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A metabologenomics approach reveals the unexplored 
biosynthetic potential of bacteria isolated from an Amazon 
Conservation Unit
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ABSTRACT The Amazon, an important biodiversity hotspot, remains poorly explored 
in terms of its microbial diversity and biotechnological potential. The present study 
characterized the metabolic potential of Gram-positive strains of the Actinomycetes and 
Bacilli classes isolated from soil samples of an Amazon Conservation Unit. The sequenc­
ing of the 16S rRNA gene classified the strains ACT015, ACT016, and FIR094 within 
the genera Streptomyces, Rhodococcus, and Brevibacillus, respectively. Genome mining 
identified 33, 17, and 14 biosynthetic gene clusters (BGCs) in these strains, including 
pathways for the biosynthesis of antibiotic and antitumor agents. Additionally, 40 BGCs 
(62,5% of the total BGCs) were related to unknown metabolites. The OSMAC approach 
and untargeted metabolomics analysis revealed a plethora of metabolites under 
laboratory conditions, underscoring the untapped chemical diversity and biotechnolog­
ical potential of these isolates. Our findings illustrated the efficacy of the metabologe­
nomics approach in elucidating secondary metabolism and selecting BGCs with chemical 
novelty.

IMPORTANCE The largest rainforest in the world is globally recognized for its biodiver­
sity. However, until now, few studies have been conducted to prospect natural products 
from the Amazon microbiome. In this work, we isolated three free-living bacterial species 
from the microbiome of pristine soils and used two high-throughput technologies to 
reveal the vast unexplored repertoire of secondary metabolites produced by these 
microorganisms.

KEYWORDS secondary metabolism, biosynthetic gene clusters, untargeted metabolo­
mics, Streptomyces, Rhodococcus, Brevibacillus

T he Amazon is the largest rainforest in the world and is considered an important 
source of biodiversity. The bioeconomy has been one of the strategic solutions 

for the social and economic development of the region. It recognizes biodiversity 
as an important commercial asset and, therefore, emphasizes the need for ecosys­
tem conservation (1). The prospecting of natural products from Amazonian microbial 
communities has proven to be a promising strategy for discovering new molecules, 
including volatile organic compounds with antimicrobial activities and β-glucosidase 
inhibitors synthesized by cyanobacteria isolated from lagoons in the region (2, 3) and 
a new biosurfactant produced by Pseudomonas aeruginosa isolated from the soil of 
a mining area, which has antiviral, antitumor, and antimicrobial activities (4). Natural 
products (secondary metabolites, or specialized metabolites) are produced by ribosomal 
or non-ribosomal synthesis and play a crucial role in the adaptation of microorganisms to 
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their natural habitat (5, 6). Beyond their ecological importance, their chemically diverse 
structures have been extensively explored for the development of biotechnologi­
cal products for a plethora of applications, including antibiotics for human health (7). 
Traditionally, most natural product discovery has been driven by top-down approaches, 
with bioactivity-guided fractionation of extracts from microbes and plants. However, 
the laborious steps of this kind of analysis and its technical limitations compromise the 
efficiency of discovery rates (8).

The omics technologies have enabled the increasing number of complete genomes 
deposited in public databases, which increased considerably since the emergence of 
high-throughput DNA sequencers approximately 20 years ago (9). Through genome 
mining techniques, it is possible to observe many Biosynthetic Gene Clusters (BGCs) 
that encode secondary metabolites with unknown functions (10). Additionally, advances 
in untargeted metabolomics due to increasingly sensitive tandem mass spectrometry 
(MS/MS) systems have allowed a more in-depth analysis of the metabolic components 
of interesting extracts (11). The integration of omics data has enhanced the efficacy of 
traditional drug discovery methods by facilitating access to biosynthetic pathways and 
the development of strategies to stimulate the activation of silent (cryptic) gene clusters 
in laboratory culture. This has enabled the identification and de-replication of known 
compounds, thereby facilitating the identification of new enzymatic pathways involved 
in the biosynthetic production of promising metabolites (12).

Metabologenomics (genome sequencing combined with mass spectrometry-based 
metabolomics) combined with the OSMAC strategy (One Strain Many Compounds) is 
a powerful multi-omics approach for discovering new secondary metabolites, being 
successfully employed in the discovery of novel alkaloids from Lacinutrix shetlandiensis 
isolated from the southern sea (13–15). The same strategy was used by Iacovelli and 
colleagues (16) to describe the sesquiterpene- and lactone-producing fungus Anthos­
tomella pinea, including its enzymes with biotechnological relevance such as carbo­
hydrate-active enzymes (CAZymes) and non-specific peroxygenases (UPOs) (16). This 
study shows the unexplored biosynthetic potential of three free-living bacterial strains 
isolated from soil samples collected at an environmental protection area near the city of 
Belém (PA, Brazil) at the Brazilian Amazon. The metabologenomic approach enabled the 
identification of the main classes of secondary metabolites produced by Streptomyces sp. 
ACT015, Rhodococcus sp. ACT016, and Brevibacillus sp. FIR094 and revealed a significant 
number of molecules that have not yet been explored.

MATERIALS AND METHODS

Sampling

Soil samples were collected from three points in the Utinga State Park, an environmen­
tal protection area near the city of Belém, Brazilian Amazon (Sample A: 1°25'35.6"S 
48°25'28.2"W; Sample B: 1°25'30.6"S 48°25'35.0"W; Sample C: 1°25'28.3"S 48°25'42.9"W) 
(Fig. S1). Sampling was conducted during Amazon summer on October 7, 2021. A total of 
10 g of soil was collected from a depth of 10 cm and stored at 4°C in previously sterilized 
polypropylene tubes.

Bacterial isolation

Bacterial isolation was performed by serial dilution in saline solution (NaCl 0,9%) from 1 g 
of soil with subsequent inoculation of aliquots of up to 10−4 on Starch Casein Agar (SCA) 
by spread plate method. The medium was supplemented with 100 µg/mL−1 cyclohexi­
mide to inhibit fungal growth. Plates were incubated at 28°C ± 2°C for up to 72 h. 
The suggestive actinomycete colonies (with a tough texture and a dry appearance and 
filaments with or without aerial mycelia) and bacillus colonies were isolated by strake 
plate method on SCA and stored in 20% glycerol at −80°C in Biological Engineering 
Laboratory biobank.
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Taxonomic classification

The strains were taxonomically classified based on the sequence of their 16S rRNA 
gene. Isolates were grown on Tryptic Soy Broth (TSB), and genomic DNA was extracted 
using DNeasy Blood and Tissue kit (Qiagen) according to the manufacturer’s protocol. 
The Qubit Fluorometer (Thermo Fisher Scientific) was used for DNA quantification, and 
DNA integrity was evaluated on 1% agarose gel. The 16S rRNA gene was amplified 
using the universal primer pair 8F (5′-AGAGTTTGATCCTGGCTCAG-3´) and 1492R (5′-G
GTTACCTTGTTACGACTT-3′). The PCR reaction was performed using the GoTaq Green 
Master Mix (Promega) with 10 ng of DNA and both primers at 200 nM. Amplicons 
were purified using ExoSAP PCR Product Cleanup Reagent (Thermo Fisher Scientific) 
and sequenced on ABI Prism 3500 Genetic Analyzer (Thermo Fisher Scientific) using 
the BigDye Terminator v3.1 kit. The sequences were analyzed in BioEdit v.7.2 and 
compared with the NCBI GenBank database using the web BLASTn available at https://
ncbi.nlm.nih.gov/blast.

Selection of strains

The criteria adopted to select strains with biosynthetic potential were (i) they should 
belong to the Actinomycetes and Bacilli classes, which are known to produce secondary 
metabolites of biotechnological interest and (ii) they should present inhibitory activity 
against control strains. Inhibitory activity was evaluated using the cross-streak method 
(17). Briefly, a single streak of the isolate was inoculated on Tryptic Soy Agar (TSA) and 
incubated at 28°C±2°C for up to 48 h. Subsequently, two control strains, Staphylococcus 
aureus ATCC 29213 and Escherichia coli ATCC 25922, were cross-streaked near the isolate 
streak. After incubation, the formation of inhibition zones near the growth of the isolate 
was considered an indication of bioactivity, allowing the selection of metabolically 
promising strains.

Genome sequencing

Genome sequencing was performed using short- and long-read approaches to the 
three selected strains. Short-read sequencing was performed on Ion GeneStudio S5 
Plus (Thermo Fisher Scientific) using the Ion 550 Chip kit. Long-read sequencing was 
performed on PromethION P2 Solo (Oxford Nanopore Technologies) using a R10.4.1 
flow cell. Genome assembly was performed using SPAdes v.3.15.5 (18) and Flye v.2.9.2 
(19) for short and long reads, respectively. Prokka v.1.14.5 (20) was used for genome 
annotation, and BUSCO (21) was used to evaluate genome completeness. The MUMmer 
v.4.0.0 systems were used to perform genome alignment against references deposited in 
GenBank, and CIRCOS v.0.69-9 (22) was used to construct circular maps. COG (Cluster of 
Orthologous Groups) assignment was performed in eggNOG-mapper v. 2.1.12 with the 
eggNOG database v. 5.0.2 database (23). Additionally, the Kyoto Encyclopedia of Genes 
and Genomes (KEGG) was used to obtain functional information of the predicted genes 
(24).

Genome mining

AntiSMASH v.7.0.0 software (25) was used to identify BGCs in the sequenced genomes 
(22). The following parameters were used: detection strictness “relaxed” and “all on” extra 
features. Manual curation was performed after AntiSMASH prediction using the MIBiG 
platform (Minimum Information about a Biosynthetic Gene cluster) (26) and BLAST (27). 
Additional analyses were performed using GenBank (28), UniProt (29), Pfam (30), and the 
Protein Data Bank (PDB) (31).

Sample preparation and metabolite extraction

The genomically characterized isolates were grown in different culture media to 
stimulate the expression of different classes of secondary metabolites (OSMAC strategy): 
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Streptomyces sp. ACT015 and Rhodococcus sp. ACT016 were grown in A1, TSB, TSBY, 
and ISP2 media while Brevibacillus sp. FIR094 was grown in LB, TSB, and R2A media. 
Erlenmeyer flasks containing 500 mL of medium were incubated at 30°C and 200 rpm for 
48 h and subsequently sonicated in an ice bath for 10 cycles of 30 s at 30 s intervals. After 
lysis, the samples were centrifuged at 37,000 g for 30 min, and the supernatant was used 
for secondary metabolite extraction.

To 500 mL of culture, 400 mL (80% of the volume) of ethyl acetate was added in 
two stages (200 mL each stage). After the first separation of the organic phase from 
the aqueous phase, the aqueous phase was returned to the separation funnel, and the 
second portion of ethyl acetate was added. The organic phase portions were evaporated 
on a rotary evaporator at 40°C, 100 rpm. After complete solvent evaporation, they were 
resuspended with methanol (up to 10 mL) and transferred to pre-weighed 50 mL falcon 
tubes. The sample was dried using a SpeedVac (Thermo Scientific), and the solids were 
reweighed to calculate the obtained mass. For UPLC-MS/MS injection, the samples were 
resuspended in DMSO to a concentration of 10 mg mL−1.

Collection and analysis of data by UPLC-MS/MS

For the UPLC-MS/MS chemical profile, 2 µL aliquots from the samples were injected into 
a BEH C18 reversed-phase column (1.7 µm, 2.1 × 100 mm) coupled to a compatible 
pre-column, using a Waters Acquity H-Class UPLC system (Waters, Milford, MA, USA) 
coupled to a Bruker Impact II UHR-ESI-QqTOF mass spectrometer (Bruker Daltonics, 
Billerica, MA, USA). A solvent system of water (A), acetonitrile (B), 2% formic acid (C), 
and methanol (D) was used to compose the following analytical method: flow rate of 
0.5 mL/min; column temperature 40°C; 0–1 min, 5% B; 1–6 min, 5% B to 35% B (curve 
6); 6–10 min, 35% B to 95% B (curve 1); 10–12 min, 95% B; 12–15 min, 95% D (curve 
1); and 15–18 min for column equilibration to the initial phase. C was kept constant at 
5% (final concentration of 0.1%). The mass spectrometer was operated in positive ion 
mode, scanning mass in the range of 30–2,000 Da, with an acquisition rate of 8 Hz. End 
plate offset = 500 Volts (V); Vcap was 4,500 V; nebulizer was 4.0 bar; drying gas flow 
(N2) was 10 L/min; and drying gas temperature was 200°C. This was followed by an 
MS/MS scan for the most intense ions, with a cycle time of 1 s and an absolute threshold 
(per 1,000 sums) of 1,500 cts. For MS2, the mass-to-charge ratio (m/z) below 200 Da 
was excluded, and the “active exclusion” function was used. Each run was automatically 
calibrated using HCOONa (10 mM). The calibrated spectra were converted into mzXML 
files through Data Analysis 4.3 and included bio CompassXport tools (Bruker Daltonics, 
version 4.0.0.8).

