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CHAPTER 4

Multi-Omics Analysis of Streptomyces 
Angucycline Producers:  
Genomic, Metabolomic  
and Bioactivity Insights 

Isabel Nuñez Santiago, Chao Du, Lina M. Bayona Maldonado,  
Mercedes de la Cruz, Olga Genilloud, Gilles P. van Wezel
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Abstract

application as among others as antibiotics, anticancer agents, antifungals or 
immunosuppressants. Angucyclines form the largest family of type-II polyketide 
natural products. As prominent natural product producers, streptomycetes 
produce a large variety of angucyclines, including angucyclinones and 
limamycins. Lugdunomycin, produced by Streptomyces
rearranged angucycline that incorporates an iso
Here we report the analysis and comparison of angucycline producers and their 

metabolomics and feature-based molecular networking. Limamycin producers 
Streptomyces
similar to Streptomyces
strains Streptomyces Streptomyces

rubiginone A2. Also, Streptomyces venezuelae
haloquinone. However, apart from Streptomyces

iso-maleimycin, which is essential for the biosynthesis 
of lugdunomycin. Bioactivity assays against a range of clinical pathogenic 

anticancer activity.
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Introduction
Considering the growing crisis of antibiotic resistance among bacterial 

 et al.
Streptomyces is particularly notable, 

 et al.
have likely explored only a fraction of their chemical diversity.

Natural products exhibit a wide range of chemical structures, including 

biosynthetic processes for these classes of natural products are highly complex. 

 et 
al.
core enzymes, tailoring enzymes, resistance genes, and transport genes. 
They also include regulatory elements that modulate expression levels, as the 
production of natural products is energetically demanding for the organism 

 et al.

of potential therapeutic agents, particularly as antibiotics and anticancer agents 

bacteria. Also, the anthracyclines daunorubicin and doxorubicin, isolated from 
Streptomyces peucetius

 et al.

diversity arising from variations in polyketide chain length and the action of 
tailoring enzymes that generate a wide array of ring systems and functional 

Angucyclines are a group of glycosylated molecules belonging to the 
 

et al.
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 et al.  Streptomyces sp. 

 et al.

lug  et 
al.  et al. lugOI OV

cleavage of the angucyclinone C-ring through epoxidation and their sequential 
 et al.

To expand our insights into angucycline biosynthesis, we investigated 
a small collection of known angucycline producers, namely Streptomyces 
scopuliridis, Streptomyces  et al. Streptomyces 

 et al. Streptomyces  et al., 
, Streptomyces albus (Jin et al., 2018), Streptomyces ambofaciens 

(Bunet et al., 2008), Streptomyces venezuelae (Raghavan & Groisman, 2010), 
Streptomyces Streptomyces  et al.

identify new producers of lugdunomycin. However, as demonstrated in Chapter 
Streptomyces 

iso-maleimycin moiety of lugdunomycin. None 

were compared to that of Streptomyces 
analysed for angucyclines and derivatives using LC-MS-based metabolomics 

 et al.
O-Methyltetrangomycinand several of its 
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e extracts were also evaluated for their anti-infective and anticancer 

Results and discussion
Bioinformatic comparison of annotated angucycline biosynthetic gene 
clusters
To characterize angucycline-producing Streptomyces strains with angucycline 

lug Streptomyces

lug
Streptomyces Streptomyces sp. CS057, 

Streptomyces S. albus, S. ambofaciens, S. scopuliridis, and S. 
venezuelae Streptomyces 
species reported to produce limamycins, which exhibit close similarity to the 

Streptomyces 
attention on the two limamycin producers, Streptomyces 
Streptomyces 
strains, the genomes were sequenced using PacBio technology and assembled 
into complete genomes for both strains. The assembly also resulted in the 

To gain insights into the biosynthetic potential of the strains, we conducted 
a bioinformatic analysis focusing on their angucycline gene clusters. The 

was conducted against the lug Streptomyces
to determine the presence or absence of genes in the lug cluster relative to the 

 et al.

 et al.
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S. scopuliridis demonstrates high degree of identity 
Streptomyces

the core minPKS genes, tailoring enzymes, transporters, and regulatory elements 

Streptomyces S. scopuliridis also includes 
>

 
et al.  et al. S. scopuliridis has the genetic 
potential to produce molecules with similar characteristics as Streptomyces sp. 

 et al.
lugRIII and 

lugRV and for the transporter genes lugTI and lugTII
lugTIII. 

