTACTCCGACAGCAGCCGAA 

ACCCCTGCCGCTTGCGGCCATTCTGGGCGATGATGGATACCTTCCAAAGGCGCTCGATGC 

AGTCCTGTATGTGCTTGAGCGCCCCACCACTATCGACCTCTGCCCCGATTTCCTTTGCCA 

GCGCCCGATAGCTACCTTTGACCACATGGCATTCAGCGGTGACGGCCTCCCACTTGGGTT 

CCAGGAACAGCCGGAGCTGCCGTCCGCCTTCGGTCTTGGGTTCCGGGCCAAGCACTAGGC 

CATTAGGCCCAGCCATGGCCACCAGCCCTTGCAGGATGCGCAGATCATCAGCGCCCAGCG 

GCTCCGGGCCGCTGAACTCGATCCGCTTGCCGTCGCCGTAGTCATACGTCACGTCCAGCT 

TGCTGCGCTTGCGCTCGCCCCGCTTGAGGGCACGGAACAGGCCGGGGGCCAGACAGTGCG 

CCGGGTCGTGCCGGACGTGGCTGAGGCTGTGCTTGTTCTTAGGCTTCACCACGGGGCACC 

CCCTTGCTCTTGCGCTGCCTCTCCAGCACGGCGGGCTTGAGCACCCCGCCGTCATGCCGC 

CTGAACCACCGATCAGCGAACGGTGCGCCATAGTTGGCCTTGCTCACACCGAAGCGGACG 

AAGAACCGGCGCTGGTCGTCGTCCACACCCCATTCCTCGGCCTCGGCGCTGGTCATGCTC 

GACAGGTAGGACTGCCAGCGGATGTTATCGACCAGTACCGAGCTGCCCCGGCTGGCCTGC 

TGCTGGTCGCCTGCGCCCATCATGGCCGCGCCCTTGCTGGCATGGTGCAGGAACACGATA 

GAGCACCCGGTATCGGCGGCGATGGCCTCCATGCGACCGATGACCTGGGCCATGGGGCCG 

CTGGCGTTTTCTTCCTCGATGTGGAACCGGCGCAGCGTGTCCAGCACCATCAGGCGGCGG 

CCCTCGGCGGCGCGCTTGAGGCCGTCGAACCACTCCGGGGCCATGATGTTGGGCAGGCTG 

CCGATCAGCGGCTGGATCAGCAGGCCGTCAGCCACGGCTTGCCGTTCCTCGGCGCTGAGG 

TGCGCCCCAAGGGCGTGCAGGCGGTGATGAATGGCGGTGGGCGGGTCTTCGGCGGGCAGG 

TAGATCACCGGGCCGGTGGGCAGTTCGCCCACCTCCAGCAGATCCGGCCCGCCTGCAATC 

TGTGCGGCCAGTTGCAGGGCCAGCATGGATTTACCGGCACCACCGGGCGACACCAGCGCC 

CCGACCGTACCGGCCACCATGTTGGGCAAAACGTAGTCCAGCGGTGGCGGCGCTGCTGCG 

AACGCCTCCAGAATATTGATAGGCTTATGGGTAGCCATTGATTGCCTCCTTTGCAGGCAG 

TTGGTGGTTAGGCGCTGGCGGGGTCACTACCCCCGCCCTGCGCCGCTCTGAGTTCTTCCA 

GGCACTCGCGCAGCGCCTCGTATTCGTCGTCGGTCAGCCAGAACTTGCGCTGACGCATCC 

CTTTGGCCTTCATGCGCTCGGCATATCGCGCTTGGCGTACAGCGTCAGGGCTGGCCAGCA 

GGTCGCCGGTCTGCTTGTCCTTTTGGTCTTTCATATCAGTCACCGAGAAACTTGCCGGGG 

CCGAAAGGCTTGTCTTCGCGGAACAAGGACAAGGTGCAGCCGTCAAGGTTAAGGCTGGCC 

ATATCAGCGACTGAAAAGCGGCCAGCCTCGGCCTTGTTTGACGTATAACCAAAGCCACCG 

GGCAACCAATAGCCCTTGTCACTTTTGATCAGGTAGACCGACCCTGAAGCGCTTTTTTCG 

TATTCCATAAAACCCCCTTCTGTGCGTGAGTACTCATAGTATAACAGGCGTGAGTACCAA 

CGCAAGCACTACATGCTGAAATCTGGCCCGCCCCTGTCCATGCCTCGCTGGCGGGGTGCC 

GGTGCCCGTGCCAGCTCGGCCCGCGCAAGCTGGACGCTGGGCAGACCCATGACCTTGCTG 

ACGGTGCGCTCGATGTAATCCGCTTCGTGGCCGGGCTTGCGCTCTGCCAGCGCTGGGCTG 

GCCTCGGCCATGGCCTTGCCGATTTCCTCGGCACTGCGGCCCCGGCTGGCCAGCTTCTGC 

GCGGCGATAAAGTCGCACTTGCTGAGGTCATCACCGAAGCGCTTGACCAGCCCGGCCATC 

TCGCTGCGGTACTCGTCCAGCGCCGTGCGCCGGTGGCGGCTAAGCTGCCGCTCGGGCAGT 

TCGAGGCTGGCCAGCCTGCGGGCCTTCTCCTGCTGCCGCTGGGCCTGCTCGATCTGCTGG 

CCAGCCTGCTGCACCAGCGCCGGGCCAGCGGTGGCGGTCTTGCCCTTGGATTCACGCAGC 

AGCACCCACGGCTGATAACCGGCGCGGGTGGTGTGCTTGTCCTTGCGGTTGGTGAAGCCC 

GCCAAGCGGCCATAGTGGCGGCTGTCGGCGCTGGCCGGGTCGGCGTCGTACTCGCTGGCC 

AGCGTCCGGGCAATCTGCCCCCGAAGTTCACCGCCTGCGGCGTCGGCCACCTTGACCCAT 

GCCTGATAGTTCTTCGGGCTGGTTTCCACTACCAGGGCAGGCTCCCGGCCCTCGGCTTTC 

ATGTCATCCAGGTCAAACTCGCTGAGGTCGTCCACCAGCACCAGACCATGCCGCTCCTGC 

TCGGCGGGCCTGATATACACGTCATTGCCCTGGGCATTCATCCGCTTGAGCCATGGCGTG 

TTCTGGAGCACTTCGGCGGCTGACCATTCCCGGTTCATCATCTGGCCGGTGGTGGCGTCC 

CTGACGCCGATATCGAAGCGCTCACAGCCCATGGCCTTGAGCTGTCGGCCTATGGCCTGC 

AAAGTCCTGTCGTTCTTCATCGGGCCACCAAGCGATTCCCACACATTATACGAGCCGGAA 

GCATAAAGTGTAAAGCCTAGATCCGAAGGATGAGCCGGGCTGAATGATCGACCGAGACAG 

GCCCTGCGGGGCTGCACACGCGCCCCCACCCTTCGGGTAGGGGGAAAGGCCGCTAAAGCG 

GCTAAAAGCGCTCCAGCGTATTTCTGCGGGGTTTGGTGTGGGGTTTAGCGGGCTTTGCCC 

GCCTTTCCCCCTGCCGCGCAGCGGTGGGGCGGTGTGTAGCCTAGCGCAGCGAATAGACCA 

GCTATCCGGCCTCTGGCCGGGCATATTGGGCAAGGGCAGCAGCGCCCCACAAGGGCGCTG 

ATAACCGCGCCTAGTGGATTATTCTTAGATAATCATGGATGGATTTTTCCAACACCCCGC 
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CAGCCCCCGCCCCTGCTGGGTTTGCAGGTTTGGGGGCGTGACAGTTATTGCAGGGGTTCG 

TGACAGTTATTGCAGGGGGGCGTGACAGTTATTGCAGGGGTTCGTGACAGTTAGGGCGCG 

CCCAGCTGTCTAGGGCGGCGGATTTGTCCTACTCAGGAGAGCGTTCACCGACAAACAACA 

GATAAAACGAAAGGCCCAGTCTTTCGACTGAGCCTTTCGTTTTATTTGATGCCT 
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CACCCGCCGCGCTTAATGCGCCGCTACAGGGCGCGTCCATTCGCCATTCAGGCTGCGCAA 

