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“A scientist in his laboratory is not a mere technician: 
he is also a child confronting natural phenomena 

that impress him as though they were fairy tales.”  

~ Marie Sklodowska Curie 

 

 

"It is the tension between creativity and skepticism 
that has produced the stunning and unexpected 

findings of science." 
 

~Carl Sagan 
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Abstract 
 

Historically, natural products (NPs) have played a major role in the discovery of antibiotics. 

They offer special characteristics in comparison with synthetic compounds, which carry both 

advantages and challenges for the drug discovery process. Over the past few years, new 

technological and scientific advances have reinforced the field of NP discovery and the discovery 

of new antibiotics, contributing to the fight against Antimicrobial Resistance (AMR). The marine 

environment bears a treasure chest of bioactive compounds and marine actinomycetes have proven 

to be one of the most prolific producers. The spirotetronate class of polyketides, with more than 

100 bioactive compounds described to date, has recently grown with the discovery of 

phocoenamicins, marine actinomycete derived compounds that possess different antibiotic 

activities and three compounds have initially been discovered, phocoenamicin, phocoenamicin B 

and C. 

Exploring the MEDINA’s strain collection for possible new phocoenamicins producers, 27 

actinomycete strains were identified, including 3 marine-derived and 24 terrestrial strains, and their 

taxonomic identification by 16S rDNA sequencing showed that they all belong to the 

Micromonospora genus, suggesting that the biosynthesis of the phocoenamicins is restrained 

within this genus. Despite the close taxonomic relationship of the strains, the producers identified 

were isolated from very diverse ecosystems and a wide geographical distribution. 

Using a One Strain Many Compounds (OSMAC) approach, these 27 strains were cultivated 

in 10 different media each, resulting in 270 fermentations, whose crude extracts were analyzed by 

LC-HRMS and tested against a panel of pathogens showing activity against methicillin-resistant 

Staphylococcus aureus (MRSA), Mycobacterium tuberculosis H37Ra and Mycobacterium bovis, 

revealing a rich antimicrobial potential within the 27 strains. 

Metabolomics analysis showed that all 27 strains produced the three known phocoenamicins, 

in at least one of the culture media and the analysis of the production of these phocoenamicins 

determined the most suitable culture media. The influence of the different cultivation parameters in 

the chemical profile obtained was studied and only variations in the culture medium could explain 

the chemical variation and determine a significant change in the metabolic profile of the different 

Micromonospora strains. 

The combination of the LC-UV-HRMS analysis, metabolomic profiling and molecular 

networking allowed the putative dereplication of the main compounds produced by the 27 strains in 

the different culture conditions, which were divided into three main groups, spirotetronates, 

siderophores and various other compounds. The spirotetronate maklamicin, structurally related to 

phocoenamicins, was also tentatively identified to be produced by all 27 strains and its coexistence 
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with the phocoenamicins in the extracts confirmed the obvious common biosynthetic origin of both 

families of compounds. Moreover, the analyses tentatively revealed the presence of several 

structurally related compounds not disclosed before and thus candidates for isolation and discovery 

of new bioactive compounds. This wide and chemically diverse metabolic profile of these strains 

highlighted the need for further research. 

Combining these analyses proved to be a rapid and efficient way to prioritize strains. 

Although previous statements in the literature about phocoenamicins production only in unique 

marine environments were not confirmed, the marine-derived Micromonospora species were 

identified as the best producers of phocoenamicins in terms of both the abundance in their extracts 

of some of the major members, as well as the variety of molecular structures produced. 

Exploring the growth of Micromonospora and the production of phocoenamicins, suggested 

the best growing conditions for the production of the three compounds. As a result, cultures of the 

three marine-derived Micromonospora strains (CA-214671, CA-214658 and CA-218877) were 

scaled up (3 and 5 L fermentations) and optimal chromatographic conditions for the purification of 

the phocoenamicins were established, leading to the isolation and structural elucidation of seven 

compounds, including two new phocoenamicins, phocoenamicins D and E, together with the 

known phocoenamicin, phocoenamicins B and C, as well as maklamicin and the new analog 29-

deoxymaklamicin, reported for the first time as a natural product, and for which the name 

maklamicin B has been proposed. The two families of compounds shared multiple structural 

features, as well as common structural variations that were highlighted. Interestingly, one of the 

new phocoenamicins described bore the side chain of maklamicin, unique so far in this compound, 

indicating common structural features conserved within the two families. 

All the compounds isolated were tested against a panel of bacterial human pathogens, 

including methicillin-resistant S. aureus (MRSA), M. tuberculosis H37Ra, Enterococcus faecium, 

Enterococcus faecalis and Neisseria gonorrhoeae. Similarly to other related spirotetronates, most 

of the compounds showed some antibacterial activity against Gram-positive bacteria and the 

antibacterial assays revealed some structure-activity relationships. Overall, the most active 

compounds were maklamicin B and maklamicin, followed by phocoenamicin and phocoenamicin 

B, being some of these activities reported for the first time. 

The compounds demonstrated weak or no cytotoxicity against the human liver 

adenocarcinoma cell line (Hep G2). Finally, the toxicity of the three major compounds obtained, 

namely phocoenamicin, phocoenamicin B and maklamicin, was evaluated against zebrafish 

eleuthero embryos and no toxicity was displayed up to the highest concentration tested (25 μM). 

Maklamicin B resulted to be the most interesting compound, combining strong antimicrobial 

activity against MRSA, M. tuberculosis and E. faecium and no cytotoxicity. 
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The new analogues isolated highlighted the wide range of structural diversities of the 

spirotetronates and the possible structure-activity relationships recorded here, along with others 

reported before within the spirotetronate class, can be used as pieces in a puzzle to unveil the 

biosynthetic potential of these compounds. 

 

Keywords: antibiotic discovery, antimicrobial activity, actinomycetes, spirotetronates, 

phocoenamicins, maklamicins 
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Resumen 
 

Históricamente, los productos naturales (PN) han desempeñado un papel fundamental en el 

descubrimiento de antibióticos. Ofrecen características especiales en comparación con los 

compuestos sintéticos, lo que conlleva tanto ventajas como retos para el proceso de descubrimiento 

de fármacos. En los últimos años, los nuevos avances tecnológicos y científicos han reforzado el 

campo del descubrimiento de productos naturales y de nuevos antibióticos, con el objetivo de 

contribuir a la lucha contra la Resistencia Antimicrobiana (RAM). El medio marino alberga un 

tesoro de compuestos bioactivos y los actinomicetos marinos han demostrado ser uno de los 

productores más prolíficos. La clase de los policétidos espirotetronatos, con más de 100 

compuestos bioactivos descritos hasta la fecha, ha crecido recientemente con el descubrimiento de 

las phocoenamicinas, compuestos derivados de actinomicetos marinos que poseen diferentes 

actividades antibióticas y de los que se han descubierto inicialmente tres compuestos, la 

phocoenamicina y las phocoenamicinas B y C. 

Explorando la colección de cepas de MEDINA en busca de posibles nuevos productores de 

phocoenamicinas, se identificaron 27 cepas de actinomicetos, entre ellas 3 de origen marino y 24 

terrestres, y su identificación taxonómica mediante secuenciación del ADNr 16S mostró que todas 

pertenecen al género Micromonospora, lo que sugiere que la biosíntesis de las phocoenamicinas 

está restringida a microorganismos de este género. A pesar de la estrecha relación taxonómica de 

las cepas, los productores identificados fueron aislados de ecosistemas muy diversos y de una 

amplia distribución geográfica. 

Utilizando el método de "una cepa, muchos compuestos" (OSMAC por sus siglas en inglés), 

estas 27 cepas se cultivaron en 10 medios diferentes cada una, lo que dio lugar a 270 

fermentaciones, cuyos extractos crudos se analizaron por LC-HRMS y se ensayaron contra un 

panel de patógenos y mostraron actividad contra Staphylococcus aureus resistente a la meticilina 

(MRSA), Mycobacterium tuberculosis H37Ra y Mycobacterium bovis, revelando un rico potencial 

antimicrobiano dentro de las 27 cepas. 

El análisis metabolómico mostró que las 27 cepas producían las tres phocoenamicinas 

conocidas, en al menos uno de los medios de cultivo y el análisis de la producción de estas 

phocoenamicinas determinó los medios de cultivo más adecuados. Se estudió la influencia de los 

diferentes parámetros de cultivo en el perfil químico obtenido y sólo las variaciones en el medio de 

cultivo pudieron explicar la variación química y determinar un cambio significativo en el perfil 

metabólico de las diferentes cepas de Micromonospora. 

La combinación del análisis LC-UV-HRMS, el perfil metabolómico y la creación de redes 

moleculares permitió la desreplicación putativa de los principales compuestos producidos por las 
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27 cepas en las diferentes condiciones de cultivo, que se dividieron en tres grupos principales, 

espirotetronatos, sideróforos y varios otros compuestos. También se identificó provisionalmente el 

espirotetronato maklamicina, estructuralmente relacionado con las phocoenamicinas, producido por 

las 27 cepas, y su coexistencia con las phocoenamicinas en los extractos confirmó el evidente 

origen biosintético común de ambas familias de compuestos. Además, los análisis revelaron 

provisionalmente la presencia de varios compuestos estructuralmente relacionados no revelados 

anteriormente y, por tanto, candidatos para el aislamiento y el descubrimiento de nuevos 

compuestos bioactivos. Este perfil metabólico amplio y químicamente diverso de estas cepas puso 

de manifiesto la necesidad de seguir investigando. 

La combinación de estos análisis demostró ser una forma rápida y eficaz de priorizar las 

cepas. Aunque no se confirmaron las afirmaciones anteriores en la literatura sobre la producción de 

phocoenamicinas sólo en entornos marinos únicos, las especies de Micromonospora de origen 

marino fueron identificadas como las mejores productoras de phocoenamicinas, tanto por la 

abundancia en sus extractos de algunos de los principales miembros, como por la variedad de 

estructuras moleculares producidas. 

La exploración del crecimiento de Micromonospora y la producción de phocoenamicinas, 

sugirió las mejores condiciones de cultivo para la producción de los tres compuestos. Como 

resultado, se escalaron los cultivos de las tres cepas de Micromonospora de origen marino (CA-

214671, CA-214658 y CA-218877) (fermentaciones de 3 y 5 L) y se determinaron las condiciones 

cromatográficas óptimas para la purificación de las phocoenamicinas, lo que condujo al 

aislamiento y elucidación estructural de siete compuestos, entre ellos dos nuevas phocoenamicinas, 

las phocoenamicinas D y E, junto con las phocoenamicinas conocidas, las phocoenamicinas B y C, 

así como la maklamicina y el nuevo análogo 29-deoximaklamicina, descrito por primera vez como 

producto natural, y para el que se ha propuesto el nombre de maklamicina B. Las dos familias de 

compuestos compartían múltiples características estructurales, así como variaciones estructurales 

comunes que se pusieron de relieve. Curiosamente, una de las nuevas phocoenamicinas descritas 

presentaba la misma cadena lateral de la maklamicina, única hasta la fecha en este compuesto, lo 

que indicaba una funcionalidad conservada en las dos familias. 

Todos los compuestos aislados se ensayaron contra un panel de patógenos humanos 

bacterianos, entre ellos S. aureus resistente a la meticilina (SARM), M. tuberculosis H37Ra, 

Enterococcus faecium, Enterococcus faecalis y Neisseria gonorrhoeae. Al igual que otros 

espirotetronatos relacionados, la mayoría de los compuestos mostraron cierta actividad 

antibacteriana frente a bacterias Gram-positivas y los ensayos antibacterianos revelaron algunas 

relaciones estructura-actividad. En general, los compuestos más activos fueron maklamicina B y 
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maklamicina, seguidos de phocoenamicina y phocoenamicina B, siendo algunas de estas 

actividades notificadas por primera vez. 

Los compuestos demostraron una citotoxicidad débil o nula frente a la línea celular de 

adenocarcinoma hepático humano (Hep G2). Por último, se evaluó la toxicidad de los tres 

compuestos principales obtenidos, a saber, phocoenamicina, phocoenamicina B y maklamicina, 

frente a embriones de pez cebra eleuthero y no se observó toxicidad hasta la concentración más alta 

ensayada (25 μM). La maklamicina B resultó ser el compuesto más interesante, ya que combinaba 

una fuerte actividad antimicrobiana frente a MRSA, M. tuberculosis y E. faecium con la ausencia 

de citotoxicidad. 

Los nuevos análogos aislados pusieron de manifiesto la amplia gama de diversidades 

estructurales de los espirotetronatos y las posibles relaciones estructura-actividad aquí registradas, 

junto con otras comunicadas anteriormente dentro de la clase de los espirotetronatos, pueden 

utilizarse como piezas de un rompecabezas para desvelar el potencial biosintético de estos 

compuestos. 

 

Palabras clave: descubrimiento de fármacos, actividad antimicrobiana, actinomicetos, 

espirotetronatos, phocoenamicinas, maklamicinas 
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1.  Introduction 
 
1.1 Antibiotic Discovery 

 

Antibiotics have arguably changed modern medicine and their introduction into clinical use 

was the greatest medical breakthrough of the 20th century. Sulfonamides were the first broad 

spectrum antimicrobials and are still in use today, followed by the discovery of penicillin [1]. After 

penicillin, during the decades of 1940 and 1950, many new antibiotics have derived from microbial 

sources, such as streptomycin, erythromycin, cephalosporins, bacitracin, chloramphenicol, 

polymyxin, tetracycline, aminoglycosides, macrolides, vancomycin, and neomycin. These 

compounds were effective in the treatment of various infections, such as bacterial pneumonia 

(Klebsiella pneumoniae and others), syphilis (Treponema pallidum) and tuberculosis 

(Mycobacterium tuberculosis), among others. The two decades that followed, 1950-1970, were 

considered as the “golden age” of antibiotic discovery, but since the late 1980s until the present 

days, there has been a discovery void and very few new classes of antimicrobial compounds have 

reached the market [2]. 
Several types of antimicrobial agents exist such as antibiotics, disinfectants, and food 

preservatives that can be used against microorganisms. The antibiotics are classified in bactericidal 

drugs, which can induce cell death or bacteriostatic drugs that simply inhibit the cell growth. There 

are natural, semi-synthetic and synthetic agents having different mechanisms of action, including 

interference with cell wall synthesis, such as β-lactams, protein synthesis inhibition such as 

tetracyclines, metabolic pathway inhibition such as sulfonamides and interference with DNA 

replication and translation, such as fluoroquinolones [2],[3]. Most antimicrobial drugs are naturally 

produced by microorganisms, including environmental fungi and saprophytic bacteria or are 

synthetic derivatives of them, with only a few classes (e.g. sulfonamides and fluoroquinolones), 

being entirely synthetic [4]. 

 

1.1.1 Natural Products Antibiotics 
 

Natural products (NPs) are small molecules, usually with a molecular weight below 3000 Da, 

and are secondary metabolites produced by living organisms, such as plants, animals or 

microorganisms. They have no primary role directly involved in the growth or reproduction of an 

organism but are generally used to control ecological relationships that involve defense, 

competition for space or food, communication between organisms, among other functions [5]. 
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They offer a wide variety of biological activities, and have been the most promising sources of 

chemical inspiration [6]  for drug discovery and development [7], resulting in the discovery of 

some of the most important molecules in recent history [8]. 

Historically, NPs have played a major role in the discovery of antimicrobials. They offer an 

exceptional chemical diversity and structural three-dimensional complexity that, having evolved 

over time [9], they often possess unique and highly selective biological activities based on the 

hypothesis that all natural products have some receptor-binding function [10].  

NPs are structurally ‘optimized’ by evolution to serve particular biological functions, 

including the regulation of endogenous defense mechanisms and the interaction with other 

organisms, which explains their high relevance for infectious diseases and cancer [9]. 

They are an invaluable source of inspiration in drug design and development [11], compared 

to the lack of success of synthetic molecules which often lack the physiochemical properties to 

penetrate bacterial membranes [12]. Having evolved over several millennia to acquire specific 

ligand–protein binding motifs, NP structures cover a wide range of biologically relevant chemical 

space that cannot be efficiently explored by synthetic compounds [11]. Moreover, the structures of 

natural products can inspire the design and synthesis of analogues that may have improved 

properties [13]. 

More than 300,000 natural products have been discovered, that are classified according to 

their chemistry into terpenoids and steroids, fatty-acid-derived substances and polyketides, 

alkaloids, non-ribosomal peptides, and shikimate-derived compounds. They can exhibit different 

bioactivities, such as antibacterial, antifungal, and antiparasitic activities, with different 

mechanisms of action for killing pathogens [14]. 

They have provided the pharmacophores for most of the major classes of antibiotics, 

including the β-lactams, aminoglycosides, macrolides, tetracyclines, rifamycins, glycopeptides, 

streptogramins and lipopeptides [15]. In fact, according to Newman and Cragg’s review analyzing 

the new drugs approved from 01/1981 to 09/2019, of all the new antibacterial drugs (vaccines 

excluded), 89 were natural products or natural product derivatives (68.5%), while only 36 were 

totally synthetic drugs (27.7%) [16]. 

 

1.2 Antimicrobial Resistance (AMR) 
 
 

Antimicrobial resistance (AMR) occurs when microbes possess or develop the ability to 

survive the action of antimicrobial compounds [17]. As a result, these surviving microorganisms 

pass on their resistant features to succeeding generations and are spread more and more in the 

environment through natural selection. It can appear in different types of microbes including 
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bacteria, fungi, viruses, and some protozoa [18]. Infections caused by resistant pathogens are 

usually more difficult to treat, causing significant morbidity and mortality and are considered a 

major global health concern [19]. 

Microbes produce a plethora of molecules with antimicrobial activity that have been 

optimized throughout evolution, probably as a result of the competition for resources and struggle 

for existence in their microenvironment [19]. Likewise, there is broad evidence showing that 

resistance mechanisms against these compounds were developed by the producing organisms as 

self-immunity mechanisms, and have been in nature long before the use of antibiotics by humans 

[20]. Antimicrobial resistance genes, identified to be responsible for the resistance against 

antimicrobial natural products, have been found across the different bacterial lineages in nature and 

they determine the environmental resistome [19],[2]. The analysis of metagenomic DNA from 

30,000-year-old permafrost sediments revealed that it contained several resistance genes for the β-

lactam, carbapenem and vancomycin, natural products antibiotics and these genes were remarkably 

similar to their modern equivalents [8]. 

AMR has emerged as a significant challenge, marking an evolutionary battle between 

microbial adaptation and human medical advancements. Taking a short trip into the history of 

antibiotics and their resistances, Alexander Fleming discovered the existence of penicillin in 1928, 

after observing that the mold colonies of Penicillium inhibited the growth of Staphylococcus 

bacteria and extracting the active substance. It is only in  the early 1940s, that Howard Florey and 

Ernst Chain purified penicillin which led to the massive production of penicillin G in 1943, 

changing medical history [2]. However, even before this massive production, in 1940, the first 

penicillin resistant Staphylococcus strains had already been described [19]. Furthermore, 

methicillin was introduced in 1959 in order to combat penicillin resistant strains and only a year 

later, the first methicillin resistant Staphylococcus strain was reported. Vancomycin was then 

introduced in 1954 for the treatment of methicillin-resistant Staphylococcus and in 1979, a first 

strain resistant to vancomycin was reported, and so on [19].  

 

1.2.1 Antimicrobial Resistance Mechanisms 
 
 

The origins of antibiotic resistance can be traced back to the natural environments where 

antibiotics are produced. Microbes use different types of mechanisms to overcome the 

effectiveness of the antimicrobial components. Antimicrobial resistance can be broadly classified 

in intrinsic, acquired, or adaptive [19]. 
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Intrinsic is the resistance exhibited due to the inherent properties of the microorganism [19] 

and is related to the fact that a microorganism has no structures on which an antimicrobial 

compound can act or it initially produces enzymes that can inactivate it [20]. 

On the other hand, acquired resistance results from genome modification when a previously 

sensitive bacterium acquires a resistance mechanism by either mutation or acquiring new genetic 

material from an exogenous source (horizontal gene transfer), such as plasmids from other bacteria 

[19],[20]. Horizontal gene transfer is considered to be the most important factor [18] and can occur 

through three main mechanisms: transformation, transduction and conjugation [21]. 

Finally, adaptive is the resistance induced by a specific environmental signal (e.g., stress, 

growth state, pH, nutrient conditions). In contrast to intrinsic and acquired resistance, adaptive 

resistance is transient. It allows microbes to respond more rapidly to antimicrobial challenge and 

generally reverts to the original state once the inducing signal is removed, being therefore the result 

of epigenetic changes by modifying gene expression as a response to environmental changes 

[19],[22]. 

The different protective mechanisms by which bacteria can escape antibiotics include a) 

producing enzymes that inactivate the antimicrobial by chemically altering it, b) changing the 

target site of the antibiotic using various strategies (e.g. target replacement, target site mutations, 

target site enzymatic alterations, target site protection, target overproduction or target bypass), c) 

preventing the entry of (decreased permeability) or exporting the drug out of a bacterial cell before 

they can exert their effects by bacterial membrane efflux pumps and finally d) forming biofilms,  

syntrophic communities of microorganisms in which cells are in close association with each other 

and often also to a surface. These adherent cells become embedded within a slimy and hard-to-

remove extracellular matrix that is composed of polysaccharides, proteins, and nucleic acids 

[19],[2],[3],[4],[23]. 

 

1.2.2 Resistant Pathogens 
 
 

World Health Organization (WHO) and Centers for Disease Control and Prevention (CDC) 

have identified the most concerning antibiotic-resistant pathogens, commonly referred to as 

superbugs and classified them into three categories, namely urgent, serious, and concerning, based 

on their level of concern for human health, a list that is regularly updated [8],[3].  

The ESKAPE pathogens, among others, are some of the highest priority pathogens due to 

their ability to "escape" the effects of antibacterial drugs and the development of resistance 

mechanisms against multiple antibiotics. They pose significant challenges to healthcare as they are 

common causes of life-threatening nosocomial infections amongst critically ill and 
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immunocompromised individuals [23]. ESKAPE is an acronym formed from the first letters of the 

genus names of each bacterium that is part of the group, including both Gram-positive and Gram-

negative species. In particular, they are, in this order: 

-Enterococcus species, are Gram-positive bacteria and their normal habitat is the gut of 

humans and animals. There are more than 20 Enterococcus species, although E. faecium and E. 

faecalis are the most clinically relevant. E. faecium has developed resistance to vancomycin 

through the acquisition of vanA and vanB genes. 

-Staphylococcus aureus is a Gram-positive and is part of the normal skin flora of humans and 

animals. Reports of methicillin-resistant S. aureus (MRSA) emerged in the 1960s, and currently, 

MRSA isolates are estimated to account for 25% of S. aureus isolates. In the healthcare setting, 

MRSA can cause severe infections such as bloodstream infections, sepsis, pneumonia, and surgical 

site infections [24]. 

-Klebsiella pneumoniae is a member of the family Enterobacteriaceae. It is a non-fastidious, 

Gram-negative bacillus and species of this genus are the bacterial pathogens most often found 

associated with infections in healthcare settings and in recent years have acquired resistance 

against 𝛽𝛽-lactam antibiotics such as penicillins, cephalosporins, and carbapenems. It produces 

extended-spectrum beta-lactamases (ESBLs) and carbapenemases, enzymes that break down a 

wide range of beta-lactam antibiotics. 

-Acinetobacter baumannii, is a Gram-negative that causes a variety of infections, including in 

the respiratory and urinary tracts, leading to high rates of cross contamination in nosocomial 

infections. It possesses an arsenal of resistance mechanisms, including efflux pumps, enzymatic 

degradation of drugs, and modifications of antibiotic targets. 

-Pseudomonas aeruginosa is a Gram-negative, facultative anaerobe found in the normal gut 

flora and a relevant pathogen in healthcare environments. Many P. aeruginosa strains show an 

intrinsic reduced susceptibility to several antibacterial agents, as well as a tendency to develop 

resistance during therapy. It is inherently resistant to many antibiotics due to its low outer 

membrane permeability and can acquire additional resistance through mutations or horizontal gene 

transfer. 

-Enterobacter species are non-fastidious Gram-negative rods, which can cause infections in 

immunocompromised patients, usually in healthcare environments and have demonstrated a wide 

range of antibiotic resistance mechanisms. They share similar resistance mechanisms to K. 

pneumoniae. 

Finally, the emergence and spread of multidrug-resistant strains of Mycobacterium 

tuberculosis represents one of the most important challenges to disease control worldwide with 

high rates of mortality [24]. M. tuberculosis is the bacterium responsible for tuberculosis (TB), a 
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disease that primarily affects the lungs but can also impact other parts of the body. It has developed 

various mechanisms to resist antibiotic treatment, such as cell wall impermeability, target alteration 

and drug inactivation [25]. Mycobacterium bovis, closely related to Mycobacterium tuberculosis, is 

commonly known as the causative agent of bovine tuberculosis (TB) in cattle. However, it can also 

infect various other mammals, including humans, causing a zoonotic disease known as human 

tuberculosis. Bovine tuberculosis is a chronic infectious disease that primarily affects the 

respiratory system in cattle but can also affect other organs. It poses a significant economic burden 

on the livestock industry due to decreased productivity, trade restrictions, and control measures 

[26]. 

 
 
1.2.3 Emergence of AMR and Main Factors 
 
 

Although AMR is an inevitable phenomenon which occurs naturally over time as a result of 

selective pressure, the human factor is accelerating this process, clearly driving the evolution of 

resistance. The widespread use, overuse and misuse of antimicrobials in humans, animals and the 

environment has accelerated the process and has led to the explosion of antimicrobial resistance 

[19],[2].  

In a pristine ecosystem, free from external antimicrobial selection pressure, antimicrobial-

resistant and non-resistant species coexist in a stable balance. Antimicrobial resistant bacteria have 

been found in every environment examined so far including sea, soil, drinking water and various 

food products. The human microbiota is no exception, and microorganism populations in human 

beings include species that are naturally resistant to some antimicrobials [4]. The increased 

exposure to environmental levels of antibiotics has disrupted this natural balance between microbes 

[27]. It is well documented that increased antibiotic use is correlated with higher resistance rates, as 

countries with high rates of antimicrobial resistance also report higher rates of antimicrobial 

consumption and vice versa. Hence, AMR needs to be viewed under a One-Health approach, as 

human health is inseparably linked to the health of animals and the viability of ecosystems [19]. 

Antimicrobials are among the most commonly prescribed drugs used in human medicine, and 

studies have shown that up to 50% of all antibiotics prescribed to people are considered 

unnecessary. However, various studies have shown that more antimicrobials are used in veterinary 

medicine, agriculture, animal and fish production than in humans and that antimicrobial resistance 

has in part emerged as a result of antimicrobial use outside of human medicine [4]. In fact, while 

about 1/3 of the total antibiotic use is in humans, 2/3 is in animals, primarily for growth promotion. 

Additionally, environment contamination with antimicrobials due to improper handling of human 

excreta, contaminated effluent from hospitals/pharmaceutical companies and use of biocides in 
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agriculture also contributes to the increase of AMR [18]. The majority of consumed antibiotics are 

excreted unchanged and are then introduced into the environment directly or through waste streams 

that are considered hotspots for the dissemination of AMR. Moreover, the antibiotic compounds 

are often not completely removed in treatment plants, from where they then disseminate further 

[24]-[27]. Finally, the above mentioned issues are more likely to appear in low-income and middle-

income countries [4], as poverty is a major root factor of antimicrobial misuse in developing 

countries [28]. 

Antimicrobials are the pillars of modern medicine, and any medical advances depend on the 

ability to fight infections using antibiotics, including organ transplants, cancer therapy and 

treatment of chronic diseases. It is estimated that globally approximately 700,000 deaths are 

attributed to antimicrobial resistance every year, being this the second cause of death in the world 

which, according to CDC, could rise to 10 million deaths per year by 2050 [18]-[20], more than 

cancer and heart diseases together [2]. WHO published a report on the global shortage of novel 

antimicrobials in April 2021, concluding that the current antibiotic development pipelines and 

clinically approved antibiotics are insufficient to combat drug-resistant pathogens [8]. 

Therefore, this scenario can lead to a dark post-antibiotic era, when minor injuries and 

common infections could become the leading causes of death [3]. All evidence suggests that no 

single solution exists and several synergistic approaches are needed [4]. Together with limiting 

unnecessary antibiotic use, it is recognized that only novel chemical classes of antibiotics will 

bring novel mechanisms of action and will hopefully surpass known mechanisms of resistance 

[19]. 

 
1.3 Challenges and Advances in NP Drug Discovery Pipeline 
 

The special characteristics of NPs in comparison with synthetic compounds carry both, 

advantages and challenges, for the drug discovery pathway [9]. 

Challenges in NP discovery include various shortfalls and technical barriers such as the 

inability to culture the majority of environmental microorganisms in the laboratory, the time 

consuming dereplication process, and the scale-up of the production to get the sufficient amount, 

considering the necessary efforts to isolate the active principles, elucidate their structures and 

perform biological assays [7]-[9]. 

Despite the urgency of the clinical need, from the 1990s onwards the large pharmaceutical 

companies have mostly abandoned antibiotic research and NP discovery efforts. The time required 

and the difficulties in the research and development, along with the short prescription duration of 

antibiotics and  the existing broken antibiotic business model, have led to the withdrawal of the 
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pharmaceutical industry from antibiotic research and directed towards other clinical applications 

such as medicines of chronic diseases [12],[29]-[30]. Many of the pharmaceutical companies 

disbanded or sold their collections of screening extracts, leaving antibiotic discovery and 

development to academic, governmental institutions and small biotech companies [31]. As a result, 

there is a complete absence of new classes of antibiotics reaching the market. [24],[25]. 

In recent years, there has been a renewed great interest in natural products from unexplored 

microbial sources, especially microorganisms associated with plants, mammals and invertebrates 

from both marine and terrestrial habitats. [7],[12],[14]. The bioactive molecules produced by these 

microorganisms are often present in rather small amounts. Therefore, accessing sufficient 

biological material to isolate and characterize a bioactive NP are also challenges that need to be 

addressed [9]. Furthermore although natural resources are still considered as inexhaustible for 

novel chemicals, the rediscovery of previously reported NPs is frequent as they are commonly 

present in more than one genus, family or even phylum. The process of identifying known 

compounds responsible for the activity of an extract called dereplication is particularly important to 

accelerate the recognition of previously known compounds early on [31]. Finally, the toxicity and 

unfavourable pharmacokinetics (PKs) can limit the clinical potential of NPs and structural 

modification is often required. The structural complexity of NPs often makes the latter task highly 

challenging [11]. 

