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Abstract
Cyanobacteria are attractive hosts that can be engineered for the photosynthetic production of fuels, fine chemicals, and proteins
from CO2. Moreover, the responsiveness of these photoautotrophs towards different environmental signals, such as light, CO2,
diurnal cycle, and metals make them potential hosts for the development of biosensors. However, engineering these hosts proves
to be a challenging and lengthy process. Synthetic biology can make the process of biological engineering more predictable
through the use of standardized biological parts that are well characterized and tools to assemble them.While significant progress
has been made with model heterotrophic organisms, many of the parts and tools are not portable in cyanobacteria. Therefore,
efforts are underway to develop and characterize parts derived from cyanobacteria. In this review, we discuss the reported parts
and tools with the objective to develop cyanobacteria as cell factories or biosensors. We also discuss the issues related to
characterization, tunability, portability, and the need to develop enabling technologies to engineer this Bgreen^ chassis.
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Introduction

Cyanobacteria are a group of photosynthetic prokaryotes that
have been credited with the creation of oxygenic environment
on earth. These photoautotrophs are interesting hosts for the
production of biofuels and chemicals due their ability to har-
ness light energy and fix CO2. They thrive in varied niche
environments ranging from oceans to hot springs and deserts
(Pisciotta et al. 2010). This geographic diversity provides

these hosts an added advantage as the cyanobacteria-based
processes can be robust, sustainable, and in turn commercially
attractive (Ohbayashi et al. 2016). In recent years,
cyanobacteria have been engineered to produce various plat-
form chemicals, such as isoprene (Gao et al. 2016a), ethanol
(Choi and Park 2015; Kopka et al. 2017), 2,3-butanediol
(Nozzi and Atsumi 2015), 1-butanol (Lan and Liao 2012),
and 1,2-propanediol (Li and Liao 2013). However, significant
improvements are required to convert these proof of concept
studies into commercially viable processes. These improve-
ments fall under two broad categories: (i) host engineering to
make the strain more robust and tolerant to the outdoor pond
conditions and (ii) metabolic engineering to improve the car-
bon flux towards the product of interest (Alagesan et al. 2013;
Hendry et al. 2016; Li et al. 2016; Holland et al. 2016; Hendry
et al. 2017; Singh et al. 2018). These genetic changes can be
introduced into cyanobacteria using synthetic biology ap-
proaches that follow the design-build-test cyclic process typ-
ically followed in engineering systems (Nielsen et al. 2014).
Apart from acting as hosts for the photosynthetic conversion
of CO2 to commercially interesting products, cyanobacteria
are also interesting chassis to build biosensors given their
responsiveness to the various environmental stimuli (Los
et al. 2010; Immethun et al. 2017).

Synthetic biology incorporates a bottom up approach to
create biological systems of the desired characteristics, or to
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restructure the existing natural systems by borrowing the prin-
ciples of design and construction, which have been used by
engineers for centuries. The approach requires abstraction,
modularity, and standardization akin to a typical engineering
design project (Endy 2005; Canton et al. 2008). Engineering
systems are based on the availability of standardized and char-
acterized generic parts. Complex systems can then be con-
structed reliably by combining basic parts into devices and
systems. Thus, the potential to quickly and predictably create
engineered biological systems from catalogues of standard
biological parts is the foundation for synthetic biology
(Endy 2005). Synthetic biology toolbox includes (i) a cata-
logue of characterized biological parts—promoter, RBS, ter-
minator libraries, (ii) standardized methods for the assembly
and manipulation, (iii) the ability to use these parts inter-
changeably to build bigger systems, in a context independent
manner, and (iv) predictive models and algorithms for optimi-
zation (Gordon et al. 2016) (Fig. 1). Efforts in synthetic biol-
ogy have been focused on standardization with significant
progress in standards for assembly but limited success in char-
acterization and modularity.

The registry of standardized biological parts (Fig. 1)
(henceforth referred to as the BioBricks registry), now hosts
thousands of parts that are primarily derived from the natural
sequences of model heterotrophs such as E. coli and yeast.
The direct use of these parts in cyanobacteria may not be a
viable option due to the following unique characteristics of
these photoautotrophs: (i) almost the entire cellular machinery
of cyanobacteria, including gene expression, metabolism and
cell division, experiences circadian control (Krishnakumar
et al. 2015a); (ii) a majority of cyanobacterial promoters are
responsive to light intensity or CO2 levels or both (Onizuka
et al. 2002; Markley et al. 2015); and (iii) the significant dif-
ferences between E. coli and cyanobacteria in their RNA

polymerase sigma factors (Berla et al. 2013). Majority of
cyanobacteria exhibit polyploidy with the chromosome copy
number varying with growth condition (Ramey et al. 2015).
Therefore, cyanobacteria may require long periods of chromo-
somal segregation during genome editing (Ng et al. 2015).
Thus, apart from the need for the development of
cyanobacteria derived standard parts, there is a strong require-
ment for efficient genome editing tools for this photoautotro-
phic group of bacteria.

Cyanobacteria have been used for various applications,
such as cell factories and biosensors. The ability of this pho-
tosynthetic prokaryote to regulate gene expression and mod-
ulate metabolite pools in response to different environmental
signals including day-night cycles makes it a potential candi-
date for sensors (Los et al. 2010). Therefore, synthetic
biology-aided advanced biosensors could be developed in
cyanobacteria for modulating gene expression of a specific
pathway in response to the concentration of intracellular me-
tabolites. Moreover, there is significant interest in engineering
of cyanobacteria as a chassis for photosynthetic conversion of
CO2 into useful products. This review focuses on the various
synthetic toolboxes available for engineering cyanobacterial
hosts. We also discuss the different regulatory sensors and
reporter systems developed in cyanobacteria and the current
challenges and opportunities in synthetic biology.