CTGTTGGGAAGGGCGATCGGTGCGGGCCTCTTCGCTATTACGCCAGCTGGCGAAAGGGGG 

ATGTGCTGCAAGGCGATTAAGTTGGGTAACGCCAGGGTTTTCCCAGTCACGACGTTGTAA 

AACGACGGCCAGTGAATTGTAATACGACTCACTATAGGGCGAATTGGGCCCGACGTCGCA 

TGCTCCCGGCCGCCATGGCGGCCGCGGGAATTCGATTCTAAACTTACGGCATTGGCATCA 

ACGGGAGCCACCGTCGGAGTAGGGGAAGTAACAACGGGGGAACTGGTATTGGTGGGCAAA 

ATTTTTACTAGCCATTGATTCCATTGGGGCAGATTGAACGCTCCCAACCACCAAAGTCCC 

CCTAATACAACGACAGAACTAAATAACAGGAAAAAAGGAATCCAAGGAGTTACCCCTCTT 

TTATGGGATGGAACTTCATCGACATTAAAGGTGGGAGGGGGAGGAGGCAATGGGGACAAT 

GGTGGTCCAGAAAAGGAAGGTGGCTCCGACGTCAAGGCAACGGGACATCCACAGGATTCA 

CAGAAACGAACCTGGGGGCTAAGGCGGTTGCCACAATTAGTACAAAAAACGGGAGTAGTC 

ATAGGTGAAAACCCCGACTATAGAATTAGAAAAATTTAACTTTTTATCCGAATTTTATTC 

GTCCATGTTCCCCAAATAACTATCAAAATAATTGGAAAAATTAAATTATTTGGTCGTTGG 

TCACCGCTCCCTAAAGACCTGGCCATTGTAAAGAGATTACACCCGGGCGATTTACTTTTC 

GACCTCATTCTATTAGACTCTCGTTTGGATTGCAACTGGTCTATTTTCCTCTTTTGTTTG 

ATAGAAAATCATAAAAGGATTTGCAGACTACGGGCCTAAAGAACTAAAAAATCTATCTGT 

TTCTTTTCATTCTCTGTATTTTTTATAGTTTCTGTTGCATGGGCATAAAGTTGCCTTTTT 

AATCACAATTCAGAAAATATCATAATATCTCATTTCACTAAATAATAGTGAACGGCAGGT 

ATATGTGATGGGTTAAAAAGGATCGATCCTCTAGCGAACCCCAGAGTCCCGCTCAGAAGA 

ACTCGTCAAGAAGGCGATAGAAGGCGATGCGCTGCGAATCGGGAGCGGCGATACCGTAAA 

GCACGAGGAAGCGGTCAGCCCATTCGCCGCCAAGCTCTTCAGCAATATCACGGGTAGCCA 

ACGCTATGTCCTGATAGCGGTCCGCCACACCCAGCCGGCCACAGTCGATGAATCCAGAAA 

AGCGGCCATTTTCCACCATGATATTCGGCAAGCAGGCATCGCCATGGGTCACGACGAGAT 

CCTCGCCGTCGGGCATCCGCGCCTTGAGCCTGGCGAACAGTTCGGCTGGCGCGAGCCCCT 

GATGCTCTTCGTCCAGATCATCCTGATCGACAAGACCGGCTTCCATCCGAGTACGTGCTC 

GCTCGATGCGATGTTTCGCTTGGTGGTCGAATGGGCAGGTAGCCGGATCAAGCGTATGCA 

GCCGCCGCATTGCATCAGCCATGATGGATACTTTCTCGGCAGGAGCAAGGTGAGATGACA 
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GGAGATCCTGCCCCGGCACTTCGCCCAATAGCAGCCAGTCCCTTCCCGCTTCAGTGACAA 

CGTCGAGCACAGCTGCGCAAGGAACGCCCGTCGTGGCCAGCCACGATAGCCGCGCTGCCT 

CGTCTTGGAGTTCATTCAGGGCACCGGACAGGTCGGTCTTGACAAAAAGAACCGGGCGCC 

CCTGCGCTGACAGCCGGAACACGGCGGCATCAGAGCAGCCGATTGTCTGTTGTGCCCAGT 

CATAGCCGAATAGCCTCTCCACCCAAGCGGCCGGAGAACCTGCGTGCAATCCATCTTGTT 

CAATCATGCGAAACGATCCTCATCCTGTCTCTTGATCAGATCTTGATCCCCTGCGCCATC 

AGATCCTTGGCGGCAAGAAAGCCATCCAGTTTACTTTGCAGGGCTTCCCAACCTTACCAG 

AGGGCGCCCCAGCTGGCAATTCCGGTTCGCTTGCTGTCCATAAAACCGCCCAGTCTAGCT 

ATCGCCATGTAAGCCCACTGCAAGCTACCTGCTTTCTCTTTGCGCTTGCGTTTTCCCTTG 

TCCAGATAGCCCAGTAGCTGACATTCACCCGGGAAAAAAAAACCCCGCCCCTGACAGGGC 

GGGGTTTTTTTTCAGATAAAAAAAATCCTTAGCTTTCGCTAAGGATGATTTCTGCAATTG 

GCGGCCGCTTCTAGAATGCACTAGTAGCGGCCGCTGCAGTCCGGCAAAAAAACGGGCAAG 

GTGTCACCACCCTGCCCTTTTTCTTTAAAACCGAAAAGATTACTTCGCGTTGGAGAGCGT 

TCACCGACAAACAACAGATAAAACGAAAGGCCCAGTCTTTCGACTGAGCCTTTCGTTTTA 

TTTGATGCCTGGTACCGGGTGTAATCCATTGGGCACGAGAGTTAGTAAGGCAGTGGCAAT 

TAATAGAGGCTTATGGTTGATTCGCATTGTTTTGCTCCTGAAATTTTCGGCAAATACAAA 

TACTTCGCTCTTCTAGCCCTATTAACCATTTTAACGACAAATTGATGGGGCAACGATTAA 

CAAATAATGAATAAATTTTATGTTTTTCAAGATGAAAATTTGAAAATTTGATTTCCTTAT 

ATTTCTACTATAGAAGACTAATACAATTAGATCTAAAATTTGCAAGTATAAAAATCAGCA 

AATAGTTATATTGTTAATAATTCAATGACCCAATAACTCGTACTGTTATCTACGTGGTGA 

AAGCCAAAAAGACGAACAGTTTAGCCTCCTCCTCCTCGGCGATCGCCAAGCGAAATGTCA 

TGGGAGATGTTCAGATTGAGCATTTTTTTCTAAAAGCCCTTGCTAAAACAAACCACATGT 

GCAGGGTGTCCCCGATGTTGACTAAATTCAGCGGCTCGACCATATGGGAGAGCTCCCAAC 

GCGTTGGATGCATAGCTTGAGTATTCTATAGTGTCACCTAAATAGCTTGGCGTAATCATG 

GTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCACACAACATACGAGC 

CGGAAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGAGTGAGCTAACTCACATTAATTGC 

GTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAAT 

CGGCCAACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCTCTTCCGCTTCCTCGCTCAC 

TGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGT 

AATACGGTTATCCACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCA 

GCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCC 

CCCTGACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACT 

ATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCT 

GCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAG 

CTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCA 

CGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAA 

CCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGC 

GAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAG 

AAGAACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGG 

TAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCA 

GCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTC 

TGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAG 

GATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATA 

TGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACCTATCTCAGCGAT 

CTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACG 

GGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCTCACCGGC 

TCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGC 

AACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTC 

GCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTC 

GTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATC 

CCCCATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAA 

GTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCAT 

GCCATCCGTAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATA 

GTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACA 

TAGCAGAACTTTAAAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAG 

GATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTC 
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AGCATCTTTTACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGC 

AAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATA 

TTATTGAAGCATTTATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTTA 

GAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGATGCGGT 

GTGAAATACCGCACAGATGCGTAAGGAGAAAATACCGCATCAGGAAATTGTAAGCGTTAA 

TATTTTGTTAAAATTCGCGTTAAATTTTTGTTAAATCAGCTCATTTTTTAACCAATAGGC 

CGAAATCGGCAAAATCCCTTATAAATCAAAAGAATAGACCGAGATAGGGTTGAGTGTTGT 

TCCAGTTTGGAACAAGAGTCCACTATTAAAGAACGTGGACTCCAACGTCAAAGGGCGAAA 

AACCGTCTATCAGGGCGATGGCCCACTACGTGAACCATCACCCTAATCAAGTTTTTTGGG 

GTCGAGGTGCCGTAAAGCACTAAATCGGAACCCTAAAGGGAGCCCCCGATTTAGAGCTTG 

ACGGGGAAAGCCGGCGAACGTGGCGAGAAAGGAAGGGAAGAAAGCGAAAGGAGCGGGCGC 

TAGGGCGCTGGCAAGTGTAGCGGTCACGCTGCGCGTAACCACCA 
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Supplementary Datasheet S2 

