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Abstract 
Cyanobacteria are appealing organisms to be used in biotechnological 

applications as "low cost" cell factories due to their simple nutritional requirements and 

high metabolic plasticity. The unicellular cyanobacterium Synechocystis sp. PCC 6803 

is the best studied strain since its genome was the first to be sequenced among 

photosynthetic organisms, and plenty of genomic, transcriptomic and proteomic data 

are available, which are important to predict fluxes and responses to changes when 

engineering this organism. To construct a robust photoautotrophic chassis based on 

Synechocystis, it is important to evaluate their ability to function under sub-optimal 

conditions, like in outdoor cultivation where cells are exposed to extreme environmental 

conditions. Therefore, the Synechocystis tolerance to temperature/temperature 

fluctuations has been assessed and several strategies to improve the chassis 

robustness towards temperature are designed and started to be implemented. These 

strategies were based on the use of compatible solutes (ectoine or hydroxyectoine) 

and on the insertion of a synthetic device containing the gene encoding the heat shock 

protein Hsp17 into Synechocystis. Furthermore, the availability of well characterized 

parts for the construction and implementation of genetic circuits is an important aspect 

to use this cyanobacterium as a chassis for synthetic biology applications. In this 

context, and to improve Synechocystis functionality, several genetic parts for the 

construction of synthetic devices were designed and characterized, namely constitutive 

and regulated promoters. Two of these promoters can be effectively repressed in 

Synechocystis but further studies were required in order to restore the full activity using 

the respective inducer. 
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Resumo 
As cianobactérias são organismos muito requisitados para serem usados em 

aplicações biotecnológicas, como fábricas celulares "de baixo custo", devido aos 

requisitos nutricionais simples e alta plasticidade metabólica. A cianobactéria 

unicelular Synechocystis sp. PCC 6803 é a estirpe mais bem estudada, o seu genoma 

foi o primeiro a ser sequenciado entre os organismos fotossintéticos e existe uma 

grande quantidade de dados genómicos, transcriptómicos e proteómicos disponíveis, 

que são importantes para prever fluxos e respostas a alterações quando este 

organismo é utilizado na engenharia genética. Para construir um chassi fotoautotrófico 

robusto baseado em Synechocystis, é importante avaliar a sua capacidade para 

funcionar em condições adversas, como em condições de cultivo ao ar livre, onde as 

células estão expostas a flutuações nas condições ambientais. Por este motivo, a 

tolerância de Synechocystis a diferentes temperaturas/flutuações de temperatura foi 

avaliada e várias estratégias de melhoramento foram planeadas e começaram a ser 

implementadas. Estas estratégias basearam-se na utilização de solutos compatíveis 

(ectoína ou hidroxiectoína) e na inserção em Synechocystis de um módulo sintético 

contendo o gene que codifica a proteína de choque térmico Hsp17. Para além disso, 

para poder usar esta cianobactéria como um chassi para aplicações de biologia 

sintética, é necessário dispor de partes biológicas bem caracterizadas que permitam a 

construção de circuitos genéticos. Neste contexto, e para melhorar a funcionalidade de 

Synechocystis, várias partes foram concebidas e caracterizadas, nomeadamente 

promotores constitutivos e regulados. Dois destes promotores podem ser eficazmente 

reprimidos, mas são necessários mais estudos para perceber se é possível 

restabelecer a atividade total do promotor na presença do respetivo indutor. 
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Introduction 
Cyanobacteria as cell factories 

Cyanobacteria are an ancient (over 3 billion years old) and diverse group of 

prokaryotic photosynthetic microorganisms, unicellular or filamentous, present in a vast 

range of environments with significant fluctuations in temperature, salinity and pH 

(Schopf, 2002). These solar-powered organisms that fix CO2 from air and produce O2 

as a consequence of photosynthesis, can be engineered to produce a variety of 

valuable molecules and fuels sustainably (Ducat et al., 2011; Lindblad et al., 2012). 

Moreover, with the advent of global warming, there is growing interest in processes that 

couple CO2 capture to chemical synthesis through the use of photosynthetic 

microorganisms (Ducat et al., 2011). Cyanobacteria are capable of converting solar 

energy into biomass at efficiencies that generally exceed terrestrial plants (Dismukes et 

al., 2008), have a short life cycle and are relatively easy to genetically engineer 

(compared to algae and plants) (Angermayr et al., 2009). Furthermore, the capacity to 

manipulate some of these organisms to produce a variety of valuable compounds, 

including natural products (sugars and isoprene), biofuels (alcohols, alkanes and 

hydrogen), and other commodity chemicals; make these organisms tractable for 

complex engineering to be used in biotechnological applications and strong candidates 

for synthetic biology approaches (Berla et al., 2013; Ducat et al., 2011; Huang et al., 

2010). 

 

Synthetic biology 
The focus on designing and constructing new biological systems with intended 

properties from more basic biological parts and an understanding of how they function 

make synthetic biology an aspiring engineering field (Endy, 2005). Synthetic biology is 

the design and construction of new biological parts, devices and systems that do not 

exist in nature, as well as the redesign of existing biological systems for useful 

purposes (http://syntheticbiology.org). Basic principles of synthetic biology are: the use 

of standardized and well characterized building blocks (BioBricks), the hierarchical 

design of nature-inspired, artificial genetic circuits and proteins in silico, and the use of 

chemical DNA-synthesis which allows production of DNA sequences that are not found 

in nature (Huang et al., 2010). In this way, synthetic biology aims at shaping biology 

into a predictable discipline: an engineering technology based on living systems (Endy, 

2005; Knight, 2005). The BioBrick standard, originally proposed by Knight in 2003, 

consists today of thousands of BioBrick parts, which are available at the ‘Registry of 

http://syntheticbiology.org).
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Standard Biological Parts’ (http://partsregistry.org). Biological parts are e.g. promoters, 

ribosome-binding sites (RBS), terminators, coding sequences and replication origins, 

all in a standardized format for easy assembly. Each new synthetic part should be 

designed following BioBricks standard specifications in order to be assembled with 

existing ones: new DNA sequences have to be flanked by a prefix (upstream) and 

suffix (downstream), and recognition sites for the restriction enzymes used in the 

assembly procedure should not be present.  

 
 
Figure 1 – Standard assembly of individual parts to construct a module expressing GFP (green fluorescent protein). 

Standardized biological parts assembled by cut & paste molecular techniques into more complex/composite parts, using 

enzymes capable of recognizing the prefix and suffix restriction sites (E – EcoRI, X – XbaI, S – SpeI, P – PstI). The 

assembly is possible due to the compatibility between X and S overhangs that after DNA ligation form a "scar" between 

two parts, but do not restore any recognition site. In the end, the molecule assembled from several individual parts (e.g. 

a promoter, a RBS, a GFP-coding gene and a transcription terminator) has the same structural elements of the 

assembly standard, and can be used in further assemblies. 

http://partsregistry.org).
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Following the BioBrick assembly standard RFC[10], which is currently the most 

commonly used, the prefix contains recognition sites for EcoRI (E), NotI and XbaI (X) 

and the suffix for SpeI (S), NotI and PstI (P). The assembly of several parts can be 

performed by established cloning techniques digesting a vector containing part A 

(donor) with E and S and a vector containing part B (recipient) with E and X for 

upstream cloning, or digesting a vector containing part A (recipient) with S and P and a 

vector containing part B (donor) with E and S for downstream cloning (Figure 1). Since 

the overhangs produced by X and S are compatible, producing a "scar" without 

restoring any of the sites, the final assembled partA+partB has the same specifications 

in terms of prefix and suffix and can be further integrated into more complex 

parts/modules. Hence, novel functions of artificial biological systems may be created 

and synthesized from well-characterized biological parts. With these features, 

cyanobacterial synthetic biology community has the goal to build up a repository of 

standard genetic parts that can speed up successful genetic engineering of 

cyanobacterial strains for the sustainable production of valuable products (Lindblad et 

al., 2012). 

 

Synthetic biology tools: promoters 
Synthetic biology connects biology with computational design and an engineering 

perspective, but requires efficient tools and information about the function of biological 

parts and systems and even though tools are available for cyanobacterial synthetic 

biology, more tools, especially promoters, are needed since they play a crucial role in 

the regulation of genetic circuits (Heidorn et al., 2010; Huang and Lindblad, 2013). 

Inducible or repressible promoters are common when working with expression systems 

based on Escherichia coli, but are rare for cyanobacteria. Inducible promoters that are 

frequently used in E. coli (e.g. Plac and Ptet) function rather poorly, or not at all, in other 

organisms such as the cyanobacterium Synechocystis sp. PCC 6803 (hereafter 

Synechocystis). This occurs because cellular contexts in terms of biochemical 

processes and signaling pathways are different in different strains or species and the 

properties of the same part might vary in different genomic/cellular contexts 

(Andrianantoandro et al., 2006). Instead of using existing parts tested in E. coli, it is 

necessary to develop a set of parts especially suitable for other target 

organisms/chassis. Promoter studies in cyanobacteria mainly focus on elucidating their 

native transcriptional regulations to different environmental stimuli and changes. For 

example, some promoters are light responsive [Ppsa (Eriksson et al., 2000), Ppsb 

(Muramatsu and Hihara, 2007) and PsecA (Mazouni et al., 1998)], dark-inducible [PlrtA 
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(Imamura et al., 2004)], nitrate/nitrite inducible [PnirA (Ivanikova et al., 2005)], copper-

ions responsive [PpetE (Briggs et al., 1990)], and heavy metal-ions inducible promoters 

[PcoaT (Peca et al., 2007)]. However, cellular context effects, cross-talk and interactions 

among genetic components and control systems are some of many often unpredictable 

causes for failure in engineered biological systems (Cardinale and Arkin, 2012). 

