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Abstract: Mining of natural sources for new secondary metabolites has a successful history, which is reflected by the
fact that over 50% of all drugs, currently on the market, are derived from natural products. Bacteria are one of the most
important sources of bioactive natural products destined for drug discovery. However, less than 1% of the microorganisms
observed in different habitats have been cultivated and characterized. To explore the genomic and functional diversity of
the vast majority of the microbial world, novel methods were introduced, which are based on analysis of a DNA isolated
from environmental communities. Metagenomics represents a strategy offering access to the genetic information present
in uncultured bacteria by screening of libraries constructed from DNA isolated from different habitats. Functional- and
sequence-driven screens are the major approaches employed to mine metagenomic libraries. This review aims to highlight

discoveries in this area and discusses the possible future directions of the field.
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Abbreviations: BAC, bacterial artificial chromosome; eDNA, environmental DNA; NGS, next generation sequencing;
NRPS, non-ribosomal peptide synthase; PKS, polyketide synthase.

Introduction

Natural products, generated by bacteria, fungi, marine
organisms and plants, are widely used in medicine and
agriculture. Although synthetic molecules are rapidly
created by combinatorial chemistry, they show lower
chemical diversity than natural compounds. Prokary-
otic cells have been identified as the largest source of
biologically active compounds with antiviral, antibac-
terial, antifungal and anticancer activities. The total
number of bacteria has been estimated to 4-6x103°
(Whitman et al. 1998). Studies of different types of
habitats indicate that more than 99% of microorgan-
isms (Amann et al. 1995), which may include up to 10°
different species (Schloss & Handelsman 2004), cannot
be cultivated by routine techniques. Soil is probably the
largest reservoir of all natural ecosystems with respect
of diversity of microbial species. One gram of soil con-
tains an estimated 107-10'° prokaryotic cells (Rossello-
Mora & Amann 2001), which correspond up to the 10°
different genomes (Torsvik et al. 1996, 2002; Gans et al.
2005). The enormous diversity of uncultured microor-
ganisms in soil and other environmental sources pro-
vides a rich repository of novel natural products. Resis-
tance against new antibiotics is increasing dramatically,
leading to a return of diseases, such as tuberculosis that
have almost vanished in industrialized countries. In ad-
dition, currently used drugs (e.g. anticancer) often lack
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high specificity for their targets. In view of these facts,
it is evident that the new drug screening technologies
applied to uncultured bacteria became extraordinarily
important.

Screening strategies for new natural products in
cultured microorganisms

Since the discovery of streptothricine and streptomycin
in 1940’s, roughly 70,000 new natural products of mi-
crobial origin have been described (Bérdy 2012). In
the last two decades screens have been intensified due
to high-throughput techniques. Different academic labs
and companies were primarily focused on screening
of large collection of actinomycetes, isolated from dif-
ferent geographical origins, to evaluate the patterns
of the production of secondary metabolites under al-
ternative conditions. By including of the dereplica-
tion tools into the early stages of the high-throughput
screens, success in detection of novel compounds has
been increased by exclusion of already known natu-
ral products. The discovery of platensimycin, a previ-
ously unknown class of antibiotics produced by Strepto-
myces platensis, was the most important result of these
screens. This compound with no observed toxicity ex-
hibits a broad-spectrum Gram-positive antibacterial ef-
fect through the selective targeting of FabF /B condens-
ing enzymes in the synthetic pathway of fatty acids.
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Because of its novel mode of action, platensimycin
shows no cross-resistance to other antibiotic-resistant
strains tested, including methicillin-resistant Staphy-
lococcus aureus, vancomycin-intermediate S. aureus,
vancomycin-resistant enterococci and highly patho-
genic Mycobacterium tuberculosis (Basilio et al 2003;
Wang et al. 2006). Platensimycin and the similar com-
pound platencin have some problems with regard to
their pharmacokinetic properties (high rate of clear-
ance), which emphasizes the need for modification of
chemical structure to enhance the in vivo stability with-
out affecting of activity. Another examples of the novel
molecules discovered in the actinomycete screens are
thiazolyl peptides thiazomycin from Amycolatopsis fas-
tidiosa and philipimycin from Actinoplanes phillipinen-
sis, or the anthelmintic macrolactams 6-desmethyl-N
methylfluvirucin A1 and N-methylfluvirucin Al found
in Nonomuraea turkmeniaca (Ayers et al. 2007; Jaya-
suriya et al. 2007; Zhang et al. 2008). The new protein
synthesis inhibitors lucensimycins and okilactomycins
were isolated from Streptomyces spp. using an antisense
strategy (Singh et al. 2009; Zhang et al. 2009). Recently,
the screening of actinomycetes cultured from marine
sponges revealed novel compound JBIR-23 which in-
hibits tumour growth in vivo and promote tubulin poly-
merization analogous to the taxanes and epothilones,
but possesses no structural resemblance to these com-
pounds (Takagi & Shin-Ya 2012).