Over the past few years, several new technological and scientific advances have been 

developed, which have been economically sustainable and proven efficient in natural product 

discovery. Microbial culturing advances, genome mining and engineering strategies, improved 

analytical techniques and bioinformatic tools [14], are opening up new opportunities to explore 

new microbial sources and access new reservoirs of microorganisms, initiating a ‘new era’ and 

making NP drug discovery attractive again [7]-[9]. 

Different biotic and abiotic stress conditions can result in the production of distinct 

metabolites, suggesting that a deep understanding of the factors underlying metabolite production 

can also contribute toward the discovery of novel compounds. This has triggered microbial 

culturing advances, such as co-cultivation and in situ cultivation [14], mimicking the natural 

ecological conditions where microorganisms normally co-exist within complex microbial 

communities, as well as the development of well-established approaches in microbiology such as 

the “OSMAC” (One Strain Many Compounds) approach, modifying culture conditions and 

parameters such as temperature, pH, variations in media composition (nutrient levels, carbon and 

nitrogen sources), aeration, and incubation time that aim to stimulate the production of different 

and hopefully novel bioactive compounds, activating silent gene clusters and metabolic pathways. 

The rationale behind the OSMAC approach is that microorganisms possess the genetic potential to 
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produce a wide variety of secondary metabolites, but they may not express all of these compounds 

under standard laboratory conditions [9],[15]. 

Understanding the ecological and biological factors that affect metabolite production is 

crucial for the optimal exploitation of the producing microorganisms. Insight into NP biosynthetic 

pathways and advances in genome mining, searching for genes that are likely to govern 

biosynthesis of scaffold structures, has confirmed the plethora of biosynthetic gene clusters (BGCs) 

in the majority of microbial sources. Identifying and manipulating these BGCs are considered key 

drivers for modern NP-based drug discovery [9],[12],[32]. Furthermore, the supply problem of 

many novel and potent NPs that are found in small quantities as minor metabolites may be solved 

by overexpression of their biosynthetic gene clusters in cultivable organisms [15]. 

Metabolomics, the study of all small molecules in an organism at a specific time and under 

specific conditions, taking “snapshots” of biological systems, is considered as the last link in the 

biology chain and its coupling with other high-throughput technologies such as genomics, provides 

a bridge between molecular mechanisms and metabolite production [15][33]-[34]. Along with the 

OSMAC approach, metabolomics can be used to explore the variation of the organism’s chemical 

diversity in response to different factors. 

Enabled by technological developments in chromatography and spectrometry, metabolomics 

approaches are based on the simultaneous screening of large sets of metabolites, using different 

techniques such as LC-MS, GC-MS, and NMR spectroscopy, even if they are produced at low 

concentrations and the use of numerical analyses and databases to detect patterns and relevant 

metabolites. It is a scientific field at the interface of different disciplines (chemistry, 

bioinformatics, ecology, microbiology, and systems biology) and was developed as an approach in 

metabolic profiling, providing information on the metabolite composition in NP extracts, thus 

helping to prioritize NPs for isolation and accelerate dereplication [9],[32]-[33]. 

Raw data processing and curation can be done using several software such as R, MetGem, 

OpenMS and MZmine and online platforms such as MetaboAnalyst, Workflow4Metabolomics and 

XCMS Online, can be used to perform various analyses and generate conclusions over the data 

sets. 

Over the last few years, molecular networking (MN) has gained a lot of attention in the field 

of natural products. MN is a bioinformatic tool that explores chemical diversity visualizing the 

entire metabolome detected in a dataset. It can organize thousands of sets of MS/MS data recorded 

from a given set of extracts and visualize the relationship of the metabolites as clusters of 

structurally related molecules, annotating unknown analogues and new NP scaffolds [9],[15]. It is 

based on the assumption that chemistry influences how the molecules will be fragmented by 

tandem mass spectrometry. Therefore, structurally related compounds will have a similar 
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fragmentation pattern and will be connected whereas the unrelated will be separated [35]. In a 

molecular network, each node represents a compound and the nodes with similar spectra are linked 

to form clusters or “molecular families”. Moreover, these links provide valuable structural 

information. Compounds that belong to the same cluster usually share the same core structure but 

differ due to simple chemical modifications such as alkylation or oxidation. [36]. 

Molecular networking has led to the creation of the Global Natural Products Social 

Molecular Networking (GNPS), a web-based platform (http://gnps.ucsd.edu) developed by 

researchers at the University of California at San Diego. GNPS uses an algorithm to compare the 

MS/MS spectra and is based on various parameters like the cosine score. After the analysis, 

searching of the GNPS libraries, in-house databases, and other public spectral libraries can lead to 

the rapid annotation of known compounds, making GNPS an important dereplication tool [37]. 

GNPS offers two main workflows, the classical MN and feature-based molecular networking 

(FBMN). In classical MN, raw MS/MS spectra files are processed directly to generate a MN. This 

often leads to multiple nodes for the same compound when detected over a large retention time 

span and creates huge MNs that are not fully representative of the actual number of compounds in 

the dataset. In order to overcome this problem, FBMN uses a feature detection and alignment tool, 

such as MZmine 2, to preprocess the raw data and is used for advanced molecular networking 

analysis, enabling the relative quantification of the compounds and resolution of isomers [38]. 

Finally, over the last few years, various toxicity screening platforms have been developed to 

facilitate and accelerate the preclinical studies of novel antimicrobial compounds. One example is 

the use of zebrafish larvae. Zebrafish (Danio rerio) is a small tropical fish that lives in the 

freshwater rivers and lakes of South Asia and is characterized by the dark blue stripes covering its 

adult body [39]-[40]. Both, adults and embryos, are popular as laboratory models in biological 

research. Embryos and larvae are mostly used to evaluate the toxicity of compounds due to their 

high sensitivity and are particularly useful in the early stages of the preclinical studies [41]-[42]. 

They are legally not considered an animal during the first 5 days post fertilization (dpf) and 

therefore, their usage is in compliance with the 3R guiding principles that highlight the importance 

of replacing animals with non-animal systems. They can be considered as a step between in vitro 

cell-based models and in vivo mammalian experiments [42]. Their small size (1-5 mm) allows the 

performance of miniature in vivo experiments in multi-well plates and high throughput screening. 

As a result, the amounts of compounds required for these experiments are very low, making 

zebrafish attractive to NP drug discovery, where the amounts of NPs available are usually limited 

[43]. Moreover, in these early life stages, their body is transparent, enabling the direct observation 

using a simple stereo microscope [44]. 
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These novel interdisciplinary approaches and methodologies have been economically 

sustainable and also proven efficient in NP discovery [30]. We are entering a New Golden Age of 

NP drug discovery [32], aiming to fully exploit the still untapped chemical diversity of microbial 

communities for the discovery of new antibiotics and improve the drug development pipeline [12]. 
 

1.4 Marine Natural Products (MNPs) 
 

Marine natural products (MNPs) represent the secondary metabolites derived from organisms 

in the sea and other major water bodies and marine pharmacology focuses on the components with 

pharmacological properties produced by these organisms, marine species of plants, animals and 

microorganisms [45]. These metabolites are often chemically different from those in the terrestrial 

environment because of the distinct ecological pressures within the habitats. As in the case of 

terrestrial organisms, this diversity of bioactive compounds is considered to be part of the defense, 

survival and predatorial strategies employed. Thus, these organisms seem to be a great source for 

the discovery of novel bioactive molecules and the development of therapeutic agents [46]-[47]. 

The enormous marine resources have been exploited since ancient times and included the use 

of marine animals like fish and preparations from algae as sources of medicines [45], such as the 

red algae Chondrus crispus and Mastocarpus stellatus, whose beverage was popular as a folk cure 

for infections [31]. In 1950, the first two biologically active MNPs were officially reported by 

Bergmann, spongothymidine and spongouridine from the Caribbean marine sponge Cryptotethya 

crypta. Twenty years later they were synthetically optimized and would become the first clinically 

approved marine drugs, commercially known as cytarabine and vidarabine [48]. 

Since then, the exploration of the ocean has resulted in the discovery of thousands of 

structurally unique MNPs and the marine environment has become a promising source of 

molecules and drugs of therapeutic use, such as halogenated terpenes, polyketides and 

prostaglandins [46]. Up to date (March 2024), 41493 marine molecules have been described [49] 

and at least 3,000 of them have demonstrated bioactivity [45]. 

Many different bioactivities have been attributed to MNPs, including antibacterial against 

Gram-positive and Gram-negative bacteria, antifungal, antiviral, antiparasitic, antitumor, analgesic, 

anti-inflammatory, antioxidant and immunomodulatory activities [5],[33]. 
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1.4.1 Marine Environment 
 

Oceans cover more than 70% of the planet’s surface [45], hosting approximately 87% of life 

on earth that includes a wide variety of plant, animal and microorganism species [5]. The 

remarkable ability of these organisms to survive in extreme habitats, such as extreme variations in 

temperature, pressure, salinity, light, oxygen concentration and nutrients availability, enables 

marine organisms to develop unique physiological and metabolic capabilities, along with a striking 

capacity to adapt in their environment [45]. This adaptation in extraordinary conditions has evolved 

over a long period of time [46] and due to these extreme variations in ecological pressure, 

including competition for space and predation, they contain a much more extensive phylogenetic 

diversity than that of the terrestrial environment [50]. 

The National Oceanic and Atmospheric Administration (NOAA) of the United States has 

estimated that 80% of the oceans remains unexplored [46] and their diversity seems to be infinite. 

For instance, coral reefs are particularly rich in different organisms and in some areas around 1000 

species per m2 can be found [51]. In late 1970, it was established that marine plants and animals are 

genetically and biochemically unique and having virgin areas of marine life, the prospect of 

yielding novel products from the sea was enormous [45]. 

Out of 33 animal phyla known to date, a total of 32 phyla are represented in the marine 

environment, while 15 of them are exclusively marine. Marine organisms include sponges, 

tunicates, fish, soft corals, nudibranchs, sea hares, opisthobranch molluscs, echinoderms, 

bryozoans, prawns, shells, sea slugs, and last but not least, marine microorganisms [45]. In the 

beginning, the research of marine wildlife focused on a small number of organisms which included 

sponges, molluscs, tunicates and macroalgae, which illustrated a very diverse range of unique 

molecular structures [46]. With the continuous exploitation of the marine environment, attention 

turned to microorganisms such as marine actinobacteria, proteobacteria cyanobacteria, fungi, and 

several other groups [45]-[46]. Marine microorganisms have proven to be great repositories of 

bioactive molecules and have yielded some of the most important active compounds known today. 

Furthermore, over time, it has been realized that many compounds previously isolated from marine 

macroorganisms, such as sponges and tunicates, are in fact products of associated microorganisms 

[5]. Finally, recently, marine actinomycetes were considered to be a promising resource for novel 

bioactive secondary metabolites and are widely distributed within the marine ecosystem, found in 

intertidal zones, seawater, animals, plants, sponges and ocean sediments [14]. 

This highly unexplored biodiversity makes the marine environment an extremely prolific 

source of novel and structurally unique compounds [33] leading to the production of metabolites 

which may not be found in terrestrial environments [5]. They present themselves as a hotspot for 
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the discovery of new drug leads with unique chemical structures and mechanisms of action 

[5],[33],[45]. 

 

1.4.2 Marine-derived Drugs 
 

To date, eighteen marine-derived drugs have been clinically approved and reached the market 

for the treatment of various diseases, mostly different types of cancer, but also viral infections, 

hypertriglyceridemia and severe pain [6],[47]-[48],[52]. 
They are MNPs or synthetic derivatives inspired from a MNP. As shown in Table 1, most of 

the approvals occurred in the 21st century [6] and seven of them have only been approved during 

the years 2018-2021, showing a significant increase in the recent years. However, it is worth noting 

that none of these pharma drugs is an antibiotic. 

Table 1. The clinically approved drugs deriving from MNPs [6],[47]-[48]. 

Compound name Trademark 
Year of 

Approval 

Marine 

Organism 
Disease Area 

Pharmaceutical 

Company 

cytarabine 
Cytosar-U®, 

Depocyst® 
1969 sponge cancer Pfizer 

vidarabine Vira-A® 1976 sponge antiviral 

Mochida 

Pharmaceutical 

Co. 

ziconotide Prialt® 2004 cone snail severe chronic pain 
Jazz 

Pharmaceuticals 

ω-3-acid ethyl esters Lovaza® 2004 fish hypertriglyceridemia GlaxoSmithKline 

eicosapentanaenoic 

acid ethyl ester 
Vascepa® 2012 fish hypertriglyceridemia Amarin 

ω-3 carboxylic acid Epanova® 2014 fish hypertriglyceridemia AstraZeneca 

iota-carrageenan Carragelose® 2006 red algae antivirus 
Marinomed 

Biotech AG 

eribulin mesylate Halaven® 2010 sponge cancer Eisai Inc. 
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E7389 

brentuximab vedotin Adcetris® 2011 cyanobacterium cancer Seagen 

trabectedin Yondelis® 2007 tunicate cancer PharmaMar 

panobinostat  Farydak®  
2015-2022 

(withdrawn) 
sponge cancer Novartis 

plitidepsin  Aplidin® 2018 tunicate cancer PharmaMar 

polatuzumab vedotin Polivy® 2019 cyanobacterium cancer Genetech/Roche 

enfortumab vedotin Padcev® 2019 cyanobacterium cancer 
Astellas Pharma 

& Seagen 

lurbinectedin Zepzelca® 2020 tunicate cancer PharmaMar 

belantamab-

mafodotin-blmf Blenrep® 
2017-2020 

(withdrawn) 
cyanobacterium cancer GlaxoSmithKline 

disitamab vedotin Aidix® 2021 cyanobacterium cancer 
Remegen 

Biosciences 

tisotumab vedotin-

tftv 
Tivdak® 2021 cyanobacterium cancer Seagen 

 

Trabectedin (Yondelis®), approved in 2007 and commercialized by PharmaMar was the first 

approved anticancer drug directly derived from a MNP and the first marine anticancer drug to be 

approved in the European Union. It is used for the treatment of soft tissue sarcoma and ovarian 

cancer. It was originally isolated in very low yields from the ascidian Ecteinascidia turbinata and 

the quantities required for advanced preclinical and clinical studies were obtained by very large-

scale aquaculture in open ponds. Later on, its semisynthesis starting from cyanosafracin B was 

accomplished and established as the procedure to produce the drug substance [53]. 

Furthermore, two of these marine-derived medicines, plitidepsin (Aplidin®), approved in 

2018 for the treatment of numerous cancer forms and iota-carrageenan (Carragelose®), an antiviral 

nasal spray, are currently under research for the treatment of COVID-19, as they have 

demonstrated  antiviral activity against SARS-CoV-2 [48],[54]. 



31 
 

Until now, many MNPs have been investigated as drug candidates in different phases of 

clinical trials and a plethora of drug leads are under preclinical development for various diseases. 

There are currently 6 drug candidates in phase III, 15 in phase II and 19 in clinical phase I [55]. 

Among them, salinosporamide A, a molecule isolated from a marine actinomycete of the 

genus Salinospora has demonstrated potent cytotoxic activity and is now in phase III clinical trials 

for the treatment of multiple myeloma [46] and newly diagnosed glioblastoma in combination with 

standard temozolomide-based radiochemotherapy under the brand name Marizomib [56]. 

 

1.5 Actinomycetes 
 

Actinomycetes are filamenting bacteria belonging to the order of Actinomycetales, and the 

Actinobacteria phylum, one of the largest among the 30 major phyla currently attributed to the 

domain Bacteria. It is estimated that less than 1% of the actinomycetes have been identified and 

recorded to date [57]-[58]. 

Within the actinomycetes, Streptomyces is by far the best characterized genus, a strikingly 

diverse genus with around 600 species identified so far. Due to this wide distribution, the rest of 

the actinomycete genera are commonly called “rare actinomycetes”, even though it is nowadays 

known that they are not actually rare in the environment, just less frequently isolated than 

Streptomyces strains. In fact, only 11 rare actinomycetes genera had been reported by 1970, 

followed by 100 genera by 2005 and 220 genera by 2010 [58]. 

Actinomycetes are Gram-positive, facultative anaerobic filamentous bacteria [59]-[60] and 

are often distinguished by their mycelial growth morphology. Many  members of this order have a 

complex life cycle with the ability to form spores upon differentiation, [61]. They generally have 

high guanine-cytosine (G + C) genomic DNA content, higher than 70% in various Streptomyces 

and Frankia species,  and present either linear or circular chromosomes [57]. As in many bacteria, 

linear plasmids are common in actinomycete species, [61].  

These bacteria  are ubiquitous in soil environments, associated to plants and insects, as well 

as marine and fresh water ecosystems [60]. They have an important ecological role in the 

decomposition of organic material [60] and almost 90% of actinomycetes genera so far have been 

isolated from soil associated environments [59]. Besides free-living microbes, they are recognized 

as important interaction partners, living in symbiosis with plants, fungi, insects, and animals. These 

organisms profit from the actinomycetes for various ecological functions, such as for protection 

against pathogens, growth promotion or the degradation of complex natural polymers. At the same 

time, the actinomycetes benefit from the resources of the hosts they interact with [60]. Various 
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genes and regulatory sequences have been identified that are able to promote or inhibit the gene 

expression responding to specific environmental changes [57]. 

They exhibit great diversity in a variety of characteristics including pH, thermophilicity and 

moisture tolerance. This diversity is also reflected in the extreme and remote locations where 

actinomycetes have been found, with samples having been discovered in Mariana Trench and 

Antarctica [61]. The factors that influence the microorganisms’ behavior are not well understood 

yet, but variations such as nutrient concentration and accessibility in them are surely a determining 

driver [57].  

Representative major occurring genera of Actinomycetales include Streptomyces, Kutzneria, 

Actinoplanes, Nocardia, Actinomadura, Micromonospora, Amycolatopsis, Nonomuraea, 

Nocardiopsis, Marinactinospora, Rhodococcus, Lentzea, Actinokineospora, Planomonospora, 

Streptomonospora, Microbacterium, and Thermoactinomyces [62]. 

As mentioned, actinomycete species are primarily found in soils and were originally thought 

to be solely terrestrial. In fact, the first marine actinomycete was only discovered in 1984. Since 

then, many marine species have been discovered in aquatic systems worldwide. Streptomyces, 

Micromonospora, and Actinomyces have been found at depths as great as 500 m and it has been 

demonstrated that Micromonospora in particular may have greater relative abundance at 450 m 

depth in comparison with more shallow waters. They thrive in association with a variety of aquatic 

organisms, including invertebrates such as sponges, corals, and echinoderms, as well as vertebrates 

[61]. 

According to recent studies, these interactions involve signaling molecules that control the 

expression of BGCs and have played a major role in the evolution of the high chemical diversity of 

actinomycete-produced secondary metabolites in diverse environments [60]. In the past two 

decades, hundreds of actinomycete genomes have been sequenced and many of them have been 

fully annotated. The analysis of the sequences has demonstrated that a significant portion of the 

BGCs are associated with polyketide synthase (PKS) and nonribosomal peptide synthetase (NRPS) 

pathways, indicating that polyketides, nonribosomal peptides, and their hybrid compounds are the 

major secondary metabolites of actinomycetes [63]. Therefore, considering their extraordinary 

metabolism plasticity and their biosynthetic potential, actinomycetes can provide bioactive 

compounds never observed with unique structural moieties and complexity [57]. 

They have been described as microbial cell factories [64] and played a crucial role in drug 

discovery, yielding more than 10,000 bioactive compounds [60]. It is estimated that each 

actinomycete strain has the potential to produce between 10 to 20 families of secondary 

metabolites [61] and nearly three-quarters of all microbial bioactive compounds discovered so far 
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were produced by actinomycete bacteria [14], including antibiotics as well as many anticancer, 

antifungal, anthelmintic and immunosuppressive agents [60]-[61]. 

Since Selman Waksman discovered actinomycin from a strain of the genus of Streptomyces, 

the first antibiotic isolated from an actinomycete, these bacteria represent an inexhaustible source 

of antibiotics [65]. Most of the known antimicrobials today were originally isolated from 

actinomycetes between 1950 and 1970, especially from the genus Streptomyces [57]-[58],[65]. 

Over 80% of all antibiotics used in the medical field originate from Actinobacteria, with 50% of 

clinically relevant antibiotics originating from Streptomyces [61]. 

There are different antibiotic classes produced by actinomycetes, including β-lactams, 

aminoglycosides, glycopeptides, macrolides, tetracyclines, ansamycins, lincosamides, epoxides and 

aminocoumarins [57],[61],[65]. Some representative antibiotics derived from actinomycetes and 

used in the clinic today are neomycin, streptomycin, kanamycin, cephamycin, vancomycin, 

erythromycin, and tylosin [61], and a long list of therapeutically relevant semisynthetic analogs 

such as imipenem. 

The antibiotics produced by actinomycetes possess diverse chemical structures with a wide 

range of biological activities. Their structure–activity relationship (SAR) has been extensively 

studied in order to develop new and more effective drugs. In this regard, apart from the wide 

variety of NPs isolated, the bioactive compounds from this class of bacteria remain an unexhausted 

source of new scaffolds and the inspiration for the discovery of semisynthetic and fully synthetic 

antibiotics [57],[66]. 

 

1.5.1 The genus Micromonospora 
 

The genus Micromonospora has an increasingly important role in the discovery of a high 

number of new bioactive compounds  [67] and is a member of the family Micromonosporaceae 

(order Actinomycetales), first described by Ørskov in 1923 [67]-[68]-[69]. To date (March 2024), 

the genus Micromonospora consists of 125 species with validly published and correct names 

(https://www.bacterio.net/genus/micromonospora). 

Although Micromonospora exhibits significant physiological and biochemical diversity, the 

genus forms a well-defined group in terms of morphology, phylogeny, and chemotaxonomy [64]. 

Members of this genus are aerobic to microaerophilic, chemoorganotrophic, sensitive to pH below 

5, with NaCl tolerance ranges from 1.5 % to 5 % (w/v) and have optimal growth temperatures of 

20-40°C. As their name suggests, they produce single spores directly attached to substrate 

mycelium or carried on short sporophores [64],[67]-[68]-[69]. The spores are nonmotile, 

hydrophilic and spherical to oval in shape, with a diameter of 0.7–1.5 mm [70]. Compared to 



34 
 

Streptomyces, no aerial mycelia are produced [71]. They often produce carotenoid mycelial 

pigments, resulting in yellow, red, orange, brown, purple, blue-green or black colonies [68],[71]. 

The genus Micromonospora is widespread in nature, inhabiting diverse environments, such 

as soil, coastal, marine and freshwater sediments, peat swamp forests, plant rhizospheres and 

extreme habitats (e.g. hyper-arid deserts, deep-sea sediments and hypersaline lakes). Furthermore, 

some members of this genus are also known to form symbiotic relationships with plants and 

animals [64],[69]-[71]-[72]. About 83% of them reported so far are of terrestrial origin, including 

plants, endophytes and extreme habitats-derived strains, while the marine-derived species are 

frequently reported from both marine sediment and sponges [69]. Compared to Streptomyces, 

Micromonospora spores are more resistant, and viable spores have been recorded from sediments 

at least 100 years old [70].  

Within the rare actinomycetes group, Micromonospora is the most prolific in producing 

metabolites, accounting for more than 700 compounds to date [72] and are of significant interest to 

drug discovery [67]. Since the discovery of micromonosporin, the first antibiotic isolated from 

Micromonospora in 1947 by Waksman, many antibiotics have been reported from this genus [68], 

including pharmaceutically important chemical molecules such as gentamicin and calicheamicin 

[67]. Overall, Micromonospora is a diverse genus of Actinobacteria with significant ecological, 

biotechnological, and pharmaceutical importance. 

 

1.6 Spirotetronates 
 

Polyketide natural products constitute an important group of secondary metabolites used in 

human/veterinary medicine and agriculture. Spirotetronates are a class of polyketides produced by 

a large diversity of actinomycetes, most of them belonging to the genera of Streptomyces, 

Micromonospora and Actinomadura but also to Verrocosispora, Actinospica, Actinoallomurus, 

Saccharothrix, Amycolatopsis and Actinocrispum, so far, nine different genera in total, all Gram-

positive and generally aerobic bacteria [73],[74],[75],[76]. The producing microorganisms have 

been isolated from different sources, such as soil, plants, sea and marine sediments and organisms 

and are geographically distributed worldwide [73],[74],[75],[77]. 

The first spirotetronate discovered back in 1969 was chlorothricin, produced by a 

Streptomyces strain isolated from a soil sample in Argentina [74]. Since then, more than 100 

compounds of this structural class have been discovered with the list being constantly expanded. 
(Table 2). An extensive bibliographic search revealed that 167 spirotetronates distributed in 28 

families of compounds have been discovered to date (March 2024). 
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Table 2. Natural spirotetronates reported to date (March 2024), distributed into families of 
compounds, biological source, geography and ecology of their first isolation, bioactivity, 
classification and year of their discovery. 
Name/Family 

Number of 
Compounds  

Biological Source Geography/ 
Ecology Bioactivity Class/ 

Cx 
Year of 

Discovery References 

abyssomicins  
40 

Verrucosispora sp
. 

Streptomyces sp. 
Japan/marine 

antibiotic 
antiviral 

antitumor 
I/C11 2004 

[78],[79],[80],
[81],[82],[83],

[84],[85]  
A88696  

3 Streptomyces sp. n.d. antiulcer I/C11 1993 [86] 

chrolactomycins  
2 

Streptomyces sp. 
Actinospica sp. terrestrial antibiotic 

antitumor I/C13 1999 [87],[76] 

okilactomycins  
5 Streptomyces sp. Japan/ 

terrestrial 
antibiotic 
antitumor I/C13 1987 [88],[89] 

maklamicin  
1 

Micromonospora 
sp. 

Thailand/ 
endophytic 

antibiotic/ 
anticancer II/C11 2011 [90] 

nomimicins  
4 Actinomadura sp. Japan/ 

compost antibiotic II/C11 2012 [91],[92] 

PA-46101 A and B  
2 Streptomyces sp.  n.d. antibiotic II/C11 1989 [93] 

Phocoenamicins  
3 

Micromonospora 
sp. marine antibiotic II/C11 2017 [94],[77] 

chlorothricins  
3 Streptomyces sp. Argentina/terr

estrial antibiotic II/C13 1969 [95],[96],[97] 

pyrrolosporin A and B  
2 

Micromonospora 
sp. Peru/terrestrial antitumor 

antibiotic II/C13 1996 [98],[99] 

NAI-414A and B  
2 

Actinoallomurus 
sp. Italy/terrestrial antibiotic 

antitumor II/C13 2012 [100] 

decatromicins A-G  
7 Actinomadura sp. Japan/terrestri

al antibiotic II/C13 1999 [99],[101],[10
2] 

kijanimicins  
5 Actinomadura sp. Kenya/terrestri

al 

antibiotic 
anticancer 

anti-
inflammato
ry antiviral 

II/C13 1981 [103],[104] 

tetrocarcins  
20 

Micromonospora 
sp. 

Japan/terrestri
al 

antitumor/ 
antibiotic II/C13 1980 

[104],[105],[1
06],[107],[108

],[109] 
BE-45722A, B and C  

3 Actinomadura sp. Japan/terrestri
al 

antibiotic 
antiviral II/C13 1997 [110],[111] 

MM46115  
1 Actinomadura sp. Cameroon/ 

mycetoma  
antiviral 
antibiotic II/C13 1990 [112] 

JK-1 and 2  
2 Actinomadura sp. n.d. antibiotic II/C13 2004 [113] 

arisostatins A and B  
2 

Micromonospora 
sp. Japan/marine antitumor 

antibiotic II/C13 1999 [114] 

AC6H  
1 

Micromonospora 
sp. 

Japan/ 
terrestrial 

antitumor 
antibiotic II/C13 1992 [115] 

saccharocarcins  Saccharothrix sp. U.S./terrestrial antibiotic II/C13 1996 [116] 
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6 

lobophorins  
18 Streptomyces sp. marine 

antibiotic 
anti-

inflammato
ry 

anticancer 

II/C13 1999 

[117],[118],[1
19],[120],[121
],[122],[123],[

124], [125] 

microsporanates A-F  
6 

Micromonospora 
sp. China/marine antibiotic II/C13 2017 [104] 

streptaspironates A–D 
4 

Streptacidiphilus 
sp. 

The 
Netherlands/ 
decaying pine 

wood 

- I/C15 2020 [126] 

glenthmycins A−M  
13 Streptomyces sp. Australia/endo

phytic antibiotic II/C13 2022 [127] 

wychimicins A-D  
4 Actinocrispum sp. Japan/terrestri

al antibiotic II/C13 2022 [128] 

versipelostatin  
1 Streptomyces sp. n.d. anticancer 

CNS II/C17 2002 [129] 

tetronothiodin  
1 Streptomyces sp. n.d. antiulcer I/C19 1992 [130] 

quatromicins  
6 Amycolatopsis sp. n.d. antiviral  

4 
subuni

ts 
1991 [131],[132] 

n.d. not detected 

 

Structurally, the spirotetronates are tetronate compounds in which two ring structures are 

linked to each other by one spiroatom. In particular, they are characterized by a cyclohexene ring 

spiro-linked to a tetronic acid moiety and embedded in a macrocycle. The existence or not of a 

decalin unit groups them into class I (without) and class II (with the decalin unit). Further 

classification groups them based on the number of carbons of the macrocycle, in small (C11), 

medium (C13) and large spirotetronates (≥C15) (Figure 1). Finally, they often bear various 

oligosaccharide chains and/or other peripheral moieties attached to the decalin and/or the 

macrocycle and different side chains that enrich their structural variety. The decalin unit is linked 

either by a ketone group or more rarely by a carboxylic ester or an alcoholic group [73],[74],[75]. 

An exception to this classification are the quartromicins, unusual spirotetronate polyketides 

containing four spirotetronate subunits within one molecule [131]. 
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Figure 1. Structure and main moieties of spirotetronates. 

 

Regarding their bioactivity, they have demonstrated a wide variety of biological activities, 

mostly antibiotic against Gram-positive bacteria and antitumor, but also antiviral, antiulcer, anti-

inflammatory and active against CNS diseases [74]-[75] (Table 2). Along with their potent 

bioactivities, certain spirotetronates have been considered tools to elucidate a biological effect. For 

example, abyssomicin C was found to be the first natural product to block pABA biosynthesis. 

However, apart from some exceptions, there is no clear understanding of the role of the 

spirotetronate motif, the effect of the macrocyclic size, the oligosaccharide and side chains and the 

decalin system in the biological activities of the spirotetronates [73]. Despite their potent 

bioactivities, their structural complexity and the difficulties towards large-scale culturing, have 

been limiting their availability for further preclinical and clinical studies [75]. 

