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Abstract There is an urgent need to develop sustainable

solutions to convert solar energy into energy carriers used

in the society. In addition to solar cells generating elec-

tricity, there are several options to generate solar fuels.

This paper outlines and discusses the design and engi-

neering of photosynthetic microbial systems for the gen-

eration of renewable solar fuels, with a focus on

cyanobacteria. Cyanobacteria are prokaryotic microorganisms

with the same type of photosynthesis as higher plants.

Native and engineered cyanobacteria have been used by

us and others as model systems to examine, demonstrate,

and develop photobiological H2 production. More

recently, the production of carbon-containing solar fuels

like ethanol, butanol, and isoprene have been demon-

strated. We are using a synthetic biology approach to

develop efficient photosynthetic microbial cell factories

for direct generation of biofuels from solar energy.

Present progress and advances in the design, engineering,

and construction of such cyanobacterial cells for the

generation of a portfolio of solar fuels, e.g., hydrogen,

alcohols, and isoprene, are presented and discussed.

Possibilities and challenges when introducing and using

synthetic biology are highlighted.
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INTRODUCTION

Cyanobacteria are prokaryotic microorganisms, unicellular

to filamentous, with the same type of photosynthesis as

higher plants. They are present in highly diverse and

extreme environments with significant fluctuations in, e.g.,

temperature, salinity, pH, and water availability. Since

1995 when the first cyanobacterial genome became public,

a large number of cyanobacterial genomes are now

sequenced and genetic tools for traditional as well as

synthetic biology-based molecular technologies are avail-

able and also further developed. The ability of cyanobac-

teria to use solar energy and atmospheric CO2 as energy

and carbon sources, respectively, together with their faster

growth rates (compared to plants) and the relative ease with

which they can be genetically engineered (compared to

algae), make cyanobacteria stand out from all other

organisms used in biotechnological applications

(Angermayr et al. 2009; Heidorn et al. 2011).

We are using a general approach developed by many

laboratories to design, engineer, construct, and analyze

cyanobacteria for targeted and improved biofuel produc-

tion. The experimental design is followed by the con-

struction, characterization, and analyses of the

cyanobacterial cells as detailed below (see also Fig. 1):

1. Hypothesis generation. Bioinformatic investigations to

(a) Codon optimization and (b) Experimental design.

2. Synthesis of DNA parts such as promoters, ribosomal

binding sites and genes to fit and be optimized for the

specific host.

3. Assembly of the genetic parts into the genetic vehicle.

4. Insertion of the novel genetic constructs into the

cyanobacterial host.

5. Controlled cultivation in purpose designed photo-

bioreactors.

6. Analysis of the culture for biofuel production perfor-

mance.

7. High-throughput data acquisition from multiple levels;

transcriptome, proteome, metabolome, and bioinformatic
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Fig. 1 Overview of the general approach adopted in our laboratory to

design, engineer, and analyze cyanobacteria for improved biofuel

production. After establishing an initial hypothesis, bioinformatic

investigations and careful literature reviews are carried out to, e.g.,

design genetic constructs, optimize codon utilization, and to develop the

experimental set up (1). Once this is accomplished, follows the synthesis

of DNA parts such as promoters, ribosomal binding sites, and genes to fit

the specific host (2), which are then assembled in appropriate genetic

vehicles (3). These genetic constructs are subsequently transferred to the

cyanobacterial host (4) and the new engineered cyanobacterium can now

be cultivated in purpose designed bioreactors under specific controlled

conditions (5). After optimizing selected parameters, the engineered

cyanobacterium is thoroughly tested to examine its novel capacities in

biofuel production (6)—in the present figure, the biofuel produced is

envisioned to be in the gas phase. In order to identify, e.g., bottlenecks and

limiting steps in the metabolic pathways leading to the biofuel production,

high-throughput data is acquired from multiple levels, including analyses

of the organism’s transcriptome, proteome, and metabolome (7).

Integrating these varied aspects into bioinformatic analyses can then

elucidate further regulatory and metabolic networks (7). The identifica-

tion of processes of importance to promote biofuel production and/or

efficiency will lead to the generation of new hypotheses (8), which will

then guide the process to a new level of engineering. Therefore, this

process can cycle iteratively for additional improvements
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network analyses to create gene association, regulatory

and metabolic networks. Data interpretation and valida-

tion of results.

