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Natural products and their physiological roles 

Natural products are compounds produced by living organisms. They can 
be essential compounds such as vitamins, or secondary metabolites 
which are not essential for an organism but may provide an advantage in 
their natural environment. These metabolites are therefore also referred 
to as specialized compounds. Latex is an example of a natural product 
obtained from plants. It is formed by a mixture of different chemicals that 
include alkaloids and rubber, and proteins such as proteases or 
chitinases. This mixture acts as defence mechanism against insects by 
trapping them or intoxicating them. It is also thought to be a way to 
excrete waste compounds, coverage of damaged tissue and defence 
against pathogens 1. Natural products can also be chelators, molecules 
that improve the availability of essential metals that are normally present 
in low amounts in the environment. Iron chelators (siderophores) are of 
great importance since iron is usually available in limiting amounts. In 
pathogenic bacteria like Mycobacterium tuberculosis, living as an 
intracellular parasite, siderophores are essential for their survival since 
the iron is sequestered by the host cell 2. Pigments are another important 
type of natural product. They can function as photoreceptors in 
photosynthesis, light protector, antioxidants or can be involved in 
virulence, as is the case for carotenes 3. Antibiotics are thought to play a 
role as defence mechanism by eliminating competing organisms from 
their habitat. But in many cases the physiological role of secondary 
metabolites is not fully understood. Some antimicrobial compounds are 
produced (under laboratory conditions) in too low amounts to be able to 
inhibit the growth of surrounding organisms and therefore are thought 
to have a different function in the producer strain, possibly as signalling 
molecules or involved in motility 4. Many secondary metabolites are 
highly valued by humankind in a wide range of applications. The most 
relevant producers of secondary metabolites are plants, fungi and 
bacteria. Depending on the chemical nature of the precursor, they are 
classified in 5 major classes: saccharides, terpenes, alkaloids, peptides or 



GENERAL INTRODUCTION 
 

3 

polyketides. The latter are synthesized by specialized enzymes named 
polyketide synthases (PKS). Peptide metabolites include ribosomally and 
nonribosomally synthesized ones. The last are synthesized by dedicated 
enzymes called nonribosomal peptide synthetases (NRPS) 5. In many 
cases these are mixed types of metabolites synthesized from hybrid gene 
clusters, e.g. NRPS plus PKS 6, 7.  

Saccharides 
Saccharides, also known as carbohydrates, are a large group of molecules 
categorized by the number of monomers that form them as 
monosaccharides, oligosaccharides and polysaccharides. Saccharides 
may have very diverse functions and act either as primary or secondary 
metabolites. Polysaccharides for instance are a main component in 
biofilms, important for survival and colonization of surfaces 8. These 
biofilms support survival of microorganisms in their environment. 
Biofilms are especially problematic in public health since under these 
conditions microorganisms are more resistant to antimicrobial agents 
and they are difficult to remove from contaminated instruments 9. The 
best-known example of biofilm formation is dental plaque. But biofilms 
are especially dangerous when involving colonization by Staphylococcus 
spp. of surgical instruments in hospitals which results in many deaths 
every year 10 (Figure 1). Saccharides also form the O-antigen from 
lipopolysaccharides in the outer membrane of Gram-negative bacteria, 
which results in the different serotypes and are important for their 
pathogenicity and detection by the adaptive immune system 11, 12. 
Furthermore, saccharides can also be bioactive molecules. This class of 
molecules has not been explored for bioactivity as much as other classes. 
Bioinformatics analysis has shown that they constitute a big proportion 
of the gene clusters present in Actinobacteria, the main bacterial source 
of secondary metabolites 13, 14. This class of molecules is highly interesting 
and may hold a great number of novel compounds with bioactive 
properties. 
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Figure 1 Representation of the structure of the intercellular polysaccharide adhesin (PIA) I from 
Staphylococcus epidermidis which is part of its biofilm and formed by β-1,6-linked 2-acetamido-2-
deoxy-D-glucopyranosyl residues (GlcNAc). In some cases, they are not acetylated and therefore 
have a positive charge (GlcNH3+). Adapted from Rhode et al. 15. 