Therefore, it is necessary to develop orthogonal biological systems, which display 

minimal cross-talk because their components are decoupled from each other and 

preferably from the host (Rao, 2012), with the aim to develop constitutive as well as 

regulated non-native promoters. In cyanobacteria, the characterization of synthetic 

parts and devices are usually performed using the reporter protein, GFP (green 

fluorescent protein) (Camsund et al., 2014; Huang et al., 2010). The accurate 

characterization of individual genetic parts is mandatory to use synthetic biology tools 

to model and predict systems behavior in response to the implementation of complex 

synthetic circuits. If, for instance, fully characterized promoters make possible to fine-

tune the transcription of a particular gene in the synthetic network, other parts 

contribute to the proper regulation of protein synthesis (translation). Knowing the 

"canonical" structure of Synechocystis promoters enables the design of new promoter 

libraries with different transcription strengths to control transcript levels or regulators to 

switch gene transcription on or off (Figure 2). 

 

 
 

Figure 2 – Characterization of promoters. Transcription factors bind to operator sequences present in the promoter and 

regulate gene transcription. Repressor proteins with strong affinity to the operator lead to low transcription and 

consequent weak signal from the reporter. 
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Synechocystis as a photoautotrophic chassis 
The synthetic parts/devices must be implemented in a well-studied organism, 

designated as chassis, to perform particular tasks for which they were designed. Of all 

cyanobacteria, the unicellular Synechocystis sp. PCC 6803 became a model of study 

as it is the best-characterized strain and the first photosynthetic organism to have its 

genome sequenced (Kaneko et al., 1996). This strain was isolated from a fresh water 

lake and deposited in Pasteur culture collection in 1968 (Rippka et al., 1979). It has a 

medium size genome, simple nutritional requirements and genome-scale metabolic 

models were constructed and are available to predict the organism response to the 

changes (see e.g. Montagud et al., 2011) . These features make this photosynthetic 

prokaryote a model system for many biochemical and molecular studies focusing in 

environmental adaptations, including stress responses (Angermayr et al., 2009), and is 

the preferential photoautotrophic chassis to be used in synthetic biology applications. 

In order to genetically engineer a Synechocystis chassis one can make use of the 

fact that this cyanobacterium is naturally transformable with exogenous DNA (Williams, 

1988). DNA can be integrated into the host genome or it can be introduced in self-

replicating plasmids. Integration of a construct into the genome of a host 

cyanobacterium by double homologous recombination is relevant when high stability, 

long-term inheritance, or a modification of the host genome is desired. Also, it could 

potentially reduce gene dosage variation caused by copy number variation of 

replicative plasmids. However, since Synechocystis contains about 12 genomic copies 

per cell (Labarre et al., 1989), integrating a construct into the host genome may not 

always lead to a lower variation in gene dosage. So, it is important to make sure that 

an integrated construct is present in all copies, which requires an often time-consuming 

segregation procedure. Therefore, the introduction of new functions in cyanobacteria is 

easier to achieve by a replicative vector compared to genome integration. Natural 

transformation favors double crossover resulting in gene replacement. If single 

recombination is required or if the transfer of an intact replicating plasmid is desired, 

conjugation or electroporation methods may be a preferred route of DNA transfer. 

 

Temperature tolerance mechanisms 
Temperature tolerance is an important aspect for comercial scale outdoor 

cultivation of cyanobacteria, e.g. for the production of added value compounds like 

biofuels. Cyanobacteria are known to survive a wide spectrum of environmental 

stresses, such as temperature shock (Waterbury, 2006), salinity and ultraviolet light 

(Mullineaux, 2001). Cyanobacteria are found in environments with quite different 
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temperature ranges and most of them are mesophilic, living in environments where 

temperature may range from freezing to 40 ºC (Waterbury, 2006). However, organisms 

that can grow up to 75 ºC have been found (Castenholz, 1969). Recently, it was 

observed that the optimal growth temperature for Synechocystis cells was around 30 – 

33 ºC, depending on the growth conditions (Inoue et al., 2001; Lopo et al., 2012). As 

described by Berry and Bjorkman (1980), Synechocystis cells seem to suffer from low- 

and high-temperature stress below 25 ºC and above 40 ºC, respectively. When the 

environment changes to extreme conditions, such as heat stress, an organism is able 

to survive, perceiving the variations and protecting the existing metabolic machinery, in 

order to adapt its metabolism to suit the new environmental conditions for optimal 

growth and survival (Suzuki et al., 2006). At high temperatures, heat shock proteins 

(Hsp) are expressed transiently to protect cells from heat damage. During heat stress, 

heat shock proteins increase dramatically, but at normal growth temperatures these 

proteins are present in low concentrations (Morimoto et al., 1994). In the beginning of 

the heat response, cells rapidly produce large amounts of Hsp which act as molecular 

chaperones that enable the proper folding of proteins to their active state or solubilize 

aggregates of misfolded proteins (Braig, 1998). Furthermore, some heat shock proteins 

are proteases that degrade damaged proteins, playing a pivotal role in cellular 

adaptation (Ramos et al., 2001; Suzuki et al., 2006). In cyanobacteria, several hsp 

genes have been reported, such as hsp17 (Lee et al., 2000; Nakamoto et al., 2000; 

Nitta et al., 2005), htpG (Tanaka and Nakamoto, 1999), clpB (Eriksson and Clarke, 

1996), groES and groEL (Prakash et al., 2010) and dnaK (Varvasovszki et al., 2003). In 

Synechocystis, the low molecular weight Hsp, Hsp17 (also known as Hsp16.6 or 

HspA), protects cells from thermal stress caused by high temperatures and is also 

involved in the development of thermotolerance (Lee et al., 2000). Low-temperature 

stress is also an environmental factor that limits various biological activities. At low 

temperatures, chaperones act to protect proteins that are susceptible to damage 

(Sakamoto and Murata, 2002). 

During the acclimation of organisms to adverse environmental conditions, it is 

also often observed an accumulation of compatible solutes within the cells. The 

concept of compatible solutes was introduced by Brown (1976) and has led to the 

definition of a functional group of low molecular mass, organic compounds without net 

charge that do not disturb cellular metabolism, and that are known to increase the cell’s 

tolerance against various stress factors (Pastor et al., 2010). The structural variety of 

these compounds is relatively limited, because only a small number of chemical 

structures meet the special requirements of compatibility with cell metabolism. In 

addition to their osmotic functions, compatible solutes can also protect macromolecules 
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such as proteins and membranes against denaturation (Hincha and Hagemann, 2004), 

which provides an explanation for their participation in the acclimation of cells exposed 

to freezing, desiccation or heat (Eleutherio et al., 1993; Ko et al., 1994; Welsh and 

Herbert, 1999). Synechocystis synthesizes and accumulates glucosylglycerol and 

sucrose, that are known to confer salt resistance (Hagemann, 2013; Klähn and 

Hagemann, 2011). Nonetheless, direct protective effects from compatible solutes to 

temperature stresses in cyanobacteria have not been described so far. Among 
compatible solutes, ectoine is one of the most widely found throughout different 

halophilic and halotolerant microorganisms, and its derivative hydroxyectoine seems to 

confer additional protective properties due to its hydroxylated nature. Thus, whereas 

the main function of ectoine is to serve as an osmoprotectant, hydroxyectoine also 

seems to play an important role in heat stress protection (Pastor et al., 2010). For 

instance, Halomonas elongata and Chromohalobacter salexigens accumulate 

hydroxyectoine in response to temperature upshift, providing the first evidence that 

hydroxyectoine might function as a thermoprotectant in vivo (García-Estepa et al., 

2006; Malin and Lapidot, 1996). Furthermore, ectoine and ectoine derivatives have 

gained increasing interest for biotechnological applications as stabilizers of 

biomolecules (notably proteins), used in polymerase chain reaction (PCR), in 

dermopharmacy and as adjuvants for vaccines (Margesin and Schinner, 2001; Sauer 

and Galinski, 1998; Vargas et al., 2006). 
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Objectives 
The goals of this work were:  

(i) to evaluate Synechocystis tolerance to low temperatures and to temperature 

fluctuations mimicking daily variations, establishing the starting point for the 

use of synthetic devices to improve the robustness of a Synechocystis 

chassis towards temperature and temperature fluctuations;  

(ii) to test the viability of supplementing the growth medium with the compatible 

solutes ectoine or hydroxyectoine, as a strategy to improve Synechocystis 

tolerance to temperature;  

(iii) to construct a synthetic device based on a native heat shock protein of 

Synechocystis, as a strategy to further enhance Synechocystis tolerance to 

temperature;  

(iv) to develop molecular tools for synthetic biology applications in 

cyanobacteria, which could be further useful in the regulation of genetic 

circuits. 

