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Abstract Actinomycetes are a very important source of
natural products for the pharmaceutical industry and other
applications. Most of the strains belong to Streptomyces
or related genera, partly because they are particularly
amenable to growth in the laboratory and industrial fer-
menters. It is unlikely that chemical synthesis can fulfil
the needs of the pharmaceutical industry for novel com-
pounds so there is a continuing need to find novel natural
products. An evolutionary perspective can help this pro-
cess in several ways. Genome mining attempts to identify
secondary metabolite biosynthetic clusters in DNA
sequences, which are likely to produce interesting
chemical entities. There are often technical problems in
assembling the DNA sequences of large modular clusters
in genome and metagenome projects, which can be
overcome partially using information about the evolution
of the domain sequences. Understanding the evolutionary
mechanisms of modular clusters should allow simulation
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of evolutionary pathways in the laboratory to generate
novel compounds.
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Secondary metabolite biosynthesis genes occur
as clusters and there are many secondary metabolite
clusters in each genome

David Hopwood and collaborators [12] developed genetic
systems for the model species Streptomyces coelicolor
A3(2) and produced a genetic map of the chromosome
based on conjugation. This showed that Streptomyces are
very different from the ruling E. coli paradigm of the time.
For instance, the genes for each amino acid biosynthesis
pathway (e.g. his genes) were scattered throughout the
chromosome instead of being clustered as in E. coli.
However, the genes for the biosynthesis of a secondary
metabolite (e.g. the actinorhodin genes, act) were all in a
cluster. Later, they developed cloning methods for Strep-
tomyces strains and were able to show that the act genes
formed a physical cluster on the chromosome [17]. The
cluster could be transferred to other strains, enabling them
to also synthesize actinorhodin.

The rule that all the genes in a secondary metabolite
biosynthesis pathway are present in a single cluster has
proved surprisingly resilient despite the subsequent accu-
mulation of vast amounts of data. This has translated into
standard practice in the laboratory. In order to clone the
genes for the biosynthesis of a new secondary metabolite, a
strategy is developed to clone one gene and it is assumed
that the other genes are surrounding it in a cluster. The
clustering is not essential for the functioning of the genes
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as numerous complementation experiments involve split-
ting clusters. In general, the selective pressures controlling
whether genes in a common pathway are clustered in the
chromosome are not very clear [2]. However, if a pathway
can be considered as “selfish DNA”, which can increase its
evolutionary success by horizontal gene transfer, there will
be selection for clustering so the complete pathway can be
transferred. A striking example is the distribution in nature
of the secondary metabolite clusters responsible for f-
lactam production i.e. with the non-ribosomal peptide
synthetase (NRPS) producing the tripeptide precursor.
Comparison of the sequences of actinomycete and fungal
genes showed that they are very similar suggesting that
horizontal gene transfer has occurred [15, 27]. Different
lines of evidence support the idea that B-lactam clusters
evolved in bacteria and were subsequently transferred into
fungi [7]. As transfer of clusters to other species in the
laboratory usually results in secondary metabolite produc-
tion, it seems likely that clusters can be considered as
selfish DNA and that horizontal gene transfer could be the
main reason for clustering.

A second striking observation is that a single Strepto-
myces strain can produce many secondary metabolites [19].
Genetic analysis of the model strain S. coelicolor A3(2)
identified gene clusters for three antibiotics (see references
in [12]). When the genome sequence of the strain was
obtained, it was possible to recognize at least 22 secondary
metabolite biosynthesis clusters [5]. Other species have
even more clusters (e.g. at least 30 in S. avermitilis [19]
and 48 for S. rapamycinicus [4]). The clusters present in
different species are very different. The large number of
compounds and their diversity mean that there must be
strong selection for novel compounds.

What are the roles of secondary metabolites in nature?

There has been much debate about the roles of sec-
ondary metabolites in nature. As many have antibiotic
activity it is attractive to believe that they are produced
to inhibit competitors, but it is very difficult to dem-
onstrate this in soil systems [16]. It is likely that some
function as signal molecules to coordinate the activities
of different individuals of the species [14]. The fact that
the biosynthesis clusters often contain many genes and
are highly regulated suggests that significant selection
is acting on them. Both the antibiotic and signal mol-
ecule hypotheses would explain the diversity of sec-
ondary metabolites. Resistance develops to any
widespread antibiotic so that novel antibiotics would
give their producer strains a selective advantage i.e.
development of new weapons for the “war in the soil”.
Signal pathways are a target for competing
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microorganisms, so that there would be selection for the
development of novel signal molecules, which are not
yet targeted i.e. development of new codes to prevent
“espionage in the soil”.

