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Cyanobacteria are essential primary producers in marine ecosystems, playing an
important role in both carbon and nitrogen cycles. In the last decade, various genome
sequencing and metagenomic projects have generated large amounts of genetic data
for cyanobacteria. This wealth of data provides researchers with a new basis for the
study of molecular adaptation, ecology and evolution of cyanobacteria, as well as for
developing biotechnological applications. It also facilitates the use of multiplex techniques,
i.e., expression profiling by high-throughput technologies such as microarrays, RNA-seq,
and proteomics. However, exploration and analysis of these data is challenging, and often
requires advanced computational methods. Also, they need to be integrated into our
existing framework of knowledge to use them to draw reliable biological conclusions.
Here, systems biology provides important tools. Especially, the construction and analysis
of molecular networks has emerged as a powerful systems-level framework, with which
to integrate such data, and to better understand biological relevant processes in these
organisms. In this review, we provide an overview of the advances and experimental
approaches undertaken using multiplex data from genomic, transcriptomic, proteomic,
and metabolomic studies in cyanobacteria. Furthermore, we summarize currently available
web-based tools dedicated to cyanobacteria, i.e., CyanoBase, CyanoEXpress, ProPortal,
Cyanorak, CyanoBIKE, and CINPER. Finally, we present a case study for the freshwater
model cyanobacteria, Synechocystis sp. PCC6803, to show the power of meta-analysis,
and the potential to extrapolate acquired knowledge to the ecologically important marine
cyanobacteria genus, Prochlorococcus.
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INTRODUCTION
Cyanobacteria have a unique position in the living world, as they
are the only prokaryotes capable of performing oxygenic photo-
synthesis. This confers on them unique roles in the carbon and
nitrogen cycles on this planet, as well as an important primary
ecological function. They thrive in diverse habitats, ranging from
desert crusts to open sea (Partensky et al., 1999; Garcia-Pichel and
Pringault, 2001; Garcia-Pichel et al., 2003).

Ecologically, marine cyanobacteria are at the bottom of the
food pyramid and, thus, provide organic matter directly or
indirectly to virtually every other marine organism (Falkowski,
2012). Specifically, marine cyanobacteria play a role of global
importance, accounting for approximately 25% of the total car-
bon fixation in oceans through their photosynthetic activity
(Flombaum et al., 2013); this is a remarkable quota, consider-
ing that approximately half of the atmospheric carbon is fixed in
oceans (Field et al., 1998). The main part of this budget is fixed
by planktonic picocyanobacteria, which are the most abundant
photosynthetic organisms on earth (Li et al., 1983). Their most
prominent representatives are from the genera Prochlorococcus

and Synechococcus, which occur mainly in the euphotic zone
of tropical and subtropical oceans (Flombaum et al., 2013).
Notably, Prochlorococcus is the smallest known photosynthetic
organism, ranging from 0.6 to 1 µm in diameter. Its abundance
in oligotrophic marine areas reaches up to a million cells per
milliliter, making them a key component of the global carbon
cycle (Chisholm et al., 1988). Other planktonic marine genera,
such as Trichodesmium and Crocosphaera, play a key role in nitro-
gen fixation in oceans (Duce et al., 2008; Langlois et al., 2008).
Finally, marine benthic cyanobacteria are less abundant and have
a smaller impact on the global carbon and nitrogen cycle, but
are more phylogenetically diverse than the planktonic cyanobac-
teria. Representative examples of nitrogen-fixing marine ben-
thic genera are the heterocyst-forming Calothrix and Scytonema,
the non-heterocyst forming Lyngbya, Microcoleus, Phormidium,
Schizothrix (Hoffmann, 1999), and the unicellular Cyanothece
(Reddy et al., 1993).

Besides their global ecological importance, cyanobacteria have
attracted the interest of researchers for the study of photosyn-
thesis (Sun et al., 1999; Nelson, 2011). Several characteristics,
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such as their faster life cycle, simple nutrient requirements,
smaller genomes, and in some cases, the ease with which genetic
manipulation can be carried out (Frigaard et al., 2004; Heidorn
et al., 2011; Ruffing, 2011), make them the preferred photosyn-
thetic organism for laboratory studies. In addition to this basic
research, cyanobacteria are the focus of biotechnological applica-
tions (Abed et al., 2009), especially related to energy production
(Wang et al., 2012).

