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Evolution is the fundamental process by which natural selection, genetic variation, and 

fitness adaptations can shape diversity in nature. At the foundation of natural ecosystems, small 

molecule chemical compounds, called specialized metabolites, play important ecological roles and 

mediate complex community interactions. Specialized metabolites are genetically encoded in 

biosynthetic gene clusters (BGCs) in the genomes of the producing organisms; thus, BGCs can 

undergo evolutionary diversification resulting in nature’s incredible chemical diversity. However, 

the process by which this diversification occurs is unknown. We can use phylogenetic methods to 

assess the diversity and distribution of specialized metabolite BGCs to better understand the 
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dynamics of evolutionary chemical innovation. The goal of this dissertation was to develop new 

tools to identify novel targets of BGC biosynthetic potential and investigate the contrasting 

evolutionary history of different BGCs in the genus Salinispora to gain insight into the drivers of 

chemical diversity.  First, I helped develop the updated NaPDoS2 webtool which identifies and 

characterizes polyketide and non-ribosomal peptide biosynthetic potential based on 

phylogenetically conserved domains in genomic, metagenomic, and targeted-amplicon sequencing 

data. Next, I used NaPDoS2 to assess the polyketide biosynthetic potential in 620,000 bacterial, 

archaeal, viral, plasmid, fungal, plant, agal, protist, and animal genomes across the tree of life. The 

second goal of this dissertation was to investigate the evolutionary patterns BGC diversity in the 

marine obligate actinomycete Salinispora. First, I uncovered an unexpected distribution and 

diversity of the Salinispora salinipostin (spt) BGC across all bacteria, including evidence that the 

entire spt BGC was exchanged from Salinispora arenicola to S. tropica in a location-dependent 

manner. Next, I applied a similar phylogenetic approach to the pacificamide (pac) BGC and found 

that the Salinispora pac had unique gene organization and limited distribution in three divergent 

Actinomycetia families. To expand my comparative analyses, I isolated and genome-sequenced 

99 new “microscale” Salinispora strains—including three species of S. arenicola, S. oceanensis, 

and S. pacifica— from a 1m2 quadrant of marine sediment in Fiji. I found that there was significant 

genomic diversity within the microscale genomes, including S. arenicola sub-species 

diversification and unique BGCs. To investigate this further, I compared the lanthipeptide 

ribosomally synthesized and post-translationally modified (RiPP) BGC precursor peptide 

products, uncovering evidence of evolutionary radiation of diverse potential lanthipeptides. 

Finally, I explored possible mechanisms of BGC exchange in Salinispora by purifying and 

visualizing Salinispora plasmids. In conclusion, the results of this dissertation provide significant 
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advancements in our ability to detect and classify biosynthetic potential across the tree of life. 

Additionally, the description of 99 new Salinispora genomes and the application of evolutionary 

phylogenetic methods to specialized metabolite BGC diversification on two different spatial scales 

contribute to our understanding of Salinispora genomic diversity and patterns of BGC-mediated 

chemical innovation.  
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CHAPTER 1.  Introduction 

 

1.1 Microbial abundance and diversity on Earth 

 

 Life on Earth originated with microbes and the single chemical building blocks comprising 

the original cell’s genetic material. Over 3.8 billion years, microbes have continued to adapt to 

their environment, shaping the world as we know it: Earth’s atmosphere, oceans, geology, and the 

biogeochemical processes powering all ecosystems (Cavicchioli et al., 2019). Adaptation to 

various changing environments over time has resulted in an incredible amount of microbial 

diversity, much of which we are still discovering today (Hug et al., 2016). The term “microbe” 

can encompass many life forms, including bacteria, archaea, fungi, protists, and viruses. We now 

understand that all macroscopic organisms interact with microbes—no organism solely exists as 

an individual, but instead as a host to millions of associated microbial cells called the microbiome 

(Rosenberg and Zilber-Rosenberg, 2016). The microbes in the human gut microbiome, for 

example, are essential not only for healthy nutritional functioning and robust immune systems, but 

also thought to influence brain chemistry, affecting how we act and think (Qin et al., 2010; Kau et 

al., 2011; Launer, 2013).  In the environment, microbes truly are the world’s life support system, 

playing key roles in nutrient and carbon cycles, biological productivity, and the global food web; 

supporting animal and plant life; and crucial for humanity’s industry, agriculture, biotechnology, 

and health purposes (Cavicchioli et al., 2019; Flemming and Wuertz, 2019). Microbiology, the 

study of microbes, is truly an evolving science where advancing methods of genomic sequencing 

technology let us explore not only the bacteria we can culture and grow in laboratory settings, but 

also the un-culturable microbes whose genomes, and thus potential functions, can be captured 
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(Nayfach et al., 2020; Almeida et al., 2021). This has revolutionized the way we study microbes, 

especially bacteria, and understanding the role they play in the environment. 

 Current estimates predict that there are ~1030 bacteria cells on Earth, which is a billion 

times (9 orders of magnitude) larger than the number of stars in our universe’s galaxies (Flemming 

and Wuertz, 2019). Using sequencing-based approaches to estimate the number of bacteria cells 

in different ecosystems, marine sediment was found to be the most microbially-enriched ecosystem 

(2,900 x 1026 cells), followed by soil (2,560 x 1026 cells), terrestrial subsurface (2,500 x 1026 cells), 

seawater (1,010 x 1026 cells), freshwater (1.3 x 1026 cells), plant hosts (1 x 1026 cells), and animal 

hosts (0.2 x 1026 cells) (Lloyd et al., 2018). These estimates support the previous discoveries that 

revolutionized the study of marine microbiology: the ocean comprising >70% of our truly blue 

planet, is a microbial soup. In just 1mL of seawater, there are ~10 million viruses, ~1 million 

bacteria, and ~1,000 protists (Patel et al., 2007). Marine microbes are the ecosystem engineers of 

the ocean, serving as keystones in the microbial loop, biogeochemical cycling, climate regulation, 

global oxygen production, and symbioses (Azam et al., 1983). When investigating the role that 

microbial communities in marine sediments might play, scientists found that a single sand grain 

was covered with a diverse bacterial community comprised of over ~100,000 bacterial cells 

(Probandt et al., 2018). We have not cultured this type of microbial diversity and abundance in 

laboratory conditions, as shown in a recent study where only 3% of a marine sediment community 

was captured using culture-dependent approaches compared to culture-independent techniques 

(Demko et al., 2021). This leads us to a defining question of this dissertation—if the marine 

sediment microbial community is 10,000 times denser than the ocean water column, what is 

mediating the evolutionary adaptations, interactions, and population dynamics in such complex 

and diverse microbial communities?  
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1.2 Chemicals mediate complex interactions  

 

Microbes have been described as the “chief molecular innovators of the biosphere” 

(Ulvestad, 2009), and one process by which they adapt, persist, and innovate is the production of 

various chemical compounds. When thinking about the types of molecules that bacteria produce, 

we can group them into two categories: primary and secondary (specialized) metabolites. Primary 

metabolites are chemical compounds that are essential for growth, development, and short-term 

survival in bacteria. Many of these are similar across broad phylogenetic groups and generally 

involved in basic metabolic processes. Primary metabolites include amino acids (peptides and 

proteins); carbohydrates (mono- and polysaccharides); fatty acids (phospholipid membranes); and 

nucleotides (DNA and RNA molecules), along with cofactors and biological polymers, to name a 

few (Keller, 2019). While bacteria can differ from one another based on these primary metabolites, 

there is a second group of compounds generally referred to as secondary metabolites. Secondary 

metabolites were named “secondary” to distinguish them from growth-related primary metabolism 

based on laboratory observations that the metabolites were produced during late phases of bacterial 

growth (Osbourn, 2010). However, this definition has since been expanded, especially with our 

increasing understanding of the regulation, expression dynamics, and genetic and biochemical 

investment in the production of these metabolites and the need to account for complex 

environmental communities with slow growth rates (Chevrette et al., 2020). In this dissertation, I 

use the term specialized metabolites which is synonymous with the terms “secondary metabolites” 

and “natural products”. The term “specialized metabolites” is considered an appropriate 

classification of these molecules to emphasize their importance in microbial ecology, even if the 

specific roles of the molecules are not known. Specialized metabolites are organic chemical 
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compounds that are essential for long-term survival of species that provide improved adaptation 

or overall fitness. Oftentimes, the necessary precursor building blocks for specialized metabolites 

are borrowed from primary metabolic pathways. The functions of specialized metabolites are 

usually ecological in nature, including signaling, defense against predators, interspecies 

competition, nutrient acquisition, and respiration. Specialized metabolites are not only produced 

by microbes, but all life forms including plants, animal, fungi, and protists (Medema et al., 2021). 

Specialized metabolites have diverse biosynthetic origins and chemical structures which 

can be used to classify them into different groups (Hug et al., 2020). Classes and types of natural 

products are always expanding as new biosynthetic scaffolds and mechanisms are discovered. 

Some well-known groups include: terpenes, polyketides (PKs), ribosomally synthesized and post-

translationally modified peptides (RiPPs), non-ribosomal peptides (NRPs), alkaloids, glycosides, 

nucleosides, steroids, and shikimic-acid/other primary metabolite derived products (Hug et al., 

2020). Terpenes are one of the largest classes of natural products across all kingdoms of life, found 

in organisms like plants, corals, fungi, and bacteria (Schulz et al., 2020). They are derived from 5-

carbon isoprene units which are ultimately combined and converted into the final monoterpene, 

sesquiterpene, and diterpene products. Polyketides comprise a very diverse group of natural 

products and are divided into 3 main classes. Their encoding polyketide synthase (PKS) enzymes 

resemble fatty-acid synthases, and they employ distinct stepwise assembly-like processes of 

iterative decarboxylative Claisen thioester condensations of 2 or 3 carbon building blocks that are 

derived from acetyl-CoA or propionyl-CoA (Hertweck, 2009; Nivina et al., 2019). Type I, II, and 

III PKS pathways can either be assembly-line like (type II), or iterative (type I, II, III) where 

specific ketoreduction, cyclization, and other modifications are catalyzed by distinct tailoring 

enzymes instead of modular domains within a single gene (Hertweck, 2009; Nivina et al., 2019). 
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This class of natural products is described in detail in Chapter 2 and 3 of this dissertation. Peptide 

natural products, including RiPPs and NRPs are formed by the condensation of amino acids, and 

in many cases, diversity arises from the incorporation of non-proteinogenic amino acids (Sikandar 

and Koehnke, 2019). RiPPs are synthesized by the ribosome; this class of natural products is 

described in detail in Chapter 6 of this dissertation. NRPs are assembled from large multifunctional 

and modular enzymes called non-ribosomal peptide synthetases (NRPSs) comprised of linear 

catalytic domains that are responsible for different reaction steps during the biosynthetic assembly. 

