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Preface to "Microbial Secondary Metabolites and
Biotechnology”

Technological advances have led to in-depth comprehension of the microbial world, still
unimaginable a century ago.

In the worthy tradition of Louis Pasteur, many research teams are working today to demonstrate
that microorganisms can be our daily partners, through the great diversity of biochemical
transformations and molecules that they can produce.

This Special Issue highlights several facets of the production of microbial metabolites of interest.
From the discovery of new strains or new bioactive molecules issued from novel environments, to the
increase of their synthesis by traditional or innovative methods, different levels of biotechnological
processes are addressed. Combining the new dimensions of “Omics” sciences, such as genomics,
transcriptomics, or metabolomics, microbial biotechnologies are opening up incredible opportunities
for discovering and improving microorganisms and their productions. There is no doubt that industries
will be able to seize this opportunity to take new steps in the knowledge and control of biological
processes for the benefit of mankind.

The dissemination of science being a necessary step for the appropriation of knowledge, we
would like to thank the MDPI book staff and the Editorial Team of the journal “Microorganisms”. We

also thank all the contributing authors and reviewers without whom this book could not exist.

Mireille Fouillaud, Laurent Dufossé
Editors
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Abstract: In recent decades scientific research has demonstrated that the microbial world is infinitely
richer and more surprising than we could have imagined. Every day, new molecules produced by
microorganisms are discovered, and their incredible diversity has not yet delivered all of its messages.
The current challenge of research is to select from the wide variety of characterized microorganisms
and compounds, those which could provide rapid answers to crucial questions about human or
animal health or more generally relating to society’s demands for medicine, pharmacology, nutrition
or everyday well-being.

Keywords: secondary metabolites; microorganisms; biotechnology; screening; production; extraction;
bioactive properties; perspectives

1. Microorganisms and Metabolites: An Incredible World of Novelty for
Biotechnologists, New Opportunities for Industries

Microbial secondary metabolites, now named as specialized metabolites, often have
unusual structures and many have demonstrated major effects on the health, nutrition and
economics of our society [1]. These compounds are usually low molecular mass products of
secondary metabolism, which take place out of step with the main microbial growth phase.
They include antibiotics, pigments, toxins, enzyme inhibitors, immunomodulators, effectors
of ecological competition or symbiosis, or compounds with hormonal activity or particular
effects on lipids or carbohydrates metabolism. Some have already established themselves
as antimicrobials, antivirals, antioxidants, antitumorals, vaso-relaxants or contractants,
diuretics or laxatives. Others are used as colorants, pesticides, or growth promoters for
animals or plants [2]. Approximately 53% of the FDA-approved natural products-based
drugs are originating from microorganisms [3].

The synthesis of specialized metabolites is finely adjusted by nutritive sources, growth
conditions, feedback control, enzyme induction or inactivation. Their regulation is often
influenced by specific low molecular mass compounds, also transfer RNA, ¢ factors and
gene products formed during post-exponential development. Recent research demon-
strated that the production of specialized metabolites is mostly coded by clustered genes
on chromosomal DNA rather than by plasmidic DNA. However, the related pathways are
still not fully clarified and thus provide a new theoretical frontier for academic researchers
in enzymology, control and differentiation [4].

Omic sciences such as genomic, transcriptomic or metabolomic applied to industrial
microorganisms now offer new opportunities for strain discovery characterization and
improvement. Thus, great potential exists for the development of novel compounds for
pharmaceutical, nutraceutical, dyeing, or agricultural industries.

In this special issue secondary metabolites produced by bacteria, actinomycetes, fungi
or microalgae are investigated under different facets linked with bioactivity or other
interesting properties. Biotechnology combines a range of scientific fields that connect

Microorganisms 2022, 10, 123. https:/ /doi.org/10.3390/ microorganisms10010123
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basic and applied research (Figure 1). This is the initial but fundamental step towards the
resolution of technical problems, anticipating industrial exploitation.
The era of microbial natural products manufactured through biotechnology has just begun.

Figure 1. Illustration of the diversity of scientific fields underlying microbial biotechnology (clock-
wise): microbiology, chemistry, genomic and industrial technologies.

2. From the Beginning: Screening and Characterization of Valuable Strains

Not so long ago, scientists discovered that the marine realm is an incredibly rich
biotope for the discovery of new microorganisms and subsequently the characterization of
valuable new molecules.

Sponges and their associated microbiota have been found to produce a wide variety
of bioactive secondary metabolites. In the pharmaceutical field, several natural products
extracted from marine organisms have already demonstrated their capacity to delay aging
and/or extend lifespan. However, the biodiversity from the Southwest of the Indian Ocean
is much less studied, especially regarding anti-aging activities. In the study presented by
Said-Hassane et al. (2020) [5], the microbial diversity of the marine sponge Scopalina ha-
palia was investigated by metagenomic analysis. Twenty-six bacterial and two archaeal
phyla were recovered from the sponge, of which the Proteobacteria phylum was the most
abundant. Thirty isolates affiliated to the genera Bacillus, Micromonospora, Rhodoccocus,
Salinispora, Aspergillus, Chaetomium, Nigrospora and or related to the family Thermoactino-
mycetaceae were cultivated for secondary metabolites production. Crude extracts from
selected microbial cultures were found to be active against elastase, tyrosinase, catalase,
sirtuin 1, CDK7 (Cyclin-dependent kinase 7), Fyn kinase and proteasome. These results
highlight the potential of microorganisms associated with a marine sponge from the Indian
Ocean to produce anti-aging compounds.

Marine epiphytic bacteria are also highly diverse, and ubiquitous in marine biotopes
where they have to survive constant pressures coming from physicochemical parameters
(hydrostatic pressure, low oxygenation, salinity ... ), biotic competition or predation (e.g.,
protozoans and nematodes). These marine organisms have developed defense strategies
to face adversity, for example by producing toxic bioactive compounds. Several active
metabolites have been identified from these microorganisms coming from specific genes ex-
pression. The review of Salikin et al. (2020) [6] focuses on the potential of marine epiphytic
bacteria to be a new platform for novel anti-nematode drug development. Emerging strate-
gies, including culture-independent high-throughput screening to discover new strains
are highlighted.

The review by Nawaz et al. (2020) [7] focuses on pigments and provides an overview
of marine bacteria synthetizing bio-pigments, along with their applications. It highlights a
range of molecules already valued at the industrial level such as prodigiosin, astaxanthin,
violacein, zeaxanthin, lutein or lycopene.

Insect-associated bacteria, are supposed to be involved in the life cycle of their host
due to the panel of secondary metabolites they are able to produce. These strains are
certainly one of the less explored sources of new active compounds. With the aim of
efficiently discovering new bioactive molecules, the diversification of the culture conditions

2
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of one strain may induce the activation of diverse biosynthetic gene clusters. This OSMAC
approach (one strain many compounds) is based on the fact that some microbial metabolites
are not produced under certain set of physicochemical parameters and may appear when
the conditions are modified. Inspired by these two approaches, the production of the
cyclic pentapeptides pentaminomycins C, D and E was significantly improved in the
culture of the Streptomyces sp. GG23 strain, an actinobacteria isolated from the guts of
Tenebrio molitor (the mealworm beetle) [8]. The analysis of the non-ribosomal peptide
biosynthetic gene cluster suggested that the unicity of the compounds, based on the
structural variations, originates from the low specificity of the adenylation domain in the
non-ribosomal peptide synthetase (NRPS) module 1, indicating that macrocyclization can
be catalyzed non-canonically by penicillin binding protein (PBP)-type TE. Additionally,
pentaminomycins C and D exhibited significant autophagy-inducing activities and were
cytoprotective against menadione-induced oxidative stress in vitro.

One original domain of exploration is the analysis of secondary metabolites obtained
from microbial co-cultures, via metabolome tools. Among the rich microbiote isolated
from the Red Sea sponge Coscinoderma mathewsi (23 isolates), three actinomycetes strains
were defined as novel species of the genera Micromonospora, Nocardia, and Gordonia [9].
This study of Shamikh et al. (2020) [9] demonstrated that Micromonospora sp. UA17 co-
cultured with two mycolic acid-containing actinomycetes namely Gordonia sp. UA19 and
Nocardia sp. UA 23, or supplemented with pure mycolic acid could produce metabolites
such as a chlorocardicin, neocopiamycin A, and chicamycin B that were not found in the
respective monocultures. This implies a mycolic acid effect on the induction of cryptic
natural product biosynthetic pathways and reveals that silent biosynthetic gene clusters
can show their unusual capacities for the production of secondary metabolites, under
unclassical cultivation conditions.

Siderophores, as serratiochelins, are specialized compounds with high affinity for ferric
iron, that are produced by the opportunistic pathogen Serratia marcescens. The siderophores
are of pharmaceutical interest as they can be used in their native form to treat iron overload
diseases or facilitate uptake of antibiotics by bacteria, through siderophore-antibiotic drug
conjugate. In the study of Schneider (2020) [10], the rare siderophore serratiochelin A was
extracted with high yields from an iron-depleted co-culture of Serratia sp. and Shewanella sp.
(a strain from marine environment also involved in iron cycle). As this molecule was
not observed in axenic cultures of Shewanella or Serratia, the co-culturing may induce the
production of the compound, possibly because of the competition for iron between the two
strains in the culture medium. The serratiochelin A antibacterial effect was tested and was
specific towards S. aureus. The molecule also exhibited toxic effects on both eukaryotic cell
lines A2058 and MRC5.

Thereafter, the construction of microbe consortia opens up an endless avenue of
exploration towards the production of new bioactive molecules.

3. New Molecules

Streptomyces is a very studied genus, historically known for the production of bioactive
compounds. However, strains of unusual origins are able to furnish new natural products.
As an example, the Streptomyces sp. strain IB201691-2A from the Lake Baikal endemic mol-
lusk Benedictia baicalensis synthesizes three new angucyclines (baikalomycins A-C), as well
as large quantities of rabelomycin and 5-hydroxy-rabelomycin [11]. Baikalomycins A—C
exhibited varying levels of anticancer properties. Rabelomycin and 5-hydroxy-rabelomycin
also showed antiproliferative activities. The gene cluster for baikalomycins biosynthesis
was identified, cloned and expressed in S. albus J1074. Heterologous expression and dele-
tion experiments allowed the glycosyltransferase functions implicated in the synthesis of
these original compounds to be specified.

The crude extract from a culture of Curvularia papendorfii, an endophytic fungus iso-
lated from Vernonia amygdalina, a medicinal plant from Sudan, revealed an important
antiviral effect against the human coronavirus HCoV 229E and the feline coronavirus
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FCV F9 [12]. Additionally, a selective antibacterial activity against Staphylococcus sp. was
observed, as well as an interesting antiproliferative competence against the human breast
carcinoma MCEF?7 cell line. Twenty-two metabolites were identified from this extract and
two major pure compounds were characterized including a new polyhydroxyacid: kheiric
acid. Kheiric acid showed effective inhibition capacities against methicillin-resistant Staphy-
lococcus aureus (MRSA). Hence, endophytes merit more attention, as a treasure trove of new
bioactive compounds.

4. Increasing Knowledge on Bioactive Properties

Given the societal implications, the search for bioactive properties of bio-based
molecules mobilizes considerable energy among research teams.

The marine microalgae Aurantiochytrium sp. is considered a promising source for do-
cosahexaenoic acid (DHA) production. DHA is a n-3 long-chain polyunsaturated fatty acid
and is critical for cellular processes involved in maintaining health. In the study of Liu et al.
(2020) [13], UV mutagenesis was utilized to obtain competitive Aurantiochytrium sp. strain
with enhanced DHA production (1.90-fold higher than wild strain). The key genes related
to the increasing DHA accumulation were explored by comparing the transcriptome be-
tween the mutant and the parent strain. The mRNA expression levels of CoAT, AT, ER, DH,
and MT genes, are linked to the increased intercellular production of DHA, and can be
manipulated to control DHA yields in Aurantiochytrium sp. The genetic improvement of
microbial strains is thus only at the beginning of its immense possibilities.

Biofilms, composed of microbial secreted exopolysaccharides, protects bacteria against
adverse environmental conditions but favor the contamination of surfaces as diverse
as foodstuffs or medical material. A classical approach to eliminate biofilms is to use
natural anti-microbial compounds. However, new chemical synergies are still emerging, as
developed by Argiielles et al. (2020) [14], such as the joint use of carnosic acid (obtained
from rosemary) and propolis (from honeybees” panels), to control the pathogenic yeast
Candida albicans. Recent advances in biofilm eradication also involve the intervention
of lytic phages. In the study of Papaianni et al. (2020) [15] the lytic activity of Xccel
(Xanthomonas campestris pv. campestris-specific phage) was evaluated in combination with 6-
pentyl-a-pyrone (a secondary metabolite produced by Trichoderma atroviride P1) associated
with hydroxyapatite. The results demonstrated that Xccg1, alone or in combination with
6PP and HA (¢HAG6PP complex), interferes with the gene pathways involved in the
formation of biofilm, by modulating the genes involved in the biofilm formation and
stability (rpf, gumB, clp and manA). This approach can be used as a model to fight against
other biofilm-producing bacteria.

With the hypothesis that the use of antimicrobial textiles may significantly reduce
the risk of nosocomial infections, Hamed et al. (2020) [16] focused their attention on
endophytic fungi isolated from marine organisms, collected from saline environments.
The antimicrobial and antioxidant activities of 32 fungal isolates were examined against
a panel of pathogenic bacteria and fungi. The ethyl acetate crude extracts of 21 strains
initially possessed antimicrobial or antioxidant activities. As an innovation, the surface
of cellulosic fabrics was functionalized by grafting of MCT-BCD (monochlorotriazinyl
-cyclodextrin), creating core-shaped hydrophobic cavities. Furthermore, inclusion of
the three most active fungal extracts (Aspergillus calidoustus M113, Aspergillus terreus 754,
Alternaria alternata 13A) into the hydrophobic cavities was achieved. The experience demon-
strated that Aspergillus calidoustus strain M113 exhibited the most promising improvement
in the antimicrobial functionality, and the second best in the UV protection of this novel
generation of fabrics. A low/weak toxicity against normal human skin fibroblasts was
determined. Large-scale production of this bioactive extracts as well as the industrial
application of the process to develop eco-friendly multifunctional textiles, is the first step
to determine the economic feasibility.

Based on in silico techniques that have recently gained attention in drug discovery
programs (e.g., structure and ligand-based virtual screening, docking and molecular dy-
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namics), the team of Sayed (2020) worked on the protein Mpro [17]. This important protease
of the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a key of the viral
infection, ensuring the cleavage of the two replicase proteins ppla and pplab. Mpro was
subjected to hyphenated pharmacophoric-based and structural-based virtual screenings.
The Natural Products Atlas (N. P. Atlas), a data base of more than 24,000 microbial natural
compounds, was screened to find out analogues exhibiting antiviral activity, by adapting to
the catalytic site of Mpro. Using Lipinski’s rules, 9933 drug-like candidates were detected.
Top-scoring hits were further filtered out depending on their ability to show appropriate
binding affinities towards the molecular dynamic simulation (MDS)-derived enzyme’s
conformers. Six compounds exhibiting high potential as anti-SARS-CoV-2 drug candidates
were consequently detected. Further in vitro testing of the selected molecules is a promising
starting point for the rapid development of medicament candidates against SARS-CoV-2.

5. Challenges in Production Steps

Omic sciences now make it possible to refine our knowledge on the biological trans-
formations underlying biotechnologies.

The wine industry is making significant progress thanks to research carried out on
the yeast Saccharomyces cerevisiae. The work of Gonzales-Jiménez et al. (2020) [18] makes it
possible to draw a proteomic map in order to distinguish the protein content of sparkling
wines produced by different strains of Saccharomyces cerevisiae. The study shows that the
proteins in the yeasts, that are responsible for the production of the volatile compounds
released during sparkling wine elaboration, are quite similar in a flor yeast and a con-
ventional one, except for the proteins Adhlp, Fbalp, Tdhlp, Tdh2p, Tdh3p, and Pgklp.
These proteins are present in higher concentrations in the flor yeast versus the conventional
strain. The higher concentration of these proteins may explain the different organoleptic
properties obtained when ageing using flor yeasts. The mannoproteins released as well
as compounds derived from autolysis and enzymes are involved in reactions that affect
some aroma precursors and thus the specific volatilome. Proteomic analysis can thus be
the prerequisite for a more precise characterization of the specific quality of a wine.

Genetic modifications today provide science with incredible tools to promote the
production of molecules of interest in host organisms other than the original producers.
The use of bacteria as productive hosts makes it possible to no longer depend on the
geoclimatic and spatial constraints, inherent in plant cultures. Moreover, the molecules
can be produced in low-cost media at relatively high growth rates, allowing the utilization
of sunlight as an energy source for sustainable cultivation and production processes.
In the work of Hilgers et al. (2020) [19], the heterologous host Rhodobacter capsulatus
was used to improve the plant sesquiterpenoid pathway leading to 3-caryophyllene. A
maximum production of 139 + 31 mg-L~! was obtained. As the sesquiterpene usually
demonstrates beneficial anti-phytopathogenic capacities, the bioactivity of 3-caryophyllene
and its oxygenated derivative was determined against diverse phytopathogenic fungi. The
molecules significantly inhibited the growth of the 2 phytopathogenic Sclerotinia sclerotiorum
and Fusarium oxysporum, while other were left unaffected, including some plant growth-
promoting bacteria. Thus, the production of 3-caryophyllene and 3-caryophyllene oxide
in Rhodobacter capsulatus can be considered as promising process for the production of
natural compounds for the management of some plant pathogenic fungi in agricultural
crop production.

The safe production of amino acids for the food and feed industry has already been
widely established with Corynebacterium glutamicum as the major production host. The
challenge of the work of Walter et al. (2020) [20] was to favor a specific pathway for the
production of a N-functionalized amino acid N-methylanthranilate (NMA). This amino-
acid is a major precursor of bioactive compounds such as anticancer acridone alkaloids
and other peptide-based drugs. However, the current routes of chemical synthesis or
biosynthesis of N-alkylated amino acids cannot be easily exploited, due to insufficient
yields or low profitability. The research work develops a fermentative NMA production
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by metabolic engineering of genome-reduced chassis strain C. glutamicum C1 combined
with the introduction of a SAM-dependent ANMT (N-methyl transferase enzyme) gene,
originating from Ruta graveloens. With this engineered strain the production of NMA
reached a final titer of 0.5 g-L ™! with a yield of 4.8 mg-g~! glucose, which has never been
obtained before. Very specific transformations adapted to market needs are thus possible.

After strain characterization or improvement and metabolite production, the extraction
step is a key step toward the industrial production. A microbial product’s extraction is often
solvent consuming and inconsistent with the principle of sustainable environment. In the
study of Lebeau et al. (2020) [21], the azaphilone red pigments and ergosterol derivatives
produced by a wild type of marine derived Talaromyces species are described. Alternative
extraction process of the fungal pigments is developed, using a high pressure with eco-
friendly solvents. These fungal pigments could be of interest due to their applications in
the design of new pharmaceutical products.

However, Herculean work must be undertaken for the optimization of the molecules’
extraction. It would be pointless to promote the production and use of microbial natural
molecules, while simultaneously releasing a greater quantity of pollutants into ecosystems.

6. Improving the Biotechnological Process and Opening to Unusual Fields

Improving the biotechnological processes is one of the cornerstones of the transition
from pilot-scale fermenters to industrial applications.

Jawan et al. (2020) [22] aim to optimize the growth parameters of Lactococcus lactis
Ghl in regard with the production of BLIS (bacteriocin-like inhibitory substances). Indeed,
lactic acid bacteria (LAB) bacteriocins are considered good bio-preservative agents due to
their non-toxic, non-immunogenic and thermo-resistance characteristics as well as broad
bactericidal activity. The large-scale production of BLIS can offer promising opportunities
for the development of efficient food bio preservation strategies. The parameters such as
the age and size of the inoculum, initial pH of culture media and the nature of nitrogen
and carbon sources, were studied in the study. Thanks to this work, the best set of param-
eters was defined, based on the production of BLIS. It can be concluded that bacteriocin
production can be notably improved by altering the cultivation conditions of the bacterium.
Results could be used for subsequent application in process design and optimization at
larger scale.

Oslan et al. (2020) [23] worked on improving the growth and viability of the mutant
gdhA Pasteurella multocida B:2. As they have demonstrated that gdhA P. multocida B:2 growth
was inhibited by the accumulation of by-product ammonium in the culture medium, they
developed a 2 L stirred-tank bioreactor integrated with an internal column using cation-
exchange adsorption resin. This way, they demonstrated a significant improvement in
growth performance and viability of the bacteria, by continuously reducing the in situ
inhibitory effect of ammonium.

Efficiently increasing the yields of specific metabolites undeniably requires the use of
computer and statistical tools.

The work of Venkatachalam et al. (2020) [24] fully involves computational tools to
optimize the physico-chemical parameters (initial pH, temperature, agitation speed and
fermentation time), for the production of pigments and biomass in submerged fermentation
by a marine-derived strain of Talaromyces albobiverticillius. To achieve the optimization,
a Box-Behnken experimental design (BBED) based on a three-interlocking, 22 factorial
matrix was applied, reducing notably the number of experiments required. The results
were statistically analyzed, and a prediction of the optimal conditions was proposed using a
response surface modeling (RSM) process. This methodology allowed easier consideration
of multifactorial interactions between a set of diverse parameters and enabled a rapid
selection of the best culture conditions, in regard with the various objectives set. Therefore,
the predictive model was validated and the optimal conditions for the maximum production
of pigments (red and orange) as well as biomass, were determined as follows: initial pH
6.4,24 °C, agitation speed of 164 rpm for a fermentation time of 149h. This methodology
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greatly facilitates and accelerates the selection of the best experimental conditions for the
production of metabolites of interest.

In the field of environment depuration, sugarcane distillery spent wash (DSW) is one
of the most polluting industrial effluents. Its acidic pH, high mineral matters and chemical
oxygen demand (COD) are involved in deep environmental disruptions. High added-value
products generated from waste are particularly encouraged through the European directive
2009/28/CE [3] and are an economically favorable way to perform bioremediation. Thus,
Chuppa-Tostain et al. (2020) [25] selected 37 strains of yeasts and filamentous fungi to test
their abilities in reducing the organic load of vinasses, through measuring their impact
on COD, pH, minerals and ODyy5, parameters. Among the strains tested, the species
from Aspergillus and Trametes genus offered the best results in the depollution of DSW.
The increase in soil and water pollution will certainly require, in the coming years, a
concentration in research efforts in the field of biological purification.

The agro-food-processing industrial effluents generated in the maize (Zea mays) cook-
ing process, are also considered as environmental pollutants. Some scientific programs aim
at studying the utilization of these wastewater as raw substrate for microorganism’s growth
and bioactive metabolite production. The research of Bacame-Valenzuela et al. (2020) [26]
focused on the culture conditions for the production of pyocyanin (a redox metabolite of
the phenazine group) by Pseudomonas aeruginosa. The parameters were first optimized
using statistical design and RSM (response surface methodology) in a defined medium. The
optimized parameters were then applied in a culture using an alkalinized maize-based ef-
fluent. The production of pyocyanin was up to 3.25 ug-mLfl, higher than in initial defined
medium. In this way, valorization of lime-cooked maize wastewater used as a substrate for
microbial growth was demonstrated in the production of a value-added compound.

In a complementary way, Zhang et al. [27] focused on the process for lactic acid
production from corn stover, a common agricultural residue. Lignocellulose residues are
one of the most abundant renewable feedstocks. They selected a Pediococcus acidilactici
safe strain (PA204) with a high-efficiency for the utilization of xylose, a good ability to
ferment sugar derived from lignocellulose, and a high temperature tolerance. To improve
the lactic acid production, they developed a fed-batch simultaneous saccharification and
fermentation (SSF) process (at 37 °C, pH 6.0) using corn stover and corn steep powder as
carbon sources, in a 5 L bioreactor. The culture produced up to 104.11 g-L. ! lactic acid
and a yield up to of 0.77 g-g~! in regard with the NaOH-pretreatment applied on corn
stover and the addition of cellulases. This study developed a feasible and efficient fed-batch
process for lactic acid production from corn stover, and provides a promising candidate
strain for high-titer and -yield lignocellulose-derived lactic acid production.

7. Future Strategies and Perspectives

Due to technical and scientific progress, the future is rich with new opportunities
to go further in the use of microorganisms as controlled cell factories, producing high
value-added metabolites for our daily needs.

As an example, even if filamentous actinobacteria are historically known and used
as antibiotic producers, novel approaches are on the way. Protoplast fusion is an ancient
technique for genome recombination that drastically increases microbial genetic diversity
and favors the expression of silent or poorly expressed genes. However, the method
requires multiple fusion and regeneration phases. Moreover, cells face a short time frame
for recombination, a consequence of the necessity for protoplasts to regenerate their cell
wall, and additionally, the recombinants are commonly fickle. These disadvantages are clear
limitations for the production and the exploitation of original valuable metabolites. The
article of Shitut et al. (2020) [28] highlights the potential of new engineered wall-deficient
bacteria having the capacity to proliferate without their cell wall. Unlike protoplasts, L-
forms are able to stabilize multiple chromosomes over many cycles of division. After the
fusion, the period of recombination would thus be lengthened. Gene expression could also
be based on the two parental genomes. These advances would significantly contribute to
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increase the chemical diversity of molecules produced by the engineered cells. These new
L-forms open a perspective for the discovery of novel compounds, especially in the field of
antibiotic research.

Cyanobacteria, as well as all photosynthetic organisms, have the capacity to produce
secondary metabolites based on solar energy and carbon dioxide utilization, fitting a current
sustainable development philosophy. Metabolic engineered-based approaches are now
widely applied to cyanobacteria for the industrial production of value-added compounds,
including specific metabolites and non-natural biochemicals. However, the review of
Jeong et al. (2020) [4] covers a large synthetic and systems biology approach for advanced
metabolic engineering of cyanobacteria. This involves an overview of known biosynthetic
clusters coding for essential compounds, and knowledge of heterologous expression for
cyanobacterial secondary metabolite production. As a perspective, the review highlights
the development of next-generation sequencing (NGS) techniques, combined with the
collection of omics data such as transcriptome, translatome, proteome, metabolome or
interactome, which enrich the worldwide databases, opening huge opportunities to better
manipulate and control cyanobacteria productions. The development of an in silico model
at the genome scale (GEM) could quickly make it possible to remedy the current limitations
of cyanobacterial engineering.

As a conclusion, we are very happy that we received 25 reviews/perspectives/original
papers for publication in this Special Issue. We wish to thank all the authors and reviewers
for their significant contributions and for making it a highly successful and timely collection
of studies.
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Abstract: Cyanobacteria, given their ability to produce various secondary metabolites utilizing solar
energy and carbon dioxide, are a potential platform for sustainable production of biochemicals. Until now,
conventional metabolic engineering approaches have been applied to various cyanobacterial species
for enhanced production of industrially valued compounds, including secondary metabolites and
non-natural biochemicals. However, the shortage of understanding of cyanobacterial metabolic and
regulatory networks for atmospheric carbon fixation to biochemical production and the lack of available
engineering tools limit the potential of cyanobacteria for industrial applications. Recently, to overcome
the limitations, synthetic biology tools and systems biology approaches such as genome-scale modeling
based on diverse omics data have been applied to cyanobacteria. This review covers the synthetic and
systems biology approaches for advanced metabolic engineering of cyanobacteria.

Keywords: cyanobacteria; photosynthesis; secondary metabolites; metabolic engineering; synthetic
biology; systems biology; genome-scale model

1. Introduction

Cyanobacteria are oxygenic photosynthetic bacteria that can produce various secondary
metabolites. Given the ability to utilize sunlight and atmospheric carbon dioxide (CO,) as a part of the
renewable photosynthetic process, cyanobacteria are considered sustainable bioproduction hosts [1].
A number of secondary metabolites naturally synthesized by cyanobacteria, such as carotenoids,
phycocyanins, and squalene, are used in the pharmaceutical, cosmetic, and healthcare industries [2-4].
In addition, owing to their rapid growth and increased scope for engineering, multiple efforts have
been made to utilize cyanobacteria as production hosts for valuable biochemicals by introducing
heterologous pathways [5,6].

While continuous development has been reported in metabolic engineering strategies for producing
biochemicals in bacterial hosts, the synthetic biology approach accelerated the development by
providing diverse genetic parts and engineering tools. For other model platforms such as Escherichia coli,
there is an abundant catalog of genetic parts including synthetic promoters and ribosome binding
sites (RBSs), which have been successfully introduced to improve gene expression in heterologous
pathways [7]. However, owing to the lack of genetic parts for pathway engineering in cyanobacteria,
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application of metabolic engineering tools is limited [8]. Thus, development of various tools for
pathway engineering and subsequent engineering strategies are required for industrial-scale production
of target compounds in cyanobacteria.

With the recent progress in systems biology, genome-wide information of diverse layers such as
the genome, transcriptome, translatome, proteome, metabolome, and interactome are being constantly
accumulated [9]. Massive amounts of data formed the basis for establishment and development of an
in silico genome-scale model (GEM) [10]. It is expected that the application of system-level approaches
with the integration of omics data and GEM would address the existing limitations of cyanobacterial
engineering. The current review not only describes the value-added secondary metabolites produced
by cyanobacteria and current metabolic engineering approaches for their production but also introduces
the synthetic and systems biology approach for further development.

2. Secondary Metabolite Production by Cyanobacteria

Bacteria produce two kinds of metabolites: primary metabolites essential for survival and secondary
metabolites required for auxiliary purposes, such as stress responses, defense mechanisms, metal carrying,
and signaling [11]. Secondary metabolites include terpenes, alkaloids, polyketides (PKs), non-ribosomal
peptides (NRPs), and ribosomally synthesized and post-translationally modified peptides (RiPPs), which
are produced via biosynthetic gene clusters (BGCs). BGCs are clusters of genes positioned in approximate
proximity to each other for the production and processing of a compound. Cyanobacteria, being rich in
BGCs, are capable of producing diverse secondary metabolites for various purposes, including toxins for
defenses or protectants for relieving photodamage and oxidative stress (Table 1).

Table 1. Bioactive secondary metabolites produced in cyanobacteria.

Class Metabolite Bioactivity Producing Species Ref.
Antioxidant,
Terpene Phycocyanin a::ulr]:)f;:;reiiit\?? All cyanobacteria [12-16]
hepatoprotective
Terpene Carotenoids Antioxidant, sunscreen All cyanobacteria [17,18]
Terpene Squalene Antioxidant Phormidium [19]
Anabaena, Aphanizomenon,
Alkaloid Saxitoxin Neurotoxin Cylindrospermopsis, Lyngbya, [20-22]
Planktothrix,
Indole Nostodione Antifungal Nostoc [23]
Indole alkaloid Scytonemin Anti-inflammatory, Scytonema, Nostoc [24-27]
sunscreen
. . Antibacterial, .
Indole alkaloid Hapalindole anti-tuberculosis, anticancer Hapalosiphon [28,29]
. . . Anabaena, Aphanizomenon,
Alkaloid/Polyketide Anatoxin-a Neurotoxm, Cvlindmsperm;l’tm, Oscillatoria, [30,31]
synthase (PKS) anti-inflammatory ? Plankfothrix
Alkaloid/PKS Aplysiatoxin Cytotoxin, antiviral Moorea [32,33]
Alkaloid/Non-ribosomal Lyngbyatoxin Cytotoxin, dermatotoxin Moorea [34]
peptide synthetase (NRPS) yngoy Y ’ : ¢ -
hani lind i
Alkaloid/PKS-NRPS Cylindrospermopsin Cytotoxin 4 Oscilla ,MEVCRHP i dwfpsis””” o [35-37]
PKS Fischerellin Antifungal, antialgal, Fischerella 138]
anti-cyanobacterial
NRPS -N-methylamino-r-alanine Neurotoxin Anabaena, Nostoc 391
NRPS Cyanopeptolin Protease inhibitor Planktothrix, Microcystis [40,41]
PKS-NRPS Microcystin Hepatotoxin Microcystis, Nostoc, Planktofhrix, 140,45 45)
nabaena
PKS-NRPS Nodularin Hepatotoxin Nodularia [46]
PKS-NRPS Apratoxin Anticancer Lyngbya [47]
PKS-NRPS Aeruginoside Protease inhibitor Planktothrix [48]
PKS-NRPS Aeruginosin Protease inhibitor Microcystis, Planktothrix [40,49]
PKS-NRPS Cryptophycins Cytotoxin Nostoc [50]
PKS-NRPS Nostophycins Cytotoxin Nostoc [51]
PKS-NRPS Curacins Cytotoxin Moorea [52]
PKS-NRPS Hectochlorin Cytotoxin Moorea [53]
PKS-NRPS Jamaicamides Neurotoxin Moorea [54]
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Table 1. Cont.

Class Metabolite Bioactivity Producing Species Ref.
PKS-NRPS Dolastatin CY“::S;:; y::(f:l“ cen Moorea, Lyngbya, Symploca [55,56]
Lipopeptide Antillatoxin Neurotoxin Moorea [57]
Lipopeptide Carmabin Ant;rgzl::;:;ilé;:ziaencer, Moorea [58,59]
Lipopeptide Lyngbyabellin Cytotoxin, antifungal Moorea, Lyngbya [60,61]
Lipopeptide Kalkitoxin Neurotoxin Moorea [57]
Ribosomally synthesized
and post-translationally Patellamide Moderate cytotoxicity Prochloron [62]
modified peptide (RiPP)
RiPP Microviridin Protease inhibitor Microcystis, Planktothrix [63,64]
RiPP Shinorin Sunscreen Anabaena, Nostoc [65]
Fatty acid amide Besarhanamide A MOdemre‘to{ﬂClty tobrine Moorea [66]
shrimp
Fatty acid amide Semiplenamide Toxicity to brine shrimp Lyngbya [67]
Lipopolysaccharide Lipopolysaccharides Endotoxin All cyanobacteria [68]
Antitumor, antiviral,
Polysaccharide Polysaccharide ant S ::z:;::\?:éry All cyanobacteria [69-71]
immunostimulant
Nucleoside Toyocamycin Antifungal Tolypothrix [72]
Nucleoside Tubercidin Antifungal Tolypothrix [73]

2.1. Prediction of Biosynthetic Gene Clusters (BGCs) in Cyanobacterial Genomes

To investigate the secondary metabolites produced by cyanobacteria, 196 complete genome sequences
of cyanobacteria available at the National Center for Biotechnology Information (NCBI) genome portal
were inspected for BGCs using antiSMASH [74]. Thirty-three different types of BGCs were identified.
The 196 complete genome sequences of cyanobacteria used in the BGC search were arranged according
to the phylogenetic tree. The heatmap representing the numbers of each type of BGC found in each
cyanobacterium showed that the cyanobacteria from the same genera had similar classes and numbers of
BGCs (Figure 1A). It was evident that a single genome contained several BGCs with multiple occurrences.
In particular, there were cyanobacteria with large number of bacteriocin, terpene, and non-ribosomal
peptide synthetase (NRPS) BGCs, which accounted for 74.4% of the total predicted BGCs (n = 2119).
For example, it was predicted that the genome of Moorea producens PAL-8-15-08-1 carries 18 NRPS
BGCs. The most widely distributed BGC was the terpene BGC, which was found in all cyanobacteria
except for two species (Limnospira fusiformis SAG 85.79 and Nodularia spumigena UHCC 0039). Terpene is
essential for photosynthetic organisms. Undetected terpene BGCs in the two species could have resulted
from the deviations in the BGC search criteria of antiSMASH. The 33 BGCs were classified according
to their structural and functional similarities to the following categories: terpene, indole, PK synthase
(PKS)/NRPS (type 1, 2, 3 PKSs, NRPS, cyclodipeptide synthase-based tRNA-dependent peptide, resorcinol,
and siderophore), RiPP (bacteriocin, lanthidin, linear azole-containing peptide, microviridin, lasso
peptide, cyanobactin, thiopeptide, trifolitoxin, proteusin, and lanthipeptide), lipid/saccharide/nucleoside
(heterocyst glycolipid synthase, ladderane, arylpolyene, aminoglycoside/aminocyclitol, oligosaccharide,
and nucleoside), and others (phosphonate, phenazine, ectoine, 3-lactone, and homoserine lactone).

2.2. Terpenes

Terpene is a family of compounds with varying structures that occupies a large proportion of
the natural products [75]. Terpenes are mainly produced by plants or fungi, as well as the bacterial
species via mevalonate (MVA) pathway or methylerythritol-phosphate (MEP) pathway using acetyl-CoA
or glyceraldehyde 3-phosphate and pyruvate as substrates [76]. While MVA and MEP pathways are
mutually exclusive in most organisms, cyanobacteria mainly utilize the MEP pathway, using substrates
generated during photosynthesis. The MEP pathway produces isomeric 5-carbon compounds, isopentyl
pyrophosphate (IPP), and dimethylallyl pyrophosphate (DMAPP), which are further condensed into
geranyl pyrophosphate (GPP), the building block in terpene biosynthesis. From the GPP, terpenes
of varying structures can be generated. Terpenes conduct various cellular processes necessary for
survival, such as the ubiquinone in the electron transport chain associated with cellular respiration,

13



Microorganisms 2020, 8, 1849

chlorophyll, carotenoids, and plastoquinones in photosynthetic processes, and hopanoids in cell membrane
biosynthesis and stability (Figure 1B) [77]. In particular, photosynthetic cyanobacteria contain a wide
variety of carotenoids. Most of the genome-sequenced cyanobacteria have 3-carotene BGC. Production of
other carotenoids, such as zeaxanthin and nostoxanthin are dependent on the presence of carotenogenesis
pathway connected to (3-carotene [3,78]. The terpene compounds, including the carotenoids obtained
from cyanobacteria are of industrial value owing to their various applications. For example, 3-carotene,
astaxanthin, and canthaxanthin are used as color additives or animal feeds. Phycocyanin exhibits
anti-oxidant, anti-inflammatory, neuroprotective, and hepatoprotective effects [2,13,79].

C  saxitoxin Anatoxin A

o

Hapalindole A

o, Semiplenamide A

3
s

&

s w

i&" m/\/-m)\/\/‘\\/\/\/\AN\/’-
5

&

Resorcinol

Oligosaccharide
O riopeptide

Figure 1. Cyanobacterial secondary metabolites. (A) Heatmap of the predicted cyanobacterial secondary
metabolite biosynthstic gene clusters (BGCs). The left-most phylogenetic tree is constructed by up-to-date
bacterial core gene (UBCG) phylogenetic analysis of the 196 cyanobacterial complete genome sequences.
The evolutionary distances were provided by UBCG and plotted by RAXML [80,81]. The tree is not
to scale. Red: Nostoc, purple: Calothrix, green: Synechocystis, pink: Synechoccus, blue: Microcystis, and
yellow: Prochlorococcus. (B-F) Molecular structures of cyanobacterial secondary metabolites. (B) Terpenes,
(C) alkaloids, (D) polyketides (PKs), non-ribosomal peptides (NRPs), (E) RiPPs, and (F) fatty acid
amide. Abbreviations; NRPS, non-ribosomal peptide synthetase; HglE, heterocyst glycolipid synthase;
LAP, linear azol(in)e-containing peptide; TfuA, ribosomally synthesized peptide antibiotic trifolitoxin;
CDPS, cyclodipeptide synthase-based tRNA dependent peptide; PKS, polyketide synthase; Amglyccycl,
aminoglycosides/aminocyclitols; TransAT, trans-acyltransferase type I PKS.
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2.3. Alkaloids

Alkaloids comprise various nitrogen containing compounds that are produced from diverse
organisms, including fungi, plants, bacteria, and animals. Alkaloids produced by cyanobacteria
often show toxic characteristics. For example, the anatoxin-a produced by species of the Anabaena
genera is a neurotoxin that binds irreversibly to nicotinic acetylcholine receptors causing paralysis or
even death in fish and mammals (Figure 1C) [31]. Anatoxin-a is also categorized as a PK, which is
synthesized by PKS [82]. Another well-known example, saxitoxin, blocks the sodium (Na*) channels in
shellfish and induces paralytic shellfish poisoning in humans on consumption of saxitoxin-accumulated
seafood. The chemical derivatives carrying the indole rings are classified as indole alkaloids. They are
biosynthesized using tryptophan as a precursor. Cyanobacterial indole alkaloids have diverse
functions. For example, the hapalindole synthesized from cyanobacteria Hapalosiphon fontinalis exhibits
antibacterial, anti-tuberculosis, and anticancer activities [83]. In addition, the scytonemin produced
by Scytonema sp. renders photoprotective effects to the cyanobacterial cells by absorbing the harmful
ultraviolet (UV)-A radiation [84].

2.4. Polyketides/Non-Ribosomal Peptide/Lipopeptides/Siderophores

PKS and NRPS are representatives of enzymes responsible for the biosynthesis of secondary
metabolites in various organisms. Enzymes of these classes consists of at least three essential modular
domains that facilitate chain elongation and modification [85]. First, the catalytic domain binds to and
activates the building block, which then is transferred to the carrier protein domain. Second, the carrier
protein domain loads the activated building block to the growing PK/NRP chain it holds. Third, the
other catalytic domain catalyzes the bond formation between the growing chain and the newly loaded
building block. PKS and NRPS differ in their use of precursors for the building block. While PKS utilizes
malonyl-CoA or methylmalonyl-CoA, the NRPS uses proteinogenic and non-proteinogenic amino
acid monomers. In addition, there are cases wherein compounds are synthesized via the PKS-NRPS
hybrid system. A well-known example could be microcystin, the BGC of which contains two PKS,
single PKS-NRPS, and three NRPS [42,86]. Microcystin produced from various cyanobacterial species
belonging to the genus Microcystis, Nostoc, Planktothrix, and Anabaena, shows hepatotoxic activity in
humans (Figure 1D). Various other toxins synthesized by the PKS, NRPS, or PKS—-NRPS hybrid system
includes lyngbyatoxin, apratoxin, and aplysiatoxin.

The NRPS includes lipopeptides owing to their lipid linked peptide structures synthesized by a
combination of lipid tails and amino acids. Examples of lipopeptides include antillatoxin and carmabin
from M. producens, and lyngbyabellin from M. bouillonii (Figure 1D). Antillatoxin and lyngbyabellin
show neurotoxic activity and cytotoxicity, and carmabin exhibit anti-malarial activity. Siderophores are
included in the NRPS-produced compounds. Iron is essential for bacterial survival. However, since it
exists in an insoluble form in the environment, some bacteria have evolved to facilitate iron uptake by
producing small molecules with high affinity to ferric iron, called siderophores.

2.5. Ribosomally Synthesized and Post-Translationally Modified Peptides

RiPP is a class of secondary metabolites that includes, as its name depicts, ribosomally synthesized
and post-translationally modified peptides. Post-translational modifications include leader peptide
hydrolysis, cyclization, and disulfide bond formation. RiPP BGC generally consists of a short precursor
peptide with an N-terminal leader and a C-terminal core sequence, and post-translational modification
(PTM) enzymes [87,88]. The PTM enzymes shape the linear peptide by several modifications that
provide structural and functional diversity to the mature scaffold. Compounds that were previously
classified as lanthipeptide, lasso peptide, microviridin, cyanobactin, and microcin are now re-classified
under RiPP, which have a broad range of bioactivities such as protease inhibition, cytotoxicity, signaling,
anti-cancer, and anti-human immunodeficiency virus (anti-HIV) (Figure 1E) [87]. For example,
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microviridin, which was first isolated from M. viridis, is a serine protease inhibitor, and patellamide A
produced by Prochloron didemni has moderate cytotoxicity [62].

2.6. Lipids/Saccharides/Nucleosides/Others

Lipids, saccharides, and nucleosides are generally categorized as primary metabolites. However,
there are exceptions, when they are considered as secondary metabolites instead of primary metabolites.
For example, besarhanamide A and semiplenamide exhibiting toxicity against brine shrimp are fatty
acid amides isolated from M. producens and Lyngbya semiplena, respectively (Figure 1F) [66,89]. It is
known that cyanobacterium Cyanothece sp. 113 can produce up to 22 g/L of polysaccharide, which
exceeds the producing ability of eukaryotic microalgae, such as Dunaliella salina [90,91]. Polysaccharides
are generally used as stabilization or thickening agents for emulsions. In some cases, they are used
as bioactive compounds owing to their antitumor, antiviral, antibacterial, anti-inflammatory, and
immunostimulatory properties [92-95]. Toyocamycin and tubercidin are both anti-fungal nucleoside
chemicals isolated from Tolypothrix tenuis [96]. In addition, a small number of phosphonate, phenazine,
ectoine, and f-lactone BGC were also detected.

3. Engineering Cyanobacteria for Industrial Production of Secondary Metabolites

Engineering efforts have been made to increase the production of industrially important
cyanobacterial natural compounds. The model cyanobacteria such as Synechocystis sp. PCC 6803 and
Synechococcus elongatus PCC 7942 are often used as engineering hosts for the increased ease of genetic
manipulation. The biosynthetic pathways of other cyanobacteria are adopted to these model species by
heterologous expression for production of value-added compounds. In addition to the cyanobacterial
natural products, cyanobacteria have also been identified as a suitable heterologous platform for the
production of biofuels, such as ethanol, butanol, and 2,3-butanediol [5,97-99]. Episomal expression
using a self-replicating vector is a popular method for introducing foreign genetic elements in other
organisms such as E. coli. Compared to chromosomal integration through homologous recombination,
the episomal expression is more advantageous owing to its higher expression level [100]. In addition,
the genome polyploidy of cyanobacteria can cause problems in the natural recombination process by
reversing the engineered genome copies back to the original sequence, resulting in poor engineering
efficiency and a laborious selection process. However, in cyanobacteria, there are minimal options for
vector systems; the only self-replicating vector origin currently available for application is RSF1010
(Figure 2A). Thus, chromosomal integration or deletion through homologous recombination is the
most dominant method used in cyanobacteria to increase the production of natural compound
or heterologous metabolites (Figure 2B). Recently developed clustered regularly interspaced short
palindromic repeat (CRISPR)/Cas is an effective genome engineering tool that can target specific loci
to generate a double-strand break, and thus it can solve the low engineering efficiency problem in
polyploids (Figure 2C) [101]. Additionally, the repurposed CRISPR/Cas system, namely the CRISPR
interference (CRISPRi), can repress the gene expression without nucleic acid strand excision, avoiding
lethality caused by knock-out of essential genes.

3.1. Heterologous Expression for Cyanobacterial Secondary Metabolite Production

Genetic manipulation tools explained above have been applied in cyanobacteria to increase the
production of secondary metabolites (Table 2). In recent years, multiple studies have targeted terpenes,
such as squalene and limonene. Squalene has widespread applications in the healthcare, cosmetics, and
pharmacological fields, and it is produced from several eukaryotes as well as the cyanobacteria, such as
Phormidium autumnale [19,102]. However, squalene production from cyanobacteria is not sufficient for
the industrial-scale production demands. Metabolic engineering efforts were made in cyanobacterium
model, S. elongatus PCC 7942 [103-105]. S. elongatus PCC 7942 has the methylerythritol phosphate
(MEP) pathway to biosynthesize diphosphate (IPP) and dimethylallyl diphosphate (DMAPP) from
CO,. DMAPP is converted to farnesyl diphosphate (FPP), a substrate for squalene biosynthesis,
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by FPP synthase (ispA). Heterogenous genes, including 1-deoxy-p-xylulose-5-phosphate synthase
(dxs), isopentenyl diphosphate isomerase (idi), and ispA were introduced into the S. elongatus PCC
7942 genome by homologous recombination to increase the intracellular concentration of FPP. Next,
a squalene synthase (SQS) was also introduced by homologous recombination, resulting in a maximum
of 5.0 mg/L/OD730nm squalene production [103]. The titer was further increased to 12.0 mg/L/OD730nm
by constructing a fusion protein of SQS with cpcB1, which encodes the 3-subunit of phycocyanin
and is highly expressed under the strong endogenous cpcB1 promoter [104]. Recently, CRISPRi was
applied to the squalene-producing S. elongatus PCC 7942 strain to repress two essential genes, acnB and
cpcB2 encoding aconitase and phycocyanin 3-subunit, respectively, resulting in an improved squalene
production [105]. The results of these previous studies suggest that there is sufficient potential to
improve the production of target compounds in cyanobacteria through the discovery of new potent
promoters or the selection of additional engineering targets.

A Episomal B  Homologous C CRISPR/Cas
expression vector recombination system

repC
repA
repB
Cyanobacterial genome
RSF1010  selection i homologous recombination
oriV marker l

Cyanobacterial genome —:i—--:l—

Figure 2. Genetic engineering tools. (A) Homologous recombination method using the recombination
system in cyanobacteria. (B) RSF1010-derived vectors are self-replicating vectors used in episomal
expression vector system. (C) CRISPR/Cas system utilizes Cas endonuclease to generate double-strand
break to the gRNA-escorted loci inducing homologous recombination. Abbreviation; CRISPR, clustered
regularly interspaced short palindromic repeat; gRNA, guide RNA; DSB, double-strand break.

Besides terpenes, a xanthophyll carotenoid called astaxanthin has been gaining significant
attention in the healthcare field owing to the anti-inflammatory and antioxidant properties elucidated
in human cells [106]. Astaxanthin production was enhanced through the engineering of Synechocystis
sp. PCC 6803 [107]. First, the core biosynthetic genes, (3-carotenoid ketolase (crtW) and f3-carotene
hydroxylase (crtZ) were integrated for astaxanthin production. The promoter combinations with
diverse strength were tested for expressions of crtW and crtZ, because their relative expression level
is known to be critical to produce astaxanthin in E. coli [107]. However, astaxanthin production was
detected only when the super-strong promoter Pcpc560 was used for both genes, indicating that other
tested endogenous promoters (PnirA, PpetE, and PrnpB) were not sufficient to express those genes.
To test the relative expression level of the two genes, a promoter pool with more varied strength,
including the stronger promoter than Pcpc560, was required. By using Pcpc560 for crtZ expression
and a pea promoter PsbA for crtW expression, which showed two-fold higher activity than Pcpc560,
resulting in improved production of astaxanthin. Further, based on liquid chromatography-mass
spectrometry (LC-MS) metabolomics data, fructose-1,6-/sedoheptulose 1,7-bisphosphate (FBP/SBPase),
which is involved in the Calvin-Benson-Bassham cycle, was found as an additional engineering
target and overexpressed with episomal expression vector. Then, heterologous dxs and ispA gene
was introduced into Synechocystis sp. PCC 6803 genome, and the engineered strain was finally
able to produce astaxanthin of 29.6 mg/g dry cell weight, the highest level in the currently known
engineered strain.
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3.2. Heterologous Expression for Biofuel Production

Along with the naturally produced cyanobacterial secondary metabolites, cyanobacteria also serve
as an attractive platform for diverse heterologous biochemical production. For instance, cyanobacterial
genome engineering was performed to use S. elongatus PCC 7942 as a host for producing 2,3-butanediol,
a biochemical building block for plasticizers, liquid fuel additives, and industrial solvents [5]. In this
study, homologous recombination was used for the integration of galactose-proton symporter (galP),
glucose-6-phosphate dehydrogenase (zwf), and 6-phosphogluconate dehydrogenase (gnd) into neutral
sites, and phosphoribulokinase (prk) and RuBisCO subunits (rbcLXS) into the cp12 site, resulting in
a maximum production of 12.6 g/L of 2,3-butanediol. In addition, in Synechocystis sp. PCC 6803,
metabolic engineering was performed to enhance the biofuel production [99]. To improve ethanol
production in the pyruvate decarboxylase (pdc)-inserted ethanol-producing Synechocystis sp. PCC 6803
strain, pyruvate dehydrogenase complex subunit (odhB) was repressed by CRISPRi. Repression of
citrate synthase (g/tA) in the phosphoketolase (xfpk) and acetoacetyl-CoA synthase (nphT7)-inserted
n-butanol-producing strain increased N-butanol production.

Isoprene is a plant-derived building block, mainly used in the manufacturing of synthetic rubber.
While most of the current synthetic rubber production depends on the petrochemical source, there
have been efforts made to increase the cyanobacterial production of isoprene directly from CO,.
On introducing the isoprene synthase (ispS) obtained from various plants into the Synechocystis sp.
PCC 6803 genome by homologous recombination, a maximum of 4.3 mg/L/h isoprene production rate
was achieved with the aid of dxs and idi overexpression [6]. The heterologous inducible promoter Ptrc
or endogenous promoters Pcpc and PpsbA2 were tested for expression of diverse ispS, and as a result,
expression of Eucalyptus globulus ispS with Ptrc promoter showed the highest isoprene production.
As demonstrated in various studies, cyanobacteria can produce industrially valuable biomaterials
by utilizing light and CO,. Therefore, cyanobacteria have the potential to be developed into an
eco-friendly and economical photoautotrophic biofactory.

3.3. Improvement of Photosynthetic Efficiency

The value-added biochemicals that we have discussed are all products of photosynthesis. Thus,
enhancement of the photosynthetic efficiency is crucial for supplying sufficient energy and reducing
power for productivity increment. Some of the strategies for improving photosynthesis include
expansion of the absorption spectra to capture more light energy, downsizing of the antenna to increase
high illumination tolerance, and optimization of the electron transport chain. Furthermore, efficient
use of photosystem-generated energy is another strategy that can be achieved by enhancing carbon
fixation or reducing carbon loss [137].

3.4. Current Limitations in Engineering Cyanobacteria

Until now, we have presented studies showing the potential of cyanobacteria in producing
various metabolites and that continuous engineering efforts can enhance the native and non-native
metabolite production from cyanobacteria. However, despite the proposed and demonstrated potential
as a production host, the production levels in cyanobacteria are not compatible with those in model
organisms such as E. coli or Saccharomyces cerevisiae. In the case of E. coli, which is most widely
used engineering host with a lot of information about genetic features and metabolic network, it is
easy to apply knowledge-based engineering approaches such as enzyme structure modification,
feedback inhibition removal, and precursor pool or cofactor level increasement [138]. In addition,
a high-throughput screening technique through random mutagenesis is applicable using well-developed
screening systems in E. coli. On the other hand, since cyanobacteria is a photoautotroph, more complex
energy generation and distribution, and redox state should be considered when manipulating the
metabolic network, and thus a more systematic insight is required. Additionally, when engineering
multiple targets in the metabolic pathway, it is difficult to fine-tune the relative expression levels
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of the genes due to the lack of available bioparts such as neutral site, promoter, and RBS. In order
to overcome these limitations, it is essential to systematically understand the complex metabolic
network within the cell and to develop various genetic tools by genome-scale screening of native
promoters and RBSs or constructing synthetic bioparts. In recent studies, a systematic approach through
genome-scale modeling (GEM) has been successfully applied to engineering cyanobacteria [124,125].
For more effective and efficient engineering of cyanobacteria, the systematic approach should be
further advanced.

4. Advanced Engineering Approaches through Synthetic and Systems Biology

Synthetic biology involves development of genetic parts, combination design to fulfill the desired
function, and application of the combined tool into an organism. Quantification and standardization of
the genetic parts represented by promoters, RBS, untranslated region (UTR) sequences, and terminator
sequences are critical for proper employment of synthetic biology. Systems biology deals with the
living system as an interactive network more than just a collection of reductive components. Therefore,
understanding of the organism as a system is required for precise designing of the synthetic biology
tools, and the introduction of synthetic biology tools into an organism affects the system, making the
two biological approaches inseparable. The general synthetic and systems biology research flow is
represented as the design-build—-test-learn cycle (Figure 3). In the design step, the host for metabolite
production is selected, and the biosynthesis pathway is designed using prior knowledge. Then, in
the build step, a bioproduction host is engineered using either random, rational, or both methods.
The constructed strain may undergo various tests for data generation. The data are then analyzed to
produce and update the understanding of the bioproduction system. Systems and synthetic biology as
an integrative approach, assisted the engineering of various organisms, including cyanobacteria.
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Figure 3. Schematic representation of design-build—test-learn cycle in cyanobacteria.

4.1. Synthetic Biology

Development of the genetic parts is critical for applying synthetic biology to metabolic engineering
of cyanobacteria. While in other model species (e.g., E. coli), genetic parts such as promoters and RBS
with varying strengths are available, there has been a significant lack of information and diversity
concerning the cyanobacterial genetic parts. Currently used genetic parts are cyanobacterial endogenous
promoters (Ppspa and Pepe) and E. coli origin promoters (Pirc, PaD, Plac, and Prsp) [139]. Promoters
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currently used in cyanobacteria are cataloged in previous literature [140]. However, to expand the
promoter selection pool, several Pr7 derivatives, Ppgpa* derivatives, Pyc-based hybrid, and synthetic
promoters have been developed and tested in Synechocystis sp. PCC 6803 [141,142]. Recently, a mutant
promoter library from two popular promoters, Ppspa and Pepc of S. elongatus PCC 7942, were generated
to achieve promoters of varying strength [143]. A collection of 48 unique promoters were validated in
three additional S. elongatus strains, expanding the cyanobacterial synthetic biology toolbox. The RBSs
for cyanobacterial gene expression are mostly wild-type RBS associated with native promoter, or RBS
of highly expressed genes such as psbA2 and rbcL [144]. In addition, synthetic RBSs from BioBrick
Registry of standard biological parts, and a newly designed RBS based on Synechocystis sp. PCC 6803
genome sequence (RBS*) are also used in several studies [145]. Recently, research has been conducted
to diversify the RBS types used in cyanobacterial engineering. Twenty types of native RBS from
Synechocystis sp. PCC 6803 were additionally identified, and 13 RBSs were rationally designed based
on the known strong RBS sequences [142,146].

