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Abstract 
 
 

 Dating back to the discovery of penicillin in 1928, nature and its diverse microbial life 

has been the most prolific source of antimicrobial compounds. These bioactive compounds are 

often derived from microbial secondary metabolites whose biosynthesis is encoded by a group of 

genes that cluster together in the genome known as biosynthetic gene clusters (BGCs). 

Advancements in sequencing and bioinformatics has revealed a wealth of uncharacterized BGCs 

from environmental microorganisms. Accessing these untapped gene clusters is important for the 

discovery of novel therapeutic compounds for human health, and to advance our understanding 

on their function, diversity, and evolution. 

 The purpose of this dissertation was to identify, express, and characterize novel gene 

clusters encoding antimicrobial secondary metabolites using culture-dependent and –independent 

techniques. Although different in their methodologies, each chapter is centralized on identifying 

BGCs from and/or expressing clusters in taxa from the Gram-positive bacterial phylum 

Actinobacteria. Members of the phylum Actinobacteria, particularly from the genus 

Streptomyces, are widely distributed in soil and marine environments and are the source of most 

clinically used antibiotics. The established biosynthetic potential of Actinobacteria taxa makes 

them an ideal target to find new BGCs and to serve as hosts for the expression of gene clusters 

encoding bioactive secondary metabolites. 

In Chapter 1, I discuss the role of Actinobacteria, with particular emphasis on the genus 

Streptomyces, in past and modern strategies to find natural products and offer insights into their 

advantages and limitations. For Chapter 2, a culture-based approach was taken to isolate a new 

species of the genus Streptomyces from marine sponges collected in the Trondheim fjord of 

Norway. This new species, Streptomyces poriferorum P01-B04T, was found to harbor many 
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BGCs encoding secondary metabolites in its genome and expressed antibacterial activity against 

a drug-resistant Staphylococcus aureus pathogen. For Chapter 3, a culture-independent (i.e. 

metagenomics-based) strategy was used to identify and express BGCs predicted to encode novel 

chemistry from a soil metagenome in an engineered Streptomyces coelicolor heterologous host. 

A high hit rate of S. coelicolor clones were found to inhibit the growth of a multidrug-resistant 

Acinetobacter baumannii pathogen. The expression of a BGC by a particular clone, P17B06, 

could be enhanced using a dual-inducible expression vector and attempts were made to 

characterize the antimicrobial secondary metabolites encoded by this gene cluster through a 

bioactivity-guided fractionation approach. Finally, in Chapter 4, I explored the function and 

taxonomic origin of another BGC (P12B21 BGC) encoding antimicrobial metabolites derived 

from the soil metagenomic library. I found that the P12B21 BGC encodes a hybrid biosynthetic 

pathway with homology to a gene cluster from Microbacterium hatanonis, a member of the 

phylum Actinobacteria. Collectively, this dissertation work demonstrates the value of culture-

dependent and metagenomics-based approaches to access and study biologically-relevant gene 

clusters from microorganisms.   
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Chapter 1 

Literature Review 

The genus Streptomyces and its role in microbial natural product discovery 

 

1.1. Abstract 

Microbial natural products are a historically rich resource for therapeutic compounds 

such as antibiotics. More than two-thirds of the antibiotics deemed clinically useful originated 

from the bacterial genus Streptomyces, most of which were discovered in the 1950s to 1970s. 

Despite this early success, pharmaceutical companies lost interest in pursuing Streptomyces and 

other microorganisms after the 1990s for new drug leads largely due to technical challenges in 

screenings, isolation, and characterization. Meanwhile, new antibiotics have been increasingly 

needed to combat rising rates of drug-resistant infections. Recent advancements in culture-

dependent and –independent techniques have revealed that the majority of the biosynthetic 

potential from microorganisms remains underexploited and the techniques to access this 

potential are constantly improving. This review begins with an introduction on the importance of 

microbial natural products and an overview on the development and production of bioactive 

metabolites by the genus Streptomyces. Subsequently, classical and modern strategies to discover 

microbial natural products and the role that Streptomyces has in these approaches is discussed.  

1.2. Introduction 

1.2.1. The Need for New Antibiotics 

Although antibiotic resistance is not a new phenomenon, there has been a rapid increase 

in the emergence of resistant bacteria since the early 2000’s (Alanis, 2005). More than 23,000 

deaths per year in the United States are caused by drug-resistant infections alone (Jackson et al., 

2018; Michael et al., 2014). Recent reports predict that 2.4 million people in North America, 
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Europe, and Australia will die in the next 30 years from antibiotic-resistant infections and health 

care-related costs in the U.S. could be as high as $3.5 billion per year if current patterns persist 

(Baltz, 2019; Walsh, 2004).  

The reason for the significant increase in drug-resistant infections is multifactorial; 

however, the lack of new antibiotics in clinical development over the last 30 years is a significant 

contributor (Dutescu & Hillier, 2021; Talbot et al., 2019). Since 2017, 11 antibiotics have been 

approved by the FDA and only two of these represent a novel class of antibiotics (World Health 

Organization, 2020). The remaining approved antibiotics are derivatives of existing antibiotic 

classes making them less likely to stand the test of time against the evolution of resistance 

mechanisms by pathogenic microorganisms. Even more worrisome is that few of these new 

antibiotics target the World Health Organization’s (WHO’s) priority pathogens. A recent review 

by the WHO analyzed 43 antibiotics currently in clinical development and established that 26 

antibiotics target some of the priority pathogens, but only two are active against the most 

concerning multidrug-resistant Gram-negative pathogens like Acinetobacter baumannii and 

Pseudomonas aeruginosa (World Health Organization, 2020). The WHO concluded in this 

report that “the clinical pipeline and recently approved antibiotics are insufficient to tackle the 

challenge of increasing emergence and spread of antimicrobial resistance” (World Health 

Organization, 2020).  

To help address this public health crisis, agencies such as the WHO, the World Bank, and 

national governments have called for a global commitment for research and development on new 

antibiotics (Dutescu & Hillier, 2021; World Health Organization, 2020). Historically, the 

antibiotic development pipeline was led by pharmaceutical firms, but in the last 30 years, 15 of 

the 18 largest pharmaceutical companies have abandoned antibiotic research and development 
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due to scientific, regulatory, and economic challenges (Dutescu & Hillier, 2021; Talbot et al., 

2019). Instead, academic labs and smaller companies have taken the mantle for antibiotic 

discovery (Hutchings et al., 2019) and these researchers are revisiting the most historically 

important source of new drugs – microbial natural products.   

1.2.2. Microbial Natural Products as a Source of Antibiotics 

Although the term “natural product” is broadly defined as any naturally occurring 

substance, natural products are synonymous with secondary metabolites (chemical compounds) 

synthesized by living organisms that are not directly required for the growth, development, or 

reproduction of the organism (Dias et al., 2012). The production of secondary metabolites by an 

organism have been shown to be critical in self-defense, nutrient scavenging, and virulence 

making them attractive candidates for therapeutic compounds (Hanson, 2003). Natural products 

are well-known sources of secondary metabolites with complex chemical structures and diverse 

functionalities, and the most well-characterized classes include polyketides and nonribosomal 

peptides (Williams, 2013).  

The discovery of penicillin in 1928 from the fungus Penicillium notatum (Fleming, 1929) 

sparked the beginning of the golden age of microbial natural product discovery and 

revolutionized modern medicine (Shen, 2015). Microorganisms were the source of nearly 90% of 

all antibiotics widely prescribed today including tetracyclines, cephalosporins, aminoglycosides, 

lipopeptides, glycopeptides, and macrocyclic compounds (Newman & Cragg, 2012). Beyond 

antibiotics, microorganisms were found to be an important source of therapeutic drugs with 

antifungal (amphotericin), antiparasitic (ivermectin), antitumor (doxorubicin), and 

antichloesterolemic (lovastatin) activities (Newman & Cragg, 2012). Thus, microbial natural 
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products became recognized for their immense diversity in structure, function, and biosynthesis 

which contributed to a dramatic reduction in worldwide mortality (Nakashima et al., 2018).  

Within the extensive diversity of the kingdom Bacteria, more than half of all antibiotics 

currently in clinical use were derived from natural products produced by members of the phylum 

Actinobacteria, most notably the genus Streptomyces (Procópio et al., 2012; Rashad et al., 2015). 

Actinobacteria represent one of the largest phyla among Bacteria with over 400 genera (Salam et 

al., 2020). This diverse phylum is characterized by a high guanine plus cytosine content in their 

genome (> 55%), a ranging genome size from 0.93 Mb (Tropheryma whipplei) to 12.7 Mb 

(Streptomyces rapamycinicus) (Shivlata & Tulasi, 2015), and the ability to undergo complex 

morphological differentiation (Barka et al., 2016). Although the discovery of drugs from this 

taxa significantly declined since the 1970s, new advancements in culture-dependent and –

independent technologies have revealed that we have only scratched the surface of the 

biosynthetic potential of cultured and uncultured microorganisms (Devine et al., 2017). These 

findings have revitalized interest in microbial natural product discovery and research efforts are 

demonstrating that prolific producers like Streptomyces still have a major role in drug discovery.   

Herein, the biology and development of Streptomyces is briefly summarized to provide 

context to their remarkable ability to produce diverse, bioactive secondary metabolites. 

Thereafter, this review discusses the classical and modern approaches to discover microbial 

natural products with emphasis on how Streptomyces has and continues to play an important role 

in microbial drug discovery.  

1.3. Understanding the genus Streptomyces 

Streptomyces represents the best studied genus among the vast phylogenetic diversity of 

the phylum Actinobacteria, largely due to their proficient production of bioactive natural 
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products (Seipke et al., 2012). In fact, 75% of clinically available antibiotics are derived from 

Streptomyces (Kemung et al., 2018) and new secondary metabolites with biological activities 

continue to be discovered from this genus. This Gram-positive, filamentous genus was first 

proposed by Waksman and Henrici in 1943 (Waksman & Henrici, 1943) and has since become 

the largest genus of the phylum with more than 900 validly described species 

(http://www.bacterio.net, 25 June 2021, date last accessed). Although the discovery of this genus 

is relatively recent, a study by McDonald and Currie (2017) suggests that streptomycetes are 

ancient, originating at the same time period as land plants nearly 380 million years ago. Most 

Streptomyces spp. have been isolated from soils where they are known to play a significant role 

in organic matter turnover (Barka et al., 2016). Research within the last decade has shown that 

these ecologically and medically important bacteria are widely distributed terrestrially and can 

also be found in marine environments and host-associated microbiomes (Chevrette, Carlos-

Shanley, et al., 2019).   

Perhaps one of the most defining features of streptomycetes is their complex 

developmental life cycle which is more similar to that of filamentous fungi than other bacteria 

(Hopwood, 2007; Lapaz et al., 2019). Early observations of these bacteria found that they formed 

a mat of branching cells or “hyphae”, but the size of the cells were smaller than other fungal 

species leading Waksman and Henrici to name them Streptomyces meaning “twisted fungus” 

(Waksman, 1953). Secondary metabolite production in these organisms is linked closely to their 

life cycle as they undergo differentiation from spores to aerial hyphae (de Jesus Sousa & 

Olivares, 2016). The most well understood mechanisms of development and secondary 

metabolism is in the model organism Streptomyces coelicolor. 

1.3.1. Streptomyces Development and Physiology 

http://www.bacterio.net/


 16 

The life cycle of S. coelicolor and most streptomycetes typically begins when 

environmental conditions are favorable leading to the germination of spores which grow outward 

to form vegetative hyphae (de Jesus Sousa & Olivares, 2016; Manteca & Yagüe, 2019). Unlike 

most other unicellular bacteria, cells of Streptomyces and other filamentous Actinobacteria do 

not divide in the middle (Dyson, 2009). Instead, the vegetative hyphae grows by tip extension, 

and branching at the cell pole is thought to be regulated by the protein complex DivIVA (de 

Jesus Sousa & Olivares, 2016; Dyson, 2009). Streptomycetes are an interesting example of a 

multicellular bacterium since the cellular division process of the vegetative hyphae results in 

multinucleoid compartments (Willemse et al., 2011). As cell division continues, a vegetative 

mycelium forms that functions to acquire nutrients from the surrounding environment (Lapaz et 

al., 2019). When environmental conditions become adverse, such as when nutrient availability 

becomes depleted, the vegetative mycelium undergoes programmed cell death and serves as a 

substrate to form aerial hyphae/mycelium (Figure 1.1) (de Jesus Sousa & Olivares, 2016; Flärdh 

& Buttner, 2009). At this stage in development, there are two populations of cells: the substrate 

mycelium that is attached to the surface and the aerial mycelium/hyphae that extend outward 

(Flärdh et al., 2012).  

 

Figure 1.1. Scanning electron micrograph (SEM) of a Streptomyces species showing growth of 
both vegetative and aerial mycelium. 
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Aerial hyphae of S. coelicolor have a characteristic fluffy appearance, often pigmented, 

and are covered with hydrophobic proteins (Lapaz et al., 2019). This sheath of hydrophobic 

proteins typically consists of rodlins, chaplins, and SapB that allow the aerial hyphae to break 

through the surface tension of the medium and grow out from the vegetative environment (Flärdh 

& Buttner, 2009). Rodlins and chaplins are predicted to work together to form the sheath, but it 

is not known if or how the surfactant peptide SapB interacts with the other components 

(Claessen et al., 2003; Elliot et al., 1998). Rodlins are not universally conserved among all 

streptomycetes (Claessen et al., 2004). For example, Streptomyces avermitilis lacks the rodlin 

genes but can still develop normal aerial hyphae likely due to a larger role from the chaplins and 

SapB proteins (Claessen et al., 2004). In addition to the role of chaplins and SapB in initiating 

differentiation, a group of genes called the bld genes (bldA through bldN) encode regulatory 

proteins that work through a signaling pathway that leads to aerial development (Claessen et al., 

2006). Mutants of S. coelicolor that lack the bld genes do not have the typical fuzzy features of 

the wild type and appear “bald” (Elliot et al., 1998). Interestingly, these mutants typically fail to 

produce antibiotics suggesting that this stage of morphological differentiation is linked closely to 

their ability to produce bioactive, secondary metabolites (Bibb, 2005). 

Similar to vegetative hyphae, aerial hyphae grow by tip extension until sufficient biomass 

is reached and the apical cells then differentiate into a spore chain of up to 100 uninucleoid 

compartments (Manteca & Yagüe, 2019). In the final stages of the life cycle, multiple rounds of 

cell division lead to septation by FtsZ and spores are produced that can disperse to new 

environments (Flärdh, 2003). The process from aerial hyphae to spores is regulated by the whi 

genes (whiA through whiJ) whose name designation stems from the white morphology typical of 
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whi mutants in S. coelicolor that are not capable of forming the common gray-pigmented spores 

(Chater, 2016; McCormick & Flärdh, 2012).   

It is worth noting that although significant progress has been made to understand the 

three core developmental stages (vegetative hyphae, aerial hyphae, and spores) described here, 

the complex processes governing regulation and control are still not fully understood. In 

particular, how regulatory proteins interact to lead to aerial hyphae formation is unclear but the 

signaling bld cascade has been proposed to aid in the development (Nodwell et al., 1999). 

Moreover, recent research suggests that some Streptomyces species are capable of an additional 

developmental stage, exploratory cells, which when triggered by co-culture with fungi, can form 

non-branching vegetative hyphae that can transverse abiotic surfaces (S. E. Jones et al., 2017).  

1.3.2. Biosynthesis of secondary metabolites in Streptomyces 

The last two phases of the Streptomyces life cycle, aerial hyphae formation and 

differentiation into spores, are closely linked to the production of secondary metabolites in these 

organisms (de Jesus Sousa & Olivares, 2016).  Microbial secondary metabolites, also referred to 

as specialized metabolites, are not directly involved in the primary metabolic processes of the 

producing organism but often provide advantages including nutrient acquisition, defense 

mechanisms, signaling agents and communication (Craney et al., 2013). In Streptomyces, as 

nutrients become limiting and the vegetative mycelium undergoes programmed cell death (PCD), 

the onset of aerial hyphae begins and it is during this phase that secondary metabolites are most 

often produced (Barka et al., 2016). The colony is particularly vulnerable during this time and it 

is thought that these secondary metabolites, which often have antimicrobial properties, may help 

defend the colony and their resources from competing microorganisms (Barka et al., 2016).  
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In support of this prediction, the accumulation of N-acetylglucosamine (GlcNAc) after 

PCD of the vegetative mycelium has been shown to trigger the onset of secondary metabolism. 

Supplementation with GlcNAc can accelerate the onset of antibiotic production and aerial 

hyphae development under poor nutrient conditions (Barka et al., 2016; Rigali et al., 2008). 

Production of secondary metabolites has also been proposed to help remove the dying cell 

population during PCD in order to provide nutrients for the developing cells. Such an example 

has been shown in S. coelicolor, where the production of prodiginines was triggered after the 

first round of cell death and occurred in the dying zone of the mycelial network (Tenconi et al., 

2018). More research is needed to understand the environmental and morphological cues that 

trigger Streptomyces antibiotic production which could in turn provide more insight towards 

activating these pathways. For a more exhaustive review of the relationship between stress and 

antibiotic production in Streptomyces see Rigali et al. (2008).   

 In Streptomyces and other microorganisms, the biosynthesis of secondary metabolites, 

like antibiotics, is typically governed by the expression of genes that cluster together in the 

genomes of the producing organism termed “biosynthetic gene clusters” or BGCs (Bibb, 2005). 

BGCs can vary in size from a few thousand bases to over 100 kb and often contain and tightly 

control all the genes responsible for the biosynthesis, secretion, and regulation of a given 

metabolite (R. Chen et al., 2019). Genes encoding activators or regulators are usually present 

within the BGC and are capable of receiving an environmental cue and subsequently triggering 

expression of downstream genes (G. Liu et al., 2013). The specific environmental cues are 

difficult to identify, and most demonstrations of antibiotic production from BGC expression are 

linked to pH fluctuations, nutrient depletion, metal composition, or dissolved oxygen levels 

(Rigali et al., 2018).  
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Once an environmental signal is received by Streptomyces cells, a transcriptional 

response is activated that is often controlled in cis-regulatory elements targeted by transcription 

factors (Y. Lee, Lee, et al., 2020). This system is regarded as a “lock-and-key” mechanism where 

specific activators can switch on the expression of a BGC, or repressors can lock the 

transcriptional response (Rigali et al., 2018). The regulators involved in secondary metabolite 

production are immensely complex and very few regulatory networks are fully understood. The 

first molecular analyses of BGCs revealed that the clusters can encode “cluster-situated 

regulators” which control the transcription of neighboring genes within a BGC and can 

dramatically affect the production levels of secondary metabolites like antibiotics (J. Wei, He, et 

al., 2018). Since then, some pathway-specific regulators encoded by a BGC have been found to 

affect global transcription patterns by controlling expression in other clusters such as the 

regulation of tylosin in Streptomyces fradiae (Rigali et al., 2018; Stratigopoulos & Cundliffe, 

2002).  

Among the published literature on the regulation of BGCs, known antibiotic producers 

like S. coelicolor are often utilized to investigate the role of the phosphorylated guanosine 

nucleotide (p)ppGpp in triggering natural product biosynthesis (Bibb, 2005). Under conditions of 

nitrogen limitation in S. coelicolor, the ribosome-associated ppGpp synthetase (RelA) was 

required for BGC expression (Chakraburtty & Bibb, 1997). When a modified relA gene was used 

to induce ppGpp synthesis in S. coelicolor, transcription of the regulatory gene for the antibiotic 

actinorhodin occurred (Bibb, 2005; Hesketh et al., 2001). Deletion of relA gene has also been 

shown to suppress antibiotic production which further emphasizes its role in BGC expression 

(Chakraburtty & Bibb, 1997). However, the exact mechanism that is responsible for activation of 

ppGpp remains poorly understood (Barka et al., 2016).  
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Following expression of a BGC, enzymatic complexes encoded by the gene cluster work 

to build a functional secondary metabolite by incorporating precursors from primary metabolism. 

Modification enzymes encoded by the BGC are responsible for adding chemical groups (sugars, 

hydroxyls, etc.) to the chemical scaffold to render the metabolite functional (Wohlleben et al., 

2016; Zotchev, 2014). The resulting secondary metabolite can be harmful to the host, so BGCs 

typically encode for mechanisms to avoid self-toxicity either by active efflux of the metabolite, 

by a specific transporter, or by the use of resistance proteins that inactivate the metabolite inside 

the cell (Ziemert et al., 2016). The specific mechanisms for biosynthesis and efflux can vary 

depending on the type of secondary metabolite produced and the host organism. Different 

enzyme complexes encoded by BGCs can use different substrates and modify final products via 

unique chemical reactions leading to significant diversity in metabolites produced by 

biosynthetic pathways (Seyedsayamdost, 2019). Streptomyces spp. can harbor more than 20 

BGCs on average in their genomes, thus making them a valuable source for secondary 

metabolites with wide structural diversity and interesting bioactivities (Nguyen et al., 2020). The 

latter half of this review aims to discuss the importance of the genus Streptomyces in past and 

future trajectories of natural product discovery. 

1.4. Streptomyces’ role in past approaches for microbial natural product discovery  

The “accidental” discovery of penicillin from P. notatum in 1928 (Fleming, 1929) 

marked the starting point for natural product isolation from microbial sources (Shen, 2015). 

Following this epiphany, Selman Waksman and colleagues at Rutgers led the next major 

discoveries in the 1940s. Waksman is credited with being the first to systematically isolate 

microorganisms and screen for novel natural products (Milshteyn et al., 2014). His work, along 

with his graduate students, led to the isolation of several important compounds all derived from 
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Streptomyces spp. including actinomycin from Streptomyces antibioticus in 1940 (Waksman & 

Woodruff, 1940), streptothricin from Streptomyces lavendulae in 1942 (Waksman & Woodruff, 

1942), and streptomycin from Streptomyces griseus in 1944 (Schatz et al., 1944). These 

discoveries piqued the interest of pharmaceutical companies and most of the early years of 

natural product research during the antibiotic “Golden Age” from the 1940s to 1970s centered on 

the isolation of actinomycetes, particularly Streptomyces and fungi (L. Katz & Baltz, 2016).  

The first step in these traditional “top-down” approaches was the acquisition of 

microorganisms, typically collected from soil samples by various research and pharmaceutical 

groups scattered throughout different countries (Luo et al., 2014). It is believed that every 

country had at least one or more soil samples collected during this time for screening (L. Katz & 

Baltz, 2016). Pure-culture colonies were then grown in shake flask fermentations and crude 

extracts from the microbial producers were subsequently screened for antibacterial or antifungal 

activity without knowing the drug target. These phenotypic screenings were usually performed 

by disc diffusion assays where a small sample of extract was spotted on a filter paper disc and 

placed on agar plates inoculated with a test organism to screen for growth inhibition (L. Katz & 

Baltz, 2016). After active extracts or “hits” were identified, pure compounds were isolated for 

structural characterization by chromatography and analyzed by nuclear magnetic resonance 

(NMR) spectroscopy and mass spectrometry (MS) (Wohlleben et al., 2016).  
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Figure 1.2. Timeline of the discovery of different antibiotic classes and their origin. Green 
indicates an antibiotic class derived from Streptomyces, orange indicates an origin from other 
bacteria, and purple indicates an origin from fungi. Synthetic compounds and their derivatives 
are not shown in this figure. This figure was adapted from Hutchings et al. (2019). 

 

In their infancy, the straightforward approach of bioactivity-guided screenings was very 

successful having yielded numerous antibiotic compounds and their derivatives that are still in 

use today. A famous example was the discovery of avermectin from Streptomyces avermitilis 

originally isolated in the 1970s by Professor Satoshi Ōmura after collecting a soil sample from a 

golf course in Tokyo (L. Katz & Baltz, 2016). Pharmaceutical companies were actively leading 

the global search for antibiotic-producing microbes and their combined efforts led to the 

discovery of half of the drugs commonly used today (Gould, 2016). The number of medically 

important antibiotic compound classes discovered from Streptomyces isolates during the “Golden 

Age” surpassed those originating from other bacteria and included the macrolides, 

aminoglycosides, amphenicols, tetracyclines, tuberactinomycins, lincosamides, streptogramins, 

and cycloserine (Figure 1.2) (Hutchings et al., 2019). Despite this success, there was a significant 
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decline in the number and rate of new natural products discovered after the 1960s largely due to 

the constraints of classical screening methods.  

1.4.1. Shortcomings of classical methods to discover microbial natural products 

After the 1960s, one of the major challenges that faced classical antibiotic screening 

approaches was the high rate of rediscovery of known compounds (Hover et al., 2018). It is 

estimated that over 10 million Actinobacteria isolates were screened prior to 2000, and those 

species that were highly abundant in soil samples and easy to culture were likely screened 

multiple times by different researchers (J. W.-H. Li & Vederas, 2009). As a result, many 

bioactive compounds became repeatedly discovered to the point where it was assumed that most 

of the accessible chemical scaffolds for antibiotics from the environment had already been 

extracted.  

Other limiting factors were that classical bioactivity-guided screenings were laborious, 

low-throughput, and often not sensitive enough to detect low abundance compounds (Luo et al., 

2014). Growing microorganisms in shake flask fermentations took time and space that became 

less enticing as the rate of compound rediscovery increased. Potentially unique compounds that 

were in low abundance or hidden by more abundant known compounds would often go 

undetected due to the lack of sensitivity of classical bioassays and MS instruments (Luo et al., 

2014). To help address these pitfalls, new screening approaches were adopted in the late 1980s in 

hopes of improving natural product discovery rates.  

Target-based screening became a common method used after the “Golden Age” in the 

later 1970s to 1980s. Contrary to phenotype screenings, target-based screening sought to identify 

compounds that acted directly on a known target such as an enzyme or receptor that were 

important in the pathology of interest (Wohlleben et al., 2016). Although this approach did 
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identify some beneficial drugs like lovastatin from fungi and clavulanic acid from Streptomyces 

clavuligerus, very few natural products were discovered and developed into drugs compared to 

classical screening approaches. Only one novel antibacterial natural product, daptomycin from 

Streptomyces rosesporus, was discovered in the period of 1970 to 2000 by this approach (L. Katz 

& Baltz, 2016).  

Combinatorial chemistry was another approach adopted in the 1990s where massive 

compound libraries were created synthetically based on existing chemical scaffolds (Dias et al., 

2012). These libraries could be screened in a high-throughput manner, which was an 

improvement to traditional bioassays that were often limited, by screening small numbers of 

extracts at a time. Millions of compounds were screened between 1990 to 2000; however, very 

few compounds were discovered from this approach and no new drugs were approved (L. Katz 

& Baltz, 2016). The “hit-rate” for identifying new drugs from classical screenings was near 

0.3%, and although the percentage is seemingly small, the rate was much higher than the < 

0.001% hit rate for screenings of synthetic compound libraries (J. W.-H. Li & Vederas, 2009). 

By the end of the 20th century, many pharmaceutical companies abandoned the search for new 

drugs from microorganisms. This disinterest led to a significant decline in the number of new 

antibiotics on the market, yet the rate of antimicrobial resistance was rising (Genilloud, 2017).  

1.5. Modern approaches for natural product discovery from Streptomyces and other 

bacteria 

A renaissance in natural product discovery was sparked after the 2000s with the advent of 

genomics, powerful bioinformatics and analytical methods, and advances in genetic 

manipulation (Carini, 2019). A wealth of genetic data from environmental microorganisms 

became available and the computational tools to mine genomes for important biosynthetic 
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pathways were now readily accessible (Zerikly & Challis, 2009). In what became known as the 

“great plate count anomaly” by Staley and Konopka (1985), scientists realized that more than 

99% of microorganisms could not be easily isolated and cultured in the laboratory using classical 

methods (Carini, 2019). This finding indicated that classical methods were missing a large 

percentage of microbial diversity in nature and leaving behind a potential trove of natural 

products.  

The next major influence in the revitalization of microbial natural product discovery 

came from genome sequencing of S. coelicolor by Bentley et al. (2002). This revealed more than 

20 BGCs encoding secondary metabolites in the genome of S. coelicolor, which was 4x as many 

as previously assumed to be comprehensive of the natural product potential of this organism 

(Amara et al., 2018). High-throughput genome sequencing has since revealed that most 

secondary metabolite BGCs are “silent” or “cryptic” under pure culture laboratory conditions 

(Kim et al., 2021). For example, more than 11,000 natural product BGCs were identified from a 

study of 830 actinomycete genomes and the majority of these have yet to be experimentally 

validated (Doroghazi et al., 2014). These findings strongly indicated that there are many natural 

products waiting to be discovered from nature, but the challenge is accessing them.  

New approaches have been employed in the post-genomic era to expand natural product 

discovery efforts while seeking to avoid high rediscovery rates that plagued the prior decade 

(Stefani et al., 2015). These approaches can broadly be classified into two categories: 1) culture-

dependent approaches which largely focus on isolating novel microorganisms from a wider 

spectrum of habitats and coercing these novel isolates to produce new compounds, and 2) 

culture-independent or “metagenomic” approaches that rely on the expression of DNA that 

originated from uncultured microorganisms in a culturable host (M. Katz et al., 2016). Though 
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different in their methodologies, some of the most successful applications of these approaches 

have involved Streptomyces.  

1.5.1. Culture-dependent strategies 

The repeated rediscovery of known microorganisms and compounds after the 1960s 

meant that classical culture-based methods were no longer sufficient to discover new natural 

products. Early attempts to improve the cultivability of novel microorganisms adopted the 

OSMAC (One Strain MAny Compounds) approach where easily accessible cultivation 

parameters were changed to promote in vitro growth of an organism and affect their secondary 

metabolism (Kim et al., 2021). By changing culture conditions (media composition, temperature, 

pH, osmotic stress, etc.), a single strain could be coerced to activate cryptic BGCs and produce 

new compounds (Stewart, 2012). The OSMAC approach has been successfully employed to 

stimulate production of novel compounds; for example, Q. Wu et al. (2018) altered the media 

type of a marine-derived Streptomyces sp. YB104 and stimulated production of a bioactive 

compound inthomycin B. Unfortunately, the empirical nature of the OSMAC approach requires 

extensive laboratory experiments and still fails to address the overarching problem of slow rates 

of novel compound discovery. 

More promising culture-dependent approaches in the post-genomics era have sought to 

combine the classical “top down” strategy of characterizing the biology and chemistry of an 

organism with the new “bottom up” methods of using genetic information to evaluate the 

biosynthetic potential of microorganisms (Schneider, 2021). Advances in bioinformatics has 

enabled the use of genome mining to evaluate the biosynthetic potential of diverse Streptomyces 

spp. and prioritize the most promising strains (N. Lee, Hwang, et al., 2020). Innovations in 

cultivation strategies, such as the maintenance of co-cultures, have been used successfully to 



 28 

isolate novel Streptomyces and their metabolites by more closely simulating their natural 

environment (Lodhi et al., 2018). Additionally, researchers are now looking beyond soils and 

terrestrial environments for new Streptomyces and are instead searching in underexplored 

habitats and interspecies symbiotic associations, thus instilling exciting integrative, 

coevolutionary, and ecological aspects to the field of natural product discovery. The following 

sections of this review describe a few of the most common culture-dependent approaches but are 

not an exhaustive compendium of all the strategies currently being employed.  

1.5.1.1. Genome mining for biosynthetic gene clusters 

Next-generation sequencing has expanded the field of natural product discovery and 

fostered a tremendous increase in the number of available microbial genome sequences that can 

be mined for secondary metabolite BGCs (Milshteyn et al., 2014). For example, as of 2021, a 

total of 4,734 Streptomyces genomes were deposited in the NCBI database 

(https://www.ncbi.nlm.nih.gov/genome/ accessed on 7 November 2021). This wealth of genomic 

sequencing data has driven the development of bioinformatics tools capable of in silico 

predicting and annotating BGCs from assembled genomes or metagenomes (Khater et al., 2016). 

Some of the most popular tools include antiSMASH (Blin et al., 2021), PRISM (Skinnider et al., 

2017), CLUSEAN (Weber et al., 2009), RiPPMiner (Agrawal et al., 2017), and ClustScan 

(Starcevic et al., 2008). Among all of these, antiSMASH is the most well-known, largely due to 

its user friendly interface and ability to predict up to 71 different categories of BGCs (Blin et al., 

2021). AntiSMASH relies on identifying highly conserved sequences within a BGC using a 

sequence alignment-based profile in a Hidden Markov Model (HMM) (N. Lee, Hwang, et al., 

2020). Gene clusters predicted from this tool, and others like PRISM, are then compared to a 

database of known clusters such as the MIBiG database (Kautsar et al., 2020). Moreover, 

https://www.ncbi.nlm.nih.gov/genome/
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antiSMASH is capable of predicting chemical scaffolds from a biosynthetic pathway (Milshteyn 

et al., 2014).  

Genome mining is often a first step towards isolating a new natural product in the modern 

era. A typical workflow consists of identifying a gene cluster of interest using the previously 

mentioned tools and subsequently targeting the gene cluster for expression through the use of 

advanced molecular biology techniques. This approach has been used to discover numerous 

natural products. By a genome mining approach, a RiPP gene cluster was predicted from the 

genome of Streptomyces curacoi and led to the discovery of a new cytotoxic peptide called 

curacozole (Kaweewan et al., 2019). Genome mining of Streptomyces sp. Tü 6314 identified a 

cryptic type II polyketide synthase (PKS) gene cluster that was subsequently expressed in S. 

coelicolor and led to the production of three new anti-HIV compounds named streptoketides 

(Qian et al., 2019). Genome sequencing and mining by antiSMASH of Streptomyces sp. Tü 4128 

identified a putative bagremycin BGC which enabled the isolation of the antibacterial 

compounds bagremycin A and B (Ye et al., 2019). For a more detailed list of natural products 

discovered by genome mining of Streptomyces, the reader is pointed to N. Lee, Hwang, et al. 

(2020). 

There are several advantages to genome mining approaches including more efficient 

identification of biosynthetic pathways, ease of use, cheap costs, and the ability to predict 

chemical structures of natural products (Albarano et al., 2020). However, genome mining is still 

in its infancy and there are major bottlenecks that need to be addressed. The most accurate BGC 

prediction relies on complete genome assemblies with high quality sequences since genes in a 

BGC are often scattered throughout contigs and can contain repetitive sequences (N. Lee, 

Hwang, et al., 2020). This emphasizes the need for improvements to long-read technologies that 
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will allow researchers to obtain complete, high-quality genome sequences. Additionally, rule-

based tools like antiSMASH are limited to predicting similar gene clusters to known pathways 

(Zerikly & Challis, 2009). ClusterFinder (Cimermancic et al., 2014) and DeepBGC (Hannigan et 

al., 2019) are two machine learning packages that have been developed to predict unknown 

BGCs but these tools still suffer from high false-positive rates (N. Lee, Hwang, et al., 2020). 

Thus, new bioinformatic tools are needed that are capable of more accurately detecting and 

annotating completely novel BGCs. 

1.5.1.2. Exploring “underexplored” environments for new species 

Historically, soil ecosystems have been the primary focus for isolation of antibiotic-

producing microorganisms. Therefore, one strategy to improve the hit rate of natural product 

discovery has been to sample from “underexplored” or less sampled ecosystems including 

extreme environments, marine ecosystems, and caves (Sivalingam et al., 2019). In the modern 

era of next-generation sequencing, this approach often combines classical methods to isolate 

novel microorganisms followed by genome sequencing and mining using the technologies 

described in the previous section. By looking in less explored environments, many novel 

microorganisms including Streptomyces have been isolated and found to produce new 

compounds with diverse bioactivities (Kemung et al., 2018).  

 Among all of the underexplored habitats, marine ecosystems represent one of the richest 

habitats for microbial diversity (Subramani & Aalbersberg, 2013). Streptomyces and other 

actinomycetes are one of the prominent taxa within these marine ecosystems where they can 

form stable populations and respond quickly to environmental heterogeneity (Subramani & 

Aalbersberg, 2012). Similar to terrestrially-derived species, the marine-derived microorganisms 

are capable of producing unique secondary metabolites to compete for defense and survival 
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(Petersen et al., 2020). As such, marine environments have been the source of many new 

compounds that are either already on the pharmaceutical market or in development. In fact, since 

the 1960s more than 20,000 natural products have been identified from marine environments and 

is estimated to only be a small portion of the chemical diversity that exists (Hu et al., 2011). 

Some examples of new natural products isolated from marine Streptomyces include the 

antibacterial tirandamycins from Streptomyces sp. 307-9 (Carlson et al., 2009), the antibacterial 

meroterpenoids from Streptomyces sp. CNH-189 (Kaysser et al., 2012), and the recently 

discovered zhaoshumycins A and B from Streptomyces sp. ITBB-ZKa6 with cytotoxic activity 

(Guo et al., 2021). An extensive review of marine drugs from Streptomyces and other 

microorganisms is provided by Subramani and Aalbersberg (2012).  

 Marine environments are not the only underexploited source for new drugs. 

Antimicrobial metabolite-producing Streptomyces have been recently isolated from extreme 

habitats including deserts, arctic regions, volcanoes, and high-altitude mountains (Sivalingam et 

al., 2019). For example, Streptomyces sp. strain C34 was isolated from the Atacama Desert 

which led to the discovery of the antibacterial chaxalactins (Rateb, Houssen, Harrison, et al., 

2011) and chaxamycins (Rateb, Houssen, Arnold, et al., 2011). The antibacterial and cytotoxic 

peptides called ohymyungsamycins were isolated from Streptomyces sp. SNJ042 sampled from 

Korean volcanic rock (Um et al., 2013), and the antibacterial compound 2-amino-3-dodecanol 

was found to be produced by the arctic-derived Streptomyces avidinii SB9 (Ivanova et al., 2010). 

Recent studies have found caves to be another source of novel bacteria. A study by Hamm et al. 

(2017) identified 25 Streptomyces species, 15 of which were novel, from five cave systems. 

Interesting from an ecological perspective, these isolates inhibited the fungus Pseudogymnoascus 

destructions that causes white-nose syndrome in bats.  
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 As evident by the examples provided above, there is tremendous potential to find novel 

bacteria that produce unique natural products from marine ecosystems and other habitats. Given 

the immense genomic and metabolic capabilities of Streptomyces, finding novel species of this 

taxa from diverse environments should continue to be a priority. Innovations in cultivation 

strategies will aid in isolating more rare species and advancements in genome mining 

technologies will improve the ability to study their full biosynthetic potential in order to find new 

drug leads.   

1.5.1.3. Streptomyces symbiotic interactions 

Streptomyces are now recognized as symbiotic partners with eukaryotic hosts including 

humans, invertebrates, and plants (Seipke et al., 2012). In fact, it is thought that the chemical 

diversity of Streptomyces has evolved as a result of these interactions within Streptomyces and 

other symbiote species (Manteca & Yagüe, 2019). The secondary metabolites produced by these 

organisms can influence their interactions within a microbial community, host, and environment. 

These interactions can range from commensalism to antagonism to mutualism. There are many 

well-documented examples of mutualistic symbiotic associations where Streptomyces provide a 

host and/or the niche of a host with chemical defense through the production of bioactive 

metabolites. In return, the bacteria is provided with shelter and nutrition (Chevrette, Carlson, et 

al., 2019; Seipke et al., 2012).  