Terpenes 
Terpenes are one of the biggest chemical families of secondary 
metabolites. Their properties vary tremendously, from fragrances or 
pigments to hormones and bioactive compounds 16, 17. This type of 
molecules are formed by terpene synthases which contain characteristic 
domains which have improved their annotation in the genomes of 
bacteria, fungi and plants 16. The identification of terpene synthases in 
bacteria was challenging since they do not possess a high sequence 
similarity but was recently improved by Yamada et al. 16 by optimizing the 
Hidden Markov Models (HMM) 18 for their detection. Yamada et al. also 
describe a large number of previously unknown putative terpene 
biosynthesis gene clusters (BGCs) in different strains of bacteria 16. 
Terpenoids are formed by C5 units (isopentenyl diphosphate or 
dimethylallyl diphosphate). Terpenes are classified by the number of 
isoprenoids units that form them as hemiterpene (1 unit), monoterpene 
(2 units), sesquiterpenes (3 units), diterpenes (4 units), sesterpenes (5 
units), triterpenes (6 units) (Figure 2), tetraterpenes (8 units) and 
polyterpenes with more than 8 units 19.  
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Figure 2 Structure of the triterpene squalene. 

Alkaloids 
Originally described from plants, alkaloid secondary metabolites are 
currently referred to as those organic compounds that contain basic 
nitrogen, which comprises a wide range of molecules with different 
chemical structures and functions, and that produce various physiological 
reactions. Some notable examples are cocaine, morphine, nicotine or 
caffeine 20. A few alkaloids have been described in bacteria, such as 
pyreudiones A-D (Figure 3) which is a bicyclic pyrrolizidine alkaloid 
produced by a strain from Pseudomonas fluorescens. Pyreudiones are a 
defence mechanism against predation by amoebas. Their biosynthesis 
involves a nonribosomal peptide synthetase 21.  

 

Figure 3 Structure of pyreudiones A-D. Adapted from Klapper et al. 21. 

Polyketides  
Polyketides (PKs) are another important class of secondary metabolites. 
Many biologically/industrially/medically important compounds are PKs 
such as the antibiotic erythromycin (Figure 4) 22. They can be synthesized 
by three classes of polyketide synthases (PKSs), PKS-I, PKS-II or PKS-III. 
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PKS-I are modular enzymes, containing a loading module formed by an 
acyltransferase (AT) and an acyl carrier protein domain (ACP) that loads 
the substrate. The loading module is followed by one or several modules 
that will synthesize the product (synthesis modules). The synthesis 
modules contain at least a ketosynthase domain (KS), an acyltransferase 
domain (AT) and an ACP domain (Figure 5a). In some cases, they also 
contain a ketoreductase domain (KR) which transforms the keto group 
into a hydroxyl group, a dehydratase (DH) that creates a double bound or 
an enoylreductase (ER) that introduces a single bond 23. These modules 
elongate the synthesized molecule by 2 carbon atoms at a time. The last 
module contains a thioesterase (TE) domain to release the final molecule. 
PKS-I enzymes may have a tremendous size depending on the number of 
modules that they contain. PKS-II are formed by multi-enzyme complexes 
that act iteratively. The minimal system is formed by two KS subunits and 
an ACP (Figure 5b). Normally they synthesize polycyclic aromatic 
compounds 24, 25. PKS-III are single subunit enzymes that have an iterative 
condensing activity and that are ACP independent (Figure 5c) 23, 26, 27.  

 

Figure 4 Structure of the antibiotic erythromycin (ChemSpider). 
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Figure 5 Domains found in the three types of polyketide synthases. a) PKSs from type I are modular 
enzymes with a loading module followed by a number of elongation modules. The last module 
contains a thioesterase domain (TE) that detaches the final product. b) Type II PKSs are formed by 
separate enzymes that act repeatedly to form the final product. At the minimum two 
ketosynthetase domains (KSα  and KSβ) and an acyl carrier protein (ACP) are involved. c) Type III 
PKSs are single subunits that act iteratively and do not need an ACP domain. AT: Acyltransferase. 
Adapted from 23, 26, 27. 

Ribosomally synthesized and Post-translationally modified Peptides (RiPPs) 
Another type of secondary metabolite is that of ribosomally synthetized 
peptides that undergo essential post-translational modifications. They 
often have a very narrow antimicrobial activity, in most cases only 
affecting closely related organisms. Some broader spectra RiPPs have also 
been found 28. In most cases the synthesis of these molecules starts by a 
core protein encoded by one gene. This core protein often contains an N-
terminal leader peptide that needs to be recognized by modifying 
proteins and by transport proteins. In a few cases the leader peptide is 
located at the C-terminus, as is the case for bottromycins, macrocyclic 
compounds with antibiotic activity 28. Many different families of 
molecules are included in RiPPs, among them lanthipeptides which 
contain meso-lathionine and 3-methyllanthionine residues. Nisin is the 
better-known example of this family (Figure 6) 28.  
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Figure 6 Structure of nisin (ChemSpider). 