Riboswitches are another class of bioparts operated based on their RNA structures. A riboswitch
comprises of an aptamer and an expression part. While the aptamer directly binds to a corresponding
small molecule, the expression part regulates gene expression post-transcriptionally by causing
structural changes in accordance with the small molecule binding. In S. elongatus PCC 7942, the operation
of the synthetic theophylline riboswitch confirmed that it could control translation initiation [147].
Recently, this riboswitch was applied for flexible regulation of intracellular glycogen storage by
controlling the expression of ADP-glucose pyrophosphorylase (glgC) [148]. The theophylline riboswitch
was found to be operational in several other cyanobacterial species, including Leptolyngbya sp. BL 0902,
Nostoc sp. 7120, and Synechocystis sp. WHSyn [149]. The theophylline riboswitch has also been used
for chimeric riboswitch generation by combining it with a Bacillus subtilis phuE (adenine riboswitch).
The chimeric riboswitch was validated in Nostoc sp. 7120 [150]. Overall, various synthetic biology
toolboxes applicable to cyanobacteria are being developed to expand the pool of choice, which would
contribute to effective engineering by enabling precise gene regulation of cyanobacteria.

4.2. Next-Generation Sequencing/Omics/Genome-Scale Model

Approximately 1500 cyanobacterial genome sequences have been registered in the NCBI genome
database, and 196 of them, including the genome sequences of Synechocystis sp. PCC 6803 and
S. elongatus PCC 7942, are completely assembled. In particular, the complete genome sequence of
Synechocystis sp. PCC 6803 was reported as early as E. coli genome sequence, thus settling as a model
organism among cyanobacteria [151]. Since then, with the development of diverse next-generation
sequencing (NGS) techniques, various omics data such as transcriptome and translatome were
generated based on the genome sequence [9]. Previously, transcriptome changes in response to stress
conditions, such as temperature, light, and nutrition depletion, and effects of gene deletions were
analyzed using cyanobacterium models, including Synechocystis sp. PCC 6803, S. elongatus PCC
7942, and Nostoc sp. 7120 [9]. In addition to the model cyanobacteria, recent transcriptome studies
are being conducted in various non-model cyanobacterium species as well (Table 3). For example,
in Euhalothece living in a hypersaline habitat, various salt resistance-related genes, such as Na*
transporting multiple resistance and pH adaptation systems, and glycine betaine biosynthesis enzymes
were highly upregulated [152]. In addition, differential RNA-seq revealed genome-wide transcription
start sites (TSSs) in S. elongatus UTEX 2973 and two types of Fischerella strains, which were used
to elucidate the differences in transcriptional regulation resulting in different phenotypes [153,154].
Additionally, the application of Ribo-seq to observe the translatome responses of Synechocystis sp.
PCC 6803 under carbon starvation condition was reported in 2018 [155]. In order to observe the
post-transcriptional responses in cyanobacteria, omics studies such as proteomics through liquid
chromatography with tandem mass spectrometry (LC-MS/MS) analysis and metabolomics through
gas chromatography-mass spectrometry (GC-MS) and 13C isotopically nonstationary metabolic flux
analysis have been implemented [5,156]. The massive omics data generated from the sequencing
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techniques described above served as the basis for understanding the cyanobacterial system under
various conditions and also aided in the development of cyanobacterial GEMs.

GEM is an in silico tool that is useful for explaining the entire metabolism of an organism based on
its genomic information. Given the ability to predict cellular metabolic behavior under given conditions
or constraints, GEMs are mainly used for designing metabolic engineering strategies. GEM is an
iteratively evolving system mended by new input information starting from the prior draft. Thus,
more precise GEMs can be constructed by gathering greater types and amounts of genome information.
GEM has been witnessing significant advancements with continuous accumulation of massive omics
data supplied by various NGS techniques. Among cyanobacteria, Synechocystis sp. PCC 6803 has been
studied most extensively, starting with the central carbon metabolic reconstruction under heterotrophic,
mixotrophic, or autotrophic conditions [157,158]. The Synechocystis sp. PCC 6803 GEM was recently
updated with more detailed photosynthesis and electron transport chain data [159,160]. GEM of other
cyanobacterial species, such as Arthrospira platensis, Cyanothece sp., Nostoc sp., S. elongatus UTEX 2973, S.
elongatus PCC 7942, and Synechococcus sp., are being established and further enhanced [139]. Through
in silico GEM simulation, the bottleneck step can be selected for optimal engineering to enhance the
production of value-added biochemicals. In the near future, the continuously evolving GEM would
grow more useful in the metabolic engineering of cyanobacteria.

Table 3. Recent advances in omics studies of cyanobacteria.

Year Omics Study Strain Ref.
2016 Genome-scale model (GEM) + Metabolome Synechococcus sp. PCC 7002 [161]
2016 Metabolome S. elongatus PCC 7942 [6]
2016 Metabolome + Transcriptome Synechocystis sp. PCC 6803 [127]
2016 Proteome S. elongatus PCC 7942 [162]
2016 Proteome Synechocystis sp. PCC 6803 [163]
2016 Transcriptome S. elongatus PCC 7942 [164]
2016 Transcriptome Synechocystis sp. PCC 6803 [165]
2016 Transcriptome Prochlorococcus NATL2A [166]
2016 Transcriptome Nostoc sp. PCC 7120 [167]
2016 Transcriptome S. elongatus PCC 7942 [168]
2016 GEM S. elongatus PCC 7942 [10]
2016 Transcriptome M. aeruginosa [169]
2017 Metabolome Synechococcus sp. PCC 7002 [170]
2017 Metabolome S. elongatus PCC 7942 [171]
2017 Metabolome S. elongatus PCC 7942 [172]
2017 Metabolome S. elongatus PCC 7942 [5]
2017 Metabolome Synechocystis sp. PCC 6803 [173]
2017 Proteome Synechocystis sp. PCC 6803 [174]
2017 Proteome Synechocystis sp. PCC 6803 [175]
2017 Proteome Synechocystis sp. PCC 6803 [176]
2017 Proteome Synechococcus strains [177]
2017 Proteome Prochlorococcus strains [178]
2017 Proteome P. marinus SS 120 [179]
2017 Proteome Synechocystis sp. PCC 6803 [180]
2017 Transcriptome Synechocystis sp. PCC 6803 [181]
2017 Transcriptome + Interactome Synechocystis sp. PCC 6803 [182]
2017 Transcriptome + Metabolome Synechococcus sp. TU 625 [183]
2017 Transcription start site (TSS) F. muscicola PCC 7414 and F. thermalis PCC 7521 [154]
2017 GEM Synechocystis sp. PCC 6803 [184]
2017 GEM Nostoc sp. PCC 7120 [185]
2017 GEM S. elongatus UTEX 2973 [186]
2017 GEM Synechococcus sp. PCC 7002 [161]
2018 Transcriptome M. aeruginosa [187]
2018 Transcriptome + Translatome Synechocystis sp. PCC 6803 [155]
2018 TSS S. elongatus UTEX 2973 [153]
2018 GEM Synechocystis sp. PCC 6803 [161]
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Table 3. Cont.

Year Omics Study Strain Ref.
2019 Metabolome Synechococcus sp. PCC 7002 [188]
2019 Proteome Synechocystis sp. PCC 6803 [189]
2019 Transcriptome Prochlorococcus MIT9313 [190]
2019 Transcriptome N. punctiforme PCC 73102 [191]
2019 Transcriptome Leptolyngbya sp. PCC 6406 [192]
2020 GEM Synechocystis sp. PCC 6803 [160]
2020 Metabolome S. elongatus PCC 11802 and PCC 11801 [193]
2020 Metabolome Nostoc sp. UIC 10630 [194]
2020 Metabolome Leibleinia gracilis [195]
2020 Metabolome Synechocystis sp. PCC 6803 [196]
2020 Metabolome S. elongatus UTEX 2973 [197]
2020 Metabolome S. elongatus PCC 11801 [198]
2020 Metabolome M. aeruginosa PCC 7820 and PCC 7806 [199]
2020 Metabolome Synechocystis sp. PCC 6803 [200]
2020 Metabolome Nodularia spumigena [201]
2020 Proteome Nostoc sp. PCC 7120 [202]
2020 Proteome Synechococcus strains [203]
2020 Proteome Nodosilinea strains [204]
2020 Transcriptome Nostoc sp. PCC 7120 [205]
2020 Transcriptome Euhalothece sp. Z-M001 [152]
2020 Transcriptome Synechocystis sp. PCC 6803 [206]
2020 Transcriptome N. punctiforme PCC 73102 [207]
2020 Transcriptome Synechococcus sp. PCC 7002 [208]
2020 Transcriptome + Metabolome Synechocystis sp. PCC 6803 [107]
2020 GEM Synechococcus sp. BDU 130192 [209]
2020 GEM A. variabilis ATCC 29413 [210]

5. Conclusions and Future Perspectives

Cyanobacteria have significant industrial value owing to their ability to generate energy from
photosynthesis and to produce various secondary metabolites. However, several improvements
are required for cyanobacteria to meet the industry-level expectations and to establish themselves
as a potential bioproduction platform. First, when using cyanobacterial native promoter or RBS,
unexpected interaction may occur within the cell, which may reduce engineering efficiency. Therefore,
development and application of the variety of orthogonal tools for engineering cyanobacteria is crucial.
In addition, it is essential to obtain the precise metabolic network information to design strategies for
the concise use of the synthetic biology tools. For example, the optimal production conditions can
be discovered through promoter and RBS combination randomization, and the kind of neutral sites
that can be used for chromosome integration can be expanded based on essential gene information
found with transposon mutagenesis [143,146,211,212]. In addition, by applying the rapidly developing
CRISPR application, it is possible to repress or activate multiple target genes at once, which can shorten
the laborious and tedious engineering process caused by the polyploidy genome characteristic of
cyanobacteria [101]. Systems biology enabled the discovery of various genetic tools by generating
and accumulating massive omics data in cyanobacteria. In addition, development of GEM based on
the accumulating omics and experimental data would lead to the development of a more accurate
metabolic model.
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Abstract: Aging research aims at developing interventions that delay normal aging process and some
related pathologies. Recently, many compounds and extracts from natural products have been shown
to delay aging and/or extend lifespan. Marine sponges and their associated microorganisms have
been found to produce a wide variety of bioactive secondary metabolites; however, those from the
Southwest of the Indian Ocean are much less studied, especially regarding anti-aging activities. In this
study, the microbial diversity of the marine sponge Scopalina hapalia was investigated by metagenomic
analysis. Twenty-six bacterial and two archaeal phyla were recovered from the sponge, of which
the Proteobacteria phylum was the most abundant. In addition, thirty isolates from S. hapalia were
selected and cultivated for identification and secondary metabolites production. The selected isolates
were affiliated to the genera Bacillus, Micromonospora, Rhodoccocus, Salinispora, Aspergillus, Chaetomium,
Nigrospora and unidentified genera related to the family Thermoactinomycetaceae. Crude extracts from
selected microbial cultures were found to be active against seven targets i.e., elastase, tyrosinase,
catalase, sirtuin 1, Cyclin-dependent kinase 7 (CDK?), Fyn kinase and proteasome. These results
highlight the potential of microorganisms associated with a marine sponge from Mayotte to
produce anti-aging compounds. Future work will focus on the isolation and the characterization of
bioactive molecules.

Keywords: Scopalina hapalia; Actinomycetes; Bacillus; Fungi; elastase inhibition; tyrosinase inhibition;
CDK?7 inhibition; Fyn kinase inhibition; catalase activation; sirtuin 1 activation

1. Introduction

As the world’s global population ages, an increase in the prevalence of a variety of age-related
diseases such as inflammatory disorders, neurodegenerative and cardiovascular diseases, as well as
cancer, is observed. Even though the use of the term “cause” can be debated, aging was identified
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as the main risk factor for many age-related diseases [1,2]. Over recent years, research about aging
effects has experienced unprecedented advances, particularly with the discovery that delaying of
aging (with genetic, dietary and pharmacological approaches) can impede the onset or progress of
age-related diseases [3-6]. These interventions aim to slow down the effect(s) of normal aging, prevent
age-related diseases and increase quality of life. In this context, we selected a set of biological targets
relevant for our investigation on naturally occurring anti-aging agents. Elastase is a member of the
chymotrypsin family of proteases and is primarily responsible for the degradation of elastin, which is
an important protein giving elasticity to arteries, lungs and skin. Elastin breakdown through the action
of elastase results in visible skin changes like wrinkles [7-9]. Tyrosinase is a major enzyme in melanin
biosynthesis which determines the color of hair and skin. Increased tyrosinase activity was observed in
hyperpigmentation disorders; conversely downregulation of tyrosinase activity led to melanogenesis
inhibition [10,11]. Therefore, inhibition of elastase and tyrosinase is one of the most prominent
strategies used to fight skin aging. Among the considered mechanisms of aging, the oxidative stress
plays a substantial role [12]. As increased levels of reactive oxygen species (ROS) contribute to the
pathogenesis of numerous diseases including age-related disorders, identifying compounds which
have the capacity to increase the intracellular antioxidant defense can be useful to prevent these
disorders [13]. Catalase is one of these antioxidant enzymes and prevents cell oxidative damage (i.e.,
the formation of oxidized proteins, lipids and/or DNA) by converting hydrogen peroxide (H,0O,),
which is continuously produced by metabolic reactions, to water (H,O) and oxygen (O,) [14]. Sirtuin 1
(Sirt1) belongs to the conserved sirtuin family (Sirt 1-7) of nicotinamide adenine dinucleotide (NAD™)
dependent protein deacetylases [15]. Identified as key regulators of caloric restriction (CR), these
proteins represent one of the most promising targets for anti-aging approaches [16,17]. Indeed, CR is
so far the only effective way known to extend the lifespan and healthspan of a number of organisms
without genetic or pharmacological intervention [18,19]. Studies have shown that upregulation
of these proteins alleviates the symptoms of aging as well as of age-related diseases and induces
physiological changes that are similar to CR [20,21]. CDK7 belongs to the Cyclin-dependent kinases
(CDKs), best known for their critical roles in cell cycle regulation. However, this protein is also
involved in other physiological process like DNA repair and transcription [22-24]. Recent reports
demonstrated that CDKY is crucial for the pathogenesis of certain cancer types driven by RNA
polymerase-II-based transcription like triple-negative breast cancer, high-grade glioma or peripheral
T-cell lymphomas [25-28]. The proteasome is a multi-subunit enzyme that is essential in cell function
as it plays a central role in the regulation of protein homeostasis [29,30]. Cancer cells rely on the
proteasome activity to maintain the protein homeostasis required for their enhanced metabolism
and unrestricted proliferation. Therefore, inhibition of proteasome function emerged as a powerful
strategy for anti-cancer therapy, especially in haematological malignancies [31]. Fyn is a non-receptor
tyrosine kinase belonging to the Src family kinase, which is an important class of molecules in human
biology. Recent studies highlight its involvement in signaling pathways leading to the pathogenesis of
Alzheimer’s disease [32,33]. It has been demonstrated that Fyn interacts with both protein Tau and
amyloid 3-peptide, two key players responsible for the major pathologic hallmarks of Alzheimer’s
disease [34,35]. These lines of evidence identified Fyn kinase inhibition as a novel approach therapy of
particular interest.

Amongst the compounds with anti-aging activities discovered recently, many are natural products,
some of which are drugs used in the clinic [36,37]. For example, numerous natural products or extracts
from plants and microorganisms are widely used as cosmetic or cosmeceutical ingredients because of
their antioxidant, anti-elastase and anti-tyrosinase activities [38—42]. However, some of natural and
synthetic anti-tyrosinase compounds used as hypopigmenting agents may induce side effects following
chronic exposure [43]. It is also worth noting that the first potent sirtuin activating compounds (STACs)
included plant-derived metabolites such as resveratrol [21]. Since then, molecules, structurally related
to resveratrol or not, have been developed. Almost all sirtuin activators described to date target Sirt1.
Furthermore, marine natural products have been shown to be an interesting source of kinase as well as
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proteasome inhibitors for cancer and neurodegenerative diseases [44-47]. Salinosporamide A, isolated
from marine actinomycete Salinispora tropica, is one of the most potent proteasome inhibitors and
is currently undergoing clinical trials for cancers [48]. So in order to widen the chemical diversity
of bioactive compounds, exploration of understudied biological resources or geographical areas is
gaining importance.

In our search for natural products with bioactivities against our set of selected biological targets,
we investigated the marine sponges from Mayotte, a French island located in the Comoros archipelago,
recognized as a hotspot of biodiversity. This island hosts a variety of marine tropical ecosystems which
are of major ecological value and are yet poorly studied. During this investigation, a marine sponge
Scopalina hapalia exhibited interesting anti-aging activities showing moderate elastase inhibition and
high Fyn kinase inhibition. The few reported studies investigating sponges from this geographical area
did not consider, thus far, their associated microorganisms and their biotechnological potential [49-56].
The present study aims at investigating the potential of microorganisms isolated from S. hapalia to
produce secondary metabolites with anti-aging activity. First, the prokaryotic diversity associated
with S. hapalia was characterized by targeted 165 rRNA sequencing. Then, a cultivation approach was
carried out to isolate microorganisms from S. hapalia with a special attention given to actinomycetes
and filamentous fungi. Members of the Bacillales order were also identified and included in this study
because of well-known representative producers of important secondary metabolites [57,58]. Finally,
their potential to produce bioactive compounds with anti-aging activities was assessed by screenings
for elastase, tyrosinase, CDK?7, proteasome and Fyn kinase inhibitory activity, as well as for catalase or
sirtuin 1 activation.

2. Results and Discussion

2.1. Composition of the Prokaryotic Community of Scopalina hapalia

To explore the diversity of the microbial community associated with Scopalina hapalia,
a culture-independent approach was implemented using targeted 165 rRNA and ITS2 metagenomics.

After quality-filtering, 16 353, 47 630, 37 213 and 46 370 sequences, respective to the V1-V3, V3-V4,
V4-V5 regions of the 165 rRNA gene and to the ITS2 region, were obtained from the genomic DNA
extracted from Scopalina hapalia. These sequences respectively clustered into 337, 408, 355 and 32
Operational Taxonomic Units (OTUs) at 97% similarity from the sequencing of V1-V3, V3-V4, V4-V5
and ITS2 regions (Table 1). Rarefaction curves were constructed and indicated a good recovery of OTUs
from the sequencing depth (Figures S1-53). The OTU richness and diversity estimations were obtained
from rarefied data sets (Table 1). The alpha diversity analysis showed that the observed richness
(observed OTUs) is slightly equivalent to the estimated richness (Chaol), suggesting that rare OTUs
represent a small portion of the sponge microbial community (Table 1). The Shannon index from the
three regions sequenced seems to indicate that Scopalina hapalia has a diversified microbial community.

Table 1. Alpha diversity of the microbial community associated with Scopalina hapalia as measured by
the mean index (observed OTUs, Chaol and Shannon) + SD.

Targeted Region  No of Reads (SI 97%) ';&;;?E::g No. of OTUs Richness Diversity
Observed OTUs Chaol Shannon

Vi1-V3 20806 16353 337 286.74 + 98.97 308.97 + 94.37 5.65 +0.87
V3-V4 49235 47630 408 315.79 + 119.56 361.43 +118.27 4.04 +0.69
V4-V5 39094 37213 355 313.23 + 103.65 324.04 +101.00 5.39 +0.82
1Ts2 46442 46370 32 26.88 +9.18 28.92£9.21 0.52 +0.02

SI97%: sequence similarity cutoff of 97%. OTUs: operational taxonomic units.

Unfortunately, the selected primer pair used to amplify fungal ITS2 (Internal Transcribed Spacer
2) region from the total genomic DNA of S. hapalia did not yield satisfactory results. Among the
46,370 (100%) quality-filtered reads, 43,669 (94.18%) reads were unclassified and 573 (1.24%) belonged
to Metazoa. In total, 2128 (4.59%) reads of fungi were obtained and classified into three different
phyla: Ascomycota (4.29%—8 different OTUs), Basidiomycota (0.15%—7 different OTUs) and other
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(0.15%—7 different OTUs). Two OTUs belonged to the classes Sordariomycetes and Saccharomycetes
(Ascomycota), while five OTUs belonged to the classes Agaricomycetes and Malasseziomycetes
(Basidiomycota). Fifteen OTUs could not be classified either at the phylum or class level. Ascomycota
and Basidiomycota divisions are widely distributed in marine sponges with Ascomycota being the
dominant one [59]. Members of Sordariomycetes, Malasseziomycetes and Agaricomycetes were
previously reported from specimens of Scopalina collected in Australia [59]. The very low number
of fungal reads in comparison to the number of non-targeted DNA is in line with previous studies
examining fungal communities in marine sponges by cultivation-independent methods [60-62].
One possible explanation for this result could be the lower abundance of fungi than that of bacteria in
marine sponges. As a typical milliliter of seawater contains 10® fungal cells and 10° bacteria, without
specific filtration from the sponge, the fungal cells could be much lower [63].

From the entire data sets, 26 bacterial and two archaeal phyla were identified (Figure S4). This is a
high level of phyla diversity for a Low Microbial Abundance (LMA) sponge. Indeed, sponges belonging
to the genera Scopalina (order Scopalinida) have been characterized as LMA sponges, which are generally
assumed to have a less diverse bacterial communities (low phylum-level diversity) than high microbial
abundance (HMA) sponges [64,65]. Nonetheless, our result is in agreement with the study by de Voogd
et al. (2018), which reported that some LMA sponges from Mayotte harbored a more diverse bacterial
community at the phylum level than HMA sponges (e.g., Stylissa carteri, order Scopalinida: 29) [66].
Our result supports their conclusion that a true dichotomy between HMA and LMA sponges does not
appear to exist [66]. In our study, the Scopalina hapalia community was dominated by Proteobacteria
(62.58%, 94.03% and 57.21% relative abundance in V1-V3, V3-V4 and V4-V5 data sets), Cyanobacteria
(16.77%, 0.05% and 11.08%), Planctomycetes (11.71%, 0.06% and 9.90%), Bacteroidetes (4.77%, 1.24%
and 17.99%) and Actinobacteria (1.68%, 2.82% and 1.30%). From the other 23 phyla, each contributed
<1.16% to the S. hapalia data set sequences. On the genus and family level, the five most abundant
taxa were an unidentified genus of the Endozoicimonaceae family (Gammaproteobacteria) (6.46%, 48.03%,
6.36%), a member of the uncultured order EC94 (Betaproteobacteria) (9.88%, 11.59%, 10.37%), Ruegeria
(Alphaproteobacteria) (5.82%, 5.87%, 9.98%), Labrenzia (Alphaproteobacteria) (7.37%, 5.60%, 8.41%) and
Aquimarina (Flavobacteriia—Bacteroidetes) (3.72%, 0.05%, 14.29%). Most of the sequences from these taxa
corresponded to highly abundant OTUs.

Previous studies based on 165 rRNA gene sequencing or metagenomic analysis revealed that
the prokaryotic microbiome of Scopalina is dominated by Proteobacteria (Gammaproteobacteria and
Betaproteobacteria) and Cyanobacteria [65,67-69]. Even though the diversity of Scopalina symbionts
has been addressed in some studies, it is difficult to do comparative work due to methodological,
sample processing and data analysis differences. However, our results are consistent with previous
results showing that Scopalina sponges are dominated by the LMA-indicator phylum Proteobacteria [65],
and further support the notion that the community of LMA sponges is dominated by the classes Alpha-,
Beta- and Gammaproteobacteria and Flavobacteriia [70].

2.2. Isolation and Identification of Microorganisms Associated with Scopalina hapalia

A number of studies investigating microbial communities of S. ruetzleri and Scopalina sp. have
shown that these sponges host phyla (Actinobacteria, Cyanobacteria, Proteobacteria) with potential
for natural products synthesis [67,68,71-73]. As the crude extract of S. hapalia exhibited interesting
biological activities, isolation studies focusing on actinomycetes and filamentous fungi were carried out.
Homogenates from S. hapalia were plated on a range of eight isolation media including selective ones
for actinomycetes and fungi. In total, 124 microbial strains were isolated, among which 10 putative
actinomycetes and three filamentous fungi were recovered. R2A media exhibited the highest recovery
of isolates (31) and SFM recovered only three isolates. As for the selected media for the isolation of
actinobacteria, MBA exhibited the highest recovery (4) followed by SCAM (3), R2A (2) and A1BFe+c
(1). In terms of diversity, MBA and SCAM gave isolates belonging to three different species, followed
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by R2A (2) and A1BFe+c (1). Thirty microbial strains, including the three filamentous fungi, were
selected for identification.

2.2.1. Identification of Culturable Actinomycetes Associated with Scopalina hapalia

A comparison of the partial 165 RNA gene sequences of the 10 putative actinomycetes strains
against EzBioCloud 16S database exhibited 99-100% sequence similarities with validly described
species (Table S1). The analysis revealed the phylogenetic affiliations to three different genera
(Micromonospora (six strains), Salinispora (three strains) and Rhodococcus (one strain)) representing two
families: Micromonosporaceae and Nocardiaceae.

Micromonospora and Rhodococcus have been reported to be amongst the dominant actinobacterial
genera in marine environment along with Streptomyces [74]. Salinispora is an obligate marine
actinomycete originally discovered in sediments, then found in sponges [75,76]. It is noteworthy to
indicate the presence of the species Micromonospora endophytica, formerly known as Jishengella endophytica
and cultivated from Acanthus illicifolius root collected from a mangrove zone in China [77,78]. To the
best of our knowledge, this is the first report of the genus Salinispora in this geographical area and
also the first one about the isolation of M. endophytica from any marine invertebrate, especially from
sponges. As the Mayotte lagoon includes a mangrove, this result seems to make sense. Representatives
of the genera Micromonospora, Rhodococcus and Salinispora have previously been isolated from the
specimen Scopalina ruetzleri from the Caribbean [71], suggesting that these genera might be part of the
specific symbionts associated to the genus Scopalina.

2.2.2. Identification of Bacillales Strains Isolated from Scopalina hapalia

The remaining 17 strains shared >98% sequence identity with validly described species within
the order Bacillales (Table S2). Fifteen strains were closely related to the genus Bacillus and one strain
was closely related to previously cultured bacteria DQ448769, for which the nearest type strain is
Laceyella saccharibelonging to the Thermoactinomycetaceae family [79]. One strain (SH-39) shared <98%
sequence identity with DQ448769 suggesting that this might represent a new phylotype. According to
Kim and co-workers, a threshold of 98.65% 16S rRNA gene sequence similarity can be considerate
to differentiate two species [80]. Most of the Bacillus isolates were affiliated either to B. licheniformis
(AE017333) (7/15) or to B. paralicheniformis (KY694465) (7/15). Members of the Bacillus group, including
B. licheniformis, are common inhabitants of marine environments and have been often isolated from
sponges and other organisms [79,81]. B. paralicheniformis, closely related to B. licheniformis and also
retrieve in sponges, was described in 2015 from soybean-based fermented paste [82,83]. Representative
members of Bacillus were previously reported from Scopalina sp. [68].

It is worth noting that even though 165 rRNA gene sequencing has proved to be a powerful tool
for bacterial identification, it tends to present limitations in distinguishing between closely related
species like Bacillus, Micromonospora and Salinispora [84]. This is especially true for the genus Salinispora,
as six novel species sharing >99% 165 RNA sequence similarity with the three currently recognized
species were recently described [85]. Still, this method was chosen because it is a rapid and easy
approach for the reliable identification of unknown strains.

2.2.3. Identification of Filamentous Fungi

From the culture-dependent approach, only three fungal strains were recovered. This low number
of fungal isolates is consistent with a previous study on the cultivable fungi from Panama, where
three fungal strains were recovered from three different specimens of Scopalina [86]. On the other
hand, more than 19 fungal isolates were recovered from three replicates of Scopalina sp. collected in
Australia [59]. Our results on the fungal community housed in this specimen of Scopalina hapalia are in
line with previous works demonstrating that: (1) the number of fungal strains isolated per sponge
could vary between locations [87] and (2) discrepancies can be obtained between the molecular and
culture approach [59].
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The molecular identification revealed a phylogenetic affiliation to the three different genera:
Aspergillus (class Eurotiomycetes, order Eurotiales), Chaetomium (class Sordariomycetes, order
Sordariales) and Nigrospora (class Sordariomycetes, order Trichosphaeriales) (Table S3). When compared
to the ITS2-amplicon sequencing, which affords 22 fungal OTUs, it seems that further efforts would be
needed to reveal the entire culturable diversity of fungi present in this sponge microbiome.

Previous works showed that many of the fungal strains isolated from sponges could be classified
within the order Eurotiales as it included ubiquitous genera: Aspergillus and Penicillium, which
are prolific sporulating and non-fastidious fungi, and the order Hypocreales (Acremonium and
Trichoderma) [73-77]. Representative of the genus Penicillium (Eurotiales), Acremonium and Trichoderma
(Hypocreales) were cultured from Scopalina sp. during previous studies [59,86]. The genera Chaetomium
and Nigrospora were previously reported from studies of sponge-derived fungi [87-89], though to
the best of our knowledge this is the first report of this newly described species N. aurantiaca from
sponge [90].

2.3. Biological Assays

Thirty of the 124 isolates were selected for the production of biologically active metabolites.
These isolates belong to genera known to produce novel bioactive metabolites or to genera/species
that have not been extensively studied (Tables S1-S3). These 30 isolates were cultivated in liquid (LM)
and solid (SM) Marine Broth media. Liquid- and solid-state fermentations were coupled with in situ
solid-phase extraction using XAD-16 resin. After five and fifteen days of cultivation, the resin and
biomass were extracted successively with ethyl acetate (EA) and methanol (MeOH) solvents. Overall,
118 microbial crude extracts were obtained and evaluated for their bioactivity(-ies) against seven
different molecular targets.

2.3.1. Anti-Elastase Activities

Preliminary screening on purified elastase identified three extracts with moderate activities
(25-50% inhibition) as compared to a known elastase inhibitor, namely elastatinal (produced by
actinomycetes). Only crude extracts from isolate SH-82 (Micromonospora fluostatini) exhibited sufficient
inhibition of elastase activity (Figure 1). The ethyl acetate extract (SH-82-EA-SM) showed the highest
inhibition by 32.5% at 100 ug/mL.
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Figure 1. Percentage inhibition of elastase activity by selected microbial crude extracts. Only the most
active crude extracts are shown. The code per isolates is outlined in Table S1. Bars, £SD; n > 2.
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2.3.2. Anti-Tyrosinase Activities

Crude extracts were tested on purified mushroom tyrosinase at the concentration of 150 pg/mL
for tyrosinase inhibition activity. Their activities were compared to the commercially available
tyrosinase inhibitor kojic acid. The screening revealed 29 extracts from 20 different isolates
(nine Bacillus, five Micromonospora, two Salinispora, one Aspergillus, one Chaetomium and two
Thermoactinomycetaceae) with moderate tyrosinase inhibitory activities (25-50% inhibition) (Figure 2).
Only one extract from SH-89 isolate (Micromonospora citrea) exerted significant anti-melanogenic
properties, as it showed 58.33% tyrosinase inhibition. In spite of the moderate inhibitory
activity exhibited by these isolates, they represent a promising source for the discovery of new
anti-melanogenic agents.
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Figure 2. Percentage inhibition of tyrosinase activity by selected microbial crude extracts. Only the
most active ones are shown. The code per isolates is outlined in Tables S1-53. Bars, +SD; n > 2.

2.3.3. Catalase Activities

All extracts were screened on purified catalase, at the concentration of 10 pug/mL, in order to
assess their antioxidant properties through the catalase activation. Four extracts (SH-02a-MeOH-SM,
SH-02b-MeOH-LM, SH-02c-EA-SM, SH-02a-MeOH-SM) obtained from Bacillus strains exhibited
promising antioxidant capability (activation average > 150). These extracts were selected for a secondary
screening, leading to the validation of SH-02b-MeOH-LM (B. paralicheniformis) and SH-02c-EA-SM
(B. paralicheniformis) as catalase activators (Figure 3).
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Figure 3. Activation average of catalase by selected microbial crude extracts. Only the most active
extracts are shown. The codes of the isolates are outlined in Table S2. Bars, +SD; n = 4.
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2.3.4. Sirtuin 1 Activities

Activation of Sirtuin 1 by crude extracts was assessed on purified Sirtuin 1, at the concentration of
100 pg/mL, and expressed as an activation average in comparison to a reference compound (Figure 4).
Of the 118 crude extracts tested, 13 extracts activated Sirtl; activation ranged between 170% and
130%. The most potent activators of Sirtl activity were exhibited by SH-82 (Micromonospora fluostatini)
and SH-100 (Bacillus licheniformis) isolates extracts. These three extracts (SH-82-EA-LM = 177%;
SH-100-EA-LM = 190% and SH-100-MeOH-SM = 222%) increased Sirt1 activity with an activation
average beyond 170%. During this primary screening, 10 strains were identified as producers of
secondary metabolites capable of increasing the activity of Sirtuin 1. The most active ones are SH-82
(Micromonospora fluostatini) and SH-100 (Bacillus licheniformis). Three more strains of the Bacillus genus
(B. paralicheniformis) gave moderate activities (SH-02a: 136%, SH-10: 137%, SH-22: 149%) along with
two Salinispora strains (SH-54: 135%, SH-78: 132% and 144%), 2 Micromonospora strains (SH-36: 144%,
SH-57: 148% and 168%) and one fungi of the Nigrospora genus (SH-53: 130% and 146%). Given the
scarcity of naturally occurring sirtuin-activating compounds, these strains represent an interesting
source for new STACs.
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Figure 4. Activation rates of sirtuin 1 by selected microbial crude extracts. Only the most active extracts
are indicated. The codes of the isolates are outlined in Tables S1-S3.

2.3.5. Anti-CDKY7 Activities

The microbial crude extracts activity was assessed for inhibition of CDK?7 activity in a dose
dependent way against purified CDK7 and was compared to the reference compound staurosporine
(produced by actinomycete such as Salinispora). Screening of all extracts for anti-CDK?7 properties
revealed three extracts from three different strains of Salinispora arenicola (SH-45, SH-54 and SH-78)
with appreciable CDK7 inhibitory activities at the highest and medium concentrations tested (0.033
and 0.0033 ug/mL) (Table 2).

Table 2. Dose-response inhibition of CDK?7 activity by microbial crude extracts. Only the most active
extracts are shown. Code of isolates are outlined in Table S1.

Dose-Response Inhibition

Extracts
0.033 ug/mL  0.0033 pg/mL 0.00033 pug/mL
SH-45-EA-SM Yes Yes No
SH-54-EA-SM Yes Yes No
SH-78-EA-SM Yes Yes No
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2.3.6. Anti-Fyn Kinase Activities

Anti-Fyn activity was assessed on a purified protein Fyn in a dose dependent manner and was
compared to the reference compound staurosporine. Nine strains were found to produce secondary
metabolites with Fyn kinase inhibitory activities and ten anti-Fyn kinase extracts were identified (Table 3).
The most actives were SH-78 Salinispora arenicola (SH-78-EA-SM) and SH-04 Bacillus licheniformis
(SH-04-EA-SM) strains which inhibited Fyn activity at all three tested concentrations. Two more
S. arenicola strains (SH-45 and SH-54) yielded crude extracts with good inhibitory activities at the highest
and medium concentrations, as well as the Rhodococcus strain (SH-115), three more B. licheniformis
strains (SH-68a, SH-68b and SH-116a) and the fungal strain Chaetomium globosum (SH-123).

Table 3. Dose-response inhibition of Fyn activity by microbial crude extracts. Only the most active
extracts are shown. Code of isolates are outlined in Tables S1-53.

Dose-Response Inhibition

Extracts
0.033 ug/mL  0.0033 pug/mL 0.00033 ug/mL

SH-45-EA-SM Yes Yes No
SH-54-EA-SM Yes Yes No
SH-78-EA-SM Yes Yes Yes
SH-115-EA-SM Yes Yes No
SH-04-EA-SM Yes Yes Yes
SH-68a-EA-LM Yes Yes No
SH-68b-EA-LM Yes Yes No
SH-116a-EA-SM Yes Yes No
SH-123-MeOH-LM Yes Yes No
SH-123-MeOH-SM Yes Yes No

2.3.7. Anti-Proteasome Activities

No dose-response was observed for this bioassay. The active crude extracts exhibited inhibitory
activities only at the highest concentration tested (0.033 pug/mL). Of the 118 crude extracts, only five
were active, corresponding to three Salinispora arenicola strains (SH-45, SH-54 and SH-78) and one
Bacillus licheniformis strain (SH-99).

In short, 118 microbial crude extracts were screened against a set of molecular targets with
potential pharmaceutical and cosmeceutical applications in the field of aging, for the identification
of “hit” extracts. There were both quantitative and qualitative differences in the observed biological
activities. Variations were observed not only with respect to the isolates but also according to the
growth media (cultural conditions) and the extractive solvents used. Fifty-four of the 118 crude
extracts (46%) were active in at least one bioassay (anti-elastase, anti-tyrosinase, anti-CDK?7, anti-Fyn
kinase, anti-proteasome, increased catalase or sirtuin 1 activities). Remarkably, anti-tyrosinase activity
was the most common bioactivity. In total, 25% of the crude extracts (from 20 strains: bacteria and
fungi) inhibited at least 25% of the tyrosinase activity, whereas only 1.7% of the extracts (from one
Micromonospora strain: SH-82) inhibited at least 25% of elastase activity. Furthermore, 8.5% of the
extracts (from nine strains) inhibited in a dose-depend manner the activity of the Fyn-kinase, while only
2.5% of the extracts (from three Salinispora strains) inhibited the activity of CDKY7 in a dose-dependent
manner. Of the crude extracts, 13.6% (10 strains) were found to increase Sirtuin 1 activity, with an
activation average of at least 130%, whilst only 1.7% of the extracts (from four Bacillus strains) were
found to activate catalase with an activation average of at least 150%. Extracts of only Salinispora and
Bacillus strains (4%) were found to be active against the proteasome at the highest concentration tested.
Although some of the isolates showed different biological activities, almost half of them exhibited
unique biological activity. Bacillus paralicheniformis (SH-42, SH-60), Micromonospora (SH-89, SH-95,
SH-108), Aspergillus (SH-122) as well as Thermoactinomycetaceae (SH-32, SH-39) strains were found
to inhibit only tyrosinase activity. SH-36 (Micromonospora chokoriensis), SH-100 (Bacillus licheniformis),
SH-53 (Nigrospora aurantiaca), SH-10 and SH-22 (Bacillus paralicheniformis) were active only on Sirtuin 1.
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SH-115 (Rhodococcus nanhaiensis) and SH-116 (Bacillus licheniformis) inhibited solely the activity of Fyn
kinase while SH-99 (Bacillus licheniformis) inhibited the proteasome activity. It is also interesting to note
that only SH-82 (M. fluostatini) inhibited elastase, while solely B. paralicheniformis (SH-02a, SH-02b,
SH-02c) and B. berkeleyi (SH-137) strains succeeded in stimulating catalase activity. All tested isolates,
except one of Bacillus strain (SH-46), showed some bioactivity, suggesting the presence of bioactive
compounds with potential anti-aging activity.

Most of the active strains isolated in this study belong to genera (Salinispora, Micromonospora,
Bacillus, Aspergillus and Chaetomium), which are well known to be prolific metabolite producers.
Biological activities in the natural products field are mainly focused on antimicrobial and anticancer
properties. Nonetheless, some selective activities include anti-tyrosinase/anti-elastase activities, kinase
and proteasome inhibition. Some compounds isolated from Salinispora, Micromonospora, Bacillus and
Chaetomium with reported anti-aging activities are presented in Figure 5. For example, the genera
Micromonospora and Salinispora are producers of staurosporine (1), a non-selective protein kinase
inhibitor, and staurosporine derivatives. These compounds showed cytotoxic activity against a wide
range of cancer cell lines [91]. Dereplication of the most active extract from Salinispora strain (SH-78)
by low resolution mass spectrometry indicated the presence of staurosporine (1). The genus Salinispora
(S. tropica and S. pacifica) also produce a potent proteasome inhibitor, salinosporamide A (2), one of
the most promising anticancer agents, currently used in clinical trials for the treatment of multiple
myeloma [48]. These compounds might explain the inhibitory activities against protein kinases
(CDKY? and Fyn) and proteasome exhibited by Salinispora strains. However, to date, compounds
in the salinosporamide class were not isolated from S. arenicola strains, as the production of this
class of compounds appears to be very low in this species [92]. Interestingly, several Micromonospora
and Salinispora strains exhibited anti-tyrosinase activity, while one Micromonospora strain showed
anti-elastase activity. To our knowledge, no inhibitors of elastase or tyrosinase have been reported from
Micromonospora or Salinispora genera. Bacillus species, of which several strains were isolated in this
study, increased catalase activity and exhibited anti-tyrosinase, anti-Fyn kinase and anti-proteasome
activities. Kinase and proteasome inhibitors with anticancer activity along with some anti-melanogenic
compounds were reported from Bacillus strains (Bacillus spp.) [93,94]. Such an example is iturin A (3)
(that is well-known for its strong anti-fungal activity) which inhibited protein kinases (MAPK and
Akt) as well as baceridin (4), a new proteasome inhibitor [95,96]. The iturins are mainly produced
by members of the Bacillus subtilis group; however, the production of iturins is strongly associated
with B. amyloliquefaciens [57]. Poly-y-glutamate (5), a natural polymer produced by different bacterial
strains including B. licheniformis, exhibited strong anti-tyrosinase activity while increasing the catalase
activity [93,97]. Aspergillus and Chaetomium strains (SH-122 and SH-123) were found to inhibit tyrosinase
activity. Some fungal metabolites have been identified and reported for their inhibitory activity against
tyrosinase. Kojic acid, for example, is produced by many species of Aspergillus and extensively used as
a skin-whitening agent [39,98]. Curiously, only one isolate of Chaetomium globosum had been found to
be a low-level producer of kojic acid [99]. Chaetomium strain also exhibited a Fyn kinase inhibitory
activity that might be explained by the production of chaetominedione (6), a tyrosine kinase inhibitor
isolated from an algicolous marine specimen of Chaetomium sp. [100]. The most remarkable result
to emerge from our data was the identification of several crude extracts (16) from Micromonospora,
Salinispora, Bacillus and Nigrospora strains that increased Sirtuin 1 activity. To date and to the best of
our knowledge, few marine natural products or extracts that activate Sirtuin 1 have been reported.
Conversely, some marine natural products with anti-Sirtuin 1 activity have been identified. As crude
extracts were tested for biological activities, the chemical nature of the bioactive compounds was, up to
now, unknown. To gain insight into the metabolic profile of these strains, the active crude extracts will
be submitted to liquid chromatography-high resolution mass spectrometry (LC-HRMS/MS) analysis to
assess strains with potential to produce novel/known bioactive metabolites. Furthermore, prior to
secondary metabolites isolation, fermentation conditions will be optimized in order to improve the
yield of produced bioactive metabolites.
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Figure 5. Structures of known microbial secondary metabolites with anti-aging activities isolated from
Bacillus, Chaetomium, Micromonospora and Salinispora genera.

Another aspect of our future work will address strategies to activate cryptic genes with the aim of
identifying new natural products. Indeed, investigation into the microbiome of Australian marine
sponges by deep sequencing of NRPS (nonribosomal peptide synthetase) and PKS (polyketide synthase)
genes found both NRPS and PKS biosynthetic pathways within Scopalina sp. microbiomes [101]. They
further revealed within the microbiome of Scopalina sp. A great diversity of KS (PKS), the majority of
which were trans-AT type and C (NRPS) domains. Trans-AT (frans-acyltransferase) type KS domains
are an important group of PKS enzymes as they often lead to unique chemistry properties. Importantly,
they identified the existence of novel biosynthetic pathways within these sponges, suggesting an
untapped resource for natural products discovery. Products of PKS and NRPS pathways or hybrids
of both represent a major class of the biologically active microbial natural products of interest to
human health and industry. Surprisingly, few bioactive compounds were reported from Scopalina
spp- In 2015, Vicente and co-workers reported the isolation of six new angucyclinone (aromatic
polyketide) derivatives from a Streptomyces strain associated with S. ruetzleri [102]. Monacyclinone C
(7) and E (8) exhibited moderate cytotoxic activities against rhabdomyosarcoma cancer cells, while
monacyclinone F (9) showed the highest cytotoxic activity along with antibacterial property (Figure 6).
This study represents the first report of the isolation of complex bioactive secondary metabolites from
the genus Scopalina.
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Figure 6. Chemical structures of compounds isolated from Streptomyces sp. derived from S. ruetzleri.

Known to produce species-specific metabolites, studies have found site-specific secondary
metabolite gene clusters in Salinispora strains collected at different locations. Exploring the secondary
metabolism of the strains recovered in this study would be interesting for the discovery of new bioactive
natural products. Furthermore, it is now accepted that even well-studied taxa like Micromonospora can
harbor a wealth of biosynthetic pathways for which the products have yet to be discovered. Interestingly,
some of the Micromonospora isolates recovered during our work belong to species barely investigated
for secondary metabolites production (SH-36 M. chokoriensis, SH-89 M. citrea, SH-108 M. endophytica,
SH-82 M. fluostatini, SH-95 M. tulbaghiae). Moreover, to the best of our knowledge there is no report of
secondary metabolites isolated from Nigrospora aurantiaca (SH-53) and Rhodococcus nanhaiensis (SH-115).
The occurrence of PKS and NRPS genes in actinomycetes, Bacillus and fungi further supports the high
potential of microorganisms associated with the marine sponge Scopalina hapalia to produce interesting
secondary metabolites. The idea that one microbial strain producing secondary metabolites often has
the potential to produce various compounds is now well accepted. In order to reveal the chemical
diversity of these strains, alteration of easily accessible cultivation parameters (media composition,
adsorbent resins, pH, and temperature) will be carried out. The manipulation of the fermentation
conditions, known as the OSMAC (One Strain Many Compounds) approach, represents an easy and
effective way of activating silent or poorly expressed biosynthetic pathways [103].

3. Materials and Methods

3.1. Sponge Collection

Scopalina hapalia (ML-263) was collected in May 2013 by scuba diving at the depths of 2-10 m
around the southeast coasts of Mayotte (Kani tip, Global Positioning System (12°57.624" S; 45°04.697" E)).
The sponge sample was levered off with thin-bladed knife to prevent damage, transferred to a plastic
bag and kept at -20 °C before being transported to the laboratory. For identification, a voucher specimen
was preserved in 80% ethanol. The taxonomic identification was performed by Nicole de Voogd and
voucher specimens were deposited at Naturalis Biodiversity Center, Leiden The Netherlands as RMNH
POR.8332 and RMNH POR.8376.

3.2. Targeted 165 rRNA Gene Sequencing / Next Generation Sequencing

Sponge specimen was cut into pieces of ca. 1g (1 cm?), rinsed in ethanol 70% then in sterile artificial
seawater (ASW) (Sea salts (Sel Instant Ocean, Aquarium systéme, Sarrebourg, France) 33 g/L) [104].
Genomic DNA was extracted from small pieces of sponge using a commercial genomic DNA extraction
kit (Qiagen, Hilden, Germany) [105], as per manufacturer’s instructions. DNA extract was visually
checked for quality by agarose gel electrophoresis. The purity of the extraction was assessed, and the
quantification was undertaken using a NanoDrop spectrophotometer (Thermo Fisher, Waltham, MA,
USA). The 16S rRNA gene amplification, sequencing and taxonomic affiliation were performed by
Genoscreen (Lille, France) according to their methodology Metabiote®. Briefly, 5 ng of genomic
DNA sample were used for libraries preparation, and sequencing was performed using the Illumina
MiSeq “paired-end” 2 X 300 bp technology, according to the Metabiote®protocol established by
Genoscreen. The hypervariable regions V1-V3, V3-V4 and V4-V5 found in bacteria and archaea
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were targeted using specific primers. Data preprocessing and analysis of the sequence data were
carried out using the Metabiote®v. 2.0 pipeline (Genoscreen, Lille, France), partially based on the
QIIME v. 1.9.1 [106]. Raw forward and reverse sequence reads were assembled into contigs using
30 bp coverage (overlapping regions) and 97% sequence identity as parameters for merging with
FLASH (Fast Length Adjustment of SHort reads) [107]. Chimeric sequences were identified and
discarded by using a Genoscreen program based on Usearch 6.1. Filtered sequences were clustered
into Operational Taxonomic Units (OTUs) at 97% sequence similarity using the algorithm Uclust v.
1.2.22q based on an open-reference OTU strategy [108]. The most abundant sequence for each OTU
was used as reference and aligned to the Greengenes database v. 13.8 (greengenes.secondgenome.com).
The phyla- and genus-level affiliation of the sequences was validated using the Ribosomal Database
Project Classifier v. 2.2 [109].

3.3. Alpha Diversity Analysis

Bacterial richness and diversity estimators (observed OTUs, Chaol and Shannon) were calculated
with the script alpha_diversity.py QIIME v. 1.9.1 [110,111].

3.4. Microbial Isolation

Sponge specimen was cut into pieces of ca. 1 g (1 cm3), rinsed in ethanol 70% and then in sterile ASW.
After surface sterilization, the sample was thoroughly homogenized in a sterile mortar then transferred
in a 50 mL Falcon vial containing 10 mL of sterile ASW. Two options were selected for the microbial
isolation. Protocol 1 (P1): To allow the dissemination of the maximum revivable strains, the homogenate
was diluted in ten-fold series (107!, 1072 and 10~3) and subsequently plated out on agar plates. Protocol
2 (P2): To eliminate fast growing/heat sensitive strains and favor the slow growing ones, the same
protocol was repeated with a heat-shock pretreatment of the homogenate (30 min, 50 °C) before dilution
(1071, 1072 and 1073). Eight different media were used for the isolation of microorganisms A1BFe+C
(starch (BD Difco™, Le Pont de Claix, France) 10 g, yeast extract (BD Bacto™, Le Pont de Claix, France)
4 g, peptone (BD Bacto™, Le Pont de Claix, France) 2 g, CaCOj3 (Carlo Erba, Val de Reuil, France) 1 g,
Fey(SO4)3 (Carlo Erba, France) 40 mg, KBr (Carlo Erba, France) 100 mg, sea salts 30 g), LB (tryptone
(Sigma Aldrich, St. Louis, MI, USA, Steinheim, Germany) 10 g, Yeast Extract 5 g, NaCl (Fisher Scientific
Labosi, Elancourt, France) 10 g), Marine Broth (MB) (BD Difco™, Le Pont de Claix, France), MYA2
(malt extract (BD Difco™, Le Pont de Claix, France) 20 g, yeast extract 1 g, sea salts 30 g), Potato
Dextrose Broth (PDB) (BD Difco™, Le Pont de Claix, France), R2A (Fisher Scientific, Waltham, MA,
USA), SCAM (maize starch (Fisher Chemical, Loughborough, UK) 10 g, casein (VWR Chemicals,
Leuven, Belgium) 1 g, sea salts 30 g), SFM (soybean flour (La Vie Claire, Montagny, France) 20 g,
mannitol (Carlo Erba, Val de Reuil, France) 20 g). All media contained Difco™ Bacto agar (20 g/L) and
were prepared in 1 L of purified water with pH adjusted to 7.2 + 0.2, except for SEM. This last medium
was prepared with tap water and no pH adjustment. The inoculated plates were incubated at 28 °C for
10 weeks. Distinct colony morphotypes were picked and re-streaked until visually free of contaminants.
Isolates were inoculated on A1BFe+C for putative actinomycetes, on LB for bacteria and MYA2 for
fungi. The isolates were maintained on plates at 4 °C for short-term conservation. For long-term
strain collection, the microorganisms were stored at —80 °C in a cryoprotectant medium (skimmed
milk (Régilait, Macon, France) 10% (w/v), glycerol (Carlo Erba, Val de Reuil, France) 10% (v/v) and sea
salts 33 g/L). Bacterial strains were sorted into groups according to their morphological characteristics.
Twelve putative actinomycetes and three filamentous fungi were selected for molecular identification
and secondary metabolites production. Fifteen other bacteria types giving mucoid/smooth colonies
adhering to the agar surface and/or showing cocci/bacilli morphology were included in this study.

3.5. Molecular Identification

Selected bacterial strains were cultured on A1BFe+c medium for two to 14 days and then were
sent to Genoscreen (Lille, France). Targeted 165 rRNA gene amplification (V1-V3 and V3-V5) and
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sequencing were performed by Genoscreen. The obtained contigs were compared to EzBioCloud
16S database (www.ezbiocloud.net, accessed on 31 May 2019) for species-level identification, using
sequence similarity searches [112].

The fungal strains were cultured on PDA medium and then sent to the Westerdijk Fungal
Biodiversity Institute (Netherland) for identification. The PDA medium consisted of PDB supplemented
with agar at the final concentration of 2%. On arrival, the strains were cultivated on malt extract agar
(MEA) and dichloran 18% glycerol agar (DG18). DNA was extracted from one MEA plate after an
incubation period of three days in the dark at 25 °C, using the Qiagen DNeasy Ultraclean™ Microbial
DNA Isolation Kit (Qiagen, Germany). For strain SH-53, fragments containing the Internal Transcribed
Spacer 1 and 2 regions including the 5.85 rDNA (ITS) and a partial 3-tubulin gene (BenA) were amplified
and sequenced. For strain SH-122, fragments containing a partial 3-tubulin gene (BenA) and fragments
containing a partial calmodulin gene (CaM) were amplified and sequenced. For strain SH-123,
fragments containing the Internal Transcribed Spacer 1 and 2 regions including the 5.8S rDNA (ITS)
and a partial 8-tubulin gene (BenA) were amplified and sequenced. The primers used were: ITS (SH-53
and SH-123): L5266 (GCATTCCCAAACAACTCGACTC) and V9G (TTACGTCCCTGCCCTTTGTA),
BenA (SH-53 and SH-122): Bt2za (GGTAACCAAATCGGTGCTGCTTTC) and BT2b
(GGTAACCAAATCGGTGCTGCTTTC), CaM: CMD5 (CCGAGTACAAGGARGCCTTC) and
CMD6 (CCGATRGAGGTCATRACGTGG), BenA (SH-123): T1 (AACATGCGTGAGATTGTAAGT)
and Tub4RD (CCRGAYTGRCCRAARACRAAGTTGTC). The PCR fragments were sequenced in both
directions with the primers used for PCR amplification using the ABI Prism®Big DyeTM Terminator v.
3.0 Ready Reaction Cycle sequencing Kit (Thermo FisherFisher, USA). Samples were analyzed on
an ABI PRISM 3700 Genetic Analyzer and contigs were assembled using the forward and reverse
sequences with the program SeqMan from the LaserGene package. The sequences were compared on
GenBank using BLAST (www.ncbinlm.nih.gov) and in the in-house sequence database of Westerdijk
Fungal Biodiversity Institute.

3.6. Extracts Preparation

Thirty strains were selected based on their affiliation to taxa known to produce bioactive secondary
metabolites with biotechnological interests. Prior to fermentation, each of the selected isolates were
inoculated on two Petri plates (J 9 cm, Nunc™ Thermo FisherFisher, USA) containing MBA (Marine
Broth supplemented with 2% agar) and incubated for 5-17 days depending on their growth rate
at 28 °C. About 5 mL of ASW were spread on the agar layer, the culture was then scratched and
transferred in a 50 mL Falcon vial containing 45 mL of ASW in order to prepare the inoculum. Then,
10 mL of the homogenate was used to inoculate a 2 L Erlenmeyer flask containing 1 L of MB mixed
with 30 g/L of XAD-16 resin (Sigma, St. Louis, USA; Steinheim, Germany) (liquid-state fermentation
coupled to in-situ solid-phase extraction) [113]. The remainder homogenate was mixed with 35 g of
XAD-16 resin and uniformly spread on a large-surface Petri dish (25 x 25 cm, Nunc™ Thermo Fisher,
USA) containing MBA (solid-state fermentation coupled to solid-phase extraction) [114]. The liquid
cultures were grown for 5 days at 28 °C, then the biomass and the resins were recovered by Buchner
filtration (filter paper Whatman®grade 4, & 110 mm). The solid cultures were grown for 15 days at
28 °C; then the mix of biomass/resins was peeled off. All the biomass/resins mixes were washed with
distilled water, dried under vacuum on Buchner filter and successively extracted with ethyl acetate
(EA) (Carlo Erba, France) and methanol (MeOH) (Carlo Erba, France). The solvents were removed by
evaporation; the residues were weighed and used for biological assays.

