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Natural products produced by microorganisms represent the
main source of bioactive molecules. The development of high-
throughput (omics) techniques have importantly contributed to
the renaissance of new antibiotic discovery increasing our
understanding of complex mechanisms controlling the
expression of biosynthetic gene clusters (BGCs) encoding
secondary metabolites. In this context this review highlights
recent progress in the use and integration of ‘omics’
approaches with focuses on genomics, transcriptomics,
proteomics metabolomics meta-omics and combined omics
as powerful strategy to discover new antibiotics.
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Introduction

Bacteria, and in particular actinomycetes (Phylum: Acti-
nobacteria), represent one of the most prolific source of
bioactive natural products with a wide range of biological
activities. Many well-known bioactive molecules, widely
used in medicine for treatment of infection diseases, such
as tetracyclines, B-lactams, aminoglycosides, macrolides,
and glycopeptides have been isolated from the most
dominant actinomycetes genus, Stzreptontyces, as products
of the secondary metabolism [1].

With the advent of next-generation sequencing (NGS)
technologies and the possibility to routinely obtain good-
quality whole genome sequences, actinomycetes
revealed their potential metabolic landscape and thus
the far greater potential to produce specialized metabo-
lites than has been discovered by classic screening-based
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methods in the previous 50 years. In fact, the genome
sequences revealed that a typical actinomycete contains
on average about 30 secondary metabolite gene clusters
and thus theoretically has the genetic potential to pro-
duce approximately a 10-times higher number of second-
ary metabolites than have been detected during screening
and chemical analytics [2,3]. These observations strongly
contributed to renew the interest for natural product
discovery and these prolific microorganisms in the recent
years. In addition, the development of high-throughput
(omics) techniques, genomics, transcriptomics, proteo-
mics, metabolomics and computational resources have
importantly increased our understanding of complex cel-
lular physiology and key pathways affecting secondary
metabolites production.

In this context, this review highlights recent progress in
the use and integration of ‘omics’ approaches with focuses
on genomics, transcriptomics, proteomics, metabolomics,
meta-omics (metagenomics, metatranscriptomics and
metaproteomics) and combined omics as powerful strat-
egy to discover new antibiotics in actinomycetes and
other microorganisms (Figure 1).

Genomics

The massive development of sequencing technologies
over the past decade coupled with efficient bioinformatics
tools showed the untapped metabolic potential of acti-
nomycetes triggering a revolution in the drug discovery
research. In fact, genomic analyses revealed that silent
gene clusters are present even within the genomes of
extensively studied species like the model streptomy-
cetes 8. coelicolor A3(2) or S. avermitilis [2,4]. Genome
mining has been established as powerful tool to estimate
the genetic potential of a strain by scanning the genome
of interest and identifying secondary metabolite BGCs
[5]. In particular, the antibiotics and Secondary Metab-
olites Analysis SHell (anti-SMASH) [6°°,7] and the con-
nected antiSMASH database [8], Prediction Informatics
for Secondary Metabolomes (PRISM) [9,10], Global
Alignment for natuRal.-products chemInformatiCs
(GARLIC), Generalized Retrobiosynthetic Assembly
Prediction Engine (GRAPE) platform [11°°] and IMG/
ABC [12°] the most well established tools, have been
improved with more features to predict and assign func-
tions to enzymes involved in the biosynthesis of second-
ary metabolites and facilitate the connection of biosyn-
thetic gene clusters to their corresponding natural
products [13].
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Figure 1
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Schematic representation of omics workflow for natural products discovery. The workflow depicted includes the experimental procedures used
within genomics, transcriptomics, proteomics and metabolomics approaches.

The availability of these user-friendly genome mining
tools has led to the discovery of many novel natural
products. Some selected examples published within
the last two years are outlined below.

One noteworthy example of new natural product accessed
by genomic approach is hexaricins, a new family of
polyketides which gene clusters were predicted in the
rare marine actinomycete Streptosporangium sp. CGMCC
4.7309 [14]. Genome mining analysis was used to explore
secondary metabolite diversity of this rare actinomycete
revealing 20 cryptic secondary metabolite biosynthetic
clusters and among those the unusual type II PKS BGC.

Another example is the identification of the BGC encod-
ing lobosamides A-C in the marine actinobacterium
Micromonospora sp. These macrolactams, which cluster
organization is conserved, displayed growth inhibitory

activity against 7rypanosoma brucei the causative agent
of human African trypanosomiasis [15].

