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Abstract

Symbiotic bacteria associated with marine sponges have frequently been proposed as the true producer of many
bioactive natural products with potent anticancer activities. However, the majority of these complex symbiotic bacteria
cannot be cultivated under laboratory conditions, hampering efforts to access and develop their potent compounds
for therapeutic applications. Metagenome mining is a powerful cultivation-independent tool that can be used to
search for new natural product biosynthetic pathways from highly complex bacterial consortia. Some notable
examples of natural products, in which their biosynthetic pathways have been cloned by metagenome mining are
onnamide A, psymberin, polytheonamides, calyculin, and misakinolide A. Subsequent expression of the pathways
in easily culturable bacteria, such as Escherichia coli, could lead to the sustainable production of rare promising
natural products. This review discusses principles of metagenome mining developed to gain access to natural
product biosynthetic pathways from uncultured symbiotic bacteria of marine sponges. This includes detecting
biosynthetic genes in sponge metagenome, creating large metagenomic library, rapid screening of metagenomic
library, and clone sequencing. For many natural products made by modular polyketide synthases (PKSs) and
hybrids with non-ribosomal peptide synthetases (NRPSs), their biosynthetic pathways as well as structures of final
products can be predicted with high accuracy through bioinformatic analysis and sometimes combined with functional
proof. Further metagenome sequencing integrated with single-cell analysis and chemical studies could provide
insights into the remarkable biosynthetic capacity of uncultivated bacterial symbionts, thereby facilitating the discovery
and sustainable production of a wide diversity of sponge-derived complex compounds.

Keywords: marine sponges, natural product biosynthetic pathway, uncultured symbiotic bacteria,
metagenome mining

1. Introduction space (Proksch, 1994; Haefner, 2003). Compounds

. o . . that act as chemical defense have recently become
Oceans are a wealthy repository of biodiversity with 6 1 5in focus of great interest in drug development
fourteen of 35 animal phyla being exclusively marine (Uria, 2012).

(Briggs, 1994; Sala & Knowlton, 2006). The highest

biodiversity is found in coral reefs, where the number SO far more than 20,000 compounds have been
of species per unit area is predicted to exceed that of ~ 1S0lated from various marine organisms (Blunt et al.,
tropical rainforests (Haefner, 2003; Sogin et al., 2006).  2012). Among marine invertebrates, sponges are the
Coral reefs provide habitats for a wide variety of soft- |€ading sources of potent natural products in terms of
bodied invertebrates, such as sponges, bryozoans, the number of biologically active compounds discovered
and tunicates. These marine invertebrates contain SO far (Leal etal., 2012; Blunt et al., 2014). Between
structurally diverse natural products (Hay & Fenical; 1958 and 2008, around 3500 novel natural products
1996, Hunt & Vincent, 2006) that play an ecological ~Were identified from marine sponges, including
role to chemically defend themselves against anh_cgnc_:er compounds, anti-inflammatory agents,_and
environmental factors, such as predation, overgrowth ~ antibiotics (Hu et al., 2011). Some sponge-derived

and settlement of other organisms, or competitionfor  €OmMpounds have successfully been developed as
clinically used drugs. This is best exemplified by two

*Corresponding author, bioactive nucleosides, spongothymidine and
E-mail: agustinus.uria@gmail.com spongouridine from the sponge Crytotethia crypta
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Figure 1. The sponge-derived compounds that inspired the synthesis of clinically used medicines:
spongothymidine and spongouridine from the sponge Crytotethia crypta (Bergmann & Feeney,
1950, 1951; Bergmann & Swift, 1951), and halichondrin B from the Japanese sponge Halicondria

okadai (Uemura et al., 1985).

(Bergmann & Feeney, 1950, 1951; Bergmann & Swift,
1951), which inspired the synthesis of the antiviral
agent vidarabine (Ara-A), the anticancer drug
cytarabine (Ara-C) (Proksch et al., 2002), and the
antiviral agent zidovudine (AZT) (Bowling et al., 2007).
In more recent year, the United State Food and Drug
Administration (FDA) and European Medicines Agency
(EMA) have approved Eribulin Mesylate (E7389,
Halaven®) as a new chemotherapy agent for
metastatic breast cancer patients (Donoghue et al.,
2012; Gourmelon et al., 2012; Ortega & Cortés, 2012).
This anticancer drug is a synthetic analog of
halichondrin B from the Japanese sponge, Halicondria
okadai (Uemura et al., 1985; Hirata & Uemura, 1986)
(Figure 1).

