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1. Introduction

Cyanobacteria are photosynthetic bacteria which inhabit a vast range
of ecosystems and display an immense evolutionary history. They are ca-
pable of producing a vast array of natural products which are likely to play
a role in ecological or biological functions (Singh et al., 2005; Skulberg,
2000; Kehr et al.,, 2011; Méjean and Ploux, 2013). Cyanobacterial second-
ary metabolites have a significant impact on human health, both directly
through the contamination of drinking water reservoirs by toxigenic
strains (Dittmann et al., 2013; Dittmann and Wiegand, 2006), and indi-
rectly through their pharmaceutical potential.

Synechocystis sp. PCC 6803 was the first cyanobacterium to undergo
full genome sequencing (Kaneko et al., 1996). While the number of
cyanobacterial genomes remains low compared to other phyla, there
has been a recent effort to rectify this issue by increasing the coverage
of sequenced genomes within the cyanobacterial phylum (Shih et al.,
2013). This recent sequencing project is known as the CyanoGEBA (Geno-
mic Encyclopedia of Bacteria and Archaea) data set. This has enabled the
identification of biosynthetic gene clusters for a number of known metab-
olites and gives clues to their distribution across the phylum. These
genome sequencing efforts have also highlighted that cyanobacteria en-
code for many more natural product gene clusters than identified natural
products. A number of bioinformatics tools have recently been developed
in order to predict the structure of secondary metabolites produced by
“orphan” gene clusters for which the product is unknown. Here, we ex-
plore the suitability of these tools to characterise cyanobacterial natural
product gene clusters. Lastly, we explore the possibility of characterising
orphan gene clusters via heterologous expression.

2. Cyanobacterial genomics
2.1. Current status of publically available genome sequences

As of June 2014, there are currently 208 cyanobacterial genome se-
quences publically available in GenBank and the Joint Genome Institute
(JGI) Integrated Microbial Genomes (IMG) databases (Supplementary
Table 1). The genomes discussed in this review are published or the
publically available genome was used to identify and characterise a
biosynthetic gene cluster (Table 1). The most recent review on this
topic, reporting the smallest sequenced complete cyanobacterial
genome, belonged to the marine cyanobacterium UCYN-A, with a
genome size of 1.44 Mb, while the largest genome belonged to Nostoc
punctiforme ATCC 29122, with a genome size of 9.05 Mb (Hess,
2011). Since then, the number and diversity of sequenced cyano-
bacterial genomes have drastically increased broadening our current

Table 1
Summary of publically available cyanobacterial genomes, including number, size range,
average size and average %GC.

Subsection Number of publically Range of genome sizes Average
available genomes (MDb) (average size) %GC

I 105 0.1-8.36 (3.63) 44.8

Il 6 4,99-7.39 (6.05) 39.9

1 44 4.68-9.42 (6.42) 46.5

1\% 28 2.21-12.07 (6.44) 40.1

\%4 11 4.,89-8.4 (6.90) 411

Melainabacteria 14 1.19-5.49 (2.25) 349

knowledge and understanding of cyanobacterial genomes. Thus, with
a genome size of 12.07 Mb, Scytonema hofmanni PCC 7110 is now the
largest sequenced cyanobacterial genome, and encodes 12,356 genes
(Dagan et al.,, 2013).

Cyanobacteria are classified into five subsections based on their
morphology. The subsections I and II cyanobacteria are unicellular spe-
cies, which are differentiated by their ability to reproduce through bina-
ry or multiple fissions. Subsections III-V are multicellular species.
Cyanobacteria classified into subsection Il have vegetative cells, while
subsections IV and V are differentiated by their ability to reproduce in
false or true-branching filaments (Rippka et al., 1979). Prior to the pub-
lication of the CyanoGEBA data set in 2013, there were no publically
available genomes from subsection II cyanobacteria, and the subsection
V cyanobacteria were underrepresented. The CyanoGEBA data set signif-
icantly increased the number and diversity of sequenced cyanobacterial
genomes, reporting the whole genome shotgun sequencing of an addi-
tional 54 strains (Shih et al., 2013). This data set doubled the number
of cyanobacterial genomes from subsections Il and IV, and currently con-
tains the only genomes available from the subsection II cyanobacteria.
Comparing the number of cyanobacterial genomes sequenced, the sub-
section I cyanobacteria are overrepresented compared to the other
cyanobacterial groups. In this review, we have also included analysis of
the melainabacteria. Although non-photosynthetic, the melainabacteria
were first classified as a sister phyla of the cyanobacteria (Di Rienzi
etal,, 2013). More recent phylogenetic analysis, including whole genome
phylogeny, has proposed that the melainabacteria are a class within an
expanded phylum of cyanobacteria (Soo et al., 2014). Although this
non-photosynthetic class of cyanobacteria has only been recently de-
scribed, there are currently 14 cyanobacterial strains sequenced, either
to completion or to draft stage (Di Rienzi et al., 2013; Soo et al., 2014).
Genomes of symbiotic cyanobacteria have also been analysed. These in-
clude, a sponge symbiont and three tunicate symbionts belonging to sub-
section I (Gao et al., 2014; Donia et al., 2011). Another two of the 28
genomes from subsection IV are diatom symbionts, while one is a
water-fern symbiont (Hilton et al,, 2013; Ran et al., 2010). This demon-
strates the diverse range of cyanobacterial genome type and sizes cur-
rently available.

2.2. Natural product biosynthetic pathways identified in cyanobacterial
genomes

In this section of the review, we have strictly reviewed the literature
that reports the presence or absence of natural product biosynthetic
pathways in cyanobacterial genomes. Additional bioinformatics screen-
ing of genomes beyond those already published was outside the scope
of this review. We have strictly focused on genome-based screening
studies.

Cyanobacteria produce a range of different natural product classes,
including peptides, polyketides, alkaloids, fatty acids, terpenes and UV-
absorbing compounds (Fig. 1). Many of the biosynthetic pathways
which encode these natural products discussed below were originally
identified through more traditional sequence analysis. These include bio-
synthetic gene clusters for the commonly occurring cyanotoxins, such as
microcystin, and other metabolites of interest such as barbamide and the
discovery of these sequences were reviewed previously by (Méjean and
Ploux, 2013) and (Dittmann et al., 2013) and therefore are not described
in this review. Subsequent genome sequence analysis has demonstrated
the distribution of pathways across species and genera and has provided
insights into their evolution.