Their capacity for photosynthesis, along with their potential
for valuable product production and bioremediation—in both
ecological and technological contexts—has motivated intense
research on their genomes, as a first step toward understand-
ing these organisms. Their small genome size together with
both the development and decreasing cost of new sequencing
technologies have facilitated the annotation of a wide range of
cyanobacterial genomes (Nakao et al., 2010; Shih et al., 2013).
This plethora of genomes confers scientists with a great resource
for comparative analysis (Kettler et al., 2007; Dufresne et al.,
2008; Stanley et al., 2013), which is further fueled by the ongoing
discovery of new genes, functions, and applications (reviewed
in Scanlan et al., 2009; Partensky and Garczarek, 2010). It
should be noted, however, that data generated, using these new
genomic techniques, do not equally cover different cyanobacteria
species. Historic biases toward model organisms, as well as
the difficulty in culturing many free-living species, have both
resulted in great quantities of data for specific organisms, and
under-representation of others. Thus, in spite of the abundance
of genomes, the vast majority of downstream studies have
focused on relatively few genera, including Synechocystis,
Prochlorococcus, Synechococcus, Anabaena, and Nostoc
(Table S1).

However, the existence of a core set of genes, present in all
sequenced cyanobacteria (Shi and Falkowski, 2008), might per-
mit extrapolation from well-studied species to newly sequenced
organisms, using systems-level approaches (Albert, 2007). In
this context, tools from systems biology can integrate exist-
ing knowledge acquired from phylogenetically-related model
organisms, like freshwater Synechocystis sp. PCC6803 (hereafter
Synechocystis 6803), with new data from recently sequenced
marine cyanobacteria. For example, genome comparison stud-
ies, together with in silico models of molecular networks provide
researchers with a powerful framework to build new knowl-
edge into, without starting from scratch for each new species.
Similarly, network representations of relationships between genes
(leading to regulatory networks), proteins (interaction networks),
and metabolites (metabolic pathways) are intuitive systems-level
tools to integrate and consolidate data from different studies,
or even different organisms; such networks have been success-
fully applied to many diverse biological groups to date. While
networks constructed directly from medium to large-scale exper-
imental data are viewed with greater confidence than those
obtained through computational extrapolation of reference net-
works, the later approach can still provide important supple-
mentary information for less well-studied species, as is the
case for many of the marine cyanobacteria. Thus, system-tools
can provide an attractive framework for research into marine
cyanobacteria.

“OMIC” DATA: AN OVERVIEW OF THE IMPACT OF NEW
TECHNOLOGIES
We can date the beginning of the “omic” era in cyanobacte-
ria to the sequencing of the first cyanobacterium genome, i.e.,
freshwater cyanobacterium Synechocystis 6803 (Kaneko et al.,
1996). Its early sequencing was in part due to the relative small
genome size of Synechocystis 6803, with a chromosome length of
3573 kb (47.72% GC content), plus 383 kb distributed between
seven megaplasmids (http://genome.microbedb.jp/cyanobase/
Synechocystis); and in part to its established presence as a model
organism in many laboratories (e.g., there are 431 entries for
Synechocystis 6803 in PubMed Central between 1950 and 1995).
Notably, the availability of its genome further enhanced a bias
in the literature toward Synechocystis 6803, making it a preferred
organism for biotechnological studies, illustrated by the fact that
there are almost twice as many PubMed Central records from
1996 to 2013 for Synechocystis 6803 than for the next most cited
cyanobacterium genus Anabaena (2623 compared with 1580 for
Anabaena). This bias in the literature is remarkable given that
the completely sequenced genome of Anabaena sp. PCC 7120 was
published in 2001 (Kaneko et al., 2001).

Nevertheless, in the last decade, advances in high-throughput
techniques (HTT) for genetic analysis have compounded the data
available for marine and other cyanobacteria on genomic, tran-
scriptomic, proteomic and metabolomic levels (Ow and Wright,
2009). Importantly, this technological revolution in “omic” data
has paved the way to the development of methods to collate and
integrate such data into a systems-level framework (Figure 1).
We highlight some of the major advancements in these fields for
cyanobacteria—with a focus on marine cyanobacteria—below.