 

pSEVA351 Ptrc.x.lacO::Ahbet 

 

 

 

>Ptrc.x.lacO::Ahbet 

AATTGTGAGCGCTCACAATTTTCTGAAATGAGCTGTTGACAATTAATCATCCGGCTCGTA 

TAATGTGTGGAATTGTGAGCGGATAACAATTTCACACATACTAGAGTACTAGAGATTAAA 

GAGGAGAAATACTAGATGGCGATTAAAGAGAAACAGGTGCAAGACTACGGTGAGAATCCC 

ATTGAAGTTCGTGACAGCGATCACTATCAAAACGAATACATCGAAGGGTTTGTTGAGAAA 

TGGGACGAACTTATTAATTGGCATGCCAGGTCAAGCTCCGAGGGCGAGTTCTTTATTAAG 

ACCCTTAAAGAACATGGTGCTAAGCGGGTACTAGATGCGGCCACAGGTACCGGCTTTCAT 

TCTATTCGACTAATTGAAGCCGGTTTCGATGTGGCCTCCGTTGATGGGAGCGTGGAAATG 

CTGGTTAAAGCCTTTGAGAACGCTACGCGCAAAGACCAGATCCTCCGCACCGTGCACTCC 

GACTGGCGTCAAGTTACACGTCATATTCAGGAAAGGTTTGATGCCGTGATTTGTCTAGGG 

AATAGTTTTACTCATCTATTTTCCGAGGAAGATCGCCGAAAGACATTAGCTGAGTTCTAT 

AGTGTATTGAAGCATGATGGGATTTTGATTCTTGACCAACGCAATTACGATTTGATCTTG 

GACGAAGGTTTTAAGAGCAAACATACCTACTACTACTGTGGGGATAATGTAAAGGCCGAA 

CCCGAATATGTTGACGATGGTTTGGCGCGCTTTAGATATGAGTTTCCAGATCAAAGCGTA 

TATCATCTGAACATGTTTCCCTTGAGGAAGGATTATGTTCGTCGCCTACTGCATGAAGTG 

GGTTTCCAGGATATTACGACCTATGGAGATTTTCAAGAAACCTATCACCAAGACGATCCC 

GATTTTTATATTCATGTGGCTAAAAAAGATTAATAATACTAGAGATTAAAGAGGAGAAAT 

ACTAGATGACAAAAGCCGATGCTGTAGCCAAACAAGCTCAAGACTACTATGATAGTGGAT 

CTGCCGATGGATTTTATTACAGGATTTGGGGGGGGGAGGACCTTCACATTGGGATTTATA 

ATACCCCCGATGAGCCCATTTATGATGCCTCCGTGCGCACCGTATCAAGGATTTGTGATA 

AAATTAAAAACTGGCCCGCCGGAACCAAAGTCCTGGACCTGGGGGCAGGGTATGGTGGCT 

CCGCGCGTTATATGGCGAAACATCATGGGTTTGATGTCGATTGCCTAAATATTTCCTTAG 

TCCAAAATGAACGGAATCGCCAGATGAATCAAGAACAAGGCCTGGCGGACAAGATCCGGG 
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TGTTTGATGGGAGCTTTGAGGAACTGCCATTCGAAAATAAATCCTATGATGTGCTTTGGA 

GCCAAGATTCCATATTGCATAGTGGCAACCGGCGGAAAGTGATGGAAGAAGCAGATAGGG 

TGTTAAAGTCCGGAGGTGATTTTGTTTTTACCGATCCGATGCAAACTGATAACTGCCCCG 

AAGGCGTATTGGAGCCTGTTTTAGCTCGAATCCATCTGGATTCTCTCGGCTCTGTCGGAT 

TTTACCGGCAAGTGGCCGAGGAACTAGGTTGGGAGTTTGTGGAGTTTGATGAACAAACCC 

ACCAACTCGTCAATCATTACAGCCGCGTGCTTCAAGAGCTAGAAGCCCATTATGATCAGT 

TGCAACCTGAATGTAGCCAAGAGTACCTAGACCGTATGAAAGTGGGGCTCAATCATTGGA 

TCAATGCTGGCAAAAGTGGGTATATGGCCTGGGGTATCTTAAAGTTTCATAAGCCCTAAT 

AACCTAGGATTAAAGAGGAGAAATACTAGATGACCGAAGGGCACCCGGATAAAGTATGTG 

ATCAAATTAGCGATACAATTTTGGACGCGTTACTGACCCTTGATCCCAATTCCCGCGTTG 

CCGCCGAAACAGTCGTTAACACCGGATTAACGTTGGTTACCGGCGAAATTACTTCCCAAG 

CCCACATCAACTTTGTAGAGTTGATTCGCCAAAAAATCGCGGAAATTGGTTATACTAATG 

CCGATAATGGCTATTCCGCCAACTCCTGTGCGGTTATGTTAGCTATCGACGAGCAAAGTC 

CCGATATCTCCCAGGGGGTGACAGCCGCTCAGGAACAGCGTCACGCGTTAAGTGACGACG 

AACTGGATAAAATTGGGGCGGGGGATCAAGGTCTGATGTTTGGTTACGCCTGTAATGAGA 

CACCGGAGCTAATGCCCCTACCTATTAGTTTGGCCCATAGAATTGCGCTGCGGCTTTCCG 

AAGTGCGCAAATCCGGCCAACTAGCGTACCTCAGGCCAGATGGTAAGACCCAAGTCAGTA 

TTTTGTACGAAGATGGTTCCCCTGTAGCTATTGATACTATTTTAATCTCCACTCAACATG 

ACGAGCACATTGGGGATATTACCGATAACGATGCCGTTCAAGCCAAAATCAAAGCTGATT 

TGTGGGACGTGGTAGTCGGGCACTGTTTTTCTGATATTGCCTTGAAGCCTACTGACAAGA 

CCCGCTTTATTGTAAACCCAACGGGCAAGTTCGTGGTTGGCGGTCCCCAGGGTGATGCGG 

GTCTGACTGGCCGCAAGATTATCGTTGATACCTATGGCGGGTACTCCCGGCATGGCGGGG 

GAGCTTTTTCTGGCAAAGATCCTACTAAAGTTGACCGGAGTGCCGCTTACGCCGCCCGTT 

ACGTTGCAAAAAACATCGTCGCCGCGGGTTTAGCCGATAAATGTGAAGTCCAAGTATCTT 

ATGCCATTGGGGTTGCGCGGCCAGTTTCGGTTTTGATCGATACGTTCGGAACCGGCAAAG 

TGGACGAGGAAAAACTCTTGGAAGTGGTCTTGGCCAACTTTGAATTGCGTCCAGCGGGGA 

TCATTCAATCTTTGAACCTCCGCAACCTCCCCGCCGAACGCGGGGGTCGTTTCTATCAAG 

ATGTGGCCGCGTACGGCCACTTTGGTCGTAATGATCTCGACCTCCCCTGGGAGTACACCG 

ACAAAGTTGACGTTTTGAAGGCCGCCTTTGCGTCAAGTCCTCAAGCTGTGGCTGTTTAAT 

AACCTAGGCCAGGCATCAAATAAAACGAAAGGCTCAGTCGAAAGACTGGGCCTTTCGTTT 

TATCTGTTGTTTGTCGGTGAACGCTCTCTACTAGAGTCACACTGGCTCACCTTCGGGTGG 

GCCTTTCTGCGTTTATA 
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Chapter V. Design and assembly of devices for the 

production of other compatible solutes in Synechocystis sp. 