Metagenomics as a strategy for discovery of nat-
ural products

The term “unculturable” does not necessarily mean the
microbes cannot be cultured at all; therefore during the
past two decades significant efforts have been made to
develop new approaches to cultivate the uncultured ma-
jority of the microbial world. These strategies include
the use of modified media, changes of growth condi-
tions, community culture and co-culture, use of tran-
swell plates, simulated natural environments using dif-
fusion chambers, high-throughput microbioreactor and
laser microdissection (reviewed in Pham & Kim 2012;
Stewart 2012). Despite of the achievements in this field,
the majority of environmental bacteria still remain re-
calcitrant to culturing. Considering the absence of cul-
tivation techniques for the most of microorganisms, a
new method was developed to cover the entire micro-
bial diversity from different biotopes. This cultivation-
independent approach is based on construction of com-
plex libraries from environmental DNA (eDNA) in het-
erologous host, e.g. Escherichia coli (Fig. 1). Isolated
microbial DNA from a particular habitat constitutes
collective genome of all present microorganisms, known
as metagenome (Handelsman et al. 1998). The tremen-
dous diversity of uncultured microorganisms in soil and
other environments constitutes a rich reservoir of undis-
covered natural products, most prominent of them are
represented by linear or cyclic polyketides and peptides.
These compounds are synthesized by large multifunc-
tional enzymes, known as polyketide synthases (PKSs)

J. NovAKOVA & M. FARKASOVSKY

and non-ribosomal peptide synthases (NRPSs) using
a simple building blocks of carboxylic acid and amino
acid. Bacteria produce also other types of chemical com-
pounds, e.g. carbohydrates and their derivatives, ter-
penoids, derivatives of amino acids, etc.

eDNA isolation

The construction of complex libraries derived from en-
vironmental samples is dependent on the high-quality
of extracted DNA, as the enzymatic modifications re-
quired in the cloning procedure are sensitive to con-
tamination by diverse compounds, such as humic and
fulvic acids. The methods described for eDNA isola-
tion from soil and sediment samples can be generally
classified into direct and indirect isolation procedures.
Direct DNA isolation is based on physical and /or chem-
ical lysis of the cells within the sample matrix and sub-
sequent separation of DNA from the matrix and cell
debris (Zhou et al. 1996; Brady 2007). The indirect
approach involves the separation of cells from the soil
matrix using different centrifugation methods followed
by cell lysis and DNA extraction. Alternatively, sep-
arated cells are embedded in agarose blocks, treated
with enzymes and detergents and the DNA is finally
purified with pulsed field gel electrophoresis (Liles et
al. 2008). eDNA from aquatic ecosystems (sea, river,
hot spring, etc.) can also be isolated by direct or in-
direct approach. Different filtration devices have been
employed to concentrate microorganisms from the lig-
uid samples and at the same time to separate them
from large particles. However, this procedure may also
remove subsets of the existing microbial populations
living in attached fractions of the water (Zinger et al.
2012).

Small-insert and large-insert libraries

Two types of libraries can be constructed with respect
to average insert size. Small-insert libraries in plasmid
vectors, bearing less than 10 kb insert, are useful for
the isolation of single genes or small operons encoding
enzymes or small enzyme complexes. Overview on new
biocatalysts that originate from metagenomic libraries
can be found elsewhere (Ferndndez-Arrojo et al. 2010;
Kennedy et al. 2011). The eDNA is generally isolated
by the direct lysis for this type of libraries. Genes en-
coding enzymes required for biosynthesis of secondary
metabolites are clustered on a coherent piece of DNA,
which ranges in size from approximately 20 to 100 kb
(Hopwood 1999; Zazopoulos et al. 2003). Clustering of
biosynthetic pathways of natural products facilitates to
clone an entire pathway into different vectors like fos-
mids, for the cloning of environmental genomic DNA
of around 40 kb in size, or into bacterial artificial chro-
mosome (BAC) vectors for the cloning of DNA frag-
ments larger than 100 kb (Fig. 1). Both types of vec-
tors, which are based on F factor, are stably maintained
in E. coli at one or two copies per cell (Shizuya et al.
1992).
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Fig. 1. Overview of metagenomic library construction and screening of natural products (for details, see text).