Recently, the spirotetronate class has grown with the discovery of the phocoenamicin family 

of compounds. Examination of intestinal contents from a marine mammal led to the identification 

of a Micromonospora strain, which afforded a new complex glycosylated polyketide, 

phocoenamicin, with potent activity against the intestinal pathogen Clostridium difficile [94]. Later 

on, phocoenamicins B and C, together with phocoenamicin, were isolated in our laboratory from 

cultures of Micromonospora sp. strain CA-214671, originally isolated from marine cave sediments 

collected near the Canary Islands and the compounds demonstrated antimicrobial activity against 

methicillin-resistant Staphylococcus aureus (MRSA) and Mycobacterium tuberculosis H37Ra [77]. 

The characteristic diol side chain unique in phocoenamicins and two 6-deoxyglucose moieties with 

an acetyl linkage to a chlorinated phenol are the highlighted structural features of phocoenamicins 

and remain unchanged throughout the family (Figure 2). 
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Figure 2. Structure of phocoenamicin, phocoenamicin B and C. 
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2. Objectives 
 
 

1) Determination of the best conditions for the production of antimicrobial spirotetronates 

already identified from marine actinomycetes of MEDINA’s collection. 

2) Metabolic profiling of the producing strains and molecular networking of their production. 

3) Scaling-up of fermentation and isolation of the compounds, as well as determination of the 

structure of related minor analogues also present in the fermentation broths. 

4) Evaluation of the biological profile of the best hits against an extended panel of microbial 

pathogens. 

5) Determination of possible structure–activity relationships of all the compounds isolated.  

6) Evaluation of the safety of the isolated compounds by testing the cell viability against the 

human liver adenocarcinoma cell line (Hep G2) and the safety of the major compounds 

against zebrafish eleuthero embryos. 
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3. Results 
 

3.1 Identification of the Producing Microorganisms 
 

The microbial strains used in this work belong to the culture collection of Fundación 

MEDINA, which contains approximately 190,000 microbial strains and is one of the largest in the 

world. The producing strains were identified by searching an internal repository of LC/MS 

analyses of microbial extracts against an internal database of LC/UV/MS data of microbial natural 

products, which includes several members of the phocoenamicin family [133]. The high-

performance liquid chromatography coupled to mass spectrometry (HPLC-UV-MS) profile of the 

phocoenamicins, including RT, UV spectrum and positive and negative mass spectra, was used for 

the search and led to the identification of 27 microbial strains belonging to the MEDINA culture 

collection that potentially biosynthesized at least one of the phocoenamicins. 

Taxonomic identification of the 27 strains was based on sequencing of the 16S ribosomal 

gene with the universal primers fD1 and rP2. The sequences obtained were compared against the 

sequences of all prokaryotic species recognized as “type strains” with validly published names 

registered in the EzBioCloud database. The closest species identified, the (%) percentage of 

similarity, the geographic origin, and the ecological source of isolation of each strain are shown in 

Table 3. 

 

Table 3. Closest species assignment using the EzBioCloud database, the (%) percentage of 
similarity, the source of isolation and the geographic origin of each strain. 

Strain Micromonospora 
species 

Similarity 
(%) Geographic Origin * Ecology 

CA-107814 M. terminaliae 99.48 Costa Rica (1) soil-rice cultivation 
CA-108000 M. endophytica 100 Costa Rica (1) soil-rice cultivation 
CA-184181 M. siamensis 99.32 Mexico (2) soil 
CA-214658 M. endophytica 99.63 Spain (3) marine cave sediment 
CA-214671 M. chaiyaphumensis 99.84 Spain (3) marine cave sediment 
CA-218877 M. endophytica 100 Spain (3) marine invertebrate Porifera sp. 
CA-238377 M. terminaliae 99.54 Georgia (4.a) rhizosphere soil of Pteridium tauricum 
CA-238397 M. chalcea 100 Georgia (4.a) rhizosphere soil of Pteridium tauricum 
CA-238398 M. siamensis 99.32 Georgia (4.a) rhizosphere soil of Pteridium tauricum 
CA-243027 M. terminaliae 100 Georgia (4.a) rhizosphere soil of Pteridium tauricum 
CA-243168 M. endophytica 100 Central African Republic (5) forest organic humid soil 
CA-244160 M. terminaliae 99.53 Union of the Comoros (6.a) forest organic dry soil 
CA-244161 M. terminaliae 99.47 Union of the Comoros (6.a) forest organic dry soil 
CA-244669 M. terminaliae 99.41 Union of the Comoros (6.b) forest organic humid soil 
CA-244673 M. chalcea 100 Union of the Comoros (6.b) forest organic humid soil 
CA-244674 M. endophytica 99.31 Union of the Comoros (6.b) forest organic humid soil 
CA-244675 M. terminaliae 99.49 Union of the Comoros (6.b) forest organic humid soil 
CA-246501 M. terminaliae 99.53 Georgia (4.a) rhizosphere soil of Pteridium tauricum 
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CA-246506 M. aurantiaca 99.64 Georgia (4.a) rhizosphere soil of Pteridium tauricum 
CA-248285 M. soli 99.07 New Zealand (7) swampy soil 
CA-248314 M. endophytica 99.66 New Zealand (7) swampy soil 
CA-248649 M. terminaliae 100 Union of the Comoros (6.c) forest organic soil 
CA-249271 M. endophytica 99.38 Union of the Comoros (6.d) forest organic soil 
CA-249379 M. terminaliae 99.54 Union of the Comoros (6.a) forest organic dry soil 
CA-251294 M. terminaliae 99.51 Union of the Comoros (6.c) forest organic soil 
CA-253038 M. siamensis 99.29 Georgia (4.b) rhizosphere soil of Populus canescens 
CA-259211 M. endolithica 99.19 Georgia (4.c) rhizosphere soil of Ranunculus buhsei 

* Places and dates of collection indicated in brackets are specified in Figure 3. 

All the strains identified as phocoenamicins producers belonged to the Micromonospora 

genus, indicating that the common pathway for the production of these molecules must be highly 

conserved within species of this genus. The closest type species determined were distributed into 

seven different species, with M. terminaliae and M. endophytica being the closest species in more 

than half of the strains (18 strains), followed by M. siamensis, M. chalcea, M. solis, M. 

chaiyaphumensis and M. aurantiaca. As all three of the known phocoenamicins were originally 

isolated from actinomycete strains of Micromonospora sp., and all strains identified as potentially 

producing them also belong to this genus, it can be proposed that the biosynthesis of this family of 

compounds might be confined to the Micromonospora species. 

Despite the close taxonomic relationship of the strains, the ecological and geographical 

sources displayed great diversity. Although the phocoenamicins were originally isolated from 

marine-derived actinomycetes, the producers identified in this study were isolated from many 

different sources, as shown in Table 3. These sources included forest organic soil, either dry or 

humid, rhizosphere soil from various plants, rice cultivations, soil in swamp ecosystems, marine 

sediments and finally a strain isolated from a marine invertebrate. This demonstrated that the 

production of phocoenamicins cannot be associated exclusively to marine environments, as 

previously believed [134]-[135].  

As far as their geographical origin, they were widely distributed throughout the planet, 

covering almost all continents, as shown in Figure 3. Overall, the 27 strains were isolated from 

various regions in Costa Rica, Mexico, Spain, Georgia, Central African Republic, Comoros Islands 

and New Zealand and their original isolation was performed between the years 1998 and 2006. 
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Figure 3. Geographic distribution of the 27 strains within the seven different countries worldwide. 
The blue colored circle corresponds to the three marine-derived strains and the red to the 24 
terrestrial strains. Numbers correspond to the different countries, regions and year of collection: 1. 
Costa Rica (Guanacaste, 1998) 2. Mexico (Las Tuxtlas, Veracruz, 2001) 3. Spain (Gran Canaria, 
2004) 4. Georgia, a. (Batumi, Adjara, 2004) b. (Poti, Samegrelo, 2005) c. (Khulo, Adjara, 2005) 5. 
Central African Republic (Damara/Sibut, 2005) 6. Union of the Comoros, a. (Mdji Diakagnoa, 
2005) b. (Ouralé-Ouandaoé, 2005) c. (Tsinimouachongo, 2005) d. (Zikaledjou, 2005) 7. New 
Zealand (Pehitawa Forest Reserve, 2006). 

 

3.2 OSMAC approach and Metabolomics Analysis of the Culture Broths 
 

The 27 strains were cultured in 10 different media based on the OSMAC approach (One 

Strain Many Compounds) [136] to identify the best growth conditions and exploit their 

biosynthetic potential. The culture media selected covered a range of different carbon and nitrogen 

sources previously shown to enhance the production of secondary metabolites by members of this 

genus, and a fermentation time of 14 days was used in all cases, suitable for slow-growing bacteria 

such as Micromonospora. After fermentation, the culture broths were extracted with acetone for 

subsequent liquid chromatography coupled to high resolution mass spectrometry (LC-HRMS) 

analysis using electrospray positive ionization mode. 280 samples were injected in total, including 

270 extracts from the fermentation broths and 10 extracts from the corresponding unseeded control 

media. Preliminarily, a study of the production of the three known phocoenamicins was carried out 

in each of the conditions analyzed. 

All 27 strains were confirmed to produce the three known phcoenamicins in at least one of 

the culture media. For phocoenamicin, the (+)-HRESIMS data detected a peak displaying an 
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ammonium adduct ion at m/z 1088.4982 [M + NH4]+ at a retention time (RT) of 6.45 min, 

corresponding to the molecular formula C56H75ClO18. For phocoenamicin B, a peak with an adduct 

ion at m/z 1104.4927 [M + NH4]+, in agreement with the molecular formula C56H75ClO19 was 

detected at a RT of 5.62 min and for phocoenamicin C, a peak at a RT of 6.01 min with an adduct 

ion at m/z 1104.4933 [M + NH4]+, corresponding to the molecular formula C56H75ClO19. The ESI-

TOF spectra of the three phocoenamicins are displayed below (Figure 4). In all three cases, the 

characteristic UV spectrum of the phocoenamicins, as shown in Figure 5, was observed and all the 

data were in good agreement with those previously published for the three compounds [77]. As the 

three molecules were detected in multiple analytical runs, the values of m/z and retention time are 

representative for each compound. 
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Figure 4. The ESI-TOF spectra of (a) phocoenamicin, (b) phocoenamicin B and (c) 
phocoenamicin C as detected within the crude extracts of the 27 strains. 
 

(c) 

(b) 
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Figure 5. UV spectrum of phocoenamicin B, characteristic of all members of the family of 
phocoenamicins.  

 
 

The manual exploration of the data suggested that phocoenamicin was the most abundant 

compound, detected in all strains and in almost every culture medium, with the exception of DEF-

15, DEF-15S and DNPM for some of the strains. Phocoenamicin B was detected in lower amounts, 

but still significantly in all strains, and phocoenamicin C was the least produced metabolite and 

almost absent in extracts of some of the strains (CA-253038, CA-249379, CA-244669 and CA-

108000). 

Moreover, the qualitative study of the production of the three phocoenamicins suggested that, 

taken globally, the data for the 27 strains indicated that the most suitable culture media to obtain 

these compounds were RAM2-P V2, FR23, M016, and SAM-6. On the contrary, APM9, FPY-2 

and FPY-12 exhibited significantly lower production levels, while in DEF-15, DEF-15S and 

DNPM the production was very low or non-existent. 

Next, the metabolite profiles of the extracts were subjected to multivariate data analysis 

(MVDA) to explore the metabolite production profile of the strains in depth. The LC-MS raw data 

obtained from the analysis were preprocessed by MZmine 2 [137] (version 2.53). The treatment 

included mass detection, chromatogram building and deconvolution, noise reduction and data 

filtering, peak detection and integration, chromatographic alignment and gap filling [137], resulting 

in a data matrix of 6050 metabolite features.  

The samples were classified in groups according to their taxonomy, geography, ecology, 

culture medium, and the different producing strains. The processed data were then converted into a 

suitable format (comma-separated values, CSV file) for each group and was uploaded to the 

MetaboAnalyst 5.0 platform [138] to carry out the statistical analysis. Missing values were 
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replaced, and further feature filtering based on interquantile range (IQR) reduced the data to 2500 

features. The purpose of the data filtering was to identify and remove variables that were unlikely 

to be of use when modeling the data. Normalization was performed using Pareto scaling and log 

transformation to make individual features more comparable and transform the data matrix into a 

more Gaussian-type distribution, as shown in Figure 6. 

         

 
Figure 6. The boxplot and density plot showing the normalization result in MetaboAnalyst 5.0 
after sample normalization, data transformation and scaling of the preprocessed LC-HRMS data 
obtained from the 270 extracts. 
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Principal Component Analysis (PCA) was used as an exploratory tool to reveal possible 

metabolite production patterns, trends, or outliers within the extracts. PCA reduces data by 

projecting them onto lower dimensions that are called principal components (PCs). As it is an 

unsupervised chemometric analysis, it ignores any information about the different groups of the 

samples and can only distinguish classes when the within-group variation is sufficiently lower than 

the between-group variation. The aim is to create the best summary of the data while using the least 

PCs possible  [139]-[140]. The features included in the analysis were peaks defined by an m/z 

value and RT. The extracts that only contained the different media without bacterial cultivation 

were used as control samples. Five different parameters were studied as class labels, in particular 

the different strains, taxonomic species, culture media, source, and geography and PCA was 

generated for each one of them to explore if these parameters can be associated to a differential 

metabolite production. 

As shown in Figure 7, PC1 and PC2 were capable of discriminating samples according to   

the culture medium (e), with a total variance explained of 42.4%. There was a close clustering of 

the control samples in all cases, demonstrating that the discrimination observed was mainly due to 

biological factors and not due to the media components. Furthermore, the extracts in media that 

were previously identified as poor producing, were clustered closer to the control media. Samples 

could not be grouped according to any of the other parameters (a)–(d). This suggested that such 

parameters did not contribute to a different chemical profile, since they did not influence the 

distribution of objects. 
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Figure 7. PCA 2D-Score plot of principal component 1 (PC1) (variance of 25.4%) and PC2 
(variance of 17%), with a total variance of 42.4%. Five different models were examined, using 
the parameters: (a) different strains; (b) taxonomy species; (c) geographic origin; (d) ecology; 
and (e) culture medium. Only model (e) managed to discriminate the samples and distinguish 
them in groups according to the culture medium. 
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Next, partial least squares-discriminant analysis (PLS-DA) was used to validate the previous 

observation and explore in depth the chemical variation within the extracts. PLS-DA can be 

considered as a “supervised” view of PCA, taking into account the different groups within the 

samples and maximizing the covariance between the data matrix and the class label [141]. 

Cross-validation (CV) and permutation tests are necessary steps when using PLS-DA as it is 

prone to overfitting and may create clusters even in random data. A significantly important model 

shows R2 (explained variance) and Q2 (predicted variance) values > 0.7 on cross-validation and p-

value < 0.05 on the permutation test [142]. 

Only the culture medium could be used to explain chemical variation with values of R2 = 

0.859 and Q2 = 0.841 with 5 components and p-value < 0.01 on the permutation test (Figure 8). 

Indeed, all the other PLS-DA attempts of the different Y-class models (strain, taxonomy, 

geography, and ecology) apart from the absence of discrimination (see Supplementary Information, 

Figure S1), resulted in overfitting and lack of validation. (strain: R2 = 0.393, Q2 = 0.274, p-value = 

0.62 taxonomy: R2 = 0.325, Q2 = 0.228, p-value = 0.44 geography: R2 = 0.262, Q2 = 0. 0.140, p-

value = 0.12 and ecology: R2 = 0.424, Q2 = 0.278, p-value = 0.23) 

 
 

 
 
 

Figure 8. (a) Cross-validation test (CV) with values of R2=0.859 and Q2=0.841 and (b) 
permutation test with p-value < 0.01 of the PLS-DA analysis of the 270 extracts grouped by culture 
medium that validated its significance. 

Consequently, the only parameter that could determine a significant difference in the 

metabolic profile of the different Micromonospora strains was the culture medium, as shown in 

Figure 9a. Regarding the media, the control extracts of the media that were identified as potent 

phocoenamicin producers were closely clustered together but the poor producing ones were 

(b) (a) 
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scattered and close to all the extracts of the same medium, reaffirming the significant influence of 

the culture medium in the metabolite production of these strains. 

PLS-DA can also be used for the selection of the most important features that drive the 

separation between the groups [141]. Hence, the 3D loadings plot, as shown in Figure 9b, revealed 

the main components that were responsible for this separation. From the metabolites observed, 

only the ones that accounted for Variable Importance in Projection (VIP) higher than 1.5 were 

taken into account. The components that were further from the center of the plot contributed the 

most to the separation. Among them, the spirotetronate maklamicin was putatively identified via 

manual dereplication, as well as daidzein, genistein and the siderophores nocardamine and 

terragine B (see Section 3.3), confirming the chemical differences observed between the extracts 

cultivated in each medium. 

 

  
Figure 9. (a) PLS-DA 3D-Score plot of the 270 extracts grouped by culture medium and the 10 
control extracts where the extracts are clustered according to the culture media; and (b) the main 
compounds that were responsible for the separation. The components that were further from the 
center of the plot contributed the most to the separation. Only the ones that accounted for Variable 
Importance in Projection (VIP) higher than 1.5 were considered. 

 

The RAM2-P V2 medium was selected for further analysis by liquid chromatography 

coupled to tandem mass spectrometry (LC-MS/MS), given that it was identified as one of the 

culture media producing the richest metabolite profiles. The aim was to improve its resolving 

ability and explore more profoundly the metabolic potential of the strains. Following the previous 

procedure, the raw data obtained were processed with MZmine 2 and then analyzed using the 

MetaboAnalyst platform, where sample normalization, data transformation and scaling of the 

preprocessed LC-MS/MS data obtained was performed (Supplementary Information, Figure S2). 

(a) (b) 
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The data matrix contained 1287 features and the samples were distributed into two groups 

according to their ecology: marine-derived, and terrestrial strains. 

Firstly, hierarchical clustering was performed by MetaboAnalyst 5.0 to build a hierarchy of 

clusters according to the metabolic profile of the 27 strains. Hierarchical cluster analysis (HCA) is 

an unsupervised quantitative method used to assess the chemical similarity of different samples 

[143]. Ward’s clustering algorithm and Euclidean distance measure were used to create the 

dendrogram that is shown in Figure 10. The three marine-derived strains were closely clustered 

indicating that they had a similar chemical composition when cultured in the RAM2-P V2 medium. 

 

Figure 10. Dendrogram generated from the Hierarchical Cluster Analysis showing the close 
clustering of the three marine-derived strains (blue) compared to the terrestrial (brown). 
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Furthermore, the relative concentration of the three phocoenamicins was explored, 

comparing the peak intensities of the marine and terrestrial strains. As shown in Figure 11, 

phocoenamicin was produced more within the terrestrial strains, while phocoenamicins B and C 

within the marine. 

 

 

 

Figure 11. The relative concentration of the three phocoenamicins, before and after normalization 
techniques and based on their peak intensities and grouped by their source, marine (blue) and 
terrestrial strains (brown). 

 

The peak intensity plot of the processed raw data generated by MZmine 2 (Figure 12) 

allowed us to identify tendencies based on the peak area, keeping in mind the limitation of using 

non-quantitative mass spectrometry data. The interpretation of the plot suggested that the 

maximum levels of phocoenamicin production in RAM2-P V2 medium were obtained in extracts 

of the terrestrial strains CA-184181 and CA-238649, and for phocoenamicins B and C in the 
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marine strain CA-214658, followed by the also marine CA-218877, reaffirming the previous 

results that phocoenamicin is produced more by the terrestrial strains while phocoenamicins B and 

C by the marine-derived ones. 

Additionally, the putative phocoenamicin derivatives identified (see Section 3.5) were also 

studied and their production levels were compared within the 27 strains in RAM2-P V2 medium. 

Among them, the compound with an adduct ion at m/z 920.4935 produced by the strains CA-

248649, CA-244161 and CA-251294 presented significant production levels and the compound 

with an adduct ion at m/z 774.4410 was produced in higher amounts by the strain CA-249379. 

Lastly, the marine strains CA-214658 and CA-218877 demonstrated the highest diversity in 

producing a wide array of minor unknown compounds (Figure 12), suggesting that they could be 

good candidates for the scale-up of the production and isolation of these putative minor analogues. 

 

Figure 12. Peak intensity plot based on peak area generated by MZmine 2 for the three 
phocoenamicins along with the putative phocoenamicin analogues identified in RAM2-P V2 
medium. The m/z values, RT and their corresponding colors-shapes are shown for each compound. 

 

All in all, the marine-derived strain CA-214658 cultured in medium RAM2-P V2 was 

identified as the best production condition of this family of compounds. The Total Ion 

Chromatogram (TIC) of its crude extract displaying the ions detected is shown in Figure 13. 
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Figure 13. Total Ion Chromatogram (TIC) of the crude extract from the strain CA-214658 grown 
in RAM2-P V2 medium. 

 

3.3 Dereplication of the Main Compounds Produced 
 

The combination of the LC-UV-MS analyses and metabolomic profiling allowed the putative 

dereplication of the main compounds produced within the 27 strains in the different growing 

conditions, as shown in Table 4. The proposed dereplication was accomplished searching the 

molecular formulae determined for the compounds using HRMS data against various databases. In 

particular, the in-house MEDINA database, the Dictionary of Natural Products (DNP), the 

COlleCtion of Open Natural ProdUcTs (COCONUT), the Natural Product Activity & Species 

Source database (NPASS) and the ChemSpider database were used. The comparative analyses led 

to the tentative identification of multiple, chemically diverse, compounds. The m/z detected with 

the corresponding adduct ion, the theoretical mass of each adduct and its deviation in ppm, the 

molecular formulae, and the RT are shown for each compound. The molecules included in the table 
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were detected in multiple samples, therefore the values of m/z and retention time displayed are 

representative for each compound. 

Table 4. Putatively dereplicated metabolites detected in the crude extracts of the fermentation 
broths. 

Compound m/z Detected, 
Adduction 

Theoretical Mass 
(Δ ppm) 

Molecular 
Formula  

Retention 
Time 

spirotetronates     
phocoenamicin 1088.4982, [M + NH4]+ 1088.4980 (+0.2) C56H75ClO18 6.44 

phocoenamicin B 1104.4927, [M + NH4]+ 1104.4929 (−0.2) C56H75ClO19 5.53 
phocoenamicin C 1104.4933, [M + NH4]+ 1104.4929 (+0.4) C56H75ClO19 6.02 

maklamicin 542.3478, [M + NH4]+ 542.3476 (+0.4) C32H44O6 6.38 
siderophores     
nocardamine 601.3551, [M + H]+ 601.3556 (−0.8) C27H48N6O9 1.26 

deoxynocardamine 585.3589, [M + H]+ 585.3606 (−2.9) C27H48N6O8 1.02 
demethylenenocardamine 587.3396, [M + H]+ 587.3399 (−0.5) C26H46N6O9 0.95 

terragine D 479.2848, [M + H]+ 479.2864 (−3.3) C24H38N4O6 2.54 
terragine B 319.1652, [M + H]+ 319.1652 (0.0) C17H22N2O4 2.80 

IC 202B 533.3275, [M + H]+ 533.3293 (−3.4) C23H44N6O8 1.51 
deferoxamine 561.3604, [M + H]+ 561.3606 (−0.4) C25H48N6O8 0.70 

proferrioxamine A1 547.3450, [M + H]+ 547.3450 (0.0) C24H46N6O8 0.65 
desferrioxamine D1 603.3695, [M + H]+ 603.3712 (−1.1) C27H50N6O9 1.06 

legonoxamine A 637.3914, [M + H]+ 637.3919 (−0.8) C31H52N6O8 2.34 
legonoxamine G 623.3763, [M + H]+ 623.3763 (0.0) C30H50N6O8 2.21 
legonoxamine H 665.3861, [M + H]+ 665.3869 (−1.2) C32H52N6O9 2.47 

microferrioxamine B 729.5473, [M + H]+ 729.5484 (−1.5) C37H72N6O8 4.78 
microferrioxamine C 743.5632, [M + H]+ 743.5641 (−1.2) C38H74N6O8 4.97 
microferrioxamine D 757.5792, [M + H]+ 757.5797 (−0.7) C39H76N6O8 5.21 
acyl ferrioxamine 2 679.4015, [M + H]+ 679.4025 (−1.4) C33H54N6O9 2.78 

various     
daidzein 255.0648, [M + H]+ 255.0652 (−1.6) C15H10O4 2.55 
genistein 271.0594, [M + H]+ 271.0601 (−2.6) C15H10O5 3.20 
glycitein 285.0754, [M + H]+ 285.0757 (−1.1) C16H12O5 2.67 

antascomicin D 646.3946, [M + H]+ 646.3950 (−0.6) C36H55NO9 3.80 
21-demethyl-leptomycin A 513.3208, [M + H]+ 513.3211 (−0.6) C31H44O6 5.07 

indothiazinone-4-carboxylic acid 273.0327, [M + H]+ 273.0328 (−0.4) C13H8N2O3S 2.98 
anandin A 358.2743, [M + H]+ 358.2741 (+0.6) C23H35NO2 4.52 

ganefromycin epsilon 644.3794, [M + H]+ 644.3793 (+0.2) C36H53NO9 4.70 
actiphenol 276.1238, [M + H]+ 276.1230 (+2.9) C15H17NO4 2.48 

Nb-Acetyltryptamine 203.1177, [M + H]+ 203.1179 (−1.0) C12H14N2O 2.41 
N-Acetyltyramine 180.1023, [M + H]+ 180.1019 (+2.2) C10H13NO2 0.92 

actiphenamide 294.1331, [M + H]+ 294.1336 (−1.7) C15H19NO5 2.48 
antibiotic BE 54476 392.2429, [M + H]+ 392.2431 (−0.5) C22H33NO5 4.14 
 



58 
 

As already mentioned, the three phocoenamicins were putatively detected within all the 

extracts. Together with the phocoenamicins, maklamicin was also tentatively identified to be 

produced by all 27 strains. Maklamicin is also a spirotetronate originally found to be produced by 

an endophytic Micromonospora sp. collected in Thailand and has shown strong to modest 

antimicrobial activities against various Gram-positive bacteria [90]. As shown in Figure 14, 

structurally, maklamicin is closely related to the phocoenamicins, having 11 carbons on its 

macrocycle and a decalin unit, as phocoenamicins. The closest proximity is with phocoenamicin B, 

their major differences being the absence of the two 6-deoxyglucose moieties, the 3-chloro-6-

hydroxy-2-methylbenzoate moiety, and the diol side chain, unique in the phocoenamicins  

[77],[94]. Within the 270 extracts of this study, the production of the two families was analogous in 

all cases. Furthermore, phocoenamicin and maklamicin co-eluted in the crude extracts of the 

fermentation broths and further purification would be needed for their separation. The co-

production of the two families has not been reported before and indicates the existence of a 

common biosynthetic pathway in their production. 
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Figure 14. Structures of: (a) phocoenamicin and phocoenamicin B; (b) phocoenamicin C; and (c) 
maklamicin. 
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Apart from the spirotetronates, the majority of the compounds putatively dereplicated 

belonged to the hydroxamate siderophores structural class, and in particular to the desferrioxamine 

family, with the most common being deferoxamine [144], nocardamine [145], terragine B [146] 

and IC 202B [147]. Finally, various other compounds were tentatively identified within the 

extracts. The most abundant were the isoflavones daidzein [148], genistein [149] and glycitein 

[150] for which antioxidant, anticancer and antimicrobial properties have been reported. 

 

3.4 Molecular Networking (MN) 
 

Molecular Networking (MN) explores chemical diversity visualizing the entire metabolome 

detected in a dataset and organizing it in clusters based in tandem mass spectrometry. Structurally 

related compounds are connected forming clusters whereas the unrelated are separated [35]. In a 

molecular network, each node represents a compound and the nodes with similar spectra are linked 

to form clusters or “molecular families” and these links provide valuable structural information 

[36]. Molecular networking has led to the creation of Global Natural Products Social Molecular 

Networking (GNPS), a web-based platform (http://gnps.ucsd.edu) developed by researchers at the 

University of California at San Diego. 

GNPS was used to organize the MS/MS data obtained from the crude extracts of the 27 

strains grown in RAM2-P V2 medium, whose extract was used as well as a control sample. It 

offers two main workflows, the classical MN and feature-based molecular networking (FBMN). In 

classical MN, raw MS/MS spectra files are processed directly to generate a MN. This often leads to 

multiple nodes for the same compound when detected over a large retention time span and creates 

huge MNs that are not fully representative of the actual number of compounds in the dataset. 

Classical MN led to the creation of a massive molecular network with 2514 nodes organized in 65 

clusters (at least two nodes connected), difficult to interpret, even though an overview of the 

metabolites and their relationships could be observed, as shown in Figure 15, visualized using the 

Cytoscape software (version 3.8.2). The cluster formed by the phocoenamicins was identified, 

shown in a red circle in Figure 15. 
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Figure 15. The classical molecular network (GNPS) generated from the extracts of the 27 strains 
cultured in RAM2-P V2 medium. The nodes are coloured according to the geographic origin of the 
27 strains. In a red circle, the phocoenamicins cluster is shown. 

 

In order to overcome this problem, FBMN uses a feature detection and alignment tool, such 

as MZmine 2, to preprocess the raw data and is used for advanced molecular networking analysis, 

enabling the relative quantification of the compounds and resolution of isomers [38]. FBMN 

workflow was chosen for further analysis of the dataset, leaving behind many nodes that were a 

replicate of the same compound and compounds that were only produced in traces within the 

extracts, therefore providing a more realistic view of the compounds produced by 

Micromonospora.  
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The raw data were preprocessed by MZmine 2 [137] and then uploaded to the GNPS 

platform to perform the analysis. A metadata file was also uploaded to describe the properties of 

each sample-strain (taxonomy, geography, ecology). The results were visualized using the 

Cytoscape software (version 3.8.2) and are shown in Figure 16. 

 
Figure 16. (a) The molecular network generated from the FBMN analysis of the 27 strains grown 
in the RAM2-P V2 medium. The medium was used as control to remove the compounds that were 
not produced by the strains. The nodes are colored according to the geographic distribution of the 
strains that produced them. Four main clusters were detected, two created by the siderophores, one 
by maklamicin and one more from the phocoenamicins; and (b) the phocoenamicins cluster 
revealed 18 nodes and the known phocoenamicins were putatively identified as phocoenamicin 
(A), phocoenamicin B (B) and phocoenamicin C (C). m/z values of new derivatives in the network 
are detailed in Table 4. 