Enabling technologies

Synthetic biology envisages the building of higher level sys-
tems from readily available standard biological parts. This
would also require a chassis on which the parts can be assem-
bled, standard tools and a set of models that will allow a
predictable outcome. All these can be developed into robust
technologies or a set of reagents that can be used as per the

Fig. 1 An overview of the
process to develop a synthetic
standardized and predictable
biological system incorporating
engineering principles. a General
scheme of standardized synthetic
biology approach for developing
engineered biological systems. b
Standardized notations of the
biological parts adapted from
(Endy 2005)
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standard operating procedures without the need to understand
the complex details that go into making them. These enabling
technologies can be broadly categorized as (i) host cells, nat-
ural or engineered, that are well characterized; (ii) a catalogue
of parts with appropriate datasheets, (iii) tools to assemble the
parts and edit the genome; and (iv) predictive models that will
minimize the trial and error while designing parts and systems.
Another important aspect would be the availability and acces-
sibility of these technologies as commercially available prod-
ucts to the scientific community (Kahl and Endy 2013).

Host/chassis

The goal of synthetic biology is to design cells, which perform
the desired functions or can be used as cell factories.While the
design is based on engineering principles, synthetic biology is
implemented by making genetic alterations in the host organ-
ism. Thus, in order to be suitable for synthetic biology, the
host ideally should be (i) fast growing, (ii) amenable to genetic
manipulations, (iii) sensitive to a range of selectable markers,
(iv) characterized in terms of genome sequence and annota-
tions, and (v) well-studied in terms of physiology (Kim et al.
2016). Synthetic biology for industrial purposes or a next gen-
eration platform may impose additional constraints.
Additionally, in silico models that account for the response
of these organisms to light, CO2, temperature, and salt would
help in developing advanced synthetic circuits (Adams 2016).

Initial work on synthetic biology and developing sensors has
focused on popular model organisms such as E. coli and
S. cerevisiae. However, cyanobacteria offer a new kind of chas-
sis as they have the ability to carry out oxygenic photosynthesis
and exhibit metabolic plasticity by being able to adapt easily
and modify fluxes in response to environmental stimuli (Xiong
et al. 2017). In recent years, a significant effort has been

directed towards the engineering of a variety of cyanobacterial
strains, with or without a direct reference to synthetic biology.
Strains such as Synechococcus elongatus PCC 7942,
Synechococcus sp. PCC 7002, and Synechocystis sp. PCC
6803 have been used as hosts for studies ranging from promot-
er engineering to pathway engineering (Table 1). Despite their
potential, these model cyanobacteria strains suffer from one or
more of the following limitations: (i) slow growth compared to
other prokaryotes, (ii) lack of tolerance to high light, CO2 and
temperature, and (iii) requirement for vitamin supplementation.
Nevertheless, a recently reported strain of Synechococcus
elongatus UTEX 2973 (Yu et al. 2015) rivals yeast in terms
of growth rate and meets some of the key criteria for an ideal
industrial strain. Therefore, we believe that such robust strains
that are amenable to genetic modification will emerge as model
strains for synthetic biology in near future.

Cis-acting parts

Majority of studies on biological parts revolve around cis-
acting regulatory elements (CRE), such as promoters and
RBS. Cyanobacteria offer a gold mine of such parts due to
their diurnal behavior, which could be used for metabolic
engineering or development of sensors. Although many part-
like DNA sequences have been characterized, only a small
fraction of cyanobacteria derived parts have been added to
the BioBricks registry (Table S1). A large number of
cyanobacterial promoters respond to the phase of the day, light
intensity, CO2, or metal concentrations (Table 2). Among the
promoters that are characterized, psbA, cpcB, and rbcL are
commonly used for heterologous expression (Deng and
Coleman 1999; Ruffing 2014; Zhou et al. 2015). PnrsB, a na-
tive nickel inducible promoter is also affected by high light
and hence, might be a candidate for building sensor

Table 1 A list of cyanobacterial model organisms used in laboratory research that may be potential chassis for synthetic biology. Popularity of the
strain is shown in terms of PubMed hits for the strain

Organism Representative examples of reported studies related to
synthetic biology

Year for genome
availability

No. of PubMed hitsa

Anabaena sp. PCC 7120 CRISPR/Cas9 (Ungerer and Pakrasi 2016), gene
knock-out studies (Puerta-Fernandez and Vioque 2011).

2001 613

Synechocystis sp. PCC
6803

CRISPR/Cas9 (Ungerer and Pakrasi 2016), gene knock-out
studies (Ruffing 2014), synthetic biology toolbox
(Wang et al. 2017), Biosensors (Immethun et al. 2017)

1996 1943

S. elongatus PCC 7942 Circadian rhythm studies (Vijayan et al. 2009), pathway en-
gineering (Nozzi and Atsumi 2015), gene essentiality
studies (Rubin et al. 2015).

2004 287

Synechococcus sp. PCC
7002

Promoter and pathway engineering (Markley et al. 2015),
sRNA based silencing (Zess et al. 2016), gene knockout
studies (Ruffing 2014).