Although a large number of novel bioactive
compounds have been discovered from marine
sponges, their development process into marketable
drugs have been very slow, mainly due to the extremely
low quantities of the substances in the sponge tissues
(Uria & Piel, 2009). Compound supply by collecting a
large number of a rare sponge species from its natural
habitat is not a good option due to ecological and
biodiversity concerns. Chemical synthesis in another
hand can be very expensive, especially when
structurally complex compounds are concerned
(Thakur & Muller, 2004; Mohamed et al., 2008). The
low yields of sponge-derived compounds, known as
supply problems, are usually the major bottleneck in
marine drug development (Munro et al., 1999; Sagar
et al., 2010). Therefore, powerful approaches to
overcome this supply problem need to be developed
(Dewi et al., 2008).

Recent advances in molecular biology and
bioinformatics have led to the birth of metagenomics,
a powerful approach for gaining access to individual
enzyme-encoding genes from uncultured marine
microorganisms (Uria et al., 2005). Further
development of this approach with recent advances in
Deoxyribose Nucleic Acids (DNA) sequencing
technologies have enabled the discovery of new
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biosynthetic pathways of pharmaceutically important
natural products from uncultured sponge bacteria (Piel
et al., 2004a; 2004b). Subsequent expression of the
pathways in easily culturable bacteria, such as E.
coli, could lead to the sustainable production of rare
promising natural products. Rational protein design
might permit pathway engineering, thereby creating
novel pharmaceutical compounds with largely
predictable structures (Uria & Piel, 2009). The
standard metagenome mining procedure developed
to capture biosynthetic pathways consists of the
following steps: (i) obtaining sponge metagenome and
molecular diagnostic of key biosynthetic genes, (ii)
cloning of sponge metagenome, (iii) bioinformatics
analysis (Hrvatin & Piel, 2007; Uria & Piel, 2009;
Gurgui & Piel, 2010; Uria, 2012), and metagenome
sequencing in combination with single-cell analysis
of an enriched bacterial population from a sponge
(Wilson etal., 2014). This review discusses the steps
above and solutions to the challenges faced in each
step are discussed in this review.

2. Bacterial Origin of Sponge-derived Natural
Products

The sponge body consists of mainly three layers:
(i) pinacoderm (an outer layer), (ii) choanoderm (a
monolayer of flagellated collar cells that line the hollow
interior atrium), and (iii) mesohyl (the connective tissue
layer located between the pinacoderm and the
choanoderm (Ruppert et al., 2004; Taylor et al., 2007).
In general, the pinacoderm is typically dominated by
photosynthetic bacteria such as cyanobacteria
because it is exposed to sunlight. The mesohyl is
primarily populated by heterotrophic and autotrophic
bacteria (Kennedy et al., 2007) (Figure 2). For some
well-studied marine sponges, symbiotic microbial
consortia can be very complex with at least 18
bacterial and archaeal phyla (Taylor et al., 2007). The
symbiotic microbial density may account up to 60%
of the total sponge biomass with 6.4 x 108 to 1.5 x
10° cells per ml of sponge extract (Scheuermayer et
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Figure 2. The sponge’s tissue containing symbiotic bacterial cell types. Redrawn from Uria (2012) that was

modified from Ruppert et al. (2004).

al., 2006) or up to 108 -10° bacterial cells per gram of
body wet weight (Hentschel et al., 2006). The genetic
diversity or variation within and between species
(Achtman & Wagner, 2008) makes the symbiotic
community even more complex (Uria, 2012).

Foralong time, highly complex symbiotic bacterial
consortia have been proposed as the actual producers
of many sponge-derived natural products (Piel, 2004).
This symbiont hypothesis is supported by the
frequently observed phenomena that many
invertebrate-derived compounds are structurally similar
to typical bacterial compounds (Bewley & Faulkner,
1998; Piel, 2004), and marine invertebrates often
contain complex compound families commonly known
from bacteria (Piel, 2006; Uria & Piel, 2009). If the
symbiotic bacteria could be cultivated under laboratory
conditions, then fermentation may facilitate the
sustainable production of drug candidate at the
industrial scale (Uria & Piel, 2009). However, the
majority of these symbiotic bacteria are not amenable
to cultivation outside their hosts (Friedrich et al., 2001;
Webster & Hill, 2001), hampering efforts to study and
access potential marine natural products. Study of
the microbial diversity in the Great Barrier Reef sponge
Rhopaloeides odorabile, for example, revealed that the
culturable percentage of symbiotic bacteria accounts
for only 0.1-0.23% of the total bacterial community
(Webster & Hill, 2001).

