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The constant need to search for new drugs is a major driver for the discovery of
new molecules of pharmaceutical interest. Natural products (NPs) of microbial
origin have been recognized for their therapeutic properties, with
Actinomycetota being one of the leading groups in terms of their production.
Due to the fact that Actinomycetota contain in their genomes a high number of
biosynthetic gene clusters that may not be expressed under common cultures
conditions, the strategy known as “one strain many compounds” (OSMAC) has
emerged as an important approach to expand the chemical diversity of
actinobacterial metabolites. In this work, 8 OSMAC conditions were applied to
10 actinobacterial isolates previously obtained from deep-sea samples collected
at Madeira and Azores archipelagos, Portugal, in an attempt to activate silent
biosynthetic gene clusters capable of producing new NPs. Organic extracts from
the isolates grown under the different conditions (80 in total) were tested for their
antimicrobial, anticancer and anti-inflammatory activities, revealing 11 extracts
that inhibited the growth of Staphylococcus aureus, Bacillus subtilis, Escherichia
coli, Salmonella typhimurium or Candida albicans, and 9 extracts that reduced
the cellular viability of T-47D or HepG2 cancer cells, while no anti-inflammatory
activity was observed. Metabolomic profile of the actinobacterial extracts
revealed metabolites matching known NPs, as well as features suggestive of
previously unreported compounds (15 in total). This study demonstrated that the
OSMAC approach is effective in modulating secondary metabolism in
Actinomycetota and is consequently a useful resource for the discovery of
new molecules with biotechnological potential.

KEYWORDS

bioactivity, deep-sea, marine Actinomycetota, natural products, OSMAC

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fmars.2026.1754764/full
https://www.frontiersin.org/articles/10.3389/fmars.2026.1754764/full
https://www.frontiersin.org/articles/10.3389/fmars.2026.1754764/full
https://www.frontiersin.org/articles/10.3389/fmars.2026.1754764/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2026.1754764&domain=pdf&date_stamp=2026-02-06
mailto:sofia.correia@ciimar.up.pt
https://doi.org/10.3389/fmars.2026.1754764
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/marine-science#editorial-board
https://www.frontiersin.org/marine-science#editorial-board
https://doi.org/10.3389/fmars.2026.1754764
https://www.frontiersin.org/journals/marine-science

Correia et al.

1 Introduction

Natural products (NPs) of microbial origin have inspired many
commercial pharmaceutical products. Over the past decade,
research efforts have increasingly focused on the marine
environment, leading to the discovery of numerous novel
metabolites with relevant biological activities. Most of these new
compounds were obtained from marine Actinomycetota
(Ragozzino et al., 2025) which are known to produce a wide array
of bioactive molecules with antibacterial, antifungal, anticancer and
antioxidant properties, among others (ul Hassan and Shaikh, 2017).

However, one of the main barriers in NPs research is the high
rate of rediscovery of already known metabolites, which can hinder
drug discovery efforts and waste resources (Palma Esposito et al.,
2021). In order to overcome this issue, recent strategies have
focused on prioritizing strains with proven biosynthetic potential
or unique ecological origins. Advances in microbial DNA
sequencing technologies have allowed the sequencing of the entire
genome in a rapid and cost-effective manner. This triggered the
development of new genome analysis tools, such as antiSMASH, for
the identification of biosynthetic gene clusters (BGCs). Notably,
bacterial BGCs have been found to outnumber the molecules
isolated in the laboratory, but most of these are often silent or
cryptic and are not expressed under standard cultivation
conditions. The One Strain Many Compounds (OSMAC)
approach has been shown very efficient in activating silent BGCs,
being a promising strategy for the discovery of new bioactive
compounds (Palma Esposito et al., 2021; Schwarz et al., 2021).
Recent studies have highlighted the potential of the application of
this approach to marine microorganisms, including
Actinomycetota (Tawfike et al., 2019; Palma Esposito et al., 2021).
In particular, exposing Actinomycetota to specific elicitor molecules
has been shown to activate cryptic genes (Covington et al., 2021;
Zong et al,, 2022). Elicitors are substances that stimulate certain
physiological and/or morphological changes when added in trace
amounts to microbial cultures (Nair et al., 2009), and can be used as
a direct extension of the OSMAC approach (Romano et al., 2018).
Several elicitation strategies have been developed to break the
silence of cryptic genes, namely, chemical, biological and
molecular strategies (Verma et al.,, 2018). Chemical elicitors are
typically synthetic or non-biological compounds that, when added
to the culture medium, can trigger changes in secondary
metabolism. Examples include dimethyl sulfoxide (DMSO),
ethanol dimethyl sulphone, sodium butyrate, and certain
inorganic salts and rare earth elements such as scandium and
lanthanum, all of which have been reported to modulate the
metabolic output of Actinomycetota (Verma et al., 2018).
Biological elicitation can be achieved through three main
approaches: co-cultivation with other microorganisms, the
addition of microbial lysates, and the use of microbial cell
components, such as cell wall fragments or signaling molecules
(Verma et al., 2018). Molecular elicitation may involve genome
mining strategies. In this process, gene knockout studies are
performed and the products of the desired genes are analyzed by
different techniques, such as High-Performance Liquid
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Chromatography (HPLC) and matrix assisted laser desorption
ionization-time of flight mass spectrometry (MALDI-TOF). In
addition to elicitation, variation in culture parameters, such as
temperature, pH and change in nutrient regimes, has been found
to trigger the production and discovery of new NPs, also
constituting important strategies within the OSMAC approach
(Romano et al., 2018).

In this line, the objective of this work was to apply the OSMAC
strategy to ten actinobacterial isolates previously obtained from
deep-sea samples collected at Madeira and Azores archipelagos,
aiming to induce the production of novel bioactive compounds with
pharmaceutical relevance.