PCC 6803 
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5.1 Introduction 

Microorganisms can accumulate large amounts of specific small organic molecules, named 

compatible solutes, to balance the intra and extracellular osmotic pressure (Kempf & 

Bremer, 1998). The solutes accumulated by extremophilic bacteria, also referred to as 

extremolytes,  are crucial to enable their survival in hostile habitats (Brown, 1976; Lentzen 

& Schwarz, 2006). Under extreme salinity conditions, extremophilic bacteria can 

accumulate ectoine, hydroxyectoine, proline, mannitol, glycine betaine, and trehalose 

whereas, under extreme temperatures, the preferential compatible solutes are 

glucosylglycerol, glucosylglycerate, mannosylglycerate and mannosylglyceramide (Becker 

& Wittmann, 2020). 

Among the variety of compatible solutes, ectoine (1,4,5,6-tetrahydro-2-methyl-4-

pyrimidinecarboxylic acid) and its hydroxylated derivative hydroxyectoine (1,4,5,6-

tetrahydro-2-methyl-5-hydroxy-4-pyrimidinecarboxylic acid) are ubiquitous compounds 

(Galinski & Trüper, 1994; Inbar & Lapidot, 1988). L-aspartate-β-semialdehyde is the 

precursor for the synthesis of these compatible solutes, and it is produced from L-aspartate, 

which is phosphorylated by aspartate kinase (AsK) and then converted to the L-aspartate-

β-semialdehyde by the dehydrogenase AsD. L-aspartate-β-semialdehyde is then converted 

by L-diaminobutyric acid transaminase (EctB) into L-2,4-diaminobutyrate that is 

subsequently acetylated to N-acetyl-2,4-diaminobutyrate by the enzyme L-diaminobutyric 

acid acetyltransferase (EctA). Finally, ectoine is synthesized through the cyclic 

condensation of N-acetyl-2,4-diaminobutyrate that is catalysed by the enzyme ectoine 

synthase (EctC). In an additional step, the enzyme ectoine hydroxylase (EctD) catalyses 

the hydroxylation of ectoine to hydroxyectoine (Figure 1A) (Pastor et al., 2010; Vargas et 

al., 2008). In addition to acting as osmotic protective agents, ectoine and hydroxyectoine 

are also excellent biofunctional stabilizers (Barth et al., 2000; Bünger et al., 2001; Graf et 

al., 2008; Lippert & Galinski, 1992) and skin protectors against ageing, dehydration, 

inflammation or UV radiation (Buenger & Driller, 2004; Bünger et al., 2001; Graf et al., 2008; 

Heinrich et al., 2007; Motitschke et al., 2000). These compatible solutes have potential 

therapeutic uses against atopic dermatitis, lung inflammation, small bowel ischemia and 

amyloid formation in diabetes and Alzheimer’s diseases (Arora et al., 2004; Kanapathipillai 

et al., 2005; Marini et al., 2014; Sydlik et al., 2009; Wei et al., 2009). The widespread 

application of these solutes in biotechnology, cosmetics, and medicine has increased their 

demand and thus they have become added-value compounds. Currently, ectoine is 

produced in large scale through the “bacterial milking” process using the halophilic 

bacterium Halomonas elongata (Kunte et al., 2014). In this process, high salt concentrations 

are required for product formation and subsequently, a hypo-osmotic shock is applied to 

promote the cellular release of ectoine to the medium (Sauer & Galinski, 1998). More 
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recently, “super-leaky” mutants of H. elongata were generated to excrete ectoine during 

high-salt production, avoiding the need for a hypo-osmotic shock to recover the product 

(Kunte et al., 2014). However, the high salinity makes the wastewater treatment process 

difficult, has high costs related to design/durability of the bioreactors, increases the process 

length and leads to relatively low production yields (Becker et al., 2013; Lang et al., 2011; 

Onraedt et al., 2005; Schubert et al., 2007). To overcome these disadvantages, efforts have 

been made to develop and optimize systems that uncouple ectoine production from high 

osmolarity, using metabolic engineered microorganisms, such as Halomonas 

hydrothermalis, Escherichia coli or Corynebacterium glutamicum (Gießelmann et al., 2019; 

Ning et al., 2016; Zhao et al., 2019). The next generation strategies may be focused on the 

potential of ectoine-producing strains that use inexpensive carbon sources, such as 

cyanobacteria that can convert CO2 into bioproducts, which is also beneficial for the 

environment by sequestrating the excess of atmospheric carbon (Zhang et al., 2017). 

Mannosylglycerate is one of the most widespread compatible solutes among marine 

hyperthermophiles (Santos et al., 2007). This compound is synthesized via a two-step 

pathway: the enzyme mannosyl-3-phosphoglycerate synthase (MpgS) catalyses the 

reaction of GDP-mannose and 3-phosphoglycerate into mannosyl-3-phosphoglycerate, 

which is subsequently dephosphorylated by mannosyl-3-phosphoglycerate phosphatase 

(MpgP) generating mannosylglycerate (Borges et al., 2014; Martins et al., 1999). 

Interestingly, the mesophilic bacterium Dehalococcoides mccartyi (formerly 

Dehalococcoides ethenogenes) harbours a single gene (mgsD), encoding an enzyme with 

two domains that has high sequence homology to the known MpgS and MpgP (Empadinhas 

et al., 2004). This compatible solute showed to be one of the best protein stabilizers tested 

in vitro (Borges et al., 2002; Faria et al., 2008). Importantly, mannosylglycerate acts as an 

enhancer for cosmetic ingredients penetration and can be used as potential treatment for 

diseases such as Alzheimer’s or Parkinson’s, making mannosylglycerate very attractive for 

cosmetic and medical industries (Faria et al., 2013; Ryu et al., 2008; Schwarz, 2005). 

Initially, mannosylglycerate has been obtained by extracting it from the hyperthermophilic 

species of Archaea, Pyrococcus furiosus (Martins & Santos, 1995). More recently, the 

heterologous expression of MgsD was successfully achieved in Saccharomyces cerevisiae 

and the production of mannosylglycerate was optimized by metabolic engineering 

(Empadinhas et al., 2004; Faria et al., 2018). However, both for native and heterologous 

production, the efficiency is low and the overall performance is rather weak (Becker & 

Wittmann, 2020). 

Aiming at producing (hydroxy)ectoine using the photoautotrophic cyanobacterium 

Synechocystis sp. PCC 6803 (hereafter Synechocystis), we designed and synthesized two 
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constructs. For the production of mannosylglycerate, a device was constructed and 

implemented into the Synechocystis wild-type and ∆ggpS chassis. 

 

5.2 Material and Methods 

 

5.2.1 Reagents and enzymes 

The media components and other reagents were obtained from Fisher Scientific (USA), 

Merck (Germany) or Sigma Aldrich (USA), and noble agar from Difco (USA). All DNA-

modifying enzymes and polymerases were purchased from Thermo Fisher Scientific (USA) 

and Promega (USA), and standard molecular biology kits were obtained from NZY Tech 

(Portugal). The Sanger sequencing and oligo synthesis services were provided by STAB 

VIDA, Lda. (Portugal). 

 

5.2.2 Organisms and culture conditions 

Wild-type and mutants of the unicellular, non-motile cyanobacterium Synechocystis sp. 

PCC 6803 substrain GT-Kazusa (Kanesaki et al., 2012; Trautmann et al., 2012) (obtained 

from the Pasteur Culture Collection, France) were maintained in Erlenmeyer flasks batch 

cultures with BG11 medium (Stanier et al., 1971) at 30 ºC with orbital shaking (150 rpm) 

under a 12 h light /12 h dark regimen. Light intensity was 25 μE/m2/s in all experiments and 

Cosine-corrected irradiance was measured using a Dual Solar/Electric Quantum Meter 

(Spectrum Technologies, Inc.; USA). For solid BG11, the medium was supplemented with 

1.5% (wt/vol) noble agar, 0.3% (wt/vol) sodium thiosulfate and 10 mM TES-KOH buffer, pH 

8.2 (Stanier et al., 1971). For the selection and maintenance of mutants, BG11 medium was 

supplemented with kanamycin (Km, 10-25 µg/mL). For cloning purposes, E. coli strains 

MG1655, DH5α and TOP10 were used. Cells were grown at 37 ºC in LB medium (Sambrook 

& Russel, 2001), supplemented with ampicillin (Amp, 100 µg/mL) or Km (50 µg/mL). 