Briefly, RiPP biosynthesis begins with the ribosomal generation of a precursor peptide containing 

a leader and core component. Next, various enzymes recognize elements in the leader peptide and 

install post-translational modifications. This is followed by subsequent proteolysis and export of 

the modified core peptide to complete the biosynthesis (Arnison et al., 2013; Le and van der Donk, 

2021; Montalbán-López et al., 2021). Some natural product biosynthetic mechanisms are 

combined together to form unique hybrid products, as in the case of a recently discovered amino-

acid derived natural product that starts from a RiPP precursor peptide but is subsequently modified 

by NRPS machinery (Ting et al., 2019). Thus, specialized metabolite chemical diversity is a 

product of diverse and combinatorial biosynthetic origins produced by organisms across the tree 

of life.  

The ocean has been a prolific source of natural products, both from macroscopic and 

microscopic organisms. Organic chemists in the early 1970s started studying marine organisms 

such as seaweeds and sponges when they quickly realized that every compound isolated from the 

marine environment was new. A unique feature of marine natural products is that due to the 

prevalence of halogens (existing as halides) in the marine environment—such as Fluorine (F-), 

Chlorine (Cl-), Bromine (Br-), and Iodine (I-)— many marine natural products are halogenated 



 6 

with exciting biological activities. In fact, one of the first reported marine microbial antibiotics 

was pentabromopseudilin (characterized from the Gram-negative bacterium Pseudomonas 

bromoutilis isolated from the surface of a marine seagrass in 1966), which was found to be 70% 

bromine by weight (Burkholder et al., 1966).   

Marine natural products are not only present in ocean ecosystems, but they also play 

important roles in mediating complex interactions. In 1989, an anti-fungal molecule named isatin 

was isolated from a commensal marine Alteromonas bacterial strain that colonized Palaemon 

macrodactylus shrimp egg embryos (Gil-Turnes et al., 1989). Isatin was found to be the causative 

agent protecting the eggs from fungal pathogens (Gil-Turnes et al., 1989). This was an early 

example of a microbial specialized metabolite playing an important role in marine chemical 

ecology. Chemical ecology is the study of interactions of plants and animals based upon chemical 

signals. In the ocean, one can imagine that small organic molecules such as specialized metabolites 

are the primary mechanism of communication. Marine microbial specialized metabolites can be 

used for: signaling molecules, settlement cues, developmental cues, mate recognition, allelopathy, 

prey detection, defense, and predator avoidance. For example, the molecule tetrabromopyrrole 

produced by the marine bacterium Pseudoalteromonas sp. induces complete settlement, 

attachment, and metamorphosis in Caribbean coral Porites asteoides larvae (Sneed et al., 2014). 

In another example, the filamentous cyanobacteria Moorena bouillonii was found to coexist in a 

symbiotic relationship with the snapping shrimp Alpheus frontalis that weaves protective tubes out 

of the specialized metabolite-enriched cyanobacteria (Leber et al., 2021). Furthermore, some 

marine natural products with unknown ecological functions have other important implications for 

human health, including the potent neurotoxin domoic acid produced by the diatom Pseudo-

nitzschia australis in large algal-blooms (Brunson et al., 2018). 
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In addition to serving important ecological functions, to date there are seventeen marine 

natural products (or their derivatives) that are registered as drugs; and another twenty-three are 

currently in clinical trials (Voser et al., 2021) (https://www.marinepharmacology.org/approved). 

It should be noted, however, that Indigenous peoples were the first to discover and apply the 

knowledge of natural products for thousands of years before the 19th century epoch of “modern” 

drug discovery and development (Veeresham, 2012). Natural products form the foundation of 

traditional medicinal healing practices and are culturally and historically significant to Indigenous 

peoples across the globe (Heinrich, 2000). While natural products have been instrumental in 

modern drug development and advancements in critical therapeutics, it must be recognized that 

oftentimes the natural sources and inspirations for these molecules have been exploitatively 

extracted from the natural environment in the name of “bioprospecting”. Moreover, the subsequent 

drug patents and research findings from these expeditions are not typically shared with the people 

whose cultural knowledge informed the discovery and whose land (and marine resources) they 

were found on (Vierros et al., 2016).  This has been called parachute science, which is the practice 

where international scientists, typically from wealthy nations, conduct studies in other countries 

that are often poorer without meaningful communication or collaborations with local people 

(Stefanoudis et al., 2021).  Efforts to address these longstanding inequitable practices and murky 

ownership of marine resources has included implementation of programs like the Nagoya Protocol. 

The Nagoya Protocol set standards for legal acquisition of genetic resources through due diligence, 

traceability, risk assessment and mitigation, and national authority inspections in an attempt to 

ensure fair and equitable benefits from shared resources between ratifying countries (Vierros et 

al., 2016; De Mol et al., 2018; Loureiro et al., 2018). There is a critical need for new drug sources 

with potent pharmacological properties, and while the ocean holds incredible potential, future 
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discovery efforts can only succeed if our marine natural resources are sustainably managed and 

the original traditional knowledge is respected, credited, and preserved (Vierros et al., 2016).   

Important medicines with marine natural product origins have been isolated from a variety 

of sources. The first marine drug to be approved by the FDA was Cytosar-U (cytarabine) in 1969, 

which was originally isolated from the Caribbean sponge Cryptotheca crypta (Schwartsmann et 

al., 2001). Cytarabine is still used today for treatment of leukemia and lymphoma (Schwartsmann 

et al., 2001).  Another early drug from the sea was Prialt, (ziconotide) which is  a ω-conotoxin 

peptide originally isolated from the tropical marine cone snail Conus magus (Olivera et al., 1985, 

1990). Prialt was approved in in the United States for the treatment of chronic pain in spinal cord 

injury in 2004 (McGivern, 2007).  Halaven mesylate (eribulin) is an analog of the halichondrin B 

molecule that was isolated from the marine sponge Halichondria okadai (Hirata and Uemura, 

1986). Halaven was approved as a microtubule-depolymerizing drug for the treatment of breast 

cancer in 2010 (Dybdal-Hargreaves et al., 2015). The most recently approved marine drug in 2021 

was TIVDAK, or tisotumab vedotin-tftv for the treatment of metastatic cervical cancer. Tisotumab 

vedotin-tftv is an antibody-drug conjugate with a payload drug of monomethyl auristatin E, which 

is an analog of the peptide dolastatin 10 that was originally isolated from the Indian Ocean mollusk 

Dolabella auricularia (de la Torre and Albericio, 2022). While the point is not to exhaustively list 

all the marine natural products that have been approved as drugs, the range of marine organisms 

that have been important drug sources to date include sponges, tunicates, mollusks, and fish 

(https://www.marinepharmacology.org/approved). However, the drug Marizomib 

(salinosporamide A), which is currently undergoing phase III clinical trials for the treatment of 

cancers like glioblastoma, was originally discovered in the marine actinomycete Salinispora 

(Feling et al., 2003). Salinosporamide A irreversibly binds to and inhibits the 20S catalytic core 
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subunit of the proteasome, making it more potent and selective than other proteasome inhibitor 

drugs. Recently, the entire biosynthesis of salinosporamide A in Salinispora was solved (Eustáquio 

et al., 2009; Bauman et al., 2022). Approval of salinosporamide A (Marizomib) for treatment 

would be the very first drug from a marine bacterial source, illustrating the incredible potential of 

marine natural products from bacteria for future drug discovery efforts. Taking a step back from 

solely marine natural products, specialized metabolites as a whole have been a primary source of 

clinically approved antibiotics, anticancer drugs, immunosuppressants, and other therapeutically 

relevant molecules (Chevrette and Currie, 2019), and thus understanding how they are 

biosynthesized and undergo incredible diversification in various bacteria can help us discover the 

drugs of the future.   

 

1.3 Biosynthetic gene clusters encode specialized metabolites 

 

 Many specialized metabolites confer a selective advantage against competing organisms 

for their producers. However, specialized metabolites are encoded by biosynthetic gene clusters 

(BGCs), and thus the adaption and evolution of BGCs can also result in new chemical diversity 

that can be selected upon in iterative processes (Chevrette et al., 2020). In bacteria, it is commonly 

observed that genes involved in successive steps of a biosynthetic pathway are clustered together 

on the chromosome (Roth and Lawrence, 1996). Biosynthetic gene clusters (BGCs) include all or 

most of the genes that are responsible for biosynthesis of a specialized metabolite. What makes 

specialized metabolite BGCs interesting to study is that they include not only the core biosynthetic 

(or “signature”) specialized metabolite genes and relevant tailoring enzymes, but also genes 

associated with the regulation and resistance to the small-molecule product(s) they encode. 
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Signature biosynthetic genes encode for enzymes that build the core skeleton structures of different 

specialized metabolite classes, including non-ribosomal peptide synthetases (NRPSs), polyketide 

synthases (PKSs), and terpene cyclases (Osbourn, 2010; Medema et al., 2015). These core 

biosynthetic genes can be used as “hooks” when genome mining, or searching for distinct BGCs 

that have the potential to produce a certain type of compound (Bauman et al., 2021).  