3.7. Bioassays

Bioassays against selected targets involved in age-related diseases and disorders (elastase,
tyrosinase, catalase, sirtuin 1, CDK7, Fyn and proteasome) were carried out as follows.
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3.7.1. Elastase Activity Assay

Elastase enzyme activity was evaluated using elastase from porcine pancreas (PPE) type IV and
N-succinyl-Ala-Ala-Ala-p-nitroanilide as substrate, as previously described [115]. The amount of
released p-nitroaniline, which was hydrolyzed by elastase, was measured spectrophotometrically at
405 nm. The reaction mix was constituted of 70 uL Trizma-base buffer (50 mM, pH 7.5), 10 uL of the
extract tested (the final concentration of the extracts was 100 ug/mL) and 5 uL of PPE (0.4725 U/mL),
in a 96-well microplate. The samples were incubated for 15 min in room temperature, avoiding light
exposure. Subsequently, 15 uL from 0.903 mg/mL N-succinyl-Ala-Ala-Ala-p-nitroanilide were added
and the samples were incubated at 37 °C for 30 min . Then, the absorbance of p-nitroaniline production
was measured in the reader Infinite 200 PRO series (Tecan). Elastatinal was used as positive control,
whereas the negative control contained the Trizma-base buffer and the substrate. Experiments were
performed in duplicates. The reagents of the assay were purchased from Sigma-Aldrich. The percentage
of elastase inhibition was calculated as follows:

Inhibition (%) = {[(Abs control-Abs control’s blank) — (Abs sample-Abs sample’s blank)]
/ (Abs control-Abs control’s blank)]} = 100,

where Abs control is the absorbance of the elastase in Trizma base buffer, sample solvent and substrate,
and Abs sample is the absorbance of the elastase in Trizma base buffer, extract or elastatinal and
substrate. Blank experiments were performed for each sample with all the reagents except the enzyme.

3.7.2. Tyrosinase Activity Assay

In order to evaluate the inhibitory potency of the extracts against tyrosinase, the oxidation of
L-DOPA to dopachrome was determined by an enzymatic method, as previously described [116].
Specifically, in a 96-well microplate, 80 uL of PBS (0.067 M, pH 6.8), 40 uL of the tested extract (the final
concentration of the extracts was 150 pg/mL) and 40 pL of mushroom tyrosinase 92 U/mL were
mixed and incubated for 10 min at room temperature, avoiding light exposure. Afterwards, 40 uL of
2.5 mM L-DOPA dissolved in PBS buffer were added and the mixture was incubated for 5 min before
measurement of dopachrome formation at 475 nm using the reader Infinite 200 PRO series (Tecan,
Salzburg, Austria). Kojic acid was used as positive control, whereas the negative control contained
PBS and the substrate. Experiments were performed in duplicates. The reagents of the assay were
purchased from Sigma-Aldrich. The tyrosinase inhibition percentage was calculated as follows:

Inhibition (%) = {[(Abs control-Abs control’s blank) — (Abs sample-Abs sample’s blank)]
/ (Abs control-Abs control’s blank)]} * 100,

where Abs control is the absorbance of tyrosinase enzyme in PBS, sample solvent, and substrate and
Abs sample is the absorbance of tyrosinase enzyme in PBS, extract or Kojic acid, and substrate. Blanks
contained all the aforementioned components except the enzyme.

3.7.3. Catalase Activation Assay

Catalase activity was measured using The Amplex®Red Catalase Assay Kit according to the
manufacturer’s instructions (Thermo Fisher Scientific, Waltham, MA, USA). Briefly, 2.5 uL of catalase
(final concentration 62.5 mU/mL) first reacts with 5 uL of H,O, (final concentration 10 uM) to produce
water and oxygen (O,). Next 10 uL of the Amplex Red reagent (final concentration 50 uM) reacts with
any unreacted HyO, in the presence of horseradish peroxidase (HRP) to produce the highly fluorescent
oxidation product, resorufin. Primary and secondary screenings were performed respectively in
monoplicate and quadruplicate. The fluorescence was measured on a Polar Star Omega (BMG Labtech,
Ortenberg, Germany) plate reader. The results are typically plotted by subtracting the observed
fluorescence from that of a no-catalase control.
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3.7.4. Sirtuin 1 Activation Assay

Sirtl activity was measured using SIRT 1 Fluorometric Drug Discovery Kit according to the
manufacturer’s instructions (Enzo Life Sciences, Farmingdale, NY, USA). Briefly, this assay uses a
small lysine-acetylated peptide, corresponding to K382 of human p53, as a substrate. The lysine
residue is deacetylated by SIRT1, and this process is dependent on the addition of exogenous NAD+.
The assay was carried at 37 °C using Greiner white, small volume 384 well plates. First, 4 pL of
substrate Fluor de Lys (final concentration 25 uM) were mixed with 4 uL of extract (stock concentration
10 mg/mL) previously diluted 1/100 in assay buffer and 2 pL of the enzyme were added. After an
incubation of 15 min at 37 °C, 10 uL of Developer 1x solution (composed by buffer, developer 5x and
Nicotinamide 50 mM) were added and incubated for 45 min at 37 °C. After 45 min, the fluorescence was
measured on a Polar Star Omega (BMG Labtech, Ortenberg, Germany) plate reader. The fluorescence
generated was proportional to the quantity of deacetylated Lysine (i.e., corresponding to Lysine 382).
All measurements were performed in monoplicate and the final DMSO concentration was 0.1%. SIRT1
inhibitors nicotinamide (2 mM), suramin (100 uM), and sirtinol (100 pM) were used to confirm the
specificity of the reaction. Calculation of net fluorescence included the substraction of a blank consisting
of buffer containing no NAD+ and expressed as a percentage of control.

3.7.5. CDK7 Inhibition Assay

CDKY activity was evaluated using CDK7 (Crelux construct CZY-3, PC09891). The inhibitory
potency of the extracts against CDK7 was determined by using the ADP-Glo Kinase Assay (Promega,
Madison, WI, USA) and CDKtide as substrate. The assay was carried out at 22 °C using Corning 4513
white low volume 384 well plates. All measurements were performed in singlicate and the final DMSO
concentration was 3.3%. The assay buffer contained 20 mM Hepes pH 7.5, 150 mM NaCl, 10 mM
MgCI2. First, 9.5 uL protein dilution (final concentration 300 nM) were mixed with 0.5 pL of either one
of three extract dilutions (1, 0.1 or 0.01 mg/mL >> assay end conc. 0.033, 0.0033 or 0.00033 mg/mL) and
preincubated for 120 min . Then 5 uL substrate/ATP mix were added (final concentration substrate
30 uM and ATP 125 uM) and the assay was incubated for another 2 h. Afterwards, 5 uL of the 15 pL
assay reaction were transferred to new wells and 5 pL. ADP Glo Reagent were added to terminate
the kinase reaction and deplete the remaining ATP. After 40 min, 10 uL of Kinase Detection Reagent
were added to convert ADP to ATP and allow the newly synthesized ATP to be measured using a
luciferase/luciferin reaction. After another 40 min, the assay plates were measured in Luminescence
mode on a Tecan M1000 plate reader. The light generated, i.e., luminescent signal, was proportional to
the ADP concentration produced and was correlated with kinase activity. The IC50 was calculated
using XLfit. Staurosporine, which inhibits CDK7, was used as positive control in order to assess the
functionality of the assay.

3.7.6. FynB Inhibition Activity

FynB activity was evaluated using FynB wt (Crelux construct CTX4, PC09815-1). The inhibitory
potency of the extracts against FynB was determined by using the ADP-Glo Kinase Assay (Promega)
and Fyn kinase substrate (Enzo Life Sciences, P215). The assay was carried out at room temperature
(22 °C) using Corning 4513 white low volume 384 well plates. All measurements were performed in
singlicate and the final DMSO concentration was 3.3%. The assay buffer contained 20 mM Tris pH 8.0,
170 mM NaCl, 10 mM MgCI2. First, 9.5 uL protein dilution (final concentration 200 nM) were mixed
with 0.5 pL of either one of three extract dilutions (1, 0.1 or 0.01 mg/mL >> assay end conc. 0.033,
0.0033 or 0.00033 mg/mL) and preincubated for 90 min . Then 5 uL substrate/ATP mix were added
(final concentration substrate 10 uM and ATP 100 M) and the assay was incubated for another 2 h.
Afterwards, 5 uL of the 15 pL assay reaction were transferred to new wells and 5 uL. ADP Glo Reagent
were added to terminate the kinase reaction and deplete the remaining ATP. After 40 min, 10 uL of
Kinase Detection Reagent were added to convert ADP to ATP and allow the newly synthesized ATP to
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be measured using a luciferase/luciferin reaction. After another 40 min, the assay plates were measured
in Luminescence mode on a Tecan M1000 plate reader. The light generated, i.e., luminescent signal,
was proportional to the ADP concentration produced and was correlated with kinase activity. The IC50
was calculated using XLfit. Staurosporine, which inhibits FynB kinase, was used as positive control in
order to assess the functionality of the assay.

3.7.7. Proteasome Inhibition Assay

Proteasome activity was evaluated using yeast proteasome (TUM Groll group). The inhibitory
potency of the extracts against yeast proteasome was assessed by using the Fluorescence Intensity
Assay and Suc-Leu-Leu-Val-Tyr-AMC as substrate (Enzo Life Sciences, BML-P802-0005). The assay
was carried out at room temperature (22 °C) using Corning 4514 black low volume 384 well plates.
All measurements were performed in singlicate and the final DMSO concentration was 3.3%. The assay
buffer contained 100 mM Tris pH 7.5 and 1 mM MgCI2. First, 9.5 uL protein dilution (final concentration
9 nM) were mixed with 0.5 pL of either one of three probe dilutions (1, 0.1 or 0.01 mg/mL >> assay
end conc. 0.033, 0.0033 or 0.00033 mg/mL) and preincubated for 90 min . Then 5 pL substrate mix
were added (final concentration 5 uM) and incubated for 60 min . The assay plates were measured in
fluorescence mode on a Tecan M1000 plate reader (ex 380 nm, em 460 nm); the IC50 was calculated
using XLfit. ONX-0914, which inhibits yeast proteasome, was used as positive control in order to
assess the functionality of the assay.

4. Conclusions

The sponge-microbial associations from the southwest of Indian Ocean were not extensively
explored for their potential to produce clinically relevant bioactive compounds. In this study, 30 isolates
belonging to genera Bacillus, Micromonospora, Rhodococcus, Salinispora, Aspergillus, Chaetomium,
Nigrospora and unidentified genera related to the family Thermoactinomycetaceae were recovered from
the marine sponge Scopalina hapalia collected in Mayotte. In total, 54 of 118 microbial crude extracts from
29 different strains showed significant bioactivities against age-related molecular targets. These results
demonstrate that the selected strains produce secondary metabolites with likely anti-aging activities.
Taken together, these findings highlight the ability of marine sponge-associated microorganisms from
Mayotte to produce secondary metabolites with cosmeceutical and therapeutic potential. Our marine
microbial collection represents an important “eco-friendly” resource for the bioprospection of novel
bioactive metabolites.
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Abstract: Parasitic nematode infections cause debilitating diseases and impede economic productivity.
Antinematode chemotherapies are fundamental to modern medicine and are also important for
industries including agriculture, aquaculture and animal health. However, the lack of suitable
treatments for some diseases and the rise of nematode resistance to many available therapies
necessitates the discovery and development of new drugs. Here, marine epiphytic bacteria represent
a promising repository of newly discovered antinematode compounds. Epiphytic bacteria are
ubiquitous on marine surfaces where they are under constant pressure of grazing by bacterivorous
predators (e.g., protozoans and nematodes). Studies have shown that these bacteria have developed
defense strategies to prevent grazers by producing toxic bioactive compounds. Although several
active metabolites against nematodes have been identified from marine bacteria, drug discovery from
marine microorganisms remains underexplored. In this review, we aim to provide further insight
into the need and potential for marine epiphytic bacteria to become a new source of antinematode
drugs. We discuss current and emerging strategies, including culture-independent high throughput
screening and the utilization of Caenorhabditis elegans as a model target organism, which will be
required to advance antinematode drug discovery and development from marine microbial sources.

Keywords: antinematode compound; anthelminthic drugs; marine epiphytic bacteria; marine biofilm;
marine environment; parasitic nematode; Caenorhabditis elegans

1. Introduction

Humans are vulnerable to infectious diseases caused by parasitic helminths (nematodes) resulting in
morbidity and mortality within the population [1-3]. Approximately 24% of the global human population,
corresponding to 1.5 billion people, suffer from parasitic helminth infections [4]. There are almost
300 nematodes associated with zoonotic diseases that are able to infect humans, including some of the most
devastating parasites such as Ascaris lumbricoides (roundworm), Ancylostoma duodenale (hookworm),
Gnathostoma spinigerum, Halicephalobus gingivalis and Trichinella spiralis (Trichina worm) [1,5,6].
While some parasitic nematodes (e.g., Ancylostoma duodenale, Strongyloides stercoralis and
Halicephalobus gingivalis) can penetrate human skin or invade through existing skin lesions [7,8],
several parasites infect humans via ingestion of food products contaminated with the embryonated eggs
(e.g., Ascaris lumbricoides and Trichuris trichiura) [9,10] or from eating raw or undercooked freshwater fish,
birds, frogs or reptiles contaminated with the parasitic nematode larvae (e.g., Gnathostoma spinigerum,
Dracunculus medinensis, Eustrongylides sp. and Trichinella spiralis) [11-13]. Apart from causing diseases,
a high nematode burden also reduces human fecundity [14] and affects children through malnutrition,
stunted development and cognitive delay [15,16].
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Plant parasitic nematodes (PPNs) also cause diseases [17,18] either by damaging the root
system, retarding the plant development or by exposing plants to secondary bacterial, fungal or
viral infections [19-22]. It is estimated that damages caused by PPNs result in a >12% loss in global
crop productivity and an average annual loss of ~US$215 billion [23]. Parasitic nematodes also
impede the productivity of fisheries and aquaculture industries, resulting in worldwide economic
losses and health hazards (i.e., zoonotic diseases or allergies) for consumers [24,25]. For example,
the global financial loss in the finfish industry due to parasitic infection is estimated to be as
large as US$134 million per annum [24]. Major fish products such as Atlantic mackerel, herring,
European hake, Atlantic cod and anchovy are commonly associated with parasitic nematodes e.g.,
Anisakis sp. and Pseudoterranova sp. [26], which are transmitted to humans via ingestion of undercooked
or raw fish [27,28]. Furthermore, parasitic nematodes cause different pathophysiological symptoms
in livestock, reduce meat quality and cause animal mortality [29,30]. In Australia, the economic
loss due to parasite infection (e.g., Ostertagia sp. and Trichostrongylus sp.) and the cost of control
management is estimated to be ~AU$1 billion [31-33] whereas in Kenya, South Africa and India,
~US$26, 46 and 103 million is spent just to control the Haemonchus contortus nematode infection
of livestock, respectively [34,35]. While diminishing animal fecundity, nematode parasites such
as Ostertagia ostertagi (brown stomach worm) and Dictyocaulus viviparus (lungworm) reduce dairy
production levels (~1.25 L/day/animal or 1.6 L/day/cow, respectively) [36,37].

Currently, the most promising longer-term control strategy is dependent on pharmaceutically
derived chemotherapeutic treatments to kill parasitic nematodes and/or mitigate the spread of
infection [38,39]. Unfortunately, the emergence of drug resistance among parasitic nematodes, due to
prolonged treatment and incorrect drug dosage with an unpredictable infection trend as a result of
climate change, is alarming [40-44]. The current prevalence of drug resistance is not only limited to the
older classes of antinematode drugs but also those introduced in recent years. For example, monepantel
resistance in T. circumcincta, Trichostrongylus colubriformis and H. contortus has been reported in New
Zealand and the Netherlands within just five years of launching the drug [45-47].

Drug resistance has also been reported for almost all of the currently available anthelmintic drugs
and nematicide classes including piperazine, benzimidazoles, levamisole, (pyrantel and morantel),
paraherquamide, ivermectin (macrocylic lactones and milbemycins), emodepside (cyclodepsipeptides,
PF1022A) and nitazoxanide [47-49].

Given the impacts of resistant parasitic nematodes to human and economic growth,
novel antinematode chemotherapeutic agents are urgently needed as a preventive control against
parasite infestation [4,50]. For decades, microorganisms, particularly bacteria, have served as a precious
source for bioactive compounds, some of which have been developed into novel drugs including those
with nematicidal activity [51,52]. This review highlights the potential of marine epiphytic bacteria as a
new repository for newly discovered antinematode metabolites and the underlying mechanism of
antinematode compound production by marine microbial biofilms. Furthermore, the utilization of
C. elegans as a surrogate organism for antinematode drug development will be reviewed.

2. Antinematode Drug Discovery: Transition from Terrestrial to Marine-Derived
Microbial Compounds

Terrestrial plants and plant extracts have been documented as an ancient therapeutic treatment
against parasitic nematodes [53] and today, extensive studies to isolate plant-derived nematicidal
compounds are still ongoing [54,55]. However, the re-discovery rate of bioactive metabolites is high [4],
reducing the number of newly discovered compounds in the drug discovery pipeline [56]. Moreover,
external factors, e.g., specific planting season, environmental temperature and humidity, may also
affect the compounds’ reproducibility by the plant producers [4]. Given those inevitable challenges,
microbial-derived anthelmintic compounds offer a promising solution [57].

Extensive exploration of terrestrial microbial compounds for therapeutic drug development was
initiated in the 20th century [53]. Since then, more than 50,000 beneficial bioactive metabolites have
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been successfully identified [58,59] some of which have potent nematotoxicity via distinct modes of
action (MOAs) (Table 1). Unfortunately, after almost 50 years of drug screening, few newly discovered
compounds have been identified from terrestrial-borne microorganisms [59] hence the requirement for
anew source of antinematode drug discovery to combat the rapidly growing nematode resistance. Here,
the underexplored marine ecosystem, with highly diverse unidentified macro- and microorganisms,
represents a new repository for novel nematicidal drugs [59]. In fact, marine bioactive compounds have
been acknowledged as having substantial chemical novelty compared to terrestrial metabolites [60].
The marine environment represents the largest biome on the earth (70% of the earth surface;
~361 million km? with average depth of 3730 m) and provides a habitat for a wide diversity of life
that outnumbers terrestrial environments [61-64]. Microorganisms are abundant in this ecosystem
(10 to 10° of cells per milliliter), reaching an average 10?% to 10?° cells either in the open ocean,
deep sea, sediment or on the subsurface [64-66]. However, the majority of marine bacteria
remain unrecognized or uncultivable [67]. Given the enormous diversity and untapped bioactive
potential, marine microorganisms are likely to produce newly discovered bioactive compounds with a
well-defined molecular architecture and biological function including nematicidal activities [68,69].
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3. Surface Associated Marine Bacteria: A Reservoir for Novel Antimicrobial and Antinematode
Drug Discovery

Marine inhabitants, particularly microorganisms, are continuously exposed to multiple detrimental
interactions imposed by competitors and predators [83,84] and different physical-chemical variables
such as fluctuating temperature, pH, UV exposure, salinity, toxic compounds and desiccation,
particularly in the intertidal zone [85-87]. As a survival strategy, some marine bacteria adhere to each
other and/or surfaces and are embedded in enclosed matrices to form a biofilm (Figure 1) [88,89].

BIOTIC STRESS

Diatom .
‘ Microalgae Marine protozoa

: # T
\ . 2 Marine nematode
Surface associated \
bacteria in extracellular ‘| “
polymerase substances
(EPS) —Macroalgal surface
s Microbial biofilm L

Virus

Marine environment

ABIOTIC STRESS

Macroalgae le .
Salinity
Temperature

UV exposure

Toxic compounds

Desiccation
~ Marine invertebrate

Figure 1. Surface-associated marine bacteria live on the nutrient-rich marine surfaces (for example
macroalgae or cnidaria) in the form of biofilms. These marine biofilms are exposed to biotic (intra- and/or
inter-species interaction with other microorganisms or predators i.e., protozoa and nematodes)
and abiotic physical-chemical stressors. The predator—prey interactions lead to the production
of nematicidal metabolites by the surface-associated marine bacteria, while the harsh environmental
conditions enhance the chemical, molecular and functional properties of the produced microbial
compounds. Image created with BioRender.com.

The continuous development of biofilm on marine surfaces leads to epibiosis, which involves
multispecies biofilm formation [90,91]. Macroalgal surfaces, for example, are a hot-spot for colonization
by opportunistic epibionts such as algal spores, invertebrate larvae, diatoms, fungi and other
bacteria [85,92], mostly due to the accumulation of nutrients and macroalgal exudates composed
of organic carbon and nitrogen particles [93-95]. Consequently, the competition among marine
microorganisms to reserve a space within the biofilm community is tremendously intense and bacterial
strains that are equipped with broad-spectrum inhibitory phenotypes are likely to be successful
epibiotic colonizers (Figure 1) [83,96].
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In addition, predation by heterotrophic protozoa and bacterivorous nematodes represents another
biotic stress resulting in major mortality for both planktonic and surface-associated bacteria in the marine
habitat (Figure 1) [85,97]. Protozoans, for example Rhynchomonas nasuta and Cafeteria roenbergensis,
are among the most abundant ubiquitous species in the ocean and are the major controllers of the food
web in the marine environment through their function as bacterial predators [98-100]. Nematodes such
as Pareudiplogaster pararmatus are among the natural consumers of organic biomass in benthic habitats
actively grazing bacterial mats and the biofilms of biotic surfaces [101,102].

The omnipresence of inter- and intra-species interactions supports the evolution of diverse
defense strategies by surface-associated marine bacteria. Such defense mechanisms include the
production of bioactive compounds showing antibacterial, antifungal, antitumor, antifouling,
antiprotozoal and antinematode activities (Table 2) [103,104]. Interestingly, the physical-chemical
properties, molecular structure and functional features of those marine microbial compounds are
believed to be shaped by the naturally harsh conditions of the marine environment [105]. Moreover,
it is speculated that bioactive metabolites originally attributed to marine invertebrates such as sponges,
tunicates, bryozoans and molluscs are actually produced by their associated microorganisms [106,107].
For example, the antibiotic peptides andrimid and trisindoline isolated from the sponge Hyatella sp. and
Hyrtios altum are believed to be produced by symbiotic Vibrio sp. [108,109]. An antitumor cyclic peptide
leucamide A isolated from the sponge Leucetta microraphis is closely related to compounds produced
by cyanobacterial symbionts [110]. In addition, a commercialized antitumor drug Didemnin B initially
isolated from the tunicate Trididemnum solidum [111] was recently demonstrated to be produced by
symbiotic bacteria Tistrella mobilis and T. bauzanensis [112,113]. These observations also hold true for
numerous antinematode compounds that have been successfully isolated from marine eukaryotes,
with production of many now attributed to host-associated microorganisms [51,114].

The potential for marine surface-associated microorganisms to be repositories of unusual gene
functions and bioactivities is further corroborated by global biodiversity studies such as the Tara
Oceans [69,115] and the Global Ocean Sampling (GOS) expedition [116,117]. These and other studies
continue to reveal unprecedented levels of information on microbial diversity, which has subsequently
led to investigations on underexplored bacterial diversity in various marine ecosystems. Furthermore,
abundant and newly discovered biosynthetic gene clusters encoding rare non-ribosomal peptides
(NRPS), polyketides (PKS) and NRPS-PKS hybrids have been discovered from marine biofilm samples,
further strengthening the concept of the marine environment as a rich source of newly discovered
bioactive compounds [68,69].
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4. Caenorhabditis elegans as a Model Organism for Antinematode Drug Discovery
and Development

Antinematode drug research is impeded by several challenges. These include (i) similarity of
biochemical reactions between parasitic nematodes and the infected host, (ii) complex parasite life
cycles that involve infections in multiple hosts, (iii) different parasite geographical locations and
(iv) rapid development of resistant phenotypes. Therefore, an easily maintained nematode model with
the capability for rapid screening of potential antinematode compounds represents a solution to some
of these challenges [128,129].

Sydney Brenner and colleagues first introduced the free-living soil nematode C. elegans in 1965
as an animal model for research including anti-infective and antinematode drug studies [130-135].
Owing to its small size (1-1.5 mm-adult length, 80 pm-diameter), transparency, rapid life cycle (~3 days)
and diet based on a simple bacterial culture of Escherichia coli OP50, C. elegans has emerged as a valuable
animal model [134,136,137]. C. elegans possess several features which make the organism an efficient
and low-cost surrogate organism for antinematode drug discovery. Unlike parasitic nematodes which
require vertebrate hosts for reproduction and maintenance [48,138], synchronized C. elegans can be
easily propagated at the desired life stage on Nematode Growth Media (NGM) ready to be used
for antinematode drug studies [139]. The earliest antinematode drug testing using synchronized
C. elegans individuals was performed by exposing the animals to nematicidal agents incorporated into
the agar media [140]. After a few years, the screening protocol evolved rapidly with the development
of high throughput screening methods employing micro-fluidic systems or high-content screening
(HCS) technologies, allowing for fast and large-scale drug testing (~14,000 to 360,000 of compounds)
using C. elegans as the model organism (Figure 2) [141,142]. Today, important drug discoveries, such as
benzimidazoles [143], ivermectin and its analogues, moxidectin, milbemycin oxime, doramectin,
selamectin, abamectin, eprinomectin [144] and the nematicidal activity of crystal protein insecticide
Cry5B, Cry21A from Bacillus thuringiensis [72,145], can be attributed to the use of C. elegans as an
effective animal model [48].
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o scaris lumbricoides
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Figure 2. Schematic diagram representing the functional role of C. elegans as a model nematode
for the development of antinematode drugs. The propagation and handling methods of human,
animal or plant-parasitic nematodes in the laboratory are challenging. C. elegans can be used as a
surrogate nematode for the initial screening against the potential compounds or microorganisms with
nematotoxic properties either via the conservative agar plate method or through high throughput
screening technologies. C. elegans-based research offers several advantages including nematode genetic
manipulation, determination of drug MOA, evaluation of the resulting nematode responses and a
large-scale initial drug screening due to easy nematode maintenance and propagation in the laboratory.
Image created with BioRender.com.
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C. elegans shares many conserved genes and protein functions with parasiticnematodes. Analysis of
the intestinal parasite Strongyloides stercoralis genetic sequences showed 85% of protein homologs to
C. elegans genes. The infective stage of S. stercoralis (L3i/dauer) also shows an increased proportion of
protein homologs to C. elegans dauer larvae [146]. Genetic manipulation and RNA interference (RNAi)
studies have been widely performed on C. elegans to provide a better understanding of the nematode
response against the nematicidal drugs at the molecular level (Figure 2). Quantitative polymerase chain
reaction (qQPCR) and “omic” technologies, e.g., transcriptomic profiling and proteomics, are also being
used to provide a global snapshot of the molecular response of C. elegans to drug exposure [147,148].
Given the conserved gene homologs and protein function among the members of phylum Nematoda,
these studies provide insight into the possible mechanisms used by parasitic nematodes against similar
drug exposure [48].

The majority of the current drugs used to treat parasitic nematode infections target proteins
that regulate neuromuscular activity including neurotransmitter receptors and ion channels [48].
Utilization of C. elegans as a model organism confers a better understanding of the mode of action
(MOA) of potential nematicidal drugs (Figure 2). Studies have shown that C. elegans’ neuromuscular
system, its major neurotransmitters GABA (4-aminobutyric acid) and glutamate and its enzyme choline
acetyltransferase, responsible for the synthesis of the neurotransmitter acetylcholine, display strong
similarities to parasitic roundworms Ascaris suum and Ascaris lumbricoides [48,149-152]. Therefore,
exposure of C. elegans to antinematode compounds which target the neurotransmitter receptor and
ion channels has enabled the discovery of the target binding molecule and the resulting toxicity
to parasitic nematodes [153]. For example, observations of body muscle contraction and spastic
paralysis in C. elegans exposed to levamisole, led Lewis and colleagues [154] to determine that binding
to the muscle acetylcholine receptors was key to its activity. The initiation of amino-acetonitrile
derivative (AAD) toxic activity against nematodes by binding to a nicotinic acetylcholine receptor
was also revealed via forwards genetic screening using C. elegans mutants [155]. More recently,
the MOA of paraherquamide, a broad-spectrum nicotinic nematicidal alkaloid isolated from
Penicillium paraherquei [156], and antinematode plant-derived compounds [157] were also elucidated
using C. elegans [157-159]. While using C. elegans to identify specific targets is promising, assessing side
effects related to these newly discovered compounds will be important considering many of the
neurotransmitter targets will also be present in the host organism [48]. Nevertheless, in the event that
novel drugs negatively impact non-target organisms, derivatives may be developed with reduced
side effects [160,161].

5. Conclusions

The increasing prevalence of parasitic nematode infection and the emergence of antinematode
drug resistance represent critical global issues, impacting human wellbeing and economic development.
Moreover, increasing temperatures and changing weather patterns, moisture and rainfall as a
result of global climate change may also escalate the prevalence of parasitic nematode diseases
worldwide [40—44]. Although for decades many anthelmintic/nematicidal drugs have been successfully
derived from terrestrial microorganisms (see examples in Table 1), the paucity of new antinematode
drug classes and the challenges now presented with drug resistance underline the importance
of discovering new antinematode bioactive metabolites from natural sources [4,50]. This review
highlighed the potential of marine epiphytic bacteria as a new platform for novel antinematode drug
development. Marine epiphytic bacteria are highly diverse, harboring unique genes expressing newly
discovered bioactive metabolites with commercially or pharmaceutically relevant biological potentials
including antinematode activities [118-120]. Owing to the extraordinary molecular structure and
physical/chemical properties, marine bioactive compounds are regarded as “blue gold from the ocean”
and are believed to be a promising source for future novel antinematode drugs. The ability to uncover
these novel marine-derived antinematode drugs will be dependent on the successful implementation
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of innovative cultures, culture-independent techniques and high-throughput bioassays, for which the
model nematode C. elegans is well suited.
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Abstract: Marine bacterial species contribute to a significant part of the oceanic population, which sub-
stantially produces biologically effectual moieties having various medical and industrial applications.
The use of marine-derived bacterial pigments displays a snowballing effect in recent times, being nat-
ural, environmentally safe, and health beneficial compounds. Although isolating marine bacteria is a
strenuous task, these are still a compelling subject for researchers, due to their promising avenues
for numerous applications. Marine-derived bacterial pigments serve as valuable products in the
food, pharmaceutical, textile, and cosmetic industries due to their beneficial attributes, including
anticancer, antimicrobial, antioxidant, and cytotoxic activities. Biodegradability and higher environ-
mental compatibility further strengthen the use of marine bio-pigments over artificially acquired
colored molecules. Besides that, hazardous effects associated with the consumption of synthetic
colors further substantiated the use of marine dyes as color additives in industries as well. This
review sheds light on marine bacterial sources of pigmented compounds along with their industrial
applicability and therapeutic insights based on the data available in the literature. It also encompasses
the need for introducing bacterial bio-pigments in global pigment industry, highlighting their future
potential, aiming to contribute to the worldwide economy.

Keywords: natural colors; bio-pigments; quorum sensing; marine bacteria; biosynthesis; biological
activities; industrial applications; therapeutic insights; global pigment market

1. Introduction
1.1. Microbial Pigments

The production of bio-pigments from bacterial species is being conducted globally
with soaring interest under the research of microbial autecology. A massive array of these
compounds, also referred to as “bioactive pigmented molecules”, can be derived from
both Gram-positive and Gram-negative bacterial species. Production of these pigments in
the marine environment is mediated through the complex mechanism of “quorum sens-
ing” [1] or also can be induced through exposure to different stress conditions in external
environments. Quorum sensing is the mechanism whereby individual bacterial cells can
coordinate with others in their colony to carry out constitutive functions especially involv-
ing the secretion of numerous specific chemical compounds. These compounds can help
them with survival, competence, bioluminescence, biofilm formation, and even sporulation,
etc. Bio-pigments can be produced by triggering regulatory quorum sensing mechanisms
of these species and can be extensively used in various bio-medical and bio-industrial
sectors, including textiles, food, pharmaceutical, and cosmetic industries, owing to their
beneficial attributes and biological activities [2,3]. These are moreover convenient to har-
vest in large volumes through utilizing simple gene manipulating strategies. The rising
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consumer concerns regarding safety and quality of industrial products holds a significant
ground as to why scientists are shifting their focus towards naturally derived, non-toxic,
and eco-friendly pigment alternatives [4].

1.2. Bacterial Pigments as Natural Colorants

The use of synthetic pigments goes back to the 1850s when these were put in trend
for the first time due to their supercilious coloring properties, lower prices, and easy
production strategies [5], the significance of which remains empirically the same to this
day. The importance of artificial /synthetic coloring agents is still based on the fact that
the appearance of food items influences consumer’s emotions, attitudes, and preferences.
Let us say, if a carrot is not red, the consumer is most probably expected to reject it.
The same can be applied in regards with the cosmetic industry, where the product apparel
decides its fate. Thus, need for “synthetic pigments” cannot be overseen if client orientation
is to be fulfilled [6]. The only progress made today is the shift towards naturally derived
pigments rather than continuing the use of artificially synthesized ones, which have been
denounced for their serious threat to consumer’s well-being [7]. Cancers of skin, liver,
and bladder have been found positively related to the use of artificial pigments because
of their high azo-dye/heavy metal compositions. Furthermore, the precursors involved
and the waste generated through their production process is environmentally hazardous
as well [8,9]. The outcry against the use of synthetic colorants in many health-conscious
countries has already caused the ban of several artificial colorants, including Blue NO 1,
Blue NO 2, Blue FCF, and Yellow NO 6 [10].

Bio-pigments, however, are eco-friendly and proved additionally propitious as anti-
toxic, antitumor, antioxidant, anticancer, and antimicrobial agents [2]. Other advantages
include fast and economic extraction techniques, higher yield, and time- and cost-efficient
production. Moreover, the production of microbial pigments can also be made more conve-
nient by the optimization capacity of their growth parameters [11]. Keeping the capacity of
bio-pigments into consideration, many biotech industries are now developing protocols
for efficient extraction of natural pigments as a replacement to synthetic counterparts.
For instance, natural pigments such as zeaxanthin, saproxanthin, myxol and many others
which illicit antioxidant activities are being instigated against artificial antioxidants such as
butylated hydroxyl toluene and butylated hydroxyl acids [12,13].

1.3. Marine Ecosystem as a Source of Pigment Producing Bacterial Species

The study of a likely natural ecosystem serves as the initial-most important research
step needed to find an environment that can entertain the diversity of bio-pigment sources.
The marine environment is a habitat for almost 80% of all life forms [14]. It serves as a rich
source of aquatic microbial species that exhibit comparatively more augmented diversity
than their telluric counterparts [15]. The marine environment is presently being considered
as an attractive fount for bio-pigment sources [16]. Numerous bacterial isolates from such
biotopes have already been tested for pigment production. At the same time, many of
them are also being utilized for various industrial purposes as well [15]. The preference of
pigments produced by marine microorganisms is based on their ability to persist in extrem-
ities such as highly acidic/alkaline environments (pH < 4 and >9), extreme temperatures
(—2-15 °C and 60-110 °C), and under limited substrate availability [17,18]. Apart from
bacterial isolates, halophilic archaea are extensively disseminated in the marine ecosystem.
Pigmented compounds from marine archaea are also prioritized owing to their ability
to tolerate hyper saline and basic pH environments, besides their potential to withstand
osmolytes (such as 2-sulfotrehalose) or high ionic strength [19,20].

Concerns regarding environmental conservation and consumers’ preferences have
stimulated the interests of researchers and stake holders in exploring nontoxic, eco-friendly,
and biodegradable commodities. Bacterially produced bio-pigments (bpBPs) have growing
importance not only on account of their dyeing potential, but also due to their medicinal
properties. Likewise, awareness regarding the carcinogenic and other pernicious effects
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of synthetic colorants has kindled a fresh enthusiasm towards the utilization of bacterial
pigments in the food industry as safer alternatives to use as antioxidants, color intensifiers,
flavor enhancers, and food additives.

Extraction of natural pigments from microorganisms populating environments exclu-
sive of soil is a topic of current interest. Marine environment has become a captivating
subject matter for microbiologists, pharmacologists, and biochemists in order to extract
water based bacterial pigments. With the recent increase in awareness towards the benefits
of natural over synthetic products, the bio-pigment industry is likely to increase its global
market. The review aims at discussing the therapeutic and industrial significance of marine
derived bacterial pigments helping to delineate the consequence of furthering the scope
of these studies. It provides a comprehensive overview of potentiality and competence
of marine bacteria as a source of bio-pigments by critically summarizing the scientific re-
searches and accumulated data in the literature and the prominence of these bio-pigments
in strengthening the overall pigment market by reviewing latest industry market research,
reports, and statistics.

2. Marine Bacterial Species as Sources of Bio-Pigments

The marine environment has been investigated for almost 300,000 known species,
which constitutes only a small fraction of the total number of explorable pigment pro-
ducing bacterial species. Bacterial species isolated from marine sediments or seawater
such as Streptomyces sp., Pontibacter korlensis sp., Pseudomonas sp., Bacillus sp., and Vibrio
sp. produce an array of pigmented compounds including prodigiosin, astaxanthin, py-
ocyanin, melanin, and beta carotene, respectively (Table 1). These pigments belong to
a range of compound classes, for instance, carotenes are a subclass of carotenoids that have
unsaturated polyhydrocarbon structures, prodiginines have a pyrrolyldipyrromethene
core structure, tambjamines are alkaloid molecules, while violacein compounds are indole
derivatives derived from tryptophan metabolism (Figure 1) [1,2,21]. These and other such
pigments, despite their class diversity, share a functional likeness due to the presence of
aromatic rings in their structures.

Table 1. Marine bacterial sources of colored pigmented compounds.

Pigments Marine Bacterial Species References

Hahella chejuensis sp.
Pseudoalteromonas rubra sp.
Streptomyces sp. SCSIO 11594

Prodigiosin Vibrio sp. (Strain MI-2) [22-27]
Serratia marcescens sp. IBRL USM 84
Zooshikella ganghwensis gen. nov., sp. nov.
Streptomyces sp. UKMCC_PT15
L Streptomyces sp.SCSIO 11594
Undecylprodigiosin Novel strain of Actinobacterium sp., 24,28,29]
Saccharopolyspora sp.
Heptylprodigiosin Spartinivicinus ruber gen. nov., sp. nov [30]
S Pseudoalteromonas denitrificans sp.
Cycloprodigiosin Pseudoalteromonas rubra sp. ATCC 29570 [1531]
Norprodigiosin Serratia sp. WPRA3 [32]
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Table 1. Marine bacterial sources of colored pigmented compounds.

Pigments

Marine Bacterial Species

References

Astaxanthin

Brevundimonas scallop sp. Zheng & Liu
Corynebacterium glutamicum sp.
Brevundimonas sp. strain N-5
Sphingomicrobium astaxanthinifaciens sp. nov
Rhodovulum sulfidophilum sp.
Pontibacter korlensis sp. AG6

Exiguobacterium sp.

Altererythrobacter ishigakiensis sp. NBRC 107699

Rhodotorula sp.

Paracoccus haeundaensis sp.

[33-42]

Zeaxanthin

Sphingomonas phyllosphaerae sp. KODA19-6
Mesoflavibacter aestuarii sp. nov.
Aquibacter zeaxanthinifaciens gen. nov., sp. nov.
Zeaxanthinibacter enoshimensis gen. nov., sp. nov
Gramella planctonica sp. nov
Mesoflavibacter zeaxanthinifaciens gen. nov., sp. nov

Formosa sp. KMW

Sphingomonas phyllosphaerae sp. FA2T
Sphingomonas (Blastomonas) natatoria sp. DSM 31837
Muricauda lutaonensis sp. CC-HSB-11T

[29,43-50]

Lycopene

Blastochloris tepida sp.
Salinicoccus roseus sp.

[51,52]

Beta carotene

Cyanobacterium Synechococcus sp.

Micrococcus sp.
Vibrio owensii sp.

Flavicella marina gen. nov., sp. nov.
Gordonia terrae sp. TWRHO1

[53-57]

Canthaxanthin

Brevibacterium sp.
Gordonia sp.
Dietzia sp.

[54]

Pyocyanin

Pseudomonas aeruginosa sp.

[58]

Scytonemin

Cyanobacterial sp.

Nostoc punctiforme sp. ATCC

[59,60]

Violacein

Pseudoalteromonas luteoviolacea sp.
Pseudoalteromonas ulvae sp. TC14
Pseudoalteromonas sp. 520P1
Microbulbifer sp. D250
Pseudoalteromonas amylolytica sp. nov
Chromobacterium violaceum sp.

Collimonas sp.

[61-67]

Melanin

Streptomyces sp.
Pseudomonas sp.

Marinomonas mediterranea sp. MMB-1T
Pseudomonas stutzeri sp.

Bacillus sp. BTCZ31

Streptomyces sp. MVCS13
Providencia rettgeri sp. strain BTKKS1
Marinobacter alkaliphilus sp.

Leclercia sp.

Halomonas meridian sp.
Nocardiopsis dassonvillei sp. strain JN1
Vibrio alginolyticus sp. strain BTKKS3

[68-77]

Tambjamines

Pseudoalteromonas tunicata sp.
Pseudoalteromonas citrea sp.

[78,79]
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Tambjamine

Melanin
Figure 1. Chemical structures of various bacterial pigments.

3. Biosynthesis of Bacterial Pigments

The potential of marine bacterial isolates as a leading source of bio-pigments de-
mands an extensive understanding of bio-mechanisms responsible for yielding pigmented
molecules. Different studies have reported the proposed biosynthetic pathways of pigment
production by marine bacterial isolates along with biochemically characterized enzymatic
transformations (Figure 2). However, it is still unclear if the proposed pathways are distinct
for marine or terrestrial bacterial species, or may be the same in both cases.
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Figure 2. Proposed biosynthetic pathways of few bacterially produced bio-pigments. (a) Biosynthesis of Prodig-
inine analogs; MAP biosynthesis; MBC biosynthesis; Tambjamine biosynthesis; Cyloprodigiosin biosynthesis; 2-(p-
hydroxybenzyl)prodigiosin (HBPG) biosynthesis. (b) Biosynthesis of carotenoids. (c) Biosynthesis of scytonemin. (d)
Biosynthesis of salinixanthin and retinal pigments. (a) Biosynthesis of prodigioinine analogs. MAP Biosythesis (Green):
(1) 2octenal, (2) Pyruvate, (3) 3-acetyloctanal, (4) HZMAP (5) MAP. MBC Biosynthesis (Blue), (6) L-proline, (7) L-prolyl-S-
PCP intermediate, (8) Pyrrolyl2-carboxyl-S-PCP, (9) Pyrrole-2-carboxyl thioester, (10) Malonyl-CoA, (11) Bound malonyl,
(12) pyrrolyl-p-ketothioester on PigH, (13) 4-hydroxy-2,20-bipyrrole-5methanol (HBM), (14) 4-hydroxy-2,20-bipyrrole-5-
carbaldehyde (HBC), (15) MBC, (16) Prodigiosin. Tambjamine Biosynthesis, (17) Dodecenoic acid, (18) Activated fatty acid,
(19) CoA-ester, (20) Enamine, (21) Tambjamine, (22) Cycloprodigiosin (cPrG) &, (23) 2-(p-hydroxybenzyl)prodigiosin(HBPG)
Biosynthesis. (b). Biosynthesis of carotenoids: CrtE: GGPP synthase, IPP: Isopentenyl pyrophosphate, GGPP: Geranylger-
anyl pyrophos, CrtB: Phytoene synthase, Crtl: Phytoene desaturase, CrtY: lycopene 3-cyclase, CrtW: 3-carotene ketolase,
CrtZ: B-carotene hydroxylase, CrtG: Astaxanthin 2,2’-B-ionone ring hydroxylase gene. (c). Biosynthesis of scytonemin:
Scytonemin biosynthetic enzymes: ScyA, ScyB, ScyC (ScyA: a thiamin-dependent enzyme, ScyC: enzyme annotated as
a hypothetical protein), ThDP: Thiamine diphosphate, NAD: Nicotinamide adenine dinucleotide, Mg?*: Magnesium ion.

3.1. Biosynthesis of Prodiginine Analogs

2-methyl-3-n-amyl-pyrrole (MAP) biosynthesis: This pathway involves three genes;
pigB, pigD, and pigE. At first, PigD carries out the addition of pyruvate to 2-octenal in
the presence of coenzyme thiamine pyrophosphate (TPP). As a result, 3-acetyloctanal
formation occurs along with the release of CO, molecule. PigE catalyzes the transfer of
an amino group to the aldehyde, followed by cyclization, resulting in the formation of
H2MAP. PigB carries out further oxidation to form MAP (Figure 2a) [80,81].

4-methoxy-2,2/-bipyrrole-5-carbaldehyde (MBC) biosynthesis: This pathway involves
seven genes: pigA, pigF-], pigL, and pigM. 4'-phosphopantetheinyl transferase (PigL) carries
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out the activation of peptidyl carrier protein (PCP) domain of PigG by introducing 4'-
phosphopantetheinyl group. Formation of L-prolyl-S-PCP intermediate occurs by the
transfer of L-prolyl group of L-proline to the thiol group of phosphopantetheine, carried
out by Pigl and ATP. PigA further catalyzes the oxidation of the intermediate to pyrrolyl-
2-carboxyl-S-PCP. Pyrrole-2-carboxyl thioester is generated by the transfer of pyrrole-2-
carboxyl group of PigG to the cysteine active site at Pig]. Phosphopantetheinylated ACP
domains of PigH provide binding sites for malonyl group of malonyl-CoA. Decarboxylation
of bound malonyl results in condensation with pyrrole-2-carboxyl thioester and leads to
the formation of pyrrolyl-B-ketothioester on PigH. Generation of 4-hydroxy-2,2’-bipyrrole-
5-methanol (HBM) occurs by decarboxylation between serine and pyrrolyl-3-ketothioester,
catalyzed by PigH [80,82]. 4-hydroxy-2,2-bipyrrole-5-carbaldehyde (HBC) is formed when
PigM oxidizes the alcohol group of HBM. Methyltransferase (PigF) and oxidoreductase
(PigN) further carries out the methylation of HBC hydroxyl group to form MBC [81].
After the formation of MAP and MBC, PigC utilizes ATP to perform terminal condensation
of these pyrroles, synthesizing prodigiosin.

Cycloprodigiosin (cPrG) biosynthesis: The cyclization of undecylprodiginine in order
to form metacycloprodigiosin and butyl-meta-cycloheptylprodiginine is carried out by
mcpG and redG, respectively [83]. Studies also revealed that a homologus gene (PRUB680)
encodes an alkylglycerol monooxygenase-like protein away from pig biosynthetic gene
cluster [84]. The respective enzyme demonstrates regiospecificity through C-H activation,
resulting in cyclization of prodigiosin to form cPrG [78].

Tambjamine (tam) biosynthesis: Tambjamines have MBC moiety but lack MAP moiety,
rather have an enamine group. Enamine biosynthetic pathway involves three genes; tamT,
tamH, and afaA [85]. Acyl CoA synthetase (TamA) activates dodecenoic acid [86]. Dehydro-
genase (TamT) carries out the oxidation of activated fatty acid, incorporating a 7-bond to
the fatty acyl side chain at its C-3 carbon. Further, the reduction of CoA-ester, followed by
transamination to dodec-3-en-1-amine is facilitated by reductase/aminotransferase (TamH).
MBC and enamine then undergoes condensation in order to form tambjamine, catalyzed
by TamQ [85].

3.2. Biosynthesis of Carotenoids

Carotenoids are yellow, orange, and red colored pigmented compounds that are
further subdivided into carotenes and xanthophylls. So far, 700 carotenoids have been
reported, and among them beta-carotene, lutein, canthaxanthin, astaxanthin, lycopene,
and zeaxanthin are the highly valued carotenoids [87]. Universal precursors for C40 and
C50 carotenoid biosynthesis are two 5 C subunits: isopentenyl diphosphate (IPP) plus its
isomeric form dimethylallyl diphosphate (DMAPP). IPP/DMAPP isomerase (IDI) carries
out the isomerization of IPP into DMAPP. Geranylgeranyl diphosphate (GGPP) synthase
further catalyzes the addition of one DMAPP molecule with three IPP molecules to gener-
ate an immediate precursor, i.e., C20 geranylgeranyl diphosphate (GGPP) [88]. Phytoene
synthase carries out the first committed step of carotenoid biosynthesis i.e., condensing
two GGPP molecules to form phytoene (C40), which is further desaturated by phytoene
desaturase by the incorporation of four double bonds in its structure. This desaturated
structure is a red-colored compound unlike its colorless parent molecule, and is called ly-
copene. Lycopene further undergoes several modifications to produce different carotenoids.
Beta-carotene is generated by the cyclization of lycopene, carried out by lycopene beta-
cyclase. It is then converted into canthaxanthin and zeaxanthin by catalytic activity of
two protein classes: beta-carotene ketolase and beta-carotene hydroxylase, respectively,
next to the formation of astaxanthin [30]. Beta-carotene ketolase represented by CrtW
and CrtO types adds the ketone group to carbon 4/40 of the b-ionone ring. However,
beta-carotene hydroxylase, encompassed by CrtR, CrtZ, and P450 types carries out the
hydroxylation of carbon 3/30 of the b-ionone ring [89]. 2,2’-B-ionone ring hydroxylase
introduces hydroxyl group to the 3-ionone ring of astaxanthin and results in the formation
of 2,2’-dihydroxy-astaxanthin (Figure 2b) [33].

87



Microorganisms 2021, 9, 11

3.3. Biosynthesis of Scytonemin

Biosynthesis of scytonemin involves three scytonemin biosynthetic enzymes; ScyA,
ScyB, and ScyC. ScyB carries out the conversion of L-tryptophan to 3-indole pyruvic acid.
ScyA (thiamin-dependent enzyme) performs the coupling of 3-indole pyruvic acid with p-
hydroxyphenylpyruvic acid and results in the formation of b-ketoacid, whose cyclization is
further carried out by ScyC (enzyme annotated as hypothetical protein) [90]. The resulting
tricyclic ketone resembles half of the skeleton of scytonemin (Figure 2c) [91].

3.4. Biosynthesis of Salinixanthin and Retinal

Retinal: Lycopene cyclase converts lycopene into 3-carotene. Breakdown of 3-carotene
into two retinal molecules is further catalyzed by a gene annotated as 3-carotene 15,15'-
monooxygenase (orf4) (Figure 2d) [92,93].

Salinixanthin: Xanthorhodopsin (orf2) (a light-driven proton pump) has two chro-
mophores; retinal and salinixanthin [94,95]. Phytoene desaturase (CrtI) converts lycopene
to 3,4-dehydrolycopene, which is further converted to torulene by lycopene cyclase [92].
Subsequently, conversion of torulene to salinixanthin is catalyzed by hydroxylase, ketolase
or dehydrogenase, glucosyltransferase, and acyltransferase, having reactions involved
similar to that of biosynthetic reactions of myxol and canthaxanthin [96,97].

4. Industrial and Therapeutic Applications
4.1. Therapeutic Applications
4.1.1. Antibacterial Activity

Antibacterial properties of various bacterially produced bio-pigments of marine origin
have been reported against an array of bacterial species, e.g., prodigiosin, cycloprodiogisin
(from Z. rubidus sp. S1-1), and the yellow pigment (extracted from Micrococcus sp. strain
MP76) have shown antibacterial activity against Staphylococcus aureus sp. and Escherichia
coli sp. [98,99]. Other bacterial strains that are reportedly inhibited by prodigiosin and
cycloprodigiosin are Bacillus subtilis sp. and Salmonella enterica serovar Typhimurium [98].
Likewise, the yellow pigment has shown activity against P. aeruginosa sp. as well [99]. Nor-
prodigiosin synthesized by marine Serratia sp. has also been reported to exhibit inhibition
activity against Vibrio paraheamolyticus sp. and B. subtilis sp. [32]. These studies strengthen
the utilization of bpBPs as potential alternatives to synthetic medicinal compounds.

Furthermore, inhibition activities recorded against Citrobacter sp. by pyocyanin and
pyorubin [58] and P. aeruginosa sp. by violacein pigment (purified from Antarctic Iodobacter
sp.) [100], further stretches the range of marine-derived bpBP’s potential against pathogenic
bacterial species to opportunistic bacterial species. There are numerous correspondingly
published studies. The pigment “melanin” from marine Streptomyces sp., for instance,
demonstrated antibacterial activity against E. coli sp., S. typhi sp., S. paratyphi sp., Proteus
mirabilis sp., Vibrio cholera sp., S. aureus sp., and Klebsiella oxytoca sp. [68]. A bright pink-
orange colored pigment extracted from Salinicoccus sp. (isolated from Nellore sea coast)
also showed antimicrobial potential against several bacterial strains including E.coli sp.,
Klebsiella pneumoniae sp., B. subtilis sp., Proteus vulgaris sp., P. aeruginosa sp., and S. aureus
sp. [101]. Hence, these and similar other studies all indicate the exploration of marine
bacterial species as a dynamic approach to derive antibacterial compounds.

A few studies also seemingly suggest that a single pigment from different species
may exhibit activities against various target microorganisms. One example is violacein,
aviolet colored pigment extracted from Antarctic bacterium Janthinobacterium sp. SMN 33.6,
which showed antibacterial activity against multi-resistant bacteria: S. aureus sp. ATCC
25923, E. coli sp. ATCC 25922, Kocuria rhyzophila sp. ATCC 9341, and S. typhimurium sp.
ATCC 14028 [102], and that extracted from Collimonas sp. showed antibacterial activity
against Micrococcus luteus sp. [67].
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4.1.2. Antifungal Activity

Studies have also been carried out to determine the antifungal potential of natural
pigmented compounds. Several studies have reported the antifungal activity of marine-
derived bacterial pigments, among which violacein from Chromobacterium sp. and prodig-
inine pigments (prodigiosin and cycloprodigiosin) extracted from Indonesian marine
bacterium P. rubra sp. reported to exhibit antagonistic activity against Candida albicans
sp. [23,103]. Violacein also inhibited several other fungal strains, including Penicillium
expansum sp., Fusarium oxysporum sp., Rhizoctonia solani sp., and Aspergillus flavus sp. Stud-
ies have also reported that violacein (extracted from a pure Chromobacterium sp.) shows
comparable antifungal activity to that of bavistin and amphotericin B, highlighting the
potential of marine-derived bpBPs as effective antifungal agents over existing synthetic
antifungal compounds [103].

4.1.3. Anticancer Activity

Exploring anticancer compounds from marine microbes has been considered a hot
spot in natural product research. Several studies have been carried out in order to ex-
amine the antitumor ability of marine bacterial pigments. Anticancer activity of marine-
derived bpBPs has been explored against several cancerous cell lines. Astaxanthin and
2-(p-hydroxybenzyl) prodigiosin (HBPG) isolated from P. kolensis sp. and P. rubra sp. dis-
played significant cytotoxicity against human breast cancer cell line (MCF-7) and human
ovarian adenocarcinoma cell line, respectively [38,104]. PCA (Phenazine -1-carboxylic acid)
pigment extracted from marine P. aeruginosa sp. GS-33 correspondingly showed inhibition
against SK-MEL-2 (human skin melanoma cell line) [105]. Another pigment violacein
extracted from Antarctic bacterium isolate, identified as a member of the genus Janthinobac-
terium (named as Janthinobacterium sp. strain UV13), revealed its antiproliferative activity
in HeLa cells. Studies further confirmed the potential of violacein as an anticancer agent
to cisplatin drug (anticancer chemotherapy drug) in cervix cell carcinoma [106]. It has
also been reported that a single pigment can express anticancer activity against multiple
cancerous cell lines. Synthetically derived tambjamines isolated from the marine bacterium
P. tunicata sp. have shown significant apoptosis inducing effects against various cancer cell
lines including glioblastoma cell line (SF-295), M14 melanoma cell line (MDA-MB-435),
ileocecal colorectal adenocarcinoma cell line (HCT-8), and promyelocytic leukemia cells
(HL-60) [107]. Carotenoid pigments extracted from marine Arthrobacter sp. G20 (isolated
from the Caspian Sea) exhibited antitumor activity on esophageal squamous cancerous
cells [108]. Likewise, prodigiosin homolog extracted from marine bacterium Serratia protea-
macula sp. was also found to exhibit high antitumor activity [109], indicating the potential
of marine-derived bpBPs in antitumor therapy.

