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ABSTRACT 

Thirty-three (33) presumptive actinobacterial strains were isolated using traditional culture-

based techniques from sediment taken from marine habitats (a subtidal zone, a rock pool and 

a beach area) at Gericke’s Point (Garden Route National Park, Sedgefield, South Africa). 

Twenty-seven (27) of the 33 presumptive actinobacterial isolates were identified to the genus 

level: 26 Streptomyces strains and one Nocardia strain. The partial 16S-rRNA gene 

sequences obtained for each confirmed actinobacterial isolate were used to determine their 

phylogenetic positions within their respective genera. Further investigation of specific 

isolates was done utilising the gyrB gene to determine whether these isolates are clones. 

Metagenomic data generated from next-generation sequencing of 16S-rRNA amplicons were 

used to reveal the actinobacterial biodiversity of the Gericke’s Point sediment that was not 

seen in the culture-dependent part of this study. A total of 1 541 544 actinobacterial partial 

16S-rRNA gene sequences were identified using the SILVA 16S-rRNA gene database. 

Actinobacteria that could not be assigned to a class or order made up ~41% of the total 

actinobacterial strains found in the Gericke’s Point sediment samples. The rest of the 

identified actinobacterial strains belonged to the orders Candidatus Microtrichales (~45%), 

Candidatus Actinomarinales (~9%), Propionibacteriales (~3%) and other actinobacterial 

orders that each made up less than one percent (<1%) of the actinobacterial strains found in 

Gericke’s Point. The other actinobacterial orders include Bifidobacteriales, Euzebyales, 

Frankiales, Geodermatophilales, Micrococcales, Micromonosporales, Mycobacteriales, 

Pseudonocardiales, Streptomycetales and Streptosporangiales. This is one of the first 

detections of Frankiales strains in a marine environment. The majority (99%) of 

actinobacterial strains identified at Gericke’s Point could not be assigned to a known genus. 

This represents an abundance of novel actinobacterial diversity that has yet to be revealed.  

Multidrug-resistance in Mycobacterium tuberculosis is a global threat to public health which 

has increased the need for new antibiotics to treat tuberculosis. In this study, all confirmed 

actinobacterial isolates and two presumptive actinobacterial isolates (29 strains in total) were 

screened for antimycobacterial activity against the non-pathogenic Mycobacterium aurum 

strain A+ using a standard agar overlay method. To investigate their spectrum of antibiotic 

activity, all isolates were also screened for activity against Escherichia coli ATCC 25922 and 

Staphylococcus aureus ATCC 25923. Twenty-one (21) isolates (20 Streptomyces strains and 

one unidentified strain) displayed strong to very strong antimycobacterial activity (defined as 
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a zone of growth inhibition of over 2000 mm
2
). In addition, two Streptomyces strains

displayed strong to very strong activity against S. aureus ATCC 25923. Compounds that 

displayed strong antimycobacterial activity were analysed using High Performance Liquid 

Chromatography-Mass Spectrometry and resulting mass spectra were compared to those of 

known compounds within the Global Natural Products Social Molecular Networking (GNPS) 

database. Eighteen (18) strains produced compounds with no matches in the GNPS database 

indicating these compounds could be novel. One strain produced a potential analogue of 

abyssomicin L (a rare antibiotic). Overall, the results obtained in this study emphasize the 

potential of marine environments as a source of novel actinobacteria and novel bioactive 

compounds. 
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1.1 ACTINOBACTERIA  

The actinobacteria represent one of the largest bacterial phyla. They are free-living, Gram-

positive organisms that have a typically high G+C content (>60%) in their DNA (Barka et al., 

2016). Among Gram-positive bacteria, actinobacteria display the greatest morphological 

differentiation (Li et al., 2016). They are unicellular and have a variety of morphological 

features including coccus and rod shapes, as well as filamentous forms in which branched 

hyphae develop into a mycelium (Law et al., 2020). Filamentous actinobacteria are 

commonly referred to as actinomycetes. Most actinobacteria are aerobic and are widely 

distributed in terrestrial and aquatic habitats (Servin et al., 2008). In these habitats, 

actinobacteria carry out a variety of key functions. They contribute to plant biomass 

degradation and play essential roles in the carbon and nitrogen cycles of natural ecosystems 

(Lewin et al., 2016; Liu et al., 2017). Actinobacteria are agents of bioremediation as they are 

able to metabolize chemical compounds such as pesticides and accumulate heavy metals from 

soil (Alvarez et al., 2017). They are able to act as probiotics providing health benefits to both 

animals and plants (Das et al., 2008; Menendez et al., 2019). Actinobacteria also play a 

significant role in agriculture as they are able to inhibit the growth of several plant pathogens 

(Anandan et al., 2016; Bhatti et al., 2017) and promote the growth of plants under stress 

through endophytic association (Salwan and Sharma, 2020). As producers of enzymes and 

clinically significant secondary metabolites, actinobacteria are considered of major 

importance for biotechnology and medicine. They account for ~70% of the naturally derived 

compounds that are currently in clinical use (Manivasagan et al., 2014). In particular, marine 

actinobacteria have been identified as an important source of novel bioactive natural 

products.  

1.1.1  Marine actinobacteria  

The marine environment covers more than 70% of the Earth’s surface and has been proven to 

be a rich source of microbial biodiversity  (Mineta and Gojobori, 2016; Zhao, 2011). Marine 

microbial communities account for more than 80% of life on Earth and marine actinobacteria 

account for 10-40% of the bacterial diversity within these communities (Li and Qin, 2005; 

Anandan et al., 2016).  Actinobacteria have been shown to occur in various different marine 

habitats including marine sediment, the deep sea floor, hydrothermal vents, mangroves, 

coastal and intertidal regions (Manivasagan et al., 2013), as well as in marine algae and in 
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certain marine invertebrates such as sponges and corals (Mahmoud and Kalendar, 2016; 

Girão et al., 2019; Liu et al., 2019a). These habitats are exposed to unique stresses such as 

extreme pressures, temperatures, pH and salinity levels and even high levels of pollution 

(Barone et al., 2014). Due to the unique environments they inhabit, it is assumed that marine 

actinobacteria have been exposed to extensive evolutionary forces and, as a result, have 

developed unique biochemical processes. Marine actinobacteria are thus considered to be a 

promising source of novel bioactive compounds. This fact, coupled with the deceleration of 

natural product research in terrestrial habitats, has led to an increasing interest in the 

exploration of marine actinobacteria (Li & Qin, 2005). As marine-derived natural products 

have become a more prominent area of research, more marine habitats are being explored all 

over the world (Blunt et al., 2007). Despite this, it is still considered a largely untapped 

source of biodiversity and secondary metabolites. South Africa, in particular, has a coastline 

of approximately 2800 km yet very little is known about the biodiversity of actinobacterial 

strains in South African marine environments. 

It was previously believed that marine actinobacterial isolates were from spores washed in 

from terrestrial environments and that these isolates were able to grow under, but did not 

require, the conditions associated with the marine environment (Goodfellow and Haynes, 

1984; Ward and Bora, 2006). While this is the case for a significant number of actinobacterial 

strains isolated from the marine environment, particularly when sampling takes place in near-

shore habitats under terrestrial influence, evidence has accumulated in recent years that 

demonstrate the existence of indigenous marine actinobacteria. Bull et al. (2005) described 

the criteria for defining indigenous marine bacteria as having the ability to grow optimally 

and be active at in situ salinity, pressure, temperature, and nutrient concentrations, while also 

displaying metabolic signatures unique to marine-adapted organisms. These bacteria are most 

likely to be found in deep-sea sediment. Rhodococcus marinonascens was one of the first 

actinobacterial species discovered to be obligately marine as it is unable to grow in 

freshwater media (Helmke and Weyland, 1984). Since then, Mincer et al. (2002) discovered 

the first major taxon of indigenous marine actinobacteria and showed it to be widely 

distributed across multiple different ocean habitats. This taxon was fully recognized with the 

establishment of the genus Salinispora which forms part of the Micromonosporaceae family 

(Maldonado et al., 2005a). This genus is currently comprised of only 9 species with validly 

published names (https://lpsn.dsmz.de/genus/salinispora), suggesting that there is a low 

diversity of culturable marine actinobacteria. However, Maldonado et al. (2005b) suggested 
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that this is not due to actual low species diversity, but rather under sampling and inadequate 

isolation techniques. Therefore, the use of informed selective isolation procedures can aid in 

the isolation of members of novel taxa indigenous to the marine environment. Recent data 

suggest that other factors such as temperature and season should also be considered when 

sampling from marine habitats (Ladau et al., 2013).  

1.2 ACTINOBACTERIAL TAXONOMY  

 

Bacterial taxonomy involves three key components; rank-based classification of organisms 

into taxa (groups) based on established criteria, identification based on previously classified 

organisms and the naming of organisms based on a set of formal rules laid out in the 

International Code of Nomenclature of Prokaryotes (Parker et al., 2019). The full hierarchal 

taxonomic ranks from lowest to highest are as follows: species, genus, family, order, class, 

phylum and domain. Currently, the phylum Actinobacteria is made up of 6 classes, 46 orders, 

79 families and a total of 425 genera with validly published names (Salam et al., 2020). 

Initially, classification was solely based on cell morphology and other phenotypic markers 

(Lehmann & Neumann, 1896); however, this proved to be an unreliable basis for drawing 

taxonomic conclusions (Prescott et al., 2008). Hence, modern bacterial taxonomy has 

adopted a polyphasic approach to classification which integrates data from phenotypic, 

genotypic and phylogenetic analyses (Colwell, 1970). Polyphasic taxonomy has helped 

establish stricter classification criteria which has led to marked improvements in the 

delineation of taxa at all levels (Zhi et al., 2012).  In addition to this, increased availability of 

genomic information has led to the development of genome-based methods that provide 

novel insights into the effects of horizontal gene transfer (HGT), gene duplication and gene 

decay. This has further increased the overall resolution of bacterial taxonomy (Coenye et al., 

2005). The interplay between data sets from traditional and whole-genome analyses provides 

a sound basis for describing the diversity of bacteria. 

1.2.1 Phenotypic analyses 

Although classification can no longer be based solely on phenotypic markers, it is still 

important to conduct phenotypic analyses in order to classify organisms fully. These include 

observing cell morphology (shape, flagella, Gram-staining etc.) and chemotaxonomic 

analysis. Chemotaxonomic analysis involves classifying organisms based on the chemical 
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constituents of their cells. This includes collecting information about the composition of 

sugars and amino acids in the cell wall and fatty acids, menaquinones and phospholipids in 

the cell membrane. As with other phenotypic analyses, chemotaxonomic methods can be 

laborious with some techniques also resulting in poor analytical resolution (Sutcliffe et al., 

2012). It was also stated in Tindall et al. (2010) that few scientists actually have the necessary 

skills to interpret chemotaxonomic data. For these reasons, it has recently been suggested that 

the practical value of chemotaxonomic data is non-existent for species delineation, when 

taking into consideration the higher taxonomic resolution of genome-based methods 

(Vandamme and Sutcliffe, 2021). These authors propose that chemotaxonomic data could 

still be useful in studies at higher taxonomic ranks only if current methodology is improved 

to yield more informative results. Generally, phenotypic analyses should also include 

environmental data to provide information about the ecology of a species. This is due to the 

fact that strains of the same species will exhibit fewer conserved genes than expected when 

inhabiting different ecological niches and similarly, due to the conditional nature of gene 

expression, strains of the same species might show different phenotypic characters in 

different environmental conditions ( Konstantinidis and Tiedje, 2005; Prakash et al., 2007).  

1.2.2  Phylogenetic analyses  

Phylogenetic analyses (comparative sequence analyses) were kick-started by the introduction 

of ribosomal RNA (rRNA) sequences into bacterial taxonomy (Woese and Fox, 1977). The 

16S-rRNA gene in particular, is functionally stable and highly conserved in most bacteria; 

thus, it was established as a standard molecular marker to infer evolutionary relationships. 

However, it has a few shortcomings. The 16S-rRNA gene has a slow evolutionary rate which, 

while allowing comparison between very divergent bacteria, complicates comparison 

between closely related strains (Santos and Ochman, 2004). In addition to this, multiple 

copies of the 16S-rRNA gene are present in most bacterial phyla (Sun et al., 2013) and 

differences between sequences within a single genome (intragenomic heterogeneity) could 

influence tree topology and overall phylogenetic resolution. It has been shown that using 

genes such as rpoB, gyrB and other single-copy genes for phylogenetic analyses can provide 

better resolution between closely related organisms (Case et al., 2007). 

It is also known that a tree constructed using a single genetic locus will not necessarily agree 

with a tree that represents the actual evolutionary pathway of an organism (Pamilo and Nei, 

1988; Liu et al., 2019b) Therefore, as there are now many bacterial whole-genome sequences 
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available, phylogenomic analysis presents itself as a more viable method to infer 

phylogenetic relationships between organisms. Unlike 16S-rRNA analysis, phylogenomic 

methods use a set of highly conserved bacterial genes rather than a single gene (Staley, 

2006). These genes are selected for phylogenetic analysis by Multilocus Sequence Analysis 

(MLSA). MLSA is an approach used to infer phylogenetic relationships by comparing the 

concatenated sequences of multiple house-keeping genes between closely related strains 

(Hanage et al., 2006).  The phylogenetic analyses can be supplemented with genomic 

information based on analyses of gene sequences, gene arrangement and gene expression. 

Phylogenomic analyses overcome the shortcomings of 16S-rRNA and other single-gene 

classifications to provide a more accurate representation of bacterial phylogeny (Takahashi et 

al., 2009).  Phylogenomic trees are currently being used to help recognize and rectify poorly 

classified taxa. An example of this was the phylogenomic revision of the actinobacterial 

family Streptosporangiaceae, which resulted in the inclusion of the genus Sinosporangium in 

the family and the reclassification of Desertiactinospora gelatinilytica as Spongiactinospora 

gelatinilytica comb. nov. (Ay et al., 2020).  

1.2.3  Genotypic analyses 

1.2.3.1 DNA-DNA hybridization  

In addition to aiding phylogenetic analyses, sequences obtained from 16S-rRNA gene 

amplification and sequencing are primarily used to identify bacteria to the genus level and 

identify potential novel species. However, due to its highly conserved nature, resolution 

based on 16S-rRNA gene analysis at the species level is often not possible (Fox et al., 1992). 

For this reason, it has been suggested that when 16S-rRNA gene sequence similarities are 

high (>97%), it should be mandatory to include DNA/DNA hybridization (DDH) in the 

overall analysis in order to determine whether the two strains being compared belong to 

different genomic species (Meier-Kolthoff et al., 2013). DDH is a measure of sequence 

similarity based on the melting and association of genomic DNA fragments of about 1kb in 

length (Stackebrandt and Goebel, 1994). G-C content (%) in bacterial DNA affects its 

melting temperature and, therefore, affects results obtained from DDH. The variation in G-C 

content is not more than 3% within a well-defined species and not more than 10% within a 

well-defined genus (Vandamme et al., 1996). A standard of 70% or greater DNA-DNA 

similarity by DDH and less than a 5% difference in DNA melting temperature were set as the 

criteria for assigning two prokaryotic strains to the same species (Wayne et al., 1987). Even 
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though DDH was at one point considered a ‘gold standard’ for species delineation 

(Ramasamy et al., 2014), many taxonomists believed a sequencing-based method should be 

developed that could replace DDH due to the limitations associated with this method. These 

limitations include high experimental error, problems with reproducibility and the fact that 

the technique does not lend itself to the generation of a cumulative database (Stackebrandt, 

2003).  

Digital DNA-DNA Hybridisation (dDDH) has since largely replaced traditional DDH. This 

method imitates DDH by using computer programs to fragment genome sequences in silico 

and identify high-scoring segment pairs (HSPs) between two genomes. Using these segment 

pairs, genome-to-genome distances are calculated using the Genome Blast Distance 

Phylogeny (GBDP) strategy described by Henz et al. (2005). The Genome-To-Genome 

Distance Calculator (GGDC) (https://ggdc.dsmz.de/) is a web server which implements all 

aspects of this approach (Auch et al., 2010a). Regarding species boundaries, the same DNA-

DNA similarity threshold as in traditional DDH (i.e. 70%) is used in dDDH analyses for 

assigning two strains to the same genomic species (Auch et al., 2010b). 

1.2.3.2 Average Nucleotide Identity 

Average Nucleotide Identity (ANI) is another computer-based method used to compare the 

genomes of two bacterial strains to determine whether they belong to the same species. The 

genome of a query strain is divided into fragments in silico (similar to dDDH) and an 

individual nucleotide identity is calculated between each fragment sequence and the sequence 

of an intact reference genome (Lee et al., 2016). Average nucleotide identity is the mean of 

these nucleotide identity values. Each genome in a pair serves as the query and reference 

sequence in separate analyses. Alternatively, both genomes can be fragmented 

simultaneously which enables a single comparative step (Palmer et al., 2020). When ANI was 

first described, strains that exhibited >94% ANI were classified as belonging to the same 

species (Konstantinidis and Tiedje, 2005). This value corresponded to the 70% DDH 

standard. The threshold has since been increased to 95-96% (Richter and Rosselló-Móra, 

2009). It has also been recommended that this threshold be tuned based on the strains being 

investigated (Ciufo et al., 2018; Palmer et al., 2020). For example, it can be lowered when 

investigating species observed to have relatively higher intraspecies diversity and conversely, 

increased when investigating species observed to have higher genome sequence similarity 

(Ciufo et al., 2018).  
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Chun et al. (2018) proposed that a combination of dDDH and ANI values, previously referred 

to as an overall genome relatedness index (OGRI) by Chun and Rainey (2014), must be 

calculated against the type strains of all phylogenetically related species in order to robustly 

identify an organism as a known species or to propose that it represents a new one.  

 

1.3 BIOACTIVE COMPOUNDS 

Bioactive compounds are products of biosynthetic pathways and are produced by microbial 

organisms in order to give them a selective advantage within their respective ecological 

niches. These pathways are encoded by biosynthetic gene clusters (BGCs) and the bioactive 

compounds produced are referred to as secondary metabolites (SMs). This is because 

organisms do not require SMs to grow. The most dominant pathways for SM production are 

the non-ribosomal peptide synthetase (NRPS) and polyketide synthase (PKS) biosynthetic 

pathways (Albarano et al., 2020). After the discovery of penicillin in 1928, the concept of 

synthesising and utilising bioactive compounds in clinical settings became a fully-fledged 

area of research. Since then, the large majority of compounds that have been characterised 

have been produced by actinobacteria (Jose et al., 2021). Actinobacteria are best known as 

prolific producers of antibiotics, but have also been shown to produce other antimicrobials, 

anticholesterol compounds, antihelmintics, anti-plasmodial compounds, immunosuppressants, 

anticancer agents (Bhatti et al., 2017; Mahapatra et al., 2020) and other biotechnologically 

significant compounds (Figure 1.1).  Most of these compounds (~80%) have been produced 

by members of the actinobacterial genus Streptomyces (Bérdy, 2012).  

1.3.1 Dereplication and Genome mining 

Traditionally, bioactive compound discovery involved screening for bioactivity, isolating 

active compounds and manual structure elucidation. This is not only time-consuming but also 

increases the chance of re-discovering known compounds (Mohamed et al., 2016). 

Consequently, dereplication has become an important part of novel bioactive compound 

discovery. Dereplication is the rapid identification of known compounds in an extract to 

allow researchers to focus their efforts toward novel discoveries. This preliminary screening 

does not require the purification or structure elucidation of compounds of interest. The most 

commonly used technique for dereplication is High Performance Liquid Chromatography-

Mass Spectrometry (HPLC-MS). This technique allows one to obtain the individual mass 
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spectra of compounds in a crude extract, which can then be compared to spectra of known 

compounds in various databases to identify potential novel compounds.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1. Biotechnological applications of actinobacteria. (Anandan et al., 2016) 

 

In a similar fashion, genome mining has also improved the efficiency with which novel 

bioactive compounds are discovered. Genome mining is an approach, made possible by the 

increased availability of whole-genome information, that uses various bioinformatics tools to 

predict BGCs and the SMs they encode (Kenshole et al., 2021).  This, again, avoids re-

discovery of known compounds, while also allowing researchers to access chemical and 

structural information to rapidly characterize potentially novel compounds (Albarano et al., 

2020). Genome mining began in the genome of Streptomyces coelicolor A3(2) (the first 

available Streptomyces genome) where it was revealed that only ~18% of the secondary 

metabolites that S. coelicolor had the potential to produce have ever been detected during 

cultivation under standard laboratory conditions (Bentley et al., 2002). This is due to ‘silent’ 

BGCs which encode SMs that cannot be expressed (or are expressed at very low 
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concentrations) using traditional cultivation techniques. Since genomic information can also 

provide a better understanding of genetic regulation and mechanisms of biosynthesis, this 

knowledge can be used to engineer expression of SMs from otherwise ‘silent’ BGCs to 

improve production of both novel and known bioactive compounds (Ren et al., 2017). There 

are still many limitations associated with this concept and it remains an active area of 

research. These limitations include those associated with heterologous expression such as the 

lack of suitable heterologous hosts and the potential toxicity of SMs when expressed in these 

hosts (Singh et al., 2021).  

Genomes of marine actinobacteria have been shown to contain an abundance of novel BGCs 

(Dhakal et al., 2017), which, in recent years, has resulted in the production of a variety of 

novel compounds (Fiedler et al., 2005; Jensen et al., 2005; Manivasagan et al., 2014; 

Mahapatra et al., 2020). One hundred and fifty (150) metabolites have been identified from 

members of the genus Salinispora alone, allowing it to serve as a prime example of the 

potential of indigenous marine actinobacteria to be a source of bioactive compounds (Kim et 

al., 2020). Among these metabolites are novel antibacterial compounds such as arenimycin 

(Asolkar et al., 2010), novel anti-inflammatory compounds such as arenamide A (Asolkar et 

al., 2009) and novel anticancer compounds such as salinosporamide A (Feling et al., 2003). 

Notably, salinosporamide A, a structurally novel metabolite produced by Salinispora tropica, 

is currently in phase III clinical trials. If approved, it will be the first natural product derived 

from a cultured marine actinobacterium to achieve such clinical relevance (Jensen, 2022). 

Members of the genus Salinispora have also been described as model organisms for SM 

discovery (Jensen et al., 2015). For example, salinilactam A (a novel compound also isolated 

from S. tropica) has been used as a model to demonstrate the potential of genome mining to 

elucidate chemical structure (Udwary et al., 2007). 

1.3.2 Antibiotics 

Actinomycin was the first antibiotic isolated from an actinomycete. It was isolated in 1940 by 

Selman Waksman from Actinomyces antibioticus (now called Streptomyces antibioticus). 

This event ushered in the so-called “golden era” of antibiotic discovery (1950-1960) as most 

of the known classes of antibiotics were discovered during this time (Figure 1.2). As 

mentioned previously, most of these compounds were isolated from Streptomyces species but 

non-Streptomyces genera (termed ‘rare actinobacteria’) have also proved to be good 

antibiotic producers (Jose and Jebakumar, 2013). The “golden era” ended when standard 
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screening techniques were no longer resulting in the discovery of novel antibacterial 

compounds and rediscovery of known compounds became more frequent (Bérdy, 2012). 

Frequent rediscovery was also due, in part, to the fact that standard culturing techniques were 

resulting in the re-isolation of known bacterial species. These issues, along with its associated 

costs, caused a decline in this field of research. However, the increasing issue of antibiotic 

resistance has forced a renaissance in antibiotic discovery.  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2. Classes of antibiotics produced by actinobacteria (Anandan et al., 2016) 

 

1.3.2.1 Antibiotic resistance  

Antibiotics target different bacterial structures and functions in order to selectively inhibit 

bacterial growth (Grasso et al., 2016). Antibiotic resistance occurs when bacteria acquire 

genes (HGT) or develop mutations that counteract this inhibition. Antibiotic resistance is 

usually caused by overuse and misuse of certain antibiotics (De Simeis and Serra, 2021). This 

phenomenon has caused the emergence of resistant pathogenic bacteria such as methicillin-

resistant Staphylococcus aureus (MRSA) and fluoroquinolone-resistant Pseudomonas 

aeruginosa (Zhu et al. 2014). More significantly, it has caused the emergence of multi-drug 

resistant (MDR) pathogenic bacteria. The most well-known example is MDR tuberculosis 
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(MDR-TB) which, according to the World Health Organisation (WHO), remains a global 

public health crisis (https://www.who.int/tb/data/en/). TB is caused by the pathogenic 

actinobacterium Mycobacterium tuberculosis (Mtb).  Due to antibiotic resistance, TB is 

currently treated using a combination of drugs (Singh and Chibale, 2021). This regimen has 

given rise to even more resistant forms of Mtb, namely, extensively drug-resistant Mtb 

(XDR-TB) and totally drug resistant Mtb (TDR-TB) (Jacobson et al., 2010; Akbar et al., 

2013). Increasing resistance creates an urgency to discover novel antibiotics as, without them, 

TB and other bacterial infections could become untreatable. It is important to note that, due to 

their cytotoxic nature, some antibacterial compounds are actually not useful in a clinical 

sense (though they are sometimes used in cancer treatment as antitumor compounds) 

(Missailidis, 2008). Hence, it is important to find novel antibiotics with varying mechanisms 

of action to increase the chance of discovering antibiotics that reach clinical relevance.  