Biosynthetic gene clusters have been reported in bacteria, fungi, plants, and even animals, 

highlighting that these BGCs and their encoded chemical compounds confer important selective 

advantages for the producing organisms in the natural environment. (Osbourn, 2010; Nützmann et 

al., 2018). Linking BGCs to their cognate molecules can be challenging because gene clusters are 

not always colinearly expressed (Machado et al., 2017). While groups of adjacent genes are 

oftentimes part of the same operon, that is, they are transcribed as a single molecule of mRNA, 

environmental conditions and developmental processes can both affect BGC expression. BGCs 

that have been identified in a genome but no molecule has been linked to them are called silent, or 

cryptic. To activate these cryptic BGCs, researchers genetically manipulate strains by adding 

constitutively expressed promoters (Bauman et al., 2019) or other genetic modifications (Kuhl et 

al., 2021), co-culture strains with other organisms (Traxler et al., 2013; Netzker et al., 2015; Nai 

and Meyer, 2017; Sung et al., 2017), treating them with antibiotics (Onaka, 2017) and other 

transcriptional or translational inhibitors (Almabruk et al., 2018), growing strains in a wide variety 

of culturing conditions (“one strain many compounds” OSMAC) (Romano et al., 2018; Hernandez 

et al., 2021; Soldatou et al., 2021), or other high-throughput methods to link genomic and 

metabolomic potential (Okada and Seyedsayamdost, 2017; Moon et al., 2019; van der Hooft et al., 

2020; McCaughey et al., 2021; Schorn et al., 2021). 
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 To find new natural product drug scaffolds and molecules with interesting biological 

activities, phylogenetic methods that investigate the evolutionary history and homologous 

comparisons of BGCs can be used (Adamek et al., 2019). There are many tools that have been 

developed for genome mining (Chevrette and Handelsman, 2021), and their applications and future 

potential for improvement are discussed in Chapter 2 and 3 of this dissertation. 

As more examples of the diversity and distribution of BGCs arise from in silico 

comparative genomic analyses and in vitro biosynthetic characterization of bacterial BGCs, the 

explanations of evolutionary processes contributing to these patterns can be revisited (Fischbach 

et al., 2008; Osbourn, 2010; Jensen, 2016; Ruzzini and Clardy, 2016). The process of horizontal 

gene transfer (HGT) is commonly reported as being essential to BGC diversification and spread, 

as adaptive logic predicts the acquired ability to produce a specialized metabolite can drastically 

impact strain fitness. Horizontal gene transfer is defined as any process in which an organism 

incorporates genetic material from another organism without being offspring of that organism 

(Osbourn, 2010; Soucy et al., 2015). This is in contrast to vertical gene transfer which is where 

one organism inherits its genetic material from a parent, or dividing sister cell (Osbourn, 2010). 

Evolutionary analyses have been conducted looking at the patterns of diversity and distribution of 

fungal specialized metabolite BGCs which sometimes show clustering similar to bacterial BGCs; 

HGT is now recognized as an important source of genomic innovation of BGCs in filamentous 

fungi (Wisecaver and Rokas, 2015; Lind et al., 2017; Hoogendoorn et al., 2018). 

While HGT is less commonly reported in eukaryotes compared to prokaryotes, a recent 

landmark study showed genomic and direct experimental evidence of a yeast that acquired and 

functionalized a bacterial siderophore BGC, illustrating that modern techniques allow the 

investigation of HGT and horizontal operon transfer “HOT” between branches on the tree of life 
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(Kominek et al., 2019). The evolutionary patterns and trajectories of transferred BGCs show 

patterns from the maintenance of ancestral BGCs to examples of pseudogenization, gene loss, 

rearrangement, expression changes, and new gene recruitment when BGCs undergo diversifying 

selection (Wisecaver and Rokas, 2015). It is clear that the evolutionary focus of specialized 

metabolite BGCs is informed by the growing body of literature exploring the evolution of primary 

metabolic and general gene clustering in bacteria (Roth and Lawrence, 1996; Pál and Hurst, 2004; 

Hosseini and Wagner, 2018). There are many hypotheses of how primary bacterial metabolic and 

essential gene operons become and stay clustered, and similar questions can be applied to the 

patterns seen in specialized metabolite BGCs.  

There are very few experiments that have empirically explored the barriers and facilitators 

of HGT of BGCs in prokaryotes and in fungi (de Reus et al., 2019). While the facilitated transfer 

of BGCs has been developed as an essential tool in heterologous expression of BGCs (Zhang et 

al., 2019), this process is likely different from exchange events occurring in the natural 

environment. This led to the questions that formed a framework for how I approached the work 

presented in this dissertation: What are the evolutionary patterns of BGCs observed in bacteria? 

What selection pressures or processes facilitate the transfer, maintenance, expression, and 

adaptation of BGCs in bacteria? Are there different mechanisms of BGC origin and persistence 

compared to other clustered bacterial operons and to fungal BGCs? How do we expand beyond 

previously recognized BGCs and look for novel BGCs assisted by evolutionary theory?  
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1.4 The marine actinomycete Salinispora as a model system 

 

The bacterial genus Salinispora was the first obligate marine actinomycete genus to be 

described (Mincer et al., 2002; Maldonado et al., 2005). At present time, hundreds of Salinispora 

strains have been isolated from marine sediments (Mincer et al., 2002, 2005; Jensen et al., 2005), 

marine seaweed (Jensen et al., 2005), and marine sponges (Kim et al., 2005; Vidgen et al., 2012). 

Salinispora are slow-growing, aerobic, Gram-positive high G+C content (~69%) actinomycetes 

that have orange branching, filamentous substrate mycelium and form black non-motile spores 

after extended growth in agar and liquid culture media (Maldonado et al., 2005). Next-generation 

sequencing technology was used to sequence 118 Salinispora genomes (Millán-Aguiñaga et al., 

2017) and subsequent whole-genome average nucleotide identity (ANI) analyses confirmed that 

the Salinispora genus includes nine species: Salinispora tropica, S. arenicola, S. pacifica, S. 

mooreana, S. cortesiana, S. fenicalii, S. vitiensis, S. goodfellowii, and S. oceanensis (Román-Ponce 

et al., 2020). There have been additional Salinispora genomes sequenced, including those isolated 

from deep-sea samples (Ulanova et al., 2020), marine sediments in Hawaii (Schulze et al., 2015), 

Brazil (Bauermeister et al., 2018), the Federated States of Micronesia (Matsuda et al., 2009), 

however many of these have not yet been included in comprehensive full-genome analyses for 

classification based on similarity to a Salinispora type species. 

Salinispora is a prolific producer of specialized metabolites with important biological 

activities, including cancer cell cytotoxicity, antibiotic, and antifungal properties (Mincer et al., 

2002). Over 40 compounds have been characterized from Salinispora to date and the number of 

new molecules, derivatives, and analogs continue to grow (Jensen et al., 2015). Complementing 

continued chemical work to isolate new compounds, Salinispora genome sequences have 
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facilitated an in-silico genome-mining approach to link BGCs to metabolites of interest 

(Bauermeister et al., 2018). Co-culture methods (Patin et al., 2015, 2018), direct genetic 

manipulation (Schlawis et al., 2018), heterologous expression (Zhang et al., 2018), comparative 

transcriptomics (Amos et al., 2017), and even re-isolation of additional analogs and side-products 

from characterized biosynthetic pathways (Williams et al., 2022) continue to add to the known 

Salinispora chemical repertoire. Additionally, investigations into the ecological functions 

contribute to our understanding of how Salinispora might use specialized metabolites in the natural 

environment. For example, for defense against invertebrate predation (Tuttle et al., 2022), or 

protection against UV and oxidative stress (Jezkova et al., 2021). In this dissertation, exploration 

of a Salinispora BGC encoding a putative signaling molecule is discussed (Chapter 4), and the 

discovery of a new Salinispora specialized metabolite, pacificamide (and the report of a known 

molecule not seen before in Salinispora, triacsin D), with weak antibiotic activity and cytotoxicity 

against lung cancer cell lines, respectively, is reported in Appendix A. Additional background on 

the Salinispora genus, its BGC biosynthetic potential, and proposed processes driving BGC 

diversification are explored in Chapter 5 and 6. 

 

1.5 Overview of the Dissertation 

 

 The overarching goal of this dissertation was to investigate how BGC diversification over 

time contributes to nature’s chemical diversity. This was divided into three connected research 

challenges: 

1) We need tools to help find new natural products and patterns of specialized metabolite 

biosynthetic potential. 
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2) We do not know the evolutionary patterns and drivers of BGC diversification in 

bacteria, especially the marine obligate actinomycete Salinispora. Do Salinispora grow 

clonally or exist as multiple sub-populations within a microscale-sampled marine 

sediment quadrant? Do closely related Salinispora share the same BGC biosynthetic 

potential? Does HGT contribute to BGC diversification in Salinispora? Do different 

types of BGCs undergo different rates of evolution?  

3) What could be the mechanism for Salinispora BGC diversification, including the 

exchange and acquisition of BGCs? Could this be mediated by plasmids or a BGC 

“mobilome”? 