(2014), http://dx.doi.org/10.1016/j.margen.2014.11.009
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Fig. 1. Representative cyanobacterial natural products from each structural class. Microcystin is represented from the NRPS/PKS pathways; patellamide A is represented from the PRPS
pathway; shinorine is represented from the UV-absorbing compounds; saxitoxin is represented from the alkaloids; geosmin is represented from the terpenes and heptadecane is a

representative of the fatty acids (hydrocarbons).

2.2.1. Nonribosomal peptide synthetase, polyketide synthase and hybrid
pathways

The majority of cyanobacterial natural products are non-ribosomal
peptides, polyketides or hybrid peptide-polyketide compounds.
Nonribosomal peptides are biosynthesised by nonribosomal peptide
synthetases (NRPS), multifunctional enzyme complexes which assem-
ble either proteinogenic or nonproteinogenic amino acids into the
final peptide structure in an assembly line fashion (Fischbach and
Walsh, 2006). Similarly, polyketides are biosynthesised by polyketide
synthases (PKS), which assemble polyketides from acyl-CoA in a se-
quential manner (Fischbach and Walsh, 2006).

NRPS and PKS enzyme complexes are similar in their biochemical
logic. An NRPS or PKS assembly line consists of several modules, with

each module responsible for the selection and addition of a single sub-
strate to the lengthening molecule chain (Marahiel et al., 1997; Konz
and Marahiel, 1999; Staunton and Weissman, 2001). The order of mod-
ules (thus, the order of selected substrates) usually dictates the peptide
or polyketide chain sequence, and is referred to as the co-linearity rule.
Within each module are series of domains, each responsible for a specific
enzymatic reaction. As a minimum module, an NRPS is made up of an
adenylation (A) domain responsible for substrate selection, a peptide car-
rier protein (PCP) responsible for tethering the substrate to the enzymatic
complex and a condensation (C) domain, responsible for catalysing pep-
tide formation and chain elongation. Analogous to the NRPS, a minimum
PKS module consists of an acyltransferase (AT) domain, acyl carrier pro-
tein (ACP) and ketosynthase domain (KS), respectively. Additionally,

(2014), http://dx.doi.org/10.1016/j.margen.2014.11.009
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auxillary or tailoring domains may be present within a module and act on
the activated substrate to provide structural diversity (Liou and Khosla,
2003; Donadio et al., 2007). Three distinct classes of PKSs are involved
in polyketide biosynthesis. Type I PKSs are large multifunctional enzyme
complexes, containing non-interactively-acting domains, while type II
PKSs contain a single interactively-acting domain. Type Il PKSs, however,
are homodimeric enzymes with interactively-acting domains (Bode and
Miiller, 2005). While type I PKS genes are common among cyanobacteria,
type Il and III PKS genes have been rarely identified.

A number of NRPS/PKS/hybrid biosynthetic gene clusters have also
been identified through whole genome sequencing. While some bio-
synthetic gene clusters have been identified in single genomes across
one or two genera, some gene clusters have been identified from multi-
ple genomes, across multiple genera and species (Supplementary
Table 2). Thus, the evolution and biological function of these pathways
and corresponding secondary metabolites have been of major interest
to researchers but to date largely remain enigmatic.

The biosynthetic gene cluster for the cyclic heptapeptide toxin
microcystin has been identified in 19 publically available cyanobacterial
genomes. The microcystin (mcy) gene cluster, which encodes two PKS,
three NRPS and a hybrid NRPS/PKS gene, has been identified in nine
Microcystis aeruginosa genomes, eight Planktothrix genomes, and in
Anabaena sp. strain 90 and Fischerella sp. PCC 9339 (Kaneko et al.,
2007; Frangeul et al., 2008; Humbert et al., 2013; Fiore et al., 2013;
Tooming-Klunderud et al., 2013; Rounge et al., 2009; Wang et al.,
2012; Shih et al., 2013). The mcy gene cluster in M. aeruginosa PCC
9717, however, is incomplete (Humbert et al., 2013). As expected, the
mcy gene cluster was absent from the non-toxic M. aeruginosa
TAIHU98 genome (Yang et al., 2013). Nodularin, a related cyclic penta-
peptide toxin, is encoded by two NRPS, one PKS and two hybrid NRPS/
PKS genes. This biosynthetic gene cluster has been identified from the
genome of Nodularia spumigena CCY9414 (Vof et al,, 2013).

The biosynthetic gene cluster for the cytotoxic alkaloid
cylindrospermopsin encodes four PKS and one hybrid NRPS/PKS
genes, in addition to an amidinotransferase, amidohydrolase, tailoring,
transport and regulation enzymes. The gene cluster encoding the bio-
synthesis of cylindrospermopsin has been identified in three publically
available cyanobacterial genomes, specifically Cylindrospermopsis
raciborskii CS-505, C. raciborskii CS-506 and Oscillatoria sp. PCC 6506
(Sinha et al., 2014; Stucken et al.,, 2010; Méjean et al., 2010; Mazmouz
et al., 2010).

Whole genome sequencing has led to the identification of a single
biosynthetic gene cluster for the neurotoxins anatoxin-a and
homoanatoxin-a. The 29 kb gene cluster has been identified in two
cyanobacterial genomes, specifically Oscillatoria sp. PCC 6505 and
Anabaena sp. strain 37 (Méjean et al., 2010; Rantala-Ylinen et al.,
2011).

The biosynthesis of curacin a, an antiproliferative and cytotoxic
compound, is encoded by a large (64 kb) gene cluster containing a
single NRPS gene and multiple PKS genes. Barbamide, a chlorinated
lipopeptide with potent molluscicidal activity, is biosynthesised by a
26 kb cluster encoding five NRPS, one PKS, and additional tailoring en-
zymes. Both of these gene clusters have been identified in the genomes
of Moorea producens 3L (formally Lyngbya majuscula 3L) and Lyngbya
aestuarii BL] (Jones et al., 2011; Kothari et al,, 2013). Furthermore, a pu-
tative biosynthetic gene cluster for the lipopeptide carmabin has also
been identified from M. producens 3L (Jones et al., 2011).

The protease inhibitors anabaenopeptilides are cyclic peptides
biosynthesised by a 29 kb gene cluster containing three PKS genes and
a halogenase gene. The biosynthetic gene cluster for anabaenopeptilides
was identified within Anabaena sp. strain 90 (Rouhiainen et al., 2000;
Wang et al., 2012).