2008 251

S. elongatus UTEX 2973 CRISPR/Cas9 based genome editing (Ungerer and Pakrasi
2016).

2015 5

aAs on 16/03/2018
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responsive to both light and nickel (Englund et al. 2016).
However, the heterotrophic inducible promoters are often fa-
vored when designing sensor or device, such as Ptet, Ptrc, Plac,
and their modified forms due to the vast knowledge available
about them (Huang et al. 2010; Berla et al. 2013; Huang and
Lindblad 2013).

Apart from the promoter, RBS is a crucial element that
determines the expression levels of genes. BioBricks registry
lists a number of RBS sequences of different strengths
(Table S1). Besides promoters and RBS, the terminator se-
quences are used in order to control the expression of genes
at the transcriptional level. Terminator sequences have been
extensively characterized in E.coli, some of which have been
borrowed for use in cyanobacteria successfully (Chen et al.
2013). Moreover, the cyanobacterial terminator of RuBisCO
has been optimized for expression (Wang et al. 2012).
Therefore, efforts have been made to identify, understand
and characterize the cyanobacterial parts, and develop tool-
boxes, such as libraries of promoters and RBS that could be
used to design different environmental sensors in
Synechococcus sp. PCC 7002 and Synechocystis sp. PCC
6803 (Markley et al. 2015; Wang et al. 2017).

Trans-acting parts

Advances in the engineering of trans-acting elements provide
opportunities for the development of a new category of parts,

which may find newer applications. Several naturally occur-
ring trans-acting repressors such as LacI, TertR. and cI are
widely used to regulate heterologous protein expression in
various organisms. However, these prove highly inflexible
due to their high affinity towards the corresponding operator
site. Thus, to direct the trans-acting elements towards the gene
of interest without the need for the editing of the host genome,
tools such as clustered regularly interspaced short palindromic
repeats interference (CRISPRi), transcription activator-like ef-
fectors (TALE), synthetic small RNA (sRNA), and
riboswitches have been developed (Fig. 2). CRISPRi and
TALE regulate the transcription, while sRNA and
riboswitches act typically as a post-transcriptional regulator
(Nakahira et al. 2013; Copeland et al. 2014).

The CRISPRi (Fig. 2a) has grown in importance over
TALEs (Fig. 2b) as an emerging technology for multiple gene
repression and has been successfully used in cyanobacteria for
the repression of both heterologous as well as native genes,
such as phycocyanin and CCM related genes (Gordon et al.
2016; Yao et al. 2016). In CRISPRi technology, the dCas9 (a
dead Cas9 protein that lacks the nuclease activity) in combi-
nation with the sgRNA (single guide RNA) expressed under
an inducible promoter was able to show a repression of greater
than 94%without any growth defect (Huang et al. 2016). An
advanced tunable repression by CRISPRi was achieved using
varying concentration of inducer (anhydrotetracyclin), which
was able to revert the repression upon removal of inducer

Table 2 A representative list of well characterized parts derived from cyanobacterial sequences

Promoter Organism Responsive to

psaAB (Muramatsu and Hihara 2006) Synechocystis sp. PCC 6803 Light intensity

cpcB560 (Zhou et al. 2015) Synechocystis sp. PCC 6803 Light intensity

crtP and crtB (Fernández-González et al. 1998) Synechocystis sp. PCC 6803 High light intensity

psbA I, II, III (Li and Golden 1993; Kulkarni and Golden 1994) S. elongatus PCC 7942 Light intensity

hupSL (Holmqvist et al. 2009) Nostoc punctiforme ATCC 29133 –

cpcG2 (Abe et al. 2014) Synechocystis sp. PCC 6803 Green light

psbA2 (Berla et al. 2013) Synechocystis sp. PCC 6803 Light intensity

rbcL (Onizuka et al. 2002) Synechococcus sp. PCC 7002 Carbon dioxide

nir (Berla et al. 2013) Anabaena sp. PCC 7120 Nitrogen

smt (Berla et al. 2013) Synechococcus sp. PCC 7942 Hg2+> > Cu2+> > Ag+ > Co2+ ≥ Zn2+ > Cd2+

nrsB (Berla et al. 2013; Englund et al. 2016) Synechocystis sp. PCC 6803 Ni2+, Co2+, light intensity

coaT (Berla et al. 2013) Synechocystis sp. PCC 6803 Co2+ and Zn2+

ziaA (Berla et al. 2013) Synechocystis sp. PCC 6803 Zn2+ and Cd2+

corT (Garcia-Dominguez et al. 2000) Synechocystis sp. PCC 6803 Co2+

synpcc7942_0488 (Vijayan and O’Shea 2013) S. elongatus PCC 7942 Phase of the day.

synpcc7942_2046 (Vijayan and O’Shea 2013) S. elongatus PCC 7942 Phase of the day.

kaiBC (Kutsuna et al. 2005; Vijayan and O’Shea 2013) S. elongatus PCC 7942 Phase of the day.

RBS-rbcL (Englund et al. 2016) Synechocystis sp. PCC 6803 –

RBS-psbA2 (Englund et al. 2016) Synechocystis sp. PCC 6803 –

Trbc (terminator) (Wang et al. 2012) Synechococcus sp. PCC 6301 –
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(Gordon et al. 2016). The repression was shown to be more
effective when the sgRNAwas designed to target around the
transcription start site of the gene of interest than further
downstream (Huang et al. 2016). The key advantage of the
CRISPRi based systems is the ability to target multiple genes
simultaneously, without having to manipulate multiple pro-
moter regions separately (Taton et al. 2017).