Understanding the evolution of secondary metabolite
clusters should help screening programs for novel natural
products. There are two critical questions governing the
evolution of chemical diversity. The first one is whether
organisms can evolve biosynthesis genes for any particular
chemical entity, e.g. whether there are any classes of
compounds of pharmaceutical interest, for which biological
limitations would prevent synthesis by bacteria. It would be
an interesting challenge to find an approach to defining the
theoretical range of biological compounds and to see if
there are gaps, which might be interesting for chemical
synthesis approaches. If an organism evolves a cluster for a
new secondary metabolite, it will only be found in nature if
it provides a selective advantage. In the pharmaceutical
industry, much screening of natural products tests activity
against human targets and it is perhaps surprising that
screening has been so successful considering that the
compounds have mostly undergone selection for targets in
very different organisms. This suggests that it would be
useful to simulate evolution by manipulating clusters to
produce chemical structures, which may have been pro-
duced during evolution, but have not been successfully
selected in the soil environment. This approach would
require both a good understanding of the evolution of
secondary metabolites and tools to manipulate the clusters.

Evolution of modular biosynthetic clusters

Any detailed analysis of the evolution of secondary
metabolite biosynthetic clusters has to consider the inter-
play between DNA sequence and the structure of the
compounds which are under selection. The best analysed
cases are of modular clusters, because they are constructed
on a building block principle with a simple relationship
between genetic structure and chemical structure. The
modular clusters can be divided into polyketide synthases
(PKS), non-ribosomal peptide synthetases (NRPS) and
mixed clusters containing modules of both types [9]. Each
extension reaction is usually catalysed by a single module.
The modules are constructed from domains and the
extender unit incorporated can usually be deduced by
analysing the activity of the individual domains of the
module [25]. The minimal module in each case consists of
three domains (Fig. 1). There is a domain which is cova-
lently attached to the chemical product by a thiol linkage
[acyl carrier protein (ACP) or peptidyl carrier protein
(PCP) for PKS and NRPS modules respectively], a domain
which selects the substrate to be incorporated [acyl



J Ind Microbiol Biotechnol (2014) 41:211-217

213

PKS module
KS AT DH ER KR ACP
f""'\\f"""\l"“"‘\
l""l//l'“'u/l'“'u/
NRPS module
C A M PCP E

l____:\\\ l____:\\\
Fig. 1 Domain structures of PKS and NRPS extender modules. In
each case the minimal module has three domains, which select the
substrate (AT or A respectively), bind the new substrate (ACP or
PCP) and couple the growing chain from the previous module to the
new substrate (KS or C). There may be further domains present such

as reduction domains for PKS or methylation or epimerization
domains for NRPS

transferase (AT) or adenylation (A)] and a domain which
couples the growing chain to the new substrate [keto syn-
thase (KS) or condensation (C)]. There may be additional
domains, which modify the extender unit. For PKS mod-
ules the unmodified extender unit carries a keto group.
Reduction domains can modify the keto group in up to
three reactions: ketoreductase (KR) produces a hydroxyl
group, which may be reduced to a double bond by dehy-
dratase (DH) and this may be fully reduced by enoyl-
reductase (ER). These domains also control the stereo-
chemistry. An NRPS module may contain an epimerase
domain (E) or a methyltransferase domain (M), which
modifies the substrate amino acid [26].