2 Materials and methods

2.1 Origin and characterization of
actinobacterial strains

We used ten actinobacterial strains previously isolated, as part
of an independent study, from eight deep-sea samples collected in
the North Atlantic Ocean at Madeira and Azores archipelagos
(Table 1). Samples collected at Madeira were obtained from three
scientific expeditions with the aid of multiple underwater vehicles
and sampling gears at depths between 496 and 2300 m: (i)
SEDMAR 1/2017 mission, led by the Portuguese Hydrographic
Institute, in 2017; (i) OOM2018_LUSO using the ROV LUSO6000
from the Task Group for the Extension of the Continental Shelf -
EMEPC, on board the NRP Almirante Gago Coutinho of the
Portuguese Hydrographic Institute (IH); and (iii) Deep_Madeira
2019 using the manned submersible Lulal000 from the Rebikoff-
Niggeler Foundation (Braga-Henriques et al., 2022). Azorean
samples were collected during the R/V Meteor cruise M150
BIODIAZ - Controls in benthic and pelagic BIODIversity of the
Azores (George et al., 2018) from August to October 2018 at depths
between 150 and 3000 m.

Table 1 summarizes the origin, isolation conditions, and
taxonomic identification of the actinobacterial strains used in
this study.

2.2 Growth of actinobacterial strains under
OSMAC conditions

Each actinobacterial isolate selected for this study was grown
under eight different OSMAC conditions. In all cases, growth was
performed in 100 mL Erlenmeyer flasks containing 30 mL of liquid
culture medium. For each strain, the inoculum was obtained by
transferring a loopful of biomass from the corresponding agar
medium (Table 1) into the liquid medium. Cultures were
incubated in the dark at 25 °C and 100 rpm for 5 days, in an
orbital shaker (Model 210, Comecta SA, Barcelona, Spain). After
this period, 0.5 g of Amberlite® XADIG6N resin (Sigma-Aldrich,
MO, USA) was added to the medium and cultures were incubated
for another three days.
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TABLE 1 Origin, isolation conditions, and taxonomic identification of the actinobacterial strains used in this study.

Sample code Sample Depth Geographic Sampling gear Temperature Pressure Mission Pre-treatment applied to Isolation Growth Closest Taxonomic % Accession
P matrix (1)) coordinates ping 9 (°C) (dbar) the samples® Mediumf Mediun identification' Similarity number
2937'55.5" a Acti
€033 1 hom2018_033 Coral 498 32°3755.5°N ROV® LUSO 124 503.6 OOM2018_LUSO pr1¢ Mie M1 ctinopolymorpha 99.71 PX127723
11 17°04'00.1"W (Biobox) rutila
37°54,975'N . . .
C_107 7 M150-ABH_107 Coral 892 029° 03.868' W Agassiz trawl 8.79 901 M150 BIODIAZ PT1 M1 M1 Kocuria palustris 99.78 PX127725
Sed 143 |\ 150 ABH 143 | Sediment | 2062 38° 03,697 N Multicorer 41 2089.4 OOM2018_LUSO PT1 NpPst MB Micromonospora 99.35 PX127721
1 029° 25,627 W maritima
Sed_313 38°42,099' N Mi
e M150_ABH 313 | Sediment 1500 ) Multicorer 5.03 1517 M150 BIODIAZ PT1 Ml MB icromonospora 99.93 PX127720
25 027° 25,995' W saelicesensis
37°54,975' N . N .
S_1137 | MI150_ABH_113 Sponge 892 029° 03.868' W Agassiz trawl 8.79 901 M150 BIODIAZ PT1 M1 M1 Nocardiopsis lucentensis 99.86 PX127719
$ed383 | 150 ABH 383 | Sediment | 496 37716711°N Hanning grab 12,03 501 M150 BIODIAZ PT1 M4i MB Salinispora 99.62 PX127722
10 24° 43,399 W cortesiana
MA3 . 32°31,1848' N Smith-McIntyre
213 M_MA3 Sediment 2300 16° 58.7.38' W arab 2.5 2310 SEDMAR 1/2017 PT1 M1 M1 Streptomyces profundus 100 0Q363655
S_071 32°38'14.6'N ROV LUSO Streptomyces
OOM2018_071 N 650 11 657.4 OOM2018_LUSO PT2¢ M4 MB 99.78 PX127718
115 - ponge 17°06'30.6'W (biobox) - xinghaensis
C_014 32°38,031' N HOV® Lula1000 Deep_Madeira Microbacterium
- #014 Coral 804 10.4 812.2 N PT1 NPS M1 98.70 PX127726
11 or 17°04,937'W (biobox) 2019 aerolatum
C_0171 #017 Coral 804 32° 38,031 N HOV Lulal000 104 8122 Deep_Madeira PT1 M1 M1 Microbacterium 9833 PX127724
17°04,937'W (biobox) 2019 amylolyticum

“)Remotely operated vehicle (ROV).

b)Human-occ‘.\lpied vehicle (HOV).

9The samples resulting from the pre-treatment were ten-fold diluted until 10-* and an aliquot of 100 L of each sample (10°-10™*) was spread in duplicate over the surface of different isolation media.

DPT1: consisted in incubation of one g of samples in a water bath at 57°C for 15 minutes.

9PT2: consisted in the incubation of one g of the sample with antibiotics (nystatin, cycloheximide and nalidixic acid at 20 mg/mL each) for 30 minutes.

Hlsolation medium was supplemented with cycloheximide, nystatin and nalidixic acid at 50 mg/mL each.

®Composition of medium M1: 10 g starch, 4 g yeast extract, 2 g peptone, 15 g agar and seawater to a final volume of 1 L.

MComposition of medium Nutrient Poor Sediment Agar (NPS): 100 mL NPS extract (prepared by washing 900 mL of sand collected from a high-energy beach with 500 mL of seawater), 17 g agar and seawater to a final volume of 1 L.

Composition of medium M4: 2 g chitin, 18 g agar and seawater to a final volume of 1 L.

DA liquid version of the growth medium was used, without the addition of agar.

l‘)Composition of medium Marine Broth (MB): 40.2 g of commercial medium marine broth (Condalab, Madrid) and deionized water to a final volume of 1 L.