Streptomyces Streptomyces 
 

et al.
Streptomyces

S. scopuliridis and the ICBB strains are the 
lugO oxygenase genes of 

rearranged angucyclines, similar to for example limamycin A, produced by the 
 et al.

through a pathway analogous to the one in Streptomyces  et 
al. lugX, a gene of unkown function and with no clear orthologues 
in the databases, is exclusively present in Streptomyces

 et al.
by the fact that deletion of lugOI in Streptomyces

 
et al.

>
by the lug gene cluster, this is the only enzyme that is conserved between all 
strains tested here, indicating that the reaction catalyzed by it is likely critical for 
angucycline biosynthesis.
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The genes lugOIII and lugOV are required for angucycline C-ring cleavage 
during lugdunomycin biosynthesis. Homologues for both genes are present in 
S. scopuliridis
predicted gene products. Streptomyces 
lugOIII but lacks one for lugOV. This strain produces an analogue of Rubiginone 

 et al.
Streptomyces S. albus, S. ambofaciens, S. venezuelae, 

Streptomyces sp. CS057 all share a minPKS core with a high degree of sequence 
identity but lack genes for the characteristic monooxygenases enzymes found 
in Streptomyces
angucyclines they produce. The S. albus

 et al.
Streptomyces 

S. ambofaciens

of iso

makes them interesting potential hosts for lugdunomycin production. Expressing 

In particular, by introducing these enzymes in a “toolbox” approach, it may be 
possible to generate novel angucycline derivatives, expanding the chemical 
diversity of this class of compounds for potential bioactivity studies.

it supports the production of both canonical and rearranged angucyclines, as well 
as lugdunomycin by Streptomyces  et al.
and the Streptomyces minPKS mutant, which is unable to produce 
angucyclines, were included as control. After seven days of incubation, the agar 
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 et al.
an aligned feature list with peak areas for a semi-quantitative analysis of the 

 et 
al.

To obtain insights into the metabolic variation between the strains, 

PCA plot demonstrated excellent reproducibility of our sample set, as all replicates 

between S. albus
S. albus was 

closely with Streptomyces Streptomyces sp. CS057 is the 

strains, along with Streptomyces

strains share key biochemical pathways or metabolic characteristics, potentially 

Interestingly, S. scopuliridis, Streptomyces S. venezuelae  
minPKS null mutant, which could be due to 

the poor growth of these strains under the tested conditions. Additionally, a 

with angucycline production cluster together in the middle-right section, 
indicating that these features contributed more to the separation of S. albus and 
Streptomyces

 et al.

 et al.
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. A. PCA score 
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To reduce network complexity and better focus on the type and distribution 

 et al.
obtaining structural information about metabolites using their tandem mass 
spectrometry data. It merges the analysis of isotope patterns in MS spectra with 

 et al.
molecular structure in databases. Most importantly, it incorporates CANOPUS 

 et al.  et al.  et al.
compound class prediction. In this way we could mapped the features from the 

 et al.

segment of the pie chart represents the relative abundance or presence of a 

exclusively produced by S. venezuelae. This was particularly evident in 

S. venezuelae.
Streptomyces sp. 

shared with those of Streptomyces 

the other strains. S. scopuliridis
lug cluster, produced only a few angucyclines, likely due to the low expression 
achieved under the chosen growth conditions. Spectral family S is formed by 
features exclusive to strain Streptomyces sp. CS057, suggesting that these 
angucyclines are unique to this strain.
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the angucycline-producer strains by GNPS-molecular networking and SIRIUS in the extracts.
Colors of the pie charts correspond to the relative abundance of the chromatographic peaks in each 
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More detailed examination of the molecular network was conducted to 

library and the analogue search functionalities on the platform, the hits were 

 et al.

by incorporating analogue searches, enhancing our understanding of the 
molecular diversity present within the sample.

In Streptomyces O
only as a prominent angucycline but also as a precursor for other rearranged 

 et al.  et al.
O

m/z
the spectral family A

O

predominantly detected in extracts from Streptomyces Streptomyces 
Streptomyces

O-Methyltetrangomycin in the biosynthetic 
pathways of Streptomyces
for the generation of structurally diverse and potentially bioactive metabolites.