NP³ MS workflow data processing and analysis

Data processing and analysis were carried out using the NP³ Mass Spectrometry 
Workflow platform (32). The Spectra Similarity Molecular Networking (SSMN) was 
useful for organizing spectra in terms of similarity, providing an overview of metab­
olite distribution, and visualizing clusters of similar metabolites (possible analogs or 
compound families). The molecular network Ionization Variant Annotation Molecular 
Networking (IVAMN) was used as the basis to select and exclude nodes present 
in chromatographic blank samples and their immediate first neighbors. Then, the 
remaining nodes marked as protonated representatives (protonated_representative 
column equal to one in the node count table) were selected and filtered. The con­
struction of IVAMN and SSMN in Cytoscape (33) was carried out following a Python 
script that automates some tasks in the software using the py2cytoscape library (https://
github.com/cytoscape/py2cytoscape). After these automated steps, nodes marked as 
culture media (bed), self-loop nodes, and nodes without connections were manually 
removed. The MS/MS chemical structure was performed using spectrum matches with 
the Global Natural Products Social Molecular Networking (GNPS) (34) and In Silico 
Spectral Databases of Natural Products (UNPD-ISDB) (35) databases. Annotations were 
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manually reviewed, and the related MS/MS clusters were grouped and named based on 
the chemical groups found in SSMN.

RESULTS

Selection of strains and general genomic characteristics

A total of 50 bacterial strains were isolated from Amazonian soils and maintained in 
the biobank of the Biological Engineering Laboratory (Belém, PA, Brazil). The strains 
ACT015, ACT016, and FIR094 were selected according to the criteria presented in the 
methods section and were classified by their 16S rRNA gene sequences in the genera 
Streptomyces, Rhodococcus, and Brevibacillus, respectively (Fig. 1a through c). Streptomy­
ces sp. ACT015 presented a genome size of 8.6 Mb and 7,161 coding sequences (CDSs), 
whereas Rhodococcus sp. ACT016 and Brevibacillus sp. FIR094 presented genome sizes of 
5.8 and 6.4 Mb, and 5,910 and 3,303 CDSs, respectively. General genomic characteristics 
are summarized in Table 1 and are in accordance with the average values for each genus. 
The genomes of Streptomyces sp. ACT015 and Rhodococcus sp. ACT016 were assembled 
using long-reads, whereas the Brevibacillus sp. FIR094 genome was assembled using 
short reads (Table 1).

The Rhodococcus sp. ACT016 genome was assembled into two contigs. The smaller 
contig (642,065 Kbp) showed very low similarity to the 13 Rhodococcus complete 
genomes used as reference (Fig. S2). Some genes found in this contig were related 
to plasmid functions such as the tra genes, which are directly involved in conjugative 
DNA transfer. One of these genes had a conjugative relaxase domain TrwC (Fig. S3a). 
Additionally, the plasmid-encoded enzyme AtzC was partially detected, presenting 97% 
similarity to the Rhodococcus sp. SGAir0479 gene (Fig. S3b). However, it was not possible 
to identify the plasmid incompatibility group using the PlasmidFinder v. 2.1.6 database 
(36).

Genomic rings were drawn to compare the genomes of ACT015, ACT017, and FIR094 
against other reference strains with complete genomes deposited in GenBank (Fig. 2a, 
3a, and 4a) (Table S1). CDSs containing COGs of unknown function (S) were the most 
represented in the three genomes (1,085 CDSs in Streptomyces sp. ACT015; 1,208 CDSs 
in Rhodococcus sp. ACT016; and 1,227 CDSs in Brevibacillus sp. FIR094), followed by 
transcription (K) (914 CDSs in Streptomyces sp. ACT015; 653 CDSs in Rhodococcus sp. 
ACT016; and 589 CDSs in Brevibacillus sp. FIR094). The transcription category encom­
passes activator or repressor proteins and sigma factors; therefore, they are key genes for 
environmental adaptation. The most abundant COG pathways were related to primary 
cellular functions such as carbohydrate metabolism, protein metabolism, and inorganic 
ion metabolism (Fig. 2b, 3b, and 4b). Other primary metabolic pathways were also 

FIG 1 Visual aspect of colonies of (a) Streptomyces sp. ACT015, (b) Rhodococcus sp. ACT016, and (c) Brevibacillus sp. FIR094, grown on Tryptone Soy Agar (TSA).
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detected such as those involved in carboxylic acid metabolism, nucleotide metabolism, 
and biosynthesis of amino acids and cofactors (Fig. 5).

The COG analysis identified 388 CDSs related to secondary metabolism in Streptomy­
ces sp. ACT015, 422 in Rhodococcus sp. ACT016, and 178 in Brevibacillus sp. FIR094 (Fig. 
2b, 3b and 4b). The KEEG enrichment, in contrast, found 370 CDSs related to secondary 
metabolism in Streptomyces sp. ACT015, 327 CDSs in Rhodococcus sp. ACT016, and 286 

FIG 2 (a) Circular map of Streptomyces sp. ACT015 genome. From the outermost ring to the innermost: locations of the 33 Biosynthetic Gene Clusters; genome 

size; Coding Sequences (forward and reverse); the genomes of S. cadmiisoli ZFG47; S. griseoviridis F1-27; S. griseoviridis K61; S. koyangensis SCSIO 5802; S. 

koyangensis VK-A60T; Streptomyces sp. HF10; Streptomyces sp. NEAU-sy36; Streptomyces sp. SUK 48; Streptomyces sp. WA1-19; and Streptomyces sp. WP-1; G + C 

skew; and G + C content. (b) Cluster of orthologous groups functional categories.

TABLE 1 General genomic characteristics of the three isolated strains

Strains Streptomyces sp. 
ACT015

Rhodococcus sp. 
ACT016

Brevibacillus sp. 
FIR094

Assembly
  Genome size (pb) 8,643,132 5,868,135 6,348,900
  Number of contigs 1 1 117
  N50 (bp) 8,643,132 5,868,135 116,003
  G + C (%) 73 68,4 47,2
  Coverage (x) 329 82 507
BUSCO
  Complete and single copy 1,562 730 437
  Complete and duplicate 6 11 4
  Fragmented 6 2 6
  Missing 5 0 3
  Total BUSCO genes 1,579 743 450
  BUSCO completeness (%) 99,4 99,8 98,0
Annotation
  Number of CDS 7,161 5,919 3,309
  Number of hypothetical genes 1,579 743 2,333

Research Article Microbiology Spectrum

Month XXXX  Volume 0  Issue 0 10.1128/spectrum.00996-24 6

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/s

pe
ct

ru
m

 o
n 

11
 D

ec
em

be
r 

20
24

 b
y 

28
04

:d
4b

:7
80

1:
e9

00
:7

1d
8:

80
57

:6
b1

a:
c3

54
.

https://doi.org/10.1128/spectrum.00996-24


in Brevibacillus sp. FIR094 and distributed in three heterogeneous profiles to the strains, 
especially for ACT015, the more external clade in Fig. 5. According to the genomic 
enrichment data (Fig. 5), the most abundant biosynthetic pathways in Streptomyces 
sp. ACT015 were related to the synthesis of terpenoids, polyketides, aminoglycosides, 
alkaloids, and beta lactams. Rhodococcus sp. ACT016 presented genes for the synthesis of 
terpenes (including carotenoids), siderophores, polyketides, aminoglycosides, and beta 
lactams, whereas Brevibacillus sp. FIR094 presented a significant number of pathways for 
the synthesis of terpenes, non-ribosomal peptides, and polyketides.

Genome mining and biosynthetic potential

A total of 64 BGCs were identified in the genomes, most of which had low or no similarity 
to known clusters (62,5%). Occasionally, a BGC may contain one or more biosynthetic 
genes and therefore synthesize from the same cluster, producing different types of 
metabolites (37). This type of cluster was mainly observed in the Streptomyces sp. ACT015 
and Brevibacillus sp. FIR094 genomes.

Thirty-three BGCs were detected in the genome of Streptomyces sp. ACT015. The main 
classes of biosynthetic genes were Polyketide Synthases (PKS), Ribosomally Synthesized 
and Post-translationally modified Peptide (RiPP), Non-Ribosomal Peptide Synthetase 
(NRPS), terpenes, and hybrid NRPS-PKS. Eighteen of 33 BGCs showed 70% homology 
with the MIBiG database, including BGCs responsible for the biosynthesis of carotenoids, 
mycelin, candicidin, flavolin, e-Polylysine, ectoin, melanin, deferoxamine, albaflavenone, 
indigoidine, minimycin, geosmin, antimycin, splenocin C, neoantimycin, trioxacarcin A, 
hopene, streptazone E, neocarziline A/B, SapB, birimostide, and ethylenediaminesuccine 
acid hydroxyarginine (EDHA). Among the 15 BGCs with low or no homology, 6 were 
related to RiPP, 4 NRPS, 4 PKS, 2 NRPS-PKS, and 2 terpenes (Table 2).

FIG 3 (a) Circular map of Rhodococcus sp. ACT016 genome. From the outermost ring to the innermost: locations of the 17 biosynthetic gene clusters; genome 

size; coding sequences (forward and reverse); the genomes of Rhodococcus sp. W8901; Prescottella equi ATCC 33701; P. equi BJ13; P. equi DSSKP-R-001; P. equi 

FDAARGOS 952; P. equi JCM94-14; P. equi JCM94-27; P. equi JCM94-31; P. equi JCM94-3; P. equi JID03-46; P. equi JID03-56; P. equi PAM2287; and P. equi U19; G + C 

skew; and G + C content; (b) Cluster of orthologous groups functional categories; (c) Putative plasmid with 642,065 bp, 65% GC content and 2 BGCs.

Research Article Microbiology Spectrum

Month XXXX  Volume 0  Issue 0 10.1128/spectrum.00996-24 7

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/s

pe
ct

ru
m

 o
n 

11
 D

ec
em

be
r 

20
24

 b
y 

28
04

:d
4b

:7
80

1:
e9

00
:7

1d
8:

80
57

:6
b1

a:
c3

54
.

https://doi.org/10.1128/spectrum.00996-24


In Rhodococcus sp. ACT016 genome, 17 BGCs were identified. The main classes 
were NRPS and terpenes. Only two had >70% similarity with MIBiG database and 
were predicted to be involved in the synthesis of e-Polylysine and ectoine. BGCs with 
similarity between 30% and 70% were related to the production of isorenieratene, 
corynecin, phosphoramidon, and thermochelin. The remaining 11 BGCs presented low or 
no similarity with the database, including 7 NRPS, 1 terpene, 1 RiPP, and 1 PKS (Table 3). 
Additionally, we were able to find two BGCs in the accessory contig, a putative plasmid, 
being an uncharacterized NRPS, and a Butyrolactone 63% similar to Heterobactin (Table 
3).

Finally, 14 BGCs were identified in Brevibacillus sp. FIR094 genome. The main BGC 
classes were RiPP, NRPS, and hybrid NRPS-PKS. Only four showed >70% homology with 
the MiBiG database, including BGCs for the synthesis of tyrocidine, gramicidin, macro­
brevin, and petrobactin. The other 10 BGCs showed low or no similarity, including 3 
NRPS-PKS, 6 RiPPs, 1 PKS, and 1 terpene (Table 4).

Untargeted metabolomics

To stimulate the production of as many secondary metabolites as possible, strains were 
grown in different culture media (32, 38). Molecular network analysis also facilitated 
the identification of variations caused by the OSMAC strategy (Fig. 6a). Considering all 
culture media, Streptomyces sp. ACT015 presented the richer raw molecular network 
containing 335 nodes, whereas Brevibacillus sp. FIR094 presented 312 nodes, and 
Rhodococcus sp. ACT016 presented only 100 nodes, totalling 747 nodes. The strains 
shared a few nodes, for example, Streptomyces sp. ACT015 and Rhodococcus sp. ACT016 
shared only four nodes related to primary metabolism (Fig. 6b).