Nonribosomal peptides (NRPs) 
Ribosomally synthetized peptides are formed by a sequence made up of 
the 20 canonical amino acids. The peptides formed by nonribosomal 
peptide synthetases (NRPS) however usually contain other residues as 
well. NRPSs can utilize about 500 different non-proteinogenic substrates, 
including D-amino acids 29, resulting in synthesis of a wide range of 
molecules. NRPSs are modular enzymes in which each module is in charge 
of adding a specific monomer to the final peptide molecule. Many 
important compounds are products of these enzymes such as the fungal 
antibiotic penicillin, the anticancer compound bleomycin or the immune-
depressant cyclosporine A (Figure 7) 30. Each module in an NRPS contains 
at least an adenylation domain (A) that has specificity for a substrate and 
will activate it to start the synthesis, a thiolation (T) or peptide carrier 
protein (PCP) domain where the activated residue is covalently bound 
and a condensation domain (C) that catalyzes the elongation of the 
peptidyl chain (Figure 8). The C domain shows specificity for the residue 
activated by the downstream A domain and can be of different types 
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depending on the condensation reaction they catalyze 31. In some cases, 
an NRPS can have an initial C domain, called C-Starter, that acylates the 
first residue of the peptidyl chain 31. The last module also contains a TE 
module that detaches the final peptide from the enzyme 29. Depending 
on the number of modules needed, these enzymes may be very large, 
indicating a possibly very complex product. Their large gene sizes also 
make these NRPSs difficult to study, e.g. they are difficult to amplify, 
clone and express. However, the nature of these enzymes makes them 
easily detectable in a bioinformatics analysis, and the development of 
new molecular biology techniques may facilitate their study. 

 

Figure 7 Structure of penicillin G, cyclosporine A and bleomycin, all representing examples of 
NRPs. 
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Figure 8 Domains most commonly present in NRPS modules. The last module contains an extra 
thioesterase domain which allows the detachment of the final product. A: adenylation domain. 
PCP: peptide carrier protein. C: Condensation domain. Adapted from 29 

Human uses of natural products 

Natural products can be structurally very diverse molecules and may have 
very different functions for humans. Even one molecule may have 
different uses already. For instance, the red tripyrrole pigment 
prodigiosin, produced by a NRPS-PKS hybrid cluster 32 in different 
bacterial strains, such as the current industrial producer Serratia 
marcescens, acts as a pigment. It furthermore, has antibiotic activity 
against bacteria, can be used to treat cancer as an immunosuppressive 
agent, and also has anti-parasitic activity 33, 34. Other natural products are 
used as sweetener, such as the Stevia glycosides isolated from the plant 
Stevia rebaudiana. These compounds have received a lot of attention in 
the last years due to their higher sweetening capacity than sucrose, 
providing a possible substitute for sucrose 35, 36. Natural products have a 
very important role in human health as medical drugs, e.g. as antibiotics, 
anti-parasite drugs, antitumor drugs, etc. 37-39. Antibiotics are one of the 
most important revolutions in human medicine. Illnesses such as the 
black death, leprosy or tuberculosis have caused innumerable deaths. 
The causative agents of these diseases are pathogenic bacteria that have 
been fought successfully with antibiotics. Most of the antibiotics that we 
use today were discovered and synthesized between the years 1930-
1960s. Since then, only 3 antibiotic classes have been commercialized, 
pseudomonic acid (1985), oxazolidinone (2000) and the previously known 
antibiotic class lipopeptides (2003), which had not been commercialized 
until then 40. The development of resistance to antibiotics in pathogenic 
bacteria has become one of the main threats in current times. Numerous 
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studies have analyzed the appearance of antibiotic resistance in bacteria 
and great effort has been done to understand this evolutionary process 
41-43. Resistance genes already existed in nature before the widespread 
use of antibiotics started. Producer strains are not affected by their own 
antibiotic compounds, which implies that they possess a mechanism to 
counteract their effects. These resistance mechanisms differ depending 
on the mode of action and / or structure of the antibiotic molecule 41. The 
genes responsible for antibiotic resistance are susceptible for 
recombination and can be transferred to other bacteria sharing the same 
environment. The misuse of antibiotics (in animal feed, treatment of viral 
infections, taking them for a more limited time than specified…) favours 
the appearance and selection of resistant bacteria. Fleming already 
foresaw this problem in 1945 44. Even more threatening is the occurrence 
of multidrug resistance. Currently there are some bacteria resistant to 
every antibiotic available, e.g. some strains of the notorious causative 
agent of tuberculosis (TB) M. tuberculosis 45. Different strategies are used 
to find or synthesize new antibiotics, or new ways to fight bacterial 
diseases: modification of the natural molecules to produce new semi-
synthetic molecules 46, synthesis of completely new compounds with 
different targets 47, making use of bacteriophages 48, 49, or searching for 
novel antimicrobial compounds produced in nature. In recent years, it has 
been discovered that bacteria have an even greater potential to produce 
a wide range of previously unknown secondary metabolites than it was 
initially thought 50, 51. The potential to synthesize these novel molecules is 
hidden in the newly sequenced genomes of many bacteria. Different 
computational tools have been developed to facilitate the identification 
of BGCs in genomes. Some examples are antiSMASH, which predicts BGCs 
and classifies them into the molecule class that the pathway they encode 
is predicted to produce, BAGEL, which is specialized in the prediction of 
bacteriocins, or NRPSpredictor 52-54. Many studies now focus on activating 
the synthesis and elucidating the structure of these unknown compounds 
55-58. The work described in this PhD thesis adds to the knowledge of this 
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topic by the use of different techniques to predict and activate cryptic 
bacterial gene clusters that encode the enzyme machinery that could 
produce novel compounds.  