 

The FBMN analysis resulted in 447 nodes (parent ions) that were organized in 15 clusters 

(molecular families, at least two nodes connected). The four main clusters were putatively 

identified. Two of them corresponded to the siderophores, one by the phocoenamicins and one to 

maklamicin and related compounds (Figure 16a). Many of the nodes remained unannotated, 

highlighting the need for further study of the potential of these strains. Some of them that were 
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related to known compounds were tentatively characterized as new according to the manual 

dereplication process (see Section 3.5). 

Focusing on the phocoenamicins cluster, the three phocoenamicins were putatively detected 

clustering together (A–C, Figure 16b). As shown in Figure 16b, the cluster was composed of 18 

nodes in total. Some of the nodes represented adducts of the same molecule and this was taken into 

account upon their tentative identification, based on the RT span and the MS/MS fragments, 

resulting in 10 different compounds. The nodes are marked by experimental m/z values and colored 

according to the geographic distribution of the strains that produced them. As can be seen, they are 

widely distributed on almost all continents. Moreover, considering that the FBMN analysis 

additionally provides relative quantification, in the culture medium RAM2-P V2, phocoenamicins 

B and C were produced in higher amounts by the marine-derived strains, while phocoenamicin is 

produced more abundantly by the rest of the strains, in agreement with the previously mentioned 

observations. Furthermore, the compounds originating some of the nodes could not be identified, 

indicating that they could putatively represent new analogues of this family of compounds. For 

example, the parent ion with m/z 1120.4868 that was directly connected with phocoenamicin C 

showed a difference of 16 Da, indicating a possible oxygenation and the proposed molecular 

formula C56H75ClO20 generated for the compound was in agreement with this fact (see Section 

3.5). 

 

3.5 Putative Identification of Possible New Compounds 
 

The LC-UV-HRMS analysis, the molecular networking and the manual dereplication 

tentatively detected several peaks corresponding to compounds with molecular formulae that were 

not found within various databases and therefore are putatively new metabolites related to the 

phocoenamicins, the maklamicin or the siderophores. 

In particular, the annotations were based on GNPS, searching the compounds that were in 

each molecular cluster and combining the manual putative dereplication of m/z, UV profile, RT and 

proposed molecular formula against the databases previously mentioned (DNP, COCONUT, 

NPASS and ChemSpider). In Table 5, the putatively unknown compounds are grouped by family. 

Their m/z values and adduct ions detected, theoretical masses and deviation in ppm, the predicted 

molecular formulae and the chromatographic retention time are shown. As in Table 4, due to the 

detection of these molecules in multiple analytical runs, representative values of m/z and retention 

times for each compound are displayed. 
 

 



63 
 

 

Table 5. Potential derivatives detected in the crude extracts of the fermentation broths. 

 

Several phocoenamicin derivatives were tentatively detected. Some of the molecular 

formulae predicted (C48H70O16, C48H70O17, C36H50O9, C42H60O12) proposed a possible change in the 

oligosaccharide motif of phocoenamicins that was not observed before within the family.  

Maklamicin [151] is the only member of the family naturally produced so far. 29-

deoxymaklamicin, that tentatively matched the accurate mass (508.3169) and the proposed 

Compound m/z Detected, 
Adduction 

Theoretical Mass 
(Δ ppm) 

Molecular 
Formula 
Predicted 

Retention 
Time 

spirotetronates     

phocoenamicin derivative 1120.4862, [M + NH4]+ 1120.4878 (−1.4) C56H75ClO20 5.29 

phocoenamicin derivative 1032.4713, [M + NH4]+ 1032.4718 (−0.5) C53H71ClO17 5.70 

phocoenamicin derivative 1122.4584, [M + NH4]+ 1122.4590 (−0.5) C56H74Cl2O18 6.71 

phocoenamicin derivative 1136.4795, [M + NH4]+ 1136.4828 (−2.9) C56H75ClO21 4.54 

phocoenamicin derivative 920.4994, [M + NH4]+ 920.5002 (−0.9) C48H70O16 5.24 

phocoenamicin derivative 936.4939, [M + NH4]+ 936.4951 (−1.3) C48H70O17 4.46 

phocoenamicin derivative 644.3787, [M + NH4]+ 644.3793 (−0.9) C36H50O9 5.55 

phocoenamicin derivative 774.4418, [M + NH4]+ 744.4423 (−0.7) C42H60O12 5.19 

maklamicin derivative 509.3250, [M + H]+ 509.3262 (−2.4) C32H44O5 7.30 

maklamicin derivative 495.3091, [M + H]+ 495.3105 (−2.8) C31H42O5 7.09 

maklamicin derivative 511.3060, [M + H]+ 511.3054 (+1.2) C31H42O6 6.12 

maklamicin derivative 539.3350, [M + H]+ 539.3367 (−3.2) C33H46O6 6.60 

maklamicin derivative 523.3049, [M + H]+ 523.3054 (−1.0) C32H42O6 6.91 

siderophores     

nocardamine derivative 599.3379, [M + H]+ 599.3399 (−3.3) C27H46N6O9 1.85 

deferoxamine derivative 631.4384, [M + H]+ 631.4389 (−0.8) C30H58N6O8 2.88 

deferoxamine derivative 645.4531, [M + H]+ 645.4545 (−2.2) C31H60N6O8 3.23 

deferoxamine derivative 687.4638, [M + H]+ 687.4651 (−1.9) C33H62N6O9 3.44 

deferoxamine derivative 659.4342, [M + H]+ 659.4338 (+0.6) C31H58N6O9 2.94 

deferoxamine derivative 671.4694, [M + H]+ 671.4702 (−1.0) C33H62N6O8 3.66 
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molecular formula (C32H44O5) of one of these putatively new compounds, was also reported before, 

but as a product of a genetically engineered strain [152]. The GNPS analysis revealed five 

assumably new analogues of maklamicin in total. Likewise, various siderophore-related and 

putatively new compounds were detected in agreement with the literature, confirming that the 

fountain of actinomycetes producing new siderophores is infinite [153]. 

 

3.6 Further Exploration of the Culture Conditions for the Production of the Phocoenamicins 
 

The marine-derived CA-214671 strain grown in FR23 medium, from which phocoenamicins 

B and C were originally isolated, was selected to explore the production conditions of the 

compounds. Seven small-volume fermentations of 150 mL, each from a different aliquot from the 

strain, so that reproducibility could be considered, were prepared to monitor the growth level of the 

microorganism, the pH of the fermentation and the production of the three phocoenamicins during 

17 days of incubation. Seven days inocula of the strain CA-214671 were prepared in ATCC-2 

inoculum medium and were used to seed Erlenmeyer flasks with FR23 medium. 

The fermentation was followed up to 17 days and an aliquot of 2 mL was obtained every 

working day from each fermentation flask to measure the growth of the microorganisms as wet 

weight (Figure 17). 

 

Table 6. The wet weight measurements (g) for each of the seven fermentations (days 0-17). 

 

y y y y  ( ) y  ( ) y  ( ) y  ( ) y  ( ) y  ( ) y  ( ) y  ( ) y  ( ) y  ( )
Aliquot/Day 0 2 3 6 7 8 9 10 13 14 15 16 17

CA-214671-a03 0.211 0.1782 0.2023 0.2365 0.2875 0.2825 0.2952 0.2936 0.3094 0.3065 0.3366 0.3436 0.3441
CA-214671-a04 0.1938 0.1978 0.1989 0.2772 0.3203 0.2909 0.2807 0.2987 0.3237 0.3314 0.352 0.3617 0.3791
CA-214671-a05 0.2108 0.1998 0.2311 0.2765 0.3014 0.3198 0.3116 0.3074 0.324 0.3276 0.3351 0.3569 0.3524
CA-214671-a06 0.2321 0.297 0.2411 0.2723 0.2998 0.3241 0.3249 0.3379 0.3034 0.3343 0.3389 0.3358 0.3458
CA-214671-a07 0.2269 0.2073 0.2054 0.2635 0.2856 0.3093 0.2937 0.2995 0.3205 0.3271 0.3324 0.3522 0.3163
CA-214671-a08 0.1959 0.1911 0.2102 0.2842 0.3158 0.2912 0.3146 0.3012 0.3279 0.2909 0.3278 0.3301 0.3359
CA-214671-a09 0.2401 0.1871 0.2058 0.2746 0.3141 0.3034 0.2999 0.2934 0.2795 0.2917 0.3075 0.3076 0.3512
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Figure 17. The growth curve for the seven fermentations (days 0-17). 
 

The seven different aliquots presented a similar growing pattern during the 17 days, with 

maximum growth observed after 17 days. As shown in Figure 18, the growth followed an 

exponential pattern until day 7, reaching a more stationary phase with much lower growth increase 

after this time. 

Additionally, the pH of each fermentation sample obtained at each time was also determined 

using a portable pH meter (Table 7) and a curve was generated (Figure 18). 

 

 

Table 7. The pH measurements for each of the seven fermentations (days 2-17). 
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CA-214671-03 CA-214671-04 CA-214671-05 CA-214671-06

CA-214671-07 CA-214671-08 CA-214671-09

Aliquot/Day 2 3 6 7 8 9 10 13 14 15 16 17
CA-214671-a03 5.68 6.05 7.02 7.14 6.73 6.48 6.79 6.26 5.65 5.6 5.87 5.69
CA-214671-a04 5.86 6.1 7.26 7.21 7.09 6.91 6.82 5.78 5.62 5.53 5.51 5.57
CA-214671-a05 5.9 6.65 7 6.9 6.68 6.27 6.42 5.7 5.48 5.46 5.57 5.72
CA-214671-a06 6.43 6.81 5.9 5.74 5.67 5.8 5.78 5.4 5.36 5.36 5.46 5.43
CA-214671-a07 6.2 6.19 7.22 6.91 7.1 6.9 6.64 5.92 5.69 5.57 5.47 5.57
CA-214671-a08 5.91 6.57 6.88 6.64 6.52 5.97 6.01 5.59 5.68 5.68 5.42 5.66
CA-214671-a09 5.83 6.8 6.6 6 5.81 5.68 5.96 5.57 5.59 5.69 5.63 5.62
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Figure 18. The pH curve for the seven fermentations (days 2-17). 
 

 

The pH values reported presented a range of 5.36-7.26. The first three days of the 

fermentations, pH values around 6 were observed, followed by an increase to around 7 during the 

days 6-10 and again a decrease to pH around 5.5 during the last days of the fermentations (days 13-

17), corresponding to the compounds produced in each phase by the actinomycetes. 

Finally, a second aliquot of 2 mL was obtained every day and stored in -20oC in falcon tubes 

in order to be analyzed by HPLC-MS at the end of the 17 days, look for the three phocoenamicins 

and estimate their production during the fermentation process. These aliquots were extracted with 

acetone (1:1) and the 84 extracts generated were analyzed by HPLC-MS. 

The production curves were generated using negative ionization mode and based on the RT 

and the peak area of the ions [M-H]- detected for each compound (Figure 19). The LC-UV-MS 

data revealed that the three compounds were putatively detected in all the different inocula. Even 

though quantification based on peak intensities is relative and cannot be compared between the 

different aliquots, tendencies in the production of the three compounds were observed. In 

agreement with the previous observations, phocoenamicin was the most abundant compound, 

followed by phocoenamicin B and significantly less production of phocoenamicin C was observed. 
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Figure 19. Production of the three known phocoenamicins during the 17 days of fermentation 
based on the RT and the peak area of the [M-H]- ions detected for each compound. 
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The production of the phocoenamicins began on the 6th day for the majority of the 7 

fermentations. Moreover, a significant increase was observed between the 10th-13th day of the 

fermentations and a decrease between the 15th-16th day, suggesting that 14 days of fermentation is 

the optimal period for the production of the three compounds. In Figure 20, the chromatographic 

profiles obtained during the 17 days of fermentation, can be seen. 

 

Figure 20. Comparison of the chromatographic profiles obtained by HPLC-MS for the samples of 
the fermentation from the aliquot -a09 during the 17 days of the fermentation. The peaks included 
in the red circle were tentatively identified as the three phocoenamicins based on the RT and the 
[M-H]- ions. 

 

3.7 Scaled-up of the Production of the Three Marine-derived Micromonospora Strains 
 

As mentioned above, the three marine-derived strains (CA-214671, CA-214658 and CA-

218877) were identified as the most potent phocoenamicin producers and presented the highest 

diversity in producing minor phocoenamicin derivatives. Therefore, they were selected to scale-up 

the production of this family of compounds. 

A total of 5 L  (one hundred 500 mL flasks containing 50 mL of FR23 culture medium each) 

were prepared for strain CA-214671 and 3 L (sixty 500 mL flasks containing 50 mL of RAM2-P 

V2 medium each) were prepared for strains CA-214658 and CA-218877. The flasks were 

incubated during 14 days before harvesting, resulting in a 5 L fermentation broth for strain CA-

214671, and 3 L for strains CA-214658 and CA-218877. 
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The mycelium of the fermentation broths was sedimented by centrifugation, followed by 

filtration and extraction with ethyl acetate, while the supernatant was subjected to liquid–liquid 

extraction with ethyl acetate to obtain the organic extracts. The combined ethyl acetate fractions 

were evaporated to afford the final crude organic extracts, which were fractionated through 

reversed phase C18 medium pressure liquid chromatography (MPLC), yielding 66 fractions for 

strain CA-214671, 39 for CA-214658 and 33 for CA-218877 strain. 

LC‐UV‐MS analysis of these fractions revealed the presence of various spirotetronates and 

minor amounts of related compounds that suggested their novelty as natural products, confirming 

previous observations. The fractions obtained for each fermentation broth were combined into 

groups according to their LC-UV-MS profiles to be further purified by preparative and semi-

preparative Reversed Phase HPLC and isolate the compounds of interest. 

 

3.8 Determination of the Optimal Chromatographic Conditions for the Isolation of the 
Phocoenamicins 
 

The extracts obtained from the 5 L fermentation of the CA-214671 strain grown in FR23 

medium were further processed and used to determine the optimal chromatographic conditions for 

the isolation of phocoenamicin B by preparative and semi-preparative reversed-phase HPLC. As 

the three phocoenamicins present similar physicochemical properties, these conditions had to be 

fine-tuned for the isolation of the rest of the members of the family of compounds. 

The solvents used were H2O and CH3CN of HPLC grade. The time of the analysis was set to 

45 min, collecting the fractions between 2 min – 42 min each 0.5 min, resulting in 80 fraction 

zones collected. The gradient elution for the best separation of the initial groups of fraction extracts 

containing the phocoenamicins was 40-100% CH3CN and the fractions of interest were further 

processed using an isocratic elution of 50% CH3CN in water to achieve the optimal separation and 

isolation of the compounds. The sample CA-214671-a04-MR010-ET01-FR34-FH37-FH26, 

originated from fractionation of the 5 L fermentation, was used to compare the different 

chromatographic parameters, where the main peak was putatively identified as phocoenamicin B. 

Next, the most suitable reversed-phase HPLC column for the separation of the 

phocoenamicins was explored. Initially, a C18 stationary phase semi-reparative and preparative 

column was used as it is considered a universal column for most HPLC separations. It resulted in a 

quite efficient separation but weak resolution, as shown in Figures 21 and 22. 
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Figure 21. Chromatogram of the sample CA-214671-a04-MR010-ET01-FR34-40 with a solvent 
gradient of 40-100% CH3CN and using a semi-preparative column XBridge Prep C18 5μm 
(10×150 mm). 

 

 

Figure 22. Chromatogram obtained with a solvent gradient of 40-100% CH3CN and using the 
preparative column XBridge Prep C18 5μm (19×250 mm). 

 

Since the introduction of the silica based reversed-phase HPLC columns, the stationary 

phases within these columns have mostly been some form of silica support modified with various 

aliphatic functional groups. Other functional groups, such as phenyl or amino have also been used, 

even though to a lesser extent, for their potential to improve peak shape with some classes of 

compounds. HPLC columns modified with phenyl (-C6H5) stationary phases offer additional 

molecular interactions between the column and the analyte, such as π–π interactions to influence 

the separation selectivity and obtain better chromatographic characteristics [154]-[155]. They are 
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used mainly for compounds with the presence of aromatic rings [156]-[157], as are the 

phocoenamicins. 

Therefore, the semi-preparative column Phenyl (Figure 23) and the preparative column 

Pentafluorophenyl (PFP) (Figure 24) were used to compare the resolution in the chromatograms. 

The phenyl-based stationary phases resulted in sharper peaks with better resolution and were used 

to further process the rest of the sample. 
 

 

Figure 23. Chromatogram obtained with a solvent gradient of 40-100% CH3CN and using the 
preparative column XBridge Prep Phenyl 5μm (10×150 mm). 

 

 

Figure 24. Chromatogram obtained with a solvent gradient of 40-100% CH3CN and using the 
reversed-phase preparative column Kinetex® 5μm PFP (250 × 21.20 mm) (Pentafluorophenyl with 
TMS endcapping). 
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Trifluoroacetic acid (TFA) is commonly used as a mobile phase additive in HPLC separation 

and acts as a buffer to improve peak shape and resolution. The silica used in columns may have 

metal ion impurities, which can cause peak tailing and loss of resolution. TFA added to the mobile 

phase can “shield” the metal ion and help to maintain good peak shape. It is usually used in a 

concentration of 0.1% (v/v) in both A and B solvents. Due to its high volatility, TFA can easily be 

removed from the collected fractions by evaporation [158]. 

Analytical HPLC was used to check the improvement in the resolution of the peaks with the 

use of 0.1% TFA in the solvents in a 5-100% CH3CN gradient and 30 min of analysis. The use of 

0.1% TFA in the solvents resulted in a much better chromatographic profile (Figure 25) for the 

previously analyzed sample. 

 

 
Figure 25. Comparison of the chromatographic profiles obtained by HPLC Agilent Series 
1100 using solvents without (1st) and with (2nd) 0.1% TFA in the solvents, using the 
reversed-phase semi-preparative column Xbridge C18 5μm (4.6x150mm), gradient 5-100% 
CH3CN. 
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Figure 26. Chromatogram obtained for the sample CA-214671-a04-MR010-ET01- FR34-FH37-
FH26 40-100% CH3CN, 0.1% TFA, preparative reversed-phase HPLC column (Kinetex® 5 μm 
PFP 100Å AXIA Packed LC Column, 250 × 21.20 mm; 14 mL/min, UV detection at 210 and 280 
nm). 

 
Finally, the fraction zones of the main peak were evaporated in N2 and dissolved in MeOH to 

check by LC-MS (Figure 27) the possible degradation of the molecule due to the use of TFA. 
 

 

Figure 27. Chromatographic profiles obtained by LC-MS of the collected fraction zones, before 
and after evaporating the solvents 0.1% TFA, using a solvent gradient of 10-100% and a reversed-
phase Zorbax SB-C8 column (2.1 × 30 mm, 5 μm). 
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No degradation was observed after the evaporation of the solvents, so 0.1% TFA was added 

in the HPLC solvents for the purification of the rest of the sample that putatively contains 

phocoenamicin B. 

Using the above-mentioned parameters and an isocratic elution of 50-50% H2O/CH3CN 0.1 

% TFA, 2.5 mg of the compound were isolated in total, corresponding to the main peak observed 

(fraction zones 28-30), as shown in Figure 28. 

 

 

Figure 28. Chromatogram of the sample CA-214671-a04-ET1-FR34-FH37-FH26 50-50% 
H2O/CH3CN, 0.1% TFA, semi-preparative Reversed Phase HPLC column (XBridge prep Phenyl 5 
μm, 10 ×150 mm; 3.6 mL/min, UV detection at 210 and 280 nm)  

The purity of the compound in fraction zones 28-30 was evaluated by HPLC-MS, as shown 
in Figure 29. 

 

Figure 29. The chromatographic profile obtained by HPLC-MS (UV detection at 210 nm) of the 
sample obtained, fraction zones 28-30, using a solvent gradient of 10-100% and a reversed-phase 
Zorbax SB-C8 column (2.1 × 30 mm, 5 μm). 
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2.5 mg of the isolated sample were analyzed by NMR and the identification of phocoenamicin B 
was confirmed by the interpretation of the following NMR spectra: 1H, 13C, HSQC, HMBC, 
COSY, NOESY, TOCSY, ROESY.  

 

3.9 Isolation of Seven Spirotetronates 
 
 

As mentioned before, the mycelium of the three large-volume fermentation broths was 

separated from the supernatant by centrifugation, followed by filtration. Both phases were 

extracted with ethyl acetate, the mycelium using a magnetic stirrer (190 rpm, 2 h) and the 

supernatant by liquid–liquid extraction in a separatory funnel, to obtain the final organic extracts. 

Reversed Phase C-18 silica gel was mixed with each organic extract and loaded onto a C-18 

column (ODS) that was eluted (MPLC) with a linear H2O-CH3CN gradient. LC‐UV‐MS analysis 

of the fractions revealed the presence of various spirotetronates and minor amounts of related 

compounds and allowed to group the fractions obtained according to their profiles.  

HPLC of selected fractions of these MPLC chromatographies led to the isolation of seven 

compounds (1-7), including two new phocoenamicins (1-2), together with the known 

phocoenamicin, phocoenamicins B and C (3-5) and one maklamicin analogue (6), together with 

maklamicin (7), also belonging to the spirotetronate class of compounds Figure 30). 

 

The fermentation broth from strain CA-214671 afforded 66 fractions that were combined into 

seven groups (Fractions A-G) according to their LC-UV-MS profiles: 

 

Fraction A (127.8 mg) was chromatographed by preparative reversed-phase HPLC 

(Kinetex® 5 μm PFP 100Å AXIA Packed LC Column, 250 × 21.20 mm; 14 mL/min, UV detection 

at 210 and 280 nm) with a linear 1:1 H2O-CH3CN + 0.1% TFA isocratic elution in 40 min yielding 

1 (1.1 mg. tR 12 min) and 4 (6.1 mg, tR 18 min). 

Fraction C (39.4 mg) was chromatographed by semi-preparative Reversed Phase HPLC 

(XBridge prep Phenyl 5 μm, 10 ×150 mm; 3.6 mL/min, UV detection at 210 and 280 nm) with an 

isocratic elution of 50% CH3CN/ 50% H2O with 0.1% TFA over 40 min yielding 2 (1.0 mg, tR 19 

min). 

The fermentation broth from strain CA-214658 afforded 39 fractions that were combined into 

five groups (Fractions A-E) according to their LC-UV-MS profiles: 

Fraction A (285.9 mg) was chromatographed by semi-preparative Reversed Phase HPLC 

(XBridge prep Phenyl 5 μm, 10 × 150 mm; 3.6 mL/min, UV detection at 210 and 280 nm) with a 

linear H2O-CH3CN + 0.1% TFA gradient of 40-70% in 40 min yielding 6 (1.3 mg, tR 32 min) and 7 

(3.6 mg, tR 22 min). 
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The fermentation broth from strain CA-218877 afforded 33 fractions that were combined into 

five groups (Fractions A-E) according to their LC-UV-MS profiles: 

Fraction D (135.4 mg) was chromatographed by semi-preparative reversed-phase HPLC 

(XBridge prep Phenyl 5 μm, 10 × 150 mm; 3.6 mL/min, UV detection at 210 and 280 nm) with a 

linear H2O-CH3CN + 0.1% TFA gradient of 50-70% in 40 min yielding 3 (5.2 mg, tR 26 min) and 5 

(0.6 mg, tR 18 min). 
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Figure 30. Compounds 1-7 isolated from culture broths of Micromonospora sp. strains CA-214671, CA-
214658 and CA-218877. 
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The compounds were characterized by measuring the specific Optical Rotation and analyzed 

by FT-IR, 1D and 2D NMR and LC-HRMS. The characterization data of the new natural 

spirotetronates isolated 1, 2 and 6 are summarized below: 

 

(1): white amorphous solid; [α]D25 +1.1 (c 0.12, MeOH); UV (DAD) λmax 230, sh 290, 320 nm; IR 

(ATR) νmax 3376, 2934, 1676, 1445, 1381, 1296, 1203, 1139, 1070, 1025 cm-1; for 1H and 13C 

NMR data see Table 8; (+)-ESI-TOFMS m/z 1120. 4884 [M+NH4]+ (calcd for C56H79ClNO20
+, 

1120.4878). 

 

Figure 31. UV spectrum of compound 1. 
 

 

Figure 32. ESI-TOF spectrum of compound 1. 
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(2): white amorphous solid; [α]D25 +6.4 (c 0.12, MeOH); UV (DAD) λmax 230, sh 290, 320 nm; IR 

(ATR) νmax 3388, 2927, 1743, 1677, 1445, 1379, 1293, 1204, 1070, 1024 cm-1; for 1H and 13C 

NMR data see Table 8; (+)-ESI-TOFMS m/z 1015.4462 [M+H]+ (calcd for C53H72ClO17
+, 

1015.4453) 

 

 
Figure 33. UV spectrum of compound 2. 
 
 
 

 
Figure 34. ESI-TOF spectrum of compound 2. 
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(6): white amorphous solid; [α]D25 –8.5 (c 0.12, MeOH); UV (DAD) λmax 230, sh 310 nm IR (ATR) 

νmax 3384, 2924, 1679, 1617, 1410, 1207, 1137 cm-1; for 1H and 13C NMR data see Table 9; (+)-

ESI-TOFMS m/z 509.3275 [M+H]+ (calcd for C32H45O5
+, 509.3262), 1017.6455 [2M+H]+ (calcd 

for C64H89O10
+, 1017.6450). 

 

 
Figure 35. UV spectrum of compound 6. 
 
 
 

 
Figure 36. ESI-TOF spectrum of compound 6. 
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3.10 Structure Elucidation 
 

Compound 1 was isolated as a white amorphous solid. A molecular formula of C56H75ClO20 

was deduced from the (+)-ESI-TOF analysis that displayed an adduct ion at m/z 1120.4884 [M + 

NH4]+, accounting for 19 degrees of unsaturation. IR absorptions at 3376, 1776, 1676 and 1445 

cm−1 were indicative of the presence of hydroxy, carbonyl, and olefinic groups. The molecular 

formula together with the characteristic UV absorption pattern with maxima at 230, 290 and 320 

nm strongly suggested a phocoenamicin-related structure for the compound. 

Its 13C NMR spectrum revealed the presence of three carbonyl esters at δC 169.2, δC 175.6, 165.6 

and one ketone at 215.4, together with five methylene sp3 carbons, ten methyl groups and 

numerous methine and quaternary sp2 and sp3 carbons (Table 8). The 1H NMR data, in 

combination with the HSQC spectrum, revealed that 1 contains a substituted benzoic acid moiety 

and two deoxysugar units, characteristic for this family of compounds (Table 8). 

Table 8. NMR spectroscopic data (500 MHz, CD3OD) for phocoenamicins D and E. 

 Phocoenamicin D (1) Phocoenamicin E (2) 
Position δC, type δH, Mult. (J in Hz) δC, type δH, Mult. (J in Hz) 

1 165.6, C - 186.3, C - 
2 *nd - 99.7, C - 
3 175.6, C - 201.5, C - 
4 47.7, C - 50.5, C - 
5 43.9, CH 1.60, m 43.6, CH 1.81, m 
6 38.4, CH 1.53, m 39.2, CH 1.57, m 

7α 45.8, CH2 
1.78, m 

45.2, CH2 
1.79, t (9.6) 

7β 1.10, m 1.19, t (9.6) 
8 40.7, CH 1.64, m 40.7, CH 1.65a, s 
9 87.9, CH 3.03, t (9.9) 87.8, CH 3.08, t (10.1) 
10 48.1, CH 1.94, m 47.9, CH 2.02, m 
11 126.8, CH 6.33, t (9.3)  126.9, CH 6.37, d (9.2) 
12 127.1, CH 5.65, ddd (9.8, 5.9, 2.4) 125.8, CH 5.60, m 
13 51.0, CH 1.99, m 43.9, CH 2.61, m 
14 40.7, CH 2.17, m 40.2, CH 2.01, m 
15 137.8, CH 4.90, ***w 145.9, CH 5.44, t (11.5) 
16 128.5, CH 5.29, dd (14.6, 11.4) 122.2, CH 5.15, dd (14.0, 11.9) 

17α 42.2, CH2 
2.28, m 

43.5, CH2 
2.31, m 

17β 1.88, m 1.99, m 
18 44.9, C - 41.0, C - 
19 132.7, CH 5.34, s 131.0, CH 5.34, s 
20 139.1, C - 138.7, C - 
21 30.1, CH 2.68, m 30.7, CH 2.68, m 

22α 29.6, CH2 
1.87, m 

30.6, CH2 
1.85, d (15.4) 

22β 2.44, m 2.36b, s 
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23 86.5, C - 88.4, C - 
24 177.5, C - 206.7, C - 
25 17.4, CH3 1.33, **brs 17.2, CH3 1.65a, s 
26 22.6, CH3 0.91, **brs 23.2, CH3 0.82, d (6.34) 
27 19.9, CH3 1.04, d (6.2) 19.9, CH3 1.05, d (6.2) 
28 22.5, CH3 0.91, **brs 21.5, CH3 0.87, d (6.8) 
29 23.5, CH3 1.33, **brs 24.1, CH3 1.31, s 

30α 65.1, CH2 
4.14, d (13.3) 

65.0, CH2 
4.14, d (13.5) 

30β 4.03, d (13.3) 4.03, d (13.5) 
31α 33.8, CH2 

1.76, m  
42.4, CH2 

1.63, **brs 
31β 186, m 1.77, t (9.6) 
32 74.0, CH 3.84, dd (11.6, 1.9) 66.0, CH 3.81, m 
33 83.4, C - 24.6, CH3 1.18, d (6.1) 
34 215.4, C - 17.8, CH3 2.36b, s 
35 25.8, CH3 2.24, s - - 
36 22.0, CH3 1.19, s - - 
1' 104.0, CH 4.35, d (5.4) 103.9, CH 4.36, d (6.8) 
2' 75.3, CH 3.46, m 75.2d, CH 3.46c, m 
3' 88.6, CH 3.48, m 88.5, CH 3.46c, m 
4' 75.6, CH 3.11, t (8.8) 75.5, CH 3.12, t (8.6) 
5' 72.9, CH 3.25, m 72.7, CH 3.24, m 
6' 18.3, CH3 1.28, d (6.2) 18.3, CH3 1.28, d (5.8) 
1'' 105.4, CH 4.61, d (7.7) 105.2, CH 4.61, d (7.8) 
2'' 76.0, CH 3.43, t (8.3) 75.9, CH 3.43, t (7.8) 
3'' 75.3, CH 3.65, t (9.4) 75.2d, CH 3.64, t (9.2) 
4'' 77.8, CH 4.88, ***w 77.8, CH 4.90, ***w 
5'' 71.7, CH 3.69, m 71.6, CH 3.69, m 
6'' 18.0, CH3 1.35, d (6.1) 18.0, CH3 1.36, d (5.3) 
1''' 124.4, C - 124.3, C - 
2''' 135.6, C - 135.4, C - 
3''' 126.0, C - 125.9, C - 
4''' 132.4, CH 7.25, d (8.8)  132.3, CH 7.26, d (8.3) 
5''' 115.9, CH 6.71, d (8.8) 115.9, CH 6.71, d (7.9) 
6''' 155.3, C - 155.1, C - 
7''' 169.2, C - 169.3, C - 
37 17.9, CH3 2.36, s - - 

*nd = not detected; **brs = broad signal; ***w = obscured by the water peak; a,b,c,d overlapping signals 

 
Compound 1 exhibited almost identical 13C and 1H NMR spectroscopic data than those 

described for phocoenamicin C (5) [77], the major difference between the 13C NMR spectra of the 

two compounds being the presence of an oxygenated methylene carbon at δC 65.1 (C-30) in 1 

(Table 8), instead of the methyl group at δC 22.4 observed in phocoenamicin C (5). This difference 

was confirmed in the HSQC and 1H NMR spectra with the presence of two oxygenated methylene 

hydrogens at δH 4.03 and 4.14 in 1 that correlated to the carbon at δC 65.1 (Table 8) instead of the 
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methyl group at δH 1.73 ppm in phocoenamicin C (5). 2D HMBC correlations between H-19 and 

C-30, and between both H2-30 and C-19, C-20 and C-21 confirmed that a hydroxymethyl group is 

located at C-20 (Figure 37). The same hydroxymethyl functionality at C-20 is observed in 

phocoenamicin B (4) [77], indicating a functional group conserved within the family. The 

difference was in agreement with the proposed molecular formula for compound 1, having one 

oxygen more than 5. 
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Figure 37. 1H-1H COSY and key HMBC correlations for 1. 