Differences in the numbers of modules and their speci-
ficities allow modular systems to synthesize a vast array of
different chemical structures including many important
pharmaceuticals (e.g. activities ranging from antibiotic and
antiparasitic to immunosuppressant and anticancer and
even lowering cholesterol). The question arises as to how
new modular clusters can evolve. Most work has been
carried out with PKS clusters. Phylogenetic analysis of
domains shows an interesting pattern. The KS domains of
clusters usually group together on phylogenetic trees.
However, the AT domains usually group in clades with
domains from other clusters with the same substrate
specificity. As KS and AT domains are adjacent in modules
(Fig. 1), this indicates strongly that recombination must
play an important role in the evolution of clusters. An
interesting model was proposed by Jenke-Kodama and
collaborators [13]. They proposed (Fig. 2a) that novel
clusters could be created by amplification of a single
module. Subsequent recombination events with other
clusters in a genome could replace the AT and reduction
domains and give rise to the diversity of module types
present in a cluster. As the KS domains are derived from a
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Fig. 2 Models for the evolution of new PKS modular clusters. a The
amplification model [13]. A single module is duplicated to form a
modular PKS with identical modules. Subsequently, in a series of
recombination events with other PKS clusters, the AT domains and/or
reduction domains are replaced by ones with different specificity.
b The single-crossover recombination model [30]. Two clusters
undergo a single crossover to produce a recombinant—this will occur
in a region of high sequence similarity such as a KS domain.
Subsequently, gene conversion between KS domains will result in
highly similar KS domain sequences

single module, the clustering pattern in phylogenetic trees
would be explained.

Zucko and collaborators [30] suggested an alternative
explanation for the patterns of the phylogenetic trees. They
investigated the evolution of whole clusters rather than
individual domains. The clusters were considered as
“organisms” and it was assumed that clusters of very
similar genetic structure were closely related. By compar-
ing such clusters, it was possible to identify orthologous
modules. Comparison of the orthologous modules showed
that gene conversion occurred frequently within PKS
clusters. Gene conversion would account for the grouping
of the KS domains of a cluster in phylogenetic trees. Gene
conversion also occurs for AT domains, but usually occurs
between AT domains with the same substrate; careful
examination of the phylogenetic trees shows that AT
domains with the same substrate from a cluster do group
together closely. When gene conversion involves AT
domains with different substrates, the whole domain is
replaced, probably because a hybrid domain would be
inactive. An alternative model for the evolution of new
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clusters is that recombination between homologous
domains in two clusters generates a new cluster (Fig. 2b)
[23]. Subsequent gene conversion events would produce
the observed phylogenetic patterns for KS and AT
domains. Comparison of the structure of the PKS genes in
different clusters has revealed three examples of cluster
pairs which are candidates for such recombination events
[6, 30].

Any model for evolution of secondary metabolite clus-
ters has to explain selection of the new products. The size
and complex organisation of most clusters makes it likely
that the products are under selection. Otherwise, clusters
would be expected to accumulate mutations, which would
prevent production of functional modular PKSs. When
high quality genome sequences are analysed, the cluster
genetic structures are compatible with production, with no
apparent pseudogenes [5, 20]. When the coding sequences
of modular PKS genes are compared, most differences
involve synonymous codons, i.e. changes in the DNA
sequence not the protein sequence [29]. This indicates
strong purifying selection, i.e. most amino acid replace-
ments would be deleterious. In the amplification model
(Fig. 2a) the initial amplification product as well as the
products from each recombination event would have to
produce a product with a selective advantage. Changes in
the reduction domains after some of the recombination
events are likely to make large differences in the final
chemical structure (e.g. ring formation). Thus, a series of
selected products of very different chemical structures
would be needed to reach the final product and this seems
somewhat implausible. In contrast, the recombination
model (Fig. 2b) yields a new selected product in a single
recombination step. In most cases, “tailoring” enzymes
modify the initial polyketide product, e.g. glycosylation,
hydroxylation or methylation. These enzymes are usually
encoded in the biosynthetic cluster and are often important
for the biological activity of the product [9]. In the
recombination model, tailoring enzyme genes would be
present in the parental clusters and might also use the
recombinant product as a substrate; recombination would
yield products with sections of the polyketide chain having
identical chemical structures to those of one of the parent
molecules [23]. In the amplification model, the parental
module could also be derived from a cluster with tailoring
enzymes. However, the amplification process would yield
an initial product chemical structure with little relation to
that of the parental cluster. In either model, subsequent
small modifications of the chemical structure would be
selected for optimal product activity. These modifications
might include module duplication or domain replacement
as envisaged in the amplification model [21].