Potential of bacterial natural product synthesis 

Bacteria and fungi are the largest sources of anti-microbial natural 
products in use today 5. One of the most important bacterial genera for 
synthesis of natural products is Streptomyces. When the genomes of the 
first strains of this genus were sequenced, it was observed that they 
possess large genomes, reaching over 10 Mb in size. The analysis of the 
genomes uncovered a bigger potential for producing natural products 
than previously expected. This genus is of great importance since 2/3 of 
the antibiotics that are available for human use have been isolated from 
various Streptomyces strains 59. One characteristic of members of this 
genus is their complex life cycle, producing vegetative mycelia when the 
medium still has nutrients and aerial mycelia which will form spores when 
the nutrients in the medium become depleted. Secondary metabolism is 
activated when aerial mycelium develops. This complex life cycle is 
controlled by an equally complex regulatory network consisting of global 
regulators that control several aspects of primary and/or secondary 
metabolism, pathway specific regulators that control normally only the 
expression of their own clusters, and various other factors such as 
signalling molecules, e.g. γ-butyrolactones 60, 61. This genus is known to be 
able to produce high yields of different types of molecules and to hold in 
their genomes the potential for producing many compounds that have 
remained unknown, making it one of the most interesting targets to 
activate cryptic BGCs. For this reason, we studied the synthesis of 
selected secondary metabolites by Streptomyces clavuligerus in Chapters 
2 and 3. S. clavuligerus was predicted to contain around 50 BGCs, most of 
which are completely unknown 51. This number goes up to 97 when its 
sequence is analyzed by antiSMASH using the ClusterFinder algorithm, 
which also detects BGCs from unknown classes 13. This strain is most well-
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known for the production of clavulanic acid and cephamycin C, its main 
secondary metabolites 62, 63. 

Analysis of the rapidly growing number bacterial genome sequences 
available has uncovered a great potential for synthesis of natural 
products by strains that had never been studied for this purpose, and 
from newly isolated strains 13, 64. Strains that live in unconventional 
habitats may also be sources of completely novel arrays of compounds 65-