In 2017, a study on actinobacteria genome mining lead to
discovery of 49 potential producers of Leinamycin-type
natural products, a potent antitumor drug [16]. After the
first isolation from Streptomyces atroolivaceus S-140 in 1989,
yet no analogues have been isolated. By mining bacterial
genomes novel anticancer drugs producers were
identified.

Genome mining and comparative genomic analysis have
opened up the prospect of prioritizing gifted strains for
metabolic engineering. In Strepromyces lydicus 103, pro-
ducer strain of streptolydigin, the genomics-based bottom
up approach have unveiled a biosynthetic potential unde-
tected in standard fermentation condition [17]. The com-
plete genome sequencing and comparative analysis
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Table 1

Examples of omics-approaches used within the last 5 years (since 2013) as strategy to discover new antibiotics in actinomycete strains.

Actinomycete strain Omics strategies Natural products References
Streptosporangium sp. CGMCC 4.7309 Genomics Hexaricins [14]
Micromonospora sp. Genomics Lobosamides A-C [15]
Streptomyces atroolivaceus S-140 Genomics Leinamycin-type [16]
Streptomyces lydicus 103 Genomics Streptolydigin [17]
Streptomyces collinus Ti 365 Genomics Streptocollin [67,68]
Streptomyces coelicolor A3(2) Transcriptomics Analysis of transcriptome and translatome [27°°]
of primary and secondary metabolism
Streptomyces coelicolor A3(2) Transcriptomics Identification of the AbrC3 regulon [69]
Streptomyces bingchenggensis Genomics Milbemycin [70]
Transcriptomics
Microbispora ATCC-PTA-5024 Proteomics Molecular mechanisms regulating [30]
lantibiotic NAI-107
Planobispora rosea Genomics Thiopeptitde GE2270 [31]
Proteomics metabolomics
Streptomyces sp. MBT28 Metabolomics Prenylated isatin antibiotic [40]
Streptomyces fradiae MM456M-mF7 Metabolomics Fradiamines A and B [41]
Streptomyces coelicolor A3(2) Metabolomics Desferrioxamine [71]
Streptomyces sp. MP131-18 Genomics Spiroindimicins E and F [62]
Metabolomics «-Pyrone lagunapyrone
Saccharopolyspora spinosa Proteomics Key regulators and enzymes involved in [72]
Transcriptomics spinosad production
Streptomyces lilacinus NRRL B-1968 Genomics Griseobactin (known) [73]
Proteomics metabolomics Rakicidin D (orphan Nrps/PKS) Putative
Siderophore

allowed the reconstruction of both primary and secondary
metabolic pathways suggesting key metabolic genes for
metabolic engineering.

The genomic analysis of a whole 40 Micromonospora
strains underlined the genetic potential to synthesize
novel specialized metabolites of this genus. By anti-
SMASH, close to one thousand biosynthetic gene clusters
were detected, including NRPS, PKS, terpenes and side-
rophores clusters [18]. The analysis of whole genome
sequence data of the genus Micromonospora provided
insights into the metabolic and biotechnological potential
to produce new natural products.

Transcriptomics

Although DNA sequencing has revealed the high abun-
dance of BGCs in actinomycetal genomes, a majority of
their actual products have not been characterized. In
many cases, these clusters remain silent under laboratory
conditions due to the complex regulation at transcrip-
tional, translational and post-translational levels. To
unveil the mechanisms controlling the metabolic switch,
development differentiation and natural products biosyn-
thesis, transcriptional changes in gene expression levels
have been extensively studied [19-21].

A widely used strategy to trigger the expression of cryptic
BGCs and thus production of new natural products, is the
use of biological (co-cultivation), chemical and molecular
elicitors [22].

Different studies highlight the co-cultivation-based elic-
itation between actinomycetes, actinomycetes with other
bacteria or fungi as powerful method to activate the
expression of BGCs (Table 1).

An example is represented by the co-cultivation of the
soil bacterium §. coelicolor with the competitor myxobac-
terial strain Corallococcus coralloides B035. Transcriptional
analysis revealed that co-cultivation induced an increased
expression of 7e#X and redH genes and thus an increment
of undecylprodigiosin production in §. coelicolor [23].