Much less is known about evolution of NRPS clusters.
Although the genetic structures of the PKS and NRPS
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clusters are similar, there is a significant difference in how
diversity of modules is achieved. In PKS clusters, there are
four different substrates for extender modules and this
affects the nature of side chains in the product. Most
modules incorporate malonyl-CoA or methyl-malonyl-
CoA and much of the chemical diversity is achieved by
combinations of reduction domains, which determine the
group incorporated (keto group, alcohol, double bond or
fully reduced) as well as the stereochemistry. These groups
are important for the possibilities of forming ring structures
and play an important role in the activity of polyketides. In
contrast to PKS modules, which usually contain reduction
domains, most NRPS modules are minimal modules only
containing the three domains C-A-PCP (Fig. 1). Thus,
although epimerization domains, which allow the synthesis
of peptides with p-amino acids, are important for the bio-
logical activity of NRPS products, most of the chemical
diversity is generated by the large number of substrates
(>500) incorporated by the different A domains. Structural
studies of the A domain combined with bioinformatics
analyses defined 8-10 amino acid residues in the binding
pocket which are responsible for substrate specificity [10,
22]. Little is known as to how the A domains evolved such
a diversity of substrates, but there is some evidence sug-
gesting co-evolution of C and A domains [3, 26]. Many of
the C domains of NRPS clusters group together in phylo-
genetic trees [6], whereas the sequences of A domains
mainly reflect the substrate specificity. These data could be
explained by gene conversion similar to that observed in
PKS clusters [30].

Use of evolutionary data to assemble modular cluster
DNA sequences

The development of DNA sequencing methods has resulted
in an exponentially increasing number of sequences and a
rapid drop in sequencing costs. In contrast, the labour and
cost of isolating and characterizing secondary metabolites
have only made modest improvements. This has led to the
idea of using data mining i.e. recognizing promising clus-
ters in DNA sequences using bioinformatics and focusing
efforts on promising clusters. The structures of the products
can to a large extent be predicted by analysing the
sequences of the different domains and “adding” the
effects of the different activities (e.g. in the ClustScan
program [25]). Several computer programs have been
developed to analyse the DNA sequences of modular
clusters and make predictions about the chemical structures
of the products. Many of these tools have been put together
in the recent release of anti SMASH, which is capable of
searching whole genomes for natural product biosynthesis
gene clusters (including those other than coding for PKS
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and NRPS), predicting both substrate selection and the
associated product structure [18]. These and other pro-
grams function fairly well for good quality DNA sequences
from actinomycetes. However, the cost of producing good
quality sequences is very high compared to lower quality
sequences. Present technology produces large numbers of
relatively short reads (50-500 b depending on the system
used [1]). The reads are assembled into contigs by
assembly programs, which recognize overlapping reads.
This process is potentially error-prone, because the
assembly programs must cope with sequencing errors and
allow overlap of non-identical sequence reads and param-
eters are chosen to make this unlikely. The assembly of
simple reads usually results in hundreds or thousands of
contigs rather than a single contiguous sequence. As
modular clusters are usually large (50-150 kb) they are
often present on several contigs. The modules have con-
served sequences and are easily recognized, but it is dif-
ficult to decide which modules belong to each cluster as
most Streptomyces strains have several different modular
PKS and NRPS clusters.

One approach is to carry out more sequencing experi-
ments such as paired-end reads. In this method, random
DNA fragments with a particular size (e.g. 5 kb) are iso-
lated and both ends sequenced. This allows contigs to be
linked in scaffolds for which some sequences are missing,
but the orientation and distance between contigs are
known. This approach allows assembly of modular clus-
ters, but is considerably more expensive than simple
shotgun sequencing. As mentioned above, the KS domains
of the PKS modules of each cluster are usually grouped
together in phylogenetic trees [13, 30]. It is possible to use
this fact to assign contigs containing PKS modules to
clusters [6]. As the C domains of NRPS also show such a
phylogenetic grouping, it is also possible to recognize the
contigs belonging to different NRPS clusters. This
approach has potential limitations for NRPS clusters as
there are three distinct classes of C domains [3]. The most
common class is responsible for coupling L-amino acids to
L-amino acids and successful assembly depends on the
presence of such C domains on each contig. The other two
classes are needed for coupling p-amino acids to L-amino
acids and coupling fatty acids to L-amino acids. The
ClustScan program [25] is a semi-automatic annotation
program with a graphical user interface, which allows the
user to recognize the correct assembly of the clusters from
the contigs by the distribution of modules and domains. It
is also possible to detect sequencing errors, which result in
frame shifting or false stop codons. This allows enough
cluster annotation using simple shotgun reads to decide if
the cluster is likely to produce a product of chemically
interesting structure. The assumptions about assembly of
the clusters and sequencing errors can then be easily tested

by sequencing PCR products and the transcription of the
cluster can be studied to suggest suitable production con-
ditions. At present, the assembly of the clusters and error
detection are done using manual intervention in ClustScan.
In principle, the information generated by ClustScan and
the internal data format could be developed to allow
automatic assembly and error detection.