Early studies of natural products in uncultured
symbiotic bacteria involved mechanical separation of
bacterial cell types, followed by chemical analysis of
each cell type (Unson & Faulkner, 1993; Unson et al.,
1994), and subsequent 16S-ribosomal Ribose Nucleic
Acids (rRNA) gene-based phylogenetic analysis of cell
types to determine the taxonomic status (Schmidt et
al., 2000; Uria & Piel, 2009). A number of cell
separation methods have been used to obtain bacterial

cells from hosts, including a fluorescence activated
cell sorter (FACS) (Unson et al., 1994), differential
centrifugation (Bewley et al., 1996; Piel et al., 2004;
Wilson et al., 2014), percoll density gradient (Ridley,
etal., 2005), simple squeezing (Schmidt et al., 2005),
and micromanipulation (Grindberg et al., 2011). Bewley
et al. (1996) used differential centrifugation method to
separate three bacterial cell types from the Palauan
sponge Theonella swinhoei (Figure 3). The isolated
bacterial cell types are (i) unicellular cyanobacterial
fraction identified as Aphanocapsa feldmanni, (ii)
filamentous heterotrophic bacteria, and (iii) unicellular
heterotropic bacteria (Bewley et al., 1996). By 16S-
rRNA gene analysis, Schmidt et al. (2000) showed
the taxonomic status of such uncultured filamentous
bacteria as Candidatus “Entotheonella palauensis”.

Chemical analysis of the cell fractions using 'H-
Nuclear Magnetic Resonance (NMR) spectroscopy
in combination with Transmission Electron
Microscopy (TEM) showed the accumulation of
swinholide Ain the mixed unicellular bacterial fraction.
Whereas the antifungal theopalaumide was present
mainly in the filamentous bacteria (Bewley et al.,
1996). In a separate study, Brick et al. (2008)
employed Fluorescent In Situ Hybridization (FISH) to
show the presence of the symbiotic “Entotheonella
sp.” obtained from the Caribbean Sea sponge,
Discodermia dissolute (Briick et al., 2008). However,
such chemical localization alone cannot give
convincing proof for the bacterial origin due to the
possibility that natural products move across cellular
membranes and whole tissues (Uria & Piel, 2009).

Investigating the biosynthetic origin of sponge-
derived natural products at the genetic level is
extremely challenging due to the complexity of sponge
metagenome that contains various homologous genes
from diverse pathways (Piel, 2010). The fact that
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Figure 3. Mechanical separation of bacterial cells from sponge tissue. The sponge sample is initially
homogenized in calcium/magnesium-free artificial seawater (CMF-ASW), and then subjected to
differential centrifugation to separate several cell types based on different size and densities (Uria,

2012). Redrawn from Uria (2012).

biosynthetic pathways leading to pharmaceutically
important natural products are typically clustered in
bacterial chromosomes (Kelinkauf & Déhren, 1990;
Kim et al., 2010) has greatly facilitated the isolation
of biosynthetic gene clusters from complex microbial
consortia without prior cultivation (Uria & Piel, 2009).
Using metagenomic approaches, Piel and his
colleagues cloned a gene cluster for the biosynthesis
of onnamine/theopederin from the Japanese sponge
T. swinhoei (Piel et al., 2004b). The putative onnamide
gene cluster showed a typical bacterial architecture,
such as tightly packed genes, lack of introns and
polyadenylation sites, and be preceded by putative
Shine-Dalgarno (Piel et al., 2004b). This provides the
first genetic evidence for the bacterial origin of marine
invertebrate-derived natural products (Figure 4).

Some other examples of sponge-derived natural
products, in which their biosynthetic pathways have
been characterized include psymberin from the sponge
Psammocinia aff. bulbosa (Fisch et al., 2009),
polytheonamides A and B from Japanese T. swinhoei
chemotype yellow (Freeman et al., 2012) (Figure 4),
calyculin from Discodermia calyx (Wakimoto et al.,
2014), and misakinolide A (Uria, 2012; Ueoka et al.,
2015). Polytheonamides A and B are giant peptides
that function as unimolecular pores in cell membranes
(lwamoto et al., 2010). The misakinolide biosynthetic
pathway harbors an additional module that match the
structures of swinholide A (Carmely & Kashman, 1985;
Kitagawa et al.,1990; Doi et al., 1991) and hurghadolide
A (Youssef & Mooberry, 2006). Discovery of such
biosynthetic pathways provides not only convincing
proof for the bacterial origin of sponge-derived natural
products but also facilitates the sustainable supply
of rare promising complex compounds.
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Although the bacterial origin of invertebrate-natural
products can be verified at the genetic level through
metagenome mining, this approach alone cannot
provide specific taxonomic information of the natural
product producers. By integrating metagenome
sequencing and single-cell analysis, Piel and his
colleagues pinpointed a single bacterial phylotype of
the candidatus genus ‘Entotheonella‘ that makes
almost all toxic compounds (more than 40) isolated
from the Japanese sponge Theonella swinhoei Y
(Wilson et al., 2014). Interestingly, this uncultured
bacterial phylotype is widely distributed in
taxonomically diverse sponge species collected at 20
different locations and belongs to a new environmental
taxon proposed as candidate phylum ‘Tectomicrobia’
(Wilson et al., 2014). Wakimoto et al. (2014) has
recently reported the biosynthetic pathway of calyculin
from D. calyx. This cytotoxic compound represents a
form of activated chemical defense in response to
sponge host injury. Catalysed Reported Deposition
(CARD)-FISH probing supported that calyculin
biosynthesis occurs in “Entotheonella sp.” (Wakimoto
etal., 2014).