The transcriptomic analysis of the fungus Aspergillus
nidulans co-cultured with 58 actinomycetes has showed
that interspecies ‘talk’ can activate silent gene clusters in
A. midulans such as the polyketide orsellinic acid, lecanoric
acid, and the cathepsin K Inhibitors F-9775A and F-
9775B [24].

Furthermore, rare earth elements or the alteration of
growth conditions or media composition were success-
fully used as chemical elicitors to induce the expression of
actinorhodin BGC in §. coelicolor [25] or in order to
activate the production of antimicrobial agents against
multidrug-resistant clinical isolates in a collection of
actinomycetes [26].

Recently, a comprehensive study of transcriptome and
translatome, in both primary and secondary metabolism,
of the model organism Strepromyces coelicolor allowed to
elucidate the relationship between transcription and
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translation at a genome wide scale during four growth
phases [27°°]. These findings highlight that some cluster-
situated regulator (CSR) genes are translationally induced
during the transition phase might facilitate the design of
new approaches to manipulate secondary metabolic gene
clusters and antibiotic discovery. Thus, understand the
BGCs regulatory code by bioinformatics prediction and
identification of ¢s elements and their corresponding
transcription factors(s) represents a promising strategy
to activate the expression of cryptic BGCs [28].

Comparative transcriptomics was used to exploit BGC
expression among four strains of marine bacteria belong-
ing to Salinispora genus [29°]. The results indicated that a
mayjority of the BGCs analysed in the selected Salinispora
strains are transcribed at levels that should facilitate
product detection. In addition, compounds not previously
reported from §. pacifica were identified and some BGCs
classified as orphan were linked to their products.

Proteomics

In addition to genomics and transcriptomics, also proteo-
mics has been used as powerful method to shed light on
the relationship among metabolic pathways and natural
products production. Indeed, comparing protein expres-
sion levels, proteomics provides information on differen-
tial pathways regulation highlighting key players in natu-
ral products biosynthesis that can be used as target for
rational engineering.

An extensive analysis of the proteomic changes associated
with lantibiotic NAI-107 production was performed on
Microbispora ATCC- PTA-5024 strain. Using differential
proteomic analysis it was possible to unveil different
regulatory mechanisms controlling morphological differ-
entiation and antibiotic production during different
stages of growth [30].

Proteomics represents a complementary approach to tran-
scriptomics and genomics for strain characterization. A
genomic, transcriptomic and proteomic analysis was car-
ried out on the unusual actinomycete Planobispora rosea
the producer of thiopeptide GE2270. The analysis and
integration of different ‘omics’ data unveiled the physi-
ology of the P. rosea during GE2270 biosynthesis [31].

In addition, a widely applicable strategy that allows to
link all type of natural products to a specific gene cluster is
Natural Products Protecomining. This method correlates
the change of biosynthetic proteins levels to secondary
metabolite production [32].

Metabolomics

Genomics-based methods have revealed that most of the
biosynthetic potential of cultured and un-cultured micro-
organisms remains inaccessible to date. In fact, a major
obstacle is that many BGCs are silent or poorly expressed

under standard laboratory conditions. Different method-
ologies have been developed to trigger the expression of
such ‘silent’ gene cluster, enable pathway engineering
and heterologous expression new chassis [33,34].

Due to the complex regulatory mechanisms controlling
the activation of BGCs expression and the thigh relation
between primary and secondary metabolism [35], meta-
bolomics, reflecting the phenotype of genomic, transcrip-
tomic, and proteomic networks, represent a powerful tool
to investigate the response to chemical and biological
stimuli of secondary metabolite producing strain [36].

Metabolomics, measuring the global levels of low molec-
ular weight metabolites allows a metabolic comparison of
different biological samples avoiding chemical redun-
dancy. Thus, thanks to the possibility to obtain data
pertaining to differences between culturing condition
the identification of secondary metabolites from orphan
BGCs has significantly increased.

Numerous new natural products have been identified
during the last years by the use of two analytical plat-
forms: Nuclear magnetic resonance (NMR) based meta-
bolomic analyses and mass spectrometry (MS). Multivar-
iate statistical analyses including principal component
analysis (PCA), partial least-squares regression (PLS-
DA) and the MS/MS database Global Natural Product
Social (GNPS) molecular networking platform have
greatly improved analysis of mass spectrometry data
allowing a rapid dereplication of known molecules and
strain prioritization [37,38].