The sRNA orchestrates post-transcriptional regulation by
binding specific mRNAwith the help of Hfq protein thereby
mediating degradation of mRNA (Copeland et al. 2014). This
sRNA system has been adapted from E. coli for use in
Synechococcus sp. PCC 7002, which replaced the RBS with
the RNA-IN sequence that would competitively bind with
RNA-OUT and modulate gene expression (Fig. 2c). In
E. coli, this system was able to show 90% repression in gene
expression. However, the maximum repression obtained using
this non-native sRNA system in Synechococcus sp. PCC 7002
was 70% using a non-inducible promoter and 59% using
anhydrotetracyclin (aTc) inducible promoter. The reduced ef-
ficacy of this synthetic sRNA system in cyanobacteria might
be either due to its non-native nature of the system or the non-
functional native Hfq protein required for mRNA degradation

in E. coli (Zess et al. 2016). However, the other post-
transcriptional regulator, riboswitch has been able to repress
gene expression by about 98% (Taton et al. 2017). Riboswitch
is a stretch of RNA present in the 5’UTR consisting of specific
ligand binding sequences, and a regulatory region which
forms a secondary structure making RBS inaccessible.
Interaction with the ligand molecule leads to the formation
of altered structure, facilitating ribosome binding (Fig. 2d).
The riboregulators, depending upon the design can target ei-
ther transcription or translation processes, whilst the latter
showed wider range control in gene expression than former
(Arpino et al. 2013). To exemplify, a dynamic range of 190-
fold was observed using riboswitch in the model
cyanobacteria S. elongatus PCC 7942 (Nakahira et al. 2013).
Theophylline dependent riboswitches have been shown to
tightly regulate conditional gene expression of a toxic protein
SacB in some strains of cyanobacteria without growth defect
up to 2 mM theophylline (Ma et al. 2014; Ohbayashi et al.
2016). Therefore, theophylline induced riboswitches were re-
ported to perform better than the existing system of lac/Ptrc or
RNA-OUTsRNA or dCas9 (Taton et al. 2017). Validation and
extensive testing of these regulatory tools in cyanobacteria

Fig. 2 The different techniques for regulation of gene repression that are
based on synthetic trans-acting elements. a CRISPR interference
(CRISPRi) technique and b transcription activator-like effectors (TALE)

control gene expression during transcription whereas, c synthetic RNA
(sRNA), and d riboswitch regulate at the post-transcriptional levels
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would provide additional control knobs to optimize fluxes for
pathway engineering instead of deleting competing pathways
(Gordon et al. 2016).

Genome editing tools

The recent techniques in genome editing involve introducing a
strand break at a specific site with the help of native or
engineered nucleases such as meganucleases, ZFNs,
TALENs, and CRISPR/Cas9 (Gaj et al. 2014). Nucleases,
such as ZFNs and TALENs, have their cleavage domain sep-
arated from the recognition domain. The nuclease activity is
non-specific but the recognition sites are highly specific and
can be engineered. Likewise, the CRISPR-Cas system offers a
simple technology that operates on the RNA-DNA interaction
for genome editing and thus, eliminates the need for protein
engineering (Ma et al. 2016). Additionally, this method speeds
up genome editing, enables chromosomal integration, and
thus allows the editing of multiple sites in a short span of time.
Chromosomal segregation is a challenge in genome editing of
cyanobacteria due to the presence of multiple copies of the
chromosome, ranging from 4 to 250 copies per cell, depend-
ing on the strain and growth conditions (Ramey et al. 2015).
This is addressed with CRISPR/Cas9 as all copies of the chro-
mosome are edited simultaneously (Li et al. 2016). This
CRISPR/Cas technology has been demonstrated for disrup-
tion of nblA gene (involved in the process of degradation of
phycobilisomes) in a fast-growing strain of S. elongatus
UTEX 2973 (Wendt et al. 2016), for pathway engineering to
enhance succinate production by the simultaneous knockout of
glgC (glucose-1-phosphate adenylyltransferase gene) and
knock-in of gltA/ppc in S. elongatus PCC 7942 (Li et al.
2016). The major drawback of this technique is the cellular
toxicity of Cas9, which was alleviated by the use of either an
alternative nuclease cpf1 or the addition of excess plasmid car-
rying the Cas9 that might lead to aggregation and misfolding of
the nuclease (Ungerer and Pakrasi 2016; Li et al. 2016; Wendt
et al. 2016). Thus, this upcoming technology has significant
potential for multiplexing genome engineering.

Selectable marker is an important component in molecular
biology and the antibiotic degrading enzymes are most com-
monly used as markers. However, a recent technique makes
use of insertion sites that lead to a more readily observable
phenotype than antibiotic resistance. To exemplify, an inser-
tion at the acsA (acetyl-CoA ligase) locus leads to a phenotype
that is tolerant to acrylate, while an insertion at the nblA
(phycobilisome degradation protein coding gene) locus leads
to obtain a non-bleaching phenotype under nitrogen starva-
tion, thereby enabling a counter-selection protocol
(Begemann et al. 2013; Wendt et al. 2016). These techniques
help speed up chromosomal segregation to a great extent and
eliminate the environmental risk of antibiotic resistant
organism.