Invertebrates such as fungus-growing ants, beewolves, termites, beetles, and marine 

sponges are the most studied co-evolutionary systems for natural product-producing bacteria 

which are typically from the genus Streptomyces. A new antimicrobial polyene called 

cyphomycin with activity against multidrug resistant fungal pathogens was isolated from a 

Streptomyces species associated with the fungus-growing ant Cyphomyrmex and is thought to 
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ward off the fungus Escovopsis that can infect ant farms (Chevrette, Carlson, et al., 2019). The 

polyketide formicamycins with activity against MRSA and VRE were found to be produced by a 

new Streptomyces species, Streptomyces formicae, living in association with African plant-ants 

(Qin et al., 2017). Four new antibacterial derivatives of anthraquinones, termstrin A, B, C, and 

D, were isolated from the termite-associated Streptomyces sp. BYF63 (L. Zhang, Song, et al., 

2020). Two Streptomyces symbionts were isolated from Dendroctonus frontalis southern pine 

beetles and found to produce the polyketide mycangimycin (Oh et al., 2009) and macrolactams 

frontalamides A and B (Blodgett et al., 2010) that inhibit fungi that are pathogenic to the insect. 

These compounds were also demonstrated to have anti-malarial activity and antifungal activity, 

respectively (Manteca & Yagüe, 2019). Insects have also been shown to use bioactive 

metabolites produced by Streptomyces to protect their brood against infection. One such example 

is the beewolf that incorporates Streptomyces in their brood cell wall and these symbionts 

produce diverse antimicrobial compounds including the antifungal piericidin and the 

antibacterial compound streptochlorin (Kroiss et al., 2010; Van der Meij et al., 2017).  

As mentioned previously, Streptomyces are prominent in marine habitats and this is not 

limited to solely sediments and seawater. Interestingly, antimicrobial-producing Streptomyces 

have been isolated from other non-terrestrial invertebrates, most notably marine sponges. The 

marine invertebrates often harbor the symbionts in their mesohyl matrix where they are thought 

to protect the host from infection and predation through the production of secondary metabolites 

(Abdelmohsen et al., 2014; Nair et al., 2011). Several examples of new natural products have 

been found from sponge-associated Streptomyces species including mayamycin from 

Streptomyces sp. strain HB202 (Schneemann et al., 2010), tetromycins 1-4 isolated from 

Streptomyces axinellae PoI001 (Abdelmohsen et al., 2014; Pimentel-Elardo et al., 2011), 
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lobophorin C and D from Streptomyces carnosus strain AZS17 (R.-B. Wei et al., 2011), and 

urauchimycin A and B from Streptomyces sp. Ni-80 (Imamura et al., 1993).  

These symbiotic interactions with Streptomyces and invertebrates are thought to be far 

more widespread than characterized to date (Seipke et al., 2012). Notably, such examples may 

underscore the potential for Streptomyces symbiosis and secondary metabolite production to 

affect eukaryotic fitness and, thus, play a role in the evolution of animal life histories (McFall-

Ngai et al., 2013). It is clear from the examples described thus far that soil Streptomyces are no 

longer the only hotspot for natural product isolation. Future efforts should invest in exploring 

new eukaryotic microbiomes for novel Streptomyces species, particularly from diverse insects 

and marine sponges. By “looking” beyond soil habitats, these efforts will help reduce the 

likelihood of compound rediscovery and may also yield more fruitful results from clinical 

screenings since these compounds may be less toxic to animal and human hosts (Chevrette, 

Carlson, et al., 2019).    

1.5.1.4. Coculture of Streptomyces 

Beyond searching in new environments and hosts for novel bacteria, there have been 

advancements in cultivation techniques that aim to modulate secondary metabolism and promote 

antibiotic production. One such strategy is called cocultivation which is a technique where two 

or more organisms are cultured together. This approach seeks to replicate the natural 

environment of bacteria that is often dynamic with many inter- and intraspecies interactions 

(Kim et al., 2021). Recent studies have shown that this technique can result in a competitive 

environment, thereby leading to induction of unexpressed pathways due to interspecies crosstalk 

or chemical defense mechanisms (Pettit, 2009). One organism might stimulate secondary 

metabolism in another organism by the secretion of chemical signals or physical interactions, or 
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one organism can induce biosynthesis of signaling molecules which stimulate production of 

cryptic natural products in another organism (Scherlach & Hertweck, 2009).  

During Streptomyces-Streptomyces coculture, interspecies interactions are often mediated 

by small signaling molecules, such as butyrolactones and siderophores, that can trigger 

secondary metabolism (Kim et al., 2021). Traxler et al. (2013) showed that siderophores made by 

different Streptomyces spp. and Amycolatopsis sp. AA4 induced production of the antibiotics γ-

actinorhodin, prodiginine, and at least 12 different desferrioxamines. Although Streptomyces-

Streptomyces interactions seem to be the most widely studied, some of the most successful 

applications of coculture have actually come from the combination of Streptomyces with other 

distantly related bacteria.  

When two Actinobacteria taxa, Rhodococcus fascians and Streptomyces padanus, were 

cultured together, new aminoglycoside antibiotics called rhodostreptomycins were produced. 

These rhodostreptomycin antibiotics were not detected in pure cultures of either bacterium 

indicating that the mixed fermentation was required for production (Kurosawa et al., 2008). 

Several new antibiotics, granaticin, granatomycin D, and dihydrogranaticin B, were isolated after 

co-culture of a Streptomyces sp. strain PTY08712 with three human pathogens – Bacillus 

subtilis, Staphylococcus aureus, and Pseudomonas aeruginosa (Sung et al., 2017). Another 

example is that of the marine Streptomyces cinnabarinus which produced the diterpene 

lobocompactol after co-culture with Alteromonas sp. belonging to the Proteobacteria phylum 

(Cho & Kim, 2012). Coculture of a marine Streptomyces sp. with Bacillus sp. led to the 

discovery of a new metabolite, dentigerumycin E, with antiproliferative and antimetastatic 

properties (Shin et al., 2018). Thus, Streptomyces coculture is a promising culture-based strategy 

to trigger production of cryptic secondary metabolites.  
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1.5.1.5. Limitations of culture-dependent approaches 

Advancements to culture-dependent approaches in the post-genomic era have improved 

our ability to find new bioactive molecules from environmental microorganisms. Despite these 

improvements the majority of microorganisms still remain uncultured (Charlop-Powers et al., 

2014). Culture-based strategies favor the recovery of organisms that are best able to thrive under 

the in vitro conditions to which they are exposed (Vartoukian et al., 2010). For this reason, 

environmental microbiologists estimate that only a small fraction of microbial species can be 

cultured by these strategies (Bodor et al., 2020; Hofer, 2018).  

Replicating all of the necessary conditions in vitro may simply be an impossible task for 

accessing the true diversity of Streptomyces species and the wealth of biosynthetic potential they 

hold. There are endless combinations of growth parameters that might be needed to support 

isolation of a novel microorganism and some of those same conditions might inhibit other 

unidentified organisms. For example, isolation strategies to culture novel bacteria from marine 

environments are still lacking and more effort is needed to develop enrichment strategies for rare 

bacteria (Subramani & Aalbersberg, 2012). Even with improvements to environmental mimicry 

in a laboratory setting, the time involved in isolating a pure culture can be extensive. In cases of 

symbiotic associations, obtaining pure cultures relies on removing the microorganism from its 

host, which may also remove the environmental cues provided by the host to stimulate natural 

product production.  

Even if a novel microorganism is successfully isolated, its full natural product potential 

may be missed due to lack of expression or failure to detect BGCs by genome mining tools. The 

most limiting factor of all is that many of the culture-dependent methods developed in the last 

decade are still in their infancy and we have yet to fully understand their scope. As such, culture-
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independent or “metagenomic” approaches have gained interest as a potential avenue to access 

the natural product diversity from uncultured microorganisms (M. Katz et al., 2016). Some of the 

most successful culture-independent approaches to date utilize Streptomyces as a host organism 

for metagenome-derived BGCs.     

1.5.2. Culture-independent or “metagenomic” methods  

Culture-independent or “metagenomic” methods are an approach to study the 

biosynthetic potential of uncultured microorganisms by cloning and analyzing microbial DNA 

extracted directly from the environment (M. Katz et al., 2016). The term “metagenomics” was 

first used by Handelsman et al. (1998) and was based on the genetic advancements that preceded 

its development. After Carl Woese first used 16S ribosomal RNA (16S rRNA) as a phylogenetic 

marker in the 1970s (Woese & Fox, 1977), Pace and colleagues expanded on this theory and 

proposed to clone DNA containing 16S rRNA genes directly from environmental samples (Pace, 

1985). The first application of this cloning was applied by T. M. Schmidt et al. (1991). The next 

major turning point came from the first construction of a metagenomic library in 1995 (Healy et 

al., 1995), and ultimately the construction of multiple libraries from bacteria in seawater by Stein 

et al. (1996). Together these breakthroughs defined the field and demonstrated that DNA could 

be captured and studied from uncultured microorganisms.  

In the modern post-genomic era, shotgun metagenomic sequencing and powerful 

bioinformatics has made it possible to sequence phylogenetically diverse microbial assemblages 

that are present in soils and marine ecosystems (Santana-Pereira et al., 2020). Combined with in 

silico tools,  DNA from environmental organisms could be sequenced and mined for 

phylogenetic markers or natural product gene clusters (M. Katz et al., 2016). This meant that 

natural product discovery was no longer limited by the dependency of culturing the source 
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organism. Instead, DNA containing secondary metabolite BGCs could be captured, cloned, and 

heterologously expressed in a culturable host (i.e. Streptomyces spp.) to screen for bioactivities 

of interest and new metabolites (Handelsman, 2004).  

Metagenomics-related approaches for natural product discovery can be largely classified 

into two categories – function-based and sequence-based (M. Katz et al., 2016). Both strategies 

involve metagenomic library construction by isolating and cloning environmental DNA (eDNA) 

but differ in the approaches used to identify phenotypes of interest from each metagenomic 

clone. Function-based metagenomics seeks to identify individual clones for a desired activity 

through metabolic or bioactivity screens, whereas sequence-based metagenomics aims to first 

identify clones containing genes of interest such as secondary metabolite BGCs (Alam et al., 

2021). Modern metagenomic approaches have combined these two approaches taking a more 

targeted route by first using sequence-based approaches to identify clones containing specific 

genes, then targeting those clones for heterologous expression and screening by function-based 

methods to generate new compounds (Figure 1.3) (Santana-Pereira et al., 2020). The following 

sections discuss these culture-independent strategies and the application of Streptomyces as an 

ideal heterologous host for metagenome-derived pathways.  
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Figure 1.3. Graphical representation of the construction and screening of a metagenomic library 
for natural products using a function- and sequence-based approach. This figure was adapted 
from Handelsman (2004).  
 

1.5.2.1. Function-based metagenomics 

Classical function-based metagenomics followed a simple and random approach where 

eDNA was cloned into cosmid vectors in E. coli and clones were directly screened for an easily 

observable phenotype linked to natural product expression (e.g. color, antibiosis, 

chromatographic pattern) (M. Katz et al., 2016). Several novel bioactive compounds and clones 

have been discovered by this approach including turbomycin A and B (Gillespie et al., 2002), six 

antibacterial clones from a cosmid library (Iqbal et al., 2014), two novel lactonases (Schipper et 

al., 2009), and an uncharacterized antimicrobial protein from a soil library (Biver & Vandenbol, 

2013). However, the overall success rate of this classical approach was lower than desired mostly 

due to limitations in DNA isolation, cloning, and poor expression (Alam et al., 2021; M. Katz et 

al., 2016). These limitations still exist, but efforts have been made to lessen their detrimental 

effects. 
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The ability to find new natural products from culture-independent methods is dependent 

on the successful capture and cloning of complete gene clusters. Early metagenomics used a 

direct DNA isolation method where cells within an environmental sample were lysed in situ prior 

to DNA extraction and purification (Alam et al., 2021). This method was quicker but often 

resulted in smaller DNA fragments that were less likely to contain full-length gene clusters 

(Kakirde et al., 2010). Indirect DNA isolation methods have since been developed to obtain 

larger fragments and increase the likelihood of extracting complete BGCs (Wenfang Wang et al., 

2021). For example, Liles et al. (2008) used an indirect approach to obtain high molecular weight 

DNA greater than 1 Mb by separating microbial cells from soil, embedding and lysing the cells 

in an agarose plug to protect from mechanical stress, and treating with formamide to remove 

environmental inhibitors.  

The next refinement to classical function-based metagenomics came from the 

development of new cloning systems that could maintain longer DNA inserts. Traditionally, 

eDNA was cloned into cosmid or fosmid vectors but these were limited to capturing ~40 kb 

(Kakirde et al., 2010). Many natural product gene clusters can exceed 100 kb which meant that 

the cosmid/fosmid vectors were less likely to carry complete biosynthetic pathways in a single 

clone (Trindade et al., 2015). Commercial artificial chromosomes were developed to support 

cloning of larger eDNA, and some of the most popular vectors include bacterial artificial 

chromosome (BAC) vectors (up to 300 kb inserts), P1 artificial chromosome (PAC) vectors (up 

to 100 kb inserts), and yeast artificial chromosome (YAC) vectors (up to 2 Mb inserts) (Wenfang 

Wang et al., 2021). In particular, BAC vectors are the most frequently used for metagenomic 

library construction. The earliest BAC vectors, such as pBeloBAC11, were only capable of 

single-copy replication in E. coli. Other BAC vectors are now more widely used for 
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metagenomic libraries including pSBAC, pSMART-BAC-S, and pStreptoBAC which contain 

the inducible oriV to increase copy number and oriT for conjugative transfer into other hosts 

(Wenfang Wang et al., 2021). These vectors have made it possible to recover larger gene clusters 

from metagenomes to facilitate functional screenings (Nasrin et al., 2018; Santana-Pereira et al., 

2020).  

Despite the advancements to DNA extraction and cloning systems, classical function-

based metagenomics were still limited by the choice of bacterial hosts for expression. In fact, this 

step is one of the most significant challenges in metagenomics-based drug discovery since poor 

expression by a host can preclude compound detection and purification (Chistoserdova, 2009). 

From a broad viewpoint, problems in heterologous expression are linked to inadequate 

transcription and translation of DNA and biochemical incompatibilities between a host and a 

native producer (M. Katz et al., 2016). More specifically, codon bias, lack of substrates, failure 

to recognize promoters, improper protein folding and secretion, and missing regulatory elements 

can each limit the probability of expressing metagenome-derived biosynthetic pathways (Craig et 

al., 2010; Rebets et al., 2017). Classical function-based metagenomics predominantly used E. 

coli as the sole host due to its high cloning efficiency (Kakirde et al., 2010).  E. coli hosts can be 

successful for expression of Gram-negative derived enzymes, but were less promising for 

heterologous expression of BGCs (Alam et al., 2021). It is estimated that E. coli can readily 

express up to 40% of environmental genes, but this value can be as low as 7% for the expression 

of high-GC% DNA (Craig et al., 2010; Gabor et al., 2004).    

Improvements to E. coli heterologous hosts were made in an attempt to address these 

limitations such as modifications to promoters and ribosome binding sites, the introduction of 

heterologous sigma factors, and chaperone co-expression (Craig et al., 2010; M. Katz et al., 
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2016; Rebets et al., 2017). Unfortunately, these modifications were often unsuccessful 

suggesting that the majority of biosynthetic potential of a metagenomic library may be missed by 

using E. coli as a sole heterologous host (Rebets et al., 2017). In recent years, alternative hosts 

have been evaluated for their potential as heterologous hosts. The development of transmissible 

BAC and other vectors has enabled the use of different Gram-positive and Gram-negative hosts 

including Pseudomonas putida, Agrobacterium tumefaciens, Burkholderia graminins, 

Caulobacter vibrioides, and Streptomyces species (Alam et al., 2021; Craig et al., 2010). Among 

all of the heterologous hosts, engineered strains of Streptomyces spp. are increasingly popular in 

modern functional metagenomics.  

1.5.2.1.1. Streptomyces as a host for heterologous expression 

Several key factors have contributed to the use of Streptomyces as a chassis for the 

production of natural products from metagenomes. Streptomyces are known producers of diverse 

secondary metabolites and capable of making some of the intracellular precursors and cofactors 

needed to form natural products (Charles et al., 2017). Their high GC codon usage is another 

rationale for their selection as hosts since this can increase the likelihood of expressing genes 

from other organisms with high GC% contents, many of which are abundant in soils and marine 

environments (Charles et al., 2017; Rebets et al., 2017). Many cloning vectors can be readily 

shuttled from E. coli to Streptomyces hosts by conjugation and support site-specific integration in 

the ϕC31 attB site of the host that allows for stable expression of exogenous DNA without 

antibiotic selection (Bierman et al., 1992). An additional strength of Gram-positive hosts, like 

Streptomyces, is their innate, extracellular secretion capacity that can support proper folding and 

function of secreted proteins (Rebets et al., 2017). Numerous studies have demonstrated that 

Streptomyces can be used to express gene clusters that are difficult to express or silent in other 
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bacteria which has provided further support for their use as a heterologous host in metagenomic 

studies (Rebets et al., 2017). Due to these advantages, several Streptomyces strains have been 

engineered for heterologous expression with most belonging to the species S. coelicolor, S. 

lividans, and S. albus.  

S. coelicolor A3(2) is the most extensively studied strain with respect to the biosynthesis 

and regulation of secondary metabolites (Charles et al., 2017). This wild-type strain has been 

used to express large gene clusters such as the 106 kb salinomycin gene cluster (Yin et al., 2015). 

However, S. coelicolor A3(2) natively produces several antibiotics including coelimycin (Cpk), 

undecylprodigiosin (Red), actinorhodin (Act), and the lipopeptide calcium-dependent antibiotic 

(CDA) (Charles et al., 2017). These endogenous gene clusters can interfere with the expression 

of exogenous DNA due to competitive sinks in precursor and intermediate availability and can 

complicate mass spectrometry analysis (Gomez‐Escribano & Bibb, 2011).  

Derivatives of S. coelicolor A3(2) that lack endogenous gene clusters have been 

developed to mitigate these issues. Deletions of Cpk, Red, Act, and CDA gene clusters from 

wild-type S. coelicolor resulted in a strain called S. coelicolor M1146 that produced higher yields 

of antibiotics from cloned gene clusters and possessed a simpler metabolite profile (Gomez‐

Escribano & Bibb, 2011). In this study, another derivative was constructed (S. coelicolor 

M1154) that further increased antibiotic production compared to the parent strain through the 

inclusion of two point mutations in rpoB and rpsL, encoding the RNA polymerase β-subunit and 

the ribosomal protein S12, respectively. Both S. coelicolor M1154 and M1146 have expressed 

many different biosynthetic gene clusters and led to the production of bioactive compounds such 

as vancoresmycin (Kepplinger et al., 2017), cacibiocins A and B (Zettler et al., 2014), kocurin 
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(Linares-Otoya et al., 2017), anthracimycin (Alt & Wilkinson, 2015), gougerotin (Niu et al., 

2013), and desotamides A and B (Song et al., 2014).  

Despite the success of S. coelicolor hosts, their use has been limited to the expression of 

clusters from cultured microorganisms and not from metagenome-derived BGCs. Reasons for 

this are multifactorial but are largely due to the slower growth of S. coelicolor compared to other 

Streptomyces hosts and its strict restriction-modification system that can make it less likely to 

accept foreign DNA (McMahon et al., 2012). There are techniques that can circumvent the 

methyl-specific restriction of S. coelicolor through the use of intergeneric conjugation with a 

methylation-deficient E. coli strain and helper plasmids (A. C. Jones et al., 2013). Even with this 

approach, conjugation efficiency can be lower using S. coelicolor (Ahmed et al., 2020). 

However, a recent study by Sandoval-Powers et al. (2020; unpublished doctoral dissertation) 

used S. coelicolor to express soil metagenome-derived PKS and NRPS gene clusters and this led 

to the identification of over 20 bioactive clones. This finding suggests that S. coelicolor should 

not be overlooked as a host for function-based metagenomics. 

Beyond S. coelicolor hosts, S. lividans and S. albus are routinely used for the expression 

of gene clusters from cultured microorganisms and metagenomes. In a similar manner to S. 

coelicolor, genetically engineered strains of S. lividans and S. albus were developed with 

deletions of endogenous BGCs providing a “cleaner” host background (Nepal & Wang, 2019). S. 

lividans TK24 is widely used and is capable of accepting methylated DNA, has low protease 

activity, and possesses a streptomycin-resistant mutation shown to improve production of 

secondary metabolites (Ahmed et al., 2020). Other hosts have been generated such as S. lividans 

K4-114 and K4-155 with deletion of the Act cluster (Ziermann & Betlach, 1999), the deletion of 

both Act and Red to generate S. lividans ∆act∆red (Martinez et al., 2004), S. lividans SBT5 with 
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integration of global regulatory genes and deletion of negative regulatory genes (Peng et al., 

2018), and more recently the engineering of S. lividans ∆YA9 by the removal of 11 endogenous 

gene clusters and the inclusion of additional attB sites (Ahmed et al., 2020). Examples of 

heterologous expression of metagenome-derived BGCs in some of these S. lividans strains 

include the terragines A-E and the siderophoric nocardamine (G.-Y.-S. Wang et al., 2000).    

To date, S. albus derivatives are the most successful heterologous hosts for functional 

metagenomics. S. albus J1074 has been engineered to lack SalI restriction and modification 

(Baltz, 2010), and this parent strain has been used to generate other derivatives including S. albus 

Del14 with deletions in 15 endogenous BGCs (Myronovskyi et al., 2018) and S. albus S4 with 

five mutagenized gene clusters (Fazal et al., 2020). The application of these S. albus hosts for 

function-based metagenomics have led to the discovery of a KB-346-5 derivative with 

antibacterial activity (Feng et al., 2011), the antibiotic landomycin E (Feng et al., 2011), the 

antibacterial malacidins (Hover et al., 2018), iron-chelating myxochelin A (Bitok et al., 2017), 

utahmycins A and B with anti-MRSA activity (J. D. Bauer et al., 2010), and metathramycin A 

with anticancer activity (Stevenson et al., 2021).  

The introduction of Streptomyces as heterologous hosts for function-based metagenomics 

has significantly improved our ability to find novel compounds from a wider diversity of 

environmental microorganisms. Scientists are constantly building on existing Streptomyces hosts 

in order to more efficiently express novel gene clusters from metagenomes and cultured 

microbes. The field of modern function-based metagenomics is becoming an exciting tool to 

identify novel natural products and will be accelerated by advancements in sequence-based 

metagenomics.  

1.5.2.2. Sequence-based metagenomics 
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Since metagenomic libraries can consist of thousands of clones, classical function-based 

methods were limited by the ability to screen for one type of function at a time and often 

required high-throughput screening methods (Robinson et al., 2021). Sequence-based 

metagenomics offers a way to overcome some of these challenges by first identifying clones 

carrying gene clusters of interest (M. Katz et al., 2016; Trindade et al., 2015). This approach has 

the advantage of providing more information about each metagenomic clone including the types 

of BGCs present in a library, their predicted molecular products, and the phylogenetic origin of 

the eDNA. This information can help target the most promising clones in terms of BGC potential 

and guide the choice of heterologous host to use in function-based screenings (Trindade et al., 

2015).    

Initial implementations of sequence-based metagenomics used a PCR approach where 

degenerate primers were designed targeting a conserved region of a metabolic gene or ribosomal 

RNA (M. Katz et al., 2016). Specifically for natural product discovery, degenerate primers were 

designed to target biosynthetic domains of polyketide synthase (PKS) and nonribosomal peptide 

synthetase (NRPS) clusters (Trindade et al., 2015). Biosynthesis of the molecular products of 

PKS and NRPS clusters is controlled by multimodular enzymes and each module contains a core 

set of domains needed for the activation and condensation of an amino or carboxylic subunit 

(Nikolouli & Mossialos, 2012). The ketosynthase (KS) domain of PKS clusters and the 

adenylation (AD) domain of NRPSs responsible for these reactions contain highly conserved 

motifs making them an ideal target for PCR amplification (Cacho et al., 2015; Charlop-Powers et 

al., 2016). The first study exploring a soil metagenome used this strict PCR approach where 

primers were designed targeting conserved regions of the KS domain and chain-length-factor 

genes common to type II PKSs. PCR products containing the type II PKS genes were then 
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amplified by PCR, cloned, and yielded hybrid type II PKS gene cassettes that could be targeted 

for expression (Handelsman et al., 1998).  

More recent approaches have taken the PCR method one step further. PCR amplicons 

from clones containing the desired motifs are sequenced resulting in sequencing reads often 

referred to as natural product sequence tags (NPSTs) (M. Katz et al., 2016). NPSTs can then be 

analyzed using bioinformatic tools such as eSNaPD (Reddy et al., 2014), NaPDoS (Ziemert et 

al., 2012), and antiSMASH for BGC predictions. Clones containing NPSTs of interest can be 

selected from the metagenomic library and used for expression studies. One such example is that 

of C. Wu et al. (2019) who designed degenerate primers for the AD domain of NRPS clusters, 

sequenced amplicons to generate AD domain NPSTs, and identified a BGC that could be 

expressed in S. albus to produce the novel antibiotics called cadasides. Another important 

example is that of the sequence-guided screening of soil metagenomes for BGCs encoding 

calcium-binding motifs by Hover et al. (2018). In this study, the authors analyzed NPSTs by the 

eSNaPD tool which led to the discovery of BGCs encoding calcium-dependent antibiotics that 

could be expressed in S. albus to produce the novel malacidins. 

 These examples have demonstrated the application of combined PCR and bioinformatics 

methods to discover natural products in metagenomic libraries. However, these approaches are 

not without limitations. PCR approaches can be biased towards identifying sequences most 

similar to known pathways and may miss highly divergent sequences capable of encoding novel 

metabolites (Santana-Pereira et al., 2020). As such, purely in silico approaches have been 

developed to sequence and mine metagenomic libraries without the need for PCR (Trindade et 

al., 2015). One such approach, shotgun metagenomic sequencing, has made it possible to directly 
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sequence eDNA but often results in short contigs making it difficult to assemble and predict 

longer gene clusters (Meleshko et al., 2019).  

Alternative approaches have recently been developed to overcome these limitations. For 

example, Santana-Pereira et al. (2020) used a combination of next-generation sequencing and 

bioinformatics to screen a metagenomic library for clones predicted to carry a PKS or NRPS 

cluster. In this study, 151 clones carrying these clusters were identified from the library; notably, 

this was a far greater rate of identification compared to a PCR approach. Moreover, many of the 

predicted BGCs appeared to be full-length and unique demonstrating the power of this approach 

to assess the biosynthetic potential of soil metagenomes.  

Regardless of the approach taken, the ultimate goal for natural product strategies from a 

culture-independent perspective is to identify, express, and purify novel metabolites from 

uncultured microorganisms. Sequence-based metagenomics has already demonstrated its value in 

this goal by enabling faster dereplication of gene clusters in a metagenomic library (Robinson et 

al., 2021; Trindade et al., 2015).  

1.5.2.3. Limitations of culture-independent approaches 

Despite the advantages of culture-independent methods, there has yet to be a commercial 

success from these approaches (Baltz, 2019). Several limitations have impeded the success of 

metagenomics in drug discovery. First, even with the advancements made in engineering 

“optimized” heterologous hosts, poor expression of BGCs is still a major bottleneck in 

metagenomics-based drug discovery (Pereira, 2019). Modern techniques to enhance expression 

of “model BGCs” with known architecture often manipulate the pathway of interest by 

overexpressing or disrupting regulators, modifying transcription elements, or manipulating the 

host (Huo et al., 2019; Pereira, 2019). However, these techniques are time-consuming and can be 
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impossible to apply to function-based metagenomic screenings where the diversity of gene 

clusters are vast, their pathway organization is often unknown prior to expression, and their 

metabolic products may not be easily detected or quantified. Thus, better understanding ways to 

manipulate and ideally enhance heterologous expression of metagenomic BGCs in a high-

throughput manner are needed to accelerate metagenomics-based drug discovery. There are now 

well-described inducible expression systems in streptomycetes, such as the PnitA-NitR system 

(Herai et al., 2004) and the Potr system (Weishan Wang, Yang, et al., 2016), which have been 

shown to increase heterologous production by Streptomyces hosts greater than 10-fold (Herai et 

al., 2004; Matsumoto et al., 2016; Weishan Wang, Yang, et al., 2016). These techniques have 

only been applied to expressing gene clusters from cultured bacteria, but may be critical to 

improve the expression of novel metabolites from metagenomes.   

Another limitation of these approaches is the selection of a heterologous host since one 

host may not possess all the genetic and biochemical elements needed to express all BGCs in a 

metagenome (Craig et al., 2010). For this reason, it is widely assumed that the phylogenetic 

distance between the origin of the gene cluster and the host organism plays a significant role for 

effective heterologous expression (Gadd & Sariaslani, 2016; J. J. Zhang et al., 2017). Despite the 

theoretical appeal, this assumption has yet to be thoroughly tested in metagenomic studies (J. J. 

Zhang et al., 2017). Since proper heterologous expression of metagenomic DNA is crucial to 

identify active clones (J. J. Zhang et al., 2017), employing multiple heterologous hosts in 

metagenomic library screenings may improve the detection frequency (Craig et al., 2010). 

Optimized Streptomyces heterologous hosts are a great starting point, but hosts from other 

bacteria within Actinobacteria or other phyla may need to be developed beyond the established 

E. coli strains.   
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Limitations in the detection capabilities of sequence-based screenings like PCR and 

BGC-prediction tools are another major challenge in a metagenomic approach. Sequence-based 

strategies still heavily rely on homology screenings to known gene clusters from a few classes 

(Santana-Pereira et al., 2020; Zerikly & Challis, 2009). Over time, this inherent bias may lead 

back to the problem of compound rediscovery since more divergent gene clusters may not be 

predicted with the current tools. Failure to detect these unique gene clusters may cause us to miss 

novel bioactive compounds with modes of action that are not yet impacted by drug-resistance 

mechanisms of pathogenic microorganisms. Continued developments in bioinformatics and other 

technologies are needed to predict a larger diversity of gene clusters. These advancements can be 

complemented by the deposition of more metagenomic sequence data in publicly available 

databases (Trindade et al., 2015).   

Due to these limitations, the most efficient pipeline for culture-independent drug discovery 

remains unclear at this time. These bottlenecks must be addressed in order for metagenomics to 

play a larger role in antibiotic discovery. Advancements in molecular biology, bioinformatics, 

and sequencing technologies will help tackle these limitations and improve our ability to explore 

the chemical diversity of uncultured microorganisms.   

1.6. Concluding Remarks 

The application of the aforementioned approaches has demonstrated that Streptomyces 

continues to be an important source of novel natural products with diverse bioactivities. Modern 

culture-dependent techniques have uncovered novel Streptomyces spp. from unique habitats and 

symbioses and led to the discovery of many new bioactive compounds. Moreover, culture-

independent or “metagenomic” approaches have opened the door to exploring the chemical 
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diversity of uncultured microorganisms and it is clear that Streptomyces has an important role in 

these approaches as heterologous hosts.  

Despite their success, modern methods for natural product discovery are still hindered by 

the inability to detect highly novel gene clusters by bioinformatic tools, inadequate gene 

expression by native and heterologous hosts, and incomplete understanding of natural product 

biosynthesis. Advancements in molecular biology, metabolite detection, and bioinformatics are 

constantly expanding and will undoubtedly help address these limitations. Furthermore, 

integrative approaches that combine culture-independent approaches to access novel gene 

clusters with the culture-dependent tools to express the cultures in the laboratory will provide an 

opportunity to find new compounds from multiple avenues. It is through these innovations that 

we will continue to unlock the potential of nature’s pharmacists and tackle the antimicrobial 

resistance crisis.  
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Chapter 2 

 Discovery and characterization of a novel marine Streptomyces species expressing anti-

MRSA activity 

Manuscript published in Systematic and Applied Microbiology (Sandoval-Powers et al., 2021)  
 

2.1. Abstract  

Marine sponges represent a rich source of uncharacterized microbial diversity, and many 

are host to microorganisms that produce biologically active specialized metabolites. Here, a 

polyphasic approach was used to characterize two Actinobacteria strains, P01-B04T and P01-

F02, that were isolated from the marine sponges Geodia barretti (Bowerbank, 1858) and Antho 

dichotoma (Esper, 1794), respectively. Phylogenetic analysis based on 16S rRNA gene 

sequences indicated that strains P01-B04T and P01-F02 are closely related to Streptomyces 

beijiangensis DSM 41794T, Streptomyces laculatispora NRRL B-24909T, and Streptomyces 

brevispora NRRL B-24910T. The two strains showed nearly identical 16S rRNA gene sequences 

(99.93%), and the average nucleotide identity (ANI) and digital DNA-DNA hybridization 

(dDDH) relatedness values were 99.96% and 99.6%, respectively, suggesting that these strains 

are affiliated with the same species. Chemotaxonomic and culture characteristics of both strains 

were consistent with the genus Streptomyces, while phenotypic properties, genome-based 

comparisons, and phylogenomic analyses distinguished strains P01-B04T and P01-F02 from their 

closest phylogenetic relatives. In silico analysis predicted that the 8.9 Mb genome of P01-B04T 

contains at least 41 biosynthetic gene clusters (BGCs) encoding secondary metabolites, 

indicating that this strain could express diverse bioactive metabolites; in support of this 

prediction, this strain expressed antibacterial activity against Gram-positive bacteria including a 

clinical isolate of methicillin-resistant Staphylococcus aureus (MRSA) EAMC30. Based on these 
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results, the marine sponge-associated isolates represent a novel species of the genus 

Streptomyces, for which the name Streptomyces poriferorum sp. nov. is proposed, with P01-

B04T (= DSM 111306T = CCM 9048T) as the type strain.   

2.2. Introduction 

Members of the genus Streptomyces, first proposed by Waksman and Henrici in 1943 

(Waksman & Henrici, 1943), are well-known producers of numerous bioactive metabolites 

including antibacterial (de Lima Procópio et al., 2012), antifungal (Barka et al., 2016), and 

anticancer compounds (Olano et al., 2009). These Gram-positive filamentous bacteria are 

affiliated with the phylum Actinobacteria, one of the most diverse phyla within the domain 

Bacteria (Arocha-Garza et al., 2017; Goodfellow, 2012). Streptomyces spp. possess a complex 

life cycle wherein vegetative mycelia differentiate into reproductive aerial mycelia prior to spore 

formation (Yagüe et al., 2013). Streptomyces spp. can be further distinguished by physiological 

and genetic characteristics including high DNA %G+C content (69-78%) (M. H. Farris et al., 

2011), LL-diaminopimelic acid (L-DAP) in their peptidoglycan (Anderson & Wellington, 2001; 

J. Y. Lee, Lee, et al., 2005), and the amounts of saturated iso- and anteiso-branched fatty acids 

(Sujarit et al., 2016). As such, polyphasic taxonomic studies have been critical for the 

classification of new Streptomyces species by comparing the phenotypic and genotypic 

characteristics of a presumably novel isolate to closely related type strains of previously 

described species (Anderson & Wellington, 2001; Vandamme et al., 1996). These studies have 

led to the isolation of more than 900 validly described species within the genus Streptomyces 

(http://www.bacterio.net, 25 June 2021, date last accessed) (Parte, 2014), making it the most 

well-described genus of the phylum Actinobacteria. 

http://www.bacterio.net/
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Many Streptomyces spp. and other members of the phylum Actinobacteria have been 

isolated from terrestrial soils (Seipke et al., 2012); however, research within the last decade has 

shown that these microorganisms also are widely distributed in marine environments 

(Abdelmohsen et al., 2014; Bredholt et al., 2008; Dharmaraj, 2010). In particular, marine 

sponges have gained attention as a hotspot for the discovery of novel Streptomyces spp. with 

uncharacterized biosynthetic potential (Kennedy et al., 2009; Nair et al., 2011). These marine 

invertebrates in the phylum Porifera typically harbor their microbial symbionts in their mesohyl 

matrix (Abdelmohsen et al., 2014; Nair et al., 2011), where they provide nutrition to the host 

(Abdelmohsen et al., 2014; Nair et al., 2011; Tianero et al., 2019) and produce potent secondary 

metabolites that may protect the host from infection and predation (Abdelmohsen et al., 2014; 

Nair et al., 2011). The discovery of novel sponge-associated Streptomyces taxa has led to the 

characterization of new natural products with diverse bioactivities, such as the tetromycins 1-4 

isolated from Streptomyces axinellae PoI001T (Abdelmohsen et al., 2014; Pimentel-Elardo et al., 

2011), urauchimycin A and B from Streptomyces sp. Ni-80 (Abdelmohsen et al., 2014; Imamura 

et al., 1993), and lobophorin C and D from Streptomyces carnosus strain AZS17 (Abdelmohsen 

et al., 2014; R.-B. Wei et al., 2011). Thus, the isolation and characterization of novel 

Streptomycetes from marine sponges is important for identifying potentially novel therapeutic 

compounds.  

In the present study, a polyphasic taxonomic approach was conducted to characterize two 

novel Actinobacteria strains, designated P01-B04T and P01-F02, isolated from different marine 

sponges collected in the Trondheim fjord of Norway. We also investigated the antimicrobial 

activity and biosynthetic potential of these isolates and conclude that these strains could be an 

important source of novel antimicrobial metabolites. We report that the isolates P01-B04T and 



 55 

P01-F02 represent a novel species of the genus Streptomyces, for which the name Streptomyces 

poriferorum sp. nov. is proposed.   

2.3. Materials and Methods 

2.3.1. Isolation and culture conditions.   

Strains P01-B04T and P01-F02 were isolated from the marine sponges Geodia barretti 

(Bowerbank, 1858) and Antho dichotoma (Esper, 1794), respectively, which were collected in 

September 2005 at an underwater wall close to Tautra island located in the Trondheim fjord of 

Norway (GPS: 63° 36' 53 N 10° 31' 22 E). The sampling of, strain isolation, and whole-genome 

sequencing of the isolates from these two sponge species was part of an extensive campaign by 

SINTEF and the Norwegian University of Science and Technology (NTNU) to explore the 

biosynthetic potential and phylogenetic diversity of marine Actinobacteria and has been 

described earlier (Guerrero-Garzón et al., 2020; Ian et al., 2014). In brief, sponges were 

transferred to the laboratory in containers with sterile seawater. Sponge samples were ground and 

plated on different selective seawater containing solid Actinobacteria isolation Media (IM) 

containing different selective compounds. P01-B04T was isolated from IM4 agar with 

cycloheximide (50 µg/ml), nystatin (75 µg/ml), and nalidixic acid (30 µg/ml), while P01-F02 

was isolated from IM18 agar with cycloheximide (50 µg/ml), nystatin (75 µg/ml), nalidixic acid 

(30 µg/ml), and trimethoprim (20 µg/ml). Pure cultures of the isolates were maintained on 

International Streptomyces Project (ISP) 2 agar (Shirling & Gottlieb, 1966) at room temperature 

and preserved as a suspension of mycelia in glycerol (20% v/v) at -80 °C.  

Three of the most closely related phylogenetic relatives to strains P01-B04T and P01-F02 

based on 16S rRNA gene sequence comparative analysis were selected and maintained under the 

same conditions with the isolates of interest. These reference strains included Streptomyces 
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beijiangensis DSM 41794T obtained from DSMZ (German Collection of Microorganisms and 

Cell Cultures, Braunschweig, Germany), and Streptomyces laculatispora NRRL B-24909T and 

Streptomyces brevispora NRRL B-24910T obtained from the USDA Agricultural Research 

Service Culture Collection (Northern Regional Research Laboratory, Peoria, IL). Reference 

strains were tested in parallel with strains P01-B04T and P01-F02 for comparison purposes. 