Functional-based approach of metagenomic li-
brary screening

Currently, two different strategies are used to identify
biocatalysts and secondary metabolites from metage-
nomic libraries: activity-based and sequence-based
screening. In the first approach, the functional gene
products are detected upon biological activity and
further characterized by molecular-biological and bio-
chemical methods. This strategy allows quick identifi-
cation of new compounds and enzymes. One drawback
is requirement of sensitive analytical method and de-
pendence on expression of cloned gene in the foreign
host.

Overlay assay represents the most straightforward
screen based on the detection of clones exhibiting inhi-
bition zones around clones growing on bacterial (Ron-
don et al. 2000; Wang et al. 2000) or fungal (Chung et
al. 2008) test lawns (Fig. 1). Pigmentation observed by
a visual screening of libraries can also indicate the pres-
ence of secondary metabolite as observed in the case
of the blue violaceins (Brady et al. 2001), indigo and
indirubin (Lim et al. 2005) or brown melanin (Craig
et al. 2010). One of the first novel natural products
discovered by hemolytic screens of soil metagenomic li-
brary in BAC vector was the red broad-spectrum an-
tibiotic turbomycin B (Fig. 2) (Gillespie et al. 2002).

The N-acyl amino acid derivatives (Brady & Clardy
2000; Brady et al. 2002), palmitoylputrescine (Brady
& Clardy 2004) and isocyanide (Brady & Clardy 2005)
are further examples of natural product identified by in-
hibition zone-based screens of environmental libraries.
The more laborious approach of the functional screen
employed detection of natural products in extracts
by high-performance liquid chromatography-mass spec-
trometry (HPLC-MS) analysis. This strategy was suc-
cessfully used for the identification of biosynthetic genes
for patellamide D (Fig. 2) and ascidiacyclamide in a
BAC library constructed from the DNA of unculti-
vated Lissoclinum patella photosynthetic prokaryotic
symbiont, Prochloron sp. (Long et al. 2005).

The use of standard E. coli strains as the host
might, however, limit the ability to express DNA
from environmental microorganisms. Requirement for
post-translational modifications of biosynthetic pro-
tein complexes (e.g. the addition of phosphopanteth-
eine groups), absence of biosynthetic precursors in E.
coli (methylmalonyl-CoA, a building block for polyke-
tide biosynthesis), compatibility with transcription (ab-
sence of particular sigma factors of RNA polymerase)
and translation apparatus (different codon usage) are
only a few examples of possible hurdles for success-
ful heterologous expression in E. coli. To overcome
these expression-related limitations, several non-E. coli
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Fig. 2. Representative secondary metabolites discovered by screens of metagenomic libraries.

host expression systems have been developed, includ- Pseudomonas putida (Martinez et al. 2004; Brady et
ing Streptomyces lividans (Wang et al. 2000; Courtois  al, 2007; Craig et al. 2010), Agrobacterium tumefaciens
et al. 2003; Martinez et al. 2004), Streptomyces albus  (Craig et al. 2010), Burkholderia graminis (Craig et al.
(King et al. 2009; Bauer et al. 2010; Feng et al. 2010),  2010), Caulobacter vibrioides (Craig et al. 2010) and
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Ralstonia metallidurans (Craig et al. 2009, 2010). Func-
tional screen of these strains yielded terragines A-E
(Fig. 2), fatty dienic alcohol isomers (Wang et al. 2000;
Courtois et al. 2003), N-acyl amino acids and several
polyketides (Craig et al. 2009, 2010).

Sequence-based approach of metagenomic li-
brary screening

Sequence-based approach employs PCR or colony blot
hybridization with DNA probes or primers specific to
sequences of genes coding target proteins. These se-
quences are derived from conserved regions of already
known genes, which represents at the same time lim-
itation of this method, because only gene variants of
known protein families can be identified. Nevertheless,
this approach allows finding clusters of genes coding for
new secondary metabolites regarding the high degree of
structural variability of polyketides and NRPS. Con-
siderable advantage of sequence-based approach is the
independence on expression of cloned genes. Although
homology-based screens are more labour intensive than
activity-based screens, efficient methods have been de-
veloped allowing for the rapid isolation of clones from
libraries. One possibility is to use the library DNA as
a template for PCR with degenerate primers designed
to recognize the most conserved DNA regions found in
the PKS and NRPS genes. Amplicons are then cloned
and sequenced or directly used for next generation se-
quencing (NGS) methods. PCR product can also be
labelled and employed in colony hybridization to iden-
tify individual clones in the library. In another ap-
proach, unbiased clone pools are generated in the lig-
uid agarose medium and screened by whole-cell PCR
by using the same degenerated primers or by primers
derived from sequenced amplicons. Individual positive
clones are then isolated by several rounds of dilution
and PCR screening (Hrvatin & Piel 2007). Highly vis-
cose soft gel allows amplifying plasmid libraries in a
strictly representative fashion, decreasing the possibil-
ity that less abundant clones disappear during ampli-
fication of the library pools due to differential rates of
replication (Fig. 1).