An important step in synthetic biology is to deliver the DNA
of interest into the host cell. The currently available
cyanobacteria specific vectors can be categorized as replicative
and integrative vectors (Table 3). The former category is used
primarily for transient expression of genes including the recent
applications in genome editing involving CRISPR/Cas9. These
replicative vectors are mainly derived from a broad-host vector
RSF1010 (Huang et al. 2010). Integrative vectors, on the other
hand, are used to deliver DNA cargo at the site of interest in the
host genome, permitting gene knockout or knock-in. The latter
demands the identification of an appropriate neutral site. The
recent development of SyneBrick vectors facilitates integration
at three neutral sites. It also contains set of three inducible
promoter systems (Kim et al. 2017). Although non-essential
genes or inter-genic regions are the usual candidates for such
a site, recent reports indicate that a neutral site may code for
cryptic functions and therefore, the disruption may lead to the
lack of robustness (Ng et al. 2015).

Predictive tools

Synthetic biology strives to achieve precise control over pro-
tein expression by combining a number of cis- and trans-act-
ing biological parts. While trial and error based engineering
can in principle generate parts of the desired strengths, model-
guided, predictive tools are needed to identify and design parts
and integrate them into biological devices. A number of such
tools have been developed, primarily for E. coli but the effi-
cacy of prediction in cyanobacteria has not been satisfactory
(Ramey et al. 2015). Further, the presence of highly iterative
palindromic sequence (HIPs) (Robinson et al. 1995; Elhai
2015) (5’-GCGATCGC-3′) in cyanobacteria has made identi-
fication of conserved region usingMEME (Bailey et al. 2009)
a challenge. Moreover, the RBS Calculator predictions devi-
ated from experimentally obtained data (Markley et al. 2015).
To that end, a hybrid approach was used to design a strategy
for high expressing RBS in Synechocystis sp. PCC 6803. This
begins with the prediction of RBS sequences using RBS
Calculator, followed by experimental modification of the pre-
dicted sequences (Fig. 3). The experimental changes include
(i) disruption of AT rich region, (ii) AGGAGAwas considered
high expressing sequence, and (iii) absence of GC or AT rich
sequences between the Shine-Dalgarno and start codon (Wang
et al. 2017). The optimal high expressing sequence of RBS
was also observed to have high activity in Synechococcus sp.
PCC 7002 (Markley et al. 2015). Table 4 lists the different in
silico tools currently used for cyanobacteria. Many of the pre-
dictive tools are specific to the genome sequence to a large
extent and thus the availability of high-throughput omics data
for the model organisms would help in developing novel
organism-specific in silico tools (Stockel et al. 2008; Vijayan
et al. 2009; Vijayan et al. 2011; Krishnakumar et al. 2015b;
Fujisawa et al. 2017).
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Applications of synthetic biology
in cyanobacteria

Cyanobacteria as sensors

Biological systems naturally respond to various environmen-
tal stimuli like abiotic factors and toxic substances for surviv-
al, and this becomes the basis for the development of sensors.
Additionally, cyanobacteria are the only group of prokaryotes
that are known to have circadian rhythm or an internal molec-
ular clock, which enables these photoautotrophic bacteria to
respond to phase of day (Immethun et al. 2015) (Fig. 4).
E. coli has witnessed various synthetic biology developments
starting from simple logic gates to complex genetic switch-
boards (Callura et al. 2012; Moon et al. 2012; Stanton et al.
2014), some of which serve as biosensors. In cyanobacteria, a

number of cis- or trans-acting regulatory elements that are
beginning to be uncovered can be arranged to develop differ-
ent logic gates or simple biological circuits. These, when in-
tegrated into the cyanobacteria strain using the advanced ge-
nome editing tools might function as biosensors (Fig. 4a).
Here, we discuss a few examples of recently reported biosen-
sors in cyanobacteria. An anaerobic-sensor was developed in
Synechocystis sp. PCC 6803 using the principles of the AND
logic gate. The FNR-activated promoter which functions un-
der anaerobic condition was used to express a chaperone
(SicA*), while the transcription factor (InvF) was controlled
by the aTc inducible promoter (Ptet). The SicA* and InvF
produced a complex that activates the fluorescent reporter
system. Thus, the reporter gene was only expressed under
anaerobic conditions in the presence of aTc (Fig. 4b)
(Immethun et al. 2015). Recently, another logic gate principle

Table 3 A list of commonly used
vectors in cyanobacterial genome
editing

Vector name Purpose of use

Replicative vectors

BBa_K125000 (Plasmid derived from pRL1383a) (Taton et al. 2012) Protein expression (cloning vector)

BBa_J153000 (pPMQAK1) (Englund et al. 2016) Protein expression

pUC303 and family (Iwaki et al. 2006) Protein expression

pVZ321 and derivatives (Ungerer and Pakrasi 2016; Kopka et al. 2017) Protein expression

pSL2546/2623 (Wendt et al. 2016) CRISPR based genome editing

pSL2680 (Ungerer and Pakrasi 2016) Genome editing

Integrative vectors

BBa_K743006 (pSB1C3) (Table S1) Homologous recombination

BBa_K390000 (pSB1A3) (Table S1) Homologous recombination

pAM family vectors (Rosato 2007) Luciferase reporter gene

pSyn family vectors (Invitrogen) Protein expression

SyneBrick vectors (Kim et al. 2017) Protein expression

Fig. 3 An iterative and hybrid approach that incorporates both a
predictive model and empirical library generation for development of
novel synthetic biology tools: first, a library of parts is tested, the results
of which are used to develop a biophysical or a data-driven model. The

model then predicts the characteristics for new predicted parts, which
could be refined using experimental approach. The model is further re-
fined with the new data in an iterative process (Salis et al. 2009; Chen
et al. 2013)
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was put to use for the construction of the NOT gate and tested
in five different cyanobacteria strains including Synechocystis
sp. PCC 6803. The NOT gate (Fig. 4c) was designed using

reporter fluorescent protein expressed under an inducible pro-
moter whose cognate repressor was regulated by a riboswitch
(Taton et al. 2017).