FIG 4 (a) Circular map of Brevibacillus sp. FIR094 genome. From the outermost ring to the innermost: locations of the 14 biosynthetic gene clusters; genome 

size; coding sequences (forward and reverse); the genomes of B. brevis B011; B. brevis DZQ7; B. brevis HK544; B. brevis HNCS-1; B. brevis NBRC-100599; B. brevis 

NCTC2611-1; B. choshinensis HPD31-SP3; B. formosus NF2 ; B. parabrevis B3; B. parabrevis BCP-09; Brevibacillus sp. DP1.3A; and Brevibacillus sp. HD3.3A; G + C skew; 

and G + C content. (b) Cluster of orthologous groups functional categories.
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Streptomyces sp. ACT015 produced more metabolites in ISP2 and A1 culture media 
(Fig. 6c). In contrast, Rhodococcus sp. ACT016 produced more metabolites in A1 and TSB 
media (Fig. 6d), whereas R2A was the best medium for Brevibacillus sp. FIR 094 (Fig. 
6e). Approximately 135, 40, and 119 nodes of Streptomyces sp. ACT015, Rhodococcus 
sp. ACT016 e Brevibacillus sp. FIR 094, respectively, were annotated by GNPS and/or 
UNPD-USDB databases. In contrast, 89, 23, and 105 nodes were not identified. When 
we applied restrictive parameters for spectra annotation (GNPS: Score >0.85; UNPS-ISDB 

FIG 5 Heatmap of enriched KEGG metabolism pathways. The color scale (right side) corresponds to the relative value of 

metabolites enriched in each KEGG pathway, being yellow the “highest” enrichment, and blue the “lower” enrichment. The 

upper dendrogram was generated using hierarchical clustering and represents the distance across the predicted metabolic 

profiles.
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TABLE 2 Biosynthetic gene clusters predicted by AntiSMASH in the Streptomyces sp. ACT015 genome

BGC Biosynthetic pathway Similar cluster Similarity

BGC 1 Terpene Isorenieratene 100%
Carotenoid 87%

PKS Rustimicin 33%
BGC 2 RiPP-Lanthipeptide I - 0%

RiPP-Lanthipeptide II
NRPS

BGC 3 NRPS-PKS Detoxin P1/P2/P3 50%
Detoxin N2/N3 40%

BGC 4 Terpene - 0%
BGC 5 Butyrolactone - 0%
BGC 6 NRPS Amychelin A/B 81%

Cahuitamycin A/B/C 62%
BGC 7 T1PKS Chlorothricin 32%

Nucleoside - 0%
BGC 8 NRPS-T1PKS Candicidin 100%
BGC 9 T3PKS Flaviolin 100%
BGC 10 Other ε-Poli-L-lysine 100%
BGC 11 Other Ectoine 100%
BGC 12 Other Melanin 100%
BGC 13 Other Deferoxamine E 100%

Deferoxamine A/B 83%
FW0622 62%

BGC 14 RiPP-Lanthipeptide - 0%
BGC 15 Terpene Albaflavenone 100%
BGC 16 PKS Kinamycin 13%
BGC 17 NRPS Indigoidine 100%

Minimycin 100%
BGC 18 RiPP - 0%
BGC 19 Terpene Geosmin 100%
BGC 20 NRPS-PKS Antimycin 100%

Splenocin C 93%
Neoantimycin 76%

PKS Trioxacarcin A 71%
BGC 21 Siderophore Paulomycin 13%
BGC 22 Terpene Hopene 92%
BGC 23 RiPP-Lanthipeptide - 0%
BGC 24 T1PKS Streptazone E 75%
BGC 25 Phosphonate - 0%
BGC 26 T1PKS Neocarzilin A/B 85%

NRPS - 0%
RiPP-Lanthipeptide V - 0%

BGC 27 Terpene - 0%
BGC 28 RiPP-Lanthipeptide III SapB 75%
BGC 29 NRPS Azalomycin 13%
BGC 30 RiPP - 0%
BGC 31 RiPP-Lanthipeptide Birimositide 100%

T1PKS Amicomycin 25%
Betalactone - 0%

BGC 32 Other EDHA 100%
BGC 33 NRPS-T1PKS Totopotensamide A/B 58%

T3PKS - 0%
(Continued on next page)
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Score >0.4; and Error <20 ppm), the number of identified spectra decreased drastically 
(Fig. 6f).

One hundred and twenty nodes were annotated in the Streptomyces sp. ACT015 
metabolome, 85 of which were annotated using the UNPD-ISDB database and 50 using 
the GNPS database. Eighty-nine nodes were not annotated, corresponding to 42% of 
the metabolome. Rhodococcus sp. ACT016 produced 32 secondary metabolites that 
were annotated using UNPD-ISDB and GNPS databases, and 23 metabolites had no 
match (approximately 41% of the metabolome). Brevibacillus sp. FIR094 produced the 
largest number of unidentified metabolites (105 nodes), corresponding to 54% of the 
metabolome. Of the 88 secondary metabolites annotated, 41 had matches with the 
GNPS database and 78 were annotated with the UNPD-ISDB database.

Among the main superclass, the Streptomyces sp. ACT015 metabolome highlights 
the presence of organic acids, organic oxygen compounds, organ heterocyclic com­
pounds, lipids, alkaloids, benzenoids, macrolides, peptides and oligopeptides, polyketi­
des, and terpenoids (Fig. 7a). In the Rhodococcus sp. ACT016 metabolome the following 
superclasses were the most prominent: organic acids, organic oxygen compounds, 
organ heterocyclic compounds, lipids, alkaloids, and terpenoids (Fig. 7a). Finally, in the 
Brevibacillus sp., FIR094 metabolome showed mostly organ heterocyclic compounds, 
lipids, alkaloids, benzenoids, oligopeptides, polyketides, and terpenoids (Fig. 7a).

Some BGCs predicted by genome mining were possible to be confirmed with the 
metabolites annotated by LC-MS/MS. For example, BGC 20 (Table 2) from Streptomyces 
sp. ACT015 showed 100% similarity with the NRPS-PKS gene cluster that produces 
Antimycin (compound 1). This metabolite was annotated in its metabolome by using 

TABLE 2 Biosynthetic gene clusters predicted by AntiSMASH in the Streptomyces sp. ACT015 genome 
(Continued)

BGC Biosynthetic pathway Similar cluster Similarity

NRPS - 0%
a"-" in the "similar cluster" column means that no biosynthetic cluster similar to a known molecule present in the 
MiBIG databases was identified.

TABLE 3 Biosynthetic gene clusters predicted by AntiSMASH in the Rhodococcus sp. ACT016 genome

BGC Biosynthetic pathway Similar cluster Similarity

BGC 1.1 Other ε-Poly-L-lysine 100%
BGC 1.2 NRPS Thermochelin 38%
BGC 1.3 RiPP - 0%
BGC 1.4 NRPS Calicheamicin 8%
BGC 1.5 Terpene - 0%
BGC 1.6 NRPS - 0%
BGC 1.7 NRPS - 0%
BGC 1.8 NRPS - 0%
BGC 1.9 Terpene Isorenieratene 42%
BGC 1.10 Other Ectoine 75%
BGC 1.11 NRPS Corynecin 53%
BGC 1.12 Redox cofactor - 0%
BGC 1.13 NRPS - 0%
BGC 1.14 Betalactone - 0%
BGC 1.15 NRPS - 0%
BGC 1.16 NRPS - 0%

Other Phosphoramidon 40%
BGC 1.17 T1PKS - 0%
BGC 2.1 Butyrolactone - 0%
BGC 2.1 NRPS Heterobactin 63%
a"-" in the "similar cluster" column means that no biosynthetic cluster similar to a known molecule present in the 
MiBIG databases was identified.
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the GNPS database (1, m/z 506.3116) (Fig. 7b). Another example was the BGC 13 from 
Streptomyces sp. ACT015 presented 100% similarity with a gene cluster that produces 
Deferoxamine E (compound 2), a molecule that was further annotated in the metabo­
lome of the bacteria grown on ISP2 medium (2, m/z 601.355) (Fig. 7b).

Despite correlations with this degree of specificity could not be made for other BGCs, 
some metabolites were annotated in the same chemical classes as some BGCs predicted 
in the genomes. For example, the ion with m/z 219.1741 in SSMN from Streptomyces sp. 
ACT015 metabolome was annotated as a sesquiterpene class and likely corresponds to 
the product of BGC 15, which presented 100% similarity to a gene cluster involved in the 
synthesis of the sesquiterpene Albaflavenone (218.33 g mol−1). Comparisons between 
the genome and metabolome of Brevibacillus sp. FIR094 and Rhodococcus sp. ACT016 
also revealed several correlations between BGCs and metabolites at the chemical class 
level. However, in most cases, no direct correlation could be made.

DISCUSSION

Streptomyces sp. ACT015 is a resource of known and unknown NPs geneti­
cally rich and metabolically active

Genomic parameters such as genome size, number of CDSs, and GC content were 
in accordance with what is expected for isolates of the genus Streptomyces (39). The 
genome mining of Streptomyces sp. ACT015 revealed a high diversity of biosynthetic 
gene clusters (BGCs), including polyketide synthases (PKS); non-ribosomal peptides 
(RiPPs) such as lanthipeptides, terpenes, non-ribosomal peptides, and polyketides 
(NRPS); and hybrid NRPS-PKS, which were identified as the most predominant. Belknap 
and colleagues (10) analyzed 1,110 Streptomyces genomes and identified these same 
BGCs as the most common of the genus. Additionally, the authors underscored the 
capacity of Streptomyces to harbor BGCs that synthesize molecules with antitumor 
activity (10). In Streptomyces ACT015, the coding regions responsible for the biosynthesis 
of the antimycin family of antimicrobials were identified (Table 2). As natural products 
typically address multiple targets to maximize their biological effects (40), the antiproli­
ferative mechanisms of antimycin and their analogs have been described in cell lines 
of lung cancer, oral cancer, and cervical cancer. It has been postulated that the com­
bination of antimycin with therapeutic agents may facilitate the overcoming of drug 
resistance and potential relapses (41–43). The presence of a cluster for the biosynthesis 

TABLE 4 Biosynthetic gene clusters predicted by AntiSMASH in the Brevibacillus sp. FIR094 genome

BGC Biosynthetic pathway Similar cluster Similarity

BGC 1 RiPP-LAP Youssoufene 11%
BGC 2 NRPS Tyrocidine 81%
BGC 3 NRPS Gramicidin 91%

RiPP-Lanthipeptide I - 0%
BGC 4 NRPS-PKS Zwittermicin A 11%
BGC 5 NRPS-PKS - 0%
BGC 6 RiPP - 0%
BGC 7 T1PKS Trans-AT Macrobrevin 100%

NRPS - 0%
BGC 8 NRPS-PKS Trans-AT Aurantinin 25%
BGC 9 Siderophore Petrobactina 83%
BGC 10 RiPP TVA-YJ-2 4%
BGC11 Terpene - 0%
BGC 12 PKS Bacitracin 22%
BGC 13 RiPP - 0%
BGC 14 RiPP - 0%
a"-" in the "similar cluster" column means that no biosynthetic cluster similar to a known molecule present in the 
MiBIG databases was identified.
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FIG 6 (a) Spectra similarity molecular networking (SSMN) representing the secondary metabolites synthesized by the strains 

grown in different culture media. Each spectrum is represented by a node, and the level of similarity between nodes is directly 

proportional to the size of the edge that connects those nodes. Orange, purple, and green nodes represent spectra acquired

(Continued on next page)
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of neocarzilin also underscores the role of Streptomyces sp. ACT015 in the production 
of antitumor molecules (Table 2). Neocarzilin has been demonstrated to exhibit potent 
antimigratory and antiproliferative effects in both in vitro and in vivo breast cancer trials 
(44).

Given that the NRPS and PKS enzymes share the same assembly line organization, 
modules have been identified in ACT015 that house both pathways (BGCs 3, 8, 20, and 
33 - Table 2). These clusters are commonly known as hybrid BGCs producing important 
specialized metabolites, such as salinosporamide A and eponemycin or TMC-86A, both 
potent proteasome inhibitors (45, 46). Although the origin and role of hybrid BGCs are 
poorly understood, these systems produce bioactive chimeric molecules that contribute 
significantly to the diversity of secondary metabolites observed in nature (47). The BGC 
8 of the ACT015 strain contains the NRPS-T1PKS hybrid system, which is responsible for 

Fig 6 (Continued)

from the metabolome of Brevibacillus sp. FIR094, Streptomyces sp. ACT015, and Rhodococcus sp. ACT016, respectively. The size 

of the node indicates the percentage of ion contribution (peak area). Pink circles (UNPD-ISDB), black squares (GNPS), or pink 

squares (for both) identify the database responsible for the metabolite annotation. (b) Venn diagram with the total number 

of spectra detected in the crude extracts of the three strains. (c) Venn diagram illustrating the distribution of metabolite 

production in each of the culture media in Streptomyces sp. ACT015. (d) Venn diagram illustrating the distribution of 

metabolite production in each of the culture media in Rhodococcus sp. ACT016. (e) Venn diagram illustrating the distribution 

of metabolite production in each of the culture media in Brevibacillus sp. FIR094.