Genomic mining analyses have revealed that less than 10% of the genetic potential of 

antibiotic producers is currently being used (Mast and Stegmann, 2019). Thus, researchers 

are hopeful that increased selective isolation and screening of bacteria from under-explored 

habitats (such as the marine environment), when used in conjunction with selective 

cultivation strategies, insight into biosynthetic pathways and exploitation of triggers of 

antibiotic production,  will lead to a new era of antibiotic drug discovery (Zhu et al., 2014; 

Mast and Stegmann, 2019).  

1.4 METAGENOMICS 

The majority of microbes (>99%) are, as yet, unculturable using standard laboratory 

techniques (Schloss and Handelsman, 2003). It is particularly hard to culture indigenous 

marine bacteria (Li and Qin, 2005). This unculturable diversity serves as a very promising 

source of novel enzymes and bioactive compounds. Metagenomics is an approach that allows 

one to study the full range of microbial diversity regardless of whether the organisms being 

studied can be cultured. It involves the genetic analysis of a population of microorganisms by 

isolating DNA directly from an environmental sample (eDNA). Traditionally, eDNA is 

amplified, cloned into a culturable bacterium and sequenced based on a single taxonomic 

marker gene (Handelsman, 2005). However, this approach is labour intensive and most 

studies only analyse fewer than 100 clones per sample (Sanschagrin and Yergeau, 2014). 
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This results in an underestimation of the diversity present in a sample, hence why library 

preparation using next-generation sequencing (NGS) has become a more attractive option.  

 

NGS generates large amounts of sequence data in a shorter period of time due to its ability to 

sequence in parallel i.e. multiple reads sequenced simultaneously (Behjati and Tarpey, 2013). 

It also evades the need to insert the DNA into a culturable host as isolated eDNA can be 

directly processed and collected in libraries for NGS-based applications (Sanschagrin and 

Yergeau, 2014). Metagenomics using NGS can be separated into 2 categories: shotgun and 

amplicon-based, though it has been proposed that the latter be referred to as 

‘metataxonomics’ (Marchesi and Ravel, 2015). Amplicon-based metagenomics targets a 

single marker gene whereas shotgun metagenomics produces fragmented sequences (reads) 

that can be used to reconstruct metagenome-assembled genomes (MAGs). The assembly of 

MAGs involves generating consensus regions of DNA (contigs) and clustering them into 

individual groups which represent full or partial microbial genomes (binning) (Hugerth et al., 

2015; Yue et al., 2020). Setubal (2021) stated that we are still in the early stages of tool and 

resource development to support the reconstruction and analysis of MAGs. However, once 

assembled, genome mining of these genomes will make it possible to assess potentially novel 

bioactive compounds from otherwise unculturable bacterial species while also providing 

insight into the functional and metabolic dynamics of a microbial community. It is important 

to note that most inferences based on metagenomic analyses are limited by their reliance on 

existing reference databases containing sequences of known origin and gene function (Simon 

and Daniel, 2009). 

 

1.5  AIMS 

This study forms part of a larger project involving two other research teams: Dr Marilize le 

Roes- Hill’s Biocatalysis and Technical Biology (BTB) Research Group, Institute of 

Biomedical and Microbial Biotechnology, Cape Peninsula University of Technology 

(CPUT), Cape Town and the laboratory of Assoc. Prof. Denzil Beukes, School of Pharmacy, 

University of the Western Cape (UWC), Cape Town. The project sought to determine the 

actinobacterial diversity associated with selected marine sediments while also assessing the 

ability of culturable actinobacterial strains from these marine environments to produce novel 

bioactive compounds and oxidative enzymes. It also sought to determine the community 

composition of selected marine sediments (metagenomics) while also collecting information 
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on gene expression and the biochemical processes in which these communities are involved 

(metatranscriptomics). Marine sediment samples were collected from rock pools, beach/dunes 

and subtidal zones across six sampling sites by members of the BTB group (Figure 1.3). 

These sites are situated along the western, south western and southern coastline of South 

Africa. The BTB Research Group also isolated metagenomic eDNA from each sampling site. 

This metagenomic eDNA was processed and submitted for 16S-rRNA gene amplification 

using actinobacteria-specific primer sets in order to investigate the community composition 

of all sampling sites. 

The first aim of my study in particular, was to investigate the culturable actinobacterial 

diversity and community composition of marine sediment samples from Gericke's Point 

(Garden Route National Park) at Sedgefield, South Africa (Figure 1.3), which was one of the 

six sampling sites chosen for this project. In order to investigate the actinobacterial diversity, 

actinobacterial strains were selectively isolated using standard plate cultivation techniques 

and subsequently identified to the genus level using 16S-rRNA gene sequence analysis. 

These sequences were used to construct phylogenetic trees to analyse the phylogeny of these 

strains. Metagenomic data generated by the BTB research group were analysed by the author 

and used to complement the culture-dependent investigation. 

An additional aim of my part of the study was to assess the ability of isolated marine 

actinobacterial strains to produce novel antibacterial compounds. The antibiotic spectrum of 

the isolates was investigated by screening for antibiotic activity against two Gram positive 

bacteria (Mycobacterium aurum strain A+ and Staphylococcus aureus strain ATCC 25923) 

and a Gram negative bacterium (E. coli strain ATCC 25922) using agar overlays on plates. 

Agar samples from plates containing antibiotic compounds with strong antimycobacterial 

activity were collected by the author and then analysed by Dr Daniel Watson (Division of 

Clinical Pharmacology, Faculty of Health Sciences, University of Cape Town) using HPLC-

MS to identify possible novel compounds for further study.  

The data collected in my part of the larger study should provide some insights into the 

biodiversity present in selected marine habitats at Gericke’s Point and the ability of isolated 

strains to produce novel bioactive compounds (antibiotics). Combined with the other aspects 

of the overall project, these data help expand our knowledge of South African marine 

environments.  
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Figure 1.3. Sampling sites included in the larger project (indicated by red crosses). These 

images were compiled using the CapeFarmMapper tool provided by the Western Cape 

Department of Agriculture. (https://gis.elsenburg.com/apps/cfm/). A) Samples were taken 

from one site in Garden Route National Park (GRNP), one site in Agulhas National Park 

(ANP), two sites in Table Mountain National Park (TMNP), and two sites in West Coast 

National Park (WCNP). B-C) Closer look at the site sampled in this study at Gericke’s Point, 

Garden Route National Park (GRNP), South Africa.  
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SUMMARY 
 

 
A total of 33 presumptive actinobacterial strains was isolated from 18 different sediment 

samples taken from three different sites at Gericke’s Point in Sedgefield, South Africa. The 

three sites were a rock pool (rocky site), a beach area (dry site) and a subtidal zone (ocean 

site). The investigation of six of the presumptive actinobacterial isolates was discontinued 

due to consistent contamination during cultivation.  The remaining 27 isolates were 

successfully identified to the genus level following 16S-rRNA gene amplification, 

sequencing and analysis. A total of 26 Streptomyces strains was isolated across the three sites. 

One isolate belongs to the genus Nocardia. Phylogenetic trees based on partial 16S-rRNA 

gene sequences obtained from each identified strain were generated to investigate their 

closest phylogenetic relatives.  Multiple isolates were found to have identical 16S-rRNA gene 

sequences indicating they could be clones. Three groups of potential clones were identified. 

The first group (PC1) contained Streptomyces strains GGUI10#19, GGUI5#24 and 

GGUM1#26, the second group (PC2) contained Streptomyces strains GGUI10#8, GGUI#9, 

GGUI#10, GUUM1#11, GGUI10#15, GGUI#16, GGUI5#18, GGUI5#27, GGUI#28, 

GGUI5#30, GGUI5#31 and GGUI5#33 and the final group (PC3) contained Streptomyces 

strains GGUI#1 and GGUM1#2. In addition to phenotypic evidence, further analysis of 

partial gyrase subunit B (gyrB) gene sequences of the strains in each PC group indicated that 

the strains in PC1 and PC3 were not clones. Further analysis of the partial gyrB gene 

sequences of Streptomyces strains in PC2 indicated that strains GGUI#10, GUUM1#11, 

GGUI10#15 and GGUI#28 (PC2a) and strains GGUI10#8, GGUI#9, GGUI#16, GGUI5#18, 

GGUI5#27, GGUI5#30, GGUI5#31 and GGUI5#33 (PC2b) could be clones (identical partial 

gyrB gene sequences for the strains in each sub-group). However, the morphology of strains 

GGUI#10, GUUM1#11, GGUI10#15 and GGUI#28 (in PC2a) and strains GGUI#9 and 

GGUI#16 (in PC2b) were significantly different than other strains in PC2 suggesting they are 

not clones. Further study (including phylogenetic analysis) of the gyrB gene sequence of the 

Nocardia strain was also conducted. 
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2.1. INTRODUCTION 

During the golden era of antibiotic discovery (1950-1960), thousands of antibiotics were 

discovered. Most of these antibiotics (~60%) were isolated from species belonging to the 

actinomycete genus Streptomyces (Bérdy, 2012). After the sixties, there was a decline in 

novel antibiotic discovery and an increase in rediscovery of known compounds. This was 

due, in part, to the declining efficiency of standard culturing techniques and the continuous 

re-isolation of known bacterial species. Antibiotic resistance has increased the need for novel 

antibiotics and consequently, the need for innovative approaches to antibiotic discovery. 

Specifically, focus has shifted to exploring understudied habitats (such as those within the 

marine environment) as sources of exploitable novel bacterial diversity.  The efficiency of 

these explorations has been enhanced by the use of selective isolation techniques (Bredholdt 

et al., 2007). 

Selective isolation involves various sample pre-treatments and the utilization of selective 

media containing unusual carbon sources to favour the growth of certain bacteria. As 

actinobacteria have proved to be the richest source of bioactive compounds, emphasis has 

been placed on selective isolation to increase the chances of discovering novel actinobacterial 

species that could produce compounds with novel chemical structures. Due to the continual 

rediscovery of similar and known compounds from described Streptomyces species, even 

more emphasis has been placed on the selective isolation of rarer actinobacteria genera (i.e. 

non-Streptomyces genera). That being said, some emphasis is still being placed on isolating 

novel Streptomyces species from extreme habitats, as they have proven to still be a rich 

source of bioactive compounds (Sivalingam et al., 2019). Since actinobacterial spores are 

more resistant to desiccation than most bacteria, common sample pre-treatments for the 

selective isolation of spore-forming actinobacteria include drying and heat shock of 

environmental samples (Goodfellow, 2014). Most actinobacterial selective media also 

contain complex carbon sources, such as starch and casein, which favour the growth of these 

organisms (Goodfellow, 2014). Additionally, the presence of seawater in isolation media is 

crucial for the selective isolation of indigenous marine actinobacteria (Jensen et al., 1991; 

Maldonado et al., 2005). The composition of selective isolation media is usually based on 

known phenotypic characteristics of target strains. For example, in this study, some isolation 

media were supplemented with the antibiotic, rifampicin, to encourage the growth of 

Salinispora strains above other bacteria. This selective isolation technique is based on the 

antibiotic resistance profile of Salinispora species (Mincer et al., 2005) Actinobacterial 
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selective isolation media are also supplemented with other antibiotics to prevent the growth 

of unwanted contaminants such as fungi and Gram-negative bacteria.  

Due to the conserved nature of the gene, analyses of the hypervariable regions in 16S-rRNA 

gene sequences are still widely used in taxonomy to assess bacterial diversity and infer 

evolutionary relationships. However, due to the slow evolutionary rate of the 16S-rRNA 

gene, the resolution of these analyses has been found to be insufficient to distinguish closely- 

related species (Santos and Ochman, 2004). Consequently, additional gene markers have 

been used to analyse interspecific relationships. These include housekeeping genes such as 

gyrB (encoding DNA gyrase subunit B) and rpoB (encoding the beta subunit of RNA 

polymerase), which are conserved between bacterial species, but have higher mutation rates 

than the 16S-rRNA gene (Anderson and Wellington, 2001; Ogier et al., 2019). Phenotypic 

data and data derived from the analysis of single marker genes can be utilized to identify 

potentially novel isolates. However, to robustly assess the novelty of an isolate, whole-

genome analyses, such as dDDH and ANI need to be performed (Chun et al., 2018). If the 

16S-rRNA gene sequence similarity between two actinobacterial strains is above 98.8%, 

DDH is mandatory to establish if they belong to the same or distinct genomic species (Meier-

Kolthoff et al., 2013). Additionally, different levels of gyrB gene sequence similarity 

(ranging from 95.0% to 98.5 %) have been proposed for species delineation of various 

prokaryotic taxa ( Kim et al., 2012a). This threshold depends on the organisms involved and 

the length of the gene fragments being analysed. In the genus Streptomyces, approximately 

98.5 % gyrB gene sequence similarity has been shown to correspond to a DDH relatedness 

threshold value of 70% for species delineation (Law et al., 2018).  

In the work presented in this chapter, the aim was to selectively isolate a diverse range of 

actinobacteria from samples taken from three marine habitats at Gericke’s Point, South 

Africa. Presumptive actinobacterial isolates were selected based on colony morphology and 

identified to the genus level by partial 16S-rRNA gene sequencing analysis. The partial 16S-

rRNA gene sequences obtained for each confirmed actinobacterial isolate were used to 

determine their phylogenetic positions within their respective genera. Further investigation of 

specific isolates was done utilising the gyrB gene to distinguish clones from closely related 

strains. 
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2.2 METHODS AND MATERIALS 

2.2.1 Isolation and identification of marine actinobacterial strains 

2.2.1.1 Sample collection 

Samples of marine sediment were collected in October 2019 from Gericke's Point, Garden 

Route National Park in Sedgefield, South Africa (-34.0269863, 22.7746458). Sampling was 

performed by members of the BTB research group. Three samples containing 100g each of 

sediment were collected (in duplicate) from three different sites: a rock pool (rocky site), a 

beach area (dry site) and a subtidal zone (ocean site). There were 18 samples in total. The 

sampling approach can be seen in Figure 2.1. A photographic record was kept of fauna, flora, 

distinguishing geological features and human impact (pollution) surrounding the sample sites. 

Physiochemical analyses of the sediment were conducted by Bemlab Laboratories, Strand, 

South Africa.  The temperature of the sediment was 19°C at the time of sampling and the pH 

was found to be 8.0, 8.7 and 8.8 for the ocean site, rocky site and dry site sediment samples,  

respectively. The sediment was stored for approximately five months in sterile 50 ml conical 

centrifuge tubes at 4°C until sample preparation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 Sampling approach for sediment sample collection at Gericke’s Point. Flags denote points where 

sediment samples were collected at each sampling sub-site. Duplicate samples were collected at each point. This 

image was constructed by the BTB research group. 
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2.2.1.2 Sediment sample preparation  

The sediment samples were prepared for the isolation of actinobacteria by weighing 1g of 

each sample into separate sterile universal containers. Sterile Ringer’s solution [7.2g NaCl, 

0.37g KCl, 0.22g CaCl2.2H20, distilled water to 1L, pH 7.4] was added to the samples to 

make the total volume in each universal container up to 10ml. Each sample mixture was 

vortexed for 1 min to dislodge bacteria from sediment particles. A 10-fold dilution series of 

the bacterial suspension was prepared with sterile Ringer’s solution down to a final dilution 

of 10
-2

. Using the spread plate technique, 100μl aliquots of undiluted and diluted (10
-1 

and 10
-

2
) bacterial suspensions were spread onto prepared agar media plates in duplicate. 

2.2.1.3 Isolation of actinobacterial strains  

Various media were used to accommodate the growth of marine actinobacteria based on 

previous reports. Key aspects such as temperature, pH and salt concentration of the 

environment sampled were taken into consideration. All media were supplemented with 3.8% 

Red Sea Salt (Red Sea Fish Pharm Ltd, Tel Aviv, Israel).The media used were M1 medium 

(Jensen et al., 2005), International Streptomyces Project medium No. 2 containing 0.2% 

calcium carbonate (ISP2-C), diluted ISP2-C (1-in-10 dilution) and International Streptomyces 

Project medium No. 5 (ISP5) (Shirling and Gottlieb, 1966). Penicillin (100μg/ml), nalidixic 

acid (25μg/ml) and cycloheximide (100μg/ml) were used to supplement the actinobacterial 

isolation media to limit the growth of Gram-negative bacteria (penicillin and nalidixic acid)   

and fungi (cyclohexamide). Additionally, rifampicin (15μg/ml) was used in some media in an 

attempt to selectively isolate Salinispora strains. All isolation plates were incubated at room 

temperature (~22 °C). 

Due to the COVID-19 pandemic and South Africa’s extended hard lockdown in 2020, all 

bacterial isolation plates were incubated for a period of six months before they could be 

inspected. Isolation plates are usually incubated for a minimum of one month with weekly 

inspections. As weekly checking was not possible, some plates had become overgrown with 

moulds before they could be inspected and no actinobacterial colonies could be isolated from 

them. Once all the plates with fungal overgrowth were discarded, the remaining plates were 

inspected for actinobacterial colonies. 

Presumptive marine actinobacterial colonies were selected based on certain morphological 

features. These included colonies with leathery surfaces, matt looking colonies and colonies 
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that were slightly sunken into the surface of the agar and which displayed aerial mycelium 

that had developed into spores. Presumptive marine actinobacterial colonies were sub-

cultured onto fresh agar plates (excluding antibiotics) of the same medium from which they 

were isolated and each new sub-cultured colony was given a strain name and numbered 

chronologically e.g. GGUI#1, GGUM1#2, GGUI5#3. The strain names were derived using a 

standardized naming system set out within the larger project of which this study was a part. 

‘GG’ indicates that a strain was isolated from Gericke’s Point in Garden Route National Park 

and ‘U’ indicates the soil samples were untreated (no physical or mechanical pre-treatment 

was used in the part of the study described in this thesis). This is followed by the media type 

on which the strain was isolated (I indicates ISP2-C, I5 indicates ISP5, I10 indicates diluted 

ISP2-C and M1 indicates M1 medium) and the isolate number. For example, GGUI#1 

denotes isolate No.1 in this study that was isolated on ISP2-C medium from an untreated 

sediment sample from Gericke’s Point. The site and sample from which the strain was 

isolated were recorded separately. Each strain was also streaked onto International 

Streptomyces Project medium No. 4 (Shirling and Gottlieb, 1966) agar plates and inspected 

after being incubated for 14 days at 30°C ( all isolates were confirmed to grow at 30°C during 

the investigations detailed in Chapter 4) to record phenotypic characteristics such as substrate  

mycelium colour, spore mass colour and whether the strain produced a diffusible pigment.  

2.2.1.4 Cultivation of actinobacterial strains 

Liquid cultures were prepared by inoculating actinobacterial strains into 20ml of liquid 

medium in 250-ml Erlenmeyer flasks and growing them on an orbital shaker (110 rpm) at 

room temperature (~22 °C) until sufficient cell mass was observed. These cultures were then 

inspected for contamination by Gram staining and streaking for single colonies onto agar plates 

of the same media type as that in which the strain was grown. Additional inspection had to be 

done when it was observed that contamination by non-actinobacteria went undetected using these 

techniques (i.e. sometimes apparently pure actinobacterial cultures yielded high-quality DNA-

sequencing chromatograms of the 16S-rRNA gene, but the sequence belonged to a Gram-

negative bacterium rather than an actinobacterium). To overcome the problem of “hidden” 

contamination, a colony from the single colony plate was suspended in sterile H20, a dilution 

series was set-up (up to 10
-5

 dilution) using sterile H20 as the diluent and 100μl of each dilution 

was spread plated on appropriate agar plates. Plates containing the higher dilutions revealed 

whether a contaminant had gone undetected, as distinct actinobacterial and non-

actinobacterial colonies could be seen. When a contaminant was observed, a single colony of 
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the actinobacterial strain was used to streak for single colonies again and the dilution series 

was repeated to separate the actinobacterial and contaminant strains. The actinobacterial 

strain was then re-inoculated into liquid medium. Once contaminated cultures had been 

purified (i.e. no contamination was detected using the described inspections), glycerol stocks 

of each isolate were prepared by adding 1000μl of broth culture to 300μl of 50% (v/v) sterile 

glycerol in a sterile microcentrifuge tube. Stock cultures were stored at either -20°C or -80°C 

for long-term storage.  

2.2.1.5 Genomic DNA extraction 

A benchtop centrifuge (Eppendorf Centrifuge 5418) was used to harvest cells from the liquid 

cultures (14000 rpm for 1 min per run) to obtain ~200μl of wet cell mass for genomic DNA 

extraction.  Genomic DNA (gDNA) was extracted using two different methods. The first is 

based on a modified version of Wang et al.’s phenol extraction method (1996). An increased 

lysozyme concentration of 25mg/ml was used and the cells were incubated in lysis buffer at 

37°C overnight rather than for 30 minutes. The pelleted gDNA was dissolved in varying 

amounts of 10 mM Tris- HCl, 1 mM EDTA (TE) buffer (pH 8.0) depending on pellet sizes 

and stored at 4°C. Alternatively, gDNA was extracted using the ZR Soil Microbe DNA 

miniprep Kit™ (Zymo Research, Irvine, California) according to the manufacturer’s protocol 

for extraction from bacterial cells. Instead of lysing via bead beater, the cells were placed in 

BashingBead™ Lysis Tubes (beads of 0.1 and 0.5 mm in diameter; Zymo Research, Irvine, 

California) and vortexed for 5 min. DNA concentrations were measured using a Nanodrop
TM

 

spectrophotometer, model ND-1000 UV-VIS. 

2.2.1.6 16S-rRNA and gyrB gene amplification 

Extracted gDNA was amplified using the polymerase chain reaction (PCR). The universal 

forward primer F1 and the universal reverse primer R5 were used to amplify 16S-rRNA gene 

sequences  (Cook & Meyers, 2003), while the forward primer GgyrB-F2 (GF2) (Le Roes et 

al., 2008) and three different reverse primers (Everest and Meyers, 2009; Kirby et al., 2010) 

were used to amplify partial gyrB gene sequences (Table 2.1). PCR reactions (50 μl) 

contained 2 mM MgCl2, 600 μM dNTP, 0.5 μM of each primer, 100 – 500 ng/μl template 

DNA and 0.5 units Super-Therm Taq polymerase (JMR Holdings Inc, USA). Bovine serum 

albumin (BSA; 200 ng/µl final concentration) was added to the PCR reactions as it has been 

shown to reduce the effect of substances that inhibit enzyme activity and to prevent adhesion 
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of enzymes to reaction tubes (Kreader, 1996). A standard PCR programme was followed for 

all PCR reactions: an initial denaturation at 96 
o
C for 2 min, 30 cycles of denaturation at      

96 
o
C for 30s, annealing for 20s and extension at 72 

o
C for 30s, with a final extension at      

72 
o
C for 5 min. PCR programmes were performed on a Bio-Rad T100

TM
 Thermal Cycler 

PCR machine. PCR products were electrophoresed on 0.8% (w/v) agarose gels containing 

ethidium bromide (600 ng/ml) at 90V. A molecular marker of PstI-digested bacteriophage 

lambda DNA was used and the agarose gel was visualized using a Bio-Rad ChemiDoc
TM

 

XRS+ Molecular Imager® illuminometer.  

Table 2.1 PCR primers used to amplify and sequence 16S-rRNA and gyrB gene sequences and their respective 

annealing temperatures. “F” denotes the forward primers and “R” denotes the reverse primers. 

2.2.1.7 Identification of isolates: DNA sequencing and analysis   

PCR products were purified using the ISOLATE II PCR and Gel Kit (Bioline) according to 

the manufacturer’s protocol. Sequencing was performed as a service by Macrogen Europe 

Inc. (Amsterdam-Zuidoost, Netherlands) using the universal primers 518F and 800R for the 

16S-rRNA gene, and GF2 for the gyrB gene (Table 2.1). Sequence chromatograms were 

analysed and edited using Chromas version 2.33 (Technelysium Pty. Ltd., Australia). 

Actinobacterial isolates were identified to the genus level by comparing the edited 16S-rRNA 

partial gene sequences to the curated database (Kim et al., 2012b) on the EzBioCloud 

platform (https://www.ezbiocloud.net/). This also identified the closest phylogenetic relatives 

of each isolate. The Basic Local Alignment Search Tool (BLAST; Altschul et al., 1990) was 

used to compare edited gyrB partial gene sequences of selected strains against the GenBank 

nucleotide database (Sayers et al., 2019). The similarity of the 16S-rRNA and gyrB gene 

Primer Primer sequence 

[R=A/G, S=C/G ,W=A/T,  Y=C/T, H=A/C/T, 

V=A/C/G, N=any base, I= Inosine] 

Annealing 

Temperature 

(
o
C) 

Reference 

F1 5’-AGAGTTTGATCITGGCTCAG-3’ 56 Cook & Meyers (2003) 

R5 5’-ACGGITACCTTGTTACGACTT-3’ 56 Cook & Meyers (2003) 

GgyrB-F2  5’-CAGTTCGAGGGHCAGACSAAGAC-3’ 56 Le Roes et al. (2008) 

7GgyrB-R  5’-CCGTCVACRTCRGCRTCSGCCATS-3’ 59 Everest and Meyers (2009) 

KgyrB-R  5’-CGATCCGGGCCTTCTCGACGTTCAG-3’ 62 Kirby et al. (2010) 

KgyrB-R1892  5’-CCSAGRCCCTTGWAGCGCTGG-3’ 59 Kirby et al. (2010) 

518F 5’-CCAGCAGCCGCGGTAATACG-3’ 55 Faisal et al. (2017) 

800R 5’-TACCAGGGTATCTAATCC-3’ 50 Faisal et al. (2017) 
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sequences between isolates was assessed by aligning the sequences using DNAMAN version 

4.13 (Lynnon Biosoft).  