Table 4 A list of predictive tools that are used in cyanobacteria

Tool/database Description

Cyanobase Database of cyanobacteria (Fujisawa et al. 2017)

RSAT Regulatory sequence analysis tool (van Hijum et al. 2009)

Softberry BPROM Recognition of E. coli promoter and start of transcription (Nozzi and Atsumi 2015)

Virtual Footprint Single or composite DNA patterns (Zhou et al. 2015)

MEME Suite Motif based sequence analysis tool (Bailey et al. 2009)

RBS Calculator v2.0 Prediction of RBS translation rate and design synthetic RBS (Salis et al. 2009)

UTR Designer Predictive design tool (Seo et al. 2013)

RegTransBase Database of regulatory interactions in prokaryotes (van Hijum et al. 2009)

RegPrecise Database for capturing, visualization and analysis of transcription factor regulons

Cyano Operon Database of cyanobacterial operon (Memon et al. 2013)

DOOR2 Database of prokaryotic operons (Mao et al. 2009)

OptKnock, MOMA,
and OptGene

Predicts the gene deletion strategies to optimize the production of target chemicals (Shabestary and Hudson 2016)

OptForce Provides a strain development strategy by predicting the upregulations and downregulations besides knockouts
(Shabestary and Hudson 2016; Lin et al. 2017)

Fig. 4 Examples of biosensors: a the parts are assembled to form a
composite part that could be arranged and integrated in cyanobacteria to
function as a biosensor, that senses an input and produces a observable
output. b The AND logic gate that produces an output when both the
inputs are present. Such a device was developed in cyanobacteria to
respond only in presence of anhydrotetracyclin (aTc) under anaerobic

condition. c Inverters: This device acts as a NOT gate where a positive
input is converted as a negative output. The output signal can be observed
once the input signal has been switched OFF. d Reporters systems (a
pictorial representation) are devices that are capable of converting an
abiotic input to a colored output that can be easily detected
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Few other sensors have been developed in Synechocystis
sp. PCC 6803, which can be categorized depending upon
their input signals, such as a physical, chemical, or meta-
bolic state (Immethun et al. 2017). Physical sensors are
responsive to environmental signals, such as light, temper-
ature, CO2, and O2 levels. Some examples include (i) a
sensor composed of a two-component system, a membrane
associated histidine kinase (CcaS), and its response regula-
tor (CcaR) responsive to green and red lights was endoge-
nously present in Synechocystis sp. PCC 6803, which is
activated under green light but repressed under red light
(Hirose et al. 2008) (Table S1). (ii) A dark responsive sen-
sor was developed using its native transmembrane Cph8
chimera of Cph1 and EnvZ (histidine kinase) from E. coli
(Immethun et al. 2017). (iii) An oxygen sensor that
responded under low oxygen levels using the FNR system
from E. coli (Immethun et al. 2015). A chemical sensor that
detects arabinose levels was designed using the arabinose
responsive promoter (PBAD) in association with the tran-
scription factor AraC and cAMP-CRP complex. The
cAMP-CRP complex regulates both PBAD and the AraC
promoter. Thus, this sensor was tightly regulated and could
be used as a sensor for toxic proteins. The next category of
sensors responded to the metabolic state of the cell, such as
the nitrate levels, which plays an important role in cellular
metabolism. A nitrate sensor was developed using an NtcA
activated promoter in cooperation with 2-oxoglutarate and
PipX which was able to detect very low concentration of
nitrate and hence finds application in detecting the nitrate
levels in soils (Immethun et al. 2017). Cyanobacterial parts
and endogenous response pathways that respond to differ-
ent stress conditions might be further explored to develop
devices that can function as different biosensor (Golden
1995; Garcia-Dominguez et al. 2000; Onizuka et al. 2002).

Reporter systems used for output signal

A biosensor is fused with a reporter system, which helps in
detecting the output signals. An ideal reporter system should
be easy to detect (Fig. 4d) and sensitive to low signal levels.
The autofluorescence of cyanobacteria restricts the use of
certain reporter systems, such as mCherry that emit in the
red/orange range (590–750 nm) (Cohen et al. 2015;
Copeland et al. 2016). However, the green fluorescent pro-
tein (GFP) and its mutant form (GFPmut3B), enhanced yel-
low fluorescent protein (eYFP), and Cerulean work well as
reporter proteins in cyanobacteria (Huang et al. 2010; Liu
et al. 2013). To increase the solubility of these foreign pro-
teins, a superfolder (sf) variant has been developed for all
the fluorescent proteins (Liauw et al. 2015). These proteins
show greater half-lives and therefore, are not suitable to
study the real-time effect. However, with the use of protein
degradation tags the half-life of the reporter protein can be

