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Abstract i 

 

I. Abstract 

 

Easter Island is a geographically isolated location in the South Pacific Ocean, which has 

remained unstudied in microbiological terms. Actinobacteria are Gram-positive bacteria which are 

widely recognized by producing chemicals with medical applications and having a wide 

environmental distribution. Marine actinobacterial representatives have shown large potential for 

the production of biological active chemicals. Therefore, this study focuses in the isolation and 

characterization of the culturable actinobacterial diversity dwelling in the coastal zone of Easter 

Island, as well as in the chemical analysis of the secondary metabolites produced by actinobacterial 

representatives. To develop this project, we used a wide variety of culture media which had 

different nutritive conditions in order to broaden the diversity of cultured Actinobacteria. The 

identification and classification of the isolates was developed on the basis 16S rRNA genetic 

marker. For the evaluation of the chemical profiles, as well as the purification and identification of 

pure molecules we used techniques of analytic chemistry like chromatography, mass spectroscopy 

and nuclear magnetic resonance. Our results indicated that Easter Island had a large Actinobacteria 

diversity, since we obtained a total of 163 pure cultures, which represented 72 phylotypes 

distributed in 20 different genera. Phylogenetic evaluation suggested a high degree of novelty 

showing that 45% of the isolates may represent new taxa. The chemical evaluation of an Easter 

Island sea anemone and its actinobacterial symbionts showed the presence of two known 

antitumoral anthraquinones. Chemical experiments showed that the real producer of the 

anthraquinones was a previously unidentified actinobacterial strain, and not the sea anemone. In 

addition, the study of two Streptomyces strains, which were geographically distant, but 

phylogenetically almost identical, indicated that they had different morphological and chemical 

features which were strain specific. Finally, our study showed that Easter Island was a rich source 

of new actinobacterial taxa, as well as of known representatives. The chemically studied 

Actinobacterial representatives showed interesting potential for the production of antitumoral and 

antibiotic chemicals and the secondary metabolite comparison of phylogenetical identical, but 

geographical distant, Actinobacteria clarified that 16S rRNA is not a suitable genetic marker to 

determine chemical novelty potential.  
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II. Zusammenfassung 
 

Die Osterinsel ist ein geographisch isolierter Ort im Südpazifik, der mikrobiologisch noch 

nicht untersucht wurde. Aktinobakterien sind Gram-positive Bakterien, von denen allgemein 

bekannt ist, dass sie weit verbreitet sind und zahlreiche Substanzen produzieren, die für 

medizinische Anwendungen interessant sind. Vertreter mariner Aktinobakterien haben ein großes 

Potenzial zur Produktion biologisch aktiver Substanzen gezeigt. Daher konzentriert sich diese 

Studie auf die Isolierung und Charakterisierung der kultivierten aktinobakteriellen Vielfalt, die sich 

in der Küstenzone der Osterinsel aufhält, sowie auf die chemische Analyse der sekundären 

Metaboliten, die von aktinobakteriellen Vertretern produziert werden. Zur Entwicklung dieses 

Projekts verwendeten wir eine Vielzahl von Nährböden mit unterschiedlichen Kulturbedingungen, 

um die Vielfalt an kultivierten Aktinobakterien zu erhöhen. Die Identifizierung und Klassifizierung 

der Isolate wurde auf der Grundlage des 16S rRNA-Genmarkers entwickelt. Für die Auswertung 

der chemischen Profile sowie die Reinigung und Identifizierung reiner Moleküle wurden 

Techniken der analytischen Chemie wie Chromatographie, Massenspektroskopie und 

Kernspinresonanz eingesetzt. Unsere Ergebnisse zeigten, dass die Osterinsel eine große Vielfalt an 

Aktinobakterien besitzt: die insgesamt 163 erhaltenen Reinkulturen verteilten sich auf 72 

Phylotypen und 20 verschiedene Gattungen. Die phylogenetische Auswertung ergab einen hohen 

Grad an Neuheit. Sie zeigte, dass 45% der Isolate neue Taxa darstellen können. Die chemische 

Bewertung einer Seeanemone der Osterinsel und ihrer aktinobakteriellen Symbionten ergab das 

Vorhandensein von zwei bekannten antitumoralen Anthrachinonen. Chemische Experimente 

zeigten, dass der eigentliche Produzent der Anthrachinone ein Aktinobakterium war und nicht die 

Seeanemone. Darüber hinaus zeigte die Untersuchung von zwei Streptomyces-Stämmen, die aus 

geographisch entfernten Regionen stammten, aber phylogenetisch fast identisch waren, dass sie 

unterschiedliche, stammspezifische morphologische und chemische Merkmale hatten. Schließlich 

zeigte die vorliegende Studie, dass die Osterinsel eine reiche Quelle für neue aktinobakterielle Taxa 

und bekannte Vertreter war. Die chemisch untersuchten Aktinobakterien-Vertreter zeigten ein 

interessantes Potenzial für die Produktion von antitumoralen und antibiotischen Substanzen. Der 

Vergleich der Sekundärmetabolite dieser phylogenetisch nahezu identischen, aber aus 

geographisch weit entfernten Standorten isolierten Aktinobakterien verdeutlichte, dass 16S rRNA 

kein geeigneter genetischer Marker ist, um das Potenzial für chemische Neuerungen zu bestimmen. 
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III. Abstract of the publications 

 

High diversity and novelty of Actinobacteria isolated from the coastal zone of the 

geographical remote young volcanic Easter Island, Chile. 

Ignacio Sottorff, Jutta Wiese, and Johannes F. Imhoff: 

International Microbiology, 2019 

https://doi.org/10.1007/s10123-019-00061-9 

 

Abstract 

Easter Island is an isolated volcanic island in the Pacific Ocean. Despite the extended knowledge 

about its origin, flora, and fauna, little is known about the bacterial diversity inhabiting this 

territory. Due to its isolation, Easter Island can be considered as a suitable place to evaluate 

microbial diversity in a geographically isolated context, what could shed light on actinobacterial 

occurrence, distribution, and potential novelty. In the present study, we performed a comprehensive 

analysis of marine Actinobacteria diversity of Easter Island by studying a large number of coastal 

sampling sites, which were inoculated into a broad spectrum of different culture media, where most 

important variations in composition included carbon and nitrogen substrates, in addition to salinity. 

The isolates were characterized on the basis of 16S ribosomal RNA gene sequencing and 

phylogenetic analysis. High actinobacterial diversity was recovered with a total of 163 pure cultures 

of Actinobacteria representing 72 phylotypes and 20 genera, which were unevenly distributed in 

different locations of the island and sample sources. The phylogenetic evaluation indicated a high 

degree of novelty showing that 45% of the isolates might represent new taxa. The most abundant 

genera in the different samples were Micromonospora, Streptomyces, Salinispora, and Dietzia. 

Two aspects appear of primary importance in regard to the high degree of novelty and diversity of 

Actinobacteria found. First, the application of various culture media significantly increased the 

number of species and genera obtained. Second, the geographical isolation is considered to be of 

importance regarding the actinobacterial novelty found. 
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Antitumor anthraquinones from an Easter Island sea anemone: animal or bacterial origin? 