FIG 7 (a) SSMN represents the chemical superclass of each node. Each superclass is represented by a different color identified by the legend. Unidentified 

spectra are represented by white nodes. (b) LC-MS/MS analysis highlights the presence of Antimycin A4 (1) and Deferoxamine E (2) in Streptomyces sp. ACT015 

crude extract, validating BGCs 20 and 13, respectively. The clusters are highlighted in the SSMN by dotted circles.
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the biosynthesis of the antifungal agent candicidin. In this BGC, which is over 100 kb 
in size, three consecutive regulatory genes from the luxR family were identified as 
forming a regulatory subcluster. The regulatory proteins designated as PAS-LuxR have 
been identified in Streptomyces and have been shown to act in the transcription of 
functional polyene macrolide genes (including candicidin), aminoglycoside, and amino 
acid analogs (48). The PAS domain, a signaling module that monitors environmental 
changes such as light, redox potential, oxygen level, and small ligands, contributes 
to the increased complexity and precision of the Streptomyces regulatory system (49). 
The BGC 20 represents the most complex hybrid cluster of Streptomyces sp. ACT015, 
comprising three NRPS modules and four PKS modules, including those responsible for 
the antimycin family as previously discussed. In addition to the biosynthesis of antimycin, 
this BGC contains modules for the biosynthesis of splenocin, which has been demonstra­
ted to be a potent inhibitor of pro-inflammatory cytokines. Its efficacy is comparable 
with that of the corticosteroid dexamethasone in a cytokine assay of splenocytes (50). 
Furthermore, it contains genes for the biosynthesis of trioxacarcine, a new class of 
DNA-modifying natural products with potent anti-proliferative effects (51).

Most of the BGCs in ACT015 genome had some similarity to previously described NPs 
(Table 2). Comparative genomics identified 5 BGCs of Streptomyces sp. ACT015 appears 
to be unique to the strain compared with the genomes used as reference genomes 
(Fig. 2a). BGC 7, predicted as T1PKS, was detected in a genomic region with a low 
level of similarity compared with the other genomes of the reference strains (Fig. 2a). 
Additionally, the AntiSMASH result indicates a low level of homology (25%) with a cluster 
from Streptomyces sp. CS081A. Another example was BGC 14 (Table 2; Fig. 2a). Despite 
this BGC shows 88% homology with S. purpureus JCM 3172 in AntiSMASH, it is responsi­
ble for synthesizing a molecule with no similarity to the MIBiG database. This analysis 
highlights the importance of comparative genomics studies to identify new potential 
secondary metabolites unique to a particular strain. The discovery of rare or exclusive 
BGCs indicates the existence of underexplored biosynthetic pathways that could lead to 
the production of new bioactive compounds with pharmaceutical and biotechnological 
applications.

Regarding the chemical classes of metabolites, Streptomyces sp. ACT015 produced 
essential metabolites for environmental adaptation such as carotenoids, melanin, 
geosmin, ectoin, hopene, and the siderophores amychelin and deferoxamines. These last 
two molecules are widely used in medicine. Amychelin was able to reduce the pathoge­
nicity of Pseudomonas aeruginosa under infectious conditions (52). Deferoxamine was 
used in the treatment of iron overload, such as in beta-thalassemia disease (53) and cases 
of iron or aluminum poisoning (54). Other BGCs synthesized molecules with antibiotic 
potential, such as albaflavenone, indigoidine, minimycin, trioxacarcin A, and birimositide 
(55–59); antifungals such as candicidin (60); and chemotherapeutics such as minimycin, 
antimycin, neoantimycin and neocarzilin (44, 61, 62).

The considerable number of BGCs with unknown functions (15 of 33) and unan­
notated metabolic network nodes draws attention to a still unexplored biosynthetic 
potential. Despite Streptomyces being the taxon with the greatest number of entries 
in the MIBiG database (approximately 800), 15 BGCs of the ACT015 strain showed 
low or no similarity with the available data. Among these uncharacterized BGCs are 6 
RiPPs. Due to the considerable variability in the sequences of precursor peptides and 
the catalytic reactions mediated by modification enzymes, genomic mining of RiPPs is 
promising for the discovery of new bioactive molecules (63). For example, the compound 
legonaridin, characterized by Streptomyces sp. CT34 and subsequently classified as a class 
B linaridin, has inspired genomic mining efforts for other class B linaridin with unique 
gene structures and significantly different precursor sequences (64, 65). Similarly, cluster 
analyses of kintamdin, a RiPP compound detected in Streptomyces sp. RK44 isolated 
from a soil sample, identified additional members of the β-amino acid family previously 
uncharacterized in RiPPs (66).
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Although non-ribosomal peptides and polyketides are the major secondary 
metabolites of the genus Streptomyces (67), we found four uncharacterized BGCs for 
NRPS and four for PKS in ACT015. It is now possible to exploit this unknown genetic 
potential by cloning whole BGCs into heterologous expression vectors (68). Methods 
based on CRISPR-Cas and Cre-lox (CAPTURE) allow us to obtain natural products by 
capturing the biosynthetic region of interest in the wild organism (69). The application 
of this method allowed the successful cloning of 43 uncharacterized BGCs (10–113 kb in 
size) from 14 Streptomyces species and three Bacillus species. Subsequent heterologous 
expression yielded 15 new natural products, demonstrating that the use of this method 
is highly efficient and suitable for the discovery of new compounds (70). Streptomyces 
sp. ACT015 carries new gene clusters with unknown functions potentially involved in 
adaptation to the Amazon environment, a biome with a rich biodiversity. These BGCs 
can be used in future studies to characterize new natural products through genetic 
engineering and heterologous expression. The largest number of secondary metabolites 
were identified in ISP2 and A1 media. Bacterial growth and metabolism are directly 
impacted by the carbon source (71). ISP2 is routinely used for Streptomyces growth 
and antimicrobial activity assays (72). It contains glucose as a carbon source, whereas 
A1 medium contains soluble starch and TSBY, sucrose. The last medium used was TSB, 
which is composed of peptone digest and other components of lower concentration. 
The carbon catabolite repression (CCR) is a mechanism highly conserved in Streptomyces 
that regulates carbon metabolism. CCR also influences cell morphology and synthesis of 
some secondary metabolites (73).

Approximately 27% of the nodes in the Streptomyces sp. ACT015 metabolic network 
were not annotated. Identification of these metabolites is limited by the availability of 
reference spectra (50). The GNPS platform provides a large library of natural compounds 
for similarity analysis (34). However, annotation of small molecule mass spectra remains 
a challenging problem. Therefore, in silico tools with a larger spectral database can be 
used to complement annotation. We used ISDB (35) for in silico annotation of spectra. In 
fact, for the Streptomyces sp. ACT015 metabolome, the UNPD-ISDB annotated a greater 
number of spectra (85 nodes) compared with the GNPS (50 nodes). The tool confirmed 
the annotation of Antimycin A4 and Deferoxamine E as well as classified several other 
spectra into alkaloids, oligopeptides, peptides, polyketides, and terpenes. Desferoxamine 
E, also known as nocardamine, was annotated into oligopeptides superclass (Fig. 7b). 
This molecule is a cyclic hydroxamic acid siderophore with antitumor activity that is 
produced by several species of bacteria (74). Amino acids in cyclic conformation in the 
molecule structure may have induced its classification into the oligopeptide’s superclass.

Interestingly, all clusters of the molecular network containing annotated compounds 
also contained unidentified adduct ion nodes that possibly have a similar chemical 
structure (Fig. 7a). These unidentified nodes may represent different adducts of the same 
known compound may characterize potential new analogs of predicted compounds. 
In silico tools are generally more accurate in predicting molecular classes, and there­
fore, special attention should be taken for more specific identifications. In this work, 
annotations were based on standard reliability parameters available in the molecular 
networks (GNPS: Score >0.85; UNPD-ISDB Score >0.4 e Error <20 ppm). Many anno­
tations based on these criteria were discarded to reduce false positive annotations 
or were limited to the identification of the molecular class. Exploratory studies can 
take advantage of these in silico tools to better describe the biosynthetic potential of 
promising isolates.

Rhodococcus sp. ACT016 is an environmental strain genetically rich and 
active with a highly shapable metabolism

The genome size of Rhodococcus species varies between 4 and 10 Mb. This large 
difference in genome sizes is related to the presence of large plasmids, extensive 
genome instability, and the diversity of habitats that are colonized by Rhodococcus 
species (75). Environmental strains such as R. opacus B4 usually have larger genomes 
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(8.2 Mbp) compared with pathogenic strains such as R. equi (5.4 Mbp) (76, 77). Some 
exceptions have been observed, such as Rhodococcus sp. Br-6 (5.5 Mbp) isolated from soil 
samples and Rhodococcus defluvii Ca-11 (5.1 Mbp) isolated from a wastewater treatment 
bioreactor (78, 79). The genome size of the strain ACT016 was 5.8 Mb, which is smaller 
than that expected for other environmental strains.

Although approximately 900 Rhodococcus genomes have been deposited at the 
GenBank, there is a lack of knowledge about the BGCs of this genus. Genome mining 
of 20 strains revealed an extensive repertoire of uncharacterized BGCs (80). In another 
study, Doroghazi and Metcalf (81) demonstrated that Rhodococcus isolates present a 
greater proportion of NRPS than actinomycetes. Interestingly, this was the main type of 
cluster found in the ACT016 genome, which possesses 17 BGCs, with 9 of them being 
NRPS. Additionally, 88% of the detected BGCs were not like BGCs previously descri­
bed (Table 3). Some ACT016 clusters found as absent in other Rhodococcus reference 
genomes suggest this strain as harboring exclusive BGCs: the clusters 4, 6, 7, 8, and 13 
(Table 3; Fig. 3), which were of particular interest because they were all NRPS. Among 
the BGCs identified using the AntiSMASH database, those with the highest identity 
were involved in the synthesis of ε-Polylysine, an antibiotic commonly produced by 
Streptomyces and Kitasatospora; and ectoine, a metabolite related to osmoprotection and 
survival in saline environments (82).

According to the untargeted metabolomics results, Rhodococcus sp. ACT016 showed 
a higher production of metabolites in A1 and TSB media, despite the lower node number 
when compared with ACT015, which was grown in the same culture media. The same 
metabolite was rarely synthesized in more than one culture medium, showing that 
the OSMAC approach was a success. Other metabolites from the classes of hetero­
cyclic compounds, organic acids, lipids, terpenoids, polyketides, and alkaloids were 
also detected. Using the same approach as our study, Gamaleldin and colleagues 
(83) identified molecules with potential antimalarial activity produced by Rhodococ­
cus strains. Palma-Esposito and colleagues (84) identified glycopeptides with potential 
antiviral activity.

Eleven nodes (10%) were related to lipid production, with no significant annota­
tion. Some Rhodococcus species such as Rhodococcus opacus, Rhodococcus jostii, and 
Rhodococcus wratislaviensis are known to be oleaginous microorganisms, as they are 
capable of accumulating triacylglycerols (TAG) at more than 20% of their cell dry weight. 
Oleaginous rhodococci are a source of lipids with industrial application (85). High TAG 
production is obtained through growth under nitrogen starvation conditions or the 
abundance of carbon sources. An imbalance between carbon and nitrogen availability 
redirects carbon metabolism toward lipogenesis (86). Half of the nodes identified as 
lipids were produced in TSBY, which is composed of 10% sucrose and 3% soybean digest. 
The other half of the nodes were produced in A1 medium, which contains 1% soluble 
starch and 0.2% casein peptone, confirming that lipid production is strongly influenced 
by the carbon/nitrogen availability ratio.

Brevibacillus sp. FIR094 is a metabolically active strain with conserved and 
still unknown NPs to be explored

Brevibacillus sp. FIR094 presented a genome with a size of 6.5 Mb and 14 BGCs. Most 
of these BGCs are widely distributed and conserved in the genus that synthesizes 
molecules with antimicrobial activity, including tyrocidine, gramicidin, and macrobre­
vin, but only four showed >70% similarity to the AntiSMASH database, suggesting an 
underexplored potential in FIR094 close-related strains.

Prospecting bacteria of biotechnological interest in underexplored environments is 
essential for the discovery of new molecules and to expand our understanding of the 
ecological context of natural antibiotic production. In Brevibacillus sp. Leaf182, which was 
isolated from an Arabidopsis thaliana leaf, several natural antibiotics, including a new 
trans-AT polyketide from the macrobrevin class, have been described (87). Macrobrevin 
analogs with antimicrobial activity were also identified by Chakraborty and colleagues 

Research Article Microbiology Spectrum

Month XXXX  Volume 0  Issue 0 10.1128/spectrum.00996-2417

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/s

pe
ct

ru
m

 o
n 

11
 D

ec
em

be
r 

20
24

 b
y 

28
04

:d
4b

:7
80

1:
e9

00
:7

1d
8:

80
57

:6
b1

a:
c3

54
.

https://doi.org/10.1128/spectrum.00996-24


(88) in Bacillus amyloliquefaciens isolated from macroalgae. These two macrobrevin 
molecules presented only 46% similarity, demonstrating the genetic complexity involved 
in the production of similar compounds by different isolates.