 

To answer these questions, I developed new tools to access biosynthetic potential in all 

genomes across the tree of life, whole-genome sequenced a “microscale” collection of 99 

Salinispora marine actinomycete strains, preliminarily characterized the presence of plasmids in 

Salinispora, and analyzed a class of BGC and two specific Salinispora BGCs with known products 

to discover their unique evolutionary history.  This dissertation is divided into five main research 

chapters and one appendix research chapter, as follows:  

 In Chapter 2, I contributed to the development of the NaPDoS2 webtool that detects and 

classifies polyketide and non-ribosomal peptide biosynthetic potential. Webtools like NaPDoS2 

are essential tools in the arsenal of genome mining techniques to identify biosynthetic gene clusters 

of interest. To benchmark the accuracy of NaPDoS2, I created a first-of-its-kind negative and 

positive control dataset of structurally and functionally relevant sequences. Finally, I led the testing 

of the webtool where I analyzed multiple biological sequencing datasets, including genes, bacterial 

genomes, fungal genomes, animal genomes, metagenomes, and KS amplicon sequences. By 
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working closely with the two main developers of the webtool database and classification scheme 

(Dr. Leesa Klau) and the computational backend of the tool (Dr. Sheila Podell), we significantly 

improved the analysis capability and user accessibility of the NaPDoS2 webtool, thus providing 

an excellent tool to the community for identifying promising biosynthetic potential. Chapter 2 is 

currently in review at the Journal of Biological Chemistry and thus remains largely unchanged 

from its manuscript form in this dissertation. 

 Chapter 3 seeks to apply the NaPDoS2 webtool developed in Chapter 2 to explore the 

distribution and diversity of polyketide potential across the genome-sequenced tree of life. For this 

chapter, my collaborator (Hans W. Singh) and I analyzed 620,000 genomes across the tree of life 

to map taxa-specific distributions of polyketide ketosynthase (KS) biosynthetic potential. We 

selected representative genomes comprehensively across all major phyla, including bacterial, 

fungal, animal, plant, protist, algae, archaeal, CPR, viral, and plasmid taxa. By using NaPDoS2 to 

detect and classify all KS domains from these genomes in a phylogeny-driven classification 

scheme, we were able to map specific polyketide class/subclass biosynthetic potential in taxa at a 

level of detail that has not been possible to date. We observed unexpected taxa with KS 

biosynthetic potential and divergent taxa sharing similar KSs. Phylogenetic analyses demonstrate 

where KSs we identified were unlike known BGC KSs, and thus future efforts can target natural 

product discovery from these taxa. To our knowledge, this is the first KS dataset across the entire 

tree of life of its type, and thus this analysis presents a unique opportunity for future dereplication 

methods to find additional polyketide potential. This chapter is currently being written into a 

manuscript for publication in collaboration with co-first author Hans W. Singh. 

 Chapter 4 seeks to explore the specific evolutionary diversity and distribution of the 

Salinispora salinipostin BGC. After the biosynthesis of the salinipostin gene cluster was fully 
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characterized, we sought to explore if other bacteria had the potential to produce salinipostin-like 

molecules. I used the essential spt9 gene and the entire salinipostin spt BGC as search hooks to 

identify 500 top spt9 homologs in diverse gene neighborhoods and 91 salinipostin-like BGCs. By 

further investigating the spt BGC in the Salinispora genus, I uncovered evidence of a location-

dependent recombination event of the entire spt BGC being shared from a Salinispora arenicola 

to S. tropica, which is incongruent with the Salinispora species phylogeny. The diversity and 

distribution of spt BGCs across the bacterial tree of life has implications for bacterial 

communication as salinipostin shares key structural similarities to the known A-factor signaling 

molecule and a key homologous biosynthetic gene. Thus, this work proposed a new distribution 

and diversity of salinipostin-like potential signaling molecules across bacteria. Chapter 4 has been 

published in Microbial Genomics and is a reprint of the publication.  

 In Chapter 5, I sought to explore BGC evolutionary diversification by creating a new set 

of Salinispora genomes that were isolated on a different scale from our current collection of 

Salinispora genomes. New Salinispora strains were selectively cultured from sediment samples 

collected in a 1-meter by 1-meter quadrant plot in Fiji. Whole-genome sequencing of the 99 

“microscale” strains from each of the 16 sub-quadrants revealed that we had isolated three species 

– Salinispora arenicola, S. oceanensis, and S. pacifica. Comparisons with the current “macroscale” 

Salinispora genomes from worldwide isolation sites revealed these new microscale strains covered 

most of the known S. arenicola diversity and showed no pattern of sub-quadrant strains being 

closer related to each other compared to strains from other sub-quadrants. I observed new BGC 

diversity in the microscale Salinispora and uncovered previously rare Salinispora BGCs in this 

new dataset. This contributes to our knowledge of Salinispora population and biosynthetic 

diversity from one sampled location in comparison to worldwide isolation efforts.  Additionally, 
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we documented for the first time the putative presence of plasmids in the new microscale 

Salinispora. Plasmids could be the mechanism by which BGCs (and other genes) are exchanged 

between Salinispora and related bacteria, contributing to both biosynthetic and overall genetic 

diversity. Appendix 1 of Chapter 5 includes plasmid purification and visualization protocols that 

were developed for Salinispora as part of this work. This chapter is currently being written into a 

manuscript for publication.     

 Chapter 6 builds on the 99 “microscale” whole-genome sequenced Salinispora where I 

sought to characterize the evolutionary dynamics of lanthipeptide ribosomally synthesized and 

post-translationally modified peptides (RiPPs) BGCs. RiPPs are unique BGCs because they 

require a precursor peptide gene that encodes two separate peptide parts: the leader which enzymes 

recognize to install post-translational modifications; and the core which becomes the peptide 

product backbone. With the microscale genomes, there was a unique opportunity to compare the 

evolutionary diversity of lanthipeptide products on two spatial scales. By comparing the sequence 

similarity of the precursor peptides, I discovered that there is a very large potential Salinispora 

lanthipeptide chemical diversity that is unlike characterized RiPP lanthipeptide products. For each 

group of similar precursor peptides, there was varying diversity observed either in the leader or 

core part of the peptide in species-specific patterns, suggesting that there is selection for different 

types of lanthipeptide RiPPs in different species of Salinispora. This comprehensive description 

of the distribution and diversity of lanthipeptide BGCs and precursor peptides in Salinispora will 

facilitate future efforts to characterize the first RiPP product from the Salinispora genus. This 

chapter is currently being written into a manuscript for publication.    

 Building on my work from Chapter 4, Appendix A describes the characterization of the 

new manumycin-like pacificamide compound from Salinispora pacifica. It also describes the 
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report of a previously described compound, triacsin D, in the Salinispora genus for the first time. 

In collaboration with lead author Dr. Gabriel Castro-Falcón, I led the evolutionary analysis of the 

pac BGC across all bacteria. We discovered that the Salinispora pac BGC was found in only two 

Salinispora strains and that it had a unique gene organization compared to the top 30 homologous 

BGCs, including other known manumycin-like BGCs. We observed that BGCs with known 

manumycin-like molecules generally shared similar organization in a genus-specific pattern, yet 

there were no BGCs with similar organization to pac. Furthermore, the pac-like BGCs were only 

observed in the divergent Streptomycetaceae, Micromonosporaceae, and Pseudonocardiacea 

bacterial families, indicating that this BGC could have been horizontally exchanged between these 

taxa. From the comparison of the top pac-like BGCs, the biosynthesis of pacificamide was 

proposed. Appendix A has been published in the Journal of Natural Products and thus is a reprint 

of the publication.  

 Finally, Chapter 7 discusses the significant findings and general conclusions brought forth 

through this dissertation. Future directions related to this research are discussed.  
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CHAPTER 2. The Natural Product Domain Seeker version 2 

(NaPDoS2): Relating Ketosynthase Phylogeny to Biosynthetic 

Function 
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2.1 Context of the Project: Introduction to Chapter 2 

  

In today’s exciting world where genome sequencing has become more accessible and 

affordable, new tools that can rise to the challenge of identifying specialized metabolite 

biosynthetic potential in genomic data are needed.  Genome sequencing technology has evolved 

from limited throughput sequencing methods to high-throughput next-generation sequencing 

technologies including Illumina short-reads, PacBio and Oxford Nanopore single-molecule real-

time long reads, and 10X genomics synthetic long reads (Goodwin et al., 2016).  Coupled with 

advanced genome-sequencing technologies, computational tools have also advanced to transform 

raw sequencing reads into complete genomes, among many “omics” based experimental 

applications. While genome sequencing has become routine for smaller bacterial genomes, 

advanced next-generation sequencing technology also allows fungal, animal, plant, protist and 

even the complete human genome to be sequenced and assembled (Nurk et al., 2022).  These 

advanced sequencing technologies have revolutionized the options of experimental approaches 

and applications. For discovery of new natural product biosynthetic potential, we need tools that 

allow us to discern promising specialized metabolite leads from microbial, fungal, animal, and 

environmental sequencing data.   

There have been many fantastic bioinformatic tools that have helped researchers to assess 

specialized metabolite biosynthetic potential in genome sequences. Popular in silico genome 

mining tools such as antiSMASH 6.0 (Blin et al., 2021), PRISM 4 (Skinnider et al., 2020), and 

DeepBGC (Hannigan et al., 2019) identify many classes of BGCs, whereas other tools such as 

PKMiner (Kim and Yi, 2012), RiPP-Miner (Agrawal et al., 2021) and transATor (Helfrich et al., 

2019) specifically predict and identify targeted classes of natural products. All of these tools are 
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essential components of the modern-day natural product scientist’s toolbox as genomic predictions 

have been used to inform biosynthetic proposals (Kim et al., 2018), construct enzymatic 

phylogenetic predictions (Gerlt, 2017; Robinson et al., 2021), uncover new diversity from known 

genetic scaffolds (Yan et al., 2016), and even reverse-engineer the functions of gene clusters in 

“retrobiosynthetic” approaches, using chemical scaffolds to search for relevant biosynthetic genes 

in producing organisms (Bauman et al., 2021). In the future, the natural products field and the 

ongoing search for new chemical diversity will continue to rely on sequencing data, so tools to 

help prioritize biosynthetic leads are needed.  