DFor taxonomic identification, DNA was extracted using the E.ZN.A® Bacterial DNA Kit ((Omega Bio-Tek, GA, United States). 165 rRNA gene was amplified by PCR using the universal primers 27F (5-GAGTTTGATCCTGGCTCAG-3') and 1492R (5-
TACGGYTACCTTGTTACGACTT-3'). Sequencing of the amplified DNA was performed by GenCore, 13S (Instituto de Investigagdo e Inovagio em Satde, Portugal). 16S rRNA gene sequences were analyzed using the Geneious Prime 2022.1.2 software and the resulting
consensus sequences were compared to the GenBank database using the blastn algorithm and confirmed with the databases EzTaxon. The taxonomic assignments shown in the table are based on EzTaxon results.

‘e 32 e1a110D)
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Controls consisting of Actinomycetota strains grown in their
standard medium (M1 or MB; Table 1) without any OSMAC
conditions were also included. In addition, to assess the influence
of the OSMAC condition alone, uninoculated controls were
performed in parallel for each condition under study.

The conditions tested included:

2.2.1 Application of heat shock

Each strain was inoculated in a 50 mL Falcon tube containing 30
mL of the respective growth medium (Table 1) and incubated at 45 °
C in a water bath for 1 h. After this period, the culture was
transferred to a 100 mL Erlenmeyer flask and incubated as
described above.

2.2.2 Addition of Escherichia coli lysate

A pre-culture of E. coli ATCC 25922 was prepared by
suspending two loops of colonies previously grown on Mueller-
Hinton agar (MH, Liofilchem, Roseto d. Abruzzi, Italy), in a falcon
tube containing 5 mL of MH broth. The suspension was incubated
at 37°C for 2 days, at 100 rpm. After incubation, the culture was
vortexed and the entire volume used to inoculate a 2 L Erlenmeyer
flask containing 1 L of MH culture medium, which was
subsequently incubated at 37°C for 3 days, at 100 rpm. After this
period, the culture was centrifuged at 3046 g, for 10 min (MEGA
STAR 600R VWR-EMBRC, Radnor, United States) to separate the
E. coli pellet from the supernatant. The biomass pellet was
lyophilized (0.05 mbar and -55°C) for 2 days. A total of 1.5 g of
lyophilized E. coli biomass was added per liter to the appropriate
actinobacterial growth medium (Table 1) and autoclaved to obtain a
lysate of E. coli while ensuring medium sterilization.

2.2.3 Addition of E. coli supernatant

The E. coli supernatant, obtained as previously described, was
frozen at -80°C for 24 h, followed by lyophilization (0.08 mbar and
-55°C) for a period of 4 days. The lyophilized supernatant was
added to the respective growth medium (Table 1), at the
concentration of 1.5 g/L, followed by sterilization in an autoclave.

2.2.4 Growth in glucose peptone agar medium
supplemented with yeast lysate

The GPA medium with yeast lysate was prepared according to
(Georgousaki et al., 2020) and had the following composition (per liter
of deionized water): 45 g glucose, 1.5 g yeast lysate and 10 g peptonized
milk. Yeast lysate was obtained from Candida albicans ATCC 10231,
and was prepared using the same procedure described for the
preparation of the E. coli lysate, with C. albicans grown in Sabouraud
Dextrose medium (SD, Liofilchem, Roseto d. Abruzzi, Italy) instead of
Mueller-Hinton. After lyophilization, 1.5 g/L of the C. albicans biomass
was added to the GPA medium, which was then autoclaved to obtain
the lysate and ensure medium sterilization.

2.2.5 Addition of Candida albicans supernatant
The C. albicans supernatant was obtained and processed

following the same procedure described for E. coli. The

lyophilized supernatant was added to the appropriate growth
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medium (Table 1), at the concentration of 1.5 g/L, followed by
autoclaving to ensure sterilization.

2.2.6 Growth in glucose yeast extract malt
extract medium

The GYM medium was prepared with the following
composition (per liter of deionized water): 4 g glucose, 4 g yeast
extract, 10 g malt extract, 1 g peptone, 2 g NaCl, 1 M MOPS
(morpholinopropanesulfonic acid; pH 7.2) (Ochi, 1987). The
medium was autoclaved before the addition of the MOPS
solution to avoid its degradation. The MOPS solution was filter
(0.22 pm) sterilized and added to the culture medium
after autoclaving.

2.2.7 Addition of N-acetylglucosamine

A solution of N-acetylglucosamine (Santa Cruz Biotechnology,
Inc., Dallas, United States) was prepared in deionized water at a
concentration of 100 mM (Rigali et al., 2008). This solution was
filter (0.22 um) sterilized and added to the appropriate growth
medium at a final concentration of 50 mM.

2.2.8 Addition of lanthanum (lll) chloride

A solution of lanthanum (III) chloride (Merck KGaA,
Darmstadt, Germany) was prepared in deionized water at a
concentration of 200 mM (Xu et al., 2018a). This solution was
filter (0.22 um) sterilized and added to the appropriate growth
medium, at a final concentration of 2 mM.

2.3 Preparation of crude extracts for
bioactivity assays

At the end of the incubation period, cultures were subjected to
three sequential centrifugation cycles at 3046 g for 5 min each. The
pellet obtained from each actinobacterial culture (that included
both biomass and resin) was lyophilized (0.05 mbar and -55 °C) for
three days and stored at -20 °C. Lyophilized cultures were extracted
twice with 30 mL of an acetone/methanol mixture 1:1 (v/v). The
organic layer was dried in a rotary evaporator and the obtained
crude extract was weighted and dissolved in dimethyl sulfoxide
(DMSO, = 99.9%, Sigma-Aldrich, MO, USA) to prepare stock
solutions at the concentrations of 10, 3 and 1 mg/mL for
bioactivity screening.