The biosynthetic gene cluster for anabaenopeptins, cyclic hexa-
peptides which are also protease inhibitors, was identified in eleven
publically available cyanobacterial genomes. The five NRPS genes com-
prising the anabaenopeptin gene cluster were identified in eight

Planktothrix strains, two M. aeruginosa strains, and in the Anabaena sp.
strain 90, N. spumigena CCY9414 and N. punctiforme PCC 73102 genome
(Tooming-Klunderud et al., 2013; Rounge et al., 2009; Humbert et al.,
2013; Rouhiainen et al., 2010; Vof3 et al,, 2013).

The aeruginosin class of peptides is biosynthesised by NRPS/PKS bio-
synthetic gene clusters, and includes the aeruginosins, aeruginosides,
microginins and spumigins. The 34 kb aeruginosin biosynthetic gene
cluster has been identified in 19 publically available cyanobacterial ge-
nomes, including eight Planktothrix and eleven M. aeruginosa genomes
(Tooming-Klunderud et al., 2013; Rounge et al., 2009; Frangeul et al.,
2008; Humbert et al., 2013; Fiore et al., 2013; Yang et al., 2013). The bio-
synthetic gene cluster for spumigin biosynthesis has been identified in a
single genome (N. spumigena CCY9414) (Fewer et al., 2009; Vol et al.,
2013). Furthermore, the 23 kb microginin biosynthetic gene cluster,
which encodes three NRPS/PKS/hybrid genes and an ABC transporter
gene, has been identified in five cyanobacterial genomes (three
Microcystis and two Planktothrix genomes) (Humbert et al., 2013;
Tooming-Klunderud et al., 2013).

The cyanopeptolin biosynthetic gene cluster has been identified in a
range of cyanobacterial genomes, including ten M. aeruginosa genomes
(although two are incomplete), and eight Plantothrix genomes (Kaneko
et al., 2007; Frangeul et al., 2008; Humbert et al., 2013; Tooming-
Klunderud et al., 2013; Rounge et al., 2009). The cyanopeptolin gene
cluster, however, was absent from the M. aeruginosa TAIHU98 genome
(Yang et al,, 2013).

Biosynthetic genes for the antifungal cyclic lipopeptide hassallidin
pathway have been identified in two cyanobacterial genomes, specifi-
cally Anabaena sp. strain 90 and C. raciborskii CS-505 (Wang et al.,
2012; Vestola et al., 2014).

While type Il and 11 PKS genes are rarely identified in cyanobacteria,
recent analysis of Microcystis genomes identified PKSmod/PKSIII genes
within four genomes, and PKSI interactive genes within two Microcystis
and the N. spumigena CCY9414 genomes (Frangeul et al., 2008; Humbert
et al., 2013; VoR et al., 2013). This highlights the importance of genome
screening to detect new and unusual natural product biosynthetic gene
clusters.

A number of orphan NRPS/PKS/hybrid biosynthetic gene clusters
have been identified from publically available cyanobacterial genomes.
Analysis of individual genomes has identified 29 orphan NRPS/PKS/hy-
brid biosynthetic gene clusters from 13 cyanobacterial genomes
(Kaneko et al., 2007; Stucken et al., 2010; Sinha et al., 2014; Jones
et al., 2011; Humbert et al., 2013; VoR et al., 2013; Méjean et al., 2010;
Rounge et al.,, 2009).

2.2.2. Ribosomal peptides

Cyanobacteria are also known to produce a group of ribosomally-
synthesised and post translationally modified peptides, known as
RiPPs (Arnison et al., 2013). The biosynthetic pathway of these com-
pounds is referred to as post-ribosomal peptide synthesis (PRPS). The
RiPPs produced by PRPS are usually encoded within the structural
gene, which produces the precursor peptide. The precursor peptide is
comprised of a signal sequence, a leader peptide, a core peptide and a
recognition sequence. The core peptide/region of the precursor peptide
is then post-translationally modified to produce the final RiPP (Arnison
et al,, 2013). A range of RiPP families have been identified from
cyanobacterial genomes, including the bacteriocins, microviridins, and
cyanobactins (Supplementary Table 3).

The bacteriocins are one family of RiPPs which are identified by a
double-glycine motif in the leader sequence. A major class of the bacte-
riocins is the lanthipeptides (lanthionine-containing peptides). Of the
131 cyanobacterial genomes analysed, 115 genomes contain a bacterio-
cin gene cluster (Lee et al., 2008; Begley et al., 2009; Li et al., 2010;
O'Sullivan et al., 2011; Wang et al., 2012; Fiore et al., 2013; Shih et al.,
2013; Lima et al., 2014), including 8 genomes which are reported by
Shih et al. (2013) to possess a bacteriocin cluster, although, those
same clusters could not be identified by Wang et al. (2011).

(2014), http://dx.doi.org/10.1016/j.margen.2014.11.009
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Another family of the RiPPs is the microviridins, N-acetylated tri-
and tetra-decapeptides. Microviridins are known to be inhibitors of
proteases. The biosynthetic gene cluster for microviridin biosynthesis
contains five genes encoding the precursor peptide, two cyclisation
proteins, an acetyltransferase and an ABC transporter gene. The
microviridin biosynthetic gene cluster has been identified in 26
cyanobacterial genomes, specifically from the genera Microcystis,
Nodularia, Nostoc, Anabaena and Planktothrix (Philmus et al., 2008;
Rounge et al., 2009; Fiore et al., 2013; Humbert et al., 2013;
Tooming-Klunderud et al., 2013; Vol et al., 2013). However one gene
cluster from Microcystis is incomplete, while the Nostoc (Anabaena) sp.
PCC 7120 cluster is inactive (Humbert et al., 2013).