8. Identification of processes of importance to further

improve production. Identify bottlenecks and suggest

modifications, etc. Hypothesis generation.

9. Based on the new knowledge generated through the

above process start a new cycle at 1.

NATIVE AND ENGINEERED CYANOBACTERIA

FOR PHOTOBIOLOGICAL H2 PRODUCTION

Cyanobacteria can be used for the production of molecular

hydrogen (H2), a possible future energy carrier. As cyano-

bacteria can use sunlight as energy source, water as an

electron source and air as a carbon (CO2) and a nitrogen (N2)

source, the use of cyanobacteria for the production of

renewable energy carriers like H2 would be sustainable and

also give the possibility of a high energy conversion effi-

ciency. In cyanobacteria, two natural pathways for hydrogen

production can be used: H2 production as a by-product dur-

ing nitrogen fixation and as a product of the activity of the

bidirectional hydrogenase. Using these pathways, only lim-

ited amounts of hydrogen can be evolved with wild-type

strains, levels which are not at all sufficient for a commercial

production of H2 as a competitive energy carrier. Several

bottlenecks have been identified, some of which have been

addressed: (i) H2 uptake by the cells (uptake hydrogenase)—

genetically engineered strains with a non-functional/deleted

uptake hydrogenase have been produced (see Tamagnini

et al. 2007), (ii) low energy efficiency and turnover of the

nitrogenase and/or the hydrogenase, (iii) limiting amounts of

active H2-evolving enzymes, (iv) high oxygen sensitivity of

the nitrogenase and/or the hydrogenase, (v) electron flow

inhibition by accumulation of ATP in a hydrogenase-driven

system, (vi) low quantum efficiency due to too large antennas

in both Photosystem II (PSII) and PSI, and (vii) electron-

consuming pathways competing with an efficient electron

transfer to the H2 enzymes (Tamagnini et al. 2007; An-

germayr et al. 2009). Addressing the last point, a signifi-

cantly increased hydrogen production was recently achieved

when redirecting the electron supply toward the hydrogenase

via genetic engineering of the electron-competing nitrate

assimilation pathway in the unicellular cyanobacterium

Synechocystis 6803 (Baebprasert et al. 2011).

Recently, the bacterial [FeFe] hydrogenase HydA from

Clostridium acetobutylicum has been expressed in Synecho-

coccus elongatus PCC 7942 together with the necessary

maturation enzymes, and, under anoxic conditions, the

resulting light-dependent hydrogen evolution could be shown

to be increased[500 times, compared to H2 evolution from

the endogenous [NiFe] hydrogenase (Ducat et al. 2011a).

These results clearly show the high potential of heterologous

expression of suitable enzymes and generation of valuable

products in cyanobacterial strains. In order to realize this

potential, a new approach aims to introduce engineering

principles into molecular biology: synthetic biology.

STANDARDIZED GENETIC ENGINEERING,

SYNTHETIC BIOLOGY

Synthetic biology is the design and construction of new

biological parts, devices, and systems, as well as the

redesign of existing biological systems for useful purposes

(http://syntheticbiology.org). Basic principles of synthetic

biology are the (i) use of standardized and well-charac-

terized building blocks (e.g., BioBricks), (ii) hierarchical

design of nature-inspired, artificial genetic circuits and

proteins in silico, and (iii) use of chemical DNA synthesis

which allows production of DNA sequences that are not

found in nature (Huang et al. 2010). For the rational design

of artificial genetic circuits, the behavior of each individual

part has to be well characterized. Especially promoters are

key parts for the heterologous expression of proteins, and

in Huang et al. (2010) promoters have been characterized

in cyanobacteria in a standardized experimental setup. The

vision of cyanobacterial synthetic biology is to build up a

repository of standard genetic parts for use in the hosts that

are shared by the cyanobacterial community and can speed

up successful genetic engineering of cyanobacterial strains

for the sustainable production of valuable products.