2.4 Screening of antimicrobial activity

Antimicrobial activity was screened by employing the agar-
based disk diffusion method, using five reference microorganisms:
Staphylococcus aureus (ATCC 29213), Bacillus subtilis (ATCC
6633), Escherichia coli (ATCC 25922), Salmonella typhimurium
(ATCC 25241) and Candida albicans (ATCC 10231). The bacterial
strains were grown on MH agar and the yeast C. albicans was grown
on SD agar. After growth on solid medium, these microorganisms
were suspended in the corresponding broth and the turbidity of the
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suspensions was adjusted to 0.5 McFarland standard (OD625 = 0.08
—0.13). These standardized suspensions were used to seed MH (for
bacteria) or SD (for C. albicans) agar plates, by evenly streaking the
plates with a swab dipped in the inoculum cultures. Blank paper
disks (6 mm in diameter; Oxoid Limited, Hampshire, UK) were
placed on the surface of the inoculated plates and loaded with 15 UL
of crude extract at the concentration of 1 mg/mL. The positive
control consisted in 15 pL of enrofloxacin (1 mg/mL; Sigma-
Aldrich, MO, USA) for the bacterial strains and 15 pL of nystatin
(1 mg/mL; Sigma-Aldrich, MO, USA) for the yeast, and the negative
control consisted in 15 UL of DMSO. The assays were performed in
duplicate. The plates were incubated at 37 °C for 24 h, after which
the presence of inhibition halos was inspected and the respective
diameters measured.

2.5 Screening of anticancer activity

The cytotoxic activity of the actinobacterial extracts was tested
in two human cancer cell lines: HepG2 (liver) and T-47D (breast)
(both from Sigma-Aldrich, St. Louis, MO, USA) and in a non-
cancer cell line: hCMEC/D3 (Human Cardiac Microvascular
Endothelial) (kindly donated by Dr. P. O. Courad, INSERM,
France). The cell lines were grown in Dulbeco’s Modified Eagle
Medium (DMEM) (Gibco, Thermo Fisher Scientific, Waltham,
Massachusetts) supplemented with 10% (v/v) fetal bovine serum
(Biochrom, Berlin, Germany), 1% (v/v) penicillin/streptomycin
(Biochrom) at 100 IU/mL and 10 mg/mL, respectively, and 0.1%
(v/v) amphotericin (GE Healthcare, Little Chafont, United
Kingdom). The cells were incubated at 37 °C in a humidified
atmosphere containing 5% of CO, (Thermo Fischer Scientific,
MA, USA). Cell viability was determined by the MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5- diphenyltetrazolium bromide) assay.
The cells were seeded in 96- well plates at a density of 6.6x10*
cells/mL. After 24 h, cells were exposed to extract solutions at a final
concentration of 15 pg/mL. Solvent and positive controls consisted
in 0.5% DMSO (Sigma-Aldrich, USA) and 100 pM staurosporine,
respectively. Cell viability was evaluated after 48 h by adding MTT
at a final concentration of 0.2 mg/mL (Sigma-Aldrich, MO, USA)
and incubating for 4 h at 37 °C. After this time, the medium was
removed and 100 UL of DMSO were added per well, after which the
absorbance was read at 570 nm (Synergy HTX, Biotek, Winooski,
VT, USA). Each extract was tested each in triplicate in two
independent experiments (n = 6). Cellular viability was expressed
as a percentage relative to the solvent control.

2.6 Screening of anti-inflammatory activity

The murine RAW 264.7 macrophage cell line was used to study
the anti-inflammatory bioactivity of the actinobacterial extracts.
Cells were cultured as described before. The cells were seeded in 96-
well plates at a density of 3.5x10° cells/mL. After 24 h, cells were
exposed to extract solutions at a final concentration of 15 pg/mL
and 6 replicates were used per group derived from two independent
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assays (n = 6). The macrophage inflammation was monitored by
two control groups: 0.5% DMSO (Sigma-Aldrich, USA) without
LPS (lipopolysaccharide) and DMSO with 200 pg/mL of LPS. The
performed assay allowed inferring both the anti-inflammation and
pro-inflammation potential of the actinobacterial extracts. For
analyzing the anti- inflammation potential of the extracts, 200 ug/
mL of LPS was added to each well along with the extract. In the
analysis of pro-inflammation potential, the wells did not contain
LPS, only the extract. After 24 h of exposure, 75 pL of the
supernatant was removed to a new plate for the determination of
nitrites, as proxy for nitric oxide (NO) levels, a mediator of
inflammation. 75 uL of Griess reagent (10 mg/mL sulfanilamide;
Sigma-Aldrich, Missouri, USA; 1 mg/mL N-(1-Naphthyl)
ethylenediamine dihydrochloride, Fluka Analytical, Munich,
Germany) were added to the supernatant, the plates incubated
with shaking, for 15 min, at room temperature, before reading the
absorbance at 562 nm. The cell viability of macrophages was
determined by the MTT assay, by adding MTT at a final
concentration of 0.5 mg/mL, followed by incubation for 45 min at
37 °C. Then, the medium was removed and 100 UL of DMSO were
added per well, after which the absorbance was read at 510 nm
(Synergy HTX, Biotek, Winooski, VT, USA).

2.7 Dereplication and molecular network
analysis

All extracts were subjected to metabolomic analyses using MS-
based dereplication and molecular network analyses (Nothias et al.,
2020; Avalon et al, 2022). The extracts were resuspended in
methanol at a concentration of 2 mg/mL and used for LC-
HRESIMS/MS analysis on a system composed of a Dionex
Ultimate 3000 HPLC coupled to a qExactive Focus Mass
spectrometer controlled by XCalibur 4.1 software (Thermo Fisher
Scientific, MA, United States). The chromatographic step was
carried out in an ACE UltraCore 2.5 Super C18 column (75 mm
x 2.1 mm, Avantor, Radnor, Pennsylvania). Five microliters of each
extract were injected and separated using a gradient from 99.5%
eluent A (95% water, 5% methanol, 0.1% formic acid, v/v) and 0.5%
eluent B (95% isopropanol, 5% methanol, 0.1% formic acid, v/v) to
10% eluent A and 90% eluent B, over 9.5 min and then maintained
for 6 min before returning to initial conditions. The UV absorbance
of the eluate was monitored at 254 nm and at Full MS scans, at the
resolution of 70,000 full width at half maximum (FWHM) (range of
150-2000 m/z), followed by data dependent MS2 (ddMS2,
Discovery mode) at the resolution of 17,500 FWHM (isolation
window used was 3.0 amu and normalized collision energy was 35).
The raw data obtained from the MS-based dereplication of the
extracts was converted to mzML format and submitted to the
dereplication workflow of the Global Natural Products Social
Molecular Networking platform (GNPS). Three dereplication
steps were used, Insilico Peptidic Natural Product Dereplicator,
Dereplicator VarQuest and Dereplicator+, with the default
parameters (except ion mass tolerance precursor and fragment
ion mass tolerance, which were set at 0.005 Da) (Wang et al,

frontiersin.org


https://doi.org/10.3389/fmars.2026.1754764
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Correia et al.