4.1.4. Antioxidant Activity

Marine-derived bpBPs are also being explored for their antioxidant activity. 3R saprox-
anthin and myxol pigments (from marine bacterium belonging to genus Flavobacteriacae)
exhibited antioxidant activity against lipid peroxidation and also showed neuroprotec-
tive activity against L-glutamate toxicity [110]. The antioxidant activities of zeaxanthin
(extracted from marine bacterium of genus Muricauda) [111] and melanin (from marine
Pseudomonas stutzeri sp.) [112] have also been identified. Another pigment, phycocyanin
extracted from marine bacterium Geitlerinema sp TRV57, demonstrated appreciable antioxi-
dant activity [113]. Crude pigment extracted from the marine bacterium Streptonyces bellus
sp. MSAL also displayed 82% of DPPH (2,2-diphenyl-1-picryl-hydrazyl-hydrate) activity
and said to exhibit radical scavenging activity [114]. Likewise, pigment crude extract from
Zobellia laminarie sp. 465 (isolated from sea sponge) reported to exhibit high antioxidant
values for ABTS-L (capture of the 2,2-azino-bis(3-ethylbenzothiazoline)-6-sulphonic acid
(ABTS") radical of the lipophilic fraction) [115], suggesting the importance of marine
derived bacterial pigments in pharmaceutical and medicinal industries.
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4.1.5. Antiviral Activity

The advancing viral pandemics have taken a toll over the limited pool of existing
antiviral agents, which has led to a rigorous search for newer, natural compounds with
better antiviral capacities. Various studies on marine bpBPs suggest them as potential
candidates. Prodigiosin extracted from Serratia rubidaea sp. RAM_Alex showed antiviral
activity against hepatitis C virus (HCV) upon injecting HepG2 (human liver cancer cell
line) cells with 2% of HCV infected serum (Table 2) [116]. Other carotenoid pigments (from
Natrialba sp. M6) have also displayed complete elimination of HCV and clearance of 89.42%
of hepatitis B virus (HBV) [117], indicating the use of marine pigments as availing antiviral
agents.

Table 2. Therapeutic applications of bio-pigments extracted from marine bacterial isolates.

Pigments Marine Bacterial Species Therapeutic Applications References
Zooshikella rubidus sp. S1-1 Antibacterial [98]
Prodigiosin and cycloprodigiosin Pseudoalteromonas rubra sp. PS1 .
and SB14 Antifungal [23]
Prodigiosin Serratia rubidaea sp. RAM_Alex Antiviral [116]
2-(p-hydroxybenzyl) prodigiosin Psuedoalteromonas rubra sp. Cytotoxic [104]
Astaxanthin Pontibacter korlensis sp. AG6 Anticancer [38]
2,2 dihydroxyastaxanthin Brevundimonas sp. Antioxidant [33]
7z . Muricauda aquimarina sp. o Nitric c.>x.i de scav.eng%ng
eaxanthin Muricauda olearia sp. Inh1b1t19n of lipid pe.rox1daF1c?n. DPPH [111]
radical scavenging activities
Lycopene Arthrobacter sp. G20 Antitumor [108]
Beta Carotene Cyanobacterium sp. Antioxidant Antidiabetic Antitumor [118]
Pyocyanin and pyorubrin Psuedomonas aeroginosa sp. Antibacterial [58]
Streptomyces sp. Antibacterial [68]
Melanin Nocardiopsis sp. Antiquorum sensing [76]
Pseudomonas stutzeri sp. Antioxidant [112]
Poly melanin Leclercia sp. BTCZ22 Antibiotic resistance [75]
Tambjamines Psuedoalteromonas tunicata sp. Anticancer [107]
Janthinobacterium sp. SMN 33.6 Antibacterial [102]
Collimonas sp. Antibacterial [67]
Violacein lodobacter sp. Antibacterial [100]
Chromobacterium sp. Antifungal [103]
Janthinobacterium sp. UV13 Anticancer [106]
3R Saproxanthin and Myxol Flavobacteriacae sp. Antioxidant [110]
PCA Pseudomonas aeruginosa sp. GS-33 Effectivity agir;lscter:elar\oma cell [105]
Bright pinlf-orange colored Salinicoccus sp. Antibacterial [101]
pigment
Yellow pigment Micrococcus sp. MP76 Antibacterial [99]

4.2. Industrial Applications
4.2.1. Bio-Pigments as Food Colorants

Researchers have concluded that marine-derived bpBPs can be utilized to provide full-
scale commercial production of food-grade pigments, owing to their little or no threats to
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consumer health. They also showed pleasant colors at low concentrations. Pyorubrin and
pyocyanin, for example, extracted from P. aeruginoasa sp., when assessed for their utilization
as food colorings with agar, gave pleasing colors at 25 mg mLG ™1 [58]. The utilization of
bpBPs was also suggested as a feed additive to promote growth and enhance the coloration
of ornamental fishes [119]. Furthermore, prodigiosin (from marine bacterium Zooshikella
sp.) has been reported to exhibit good staining properties and a three months shelf life [120],
which hints toward a sustainable aspect of marine-derived pigmented molecules as food
colorants.

4.2.2. Bio-Pigments as Dyeing Agents

The worldwide demand for clothes is rising exponentially. Newly, there is an increase
in the insistence of incorporating antimicrobial properties in fabrics. Lee et al. identified
a novel marine bacterium Z. rubidus sp. S1-1 that produced two significant pigments,
i.e., prodigiosin and cycloprodigiosin. These were used to dye cotton and silk fabrics.
Results revealed that the application of red-pigmented extract solution on fabrics reduced
the growth rate of S. aureus sp. KCTC 1916 by 96.62% to 99.98% and E. coli sp. KCTC
1924 by 91.37% to 96.98% [98]. Furthermore, Vibrio sp. isolated from marine sediment
produced a bright red colored prodiginine pigment that was used to dye nylon 66, silk,
wool, acrylic, and modacrylic fabrics to obtain a pretty deep-colored shade. The dyed silk
and wool fabrics also showed antibacterial activity against E. coli sp. and S. aureus sp. [121].
Researchers at Ulsan National Institute have also reported the synthesis of antibacterial
fabric by using violacein pigment extracted from C. violacea sp. [122,123]. Prodigiosin
pigment extracted from Serratia sp. BTWJ8 effectively dyed paper, PMMA (Polymethyl
methacrylate sheets), and rubber latex. Rubber is commonly used in day to day life either
in houses or industries. PMMA have been widely utilized for the construction of lenses for
exterior lights of automobiles. Different concentrations of prodigiosin produced variable
color shades that revealed its affectivity as a coloring agent [124].

4.2.3. Use in Cosmetics

The cosmetic industry is an expeditiously emerging global business market. About 2000
companies in the United States of America are cosmetic manufacturers. It is estimated
that American adults use seven different skincare products per day for everyday groom-
ing [125]. The cosmetic industry has a worth of 10.4, 10.6, and 13.01 billion euros in the UK,
France, and Germany, respectively [126]. Considering the cosmetic market value world-
wide, researchers have also made efforts to explore the use of marine-derived bpBPs in
skincare products. The addition of the pigment PCA in a solution of commercial sunscreen
enhanced its UV-B (ultraviolet B-rays) protection and increased the SPF (sun protection
factor) values up to 10% to 30% [105].

Similarly, melanin incorporated cream (named cream F3) was synthesized by con-
centrates of seaweed (Gelidium spinosum) and melanin pigment (extracted from marine
bacterium Halomonas venusta sp.). Cream F3 showed high SPF values and photoprotective
activity and demonstrated great effectivity in wound healing as well. Moreover, the for-
mulated cream also exhibited antibacterial activity against skin pathogens; Streptococcus
pyogenes sp. (MTCC 442), and S. aureus sp. (MTCC 96) [127]. Another research reported the
effectivity of melanin (extracted from marine bacterium Vibrio natriegens sp.) in protecting
mammalian cells from UV irradiation. Results revealed 90% survival rate of HeLa cells
in melanized cell culture [128]. In another report, Bio lip balm made from crude pigment
(extracted from S. bellus sp. MSALI) in a mixture of coconut oil, lanolin, and shredded
bee wax [114] suggested the use of melanin pigment as a significant ingredient in several
beauty care products as well.

4.2.4. Antifouling Agent

Billions of dollars have been spent each year to control fouling activities on different
objects placed in the marine environment. Biofouling on ships such as dreadnoughts in-
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creased the roughness of the hull, which promotes frictional resistance, ultimately leading
to an increase in fuel consumption and other corresponding environmental compliances.
Heavy metal-based antifoulants cause severe environmental complications, which further
mandate the need for “eco-friendly” antifouling agents. Researchers have also revealed the
use of marine-derived bpBPs for their role as an antifouling agent, for instance, prodigiosin
extracted from Serratia. sp. was reported to exhibit antifouling activity against marine
fouling bacterial species such as Gallionella sp. and Alteromonas sp. It also inhibited the
adhesion of Cyanobacterium sp. on the glass surface [129]. Likewise, another pigment, poly-
melanin synthesized by the marine bacterium P. lipolytica sp., prevented metamorphosis
and decreased the invertebrate larval settlement [130], hence indicating the role of marine
bacterial pigments as potential antifoulants.

4.2.5. Photosensitizers

The use of prodigiosin has also been reported as photosensitizers in solar cells.
The high photostability of extracted prodigiosin demonstrated its use as a sensitizer in
dye-sensitized solar cells (DSSC) (Table 3) [131]. This study suggests the viability of
bpBPs in addition to that of prodigiosin for the construction of cost-effective and low tech
industrially produced DSSC.

Table 3. Industrial applications of bio-pigments extracted from marine bacterial isolates.

Marine Bacterial

Pigments Species Industrial Applications References
Prodigiosin and Zooshikella rubidus sp. . .
cycloprodigiosin S1-1 Dyeing potential 8l
Vibrio sp. Dyeing of fabrics [121]
Serratia marcescens sp.11E Photosensitizers [131]
. Dyeing of paper, PMMA and
Prodigiosin Serratia sp. BTW]8 rubber latex [124]
. Food colorant
Zooshikella sp. Staining [120]
Serratia marcescens sp. S
CMST 07 Antifouling [129]
Food grade pigments
Lycopene Streptomyces sp. Feed additive [119]
Colorant
Pyocyanm.and Psuedomonas aeroginosa Food colorings (58]
pyorubrin sp.
Scytonemin Lyngbya aestuarii sp. Sunscreen [91]
_ . Protection from UV
Vibrio natriegens sp. irradiation [128]
Melanin Sunscreen
Halomonas venusta sp. Wound healing [127]
Nocardiopsis sp. Antibiofilm [76]
Psetltdoalt'eromonas Antifouling agent [130]
. lipolytica sp.
Poly melanin f
I . Removal of heavy metals and
Vibrio natriegens sp- environmental pollutants [128]
PCA Pseudomonas aeruginosa Enhance SPF values [105]

sp. GS-33

UV-B protection
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5. Industrial Importance and Global Market Trends of Pigmented Compounds

Pigments are already utilized in various nutritional supplements, antibiotics, skin care,
and other industrial products (Table 4). The most valuable pigments in the global market
are beta-carotene, lutein, and astaxanthin (Figure 3). Astaxanthin has its wide use in
nutraceutical industries owing to its antioxidant properties and numerous health benefits.
It has also been in wide use in cosmetic industries due to its antiaging activity. Moreover,
astaxanthin is being utilized in aquaculture industries to carry out the pigmentation of
shrimps, trouts, and salmons. At the industrial scale, astaxanthin production is accom-
plished using Paracoccus sp. It was predicted that the sales volume of astaxanthin by the
year 2020 would be 1.1 billion US dollars [132], and the astaxanthin market is estimated
to reach up to 3.4 billion US dollars with CAGR (compound annual growth rate) of 16.2%
in 2027 [133].

Table 4. Different industrial products and nutritional supplements utilizing pigmented compounds along with manufactur-

ers, product brands, suppliers and company coverage.

- Company
Pigments Proc;‘;ds,ll:;t::::nal Coverage/Manufacturers/ References/Links
pp Product Brands/Suppliers
Pigments from Bacterial Origin
L Prodigiosin Serratia marcescens-CAS . .
Prodigiosin 80-89-3-CalbiocheM Sigma-Aldrich [134]
Paracoccus Powder (Astaxanthin . . .
Astaxanthin Powder) 27 Brine Shrimp Direct [135]
Paracoccus Powder, Natural Source
of Astaxanthin, 50g NoCoast AQUATICS [136]
Violacein Violacein (from Janthinobacterium Sigma-Aldrich [137]
lividum)
Synthetic Pigments and Pigments derived from other sources
Prodigiosin, Antibiotic My BioSource
Prodigiosin Prodigiosin 25¢ Leap Chem Co., Ltd
Prodigiosin Suppliers [138-140]
Hangzhou Dayangchem Co. Ltd.
Puyer Bio Pharm Ltd
Santa Cruz Biotechnology
Lucantin® Pink (Astaxanthin) BASF Nutrition
AstaSana™ 10% FS DSM
. J-Bio™ Astaxanthin GMP Global Marketing, Inc
Astaxanthin . . . . -
BioAstin®Hawaiian Astaxanthin Cyanotech Corporation
Astaxanthin Suppliers [141-145]
Aecochem Corp.

Simagchem Corporation
Hangzhou Dayangchem Co., Ltd.
Xiamen Hisunny Chemical Co., Ltd.
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Table 4. Cont.

Pigments

Company
Coverage/Manufacturers/ References/Links
Product Brands/Suppliers

Products/Nutritional
Supplements

Zeaxanthin

ZeaGold®, Zeaxanthin Kalsec
MacuShield®softgel capsule AGP Limited
OPTISHARP®(Zeaxanthin) 20% FS. DSM Nutritional Products, Inc.

Zeaxanthin Suppliers

Shanghai Worldyang Chemical Co., [146-149]
Ltd.
Sancai Industry Co., Ltd.
Carbone Scientific Co., Ltd.
BLD Pharmatech Ltd.

Lycopene

redivivo®(Lycopene) 10% FS DSM Nutritional Products, Inc.
Lyc-O-Mato® LycoRed Ltd.

Lycopene Suppliers

Haihang Industry Co., Ltd.
Shanghai Worldyang Chemical Co., [150-152]
Ltd.
Junwee Chemical Co., Ltd.
B.M.P. Bulk Medicines &
Pharmaceuticals GmbH.

Beta-Carotene

Beta-Carotene 10% DC
Beta-Carotene 1% SD Barrington Nutritionals
Beta-Carotene 30% in corn oil DSM Nutritional Products
CaroCare®, Beta-Carotene LycoRed Ltd.
Lyc-O-Beta 7.5% VBA

Beta-Carotene Suppliers [153-156]

Puyer BioPharma Ltd.
Sancai Industry Co., Ltd.
United New Materials Technology
SDN.BHD.

Hangzhou Keying Chem Co., Ltd.

Lutein

FloraGLO®Lutein 20% SAF DSM Nutritional Products, Inc.

Lutein Suppliers

Beckmann-Kenko GmbH.
New Natural Biotechnology Co., [157,158]
Ltd.
BuGuCh & Partners.
Stauber Performance Ingredients,
Inc. (previous Pharmline, Inc.)

FDA accepted the use of beta-carotene as a color additive in food products in the
year 1964. Additionally, in 1977, the use of beta-carotene got approved in cosmetics also.
The E-Number allotted to beta-carotene is E160a. Over and above, canthaxanthin use
in food and broiler chicken feed got authorized in 1969, and the E-Number assigned to
it is E161g [159]. Lycopene is also being utilized for many industrial purposes, and it
is reckoned that the lycopene market will grow at a rate of 5.3% CAGR, by the end of
2026 [160].
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Figure 3. Prospective compound annual growth rate (CAGR) of several pigments by the year 2026 [161-165].

The global market potential of carotenoid pigments is estimated to reach up to 5.7%
by 2022 [166]. Europe and USA are the key business markets for carotenoid pigments [118].
It is expected that the global carotenoid market will increase from 1397.59 million US$ in
2018 to 2124.68 million dollars by the end of 2025, at the CAGR of 6.16% [167]. For a long
time, different classes of pigmented compounds have occupied the entire market due to
their wide range of applications in different industries (Figure 4). It is anticipated that by
the year 2022, the global market of food colorants will reach up to 3.75 billion US$, along
with farming colorant market, to touch 2.03 billion US$ by the year 2022 [166]. Europe
holds the forefront for cutting synthetic colorants” economy by utilizing natural dyes,
which make up 85% of total dyes produced. It is evaluated that growing interests towards
ready to eat and pre-packaged food items in China, India, and Middle-East countries will
also drive the market of food colorants in the Asia Pacific as well [168].
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Figure 4. Expected market worth of different classes of pigments during, the forecasting period: 2019
to 2026 [169-173].

6. Conclusions

Marine bacterial pigments can be a potential substitute for synthetic products to fulfill
market demand and to ensure the public well-being. Putting aside the fact that synthetic
medicines combat bacterial infections, they also pose adverse effects in terms of health.
Likewise, artificial colorants due to the presence of azo dyes and heavy metals can also
ignite cancer and other allergies. Microbial pigments derived from marine bacteria can be
a promising approach to tackle the detrimental effects of these synthetic compounds.

Furthermore, marine bacteria tolerate a vast range of environmental conditions. Due to
their unique biological properties, natural pigments from the marine environment also
have wide range of applications in pharmaceutical, food, cosmetics, paper, and textile

95



Microorganisms 2021, 9, 11

industries [1]. Marine bacterial species can be cultured in vitro and are genetically modified
to get the desired level of pigments. Anyhow, there are certain limitations in implementing
these naturally derived marine bacterial pigments on an industrial scale significantly:
less percentage annual production, technological imperfections, low stability, high need for
cost investments, and health complications [11]. For replacing synthetic products, efforts
are required to explore new microbial sources and finding better optimization techniques
to enhance the production of pigmented compounds. Genetic engineering and other strain
development techniques should also be further studied to harvest bioactive pigments from
marine bacterial species.
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Abstract: Pentaminomycins C-E (1-3) were isolated from the culture of the Streptomyces sp. GG23
strain from the guts of the mealworm beetle, Tenebrio molitor. The structures of the pentaminomycins
were determined to be cyclic pentapeptides containing a modified amino acid, N>-hydroxyarginine,
based on 1D and 2D NMR and mass spectroscopic analyses. The absolute configurations of the amino
acid residues were assigned using Marfey’s method and bioinformatics analysis of their nonribosomal
peptide biosynthetic gene cluster (BGC). Detailed analysis of the BGC enabled us to propose that
the structural variations in 1-3 originate from the low specificity of the adenylation domain in
the nonribosomal peptide synthetase (NRPS) module 1, and indicate that macrocyclization can be
catalyzed noncanonically by penicillin binding protein (PBP)-type TE. Furthermore, pentaminomycins
Cand D (1 and 2) showed significant autophagy-inducing activities and were cytoprotective against
oxidative stress in vitro.

Keywords: insect; mealworm; gut bacteria; OSMAC; cyclic peptides; biosynthetic pathway;
autophagy inducer

1. Introduction

Microbial secondary metabolites have been utilized for the discovery and development of
innumerable medicinal drugs, such as antibiotics, anticancer agents, and immunosuppressive
medicines [1]. However, as more microbial compounds have been reported, the discovery of structurally
unique and biologically active compounds has become more difficult. Thus, the development and
application of new technologies in exploring new or less-investigated metabolites is particularly
important in the field of microbial natural product chemistry. One possible approach is the chemical
examination of relatively unexplored microbes [2]. For example, insect-associated bacteria, which are
expected to play various roles in the life cycles of hosts due to their range of secondary metabolites,
are one of the most unexplored chemical sources [3]. In particular, insects are assumed to actively
associate with chemically prolific actinobacteria, which generally originate from the soil. Indeed,
studying the metabolites of insect-associated actinomycetes led to the discovery of the new cyclic
depsipeptide dentigerumycin [4], a geldanamycin analog natalamycin [5], the polyketide alkaloid
camporidine A [6], N-acetylcysteamine-bearing indanone thioester formicin A [7], and chlorinated
cyclic peptides, nicrophorusamides [8]. These bacterial secondary metabolites display antifungal,

Microorganisms 2020, 8, 1390 105 www.mdpi.com/journal/microorganisms



Microorganisms 2020, 8, 1390

anti-inflammatory, anticancer, and antibacterial activities. In addition, Streptomyces spp. of the dung
beetle Copris tripartius have also demonstrated the diversity of bioactive secondary metabolites of
insect-associated bacteria, including a tricyclic lactam [9,10], a dichlorinated indanone [11], 2-alkenyl
cinnamic acid-bearing cyclic peptides [12], and naphthoquinone-oxindoles [13].

Besides focusing on relatively understudied microbes, another method to efficiently discover new
bioactive secondary metabolites is to diversify the culture conditions of one strain, which may induce
the biosynthesis of various microbial metabolites that have not been produced under a previous set of
conditions. This one strain many compounds (OSMAC) approach [14] is based on the fact that diverse
biosynthetic gene clusters exist in the genome of a single strain.

Inspired by these two approaches for the efficient discovery of new bioactive metabolites,
we collected mealworm beetles, Tenebrio molitor, and isolated actinobacteria from the guts. Initial
chemical profiling and subsequent chemical analysis of Streptontyces sp. GG23 identified the production
of lydiamycin A [15]. Detailed structure elucidation enabled us to revise the previously reported
structure [16]. Analysis of the full genome of Streptomyces sp. GG23 disclosed its chemical capacity
due to the fact that it possesses 31 biosynthetic gene clusters for various structural classes of secondary
metabolites in its 8.7 Mb genome (Table S2). Therefore, we altered the culture conditions to induce
the production of bacterial metabolites other than lydiamycin. As a result of diverse changes in
the composition of the culture media, the production of a series of structurally distinct peptides,
namely pentaminomycins C-E (1-3) (Figure 1), which were barely detected by LC-ESI-MS as minor
metabolites when lydiamycin A was produced, was significantly increased. Pentaminomycins A and
B, which were produced by Streptomyces sp. from Japanese soil have been previously reported as
inhibitors of melanin synthesis [17], while pentaminomycin C, which was produced by Streptomyces
cacaoi isolated from Nigerian cacao beans, has been identified as an antibiotic against Gram-positive
bacteria [18]. Thus, we herein report our investigation into the evaluation of pentaminomycins C-E
(1-3) as autophagy inducers and antagonizers against menadione-induced oxidative stress, which have
not been previously reported for pentaminomycins. Overall, we report the structures, biological
activities, and biosynthetic pathways of pentaminomycins C-E.
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Figure 1. Structures of pentaminomycins C-E (1-3).

2. Materials and Methods

2.1. General Experimental Procedures

Optical rotations were measured using a JASCO P-2000 polarimeter (JASCO, Easton, MD, USA).
UV spectra were recorded using a Chirascan Plus Applied Photophysics Ltd. (Applied Photophysics,
Leatherhead, Surrey, UK). Infrared (IR) spectra were obtained on a Thermo NICOLET iS10 spectrometer
(Thermo Fisher Scientific, Waltham, MA, USA). 1H, 13C, and two dimensional nuclear magnetic
resonance (NMR) spectra were acquired using a Bruker Avance 800 MHz spectrometer (Bruker,
Billerica, MA, USA) with the NMR solvent of DMSO-d (reference chemical shifts: d¢ 39.5 ppm and 6y
2.50 ppm) at the National Center for Inter-university Research Facilities (NCIRF) at Seoul National
University. Electrospray ionization (ESI) low-resolution liquid chromatography-mass spectrometry
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(LC/MS)data were measured with an Agilent Technologies 6130 quadrupole mass spectrometer
(Agilent, Santa Clara, CA, USA) coupled to an Agilent Technologies 1200 series high-performance
liquid chromatography (HPLC) instrument using a reversed-phase C1g(2) column (Phenomenex Luna,
100 x 4.6 mm). High-resolution fast atom bombardment (HR-FAB) mass spectra were recorded using
a Jeol JMS-600 W high-resolution mass spectrometer (JEOL, Akishima, Tokyo, Japan) at the NCIRF.
Semi-preparative HPLC separations were achieved using a Gilson 305 pump and a Gilson UV/VIS-155
detector (Gilson, Middleton, WI, USA).

2.2. Bacterial Isolation and Identification

The mealworm beetle used in this study was randomly selected as the specimens of insects raised
at the Seoul Grand Park, Gwacheon-si, Gyeonggi Province, Republic of Korea. The selected specimen
was identified as mealworm beetles, Tenebrio molitor Linnaues, based on external morphological
characters. The mealworm beetle-associated actinomycete strain GG23 was isolated from the gut of
adult mealworm beetles by using starch-casein agar (SCA), which contained 10 g of soluble starch,
0.3 g of casein, 2 g of KNO3, 0.05 g of MgSO4-7H,0, 2 g of K;HPOy, 2 g of NaCl, 0.02 g of CaCO3,0.01 g
of FeSO4-7H,0, and 18 g of agar in 1 L of distilled water. The strain was identified as Streptomyces
sp. (GenBank accession number MT033037), which is closest to Streptomyces cacaoi (identity of 99.6%)
(GenBank accession number NZ_MUBL01000000) based on 16S rRNA gene sequence analysis.

2.3. Cultivation and Extraction

The GG23 strain was initially cultured with 50 mL of modified PST medium (containing 5 g
peptone, 5 g sucrose, and 5 g tryptone in 1 L distilled water) in a 125-mL Erlenmeyer flask. After 3 d
of culture on a rotary shaker at 200 rpm and 30 °C, 5 mL of the culture was transferred to 200 mL
of the same medium in a 500-mL Erlenmeyer flask. The culture was maintained for 3 d under the
same conditions as the 50-mL stage, and 10 mL of the culture was inoculated into 1 L of PST medium
in 2.8-L Fernbach flasks (60 each x 1 L, total volume 60 L) for 4-d incubation at 170 rpm and 30 °C.
The whole culture was extracted twice with 120 L of ethyl acetate, and organic layer was separated and
concentrated in vacuo to yield 25 g of dry material.

2.4. Isolation of Pentaminomycins C—E

The dried extract was re-suspended with celite in MeOH followed by drying in vacuo.
The celite-adsorbed extract was loaded onto 2 g of a pre-packed Cig Sepak resin. The extract
was fractionated using five different compositions of aqueous MeOH (i.e., 20, 40, 60, 80, and 100 vol%
MeOH). Pentaminomycins C-E (1-3) eluted in the 80 and 100 vol% MeOH fractions. The fractions
were dried, redissolved in MeOH, and filtered to remove insoluble particles. Pentaminomycins C-E
were further purified by preparative reversed-phase HPLC with a Phenomenex Luna 10 um Cy5(2)
250 x 21.20 mm column with a gradient system of 30-50 vol% aqueous MeCN over 30 min (flow
rate: 10 mL/min, detection: UV 210 nm). Pentaminomycin D (2) eluted at 20 min under these HPLC
conditions, whereas pentaminomycins C (1) and E (3) eluted together at 23 min. The eluates were
subjected to semi-preparative reversed-phase HPLC using a YMC-Pack CN 250 x 10 mm, S-5 um,
12 nm column with an isocratic system of 35 vol% MeCN containing 0.05% trifluoroacetic acid (flow
rate: 2 mL/min, detection: UV 210 nm). In the final purification, pentaminomycins C (1) (5 mg), D (2)
(83 mg), and E (3) (4 mg) were collected at retention times of 20, 28, and 33 min, respectively.

2.4.1. Pentaminomycin C (1)

White powder; [a]g)—SO (c 0.1, MeOH); UV (MeOH) Amax (log €) 218 (2.04), 281 (0.35) nm; IR (neat)
Vimax 3302, 2965, 1673, 1537, 1444, 1199, 1140 cm™1; TH and 3C NMR data, see Table 1; HR-FAB-MS m/z
718.4041 [M+H]* (caled. for C37HspNoOy 718.4035).
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2.4.2. Pentaminomycin D (2)

White powder; [a]ZDO—S (c 0.1, MeOH); UV (MeOH) Anmax (log ¢€) 218 (2.20), 281 (0.36) nm; IR (neat)
Vimax 3296, 2964, 1672, 1536, 1444, 1199, 1140 cm™!; 'H and *C NMR data, see Table 1; HR-FAB-MS m/z
704.3876 [M+H]* (caled. for CagHs0NoOyg 704.3879).

2.4.3. Pentaminomycin E (3)

White powder; [a]lzjo—3l (c 0.1, MeOH); UV (MeOH) Amax (log €) 216 (1.91), 282 (0.25) nm; IR (neat)
Vimax 3300, 2964, 1672, 1536, 1445, 1199, 1140 cm™1; 'H and *C NMR data, see Table 1; HR-FAB-MS m/z
752.3879 [M+H]" (caled. for C49Hs0NoOg 752.3879).

2.5. Marfey’s Analysis of Pentaminomycins D and E (2 and 3)

A sample (1 mg) of pentaminomycin D (2) was hydrolyzed in 0.5 mL of 6 N HCl at 100 °C for 1 h.
After hydrolysis, the reaction vial was cooled in an ice bucket for 3 min. After this time, the reaction
solvent was evaporated in vacuo, and the hydrolysate containing the free amino acids was dissolved
in 100 uL of IN NaHCOj3. Subsequently, 50 pL of a 10 mg/mL L-FDLA solution in acetone was added
to the solution. The reaction mixture was stirred at 80 °C for 3 min, then 50 uL of 2N HCl was
used to neutralize the reaction mixture, which was subsequently diluted using 300 uL of a 50 vol%
aqueous MeCN solution. An aliquot (20 uL) of the reaction mixture was analyzed by LC/MS using
a Phenomenex Cy5(2) column (Luna, 100 X 4.6 mm, 5 pm) under gradient solvent conditions (flow
rate 0.7 mL/min; UV 340 nm detection; 10-60 vol% MeCN/H,O containing 0.1% formic acid over
50 min). LC/MS analysis indicated that during acid hydrolysis, N>-hydroxyarginine was converted to
arginine. The L-FDLA derivatives of the two valine (37.5 and 44.6 min), tryptophan (41.0 min), arginine
(22.6 min), and phenylalanine (47.5 min) residues of pentaminomycin D were detected by LC/MS
analysis. The same procedure was performed for authentic L-and p-Val, Trp, Arg, and Phe to compare
the retention times with those of the amino acids from 2 (Table S1 and Figure S17). The absolute
configurations of pentaminomycin E (3) were also established in the same manner.

2.6. Genome Analysis and the Biosynthetic Pathway

Whole genome sequencing of the GG23 strain was performed using PacBio RS II (Chunlab,
Inc., Seocho-gu, Seoul, Korea).The sequencing data were assembled with PacBio SMRT Analysis v.
2.3.0, using a hierarchical genome assembly process (HGAP) protocol. Nucleotide sequences of the
Streptomyces sp. GG23 genomes were generated in three contigs with a total of 8,666,993 base pairs.
Gene prediction was performed using Prodigal v. 2.6.2, and sequences were annotated with EggNOG v.
4.5, Swissprot, KEGG, and SEED (Chunlab, Inc., Seocho-gu, Seoul, Republic of Korea) The biosynthetic
gene clusters (BGCs) were analyzed using antiSMASH v. 5.0 [19].

2.7. Autophagic Flux Assay

To examine cellular autophagic flux after treatment of pentaminomycins, HEK293 cells (~80%
confluence) were treated with 0, 3.125, 6.25, 12.5, or 25 uM pentaminomycin C, D, or E for 8 h.
Whole cell extracts were prepared using RIPA buffer (50 mM Tris-HCI (pH 8.0), 1% of NP-40, 0.5% of
deoxycholate, 0.1% of sodium dodecyl sulfate (SDS), and 150 mM NaCl) supplemented with protease
inhibitor cocktails. The lysates were then centrifuged at 16,000x ¢ for 30 min at 4 °C. The supernatants
were separated by SDS-PAGE and transferred to a polyvinylidene difluoride (PVDF) membrane
(Merck Millipore, Darmstadt, Germany). Subsequently, the membranes were blocked with 5%
non-fat milk and probed with the following antibodies: anti-LC3 (L7543, MilliporeSigma, St. Louis,
MO, USA), anti-SQSTM1 (sc-28359, Santa Cruz Biotechnology, Dallas, TX, USA), anti-GABARAPLL1
(D5R9Y, Cell Signaling Technology, Dallas, TX, USA), and anti-GAPDH (A1978, MilliporeSigma).
The membranes were then incubated with a horseradish peroxidase-conjugated anti-mouse IgG

110



Microorganisms 2020, 8, 1390

antibody (81-6720, Invitrogen, Carlsbad, CA, USA) or an anti-rabbit IgG antibody (G21234, Invitrogen),
and visualized using an ECL system (Thermo Fisher Scientific, Waltham, MA, USA).

2.8. Cytotoxicity Assays

The cell viability was assessed using the CellTiter-Glo Luminescent Cell Viability Assay (Promega)
kit as previously described [20]. More specifically, the cells were grown in a black wall/clear-bottom
96-well plate and treated with either pentaminomycins C-E (20 uM; 1-3), menadione (25 uM),
or combinations of pentaminomycins and menadione for 8 h at the indicated concentrations. After the
addition of luminescence substrates in the same volume as the cell culture medium, the mixtures
were incubated for 2 min at room temperature on a shaker, followed by 10 min incubation at room
temperature to stabilize the luminescence signal prior to measurement.

3. Results and Discussion

3.1. Structural Elucidation

Pentaminomycin C (1) was purified as a white powder, and its molecular formula was established
to be C37H51NgOy based on HRFABMS data along with IH and 3C NMR data (Table 1). Further
analysis of the NMR spectra (Figures S1-5S5) confirmed this compound as the previously reported
cyclic peptide, pentaminomycin C [18], which consists of five amino acids: leucine, valine, tryptophan,
NS-hydroxyarginine, and phenylalanine. The sequence of the amino acids was confirmed as
leucine-valine-tryptophan-N?-hydroxyarginine-phenylalanine by HMBC correlations as reported
in the literature [18].

Pentaminomycin D (2) was isolated as a white powder. Based on HRFABMS and NMR data,
the molecular formula of 2 was determined to be C3sH49N9Og with 17 double bond equivalents. Based
on this molecular formula, pentaminomycin D (2) possesses one less CH; group than 1. The TH NMR
spectrum of 2 (Figure S6) showed the presence of five exchangeable amide NH groups (g 8.85, 8.63,
8.45,7.50, and 7.23) and five o-protons (yy 4.52, 4.28, 4.16, 4.12, and 3.70) in the amino acid residues,
suggesting that 2 was also a pentapeptide-derived compound. The 3C NMR spectrum (Figure S7)
also confirmed 2 to be a peptidic metabolite through its five carbonyl signals (5¢ 171.7,171.4, 171.4,
170.7, and 170.4) and five «-carbon signals (5¢ 60.2, 57.5, 55.3, 53.5, and 52.9), which is consistent with
the 'H NMR spectrum. Further analysis of the 13C NMR spectrum identified 15 sp? carbon atoms
(8¢ 157.4-110.2) and 11 aliphatic carbon atoms (8¢ 50.5-18.3). The odd number of sp2 carbon atoms
indicated the existence of an imine-type functional group. Assuming that pentaminomycin D (2)
possessed an imine group, eight double bonds and five carbonyl groups accounted for 13 double bond
equivalents out of 17, suggesting that this metabolite possessed four rings.

Analysis of the 1D (*H and '3C) and 2D (HSQC, COSY, and HMBC) NMR spectroscopic data
(Figures S6-510) of 2 identified the amino acid residues (Figure 2). More specifically, the conspicuous
1’-NH moiety (655 10.78) was found to have a COSY correlation with H-2’ (8¢ 7.17), connecting C-1" and
C-2’. C-2" was located adjacent to C-3’, as determined by the H-2’/C-3" HMBC correlation. The 3Hu
correlations of H-4' (8y 7.51), H-5" (5y 6.98), H-6" (6y 7.04), and H-7’ (5y 7.30), and their 'H-'H
coupling constants (] = 7.5 Hz), allowed the construction of an ortho-substituted 6-membered aromatic
ring. HMBC signals from 1’-NH and H-7’ to C-7"a (8¢ 136.1) and from H-2" and H-5" to C-3’a (5¢
126.8) secured the 1’-NH-C-7a” and C-3’-C-3"a connectivity and allowed the elucidation of the indole
structure. Hy-3 (8 3.19 and 2.91) displayed HMBC correlations with C-3’ (§¢ 110.2), indicating C-3
methylene substitution at C-3’. In addition, 2-NH (8y 8.63)/H-2 (811 4.28) and H-2/H,-3 COSY and
H-2/C-1 HMBC correlations confirmed the presence of a tryptophan unit, while an array of COSY
correlations starting from an NH group (8y1 7.50) to H3-4 and Hj3-5 confirmed the existence of a valine
residue. In a similar manner, COSY correlations from an amide NH moiety (6y 8.45) to a dimethyl
group allowed the elucidation of an addition valine unit. Furthermore, correlation of the x-proton at
51 4.52 with an amide proton (8¢ 8.85) and B-protons (831 2.98 and 2.79) was also observed, as were
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HMBC correlations between these 3-protons with the quaternary C-1’ carbon atom of the aromatic
ring (8¢ 138.0) and the C-2’ carbon atom (5¢ 129.0). Two overlapping methine carbon peaks (2 x
CH) at 6¢ 129.0 and 128.0, and the second-order signals observed for 5H indicated the presence of a
phenylalanine residue. This unit was further assigned by HMBC correlations from H-2" and H-5" to
C-6’ (8¢ 126.2) and from H-3" and H-6" to C-1". The presence of the N>-hydroxyarginine moiety was
deciphered by consecutive COSY correlations from NH (g 7.23) to H-5 (811 3.42). The Hj-5 methylene
protons showed COSY correlations only with Hj-4 (54 1.33 and 1.15), placing the methylene unit at
the terminus of this spin system. Moreover, the 13C chemical shift of C-5 (5¢ 50.5) indicated that this
carbon atom was bound to a nitrogen atom. This partial structure and the four elucidated amino acids
(Trp, Phe, and two Val’s) accounted for the C35H45N¢O5 portion of the molecular formula C36H19NgOg,
thereby leaving a CH4N3O unit for structural elucidation. Thus, this last carbon (5¢ 157.4), which was
preliminarily diagnosed as an imine carbon, was correlated with Hj-5. Its chemical shift is typical for
guanidine carbon, and the presence of three broad singlet protons at d¢; 7.50 confirmed the presence of
a guanidine group containing the N3-OH group (5 10.55), thereby indicating that this last fragment is
an N°-hydroxyarginine residue.
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Figure 2. Key COSY and HMBC correlations of pentaminomycin D (2).

The seven double bonds, one imine group, five carbonyl groups, and three ring structures of the
Phe and Trp residues accounted for 16 double bond equivalents out of 17 for pentaminomycin D (2).
An additional ring structure was therefore confirmed in the sequence analysis of the amino acids using
the HMBC spectrum (Figure S10). More specifically, the HMBC correlations from the a-proton (51
4.12) of Val-1 and the amide proton (51 8.45) of Val-2 to the C-1 atom (8¢ 171.4) of Val-1 established
the connectivity of Val-1 to Val-2. The connection of Val-2 to Trp was supported by the heteronuclear
correlation from the NH moiety (5y 8.63) of Trp to the C-1 atom (8¢ 171.4) of Val-2 in the HMBC
spectrum. An additional HMBC correlation from the amide NH group (8y 7.23) of N°>-OH-Arg to the
amide carbonyl carbon atom (8¢ 171.7) of Trp secured the sequence of Trp to N5—OH—Arg. Furthermore,
the NH proton (8y 7.23) of N5-OH-Arg correlated with the amide carbonyl carbon (6¢ 170.7) of Phe in
the HMBC spectrum, which established the linkage of arginine to phenylalanine. Lastly, the cyclized
structure was completed by the confirmation of an HMBC correlation from the NH unit (615 8.85) of
Phe to the carbonyl carbon atom (8¢ 171.4) of Val-1, finally establishing the planar structure of 2 as a
new cyclic pentapeptide.

Pentaminomycin E (3) was also purified as a white powder. The molecular formula of this
compound was determined to be C49H49N9gOg based on HRFABMS and NMR data (Table 1). Comparing
the NMR spectra of 3 with those of 1 and 2, additional aromatic protons and carbons were observed,
indicating the presence of an additional aromatic group in 3. Comprehensive analysis of the 1D
and 2D NMR spectra (Figures S11-515) confirmed the amino acid residues to be two phenylalanine
residues, valine, tryptophan, and N>-hydroxyarginine. The amino acid sequence of the structure
was subsequently determined by analysis of the HMBC correlations, and was confirmed to be
Phe-1-Val-Trp-N°-OH-Arg-Phe-2. The new metabolites, namely pentaminomycins D and E (2 and 3),
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share cyclic pentapeptide features with pentaminomycins A and B, including Trp and N°-OH Arg [17].
However, pentaminomycins D and E incorporate Phe instead of Leu adjacent to N>-OH-Arg, unlike in
the cases of pentaminomycins A and B [17]. In addition, pentaminomycin E was identified as the first
congener bearing two Phe units in the pentaminomycin series.

To determine the absolute configurations of pentaminomycins D and E (2 and 3), acid hydrolysis
and derivatization of the hydrolysates with Marfey’s reagent (N-(5-fluoro-2,4-dinitrophenyl)-L-leucine
amide (L-FDLA)) were carried out [21]. By comparing the retention times from LC/MS analysis of the
L-FDLA derivatives with the same reaction products of authentic L and p amino acids, the absolute
configurations of the x-carbons were determined. The absolute configurations of the amino acids in
pentaminomycin D (2) were established as 1-valine, p-valine, L-tryptophan, N°-hydroxy-r-arginine,
and p-phenylalanine. In a similar process, the absolute configurations of the amino acid residues
present in pentaminomycin E (3) were determined to be p-valine, L-tryptophan, N>-hydroxy-L-arginine,
L-phenylalanine, and p-phenylalanine. Since two valine residues of the opposite configuration exist in
2, whereas 3 contains both L- and p-phenylalanine residues, the exact assignments of the configurations
were subjected to genomic analysis of the biosynthetic gene cluster for the pentaminomycins because
the 1- and p-Val units in 2 and the 1- and p-Phe residues in 3 are not distinguishable by NMR
spectroscopic analysis.

3.2. Biosynthetic Pathway

Analysis of the whole genome sequence of the Streptomyces sp. GG23 strain identified the putative
biosynthetic gene cluster responsible for the pentaminomycins. The 8.7 Mb draft genome consisting
of three contigs was analyzed using antiSMASH 5.0 [19]. In total, 31 gene clusters were involved
in the biosynthesis of polyketides, nonribosomal peptides, and terpenes (Table S2). The BGC of
the pentaminomycins showed a high similarity to a previous report into pentaminomycin C [18].
The total length of the BGC is approximately 83.6 kb encompassing 53 open reading frames (Table
53) including two NRPS genes, three post-modification genes, seven transport and regulatory genes,
and five tryptophan biosynthesis genes (Figure 3A).

The NRPS (non-ribosomal peptide synthetase) gene for the pentaminomycins is penN2,
which encodes five NRPS modules. Each module incorporates an amino acid to produce a pentapeptide
chain. The first module without the epimerase domain flexibly recruits an amino acid of the group
L-valine, L-leucine, and L-phenylalanine. The amino acid introduced by the second module is fixed as
valine, whose absolute configuration is the p form because of the action of the epimerase domain in this
module. This shows that the Val-2 residue introduced by module 2 has a b configuration and the other
valine unit (Val-1) is in the L form in pentaminomycin D (2). Accordingly, L-Trp should be tethered after
p-Val by module 3, and the arginine moiety is connected by module 4. The peptide chain is completed
after the linkage of the last amino acid, p-Phe, by module 5 with the action of the epimerase domain.
This also confirmed the absolute configuration of pentaminomycin E (3), in which Phe-2 is present in the
p form, whereas Phe-1 possesses the L configuration. Post-modular modification by processes such as
hydroxylation and cyclization finalized the biosynthesis of the pentaminomycins. N-hydroxylation on
the arginine unit is possibly facilitated by the cytochrome P450 enzymes PenB and/or PenC. Cyclization
of the pentapeptide chain was proposed to be catalyzed by serine hydrolase penA in the previously
reported biosynthesis of pentaminomycin C [18]. However, our detailed analysis found that penA is the
coding gene for penicillin binding protein (PBP)-type thioesterase (TE). PBP-type TE or the standalone
cyclase is reported as a peptidyl cyclase included in the 3-lactamase superfamily [22,23]. Cyclic peptides
that use PBP-type TEs have been previously reported, including desotamide [24-26], surugamide [27],
ulleungmycin [28], noursamycin [29], curacomycin [30], and mannopeptimycin [31]. These compounds
share a structurally common feature in that the initial NRPS module must introduce an r-amino
acid, while the terminal module recruits a p-amino acid. This is due to the fact that the structure
of PBP-type TE is analogous to the penicillin-binding protein [32]. The penicillin-binding protein
detects the p-alanyl-p-alanine moiety in peptidoglycan precursors to contribute to transpepdidation
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for cell wall construction in bacteria [33]. Similarly, PBP-type TE also detects the p-amino acid at the
C-terminus of the NRPS peptide chain and catalyzes peptidyl macrocyclization. Based on the NRPS
modules, the biosynthesis of the pentaminomycins starts with an L-amino acid (1-Val, L-Leu, or L-Phe)
and ends with p-Phe, facilitating the cyclization by PBP-type TE (PenA) (Figure 3B).
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Figure 3. Proposed biosynthesis pathway for the BE-18257s and the pentaminomycins. (A) Genetic
organization of putative biosynthetic gene cluster of the pentaminomycins. (B) Putative biosynthetic
pathway for the pentaminomycins and the BE-18257s with the nonribosomal peptide synthetase (NRPS)
modular organization. C, condensation domain; A, adenylation domain; PCP, peptidyl carrier protein;

E, epimerase domain.
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The BGC contains another NRPS gene, namely penN1, which is located close to the penN2 gene
(Figure 3B). Detailed analysis of the sequence revealed that penN1 is also composed of five NRPS
modules biosynthesizing another series of cyclic peptides, i.e., BE-18257A and B, which were reported
to be endothelin-binding inhibitors [34]. In our chemical analysis of Streptomyces sp. GG23 based on
LC/MS data, the production of these cyclic peptides was detected (Figure S16). The pentapeptide chains
of BE-18257s are assumed to be cyclized by PenA because penN1 does not possess canonical TE at the
end of the NRPS module and no other PBP-type TE genes rather than penA were identified in the BGC.
Furthermore, the NRPS gene of the BE-18267s initially introduces L-Leu and completes the biosynthesis
of the pentapeptide chain with p-Val or p-Leu, which is suitable for the utilization of PBP-type TE.
Additionally, tryptophan biosynthetic genes (i.e., penD-H) exist in the BGC [35]. The pentaminomycins
and BE-18257s both contain tryptophan in their structures, and so it is hypothesized that the Trp
units of these different cyclic peptides share the Trp biosynthetic gene. Even though sharing of the
PBP-type TE and Trp biosynthetic genes has to be proven by a follow-up study, if confirmed, the above
example could be considered an unusual case in which independent NRPSs share core genes for
their biosynthesis.

Based on the determined structures for pentaminomycins C-E (1-3), the amino acid
introduced by module 1 appears to be flexible. The Leu, Val, or Phe variation could be
explained by the amino acid sequence of the binding pocket providing substrate specificity
to the adenylation domain [36]. Eight amino acid residues exist in the binding pocket to
determine the specificity, whereby the amino acid residues of the binding pocket of module 1
are Asp235-Ala236-Leu239-Trp278-Met299-Gly301-Val322-Val330. Although many variables exist in
the binding pockets, one of representative sequence for aromatic amino acids such as phenylalanine
and tryptophan is Asp235-Ala236-Leu239-Val278-Met299-Gly301-Ala322-Val330. Comparing the two
residue sequences, the only differences were that the Val278 and Ala322 residues in the typical binding
pocket were replaced with Trp278 and Val322, respectively, in module 1 of penN2. This means that
the adenylation domain of module 1 acts to incorporate an aromatic amino acid, such as Phe or Trp.
However, because of these substitutions (Val278—Trp and Ala322—Val), module 1 potentially gains
promiscuity to recruit variable hydrophobic amino acids, such as Leu, Val, or Phe, as a substrate.
These amino acid sequence changes result in a smaller pocket volume, thereby avoiding larger aromatic
side chains, such as that of Trp, which is consistent with the determined structures of pentaminomycins
C-E. Indeed, instead of Trp, the smaller pocket seems to prefer smaller hydrophobic amino acids,
such as Val or Leu, thereby accounting for the production of pentaminomycins C and D.

3.3. Evaluation of the Bioactivity

The majority of amino acids constituting the pentaminomycins are non-polar residues that are
expected to penetrate mammalian cells by simple diffusion and affect the membrane dynamics in the
cell. In addition, similar cyclic peptides with lipophilic side chains often induce autophagy in cultured
human cells [37,38]. We proceeded to examine whether pentaminomycins C-E affected the cellular
autophagic flux by monitoring the conjugation of phosphatidylethanolamine (PE) to ATGS8 proteins,
such as microtubule-associated protein light chain 3 (LC3) and y-aminobutyric acid receptor-associated
protein (GABARAP), which is the hallmark of autophagy induction [39]. When HEK293T cells
were treated with pentaminomycins C and D (1 and 2), the levels of lipidated forms of LC3 and
GABARAPLL1 (LC3-II and GABARAPLI-II, respectively) were significantly elevated in a moderate
dose-dependent manner, while pentaminomycin E (3) did not exert a similar phenomenon (Figure 4A,B).
The key autophagic receptor p62/SQSTSM1 remained virtually unchanged after compound treatment
(Figure 4A).

Changes in the autophagic flux manifested as elevated levels of cellular LC3-Iland GABARAPL1-II
after treatment with pentaminomycins C and D may originate from either an increased overall cellular
autophagy or the reduced autolysosomal degradation of LC3-II and GABARAPLI1-IL To determine
the molecular mechanism, the cells were treated with BafAl, which inhibits autophagy at a late
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stage by blocking the fusion between the autophagosome and the lysosome, prior to treatment
with the pentaminomycins. We observed a modest increase in GABARAPLI-II upon exposure to
pentaminomycins C (1) and D (2), but not pentaminomycin E (3), when the cells were cotreated with
BafAl (Figure 4C,D). Taken together, our data largely point that pentaminomycins C and D induce
global autophagy instead of inhibiting cellular autophagic flux, although the underlying molecular
mechanism and direct target molecules of pentaminomycins should therefore be determined.
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Figure 4. Effects of pentaminomycins C-E (1-3) on cellular autophagy in mammalian cells. HEK293T
cells were treated with various concentrations of pentaminomycins for 8 h. (A) Whole cell lysates were
harvested and subjected to SDS-PAGE followed by immunoblotting against the indicated antibodies.
(B) Quantification of LC3-Il and GABARAPLI1-II in the presence of pentaminomycins (12.5 uM) using the
multiple immunoblot images. Data were normalized to those of non-lipidated proteins. Data represent
mean + SD from three independent experiments. **, p < 0.01 and ***, p < 0.001 (one-way analysis of
variance (ANOVA) with Bonferroni’s multiple comparison test). (C) Pentaminomycins C and D, but not
E, induce global cellular autophagy. HEK293T cells were cotreated with pentaminomycins C-E (20 uM)
and a downstream autophagy inhibitor bafilomycin A1 (BafA1; 100 nM) for 12 h. (D) Quantification of
GABARAPLI-II normalized to GABARAPLI1-I in the presence or absence of pentaminomycins and
BafAl. *, p < 0.05 (one-way ANOVA with Bonferroni’s multiple comparison test).

Due to the fact that autophagy contributes to the degradation of oxidized proteins [40], we examined
the effect of pentaminomycins C and D (1 and 2) on the oxidative stress induced by menadione [41].
Measurement of the cell viability based on the intracellular ATP levels revealed that the autophagy
inducers, pentaminomycins C and D, potently protected HEK293 cells against menadione-induced
cytotoxicity (Figure 5). Pentaminomycins C and D showed significantly reduced cell death after 4 and 2
h cotreatment with menadione, respectively. These protective effects were more prominent with longer
pentaminomycin incubation times (Figure 5), thereby suggesting that autophagy induction by the
pentaminomycins may accelerate oxidized protein clearance in cells and be beneficial in terms of cell
protection under oxidative stress. However, it has yet to be determined whether natural compounds
originating from mealworm beetle-associated bacteria can delay the pathologic process involving
oxidatively damaged proteins, such as neurodegeneration and aging. Our results may therefore offer a
novel strategy to modulate cellular autophagy and oxidative stress responses in cells.
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Figure 5. Alleviation of menadione-mediated cytotoxicity by (A) pentaminomycin C and (B)
pentaminomycin D. Oxidative stress was induced by menadione (25 uM) for the indicated time
periods in HEK93 cells, which were cotreated with either pentaminomycin C or D. The relative cell
viability was assessed using the CellTiter-Glo assay and the values are represented as mean + SD
(n=23).

4. Conclusions

Alteration of the culture conditions by changing the composition of culture medium, for a
Streptomyces strain isolated from the gut of the mealworm beetle, Tenebrio molitor, enabled the
production of cyclic pentapeptides, pentaminomycins C-E (1-3). The structures of 1-3 were assigned
by combinational spectroscopic analysis. In addition, Marfey’s analysis and bioinformatic investigations
of the nonribosomal peptide synthetase (NRPS) biosynthetic gene cluster established the absolute
configurations of the new metabolites, pentaminomycins D and E. Detailed sequence analysis of
the adenylation domains in the NRPS modules revealed that the structural variations among 1-3
originate from the low specificity for hydrophobic amino acids in module 1. In addition, it was found
that cyclization of the pentaminomycins can be catalyzed by a penicillin binding protein (PBP)-type
thioesterase (TE), which is a noncanonical TE requiring - and p-amino acids in the starting and
terminal units, respectively. Pentaminomycins C and D (1 and 2), but not pentaminomycin E (3),
exhibited significant autophagy-inducing activity based on LC3 and GABARAPLI lipidation in both
the presence and absence of BafAl. Importantly, cells treated with pentaminomycins C and D showed
enhanced resistance to the oxidative stress induced by menadione, providing strong evidence that
activation of cellular autophagic flux antagonizes the harmful effects of oxidized proteins. Although
the underlying molecular mechanism requires further elucidation, our findings collectively suggest
that some pentaminomycins may exhibit therapeutic potential against diseases associated with chronic
oxidative stress and incompetent cellular responses. The discovery of pentaminomycins C-E therefore
indicates that biotechnical investigation into relatively unexploited insect-associated bacteria may be a
promising strategy to explore microbial metabolites with unique biosynthetic pathways and interesting
biological activities.
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3 in DMSO-dg, Table S1: LC/MS analysis of L-FDLA derivatives of 2 and 3, Figure S16: Production of BE-18257s
detected by LC/MS analysis. Figure S17: LC/MS chromatograms of L-FDLA derivatives of 2 and 3, Table S2:
antiSMASH output table of the whole genome analysis of Streptomyces sp. GG23, Table S3: Putative functions of
OREFs in the pentaminomycin biosynthetic gene cluster.
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Abstract: The diversity of actinomycetes associated with the marine sponge Coscinoderma mathewsi
collected from Hurghada (Egypt) was studied. Twenty-three actinomycetes were separated and
identified based on the 165 rDNA gene sequence analysis. Out of them, three isolates were classified
as novel species of the genera Micromonospora, Nocardia, and Gordonia. Genome sequencing of
actinomycete strains has revealed many silent biosynthetic gene clusters and has shown their
exceptional capacity for the production of secondary metabolites, not observed under classical
cultivation conditions. Therefore, the effect of mycolic-acid-containing bacteria or mycolic acid
on the biosynthesis of cryptic natural products was investigated. Sponge-derived actinomycete
Micromonospora sp. UA17 was co-cultured using liquid fermentation with two mycolic acid-containing
actinomycetes (Gordonia sp. UA19 and Nocardia sp. UA 23), or supplemented with pure mycolic
acid. LC-HRESIMS data were analyzed to compare natural production across all crude extracts.
Micromonospora sp. UA17 was rich with isotetracenone, indolocarbazole, and anthracycline
analogs. Some co-culture extracts showed metabolites such as a chlorocardicin, neocopiamycin A,
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and chicamycin B that were not found in the respective monocultures, suggesting a mycolic acid
effect on the induction of cryptic natural product biosynthetic pathways. The antibacterial, antifungal,
and antiparasitic activities for the different cultures extracts were also tested.

Keywords: sponges; actinomycetes; cryptic; Micromonospora; Nocardia; Gordonia; mycolic acid;
LC-HRESIMS

1. Introduction

Actinomycetes are Gram-positive bacteria living in a wide range of aquatic, terrestrial environments
and produce a variety of diverse bioactive compounds [1-4]. This phylum also has been found in a
range of marine organisms such as corals, sponges, and jellyfish [5-7]. Actinomycetes from the marine
environment have been reported to produce most of the bioactive compounds identified from the marine
ecosystems [8,9]. These compounds belong to a variety of classes including polyketides, alkaloids,
fatty acids, peptides, and terpenes [10-14]. There are many potential bioactivities of these compounds
ranging from antibacterial, antifungal and antiparasitic to antioxidant and immunomodulatory
activities [15-17]. With advances in sequencing technologies, actinomycete genomes have revealed
many biosynthetic genes that encode for natural products not observed under standard fermentation
conditions [18-22]. Previous methods were used to induce cryptic metabolites including chemical,
molecular, and biological elicitation [22-29]. Altering the fermentation conditions (pH, media
composition, and temperature) using the “one strain many compounds” (OSMAC) approach has been
used to induce silent or poor expressed metabolic pathways [30-33]. Co-cultivation of microbial strains
is a widely known approach to induce significant changes in the microbial metabolomes [20].