 

 

 

 

 

 

 

 

 

 

 

 



FCUP 
Synechocystis tolerance to temperature and development of Synthetic Biology tools 9 

 

Materials and methods 
Organisms and standard growth conditions 

Cyanobacterium Synechocystis sp. PCC 6803 (obtained from the Pasteur Culture 

Collection, Paris, France) was maintained in BG11 medium (Stanier et al., 1971) in an 

orbital shaker at 100 r.p.m, at 30 °C and 12 h light (20 μE m-2
 s-1) /12 h dark regimen. 

Cosine-corrected irradiance was measured by using a quantum meter (Dual 

Solar/Electric Quantum Meter, Spectrum Technologies, Inc.). Whenever necessary, 

BG11 medium was supplemented with kanamycin (Km, 50 µg mL-1). E. coli DH5α 

(Stratagene) was used for cloning purposes. E. coli transformants were cultivated in 

solid Lysogeny-Broth (LB) medium supplemented with the appropriate antibiotic, 

ampicillin (Amp, 100 µg mL-1), chloramphenicol (Cm, 34 µg mL-1) or kanamycin (Km, 50 

µg mL-1). For solid medium, 1.5 % (w/v) Bacteriological Agar or 1.5 % (w/v) Difco®
 Agar 

Noble was added to LB or to BG11 medium, respectively. 

 

Temperature tolerance growth experiments 
Pre-cultures of Synechocystis wild-type (wt) were grown in BG11 in an orbital 

shaker at 100 r.p.m. and 12 h light (20 μE m-2
 s-1) / 12 h dark regimen, until they 

reached an Optical Density at 730 nm (OD730)~2. To test the tolerance of the 

cyanobacterium to different temperatures (20 ºC, 15 ºC, 12 ºC, 10 ºC or 9 ºC), the pre-

cultures were grown at temperatures higher than those to be tested (e.g. to test the 

tolerance to 20 ºC the inoculum was grown at 30 ºC). For growth experiments, the 

cultures were diluted in fresh BG11 medium to OD730~0.5 or OD730~0.2 in a final 

volume of 50 mL. Growth was evaluated by measuring the OD730 using an UVmini-

1240 spectrophotometer (Shimadzu). For each experiment three biological replicates 

were performed, with exception of growth at 15 ºC, 12 ºC and 9 ºC in which only one 

biological replicate was done; all included three technical replicates. 

 

Temperature fluctuations experiments 
Pre-cultures of Synechocystis wild-type (wt) were grown in BG11 at 30 ºC, under 

a 16 h light (20 μE m-2
 s-1) / 8 h dark (experimental setup 1) or a 14 h light (20 µE m-2 s-

1) / 10 h dark regimen (setup 2) until an OD730~2 was reached. For the growth 

experiments 50 mL cultures at OD730~0.5 were used, the light regimen was maintained 

and for setup 1 temperature fluctuated between 10 ºC and 30 ºC while for setup 2 

fluctuations between 20 ºC and 41 ºC were used. The growth evaluation was 

performed as described above. Experiments under setup 1 were performed including 
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three biological and three technical replicates and for experiments under setup 2, three 

biological and three technical replicates will be carried out. 

 

Growth experiments with ectoine or hydroxyectoine supplementation 
Pre-cultures of Synechocystis wild-type (wt) were grown in BG11 in an orbital 

shaker at 100 r.p.m., under a 12 h light (20 μE m-2
 s-1) / 12 h dark regimen, until they 

reached an OD730~2. Pre-cultures were grown at a temperature a few degrees above 

the temperature to be tested (15 ºC or 12 ºC). 

A setup with temperature fluctuations was also performed. For this purpose, pre-

cultures of Synechocystis wild-type (wt) were grown in BG11 at 30 ºC and 16 h light 

(20 μE m-2
 s-1) / 8 h dark regimen until an OD730~2 was reached. For growth 

experiments, the photoperiod was maintained and temperature fluctuated between 10 

and 30 ºC. 

For both experimental setups, cultures were diluted in fresh BG11 medium to 

OD730~0.5 in a final volume of 25 mL and supplemented with 0, 1, 2, 4 or 6 mM of 

ectoine (Sigma) or hydroxyectoine (Sigma). The growth evaluation was performed as 

described above. For each experiment three technical replicates were performed, with 

exception of growth at 15 ºC and 12 ºC in which only one replicate was done. 

 

DNA constructions - parts assembly 
BioBrick DNA parts and all BioBrick plasmids (identified by "pSB") were obtained 

from the Registry of Standard Biological Parts (http://parts.igem.org) (Tables 1 and 2). 

Synthetic promoters used in this work were synthesized in the BioBrick format, 

flanked by the prefix and the suffix sequences, and cloned into pJ201 vector (DNA 2.0, 

Inc.). The parts assembly was performed according to the BioBrick standard cloning 

procedure (Figure 1). 

To test the promoters, a construction containing a reporter gene (gfp) under the 

regulation of each promoter was assembled. For this purpose, the BioBrick vector 

pSB1A2 containing the GFP generator (part: BBa_E0240, comprising an RBS (part: 

BBa_B0032), the GFP coding region (part: BBa_E0040) and a doule transcription 

terminator (part: BBa_B0015)) was cut with XbaI and PstI and the plasmids with each 

promoter were cut with SpeI and PstI in order to clone the gfp downstream the 

promoters. 

 

 
 

http://parts.igem.org)
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Table 1 – List of BioBrick parts, including promoters, used in this work. All the BioBrick parts were obtained from the 

Registry of Standard Biological Parts (http://parts.igem.org). 

* from our lab 

 
Table 2 – Plasmids used in this work. 

 

In those cases where the promoters were designed to be regulated, a 

construction including the regulators (lacI, tetR, luxR, cI or araC) or the T7 polymerase 

(T7pol) under regulation of a constitutive promoter were constructed. Repressors with 

degradation tags (LVA tags) were used to have a fast regulatory time response, 

allowing a rapid degradation of the regulatory proteins (Andersen et al., 1998). First, 

the rnpB promoter and the RBS (BBa_B0030) were assembled, cutting the plasmid 

with the rnpB promoter with EcoRI and SpeI and the plasmid with the RBS with EcoRI 

and XbaI. In this way, the rnpB promoter was cloned upstream the RBS part. The 

regulators were cloned downstream the PrnpB-RBS construction.  

Finally, the construction with the promoter and the gfp was cloned upstream to 

the PrnpB::RBS::regulator construction. In case of the T7.x.lacI promoters, a fragment 

BioBrick part BBa code Plasmid Description 
lacI C0012 pSB1A2 With LVA tag 
tetR C0040 pSB1C3 With LVA tag 
luxR C0062 pSB1A2  

cI C0051 pSB1A2 With LVA tag 
T7pol K145001 pSB1C3  
araC C0080 pSB1C3 With LVA tag 
ParaC R0080 pSB1A2  
Pbadwt I13453 pSB1A3  
Plux R0062 pSB1A2  
PλcI R0051 pSB1A2  

PT7pol I712074 pSB1AK8  

GFP 
generator E0240 pSB1A2 

Composed by RBS (BBa_B0032), GFP-
coding gene (BBa_E0040) and double 
transcription terminator (BBa_B0015) 

PrnpB n.a.* pSB1A2  
RBS B0030 pSB1A2  

Plasmid Resistance Purpose 
pJ201 KmR Cloning vector used for the synthetic promoters 
pSB1C3 CmR  

High-copy number BioBrick plasmids for E. coli 
cloning 

pSB1AK8 AmpR and kmR 
pSB1A2 AmpR 
pSB1A3 AmpR 
pSEVA251 KmR Replicative vector for Synechocystis transformation 
pGEM-T 
easy 

AmpR TA-cloning PCR products 

http://parts.igem.org).
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containing the PrnpB::RBS::T7pol was additionally cloned downstream the 

Promoter::gfp-PrnpB::RBS::regulator construction. 

For the heat shock mutant, the fragment containing the hsp17 gene (441 bp) was 

amplified from Synechocystis genomic DNA by PCR using primers containing 

BioBricks prefix and suffix (Table 3) and cloned into pSB1A2. To clone the gene 

encoding the heat shock protein to be under the regulation of the rnpB promoter, 

pSB1A2 was cut with XbaI and PstI and the vector containing the PrnpB::RBS construct 

with SpeI and PstI. 

Subsequently, the inserts were cloned into the pSEVA251 shuttle vector (from 

"Standard European Vector Architecture" with kanamycin as antibiotic marker, 

RSF1010 (Scholz et al., 1989) and multiple cloning site), for transformation in 

Synechocystis. For that, BioBrick plasmid pSB1A2 with each construction was cut with 

EcoRI and SpeI and the fragment was cloned in the EcoRI and SpeI digested 

pSEVA251 plasmid. 

All DNA digestions performed in this work were made according to the 

manufacturer's instructions (ThermoScientific®). For DNA digestions using two 

restriction enzymes, the optimal reaction conditions were determined using the 

DoubleDigest tool (ThermoScientific®). The plasmids constructed were confirmed by 

restriction with appropriate enzymes and by sequencing (STAB VIDA). 

 

DNA purification and quantification  
DNA purification from gel or from enzymatic reactions was carried out using the 

NZYGelpure kit (Nzytech, Lda.), following the manufacturer's instructions. DNA 

concentration was determined using a Nanodrop ND-1000 (Nanodrop Technologies, 

Inc.). 