2016). To support the dereplication analysis, a molecular network
was constructed using the default parameters, excluding ion mass
precursor tolerance and fragment ion mass tolerance (set to 0.02
Da). The resulting molecular network was visualized with
Cytoscape v3.6.1 (Shannon et al., 1971) and searched for clusters
of m/z value that were associated with a single extract. The
HRESIMS/MS spectra corresponding to such data were annotated
to clarify the likely masses of the compounds generating the
clusters. The identified putative compound masses were then used
for an additional dereplication step by searching the predicted
accurate mass (+5ppm) against the Dictionary of Natural
Products (DNP; dnp.chemnetbase.com) and Natural Products
Atlas 2.0 (NPA) (van Santen et al.,, 2022) databases. When hits
from Actinomycetota were obtained, information regarding the
biological activity of the compound(s) was retrieved from this
database. In addition, to understand the differences between
conditions for each strain, comparative analysis was carried out
using the XCalibur ™ software.

2.8 Statistical analysis

Data from anticancer and anti-inflammatory assays were tested
for significant differences compared to the solvent control. The
significance level was set for all tests at p < 0.05. The Kolmogorov
Smirnov test was used to check for normality distribution of data.
For parametric data, one-Way ANOVA was applied followed by
Dunnett’s post hoc test. If statistical test assumptions were not met,
data were either square root transformed and re-tested by ANOVA,
or the non-parametric Kruskal-Wallis test was applied, followed by
Dunn’s multiple comparison test.

3 Results

3.1 Bioactive potential of deep-sea
actinomycetota grown under OSMAC
conditions

The OSMAC conditions tested in this study led to the detection
of 10 actinobacterial extracts capable of inhibiting the growth of at
least one of the reference microorganisms tested (Figure 1). Several
OSMAC conditions, namely, growth in GYM medium, application
of heat shock, addition of E. coli supernatant or lysate and addition
of lanthanum (III) chloride, triggered antimicrobial activity against
S. aureus. Growing the strains Kocuria palustris C_107 7 and
Micromonospora maritima Sed_143 1 in the presence of C.
albicans supernatant induced the expression of antifungal activity
against this yeast. Four OSMAC conditions - growth in GPA
medium supplemented with yeast lysate, addition of E. coli
supernatant or lysate and addition of lanthanum (IIT) chloride to
the culture medium - led to activity against B. subtilis. Among all
OSMAC conditions tested, only one produced activity against the
two Gram-negative reference strains used in this study, E. coli and S.
typhimurium, which was observed in the crude extract of
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Streptomyces profundus MA3 2.13 grown in the presence of E.
coli supernatant.

Screening the 80 organic extracts generated in this study
showed that 10 exhibited statistically significant cytotoxicity
against at least one of the tested human cancer cell lines (HepG2
or T-47D), when compared to the solvent control (Figure 2). Nine
extracts reduced the viability of the T-47D cell line by more than
60% (obtained from Salinispora cortesiana Sed_383 10 grown in the
presence of E. coli lysate, and from Streptomyces profundus MA3
2.13 grown under all tested OSMAC conditions, except for the
condition addition of C. albicans supernatant), and one extract
reduced the viability of this same cell line by more than 35%
(Micromonospora saelicesensis strain Sed_313 25 grown in GPA
medium) (Figure 2A). For the HepG2 cell line, two extracts reduced
its viability, one by approximately 75% (derived from Salinispora
cortesiana Sed_383 10 grown in the presence of E. coli lysate), and
another by around 40% (derived from Streptomyces profundus
strain MA3 2.13 grown in GYM medium) (Figure 2B). To
analyze the specificity of the observed bioactivities towards cancer
cells, the crude extracts were also tested on a non-carcinogenic
endothelial cell line, hCMEC/D3. Two extracts demonstrated high
cytotoxicity on hCMEC/D3 cells - obtained from Salinispora
cortesiana Sed_383 10 grown in the presence of E. coli lysate, and
from Streptomyces profundus MA3 2.13 supplemented with GYM
medium (Figure 2C) - revealing general cytotoxicity. In contrast,
some extracts demonstrated selective cytotoxicity, with significant
reduction of the viability of cancer cells, but not of the non-cancer
cell line. Streptomyces profundus strain MA3 2.13 under the
OSMAC conditions application of heat shock, addition of E. coli
lysate, growth in GPA medium supplemented with yeast lysate, or
addition of E. coli supernatant, revealed a promising profile, with
high cytotoxic activity in breast cancer cells (T-47D) but without
significant activity in normal hCMEC/D3 cells. In addition, this
same strain grown in GYM medium showed the most promising
bioactivity, since its extract reduced the cytotoxicity in both cancer
cell lines (breast and liver cancer), but not in the non-cancer cell
line (Figure 2).

The 80 organic extracts were also screened for their anti-
inflammatory activity (Figure 3). The results showed that the
extract obtained from Salinispora cortesiana Sed_383 10 grown in
the presence of E. coli lysate had an anti-inflammatory effect, being
able to reduce inflammation in about 60% (Figure 3A). However,
this extract also had strong cytotoxic activity on the murine RAW
264.7 macrophage cell line (>70%), as shown by the MTT assay
(Figure 3C). As such, the anti-inflammatory activity observed for
this extract was considered a false positive, leaving no extracts with
confirmed activity.

No bioactivity was observed in the controls used in this study,
i.e., Actinomycetota strains grown in their standard medium (M1 or
MB; Table 1), without OSMAC conditions, or in the uninoculated
controls, indicating that the applied OSMAC strategies were
responsible for the observed bioactivities.

To determine whether the observed activities in the tested extracts
could be attributed to known compounds or potentially novel
secondary metabolites, a comprehensive dereplication process was
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performed on all 80 extracts using LC-HRESIMS/MS. Moreover, this
analysis facilitated the assessment of differences among the OSMAC
strategies used, by analyzing the raw data in Xcalibur . The chemical
profile analysis showed the presence of several masses that did not
present a match in the database and therefore may be associated with
potential new compounds (Supplementary Table S1).