Brevibacillus is a genus widely recognized as an Antimicrobial Peptide (AMP) producer, 
especially for AMPs synthesized by NRPS clusters. They also synthesize AMPs from RiPPs, 
especially bacteriocins, such as laterosporulin (89), laterosporulin10 (90), and Bac-GM100 
(91). In Brevibacillus sp. FIR094, 6 RiPPs were detected, four of which showed low identity 
with known BGCs (Table 4). BGC 1 synthesizes a metabolite from the subfamily of 
linear azol(in)e-containing peptides (LAPs). LAPs comprise a subclass of RiPPs that share 
heterocyclic thiazol(in)e and (methyl)oxazol(in)e structures, promoting the cyclization 
of cysteine, serine, or threonine side chains during the post-translational modification 
step (92). This BGC was composed of the precursor peptide (gene A), the enzymes 
dehydrogenase (gene B) and cyclodehydratase (gene C/D), the maturation protein (gene 
F), and regulatory and transport genes (Fig. 8a). A metabolite of approximately 5,000 Da 
was calculated based on the 54 amino acid sequence of the core peptide. The peptide 
contains 14 cysteines (C) in a sequence that can form seven disulfide bonds (S-S). 
These disulfide bonds play a crucial role in the stabilization of the molecule, giving 
it a specific conformation and increasing its resistance to environmental factors. In 
addition, the sequence also included aromatic amino acids such as phenylalanine (F), 
which may contribute to the structural and functional properties of the peptide. The 
BGC also contained the transcription factor AbrC3, an inducer of antibiotic production 
(Fig. 9a). AbrC3 is a positive transcriptional regulator of specialized metabolites and 
morphological differentiation in S. coelicolor (93). The BGC of Brevibacillus sp. FIR 094 
showed high similarity to other BGCs from the antiSMASH database, suggesting that 
the region is highly conserved within the genus (Fig. 9b). However, the metabolic 

FIG 8 (a) BGC from Brevibacillus sp. FIR094 suggested as a transcriptional region for RiPP subclass of linear peptides containing azole(s) (LAPs). The essential 

genes of the BGCs are depicted as colored arrows, including the precursor peptide, maturation protein, cyclodehydratase and dehydratase enzymes, the 

regulator, and the transporter. The precursor peptide is represented by the leader region (dark gray) and the core region (light gray). The predicted amino acid 

sequence is rich in cysteine and serine. The leader peptide is cleaved after maturation. (b) The chemical structure of the molecule is predicted from the amino 

acid sequence of the core peptide.
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network cluster showed low similarity with known gene clusters from MIBiG (Fig. 9c). 
BGC 10 synthesizes a lanthipeptide of class II. It contains all genes necessary for the 
synthesis of regulatory elements and carries three genes for auto-resistance. Identifica-
tion of antimicrobial resistance genes allows insights into self-defense mechanisms and 
suggests the production of specialized metabolites with biological activity (94). These 
BGCs are strong candidates for cloning and biosynthesis by heterologous expression to 
analyze the structure and functionality of the AMPs.

Metabolically, Brevibacillus sp. FIR094 showed a considerable node number synthesiz­
ing more metabolites when grown in R2A minimal medium, probably because this type 
of medium creates a nutritional stress that enhances secondary metabolite production 
(95). Despite the good results in metabolite production, most of the metabolome was 
not possible to be annotated, the poorest characterized metabolome of herein studied 
strains. BGCs for the synthesis of important antimicrobial compounds such as tyroci­
dine, gramicidin, and macrobrevin were detected in the genome, but we were unable 
to find these molecules in the metabolome. This may have occurred because of the 
metabolite extraction and detection methods that were not focused on large peptides 
or the tight regulation of their production, whose expression could be hampered under 
the laboratory conditions. The similarity network of Brevibacillus sp. FIR094 revealed 
metabolites with molecular weights of up to 1,200 Da. Tyrocidine and gramicidin have a 
molecular weight of 1,270.5 and 1,882.3 g/mol, respectively, a value above the threshold 
of detection.

Conclusions

In this research, we evaluated the biosynthetic potential of three free-living bacterial 
strains isolated from soil samples collected in an Amazon Conservation Unit using 

FIG 9 (a) Binding sites to the transcription factor Abrc3. (b) ClusterBlast analysis with regions from the AntiSMASH database that are similar to the LAP BGC 

sequence. Genes marked with the same color are interrelated. Genes in white are unrelated. (c) Similar known gene clusters from MIBiG 3.1. Genes marked with 

the same color are interrelated. Genes in white are unrelated.
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a multi-omics approach based on genome mining and untargeted metabolomics. 
Genome mining identified several BGCs for the synthesis of antimicrobial and antitumor 
compounds. However, a significant number of unidentified BGCs were found, corre­
sponding to 45%, 88%, and 71% of the predicted clusters in Streptomyces sp. ACT015, 
Rhodococcus sp. ACT016, and Brevibacillus sp. FIR094including relevant biosynthetic 
classes, respectively, such as NRPS, PKS, and RiPPs, indicating the untapped potential 
of Amazonian microorganisms. The limited data in current databases and the presence 
of unidentified BGCs open doors for future research and offer excellent candidates for 
detailed characterization using gene cloning and heterologous expression techniques. 
Continued exploration of these strains could undoubtedly lead to significant advances 
and the discovery of new bioactive products.

The biosynthesis of secondary metabolites was modulated by the type of culture 
medium. Most of the acquired spectra were not annotated by the consulted databa­
ses (GNPS and UNPD-ISDB), revealing a significant gap of information in the available 
databases and/or an untapped chemical novelty of the assessed Amazonian strains, even 
for exhaustively studied taxa such as Streptomyces spp. The data reinforce that Amazo­
nian microorganisms are an important source for the registry of natural compounds and 
a promising source for discovering new natural molecules.

Data integration in the metabologenomics approach allows for a more accurate 
search of new secondary metabolites. This type of approach is especially useful for 
samples that have been poorly explored. In this study, cases in which we could correlate 
the predicted BGC with its metabolite were rare, possibly due to the novelty of the BGCs 
and spectra detected. These results indicate a high genetic and metabolic variability in 
Amazonian microorganisms, which could be explored for the detection and production 
of metabolites of medical and biotechnological utility.

ACKNOWLEDGMENTS

Authors would like to thank Pró-Reitoria de Pesquisa e Pós-Graduação (PROPESP) from 
Universidade Federal do Pará (UFPA) for the payment of the Article Processing Charges 
through the PAPQ 2024 Call.

This research was funded by Coordenação de Aperfeiçoamento de Pessoal de 
Nível Superior (CAPES) under the grant number 88887.465291/2019–00 and Instituto 
Serrapilheira under the grant number Serra-1709–19681. The authors thank the Brazilian 
Bioscience National Laboratory (LNBio-CNPEM) and the EngBio Laboratory (UFPA) for 
infrastructure and personal dedicated to the project.

A.C.M.F.O.: designed and executed the experiments. Performed the field expeditions. 
Wrote the manuscript and compiled the data for deposition; B.D.V.: designed the 
cultivation experiments and assisted on their execution. Assisted on the metabologe­
nomics investigation; R.F.: designed and assisted on the metabolomics experiments; 
L.S.S.: assistance in field expeditions. Performed genome assemblies, enrichment, and 
comparative genomics analysis. Paper review and support in data management; A.A.O.V.: 
bioinformatics assistance in genome assemblies. Support in server access and data 
demands; D.A.G.: support in NGS data post-processing; A.S.: funding and coordination 
of the project; R.A.B.: Conceptualization, discussions based on experiments, funding, 
and co-coordination of the project; D.B.B.T.: Conceptualization, discussions based on 
experiments, funding, and co-coordination of the project; M.P.C.S.: Conceptualization, 
discussions based on experiments, funding, and co-coordination of the project. All 
authors contributed to the text and agreed with the final version of the paper.

AUTHOR AFFILIATIONS

1Biological Engineering Laboratory, Innovation Space, Guamá Science and Technology 
Park, Belém, Pará, Brazil
2Center of Genomics and Systems Biology, Institute of Biological Sciences, Federal 
University of Pará, Belém, Pará, Brazil

Research Article Microbiology Spectrum

Month XXXX  Volume 0  Issue 0 10.1128/spectrum.00996-2420

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/s

pe
ct

ru
m

 o
n 

11
 D

ec
em

be
r 

20
24

 b
y 

28
04

:d
4b

:7
80

1:
e9

00
:7

1d
8:

80
57

:6
b1

a:
c3

54
.

https://doi.org/10.1128/spectrum.00996-24


3Brazilian Biosciences National Laboratory (LNBio), Brazilian Center for Research in Energy 
and Materials (CNPEM), Campinas, São Paulo, Brazil

AUTHOR ORCIDs

Ana Carolina Favacho Miranda de Oliveira  http://orcid.org/0000-0003-4985-2354
Rafael Azevedo Baraúna  http://orcid.org/0000-0002-7837-7380
Daniela Barretto Barbosa Trivella  http://orcid.org/0000-0002-7505-2345

AUTHOR CONTRIBUTIONS

Ana Carolina Favacho Miranda de Oliveira, Data curation, Formal analysis, Investiga­
tion, Methodology, Writing – original draft | Bruna Domingues Vieira, Formal analysis, 
Investigation, Methodology | Rafael de Felício, Formal analysis, Investigation, Methodol­
ogy | Lucas da Silva e Silva, Formal analysis, Investigation, Methodology | Adonney Allan 
de Oliveira Veras, Data curation, Formal analysis, Methodology, Software, Validation | 
Diego Assis das Graças, Investigation, Validation, Writing – review and editing | Rafael 
Azevedo Baraúna, Conceptualization, Data curation, Formal analysis, Funding acquisition, 
Investigation, Methodology, Project administration, Writing – original draft, Writing – 
review and editing | Daniela Barretto Barbosa Trivella, Conceptualization, Data curation, 
Formal analysis, Funding acquisition, Investigation, Project administration, Resources, 
Supervision, Validation, Writing – review and editing | Maria Paula Cruz Schneider, 
Conceptualization, Data curation, Funding acquisition, Investigation, Project administra­
tion, Resources, Supervision, Validation, Writing – review and editing.

DATA AVAILABILITY

Genome sequences were submitted to GenBank under the BioProject ID PRJNA1089999 
and accession numbers SAMN40553816, SAMN40553817, and SAMN40553818. 
Metabolomics data can be found at: https://massive.ucsd.edu/, and accession numbers 
MSV000094460, MSV000094461 and MSV000094462.

ETHICS APPROVAL

Sampling was authorized by environmental authorities, the Instituto de Desenvolvi­
mento Florestal e da Biodiversidade do Estado do Pará – IDEFLOR-BIO (N° 2021/830676), 
and the Instituto Chico Mendes de Conservação da Biodiversidade – ICMBio through 
the online system SISBIO (N° 78518–1). Access to the Brazilian genetic heritage was also 
registered in the Sistema Nacional de Gestão do Patrimônio Genético e do Conheci­
mento Tradicional Associado – SisGen (N° A8DA4E2).

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Supplemental material (Spectrum00996-24-s0001.docx). Fig. S1 to Fig. S3: Table S1.

Open Peer Review

PEER REVIEW HISTORY (review-history.pdf). An accounting of the reviewer comments 
and feedback.

REFERENCES

1. Guayasamin JM, Ribas CC, Carnaval AC, Carrillo JD, Hoorn C, Lohmann 
LG, et al. 2021. Chapter 2: evolution of Amazonian biodiversity. In 
Amazon assessment report 2021. UN Sustainable Development 
Solutions Network (SDSN).