NATIVE TRANSCRIPTIONAL REGULATION,

IMPORTANCE OF NON-NATIVE SYSTEMS

Each time a gene or protein is identified through, e.g.,

microarray, proteomics, genetic engineering, as being

important in a given metabolic pathway, it becomes crucial

to proceed with its characterization. The decision to follow

up on this gene or protein may emerge from its identifi-

cation as a bottleneck in the pathway, or simply because it

is extremely differentially expressed with unknown effects

on that pathway. Regardless of the motivation, further

characterization can lead to an optimization of the overall

reaction of interest. If little is known about this gene and

respective protein product, then transcriptional studies are

usually the first step of the characterization. These regu-

larly include analyses of the transcript level in different

environmental conditions (Northern blotting, RT-qPCR),

determination of its promoter structure (primer extension,

50 RACE), identification of transcription factors controlling

its expression (DNA affinity assays, mobility shift assays),

and depending on the genetic context, assessment of

AMBIO 2012, 41 (Supplement 2): 163–168 165

� Royal Swedish Academy of Sciences 2012

www.kva.se/en 123

http://syntheticbiology.org


transcript units (monocistronic vs. polycistronic—Northern

blotting, RT-PCR). Obtained results will shed light into the

environmental conditions controlling the gene’s expression

and therefore it becomes possible to assign it to particular

regulatory network(s). Furthermore, detailed transcrip-

tional studies are also of utmost importance to determine

specific gene expressions in different cells, e.g., heterocysts

and/or vegetative cells in filamentous, heterocyst-forming

cyanobacteria as well on the subcellular level. In the given

example, the data may indicate additional roles of this gene

in cell differentiation or expose further metabolic interac-

tions. In the end, the combination of all transcriptional

analyses with a biochemical characterization may lead to a

better understanding of the gene’s functions.

Transcription factors are DNA-binding proteins interact-

ing with the promoter element and influencing positively or

negatively the transcription of the downstream gene(s).

Recently in our laboratory, we have been able to demon-

strate that the transcription factor LexA is under post-tran-

scriptional control in the cyanobacterium Synechocystis

(Oliveira and Lindblad 2011). In addition, post-translational

modifications were also observed, which seem to affect the

DNA-binding capacity of LexA (Oliveira and Lindblad

2011). However, transcriptional studies need to be assessed

cautiously, as an increasing number of reports indicate that

massive non-coding and antisense RNA is expressed in

cyanobacterial cells (Georg et al. 2009; Mitschke et al.

2011), even though their function(s) is yet unclear.

Thorough transcriptional analyses of the gene in study may

lead to novel functionalities and utilities. For example, if the

gene has a specific cell expression, or if it responds specifically

and with an appropriate strength to an environmental condi-

tion, its promoter can be used to control the expression of other

genes (native or foreign) in order to introduce novel capacities

into cyanobacteria. For instance, the promoter of petE,

encoding the electron carrier plastocyanin has been widely

used to control the expression of various genes based on the

amount of copper present in the medium; alternatively, the

promoter of patS, encoding a heterocyst-inhibiting signaling

peptide has been used to target gene expression specifically to

heterocysts (Yoon and Golden 1998, 2001; Oliveira and

Lindblad 2008). However, regardless of all the efforts to

characterize the promoter and understand its behavior in dif-

ferent conditions, it is clear that it will still be dependent on the

cell transcription machinery. Therefore, undesired cross-talk

between various transcriptional networks may be too difficult

to insulate, resulting in unexpected expression patterns and

leading to abnormal metabolic flux.

Consequently, orthogonal promoters are required to

control the expression of genes when metabolic pathways

are to be introduced or modified. As an example, the hybrid

promoters tac and trc have been used to regulate the

expression of various genes in cyanobacteria. However,

these well-described promoters used in Escherichia coli

have been shown to respond differently in a cyanobacterial

background (Huang et al. 2010; Heidorn et al. 2011), fur-

ther supporting the notion that all these parts have to be

initially and thoroughly characterized in cyanobacteria.

GENE OPTIMIZATION

Using cyanobacteria for generating interesting products not

naturally made by the system requires expression of het-

erologous genes. These may originate from any organism

in possession of the desired metabolic capabilities. Their

expression in the cyanobacterial host necessitates systems

for propagation or integration in the host genome, as well

as control of transcription and translation (Heidorn et al.

2011). It may not be enough, however, to merely introduce

the gene sequences of interest under control of a suitable

promoter. Since different organisms have different prefer-

ences for codon use, optimizing the heterologous gene

sequences to fit the host organism may be necessary to

enhance expression of the encoded proteins.

Codon optimization is done by comparing the sequence of

the gene with the codon use preferences of the intended host

organism, and then changing the sequence of the gene to

create a better fit for the host. A basic level of codon opti-

mization can be achieved by simply identifying and chang-

ing codons that are very rarely used in the host, in order to

prevent delay of translation at the point of those codons.