 

COSY and HMBC correlations (Figure 37) confirmed phocoenamicin D to have the same 

carbon skeleton as 5 and the linkages between the oxygenated C-9 of the trans-decalin substructure  

and C-1’ of one of the deoxyglucose units, between C-3’ of this deoxyglucose and C-1’’ of a 

second deoxyglucose unit and finally between C-4’’ of the latter and the carbonyl group (C-7’’’) of 

the 3-chloro-6-hydroxy-2-methylbenzoate moiety. Additionally, NOESY correlations confirmed 

the compound to have the same configuration in all its chiral centers as that was previously 

proposed for other members of the phocoenamicin family (Figure 38). Particularly, correlations 

between H-5, H-7β and H-9 and between H-6, H-8 and H-10 suggested a trans ring fusion of the 

decalin unit and further correlations between H-7α and H-26 and H-27 placed the methyl groups C-

26 and C-27 at equatorial orientation. Additional NOEs between H-10 and H-25 placed the C-25 

methyl group in the bottom face of the molecule. A series of NOESY correlations (H-13/H-15, H-

14/H-16, H-15/H-17α, H-17β/H-19) determined a zigzag conformation of the C-13 to C-18 chain 

(Figure 38). Furthermore, the 3JHH coupling constants between H-11 and H-12 (9.3 Hz) and 
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between H-15 and H-16 (14.6 Hz) assigned the olefins as Z and E, respectively. NOE correlations 

from H-15 to H-28 placed the methyl group C-28 on the bottom face and from H-16 to H-29 placed 

C-29 on the top face of the molecule. The chair conformation of the cyclohexene ring was 

determined by NOEs between H-29, H-21 and H-22β that placed them on the same side of the ring 

(Figure 38). The configuration of the diol side chain and the tetronic acid could not be assigned 

due to extensive signal overlapping and was hypothesized to be identical with the rest of 

phocoenamicins, setting a configuration S*/R* at C-32 and C-33 carbons and an S* configuration 

for the tetronic acid stereogenic center, respectively [11,12]. Finally, NOESY correlations in the 

sugar units (Figure 38) established the axial orientation of all protons, confirming two units of β-6-

deoxyglucopyranoside, whose absolute configuration is proposed as D in alignment with 

phocoenamicin (3) and other members of the family. [11,12]. The name phocoenamicin D was 

proposed for compound 1. 

Compound 2 was obtained as a white amorphous solid, whose (+)-ESI-TOF analysis 

identified a protonated adduct [M + H]+ at m/z 1015.4462, thus giving a molecular formula of 

C53H71ClO17, which indicated 18 degrees of unsaturation. IR absorptions at 3388, 1743, 1677 and 

1445 cm−1 suggested again the presence of hydroxy, carbonyl and olefinic functionalities. 

This molecular formula had three carbons, four hydrogens and three oxygen atoms less than that of 

1. The NMR data of 2 were very similar to those of 1 (Table 8). The major differences were 

observed in the side chain attached to C-21, where the signals of the quaternary oxygenated carbon 

C-33, the ketone C-34 and the methyl groups C-35 and C-36 in 1 were replaced by a doublet 

methyl signal (δC 1.18, δC 24.6) in 2. Comparing with the NMR data obtained for 1, the presence of 

a 2-hydroxy-1-propyl group attached to C-21 was further supported by the differences in the 

chemical shifts of carbons C-31 (δC 33.8 to 42.4), C-32 (δC 74.0 to 66.0) and the presence of a 

methyl group instead of a quaternary sp3 carbon at C-33 (δC 83.4 to 24.6), as well as the COSY 

correlations from H-31 to H-32 and from H-32 to H-33, and the HMBC correlations from H-31 to 

C-22 and C-33. Furthermore, a ketone carbonyl signal was observed at C-3 (δC 201.5) in 2, instead 

of the ester carbonyl carbon at δC 175.6 present in 1, confirmed through an intense HMBC 

correlation to methyl C-25 (see Supplementary Material, Figure S12).  

The rest of the NMR data were similar to those of 1, confirming the presence of a 

spirotetronate with an eleven-membered macrocycle core, a trans-decalin unit and a disaccharide 

connected to a substituted benzoic acid moiety (Figure 30). Indeed, apart from a different side 

chain at C-21, the structure of the molecule is identical to that of phocoenamicin B (4), having a 

ketone group at C-3 and a hydroxymethyl group at C-20. The hydroxyethyl side chain at C-21 was 

previously reported as a structural element of maklamicin, a closely related spirotetronate [90]. 
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Similarly to compound 1, the relative configuration of the chiral centers of 2 was determined 

by a combination of NOESY correlations (see Supplementary Material Figure S13) and 3JHH 

coupling constants and was found to be identical to that of 1. Regarding the hydroxyethyl side 

chain at C-31, and similarly to what is reported for maklamicin, NOESY correlations between H-

22α/H-32 and H-31α/H-30 and a large 3JHH coupling constant between H-31α and H-32 (9.6 Hz) 

and between H-31β/H-21 (as indicated by an intense COSY crosspeak), set an anti-relationship 

between H-31α and H-32, as well as between H-31β and the 32-OH group and assigned an R* 

configuration at C-32, the same configuration described for phocoenamicins and maklamicin 

[11,14]. Similar chemical shift values around this side chain in the NMR spectra of compounds 2, 6 

and 7 confirmed this stereochemical assignment. The name phocoenamicin E was proposed for the 

compound. 
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Figure 38. Key NOESY correlations observed in the structure of phocoenamicin D (1). 
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Compounds 6 and 7 were isolated as white amorphous solids. The (+)-ESI-TOF spectrum of 

6 showed a protonated adduct at m/z 509.3275 [M + H]+, accounting for a molecular formula of 

C32H44O5, while the (+)-ESI-TOF spectrum of 7 showed ions at m/z 525.321 [M + H]+ and 

542.3486 [M + NH4]+ assigning a molecular formula of C32H44O6, thus revealing a difference of 

one oxygen atom between them. 

Their UV, IR and NMR spectroscopic data were almost identical and shared common 

features. The UV absorption pattern (λmax 230 and 310 nm), the IR spectrum of both (broad 

absorption bands for multiple hydroxy, carbonyl and olefinic groups), along with their molecular 

formulae suggested that these compounds were related to the spirotetronate maklamicin, with 

compound 7 sharing the same molecular formula and spectroscopic data, confirming its identity as 

maklamicin, and 6 lacking one oxygen atom. 

Analysis of the 1H NMR and 13C NMR spectra of 6 (Table 9) identified the presence of 32 

carbons, corresponding to three oxygen-bearing quaternary sp2 carbons (δC 205.0, 202.4 and 

177.5), three quaternary sp3 carbons, seven sp2 carbons, six sp3 methylenes, seven sp3 methines and 

six methyl groups. 

Table 9. NMR spectroscopic data (500 MHz, CD3OD) for maklamicin B (6) and maklamicin (7). 

 maklamicin B (6) maklamicin (7) 
Position δC, type δH, mult. (J in Hz) δC, type δH, mult. (J in Hz) 

1 *nd - 169.5, C - 
2 100.2, C - 100.2, C - 
3 202.4, C - 202.5, C - 
4 52.1, C - 52.1, C - 
5 43.9, CH 1.50, dd (8.3, 12.5) 43.9, CH 1.51, dd (8.3, 10.3) 

6α 24.4, CH2 
1.24, **brs 24.4, CH2 

1.29, **brs 
6β 2.08, m 2.08, m 
7α 34.1, CH2 

1.57, **brs 34.0, CH2 
1.60, m 

7β 1.75, m 1.77, m 
8 29.2, CH 2.07, m 29.3, CH 2.07, m 

9α 40.9, CH2 
1.62, m 40.8, CH2 

1.64, **brs 
9β 1.42, d (4.8) 1.43, d (4.9) 
10 34.3, CH 2.04, m 34.3, CH 2.05, m 
11 131.3, CH 5.41, d (9.3) 131.9, CH 5.40, d (10.0) 

12 126.3, CH 5.48, ddd (9.9, 6.2, 
2.4) 126.2, CH 5.49, ddd (10.0, 6.3, 

2.3) 
13 42.5, CH 2.85, m 42.6, CH 2.84, m 
14 41.2, CH 1.88, m 41.3, CH 1.89, m 
15 144.9, CH 5.43, m 145.2, CH 5.46, m 

16 122.9, CH 5.07, ddd (13.6, 
11.8, 2.5) 122.7, CH 5.09, ddd (13.9, 11.6, 

2.7) 
17α 43.7, CH2 2.30, dd (14.3, 10.9) 43.4, CH2 2.33, dd (14.7, 8.0) 
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17β 1.95, d (14.5) 2.02, d (14.5) 
18 40.6, C - 40.5, C - 
19 130.9, CH 5.03, s 131.1, CH 5.33, s 
20 135.0, C - 138.9, C - 
21 34.5, CH 2.42, br dd (8.8, 7.2) 30.5, CH 2.67, br dd (7.7, 7.4) 

22α 30.9, CH2 
1.77, **brs 31.0, CH2 

1.83, d (15.6) 
22β 2.33, dd (14.3, 7.2) 2.33, dd (14.7, 8.0) 
23 87.9, C - 88.2, C - 
24 205.0, C - 204.9, C - 
25 16.3, CH3 1.56, s 16.4, CH3 1.58, s 
26 19.5, CH3 1.06, d (7.2) 19.4, CH3 1.07, d (7.7) 
27 21.3, CH3 0.87, d (7.1) 21.2, CH3 0.88, d (7.5) 
28 24.4, CH3 1.24, s 24.1, CH3 1.29, s 

29α 22.3, CH3 1.75, s 65.1, CH2 
4.16, d (13.5) 

29β 4.01, d (13.5) 
30α 42.6, CH2 

1.63, dd (14.0, 11.1) 42.7, CH2 
1.62, **brs 
1.79, **brs 30β 1.75, m 

31 65.9, CH 3.78, dq (9.3, 6.6) 66.1, CH 3.79, dq (9.6, 6.7) 
32 24.6, CH3 1.17, d (6.2) 24.6, CH3 1.17, d (6.3) 

*nd = not detected; **brs = broad signal 

 
Interpretation of 1D and 2D NMR spectroscopic data gave the full planar structure of 6 

(Figure 1). HSQC and COSY spectra constructed the different fragments of the compound and then 

HMBC cross-peaks linked the fragments together, confirming a maklamicin-related compound 

(Figure 39). 
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Figure 39. 1H-1H COSY and key HMBC correlations for 6. 
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Firstly, a decalin unit was established through COSY (H-5/H-6, H-7/H-8/H-9/H-10, H/11/H-

12/H-13) and plenty of HMBC correlations (C-4/H-12/H-13/H-25,C-5/H-9/H-11/H-25, C-7/H-5/H-

26 and C-9/H-8/H-10/H-11/H-26), containing two methyl groups at C-4 and C-8 and a double bond 

at C-11/C-12 (Figure 39). The chain was extended through sequential COSY cross-peaks from H-

13 to H-17 with a methyl group at C-14 and a double bond at C-15/C-16. Then a cyclohexene ring 

was determined through HMBC correlations (C-18/H-17/H-22 and C-23/H-17/H-19/H-21), 

containing two methyl groups at C-18 and C-20, as well as a side chain at C-21 (Figure 39). The 
13C NMR spectrum showed characteristic of tetronic acid carbons resonances, connected to a 

ketone group at C-3, which completed the structure. A HMBC correlation from H-17 to C-23 

confirmed the presence of a spirocenter in the tetronic acid (C-23). Finally, the structure of the side 

chain was elucidated as a 2-hydroxypropyl unit attached to C-21, similar to that found in 

phocoenamicin E and maklamicin. Sequential COSY cross peaks (H-21/H-30/H-31/H-32), as well 

as HMBC correlations from H-30 to C-22 and C-32 and from H-31 to C-21 confirmed this 

proposal (Figure 39). 

The major difference between compounds 6 and 7, based on their NMR spectra, was the 

presence of a methyl group at δC 22.3 and δH 1.75 in 6, instead of a hydroxymethyl group at δC 65.1 

and δH 4.16, 4.01 observed in 7. HMBC cross-peaks between the carbon of this methyl group and 

H-19, H-22 and H-30 and between its methyl protons and C-19, confirmed that the methyl group 

was located at C-20. Furthermore, the chemical shifts of C-20 and C-21 of 6 were slightly shifted 

to 135.0 and 34.5 ppm compared to 138.9 and 30.5 ppm in 7, respectively (Table 9). 

Finally, the relative configuration of 6 was elucidated by ROESY experiments (see 

Supporting Information Figure S20) and 3JHH coupling constants and determined to be the same as 

that of maklamicin. The latter was supported by the almost coincident NMR chemical shift values 

determined for most of the hydrogens and carbons of the molecule, except those around C-29, 

where the major difference between both compounds was found. Particularly, in the case of the 

side chain at C-21 and in line with previous findings in maklamicin, ROESY correlations observed 

between H-22α/H-31 and H-30β/H-29 (Figure 40) together with the large 3JHH coupling constants 

between H-21/H30β) and H-30α/H-31 set an anti-relationship between H-30α and H-31, as well as 

between H-30β and the 31-OH group and assigned an R* configuration at C-31, the same 

configuration found in 2 and maklamicin [90]. Finally, the configuration for the tetronic acid chiral 

center was tentatively assigned as S* in agreement with that of the previously reported 

spirotetronate antibiotics [73]. 
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Figure 40. Key coupling constants (blue dashed) and ROESY (red) correlations establishing 

the configuration at C-31 for 6. 

 

Compound 6 was previously reported as a result of gene deletion (makC2) in a genetically 

engineered strain and an intermediate in the biosynthetic pathway of maklamicin [90]. Herein, it is 

reported for the first time as a natural product, therefore proposing the name maklamicin B. 

 

3.11 Bioactivity assays 
 

3.11.1 Antibacterial Activity of the Crude Extracts 
 

The crude extracts were tested for their antimicrobial activity to evaluate the capacity of the 

strains to produce bioactive metabolites with potential therapeutic interest [159]. The crude extracts 

of the 270 fermentations, as well as the 10 extracts from the control media, were subjected to 

screening against MRSA MB5393, M. bovis BCG and M. tuberculosis H37Ra to evaluate their 

antimicrobial activity and to study if the antimicrobial activity could be associated to 

phocoenamicins production, as phocoenamicins had been initially tested against these three 

pathogens. The 10 extracts from the control media did not show any activity against the 

microorganisms tested, confirming that the bioactivity observed in the crude extracts can be 

exclusively attributed to the compounds produced by the Micromonospora strains and not to the 

fermentation media components. Figure 41 shows how the bioactivity was influenced by the 
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growth in the different fermentation media. The graph represents the average of the percentages of 

inhibition (%) obtained from each of the extracts from the 27 strains versus the different media in 

which they had been grown. The average % inhibition of each of the 270 extracts against the three 

pathogens can be found in Supplementary Information (Table S1). 

 

Figure 41. The average of the percentages of inhibition (%) obtained against methicillin-resistant 
Staphylococcus aureus (MRSA) MB5393, Mycobacterium bovis BCG and Mycobacterium 
tuberculosis H37Ra from each of the extracts from the 27 strains versus the different media in 
which they were grown. Extracts were tested at a concentration of 0.2 × WBE. 

 
Extracts from all 27 strains exhibited some type of antimicrobial activity in some of the 

conditions and several trends were observed. The highest activity was detected against M. 

tuberculosis and then M. bovis and MRSA. Even though there were some differences between the 

strains, it was observed that the culture medium in which the Micromonospora strains were grown 

was clearly a more determining factor in the activity (% inhibition) of the extracts, than the 

different strains themselves. So, the highest inhibition (%) against the three pathogens was 

observed in the extracts from the fermentation medium M016, followed by the fermentation media 

RAM2-P V2, SAM-6 and APM9. On the contrary, the lowest inhibition was demonstrated in the 

extracts from fermentation media DEF-15, DEF-15S and DNPM. However, the same correlation 

was not observed when comparing other fermentation media, where significant differences in 

phocoenamicins production, as in the case of FPY-12 and FR23 media, did not translate into 

significant differences in inhibition. Finally, these results revealed a rich antimicrobial potential 

within the 27 strains and more assays should be performed against more pathogens in order to 

discover new antimicrobial activities and determine the responsible bioactive compound(s) in each 

case. 
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3.11.2 Antimicrobial Activity of Phocoenamicin B  
 

The antimicrobial activity of phocoenamicin B, initially isolated from the 5 L fermentation of 

the CA-214671 strain grown in FR23 medium, was explored against a broader panel of pathogens, 

including methicillin-resistant Staphylococcus aureus (MRSA), methicillin-sensitive 

Staphylococcus aureus (MSSA), vancomycin-resistant (VR) Enterococcus faecium, vancomycin-

sensitive (VS) Enterococcus faecium, vancomycin-sensitive (VS) Enterococcus faecalis, 

Mycobacterium tuberculosis H37Ra, Mycobacterium bovis and Candida albicans. 

Gram-positive bacteria and Mycobacterium species were selected because phocoenamicins 

had previously showed activity against them, while Candida albicans was selected to test for 

antifungal activity. 

For the preparation of the samples, the compound was serially diluted in dimethyl sulfoxide 

(DMSO) with a dilution factor of 2 to provide 10 concentrations starting at 128 μg/mL. The growth 

of the pathogens and the inoculum medium were used as negative controls, and a known antibiotic, 

depending on the pathogen for each assay, was used as a positive control. All bioassays were 

performed in duplicate. The results are presented in the following table: 
 

Table 10. Antibacterial activity of phocoenamicin B. 

 

 

 

 

 

 

 

* (V) vancomycin, (S) streptomycin, (A) amphotericin B 

 

The results revealed that phocoenamicin B demonstrated significant activity against MRSA 

and M. tuberculosis H37Ra, while weak activity against MSSA, E. faecium VS and E. faecalis VS 

and finally no activity against E. faecium VR, M. bovis and C. albicans at the highest concentration 

tested (128 μg/mL). The results for each pathogen are presented in Supplementary Material, 

Tables S2-S4. 

 

 MIC (μg/mL) 
Compound phocoenamicin B Control* 

Pathogen Strain   
MRSA MB5393 8-16 1-2 (V) 
MSSA ATCC 29213 64-128 1-2 (V) 

M. tuberculosis (H37Ra) ATCC 25177 16-32 0.78-1.5 (S) 
M. bovis ATCC 35734 >128 1.5 (S) 
E. faecalis VANS 144492 >64 1-2 (V) 
E. faecium  VR MBB5571 >128 >128 (V) 
E. faecium VS 144754 >128 2-4 (V) 
C. albicans ATCC 64124 >128 2-4 (A) 
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3.11.3 Antimicrobial and Cytotoxic Activity of the Isolated Compounds 
 

The seven compounds isolated were tested in parallel against a panel of human pathogens, 

including methicillin-resistant S. aureus (MRSA) MB5393, M. tuberculosis H37Ra (ATCC25177), 

E. faecium (VANS 144754), E. faecalis (VANS 144492) and N. gonorrhoeae (ATCC49226). The 

pathogens were selected based on the previous antimicrobial assays performed in our laboratory, as 

well as exploring previous reports in the literature. Overall, the seven spirotetronates exhibited 

strong to negligible activities, depending on the compound and the pathogenic bacterium, as shown 

in Table 11, expressed as minimum inhibitory concentration (MIC) values. Additionally, their 

cytotoxicity was evaluated in vitro against the human liver adenocarcinoma cell line (Hep G2) and 

demonstrated no cytotoxicity in most cases, except for the three compounds, phocoenamicin E (2), 

phocoenamicin B (4) and maklamicin (7) that presented weak activity (Table 11). The bioassays 

were performed in triplicate and the results for each of them are presented in Supplementary 

Material, Table S5. 

Table 11. Antimicrobial bioassay results (MIC, μg/mL) against MRSA, M. tuberculosis H37Ra, E. 
faecalis, E. faecium and N. gonorrhoeae and cytotoxic activities (IC50, μg/mL) against the Hep G2 
cell line of the 7 spirotetronates isolated. 

* (V) vancomycin, (S) streptomycin, (P) penicillin 

 

The compounds tested had, in many cases, small structural differences when compared to 

each other, therefore the antibacterial assays revealed structural features that may influence the 

bioactivity and provided some structure–activity relationship findings. 

Maklamicin (7) and maklamicin B (6) strongly inhibited the growth of MRSA with MIC 

values of <0.25 and 1 μg/mL respectively comparable to those of vancomycin (2 μg/mL), followed 

by phocoenamicin (3) and phocoenamicin B (4) (4 and 8 μg/mL, recpectively). The carboxylic 

ester instead of a ketone group in the macrocycle core (C-3) (Figure 30) observed in 

phocoenamicin C (5) and D (1) seem to weaken the activity against MRSA, as previously reported 

[77]. 

  MIC (μg/mL) 
Compounds (1) (2) (3) (4)  (5) (6) (7) Control* 

Pathogen Strain         
MRSA MB5393 64 32-64 4 8 32 1 <0.25 2 (V) 

M. tuberculosis (H37Ra) ATCC 25177 64 32-64 8 16 32-64 1 32 1.6-3.125 (S) 
E. faecalis VANS 144492 >64 >64 8 >64 >64 32 1 2 (V) 
E. faecium  VANS 144754 ≥128 >64 4-8 ≥64 >64 0.5 0.5 2 (V) 

N. gonorrhoeae ATCC 49226 >128 >128 >128 >128 >64 >128 >128 2 (P) 
  IC50 (μg/mL)  
Hep G2 (liver) cell line - 21.37  - 19.16 - - 21.01 - 
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Interestingly, the most active compound against M. tuberculosis H37Ra was maklamicin B 

(6), followed by phocoenamicin (3) , which showed significant activities with MIC values of 1 and 

8 μg/mL, respectively, while moderate to weak activity was detected in phocoenamicin B (4) and 

maklamicin (7) (16 and 32 μg/mL, respectively), indicating that the methyl group instead of the 

hydroxymethyl group in the side chain (C-20), as being the only difference in their structure 

(between compounds 6 and 7 and then between 3 and 4), (Figure 30) probably increased the 

activity against this pathogen. The activity of maklamicin (7) and maklamicin B (6) against M. 

tuberculosis H37Ra was not studied before. 

On the contrary, the bioactivity assay against E. faecalis showed that the presence of the 

hydroxymethyl group may enhance the bioactivity of maklamicin (7) (1 μg/mL) in comparison to 

maklamicin B (6) (32 μg/mL). The bioactivity of phocoenamicins against this pathogen was not 

studied before and showed that phocoenamicin (3) exhibits significant activity with a MIC value of 

8 μg/mL, while the rest of the phocoenamicins demonstrated weak or no activity at the highest 

concentration tested. Next, maklamicin B (6) and maklamicin (7) demonstrated strong activity 

against E. faecium with MIC values of 0.5 μg/mL for both compounds, not reported before and 

lower than that of vancomycin (2 μg/mL), followed by phocoenamicin (3) (4-8 μg/mL). Finally, 

none of the compounds inhibited the growth of the Gram-negative N. gonorrhoeae at the highest 

concentration tested. 

Furthermore, the MTT toxicity assays demonstrated that only phocoenamicin B (4), 

phocoenamicin E (2) and maklamicin (7) presented weak cytotoxicity against the Hep G2 cell line, 

with 50% inhibitory concentration (IC50) values of 21.37, 19.16 and 21.01 μg/mL, respectively, 

while the rest of the compounds displayed no cytotoxicity at the highest concentration tested, 

making the most active of them potential candidates for further research and development.  

 

3.12 Zebrafish Eleuthero Embryos Toxicity Assay 
 

The small tropical fish Zebrafish (Danio rerio) is popular as a laboratory model in biological 

research and its embryos and larvae are mostly used to evaluate the toxicity of compounds due to 

their high sensitivity [18-19]. Their small size (1-5 mm) allows the performance of miniature in 

vivo experiments in multi-well plates and high throughput screening and the transparency of their 

body enables direct observation using a simple stereo microscope [44]. 

The toxicity of the three major compounds isolated, phocoenamicin (3), phocoenamicin B (4) 

and maklamicin (7) was evaluated using zebrafish eleuthero embryos using the immersion method, 
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as suggested for lipophilic compounds that have logD > 1 and thus are better absorbed by the 

zebrafish larvae [22-23]. 

The compounds were dissolved in dimethyl sulfoxide (DMSO) and then diluted in the fish 

medium (Danieau) in which the 3 days post fertilization (dpf) zebrafish larvae were swimming for 

48h. Vehicle-treated Control eleuthero embryos (VHC) were also used and treated with the same 

concentration of DMSO (0.5%) in fish medium to compare the possible effects of the compounds. 

The concentrations tested were 1.6, 3.13, 6.25, 12.5 and 25 μM for each of the three compounds.  

After the 48h exposure, corresponding to 5 dpf larvae, the possible mortality, touch-

stimulation response, and developmental abnormalities were examined using a dissecting 

microscope coupled with a digital color camera and pictures were captured. Then, the score for the 

sub-lethal toxicity and lethality was determined for each fish and condition and the mean score was 

calculated. The assays were independently replicated three times, using 10 embryos for each 

condition and compound in each assay, and thus the total number of zebrafish embryos used was 

480. 

The results demonstrated that the mean score of toxicity was low for all three compounds and 

did not differ significantly from the control group (p < 0.05) (Figure 42). Therefore, the three 

spirotetronates were considered not toxic in a wide range of doses (1.6-25 μM), indicating the 

developing embryo’s ability to process and eliminate them. In Figure 43, representative zebrafish 

larvae with no developmental abnormalities observed are shown for every compound after the 

exposure at the highest concentration of 25 μM, as well as for the control group (VHC).  

 

 

 

 

 

Figure 42. Mean scores of toxicity of the 5 dpf zebrafish eleuthero embryos after their exposure 
with (a) phocoenamicin, (b) phocoenamicin B and (c) maklamicin in five different concentrations 
(1.6-25 μM) and the control group (VHC). Three independent experiments were performed, the 
data were pooled and the mean ± SD was calculated. For the statistical analysis, the mean score of 
each concentration was compared with the mean scores of every other by using one-way ANOVA 
with Tukey’s multiple comparison test, p < 0.05. 

 

(a) (b) (c)  
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Figure 43. Lateral view of 5 dpf eleuthero-embryos with no developmental abnormalities, after 
48h exposure, (a) with 25 μM of phocoenamicin (b) with 25 μM of phocoenamicin B, (c) with 25 
μM of maklamicin and (d) Vehicle-treated Control eleuthero embryo (VHC). 

 

Finally, the highest concentration tested (25 μM) was translated to MIC and IC50 values 

(μg/mL) in order to correlate the results with the antimicrobial and cytotoxicity assays (section 

3.11.3). Phocoenamicin with molecular weight (MW) of 1071.64 corresponded to 26.79 μg/mL, 

phocoenamicin B with MW of 1087.64 g/mol corresponded to 27.19 μg/mL and maklamicin with 

MW of 524.69 corresponded to 13.12 μg/mL. In all cases, these concentrations were higher than 

the concentrations where the three compounds were found to display moderate or strong activities. 

Furthermore, for maklamicin and phocoenamicin B, which demonstrated moderate cytotoxicity, 

the cytotoxic concentrations are comparable (4) or higher (7) than those used in the zebrafish 

embryos toxicity assay, suggesting no broad-spectrum toxicity at the highest concentration tested. 

 

 

 

 

 

 

 

 

(a) 

(b) 

(c) 

(d) 
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4. DISCUSSION 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



96 
 

 

4. Discussion 
 

The microbial strains explored in this study as phocoenamicins producers belong to seven 

species of the Micromonospora genus, representing M. terminaliae and M. endophytica more than 

half of all the producing strains and it can be proposed that the biosynthesis of the phocoenamicins 

is restrained to the genus Micromonospora. Despite the close taxonomic relationship of the strains, 

they displayed great ecological and geographical diversity. Even though the phocoenamicins were 

originally isolated from marine actinomycetes, the producers identified in this study were isolated 

from very diverse ecosystems, resulting in 24 terrestrial strains and only 3 marine-derived strains. 

Regarding their geographical origin, they were widely distributed throughout the planet, covering 

almost all continents, confirming the hypothesis that this family of compounds is highly conserved 

within the Micromonospora community. 

Using an OSMAC approach, the 27 strains were cultivated in 10 different media each, 

resulting in 270 fermentations, whose crude extracts were analyzed by LC-HRMS and explored by 

metabolomics analysis. All 27 strains produced the three known phocoenamicins in at least one of 

the fermentation conditions. The manual exploration of the data suggested that phocoenamicin was 

the most abundant compound, followed by phocoenamicins B and C. Furthermore, the analysis of 

the production of the three phocoenamicins suggested that, in general for all the 27 strains, the 

most suitable culture media were RAM2-P V2, FR23, M016 and SAM-6. The influence of the 

different strains, taxonomic species, culture media, ecological source and geography was studied 

and the only parameter that could determine a significant change in the metabolic profile was the 

culture medium. 