Cyanobactins are small cyclic RiPPs which consist solely of
proteinogenic amino acids. Cyanobactins display a range of bioac-
tivities, including cytotoxic and multiple-drug reversing activities
(Ishida et al., 2000; Ogino et al., 1996). The cyanobactin biosynthetic
gene cluster is comprised of a precursor peptide, two genes encoding
proteases, and two short hypothetical proteins. Cyanobacterial ge-
nomes have been extensively screened for the cyanobactin gene cluster
(142 strains), and has been identified in 32 genomes (Schmidt et al.,
2005; Sudek et al., 2006; Donia et al., 2008; Leikoski et al., 2010;
Donia and Schmidt, 2012; Fiore et al., 2013; Humbert et al., 2013; Shih
et al,, 2013; VoR et al., 2013). Donia and Schmidt (2012) identified
cyanobactin genes in Oscillatoria sp. PCC 6506; however, Shih et al.
(2013) did not identify this cluster. The 32 genomes containing a
cyanobactin gene cluster include those from Oscillatoria sp. PCC 6506.
Furthermore, the cyanobactin gene clusters from N. spumigena
CCY9414, Calothrix sp. PCC 7103, Cyanothece sp. PCC 7822, Leptolyngbya
sp. PCC 7376 and M. aeruginosa NIES-843 may be non-functional
(Leikoski et al., 2013). A biosynthetic gene cluster for oscillatorin has
been identified in eight Planktothrix cyanobacterial genomes (Rounge
et al., 2009; Tooming-Klunderud et al., 2013).

2.2.3. The UV-absorbing compounds scytonemin and mycosporine-like
amino acids

Currently, cyanobacteria are known to produce only two different
types of UV-absorbing molecules to protect the cell against either UVA
or UVB radiation. One type of UV-absorbing compound which is produced
by cyanobacteria is scytonemin, which is biosynthesised in response to
UVA (315-400 nm wavelength) stress (Sorrels et al., 2009; Soule et al.,
2009a). The 6 kb scytonemin biosynthetic gene cluster (scy) has been
identified in six publically available cyanobacterial genomes (Supplemen-
tary Table 3 (Soule et al,, 2009b; Kothari et al., 2013; Vo et al,, 2013).

The other type of UV-absorbing molecule produced by cyanobacteria
is the mycosporine-like amino acids (MAA), which are biosynthesised in
response to UVB (280-315 nm wavelength) stress (Sinha and Hader,
2008). A number of MAAs have been identified from a range of
cyanobacteria (Sinha and Hdder, 2008); however, the biosynthesis of
these compounds has only been characterised for the MAA shinorine.
Three genes are required for the biosynthesis of the precursor compound
for shinorine biosynthesis, mycosporine-glycine (Balskus and Walsh,
2010). In cyanobacteria, two alternative biosynthetic routes lead to
shinorine biosynthesis from mycosporine-glycine. The first requires a
NRPS-like enzyme and the other requires an ATP-Grasp ligase (Balskus
and Walsh, 2010; Gao and Garcia-Pichel, 2011). The MAA (mys) gene
cluster containing all four genes (with either the NRPS-like enzymes or
the ATP-Grasp ligase) has been identified in 14 publically available
cyanobacterial genomes (Supplementary Table 3) (Balskus and Walsh,
2010; Gao and Garcia-Pichel, 2011; Shih et al,, 2013; VoR et al., 2013;
Kothari et al., 2013). Interestingly, there are two cyanobacterial genomes
in which both the mys and scy biosynthetic gene clusters have identified
(Cyanothece sp. PCC 7424 and N. spumigena CCY9414) (Balskus and
Walsh, 2010; Soule et al., 2009b; Vof3 et al., 2013). The L. aestuarii BL ] ge-
nome has been reported to encode both biosynthetic gene clusters; how-
ever, the fourth gene required for MAA biosynthesis is present, but not
clustered with the other genes in the genome (Kothari et al., 2013).

2.24. Alkaloids and terpenes

There are two major alkaloids biosynthesised by cyanobacteria. The
first, saxitoxin, is a neurotoxic alkaloid responsible for paralytic shellfish
poisoning (Wiese et al., 2010; D'Agostino et al., 2014). Saxitoxin is the
most potent member of the paralytic shellfish toxin family of alkaloids,
consisting of over 50 different analogues. Unlike NRPS and PKS biosyn-
thesis, the saxitoxin biosynthetic gene cluster encodes a series of
monofunctional enzymes responsible for building the saxitoxin core
and subsequent tailoring reactions (D'Agostino et al., 2014). To date,
the saxitoxin gene cluster has been characterised from five species of
cyanobacteria, but only one has been identified by whole genome analy-
sis, specifically Raphidiopsis brookii D9, which spans 25.7 kb, and puta-
tively contains the minimal genes required for saxitoxin biosynthesis

(Stucken et al.,, 2010). Further, whole genome sequencing has also 3

allowed for comparative studies between the saxitoxin-producing and
non-toxic strains of the Australian species Anabaena circinalis. A whole
genome sequencing approach provided a database to allow D'Agostino
et al. (2014) to compare the saxitoxin-producing A. circinalis AWC131C
and the non-toxic A. circinalis AWQC310F at the proteomic level.

The other major group of alkaloids biosynthesised by cyanobacteria
is the hapalindole-family of natural products, a group of isoprenoid-
indole alkaloids, found exclusively in the subsection V cyanobacteria.
Recently, biosynthetic gene clusters encoding the biosynthesis of the
hapalindoles, ambiguines and welwitindolinones were reported from
the genomes of three publically available Fischerella strains (Micallef
etal, 2014).

Geosmin and 2-methylisoborneol (MIB) are volatile terpenes pro-
duced by cyanobacteria. Geosmin is biosynthesised by a single enzyme,
while MIB requires both a methyltransferase and a monoterpene cy-
clase. Terpene biosynthesis has been investigated in 129 publically
available cyanobacterial genomes, and 127 were found to contain
genes involved in terpene biosynthesis (Supplementary Table 3) (Shih
etal, 2013; Lima et al., 2014; Fiore et al,, 2013; Englund et al,, 2014).

2.2.5. Fatty acids (hydrocarbons)

There are two separate pathways for hydrocarbon biosynthesis from
fatty acids in cyanobacteria.

The first pathway requires two genes for the conversion of fatty
acids to alkanes, a fatty acyl-ACP reductase (FAAR) and an aldehyde
deformylating oxygenase (ADO), which comprise the FAAR/ADO path-
way. This pathway was originally identified in cyanobacterial genomes
by Schirmer et al. (2010). A total of 120 out of 135 publically available
cyanobacterial strains have been found to encode these two genes with-
in their genomes (Supplementary Table 3) (Schirmer et al., 2010;
Coates et al., 2014; Kothari et al., 2013). Kldhn et al. (2014) recently
identified the FAAR/ADO genes in 163 out of 181 publically available
cyanobacterial genomes; however, the genes were only clustered in
138 cyanobacterial genomes. The second biosynthetic pathway for hy-
drocarbon biosynthesis in cyanobacteria is the olefin-producing (OLS)
pathway. The OLS pathway requires a single PKS gene to convert the
fatty acid to an alkene. By analysing cyanobacterial genomes currently
available, this pathway has been identified in 15 publically available ge-
nomes by Coates et al. (2014) (Supplementary Table 3).