2. do Amaral SC, Santos AV, da Cruz Schneider MP, da Silva JKR, Xavier LP. 
2020. Determination of volatile organic compounds and antibacterial 
activity of the Amazonian cyanobacterium Synechococcus sp. strain 
GFB01. Molecules 25:4744. https://doi.org/10.3390/molecules25204744

Research Article Microbiology Spectrum

Month XXXX  Volume 0  Issue 0 10.1128/spectrum.00996-2421

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/s

pe
ct

ru
m

 o
n 

11
 D

ec
em

be
r 

20
24

 b
y 

28
04

:d
4b

:7
80

1:
e9

00
:7

1d
8:

80
57

:6
b1

a:
c3

54
.

https://www.ncbi.nlm.nih.gov/bioproject/1089999
https://www.ncbi.nlm.nih.gov/biosample/40553816
https://www.ncbi.nlm.nih.gov/biosample/40553817
https://www.ncbi.nlm.nih.gov/biosample/40553818
https://massive.ucsd.edu/
https://massive.ucsd.edu/ProteoSAFe/dataset.jsp?task=47f4d696913d40d282829c1c5de52c39
https://massive.ucsd.edu/ProteoSAFe/dataset.jsp?task=bb2c4b0908e043cc9a4ecca38ff13955
https://massive.ucsd.edu/ProteoSAFe/dataset.jsp?task=d39c2e5050ae4ede8d20c982b80faaee
https://doi.org/10.1128/spectrum.00996-24
https://doi.org/10.3390/molecules25204744
https://doi.org/10.1128/spectrum.00996-24


3. Gradíssimo DG, Oliveira da Silva VC, Xavier LP, do Nascimento SV, 
Valadares R da S, Faustino SMM, Schneider MPC, Santos AV. 2021. 
Glucosidase inhibitors screening in microalgae and cyanobacteria 
isolated from the Amazon and proteomic analysis of inhibitor producing 
Synechococcus sp. GFB01. Microorganisms 9:1593. https://doi.org/10.
3390/microorganisms9081593

4. Cerqueira Dos Santos S, Araújo Torquato C, de Alexandria Santos D, 
Orsato A, Leite K, Serpeloni JM, Losi-Guembarovski R, Romão Pereira E, 
Dyna AL, Lopes Barboza MG, Fernandes Arakawa MH, Pires Bitencourt 
JA, da Cruz Silva S, da Silva Sá GC, Dias Rodrigues P, Quintella CM, 
Faccin-Galhardi LC. 2024. Production and characterization of rhamnoli­
pids by Pseudomonas aeruginosa isolated in the Amazon region, and 
potential antiviral, antitumor, and antimicrobial activity. Sci Rep 14:4629. 
https://doi.org/10.1038/s41598-024-54828-w

5. Davies J. 2013. Specialized microbial metabolites: functions and origins. 
J Antibiot (Tokyo) 66:361–364. https://doi.org/10.1038/ja.2013.61

6. O’Brien J, Wright GD. 2011. An ecological perspective of microbial 
secondary metabolism. Curr Opin Biotechnol 22:552–558. https://doi.
org/10.1016/j.copbio.2011.03.010

7. Sharrar AM, Crits-Christoph A, Méheust R, Diamond S, Starr EP, Banfield 
JF. 2020. Bacterial secondary metabolite biosynthetic potential in soil 
varies with phylum, depth, and vegetation type. MBio 11:e00416-20. 
https://doi.org/10.1128/mBio.00416-20

8. van der Hooft JJJ, Mohimani H, Bauermeister A, Dorrestein PC, Duncan 
KR, Medema MH. 2020. Linking genomics and metabolomics to chart 
specialized metabolic diversity. Chem Soc Rev 49:3297–3314. https://doi.
org/10.1039/d0cs00162g

9. Reuter JA, Spacek DV, Snyder MP. 2015. High-throughput sequencing 
technologies. Mol Cell 58:586–597. https://doi.org/10.1016/j.molcel.
2015.05.004

10. Belknap KC, Park CJ, Barth BM, Andam CP. 2020. Genome mining of 
biosynthetic and chemotherapeutic gene clusters in Streptomyces 
bacteria. Sci Rep 10:2003. https://doi.org/10.1038/s41598-020-58904-9

11. Mohd Kamal K, Mahamad Maifiah MH, Abdul Rahim N, Hashim Y, 
Abdullah Sani MS, Azizan KA. 2022. Bacterial metabolomics: sample 
preparation methods. Biochem Res Int 2022:9186536. https://doi.org/10.
1155/2022/9186536

12. Trivella DBB, de Felicio R. 2018. The tripod for bacterial natural product 
discovery: genome mining, silent pathway induction, and mass 
spectrometry-based molecular networking. mSystems 3:e00160-17. 
https://doi.org/10.1128/mSystems.00160-17

13. Bode HB, Bethe B, Höfs R, Zeeck A. 2002. Big effects from small changes: 
possible ways to explore nature’s chemical diversity. Chembiochem 
3:619–627. https://doi.org/10.1002/1439-7633(20020703)3:7<619::AID-
CBIC619>3.0.CO;2-9

14. Goering AW, McClure RA, Doroghazi JR, Albright JC, Haverland NA, 
Zhang Y, Ju K-S, Thomson RJ, Metcalf WW, Kelleher NL. 2016. Metabolo­
genomics: correlation of microbial gene clusters with metabolites drives 
discovery of a nonribosomal peptide with an unusual amino acid 
monomer. ACS Cent Sci 2:99–108. https://doi.org/10.1021/acscentsci.
5b00331

15. Vitale GA, January GG, Oppong-Danquah E, Della Sala G, Palma Esposito 
F, Tasdemir D, de Pascale D. 2023. A metabologenomics approach to 
unlock the metabolome of the novel Antarctic deep-sea isolate 
Lacinutrix shetlandiensis sp. nov. WUR7. PNAS Nexus 2:pgad221. https://
doi.org/10.1093/pnasnexus/pgad221

16. Iacovelli R, He T, Allen JL, Hackl T, Haslinger K. 2024. Genome sequencing 
and molecular networking analysis of the wild fungus Anthostomella 
pinea reveal its ability to produce a diverse range of secondary 
metabolites. Fungal Biol Biotechnol 11:1. https://doi.org/10.1186/
s40694-023-00170-1

17. Balouiri M, Sadiki M, Ibnsouda SK. 2016. Methods for in vitro evaluating 
antimicrobial activity: a review. J Pharm Anal 6:71–79. https://doi.org/10.
1016/j.jpha.2015.11.005

18. Bankevich A, Nurk S, Antipov D, Gurevich AA, Dvorkin M, Kulikov AS, 
Lesin VM, Nikolenko SI, Pham S, Prjibelski AD, Pyshkin AV, Sirotkin AV, 
Vyahhi N, Tesler G, Alekseyev MA, Pevzner PA. 2012. SPAdes: a new 
genome assembly algorithm and its applications to single-cell 
sequencing. J Comput Biol 19:455–477. https://doi.org/10.1089/cmb.
2012.0021

19. Kolmogorov M, Bickhart DM, Behsaz B, Gurevich A, Rayko M, Shin SB, 
Kuhn K, Yuan J, Polevikov E, Smith TPL, Pevzner PA. 2020. metaFlye: 
scalable long-read metagenome assembly using repeat graphs. Nat 
Methods 17:1103–1110. https://doi.org/10.1038/s41592-020-00971-x

20. Seemann T. 2014. Prokka: rapid prokaryotic genome annotation. 
Bioinformatics 30:2068–2069. https://doi.org/10.1093/bioinformatics/
btu153

21. Simão FA, Waterhouse RM, Ioannidis P, Kriventseva EV, Zdobnov EM. 
2015. BUSCO: assessing genome assembly and annotation complete­
ness with single-copy orthologs. Bioinformatics 31:3210–3212. https://
doi.org/10.1093/bioinformatics/btv351

22. Krzywinski M, Schein J, Birol I, Connors J, Gascoyne R, Horsman D, Jones 
SJ, Marra MA. 2009. Circos: an information aesthetic for comparative 
genomics. Genome Res 19:1639–1645. https://doi.org/10.1101/gr.
092759.109

23. Tatusov RL, Galperin MY, Natale DA, Koonin EV. 2000. The COG database: 
a tool for genome-scale analysis of protein functions and evolution. 
Nucleic Acids Res 28:33–36. https://doi.org/10.1093/nar/28.1.33

24. Kanehisa M, Goto S. 2000. KEGG: kyoto encyclopedia of genes and 
genomes. Nucleic Acids Res 28:27–30. https://doi.org/10.1093/nar/28.1.
27

25. Blin K, Shaw S, Augustijn HE, Reitz ZL, Biermann F, Alanjary M, Fetter A, 
Terlouw BR, Metcalf WW, Helfrich EJN, van Wezel GP, Medema MH, 
Weber T. 2023. antiSMASH 7.0: new and improved predictions for 
detection, regulation, chemical structures and visualisation. Nucleic 
Acids Res 51:W46–W50. https://doi.org/10.1093/nar/gkad344

26. Medema MH, Kottmann R, Yilmaz P, Cummings M, Biggins JB, Blin K, de 
Bruijn I, Chooi YH, Claesen J, Coates RC, et al. 2015. Minimum informa­
tion about a biosynthetic gene cluster. Nat Chem Biol 11:625–631. https:
//doi.org/10.1038/nchembio.1890

27. Johnson M, Zaretskaya I, Raytselis Y, Merezhuk Y, McGinnis S, Madden 
TL. 2008. NCBI BLAST: a better web interface. Nucleic Acids Res 36:W5–
W9. https://doi.org/10.1093/nar/gkn201

28. Benson DA, Cavanaugh M, Clark K, Karsch-Mizrachi I, Lipman DJ, Ostell J, 
Sayers EW. 2017. GenBank. Nucleic Acids Res 45:D37–D42. https://doi.
org/10.1093/nar/gkw1070

29. The UniProt Consortium. 2017. UniProt: the universal protein knowl­
edgebase. Nucleic Acids Res 45:D158–D169. https://doi.org/10.1093/
nar/gkw1099

30. Finn RD, Coggill P, Eberhardt RY, Eddy SR, Mistry J, Mitchell AL, Potter SC, 
Punta M, Qureshi M, Sangrador-Vegas A, Salazar GA, Tate J, Bateman A. 
2016. The Pfam protein families database: towards a more sustainable 
future. Nucleic Acids Res 44:D279–D285. https://doi.org/10.1093/nar/
gkv1344

31. Berman HM. 2008. The Protein Data Bank: a historical perspective. Acta 
Cryst A 64:88–95. https://doi.org/10.1107/S0108767307035623

32. de Felício R, Ballone P, Bazzano CF, Alves LFG, Sigrist R, Infante GP, Niero 
H, Rodrigues-Costa F, Fernandes AZN, Tonon LAC, Paradela LS, Costa 
RKE, Dias SMG, Dessen A, Telles GP, da Silva MAC, Lima A de S, Trivella 
DBB. 2021. Chemical elicitors induce rare bioactive secondary 
metabolites in deep-sea bacteria under laboratory conditions. 
Metabolites 11:107. https://doi.org/10.3390/metabo11020107

33. Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, Amin N, 
Schwikowski B, Ideker T. 2003. Cytoscape: a software environment for 
integrated models of biomolecular interaction networks. Genome Res 
13:2498–2504. https://doi.org/10.1101/gr.1239303

34. Wang M, Carver JJ, Phelan VV, Sanchez LM, Garg N, Peng Y, Nguyen DD, 
Watrous J, Kapono CA, Luzzatto-Knaan T, et al. 2016. Sharing and 
community curation of mass spectrometry data with Global Natural 
Products Social Molecular Networking. Nat Biotechnol 34:828–837. 
https://doi.org/10.1038/nbt.3597

35. Allard P-M, Péresse T, Bisson J, Gindro K, Marcourt L, Pham VC, Roussi F, 
Litaudon M, Wolfender J-L. 2016. Integration of molecular networking 
and in-silico MS/MS fragmentation for natural products dereplication. 
Anal Chem 88:3317–3323. https://doi.org/10.1021/acs.analchem.
5b04804

36. Carattoli A, Zankari E, García-Fernández A, Voldby Larsen M, Lund O, Villa 
L, Møller Aarestrup F, Hasman H. 2014. In silico detection and typing of 
plasmids using PlasmidFinder and plasmid multilocus sequence typing. 
Antimicrob Agents Chemother 58:3895–3903. https://doi.org/10.1128/
AAC.02412-14

Research Article Microbiology Spectrum

Month XXXX  Volume 0  Issue 0 10.1128/spectrum.00996-2422

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/s

pe
ct

ru
m

 o
n 

11
 D

ec
em

be
r 

20
24

 b
y 

28
04

:d
4b

:7
80

1:
e9

00
:7

1d
8:

80
57

:6
b1

a:
c3

54
.

https://doi.org/10.3390/microorganisms9081593
https://doi.org/10.1038/s41598-024-54828-w
https://doi.org/10.1038/ja.2013.61
https://doi.org/10.1016/j.copbio.2011.03.010
https://doi.org/10.1128/mBio.00416-20
https://doi.org/10.1039/d0cs00162g
https://doi.org/10.1016/j.molcel.2015.05.004
https://doi.org/10.1038/s41598-020-58904-9
https://doi.org/10.1155/2022/9186536
https://doi.org/10.1128/mSystems.00160-17
https://doi.org/10.1002/1439-7633(20020703)3:7<619::AID-CBIC619>3.0.CO;2-9
https://doi.org/10.1021/acscentsci.5b00331
https://doi.org/10.1093/pnasnexus/pgad221
https://doi.org/10.1186/s40694-023-00170-1
https://doi.org/10.1016/j.jpha.2015.11.005
https://doi.org/10.1089/cmb.2012.0021
https://doi.org/10.1038/s41592-020-00971-x
https://doi.org/10.1093/bioinformatics/btu153
https://doi.org/10.1093/bioinformatics/btv351
https://doi.org/10.1101/gr.092759.109
https://doi.org/10.1093/nar/28.1.33
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.1093/nar/gkad344
https://doi.org/10.1038/nchembio.1890
https://doi.org/10.1093/nar/gkn201
https://doi.org/10.1093/nar/gkw1070
https://doi.org/10.1093/nar/gkw1099
https://doi.org/10.1093/nar/gkv1344
https://doi.org/10.1107/S0108767307035623
https://doi.org/10.3390/metabo11020107
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1038/nbt.3597
https://doi.org/10.1021/acs.analchem.5b04804
https://doi.org/10.1128/AAC.02412-14
https://doi.org/10.1128/spectrum.00996-24