2.2.2 Phylogenetic analyses 

2.2.2.1 16S-rRNA gene phylogenetic analysis 

The 16S-rRNA gene sequences of the type strains of the top five species with the highest 

nucleotide identity (top 5 hits) were downloaded from the EzBioCloud database for strains 

identified to belong to the genus Streptomyces. For strains having identical top hits, the next 

five top hits were selected to avoid repetition when constructing phylogenetic trees. For the 

strain that was identified as belonging to the genus Nocardia, the 16S-rRNA gene sequences 

of the type strains of the top 30 hits were selected from the EzBioCloud database. The 

software package Molecular Evolutionary Genetics Analysis version 7.0 (MEGA7; Kumar et 

al., 2016) was used to align the 16S-rRNA gene sequences using the MUSCLE multiple 

sequence alignment algorithm (Edgar, 2004). The alignments for each genus were edited to 

ensure all sequences were the same length and to remove columns containing ambiguous 

bases, insertions or deletions. The edited alignments were used to construct Maximum 

Likelihood (Felsenstein, 1981), Neighbour-Joining (Saitou and Nei, 1987) and Maximum 

Parsimony (Fitch, 1971) trees using the default settings in MEGA7.  The Kimura two- 

parameter model (Kimura, 1980) was used as the substitution model for the maximum-

likelihood and neighbour-joining trees. Bootstrapping for all trees was carried out using 1000 

replicates (Felsenstein, 1985). 

2.2.2.2 Gyrase subunit B phylogenetic analysis 

The gyrB gene sequences of the type strains of the most closely related species (with validly 

published names) for which whole-genome or partial gyrB sequences were available in the 

GenBank database were downloaded for the isolated Streptomyces strains identified to be 

potential clones (i.e. strains that had identical partial 16S-rRNA gene sequences). This was 

also done for the 30 most closely related species of the marine Nocardia strain. A 

combination of results obtained from the EzBioCloud database searches (16S-rRNA gene top 

hits) and the gyrB blastn analysis were used to select the most closely related species for each 

strain. The gyrB gene sequences were aligned, edited and used for the generation of 

phylogenetic trees as described in section 2.2.2.1.  
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2.3 RESULTS AND DISCUSSION 

2.3.1 Isolation and cultivation of actinobacterial strains 

Due to the COVID-19 pandemic and the abnormally long incubation period of the isolation 

plates before inspection, about two thirds of the 864 plates that had been inoculated  

contained fungal overgrowth and had to be discarded. The discarded plates were evenly 

distributed among all sub-sites. The remaining 298 plates were used to select a total of 33 

presumptive actinobacterial isolates across 18 environmental samples. Two isolates were 

selected from the ocean site samples, five were selected from the dry site samples and 26 

were selected from the rocky site samples.  Twelve isolates were selected from the ISP2-C 

agar plates, five were selected from the ISP2-C (1:10) agar plates, six were selected from the 

M1 agar plates and ten were selected from the ISP5 agar plates. The investigation of three 

isolates from the rocky site, namely GGUI#13, GGUI#14 and GGUI5#17 were discontinued 

due to consistent fungal contamination during each sub-culturing attempt. Notably, strain 

GGUI#13 was an orange colony with black spore mass (Figure A1). These morphological 

features are typical of bacteria belonging to the actinobacterial genera Micromonospora and 

Salinispora (Jensen et al., 2015). 

Other isolates that displayed interesting phenotypic characteristics on ISP4 medium include 

GGUI#1, GGUI10#6, GGUI#7, GGUI10#20, GGUI#25 and GGUI#28 (Figure 2.2). Strain 

GGUI#1 produced a pale pink diffusible pigment. Strain GGUI10#6 displayed dark brown to 

black wrinkly colonies with a white spore mass. Strain GGUI#7 displayed yellow colonies 

that were sunken into the agar with a dark grey and white spore mass. Strain GGUI10#20 

displayed colonies with a pale pink spore mass and a ‘branched’ structure. Strain GGUI#25 

displayed wrinkled and ‘volcano like’ dark brown colonies with a grey spore mass. Individual 

colonies of GGUI#28 also displayed a wrinkly morphology, but were bright orange in colour 

with a white spore mass. A full record of all 30 pure-culture strains and their phenotypic 

characteristics can be found in the appendix (Table A1).  

2.3.2. Identification of isolates: 16S-rRNA and gyrB gene analyses 

The remaining 30 presumptive actinobacterial isolates were cultured in liquid media to 

extract, amplify and sequence their DNA for genus identification. Twenty seven (27) of the 

30 isolates were successfully identified to the genus level and confirmed as actinobacteria. 

The identification of the remaining three isolates (GGUI5#21, GGUI#22 and GGUI5#32) 
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was discontinued due to consistent contamination by certain Gram-negative bacteria that was 

only detected after DNA sequencing took place. This was an ongoing issue throughout this 

study and is detailed in section 2.3.3. Genus identifications were based on partial 16S-rRNA 

gene sequences ranging from approximately 200–900 base pairs. A summary of all strains 

identified to the genus level, together with their respective top hits can be found in Table 2.2. 

All isolates except GGUI10#20, were identified as belonging to the genus Streptomyces. 

Isolate GGUI10#20 (highlighted in pink) was identified as belonging to the genus Nocardia.  

 

 

 

 

 

 

 

 

 

 

 
Figure 2.2 Colonies of strains displaying interesting phenotypic features when cultivated on ISP4 

medium for 14 days at 30 o
C. (A) Strain GGUI#1 (B) Strain GGUI10#6 (C-D) Strain GGUI#7 (E) 

Strain GGUI10#20 (F) Strain GGUI#25. (G) Strain GGUI#28  

 

Isolates identified as belonging to the genus Streptomyces that had identical 16S-rRNA gene 

sequences when aligned in DNAMAN, were grouped as potential clones and underwent 

further analyses using gyrB gene sequences. Three potential clone groups were identified: 

one group included all the isolates with the type strain of Streptomyces chumphonensis as 

their top hit (PC1), another group included all the isolates with the type strains of 

Streptomyces bacillarus and Streptomyces griseus subsp. griseus as their top hits with 100% 

16S-rRNA gene sequence similarity (PC2) and the last group contained the two isolates 

which had the type strain of Streptomyces microflavus as their top hit (PC3). A partial gyrB 

gene sequence was obtained for each strain in potential clone group to determine if the strains 

had identical sequences (i.e. to determine whether analysis of partial gyrB gene sequences 

indicated that these strains were indeed clones). The full investigation of these strains, 

including phenotypic and phylogenetic evidence, is detailed in section 2.3.5. Strain 

GGUI10#20 also underwent further analysis using the gyrB gene to gain more insight into the 

phylogenetic position of this isolate within the genus Nocardia.

A 
B 

G F E 

D C B 
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Table 2.2. Genus identification of 27 actinobacterial strains isolated from the ocean, dry and rocky site sediment samples collected from Gericke’s Point based on EzBioCloud analyses of 

partial 16S-rRNA gene sequences. Further study of presumptive clones (as well as isolate GGUI10#20) was based on blastn analyses of partial gyrB gene sequences using the GenBank 

database. The partial 16S-rRNA gene sequences were generated using the 518F primer, except in the case of isolate GGUM1#5 where the 800R primer was used. The partial gyrB gene 

sequences were generated using the GF2 primer.  Sequence length indicates the number of base pairs (bp) in the query sequence. The full-length actinobacterial 16S-rRNA and gyrB gene 

sequences are ~1.5kb and ~2.2kb respectively. Percentage (%) identity indicates the degree of similarity between the query sequence and the top hit strain gene sequence. Asterisks (*) indicate 

isolates with more than one top hit (i.e. multiple sequences from different species were found to have identical percentage similarities to the query sequence). ND indicates that the gyrB 

sequence for that isolate was not determined. 

 

Isolate Top Hit (16S-rRNA) % identity Sequence length (bp) Top Hit (gyrB) % identity Sequence length (bp) 

   OCEAN SITE    

GGUI#1 Streptomyces microflavus* 99.88 840 Streptomyces griseus subsp. griseus 98.21 616 

GGUI10#6 Streptomyces synnematoformans 98.91 922 ND   

   DRY SITE     

GGUM1#2 Streptomyces microflavus* 99.89 887 Streptomyces globisporus 98.57 631 

GGUI#3 Streptomyces apocyni 99.52 841 ND   

GGUM1#4 Streptomyces flavovirens* 99.39 655 ND   

GGUI10#15 Streptomyces bacillaris * 100 926 Streptomyces cavourensis 98.51 672 

GGUM1#29 Streptomyces violaceus * 99.57 935 ND   

   ROCKY SITE     

GGUM1#5^ Streptomyces olivaceus* 92.19 193 ND   

GGUI#7 Streptomyces umbrinus* 99.32 591 ND   

GGUI10#8 Streptomyces griseus subsp. griseus* 100 558 Streptomyces cavourensis 98.45 645 

GGUI#9 Streptomyces griseus subsp. griseus* 100 662 Streptomyces cavourensis 98.38 618 

GGUI#10 Streptomyces bacillaris* 100 887 Streptomyces cavourensis 98.42 631 

GGUM1#11 Streptomyces bacillaris * 100 913 Streptomyces cavourensis 98.50 667 

GGUI#12 Streptomyces pratensis 99.77 928 ND   

GGUI#16 Streptomyces bacillaris * 100 892 Streptomyces cavourensis 98.37 678 

GGUI5#18 Streptomyces bacillaris * 100 922 Streptomyces cavourensis 98.44 640 

GGUI10#19 Streptomyces chumphonensis 100 597 Streptomyces roseoverticillatas 92.83 349 

GGUI10#20 Nocardia otitidiscaviarum 99.43 883 Nocardia otitidiscaviarum 99.52 414 

GGUI#23 Streptomyces bacillaris * 99.85 646 ND   

GGUI5#24 Streptomyces chumphonensis 100 573 Streptomyces roseoverticillatas 92.98 301 

GGUI5#25 Streptomyces kurssanovii 99.44 885 ND   

GGUM1#26 Streptomyces chumphonensis 99.55 895 Streptomyces laurentii 92.06 353 

GGUI5#27 Streptomyces bacillaris * 100 929 Streptomyces cavourensis 98.48 656 

GGUI#28 Streptomyces griseus subsp. griseus* 100 614 Streptomyces cavourensis 98.38 680 

GGUI5#30 Streptomyces bacillaris * 100 800 Streptomyces cavourensis 98.42 634 

GGUI5#31 Streptomyces bacillaris * 100 855 Streptomyces cavourensis 98.50 668 

GGUI5#33 Streptomyces bacillaris * 100 936 Streptomyces cavourensis 98.51 672 

^Sequence was of poor quality resulting in shorter sequence length. This sequence was not included in any subsequent phylogenetic analyses.  

 



2.3.3 Contamination 

As mentioned previously, there was a consistent contamination problem involving certain 

Gram-negative bacteria that went undetected using standard screening techniques (i.e. Gram 

staining and streaking for single colonies) and was only discovered after sequencing of the 

16S-rRNA gene when sequence analysis showed that the sequence belonged to a non-

actinobacterium.  These contaminants were most closely related to Pseudomonas 

moraviensis, Pantoea septica, Delftia tsuruhatensis and various species of the genus 

Alcanivorax. Notably, all contaminants except one were found among actinobacterial strains 

isolated from the rocky site. One Gram-positive contaminant most closely related to 

Staphylococcus saprophyticus subsp. saprophyticus was also encountered in this study. More 

information on the various contaminants and the isolates affected is shown in the appendix 

(Table A2).  

Discovering this contamination was interesting as most of the time there was no mixed peak 

pattern observed on the 16S-rRNA sequence chromatograms, which indicated that these 

organisms existed as “pure” contaminants, yet no colonies of said contaminants were visible 

on agar plates streaked for single colonies or Gram-stained microscope slides from liquid 

cultures. It was concluded that this may have occurred due to insufficient lysis of 

actinobacterial cells during DNA extraction. Thus, if contaminants were present (even in 

small amounts) among the harvested cells and their cells lysed more easily than the 

actinobacterial strains, the DNA used in the PCR reaction would most likely belong to the 

contaminant. This contamination problem was resolved (for the most part) after including an 

additional screening step before harvesting liquid cultures and using BashingBead™ Lysis 

Tubes (beads of 0.1 and 0.5 mm in diameter; Zymo Research, Irvine, California) to improve 

mechanical lysis of actinobacterial cells before DNA extraction. Strains GGUI5#21, 

GGUI#22 and GGUI5#32 (contaminated by a Gram-negative bacterium most closely related 

to Alcanivorax) could not be identified as they could not be purified from the mixed cultures. 

Presumptive actinobacterial colonies of strains GGUI5#21 and GGUI5#32 were stab 

inoculated on agar media and screened for antibacterial activity (described in Chapter 4) 

before the contamination was detected. No contamination was seen on the stab-inoculated 

plates. Strain GGUI#22 could not be screened as there was difficulty in culturing the 

bacterium on agar and in liquid media (slow to no growth) after the contamination was 

detected.  
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2.3.4 Phylogenetic analyses 

2.3.4.1 Genus Nocardia 

According to the List of Prokaryotic names with Standing in Nomenclature (Parte, 2018), the 

genus Nocardia  is comprised of 123 species with validly published names 

(https://lpsn.dsmz.de/genus/nocardia). The genus was described by Trevisan (1889) and 

assigned to the Nocardiaceae family (Castellani and Chalmer, 1919) within the 

actinobacterial order Mycobacteriales. Nocardia strains are usually present as weakly-

staining Gram-positive, filamentous branching bacilli that fragment into coccobacillary forms 

(Hoza et al., 2017). Nocardia strains display colonies that can be smooth, wrinkly, grainy or 

heaped with an orange, pink, red, or yellow colour, which is caused by carotenoid-like 

pigments (Goodfellow and Maldonado, 2015). Some Nocardia strains also produce brown or 

yellowish diffusible pigments. Nocardia strain GGUI10#20 displayed irregularly shaped 

colonies that produced a pale pink spore mass and a yellowish brown diffusible pigment 

(Table A1).  

Species belonging to the genus Nocardia have been isolated from both soil and aquatic 

(freshwater, wastewater and marine) habitats (Wright et al., 2021). Nocardia strain 

GGUI10#20 was isolated from the rocky site. Some members of the genus Nocardia are also 

known to cause nocardiosis, an opportunistic infection that most commonly presents as 

pulmonary disease, but can also affect the brain and skin. Consequently, multiple species of 

Nocardia have also been isolated from human clinical samples. The most common infection-

causing Nocardia species are Nocardia asteroides and Nocardia brasiliensis. Although 

nocardiosis primarily affects humans, multiple Nocardia species have been shown to cause 

infection in marine mammals (Kudo et al.,1988; Leger et al., 2009). This includes Nocardia 

otitidiscaviarum  and Nocardia seriolae, the type strains of which were revealed to be the 

first and second closest relatives of Nocardia strain GGUI10#20, respectively (according to 

the EzBioCloud database). Marine strains of N. otitidiscaviarum have been reported to 

potentially play a role in the restoration of oil-contaminated marine environments (Vyas and 

Dave, 2011). 
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2.3.4.1.1 Nocardia 16S-rRNA gene phylogenetic analysis  

A phylogenetic tree including the 16S-rRNA gene sequences of 30 Nocardia type strains was 

generated in order to determine the phylogenetic position of Nocardia strain GGUI10#20 

within the genus Nocardia (Figure 2.3). Nocardia strain GGUI10#20 can be seen clustering 

closely with N. otitidiscaviarum NBRC 14405
T
 with very strong bootstrap support (99%). 

This association was also seen in the neighbour joining and maximum parsimony trees. As 

mentioned in section 2.3.4.1, N. otitidiscaviarum was the top hit for Nocardia strain 

GGUI10#20 with 99.43% 16S-rRNA gene sequence similarity over 883 nucleotides (Table 

2.2). The full actinobacterial 16S-rRNA gene sequence is ~1500 nucleotides. Conville et al. 

(2018) reported that the genus Nocardia has a high 16S-rRNA gene sequence similarity 

between species that have been shown to be distinct by DDH. Sometimes only a few base 

differences separate closely related species (Roth et al., 2003). For example, the type strains 

of the species Nocardia brevicatena and Nocardia paucivorans have 16S-rRNA gene 

sequences with 99.5% similarity over 1352 nucleotides. Consequently, the Clinical and 

Laboratory Standards Institute has recommended a 16S-rRNA gene sequence similarity         

> 99.6% for identification of Nocardia isolates to the species level (Petti et al., 2008). The 

degree of divergence of gyrB gene sequences was found to be approximately 3.6 times 

greater than that of the 16S-rRNA gene in Nocardia species (Takeda et al., 2010) , indicating 

that it would be more effective to use the gyrB gene to identify Nocardia species isolates to 

the species level. For this reason, a gyrB gene analysis of Nocardia strain GGUI10#20 was 

also included in this study. 

 



50 

 

 Nocardia heshunensis CFH S0067T (KY039322) 
 Nocardia concava NBRC 100430T (AB126880) 

 Nocardia yunnanensis CFH S0054T (CP032568) 
 Nocardia terrae ET3-3T (LC495741) 

 Nocardia seriolae JCM 3360 T (Z36925) 
 Nocardia crassostreae NBRC 100342 T (BDCH01000053) 

 Nocardia otitidiscaviarum NBRC 14405 T (BAGD01000059) 
 Nocardia strain GGUI10#20 

 Nocardia tengchongensis CFH S0057 T (KY039320) 
 Nocardia niigatensis NBRC 100131 T (BAGC01000015) 

 Nocardia pseudobrasiliensis NBRC 108224 T (BDBS01000093) 
 Nocardia xishanensis NBRC 101358 T (BDCF01000101) 

 Nocardia lijiangensis NBRC 108240 T (BDBP01000185) 
 Nocardia exalbida NBRC 100660 T (BAFZ01000028) 
 Nocardia sungurluensis CR3272 T (JN989289) 

 Nocardia sienata IFM 10088 T (AB121770) 
 Nocardia cyriacigeorgica DSM 44484 T (AF430027) 
 Nocardia paucivorans NBRC 100373 T (BAGE01000021) 
 Nocardia brevicatena NBRC 12119 T (BAFU01000024) 

 Nocardia macrotermitis RB20T (KY558706) 
 Nocardia yamanashiensis NBRC 100130T (BDCD01000015) 

 Nocardia inohanensis NBRC 100128T (BDBK01000025) 
 Nocardia vinacea NBRC 16497 T (BAGN01000059) 

 Nocardia vaccinii DSM 43285 T (AF430045) 
 Nocardia uniformis NBRC 13702 T (BDCE01000132) 

 Nocardia stercoris NEAU-LL90 T (RFFH01000046) 
 Nocardia acidivorans NBRC 108247T (AM402972) 

 Nocardia nova NBRC 15556 T (BDBN01000167) 
 Nocardia rhizosphaerae KLBMP S0043T (KP972639) 

 Nocardia rayongensis RY45-3 T (AB889540) 
 Nocardia jiangxiensis NBRC 101359 T (BAGB01000020) 
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Figure 2.3. Maximum-likelihood phylogenetic tree comparing Nocardia strain GGUI10#20 to the type strains 

of the  Nocardia species to which it is most closely related based on the top hits obtained from the EzBioCloud 

database. The tree is based on the alignment of 31 879-nt 16S-rRNA gene sequences. Numbers at the nodes 

show the percentage bootstrap support for each node (only values ≥70% are shown). Asterisks (*) indicate 

nodes that were also obtained in phylogenetic trees constructed with the neighbour joining and maximum 

parsimony algorithms. The scale bar indicates 2 nucleotide substitutions per 1000 nucleotides. 
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2.3.4.1.2 Nocardia gyrB gene phylogenetic analysis 

The partial gyrB gene sequences of the type strains of the top 30 species to which Nocardia 

strain GGUI10#20 is most closely related and for which gyrB gene sequences are available 

were aligned against the 414 nt partial gyrB gene sequence obtained for strain GGUI10#20. 

The final sequence alignment in MEGA was based on 402-nt gyrB gene sequences 

(approximately 18% of the full actinobacterial gyrB gene). Nocardia strain GGUI10#20 

grouped with N. otitidiscaviarum NBRC 14405
T
 with very strong bootstrap support (98%) 

(Figure 2.4). This association was also seen in the neighbour joining and maximum 

parsimony trees. This is in agreement with the blastn analysis, which revealed N. 

otitidiscaviarum as the top hit of strain, GGUI10#20 with 99.52% gyrB gene sequence 

similarity over 414 nucleotides (Table 2.2). Therefore, it can be noted that Nocardia strain 

GGUI10#20 clustered closely with the type strain of its top hit, N. otitidiscaviarum, in both 

the 16S-rRNA and gyrB gene phylogenetic trees. It has been shown that, when compared to 

other Nocardia species, N. otitidiscaviarum has <93.5 % gyrB gene sequence similarity 

(Takeda et al., 2010). This makes it is easier to distinguish between N. otitidiscaviarum and 

other Nocardia species when using gyrB gene sequence information. Similarly, the blastn 

results in this study showed that, after N. otitidiscaviarum, the next closest match (Nocardia 

farcinica strain IFM 10152
T
) had only 94.2% gyrB gene sequence similarity when compared 

to the partial gyrB sequence obtained from Nocardia strain GGUI10#20.  Although it is 

evident that Nocardia strain GGUI10#20 could belong to the species N. otitidiscaviarum, it is 

important to remember these inferences are based on only a small portion of the gyrB gene. 

Since a genome sequence is available for N. otitidiscaviarum NBRC 14405
T
, it is 

recommended that the genome of strain GGUI10#20 be sequenced and whole-genome 

analyses (i.e. ANI and dDDH) be used to establish whether it could represent a new species 

in the genus Nocardia. 

In the 16S-rRNA phylogenetic tree (Figure 2.3), Nocardia strain GGUI10#20 is shown to 

form part of a bigger cluster containing the type strains of the species Nocardia heshuensis, 

Nocardia concava, Nocardia yunnanensis, Nocardia terrae, N. seriolae, and Nocardia 

crassostreae. Of these strains, N. concava, N. seriolae and N. crassostreae were isolated as 

pathogens from a human, a fish and an oyster, respectively (Kudo et al., 1988; Friedman et 

al., 1998; Kagayama et al., 2005). In the gyrB phylogenetic tree (Figure 2.4), the strains in 

the aforementioned cluster were shown to be relatively distantly related to Nocardia strain 
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GGUI10#20. The cluster to which strain GGUI10#20 is mostly closely related in the gyrB 

gene phylogenetic tree contains the type strains of the species Nocardia africana, N. nova, 

Nocardia aobensis, Nocardia kruczakiae, Nocardia cerradoensis and Nocardia elegans. All 

of these strains, besides the type strain of N. cerradoensis, were isolated as human pathogens. 

Besides N. nova, none of the type strains of these species were included in the 16S-rRNA 

gene phylogenetic analysis, as they were not among the 30 strains with the highest nucleotide 

identity against the partial 16S-rRNA gene sequence of Nocardia strain GGUI10#20 in the 

EzBioCloud analysis. Similar to the results found by Takeda et al. (2010), these data show 

that some discrepancies do exist in the phylogenetic positions of Nocardia species based on 

16S-rRNA and gyrB gene sequences. Therefore, utilizing a larger set of genes would provide 

a more robust analysis for inferring evolutionary relationships between these organisms.  
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 Nocardia africana NBRC 100379T (BDAV01000015) 
 Nocardia nova NBRC 15556T (BDBN01000045) 

 Nocardia aobensis NBRC 100429T (BAFQ01000001) 
 Nocardia kruczakiae NBRC 101016T (BDBL01000016) 

 Nocardia cerradoensis DSM 44546T (GQ496123) 
 Nocardia elegans JCM 13374T (GQ496116) 

 Nocardia otitidiscaviarum NBRC 14405T (BAGD01000019) 
 Nocardia strain GGUI10#20 

 Nocardia brevicatena NBRC 12119T (AB075567) 
 Nocardia paucivorans IFM 10001T (AB450799) 

 Nocardia farcinica NCTC 11134T (LN868939) 
 Nocardia puris NBRC 108233T (BDBW01000007) 

 Nocardia higoensis NBRC 100133T (BAGA01000149) 
 Nocardia araoensis NBRC 100135T (BAFR01000221) 

 Nocardia arthritidis NBRC 100137T (BDBB01000013) 
 Nocardia exalbida NBRC 100660T (BAFZ01000128) 

 Nocardia uniformis NBRC 13702T (BDCE01000006) 
 Nocardia acidivorans NBRC 108247T (BDAW01000064) 

 Nocardia crassostreae NBRC 100342T (BDCH01000008) 
 Nocardia pseudobrasiliensis NBRC 108224T (BDBS01000039) 

 Nocardia macrotermitis RB20T (WEGK01000016) 
 Nocardia vaccinii DSM 43285T (BDCC01000005) 

 Nocardia stercoris NEAU-LL90T (RFFH01000002) 
 Nocardia jejuensis NBRC 103114T (BDBU01000024) 

 Nocardia niigatensis NBRC 100131T (BAGC01000071) 
 Nocardia yamanashiensis NBRC 100130T (BDCD01000021) 

 Nocardia tengchongensis CFH S0057T (CP074371) 
 Nocardia terrae ET3-3T (WRPP01000004) 

 Nocardia seriolae JCM 3360T (BJWY01000003) 
 Nocardia concava NBRC 100430T (BAFX01000150) 

 Nocardia yunnanensis CFHS0054T (CP032568) 
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Figure 2.4 Maximum-likelihood phylogenetic tree comparing Nocardia strain GGUI10#20 to the type strains of 

the Nocardia species to which it is most closely related and for which gyrB sequences are available in the 

GenBank database. The tree is based on the alignment of 31 402-nt gyrB gene sequences. Numbers at the nodes 

show the percentage bootstrap support for each node (only values ≥70% are shown). Asterisks (*) indicate 

nodes that were also obtained in phylogenetic trees constructed with the neighbour joining and maximum 

parsimony algorithms. The scale bar indicates 20 nucleotide substitutions per 1000 nucleotides. 
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2.3.4.2 Genus Streptomyces  

The genus Streptomyces is comprised of 696 species with validly published names 

(https://lpsn.dsmz.de/genus/streptomyces), making it the largest genus within the phylum 

Actinobacteria. The type species of this genus, Streptomyces albus, was first described as 

Streptotrix alba by Rossi Doria in 1891.  The genus name was then emended to Actinomyces 

before being proposed as Streptomyces in 1943 (Waksman and Henrici, 1943). Members of 

the genus Streptomyces are Gram-positive and form extensively branched substrate and aerial 

mycelia. Often, colonies are initially smooth, but later develop spore mass that may appear 

chalky, ‘fluffy’ or granular (Kämpfer, 2015).  Streptomyces species can also produce a 

variety of pigments which influence the colour of these colonies. Some species also produce 

diffusible pigments. Members of the genus Streptomyces are widely distributed in all 

environments (aquatic and terrestrial). Recently, it was shown that highly diverse populations 

of Streptomyces were even present in atmospheric precipitations (Sarmiento-Vizcaíno et al., 

2018). In this study, Streptomyces strains were isolated from all three sites, with most strains 

being isolated from the rocky site. 