3. Bioinformatic characterisation of natural product biosynthetic
gene clusters

The enormous accumulation of genome sequencing data has meant
that many natural product researchers have turned to in silico ap-
proaches to quickly assess the natural product potential of a newly se-
quenced organism. In light of this, several bioinformatic tools have
been developed. Generally, the bioinformatics tool used is dependent
on the specificity of the search, that is, if the investigator is attempting
to identify all possible gene clusters within an organism, a specific
gene cluster of interest, or a putative substrate incorporated by a specific
domain. Once the programme has completed the search, it is essential

(2014), http://dx.doi.org/10.1016/j.margen.2014.11.009
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for the user to manually check the output to determine if the identified
gene clusters are likely to be genuine and to identify potential tailoring
enzymes that are likely to be part of the biosynthetic gene cluster. Final-
ly, a newly identified gene cluster can be analysed to predict the natural
product structure or may be used for heterologous expression. Eventu-
ally, it is hoped that natural products identified by genome mining will
be tested and utilised for their bioactivive and beneficial properties

(Fig. 2).
3.1. Genome mining tools
A simple and common approach for gene cluster discovery utilises a

user defined query sequence of a homologous protein to screen a
newly sequenced genome using the BLAST suite of homology search

algorithms (e.g. tblastn, blastp, blastx blastn) (Altschul et al., 1997).
This method allows the user to define the specificity of the query se-
quence to search for a specific or broad range of enzymes belonging to
a particular class of natural product gene clusters. For example, the hypo-
thetical protein encoded by scyC has only been found within the ge-
nomes of scytonemin-producing cyanobacteria and may be used to
specifically identify the scytonemin gene cluster (Balskus et al., 2011),
while an A or KS domain may be used to screen for any NRPS or PKS bio-
synthesis pathway, respectively. However, BLAST is not ideal because the
query sequence cannot contain degeneracy and will only provide the
closest hits based on sequence identity. Thus, if searching for a broad
range of enzymes from a specific class, methods that utilise sequence in-
dependent models, such as hidden Markov models (HMMs) should be
used.

Sample
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Fig. 2. Workflow of genome mining and compound elucidation from sample to bioactive assays. The new sample (isolate or metagenome) firstly undergoes DNA extraction and
metabolomic analysis. The genome is then sequenced and assembled, with the genome and metabolome results are submitted into RiPPquest and RNPquest. Alternatively, the assembled
genome can be mined using several bioinformatic programmes such as antiSMASH or ClusterFinder. Once a list of candidate gene clusters has been identified, they can be manually curated
to exclude false positive results. In some cases, the newly identified cluster could be used to predict the structure of the final natural product and may help with compound isolation. Ad-

ditionally, the gene cluster may be heterologously expressed. Finally, the isolated compound can be used for downstream bioactivity assays. The figure depicting RiPPquest and NRPquest

has been amended from Mohimani et al. (2014a,b).
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HMMs use multiple sequences and statistical analysis to identify ho-
mologous proteins and has provided a basis for the development of sev-
eral sequence independent bioinformatic tools. Each in silico tool has
specific traits and objectives, and the user should choose the type or
combination of tools based on their specific requirements for optimal
results. Two tools have been developed that have the advantage of
screening a wide range of gene cluster classes. Firstly, the most com-
monly used tool for analysing the secondary metabolite potential of se-
quenced genomes is the “Antibiotics and secondary metabolite analysis
shell” (antiSMASH) (Blin et al., 2013; Medema et al., 2011). antiSMASH
utilises a web-user interface and attempts to identify up to 24 clusters
classes. It is extremely user friendly given that a query can be submitted
as soon as a newly sequenced genome has been assembled. Secondly,
the tool ClusterFinder has only been recently developed; thus, the inter-
est of the wider genome mining community to utilise this tool is still un-
known (Cimermancic et al,, 2014). ClusterFinder is based solely on Pfam
domain frequencies obtained from 732 manually curated gene clusters
and attempts to identify both known and unknown classes of molecules
(Cimermancic et al., 2014). Some disadvantages of ClusterFinder
compared to antiSMASH include the required command line interface
experience and the need for the genome of interest to have been previ-
ously uploaded to JGI, annotated, and manually curated to obtain the
required input file. A results based comparison of antiSMASH and
ClusterFinder revealed that antiSMASH excelled in identifying previous-
ly characterised clusters and domains, while ClusterFinder identified
considerably more unannotated clusters putatively responsible for
small molecule biosynthesis (Cimermancic et al., 2014). Clearly, the
best approach for the genome miner interested in identifying a wide
range of natural product cluster classes is to use a combination of both
tools.

With the exception of antiSMASH and ClusterFinder, the majority of
bioinformatic genome mining tools have been designed to specifically
identify the NRPS, PKS or hybrid NRPS/PKS class of gene clusters (for re-
views with a non-cyanobacterial focus see Bachmann and Ravel (2009)
and Boddy (2014)). This is due to the highly conserved and well
characterised nature of NRPS/PKS pathways in addition to their usual
clustering in the genome. A method developed by Kalaitzis et al.
(2009) utilised a Pfam approach to search a genome for replicated geno-
mic features essential to NRPS/PKS and hybrid biosynthetic pathways
such as PF00501 (AMP-binding enzyme), PFO0608 (condensation do-
main), and PF00550 (phosphopantetheine attachment site), and
PF00109/PF02801 (PR-ketoacyl synthase N- and C-terminal domains).
Other programmes such as NP.searcher (Li et al., 2009), CLUSEAN
(Weber et al., 2009), ClustScan (Starcevic et al., 2008) and ASMPKS
(Tae etal.,, 2007) are capable of searching entire genomes. NaPDoS (Nat-
ural Product Domain Seeker) also screens complete genomes, but in-
stead of identifying whole gene clusters, this tool specifically targets
all C and KS domains within a query genome (Ziemert et al., 2012).
NaPDoS then analyses the identified sequences by BLAST and phylogeny
to gauge if the domain may belong to a unique cluster and thus may be
responsible for a unique natural product. The user must manually link
each identified domain with its corresponding gene cluster to deter-
mine the number of gene clusters present.