Mycolic acids are high-molecular-weight a-branched, f-hydroxyl fatty acids, which are located in
the cell wall of certain bacterial genera such as Corynebacterium, Mycobacterium Nocardia, Rhodococcus,
and Segniliparus [34-36]. They play a major role in shaping the cell wall and protect against chemical
substances [37,38]. The structure of each mycolic acid is thought to be genus-specific and differs in
the length of the carbon chain [34,39]. For example, members of the genus Corynebacterium have
C50-Cs and the genus Rhodococcus has been found to contain Csz4-Csp. Onaka et al., 2011, reported
the induction of a red pigment by Streptomyces lividans TK23 after co-cultivation with living cells of
the mycolic acid-containing bacterium Tsukamurella pulmonis TP-B0596 [40]. It was shown that the
metabolite profiles of several Streptomyces strains were changed after co-cultivation with the mycolic
acid-containing bacterium T. pulmonis. Combined culture of S. endus S-522 with T. pulmonis resulted in
the identification of a novel antibiotic, alchivemycin A [40]. Recently, Hoshino ef al., 2015, isolated
the di- and tri-cyclic macrolactams niizalactams A-C from the co-culture of Streptomyces sp. NZ-6
and the mycolic acid-containing bacterium Tsukamurella pulmonis TP-B0596 [41]. Arcyriaflavin E,
a new cytotoxic indolocarbazole alkaloid, was isolated by co-cultivation of mycolic acid-containing
bacteria and Streptomyces cinnamoneus NBRC 13823 [42]. Chojalactones A-C, cytotoxic butanolides
were isolated from the co-culture of Streptomyces sp. cultivated with mycolic acid-containing bacterium
Tsukamurella pulmonis TP-B0596 [43]. These studies highlight the efficacy of the co-cultivation strategy
with mycolic acid-containing bacteria, for the discovery of cryptic natural products. Interestingly, all of
those studies co-cultivate mycolic acid-containing bacteria with terrestrial actinomycetes however the
effect on marine actinomycetes to our knowledge is yet to be investigated.

In this study, isolates of novel species belonging to the genera Micromonospora, Nocardia, and
Gordonia were identified, and the effect of pure mycolic acid and mycolic acid-containing bacteria
actinomycete Gordonia sp. UA19 and Nocardia sp. UA 23 on the secondary metabolite production
of sponge-derived actinomycete Micromonospora sp. UA17 was examined by analyzing using
LC-HRMS/MS data via metabolomes tools. The antibacterial, antifungal, and antiparasitic activities for
the different cultures extracts were also tested.
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2. Materials and Methods

2.1. Description of the Area for Sponge Collection

The study area lies about 5 km to the north of Hurghada at latitudes 27°17°01.0” N, and longitudes
33°46'21.0” E (Figure 1). This site is characterized by a long patchy reef, representing the front edge
of a wide and shallow reef flat with many depressions and lagoons. The depth ranged from about
3 m at the reef front with a gentle slope towards deep water. The area was exposed to strong waves,
and the currents follow the prevailing current direction in the Red Sea from north to south. A medium
development undergoes along the coast of this area. The bottom topography of this area is characterized
by seagrasses and algae in intertidal and subtidal areas in addition to coral. The samples collected
from this area, namely Ahia Reefs. Coscinoderma mathewsi was identified by El-Sayd Abed El-Aziz
(Department of Invertebrates Lab., National Institute of Oceanography and Fisheries, Red Sea Branch,
84511 Hurghada, Egypt).

JORDAN

GEMSHA

HURGHADA =
Study area B SAUDIARABIA ‘?‘;

EGYPT SAFAGA

MARSA ALAM

Figure 1. Location map of the study area along the Egyptian Red Sea coast.

2.2. Chemicals and Reagents

All chemicals were of high analytical grade, purchased from Sigma Chemical Co Ltd. (St. Louis,
MO, USA).

2.3. Actinomycetes Isolation

The sponge biomass was transferred to the laboratory in a plastic bag containing seawater.
Sponge specimens were washed with sterile seawater, cut into pieces of ~1 cm3, and then thoroughly
homogenized in a sterile mortar with 10 volumes of sterile seawater. The supernatant was serially
diluted (107!, 1072, 107%) and subsequently plated onto agar plates. Three different media (M1, ISP2,
and Marine Agar (MA)) were used for the isolation of actinomycetes. All media were supplemented
with 0.2 pm pore size filtered cycloheximide (100 ug/mL), nystatin (25 pg/mL) and nalidixic acid
(25 ng/mL) to facilitate the isolation of slow-growing actinomycetes. All media contained Difco Bacto
agar (18 g/L) and were prepared in 1 L artificial seawater (NaCl 234.7 g, MgCl,.6 H,O 106.4 g, Na;SOy
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39.2 g, CaCl, 11.0 g, NaHCO;3 1.92 g, KC1 6.64 g, KBr 0.96 g, H3BO3 0.26 g, SrCl, 0,24 g, NaF 0.03 g
and ddH,O to 10.0 L). The inoculated plates were incubated at 30 °C for 6-8 weeks. Distinct colony
morphotypes were picked and re-streaked until visually free of contaminants. Micromonospora sp.
UA17, Gordonia sp. UA19 and Nocardia sp. UA 23 was cultivated on ISP2 medium. The isolates were
maintained on plates at the fridge and in 20% glycerol at —80 °C.

2.4. Molecular Identification and Phylogenetic Analysis

The systematic position of the 16S rDNA sequences was analyzed with the SINA web aligner and
the search and class option [44]. Closest relatives and type strains were obtained from GenBank using
nucleotide Blast against nt and refseq_rna databases, respectively [45]. Alignments were calculated
using again the SINA web aligner v1.2.11 (variability profile: bacteria). For maximum-likelihood
tree construction RAXML v8.2.12 (-f a -m GTRGAMMA) was used with 100 bootstrap replicates [46].
Trees were visualized with interactive Tree of Life (iTol) v5.5 [47]. The 16S rDNA sequences of
Micromonospora sp. UA17, Nocardia sp. UA23, and Gordonia sp. UA19 were deposited in GenBank
under the accession numbers MT271359, MT271360, and MT271361.

2.5. Co-cultivation and Extract Preparation

Three actinomycetes were subjected to liquid fermentation as follows; each strain was fermented
in 2 L Erlenmeyer flasks each containing 1.5 L ISP2 medium. After incubation of monocultures and
co-cultures, the liquid cultures were grown for 10 days at 30 °C while shaking at 150 rpm. The culture
was then filtered and the supernatant was extracted with ethyl acetate. The ethyl acetate extracts were
stored at 4 °C. Mycolic acid was used at the concentration (5 pg/mL).

2.6. Metabolic Profiling

Ethyl acetate extracts from samples were prepared at 1 mg/mL for mass spectrometry analysis.
The recovered ethyl acetate extract was subjected to metabolic analysis using LC-HR-ESI-MS according
to Abdelmohsen et al. [33]. An Acquity Ultra Performance Liquid Chromatography system connected
to a Synapt G2 HDMS quadrupole time-of-flight hybrid mass spectrometer (Waters, Milford, CT, USA)
was used. Positive and negative ESI ionization modes were utilized to carry out the high-resolution
mass spectrometry coupled with a spray voltage at 4.5 kV, the capillary temperature at 320 °C, and mass
range from my/z 150-1500. The MS dataset was processed and data were extracted using MZmine
2.20 based on the established parameters [48]. Mass ion peaks were detected and accompanied by
chromatogram builder and chromatogram deconvolution. The local minimum search algorithm was
addressed and isotopes were also distinguished via the isotopic peaks of grouper. Missing peaks were
displayed using the gap-filling peak finder. An adduct search along with a complex search was carried
out. The processed data set was next subjected to molecular formula prediction and peak identification.
The positive and negative ionization mode data sets from the respective extract were dereplicated
against the DNP (Dictionary of Natural Products) databases.

2.7. Mycolic Acid Detection

The existence of mycolic acid in the bacterial strains (Gordonia sp. UA19 and Nocardia sp. UA 23)
was investigated following the protocol by Onaka et al., 2011 [40]. After 5-7 days fermentation,
a broth culture (50 mL) was harvested and centrifuged (5000 rpm for 15 min), the resulting pellet
was resuspended in 20 mL of 10% KOH-MeOH and then hydrolyzed by heating at 100 °C for 2 h.
The solution was cooled to room temperature, and the hydrolyzed residues were acidified with 6 N
HCI and then extracted using n-hexane (30 mL). The hexane phase was collected and evaporated
in vacuo. The residue was re-suspended in 20 mL of benzene-MeOH-H;SO; (10:20:1) solution and
incubated for 2 h at 100 °C. The solution was cooled to room temperature, and the esterified residue
was extracted using 20 mL of water and n-hexane (1:1). Mycolic acid was obtained by concentrating
on the n-hexane phase. To confirm the extraction procedure, a hexane phase aliquot was subjected
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to thin-layer chromatography (TLC) (silica gel 60 F254; Merck); using an n-hexane-diethyl ether (4:1)
mobile phase, and then dipped in 50% H,SO4. The plates were heated at 150 °C, and the methyl ester
derivatives of mycolic acid were detected as brown colored spots.

2.8. Antibacterial Activity

Antibacterial activity was tested against Staphylococcus aureus NCTC 8325, Enterococcus faecalis,
Escherichia coli and Pseudomonas aeruginosa (Culture Collections Public Health England, Porton Down,
UK) [49]. After 24 h incubation at 37 °C, broth cultures were diluted in Miiller-Hinton broth (1:100)
and cultivated again until the cells reached the exponential growth phase. Cells (10° cells/mL)
were incubated in the presence of various concentrations of the tested extracts in DMSO to the last
volume of 200 uL in a 96-well plate at 37 °C. The final concentration of DMSO was 0.8% in each
well. After 18 h of incubation, the optical density of the cultures was determined at 550 nm using an
ELISA microplate reader (Dynatech Engineering Ltd., Willenhall, UK). The lowest concentration of the
compound that inhibits bacterial growth was defined as the minimal inhibitory concentration (MIC),
where chloramphenicol was used as a positive control (0.3 ug/mL).

2.9. Antifungal Activity

Antifungal activity was done by re-suspending a colony of Candida albicans 5314 (ATCC 90028)
(Culture Collections Public Health England, Porton Down, UK) [50], in 2 mL of 0.9% NaCl.
Four microliters of this suspension were transferred to 2 mL of HR medium. Various concentrations
of the test extracts were diluted in 100 pL of a medium in a 96-well microplate with a final DMSO
concentration of 0.4%. One hundred microliters of the Candida suspension were added to each well then
incubated at 30 °C for 48 h. Optical density was measured at 530 nm for control well without Candida
cells, and the MIC was detected. Amphotericin B was used as a positive control (MIC 0.4 ug/mL).

2.10. Anti-Trypanosomal Activity

The anti-trypanosomal activity was carried out according to the protocol of Huber and Koella
using 104 trypanosomes per mL of Trypanosoma brucei brucei strain TC 221, which were cultivated in
Complete Baltz Medium. Trypanosomes were tested in 96-well plate against different concentrations
of test extracts at 10-200 pg/mL in 1% DMSO to a final volume of 200 uL. As a control, 1% DMSO and
the parasite without the extract was used in each plate to show no effect of 1% DMSO. The plates were
then incubated at 37 °C in an atmosphere of 5% CO, for 24 h. After the addition of 20 uL of Alamar
Blue, the activity was measured after 48 and 72 h by light absorption using an MR 700 Microplate
Reader at a wavelength of 550 nm with a reference wavelength of 650 nm. The MIC values of the test
extracts were quantified in by linear interpolation of three independent measurements. Suramin was
used as a positive control (MIC 0.23 pg/mL).

2.11. Statistical Analysis

All experiments were carried out in triplicate. The data were presented as the means + standard
error of the mean (SEM) of at least three independent experiments. The differences among various
treatment groups were determined by ANOVA followed by Dunnett’s test using PASW Statistics®
version18 (Quarry Bay, Hong Kong). The difference of p < 0.05 considered statistically significant
compared with a vehicle-treated control group and showed by a * symbol. The MIC values were
determined using a nonlinear regression curve fitting analysis using GraphPad Prism software version
6 (LaJolla, CA, USA).
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3. Results and Discussion

3.1. Molecular Identification and Phylogenetic Analysis

The actinomycete diversity of the Red Sea sponge Coscinoderma mathewsi was investigated.
Twenty-three isolates were selected based on their cultural characteristics appearance. The 16S
rDNA genes were sequenced, and the resulted sequences were blasted against the GenBank database.
The isolates were found to belong to six different genera, Gordonia, Kocuria, Nocardia, Micrococcus,
Micromonospora, and Microbacterium. Three new species (Micromonospora sp. UA17, Gordonia sp. UA19,
and Nocardia sp. UA 23) were identified based on sequence similarities < 98.2%. The sequence
similarities of the three isolates against the type strains ranging from 95.39% to 96.97% (Tables 1-3).

Table 1. List of validly published strains of genus Micromonospora. Identity calculated against strain
Micromonospora sp. UA17.

Isolate Accession ID Identity [%] Source Ref
Micromonospora terminaliae DSM CP045309.1 96.678 Surface sterilized stem of Thai medicinal plant Terminalia 51]
101760 mucronata
Micromonospora inositola DSM LT607754.1 96.263 forest soil [52]
Micromonospora cremea CR30 NR_108478.1 96.258 rhizosphere of Pisum sativum [53]
Micromonospora rosaria DSM 803 NR_026282.1 96.125 unknown [54]
Micromonospora palomenae . P -
NE/\pU-Cf(l NR_136848.1 96.055 Nymphs of stinkbug (Palomena viridissima Poda) [55]

Table 2. List of validly published strains of genus Gordonia. Identity calculated against strain Gordonia

sp. UA19.
Isolate Accession ID Identity [%] Source Ref
Gordonia hongkongensis HKU50 NR_152023.1 95.386 human blood culture [56]
Gordonia terrae 3612 CP016594.1 95.320 soil [57]
Gordonia bronchialis DSM 43247 NR_074529.1 94.470 human sputum [58]
Gordonia desulfuricans 213E NR_028734.1 94.412 soil [59]
Gordonia rubripertincta DSM 43248 NR_043330.1 94.345 soil [60]

Table 3. List of validly published strains of genus Nocardia. Identity calculated against strain Nocardia

sp. UA23.
Isolate Accession ID Identity [%] Source Ref
Nocardia xestospongiae ST01-07 NR_156866.1 96.972 Xestospongia sp. [61]
Nocardia amikacinitolerans NBRC 108937 NR_117564.1 96.972 human eye (clinical isolate) [62]
Nocardia arthritidis DSM 44731 NR_115824.1 96.898 human sputum [63]
Nocardia araoensis NBRC 100135 NR_118199.1 96.677 human [64]
Nocardia beijingensis DSM 44636 NR_118618.1 96.529 mud from a sewage ditch NA

The phylogenetic tree for Micormonospora reveals the type strain Micromonospora terminaliae DSM
101760 to be the closest to Micromonospora sp. UA27 but did not show a specific cluster (Figure 2).
The isolate Gordonia sp. UA19 was shown to be closest to the strain Gordonia sp. EG50, originally
isolated from a marine sponge in the Red Sea and both seem to form an own cluster next to the obtained
type strains (Figure 3). Isolate Nocardia sp. UA23 was placed with three strains, also isolated from
marine sponges in either the Red Sea or the South China Sea (Figure 4).
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Figure 2. Maximum-likelihood tree of 21 Micromonospora representatives and one Catellatospora strain as
an outgroup. Bootstrap values (100 resamples) are given in percent at the nodes of the tree. The isolate
Micromonospora sp. UA17 obtained in this study is presented in bold.
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Figure 3. Maximum-likelihood tree of 19 Gordonia representatives and one Rhodococcus strain as an
outgroup. Bootstrap values (100 resamples) are given in percent at the nodes of the tree. The isolate
Gordonia sp. UA19 obtained in this study is presented in bold.
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Figure 4. Maximum-likelihood tree of 20 Nocardia representatives and one Rhodococcus strain as an
outgroup. Bootstrap values (100 resamples) are given in percent at the nodes of the tree. The isolate
Nocardia sp. UA23 obtained in this study is presented in bold.

It has been noticed that the discovery and isolation of new secondary metabolites are becoming
hard tasks, as many of the gene clusters encoding for proteins involved in the production of these
compounds are normally silenced under lab cultivation conditions [22,65]. To activate these biosynthetic
pathways, several strategies have been developed [66,67]. One of the most effective ones consists of
the co-cultivation of different microorganisms. The fermentation of both microorganisms in a common
environment creates a competitive interaction between them. This fight for survival may induce the
synthesis of secondary metabolites that have a defending function against the other microorganism
present in the culture medium, thus resulting in the silent activation of gene clusters. Another efficient
method for inducing the production of cryptic secondary metabolites is the use of elicitors [48,67,68].
Elicitors are molecules that unregulate the expression of gene clusters involved in the biosynthesis of
secondary metabolites in bacteria and fungi.

Sponge-derived actinomycete Micromonospora sp. UA17 was co-cultured using liquid fermentation
with two mycolic acid-containing actinomycetes (Gordonia sp. UA19 and Nocardia sp. UA 23) or
supplemented with pure mycolic acid. The crude extracts were tested against bacteria, fungi, and the
human parasite Trypanosoma brucei.

3.2. Metabolomic Profiling of Monoculture and Co-Culture Crude Extracts

Metabolite profiles from crude extracts of the actinobacterial monoculture extracts (Micromonospora
sp. UA17, Gordonia sp. UA19 and Nocardia sp. UA 23), besides co-cultures with two strains of mycolic
acid-containing bacteria (Gordonia sp. UA19 and Nocardia sp. UA 23) and monocultures amended with
myecolic acid were analyzed. The existence of mycolic acid in the selected strains was confirmed as
described by Onaka et al., 2011 [40]. The richest metabolites (in terms of several metabolites produced)
were observed when the strain Micromonospora sp. UA17 was co-cultured with Nocardia sp. UA 23
(which contains mycolic acid) or when supplemented with mycolic acid.
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3.2.1. Chemical Dereplication of Micromonospora sp. UA17

Analyzing the Micromonospora sp. UA17, several hits were proposed (Supplementary Table S1,
Supplementary Figure Sla). The molecular ion mass peaks at m/z 467.1350021, and 451.1401825 [M-H]J*,
for the predicted molecular formulas Cp5H4O9 and Cp5H4Og gave hits of the isotetracenone type
antitumor antibiotics atramycin A (1), and B (2) (Supplementary Figure S1b) that were previously
isolated from Streptomyces atratus [69]. The mass ion peak at m/z 465.1557922, corresponding to
the suggested molecular formula CyyHy,N,O4 [M-H]J* fit an antibiotic indolocarbazole derivative
compound TAN-1030A (3) that was previously isolated from Streptomyces longisporoflavus R-19 [70].
The ion mass peak at m/z 323.091309 [M+H]" for the predicted molecular formulas C19H1405 gave
hits of the anthracyclinone antibiotic fujianmycin A (4) which was isolated from Streptomyces sp.
GW?71/2497 [71]. Two major ion peaks with the m/z values of 529.171692 and 543.187439 [M-H]*
with molecular formulas Cp7H3p0O11 and CygH3,011 were detected and dereplicated as anthracycline
antibiotic mutactimycin C (5) and A (6), respectively, which were isolated earlier from Streptomyces sp.
1254 [72]. In addition, the mass ion peaks at m/z 479.171387 [M-H]*, for the predicted molecular formula
CpgHpaN4O4 was dereplicated another antibiotic indolocarbazole derivative 7-Oxostaurosporine (7),
which was previously detected in Streptomyces platensis, and reported as an inhibitor of protein kinase
C (Figure S1b) [73].

3.2.2. Chemical Dereplication of Gordonia sp. UA19

Analyzing the Gordoniasp. UA19, few hits were proposed (Supplementary Table S2, Supplementary
Figure S2a). The molecular ion mass peak at m/z 199.0866394 [M+H]" for the predicted molecular
formulas C12H19N»O, gave hits of the 5-(3-indolyl)oxazole type antiviral pimprinine (8) (Supplementary
Figure S2b) that were previously isolated from Streptomyces pimprina [74] and reported as inhibitors
against the replication of EV71 and ADV-7 [75]. Other than indolocarbazole derivative founded in
Micromonospora sp. UA17, which had promising activities, heroin the mass ion peak at m/z 404.123993
which corresponded to the suggested molecular formula C,;H;7N305 [M+H]* fit an indenotryptoline
compound-cladoniamide C (9) that was previously isolated from Streptomyces uncialis [76], and yet
showed no activity. Additionally, atramycin A (1), B (2), and fujianmycin A (4) metabolites were also
dereplicated based on the mass ion peaks and in agreement with the molecular formulas.

3.2.3. Chemical Dereplication of Nocardia sp. UA 23

When analyzing the Nocardia sp. UA 23, several hits were proposed (Supplementary Table S3,
Supplementary Figure S3a,b). The molecular ion mass peak at m/z 161.08075 [M+H]* for the predicted
molecular formula C;H;,O4 gave hits of the carbasugar gabosine-B (10) that were previously isolated
from Streptomyces albus [77] and reported as having DNA-binding properties [78]. The molecular ion
mass peaks at m/z 397.093338 [M-H]* for the predicted molecular formula Cy;H14N;O4 gave hits of
the quinoline-5,8-diones type antitumor antibiotic lavendamycin (11) that was previously isolated
from Streptomyces lavendulae C-22030 S [79]. The mass ion peak at 17/z 300.049118, corresponding to
the suggested molecular formula C;yH;,CIN5O4 [M-H]™ fits the purine derivative 2-chloroadenosine
(12) that was previously isolated from Streptomyces rishiriensis 265, Sp-265 (FERM-p 5921) [80] and
reported as having a suppression effect in seizure [81]. The molecular ion mass peaks at 11/z 249.107941
[M+H]" for the predicted molecular formula CoH;4N,Og gave hits of the amino acid antibiotic
malioxamycin (13) that was previously isolated from Streptomyces lydicus [82] and reported as having
a role in the management of Streptococcus pneumoniae infection [83]. In addition, the mass ion peaks
at m/z 407.167511[M-H]" for the predicted molecular formula C14HysN;Oq was dereplicated as
Enkastine I (14), which was a glycopeptide derivative, and was previously detected in Streptomyces
albus ATCC 21838 [84]. According to the literature, Enkastine I was reported as a potent inhibitor of the
endopeptidase 24.11, with an ICsp of 1.8 x 10~ M [84]. Likewise, the molecular formula C14H;3sN,O5
was characterized as the antitumor antibiotic benzodiazepine derivative chicamycin A (15), from the
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mass ion peak at /2 293.1146317 [M-H]*, which was previously obtained from Streptomyces albus [85,86].
The mass ion peaks at m/z 279.0975189 [M+H]* and 215.1289215 [M-H]* in agreement with the predicted
molecular formulas C13H14N,0s, and C;1HyO4, and were dereplicated as benzodiazepine antibiotic
RK-1441B (16), and the aliphatic alcohol antidepressant ketalin (17), respectively. These metabolites
have been isolated earlier from Streptomyces griseus [87], and Streptonmyces lavendulae Tue 1668 [88,89],
respectively. In addition, the mass ion peak at m/z 1058.672668 [M+H]* for the predicted molecular
formula Cs4HgsN30;7 was dereplicated as macrolide derivative antibiotic copiamycin which has
in vitro activity against Candida albicans, Torulopsis glabrata, and Trichomonas vaginalis. Lo (18) and was
previously detected in Streptomyces hygroscopicus var. crystallogenes [90,91].

3.2.4. Chemical Dereplication of Strains UA17 + UA19

Analyzing co-culture Micromonospora sp. UA17 with mycolic acid-containing Gordonia sp. UA19
strain, interestingly dereplicated several hits (Supplementary Table S4, Supplementary Figure S4a,
S4b). The molecular ion mass peak at m/z 252.124252 [M-H]" for the predicted molecular formula
C13H19NOy gave hits of the piperidine derivative MY 336a (19) that was previously isolated from
Streptomyces gabonae [92]. The molecular ion mass peaks at m/z 533.1067098 [M-H]* for the predicted
molecular formula Cp3Hp3CIN4Og gave hits of the -lactam derivative antibiotic chlorocardicin (20)
that was previously isolated from Streptomyces spp. [93], and reported as an inhibitor to peptidoglycan
biosynthesis [93]. The molecular ion mass peaks at m/z 335.056519 [M-H]* for the predicted molecular
formula C19H;2O¢ gave hits of the benzo[a]anthracene derivative antibiotic WS 5995-A (21) that
was previously isolated from Streptomyces auranticolor 5995 (FERM-p 5365) [94]. The molecular ion
mass peaks at m/z 1044.656982 [M+H]* for the predicted molecular formula Cs3Hg3N30;7 gave hits
of the macrolide derivative Neocopiamycin A (22) that was previously isolated from Streptomyces
hygroscopicus var. crystallogenes [95] and reported to be more active against Gram-positive bacteria and
fungi but less toxic than copiamyecin (18) [90]. The previously identified metabolites atramycin A (1),
B (2), pimprinine (8), and copiamycin (18), were also dereplicated based on the mass ion peaks and in
agree with the molecular formulas.

3.2.5. Chemical Dereplication of Strains UA17 + UA23

Analyzing co-culture Micromonospora sp. UA17 with mycolic acid-containing Nocardia sp. UA 23
strain, dereplicated several hits (Supplementary Table S5, Supplementary Figure S5a,b). A compound
at my/z 215.1390686 [M+H]*, corresponding to the suggested molecular formula C;oH;gN,O3 was
dereplicated as Alkaloid derivative LL-BH-872« (23), which was formerly reported from Streptomyces
hinnulinus [96]. The mass ion peaks at myz 247.1076736, 276.170578, 280.082809, 224.0916748,
and 261.0881348 for the predicted molecular formulas C;3H14N2O3, C15Hp1N3O,, C13H15NOg,
C11H13NOy, and Cy3H14N,O4 were dereplicated as benzodiazepine DC 81 (24), eserine Alkaloid (25),
amino derivative 13-hydroxy-streptazolin (26), pyridine-piperidine derivative A 58365B (27), and also
benzodiazepine antitumor antibiotic chicamycin B (28), respectively, which were previously detected
in Streptomyces roseiscleroticus do-81 (FERM-p 6502) [97], Streptomyces griseofuscus [98], Streptomyces
chromofuscus [99], Streptomyces sp. Al [100], and Streptomyces albus [86], respectively. Whereas that at
myjz 229.1546555, corresponding to the suggested molecular formula C11HoN,O3 was dereplicated as
imidazolidine derivative Libramycin-A (29), which was formerly reported from Streptomyces sp. [101].
Likewise, the molecular formulas C;cH7N30¢, and C11H;1NOs was characterized as -propiolactone
amino acid belactosin C (30), and dehydrodioxolide B alkaloids (31), from the mass ion peaks at m7/z
356.183197, and 236.0565987, which was previously obtained from Streptomyces sp. KY11780 [102],
and Streptomyces tendae [103], respectively. Moreover, the characteristic metabolites atramycin A (1),
chicamycin A (15), and chlorocardicin (20) were also dereplicated based on the mass ion peaks and in
agreement with the molecular formulas.
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3.2.6. Chemical Dereplication of Strain UA17 with Mycolic Acid

Analyzing co-culture Micromonospora sp. UA17 with mycolic acid, dereplicated several
hits (Supplementary Table S6, Supplementary Figure Sé6a,b). A compound at m/z 213.102264,
corresponding to the suggested molecular formula C13H;2N,O was dereplicated as 5-(3-indolyl)oxazole
derivative antiviral pimprinethine (32), which was formerly reported from Streptoverticillium
olivoreticuli [75,104]. The mass ion peaks at m/z 259.1089478, 190.049843, 227.1178055,
and 238.0722198 for the predicted molecular formulas Ci4H1N2O3z, CioH7NO;3, C14H14N>O,
and C;11H;3NOs were dereplicated as diketopiperazine derivative maculosin (33), antioxidant
3-Hydroxyquinoline-2-carboxylic acid (34), benzodiazepine derivative antitumor antibiotic
prothracarcin (35), and amino acid N-acetyl-3,4-dihydroxy-L-phenylalanine (36), respectively
which were previously detected in Streptomyces rochei 87051-3 [105], Streptomyces cyaneofuscatus
M-157 [106,107], Streptomyces umbrosus [108,109], and Streptomyces akiyoshiensis ATCC13480 L127
mutants [110], respectively. Whereas that at m/z 303.1353149, corresponding to the suggested
molecular formula C;6HN,O4 was dereplicated as benzodiazepine derivative antitumor antibiotic
tomaymycin (37), which was formerly reported from Streptonyces achromogenes-tomaymyceticus [111,112].
Likewise, the molecular formulas C1cH5N704S, C25Ho9N3019S were characterized as purine derivative
antibiotic cystocin (38), and -lactam derivative deoxycephamycin B (39) from the mass ion peaks at m/z
410.1608276, and 564.1655884 which were previously obtained from Streptomyces sp. GCA0001 [113]
and Streptomyces olivaceus SANK 60384 (NRRL 3851) [114,115], respectively. Moreover, the characteristic
metabolites, ketalin (17), chlorocardicin (20), DC 81 (24), eserine (25), 13-hydroxy-streptazolin (26),
chicamycin B (28), libramycin-A (29), belactosin C (30), dehydrodioxolide B (31), were also dereplicated
based on the mass ion peaks and in agreement with the molecular formulas.

3.3. Antibacterial, Antifungal, and Anti-Trypanosomal Activities

In this investigation, the crude extracts of the actinobacterial monoculture extracts (Micromonospora
sp. UA17, Gordonia sp. UA19, and Nocardia sp. UA 23), beside co-cultures with two strains of
mycolic acid-containing bacteria (Gordonia sp. UA19, and Nocardia sp. UA 23) and monocultures
amended with mycolic acid were evaluated for their antibacterial, antifungal, and anti-trypanosomal
activities against Staphylococcus aureus NCTC 8325, Escherichia coli, Pseudomonas aeruginosa, Candida
albicans 5314, and Trypanosoma brucei TC 221, respectively. The results showed that Micromonospora
sp. UA17 co-cultured with the two strains of mycolic acid-containing bacteria (Gordonia sp. UA19,
and Nocardia sp. UA 23) and monocultures amended with mycolic acid were more active against
Staphylococcus aureus NCTC 8325, Enterococcus faecalis, and Candida albicans 5314 compared with
monoculture extracts, where UA17 + UA23 had recorded the highest inhibition activities with MIC
value of 4.2, 3.9, and 3.8 pg/mL, respectively (Table 4). However, no activities were detected against
Escherichia coli and Pseudomonas aeruginosa. These results suggest the mycolic acid affected the induction
of bacterial natural product biosynthetic pathways. All tested extracts showed low activity against
Trypanosoma brucei TC 221 (MIC > 100 ug/mL), except Nocardia sp. UA 23 which recorded the highest
inhibition activities with MIC value of 7.2 ug/mL (Table 4).
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Table 4. Results of the crude extracts of the actinobacterial monoculture extracts (Micromonospora sp.
UA17, Gordonia sp. UA19, and Nocardia sp. UA 23), beside co-cultures with two strains of mycolic
acid-containing bacteria (Gordonia sp. UA19, and Nocardia sp. UA 23) and monocultures amended with
mycolic acid against Staphylococcus aureus NCTC 8325, Candida albicans 5314, and Trypanosoma brucei

TC 221.
MIC (ug/mL) MIC (ug/mL, 72 h.)
Sample Code Staphylococcus aureus Enterococcus Candida Trypanosoma brucei TC
NCTC 8325 faecalis albicans 5314 221
M’"""{}’X"f; ori Sp- 15.6 143 132 >100
Gordonia sp. UA19 35.7 31.9 16.8 >100
Nocardia sp. UA 23 389 39.2 25.7 72%
UA17 + UA19 8.6% 7.4% 6.4% >100
UA17 + UA23 42* 39* 38* >100
UA17 + Myc 4.7* 3.8* 59* >100

MIC value of compounds against tested the microorganism, which was defined as minimal inhibitory concentration
(MIC). Data were expressed as mean + 212 S.E.M (n = 3). One-way analysis of variance (ANOVA) followed by
Dunnett’s test was applied. Graph Pad Prism 5 was used for statistical calculations (Graph pad Software, San Diego,
CA, USA). * Significant (p < 0.05).

4. Conclusions

The rapidly growing number of actinomycete genome sequences highlighted their potential for
biosynthesizing a plethora of natural products that are much higher than expected during classical
laboratory conditions. Biological elicitation (co-cultivation) of actinomycetes is an effective strategy
to provoke the expression of unexpressed or poorly expressed secondary metabolites and further
increasing their chemical diversity. This study highlighted the effect of co-culture with mycolic
acid-producing microorganisms or mycolic acid itself in the induction of the biosynthesis of many
metabolites; although they are known or previously isolated, it was first highlighted by this species
because of the effect of co-culturing or the elicitor mycolic acid. On the other hand, some peaks showed
no hits during dereplication which suggests they may be new metabolites and need further investigation
in scale-up fermentation. The induction of these metabolites qualitatively and/or quantitatively may
be the attributed to the difference in biological activities. As in Micromonospora sp. UA17 co-cultures
with the two strains of mycolic acid-containing bacteria (Gordonia sp. UA19, and Nocardia sp. UA
23), monocultures amended with mycolic acid were more active against Staphylococcus aureus NCTC
8325, Enterococcus faecalis, and Candida albicans 5314 compared with monoculture extracts, where UA17
+ UA23 had recorded the highest inhibition activities with MIC value of 4.2, 3.9, and 3.8 pug/mL,
respectively. These results suggest that mycolic acid affected the induction of bacterial natural product
biosynthetic pathways. On the other hand, all tested extracts showed low activity against Trypanosoma
brucei TC 221, except Nocardia sp. UA 23 which recorded the highest inhibition activity with an MIC
value of 7.2 ug/mL.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-2607/8/5/783/s1.

Author Contributions: Conceptualization: U.R.A. and HM.H.; methodology: Y.IS., UR.A. and W.N.H.; software:
U.R.A.and A.H.E,; formal analysis: A.H.E., A.AES. and H AM,; investigation: U.R.A. and HM.H.; resources:
U.R.A. and H.H,; data curation: Y.G. and U.R.A.; writing—original draft: U.R.A. and A.H.E.; writing—review
and editing: U.R.A., A.H.E., HM.H. and W.N.H.; supervision: D.H.M.A. and W.N.H.; project administration:
U.R.A;; funding acquisition: D.H.M.A. and W.N.H. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Acknowledgments: This research was funded by the Deanship of Scientific Research at Princess Nourah bint
Abdulrahman University through the Fast-track Research Funding Program. We thank M. Miiller and M. Krischke
(University of Wiirzburg) for LC-MS measurement.

Conflicts of Interest: The authors declare that no conflict of interest exist.

132



Microorganisms 2020, 8, 783

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Hames-Kocabas, E.E.; Atag, U.Z.E.L. Isolation strategies of marine-derived actinomycetes from sponge and
sediment samples. ]. Microbiol. Methods 2012, 88, 342-347.

Adegboye, MLE; Babalola, O.O. Taxonomy and ecology of antibiotic producing actinomycetes. Afr. J.
Agric. Res. 2012, 15, 2255-2261.

Zhao, K.; Penttinen, P.; Guan, T.W.; Xiao, J.; Chen, Q.A.; Xu, J.; Lindstrom, K.; Zhang, L.L.; Zhang, X.P;
Strobel, G.A. The diversity and antimicrobial activity of endophytic actinomycetes isolated from medicinal
plants in Panxi Plateau China. Curr. Microbiol. 2011, 62, 182-190. [CrossRef] [PubMed]

Ukhari, M.; Thomas, A.; Wong, N. Culture Conditions for Optimal Growth of Actinomycetes from Marine
Sponges. In Developments in Sustainable Chemical and Bioprocess Technology; Springer: New York, NY, USA,
2013; pp. 203-210. [CrossRef]

Vicente, J.; Stewart, A.; Song, B.; Hill, R.T.; Wright, J.L. Biodiversity of Actinomycetes associated with
Caribbean sponges and their potential for natural product discovery. Mar. Biotechnol. 2013, 15, 413-424.
[CrossRef]

Sun, W.; Peng, C.S.; Zhao, Y.Y,; Li, Z.Y. Functional gene-guided discovery of type II polyketides from
culturable actinomycetes associated with soft coral Scleronephthya sp. PLoS ONE 2012, 7, e42847. [CrossRef]
Cheng, C.; MacIntyre, L.; Abdelmohsen, U.R.; Horn, H.; Polymenakou, P.; Edrada-Ebel, R.; Hentschel, U.
Biodiversity, anti-trypanosomal activity screening, and metabolomics profiling of actinomycetes isolated
from Mediterranean sponges. PLoS ONE 2015, 10, €0138528. [CrossRef]

Abdelmohsen, U.R.; Bayer, K.; Hentschel, U. Diversity, abundance, and natural products of marine
sponge-associated actinomycetes. Nat. Prod. Rep. 2014, 31, 381-399. [CrossRef]

Muller, R.; Wink, J. Future potential for anti-infectives from bacteria-how to exploit biodiversity and genomic
potential. Int. ]. Med. Microbiol. 2014, 304, 3-13. [CrossRef]

Dalisay, D.S.; Williams, D.E.; Wang, X.L.; Centko, R.; Chen, J.; Andersen, R.J. Marine sediment-derived
Streptomyces bacteria from British Columbia, Canada are a promising microbiota resource for the discovery
of antimicrobial natural products. PLoS ONE 2013, 8, €77078. [CrossRef]

Eltamany, E.E.; Abdelmohsen, U.R.; Ibrahim, A.K,; Hassanean, H.A.; Hentschel, U.; Ahmed, S.A. New
antibacterial xanthone from the marine sponge-derived Micrococcus sp. EG45. Bioorg. Med. Chem. Lett.
2014, 24, 4939-4942. [CrossRef]

Abdelmohsen, U.R.; Zhang, G.L.; Philippe, A.; Schmitz, W.; Pimentel-Elardo, S.M.; Hertlein-Amslinger, B.;
Hentschel, U.; Bringmann, G. Cyclodysidins A-D, cyclic lipopeptides from the marine sponge—derived
Streptomyces strain RV15. Tetrahedron Lett. 2012, 53, 23-29. [CrossRef]

Abdelmohsen, U.R.; Szesny, M.; Othman, E.M.; Schirmeister, T.; Grond, S.; Stopper, H.; Hentschel, U.
Antioxidant and anti-Protease activities of diazepinomicin from the sponge-associated Micromonospora
strain RV115. Mar. Drugs 2012, 10, 2208-2221. [CrossRef] [PubMed]

Subramani, R.; Aalbersberg, W. Marine actinomycetes: An ongoing source of novel bioactive metabolites.
Microbiol. Res. 2012, 167, 571-580. [CrossRef] [PubMed]

Solanki, R.; Khanna, M.; Lal, R. Bioactive compounds from marine actinomycetes. Indian ]. Microbiol. 2008,
48, 410-431. [CrossRef]

Abdelmohsen, U.R.; Yang, C.; Horn, H.; Hajjar, D.; Ravasi, T.; Hentschel, U. Actinomycetes from Red Sea
sponges: Sources for chemical and phylogenetic diversity. Mar. Drugs 2014, 12, 2771-2789. [CrossRef]
Grkovic, T.; Abdelmohsen, U.R.; Othman, E.M.; Stopper, H.; Edrada-Ebel, R.; Hentschel, U.; Quinn, R.J.
Two new antioxidant actinosporin analogues from the calcium alginate beads culture of sponge associated
Actinokineospora sp. strain EG49. Bioorg. Med. Chem. Lett. 2014, 24, 5089-5092. [CrossRef]

Ziemert, N.; Lechner, A.; Wietz, M.; Millan-Aguinaga, N.; Chavarria, K.L.; Jensen, P.R. Diversity, and
evolution of secondary metabolism in the marine actinomycete genus Salinispora. Proc. Natl. Acad. Sci. USA
2014, 111, 1130-1139. [CrossRef]

Udwary, D.W.; Zeigler, L.; Asolkar, RN.; Singan, V.; Lapidus, A.; Fenical, W.; Jensen, P.R.; Moore, B.S.
Genome sequencing reveals complex secondary metabolome in the marine actinomycete Salinispora tropica.
Proc. Natl. Acad. Sci. USA 2007, 104, 10376-10381. [CrossRef]

Marmann, A.; Aly, A.H.; Lin, W.H.; Wang, B.G.; Proksch, P. Co—Cultivation—A Powerful Emerging Tool for
Enhancing the Chemical Diversity of Microorganisms. Mar. Drugs 2014, 12, 1043-1065. [CrossRef]

133



Microorganisms 2020, 8, 783

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Cimermancic, P; Medema, M.H.; Claesen, J.; Kurita, K.; Brown, L.C.W.; Mavrommatis, K.; Pati, A.;
Godfrey, P.A.; Koehrsen, M.; Clardy, J.; et al. Insights into secondary metabolism from a global analysis of
prokaryotic biosynthetic gene clusters. Cell 2014, 158, 412-421. [CrossRef]

Abdelmohsen, U.R.; Grkovic, T.; Balasubramanian, S.; Kamel, M.S.; Quinn, R.J.; Hentschel, U. Elicitation of
secondary metabolism in actinomycetes. Biotechnol. Adv. 2015, 33, 798-811. [CrossRef] [PubMed]

Liu, G.; Chater, K.E; Chandra, G.; Niu, G.Q.; Tan, H.R. Molecular regulation of antibiotic biosynthesis in
streptomyces. Microbiol. Mol. Biol. Rev. 2013, 77, 112-143. [CrossRef] [PubMed]

Ochi, K.; Hosaka, T. New strategies for drug discovery: Activation of silent or weakly expressed microbial
gene clusters. Appl. Microbiol. Biotechnol. 2013, 97, 87-98. [CrossRef] [PubMed]

Brakhage, A.A. Regulation of fungal secondary metabolism. Nat. Rev. Microbiol. 2013, 11, 21-32. [CrossRef]
Rutledge, PJ.; Challis, G.L. Discovery of microbial natural products by activation of silent biosynthetic gene
clusters. Nat. Rev. Microbiol. 2015, 13, 509-523. [CrossRef]

Letzel, A.C.; Pidot, S.J.; Hertweck, C. A genomic approach to the cryptic secondary metabolome of the
anaerobic world. Nat. Prod. Rep. 2013, 30, 392—428. [CrossRef]

Luo, Y;; Huang, H.; Liang, J.; Wang, M.; Lu, L.; Shao, Z.; Cobb, R.E.; Zhao, H. Activation, and characterization
of a cryptic polycyclic tetramate macrolactam biosynthetic gene cluster. Nat. Commun. 2013, 4, 2894.
[CrossRef]

Zhu, H.; Sandiford, S K.; van Wezel, G.P. Triggers and cues that activate antibiotic production by actinomycetes.
J. Ind. Microbiol. Biotechnol. 2014, 41, 371-386. [CrossRef]

Bode, H.B.; Bethe, B.; Hofs, R.; Zeeck, A. Big effects from small changes: Possible ways to explore nature’s
chemical diversity. ChemBioChem 2002, 3, 619—-627. [CrossRef]

Paranagama, P.A.; Wijeratne, EM.K,; Gunatilaka, A.A.L. Uncovering biosynthetic potential of
plant-associated fungi: Effect of culture conditions on metabolite production by Paraphaeosphaeria quadriseptata
and Chaetomium chiversii. ]. Nat. Prod. 2007, 70, 1939-1945. [CrossRef]

Wei, H.; Lin, Z,; Li, D.; Gu, Q.; Zhu, T. OSMAC (One Strain Many Compounds) approach in the research of
microbial metabolites a review. Wei Sheng Wu Xue Bao 2010, 50, 701-709. [PubMed]

Abdelmohsen, U.R.; Cheng, C.; Viegelmann, C.; Zhang, T.; Grkovic, T.; Ahmed, S.; Quinn, R.J.; Hentschel, U.;
Edrada-Ebel, R. Dereplication strategies for targeted isolation of new antitrypanosomal actinosporins A and
B from a marine sponge associated—-Actinokineospora sp. EG49. Mar. Drugs 2014, 12, 1220-1244. [CrossRef]
[PubMed]

Butler, W.R.; Guthertz, L.S. Mycolic acid analysis by high-performance liquid chromatography for
identification of Mycobacterium species. Clin. Microbiol. Rev. 2001, 14, 704-726. [CrossRef] [PubMed]
Rivera-Betancourt, O.E.; Karls, R.; Grosse-Siestrup, B.; Helms, S.; Quinn, F; Dluhy, R.A. Identification
of mycobacteria based on spectroscopic analyses of mycolic acid profiles. Analyst 2013, 138, 6774—6785.
[CrossRef] [PubMed]

Butler, WR.; Floyd, M.M.; Brown, ].M.; Toney, S.R.; Daneshvar, M.I; Cooksey, R.C.; Carr, J.; Steigerwalt, A.G.;
Charles, N. Novel mycolic acid-containing bacteria in the family Segniliparaceae fam. nov., including the
genus Segniliparus gen. nov., with descriptions of Segniliparus rotundus sp nov and Segniliparus rugosus sp.
nov. Int. . Syst. Evol. Microbiol. 2005, 55, 1615-1624. [CrossRef] [PubMed]

Marrakchi, H.; Laneelle, M.A.; Daffe, M. Mycolic Acids: Structures, Biosynthesis, and Beyond. Chem. Biolog.
2014, 21, 67-85. [CrossRef] [PubMed]

Jamet, S.; Slama, N.; Domingues, J.; Laval, F; Texier, P; Eynard, N.; Quemard, A.; Peixoto, A.; Lemassu, A.;
Daffe, M.; et al. The Non-Essential Mycolic Acid Biosynthesis Genes hadA and hadC Contribute to the
Physiology and Fitness of Mycobacterium smegmatis. PLoS ONE 2015, 10, e0145883. [CrossRef]

Glickman, M.S.; Cox, ].S.; Jacobs, W.R. A novel mycolic acid cyclopropane synthetase is required for cording,
persistence, and virulence of Mycobacterium tuberculosis. Mol. Cell 2000, 5, 717-727. [CrossRef]

Onaka, H.; Mori, Y.; Igarashi, Y.; Furumai, T. Mycolic Acid-Containing Bacteria Induce Natural-Product
Biosynthesis in Streptomyces Species. Appl. Environ. Microbiol. 2011, 77, 400-406. [CrossRef]

Hoshino, S.; Okada, M.; Wakimoto, T.; Zhang, H.; Hayashi, F.; Onaka, H.; Abe, 1. Niizalactams A-C,
Multicyclic Macrolactams Isolated from Combined Culture of Streptomyces with Mycolic Acid—Containing
Bacterium. J. Nat. Prod. 2015, 78, 3011-3017. [CrossRef]

134



Microorganisms 2020, 8, 783

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Hoshino, S.; Zhang, L.; Awakawa, T.; Wakimoto, T.; Onaka, H.; Abe, I. Arcyriaflavin E, a new cytotoxic
indolocarbazole alkaloid isolated by combined—culture of mycolic acid-containing bacteria and Streptomyces
cinnamoneus Nbrc 13823. |. Antibiotics 2015, 68, 342-344. [CrossRef] [PubMed]

Hoshino, S.; Wakimoto, T.; Onaka, H.; Abe, I. Chojalactones A-C, cytotoxic butanolides isolated from
Streptomyces sp. cultivated with mycolic acid—containing bacterium. Org. Lett. 2015, 17, 1501-1504.
[CrossRef] [PubMed]

Pruesse, E.; Peplies, J.; Glockner, FO. SINA: Accurate high-throughput multiple sequence alignment of
ribosomal RNA genes. Bioinformatics 2012, 28, 1823-1829. [CrossRef] [PubMed]

Altschul, S.F; Gish, W.; Miller, W.; Myers, E.W.; Lipman, D.J. Basic local alignment search tool. ]. Mol. Biol.
1990, 215, 403-410. [CrossRef]

Stamatakis, A. RAXML version 8: A tool for phylogenetic analysis and post-analysis of large phylogenies.
Bioinformatics 2014, 30, 1312-1313. [CrossRef]

Letunic, I; Bork, P. Interactive Tree of Life (iTOL) v4: Recent updates and new developments. Nucleic Acids Res.
2019, 47, 256-259. [CrossRef]

Tawfike, A.; Attia, E.Z; Desoukey, S.Y.; Hajjar, D.; Makki, A.A.; Schupp, PJ; Edrada-Ebel, R;
Abdelmohsen, U.R. New bioactive metabolites from the elicited marine sponge-derived bacterium
Actinokineospora spheciospongiae sp. nov. AMB Express 2019, 9, 12. [CrossRef]

Liu, M,; Lu, J.; Miiller, P; Turnbull, L.; Burke, C.M.; Schlothauer, R.C.; Carter, D.A.; Whitchurch, C.B.; Harry, E.].
Antibiotic-specific differences in the response of Staphylococcus aureus to treatment with antimicrobials
combined with manuka honey. Fron. Microbiol. 2015, 5, 779. [CrossRef]

Lum, K.Y;; Tay, S.T.; Le, C.E; Lee, V.S.; Sabri, N.H.; Velayuthan, R.D.; Hassan, H.; Sekaran, S.D. Activity of
novel synthetic peptides against Candida albicans. Sci. Rep. 2015, 5, 9657. [CrossRef]

Kaewkla, O.; Thamchaipinet, A.; Franco, C.M.M. Micromonospora terminaliae sp. nov., an endophytic
actinobacterium isolated from the surface—sterilized stem of the medicinal plant Terminalia mucronata. Int. .
Syst. Evol. Microbiol. 2017, 67, 225-230. [CrossRef]

Carro, L.; Nouioui, I.; Sangal, V.; Meier-Kolthoff, J.P.; Trujillo, M.E.; del Carmen Montero-Calasanz, M.;
Sahin, N.; Smith, D.L.; Kim, K.E.; Peluso, P. Genome-based classification of micromonosporae with a focus
on their biotechnological and ecological potential. Sci. Rep. 2018, 8, 1-23. [CrossRef] [PubMed]

Carro, L.; Pukall, R.; Spréer, C.; Kroppenstedt, RM.; Trujillo, M.E. Micromonospora cremea sp. nov.
and Micromonospora zamorensis sp. nov., isolated from the rhizosphere of Pisum sativum. Int. ]. Syst.
Evol. Microbiol. 2012, 62, 2971-2977. [CrossRef] [PubMed]

Kasai, H.; Tamura, T.; Harayama, S. Intrageneric relationships among Micromonospora species deduced
from gyrB-based phylogeny and DNA relatedness. Int. ]. Syst. Evol. Microbiol. 2000, 50, 127-134. [CrossRef]
[PubMed]

Fang, B.; Liu, C.; Guan, X; Song, J.; Zhao, J.; Liu, H.; Li, C.; Ning, W.; Wang, X.; Xiang, W. Two new species of
the genus Micromonospora: Micrononospora palomenae sp. nov. and Micromonospora harpali sp. nov. isolated
from the insects. Antonie Van Leeuwenhoek 2015, 108, 141-150. [CrossRef] [PubMed]

Tsang, C.-C.; Xiong, L.; Poon, RW.; Chen, ].H.; Leung, K.-W.; Lam, ].Y.; Wu, AK,; Chan, J.E; Lau, SK,;
Woo, P.C. Gordonia hongkongensis sp. nov., isolated from blood culture and peritoneal dialysis effluent of
patients in Hong Kong. Int. ]. Syst. Evol. Microbiol. 2016, 66, 3942-3950. [CrossRef]

Russell, D.A.; Bustamante, C.A.G.; Garlena, R.A.; Hatfull, G.F. Complete genome sequence of Gordonia
terrae 3612. Genome Announc. 2016, 4, e01058-16. [CrossRef]

Ivanova, N.; Sikorski, J.; Jando, M.; Lapidus, A.; Nolan, M.; Lucas, S.; Del Rio, T.G.; Tice, H.; Copeland, A.;
Cheng, J.-F. Complete genome sequence of Gordonia bronchialis type strain (3410 T). Stand. Genomic Sci. 2010,
2,19-28. [CrossRef]

Kim, S.B.; Brown, R.; Oldfield, C.; Gilbert, S.C.; Iliarionov, S.; Goodfellow, M. Gordonia amicalis sp. nov.,
a novel dibenzothiophene-desulphurizing actinomycete. Int. ]. Syst. Evol. Microbiol. 2000, 50, 2031-2036.
[CrossRef]

Shen, E-T.; Lu, H.-L,; Lin, ] .-L.; Huang, W.-S.; Arun, A_; Young, C.-C. Phylogenetic analysis of members of
the metabolically diverse genus Gordonia based on proteins encoding the gyrB gene. Res. Microbiol. 2006,
157,367-375. [CrossRef]

Thawai, C.; Rungjindamai, N.; Klanbut, K.; Tanasupawat, S. Nocardia xestospongiae sp. nov., isolated from
a marine sponge in the Andaman Sea. Int. ]. Syst. Evol. Microbiol. 2017, 67, 1451-1456. [CrossRef]

135



Microorganisms 2020, 8, 783

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.
81.

82.

83.

84.

Ezeoke, I; Klenk, H.-P.; Potter, G.; Schumann, P.; Moser, B.D.; Lasker, B.A.; Nicholson, A.; Brown, J.M.
Nocardia amikacinitolerans sp. nov., an amikacin-resistant human pathogen. Int. J. Syst. Evol. Microbiol.
2013, 63, 1056-1061. [CrossRef] [PubMed]

Conville, PS.; Zelazny, A.M.; Witebsky, E.G. Analysis of secA1 gene sequences for identification of Nocardia
species. J. Clin. Microbiol. 2006, 44, 2760-2766. [CrossRef] [PubMed]

Conville, PS.; Murray, P.R.; Zelazny, A.M. Evaluation of the Integrated Database Network System (IDNS)
SmartGene software for analysis of 165 rRNA gene sequences for identification of Nocardia species.
J. Clin. Microbiol. 2010, 48, 2995-2998. [CrossRef] [PubMed]

Nett, M.; Ikeda, H.; Moore, B.S. Genomic basis for natural product biosynthetic diversity in the actinomycetes.
Nat. Prod. Rep. 2009, 26, 1362-1384. [CrossRef]

El-Hawary, S.S.; Sayed, A.M.; Mohammed, R.; Hassan, H.M.; Zaki, M.A_; Rateb, M.E.; Mohammed, T.A ;
Amin, E.; Abdelmohsen, U.R. Epigenetic Modifiers Induce Bioactive Phenolic Metabolites in the
Marine-Derived Fungus Penicillium brevicompactum. Mar. Drugs 2018, 16, 253. [CrossRef]

Dashti, Y.; Grkovic, T.; Abdelmohsen, U.R.; Hentschel, U.; Quinn, R.J. Actinomycete Metabolome
Induction/Suppression with N-Acetylglucosamine. J. Nat. Prod. 2017, 80, 828-836. [CrossRef]

Dinesh, R; Srinivasan, V.; Sheeja, T.E.; Anandaraj, M.; Srambikkal, H. Endophytic actinobacteria: Diversity,
secondary metabolism, and mechanisms to unsilence biosynthetic gene clusters. Crit. Rev. Microbiol. 2017,
43, 546-566. [CrossRef]

Fujioka, K.; Furihata, K.; Shimazu, A.; Hayakawa, Y.; Seto, H. Isolation and characterization of atramycin A
and atramycin B, new isotetracenone type antitumor antibiotics. |. Antibiot. 1991, 44, 1025-1028. [CrossRef]
Cai, Y.; Fredenhagen, A.; Hug, P.; Peter, H.H. A nitro analogue of staurosporine and other minor metabolites
produced by a Streptomyces longisporoflavus strain. J. Antibiot. 1995, 48, 143-148. [CrossRef]

Maskey, R.P.; Griin-Wollny, I.; Laatsch, H. Resomycins AC: New Anthracyclinone Antibiotics Formed by a
Terrestrial Streptomyces sp. J. Antibiot. 2003, 56, 795-800. [CrossRef]

Jin, W. Isolation and structure determination of mutactimycin A, a new anthracycline antibiotic. Kangshengsu
1990, 15, 399-406.