Phylogenies of the Streptomyces isolates were constructed based on their top hits obtained 

from the EzBioCloud database and the lengths of their partial 16S-rRNA gene sequences. 

Closely related isolates with similar top hits and/or isolates with similar lengths of their 

partial 16S-rRNA gene sequences were grouped in different trees. Streptomyces strain 

GGUM1#5 was not included in any phylogenetic analysis as the 16S-rRNA gene sequence 

obtained for this isolate was only 193 nucleotides in length. The species Kitasatospora 

papulosa NRRL B-16504
T 

(JNYQ01000038) was included in multiple analyses as it formed 

part of the top hits obtained on EzBioCloud for many of the Streptomyces isolates. 

Kitasatospora was once thought to be synonymous with Streptomyces (Wellington et al., 

1992), however phylogenetic analysis showed that members of the genus Kitasatospora 

always formed a stable monophyletic clade outside clades comprising of Streptomyces 

species (Zhang et al., 1997). Therefore, the genus Kitasatospora has since been described as 

a sister taxon of the genus Streptomyces or a lineage that originated from within 

Streptomyces. 
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2.3.4.2.1 Streptomyces phylogenetic analysis: 16S-rRNA gene (~700 -900 nt) 

Figure 2.5 shows the phylogenetic positions of Streptomyces strains GGUI10#6 and 

GGUM1#29 based on a final 16S-rRNA gene sequence alignment of 917 nucleotides. These 

strains were isolated from sediment from the ocean (highlighted in blue) and dry (highlighted 

in green) sites. In Figure 2.5, it is shown that Streptomyces strain GGUI10#6 clustered with 

the type strains of Streptomyces synnematoformans and Streptomyces aculeolatus. This 

association had very high bootstrap support (99%) but was not conserved in the neighbour  

joining and maximum parsimony trees. These results are in accordance with those obtained 

from EzBioCloud where the type strains of S. synnematoformans and S. aculeolatus were the 

top two hits of Streptomyces strain GGUI10#6 with 98.91% and 98.26% 16S-rRNA gene 

sequence similarity, respectively. These values were calculated over a length of 922 

nucleotides. 

Streptomyces strain GGUM1#29 grouped within a clade containing the type strains of 

Streptomyces violarus, Streptomyces violaceus, Streptomyces purpurascens, Streptomyces 

koyangensis and Streptomyces daghestanicus (Figure 2.5). This clade was highly supported 

(bootstrap value of 98%) and was conserved in the neighbor joining and maximum 

parsimony trees. These results are also in accordance with the EzBioCloud results where the 

aforementioned Streptomyces type strains were revealed to be the top five hits of 

Streptomyces strain GGUM1#29 with 99.57% 16S-rRNA gene sequence similarity over 935 

nucleotides. Whole-genome analyses could be used to further investigate if GGUM1#29 

belongs to the same species as one of its closest relatives. This can only be done for strain 

GGUI10#6 once a full genome sequence becomes available for the type strain of S. 

synnematoformans in the GenBank database. 

Figure 2.6 shows the phylogenetic positions of Streptomyces strains GGUI#1, GGUM1#2, 

GGUI#10, GGUM1#11, GGUI#12, GGUI10#15, GGUI#16, GGUI5#18, GGUI5#27, 

GGUI5#30, GGUI5#31 and GGUI5#33, based on a final 16S-rRNA gene sequence 

alignment of 797 nucleotides.  These strains were isolated from sediment from the ocean, dry 

and rocky (highlighted in orange) sites.  
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 Streptomyces violarus NBRC 13104T (AB184316) 

 Streptomyces violaceus NRRL B-2867T (KL569104) 

 Streptomyces purpurascens NBRC 13077T (AB184859) 

 Streptomyces koyangensis VK-A60T (CP031742) 

 Streptomyces daghestanicus NRRL B-5418T (DQ442497) 

 Streptomyces strain GGUM1#29 

 Streptomyces speibonae NRRL B-24240T (JNXM01000266) 

 Streptomyces harenosi  PRKS01-65T (MK503548) 

 Streptomyces cuspidosporus NBRC 12378T (AB184090) 

 Streptomyces strain GGUI10#6 

 Streptomyces synnematoformans S155T  (EF121313) 

 Streptomyces aculeolatus NBRC 14824T (AB184624) 

99 
79 

98* 

98* 

86* 

0,0020 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5. Maximum-likelihood phylogenetic tree comparing two Streptomyces isolates to the type strains of 

the Streptomyces species to which they are most closely related based on the top hits obtained from the 

EzBioCloud database. These strains were isolated from the ocean (blue) and dry (green) sites. The tree is based 

on the alignment of 12 917-nt 16S-rRNA gene sequences. Numbers at the nodes show the percentage bootstrap 

support for each node (only values ≥70% are shown). Asterisks (*) indicate nodes that were also obtained in 

phylogenetic trees constructed with the neighbour joining and maximum parsimony algorithms. The scale bar 

indicates 2 nucleotide substitutions per 1000 nucleotides. 

 

In Figure 2.6, it is seen that Streptomyces strains GGUI#10, GGUM1#11, GGUI#12, 

GGUI10#15, GGUI#16, GGUI5#18, GGUI5#27, GGUI5#30, GGUI5#31 and GGUI5#33 

clustered with each other and the type strains of Streptomyces bacillaris, Streptomyces 

cavourensis, Streptomyces lunaelactis, Streptomyces rhizosphaericola, Streptomyces 

crystallinus, Streptomyces araujoniae, Streptomyces flavovirens and Streptomyces 

nitrosporeus. This clade was conserved in the neighbour joining and maximum parsimony 

trees. These results agree with the EzBioCloud results as the type strains of S. bacillaris and 

S. cavourensis were the top two hits of Streptomyces strains GGUI#10, GGUM1#11, 

GGUI10#15, GGUI#16, GGUI5#18, GGUI5#27, GGUI5#30, GGUI5#31  and GGUI5#33 

with 100% 16S-rRNA gene sequence similarity over ~900 nucleotides. The type strain of S. 

rhizosphaericola was an additional top hit of strains GGUI5#30 and GGUI5#31 with 100% 

16S-rRNA gene sequence similarity over 800 and 855 nucleotides respectively. All of the 
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Streptomyces isolates shown in Figure 2.6, except GGUI#12, are members of the PC2 group 

of potential clones. The top two hits of Streptomyces strain GGUI#12 were the type strains of 

Streptomyces pratensis and S. nitrosporeus with 99.77% and 99.46% 16S-rRNA gene 

sequence similarity, respectively, over a length of 928 nucleotides. S. bacillaris and S. 

cavourensis did, however, form part of the top five hits of Streptomyces strain GGUI#12 with 

99.24% 16S-rRNA gene sequence similarity. S. lunaelactis
 
also formed part of the top ten 

hits of Streptomyces strains GGUI#10, GGUM1#11, GGUI#12, GGUI10#15, GGUI#16, 

GGUI5#18, GGUI5#27, GGUI5#30, GGUI5#31 and GGUI5#33  with a 16S-rRNA gene 

sequence similarity ranging from 99.13-99.89%. Interestingly, S. crystallinus, S. araujoniae 

and S. flavovirens were in the lower half of the top 30 hits of each aforementioned isolate. 

Based on the EzBioCloud results, these Streptomyces isolates were shown to be more closely 

related to Streptomyces globisporus, Streptomyces fulvorobeus and Streptomyces griseus 

subsp. griseus. The 16S-rRNA gene sequence similarity between Streptomyces strain 

GGUI#12 and strains belonging to PC2 displayed in Figure 2.6 ranged from 99.2% to 99.4% 

over 928 nucleotides.  

Streptomyces strains GGUI#1 and GGUM1#2 clustered closely together with weak bootstrap 

support (67%) and identical branch lengths (Figure 2.6). This association was also seen in the 

neighbour joining and maximum parsimony trees. This result is not surprising as the 16S-

rRNA gene sequences obtained for GGUI#1 and GGUM1#2 were identical (PC3 group of 

potential clones). Streptomyces strains GGUI#1 and GGUM1#2 also formed part of a larger 

clade containing the type strain of S. microflavus and other top hits obtained from the 

EzBioCloud database. The top 15 hits of these strains all had 99.89% 16S-rRNA gene 

sequence similarity over 840 nucleotides for strain GGUI#1 and 887 nucleotides for strain 

GGUM1#2.  

Identical branch lengths indicate no nucleotide substitutions (i.e. identical partial 16S-rRNA 

gene sequences). Since this can be seen in most of the clades in Figure 2.6, it is clear there is 

a lack of sequence variation within the section of the 16S-rRNA gene included in this 

analysis. This makes it harder to infer accurate phylogenetic relationships. This trend is also 

seen in Figure 2.9 and Figure 2.10. A phylogenomic analysis would therefore provide more 

robust results, as it would be based on a collection of genes rather than a single, highly-

conserved gene. 
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 Streptomyces setonii NRRL ISP-5322T (MUNB01000146) 
 Streptomyces sindenensis NBRC 3399T (AB184759) 
 Streptomyces rubiginosohelvolus NBRC 12912T (AB184240) 
 Streptomyces puniceus NBRC 12811T (AB184163) 
 Streptomyces pratensis  ch24T (JQ806215) 
 Streptomyces pluricolorescens NBRC 12808T (AB184162) 
 Streptomyces parvus NBRC 3388T (AB184756) 
 Streptomyces microflavus NBRC 13062T (AB184284) 

 Streptomyces candidus NRRL ISP-5141T (DQ026663) 
 Streptomyces cyaneofuscatus NRRL B-2570T (JOEM01000050) 
 Streptomyces fulvorobeus NBRC 15897T (AB184711) 
 Streptomyces globisporus NBRC 12867T (AB184203) 
 Streptomyces griseus subsp. griseus  KCTC 9080T (M76388) 

 Streptomyces halstedii NBRC 12783T (AB184142) 
 Streptomyces sundarbansensis MS1/7T (AY550275) 
 Streptomyces badius NRRL B-2567T (AY999783) 
 Streptomyces anulatus NRRL B-2000T (DQ026637) 

 Streptomyces atroolivaceus NRRL ISP-5137T (JNXG01000049) 
 Streptomyces clavifer NRRL B-2557T (DQ026670) 
 Streptomyces finlayi NRRL B-12114T (AY999788) 
 Streptomyces mutomycini NRRL B-65393T (MAPV01000102) 

 Kitasatospora papulosa NRRL B-16504T (JNYQ01000038) 
 Streptomyces strain GGUI#1  

 Streptomyces strain GGUM1#2  

 Streptomyces strain GGUI#10  

 Streptomyces strain GGUI5#18  

 Streptomyces strain GGUI5#31 

 Streptomyces strain GGUI5#33  
 Streptomyces araujoniae ASBV-1T (EU792889) 

 Streptomyces crystallinus NBRC 15401T (AB184652) 
 Streptomyces bacillaris  NBRC 1348T (AB184439) 
 Streptomyces cavourensis  NBRC 13026T (AB184264) 

 Streptomyces flavovirens NBRC 3716T (AB184834) 
 Streptomyces nitrosporeus NBRC 3362T  (AB184751) 

 Streptomyces strain GGUM1#11 
 Streptomyces lunaelactis MM109T (KM207217) 
 Streptomyces rhizosphaericola 1AS2cT (MF547408) 

 Streptomyces strain GGUI#16 
 Streptomyces strain GGUI#12 
 Streptomyces strain GGUI10#15 
 Streptomyces strain GGUI5#27 
 Streptomyces strain GGUI5#30 

86* 

* 

* 

0,0002 

Figure 2.6. Maximum-likelihood phylogenetic tree comparing 12 Streptomyces isolates to the type strains of the 

S
t
reptomyces species to which they are most closely related based on the top hits obtained from the EzBioCloud 

database. These strains were isolated from the ocean (blue), dry (green) and rocky (orange) sites. The tree is 

based on the alignment of 42 797-nt 16S-rRNA gene sequences. Numbers at the nodes show the percentage 

bootstrap support for each node (only values ≥70% are shown). Asterisks (*) indicate nodes that were also 

obtained in phylogenetic trees constructed with the neighbour joining and maximum parsimony algorithms. The 

scale bar indicates 0.2 nucleotide substitutions per 1000 nucleotides. 
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Figure 2.7 shows the phylogenetic positions of Streptomyces strains GGUI#3, GGUI5#25 and 

GGUM1#26 based on a final 16S-rRNA gene sequence alignment of 781 nucleotides. Figure 

2.7 shows Streptomyces strain GGUI#3 clustering with Streptomyces apocyni TRM 66233
T
 

(MN565731) with very high bootstrap support (98%). This association was conserved in the 

neighbor joining and maximum parsimony trees. This is in agreement with the EzBioCloud 

results, as the type strain of S. apocyni was also the top hit for Streptomyces strain GGUI#3 

with 99.52% 16S-rRNA gene sequence similarity over 841 nucleotides.  

 

In Figure 2.7, Streptomyces strain GGUI5#25 formed a branch between the type strain of S. 

lunaelactis and a cluster containing its top two hits from the EzBioCloud database, the type 

strains of Streptomyces kurssanovii and Streptomyces xantholiticus (both 99.44% 16S-rRNA 

gene sequence similarity over 885 nucleotides) as well as its next closest relative, the type 

strain of Streptomyces peucetius (99.32% 16S-rRNA gene sequence similarity). The type 

strain of S. lunaelactis was 5th on the list of top hits of strain GGUI5#25 with a 16S-rRNA 

gene sequence similarity of 99.32%. The aforementioned clade was supported by a low 

bootstrap value of 50% and was not conserved in the neighbour joining and maximum 

parsimony trees. Whole-genome analyses could be used to further investigate whether 

Streptomyces strains GGUI#3 and GGUI5#25 belong to the same species as one of their 

closest relatives.  

 

Streptomyces strain GGUM1#26 is shown to group closely with the type strain of S. 

chumphonensis (Figure 2.7). This species was also the top hit in the EzBioCloud analysis 

with 99.55% 16S-rRNA gene sequence similarity over 895 nucleotides (Table 2.2). The 

aforementioned association was supported by a very high bootstrap value of 96% and was 

also seen in the neighbour joining and maximum parsimony trees. Streptomyces strain 

GGUM1#26  also formed part of a bigger monophyletic clade including the type strains of its 

other top hits Streptomyces xinghaiensis, Streptomyces alkaliterrae and  Streptomyces 

diastatochromogenes with 99.22%, 99.11% and 98.88% 16S-rRNA gene sequence similarity, 

respectively. This clade is supported by a very high bootstrap value of 99% but was not seen 

in the neighbour joining and maximum parsimony trees.  
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 Streptomyces kanamyceticus NBRC 13414T (AB184388) 

 Streptomyces huasconensis HST28T (KX130877) 

 Streptomyces aureus NBRC 100912T (AB249976) 

 Streptomyces rosealbus YIM 31634T (AY222322) 

 Streptomyces apocyni TRM 66233T (MN565731) 

 Streptomyces strain GGUI#3  

 Streptomyces lunaelactis MM109T  (KM207217) 

 Streptomyces strain GGUI5#25 

 Streptomyces xantholiticus NBRC 13354T (AB184349) 

 Streptomyces peucetius JCM 9920T (AB045887) 

 Streptomyces kurssanovii NBRC 13192T (AB184325) 

 Streptomyces candidus NRRL ISP-5141T (DQ026663) 

 Streptomyces noursei ATCC 11455T (CP011533) 

 Streptomyces diastatochromogenes NRRL B-1698T (LIQL01000147) 

 Streptomyces alkaliterrae OF1T (MH430523) 

 Streptomyces xinghaiensis S187T (CP023202) 

 Streptomyces chumphonensis K1-2T (AB738400) 

 Streptomyces strain GGUM1#26 96* 

72* 

99 

98* 

86 

100* 

* 

* 

0,0050 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7. Maximum-likelihood phylogenetic tree comparing three Streptomyces isolates to the type strains of 

the Streptomyces species to which they are most closely related based on the top hits obtained from the 

EzBioCloud database. These strains were isolated from the dry (green) and rocky sites (orange). The tree is 

based on the alignment of 18 781-nt 16S-rRNA gene sequences. Numbers at the nodes show the percentage 

bootstrap support for each node (only values ≥70% are shown). Asterisks (*) indicate nodes that were also 

obtained in phylogenetic trees constructed with the neighbour joining and maximum parsimony algorithms. The 

scale bar indicates 5 nucleotide substitutions per 1000 nucleotides. 
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2.3.4.2.2 Streptomyces phylogenetic analysis: 16S-rRNA gene (~500 nt) 

Figure 2.8 shows the phylogenetic positions of Streptomyces strains GGUI#7, GGUI10#19, 

and GGUI5#24, based on a final 16S-rRNA gene sequence alignment of 573 nucleotides. In 

Figure 2.8, Streptomyces strain GGUI#7 is seen grouping within a clade containing the type 

strains of Streptomyces umbrinus, Streptomyces phaeochromogenes, Streptomyces ederensis, 

Streptomyces dioscori and Streptomyces bottropensis. This clade has very strong bootstrap 

support (100%) and was conserved in the neighbor joining and maximum parsimony trees. 

This indicates that this is reliable representation of the phylogenetic relationships between 

these strains, though utilizing a larger set of genes would provide a more robust analysis. 

These results are also in agreement with the EzBioCloud results where it was revealed that 

the type strains of S. umbrinus, S. phaeochromogenes and S. ederensis were the top three hits 

of Streptomyces strain GGUI#7 with 99.32% 16S-rRNA gene sequence similarity over 591 

nucleotides. S. dioscori and S. bottropensis were the next closest relatives of strain GGUI#7 

with 99.15% 16S-rRNA gene sequence similarity. Whole-genome sequencing and analyses 

could be performed to gain definitive data on the relationship between strain GGUI#7 and its 

closest relatives.   

Streptomyces strains GGUI10#19 and GGUI5#24 have identical 16S-rRNA gene sequences 

and form part of the PC1 potential clone group. In Figure 2.8, they can be seen clustering 

with the type strain of S. chumphonensis which, according to the EzBioCloud results, is their 

closest relative (100% 16S-rRNA gene sequence similarity). This similarity was calculated 

over 573 nucleotides for strain GGUI5#24 and 597 nucleotides for strain GGUI10#19. The 

aforementioned clade was supported by a very high bootstrap value of 95% and grouped 

within a larger clade containing the other top hits of Streptomyces strains GGUI10#19 and 

GGUI5#24. Analysis of the partial gyrB gene sequences of these strains and the other 

member of PC1, Streptomyces strain GGUIM1#26, was done to further investigate the 

relationship between them and their closest relatives (section 2.3.5.1). 

Figure 2.9 shows the phylogenetic positions of Streptomyces strains GGUM1#4,  GGUI10#8, 

GGUI#9, GGUI#23 and GGUI5#28, based on a final 16S-rRNA gene sequence alignment of 

556 nucleotides. Streptomyces strains GGUM1#4, GGUI10#8, GGUI#9, GGUI#23, and 

GGUI5#28 clustered in a large clade with all their closest relatives (according to the 

EzBioCloud results). This clade is supported by a high bootstrap value (89%) and was 

conserved in the neighbour joining and maximum parsimony trees.  The clustering in the 
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 Streptomyces lunalinharesii RCQ1071T (DQ094838) 

 Streptomyces diastatochromogenes NRRL B-1698T (LIQL01000147) 

 Streptomyces albospinus NBRC 13846T (AB184527) 

 Streptomyces durbertensis NEAU-S1GS20T (KY318506) 

 Streptomyces alkaliterrae OF1T (MH430523) 

 Streptomyces xinghaiensis S187T (CP023202) 

 Streptomyces strain GGUI5#24 

 Streptomyces chumphonensis K1-2T (AB738400) 

 Streptomyces strain GGUI10#19 

 Streptomyces yunnanensis YIM 41004T (AF346818) 

 Streptomyces albulus ISP 5492T (AB024440) 

 Streptomyces noursei ATCC 11455T (CP011533) 

 Streptomyces strain GGUI#7 

 Streptomyces dioscori A217T (KZ679049) 

 Streptomyces bottropensis ATCC 25435T (KB911581) 

 Streptomyces umbrinus NBRC 13091T (AB184305) 

 Streptomyces phaeochromogenes NBRC 3180T (AB184738) 

 Streptomyces ederensis NBRC 15410T(AB184658) 

* 

98* 

100* 

92* 

82* 

95* 

84* 

83* 

* 

0,0050 

aforementioned clade is similar to the clades seen in Figure 2.6. However, since the tree in 

Figure 2.9 was based on sequences containing less than a third of the full 16S-rRNA gene, 

the sequence variation between the strains in this analysis is very low. This has caused the 

branch length of most strains in Figure 2.9 to be identical.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8. Maximum-likelihood phylogenetic tree comparing three Streptomyces isolates to the type strains of 

the Streptomyces species to which they are most closely related based on the top hits obtained from the 

EzBioCloud database. These strains were isolated from the dry rocky site. The tree is based on the alignment of 

18 573-nt 16S-rRNA gene sequences. Numbers at the nodes show the percentage bootstrap support for each 

node (only values ≥70% are shown). Asterisks (*) indicate nodes that were also obtained in phylogenetic trees 

constructed with the neighbour joining and maximum parsimony algorithms. The scale bar indicates 5 

nucleotide substitutions per 1000 nucleotides 
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Figure 2.9. Maximum-likelihood phylogenetic tree comparing five Streptomyces isolates to the type strains of 

the Streptomyces species to which they are most closely related based on the top hits obtained from the 

EzBioCloud database. These strains were isolated from the dry (green) and rocky sites (orange). The tree is 

based on the alignment of 32 556-nt 16S-rRNA gene sequences. Numbers at the nodes show the percentage 

bootstrap support for each node (only values ≥70% are shown). Asterisks (*) indicate nodes that were also 

obtained in phylogenetic trees constructed with the neighbour joining and maximum parsimony algorithms. The 

scale bar indicates 0.5 nucleotide substitutions per 1000 nucleotides. 
 

 

 

 Streptomyces badius NRRL B-2567T (AY999783)) 
 Streptomyces anulatus NRRL B-2000T (DQ026637) 
 Streptomyces flavovirens NBRC 3716T (AB184834) 
 Streptomyces microflavus NBRC 13062T (AB184284) 
 Streptomyces setonii NRRL ISP-5322T (MUNB01000146) 
 Streptomyces strain GGUI10#8 

 Streptomyces bacillaris NBRC 13487T (AB184439) 
 Streptomyces cavourensis NBRC 13026T (AB184264) 
 Streptomyces fulvorobeus NBRC 15897T (AB184711) 
 Streptomyces globisporus NBRC 12867T (AB184203) 
 Streptomyces griseus subsp. griseus KCTC 9080T (M76388) 
 Streptomyces strain GGUI#9 

 Kitasatospora papulosa NRRL B-16504T (JNYQ01000038) 
 Streptomyces cyaneofuscatus NRRL B-2570T (JOEM01000050) 
 Streptomyces halstedii NBRC 12783T (AB184142) 
 Streptomyces puniceus NBRC 12811T (AB184163) 
 Streptomyces rhizosphaericola 1AS2cT (MF547408) 
 Streptomyces strain GGUI#23 

 Streptomyces lunaelactis MM109T (KM207217) 
 Streptomyces parvus NBRC 3388T (AB184756) 
 Streptomyces pluricolorescens NBRC 12808T (AB184162) 
 Streptomyces pratensis ch24T (JQ806215) 
 Streptomyces rubiginosohelvolus NBRC 12912T (AB184240) 
 Streptomyces strain GGUI#28 

 Streptomyces atroolivaceus NRRL ISP-5137T (JNXG01000049) 
 Streptomyces clavifer  NRRL B-2557T (DQ026670) 
 Streptomyces sundarbansensis MS1/7T (AY550275) 
 Streptomyces sindenensis NBRC 3399T (AB184759) 

 Streptomyces araujoniae ASBV-1T (EU792889) 
 Streptomyces strain GGUM1#4  

 Streptomyces spiroverticillatus NBRC 12821T (AB249921) 
 Streptomyces pulveraceus LMG 20322T (AJ781377) 

89* 

0,00050 
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Strains GGUI10#8, GGUI#9 and GGUI5#28 form part of the PC2 potential clone group and 

have S. griseus subsp. griseus, S. globisporus, S. bacillaris, S. cavourensis, S. fulvorobeus 

and S. rhizosphaericola as their top six hits with 100% 16S-rRNA gene sequence similarity 

over 558, 662 and 614 nucleotides, respectively. Although the top three hits of Streptomyces 

strain GGUI#23 are also S. bacillaris, S. cavourensis and S. rhizosphaericola (99.85% 16S-

rRNA gene sequence similarity over 646 nucleotides), this strain does not form part of PC2 

because its 16S-rRNA gene sequence is not identical to those of the other isolates in this 

group. The 16S-rRNA gene sequence similarity between Streptomyces strain GGUI#23 and 

the strains in PC2 ranged from 99.4% to 99.8%. Streptomyces strains GGUM1#4 was the 

only isolate to display a branch length not identical to the other isolates in Figure 2.9. 