In addition, VarQuest, a novel algorithm for identification
of Peptidic natural products variants via database search
of mass spectra was developed to extend GNPS by
Pevzner and co-workers [39].

An example of metabolomics approach to discover new
natural products is the identification of a previously
undescribed prenylated isatin antibiotic produced by
Streptomyces sp. MBT28. This molecule with antibiotic
activity against Bacillus subtilis was identified by NMR-
based metabolomics strategy [40].

New bioactive compounds, a siderophore and its deriva-
tive, named fradiamines A and B, were discovered and
characterized from the extract of the deep-sea actinomy-
cetes Streptomyces fradiae MM456M-mF7 by LC-HRESI-
MS based non-targeted metabolomics [41].

Liquid chromatography (LC) LCMS-PCA provide a
high-throughput platform to prioritize bacterial strain
and isolate two new halimane-type diterpenoids, micro-
monohalimanes A and B from a Micromonospora sp. sym-
bionte of marine ascidian Symplegma brakenhielmi [42]. By
this method a strain with unique metabolic potential to

Current Opinion in Microbiology 2018, 45:109-116

www.sciencedirect.com



Multi-omics analysis of secondary metabolite biosynthesis Palazzotto and Weber 113

produce novel natural products with antibacterial activity
was identified.

Meta-omics approaches

Due to the fact that only a small percentage of all existing
prokaryotes is amenable to cultivation using standard
techniques, a plethora of natural products remain undis-
covered. As discussed by Schofield and Sherman [43°°],
the use of meta-omics technique (metagenomics, meta-
transcriptomics and metaproteomics) provides a culture-
independent approaches to explore this hidden potential.

Metagenomics is one of the most commonly used
approaches to study the chemistry of uncultivated bacte-
ria. The analysis of DNA isolated from environmental
sample allowed to exploit the ‘dark matter’, biosynthetic
pathways of uncultured marine bacteria such as obligate
symbiont of sponges and other marine invertebrates.
Thanks to a combination of metagenome sequencing
and single cell genomics the prokaryotic BGC encoding
onnamide was identified from a marine sponge 7heonella
swinhoei. These results confirmed the role of symbiotic
bacteria as ‘talented’ producers of new polyketides and
peptides with antitumor activity [44,45].

Another successful example is represented by the cul-
ture-independent natural products discovery platform
developed by Brady and co-workers [46]. In fact, using
degenerate PCR primers to amplify conserved regions of
biosynthetic genes of BGCS in environmental samples,
bioinformatics platform environmental Surveyor of Nat-
ural Product Diversity (eSNaPD) to analyze sequencing
results and heterologous production a new class of cal-
cium dependent antibiotic, malacidins, was discovered.

A big contribution to discovery of new potent antibiotics
has been given by the development of new microbiome
screening methods to explore previously uncultured bac-
teria. In 2015 using the innovative #z situ cultivation
method iChip, a new cell wall inhibitor, teixobactin,
was identified from the previously uncultured microor-
ganism Eleftheria terrae [47]. After structure elucidation,
the teixobactin biosynthetic gene cluster was identified
by genome sequencing of E. ferrae and homology
searches. Due to the different mode of action of this
compound no teixobactin-resistant strains were isolated.

Studies on microbial molecular interactions highlighted
the complex signaling network between different
organisms and the possible activation of silent biosyn-
thetic gene clusters as response to environmental sti-
muli. This dynamics of gene expression in a complex
microbial community can be investigate using a meta-
transcriptomics approach. In fact, while metagenomics
analysis opened the possibility to investigate the chem-
ical potential of different samples including uncultured
or unknown species by mining environmental DNA,

metatranscriptomics analysis gives information on the
transient responses to environmental condition analyz-
ing the collective set of messenger RNAs that are
present in an environmental sample [48-50]. The inte-
gration of metagenomics and metatranscriptomic anal-
ysis was successfully used for determining the microbial
communities and their metabolic relation in marine
environments revealing this environment as a signifi-
cant new source of drug discovery and development
[51].