However, with DNA synthesis technology routinely avail-

able, the entire gene sequence may be reconstructed starting

from the amino acid sequence of the encoded protein. This

allows for optimization of all the codons to fit better with the

host’s preferences, and can also be used to minimize prob-

lems caused by strong secondary structures in the mRNA at

the 50 end of the gene. Furthermore, repetitive sequences can

be avoided, and new features such as protein tags and other

modifications may also be introduced (Welch et al. 2011).

Downstream cloning strategies can be facilitated through

removal and introduction of restriction sites. Software is

available to help design the synthetic gene with all required

features (e.g., ‘‘Gene Designer’’ from the company DNA 2.0,

Welch et al. 2011).

In cyanobacteria, there is to our knowledge so far only

one example where codon optimization of an entire gene

sequence has been demonstrated to enhance expression of a

heterologous protein. This was done in a study where the

plant enzyme isoprene synthase was expressed in the uni-

cellular cyanobacterium Synechocystis PCC 6803. It was

found that when the codon usage of the gene was adapted

to the preferences of the host bacterium, expression of the

protein was substantially increased, with a factor of about

10, compared to when the original plant gene sequence was
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expressed in the same cyanobacterium (Lindberg et al.

2010). It should be noted, however, that higher levels of

protein expression does not necessarily correlate with

higher levels of activity of the enzyme in vivo, or with an

increase in formation of a desired product, since other

limitations on the reaction may apply in the cell.

EXAMPLES OF GENETICALLY ENGINEERED

CYANOBACTERIA PRODUCING A SOLAR FUEL

Cyanobacteria have been genetically engineered and

demonstrated to produce H2 (Tamagnini et al. 2007;

Baebprasert et al. 2011; Ducat et al. 2011a), ethanol (Deng

and Coleman 1999; Dexter and Fu 2009), 1-butanol (Lan

and Liao 2011), isobutyraldehyde and isobutanol (Atsumi

et al. 2009), isoprene (Lindberg et al. 2010), ethylene

(Takahama et al. 2003), sugars, and lactic acid (Nieder-

holtmeyer et al. 2010)—for recent reviews, see Angermayr

et al. (2009) and Ducat et al. (2011b).

ANALYZE MODIFIED CELLS

WITH PROTEOMICS, IDENTIFY BOTTLENECKS,

AND SUGGEST FURTHER STEPS

The complexity of processes involved in photobiological

fuel production, requires systems-level strategies to exploit

the full capacity of cyanobacteria as efficient future biofuel

producers. By using such a strategy, including integration

of analysis of growth and enzyme activity with quantitative

mass spectrometry-based proteomics, we identified poten-

tial targets for future genetic engineering to improve pro-

duction of H2 from the heterocyst-forming cyanobacterium

Nostoc punctiforme. In this study, an engineered H2 pro-

ducing strain of N. punctiforme was compared to the wild

type and bottlenecks, such as amount of substrate carbo-

hydrates, and O2 level, was identified, and could be directly

related to specific cellular pathways and regulatory activ-

ities of importance for the H2 production. This study

(Ekman et al. 2011) highlights the significance of a system-

wide analysis, on proteome level, of cyanobacterial cells

engineered to produce a biofuel. The limitations on the

engineered cyanobacteria, in large-scale cultivations in

bioreactors or during different cultivation condition, could

be identified at an early stage and therefore we will use

systems analyses on proteome level for characterizations of

the novel synthetic biology engineered cyanobacteria.

From our work, we have concluded that quantitative

large scale proteomics provides a useful method to identify

targets for directed genetic/physiological modification to

optimize the system for a biotechnological approach such

as production of sustainable energy carriers.

The final goal in the systems biology approach is the

translation of the quantitative proteomic data into mathe-

matical models, which will aid in demonstrating the met-

abolic and regulatory network as a dynamic in silico

model.

DESIGN, ENGINEERING, AND CONSTRUCTION

OF CYANOBACTERIAL CELLS FOR BIOFUEL

PRODUCTION

Using the above outlined strategy to design, engineer,

construct, and analyze cyanobacteria for improved biofuel

production (schematically presented in Fig. 1), there is a

solid platform to generate efficient photosynthetic micro-

bial cell factories for future large-scale production of solar

fuels.
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