Osada, H.; Koshino, H.; Kudo, T.; Onose, R.; Isono, K. A new inhibitor of protein kinase C, Rk-1409
(7—oxostaurosporine). |. Antibiot. 1992, 45, 189-194. [CrossRef] [PubMed]

Naik, S.; Harindran, J.; Varde, A. Pimprinine, an extracellular alkaloid produced by Streptomyces CDRIL-312:
Fermentation, isolation, and pharmacological activity. ]. Biotechnol. 2001, 88, 1-10. [CrossRef]

Wei, Y.; Fang, W.; Wan, Z.; Wang, K.; Yang, Q.; Cai, X; Shi, L.; Yang, Z. Antiviral effects against EV71 of
pimprinine and its derivatives isolated from Streptomyces sp. Virol. ]. 2014, 11, 195. [CrossRef]

Williams, D.E.; Davies, J.; Patrick, B.O.; Bottriell, H.; Tarling, T.; Roberge, M.; Andersen, R.J. Cladoniamides
A- G, tryptophan—derived alkaloids produced in culture by Streptomyces uncialis. Org. Lett. 2008, 10,
3501-3504. [CrossRef] [PubMed]

Roscales, S.; Plumet, ]. Biosynthesis and biological activity of carbasugars. Int. J. Carbohydr. Chem. 2016, 2016.
[CrossRef]

Tang, Y.Q.; Maul, C.; Hofs, R.; Sattler, I.; Grabley, S.; Feng, X.Z.; Zeeck, A.; Thiericke, R. Gabosines L, N and
O: New Carba-Sugars from Streptomyces with DNA-Binding Properties. Eur. J. Org. Chem. 2000, 149-153.
[CrossRef]

Balitz, D.; Bush, J.; Bradner, W.; Doyle, T.; O’herron, E; Nettleton, D. Isolation of lavendamycin a new
antibiotic from Streptomyces lavendulae. |. Antibiot. 1982, 35, 259-265. [CrossRef]

Takahashi, E.; Beppu, T. Anew nucleosidic antibiotic AT-265. |. Antibiot. 1982, 35, 939-947. [CrossRef]
Ates, N.; Ilbay, G.; Sahin, D. Suppression of generalized seizures activity by intrathalamic 2—-chloroadenosine
application. Exp. Biol. Med. 2005, 230, 501-505. [CrossRef]

Takeuchi, M.; Inukai, M.; Enokita, R.; Iwado, S.; Takahashi, S.; Arai, M. Malioxamycin, a new antibiotic with
spheroplast—forming activity. J. Antibiot. 1980, 33, 1213-1219. [CrossRef] [PubMed]

Macgowan, A.P; Bowker, K.E.; Wootton, M.; Holt, H.A. Activity of moxifloxacin, administered
once a day, against Streptococcus pneumoniae in an invitro pharmacodynamic model of infection.
Antimicrob. Agents Chemother. 1999, 43, 1560-1564. [CrossRef] [PubMed]

Vértesy, L.; Fehlhaber, H.W.; Kogler, H.; Schindler, PW. Enkastines: Amadori Products with a Specific
Inhibiting Action against Endopeptidase—24.11-from Streptomyces albus and by Synthesis. Liebigs Ann. 1996,
121-126. [CrossRef]

136



Microorganisms 2020, 8, 783

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.
101.

102.

103.

104.

105.

106.

Tsunakawa, M.; Kamei, H.; Konishi, M.; Miyaki, T.; Oki, T.; Kawaguchi, H. Porothramycin, a new antibiotic
of the anthramycin group: Production, isolation, structure, and biological activity. . Antibiot. 1988, 41,
1366-1373. [CrossRef]

Konishi, M.; Hatori, M.; Tomita, K.; Sugawara, M.; Ikeda, C.; Nishiyama, Y.; Imanishi, H.; Miyaki, T.;
Kawaguchi, H. Chicamycin, a new antitumor antibiotic. J. Antibiot. 1984, 37, 191-199. [CrossRef]

Osada, H.; Ishinabe, K.; Yano, T.; Kajikawa, K.; Isono, K. New Pyrrolobenzodiazepine Antibiotics, RK-1441A
and B L. Biological Properties. Agric. Biol. Chem. 1990, 54, 2875-2881. [CrossRef]

Huang, X.; He, J.; Niu, X.; Menzel, K.D.; Dahse, H.M.; Grabley, S.; Fiedler, H.P.; Sattler, I.; Hertweck, C.
Benzopyrenomycin, a Cytotoxic Bacterial Polyketide Metabolite with a Benzo a pyrene-Type Carbocyclic
Ring System. Angew. Chem. Int. Ed. 2008, 47, 3995-3998. [CrossRef]

Pham, T.H.; Gardier, A.M. Fast-acting antidepressant activity of ketamine: Highlights on brain serotonin,
glutamate, and GABA neurotransmission in preclinical studies. Pharmacol. Therapeut. 2019, 58-90. [CrossRef]
Arai, T.; Uno, J.; Horimi, I.; Fukushima, K. Isolation of neocopiamycin A from Streptomyces hygroscopicus var.
crystallogenes, the copiamycin source. J. Antibiot. 1984, 37, 103-109. [CrossRef]

Seiga, K.; Yamaji, K. Microbiological study of copiamycin. Appl. Environ. Microbiol. 1971, 21, 986-989.
[CrossRef]

Butnariu, M.; Butu, A. Functions of collateral metabolites produced by some actinomycetes. In Microbial
Pathogens and Strategies for Combating them: Science, Technology, and Education; Formatex Research Center:
Badajoz, Spain, 2013; pp. 1419-1425.

Nisbet, L.J.; Mehta, RJ.; Oh, Y.; Pan, C.H.; Phelen, C.G.; Polansky, M.].; Shearer, M.C.; Giovenella, A.J;
Grappel, S.F. Chlorocardicin, a monocyclic f-lactam from a Streptomyces sp. J. Antibiot. 1985, 38, 133-138.
[CrossRef] [PubMed]

Ikushima, H.; Iguchi, E.; Kohsaka, M.; Aoki, H.; Imanaka, H. Streptomyces auranticolor sp. nov., a new
anticoccidial antibiotics producer. J. Antibiot. 1980, 33, 1103-1106. [CrossRef] [PubMed]

Song, X.; Yuan, G.; Li, P; Cao, S. Guanidine-containing polyhydroxyl macrolides: Chemistry, biology,
and structure-activity relationship. Molecules 2019, 24, 3913. [CrossRef] [PubMed]

Sugawara, A.; Kubo, M.; Hirose, T.; Yahagi, K.; Tsunoda, N.; Noguchi, Y.; Nakashima, T.; Takahashi, Y.;
Welz, C.; Mueller, D. Jietacins, azoxy antibiotics with potent nematocidal activity: Design, synthesis,
and biological evaluation against parasitic nematodes. Eur. |. Med. Chem. 2018, 145, 524-538. [CrossRef]
[PubMed]

Kamal, A; Reddy, P.; Reddy, D.R. The effect of C2—fluoro group on the biological activity of DC-81 and its
dimers. Bioorg. Med. Chem. Lett. 2004, 14, 2669-2672. [CrossRef] [PubMed]

Russotti, G.; Goklen, K.E.; Wilson, ].J. Development of a pilot-scale microfiltration harvest for the isolation of
physostigmine from Streptomyces griseofuscus broth. J. Chem. Technol. Biotechnol. 1995, 63, 37-47. [CrossRef]
Mynderse, J.S.; O’Connor, S.C. Quiuolizine and indolizine enzyme inhibitors. U.S. Patent 4,508,901,
2 April 1985.

Mayer, M; Thiericke, R. Biosynthesis of streptazolin. J. Org. Chem. 1993, 58, 3486-3489. [CrossRef]
Chaudhary, H.S.; Soni, B.; Shrivastava, A.R.; Shrivastava, S. Diversity and versatility of actinomycetes and
its role in antibiotic production. J. Appl. Pharm. Sci. 2013, 3, S83-594.

Beck, J.; Guminski, Y.; Long, C.; Marcourt, L.; Derguini, F; Plisson, F.; Grondin, A.; Vandenberghe, L;
Vispé, S.; Brel, V. Semisynthetic neoboutomellerone derivatives as ubiquitin-proteasome pathway inhibitors.
Bioorg. Med. Chem. 2012, 20, 819-831. [CrossRef]

Blum, S.; Groth, L; Rohr, J.; Fiedler, H.P. Biosynthetic capacities of actinomycetes. 5. Dioxolides, novel
secondary metabolites from Streptomyces tendae. J. Basic Microbiol. 1996, 36, 19-25. [CrossRef]

Koyama, Y.; Yokose, K.; Dolby, L.J. Isolation, characterization, and synthesis of pimprinine, pimprinethine
and pimprinaphine, metabolites of Streptoverticillium olivoreticuli. Agric. Biol. Chem. 1981, 45, 1285-1287.
[CrossRef]

Lee, H.-B.; Choi, Y.-C.; Kim, S.-U. Isolation and identification of maculosins from Streptomyces rochei 87051-3.
Appl. Biol. Chem. 1994, 37, 339-342.

Ortiz-Lopez, F; Alcalde, E.; Sarmiento-Vizcaino, A.; Diaz, C.; Cautain, B.; Garcia, L.; Blanco, G.; Reyes, F.
New 3-Hydroxyquinaldic Acid Derivatives from Cultures of the Marine Derived Actinomycete Streptomyces
cyaneofuscatus M-157. Mar. Drugs 2018, 16, 371. [CrossRef] [PubMed]

137



Microorganisms 2020, 8, 783

107.

108.

109.

110.

111.

112.

113.

114.
115.

Massoud, M.A.; el Bialy, S.A; Bayoumi, W.A.; el Husseiny, WM. Synthesis of new 2-and
3-hydroxyquinoline—4-carboxylic acid derivatives as potential antioxidants. Heterocycl. Commun. 2014, 20,
81-88. [CrossRef]

Mori, M.; Uozumi, Y.; Kimura, M.; Ban, Y. Total syntheses of prothracarcin and tomaymycin by use of
palladium catalyzed carbonylation. Tetrahedron 1986, 42, 3793-3806. [CrossRef]

Shimizu, K.-i.; Kawamoto, I.; Tomita, F; Morimoto, M.; Fujimoto, K. Prothracarcin, a novel antitumor
antibiotic. J. Antibiot. 1982, 35, 972-978. [CrossRef]

Smith, K.C.; White, R.L.; Le, Y.; Vining, L.C. Isolation of N-acetyl-3, 4-dihydroxy-L-phenylalanine from
Streptomyces akiyoshiensis. J. Nat. Prod. 1995, 58, 1274-1277. [CrossRef]

Kannan, S. Screening for antiviral activity of Actinomycetes isolated from soil sediments. Ph.D. Thesis,
Nandha College of Pharmacy, Erode, India, 2009.

Hurley, L.H. Pyrrolo (1, 4) benzodiazepine antitumor antibiotics. Comparative aspects of anthramycin,
tomaymycin and sibiromycin. |. Antibiot. 1977, 30, 349-370. [CrossRef]

Deepika, L.; Kannabiran, K. Antagonistic activity of streptomyces vitddk1 spp.(gu223091) isolated from the
coastal region of tamil nadu, India. Pharmacologyoline 2010, 1, 17-29.

Harada, S. New Cephalosporins. J. Chromatogr. Libr. 1989, 43, 233-257.

Lee, H.C.; Liou, K.; Kim, D.H.; Kang, S.-Y.; Woo, ].-S.; Sohng, ].K. Cystocin, a novel antibiotic, produced
byStreptomyces sp. GCA0001: Biological activities. Arch. Pharm. Res. 2003, 26, 446—448. [CrossRef]
[PubMed]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
BY

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

138



microorganisms ﬁw\pﬁ

Article
Bioactivity of Serratiochelin A, a Siderophore Isolated
from a Co-Culture of Serratia sp. and Shewanella sp.

Yannik Schneider "**, Marte Jenssen 1*t, Johan Isaksson 2, Kine @stnes Hansen !,

Jeanette Hammer Andersen 'and Espen H. Hansen !

1 Marbio, Faculty for Fisheries, Biosciences and Economy, UiT—The Arctic University of Norway, Breivika,

N-9037 Tromse, Norway; kine.o.hanssen@uit.no (K.0.H.); jeanette.h.andersen@uit.no (J.H.A.);

espen.hansen@uit.no (E.H.H.)

Department of Chemistry, Faculty of Natural Sciences, UiT—The Arctic University of Norway, Breivika,

N-9037 Tromse, Norway; johan.isaksson@uit.no

*  Correspondence: yannik k.schneider@uit.no (Y.S.); marte jenssen@uit.no (M.].); Tel.: +47-7764-9267 (Y.S.);
+47-7764-9275 (M.].)

1t These authors contributed equally to the work.

Received: 15 June 2020; Accepted: 10 July 2020; Published: 14 July 2020

Abstract: Siderophores are compounds with high affinity for ferric iron. Bacteria produce these
compounds to acquire iron in iron-limiting conditions. Iron is one of the most abundant metals on
earth, and its presence is necessary for many vital life processes. Bacteria from the genus Serratia
contribute to the iron respiration in their environments, and previously several siderophores have
been isolated from this genus. As part of our ongoing search for medicinally relevant compounds
produced by marine microbes, a co-culture of a Shewanella sp. isolate and a Serratia sp. isolate,
grown in iron-limited conditions, was investigated, and the rare siderophore serratiochelin A (1) was
isolated with high yields. Compound 1 has previously been isolated exclusively from Serratia sp.,
and to our knowledge, there is no bioactivity data available for this siderophore to date. During the
isolation process, we observed the degradation product serratiochelin C (2) after exposure to formic
acid. Both 1 and 2 were verified by 1-D and 2-D NMR and high-resolution MS/MS. Here, we present
the isolation of 1 from an iron-depleted co-culture of Shewanella sp. and Serratia sp., its proposed
mechanism of degradation into 2, and the chemical and biological characterization of both compounds.
The effects of 1 and 2 on eukaryotic and prokaryotic cells were evaluated, as well as their effect on
biofilm formation by Staphylococcus epidermidis. While 2 did not show bioactivity in the given assays,
1 inhibited the growth of the eukaryotic cells and Staphylococcus aureus.

Keywords: Serratiochelin A; Serratiochelin C; Serratia sp.; siderophore; iron; anticancer; natural products;
microbial biotechnology; degradation; antibacterial; S. aureus

1. Introduction

Iron is the fourth most abundant metal in the Earth’s crust and is an absolute requirement for life [1].
Iron is an essential nutrient vital for several biological processes, such as respiration, gene regulation,
and DNA biosynthesis [1,2]. Despite its abundance, iron is a growth-limiting factor for organisms
in many environments [1]. To tackle this, microorganisms produce a vast range of iron-chelating
compounds, called siderophores. Siderophores are compounds of low molecular weight (<1000 Da)
that have high affinity and selectivity for ferric iron (iron(Ill)) [1], with the function of mediating iron
uptake by microbial cells [3]. Siderophore production is commonly regulated by the iron concentration
in the surroundings [4]. The siderophores are accumulated by membrane-bound iron receptors and
brought inside the cell by active transport. Subsequently, the iron is normally reduced from iron(III) to
iron(II). Since the affinity towards iron(Il) is much lower than to iron(IIl), the iron is released from the
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iron-siderophore complex and can be utilized by the microorganism [4]. One of the major functional
groups of siderophores is catecholate. Many siderophores of the catecholate type contain building
blocks consisting of dihydroxybenzoic acid coupled to an amino acid [3]. The first catecholate-type
siderophore, a glycine conjugate of 2,3-dihydroxybenzoic acid, was identified in 1958. The compound
was produced by Bacillus subtilis under iron-poor conditions [5].

The genus Serratia is part of the family Enterobacteriaceae, whose type species is Serratia marcescens [6,7].
Species of the genus Serratia have been detected in diverse habitats, such as soil, humans, invertebrates,
and water. For Serratia plymuthica, water appears to be the principal habitat [6]. Bacteria from this genus
are also problematic in health care, as Serratia marcescens is an opportunistic pathogen causing infections
in immunocompromised patients. One of the pathogenicity factors of the bacterium is its production
of potent siderophores. Several different siderophores are produced by bacteria of this genus [8],
one example being the serratiochelins produced by Serratia sp. V4 [9,10].

The serratiochelins are catecholate siderophores produced by Serratia sp. [9,10]. In a paper from
2012 by Seyedsayamdost and co-authors, a new siderophore biosynthetic pathway was proposed for the
production of the serratiochelins [10]. The new pathway consisted of genes originating and recombined
from two known siderophore biosynthetic clusters: The clusters for enterobactin (Escherichia coli) and
vibriobactin (Vibrio cholera). The study mentions three different serratiochelins, serratiochelin A (1), B,
and C (2); the structures of 1 and 2 can be seen in Figure 1. In the study from 2012, only two of the
three compounds, 1 and serratiochelin B, were found in the untreated culture extracts, while 2 is a
hydrolysis product of 1, which was produced in the presence of formic acid. Sayedsayamdost et al.
indicated that 1 and serratiochelin B were the native compounds produced by the bacterium [10].

OH
OH 15 9 8 _OH HO 18
2 N N 20

1

Figure 1. The structures of serratiochelin A (1) and C (2).

Siderophores are of pharmaceutical interest. They can be used in their native form to treat iron
overload diseases, like sickle cell disease. Desferal® (Deferoxamine) is a siderophore-based drug
used to treat iron poisoning and thalassemia major, a disease that leads to iron overload, which can
lead to severe organ damage [11,12]. Siderophores can furthermore be used to facilitate active
uptake of antibiotics by bacteria, and by the production of siderophore-antibiotic drug conjugates
(SADCs). For some antibiotics, this strategy can reduce the minimal inhibitory concentration (MIC)
by 100-fold, compared to an unbound antibiotic that enters the bacterial cell by passive diffusion [13].
The sideromycins are one example of SADCs. Albomycin, which belongs to this group, enters via
the ferrichrome transporter, and has broad-spectrum antibiotic activity and is active against different
Gram-negative bacteria [4,14]. The main problem with the use of SADCs is that most pathogenic
bacteria have different routes for iron uptake, which could lead to higher frequency in resistance [4].

Due to the important role of Shewanella sp. and Serratia sp. in the environmental iron cycle,
we were intrigued by observing a compound in high yields in an iron-limited co-culture of the two
bacteria, which was not found in cultures supplemented with iron nor in axenic cultures of the bacteria.
Here, we report the isolation of 1 from a co-culture of Shewanella sp. and Serratia sp. The degradation of
1 into 2 in the presence of acid was confirmed. To our knowledge, there is no published data regarding
the bioactivity of these compounds. In this study, 1 and 2 were tested against a panel of bacterial
and human cells, and for their ability to inhibit biofilm formation of the biofilm-producing bacterium
S. epidermidis.
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2. Materials and Methods

2.1. Bacterial Isolates

Compound 1 was isolated from bacterial cultures started from a non-axenic glycerol stock.
The bacterial glycerol stock originally contained a Leifsonia sp. isolate. The stock was found to be
contaminated with both Shewanella sp. and Serratia sp. after several steps of cultivation and production
of new glycerol stock solutions. The non-axenic glycerol stock was inoculated onto three different
agar plates, in order to gather information of the different isolates present. Originally, the Leifsonia
sp. isolate was provided as an axenic culture by The Norwegian Marine Biobank (Marbank, Tromsg,
Norway) (Reference number: M10B719). The bacterium was isolated from the intestine/stomach of
an Atlantic hagfish (Myxine glutinosa) collected by benthic trawl in Hadselfjorden (Norwegian Sea,
16th of April, 2010). The bacterium was grown in liquid FMAP medium (15 g Difco Marine Broth
(Becton Dickinson and Company, Franklin Lakes, NJ, USA), 5 g peptone from casein, enzymatic digest
(Sigma, St. Louis, MS, USA), 700 mL ddH,O, and 300 mL filtrated sea water) until sufficient turbidity,
and cryo-conserved at —80 °C with 30% glycerol (Sigma). Filtration of sea water was done through a
Millidisk® 40 Cartridge with a Durapore® 0.22-um filter membrane (Millipore, Burlington, MA, USA).

2.2. PCR and Identification of the Strains

The glycerol stock was plated onto three different types of agar: FMAP agar (FMAP medium
with 15 g/L agar), DVR1 agar (6.7 g malt extract (Sigma), 11.1 g peptone from casein, enzymatic digest
(Sigma), 6.7 g yeast extract (Sigma), 0.5 L filtered sea water, 0.5 L ddH,0), and potato glucose agar
(Sigma). The plates with bacteria were incubated at 10 °C until sufficient growth, and transferred
to 4 °C for temporary storage. This plating experiment resulted in the discovery of three different
bacterial isolates, based on bacterial morphology and sequencing of the 165 rRNA gene. Clear colonies
were picked from the plates, and inoculated into 100 pL of autoclaved ddH,O. The samples were
stored at —20 °C until PCR amplification. The characterization of the bacterial strains was done with
sequencing of the 16S rRNA gene through colony PCR and Sanger sequencing. The primer set used for
amplification of the gene was the 27F primer (forward primer; 5-AGAGTTTGATCMTGGCTCAG)
and the 1429R primer (reverse primer; 5-TACCTTGTTACGACTT), both from Sigma. Prior to the
amplification PCR, the bacterial samples were vortexed and diluted 1:100 and 1:1000 in UltraPure Water
(BioChrom GmbH, Berlin, Germany). For PCR, 1 uL of the diluted bacterial sample was combined in a
25-uL PCR reaction, together with 12.5 pL. DreamTaq Green PCR Master Mix (2x) (Thermo Scientific,
Vilnius, Lithuania), 10.5 uL ultrapure water, and 0.5 pL of the forward and reverse primers (10 M)
mentioned above. The amplification was done using a Mastercycler ep gradient S (Eppendorf AG,
Hamburg, Germany) with the following program: 95 °C initial denaturation for 3 min, followed by
35 cycles of 95 °C for 30 s, 47 °C for 30 s, and 72 °C for 1 min. Final extension was 72 °C for 10 min.
The success and purity of the PCR reaction was analyzed on a 1.0% agarose gel (Ultrapure™ Agarose,
Invitrogen, Paisley, UK) with Gel-Red® Nucleic Acid Gel Stain (Biotium, Fremont, CA, USA), and the
results were documented using a Syngene Bioimaging system (Syngene, Cambridge, UK). Successfully
amplified samples were purified by the A’'SAP PCR clean up kit (ArcticZymes, Tromse, Norway).
The purified PCR product was used for sequencing PCR, using 1 pL PCR product, 2 uL. BigDye™
3.1 (Applied Biosystems, Foster City, CA, USA), 2 uL 5x sequencing buffer (Applied Biosystems,
Foster City, CA, USA), 4 uL of UltraPure water, and 1 uL of primer (1 uM of 27F primer or 1429R
primer). The program for the sequencing PCR was as follows: 96 °C initial denaturation for 1 min,
followed by 30 cycles of 96 °C for 10 s, 47 °C for 5 s, and 60 °C for 2 min. The PCR product was
sequenced at the University Hospital of North Norway (Tromse, Norway).

The forward and reverse sequences obtained were assembled using the Geneious Prime® 2020.0.5
software (https://www.geneious.com). The sequences were assembled by using the built-in Geneious
assembler. Prior to assembly, the sequences were trimmed using a 0.05 error probability limit.
Sequence homology comparison was conducted using the built-in Basic Local Alignment Search
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Tool (BLAST) [15] in Geneious, excluding environmental samples, metagenomes, and uncultured
microorganisms, for phylogenetic identification of the strains.

To identify which strain was responsible for the production of 1, the three bacterial strains were
isolated on separate agar plates and inoculated in small cultures of DVR1 medium (for media contents,
see below). The bacteria were pelleted by centrifugation, and the supernatant was diluted 1:1 in
methanol and ran on the UHPLC-HR-MS for identification of the compound.

2.3. Fermentation and Extraction of Bacterial Cultures

For extraction of compounds, the bacteria were cultivated in 1000-mL flasks containing 300 mL
DVR1 medium (6.7 g malt extract (Sigma), 11.1 g peptone from casein, enzymatic digest (Sigma),
6.7 g yeast extract (Sigma), 0.5 L filtered sea water, and 0.5 L ddH,O) cultures for 16 days, at 10 °C and
130 rpm. A total of 12 flasks were inoculated, giving 3.6 L of culture. The medium was autoclaved for
30 min at 120 °C prior to inoculation. Cultures were started by loop inoculation from the non-axenic
glycerol stock solution.

Extraction of metabolites from the liquid media was done with Diaion® HP-20 resin (Supelco,
Bellefonte, PA, USA). The resin was activated by incubation in methanol for 30 min, followed by washing
with ddH,O for 15 min, and added to the cultures (40 g/L). The cultures were incubated with resin for
3 days prior to compound extraction. For extraction, the resin beads were separated from the liquid by
vacuum filtration through a cheesecloth mesh (Dansk Hjemmeproduktion, Ejstrupholm, Denmark),
the resin was washed with ddH,O, and finally extracted two times with methanol. The extract was
vacuum filtered through a Whatman No. 3 filter paper (Whatman plc, Maidstone, UK), and dried
under reduced pressure at 40 °C.

2.4. Fractionation by FLASH Chromatography

Due to the degradation of 1 in the presence of acid, the culture extract was fractionated for
bioactivity testing and structure verification, using FLASH chromatography (Biotage SP4™ system,
Uppsala, SE), removing the use of acid in the purification process. The extract (3667.9 mg) was
re-dissolved in 90% methanol, before adding Diaion® HP20-SS resin (Supelco) in a ratio of 1:1.5
(resin:dry extract, w/w) and drying under reduced pressure at 40 °C. Due to the high amount of
the extract, it was fractionated in two rounds. FLASH columns were prepared with 6.5 g activated
Diaion® HP-20SS resin per column. The dried extract was applied to the column, and ran with a water:
methanol gradient from 5-100% methanol over 36 min at a flow rate of 12 mL/min. This resulted in
15 fractions per run. The fractions eluting at 100% methanol were analyzed on the UHPLC-HR-MS,
and the purest fraction (fraction no 13, >95% pure based on UV/Vis) was used and dried under reduced
pressure at 40 °C. The fraction yielded 50.9 mg and was used for the bioactivity testing.

2.5. UHPLC-HR-MS and Dereplication

UHPLC-HR-MS data for dereplication and to analyze the various experiments was recorded using
an Acquity I-class UPLC (Waters, Milford, MA, USA) coupled to a PDA detector and a Vion IMS QToF
(Waters). The chromatographic separation was performed using an Acquity C-18 UPLC column (1.7 pm,
2.1 mm x 100 mm) (Waters). Mobile phases consisted of acetonitrile (HiPerSolv, VWR, Radnor, PA, USA)
for mobile phase B and ddH,O produced by the in-house Milli-Q® system (Millipore, Burlington, MA,
USA) as mobile phase A, both containing 1% formic acid (v/v) (33015, Sigma). The gradient was run from
10% to 90% B in 12 min at a flow rate of 0.45 mL/min. Samples were run in ESI+ and ESI- ionization
mode. The data was processed and analyzed using UNIFI 1.9.4 (Waters). Exact masses and isotopic
distributions were calculated using ChemCalc (https://www.chemcalc.org).

2.6. Purification by Preparative HPLC

Initially, the purification of 1 and 2 was done by preparative HPLC-MS using a 600 HPLC pump,
a 3100 mass spectrometer, a 2996 photo diode array detector, and a 2767 sample manager (Waters).
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For infusion of the eluents into the ESI-quadrupole-MS, a 515 HPLC pump (Waters) and a flow splitter
were used and 80% methanol in ddH,O (v/0) acidified with 0.2% formic acid (Sigma) as make-up solution
at a flow rate of 0.7 mL/min. The columns used for isolation were a Sunfire RP-18 preparative column
(10 um, 10 mm x 250 mm) and XSelect CSH preparative fluoro-phenyl column (5 pm, 10 mm x 250mm),
both columns were purchased from Waters. The mobile phases for the gradients were A (ddH,0O with
0.1% (v/v) formic acid) and B (acetonitrile with 0.1% (v/v) formic acid), flow rate was set to 6 mL/min.
Acetonitrile (Prepsolv®, Merck, Darmstad, Germany) and formic acid (33015, Sigma) were purchased in
appropriate quality, ddH,O was produced with the in-house Milli-Q® system. The collected fractions
were reduced to dryness at 40 °C in vacuo and freeze drying using an 8L laboratory freeze dryer
(Labconco, Fort Scott, KS, USA).

2.7. NMR analysis

NMR spectra were acquired in DMSO-dg on a Bruker Avance III HD spectrometer (Bruker, Billerica,
MA, USA) operating at 600 MHz for protons, equipped with an inverse TCI cryo probe enhanced
for 1H, 13C, and 2H. All NMR spectra were acquired at 298 K, in 3-mm solvent-matched Shigemi
tubes using standard pulse programs for proton, carbon, HSQC, HMBC, COSY, and ROESY with
gradient selection and adiabatic versions where applicable. TH/13C chemical shifts were referenced to
the residual solvent peak (DMSO-ds: 5H = 2.50, 5C = 39.51).

2.8. Cultivation Study

Due to the hypothesis that the compound had iron-chelating properties for the bacteria, a cultivation
study with and without the addition of iron to the medium was conducted. To investigate if the
production was temperature specific, the bacteria were also grown at two different temperatures.
The bacteria were grown in DVR1 medium and DVR2 medium (DVR1 with added 5.5 mL FeSO4 7 H,O
(8 g/L stock, = 28.8 mM Fe)), at room temperature and at 10 °C with 130 rpm shaking. Samples were
taken from the cultures, under sterile conditions, after 7, 14, and 21 days, for chemical analysis by
UHPLC-HR-MS. From the cultures, 5 mL of sample were taken and centrifuged to pellet the bacteria,
1 mL of the supernatant was transferred to a new tube and centrifuged again, before sterile filtration
using an Acrodisc syringe filter 0.2 um, supor membrane (Pall Corp., East Hills, NY, USA) The filtered
sample was mixed 1:1 with methanol prior to injecting on the UHPLC-HR-MS for investigation.

2.9. Marfey’s Amino Acid Analysis

A small quantity of 1 was dissolved in 1 mL of 6N HCL and incubated for 6 h at 110 °C using
1.5-mL reaction tubes and a thermoblock. After cooling down to room temperature, the reaction was
reduced to dryness by vacuum centrifugation at 40 °C. The dry sample after hydrolysis was re-dissolved
in 100 L of HyO. The derivatization was carried out by mixing the re-dissolved hydrolystate with
180 uL FDAA in acetone (Marfey’s reagent, Sigma), N «-(2,4-Dinitro-5-fluorophenyl)-L-alaninamide),
and 20 pL IN NaHCOj. The reaction was incubated at 40 °C using a thermoblock. After incubation,
the reaction was acidified with 30 uL of IN HCl and diluted with 2.5 mL of methanol. Then, 0.1 mg of
L-threonine and p-threonine dissolved in 100 uL water were used to prepare standards of the amino
acids using the same derivatization procedure as described for the sample hydrolysate. The standards
and sample diluted in methanol were analyzed using UHPLC-MS/MS as described above.

2.10. Iron Chelation Experiment

For testing the capability of 1 and 2 to chelate iron, a chelation assay was performed. The molecule
was dissolved in water (0.2 mg/mL) and 75 pL of the molecule were mixed with 25 uL of 10 mg/mL
FeCl3 x 6 HyO. The preparation was done in HPLC vials, the reaction was thoroughly mixed by
vortexing, centrifuged, and subsequently analyzed by UHPLC-MS/MS.

143



Microorganisms 2020, 8, 1042

2.11. Hydrolyzation with Formic Acid

For testing the liability for hydrolyzation, a 1-mg sample of 1 was dissolved in 1 mL 10% (v/v)
DMSO aq. and incubated for 24 h at room temperature with formic acid concentrations of 0% (control),
0.1%, 1.0%, 5.0%, and 10% (v/v). The reaction product was analyzed by UHPLC-MS/MS.

2.12. Production of Serratiochelin C

For testing the bioactivity of 2 in comparison to 1, a sample of non-degraded 1 was hydrolyzed
by adding 10% (v/v) formic acid and incubation over 24 h at room temperature. The formic acid was
removed by vacuum centrifugation at 40 °C and subsequent freeze drying using a laboratory freeze
dryer (Labconco).

2.13. Bioactivity Testing

2.13.1. Growth Inhibition Assay

To determine antimicrobial activity, a bacterial growth inhibition assay was executed. Compounds
1 and 2 were tested against Staphylococcus aureus (ATCC 25923), Escherichia coli (ATCC 259233),
Enterococcus faecialis (ATCC 29122), Pseudomonas aeruginosa (ATCC 27853), Streptococcus agalactine (ATCC
12386), and Methicillin-resistant Staphylococcus aureus (MRSA) (ATCC 33591), all strains from LGC
Standards (Teddington, London, UK). S. aureus, MRSA, E. coli, and P. aeruginosa were grown in Muller
Hinton broth (275730, Becton). E. faecalis and S. agalactiae were cultured in brain hearth infusion broth
(53286, Sigma). Fresh bacterial colonies were transferred to the respective medium and incubated at
37 °C overnight. The bacterial cultures were diluted to a culture density representing the log phase
and 50 uL/well were pipetted into a 96-well microtiter plate (734-2097, Nunclon™, Thermo Scientific,
Waltham, MA, USA). The final cell density was 1500-15,000 colony forming units/well. The compound
was diluted in 2% (v/v) DMSO (Dimethyl sulfoxide) in ddH,0O, and the final assay concentration was
50% of the prepared sample, since 50 uL of sample in DMSO/water were added to 50 pL of bacterial
culture. After adding the samples to the plates, they were incubated over night at 37 °C and the
growth was determined by measuring the optical density at A = 600 nm (ODggg) with a 1420 Multilabel
Counter VICTOR3™ (Perkin Elmer, Waltham, MA, USA). A water sample was used as the reference
control, growth medium without bacteria as a negative control, and a dilution series of gentamycin
(32 t0 0.01 ug/mL, A2712, Merck) as the positive control and visually inspected for bacterial growth.
The positive control was used as a system suitability test and the results of the antimicrobial assay
were only considered valid when the positive control was passed. The final concentration of DMSO in
the assays was <2% (v/v), known to have no effect in the tested bacteria. The data was processed using
GraphPad Prism 8 (GraphPad, San Diego, CA, USA).

2.13.2. Cell Proliferation Assay

The inhibitory effect 1 and 2 was tested using an MTS in vitro cell proliferation assay against two
cell lines: The human melanoma cell line A2058 (ATCC, CLR-1147™), and for general cytotoxicity
assessment, the non-malignant MRC5 lung fibroblast cells (ATCC CCL-171™) were employed. The cells
were cultured and assayed in Roswell Park Memorial Institute medium (RPMI-16040, FG1383, Merck)
containing 10% (v/v) fetal bovine serum (FBS, 50115, Biochrom, Holliston, MA, USA). The cell
concentration was 4000 cells/well for the lung fibroblast cells and 2000 cells/well for the cancer
cells. After seeding, the cells were incubated for 24 h at 37 °C and 5% CO,. The medium was then
replaced with fresh RPMI-1640 medium supplemented with 10% (v/v) FBS and gentamycin (10 pg/mL,
A2712, Merck). After adding 10 uL of sample diluted in 2% (v/v) DMSO in ddHO, the cells were
incubated for 72 h at 37 °C and 5% CO,. For assaying the viability of the cells, 10 uL of CellTiter
96® AQueous One Solution Reagent (G3581, Promega, Madison, WI, USA) containing tetrazolium
[3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt]
and phenazine ethosulfate was added to each well and incubated for one hour. The tests were executed
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with three technical replicates. The plates were read using a DTX 880 plate reader (Beckman Coulter, CA,
USA) by measuring the absorbance at A = 485 nm. The cell viability was calculated using the media
control. As a negative control, RPMI-1640 with 10% (v/v) FBS and 10% (v/v) DMSO (Sigma) was used
as a positive control. The data was processed and visualized using GraphPad Prism 8.

2.13.3. Biofilm Inhibition Assay

For testing the inhibition of biofilm formation, the biofilm-producing Staphylococcus epidermidis
(ATCC 35984) was grown in Tryptic Soy Broth (TSB, 105459, Merck, Kenilworth, NJ, USA) overnight
at 37 °C. The overnight culture was diluted in fresh medium with 1% glucose (D9434, Sigma) before
being transferred to a 96-well microtiter plate; 50 uL/well were incubated overnight with 50 uL of
the test compound dissolved in 2% (v/v) DMSO aq. added in duplicates. The bacterial culture was
removed from the plate and the plate was washed with tap water. The biofilm was fixed at 65 °C
for 1 h before 70 pL of 0.1% crystal violet (115940, Millipore) were added to the wells for 10 min
of incubation. Excess crystal violet solution was then removed and the plate dried for 1 h at 65 °C.
Seventy microliters of 70% ethanol were then added to each well and the plate incubated on a shaker
for 5-10 min. Biofilm formation inhibition were assessed by the presence of violet color and was
measured at 600-nm absorbance using a 1420 Multilabel Counter VICTOR3™. Fifty microliters of a
non-biofilm-forming Staphylococcus haemolyticus (clinical isolate 8-7A, University Hospital of North
Norway Tromse, Norway) mixed in 50 pL of autoclaved Milli-Q water was used as a control; 50 uL of
S. epidermidis mixed in 50 uL of autoclaved Milli-Q water was used as the control for biofilm formation;
and 50 pL of TSB with 50 pL of autoclaved Milli-Q water was used as a medium blank control.

3. Results

Compound 1 was isolated from a co-culture of Serratia sp. and Shewanella sp. when cultivated
in an iron-limited medium. The bacteria were also cultivated in iron-supplemented media, where 1
was not detected. Compound 1 was only produced in co-cultures started directly from the glycerol
stock by loop inoculation, and not found in any axenic cultures. The cultures were extracted,
and the extracts were fractionated using FLASH chromatography to isolate serratiochelin A (1),
a siderophore previously isolated exclusively from a Serratia sp., also when grown under iron-limited
conditions [10]. During preparative HPLC-MS isolation, it was observed that the compound was
degraded, and the degradation product was found to be serratiochelin C (2), which corresponds to
previous observations [10]. A study of the iron binding of the compounds and a degradation study
with formic acid was conducted. The structures of the compounds were verified by 1-D and 2-D
NMR and MS experiments, and Marfey’s analysis was used to find the configuration of the threonine
moiety of the molecule. Compound 1 and 2 were tested for their antibacterial activities, their abilities
to inhibit the formation of biofilm, and their toxicity towards human cells. This is the first study on the
bioactivity of 1 since its original discovery in 1994 [9].

3.1. Identification of Co-Culture and Serratiochelin A Production Strain

When streaking out the glycerol stock onto three different agar plates, three morphologically
different bacterial colonies were observed (Figure 514). The 165 rRNA gene of these bacteria was
amplified and sequenced by Sanger sequencing, showing that the stock solution contained Leifsonia
sp. (original isolate in stock), Shewanella sp., and Serratia sp. The 16S rRNA sequences for the three
isolates can be found in the Supplementary Material (Texts S15-517). Shewanella sp. and Serratia sp.
are assumed to be of marine origin, as strains of the same genera have been cultivated at the same time
as the Leifsonia sp. isolate, and the 165 rRNA sequences are similar to two strains of the Marbank strain
collection (Shewanella sp. M10B851 and Serratia sp. M10B861, Marbank ID). In order to investigate
if all bacteria were able to co-exist in the liquid culture started from the glycerol stock, a 450-mL
culture of DVR1 was inoculated with the glycerol stock (identically as was done with the culture from
which 1 was isolated) and the culture was streaked out on agar after 3 and 10 days of cultivation.
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After three days of cultivation, the colony forming units (CFUs) of both Shewanella sp. and Serratia
sp. were observed on the plates (Figure S14), proven by morphological identification and sequencing
of the 16S rRNA gene. After 10 days of culturing, no CFUs of Shewanella sp. were observed from
the culture, and the experiment detected exclusively CFUs of Serratia sp. No Leifsonia colonies were
observed from the liquid cultures, not after 3 nor 10 days of cultivation. This indicates that the Serratia
sp. isolate outgrow the other two isolates in the cultivation done in this study. After re-streaking the
three bacterial isolates present in the glycerol stock to obtain pure cultures, the different isolates were
cultivated separately in 50-mL cultures in DVR1 to identify the actual producer of 1. Compound 1 was
only produced in co-cultures started directly from the glycerol stock, and not by any of the cultures
started from axenic colonies from agar plates.

3.2. Dereplication and Isolation

Serratiochelin A (1) was obtained as a brown powder. The bacterial extracts and fractions were
analyzed using UHPLC-IMS-MS and 1 was detected at m/z 430.1594 (IM+H]") in ESI+ eluting at
4.45 min. The calculated elemental composition was CpHy3N307 (Cale. my/z 430.1614 [M+H]*),
corresponding to 12 degrees of unsaturation. The elemental composition gave several hits for natural
products in available databases, including serratiochelin A (1). As 1 had been previously isolated
from Serratia sp., we saw it as a clear possibility that we had a positive identification of the compound.
However, to confirm this, isolation and structure elucidation was necessary. After the first round of
isolation using preparative HPLC, we detected two species of the product, one at RT= 4.45 min (1) and
another at RT = 2.07 min (2), both having the same m/z and elemental composition in ESI+. We later
confirmed that the m/z of 2 in ESI+ was not the m/z of the molecular ion due to neutral water loss in the
ion source. The masses of 1 and 2 are thus not equivalent, which was later confirmed by ESI-ionization,
which confirmed the mass of 2 to be equal to that of 1+H,O.

It was not possible to obtain 1 as a pure compound after the purification, as it was always
accompanied by 2, indicating a possible degradation of 1. Compound 2, on the other hand, was obtained
as a pure compound after using preparative HPLC for isolation. To distinguish between the two
molecules, the collision cross section (CCS) and drift time of the compounds were compared, and the
samples were also investigated in ESI- (see Table 2 for the respective values, the high- and low-energy
MS spectra, as well as UV/Vis spectra for 1 and 2 that are given in Figures S11 and S12). For isolating 1,
FLASH chromatography was used, since there was no 2 detected using this protocol, where no acid
was employed. The collected fractions were assayed individually using UHPLC-MS and the first
fraction eluting at 100% methanol was found to be sufficiently pure for structure elucidation via NMR
and further bioactivity testing (results of the purity assay are given in Figure 2), yielding 50.9 mg 1 from
3667.9 mg of extract. Compound 1 was not readily dissolved in water and methanol but it dissolved in
DMSO. Solutions of 1 were prepared in 100% DMSO and further diluted in water. The same was done
with 2, which also dissolved in methanol.

Serratiochelin C (2) was obtained as a brown powder, after acid-catalyzed degradation of 1.
From the ESI-, it was possible to elucidate the elemental composition of 2. Compound 2 was detected,
with m/z 446.1568 ([M-H]") in ESI- eluting at 2.07 min. The calculated elemental composition was
Cp1Hp5N30g (Cale. my/z 446.1563 [M-H]), corresponding to 11 degrees of unsaturation.
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Figure 2. Purity of serratiochelin A (1) after isolation using FLASH chromatography, analyzed by
UHPLC-MS. Top (in red) absorbance at 254 nm, middle (black) BPI chromatogram, bottom (blue)
extracted signal for m/z = 430.162 (+33.3 ppm). ART for UV/Vis detector is ~—0.05 min.

3.3. Structure Elucidation

Close inspection of 1-D (*H and 3C, Table 1) and 2-D (HSQC, HMBC, COSEY, and ROESY) NMR
data of 1 confirmed that we isolated the previously reported compound serratiochelin A (1). All NMR
spectra can be seen in the Supplementary Material (Figures S1-S5). Key COSY and HMBC correlations
used to assign the structure of 1 can be seen in Figure 3.

In preparations treated with formic acid, we detected a third molecule eluting at 2.60 min.
According to its signal, fragments, and retention time, we concluded it was serratiochelin B [10].
Serratiochelin B was not isolated or verified by NMR. Serratiochelin B and 2 were not present within
the crude extract or within fractions obtained by FLASH chromatography but were detected after
treatment with acid. The conformation of threonine was found to be L by Marfey’s method, which is
in compliance what has been published previously [10]. Results are given within the Supplementary

Material (Figure S13).
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Figure 3. Key COSY (bold) and HMBC (arrow) correlations for serratiochelin A (1).
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Table 1. 'H- and "*C-NMR data for serratiochelin A (1) and C (2) in DMSO-dg.

NMR Data Serratiochelin A (1) Serratiochelin C (2)

Position d¢c, Type Sy (J in Hz) 5c, Type oy (Jin Hz)
1 8.30, t (5.9) 8.01, t (5.9)
2 169.6, C 169.73, C
3 114.9,C 114.92, C
4 1171, CH 7.25,dd (8.1, 1.5) 117.04, CH 7.25,dd (8.2, 1.5)
5 117.8, CH 6.67,(7.9) 117.84, CH 6.66, t (8.0)
6 118.7, CH 6.9,dd (7.8, 1.4) 118.65,CH  6.89,dd (7.8, 1.5)
7 146.3,C 146.27, C
8 1498, C 149.81,C
9 148.3,C 146.12,C
10 145.7,C 148.27, C
11 1194, CH 6.96, dd (7.8, 1.6) 118.18, CH 6.92,dd (7.7, 1.5)
12 118.7, CH 6.73,t(7.9) 117.77, CH 6.69,t(7.9)
13 1179, CH 7.07,dd (7.9, 1.6) 118.92, CH 7.37,dd (8.1, 1.6)
14 110.3,C 116.77, C
15 165.7, C 168.01, C
16 8.66, s
17 73.7, CH 4.45,d (87.3) 59.18, CH  4.34,dd (8.0, 4.4)
18 78.8, CH 4.86,p (6.4) 66.38, CH 4.10,qd (6.1, 4.7)
19 20.7, CHs 1.45,d (6.3) 20.30, CHj3 1.09, d (6.4)
20 169.8, C 169.99, CH
21 8.81,s 8.78,t(5.3)
22 36.7, CH, 3.30, m 36.58, CH, 3.29,q(6.7)
23 28.9, CH, 1.72,p (7.0) 28.96, CH, 1.67,p (7.0)
24 36.6, CH, 3.18, m 36.41, CHy 3.20-3.08, m

The structure of serratiochelin C (2) was confirmed in a similar manner to that of 1. All NMR spectra can be seen in
the Supplementary Material (Figures S6-S10).

3.4. Detection of Iron Chelation

Compounds 1 and 2 were mixed with aqueous FeClj solution to investigate if the compounds
were able to chelate iron. Both 1 and 2 chelated iron, and the mass spectrometric data given in Table 2
indicate chelation of iron by the loss of three protons through coordination, as published previously [10].
The calculated exact mass for chelation of 1 was m/z 483.0729 ((M+Fe-2H]") and for 2 and serratiochelin
B m/z 501.0835 ([M+Fe-2H]"). In ESI-, the calculated m/z ratios were m/z 481.0572 ((M+Fe-4H]*) for 1
and my/z 499.0678 ([M+Fe-4H]") for 2.

Table 2. IMS and MS data for the apo- and ferrylspecies of serratiochelin A (1), serratiochelin B,
and serratiochelin C (2).

Compounds Form Tonization RT " [min] mfz CCS ™ [A?]  Drift Time [ms]
apo ESI+ 2.07 430.1610 202.88 7.00
Serratiochelin C apo ESI- 2.05 446.1568 " 198.35 6.94
(earliest eluting) ferri ESI+ 2.09 501.0844 208.06 6.75
ferri ESI- 2.11 499.0680 203.54 712
apo ESI+ 2.64 448.1714 210.99 6.84
Serratiochelin B apo ESI- 2.60 446.1573 199.52 6.98
(middle eluting) ferri ESI+ 2.61 501.0822 211.91 6.89
ferri ESI- 2.62 499.0673 201.16 7.04
apo ESI+ 4.45 430.1611 202.85 6.99
Serratiochelin A apo ESI- 4.37 428.1466 201.47 7.05
(late eluting) ferri ESI+ 4.46 483.0723 206.88 6.70
ferri ESI- 4.39 481.5058 208.50 7.30

* Retention time, ™ Collision cross section, ™ Loss of water of apo-serratiochelin C (2) in ESI+, not in ESI-, and not
for the ferri-siderophores.
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3.5. Degradation Study with Formic Acid

The study confirmed that the degradation was triggered by formic acid. In order to obtain a
pure sample of 1, we used FLASH fraction no. 13, which predominantly contained 1 since during
the extraction process and the FLASH chromatography, no formic acid or acidic solution is used
that could induce degradation. This sample was used for the degradation study. Formic acid at
concentrations of 0.1%, 1.0%, 5.0%, and 10% (v/v) were tested and compared to the control (no acid),
as can be seen in Figure 4. It was found that the degradation correlates with the concentration of formic
acid. The degradation takes place not only in the presence of formic acid. When incubated with 1%
(v/v) hydrochloric acid or acetic acid, we observed degradation to approximately the same extent (data
not shown). The acid-catalyzed degradation mechanism turning 1 into 2 via intermediates 1a-e can be
seen in Figure 5.
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Figure 4. UV-max plot chromatogram. Degradation study showing the effect of formic acid on serratiochelin
A (1). The purified sample of 1 was treated with different concentrations of formic acid (% (v/v)) for
24 h at room temperature and subsequently analyzed via UHPLC-PDA-MS. The chromatograms of the
control (0% formic acid), 0.1% formic acid, and 10% formic acid are given above. The degradation
of 1 (RT = 4.45 min) into serratiochelin C (2) (RT = 2.07 min) corresponds to the amount of formic

acid used.
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Figure 5. The proposed acid-catalyzed degradation reaction of the central methylated oxazoline ring
of 1, turning 1 into 2 via intermediates 1a to 1e.
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3.6. Cultivation Study

The cultivation study revealed that 1 was only produced in the iron-deficient co-cultures, as can be
seen in Figure 6. Cultures grown in media supplemented with 160 uM FeSO, did not produce 1 after 7,
14, and 21 days when grown at room temperature nor when grown at 10 °C (Figure 6). Within the
iron-deficient cultures, 1 was detected after 7, 14, and 21 days cultivation at 10 °C as well as when
cultivated at room temperature. Additionally, when extracting two cultures grown for 14 days at 10 °C
using solid-phase extraction, there was no 1 present within the iron-supplemented media while it was
a major component in the extract of the iron-deficient culture. Serratiochelin B and 2 were not detected
in the cultures, nor in crude extracts after solid-phase extraction.
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Figure 6. BPI chromatograms of the extracts of two co-cultures. (A) The extract of a 14-day culture
(10 °C) supplemented with 160 uM Fe(IIl). (B) The extract of a 14-day culture (10 °C) grown in
iron-deficient media. The peak of serratiochelin A (1) is indicated by the black arrow.

3.7. Bioassays

The growth-inhibiting properties of 1 and 2 were tested against several Gram-positive and
Gram-negative strains. The antimicrobial assay detected an effect of 1 on S. aureus. Interestingly, there was
no effect of 2 on S. aureus detected in the assay. There was no antimicrobial effect of 1 and 2 against
S. agalactiae, P. aeruginosa, E. coli, E. faecalis, and MRSA observed. The results against all the test strains
can be seen in Figure 7. The antimicrobial assay with S. aureus was repeated to verify the effect of
1. Among the tested concentrations, 25 uM was the lowest concentration of 1, which completely
inhibited the growth of S. aureus, as displayed in Figure 8. Compound 1 and 2 were also tested for
their ability to inhibit biofilm formation by S.epidermidis in concentrations up to 200 uM. Compound 1
showed some weak effects (assay result of ~ 40%, meaning 60% inhibition, normal cut-off used for
further investigation is minimum 70% inhibition) at 200 uM. Compound 2 showed no visible effect up
to 200 uM.
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Figure 7. Initial screen of antibacterial activity of (A) serratiochelin A (1) and (B) serratiochelin C (2) on
E. faecialis, E. coli, P. aeruginosa, S. agalactine, and MRSA, normalized assay results. The experiment was
executed twice with two technical replicates each.
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Figure 8. Effect of serratiochelin A (1) on S. aureus showing inhibition of growth down to 25 uM,
normalized assay results. The assay was executed in four experiments with 3 X 2 and 1 x 3
technical replicates.

The effects of the compounds on eukaryotic cells was evaluated using the human melanoma cell
line A2058 and the non-malign lung fibroblast cell line MRCS5, see Figure 9. The effect of 2 on both cell
lines is insufficient, while 1 reduces the cell proliferation of both MRC5 and A2058 cells. The effect of 1
is stronger against MRC5 cells than against A2058.
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Figure 9. Antiproliferative effect of serratiochelin A (1) and C (2) on (A) A2058 (melanoma) and (B)
MRC-5 (non-malignant lung fibroblasts) cell lines. The experiments were repeated twice with three
technical replicates.
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4. Discussion

In this study, a siderophore was isolated from a co-culture of a Shewanella sp. and Serratia
sp. bacteria, both of which come from bacterial genera that are important for environmental iron
metabolism. Bacteria from the genus Shewanella are known for their important role in iron metabolism,
especially in aquatic environments. Previously, several siderophores have been isolated from bacteria
of the genus Serratia, among these serratiochelin A (1).

Shewanella is a genus of Gram-negative rod-shaped y-proteobacteria, within the order
Alteromonadales, found mostly in aquatic habitats [16]. Bacteria from this genus have been isolated
from several aquatic sources, both marine and freshwater [17-20]. The genus was established in
1985 [21], after a reconstruction of the Vibrionaceae family. Shewanella is part of the monogeneric family
Shewanellaceae [16], which consists only of this one genera. The genus has high respiratory diversity,
with the capability to respire approximately 20 different compounds, including toxic compounds and
insoluble metals, one example being reducing Fe(IIl) chelate and Fe(IIl) oxide to produce soluble
Fe(II) [22]. Bacteria from this genus are often involved in the iron metabolism in their environment,
and several iron chelators (siderophores) have been isolated from this genus. Putrebactin is a cyclic
dihydroxamate siderophore, produced and isolated from S. putrefaciens [23].

To investigate if the three bacterial isolates present in the glycerol stock co-exist in the liquid
DVRI cultures, the culture was streaked out on several agar plates after 3 and 10 days of incubation.
The Shewanella colonies appeared first, followed by Serratia forming colonies on top of the Shewanella
sp. colonies (Figure S14). After 10 days, there were only colony forming units of Serratia sp. present
from the liquid co-culture, and the Shewanella could not be detected when streaked out on agar.
Serratiochelins have previously only been isolated from the Serratia genus, and are considered to
be rare siderophores [10]. As Serratia completely dominates the Serratia-Shewanella co-culture after
10 days, and based on data reported regarding previous isolation of 1 [9,10], it seems to be reasonable
to hypothesize that Serratia is the true producer of 1 in this co-culture and that it is outcompeting
Shewanella because of its specific iron acquisition. As 1 was not observed in axenic cultures of Shewanella
or Serratia, we assume that the co-culturing is inducing the production of the compound, possibly due
to the competition for iron in the culture.

Compound 1 was isolated from the co-culture after modifying the purification protocol.
The degradation of 1 to 2 was triggered by formic acid used in the mobile phase during chromatographic
isolation of the compounds. We confirmed that the degradation correlates with the concentration of
formic acid as previously published [10]. In addition, the same acidic hydrolyzation of an oxazoline
ring was also observed for the compound agrobactin after exposure to hydrochloric acid [24]. We also
confirmed the chelation of iron in a hexadecanoate coordination indicated by the loss of three protons,
observed in HR-MS experiments [10]. Compound 1 was only produced when no additional iron was
added to the co-culture. In the presence of iron, 1 was not detected in the bacterial culture media.
We did not detect serratiochelin B and 2 in the culture media, extract, or FLASH fractions (where no acid
was used). Previously, it was reported that 1 and serratiochelin B are the initial biosynthetic products
of Serratia [10]. For our isolate, the results strongly indicate that 1 is the only biosynthetic product,
while serratiochelin B and 2 are degradation products of 1. To obtain 1, its liability for acid degradation
is a significant disadvantage. The FLASH liquid chromatography represents a rather inefficient method
for isolation since we were taking only the fraction with the highest purity. Thus, a considerable amount
of compound eluted before and after together with other impurities, which diminished the yield of
pure 1 significantly, and the purification protocol was not optimized regarding yields but for obtaining
1 without its degradation product. We assume that within the producer isolates’ natural environment,
1is, however, most likely not degrading into 2 due to the rather alkaline pH of seawater [25].