Furthermore, 15 extracts showing strong antimicrobial or
anticancer activities were selected for dereplication analysis using the
GNPS platform to understand whether these activities could be due to
known compounds or potentially new metabolites. The strain
Streptomyces profundus MA3 2.13, grown in GYM medium, showed
promising results, as it exhibited cytotoxicity against the T-47D and
HepG2 tumor lines, but showed no activity against the non-tumor cell
line. The cyclic siderophore nocardamine, identified in the extract and
known for its anticancer properties, could explain this activity (He
et al,, 2024). For the extract resulting from Micromonospora maritima
Sed_143 1 grown in the presence of C. albicans supernatant,
dereplication did not reveal any compound that could account for
the observed antimicrobial activity. In contrast, the GNPS analysis of
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the remaining extracts indicated the presence of already known
bioactive natural products in most of the active extracts, such as
aldgamycin P (Wang et al, 2019), arromycin (Wong et al, 2012),
etamycin (Sheehan et al,, 1958) and nocardamine (Kalinovskaya et al.,
2011) (Supplementary Table S2). Although these compounds are
primarily known for their antimicrobial activity, some of the extracts
displayed anticancer effects that cannot be explained by the
dereplication results. Similarly, the dereplication results did not shed
light on the cytotoxic activity exhibited by the strain Salinispora
cortesiana Sed_383 10 grown with E. coli lysate.

Using the MS/MS data of all the extracts under study, a molecular
network was also developed in Cytoscape. Clusters observed in a single
extract were used as an additional criterion to increase the likelihood
that a cluster might correspond to a novel compound. Two of these
clusters were identified in the extract derived from Streptomyces
xinghaensis strain S_071 1.15 cultured in GYM medium - m/z
577.46, m/z 591.475; and m/z 903.615, m/z 1007.66, m/z 1049.67, the
latter being detected in residual abundances. Additionally, one cluster
was detected in the extract of Microbacterium sp. C_014 11 - m/z
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Actinobacterial extracts resultant from the OSMAC conditions with cytotoxic activity. The effects on the cellular viability of (A) breast carcinoma
T47D, (B) liver cancer HepG2, and (C) Human Cardiac Microvascular Endothelial h\CMEC/D3, a nontumor cell line, are shown after 48 h of exposure.
PC and SC denote positive and solvent controls, respectively. The x- axis labels indicate the OSMAC conditions under study. Values are presented as
mean + standard deviation from two independent assays conducted in triplicate. (*p < 0.05; **p < 0.001; ***p < 0.0001).

763.336, m/z 771.305, m/z 751.336, and another cluster in the extract of
Actinopolymorpha rutila C_033 11 - m/z 555.393, m/z 541.414, both
grown in GPA medium (Figure 4). Notably, some of the observed mass
peaks in these clusters did not exhibit any known association with
compounds typically produced by Actinomycetota, a finding
particularly evident in the Microbacterium and Actinopolymorpha
extracts (Figure 4).
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4 Discussion

This study demonstrates that applying multiple OSMAC
conditions to deep-sea actinobacterial isolates results in marked
diversification of bioactivity and metabolite profiles. From the
extracts screened, 11 showed antimicrobial activity and 9
exhibited cytotoxic effects. Metabolomic analysis further revealed
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demonstrated by MTT assay. (*p < 0.05; ***p < 0.0001). The x- axis label

or pro-inflammatory activity. The graphs show the extracts capable of
n) nitric oxide. (C) Cytotoxic activity of Salinispora cortesiana strain Sed_383
s indicate the OSMAC conditions under study.

features corresponding to compounds not yet reported in the
literature, highlighting the effectiveness of the OSMAC approach
in activating silent biosynthetic potential.

The most common strategy to influence secondary metabolism
and activate silent BGCs is the use of nutrient-rich media with
diverse complex nutrient sources, which modulate metabolic
pathways and metabolite profiles (Schwarz et al, 2021). In the
present study, two OSMAC conditions consisted in growing the
actinobacterial isolates in two nutrient-rich culture media different
from their original isolation medium - GPA and GYM. The GPA
medium has glucose as the main carbon source, but also contains
peptonized milk and a C. albicans lysate as a source of nitrogen,
whereas the GYM medium has glucose and malt extract as carbon
sources, and yeast extract as nitrogen source. The selection of these
culture media was based on previous studies that reported
promising results in activating secondary metabolism under
OSMAC conditions (Kurtboke et al., 2015; Georgousaki et al.,
2020; Schwarz et al,, 2021). In this study, two extracts showed
bioactivity when using GPA as the growth medium. One of these
extracts was derived from Micromonospora saelicesensis Sed_313
25, which demonstrated antimicrobial activity against B. subtilis
and anticancer activity in the cell line T-47D, and the other extract
was obtained from Streptomyces profundus MA3 2.13 that also
exhibited anticancer activity in the T-47D cell line. Similarly, two
extracts also showed bioactivity when the strains were grown in
GYM medium: one extract from Nocardiopsis lucentensis S_113 7,
which showed activity against S. aureus, and another extract from
Streptomyces profundus MA3 2.13 that exhibited activity against the
two cancer cell lines tested. These findings are consistent with
previous studies reporting bioactive compound production in GYM
and GPA media. For example, Streptomyces sp. USC-633 produced
the antitumor compound lavanducyanin when cultivated in GYM
medium (Kurtboke et al., 2015), and Streptomyces sp. CA-284376
produced the antibiotic sulfomycin I cultivated in GPA medium
(Trabelsi et al., 2016). In the dereplication analysis, we detected
several antibiotics and cyclic peptides, including flambamycin
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(Ninet et al., 1974), stenothricin (Hasenbohler et al., 1974),
aldgamycin P (Wang et al.,, 2019), langkolide (Helaly et al., 2012)
and nocardamine (Kalinovskaya et al., 2011). Most of these
molecules, reported mainly from Streptomyces strains, have
known antimicrobial activities, while langkolide has also been
described for its anticancer properties. These hits may thus
explain the antimicrobial and anticancer activities observed in
some of our extracts.