3. Detection of Biosynthesis Genes in Sponge
Metagenome

The presence of key biosynthesis genes in marine
sponges can be detected by Polymerase Reaction
Chain (PCR) cloning using total DNA from a sponge
sample. PCR cloning procedure usually involves the
following steps: designing PCR primers to target a
small conserved region in a biosynthesis gene, PCR-
amplification of the conserved region, cloning of PCR
products into Escherichia coli, DNA sequencing, and
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Figure 4. Sponge-derived natural products, in which their biosynthetic pathways have been cloned by
metagenome mining. These include onnamide A (Piel et al., 2004b), psymberin (Fisch et al., 2009),
and polytheonamides A & B that differ in the configuration of the sulfoxide moiety indicated by red
color (Freeman et al., 2012), calyculin A (Wakimoto et al., 2014), and misakinolide A (Uria, 2012;

Ueoka et al., 2015).

bioinformatic analysis. Results obtained by this PCR
cloning could provide preliminary insights into diversity
of potential genes involved in the biosynthesis of
sponge-derived natural products.

Since many potent antitumor compounds isolated
from marine sponges belong to complex polyketides
(PKs) and hybrids with non-ribosomal peptides
(NRPs) (Piel, 2004; Fusetani, 2010), PCR cloning is
mostly directed to target genes involved in the
biosynthesis of these two compound classes. This
section briefly describes the biosynthetic machinery
of PK and NRP, and then explain which parts of PK/
NRP biosynthetic pathways can be used as targets
by PCR cloning.

Biosynthesis of PK is catalyzed by multifunctional
proteins termed polyketide synthases (PKS)
(LIewellyn & Spencer, 2007). Mechanisms of how PKS
systems work have comprehensively been reviewed
by Hertweck (2009) and Piel (2010). In principle, PKS
systems consist of modules. Each module contain
at least these three main domains: a ketoacyl
synthase (KS) domain catalyzes the chain elongation,
an acyltransferase (AT) domain chooses the correct
acyl-CoA extender, and an acyl carrier protein (ACP)
domain acts as anchor to the polyketide chain (Cane
et al., 1998). Other optional domains may be present
to perform various functional modifications of the
polyketide backbones, producing g-hydroxyl, olefinic
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Figure 5. Basic biosynthetic steps in modular PKS, including extension with malonyl-CoA (1a) or extension
with methylmalonyl-CoA (1b), keto-reduction (2), dehydration (3), and double-bond reduction (4).
Abbreviations: KR, B-ketoacyl reductase; DH, dehydratase; and ER, enoyl reductase. Redrawn

from Uria (2012).
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Figure 6. Bond formation in NRP and hybrids with PK: C-N formation in the PKS/NRPS hybrid (on the top),
and C-C formation in the NRPS/PKS hybrid (below). Abbreviations: AT, acyl transferase; ACP, acyl
carrier protein; KS, B-ketoacyl synthase; C, condensation domain; A, adenylation domain; 0 or T,
thiolation domain; x, optional domain(s). Redrawn from Uria (2012).

and fully saturated moieties (Cane et al., 1998;
Rawlings, 2001; Tsai & Ames, 2009) (Figure 5).

In peptide biosynthesis, NRPSs use a similar
strategy as PKSs. Each module in NRPS system
incorporate and modify an amino acid unit into the
growing peptide chain (Du et al., 2001). There are at
least three domains in a typical NRPS module,
namely (i) an adenylation (A) domain that serves to
activate and incorporate amino acid, (ii) a thiolation
(T) domain that performs thioesterification of the
activated residue, and (iii) a condensation (C) domain
that extends of the growing peptide chain via
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transpeptidation (Schwarzer & Marahiel, 2001;
Schwarzer et al., 2003). In the biosynthesis of PK/
NRP hybrids, C domain mediates C-N bond formation
through nucleophilic substitution between the acyl
group of the growing polyketidyl chain from the
upstream PKS module and the amino group of the
downstream aminoacyl-S-T (Du et al., 2001) (Figure
6). At the NRPS/PKS interface, C domain catalyzes
C-C bond formation by transferring the growing
intermediate peptidyl-S-T at the upstream NRPS
module to the residue of the KS active site (cystein),
thereby generating a peptidyl-S-KS intermediate. The
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decarboxylative condensation of the resulting
intermediate peptidyl-S-KS with a malonyl-S-ACP on
the downstream PKS module elongates the peptide
chain with a short carboxylic acid (Fischbach &
Walsh, 2006; Giessen & Marahiel, 2012). Among
domains present in NRPS modules, an adenylation
(A) can be chosen as the cloning target due to the
highly conserved amino acid sequences throughout
this domain in comparison with other NRPS domains
(Turgay etal., 1992; Turgay & Marahiel, 1994).