 

Agarose gel electrophoresis 
Nucleic acids were usually separated by electrophoresis in 1 % (w/v) agarose 

(Pronadisa) gels, in 1 x TAE buffer (Sambrook and Russell, 2001). The GeneRuler™ 

DNA Ladder Mix (ThermoScientific®) was used as molecular weight marker. 

 

DNA ligation  
All DNA ligation reactions (10 μL) were made with 1 U T4 DNA ligase (Thermo 

Scientific®) according to manufacturer's instructions. Ligations using the pGEM®-T easy 

vector were performed as described in the ligation and transformation protocols from 

Promega. 
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E. coli DH5α transformation and plasmid preparation 
Plasmid constructions were transformed in chemically competent E.coli DH5α 

cells or in One Shot® TOP10 chemically competent E. coli cells (Invitrogen). Using 

E.coli DH5α, 100 μL of cells were mixed with 10 μL of ligation reaction. After 20 min of 

incubation on ice, this mixture was heat shocked at 42 ºC for 90 sec in a water-bath, 

and placed back on ice for 2 min. 900 μL of LB medium was added to the mixture and 

the cells were left to recover in an orbital shaker at 37 ºC for 30-60 min. In case of the 

One Shot® TOP10 chemically competent E. coli cells (Invitrogen), 2 μL of the DNA was 

added to 50 μL of cells and the transformation was carried out according to the 

manufacturer's instructions. Finally, the cell suspension was centrifuged at 13000 g for 

1 min at RT, and the supernatant removed. The cells were resuspended in the 

remaining volume and plated onto LB-agar supplemented with the appropriate 

antibiotic to select the transformants and the plates were incubated ON at 37 ºC. To 

recover the DNA, single isolated colonies were inoculated in 5 mL of LB medium 

supplemented with the appropriate antibiotic and grown ON at 37 ºC with vigorous 

shaking (200 r.p.m.). Plasmid DNA was isolated using the GenEluteTM
 Plasmid 

miniprep Kit (Sigma), starting with 4 mL of culture and following the manufacturer's 

instructions. 

 

Polymerase Chain Reaction (PCR) 
The PCRs were carried out using the GoTaq®

 DNA polymerase (Promega), 

following the manufacturer's instructions. The final magnesium chloride and 

deoxyribonucleotide triphosphate (dNTP) concentrations in each reaction were 2 mM 

and 0.2 mM, respectively, and 1 U of polymerase was used. Oligonucleotides were 

included at a final concentration of 0.5 μM. The PCRs were carried out in a 

thermocycler (Bio-Rad) using the following profile: 3 min denaturation step at 95 ºC; 

followed by 25 cycles of 30 sec at 95 ºC, 30 sec of annealing temperature (Table 3) 

and 72 ºC for extension (1 min for every kbp of the target DNA was used); and a final 

extension step at 72 ºC for 7 min. Colony PCR for BioBrick plasmids was performed 

with the standard primers VF2 (BBa_G00100) and VR (BBa_G00101) (Table 3). 

 

Transformation of Synechocystis by electroporation 
To introduce novel biological functions into the chassis, pSEVA251 replicative 

plasmid with the assembled DNA was transformed into Synechocystis by 

electroporation. The transformation procedure by electroporation was based on 

Chiaramonte et al. (1999) and Ludwig et al. (2008) optimization protocols. Firstly, 
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Synechocystis culture that was grown at 25 ºC and continuous light regimen to a final 

OD730~0.5 was collected by centrifugation at 4190 xg, for 10 min. Cells were washed 

three times with 10 mL of 4-(2-hydroxyethyl)-1-piperazineethanesulfonic (HEPES) acid 

buffer 1 mM, pH 7.5. The cells were resuspended in 1 mL HEPES, and 60 μL of this 

suspension were mixed with 1 μg of DNA (diluted in water) and electroporated with a 

Bio-Rad Gene PulserTM, at a capacitor of 25 μF. The resistor used was 400 Ω for time 

constant of 9 ms with an electric field of 12 kV cm-1. Immediately after the electric 

pulse, the cells were resuspended in 1 mL BG11 and mixed with 50 mL fresh BG11 

medium in a 100 mL flask. The cells were incubated for 24 h at 25 ºC in a continuous 

light regimen (20 μE m-2
 s-1). Then, the 50 mL of culture was collected by centrifugation 

at 4190 xg for 10 min and resuspended in 500 μL BG11 medium. The cells were 

spread onto Immobilon-NC membranes (0.45 μm pore size, 82 mm, Millipore) resting 

on solid BG11 plates supplemented with 50 μg mL-1 of kanamycin, at 25 ºC in a 16 h 

light / 8 h dark regimen. Transformants were observed after 1-2 weeks and then 

colonies were transferred to liquid BG11 medium with the same antibiotic 

concentration. 
 

Table 3 – Oligonucleotide primers used in this work. 

 

Ta – annealing temperature 

Restriction enzyme recognition sites are underlined 

 

Primer name Sequence 5' → 3' Ta (ºC) Purpose 

pJ201F CTCGAAAATAATAAAGGGAAAATCAG 
51 

Confirmation of 
synthetic promoters 

constructions pJ201R TGGTAGTGTGGGGACTC 

GFP.F TCTTGTTGAATTAGATGGTG 
51 

Confirmation of 
GFP constructions GFP.R TGTGAGTTATAGTTGTATTCC 

VF2 TGCCACCTGACGTCTAAGAA 
55 

Confirmation of 
BioBricks 

constructions VR ATTACCGCCTTTGAGTGAGC 

PS1 AGGGCGGCGGATTTGTCC 
60 

Confirmation of 
constructions in 

pSEVA251 plasmid PS2 GCGGCAACCGAGCGTTC 

BB.hsp17.F GTTTCTTCGAATTCGCGGCCGCTTCTAGA
TGTCTCTCATTCTTTACAATCCCCTGC 

55 
Synechocystis 

hsp17 amplification BB.hsp17.R GTTTCTTCCTGCAGCGGCCGCTACTAGTA
TTATTAGGAAAGCTGAACTTTCACCAC 

rnpBF1 CGTTAGGATAGTGCCACAG 
56 RT-PCR rnpBR1 CGCTCTTACCGCACCTTTG 

RT_hsp17.F CCAGCAGCAGATGAACCAAC 
56 RT-PCR RT_hsp17.R GCTCCAGGTACAGGAATAAC 

RT_htpG.F ATGCCTGGGCTGAAACTAAC 
56 RT-PCR RT_htpG.R ATGTCGCTGGCTTTATCCTC 
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Cyanobacterial DNA extraction 
For DNA extraction from Synechocystis, 2 mL of culture were centrifuged at 

14100 xg for 3 min and resuspended in 1 mL of distilled water. Then, the cells were 

centrifuged again at 14100 xg for 2 min and resuspended in 200 μL of distilled water. 1 

μL of RNase solution (20 mg/mL, Sigma) and 0.1 g of 0.2 mm-diameter glass beads 

(acid washed, Sigma) were added. Cells were disrupted by two cycles of vortexing for 

1 min followed by incubation on ice for 1 min. Finally, the cells were centrifuged at 

14100 xg for 2 min and the supernatant was transferred to a new 1.5 mL Eppendorf. 

 

Transcription analysis by RT-PCR 
Cultures of Synechocystis were grown in 500 mL glass gas washing bottles with 

air flow about 0.3 L min-1. 300 mL of culture were grown in BG11 medium, 

supplemented with 50 μg mL-1 of kanamycin when appropriated (cultures with 

pSEVA251 plasmid), until an OD730~2. Cells were collected to 50 mL falcons and one 

replicate of each sample was submitted to a heat shock at 42 ºC during 30 min in 

water-bath. All the samples were centrifuged at 4190 xg for 10 min and the pellet was 

resuspended in 1 mL of fresh BG11 medium. Then, cells were centrifuged at 2000 xg 

and the pellet was resuspended in 500 μL of the remaining volume. Finally, 1 mL of 

RNAprotect® Bacteria Reagent (Qiagen) was added and the mixture was vortex for 5 

sec at RT, incubated for 5 min at RT and centrifuged at 5000 xg for 10 min. The cell 

pellets were stored at -80 ºC. 

For RNA extraction, the TRIzol® Reagent (Ambion) was used in combination with 

the PurelinkTM
 RNA Mini Kit (Ambion). Briefly, the cells were disrupted in 1 mL TRIzol 

containing 0.2 g of 0.2 mm-diameter glass beads (acid washed, Sigma) using a 

FastPrep®-24 (MP Biomedicals) (2 × 60 sec at a setting of 4.0 m s-1) and the following 

extraction steps were performed according to the manufacturer's instructions. The RNA 

samples were treated with On-column PureLink® DNase for 1.5 hours at 25 ºC, 

following the manufacturer's instructions. RNA was quantified on a NanoDrop ND-1000 

spectrophotometer (NanoDrop Technologies, Inc.), the integrity was checked by 

electrophoresis and the integrity/quality was checked using the ExperionTM RNA 

StdSens Analysis Kit (Bio-Rad). The absence of genomic DNA contamination was 

checked by PCR, using specific primers for the rnpB housekeeping gene (Table 3) and 

100 ng of total RNA. The PCRs products were analyzed by electrophoresis on a 1.5 % 

(w/v) agarose gel. 