Once a complete gene cluster has been identified, the NRPS/PKS Anal-
ysis Website (see 2metdb for the standalone version) hosted by the Uni-
versity of Maryland (Bachmann and Ravel, 2009) is tailored toward
investigating the domain type and order encoded within an input NRPS/
PKS protein query sequence. Data of the domain architecture encoded
by a single pathway can be combined with substrate specificity tools to
generate a putative metabolite structure. To obtain these predictions, sub-
strate specificity tools are often embedded within the natural product
identification pipelines, such as antiSMASH and the NRPS/PKS Analysis
Website. The aim of embedding substrate specificity tools into these pipe-
lines is to allow the user to identify a cluster, determine the gene, module
and domain organisation and the proposed substrate of each module. The
embedded substrate specificity pipelines are based on stand-alone

prediction tools that were developed after Challis et al. (2000) identified
the A domain substrate binding pocket. Some stand-alone substrate pre-
diction tools include: NRPSpredictor2 (Rottig et al., 2011), NRPSsp (Prieto
et al., 2012), NRPS-PKS-substrate-predictor (Khayatt et al., 2013), SBSPKS
(Sequence Based Sequence Analysis of Polyketide Synthases) (Anand
et al,, 2010), and MAPSI (Management and Analysis for Polyketide Syn-
thase type I) (Tae et al., 2009) to further characterise a gene cluster.
These programmes will specifically recognise the sequence of substrate
incorporating domains (A for NRPS or AT for PKS) and will attempt to pro-
vide a putative substrate based on the binding pocket sequence. For ex-
ample, once a NRPS cluster has been identified, substrate specificity
tools can be utilised to predict the incorporated amino acids. The co-
linearity rule can then be used to elucidate the structure and determine
if the gene cluster may encode a novel molecule. Structural information
will greatly aid the discovery efforts via the extraction, isolation, high per-
formance liquid chromatography (HPLC) and liquid chromatography
mass spectrometry (LCMS) processes. Many of the NRPS/PKS cluster anal-
ysis tools include inbuilt substrate specificity software. Unfortunately,
many of the predictions are not consistent across different bioinformatic
tools. Thus, it is recommended that a range of tools be utilised to increase
the strength of substrate prediction.

3.1.1. Challenges of using these tools for cyanobacteria

The bioinformatic tools developed for analysing natural product
gene clusters are useful for the analysis of genome sequences. However,
in general, these tools have been designed based on actinomycete path-
way architecture and in many cases, cyanobacterial gene clusters prove
to be challenging for these programmes, requiring additional manual
analysis by the researcher.

Cyanobacteria have been observed to contain many common natural
product pathways that are uncommon in other phyla, such as the UV
sunscreen molecules scytonemin and the MAAs. While the biosynthetic
genes are common in cyanobacteria, these clusters encode several
monofunctional enzymes that are difficult to identify using current soft-
ware pipelines, such as antiSMASH. The scytonemin cluster is unable to
be identified by antiSMASH and the detection of MAA clusters using bio-
informatics programmes is dependent on the genetic architecture of the
cluster in a particular organism. Not all MAA gene clusters contain a
NRPS gene (Gao and Garcia-Pichel, 2011). However, these programmes
have difficulty detecting other MAA biosynthesis genes. Therefore, MAA
clusters that do not harbour the NRPS gene would not be detected using
current bioinformatics software.

Structural elucidation of NRPS/PKS molecules based on sequence
data is an extremely difficult process. While prediction algorithms
work well for common and highly characterised domains, the identifica-
tion of more natural product clusters has led to the discovery of many
unusual domain architectures. This is particularly true in cyanobacteria,
where several domain types, particularly initiation modules (Moore and
Hertweck, 2002), cannot be recognised using the current prediction
software. Often, if an A or C domain is specific for an unusual substrate,
bioinformatics NRPS domain recognition fails. This is due to the limited
number of domains present in the database and because many domains
do not conform to known rules about NRPS/PKS. Biosynthesis of the
cyanobacterial toxin microcystin initiates with the A domain of McyG,
thought to activate phenylacetate based on structure (Tillett et al.,
2000). However, in vitro studies have found that phenylpropanoids are
preferentially activated (Hicks et al., 2006). Additionally, the A-KR di-
domain encoded in HctE and HctF of the hectochlorin pathway is diffi-
cult to bioinformatically analyse using the substrate specificity code be-
cause these A-KR di-domains activate a-hydroxy acid instead of an
amino acid (Magarvey et al., 2006; Ramaswamy et al., 2007). Where
substrate specificity prediction fails, putative substrates can be sug-
gested based on manually interrogating genomic flanking regions for
substrate-biosynthesis genes. However, experimental structural valida-
tion is always needed to identify the activated substrate and clusters
harbouring these domains cannot be analysed solely using NRPS
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Please cite this article as: Micallef, M.L., et al., Exploring cyanobacterial genomes for natural product biosynthesis pathways, Mar. Genomics

539
540
541

o
N
)

564
565
566

593
594

ot
=)
(2

596
597
598
599
600
601
602
603


http://dx.doi.org/10.1016/j.margen.2014.11.009

604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
Q7
620
621
622
623
624
625
626
627
628
629
630

632
633
634
635
636
637
638
639
640

641

642
643
644
645
646
647
648
649
650
651
652
653
654

665

8 M.L. Micallef et al. / Marine Genomics xxx (2014) xXX—-xXX

substrate prediction tools. The rare nature of these domains ensures that
a combination of manual analysis and bioinformatic tools is needed for
effective genome mining. An increase in the number of identified and
characterised cyanobacterial natural product biosynthetic gene clusters
is needed to improve the accuracy of bioinformatic predictions in the
future.