The productive RAM2-P V2 medium was selected for further analysis by LC-MS/MS and 

molecular networking. The three marine-derived strains had a similar metabolite profile in the 

medium in comparison to the terrestrial ones. As a result, the relative peak intensities of the three 

phocoenamicins were analyzed comparing the marine and terrestrial strains. Phocoenamicin was 

produced more by the terrestrial strains (maximum levels from the strains CA-184181 and CA-

238377), while phocoenamicins B and C within the marine strains (CA-214658 and CA-218877). 

All in all, the best production conditions for this family of compounds were observed with the 

marine-derived strain CA-214658 grown in the RAM2-P V2 culture medium. 

The crude extracts of the 270 fermentations were tested against methicillin-resistant S. aureus 

(MRSA) MB5393, M. bovis BCG and M. tuberculosis H37Ra to evaluate the antimicrobial 

potential of the strains. All 27 strains exhibited some type of antimicrobial activity under some of 

the conditions and it was observed that the medium in which the Micromonospora strains were 
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grown influenced the inhibition (%) more than the different strains themselves. The results 

revealed rich antimicrobial activities within the 27 strains suggesting further research. 

The combination of the LC-UV-HRMS analysis, metabolomic profiling and molecular 

networking allowed the putative dereplication of the main compounds produced within the 27 

strains in the different growing conditions. The comparative analyses led to the tentative 

identification of multiple, chemically diverse compounds that were divided into three main groups, 

the spirotetronates, the siderophores and various other compounds. 

The spirotetronate maklamicin, structurally related to phocoenamicins, was also tentatively 

identified to be produced by all 27 strains. Maklamicin was originally isolated from a 

Micromonospora species as well [90]. Within the 270 extracts of this study, the production of 

maklamicin conditioned the production of the phocoenamicins in all cases. The coexistence of 

maklamicin and the phocoenamicins in the extracts analyzed suggested a common biosynthetic 

origin of both families of compounds. 

Apart from the spirotetronates, the majority of the compounds putatively dereplicated 

belonged to the hydroxamate siderophores, and in particular to the desferrioxamine family, with 

the most common being deferoxamine [144], nocardamine [145], terragine B [146] and IC 202B 

[147]. The hydroxamate siderophores have therapeutic and diagnostic importance and have 

demonstrated antimicrobial and antitumor activities. Furthermore, antibiotics linked to 

siderophores, natural conjugates named sideromycins, have shown a higher antibacterial efficacy 

compared to normal antibiotics due to an enhanced uptake using the siderophore-mediated iron 

active transport and their use has been explored in a “Trojan horse” approach to overcome bacterial 

resistance to antibiotics [34,35]. As metal chelators, Desferal, the brand name of desferrioxamine 

B, was the first pharma drug used to remove excess iron in patients suffering from iron toxicity or 

overload, such as in the case of β-thalassemia patients that depend on blood transfusions [164]. 

Finally, various other compounds were tentatively identified within the extracts. The most 

abundant were the isoflavones daidzein [148], genistein [149] and glycitein [150] that have 

antioxidant, anticancer and antimicrobial properties and several more metabolites with antibiotic 

properties, such as 21-demethyl-leptomycin A [165], that could explain the differences observed 

between the antimicrobial activity and the production levels of phocoenamicins in some of the 

extracts. The wide and diverse metabolic profile of these strains highlighted their metabolic 

potential and the need for further investigation. 

Furthermore, the analyses tentatively revealed the presence of various peaks of compounds 

with predicted molecular formulae that were not found in the literature, putatively new metabolites 

related to the phocoenamicins (8 analogues), the maklamicin (5 analogues) or siderophores (6 

analogues) and thus candidates for isolation and discovery of new bioactive compounds. Some of 
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the molecular formulae predicted (C48H70O16, C48H70O17, C36H50O9, C42H60O12) as phocoenamicin 

derivatives suggested a possible change in the oligosaccharide motif of their structure that was not 

observed before within the family. Spirotetronates have exhibited a huge structural variety and it 

has been demonstrated that even a small change in the structure of a spirotetronate can result in 

changing its bioactivity [95]. Therefore, large-scale fermentation should be performed in order to 

isolate these compounds, elucidate their structure and evaluate their potential bioactivity. 

In this study, it was clearly demonstrated that combining manual exploration, metabolomics 

analysis and molecular networking can be a rapid and efficient way to prioritize strains. 

Additionally, a wide geographical distribution of phocoenamicin producing microbial strains, 

including both marine and terrestrial strains, opposed to initial statements about phocoenamicin 

production only in unique marine environments. The three marine-derived Micromonospora 

species have been identified as the best producers of phocoenamicins in terms of both the 

abundance in their extracts of some major members of the structural class and in the variety of 

molecular structures produced. Exploring the growth of Micromonospora and the production of the 

phocoenamicins, a significant increase was observed between the 10th and the 13th day of the 

fermentations and a decrease between the 15th and the 16th day, suggesting that 14 days of 

fermentation is the optimum period for the production of the three compounds. 

Therefore, the production of the three marine derived strains isolated from Gran Canaria, 

Spain, was scaled-up and the optimal chromatographic conditions were determined. The gradient 

elution for the best separation of the initial groups of fraction extracts containing the 

phocoenamicins was 40-100% CH3CN and the further processed fractions were purified by an 

isocratic elution of 50% CH3CN to achieve the optimal separation and isolation of the compounds. 

Moreover, phenyl-based stationary phases resulted in sharper peaks with better resolution and the 

use of 0.1%TFA in the solvents resulted in a much better separation and chromatographic profile. 

The fractionation of extracts from scaled-up cultures of the marine-derived strains led to the 

isolation of seven compounds (1-7), including two new phocoenamicins, phocoenamicins D and E 

(1-2), together with the known phocoenamicin, and phocoenamicins B and C (3-5). Furthermore, 

maklamicin (7) and 29-deoxymaklamicin (6), also belonging to the spirotetronate class of 

compounds, were isolated. 29-deoxymaklamicin (6) was previously reported as a result of gene 

deletion (makC2) in a genetically engineered strain [152], and herein it is reported as a natural 

product for the first time. 

The two families of compounds share many common structural features as they contain a 

tetronic acid spiro-linked to a cyclohexene ring, embedded in an eleven-carbon macrocycle and 

connected to a trans-decalin moiety. Their major differences are the presence (phocoenamicins) or 

not (maklamicins) of the disaccharide linked to a chlorinated hydroxybenzoate moiety, as well as 



99 
 

the characteristic diol side chain unique in phocoenamicins. Interestingly, phocoenamicin E (2) 

bore, instead of the latter diol chain, the side chain of maklamicin (7) at C-21, not reported before 

in the phocoenamicin family and this finding reinforced the existence of a common biosynthetic 

pathway in the production of compounds of the two families. 

Common structural variations shared by both families are the, hydroxymethyl group 

(phocoenamicin B, D, E and maklamicin) or methyl group (phocoenamicin, phocoenamicin C, 

maklamicin B) located at C-20, the diol side chain (phocoenamicin, phocoenamicins B, C and D) 

or hydroxyethyl group (phocoenamicin E and maklamicins) located at C-21, the ketone group 

(phocoenamicin, phocoenamicin B and E, maklamicins) or ester group (phocoenamicins C and D) 

located at C-3 and attached to the tetronic acid, indicating functional groups conserved within the 

two families. Among other structurally related spirotetronates, the hydroxymethyl or methyl group 

at C-20 can also be found in the nomimicin [91], lobophorin [121] and kijanimicin [166] families 

of compounds and the ester group at C-3 in chlorothricins [95] and PA-46101 A and B [93]. 

The bioactivity of the seven compounds isolated was evaluated against a panel of human 

pathogens, including methicillin-resistant S. aureus (MRSA), M. tuberculosis H37Ra, E. faecium, 

E. faecalis and N. gonorrhoeae. Similarly to other related spirotetronates, most of the compounds 

showed antibacterial activity against Gram-positive bacteria. Overall, the seven spirotetronates 

exhibited strong to negligible antibacterial activities, depending on the compound and the 

pathogen. As mentioned above, the compounds had small structural differences when compared to 

each other, therefore the antibacterial assays revealed some structure-activity relationships. 

The growth of MRSA was strongly inhibited by maklamicin (7) (MIC <0.25 μg/mL) and 

maklamicin B (6) (1 μg/mL), followed by phocoenamicin (3) (4 μg/mL) and phocoenamicin B (4) 

(8 μg/mL). The ester instead of a ketone group located at C-3, which was present in phocoenamicin 

C (5) and D (1) seemed to reduce the activity against MRSA, as previously reported [77]. Other 

structurally related families of spirotetronates that have demonstrated strong activities against 

MRSA are decatromicins [102], the compounds JK [113], as well as the recently discovered 

glenthmycins [127]. 

The most active compound against M. tuberculosis H37Ra was maklamicin B (6) (1 μg/mL), 

followed by phocoenamicin (3) (8 μg/mL), while moderate to weak in phocoenamicin B (4) (16 

μg/mL) and maklamicin (7) (32 μg/mL), suggesting that the methyl instead of hydroxymethyl 

group in the side chain (C-20), strengthened the activity against the pathogen. Streptomycin 

showed weaker activity (1.6-3.125 μg/mL) than maklamicin B (6). The activity of maklamicin (7) 

and maklamicin B (6) against M. tuberculosis H37Ra was not studied before. Other related families 

of spirotetronate polyketides that have exhibited strong activities against M. tuberculosis are 

lobophorins [167], and the above mentioned glenthmycins [127]. 
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On the contrary, in the case of E. faecalis, the presence of the hydroxymethyl group may 

have enhanced the activity against it, as shown by maklamicin (7) (1 μg/mL), higher than 

vancomycin (2 μg/mL), in comparison to maklamicin B (6) (32 μg/mL). The bioactivity of 

phocoenamicins against this pathogen was not studied before and showed that phocoenamicin (3) 

exhibited significant activity (8 μg/mL), while the rest of the phocoenamicins demonstrated weak 

or no activity at the highest concentration tested. The spirotetronate MM46115 [112] and two of 

the glenthmycins [127] have been reported to exhibit bioactivity against E. faecalis comparable to 

maklamicin (7). Furthermore, both maklamicin B (6) and maklamicin (7) exhibited strong activity 

against E. faecium (0.5 μg/mL), and higher than vancomycin (2 μg/mL), an activity not previously 

reported, followed by phocoenamicin (3) (4-8 μg/mL), expanding the panel of antimicrobial 

properties of these compounds. Finally, none of the compounds inhibited the growth of the Gram-

negative N. gonorrhoeae at the highest concentration tested. 

Phocoenamicins C, D and E demonstrated weak to negligible activity against the pathogenic 

bacteria tested. All of them had either the hydroxymethyl group in the side chain (C-20) 

(compound 2) or the carboxylic ester in the macrocycle core (C-3) (compound 5) or both of these 

structural features (compound 1) that, as mentioned above, based on the structure–activity 

relationship findings, may affect the bioactivity against these pathogens. More antimicrobial assays 

should be performed studying the activity against other pathogens, based on the hypothesis that all 

natural products have some receptor-binding function [10], like in the case of phocoenamicin 

against Clostridium difficile, where the chlorosalicyclic ester seems to play an essential role [94]. 

Furthermore, the cytotoxicity of the compounds was evaluated in vitro against the human 

liver adenocarcinoma cell line (HepG2) and demonstrated no cytotoxicity, except for the 

compounds 2 (21.37 μg/mL), 4 (19.16 μg/mL) and 7 (21.01 μg/mL) that presented weak activity, 

making the most active of the compounds potential candidates for further research and 

development. All in all, maklamicin B (6) resulted to be the most interesting compound, combining 

strong antimicrobial activity against MRSA, M. tuberculosis and E. faecium and no cytotoxicity. 

Finally, zebrafish eleuthero embryos were used to evaluate the toxicity of the three major 

compounds, phocoenamicin (3), phocoenamicin B (4) and maklamicin (7). The three 

spirotetronates were considered not toxic in a wide range of doses (1.6-25 μM) and the highest 

concentration tested (25 μM) on zebrafish larvae was translated to μg/mL in order to correlate the 

results with the antimicrobial and cytotoxicity assays. In all cases, the testing concentrations were 

higher than the concentrations where the three compounds were found to display strong or 

moderate bioactivities against the pathogenic bacteria. Moreover, for maklamicin and 

phocoenamicin B, which demonstrated moderate cytotoxicity, the cytotoxic concentrations were 

comparable (4) or higher (7) than those used in the zebrafish embryos toxicity assay, suggesting no 
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broad-spectrum toxicity at the highest concentration tested. To the best of our knowledge, this is 

the first toxicity assay using zebrafish eleuthero embryos on spirotetronates. 

The new analogues isolated highlight the wide range of structural possibilities of the 

spirotetronates that could unveil new biologic activities. The possible structure-activity 

relationships recorded here, along with other mentioned before within the spirotetronate class, can 

be used to unveil new biological activities. 
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5. MATERIALS AND METHODS 
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5. Materials and Methods 
 

5.1 Taxonomical Identification of the Strains 
 

Genomic DNA from each of the strains was isolated as follows: Each strain was grown in 

ATCC-2 medium (potato starch 2 g/L, dextrose 1 g/L, NZ Amine Type E 5 g/L, meat extract 3 g/L, 

peptone 5 g/L, yeast extract 5 g/L, calcium carbonate 1 g/L, pH 7) for 96 h. Each broth (1.5 mL) 

was centrifuged (15 min, 13,000 rpm, 4 oC) in an eppendorf tube. The supernatant was discarded, 

and the pellet was re-suspended in 800 μL of extraction buffer (0.2% SDS, 50 mM EDTA, pH 8.5) 

and heated at 70 οC for 30 min. The resulting mixture was centrifuged again under the same 

conditions (15 min, 13,000 rpm, 4 oC). Next, the supernatant was transferred to an Eppendorf tube 

containing 60 μL of sodium acetate (3 M, pH 5.2) and the mixture was incubated at 4 οC for 2 h 

and centrifuged again under the same conditions. 500 μL of the supernatant were transferred to an 

Eppendorf tube containing 1 mL of i-PrOH and the mixture was incubated at 4 οC overnight. The 

next day, the content was centrifuged (15 min, 13,000 rpm, 4 οC), the supernatant was discarded, 

and the pellet was washed with 200 μL of 70% ethanol. The washed pellet was centrifuged under 

the same conditions, the supernatant was discarded, and the pellet was dried for several hours at 

room temperature. Finally, the pellet (genomic DNA) was re-suspended in 100 μL of sterile water. 

The 16S rRNA gene was PCR-amplified employing the universal eubacterial primers fD1 

(50-AGAGTTTGATCCTGGCTCAG-30) and rP2 (50-ACGGCTACCTTGTTACGACTT-30). 

PCR reactions were carried out in a final volume of 50 μL containing 2 μL of dNTPs (10 mM 

each), 2 μL of each of the primers (10 μM), 2 μL of the DNA dilution, 5 μL of PCR buffer (10×), 

and 0.4 μL of Taq Polymerase (5 U/μL). Amplifications were performed on an iCycler iQTM Real-

Time PCR Detection System (Bio-Rad Laboratories, Inc, Hercules, California, USA). 

The PCR products were purified and sequenced at Secugen S. L. (Madrid, Spain). For each 

product the two strands were sequenced employing the primers mentioned above. The resulting 

DNA sequence lectures were aligned and visually inspected with Bionumerics 6.6 (Applied Maths, 

Sint-Martens-Latem, Belgium).  The identification of the closest match 16S rRNA gene sequences 

was performed against the database of type strains with validly published prokaryotic names which 

was implemented at the EzTaxon server (http://ezbiocloud.net) through similarity searches and 

homology analysis. 
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5.2 Cultivation of the Producing Microorganisms 
 

5.2.1 OSMAC Approach 
 

The strains were cultured in 10 different media each based on the OSMAC approach (One 

Strain Many Compounds) [136] to determine the best growing conditions and maximize their 

production. 

Τhe strain fermentations were performed  as follows: a seed culture of the strain was obtained 

by inoculating a 25 × 150 mm tube containing 10 mL of ATCC-2 medium (soluble starch 20 g/L, 

glucose 10 g/L, NZ Amine Type E 5 g/L, meat extract 3 g/L, peptone 5 g/L, yeast extract 5 g/L, 

calcium carbonate 1 g/L, pH 7) with 0.5 mL of a freshly thawed inoculum stock of the producing 

strain. The tubes were incubated in a rotary shaker (Kühner incubator model ISF-4-V, Adolf 

Kühner AG, Brisfelden, Switzerland) for 7 days (220 rpm, 28°C, 70% relative humidity).  

Then, the fresh inoculum generated was mixed and employed to inoculate (5% v/v) EPA 

vials (28 × 90 mm glass tubes) each containing 10 mL of culture medium. The 10 culture media 

used were: APM9, DEF-15, DEF-15S, DNPM, FPY-12, FPY-2, FR23, M016, RAM2-P V2 and 

SAM-6 and their composition is indicated below (Table 11). All EPA vials were incubated in a 

rotary shaker for 14 days before harvesting (220 rpm, 28°C, 70% relative humidity). In parallel, a 

negative control of 10 uninoculated culture media was incubated to be used as controls in the 

experiments. 

 

Table 11. Composition of the 10 culture media used in the OSMAC approach. 

Culture 
medium Carbon source Nitrogen source Trace elements and 

additional components 

APM9 

Glucose (SIGMA G8270) Soybean Flour (SIGMA 
S9633) 

CoCl2 · 6H2O (SIGMA 
C8661) 

Soluble starch from potato 
(PANREAC 121096) - 

CaCO3 (ACROS 
ORGANICS 
450680010) 

DEF-15 
 

Sucrose  (FISHER S8600/70) NH4Cl (PANREAC 141121) Na2SO4 (MERCK 
1.06649) 

- - K2HPO4 (MERCK 
5101) 

- - MgCl2 · 6H2O 
(MERCK 5833) 

- - NaCl (MERCK 
1.06404) 

- - 
CaCO3 (ACROS 

ORGANICS 
450680010) 

- - MnCl2 · 4H2O; ZnCl2; 
FeCl2 · 4H2O; NaCl 
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DEF-15-S 

Sucrose (FISHER S8600/70) NH4Cl (PANREAC 141121) Na2SO4 (MERCK 
1.06649) 

Soluble starch from potato 
(PANREAC 121096) - K2HPO4 (MERCK  

5101) 

- - MgCl2 · 6H2O 
(MERCK 5833) 

- - NaCl (MERCK 
1.06404) 

- - 
CaCO3 (ACROS 

ORGANICS 
450680010) 

- - MnCl2 · 4H2O; ZnCl2; 
FeCl2 · 4H2O; NaCl 

DNPM 

Dextrin from corn Type I 
(SIGMA D2006)  

N-Z Soy BL (SIGMA 
P6713) 

MOPS (FISHER BP 
308) 

- Bacto yeast extract (DIFCO 
212750) - 

FPY-12 

Fructose (PANREAC 142728) Bacto peptone (DIFCO 
211677) 

FeSO4 · 7H2O; ZnSO4 · 
7H2O;  

Glucose (SIGMA G8270) Amicase (SIGMA A2427)  MnSO4 · H2O; CuSO4 · 
5H2O; CoCl2 · 6 H2O 

Maltose (MERCK 1.05910) - - 

FPY-2 

Fructose (PANREAC 142728) Bacto peptone (DIFCO 
211677) 

FeSO4 · 7H2O; ZnSO4 · 
7H2O 

Sucrose (FISHER S8600/70) Bacto yeast extract (DIFCO 
212750) 

MnSO4 · H2O; CuSO4 · 
5H2O; CoCl2 · 6 H2O 

Maltose (MERCK 1.05910) - - 

FR23 

Glucose (SIGMA G8270) Cottonseed flour (FLUKA 
C4898) - 

Soluble starch from potato 
(PANREAC 121096) - - 

Cane molasses (Mercadona) - - 

M016 

Glucose (SIGMA G8270) Bacto yeast extract (DIFCO 
212750) 

KH2PO4 (MERCK 
1.04871) 

Soluble starch from potato 
(PANREAC 121096) 

Bacto soytone (DIFCO 
243620) 

K2HPO4 (MERCK 
5101) 

Maltose (MERCK 1.05910) Bacto tryptone (DIFCO 
211705) 

MgSO4 · 7H2O 
(MERCK 5886) 

- - NaCl (MERCK 
1.06404) 

- - CaCl2 · 2H2O (MERCK 
1.02382) 

- - 
SnCl2 · 2H2O; H3BO3; 

Na2MoO4 · 2H2O; 
CuSO4;  

- - 
CoCl2 · 6H2O; KCl; 

ZnCl2; MnSO4 · 4H2O; 
FeCl3; HCl 

RAM2-P V2 

Glucose (SIGMA G8270) Corn meal yellow (SIGMA 
C6304) - 

Maltose (MERCK 1.05910) Bacto yeast extract (DIFCO 
212750) - 

- Proteose peptone (SIGMA 
P0431) - 

SAM-6 Glucose (SIGMA G8270) Bacto yeast extract (DIFCO 
212750) 

CoCl2 · 6H2O (SIGMA 
C8661) 
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5.2.2 Study of the Growing Conditions 
 

Seven small-volume fermentations copies were generated to monitor the growth of the 

microorganism, the pH of the fermentation and the production of the three phocoenamicins during 

a period of 17 days. For that, the marine-derived CA-214671 strain was grown in the FR23 

medium. 

Each aliquot (0.7 mL) was inoculated in colony tubes in 14 mL of ATCC-2 inoculum 

medium (5% v/v) and incubated in a shaker incubator (Kühner incubator model ISF-4-V, Adolf 

Kühner AG, Brisfelden, Switzerland) for 7 days (220 rpm, 28oC, 70% humidity). Next, the colony 

tubes of the aliquots were inoculated (3.75 mL) in Erlenmeyer flasks in 150 mL of FR23 medium 

(2.5% v/v) and again incubated in a Kühner incubator shaker under the same conditions for 17 

days. 

A 2 mL sample was obtained every working day from each fermentation flask to measure the 

growth of the microorganisms and create a growth curve (wet weight) during the 17 days of 

fermentation. Each sample was centrifuged (3500 rpm, 10 min), the supernatant was removed, and 

samples were weighed out (g). In parallel, the pH of the supernatant was determined using a 

portable pH meter (GLP21, Crison Instruments, HACH LANGE SPAIN, S.L.U., Barcelona, 

Spain). Finally, a second 2 mL sample was obtained every day and stored at -20oC in 15 mL falcon 

tubes in order to be analyzed by HPLC-MS (as described in section 5.8.3) at the end of the 17 days 

period, determine the presence in the culture of the three phocoenamicins and estimate their 

production during the fermentation process. 

 

5.2.3 Scale-up of the Fermentation 
 

Each 3 or 5 L large scale fermentation was generated as follows: a fresh seed culture of the 

strain was obtained inoculating a 25 × 150 mm tube containing 16 mL of ATCC-2 medium with a 

freshly thawed inoculum stock of the strain. The tube was incubated for 7 days in an orbital Kühner 

shaker (220 rpm, 28°C, 70% relative humidity). The grown culture was then used to inoculate two 

flasks, each containing 50 mL of ATCC-2-M medium (5% v/v). The flasks were again incubated 

for 7 days in an orbital shaker under the same conditions.  

The content of both flasks was then mixed, and the mixture was used to inoculate 100 flasks 

(500 mL), each containing 50 mL of FR23 fermentation medium (2.5% v/v) for strain CA-214671 

Soluble starch from potato 
(PANREAC 121096) 

NZ Amine type E (EKC) 
(SIGMA N4767) 

CaCO3 (ACROS 
ORGANICS 
450680010) 
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or 60 flasks (500 mL) with 50 mL of RAM2-P V2 medium (2.5% v/v) for strains CA-214658 and 

CA-218877. The flasks were incubated during 14 days before harvesting, resulting in a 5 L 

fermentation broth for strain CA-214671, and 3 L fermentation broths for strains CA-214658 and 

CA-218877. 

 

5.3 Extraction of the Fermentation Broths and Processing of the Samples 
 

5.3.1 Extraction of the 270 Small Scale Fermentations and Processing 
 

The fermentation broths were extracted by adding 10 mL of acetone to each 10 mL 

fermentation (1:1), including the negative control media. The mixtures were then vortexed and 

shaken in an orbital shaker incubator (Künher ISF-1-W incubator, Adolf Kühner AG, Brisfelden, 

Switzerland) (220 rpm, 28°C, 1 h), centrifuged (3500 rpm, 10 min) for the separation of the 

mycelium, and 12 mL of the supernatant were transferred to 16 mm TurboVap® tubes (Biotage, 

Uppsala, Sweden) to which 600 μL of dimethyl sulfoxide (DMSO) were added. Finally, 

evaporation of the samples was carried out in a hot nitrogen flow cabinet, until a final volume of 

3.0 mL to reach a final concentration of 2 × WBE (Whole Broth Equivalent, that is, the natural 

concentration of each metabolite in the culture broth) in 20% DMSO in water. The contents of the 

tubes were transferred to 0.8 mL 96-Well Deep Well plates (AbgeneTM, Portsmouth, USA) using 

the MultiPROBE® II HT robotic liquid handling system (Packard Bioscience Co, Meriden, 

Connecticut, USA), transferring 540 μL to each well in the plate. 280 samples were obtained in 

total, 270 extracts from the fermentation broths and 10 extracts from the corresponding control 

media without the presence of the actinomycetes. 
 
5.3.2 Extraction and Processing of the 84 samples for the Exploration of the Growing 
Conditions 
 

After the 17 days of fermentation, the falcon tubes stored each day were defrosted and 

extracted with 2 mL of acetone (1:1), centrifuged (3500 rpm, 10 min) and 84 samples were 

obtained in total. 100 μL of the supernatant from each falcon tube were added in 96-well filtration 

MultiScreen® HTS, GV Sterile plates 0.22 μm Hydrophilic Low Protein Binding, Durapore® 

Membrane. The plates were filtered and centrifuged (2500 rpm, 5 min) to be analyzed by HPLC-

MS (see section 5.4.1). 
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5.3.3 L-L Extraction of the Large-scale Fermentations and Processing 
 

The large-scale fermentation broths from the three marine-derived strains were extracted as 

follows: First, the separation of the mycelium was separated from the supernatant by centrifugation 

at 9000 rpm for 10 min, followed by filtration under vacuum. The supernatant was subjected to 

EtOAc liquid-liquid extraction in a separatory funnel in a ratio 1:1 and rotary evaporated until dry. 

The mycelium was extracted with 700 mL EtOAc in a magnetic stirrer (190 rpm, 2 h), filtered in a 

Büchner funnel and evaporated until dry. The extraction procedure was repeated in triplicate to 

obtain the final organic crude extracts. 

Reversed Phase C-18 silica gel was mixed with a solution of the final organic extracts in a 

2:1 ratio, the solvent was evaporated under vacuum and the resulting material loaded onto a C-18 

column (ODS) (200 × 35 mm) that was eluted (MPLC) with a linear H2O-CH3CN gradient (10 

mL/min; 5–100% CH3CN in 60 min; UV detection at 210 nm and 280 nm). (5% to 100% CH3CN 

in 35 min + 100% CH3CN in 25 min, 10 mL/min). Medium pressure liquid chromatography 

(MPLC) was performed on semiautomatic flash chromatography (CombiFlash Teledyne ISCO 

Rf400x). As a result, the crude extracts were fractionated through reversed phase C18 MPLC, 

giving 65 fractions for strain CA-214671, 39 for CA-214658 and 33 for CA-218877 strain. 

The fractions obtained from each extract were analyzed and combined into groups according 

to their LC-UV-MS profiles, resulting in seven groups deriving from the CA-214671 fermentation 

and five from each of the CA-214658 and CA-218877 fermentations, which were evaporated to 

dryness in a centrifugal evaporator. Fractions containing compounds of interest from this 

chromatography were further purified by preparative and semi-preparative reversed-phase HPLC to 

isolate the compounds. 

 

5.4 Isolation and Purification of the Compounds 
 

As mentioned above (see section 5.3.3), the fractions from the large-scale fermentations 

obtained by MPLC were combined into groups according to their LC-UV-MS profiles and further 

separated by preparative and semi-preparative reversed-phase HPLC to isolate the compounds of 

interest. The analysis resulted in seven groups deriving from the CA-214671 fermentation and five 

from each of the CA-214658 and CA-218877 fermentations. 

HPLC separations were performed on a Gilson GX-281 322H2 (Gilson Technologies, USA) 

using a semi-preparative reversed-phase column (Xbridge prep Phenyl 5 μm, 10 × 150 mm) and a 

flow rate of 3.6 mL/min or a preparative (Kinetex® 5μm PFP 100Å AXIA Packed LC Column, 

250 × 21.20 mm) reversed-phase column with a flow rate of 14 mL/min. The solvents used were 
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H2O 0.1 % trifluoroacetic acid (TFA) and CH3CN 0.1 % TFA and were of HPLC grade. The time 

of the analysis was set to 45 min, collecting the fractions between 2 min – 42 min and resulting in 

80 fraction zones collected. The gradient elution for the best separation of the initial groups of 

fraction extracts containing the phocoenamicins was 40-100% ACN and the fractions of interest 

were further processed to obtain an isocratic elution or a shorter gradient and isolate the 

compounds. 

 

5.5 Characterization of the Isolated Compounds 
 

5.5.1 Optical Rotation (OR) 
 

Optical rotations of the isolated compounds were measured on a Jasco P-2000 polarimeter 

(JASCO Corporation, Tokyo, Japan). The measurement information and parameters were as 

follows: 

Measurement Information: 
Instrument Name: Polarímeter 
Model Name: P-2000 
Polarizer Dichrom Faraday Cell Flint Glass 
Accessory RSC-200 
Path Length: 100 mm 
Light Source: Na 
Monitor wavelength: 589 nm 
D.I.T.: 5 sec 
No. of cycle: 4 
Cycle interval: 10 sec 
Aperture(S): 3.0mm 
Aperture(L): Auto 
Mode: Specific O.R. 
Path Length: 10 mm 
Concentration: 0.45 w/v% 

 

5.5.2 Fourier-Transform Infrared Spectroscopy (FT-IR) 
 

IR spectra of the isolated compounds were recorded with a JASCO FT/IR-4100 spectrometer 

(JASCO Corporation) equipped with a PIKE MIRacleTM single reflection ATR accessory. The 

measurement information and parameters were as follows: 

 

Concentration of the samples: 6 mg/mL 
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Dissolvent: MeOH 
Volume: 5 μL 
Model name: FT/IR-4100 type A 
Method: ATR 
Start: 349.053 cm-1 
End: 7800.65 cm-1 
Resolution: 4 cm-1 

 
5.5.3 LC/UV/MS Analysis 
 

LC-UV-MS analysis was performed on an Agilent 1100 (Agilent Technologies, Santa Clara, 

CA, USA) single quadrupole LC-MS system, using a Zorbax SB-C8 column (2.1 × 30 mm, 5 μm), 

maintained at 40°C and with a flow rate of 300 μL min−1 and a standard 10-min reversed-phase 

gradient chromatographic run, as follows: 

Chromatographic conditions are described in section 5.6.1. Full diode array UV scans from 100 to 

900 nm were collected in 4 nm steps at 0.25 s/scan. The eluting solvent was ionized using the 

standard Agilent 1100 electrospray ionization source adjusted to a drying gas flow of 11 L/min at 

325 °C and a nebulizer pressure of 40 psig. The capillary voltage was set to 3500 V. Mass spectra 

were collected as full scans from 150 m/z to 1500 m/z, with one scan every 0.77 s, in both positive 

and negative modes.  