As discussed above, the development of meta-omics
technique allowed the exploration of biosynthetic capa-
bility of uncultured microorganism or microorganism
isolated from un-explored or under-explored habitats.
The integration and analysis of metagenomics, metatran-
scriptomics, and metaproteomics data provides a stable
indication of the physiological activity and translational
regulation of a complex environmental microbial commu-
nity in an ecosystem [52-54]. Different metaproteomic
tools are available to analyse biosynthetic gene cluster
and pathways. Among those, Orthogonal Active Site
Identification System (OASIS) and Proteomic Interro-
gation of Secondary Metabolism (PrISM) [55,56]. Using
PrISM method from unsequenced environmental Bacillus
sp. the Cyclic Imine koranimine [57]. With high through-
put (meta)-proteome data, it also possible to investigate
the post-translational modifications in 7z sifu environ-
ments and thus shed a light on the mechanisms used
by bacteria regulate physiological processes and natural
products production [58]. In 2017, Borriss and co-workers
performed a large-scale lysine malonylation analysis in
the model Gram-positive plant growth-promoting rhizo-
bacteria (PGPR), Bacillus amyloliquefaciens ¥ZB42. The
bioinformatic analysis revealed that the enzymes
involved in rhizobacterium—plant interaction and respon-
sible for antibiotic production including polyketide
synthases (PKSs) and nonribosomal peptide synthases
(NRPSs) were highly malonylated [59].

Combined omics approach

The advent of more powerful metabolomics approaches
coupled with genomics analysis have enabled the dis-
covery of new natural products and the investigation of
their importance in nature, thereby accelerating natural
product discovery. Matabologenomics consists in com-
bining genome sequencing and automated gene cluster
prediction with mass spectrometry-based metabolomics
[60,61°°]. Genomic data are used to interrogate the
chemical data and vice versa to uncover families of
molecules with phenotypes of interest in large strain
collections. Using this approach, the combined geno-
mics-metabolics profiling of the marine strain Strepto-
myces sp. MP131-18 led to the identification of new
biologically active compounds such as the bisindole
pyrroles spiroindimicins E and F and two new a-pyrone
lagunapyrone [62].
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T'o identify novel phosphonic acids, a large-scale genome
mining analysis and screening for unique phosphoenol-
pyruvate mutase gene (pepM) were performed on
10 000 actinomycetes by Metcalf and co-workers [63].
In 278 strains, 64 distinct groups of phosphonate biosyn-
thetic gene clusters were identified. By characterization
of strains within these groups a new archetypical pathway
for phosphonate biosynthesis and 11 previously unde-
scribed phosphonic  acid natural products were
discovered.

An extensive analysis of lanthipeptide-related biosyn-
thetic gene clusters in Actinobacteria revealed that lanthi-
peptide synthetases can produce natural products other
than lanthipeptides. In fact, genomics and MS data sug-
gest cross talk between lanthipeptide biosynthetic
enzymes and PKS and NRPS systems and thus natural
products with new scaffolds [64].

A multi-omics approach was also successfully applied to
understand how BGCs are exploited in animal-microbe
symbiosis in both marine and terrestrial environments.

One example is the extensive study investigating the
natural product diversity produced by the nematode
symbionts Photorhabdus and Xenorhabdus. Despite com-
parative genomics analysis indicates a high similarity at
DNA level, high-resolution mass spectrometry analyses
reveal a huge chemical diversity. The use of genomic and
metabolomic methods in a complementary manner
allowed the rapid identification of potentially interesting
bioactive products previously unidentified including the
xefoampeptides and tilivalline [65].

A combination of chemistry, genetics, metagenomics, and
metatranscriptomics approaches was successfully used by
Fischbach and co-workers to study how microorganisms
play a key role in human health evaluating 752 metage-
nomic samples from the NIH Human Microbiome Proj-
ect [66]. The results revealed that the human-associated
bacteria house 3118 BGCs encoding small molecules,
many of which are presumably associated with beneficial
properties. Among these BGCs for thiopeptide antibio-
tics, some of which have a similar structure with mole-
cules already in clinical trials.

Conclusions

Enabled by the technological advances in genomics,
metabolomics, transcriptomics and other ‘omics’ the bio-
synthetic potential of large and complex systems has been
explored unveiling new BGCs and discovering new nat-
ural products. Tremendous insight into both diversity,
distribution and evolution of BGCs can be provided by
the integration of multi-omic analysis. Furthermore, the
combined use of multi-meta-omics approaches gives a
more complete pictures of microbial communities and
their metabolism could she a light on molecular signals

triggering the expression of silent gene cluster the and the
role of natural products in natural habitat.
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