Is it possible to model PKS evolution in the laboratory
to produce novel compounds?

Much work has been carried out trying to manipulate the
building block principle of modular clusters to generate
novel structures as the desired modifications in chemical
structure are not easily accessible with the methods of
organic chemistry. Targeted changes in PKS genes often
result in products with the expected chemical structures,
which should allow the generation of a vast range of novel
products by mixing and matching different combinations of
modules i.e. combinatorial schemes [28]. Unfortunately,
although this is fascinating for understanding the basic
science, it has proved disappointing for industrial appli-
cations as nearly every manipulation results in drastic loss
of product yield making it unviable.

The situation with NRPS clusters is rather different.
There has been considerable success in manipulating
cluster structure to produce predicted products with rea-
sonable yield (see Table 3 of Baltz [3]). This success was
dependent on identifying suitable linker regions between
domains as the junctions for constructing recombinants.
Attempts to replace A domains alone were unsuccessful,
possibly because of co-evolution of A and C domains. A
combinatorial synthesis strategy was developed, which
allowed the generation of many lipopeptide antibiotics
related to the important commercial antibiotic daptomycin
[3].

Natural selection acts on the products of modular clus-
ters, so that, in nature, there must be mechanisms to gen-
erate novel PKS clusters, which retain reasonable product
yields. Otherwise, the novel clusters would be equivalent to
non-producers from the point of view of selection. The
most likely mechanisms for generating novel clusters
would be some sort of recombination.

We have suggested that recombinants generated by
homologous recombination may be more likely to give
good yields of products than the junctions used for in vitro
constructs which do not take into account the local
sequence environment [23, 24]. The selection pressures
acting on protein sequences can be estimated by looking at
the nature of nucleotide substitutions between related
genes. If the ratio of non-synonymous/synonymous sub-
stitutions is low, i.e. most nucleotide changes do not
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change the amino acid sequence, it is taken as evidence that
there is strong purifying selection i.e. most amino acid
changes are deleterious and selected against. In contrast, a
high ratio suggests positive selection for changes which
improve function. When such an analysis was carried out
for PKS modules [29] it was found that the ratios were low,
especially in KS domains. This suggests that in the evo-
lution of PKS clusters it is more important to conserve
functional sequences than to undergo extensive adaptation
to fine-tune the cluster and increase yield.

It would be conceivable that, in nature, only a small
proportion of recombinants give good yields and that the
number of recombinants generated over evolutionary time
is high enough to account for the observed clusters. Tra-
ditionally, evolutionary theory has considered that recom-
bination occurs so frequently that it will produce any
combinations needed for selection. However, much of this
theory was developed for eukaryotes, which undergo fre-
quent meiosis; bacterial recombination is much rarer. Even
in human populations, where reproduction involves
extensive recombination each generation, it has recently
been realized that linkage disequilibrium (i.e. evidence of
restricted recombination) is common in populations. There
is, as yet, little experimental evidence for how good the
yield of product after homologous recombination is. There
is one example where, during experiments to manipulate
the nystatin cluster, homologous recombination within the
cluster resulted in deletion of a single module [8]. The
strain produced a product with corresponding smaller size
at about 25 % of the yield of the parent cluster. This
example of efficient production by a homologous recom-
bination product gives hope that homologous recombina-
tion will give products at high enough yields to be
industrially interesting. Theoretical studies using a
recombination model show that many recombination
events produce a cluster structure compatible with the
production of a novel compound and that the predicted
compounds show considerable chemical diversity [11].

If it is possible to simulate evolution of clusters in the
laboratory, it may well generate compounds which are
useful for the pharmaceutical industry, but are not suc-
cessful in nature. It is likely that many compounds which
interact with human target proteins do not have a selective
advantage for the organism in a soil environment so would
not be retained by evolution. The use of evolutionary
concepts should improve the ability of genome mining to
yield important new lead compounds for the pharmaceu-
tical industry.
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