 

5.2.3 DNA and RNA extraction 

Cyanobacterial genomic DNA (gDNA) extraction was carried out according to the procedure 

described previously (Tamagnini et al., 1997). For RNA extraction, 50 mL of Synechocystis 

culture at OD730 ≈ 1, grown in BG11 or BG11 supplemented with 3% or 5% (wt/vol) NaCl (in 

the conditions described above), were centrifuged for 10 min at 4,470 g; cell pellets were 

treated with RNAprotect Bacteria Reagent (Qiagen, Germany) according to instructions, 

and stored at -80 °C. RNA was extracted using the TRIzol® Reagent (Ambion) according 

to the method described previously (Leitão et al., 2006) with adaptations. Cells were 

disrupted using a FastPrep®-24 (MP Biomedicals) in 2 cycles of 1 min at 4.0 m/s and the 
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RNA samples were treated with 1 U of RQ1 RNase-Free DNase (Promega) according to 

manufacturer’s instructions. 

 

5.2.4 Design, DNA synthesis and assembly of the devices 

Two synthetic constructs meant for the production of (hydroxy)ectoine were designed. One 

was based on the information available for Chromohalobacter salexigens - Cs(h)ect - and 

includes the Open Reading Frames (ORFs) from ectA (L-diaminobutyric acid 

acetyltransferase), ectB (L-diaminobutyric acid transaminase), ectC (ectoine synthase) and 

ectD (ectoine hydroxylase) genes. The other construct was based on the metabolic pathway 

described for Methylomicrobium alcaliphilum - Ma(h)ect - containing the ORFs from 

ectABCD and asK (aspartate kinase) genes. All the ORF sequences were codon optimized 

for Synechocystis using the Gene Designer 2.0 software (DNA 2.0, Inc.; USA), the 

restriction sites incompatible with BioBrick™ standard RFC[10] were eliminated and double 

stops codons included. Each ORF is preceded by the BioBrick™ (BB) ribosome binding site 

(RBS) B0030 and, the double terminator B0015 was included after the ectD or asK ORFs. 

In addition, the synthetic constructs are flanked by the prefix and suffix sequences of the 

BB RFC[10] standard. All the BB sequences were retrieved from the Registry of Standard 

Biological Parts (parts.igem.org). Subsequently, the sequences of the two synthetic 

constructs Cs(h)ect and Ma(h)ect were synthesized and cloned into SmaI digested pSB3K3 

or pBluescript II SK(-) (Epoch Life Science, Inc.; USA), respectively (Table 1). These 

plasmids were cut with XbaI and PstI and the plasmids (pJ201) with the promoters Ptrc.x.tetO2 

or Ptrc.x.lacO were cut with SpeI and PstI. 

The device for the synthesis of mannosylglycerate harbours the mgsD ORF sequence from 

D. mccartyi that encodes the bifunctional protein able to catalyse the synthesis of this 

compatible solute. For the construction of the mannosylglycerate device, the mgsD ORF 

was PCR-amplified from the plasmid pRS425 with the primers BB.mgsD.F/R (Table 2), 

using Phusion high-fidelity DNA polymerase, according to the manufacturer’s instructions. 

The PCR product was purified using NZYGelpure kit, digested with EcoRI and SpeI and 

cloned in pSB1A2 plasmid (Table 1), digested with the same restriction enzymes. The PrnpB 

B0030 fragment (Ferreira et al., 2018) was excised from pSB1A2 using EcoRI and SpeI 

and cloned upstream of mgsD ORF in pSB1A2 (cut with EcoRI and XbaI). The generated 

device PrnpB::mgsD (Table 1) was cut from pSB1A2 with EcoRI and SpeI and transferred to 

pSEVA251 shuttle vector, obtained from the “Standard European Vector Architecture” 

repository (Silva-Rocha et al., 2013), digested with XbaI and EcoRI and dephosphorylated 

(Table 1). The assembly of the device was confirmed by PCR, restriction analysis and 

Sanger sequencing. 
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Table 1. List of plasmids used in this study. 

 

 

Table 2. List of primers used in this study. 

*Restriction enzyme recognition sites are underlined 

** Ta – annealing temperature 

 

5.2.5 Introduction of the mannosylglycerate device into Synechocystis 

The pSEVA251 plasmid containing the device PrnpB::mgsD was introduced into 

Synechocystis by electroporation following the protocol previously described (Ferreira et 

al., 2018). The presence of the device was confirmed in Synechocystis transformants by 

PCR using specific primers (Table 2), as described by Ferreira et al. (2018). 

 

5.2.6 Transcription analysis by RT-PCR 

After RNA extraction, RNA concentration and purity (the ratios A260/A280 and A260/A230) were 

measured using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Inc.; 

USA). The quality and integrity of the RNA samples was also inspected in 1% (wt/vol) 

agarose gel performed by standard protocols using TAE buffer. The absence of genomic 

DNA contamination was checked by PCR, in reaction mixtures containing: 0.5 U of GoTaq® 

G2 Flexi DNA Polymerase, 1x Green GoTaq Flexi buffer, 200 µM of each dNTP, 1.5 mM 

Designation Plasmid Description Source 

Cs(h)ect pSB3K3 (Hydroxy)ectoine construct based on C. salexigens This study 

Ma(h)ect pBSK (Hydroxy)ectoine construct based on M. alcaliphilum This study 

mgsD pRS425 Mannosylglycerate ORF based on D. mccartyi 
Provided by Prof. H. 

Santos (ITQB) 

mgsD pSB1A2 Mannosylglycerate ORF based on D. mccartyi This study 

PrnpB B0030 

mgsD 

pSB1A2 / 

pSEVA251 
Mannosylglycerate device This study 

Primer name Sequence* 
Ta 

(ºC)** 
Purpose 

Reference

/Source 

BB.mgsD.F 
GTTTCTTCGAATTCGCGGCCGCTTCTAG

ATGCGCATTGAAAGCCTGCGTCCC 

72 
Amplification of 

mgsD ORF 
This study 

BB.mgsD.R 

GTTTCTTCCTGCAGCGGCCGCTACTAGT

ATTATTATTATTCCATGGGCAGTATTAT

ATC 

mgsD.F GCCTGGCAGTTATCTATCAC 

54 

Confirmation of the 

presence of 

pSEVA251 

PrnpB::mgsD in 

Synechocystis 

This study 

PS2 GCGGCAACCGAGCGTTC 

Silva-

Rocha et 

al. (2013) 

BD16SF1 CACACTGGGACTGAGACAC 
56 

RNA and cDNA 

control PCRs 

Pinto et al. 

(2012) BD16SR1 CTGCTGGCACGGAGTTAG 

RT_mgsD.F GAGATGGTAGACCAACAGGC 
56 RT-PCR This study 

RT_mgsD.R GCGGATAAGCCCGTCTTTAC 
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MgCl2, 0.25 µM of each BD16S primers (Table 2), and 200 ng of total RNA. The PCR profile 

was: 5 min at 95 °C followed by 25 cycles of 20 s at 95 °C, 20 s at 56 °C and 20 s at 72 °C, 

and a final extension at 72 °C for 5 min. The PCR reactions were run on 1% (wt/vol) agarose 

gel as described above. For cDNA synthesis, 1 µg of total RNA was transcribed with the 

iScriptTM Select cDNA Synthesis Kit (Bio-Rad) in a final volume of 20 µL, following the 

manufacturer’s instructions. A control PCR was performed using 1 µL of cDNA as template, 

the BD16S primers (Table 2), and the same reaction conditions and PCR program 

described above. RT-PCR was performed using 1 µL of template cDNA and the primer pair 

RT_mgsD.F/R (Table 2). The absence/presence and size of the amplicon were checked by 

agarose gel electrophoresis. 

 

5.2.7 Compatible solutes quantification 

Cultures of Synechocystis wild-type (WT) and the ∆ggpS mutant harbouring the PrnpB::mgsD 

device were grown in BG11 supplemented with 3% (wt/vol) NaCl, in the conditions 

described above, at an initial OD730≈0.5. The quantification of the compatible solutes - 

sucrose, glutamate, glucosylglycerol and mannosylglycerate - was performed using 500 mL 

of culture (distributed in 50 mL cultures in 100 mL Erlenmeyer flasks). Four days after 

inoculation, cells were harvested by centrifugation at 4,470 g for 10 min at RT. Cells were 

washed by adding 100 mL of cold distilled water with 3% (wt/vol) NaCl solution (identical to 

the growth medium). Centrifugation was repeated and the cell pellet was resuspended in 

50 mL of the respective solution. From this suspension, a 0.5 mL aliquot was centrifuged 

and stored at -20 ºC to be used later for protein quantification. The remaining cell 

suspension was centrifuged at 4 ºC and the cell pellet was stored at -20 ºC. Ethanol-

chloroform extraction of the compatible solutes was performed as described in Ferreira et 

al. (2018) with adaptations. Briefly, cell pellets were suspended in 25 mL of 80% (vol/vol) 

ethanol and subsequently transferred to a 100 mL round flask containing a magnetic stirrer. 