According to the EzBioCloud results, Streptomyces strain GGUM1#4 has 19 top hits all with 

99.39% 16S-rRNA gene sequence similarity over 655 nucleotides. All of these species are 

present in the aforementioned clade. The 16S-rRNA gene sequence similarity between 

Streptomyces strain GGUM1#4 and the other marine isolates in Figure 2.9 ranged from 

99.1% to 99.5% over 655 nucleotides. 

Figure 2.10 displays the positions of all isolates shown in Figure 2.6 and Figure 2.9 in one 

phylogenetic tree. This was done to display all closely related isolates (including all strains in 

PC2 and PC3) in one figure even though this meant using shorter sequences than were used 

in Figure 2.6. The same was done for all strains in PC1 by combining all isolates shown in 

Figure 2.7 and Figure 2.8 in one phylogenetic tree (Figure 2.11).  Both trees confirm the 

results in previous figures. All isolates displayed in Figure 2.10 are shown to be clustered 

together. Furthermore, the branch length for each isolate, besides Streptomyces strain 

GGUM1#4, was identical. In Figure 2.11, Streptomyces strains GGUI10#19, GGUI5#24 and 

GGUIM1#26 (PC1) clustered together with identical branch lengths. This association was 

supported by a high bootstrap value of 87% and was conserved in the neighbour joining and 

maximum parsimony trees. 

As mentioned in section 2.1, the 16S-rRNA gene has a slow evolutionary rate which 

complicates comparison between closely related strains. This is particularly true in the case of 

the genus Streptomyces as closely related Streptomyces species have been shown to exhibit 

highly similar or identical 16S-rRNA gene sequences (Law et al., 2018).  There are three 

variable regions within the 16S-rRNA gene considered to be diagnostic for the Streptomyces 

genus. These include the nucleotide positions 158-203 (gamma region), 982-998 (alpha 
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region) and 1102-1122 (beta region) (Stackebrandt et al., 1991). The gamma region is the 

most variable and, thus, is important for species discrimination within the genus 

Streptomyces. The 16S-rRNA sequences obtained in this study fall within the region 

containing the nucleotide positions 511-1447; therefore, the gamma region could not be 

compared between the isolates and their closest relatives. This could explain the low 

resolution observed in the phylogenetic analyses. The resolution could be increased by 

utilising the full 16S-rRNA gene sequence.  However, based on the literature, it is clear that 

the 16S-rRNA gene overall provides low resolution as a phylogenetic marker for 

Streptomyces species. Thus, methods with higher resolution (such as phylogenomic analyses) 

are crucial to increase the robustness of future classifications and evaluate the evolutionary 

relationships among closely related Streptomyces species. 
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 Streptomyces strain GGUI5#27 

 Streptomyces strain GGUI5#30 

 Streptomyces strain GGUI10#8 

 Streptomyces strain GGUI#23 

 Streptomyces strain GGUI#28 

 Streptomyces strain GGUI10#15 

 Streptomyces strain GGUI#12 

 Streptomyces strain GGUI#9 

 Streptomyces strain GGUI#16 

 Streptomyces sundarbansensis MS1/7T (AY550275) 
 Streptomyces sindenensis NBRC 3399T (AB184759) 
 Streptomyces setonii  NRRL ISP-5322T (MUNB01000146) 
 Streptomyces rubiginosohelvolus NBRC 12912T (AB184240) 
 Streptomyces rhizosphaericola 1AS2cT (MF547408) 
 Streptomyces puniceus NBRC 12811T (AB184163) 
 Streptomyces pratensis ch24T (JQ806215) 
 Streptomyces pluricolorescens NBRC 12808T (AB184162) 
 Streptomyces parvus NBRC 3388T (AB184756) 
 Streptomyces mutomycini NRRL B-65393T (MAPV01000102) 
 Streptomyces microflavus NBRC 13062T (AB184284) 
 Streptomyces lunaelactis MM109T (KM207217) 
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Figure 2.10. Maximum-likelihood phylogenetic tree comparing 17 Streptomyces isolates to the type strains of 

the Streptomyces species to which they are most closely related based on the top hits obtained from the 

EzBioCloud database. These strains were isolated from the ocean (blue), dry (green) and rocky sites (orange). 

The tree is based on the alignment of 49 556-nt 16S-rRNA gene sequences. Numbers at the nodes show the 

percentage bootstrap support for each node (only values ≥70% are shown). Asterisks (*) indicate nodes that 

were also obtained in phylogenetic trees constructed with the neighbour joining and maximum parsimony 

algorithms. The scale bar indicates 0.5 nucleotide substitutions per 1000 nucleotides.  
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Figure 2.11. Maximum-likelihood phylogenetic tree comparing six Streptomyces isolates to the type strains of 

the Streptomyces species to which they are most closely related based on the top hits obtained from the 

EzBioCloud database. These strains were isolated from the dry (green) and rocky sites (orange). The tree is 

based on the alignment of 31 543-nt 16S-rRNA gene sequences. Numbers at the nodes show the percentage 

bootstrap support for each node (only values ≥70% are shown). Asterisks (*) indicate nodes that were also 

obtained in phylogenetic trees constructed with the neighbour joining and maximum parsimony algorithms. The 

scale bar indicates 5 nucleotide substitutions per 1000 nucleotides 
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2.3.5 Analysis of potential clones 

2.3.5.1 Streptomyces chumphonensis group (PC1) 

The isolates belonging to PC1 are Streptomyces strains GGUI10#19, GGUI5#24 and 

GGUM1#26. To further investigate the relationship between these strains, partial gyrB 

sequences were obtained of 349, 301 and 353 nucleotides in length, respectively (Table 2.2). 

This is only ~13% of the full-length gyrB gene. The sequences were aligned, edited so that 

they were the same length and a homology matrix was generated to assess the gyrB sequence 

similarity between the strains of PC1 (Table 2.3). A phylogenetic tree was also built using the 

partial gyrB gene sequences to analyse the phylogeny of the strains in PC1 in relation to their 

closest relatives (Figure 2.8).  

 

Table 2.3. Homology matrix comparing 290-nt gyrB gene sequences of isolates in PC1.  

 

Isolate no. #19 #24 #26 

#19 100%   

#24 99.3% 100%  

#26 99.7% 99.7% 100% 

 

 

Table 2.3 shows that when comparing the gyrB sequences obtained for strains GGUI10#19, 

GGUI5#24 and GGUM1#26, each strain had at least one variable nucleotide position 

indicating that none of these strains could be clones of each other. If these strains were 

clones, one would expect the gyrB gene sequences to be identical over any length compared. 

There is phenotypic evidence to support these results as the aforementioned strains all display 

slightly different colony characteristics (Table A1, Figure A2). In accordance with the results 

in Table 2.3,  strains GGUI10#19, GGUI5#24 and GGUM1#26 are shown to cluster together 

(different branch lengths) with strains GGUI10#19 and GGUM1#24 appearing to be least 

closely related to each other (Figure 2.12). The aforementioned clade has very high bootstrap 

support (97%) and was conserved in the neighbour joining and maximum parsimony trees. In 

Figure 2.12, strains GGUI10#19, GGUI5#24 and GGUM1#26 are also shown to group with 

the type strain of S. chumphonensis with moderate bootstrap support (82%). This association 

is seen in the neighbour joining and maximum parsimony trees. This is in agreement with the 

16S-rRNA gene EzBioCloud results, but not the blastn results. The blastn analysis revealed 

the top hit of strains GGUI10#19 and GGUI5#24 to be the type strain of Streptomyces 

roseoverticillatus with 92.83% and 92.98% gyrB gene sequence similarity, respectively, and 



69 

 

the top hit of strain GGUM1#26 to be the type strain of Streptomyces laurentii with 92.06% 

gyrB gene sequence similarity (Table 2.2). The gyrB sequence of S. chumphonensis K1-2
T
 

(JACXYU010000015) is publicly available in the GenBank database. However, it forms part 

of a whole genome shotgun sequence meaning it is not included in the database used for a 

standard blastn analysis (i.e. the nucleotide collection database (nr/nt)). When using the 

whole-genome shotgun contig database (wgs) in the blastn analysis, the top hit for strains  

GGUI10#19, GGUI5#24 and GGUM1#26 was revealed to be S. chumphonensis K1-2
T
 with 

93.52%, 94.31% and 94.08% gyrB gene sequence similarity, respectively.  

Although it has been revealed that the strains in PC1 are not clones, they are still very closely 

related.  Furthermore, they were isolated from the same sediment sample from the rocky site. 

For these reasons, it is possible that isolates GGUI10#19, GGUI5#24 and GGUM1#26 are 

different strains of the same species. The gyrB gene sequence similarity between the strains 

in PC1 and their closest phylogenetic relative, S. chumphonensis K1-2
T
, is relatively low 

(~94%). Based on existing criteria, this suggests the strains in this group could represent a 

novel species. However, since only a small portion of the gyrB gene was used in this analysis 

and there is also a small possibility that these results could be a consequence of horizontal 

gene transfer, only whole-genome comparison would provide a definitive answer on whether 

the strains in PC1 and S. chumphonensis belong to the same species. 
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Figure 2.12  Maximum-likelihood phylogenetic tree comparing three Streptomyces isolates to the type strains of 

the Streptomyces species to which they are most closely related and for which gyrB sequences are available. The 

Streptomyces species were chosen based on the top hits obtained from the EzBioCloud and GenBank databases. 

The tree is based on the alignment of 28 289-nt gyrB gene sequences. Numbers at the nodes show the 

percentage bootstrap support for each node (only values ≥70% are shown). Asterisks (*) indicate nodes that 

were also obtained in phylogenetic trees constructed with the neighbour joining and maximum parsimony 

algorithms. The scale bar indicates 20 nucleotide substitutions per 1000 nucleotides. 
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2.3.5.2 Streptomyces bacillaris group  (PC2) 

The isolates belonging to PC2 are Streptomyces strains GGUI10#8, GGUI#9, GGUI#10, 

GUUM1#11, GGUI10#15, GGUI#16, GGUI5#18, GGUI5#27, GGUI#28, GGUI5#30, 

GGUI5#31 and GGUI5#33. Similar to the strains in PC1, a phylogenetic tree (Figure 2.13) 

and a homology matrix (Table 2.4) was generated to compare the gyrB gene sequences 

obtained for these strains. The gyrB sequences obtained for the strains in PC2 were 618 to 

680 nucleotides in length (Table 2.2).  

 
Table 2.4. Homology matrix comparing 612-nt gyrB gene sequences of isolates in PC2.  

 
Isolate 

no. 

#8 #9 #10 #11 #15 #16 #18 #27 #28 #30 #31 #33 

#8 100%            

#9 100% 100%           

#10 99.7% 99.7% 100%          

#11 99.7% 99.7% 100% 100%         

#15 99.7% 99.7% 100% 100% 100%        

#16 100% 100% 99.7% 99.7% 99.7% 100%       

#18 100% 100% 99.7% 99.7% 99.7% 100% 100%      

#27 100% 100% 99.7% 99.7% 99.7% 100% 100% 100%     

#28 99.7% 99.7% 100% 100% 100% 99.7% 99.7% 99.7% 100%    

#30 100% 100% 99.7% 99.7% 99.7% 100% 100% 100% 99.7% 100%   

#31 100% 100% 99.7% 99.7% 99.7% 100% 100% 100% 99.7% 100% 100%  

#33 100% 100% 99.7% 99.7% 99.7% 100% 100% 100% 99.7% 100% 100% 100% 

 

Both Table 2.4 and Figure 2.13 indicate that PC2 can be further divided into two separate 

groups of potential clones. The first group contains GGUI#10, GUUM1#11, GGUI10#15 and 

GGUI#28 which have 100% gyrB gene sequence similarity (Table 2.4). These strains also 

clustered together (with identical branch lengths) within a larger clade containing the other 

strains in PC2 (Figure 2.13). The clade containing the strains GGUI#10, GUUM1#11, 

GGUI10#15 and GGUI#28 has moderate bootstrap support (84%) and was also seen in the 

neighbour joining and maximum parsimony trees. These results provide more evidence that 

the strains GGUI#10, GUUM1#11, GGUI10#15 and GGUI#28 could be clones, as their 

partial gyrB gene sequences are identical. However, it is important to note that the gyrB 

sequences obtained for these strains make up only ~27% of the full-length actinobacterial 

gyrB gene and more sequence variation might be observed when comparing longer or full-

length gyrB gene sequences. Furthermore, the phenotypic differences between these strains 

cannot be ignored. For example, strain GGUI#28 has bright orange substrate mycelium and 
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produces a faint brown pigment whereas the rest of the strains have brownish substrate 

mycelium and produce pigments in various darker shades of brown. Strain GGUI10#15 has 

grey/cream spore mass whereas the other strains have white/cream spore mass. Details on the 

different phenotypic features of the other strains can be found in Table A1 and Figure A3 

contains visual evidence of these findings. Similar to the strains in PC1, strains GGUI#10 and 

GUUM1#11 were also isolated from the same sediment sample taken from the rocky site. 

These strains were also the least phenotypically unique and therefore, they could be clones or, 

if the analysis of longer gyrB gene sequences were to reveal sequence differences, they could 

be different strains of the same species. Streptomyces strain GGUI10#15 was isolated from 

another site (dry), though this alone would not rule out the possibility of it also being of the 

same species as isolates GGUI#10, GUUM1#11 and GGUI#28, as the sites were only 5m 

apart. 

The other group within PC2 consists of Streptomyces strains GGUI10#8, GGUI#9, 

GGUI#16, GGUI5#18, GGUI5#27, GGUI5#30, GGUI5#31 and GGUI5#33. Similar to the 

first group, these strains exhibited 100% gyrB gene sequence similarity (Table 2.4) and 

clustered together with identical branch lengths. This cluster had moderate bootstrap support 

(83%) and was also conserved in the neighbour joining and maximum parsimony trees. 

Phenotypically, strains GGUI5#27, GGUI5#30, GGUI5#31 and GGUI5#33 are very similar 

(almost identical) (Table A1) and since they were all isolated from the same sediment sample 

from the rocky site, these strains are likely to be clones. However, more sequence 

information would be able to provide a definitive classification. The same can be said about 

strains GGUI10#8 and GGUI5#18, as they were also isolated from the same sediment sample 

from the rocky site and have very similar phenotypic characteristics. Strains GGUI#9 and 

GGUI#16 are similar to strain GGUI#28 as they both display phenotypic characteristics that 

are unique among all the strains in PC2. Strain GGUI#9 displays dark brown wrinkly 

colonies with a white spore mass and also produces a dark brown diffusible pigment, while 

strain GGUI#16 displays pale beige wrinkly colonies with little to no spore mass (Figure A3). 

In Figure 2.13, the Streptomyces isolates belonging to PC2 are shown to cluster with the type 

strains of S. rhizosphaericola and S. cavourensis with very high bootstrap support (91%). 

This clade is conserved in the neighbour joining and maximum parsimony trees. These results 

are in accordance with the results obtained from the EzBioCloud and blastn sequence 

analyses. When using the nr/nt database, the type strain of S. cavourensis was the top hit for 
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all the strains in PC2 with gyrB sequence similarities ranging from 98.23 – 98.51% over 618 

to 680 nucleotides (Table 2.2). When using the wgs database, the type strain of S. 

rhizosphaericola was found to have the next highest gyrB sequence similarity (after S. 

cavourensis) among the strains included in the PC2 phylogenetic analysis. In Figure 2.13, the 

branch lengths of the Streptomyces isolates and their closest relatives are also no longer 

identical (as was the case in the 16S-rRNA gene tree; Figure 2.10). This illustrates the benefit 

of using genes with higher mutation rates than the 16S-rRNA gene to increase the resolution 

of phylogenetic analyses. The robustness of this analysis could also be increased if a longer 

section of the gyrB gene was used. 

2.3.5.3  Streptomyces microflavus group (PC3) 

Streptomyces strains GGUI#1 and GGUM1#2 were labelled as potential clones because their 

partial 16S-rRNA gene sequences were identical.  However, analysis of the partial gyrB gene 

sequences obtained for these strains showed otherwise. The gyrB gene sequence similarity of 

strains GGUI#1 and GGUM1#2 was 97.40% over 616 nucleotides. The phenotypic 

characteristics of strains GGUI#1 and GGUM1#2 are also significantly different (Table  A1). 

Furthermore, the gyrB phylogenetic analysis of these strains revealed that they group in 

separate clusters within a larger monophyletic clade (Figure 2.13). Strain GGUI#1 grouped 

with the type strains of S. microflavus and S. cyaneofuscatus with low bootstrap support 

(49%). Strain GGUM1#2 grouped with the type strains of S.  sindenensis, S. anulatus and S. 

griseus subsp. griseus with very low bootstrap support (13%). Only the clade containing 

strain GGUI#1 was conserved in the neighbour joining and maximum parsimony trees. The 

phylogenetic results were not in agreement with the blastn results, as both strains GGUI#1 

and GGUM1#2 grouped away from their top hits, S. griseus subsp. griseus and S. 

globisporus respectively (Table 2.2).  This again, is due to nr/nt database bias, as when the 

wgs database was used in the blastn analysis, the top hits (among the strains used in the PC3 

phylogenetic analysis) for strains GGUI#1 and GGUM1#2 were the type strains of S. 

cyaneofuscatus (98.22% gyrB gene sequence similarity over 616 nucleotides) and  S.  

sindenensis (98.89% gyrB gene sequence similarity over 631 nucleotides), respectively. 

Overall, the database bias shown in this section illustrates how taxonomic inferences can also 

be affected when relying on particular reference databases. In future, it would be important to 

make sure that analyses are more inclusive of the vast amount of sequence data currently 

being made available.  
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Figure 2.13.  Maximum-likelihood phylogenetic tree comparing 14 Streptomyces isolates to the type strains of 

the Streptomyces species to which they are most closely related and for which gyrB sequences are available. The 

Streptomyces species were chosen based on the top hits obtained from the EzBioCloud and GenBank databases. 

The tree is based on the alignment of 56 612-nt gyrB gene sequences. Numbers at the nodes show the 

percentage bootstrap support for each node (only values ≥70% are shown). Asterisks (*) indicate nodes that 

were also obtained in phylogenetic trees constructed with the neighbour joining and maximum parsimony 

algorithms. The scale bar indicates 20 nucleotide substitutions per 1000 nucleotides. 
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SUMMARY 
 

 

Metagenomic data were used to investigate the actinobacterial composition of sediment 

samples obtained from a rock pool (rocky site), a beach (dry site) and a subtidal zone (ocean 

site) at Gericke’s Point in Sedgefield, South Africa. The 16S-rRNA gene was amplified using 

the actinobacterium-specific 16S-rRNA gene primer pair, Com2xf and Ac1186r. A total of 

1 748 610 partial 16S-rRNA gene sequences were classified using the SILVA 16S-rRNA 

gene database of which 1 541 544 (~88%) were classified as belonging to actinobacterial 

strains (the remaining 12% was identified as non-actinobacterial or unclassified strains). 

Analyses of the actinobacterial diversity revealed that strains belonging to the orders 

Candidatus Microtrichales, Candidatus Actinomarinales and Propionibacteriales represented 

the first, second and third highest proportion, respectively, of identified actinobacteria in all 

three sites. The actinobacterial composition for each site differed with the rocky site 

displaying the most diversity and the ocean site displaying the least. The percentage 

compositions of the actinobacterial diversity for each order present in the ocean site sediment 

samples were as follows: Ca Microtrichales, 80%; Ca Actinomarinales, 18%; 

Propionibacteriales, 1%; other actinobacterial orders including Frankiales, 

Geodermatophilales, Micrococcales, Micromonosporale, Mycobacteriales and 

Pseudonocardiales, less than 1%. The percentage compositions of the actinobacterial 

diversity for each order present in the dry site sediment samples were as follows: Ca 

Microtrichales, 78%; Ca Actinomarinales, 15%; Propionibacteriales , 7%; other 

actinobacterial orders including Euzebyales, Frankiales, Geodermatophilales, Micrococcales, 

Micromonosporales, Mycobacteriales, Pseudonocardiales, Streptomycetales and 

Streptosporangiales, less than 1%. The percentage compositions of the actinobacterial 

diversity for each order present in the rocky site sediment samples were as follows: Ca 

Microtrichales, 77%; Ca Actinomarinales, 14%; Propionibacteriales , 8%; other 

actinobacterial orders including Bifidobacteriales, Euzebyales, Frankiales, 

Geodermatophilales, Micrococcales, Micromonosporales, Mycobacteriales, 

Pseudonocardiales, Streptomycetales and Streptosporangiales, 1%. The majority (99%) of 

the total actinobacterial strains found at Gericke’s Point could not be assigned to a known 

genus. This represents an abundance of novel actinobacterial diversity that has yet to be fully 

uncovered.  
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3.1 INTRODUCTION 

Culture-dependent methods have been used for more than 100 years to study the diversity of 

bacterial communities. However, the majority of bacteria have yet to be cultured due to 

limitations such as lack of selectivity of culture media and difficulty dislodging bacteria or 

spores from environmental samples (Salmonová and Bunešová, 2017). Furthermore, standard 

culturing conditions favour the growth of only a fraction of the bacterial community (Al-

Awadhi et al., 2013). It is particularly hard to culture indigenous marine bacteria (Li and Qin, 

2005) and this unculturable diversity represents a very promising source of novel bioactive 

compounds.  

Metagenomics is the analysis of DNA from microbial communities where the DNA is 

extracted directly from environmental samples. This allows one to study the full range of 

microbial diversity from environmental samples without prior need for culturing. Advances 

in next-generation sequencing (NGS) technologies have allowed significant breakthroughs in 

these types of studies (Oulas et al., 2015). A subset of NGS-based metagenomics involves 

using amplicons from a taxonomic marker gene to profile microbial communities. Despite its 

limitations, specifically with regards to species identification, the most common taxonomic 

marker used in metagenomic studies is the 16S-rRNA gene (Aguiar-Pulido et al., 2016). The 

other subset of NGS-based metagenomics involves whole-metagenome sequencing which 

allows, in addition to taxonomic profiling, some insight into the functional profile of a 

microbial community.  Metagenomic analyses have been used to identify novel taxa (Ghai et 

al., 2013). However, the eventual culturing of strains belonging to these taxa will still be 

necessary for full classification. Selective isolation techniques informed by insight gained 

from metagenomic analyses could be used to help achieve this. When used in conjunction 

with metatranscriptomics and metabolomics, metagenomics could also aid the discovery of 

novel secondary metabolites. 

Metagenomics is a valuable tool in microbial ecology, however there are a few limitations 

associated with current methodologies available for metagenomic studies. The largest 

limitation of metagenomic analyses is the reliance of their robustness on the continuous 

improvement of existing databases and analysis software (Zhang et al., 2021). Other 

limitations include difficulties regarding amplification bias towards certain microorganisms 

(particularly in amplicon-based analyses) (Al-Awadhi et al., 2013; Hiraoka et al., 2016). This 

bias varies depending on the PCR primers used. Additionally, most commonly used 
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sequencing instruments come with their own set of limitations regarding accuracy, length of 

reads and, in the case of shotgun sequencing, high cost (Zhang et al., 2021).     

The aim of this part of the study was to investigate the actinobacterial composition of 

sediment samples taken from marine habitats at Gericke’s Point, Sedgefield, South Africa. 

This was done using data obtained from NGS of 16S-rRNA amplicons. The analysis detailed 

in this chapter served to complement the culture-dependent investigation included in this 

study (detailed in Chapter 2).  
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3.2 METHODS AND MATERIALS 

3.2.1 16S-rRNA metabarcoding 

The protocols described in sections 3.2.1.1 and 3.2.1.2 were performed by members of the 

BTB research group.  