67. Recently, Zipperer and collaborators discovered lugdinin, produced by 
Staphylococcus lugdunensis, a strain isolated from the human nasal 
microbiome. This NRP antibiotic impairs Staphylococcus aureus 
colonization 67. A great potential for natural product synthesis has also 
been found in strains that are well-known and currently used for different 
purposes. One example is the genus Rhodococcus, which has been most 
extensively studied for its catabolic abilities 68-71. It has a simpler life cycle 
than Streptomyces and, in general, is faster growing. It represents 
aerobic, non-sporulating and acid resistant strains containing mycolic 
acids in their cell walls, and it is closely related to the Mycobacterium 
genus which also contains a number of cryptic BGCs 64. Studies have 
shown that Rhodococcus genomes are large, also reaching 10 Mb, and 
contain an astonishing number of putative natural product clusters, 
mostly NRPSs 64. In Chapter 4 we performed a more detailed 
bioinformatics analysis of the potential of the Rhodococcus genus to 
produce natural products. Interestingly, this genus has remained largely 
unexplored for its secondary metabolic potential. Only four Rhodococcus 
antibiotics have been purified and structurally characterized. These are 
rhodopeptines, lipopeptide antibiotics with antifungal activity isolated 
from Rhodococcus sp. Mer-N1033; lariatins A and B, anti-mycobacterial 
peptides with lasso structure produced by Rhodococcus jostii K01-B0171; 
aurachin RE which is a quinolone antibiotic active against Gram-positive 
bacteria and produced by Rhodococcus erythropolis JCM 6824 72-74; The 
recently described humimycins, active against methicillin-resistant 
Staphylococcus aureus (MRSA). This compound however, was not 
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isolated from bacterial broth. It is the result of the synthesis of the 
predicted peptide putatively synthetized by an NRPS 75. Rhodopeptines, 
lariatins and humimycins are novel molecules that had never been 
described before although they are part of already known antibiotic 
classes. Aurachin A-D had already been described as a product of 
Stigmatella aurantiaca in 1987 76. Interestingly, aurachin RE was found to 
be more active than the previously described homologues. Its structure 
is very similar to that of aurachin C but with an extra hydroxyl group that 
seems to provide this improved activity 73. The higher activity of aurachin 
RE compared to the previously described analogues, the activity of 
lariatins against M. tuberculosis, one of the biggest health threats that we 
are currently facing, the novel antifungal rhodopeptine, and the different 
bioactive compounds that have been detected in this genus but have not 
yet been characterized 77, 78, show how promising the study of 
Rhodococcus cryptic BGCs is. Another interesting feature of Rhodococcus 
is its possible use as host for heterologous gene expression. Kurosawa et 
al. 79 observed that Rhodococcus fascians DDO356 is able to exchange 
genetic material with Streptomyces padanus MITKK-103 and that 
Streptomyces genes are expressed in Rhodococcus, leading to the 
production of the novel aminoglycoside antibiotics rhodostreptomycins. 
Rhodococcus strains thus may be suitable for heterologous expression of 
Streptomyces cryptic gene clusters. In Chapter 2 we demonstrated that 
this is possible: introduction of the putative indigoidine synthetase from 
the cryptic indigoidine gene cluster from S. clavuligerus controlled by a 
strong constitutive promoter in R. jostii RHA1 resulted in production of a 
blue pigment, identified as indigoidine. In Chapter 5 we show that R. jostii 
RHA1, known for its ability to degrade polychlorinated biphenyls 69, 
potentially is able to produce bioactive compounds that had never been 
described before. R. jostii RHA1 also encodes and produces γ-
butyrolactone signal molecules (Chapter 5) known to be involved in the 
regulation of secondary metabolism in Streptomyces 80. 
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Production of natural products under laboratory conditions 
The study of natural products largely has been limited to those 
compounds that are produced under laboratory conditions and that are 
easily detected, as is the case of clavulanic acid or cephamycin in S. 
clavuligerus. The metabolites and their amounts produced by an 
organism differ depending on the media and growth conditions used 81, 82. 
The isolation and identification of a specific compound from a culture 
broth can be challenging if the compound is produced in minor amounts 
or if there is no easy and fast way to detect them. The development of 
faster and cheaper genome sequencing methods and their computational 
analysis has led to the discovery of a vast number and large diversity of 
putative BGCs predicted to be involved in the synthesis of natural 
products. These clusters of genes often include transporters and 
regulators involved in the synthesis of these compounds. Genome 
analysis of strains known to produce secondary metabolites also has 
shown the presence of many more putative BGCs that are cryptic, either 
not produced under laboratory conditions (silent) or with unknown 
products. In the natural and wild type situation, the products of these 
clusters generally are produced in very small amounts only and also may 
be toxic for the host organism if produced in high quantities. As 
mentioned before, specific conditions of cultivation may be needed to 
activate expression of these cryptic gene clusters. The natural habitat of 
the bacterial species studied generally is completely different and much 
more complex than the conditions used in a laboratory. Under natural 
conditions bacteria are, for example, more subjected to physico/chemical 
changes in the environment, e.g. temperature changes, changes in the 
microbial community, etc. The regulatory systems used by bacteria to 
control gene expression and synthesis of these compounds are complex.  
A full understanding of the regulation of secondary metabolism therefore 
is still elusive. A current goal of the scientific community is to learn how 
to induce the expression of cryptic gene clusters and to stimulate 
production of these novel secondary metabolites. First, promising BGCs 
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are identified by the use of different bioinformatics tools. Once identified, 
different techniques can be used to attempt their activation: Changing 
the substrate availability by modifying the medium composition, 
manipulating known biosynthesis pathways to make precursors available 
for other, unknown pathways, studying strains that have never been 
explored before for natural products, co-cultivation of strains that may 
induce the production of a compound in one or both of them, 
heterologous expression of gene clusters in other strains that are easier 
to manipulate than the parent strain, or the manipulation of pathways 
through synthetic biology approaches. All these techniques will be 
discussed in the following sections.  