Among domains present in PKS systems, KS
domains are usually used as the diagnostic target,
because sequences of this domain are most
conserved sequences compared with other PKS
domains (Aparicio et al., 1996). PCR-amplification of
the KS regions from PKS gene clusters in total sponge
DNA is very challenging due to the huge diversity of
homologous genes from various pathways present in
a complex sponge symbiosis (Piel, 2010). The huge
amounts (86% in average) of fatty acids in the sponges
makes it difficult to detect biosynthetic genes for
complex polyketide (Fieseler et al., 2007). PCR
detection of PKS genes in the total sponge DNA using
degenerate primers showed that none of the obtained
KS amplicons involved in the biosynthesis of complex
bioactive polyketides (Hochmuth et al., 2010; Wilson
et al., 2014). Instead, they belonged to KS domains
of SupA (Uria, 2012; Wilson et al., 2014) that harbors
a single complete PKS module (KS-AT-DH-MT-ER-
KR-ACP) with additional KS and inactive AT domains
at the C-terminus. This domain architecture is typical
animal FASs (Schweizer & Weissman, 2001), in which
the product backbone is fully reduced, thereby resulting
in a methyl-branched fatty acid (Fieseler et al., 2007).

a-ketoglutarate
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To solve the problem, the complex microbial consortia
was simplified using differential centrifugation method
to obtain the filamentous bacterial fraction mainly
dominated by large filamentous cells Candidatus
“Entotheonella sp.” (Piel et al., 2004a; Uria, 2012;
Wilson et al., 2014). PCR cloning using such symbiotic
cell pellet resulted in KS amplicons involved in complex
polyketide biosynthesis (Wilson et al., 2014).

To detect the PKS/NRPS machinery of a known
compound, in which the encoding DNA sequence data
is unknown, degenerate primers to target such
machinery could be designed based on the predicted
biogenesis of the compound or its building blocks.
For example, degenerate primers to target the
biosynthetic pathway of theonellamide F, an antifungal
cyclic peptide from T. swinhoei (Matsunaga et al.,
1989), could be based on the proposed biogenesis of
such peptide and its unusual amino acids, as
described by Uria (2012) in Figure 7. Theonellamide
F contains 10 amino acids, in which three of them are
unusual amino acids, namely a brominated
phenylalanine (BrPhe), (3S,4S,5E,7E)-3-amino-4-
hydroxy-6-methyl-8-(p-bromophenyl)-5,7-octadienoic
acid (Aboa), and (2S,3R)-3-hydroxyasparagine-
(2S,4R)-2-amino-4-hydroxyadipic acid (a-AhAA)
(Matsunaga et al., 1989). Incorporation of all of the
amino acids into theonellamide F is predicted to be
enzymatically catalyzed by NRPS modules and a PKS
module. Formation of Aboa might involve a PKS
module that elongates and modifies the L-Phe or
BrPhe installed on a NRPS module. This might occur
through a similar mechanism reported for 3-amino-9-
methoxy-2,6,8-trimethyl-10-phenyl-4,6-decadienoic
acid (Adda) in microcystins biosynthesis (Namikoshi

e

L-Phe

L-p-BrPhe

Figure 7. The proposed biogenesis of three unusual residues in theonellamide F: BrPhe (blue color), a-AhAA
(green color), and Aboa (red color). Redrawn from Uria (2012).
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etal., 1992; Tillet et al., 2000). As described in Figure
7, the installed L-Phe or BrPhe would undergo KS-
catalyzed elongation (I) and a series of modifications,
including a double bond shift by £,)-dehydration and
a-methylation (Il), a-hydroxylation (lll), and
aminotransferase (IV). This suggests that degenerate
primers targeting the theonellamide biosynthetic
pathway could be designed on the basis of KS domain
of PKS and A domain of NRPS (Uria, 2012).