Shih et al. (2013) and Wang et al. (2014) recently analysed the cur-
rently available cyanobacterial genomes and predicted the biosynthetic
potential of these genomes to encode NRPS/PKS/hybrid gene clusters.
While similar methods were used to identify these gene clusters, there
is a large discrepancy between the number and type of NRPS/PKS/hy-
brid gene clusters between publications (Supplementary Tables 2 and
4). For example, Shih et al. (2013) predicted Prochlorococcus marinus
str. MIT 9313 encodes one PKS gene cluster, while Wang et al. (2014)
did not detect a PKS gene cluster within the same genome. Furthermore,
Jones et al. (2014) analysed the orphan NRPS/PKS gene clusters encoded
within the M. producens 3L genome and identified five orphan NRPS/
PKS gene clusters in addition to the NRPS/PKS/hybrid curacin A,
barbamide and carmabin gene clusters. However, Shih et al. (2013) pre-
dicted that 14 gene clusters were encoded within this cyanobacterial
genome, including both known and orphan gene clusters. The differ-
ences in the number of putative biosynthetic gene clusters identified be-
tween these studies highlight several important issues in cyanobacterial
genome mining, including inconsistent methodologies/cut-offs used to
distinguish a biosynthetic gene cluster. Furthermore, the difficulty in
experimentally validating cyanobacterial gene clusters has meant that
researchers must rely solely on bioinformatic predictions, limiting func-
tional knowledge of the genes and domains essential for the biosynthe-
sis of cyanobacterial natural products. To overcome this, increased
genome sequencing and the number of identified clusters will lead to
increased confidence in bioinformatic tools. Additionally, manually
curating all identified gene clusters for the required domains should
always be performed to minimise the number of false positive identifi-
cations. Lastly, breakthroughs in the heterologous expression of
cyanobacterial gene clusters will provide experimental evidence for
genuine gene clusters which can then be further used to strengthen bio-
informatic predictions.

3.2. MS-guided peptide natural product genome mining

The connection between natural product structures (chemotype)
and their encoding biosynthetic gene clusters (genotype) has led to
the development of MS-guided genome mining approaches, referred
to as natural product peptidogenomics (NPP) (Kersten et al., 2011).
This method has been spear-headed by the Dorrestein laboratory and
is capable of detecting both ribosomal peptides and non-ribosomal pep-
tides. Firstly, mass spectrometry is used to fragment peptides. The frag-
mentation patterns (mass shifts based on m/z) define the potential
amino acid residues present within a ribosomal or non-ribosomal pep-
tide. The mass shifts are converted into a search tag which are search-
able in the genome mining query for ribosomal peptides (six-frame
translation of the genome of interest) or non-ribosomal peptides (sub-
strate specificity predicted peptide obtained from NRPS clusters within
the genome of interest). With regards to the ribosomal peptides, the
search tag is linked to the C-terminal half of the <100 aa precursor pep-
tide that clusters with ribosomal peptide biosynthetic genes.

Recently, the NPP method was further developed into two plat-
forms. RiPPquest and NRPquest are the first genome mining plat-
forms for the discovery of ribosomal peptides and non-ribosomal
peptides, respectively (Mohimani et al., 2014a,b). RiPPquest specifi-
cally targets peptides with poor fragmentation and a high number of
modifications, such as the lanthipeptides. By using the RiPPquest
workflow, Mohimani et al. (2014a) was able to discover several
known Streptomyces lanthipeptides in addition to the novel class III
lanthipeptide informatipeptin.

To complement RiPPquest, NRPquest (www.cyclo.ucsd.edu) can be
utilised to search for bacterial non-ribosomal peptides. As input,
NRPquest uses a sequenced genome and MS spectral files then follows
a series of steps for non-ribosomal peptide identification. NRPquest uti-
lises NRPSpredictor2 to predict putative non-ribosomal peptides
encoded within a bacterial genome to provide a database of putative
non-ribosomal peptides. Spectral data is then matched against the
non-ribosomal peptide database and the statistical significance is calcu-
lated. Because of the large number of possible unusual substrates acti-
vated by A domains, NRPquest allows for a maximum of two blind
modifications (mismatches). However, using this approach, nearly one
hundred non-ribosomal peptides were identified from two strains of
Streptomyces and two strains of Bacillus by Mohimani et al. (2014b), in-
cluding several novel analogues of previously known ribosomal pep-
tides. As the final step in the pipeline, both RiPPquest and NRPquest
use molecular networking, a MS spectral visualisation tool that connects
nodes (MS/MS spectra) and group into areas of analogous molecules
(Watrous et al., 2012). Molecular networking has become a valuable
tool itself, and in this case is used to increase the reliability of peptide
identification and to help identify families of compounds based on
structural and spectral similarities.

The advances in mass spectrometry for secondary metabolite identifi-
cation and structural elucidation promise an interesting future for natural
product discovery (Bouslimani et al., 2014). However, this approach has
yet to be utilised for natural product discovery in cyanobacteria. It is
well known that cyanobacteria are highly prevalent in the biosynthesis
of NRPS and ribosomal peptides (Kehr et al., 2011; Goto et al., 2010).
Thus, coinciding with the increase in cyanobacterial genome data, it is
perfect timing for researchers to apply NPP to the discovery of
cyanobacterial natural products. However, there are several issues to
note when using an NPP approach. This method relies on detection of
the biosynthesised peptide via MS. Gene clusters that are not expressed
under the selected fermentation conditions will not be detected. Further-
more, the current method has difficulty elucidating hybrid NRPS/PKS,
where the major constituents are derived from PKS, and will remain an
issue until proper fragmentation rules are established (Kersten et al.,
2011). Lastly, biosynthetic gene clusters are predicted based on bioinfor-
matics and some clusters will be false positive identifications, particularly
in the case of ribosomal peptides. This could be rectified manually but will
be a subjective decision based on the individual researcher.

4. Heterologous expression

Heterologous expression of natural products is a growing field that
has traditionally been applied to the production of compounds originat-
ing from Streptomyces species. Heterologous expression of natural prod-
uct pathways is of particular interest as a tool for the production of
unknown natural products from “orphan” gene clusters. Despite lagging
behind Streptomyces, there has been some recent success in producing
cyanobacterial peptides in a heterologous host, which may be employed
for the characterisation of orphan gene clusters in the future.

4.1. Nonribosomal peptide and polyketide expression

The first cyanobacterial polyketide/non-ribosomal peptide to be
expressed in a heterologous host was 4-O-demthylbarbamide from
M. producens in Streptomyces venezuelae (Kim et al., 2012). The entire
26 kb barbamide gene cluster, comprising 12 open reading frames
(barA-barK) was cloned into the pYJ1614 expression vector, and
introduced into S. venezuelae DHS2001. Although barbamide was not
detected in the organic extract, a naturally occurring derivative was
produced by S. venezuelae DHS2001. 4-O-demethylbarbamide was
found to be several-fold more potent as a molluscicidal agent than
barbamide. This study demonstrated the first successful expression of
a cyanobacterial PKS/NRPS gene cluster in a heterologous host.
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Lyngbyatoxin is a cyanotoxin that was first isolated from cyano-
bacterial blooms dominated by M. producens (Cardellina et al., 1979).
The biosynthetic pathway of lyngbyatoxin contains four open reading
frames spanning over 11.3 kb (ltxA-D) (Edwards and Gerwick, 2004).
The heterologous expression of lyngbyatoxin was first attempted in
Streptomyces coelicolor (Jones et al,, 2012). The study attempted to deter-
mine the suitability of S. coelicolor as a production host, and was success-
ful in expressing proteins LtxB and LtxC individually, as well as showing
functionality of LtxC in an in vitro assay. However, no lyngbyatoxin was
produced when the entire biosynthetic pathway was overexpressed
due to early transcriptional termination of ItxA.