Identification of secondary metabolism gene clusters: Bioinformatics 
tools 
Different bioinformatics tools have been developed in order to be able to 
predict the secondary metabolite arsenal available in the genome of 
different strains as well as to identify the most promising BGCs to study, 
avoiding rediscovery 83. Secondary metabolite gene clusters can be 
detected by a manual search for the main biosynthetic enzymes by tools 
like BLAST 84 and Hidden Markov Models (HMMer) 18. To identify the rest 
of the genes in the clusters, the proteins encoded by the surrounding 
genes also need to be manually searched. MultiGeneBlast was developed 
recently to be able to perform BLAST searches for more than one enzyme, 
facilitating the search for complete gene clusters 85. Other tools have been 
developed that can automatically find and predict complete gene clusters 
in a genome sequence query. Some examples of these programs are 
antiSMASH, BAGEL, NRPSPredictor and ClusterFinder 83. The first three 
software programs look for genes encoding proteins containing 
conserved domains known to be involved in the synthesis of specific 
secondary metabolites. The corresponding gene cluster is then 
categorized in different classes of natural products. These programs thus 
are limited to detect BGCs belonging to known molecule classes. 
ClusterFinder, however, translates the nucleotide sequences into a 
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succession of adjoining Pfam domains 13. Then it calculates the 
probabilities of each domain to be part of a cluster by calculating the 
frequency that it is found in one based on a database of different BGCs 
with known products and a list of regions which are not predicted to be 
part of a gene cluster yet 13. Therefore, ClusterFinder can find 
characterized and uncharacterized gene clusters 13, 83. In Chapter 3 we 
made use of this program to study secondary metabolism in 
Rhodococcus. 

Activation of cryptic BGCs 
The selection of promising species and/or gene clusters as targets for 
further studies is an essential step to avoid as much as possible the 
rediscovery of known compounds or spending time and resources on the 
production of a compound lacking antimicrobial activity. Different 
techniques that have been developed in the last years can be applied in 
order to activate cryptic BGCs. When the objective is to find new 
compounds from a strain with a specific function that can be screened 
for, like antibiotic synthesis, general techniques such as changing growth 
conditions can be used. However, when the goal is to study the product 
of a specific cluster, then more specific strategies need to be used. Below 
we give an overview of the different strategies used to study cryptic BGCs.  

Enhancing availability of precursors or intermediate compounds 
The discovery of the large number of cryptic BGCs present in bacteria that 
may encode completely novel molecules has stimulated scientists to 
explore how to induce their activation. For this purpose, several different 
techniques have been developed in the last decades. The lack of 
production of a compound can be due to a lack of precursors or 
substrates or even to a lack of inducers. Changing the media components 
and, thereby providing different substrates has sometimes shown 
positive results, as in case of closthioamide, an antibiotic isolated from 
Clostridium cellulolyticum 86. This technique is also useful to activate 
synthesis of compounds that are only produced in the presence or 
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absence of a specific nutrient, as is the case for siderophores which are 
normally activated by low levels of iron 87. In some cases, precursors 
needed for the synthesis of a compound of choice are used by other, 
more active, pathways which can lower or even block its production 88. In 
other instances, the intermediates of a pathway can be regulating the 
biosynthesis of another one, as is the case for holomycin production in S. 
clavuligerus which is thought to be regulated by an intermediate of the 
clavulanic acid synthesis 89. As a result of the development of efficient 
molecular biology techniques for an increasing number of bacteria, we 
are able to manipulate genes and pathways in these species. Redirection 
of precursors has also proven effective in improving production of 
different compounds. Engineering the metabolism of a strain, with a 
focus on glucose catabolism, to enhance the amount of acyl-CoA 
available, or modulating fatty acid biosynthesis, can activate or improve 
the production of the target molecule 88, 90, 91. This strategy was followed 
in Chapter 3, using a strain of S. clavuligerus with seven deletions in the 
clavulanic acid gene cluster, completely blocking clavulanic acid 
synthesis.  