To specifically target the biosynthetic pathways
of theonellamides, degenerate primers could be based
on the biogenesis of BrPhe and a-AhAA. As shown in
Figure 7 (Uria, 2012), the proposed biogenesis of the
incorporated BrPhe is presumably from L-Phe via
enzymatic halogenation,as has been shown for
tryptophan-5-halogenase in the pyrroindomycin B
biosynthesis (Zehner et al., 2005). This suggests that
designing diagnostic PCR-primers could be based on
the halogenase enzyme. The a-AhAA probably arises
from the hydroxylation of L-a-aminoadipic acid, which
is an intermediate in the lysine biosynthetic pathway
(Velasco et al., 2002). Incorporation of L-a-aminoadipic
acid into the structure of theonellamide might be
catalyzed by a NRPS assembly line, as reported for
the biosynthetic pathway of the tripeptide d-(L-a-
aminoadipyl)-L-cysteinyl-D-valine (ACV), a common
intermediate in the penicillins and cephalosporins
(Martin, 2000). This suggests that the A domain
specific for aminoadipic acid could be used as a basis
for primer design (Uria, 2012).

4. Cloning of Sponge Metagenome

Capturing natural product biosynthetic pathways
requires a large metagenomic library that represent
microbial genomes present in the sponge system. A
complex metagenomic library is usually constructed
by isolation of high molecular weight (HMW) DNA from
sponge sample, followed by cloning of HMW DNA
fragments into E. coli (Uria & Piel, 2009). A huge
amount of polysaccharides present in the sponge
tissue (Bucior & Burger, 2004; Esteves et al., 2011)
may interfere the isolated DNA and inhibit enzymatic
reactions in DNA maodifications (Kaufman et al., 1999).
Therefore, polysaccharide removal is necessary in
metagenomic library construction. Cetyltri
methylammonium bromide (CTAB) has been proven
to be useful in removing polysaccharides from the
sponge cell extract (Piel et al., 2004; Schirmer et al.,
2005). In combination with a high concentration of urea
has allowed cell wall lysis (Hrvatin & Piel 2007; Gurgui
& Piel, 2010).

Another way to remove the excessive
polysaccharides is homogenization of a sponge
sample, followed by differential centrifugation to collect
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symbiotic bacterial cells. Subsequent treatment of the
obtained cell pellet with lysozyme and
achromopeptidase allowed cell lysis, thereby releasing
the HMW bacterial DNA (Bertrand et al., 2005; Uria et
al., 2007). HMW DNA fragments of interest (e.g.
approximately 35-40 kilo base pairs/kb) can be
selected and purified by gel electrophoresis, followed
by either enzymatic gel extraction using GELase
(Epicentre) or column-based gel extraction in order to
remove the remaining contaminants including RNA.
GELase contains an enzyme capable of digesting a-
agarose, allowing the Low Melting Point (LMP) gel‘s
carbohydrate backbone to break down into soluble
small oligosaccharides (Epicentre; Uria, 2012).

For cloning of large-sized inserts (35-40 kb), a high-
capacity vector with low copy number is often used in
order to prevent the instability and rearrangement of
the cloned large fragments (Kim et al., 1992; Shizuya
et al., 1992). An example is the fosmid pCC1FOS
(Epicentre), in which its low copy number is controlled
by the F factor system that keeps 1-2 copies per cell.
The pCC1FOS copy number can be increased to 10-
50 copies per cell in the growing media supplemented
with L-arabinose (Epicentre, Wild et al., 2002;
Westernberg et al., 2010). The detailed procedure of
how to construct a fosmid-based metagenomic library
is described by Gurgui & Piel (2010) (Figure 8).

When using a dephosphorylated linear fosmid, one
of important steps in the library construction is repairing
the DNA fragment termini prior to the blunt legation
with a fosmid vector, because during extraction and
purification, the DNA fragment ends could be fray or
not blunt without phosphate residues. T4 DNA
polymerase is usually used to convert the frayed ends
into blunt ends by filling the recessed 3‘ termini and
removing the protruding 3‘-termini. Subsequently,
terminal phosphotransferase is used to convert the
hydroxyl group at the 3-termini into a phosphate group
(Brown, 2006). Metagenomic library can be generated
in 3-D format in semi-liquid medium, as recently
reported by Hrvatin & Piel (2007). This library format
allows growing well-separated clones at high densities
between 1000 to 4000 clones/ml (Uria, 2012).