The flask was connected to a coil condenser (circulating cold water) and heated at 100 ºC 

with stirring, for 10 min. The suspension was transferred to a 50 mL tube and centrifuged 

at 4,000 g for 10 min at RT. The supernatant was stored, and the pellet resuspended in 20 

mL of 80% (vol/vol) ethanol for a new extraction process. The remainder protocol was 

performed as described in Santos et al. (2006), and the detection, identification and 

quantification of compatible solutes was performed by Proton NMR (at ITQB magnetic 

resonance center, CERMAX). For the normalization of the compatible solutes 

concentration, protein content was determined using crude cell extracts obtained by 

sonication, as described by Pinto et al. (2015); and protein quantification was performed 

using the Bio-Rad Protein Assay. The compatible solutes concentration was expressed as 

µmol per mg of protein. 
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5.3 Results and Discussion 

 

5.3.1 (Hydroxy)ectoine 

Envisaging the heterologous production of (hydroxy)ectoine in Synechocystis, two 

constructs were designed based on the biosynthetic pathways described for the halophilic 

bacteria Chromohalobacter salexigens (Cs) and Methylomicrobium alcaliphilum (Ma) 

(Figure 1A, Garcia-Estepa et al. (2006); Reshetnikov et al. (2006)). The two constructs, 

Cs(h)ect and Ma(h)ect, contain the Open Reading Frames (ORFs) ectABC for the synthesis 

of ectoine, and additionally the ectD for the synthesis of hydroxyectoine. The enzymes 

aspartate kinase (AsK) and L-aspartate-β-semialdehyde dehydrogenase (AsD), also 

involved in the production of (hydroxy)ectoine, are natively synthesized by Synechocystis. 

In the case of the Ma(h)ect construct, the asK ORF was included since, in M. alcaliphilum, 

it is part of the same operon ectABCasK (Reshetnikov et al., 2006). The sequences of all 

the ORFs were codon optimized for Synechocystis. For an approximate indication of the 

likely success of expression of the codon-optimized sequences in Synechocystis, the codon 

adaptation index (CAI) was calculated, since it is a measurement of the relative 

adaptiveness of the codon usage of a gene toward the codon usage of highly expressed 

genes (Puigbò et al., 2008). The results obtained indicate that the optimized sequences are 

more likely to be expressed in Synechocystis than the original ones (Table 3). 

 

Table 3. Codon adaptation index (CAI) of the original and codon optimized sequences of ectA, 

ectB, ectC, ectD and asK from C. salexigens (Cs) or M. alcaliphilum (Ma) for Synechocystis sp. 

PCC 6803. 

 

 

 

 

 

 

In addition, the restriction sites incompatible with the BioBrick standard RFC[10] were 

eliminated. The RBS B0030 and double stop codons (TAATAA) were included before and 

after each ORF, respectively. A double terminator (B0015) was included in the end of the 

synthetic constructs (Figure 1B, Cs(h)ect and Ma(h)ect), that were flanked by the prefix and 

Sequence CAI - original CAI - optimized 

Cs_ectA 0.65 0.75 

Cs_ectB 0.67 0.76 

Cs_ectC 0.67 0.75 

Cs_ectD 0.65 0.74 

Ma_ectA 0.69 0.73 

Ma_ectB 0.72 0.73 

Ma_ectC 0.71 0.77 

Ma_ectD 0.66 0.76 

Ma_asK 0.72 0.74 
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suffix sequences of the BioBrick RFC[10] standard (Canton et al., 2008), enabling the use 

of the standard assembly method to include the regulatory element (promoter). 

 

 

Figure 1. (Hydroxy)ectoine biosynthetic pathway based on Chromohalobacter salexigens (Cs) or 

Methylomicrobium alcaliphilum (Ma). Ask - Aspartate kinase, AsD - L-aspartate-β-semialdehyde 

dehydrogenase, EctB - L-diaminobutyric acid transaminase, EctA - L-diaminobutyric acid 

acetyltransferase, EctC - Ectoine synthase, EctD - Ectoine hydroxylase,  Glu – Glutamate, αKG - α-

ketoglutarate, AcCoA - Acetyl-coenzyme A, CoA - Coenzyme A, Succ - Succinate (A). The 

(hydroxy)ectoine synthetic constructs Cs(h)ect and Ma(h)ect include the RBS B0030, the ORFs ectA, 

ectB, ectC, ectD, asK codon optimized for Synechocystis sp. PCC 6803, and the double terminator 

B0015 (B). 

 

After the synthesis of the constructs, we attempted to clone them under control of Ptrc.x.lacO 

or Ptrc.x.tetO2 (for more details see Chapter III), in TOP10 or MG1655 E. coli strains. However, 

no transformant colonies were obtained. This could be due to a metabolic burden at the 

transcriptional level caused by the strength of the promoters used or other unknown factors. 

Possible ways to surpass the metabolic burden would be to use a weak promoter such as 
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PrnpB (Huang et al., 2010) or to use an E. coli strain harbouring the regulators LacI or TetR 

to repress the transcription. However, further experiments are needed to reach definitive 

conclusions. 

 

5.3.2 Mannosylglycerate 

For the heterologous production of mannosylglycerate in Synechocystis, a device was 

designed based on the metabolic pathway described for the mesophilic bacterium D. 

mccartyi (Figure 2A) (Empadinhas et al., 2004). This device comprises mgsD that encodes 

the mannosyl-3-phosphoglycerate synthase and mannosyl-3-phosphoglycerate 

phosphatase (Empadinhas et al., 2004). The codon adaptation index (CAI) was above 0.69, 

indicating a high probability of successful expression in Synechocystis and thus, the 

sequence was not codon optimized for Synechocystis. The reference cyanobacterial 

constitutive promoter PrnpB (Huang et al., 2010) and the RBS B0030 were cloned upstream 

of the mgsD ORF, originating the PrnpB::mgsD device (Figure 2B). 

 

 

Figure 2. Mannosylglycerate biosynthesis based on Dehalococcoides mccartyi involves MgsD 

(mannosyl-3-phosphoglycerate synthase and mannosyl-3-phosphoglycerate phosphatase) (A). The 

PrnpB::mgsD device for the production of mannosylglycerate in Synechocystis sp. PCC 6803 includes 

the promoter PrnpB, the RBS B0030 and the mgsD ORF (B). 

 

The PrnpB::mgsD device was implemented into the Synechocystis wild-type (WT) and the 

∆ggpS chassis (for more details on this mutant see Chapter IV), using the replicative 

plasmid pSEVA251. The presence of the device was confirmed by PCR (Figure 3). 
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Figure 3. PCR analysis confirming the presence of pSEVA251 PrnpB::mgsD in Synechocystis sp. 

PCC 6803 wild-type (WT) and the ∆ggpS mutant. PCR reactions were performed using mgsD.F and 

PS2 primers (primers listed in Table 2). The expected amplicon size is indicated to the left. C+, 

positive control (pSEVA251 PrnpB::mgsD); C1-, negative control (Synechocystis WT genomic DNA); 

C2-, negative control (no DNA template); M, molecular marker: GeneRuler DNA Ladder Mix (Thermo 

Fisher ScientificTM); bp, base pairs. 

 

For the transcriptional analysis, cultures of Synechocystis WT and the ∆ggpS mutant 

harbouring the PrnpB::mgsD device were grown in BG11 or BG11 supplemented with 3% or 

5% NaCl and harvested for RNA extraction. The transcription of mgsD was analyzed by 

RT-PCR. Preliminary results showed that mgsD is transcribed in the two transformants (WT 

and ∆ggpS) and in all conditions tested (0%, 3% and 5% NaCl, Figure 4). 