Co-cultivation 
Cultivation of two or more strains together has shown to be effective in 
activating cryptic pathways 92. In nature, bacterial strains live in complex 
communities and are therefore subjected to numerous stimuli that are 
not present in a pure culture in the laboratory. It is therefore a strong 
possibility that most of the silent clusters are not active in pure cultures 
because they are not needed under these conditions. This technique is 
also not directed to a specific gene cluster, but it has been shown useful 
to find several antimicrobials by simply screening for inhibition of growth 
of the indicator strain by the producer strain 92.  

The techniques described above are designed to activate or improve 
random pathways, since there is no way yet to target specific pathways. 
Also, another undesirable pathway may take over. There is also a high risk 
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of rediscovery of an already known compound or a very closely related 
one. This was for instance the case with etamycin (a cyclic peptide 
antibiotic), which was described for the first time simultaneously in an 
unidentified Streptomyces species by Heinemann and from Streptomyces 
griseus by Bartz in the middle of the 1950´s and found again in 2010 from 
a marine actinomycete 93-95. In the following sections, we discuss 
strategies available for activation of cryptic BGCs that are more directed. 

Targeting biosynthetic genes and manipulating regulatory networks 
The risk of activating synthesis of a known compound and the need to 
target specific gene clusters has led to the development of more specific 
strategies. One of these approaches is to overexpress the genes for the 
main biosynthetic enzymes of a pathway, if it is possible to predict these, 
as is usually the case for NRPSs or PKSs 23, 26, 27, 29. The exchange of the 
promoter region of the main biosynthetic genes by a known strong 
promoter may be a viable alternative strategy, although in many strains 
promoter regions are difficult to determine. In other cases, the 
expression of the main biosynthetic gene is not the limiting factor, which 
can be checked by expression analysis or by proteomics, but it is of course 
difficult to know which genes/enzymes should be targeted when very 
little is known about the cluster. Other genes in the cluster may be 
essential for the correct molecular configuration of the product, or the 
substrate may be limited or used for another biosynthetic pathway. 
Another way to activate cryptic gene clusters is to alter their regulation. 
But in most cases the regulation is still unknown, even in identified gene 
clusters. Where known, overexpressing activators or deletion/disruption 
of repressors may result in activation of one or more biosynthetic gene 
clusters 96, 97. Olano and co-workers 56 were able to activate five cryptic 
gene clusters from Streptomyces albus J1074 by using the methods 
mentioned in this section. The choice of one strategy or the other 
depends on the targeted cluster. In case the main biosynthetic genes are 
not clearly distinguishable, or the gene cluster is too big, several 
promoter insertions may be needed to activate the complete gene 
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cluster. Modifying regulatory networks may activate the whole 
biosynthetic pathway, but in many strains not much is known about their 
regulation. Several global regulators are known to be involved in the 
synthesis of secondary metabolites in Streptomyces, such as (p)ppGpp 
synthetase, RelA or CRP 97, 98. These regulators cannot be used to target 
one specific BGC but gene clusters are also in many cases regulated by 
pathway specific regulators like the denominated Streptomyces 
Antibiotic Regulatory Proteins (SARP). These SARPs were first described 
in the genus Streptomyces but subsequently also have been found in 
other genera 99. The manipulation of these regulators provides a more 
targeted activation. Another regulation level that has been described for 
secondary metabolites are signalling molecules such as γ-butyrolactones 
which have also been related to secondary metabolism and 
morphogenesis in Streptomyces 100. These small molecules bind to their 
receptors belonging to the TetR transcriptional regulators family, which 
are in most cases repressors, and change their conformation, thus 
interrupting repression 80, 101, 102. In Chapter 5 we identified these 
γ-butyrolactone signalling molecules in rhodococci , which is the first 
report of these molecules outside the Streptomyces genus. The γ-
butyrolactone system may also be involved in the regulation of secondary 
metabolism in rhodococci, which has a great potential for their 
production, as shown in Chapter 4. Regulatory pathways, however, 
consist of multiple levels that interact with each other forming a complex 
regulatory network that is barely understood, which complicates the 
identification of genes that should be targeted to activate a specific 
pathway. Further studies on regulation systems are needed to learn how 
to better target these cryptic gene clusters.  