ESI-TOF and MS/MS spectra were acquired using a Bruker maXis QTOF (Bruker Daltonik 

GmbH, Bremen, Germany) mass spectrometer coupled to an Agilent 1200 LC (Agilent 

Technologies, Waldbronn, Germany) with the same standard 10-min reversed-phase gradient 

chromatographic run, as described above (see section 5.6.1)   
 

5.5.4 Nuclear Magnetic Resonance (NMR) 
 

1D- and 2D-NMR spectra were recorded on a Bruker Avance III spectrometer (500 and 125 

MHz for 1H and 13C NMR, respectively) equipped with a 1.7 mm TCI MicroCryoProbeTM (Bruker 

Biospin, Fällanden, Switzerland). Chemical shifts were reported in ppm using the signals of the 

residual solvents as internal reference (δH 3.31 and δC 49.15 for CD3OD). 

Prior to analysis, each sample was left overnight in the lyophilizer, its weight was measured 

and the NMR tube was prepared adding 40-60 μL of CD3OD, depending on the quantity of each 

sample.  

The following 1D and 2D NMR spectra were acquired, depending on the quantity of the 

compound available: 1H, 13C, HSQC, HMBC, COSY, NOESY, TOCSY, ROESY. 
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Finally, for stereochemical analysis, molecular models were generated using Chem&Bio 

Draw 12.0 (CambridgeSoft, PerkinElmer Informatics, Waltham, MA, USA). 

5.6 Multivariate Data Analysis (MVDA) with MZmine 2 and MetaboAnalyst 5.0 
 

5.6.1 Analysis by LC-HRMS 
 

The 280 extracts obtained (270 extracts from the fermentation broths and 10 extracts from 

the corresponding control media) from the OSMAC approach were subjected to liquid 

chromatography-high resolution mass spectrometry (LC-HRMS) and additional analysis by tandem 

mass spectrometry was performed for the extracts obtained from the RAM2-P V2 medium, using 

positive ionization mode. ESI-TOF and MS/MS spectra were acquired using a Bruker maXis 

QTOF (Bruker Daltonik GmbH, Bremen, Germany) mass spectrometer coupled to an Agilent 1200 

LC (Agilent Technologies, Waldbronn, Germany) with a standard 10-min reversed-phase gradient 

chromatographic run, as follows: Solvent A consisted of 10% CH3CN and 90% H2O with 1.3 mM 

TFA and ammonium formate, and solvent B was 90% CH3CN and 10% water with 1.3 mM TFA 

and ammonium formate and were of HPLC grade. The gradient started at 10% B and went to 100% 

B in 6 min, was kept at 100% B for 2 min, and returned to 10% B for 2 min to initialize the system. 

Full diode array UV scans from 100 to 900 nm were collected in 4 nm steps at 0.25 s/scan. The 

mass spectrometer was operated in positive ESI mode. The instrumental parameters were 4 kV 

capillary voltage, drying gas flow of 11 L/min at 200 °C, and nebulizer pressure of 2.8 bar. TFA-

Na cluster ions were used for mass calibration of the instrument prior to sample injection. Pre-run 

calibration was by infusion with the same TFA-Na calibrant. Mass spectra were collected as full 

scans from 150 m/z to 1500 m/z, with one scan every 0.77 s. 

 

5.6.2 MZmine 2 
 

The LC-MS raw data were initially converted into mzXML files using MSConvert 

(ProteoWizard, http://proteowizard.sourceforge.net).. The converted datasets were imported into 

MZmine v2.53, a bioinformatics tool for differential analysis of mass spectrometry data [137]. 

Peak detection was achieved by noise removal, chromatogram construction, and peak 

deconvolution. Firstly, the mass values were detected using the centroid mode in each spectrum 

and the noise level of the peaks was set to 100. Then, chromatograms were constructed for each of 

the mass values using the ADAP chromatogram builder [168], where group intensity threshold and 

minimum highest intensity were set to 300 and m/z tolerance to 20 ppm. Next, the “local minimum 

search” deconvolution algorithm was applied to each constructed chromatogram of each mass ion 
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to detect the individual peaks. For this algorithm, the chromatographic threshold was set to 10%, 

the search minimum in RT range to 0.2 min, the minimum relative height to 10%, the minimum 

absolute height to 100 and the minimum ratio of peak top/edge to 2. The separated peaks were then 

deisotoped using the function of isotopic peaks grouper in which m/z tolerance was set to 20 ppm, 

RT tolerance to 0.5 absolute (min), maximum charge of 3 and representative isotope as the most 

intense. The remaining peaks in different samples were aligned based on the mass and RT of each 

peak, creating a peak list. The ion m/z tolerance for alignment was set to 20 ppm, while RT to 0.5 

min, and weight for m/z and RT were 80 and 20, respectively. Finally, the resulting peak list was 

gap-filled with missing peaks using intensity tolerance of 10%, m/z tolerance of 20 ppm and RT 

tolerance of 0.5 min. 

At the same time, using the MZmine’s setting of sample parameters, samples were organized 

in groups, according to their taxonomy, geography, ecology, culture medium and the different 

strains. Finally, the resulting data were converted into a MetaboAnalyst-CSV (comma-separated 

values) file, a text file that allows data to be saved in a table-structured format, taking into account 

the grouping parameters. As a result, five .csv files were generated, one for each of the grouping 

parameters to study their influence in the metabolic profile obtained. Each of these files was 

uploaded to the MetaboAnalyst 5.0 platform [138] to carry out the statistical analysis. 

The LC-MS/MS raw data of the 27 strains cultured in the RAM2-P V2 medium were also 

processed by MZmine 2, employing the same parameters and noise level of 50 for the MS2 level. 

The processed data were used to visualize the production of the phocoenamicins by the peak 

intensities plot generated by MZmine 2.  

 

5.6.3 MetaboAnalyst 
 

As mentioned above, the CSV files for each group were uploaded to the MetaboAnalyst 5.0 

platform [138] to carry out the statistical analysis. 

The MetaboAnalyst module of the One Factor-Statistical Analysis was used, and each file 

was uploaded as peak intensities data type and samples in columns (unpaired) format. Missing 

values were replaced by 1/5 of minimum positive values of their corresponding values and further 

feature filtering based on interquantile range (IQR) reduced the dataset to 2500 features. 

Normalization was performed using total area sums, Pareto scaling, and log transformation to 

transform the data matrix into a more Gaussian-type distribution and make individual features 

more comparable. Using the above parameters, PCA and PLS-DA analyses were generated to 

explore the metabolomics production, using the MetaboAnalyst’s commands. Within the PLS-DA 

analysis, the variables importance in projection (VIP) were studied, and cross validation and 
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permutation test (separation distance (B/W), 100 permutation numbers) were performed using the 

platform’s commands. Finally, for the processed data of the 27 strains cultured in the RAM2-P V2 

medium, using the ecology of the strains as the grouping parameter, the HCA dendrogram was 

generated. 

 

5.7 Molecular Networking 
 

5.7.1 Classical Molecular Networking 
 

The LC-MS/MS raw data were converted into mzXML files using MSConvert 

(ProteoWizard, proteowizard.sourceforge.net), uploaded to the Global Natural Products Social 

Molecular Networking (http://gnps.ucsd.edu) platform using WinSCP 

(https://winscp.net/eng/index.php) and then processed by GNPS to generate a MS/MS molecular 

network. The molecular network was created using the online workflow (https://ccms-

ucsd.github.io/GNPSDocumentation/) on the GNPS website (http://gnps.ucsd.edu) [169]. The 

parameters are publicly available at: 

https://gnps.ucsd.edu/ProteoSAFe/result.jsp?task=37e734c22f5f43cab7f8983d5121cea6&view=wri

tten_description. The molecular network generated was analyzed and visualized using Cytoscape 

software (version 3.8.2) [170]. The number of nodes and edges, as well as the average number of 

neighbors were generated using the Network Analyzer in Cytoscape software. 

 

5.7.2 Preprocessing by MZmine 2 and Feature-Based Molecular Networking 
 

The data files previously converted to mzXML format were imported to MZmine v2.53 for 

preprocessing [137]. For each sample, the mass detection was set to a noise level of 100 for the 

MS1 level and 50 for MS2 levels. The chromatograms were built using the ADAP chromatogram 

builder [168] with a minimum group size set to 5 scans, group intensity threshold and minimum 

highest intensity set to 300 and m/z tolerance to 20 ppm. The chromatograms were deconvoluted 

with the local minimum search algorithm (chromatographic threshold of 10%, search minimum in 

RT range of 0.1 min, minimum relative height of 10% and minimum absolute height of 100). 

Deisotoping of the chromatograms was achieved by the isotope peak grouper algorithm with m/z 

tolerance set to 20 ppm and RT tolerance to 0.5 min. All samples were combined in a peak list 

using the join aligner algorithm. The data were filtered in order to keep only peaks with minimum 

2 peaks in a row and minimum 2 peaks in an isotope pattern. Lastly, the peak list was gap-filled 
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with an intensity tolerance of 10%, m/z tolerance of 20 ppm and RT tolerance of 0.5 min. The final 

peak list was exported in two different format files (.csv and .mgf). 

The resulting files were uploaded to GNPS for feature-based molecular networking (FBMN) 

analysis. A metadata file was also created and uploaded as a text file, describing the properties of 

each sample-strain (taxonomy, geography, ecology). A molecular network was created with the 

feature-based molecular networking (FBMN) workflow [38] on GNPS (https://gnps.ucsd.edu 

[169]) with the following parameters: The data were filtered by removing all MS/MS fragment ions 

within +/− 17 Da of the precursor m/z and the MS/MS spectra were window filtered by choosing 

only the top 6 fragment ions in the +/− 50 Da window throughout the spectrum. The precursor ion 

mass tolerance was set to 1 Da and the MS/MS fragment ion tolerance to 0.5 Da. In the molecular 

network, the edges had a cosine score above 0.6 and more than 6 matched peaks. Edges between 

two nodes were kept only if each of the nodes appeared in each other’s respective top 10 most 

similar nodes and the maximum size of a molecular family was set to 100. Then, the spectra in the 

network were searched against GNPS spectral libraries [169]-[171] and the library spectra were 

filtered in the same manner as the data results. The molecular network generated was analyzed and 

visualized using Cytoscape software (version 3.8.2) [170]. The number of nodes and edges, as well 

as the average number of neighbors were generated using the Network Analyzer in Cytoscape 

software. 

 

5.8 Dereplication Process and Identification of Putative New Analogues 
 
 

The LC-UV-HRMS analyses were carried out as previously described (see section 5.6.1). 

The major peaks in each chromatogram were initially searched manually against the in-house 

MEDINA’s LC-HRMS library. The DAD (UV−vis) spectra, retention time, and mass spectra of the 

samples were compared to the corresponding LC-UV-MS data of known microbial metabolites 

stored in the proprietary database, containing annotated metabolite data obtained under identical 

conditions to those for the samples under analysis. 

Then, the proposed molecular formula, the accurate mass and the UV profile were searched 

against the Dictionary of Natural Products (DNP), the COlleCtion of Open Natural ProdUcTs 

(COCONUT), the Natural Product Activity & Species Source database (NPASS) and the 

ChemSpider database. Additional information was taken into account, such as the biological source 

and the structure of the compound, where available within these databases. The combination of this 

manual comparative search along with the metabolomic profiling and molecular networking 

allowed the putative dereplication of the main compounds produced within the 27 strains in the 

different growing conditions. 



115 
 

Furthermore, this manual dereplication tentatively detected various peaks of compounds with 

molecular formulae that were not found within the above-mentioned databases, therefore are 

putatively new metabolites related to the phocoenamicins, maklamicin or siderophores. These 

annotations were also based on GNPS, searching the compounds that were in each molecular 

cluster and combining all the data obtained. 
 

5.9 Bioactivity assays 
 

5.9.1 High-Throughput Screening Assay of the 270 Fermentation Extracts  
 

 The following strains were used for the determination of the antimicrobial activities: 

methicillin-resistant S. aureus (MRSA) MB5393, M. tuberculosis H37Ra and M. bovis BCG. The 

preparation of the inocula and the HTS assays, followed the methodologies described below [172]-

[173]. 

For the antibacterial tests against the Gram-positive bacterium methicillin resistant 

Staphylococcus aureus (MB5393) (MRSA), thawed stock inocula suspensions from cryovials were 

streaked onto Luria-Bertani agar plates (LBA, 40 g/L) and incubated at 37 °C overnight to obtain 

isolated colonies. Single colonies were inoculated into 10 mL of Luria-Bertani broth medium (LB, 

25 g/L in 250 mL Erlenmeyer flasks) and incubated overnight at 37 °C with shaking at 220 rpm 

and then diluted in order to obtain assay inocula of approximately 1.1 × 106 CFU/mL. 

M. tuberculosis H37Ra ATCC 25177 and M. bovis ATCC 35734 were grown for 15–21 days 

in Middlebrook 7H9 broth (Becton Dickinson ref 271310) supplemented with 10% ADC 

enrichment (Becton Dickinson ref. 211887) containing albumin, dextrose, and catalase; 0.5% 

glycerol as a carbon source; and 0.25% Tween 20 to prevent clumping. Suspensions were prepared, 

and the turbidity was adjusted to 0.5 OD at 600 nm. Then, further dilutions were made to reach the 

final bacterial suspension concentration of 5 × 105 CFU/mL for the assay.  

90 μL/well of the diluted inocula were mixed with 10 μL/well of extracts (final concentration 

of 0.2 × WBE of each extract in the assay). A dose–response curve of a reference standard 

compound (vancomycin for MRSA assay and streptomycin for both Mycobacterium assays) was 

included as internal assay plate control. The assays were performed in duplicate for each 

microorganism. 

For MRSA assay, absorbance at OD 612 nm was measured at T0 (zero time) and immediately 

after that, plates were statically incubated at 37 °C for 20 h. After this period, the assay plates were 

shaken using the DPC Micromix-5 and once more the absorbance at OD 612 nm was measured at 

Tf (final time).  
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For Mycobacterium assays, plates were incubated for 7 days at 5% CO2 and 95% humidity 

and 37°C. After this incubation, 30 μL of 0.02% resazurin and 15 μL of Tween 20 were added to 

each well, incubated 24 h and assessed for color development. A change from blue to pink 

indicated reduction of resazurin and therefore bacterial growth. For the Resazurin Solution, 

Resazurin sodium salt (R7017, Sigma-Aldrich) stock solution of 0.02 g was dissolved in 100 mL of 

sterile distilled water and sterilized by filtration. The wells were read for color change and the data 

were quantified by measuring fluorescence (excitation 570 nm, emission 615 nm). Both readouts 

absorbance and fluorescence were measured using an EnVision® multimode plate reader (Perkin 

Elmer, Waltham, MA, USA).  

In order to process and analyze the data and calculate the RZ’ factor (which predicts the 

robustness of an assay), the Genedata Screener software (Genedata, Inc., Basel, Switzerland) was 

employed. For an assay to be accepted, the RZ’ factor must be close to 1 [174]. An extract was 

considered active when the percentage of inhibition was greater than 50%. In all experiments 

performed in this work, the RZ’ factor obtained was between 0.85 and 0.95.  

 

5.9.2 Antibacterial Activity and Cytotoxicity Assay of the Isolated Compounds 
 

The antimicrobial activity of phocoenamicin B was initially explored against a wide panel of 

pathogens, including methicillin-resistant Staphylococcus aureus (MRSA), methicillin-sensitive 

Staphylococcus aureus (MSSA), vancomycin-resistant (VR) Enterococcus faecium, vancomycin-

sensitive (VS) Enterococcus faecium, vancomycin-sensitive (VS) Enterococcus faecalis, 

Mycobacterium tuberculosis H37Ra, Mycobacterium bovis and Candida albicans. Furthermore, 

after the isolation of compounds 1–7, all of them were tested again against the growth of Gram-

positive bacteria methicillin-resistant Staphylococcus aureus (MRSA) MB5393, Enterococcus 

faecalis VANS 144492 and Enterococcus faecium VANS 144754, bacterium Mycobacterium 

tuberculosis (H37Ra) ATCC 25177, and Gram-negative bacterium Neisseria gonorrhoeae ATCC 

49226. For the preparation of the inocula and the HTS assays of Gram-positive bacteria, as well the 

bacterium Mycobacterium tuberculosis H37Ra, the methodologies described above (section 5.9.1) 

were followed. 

For Candida albicans assay, frozen stocks of the microorganism were used to inoculate 

Sabouraud Dextrose Agar (SDA) plates for confluent growth. Plates were incubated for 24 h, at 35 

°C. The grown colonies were harvested from the SDA plates and suspended in RPMI-1640 

modified medium. Modified RPMI-1640 medium was prepared as follows: 20.8 g of RPMI powder 

(Sigma) were poured into a 2 L flask, together with 13.4 g of YNB, 1.8 L of milliQ water, 80 mL 

of Hepes 1 M and 72 mL of glucose 50%. The volume was adjusted to 2 L and filtered. The OD660 
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was adjusted to 0.25 using RPMI-1640 modified as diluent and blank. This inoculum was diluted 

1:10 and kept on ice until used to inoculate 96-well microtiter plates. After dispensing the 

inoculums, the samples and the controls, the assay plates were read in a Tecan Ultraevolution 

spectrophotometer at 612 nm for T0 (zero time). Then, the plates were statically incubated at 37 °C 

for 20 h. After incubation, the plates were shaken in a DPC Micromix-5 and read again for Tf  

(final time) [172]. 

For all assays, the growth of the pathogens and the inoculum medium were used as negative 

controls, and a known antibiotic, depending on the pathogen for every assay, was used as a positive 

control. 

Moreover, the cytotoxicity against the human liver adenocarcinoma cell line (Hep G2) of the 

seven isolated compounds was evaluated, where the in vitro cell viability was studied based on the 

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) colorimetric assay [175]. 

Hep G2 cells (human liver carcinoma, CCL-8065) were obtained from the American Type Culture 

Collection (ATCC, Manassas, VA, USA) and were grown in ATCC-formulated Eagle’s M 

essential medium (MEM) with 10% qualified FBS, 2 mM L-glutamine, 1 mM sodium pyruvate, 

and 100 μM MEM non-essential amino acids. Cells were maintained at 37°C under a humidified 

atmosphere of 5% CO2. MTT reduction rate is an indicator of the functional integrity of the 

mitochondria and, hence, of cellular viability. For the assay, the number of cells seeded per culture 

well was 100.000 cells/mL. After 72 h treatment, MTT reduction was estimated by measuring 

absorbance at 590 nm [172]. 

For the preparation of the samples, each compound was serially diluted in dimethyl sulfoxide 

(DMSO) with a dilution factor of 2 to provide 10 concentrations starting at 128 μg/mL except for 

compound 5, where the highest concentration tested was 64 μg/mL. All assays were performed in 

triplicate for the seven isolated compounds and in duplicate for the initial sample isolated of 

phocoenamicin B. For the antimicrobial assays, the MIC was defined as the lowest concentration of 

compound resulting in a 90% growth inhibition of microorganism, while for the cytotoxicity, the 

IC50 was determined as the concentration that decreases 50% of the cell viability. The Genedata 

Screener software (Genedata, Inc., Basel, Switzerland) was used to process and analyze the data, as 

well as calculate the RZ’ factor, which predicted the robustness of the assays [174]. 
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5.10 Zebrafish Eleuthero Embryos Toxicity Assay 
 

5.10.1 Zebrafish Care and Maintenance 
 

Adult zebrafish (Danio rerio) stocks of AB strain (Zebrafish International Resource Center, 

Eugene, OR) were maintained in a UV-sterilized rack recirculating system equipped with a 

mechanical and biological filtration unit and kept under a 14/10 h light/dark cycle at the 

temperature of 27–28oC and pH of 6.8–7.5. Water quality was monitored daily for pH, temperature 

and conductivity, and weekly for ammonia and nitrite (SL1000 Portable Parallel Analyzer, Hach 

Instruments, Loveland, CO, USA) and nitrate levels (Tetra, Melle, Germany). Zebrafish were fed 

three times per day, twice with flake food (TetraMin, Tetra, Melle, Germany) and once with 

Artemia (brine shrimp). 

Fertilized eggs of good quality (fertilized, clear cytoplasm and symmetric cleavage), 

collected from wild type AB zebrafish progenitors, were selected for the experiments and kept in 

Petri dishes containing Danieau’s solution (1.5 mM HEPES, 17.4 mM NaCl, 0.21 mM KCl, 0.12 

mM MgSO4, 0.18 mM Ca(NO3)2, and 0.6 μM methylene blue) [176] at 28°C until compound 

exposure. All eleuthero embryos were derived from the same spawn of eggs for the comparison 

between the control and treated groups. Mortality in untreated groups of embryos was <10%. All 

further experimental work was done using Danieau’s solution as incubation medium. 

All procedures were carried out according to the Declaration of Helsinki and conducted 

following the ARRIVE guidelines [177] and the guidelines of the European Community Council 

Directive 2010/63/EU, implemented in 2020 by the Commission Implementing Decision (EU) 

2020/569 and all the relevant ethical regulations from the Ethics Committee of the University of 

Leuven (Ethische Commissie van de KU Leuven, approval number ECD 027/2019) and from the 

Belgian Federal Department of Public Health, Food Safety and Environment (Federale 

Overheidsdienst Volksgezondheid, Veiligheid van de Voedselketen en Leefmilieu, approval 

number LA1210261). 

 

5.10.2 Compounds Preparation and Toxicity Evaluation 
 

Each of the three compounds (3, 4, and 7) was dissolved in 100% dimethyl sulfoxide 

(DMSO, spectroscopy grade) and diluted in Danieau’s medium to a final concentration of 25 μΜ 

(0.5% DMSO), followed by ½ serial dilutions to provide five testing concentrations (1.6, 3.13, 

6.25, 12.5 and 25 μM).  

Next, 3 dpf zebrafish eleuthero embryos randomly selected were immersed in a 24-well plate 

containing the three compounds at the different testing concentrations (n=10 larvae per well). At 
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the same time, 10 Vehicle-treated Control eleuthero embryos (VHC) were also treated with 0.5% 

DMSO, in accordance with the final solvent concentration of testing compounds to compare the 

possible effects of the compounds. The eleuthero embryos were incubated under a 14/10 hour 

light/dark cycle at 27–28°C. 

After the 48h exposure, at 5 dpf, the lethality (cardiac rhythm and degraded body were used 

as clinical criteria) and touch-stimulation response were assessed using non-anesthetized eleuthero 

embryos, while the possible morphological defects were evaluated after anesthetizing the eleuthero 

embryos in 0.5 mM tricaine. All observations were performed using a M80 stereo microscope 

(Leica Microsystems, Danaher Co., Germany) and pictures were captured with a Leica DFC310 

FX digital color camera (Leica Microsystems, Danaher Co., Germany) and stored. 

Mean score of lethality and sub-lethal toxicity per condition was calculated as follows: To 

each adverse effect observed (impaired motility, bad development, body curvature and swim 

bladder defects) a score of 1 was given (maximum 4 per larva), and a score of 6 to each dead 

embryo. The mean score was then calculated for all eleuthero embryos (pooled results) examined 

per condition. 

 

5.10.3 Statistical Analysis 
 

The results were obtained from three independent experiments, using ten larvae for each test 

concentration and compound. Statistical analysis was performed by using GraphPad Prism version 

9.0 (GraphPad Software Inc., San Diego, CA, USA) and one-way analysis of variance (ANOVA) 

followed by Tukey’s multiple comparison test. The criterion for statistical significance was p < 

0.05. 
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6. CONCLUSIONS 
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6. Conclusions 
 

I. Exploring the MEDINA’s strain collection, 27 actinomycete strains were identified as 

possible phocoenamicins producers and they all belonged to the Micromonospora 

genus, suggesting that the biosynthesis of the phocoenamicins can be confined to 

Micromonospora species. 

II. The phocoenamicin producing microbial strains were isolated from very diverse 

terrestrial and marine ecosystems, distributed throughout the planet, in contrast to initial 

descriptions of phocoenamicin production only from marine environments.  

III. The culture media in which the Micromonospora strains were grown were identified as 

the most determining factor that influenced their metabolic profile, as well as the 

bioactivity profile against methicillin-resistant S. aureus (MRSA), M. bovis and M. 

tuberculosis H37Ra. 

IV. The best producing strains, growth and chromatographic conditions for the production 

and isolation of the phocoenamicins were determined. 

V. The compounds produced by the 27 strains in the different growth conditions were 

tentatively identified and were divided into three main groups, the spirotetronates, the 

siderophores and various other compounds, as well as several putatively new 

metabolites, structurally related to them. 

VI. The spirotetronate maklamicin, structurally related to phocoenamicins, was also 

tentatively identified to be produced by all 27 strains and their coexistence in the 

extracts analyzed suggested a common biosynthetic origin of both families of 

compounds. 

VII. The combination of the LC-UV-HRMS analysis, metabolomics analysis and molecular 

networking proved to be a fast and efficient way to prioritize strains and exploit their 

biosynthetic potential. 

VIII. Three marine-derived Micromonospora species were identified as the best producers of 

phocoenamicins both in terms of the abundance in their extracts of some of the major 

compounds and the diversity of molecular structures produced. 

IX. The cultivation of the three marine-derived strains led to the isolation and structural 

elucidation of two new phocoenamicins, phocoenamicins D and E, along with the three 

known phocoenamicins, as well as maklamicin and 29-deoxymaklamicin, reported for 

the first time as a natural product and for which the name maklamicin B is proposed. 
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X. The two families of compounds share many structural features, as well as common 

structural variations that were highlighted. One of the new phocoenamicins described 

bore the side chain of maklamicin, unique so far in this compound, indicating a 

functional group conserved within the two families. 

XI. The bioactivity of the seven compounds isolated was evaluated against a panel of 

human pathogens and overall, the most active compounds were maklamicin B and 

maklamicin, followed by phocoenamicin and phocoenamicin B against MRSA, M. 

tuberculosis H37Ra, E. faecalis and E. faecium. Many of these activities were reported 

for the first time and were in some cases higher than the antibiotic used as positive 

control. 

XII. As the compounds had small structural differences when compared to each other, the 

antibacterial assays revealed some structure-activity relationships. 

XIII. The cytotoxicity of all the compounds and the toxicity against zebrafish eleuthero 

embryos of the three major compounds were evaluated and no broad-spectrum toxicity 

was detected at the highest concentration tested, making the most active of the 

compounds potential candidates for further research and development. 

XIV. Maklamicin B was identified as the most interesting compound, combining strong 

antimicrobial activity against MRSA, M. tuberculosis and E. faecium and no 

cytotoxicity. 

XV. The new analogues isolated highlighted the wide range of structural possibilities of the 

spirotetronates and the possible structure-activity relationships recorded can be used to 

unveil new biological activities. 

 

 

 

 

 

 

 

 

 

 



123 
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7. Supplementary Information 
 

 

Figure S1. PLS-DA 2D Score plots of the 270 Micromonospora extracts for the parameters (a) 
different strains, (b) taxonomy species, (c) geographic origin and (d) ecology. All four models 
resulted in overfitting and lack of validation. 

Figure S2. The boxplot and density plot showing the normalization result in MetaboAnalyst 5.0 
after sample normalization, data transformation and scaling of the preprocessed LC-HRMS data 
obtained from the 27 Micromonospora extracts in RAM2-P V2 medium. 

Figure S3. Chromatographic profile obtained by MPLC/UV (Combiflash® Rf) from the crude 
extract of the 5 L fermentation of the CA-214671 strain grown in FR23 medium, absorbance: 210 
nm (red) and 280 nm (purple). 
 
Figure S4. Chromatographic profile obtained by MPLC/UV (Combiflash® Rf) from the crude 
extract of the 3 L fermentation of the CA-214658 strain grown in RAM2-P V2 medium, 
absorbance: 210 nm (red) and 280 nm (purple). 
 
Figure S5. Chromatographic profile obtained by MPLC/UV (Combiflash® Rf) from the crude 
extract of the 3 L fermentation of the CA-218877 strain grown in RAM2-P V2 medium, 
absorbance: 210 nm (red) and 280 nm (purple). 
 

Figure S6. 1H NMR (methanol-d4, 500 MHz) spectrum of compound 1. 
 
Figure S7. 13C NMR (methanol-d4, 125 MHz) spectrum of compound 1. 
 
Figure S8. HSQC spectrum of compound 1. 
 
Figure S9. COSY spectrum of compound 1. 
 
Figure S10. HMBC spectrum of compound 1. 
 
Figure S11. NOESY spectrum of compound 1. 
 
Figure S12. 1H-1H COSY and key HMBC correlations for compound 2. 
 
Figure S13. Key NOESY correlations for compound 2. 
 
Figure S14. 1H NMR (methanol-d4, 500 MHz) spectrum of compound 2. 
 
Figure S15. 13C NMR (methanol-d4, 125 MHz) spectrum of compound 2. 
 
Figure S16. HSQC spectrum of compound 2. 
 
Figure S17. COSY spectrum of compound 2. 



125 
 

 
Figure S18. HMBC spectrum of compound 2. 
 
Figure S19. NOESY spectrum of compound 2. 
 
Figure S20. Key ROESY correlations for compound 6. 
 
Figure S21. 1H NMR (methanol-d4, 500 MHz) spectrum of compound 6. 
 
Figure S22. 13C NMR (methanol-d4, 125 MHz) spectrum of compound 6. 
 
Figure S23. HSQC spectrum of compound 6. 
 
Figure S24. COSY spectrum of compound 6. 
 
Figure S25. HMBC spectrum of compound 6. 
 
Figure S26. ROESY spectrum of compound 6. 
 
Table S1. Average % inhibition of the 270 Micromonospora extracts against MRSA MB5393, M. 
bovis BCG and M. tuberculosis H37Ra. 

Table S2. Inhibition (%) of phocoenamicin B against MRSA (MB5973) and MSSA 

(ATCC29213).  

Table S3. Inhibition (%) of phocoenamicin B against M. tuberculosis H37Ra and M. bovis. 