All the clones in 3-D format library are usually
organized into pools. Each pool contains
approximately 1000-4000 clones/ml semi-liquid
medium (Hvartin & Piel, 2007; Uria, 2012). Individual
pools can be added with glycerol, mixed well by vortex
and stored at -80 °C for a long time. This library format
facilitates rapid screening of a complex metagenomic
library by whole-cell PCR and pool dilution (Hvartin &
Piel, 2007). For library screening, a small aliquot of
all individual pools are initially combined into super-
pools. Individual super-pools are screened by whole-
cell PCR. Each pools located in the same positive
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Figure 8. Metagenome mining protocol may include isolation of HMW DNA from either a sponge sample or
its symbiotic bacterial cells. After being separated by electrophoresis on a LMP agarose gel, the
DNA fragments of ~35-40 kb are extracted from the gel, repaired at both termini, ligated with
dephosphorylated fosmids, packed in bacteriophage particles that are then used to transfect E.
coli. The resulting library is then grown in 3-D format in semi-solid media and screened by whole
cell PCR (Uria, 2012). Redrawn from Uria (2012).

super-pool are checked by PCR. Positive clone pools
are then diluted at lower cell density and re-screened
by PCR. This combination of cell dilution and PCR
screening is repeated. When the clone density is
around 20 cfus/ml, the cell dilution were plated and
grown at the colony density of around 200 cfus/ plate.
Colony PCR can then be carried out to isolate a single
positive clone (Hvartin & Piel, 2007; Gurgui & Piel,
2010; Uria, 2012).

If a biosynthetic pathway is too large, it requires
isolation of more than one overlapping fosmid clones
isolated from the library. Finding the remaining parts
of the partial gene cluster can be performed by the
homology-based screening using specific primers that
specifically recognize the target biosynthetic pathway.
Specific primers are usually designed based on the
end sequences of the previously isolated fosmid and
employed to screen the additional portions of the gene
cluster. This process is repeated until the entire gene
cluster is isolated. Clone analysis can be initiated
with end-sequencing and sometimes followed by sub-
cloning. If sub-cloning indicates that the isolated clones
are promising, then complete sequencing of individual

clones should be pursued. Bioinformatic analysis of
the sequenced clones could provide insights into the
biosynthetic pathways and the encoded compounds
(Uria, 2012).

5. Bioinformatic Analysis and Functional Proof

A positive clone isolated from a metagenomic
library needs to be analyzed further in order to know
whether it harbors a biosynthetic pathway of interest
or not. Obtaining the functional proof by heterologous
expression of the entire biosynthesis gene cluster is
sometimes difficult because the cluster is very large
located in more than one clones. In such case,
bioinformatics analyses of the cloned DNA sequences
are very useful to predict the encoded biosynthetic
pathways and even the chemical structure of final
products. This involves the use of various softwares
oronline programs to analyze the sequence data. For
example, Segman NGen® (DNASTAR, Madison, W1)
and Geneious (Drummond et al., 2011) can be used
to assemble the sequencing reads. The online-
accessible software FramePlot (Ishikawa & Hotta,
2006) can be used to identify potential open reading
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frames (ORFs). Sometimes the gene cluster function
predicted using bioinformatics needs to be
experimentally proved by heterologous expression and
activity assay of just one or some small enzymes/
proteins as a part of the entire giant biosynthetic
pathway. In such case, substrates required for
enzymatic/protein analyses should be provided either
by purchasing commercially available substrates or
through chemical synthesis of predicted substrates.

For modular PKS system or its hybrid with NRPS
system, the module architecture including the domains
present in each module can be predicted using some
online programs, such as Basic Local Alignment
Search Tool (BLAST) analysis (Altschul et al., 1990;
McGinnis & Madden, 2004), and PKS/NRPS analysis
Web-site (Bachmann & Ravel, 2009). Other tools that
can be used to analyze large DNA sequence data for
identifying PK and NRP biosynthetic pathways include
Antibiotics and Secondary Metabolite SHell
(antiSMASH) (Medema et al., 2011; Blin et al., 2013),
Natural Product Domain Seeker (NaPDoS) (Ziemert
et al., 2012), and NP.searcher (Li et al., 2009).
Subsequently based on the module architecture and
substrate specificity, the PK/NRP intermediates and
biosynthetic pathways could be predicted accurately
(Hertweck, 2009; Piel 2010).

As described in section 3, the A domains in the
NRPS pathways function to select/activate and
incorporate amino acid residues (Schwarzer et al.,
2003). The key residues responsible for coordination
of Adenosine Triphosphate (ATP) and substrate, also
known as nonribosomal codes, for the substrate
specificity of the A domains have been established
(Challis et al., 2000). The nonribosomal codes of A
domains could be revealed using the online-accessible
programs, such as NRPSpredictor2 (Réttig et al., 2011)
and NRPSsp (Prieto et al., 2012). In certain cases,
functional proof for the substrate specificity of A
domains needs to be provided by their overexpression
in E. coli, protein purification and subsequent activity
analysis towards the predicted substrates, for
example, using mass exchange-based adenylation
assay (Phelan et al., 2009; Hofer et al.,2011;
Crisemann et al., 2013; Wilson et al., 2014).