Ignacio Sottorff, Sven Künzel, Jutta Wiese, Matthias Lipfert, Nils Preußke, Frank Sönnichsen, and 

Johannes F. Imhoff: 

Marine Drugs, 2019 

https://doi.org/10.3390/md17030154 

 

Abstract 

The presence of the anthraquinones, Lupinacidin A and Galvaquinone B which have antitumoral 

activities, has been identified in the sea anemone (Gyractis sesere) from Easter Island. So far these 

anthraquinones have been characterized from terrestrial and marine Actinobacteria only. In order 

to identify the anthraquinones producer, we isolated Actinobacteria associated with the sea 

anemone and obtained representatives of seven actinobacterial genera. Studies of cultures of these 

bacteria by HPLC, NMR, HRLCMS analyses showed that the producer of Lupinacidin A and 

Galvaquinone B indeed was one of the isolated Actinobacteria. The producer, strain, SN26_14.1, 

was identified as a representative of the genus Verrucosispora. Genome analysis supported the 

biosynthetic potential to the production of these compounds by this strain. This study adds 

Verrucosispora as a new genus to the anthraquinone producers, in addition to well-known species 

of Streptomyces and Micromonospora. By a cultivation-based approach, the responsibility of 

symbionts of a marine invertebrate for the production of complex natural products found within the 

animal’s extracts could be demonstrated. This finding re-opens the debate about the producers of 

secondary metabolites in sea animals. Finally, it provides valuable information about the chemistry 

of bacteria harbored in the geographically-isolated and almost unstudied, Easter Island. 
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Different secondary metabolite profiles of phylogenetically almost identical Streptomyces 

griseus strains originating from geographically remote locations 

Ignacio Sottorff, Jutta Wiese, Matthias Lipfert, Nils Preußke, Frank Sönnichsen and Johannes F. 

Imhoff: 

Microorganisms, 2019 

 

https://doi.org/10.3390/microorganisms7060166 

 

Abstract 

As Streptomyces have shown outstanding capacity for drug production, different campaigns in 

geographical-distant locations are currently aiming at isolating new antibiotic producers. However, 

many of this newly isolated Streptomyces strains are classified as identical to already described 

species. Nevertheless, as discrepancies in terms of secondary metabolites and morphology are 

possible, we compared two Streptomyces strains with identical 16S rRNA gene sequences, but 

geographical distant origin. Chosen were an Easter Island Streptomyces isolate (Streptomyces sp. 

SN25_8.1) and the next related type strain, which is Streptomyces griseus subsp. griseus DSM 

40236T isolated from Russian garden soil. Compared traits included phylogenetic relatedness based 

on 16S rRNA gene sequences, macro and microscopic morphology, antibiotic activity and 

secondary metabolite profiles. Both Streptomyces strains shared several common features, such as 

morphology and core secondary metabolite production. They revealed differences in pigmentation 

and in the production of accessory secondary metabolites which appear to be strain-specific. In 

conclusion, despite identical 16S rRNA classification Streptomyces strains can present different 

secondary metabolite profiles and may well be valuable for consideration in processes for drug 

discovery. 
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IV. Introduction 

 

1. Easter Island  

1.1. Origin 

 

Easter Island or Rapa Nui (Polynesian name) is an isolated Chilean insular territory with 

an area of 163.6 km2 (Casanova et al. 2013), it is located in the southern Pacific Ocean, specifically 

3,515 km from continental Chile, and 9,430 km to the nearest part of Australia (Figure 1). Easter 

Island is classified as an intraoceanic volcanic island, since it is the product of the eruption and 

buildup of oceanic volcanoes (Vezzoli et al. 2009). Commonly, oceanic volcanoes are placed in 

the boundaries of tectonic plates where magma plumes flow out, accordingly, Easter Island is 

located in the intersection between the Nazca and Pacific plates (Vezzoli et al. 2009).   

The formation and rise of Easter Island occurred as a result of submarine volcanic activity 

(Casanova et al. 2013), by the eruption and buildup of three different and neighboring shield-

volcanoes; Rano Kau, Terevaka and Poike. The buildup and convergence of the shield-volcanoes 

occurred in two different phases: Phase one, buildup of the magmatic material from an eruptive 

fissure in the tectonic plate, which ended up in the formation of summit calderas, which continued 

releasing and accumulating magmatic material. This first phase took place 0.78–0.3 Ma ago 

(Casanova et al. 2013). Phase two, constituted the continue accumulation of volcanic material 

through fissure eruptions which provoked the convergence and rise of the three shield-volcanoes 

as one joined mass land. This process took place 0.24–0.11 Ma ago (Casanova et al. 2013, Vezzoli 

et al. 2009). A schematic representation of the formation process is presented in Figure 2.  

Currently, the forming volcanoes, Rano Kau, Terevaka and Poike, are thought to be extinct, 

since no major volcanic activity has been recorded in the last centuries (Routledge et al. 1917), 

although stream cracks were reported in the Rano Kau volcano crater during the first quarter of the 

twenty century (University of Hawaii et al. 2019).  
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Figure 1 World map showing the geographical location of Easter Island, Chile (red diamond). 

 

Figure 2 Easter Island formation process. A) Location and distribution of the shield-volcanoes 

Rano Kau, Terevaka and Poike in the Pacific Ocean. B) Phase one in the island formation, buildup. 

C) Phase two in the island formation, lateral expansion, convergence and rise. Extracted from 

Vezzoli et al. (2009). 
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1.2. Main features 

 

Easter Island has a maximum ground elevation of 560 m a.s.l. The highest points in the 

island are characterized by extinct volcanoes, such as Poike, Rano Kau, and Terevaka, which are 

located in each corner of the island (Casanova et al. 2013), see Figure 3. The soil of the island is 

structured by volcanic rocks, clay soils, and lava outcrops (Casanova et al. 2013). The coastal zone 

of the island is formed by abundant volcanic rocks, though the Anakena-Ovahe zone differs by 

presenting a sandy beachfront. Some of the most common features of the island are presented in 

Figure 4.  

Easter Island has a southern subtropical weather, having summer season during December 

to March and winter season during June to September. The range of temperatures spans from a 

minimal of 10°C during the winter, while the maximum temperature is of 30°C during the summer 

(Azizi et al. 2008). The climate at Easter Island has been reported as mostly moist, with humidity 

values of 70-88%. The registered annual rainfall for 2018 was 936.4 mm. The highest levels of 

monthly precipitation were registered in May and September for 2018 (Meteochile et al. 2019).  

 

Figure 3 Geomorphology of Easter Island. In each corner, the extinct volcanoes are signaled as 

following: A) Rano Kau, B) Terevaka, and C) Poike. Figure extracted from Casanova et al. (2013). 
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Figure 4 Easter Island geographical features. 1) Anakena beach, one of two sandy coastal zone at 

the island 2) North coast of the island 3) South coast of the island 4) Intertidal zone at west coast 

of the island 5) Volcanic-derived rocky ponds 6) Intertidal zone at the east coast of the island 7) 

Inland flatlands at the island 8) Crater of the inactive volcano Rano Kau 9) Panoramic view of the 

North coast of the island, and its erosion.  

 

1.3. Easter Island colonization and human population 

 

The island colonization occurred by different events of dispersion through time, in which 

different macro and microorganisms reached this territory by physical and biological mechanisms. 

An example is the Chilean palm, Jubaea chilensis, which is endemic from continental Chile, but it 

has also been reported on Easter Island. It has been suggested that its arrival to Easter Island 

occurred by accidental drift by marine currents (Grau et al. 1996). A similar case has been proposed 

for the sweet potato, Ipomoea batatas, and its arrival to Easter Island and Polynesia, since this tuber 

has its origin in Central and South America (Montenegro et al. 2008).  

Animal and human arrivals have been documented on Easter Island. The first human 

settlement has been estimated to be 1200 years A.D. (Hunt and Lipo 2006), and initiated as a 
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progressive spread of Polynesians from Samoa towards the East, ending up in Easter Island 

(Wilmshurst et al. 2011). During colonization, Polynesians relied their subsistence upon the 

consumption of small animals and plants, like the pacific rat (Barnes et al. 2006), the Polynesian 

chicken (Fitzpatrick and Callaghan 2009), and the sweet potato (Polet and Bocherens 2016) which 

were carried to the new destinations. After the first settlement, several European visits were 

documented starting in 1722 (Fischer, 2005), but the most critical episode for the people of Rapa 

Nui occurred in 1862 when islanders that had been taken as slaves to Peru, were returned to Easter 

Island after having contracted diseases (tuberculosis, smallpox, dysentery), severally decimating 

the population (Fischer 2005). 