A more successful attempt showed the production of lyngbyatoxin
in an Escherichia coli host (Ongley et al., 2013b). E. coli GB2005-MtaA
carrying a heterologous myxobacterial phosphopantetheinyl transfer-
ase was chosen as a host due to its similar GC content to that of the
cyanobacterial genes. Heterologous expression of the ltx gene cluster re-
sulted in a mixture of both lyngbyatoxin and indolactam-V, an interme-
diate in the pathway.

4.2. Ribosomal peptides

Heterologous expression of the patellamide biosynthetic pathway
was the first functional expression of a marine natural product
(Schmidt et al., 2005). The 12.5 kb gene cluster from the obligate sym-
biont Prochloron didemni was expressed in E. coli BL21 (DE3), leading
to the production of patellamide A and C.

A relative of the patellamides, trunkamide, was also produced in
E. coli by overexpressing the 11 kb tru gene cluster (Donia et al.,
2008). The tru gene cluster was further used to demonstrate the poten-
tial of RiPPs as a source of novel bioactive variants. Peptide variants
were produced by introducing mutations into the truE gene, and then
coexpressing them alongside the rest of the pathway in an E. coli host
(Tianero et al., 2012).

4.3. Alkanes, alkenes, and terpenes

Other secondary metabolites, such as alkanes and terpenes, have
also been heterologously expressed in E. coli. Two open reading frames
(ORF) from S. elongatus PCC 7942 were identified as candidates for al-
kane production (Schirmer et al.,, 2010). The two ORFs were expressed
in E. coli, resulting in the production of alkanes, alkenes, chain fatty
acids, and fatty alcohols.

Three terpene synthases from Nostoc were investigated by heterolo-
gous expression in E. coli (Agger et al., 2008). The terpene synthase ho-
molog, referred to as NS1, from Nostoc (Anabaena) sp. strain PCC 7120,
produced R-elemene as the major product, along with the thermally un-
stable germacrene A as a minor product. NP1, a terpene synthase from
N. punctiforme PCC 73102 (ATCC 29133), was found to produce the
rare sesquiterpene 8a-epi-ai-selinene. Similarly, the putative geosmin
synthase homolog, NP2, from N. punctiforme PCC 73102 (ATCC 29133)
was heterologously expressed in E. coli. While expression did not yield
geosmin, germacradienol and germacrene D were produced. This is like-
ly due to the absence of activity in the C-terminal domain which cataly-
ses the formation of geosmin from germacradienol, as demonstrated in
streptomycete geosmin synthases (Agger et al., 2008). Giglio et al.
(2008) corrected the sequencing error and expressed of the full length
geosmin synthase gene (NPUNMOD) from N. punctiforme PCC 73012,
which resulted in the biosynthesis of geosmin, germacradienol,
germacrene D, octalin and (E)-nerolidol.

4.4. Awakening orphan biosynthetic pathways

The heterologous expression of orphan pathways is an important
tool in unravelling their function (Gross, 2007; Chiang et al., 2011).
The recently reported transformation associated recombination (TAR)
represents a simple procedure for cloning large natural product clusters

(Yamanaka et al., 2014). This method facilitated the capture and ex-
pression of a transcriptionally silent 67 kb NRPS gene cluster from
Saccharomonospora sp. CNQ490 in the expression host S. coelicolor,
resulting in the production of taromycin A. To date, no silent
cyanobacterial gene clusters have been heterologously expressed.
However, the recent successes in cloning large clusters and identifi-
cation of suitable hosts outlined above pave the way for future ex-
pression of cyanobacterial gene clusters.

4.5. Important factors when expressing a foreign gene cluster

Choosing an expression host is one of the main challenges of heter-
ologous expression. There are several factors that need to be considered
when choosing an appropriate host. Disparity in GC content, and ulti-
mately codon usage, can lead to reduced or abortive expression of the
target pathway (Angov et al., 2008). Therefore, the selection of a pro-
duction strain with a similar GC content to the desired gene cluster is
ideal. On the other hand, changing the genetic code of the pathway to
alter its codon usage without changing the peptide sequence can negate
this issue (Angov, 2011), while also allowing the use of a range of ex-
pression hosts.

The amenability of a strain to genetic manipulation and the availabil-
ity of genetic tools are important factors when choosing a host. The
growth rate of the host and conditions required for production must
also be taken into account. Organisms such as E. coli have been studied
and genetically engineered for decades, making it an attractive option
for the production of natural products. Other potential hosts are the
model cyanobacteria Synechocystis sp. PCC6803 and S. elongatus
PCC7002 (Ongley et al., 2013a,b). Although the cyanobacterial genetic
tools are not as well developed as E. coli, there have been great advances
over the last few years in tool development (Heidorn et al,, 2011; Huang
etal, 2010), largely due to the increased interest of using cyanobacteria
for biofuel production (Lan and Liao, 2011; Varman et al., 2013).

5. Conclusions

Recent years have seen an explosion in the number of cyanobacterial
genome sequences. These have yielded significant data highlighting the
presence, diversity and distribution of known natural product gene
clusters, in addition to the identification of orphan gene clusters.
While there are a number of bioinformatic tools that can be employed
specifically for the analysis of natural product gene clusters, many of
them are problematic when used for the analysis of cyanobacterial
pathways. This should be taken into consideration when analysing
cyanobacterial natural product gene clusters, as additional manual anal-
ysis may be required. The heterologous expression of cyanobacterial
natural product pathways will be required to take advantage of their po-
tential as sources of novel compounds. Despite the slow progress, recent
successes in the cloning of large gene clusters and expression of key
pathways provide a platform upon which further research and natural
product discovery can be based.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.margen.2014.11.009.
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