The acid-free isolation enabled us to isolate 1 for bioactivity testing. Since there is no bioactivity
data present for 1 and 2, and the purpose of our investigation was to find new bioactive molecules,
it was prioritized for isolation. The testing of both compounds revealed some interesting insights into
their bioactivity. Compound 2 displayed no activity in the tested assays and at the tested concentrations,
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while 1 had antibacterial activity against S. aureus and toxic effects on both eukaryotic cell lines tested.
Its antibacterial effect was specific towards S. aureus, while not having an effect on the other bacteria,
including MRSA. Its cytotoxic effect was evaluated against the melanoma cell line (A2058), as we
frequently observed that it is the most sensitive cancer cell line in our screening of extracts and
compounds. The non-malignant lung fibroblasts (MRC5) was included as a general control of toxicity.
The observed effect was stronger on lung fibroblasts than melanoma cells. Of interest to us was the
observed difference in activity between 1 and 2 despite the fact that the two structures are closely
related. It is questionable if the antiproliferative effect of 1 is caused by iron deprivation as observed for
other siderophores [26] or by another effect. The same applies for the observed antibacterial effect on
S.aureus, while the lack of effect on the other bacteria might indicate a specific target. Both molecules
are capable of chelating iron, so either 1 has a higher affinity to iron than 2, or it has another mode of
action. The species-specific antibacterial effect indicates the latter. Gokarn and co-authors investigated
the effect of iron chelation by exochelin-MS, mycobactin S, and deferoxiamine B on mammalian cancer
cell lines and an antiproliferative effect was observed at concentrations between 0.1 to 1.0 mg/mL.
Only HEPG2 cells have shown 23% cell survival at 20 ug/mL for mycobactin S. They observed a
different sensitivity among the tested cell lines and siderophores [26]. Compound 1 had an effect
at concentrations of <43 ug/mL (40% cell survival was detected at 2.15 pg/mL of 1 against MRC5).
Therefore, testing of 1 against more cell lines and testing of 2 at higher concentrations would be an
approach for further studies on the antiproliferative effects of 1 and 2. Some siderophores are known
to have additional functions, such as a virulence factor and modulation of the host of a pathogen [27].
Assuming another mode of action than iron chelation, the most relevant structural difference would be
the 5-methyl-2-oxazoline heterocycle in 1, which is hydrolyzed in 2. Oxazole and oxazoline moieties are
structural motives present in molecules with an antibacterial and antiproliferative effect [28,29]. They are
ligands to a number of different protein targets and can be regarded as “privileged structures” [29,30].
Further bioactivity elucidation of the two serratiochelins and the mode of action studies of 1 will be the
subject of further investigation.

5. Conclusions

We proved the production of 1 in high yields by a co-culture of Serratia sp. and Shewanella sp.,
while the compound was not observed in axenic cultures. We confirmed the iron chelation, as well as
the degradation of 1 to 2. We did not observe the production of any compound that could be related to
serratiochelin B in the bacterial cultures nor in the extract, but we observed its generation in traces
during acid-induced degradation, which gives rise to the assumption that serratiochelin B and 2 are
both hydrolyzation products of 1 in this study.

While 1 showed antiproliferative activity on human cancer cells but also on non-malignant lung
fibroblasts, and a specific antimicrobial effect on S. aureus, 2 did not show any bioactivity in the assays
conducted in this study. Since 1 and 2 differ in the presence of a structural motif that can be seen as a
privileged structure, we hypothesize that the hydrolyzation of the 5-methyl-2-oxazoline explains the
difference in bioactivity. The liability for hydrolyzation, however, represents a strong disadvantage for
developing this candidate further as a drug lead.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-2607/8/7/1042/s1,
Figure S1: TH NMR (600 MHz, DMSO-dg) spectrum of 1; Figure S2: 13C (151 MHz, DMSO-dg) spectrum of 1;
Figure S3: HSQC + HMBC (600 MHz, DMSO-d;) spectrum of serratiochelin A; Figure S4: COSY (600 MHz,
DMSO-dg) spectrum of 1; Figure S5: ROESY (600 MHz, DMSO-dg) spectrum of 1; Figure Sé: TH NMR (600 MHz,
DMSO-dg) spectrum of 2; Figure S7: 1°C (151 MHz, DMSO-dg) spectrum of 2; Figure S8: HSQC + HMBC (600 MHz,
DMSO-dg) spectrum of 2; S9: HSQC + HMBC (600 MHz, DMSO-d;) spectrum of 2 (2), zoomed in crowded area;
Figure 510: COSY (600 MHz, DMSO-dg) spectrum of 2; Figure S11: Mass spectra of 1 and 2; Figure S512: UV/Vis
spectra of 1land 2; Figure 513: Chromatograms of Marfey’s analysis of 1; Figure S14: Isolation of the bacteria and
co-culture of Serratia sp. and Shewanella sp., Text S15: Consensus sequence of Shewanella sp.; Text S16: Consensus
sequence of Serratia sp.; Text S17: Consensus sequence of Leifsonia sp.
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Abstract: Natural products produced by bacteria found in unusual and poorly studied ecosystems,
such as Lake Baikal, represent a promising source of new valuable drug leads. Here we report
the isolation of a new Streptomyces sp. strain IB201691-2A from the Lake Baikal endemic mollusk
Benedictia baicalensis. In the course of an activity guided screening three new angucyclines, named
baikalomycins A-C, were isolated and characterized, highlighting the potential of poorly investigated
ecological niches. Besides that, the strain was found to accumulate large quantities of rabelomycin
and 5-hydroxy-rabelomycin, known shunt products in angucyclines biosynthesis. Baikalomycins
A-C demonstrated varying degrees of anticancer activity. Rabelomycin and 5-hydroxy-rabelomycin
further demonstrated antiproliferative activities. The structure elucidation showed that baikalomycin
A is a modified aquayamycin with 3-p-amicetose and two additional hydroxyl groups at unusual
positions (6a and 12a) of aglycone. Baikalomycins B and C have alternating second sugars attached,
a-L-amicetose and a-L-aculose, respectively. The gene cluster for baikalomycins biosynthesis was
identified by genome mining, cloned using a transformation-associated recombination technique
and successfully expressed in S. albus J1074. It contains a typical set of genes responsible for
an angucycline core assembly, all necessary genes for the deoxy sugars biosynthesis, and three
genes coding for the glycosyltransferase enzymes. Heterologous expression and deletion
experiments allowed to assign the function of glycosyltransferases involved in the decoration
of baikalomycins aglycone.

Keywords: natural products; angucycline; aquayamycin; glycosyltransferase; Lake Baikal; Streptomyces
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1. Introduction

Angucyclines are by far the largest group of aromatic polyketides solely produced by
actinobacteria [1,2]. These natural products have diverse biological activities, including antibacterial,
anticancer, antiviral, enzyme inhibitory, fungicidal, and others. Angucyclines are assembled by the
repetitive condensation of malonyl-CoA to produce a common benz[a]anthracene intermediate [2].
This reaction is performed by type II polyketide synthase enzymes. Two pathways to form the
benz[a]anthracene aglycone of angucyclines exist. In most cases, the initial decaketide chain
undergoes a series of cyclizations and aromatizations dictated by cyclases/aromatases to produce
an angular core structure [3]. This major route takes place in the biosynthesis of vineomycins [4],
jadomycins [5], and landomycins [6], for example. However, at least in two cases, BE-7585A and
PD116198, the polyketide chain is folded into an anthracyclinone intermediate that further undergoes
oxidative A-ring opening and rearrangement into an angular benz[a]anthracene structure [7,8]. The first
common benz[a]anthracene intermediate for both routes, UWMS, can be preserved or further modified
by a series of oxidation and reduction events and decorated by extensive glycosylation or other
modifications [2]. Glycosylation is a distinctive feature of many angucyclines sharing a common
aglycone structure. The length and composition of oligosaccharide chains have a strong impact on
biological activities [9].

Saquayamycins are a large group of angucyclines that, together with urdamycins, derive from the
aquayamycin-type aglycone (Figure 1) [10]. More than ten derivatives of saquayamycins are known
that mainly differ by the glycosylation pattern [4,11-15]. The largest representative of this group of
natural products, saquayamycin Z, contains nine sugars [16]. Vineomycins and grincamycins as well
as recently discovered Sch 47554—47555 and saprolmycins A-E also possess an aquayamycin-type
aglycone [17,18]. Several other natural products have a modified aquayamycin-like aglycone structure,
namely moromycins A and B and NO5SWA963 A-C, that lack the angular hydroxyl groups at positions
4a and 12b, resulting in a fully aromatic ring B [19,20]. NO5WA963 A-C possesses an additional
methoxy group at C-5. Lastly, several natural products with an opened ring A are known to derive
directly from aquayamycin-type angucyclines. These include fridamycins A-E, himalomycins A and B,
vineomycin B2, amicenomycins A, and the recently discovered vineomycin D [21-23]. It is still under
discussion if these compounds are true naturally occurring products of biosynthetic pathways or are
derived from the acid hydrolysis of respective angucyclines [21,24-27].
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O — R
o aculose
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~“ \
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Figure 1. Structures of an aglycone and deoxy sugars typical for the aquayamycin-type angucyclines.
Carbon atoms of the aglycone and sugars (with ’) are labeled according to IUPAC rules. The rings of
the aglycone are indicated as A-D. The compound with R; as a p-olivose is historically considered as a
common “aquayamycin-type aglycone”.
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The distinct feature of the aquayamycin-type angucyclines is the presence of oligosaccharide
chains attached at positions C-9 and C-3 (Figure 1). Typically, the first sugar at the C-9 position is
C-linked p-olivose as in the case of saquayamycins, vineomycins, moromycins, grincamycins and
NO5WA963 A-C. At the same time, saquayamycins, vineomycins, moromycins, and grincamycins at C-3
have O-glycosidically attached r-rhodinose. NO5WA963 A—C do not have a saccharide chain at C-3 [20].
Differences in the length and composition of the attached oligosaccharide chains determine the variety
of aquayamycin-type angucyclines. Saquayamycins (except saquayamycin Z) and moromycins have
diverse disaccharides at C-3 and C-9 [11,15,19]. Grincamycins and vineomycins have a trisaccharide
at C-9 consisting of p-olivose, 1-thodinose and the ketosugar r-aculose or r-cinerulose (aculose
derivative) [14,21]. A similar glycosylation pattern was observed in saprolmycins A-E with either
trisaccharide or disaccharide at C-9 and 1-aculose or L-cinerulose as a first and the only sugar
at the C-3 position [18]. Sch 47554 and Sch 47555 also contain r-aculose at C-3 but carry C-bound
D-amicetose (stereoisomer of rhodinose) at C-9 extended with either L-amicetose or L-aculose [17]. Lastly,
amicenomycins A and B have the trisaccharide L-amicetose-L-amicetose-L-rhodinose at C-3 and a single
p-olivose at C-9 [22]. As can be seen, despite the common aglycone, aquayamycin-type angucyclines
represent a diverse group of natural products due to differences in the glycosylation pattern.

The glycosylation events are well studied in the case of saquayamycin Z and saquayamycins
G-K [16,28]. The saquayamycins G-K biosynthetic gene cluster (sqn) contains three genes sqnGT1-3
encoding glycosyltransferases. However, only SqnGT2 was shown to be essential for decorating the
aglycone, while the other two, SqnGT1 and SqnGT3, are proposed to act as chaperons, modulating the
SqnGT2 activity [28]. Similarly, the Sch 47554 and Sch 47555 biosynthetic gene cluster also encode three
glycosyltransferases (schS7, schS9 and schS10) [29]. Genetic studies have shown that SchS7 attaches
p-amicetose at C-9 and SchS9 further extends the saccharide chain when SchS10 attaches r-aculose
at C-3 position [30]. Gene clusters for saprolmycins (spr) and grincamycins (gcn) biosynthesis have
been recently cloned and were found to contain three genes encoding glycosyltransferases [27,31].
This implies that the different decoration pattern of these angucyclines results from the differences in
functional properties of the glycosylation enzymes.

Here we report the characterization of the new aquayamycin-type angucycline antibiotics
baikalomycins A-C produced by Streptomyces sp. 1B201691-2A. The strain was isolated from
the Lake Baikal endemic gastropod Benedictia baicalensis. Baikalomycins demonstrated moderate
anticancer and antibacterial activities. The genome sequencing and mining led to identification
of a gene cluster responsible for the biosynthesis of baikalomycins. Heterologous expression and
gene deletion experiments supported this finding and provided hints on the glycosylation steps in
baikalomycins biosynthesis.

2. Materials and Methods

2.1. Bacterial Strains, Culture Conditions and Routine Procedures

Streptomyces sp. IB201691-2A and Rhodococcus sp. IB201691-2A2 were isolated during this work.
Streptomyces albus J1074 was used as a host for the heterologous expression of the baikalomycin
biosynthetic gene cluster [32]. For the routine cloning, Escherichia coli XL1Blue (Agilent, Santa Clara,
CA, USA) has been used and intergenic conjugation was carried out with E. coli ET12567 (pUB307) [33].
S. cerevisine BY4742 was used for transformation-associated recombination cloning [34]. E. coli strains
were grown in Luria-Bertani (LB) broth. Actinobacteria strains were cultured on soya flour mannitol
agar (MS) medium and in liquid tryptic soy broth medium (TSB; Sigma-Aldrich, St. Louis, MO, USA).
If necessary, the following antibiotics have been added: apramycin (50 pug-mL™1), spectinomycin
(100 ug~mL‘1), phosphomycin (100 ug~mL‘1) and carbenicillin (100 ug~mL‘1) (Sigma-Aldrich, St. Louis,
MO, USA; Roth, Karlsruhe, Germany). The chromogenic substrate X-gluc with 100 pg-mL~!
concentration was used to detect the GUS (3-glucuronidase) activity.

159



Microorganisms 2020, 8, 680

Plasmid and total DNA isolation, E. coli transformation and E. coli/Streptomyces intergeneric
conjugation were performed according to standard protocols [35,36]. S. cerevisine BY4742 was
transformed with the standard LiAc protocol [36]. Enzymes, including restriction endonucleases, ligase,
Taq DNA polymerase, Klenow fragment of DNA polymerase I, were used according to manufacturer’s
recommendations (New England Biolabs, Ipswich, MA, USA; Thermo Fischer Scientific, Waltham,
MA, USA; Agilent, Santa Clara, CA, USA).

2.2. Sampling and Actinobacteria Isolation

Endemic mollusks Benedictia baicalensis (Gerstfeldt, 1859) [37] were collected from Lake Baikal
near Bolshiye Koty village (51°54'19” N 105°4’31” E, western shore of Lake Baikal) at depths of 50 and
100 m in February 2016 using deep-water traps. Each mollusks’” sample included up to 5 specimens.
Mollusks were surface-washed with sterile water, 70% ethanol, and again with sterile water to eliminate
transient microorganisms. Afterwards, prepared samples were homogenized in 20% sterile glycerol
and stored at —20 °C. Homogenates were thawed on ice and plated on MS plates supplemented
with phosphomycin (50 ng/mL) and cycloheximide (100 png/mL). Plates were incubated at 28 °C for
14 days. Colonies with typical for actinobacteria morphology were picked on a fresh MS plate and
further characterized.

2.3. 165 rRNA Gene Sequencing and Phylogenetic Analysis

Strains were grown in 10 mL of TSB medium at 28 °C for 3 days and 180 rpm and total DNA was
isolated using standard method [35]. The 16S rRNA gene was amplified by PCR with the modified
universal 8F and 1492R primers (Supplementary Table S1) [38]. PCR was carried out with initial
denaturation at 95 °C for 3 min, followed by 30 cycles of 95 °C for 35 s, 51 °C for 40 s and 72 °C for 110 s,
with an end extension at 72 °C for 7 min. The PCR products were purified using the Wizard SV Gel
and PCR Clean-Up System (Promega, Madison, WI, USA) and sequenced using 8F and 1492R primers
(Supplementary Table S1) [38]. The forward and reverse sequences were assembled with Bioedit
software (version 7.2.5, Tom A. Hall, Department of Microbiology, North Carolina State University,
North Carolina, USA, freeware). Evolutionary analyses were conducted in MEGA?7 using 16S rRNA
gene sequences of related strains (Supplementary Table S2) [39]. The evolutionary history was inferred
using the neighbor-joining method [40].

2.4. Screening the Culture Conditions for Biological Activity of Streptomyces sp. IB2016191-2A

The following media were used for metabolites production by Streptomyces sp. 1B2016191-2A: SM1
(soy flour 10 g, glucose 18 g, NaySO4 1 g, CaCO5 0.2 g, pH 7.0, 1 L tap water), SM17 (soy flour 5 g,
glucose 2 g, glycerol 40 g, soluble starch 2 g, peptone 5 g, yeast extract 5 g, NaCl 5 g, CaCO3 2 g, pH 6.4,
1 L tap water), SM12 (soy flour 10 g, glucose 50 g, peptone 4 g, meat extract 4 g, yeast extract 1 g, NaCl
2.5g,CaCO35¢g, pH7.6,1L tap water), SM20 (maltose 20 g, peptone 5 g, meat extract 5 g, yeast 3 g,
MgSO4 x 7 HyO 1 g, NaCl3 g, pH 7.2, 1L tap water), SM24 (yeast extract 9 g, peptone 1.8 g, glucose
20 g, KHpPO4 1 g, MgSOy4 x 7 HyO 0.5 g, pH 6.2, 1 L distilled water), SM25 (peptone 10 g, malt extract
21 g, glycerol 40 g, pH 6.5, 1 L distilled water), SM27Ac (soy flour 10 g, glucose 50 g, peptone 4 g, meat
extract 4 g, yeast extract 1 g, NaCl 2.5 g, CaCOg3 5 g, soluble starch 5 g, pH 4.5 with HCI, 1 L tap water),
SM27N and SM27A1 (SM27Ac at pH 7.0 and pH 8.7 with NaOH respectively), R2 (malt extract 10 g,
yeast extract 4 g, glucose 4 g, artificial sea water 0.5 L, pH 7.8, 0.5 L tap water), and Hopwood minimal
medium [35]. The strain was inoculated into 50 mL of TSB medium in 500 mL flasks and grown for
3 days at 28 °C on a rotary shaker at 180 rpm. An inoculation was carried out of 5 mL of seed culture
into 50 mL of production media and incubated for 8 days at 28 °C on a rotary shaker at 180 rpm.
The metabolites from cultural broth were extracted with equal volume of ethyl acetate. Organic solvent
was evaporated and the obtained extracts were dissolved in 500 uL of methanol.
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2.5. LC-MS and LC-HRMS Analysis

LC-MS (Liquid chromatography—mass spectrometry) measurements were performed on a Dionex
Ultimate 3000 RSLC (Thermo Fischer Scientific, Waltham, MA, USA) system using a BEH C18,
100 x 2.1 mm, 1.7 um d, column (Waters, Eschborn, Germany). Injection volume amounts to 1 uL
and elution was achieved by a linear gradient (5-95% over 18 min) of solvent B (distilled acetonitrile
with 0.1% of formic acid) against solvent A (bi-distilled water with 0.1% of formic acid). The column
thermostat was set to 45 °C and a flow rate of 600 uL/min was used. UV spectra were recorded using
DAD detector in the range of 200-600 nm and mass spectrometry data were collected on amazon
SL speed (Bruker, Billerica, MA, USA) with an Apollo II ESI source in a range of 200-2000 /z.
High-resolution mass spectroscopic data (HRMS) with LC were acquired on a Dionex Ultimate 3000
RSLC system (Thermo Fischer Scientific, Waltham, MA, USA) using a BEH C18, 100 x 2.1 mm, 1.7 pm
dp column (Waters, Eschborn, Germany). A linear gradient from 5-95% solvent B (distilled acetonitrile
+ 0.1% formic acid) against solvent A (bi-distilled water + 0.1% formic acid) at a flow rate of 450 uL/min
and 45 °C column temperature was used to separate 1 uL sample. UV spectroscopic data were
collected by a DAD detector in the range of 200-600 nm. Mass spectroscopic data were acquired with
an LTQ Orbitrap mass spectrometer (Thermo Fischer Scientific, Waltham, MA, USA). LC-MS data
were collected, processed, and analyzed with Bruker Compass Data Analysis software, version 4.2
(Bruker, Billerica, MA, USA) and the Thermo Xcalibur software, version 3.0 (Thermo Fischer Scientific,
Waltham, MA, USA). Dereplication was carried out by means of the Dictionary of Natural Products
Database, version 10.0 (CRC Press, Baca Raton, FL, USA) with accurate mass, UV absorption maxima,
and biological source as parameters [41].

2.6. Isolation and Purification of Compounds 1-5

For purification of the angucyclines, the strain Streptomyces sp. IB2016191-2A was cultivated in
10 L of SM27N medium (pH 7.0), as described above. The metabolites were extracted with ethyl acetate
from the cultural liquid and solvent was removed under reduced pressure. The obtained extract,
2.04 g, was dissolved in 13 mL of methanol and subjected to size-exclusion chromatography. The crude
extract was loaded on a glass column (1 m) packed with Sephadex® LH 20 (total volume ~ 700 mL;
Sigma-Aldrich, St. Louis, MO, USA). Methanol was used as eluent and fractions were collected every
15 min with a speed of 1-2 drops per second. Fractions were analyzed on LC-MS and targeted fractions
further purified through preparative and semipreparative high performance liquid chromatography
(HPLC) with the following equipment. A preparative HPLC system the Dionex Ultimate 3000 (Thermo
Fischer Scientific, Waltham, MA, USA) equipped with a Nucleodur C18 HTEC column (150 x 21 mm,
5 pm) and linear gradient from 5-95% solvent B (acetonitrile + 0.1 formic acid) against solvent A
(water + 0.1 % formic acid) over 28 min with a flow rate of 17 mL/min was used for initial purification.
Obtained fractions containing the targeted compounds were further purified on a semipreparative
HPLC system Agilent 1260 Series (Agilent Technologies, Santa Clara, CA, USA). Compounds 1, 2,
and 5 were purified using Jupiter proteo C12 column (250 x 10 mm, 4 um; Phenomenex, Madrid Ave,
Torrance, CA, USA). Compounds 1 and 2 were obtained using a gradient starting from 30% of solvent
B (acetonitrile + 0.1 formic acid, A: water + 0.1 % formic acid) and an increase of solvent B to 95% over
25 min. For compound 5, a multistep gradient from 5-75% B over 8 min and an increase to 85% B
over 24 min was used. Compounds 3 and 4 were separated on the same system with Synergy Fusion
RP column (250 x 10 mm, 4 pm; Phenomenex, Madrid Ave, Torrance, CA, USA) using a multistep
gradient starting from 5% B (acetonitrile + 0.1% formic acid, A: water + 0.1% formic acid) to 45% over
17 min and a further increase to 95% B over 8 min. In a second step, compounds 3 and 4 were purified
once more using the same column and a multistep gradient from 5-50% B over 10 min and an increase
to 70% over 15 min. In case of compounds 1, 2, and 5, a flow rate of 5.0 mL/min and for compounds 3
and 4, a flow rate of 4.0 mL/min were used. Column thermostat was set to 45 °C and UV spectra were
recorded in the range of 200-600 nm with DAD (Diode-Array Detector) detector.
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NMR (Nuclear magnetic resonance) spectra were recorded in deuterated methanol (CD;0D) and
deuterated dimethyl sulfoxide (DMSO-dg) at 298 K on a Bruker Avance III spectrometers (700 and
500 MHz; Bruker, MA, USA), both equipped with a 5 mm TXI cryoprobe. NMR data were analyzed
using Topspin, version 3.5 pl7 (Bruker, Billerica, MA, USA).

2.7. Genome Sequencing and Bioinformatics

For isolation of total DNA, Streptomyces sp. IB2016191-2A was grown in R5A medium [42] at 28 °C
on a rotary shaker (180 rpm) for four days and a salting out procedure was used to obtain DNA [35].
For genome sequencing, an Illumina paired-end sequencing library (TruSeq sample preparation kit;
[llumina, USA) was constructed as recommended by the manufacturer. The draft genome sequence
was achieved on an Illumina MySeq system in rapid run mode (2 X 250 nt) with a pair distance of
500 bp. Subsequent to sequencing, the processed data were subjected to de novo assembly using SPAdes
(version 3.8.1) [43] with default settings. Genome annotation was carried out using prokka v1.11 and
GenDB 2.0 platform [44,45]. Secondary metabolism gene clusters were analyzed by the genome mining
tool antiSMASH [46]. The genome sequence of Streptomyces sp. IB2016191-2A was deposited under
accession number SPQF00000000 in GenBank database.

2.8. Gene Disruption of the Glycosyltransferase Genes baiGT2 and baiGT3

For deletion of baiGT2, the fragment 3L (2.485 kb) and the fragment 4R (2.366 kb) were amplified
by PCR with primer pairs 3L-FHindIIl and 3L-REcoRV, 4R-FEcoRV and 4R-RXbal, respectively
(Supplementary Table S1). For deletion of baiGT3, the fragment 5L (2.366 kb) and 6R (2.574 kb) were
amplified with primer pairs 5L-FHindIIl and 5L-REcoRV, 6R-FEcoRV and 6R-RXbal, respectively.
Obtained PCR fragments were cloned into a pJET1.2/blunt cloning vector (Thermo Fischer Scientific,
Waltham, MA, USA) resulting in the plasmids pJET3L and pJET4R, and pJET5L and pJET6R. The 4R
fragment was retrieved with EcoRV and Xhol and ligated into pJET3L digested with the same enzymes,
giving pJET34. The 5L fragment was retrieved with EcoRV and Xbal and ligated into EcoRV-Xbal
digested pJET6R, resulting in pJET56. The spectinomycin resistance gene aadA was obtained from
pHP45() as EcoRV fragment and cloned into EcoRV digested pJET34 to yield pJET34sp and pJET56
to yield pJET56sp. The resulting plasmids were digested with HindlIll, fragments that corresponded
to deletion constructs 34 sp and 56 sp were gel-purified and treated with Klenow fragment of E. coli
DNA polymerase I (New England Biolabs, Ipswich, MA, USA) and sub-cloned into pKG1132 vector
digested with EcoRV creating the final constructs pKG1132sp-34 and pKG1132sp-56. The plasmids
were introduced into Streptomyces sp. IB201691-2A using intergeneric conjugation. Exconjugants were
screened for white spectinomycin-resistant colonies on MS plates supplemented with X-gluc and
spectinomycin. The deletion of baiGT2 and baiGT3 genes was confirmed by PCR using the CheckGT2F
and CheckGT2R, and the CheckGT3F and CheckGT3R primer pairs (Supplementary Table S1)

2.9. Cloning of the bai Gene Cluster Using Transformation-Associated Recombination (TAR) Technique

The two 2.5 kb (TAR1) and 24 kb (TAR2) DNA fragments flanking the 44 kb bai
biosynthetic gene cluster were amplified using primer pairs 91-2aTAR1-FNotI /91-2aTAR1-RNhel
and 91-2aTAR2-FNhel/91-2aTAR2-RHindIII (Supplementary Table S1), respectively, and cloned into
pJET1.2/blunt cloning vector (Thermo Fischer Scientific, USA). The TAR1 was retrieved with HindIII
and Nhel and ligated into Nhel/HindIll digested pJetTAR2. The resulting construct was digested by
HindIlI/NotI and sub-cloned into a pCLY10 vector [47]. The final construct was linearized with Nhel
and co-transformed into S. cerevisine BY4742 with Streptomyces sp. IB201691-2A chromosomal DNA
in ratios 1:1, 1:2, 1:3, 1:5. Transformants were grown onto the selection medium YNB supplemented
with yeast synthetic drop-out medium supplements without leucine containing 1% of glucose for
4 days (Sigma-Aldrich, St. Louis, MO, USA). Yeast colonies were screened by PCR using the primers
91-2aCheck-FNotl and 91-2aCheck-RHindIII and pCLY10-RNotV (Supplementary Table S1). Total DNA
was isolated from the positive clone pCLY8.13-10bai and transformed into E. coli XL1Blue. The plasmid
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containing the cloned bai cluster was named p8-13bai and verified by digesting with restriction enzymes
EcoRI, Xhol, Notl and Kpnl. p8-13bai was introduced into S. albus J1074 via intergeneric conjugation.
The recombinant S. albus J1074/p8-13bai was cultivated in SM27N and extracts were analyzed for
production of baikalomycins as described above.

2.10. Biological Activity Assays

The biological activity of the crude extracts from small-scale cultivation of Streptomyces sp.
IB2016191-2A was screened using a disk diffusion assay. The 6 mm paper disks were loaded with
40 uL of each extract and dried. Bacillus subtilis ATCC 6633, Pseudomonas putida KT 2440, Escherichia
coli K 12 were grown in liquid LB medium and Saccharomyces cerevisiae BY4742 in YPD. Test cultures
were spread on solid LB and YPD medium and dried paper discs were placed on top. The plates
were incubated at 37 °C for 12 h and 30 °C for 2 days (in case of Saccharomyces cerevisiae) and zones of
inhibition were measured manually.

The minimal inhibitory concentration (MIC) was determined against the Gram-positive bacteria
Staphylococcus carnosus DSM 20501 and Mycobacterium smegmatis DSM 43286, against the Gram-negative
bacteria Erwinia persicina DSM 19328 and Pseudomonas putida KT2440, and against the yeast Candida
glabrata DSM 11226. The minimal inhibitory concentrations were estimated by a standard serial
dilutions protocol in 200 uL in 96-well plates using DMSO as solvent. Kanamycin was used as a
positive control, and DMSO was used as negative control. 190 pL of bacterial test cultures in appropriate
media (1:500 dilution of overnight culture) were added to each well containing 10 pL of compound
solution. Plates were shaken at 30 °C for 1620 h. To each well, 5 uL of thiazolyl blue tetrazolium
bromide (10 mg/mL; Sigma-Aldrich, St. Louis, MO, USA) solution was added, and the plates were
incubated at 30 °C for an additional 10-30 min. MICs were determined as the concentration of antibiotic
in the well where the color of thiazolyl blue tetrazolium bromide was not changed from yellow to
dark blue.

2.11. Anticancer Activities of Isolated Compounds

Assays were performed using the human tumor cell lines A549 (lung carcinoma), Huh?7.5
(hepatocellular carcinoma), MCF7 (breast adenocarcinoma), and SW620 (colorectal adenocarcinoma).
All cell lines were cultured in RPMI-1640 (A549, HuH7.5) or DMEM (MCF-7, SW620) supplemented
with 10% fetal bovine serum, 100 U/mL penicillin, 100 mg/mL streptomycin, and 2 mM glutamine.
The cells were maintained at 37 °C in a humidified atmosphere of 5% CO5.

A cell viability assay (MTT assay) was performed as described below. Cells were seeded in
appropriate numbers to reach confluency the next day and were then treated with the respective
compounds in different concentrations for 48 h. Stock solutions of the compounds were prepared in
DMSO, and solvent controls were tested concurrently. The viability of adherent cells was determined by
replacing the supernatants with 0.5 mg/mL MTT (3-(4,5-dimethylthiazole-2-yl)-2,5 diphenyltetrazolium
bromide; Sigma-Aldrich, St. Louis, MO, USA) solution in respective culture media. After a 30 min
incubation, the formazan crystals were dissolved in DMSO, and the absorbance was measured at
560 nm in a microplate reader (GloMax Discover, Promega, Madison, WI, USA). ICs, values were
calculated by non-linear regression using OriginPro (OriginLab Corporation, Northampton, MA, USA).

A proliferation assay (ECIS) was performed as follow. Cell proliferation was measured using
the electric cell-substrate impedance sensing (ECIS®) system (Applied BioPhysics, Road in Troy, NY,
USA). On the day before cell seeding, the arrays were pre-incubated with full cell culture medium at
37 °C. A549 cells were grown on 96-well ECIS arrays (96W10E+, with 10 electrodes per well), and the
impedance measurement (every 15 min for 100 h, 16,000 Hz) was started directly after cell seeding
(8000 cells per well). The cells were left to attach for 5 h before the compounds were added to the cells
at the indicated concentrations. Control cells were treated with the diluted solvent DMSO. Impedance
was normalized to the value at 7 h after inoculation.
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3. Results and Discussion

3.1. Isolation and Characterization of Streptomyces sp. IB201691-2A

The Lake Baikal endemic mollusk Benedictia baicalensis [37] was sampled (12X samples with five
specimens, each) at a depth of 50 and 100 m in February 2016 at Lake Baikal in Bolshiye Koty village
(51°54’19” N 105°4’31” E, western shore of Lake Baikal) and actinobacteria were isolated as described
in the materials and methods section. Several actinobacteria-like colonies with similar morphology
were found in three samples from 50 m and two samples from 100 m depth. After re-plating on fresh
MS medium, all five isolates were noticed to contain two different species (Figure 2A). One of them
demonstrated surface growth with pale orange colonies and did not form aerial mycelium and spores
(Figure 2B). Based on 165 rRNA gene sequence analysis, this bacterium was identified as a Rhodococcus
sp. designated as IB201691-2A2 (Supplementary Figure S1).

Figure 2. Actinobacteria species co-isolated from Benedictia baicalensis grown on soya flour mannitol
(MS) agar. (A) Original mixture of Streptonyces sp. IB201691-2A and Rhodococcus sp. 1B201691-2A2
obtained from a single colony grown from a plated homogenate of B. baicalensis; (B) Pure culture of
Rhodococcus sp. 1B201691-2A2; (C) Pure culture of Streptomyces sp. IB201691-2A.

The second bacterium has substrate growth typical for streptomycetes, forms white spores,
and produces dark-brown pigment (Figure 2C). The 16S rRNA gene phylogeny analysis placed the
strain into the genus Streptomyces and it was named Streptomyces sp. 1B201691-2A (Supplementary
Figure S2). Gene sequences of 165 rRNA of Rhodococcus sp. 1B201691-2A2 and Streptomyces sp.
IB201691-2A specimens isolated from different samples were identical (data not shown). Streptomyces
sp. IB201691-2A is closely related to S. ederensis NBRC 15410, producing moenomycins and S. umbrinus
NBRC 13091 producing phaeochromycin and diumycins (moenomycin derivatives). Both strains were
isolated from soil and are heterotypic synonyms of phaeochromycin-producing S. phaeochromogenes
(Supplementary Figure S2) [48,49]. The S. phaeochromogenes strain was originally discovered as a
producer of angucycline PD116198 [7]. In this study, we focused on Streptomyces sp. IB201691-2A strain.

3.2. Production and Isolation of Baikalomycins

For biological activity screening Streptomyces sp. IB201691-2A was cultured in nine different liquid
media at three temperatures (13, 28, and 37 °C) and extracts were tested against four test-cultures,
including Gram-positive and Gram-negative bacteria and yeast (Supplementary Table S3). The strain
was found to produce compounds active only against B. subtilis. SM27N medium and 28 °C conditions
were preferable for accumulation of these bioactive metabolites, as seen from the largest inhibition
zone (Supplementary Table S3).

The crude extract of Streptomyces sp. IB201691-2A grown in SM27N was analyzed by
high-resolution LC-MS and dereplicated using the Dictionary of Natural Products database. Two known
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compounds rabelomycin (1) and 5-hydroxy-rabelomycin (2) were identified, with the former being
the major product of the strain (Figure 3A,B; Supplementary Figures S3 and S4). Rabelomycin, a
well-known shunt product in the biosynthesis of angucyclines, was also co-isolated together with
vineomycins from extracts of S. matensis subsp. vineus and himalomycins A and B from Streptomyces sp.
B6921 [4,25,50]. Besides these two compounds, several peaks with characteristics for angucyclines
absorption spectra and m/z ranging from 330 to 620 (in negative mode) are present in the extract of
Streptomyces sp. 1B201691-2A. However, we were not able to identify these compounds within the
Dictionary of Natural Products.
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Figure 3. (A) LC chromatogram of crude extract of Streptomyces sp. 1B201691-2A; (B) structure
of compounds isolated from the extract of Streptomyces sp. 1B201691-2A: rabelomycin (1) and
5-hydroxy-rabelomycin (2) and baikalomycins A-C (3-5).

Streptomyces sp. 1B201691-2A was cultivated in 10 L of the SM27N medium and metabolites
were extracted, giving 2.04 g of a crude extract. Metabolites were fractionated by size exclusion
chromatography and the targeted compounds were purified by the preparative HPLC. Five pure
compounds were obtained (with 80-85% purity): Rabelomycin (1) (6.5 mg), 5-Hydroxy-rabelomycin
(2) (1.8 mg), baikalomycin A (3) (RT 6.9 min, 0.9 mg), baikalomycin B (4) (RT 9.1 min, 1.1 mg) and
baikalomycin C (5) (RT 12.8 min, 0.7 mg) (Figure 3A,B; Supplementary Figures S3-S5).

3.3. Structure Elucidation of Baikalomycins

The structures of rabelomycin (1) and 5-hydroxy-rabelomycin (2) were confirmed by the
comparison of the 'H and '*C NMR data to the previously reported data (Figure 3B; Supplementary
Table S4) [51,52].
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Baikalomycin A (3) was obtained as a pale-yellow solid (purity > 80 mol%, according to "H NMR,
Supplementary Figure S6). The molecular formula of Cp5H39O11 and m/z 487.1634 [M-H,O-H] ™ (calc.
m/z 487.1604 [M-H,O-H] ") was determined on the basis of HRESIMS ( High-resolution electrospray
ionisation mass spectrometry) data, indicating 11 degrees of unsaturation (Figure 3B; Supplementary
Figure S5). The compound exhibited UV absorption at 240, 285, and 355 nm. The analysis of 'H
and 2D HSQC (Heteronuclear single quantum coherence spectroscopy) and HMBC (Heteronuclear
Multiple Bond Correlation) spectra revealed the presence of 25 carbon atoms, 12 quaternary carbons,
five methine, six methylene, two methyl carbons and two ortho-coupled aromatic protons at 6y 7.84
(dd, 8 Hz, 0.6 Hz, H-10) and 6y 7.58 (d, 8 Hz, H-11) which indicate a tetrasubstituted aromatic
ring. Key correlations in the HMBC spectrum from H-11 to C-7, C-7a, C-8, C-9, C-12, from H-6 to
C-6a, C-12a, C-7, C-12, from H-5 to C-4a, C-12b, C-6a and from H-4 to C-4a, C-12b revealed the
presence of the well-known aquayamycin-type core structure (ring A-D) substituted at position C-9
(Figure 4A; Supplementary Table S5; Supplementary Figures S6-510). However, ring B is found to
be fully saturated, which is only known for a few cases, e.g., moromycins A and B, grecocyclines,
and NO5WA963 A—C [19,20,53]. The 3C values, ranging from 70-80 ppm for C-4a, C-6a, C-12a,
and C-12b indicated the presence of hydroxy groups whereas C-5 (8¢ 30.0, 8y 1.65 and 2.21) and C-6
(8¢ 26.0, 81 2.18 and 2.47) were identified as CH, groups. As known for the aquayamycin compounds,
ring A bears a hydroxy and methyl group at C-3. The absolute configuration at this position has been
determined as R in several previously isolated angucyclines with a similar biosynthetic origin, e.g.,
in urdamycin or saquayamycin [11,54]. Therefore, the configuration in baikalomycins A as well as in B
is likely to be the same. In addition, one anomeric proton at 8¢y 4.77 (6¢ 74.0), one methine proton at 0y
3.22 (8¢ 72.5), two methylene signals at 5y 1.43/2.20 (¢ 33.0) and &y 1.63/2.11 (8¢ 33.5), and one methyl
signal at 85 1.32 (8¢ 18.5) confirm the presence of a 2,3,6-tridesoxy-hexose unit. As known for other
aquayamycin natural products, the sugar was attached to the aglycone at C-9, which was supported by
HMBC correlations from H-1" to C-8, C-9, C-10, as well as from H-2" to C-9 (Figure 4A). Due to the large
coupling constants of H-1’ (11 Hz), H-4" (11, 9 Hz), and H-5" (9 Hz), the respective protons must be in
axial positions and therefore the sugar should be 3-amicetose. The respective ROESY (Rotating frame
Overhause Effect Spectroscopy) crosspeaks provided further proof for the given structure (Figure 4B).
We assume that the sugar is D configured, as only the 3-p-form of amicetose has been found among
the C-glycosides in aquayamycin-like compounds so far [9]. Due to the fact that all substances could
only be isolated in very small quantities and should still be subjected to biologic testing, a hydrolysis
of the glycosides to determine the absolute configuration of the sugar components by means of optical
rotation was not possible.
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Figure 4. (A) Selected HMBC correlations within baikalomycin A; (B) Selected ROESY correlations
which support the designated configuration of attached sugars.
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Baikalomycin B (4) was isolated as a pale-yellow solid (purity > 85 mol% according to 'H NMR,
Supplementary Figure S11) with the molecular formula C31Hy0O;3 and m/z 601.2332 [M-H,O-H]~
(calc. m/z 601.2285 [M-H,O-H] ™), suggesting 12 degrees of unsaturation (Figure 3B; Supplementary
Figure S5). Similar to (3), this compound showed absorption at 240, 285, and 355 nm. NMR data
of 'H and 3C largely resembles the data of (3), however, with one major difference. The presence
of an additional anomeric proton at 6y 4.80 (5¢c 99.5), together with one methine proton at 8y 3.15,
two methylene groups at 0y 1.76/1.84 and 6 1.74/1.78, and one methyl group at oy 1.18 indicate
the presence of a second 2,3,6-tridesoxy-hexose moiety, which is O-glycosidically linked to the first
sugar. HMBC correlations from H-1" to C-4’ confirm the connectivity of both sugar units (Figure 4B;
Supplementary Table S5; Supplementary Figures S11-515). The second sugar moiety was as well
identified as amicetose due to the large diaxial coupling Jyja/ps+ 9 Hz. Although the small coupling
constant of H-1"” (Jyy = 2.5 Hz) indicates the x-anomer in this case. Most probably, the a-amicetose is L
configured as it was found for most of the terminal, O-glycosidically bound sugars in aquayamycin-like
natural products [9].

Baikalomycin C (5) was obtained as a yellow solid (purity > 80 mol% according to 'H NMR,
Supplementary Figure S16) and showed m/z 579.1887 [M-H]~ (calc. m/z 579.187184 [M-H]~) that
corresponds to molecular formula C31Hj3;0;; indicating 16 degrees of unsaturation (Figure 3B;
Supplementary Figure S5). The UV absorption at 228, 258, 294, and 441 nm suggests an increased
conjugated system compared to (3) and (4). Analysis of "H NMR, HSQC, and HMBC spectra revealed
an anthraquinone core formed by ring B, C, and D (Figure 4B; Supplementary Table S5; Supplementary
Figures S16-521). This finding was concluded from the ortho-coupled aromatic proton signals at &g
791 (d, 8 Hz, H-10) and 4y 7.86 (d, 8 Hz, H-11) and HMBC correlations from H-10 to C-8, C-11a and
from H-11 to C-7a, C-9, and C-12. A second ortho-coupled pair of protons at 6y 7.76 (d, 8 Hz, H-5)
and &y 7.80 (d, 8 Hz, H-6) confirm the presence of another aromatic ring. HMBC correlations from
H-6 to C-12a and C-7 and from H-5 to C6a establish the connection of this ring to the quinone ring C.
In contrast to (3) and (4), the former ring A was opened between C-1 and C-12b leading to a phenolic
hydroxyl group at C-12b (8¢ 162.56) and a 3-hydroxy-3-methyl butanoic acid side chain attached to
C-4a (Figure 3B). Similar to baikalomycin A and B, the C-glycosidic sugar attached to the aglycone at
C-9 was identified as 3-p-amicetose due to comparable chemical shift values and coupling constants
for H-1’, H-4" and H-5" (Supplementary Table S5). An additional anomeric signal at 5y 5.40 and 5¢
96.21 indicates a second O-glycosidic bonded sugar which is supported by corresponding HMBC
correlations from H-1"" to C-4’ (Supplementary Table S5). This sugar consists of two olefinic protons
5y 6.98 (H-2""), 6.05 (H-3"’), one methine proton &y 4.61, a methyl group at 6y 1.32 and a carbonyl
signal at §c 198.82 (C-4"") and was thus identified as aculose. The small coupling constant of H-1""
(3.5 Hz) is consistent with the x-anomer (Supplementary Table S5). Until today, only «-L-aculose was
found in aquayamycin-type natural products, which let us assume that we have the sugar moiety [9].
The aglycone of baikalomycin C is the same as in amicenomycin B and himalomycin A [22,25]. Thus,
the absolute configuration at C-3 can be assigned as R.

Despite the similarity to aquayamycin-type compounds, baikalomycins A and B possess an
uncommon aglycone (hydroxy groups at C-6a and C-12a) that has been found in only one other
angucycline, namely a derivative of PD 116198 isolated from S. phaeochromogenes WP 3688 [7].
As opposed to this, several angucyclinones and glycosylated angucyclines with epoxide function at
these positions are known, including simocyclinones and grecocycline A [53,55]. Compounds with
one hydroxyl group at C-6a or C-12a, like panglimycins A-B, saccharothrixmicine B, and kiamycin
are also described [56-58]. The standalone case, however, is grecocycline B with a thiol group at C-6a
and hydroxyl group at C-12a. Importantly, we were not able to find tri- and tetra-saccharides of
baikalomycins in the extracts of Streptomyces sp. IB201691-2A.

The stereochemistry of the chiral centers in ring B of baikalomycins A and B remains uncertain.
The spatial positions of the hydroxy groups at C-4a and C-12b were concluded to be cis as it has been
described for all comparable angucyclines beforehand. However, the chiral centers C-6a and C-12a of
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the new aglycone could not be elucidated due to the lack of reliable signals for the hydroxyl protons
even in DMSO-d6. Therefore, respective correlations involving the hydroxyl protons could not be
found in the ROESY spectra.

3.4. Biological Activities of Baikalomycins

Rabelomycins and baikalomycins were tested for antibacterial and anticancer activities.
The compounds 1, 2, and 5 showed moderate and weak activity against Staphylococcus carnosus
DSMZ 20501 and Mycobacterium smegmatis DSMZ 43286 (Table 1). Also, 1, 2, and 4 were moderately
active against Erwinia persicina.

Table 1. Activity tests of baikalomycins A-C (3-5), rabelomycin (1), and 5-hydroxy-rabelomycin (2).

MIC, uM
Test Strain
3 4 5 1 2
Erwinia persicina DSMZ 19328 >500 250 n.t. 31 125
Pseudomonas putida KT2440 >500 >500 >500 >500 >500
Candida glabrata DSMZ 11226 >500 >500 >500 >500 >500
Staphylococcus carnosus DSMZ 20501 >500 >500 62 62 125
Mycobacteriaum smegmatis DSMZ 43286 >500 >500 250 31 125

Anticancer activities were determined against the human cancer cell lines A549 (lung
carcinoma), Huh7.5 (hepatocellular carcinoma), MCF7 (breast adenocarcinoma), and SW620 (colorectal
adenocarcinoma) by MTT assay [59]. Baikalomycins A and B showed moderate to weak effects on
A549 and MCF?7 cell viability (Table 2). The compounds 1, 2, and 5 exerted a more potent activity with
IC5 values in the low micromolar range on all four cell lines (Table 2, Supplementary Figure S22A).

Table 2. ICs values [tM] of baikalomycins A-C (3-5), rabelomycin (1), and 5-hydroxy-rabelomycin (2)
+ SEM against human tumor cell lines, treated for 48 h.

Compound A549 Huh7.5 MCF7 SW620
3 58.51 +5.15 inactive 53.19 + 3.36 inactive
4 46.26 + 0.52 inactive inactive inactive
5 4243 +3.71 7.62 + 047 13.35 +1.33 3.87 £ 0.69
1 9.78 £ 0.49 7.21 £ 0.70 21.94 + 1.59 7.82 +0.40
2 9.11 £ 0.59 1191 +2.94 27.39 +2.17 13.43 £ 0.72

A549 cells were chosen to further analyze the potential antiproliferative actions in an
impedance-based assay. Antiproliferative effects correlated with activities observed in A549 cells in
the MTT assay: while 3, 4, and 5 showed no antiproliferative effects (data not shown), 1 and, to a
greater extent, 2 reduced cell proliferation in concentrations showing no effect in the MTT assays (cell
viability > 80% after 48 h treatment) (Supplementary Figure S22B).

3.5. Streptomyces sp. IB201691-2A Genome Sequencing and Analysis

The genome of Streptomyces sp. IB201691-2A has been sequenced and assembled into 109 contigs
with an overall size of 11,410,308 bp (including 61,648 undefined nucleotides). The G+C content
was found to be 70% that is typical for streptomycetes. The largest contig is 1155 kbp. The genome
of Streptomyces sp. 1B201691-2A consists of a single chromosome, based on the sequence coverage,
and contains 10,023 predicted CDSs, 5 rRNA gene clusters, 86 tRNA, and one transfer-messenger
RNA genes. AntiSMASH analysis revealed the presence of 38 gene clusters potentially involved
in secondary metabolites biosynthesis (Supplementary Table S6). The genome is enriched with the
genes for siderophores production, including those typical for actinobacteria desferrioxamine and
two aerobactin-like siderophores biosynthetic gene clusters, as well as a more unusual scabichelin
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biosynthetic gene cluster, originally found in S. scabies [60]. The enrichment of Streptomyces sp.
IB201691-2A with siderophores encoding gene clusters is not unusual, since the iron content of the
Lake Baikal water is relatively low [61]. Biosynthetic products could also be clearly predicted for
three terpene gene clusters, such as hopene (cluster 7), albaflavenone (cluster 13), and earthy-musty
odor-causing 2-methylisoborneol (cluster 22) [62-64].

3.6. Identification of Baikalomycins Biosynthetic Gene Cluster

The genome of Streptomyces sp. 1B201691-2A contains only one gene cluster encoding type II
PKS and oligosaccharides biosynthesis enzymes that could be putatively involved in biosynthesis of
baikalomycins (Figure 5A; Supplementary Table S6). This cluster, further designated as the bai gene
cluster, is predicted to be 34 kbp in length and is located at the 3" edge of scaffold00031. It encodes 27
complete and 1 incomplete CDSs. The BLAST analysis of the incomplete open reading frame (ORF)
revealed that it is coding for putative acyl-CoA carboxylase with the closest homologue being SchP1
from Sch47554/47555 biosynthesis [29].

A 2 kb
bai S8 X1 Rl A10 T1 A9R2 X2 A7 A5A1 A2A3A4A6 A8 T2 GT1 GT257GT3 S1 S2 53 S4 X3 S5 S6 A11A12 accCacrRglcR
4aEo> DD PP 4
—7/9kb,
p13-8bai
B Identity i sk
il

bai, query
sch, 96.4%
gen, 71.5%

saq, 75.6%

sqn, 73.5% |

spr, 74.7% (N GEERG DD EED)EDEDD I DD B IS D) D

Figure 5. (A) Genetic organization of baikalomycin biosynthetic gene cluster (bai) from Streptomyces sp.
IB 201691-2A. Region cloned in p13-8bai is shown below; (B) alignment of gene clusters responsible
for biosynthesis of saquayamycin-type angucyclines from different actinobacteria. Mean pairwise
identity over all pairs in the column: green—100% identity; green-brown—at least 30% and under
100% identity; red—below 30% identity. bai—baikalomycin gene cluster from Streptomyces sp.
1B201691-2A; sch—Sch47554/47555 gene cluster from Streptomyces sp. SCC-2136; gcn—grincamycin
gene cluster from S. lusitanus SCSIO LR32; sag—saquayamycin gene cluster from S. nodosus ATCC4899;
sqn—saquayamycin gene cluster from Streptomyces sp. KY40-1; spr—saprolomycin gene cluster from
Streptomyces sp. TK08046.

The search within the genome of Streptomyces sp. IB201691-2A identified a missing part of the
acyl-CoA carboxylase gene at the 5’ edge of scaffold00038 (Supplementary Figure S23). We performed
multiple sequence alignment of bai, sch (Sch47554/47555 from Streptomyces sp. SCC-2136), sag
(saquayamycin from S. nodosus ATCC4899), sqn (saquayamycin from Streptomyces sp. KY40-1),
spr (saprolomycin from Streptomyces sp. TK08046) and gcn (grincamycin from S. lusitanus SCSIO LR32)
gene clusters (Figure 5B). This allowed determining the core of the bai cluster defined by genes baiA10
encoding putative NADP-oxidase and baiA12 methylmalonyl-CoA carboxylase. The genes within
this region are present in all six closely related type II PKS-encoding clusters. The core of the bai
gene cluster shares a 96.4% nucleotide sequence identity with the sch cluster in pairwise alignment
(Figure 5B; Supplementary Figure 523). At the same time, this number is lower for the other four related
clusters. The high degree of similarity shows a close evolutional relationship between the mentioned
biosynthetic genes that is reflected in the high similarity of produced compounds (Supplementary
Figure 524).
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3.6.1. Genes Putatively Involved in Biosynthesis of Aglycone Core

We attempted to predict the function of Bai enzymes in the assembly of baikalomycins. Genes baiAl,
baiA2, and baiA3 show high sequence similarity to sagA, B, C, sqn H, I, | and SchP6, 7, 8, encoding
components of the “minimal PKS” complex (Supplementary Table S7): BaiA1l ketoacyl synthase x, BaiA2
ketoacyl synthase (3 (chain length factor CLF), and BaiA3 acyl carrier protein (ACP). These enzymes
catalyze the synthesis of the nascent decaketide chain by repetitive condensation of one acetyl-CoA and
nine malonyl-CoA units. BaiA4, showed high similarity to SchP5 (98%) and UrdD (86%, urdamycin
ketoreductase from S. fradine T1i2717) ketoreductases, responsible for the first reduction of the nascent
polyketide chain at the C-9 position [29,65]. Two genes baiA5/A6 code for putative cyclases/aromatases
performing cyclization of the polyketide chain into the benz[a]anthracene structure. BaiA5/A6
resembles SchP4/P9 (99%/99%) and UrdF/L (73%/87%). baiA7 encodes a close homologue of SrpB (77%)
and UrdE (78%) proteins. UrdE is an oxygenase catalyzing hydroxylation of an angucycline aglycone
at the C-12 position [66]. Lastly, baiA8 is encodes a second oxygenase enzyme with high identity to
UrdM (85%) and Sprl (88%) and seems to be involved in the hydroxylation in C-4a and C-12b [67].
Additionally, baikalomycins A and B bear hydroxy groups at positions C-6a and C-12a and lack C-5/C-6
double bond. A complete non-aromatic ring B has been rarely found in angucycline structures and
thus there is no experimental data on how it is formed. It can be only assumed that hydroxylation
of C-6a/C-12a and reduction of the double bond is catalyzed by oxygenase-reductase BaiA7, as it
was hypothesized for kiamycin biosynthesis [68]. However, another scenario cannot be excluded.
Two genes on the left edge of the bai cluster, baiA9 and baiA10, code for putative flavin-oxidoreductase
and NADPH-dependent reductase, respectively. The latter enzyme might provide the activity needed
to reduce the double bond at C-5/C-6, when the former can be involved in processing of keto groups at
C-6a/C-12a. Lastly, baiA11 codes for putative 4’-phosphopantetheinyl transferase, possibly involved in
activation of ACP, and baiA12 encodes putative methylmalonyl-CoA carboxyltransferase, that might
participate in precursors supply.

3.6.2. Genes Putatively Involved in Deoxysugars Biosynthesis and Attachment

Two deoxysugars are present in the structure of baikalomycins: amicetose, in p- and
L-configuration, and r-aculose. The bai gene cluster contains ten genes predicted to be involved
in the biosynthesis of deoxysugars. Four enzymes, required for biosynthesis of the common precursor
NDP-4-keto-2,6-dideoxy-p-glucose, are encoded by baiS1 (glucose-1-phosphate thymidylyltransferase),
baiS2 (dTDP-glucose 4,6-dehydratase), baiS5 (NDP-hexose 2,3-dehydratase), and baiS6 (glucose-fructose
oxidoreductase) (Figure 5A; Supplementary Table S7). Subsequently, the generation of p-amicetose is
accomplished through the action of BaiS4 (dTDP-4-amino-4,6-dideoxy-p-glucose transaminase) and
BaiS3 (dTDP-6-deoxy-L-talose-4-dehydrogenase). Lastly, epimerization at C-5" would lead to formation
of L-amicetose. BaiS7 has a high homology to UrdZ1 (71%) dTDP-4- dehydrorhamnose-3-epimerase.

The biosynthetic steps in the L-aculose formation were previously described for aclacinomycins and
grincamycins [27,69]. In both cases r-aculose derives from rhodinose by the action of flavin-dependent
oxidoreductases AknOx and GenQ. Catalysis is performed in two steps: first, rhodinose is converted
to cinerulose by oxidation at the C-4” position, followed by dehydrogenation to form double bond
between C2” and C3” [69]. Unlike in the AknOx performed reaction, in the case of GenQ no cinerulose
intermediate has been observed [27]. Based on similarity with GenQ and AknOx, it can be assumed
that the flavin-dependent oxidoreductases SprY and SqnQ convert rhodinose to acculose in the case of
saprolmycins and saquayamycins biosynthesis [28,31]. Corresponding genes are located at the 3’ edge
of respective gene clusters downstream of the putative methylmalonyl-CoA carboxylase gene. In both,
the sch and bai clusters, a gene encoding flavin-dependent oxidoreductase is missing in this region
(Figure 5A). A BLAST search against Streptomyces sp. IB201691-2A genome using AknOx and GenQ
sequences as query resulted in one positive hit with high amino acid sequence identity (57.3% and
67.9%, respectively). The corresponding gene, 91_A2_44060 (baiS8), is located just upstream of initially
defined borders of the bai cluster (Figure 5A; Supplementary Table S7). The baiS8 orthologue in sch
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cluster schA26, also encodes flavin-dependent oxidoreductase. This makes BaiS8 and SchA26 the best
candidates for enzymes catalyzing the conversion of amicetose to aculose.