Another OSMAC approach used in our study was the addition
of GlcNAc to the culture medium. This aminosugar is a building
block of the bacterial peptidoglycan layer and the main monomer of
the abundant natural polymer, chitin, which is the main component
of fungal cell walls. Exposure to GlcNAc results in the intracellular
accumulation of glucosamine-6-phosphate, which binds to the
global regulator DasR (DNA binding protein) and inhibits its
DNA-binding activity, thereby relieving repression of antibiotic
biosynthetic genes (Abdelmohsen et al., 2015). It was shown in
previous studies that GIcNAc had a stimulatory effect on antibiotic
production by S. clavuligerus, S. collinus, S. griseus, S. hygroscopicus
and S. venezuelae species (Rigali et al., 2008). In addition, GIcNAc
appears to function as an important sensory molecule for the
initiation of secondary metabolism, probably because its presence
in the culture medium may be confused with the presence of a
microorganism (Baral et al., 2018). Curiously, in our study, the
addition of GIcNAc to the culture medium induced anticancer
activity (against the T-47D cell line) in Streptomyces profundus
MA3 2.13, with no antimicrobial activity being induced in any of
the tested strains. In line with this result, Xu et al (Dashti et al.,
2017). reported that the addition of GIcNAc to cultures of
Rhodococcus sp. RV157 induced the production of surfactin 17, a
lipopeptide with reported antitumor properties, further supporting
the role of GIcNAc in promoting anticancer metabolite production.
Dereplication revealed the presence of etamycin, a cyclic peptide
antibiotic isolated from Streptomyces sp., active against both Gram-
positive and Gram-negative bacteria (Sheehan et al., 1958). In our
study, no antimicrobial activity was observed in the corresponding
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extract, which instead showed anticancer activity, indicating that
etamycin does not explain the bioactivity detected.

An additional OSMAC condition tested was the addition of
lanthanum (III) chloride to the culture medium. The rare earth salt
lanthanum (III) chloride is a chemical elicitor that has been shown
effective in inducing antifungal or antibacterial activities in strains
that do not show such activities under normal cultivation
conditions (Xu et al., 2018a). A previous study demonstrated that
lanthanum (III) chloride acts as a chemical elicitor in S. coelicolor,
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leading to the up-regulation of nine genes and the production of
several unidentified metabolites, although the mechanism
responsible for this response remains unknown (Abdelmohsen
et al., 2015). The use of this approach led to the identification of
one extract from Streptomyces profundus MA3 2.13 that exhibited
antimicrobial activity against S. aureus and B. subtilis, as well as
cytotoxic activity. The inhibition of S. aureus growth is in line with
the results obtained in a previous study, in which the employment
of the same strategy (use of lanthanum (III) chloride) led to the
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discovery of three new angucyclines (A-C) with antimicrobial
activity against methicillin-resistant S. aureus (MRSA) in the
strain Nocardiopsis HB-J37 (Xu et al., 2018b). An additional study
also demonstrated that the production of antimycin-type
metabolites can be activated by lanthanum (III) chloride in strain
R818 (Xu et al., 2018a). In our dereplication analysis, compounds
potentially explaining the observed bioactivities were detected,
including meilingmycin (Sun et al., 2003) and arromycin (Wong
et al., 2012), both reported as products of Streptomyces strains.

The application of heat shock was another approach used in this
work, since this strategy was shown before to induce the production of
new secondary metabolites in Streptomyces species (Baral et al., 2018;
Saito et al., 2020). Previous studies have demonstrated that heat-shock
induced chaperones may contribute to the organization and assembly
of multiple enzyme complexes involved in antibiotic biosynthesis
(Doull et al., 1994). The use of this strategy resulted in two active
extracts: one from Streptomyces profundus strain MA3 2.13, which
demonstrated activity against S. aureus and reduced 70% of the
viability of the T-47D cell line, and another from Microbacterium
sp. C_017 1 that exhibited activity against S. aureus. Consistent with
our findings, Doull and colleagues (Doull et al., 1993) reported that the
application of a heat shock triggered the production of the polyketide-
derived antibiotic jadomycin in Streptomyces venezuelae, highlighting
the potential of this approach to activate otherwise silent biosynthetic
pathways. For this condition, dereplication analysis showed the
presence of two antibiotics, monensin M2 (Oliynyk et al., 2003) and
dihydrostreptomycin (Kavanagh et al., 1960), that can justify the
observed antimicrobial activities.

The elicitation of cryptic actinobacterial BGCs can also be
performed by adding microbial lysates to the culture medium
(Abdelmohsen et al., 2015; Verma et al., 2018). In this process,
dead cells of the inducer strain are used to trigger the production of
bioactive metabolites by the producer strain. Microbial lysates can act
as chemical elicitors because they contain cell-wall fragments,
metabolites and stress-related molecules that are sensed by the
receiving strain. In Streptomyces, such cues can trigger global stress
or nutrient-response pathways, leading to metabolic reprogramming
and activation of otherwise silent biosynthetic gene clusters
(Abdelmohsen et al., 2015). Consistent with this, the addition of E.
coli lysate has been shown to alter central metabolic routes, including
glycolysis and amino-acid-related pathways, which can redirect
cellular resources towards secondary-metabolite production
(Miguez et al,, 2021). In this work, one of the OSMAC conditions
applied consisted in adding an E. coli lysate to the culture medium,
which resulted in the induction of bioactivity in 4 isolates: (i)
Streptomyces xinghaensis S_071 1.15, which exhibited activity
against B. subtilis, (ii) Microbacterium C_014 11 that was active
against S. aureus, (iii) Streptomyces profundus MA3 2.13 that showed
selective activity against the cancer cell line T-47D, and (iv)
Salinispora cortesiana Sed_383 10, which demonstrated cytotoxic
activity. This extract also showed a false positive result in the anti-
inflammatory assay, as it reduced inflammation but demonstrated
cytotoxicity to the RAW 264.7 cell line. Less macrophages as a result
of cytotoxicity, will lead to lower NO production. For this reason, it is
important to always perform anti-inflammatory assays together with
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cytotoxic evaluations (Regueiras et al., 2021). Thus, the employment
of this OSMAC strategy revealed to be efficient in inducing several
bioactivities in the tested Actinomycetota strains. In addition, the
extract from the control condition, prepared without actinobacterial
inoculum, showed activity against C. albicans, indicating that the E.
coli lysate itself has activity against this yeast. Supporting the role of
bacterial components as inducers, a similar effect was previously
observed in Streptomyces sp. A3, where treatment with dead B.
subtilis cells enhanced the production of undecylprodigiosin, an
antibiotic with immunosuppressive properties. The dereplication
analysis of the extracts that showed activity in this condition
revealed the presence of several antibiotics, lipiarmycin (Coronelli
et al., 1975), concanamycin (Kinashi et al., 1984), piericidin (Zhou
and Fenical, 2016) and antibiotic BE 14106 (Kojiri et al., 1992), all
reported from various Streptomyces strains, except for Lipiarmycin,
that was originally isolated from a Actinoplannes sp. The presence of
these compounds, known for their antimicrobial or cytotoxic
properties, is consistent with the activities observed in our extracts,
suggesting that the bioactivity may be explained, at least in part, by
these known metabolites.