 

1.4. Biodiversity 

 

The biodiversity of Easter Island has only been studied partially because its geographical 

isolation has complicated the explorations. Despite logistic issues, progress has been made in the 

study of the Easter Island flora and fauna. To date, the study of the Easter Island flora has reported 

a total of 48 species of which 11 are endemic (Dubois et al. 2013). Most of the species studied have 

been associated to grasses, which can be related to the fact that nearly 90 % of the island is covered 

by grasslands (Finot et. al 2015). Trees at Easter Island are limited to few patches, where coconut 

and Chilean palms, in addition of bananas and eucalyptus trees are the most abundant (Mann et al. 

2008).  

Studies on Easter Island fauna have faced the same logistic considerations, but advancement 

has been made during the last thirty years. Easter Island fauna has been described as a combined 

biodiversity, with origins in South America and Asia-Pacific territories, as well as having an 

endemic population (Escalante and Arancibia 2016). To date, marine organisms have been by far 

the most studied subject. The most common organisms found are marine sponges (DiSalvo et al. 

1988), cnidarian (DiSalvo et al. 1988; Glynn et al. 2007), crustaceans (DiSalvo et al. 1988; Retamal 

2004), mollusks (DiSalvo et al. 1988; Osorio and Cantuarias 1989; Rehder 1980), polychaetes 

(DiSalvo et al. 1988; Kohn and Lloyd 1973), echinoderms (DiSalvo et al. 1988; Massin 1996), 

fishes (Randall and Cea 2011) and bryozoan (Moyano 2001). The knowledge of the biodiversity of 

the island is still growing with new species being periodically reported (Ng and Boyko 2016), 

however to date there is not a total estimation of the fauna of Easter Island.  
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Contrasting with the studies in flora and fauna, only few studies have dealt with Easter Island’s 

microbiological diversity (Cumsille et al. 2017; Miller et al. 2014; Vezina et al. 1975), despite the 

remarkable endemism rate found in other biological domains.  

 

1.5. Microbiology 

 

Ultimately, microbial importance has been unveiled due to the comprehension that 

microbes play a key role in their habitats and hosts. For instance, the human microbiome has been 

studied to determine the influence of microbes in human health. These studies have concluded that 

the microbiome of healthy individuals differs of that of sick ones (Huttenhower et al. 2012). 

Additionally, it has been shown that a stable microbiome is essential to keep individuals healthy 

(Huttenhower et al. 2012). Similar conclusions have been made for other organisms, such as fishes 

and cattle (Merrifield et al. 2014, Stewart et al. 2018). Plants are another example of beneficial 

interaction with microbes, since the close relationship between the root system of plants and 

nitrogen fixer microbes has been demonstrated to be a beneficial symbiotic relation (Mus et al. 

2016). 

Microbiologically, Easter Island is an interesting place to investigate due to its 

geographical isolation and conservation state. Easter Island can be a study case of how different 

the bacterial populations are in zones with little or no anthropogenic impact. Furthermore, the study 

of the microbes on this territory would further support a better understanding of the biogeography 

of microorganisms by comparing its population to other distant locations. Additionally, 

biogeographic information would provide more means to evaluate the hypothesis of Beijerinck: 

"Microbial ubiquity and environmental determinism” and Baas Becking: “Everything is 

everywhere, but the environment selects” (Becking et al. 1934; O’Malley et al. 2008). Finally, it is 

of importance to generate microbiological data from Easter Island in order to compare it with 

studies on the microbial diversity of Hawaii, to assess if two distant locations with similar origin 

(interoceanic volcanic) may harbor related microbial diversity.  
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1.6. Drug discovery 

 

Currently, the increasing number of reports of multi drug resistant pathogens (Lockhart et 

al. 2016) has triggered the search of new molecules which can be effective in the treatment of these 

emerging pathogens. Furthermore, it has also been observed that tumoral cells can develop 

tolerance and resistence against anticancer drugs (Chisholm et al. 2015), worsening the possibilities 

of disease recovery. To date, there are different strategies of drug discovery, which vary in 

effectivity, costs and feasibility. They can mainly be classified as following: chemical based, 

genome based, computer based and microbiology based.  

Chemical based drug discovery strategy is developed with synthetic chemistry, mainly 

through structure activity relationship (SAR). These studies are developed by adding, exchanging 

or modifying chemical groups in an already characterized chemical entities (Koehn et al. 2005). 

The aim of this strategy is to increase the biologial activity of a chemical on a particular target or 

the manufacture of novel biological activity in previously not active targets (Koehn et al. 2005). 

Despite the great utility of this strategy, it is limited to a defined chemical scaffold and the 

complexity of its synthetic modification. A genome based study may be explained as the the 

analysis of the genetic information of a given organism to survey secondary metabolites 

biosynthetic genes (Kersten et al. 2011). Recently, this strategy has been enormously avanced due 

to the lower cost of genome sequencing and the development of platforms that score secondary 

metabolites gene similarity (Weber et al. 2015), enzyme identity and chemical novelty. Despite 

how this analysis is quite insigthful in terms of information, it also faces limitations because it 

targets only known secondary metabolties genes, ignoring genes with unknown function but great 

potential. A computer-aided drug discovery approach is the computational modelling of molecules 

for a given target which is mainly essential proteins. Computational modeling is developed in order 

to build molecules which can satisfy the required chemical interactions to fit into a drug-target 

docking site (Kapetanovic et al. 2008). This strategy overlaps with SAR studies, but it is majorly 

developed in silico only. The main limitation of this approach is the amount of time and computer-

human resource it consumes.  

A microbiology based approach aims the search of microorganisms with pharmaceutical 

potential. The determination of the biological activity is made through the individual growth of 

microbial strains, their chemical extraction and subsequent biological activity testing with the 

desired target. This strategy requires the isolation of the bacterial strains and has been the most 

used approach during the last 50 years (Demain and Sanchez, 2009). The main limitation of this 
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approach is drug re-discovery, but this issue can be reduced through an exhaustive process of 

dereplication, which intends the preliminary characterization of the molecules produced by the 

microbial strains as early as possible in the process of discovery. Dereplication allows discerning, 

in an early stage, if the purification, isolation and structure elucidation of a molecule has potential 

for novelty. 

Because the extensive exploration of continental locations and occurrences of drug re-

discovery, it was proposed that unstudied environments can harbor novel microorganisms that can 

potentially produce unknown chemicals (Dhakal et al. 2017). Therefore, diverse investigations 

were made to test this hypothesis. One successful example of the exploration of unstudied 

environments was the ocean. To date, the exploration of marine sediments and invertebrates has 

produced a relevant number of novel bacteria and chemicals (Bull et al. 2007). Even, a new 

bacterial phylum (Fieseler et al. 2004) and genus (Jensen et al. 2015) have been documented 

coming from the ocean. For example, the discovery of the actinobacterial genus Salinispora, 

obtained exclusively from marine sediments was achieved as a result of the exploration of new 

environments. Thus far, this genus has produced three novel species, S. arenicola, S. tropica and 

S. pacifica (Jensen et al. 2015), which have shown to be distributed only in the ocean, as Figure 5 

describes. This same actinobacterial genus has yielded a quite important number of new and known 

chemicals (Figure 6), which confirms the high potential of unexplored sources, in this case the 

ocean, to provide novel microorganisms and chemicals. 

  

Figure 5 Global distribution of the actinobacterial genus, Salinispora. Figure extracted from Jensen 

et al. (2015).  
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Table 1 Chemical diversity obtained from the novel actinobacterial genus, Salinispora. Figure 

extracted from Jensen et al. (2015).  
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In addition to Salinispora, other actinobacterial genera such as; Streptomyces, 

Micromonospora, Nonomuraea and Verrucosispora are commonly found in sea sediments. Only 

this reduced group of Actinobacteria has produced a wide variety of molecules with different 

biological activities like antibiotic (Socio et al. 2003), antifungal (Nair et al. 1992), and antitumoral 

activities (Jensen et al. 2015). The common feature of Salinispora, Streptomyces, Micromonospora, 

Nonomuraea and Verrucosispora genera is that all belong to the Actinobacteria phylum. This 

phylum has shown to be outstanding in the production metabolites (Hopwood, 2007; Waksman, 

1967; Goodfellow & Fiedler, 2010). For instance, today most of the commonly used antibiotics 

have been isolated from Actinobacteria (Sun et al. 2018), demonstrating large potential for drug 

discovery and medical application. In addition, Actinobacteria have also shown capabilities to 

produce antitumoral (Fenical et al. 2009), anti-inflammatory (Braña et al. 2015) and immune-

suppression molecules (Manuelli et al. 2010), presenting great relevance for human health safety.  