In 2012, the webtool NaPDoS—which stands for “Natural Product Domain Seeker” was 

released (Ziemert et al., 2012). The NaPDoS webtool (napdos.ucsd.edu) detects and classifies 

ketosynthase (KS) and condensation (C) domains from polyketide synthase (PKS) and non-

ribosomal peptide synthetase (NRPS) BGCs, respectively. NaPDoS uses a phylogeny-based 

classification scheme that enables functional predictions about the encoding PKS and NRPS BGCs 

that domains are part of.  However, 10 years has passed since the tool’s initial release and thus the 

NaPDoS webtool is due for an update to keep pace with the new functional diversity that has been 

discovered. Of particular necessity, NaPDoS needed to be updated so that its application and use 

could be expanded—including: adding newly discovered classes of polyketides and non-ribosomal 

peptides, thus allowing wider potential for discovery; and secondly, to expand the tool so that 

genomic, metagenomic, and targeted amplicon sequencing data could be analyzed. The goals for 

the NaPDoS2 update included: 1) update the database with broader taxonomic breadth of KS 

domains; 2) develop a new KS classification scheme that is detailed and specific, relevant to 

specific polyketide structural classes; 3) increase the performance of the webtool thus allowing 

large datasets to be analyzed; 4) assess the capability of the tool by statistical benchmarking 
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analyses; 5) use the tool to analyze a wide variety of biological datasets to ascertain from a user’s 

perspective the utility and application of the webtool; and 6) update the web text on the website, 

create clear usage directions, provide a detailed users guide, and provide data and interpretation 

guidelines so users at any experience level and with any type of sequencing data can utilize the 

webtool.   

 

We achieved these goals as a result of a collaboration with the three main co-first authors 

(Dr. Leesa J Klau, Dr. Sheila Podell, and myself) leading key pillars of the project (Figure 2.1). 

Dr. Klau led the creation of the expanded update database covering new taxonomy and polyketide 

synthase KS class/subclass function. Dr. Podell led the development of the webtool including the 

back-end updates and implemented updates to improve speed, sensitivity, and selectivity of the 

Figure 2.1. Graphical abstract of NaPDoS2.  

Left: The three main pillars of the NaPDoS2 webtool update include database 
expansion, webtool upgrades, and application use case evaluations. Right: A 
stylized schematic of how NaPDoS2 works: sequencing data, depicted as DNA, 
is input into NaPDoS2, and domain sequences and predicted biosynthetic 
potential is the output. 
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tool. For this project, the role I played evolved over time to become the third pillar of work that 

was essential to the updated NaPDoS2 release. First, I led the development of a benchmarking 

method for the tool, including the development of a negative control dataset. To the best of our 

knowledge, a negative control dataset like the one I created has not been implemented for other in 

silico genome-mining tools. This was important because one of the biggest questions plaguing 

NaPDoS (and genome-mining tools like NaPDoS) is understanding how well they work. In the 

past, tools were assessed by seeing how well they could find known specialized metabolite BGCs, 

but ideally, we want to be able to know how well the tool works to finds new things that are true 

positive hits. We wanted to minimize the number of false positives (hits that aren’t types of 

enzymes/classes that we are searching for), while also avoiding false negatives (domains that are 

true hits but aren’t recognized because they are too distant from what we know). To do this, we 

needed to be sure that NaPDoS2 will not falsely identify gene clusters that we know are not 

involved in the biosynthesis of our specific targeted classes, while maintaining a good accuracy of 

finding true hits and filtering out true negatives (non-hits). Along these lines, I took the approach 

that ketosynthase enzymes belong to the larger “condensing enzymes” superfamily and thus share 

structural similarities yet catalyze distinct reactions. I realized that the ketosynthase domains that 

NaPDoS2 identifies from type I and type II polyketide and fatty acid synthases fall into distinct 

clades and share sister clades of unrelated domains like KSs from type III PKSs. This was the 

perfect opportunity to use these closely related yet functionally different domains as negative 

controls, and additionally populate our positive control dataset with additional type I and II PKS 

KS domains, along with additional KS domains from the NaPDoS2 database. For the first time, 

we were able to perform ROC analyses along with other statistics to calculate the sensitivity, 

selectivity, and specificity of the tool and showing how NaPDoS2 outperforms version 1 of the 
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webtool in speed and accuracy. These advances included a lot of benchmarking based on 

phylogenetic analyses of the condensing enzyme superfamily and other datasets. This combination 

of structure-function and phylogeny informed analyses was a very powerful method to ground 

truth the webtool. 

Next, with the updated database and classification scheme by Dr. Klau and an updated 

webtool interface by Dr. Podell, I set out to test a wide variety of biological datasets using 

NaPDoS2. Through the process of three separate iterations of the webtool—where each iteration 

was improved upon from the results of my application use case tests—I was able to demonstrate 

how NaPDoS2 performed compared to the version 1 and the previously published tool eSNaPD2 

(Reddy et al., 2014). I illustrated the diversity of datasets that can now be analyzed with NaPDoS2, 

including single genes, bacterial genomes, fungal genomes, animal genomes, environmental 

metagenomic data, and targeted KS amplicon data. Various analyses were run for each dataset to 

understand how the NaPDoS2 settings affected the results. In this way, guidelines could be 

suggested for users to implement best practices for their analyses. As part of this, I authored nine 

different and detailed NaPDoS2 tutorials, including a “Quick Start” tutorial which is featured as a 

webpage tab on the webtool. These tutorials, included as part of the downloadable documentation 

PDF on the webtool site (and outlined on the project’s OSF page: 

https://osf.io/uzhcp/wiki/Tutorial/) give detailed, step-by-step analysis instructions complete with 

tutorial objectives, details about each, interpretation of the expected results, and suggestions for 

further analyses.  

As a whole, this project provided the perfect foundation for my continuing studies on using 

bioinformatic tools to detect, classify, and analyze biosynthetic genes in all types of sequencing 

data. Our NaPDoS2 webtool update provides a significant improvement to our ability to detect and 
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classify polyketide and non-ribosomal peptide biosynthetic diversity, which then we can use to 

study evolutionary patterns and target novel chemical clades in interesting taxa. The skills I learned 

in this project lead me to develop a larger scale NaPDoS2-mediated analysis of 620,000 genomes 

across the tree of life (Chapter 3) in collaboration with Hans W. Singh. Additionally, I collaborated 

with Hans W. Singh to use NaPDoS2 to analyze 240 Gbp of metagenomic data (submitted for 

publication, not included in this dissertation), where Hans uncovered new patterns of polyketide 

biosynthetic potential across the tree of life and environmental biomes on earth. Additionally, I 

was able to use NaPDoS2 to assist with the phylogenetic placement of the salinosporamide salC 

KS domain. By identifying other top salC homologs and analyzing them together with KSs in the 

NaPDoS2 database, it was clear that salC formed its own clade outside of other KSs within its 

class/subclass. Study lead Kate Bauman later showed from her structural and biochemical 

verification work, salC is indeed a novel class of KS that performs a unique reaction in 

salinosporamide biosynthesis (Bauman et al., 2022).  

Chapter 2, in full, is a reprint of the materials as it was submitted to the Journal of 

Biological Chemistry. Klau, L.J.; Podell, S.; Creamer, K.E.; Demko, A.M.; Singh, H.W.; Allen, 

E.E.; Moore, B.S.; Ziemert, N.; Letzel, A.C.; Jensen, P.R., 2022. The dissertation author was one 

of three equally contributing primary authors of this manuscript. 

 

2.2 Abstract  

The Natural Product Domain Seeker (NaPDoS) webtool detects and classifies ketosynthase 

(KS) and condensation (C) domains from genomic, metagenomic, and amplicon sequence data. 

Unlike other tools, a phylogeny-based classification scheme is used to make broader predictions 

about the polyketide synthase (PKS) and non-ribosomal peptide synthetase (NRPS) genes in which 
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these domains occur. NaPDoS is particularly useful for the analysis of incomplete biosynthetic 

genes or gene clusters, as are often observed in poorly assembled genomes and metagenomes, or 

when loci are not clustered, as in eukaryotic genomes. To help support the growing interest in 

sequence-based analyses of natural product biosynthetic diversity, we introduce version 2 of the 

webtool: NaPDoS2, available at http://napdos.ucsd.edu/napdos2. It includes the addition of 1,417 

KS sequences, representing a major expansion of the taxonomic and functional diversity 

represented in the webtool database. The phylogeny-based KS classification scheme now 

recognizes 41 class and subclass assignments, including new type II PKS subclasses. Workflow 

modifications accelerate run times allowing larger datasets to be analyzed. Default parameters 

were established using statistical validation tests to maximize KS detection and classification 

accuracy while minimizing false positives. The applications of NaPDoS2 to assess PKS 

biosynthetic potential are demonstrated using genomic, metagenomic, and PCR amplicon datasets. 

These examples illustrate how NaPDoS2 can be used to predict biosynthetic potential and detect 

genes involved in the biosynthesis of specific structure classes or new biosynthetic mechanisms. 

2.3 Introduction 

Increased access to DNA sequence data coupled with a better understanding of the 

molecular genetics of natural product biosynthesis are driving major advances in natural products 

research. These advances have been facilitated by webtools such as antiSMASH 6.0 (Blin et al., 

2021) and PRISM 4 (Skinnider et al., 2020) that identify natural product biosynthetic gene clusters 

(BGCs) from assembled sequence data and provide insight into the types of small molecules 

produced (Medema, 2021). These tools have proven instrumental for genome mining research 

(Medema et al., 2021), while others have been developed to address more specific topics such as 

resistance-guided antibiotic discovery (Mungan et al., 2020), biosynthetic gene biogeography 
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(Reddy et al., 2014), and trans-acyl transferase (trans-AT) substrate specificity (Helfrich et al., 

2019). The Natural Product Domain Seeker (NaPDoS) is a specialized webtool used to assess 

biosynthetic diversity based on short sequence tags and thus does not require BGC assembly 

(Ziemert et al., 2012). It targets ketosynthase (KS) and condensation (C) domains to make broader 

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

genes, respectively, in which they reside. NaPDoS detects these domains and classifies them using 

a phylogeny-based scheme that reflects well-supported biosynthetic knowledge and established 

PKS and NRPS function. 