Table S4. Inhibition (%) of phocoenamicin B against E. faecium VR (MBB5571), E. faecium 

(VS144754) and E. faecalis (VS144492). 

Table S5. % inhibition of the seven spirotetronates against MRSA MB5393, M. tuberculosis 
H37Ra, E. faecalis VANS144492 and E. faecium VANS144754. 
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Figure S1. PLS-DA 2D Score plots of the 270 Micromonospora extracts for the parameters (a) 
different strains, (b) taxonomy species, (c) geographic origin and (d) ecology. All four models 
resulted in overfitting and lack of validation. 
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Figure S2. The boxplot and density plot showing the normalization result in MetaboAnalyst 5.0 
after sample normalization, data transformation and scaling of the preprocessed LC-HRMS data 
obtained from the 27 Micromonospora extracts in RAM2-P V2 medium. 
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Figure S3. Chromatographic profile obtained by MPLC/UV (Combiflash® Rf) from the 
crude extract of the 5 L fermentation of the CA-214671 strain grown in FR23 medium, 
absorbance: 210 nm (red) and 280 nm (purple). 

 

 

Figure S4. Chromatographic profile obtained by MPLC/UV (Combiflash® Rf) from the 
crude extract of the 3 L fermentation of the CA-214658 strain grown in RAM2-P V2 
medium, absorbance: 210 nm (red) and 280 nm (purple). 
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Figure S5. Chromatographic profile obtained by MPLC/UV (Combiflash® Rf) from the crude 
extract of the 3 L fermentation of the CA-218877 strain grown in RAM2-P V2 medium, absorbance: 
210 nm (red) and 280 nm (purple). 
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Figure S6. 1H NMR (methanol-d4, 500 MHz) spectrum of compound 1. 
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Figure S7. 13C NMR (methanol-d4, 125 MHz) spectrum of compound 1. 
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Figure S8. HSQC spectrum of compound 1. 
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Figure S9. COSY spectrum of compound 1. 
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Figure S10. HMBC spectrum of compound 1. 
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Figure S11. NOESY spectrum of compound 1. 
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Figure S12. 1H-1H COSY and key HMBC correlations for compound 2. 
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Figure S13. Key NOESY correlations for compound 2. 
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Figure S14. 1H NMR (methanol-d4, 500 MHz) spectrum of compound 2. 
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Figure S15. 13C NMR (methanol-d4, 125 MHz) spectrum of compound 2. 
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Figure S16. HSQC spectrum of compound 2. 
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Figure S17. COSY spectrum of compound 2. 
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Figure S18. HMBC spectrum of compound 2. 
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Figure S19. NOESY spectrum of compound 2. 
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Figure S20. Key ROESY correlations for compound 6. 
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Figure S21. 1H NMR (methanol-d4, 500 MHz) spectrum of compound 6. 
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Figure S22. 13C NMR (methanol-d4, 125 MHz) spectrum of compound 6. 
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Figure S23. HSQC spectrum of compound 6. 
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Figure S24. COSY spectrum of compound 6. 
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Figure S25. HMBC spectrum of compound 6. 
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Figure S26. ROESY spectrum of compound 6. 

 
 
 
 
 

Table S1. Average % inhibition of the 270 Micromonospora extracts against MRSA MB5393, M. 
bovis BCG and M. tuberculosis H37Ra. 

  Average % Inhibition 
STRAIN CULTURE MEDIUM MRSA MB5393 M. tuberculosis H37Ra  M. bovis BCG 

CA-107814 APM9 -47,2 -89,7 -88,5 
CA-107814 DEF-15 36,6 -38,9 -7,9 
CA-107814 DEF-15S 25,8 -50,7 -10,2 
CA-107814 DNPM 5,5 -96,8 -93,9 
CA-107814 FPY-12 4,1 -86,9 -78,9 
CA-107814 FPY-2 -99,1 -90,5 -89,1 
CA-107814 FR23 -51,8 -93,8 -91,7 
CA-107814 M016 -5,5 -90,5 -89,7 
CA-107814 RAM2-P V2 -94,7 -92,1 -92,2 
CA-107814 SAM-6 -4,5 -95,8 -93,5 
CA-108000 APM9 -99,8 -90,0 -88,3 
CA-108000 DEF-15 37,5 -75,6 -9,9 
CA-108000 DEF-15S 28,2 -91,8 -11,7 
CA-108000 DNPM 20,4 -97,0 -94,1 
CA-108000 FPY-12 -97,0 -88,1 -88,1 
CA-108000 FPY-2 -99,4 -90,6 -88,7 
CA-108000 FR23 -38,1 -93,4 -90,7 
CA-108000 M016 -99,5 -93,2 -91,8 
CA-108000 RAM2-P V2 -90,4 -96,8 -94,5 
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CA-108000 SAM-6 -63,5 -95,2 -93,1 
CA-184181 APM9 -94,7 -94,1 -92,2 
CA-184181 DEF-15 23,8 -95,6 -9,8 
CA-184181 DEF-15S 4,2 -60,6 -90,1 
CA-184181 DNPM 25,1 -96,9 -91,4 
CA-184181 FPY-12 -79,6 -87,7 -87,6 
CA-184181 FPY-2 -101,7 -93,4 -91,6 
CA-184181 FR23 -98,9 -96,9 -94,0 
CA-184181 M016 -98,7 -97,3 -94,5 
CA-184181 RAM2-P V2 -72,2 -97,1 -94,7 
CA-184181 SAM-6 -100,9 -96,0 -93,2 
CA-214658 APM9 -75,7 -91,7 -89,8 
CA-214658 DEF-15 40,3 -35,5 -7,3 
CA-214658 DEF-15S 27,2 -90,0 -23,4 
CA-214658 DNPM 25,1 -96,5 -92,5 
CA-214658 FPY-12 -36,3 -89,3 -88,3 
CA-214658 FPY-2 -100,0 -93,0 -90,7 
CA-214658 FR23 -65,7 -95,5 -91,7 
CA-214658 M016 -101,9 -92,9 -91,5 
CA-214658 RAM2-P V2 -67,6 -94,4 -92,5 
CA-214658 SAM-6 5,9 -95,0 -90,5 
CA-214671 APM9 -101,0 -89,4 -88,0 
CA-214671 DEF-15 37,3 -62,5 -6,7 
CA-214671 DEF-15S 26,5 -94,6 -50,9 
CA-214671 DNPM -16,0 -97,1 -93,5 
CA-214671 FPY-12 -92,4 -92,2 -90,1 
CA-214671 FPY-2 -92,3 -93,8 -91,7 
CA-214671 FR23 16,8 -93,4 -28,7 
CA-214671 M016 -90,0 -92,3 -89,6 
CA-214671 RAM2-P V2 -68,8 -94,6 -91,9 
CA-214671 SAM-6 -21,4 -57,9 -92,0 
CA-218877 APM9 -97,0 -90,7 -86,5 
CA-218877 DEF-15 39,2 -96,5 -11,5 
CA-218877 DEF-15S 28,0 -88,9 -23,8 
CA-218877 DNPM -46,6 -96,5 -93,6 
CA-218877 FPY-12 12,1 -88,3 -60,5 
CA-218877 FPY-2 -86,7 -92,8 -90,7 
CA-218877 FR23 9,8 -77,5 -84,8 
CA-218877 M016 -101,5 -65,8 -15,1 
CA-218877 RAM2-P V2 -77,3 -96,1 -93,0 
CA-218877 SAM-6 15,8 -97,0 -93,0 
CA-238377 APM9 -92,5 -92,9 -90,6 
CA-238377 DEF-15 37,8 -26,7 -5,6 
CA-238377 DEF-15S 5,8 -61,6 -32,1 
CA-238377 DNPM -98,0 -66,0 -94,1 
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CA-238377 FPY-12 -100,5 -89,6 -88,1 
CA-238377 FPY-2 -94,0 -91,8 -88,6 
CA-238377 FR23 -97,4 -31,4 -94,2 
CA-238377 M016 -99,9 -97,0 -94,7 
CA-238377 RAM2-P V2 -91,2 -96,5 -92,9 
CA-238377 SAM-6 -99,7 -28,7 -72,2 
CA-238397 APM9 -99,7 -91,8 -90,4 
CA-238397 DEF-15 40,4 -69,5 -6,3 
CA-238397 DEF-15S 23,2 -11,7 -7,0 
CA-238397 DNPM 28,9 -94,4 -15,9 
CA-238397 FPY-12 31,3 -6,0 -18,5 
CA-238397 FPY-2 -98,8 -89,2 -88,7 
CA-238397 FR23 -149,1 -34,0 -58,2 
CA-238397 M016 -96,0 -72,0 -92,7 
CA-238397 RAM2-P V2 -95,5 -92,9 -90,0 
CA-238397 SAM-6 -100,2 -2,3 -60,8 
CA-238398 APM9 -38,4 -92,4 -86,7 
CA-238398 DEF-15 39,9 -7,5 -5,0 
CA-238398 DEF-15S 27,0 -4,6 -5,0 
CA-238398 DNPM -3,1 -97,2 -41,5 
CA-238398 FPY-12 -44,9 -10,0 -13,4 
CA-238398 FPY-2 -55,0 -94,6 -52,7 
CA-238398 FR23 -62,1 -95,2 -91,8 
CA-238398 M016 -99,8 -93,5 -89,9 
CA-238398 RAM2-P V2 0,1 -95,6 -68,3 
CA-238398 SAM-6 -101,1 -95,8 -92,6 
CA-243027 APM9 -88,9 -92,8 -89,7 
CA-243027 DEF-15 38,7 -90,1 -10,1 
CA-243027 DEF-15S 28,3 -11,1 -10,8 
CA-243027 DNPM 33,7 -96,3 -93,2 
CA-243027 FPY-12 28,3 -6,1 -9,4 
CA-243027 FPY-2 -49,4 -90,4 -88,3 
CA-243027 FR23 -97,1 -92,1 -93,8 
CA-243027 M016 -79,7 -97,1 -94,8 
CA-243027 RAM2-P V2 -62,6 -93,6 -89,3 
CA-243027 SAM-6 -64,4 -95,4 -92,4 
CA-243168 APM9 -79,9 -87,2 -89,8 
CA-243168 DEF-15 41,6 -35,3 -7,2 
CA-243168 DEF-15S 30,1 -97,6 -14,6 
CA-243168 DNPM 14,5 -96,3 -86,1 
CA-243168 FPY-12 -99,9 -87,7 -87,2 
CA-243168 FPY-2 -89,7 -91,4 -89,1 
CA-243168 FR23 38,8 -94,5 -39,4 
CA-243168 M016 -97,1 -94,7 -92,4 
CA-243168 RAM2-P V2 -100,4 -95,5 -91,9 
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CA-243168 SAM-6 -59,4 -96,2 -92,5 
CA-244160 APM9 -95,7 -90,5 -88,5 
CA-244160 DEF-15 40,2 4,3 -2,2 
CA-244160 DEF-15S 4,8 -94,8 -84,7 
CA-244160 DNPM 29,1 -98,7 -92,1 
CA-244160 FPY-12 -115,7 -89,1 -86,5 
CA-244160 FPY-2 -35,3 -91,9 -90,1 
CA-244160 FR23 -54,8 -96,4 -92,5 
CA-244160 M016 -100,2 -95,7 -94,0 
CA-244160 RAM2-P V2 -53,9 -95,2 -92,4 
CA-244160 SAM-6 -102,4 -93,6 -91,8 
CA-244161 APM9 -87,9 -89,9 -89,1 
CA-244161 DEF-15 37,5 -97,7 -22,6 
CA-244161 DEF-15S 5,2 -97,9 -21,4 
CA-244161 DNPM 18,1 -98,8 -92,4 
CA-244161 FPY-12 -94,6 -89,4 -88,2 
CA-244161 FPY-2 -95,2 -90,3 -89,7 
CA-244161 FR23 -18,7 -96,9 -95,4 
CA-244161 M016 -99,8 -94,9 -91,8 
CA-244161 RAM2-P V2 -98,6 -96,3 -92,9 
CA-244161 SAM-6 -100,4 -95,0 -92,3 
CA-244669 APM9 -9,7 -90,5 -73,1 
CA-244669 DEF-15 -7,1 -10,2 -4,6 
CA-244669 DEF-15S -23,1 -6,4 -5,2 
CA-244669 DNPM 20,6 4,9 -10,3 
CA-244669 FPY-12 -48,1 -88,3 -15,8 
CA-244669 FPY-2 31,9 -62,7 -6,3 
CA-244669 FR23 -99,4 -95,7 -91,1 
CA-244669 M016 -99,9 -94,9 -90,6 
CA-244669 RAM2-P V2 6,4 -78,4 -14,1 
CA-244669 SAM-6 -99,5 -74,3 -92,7 
CA-244673 APM9 -82,0 -94,0 -91,0 
CA-244673 DEF-15 29,5 -98,8 -55,8 
CA-244673 DEF-15S 24,1 -82,8 -69,4 
CA-244673 DNPM 24,4 -17,4 -8,9 
CA-244673 FPY-12 -82,8 -88,0 -86,5 
CA-244673 FPY-2 24,2 -91,5 -88,4 
CA-244673 FR23 -94,5 -96,2 -92,0 
CA-244673 M016 -157,3 -33,7 -57,6 
CA-244673 RAM2-P V2 34,8 -93,5 -86,7 
CA-244673 SAM-6 -99,4 -94,9 -90,4 
CA-244674 APM9 -90,4 -91,1 -89,7 
CA-244674 DEF-15 36,6 2,5 -0,4 
CA-244674 DEF-15S 10,7 -97,4 -65,7 
CA-244674 DNPM 15,7 -97,5 -13,8 
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CA-244674 FPY-12 -90,6 -89,6 -87,9 
CA-244674 FPY-2 37,9 -61,7 -9,1 
CA-244674 FR23 -86,6 -42,6 -83,4 
CA-244674 M016 -87,0 -84,6 -96,0 
CA-244674 RAM2-P V2 -99,0 -95,7 -93,3 
CA-244674 SAM-6 -85,0 -94,3 -90,3 
CA-244675 APM9 -90,0 -90,4 -88,0 
CA-244675 DEF-15 22,3 -96,7 -4,7 
CA-244675 DEF-15S -3,8 -98,0 -62,1 
CA-244675 DNPM -98,6 -92,2 -93,9 
CA-244675 FPY-12 -98,0 -88,7 -87,7 
CA-244675 FPY-2 -81,5 -92,2 -90,5 
CA-244675 FR23 -126,8 -81,8 -92,7 
CA-244675 M016 -99,5 -96,0 -91,9 
CA-244675 RAM2-P V2 -99,3 -94,4 -90,8 
CA-244675 SAM-6 -98,9 -95,4 -84,8 
CA-246501 APM9 -91,9 -94,1 -91,1 
CA-246501 DEF-15 42,0 -0,7 -2,6 
CA-246501 DEF-15S 8,6 -62,3 -81,3 
CA-246501 DNPM -41,9 -98,0 -93,8 
CA-246501 FPY-12 -139,0 -89,4 -88,4 
CA-246501 FPY-2 -91,5 -91,5 -88,5 
CA-246501 FR23 -95,6 -97,1 -76,1 
CA-246501 M016 -98,6 -96,4 -91,6 
CA-246501 RAM2-P V2 -103,9 -95,2 -92,4 
CA-246501 SAM-6 -100,3 -96,4 -92,9 
CA-246506 APM9 -99,5 -94,8 -92,0 
CA-246506 DEF-15 18,6 -96,3 -8,6 
CA-246506 DEF-15S 7,1 -96,8 -73,5 
CA-246506 DNPM -1,3 -95,0 -25,9 
CA-246506 FPY-12 -57,3 -90,0 -82,0 
CA-246506 FPY-2 -85,8 -92,8 -89,8 
CA-246506 FR23 -98,1 -96,9 -93,0 
CA-246506 M016 -99,3 -96,4 -93,7 
CA-246506 RAM2-P V2 -88,7 -96,8 -93,8 
CA-246506 SAM-6 -103,3 -95,8 -92,9 
CA-248285 APM9 37,1 -93,1 -82,0 
CA-248285 DEF-15 39,1 -97,0 -37,3 
CA-248285 DEF-15S 18,5 -95,5 -5,5 
CA-248285 DNPM 5,9 -97,7 -92,9 
CA-248285 FPY-12 -74,5 -87,0 -86,3 
CA-248285 FPY-2 -99,5 -88,2 -87,1 
CA-248285 FR23 -108,3 -45,9 -47,4 
CA-248285 M016 -98,2 -99,3 -96,0 
CA-248285 RAM2-P V2 -98,5 -94,3 -91,1 
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CA-248285 SAM-6 -132,8 -93,6 -91,1 
CA-248314 APM9 -94,6 -90,6 -86,7 
CA-248314 DEF-15 43,6 -94,2 -11,5 
CA-248314 DEF-15S 33,6 -93,9 -20,6 
CA-248314 DNPM 44,7 -97,3 -92,5 
CA-248314 FPY-12 -45,1 -87,8 -77,1 
CA-248314 FPY-2 -97,3 -89,0 -88,6 
CA-248314 FR23 -86,5 -93,9 -90,7 
CA-248314 M016 -116,9 -93,0 -90,3 
CA-248314 RAM2-P V2 -85,5 -93,4 -91,1 
CA-248314 SAM-6 -12,3 -94,7 -92,5 
CA-248649 APM9 -95,8 -87,5 -63,7 
CA-248649 DEF-15 24,6 -46,2 -3,3 
CA-248649 DEF-15S 4,2 -98,7 -25,0 
CA-248649 DNPM 24,7 -98,2 -13,9 
CA-248649 FPY-12 -98,8 -89,4 -86,5 
CA-248649 FPY-2 -81,3 -90,2 -87,7 
CA-248649 FR23 -83,1 -98,5 -77,3 
CA-248649 M016 -101,0 -95,2 -90,1 
CA-248649 RAM2-P V2 -100,1 -92,1 -90,8 
CA-248649 SAM-6 -99,7 -95,5 -92,0 
CA-249271 APM9 24,9 -91,2 -40,5 
CA-249271 DEF-15 44,1 -95,3 -9,4 
CA-249271 DEF-15S 26,5 -98,6 -24,1 
CA-249271 DNPM 25,1 -96,5 -80,2 
CA-249271 FPY-12 -98,8 -89,7 -85,6 
CA-249271 FPY-2 -68,4 -93,7 -91,1 
CA-249271 FR23 33,4 -94,9 -33,8 
CA-249271 M016 -100,2 -94,1 -90,9 
CA-249271 RAM2-P V2 -84,4 -95,4 -92,4 
CA-249271 SAM-6 -82,5 -95,8 -89,4 
CA-249379 APM9 -80,5 -93,2 -90,4 
CA-249379 DEF-15 42,9 -75,0 -3,1 
CA-249379 DEF-15S 15,9 -99,0 -49,8 
CA-249379 DNPM -99,7 -98,1 -93,1 
CA-249379 FPY-12 -59,8 -89,8 -76,1 
CA-249379 FPY-2 13,9 -92,8 -90,8 
CA-249379 FR23 -32,3 -94,3 -90,4 
CA-249379 M016 -99,6 -98,1 -94,5 
CA-249379 RAM2-P V2 -97,9 -94,3 -88,5 
CA-249379 SAM-6 -85,6 -84,8 -90,6 
CA-251294 APM9 -76,9 -93,6 -90,5 
CA-251294 DEF-15 23,3 -93,6 -22,1 
CA-251294 DEF-15S 2,3 -96,9 -28,6 
CA-251294 DNPM -79,1 -97,8 -93,5 
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CA-251294 FPY-12 -99,9 -87,5 -87,0 
CA-251294 FPY-2 -149,5 -94,4 -90,9 
CA-251294 FR23 -53,5 -97,8 -91,3 
CA-251294 M016 -89,9 -95,2 -91,8 
CA-251294 RAM2-P V2 -98,4 -96,1 -90,6 
CA-251294 SAM-6 -99,1 -95,1 -91,6 
CA-253038 APM9 -89,1 -93,8 -90,3 
CA-253038 DEF-15 27,1 -98,0 -30,9 
CA-253038 DEF-15S 7,6 -70,9 -5,1 
CA-253038 DNPM -38,0 -99,0 -76,6 
CA-253038 FPY-12 -95,9 -90,0 -86,6 
CA-253038 FPY-2 1,7 -94,9 -87,0 
CA-253038 FR23 -118,0 -34,4 -29,4 
CA-253038 M016 -72,1 -27,7 -31,4 
CA-253038 RAM2-P V2 -94,7 -99,0 -94,9 
CA-253038 SAM-6 -100,2 -89,0 -89,7 
CA-259211 APM9 -41,6 -91,9 -88,8 
CA-259211 DEF-15 41,2 -93,7 -14,2 
CA-259211 DEF-15S 42,3 -97,3 -35,1 
CA-259211 DNPM -101,3 -96,1 -4,5 
CA-259211 FPY-12 36,9 -87,2 -55,4 
CA-259211 FPY-2 -100,8 -92,0 -87,7 
CA-259211 FR23 -84,7 -98,5 -96,2 
CA-259211 M016 -98,8 -97,5 -94,4 
CA-259211 RAM2-P V2 -100,8 -94,5 -90,7 
CA-259211 SAM-6 -109,0 -94,9 -92,6 
 

 

 

Table S2. Inhibition (%) of phocoenamicin B against MRSA (MB5973) and MSSA 

(ATCC29213).  

  

 

 

 

 

 

 

 

Conc. [ug/ml] % INH_1: % INH_2: MIC (ug/mL)
128 -100 -101 8-16
64 -100 -100
32 -101 -100
16 -100 -97
8 -6 -11
4 -1 -6
2 4 -2
1 4 -1

0.5 5 3
0.25 10 2

MRSA_MB5973
% INH: MSSA % INH: MSSA MIC (ug/mL)

-93 -85 64-128
-84 -75
-74 -54
-52 1
22 17
21 10
0 -2
6 15

21 -6
13 11

MSSA ATCC29213
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Table S3. Inhibition (%) of phocoenamicin B against M. tuberculosis H37Ra and M. bovis. 

 

 

 

 

 

 

 

 

 

 

Table S4. Inhibition (%) of phocoenamicin B against E. faecium VR (MBB5571), E. faecium 

(VS144754) and E. faecalis (VS144492). 

 

 

 

 

 

 

 
 
 

Conc. [ug/ml] % INH_1: % INH_2: MIC [ug/mL] MIC50[ug/mL] Conc. [ug/ml] % INH_1: % INH_2: MIC [ug/mL] MIC50[ug/mL]
128 -97 -98 128 -21 -20
64 -98 -99 64 -17 -14
32 -95 -98 32 -16 -21
16 -80 -77 16 -7 -13
8 -34 -28 8 -5 -2
4 -21 -14 4 -1 -5
2 -7 -3 2 -5 -5
1 -10 1 1 -4 -5

0.5 -6 4 0.5 -2 -4
0.25 0 3 0.25 -3 -6

M. tuberculosis  H37Ra M. bovis

16-32 16-32 >128 >128

Conc. [ug/ml] % INH_1: % INH_2: MIC [ug/mL] % INH_1: % INH_2: MIC [ug/mL] MIC50[ug/mL] % INH_1: % INH_2: MIC [ug/mL] MIC50[ug/mL]
128 -26 -7 -66 -62 -74 -77
64 -22 -19 -63 -59 -75 -81
32 -23 -23 -54 -56 -72 -65
16 23 21 -39 -36 -37 -40
8 57 71 -20 -13 -5 -8
4 61 69 -5 0 3 4
2 43 60 0 6 4 4
1 56 37 1 -1 1 2

0.5 57 58 0 5 1 4
0.25 62 61 -2 1 -1 0

E. faecium VR_MB5571  E. faecium VS144754  E. faecalis VS144492

16-32>128 >128 >128 16-32
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128 -169 -106 -105 > 0.25 -95 -97 -100 32 -109 -105 -105 1 -103 -103 -105 0,5
64 -220 -103 -104 -99 -97 -100 -104 -102 -105 -100 -99 -103
32 -101 -102 -101 -96 -96 -86 -46 -36 -8 -101 -100 -21
16 -101 -101 -101 -73 -81 -61 -100 -99 -8 -100 -100 -103
8 -100 -101 -101 -7 -4 -22 -100 -99 -6 -101 -101 -102
4 -100 -102 -100 3 14 -20 -100 -59 -6 -101 -100 -102
2 -100 -101 -89 14 16 5 -101 -62 -10 -99 -100 -100
1 -100 -100 -99 -42 19 6 -31 -31 -10 -43 -49 -18

0,5 -100 -101 -50 7 20 5 -100 -32 -13 -100 -100 -4
0,25 -101 -101 -50 -3 0 0 -26 -25 -11 -26 -46 -8

7

Table S5. % inhibition of the seven spirotetronates against MRSA MB5393, M. tuberculosis 
H37Ra, E. faecalis VANS144492 and E. faecium VANS144754. 

 

 

 

 

 

 

 

 

 

 

 

128 -97 -93 -92 64 -88 -81 -93 64 -20 -20 13 > 64 -34 -92 -19 ≥ 128
64 -88 -93 -56 24 -62 -18 7 16 -1 -22 -18 -13
32 -32 -30 -17 3 2 -18 1 -10 -4 -11 -8 -6
16 -15 -9 -14 -17 -31 2 -4 -4 -2 -3 -3 -6
8 -12 -5 -11 11 21 12 -8 -6 -1 -3 -4 -6
4 -12 -5 -12 -1 25 18 -6 -5 -3 -4 -6 -9
2 -13 -4 -12 13 1 10 -1 -6 -6 -5 -8 -9
1 -12 -7 -13 9 20 16 -3 -5 -4 -4 -9 -11

0,5 -12 -8 -12 13 19 9 -4 -6 -6 -5 -7 -11
0,25 -13 -6 -13 -9 -3 -1 -6 -14 -4 -7 -9 -11

1

128 -100 -101 -93 32-64 -90 -81 -92 32-64 -31 -35 -38 > 64 -48 -47 -36 > 64
64 -93 -98 -91 22 -87 -76 -27 -33 -20 -40 -50 -27
32 -86 -87 -75 -30 -70 -58 -41 -42 -25 -14 -31 -21
16 -57 -61 -51 -42 -21 -8 -13 -18 -12 -3 -13 -13
8 -18 -29 -31 16 10 8 -2 -5 -2 4 -7 -9
4 -7 -9 -20 1 12 20 5 2 3 6 -5 -6
2 -2 -2 -16 10 18 27 5 1 2 17 -7 -4
1 -1 0 -15 20 22 28 3 0 -1 9 -7 -7

0,5 1 1 -15 20 26 27 3 -3 -2 10 -6 -7
0,25 3 2 -12 17 19 21 1 -2 -1 10 -7 -9

2

128 -102 -101 -103 4 -95 -98 -98 8 -104 -102 -99 8 -101 -102 -94 4-8
64 -103 -101 -102 -91 -97 -99 -101 -102 -93 -100 -100 -92
32 -101 -101 -103 -100 -97 -101 -100 -100 -95 -99 -99 -86
16 -100 -101 -101 -98 -99 -100 -91 -97 -78 -96 -99 -71
8 -100 -100 -101 -90 -98 -98 -87 -90 -73 -98 -98 -56
4 -96 -100 -101 -16 -48 -40 -55 -55 -42 -75 -85 -29
2 -52 -60 -63 12 4 -9 -18 -20 -19 -7 -10 -11
1 -18 -14 -20 -40 23 2 -2 -4 -5 -4 2 -9

0,5 -14 -6 -13 12 24 18 -1 -2 -3 0 3 -6
0,25 -10 -3 -11 10 23 13 -3 -4 -4 -1 2 -10

3

128 -101 -103 -92 8 -21 -97 -98 16 -65 -76 -32 > 64 -84 -81 -45 ≥ 64
64 -101 -101 -98 -10 -91 -93 -65 -65 -34 -78 -79 -42
32 -101 -101 -101 -75 -88 -89 -66 -62 -44 -70 -73 -31
16 -101 -101 -101 -66 -73 -89 -37 -37 -29 -48 -53 -24
8 -101 -98 -96 -23 -12 -69 -16 -17 -14 -12 -11 -13
4 -30 -35 -37 19 18 -13 -9 -9 -7 -3 4 -9
2 -11 -13 -24 15 -5 14 -1 1 0 0 4 -3
1 -5 -9 -14 -41 23 18 1 -1 -1 -1 2 -3

0,5 -1 -6 -12 16 18 16 1 1 -3 0 3 -4
0,25 -3 -7 -10 10 16 10 0 -1 -2 -2 2 -7

4

Conc. [ug/ml] %INH_1: %INH_1: %INH_1: MIC µg/mL %INH_1: %INH_1: %INH_1: MIC µg/mL %INH_1: %INH_1: %INH_1: MIC µg/mL %INH_1: %INH_1: %INH_1: MIC µg/mL
MRSA  MB5393 M. tuberculosis  H37Ra E. faecalis VANS144492 E. faecium  VANS144754

64 4 -2 -101 32 7 -78 -91 32-64 -3 3 -37 > 64 1 4 -48 > 64
32 3 0 -94 16 -79 -86 -2 2 -22 0 7 -20
16 3 0 -41 -23 -6 -37 -2 -1 -12 5 7 -9
8 2 2 -14 1 12 -10 -2 2 1 3 9 -4
4 1 3 -12 -12 21 3 0 6 1 1 7 -4
2 5 3 -11 14 30 13 0 1 -2 3 7 -3
1 3 3 -11 18 25 21 -4 4 -4 7 5 -5

0,5 3 3 -12 -38 31 18 -1 3 -5 3 5 -6
0,25 3 5 -11 18 24 18 1 4 -4 7 5 -6

0,125 4 3 -9 24 25 19 2 4 -5 4 5 -5

5

128 -96 -101 -102 1 -99 -98 -100 1 -102 -101 -103 32 -103 -101 -103 0,5
64 -100 -100 -101 -99 -97 -99 -103 -101 -8 -101 -100 -102
32 -100 -101 -101 -96 -86 -92 -92 -56 -12 -100 -99 -102
16 -17 -31 -13 3 11 -14 -4 -9 -5 -96 -84 -5
8 -100 -98 -68 -66 -94 -84 -7 -12 -7 -100 -100 -71
4 -92 -97 -81 -38 -97 -68 -6 -9 -10 -100 -100 -26
2 -42 -58 -13 9 -2 -16 -5 -11 -7 -100 -83 -7
1 -6 -3 -9 -44 22 17 -4 -7 -7 -14 -11 -9

0,5 -100 -99 -61 -96 -97 -64 -1 -11 -9 -100 -100 -100
0,25 -9 -2 -10 16 23 21 -4 -6 -8 -7 0 -8

6
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