2.3.2. Morphology. 

Morphological characterization of strains P01-B04T, P01-F02, and reference strains were 

determined following growth on various media, including ISP media (Shirling & Gottlieb, 1966), 

nutrient agar, modified Bennett’s agar (K. L. Jones, 1949), and Czapek’s Dox agar (Atlas, 2010) 

after incubation at 30 °C for 1 – 3 weeks. The color of aerial and substrate mycelium and soluble 

pigments were determined using the ISCC-NBS color charts (Kelly & Judd, 1965). Production of 

melanin pigments was observed on ISP 6 medium. Morphology of mycelia and spores was 

observed by scanning electron microscopy (SEM) by first growing the strain on ISP 2 for 7 days 

at 30 °C. A small square was cut from the agar and dried on an aluminum stub. The sample dried 

on the stub was sputter coated with a thin layer of gold within a vacuum and a Zeiss (Germany) 

digital SEM was used to image the samples at 72X, 500X, and 1000X.      

2.3.3. Physiology and biochemical properties. 

The effects of different temperatures (3 – 35 °C, at intervals of 5 °C) and pH range (3 – 

14, at intervals of 0.5 pH unit) on growth of strains cultured on ISP 2 were determined according 

to Shirling and Gottlieb (1966). NaCl tolerance was examined on ISP 2 agar supplemented with 

0 – 10% (w/v) NaCl (at intervals of 0.5% w/v) at 30 °C for 2 – 4 weeks. Catalase and oxidase 

activity of the novel isolates and reference strains were performed following the methods by 

Smibert et al. (1994). Urease activity was determined on Christensen’s medium (Christensen, 
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1946). Nitrate reduction was evaluated following the method described by Lanyi (1988) with 

growth of the strains in ISP 2 media. Hydrolysis of xanthin, hypoxanthin, casein, and tyrosine 

were determined using the Nocardia hydrolysis kit (Hardy Diagnostics) following the 

manufacturer’s protocol. Hydrolysis of DNA was determined on DNase agar (BD Biosciences). 

Hydrolysis of Tween 80, starch, gelatin and esculin was tested as described by Collins (1967). 

The utilization of cellulose was determined with a strip of Whatman paper No.1 added to each 

culture in ISP 2 broth and subsequently observed for four weeks. Enzyme profiles were 

determined using API ZYM kits (bioMérieux, France) following the manufacturer’s instructions, 

and the utilization of various carbon sources was determined according to the methods described 

by Shirling and Gottlieb (1966) using ISP 9 medium containing 1% (w/v) of each carbon source. 

Antibiotic resistance profiles were determined by the Kirby-Bauer method (A. Bauer, 1966) 

using antibiotic discs (Oxoid) including ampicillin (10 µg), chloramphenicol (30 µg), gentamicin 

(10 µg), kanamycin (30 µg), neomycin (5 µg), streptomycin (10 µg), tetracycline (30 µg), 

penicillin G (10 µg), and clindamycin (2 µg). Growth inhibition zones surrounding the antibiotic 

discs were assessed periodically for up to 3 weeks of incubation at 30 °C, and susceptibility was 

determined following the Clinical and Laboratory Standards Institute (CLSI) breakpoints (CLSI, 

2015).  

2.3.4. Chemotaxonomic analyses. 

Fatty acids were analyzed after cultivating each isolate in TSB prepared by dispensing 20 

ml of media to 150 ml Erlenmeyer flasks and sterilized by autoclaving (30 min/ 121 °C). All 

strains were cultivated in parallel for 10 days at 28 °C on a platform shaker at 150 rpm. 

Extraction of fatty acid methyl esters was performed following the standard protocol by Sasser 

(1990) and analyzed using an Agilent 7890B gas chromatograph according to the standard 
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protocol of the Sherlock MIDI Identification System (MIDI Sherlock version 6.2, MIDI database 

RTSBA 6.21). Analysis of respiratory quinones, whole-cell sugars, and polar lipids were carried 

out by the Identification Service of DSMZ (Braunschweig, Germany). Menaquinones were 

extracted according to Tindall (1990a); (Tindall, 1990b) and analyzed by HPLC-DAD-MS/MS. 

Hydrolysates of the whole-cell sugars and diaminopimelic acid were analyzed according to the 

procedures of  Schumann (2011). The analysis of polar lipids was performed following the 

methods of Minnikin et al. (1984).    

2.3.5. Genome sequencing, assembly, and annotation. 

Genomic sequences of the isolates were determined in three separate Illumina sequencing 

runs and used to generate consensus sequences determined as follows: Biomass for genome 

sequencing was produced in TSB medium supplemented with 50% artificial sea water (1X sea 

water: 0.425 M NaCl, 0.009 M KCl, 0.0093 M CaCl2, 0.0255 M MgSO4, 0.023 M MgCl2, 0.002 

M NaHCO3, pH adjusted to 7.8) at 30 °C. The biomass was collected by centrifugation and sent 

for sequencing to BaseClear BV (Leiden, The Netherlands), where the extraction of DNA, 

sequencing, and post-sequencing data processing of P01-B04T and P01-F02 were carried out. 

Paired-end sequence reads were generated using the Illumina HiSeq2500 system. FASTQ 

sequence files were generated using the Illumina Casava pipeline version 1.8.3. Initial quality 

assessment was based on data passing the Illumina Chastity filtering. Subsequently, reads 

containing adapters and/or PhiX control signal were removed using BaseClear's in-house 

filtering protocol. The second quality assessment was based on the remaining reads using the 

FASTQC quality control tool version 0.10.0. The quality of the FASTQ sequences was enhanced 

by trimming off low-quality bases using the “Trim sequences” option of the CLC Genomics 

Workbench version 8.0 (Qiagen, Aarhus, Denmark). This resulted in a total of 2,658,557 and 
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2,488,558 reads for strain P01-F02 and strain P01-B04T, yielding 630 Mb and 595 Mb 

sequencing data with the average quality score (Phred) obtained of 37.03 and 36.97, respectively. 

For genome assembly and scaffolding, the quality-filtered sequence reads were assembled de 

novo into contig sequences using CLC Genomics Workbench version 8.0. Mis-assemblies and 

nucleotide disagreement between the Illumina data and the contig sequences were corrected with 

Pilon (Walker et al., 2014) version 1.11. The contigs were linked and placed into scaffolds or 

super-contigs. The orientation, order, and distance between the contigs was estimated using the 

insert size between the paired-end and/or mate-pair reads. The analysis was performed using the 

SSPACE Premium scaffolder version 2.3 (Boetzer et al., 2011). The gapped regions within the 

scaffolds were (partially) closed in an automated manner using GapFiller version 1.10 (Boetzer 

& Pirovano, 2012), taking advantage of the insert size between the paired-end and/or mate-pair 

reads. The obtained draft genomes were subsequently used for phylogenetic analyses and 

genome annotations. De novo assemblies of P01-B04T and P01-F02 contain 695 and 653 

scaffolds, respectively, and have been deposited at NCBI Genbank under accession numbers 

JAELVH000000000 and JAELVG000000000, respectively.   

Genomes from the type strains S. laculatispora NRRL B-24909T and S. beijiangensis 

DSM 41794T were sequenced in the same manner described above as these were not publicly 

available. Raw sequencing reads of the type strains were trimmed and assembled de novo using 

CLC Genomics Workbench version 9.0.1 (Qiagen, Aarhus, Denmark). Assemblies were 

uploaded to the KBase web server (Arkin et al., 2018), and CheckM version 1.0.18 (Parks et al., 

2015) was used to assess genome assemblies for contamination and completeness. The genome 

of the reference strain S. brevispora NRRL B-24910T was not available in public databases; 

therefore, the genome sequence from the equivalent DSMZ type strain, S. brevispora DSM 
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42059T, was used. The draft genome assembly of S. beijiangensis DSM 41794T is available at 

GenBank/ENA/DDBJ under the accession number JAFLRJ000000000 and the version described 

in this paper is version JAFLRJ010000000. The draft assembly of S. laculatispora NRRL B-

24909T was also deposited at GenBank/ENA/DDBJ under the accession number 

JAFMPZ000000000. The version described in this paper is version JAFMPZ010000000.   

A prediction of BGCs in each genome was performed using antiSMASH version 5.0 

(Blin et al., 2019) with antiSMASH beta version 6 enabled and default parameters. A heatmap 

depicting the number of each BGC type across the query genomes was generated using the 

RStudio packages “ggplot2” (Wickham, 2016), “reshape2” (Wickham, 2007a), and “tidyverse” 

(Wickham et al., 2019). Annotations of ORFS and domains from an individual BGC, Cluster 1, 

as predicted by antiSMASH v5.0 were visualized using the R package “gggenes” (Wilkins & 

Kurtz, 2019) and “ggplot2”. Assembled genome sequences from the novel strains, P01-B04T and 

P01-F02, were further analyzed by the Rapid Annotation using Subsystem Technology (RAST) 

server version 2.0 (Aziz et al., 2008). Functional annotations of the genomes were performed 

using RAST’s KEGG Automatic Annotation Server (KAAS) (Moriya et al., 2007) and viewed 

using the KEGG Mapper. The potential distribution of S. poriferorum across other sponge-

associated metagenomes was determined by querying all available sequences from phylum 

Porifera sponges in the JGI IMG/M database (I.-M. A. Chen et al., 2021). Using the BLAST 

tool, the 16S rRNA gene sequences of each S. poriferorum isolate were queried against the 

sponge metagenome sequences to determine percent identities.     

2.3.6. 16S rRNA phylogenetic analysis. 

The 16S rRNA gene sequence of strain P01-B04T (1,528 bp) and P01-F02 (1,528 bp) 

were extracted from the draft genome sequences and submitted to the EzBioCloud server (Yoon 
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et al., 2017) for initial identification. The 16S rRNA gene sequences of the novel isolates and the 

related type strains were aligned using ClustalW in MEGA version 10.0.5 software (Kumar et 

al., 2018). Phylogenetic trees were reconstructed using the neighbor-joining (NJ) (Saitou & Nei, 

1987), maximum-likelihood (ML) (Felsenstein, 1981), and maximum-parsimony (MP) (Kluge & 

Farris, 1969) methods. The topologies of the resulting trees were evaluated with 1000 iterations 

for bootstrap support (Felsenstein, 1985). Root positions of the phylogenetic trees were estimated 

using the 16S rRNA gene sequence of Kitasatospora setae KM-6054T (GenBank accession 

number NR_112082.2). The 16S rRNA gene sequences of the novel isolates were deposited in 

GenBank under the accession numbers MW583039 for strain P01-B04T and MW583038 for 

strain P01-F02.   

2.3.7. Whole genome comparisons and phylogenomic analysis. 

 Calculations of the average nucleotide identity (ANI) values were determined using the  

OrthoANI software package (I. Lee et al., 2016). DNA-DNA hybridization (DDH) of strains 

P01-B04T, P01-F02, and the reference strains was estimated using the Genome to Genome 

Distance Calculator (GGDC) version 2.1 (Meier-Kolthoff et al., 2014) (in silico DDH). 

Phylogenomic analysis was performed by uploading the genome sequences of isolates P01-B04T, 

P01-F02, and the reference strains to the type strain genome server (Meier-Kolthoff & Göker, 

2019). These genome sequences were compared against all of the type strain genomes available 

in the TYGS database via the MASH algorithm (Ondov et al., 2016) and the closest related type 

strains were selected for pairwise comparisons using the Genome BLAST Distance Phylogeny 

(GBDP) method (Meier-Kolthoff et al., 2013). Intergenomic distances were then used to 

construct a balanced minimum evolution tree with branch support via FASTME 2.1.6.1 (Lefort 
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et al., 2015). Branch support was inferred from 100 pseudo-bootstrap replications and the tree 

was rooted at the midpoint (J. S. Farris, 1972).  

2.3.8. Antimicrobial activity assays. 

Target organisms for antimicrobial activity assays included Micrococcus luteus ATCC 

10240, methicillin-sensitive Staphylococcus aureus (MSSA) Xen29 (Park et al., 2012), a clinical 

MRSA isolate from the East Alabama Medical Center (EAMC) designated as S. aureus 

EAMC30, Escherichia coli BL21 (Liria & Kilikian, 1997), and Candida albicans ATCC 90028. 

Additionally, both isolates were screened for the ability to inhibit the plant pathogens 

Clavibacter michiganensis subsp. michiganensis 89C-4 and Curtobacterium flaccumfaciens 

subsp. flaccumfaciens CV3. The antibacterial and antifungal activity of P01-B04T and P01-F02 

was evaluated using a spot-on-lawn assay with cell-free supernatants. The isolates were cultured 

in 250 mL shake flasks with a stainless steel coiled spring containing 100 mL of various media, 

which included: yeast extract-malt extract (YEME) (Shepherd et al., 2010), marine fermentation 

(MF) broth (Costa et al., 2017), glucose yeast extract (GYE) broth (Koo et al., 1999), ISP 2 

broth, and TSB. Cultures were incubated for 35 days at 25 °C with 200 rpm shaking. One 

milliliter was separated from the cultures every seven days, and cells were pelleted by 

centrifugation at 4,000 x g. Supernatants were filtered through a 0.2 µm microporous membrane, 

and 10 µl of cell-free supernatant was spotted on the surface of agar plates containing the target 

organisms. A 10 µl spot of each media type was used as a control. After spots were dried in a 

clean bench, plates were incubated at the appropriate temperature for the target organism for 24 

to 48 hr. The diameters of the zones of inhibition were subsequently measured.    

2.4. Results and Discussion 

2.4.1. 16S rRNA phylogenetic analysis.  
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 The complete 16S rRNA gene sequences of strain P01-B04T (1,528 bp; GenBank 

accession number MW583039) and strain P01-F02 (1,528 bp; GenBank accession number 

MW583038) were extracted from their genome sequences and compared to sequences of type 

strains using the EzBioCloud server. The phylogenetic analysis based on 16S rRNA gene 

sequences confirmed that strains P01-B04T and P01-F02 are most closely related to members of 

the genus Streptomyces. Strain P01-B04T showed the highest 16S rRNA gene sequence 

similarity with soil isolates S. beijiangensis DSM 41794T (99.03%), S. brevispora NRRL B-

24910T (99.02%), and S. laculatispora NRRL B-24909T (98.95%). Similarly, the 16S rRNA 

sequence of strain P01-F02 was most similar to the same type strains with minor differences in 

the percent similarity: 99.09% similar to S. brevispora NRRL B-24910T, 99.02% similar to S. 

laculatispora NRRL B-24909T, and 98.96% similar to S. beijiangensis DSM 41794T. Thus, these 

three Streptomyces type strains were selected as the closest phylogenetic relatives for 

comparative analyses.  

  A maximum likelihood phylogenetic analysis of the 16S rRNA gene sequences 

demonstrated that strains P01-B04T and P01-F02 formed a monophyletic clade with S. 

beijiangensis DSM 41794T (= NBRC 100044T), S. rectiviolaceus NRRL B-16374T, and S. 

tauricus JCM 4837T (Fig. 2.1).  
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Figure 2.1. Maximum likelihood (ML) 16S phylogenetic tree based on 16S rRNA gene 
sequences depicting the relationship between strains P01-B04T

, P01-F02, and closely related taxa 
of the genus Streptomyces. Kitasatospora setae strain KM 6054T (NR_112082.2) was used as an 
outgroup. Numbers at branch nodes indicates bootstrap values based on 1000 replications and 
only values >50% are shown. Bar, 0.01 substitutions per nucleotide position. 
 
 

This clustering was also observed from neighbor joining (Supplementary Figure S2.1) 

and maximum parsimony (Supplementary Figure S2.2) trees and both strains subclustered with 
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S. brevispora NRRL B-24910T (= BK160T) and S. laculatispora NRRL B-24909T (= BK166T) in 

each of the three phylogenetic analyses. Additionally, a comparison of 16S rRNA identity 

between the two isolates was performed using a pairwise BLAST analysis, revealing that P01-

B04T and P01-F02 had nearly identical 16S rRNA gene sequences (99.93%). This finding 

suggests that the two strains belong to the same novel species, and further genome-based 

comparisons described below supported this conclusion.   

2.4.2. Genome features and genotypic analysis. 

 Sequencing of the strain P01-B04T genome resulted in a draft genome size of 

approximately 8.9 Mb (695 scaffolds) with a DNA G + C content of 70.7 mol%, which is 

consistent with Streptomyces taxa (Wright & Bibb, 1992). The genome sequence of strain P01-

B04T was deposited at GenBank under the accession number JAELVH000000000. The N50 

contig length was 26,939, and a total of 8,386 protein-coding genes (CDSs) and 63 RNAs were 

predicted by RAST annotation. In comparison, the genome size of strain P01-F02 was slightly 

larger (9.0 Mbp) with 653 scaffolds and a DNA G + C content of 70.8% mol. The N50 contig 

length was 29,528 and 8,500 CDSs and 67 RNAs were annotated by RAST. The genome 

sequence of strain P01-F02 was deposited at GenBank under the accession number 

JAELVG000000000. The general genome characteristics of both isolates and their closest related 

type strains are listed in Table 2.1.  
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Table 2.1. Genomic features of S. poriferorum sp. nov. strains P01-B04T and P01-F02 and the 
closest related Streptomyces type strains.   

Feature 

Streptomyces poriferorum sp. 
nov.  

S. 
laculatispora 

NRRL B-
24909T 

S. 
beijiangensis 
DSM 41794T 

S. brevispora  
DSM 42059T 

P01-B04T P01-F02 

NCBI accession NO. 
JAELVH00000

0000 
JAELVG00000

0000 
JAFMPZ00000

0000 
JAFLRJ00000

0000 
VIWW0000

0000 

Genome size (bp) 8,913,815 9,034,630 7,316,623 8,403,055 7,540,224 
Mean genome 
coverage (x) 59 64 120 76 464 

Scaffolds 695 654 663 1,769 3 
Contigs N50 (bp) 26,939 29,528 14,724 21,718 6,430,118 
Contigs L50 (bp) 99 91 158 113 1 
DNA G + C content 
(mol %) 70.7 70.8 70.6 69.6 70.3 

Protein coding genes 
(CDS) 8,444 8,500 6,802 8,634 6752 

RNAs 63 67 61 73 98 
 

Taxa from the genus Streptomyces are known to possess high sequence similarity in the 

16S rRNA gene and often found to be much higher than the <97% cutoff (Stackebrandt & 

Goebel, 1994) used to delimit species (Labeda, 2011). Therefore, more robust analyses such as 

whole genome comparisons and phylogenomic analysis are recommended to provide greater 

taxonomic resolution when comparing potentially novel Streptomyces species to other closely 

related species (Labeda et al., 2014). Here, a phylogenomic tree was generated which revealed 

that strains P01-B04T and P01-F02 form a distinct clade with high bootstrap support (100%) 

(Fig. 2.2). Moreover, the tree further supported that the novel isolates were most closely related 

to the type strains S. laculatispora NRRL B-24909T and S. brevispora DSM 42059T as these 

strains formed a monophyletic group with P01-B04T and P01-F02. The remaining Streptomyces 

type strains evaluated in the analysis, including S. beijiangensis DSM 41794T, were more 

distantly related to strains P01-B04T and P01-F02.   

http://www.ncbi.nlm.nih.gov/nuccore/VIWW01000000
http://www.ncbi.nlm.nih.gov/nuccore/VIWW01000000
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Figure 2.2. Phylogenomic tree based on genome sequences from strains P01-B04T, P01-F02 and 
the closest related type strains in the TYGS database (Meier-Kolthoff & Göker, 2019). The tree 
was inferred with FastME 2.1.6.1 (Lefort et al., 2015) from GBDP distances calculated from 
genome sequences. The branch lengths are scaled in terms of GBDP distance formula d5 (Meier-
Kolthoff et al., 2013). The numbers above branches are GBDP pseudo-bootstrap support values 
>60% from 100 replications, with an average branch support of 82.6%. The tree was rooted at 
the midpoint (J. S. Farris, 1972). The position of the strains of interest are shown in blue.   
 
 

ANI values determined by the orthoANI software supported that strains P01-B04T and 

P01-F02 represent a novel species. ANI values between strain P01-B04T and the reference 

strains S. beijiangensis DSM 41794T, S. laculatispora NRRL B-24909T, and S. brevispora DSM 

42059T were 79.79%, 88.28%, and 88.32%, respectively (Supplementary Figure S2.3). 

Comparison of strain P01-F02 to S. beijiangensis DSM 41794T, S. laculatispora NRRL B-

24909T, and S. brevispora DSM 42059T revealed ANI similarities of 79.81%, 88.29%, and 

88.30%, respectively. This finding aligned with 16S rRNA phylogenetic analyses, which 

indicated that strains P01-B04T and P01-F02 are most closely related to S. beijiangensis DSM 

41794T. Overall, ANI values between the novel isolates and the reference strains were far below 

the ANI species threshold value of ≥95% (Richter & Rosselló-Móra, 2009) (Table 2.2) 
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supporting their distinction from their closest relatives. The genomes of strains P01-B04T and 

P01-F02 were also compared between each other and showed a high similarity of 99.96%, 

further suggesting that the two isolates represent a single species.    

 

Table 2.2. Genome-based comparisons showing the relationship of strains P01-B04T and P01-
F02 with three phylogenetically closely related Streptomyces species. Average nucleotide 
identity (ANI) was calculated using OrthoANI (I. Lee et al., 2016), and DNA-DNA 
hybridization (DDH) values were determined by the GGDC calculator v2.1 (Meier-Kolthoff et 
al., 2014).  

Comparison Strain 
S. poriferorum sp. nov. S. beijiangensis S. laculatispora S. brevispora 

P01-B04T P01-F02 DSM 41794T NRRL B-
24909T 

NRRL B-
24910T 

ANI 
(orthoANI) 
(%) 

P01-B04T - 99.96 79.79 88.28 88.32 

P01-F02 99.96 - 79.81 88.29 88.30 

DSM 41794T 79.79 79.81 - 79.81 80.15 

NRRL B-24909T 88.28 88.29 79.81 - 92.51 

NRRL B-24910T 88.32 88.30 80.15 92.51 - 

DDH 
(GGDC) 
(%) 

P01-B04T - 99.60 23.50 36.30 35.90 

P01-F02 99.60 - 23.50 36.30 35.80 

DSM 41794T 23.50 23.50 - 23.70 23.80 

NRRL B-24909T 36.30 36.30 23.70 - 49.70 

NRRL B-24910T 35.90 35.80 23.80 49.70 - 

 

Similar to the ANI results, DDH values calculated by the GGDC algorithm revealed a 

high degree of similarity (99.6%) between the genomes of strain P01-B04T and strain P01-F02 

(Table 2.2). The closest related species determined by DDH values was S. laculatispora NRRL 

B-24909T with 36.3% similarity to strains P01-B04T and P01-F02, a value far below the cut-off 

point of 70% recommended for species delineation (Auch et al., 2010). DDH values between 

P01-B04T and the other reference strains S. brevispora DSM 42059T and S. beijiangensis DSM 

41794T were 35.9% and 23.5%, respectively. These values were observed to be nearly identical 

between P01-F02, S. brevispora DSM 24059T, and S. beijiangensis DSM 41794T. Taken 
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together, the ANI and DDH comparisons support the conclusion that strains P01-B04T and P01-

F02 belong to the same novel species of the genus Streptomyces. 

2.4.3. Morphological and physiological characteristics. 

 The observed cultural and morphological features of strains P01-B04T and P01-F02 

aligned with the characteristics typical of the genus Streptomyces. Colonies of both strains were 

filamentous and growth was observed on all tested media types at 30 °C for 7 – 14 days. The 

colors of the aerial and substrate mycelium varied depending on the media type, and differences 

in colony color were observed between the two strains in relation to their closest phylogenetic 

neighbors and to each other (Supplementary Table S2.1). Aerial mycelia observed when strain 

P01-B04T was grown on ISP 2 were pale yellow whereas the aerial mycelia produced by strain 

P01-F02 when grown under the same conditions appeared grey-white in color. No melanin 

production was observed during growth on ISP 6 or ISP 7 by either strain. Well-developed aerial 

hyphae (Supplementary Figure S2.4) were observed using SEM after incubating strains P01-

B04T and P01-F02 for 5 days on ISP 2, and the hyphae later differentiated into spherical spores 

after the isolates were cultured for an additional three days on ISP 2.   

In addition to morphological and cultural characteristics, strains P01-B04T and P01-F02 

were investigated for phenotypic and biochemical features that could distinguish the novel 

isolates from other Streptomyces taxa (Table 2.3). The novel isolates and reference strains were 

psychro-tolerant, with the ability to grow at temperatures as low as 3 °C; however, the growth 

rate was much slower compared to the optimum temperature of 25 – 30 °C. In addition, strain 

P01-B04T grew at pH 4.5 – 9.5 (optimum pH 7.0), which was distinguishable from S. brevispora 

NRRL B-24910T and S. laculatispora NRRL B-24909T that tolerated a pH range of 5 – 12. In 

comparison, strain P01-F02 grew at pH 5 – 10. Strain P01-F02 exhibited the highest NaCl 
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tolerance in ISP 2 broth (up to 9% w/v NaCl). This was significantly higher than the NaCl 

tolerance demonstrated by strain P01-B04T (up to 5% w/v NaCl), implying that NaCl tolerance is 

a strain-specific characteristic within S. poriferorum, and also higher than among reference 

strains – S. beijiangensis DSM 41794T (up to 1.2% w/v NaCl), S. brevispora NRRL B-24910T 

and S. laculatispora NRRL B-24909T (up to 5% w/v NaCl). Isolate P01-B04T tolerated the same 

NaCl concentrations as S. brevispora NRRL B-24910T and S. laculatispora NRRL B-24909T, 

but differed from S. beijiangensis DSM 41794T. 

Phenotypic traits of the isolates including carbon source utilization, hydrolysis tests, 

enzyme activity, and resistance to antibiotics were assessed in parallel to the type strains. Several 

phenotypic characteristics including the hydrolysis of L-tyrosine, resistance to kanamycin and 

neomycin, weakly positive enzyme activity of α-chymotrypsin, and the utilization of L-arabinose 

were found to separate the isolates P01-B04T and P01-F02 from one or more of their closest 

relatives (Table 2.3). Oxidase activity, nitrate reduction, hydrolysis of Tween 80, utilization of 

D-lactose, L-rhamnose, raffinose, and β-galactosidase activity among other features were also 

found to be unique to P01-B04T when compared to strain P01-F02 (Supplementary Table S2.2). 

All phenotypic features observed for both isolates are shown in Supplementary Table S2.2.    
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Table 2.3. Summary of characteristics that differentiate strains P01-B04T and P01-F02 from type 
strains of the closest related species of the genus Streptomyces.  

Characteristics 
S. poriferorum sp.nov S. beijiangensis 

DSM 41794T 
S. laculatispora 

NRRL B-24909T 
S. brevispora 

NRRL B-24910T P01-B04T P01-F02 

Morphology (on ISP 2):           

Color of aerial mycelium Pale yellow Grey white Yellow White Beige 

Color of substrate mycelium Pale yellow Green Yellow Pale yellow Dark purple brown 

Urease production + - + - 

Hydrolysis of:           

L-tyrosine + - + + 
Growth with/at:           

Temperature range (°C) 3-30 3-30 3-30 3-30 3-30 
pH range  4.5-9.5 5.0-10.0 4.5-9.5 5.0-12.0 5.0-12.0 

Tolerance on NaCl (%) 5.0 9.0 1.2 5.0 5.0 
Carbon source utilization 1% 
(w/v):           

Salicin - + +/- +/- 

D-sorbitol - - + - 

L-arabinose + + + - 

Enzyme activity (API ZYM):             

α-chymotrypsin (+) - - - 

β-galactosidase v + + + 

β-glucosidase (+) + + - 

Cystine arylamidase v + - (+) 

Lipase C14 v - - - 

Leucine arylamidase (+) + + + 

N-Acetyl-β-glucosaminidase v + + + 

Trypsin v - - - 

Valine arylamidase v + - + 

Resistance to antibiotics:           
Kanamycin (30 µg) - + + +/- 
Neomycin (5 µg) - + - - 

Note: +, positive; (+), weakly positive; -, negative; v, variable result observed between strain 
P01-B04T and P01-F02; +/-, phenotypic result observed in this study differed from result in 
original type strain species descriptions by W.-J. Li et al. (2002) for S. beijiangensis DSM 
41794T and Zucchi et al. (2012) for the equivalent type strains S. brevispora BK160T and S. 
laculatispora BK166T. 
 

Additionally, when applicable, the observed phenotypic properties of the type strains in 

this study were compared to the original species descriptions by W.-J. Li et al. (2002) for S. 

beijiangensis DSM 41794T and Zucchi et al. (2012) for the equivalent type strains S. brevispora 
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BK160T and S. laculatispora BK166T. Most characteristics in this study were consistent with the 

original type strain descriptions including positive hydrolysis of starch, utilization of D-glucose, 

D-xylose, glycerol, negative utilization of sucrose, and susceptibility to gentamicin and 

tetracycline for all three strains. Differences were also noted; for example, S. beijiangensis DSM 

41794T and S. laculatispora BK166T were observed to be positive for D-mannose and cellulose 

utilization in this study, but were negative in their original species descriptions. Macroscopic 

morphology on ISP 3 of S. brevispora BK160T was identical to the species description of W.-J. 

Li et al. (2002), but differed in this study for S. beijiangensis DSM 41794T and S. laculatispora 

BK166T compared to Zucchi et al. (2012). These differences in phenotypic traits are not 

unexpected since the conditions used for cultivation and analysis of the type strains may differ 

between the studies; however, any variation in the phenotypic traits listed in Table 2.3 were 

noted.   

2.4.4. Chemotaxonomic properties. 

The results from chemotaxonomic analysis of strains P01-B04T and P01-F02 supported 

their classification as members of the genus Streptomyces. The diagnostic diamino acid of the 

peptidoglycan was LL-diaminopimelic acid, and the major whole-cell sugars were glucose and 

ribose with minor amounts of mannose. The polar lipid profiles for both strains consisted of the 

major compound diphosphatidylglycerol, moderate amounts of phosphatidylethanolamine, 

phosphoaminolipid, two unidentified phospholipids (PL1-2), one unidentified 

phosphoglycolipid, and minor traces of one unidentified glycolipid, three unidentified 

aminolipids (AL1-3) and two unidentified phospholipids (PL3-4) (Supplementary Figure S2.5). 

The menaquinones detected were nearly identical for the two strains, P01-B04T and P01-F02, 
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and consisted of MK-9(H6) (61.8%, 61.7%), MK-9(H4) (7.0%, 6.8%), and MK-9(H8) (31.2%, 

31.4%). 

Fatty acid analysis revealed that five predominant fatty acids (>5%) were common to 

both, P01-B04T and P01-F02, namely anteiso-C15:0 (31.0%, 27.7%), iso-C16:0 (25.6%, 16.9%), 

anteiso-C17:0 (12.5%, 19.2%), C16:0 (7.1%, 8.6%), and iso-C15:0 (5.3%, 6.0%). Although the 

overall fatty acid profile was similar between the two isolates, significant differences in the 

amounts of fatty acid present were observed for iso-C14:0, iso-C16:0, and anteiso-C17:0. The fatty 

acid profiles of both strains were also similar to that of the closest related reference strains, 

further confirming their affiliation with the genus Streptomyces. The most notable difference 

between the fatty acid content of the novel marine isolates to the reference strains was observed 

for anteiso-C15:0, which was significantly higher for S. beijiangensis DSM 41794T (44.8%), S. 

laculatispora NRRL B-24909T (37.6%), and S. brevispora NRRL B-24910T (42.8%) compared 

to P01-B04T (31.0%) and P01-F02 (27.7%). A full comparison of the fatty acid profiles of strains 

P01-B04T, P01-F02, and type strains of the closest relatives is presented in Table 2.4. 
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Table 2.4. Cellular fatty acid composition of strains P01-B04T and P01-F02 and their closest 
phylogenetic Streptomyces neighbors.  
 S. poriferorum sp. nov. S. beijiangensis 

DSM 41794T 
S. laculatispora 

NRRL B-24909T 
S. brevispora 

NRRL B-24910T Fatty acid (%) P01-B04T P01-F02 
C16:0 7.1 8.6 7.8 7.8 7.4 
C17:0 1 1.9 TR TR TR 
iso-C14:0  7.2 2.9 1.8 6.3 5 
iso-C15:0  5.3 6 3.2 4.4 5.3 
iso-C16:0 25.6 16.9 8.7 20.5 18.6 
iso-C17:0  3.9 3.6 3.1 2.8 2.3 
anteiso-C15:0  31 27.7 44.8 37.6 42.8 
anteiso-C17:0 12.5 19.1 21.5 12.8 12 
isoH-C16:1 1 2.3 TR 1 TR 
SF 3* 1.3 2.1 1.1 1.7 1.4 
SF 9Δ 1 1.4 TR 1 TR 
anteiso-C17:1 ω9c 1 3.2 2 1.4 1 
C17:1  ω8c TR 1 TR TR TR 

Note: Values of less than 1% are reported as TR – traces; *Summed Feature 3 C 16:1 ω7c/ C 16:1 
ω6c; Δ Summed Feature 9 C 16:0 10-methyl/ C 17:1 iso ω9c. All data were obtained in this study 
under identical growth conditions for each strain in tryptic soy broth for 10 days at 28 °C with 
shaking at 150 rpm.  
 

2.4.5. In silico genome annotations and biosynthetic gene cluster analysis. 

Genome assemblies of the novel isolates and reference strains were annotated using 

RAST and antiSMASH web servers. RAST annotation predicted that the majority of annotated 

genes across 323 subsystems from strain P01-B04T were involved in amino acid and derivatives 

metabolism (20.0%), carbohydrate metabolism (15.8%), protein metabolism (10.2%), and 

cofactor, vitamin, prosthetic group, and pigment metabolism (8.2%) (Supplementary Figure 

S2.6). Genes linked to secondary metabolism made up 0.3% of the genome of strain P01-B04T. 

Annotations predicted by RAST for strain P01-F02 (Supplementary Figure S2.6) were highly 

similar to those for strain P01-B04T, further supporting their designation as one species.  

Genome mining for potential secondary metabolite associated BGCs was performed 

using antiSMASH version 5.0 and to reduce redundancy in our analysis the data was manually 

curated to ensure that clusters counted were not split between multiple contigs. This led to the 
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identification of 41 gene clusters for strain P01-B04T and 42 BGCs associated with strain P01-

F02. The majority of these putative BGCs from both strains were classified as nonribosomal 

peptide synthetases (NRPSs) and type I polyketide synthases (T1PKSs), which represent 

biosynthetic pathways dominant in the genomes of many Actinobacteria and known to 

synthesize diverse, pharmaceutically active compounds (Komaki et al., 2018). Other commonly 

predicted BGCs for both strains included butyrolactones, terpenes, and PKS-NRPS hybrids. 

Many of the predicted gene clusters were conserved between the two isolates, aligning with the 

high degree of genome similarity that was observed from whole genome comparisons.   

The genomes of the reference strains were also analyzed for BGCs using antiSMASH to 

compare the biosynthetic potential of the novel isolates to their closest relatives. Overall, 30 

clusters were predicted from S. beijiangensis DSM 41794T, a total of 22 BGCs from S. 

brevispora DSM 42059T, and 32 clusters from S. laculatispora NRRL B-24909T. Although the 

number of BGCs from the reference strains were lower in comparison to strains P01-B04T and 

P01-F02, this may be due to the smaller genome sizes of the reference strains with respect to the 

novel isolates. Similar to the novel isolates, NRPSs were the dominant classes of predicted BGCs 

for S. laculatispora NRRL B-24909T (8 clusters) and S. brevispora DSM 42059T (5 clusters) 

(Fig. 2.3). For S. beijiagensis DSM 41794T, terpenes (4 clusters), RiPP-like clusters (4 clusters), 

and butyrolactones (4 clusters) represented the majority of predicted BGCs (Fig. 2.3).   
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Figure 2.3. Number and type of biosynthetic gene clusters (BGCs) predicted by antiSMASH 
(Blin et al., 2019) in the genomes of the novel isolates and reference strains. Clusters are 
arranged top to bottom, beginning with the greatest number of BGC types in the top left. Strains 
are shown left to right by the highest number of BGCs. The most abundant BGCs were NRPS 
clusters followed by Type I PKSs for strains P01-B04T and P01-F02.  
Note: BGCs annotated as redox cofactors, NAPAA, RRE-containing, and hgle-KS were grouped 
into “Other”. 
 

In-depth analysis of the BGC annotations revealed that 14 gene clusters from P01-B04T 

and 12 BGCs from P01-F02 showed no similarity to any characterized gene clusters deposited in 

the MIBiG database (Kautsar et al., 2020). Among the clusters that matched to a known BGC, 

only 4 predicted gene clusters from strain P01-B04T and 8 putative BGCs from P01-F02 were 

>50% similar to a known cluster. Interestingly, a core structure was predicted from 19 BGCs for 

strain P01-B04T including six that did not match any known BGC. In comparison, a core scaffold 

was predicted for 16 BGCs from the genome of strain P01-F02 with three being orphan BGCs. 

Among the gene clusters with a predicted core structure, the largest predicted multi-domain BGC 

from both isolates spanned over 80 Kb and was classified as a NRPS-transAT-Type I PKS 
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hybrid with three predicted peptide products from three candidate clusters (Fig. 2.4). This hybrid 

BGC, named Cluster 1, showed low similarity (11%) to a borrelidin T1PKS cluster 

(BGC_0000031) (Olano et al., 2004) derived from Streptomyces parvulus Tü4055 that encodes a 

macrolide with antibacterial (Berger, 1949; Singh et al., 1985), antiviral (Dickinson et al., 1965), 

and anti-angiogenesis activity (Wakabayashi et al., 1997). The overall low degree of similarity to 

known clusters predicted from the genomes of strains P01-B04T and P01-F02, including Cluster 

1, and the identification of orphan gene clusters suggests that these strains may produce several 

novel bioactive metabolites.  

 

Figure 2.4. A polyketide synthase (PKS)-nonribosomal peptide synthetase (NRPS) hybrid BGC, 
Cluster 1, predicted by antiSMASH (Blin et al., 2019) from the genome of strain P01-B04T 
(shown below) and P01-F02. (a) antiSMASH annotation of the three candidate clusters from 
Cluster 1 and their predicted core structures. ORFs are depicted as white arrows and the BGC 
domains are color coded in each ORF. (b) Similarity of Cluster 1 from strain P01-B04T to a Type 
I PKS borrelidin cluster (BGC_0000031) from Streptomyces parvulus Tü4055 (Olano et al., 
2004). 
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2.4.6. Antibacterial activity of strains P01-B04T and P01-F02. 

 To further elucidate the biosynthetic potential of strains P01-B04T and P01-F02, 

antimicrobial activity assays were performed against target organisms that included human and 

plant pathogens. The results from these assays indicated that supernatants from strain P01-B04T 

were capable of inhibiting the growth of several Gram-positive bacteria, including multidrug-

resistant S. aureus strains when cultured for 7 – 35 days. Bioactivity was not observed from 

either of the S. poriferorum strains against E. coli BL21 or C. albicans ATCC 90028. The 

highest degree of antibacterial activity (largest zone of inhibition) against S. aureus strains and 

M. luteus ATCC 10240 by isolate P01-B04T was observed when the strain was cultured in 

YEME broth. In contrast, supernatants from strain P01-F02 did not inhibit the growth of S. 

aureus or M. luteus when cultured under the same conditions as strain P01-B04T. This finding 

suggests that strain P01-B04T may be expressing BGC(s) that were not shared with P01-F02 

leading to the production of unique metabolites that inhibit growth of MRSA and/or M. luteus, or 

that the media and growth conditions used were not adequate to support expression of the BGCs 

and subsequent synthesis of antimicrobial metabolites by strain P01-F02. Additionally, only 

extracellular activity was measured in these bioassays, therefore, this could also suggest that 

secretion of the antimicrobial compound(s) may be more active from strain P01-B04T.   