 

2. Actinobacteria 

2.1. General features 

 

Actinobacteria are Gram-positive bacteria with a wide range of morphological properties, from 

unicellular spherical to filamentous multicellular structures known as hyphae (Trujillo 2016). 

Actinobacteria were first described in the nineteenth century and were named as “the ray fungi” 

due to their similarities to fungal hyphae (Krasil’nikov, 1938; Stackebrandt and Schumann, 2006). 

For instance, the actinobacterial genus, Streptomyces, has been well characterized by producing 

abundant aerial hyphae structures and spores (Gray et al. 1990), meanwhile other Actinobacteria 

genera do not necessarily produce hyphae, like the genus Arthrobacter, which has shown coccoid 

morphology (Jones and Keddie 2006). The phylum is composed of six different classes, 

Rubrobacteria, Thermoleophilia, Coriobacteriia, Acidimicrobiia, Nitriliruptoria, and 

Actinobacteria (Ludwig et al. 2012). Within these actinobacterial classes, 18 different orders can 

be found, see Figure 6. Currently, a total of 222 genera have been described.  
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Figure 6 To date officially accepted actinobacterial orders. The phylogenetic construction was 

made through the analysis of the 16S rRNA gene sequence. Figure extracted from Ludwig et al. 

(2012). 
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The Actinobacteria represent one of the most diverse bacterial phylum (Ludwig et al. 2012). 

Actinobacteria are mostly classified based on the 16S rRNA gene sequence, which has 

demonstrated to be a reliable phylogenetic marker due to its high degree of conservation, its 

coherency and evaluation rapidness. However, nowadays in the genomic era, a higher rate of 

studies is establishing their research on genome-based phylogeny (Barka et al. 2016). The 

advantage of this new classification system lies in the larger number of genetic markers in use, 

which have a direct effect in the resolution of the phylogenetic trees constructed, delivering a more 

elegant and sensitive taxonomic classification. An example of genome-based phylogenetic 

classification is shown in Figure 7. 

Another main feature of Actinobacteria is the high GC-content found in their genomes, which 

can range from 51% to >70% (Ventura et al. 2007).  The Actinobacteria genome size is also diverse, 

finding genomes as small as 0.75 Mb in Acidimicrobiia bacterium strain UBA1281 (NCBI # 

PRJNA348753) to large genomes, like in the case of the Streptomyces genus, which can be larger 

than 7 Mb (Jiao et al. 2018). Remarkably, the genomes size in Actinobacteria varies strongly. 

Pathogenic Actinobacteria have shown to have reduced genomes size, in comparison with 

environmental species. It has been proposed that bacterial genome size and gene content are directly 

dictated by environmental pressures (Ventura et al. 2007). For instance, since pathogenic species 

need a host to survive, they do not need to keep all the metabolic pathways to survive, and may 

reduce their genome by releasing certain genes with non-essential biochemical pathways which can 

be replaced by host metabolic products (He et al. 2015). In contrast, environmental non-pathogenic 

Actinobacteria, which dwell in a nutritive variable niche, need to keep as much genes as possible, 

in order to have metabolic flexibility and assure survival, or in other words, use what is available. 

Streptomyces have a large genome size strategy by keeping a large number of genes related to 

various metabolic pathways in order multiple their survival options (Barbe et al. 2011).  

Actinobacteria have provided immense benefits for human health, however there are also 

pathogenic actinobacterial representatives, such as Mycobacterium tuberculosis, responsible of 

tuberculosis, which has caused millions of deaths (Cole et al. 1998). Another pathogenic 

Actinobacteria is Tropheryma whipplei (Raoult et al. 2003), which is the cause of the Whipple's 

disease. This disease attacks mainly the digestive system and produces the malabsorption of 

nutrients, generating a wide range of symptoms, like arthritis, diarrhea, intestinal mucosa bleeding, 

abdominal pain and occasionally hepatitis (Fenollar et al. 2007).  
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Figure 7 Genome-based phylogenetic tree for the phylum Actinobacteria. Constructed with 97 

genomes sequences. Figure extracted from Barka et al. (2016). 
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2.2. Environment and distribution 

 

Actinobacteria were primarily described as soil dwellers decomposing complex sugars 

(Waksman 1940), however they have ultimately been found in diverse habitats, such as animals 

(Schneemann et al. 2010a), the deep sea (Hohmann et al. 2009), volcano-derived lakes (Villalobos 

et al. 2018), sea sediments (Maldonado et al. 2009), plant root systems (Wang et al. 2011), and 

caves (Riquelme et al. 2015), among others. Actinobacteria have been isolated from quite diverse 

locations. For instance, many actinobacterial representatives have been isolated from the Atacama 

desert, Chile, which is the driest desert of the world (Neilson et al. 2012), as well as in the Antarctic 

territory, where the new actinobacterial genus, Marisediminicola, was discovered (Li et al. 2010). 

Consequently, Actinobacteria representatives appear to have a global distribution and ubiquitous 

distribution in the different ecological niches.  

Additionally, Actinobacteria have been reported as symbionts in plants (Martínez-Hidalgo et 

al. 2014), animals (Karimi et al. 2019) and humans (Lewis et al. 2016), generating discussion about 

their specific function in the host organisms. A long standing example of Actinobacteria symbiosis 

is the interaction between Micromonospora and the root systems of plants. Micromonospora has 

been hypothesized to play a role in nitrogen fixation (Martínez-Hidalgo et al. 2014) and therefore 

is considered a key element for the plant survival. Another relevant case are marine sponges, which 

harbor enormous microbial diversity (Hentschel et al. 2003; Imhoff and Stöhr 2003). 

Actinobacteria have been shown to be an important player of the sponge microbial community 

(Karimi et al. 2019), however their specific function in this sea animal remains to be fully clarified, 

although it has been proposed that they may be involved in the sponge chemical defense mechanism 

(Paul et al. 2019), since sponges lack a physical defense system. Despite the understanding that 

Actinobacteria can be found in different environments, discussion has been going on niche 

specificity (Hanshew et al. 2015). In this context, of particular importance is the genus Salinispora, 

since it is said to be the first obligated marine Actinobacteria to be isolated and characterized 

(Maldonado et al. 2005). This discovery place the question whether or not there are niche specific 

Actinobacteria.  
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2.3. Easter Island Actinobacteria 

 

Easter Island Actinobacteria have not been studied in depth, despite the potential they may 

have for pharmaceutical and industrial applications. So far, only two studies have been developed 

in this territory or in its surrounding. The first study developed by Vezina et al. (1975) resulted in 

the isolation of Streptomyces hygroscopicus and discovery of rapamycin, a hybrid polyketide non-

ribosomal peptide that primarily was characterized as an antifungal agent. Nowadays, rapamycin 

(also known as Rapamune®) is widely used as an inmunosuppressive drug (Sehgal et al. 1998). 

More recently, another investigation in the offshore of Easter Island was developed by Cumsille et 

al. (2017), where they studied the marine sediment and sponges samples. This investigation gave 

as a result the characterization of 16 different genera of Actinobacteria, being the most abundant 

Micrococcus, Serinococcus, Kocuria, Nocardioides and Streptomyces. More details are shown in 

Figure 8.  

 

 

Figure 8 Actinobacterial diversity of marine sponge offshore Easter Island. Figure extracted and 

modified from Cumsille et al. (2017). No sediment diversity was reported.  