Spectral families T and O are formed by features produced by S. 
venezuelae

 et al.
described in S. venezuelae extracts during a screening of molecules with activity 
against Halobacteria  
et al.
glycoproteins similar to those found in eukaryotic cells, resulting in have lower 
sensitivity to many antibiotics. 
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Lastly, the spectral family D encompasses an analogue of rubiginone A2, 
a type of angucyclinones previously characterized from S. griseorubiginosus 

 et al.
The features of this spectral family were found in extracts of Streptomyces 

Streptomyces Streptomyces
Streptomyces

were scrutinized for the possible production of lugdunomycin-like compounds. 

the lugdunomycin spectral family, three nodes were features with the same 
m/z 

, m/z 2  and m/z 2 . 
Streptomyces sp. 

m/z
Streptomyces

partial presence in Streptomyces Streptomyces 

of the feature in S
share some fragments corresponding probably to the loss of water molecules, 
but lacked the characteristic fragments present in the lugdunomycin isomer 
from Streptomyces

Bioactivity testing of the angucycline-producer strains

Angucyclines are known for their diverse bioactivities, ranging from antimicrobial 

extracts from, Streptomyces Streptomyces sp. CS057, Streptomyces 
S. albus and S. venezuelae. The strains Streptomyces

S. scopuliridis, and S. ambofaciens
growth under the tested conditions, while Streptomyces
Streptomyces

with each strain grown and extracted independently on separate agar plates. 
Additionally, a media blank was included as a control. It needs to be noted that 

products produced by these strains. 
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by GNPS-molecular networking of culture extracts. Colours of the pie charts withing the nodes 

analogues.
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Candida albicans C. albicans

 et al.  
et al. Staphylococcus aureus

Escherichia coli
 

et al. Klebsiella pneumoniae
 et al.

independently on separate agar plates. Technical replicates of the antimicrobial 
assays were also performed to ensure the reliability of the results. The antibiotic 
activity results are displayed in Table 2.

indicator strains. Extracts of Streptomyces Streptomyces sp.
S. 

aureus

Streptomyces sp. CS057, known for the production 
 et al.

positive pathogens tested, but failed to inhibit growth of C. albicans. Extracts 
from Streptomyces albus
while they also inhibited C. albicans. 

Cytotoxicity assays 

Angucyclines are well-documented for their potent anticancer properties, which led 
us to evaluate the cytotoxicity of extracts from the same angucycline-producing 

used in studies of pancreatic ductal adenocarcinoma. This cell line is known for 
its resistance to many conventional chemotherapeutics, making it an important 

 et al., 

and is often used to evaluate the cytotoxicity of drugs targeting melanoma cells.
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Table 2. Antimicrobial test result of angucycline-producer strains extracts.

* 

well-known human breast cancer cell line key model for studying hormone-

line that has retained many of the biochemical functions of normal liver cells, 
making it a useful model for studying liver cancer biology, drug metabolism, and 
hepatotoxicity, as well as for testing potential anticancer agents targeting liver 
cancer. By utilizing this diverse panel of cancer cell lines, we aimed to assess 
the broad-spectrum anticancer potential of our angucycline-producing strains, 
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c, demonstrated selective cytotoxicity towards cancer cell lines, although these 
strains did not inhibit growth of C. albicans. This selective activity suggests 

the compounds in the extracts is required. S. albus and Streptomyces

Streptomyces
Streptomyces

Streptomyces
lines, achieving complete or near-complete inhibition in most of the tested cell 
lines, particularly those representing pancreatic, breast, liver, and melanoma 

showing partial inhibition in some cases. This strain could potentially be a 
strong candidate for developing anti-cancer compounds due to its broad-
spectrum activity.  However, several Streptomyces

lugOV mutant 
showed particularly high anticancer activity, especially those obtained from 

Streptomyces
already has considerable anticancer potential, certain mutants show enhanced 
activity, most likely due to the accumulation of intermediates that are otherwise 
metabolized further.

Streptomyces sp. CS057 demonstrated potent anticancer activity across 

of these cells. 
The results of the extracts from S. venezuelae
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Table 3. Summary of results of the anticancer assays. 

Conclusions

characteristics of the small collection of angucycline-producer strains. Through 

S. scopuliridis exhibited high identity to that of 
Streptomyces
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S. venezuelae and Streptomyces 
sp. 
corroborated by the bioactivity assays, which demonstrated that the 
antimicrobial and anticancer activities of the strains are mediated by diverse 
sets of metabolites. The angucycline family comprises a diverse group of natural 
products, with members exhibiting varying modes and intensities of bioactivity. 