3.2.1.1 Amplicon preparation and sequencing 

Metagenomic DNA was extracted from the same sediment samples used in the culture-

dependent analysis (Chapter 2) using the DNeasy PowerSoil DNA Isolation Kit (Qiagen) 

according to the manufacturer’s protocol with the following amendment: 0.5g sediment was 

used as the starting material instead of 0.25g. PCR amplification was performed using the  

actinobacterium-specific 16S-rRNA gene primer pair Com2xf (5’-

AAACTCAAAGGAATTGACGG-3’) and Ac1186r (5’-CTTCCTCCGAGTTGACCC-3’) 

designed to target and amplify a ~270bp fragment of the actinobacterial 16S-rRNA gene  

(Schäfer et al., 2010). PCR reactions (25 μl) contained 1.5 mM MgCl2, 200 μM of each 

dNTP, 0.2 µM of each primer, 10 ng/μl metagenomic DNA and 1x 

KAPA Taq Readymix. The amplification programme was started by an initial denaturation at 

95°C for 3 min, followed by 25 cycles of denaturation at 94 
o
C for 30s, annealing for 30s 

with a temperature gradient (51.6°C – 60.2°C) and extension for 30s at 72 
o
C. This was 

followed by a final extension step of 72°C for 15 minutes. Genomic DNA 

from Streptomyces pharetrae CZA14
T 

was used as a positive control. Amplicons were 

analysed by electrophoresis on a 1% (w/v) agarose gel containing 10 µg/ml ethidium bromide 

and visualised under ultra violet (UV) light. Amplicons were purified using the MSB 

PCRapace Purification Kit (Invitek Molecular) and submitted for next-generation sequencing 

on the IonTorrent S5 Platform at the Central Analytical Facilities (Stellenbosch University, 

Stellenbosch, South Africa). 

3.2.1.2 Metabarcoding analyses 

Metabarcoding analyses was performed remotely using mothur v1.44.0 (Schloss et al., 2009) 

via the Centre for High Performance Computing (CHPC) platform located at the Council for 

Scientific and Industrial Research, Rosebank Campus (Cape Town, South Africa). 

Commands were submitted and queued in batches via ssh to the CHPC PBSPro scheduler. 

All commands are self-contained in the mothur installation and did not require additional 
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components to be downloaded. The raw reads were quality-filtered (minimum Phred score: 

20), ambiguous bases were removed, and the reads were merged into a single file. Chimeras 

were removed using the VSEARCH algorithm (Rognes et al., 2016). The reads were 

classified using a Bayesian classifier and the SILVA 16S-rRNA gene database (v138, Quast 

et al., 2013) was used as the reference database. Non-prokaryotic sequences were removed. 

The sequences were aligned with the reference database and curated to ensure the region of 

interest overlapped for all samples. Singletons were removed and subsampling was done to 

normalize the data. The sequences were clustered into Operational Taxonomic Units (OTUs) 

with a default cutoff of 97% 16S-rRNA gene sequence similarity and an OTU table was 

generated for downstream analyses.  

3.2.2 Analysis of biodiversity 

Pie charts were generated (by this author) using Microsoft Excel based on the actinobacterial 

orders identified in each sample and their relative OTU abundance. For each site, an 

abundance value for each order was calculated using the sum of the counts present in all six 

sediment samples and percentage composition was determined relative to the total count of 

actinobacteria identified to the order level.  
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3.3 RESULTS AND DISCUSSION  

3.3.1 Actinobacterial composition of marine sediment from Gericke’s Point  

A total of 1 748 610 16S-rRNA sequence reads were obtained from 18 sediment samples (six 

sub-samples for each of three sampling sites) and classified using the SILVA 16S-rRNA gene 

database. Of the aforementioned reads, 1 541 544 (~88%) were classified as belonging to the 

phylum Actinobacteria, 185 306 (~11%) were classified as non-actinobacteria and 21 760 

(~1%) were classified as bacteria that could not be assigned to a known phylum. It is not 

surprising that the actinobacterial-specific 16S-rRNA gene primers amplified a small portion 

of non-actinobacterial 16S-rRNA gene sequences as a similar result was reported by Schäfer 

et al. (2010). Interestingly, although most of the contaminants detailed in Chapter 2, belonged 

to the classes Betaproteobacteria and Gammaproteobacteria, only 16S-rRNA gene 

sequences belonging to bacteria in the class Alphaproteobacteria were amplified from the 

Gericke’s Point sediment samples.  

Pie charts were generated to represent the actinobacterial diversity found in the ocean (Figure 

3.1), dry (Figure 3.2) and rocky (Figure 3.3) site sediment samples. The aforementioned pie 

charts were based on classifications at the order level as there were too many OTUs to 

include at the lower taxonomic ranks. Actinobacteria that could not be assigned to a known 

class or order made up ~41% (644 712 of 1 541 544) of the total actinobacterial strains found 

in the Gericke’s Point sediment samples and were not included in Figures 3.1 – 3.3. The 

majority (99%; 1 531 320 of 1 541 544) of actinobacterial strains found in the Gericke’s 

Point could not be assigned to a known genus. This represents an abundance of novel 

actinobacterial diversity that has not yet been cultured or explored. Selective isolation 

techniques could be used to increase the chances of isolating these strains. 

Strains belonging to the orders Candidatus Microtrichales, Candidatus Actinomarinales and 

Propionibacteriales represented the first, second and third highest proportion respectively of 

actinobacteria found in the ocean, dry and rocky site sediment samples from Gericke’s Point 

(Figures 3.1, 3.2 and 3.3). Figure 3.1 shows that strains belonging to the orders Frankiales, 

Geodermatophilales, Micrococcales, Micromonosporales, Mycobacteriales and 

Pseudonocardiales, though representing a very small proportion (less than one percent) of the 

identified actinobacterial diversity, were also found in the sediment samples obtained from 

the ocean site. Figure 3.2 shows that, in addition to the aforementioned orders present in the 
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ocean site sediment samples, strains belonging to the orders Euzebyales, Streptomycetales 

and Streptosporangiales also represented a very small proportion of the actinobacterial 

diversity found in the sediment samples obtained from the dry site. The rocky site sediment 

samples contained the most actinobacterial diversity, as they contained strains belonging to 

all the orders mentioned above plus strains belonging to the order Bifidobacteriales (Figure 

3.3).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1. Percentage composition of the actinobacterial diversity present in the ocean site 

sediment, based on identifications to the order level. The results are based on the sum of the 

counts per order relative to the total count of actinobacteria identified to the order level (284 

913) over six replicate sediment samples. The actinobacterial orders that make up ‘Other 

actinobacteria’ include Frankiales, Geodermatophilales, Micrococcales, Micromonosporales, 

Mycobacteriales and Pseudonocardiales. 
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Figure 3.2. Percentage composition of the actinobacterial diversity present in the dry site 

sediment, based on identifications to the order level. The results are based on the sum of the 

counts per order relative to the total count of actinobacteria identified to the order level (312 

325) over six replicate sediment samples. The actinobacterial orders that make up ‘Other 

actinobacteria’ include Euzebyales, Frankiales, Geodermatophilales, Micrococcales, 

Micromonosporales, Mycobacteriales, Pseudonocardiales, Streptomycetales and 

Streptosporangiales.  

 

 

 

 

 

 

 

 

Figure 3.3. Percentage composition of the bacterial diversity present in the rocky site 

sediment, based on identifications to the order level. The results are based on the sum of the 

counts per order relative to the total count of actinobacteria identified to the order level (299 

594) over six replicate sediment samples. The actinobacterial orders that make up ‘Other 

actinobacteria’ include Bifidobacteriales, Mycobacteriales, Euzebyales, Frankiales, 

Geodermatophilales, Micrococcales, Micromonosporales, Mycobacteriales,  

Pseudonocardiales, Streptomycetales and Streptosporangiales 
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3.3.1.1 Class Acidimicrobiia 

3.3.1.1.1 Candidatus Microtrichales  

Figures 3.1, 3.2 and 3.3 show that members of Ca Microtrichales represent the highest 

proportion of actinobacteria found in the sediment samples from Gericke’s Point, making up 

80%, 78% and 77% of the total actinobacterial diversity at the order level in the ocean, dry 

and rocky sites, respectively. The SILVA 16S-rRNA gene database classifies members of the 

families Iamiaceae, Ilumatobacteraceae and Candidatus Microtrichaceae under Ca 

Microtrichales, though only members of the latter two families were found in the Gericke’s 

Point sediment samples. Since the order Ca Microtrichales is not a valid-published name, 

members of the families Iamiaceae and Ilumatobacteraceae are currently classified as 

belonging to the order Acidimicrobiales. Furthermore, Ca Microtrichaceae contains members 

of the Sva0996 marine group, which are also currently classified as belonging to the order 

Acidimicrobiales (https://www.uniprot.org/taxonomy/1916143). Strains belonging to the 

family Ilumatobacteraceae made up ~13% (92 861 of 700 992), while strains belonging to 

Ca Microtrichaceae made up ~64% (452 884 of 700 992) of the strains identified as members 

of Ca Microtrichales. The rest of the identified strains could not be assigned to a known 

family. To date, none of the members of Ca Microtrichales have ever been cultured  (Huang 

et al., 2021). Consequently, all of the identified actinobacteria belonging to Ca Microtrichales 

in this study have not been assigned to a known genus. Unlike the type genus of the order 

Acidimicrobiales, Acidimicrobium, members of the family Ilumatobacteraceae are 

mesophilic and neutrophilic (Asem et al., 2018). Furthermore, no known acidophilic 

members of the class Acidimicrobiia were found in the Gericke’s Point sediment samples. 

This is not surprising as the ocean, dry and rocky site sediment samples were found to have a 

pH of 8, 8.8 and 8.7, respectively. All classified members of the type genus of the family 

Ilumatobacteraceae, Ilumatobacter, have been isolated from aquatic habitats 

(https://lpsn.dsmz.de/genus/ilumatobacter) and the members of the Sva0996 marine group 

(Ca Microtrichaceae) were discovered in the microbiome of a marine sponge (Slaby et al., 

2017). 

3.3.1.1.2 Candidatus Actinomarinales 

The order found to represent the second highest proportion of actinobacteria in the Gericke’s 

Point samples was Ca Actinomarinales making up 18%, 15% and 14% of the total 

actinobacterial diversity at the order level in the ocean, dry and rocky sites, respectively 

https://lpsn.dsmz.de/genus/ilumatobacter
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(Figure 3.1; Figure 3.2; Figure 3.3). Similar to Ca Microtrichales, Ca Actinomarinales is an 

order, not yet validly published, proposed to belong to the class Acidimicrobiia. Ca 

Actinomarinales was proposed by Ghai et al. (2013) to designate a deep-branching lineage of 

obligately marine actinobacteria with extremely small free-living cells and very low GC 

content (33%). These actinobacteria were discovered using metagenome-assembled genomes 

and have yet to be cultured. In this study, none of the strains identified as members of Ca 

Actinomarinales could be assigned to a known family or genus. Previously, members of Ca 

Actinomarinales were thought to be found only in marine epipelagic waters, which lead 

researchers to believe they were photoheterotrophs (Ghai et al., 2013; López-Pérez et al., 

2020). However, members of Ca Actinomarinales have since been found in coastal sediment, 

implying that not all members of this order are phototrophic   (Huang et al., 2021). 

 

3.3.1.2 Class Actinobacteria 

3.3.1.2.1 Order Bifidobacteriales 

Two strains belonging to the order Bifidobacteriales were found in one sediment sample from 

the rocky site. These strains belonged to the genus Bifidobacterium. Members of the order 

Bifidobacteriales are anaerobic and most commonly found in the gastrointestinal tract of 

humans and other animals (Zhang et al., 2016). Bifidobacterium strains have also been 

assessed as indicators of human faecal pollution in freshwater and marine environments 

(Resnick and Levin, 1981; Morrison et al., 2008)  

3.3.1.2.2 Order Frankiales 

Eleven (11), 36 and 652 strains belonging to the order Frankiales were found in the ocean, 

dry and rocky site sediment samples, respectively. The majority (~98%; 689 of 699) of these 

strains, including all Frankiales strains found in the dry site sediment samples, could not be 

assigned to a known family or genus. The remaining ten Frankiales strains belonged to the 

genus Frankia of the family Frankiaceae. Strains belonging to this genus are nitrogen-fixing 

actinobacteria that are found as free-living microbes in soil and in symbiotic associations 

with actinorhizal plants (Rehan et al., 2016). Frankia strains have also been shown to tolerate 

a narrow range of temperatures, pH levels and salinity (Wijnholds and Young, 2000; 

Srivastava et al., 2017). To date, Frankiales strains have only been found in terrestrial and 

freshwater habitats (Normand and Fernandez, 2020; Betiku et al., 2021). Therefore, it is 
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surprising and noteworthy that members of this order were found in the marine habitats at 

Gericke’s Point. 

3.3.1.2.3  Order Geodermatophilales  

Forty-three (43), 78 and 824 strains belonging to the order Geodermatophilales were found in 

the ocean, dry and rocky site sediment samples, respectively. All of these strains belonged to 

the family Geodermatophilaceae. Almost half (426 of 945) of the strains belonging to 

Geodermatophilaceae could not be assigned to a known genus. The rest of the strains 

belonged to the genera Blastococcus (38 of 945) and Geodermatophilus (481 of 945). 

Members of the family Geodermatophilaceae have been isolated mainly from soils, 

seawater, and stone surfaces (Normand et al., 2014). 

3.3.1.2.4  Order Micrococcales 

Eighty-five (85), 128 and 180 strains belonging to the order Micrococcales were found in the 

ocean, dry and rocky site sediment samples, respectively. Members of the order 

Micrococcales are non-spore forming bacteria that have been found to inhabit mammalian 

skin, various soil samples and marine environments (Dastager et al., 2014; Salam et al., 

2020). More than half (257 of 393) of the identified Micrococcales strains could not be 

assigned to a known genus. The majority of these strains (209 of 257) could not be assigned 

to a known family either.  The rest of the strains identified as Micrococcales were evenly 

distributed across seven of the 17 known families currently belonging to the order, namely 

Cellulomonadaceae, Dermabacteraceae, Dermacoccaceae, Intrasporangiaceae, 

Microbacteriaceae, Micrococcaceae and Promicromonosporaceae 

(https://lpsn.dsmz.de/order/micrococcales). All strains belonging to Intrasporangiaceae could 

not be assigned to a known genus in this family. The following genera were found in all 

Gericke’s Point sediment samples: Microbacterium (family Microbacteriaceae), Isoptericola 

(family Promicromonosporaceae) and Arthrobacter and Micrococcus from the family 

Micrococcaceae. Members of the genus Kocuria (family Micrococcaceae) were found only 

in the ocean and dry site sediment samples. The genera Glutamicibacter and Nesterenkonia 

(family Micrococcaceae) and Barrientosiimonas (family Dermacoccaceae) were exclusively 

found in the ocean site sediment and the genera Cellulomonas (family Cellulomonadaceae), 

Brachybacterium (family Dermabacteraceae) and Agromyces (family Microbacteriaceae) 

were exclusively found in the rocky site sediment. Two strains of the genus Candidatus 

Planktoluna (family Microbacteriaceae) were found in sediment samples from the dry site.  
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3.3.1.2.5  Order Micromonosporales 

Fourteen (14), 141 and 69 strains belonging to the order Micromonosporales were found in 

the ocean, dry and rocky site sediment samples, respectively. This order currently contains 

only one family, Micromonosporaceae (https://lpsn.dsmz.de/order/micromonosporales). 

Micromonosporaceae strains have been isolated from diverse habitats including soil, fresh 

and marine water, rhizosphere soil, and plant tissues (Trujillo et al. , 2014). The family 

Micromonosporaceae is comprised of 30 genera, including the obligate marine genus 

Salinispora (https://lpsn.dsmz.de/family/micromonosporaceae). Seventy five percent (75%; 

168 of 224) of the Micromonosporales strains identified in the Gericke’s Point sediment 

samples could not be assigned to a known genus. Thirty-nine (39) strains belonging to the 

genus Micromonospora was found in sediment samples from all three sites. One and two 

strains belonging to the genus Actinoplanes, and two and 12 strains belonging to the genus 

Salinispora, were found in the ocean and dry site sediment samples, respectively. It is 

interesting that more strains of the obligately marine genus Salinispora were found in the dry 

sediment as opposed to sediment from the subtidal zone. 

3.3.1.2.6 Order Mycobacteriales 

Fourteen (14), 71 and 104 strains belonging to the order Mycobacteriales were found in the 

ocean, dry and rocky site sediment samples, respectively. Members of this order are found 

mainly in soil ecosystems, but their presence has also been reported in freshwater and  marine 

environments (Goodfellow and Jones, 2015; Kurilkina et al., 2016; Wright et al., 2021). Of 

the eight known families currently belonging to the order Mycobacteriales 

(https://lpsn.dsmz.de/order/mycobacteriales), only members of the families 

Corynebacteriaceae (~11%; 22 of 189), Mycobacteriaceae (~60%; 115 of 189), 

Gordoniaceae (~1%; 3 of 189) and Nocardiaceae (~25%; 48 of 189) were found. One 

identified Mycobacteriales strain could not be assigned to a known family. Genera found 

include Corynebacterium (family Corynebacteriaceae), Mycobacterium (family 

Mycobacteriaceae), Gordonia (family Gordoniaceae) and Nocardia (23 of 48) and 

Rhodococcus (10 of 48) belonging to the family Nocardiaceae. Fifteen (15) strains belonging 

to the family Nocardiaceae could not be assigned to a known genus. A marine Nocardia 

strain was isolated in this study (Chapter 2). 
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3.3.1.2.7 Order Propionibacteriales 

The order Propionibacteriales represented 1%, 7% and 8% of the total actinobacterial 

diversity (identified to the order level) found in the ocean, dry and rocky site sediment 

samples, respectively (Figures 3.1, 3.2 and 3.3). This represents the third highest proportion 

of actinobacteria found in Gericke’s Point. Members of the order Propionibacteriales are less 

frequently isolated in culture-dependent studies compared to other genera, such as 

Streptomyces, but have been reported to occur in various environments such as soil, marine 

invertebrates, plants and human samples (Stackebrandt, 2014; Tóth and Borsodi, 2014; Shi et 

al., 2022). The order Propionibacteriales currently contains the families 

Actinopolymorphaceae, Kribbellaceae, Nocardioidaceae and Propionibacteriaceae 

(https://lpsn.dsmz.de/order/propionibacteriales), though only members of Nocardioidaceae 

and Propionibacteriaceae were found in the Gericke’s Point sediment samples. The family 

Nocardioidaceae currently contains four genera 

(https://lpsn.dsmz.de/family/nocardioidaceae), but only members of the genera Marmoricola 

and Nocardioides were found in the Gericke’s Point sediment samples. The family 

Propionibacteriaceae currently contains 24 genera 

(https://lpsn.dsmz.de/family/propionibacteriaceae), but only members of the genera 

Cutibacterium, Microlunatus and Arachnia were found in the Gericke’s Point sediment 

samples. Nocardioidaceae strains made up ~70% (33 223 of 47291) of the strains identified 

as members of the order Propionibacteriales. Strains belonging to the family 

Propionibacteriaceae represented a very small portion (~0.08%; 38 of 47 291) of the strains 

identified as members of the order Propionibacteriales. The remaining strains identified as 

Propionibacteriales could not be assigned to a known family. Furthermore, ~18% (6018 of 

33 223) of the strains identified as members of the family Nocardioidaceae and ~5% (2 of 

38) of the strains identified as members of the family Propionibacteriaceae could not be 

assigned to a known genus. 

3.3.1.2.8  Order Pseudonocardiales 

The order Pseudonocardiales is comprised of a single family, namely Pseudonocardiaceae 

(https://lpsn.dsmz.de/order/pseudonocardiales). Members of the family Pseudonocardiaceae 

exhibit a wide range of different physiologies and are known antibiotic producers (Platas et 

al., 1998). Pseudonocardiaceae strains were found in all Gericke’s Point samples, but the 

majority (~93%, 784 of 837) of these strains were found in the dry site sediment samples. 
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Sixteen (16) and 36 Pseudonocardiaceae strains were found in the ocean and rocky site 

samples, respectively. The majority (~96%; 808 of 837) of strains identified as 

Pseudonocardiaceae could not be assigned to a known genus. Two of the 39 genera currently 

belonging to the family Pseudonocardiaceae 

(https://lpsn.dsmz.de/family/pseudonocardiaceae), Amycolatopsis (6 of 837) and 

Pseudonocardia (23 of 837) were found in the Gericke’s Point samples with members of 

Amycolatopsis found exclusively in the dry site sediment.  

3.3.1.2.9  Order Streptomycetales 

One and ten strains belonging to the order Streptomycetales were found in the dry and rocky 

site sediment samples, respectively. All of these strains belonged to the genus Streptomyces, 

one of six genera in the sole Streptomycetales family, Streptomycetaceae 

(https://lpsn.dsmz.de/family/streptomycetaceae). The other genera in the family are 

Allostreptomyces, Embleya, Kitasatospora, Streptacidiphilus and Yinghuangia. The majority 

of strains cultured in this study were identified as Streptomyces. It is interesting that no 

strains belonging to the genus Streptomyces were found in the metagenomic analysis of the 

ocean site sediment samples as both strains isolated from this sample site (GGUI#1 and 

GGUI10#6; detailed in Chapter 2) were identified as Streptomyces.  

3.3.1.2.10  Order Streptosporangiales 

The order Streptosporangiales currently contains the families Nocardiopsaceae, 

Streptosporangiaceae, Thermomonosporaceae and Treboniaceae 

(https://lpsn.dsmz.de/order/streptosporangiales). Four and 31 strains belonging to the genus 

Nocardiopsis (family Nocardiopsaceae) were found in the dry and rocky site sediment 

samples, respectively. It has been shown that species of the family Nocardiopsaceae can be 

isolated from the marine environment with the help of selective isolation techniques (Ng 

and Tan, 2018). Nine strains belonging to the genus Actinomadura (family 

Thermomonosporaceae) were found exclusively in the rocky site samples. An additional nine 

strains belonging to the family Thermomonosporaceae were found in the dry and rocky site 

sediment, but these strains could not be assigned to a known genus. 
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3.3.1.3 Class Nitriliruptoria 

3.3.1.3.1 Order Euzebyales 

One and two strains belonging to the order Euzebyales were found in a sediment sample from 

the dry site and a sediment sample from the rocky site, respectively. These strains belonged 

to the genus Euzebya. All described members of this genus have been isolated from the 

marine environment (Kurahashi et al., 2010; Yin et al., 2018; Jian et al., 2021).  
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SUMMARY 

 

Twenty six (26) Streptomyces strains, one Nocardia strain and two presumptive 

actinobacterial strains isolated from marine sediment were screened for antimycobacterial 

activity against the non-pathogenic bacterium Mycobacterium aurum strain A+ using a 

standard agar overlay method. The antibiotic spectra of the isolates were then investigated 

against Escherichia coli strain ATCC 25922 (Gram-negative) and Staphylococcus aureus 

strain ATCC 25923 (Gram-positive). Twenty one (21) out of 29 isolates (20 Streptomyces 

strains and one unidentified strain) demonstrated strong to very strong antimycobacterial 

activity. Only two isolates (Streptomyces strain GGUI#10 and Nocardia strain GGUI10#20) 

were active against E. coli ATCC 25922 and only six strains (Streptomyces strains 

GGUI10#6, GGUI#9, GGUM1#11, GGUI5#25 and GGUM1#29 and presumptive 

actinobacterial strain GGUI5#21)  displayed notable activity (moderate to very strong) 

against S. aureus ATCC 25923. Notably, strain GGUI10#6 was the only isolate to display 

very strong activity against both M. aurum strain A+ and  S. aureus ATCC 25923. The 

compounds that displayed strong antimycobacterial activity were extracted and analysed 

using HPLC-MS. In order to assess the novelty of the extracted compounds, the resulting 

mass spectra were compared to the mass spectra of known compounds within the Global 

Natural Products Social Molecular Networking (GNPS) database. Eighteen (18) out of 21 

strains produced compounds with no matches in the GNPS database (Streptomyces strains 

GGUI#1, GGUM1#4, GGUI10#6, GGUI#7, GGUI10#8, GGUI#9, GGUI#10, GGUI#12, 

GGUI10#15, GGUI#16, GGUI5#18, GGUI#23, GGUI5#27, GGUI#28, GGUI5#30, 

GGUI5#31 and GGUI5#33 and presumptive actinobacterial strain GGUI5#21) while, one 

isolate (Streptomyces strain GGUI5#33) produced a compound that could be an analogue of 

abyssomicin L, a member of a recently discovered rare class of antibiotics. Overall, the 

results presented in this chapter indicate that actinobacterial strains isolated from the marine 

environment could be a good source of potentially novel compounds with strong 

antimycobacterial activity. 
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4.1 INTRODUCTION 

According to the WHO, antibiotic resistance is one of the biggest threats to global health, 

food security and development today. Consequently, novel antibiotics with novel modes of 

action are urgently needed (Hutchings et al., 2020). This has a caused a shift in research to 

the enhancement and activation of biosynthetic genes to increase the chances of discovering 

novel compounds (Ochi, 2016). Actinobacteria, particularly actinomycetes, are of particular 

interest in this field as they are prolific antibiotic producers. Various factors have been shown 

to influence biosynthetic gene expression in actinomycetes, including morphological 

differentiation and environmental stresses such as nutrient deprivation, heat shock and 

extreme pH levels (Yepes-García et al., 2020; Zong et al., 2021). Furthermore, the 

occurrence of competitors in the environment has also been shown to induce the biosynthesis 

of certain antibiotics, leading researchers to believe that co-culturing methods could be used 

to enhance antibiotic production (Westhoff et al., 2021). In the same vein, researchers have 

also discovered that other secondary metabolites with regulatory functions (including known 

antibiotics) can be utilised to activate antibiotic biosynthetic pathways (Niu et al., 2016; 

Okada and Seyedsayamdost, 2017). Genome mining has allowed researchers to gain more 

insight into biosynthetic genes and the pathways in which they are involved (Niu and Li, 

2019). That being said, there is still a great deal unknown about the complex regulatory 

networks associated with SM production and more insight is required to develop new 

strategies for novel antibiotic discovery. In addition to the manipulation of biosynthetic gene 

regulation, researchers are also focused on exploring understudied habitats as sources of 

novel antibiotics. 