Here we introduce version 2 of the NaPDoS webtool (NaPDoS2), which includes an 

updated KS database and classification scheme that better reflects the expanded taxonomic 

distributions and functional diversity of PKSs. These enzymes produce structurally diverse 

polyketides ranging from lipids to macrolides, which represent an important source of compounds 

for pharmaceutical and other biotechnological applications (Hertweck, 2009). Polyketides also 

serve important ecological functions ranging from antioxidants (Schöner et al., 2016) to 

allelochemicals (Wietz et al., 2013) and thus can provide insight into how organisms interact with 

each other and the environment. PKSs share much in common with fatty acid synthases, generating 

compounds via the successive decarboxylative condensation and processing of acyl-CoA 

precursors (Fischbach and Walsh, 2006). Polyketide synthases have been broadly divided into 

three types based on their organization and function (Shen, 2003), of which NaPDoS2 detects and 

classifies KSs associated with types I and II. While canonical type I PKSs have a modular 

organization and function in an assembly line fashion, some function iteratively while others (e.g., 

trans-AT) lack a cognate acyl-transferase domain (Hertweck, 2009; Lohman et al., 2015). 

Similarly, canonical type II PKSs function iteratively and were originally best known to produce 
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aromatic polyketides. Yet some type II PKSs function non-iteratively (Shen, 2003), while others 

produce linear specialized metabolites (Grammbitter et al., 2019). A central feature of PKSs is the 

KS domain, which in most cases catalyzes a Claisen condensation between the extender unit and 

the growing, thioester-linked polyketide chain. In recent years, our knowledge of KS functional 

diversity has expanded significantly to reveal new enzymology and diverse product outcomes 

across biology. The broad distributions and functional specificities among type I and II PKSs can, 

in many cases, be resolved phylogenetically (Metsä-Ketelä et al., 2002; Moffitt and Neilan, 2003; 

Jenke-Kodama et al., 2005), with these evolutionary relationships forming the basis of the 

NaPDoS2 classification scheme. 

The NaPDoS2 website, available at (http://napdos.ucsd.edu/napdos2/), includes many 

updated features that improve the usability of the tool for natural product discovery. Here we report 

database and pipeline modifications that provide broader taxonomic coverage, better resolution 

among functionally characterized PKSs, a new subclassification scheme for type II PKSs, an 

increased capacity for processing large datasets, and the enhanced detection of eukaryotic KSs. 

Statistical validation tests have been used to select parameters for optimizing sensitivity and 

specificity, including both detection and classification accuracy based on query sequence length. 

The upgraded webtool was used to demonstrate the utility of NaPDoS2 for predicting biosynthetic 

potential in genomic, metagenomic, and amplicon datasets. 
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2.4 Methods 

 

2.4.1 Sequence database expansion.  

Experimentally validated PKS biosynthetic gene clusters (BGCs) were selected from 

MIBiG (https://mibig.secondarymetabolites.org/) and published reports. Sequences were extracted 

from GenBank (https://www.ncbi.nlm.nih.gov/genbank/) and KS domains identified using 

annotations from both published literature and MIBiG. In silico predictions were made using the 

NRPS/PKS prediction tool (Bachmann and Ravel, 2009). KS domains were further annotated (e.g., 

type II non-iterative) according to experimentally verified functions and information derived from 

the associated gene or BGC. Metadata including BGC name, BGC type (e.g., PKS, NRPS), MIBiG 

accession number, PubMed reference, source organism, and example product name and structure 

were recorded for each BGC (see Figure 2.S14 for an example structure from all KS 

classes/subclasses). The complete NaPDoS2 amino acid sequence database (KS and C domains in 

FASTA format), BGC table, and domain metadata can be downloaded from the NaPDoS2 website. 

2.4.2 KS sequence alignment, phylogenetic analysis, and classification.  

Phylogenies generated from the 1,877 KS database sequences (1,417 new and 460 existing) 

were used to establish class and subclass assignments based on correspondence between functional 

annotation and tree topology. Sequences were aligned using MAFFT (v 7.017) (Katoh and 

Standley, 2013) as implemented in Geneious (v 6.1.8) (Kearse et al., 2012) using the FFT-NS-i x 

1000 alignment algorithm, BLOSUM62 scoring matrix, and defaults for both gap open penalty 

and offset value (1.53 and 0.123, respectively). The alignments were trimmed, exported to 
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PHYLIP, and phylogenies generated using the PhyML online tool (http://www.atgc-

montpellier.fr/phyml/) with smart model selection (SMS) enabled (Lefort et al., 2017).  

The type II aromatic PKS subclasses were established using a concatenated alignment of 

the KSα and KSβ subunits and phylogenies generated using the methods described above. 

Subclasses were delineated based on phylogenetic groupings and features of the core polyketide 

structure including the length of the poly-β-ketoacyl intermediate, the carbon position of the first 

ring cyclization, and the type of starter unit. The accuracy of select NaPDoS2 KS classifications 

from the use case analyses were assessed by analyzing the associated contig with antiSMASH 6.0 

(Blin et al., 2021), the NRPS/PKS prediction tool (Bachmann and Ravel, 2009), and transATor 

(Helfrich et al., 2019) (Figure 2.S6). 

2.4.3. KS reference trees.  

A subset of 414 KS sequences representative of all class and subclass assignments were 

chosen to generate a KS reference tree (Figure 2.2, Figure 2.S7). Sequences were aligned using 

MAFFT (Katoh and Standley, 2013) (v 7.407, FFT-NS-i x 1000 alignment algorithm, BLOSUM62 

scoring matrix, default gap open penalty=1.53, and offset value=0.123), and trimmed using trimAI 

(Capella-Gutiérrez et al., 2009) (1.4.1 with automatic configuration). The trimmed alignment was 

used to estimate a maximum likelihood tree using FastTree (Lemoine et al., 2019) (v 2.1.11, LG+G 

model of evolution) with 1000 bootstraps. Booster (Lemoine et al., 2018) (v 0.3.1) was used to 

estimate support as Transfer Bootstrap Expectation (TBE) values. These programs were 

implemented in ngphylogeny.fr (Lemoine et al., 2019) and run locally as a docker image. Two 

type II KS phylogenies were generated following the same steps. One comprising all 201 type II 

KS sequences in the database, eight FAS sequences, and three thiolase outgroup sequences (Figure 

2.3, Figure 2.S8). The second used concatenated KSα and KSβ subunits from 59 type II aromatic 
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BGCs (Figure 2.4, Figure 2.S9). Trees were visualized using TreeViewer (https://treeviewer.org/) 

and annotations added using Adobe Illustrator. 

2.4.4 The NaPDoS2 workflow.  

Database sequences and associated metadata are stored in a back-end MySQL database 

linked to the NaPDoS2 web portal through CGI-scripting as previously described (Ziemert et al., 

2012). The transeq tool from the EMBOSS package (v 6.6) is used for 6-frame translations of 

nucleic acid queries (Rice et al., 2000). BLAST queries of amino acid sequences are performed 

using DIAMOND v 0.9.29 (Buchfink et al., 2015). Multiple sequence alignments are obtained 

with MUSCLE v 3.8 (Edgar, 2004) using the profile alignment feature to merge query sequences 

with previously aligned database sequences. Phylogenetic trees are constructed from trimmed 

amino acid sequences using FastTree v 2.2.1 (Price et al., 2010). Graphical tree depictions are 

generated using Newick Utilities v 1.5.0.  

2.4.5 Performance testing.  

The 1,877 full-length amino acid sequences in the NaPDoS2 KS database were clustered 

at 50% identity using CD-HIT v 4.7 (Fu et al., 2012), yielding 213 non-redundant positive controls. 

Using the CD-Search (Marchler-Bauer and Bryant, 2004) function of the curated NCBI Conserved 

Domain Database (Lu et al., 2020), negative controls were selected from subfamilies within the 

condensing enzyme superfamily (cl09938) providing sister clades that are functionally related to 

type I and II KS domains but distinct from the positive control sequences. An additional 49 

sequences (Jiang et al., 2008)and 14 KSs from type III PKSs in the MIBiG 2.0 repository (Kautsar 

et al., 2020) were added for a total of 697 sequences (Table 2.S3), which were also clustered at 

50% identity using CD-HIT to obtain 308 non-redundant negative controls.  
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2.4.6 Cross-validation and receiver operating characteristic (ROC) curves.  

Domain detection sensitivity and specificity were determined using BLASTP searches of 

full length positive and negative control sequences against the NaPDoS and NaPDoS2 databases, 

excluding self-matches, to generate leave-one-out cross validation values. ROC curves were 

constructed and area under the curve (AUC) values calculated from these results using easyROC 

v 1.3 (Goksuluk et al., 2016). EasyROC data output tables were used to identify potential cutoff 

points based on the most restrictive cross-validation e-value at which 100% of true positives were 

detected, to maximize sensitivity with the minimum possible number of false positives. 

2.4.7 KS detection and classification accuracy.  

A custom perl script (sequence_subdivider.pl, available at 

https://github.com/spodell/NaPDoS2_website) was used to subdivide the 213 positive control KS 

sequences into test sets containing overlapping subsequences of 30, 50, 100, or 200 amino acids, 

each offset by a 10 amino acid sliding window start site. These size-selected test sets, which 

contained 8555, 8129, 7064, and 4934 subsequences, respectively, were analyzed using the 

NaPDoS2 workflow to assess the effects of query size on classification accuracy. Accuracy 

evaluations for each test set were based on the percentage of subsequences whose best non-self, 

BLASTP match had the same NaPDoS2 classification as the original, full-length sequence from 

which it was derived. 