substantially reduced. Variants of the ssrA tag, viz., the LVA,
AAV, and ASV tags, when fused to eYFP, lowered the half-
life to 8–22 min, and these tags have been observed to work
well in cyanobacteria (Huang et al. 2010; Hentschel et al.
2013). On the other hand, luciferase system works as a
reporter protein with relatively short half-life, and have been
used extensively to characterize the circadian behavior of the
promoters (Mackey et al. 2007). This bioluminescent system
has been used as reporter for sensing herbicides with
cyanobacteria as a host for sensor (Shao et al. 2002). In
order to function under anaerobic condition an oxygen inde-
pendent reporter protein, Flavin mononucleotide based fluo-
rescent protein (FbFP) and its variant FbFP F37T have been
developed as a reporter systems. This was used for develop-
ing an oxygen responsive sensor in cyanobacteria
(Immethun et al. 2015).

Cyanobacteria as cell factories

Cyanobacteria have gained importance as potential cell facto-
ries for the production of high value chemicals and biofuels
(Knoot et al. 2017). Synthetic biology has played an integral
role in re-routing the carbon flux and thereby enhancing the
titer of the desired products. This has been achieved with cis-
and trans-acting elements, predictive tools, and genome
editing techniques. The CRE elements, such as library of
RBSs, promoters, and tandem promoters have been used with
the objective to improve the production of chemicals like eth-
ylene (Veetil et al. 2017; Wang et al. 2017) and 2.3-butanediol
(Oliver et al. 2014). The downregulation of essential genes via
trans-acting elements, such as CRISPRi and sRNA provide
significant advantage over knockout techniques as the latter
might exhibit severe growth defect (Gao et al. 2016b). To
exemplify, CRISPRi mediated turning down of genes has
shown to enhance succinate production in S. elongatus PCC
7942 (Huang et al. 2016). Likewise, tunable repression of a
gene using CRISPRi has led to improved lactate production in
Synechococcus sp. PCC 7002 (Gordon et al. 2016). This tech-
nique was also used for the repression of the biosynthetic
pathways of storage compounds like polyhydroxybutryate
(PHB) and glycogen and several aldehyde reductases/
dehydrogenase genes (Yao et al. 2016). Riboswitch is another
synthetic tool that has gained importance for its non-leaky
gene regulation, which has been used to regulate the produc-
tion of toxic proteins like SacB (Ma et al. 2014). Moreover,
the use of predictive tools like OptForce, OptKnock, and
OptGene help in the optimization of fluxes and identifying
bottlenecks as has been demonstrated for enhanced produc-
tion of limonene (Lin et al. 2017), terpenes, fatty-acids based
fuels, and 1-butanol (Shabestary and Hudson 2016). Thus, the
synergy of synthetic biology and metabolic engineering is
expected to lead to the development of next generation cell
factories (Nielsen et al. 2014).
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Challenges and opportunities

Characterization and datasheet

The biological parts and devices need to be characterized by
standardized methods to yield a predictable response when
used as a component to function as devices like biosensors
(Pasotti et al. 2012). Ideally, a standard data sheet, which lists
all the relevant characteristics, needs to be created for each
part (Canton et al. 2008). There are two main challenges in
the development of such datasheets: (i) the characterization of
most parts is typically performed through indirect reporter
assays, such as fluorescent or bioluminescent proteins and
(ii) the measured response is context dependent. Thus, there
is a need to develop universal and standardized protocols and
reporting systems for characterization of biological parts.
Recent efforts include characterization of parts in terms of
units, such as PoPS (Polymerase Per Second) for promoter
strength, RiPS (Ribosomes Per Second) for ribosome strength,
FaPS (Factors Per Second) for the estimation of transcription
factors, SiPS (Signal Per Second) to account for the inducer
concentration, and RNAPS (small RNAs per second) for tran-
scription activity (Boldt 2013). Some of these parameters are
currently being estimated indirectly with the help of ordinary
differential equation (ODE) models that take the reporter pro-
tein data, growth rate, and a few other input values to estimate
the PoPS and RiPS (Kelly et al. 2009; Kelwick et al. 2014).
Moreover, the context dependent nature of the characteriza-
tion results can be remedied at least partially by using a refer-
ence part. For example, the characterization of the promoter
can bemade bymeasuring the relative expression with respect
to a reference promoter under identical genetic background
and physiological conditions (Kelly et al. 2009).

Portability

Portability of biological parts across organisms, regardless of
the origin of the DNA sequence, would be the key to reusabil-
ity. Further, this will save the community from the efforts in-
volved in creating and characterizing parts sourced from each
new organism. We consider portability at two levels: (i) be-
tween heterotrophs and cyanobacteria and (ii) within the
cyanobacteria phylum. As an example of the former category,
terminators fromE. coli have been shown to workwell in many
other organisms including cyanobacteria (Voigt et al. 2011).
Certain heterotrophic promoters work well in cyanobacteria
(Huang and Lindblad 2013). Likewise, some of the RBS se-
quences from the BioBricks registry work well in
cyanobacteria possibly because of the similarity in core anti-
Shine-Dalgarno sequences (Englund et al. 2016). However,
several reports indicate low correlation in activity for cross-
phylum testing of parts (Voigt et al. 2011; Markley et al.
2015). To exemplify, some of the promoters of Synechocystis

sp. PCC 6803 like PnrsB, PnrsD, PnrsS, PziaA, etc. were non-
functional in E. coli (Englund et al. 2016). Similarly, the strat-
egy of using tandem repeats of promoter sequence to increase
productivity in E. coli did not work as expected in
Synechocystis sp. PCC 6803 for ethylene production (Veetil
et al. 2017). Moreover, the removal of the operator sites of
the E. coli PBAD promoter in E. coli and Synechocystis sp.
PCC 6803 showed different effects (Immethun et al. 2017).
The E. coli trans-acting sRNA system also functioned inade-
quately in Synechococcus sp. PCC 7002 (Zess et al. 2016).