 Test strains for antimicrobial activity assays were expanded to include two plant 

pathogen strains, Clavibacter michiganensis subsp. michiganensis 89C-4 and Curtobacterium 

flaccumfaciens subsp. flaccumfaciens CV3, to assess the prospective potential of the novel 

isolates as biological control agents in agriculture. Interestingly, both, P01-B04T and P01-F02 

showed inhibitory activity against the plant pathogens but only when cultured in YEME broth. 

These results emphasize that strains P01-B04T and P01-F02 may be promising candidates for the 
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production of metabolites with inhibitory activities against human and plant pathogens. The full 

antimicrobial activity profiles of each strain are shown in Supplementary Table S2.3. 

2.4.7. Ecological role and host specificity of the sponge-derived isolates.  

 The sponge microbiome represents a complex relationship between the host and its 

microbial inhabitants that often encompasses a range of ecological interactions including 

mutualism (C. R. Wilkinson, 1983), commensalism (Taylor et al., 2007), and even parasitism 

(Bavestrello et al., 2000; Webster et al., 2002). Despite the growing interest in understanding 

these holobiome relationships, unraveling the intricacies of a particular symbiont’s role within its 

host sponge are challenging and often rely on inferences from sequencing data (Webster & 

Taylor, 2012; Webster & Thomas, 2016). Moreover, the extent of habitat- and host-related 

variation in sponge symbiont assemblages remains understudied (Cleary et al., 2013). We sought 

to investigate the potential distribution of S. poriferorum across different sponge microbiomes. 

Using a BLAST comparison, all 245 available sponge metagenomes from the JGI IMG/M 

database were queried for the presence of related sequences to the 16S rRNA gene sequences of 

the isolates of interest, P01-B04T and P01-F02. This database included sequences of distantly 

related sponges collected from different geographic locations including the Mediterranean Sea, 

Adriatic Sea, and the Great Barrier Reef, but was notably lacking in sequences from 

psychrophilic sponge metagenomes. The closest sequence match was 87% identical to a 16S 

rRNA gene recovered from the marine sponge Aplysina aerophoba sampled from the Gulf of 

Piran in the Adriatic Sea (JGI ID:3300027391). The low percent identity to other sponge 

microbiomes could indicate that these symbionts may be specialists that are only affiliated with 

specific sponge species, and there has been a paucity of sampling from psychrophilic sponge 

species. This notion of sponge species-specificity has been supported in other studies; for 
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example, a comparative analysis by Webster et al. (2013) of microbial communities of 13 

taxonomically diverse sponge species from the Great Barrier Reef found that the microbiome 

shared among sponges was low even within sponges collected from the same locality. 

Additionally, Taylor et al. (2004) showed that the microbial communities of three sponges, 

Cymbastela concentrica, Callyspongia sp., and Stylinos sp., varied little within each species, but 

varied significantly between species.  

The bioactivity exhibited by strains P01-B04T and P01-F02 suggests that an ecological 

role of these presumed specialists may be to provide their host with chemical defense through the 

production of bioactive metabolites. It is well established that the sessile lifestyle of sponges has 

encouraged their dependency on bioactive secondary metabolites that provide protection against 

predators (Baig et al., 2020; E. Schmidt et al., 2000), pathogens (Hentschel et al., 2001), and 

fouling agents (Unson et al., 1994). These isolates may provide a similar protective function and 

in return, the microorganisms may be provided with shelter within the tissues of the host sponge 

from predators or high light levels (Sara, 1971) and supplied with essential nutrients for growth 

and metabolism (Taylor et al., 2007; Webster & Taylor, 2012).  

In addition to their putative chemical defense roles, we predict that strains P01-B04T and 

P01-F02 may play a role in microbially mediated nutrient cycling processes in their host 

sponges. In support of this prediction, annotations using RAST and KAAS predicted 15 

functional ortholog groups involved in nitrogen metabolism present in the genome of strain P01-

B04T and 16 in the genome of strain P01-F02, which included predicted functional roles in 

ammonia assimilation and nitrate/nitrite reduction. Other studies have provided evidence of 

nitrogen fixation (C. Wilkinson & Fay, 1979; F. Zhang et al., 2014) and transformation roles 

(Weigel & Erwin, 2017) of sponge-associated bacteria where the symbionts can act as a source 
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of bioavailable nitrogen for the host (F. Zhang et al., 2019). Beyond nitrogen fixation, another 

predicted role of these Streptomyces strains in sponge nutrient cycling is phosphate metabolism, 

as genes predicted to be involved in phosphate and phosphonate metabolism were annotated in 

the genomes of strains P01-B04T and P01-F02. A previous study found that Actinobacteria 

sponge symbionts are capable of solubilizing phosphate compounds, suggesting that they may 

provide a phosphorous source to their host (Sabarathnam et al., 2010; F. Zhang et al., 2019). 

However, the most compelling evidence of microbially mediated nutrient cycling in sponges is 

from the well-characterized example of Cyanobacteria (F. Zhang et al., 2019), and the ecological 

role that Actinobacteria play in sponge nutrient cycles is not clear. The inferences made in this 

study regarding the putative distribution and ecological role of S. poriferorum are constrained by 

the low number of sequences from other sponge metagenomes, particularly those from cold-

water sponges. Future work will seek to investigate the prevalence and abundance of S. 

poriferorum within their original sponge species (G. barretti and A. dichotoma) and other 

sponges from cold-water ecosystems. Understanding the degree of host specificity of the isolates 

will provide more insight on the co-evolutionary history between host and symbiont, as well as a 

better understanding of how critical these taxa may be within the sponge microbiome and how 

that may influence their functional roles. 

2.5. Conclusion 

Two novel Streptomyces strains with antibacterial activity, P01-B04T and P01-F02, were 

isolated from marine sponges in the Trondheim fjord of Norway. Colony morphology, 16S 

rRNA gene sequence similarity, and chemotaxonomic properties were comparable to that of 

validly described Streptomyces taxa. Differences in physiological characteristics and low ANI 

and DDH values clearly distinguished strains P01-B04T and P01-F02 from their closest 
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phylogenetic neighbors. Although there were phenotypic and genotypic differences observed 

between strains P01-B04T and P01-F02, rigorous phylogenomic analyses indicated that these two 

strains were highly similar and affiliate with the same species. Genome annotations revealed that 

the isolates harbor on average 41 BGCs, many of which were predicted to be uniquely present in 

these isolates. This finding together with the observed antimicrobial activity profiles of the 

isolates suggest that strains P01-B04T and P01-F02 are capable of producing bioactive 

metabolites that may contribute to the chemical ecology of their host sponges, as well as have 

potential clinical efficacy against multidrug-resistant human pathogens. These antibiotic 

compounds may have applications in human medicine, veterinary medicine and/or agriculture, 

and ongoing work to determine the structure of these compounds will allow assessment of their 

clinical and agrochemical potential. Based on the polyphasic taxonomic analysis performed in 

this study, we propose that strains P01-B04T and P01-F02 represent a novel species within the 

genus Streptomyces, for which the name Streptomyces poriferorum sp. nov. is proposed, with 

P01-B04T (=DSM 111306T =CCM 9048T) as the type strain.  
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2.6. Chapter 2 Supplementary Material 

 

Figure S2.1. Neighbor joining (NJ) phylogenetic tree based on 16S rRNA gene sequences 
depicting the relationship between strains P01-B04T, P01-F02, and closely related taxa of the 
genus Streptomyces. Kitasatospora setae strain KM 6054T (NR_112082.2) was used as an 
outgroup. Numbers at branch nodes indicates bootstrap values based on 1000 replications and 
only values >50% are shown. Bar, 0.01 substitutions per nucleotide position. 
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Figure S2.2. Maximum parsimony (MP) 16S phylogenetic tree based on 16S rRNA gene 
sequences depicting the relationship between strain P01-B04T, P01-F02, and closely related taxa 
of the genus Streptomyces. Kitasatospora setae strain KM 6054T (NR_112082.2) was used as an 
outgroup. Numbers at branch nodes indicates bootstrap values based on 1000 replications and 
only values >50% are shown. Bar, 5 substitutions per nucleotide position. 
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Figure S2.3. Average nucleotide identity (ANI) heat map of ANI values between the closely 
related strains generated by OrthoANI software (I. Lee et al., 2016). 
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Table S2.1. Cultural characteristics on various media types of strains. All data were determined 
during this study. 

  Streptomyces poriferorum sp. nov.  S. beijiangensis 
DSM 41794T 

S. laculatispora 
NRRL B-24909T 

S. brevispora 
NRRL B-24910T Medium P01-B04T P01-F02 

ISP 2      
Aerial mycelium Pale yellow Grey white Yellow White Beige 

Substrate mycelium Pale yellow Green Yellow Pale yellow Dark purple brown 

ISP 3      
Aerial mycelium Grey White Pale yellow White White 

Substrate mycelium Pale brown White Pale yellow White White 

ISP 4      
Aerial mycelium Grey Pale yellow No growth Green White 

Substrate mycelium Dark grey Greenish orange No growth White Pale yellow 

ISP 5      
Aerial mycelium Greyish white White White White White 

Substrate mycelium Greyish white Pale yellow White White White 

ISP 6      
Aerial mycelium Yellow Pinkish white Yellow White White 

Substrate mycelium Yellow Yellow Yellow Yellow Yellow 

ISP 7      
Aerial mycelium Grey Pale yellow Yellow Orange  White 

Substrate mycelium Yellow Green Yellow Brown Yellow 

Nutrient agar      
Aerial mycelium Pale yellow White Pale yellow Pale yellow Pale yellow 

Substrate mycelium Pale yellow Pale yellow Pale yellow Pale yellow Pale yellow 

Czapek's Dox agar      
Aerial mycelium Grey Greyish white Yellow Yellowish white Yellow 

Substrate mycelium Dark grey Yellowish green Yellow Yellowish brown Yellow 

Modified Bennett's agar      
Aerial mycelium White White Pale yellow White White 

Substrate mycelium Brown White Pale yellow White White 
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Figure S2.4. Scanning electron micrograph (SEM) of strain P01-B04T showing abundant aerial 
hyphae following growth on ISP 2 at 30°C for 5 days. Bar, 20 µm.  
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Table S2.2. Full list of phenotypic characteristics of S. poriferorum sp. nov. P01-B04T.  

Characteristics P01-B04T P01-F02 
Growth with/at:     

Temperature range (°C) 3-30 3-30 
pH range 4.5-9.5 5-10 
Tolerance on NaCl (%) 5.0 9.0 

Catalase + + 
Oxidase + - 
Nitrate reduction + - 
Urease production + + 
Melanin production on ISP 6 and ISP 7 - - 
Hydrolysis of:     

DNA + + 
Gelatin + + 
Tween 80 + - 
Starch  + + 
Casein + + 
L-tyrosine + + 
Esculin + + 
Hypoxanthin + + 
Xanthin + + 

Utilization of cellulose in ISP 2 broth  + - 
Carbon source utilization 1% (w/v):     

D-glucose + + 
Sucrose (+) - 
D-fructose + + 
myo-inositol - - 
L-rhamnose + - 
Raffinose + - 
D-mannitol - + 
D-xylose + + 
L-arabinose + + 
D-ribose - + 
D-mannose + + 
Glycerol + + 
D-sorbitol - - 
Salicin - - 
D-galactose + + 
D-lactose + - 

Enzyme activity (API ZYM):     
Alkaline phosphatase (+) + 
Esterase (C 4) + + 
Esterase lipase (C 8) + + 
Lipase (C 14) - + 
Leucine arylamidase (+) + 
Valine arylamidase - + 
Cystine arylamidase - (+) 
Trypsin - (+) 
α-chymotrypsin (+) + 
Acid phosphatase + (+) 
Naphtol-AS-BI-phosphohydrolase + (+) 
α-galactosidase - - 
β-galactosidase  + - 
β-glucuronidase  - - 
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α-glucosidase  (+) + 
β-glucosidase  (+) + 
N-Acetyl-β-glucosaminidase - + 
α-mannosidase - - 
α-fucosidase - - 

Resistance to antibiotics:    
Ampicillin (10 µg) - + 
Chloramphenicol (30 µg) I - 
Gentamicin (10 µg) - - 
Kanamycin (30 µg) - - 
Neomycin (5 µg) - - 
Streptomycin (10 µg) - - 
Tetracycline (30 µg) I - 
Penicillin G (10 µg) - + 
Clindamycin (2 µg) I  + 

Antimicrobial activity against:     
Micrococcus luteus ATCC 10240 + - 
Staphylococcus aureus Xen29 + - 
Staphylococcus aureus MRSA30 + - 
Curtobacterium flaccumfaciens subsp. 

flaccumfaciens CV3 + + 

Clavibacter michiganensis 89C-4 + + 
Note: +, positive; (+), weakly positive; -, negative; I, intermediate antibiotic resistance.  
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Figure S2.5. Polar lipid profile of (a) strain P01-B04T and (b) strain P01-F02 after separation by 
two-dimensional TLC. AL, aminolipid; DPG, diphosphatidylglycerol; GL, glycolipid; L, lipid; 
PE, phospatidylethanolamine; PGL, phosphoglycolipid; PL, phospholipid; PNL, 
phosphoaminolipid. 
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Figure S2.6. Subsystem category distribution of (a) strain P01-B04T and (b) strain P01-F02 
based on RAST annotation server (Aziz et al., 2008).  
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Table S2.3. Antimicrobial activity of strain P01-B04T and strain P01-F02 when cultured in 
different media types measured by zones of inhibition against test microorganisms.    

Bioassay microorganism 
Strain P01-B04T Strain P01-F02 

Distance of inhibition (mm) Distance of inhibition (mm) 

GYE  YEME  MF  TSB ISP 2 GYE  YEME  MF  TSB ISP 2 

Gram-positive bacteria 
            

Staphylococcus aureus (MSSA) 
Xen29 

- 9 - - - - - - - - 

Staphylococcus aureus (MRSA) 
EAMC30 - 7 -    - - - - - 

Micrococcus luteus ATCC 10240 3 10 8 4 7 - - - - - 

Clavibacter michiganensis subsp. 
michiganensis 89C-4 

- 8 - - - - 8 - - - 

Curtobacterium flaccumfaciens 
subsp. flaccumfaciens CV3 

- 7 - - - - 9 - - - 

Gram-negative bacteria 
            

Escherichia coli BL21 - - - - - - - - - - 

Fungi 
            

Candida albicans ATCC 90028 - - - - - - - - - - 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 93 

Chapter 3 

 Heterologous expression of metagenome-derived biosynthetic pathways in an 

engineered strain of Streptomyces coelicolor 

 

3.1. Abstract 

New antibiotics are needed to treat rapidly emerging multidrug-resistant infections. Soil 

microorganisms encode a vast diversity of bioactive natural products; however, most 

environmental microorganisms remain uncultured leaving their biosynthetic potential largely 

hidden. Significant advancements have been made in recent years to study the natural product 

potential encoded in the DNA of uncultured microbial communities (metagenomes). Despite 

these advancements, challenges associated with cloning and expressing biosynthetic gene 

clusters (BGCs) encoding natural product synthesis pathways have limited metagenomic drug-

discovery platforms. To address these challenges and the societal need for new antibiotics, 90 

BGCs predicted to encode novel chemistry and derived from a large-insert soil metagenomic 

library were conjugally transferred to an engineered Streptomyces coelicolor host to produce 

antibiotic compounds. Heterologous expression and functional screening resulted in the 

identification of 18 clones expressing inhibitory activity against the multidrug-resistant pathogen 

Acinetobacter baumannii and/or methicillin-sensitive Staphylococcus aureus, for an antibiosis 

hit rate of 20%. The antimicrobial activity of four of these heterologously-expressed 

metagenomic BGCs was enhanced when cloned in a dual-inducible expression vector. Genetic 

analysis of one clone of interest expressing antimicrobial activity, P17B06, indicated that this 

clone carries a nonribosomal peptide synthetase (NRPS)-like pathway that is unique from known 

pathways suggesting that it could encode novel compounds. Bioactivity-guided fractionation and 

LC-MS analysis identified metabolites produced by clone P17B06 that are enriched in bioactive 
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extracts and absent from the negative control. These results demonstrate that functional 

screening of a metagenomic library in an engineered S. coelicolor host can improve the low hit 

rates typically observed for metagenomic screens, thereby expanding our resources for antibiotic 

discovery from uncultured microorganisms. 

3.2. Introduction 

Multidrug-resistant (MDR) pathogens are a significant public health threat to modern 

medicine and are associated with an increase in morbidity, mortality, and economic costs 

(Alanis, 2005; Tanwar et al., 2014). In the United States alone, more than 2.8 million antibiotic-

resistant infections occur each year and over 35,000 deaths annually are caused by these 

infections (Control & Prevention, 2019). Among drug-resistant microorganisms, carbapenem-

resistant Acinetobacter baumannii and methicillin-resistant Staphylococcus aureus (MRSA) are 

the cause of many hospital-acquired nosocomial infections and can lead to a multitude of 

diseases including wound infections, pneumonia, infective endocarditis, and septicemia (Bulens 

et al., 2018; Kallen et al., 2010). The WHO recently listed A. baumannii as a “critical” concern 

and MRSA as a “high” priority pathogen in a list of 12 bacteria ranked according to critical, 

high, and medium priority for new antibiotic treatments (Asokan & Vanitha, 2018; Shrivastava 

et al., 2018). The efficacy of current antibiotic treatments against these MDR bacteria is waning 

and new antibiotics are needed (Asokan & Vanitha, 2018; Michael et al., 2014).  

Natural products, or secondary metabolites, produced by microorganisms have been a 

historically rich source for antibiotics due to their extensive diversity in structure and function 

(Dias et al., 2012). The genes encoding these secondary metabolites, referred to as biosynthetic 

gene clusters (BGCs), are often physically located together in the genome of the producing 

organism and under tight regulation (Wenfang Wang et al., 2021). Microbially-derived BGCs are 
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responsible for the synthesis of many important and highly diverse classes of natural products 

including polyketides and nonribosomal peptides (H. Wang et al., 2014). These particular 

compounds are synthesized on large enzyme complexes known as polyketide synthases (PKSs) 

and nonribosomal peptide synthetases (NRPSs) that act in an assembly-line system to build 

products from carboxylic acid and amino acid monomeric precursors, respectively (Fischbach & 

Walsh, 2006). In some cases, PKSs and NRPSs can form mixed assembly systems leading to the 

production of hybrid polyketide-nonribosomal peptide products (Liangcheng Du et al., 2001). 

More than 23,000 polyketide and nonribosomal peptide natural products have been characterized 

(Y. Wei, Zhang, et al., 2018), some of which include the widely used antibiotics erythromycin, 

tetracycline, vancomycin, and daptomycin (Pham et al., 2019). 

Despite the historical benefits of these compounds, the pipeline for natural product 

discovery has steadily declined over the past three decades (Freire-Moran et al., 2011). This shift 

is largely attributed to the shortcomings of classical methods which relied on culturing 

microorganisms in a laboratory to screen them for the production of new compounds (L. Katz & 

Baltz, 2016). However, as few as 1% of environmental microorganisms can be cultured in the 

laboratory under standard cultivation conditions (Amann et al., 1990). Most BGCs from 

culturable microorganisms are cryptic or silent under laboratory conditions resulting in 

insufficient production of the encoded compound (M. Xu et al., 2016). These challenges resulted 

in high rates of rediscovery of known antibiotic compounds (Hover et al., 2018). 

The challenges associated with natural product rediscovery spawned alternative 

approaches to find and express therapeutic compounds from microorganisms. Culture-

independent techniques, i.e. metagenomics, are a promising approach to find new chemistry from 

uncultured microorganisms by sampling DNA directly from an environment, screening the DNA 
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for biosynthetic pathways predicted to express novel metabolites, and expressing those pathways 

in culturable, heterologous hosts (Handelsman, 2004; M. Katz et al., 2016; Pereira, 2019). The 

application of these metagenomic approaches have proven valuable in accessing new 

antimicrobial compounds such as turbomycin A and B (Gillespie et al., 2002), the cadasides (C. 

Wu et al., 2019), malacidins (Hover et al., 2018), and chloramphenicol derivatives (Nasrin et al., 

2018). The potential of these approaches is clear, yet the discovery rate of new compounds from 

a metagenomic source remains low and there are no commercial successes to date (Baltz, 2019).  

The ability to heterologously express BGCs is one of the major bottlenecks in 

metagenomic-based drug discovery and a significant reason for the lack of commercial successes 

(Chistoserdova, 2009). Heterologous expression of metagenome-derived BGCs often results in 

little to no metabolite yields due to transcriptional, translational, and biochemical 

incompatibilities with the host (D Cole Stevens, Hari, et al., 2013). Escherichia coli has been the 

most widely used host for metagenomic studies due to its high cloning efficiency and genetic 

tractability (Kakirde et al., 2010), but is a poor host for heterologous expression (Iqbal et al., 

2016). E. coli hosts often lack the genetic and biochemical tools to express biosynthetic 

pathways encoding complex polyketides and nonribosomal peptides (Murli et al., 2003).   

To improve the efficiency of heterologous expression, it is assumed that the best choice 

of host is one that is more closely related to the phylogenetic origin of the gene cluster since the 

host likely contains the genetic and molecular features needed for gene recognition and 

expression  (Gadd & Sariaslani, 2016; J. J. Zhang et al., 2017). This approach has been 

successful in the scheme of expressing BGCs from cultured bacteria (Q. Liu et al., 2016; J. J. 

Zhang et al., 2017). However, it is highly impractical to match hosts based on phylogenetic 



 97 

affiliation in functional metagenomic studies where the source may not be known for every BGC 

and/or may be highly diverse across an entire library.  

An alternative approach would be to select a host that is naturally equipped to express 

and produce a wide range of natural products. Streptomyces spp. are excellent candidates to serve 

as heterologous hosts since these bacteria are known producers of many diverse natural products 

(Iqbal et al., 2016) and possess many precursors, cofactors, and enzymes needed for secondary 

metabolite synthesis (N. Lee et al., 2019). For this reason, several Streptomyces strains have been 

engineered for heterologous expression of BGCs including those derived from the species 

Streptomyces coelicolor, Streptomyces lividans, and Streptomyces albus. These strains have 

proven valuable in expressing gene clusters derived from cultured bacteria that are cryptic or 

silent in other bacteria  (Rebets et al., 2017).  

Most metagenomic studies to date have used engineered strains of S. lividans due to its 

fast growth rate and less active restriction-modification system (McMahon et al., 2012), but have 

been largely unsuccessful so far (Iqbal et al., 2016). Alternative Streptomyces hosts have yet to 

be rigorously studied for functional screening of metagenomic libraries. However, derivatives of 

S. coelicolor, such as S. coelicolor M1154, are an attractive option as this strain has been 

engineered to promote expression of secondary metabolite BGCs through the deletion of 

endogenous gene clusters and point mutations in rpoB and rpsL (Gomez‐Escribano & Bibb, 

2011). New technologies have also been developed to further promote expression in these 

Streptomyces hosts such as the inducible PnitA-NitR (Herai et al., 2004) and Potr (Weishan Wang, 

Yang, et al., 2016) systems. Again, these techniques have only been applied to expressing gene 

clusters from cultured bacteria. The usefulness of these technologies in metagenomic studies 
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remains unclear, but may expand our ability to express and uncover novel metabolites from 

metagenomes.  

As part of an ongoing effort to discover new antimicrobials from a metagenomic source, 

our preliminary experiments identified 151 BGCs encoding diverse PKS and NRPS pathways 

from a large-insert metagenomic library (Santana-Pereira et al., 2020). In the present study, we 

tested the hypothesis that an engineered strain of S. coelicolor could be used as a heterologous 

host to express these metagenome-derived BGCs and produce antimicrobial metabolites. We 

predicted that by using S. coelicolor M1154 as a host and targeting only clusters containing PKS 

or NRPS pathways for expression, we would achieve a greater hit rate of antibiotic-producing 

clones compared to the low hit rates typically observed in functional metagenomic studies (Colin 

et al., 2015). Through a random functional screening approach, we were able to identify S. 

coelicolor clones that inhibited the growth of A. baumannii and S. aureus pathogens. We also 

aimed to improve the expression of antibiotic activity for S. coelicolor clones through the use of 

a dual-inducible expression system in the presence and absence of two inducers: 2.5 µM OTC 

and/or 0.1% (w/v) ƐCL. Furthermore, we initiated the process of isolating and characterizing the 

antimicrobial compounds produced by the bioactive S. coelicolor clones using bioactivity-guided 

fractionation and mass spectrometry.    

3.3. Materials and Methods 

3.3.1. Bacterial strains and plasmids.  

Bacterial strains and plasmids used during this study are listed in Supplementary Table 

S3.1. The metagenomic library was constructed using the pSmartBAC-S vector (Nasrin et al., 

2018) and BAC-Optimized Replicator v2.0 Escherichia coli DH10B (Lucigen Corporation, 

Middleton, WI). Functional screening was conducted using the heterologous host Streptomyces 
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coelicolor M1154 which was previously engineered for heterologous expression of BGCs by the 

removal of four endogenous gene clusters to alleviate precursor competition and mutations in 

rpoB and rpsL that pleiotropically upregulate antibiotic expression (Gomez‐Escribano & Bibb, 

2011). E. coli HB101 (Boyer & Roulland-Dussoix, 1969) bearing the helper plasmid pRK2013 

(Figurski & Helinski, 1979) was used to facilitate the intergeneric triparental conjugation from E. 

coli to S. coelicolor M1154. Inducible expression studies were performed using the pDualP 

vector (Varigen Biosciences) that contains two inducible promoters flanking the cloning site for 

heterologous expression in Streptomyces (Stankey et al., 2022). Multidrug-resistant 

Acinetobacter baumannii WR3806 (Taitt et al., 2014), methicillin-sensitive Staphylococcus 

aureus Xen29 (Park et al., 2012), and/or antibiotic-susceptible E. coli WTZ17006 (Baba et al., 

2006) were used as tester strains for the bioassay experiments. 

3.3.2. Media and culture conditions.  

E. coli strains were cultured in liquid Luria-Bertani (LB) medium or solid agar LB plates 

containing the appropriate antibiotics at 37°C with shaking at 180 rpm. Chloramphenicol (12.5 

µg/ml), apramycin (50 µg/ml), kanamycin (30 µg/ml), and nalidixic acid (25 µg/ml) were 

supplemented in the medium when necessary. S. coelicolor M1154 was grown at 30°C on soya 

flour-mannitol (SFM) [2% (w/v) soybean flour, 2% (w/v) mannitol, and 2% (w/v) agar] for 

sporulation. E. coli – Streptomyces conjugations were performed on SFM agar medium 

containing 20 mM MgCl2. S. coelicolor clones were cultured on SFM agar with 50 µg/ml 

apramycin for sporulation, and germination of spores was performed in 2xYT medium [1.6% 

(w/v) tryptone, 1% (w/v) yeast extract, 0.5% (w/v) NaCl]. Liquid TSB with 50 µg/ml apramycin 

or 12.5 µg/ml chloramphenicol (depending on the vector) and 3mm glass beads were used for S. 

coelicolor pre-cultures. Modified liquid yeast extract-malt extract (modified YEME) medium 
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[0.3% (w/v) yeast extract, 0.3% (w/v) malt extract, 0.5% (w/v) peptone, 1% (w/v) glucose] was 

used for heterologous expression and metabolite production. Strains used for bioassays including 

A. baumannii WR3806, S. aureus Xen29, and E. coli WTZ17006 were cultured in liquid or solid 

LB medium and incubated at 37°C with shaking at 180 rpm. 

3.3.3. Metagenomic library construction, sequencing, and biosynthetic gene cluster 

analysis. 

A metagenomic library constructed in E. coli DH10B from bulk soils collected from the 

Cullars Rotation (Auburn, AL, United States) was used for this study. Construction of the 

library, sequencing and assembly, and identification of BGC-containing clones used in the 

present study has been described in detail previously (Nasrin et al., 2018; Santana-Pereira et al., 

2020).  

3.3.4. Conjugation into Streptomyces coelicolor M1154 expression host.  

Previously archived metagenomic clones containing a NRPS and/or PKS gene cluster (n 

= 151) identified in a previous publication (Santana-Pereira et al., 2020) were selected for 

conjugal transfer to the heterologous host S. coelicolor M1154. Intergeneric conjugation between 

E. coli and S. coelicolor was conducted as described by Huang et al. (2018) with modifications. 

Donor cells of individual E. coli DH10B clones were prepared by overnight growth at 37°C in 2 

ml of LB supplemented with chloramphenicol (12.5 µg/ml). The helper strain E. coli 

HB101/pRK2013 was prepared by overnight growth at 37°C in 2 ml of LB supplemented with 

kanamycin (30 µg/ml). E. coli donors and helpers were diluted 1:100 in fresh LB with 

appropriate antibiotics and grown to an OD600 of 0.4. Cells were then washed twice in ice-cold 

LB and resuspended in 1 ml of ice-cold LB. Approximately 108 spores of S. coelicolor M1154 

were added to 0.5 ml of 2xYT medium per conjugation, rinsed once in 2xYT medium, and 
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resuspended in 0.5 ml of 2xYT. Spores were heat-shocked at 59°C for 10 minutes to promote 

germination. After cooling to room temperature, 100 µl of E. coli DH10B clone and 100 µl of E. 

coli HB101/pRK2013 were added to the spore suspension. The mixture was centrifuged at 5,000 

x g for 5 min, the supernatant was poured off, and the pellet was resuspended in the residual 

liquid. The mating mixture was plated on MS agar medium containing 20 mM MgCl2 and 

incubated at 30°C for 24 hr. Plates were overlaid with 1 mL of sterile water containing 0.5 mg of 

nalidixic acid and 1 mg of chloramphenicol and incubated further at 30°C until exconjugants 

were visible. Single colonies of exconjugants were picked from the plates and isolated on SFM 

agar containing 30 µg/ml nalidixic acid and 12.5 µg/ml chloramphenicol. S. coelicolor 

exconjugants were then plated on 12.5 µg/ml chloramphenicol plates and fresh mycelia was 

picked from the plates and stored in 25% glycerol at -80°C.  

3.3.5. Functional screening of metagenomic clones.  

Heterologous expression of metagenome-derived BGCs by S. coelicolor clones was 

evaluated by high-throughput 96-well microplate assays. To prepare pre-cultures, streaks of 

individual S. coelicolor clones (including the S. coelicolor empty vector control) were inoculated 

into 5 ml of TSB containing 12.5 µg/ml chloramphenicol and 0.3 g of glass beads (3 mm) and 

incubated at 30°C, 200 rpm for 3 – 4 days. Pre-cultures were pelleted by centrifugation at 7,700 

x g for 10 minutes, media was discarded, and cells were washed twice in TSB to remove 

antibiotic traces. The washed cells were resuspended in 5 ml of modified YEME medium and 

100 µl of each seed culture was transferred into 10 ml of modified YEME medium. The cultures 

were shaken for 7 days at 30°C, 200 rpm. Each S. coelicolor clone culture was then harvested by 

centrifugation at 7,700 x g for 10 minutes and the resulting supernatants were filtered through an 

0.2-µm filter (VWR).  
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For microplate assays, bacterial test strains (A. baumannii WR3806 or S. aureus Xen29) 

were prepared by inoculating a single colony in 2 ml of LB and shaken overnight at 37°C, 200 

rpm. Overnight cultures were diluted 1:100 in fresh LB, grown to an optical density at 600 nm 

(OD600) of ~ 0.5 – 0.6, and diluted 1:100 in LB. A volume of 100 µl of cell-free supernatants 

from each S. coelicolor clone was added to triplicate wells of sterile 96-well microplates. 100 µl 

of the diluted log-phase bacterial test strains were added and mixed with the supernatants. 

Control wells were included with 100 µl of the bacterial test strain mixed with 100 µl of 

modified YEME medium. The OD600 of each well was determined in a microplate reader before 

incubation (T0) and following incubation at 37°C for 16 hours with shaking at 200 rpm (T16). 

Growth inhibition, expressed as a percent inhibition of the test strain wells relative to control 

wells, was determined using the formula: 

Inhibition (%)=�1- �
OD600 test well at T16- OD600 test well at T0

OD600 control well at T16- OD600 control well at T0
�� x 100 

Percent inhibitions for each triplicate well were averaged per S. coelicolor clone and plotted 

relative to the percent inhibition of the S. coelicolor empty vector control.  

3.3.6. Subcloning in pDualP and inducible expression studies.  

The targeted capture and subcloning of metagenomic BACs by CRISPR-Cas9 restriction 

and Gibson assembly in the dual-inducible promoter pDualP vector was performed as described 

by (Stankey et al., 2022). Subcloned BGCs in the pDualP system were reintroduced from 

recombinant E. coli clones into S. coelicolor M1154 by the triparental conjugation method 

detailed above. Exconjugant S. coelicolor clones containing the integrated pDualP vector were 

confirmed by colony PCR using the primers UniversalBACF and UniversalBACR 
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(Supplementary Table S3.2). Spore stocks of exconjugants were cryopreserved at -20°C in 25% 

glycerol. 

Pre-cultures of S. coelicolor pDualP clones and S. coelicolor pSmartBAC-S clones were 

prepared by inoculating spores from glycerol stocks into 5 ml of TSB containing 50 µg/ml 

apramycin and 0.3 g of 3mm glass beads. Cultures were incubated at 30°C, 180 rpm for 3 – 4 

days. Cells were pelleted by centrifugation at 7, 700 x g for 10 min, washed twice in TSB, and 

resuspended in 5 ml of modified YEME medium. A 1% inoculum (100 µl) of washed pre-

cultures was added to 10 ml of modified YEME. A total of 15 cultures per S. coelicolor clone 

were prepared (5 conditions to be tested X 3 replicates each). For induction of pDualP 

promoters, cultures were supplemented with one of the following treatments prior to incubation: 

1) no inducers, 2) 0.1% (w/v) Ɛ-caprolactam (ƐCL) inducer, 3) 2.5 µM oxytetracycline dihydrate 

(OTC) inducer, or 4) 0.1% ƐCL and 2.5 µM OTC inducers. S. coelicolor pSmartBAC-S clones 

were not treated with inducers and served as the control to compare expression from non-

inducible native promoters. All cultures were incubated at 30°C for 7 days and shaking at 180 

rpm. Cell-free supernatants were harvested from the cultures and assayed for bioactivity against 

A. baumannii WR3806 following the same procedure described above. Wells containing YEME 

broth with each treatment were mixed with pathogen and included as controls to account for any 

inhibitory effects of the inducers.  

Statistical analyses of the bioactivity data were performed in R (R_Core_Team 2019) 

using the following packages: ‘lme4’ (Bates et al., 2014), ‘lmerTest’ (Kuznetsova et al., 2017b), 

‘emmeans’ (Lenth et al., 2018), ‘betareg’ (Cribari-Neto & Zeileis, 2010). Data wrangling was 

performed in R with the help of the following packages: ‘tidyverse’ (Wickham, 2017b), ‘dplyr’ 

(Wickham et al., 2015), ‘reshape2’ (Wickham, 2007b) and a bar graph was produced using the 
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following packages: ‘ggpubr’ (Kassambara, 2020), ‘cowplot’ (Wilke, 2019), and 

‘RColorBrewer’ (Erich, 2014). The effect of each treatment on the percent inhibition of pathogen 

exhibited by each clone was assessed using a beta regression model (to fit a model with a 

response distribution between 0 and 1). Pairwise comparisons were analyzed between the percent 

inhibition associated with each treatment for each clone. Pairwise comparisons were corrected by 

using the default “Tukey method” in the ‘emmeans’ package to correct for Type 1 error. 

Statistically significant differences between treatments were established at α = 0.05.  

3.3.7. Small-scale cultivation and extraction of secondary metabolites with resins.  

Pre-cultures of selected S. coelicolor clones were prepared by inoculation of spores from 

glycerol stocks in 5 ml of TSB containing 50 µg/ml apramycin and 0.3 g of 3mm glass beads and 

incubation at 30°C for 3 – 4 days.  Pre-cultures were pelleted by centrifugation at 7,700 x g for 

10 minutes, media was discarded, and cells were washed twice in TSB to remove antibiotic 

traces. The washed cells were resuspended in 5 ml of modified YEME medium. 

Four polymeric resins were prepared to be used for extractions: Amberlite® XAD-4, 

XAD-7, XAD-16 (Sigma-Aldrich), and Diaion® HP-20 (Sigma-Aldrich). Resins were prepared 

and activated by washing in twice their volume of methanol, stirring for 1 hr at room 

temperature, removal of the methanol by filtration, and washing 6X in DI water before being 

vacuum filtered. To prepare production media, 0.5 g of resins were added to 250 ml flasks 

containing 50 ml of modified YEME medium and autoclaved. 500 µl of washed pre-cultures 

were transferred into each flask (two flasks per resin type). The appropriate inducer (2.5 µM 

OTC and/or 0.1% (w/v) ƐCL) for each clone as determined in the inducible expression studies 

was added prior to incubation. Cultures were incubated for 7 days at 30°C and shaking at 180 

rpm. After incubation, cultures containing resin and cell biomass were combined for each clone 



 105 

and resin type. Supernatants were separated from the resin/biomass by centrifugation at 7,000 x g 

for 15 min. To extract metabolites from the resins, 10 ml of 100% methanol was added to the 

resin/biomass mixture from each clone, vigorously vortexed for 10 min, and shaken for 1 hr at 

room temperature. The mixture was filtered through 0.22 µM PTFE filters and the eluted extract 

was collected and dried. Crude extracts were then dissolved in methanol to 10 mg/ml and 

evaluated for antibacterial activity against A. baumannii WR3806 by disc diffusion assays.  

3.3.8. Disc diffusion assay.  

Bioactivity testing of crude extracts and fractions obtained from the clones was 

performed by the standard Kirby-Bauer disc diffusion method (A. Bauer, 1966). Agar plates 

were prepared with ~ 20 ml of sterile Mueller-Hinton agar. Agar plates were then swabbed with 

a standardized inoculum (0.5 McFarland, ~108 CFU/ml) of A. baumannii WR3806 or E. coli 

WTZ17006. Filter paper discs (6 mm) were impregnated with 20 µl total (final concentration: 10 

mg/ml) of the test extract or, after fractionation steps, test fractions and placed on the agar 

surface. The agar plates with loaded discs were left for 30 minutes at room temperature for 

compound diffusion. Gentamicin (10 µg) antibiotic discs (BD BBL Sensi-Disc; Becton, 

Dickinson and Company, Sparks, MD) was used as the antibiotic positive control when possible, 

while filter paper discs loaded with 80% methanol were used as the negative control for extract 

testing. For assays of fractions, the same solvent mixture used to dissolve the fractions was used 

for the negative control. The agar plates were incubated at 37°C overnight and the diameters of 

inhibition growth zones were measured.  

3.3.9. Sequence analysis of bioactive clones.  

Insert sequences from bioactive clones were sequenced and assembled as previously 

described (Santana-Pereira et al., 2020). BGCs encoded in the insert sequences were initially 
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characterized by antiSMASH 5.0 (Blin et al., 2019) and manually inspected by importing the 

antiSMASH output into the Geneious software suite (Kearse et al., 2012). For specific clones of 

interest, annotations of predicted open reading frames (ORFs) and genes/domains from candidate 

BGCs as predicted by antiSMASH version 6.1.0 (Blin et al., 2021) were visualized using the R 

package “gggenes” (Wilkins & Kurtz, 2019) and “ggplot2” (Wickham, 2016). The function of 

putative gene products were predicted by comparing the amino acid sequences from each 

detected ORF against the GenBank database using BLASTp.  