 

 

Figure 4. RT-PCR detection of mgsD transcript in Synechocystis sp. PCC 6803 WT and ∆ggpS 

mutant harbouring the device PrnpB::mgsD. The total RNA was isolated from cultures grown in BG11 

or BG11 supplemented with 3% or 5% (wt/vol) NaCl. RT-PCRs were performed using RT_mgsD.F/R 

primers (primers listed in Table 2). The expected amplicon size is indicated to the left. C+, positive 

control (pSEVA251 PrnpB::mgsD); C-, negative control (no DNA template); M, molecular marker: 

GeneRuler DNA Ladder Mix (Thermo Fisher ScientificTM); WT, wild-type; bp, base pairs. 

 

In addition to the transcriptional analysis, the compatible solutes pools of Synechocystis WT 

PrnpB::mgsD and ∆ggpS PrnpB::mgsD were analysed by H-NMR. Preliminary results showed 

that no mannosylglycerate could be detected in cultures grown under 3% NaCl. The amount 

of the native compatible solutes sucrose, glutamate or glucosylglycerol was very similar to 

the ones obtained for the respective backgrounds in 3% NaCl [see Chapter IV, Figure 2A 

(WT) and Figure 2C (∆ggpS)]. 
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The fact that mannosylglycerate was not detected could be related to low transcript levels 

of mgsD, as the PrnpB promoter used in the device is weak (Huang et al., 2010). This could 

be solved by replacing it by a stronger promoter, e.g. Ptrc.x.tetO2 or Ptrc.x.lacO (Ferreira et al., 

2018). However, the absence of mannosylglycerate could also be due to the unavailability 

or low availability of the required precursors, GDP-mannose or 3-phosphoglycerate. This 

issue could be addressed by supplementing the culture medium with these precursors. 

Alternatively, the synthesis of the precursors could be enhanced by overexpressing part of 

the respective pathways. Previously, Empadinhas et al. (2004) did not obtain synthesis of 

mannosylglycerate in E. coli containing the mgsD from D. mccartyi, perhaps because the 

required substrates were not available (Empadinhas et al., 2004). Recently, 

Saccharomyces cerevisiae, containing mgsD, was metabolically engineered to enhance the 

synthesis of GDP-mannose by overexpressing the genes encoding mannose-6-phosphate 

isomerase and GDP-mannose pyrophosphorylase, which increased the yield and 

productivity of mannosylglycerate (Faria et al., 2018). 
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6.1 Expanding the synthetic biology toolbox for Synechocystis 

The development of a well-characterized cyanobacterial synthetic biology toolbox is of 

utmost importance to render cyanobacteria as efficient, sustainable and economically viable 

cell factories. However, the majority of the available tools have been developed for 

heterotrophic chassis like E. coli or Saccharomyces cerevisiae (Liu et al., 2020; Tsai et al., 

2015; Xu et al., 2012) and most of the regulatory elements characterized in these organisms 

function rather poorly or not at all in cyanobacteria, since the performance of biological parts 

is influenced by the genomic context (Cardinale & Arkin, 2012; Huang et al., 2010). 

Therefore, we placed a considerable effort on the design and construction of a customized 

toolbox for Synechocystis sp. PCC 6803 (hereafter Synechocystis) (Chapter III, Ferreira et 

al. (2018)). The toolbox comprises fourteen promoters: five heterologous promoters well 

described and routinely used in E. coli either from bacterial origin (PluxR, ParaC, PBADwt) or 

bacteriophage-derived (PλcI, PT7pol); eight redesigned promoters based on PT7pol (PT7.1.x.lacO, 

PT7.2.x.lacO, PT7.3.x.lacO), on Ptrc1O (Ptrc.x.tetO1, Ptrc.x.tetO2, Ptrc.x.araO, Ptrc.x.lacO) and on PpsbA2 (PpsbA2*); 

and one hybrid (PtacI). This set of promoters was characterized using GFP as reporter and 

showed a wide range of activities varying from 0.13- to 41-fold compared to the 

cyanobacterial reference PrnpB. Three of them (PλcI, Ptrc.x.lacO and Ptrc.x.tetO1) were efficiently 

repressed (up to 99%). The LacI- and TetR-regulated redesigned promoters could be de-

repressed (up to 2.3-fold) upon isopropyl β-D-1-thiogalactopyranoside (IPTG) or 

anhydrotetracycline hydrochloride (aTc) addition, respectively. Moreover, three replicative 

vectors available at the Standard European Vector Architecture (SEVA) repository (Silva-

Rocha et al., 2013) were validated for Synechocystis (Chapter III, Ferreira et al. (2018)). 

These vectors were successfully used to transform Synechocystis by three different 

methods (natural transformation, electroporation and conjugation). The presence of the 

vectors did not lead to an evident phenotype or hindered Synechocystis growth, with the 

majority of the cells (> 90%) able to maintain the replicative vector at least for 16 days, even 

in the absence of selective pressure. 

Overall, the promoters characterized in this study are available to fine-tune the regulation 

of gene expression systems, and the validation of the use of the SEVA replicative vectors 

allows the fast generation of Synechocystis transformants for screening purposes and 

testing synthetic devices. Furthermore, the work presented in Chapter III constitutes a solid 

basis for the development and implementation of more efficient and tightly regulated 

elements required by applications using cyanobacteria as cell factories. 
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6.2 Functionality of the synthetic biology toolbox 

As a proof-of-concept, the redesigned promoter Ptrc.x.lacO was assembled with the ggpS gene 

and the synthetic device was introduced into Synechocystis using one of the SEVA 

plasmids (Chapter III, Ferreira et al. (2018)). The presence of this device restored the 

production of glucosylglycerol in a Synechocystis ggpS deficient mutant, demonstrating the 

functionality of the tools/device. Therefore, the tools developed were used to construct a 

synthetic module, and to introduce it into the chassis. This work opened the possibility to 

use these tools for the control of gene expression and for the fast implementation of new 

functionalities in Synechocystis, contributing for the establishment of this cyanobacterium 

as a robust chassis, as it can be seen on section 6.4. 

 

6.3 Synechocystis mutants deficient in the synthesis of native compatible 

solutes 

For the sustainable production of heterologous compatible solutes, we started by generating 

Synechocystis mutants deficient in the synthesis of the main native compatible solutes, 

sucrose or/and glucosylglycerol, to decrease the redundancy (Chapter IV). Under standard 

laboratory growth conditions, Synechocystis wild-type (WT) and ∆sps, ∆ggpS and 

∆sps∆ggpS mutants accumulate glycogen (Figure 1, - NaCl), since it is the main strategy 

for the intracellular storage of carbon and energy (Gruendel et al., 2012). Under saline 

conditions, the glycogen content decreases and the carbon is redirected for the synthesis 

of compatible solutes and extracellular polymeric substances (EPS), that are accumulated 

in a salinity-dependent manner, in all the strains (Figure 1, + NaCl), contributing to the 

homeostasis and protection of the cells. The comparison of the growth curves of 

Synechocystis WT and ∆sps, ∆ggpS and ∆sps∆ggpS mutants under saline conditions 

showed the importance of the synthesis of compatible solutes for the Synechocystis 

survival. The most tolerant strain was the WT, followed by ∆sps, ∆ggpS and ∆sps∆ggpS, 

being all of them unable to grow in BG11 supplemented with 7% NaCl (without NaCl 

adaptation). 

In Synechocystis WT, glucosylglycerol was accumulated in higher amounts followed by 

glutamate and sucrose (Figure 1A). The two main native compatible solutes sucrose and 

glucosylglycerol could only be detected in presence of NaCl, as it was previously 

documented (Kirsch et al., 2019). In contrast, glutamate was detected in the absence and 

presence of NaCl and increased in presence of NaCl, which agrees with the reported 

accumulation of this amino acid in Synechocystis grown in artificial seawater medium and 

BG11 with KCl (Iijima et al., 2015; Iijima et al., 2020). 
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For the ∆sps mutant grown under 5% NaCl, glucosylglycerol do not reach the levels 

observed for the WT, and released polysaccharides (RPS) increased significantly (Figure 

1B), implying that RPS are crucial for the survival of this mutant under 5% NaCl. Most 

importantly, our results suggest that sucrose goes beyond osmoprotection, acting as a 

trigger for signaling cascades, as was previously hypothesized by Desplats et al. (2005). 