37. Martinet L, Naômé A, Deflandre B, Maciejewska M, Tellatin D, Tenconi E, 
Smargiasso N, de Pauw E, van Wezel GP, Rigali S. 2019. A single 
biosynthetic gene cluster is responsible for the production of bagremy­
cin antibiotics and ferroverdin iron chelators. MBio 10. https://doi.org/
10.1128/mBio.01230-19

38. Domingues Vieira B, Niero H, de Felício R, Giolo Alves LF, Freitas Bazzano 
C, Sigrist R, Costa Furtado L, Felix Persinoti G, Veras Costa-Lotufo L, 
Barretto Barbosa Trivella D. 2022. Production of epoxyketone peptide-
based proteasome inhibitors by Streptomyces sp. BRA-346: regulation 
and biosynthesis. Front Microbiol 13. https://doi.org/10.3389/fmicb.
2022.786008

39. Lee N, Kim W, Hwang S, Lee Y, Cho S, Palsson B, Cho B-K. 2020. Thirty 
complete Streptomyces genome sequences for mining novel secondary 
metabolite biosynthetic gene clusters. Sci Data 7:55. https://doi.org/10.
1038/s41597-020-0395-9

40. Choo MZY, Chai CLL. 2023. The polypharmacology of natural products in 
drug discovery and development, p 55–100

41. Yeh C-T, Su C-L, Huang C-Y, Lin J-Y, Lee W-H, Chang P-H, Kuo Y-L, Liu Y-W, 
Wang L-S, Wu C-H, Shieh Y-S, Jan Y-H, Chuang Y-J, Hsiao M, Wu ATH. 
2013. A preclinical evaluation of antimycin a as a potential antilung 
cancer stem cell agent. Evid Based Complement Alternat Med 
2013:910451. https://doi.org/10.1155/2013/910451

42. Yu T-J, Hsieh C-Y, Tang J-Y, Lin L-C, Huang H-W, Wang H-R, Yeh Y-C, 
Chuang Y-T, Ou-Yang F, Chang H-W. 2020. Antimycin A shows selective 
antiproliferation to oral cancer cells by oxidative stress-mediated 
apoptosis and DNA damage. Environ Toxicol 35:1212–1224. https://doi.
org/10.1002/tox.22986

43. Zhang W, Che Q, Tan H, Qi X, Li D, Zhu T, Liu M. 2023. A novel antimycin 
analogue antimycin A2c, derived from marine Streptomyces sp., 
suppresses HeLa cells via disrupting mitochondrial function and 
depleting HPV oncoproteins E6/E7. Life Sci 330:121998. https://doi.org/
10.1016/j.lfs.2023.121998

44. Gleissner CM-L, Pyka CL, Heydenreuter W, Gronauer TF, Atzberger C, 
Korotkov VS, Cheng W, Hacker SM, Vollmar AM, Braig S, Sieber SA. 2019. 
Neocarzilin A is a potent inhibitor of cancer cell motility targeting VAT-1 
controlled pathways. ACS Cent Sci 5:1170–1178. https://doi.org/10.1021/
acscentsci.9b00266

45. Schorn M, Zettler J, Noel JP, Dorrestein PC, Moore BS, Kaysser L. 2014. 
Genetic basis for the biosynthesis of the pharmaceutically important 
class of epoxyketone proteasome inhibitors. ACS Chem Biol 9:301–309. 
https://doi.org/10.1021/cb400699p

46. Bauman KD, Shende VV, Chen PY-T, Trivella DBB, Gulder TAM, Vellalath S, 
Romo D, Moore BS. 2022. Enzymatic assembly of the Salinosporamide γ-
lactam-β-lactone anticancer warhead. Nat Chem Biol 18:538–546. https:/
/doi.org/10.1038/s41589-022-00993-w

47. Gallagher KA, Jensen PR. 2015. Genomic insights into the evolution of 
hybrid isoprenoid biosynthetic gene clusters in the MAR4 marine 
streptomycete clade. BMC Genomics 16:960. https://doi.org/10.1186/
s12864-015-2110-3

48. Zhang N, Dong Y, Zhou H, Cui H. 2022. Effect of PAS-LuxR family 
regulators on the secondary metabolism of Streptomyces. Antibiotics 
(Basel) 11:1783. https://doi.org/10.3390/antibiotics11121783

49. Santos-Aberturas J, Vicente CM, Guerra SM, Payero TD, Martín JF, 
Aparicio JF. 2011. Molecular control of polyene macrolide biosynthesis. J 
Biol Chem 286:9150–9161. https://doi.org/10.1074/jbc.M110.182428

50. Strangman WK, Kwon HC, Broide D, Jensen PR, Fenical W. 2009. 
Inflammatory cytokine production produced by a marine-derived 
bacterium. J Med Chem 52:2317–2327. https://doi.org/10.1021/
jm801110j

51. Yin S, Lan W, Hou X, Liu Z, Xue H, Wang C, Tang G-L, Cao C. 2023. 
Trioxacarcin A interactions with G-quadruplex DNA reveal its potential 
new targets as an anticancer agent. J Med Chem 66:6798–6810. https://
doi.org/10.1021/acs.jmedchem.3c00178

52. Xie F, Dai S, Zhao Y, Huang P, Yu S, Ren B, Wang Q, Ji Z, Alterovitz G, 
Zhang Q, Zhang J, Chen X, Jiang L, Song F, Liu H, Ausubel FM, Liu X, Dai 
H, Zhang L. 2020. Generation of fluorinated amychelin siderophores 
against Pseudomonas aeruginosa infections by a combination of 
genome mining and mutasynthesis. Cell Chem Biol 27:1532–1543. https:
//doi.org/10.1016/j.chembiol.2020.10.009

53. Ballas SK, Zeidan AM, Duong VH, DeVeaux M, Heeney MM. 2018. The 
effect of iron chelation therapy on overall survival in sickle cell disease 

and β-thalassemia: a systematic review. Am J Hematol 93:943–952. 
https://doi.org/10.1002/ajh.25103

54. Wright SW, Valento M, Mazor SS, Chen BC. 2018. Severe iron poisoning 
treated with prolonged deferoxamine infusion: a case report. Toxicol 
Commun 2:6–9. https://doi.org/10.1080/24734306.2018.1425280

55. Cude WN, Mooney J, Tavanaei AA, Hadden MK, Frank AM, Gulvik CA, May 
AL, Buchan A. 2012. Production of the antimicrobial secondary 
metabolite indigoidine contributes to competitive surface colonization 
by the marine roseobacter Phaeobacter sp. strain Y4I. Appl Environ 
Microbiol 78:4771–4780. https://doi.org/10.1128/AEM.00297-12

56. Gürtler H, Pedersen R, Anthoni U, Christophersen C, Nielsen PH, 
Wellington EM, Pedersen C, Bock K. 1994. Albaflavenone, a sesquiter­
pene ketone with a zizaene skeleton produced by a Streptomycete with a 
new rope morphology. J Antibiot (Tokyo) 47:434–439. https://doi.org/10.
7164/antibiotics.47.434

57. Maskey RP, Helmke E, Kayser O, Fiebig HH, Maier A, Busche A, Laatsch H. 
2004. Anti-cancer and antibacterial trioxacarcins with high anti-malaria 
activity from a marine Streptomycete and their absolute stereochemistry. 
J Antibiot (Tokyo) 57:771–779. https://doi.org/10.7164/antibiotics.57.771

58. Takahashi H, Kumagai T, Kitani K, Mori M, Matoba Y, Sugiyama M. 2007. 
Cloning and characterization of a Streptomyces single module type non-
ribosomal peptide synthetase catalyzing a blue pigment synthesis. J Biol 
Chem 282:9073–9081. https://doi.org/10.1074/jbc.M611319200

59. Walker MC, Eslami SM, Hetrick KJ, Ackenhusen SE, Mitchell DA, van der 
Donk WA. 2020. Precursor peptide-targeted mining of more than one 
hundred thousand genomes expands the lanthipeptide natural product 
family. BMC Genomics 21:387. https://doi.org/10.1186/s12864-020-
06785-7

60. Barke J, Seipke RF, Grüschow S, Heavens D, Drou N, Bibb MJ, Goss RJM, 
Yu DW, Hutchings MI. 2010. A mixed community of actinomycetes 
produce multiple antibiotics for the fungus farming ant Acromyrmex 
octospinosus. BMC Biol 8:109. https://doi.org/10.1186/1741-7007-8-109

61. Guha G, Mandal T, Rajkumar V, Ashok Kumar R. 2010. Antimycin A-
induced mitochondrial apoptotic cascade is mitigated by phenolic 
constituents of Phyllanthus amarus aqueous extract in Hep3B cells. Food 
Chem Toxicol 48:3449–3457. https://doi.org/10.1016/j.fct.2010.09.020

62. Izumikawa M, Ueda J, Chijiwa S, Takagi M, Shin-ya K. 2007. Novel GRP78 
molecular chaperone expression down-regulators JBIR-04 and -05 
isolated from Streptomyces violaceoniger. J Antibiot 60:640–644. https://
doi.org/10.1038/ja.2007.82

63. Ongpipattanakul C, Desormeaux EK, DiCaprio A, van der Donk WA, 
Mitchell DA, Nair SK. 2022. Mechanism of action of ribosomally 
synthesized and post-translationally modified peptides. Chem Rev 
122:14722–14814. https://doi.org/10.1021/acs.chemrev.2c00210

64. Rateb ME, Zhai Y, Ehrner E, Rath CM, Wang X, Tabudravu J, Ebel R, Bibb 
M, Kyeremeh K, Dorrestein PC, Hong K, Jaspars M, Deng H. 2015. 
Legonaridin, a new member of linaridin RiPP from a Ghanaian 
Streptomyces isolate. Org Biomol Chem 13:9585–9592. https://doi.org/
10.1039/c5ob01269d

65. Guo M-X, Zhang M-M, Sun K, Cui J-J, Liu Y-C, Gao K, Dong S-H, Luo S. 
2023. Genome mining of Linaridins provides insights into the widely 
distributed LinC oxidoreductases. J Nat Prod 86:2333–2341. https://doi.
org/10.1021/acs.jnatprod.3c00527

66. Wang S, Lin S, Fang Q, Gyampoh R, Lu Z, Gao Y, Clarke DJ, Wu K, 
Trembleau L, Yu Y, Kyeremeh K, Milne BF, Tabudravu J, Deng H. 2022. A 
ribosomally synthesised and post-translationally modified peptide 
containing a β-enamino acid and a macrocyclic motif. Nat Commun 
13:5044. https://doi.org/10.1038/s41467-022-32774-3

67. Komaki H, Tamura T. 2023. Profile of PKS and NRPS gene clusters in the 
genome of Streptomyces cellostaticus NBRC 12849T. Ferment 9:924. https:
//doi.org/10.3390/fermentation9110924

68. Zhang JJ, Yamanaka K, Tang X, Moore BS. 2019. Direct cloning and 
heterologous expression of natural product biosynthetic gene clusters 
by transformation-associated recombination. Meth Enzymol 621:87–
110. https://doi.org/10.1016/bs.mie.2019.02.026

69. Ren H, Huang C, Pan Y, Dommaraju SR, Cui H, Li M, Gadgil MG, Mitchell 
DA, Zhao H. 2024. Non-modular fatty acid synthases yield distinct N-
terminal acylation in ribosomal peptides. Nat Chem 16:1320–1329. 
https://doi.org/10.1038/s41557-024-01491-3

70. Enghiad B, Huang C, Guo F, Jiang G, Wang B, Tabatabaei SK, Martin TA, 
Zhao H. 2021. Cas12a-assisted precise targeted cloning using in vivo 

Research Article Microbiology Spectrum

Month XXXX  Volume 0  Issue 0 10.1128/spectrum.00996-2423

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/s

pe
ct

ru
m

 o
n 

11
 D

ec
em

be
r 

20
24

 b
y 

28
04

:d
4b

:7
80

1:
e9

00
:7

1d
8:

80
57

:6
b1

a:
c3

54
.