FROM GENOMICS TO METAGENOMICS: FROM THE OCEAN
TO THE LABORATORY AND BACK TO THE OCEAN
Assemblage of the genome sequences of members of the
two most abundant marine cyanobacteria genera took place
almost a decade later than for Synechocystis 6803. In Dufresne
et al. (2003) presented the genome of the low-light adapted
strain Prochlorococcus marinus SS120, while Rocap et al.
(2003) published the genome of the high-light adapted strains
Prochlorococcus marinus MED4 and MIT9313; in the same issue
as Rocap et al. (2003), the genome sequence of Synechococcus sp.
WH8102 was described by Palenik et al. (2003). More recently,
genomic data acquisition has been driven by the development
of so-called next generation sequencing techniques (to differen-
tiate them from the sequencing technique, originally developed
by Sanger) and a drastic decrease in cost (Liu et al., 2012).
Currently, data are generated in the pursuit of scientific and
biotechnological objectives in multiple species-specific genome
projects, as well as in global metagenomic projects, in which
cyanobacteria are also identified (Figure 2). The plethora of data
resulting from these projects is commonly available through
public repositories for the benefit of the scientific community.
Genomic data for cyanobacteria are accessible through sev-
eral general as well as organism-specific repositories (Table 1).
Specific repositories include CyanoBase (Nakamura et al., 1998)
with 39 cyanobacterial genomes available, as well as reposi-
tories focussed exclusively on marine picocyanobacteria, i.e.,
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FIGURE 1 | Overview of the workflow from different “omic”
methods to different systems-level networks. Only technologies
discussed in this review are shown. For more details, the
manually-curated meta-database OMICtools (http://omictools.com/)

provides tools and platforms for multi-omic data analysis. Note: 2-D
PAGE, two-dimensional polyacrilamide gels; DIGE, difference gel
electrophoresis; NMR, nuclear magnetic resonance; PPI, protein-protein
interaction.

Cyanorak (Dufresne et al., 2008; Scanlan et al., 2009) and
ProPortal (Kelly et al., 2012). While more general repositories
are the integrated microbial genomes (IMG) database from the
Department of Energy (DOE, USA) (Markowitz et al., 2012) with
89 complete cyanobacterial genomes, and the National Center
for Biotechnological Information (NCBI) database with more
than 100 cyanobacterial genome sequences available. A great
part (54) of the genomes included in NCBI database resulted
from the CyanoGEBA project (Shih et al., 2013), which aims
to enhance the phylogenetic diversity available in public repos-
itories by providing information on cyanobacterial taxa that
were previously under-represented (Table S1). In addition to
laboratory-based efforts, global-scale metagenomic projects, such
as the Global Ocean Survey (Rusch et al., 2007), have sequenced
populations of marine microorganisms collected around the
globe, and vastly extended the number of sequences available
to the research community and industry (reviewed in Lorenz
and Eck, 2005). For instance, metagenomic data for marine
habitats are available through CAMERA (http://camera.calit2.
net/). Thus, our research efforts over the last decade have sig-
nificantly expanded our knowledge of cyanobacteria compared
with the status for earlier reviews in this field (e.g., Burja et al.,
2003).

Clearly, the public availability of genome sequences for differ-
ent cyanobacteria has had considerable impact on research direc-
tions. It helped laboratory-based researchers to direct molecular

and biochemical work toward specific genes, e.g., toward those
identified as novel, or toward those conserved in other organ-
isms. For instance, new genome sequences can be exploited to
identify “orphan pathways,” in which metabolites were previ-
ously detected, but not the gene clusters responsible for their
biosynthesis (Gross, 2007). Indeed, this was the case for the
pathway responsible for the biosynthesis of patellamides (didem-
nid peptides with potential medical applications) (Ireland et al.,
1982; Williams and Jacobs, 1993). This metabolite was ini-
tially detected in the symbiotic cyanobacteria Prochloron didemni
(Degnan et al., 1989), and later in the bloom-forming cyanobac-
terium Trichodesmium erythraeum IMS101. Sequencing of the
gene set responsible for its synthesis in P. didemni and function
confirmation through cloning in Escherichia coli facilitated the
identification of the counterpart gene cluster, based on similarity,
in T. erythraeum IMS101 (Schmidt et al., 2005).