For cDNA synthesis, 1 μg of total RNA was transcribed with the iScriptTM Reverse 

Transcription Supermix for RT-qPCR (Bio-Rad) in a final volume of 20 μL, following the 
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manufacturer's instructions. RT-PCRs were performed using the RT_hsp17 and 

RT_htpG primer pairs (Table 3) and a control PCR using the rnpB primers, using 1 μL 

of cDNA as template. Negative controls (no template) and positive control 

(Synechocystis genomic DNA) were included. Three replicates of the amplification 

products were separated by electrophoresis on a 1.5 % (w/v) agarose gel and bands 

intensity was determined using the Quantity One® 1-D Analysis Software (Bio-Rad). 

For analysis of the transcripts, the mean normalized expression was calculated using 

samples of the Synechocystis wt not submitted to the heat shock treatment. 

 

GFP fluorescence analysis 
Cultures of Synechocystis carrying the plasmids with promoter::GFP 

constructions were grown in 25 mL flasks, at 30 ºC, in continuous light (20 μE m-2
 s-1) to 

a final OD730~1. Subsequently, the cultures were diluted to a final OD730~0.5 and 200 

μL aliquots were distributed in 96-well plates (NuncTM). For measurement of 

background fluorescence, samples of BG11 supplemented with kanamycin were 

included and for normalization, samples of Synechocystis with the original pSEVA251 

plasmid were used. All the samples were measured in presence or absence of the 

inducers: anhydrotetracycline hydrochloride (aTc) (Sigma), Isopropyl β-D-1-

thiogalactopyranoside (IPTG, lactose analog) (BioVectra Inc.) and L-arabinose 

(Sigma). The aTc concentrations used were 1 μg mL-1 and 2 μg mL-1 (from a stock 

solution of 100 μg mL-1) and since the aTc stock was prepared in 50 % (v/v) ethanol, 4 

μL 50 % (v/v) ethanol was added into the control cell culture. Also, because of the 

photosensibility of this inducer (Ferry, 1966), the plate with samples in presence of aTc 

was maintained in obscurity and cells were kept in mixotrophic conditions by adding 

glucose to a final concentration of 5 mM (from a stock solution of 1 M). IPTG was used 

at final concentrations of 1 mM and 2 mM (from a stock solution of 100 mM) and 

arabinose at 0.2 % (w/v) and 1 % (w/v) (from a stock solution of 20 % (w/v)). Plates 

containing samples with IPTG or arabinose were maintained at 30 ºC in continuous 

light regimen (20 μE m-2
 s-1). Measurements were performed at 0 h, 24 h, 48 h and 72 h 

after the addition of inducers. The activities were measured by means of fluorescence 

and divided by the absorbance of the cultures at 790 nm. GFP fluorescence and OD 

were detected using the Synergy 2 Multi-Mode Microplate Reader and the Gen5TM 

software (BioTek®). For fluorescence detection an excitation filter at a wavelength of 

485/20 nm and an emission wavelength of 528/20 nm (sensibility of 110 nm) were used 

and OD was measured using an absorbance filter of 790 nm. In each experiment three 

technical replicates were performed and measurements were carried out in duplicate. 
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Results and discussion 
Evaluation of Synechocystis tolerance to different temperatures/ 

temperature fluctuations 

The unicellular cyanobacterium Synechocystis sp. PCC 6803 (hereafter 

Synechocystis) can be used as an autotrophic chassis in many biotechnological 

applications to produce valuable bioindustrial compounds, such as natural products 

(sugars and isoprene), biofuels (alcohols, alkanes and hydrogen), and other commodity 

chemicals (Berla et al., 2013; Ducat et al., 2011). For these purposes, it is convenient 

to cultivate Synechocystis in large scale outdoor bioreactors. However, these cultures 

become vulnerable to environmental conditions, in particular, to daily temperature and 

light fluctuations, which may alter the yield of compound of interest. Thus, the 

evaluation and improvement of Synechocystis robustness to adverse temperature 

conditions is of great importance to develop a chassis based on this organism that can 

be mass cultivated with a consistent performance independently of where the 

bioreactor is implemented (Leonard et al., 2008). The growth of Synechocystis was 

previously characterized at temperatures between 25 and 35 ºC (Lopo et al., 2012). 

Hence, the growth at temperatures below the optimal growth temperature - 30 ºC in 

autotrophic conditions (Lopo et al., 2012), and its resilience to daily temperature 

fluctuations were assessed. 

Preliminary experiments were carried out at 20 ºC, 15 ºC and 12 ºC, under a 12 h 

light (20 µE m-2 s-1) / 12 h dark regimen, using Synechocystis cultures with an initial OD 

of 0.2 or 0.5. As representative results, the growth curves at 20 ºC and 12 ºC are 

shown in Figure 3. 

 
Figure 3 - Growth curves of Synechocystis at 20 ºC and 12 ºC starting at an initial OD (ODi) of 0.5 (full line) or 0.2 

(dashed line). Cultures were grown in BG11 medium under a 12 h light (20 µE m-2 s-1) / 12 h dark regimen, in an orbital 

shaker at 100 r.p.m. Cell growth was determined monitoring the optical density of the cultures at 730 nm. 
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Growth differences between cultures with initial OD 0.5 or 0.2 were observed for 

all the temperatures tested. This difference was higher at 12 ºC suggesting that the 

initial OD is particularly important for growth at lower temperatures. For this reason, 

subsequent growth curves were carried out using cultures with an initial OD of 0.5 and; 

it was decided that a period of 15 days was representative and enough to assess 

Synechocystis growth. 

Characterization of growth at low temperatures (20 ºC, 15 ºC, 12 ºC, 10 ºC and 9 

ºC) was carried out and compared to the growth at 30 ºC (Figure 4). 

 
Figure 4 – Growth curves of Synechocystis at different temperatures. Cultures were grown in BG11 medium under a 12 

h light (20 µE m-2 s-1) / 12 h dark regimen, in an orbital shaker at 100 r.p.m. Cell growth was determined monitoring the 

optical density of the culture at 730 nm. Error bars represent standard deviations obtained from three technical 

replicates. For each experiment three biological replicates were performed, with exception of the growth at 15 ºC, 12 ºC 

and 9 ºC in which only one biological replicate was done (ongoing work). 
 

In general, Synechocystis growth decreases with the decrease of the 

temperature. Compared to 30 ºC, the growth decreased to 50 % at 15 ºC and to about 

75 % at 10 ºC, being the growth limit at low temperatures around 9 ºC. 

To evaluate the Synechocystis growth in similar conditions to the cultivation in 

outdoor bioreactors, the temperature and light profiles were defined in order to mimick 

daily temperature fluctuations. Cells were submitted to specific profiles of temperature, 

ranging from 10 ºC to 30 ºC, and a light regimen of 16 h light (20 µE m-2 s-1) / 8 h dark 

(Light and temperature profiles are depicted in the top of the Figure 5). 
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Figure 5 – Growth curves of Synechocystis at temperature and light conditions mimicking daily fluctuations. The 

temperature and light profiles used are presented in the top of the figure, with temperatures ranging from 10 ºC to 30 ºC 

and a 16 h light / 8 h dark regimen. Cells were grown in BG11 medium, in an orbital shaker at 100 r.p.m. with a light 

intensity of 20 µE m-2 s-1. Cell growth was determined monitoring the optical density of the culture at 730 nm. Error bars 

represent standard deviations obtained from three technical replicates and three biological replicates. 

 

The growth of Synechocystis in these fluctuation conditions (Figure 5) was similar 

to that observed for cells grown at continuous temperature of 20 ºC. Furthermore, 

evaluation of Synechocystis growth in temperature and light profiles mimicking daily 

fluctuations in Florence (Italy) are of particular interest since, the bioreactors used for 

mass cultivation of this cyanobacterium will be implemented in this location. For this 

purpose, Synechocystis growth is being tested at temperatures ranging from 20 ºC to 

41 ºC (mean temperatures inside the bioreactor in a summer day) at a 14 h light (20 µE 

m-2 s-1) / 10 h dark regimen (temperature and light profiles are represented in Figure 6). 

 

 
Figure 6 – Temperature and light profiles mimicking daily fluctuations in Florence (Italy). 
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Strategies to improve Synechocystis thermotolerance 
Supplementation of the growth medium with compatible solutes 

To cope with temperature stress, an important mechanism that microorganisms 

use is the production of compatible solutes. Compatible solutes are organic 

compounds that do not disturb cellular metabolism and can increase the cell’s 

tolerance against various stress factors (Brown, 1976; Pastor et al., 2010). Due to the 

thermoprotective functions described for ectoine and hydroxyectoine in Halomonas 

elongata and Chromohalobacter salexigens (García-Estepa et al., 2006; Margesin and 

Schinner, 2001), these two compatible solutes were chosen to be tested with 

Synechocystis. The growth was evaluated at low temperatures (15 ºC and 12 ºC) and 

at temperature fluctuations, supplementing the BG11 culture medium with different 

concentrations of ectoine or hydroxyectoine (0 to 6 mM). As representative results, the 

growth curves at 15 ºC are shown in Figure 7. All other tested conditions showed 

similar results (data not shown). 

 

 
Figure 7 - Growth curves of Synechocystis in the presence of ectoine or hydroxyectoine. Cultures were grown at 15 ºC, 

under a 12 h light (20 µE m-2 s-1) / 12 h dark regimen, in an orbital shaker at 100 r.p.m. The BG11 was supplemented 

with 0 mM (control), 2 mM, 4 mM or 6 mM of ectoine or hydroxyectoine. Cell growth was determined monitoring the 

optical density of the culture at 730 nm. 