2.4.8 Application use cases.  

Accession information for all sequences and datasets analyzed is provided in Table S3. All 

analyses used the following default settings unless noted otherwise: NaPDoS version 1: domain 

detection: HMM 1e-5, 200aa minimum alignment length, pathway assignment: e-value cutoff of 

1e-5. NaPDoS2: e-value cutoff 1e-8 and 200aa minimum alignment length. Sequence files 
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containing >500,000 sequences or larger than 500MB, were split into smaller subunits using a 

custom perl script (serialize_seqs.pl, available at https://github.com/spodell/NaPDoS2_website).   

Genomes and Metagenomes.  Salinispora genome protein sequences 53 downloaded from 

NCBI and JGI IMG/MER (I.-M. A. Chen et al., 2018) were concatenated into a single FASTA file 

for NaPDoS2 analysis. Fungal genome protein sequences were downloaded from NCBI; fungal 

PKS BGCs were extracted from the MIBiG 2.0 repository using the query “Kingdom: Fungi AND 

BGC type: pks”. Coding sequences and predicted proteins for Elysia chlorotica were downloaded 

from NCBI (Cai et al., 2019). Trimmed E. chlorotica KS sequences generated by NaPDoS2 were 

aligned with previously published EcPKS1, EcPKS2, and EcFAS sequences (Torres et al., 2020) 

and used to construct a phylogenetic tree with the closest NaPDoS2 database hits. Marine sediment 

metagenomes were selected from the Paired Omics Data Platform (Schorn et al., 2021) and 

downloaded from NCBI SRA. 

Amplicons. KS amplicon sequences were analyzed using minimum alignment lengths of 

50 aa in NaPDoS2 unless otherwise noted. Sequence accession and dataset references are listed in 

Table S3.  When necessary, random subsets of query sequences were obtained using custom perl 

scripts (get_seq_info.pl, randomize_lines.pl, serialize_large_list.pl, and getseq_multiple.pl, 

available at https://github.com/spodell/NaPDoS2_website).  

 

2.5 Results and Discussion 

 

2.5.1 Pipeline efficiency and interface upgrades.  

As in the original release (Ziemert et al., 2012), NaPDoS2 detects and classifies 

ketosynthase (KS) and condensation (C) domains from nucleotide or amino acid sequence data. 
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While both versions follow the same general workflow, substitution of the more computationally 

efficient program DIAMOND (Buchfink et al., 2015) for NCBI BLAST (Altschul et al., 1990), 

eliminates the need for an extra Hidden Markov Model (HMM) pre-filtering step (Figure 2.S1). 

Speed improvements using DIAMOND are relatively modest for small jobs but can reach orders 

of magnitude for large datasets, especially those consisting of short query sequences (Buchfink et 

al., 2015). The NaPDoS2 pipeline executes most rapidly on amino acid sequences, which do not 

need to be translated. Although processing times increase with total nucleotide sequence length 

and the number of database matches, results for microbial genomes, assembled metagenomes, and 

PCR KS amplicons containing thousands of hits can typically be obtained within seconds to 

minutes (Table 2.S1). These improvements enable users to perform large-scale analyses that were 

not feasible with the original NaPDoS release. 

User interface upgrades include the addition of a “Domain Classification Summary” page 

that lists the total number of domains detected in the query data as grouped by their NaPDoS2 

classification (Figure 2.S2A). This page provides the option to select classes of specific interest 

for more detailed investigation (Figure 2.S2B), which is particularly useful when large numbers 

of domains are detected. Each BGC represented in the database is linked to a summary page that 

includes a representative structure and the classification of each KS or C domain within that BGC 

(Figure 2.S2C). The independent classification of each domain is particularly useful given that a 

single gene or BGC can contain multiple domain types (Sigrist et al., 2020). New webtool features 

also include quick start instructions outlining the NaPDoS2 workflow (Figure 2.S3A) and a 

downloadable documentation and tutorial file. 
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2.5.2 Database expansion.  

The primary goals for NaPDoS2 were to expand the KS database and classification scheme 

to include biosynthetic functions that were not represented in the original release, to supplement 

poorly populated classes, and to provide greater taxonomic coverage. 1,417 new KS sequences 

were added, raising the database total to 1,877 (average length 418 ± 49 amino acids), an increase 

of 308% (Figure 2.S4). Most of the additional sequences were derived from the MIBiG repository 

of experimentally verified BGCs (Kautsar et al., 2020), including new type II PKSs, type I fungal 

PKSs, and type I FASs from both bacterial and fungal sources. A few uncharacterized protist and 

metazoan sequences were included due to the scarcity of experimental verification among these 

groups. Although 84 C domain sequences were added, their classification scheme has not been 

updated and remains an important goal for future releases. The taxonomic breakdown of the 

current NaPDoS2 KS database sequences is 93.8% bacteria, 4.7% fungi, and 1.5% other 

eukaryotes (Table 2.S2), reflecting the taxonomic skew of available experimental data. To 

improve result interpretation, database (match) IDs now display the BGC name, domain number, 

class, and subclass identifiers for each domain. 

2.5.3. Phylogeny-based KS classification.  

The ability to predict PKS and NRPS biosynthetic potential based on KS or C domains 

distinguishes NaPDoS2 from other bioinformatic tools. The domain classification scheme is 

derived from sequence phylogenies and their relationships to established biochemical functions, 

gene architectures, and structural features of the compounds produced. While not all classes and 

subclasses are monophyletic, functionally coherent clades form the basis of the classification 

scheme. A phylogeny generated from the updated KS database allowed us to establish 41 class 

and subclass assignments associated with type I and II PKSs and FASs (Table 2.S2, Figure 2.S5). 
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This represents an increase of 410% over the original release. To verify the sufficiency of using 

KS domains to indicate broader PKS context, we assessed the genomic neighborhoods of KSs 

detected in a variety of genomic and metagenomic datasets. In all cases, the NaPDoS2 KS 

classification agreed with the antiSMASH 6.0 (Blin et al., 2021) classification (Figure 2.S6). In 

some cases, NaPDoS2 provided more detailed information including the identification of type II 

subclasses, omega-3 poly-unsaturated fatty acid (PUFA) KSs, and highly, partially, and non-

reducing fungal KSs. NaPDoS2 can also distinguish among different KS classes within a single 

gene or BGC (Figure 2.S6). With the classification scheme established, a simplified reference tree 

was generated using 414 sequences representing all class and subclass assignments (Figure 2.2). 

Broadly, the KS reference phylogeny (Figure 2.2) delineates the well-established 

relationships between fatty acid synthases (FASs) and type I and II PKSs (Jenke-Kodama et al., 

2005). The enhanced classification of type I FAS KSs from bacteria/fungi, protists, and metazoa 

allows users to better distinguish between KSs associated with specialized metabolism and fatty 

acid biosynthesis across diverse taxa. The expanded eukaryotic type I coverage includes KSs from 

fungal iterative cis-AT PKSs and several protist (Phyla Amoebozoa and Apicomplexa) and 

metazoan (Phyla Chordata, Echinodermata, and Nematoda) PKSs, including those linked to 

characterized natural products from Caenorhabditis elegans (Feng et al., 2021) and Dictyostelium 

discoideum (Austin et al., 2006). The seven type I PKS classes described in the original NaPDoS 

release have been reorganized into three classes (modular cis-AT, iterative cis-AT, and trans-AT) 

and 14 subclasses in the NaPDoS2 release (Table 2.S2, Figure 2.S5, and user’s guide/webtool 

documentation). 
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Figure 2.2. KS phylogeny-based classification.  

Maximum likelihood phylogeny generated from 414 KS sequences. Clades are color-
coded and labeled according to their NaPDoS2 classification. Transfer Bootstrap 
Expectation (TBE) bootstrap support estimated using Booster (Lemoine et al., 2018). 
The full name of each sequence can be viewed in Figure 2.S7, which can be used to 
link a query match to a specific location in the tree. Thiolases from Escherichia coli, 
Zoogloea ramigera, and Streptomyces avermitilis were used as outgroups. An 
expanded phylogeny of the type II KSs is presented in Figure 2.3. 
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Modular cis-AT KSs. The modular cis-AT class comprises KSs associated with the 

canonical assembly line PKSs (e.g., erythromycin biosynthesis) and now includes four subclasses 

of which two (olefin synthase and tandem ECH) are new to NaPDoS2 (Figure 2.2). The olefin 

synthase subclass is best known from cyanobacteria and is associated with the formation of a 

terminal olefin on a fatty acyl precursor (Coates et al., 2014). These KS sequences form two clades 

in the reference tree, which reflects the sporadic distribution of the OLS pathway among 

cyanobacteria (Coates et al., 2014). The tandem ECH subclass is associated with gene cassettes 

that introduce a branch at the β-keto position. In these PKSs, the KS domain is located immediately 

downstream of tandem enoyl-CoA hydratase (ECH) and enoyl reductase (ER) domains, which 

catalyze decarboxylation and reduction reactions, respectively, as seen in cylindrocyclophane 

biosynthesis (Nakamura et al., 2012) and reviewed elsewhere in detail (Walker et al., 2021). Most 

of the modular cis-AT KSs in the database are not associated with a specialized function and thus 

are not assigned to a subclass. 

Iterative cis-AT KSs (bacteria). The iterative cis-AT class (iPKSs) maintains a modular 

organization, with multiple enzymatic domains on a single protein, yet instead of functioning as 

an assembly line these enzymes catalyze an iterative series of elongation steps (Herbst et al., 2018). 