One of the most concerning cases of acquired antibiotic resistance is that of M. tuberculosis 

(Mtb), the bacterial pathogen which causes TB. Worldwide, TB is the 13th leading cause of 

death and the second leading infectious killer after SARS-CoV-2 (the causal agent of 

COVID-19) and, in 2020, only about one in three people with drug-resistant TB accessed 

treatment (https://www.who.int/news-room/fact-sheets/detail/tuberculosis). Antibiotic 

resistance in TB can be separated into four categories. Single drug-resistant TB (SDR-TB) is 

defined as resistance of Mtb to only one first-line drug. First-line drugs include isoniazid, 

rifampin, moxifloxacin, ethambutol and pyrazinamide. Multi-drug-resistant TB (MDR-TB) is 

defined as resistance of Mtb to both rifampin and isoniazid (i.e. the core first-line drugs). 

Extensively drug-resistant TB (XDR-TB) is defined as MDR-TB coupled with the resistance 

of Mtb to any fluoroquinolone and at least one injectable second-line drug (amikacin, 
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kanamycin, or capreomycin). Totally drug-resistant (TDR-TB) is defined as resistance of Mtb 

to all available first-line and second-line drugs 

(https://www.cdc.gov/tb/topic/drtb/default.htm; Singh and Chibale, 2021). Unlike other 

bacterial pathogens, resistance in Mtb is not acquired via HGT, but by spontaneous mutations 

(i.e. single nucleotide polymorphisms, insertions and deletions) in genes that code for drug 

targets (Dookie et al., 2018). Therefore, it is possible to predict resistance in Mtb clinical 

isolates to first- and second-line drugs using NGS-based tests in order to develop effective 

treatment regimens (Migliori et al., 2020). Current regimens are usually composed of four 

drugs likely to be effective of which at least two are essential and two are companion drugs 

(Rendon et al., 2016). TDR-TB it is practically untreatable. Non-adherence of patients to 

treatment regimens is one of the main driving forces of drug resistance in TB. Thus, although 

the only way to truly fight drug resistance is the introduction of new effective drugs, using 

available drugs in the correct manner could still prevent the spread of drug-resistant TB 

(Migliori et al., 2020). South Africa had an estimated incidence of 328 000 (554 per 100 000 

population) cases of active TB in 2020 (World Health Organization, 2021). This resulted in 

61 000 TB related deaths. Approximately 7517 of the aforementioned cases were laboratory-

confirmed instances of MDR-TB and XDR-TB. 

This chapter investigates antibiotic production by actinobacterial isolates from sediment from 

three different habitats (subtidal zone, rock pool and beach/dune) in the marine environment. 

The isolates were screened against Mycobacterium aurum strain A+, a non-pathogenic 

species with a similar antibiotic susceptibility profile to that of M. tuberculosis (Chung et al., 

1995). Therefore, screening for activity against M. aurum strain A+ could give us more 

insight into the potential of the actinobacterial isolates to produce compounds that could also 

be effective against Mtb. The ability of each actinobacterial isolate to produce antibacterial 

compounds was further investigated by screening for activity against another Gram- positive 

bacterium (Staphylococcus aureus strain ATCC 25923) and a Gram-negative bacterium 

(Escherichia coli strain ATCC 25922) with clinical relevance of their own. Additionally, the 

novelty of strong antimycobacterial compounds was determined by Dr Daniel Watson 

(Division of Clinical Pharmacology, Faculty of Health Sciences, University of Cape Town) 

using HPLC-analysis. This was done to prioritize potentially novel compounds for further 

study.  
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4.2 METHODS AND MATERIALS 

4.2.1 Screening for antibacterial activity 

Presumptive actinobacterial isolates were screened against M. aurum A+, E. coli ATCC 

25922 and S. aureus ATCC 25923 using a standard agar-overlay technique (Curtis, 2015). 

Isolates were stab inoculated onto ISP2 (without calcium carbonate), ISP5, M1 (section 

2.2.1.3), Difco Middlebrook 7H9 containing 100mM glucose (Becton Dickinson, USA), and 

R2A medium (https://www.dsmz.de/microorganisms/medium/pdf/DSMZ_Medium830.pdf) 

agar plates supplemented with 3.8% Red Sea Salt using sterile toothpicks. All agar plates 

were incubated at 30°C for 10 days. The day before overlays were performed, M. aurum A+ 

was inoculated into 5ml 2xYT medium [16g tryptone, 10g yeast extract, 5g NaCl, distilled 

water to 1L, pH 7.0] and E. coli ATCC 25922  and S. aureus ATCC 25923  were inoculated 

into 5ml Luria-Bertani medium (LB) (Sambrook et al., 1989) before being incubated 

overnight at 37°C with shaking. The bacterial cultures were examined by streaking for single 

colonies on appropriate agar plates and Gram-staining in order to ensure no contamination 

was present. In order to ensure the concentration of cells was standardized across all overlay 

experiments, the optical density at 600nm (OD600nm) of each culture was measured using a 

Beckman DU®-64 spectrophotometer. The optical density reading was then used to 

determine the volume of culture to add to each plate using the following empirical formulae: 

OD600nm × volume (μl) = 160 for M. aurum A+ and OD600nm ×volume (μl) = 4 for E. coli 

ATCC 25922 and S. aureus ATCC 25923.  The determined volume of culture was inoculated 

into test tubes containing 6ml 2YT/LB sloppy agar (0.7% agar) and poured over the stab 

inoculated plates. The overlaid agar was allowed to set and the plates were incubated at 37°C 

overnight for screening against E. coli ATCC 25922 and S. aureus ATCC 25923 and for 48 

hours for screening against M. aurum A+. Antibacterial activity was observed as zones of 

growth inhibition of test bacteria around the actinobacterial colonies. The area of the zone of 

inhibition (ZOI) was calculated by subtracting the area of the colony (mm
2
) from the area of 

the zone of growth inhibition (mm
2
). ZOIs less than 1000 mm

2
 indicated weak activity, ZOIs 

between 1000 mm
2
-2000mm

2
 indicated moderate activity, ZOIs between 2000mm

2
-3000mm

2
 

indicated strong activity and ZOIs of more than 3000mm
2 
indicated very strong activity. 
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4.2.2 Identification of active antimycobacterial compounds 

4.2.2.1 Preparation of crude extract 

Actinobacterial isolates displaying strong and very strong antimycobacterial activity were 

stabbed on fresh plates (one strain per plate) to confirm the size of the ZOIs. The ZOIs were 

excised as 1x1 cm pieces of agar from the overlaid plates and stored at -20°C before 

extraction. The extraction procedure detailed below was performed by Dr Daniel Watson. 

Agar pieces were thawed and added to a mixture of 5 mL methanol and 35 mL ethyl acetate 

(EtAc) and left to shake on a multipurpose shaker at 120 rpm for at least one hour at room 

temperature. The resultant liquid samples were washed with 40 mL Millipore water in a 

separating funnel to remove salts and polar constituents that could affect the HPLC-MS 

analysis. The EtAc fraction was collected and dried in a fume hood. The dried sample was 

concentrated by re-dissolving the fraction in 1.5 ml of EtAc and transferred to a previously 

weighed microcentrifuge tube. The samples were dried down again using a sample 

concentrator and the weight of the sample was determined. The final crude extract was made 

up to a concentration of 10 mg/mL using ethyl acetate. 

4.2.2.2 HPLC – MS analysis and dereplication 

The HPLC-MS and dereplication analyses were also performed by Dr Daniel Watson. These 

analyses were based on the spectroscopic analysis and Global Natural Products Social 

Molecular Networking protocols set out in Watson et al. (2021) with a few modifications. For 

the spectroscopic analysis, the HPLC method utilised a C18 HPLC column (Agilent 

Poroshell 120). The aqueous mobile phase used was 1 mM ammonium formate in water and 

the organic mobile phase was MeOH/0.1% formic acid. A gradient method was used that ran 

from 2% to 98% organic phase for 25 minutes with a flow rate of 600 µl/min. The gradient 

was then held at 98% organic phase for a further 2 minutes before returning to 2% organic 

phase to equilibrate the column for the next run. Spectral data were obtained using 

information dependent acquisition (IDA) at a mass range of 50–1500 Da. For the Global 

Natural Products Social Molecular Networking protocol, a network was created where edges 

were filtered to have a cosine score above 0.7 and more than 5 matched peaks. All matches 

kept between network spectra and library spectra were also required to have a cosine score 

above 0.70 and at least 5 matched peaks. 
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4.3 RESULTS AND DISCUSSION 

4.3.1 Screening for antibacterial activity 

4.3.1.1 Antimycobacterial activity against M. aurum strain A+ 

Twenty-seven confirmed and two presumptive actinobacterial strains (described in Chapter 2) 

were screened for antimycobacterial activity against M. aurum strain A+. Seven strains 

displayed weak or no activity (Streptomyces strains GGUI#3, GGUM1#5, GGUI5#24, 

GGUI5#25, GGUM1#26, Nocardia strain GGUI10#20 and presumptive actinobacterial strain 

GGUI5#32), one strain displayed moderate activity (Streptomyces strain GGUM1#2), four 

strains (Streptomyces strains GGUM1#2, GGUI#16, GGUI#28 and GGUM1#29) displayed 

strong activity and seventeen strains (Streptomyces strains GGUI#1, GGUM1#4, GGUI10#6, 

GGUI#7, GGUI10#8, GGUI#9, GGUI#10, GGUM1#11, GGUI#12, GGUI10#15, 

GGUI5#18, GGUI#23, GGUI5#27, GGUI5#30, GGUI5#31, GGUI5#33 and presumptive 

actinobacterial strain GGUI5#21),  displayed very strong activity against M. aurum strain A+ 

(Table 4.1). The results show that strong antimycobacterial activity was observed for strains 

isolated from all three sub-sites. The novelty of the compounds produced by strains 

displaying strong and very strong antimycobacterial activity was assessed (see section 4.3.2). 

 

The nutrient composition of the environment is known to influence antibiotic biosynthesis 

(Martin and Demain, 1980). This is suggested as an explanation for why all the 

aforementioned strains displayed strong activity on at least one medium, but not on all five 

media. The media that induced the strongest antimycobacterial activity were M1 and R2A. 

This is not surprising as nutrients in R2A are present in low concentrations and, as mentioned 

in section 4.1, antibiotic biosynthesis has been shown to be regulated in response to 

environmental stresses such as nutrient deprivation.  The media which induced the weakest 

antimycobacterial activity were ISP2 and 7H9. This could possibly be a result of the presence 

of glucose in ISP2 and 7H9, as glucose is known to inhibit the biosynthesis of several 

antibiotics (Martin and Demain, 1980; Grasso et al., 2016). Despite this, strong and very 

strong activity was still observed for strains GGUI5#30 and GGUM1#4 on ISP2. 

Interestingly, strain GGUI5#30 was also the only strain to display moderate to very strong 

activity against M. aurum strain A+ on all five test media. ISP5 is a defined medium and it 

was observed that growth of some actinobacterial strains was weaker on this medium 

compared to complex media such as ISP2 and M1. Martin and Demain (1980) suggested that 
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cultivation on defined media supporting only slow growth might favour antibiotic production, 

therefore, it is surprising that the activity induced on ISP5 was moderate for the most part. 

However, it is possible that the nutrients in this specific defined medium (ISP5) were not able 

to induce strong antibiotic synthesis in the isolates under investigation.        

4.3.1.2 Antibacterial activity against E. coli and S. aureus  

Antibiotic activity was also tested against S. aureus strain ATCC 25923 (Gram-positive 

bacterium) and E. coli strain ATCC 25922 (Gram-negative bacterium) to determine the 

antibiotic spectrum of each isolate tested in section 4.3.1.1. Only two isolates (Streptomyces 

strain GGUI#10 and Nocardia strain GGUI10#20) displayed activity against E. coli strain 

ATCC 25922 (Table 4.1). Strain GGUI#10 displayed moderate activity (1166 mm
2
)
 
and 

strain GGUI10#20 displayed weak to moderate activity (980 mm
2
). It is interesting that 

Nocardia strain GGUI10#20 displayed higher activity against E. coli ATCC 25922 than M. 

aurum A+ or S. aureus ATCC 25923, as, unlike Gram-positive bacteria, Gram-negative 

bacteria have an outer membrane which limits the access of most antibiotics to their 

intracellular targets (Breijyeh et al., 2020). Table 4.1 shows only six isolates displayed 

notable (i.e. moderate to very strong) antibiotic activity against S. aureus strain ATCC 25923. 

Streptomyces strains GGUI#9, GGUM1#11, GGUI5#25 and GGUM1#29 displayed moderate 

activity and presumptive actinobacterial strain GGUI5#21 displayed strong activity against S. 

aureus ATCC 25923 on at least one of the five test media. Notably, Streptomyces strain 

GGUI10#6 displayed very strong activity against S. aureus strain ATCC 25923 on all five 

test media.  

Five strains (Streptomyces strains GGUI#7 and GGUI10#19,  GGUI5#24 and GGUM1#26 

and presumptive actinobacterial strain GGUI5#32) showed activity against M. aurum strain 

A+ only (weak to very strong activity), suggesting that the antibiotics they are producing are 

specific to Mycobacterium. Streptomyces strains GGUI#3, GGUM1#5, GGUI5#24, 

GGUM1#26, Nocardia strain GGUI10#20 and strain GGUI5#32 displayed weak or no 

activity against all test bacteria. However, this does not mean these strains are incapable of 

producing strongly active antibacterial compounds. It is possible that the compounds 

produced by these strains were not active against the test bacteria used in this study, or that 

production of active compounds by these strains was not induced on the test media used. 
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Table 4.1. The antibiotic activity of all actinobacterial isolates against test bacteria M. aurum strain 

A+, S. aureus strain ATCC 25923 and E. coli strain ATCC 25922. Each isolate was stab inoculated 

on ISP2, ISP5, M1, Middlebrook 7H9 (MB) and R2A media. The zone of inhibition (ZOI) was 

calculated by subtracting the area of the colony from the area of the zone of growth inhibition. 

Arbitrary assignment of the strength of antibiotic activity: - = no activity, ZOI < 1000 mm
2
 = weak 

activity, 1000mm
2
 < ZOI ≤ 2000mm

2
 = moderate activity (highlighted in yellow), 2000mm

2
 < ZOI ≤ 

3000mm
2
 = strong activity (highlighted in purple) and ZOI > 3000mm

2
 = very strong activity 

(highlighted in red). Antimycobacterial compound identifications are shown next to the agar media 

from which the compound was extracted. ‘No match’ indicates the spectrum obtained for the 

compound did not match any known compounds in the GNPS database. 
 

 

 

 

ISOLATE MEDIA M. aurum  

A+ 

E. coli  

ATCC 25922 

S. aureus  

ATCC 25923 

COMPOUND 

OCEAN SITE 

Streptomyces 

strain 

GGUI#1 

ISP2 657 - - 

- 

 

ISP5 679 -  

M1 3196 - 433 No match  

MB - - -  

R2A - - 463  

Streptomyces 

strain 

GGUI10#6 

ISP2 748 - 4068  

ISP5 694 - 4894  

M1 1122 - 3213  

MB 1074 - 3628  

R2A 5014 - 3841 No Match 

DRY SITE 

Streptomyces 

strain 

GGUM1#2 

ISP2 - - 170  

ISP5 1208 - -  

M1 2651 - 440 Rabelomycin  

MB - - 359  

R2A 1080 - 283  

Streptomyces 

GGUI#3 

ISP2 160 - 337  

ISP5 - - 657  

M1 - - -  

MB 286 - -  

R2A - - -  

Streptomyces 

strain 

GGUM1#4 

ISP2 3817 - 163 Desferrioxamine E 

ISP5 1206 - -  

M1 5717 - - No match  

MB - - -  

R2A 1837 - 262  

Streptomyces 

strain 

GGUI10#15 

ISP2 - - 286  

ISP5 1021 - -  

M1 3267 - 359 Monactin 

MB - - 402  

R2A 2211 - 176 No match  

Streptomyces 

strain 

GGUM1#29 

ISP2 1897 - 378  

ISP5 2060 - - Antimycin 

M1 1435 - 189  

MB 1103 - -  

 R2A 399 - 1179  
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Table 4.1. (continued) 
 

ISOLATE MEDIA M. aurum  

A+ 

E. coli  

ATCC 25922 

S. aureus  

ATCC 25923 

COMPOUND 

ROCKY SITE 

Streptomyces 

strain 

GGUM1#5 

ISP2 691 - -  

ISP5 236 - 236  

M1 - - -  

 MB - - -  

 R2A - - -  

Streptomyces 

strain 

GGUI#7 

ISP2 - - -  

ISP5 - - -  

M1 - - -  

MB 302 - -  

 R2A 4287 - - No Match 

Streptomyces 

strain 

GGUI10#8 

ISP2 - - 320  

ISP5 1680 - -  

M1 3003 - - No match  

MB - - 717  

 R2A 1184 - -  

Streptomyces 

strain 

GGUI#9 

ISP2 357 - -  

ISP5 1124 - -  

M1 3349 - - No Match  

MB - - 1179  

R2A 1207 - -  

Streptomyces 

strain 

GGUI#10 

ISP2 672 - 163  

ISP5 1457 - 191  

M1 3844 - 204 No match  

MB - 1166 705  

 R2A 1529 - 403  

Streptomyces 

strain 

GGUM1#11 

ISP2 411 - 402  

ISP5 1131 - 219  

M1 3377 - - Monactin 

 MB - - 1145  

 R2A 1850 - 126  

Streptomyces 

strain 

GGUI#12 

ISP2 339 - -  

ISP5 1178 - -  

M1 3656 - - Monactin/Nonactin 

MB - - 453  

R2A 2313 - - No match  

Streptomyces 

strain 

GGUI#16 

ISP2 285 - -  

ISP5 754 - -  

M1 2510 - - No match  

MB - - 503  

R2A 2045 - - Monactin 

Streptomyces 

strain 

GGUI5#18 

ISP2 1021 - 236  

ISP5 884 - 201  

M1 1922 - -  

MB - - 817  

 R2A 3817 - - No Match 
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Table 4.1. (continued) 
 

ISOLATE MEDIA M. aurum  

A+ 

E. coli  

ATCC 25922 

S. aureus  

ATCC 25923 

COMPOUND 

Streptomyces 

strain 

GGUI10#19 

ISP2 308 - -  

ISP5 1070 - -  

M1 - - -  

MB - - -  

 R2A - - -  

Nocardia strain 

GGUI10#20 

ISP2 337 - -  

ISP5 - - -  

M1 - 980 -  

 MB - - -  

 R2A 216 - -  

Presumptive 

actinobacterial 

strain 

GGUI5#21 

ISP2 - - 776  

ISP5 1935 - 2814  

M1 2262 - 1254 No match  

MB - - -  

R2A 3820 - 295  Possible 

Mitomycin C analogue  

Streptomyces 

strain 

GGUI#23 

ISP2 214 - 579  

ISP5 3885 - - Streptomycin 

M1 4713 - - No match 

 MB 361 - 939  

 R2A - - -  

Streptomyces 

strain 

GGUI5#24 

ISP2 679 - -  

ISP5 - - -  

M1 - - -  

 MB - - -  

 R2A 521 - -  

Streptomyces 

strain 

GGUI5#25 

ISP2 - - 1272  

ISP5 - - -  

M1 - - 493  

MB - - 699  

R2A 181 - 463  

Streptomyces 

strain 

GGUM1#26 

ISP2 - - -  

ISP5 283 - -  

M1 - - -  

MB - - -  

R2A 330 - -  

Streptomyces 

strain 

GGUI5#27 

ISP2 463 - 219  

ISP5 3735 - - Streptomycin 

M1 2626 - - No match  

 MB - - 955  

 R2A 2956 - - No match  

Streptomyces 

strain 

GGUI#28 

ISP2 - - 327  

ISP5 537 - 139  

M1 1124 - 320  

MB - - 479  

R2A 2509 - - No Match 
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Table 4.1. (continued) 

 

ISOLATE MEDIA M. aurum  

A+ 

E. coli  

ATCC 25922 

S. aureus  

ATCC 25923 

COMPOUND 

Streptomyces 

strain 

GGUI5#30 

ISP2 2158 - - No match  

ISP5 1168 - 179  

M1 2989 - - No match 

 MB 1056 - 968  

 R2A 4123 - - No Match 

Streptomyces 

strain 

GGUI5#31 

ISP2 1209 - -  

ISP5 1021 - 201  

M1 3694 - 203 No Match 

MB - - 754  

 R2A 506 - -  

Presumptive 

actinobacterial 

strain 

GGUI5#32 

ISP2 - - -  

ISP5 317 - -  

M1 - - -  

MB - - -  

 R2A 302 - -  

Streptomyces 

strain 

GGUI5#33 

ISP2 1125 - 182  

ISP5 1850 - -  

M1 4711 - - Possible Abyssomycin L 

analogue  

MB - - 633  

R2A 3455 - - No Match 
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4.3.2 Dereplication 

Eighteen (18) of the isolates described in this study (Strains GGUI#1, GGUM1#4, 

GGUI10#6, GGUI#7, GGUI10#8, GGUI#9, GGUI#10, GGUI#12, GGUI10#15, GGUI#16, 

GGUI5#18, GGUI5#21, GGUI#23, GGUI5#27, GGUI#28, GGUI5#30, GGUI5#31 and 

GGUI5#33)  produced at least one compound with strong antimycobacterial activity that did 

not match any known compounds in the GNPS database (Table 4.1). These compounds with 

strong antimycobacterial activity may represent novel antibiotics and, therefore, are worth 

investigating further. The strains mentioned above include isolates from all three sub-sites. 

This illustrates the great potential of marine habitats as a source of novel antimycobacterial 

compound producing actinobacterial strains. These data need to be confirmed by re-testing 

against M. aurum strain A+ using agar overlays. Thereafter, notable antitubercular activity 

can be determined by cultivating the strains responsible for the production of the unknown 

compounds in liquid versions of the media in which the compounds were produced and then 

testing for activity against clinically relevant strains of Mtb. Compounds which show strong 

activity against Mtb can be prioritized for purification and structural elucidation. Considering 

some of the unknown compounds were produced on the same media by strains identified to 

be potential clones in Chapter 2 (e.g. GGUI5#18, GGUI5#27, GGUI5#30 and GGUI5#33 all 

produced unknown compounds on R2A), it is possible these strains are producing the same 

active antimycobacterial compound. This can be investigated further by comparing the mass 

spectra of these unknown compounds and determining if their fragmentation patterns are the 

same. It is important to note that inferences made about the novelty of the compounds 

produced in this study are based only on the information available in the GNPS database 

(Wang et al., 2016) and other natural product databases could be used to support these 

results. 

Eleven of the isolates described in this study were shown to produce compounds that matched 

known compounds in the GNPS database (Table 4.2). These include Streptomyces strains 

GGUM1#2, GGUM1#4, GGUM1#11, GGUI#12,  GGUI10#15, GGUI#16, GGUI#23, 

GGUI5#27, GGUM1#29, GGUI5#33 and presumptive actinobacterial strain GGUI5#21.The 

similarity between the query compounds and the known antibiotics was evaluated using the 

cosine score and mass difference parameters. The cosine score is the measure of similarity 

between the fragmentation patterns of a query compound and a known compound in the 

GNPS library. A cosine score of 1 represents identical spectra while a cosine score of 0 

denotes no similarity at all (https://ccms-ucsd.github.io/GNPSDocumentation/lexicon/). Only 
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matches with a cosine score of 0.70 and above are shown in this study. Mass difference is a 

quantification of the shift in spectral peaks when comparing the mass spectra of the query and 

known compounds. The greater the mass difference, the less closely the spectra are aligned. 

Some mass differences may be attributable to an adduct formed during ionization before 

analysis by mass spectrometry.   

 

Table 4.2 GNPS database matches for compounds produced by actinobacterial isolates on 

various growth media. Cosine Score and Mass Difference indicate the similarity between the 

mass spectra of the query compound and known compound. 

 

Isolate Medium Compound Cosine 

Score 

Mass 

Difference 

(Da) 

Streptomyces strain 

GGUM1#2 

M1 Rabelomycin 0.74 0.013 

Streptomyces strain 

GGUM1#4 

ISP2 Desferrioxamine E 0.85 0.001 

Streptomyces strain 

GGUM1#11 

M1 Monactin 0.80 0.002 

Streptomyces strain 

GGUI#12 

M1 Monactin 

 

0.83 0.24 

Nonactin 

 

0.88 17.02 

Streptomyces strain 

GGUI10#15 

M1 Monactin 0.73 0.002 

Streptomyces strain 

GGUI#16 

R2A Monactin 0.71 0.01 

Presumptive 

actinobacterial strain 

GGUI5#21 

R2A Possible 

Mitomycin C analogue 

0.76 45,09 

Streptomyces strain 

GGUI#23 

ISP5 Streptomycin 0.82 11.5 

Streptomyces strain 

GGUI5#27 

ISP5 Streptomycin 0.81 11.5 

Streptomyces strain  

GGUM1#29 

ISP5 Antimycin A3 

 

0.91 42 

Antimycin A4 

 

0.93 28 

Streptomyces strain 

GGUI5#33 

M1 Possible Abyssomicin L 

analogue 

0.87 7.04 

 

Table 4.2 shows that the compound produced by Streptomyces strain GGUM1#2 on M1 

medium matched the antibiotic rabelomycin with a moderate cosine score of 0.74 and a very 

low mass difference of 0.013 Da.  Rabelomycin is an angucycline antibiotic isolated from 
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Streptomyces olivaceus (Liu et al., 1970) that has been reported to have antibacterial activity 

against a range of Gram-positive bacteria including Mycobacterium smegmatis and 

Staphylococcus aureus (Bao et al., 2018). Thus, since the mass difference is also too low to 

be considered significant, it is very likely that rabelomycin is the active antimycobacterial 

compound produced by strain GGUM1#2 on M1 medium.  