 

The results showed that supplementing the growth medium with these particular 

concentrations of ectoine or hydroxyectoine did not have any positive or negative effect 

on the growth of Synechocystis cells. For the halophilic bacterium Halomonas elongata 

it was shown that at moderate salinities and temperatures below 25 ºC, this strain 

produced ectoine (Margesin and Schinner, 2001). However, in this work, the 

supplementation of the culture medium with ectoine or hydroxyectoine did not result in 

an improvement of Synechocystis tolerance to low temperatures. This could be due to: 
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(1) Synechocystis cells are unable to uptake these compatible solutes from the medium 

or; (2) as Synechocystis already naturally produces glucosylglycerol as compatible 

solute (Klähn and Hagemann, 2011), the addition of ectoine or hydroxyectoine are 

redundant, not further improving this cyanobacterium tolerance to low temperatures. A 

mass spectrometry analysis is needed to detect if Synechocystis cells are indeed 

importing the compatible solutes from the medium. If it is confirmed that Synechocystis 

cells are unable to uptake ectoine or hydroxyectoine, introducing the biosynthetic 

pathways of ectoine and hydroxyectoine on Synechocystis cells could be important to 

ascertain if these compatible solutes can further enhance this cyanobacterium 

robustness towards temperature. Another alternative, will be to introduce into 

Synechocystis an osmoregulated compatible solute transporter such as TeaABC, since 

this transporter was proven to be important to catalyze the uptake of ectoine and 

hydroxyectoine in Halomonas elongata (Grammann et al., 2002). In summary, the 

design of synthetic devices capable to produce compatible solutes could be a good 

approach to further enhance Synechocystis robustness to temperature stress 

conditions. 

 

Construction of a synthetic device containing the gene encoding the heat shock protein 

Hsp17 

It is well documented that the small heat shock protein Hsp17 is essential for 

stress tolerance in Synechocystis (Lee et al., 1998; Nakamoto and Vigh, 2007). This 

protein provides, not only, protein protection but also stabilizes the thylakoid 

membranes (Török et al., 2001). As reported previously, inactivation of the 

Synechocystis hsp17 gene results in reduced thermotolerance and reduced thylakoid 

stability under heat stress conditions (Lee et al., 2000; Lee et al., 1998). Conversely, 

constitutive expression of hsp17 from the thermophilic cyanobacterium Synechococcus 

vulcanus in Synechococcus sp. PCC 7942 conferred increased thermal resistance and 

protection of the photosynthetic apparatus (Nakamoto et al., 2000). 

In this work, in order to constitutively express the native heat shock protein 

Hsp17 in Synechocystis, a synthetic device was constructed to have the gene under 

the control of the constitutive promoter rnpB (Figure 8). 
 

 
Figure 8 – Schematic representation of the hsp17 device. hsp17 was cloned downstream to the RBS (part: 

BBa_B0030), under regulation of the rnpB promoter. 
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The PrnpB::RBS::hsp17 construction was cloned in the pSEVA251 plasmid in 

order to transform Synechocystis. The presence of the synthetic device in 

Synechocystis was confirmed by PCR (Figure 9). 

 

 
Figure 9 – DNA electrophoresis of PCR product confirming the PrnpB::RBS::hsp17 construction cloned in pSEVA251 

plasmid and transformed in Synechocystis. The PCR reaction was performed using the PS1/PS2 primer pair. The 

expected size of the PCR product is 943 bp. MW - Molecular weight marker, GeneRulerTM DNA Ladder Mix 

(ThermoScientific®). 

 

A transcriptional analysis was performed to compare the transcript levels of 

Synechocystis wild-type (wt), Synechocystis transformed with the empty vector 

(pSEVA251) and Synechocystis containing the hsp17 device (hsp17). Previous to RNA 

extraction, cultures of these three strains were submitted or not to a heat shock 

treatment: 42 ºC for 30 min (+ HS, - HS, respectively). RNA integrity was confirmed by 

agarose gel electrophoresis and the absence of genomic DNA contamination was 

confirmed by PCR, using specific primers for the rnpB (data not shown). Reverse-

transcriptase PCRs (RT-PCRs) were performed using hsp17 primers and also htpG 

primers (Figures 10 and 11, respectively), since htpG gene is known to be a heat 

responsive gene in Synechocystis (Fang and Barnum, 2003). 

 

 
Figure 10 – Analysis of hsp17 transcription by RT-PCR (A) and determination of the relative bands intensity (B). 1, 2 

and 3 are the technical replicates and the bars represent the mean intensity of the replicates normalized to the levels of 

Synechocystis wild-type without heat shock treatment (wt, -HS). Error bars represent the standard deviations. 
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Figure 11 – Analysis of htpG transcription by RT-PCR (A) and determination of the relative bands intensity (B). 1, 2 and 

3 are the technical replicates and the bars represent the mean intensity of the replicates normalized to the levels of 

Synechocystis wild-type without heat shock treatment (wt, -HS). Error bars represent the standard deviations. 

 

In general, the transcript levels were higher in cells submitted to the heat shock 

treatment (+ HS) compared to the untreated samples (- HS) (Figures 10 and 11). 

These results were expected since it was previously described that an up-regulation of 

hsp17 and htpG transcripts occurs when cells are exposed to high temperatures (Rhee 

et al., 2012). Basal levels of hsp17 and htpG transcripts were detected in all the 

untreated samples (Figures 10 and 11). Interestingly, in Microcystis aeruginosa NIES-

298 both hsp17 and htpG were expressed under normal growth conditions at 25 ºC. 

The basal levels of the transcripts are thought to allow the cyanobacteria to 

immediately respond to environmental stresses that would cause cellular damage 

(Rhee et al., 2012). Constitutive basal transcription of hsp17 apparently provides a 

cellular pool of mRNA for instantaneous "translation-on-demand", in case the 

conditions become unfavorable. Under stress conditions, the simultaneous induction of 

hsp17 transcription and translation allows rapid accumulation of Hsp17 protein 

(Kortmann et al., 2010). 

The hsp17 transcript levels of Synechocystis cultures with the hsp17 device were 

expected to be higher and further increased when submitted to heat shock (Figure 10). 

The result obtained could be due to the promoter used, since PrnpB is a weak promoter 

(see below in section "development of synthetic biology tools for Synechocystis"). 

The levels of htpG transcripts in untreated samples of Synechocystis with the 

hsp17 device were 1.25 x higher than the levels in the untreated wild-type (Figure 11). 

This result was unexpected since, in both strains, only the native htpG is present. 

Therefore, these higher transcript levels present in the strain with the synthetic device 

could be a consequence of the hsp17 constitutive expression, suggesting a co-

regulation mechanism between hsp17 and htpG. In fact, it is known that the key 
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chaperone genes are under complex regulation, particularly, hsp17 and htpG are 

positively regulated by SigB and SigE (Singh et al., 2006). However, a direct interaction 

between these two heat shock proteins has never been described. 

 

Development of synthetic biology tools for Synechocystis: promoters 
For the rational design of artificial genetic circuits the behavior of each individual 

part has to be well characterized. Studies using well characterized inducible or 

repressible promoters are common when working with expression systems based on E. 

coli but rare for cyanobacteria. The number and limitations of the available promoters 

for cyanobacterial biotechnology led to this work, the development of several promoters 

that can be used in the model unicellular cyanobacterial Synechocystis sp. PCC 6803. 

The synthetic promoters tested in this work were designed based on well-

characterized bacterial promoters PpsbA2, Ptrc, PtacI and PT7: 

- PpsbA2* is a synthetic constitutive promoter based on the light-responsive 

promoter of the psbA2 gene of Synechocystis (Pinto, 2012). 

- The hybrid promoter Ptrc contains the consensus -35 sequence from Ptrp 

(tryptophan operon promoter in E. coli) and the consensus -10 sequence from PlacUV5 (a 

variant of the Plac in E. coli), separated by a 17 bp spacer (Brosius et al., 1985).  

- PtacI has the same DNA sequence of Ptrc differing only in the size of the spacer 

between the -35 and -10 boxes (16 bp instead of 17 bp) (De Boer et al., 1983).  

Both Ptrc and PtacI are regulated promoters since they have the lacO operator 

downstream of the core promoter region. Operator sequences are DNA strings that are 

recognized by regulatory proteins. 

- The three T7 promoter variants were designed based on the wild-type 

promoter for the bacteriophage T7 RNA polymerase (PT7) and contain an operator 

region for the LacI regulator. These PT7 variants were designed to have less strength 

compared to the wild-type promoter. PT7.1.x.lacI has a mutation at the position -16 (A to 

C), PT7.2.x.lacI has a mutation at the position -15 (A to C) and PT7.3.x.lacI has a mutation at 

the position -9 (C to G) (Dubendorf and Studier, 1991; Imburgio et al., 2000). 

The alignment of the sequences of all the synthetic promoters is represented in 

Figure 12. 
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__ Predicted -35 and -10 boxes __ lacOid operator __ lacO operator __ araO operator __ tetO operator __ tetO operator modified __ T7 promoter variants 

 

 
Figure 12 - Alignment of the synthetic promoters’ sequences (5' → 3') used in this work. The alignment is based on the -35 and -10 boxes. The predicted boxes, operator regions of the promoters 

and the T7 promoter variants are represented in different colors. 