GC% content of each clone in this study was collected by Geneious software. To analyze 

the relationship between the clone GC% content, the host GC% content, and the likelihood of 

expression, a generalized linear mixed effects model was fit to the data. These statistical analyses 

were performed in R using the following packages: ‘lme4’ (Bates et al., 2014), ‘blmeco’ 

(Korner-Nievergelt et al., 2015), and ‘lmerTest’ (Kuznetsova et al., 2017a). Data wrangling was 

performed in R with the help of the follow packages: ‘tidyverse’ (Wickham, 2017a), ‘dplyr’ 

(Wickham et al., 2015), ‘reshape2’ (Wickham, 2007a), ‘plotrix’ (Lemon, 2006), and ‘HH’ 

(Heiberger et al., 2015).  

The absolute difference between the GC% content of each gene cluster and the GC% 

content of the host was calculated. This data was used as a fixed effect in the model to analyze its 

relationship with expression. Expression was included as the dependent variable, coded as a 

binomial outcome with two possible outcomes: “yes” or “no”, corresponding to whether or not 

there was successful expression for a given BGC. Therefore, this model incorporated an inverse 

link function for binomial data. This model included a random effect of host identity [either S. 

coelicolor M1154 or E. coli BTRA (from previously unpublished data)], to account for 

nonindependence of data collected from each individual host (i.e., accounts for the influence of 
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differences between the hosts on the individual data points). Due to the use of the binomial 

family link function, the model estimate was exponentiated to convert it from log odds to the 

more approachable odds ratio. Figures were produced using the following packages: ‘ggpubr’ 

(Kassambara, 2018), ‘cowplot’ (Wilke, 2016), and ‘RColorBrewer’ (Neuwirth, 2014). 

3.3.10. Large-scale cultivation of S. coelicolor clone P17B06 and metabolite 

extraction.  

The seed cultures of S. coelicolor P17B06 (50 ml) and S. coelicolor with an empty vector 

were prepared following the same inoculation procedures as the small-scale cultivation. A 1% 

inoculum of the mature seed culture was used to inoculate four 2.0-L flasks containing 500 ml of 

modified YEME broth with and without 2.5 µM OTC and 5 g of activated, sterile XAD-16 resins 

(1% w/v) and plugged with foam stoppers. Cultures were incubated for 7 days at 30°C and 

shaking at 180 rpm, after which the resin and cell biomass were collected by vacuum filtration 

using a Buchner funnel fitted with a Whatman GF/F glass fiber filter. The resin/biomass mixture 

was eluted 2X with 250 ml of 80% MeOH, vigorously vortexed for 10 min, and rocked for 1 hr 

on a shaker. The collected filtrate was combined in a round bottom flask and partially dried by 

rotary evaporation under reduced pressure at 50°C. A small sample (1 ml) was pulled from the 

extract and dried by SpeedVac to be used for bioactivity assays. Approximately 25 g of activated 

Diaion HP-20 resin was added to the round bottom flask containing the remaining organic 

extract and the mixture was dried fully. The extract sample was tested for bioactivity against the 

tester strains A. baumannii WR3806 and E. coli WTZ17006 using the disc diffusion assay 

described above.  

3.3.11. Fractionation procedure and isolation of compounds.  
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The combined crude extract and HP-20 resin mixture from both clone P17B06 and the 

empty vector were fractionated by loading the sample into an open glass column (22 mm i.d. x 

350 mm) and elution with a step gradient of MeOH and H2O (25:75 – 100:0) to collect four 

parent fractions (FR1~FR4). Fractions were concentrated by rotary evaporation, resuspended to a 

concentration of 10 mg/ml, and assayed for growth inhibition of A. baumannii WR3806 and E. 

coli WTZ17006 using the disc diffusion method described above. The active fraction FR2 was 

further fractionated by two approaches – solid phase extraction (SPE) and size-exclusion 

chromatography. The first approach used Strata® C18-E solid phase extraction (SPE) cartridges 

(2 g/12 ml, 55 µm, 70 Å). The SPE column was conditioned with 4 column volumes (CV) of 

100% acetonitrile (ACN) then equilibrated with 4 CV of HPLC-grade H2O. FR2 was dissolved 

in 1 ml of 10% ACN prior to loading on the column. The column was eluted stepwise with 4 CV 

of solvent mixture from 10% H2O-ACN to 100% ACN to collect 10 fractions labeled as FR2-1 

through FR2-10. Finally, all 10 fractions were concentrated, screened for activity by the disc 

diffusion method described earlier, and analyzed by LC-MS/MS.  

The active fraction FR2 was also fractionated using a LH-20 size exclusion column (24 

cm x 1.5 cm) that was hydrated in 1:1 MeOH:H2O. FR2 was suspended in 0.5 mL of 1:1 

MeOH:H2O and loaded onto the column and eluted with methanol to give nine fractions (FR2-1S 

to FR2-9S). Fractions were concentrated to dryness under centrifugal evaporation (Speedvac) 

and screened for activity by the disc diffusion assay.  

3.3.12. UPLC and LC-MS analyses. 

UPLC analysis of extracts and fractions from clone P17B06 and the empty vector control 

was performed on a Waters ACQUITY BEH C18 column (2.1 x 100mm, I.D. 1.7 mm; Waters 

Co., Milford, CT, USA) and gradient elution (flow rate 0.45 mL/min; mobile phase A: water (0.1 
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% formic acid); mobile phase B: ACN (0.1 % formic acid); hold at 5 % B for 0.5 minute, 5-100 

% B over 8 min., 65-100 % B over 1 min., hold at 100 % B for 1.5 min., re-equilibrate at 5 % B 

for 1.5 minutes). Mass spectrometry data were acquired on a Waters G2-XS QToF mass 

spectrometer operated in electrospray positive mode (ESI+) and negative mode (ESI-). The 

capillary voltage set at 2.5kV, source and desolvation temperatures at 100°C 

and 550°C, respectively, and desolvation gas flow at 800 L/h. Simultaneous acquisition of a 

leucine encephalin (m/z 556.2771) as a lockmass solution was acquired but not applied until 

post-processing. Data was collected in continuum mode with the MSe function active (mass 

range 50-1800 Da; scan time 0.1 scans/sec; function 1 CE off; function 2 CE ramp 45-50 V; 

lockmass data acquired but not applied) for further analysis including spectral alignment, 

lockmass calibration, and peak picking. Alignment was performed on QC samples containing 

aliquots of all samples and vendor-recommended defaults were applied for peak picking. 

Analysis of LC-MS data was performed using Progenesis QI software (Nonlinear Dynamics, 

UK) for alignment, peak picking, and deconvolution. Alignment was performed on pooled QC 

samples. Run times were restricted to the 0.5–8.5 min retention time window. Vendor specified - 

default parameters for peak picking (automatic thresholds, minimum peak width = 3 s) and 

alignment were applied. Specifically, LC-MS-QToF data from bioactive clone extracts and 

fractions was compared visually and statistically to samples from the empty vector control to 

identify differentially expressed compounds. Molecular masses corresponding to peaks of 

interest identified by LC-MS-QToF analysis were submitted to the Global Natural Product Social 

networking (GNPS) (https://gnps.ucsd.edu) (M. Wang, Carver, et al., 2016) platform to compare 

against curated spectral libraries.  

3.3.13. Data availability.  

https://gnps.ucsd.edu/
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Raw sequencing data is available via NCBI GenBank under the NCBI BioProject 

accession number PRJNA669376.   

3.4. Results 

3.4.1. Construction of S. coelicolor metagenomic clones. 

A metagenomic library comprised of 19,200 clones was previously constructed from 

topsoil collected from the Auburn University Cullars Rotation agricultural plot (Auburn, AL, 

United States) (Nasrin et al., 2018). The library was constructed in E. coli DH10B using the 

pSMARTBAC-S vector, and in a previous study, we screened the metagenomic clones for BGCs 

encoding PKSs or NRPSs using PCR or a next-generation sequencing (NGS) multiplexed 

pooling strategy (Santana-Pereira et al., 2020). We identified 151 metagenomic clones 

containing a PKS and/or NRPS gene cluster and these were selected for conjugal transfer to the 

heterologous host S. coelicolor M1154. We selected S. coelicolor M1154 as the expression host 

for this study because it has previously shown improved heterologous expression capabilities, 

has been used to produce a range of compound classes with higher metabolite yields, and has 

been engineered with a cleaner metabolic background (Gomez‐Escribano & Bibb, 2011; 

Myronovskyi & Luzhetskyy, 2019). 

Of the 151 metagenomic clones, a total of 90 clones were successfully conjugated from 

E. coli to S. coelicolor M1154 via tri-parental mating and stored as mycelial glycerol stocks. 

Two unsuccessful attempts were made to transfer the remaining clones to S. coelicolor M1154, 

suggesting the BGCs were incompatible with the Streptomyces host potentially from toxicity of 

the expressed products. The 90 S. coelicolor clones were subsequently targeted for functional 

screening (Supplementary Table S3.3).    

3.4.2. Heterologous expression of metagenome-derived BGCs by S. coelicolor. 
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To screen S. coelicolor clones for heterologous expression of metagenome-derived PKS 

and/or NRPS clusters, supernatants from 7-day old cultures grown in modified YEME broth were 

evaluated for inhibitory activity against the Gram-positive bacterial strain S. aureus Xen29 and the 

Gram-negative MDR strain A. baumannii WR3806. Of the 90 S. coelicolor clones screened, 8 

clones showed inhibitory activity against S. aureus Xen29 and 8 were active against A. baumannii 

WR3806 (Supplementary Table S3.3). Two clones were found to inhibit the growth of both tester 

strains. In total, primary screening identified 18 bioactive clones from a collection of 90 clones, 

which reflects a hit rate of 20%. The gene cluster types predicted by antiSMASH analysis revealed 

that three putative hybrid PKS-NRPS clusters, five PKS clusters, and 10 NRPS clusters from the 

library were expressed by S. coelicolor M1154. 

We then sought to evaluate if GC% content similarities between the host and the BGC had 

an effect on the likelihood of expression using a generalized linear mixed effects model. In our 

analyses, we included the present heterologous expression data from S. coelicolor M1154 as a host 

with a higher GC% content (~72%), along with previously unpublished data from a different host 

with a lower GC% content (~50%) - E. coli BTRA. This unpublished data has also been listed in 

Supplementary Table S3.3. We detected no significant effect of GC% content difference between 

the host and the BGC on the likelihood of expression for a given clone (Fig. 3.1). There was an 

estimated 1.97% decrease in likelihood of expression for every 1 unit decrease in absolute GC% 

content difference between the BGC and the host, but this effect was not significant (β = -1.97; Z 

= -0.693; p = 0.488). We checked for overdispersion of this model and found it to be 0.93, 

indicating no effect of overdispersion according to the “blmeco” package recommendations.  
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Figure 3.1. A scatterplot showing the change in likelihood of expression versus non-expression 
as the difference between the GC% content of the gene cluster and GC% content of the host 
decreases. The model estimate and p-value from the generalized linear mixed effects model is 
shown inlaid. The model estimate (β) is the odds ratio, and thus represents the percent change in 
the likelihood of expression per 1 unit decrease in GC% content difference between the BGC and 
the host. Each colored dot represents a single BGC, and these are color-coded by the host in 
which they were screened for expression.   

 

3.4.3. Effect of the pDualP expression system on antibiotic activity of S. coelicolor 

clones. 

In an attempt to optimize heterologous expression of metagenomic BGCs by S. 

coelicolor, BGCs from clones with activity against A. baumannii (n=8) were captured and 

subcloned in the dual-inducible promoter pDualP vector using CRISPR-Cas9 restriction and 

Gibson assembly as described by Stankey et al. (2022). This vector uses two inducible promotor 

elements, Potr and PnitA that flank each side of the cloning site and can be induced by OTC and 

ƐCL, respectively. We focused on the clones expressing activity against A. baumannii since the 

expressed metabolites were able to overcome the intrinsic antibiotic resistance mechanisms of 

this pathogen, and may therefore, be better candidates for new therapeutic drugs. Subcloned 

BGCs and an empty pDualP vector were reintroduced into S. coelicolor M1154 by triparental 
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mating and exconjugants were confirmed by colony PCR. Exconjugants from one clone could 

not be validated and was subsequently removed from downstream analyses.  

We evaluated the pDualP inducible expression system for each metagenomic BGC (n=7) 

by culturing each clone in modified YEME for 7 days in the presence and absence of the 

inducers 2.5 µM OTC and/or 0.1% (w/v) ƐCL. Cell-free supernatants were then screened for 

antimicrobial activity against A. baumannii WR3806 using a 96-well microplate assay. In the 

same experiment, BGCs cloned in the non-inducible pSmartBAC-S vector were grown under the 

same conditions but without inducers to compare pDualP expression with the expression from 

native promoters in S. coelicolor M1154. Inducible expression of metagenomic gene clusters was 

demonstrated for four of the seven clones when cloned in pDualP and induced with one or both 

inducers, in comparison to the expression from native promoters (Fig. 3.2a). There was no 

difference in the expression of antibacterial activity across all treatments for clones P17F15, 

P19L22, and P50M18. No significant activity was observed from the inducers OTC and ƐCL 

against the target pathogen A. baumannii WR3806 (data not shown).  
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Figure 3.2. Inducible expression analysis of metagenomic biosynthetic gene clusters by S. 
coelicolor M1154 and schematic representations of each gene cluster. (a) The mean percent 
inhibition of A. baumannii WR3806 by supernatants of seven metagenomic BGCs cloned in S. 
coelicolor M1154 with the pDualP inducible expression system or native promoters and treated 
with or without 0.1% (w/v) ƐCL and 2.5 µM OTC. Percent inhibition of pathogen is calculated 
with respect to S. coelicolor M1154 cloned with an empty vector and values represent the means 
of technical replicates. Black lines indicate the standard error among technical replicates. Letters 
represent significant differences (p < 0.05) between the percent inhibitions of the pathogen 
associated with each treatment for each clone as determined by a beta regression model with 
Tukey’s post-hoc correction for pairwise comparisons. (b) antiSMASH annotations of the 
biosynthetic gene clusters from each metagenomic clone. The location of the inducible 
promoters PnitA and Potr with respect to each gene cluster is shown.   
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For the four BGCs with inducible expression, the inducer treatment that led to the 

greatest antibacterial activity exhibited by each clone was variable. Significantly higher 

inhibition of A. baumannii (> 40% mean inhibition) was observed from clone P12B21 when 

induced with 0.1% ƐCL compared to the activity from the OTC inducer treatment (p = 0.018) 

and the uninduced treatments by both pDualP (p = 0.035) and native promoters (p < 0.001). 

Mean percent inhibition from clone P35L08 was greatest from induction with both ƐCL and 

OTC, and was significantly higher than the expression from native promoters (p = 0.005) but not 

by OTC alone (p = 0.09). For clone P32A16, the mean percent inhibition was 42% when induced 

with ƐCL, which was significantly higher than the activity from expression by native promoters 

(p = 0.01). Only clone P17B06 showed the greatest mean percent inhibition (~39%) from the 

addition of the OTC inducer alone and this was statistically significant from expression by native 

promoters (p = 0.04). The addition of both inducers to clone P17B06 significantly decreased the 

expression of antibacterial activity compared to the native promoters (p < 0.001).  

To determine if the differences in expression were linked to gene orientation and location 

relative to the inducible promoters, we manually inspected the antiSMASH annotation of each 

metagenomic BGC sequence. The annotation of each gene cluster is depicted in Figure 3.2b. 

Clone P12B21 demonstrated increased expression from induction with ƐCL and many of the 

predicted biosynthetic genes including two putative genes encoding regulatory elements were in 

the same orientation as the PnitA promoter. Expression by clone P32A16 was also greater when 

induced with ƐCL; however, the core biosynthetic genes were in the opposite direction of PnitA 

and were located closer to the Potr promoter. For clone P17B06, induction with OTC increased 

expression of antibacterial activity although many of the predicted biosynthetic genes were 

oriented in the opposite direction of Potr. Moreover, a predicted regulatory element in the cluster 
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of P17B06 was in the same direction as PnitA. Clone P35L08 showed the greatest activity when 

induced with ƐCL or both ƐCL/OTC and many of the biosynthetic genes were located closer to 

PnitA. However, the core biosynthetic gene and regulatory gene were in the same direction as Potr. 

Thus, no clear pattern in biosynthetic gene orientation and location with respect to the inducible 

promoters was observed for most of the metagenomic BGCs.  

3.4.4. Extraction of antimicrobial metabolites using polymeric resins.  

Polymeric resins added during fermentation have been shown to enhance the production 

of various secondary metabolites from actinomycetes (González-Menéndez et al., 2014). We 

evaluated four polymeric resins including Amberlite® XAD-4, Amberlite® XAD-7, Amberlite® 

XAD-16, and Diaion® HP-20 that differ in polymer chemistry, particle and pore sizes, and 

surface area for their ability to bind antimicrobial metabolites from the metagenomic clones. 

Resins were added at the inoculation stage at a concentration of 1% (w/v) to small-scale 

cultivations of the four metagenomic clones with significant inducible expression of activity – 

P12B21, P17B06, P32A16, and P35L08 (Fig. 3.2a). Desorption of metabolites from the resins 

was performed using 100% methanol and dried extracts ranged in weights from 5 – 33 mg and 

were yellow to golden brown in color for all clones.  

Disc diffusion assays of the resin-based crude extracts identified active extracts against 

the target pathogen A. baumannii WR3806 from two metagenomic clones, P12B21 and P17B06 

(Table 3.1). Activity was not observed from any of the crude extracts tested for clones P32A16 

and P35L08. In the same assay, cell-free supernatants were also screened for activity to monitor 

expression (not shown in Table 3.1) and the results showed that the supernatants from each of 

the four metagenomic clones were active against A. baumannii. This finding suggested that 

clones P32A16 and P35L08 were still capable of producing antimicrobial metabolites under the 
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growth conditions used for small-scale cultivation; however, these metabolites may have low 

affinity for the resins or were not eluted from the resins when 100% methanol was used as the 

solvent.  

For clone P12B21, extracts from XAD-4, XAD-16, and HP-20 resins all inhibited the 

growth of A. baumannii. Clone P12B21 extracts from XAD-16 and HP-20 resins were slightly 

more active against the target pathogen compared to extracts from XAD-4 resins. Antimicrobial 

metabolites were also extracted from cultures of clone P17B06 using XAD-16 and HP-20 resins. 

Extracts from XAD-7 resins were not active from any of the metagenomic clones screened. To 

screen for any potential antimicrobial activity from the S. coelicolor host, small-scale 

cultivations were also prepared using the S. coelicolor empty vector clone and extractions were 

prepared under the same conditions as the bioactive clones. No activity was observed from any 

of the extracts derived from the empty vector clone. Activity of crude extracts using HP-20 

resins from each metagenomic clone is depicted in Supplementary Figure S3.1.  

Of the two clones with bioactive extracts, P12B21 and P17B06, we selected clone 

P17B06 for further bioinformatic and chemical analysis. This selection was based on the 

following: 1) we hypothesized that the larger zones of inhibition observed from P17B06 extracts 

could mean that the antimicrobial metabolite(s) were more abundant and, as a result, this could 

improve dereplication and purification of the target metabolites, and 2) preliminary sequence 

analysis of clone P17B06 indicated that this clone harbored a unique NRPS cluster which may 

suggest that a novel antimicrobial compound was produced.     
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Table 3.1. Antibacterial activities of metagenomic clone extracts from various polymeric resins.    

Clone 

Zones of growth inhibition (mm) against A. baumannii WR3806 

XAD-4 extract XAD-7 extract XAD-16 extract HP-20 extract 

P12B21 10 - 13 12 

P17B06 - - 14 15 

P32A16 - - - - 

P35L08 - - - - 

Empty vector - - - - 

 

3.4.5. Gene cluster analysis of metagenomic clone P17B06.  

To identify the biosynthetic genes responsible for antimicrobial metabolite production by 

clone P17B06 and to predict the chemical class of the produced metabolites, insert sequences 

obtained by NGS and de novo assembly were annotated by antiSMASH v6.0.1 and BLASTp 

search comparisons against the GenBank database. Clone P17B06 was predicted to encode a 

44,974 bp cluster consisting of 24 ORFs including core biosynthetic genes linked to an NRPS, 

regulatory genes, and a resistance gene (Fig. 3.3; Supplementary Table S3.4). The NRPS cluster 

showed limited homology (40% of gene similarity) to a puwainaphycin cluster (MIBiG 

accession: BGC 0001125) that encodes lipophilic cyclic decapeptides produced by Anabaena sp. 

with cardioactive functions (Gregson et al., 1992). Similarity with the puwainaphycins cluster 

and other clusters in the MIBiG database were found to be mainly within the core NRPS region 

(Supplementary Fig. S3.2).  

 The core NRPS region comprised five ORFs encoding five NRPS modules (M1 to M5). 

Annotation of the NRPS found that four of the modules (M2 to M5) were complete with the 

minimum core domains – a condensation (C) domain, an adenosine monophosphate-binding 
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(AMP) domain, and a peptidyl-carrier protein (PCP) domain. Module M1 was incomplete with 

only an AMP and PCP domain annotated. The predicted amino acid monomers for modules M3 

to M5 were val/leu/ser (Fig. 3.3). Amino acid monomers could not be predicted for modules M1 

and M2 since these domains were predicted to be inactive. Together these NRPS modules are 

predicted to catalyze the formation of a pentapeptide. However, the cluster was not predicted to 

encode a thioesterase (TE) domain that are typically present at the terminal end of the cluster and 

responsible for releasing the mature peptide from the NRPS machinery (Kohli et al., 2002). 

Thus, it is unknown at this time how the produced pentapeptide is released.   

 

Figure 3.3. Organization of the predicted biosynthetic gene cluster of metagenomic clone 
P17B06. Colors represent putative broad gene functions as shown in the legend. Within the core 
biosynthetic region, different biosynthetic domains are represented by a colored block following 
the domain designation in the legend. The predicted NRPS module and any predicted amino acid 
monomers for a given module are also depicted. A detailed description of the predicted gene 
function is given in Supplementary Table S3.4. 
 

 Interestingly, the metagenome cluster was also predicted to encode two genes that comprise 

the characteristic biosynthetic cassette for capreomycidine. Capreomycidine is an amino acid 

found in the tuberactinomycin class of peptide antibiotics including viomycin and capreomycin. 

These antibiotics are active against mycobacteria, Gram-positive, and Gram-negative bacteria 

(Toyohara et al., 1969). Specifically, ORF7 showed homology to an alpha ketoglutarate-dependent 

dioxygenase that can convert (2S)-arginine to (3S)-hydroxy-(2S)-arginine. This product may be 

converted to (2S,3R)-capreomycidine by a capreomycidine synthase encoded in ORF6. Asparagine 



 120 

was another unusual monomer predicted for the NRPS cluster as ORF3 showed homology to an 

asparagine synthase (Supplementary Table S3.2).  

 Near the right border of the P17B06 cluster, a putative regulatory gene with homology to 

a σ54 transcriptional regulator was identified. σ54 is capable of positively regulating heterologous 

production in E. coli and has been shown to regulate natural product genes in Myxococcous xanthus 

(Ma et al., 2021); however, σ54 promoters are non-functional in Streptomyces (David Cole Stevens, 

Conway, et al., 2013) and it is unlikely that this regulator would be functional in S. coelicolor. No 

other regulatory genes were predicted within this cluster, which may suggest that the regulation of 

this BGC is controlled by a pleiotropic regulator located outside of the cluster. A resistance gene 

(ORF15) with homology to a multidrug-efflux transporter was also identified within the cluster 

that may function to provide self-resistance to the produced antibiotic.  

 The source of each putative gene product from BLAST analysis was analyzed to predict 

the phylogenetic origin of the metagenome cluster. Many of the NRPS-associated ORFs had 

closest GenBank matches to proteins from Cyanobacteria taxa and uncultured bacteria 

(Supplementary Table S3.2). The % identity of these genes ranged from 46 – 66%. Genes that 

flanked the NRPS region had a relatively higher % identity (range of 61 – 83%) to gene products 

from the phylum Acidobacteria. Specifically, the highest % identities were found to homologs of 

the class Blastocatellia. Plotting of the G+C% content across the insert sequence provided support 

for a Blastocatellia origin of the metagenome cluster as the median (~55% GC; Supplementary 

Fig. S3.3) was within the range observed for other Blastocatellia genomes deposited in GenBank 

(50 – 60%). Three ORFs showed no significant homology to any sequences in the GenBank 

database.  

3.4.6. Bioactivity-guided fractionation of antimicrobial compounds.  
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A bioactivity-guided fractionation approach was followed in an attempt to isolate the 

antimicrobial compounds from clone P17B06 (Fig. 3.4). Crude extracts were prepared from 

upscaled cultures of S. coelicolor clone P17B06 and the S. coelicolor empty vector clone 

cultured in the presence and absence of the inducer 2.5 µM OTC. The antibacterial activity of 

crude extracts (10 mg/ml) were evaluated against the target MDR pathogen A. baumannii 

WR3806 and an antibiotic-susceptible strain of E. coli WTZ17006. E. coli WTZ17006 was 

included as a tester strain since previous work has shown that this strain is susceptible to 

antimicrobial peptides and other compounds due to mutations in degP and tolC (Sulavik et al., 

2001; Ulvatne et al., 2002). Thus, this strain may be more sensitive to compounds that are in 

lower abundance, which is a common occurrence in heterologous expression studies (Herai et al., 

2004).  

 

Figure 3.4. Flowchart of the extraction and fractionation of bioactive compounds produced by S. 
coelicolor clone P17B06. Two separate approaches were followed from fermentations of (a) S. 
coelicolor clone P17B06 cultured with OTC inducer, and (b) S. coelicolor clone P17B06 
cultured without OTC are depicted.   
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The results showed that the crude extracts derived from clone P17B06 cultured with OTC 

inducer exhibited 12 mm zone of inhibition (ZOI) against A. baumannii and 20 mm ZOI against 

E. coli as shown in Fig. 3.5. Despite our results showing an increase in antibacterial activity from 

supernatants when clone P17B06 was grown with OTC, there was no measurable difference in 

the ZOI from crude extracts of clone P17B06 cultured with and without OTC. No antibacterial 

activity was observed against either tester strain from crude extracts of the empty vector control.  

 

 

Figure 3.5. Zones of inhibition against A. baumannii WR3806 (left) and E. coli WTZ17006 
(right) of crude extracts (10 mg/ml) from S. coelicolor clone P17B06 grown with and without 
OTC inducer are shown. Discs loaded with crude extracts (10 mg/ml) from S. coelicolor empty 
vector (EV) grown in the presence and absence of OTC were included as negative controls. 
Discs loaded with the resuspension solvent, 80% methanol (MeOH), were also included as a 
separate negative control.    
 
 

The extracts of clone P17B06 and the empty vector were fractionated using column 

chromatography with HP-20 resin. Four parent fractions (FR1 – FR4) per extract were collected 

and tested at a concentration of 10 mg/ml. Fraction 2 (FR2) derived from clone P17B06 with and 

without OTC and eluted with 25% MeOH was active against A. baumannii WR3806 (11 mm 

ZOI) and E. coli WTZ17006 (20 mm ZOI) as shown in Fig. 3.6. Fraction 4 (FR4) derived from 

clone P17B06 cultured with OTC was active against E. coli but not A. baumannii. In 
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comparison, FR4 derived from clone P17B06 grown without OTC was not active against either 

strain suggesting that the activity from this fraction may be linked to the inducer. FR2 from the 

empty vector was not active against either tester strain and FR4 inhibited the growth of E. coli. 

This was further supported by LC-MS analyses, which detected OTC in the highest abundance in 

FR4.  

 
Figure 3.6. Zones of inhibition of parent fraction 2 (FR2; 10 mg/ml) against (a) A. baumannii 
WR3806 and (b) E. coli WTZ17006 are shown. This fraction was derived from S. coelicolor 
clone P17B06 cultured in the presence of OTC inducer. Discs loaded with the resuspension 
solvents (25% - 100% MeOH) were the negative controls. Positive controls were gentamicin 10 
µg antibiotic discs (GM10).    
 
 

A control experiment was subsequently performed to screen for inhibitory activity 

against the tester strains from four concentrations of OTC (0.1 mg/ml, 0.5 mg/ml, 1 mg/ml, 5 
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mg/ml) by a disc diffusion assay. All four concentrations of OTC significantly inhibited the 

growth of E. coli WTZ17006. Only the highest concentration of OTC at 5 mg/ml inhibited the 

growth of A. baumannii WR3806, which is a higher concentration than present in FR2. 

Collectively, these findings demonstrated that OTC eluted in FR4 and could be responsible for 

the activity of FR4 against E. coli WTZ17006, but was less likely to be influencing the activity 

observed in FR2. As a result, FR2 was deemed the most likely fraction to contain the 

antimicrobial compounds of interest and was subsequently targeted for further purification.   

Bioactive fraction FR2 derived from clone P17B06 grown with OTC was further 

fractionated using a C18 SPE cartridge and ten sequential subfractions (FR2-1 – FR2-10) that 

varied in polarity (10 – 100% acetonitrile in water) were collected. The first three subfractions 

(FR2-1 – FR2-3) collected were colored from golden yellow to yellow and the remaining 

subfractions were colorless. All ten subfractions were assayed for antibacterial properties and 

one weakly active subfraction (FR2-2) against A. baumannii (7 mm ZOI) and E. coli (8 mm ZOI) 

was identified. The neighboring subfraction (FR2-3) showed inhibitory activity against E. coli 

only (7 mm ZOI). The degree of antibacterial activity from these two subfractions was 

significantly lower than observed from the parent fraction FR2. Recombining subfractions FR2-1 

through FR2-4 resulted in larger zones of inhibition against A. baumannii and E. coli 

(Supplementary Fig. S3.4).  

A second fractionation approach was attempted of FR2 grown without OTC. Extracts 

from P17B06 without OTC inducer were used to mitigate the potential for false positives in disc 

diffusion assays from undesirable antimicrobial effects of the inducer against the tester strains. 

Moreover, there was no significant difference in activity from extracts grown with and without 

OTC suggesting that the antimicrobial compounds in these samples were present in similar 
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abundances. Column chromatography with Sephadex LH-20 afforded nine subfractions (FR2-1S 

through FR2-9S). Only FR2-8S showed limited inhibitory activity against E. coli with a faint 

halo (~ 9 mm) observed around the disc and notable growth inside the zone (Supplementary Fig. 

S3.5). No subfractions were active against A. baumannii. Recombining all nine subfractions did 

not result in any ZOIs against either tester strain suggesting that size-exclusion chromatography 

could not purify the metabolites of interest. A summary of the results from disc diffusion assays 

of all extracts and fractions is provided in Table 3.2.  
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Table 3.2. Zones of inhibition of crude extracts and fractions from S. coelicolor P17B06 on the 
test organisms.     
 
Metagenomic 
clone 

Inducer 
treatment 

Sample  
(10 mg/ml) 

Diameter of inhibition zone (mm) 
A. baumannii WR3806 E. coli WTZ17006 

S. coelicolor 
P17B06 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  

+ OTC 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  

Crude extract 12 20 
FR1 - - 
FR2 11 20 
FR3 - - 
FR4 - 8 
FR2-1 - - 
FR2-2 7 8 
FR2-3 - 7 
FR2-4 - - 
FR2-5 - - 
FR2-6 - - 
FR2-7 - - 
FR2-8 - - 
FR2-9 - - 
FR2-10 - - 
Combined FR2-1 
through FR2-4 10 21 

S. coelicolor 
P17B06 
  
  
  
  
  
  
  
  
  
  
  
  
  
  

- OTC 
  
  
  
  
  
  
  
  
  
  
  
  
  
  

Crude extract 12 20 
FR1 - - 
FR2 12 19 
FR3 - - 
FR4 - - 
FR2-1S - - 
FR2-2S - - 
FR2-3S - - 
FR2-4S - - 
FR2-5S - - 
FR2-6S - - 
FR2-7S - - 
FR2-8S - 9* 
FR2-9S - - 
Combined FR2-1S 
through FR2-9S - - 

Note: *denotes growth of the tester strain observed within the zone of inhibition. 
 

3.4.7. LC-MS analysis of crude extracts and bioactive fractions.  
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Metabolites present in crude extracts and fractions from S. coelicolor clone P17B06 and 

the S. coelicolor empty vector control were analyzed by UPLC-MS-QToF analysis. Select 

metabolites were annotated by matching spectra against the GNPS public spectral library. UPLC 

chromatograms were first compared between crude extracts of clone P17B06 and the empty 

vector clone. No significant, unique peaks to the bioactive extract of clone P17B06 could be 

detected by visual inspection of chromatograms from ESI+ and ESI- modes. Base peak ion (BPI) 

chromatography under ESI+ contained clearer chromatographic peaks and less background 

interference and was subsequently used for multivariate statistical analysis by Progenesis QI 

software. OPLS-DA was employed to statistically assess differences in the chemical constituents 

from three separate runs of clone P17B06 and the empty vector extracts. As shown in Fig. 3.7a, 

clone P17B06 crude extract was distinct from the empty vector crude extract in the OPLS-DA 

score plot. The S-plot generated from the OPLS-DA model (Fig. 3.7b) aided in identifying ions 

that were distinct from the empty vector extract. In this plot, the points closer to the lower left 

and upper right corners showed high variable importance in the projection (VIP) scores (VIP > 

1) and more significantly driving the observed separation between the samples. The detailed 

information for the metabolic features enriched in P17B06 extracts is listed in Supplementary 

Table S3.5. Many of the ions that were enriched in extracts from clone P17B06 were in very low 

abundance (below 100 counts).  
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Figure 3.7. OPLS-DA of metabolites analyzed by UPLC-MS-QToF in crude extracts of clone 
P17B06 and the empty vector clone. (a) Score plot of crude extracts from the empty vector (red 
box) and crude extracts from clone P17B06 (black box) is shown. Separation along the X-axis 
represents separation between clones, while separation along the Y-axis represents variation 
between UPLC runs for individual extracts. (b) S-plot derived from OPLS-DA model indicating 
differences in metabolic features from crude extracts of the empty vector (lower left) and clone 
P17B06 (upper right).  
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The active fraction FR2 and subfractions were subsequently analyzed by LC-MS with the 

aim of identifying compounds responsible for antimicrobial activity. An overlay of the BPI 

chromatograms from FR2 and crude extracts from P17B06 and the empty vector did not identify 

any unique features to FR2 and/or the crude extract from P17B06 that were absent from the 

control (Fig. 3.8). The metabolic features enriched in P17B06 extracts from OPLS-DA 

(Supplementary Table S3.5) were then cross-referenced with MS data from FR2. As a result, 

seven ions that were present in both the fraction FR2 and the P17B06 extract but absent from the 

empty vector extract were identified. The mass-to-charge ratio (m/z) of these ions were m/z 182, 

m/z 136, m/z 254, m/z 146, m/z 120, m/z 992, m/z 698. However, none of these ions appeared to 

be enriched in fraction FR2 compared to the crude extract of P17B06.  

 

Figure 3.8. Representative (overlay) of base peak chromatograms from UPLC-MS analysis of 
crude extracts and active fraction from clone P17B06. The UPLC chromatogram of the crude 
extract of clone P17B06 (purple line) was compared with the crude extract from the empty 
vector clone (green line) and the active fraction FR2 derived from clone P17B06 (black line) to 
identify differentially expressed compounds.  
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To determine if these candidate ions could be detected in active subfractions, MS data 

was generated from the subfractions collected by C18 SPE including FR2-1 to FR2-4. The MS 

data were then compared between the active subfractions FR2-3 and FR2-4 to the inactive 

subfractions FR2-1 and FR2-4. Representative BPI chromatographs of all four subfractions are 

illustrated in Fig. 3.9. The metabolic profiles were similar between all subfractions and were 

relatively simple with only 12 major peaks observed in the active subfraction FR2-2. Two 

differentially expressed peaks were identified between the active and inactive subfractions. The 

first candidate ion at Rt 2.38 min gave a [M+Na]+ ion at m/z 607 and a [M+H]+ ion at m/z 585. 

These ions were present in the active subfractions FR2-2 and FR2-3 in similar abundances, but 

not the inactive subfractions. The second candidate ion at Rt 2.48 min gave a [M+Na]+ ion at m/z 

623 and a [M+H]+ ion at m/z 601 and was present in subfractions FR2-2, FR2-3, and FR2-4. 

Although this ion was present in the inactive subfraction FR2-4, the relative abundance was 

much lower compared to the active subfractions FR2-2 and FR2-3. Thus, this ion was still 

considered a candidate ion since the abundance of this compound in subfraction FR2-4 may have 

been too low to inhibit the growth of the tester strains in disc diffusion assays.  

Parent masses and fragment spectra of the candidate ions were then compared to spectral 

libraries in the GNPS database for compound identification. The masses 623 and 585 tentatively 

corresponded to desferrioxamine E and dehydroxynocardamine, respectively. Desferrioxamine E 

is a nonpeptide hydroxamate siderophore and has been identified as the major desferrioxamine 

siderophore produced by S. coelicolor (Barona-Gómez et al., 2004). Anti-tumor activity has been 

observed from the iron-chelator desferrioxamine E (Kalinovskaya et al., 2011), but to our 

knowledge, antibacterial activity has not been demonstrated. Dehydroxynocardamine is a cyclic 

peptide and a derivative of desferrioxamine that is produced by Streptomyces and other bacteria. 
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This compound has been described as an enzyme B sortase inhibitor (H.-S. Lee, Shin, et al., 

2005) and has not been linked to antibacterial activity.  

 

Figure 3.9. Base peak chromatograms of four subfractions derived from clone P17B06. Two 
peaks unique to or in higher abundance in active subfractions FR2-2 and FR2-3 were identified. 
These compounds were tentatively identified as desferrioxamine E (1), and 
dehydroxynocardamine (2) according to spectral library searches against the GNPS database.   
 

The masses corresponding to desferrioxamine E (m/z 623) and dehydroxynocardamine 

(m/z 585) were searched against the LC-MS profiles of the empty vector extracts to determine if 

they were uniquely present in the bioactive samples. These mass ions were present in the empty 

vector extracts in similar abundance to extracts from clone P17B06. Thus, it is unlikely that these 

known metabolites are responsible for the antibacterial activity exhibited by clone P17B06. 

Preliminary LC-MS analysis of crude extracts and bioactive fractions could not identify the 

antimicrobial peptide produced by metagenomic clone P17B06 associated with inhibitory 

activity against A. baumannii.  
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3.5. Discussion 

The field of metagenomics has become a powerful approach to study the natural product 

potential of uncultured microorganisms, yet the challenges associated with expressing 

metagenomic DNA has restricted its applicability as an efficient drug-discovery platform. The 

identification of new compounds from a metagenomic source is dependent on the ability to 

express often large and diverse biosynthetic pathways, like PKS and NRPS gene clusters, in a 

heterologous host (Charles et al., 2017). Challenges associated with expressing these non-native 

pathways are a driving factor for the low hit rates observed from functional metagenomic 

screenings, which is estimated to be as low as 104 – 105 variants (Colin et al., 2015). In order to 

successfully express these pathways, the host machinery must be compatible with the DNA of 

interest (M. Katz et al., 2016). As such, choosing the right host for functional screenings is 

crucial but which host is best suited for the job remains understudied.  