Concerning the two other OSMAC conditions tested, i.e., addition
to the culture medium of the supernatant resulting from E. coli or C.
albicans growth, the rationale behind their choice was based on the fact
that the inducer species can release into the supernatant compounds
that can be perceived by the producer strain as a threat, or that can
induce stress to it, triggering the production of new secondary
metabolites. For the approach where E. coli supernatant was used,
one extract obtained from Streptomyces profundus MA3 2.13 showed
activity against the T-47D cell line and the microorganisms B. subtilis,
S. aureus, E. coli and S. typhimurium, exhibiting antimicrobial activity
against both Gram-positive and Gram-negative bacteria. For the
approach employing the supernatant of C. albicans, two active
extracts were identified. These extracts, derived from the strains
Kocuria palustris C_107 7 and Micromonospora maritima Sed_143 1,
demonstrated antimicrobial activity against C. albicans. These results
indicate that the addition to the culture medium of E. coli or C. albicans
supernatant can be an effective strategy for triggering, respectively,
antibacterial and antifungal activities in actinobacterial strains.
This is consistent with observations in S. coelicolor, where the
addition of E. coli culture supernatant stimulated the production of
undecylprodiogiosin, a compound with antibacterial properties (Kim
et al, 2021). In the dereplication analysis, we detected compounds
potentially responsible for the observed activities, including antibiotic
AB-023b (Bortolo et al., 1993), furaquinocin C (Ishibashi et al., 1991)
and flavofungin (Uri and Bekesi, 1958), all previously reported as
products of Streptomyces strains.

To further investigate whether the extracts obtained under
different OSMAC conditions could contain potentially novel
metabolites, comparative analysis of the metabolite profiles was
performed using XCalibur™ across all tested conditions for each of
the strains in the study. The masses obtained from these analyses
were dereplicated in the DNP and NPA databases and a molecular
network analysis was carried out. According to the dereplication
analysis (Supplementary Table S1) and metabolic profile of all
extracts (including control samples), it became evident that some
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extracts might contain previously undiscovered compounds. For
some of these extracts no bioactivity was observed, which may
indicate that the potential new compounds may have other
bioactivities not tested in this work. In the present study, the
molecular network analysis confirmed the presence of four
clusters probably corresponding to new NP: one in the extract of
Microbacterium C_014 11 grown in GPA medium supplemented
with yeast extract, one in the extract of Actinopolymorpha rutila
C_033 11 grown in the same medium, and two in the extract of
Streptomyces xinghaensis grown in GYM medium (Figure 4). These
extracts will be prioritized in future studies for compound isolation
and structural elucidation, in order to assess the novelty and
potential bioactivity of the detected metabolites.

Despite these promising results, it should be noted that this
study was designed as an exploratory screening based on crude
extracts. Bioactivity assays were performed at a single
concentration, and MIC or ICs, values were not determined. In
addition, metabolite annotation relied on untargeted metabolomic
analyses and database-based dereplication, which inherently entails
different levels of confidence. These limitations are intrinsic to
early-stage OSMAC screenings and highlight the need for
subsequent compound isolation, dose-response evaluation, and
structural confirmation to fully validate bioactivity and novelty.

5 Conclusion

This study underscores the effectiveness of the OSMAC approach in
stimulating the production of secondary metabolites with antimicrobial
and anticancer activities in deep-sea Actinomycetota and highlights its
potential for uncovering new bioactive molecules. The identification of
several bioactive extracts supports the potential of these microorganisms
as a source of early-stage leads for antimicrobial discovery and
oncology-oriented drug development. Among the strategies tested, the
addition of E. coli lysate or supernatant to the culture medium proved
particularly effective, inducing a broad range of bioactivities.

It should be noted that this work was conducted within an
exploratory screening framework, based on crude extracts and single-
dose bioassays. While the objective of demonstrating OSMAC-
induced modulation of bioactivity and metabolite profiles was
clearly achieved, further quantitative reinforcement, such as dose-
response analyses and expanded replication, will be required to fully
validate and prioritize individual bioactive compounds.

Future work will prioritize a bioactivity/mass-guided
fractionation pipeline, combining LC-HRESIMS/MS and NMR
analyses to enable structural elucidation of the active compounds,
followed by ICs, determination and expanded bioactivity profiling.
Insights into the molecular mechanisms underlying OSMAC-
induced activation may be obtained by combining genome mining
approaches (such as antiSMASH) with transcriptomic analyses and
RT-qPCR of selected biosynthetic gene clusters, which will enable the
evaluation of regulatory responses to specific elicitation conditions.

Our findings highlight the importance of continued
bioprospecting of deep-sea Actinomycetota using the OSMAC
approach. The results obtained in this study leave open the

Frontiers in Marine Science

12

10.3389/fmars.2026.1754764

possibility of discovering, isolating, and characterizing one or
more new compounds with pharmacological/biotechnological
relevance from these deep-sea Actinomycetota.
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