https://doi.org/10.1128/mBio.01230-19
https://doi.org/10.3389/fmicb.2022.786008
https://doi.org/10.1038/s41597-020-0395-9
https://doi.org/10.1155/2013/910451
https://doi.org/10.1002/tox.22986
https://doi.org/10.1016/j.lfs.2023.121998
https://doi.org/10.1021/acscentsci.9b00266
https://doi.org/10.1021/cb400699p
https://doi.org/10.1038/s41589-022-00993-w
https://doi.org/10.1186/s12864-015-2110-3
https://doi.org/10.3390/antibiotics11121783
https://doi.org/10.1074/jbc.M110.182428
https://doi.org/10.1021/jm801110j
https://doi.org/10.1021/acs.jmedchem.3c00178
https://doi.org/10.1016/j.chembiol.2020.10.009
https://doi.org/10.1002/ajh.25103
https://doi.org/10.1080/24734306.2018.1425280
https://doi.org/10.1128/AEM.00297-12
https://doi.org/10.7164/antibiotics.47.434
https://doi.org/10.7164/antibiotics.57.771
https://doi.org/10.1074/jbc.M611319200
https://doi.org/10.1186/s12864-020-06785-7
https://doi.org/10.1186/1741-7007-8-109
https://doi.org/10.1016/j.fct.2010.09.020
https://doi.org/10.1038/ja.2007.82
https://doi.org/10.1021/acs.chemrev.2c00210
https://doi.org/10.1039/c5ob01269d
https://doi.org/10.1021/acs.jnatprod.3c00527
https://doi.org/10.1038/s41467-022-32774-3
https://doi.org/10.3390/fermentation9110924
https://doi.org/10.1016/bs.mie.2019.02.026
https://doi.org/10.1038/s41557-024-01491-3
https://doi.org/10.1128/spectrum.00996-24


Cre-lox recombination. Nat Commun 12:1171. https://doi.org/10.1038/
s41467-021-21275-4

71. Ruiz‐Villafán B, Cruz‐Bautista R, Manzo‐Ruiz M, Passari AK, 
Villarreal‐Gómez K, Rodríguez‐Sanoja R, Sánchez S. 2022. Carbon 
catabolite regulation of secondary metabolite formation, an old but not 
well‐established regulatory system. Microb Biotechnol 15:1058–1072. 
https://doi.org/10.1111/1751-7915.13791

72. Messaoudi O, Bendahou M, Benamar I, Abdelwouhid DE. 2015. 
Identification and preliminary characterization of non-polyene 
antibiotics secreted by new strain of actinomycete isolated from sebkha 
of Kenadsa, Algeria. Asian Pac J Trop Biomed 5:438–445. https://doi.org/
10.1016/j.apjtb.2015.04.002

73. Romero-Rodríguez A, Rocha D, Ruiz-Villafán B, Guzmán-Trampe S, 
Maldonado-Carmona N, Vázquez-Hernández M, Zelarayán A, Rodríguez-
Sanoja R, Sánchez S. 2017. Carbon catabolite regulation in Streptomyces: 
new insights and lessons learned. World J Microbiol Biotechnol 33:162. 
https://doi.org/10.1007/s11274-017-2328-0

74. Yu Y, Wong J, Lovejoy DB, Kalinowski DS, Richardson DR. 2006. Chelators 
at the cancer coalface: desferrioxamine to Triapine and beyond. Clin 
Cancer Res 12:6876–6883. https://doi.org/10.1158/1078-0432.CCR-06-
1954

75. Larkin MJ, Kulakov LA, Allen CCR. 2010. Genomes and plasmids in 
Rhodococcus, p 73–90

76. Letek M, González P, Macarthur I, Rodríguez H, Freeman TC, Valero-Rello 
A, Blanco M, Buckley T, Cherevach I, Fahey R, Hapeshi A, Holdstock J, 
Leadon D, Navas J, Ocampo A, Quail MA, Sanders M, Scortti MM, Prescott 
JF, Fogarty U, Meijer WG, Parkhill J, Bentley SD, Vázquez-Boland JA. 2010. 
The genome of a pathogenic Rhodococcus: cooptive virulence 
underpinned by key gene acquisitions. PLoS Genet 6:e1001145. https://
doi.org/10.1371/journal.pgen.1001145

77. Song Y, Xu X, Huang Z, Xiao Y, Yu K, Jiang M, Yin S, Zheng M, Meng H, 
Han Y, Wang Y, Wang D, Wei Q. 2022. Genomic characteristics and pan-
genome analysis of Rhodococcus equi. Front Cell Infect Microbiol 12. 
https://doi.org/10.3389/fcimb.2022.807610

78. Guo Q-Q, Ming H, Meng X-L, Duan Y-Y, Gao R, Zhang J-X, Huang J-R, Li 
W-J, Nie G-X. 2015. Rhodococcus agglutinans sp. nov., an actinobacterium 
isolated from a soil sample. Antonie Van Leeuwenhoek 107:1271–1280. 
https://doi.org/10.1007/s10482-015-0421-7

79. Tamai N, Ishii T, Sato Y, Fujiya H, Muramatsu Y, Okabe N, Amachi S. 2016. 
Bromate reduction by Rhodococcus sp. Br-6 in the presence of multiple 
redox mediators. Environ Sci Technol 50:10527–10534. https://doi.org/
10.1021/acs.est.6b02261

80. Ceniceros A, Dijkhuizen L, Petrusma M, Medema MH. 2017. Genome-
based exploration of the specialized metabolic capacities of the genus 
Rhodococcus. BMC Genomics 18:593. https://doi.org/10.1186/s12864-
017-3966-1

81. Doroghazi JR, Metcalf WW. 2013. Comparative genomics of actinomy­
cetes with a focus on natural product biosynthetic genes. BMC 
Genomics 14:611. https://doi.org/10.1186/1471-2164-14-611

82. Nazari MT, Simon V, Machado BS, Crestani L, Marchezi G, Concolato G, 
Ferrari V, Colla LM, Piccin JS. 2022. Rhodococcus: a promising genus of 
actinomycetes for the bioremediation of organic and inorganic 
contaminants. J Environ Manage 323:116220. https://doi.org/10.1016/j.
jenvman.2022.116220

83. Gamaleldin NM, Bahr HS, Mostafa YA, McAllister BF, El Zawily A, Ngwa CJ, 
Pradel G, Hassan HM, Abdelmohsen UR, Alkhalifah DHM, Hozzein WN. 
2022. Metabolomic profiling, in vitro antimalarial investigation and in 

silico modeling of the marine actinobacterium strain Rhodococcus sp. 
UR111 associated with the soft coral Nephthea sp. Antibiotics (Basel) 
11:1631. https://doi.org/10.3390/antibiotics11111631

84. Palma Esposito F, Giugliano R, Della Sala G, Vitale GA, Buonocore C, 
Ausuri J, Galasso C, Coppola D, Franci G, Galdiero M, de Pascale D. 2021. 
Combining OSMAC approach and untargeted metabolomics for the 
identification of new glycolipids with potent antiviral activity produced 
by a marine Rhodococcus. Int J Mol Sci 22:9055. https://doi.org/10.3390/
ijms22169055

85. Alvarez HM, Herrero OM, Silva RA, Hernández MA, Lanfranconi MP, 
Villalba MS. 2019. Insights into the metabolism of oleaginous 
Rhodococcus spp. Appl Environ Microbiol 85:e00498-19. https://doi.org/
10.1128/AEM.00498-19

86. Alvarez HM, Kalscheuer R, Steinbüchel A. 2000. Accumulation and 
mobilization of storage lipids by Rhodococcus opacus PD630 and 
Rhodococcus ruber NCIMB 40126. Appl Microbiol Biotechnol 54:218–223. 
https://doi.org/10.1007/s002530000395

87. Helfrich EJN, Vogel CM, Ueoka R, Schäfer M, Ryffel F, Müller DB, Probst S, 
Kreuzer M, Piel J, Vorholt JA. 2018. Bipartite interactions, antibiotic 
production and biosynthetic potential of the Arabidopsis leaf micro­
biome. Nat Microbiol 3:909–919. https://doi.org/10.1038/s41564-018-
0200-0

88. Chakraborty K, Kizhakkekalam VK, Joy M. 2022. Polyketide-derived 
macrobrevins from marine macroalga-associated Bacillus amyloliquefa­
ciens as promising antibacterial agents against pathogens causing 
nosocomial infections. Phytochemistry 193:112983. https://doi.org/10.
1016/j.phytochem.2021.112983

89. Singh PK, Sharma V, Patil PB, Korpole S. 2012. Identification, purification 
and characterization of laterosporulin, a novel bacteriocin produced by 
Brevibacillus sp. strain GI-9. PLoS One 7:e31498. https://doi.org/10.1371/
journal.pone.0031498

90. Baindara P, Singh N, Ranjan M, Nallabelli N, Chaudhry V, Pathania GL, 
Sharma N, Kumar A, Patil PB, Korpole S. 2016. Laterosporulin10: a novel 
defensin like Class IId bacteriocin from Brevibacillus sp. strain SKDU10 
with inhibitory activity against microbial pathogens. Microbiol (Reading, 
Engl) 162:1286–1299. https://doi.org/10.1099/mic.0.000316

91. Ghadbane M, Harzallah D, Laribi AI, Jaouadi B, Belhadj H. 2013. 
Purification and biochemical characterization of a highly thermostable 
bacteriocin isolated from Brevibacillus brevis strain GM100. Biosci 
Biotechnol Biochem 77:151–160. https://doi.org/10.1271/bbb.120681

92. Mordhorst S, Ruijne F, Vagstad AL, Kuipers OP, Piel J. 2023. Emulating 
nonribosomal peptides with ribosomal biosynthetic strategies. RSC 
Chem Biol 4:7–36. https://doi.org/10.1039/d2cb00169a

93. Rico S, Santamaría RI, Yepes A, Rodríguez H, Laing E, Bucca G, Smith CP, 
Díaz M. 2014. Deciphering the regulon of Streptomyces coelicolor AbrC3, 
a positive response regulator of antibiotic production. Appl Environ 
Microbiol 80:2417–2428. https://doi.org/10.1128/AEM.03378-13

94. Dong H, Ming D. 2023. A comprehensive self-resistance gene database 
for natural-product discovery with an application to marine bacterial 
genome mining. Int J Mol Sci 24:12446. https://doi.org/10.3390/
ijms241512446

95. Mohamed OG, Dorandish S, Lindow R, Steltz M, Shoukat I, Shoukat M, 
Chehade H, Baghdadi S, McAlister-Raeburn M, Kamal A, Abebe D, Ali K, 
Ivy C, Antonova M, Schultz P, Angell M, Clemans D, Friebe T, Sherman D, 
Casper AM, Price PA, Tripathi A. 2021. Identification of a new antimicro­
bial, desertomycin H, utilizing a modified crowded plate technique. Mar 
Drugs 19:424. https://doi.org/10.3390/md19080424

Research Article Microbiology Spectrum

Month XXXX  Volume 0  Issue 0 10.1128/spectrum.00996-2424

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/s

pe
ct

ru
m

 o
n 

11
 D

ec
em

be
r 

20
24

 b
y 

28
04

:d
4b

:7
80

1:
e9

00
:7

1d
8:

80
57

:6
b1

a:
c3

54
.

https://doi.org/10.1038/s41467-021-21275-4
https://doi.org/10.1111/1751-7915.13791
https://doi.org/10.1016/j.apjtb.2015.04.002
https://doi.org/10.1007/s11274-017-2328-0
https://doi.org/10.1158/1078-0432.CCR-06-1954
https://doi.org/10.1371/journal.pgen.1001145
https://doi.org/10.3389/fcimb.2022.807610
https://doi.org/10.1007/s10482-015-0421-7
https://doi.org/10.1021/acs.est.6b02261
https://doi.org/10.1186/s12864-017-3966-1
https://doi.org/10.1186/1471-2164-14-611
https://doi.org/10.1016/j.jenvman.2022.116220
https://doi.org/10.3390/antibiotics11111631
https://doi.org/10.3390/ijms22169055
https://doi.org/10.1128/AEM.00498-19
https://doi.org/10.1007/s002530000395
https://doi.org/10.1038/s41564-018-0200-0
https://doi.org/10.1016/j.phytochem.2021.112983
https://doi.org/10.1371/journal.pone.0031498
https://doi.org/10.1099/mic.0.000316
https://doi.org/10.1271/bbb.120681
https://doi.org/10.1039/d2cb00169a
https://doi.org/10.1128/AEM.03378-13
https://doi.org/10.3390/ijms241512446
https://doi.org/10.3390/md19080424
https://doi.org/10.1128/spectrum.00996-24

	A metabologenomics approach reveals the unexplored biosynthetic potential of bacteria isolated from an Amazon Conservation Unit
	MATERIALS AND METHODS
	Sampling
	Bacterial isolation
	Taxonomic classification
	Selection of strains
	Genome sequencing
	Genome mining
	Sample preparation and metabolite extraction
	Collection and analysis of data by UPLC-MS/MS
	NP³ MS workflow data processing and analysis

	RESULTS
	Selection of strains and general genomic characteristics
	Genome mining and biosynthetic potential
	Untargeted metabolomics

	DISCUSSION
	Streptomyces sp. ACT015 is a resource of known and unknown NPs genetically rich and metabolically active
	Rhodococcus sp. ACT016 is an environmental strain genetically rich and active with a highly shapable metabolism
	Brevibacillus sp. FIR094 is a metabolically active strain with conserved and still unknown NPs to be explored
	Conclusions