 

 

 

 



  

16 Introduction  

 

2.4. Applications and biotechnology 

 

Actinobacteria have shown an outstanding capacity for the production of secondary metabolites 

with unprecedented chemical structures (Fenical et al. 2009; Jang et al. 2013; Trischman et al. 

1994), ranging from polyketides, non-ribosomal peptides, ribosomal peptides and polyketides-non-

ribosomal peptide hybrids. As diverse as the chemistry found in Actinobacteria are the biological 

activities produced for these molecules. The most remarkable biological activities describe to-date 

and the producers are shown in Table 2. 

Despite Actinobacteria immense potential for drug discovery, their biotechnological abilities 

are not limited to only chemical production. Thus, the advancement of molecular biology and 

genome sequencing technologies has allowed shedding light on many different biotechnological 

applications that Actinobacteria can deliver. Currently, many representatives of this phylum are 

being used to produce enzymes, such as proteases, amylases, xylanases and cellulases (Hamedi et 

al. 2017). The main function of these enzymes is to produce the hydrolysis of polymers in order to 

make available the individual units of the chain. A well-known example is the case of amylases, 

which produce the hydrolysis of starch to simpler hydrocarbons, like maltose, which can be used 

by wider range of organisms (McKillop et al. 1986).  

Another biotechnological application of Actinobacteria is the biotransformation of chemicals. 

Biotransformation is the modification of the chemical structure in a molecule through a microbe 

catalyzed process (Pervaiz et al. 2013). This application takes advantage of the enzymatic 

capabilities of microbes, which can generate isomerization, oxidative and reductive reactions 

(Hamedi et al. 2017). The main benefit of biotransformation is the avoidance of synthetic chemistry 

for chemical modification, which may require several synthetic steps with highly toxic reagents 

and low yields, to produce the same modification than a microbe can develop in a single or few 

steps. An example of this process is the performed by Rhodococcus rhodochrous IEGM66, which 

produce the biotransformation of betulin, a pentacyclic lupane triterpenoid to betulona, a terpene 

which is a useful intermediate for the synthesis of biological active molecules. Betulin is obtained 

from the birch bark (Betula spp.) and it is biotransformed to betulona through a one-step 

regioselective oxidation of a secondary hydroxyl group, producing an oxo group (Grishko et al. 

2013). If this chemical modification were carried out in a synthetic fashion, it would require 

multiple steps, as protection, oxidation and deprotection. Also, it would involve the use of high 

priced and eventually toxic reagents.  
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Bioremediation through the use of actinobacterial representatives is another application of great 

importance. Due to the large biodiversity and persistence of the phylum, Actinobacteria are adapted 

to live in conditions that other microorganisms cannot tolerate. This actinobacterial feature has 

been used in the recovery of contaminated soils (Alvarez et al. 2017). There have been reports of 

the use of Actinobacteria for the recovery of heavy metals (Alvarez et al. 2017), modification and 

solubilization of persistent organic chemicals (Chaudhary et al. 2011). A dual example of 

bioremediation of contaminated soils with cancerogenic heavy metals and organohalogenated 

chemicals is the case performed by Streptomyces sp. M7, which efficiently remedied Cr(VI) and 

lindane from contaminated soils (Polti et al. 2014). This finding has great potential due to the 

necessity of decontamination of currently or previously industrial areas in developed and 

developing countries. Nevertheless, the precise mechanism of intake and modification of the 

pollutants is not characterized yet.  

Furthermore, Actinobacteria are being currently tested as a non-chemical antifungal agent in 

pilot agricultural farms. These studies have demonstrated that by adding Streptomyces spores to 

wheat seeds, plants will be able to tolerate infections of pathogenic fungi (Rhizoctonia solani, 

Pythium sp.) and will perform as good as with the addition commercial antifungal agents (Araujo 

et al. 2017). The relevance of this finding lies in that commercial antifungal agents have high level 

of toxicity and high cost for small farmers. Interestingly, similar results were obtained with rice 

(Oryza sativa) cultures. In a field trial, rice cultures were treated with broth cultures of Streptomyces 

obtained from the rice rhizosphere. These treated rice cultures were subsequently exposed to the 

pathogenic fungus Rhizoctonia solani. The result obtained (Figure 9) was the tolerance of the 

cultures when exposed to the infective agent (Araujo et al. 2017). 

 

Figure 9 Fungal tolerance of rice treated with Streptomyces broth culture. Extracted from Araujo 

et al. (2017). 
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Biotechnological applications of Actinobacteria are more extensive than here presented 

(Hamedi et al. 2017). However, their most relevant ability is the production of secondary metabolite 

with biomedical and industrial applications. Several decades have been invested in the study and 

development of these features, and they have provided hundreds of molecules that we currently use 

in our everyday life (Imhoff et al. 2011; Miao and Davies 2010). Table 2 presents a list of selected 

actinobacterial representatives, its chemical products and biological activities.   

Table 2 Examples of bioactive chemicals produced by actinobacterial representatives and their 

biological activity. Table extracted from Barka et al. (2016). 
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Table 2 (Continued) Examples of bioactive chemicals produced by actinobacterial representatives 

and their biological activity. Table extracted from Barka et al. (2016). 
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Table 2 (Continued) Examples of bioactive chemicals produced by actinobacterial representatives 

and their biological activity. Table extracted from Barka et al. (2016). 

 

 

 

 

 

 

 

 

 

 

 

3. Microbial natural products chemistry 
 

3.1. General overview and uses 

 

Natural Products refers to a broad variety of small molecules that are produced by organisms. 

Most of these chemicals are products of secondary metabolism, which means that they are 

important for survival but not essential (Buchanan et al. 2015). Most of the microbial secondary 

metabolites discovered to date have biological activities, such as antibacterial (Hohmann et al. 

2009), antitumoral (Pamboukian and Facciotti 2004), immune-suppressive (Abraham 1998), 

antifungal (Caffrey et al. 2001) and metal chelation activity (Wang et al. 2014). The wide 

bioactivity of these chemicals has direct relation to their chemical diversity. Currently, there are a 

number of classes of microbial natural products described. The most relevant are polyketides (PK), 

non-ribosomal peptides (NRP), ribosomal peptides (RiP) and hybrids of non-ribosomal peptide-

polyketides (PK-NRP). Examples of these molecules are shown in Figure 10.  
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Figure 10 Biosynthetic chemical diversity of Actinobacteria. PK: polyketide, NRP: non-ribosomal 

peptide, RiP: ribosomal peptide, PK-NRP: hybrid of polyketide-non-ribosomal peptide. 

 

3.2. Biosynthesis 

 

The biosynthesis of microbial natural products occurs in different ways depending of the nature 

of the chemicals to be produced. The main classes can be divided in polyketides, peptides, and 

hybrids. The information for the biosynthesis is encoded in the microbial genes, which produce 

large enzymatic modules that take simple chemical units (acetate and its derivatives, aminoacids,), 

to produce complex and highly modified molecules which in some cases cannot be directly 

recognized.  
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3.3. Polyketides 

 

Polyketides molecules are built on the base of acetate units (C2), as the minimal building block. 

The coupling reaction between two different units is made though a Claisen condensation, which 

results in a poly-β-ketone chain (Rittner and Grininger 2014). The growing chain is transferred to 

other enzymatic modules in an assembly line fashion to produce further chemical modifications by 

multi-modular or iterative enzymatic processes. Polyketides have different classification depending 

of the enzymatic building strategy, thus there are three types: type I, type II and type III (Weissman 

2009). Type I PKS are characterized by large multi-modular enzymatic complexes. Each module 

has at least one catalytic domain, which modifies the growing polyketide. During the assembly 

each module only acts once on the growing polyketide chain (Figure 11A). Type II PKS are known 

to be the minimal PKS, due to that they are composed of only three domains which are used 

multiple times in an iterative fashion (Figure 11B). Type III PKS are mainly characterized by the 

lack of a transporter protein, the acyl carrier protein (ACP), and their mode of action, which works 

iteratively (Figure 11C) (Weissman 2009). The catalytic domains differ depending of the chemical 

modification encoded in the genes. To date known catalytic domains are: acyl carrier proteins 

domain (ACP), ketosynthase domain (KS), thioesterase domain (TE), ketoreductase domains 

(KR), dehydratase domain (DH), enoylreductase domain (ER), methyl Transferases domain (MT), 

halogenases domain (Hal), cyclases domain (Cyc) and oxigenases domain (Ox) (Olano et al. 2010). 