Many natural products were found in symbiotic
microorganisms of plants (Firdkova et al. 2007), in-
sects (Bode 2009) and marine invertebrates (Leal et al.
2012). These systems are very convenient for applica-
tion of the metagenomic approach because symbionts
are reproducibly found in defined habitats represented
by the hosts and display rather limited diversity. Sym-
bionts have been co-evolved for millions of years with
their eukaryotic hosts and developed very complicated
relations. To date is not really known how many of the
natural products originate from the host or from the mi-
croorganisms. However, results from last decade have
indicated that symbionts could be the true source of
many natural products isolated from these complex sys-
tems. Pederin was found in Paederus spp. beetles, which
contain one dominant endosymbiont of the genus Pseu-
domonas. The limited metagenomic complexity allowed
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allocating of the isolated pederin biosynthetic genes to
the Pseudomonas symbiont (Piel 2002). Other examples
of natural products generated by symbiotic microor-
ganisms are cytotoxic polyketides onnamide A (Fig. 2)
from the sponge Theonella swinhoei (Piel et al. 2004),
rhizoxin A from intracellular Burkholderia spp. sym-
bionts of Rhizopus spp. fungi (Partida-Martinez & Her-
tweck 2007), psymberin (Fig. 2) from a symbiont of the
sponge Psammocinia sp. aff. bulbosa (Fisch et al. 2009),
and pateamine and mycalamide A from the sponge My-
cale hentscheli (Fisch et al. 2009). In order to reduce
the DNA complexity, different centrifugation and fil-
tration techniques have been developed for presorting
of particular cells. This approach resulted in the dis-
covery of the barbamide from the free-living cyanobac-
terium Lyngbya majuscule (Chang et al. 2002), dysidin
and dysidenin in symbiotic cyanobacterium Oscillato-
ria spongeliae of the sponge Lamellodysidea herbacea
(Flatt et al. 2005) or anticancer drug candidate bryo-
statin 1 (Fig. 2) produced by the ~-proteobacterial sym-
biont “Candidatus Endobugula sertula” of the bryozoan
Bugula neritina (Sudek et al. 2007). Non-E. coli hosts
are frequently employed in heterologous expression of
positive clones obtained by sequence-driven screens.
PCR screening of a soil metagenomic library with de-
generate primers (type II PKS), followed by the ex-
pression of biosynthetic genes in S. lividans and S.
albus resulted in the novel natural products erdacin
(Fig. 2) (King et al. 2009) and utahmycins A and B
(Bauer et al. 2010), which exhibit novel carbon skele-
tons. Another soil metagenomic library was screened
with primers specific for type I PKS genes (Courtois et
al. 2003). The cosmids from positive clones were trans-
ferred into S. lividans and the resulting recombinant
clones expressed the novel dienols. In the third exam-
ple the PKS construct obtained by PCR screen from
the multimillion soil DNA library was expressed in S.
albus, which yielded in three novel antibiotics of the
fluostatin group (Feng et al. 2010).

Feng et al. (2011) reported another successful
sequence-based identification and heterologous expres-
sion of type II PKS. Three soil-derived PKS e-DNA
cosmids in S. albus produced well-known antibiotic lan-
domycin E, previously uncharacterized pentacyclic ring
system, and unique KB-3346-5 derivatives (AZ 154;
Fig. 2) which show activity against methicillin-resistant
Staphylococcus aureus and vancomycin-resistant En-
terococcus faecalis. Very recently, a unique trypto-
phan dimerization biosynthetic gene cluster was iden-
tified within a large soil DNA library. When het-
erologously expressed in S. albus, this cluster pro-
duced an indolotryptoline antiproliferative agent bor-
regomycin A with CaMKII) kinase inhibitory activity
(Fig. 2), along with several dihydroxyindolocarbazole
anticancer/antibiotics (borregomycins B-D) (Chang &
Brady 2013).