Engineered strains of Streptomyces have proven their worth as hosts for native and 

heterologous expression of natural products derived from closely-related sources. However, 

application of these optimized hosts has been limited in functional metagenomics and most 

examples to date have used S. lividans ∆red∆act and S. albus J1074 hosts. In this study, we 

utilized an engineered Streptomyces host, S. coelicolor M1154, which is understudied in 

function-based metagenomics. We targeted 151 metagenome-derived gene clusters for transfer to 

the engineered host S. coelicolor M1154. These gene clusters were derived from a 19,200 clone 

soil metagenomic library and predicted to encode PKS and/or NRPS biosynthetic pathways 

(Santana-Pereira et al., 2020). Exconjugants were obtained for 90 BGCs and we assume that the 

remaining gene clusters were not transferrable due to incompatibility with the host, or in other 

words, may have produced secondary metabolites that were toxic to S. coelicolor. Although we 
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were not able to test this hypothesis, these BGCs may be a source of interesting antimicrobials 

that target Gram-positive strains if their expression could be achieved in an alternative host.  

PKS and NRPS clusters are known to produce many diverse secondary metabolites that 

often exhibit biological activity (H. Wang et al., 2014). With the goal of identifying clones that 

produce antimicrobial metabolites, we screened all S. coelicolor clones harboring PKS and/or 

NRPS pathways (n=90) for expression of inhibitory activity against the MDR pathogen A. 

baumannii and a strain of S. aureus. We predicted that if we targeted these clusters for 

expression rather than screening the entire library and used an optimized S. coelicolor strain as a 

heterologous host, then we would achieve a greater hit rate of antibiotic-producing clones 

compared to the typical hit rate estimated for functional metagenomics (Colin et al., 2015). In 

support of our prediction, we identified 18 clones (out of 90) expressing antibacterial activity 

against A. baumannii and/or S. aureus for a high hit rate of ~20%.  

Codon usage plays a key role in heterologous expression and can be a significant cause 

for poor expression by a host (Gustafsson et al., 2004). Disparities in codon usage can impede 

expression or result in a protein that is truncated, misfolded, and potentially non-functional 

(Angov et al., 2008). It is also known that GC% content is associated with codon usage patterns 

(Wan et al., 2004). Therefore, our study evaluated if the GC% content difference between the 

host and the BGC influenced the likelihood of expression for an individual clone. Surprisingly, 

we found no significant effect between the GC% content of the BGC, the host, and the likelihood 

of expression. Clones displaying bioactivity against the target strains harbored BGCs from a 

range of low and high GC% contents. This finding suggested that S. coelicolor M1154 was 

robustly capable of expressing BGCs from more distant phylogenetic origins.  
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Previous studies have suggested that only 10% of BGCs cloned from a non-Streptomyces 

organism within the Actinobacteria phylum will be expressed in a Streptomyces host 

(Myronovskyi & Luzhetskyy, 2019). GC% content of Actinobacteria ranges from 51% to more 

than 70% (Ventura et al., 2007), and some of the expressed BGCs in our study were below this 

range indicating that they were derived from non-Actinobacteria taxa. Thus, our data suggest that 

the likelihood of expressing BGCs from close and distant origins may actually be greater when 

using an optimized host like S. coelicolor M1154. It is possible that some of the 17 gene clusters 

expressed by S. coelicolor and derived from non-Actinobacterial origins encoded all of the 

machinery needed for regulation, expression, and production of an active metabolite. This would, 

in turn, decrease the odds of incompatibilities between the host and cloned DNA. However, the 

exact origin of these BGCs is not known at this time and further studies are needed to investigate 

this relationship. 

In addition to showing that S. coelicolor M1154 could express metagenomic BGCs, we 

found that the antimicrobial activity of some of the clones could be enhanced by an 

Actinobacteria inducible expression vector (pDualP). This vector takes advantage of recently 

developed regulatory expression systems in Streptomyces including PnitA-NitR (Herai et al., 

2004) and Potr (Weishan Wang, Yang, et al., 2016) that are capable of turning gene expression 

“on” at desired points with the addition of the chemical inducers ƐCL and OTC, respectively. 

Our study is the first to evaluate these technologies for the expression of metagenomic BGCs. 

Increased antibacterial activity was observed for four metagenomic BGCs when cloned in 

pDualP and induced with ƐCL and/or OTC in comparison to the expression by the native 

promoters. We showed that the inducer treatment leading to the greatest antibacterial activity 

varied amongst BGCs. We predicted that this was due to the direction of the gene cluster and 
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location with respect to PnitA and Potr. In contrast to our prediction, we found no significant effect 

between BGC orientation and location with respect to the inducible promoters on the likelihood 

of induced expression by ƐCL or OTC. Many of the BGCs are highly unique from known gene 

clusters and it could be that they possess an unannotated regulatory gene that more strongly 

influences transcription. Indeed, the expression of BGCs can be controlled by cluster-situated 

regulators, cross-cluster regulation, or global regulatory systems that are encoded either directly 

within the gene cluster or in another operon (McLean et al., 2019).  

Although we were not able to induce expression of every BGC tested, this technology has 

demonstrated its advantages for function-based metagenomics due to its ability to express BGCs 

with varied architectures. Alternative methods to enhance expression of BGCs rely on knowing 

the architecture of the encoded genes in order to manipulate the pathway by overexpressing 

regulators or modifying transcription elements (Huo et al., 2019; Pereira, 2019). For 

metagenomic studies, the pathway organization is often unknown prior to expression. In the case, 

such as ours, where multiple hits are identified in random functional screens, refactoring each 

BGC in order to improve expression can be costly and laborious. The approach described in this 

study provides an opportunity to subclone a gene cluster of interest in an inducible expression 

system and rapidly screen each clone for enhanced heterologous expression. As a result, clones 

that are better candidates for downstream chemical analyses can be more rapidly identified.  

The next major aim of our work was to identify the antimicrobial metabolites produced 

by bioactive S. coelicolor clones. Several studies have shown that the addition of polymeric 

adsorptive resins during fermentation can improve production of secondary metabolites by 

Actinobacteria spp. through sequestering metabolites and decreasing cytotoxic effects of the 

produced compounds (González-Menéndez et al., 2014). Selecting the appropriate resin can 
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affect the yield of the targeted product (Dzhavakhiya et al., 2020), and in random, functional 

metagenomic studies the compound identity is often unknown prior to purification. In our study, 

we attempted to extract metabolites from four bioactive S. coelicolor clones using the resins 

XAD-4, XAD-7, XAD-16, and HP-20. By testing resins of different adsorptive properties, we 

were able to obtain methodological information on the nature of the antimicrobial compounds. 

Our bioactivity evaluations indicated that extracts from nonpolar resins, XAD-16 and HP-20, led 

to the greatest antibacterial activity from clones P12B21 and P17B06 and no activity was 

observed from the moderately-polar XAD-7 resin. This data suggested that the antimicrobial 

compounds produced by these two clones may be more nonpolar in nature since they had a 

higher affinity for the nonpolar resins when a polar solvent (80% MeOH) was used. Using this 

data, we continued our “activity-forward” approach and selected clone P17B06 for further 

analyses since extracts from this clone displayed the greatest degree of inhibition against A. 

baumannii.   

Sequence analysis of clone P17B06 revealed that the clone harbored an NRPS-like 

cluster with ~40% homology to a puwainaphycin cluster. Although the threshold for determining 

gene cluster novelty is debatable, previous studies have used sequence identity scores below 85% 

to indicate a potentially novel gene cluster (Ziemert et al., 2012). Thus, the low homology of the 

P17B06 cluster to any known cluster in the MIBiG or antiSMASH databases provides evidence 

that it is unique and could encode a novel antimicrobial compound. We were unable to predict a 

chemical structure from analysis of the BGC, but the five encoded NRPS modules are predicted 

to catalyze the formation of a pentapeptide. Further examination of the ORFs encoded in the 

cluster identified a resistance gene with homology to a multidrug-efflux transporter and we 

predict that this gene may provide self-resistance of the produced metabolite to the host. We also 
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identified a regulatory gene, yet closer analysis suggested that this is a σ54 transcriptional 

regulator that is not thought to be active in the S. coelicolor host (David Cole Stevens, Conway, 

et al., 2013). We were unable to identify a gene encoding a TE domain that is needed to cleave 

the peptide from the NRPS machinery (Kohli et al., 2002). This could be attributed to limitations 

of the prediction tools, particularly if the encoded domain is significantly unique from TE 

domains in the databases. More work is needed to better understand the architecture of this 

cluster, how it is regulated, and the mechanisms responsible for the synthesis and release of the 

final product.  

Intriguingly, initial bioinformatics analysis suggested that the P17B06 gene cluster 

originated from Cyanobacteria taxa. Upon closer inspection of the entire clone insert, we found 

that many of the genes flanking the NRPS region had higher % similarity (61 – 83%) to genes 

from the phylum Acidobacteria, whereas the NRPS-related genes had lower % similarity (46 – 

66%) to genes from Cyanobacteria. In particular, many of the flanking genes showed greatest 

similarity to the Blastocatellia class of the phylum Acidobacteria. This is a similar finding to a 

study by Parsley et al. (2011) in which KS domains from metagenomic clones showed low 

sequence similarity to Cyanobacteria taxa and the complete clone insert sequence was more 

similar to Acidobacteria. The authors concluded that the BGC was actually derived from 

Acidobacteria, but was initially misidentified due to the lack of Acidobacteria-derived PKS 

sequences and genomes in the GenBank database. The %G+C content of the P17B06 insert 

sequence was within the range of %G+C content for Blastocatellia genomes. Additionally, 

NRPS-related sequences from Acidobacteria are significantly lacking in the GenBank database. 

Thus, we suspect that the BGC of clone P17B06 is derived from a Blastocatellia species. To our 

knowledge, there has not been a single nonribosomal peptide natural product characterized from 
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the phylum Acidobacteria. This provides further evidence that the antimicrobial compound(s) 

produced by clone P17B06 are novel and could be the first example of a natural product 

identified from the Acidobacteria phylum.  

A bioassay-guided fractionation and metabolomics approach was followed in an attempt 

to identify the antimicrobial metabolites produced by clone P17B06 and assess their novelty. 

UPLC-MS data with statistical analysis by OPLS-DA aided the detection of metabolites that 

were unique in crude extracts from clone P17B06 in comparison to an empty vector control. We 

also successfully obtained an active fraction FR2 from clone P17B06 that showed potent 

inhibition of the target strains. However, the abundance of the unique and/or enriched 

compounds in FR2 were very low which inhibited our ability to isolate such low-yielding 

bioactive compounds. The major compounds detected by UPLC-MS analyses in active 

subfractions dereplicated to the metabolites desferrioxamine E and dehydroxynocardamine that 

are known to be produced by the host S. coelicolor. Antibacterial activity has not been found 

from either of these metabolites suggesting that they are not linked to the bioactivity of clone 

P17B06, and this was further confirmed through the detection of these masses in empty vector 

extracts. We were unable to detect any peptide compounds in the active extract or fractions 

despite bioinformatics analysis suggesting that clone P17B06 harbors a NRPS pathway.  

The inability to detect and purify the active compounds from clone P17B06 may be due 

to insufficient quantities or properties of the compound that render it inactive during purification. 

It is possible that the chemical products escaped detection, due to inherent limits of analytical 

methods. Another possible explanation is that multiple constituents are required for the 

biological effect and these components are diluted or separated in further rounds of fractionation. 

Other studies have reported that the activity of extracts can be attributed to mixtures of 
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compounds that act synergistically, additively, or antagonistically (Caesar & Cech, 2019). Since 

subfractions were less active than the parent fraction FR2, we hypothesized that this 

phenomenon was occurring for clone P17B06. We attempted to test this by recombining 

subfractions and screening a consolidated sample for activity, but the results were inconclusive. 

Recombined subfractions from C18 SPE fractionation showed ZOIs more similar to that of FR2. 

The same was not true for LH-20 recombined subfractions which showed no activity. Thus, we 

cannot support or refute this hypothesis at this stage. We also found no evidence of degradation 

products in MS analyses of P17B06 samples indicating that chemical stability was not a major 

factor contributing to the failed compound characterization.   

Despite the advancements made in this study, our inability to obtain a pure compound 

from clone P17B06 further emphasizes the challenges with heterologous expression. Although 

we attempted to increase heterologous expression through optimizing media conditions (data not 

shown) and inducing expression of the BGC, the metabolite yield was still insufficient for 

accurate detection. There are several future directions that could be explored to overcome these 

challenges and build upon the research established in this study. Rational engineering of the 

BGC, the use of alternative hosts, and up-scaling fermentations of bioactive clones may be useful 

techniques. For clone P17B06, synthetic biology tools could be used to optimize promoters, 

ribosome binding sites, or codon usage. Refactoring regulatory genes is another common 

approach shown to improve heterologous expression levels (Bauman et al., 2019). For example, 

putative repressors could be targeted for deletion. The pathway could also be refactored with 

strong constitutive or inducible promoters that are compatible with the host. These promoters 

could be placed in different locations in the cluster and recombinant clones screened for 

transcript abundance or degree of antibiotic activity. One such location could be near the putative 
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cluster-situated regulator, ORF18. Alternatively, ORF21, which encodes a SOS response-

associated peptidase, may be an interesting target for overexpression or mutation since stress 

responses have been found to activate secondary metabolism in Streptomyces and other bacteria 

(F. Xu et al., 2017).   

Expression of the BGC from clone P17B06 could be compared in other heterologous 

hosts. Ideally, a host that is more closely related to the phylogenetic origin of this cluster would 

be used, but there is not a genetically amenable host from the Acidobacteria phyla. Instead, other 

engineered Streptomyces hosts, such as S. coelicolor M1154 4xattB (unpublished strain) or S. 

albus Del14 (Myronovskyi et al., 2018), could be screened. These hosts have been shown to 

improve production levels through the addition of multiple phiC31 attB integration sites that can 

increase the copy number of the heterologous gene clusters. By refactoring the BGC for more 

controlled expression and using a host with multiple integration sites for the targeted cluster, we 

predict that expression could be substantially increased compared to the levels achieved in this 

study.  

Clearly, more work is required to decipher the chemical nature of the antimicrobial 

metabolites produced by clone P17B06, as well as further studies to characterize other bioactive 

clones identified in this study. We also acknowledge that a bias in this work is attributed to our 

functional screening approach. From our collection of PKS and NRPS-containing clones, we 

were only able to identify those displaying antibiotic activity when expressed in S. coelicolor 

M1154. There may be many interesting metabolites from BGCs that were not expressed in this 

host. Future studies could perform more detailed sequence analysis of the metagenomic BGCs 

and attempt to express these gene clusters in hosts that more closely match the predicted origin. 

This targeted approach could result in the identification of a new set of clones that are capable of 
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expressing novel antimicrobial compounds. Additionally, we only identified clones that exhibit 

activity against A. baumannii WR3806 and S. aureus Xen29. Using a different set of Gram-

positive and Gram-negative test strains may affect the hit rate observed from functional 

screenings of the library.  

In conclusion, this study demonstrated the relevance of S. coelicolor M1154 as a host for 

the expression of biosynthetic pathways from a metagenome. We showed that BGCs of low and 

high GC% could be expressed by S. coelicolor M1154 providing support that this host is capable 

of expressing metagenomic DNA from distant and close phylogenetic origins. In support of this 

finding, an expressed cluster (P17B06) was predicted to encode an NRPS-like biosynthetic 

pathway that appeared to be derived from a Blastocatellia species. Furthermore, we 

demonstrated that a dual-inducible expression system could improve heterologous expression for 

some clones including clone P17B06, but the effect was BGC-dependent. Bioactivity-guided 

fractionation and LC-MS enabled the detection of unique metabolites in extracts and fractions of 

clone P17B06. However, we were unable to purify the antimicrobial metabolites and more work 

is needed to further enhance the metabolite yield by this clone to support purification and 

chemical structure determinations. Despite this shortcoming, we positively identified a high hit 

rate of metagenomic clones capable of producing metabolites that inhibit the growth of a MDR 

pathogen. Thus, we assert this study provides techniques and tools that can advance the field of 

functional metagenomics.  
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3.6. Chapter 3 Supplementary Material 

Table S3.1. Bacterial strains and plasmids used in this study.  

Strain/plasmid/BAC Description/relevant characteristicsa Reference 
Strains   

Escherichia coli DH10B BAC-
Optimized Replicator v2.0 

F- mcrA Δ(mrr-hsdRMS-mcrBC) endA1 recA1 
Φ80dlacZ ΔM15 ΔlacX74 araD139 
Δ(ara,leu)7697 galU galK rpsL (StrR) nupG 
(attL araC-PBADtrfA250 bla attR) λ; Large-
insert DNA cloning host 

Lucigen 
Corporation 

E. coli HB101 F- recA13; General cloning host 

(Boyer & 
Roulland-
Dussoix, 
1969) 

E. coli WTZ17006 

F- Δ(araD-
araB)567, ΔdegP775::kan, ΔlacZ4787(::rrnB-
3), λ-, ΔtolC832::FRT, rph-1, Δ(rhaD-
rhaB)568, hsdR514; antibiotic-susceptible strain 
used for bioassays 

(Baba et al., 
2006) 

Streptomyces coelicolor M1154 
M145 ∆act ∆red ∆cpk ∆cda rpoB(C1298T) 
rpsL(A262G); Host strain for heterologous 
expression 

(Gomez‐
Escribano & 
Bibb, 2011) 

Staphylococcus aureus Xen29 Biofilm-producing strain used for bioassays (Park et al., 
2012) 

Acinetobacter baumannii WR3806 Multidrug-resistant strain used for bioassays (Taitt et al., 
2014) 

Plasmids   

pSmartBAC-S CmR, ApraR, conjugative, integrative, inducible-
copy 

(Nasrin et al., 
2018) 

pRK2013 Tra+; KanR; Conjugative helper plasmid in 
triparental matings 

(Figurski & 
Helinski, 
1979) 

pDualP ApraR (Stankey et 
al., 2022) 

aAbbreviations: StrR, streptomycin resistant; CmR, chloramphenicol resistant; Tra+, conjugal 
transfer ability; KanR, kanamycin resistant; ApraR, apramycin resistant 
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Table S3.2. Primers used in this study.  

Primer name Sequence Amplicon length 
UniversalBAC F CGGCAGGTATATGTGATGGGTTAAAATG 200 bp UniversalBAC R ACCTCTTACGTGCCGATCAG 
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Table S3.3. Validated BGC-containing clones from the Cullars soil metagenomic library that 
were transferred to S. coelicolor M1154 (this study) and/or E. coli BTRA (previous study). 
Clones that expressed bioactivity in S. coelicolor M1154 or E. coli BTRA are noted. Predictions 
for BGC types, lengths, and number of biosynthetic domains were analyzed by antiSMASH 5.0 
(Blin et al., 2019).   

Clone Contig(s) GC 
(%) 

Identified 
by: 

Cloned 
Insert 
Length 

(bp) 

Predicted 
BGC 
type  

Predicted 
BGC 

length (bp)  

Number of 
predicted 

biosynthetic 
domains  

Heterologous 
expression host Bioactivity 

P01A07 P01A1.48 69.0 NGS-
PCR 128761 PKS-

NRPS 96149 33 
S. coelicolor M1154 - 

E. coli BTRA - 

P01H15 P01A1.21 71.3 NGS 64339 PKS-
NRPS 4722 15 S. coelicolor M1154 - 

P01N03 P01B1.33 
P01B1.73 58.1 NGS 40763 NRPS 41349 21 S. coelicolor M1154 - 

P02K21 P02A1.196 65.5 NGS 107433 NRPS 14523 2 S. coelicolor M1154 - 

P02O05 P02A1.12 56.3 NGS 106305 NRPS 13762 9 S. coelicolor M1154 - 

P03C03 P03A1.52 54.6 NGS 62165 NRPS 118628 6 S. coelicolor M1154 - 

P04F05 P04B1.68 71.1 NGS 129359 NRPS 98035 8 S. coelicolor M1154 - 

P04H02 P04B1.15 
P04B1.67 54.8 NGS 140742 PKS-

NRPS 97614 72 S. coelicolor M1154 - 

P04O01 P04A1.29 57.7 NGS 53001 PKS 2609 8 S. coelicolor M1154 - 

P05D13 P05B1.29 54.7 NGS 71074 NRPS 51314 35 S. coelicolor M1154 - 

P05G19 P05A1.676 54.2 NGS 90869 NRPS 39049 20 S. coelicolor M1154 - 

P05K23 P05A1.752 54.6 NGS 108335 NRPS 1278 4 S. coelicolor M1154 - 

P05P18 P05B2.4 57.0 NGS 121566 NRPS 58216 5 E. coli BTRA - 

P06A05 P06A1.18 57.0 NGS 87898 PKS-
NRPS 83133 9 S. coelicolor M1154 - 

P06G05 P06A1.1 56.0 NGS 102475 PKS-
NRPS 68150 18 S. coelicolor M1154 - 

P06G11 P06A1.285 55.8 NGS 129397 PKS-
NRPS 52348 52 S. coelicolor M1154 - 

P07D12 P07B2.21 57.2 NGS 115226 NRPS 24317 20 S. coelicolor M1154 - 

P07H03 P07B1.70 70.7 NGS-
PCR 31569 PKS-

NRPS 79592 16 
S. coelicolor M1154 - 

E. coli BTRA Antifungal  
(C. neoformans) 

P07H07 P07B1.72 54.2 NGS 30585 NRPS 37239 20 S. coelicolor M1154 - 

P07L16 P07B2.36 65.0 NGS 70028 PKS 93770 8 S. coelicolor M1154 - 

P07M04 P07A1.173 64.8 NGS-
PCR 11583 PKS-

NRPS 39662 5 E. coli BTRA - 

P07O04 P07A2.48 66.0 NGS 61286 PKS-
NRPS 106177 10 S. coelicolor M1154 - 

P07O09 P07A1.56 55.6 NGS 108907 PKS-
NRPS 87047 16 S. coelicolor M1154 - 

P08A19 P08A1.2 56.0 NGS 96916 PKS-
NRPS 43697 38 S. coelicolor M1154 - 

P08C17 

P08A2.46 
P08A1.540 
P08A1.626 
P08A1.683 

55.2 NGS 124248 NRPS 6693 33 S. coelicolor M1154 - 
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Clone Contig(s) GC 
(%) 

Identified 
by: 

Cloned 
Insert 

Length 
(bp) 

Predicted 
BGC 
type  

Predicted 
BGC 

length (bp)  

Number of 
predicted 

biosynthetic 
domains  

Heterologous 
expression host Bioactivity 

P09P03 P09B1.20 63.8 NGS-PCR 110970 PKS-
NRPS 73677 11 S. coelicolor M1154 

Antibacterial  
(S. aureus Xen29;  

A. baumannii WR3806) 

P11H15 P11B1.15 54.8 NGS 77085 NRPS 66479 25 S. coelicolor M1154 - 

P11I13 P11A1.18 63.0 NGS 110052 PKS 78569 11 S. coelicolor M1154 Antibacterial 
 (S. aureus Xen29) 

P11I24 P11A2.58 54.0 NGS 68208 PKS-
NRPS 57478 45 S. coelicolor M1154 - 

P11J18 

P11B2.361 
P11B2.716 
P11B2.149 
P11B2.133 
P11B2.172 
P11B2.474 

50.6 NGS 42994 NRPS 87614 11 S. coelicolor M1154 - 

P11N21 P11B1.351 
P11B1.159 50.8 NGS 49818 NRPS 31688 11 S. coelicolor M1154 - 

P11O04 P11A2.44 67.7 NGS-PCR 77067 PKS-
NRPS 74462 31 

S. coelicolor M1154 - 

E. coli BTRA - 

P11P20 P11B2.532 65.0 NGS-PCR 150553 PKS-
NRPS 31118 59 

S. coelicolor M1154 - 

E. coli BTRA - 

P12B21  - 69.8 NGS 60007 NRPS 36531 2 S. coelicolor M1154 Antibacterial 
 (A. baumannii WR3806) 

P15C22 P15A1.77 
P15A2.23 62.8 NGS 83712 NRPS 39703 18 S. coelicolor M1154 Antibacterial  

(S. aureus Xen29) 

P15P01 P15B1.63 56.1 NGS 132498 NRPS 45875 8 S. coelicolor M1154 - 

P15P18 P15B2.5 54.6 NGS 81084 NRPS 70052 25 S. coelicolor M1154 - 

P16O06 P17B2.38 54.6 NGS 67482 NRPS 42261 17 S. coelicolor M1154 - 

P17B06 P17B2.114 60.0 NGS 100101 NRPS 105964 12 S. coelicolor M1154 
Antibacterial  

(A. baumannii WR3806;  
E. coli WTZ17006) 

P17F15 P17B1.340 70.0 NGS-PCR 71189 PKS-
NRPS 88261 10 

S. coelicolor M1154 Antibacterial 
 (A. baumannii WR3806) 

E. coli BTRA - 

P17G08 P17A2.40 56.5 NGS 65444 NRPS 2884 11 S. coelicolor M1154 - 

P17I02 P17A2.30 66.2 NGS 125265 NRPS 43874 10 S. coelicolor M1154 - 

P19H07 P19B1.221 52.7 NGS 16484 NRPS 16484 2 S. coelicolor M1154 - 

P19L22 P19A2.82 
P19B2.34 56.3 NGS 87188 NRPS 51653 7 S. coelicolor M1154 Antibacterial  

(A. baumannii WR3806) 

P19N16 P19B2.404 58.3 NGS 60112 NRPS 2302 20 S. coelicolor M1154 - 

P19O08 P19A2.56 41.9 NGS 93369 PKS 58388 11 S. coelicolor M1154 Antibacterial  
(A. baumannii WR3806) 

P20F15 P20B1.242 
P20B1.293 68.5 NGS 75278 PKS-

NRPS 53104 30 S. coelicolor M1154 - 

P20P17 P20B1.264 
P20B1.518 63.6 NGS 26094 NRPS 49110 11 S. coelicolor M1154 - 

P21E03 P21A1.38 54.8 NGS 91188 NRPS 53798 15 
S. coelicolor M1154 - 

E. coli BTRA - 

P22N20 P22B2.30 52.0 NGS-PCR 103714 PKS 98719 8 
S. coelicolor M1154 - 

E. coli BTRA - 

P22P12 P22B2.239 53.2 NGS 44041 NRPS 3014 13 S. coelicolor M1154 - 

P24H02 P24B2.16 47.8 NGS 87129 PKS 67260 6 S. coelicolor M1154 - 

P24H13 P24B1.29 51.6 NGS-PCR 99579 PKS-
NRPS 43697 16 

S. coelicolor M1154 - 

E. coli BTRA   
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Clone Contig(s) GC 
(%) 

Identified 
by: 

Cloned 
Insert 

Length 
(bp) 

Predicted 
BGC 
type  

Predicted 
BGC 

length (bp)  

Number of 
predicted 

biosynthetic 
domains  

Heterologous 
expression host Bioactivity 

P24L06 P24B2.26 40.0 NGS 97272 PKS 97771 8 S. coelicolor M1154 Antibacterial  
(S. aureus Xen29) 

P25F10 P25B2.32 62.7 NGS 64797 NRPS 45350 5 S. coelicolor M1154 - 

P25M03 P25A1.10 54.8 NGS 87165 NRPS 71332 29 S. coelicolor M1154 - 

P25O21 P25A1.147 62.4 NGS 37775 NRPS 29896 8 S. coelicolor M1154 - 

P26D23 P26B1.113 57.3 NGS 51817 NRPS 24124 3 S. coelicolor M1154 - 

P27C17 P27A1.12 41.2 NGS 102918 NRPS 47322 7 S. coelicolor M1154 - 

P27K06 P27A2.75 57.0 NGS 139647 NRPS 20072 41 S. coelicolor M1154 Antibacterial  
(S. aureus Xen29) 

P27L24 P27B2.506 55.1 NGS 112758 NRPS 5913 12 S. coelicolor M1154 - 

P27O06 P27A2.39 57.4 NGS 139647 NRPS 2970 41 S. coelicolor M1154 - 

P28I16 P28A2.16 55.0 NGS 74990 PKS-
NRPS 38208 10 S. coelicolor M1154 - 

P28L15 

P28B1.439 
P28B1.133 
P28B1.257 
P28B1.63 
P28B1.237 
P28B1.390 

55.7 NGS 110926 NRPS 23644 20 S. coelicolor M1154 - 

P28O04 P28A2.202 61.0 NGS 85938 NRPS 77087 30 S. coelicolor M1154 - 

P28O18 P28A2.23 61.0 NGS 85938 NRPS - 30 E. coli BTRA - 

P29M03 P29A1.109 63.9 NGS 97291 PKS 47644 5 S. coelicolor M1154 - 

P29O18 P29A2.15 56.6 NGS 114397 PKS-
NRPS 117998 77 S. coelicolor M1154 - 

P32A16 P32A2.546 68.7 NGS 59698 NRPS 83726 9 S. coelicolor M1154 Antibacterial 
 (A. baumannii WR3806) 

P33A17 P33A1.19 54.2 NGS 114632 NRPS 34816 8 S. coelicolor M1154 - 

P33I07 P33A1.40 40.0 NGS 91908 PKS 53131 30 S. coelicolor M1154 - 

P35G10 P35A2.492 
P35A2.22 56.7 NGS 69371 NRPS 5532 42 S. coelicolor M1154 - 

P35K06 P35A2.331 66.0 NGS 142359 PKS-
NRPS 50486 13 S. coelicolor M1154 - 

P35L08 P35B2.21 59.0 NGS-PCR 81817 PKS 4886 10 
S. coelicolor M1154 Antibacterial 

 (A. baumannii WR3806) 

E. coli BTRA - 

P35M06 P35A2.5 40.0 NGS 96287 PKS 30405 5 S. coelicolor M1154 - 

P36D09 P36B1.54 
P36B1.60 58.8 NGS 76453 NRPS 75565 30 S. coelicolor M1154 Antibacterial  

(S. aureus Xen29) 

P37L16 P37L16 63.8 NGS-PCR 57334 PKS-
NRPS 4799 17 E. coli BTRA - 

P38B06 P38B2.77 70.1 NGS 91764 NRPS 47012 7 S. coelicolor M1154 Antibacterial  
(S. aureus Xen29) 

P38F23 P38B1.47 64.8 NGS 35834 NRPS 3270 9 S. coelicolor M1154 Antibacterial 
 (S. aureus Xen29) 

P38G02 P38G02 54.6 NGS-PCR 91476 PKS-
NRPS 3192 24 

S. coelicolor M1154 - 

E. coli BTRA Anticancer 

P38H14 P38B2.118 53.8 NGS 106831 NRPS 32332 6 S. coelicolor M1154 - 

P38J21 P38B1.620 62.5 NGS 97705 NRPS 34263 8 S. coelicolor M1154 - 

P38N20 P38B2.22 54.0 NGS 96293 NRPS 5942 5 S. coelicolor M1154 Antibacterial  
(S. aureus Xen29) 

P39I02 P39A1.8 57.6 NGS 135991 PKS-
NRPS 70579 15 S. coelicolor M1154 Antibacterial  

(A. baumannii WR3806) 
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P39I17 P39A1.32 
P39B1.24 64.7 NGS 92944 NRPS 73906 42 S. coelicolor M1154 - 

P40C07 P40A1.53 58.3 NGS 142632 NRPS 103818 9 S. coelicolor M1154 - 

P40C19 P40A1.32 65.9 NGS 113503 NRPS 9815 5 S. coelicolor M1154 - 

P40O18 P40A2.5 69.0 NGS 136500 NRPS 1137 12 S. coelicolor M1154 - 

P41O18 P41.7 62.7 NGS 61544 PKS 52280 9 
S. coelicolor M1154 - 

E. coli BTRA - 

P42P24 P42.2475 53.9 NGS 19065 NRPS 65394 13 
S. coelicolor M1154 - 

E. coli BTRA - 

P49O09 
P49.2215 
P49.1560 
P49.2119 

71.9 NGS 124799 NRPS 2251 57 
S. coelicolor M1154 - 

E. coli BTRA - 

P50M18 P50.95 57.1 NGS 84718 PKS 1755 6 S. coelicolor M1154 
Antibacterial  

(S. aureus Xen29; 
 A. baumannii WR3806) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 148 

 

Figure S3.1. Antibacterial activity of HP-20 extracts and cell-free supernatants from S. 
coelicolor metagenomic clones. Zones of inhibition against A. baumannii WR3806 are shown for 
each clone and include: discs loaded with 10 mg/ml of HP-20 extract from the pDualP version of 
each clone (top left disc), discs loaded with 10 mg/ml of HP-20 extract from the pSmartBAC-S 
version of each clone (top right disc), 10 µl of cell-free supernatant spotted (bottom left disc), 
and discs loaded with 100% methanol (bottom right disc). Each plate corresponds to a clone: A) 
Clone P17B06, B) Clone P32A16, C) Clone P48L09, D) Clone P35L08, E) Clone P12B21, and 
F) Empty vector clone.  

 

 



 149 

Table S3.4. Predicted function of the genes from the P17B06 BGC. 

ORF 
Gene 
length 
(bp) 

Closest homolog [source] Predicted function E-value Protein ID 
(%) NCBI Accession 

1 1119 Hypothetical protein 
[uncultured bacterium] Unknown 0.0 67.75 QEO74846.1 

2 1620 
PhpK family radical SAM 
P-methyltransferase 
[Acidobacteria bacterium] 

P-methyltransferase 0.0 67.30 MCA1612824.1 

3 1947 
Asparagine synthase 
(glutamine-hydrolyzing) 
[uncultured bacterium] 

Asparagine synthesis 0.0 66.40 QEO74760.1 

4 5538 
AMP-dependent synthetase 
and ligase [uncultured 
bacterium] 

AMP synthesis 0.0 46.51 QEO74753.1 

5 609 
Nonribosomal peptide 
synthetase [Microcystis sp. 
M04BS1] 

Peptide synthesis 2e-50 54.19 MCA2554884.1 

6 690 Capreomycidine synthase 
[Nostoc flagelliforme] 

Capreomycidine 
synthesis 4e-57 57.85 WP_190944349.1 

7 1029 
TauD/TfdA family 
dioxygenase [Nostoc sp. 
WHI] 

Alpha-ketoglutarate-
dependent 
dioxygenase 

2e-138 54.76 
 
WP_196519570.1 
 

8 11091 
Nonribosomal peptide 
synthetase [Nostoc sp. 
UHCC 0702] 

Peptide synthesis 0.0 47.42 
 
WP_206268250.1 
 

9 1050 Dioxygenase TauD/TfdA 
[uncultured bacterium] 

Alpha-ketoglutarate-
dependent 
dioxygenase 

3e-149 60.42 QEO74275.1 

10 1083 
TonB-dependent receptor 
[Pyrinomonadaceae 
bacterium] 

Outer membrane 
receptor 6e-74 69.09 MBC8031683.1 

11 630 
TVP38/TMEM64 family 
protein [Pyrinomonadaceae 
bacterium] 

Inner membrane 
protein 2e-82 65.07 MBC8031685.1 

12 1242 

PQQ-dependent sugar 
dehydrogenase 
[Pyrinomonadaceae 
bacterium] 

Glucose 
dehydrogenase 0.0 74.45 MBC8031693.1 

13 540 
Manganese efflux pump 
[Pyrinomonadaceae 
bacterium] 

Manganese exporter 8e-55 62.80 
 
MBC8031692.1 
 

14 1491 TPA: transporter 
[Blastocatellia bacterium] Transport 0.0 78.76 HBB97703.1 

https://www.ncbi.nlm.nih.gov/protein/QEO74753.1?report=genbank&log$=prottop&blast_rank=1&RID=36Z8DD7Y013
https://www.ncbi.nlm.nih.gov/protein/MCA2554884.1?report=genbank&log$=prottop&blast_rank=1&RID=36YZUV8S016
https://www.ncbi.nlm.nih.gov/protein/WP_190944349.1?report=genbank&log$=prottop&blast_rank=1&RID=36ZKGCZF013
https://www.ncbi.nlm.nih.gov/protein/WP_196519570.1?report=genbank&log$=prottop&blast_rank=1&RID=36ZTZGV2016
https://www.ncbi.nlm.nih.gov/protein/WP_196519570.1?report=genbank&log$=prottop&blast_rank=1&RID=36ZTZGV2016
https://www.ncbi.nlm.nih.gov/protein/WP_206268250.1?report=genbank&log$=prottop&blast_rank=1&RID=3707FWA8013
https://www.ncbi.nlm.nih.gov/protein/WP_206268250.1?report=genbank&log$=prottop&blast_rank=1&RID=3707FWA8013
https://www.ncbi.nlm.nih.gov/protein/QEO74275.1?report=genbank&log$=prottop&blast_rank=1&RID=39HZS39A013
https://www.ncbi.nlm.nih.gov/protein/MBC8031683.1?report=genbank&log$=prottop&blast_rank=1&RID=372GF94X016
https://www.ncbi.nlm.nih.gov/protein/MBC8031685.1?report=genbank&log$=prottop&blast_rank=1&RID=372PKJFM013
https://www.ncbi.nlm.nih.gov/protein/MBC8031693.1?report=genbank&log$=prottop&blast_rank=1&RID=372THS1C013
https://www.ncbi.nlm.nih.gov/protein/MBC8031692.1?report=genbank&log$=prottop&blast_rank=1&RID=372WKA46013
https://www.ncbi.nlm.nih.gov/protein/MBC8031692.1?report=genbank&log$=prottop&blast_rank=1&RID=372WKA46013
https://www.ncbi.nlm.nih.gov/protein/HBB97703.1?report=genbank&log$=prottop&blast_rank=1&RID=372Z1RSW016
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ORF 
Gene 
length 
(bp) 

Closest homolog [source] Predicted function E-value Protein ID 
(%) NCBI Accession 

15 3165 

Multidrug-efflux RND 
transporter permease 
subunit [Acidobacteria 
bacterium] 

Resistance 0.0 75.78 MBS1791895.1 

16 1335 
TPA: efflux transporter 
periplasmic adaptor subunit 
[Blastocatellia bacterium] 

RND family efflux 
transporter MFP 
subunit 

8e-180 73.33 HBB97705.1 

17 162 None Unknown - - - 

18 2058 
Fis family transcriptional 
regulator [Blastocatellia 
bacterium] 

σ54 dependent 
transcriptional 
regulator 

0.0 83.07 PWT89797.1 

19 771 

Isocitrate 
lyase/phosphoenolpyruvate 
mutase family protein 
[Pyrinomonadaceae 
bacterium] 

Lyase activity/metal 
ion binding 3e-90 61.90 MBA3323073.1 

20 1356 
Hypothetical protein 
[candidate division NC10 
bacterium] 

Unknown 1e-40 41.04 MBI4391632.1 

21 210 
SOS response-associated 
peptidase [Acidobacteria 
bacterium] 

Peptidase 4e-27 76.81 MCA1579262.1 

22 240 None Unknown - - - 

23 2349 
Hypothetical protein 
C5B55_01185 
[Blastocatellia bacterium] 

Unknown 0.0 70.18 PWT95511.1 

24 141 None Unknown - - - 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

https://www.ncbi.nlm.nih.gov/protein/MBS1791895.1?report=genbank&log$=prottop&blast_rank=1&RID=3732GDA1016
https://www.ncbi.nlm.nih.gov/protein/HBB97705.1?report=genbank&log$=prottop&blast_rank=1&RID=3738XW0901R
https://www.ncbi.nlm.nih.gov/protein/PWT89797.1?report=genbank&log$=prottop&blast_rank=1&RID=373DN4VD016
https://www.ncbi.nlm.nih.gov/protein/MBA3323073.1?report=genbank&log$=prottop&blast_rank=1&RID=373G3MP9013
https://www.ncbi.nlm.nih.gov/protein/MBI4391632.1?report=genbank&log$=prottop&blast_rank=1&RID=373KJ2MK013
https://www.ncbi.nlm.nih.gov/protein/MCA1579262.1?report=genbank&log$=prottop&blast_rank=1&RID=373U837B013
https://www.ncbi.nlm.nih.gov/protein/PWT95511.1?report=genbank&log$=prottop&blast_rank=1&RID=374BSDKE01R
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Figure S3.2. Comparison of the BGC sequence from clone P17B06 with genomic regions that 
are similar in other experimentally-validated clusters in the MiBIG database. Colored genes are 
putative homologs according to antiSMASH.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 152 

 
 
Figure S3.3. Distribution of the GC content across the predicted gene cluster of clone P17B06.   
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Figure S3.4. Zones of inhibition against A. baumannii WR3806 (left) and E. coli WTZ17006 
(right) of combined subfractions FR2-1, FR2-2, FR2-3, and FR2-4 from SPE fractionation. 
These subfractions were derived from S. coelicolor clone P17B06 grown with OTC inducer are 
shown. Discs loaded with the resuspension solvents, 20% - 40% acetonitrile (ACN) were 
included as a negative control.    
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Figure S3.5. A faint zone of inhibition against E. coli WTZ17006 of subfraction FR2-8S from 
Sephadex LH-20 column chromatography. This subfraction was derived from S. coelicolor clone 
P17B06 grown without OTC inducer. Growth of the tester strain E. coli WTZ17006 was 
observed within the zone of inhibition. Discs loaded with the resuspension solvents, 20% - 40% 
acetonitrile (ACN) were included as a negative control.    
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Table S3.5. Detailed information of metabolic features enriched in clone P17B06 crude extracts 
obtained by OPLS-DA analysis.  