In the ∆ggpS mutant, the significant increase in sucrose (Figure 1C) seems to indicate that 

this compatible solute is able to compensate for the absence of glucosylglycerol, sustaining 

Synechocystis growth under 3% NaCl. This compensation mechanism was also observed 

in the ∆agp mutant that is a mutant unable to produce glucosylglycerol since it is unable to 

synthesize ADP-glucose (Miao et al., 2003). Notably, in ∆ggpS and ∆agp mutants, sucrose 

amounts were similar to glucosylglycerol amounts accumulated in the WT under the same 

conditions, suggesting that these two compatible solutes may have comparable 

osmoprotectant capacity when accumulated in similar amounts. 

The ∆sps∆ggpS mutant does not produce either sucrose and glucosylglycerol and is unable 

to survive under salt stress conditions (Figure 1D), indicating a minor contribution of 

glutamate to the salt acclimation process in Synechocystis, similar to the reported for the 

halophilic bacterium Salinibacter ruber (Oren et al., 2002). 

In summary, the characterization of the different compatible solutes deficient mutants 

enabled a better understanding of the carbon distribution and identification of some key 

players in terms of carbon sinks that will allow the chassis optimization for the increased 

production of heterologous compatible solutes or other carbon-based compounds in 

Synechocystis. 
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Figure 1. Schematic representation of precursors and reactions leading to the synthesis of sucrose, 

glucosylglycerol, glycogen, CPS (capsular polysaccharides) and RPS (released polysaccharides) in 

Synechocystis sp. PCC 6803 wild-type (WT) (A), ∆sps (B), ∆ggpS (C) and ∆sps∆ggpS (D) mutants, 

grown in BG11 (“- NaCl”, orange) or BG11 supplemented with NaCl (“+ NaCl”, blue). Red crosses 

indicate that the enzymes and the respective products are absent. Under salinity conditions the 

carbon fluxes are redirected mainly to the underlined compounds. G-3P - glycerol-3-phosphate; Glc-

1P - glucose-1-phosphate; UDP - uridine diphosphate; UDP-Glc - UDP-glucose; ADP - adenosine 

diphosphate; ADP-Glc - ADP-glucose; Pi - inorganic phosphate; Sps - sucrose phosphate synthase; 

Spp - sucrose phosphate phosphatase; GgpS - glucosylglycerol phosphate synthase; GgpP - 

glucosylglycerol phosphate phosphatase. 

 

6.4 Heterologous production of compatible solutes in Synechocystis 

The updated genome-scale metabolic model iSyn811 was used to predict the production 

rates for heterologous compatible solutes in Synechocystis. The analysis showed that the 

maximum production rate was for glycine betaine, followed by (hydroxy)ectoine and 

mannosylglycerate (Chapter IV, Additional file 1: Figure S4). Therefore, a synthetic device 

aiming at producing glycine betaine was implemented into Synechocystis wild-type and the 

customized compatible solutes deficient chassis (∆ggpS and ∆sps∆ggpS). The transcript 

levels were very stable regardless of the chassis or salinity, demonstrating that the 
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regulatory elements used in the device ensured its insulation from the genetic network of 

the chassis and that salinity did not influence the transcription. The heterologous production 

of glycine betaine was successfully achieved in the different Synechocystis-based chassis 

and, unlike transcription, the production increased with salinity (Chapter IV). This could be 

due to the redirection of carbon fluxes to the production of compatible solutes under salinity 

conditions. Furthermore, the higher levels of the precursor glycine reported for 

Synechocystis cells grown in artificial seawater medium, compared with BG11 (Iijima et al., 

2015), most probably favor the synthesis of glycine betaine. This may explain the fact that 

the maximum amount of glycine betaine was obtained in the ∆ggpS harboring the glycine 

betaine device, under 3% NaCl (64.29 μmol/gDW, Chapter IV). The production of glycine 

betaine in this mutant led to a significant growth improvement and supported its survival 

under 5% NaCl. Previously, glycine betaine was produced heterologously in the plants 

Arabidopsis thaliana and Nicotiana tabacum, in the cyanobacteria Synechococcus sp. PCC 

7942, Anabaena sp. PCC 7120 and Anabaena doliolum and in Escherichia coli XL1-Blue 

and DH5α (Chapter IV, Table 1). Considering photoautotrophic organisms, plants produced 

low amounts and require rather long cultivation periods. The filamentous cyanobacterium 

A. doliolum produced 12.92 µmol/gDW under 3% NaCl after 10 days of cultivation, which is 

~5-fold less than the production that we obtained using Synechocystis ∆ggpS chassis grown 

in the same salinity condition for 4 days. Regarding heterotrophic chassis, the amounts 

obtained using different E. coli strains were only up to 1.25-fold higher compared with ours. 

The cultivation times are significantly reduced, however, the production of glycine betaine 

significantly decreased when salt concentration is increased to 500 mM NaCl (~3% NaCl). 

Altogether, glycine betaine production using our Synechocystis ∆ggpS chassis not only has 

the advantage of overcoming the need for a carbon source, but also opens up the possibility 

of large-scale cultivation with seawater. 

Regarding (hydroxy)ectoine and mannosylglycerate, these compatible solutes were 

previously produced heterologously mainly by E. coli, Corynebacterium glutamicum and 

Saccharomyces cerevisiae (Table 1). However, next generation strategies for heterologous 

production may be focused on the potential of strains that use inexpensive carbon sources, 

such as cyanobacteria (Zhang et al., 2017). In this context, with the aim of producing 

(hydroxy)ectoine in Synechocystis, two synthetic constructs were designed (Chapter V), but 

further work is needed to reach the final goal. Envisaging the production of 

mannosylglycerate, a device was constructed and implemented into the Synechocystis wild-

type and ∆ggpS chassis. Our results showed that mgsD gene was transcribed but no 

mannosylglycerate could be detected in preliminary studies using small culture volumes 
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(Chapter V). Therefore, this work also opens the possibility of producing these added-value 

compounds using Synechocystis / Synechocystis chassis. 

 

Overall, this work contributed to expand the molecular toolbox for the cyanobacterium 

Synechocystis by characterizing a set of regulatory elements and validating three replicative 

vectors. These tools were then used to assemble functional devices, e.g. for the 

heterologous production of glycine betaine, in Synechocystis sp. PCC 6803 wild-type and 

Synechocystis mutants deficient in the synthesis of native compatible solutes. Among these 

customized chassis, the ∆ggpS chassis, grown under 3% NaCl, proved to be the best for 

the production of glycine betaine (64.29 μmol/gDW). The characterization of the different 

mutants also allowed to unveil compensation mechanisms for the survival of Synechocystis 

under saline conditions and insights on the key players in terms of carbon sinks. Altogether, 

this work opens up the possibility of optimizing the production of glycine betaine and to 

produce other heterologous compatible solutes / compounds using photoautotrophic 

chassis based on Synechocystis. 
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6.5 Future perspectives 

Although this work contributed to expand the molecular toolbox for the model 

cyanobacterium Synechocystis sp. PCC 6803, there is still room for improvement, e.g., the 

development of more efficient inducible promoter systems:  

(i) by increasing the outer membrane permeability to inducers, using Synechocystis 

mutants impaired in S-layer formation or extracellular polymeric substances 

(EPS) synthesis, overexpressing the Synechocystis TolC transporter protein, or 

expressing classical E. coli porins (OmpF or OmpC). 

(ii) by testing optimized promoters that allow the control of gene expression using 

small-molecule inducers described for the E. coli “Marionette” strains (Meyer et 

al., 2019), since one of these promoters (vanillate-inducible promoter) was 

recently proved to be functional in Synechocystis (Behle et al., 2020). 

(iii) by testing hybrid repressors regulated by sugars, e.g., galactose or fructose 

(Dimas et al., 2019), since cyanobacteria import small sugars by a non-specific 

mechanism (Kowata et al., 2017). 

The compatible solute glycine betaine was successfully produced heterologously in 

Synechocystis, but the production could be improved by e.g.,: 

(i) implementing genetic switches to enable the shift from the “growth phase” to a 

“production phase” where cell resources should be devoted to biosynthesis. 

(ii) using a Synechocystis ∆gcvT mutant that accumulates the precursor glycine 

(Eisenhut et al., 2007). 

This work provides an important stepping-stone to produce other compatible solutes in 

Synechocystis, (hydroxy)ectoine and mannosylglycerate, but further efforts are needed, 

starting by e.g., assembling the constructs using different promoters (constitutive or 

inducible ones), and other regulatory elements. 
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