Heterologous expression of putative cryptic biosynthetic gene clusters 
The techniques described in the previous section can only be applied in 
organisms which can be genetically modified and that can be properly 
cultivated for the production of the desired compound. In many cases, 
the tools for manipulating a specific strain are scarce or are not yet 
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developed, or the strain grows very slowly, or cannot be cultured for 
fermentation, or cultured at all. One alternative is to express the gene 
clusters of interest into a better-known strain, also allowing their further 
engineering 56-58. This is also a promising strategy for studying the BGCs 
detected in human pathogens, e.g. in Mycobacteria which can be a source 
of many natural products 64, including M. tuberculosis, as also shown in 
Chapter 4. Even when this pathogen can be genetically manipulated, the 
question remains whether it is wise to force expression of unknown BGCs 
that may help them becoming even more virulent. The heterologous 
expression approach has in some cases been successful, without 
requiring further engineering of the sequences, e.g. in case of 
chloramphenicol and congocidine 57, 103. Heterologous expression faces 
however, different challenges, from codon optimization, especially when 
the GC/AT content of the genome is very different between both strains 
104, to unknown regulatory features 105. Several strains are currently 
available for heterologous expression studies of BGCs, mainly from the 
Streptomyces genus and E. coli 58, 106-109, but the number of hosts is still 
very limited and the expression systems available are not effective in 
many cases. A greater array of possible hosts and a better understanding 
of the complex regulatory networks in these strains are needed to 
achieve a higher success rate in the expression and production of new 
natural products.  

Production of natural compounds using synthetic biology 
Another approach to activate cryptic gene clusters is to use the emerging 
discipline of synthetic biology. The goal of this strategy is to improve or 
modify existing biosynthetic pathways by exchanging genes encoding 
transporters, regulators and any other protein/enzyme necessary for the 
biosynthesis by others that will induce the production of higher titres of 
the desired compound or a modified derivative 110, 111. These “improved” 
proteins/enzymes are called building blocks. Currently most effort is 
made in generating such building blocks. This is not an easy task since 
there is still a lot that we don’t know about regulation or metabolism in 
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donor and host strains. This strategy is very promising and will 
presumably provide us with novel compounds in the near future. 
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Scope of this thesis 

In this thesis, we have explored the potential of two genera of 
Actinomycetales for natural product synthesis, paving the way for the 
discovery of novel compounds. Chapter 1 provides a literature review of 
natural product synthesis with emphasis on bioinformatics analysis of 
biosynthetic gene clusters (BGCs) and attempts to activate expression of 
cryptic clusters using diverse approaches. In Chapters 2 and 3 we 
attempted to activate cryptic BGCs of S. clavuligerus. In Chapter 2 we 
were able to produce indigoidine by heterologous expression of the 
predicted homologue of the indigoidine synthetase IndC 51, 112 in different 
strains of Streptomyces, and in R. jostii RHA1. We also studied the 
function of an extra 4-oxalocrotonate tautomerase-like domain IndD that 
in S. clavuligerus ATCC 27064 is fused to the indigoidine synthetase. In 
Chapter 3 we constructed a deletion strain of S. clavuligerus ATCC 27064 
lacking the first seven genes in the clavulanic acid biosynthesis cluster 
(strain ∆7) to block this pathway and redirect precursors. This resulted in 
the (partial) characterization of tunicamycin-like MM 19290 antibiotics 113 
isolated from S. clavuligerus strain ∆7. In Chapter 4 we performed a 
bioinformatics analysis of the BGCs present in the genome of 20 different 
Rhodococcus strains, 7 Mycobacterium strains and 1 Amycolicicoccus 
subflavus strain, revealing an impressive potential for secondary 
metabolite synthesis by strains of these 3 genera. In Chapter 5 we studied 
the predicted γ-butyrolactone signalling system in R. jostii RHA1, one of 
the Rhodococcus strains with a relatively high number of putative BGCs 
(Chapter 4). This R. jostii γ-butyrolactone biosynthetic gene cluster (RJB) 
encodes a molecule with the same structure as the predicted precursor 
of one of the γ-butyrolactone molecules produced by S. coelicolor 114.    
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