In PK pathways, the selection of the correct
building blocks is performed by AT domains. Structural
studies of AT's binding pocket have been used to
create predictive tools for the specificity of malonyl-
CoA (MCoA), methylmalonyl-CoA (MMCoA), and other
less common substrates (Anand et al., 2010; Yadav
et al., 2003; Boddy, 2014). By predicting the AT's
substrate specificity and the order of other PKS
domains, the PK biosynthetic pathway could be
defined that follow the collinearity rule (Hertweck,
2009; Boddy 2014).
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However, for PKS usually characterized by the lack
of AT domains in each module, called trans-AT PKS,
predicting the biosynthetic pathways and the final
product is more challenging, because it cannot be
predicted straightforward just based on the domain
organization that follow the collinearity rule (Piel,
2010). To solve the problem, the Piel group has
recently developed a phylogeny-based approach to
predict the biosynthetic pathway and the final product
structure of an AT-lacking PKS system with high
confidence based on KS sequence and module
architecture (Nguyen et al., 2008, Piel, 2010; Teta et
al., 2010; Uria, 2012). For trans-AT PKSs containing
NRPS modules, thereby resulting NRPS-PKS hybrids,
the specificity of the KS domains towards NRPS-
derived amino acid intermediates could functionally
be tested using a Mars Spectometry-based method
(Jenner et al., 2013; Kohlhaas et al., 2013).

6. Metagenome Sequencing

Considering the extremely complexity of sponge
microbes (Hentschel et al., 2002; Scheurmayer et al.,
2006; Taylor et al., 2007) and the fact that the majority
of them are not amenable to cultivation (Amann et al.,
1995; Hugenholtz et al., 1998), sequencing of entire
microbial communities present in a sponge specimen
is very challenging to accomplish (Uria & Piel, 2009).
To tackle the challenge, Piel and his colleagues initially
enriched a population of large filamentous bacteria by
differential centrifugation. Subsequent application of
fluorescence-assisted cell sorting (FACS), multiple
displacement amplification (MDA), and diagnostic
PCR techniques enabled Piel and his colleagues to
pinpoint “Entotheonella” as the producer of onnamide-
type compounds and polytheonamides (Wilson et al.,
2014). The biosynthetic pathways of these two
compound types have previously been described by
Piel (et al., 2004b) and Freeman et al. (2012),
respectively.

Subsequently Piel and his colleagues conducted
metagenome sequencing of the enriched filamentous
symbiotic bacteria by integrated Illumina, 454-pyro,
PacBio and Sanger sequencing methods.
Bioinformatic analysis of the sequence data revealed
the biosynthetic capacity of two dominant
“Entotheonella” variants designedas TY1and TY2. In
particular, the chromosome TY1 of more than 9 Mbin
size was found to contain a huge number of PK and
NRP gene clusters, in which some of them encode
the biosynthesis of known bioactive peptides, such
as cyclotheonamides, keramamides and
nazumamide A. This finding was supported by high-
resolution MS analysis of the sponge and filamentous
cell extracts as well as functional studies of two
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selected NRPS adenylation domains. Whereas the
TY2 chromosome contained gene clusters for two
PKs, at least two NRPs, and a proteusin (Wilson et
al., 2014). Interestingly, onnamide and polytheonamide
gene clusters were located in plasmid-derived contigs
(Wilson et al., 2014). Therefore, metagenome mining
in combination with single-cell, functional and
chemical analyses conducted by Piel and his
colleagues revealed the remarkable biosynthetic
potential of the uncultivated bacterial symbiont
‘Entotheonella factor TY1" (Wilson et al., 2014),
thereby offering exciting opportunities for the discovery
and sustainable supply of marine drugs.

7. Conclusion

Metagenome mining involves molecular cloning and
bioinformatic analysis of genes encoding the
biosynthesis of drug candidates from uncultured
microbial consortia. Application of this approach to
find a target biosynthetic pathway from a highly
complex sponge symbiosis require (i) detecting
biosynthesis genes in sponge metagenome, (i) cloning
of sponge metagenome and clone sequencing, and
(iv) bioinformatic analysis and functional proof.
Development of this approach enables cloning of
pharmaceutically important biosynthetic pathways
from complex microbial consortia in marine sponges
without prior cultivation. Further metagenome
sequencing integrated with single-cell, chemical and
functional studies could provide insights into the
remarkable biosynthetic capacity of uncultivated
bacterial symbionts of marine sponges. Discovery of
these biosynthetic pathways provides a basis for the
sustainable production of promising sponge-derived
complex compounds.
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