The compound produced by Streptomyces strain GGUM1#4 on ISP2 medium was identified 

to be desferrioxamine E with a high cosine score of 0.85 and a negligible mass difference of 

0.001 Da (Table 4.2). Desferrioxamine E, also known as nocardamine, is a siderophore 

isolated from a Nocardia species reported to display specific activity against mycobacteria 

(Stoll et al., 1951; Ishida et al., 2011; Thompson et al., 2012) This compound is produced by 

several species of actinobacteria and has been shown to stimulate secondary metabolite 

formation and morphological differentiation in various actinomycete strains (Yamanaka et 

al., 2005). The desferrioxamine biosynthetic pathway belongs to a family of pathways that 

are biochemically distinct from the NRPS and PK pathways (Barona-Gómez et al., 2004). 

Siderophores have been shown to have higher production when a monosaccharide such as 

glucose is used as a carbon source (Franco-Correa and Chavarro-Anzola, 2016). This might 

explain why strain GGUM1#4 was the only isolate to exhibit very strong antimycobacterial 

activity on ISP2 medium. Based on the data, it very likely that, desferrioxamine E is the 

active antimycobacterial compound produced by strain GGUM1#4 on ISP2 medium.  

Streptomyces strains GGUM1#11, GGUI#12, GGUI10#15 and GGUI#16 were shown to 

produce compounds on M1 and R2A media matching the antibiotic monactin with moderate 

to high cosine scores (0.71-0.83) and negligible mass differences (Table 4.2). Furthermore, 

strain GGUI#12 was also shown to produce the homologue, nonactin. This match was 

supported by a high cosine score of 0.88 and a mass difference of 17.02 Da attributable to an 

ammonium adduct. Nonactin and monactin are members of a family of cyclic ionophores 

known as macrotetrolide antibiotics (Corbaz et al., 1955; Gerlach and Prelog, 1963). 

Monactin is a homologue of nonactin containing an additional methyl group. These 

compounds are produced by a range of Streptomyces species and are potent uncouplers of 

oxidative phosphorylation (Graven et al., 1965). Nonactins were originally thought to have 

little to no antimicrobial activity (hence the name), however, they have been shown to be 

active in vitro against Gram-positive bacteria such as Mycobacterium bovis and S. aureus 

(Meyers et al., 1965). Nonactin was noted as being the least active of the homologues. It has 
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also been noted that the antibacterial effects of nonactin depend upon its ability to support the 

passive diffusion of cations,  such as K
+
, Na

+
 and NH4

+
 across cell membranes 

.
(Kusche et 

al., 2010). Streptomyces strains GGUM1#11, GGUI#12, GGUI10#15 and GGUI#16 were 

shown to be genetically similar in Chapter 2. Thus, it is possible these strains are producing 

the same antimycobacterial compound on M1 and R2A (strain GGUI#16). Based on the 

evidence presented above and in Table 4.2, it also likely that this compound is in fact 

monactin (produced alongside nonactin by strain GGUI#12). 

Presumptive actinobacterial strain GGUI5#21 produced a compound on R2A medium that 

could be an analogue of the antibiotic mitomycin C with a moderate cosine score of 0.76, but 

a high mass difference of 45.09 (Table 4.2). Mitomycin C is a DNA crosslinking agent 

isolated from Streptomyces caespitosus (Szybalski and Iyer, 1964). This compound is known 

for its antitumor activity and is used as a chemotherapy drug in the treatment of bladder 

cancer (Zargar et al., 2014). In terms of antibacterial activity,  mitomycin C has also been 

reported to show some in vitro activity against growing M. bovis (Peh et al., 2001). 

Therefore, it is possible that an analogue of mitomycin C could be the active 

antimycobacterial compound produced by strain GGUI5#21 on R2A medium. 

Streptomyces strains GGUI#23 and GGUI5#27 both produced compounds on ISP5 medium 

matching the antibiotic streptomycin with high cosine scores of 0.82 and 0.81, respectively 

(Table 4.2). The corresponding mass differences for these matches were both 11.5 Da, 

indicating that the structure of the compounds produced by strains GGUI#23 and GGUI5#27 

could be identical. Due to the mass difference, these compounds could also be analogues of 

streptomycin. After the isolation of streptomycin from Streptomyces griseus in 1943 (Schatz 

et al., 1944), it became the first clinically relevant antibiotic to treat TB. It was used as a 

monotherapy for TB for 3-4 years before the multitherapy regimen was introduced to combat 

streptomycin-resistant strains of Mtb (Rocha et al., 2021). Streptomycin currently has limited 

clinical application due to the high incidence of resistance in Mtb strains. It is highly likely 

the active antimycobacterial compound produced by strains GGUI#23 and GGUI5#27 is 

streptomycin or a streptomycin analogue. 

Two compounds were co-produced by Streptomyces strain GGUM1#29 on ISP5 medium. 

These compounds matched  antimycin A3 and antimycin A4 (homologues of the antibiotic 

antimycin A) with very high cosine scores of 0.91 (mass difference of 42 Da) and 0.93 (mass 

difference of 28 Da), respectively (Table 4.2). The difference in mass between successive 



116 

 

members of the homologous series of antimycin A is due to the loss of a methylene bridge 

(~14 Da) (https://www.ebi.ac.uk/chebi/init.do). Therefore, due to the mass differences 

observed, it is likely the compounds produced by strain GGUM1#29 are not antimycin A3 

and A4, but rather other homologues within the antimycin series. Antimycin A is generally 

considered to have little to no antibacterial activity. Furthermore, the little antibacterial 

activity it does exhibit only occurs when the antibiotic is present in high concentration 

(Marquis, 1965). For this reason, it is unlikely the active antimycobacterial compound 

produced by strain GGUM1#29 is a homologue of antimycin A. It is possible that  the active 

compound and antimycin A homologues were being co-produced by strain GGUM1#29 and 

the active compound went undetected as it did not match any known compound in the GNPS 

database.  

The compound produced by Streptomyces strain GGUI5#33 on M1 medium was found to be 

a potential analogue of the antibiotic abyssomicin L with a high cosine score of 0.87 and a 

mass difference of 7.04 Da (Table 4.2). Abyssomicin L was isolated from a species of the 

actinomycete genus Verrucosispora (isolated from deep-sea sediment) and forms part of a 

rare class of polyketides (Wang et al., 2013). All members of the genus Verrucosispora have 

since been reassigned to the genus Micromonospora; 

https://lpsn.dsmz.de/genus/verrucosispora). Abyssomicins inhibit the production of an 

intermediate of the folic acid pathway thereby decreasing the availability of folates for 

nucleic acid synthesis (Fiedler, 2021). Abyssomicin L has been reported to have 

antimycobacterial activity against M. bovis (Wang et al., 2013). Therefore, it is possible that 

an analogue of this compound is active against M. aurum A+. Due to the novelty of the 

abyssomicin family, the chemical structure of a potential analogue of abyssomicin L might be 

worth studying further. 

Strains GGUM1#4, GGUI#12, GGUI10#15, GGUI#16, GGUI5#21, GGUI#23, GGUI5#27 

and GGUI5#33 were observed to produce compounds with matches in the GNPS database on 

certain media and compounds with no matches on other media (Table 4.1). This demonstrates 

the influence of nutrient composition on secondary metabolite production.   
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Due to antibiotic resistance, there is an urgent need for novel antibacterial compounds. The 

most prolific antibiotic producers are members of the phylum Actinobacteria (Jose et al., 

2021). Consequently, exploring understudied habitats for the isolation of novel actinobacteria 

(with the ability to produce novel bioactive compounds) has become an active and important 

field of research. South Africa ranks as the third most biodiverse country in the world 

(https://www.biofin.org/south-africa), yet very little is known about the biodiversity in South 

African marine environments. This study made use of traditional culture-based methods, in 

combination with data obtained from metagenomic analysis, to investigate the actinobacterial 

biodiversity in marine sediment from Gericke’s Point in Sedgefield, South Africa. The 

marine actinobacteria isolated in this study were screened for their ability to produce 

antibacterial compounds. There was particular emphasis on antimycobacterial compounds 

due to increasing antibiotic resistance in Mtb strains. South Africa is among WHO's list of 20 

high-burden multidrug-resistant tuberculosis countries (World Health Organization, 2021).  

Thirty-three (33) presumptive actinobacterial strains were isolated in this study by means of 

culture-based techniques, 27 of which were confirmed as actinobacterial strains. Twenty six 

(26) isolates were identified as Streptomyces strains and one isolate was identified as 

belonging to the genus Nocardia. The chances of isolating more actinobacteria, specifically 

strains of non-Streptomyces genera, would have been greater had it not been for the fungal 

overgrowth on the isolation plates due to the extended hard lockdown in South Africa in 

2020.  In the future, sediment samples could also be pre-treated to enhance the probability of 

isolating novel actinobacterial strains (Goodfellow and Fiedler, 2010). However, it is 

important to note that the metagenomic analysis revealed that the majority of actinobacteria 

present in the Gericke’s Point sediment samples have yet to be cultured. Thus, these 

actinobacteria may require very specific culture conditions to be isolated. 

All but one of the isolates were identified as Streptomyces strains indicating a skewed 

isolation pattern towards this genus. Furthermore, there was also a lack of diversity seen 

among the Streptomyces strains isolated in this study, as three separate groups were identified 

as potential clones with identical partial 16S-rRNA gene sequences. The groups were as 

follows: 1) strains GGUI10#19, GGUI5#24 and GGUM1#26 (PC1), 2) strains GGUI10#8, 

GGUI#9, GGUI#10, GUUM1#11, GGUI10#15, GGUI#16, GGUI5#18, GGUI5#27, 

GGUI#28, GGUI5#30, GGUI5#31 and GGUI5#33 (PC2) and 3) strains GGUI#1 and 

GGUM1#2 (PC3). It was noted that the lack of variation within the partial 16S-rRNA gene 
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sequences obtained for Streptomyces strains in this study could be due to the exclusion of the 

gamma region (nucleotide positions 158-203) of the 16S-rRNA gene. This region is 

important for species discrimination within the genus Streptomyces. Analysis of the partial 

gyrB gene sequences of potential clones revealed that the strains in PC1 and PC3 are closely 

related, but are not clones. Strains GGUI#10, GUUM1#11, GGUI10#15, GGUI#28 (PC2) 

had identical partial gyrB sequences, but significantly different phenotypic characteristics. 

Therefore, though it is unlikely these strains are clones, only obtaining their full genome 

sequences would allow one to definitively establish whether these strains belong to the same 

genomic species. The same can be said for strains GGUI#9 and GGUI#16 (PC2), as they had 

identical partial gyrB gene sequences to strains GGUI10#8, GGUI5#18, GGUI5#27, 

GGUI5#30, GGUI5#31 and GGUI5#33 (PC2) but were significantly different, 

phenotypically, to these strains and to each other.  

Streptomyces strain GGUI10#6 had the lowest 16S-rRNA gene sequence similarity to its 

closest relative, S. synnematoformans S155
T
, amongst all of the identified actinobacteria  

(98.91% 16S-rRNA gene sequence similarity over a length of 922 nucleotides). It was also 

noted that the phenotypic characteristics of strain GGUI10#6 observed in this study (dark 

brown/black substrate mycelium and white aerial mycelium) were slightly different to that 

observed for the type strain of S. synnematoformans (blackish red substrate mycelium and 

greyish red aerial mycelium; Hozzein and Goodfellow, 2007). Therefore, strain GGUI10#6 

would be worth investigating further to determine whether it represents a new species. 

Currently, there is no genome sequence available for S. synnematoformans S155
T
. This 

means neither ANI nor dDDH can be performed to compare these strains until both genomes 

are sequenced.  However, there are partial sequences available for the atpD, recA, rpoB, and 

trpB housekeeping genes for S. synnematoformans DSM 41902
T
. Therefore, a multilocus 

sequence analysis could be done to provide further evidence of the novelty of strain 

GGUI10#6 and to establish whether it is worth sequencing the genomes of this strain and the 

type strain of S. synnematoformans closest relative for further analysis.  

Streptomyces strains GGUI10#19, GGUI5#24 and GGUM1#26 had a low gyrB gene 

sequence similarity to their closest relative, S. chumphonensis K1-2
T
 (93.52%, 94.31% and 

94.08% gyrB gene sequence similarity, respectively, over a length of ~300 nucleotides). As 

there is a genome sequence for S. chumphonensis K1-2
T
, the genomes of Streptomyces strains 

GGUI10#19, GGUI5#24 and GGUM1#26 could be sequenced for whole-genome 



123 

 

comparisons. If the ANI values between the genomes of these strains and S. chumphonensis 

K1-2
T
 are below  96% and the dDDH values are below 70% they can be considered to represent a 

distinct genomic species (Auch et al., 2010; Ciufo et al., 2018). If this is the case, phenotypic 

characterisation can be carried out to fully classify Streptomyces strains GGUI10#19, 

GGUI5#24 and GGUM1#26. Whole-genome comparison of these isolates will also determine 

whether they are strains of the same species or distinct species from each other. 

Analysis of the partial 16S-rRNA and gyrB gene sequences of Nocardia strain GGUI10#20 

revealed its closest relative to be the type strain of N. otitidiscaviarum (99.43% 16S- rRNA 

gene sequence similarity over 883 nucleotides; 99.52% gyrB gene sequence similarity over 

414 nucleotides). N. otitidiscaviarum is a rare opportunistic pathogen that was first isolated in 

1924 from the middle ear of a guinea pig and has since been isolated from multiple human 

clinical specimens. This species has also been isolated from crude oil contaminated seawater 

in India (Vyas and Dave, 2011). In this study, Nocardia strain GGUI10#20 was isolated from 

a sediment sample from a rock pool at Gericke’s Point. Interestingly, a persistent contaminant 

was found among the strains isolated from this site that belonged to the genus Alcanivorax, 

which are marine bacteria also found in high abundances in oil-polluted environments 

(Gericke’s Point is not an oil-polluted site). The results obtained from the culture-dependent 

investigation in this study are limited by the fact that only partial 16S-rRNA and gyrB gene 

sequences were used (in addition to the existing limitations associated with utilizing single-

gene genetic analyses in bacterial taxonomy). Therefore, since a genome sequence is 

available for the type strain of N. otitidiscaviarum, whole-genome analyses should be 

performed to definitively establish whether Nocardia strain GGUI10#20 represents a new 

species in the genus Nocardia. 

Data generated from amplicon-based NGS of eDNA (performed by the BTB research group) was 

used to investigate the actinobacterial composition of sediment samples in each sub-site (sub-tidal 

zone, beach and rock pool) at Gericke’s Point. Since the metagenomics analyses were culture-

independent, they were able to reveal the actinobacterial biodiversity of the Gericke’s Point 

sediment that was not seen in the culture-dependent part of this study. The following orders were 

identified in all sub-sites using partial 16S-rRNA gene sequence reads: Candidatus 

Microtrichiales, Candidatus Actinomarinales, Mycobacteriales, Frankiales, 

Geodermatophilales, Micrococcales, Micromonosporales and Pseudonocardiales. Additional 

orders were found in the beach and rock pool sediment including Euzebyales, 

Streptomycetales and Streptosporangiales. Strains belonging to the order Bifidobacteriales 
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were found in the rock pool sediment only, indicating the rock pool sediment contains the 

most actinobacterial diversity among all the sediment samples investigated in this study 

(though not by far). The samples from the sub-tidal zone contained the lowest actinobacterial 

diversity. This could be because the ocean is a more complex environment that is only 

habitable for certain bacteria. Interestingly, even though both strains isolated from the ocean 

sub-site were identified as Streptomyces, no members of this genus were found in the sub-

tidal zone sediment samples in the metagenomic analysis. It is possible that, although 

Streptomyces strains are present in this environment, their 16S-rRNA gene sequences were 

not amplified using the primers in this study. There is also a small chance that, if amplified, 

the region of the 16S-rRNA gene (~270 nucleotides) obtained for these strains was too 

distinct to be classified correctly using the SILVA database and the cutoff of 97% 16S-rRNA 

gene sequence similarity. The genus Streptomyces is well-described and members of this 

genus are easy to cultivate, as they grow very well on laboratory media (Seong et al., 2001). 

This is suggested as an explanation for why, even though members of this genus made up an 

extremely small part of the actinobacterial diversity discovered in the Gericke’s Point 

sediment samples, the majority of strains isolated in the culture-dependent investigation were 

identified as Streptomyces.  

As mentioned previously, the majority of actinobacteria identified in the Gericke’s Point 

sediment samples could not be assigned to a known genus (according to the SILVA 16S-

rRNA database). This not only indicates the abundance of novel actinobacterial diversity yet 

to be revealed, but also highlights the limitations of reference-based taxonomic profiling. 

Despite the majority of actinobacteria identified in the samples from this marine environment 

being seemingly unculturable, the results showed that members of some very interesting 

(previously cultured) actinobacterial genera were also present. These include members of the 

genera Salinispora, Euzebya, Marmoricola and Isoptericola. All of these genera are 

considered rare as they contain only a few described species with validly published names 

and would be good targets for metagenomic-guided selective isolation. Additionally, 

members of the genus Frankia were found in the sediment samples obtained from the rock 

pool and subtidal zone at Gericke’s Point. This is surprising as Frankia strains are 

predominantly terrestrial and, to date, have not been found in marine environments. 

Therefore, marine strains of this genus would be interesting to investigate and would also be 

good targets for selective isolation. 

 



125 

 

The screening of the actinobacterial isolates for antimycobacterial antibiotic activity showed 

that Streptomyces strains GGUI#1, GGUM1#2, GGUM1#4, GGUI10#6, GGUI#7, 

GGUI10#8, GGUI#9, GGUI#10, GGUM1#11, GGUI#12, GGUI10#15, GGUI#16,  

GGUI5#18, GGUI#23, GGUI5#27, GGUI#28, GGUM1#29, GGUI5#30, GGUI5#31, 

GGUI5#33 and unidentified strain GGUI5#21 displayed strong and very strong activity 

(ZOIs > 2000mm
2
) against M. aurum strain A+, suggesting that they produce strong 

antimycobacterial compounds. Data from mass spectrometry analyses performed by Dr. 

Daniel Watson revealed that the antimycobacterial compounds produced (on at least one 

screening medium)  by strains GGUI#1, GGUM1#4, GGUI10#6, GGUI#7, GGUI10#8, 

GGUI#9, GGUI#10, GGUI#12, GGUI10#15, GGUI#16, GGUI5#18, GGUI5#21, GGUI#23, 

GGUI5#27, GGUI#28, GGUI5#30, GGUI5#31 and GGUI5#33  had no structural match in 

the Global Natural Products Social Molecular Networking (GNPS) database. This indicates 

that almost 70% (18 of 26) of the Streptomyces strains isolated in this study can produce 

potentially novel antibiotics. This is not surprising, as the majority of novel secondary 

metabolites isolated from marine actinobacteria have been produced by marine Streptomyces 

strains (Manivasagan et al., 2014). Notably, Streptomyces strain GGUI5#33 also produced a 

compound that could be an analogue of the rare antibiotic, abyssomycin L, which could also 

be worth investigating further. This compound was originally isolated from a marine 

actinobacterium from the genus Verrucosispora (now Micromonospora). All potentially 

novel antimycobacterial compounds found in this study are worth investigating further as 

candidates for development as new anti-TB drugs. Future work would include the confirmation of 

antimycobacterial activity by re-testing against M. aurum strain A+ using agar overlays, 

followed by the determination of antitubercular activity by testing against Mtb and then 

structural elucidation of promising antitubercular compounds.  

In addition to M. aurum strain A+, Streptomyces strain GGUI10#6 also displayed very strong 

activity (on all screening media) against S. aureus strain ATCC 25923 (another Gram-

positive bacterium). This is relevant as novel antibiotics are also needed to combat the 

increasing incidence of MRSA. S. aureus is an opportunistic pathogen commonly causing 

skin and respiratory infections. Since it was active against both Gram-positive bacteria 

included in this study, further screening against other test bacteria could be carried out to 

definitively establish the full spectrum of antibiotic activity of strain GGUI10#6.  
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Overall, the results obtained in this study emphasize the marine environment’s potential as a 

source of novel actinobacteria and novel bioactive compounds. Furthermore, although 

emphasis has been put on the isolation of novel actinobacteria (i.e. new genera) in antibiotic 

discovery, this and previous studies have shown that novel strains of well-characterised 

actinobacterial genera that have been isolated from the marine environment can be a great 

source of novel bioactive compounds as well.  
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APPENDIX 

 
 

Table A1. Morphological characteristics of 30 actinobacterial marine isolates. All strains 

were grown on ISP4 agar medium for 14 days at 30°C, except GGUI#22 whose 

characteristics were observed on ISP2 agar medium at room temperature (~22 °C). N/A, not 

applicable (no diffusible pigment produced). 

 

 

 

 

 

 
 

Isolate Colour of spore 

mass 

Colour of substrate 

mycelium 

Colour of diffusible 

pigment 

Genus 

identification 

 OCEAN SITE 

GGUI#1 White Light brown Pale Pink Streptomyces 

GGUI10#6 White Dark Brown/Black Pale reddish brown Streptomyces 

 DRY SITE 

GGUM1#2 Light brown Brown Brown Streptomyces 

GGUI#3 Cream white Cream white N/A Streptomyces 

GGUM1#4 White/Grey Yellowish cream N/A Streptomyces 

GGUI10#15 Cream/Grey Brown Brown Streptomyces 

GGUM1#29 Charcoal grey Yellowish brown N/A Streptomyces 

 ROCKY SITE 

GGUM1#5 White Yellowish cream N/A Streptomyces 

GGUI#7 Dark grey/white Yellow Light Brown Streptomyces 

GGUI10#8 Cream /Grey Brown Light Brown Streptomyces 

GGUI#9 White Brown Dark Brown Streptomyces 

GGUI#10 Cream Brown Dark Brown Streptomyces 

GGUM1#11 Cream White Brown Brown Streptomyces 

GGUI#12 Cream/Grey Brown Brown Streptomyces 

GGUI#16 White Light Brown Light Brown Streptomyces 

GGUI5#18 Cream/Grey Light Brown Light Brown Streptomyces 

GGUI10#19 White Cream white N/A Streptomyces 

GGUI10#20 Pale pink Pale orange Yellowish brown Nocardia 

GGUI5#21 Yellow cream Yellowish cream N/A Not determined 

GGUI#22 White Dark Brown Brown Not determined 

GGUI#23 Light brown Dark brown Brown Streptomyces 

GGUI5#24 White Brown Dark Brown/Black Streptomyces 

GGUI5#25 Grey Reddish brown Dark Brown Streptomyces 

GGUM1#26 White Yellowish cream Dark Brown Streptomyces 

GGUI5#27 White/Grey Light Brown N/A Streptomyces 

GGUI#28 White Orange Light Brown Streptomyces 

GGUI5#30 White/Grey Brown Light Brown Streptomyces 

GGUI5#31 White/Grey Brown Light Brown Streptomyces 

GGUI5#32 White Cream white N/A Not determined 

GGUI5#33 Cream/Grey Yellowish brown Light brown Streptomyces 
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Figure A1. Isolation plate containing isolate GGUI#13 (circled in orange). Colony is orange 

with black spore mass (typical of the genera Micromonospora and Salinispora). This strain 

was, unfortunately, lost as a result of persistent fungal contamination. 

 

Table A2. Details on all contaminants encountered in this study. Identification was based on 

EzBioCloud analyses of partial 16S-rRNA gene sequences. Sequence length indicates the 

number of base pairs (bp) in the query sequence. Percentage (%) identity indicates the degree 

of similarity between the query sequence and the top hit strain gene sequence. 
 

Contaminant 

identification 

% 

identity 

Sequence 

length 

(bp) 

Actinobacterial 

isolate affected 

Notes on contaminant 

Gram-negative 

Pseudomonas 

moraviensis 

99.89 918 GGUI5#21 Widespread occurrence in 

terrestrial and aquatic 

habitats. Non-spore forming. 

99.89 945 GGUI#23 

99.89 911 GGUM1#26 

99.89 938 GGUI#28 

99.89 931 GGUI5#33 

 

Alcanivorax species  97.55 449 GGUI5#21 Marine bacterium found in 

high abundances in oil-

polluted environments. Non-

spore forming. 

 

99.54 875 GGUI#22 

97.67 258 GGUI5#32 

Pantoea septica 99.33 898 GGUM1#4 Yellow-pigmented. Non-

spore forming 

 

Delftia tsuruhatensis 99.63 821 GGUI10#19 Prefers environments with 

minimal to no salt for 

growth. Non-spore forming. 
100 816 GGUI5#31 

Gram-positive 

Staphylococcus 

saprophyticus subsp. 

saprophyticus 

100 919 GGUI#32 Non-spore forming. 
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Figure A2.  Morphology of selected Streptomyces strains GGUI10#19, GGUI5#24 and 

GGUM1#26 on ISP4 agar medium after 14 days of incubation at 30
 o
C 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure A3. Morphology of selected Streptomyces strains GGUI#9, GGUI#10, GGUM1#11, 

GGUI10#15, GGUI#16 and GGUI#28 on ISP4 agar medium after 14 days of incubation at 30 oC. 
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