Examples of the PKS products are 6-deoxyerythronolide B (Type I), Galvaquinone B (Type II) and 

Resveratrol (Type III). 
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Figure 11 Types of polyketide synthases. A: Type I, B: Type II, C: Type III. Extracted from 

Weissman et al. (2009). 

 

3.4. Peptides 

 

Peptide natural products are as diverse as polyketides, their primary classification is based in 

the origin, which can be non-ribosomal and ribosomal synthesis. Both of these chemotype are 

encoded in the microbial genomes and built with simpler units, proteinogenic and non-

proteinogenic aminoacids (Arnison et al. 2013; Marahiel and Essen, 2009).  
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Non-ribosomal peptides (NRP) are synthesized through a multi-modular system, quite similar 

to the one shown in the synthesis of type I polyketides, but differing in the enzymatic machinery. 

The condensation reaction occurs through a peptide bond formation, with a previous activation by 

phosphorylation (Marahiel and Essen, 2009). Subsequently, the substrate aminoacid is coupled 

with the peptide intermediary, extending the peptide chain (Figure 12). The condensation, 

activation, transference and chemical modification of the growing peptide chain are catalyzed by 

different enzymatic modules which are composed of catalytic units, such as: adenylation domain 

(A), thiolation domain (T), condensation domain (C) and thioesterase domain (TE). Generally, 

long peptide chains undergo a macrocyclization in order to improve their stability (Marahiel and 

Essen, 2009).  

 

 

Figure 12 Basic non-ribosomal peptide biosynthesis mechanism. adenylation domain (A), 

thiolation domain (T), condensation domain (C). **Thioesterase domain (TE) not shown in the 

figure. Extracted from Watanabe et al. (2009). 

 

 Ribosomal peptides are synthetized by the ribosomes and they undergo posttranslational 

chemical modifications (Figure 13). The encoded genetic information is directly translated by the 

ribosomes. The translation produces a precursor peptide which is composed by the leader peptide 

and the core peptide. The leader peptide major function is to provide recognition sites for further 

modifications of the final product. The core peptide is the precursor of the final peptide product 

(Ortega and van der Donk, 2016).  
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Figure 13 Biosynthesis of ribosomal peptides. Extracted and modified from Ortega et al. (2016). 

 

There are different types of ribosomal peptides, which are: lassopeptides, thiopeptides, 

linaridins, cyanobactins, lanthipeptides and microcins. The main difference among these peptide is 

the aminoacids composition, heteroatom ring formation, sulfur bonds, disulfide bonds, and by their 

terminal aminoacid modifications (Bagley et al. 2005; Claesen and Bibb, 2011; Dong et al. 2019; 

Donia et al. 2008; Knappe et al. 2009; Knerr and van der Donk, 2012).  
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V. Research aims 

 

The aim of my thesis was to study the Actinobacteria diversity dwelling in the coastal zone 

of Easter Island and the chemical exploration of selected actinobacterial representatives.  

This thesis has three major objectives: 

 

Characterize the culturable Actinobacteria diversity of the coastal zone of Easter Island 

Multiples marine-derived samples were taken from the intertidal zone of Easter Island and cultured 

in seven different nutritive media. The characterization of the obtained actinobacterial 

representatives was made through the analysis of the 16S rRNA gene, which was also used to 

construct phylogenetic trees for further classification.  

 

Investigation of the Easter Island sea anemone, Gyractis sesere, its actinobacterial diversity 

and anthraquinone content  

The actinobacterial symbionts and the anthraquinone content of the sea anemone, Gyractis sesere, 

were investigated in order to clarify the producer of two known antitumoral anthraquinones, 

lupinacidin A and galvaquinone B. To develop this investigation chemical dereplication through 

HPLC, LC-MS and NMR were used. For the isolation of the symbionts, culture techniques were 

developed with seven different media. Symbionts characterization and anthraquinone biosynthetic 

potential were elucidated through gene and genome sequencing and subsequent bioinformatic 

analysis. 

 

Comparison of the secondary metabolites profiles and morphological traits of two 

phylogenetic almost identical Streptomyces griseus strains originating from geographically 

remote locations 

1H NMR, HPLC and LC-MS were used compared the secondary metabolites production of two 

almost identical Streptomyces griseus strains, originating from geographical distant locations. 

Chemical data was associated with morphological, biological activity and phylogenetic evaluation 

to discern whether or not two Streptomyces strains with identical 16S rRNA gene sequence may 

produce a dissimilar chemical diversity with medicinal potential.  
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VI. Results 

 

1. Easter Island actinobacterial diversity  
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2. Anthraquinones from an Easter Island sea anemone and their 

actinobacterial origin  
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3. Chemical differences of two closely related Streptomyces 
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VII. Discussion 

 

1. Easter Island actinobacterial diversity 

 

The performed investigation showed a high diversity and novelty of Actinobacteria from 

the coastal zone of Easter Island, a total of 163 pure cultures were obtained, which represented 72 

phylotypes distributed in 20 different genera. From the sequencing and analysis of the 16S rRNA 

gene, we determined that at least 45% of the obtained strains may represent new species, which 

confirmed the observation that unexplored habitats still remain as a valuable source of novel 

bacterial taxa (Villalobos et al. 2018; Viver et al. 2015). Streptomyces and Micromonospora genera 

have been shown to be the most commonly reported Actinobacteria genera in terrestrial and marine 

samples (Maldonado et al. 2009; Nimaichand et al. 2015). This observation was also valid for the 

coastal zone actinobacterial diversity at Easter Island. Furthermore, we found one representative of 

the genus Salinispora, S. arenicola, a strict marine actinobacterium that has only been reported 

once in Fiji in the South Pacific Ocean (Millán-Aguiñaga et al. 2017), thus extending its distribution 

to Easter Island.  

The richest sources of Actinobacteria found in this study were; marine sediment, a marine 

invertebrate, and a submerged marine stone. These findings agreed with other studies, in which 

marine invertebrates, like sponges, and marine sediment hold high actinobacterial richness (Jensen 

et al. 2005; Schneemann et al. 2010b). Interestingly, marine stones are rarely studied, despite their 

capacity to harbor remarkable actinobacterial diversity, as shown in this study. The influence of the 

culture medium was also analyzed and showed great relevance, since we observed that there was 

specificity in some actinobacterial genera for determined culture media. For example, the genus 

Yimella was only obtained in the medium BCM. Similarly, the genera Ornithinimicrobium and 

Geodermatophilus were only isolated with the medium SIMA1. These observations may facilitate 

the isolation of these actinobacterial groups, since they may specifically be isolated using these 

media in future efforts.  

Considering previous studies developed in Easter Island, which were focused in 

Actinobacteria isolation, we observed that Vezina et al. (1975), isolated a single actinobacterial 

representative, Streptomyces hygroscopicus (rapamycin producer), which was not found in our 

investigation. This observation made clear the distribution of Streptomyces hygroscopicus at Easter 

Island was limited to terrestrial niches and not marine ones. Furthermore, Cumsille et al. (2017) 
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reported the isolation of sponge derived Actinobacteria from the offshore of Easter Island, where a 

total of 14 different genera were obtained. Remarkably, most of them belong to the commonly 

considered rare Actinobacteria. Some of the obtained rare actinobacterial representatives belong to 

the following genera; Brachybacterium, Micrococcus, Brevibacterium, Janibacter, Knoellia, 

Kytococcus, Nesterenkonia, Gordonia, Serinococcus and Kocuria. Interestingly, none of these rare 

actinobacterial genera were obtained in our study. However, there was a minor overlap between 

Cumsille et al. (2017) study and our results, these were the genera Streptomyces, Arthrobacter, 

Rhodococcus, and Nocardioides. Additionally, Cumsille et al. (2017) reported Micrococcus, 

Kocuria and Streptomyces as the most abundant actinobacterial genera. In contrast, our 

investigation determined that the most abundant genera in our marine-derived samples were 

Micromonospora, Streptomyces and Dietzia. Inconveniently, they did not pursue the investigation 

in the species level, which hindered a deeper understanding of the actinobacterial distribution.  