Conclusions and future prospects

Although novel natural products, frequently synthe-
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sized by new enzymology, have been revealed in
activity-driven screens of metagenomic libraries, the
frequency of the identified compounds is relatively low.
In several reports (Brady & Clardy 2000; Brady et al.
2004) it was described that 1 in every 10,000-20,000
eDNA cosmid clones displays an antibacterial activity.
One reason for the low detection rate is the huge size
of the most clusters of polyketide and NRPS genes,
which frequently exceeds the cloning capacity of fos-
mids (40 kb). Improved BAC cloning technologies re-
sulting in libraries of millions of independent clones and
insert size over 100 kb would substantially improve the
discovery rate. Another point is that many gene clus-
ters are not expressed in E. coli because of the rea-
sons described above. The development of alternative
library hosts is therefore crucial for better efficiency
of activity-based natural product screening. Strepto-
myces, the genus exhibiting the ability to produce a
wide variety of secondary metabolites, are the most
common bacteria used for heterologous expression of
natural products. However, the expression level varies
substantially between different species or may even fail
completely, reflecting the high diversity and complexity
of secondary metabolism regulation (for a review, see
van Wezel & McDowall 2011). Recently, cyclic AMP
receptor protein (Crp) (Gao et al. 2012), chemical in-
hibition of fatty acid synthesis (Craney et al. 2012)
and RNA polymerase (-subunit mutants (Tanaka et al.
2013) were identified as new global regulatory elements
of secondary metabolism and they represent promising
tools to better utilize the potential of actinomycetes
in high-throughput screens. Sequence-based methods
are a good way of overcoming the lack of heterologous
expression in F. coli, but the size issue remains. As
already mentioned, many fosmid clones do not com-
prise the entire cluster of biosynthetic genes. Neverthe-
less, functional genes are often distributed over several
library clones. Transformation-assisted recombination
represents the best method to join multiple overlap-
ping linear DNA fragments in a single transformation
step. Most of the homology-based screens have been
performed using degenerate primers derived from con-
served sequences found in PKS or NRPS adenylation
domain. In order to reach a wider structural diversity
of these compounds, designing of primers should also
focus on tailoring genes involved in reactions, such as
oxygenation, cyclization, glycosylation or halogenation
(Banik & Brady 2008).

Diverse eDNA enrichment strategies have been de-
veloped in order to simplify the screening of large li-
braries for genes of interest. The fluorescence in situ hy-
bridization with cell sorting (Kalyuzhnaya et al. 2006)
and subtractive hybridization (Chew & Holmes 2009)
belong to these in particular. Another approach, single
cell genomics, which has appeared in the foreground of
interest of microbiologists in the last few years, may also
find application in the discovery of natural products. In
this strategy, flow cytometric sorting of bacteria or mi-
crofluidic device is used for single cell isolation, then
the genome is amplified by multiple displacement am-
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plification followed by the screening of the DNA sam-
ples with primers and NGS. Currently, the first report
that applied the single cell genomics to the localiza-
tion of natural product genes described the discovery of
PKS in the unusual candidate phylum “Poribacteria”
(Fieseler et al. 2004), which are ubiquitously associated
with sponges (Siegl et al. 2011).

Accessibility to enormous amounts of sequencing
data at reasonable cost makes NGS very attractive al-
ternative for eDNA gene discovery (Shokralla et al.
2012). Although the sequence data reside on short
contigs, it has also been possible to reconstruct near-
complete genomes from low-diversity environments like
acidophilic biofilm (Tyson et al. 2004). Despite the
progress in sequencing methodologies, for the complex
metagenomes, like those originating from soil, system-
atic discovery of entire sequences of large biosynthetic
cluster by NGS sequencing is practically not feasible
today (Mende et al. 2012). NGS can be very useful in
sequence-based approach as it has been demonstrated
recently by deep sequencing of amplicons obtained us-
ing degenerate primers and eDNA or library as a tem-
plate. This strategy uncovered more than 50% of the
unique PKS and NRPS domains that are accessible
from metagenome (Reddy et al. 2012; Woodhouse et
al. 2013).

Although until now only a small number of sec-
ondary metabolites have been identified and character-
ized using metagenomic approach, uncultured bacteria
are very promising source of novel natural products as
obvious from the studies of the last ten years. However,
several technical and conceptual challenges remain un-
resolved and only systematic approach integrating re-
searchers from different fields will allow us to address
these issues effectively.
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