There is significant interest in achieving within-phylum
portability for cyanobacteria derived parts, and there are ex-
amples that show success in that direction. For example, the
cpcB promoter from Synechocystis sp. PCC 6803 has been
shown to be a strong promoter in Synechococcus sp. PCC
7002 as well (Markley et al. 2015). A number of parts derived
from model strains of cyanobacteria (Table 1) have been
added to the BioBricks Registry and additional testing of
within-phylum portability is expected. In some cases, lack of
portability between the source and target organisms may be a
result of differently evolved biases, such as the ribosomal
binding site. Likewise, expression of a genes may be greatly
affected when a non-native gene is used without codon opti-
mization (Campbell and Gowri 1990; Jaiswal 2017).
Fortuitously, codon bias does not vary dramatically across
cyanobacteria and thus, coding regions may be more readily
portable within the phylum (Campbell and Gowri 1990;
Prabha et al. 2017).

Tunability

Traditionally, metabolic engineering has relied on a binary
approach of gene knock-outs and knock-ins (Lee et al.
2005). Recent results point towards the potential of obtaining
better optimized strains by using a graded approach toward
gene expression, rather than a binary approach. Early steps in
this direction involved the use of engineered promoters in
optimizing the E. coli strain for lycopene (Alper et al. 2005).
It has been reported that in cyanobacteria, a library of cpcB
promoter shows tunability over a dynamic range that spans
three orders of magnitude (Markley et al. 2015). Similarly, a
library of RBS sequences have been developed showing var-
ied strength (Markley et al. 2015;Wang et al. 2017). Likewise,
the use of terminators of varied strength could help in the
proper cessation of the transcript and this is useful in systems
having a large number of genes expressed as independent
cistrons (Chen et al. 2013). Codon usage in the protein coding
parts is another strategy that can lead to altered protein expres-
sion although no reports have been found to show systematic
analysis in this direction. Overall, the modulation of different
parts would provide extra tuning knobs at various levels of
control which, when used in combination, may afford a better
resolution of the output (Arpino et al. 2013) (Fig. 5).
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Modularity

Modularity, the ability to integrate parts to create a higher-
level function and a predictable outcome, is the very basis of
engineering design. When extended to biological systems,
parts such as promoters and RBS are required to perform in
a reliable manner regardless of the context, the measurement
device, or the chassis used. This basic premise of synthetic
biology has proved difficult to achieve due to the inherent
complexity of biological systems. The characterization of a
promoter/RBS (parts) based on a reporter gene might not be
indicative of how a functional gene would perform.Moreover,
the activity of the parts like RBS showed strikingly antagonis-
tic result when used for a single gene in comparison to a multi-
gene construct (Oliver et al. 2014). Moreover, the order of the
gene also plays a role in modulating the gene expression
(Nozzi and Atsumi 2015). The change of the reporter gene
or the architecture of the circuit led to variation in the observed
strength of promoters and other parts (Pasotti et al. 2012). This
can potentially happen due to the RNA secondary structures
that this new combination of promoter-protein coding gene
forms or the misfolding of the protein of interest.

Future directions

Cyanobacteria are of interest as candidates for photosynthetic
capture of CO2 and biofuel production. Significant advance-
ments have been made in the fundamental understanding of
the mechanisms of circadian rhythm, the control of gene ex-
pression and the metabolism in cyanobacteria (Hendry et al.
2016; Alagesan et al. 2016). A number of cyanobacterial pro-
moters and their cognate transcription factors have been char-
acterized in detail (Imamura and Asayama 2009; Markley

et al. 2015). This review article forms the basis for the creation
of a catalogue of standardized and characterized parts that are
derived from cyanobacterial sequences, which could be de-
signed to form devices, such as biosensors or used to engineer
cyanobacteria as cell factories. Biosensors may find applica-
tion in the field of diagnostics, agriculture, metabolic engi-
neering, and pollutant survey (Zhang and Keasling 2011;
Mehrotra 2016). To develop advanced next generation cell
factory, an extensive characterization and testing of these parts
for modularity and portability within the cyanobacteria phy-
lum will be required. Furthermore, in silico models may need
to be developed to help design parts, predict probable knock-
ins and knockdowns and optimize the fluxes in cyanobacteria.
This could be dovetailed synergistically with metabolic engi-
neering to develop the next generation host. Further, one may
have to look beyond the popular model strains and isolate
novel strains of cyanobacteria to develop robust chassis for
biotechnological applications. Another limitation of
cyanobacteria is the polyploid nature of the organism making
it difficult to obtain a homozygous strain (Ramey et al. 2015).
Newer genome editing tools, such as CRISPR-Cas9, which
targets multi-copy genomes, are expected to witness substan-
tial developments in the near future. Overall, there is signifi-
cant promise in adopting the synthetic biology approach in
engineering cyanobacterial sensors and cell factories.
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