No. m/z 
RT 

(min) 

Max 

abundance 
Adducts 

Neutral 

mass 

(Da) 

Normalised abundance 

P17B06 

crude A 

P17B06 

crude B 

P17B06 

crude C 

Empty 

vector 

crude A 

Empty 

vector 

crude B 

Empty 

vector 

crude C 

1 287.10 2.30 41 
M+H, 

M+Na 
264.11 49.52116 24.83397 47.68489 4.17278 0 0 

2 583.36 3.38 51   51.14513 60.57226 39.99926 0 0 4.15221 

3 182.08 3.19 125   120.0427 132.2461 123.3043 2.26675 0 3.10303 

4 336.12 3.72 422 
M+H, 

M+Na 
313.13 432.3495 420.5893 412.0133 5.09952 8.23815 0.06785 

5 136.08 3.19 119   121.0404 119.8053 117.5766 0 2.54212 0 

6 254.12 3.19 153   162.3791 159.8439 136.9159 2.58090 0 0 

7 219.07 2.39 39   33.95891 31.80453 51.81952 0 0.65615 0 

8 233.06 1.21 4   4.803039 2.492698 5.180557 0 0 0 

9 749.86 4.66 22   26.27919 25.55921 15.57881 0 0 0 

10 710.38 4.65 37   36.99689 33.82153 40.00008 0 0 0 

11 586.24 4.22 25   29.26649 25.04978 19.89126 0 0 0 

12 1257.33 3.38 41   56.80935 34.69923 31.89364 0 0 0 

13 887.34 3.23 76   77.94028 62.69609 86.38754 0 0 0 

14 306.13 3.19 33   40.6932 23.91043 33.52774 0 0 0 

15 165.06 3.19 27   28.31868 22.86335 30.59412 0 0 0 

16 206.08 2.91 27   36.13236 18.90935 25.76562 0 0 0 

17 291.07 2.89 32   31.75777 21.30961 44.17189 0 0 0 

18 146.06 2.89 26   26.20717 23.47531 28.63393 0 0 0 

19 144.08 2.89 16   15.22095 16.94799 14.68163 0 0 0 

20 132.08 2.89 24   27.5226 22.35519 23.58133 0 0 0 

21 120.05 2.71 70   69.32465 69.40378 72.19883 0 0 0 

22 992.98 2.71 46   23.81736 51.55125 64.09412 0 0 0 

23 722.08 2.70 13   22.69958 11.79697 5.366821 0 0 0 

24 514.04 2.39 43   45.25903 50.94775 32.97864 0 0 0 

25 698.03 2.37 10   4.633228 16.4747 9.742828 0 0 0 

26 654.47 2.09 27   30.24181 40.67164 8.9893 0 0 0 

27 803.92 5.13 55   55.83949 57.58405 51.79915 0 0 0 

28 523.60 7.81 11   22.34546 5.43896 4.008545 0 0 0 
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Chapter 4 

 Characterization and taxonomy of a metagenome-derived biosynthetic gene cluster 

that encodes an antimicrobial secondary metabolite  

4.1. Abstract 

Microorganisms can produce a diverse array of secondary metabolites that have been 

valuable for medical and biotechnological applications. The ecological role of microbial 

secondary metabolites is poorly understood, but it is likely that these compounds are important 

mediators of microbial interactions in nature. The genomics era has made it possible to study the 

genes encoding the synthesis of these metabolites, called biosynthetic gene clusters (BGCs), 

from cultured bacteria and metagenomes which can provide fundamental insights into their 

function, diversity, and evolution. In this study, we characterized a BGC, called P12B21 BGC, 

derived from a soil metagenomic library that encodes the synthesis of an antimicrobial secondary 

metabolite. We determined that the P12B21 BGC spans 26-kb and contains 28 open readings 

frames (ORFs), some of which likely encode a hybrid nonribosomal peptide synthetase-

polyketide synthase (NRPS-PKS) biosynthetic pathway. Furthermore, we identified several 

genes flanking the BGC boundary that are involved in glycosylation, and by deleting those 

genes, we observed a loss in bioactivity which may indicate that the functional secondary 

metabolite is glycosylated. Bioinformatic analysis revealed that the P12B21 BGC is highly 

homologous to a cluster from Microbacterium hatanonis JCM 14558T, suggesting that the cluster 

originated from a Microbacterium species. Through PCR and dot blot hybridizations, we did not 

identify a homologous cluster in 65 other endophytic Microbacterium species providing 

evidence that this cluster is not conserved across the entire genus. We propose that this cluster 

has been maintained by selection in some Microbacterium species due to the competitive 

advantages of the encoded antimicrobial secondary metabolite, but may be lost in other species if 
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the cluster is silent. These results support the concept that BGCs can be an important avenue to 

better understand the natural role of microbial secondary metabolites and their evolution.    

4.2. Introduction 

Biosynthetic gene clusters (BGCs) are a group of spatially clustered genes that are 

responsible for the production of secondary metabolites with diverse functions (Bibb, 2005). 

Microbial BGCs can span from 20- to over 100-kb in size and may contain over 30 genes that 

encode enzymes and proteins required for the biosynthesis, regulation, transport, self-resistance, 

and modification of secondary metabolites (Greule et al., 2017). Secondary metabolites are not 

directly required for the growth and development of the producing organism, but instead, are 

thought to provide a competitive advantage through nutrient acquisition, inhibition of competitors, 

or cell communication (Sharrar et al., 2020). These compounds have been extensively studied for 

clinical and industrial applications due to their diverse biological activities. However, the 

ecological roles of most microbial secondary metabolites remains poorly understood (O’Brien & 

Wright, 2011).   

Unraveling the natural role of microbial secondary metabolites is a difficult task since the 

gene clusters that govern their synthesis are often silent or cryptic under laboratory conditions 

(Kim et al., 2021). Additionally, most environmental microorganisms cannot be readily cultured 

in the laboratory and current estimates suggest that more than 99% of microbial species are 

uncultured to date (Locey & Lennon, 2016). To address some of these challenges, several 

bioinformatics tools have been developed to detect and characterize BGCs in (meta)genome 

sequences of cultured and uncultured bacteria. These include tools such as antiSMASH (Blin et 

al., 2019), PRISM (Skinnider et al., 2017), CLUSEAN (Weber et al., 2009), ClustScan (Starcevic 

et al., 2008), and RiPPMiner (Agrawal et al., 2017). Through these technologies, we have 
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discovered that BGCs are extensively distributed in various soil, marine, and microbiome 

environments and many of these gene clusters are uncharacterized (Gavriilidou et al., 2022). As a 

result, our understanding of the diversity of microbial biosynthetic pathways is rapidly expanding. 

However, far less progress has been made to understand why microbes produce these compounds 

(O’Brien & Wright, 2011).  

The prevailing theory on the functional role of microbial secondary metabolites is that they 

provide a competitive advantage to the host since many of these metabolites display antimicrobial 

properties (O’Brien & Wright, 2011). In fact, most clinically-relevant natural products are derived 

from soil bacteria and have shown diverse antibacterial, antifungal, and antiparasitic activities 

(D’Costa et al., 2007). Additionally, some microbial secondary metabolites have been shown to 

play roles in metal transport and microbial differentiation (Demain & Fang, 2000). These bioactive 

compounds are believed to important mediators of microbe-microbe and microbe-host 

interactions, likely with complex coevolutionary histories (Braga et al., 2016). It is clear that many 

of these bioactive metabolites are beneficial to the producing organism and may provide the 

selective advantage needed to form and maintain BGCs that encode their biosynthesis (Johnston 

et al., 2020).  

Comparative genomic studies have identified that partial or entire gene clusters can be 

exchanged between and among prokaryotic species through vertical and horizontal gene transfer 

(Chase et al., 2021; Fischbach et al., 2008). These clusters can be highly divergent or conserved 

across different species which is likely influenced by their importance to the organism. Therefore, 

BGCs can be ideal candidates to study microbial chemical ecology and evolutionary dynamics 

(Fischbach et al., 2008; Greule et al., 2017). To date, most studies in this field have narrowly 

focused on the genus Streptomyces, largely due to the overwhelming sequence data available from 
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cultured isolates of this large taxonomic group. However, these studies are still primarily motivated 

by the discovery of compounds for pharmaceutical interests rather than guided by evolutionary or 

ecological questions (O’Brien & Wright, 2011). Thus, the current state of knowledge on the 

function and evolution of BGCs is limited and more studies are needed that seek to understand 

these relationships across diverse taxa.  

The field of metagenomics combined with modern bioinformatics provides an opportunity 

to explore the biological function of secondary metabolites from uncultured microorganisms 

(Vecherskii et al., 2021). The application of these techniques have advanced our ability to identify, 

capture, and express previously “hidden” or “silent” gene clusters (Pereira, 2019). Many unique 

BGCs have been detected through these culture-independent strategies and led to the discovery of 

new bioactive secondary metabolites (Hover et al., 2018; Santana-Pereira et al., 2020). The role of 

these metabolites for the native organism is unknown, but more in-depth characterization of 

metagenome-derived gene clusters can provide clues on their evolutionary history and distribution. 

In turn, this knowledge will not only provide a more comprehensive understanding on microbial 

chemical ecology and their influence on ecosystems (O’Brien & Wright, 2011), but may also guide 

efforts to find the most promising reservoirs of new therapeutics.   

Here, we sought to explore the functional importance and taxonomy of a soil metagenome-

derived gene cluster, P12B21 BGC. In a previous study, we identified that this BGC encodes 

antibacterial secondary metabolites when expressed in the heterologous host, Streptomyces 

coelicolor M1154 (unpublished, Chapter 3 of this dissertation). In this study, we used in silico 

sequence analysis to characterize the genetic elements encoded in the P12B21 BGC and investigate 

its’ taxonomic origin. Next, we set out to determine the functional role of some of the encoded 

genes by generating targeted P12B21 deletion constructs and screening their expression in S. 
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coelicolor. Preliminary evidence indicated that the P12B21 gene cluster is derived from a 

Microbacterium species. Microbacterium are Gram-positive bacteria belonging to the phylum 

Actinobacteria and are found in various environments including soils and water (X. Li et al., 2021). 

Other studies have identified that Microbacterium can harbor nine secondary metabolite-encoding 

gene clusters on average per genome (Corretto et al., 2020), but little is known about their 

functional role. To elucidate the biological and functional importance of the P12B21 gene cluster, 

efforts were made to explore its conservation in cultured Microbacterium species.     

4.3. Materials and Methods 

4.3.1. Bacterial strains and plasmids. 

Bacterial strains and plasmids used in this study are listed in Supplementary Table S4.1. 

The construction, cloning, and subcloning of Streptomyces coelicolor M1154 metagenomic clone 

P12B21 is described in (Santana-Pereira et al., 2020) and Chapter 3 of this dissertation. BAC-

Optimized Replicator v2.0 Escherichia coli DH10B (Lucigen Corporation, Middleton, WI) was 

used for construction and cloning of P12B21 deletion constructs. The P12B21 deletion 

constructs were subcloned in the pDualP vector (Varigen Biosciences) that contains two 

inducible promoters flanking the cloning site for expression in Streptomyces (Stankey et al., 

2022). E. coli HB101 (Boyer & Roulland-Dussoix, 1969) bearing the helper plasmid pRK2013 

(Figurski & Helinski, 1979) was used to facilitate the intergeneric triparental conjugation of 

P12B21 deletion constructs from E. coli to S. coelicolor M1154. For comparative BGC analyses, 

Microbacterium hatanonis DSM 19179T was obtained from DSMZ (German Collection of 

Microorganisms and Cell Cultures, Braunschweig, Germany). The rest of the 65 Microbacterium 

strains were isolated from inside rhizomes (endophytic bacteria) and are part of an internal 

collection of Auburn University. Multidrug-resistant Acinetobacter baumannii WR3806 (Taitt et 
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al., 2014), methicillin-sensitive Staphylococcus aureus Xen29 (Park et al., 2012), and antibiotic-

susceptible E. coli WTZ17006 (Baba et al., 2006) were used as tester strains for the bioassay 

experiments.  

4.3.2. Media and culture conditions.  

For conjugations, E. coli strains were cultured in liquid Luria-Bertani (LB) medium or 

solid agar LB plates containing the appropriate antibiotics at 37°C with shaking at 180 rpm. 

Apramycin (50 µg/ml), kanamycin (30 µg/ml), and nalidixic acid (25 µg/ml) were supplemented 

in the medium when necessary. E. coli – Streptomyces conjugations were performed on soya 

flour-mannitol (SFM) agar [2% (w/v) soybean flour, 2% (w/v) mannitol, and 2% (w/v) agar] 

containing 20 mM MgCl2. Germination of S. coelicolor M1154 spores was performed in 2xYT 

medium [1.6% (w/v) tryptone, 1% (w/v) yeast extract, 0.5% (w/v) NaCl]. S. coelicolor clone 

P12B21 and its genetic variants were grown on SFM containing 50 µg/ml apramycin and 

incubation at 30°C for 5 – 7 days for sporulation and colony PCR. For genomic DNA isolation, 

S. coelicolor clone P12B21 was grown in TSB at 30°C with shaking at 180 rpm for 5 days with 

3mm glass beads. For heterologous expression studies, liquid TSB with 50 µg/ml apramycin and 

3mm glass beads were used for S. coelicolor pre-cultures. Modified liquid yeast extract-malt 

extract (modified YEME) medium [0.3% (w/v) yeast extract, 0.3% (w/v) malt extract, 0.5% 

(w/v) peptone, 1% (w/v) glucose] was used for heterologous expression of S. coelicolor clone 

P12B21 and deletion strains.  

Microbacterium isolates were routinely grown on TSA at 30°C or in liquid TSB with 

shaking at 180 rpm at 30°C for 48 hr. For bioactivity assays, Microbacterium isolates were 

grown in liquid International Streptomyces Project (ISP) 2 agar (Shirling & Gottlieb, 1966) at 

30°C with shaking at 180 rpm for 48 hr. Strains used for bioassays including A. baumannii 
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WR3806, S. aureus Xen29, and E. coli WTZ17006 were cultured in liquid or solid LB medium 

and incubated at 37°C with shaking at 180 rpm. 

4.3.3. Sequence analysis and annotation of the P12B21 gene cluster. 

The insert sequence of clone P12B21 from the metagenomic library was sequenced and 

assembled as previously described (Santana-Pereira et al., 2020). The BGC encoded in the insert 

sequence was characterized by antiSMASH 5.0 (Blin et al., 2019) and manually inspected by 

importing the antiSMASH output into the Geneious software suite (Kearse et al., 2012). 

Annotation of predicted open reading frames (ORFs) and genes/domains from the putative 

P12B21 BGC as predicted by antiSMASH were visualized using the R package “gggenes” 

(Wilkins & Kurtz, 2019) and “ggplot2” (Wickham, 2016). The function of putative gene 

products were predicted by comparing the translated nucleotide sequences against the GenBank 

database using BLASTx. Similar BGCs determined by the ClusterBlast algorithm of antiSMASH 

were aligned in the MAUVE program with default settings (Darling et al., 2004).  

4.3.4. Construction and subcloning of pDualP:P12B21 constructs. 

Deletion constructs of the P12B21 gene cluster were generated by Varigen Biosciences 

(Madison, WI) using CRISPR-Cas9 restriction. Bioinformatic analysis of the P12B21 gene 

cluster was used to identify two regions to target for deletion. For the first deletion construct 

(P12B21_Deletion1), the downstream DNA sequence after ORF31 was targeted for deletion. 

The downstream DNA sequence after ORF28 was targeted for deletion in the second deletion 

construct (P12B21_Deletion2). Genomic DNA from E. coli DH10B with the BAC-Optimized 

Replicator harboring the unmodified P12B21 gene cluster was restricted in vitro using Cas9 and 

two guide RNAs which targeted sites upstream and downstream of the selected regions. A 

Gibson assembly reaction was used to assemble the pDualP vector with the restricted DNA from 
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each deletion construct. The pDualP vector containing the restricted DNA was transformed to E. 

coli DH10B with the BAC-Optimized Replicator and transformants were selected with 

apramycin 50 µg/ml. Four constructs were generated: P12B21 (unmodified, positive control), 

Empty vector (negative control), P12B21_Deletion1, and P12B21_Deletion2.   

4.3.5. Conjugal transfer of the pDualP:P12B21 constructs to S. coelicolor M1154. 

The P12B21 and empty vector constructs were transferred from E. coli to S. coelicolor 

M1154 by conjugation. Donor cells of individual E. coli DH10B clones containing the subcloned 

pDualP constructs were prepared by overnight growth at 37°C in 2 ml of LB supplemented with 

50 µg/ml apramycin. The helper strain E. coli HB101/pRK2013 was prepared by overnight 

growth at 37°C in 2 ml of LB supplemented with kanamycin (30 µg/ml). E. coli donors and 

helpers were diluted 1:100 in fresh LB with appropriate antibiotics and grown to an OD600 of 0.4. 

Cells were then washed twice in ice-cold LB and resuspended in 1 ml of ice-cold LB. 

Approximately 108 spores of S. coelicolor M1154 were added to 0.5 ml of 2xYT medium per 

conjugation, rinsed once in 2xYT medium, and resuspended in 0.5 ml of 2xYT. Spores were 

heat-shocked at 59°C for 10 minutes to promote germination. After cooling to room temperature, 

100 µl of E. coli DH10B donor and 100 µl of E. coli HB101/pRK2013 were added to the spore 

suspension. The mixture was centrifuged at 5,000 x g for 5 min, the supernatant was poured off, 

and the pellet was resuspended in the residual liquid. The mating mixture was plated on MS agar 

medium containing 20 mM MgCl2 and incubated at 30°C for 24 hr. Plates were overlaid with 1 

mL of sterile water containing 0.5 mg of nalidixic acid and 1 mg of apramycin and incubated 

further at 30°C until exconjugants were visible. Single colonies of triplicate exconjugants per 

construct were picked from the plates and isolated on SFM agar containing 25 µg/ml nalidixic 

acid and 50 µg/ml apramycin. S. coelicolor exconjugants were then plated on 50 µg/ml 
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apramycin plates and confirmed by colony PCR using the primers UniversalBACF and 

UniversalBACR (Supplementary Table S4.2). Validated exconjugants were stored as mycelia in 

25% glycerol at -80°C and as spores at -20°C.     

4.3.6. Heterologous expression studies of the DualP:P12B21 constructs. 

For heterologous expression studies, pre-cultures of triplicate exconjugants from each S. 

coelicolor P12B21 and empty vector construct were prepared by inoculating spores of each 

exconjugant from glycerol stocks into 5 ml of TSB containing 50 µg/ml apramycin and 0.3 g of 

3mm glass beads. Cultures were incubated at 30°C, 180 rpm for 3 – 4 days. Cells were pelleted 

by centrifugation at 7, 700 x g for 10 min, washed twice in TSB, and resuspended in 5 ml of 

modified YEME medium. A 1% inoculum (100 µl) of washed pre-cultures was added to 10 ml 

of modified YEME. For induction of pDualP promoters, cultures were supplemented with the 

following inducer treatments at the start of incubation: 1) no inducers, 2) 0.1% (w/v) Ɛ-

caprolactam (ƐCL) inducer, 3) 2.5 µM oxytetracycline dihydrate (OTC) inducer, or 4) 0.1% ƐCL 

and 2.5 µM OTC inducers. All cultures were incubated at 30°C for 7 days and shaking at 180 

rpm. Cell-free supernatants were harvested from the cultures by centrifugation at 7,700 x g for 

10 minutes and the resulting supernatants were filtered through an 0.2-µm filter (VWR). 

Cell-free supernatants were assayed for bioactivity against A. baumannii WR3806 by a 

96-well microplate assay. A. baumannii WR3806 was prepared by inoculating a single colony in 

2 ml of LB and shaken overnight at 37°C, 200 rpm. The overnight culture was diluted 1:100 in 

fresh LB, grown to an optical density at 600 nm (OD600) of ~ 0.5 – 0.6, and diluted 1:100 in LB. 

A volume of 100 µl of each cell-free supernatant was added to triplicate wells of sterile 96-well 

microplates. 100 µl of the diluted log-phase bacterial test strains were added and mixed with the 

supernatants. Control wells were included with 100 µl of the bacterial test strain mixed with 100 
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µl of modified YEME medium. The OD600 of each well was determined in a microplate reader 

before incubation (T0) and following incubation at 37°C for 16 hours with shaking at 200 rpm 

(T16). Growth inhibition, expressed as a percent inhibition of the test strain wells relative to 

control wells, was determined using the formula: 

Inhibition (%)=�1- �
OD600 test well at T16- OD600 test well at T0

OD600 control well at T16- OD600 control well at T0
�� x 100 

Percent inhibitions for each triplicate well were averaged per S. coelicolor pDualP construct 

prior to statistical analyses to avoid pseudoreplication.  

Statistical analyses of the bioactivity data were performed in R (R_Core_Team 2019) 

using the following packages: ‘lme4’ (Bates et al., 2014), ‘lmerTest’ (Kuznetsova et al., 2017b), 

‘emmeans’ (Lenth et al., 2018), ‘betareg’ (Cribari-Neto & Zeileis, 2010). Data wrangling was 

performed in R with the help of the following packages: ‘tidyverse’ (Wickham, 2017b), ‘dplyr’ 

(Wickham et al., 2015), ‘reshape2’ (Wickham, 2007b) and a bar graph was produced using the 

following packages: ‘ggpubr’ (Kassambara, 2020), ‘cowplot’ (Wilke, 2019), and 

‘RColorBrewer’ (Erich, 2014). Pairwise comparisons were analyzed between the percent 

inhibition associated with pDualP:P12B21 and pDualP:EV constructs. Pairwise comparisons 

were corrected by using the default “Tukey method” in the ‘emmeans’ package to correct for 

Type 1 error. Statistically significant differences between treatments were established at α = 

0.05.  

4.3.7. Colony PCR-based screening of Microbacterium isolates. 

Primers were designed to amplify the conserved A3 motif within NRPS adenylation 

domain of the P12B21 gene cluster which was annotated by antiSMASH. Five primer pairs were 

generated using NCBI Primer-BLAST and checked for specificity to the S. coelicolor genome 
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(Supplementary Table S4.2). Primers were synthesized by Eurofins Genomics LLC (Louisville, 

KY). The primer pairs were first tested for their functionality with S. coelicolor clone P12B21 by 

PCR. For this, SFM agar plates containing 50 µg/ml were streaked with the strain and incubated 

at 30°C for 4 days. A single colony was picked and used as a template for PCR reactions. Each 

reaction consisted of 25 µl of CloneID 1X Master Mix (Lucigen Corporation, Middleton, WI), 

0.25 µL of each primer at 50 µM, and a single colony. The amplification was conducted with a 

touchdown PCR protocol, with denaturation at 98°C for 2-min, followed by 10 cycles of a 

touchdown PCR (98°C for 15 s, annealing beginning at 72°C and ramping down 1°C per cycle to 

62°C for 30 s, and 72°C for 30 s), and then 20 cycles of amplification (98°C for 15 s, 62°C for 

30 s, and 72°C for 30 s), and final elongation at 72°C for 5 min. PCR products were visualized 

through gel electrophoresis. The primer pair yielding the desired amplicon was then used to 

screen the Microbacterium isolates listed in Supplementary Table S4.1 by colony-PCR. Each 

Microbacterium isolate was prepared by streaking on TSA and incubating at 30°C for 48 hr. A 

single colony of each isolate was used for PCR following the protocol described above. 

Reactions were considered positive if a ~511 bp amplicon was visible upon agarose gel 

electrophoresis.   

4.3.8. Dot blot hybridization analyses. 

To prepare biomass of S. coelicolor clone P12B21, the culture was grown in 5 ml of TSB 

with 3mm glass beads and incubated at 30°C with shaking at 180 rpm for 5 days. Biomass of 

Microbacterium isolates was prepared by culturing each isolate in 2 ml of TSB and incubation at 

30°C with shaking at 180 rpm for 48 hr. Genomic DNA was isolated from all strains using the 

E.Z.N.A® Bacterial DNA Kit (Omega Bio-Tek, Doraville, CA) following the manufacturer’s 

instructions with slight modifications for difficult-to-lyse bacteria. Samples were left for 1 hr for 
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the first incubation with lysozyme and 2 hr for incubation with proteinase K. The DNA of clone 

P12B21 was used as a template in a PCR to generate a probe for downstream dot blot screenings. 

The primer pair P12B21_core_P1_F and P12B21_core_P1_R was used for probe synthesis 

(Supplementary Table S4.2). The amplification was conducted with a 2-min denaturation at 

98°C, followed by 30 cycles of amplification (98°C for 15 s, 62°C for 30 s, and 72°C for 30 s) 

and final elongation at 72°C for 5 min. The resultant amplicon was labeled with digoxigenin 

(DIG) using the PCR DIG probe synthesis kit (Roche Applied Science, Indianapolis, IN) and the 

probe was used for dot blot analyses. Genomic DNA of each isolate was diluted to a 

concentration of 10 ng/µl and 10 µl was spotted in duplicate on positively-charged nylon Zeta-

Probe membranes (Bio-Rad, Hercules, CA). The DNA was denatured by placing the membrane 

(DNA side facing up) on a Whatman 3MM filter paper for 10 min. The membrane was then 

transferred on top of a filter paper saturated in 2X SSC buffer to rinse and left for 5 min. The 

membrane was left to air dry completely and stored between two pieces of 3MM filter paper at 

room temperature prior to dot blot assays. Dot blot assays were performed following the 

manufacturer’s recommendations (Science, 2009) with hybridization overnight at 52°C and the 

recommended stringency washes for 80 – 100% homology to the target and high GC-content. 

Detection was performed using the DIG nucleic acid detection kit (Roche Applied Science, 

Indianapolis, IN) by colorimetric reaction with NBT/BCIP according to the manufacturer’s 

instructions. 

4.3.9. Biological activity assays of Microbacterium isolates.  

Target organisms for antimicrobial activity assays of Microbacterium isolates included S. 

aureus Xen29, E. coli WTZ17006, and A. baumannii WR3806 (Supplementary Table S4.1). The 

antibacterial activity of each Microbacterium isolate was evaluated using a spot-on-lawn assay 



 168 

with cell-free supernatants. The isolates were cultured in 2 mL of ISP 2 broth and incubated for 

48 hr at 30°C with 180 rpm shaking. After incubation, the cells were pelleted by centrifugation at 

5,000 x g. Supernatants were filtered through a 0.2 µm microporous membrane, and 10 µl of 

cell-free supernatant was spotted on the surface of agar plates containing the target organisms in 

triplicate. A 10 µl spot of sterile ISP 2 broth was used as a negative control. Plates containing 

cell-free supernatants from S. coelicolor clone P12B21 were also included as a control. After 

spots were dried in a clean bench, plates were incubated at 37°C for 24 hr. The diameters of the 

zones of inhibition were subsequently measured.    

4.4. Results 

4.4.1. Bioinformatic analysis of the P12B21 biosynthetic gene cluster. 

Sequence analysis by antiSMASH and BLASTx determined that metagenomic clone 

P12B21 contained a 60,007 bp insert sequence consisting of 62 ORFs encoding a non-ribosomal 

peptide synthetase (NRPS)-like gene cluster, putative sugar-related enzymes, 

aromatases/cyclases, transcriptional regulators, transporters/permeases, resistance factors, and 

hypothetical proteins as shown in Fig. 4.1a. Manual inspection of the annotation provided by 

antiSMASH revealed that the NRPS-like gene cluster spanned 26,196 bp and was encoded 

within the first 28 ORFs of the entire 60-kb insert sequence (Fig. 4.1b). Functional predictions of 

genes encoded in the P12B21 BGC is listed in Supplementary Table S4.3.  
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Figure 4.1. Annotation of the genes encoded in metagenomic clone P12B21. (a) Functional 
prediction of genes within the 60-kb insert sequence of clone P12B21 as determined by BLASTp 
analysis. (b) AntiSMASH annotation of the 20-kb BGC encoded in clone P12B21. Colors 
represent putative broad gene functions as shown in the legends.  

 

A typical NRPS cluster consists of three catalytic domains: adenylation (A) domain, 

thiolation (T) domain, and condensation (C) domain (Hur et al., 2012). Of these three core 

domains, only a partial A domain was annotated within the P12B21 BGC. Within the A domain, 

a conserved motif designated as A3 was identified that comprises the ANL enzyme superfamily 

of NRPSs (Miller et al., 2014). Several accessory domains were encoded in the core BGC region 

including a phosphopantetheinyl transferase (PPT) domain (ORF4), an acyl carrier protein 

(ACP) domain (ORF3), and an adenosine monophosphate (AMP)-binding domain (ORF2) 

(Supplementary Table S4.3). PPT domains are frequently observed in NRPS pathways where 

they play a role in the post-translational modification of the T domain (Lundy et al., 2020). On 

the other hand, ACP and AMP-binding domains function to activate and incorporate acyl 

substrates to the elongating protein in PKS pathways (H. Chen et al., 2015), but have also been 
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identified in hybrid NRPS-PKS pathways (Fisch, 2013). According to these findings, P12B21 

BGC may represent a hybrid NRPS-PKS pathway with an unusual architecture. 

Other notable features within the P12B21 gene cluster included a PadR transcription 

regulator (ORF16) and a GntR family transcription regulator (ORF27) (Supplementary Table 

S4.3). Additionally, a resistance gene was identified in ORF11 with similarity to a vanZ gene 

(Fig. 4.1; Supplementary Table S4.3). VanZ has been identified to confer resistance to 

lipoglycopeptide antibiotics in other bacteria (Vimberg et al., 2020) and may be responsible for 

conferring self-resistance to the native producer and the S. coelicolor M1154 heterologous host.  

Manual inspection of the genes flanking the putative BGC boundaries identified several 

enzymes predicted to be involved in sugar modification and glycosylation (Fig. 4.1a). These 

included three ORFs encoding sugar kinases, three ORFs encoding glycosyltransferases, one 

ORF encoding a nucleotide sugar dehydrogenase, three ORFs encoding sugar transporters, and 

three ORFs encoding glycoside hydrolases. The encoded glycosyltransferases are presumed to be 

involved in the attachment of sugars, but it was unknown if they act upon the secondary 

metabolite produced by clone P12B21. Putative enzymes involved in saccharide and 

triacylglycerol syntheses were also identified. As shown in Fig. 4.1a, many of the genes located 

between ORF29 to ORF62 were assigned as hypothetical proteins with unknown function.  

4.4.2. Heterologous expression of P12B21 gene deletion constructs. 

To further elucidate the functional role of some of the encoded genes in the P12B21 

cluster, we generated two gene deletion constructs and screened their expression in S. coelicolor 

by bioactivity assays. The first deletion construct (P12B21_Deletion1) was designed to keep the 

three ORFs (ORF29, ORF30, ORF31) that directly flanked the right edge of the BGC and were 

predicted to encode sugar kinases that we presumed play a role in glycosylation of the antibiotic 
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molecule. The remaining genes (ORF32 to ORF62) were deleted in this construct. For the second 

deletion construct (P12B21_Deletion2), the entire DNA sequence flanking the right border of the 

BGC was deleted (ORF29 to ORF62). A schematic representation of the P12B21 constructs 

generated in this study is shown in Figure 4.2.  

 

Figure 4.2. Genetic organization and annotation of the P12B21 insert sequence and schematic 
representation of deletion constructs generated in this study.  
 
 

Deletion constructs were subcloned in the pDualP vector which contains the inducible 

promoters PnitA and Potr that flank the left and right edge of the cloned sequence, respectively 

(Stankey et al., 2022). Our previous experiments identified that the expression of an unmodified 

P12B21 construct could be enhanced by induction with 0.1% (w/v) ƐCL which acts on the PnitA 

promoter. Therefore, in the present experiments, we also wanted to determine if bringing the Potr 

promoter closer to the right edge of the BGC could further alter expression of this cluster by S. 

coelicolor. Resultant deletion constructs were subsequently introduced into S. coelicolor M1154 

by conjugation from E. coli DH10B and triplicate exconjugants treated with ƐCL and/or OTC 

inducers were screened for antimicrobial activity against A. baumannii. Percent inhibitions of 
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each deletion construct were compared to the positive control of the unmodified P12B21 

construct and the empty vector negative control.   

No significant inhibition of A. baumannii was observed from clones containing the 

P12B21_Deletion2 constructs with any inducer treatment (Fig. 4.3). The average inhibition of A. 

baumannii from each exconjugant with the P12B21_Deletion2 construct was < 20% across all 

inducer treatments. In comparison, activity was highly variable between exconjugants of clones 

harboring the P12B21_Deletion1 constructs (Fig. 4.3a). Two exconjugants with the 

P12B21_Deletion1 construct consistently exhibited < 20% inhibition of the target pathogen 

across all treatments, whereas one exconjugant showed much greater antimicrobial activity (> 

50% inhibition) when treated with the ƐCL inducer, ƐCL and OTC inducers combined, or no 

inducers (Fig. 4.3b). With the exception of treatment with OTC alone, the inhibitory activity of 

this exconjugant was significantly higher than the activity from any exconjugant with an empty 

vector, unmodified P12B21, or P12B21_Deletion2 construct. 
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Figure 4.3. Antibacterial activity of S. coelicolor exconjugants harboring modified and 
unmodified P12B21 gene clusters. (a) Percent inhibition of A. baumannii WR3806 by cell-free 
supernatants of triplicate S. coelicolor exconjugants carrying modified and unmodified P12B21 
constructs. Constructs were cloned in the pDualP inducible expression system and exconjugants 
were treated with or without the inducers 0.1% (w/v) ƐCL and 2.5 µM OTC. Bars represent the 
mean inhibition from three exconjugants. (b) Percent inhibition of A. baumannii WR380 from 
cell-free supernatants of a single exconjugant of S. coelicolor carrying modified and unmodified 
P12B21 constructs. Bars represent the mean inhibition of a single exconjugant and three 
technical replicates. For both plots, black lines indicate the standard error among technical 
replicates. Letters represent significant differences (p < 0.05) between the percent inhibitions of 
the pathogen associated with each treatment for each construct as determined by beta regression 
with Tukey’s post-hoc correction for multiple comparisons.  
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4.4.3. Comparison of the P12B21 gene cluster with other Microbacterium-derived 

clusters. 

Our next studies aimed to elucidate the taxonomic origin of the BGC and determine if 

this gene cluster was conserved in other species. AntiSMASH analysis revealed that 96% of the 

genes within the P12B21 BGC were similar to genes within a NRPS cluster (antiSMASH 

accession#: VRSV01000002.1) from M. hatanonis JCM 14558T. Furthermore, each of the 

annotated ORFs within the cluster had closest GenBank matches to proteins from M. hatanonis 

(Supplementary Table S4.3). M. hatanonis JCM 14558T is a bacterium of the phylum 

Actinobacteria and was originally isolated as a contaminant of hair spray (Bakir et al., 2008). 

Although other Microbacterium strains have been observed to produce bioactive metabolites 

(Bano et al., 2022; Kanagasabhapathy et al., 2008), antimicrobial activity has not been reported 

from M. hatanonis and a secondary metabolite has not been linked to this particular NRPS 

cluster encoded in its genome.  

In addition to M. hatanonis, the most similar clusters to P12B21 as determined by the 

ClusterBlast algorithm of antiSMASH were also derived from Microbacterium species including 

M. pygmaeum DSM 23142T, M. yannicii PS01T, and M. sediminis YLB-01T. However, these 

clusters were less similar (ranged from 20% to 51% similarity) to P12B21 compared to the 

NRPS cluster of M. hatanonis. The gene cluster sequences from each of these Microbacterium 

strains were further compared to the P12B21 NRPS cluster using a collinearity analysis 

performed by MAUVE. Results were consistent with antiSMASH and showed homologous and 

non-homologous regions between each BGC with the most similarity between P12B21 and M. 

hatanonis (Fig. 4.4). Thus, the synteny of the P12B21 gene cluster with other Microbacterium-

derived BGCs suggests that the cluster is derived from a Microbacterium species.  
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Figure 4.4. MAUVE alignment of the biosynthetic gene clusters of S. coelicolor clone P12B21 
(A), M. hatanonis JCM 14558T (B), M. sediminis YLB-01T (C), M. yannicii PS01T (D), and M. 
pygmaeum DSM 23142T (E). Each colored block is a region of collinear sequence representing 
homologous regions among each strain. Where colors match among gene clusters, homology is 
detected. Boxes under each sequence map represent protein-coding genes (white boxes). 

 

These findings prompted us to investigate if we could identify homologous BGCs to 

P12B21 from M. hatanonis and other soil Microbacterium isolates using in vitro techniques and 

if these isolates exhibited a similar antibacterial activity profile to S. coelicolor clone P12B21. 

For the analyses described in the following sections, we screened the type strain M. hatanonis 

DSM 19179T and 65 cultured Microbacterium strains that were isolated from inside rhizomes 

(endophytic bacteria) and are part of the internal collection of Auburn University. Genome 

sequences were not available from the 65 Microbacterium isolates which led us to use PCR and 

dot blot analyses to screen for homologous gene clusters. Although the exact identity of these 

endophytic Microbacterium isolates is not known, BLASTn of 16S rRNA gene sequences 

revealed that many of these isolates show > 98% similarity to the species M. azadirachtae, M. 

foliorum, M. arborescens, M. testaceum, M. oleivorans, M. oxydans, or M. hydrothermale. We 
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were not able to acquire M. pygmaeum, M. yannicii, or M. sediminis, and therefore, these strains 

could not be included in these analyses.  