 

 

Synthetic 
Promoters 

                                                                               -35                         -10 

  
PpsbA2* xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxAGCTTTACAAAACTCTCATTAATCCTTTAGACTAAGTTTAGTCAGTTCCAATCTG 
PtacI xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxGAGCTGTTGACA-ATTAATCATC-GGCTCGTATAATGTGTGGAATTGTGCGCGGATAACAATTTCACAC 
Ptrc.x.lacI xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxAATTGTGAGCGCTCACAATTTTCTGAAATGAGCTGTTGACA-ATTAATCATCCGGCTCGTATAATGTGTGGAATTGTGAGCGGATAACAATTTCACACA 
Ptrc.x.araC GTTATTAGCATTTTTATCCATAAGATTAGCGTTGCGCCGACATCATAACGGTTCTGGCAAATATTCTGAAATGAGCTGTTGACA-ATTAATCATCCGGCTCGTATAATGTGTGGTTGTAGCATTTTTATCCATAAGATTAGCGGATCCTA 

Ptrc1.x.tetR xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxGAGCTGTTGACA-ATTAATCATCCGGCTCGTATAATGTGTGGATCCCTATCAGTGATAGAGATTCACACA 

Ptrc2.x.tetR xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxGAGCTGTTGACA-ATTAATCATCCGGCTCGTATAATGTGTGGATCCCCGTCAGTGACGGAGATTCACACA 

  

PT7.1.x.lacI TCATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCC 

PT7.2.x.lacI TACTACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCC 

PT7.3.x.lacI TAATACGAGTCACTATAGGGGAATTGTGAGCGGATAACAATTCC 
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In this work, the promoter of the RNase P gene of Synechocystis (PrnpB) was 

used as reference for promoter strength comparisons (Huang et al., 2010), since it 

exhibits stable expression levels under different light conditions and even in the 

presence of electron transport inhibitors (Alfonso et al., 2000, 2001). To assess the 

strength of each synthetic promoter (Psynth), a synthetic module composed by the 

promoter, a RBS, the reporter gene gfp and a double transcriptional terminator (Part: 

BBa_E0240) was assembled (Figure 13 A, constitutive transcription). To evaluate the 

regulation of these promoters, the genes encoding the regulatory proteins LacI, AraC, 

LuxR, cI and TetR were individually cloned under control of the PrnpB and a strong RBS 

(Part: BBa_B0030), both functional in Synechocystis (Heidorn et al., 2010). These 

constructions were further cloned downstream of the respective Psynth::gfp constructs 

(Figure 13 B, repression). To derepress the systems the inducer molecules: IPTG 

(isopropyl β-D-1-thiogalactopyranoside), arabinose or aTc (anhydrotetracycline 

hydrochloride) were added to the culture medium releasing the repressor proteins from 

the operator allowing the transcription of the reporter gene (Figure 13 C, derepression). 

The constructs were assembled based on the regulation systems shown in 

Figure 13 and are depicted in Table 4. All the constructs were successfully introduced 

into Synechocystis (confirmed by PCR, data not shown) and Synechocystis mutants 

harboring the constructs highlighted in grey were characterized (Table 4). Overall, two 

constitutive promoters, PrnpB and PpsbA2* and five regulated promoters, Ptrc1.x.tetR, Ptrc2.x.tetR, 

PtacI, Ptrc.x.araC and Ptrc.x.lacI, were characterized. 
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A – Constitutive transcription 

 
 

B – No transcription (repression) 

           
 
 

 

 

C – Transcription (derepression) 

 

 

 

 

 

 
Table 4 – List of constructs assembled in this work. 

PrnpB::gfp 

 

PT7.1.x.lacI::gfp-PrnpB::T7pol 

PpsbA2*::gfp PT7.2.x.lacI::gfp-PrnpB::T7pol 

Ptrc1.x.tetR::gfp PT7.3.x.lacI::gfp-PrnpB::T7pol 

Ptrc2.x.tetR::gfp PT7.1.x.lacI::gfp-PrnpB::lacI-PrnpB::T7pol 

PtacI::gfp PT7.2.x.lacI::gfp-PrnpB::lacI-PrnpB::T7pol 

Ptrc.x.araC::gfp PT7.3.x.lacI::gfp-PrnpB::lacI-PrnpB::T7pol 

Ptrc.x.lacI::gfp ParaC::gfp 

Ptrc1.x.tetR::gfp-PrnpB::tetR Pbadwt::gfp 

Ptrc2.x.tetR::gfp-PrnpB::tetR Plux::gfp 

PtacI::gfp-PrnpB::lacI PλcI::gfp 

Ptrc.x.araC::gfp-PrnpB::araC PT7pol::gfp 

Ptrc.x.lacI::gfp-PrnpB::lacI  

 

Psynth 

Psynth PrnpB Repressor 

Psynth PrnpB Repressor 

Inducer 

Figure 13 – Schematic representation 

of the synthetic promoters' regulation. 

(A) Constitutive transcription of gfp 

under the control of the synthetic 

promoters (Psynth); (B) when the 

respective repressors are 

constitutively expressed in the system, 

gfp transcription is repressed by the 

binding of the repressor to the 

operator; (C) the addition of the 

respective inducer causes a 

conformational change of the 

repressor that releases the promoter 

region, making it accessible to the 

RNA polymerase. 
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Expression of GFP promoted by all the promoters was evaluated and compared 

to the reference promoter PrnpB (Figure 14). 

 

 
Figure 14 – Normalized GFP fluorescence in Synechocystis cells carrying a plasmid with synthetic constructs with gfp 

under the control of PrnpB, PpsbA2*, Ptrc1.x.tetR, Ptrc2.x.tetR, PtacI, Ptrc.x.araC and Ptrc.x.lacI. Measurements were performed daily, 

during three days (at 0 h, 24 h, 48 h and 72 h). Data represent mean ± S.D. of three technical replicates measured in 

duplicate. 

 

In terms of strength, the seven promoters can be ordered, as follow: PrnpB::gfp < 

PpsbA2*::gfp < Ptrc1.x.tetR::gfp < Ptrc2.x.tetR::gfp ~ PtacI::gfp ~ Ptrc.x.araC::gfp < Ptrc.x.lacI::gfp. The 

cells harboring the construct containing the promoter Ptrc.x.lacI::gfp presented the highest 

levels of GFP expression. These high levels were expected since Ptrc contains the 

optimally spaced E. coli consensus -35 and -10 elements similar to the consensus 

boxes of the cyanobacterial group 1 promoters (Imamura and Asayama, 2009). 

However, using Ptrc1.x.tetR::gfp, Ptrc2.x.tetR::gfp and Ptrc.x.araC::gfp, that have the same core 

promoter of the Ptrc.x.lacI, the gfp expression was lower. This could be due to the region 

immediately downstream of the consensus -10, since this region has been proved to 

significantly influence the promoter strength in Synechocystis (Huang and Lindblad, 

2013). Furthermore, the weakness of the PtacI::gfp observed in Figure 14, could be due 

to an inefficient core, since it has one less nucleotide compared to the core of the 

Ptrc.x.lacI. It is interesting to notice that GFP expression is stable over the three days of 

measurements. 

In summary, the promoters tested in this study have a wide range of activities in 

Synechocystis, and consequently can be used to fine-tune the expression of e.g. 

orthogonal transcription factors or to control the transcription of genes encoding 

enzymes necessary to engineer a metabolic pathway. Moreover, the data obtained can 
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also be used as basis for the design of new orthogonal, regulated promoters for 

cyanobacteria. 

GFP expression also was evaluated in Synechocystis cells carrying the synthetic 

construct Ptrc.x.lacI::gfp-PrnpB::lacI (repression, see Figure 13 B), in the absence/presence 

of the respective inducer (Figure 15). 

 

 
Figure 15 – Normalized GFP fluorescence in Synechocystis cells carrying a plasmid with the synthetic construct 

Ptrc.x.lacI::gfp-PrnpB::lacI. GFP fluorescence was measured in control cultures without the addition of inducer (-IPTG) and in 

cultures supplemented with 1 mM or 2 mM IPTG. Data from PrnpB::gfp and Ptrc.x.lacI::gfp were included for comparison 

purposes. Measurements were performed 0 h, 24 h, 48 h and 72 h after the addition of IPTG. The data represent mean 

± S.D. of three technical replicates and measurements were carried out in duplicate. 