Streptomyces  et al., 

their close genomic and metabolomic resemblance, Streptomyces
and Streptomyces
the presence of unique bioactive compounds in each strain, produced from 

the antimicrobial and anticancer properties of angucycline-producing strains 

promising avenues for the discovery of novel therapeutics. However, as stated 
above, the observed bioactivities are likely a combination of natural products 

angucyclinones.
Thus, we presented a genomic and metabolomic study of known 

angucycline producers, highlighting their potential as sources of antibiotics 

culture conditions and exploring the regulatory mechanisms that govern the 
production of these metabolites to fully harness their biosynthetic potential. 
Moreover, the selective anticancer activity observed in some extracts warrants 

the goal of identifying new leads for anticancer drug development.

aimed to identify new producers of lugdunomycin. As demonstrated in Chapter 
Streptomyces 

responsible for the iso-maleimycin moiety of lugdunomycin. Although the strains 
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angucyclinone compounds make them interesting candidate hosts for the 
production of lugdunomycin or derivatives. Introducing key enzymes such as 

like compounds. By leveraging a “toolbox” approach to introduce these enzymes 
into suitable hosts, novel angucycline derivatives may be generated, thereby 
expanding the chemical diversity of this class of compounds for potential 
bioactivity studies.

Materials and Methods
Microorganisms and culturing conditions

All media and routine Streptomyces techniques were done following routine 
Streptomyces

 et al.  et al.

Streptomyces albus (Jin et al., 2018), Streptomyces ambofaciens (Bunet et al., 
2008), and Streptomyces venezuelae (Raghavan & Groisman, 2010)

Streptomyces  et al., 
Streptomyces  et al. Streptomyces

 et al.  Streptomyces Streptomyces
 et al.

 spores on Streptomyces minimal media 

carbon sources. 
E. coli

Klebsiella pneumoniae S. aureus MB 
S. aureus Candida 

albicans
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media. S. aureus K. pneumoniae

E. coli S. aureus MB 
A. baumannii

 et al.
C. albicans

 et al.
Monteiro et al.  et al.  et al.

Genomic and Bioinformatic Analysis

The genomes of the angucycline-producing strains were obtained from the 

 et al.

the gene clusters.

The crude extracts from the solid-grown cultures were prepared as followed. 
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subsequent run.

analyzed in positive polarity mode using a data-dependent acquisition method. 

obtained for the two most intense ions detected in each scan. Collision-induced 

again. The parameters used for the ESI source were as follows: interface voltage 

Statistical analysis and Feature-based molecular network analysis

 et 
al.  et al.
The m/z tolerance was set to 0.002 m/z
0.05 min, noise level was set to 2.0E2 and the minimum absolute intensity was 

 et al.
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m/z

, 

for statistical analysis. Only features with peak area values four times higher 
than in the media blank were kept. Statistical analysis was performed using 

 et al.
was initially applied to the data. The processed data were subjected to principal 

 et al.

detection step was performed for MS level 2 using positive polarity, with the 
mass detector set to centroid mode and a noise level threshold of 2.0E0. After 

Compound classes prediction from MS2 spectra was done using SIRIUS 
 et al.

 et al.  et al.  
et al.  et al.

, and the selected 

Bioactivity Assays

The antibacterial and antifungal properties were assessed using previously 
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 et al.  et al.
Santos et al.

were then diluted to achieve assay inoculum concentrations of approximately 
Staphylococcus aureus

Acinetobacter baumannii Escherichia coli 
Klebsiella pneumoniae Staphylococcus aureus 

Aspergillus fumigatus
Candida albicans

extract per well. Positive and negative internal controls were included on the 
 et al., 2020, 

Monteiro et al.  et al.

 et al.

The percentage of growth inhibition was determined using the following 
formula:

Anticancer assays 
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Supplementary information

Table S1. Overview of strains included in the study and corresponding angucyclines 
documented in the literature.
Strain BGC Reference
Streptomyces sp. Lugdunomycin  et al.

Streptomyces 
scopuliridis

Thioangucycline

Streptomyces sp. Limamycin  et al.

Streptomyces sp. Limamycin  et al.

Streptomyces sp.  et al.

Streptomyces sp. Prejadomycin

 et al.
Streptomyces 
sp.CS057

 et al.

Streptomyces 
venezuelae

Jadomycin

Streptomyces 
ambofaciens

Alpomycin  et al.

Streptomyces 
albus
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Figure S3
of lugdunomycin is depicted on the left. On the right, the lugdunomycin network is shown, 

in the Streptomyces sp. m/z
Streptomyces sp.

a lugdunomycin isomer.
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