4.4.4. Antibacterial activity screening of Microbacterium isolates. 

Antibacterial activity assays of each Microbacterium isolate and S. coelicolor clone 

P12B21 were performed against target organisms (A. baumannii WR3806, E. coli WTZ17006, 

and S. aureus Xen29) using a spot-on-lawn technique. These target strains were selected since S. 

coelicolor clone P12B21 is known to inhibit the growth of A. baumannii WR3806 and E. coli 

WTZ17006 based on our previous studies. We also wanted to include a Gram-positive strain (S. 

aureus Xen29) to screen for any differences in bioactivity displayed between the 

Microbacterium isolates and clone P12B21. Other studies have identified production of bioactive 

secondary metabolites from Microbacterium isolates when ISP 2 broth was used as the growth 

medium (Abdelmohsen et al., 2010; Bano et al., 2022). For this reason, we chose to culture each 

of the Microbacterium isolates in ISP 2 broth in an attempt to promote secondary metabolism. 

Additionally, these isolates were not observed to grow well in the modified YEME that is used 

for fermentation of clone P12B21. Bioactivity was not observed from any of the Microbacterium 

isolates against any of the target strains when cultured in ISP 2 broth for 48 hr. Consistent with 

our prior findings, supernatants from the control S. coelicolor clone P12B21 were inhibitory to 

the growth of A. baumannii WR3806 and E. coli WTZ17006, but not S. aureus Xen29.   

4.4.5. Design of P12B21 gene cluster-specific primers. 

Following inconclusive results from bioactivity assays, we decided to screen the 

Microbacterium isolates for a homologous BGC to P12B21 by PCR and dot blot hybridization. 

The design of PCR primers specific for the P12B21 gene cluster was based on the annotation by 

antiSMASH (Fig. 4.1). Five PCR primer pairs were designed so that they amplified a ~200- to 
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600-bp region of the P12B21 core adenylation domain (Supplementary Table S4.2). More 

specifically, the primers targeted the conserved A3 motif within the predicted A domain. Motif 

A3 is part of the ten motifs (A1 – A10) that comprise the ANL enzyme superfamily and are 

conserved across NRPS clusters (Miller et al., 2014).  

The primer pairs were first tested for their functionality with S. coelicolor clone P12B21 

by colony PCR using a touchdown PCR protocol. Amplification products of the expected size 

ranges were obtained from three of the primer pairs which included P12B21_core_P1, 

P12B21_core_P4, and P12B21_core_P5 (Fig. 4.5). The P12B21_core_P1 bands were selected 

for downstream PCR and dot blot analyses since the intensity of the bands was greater than the 

PCR products from the other primer pairs.   

 

Figure 4.5. Agarose gel electrophoresis of PCR products from colony PCR screening of S. 
coelicolor clone P12B21. Selective amplification of ~200- to 600-bp fragments using primers 
specific for the conserved A3 motif of the adenylation domain in the P12B21 biosynthetic gene 
cluster. The desired amplicon was obtained for three of the five primer pairs tested. Lanes, 1a 
and 1b: S. coelicolor clone P12B21 with P12B21_core_P1_F/R primers; 2a and 2b: S. coelicolor 
clone P12B21 with P12B21_core_P2_F/R primers; 3a and 3b: S. coelicolor clone P12B21 with 
P12B21_core_P3_F/R primers; 4a and 4b: S. coelicolor clone P12B21 with 
P12B21_core_P4_F/R primers; 5a and 5b: S. coelicolor clone P12B21 with 
P12B21_core_P5_F/R primers.  
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4.4.6. PCR-based screening of cultured Microbacterium for a homologous BGC to 

P12B21. 

The PCR primer set P12B21_core_P1_F and P12B21_core_P1_R was used as a 

molecular probe to screen M. hatanonis DSM 19179T and the cultured Microbacterium isolates 

for the presence of a homologous P12B21 BGC. Single colonies of each isolate, including S. 

coelicolor P12B21 as a control, were used as a template for colony PCR. PCRs resulted in 

successful amplification of the expected ~511 bp fragment from S. coelicolor clone P12B21 and 

M. hatanonis DSM 19179T further supporting the data from antiSMASH analysis. Of the other 

65 cultured Microbacterium isolates that were screened, none yielded a PCR product suggesting 

that these bacteria did not contain a homologous BGC to clone P12B21 or their respective A 

domain sequences are too divergent to be amplified with the primers.    

4.4.7. Dot blot analysis of cultured Microbacterium isolates. 

In addition to PCR screening, genomic DNA from each Microbacterium isolate was also 

screened by a less-sensitive approach, dot blot hybridization, for homologous BGCs to the gene 

cluster of clone P12B21. The amplicon from colony PCR of S. coelicolor clone P12B21 with the 

BGC-specific primer set P12B21_core_P1_F/R was labeled with DIG and used as a probe for 

dot blot hybridization. The probe was first validated to hybridize with genomic DNA from S. 

coelicolor clone P12B21, E. coli clone P12B21, and M. hatanonis DSM 19179T which all served 

as positive controls. Additionally, DNA from S. coelicolor M1154 was used as a negative control 

to monitor the sensitivity of the probe. As desired, the DIG-labeled probe hybridized with DNA 

from each positive control and did not hybridize with the DNA from the negative control 

(Supplementary Fig. S4.1). After validating the probe, DNA from the 65 Microbacterium 

isolates was screened following the same hybridization conditions. Consistent with the results 
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from PCR screening, none of the Microbacterium isolates besides M. hatanonis DSM 19179T 

exhibited a colorimetric reaction after hybridization with the DIG-labeled P12B21-specific 

probe, indicating that these isolates did not possess a homologous gene cluster.  

4.5. Discussion 

Advancements in next-generation sequencing and (meta)genome mining efforts have 

demonstrated that nature holds a wealth of secondary metabolite chemical diversity which is 

largely undiscovered (Gavriilidou et al., 2022). New techniques are rapidly developed to access 

these compounds for medical research and have greatly expanded our understanding on the 

mechanisms that control their biosynthesis in microorganisms. Contrarily, the ecological role of 

microbial secondary metabolites remains poorly understood, but is important to enhance our 

knowledge on microbial communities and their influence on ecosystems (O’Brien & Wright, 

2011). Although it is difficult to define the precise role of such diverse compounds, the 

application of culture-independent techniques (i.e. metagenomics) have made it possible to 

explore the distribution and function of BGCs that encode the synthesis of secondary metabolites 

from uncultured microorganisms (Vecherskii et al., 2021). This information can be useful to 

understanding the importance of these biosynthetic pathways and their chemical products to the 

producing microbes.   

In this work, we have characterized a secondary metabolite gene cluster derived from a 

soil metagenomic library in order to predict its function and taxonomic origin. We specifically 

focused on the P12B21 BGC, since our previous work showed that this gene cluster could be 

expressed in a S. coelicolor heterologous host which facilitated further downstream analyses. 

Through bioinformatics analysis, we identified that the P12B21 cluster spans 26-kb and is 

harbored in the first 28 ORFs of the entire 60-kb cloned DNA insert. These ORFs encode several 
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putative functions required for secondary metabolite biosynthesis, transcriptional regulation, 

resistance, and transportation.  

Initial annotation by antiSMASH identified the P12B21 cluster as an “NRPS-like” BGC. 

NRPSs are a well-defined class of gene clusters capable of producing secondary metabolites with 

diverse bioactivities. A minimal NRPS module consists of an A domain, C domain, T domain, 

and PCP domain (Miller & Gulick, 2016). Interestingly, the P12B21 BGC was predicted to 

contain only a partial A domain but lacks the other typical NRPS domains. Instead, an ACP 

domain and AMP-binding domain were identified in the cluster which are two domains 

commonly associated with polyketide synthases (PKSs), another important class of gene clusters 

frequently observed in bacterial and fungal genomes (Walsh, 2004). The BGC was not predicted 

to contain the other catalytic modules common in minimal PKS pathways.  

Previous studies have provided evidence for hybrid NRPS-PKS systems encoded in 

bacterial genomes that contain catalytic enzymes from both systems (Mizuno et al., 2013). These 

hybrid NRPS-PKS gene clusters can synthesize a compound by direct or indirect interactions 

between the NRPS and PKS modules, and these pathways have been linked to the production of 

bioactive metabolites (L Du & Shen, 2001). Based on this evidence, we propose that the P12B21 

gene cluster is a hybrid NRPS-PKS pathway. The regulation of this pathway may be controlled 

by homologous PadR and/or GntR transcriptional regulators which were identified in ORF16 and 

ORF27, respectively, of the cluster. PadR is a global transcriptional regulator that can function as 

an environmental sensor and contributes to antibiotic biosynthesis, multidrug resistance, and 

detoxification in diverse bacteria (Florez et al., 2015). GntR regulators can also act as 

environmental sensors and have been observed to function in the control of antibiotic synthesis 

by Streptomyces and other bacteria (Hillerich & Westpheling, 2006). The role of these genes in 
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the P12B21 BGC is unknown at this time, but we predict that these putative regulators take part 

in biosynthesis control by the native producer and possibly the heterologous host.  

To better understand the function of the P12B21 BGC, we attempted to determine the 

type of compound synthesized by its pathway. The unusual architecture impeded our ability to 

predict a chemical structure through antiSMASH. However, annotation of the 60-kb cloned DNA 

insert sequence suggested that P12B21 may be encoding the synthesis of a glycosylated 

compound due to the presence of several ORFs putatively encoding glycosylation and sugar-

modifying enzymes. In support of this prediction, we found that deleting all genes downstream 

of the BGC boundary (ORF29 to ORF62), several of which were predicted to be involved in 

glycosylation and sugar modification, resulted in a loss of bioactivity. Furthermore, we identified 

a resistance gene carried in the BGC with homology to a vanZ gene. VanZ is a member of the 

vanA glycopeptide resistance cluster that confers resistance to the glycopeptide antibiotics 

vancomycin and teicoplanin (Vimberg et al., 2020). The vanZ homolog identified in the P12B21 

cluster may be responsible for providing resistance to the host and provides further evidence that 

the P12B21 gene cluster is encoding a glycopeptide-like secondary metabolite. Future studies 

could employ chemical analysis by LC-MS and NMR to accurately determine the compound 

structure.      

We further characterized the functional role of some of the genes encoded in the P12B21 

cluster by deleting three genes putatively acting as sugar kinases. Screening the expression of 

this modified cluster in S. coelicolor gave inconclusive results. Only one S. coelicolor 

exconjugant with this modified cluster showed significant antibacterial activity whereas the other 

two exconjugants did not display any detectable activity. Other studies have observed phenotypic 

and genotypic heterogeneity between Streptomyces colonies that form during growth (Z. Zhang, 
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Du, et al., 2020). We believe a similar phenomenon may be affecting the degree of BGC 

expression between S. coelicolor exconjugants, and further work will aim to assess this 

hypothesis.  

By characterizing genes encoded in the P12B21 gene cluster, we were also able to predict 

its taxonomic origin. The closest homologous clusters were derived from Microbacterium 

species and MAUVE alignment revealed syntenic regions between the P12B21 BGC and clusters 

from M. hatanonis JCM 14558T, M. pygmaeum DSM 23142T, M. yannicii PS01T, and M. 

sediminis YLB-01T. Based on this evidence, we postulated that the P12B21 gene cluster is 

derived from a Microbacterium species. Microbacterium are Gram-positive bacteria within the 

Actinobacteria phylum that are ubiquitous in many soil and aquatic environments (X. Li et al., 

2021). Studies have shown that these bacteria can harbor diverse BGCs in their genomes, but the 

average number of gene clusters is fairly low compared to other genera in the same phylum 

(Corretto et al., 2020). Many of the characterized gene clusters from Microbacterium species are 

thought to produce metabolites that function in metal homeostasis since these bacteria are often 

found in heavy metal-contaminated sites (Brown et al., 2012; Corretto et al., 2020). Less is 

known about other functions of these gene clusters, but marine Microbacterium have been found 

to synthesize antimicrobial or cytotoxic metabolites (Graça et al., 2013; Kanagasabhapathy et al., 

2008). Our study provides evidence that soil Microbacterium may also possess gene clusters that 

function to synthesize antimicrobial compounds. 

Although it is difficult to demonstrate the role of the P12B21 BGC since it was derived 

from an uncultured bacterium, we predict that the secondary metabolites encoded in its pathway 

provide a competitive advantage to the presumed host Microbacterium species. Secondary 

metabolites with antimicrobial properties are widely thought to play significant roles in microbial 
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warfare where they can inhibit the growth of competitors that occupy the same ecological niche 

(O’Brien & Wright, 2011). One example is that of plant growth-promoting bacteria that can 

produce antimicrobial compounds to suppress the growth of bacterial plant pathogens (Tyc et al., 

2017). Consequently, these bioactive metabolites can be key drivers of microbe-microbe and 

microbe-plant ecological interactions in soil (Braga et al., 2016). Based on this knowledge, we 

predicted that the BGC serves a beneficial function to the genus Microbacterium, and therefore, 

may be conserved in other soil Microbacterium species. 

In other members of the Actinobacteria phylum, such as Salinispora and Amycolatopsis, 

a strong relationship has been shown between phylogeny and BGC diversity, with most BGCs 

being shared between close relatives (Adamek et al., 2018; Ziemert et al., 2014). Horizontal gene 

transfer of entire BGCs has been documented in Actinobacteria, but it is argued that these events 

are much more rare compared to vertical inheritance (McDonald & Currie, 2017; van Bergeijk et 

al., 2020). Therefore, it is probable that the P12B21 cluster, or a variation of it, may have been 

present in a common ancestor of the genus Microbacterium and has been maintained in 

geographically distant and related organisms through vertical inheritance. To test this theory, we 

used PCR and dot blot hybridizations to screen M. hatanonis JCM 14558T and 65 endophytic 

Microbacterium species for a homologous P12B21 gene cluster. 

Through PCR and dot blot analyses, we found further evidence that the P12B21 BGC is 

homologous to a cluster from M. hatanonis. Interestingly, M. hatanonis JCM 14558T was 

originally isolated as a contaminant of hair spray from Japan (Bakir et al., 2008). We speculate 

that M. hatanonis is actually a soil-borne microorganism that has contaminated a cosmetic 

product during the manufacturing process. Due to the high homology between the P12B21 BGC 

and the gene cluster from M. hatanonis, we predicted that M. hatanonis would display a similar 
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antimicrobial activity profile to the P12B21 clone. However, we did not observe bioactivity from 

M. hatanonis against any of the tester strains. The lack of bioactivity could mean that the 

homologous cluster is silent in M. hatanonis under the given laboratory conditions or the 

expression of the BGC was too low for detection. Future studies could seek to identify the 

growth conditions necessary to “turn on” expression of this BGC in M. hatanonis or use 

chemical analysis to determine if these two strains produce a similar metabolite.   

Surprisingly, we were not able to identify a homologous P12B21 BGC to any of the 65 

endophytic Microbacterium isolates when using hybridization conditions designed for 80 – 

100% homology. It is possible that these Microbacterium species had portions of the P12B21 

BGC, but the homology was too low to be detected by our approach. Genome sequencing of 

these isolates could help address that possibility. Alternatively, these isolates may not possess 

this cluster and there are several plausible explanations that may be contributing to the patchy 

distribution of this BGC across the Microbacterium genus.  

In Actinobacteria taxa, selective pressure is thought to influence the localization of gene 

clusters to regions on the chromosome that are more likely to be maintained (van Bergeijk et al., 

2020; Ventura et al., 2007). In the absence of that selective pressure, these BGCs may localize 

away from the core genome to genomic islands which are more susceptible to gain/loss events 

through horizontal gene transfer (Letzel et al., 2017; van Bergeijk et al., 2020). We suspect that 

the selective pressure to maintain the P12B21 BGC is influenced by interspecific competition in 

a niche. Depending on the surrounding microbial community, maintaining and expressing a BGC 

may be favorable for a particular species’ survival or be too costly if not needed. Therefore, we 

predict that the P12B21 BGC is conserved in its native host and M. hatanonis because it confers 

an advantage to them. The other Microbacterium species in this study may have lost significant 
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portions or all of the gene cluster because its function is not needed or has been replaced by 

another gene cluster, the latter of which has been documented in other Actinobacteria species 

(Bruns et al., 2018). Nevertheless, a comprehensive BGC phylogenetics study across more 

Microbacterium representatives is needed to better understand the evolution of the P12B21 gene 

cluster and its importance to this taxa.      

 In summary, our study sheds light on the function and taxonomy of a metagenome-

derived gene cluster. The P12B21 BGC appears to have originated from a soil Microbacterium 

species and putatively encodes the synthesis of a glycosylated secondary metabolite. We propose 

that this secondary metabolite acts as a chemical defense agent to the native host based on its 

antibiotic properties. Furthermore, this cluster is conserved in some Microbacterium species and 

absent in others which suggests that its ecological importance is influenced by the microbial 

composition and dynamics in a particular niche. Future studies could explore the phylogenetic 

patterns of the P12B21 BGC throughout the Microbacterium genus to expand our knowledge on 

its distribution and evolution. As demonstrated in this study, characterizing the function and 

origin of new gene clusters will advance our understanding on the role of microbial secondary 

metabolites in ecosystems. In turn, this can aid efforts to find the most promising sources of new 

compounds for human applications.  
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4.6. Chapter 4 Supplementary Material       

Table S4.1. Bacterial strains and plasmids used in this study.  

Strain/plasmid/BAC Description/relevant characteristicsa Reference 
Plasmids   

pRK2013 Tra+; KanR; Conjugative helper plasmid in 
triparental matings 

(Figurski & 
Helinski, 
1979) 

pDualP ApraR (Stankey et 
al., 2022) 

Strains   

Escherichia coli DH10B BAC-
Optimized Replicator v2.0 

F- mcrA Δ(mrr-hsdRMS-mcrBC) endA1 recA1 
Φ80dlacZ ΔM15 ΔlacX74 araD139 
Δ(ara,leu)7697 galU galK rpsL (StrR) nupG 
(attL araC-PBADtrfA250 bla attR) λ; Large-
insert DNA cloning host 

Lucigen 
Corporation 

E. coli HB101 F- recA13; General cloning host 

(Boyer & 
Roulland-
Dussoix, 
1969) 

E. coli WTZ17006 

F- Δ(araD-
araB)567, ΔdegP775::kan, ΔlacZ4787(::rrnB-
3), λ-, ΔtolC832::FRT, rph-1, Δ(rhaD-
rhaB)568, hsdR514; antibiotic-susceptible strain 
used for bioassays 

(Baba et al., 
2006) 

Streptomyces coelicolor M1154 
M145 ∆act ∆red ∆cpk ∆cda rpoB(C1298T) 
rpsL(A262G); Host strain for heterologous 
expression 

(Gomez‐
Escribano & 
Bibb, 2011) 

Staphylococcus aureus Xen29 Biofilm-producing strain used for bioassays (Park et al., 
2012) 

Acinetobacter baumannii WR3806 Multidrug-resistant strain used for bioassays (Taitt et al., 
2014) 

Microbacterium hatanonis DSM 
19179T Strain used for comparative BGC analysis  (Bakir et al., 

2008) 
Microbacterium sp. JM-72 Strain used for comparative BGC analysis This study 
Microbacterium sp. JM-90 Strain used for comparative BGC analysis This study 
Microbacterium sp. JM-97 Strain used for comparative BGC analysis This study 
Microbacterium sp. JM-109 Strain used for comparative BGC analysis This study 
Microbacterium sp. JM-110 Strain used for comparative BGC analysis This study 
Microbacterium sp. JM-112 Strain used for comparative BGC analysis This study 
Microbacterium sp. JM-113 Strain used for comparative BGC analysis This study 
Microbacterium sp. JM-163 Strain used for comparative BGC analysis This study 
Microbacterium sp. JM-164 Strain used for comparative BGC analysis This study 
Microbacterium sp. JM-171 Strain used for comparative BGC analysis This study 

aAbbreviations: StrR, streptomycin resistant; Tra+, conjugal transfer ability; KanR, kanamycin 
resistant; ApraR, apramycin resistant 
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Strain/plasmid/BAC Description/relevant characteristics Reference 
Strains   
Microbacterium sp. JM-247 Strain used for comparative BGC analysis This study 
Microbacterium sp. JM-308 Strain used for comparative BGC analysis This study 
Microbacterium sp. JM-315 Strain used for comparative BGC analysis This study 
Microbacterium sp. JM-322 Strain used for comparative BGC analysis This study 
Microbacterium sp. JM-356 Strain used for comparative BGC analysis This study 
Microbacterium sp. JM-988 Strain used for comparative BGC analysis This study 
Microbacterium sp. JM-991 Strain used for comparative BGC analysis This study 
Microbacterium sp. JM-1025 Strain used for comparative BGC analysis This study 
Microbacterium sp. JM-1054 Strain used for comparative BGC analysis This study 
Microbacterium sp. JM-1071 Strain used for comparative BGC analysis This study 
Microbacterium sp. JM-1077 Strain used for comparative BGC analysis This study 
Microbacterium sp. JM-1079 Strain used for comparative BGC analysis This study 
Microbacterium sp. JM-1082 Strain used for comparative BGC analysis This study 
Microbacterium sp. JM-1083 Strain used for comparative BGC analysis This study 
Microbacterium sp. JM-1090 Strain used for comparative BGC analysis This study 
Microbacterium sp. JM-1324 Strain used for comparative BGC analysis This study 
Microbacterium sp. JM-1325 Strain used for comparative BGC analysis This study 
Microbacterium sp. JM-1327 Strain used for comparative BGC analysis This study 
Microbacterium sp. JM-1328 Strain used for comparative BGC analysis This study 
Microbacterium sp. JM-1330 Strain used for comparative BGC analysis This study 
Microbacterium sp. JM-1336 Strain used for comparative BGC analysis This study 
Microbacterium sp. JM-1338 Strain used for comparative BGC analysis This study 
Microbacterium sp. JM-1340 Strain used for comparative BGC analysis This study 
Microbacterium sp. JM-1341 Strain used for comparative BGC analysis This study 
Microbacterium sp. JM-1342 Strain used for comparative BGC analysis This study 
Microbacterium sp. JM-1343 Strain used for comparative BGC analysis This study 
Microbacterium sp. JM-1344 Strain used for comparative BGC analysis This study 
Microbacterium sp. JM-1348 Strain used for comparative BGC analysis This study 
Microbacterium sp. JM-1349 Strain used for comparative BGC analysis This study 
Microbacterium sp. JM-1351 Strain used for comparative BGC analysis This study 
Microbacterium sp. JM-1394 Strain used for comparative BGC analysis This study 
Microbacterium sp. JM-1398 Strain used for comparative BGC analysis This study 
Microbacterium sp. JM-1401 Strain used for comparative BGC analysis This study 
Microbacterium sp. JM-1405 Strain used for comparative BGC analysis This study 
Microbacterium sp. JM-1450 Strain used for comparative BGC analysis This study 
Microbacterium sp. JM-1455 Strain used for comparative BGC analysis This study 
Microbacterium sp. JM-1457 Strain used for comparative BGC analysis This study 
Microbacterium sp. JM-1464 Strain used for comparative BGC analysis This study 
Microbacterium sp. JM-1476 Strain used for comparative BGC analysis This study 
Microbacterium sp. JM-1479 Strain used for comparative BGC analysis This study 
Microbacterium sp. JM-1480 Strain used for comparative BGC analysis This study 
Microbacterium sp. JM-1481 Strain used for comparative BGC analysis This study 
Microbacterium sp. JM-1482 Strain used for comparative BGC analysis This study 
Microbacterium sp. JM-1483 Strain used for comparative BGC analysis This study 
Microbacterium sp. JM-1484 Strain used for comparative BGC analysis This study 
Microbacterium sp. JM-1485 Strain used for comparative BGC analysis This study 
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Strain/plasmid/BAC Description/relevant characteristics Reference 
Strains   
Microbacterium sp. JM-1490 Strain used for comparative BGC analysis This study 
Microbacterium sp. JM-1493 Strain used for comparative BGC analysis This study 
Microbacterium sp. JM-1494 Strain used for comparative BGC analysis This study 
Microbacterium sp. JM-1495 Strain used for comparative BGC analysis This study 
Microbacterium sp. JM-1496 Strain used for comparative BGC analysis This study 
Microbacterium sp. JM-1497 Strain used for comparative BGC analysis This study 
Microbacterium sp. JM-1499 Strain used for comparative BGC analysis This study 
Microbacterium sp. JM-1500 Strain used for comparative BGC analysis This study 
Microbacterium sp. JM-1962 Strain used for comparative BGC analysis This study 
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Table S4.2. Primers used in this study.  

Primer name Sequence Amplicon length 
UniversalBAC F CGGCAGGTATATGTGATGGGTTAAAATG 200 bp UniversalBAC R ACCTCTTACGTGCCGATCAG 
P12B21_core_P1_F GACCTGTCGAGTCTCACCAC 511 bp P12B21_core_P1_R CCTCTTTGAGTCGTCCGGTG 
P12B21_core_P2_F AACTTCGCGTTCGGACTCAG 607 bp P12B21_core_P2_R TGTCCTGCGGGTAGAGATTG 
P12B21_core_P3_F CTCATCACCGCACTACGCA 491 bp P12B21_core_P3_R CCCGAGGTGTAGAGCAGGAA 
P12B21_core_P4_F TCGTTCCTGCTCTACACCTC 263 bp P12B21_core_P4_R CTGATCAACTGCAGCCAGAC 
P12B21_core_P5_F GCAACACTCATCACCGCACT 502 bp P12B21_core_P5_R TCGACCCCGAGGTGTAGAG 
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Table S4.3. Predicted function of the genes from the P12B21 BGC. 

ORF 
Gene 
length 
(bp) 

Closest homolog [source] Predicted function E-value Protein ID 
(%) NCBI Accession 

1 741 
Glycosyltransferase family 2 
protein [Microbacterium 
hatanonis] 

Glycosyltransferase 2e-161 96.69 WP_147895459.1 

2 1719 AMP-binding protein 
[Microbacterium hatanonis] AMP-binding protein 0.0 95.14 WP_147895458.1 

3 276 Acyl carrier protein 
[Microbacterium hatanonis] Acyl carrier protein 2e-56 96.70% WP_147895457.1 

4 675 
 

4'-phosphopantetheinyl 
transferase superfamily 
protein [Microbacterium 
hatanonis] 

4'-phosphopantetheinyl 
transferase 3e-87 91.24 WP_147895456.1 

5 1374 Hypothetical protein 
[Microbacterium hatanonis] 

Unknown 0.0 96.06 WP_147895455.1 

6 1299 Hypothetical protein 
[Microbacterium hatanonis] 

Unknown 0.0 96.76 WP_147895454.1 

7 1008 Glycosyltransferase 
[Microbacterium hatanonis] 

Glycosyltransferase 0.0 97.31 WP_187266973.1 

8 186 Hypothetical protein 
[Microbacterium hatanonis] 

Unknown 3e-14 95.08 WP_147895452.1 

9 1326 
UDP-glucose/GDP-mannose 
dehydrogenase family protein 
[Microbacterium hatanonis] 

UDP-glucose/GDP-
mannose dehydrogenase 

0.0 
 99.55 

 
WP_147895451.1 

 

10 393 
DUF5684 domain-containing 
protein [Microbacterium 
hatanonis] 

Membrane protein 4e-71 98.46 WP_147895450.1 

11 450 VanZ family protein 
[Microbacterium hatanonis] 

Resistance protein 8e-68 99.16 WP_147895449.1 

12 180 
 Hypothetical protein 

[Microbacterium sp. Gd 4-13] 
Unknown 7e-31 96.61 WP_116648355.1 

13 765 ABC transporter permease 
[Microbacterium hatanonis] 

ABC transporter 
permease 3e-140 97.85 WP_147895447.1 

14 780 
ATP-binding cassette 
domain-containing protein 
[Microbacterium hatanonis] 

ATP-binding cassette 
domain 3e-171 5.35 WP_147895446.1 

15 375 
DUF1048 domain-containing 
protein [Microbacterium 
hatanonis] 

Unknown 1e-69 96.36 WP_147895445.1 

16 345 
PadR family transcriptional 
regulator [Microbacterium 
hatanonis] 

Transcriptional 
regulator 5e-76 98.25 WP_147895444.1 

17 936 
Diacylglycerol kinase family 
lipid kinase [Microbacterium 
hatanonis] 

Sugar kinase 0.0 98.39 WP_147895443.1 

18 1065 Hypothetical protein 
[Microbacterium hatanonis] 

Unknown 0.0 91.50 WP_147895442.1 

19 360 
Hypothetical protein 
[Microbacterium hatanonis] Unknown 7e-74  

94.96 WP_147895441.1 

20 1092 
PAS domain-containing 
sensor histidine kinase 
[Microbacterium hatanonis] 

Histidine kinase 0.0 92.82 WP_147895440.1 

21 720 
Cohesin domain-containing 
protein [Microbacterium 
hatanonis] 

Cohesin domain-
containing protein 7e-77 95.82 WP_147895713.1 

https://www.ncbi.nlm.nih.gov/protein/WP_147895459.1?report=genbank&log$=prottop&blast_rank=1&RID=7JGAAZAW013
https://www.ncbi.nlm.nih.gov/protein/WP_147895458.1?report=genbank&log$=prottop&blast_rank=1&RID=7JHMF07K013
https://www.ncbi.nlm.nih.gov/protein/WP_147895457.1?report=genbank&log$=protalign&blast_rank=1&RID=7JJYMA82016
https://www.ncbi.nlm.nih.gov/protein/WP_147895456.1?report=genbank&log$=prottop&blast_rank=1&RID=7JMNWCCN016
https://www.ncbi.nlm.nih.gov/protein/WP_147895455.1?report=genbank&log$=protalign&blast_rank=1&RID=7JN4DUS501N
https://www.ncbi.nlm.nih.gov/protein/WP_147895454.1?report=genbank&log$=prottop&blast_rank=1&RID=7JNUJPAK013
https://www.ncbi.nlm.nih.gov/protein/WP_187266973.1?report=genbank&log$=prottop&blast_rank=1&RID=7JNYST8R016
https://www.ncbi.nlm.nih.gov/protein/WP_147895452.1?report=genbank&log$=prottop&blast_rank=1&RID=7JP75WVH01N
https://www.ncbi.nlm.nih.gov/protein/WP_147895451.1?report=genbank&log$=prottop&blast_rank=1&RID=7JRF1RZN01N
https://www.ncbi.nlm.nih.gov/protein/WP_147895450.1?report=genbank&log$=prottop&blast_rank=1&RID=7JRY20BU013
https://www.ncbi.nlm.nih.gov/protein/WP_147895449.1?report=genbank&log$=prottop&blast_rank=1&RID=7JSPZHYJ016
https://www.ncbi.nlm.nih.gov/protein/WP_116648355.1?report=genbank&log$=prottop&blast_rank=1&RID=7JTHZT9H016
https://www.ncbi.nlm.nih.gov/protein/WP_147895447.1?report=genbank&log$=prottop&blast_rank=1&RID=7JU4NM7T013
https://www.ncbi.nlm.nih.gov/protein/WP_147895446.1?report=genbank&log$=prottop&blast_rank=1&RID=7JUCC1D7016
https://www.ncbi.nlm.nih.gov/protein/WP_147895445.1?report=genbank&log$=prottop&blast_rank=1&RID=7JUU4EJS013
https://www.ncbi.nlm.nih.gov/protein/WP_147895444.1?report=genbank&log$=prottop&blast_rank=1&RID=7JV97YS301N
https://www.ncbi.nlm.nih.gov/protein/WP_147895443.1?report=genbank&log$=prottop&blast_rank=1&RID=7JVCRTKH013
https://www.ncbi.nlm.nih.gov/protein/WP_147895442.1?report=genbank&log$=prottop&blast_rank=1&RID=7JVS7ZTJ013
https://www.ncbi.nlm.nih.gov/protein/WP_147895441.1?report=genbank&log$=prottop&blast_rank=1&RID=7JVY5C74013
https://www.ncbi.nlm.nih.gov/protein/WP_147895440.1?report=genbank&log$=prottop&blast_rank=1&RID=7JW3E39K013
https://www.ncbi.nlm.nih.gov/protein/WP_147895713.1?report=genbank&log$=prottop&blast_rank=1&RID=7JWF743T016


 191 

ORF Gene 
length 
(bp) 

Closest homolog [source] Predicted function E-value Protein ID 
(%) NCBI Accession 

22 1881 
Hypothetical protein 
FVP77_15575 
[Microbacterium hatanonis] 

Unknown 0.0 97.28 TXK10264.1 

23 567 
SIS domain-containing 
protein [Microbacterium 
hatanonis] 

Sugar isomerase 5e-134 99.47 TXK10263.1 

24 1011 ABC transporter permease 
[Microbacterium spp.] 

ABC transporter 
permease 7e-159 99.70 WP_205781275.1 

25 1527 
Sugar ABC transporter ATP-
binding protein 
[Microbacterium hatanonis] 

Sugar ABC transporter 0.0 97.24 WP_147895437.1 

26 888 
Sugar ABC transporter 
substrate-binding protein 
[Microbacterium hatanonis] 

Sugar ABC transporter 
substrate-binding 
protein 

0.0 100.00 TXK10261.1 

27 747 
GntR family transcriptional 
regulator [Microbacterium 
hatanonis] 

Transcriptional 
regulator 1e-176 99.19 TXK10260.1 

28 1344 
Hypothetical protein 
FVP77_15545 
[Microbacterium hatanonis] 

Unknown 0.0 98.66 TXK10259.1 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

https://www.ncbi.nlm.nih.gov/protein/TXK10264.1?report=genbank&log$=prottop&blast_rank=1&RID=7JWJSKAN013
https://www.ncbi.nlm.nih.gov/protein/TXK10263.1?report=genbank&log$=prottop&blast_rank=1&RID=7JWS2ZAZ01N
https://www.ncbi.nlm.nih.gov/protein/WP_205781275.1?report=genbank&log$=prottop&blast_rank=1&RID=7JX0XZHU016
https://www.ncbi.nlm.nih.gov/protein/WP_147895437.1?report=genbank&log$=prottop&blast_rank=1&RID=7JX659AX01N
https://www.ncbi.nlm.nih.gov/protein/TXK10261.1?report=genbank&log$=prottop&blast_rank=1&RID=7JXKESHT013
https://www.ncbi.nlm.nih.gov/protein/TXK10260.1?report=genbank&log$=prottop&blast_rank=1&RID=7JXP1Y29013
https://www.ncbi.nlm.nih.gov/protein/TXK10259.1?report=genbank&log$=prottop&blast_rank=1&RID=7JXX126801N
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Figure S4.1. Dot blot hybridization with the DIG-labeled probe that is specific to the 
biosynthetic gene cluster of P12B21. A colorimetric reaction is observed after hybridization with 
the probe when genomic DNA from S. coelicolor clone P12B21 (1), E. coli clone P12B21 (2), 
M. hatanonis DSM 19179T (3) is used as a template. Hybridization is not observed when 
genomic DNA from S. coelicolor M1154 (4), which does not harbor the gene cluster, is used as a 
template.   
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Chapter 5 

Conclusions 

 

 There is a rich diversity of microbial life that is waiting to be discovered. Within that 

hidden diversity, lies a wealth of untapped biosynthetic potential of microbial secondary 

metabolites with biotechnological, industrial, or pharmaceutical applications. Modern DNA 

sequencing and –omics-based technologies have revolutionized our ability to study cultured and 

uncultured microorganisms. Microbial (meta)genomes can now be readily mined for biosynthetic 

gene clusters (BGCs) encoding the synthesis of secondary metabolites, thereby revealing their 

metabolic potential. However, harnessing this potential is still challenging due to technical 

barriers in isolation, screening, and expression of secondary metabolites in vitro. Overcoming 

these challenges is necessary to improve our access to therapeutic compounds and to better 

understand the role of these metabolites in nature.   

 The research in this dissertation demonstrated the value of culture-dependent and –

independent approaches to characterize and express novel gene clusters encoding antimicrobial 

secondary metabolites from microorganisms. I also provided evidence that members of the 

Actinobacteria phylum, namely the genus Streptomyces, continue to have an important role in 

the discovery of natural products. Through a culture-based strategy, the work in Chapter 2 

demonstrated the taxonomic novelty and biosynthetic potential of a marine sponge-derived 

bacterium known as Streptomyces poriferorum P01-B04T. My results showed that this species 

has significant biosynthetic potential for secondary metabolite production as evident by the 

detection of many unique BGCs in its genome. Furthermore, strain P01-B04T displayed 

antimicrobial activity against human and plant pathogens suggesting that it could be a promising 

source of beneficial natural products, but also that these metabolites may have an important role 
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in the sponge-symbiont relationship. Future studies should assess the clinical relevance of the 

antimicrobial metabolites by purification and chemical analysis. Additionally, the prevalence of 

S. poriferorum and its predicted BGCs in other sponge microbiomes should be determined to 

better understand the co-evolutionary history and dynamics between the host and symbiont. The 

work in this chapter emphasized that culture-based studies still play a necessary part in natural 

product discovery and we should continue to explore diverse habitats for new microorganisms.   

 In Chapter 3, the utility of Streptomyces coelicolor M1154 as a heterologous host in 

functional metagenomics was demonstrated. I found that diverse metagenomic BGCs could be 

expressed in S. coelicolor M1154, and through this approach, a high hit rate of clones were 

identified that produced antimicrobial metabolites capable of inhibiting the growth of a 

multidrug-resistant pathogen. Moreover, a new inducible expression system was shown to 

enhance heterologous expression of metagenomic gene clusters by S. coelicolor M1154. 

Therefore, these methodologies represent a means to circumvent some of the common 

bottlenecks in functional metagenomics that have limited their applicability in drug discovery 

pipelines. Although the chemical structure of the antimicrobial metabolites produced by these 

clones was not determined in this study, significant strides were made to establish an approach 

that could be used to extract and fractionate the compounds, particularly from clone P17B06. 

Using bioinformatics tools, I demonstrated that P17B06 expresses a BGC that is derived from 

the Acidobacteria phylum. To my knowledge, this is the first report of an antimicrobial 

metabolite from this phylum which sheds light on the importance of this taxa in future natural 

product discovery efforts. However, low compound yields impeded our ability to purify and 

characterize the antimicrobial metabolites produced by clone P17B06. Future work should seek 

to enhance expression of this BGC and improve compound yields, either by refactoring the 
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pathway or assessing its expression in other hosts. Taken together, the work in Chapter 3 

provides a means to study the function of BGCs from uncultured microorganisms and find new 

biomolecules. 

The research in Chapter 3 was largely focused on finding and expressing metagenomic 

BGCs for the purpose of discovering new antibiotic compounds. In Chapter 4, a biology-guided 

study was taken to explore the functional importance and origin of a metagenomic BGC, 

P12B21. My results showed that the P12B21 BGC originated from a Microbacterium species 

within the Actinobacteria phylum and found evidence that this gene cluster is highly homologous 

to a cluster from Microbacterium hatanonis. This cluster was not found in other endophytic 

Microbacterium species and I speculated that the BGC may have been lost in those isolates if it 

was not providing a selective advantage to them. I also provided preliminary evidence that the 

BGC encodes the synthesis of a glycosylated antimicrobial compound, which may serve as 

chemical defense to those strains that maintain and express the gene cluster. Future studies 

should include an in-depth BGC phylogenetic analysis to better understand the distribution and 

ecological relevance of this cluster across the Microbacterium genus. 

Collectively, the work in this dissertation has the exciting potential to expand our access 

to the metabolic diversity of microorganisms. From one perspective, this research may help 

guide future efforts to discover beneficial compounds from nature which is desperately needed to 

combat rising rates of antimicrobial resistance. From a separate viewpoint, this research provides 

insight into the chemical ecology of soil and marine bacteria.  
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