 

When the construct harbors the gene encoding for the repressor (Figure 15, 

Ptrc.x.lacI::gfp-PrnpB::lacI, - IPTG), this promoter is repressed in Synechocystis, the GFP 

expression was low and constant over time. Moreover, these levels were similar to the 

levels obtained using the reference constitutive rnpB promoter. In fact, Ptrc.x.lacI was 

designed to have two LacI-binding operators to improve its repression. One of the 

operators is the lacOid that is perfectly symmetric and has high affinity to the LacI 

repressor. These promoters could have repression through a DNA looping (Schleif, 

1992), which is mediated by the binding of the LacI tetramer to the two spatially 

separated lac operators (Lewis, 2005). The successful repression of this promoter 

suggest that DNA-looping may work well in cyanobacteria (as firstly reported by 

Camsund et al. (2014)) and in a similar way as in E. coli. The binding of the inducer (1 

mM or 2 mM IPTG) to the repressor LacI decreases its affinity to the operator, 
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derepressing the system. The induced expression increased over time, reaching the 

highest values at 72 h after addition of IPTG. However, expression could not be 

induced back to the level without repressor (Ptrc.x.lacI::gfp). The IPTG concentration in 

the medium was increased up to 10 mM (data not shown), however the expression of 

GFP could not be further increased. This result was also observed by Huang et al., 

2010. In fact, it has been shown that saturating induction could not completely remove 

loops (Becker et al., 2005). This limited induction could be due to an exhausted 

metabolic state of the cells or a saturated translational system. In addition, a limited 

diffusion or a limited import rate of IPTG into the cells can result in a significantly lower 

intracellular than extracellular IPTG concentration. Perhaps using a combination of 

improved IPTG import through the introduction of a lactose permease (Hansen et al., 

1998) and a LacI mutant with higher IPTG sensitivity (Lakshmi and Rao, 2009), a 

system for better efficiency induction of LacI repressed promoters could be acquired. 

The GFP expression was also evaluated in Synechocystis cells carrying the 

synthetic construct Ptrc1.x.tetR::gfp-PrnpB::tetR (Figure 16) and the results were similar to 

the ones obtained by Ptrc.x.lacI::gfp-PrnpB::lacI. 

 
Figure 16 - Normalized GFP fluorescence in Synechocystis cells carrying a plasmid with the synthetic construct 

Ptrc1.x.tetR::gfp-PrnpB::tetR. GFP fluorescence was measured in control cultures without the addition of inducer (-aTc) and in 

cultures supplemented with 1 µg/mL or 2 µg/mL aTc. Data from PrnpB::gfp and Ptrc1.x.tetR::gfp were included for 

comparison purposes. Measurements were performed 0 h, 24 h, 48 h and 72 h after the addition of aTc. The data 

represent mean ± S.D. of three technical replicates and measurements were carried out in duplicate. 
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When the repressor protein is expressed (Figure 16, Ptrc1.x.tetR::gfp-PrnpB::tetR, -

aTc), the GFP fluorescence levels were low and constant over time. The addition of 

inducer using 1 µg/mL or 2 µg/mL of aTc results in an increased GFP expression, 

reflecting the intensification of promoter activity. Although the activity of this promoter 

can be repressed, it cannot be induced up to unrepressed levels even increasing the 

inducer up to 5 µg/mL (data not shown). The low levels of derepression could be due to 

the inducer used, since aTc is light-sensitive. For this reason, using this inducer might 

limit the application with promoters in photosynthetic microorganisms. However, thanks 

to the versatile TetR system, there are some alternatives to the use of this inducer. 

TetR-regulated promoters can be induced by e.g. an RNA aptamer (Steber et al., 2011) 

and the short peptide TIP (Goeke et al., 2012), which should be light-insensitive 

molecules. 

Concerning the three other promoters tested, GFP expression results were 

similar in Synechocystis cells carrying the synthetic constructs Ptrc2.x.tetR::gfp-PrnpB::tetR, 

Ptrc.x.araC::gfp-PrnpB::araC and PtacI::gfp-PrnpB::lacI (Figures 17, 18 and 19, respectively). 

 

 
Figure 17 - Normalized GFP fluorescence in Synechocystis cells carrying a plasmid with the synthetic construct 

Ptrc2.x.tetR::gfp-PrnpB::tetR. GFP fluorescence was measured in control cultures without the addition of inducer (-aTc) and in 

cultures supplemented with 1 µg/mL or 2 µg/mL aTc. Data from PrnpB::gfp and Ptrc2.x.tetR::gfp were included for 

comparison purposes. Measurements were performed 0 h, 24 h, 48 h and 72 h after the addition of aTc. The data 

represent mean ± S.D. of three technical replicates and measurements were carried out in duplicate. 
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Figure 18 - Normalized GFP fluorescence in Synechocystis cells carrying a plasmid with the synthetic construct 

Ptrc.x.araC::gfp-PrnpB::araC. GFP fluorescence was measured in control cultures without the addition of inducer (-ara) and in 

cultures supplemented with 0.2 % (w/v) or 1 % (w/v) arabinose (ara). Data from PrnpB::gfp and Ptrc.x.araC::gfp were 

included for comparison purposes. Measurements were performed 0 h, 24 h, 48 h and 72 h after the addition of 

arabinose. The data represent mean ± S.D. of three technical replicates and measurements were carried out in 

duplicate. 
 

 
Figure 19 - Normalized GFP fluorescence in Synechocystis cells carrying a plasmid with the synthetic construct 

PtacI::gfp-PrnpB::lacI. GFP fluorescence was measured in control cultures without the addition of inducer (-IPTG) and in 

cultures supplemented with 1 mM or 2 mM IPTG. Data from PrnpB::gfp and PtacI::gfp were included for comparison 

purposes. Measurements were performed 0 h, 24 h, 48 h and 72 h after the addition of IPTG. The data represent mean 

± S.D. of three technical replicates and measurements were carried out in duplicate. 
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The presence of the repressor proteins (TetR, AraC or LacI) do not repress the 

promoters Ptrc2.x.tetR::gfp-PrnpB::tetR, - aTc; Ptrc.x.araC::gfp-PrnpB::araC, - ara; and PtacI::gfp-

PrnpB::lacI, - IPTG. Therefore, the addition of the respective inducers (aTc, arabinose 

and IPTG) had no effect on GFP expression. In case of Ptrc2.x.tetR (Figure 17) the 

promoter has a tetO variant with four bp exchanges that is known to inhibit the binding 

of TetR in E. coli (Krueger et al., 2007). Similarly, in Synechocystis, the presence of 

repressor did not affect GFP expression (- aTc). Ptrc.x.araC has two identical araO 

operators which allow repression through a DNA looping. This kind of regulation in 

which the repression of the promoter is mediated by DNA looping between AraC and 

the two araO regions is usually used in E. coli (Lobell and Schleif, 1990). However, in 

this study using Synechocystis, this promoter was not repressed (Figure 18, 

Ptrc.x.araC::gfp-PrnpB::araC, - ara). It could be due to the DNA-loop dependent repression, 

since this kind of regulation is known to vary periodically as a function of the distance 

between the two operators – repression increases significantly decreasing inter-

operator length (Müller et al., 1996). In this study, PtacI cannot be repressed at all by 

LacI (Figure 19, PtacI::gfp-PrnpB::lacI, - IPTG). Previously, this promoter was tested in the 

cyanobacterium Anabaena PCC 7120 and it was only partially repressed (Elhai, 1993). 

In Synechocystis, the lack of repression may be overcome by re-designing the 

promoter to contain two LacI-binding operators and achieve repression through DNA 

looping, similarly to what happens with the Ptrc.x.lacI::gfp-PrnpB::lacI construct. 

In summary, when evaluating the activity of the five regulated promoters, two of 

them could be strongly repressed (Ptrc.x.lacI and Ptrc1.x.tetR), while the other three could not 

(Ptrc2.x.tetR, Ptrc.x.araC and PtacI). In the two successful cases, the repressed activity could 

not be restored back to the initial levels using the respective inducer. 
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Conclusions 
Concerning the unicellular cyanobacterium Synechocystis sp. PCC 6803 

tolerance to temperature/temperature fluctuations it is important to notice that (i) the 

initial optical density is particularly important for Synechocystis growth at low 

temperatures and (ii) from 30 ºC the growth decreases with the decrease of the 

temperature, being 9 ºC the lower limit, and (iii) the growth of Synechocystis under 

temperatures fluctuating between 10 and 30 ºC was similar to that observed for cells 

grown continuously at 20 ºC. 

The tested strategies to improve Synechocystis thermotolerance showed that (iv) 

supplementing the growth medium with ectoine or hydroxyectoine did not have an 

impact on growth and (v) the insertion of a synthetic device containing the gene 

encoding the heat shock protein Hsp17 into Synechocystis resulted in higher transcript 

levels compared to the wild-type. However, no higher levels were detected when cells 

were submitted to a heat shock treatment (preliminary results). 

Moreover, with the final goal of developing synthetic biology tools, several 

promoters were tested in Synechocystis. These experiments demonstrated that (vi) two 

of the regulated promoters were efficiently repressed. Nevertheless, after repression 

they cannot be induced back to the unrepressed levels. 

 

Future perspectives 
- Evaluation of Synechocystis tolerance to temperature/temperature fluctuations 

will be resumed, notably mimicking "winter days" and "summer days" in Florence, place 

where the outdoor bioreactors will be implemented. 

- To increase Synechocystis thermotolerance, the strategy of supplementing the 

growth medium with ectoine or hydroxyectoine could be improved by introducing a 

transporter for these solutes, ensuring cell uptake. As an alternative approach, the 

introduction of synthetic devices for the biosynthesis of ectoine and hydroxyectoine in 

Synechocystis cells can be used. Furthermore, the strategy based on the heat shock 

protein will be evaluated by comparing the growth of Synechocystis with the hsp17 

device to the wild-type, in temperature stress conditions. 

- In the development of synthetic biology tools, characterization of the synthetic 

promoters will be finalized and, based on the obtained results, promoters will be re-

designed in order to improve its performance. 
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