Unfortunately, newly identified functions of genes or pro-
teins do not necessarily result in the update of annotations
in genome repositories, which typically lag behind our cur-
rent knowledge. To address this problem, a community-database
named CYORF (http://cyano.genome.ad.jp/) was set up to anno-
tate newly described functions with their corresponding genes,
and to allow scientists to actively curate these annotations. Just the
initial effort within the Japanese scientific community resulted in
about 1000 gene function re-annotations (Furumichi et al., 2002).
This database has been superseded by a social genome annotation
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FIGURE 2 | World map showing genomic records for cyanobacteria
generated using an interface powered by google maps, available on
the Genomes Online Database (GOLD) website (http://genomesonline.
org/cgi-bin/GOLD/index.cgi). Red labels indicate the original location of a
specifically sequenced strain. Labels direct the user to information on the

organism, genome characteristics (i.e., GC content, size), sequencing
method used, specific coordinates of the origin of the strain, as well as
links to external databases (as shown for Prochlorococcus marinus
NATL1A). The GOLD also describes the status of each record in tabular
format.

Table 1 | Publically available full genome sequences for cyanobacteria in various repositories as at April 2014.

Name Type No. full genomes #P records *S records Weblink

Cyanorak MC 14 3 11 http://www.sb-roscoff.fr/cyanorak
ProPortal MC 68 (44 phages) 13 11 http://proportal.mit.edu/
CyanoBase C 39 12 10 http://genome.microbedb.jp/cyanobase/
CyanoBIKE C 27 11 12 http://biobike-8003.csbc.vcu.edu/biologin
NCBI G 103 12 13 http://www.ncbi.nlm.nih.gov/
IMG (JGI) G 208 17 15 http://img.jgi.doe.gov
KEGG G 75 12 13 http://www.genome.jp/kegg/
Microbes online G 50 17 12 http://www.microbesonline.org/
SEED G 161 28 35 http://pubseed.theseed.org/

#Prochlorococcus; *Synechococcus; MC, marine cyanobacteria; C, cyanobacteria; G, general.

tool called TogoAnnotation (http://togo.annotation.jp/) open to
the entire scientific community (Fujisawa et al., 2014).

Despite public accessibility to genomic data, only few com-
parative studies have been carried out to date (Scanlan et al.,
2009). For example, a comparison of Prochlorococcus genomes
distinguished between “core” genes present in all, and “flexible”
genes that were not conserved in all the branches of the phylo-
genetic tree (Kettler et al., 2007). This approach was expanded to
include other cyanobacteria species, including fresh-water types,
reducing the number of core genes from 1273 to 323. These core
genes are significantly enriched in key photosynthetic (12%) and
ribosomal proteins (7%) over other functional categories (Shi
and Falkowski, 2008) (Figure 3). The presence of core and flex-
ible genes also served to estimate the importance and relative
contribution of vertical inheritance vs. horizontal gene transfer
for each of these gene fractions in 11 Synechococcus strains. The

estimated number of gene families present in the core genome of
these Synechococcus strains was 1572, adding three Prochlorococcus
strains to this comparative analysis reduced the number to 1228
gene families. The number of unique genes varied greatly between
strains, from 91 to 845 genes, and was correlated with genome
size. Two Synechococcus subclusters WH5701 and RCC307 were
an exception, since they presented a higher number of unique
genes than expected for their genome size. The presence of these
unique genes in genomic islands and their horizontal trans-
fer likely confers advantages for adaption to narrow ecological
niches (Dufresne et al., 2008). Avrani et al. (2011) also reinforced
the importance of genomic variability in adaptation of natu-
ral populations. Their work revealed the importance of genomic
variability within a bacterial community for viral resistance.
Starting with four high-light adapted Prochlorococcus strains, 77
sub-strains resistant to infection by 10 different podoviruses were
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