 

2. Geographical distribution of Actinobacteria 

 

When the Actinobacteria genera were evaluated in function of their geographical 

distribution on the coastal zone of Easter Island, we found that there was an Actinobacteria hotspot, 

Zone 6, from this single sample zone we obtained 18 different actinobacterial genera. In contrast, 

other sampling zones produced only 2-9 actinobacterial genera. The reason of this large difference 

is not clear, but it may be hypothesized that it has relation with the nutrient availability in Zone 6, 

which receives the rain runoff through a small watercourse. This input may bring plant exudates, 

minerals and other nutritive sources that affect positively the actinobacterial development. Further 

research needs to be made in order to clarify this speculation.  

Because Easter Island is an isolated location in the Southern Pacific ocean, we wondered 

if our isolates were related with a specific zone of the world. To answer this question, we made a 

connection map between our isolates and the closest isolates worldwide using the 16S rRNA gene 

sequence as a reference marker. The comparison is presented in Figure 14, which is a world map 

with the connections between Easter Island actinobacterial representatives and their closest 

relatives worldwide, represented in function of their geographical origin. The depiction of the map 

revealed that Easter Island Actinobacteria are more closely associated to Asia than other 

geographical areas. Remarkably, no correlation was found with Hawaii, which has a similar 
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(oceanic volcano) origin than Easter Island. A weak point of our correlation may be the lack of data 

for Hawaii and Latin America.  

 

Figure 14 Connection map of Easter Island actinobacterial isolates and their closest relatives 

worldwide. Closeness determined in base of the 16S rRNA gene sequence. Yellow diamond: Origin 

(Easter Island). White circle: Closest actinobacterial relative.  

  

3. Marine invertebrates, Actinobacteria and secondary metabolites 

  

The dereplication of the Easter Island sea anemone, Gyractis sesere, reported the 

identification of two known anthraquinones, Lupinacidin A and Galvaquinone B, which have also 

been identified in terrestrial and marine actinobacterial representatives belonging to the 

Micromonospora and Streptomyces genera (Hu et al. 2012; Igarashi et al. 2007). This finding 

motivated the cultivation and chemical characterization of the sea anemone actinobacterial 

symbionts resulting in the clarification that an actinobacterial strain, Verrucosispora sp. SN26_14.1 

was the actual producer of the chemicals.  

A few years ago, this finding would have been controversial since it has extensible been 

assumed that marine invertebrates are producers of a large chemical diversity (Blunt et al. 2016). 

However it has been shown more recently that marine invertebrate symbionts are the real producers 

of many of these chemicals. A well-known example are marine sponges, which have shown an 

impressive chemical richness (Blunt et al. 2016), but it has progressively been revealed that the real 
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producers of the chemicals are microbial symbionts (Tianero et al. 2019). This observation is not 

limited to marine sponges, since other invertebrates like tunicates have shown the same pattern, in 

which the chemicals stored by the invertebrate were ultimately produced by microbes (Schofield 

et al. 2015). Although, this clarification tendency is growing, there are also cases in which the real 

producer of the secondary metabolites are the marine invertebrates and not the microbes, as is the 

case of sea cucumbers, which produced triterpenic saponins in specialized organs called Cuvier 

glands (Bahrami and Franco 2016; Kerr and Chen 1995). Sea anemones have not been extensively 

studied in microbiological and chemical terms, but the studies dealing with their chemistry have 

indicated the production of alkaloids (Cachet et al. 2009), peptides (Honma and Shiomi 2006), 

terpene derivatives (Yu et al. 2014) and toxins (Schweitz et al. 1981). The microbiology associated 

to sea anemones has not been developed comprehensively, but there are a few examples (Du et al. 

2010; Schuett et al. 2007). For instance, a recent study of a sea anemone associated fungus, 

Nigrospora sp., revealed the production of nine anthraquinones, however the researchers did not 

analyze the sea anemone tissue to test the presence of the anthraquinones (Yang et al. 2012). Since 

sea anemones hold symbionts that produced anthraquinones, it is interesting to speculate what 

function these chemicals may play. It has been shown that anthraquinones can chelate metals ions 

like calcium, magnesium and zinc (Lee et al. 2016; Suemitsu 1963; Yeap et al. 2015) and in 

addition, have also shown activity to inhibit biofilm formation (Lee et al. 2016). More research is 

needed to clarify the function of these chemicals in sea anemones, due to their importance for 

harboring microorganisms that produce anthraquinones.  

Finally, today there is lack of understanding in how marine invertebrates and 

microorganisms can co-evolve and generate interdependent relationships. Furthermore, there is 

almost no research involving how marine invertebrates can recruit bacteria or other 

microorganisms, which in turn may produce chemicals with a functional benefit for a given 

invertebrate that can be used as mechanism of defense (deterrent), sexual reproduction cue 

(pheromone) or even as a chemical modulator (chelator). In the coming future, it should be expected 

that microbiology and chemical ecology fused to be able to answer this chemical-evolutionary 

questions which would help to understand how a microbiome is generated and shaped.  
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4. 16S rRNA gene sequence as an indicator for chemical novelty 

  

The isolation of Streptomyces strains is frequently reported in microbiological diversity 

studies, since they are one of the most abundant actinobacterial representatives (Jiang et al. 2007; 

Zhang et al. 2006). Despite their large diversity, it is common to find Streptomyces strains which 

have a very similar 16S rRNA gene sequence and therefore, are assumed as the same species 

(Antony-Babu et al. 2017). This observation undermines the real chemical capacity of Streptomyces 

strains. Therefore, we have evaluated two phylogenetically almost identical Streptomyces, which 

were isolated from geographically distant locations. Our data showed that despite the > 99% of 

similarity of the 16S rRNA, the compared Streptomyces griseus strains showed evident differences 

in morphology, pigmentation and spore formation. The analysis of the secondary metabolites 

showed a core set of metabolites which was identical in both strains. In addition, we found an 

accessory set of the metabolites which seemed to be strain specific. Both strains showed indications 

of chemical novelty, thus confirming the chemical potential of Streptomyces, even after several 

decades of drug research studies. Our results indicated that the 16S rRNA gene is not an appropriate 

marker to determine chemodiversity and novelty. Recently, Antony-Babu et. al (2017) has 

proposed that multilocus gene analysis is a more suitable and sensitive phylogenetic classification 

alternative to dereplicate closely related Streptomyces strains. Specifically, they suggest the use of 

a set of protein-coding housekeeping genes, such as atpD, gyrB, recA, rpoB and trpB for the 

construction of phylogenetic trees. This new strategy can facilitate the discerning process on drug 

research for a given Streptomyces strain.   

Vicente et al. (2018) performed a similar study using closely related Streptomyces through 

comparative genomics and evaluated the different biosynthetic gene clusters contained in six 

different strains. The study also determined that there was a core set of secondary metabolites in 

the Streptomyces genomes, which was represented by melanin, ectoine, desferrioxamine B, 

lbaflavenone, hopene, isorenieratene and geosmin. Remarkably, none of these chemical were found 

in our analysis suggesting that there is not secondary metabolites generalism among different 

Streptomyces species. Vicente et al. (2018) also observed an accessory strain specific chemical 

diversity for each Streptomyces strain evaluated, however the evaluation was only made in the 

genetic level with no chemical analysis of the accessory metabolites.  

Nowadays, different approaches of elicitation have been developed in order to obtain a 

larger chemical diversity of microorganisms that have been used extensively, like Streptomyces. 