Three genes, baiGT1, baiGT2, and baiGT3, are predicted to be involved in glycosylation steps in the
assembly of baikalomycins (Figure 5A; Supplementary Table S7). BaiGT3 shows high homology to
the C-glycosyltransferases SchS7 (98%), SprGT3 (79%), and UrdGT?2 (73%), which catalyze a transfer
of the first sugar to the C-9 position of the aglycone. Two other enzymes, BaiGT1 and BaiGT2, are
predicted to be O-glycosyltransferases based on their homology to SchS10 (97%) and SchS9 (98%),
respectively [30].

3.6.3. Genes Involved in Regulation, Resistance, and with Unknown Functions

Two genes within the bai cluster might be involved in the regulation of baikalomycins production
and control of its transport (Figure 5A; Supplementary Table S7). The baiR1 gene product shows
similarity to the LndI (66% identity) transcriptional regulator controlling landomycin E biosynthesis [70].
baiR2 codes for TetR family transcriptional regulators that are widely distributed in bacteria, including
Streptomyces genera, and typically control the expression of antibiotics transporter genes [71]. Two genes,
baiT1 and baiT2, which encode proteins putatively participating in the transport of baikalomycins and
strain self-resistance, are found within the bai gene cluster. The baiT1 gene product showed similarity
to a major facilitator superfamily of the DHA?2 group, typically implicated in multidrug resistance [72].
baiT2 codes for a protein with 65% identity to Pga]J, a putative transmembrane efflux protein from the
gaudimycin biosynthesis pathway [73]. Three genes baiX1, X2, and X3 code for conserved hypothetical
proteins with orthologues in many actinobacteria genomes but without functions assigned.

3.7. Inactivation of Genes Encoding Glycosyltransferases in bai Cluster

In order to prove that the identified gene cluster is responsible for the production of baikalomycins
and to investigate the specificity of glycosylation steps during biosynthesis we aimed to delete the genes
baiGT1, baiGT2, and baiGT3 within the chromosome of Streptomyces sp. IB201691-2A. For this, the suicide
vector-based strategy was employed. However, the strain was found to be poorly genetically tractable.
It took more than 20 attempts with each construct to obtain a few transconjugants. Unfortunately,
we failed to introduce the baiGT1 deletion construct into Streptomyces sp. IB201691-2A. In the case of two
other genes, baiGT2 and baiGT3, mutants were obtained by replacing the corresponding regions of the
chromosome of Streptomyces sp. IB201691-2A with the spectinomycin resistance cassette. Mutant strains
were cultivated in the production medium and extracted metabolites were analyzed by LC-MS (Figure 6).
As expected, Streptomyces sp. IB201691-2AAGTS3, lacking baiGT3, accumulated rabelomycin (1) and
5-hydroxy- rabelomycin (2), but not glycosylated angucyclines (Figure 6). Furthermore, we found an
additional peak (X1) in the extract of the mutant strain with RT of 7.56 and m/z 373.0945 [M-H20-H]~
that corresponds to the mass calculated for aglycone of baikalomycins A and B (exact mass 392.11073,
calculated m/z 373.092340 [M-H20-H]") (Figure 6; Supplementary Figure S25). This compound is also
present in the extract of parental strain but in much smaller quantities.

Deletion of baiGT2 abolished production of baikalomycins B and C. However, Streptomyces sp.
IB201691-2AAGT2 demonstrated increased accumulation of baikalomycin A that is barely detectable
in the parental strain (Figure 6). These data lead us believe that BaiGT3 catalyzes the attachment of
first amicetose at the C-9 of baikalomycins” aglycone, followed by addition of a second amicetose
by BaiGT2.
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Figure 6. Analysis of LC-HRMS chromatograms of extracts of parental Streptonyces sp. IB201691-2A
and mutant strains IB201691-2AAGT3 and IB201691-2AAGT?2, lacking genes baiGT3 and baiGT2,
respectively, encoding baikalomycin glycosyltransferases. Compounds identified in the extracts:
1—rabelomycin; 2—5-hydroxy-rabelomycin; 3—baikalomycin A; 4—baikalomycin B; 5—baikalomycin
C; X1—baikalomycin aglycone.

The second sugar might stay unprocessed or is converted to aculose by action of BaiS8, similar
to how it occurs in the case of grincamycins and Sch 47554/47555 biosynthesis [27,30]. At the same
time, the function of BaiGT1 remained unclear. In the case of Sch 47554/47555 biosynthesis SchS10,
the BaiGT1 orthologue is responsible for introduction of a sugar (aculose or amicetose) at C-3 position.
However, Streptomyces sp. IB201691-2A did not produce baikalomycin trisaccharides under multiple
tested conditions. We were also not able to inactivate the baiGT1 gene due to technical difficulties.

Wehave cloned the entire bai gene cluster using transformation-associated recombination technique.
As result, a plasmid p8-13bai, carrying 44.01 kb fragment of Streptomyces sp. IB201691-2A genomic
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DNA with the bai gene cluster, however, lacking aacC and other downstream genes, (Figure 5A) was
expressed in S. albus J1074. As a result, the recombinant strain failed to produce baikalomycins A-C
(Figure 7). At the same time, three peaks with m/z of 697.2882 [M-H]~ (RT 12.64, 12.89 and 13.11 min)
and two peaks with m/z of 695.2734 [M-H]~ (RT 14.46 and 14.83 min) and characteristic for angucylines
absorption spectrum could be found in the extract of S. albus J1074/p8-13bai (Figure 7, Supplementary
Figure S526). These compounds are absent in the extract of Streptomyces sp. 1B201691-2A. Based on
the detected mass and UV spectra these metabolites are proposed to be baikalomycins trisaccharides
closely related to Sch-47554/47555. MS2 data support this idea. All five new metabolites have typical
angucycline type fragmentation pattern with the characteristic loss of one sugar, most probably at
C-3 position (Supplementary Figure S27). Most plausible, that the variety of masses of the detected
compounds originate from incomplete conversion of amicetose to aculose, but rather to cineruloses
intermediate in one or both saccharides at C-3 and C-9 positions, as it was shown for grincamycins [27].
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Figure 7. LC-MS chromatogram of extracts of S. albus J1074 carrying plasmid p8-13bai, with
baikalomycin gene cluster from Streptomyces sp. 1B201691-2A. Host exogenous compounds and
new metabolites arisen from the expression of the bai gene cluster are highlighted.

In the latter case, expression of the grincamycin biosynthesis genes in S. coelicolor yielded
vineomycin Al with two aculose moieties instead of cineruloses, present in grincamycins. It is
obvious that the baikalomycins biosynthetic enzymes behave differently in the natural producer
and the heterologous host. In fact, Streptomyces sp. 1B201691-2A did not produce angucycline
trisaccharides under any of tested cultivation conditions but accumulated large amounts of shunt
product rabelomycin and its derivatives. Vice versa, S. albus carrying the bai gene cluster accumulated
the angucycline trisaccharides. In conclusion, six gene clusters encoding the aquayamycin-type
angucyclines biosynthesis have a high degree of sequence identity (Figure 5B) and, at the same time,
are responsible for the production of a great variety of related, but still different, natural products.
Such variety, obviously, cannot be deduced from the nucleotide sequence analysis and thus leaves high
chances to discover new natural products from the highly similar biosynthetic gene clusters.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-2607/8/5/680/s1.
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Abstract: An endophytic fungus isolated from Vernonia amygdalina, a medicinal plant from Sudan,
was taxonomically characterized as Curvularia papendorfii. Ethyl acetate crude extract of C. papendorfii
revealed an important antiviral effect against two viral pathogens, the human coronavirus HCoV
229E and a norovirus surrogate, the feline coronavirus FCV F9. For the last one, 40% of the
reduction of the virus-induced cytopathogenic effect at lower multiplicity of infection (MOI) 0.0001
was observed. Selective antibacterial activity was obtained against Staphylococcus sp. (312 pg/mL),
and interesting antiproliferative activity with half maximal inhibitory concentration (ICs) value
of 21.5 + 5.9 ug/mL was observed against human breast carcinoma MCF7 cell line. Therefore,
C. papendorfii crude extract was further investigated and fractionated. Twenty-two metabolites were
identified by gas chromatography coupled to mass spectrometry (GC-MS), and two pure compounds,
mannitol and a new polyhydroxyacid, called kheiric acid, were characterized. A combination of
spectroscopic methods was used to elucidate the structure of the new aliphatic carboxylic acid: kheiric
acid (3,7,11,15-tetrahydroxy-18-hydroxymethyl-14,16,20,22,24-pentamethyl-hexacosa-4E,8E,12E,16,18-
pentaenoic acid). Kheiric acid showed an interesting result with a minimum inhibitory concentration
(MIC) value of 62.5 pg/mL against meticillin-resistant Staphylococcus aureus (MRSA). Hence,
endophytes associated with medicinal plants from Sudan merit more attention, as they could
be a treasure of new bioactive compounds.

Keywords:  Curvularia papendorfii; endophytic fungi; human coronavirus HCoV 229E;
Staphylococcus sp.; MRSA; antiproliferative activity; polyhydroxyacid; kheiric acid

1. Introduction

Currently, the priority in research is the discovery of alternative treatments for viral and
bacterial infections and cancer diseases. For human coronavirus (HCoV) and noroviruses, there is

Microorganisms 2020, 8, 1353; doi:10.3390/microorganisms809 1333 www.mdpi.com/journal/microorganisms
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no vaccine or effective antivirals to prevent or control infections. Human coronaviruses (HCoVs)
are a set of viruses that induce respiratory disease of varying severity, including common cold and
pneumonia [1,2]. This wide-ranging family of viruses infects many species of mammals, including
humans [3]. Their ability for interspecies transmission has led to the emergence of the Severe
Acute Respiratory Syndrome (SARS) [4] and the Middle East Respiratory Syndrome (MERS) [5],
both associated with high mortality and morbidity.

Noroviruses frequently cause acute gastroenteritis outbreaks globally, which is associated with
heavy economic burden [6], as norovirus-induced gastroenteritis is particularly acute in the elderly
and in young children. It is a highly resistant and infectious virus, with an infectious dose close to
20 virions and is easily transmitted through person-to-person contact [7]. The feline calicivirus strain
F9 (FCV F9) is used to study the biology of norovirus [8], given the difficulties of growing human
noroviruses in laboratory conditions.

The emerging of antimicrobial resistance is a problem for society [9]. Methicillin-resistant S. aureus
(MRSA) is one of the pathogen strains causing the majority of hospital infections and effectively escapes
the effects of antibacterial drugs [10]. MRSA causes different infections in the blood, heart, skin, soft
tissue and bones. MRSA is also responsible for nosocomial infections. Treatment is often difficult,
and currently, there is a need to develop new antimicrobials [11].

A bioprospecting of the bioactive molecules is reported from endophytic fungi, and the genus
Curvularia and Bipolaris revealed interesting biological activities [12]. Some crude extracts of
endophytes, isolated from medicinal plants of Sudan, have proven to be very rich and promising
resources of bioactive compounds. For example, Aspergillus sp. associated with Trigonella
foenum-graecum revealed powerful antioxidant activity [13,14]. Byssochlamys spectabilis and Alternaria
sp. isolated from Euphorbia prostrata showed potent antiproliferative and antibacterial activities,
respectively [15].

The genus Curvularia belongs to the family Pleosporaceae. Members of this genus are of
widespread distribution in tropical and subtropical regions and are commonly isolated from a wide
range of plant species as well as from soil. Many species are known to be plant pathogens [16].
Some researchers have demonstrated that crude extracts of some Curvularia species have interesting
properties including antimicrobial, antioxidant, phytotoxicity and leishmanicidal activities [12,17-19].

Several natural products from different chemical classes were purified from the genus Curvularia:
alkaloids such as curvulamine and curindolizine [20,21]; polyketides such as apralactone A, curvulide
A and cochliomycin A [22-24]; quinones such as cynodontin and lunatin [25,26]; and terpenes such as
zaragozic acid A [27].

In this study, an endophytic fungus was isolated from Vernonia amygdalina, and then the taxonomic
characterization of the isolate was established. The ethyl acetate crude extract of the isolated endophyte
was investigated for antiviral, antibacterial and antiproliferative activities. The crude extract was
fractionated to afford pure compounds. Each fraction was analyzed by gas chromatography coupled
to mass spectrometry (GC-MS). Structure elucidation of pure compounds was done using different
spectroscopy techniques, and the biological activities were evaluated.

2. Materials and Methods

2.1. Chemicals

Ethyl acetate (>99.9%), cyclohexane (>99.9%), methanol (>99.9%), acetic acid (299.9%),
dichloromethane (>99.9%), formic acid (299.9%), dextrose (299.9%), agar (299.9%), silica gel,
tetramethylsilane (TMS), deuterated methanol, deuterated pyridine and deuterated dimethyl sulfoxide
were purchased from Sigma-Aldrich Co. LLC, Steinheim am Albuch, Germany. All solvents used were
LC analytical grade. The mixture of alkanes standard from C10 to C40 was purchased from Merck
KGaA, Darmstadt, Germany.
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2.2. Endophytic Fungus: Isolation and Taxonomic Characterization

Leaf and stem samples of V. amygdalina were collected from a plant species growing wild in
Khartoum State, Sudan. Voucher specimen TN4010 was deposited at the herbarium of the Botany
Department, Faculty of Sciences, University of Khartoum, Khartoum, Sudan. The protocol for the
isolation of endophytic fungus from V. amygdalina plant materials was the same procedure described
in the article of A. Khiralla et al. [15].

For the taxonomic characterization of the isolated fungus, the protocol is the same described by
A. Khiralla et al. [15].

2.3. Cultivation of the Fungus and Extraction of the Metabolites

The fungus was cultivated and extracted according to the previous protocol [18] with minor
modifications. Briefly, fungal strain was cultured on 750 Petri dishes (15 L). The Petri dishes were
incubated at 28 + 2 °C for 14 days. Then, the cultured plates were macerated using ethyl acetate for
24 h. The extraction was repeated three times [15]. The organic extract was stored at 4 °C after filtration
and evaporation.

2.4. Biological Assays

2.4.1. Cytotoxicity Tests: Cells, Media and Protocols

L132 (ATCC® CCL5™) and CRFK (CCL-94™) cell lines were cultured in antibiotic-free Minimum
Essential Medium Eagle (MEM, M4655, Sigma-Aldrich, St. Quentin Fallavier, France) complemented
with 10% fetal bovine serum (FBS) (CVFSV F00-0U, Eurobio, Les Ulis, France).

Cytotoxicity of the crude extract was assessed in 96-well tissue culture plates. For this purpose, cells
were seeded at 10* cells per well in 96-well plates. The dry extract was dissolved in dimethylsulfoxide
(DMSO), called DMSO-solubilized extract, or in sterile water called water-solubilized extract, then
diluted in MEM medium complemented with 2% FBS. One hundred microliters of the diluted extract at
increasing concentrations (2 to 256 ug/mL) were added to the cells monolayers 24 h following seeding.
For the organic extract test, DMSO was used at 1% final concentration in order to avoid decrease in cell
viability. The plates were incubated for 72 h at 37 °C in a 5% CO, atmosphere. Viability of cells was
evaluated with the MTT assay based on the reduction of the MTT by cellular metabolism into purple
formazan in living cells [28].

After 72 h, the supernatants were replaced by 100 puL of MTT (0.5 mg/mL) (M2128, Sigma-Aldrich,
St. Quentin Fallavier, France), prepared in MEM medium complemented with 2% FBS, and added to
each well. The plates were incubated for 2 h at 37 °C. Finally, the wells were washed and formazan
crystals were solubilized by the addition of 100 uL of DMSO (04474701, Biosolve, Dieuze, France).
The plates were agitated until complete dissolution, and then the absorbance was read at 540 nm
using a 96-well plate spectrophotometer (Multiskan GO, Thermo Scientific, Saint Herblain, France).
Percentages of survival compared to control cells were calculated and the maximal concentration with
no cytotoxic effect was determined using Microsoft Excel 2010 (Microsoft Corp., Redmond, WA, USA)
and GraphPAD Prism v. 5 software (GraphPAD, San Diego, CA, USA).

2.4.2. Antiviral Assay: Media, Viruses and Protocols

The infection medium, used for the antiviral assays, was the same as the growth medium,
but 2% FBS was added instead. The human coronavirus HCoV 229E strain was propagated and
quantified in L132 cells. CRFK cells were used for infection with the feline calicivirus FCV strain F9.
Virus quantification was performed according to Reed and Muench’s method [29]. Briefly, the cells
(10* cells/well) were grown in 96-well tissue culture plates and incubated for 72 h in the presence
of the HCoV 229E or FCV F9, at 33 °C and 37 °C, respectively, in a 5% CO, atmosphere with serial
10-fold diluted virus suspensions in order to test multiplicity of infection (MOI), defined as the ratio of
infectious virions to cells in a culture, between 0.0001 and 1. This protocol is similar to the article [30]
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The virus-induced cytopathogenic effect (CPE) was determined after 72 h of infection. By the method of
Reed and Muench, the titers were counted as 50% Cell Culture Infectious Doses (CCIDsg)/mL. All virus
stocks were stored at —80 °C until used.

The antiviral activity was evaluated by the reduction of the virus-induced cytopathogenic effect
(CPE), characterized by different parameters such as rounding, vacuolation, syncytia formation and
cell death of the cell monolayer. Different treatments were evaluated against each virus in 96-well
tissue culture plates. One day before infection, cells were seeded at a concentration of 10* cells/well.
The next day, medium was removed and replaced by a mix consisting of diluted virus suspension
and appropriate concentration of the extract. For each viral isolate (titers at least 10° (CCID50)/mL),
two sets of 1:10 serial dilutions were used from 1:10 (MOI 1) to 1:100,000 (MOI 0.0001), the first set
without antiviral agent, and the second with a non-cytotoxic concentration of the extract. A blank
without any cell, virus or extract was added. Eight wells were tested the same way for each assay,
control or blank (n = 8). Plates were then incubated with HCoV 229E or FCV F9 at 33 °C and 37 °C,
respectively, and were consequently checked for virus-induced CPE on days 1, 2 and 3 post-infection,
using an inverted light microscope. The tests were read for determination of viral CPE when cell
destruction in infected untreated cultures was at its maximum post-infection.

Consequently, estimation of the cytopathogenic effect was determined by the crystal violet (CV)
assay, according to a previously described protocol with same adaptation [31]. Removal of cell culture
medium, washing of cells with 1 x PBS ant then fixing with 3.7% formaldehyde (533,998, Sigma-Aldrich,
St. Quentin Fallavier, France) for 5 min are doing in the CV uptake assay. Next, the cell monolayers
were stained with 0.1% CV in PBS (C3886, Sigma-Aldrich, St. Quentin Fallavier, France) added to
the same set of plates used to obtain the visual scores. After 30 min incubation at room temperature,
the dye was removed, all the wells were washed two times with PBS, and uptaken CV was then
solubilized with 100 uL methanol (525,102, Carlo Erba, Val-de-Reuil, France) per well and left for
5 min at room temperature. The color intensity of the dye uptake by the cells was measured with a
96-well plate spectrophotometer (Multiskan GO, Thermo Scientific, Saint Herblain, France) by reading
optical density (OD) at 540 nm. The percentage of cytopathogenic effect (% CPE) was calculated for
treated and non-treated infected wells according to the formula: ((ODsample — mean ODpjank)/mean
ODontro1) X 100 where control was non-treated and non-infected cells. Antiviral activity was expressed
as decrease of virus-induced CPE due to the treatment: % CPE (non-treated) — % CPE (extract-treated).
Results are presented as the mean values obtained from at least two independent experiments.

Immunofluorescence Analysis (IFA)

An immunofluorescence analysis (IFA) was used to detect HCoV 229E and FCV F9 protein
expression in infected host cells. Briefly, L132 and CRFK cells seeded on 96-well cell culture plates
were grown for 24 h at 37 °C in 5% CO; [30]. The cells were then infected with HCoV 229E and
FCV F9 virus at MOI 1 and MOI 0.0001 and incubated for 24 h at 33 °C and 37 °C, respectively.
At 24 h post-infections, 2% of paraformaldehyde was used to fix the cells and blocked in 5% bovine
serum albumin (BSA) in 1% Triton-X-100 PBS. The infected cells were incubated with anti-HCoV
229E (FIPV3-70, St Cruz Biotechnology, Heidelberg, Germany) or anti-FCV F9 (FCV1-43, St Cruz
Biotechnology) mouse primary antibody (1:500) for 1 h, washed three times with PBS and then
incubated with 1:400-diluted FITC-labeled goat anti-mouse IgG (sc-2010, St Cruz Biotechnologies,
Heidelberg, Germany) for 30 min. The identification of positive foci was done using fluorescence
microscopy under an inverted fluorescence microscope (Zeiss, Marly-Le-Roi, France) after DAPI
duplicate staining.

2.4.3. Antibacterial Assay: Cells, Media and Protocols

In this study, eighteen standard strains of bacteria were used. Gram-negative bacteria: Pseudonionas
aeruginosa (CIP82118), Salmonella enterica subspecies enterica sérovar Abony, Escherichia coli (ATCC 8739).
Gram-positive bacteria: Staphylococcus aureus (ATCC 6538), MRSA, S. arlettae, S. capitis, S. hominis,
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S. auricularis, S. epidermidis, S. haemolyticus, S. xylosus, S. lugdunensis, S. sciuri, Enterococcus faecalis,
E. faecium, Bacillus cereus, Kytococcus sedentarius [14].
Information for the media and protocols are in the article by A. Khiralla et al. [15].

2.4.4. Antiproliferative Activity: Cells, Media and Protocol

The cells used for the determination of antiproliferative activities were the human colon
adenocarcinoma (HT29 and HCT116) and human breast adenocarcinoma (MCF7). The media used for
the cultivation and protocols are described in the article by Khiralla A. et al. [15]. For antiproliferative
activities, the respective ICs5y value was calculated from results obtained from quadruplicate
determination of two independent experiments (n = 8). ICsy value was expressed as pg/mL of
extract diluted in DMSO.

2.5. Analytical and Spectroscopic Analysis

For identification and characterization of metabolites, the following were used: a thin-layer
chromatograph (TLC GFjs4 plates (Merck), an infrared (IR) spectrometer (Perkin-Elmer model
1650 FTIR), a Bruker Avance III 400 MHz spectrometer, and a gas chromatography system coupled
with a mass spectrometer (GC-MS, QP2010-Shimadzu equipment). The column used was an SLB5
column DB-5 ms, the procedure of which was the same as that described in our previous works [32,33].
The following were also used: a liquid chromatography system (U3000-Dionex apparatus) coupled
with a mass spectrometer (Bruker Daltonics micrOTOF-Q™); a high-resolution liquid chromatography
system (HPLC, Merck Hitachi Lachrom) for analytical analysis, in which the analytical column used
was a C18 ODS Hypersil™ 5 uM 250 x 4.6 mm column (Thermo Scientific, USA); a preparative
HPLC (Gilson), for which the semi-preparative column used was ODS Hypersil™ C18 250x10mm
(ThermoScientific, USA). For all technical characteristics of equipment, refer to Elmi et al.’s [32] and
A. Khiralla’s work [14].

2.6. Purification and Identification of Metabolites from C. papendorfii Crude Extract

The dark brown ethyl acetate crude extract of C. papendorfii contained a white precipitate.
The precipitate was physically separated, washed with ethyl acetate and then subjected to fractionation
and analyzed. At the end, we recovered 52 mg. The first analysis was realized by TLC. The mobile
phase for TLC was made of 7/3/0.1 (v/v/v) ethyl acetate/cyclohexane/glacial acetic acid. The plates were
observed under UV254 and UV365 nm and then sprayed with sulfuric acid reagent. The precipitate
was injected to GC-MS, LC-MS and HPLC. The precipitate (25 mg) was dissolved in 1 mL of a mixture
of methanol and water (0.9 mL and 0.1 mL respectively) and purified with semipreparative HPLC,
using a linear gradient consisting to a mixture of methanol with 2% formic acid and water with 2%
formic acid to give compound 1 (7 mg).

The ethyl acetate fraction was purified with an open column of silica gel, with a gradient
of cyclohexane/ethyl acetate, (9:1 to 2:8 (v/v)) and then ethyl acetate/methanol/acetic acid (8:1:1
(v/vfv)). At the end, the column was washed with methanol. The tubes were collected using TLC
profile. Ten fractions (F1, F2, F3, F4, F5, F6, F7, F8, F9 and F10) were obtained, and all were
evaporated under a vacuum. In the fraction F6, a crystalline solid could be observed, compound
2 (12 mg). Fraction F10 was purified using an open column (using a mobile phase constituted by
EtOAc/MeOH/acetic acid). The purification led to six subfractions called F10.A, F10.B, F10.C, F10.D,
F10.E and F10.F. All subfractions were analyzed by TLC and GC-MS. A total of 23 compounds were
determined by GC-MS. The identification of the chemical compounds was obtained by comparison of
mass spectra with the spectra present in the NIST (National Institute of Standards and Technology)
library. The retention index was calculated using alkane standard mixture (C10-C40) under the same
operating conditions.
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3. Results and Discussion

3.1. Isolation and Taxonomic Characterization of the Fungal Strain

The endophytic fungus was isolated from both leaf and stem samples of V. amygdalina plant, which
showed a colonization frequency (CF) of 90%. High CF was also recorded on previous studies on fungal
endophytes communities such as in Puerto Rico and Sudan [15,34]. ITS sequences were deposited
in GenBank and then compared using a BLAST search [32]. The isolated fungus was identified as
C. papendorfii with 99% identity (Genbank number KR673909) (Figure 1).

Figure 1. Curvularia papendorfii fungus; (a): culture on Potato dextrose agar (PDA) plate;
(b,¢): chlamydospores x400; (d): conidia x400 [14].

In this study, for the first time, C. papendorfii was reported as a fungal endophyte in V. amygdalina,
collected in Sudan, although most Curvularia species occur as tropical and subtropical plant
pathogens [12,35]. The genus Curvularia was also recovered from several plants as endophytes [36,37],
as endolichens [38] and as marine-derived fungus [22,23,39].

3.2. Screening of Biological Activities of C. papendorfii Crude Extract

3.2.1. Cytotoxic Effects

In order to exclude non-specific activities of the extract, cytotoxic effects had to be evaluated on
cell lines L132 (A) and CRFK (B) cells, and the maximum non-toxic concentration for the cells had been
determined (Figure 2).

The ethyl acetate crude extract of C. papendorfii was dissolved at 25 mg/mL in dimethylsulfoxide
(DMSO). This extract is called DMSO-solubilized extract. Water was also tested to solubilize the extract
and evaluate the effect of extract dissolution on cytotoxic effect. This extract is called water-solubilized
extract. L132 and CRFK cell lines were treated with different concentrations of extract. The extract
seemed to be more toxic when dissolved in DMSO for both cell lines. The CRFK cell line was
more sensitive to the DMSO-solubilized extract than the L132 cell line. According to these results,
the concentration 16 pg/mL was the dose chosen for antiviral tests. The low toxicity of water-solubilized
extract (10.5 + 6.9%) allowed application in the antiviral treatment at 128 pg/mL.
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Figure 2. Cytotoxicity of C. papendorfii DMSO-solubilized extract and water-solubilized extract after
72 h treatment on L132 (A) and CRFK (B) cells. Data show mean for n = 3 independently performed
experiments. Bars indicate standard deviations.

3.2.2. Antiviral Activity of Crude Extract

For both viruses, HCoV and noroviruses, there is no vaccine or antivirals drugs for the prevention
and the treatment of infection. In the absence of curative antiviral strategies, the bioactive molecules of
fungal origin are particularly important as novel drug candidates.

The impact of the crude extract on viral infection was evaluated by the reduction of virus-induced
cytopathogenic effect. L132 and CRFK were infected by the human coronavirus and the feline calicivirus,
respectively, in the presence or absence of the extract for 72 h. The use of L132 cell line allowed
producing a high level of viral titers and obtaining high sensitivity in antiviral evaluation, as previously
demonstrated [40], notwithstanding the fact that there has been a contamination with HeLa cells as
described recently by ATCC. This cell line is still made available by ATCC as a reference cell line, and it
is currently used as a host cell line for HCoV 229E, as it allows one to obtain reproducible results in
terms of antiviral tests. Given that this study does not involve or require specific organ or tissue of
presumptive origin and that human coronaviruses have wide tissue and cellular tropism, the results of
the virus production and assays remain uncompromised in these conditions.

Cell monolayers were then stained with CV, and the percentage of CPE was calculated. A decrease
of CPE was reported for both viruses at low multiplicity of infection ratio (Figures 3 and 4).
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Figure 3. Effect of C. papendorfii DMSO-solubilized extract and water-solubilized extract on the infection
of L132 cells by the human coronavirus 229E. Results are presented as a decrease of virus-induced
cytopathogenic effect (CPE) at 72 h post-infection, calculated as % CPE (non-treated) — % CPE
(extract-treated). Data are shown for at least two independent experiments. T-fest statistical analysis
was performed with GraphPAD Prism 5 software (*** means p < 0.005).
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Figure 4. Effect of C. papendorfii DMSO-solubilized extract and water-solubilized extract on the infection
of CRFK cells by the feline calicivirus FCV F9. Results are presented as a decrease of virus-induced
CPE, at 72 h post-infection, calculated as % CPE (non-treated) — % CPE (extract-treated). Data are
shown for at least two independent experiments. Bars indicate standard deviations. T-fest statistical
analysis was performed with GraphPAD Prism 5 software (*** means p < 0.005).

The water-solubilized extract was more effective than the DMSO-solubilized extract. The reduction
reached 40% for the water-solubilized extract at lower MOI for the feline calicivirus while it was more
moderate for the coronavirus. These observations were confirmed by the immunofluorescence assay,
where a clear reduction of HCoV- and FCV F9-positive host cells was noted (Figure 5).
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Figure 5. Immunofluorescence staining of FCV F9- and human coronavirus (HCoV) 229E-infected cells.
CRFK and L132 cells were infected with FCV F9 and HCoV 229E, respectively, for 24 h and treated with
DMSO-solubilized extract and water-solubilized extract (16 pug/mL) prior to fixation with methanol.
The infected cells were then incubated with anti-FCV F9 and anti-HCoV 229E antibodies, then stained
with goat anti-mouse FITC secondary antibody and treated with DAPI as counterstain. The photos
were obtained at 40x magnification power. Scale bars: 20 um.

Here we report an important antiviral effect of C. papendorfii extracts on two viral pathogens—the
human coronavirus HCoV 229E and a norovirus surrogate, the feline coronavirus FCV F9.

Our exploration of the antiviral properties of DMSO-solubilized extract and water-solubilized
extract of the fungal endophyte C. papendorfii indicated an important antiviral effect on enveloped
viruses such as HCoV 229E at all MOI tested, even at MOI as high as MOI 1. This effect is particularly
interesting in the case of water-solubilized extract with a reduction of the virus-induced cytopathogenic
effect over 15% at MOI 0.001. The impact on virus-induced CPE by water-solubilized extract was also
important in the case of non-enveloped viruses, represented in our study by FCV F9, with close to
40% reduction. This effect was observed exclusively at lower MOI, such as MOI 0.0001, which can be
explained by the important infectivity and resistance of the virions. Indeed, non-enveloped viruses
are much more stable and may stay active in wastewaters and on environmental surfaces for several
months [41,42]. On the other hand, enveloped viruses are less stable and more prone to degradation.
Enveloped viruses of the respiratory tract like influenza virus and coronavirus can persist on surfaces
only for several days [43]. We observed that incubation with the plant extract during infection impaired
the productive replication of both viruses in a MOI-dependent manner. The results obtained suggest
that C. papendorfii antiviral activity might be partially due to a direct interaction of the compounds in
the extract with the viral envelope, given the effect on HCoV. However, the reduction of the FCV F9
infection at lower MOl is a piece of evidence in favor of extract-induced interference with intracellular
virus-induced macromolecular synthesis, thus hampering the viral replication. The predominant
antiviral effect of water-solubilized extract indicated that polar biomolecules may be in the center of
the antiviral activity, which is in accordance with the existing literature [44].

Our results allowed us to describe for the first time the capacity of C. papendorfii extracts to inhibit
viral infection. Previous study has shown that crude extracts of one endophytic Curvularia species
isolated from Garcinia plants [45] present antimycobacterial properties but no antiviral activity using
herpes simplex virus (HSV-1) infection, even at the highest concentration (50 pg/mL) tested [45].
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3.2.3. Antibacterial Activity of Crude Extract

A preliminary antibacterial screening was performed for ethyl acetate crude extract of C. papendorfii
using agar disk diffusion method against 18 Gram-positive and Gram-negative bacterial strains.
The results obtained indicated that the ethyl acetate crude extract of C. papendorfii had an effective
antimicrobial activity against most Gram-positive bacteria, and no effect was observed against three
Gram-negative bacterial strains [14].

The crude extract exhibited a maximum inhibition zone of 13 mm against MRSA and S. aureus.
The inhibition zones were compared with the positive control, nitrofurantoin (27 mm), while 12 mm
inhibition zone was reported against S. epidermidis and S. capitis; 10 mm against S. lentus, S. warneri,
S. sciuri, S. xylosus, S. haemolyticus and S. lugdunensis; and 9 mm against E. faecalis, K. sedentarius and
S. arlettae. In contrast, no inhibitory effect against E. faecium, B. cereus, P. aeruginosa, E. coli or S. abony
was observed (Table 1).

Table 1. Antimicrobial activity of crude extract of C. papendorfii isolated from V. amygdalina against
several Gram-positive and Gram-negative bacterial strains in an agar diffusion assay.

Bacterial Strains Inhibition Zone (mm) with Ethyl Acetate Extract
P. aeruginosa 6
E. coli 6
Salmonella Abony 6
Staphylococcus aureus 13
MRSA 13
S. arlettae 9
S. lentus 10
S. epidermidis 12
S. haemolyticus 10
S. xylosus 10
S. sciuri 10
S. warneri 10
S. capitis 12
S. lugdunensis 10
E. faecalis 9
E. faecium 6
B. cereus 6
K. sedentarius 9

The inhibition zone was measured in mm and derived from experiments in triplicates. Standard deviation value is
+0.58 for all bacteria.

For Staphylococcus aureus and MRSA, the inhibition zone of 27 mm was determined with
Nitrofurantoin (100 ug). Nitrofurantoin was used as a positive control when the inhibition zone was
>13 mm [46].

The antibacterial activities of crude extract of C. papendorfii were confirmed by the broth dilution
method, and the MIC values were 312 ng/mL for S. aureus as well as for MRSA.

However, several studies revealed that Curvularia sp. crude extracts have promising antibacterial
activities. The extract of C. lunata showed antibacterial activities against S. aureus and S. typhi [17],
and the ethyl acetate crude extract of C. tuberculata has shown antibacterial activities against S. aureus,
E. coli and P. aeruginosa [39]. Moderate activities of extract of Curvularia B34 against Bacillus subtilis,
Listeria monocytogenes and Salmonella bacteria have been observed [37]. C. hawaiiensis, an endophytic
fungus isolated from Calotropis procera, showed antibacterial activity against Serratia marcescens [47].
The extract of endophytic fungus Curvularia sp. T12 isolated from Rauwolfia macrophylla had antibacterial
activity against E. coli, Micrococcus luteus, Pseudomonas agarici and S. warneri [48].
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3.2.4. Antiproliferative Activity of Crude Extract

Antiproliferative activity of ethyl acetate crude extract of C. papendorfii was evaluated using
human cancer cell lines. The results obtained showed that the ICs, value was 21.5 + 5.9 pg/mL for
human breast adenocarcinoma (MCF?), and the ICsy values were higher than 100 ug/mL for the two
cell lines of human colon adenocarcinoma (HT29 and HCT116). Response—dose curves established
from results obtained by MTT assays after MCF7, HT29 and HCT116 cells exposure of C. papendorfii are
presented in Figure S1.

In our previous work [15], the stem extract of V. amygdalina, the host plant of endophytic
C. papendorfii, also showed cytotoxic effect against HT29 and MCF7 (ICsy values of 15.3 + 3.6 and
49.6 + 4.4 pg/mL respectively), while leaf extract had strong cytotoxicity (ICsy value of 5.6 + 0.4 pg/mL)
against HCT116 and moderate cytotoxicity (ICsy value of 27.5 + 5.7 and 31.9+5.1 ug/mL) against MCF7
and HT29, respectively.

The cytotoxicity of ethyl acetate crude extract of C. papendorfii for MCF7 cell line may be in
relationship with the chemical constituents as has been shown with polyketides extracted from
marine-derived fungus Curoularia sp. [23].

3.3. Phytochemical Analysis

After purification, two pure compounds were identified, using mono and bidimensional Nuclear
Magnetic Resonance (NMR), Mass Spectrometry (MS) and Infrared (IR) analysis. One is a new
compound, never described in the literature and given the trial name kheiric acid (compound 1),
and the second one is a known structure, mannitol (compound 2). The other compounds were identified
by GC-MS analysis and compared with literature bibliography.

For the characterization of compound 1, an absorption band on the IR spectrum at 2914 cm™! is
typical of a carboxylic group. An absorption band at 1714 cm™! is predictive of a C=0 group. The weak
absorption band at 1666 cm™! indicates alkenes functionality. A strong absorption band at 3383 cm™!
indicates OH groups (Figure S3).

The high-resolution electrospray ionization mass spectrometry (HRESIMS), positive mode, gave
molecular ion peak of m/z 573.3781 [M + Na]* (Figure S4). The HRESIMS, negative mode, gave a
molecular ion peak of m/z 549.3793 [M — H]~. The possible molecular formula is C3;H540;. The index
of hydrogen deficiency (IHD) reveals an unsaturation index of 6.

Referring to the 1>*C NMR spectrum and the 'H NMR spectrum, 32 carbon signals and 48 protons
are evident. By J-modulated spin-echo (J-mod) spectrum, it is possible to observe six CHj3, six CHj,
and seventeen CH signals in addition to three quaternary carbon atoms. By 'H and '*C NMR spectrum
in methanol dy4 and consequently by observation of COSY and HMBC spectra, it may be deduced that
six signals are indicative of methyl groups—22.9 (C-30), 20.7 (C-32), 20.3 (C-31), 17.9 (C-27), 13.5 (C-28),
11.7 (C-26) ppm; ten carbon signals are indicative of olefinic carbons—140.0 (C-19), 139.0 (C-16), 136.3
(C-12),136.0 (C-9), 135.9 (C-18), 135.6 (C-4), 134.1 (C-8), 129.9 (C-17), 128.9 (C-5), 128.8 (C-13) ppm—and
five peaks signify carbons with a carbon-oxygen single bond: 83.7 (C-15), 73.4 (C-11), 73.7 (C-7), 70.3
(C-3), 61.2 (C-29) ppm. The last one is characteristic of primary alcohol. The others are secondary
hydroxyl functions. The deshielding of the carbon C-1 at 175.3 ppm suggests the presence of carbonyl
function of carboxylic acid. The methylene group H-2 and H-2" at 2.47 ppm is correlated in HMBC
with acid carbon C-1 (175.3 ppm). The methylene group at 2.47 ppm is also correlated with two other
signals in HMBC: C-3 (70.3 ppm) and C-4 (135.6 ppm). An H-C coupling was observed between H-4
and C-5, corresponding to one double bond. In the 'H NMR spectra, we observed a section comprising
two repeated 4 carbon units: a methylene (H-6 and H-10), a hydroxymethine (H-7 and H-11) and a
disubstituted double bond (H-8/H-9 and H-12/H-13). In this section a set of twinned NMR signals are
present. The data suggest the presence of 3 double-bonded carbons with a coupling constant of 15 Hz
(H-4/H-5), (H-8/H-9), (H-12/H-13) that confirm the configuration trans. Two trisubstituted unsaturated
bonds were observed, C-16/C-17 and C-18/C-19. One of the methyl groups is located on the second
trisubstituted unsaturated bonds (d, 1.77 ppm, CH3-28 at C-16). By COSY, it was possible to observe
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the correlation between CH3-28 and H-17. The primary alcohol CH,OH (AB system for H-29 and
H-29’ at C-18) is located on one of the two trisubstituted unsaturated bonds. The NMR characterization
was also reported in A. Khiralla’s work [14].

The NMR characterization was also realized using pyridine d5 as solvent due to signal overlap
and the high degree of functionalization. By the analysis, the presence may be deduced of 32 signals
of carbons in the 13C NMR spectrum in pyridine d5 and 53 protons in the 'H NMR. From 'H NMR
spectrum of compound 1 in pyridine d5, it was possible to observe a good separation in the region
of double bonds (6.4 ppm-5.9 ppm). We can clearly determine the presence of five methyl groups
(doublets respectively a 2.17, 1.16, 1.06, 0.91, 0.84 ppm) and one other CHj (triplet at 0.85 ppm).
Four methylene protons were distinguished at 2.58 ppm and 2.64 ppm. All the data are shown in
Table 2 as reported in [14].

Table 2. NMR data of pure compound 1, kheiric acid.

Methanol dy Pyridine d5
Position 1BC 1H 1BC 1H
oc oy (J in Hz) oc oy (J in Hz)
C-1 175.3 - 175.0 -
3.05dd (1H,]=15Hz, | =
, 8.5 Hz, H-2)
C-2 43.5 247 m (2H, H-2, H-2") 44.6 296dd (1H, | = 15 Hz, | = 5 Hz,
H-2)
C-3 70.3 4.47 m (1H, H-3) 69.9 5.18 m (1H, H-3)
: 5.59dd (1H, H-4, ] = 6.6 Hz, 6.10dd (1H, H4, ] = 6 Hz,
C-4 135.6 18 Hz) 136.5 15 Hz)
] 5.73dd (1H, H-5,] =7 Hz, 6.32dd (1H, H-5,] =7 Hz,
C-5 128.9 15 Hz) 128.0 15 Hz)
C-6 41.4 2.26 m (2H, H-6, H-6") 42.0 2.58 m (2H, H-6, H-6")
C-7 73.7 4.05m (1H, H-7) 72.7 452 m (1H, H-7)
548 dd (1H, H-8,] =7 Hz, 597 dd (1H, H-8,] = 6 Hz,
C-8 134.1 15 Hz) 137.0 15 Hz)
5.64dd (1H, H-9,] =7 Hz, 6.21dd (1H, H-9, ] =7.6 Hz,
C-9 136.0 15 Hz) 127.9 15 Hz)
C-10 415 2.23 m (2H, H-10, H-10") 421 2.64 m (2H, H-10, H-10")
C-11 734 4.03 m (1H, H-11) 729 4.51 m (1H, H-11)
. 5.54dd (1H, H-12,] =7 Hz, 598 dd (1H, H-12,] = 6 Hz,
C-12 136.3 18 Hz) 134.8 15 Hz)
. 5.70dd (1H, H-13,] =7 Hz, 6.27 dd (1H, H-13,] = 7.6 Hz,
C-13 128.8 15 Hz) 134.5 15 Hz)
C-14 41.6 2.35m (1H, H-14) 41.35 2.72 m (1H, H-14)
C-15 83.7 3.72d (1H, H-15, ] = 8.6 Hz) 82.8 418 d (1H, ] = 8 Hz, H-15)
C-16 139.0 - 139.5 -
C-17 129.9 5.92s (1H, H-17) 1289 6.51 bs (1H, H-17)
C-18 135.9 - 137.1 -
C-19 140.0 5.14d (1H, H-19, ] = 10 Hz) 138.3 5.40d (1H, ] = 10 Hz, H-19)
C-20 314 2.70 m (1H, H-20) 30.7 2.91 m (1H, H-20)
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Table 2. Cont.

Methanol dy Pyridine ds
Position B 14 3¢ 1
oc 6u (J in Hz) oc 6u (J in Hz)

g 1.30 m (1H, H-21) 1.42 m (1H, H-21")
21 46.7 1.05 m (1H, H-21") 459 1.07 m (1H, H-21)
C-22 329 1.43 m (1H, H-22) 32.0 1.43 m (1H, H-22)

1.20 m (1H, H-23) 1.22 m (1H, H-23")

23 408 0.95 m (1H, H-23) 459 0.95 m (1H, H-23)
C-24 29.5 1.52 m (1H, H-24) 28.7 1.66 m (1H, H-24)

g 1.09 m (1H, H-25) 1.29 m (1H, H-25')
25 305 1.39 m (1H, H-25") 29.9 1.07 m (1H, H-25)
C-26 11.7 0.86 t (3H, CH3, H-26, 11.7 0.85t (3H, CHjz, ] = 7 Hz, C-26)

] =7Hz)

g 0.89 d (3H, CH3, H-27, 1.16 d (3H, CH3, ] = 6.6 Hz,
Cc-27 17.9 | =7 Hz) 184 c27)

g 1.77 d (3H, CH3, H-28, 2.17d (3H, CH3, ] = 0.9 Hz,
C-28 13.5 ] =13 Hz) 14.2 C-28)

4.16 AB system, d (1H, H-29,

g J=12Hz) 4.60d (1H, ] AB = 12 Hz, H-29")

29 61.2 4.16 AB system, d (1H, H-29’, 61.0 4.58d (1H, ] AB = 12 Hz, H-29)
J=12Hz)

g 0.99 d (3H, CH3, H-30, 1.06 d (3H, CHj3, ] = 6.6 Hz,

C-30 229 J = 6.6 Hz) 23.1 C-30)
0.84 d (3H, CH3, H-31, _

C-31 20.3 ] = 6.6 Hz) 20.1 0.84 d (3H, CH3, ] = 6 Hz, C-31)

-~ 0.87 d (3H, CH3, H-32, 0.91d (3H,CHj;, ] = 6.6 Hz,
C-32 20.7 ] = 6.6 Hz) 20.8 C-32)

- 4.98 broad m (5H, 5-OH)

Chemical shifts () are in parts per million (ppm); coupling constants (J) are in hertz (Hz).

The analysis and the original NMR spectra are provided in supporting information
(Figures S5-513).

The presence of five double bonds and one insaturation of carboxylic acid suggests that the
structure is a long chain. The compound 1 is a polyfunctionalized long-chain carboxylic acid.

The isolated compound was identified as 3,7,11,15-tetrahydroxy-18-hydroxymethyl-14,16,20,22,24-
pentamethyl-hexacosa 4E,8E,12E,16,18-pentaenoic acid [14], which is named kheiric acid (Figure 6).
Taking into account all the spectroscopic results, the structure is a new compound and has never been
described in the literature.

(o} OH OH OH OH

HO

Figure 6. Chemical structure of the new polyhydroxyacid, kheiric acid (compound 1).

The analysis of the fraction 6 of C. papendorfii endophytic fungus extract revealed the presence
of mannitol (compound 2). A clear crystalline solid (5 mg) was obtained. HRESIMS (positive mode)
mfz 205.0691 [M+Na]* (caled. for C6H1406Na, 205.0688) (Figure S15). "H NMR (400 MHz, DMSO dj):
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6 (ppm) 442 (d, ] =5.4 Hz), 4.34 (t, ] = 5.8 Hz), 4.15 (d, ] = 7.1 Hz), 3.63 (m) 3.58 (m), 3.49 (m), 3.39 (m).
13C NMR (100 MHz, DMSO dg): 6 (ppm) 71.4, 69.8, 63.9. The 'H and '3C spectra and bidimensional
NMR were compared with original standard and with the literature (see supporting information,
Figures 516-520). The chemical structure is presented in Figure 7. This compound is a polyol extracted
naturally from plants, bacteria and fungi [49,50]. Mannitol is a chemical metabolite used currently in
the field of food and drugs [51].

OH

OH

HO™
OH OH

Figure 7. Chemical structure of mannitol (compound 2).

The GC-MS analysis of the fractions and subfractions led to the identification of twenty-two
compounds (Table 3).

Table 3. Metabolites identified using GC-MS analysis.

Calculated  Retention

Fraction  Compound Compound Name Formula Mole.cular Retention Time Slmtlanty
Name Number Weight . (%)
Index (min)
F1 1 2,4-Di-tert-butylphenol C14H220 206 1447 14.21 96
F1 2 1-Octadecene C18H36 252 1730 17.610 96
F1 3 Undec-10-ynoic acid C11H1802 182 2262 22.797 80
Benzenepropanoic acid,
F1 4 3,5-bis(1,1-dimethylethyl)-4- C35H6203 530 3598 32.063 87
hydroxy-, octadecyl ester
F3 5 Methyl palmitoleate C17H3402 270 1986 20.257 94
F3 6 Methyl linolelaidate C19H3402 294 2159 21.887 94
F3 7 Methyl petroselinate C19H3602 296 2166 21.947 85
F3 8 Methyl stearate C19H3802 298 2194 22.187 92
1b,5,5,6a-Tetramethyl-
F10.C 9 octahydro-1-oxa- C13H2002 208 2253 22.718 82
cyclopropala]inden-6-one
F10.C 10 4-Oxo-fB-isodamascol C13H2002 208 2290 23.030 80
F10.C 11 Oleamide C18H35NO 281 3188 29.548 92
F10.C 12 1,2-Octadecanediol C18H3802 286 3556 31.742 87
F10.C 13 Cyclopentadecanol C15H300 226 3796 33.665 94
F10.D 14 Dicyclohexane C12H22 166 1269 11.733 94
F10.D 1 2,4-Di-tert-butylphenol C14H220 206 1450 14.300 89
F10.D 15 3-Dodecyl-2,5-furandione C16H2603 266 1825 18.630 86
F10.D 16 Methyl elaidate C19H3602 296 2031 20.680 94
F10.E 1 2,4-Di-tert-butylphenol C14H220 206 1450 14.297 91
F10.E 2 1-Octadecene C18H36 252 1730 17.610 95
F10.E 17 n-Dodecenylsuccinic anhydride ~ C16H2603 266 1832 18.697 86
F10.E 18 9-Eicosene C20H40 280 2016 20.543 89
F10.E 19 11,14-Eicosadienoic acid, C21H3802 322 2025 20.623 88
methyl ester
F10.E 20 Methyl oleate C19H3602 296 2031 20.683 93
Precipitate 21 Ascaridole C10H1602 168 2177 22.042 82
1b,5,5,6a-Tetramethyl-
Precipitate 9 octahydro-1-oxa- C13H2002 208 2253 22718 82
cyclopropalalinden-6-one
Precipitate 22 1-Eicosanol C20H420 298 3557 31.750 90

After identification by GC-MS and comparison with NIST Mass Spectral Library, the chemical names are confirmed
using PubChem [52].
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The GC-MS analysis of the fraction F1 reveals the presence of four compounds: 2,4-di-tert-
butylphenol, 1-octadecene, undec-10-ynoic acid and benzenepropanoic acid, 3,5-bis(1,1-
dimethylethyl)-4-hydroxy-, octadecyl ester.

Fraction F3 contained a mixture of four fatty acids identified as methyl palmitoleate, methyl
petroselinate, methyl stearate and methyl linolelaidate.

The identifications of five compounds were observed in fraction F10.C: 1b,5,5,6a-tetramethyl-
octahydro-1-oxa-cyclopropalalinden-6-one, =~ 4-oxo-B-isodamascol, oleic acid amide, 1,2-
octadecanediol and cyclopentadecanol.

In fraction F10.D were identified four compounds: dicyclohexane, 3-dodecyl-2,5-furandione,
methyl elaidate and 2,4-di-tert-butylphenol. This last compound was also found in the fraction F1.

In fraction F10.E, the following compounds were identified: n-dodecenylsuccinic anhydride,
9-eicosene, the methyl ester of 11,14-eicosadienoic acid, the methyl ester oleic acid and two compounds
previously observed, the 2,4-di-tert-butylphenol present in the fractions F1 and F10.D and 1-octadecene,
also present in the fraction F1.

Analysis of the fraction precipitate reveals three compounds: ascaridole, 1b,5,5,6a-tetramethyl-
octahydro-1-oxa-cyclopropalalinden-6-one and 1-eicosanol.

The chemical structures are presented in Figure 8.

3.4. Biological Activities of Identified Compounds and Kheiric Acid

Some chemical compounds identified by GC-MS have shown some interesting biological
properties. For example, undec-10-ynoic acid is an inhibitor of cytochrome P450 4A1 [53], and fatty
acids such as methyl palmitoleate, methyl linolelaidate and methyl stearate showed antimicrobial
activities against Strepfococcus mutans and some human fungi pathogens [54]. The methyl petroselinate
has antioxidant activity [55]. Ascaridol, a bicyclic monoterpenoid showed cytotoxicity against MDA
MB-231 breast cancer [56]. The presence of these bioactive compounds in the crude extract of
Curvularia papendorfii can justify its interesting biological activities as antiviral, antibacterial and
antiproliferative properties.

In Table 4, the biological activities of endophytic fungus crude extract and pure kheiric acid are
presented. Kheiric acid revealed moderate activity (MIC = 62.5 pg/mL) against Gram-positive MRSA
and S. aureus. This result is promising because the isolated compound 1 has a better value than the
crude extract, which showed an MIC of 312 ug/mL. No antiviral and antiproliferative activities of this
compound against MCF7, HT29 or HCT116 cell lines were observed. This loss of activity could be
related to the fractionation.

Some analogs of polyhydroxyacid kheiric acid were isolated from different fungal genera.
Phomenoic acid (C34Hs30g) was purified from the mycelium of Phoma lingam; this compound showed
moderate antifungal and antibacterial in vitro, in particular against Candida albicans [57,58]. Arthrinic
acid (C3Hs5409) was isolated from the crude extract of the fungus Arthrinium phaeospermum. Arthrinic
acid showed antifungal activity against Botrytis cinerea, Rhizopus stolonifera and Diplodia pinea as
pathogens in horticulture [59].
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Figure 8. Cont.
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Figure 8. Chemical structures identified by GC-MS.

Table 4. Biological comparison data of C. papendorfii crude extract and pure kheiric acid.

Strains Crude Extract of C. papendotfii Kheiric Acid
Staphylococcus aureus MIC = 312 pg/mL MIC = 62.5 pug/mL
MRSA MIC =312 pg/mL MIC = 62.5 ug/mL
.15 o .Of the reduction of the. No reduction of the virus-induced
HCoV 229E virus-induced cytopathogenic cvtopathogenic effect
effect at MOI 0.001 yiop 8
.4 0% .Of the reduction of the. No reduction of the virus-induced
FCV F9 virus-induced cytopathogenic cvtopathogenic effect
effect at lower MOI 0.0001 yiop 8
MCF7 ICso = 21.5 + 5.9 pg/mL ICsp > 100 pg/mL
HT29 ICsp > 100 pg/mL ICsp > 100 pg/mL
HCT116 ICs > 100 pg/mL ICs > 100 pg/mL

4. Conclusions

C. papendorfii is an endophytic fungus associated with V. amygdalina, a Sudanese medicinal
plant. In this study, the ethyl acetate crude extract of C. papendorfii was extensively studied.
The reduction of 40% for water-solubilized extracts at a lower MOI of 0.0001 is an important
result against the feline calicivirus FCV F9 because caliciviruses are generally much more resistant
than coronaviruses. Until now, no treatment is present for this virus. In addition, this extract
revealed interesting antiproliferative effects against human breast carcinoma MCF7 cell line
(IC50 = 21.5 + 5.9 ug/mL) and an MIC value of 312 ug/mL against meticillin-resistant Staphylococcus
aureus (MRSA). A total of twenty-four chemical structures were identified. The major compound
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isolated from the ethyl acetate crude extract of C. papendorfii was a new compound, a polyhydroxyacid,
kheiric acid (3,7,11,15-tetrahydroxy-18-hydroxymethyl-14,16,20,22,24-pentamethyl-hexacosa
4E,8E,12E,16,18-pentaenoic acid). This compound revealed moderate antibacterial activity against
MRSA and S. aureus with MIC value 62.5 pg/mL. Once more, these results confirm the importance of
endophytic fungi as a source of new biomolecules.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-2607/8/9/1353/s1,
Figure S1: Response-dose curves established from results obtained by MTT assays after MCF7, HT29 and HCT116
cells exposure of C. papendorfii; Figure S2: Chemical structure of compound 1; Figure S3: IR spectrum of compound
1; Figure S4: HR-ESI-MS spectrum of compound 1; Figure S5: 'H-NMR spectrum of compound 1 in CD;0D
(400 MHz); Figure S6: 13C-NMR spectrum of compound 1 in CD30D (100 MHz); Figure S7: 'H-'H COSY spectrum
of compound 1 in CD30D; Figure S8: HSQC spectrum of compound 1 in CD30D; Figure S9: HMBC spectrum of
compound 1 in CD30D; Figure 510: Zoom of HMBC spectrum of compound 1 in CD30D; Figure S11: Zoom
of HMBC spectrum of compound 1 in CD30D; Figure S12: "H-NMR spectrum of compound 1 in pyridine ds
(400 MHz); Figure S13: 1>*C-NMR spectrum of compound 1 in pyridine d5 (100 MHz); Figure S14: Chemical
structure of compound 2; Figure S15: HR-ESI-MS spectrum of compound 2; Figure S16: TH-NMR spectrum of
compound 2 in DMSO d;; (400 MHz); Figure S17: BC-NMR spectrum of compound 2 in DMSO d; (100 MHz);
Figure 518: 'H-'H COSY spectrum of compound 2; Figure $19: HSQC spectrum of compound 2; Figure S20:
HMBC spectrum of compound 2.
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