Examples of elicitation strategies are, one strain many chemicals (Romano et al. 2018) and co-
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cultivation procedures (Wu et al. 2018). It would be quite interesting to see the performance of two 

phylogenically identical, but geographical distant Streptomyces, under elicitation conditions. This 

would contribute to the understanding of the secondary metabolite expression.  

 

5. Gene transference and secondary metabolites 

 

It may be reasonable to think that secondary metabolites may vary depending of the 

geographical location, as it has been shown in this study. Geographically distant Streptomyces 

strains showed a core set of secondary metabolites which was shared by the studied Streptomyces 

griseus strains. Concurrently, Streptomyces griseus strains also showed an accessory set of 

secondary metabolites, which was strain specific. This finding may be evidence that both strains 

may have shared a common origin and that from the point of rift, they have been acquiring new 

secondary metabolites biosynthetic potentials. It has been postulate that horizontal gene 

transference may play a role in the exchange and recruit of secondary metabolites genes (Ziemert 

et al. 2014). Secondary metabolites, specially antibiotic and antifungal molecules can confer 

advantage for competition in the environment, thus confining the nutritive resources to the 

organisms with the biochemical weapons to restrict the area or with the evolutionary tools for 

antibiotic tolerance. How Streptomyces recruit specific genes for secondary metabolites production, 

remains as an open question. It is interesting to speculate how the transference of genes occurs in 

the ocean, if there is a certain degree of control on what genes to acquire and for how long these 

genes may be held, if they are not beneficial. We think that our results may be applied to other 

actinobacterial genera, under the premise that accessory secondary metabolites are strain and 

geographically specific. Therefore, phylogenetically almost identical actinobacterial 

representatives should not be discarded for chemical investigation, even when they show very high 

similarity on the 16S rRNA marker.  
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VIII. Concluding remarks 

 

1. Easter Island actinobacterial diversity 

 

The investigation of samples from the coastal zone of Easter Island showed a high 

actinobacterial diversity and novelty, providing 72 phylotypes distributed in 20 different 

actinobacterial genera. Furthermore, 32 out of 72 phylotypes were associated to novel species in 

the genera Micromonospora, Streptomyces, Nocardioides, Aeromicrobium, Dactylosporangium 

and Nonomuraea. Interestingly, our data suggested the isolation of a new actinobacterial genus, 

isolate SN27_500, which didn’t associated with its next related reference genera (Serinicoccus and 

Ornithinimicrobium) in the phylogenetic tree analysis. Micromonospora, Streptomyces, and 

Salinispora had the widest distribution in the Easter Island sample locations. Easter Island showed 

dissimilar actinobacterial diversity depending on the geographical origin, revealing a high degree 

of niche specialization. Finally, our data showed that Easter Island was indeed a rich source of 

novel Actinobacteria.  

 

2. Antitumoral anthraquinones from an Easter Island sea anemone and their 

actinobacterial production 

 

The chemical investigation of an Easter Island sea anemone, Gyractis sesere, revealed the 

presence of two antitumoral anthraquinones, Lupinacidin A and Galvaquinone B, which were 

ultimately found to be produced by an actinobacterial symbiont, Verrucosispora sp. SN26_14.1. 

Our finding showed that Verrucosispora was the most abundant actinobacterial species co-habiting 

with the sea anemone, among other actinobacterial species belonging to the genus Streptomyces, 

Micromonospora, Arthrobacter, Dietzia, Rhodococcus and Cellulosimicrobium. In addition, the 

sea anemone revealed a chloroform metabolic profile which was dominated by the Verrucosispora 

SN26_14.1 metabolites, in concordance with the microbiological data. This finding re-opens the 

debate about secondary metabolites in marine invertebrates and adds evidence that microbes are 

the real source of the chemicals. We predict that the coming years will deliver growing evidence 

that microbes are the ultimate chemical producer in most of the marine invertebrates.  
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3. Secondary metabolites comparison of two phylogenetically almost identical 

Streptomyces griseus strains originating from remote locations. 

 

The comparison of two closely related Streptomyces griseus strains showed that the 16S 

rRNA gene is not a suitable marker to evaluate chemical diversity. Despite Streptomyces griseus 

strains keep a core secondary metabolites which is identical in the studied representatives, they also 

have an accessory and strain specific set of secondary metabolites, which is suitable for novel drug 

discovery. Morphological features also reassured our observations on the differences of the S. 

griseus strains. Therefore, Streptomyces strains with almost identical phylogenetic classification to 

already known strains still represent a diverse and novel source of secondary metabolites with 

potential for drug research.  

 

4. A final remark 

 

Finally, and after having explored microbiologically the unstudied Easter Island, its 

actinobacterial and chemical diversity, we hope that our studies may contribute to the scientific 

community, as well as to the general public to shape a better understanding of the microbial world, 

its role in the environment and our dependence in the microbial existence.  
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IX. Future directions 

 

In this thesis three main topics were studied to contribute with the advancement of drug 

oriented microbiology and natural products research. Thus, this study dealt with actinobacterial 

diversity of the unexplored location, Easter Island, the potential of marine invertebrates as source 

of drug producing Actinobacteria and the secondary metabolites comparison of two closely related 

Actinobacteria. These studies were developed with culture based microbiology techniques, 

analytical chemistry, genome sequencing and bioinformatics. Further studies in actinobacterial 

systematics, natural products and genomics should be considered to amplify and refine the current 

knowledge that we have of remote location Actinobacteria. 

The perspectives of my doctoral thesis are: 

Characterization of new actinobacterial species and genus. Further studies need to be conducted 

in order to characterize the novel actinobacterial species obtained from Easter Island. For instance, 

multiples Micromonospora isolates presented a phylogenetic placement which is not close to 

known representatives in the genus, this strongly suggested that these isolates are new species that 

need to be investigated and classified. Additionally, isolate SN25_500 showed inconsistences in 

classification in the genus level, adding evidence that it may represent a new actinobacterial genus. 

Therefore, further investigation should be done in order to characterize and compare the physiology 

and genomic traits of these actinobacterial representatives. The development of this data will allow 

reaffirming the potential of unexplored locations as a source of microbiological novelty.  

The further chemical investigation of selected Easter Island actinobacterial isolates. Further 

work should be focused in the dereplication, isolation and structural elucidation of new secondary 

metabolites from Easter Island representatives. An interesting target can be found in the obtained 

Streptomyces isolates with low association to known species, as the case of SN28_94.1, 

SN20_12.1, SN25_508.1 and SN28_222.1. Other isolates, like Salinispora, Micromonospora, 

Rhodococcus and Verrucosispora showed diverse secondary metabolites profiles what suggested 

potential for further investigation. The work on this project should be undertaken primarily through 

1H NMR and HRLCMS to characterize and target the novel molecules in an early stage.  
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The genome sequencing of the Easter Island isolates for novel enzymatic abilities. The wide 

range of abilities of Actinobacteria should be scanned through genome sequencing and annotation, 

in order to find new enzymatic capabilities. Actinobacteria are known for their abilities to 

biotransform chemicals and to catabolize organic pollutants. The genome capabilities of the isolates 

should be closely associated to experimental evaluations for persistent organic molecules 

degradation, plastic consumption and heavy metal immobilization.  

The further comparison between Easter Island representatives and geographical distant 

equivalents. Taking advantage of the genome sequencing of the Easter Island isolates, comparative 

genomics should be performed to rationalize the geographical differences of two closely related, 

but geographically separated actinobacterial representatives. This would help to understand the 

metabolic specialization of a particular environment, for instance Easter Island, an oceanic and 

isolated island in the South Pacific against an actinobacterial counterpart from an urban area with 

high anthropogenic influence.  
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oder  Hochschule  im  Rahmen  eines Prüfungsverfahrens  vorgelegt,  veröffentlicht  oder  zur  

Veröffentlichung  vorgelegt. Dies  ist  mein  erstes  und  einziges Promotionsverfahren. Mir wurde 

kein akademischer Grad entzogen. 
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