The expanded NaPDoS2 classification scheme now includes seven iPKS subclasses. The four 

observed in bacteria include the aromatic and polycyclic tetramate macrolactam (PTM) subclasses 

(Chen and Du, 2016), both of which are new to NaPDoS2, and the enediyne and PUFA subclasses, 

which were identified in the original release. PUFA KSs now form three clades in the reference 

tree, which correlate with the three KS domains typically present in PUFA PKSs (Metz et al., 

2001). Aromatic iPKSs generally produce simple mono- or bicyclic aromatic compounds that are 

distinct from enediynes and PUFAs (Chen and Du, 2016). The polycyclic tetramate macrolactam-
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like (PTM) iPKSs produce complex compounds containing a macrocyclic lactam with an 

embedded tetramic acid moiety fused with a polycyclic system (i.e., 2-3 rings) derived from 

polyene chains (Chen and Du, 2016). The ability to quickly recognize PTM biosynthetic potential 

provides opportunities to expand on the number of compounds discovered in this unusual and often 

biologically active class (Cao et al., 2010). New iterative type I PKSs continue to be discovered, 

including some that are unexpectedly abundant and widespread in the genus Streptomyces (Cao et 

al., 2010), providing opportunities to expand this class in future updates beyond the seven 

subclasses currently recognized by NaPDoS2. 

Iterative cis-AT KSs (fungi). Iterative cis-AT KSs are also observed in fungi and can be 

delineated into highly reducing (HR), partially reducing (PR), and non-reducing (NR) iPKS 

subclasses (Gallo et al., 2013). These subclasses differ in the number and type of β-keto processing 

ketoreductase (KR), dehydratase (DH), and enoyl reductase (ER) domains present. Highly 

reducing (HR) iPKS BGCs, which contain all three β-keto processing domains, often contain a C-

methylation domain responsible for ɑ-carbon methylation (CMeT) and some are fused with NRPS 

modules (Chooi and Tang, 2012). Their products are usually linear or cyclic, non-aromatic 

compounds. Partially reducing (PR) iPKS BGCs lack ER, and sometimes also DH, domains. Due 

to their similarity to bacterial aromatic iPKSs, they have been hypothesized to originate from a 

horizontal gene transfer event between bacteria and fungi (Schmitt and Lumbsch, 2009). Non-

reducing (NR) iPKS BGCs lack all three β-keto processing domains and have specialized domains 

that facilitate starter unit loading and product folding (Chooi and Tang, 2012). 

Trans-AT KSs. KS domains from trans-AT PKSs form multiple clades in the reference 

tree (Figure 2.2), which may reflect KS substrate-specificity (Nguyen et al., 2008). Nonetheless, 

three functionally distinct subclasses can be recognized by NaPDoS2 of which those associated 
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with β-branching modules and hybrid non-elongating KSs are new to NaPDoS2. The β-branching 

module, comprising a KS domain, a cryptic “B” domain, and an acyl carrier protein (ACP) domain 

(KS-B-ACP), represents one of the mechanisms for the formation of β-branching in trans-AT 

PKSs (Bretschneider et al., 2013; Hertweck, 2015). Hybrid, non-elongating KSs (KS0) typically 

follow an NRPS module, lack the catalytic histidine required for elongation, and are proposed to 

facilitate the transfer of the growing polyketide to the next module (A. Chen et al., 2018; Helfrich 

et al., 2019). The hybrid trans-AT KS subclass clades with the hybrid cis-AT subclass and 

functions similarly in modules that lack AT domains. 

A major aim for the NaPDoS2 upgrade was to expand the classification of type II KS 

domains based on established functions and evolutionary relationships (Hillenmeyer et al., 2015). 

A phylogeny of the type II KS domains in the updated database (Figure 2.3) provided sufficient 

resolution to delineate five functionally defined classes and four sequences that are yet to be 

assigned a functional class (annotated as type II unclassified). This represents a major 

improvement over the original NaPDoS release, which simply identified a sequence as being 

associated with a type II PKS. The most highly populated of the five type II KS classes recognized 

by NaPDoS2 are associated with PKSs that function iteratively to produce reactive poly-β-ketoacyl 

intermediates that cyclize to polycyclic aromatic compounds. The type II aromatic class could be 

further delineated into nine functionally defined subclasses based on a concatenated alignment of 

the two KS subunits, which generated a better resolved phylogeny (Figure 2.4). These KSs 

function as a heterodimer, with the KSα subunit responsible for the iterative elongation of a nascent 

poly-β-keto chain, the KSβ subunit determining the chain length (also referred to as the chain-

length factor or CLF), and both subunits mediating the first ring cyclization reaction (Tang et al., 

2003; A. Chen et al., 2018). The KSα and KSβ subunits are implemented as individual sequences 
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in the NaPDoS2 workflow thus allowing them to be distinguished. To define these subclasses, the 

tree topology was compared with poly-β-keto chain length, carbon-carbon position of the first ring 

cyclization, type of starter unit, and the core and intermediate structures of the products. These 

subclasses are consistent with previous phylogenies (Metsä-Ketelä et al., 2002; Komaki and 

Harayama, 2006) and chemotypes identified in PKMiner 42 and antiSMASH version 5.0 (Villebro 

et al., 2019) based on full-length BGC analyses. KSs from several unusual type II aromatic PKSs 

that are poorly represented in the database (e.g., resistomycin biosynthesis) were not assigned 

subclasses and are instead annotated as “type II aromatic unclassified” in NaPDoS2. 

The four remaining type II KS classes are more unusual and include one that is responsible 

for introducing β-branching in trans-AT PKSs. These KSs are associated with HMGS or HCS (3-

hydroxy-3-methylglutaryl coenzyme A synthase) gene cassettes that encode several monodomain 

proteins including a decarboxylating KS that can be resolved in the type II KS phylogeny (Figure 

2.3) (Walker et al., 2021). Another unusual type II KS class recognized in the phylogeny functions 

non-iteratively. The KSs associated with these enzymes facilitate the incorporation of acetate, 

propionate, and succinate building blocks leading to the production of macrocyclic compounds 

such as the nonactin antibiotics, in which case they catalyze C-O bond formation (Kwon et al., 

2002). Non-iterative type II PKSs contain multiple type II and III KSs in which each domain is 

responsible for a single condensation step (Walczak et al., 2000; Rebets et al., 2015). The 

remaining type II classes represent KSs associated with the production of highly reduced polyenes 

or aryl polyenes (Figure 2.3), with the latter representing the most prominent biosynthetic family 

observed across a wide taxonomic distribution of bacterial genomes (Cimermancic et al., 2014). 

Similar to type II aromatic PKSs, polyene and aryl polyene PKS also contain KSα and KSβ 

subunits with biosynthesis proceeding through a series of alternating elongation and reduction 
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steps (Grammbitter et al., 2019; Du et al., 2020; Lee et al., 2021). Aryl polyene PKSs also possess 

homodimeric KSs that function to complement the heterodimer (Grammbitter et al., 2019; Lee et 

al., 2021). These are most similar to KSs observed in type II FASs (not shown in the tree) and are 

classified as such in the NaPDoS2 database.  
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Figure 2.3. Type II KS phylogeny-based classification.  

Maximum likelihood phylogeny of 212 KS sequences. Clades are color-coded and 
labeled according to their NaPDoS2 classification. TBE bootstrap support estimated 
using Booster (Lemoine et al., 2018). See Figure 2.S8 for sequence annotations. 
Thiolases from E. coli, Z. ramigera, and S. avermitilis were used as outgroups. 
Sequences without annotations are type II KSs that have yet to be assigned a 
functional class. 
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2.5.4. Performance evaluation.  

Recognizing that computational prediction algorithms are seldom perfect, leave-one-out 

cross validation 50 and Receiver Operating Characteristic (ROC) curves (Fawcett, 2006) are 

powerful statistical tools for quantifying sensitivity and specificity, but require calibration using 

known positive and negative control datasets that maximize discriminatory power. A set of 

positive controls (213 sequences) for evaluating NaPDoS2 performance was obtained by clustering 

all full length, experimentally verified KS domains in the NaPDoS2 database at 50% amino acid 

identity. These sequences belong to five conserved domain families within the condensing enzyme 

superfamily of the NCBI Conserved Domain Database (Figure 2.S10A, B), which encompasses 

enzymes that catalyze decarboxylating or non-decarboxylating Claisen-like condensation 

Figure 2.4. Type II aromatic KS phylogeny-based classification.  

Maximum likelihood phylogeny of concatenated KSα and β subunits from 59 type II 
BGCs. Clades are annotated based on NaPDoS2 classification. Structural motifs 
associated with subclasses shown in colored rings (white, not determined). See Figure 
2.S9 for sequence annotations and Table 2.S3 for biosynthetic references. TBE 
bootstrap support estimated using Booster (Lemoine et al., 2018). 
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reactions for the synthesis and degradation of fatty acids and polyketides from all kingdoms of life 

(23% Eukaryota, 70% Bacteria, and 7% Archaea). Negative controls (308 sequences) were 

selected from condensing enzyme families falling immediately outside the NaPDoS2 clades, and 

similarly clustered at 50% amino acid identity (Figure 2.S10A). These negative controls, which 

include beta-ketoacyl-ACP synthases, ketoacyl-acyl carrier protein synthases III, type III chalcone 

and stilbene synthases, thiolases, and sterol carrier protein-associated thiolases, were augmented 

with additional sequences (Jiang et al., 2008) (Figure 2.S10C) and KSs from type III PKSs 

retrieved from MIBiG 2.0 (Figure 2.S10D).  

Leave-one-out cross-validation scores were generated for positive and negative control 

sequences based on the e-values of their closest non-self match using both the original NaPDoS 

and NaPDoS2 KS reference databases. Receiver Operating Characteristic (ROC) curves were 

calculated from these scores to generate area under the curve (AUC) values (Figure 2.5A), 

demonstrating the superior performance of NaPDoS2 (AUC=0.987) versus the original release 

(AUC=0.978). ROC curves were further used to establish e-value cutoff points that maximize 

sensitivity and minimize false positives, identifying optimum values as 1e-8 for NaPDoS2 and 4e-

11 for the original NaPDoS release. Although these cutoff values provided equivalent sensitivity 

(detection of true positives) for their respective algorithms, the highest achievable specificity 

obtainable for NaPDoS was 93.0% (7% false positive rate) versus 97.2% for NaPDoS2 (2.8% false 

positives). This improvement is most likely explained by the expanded database underlying the 

NaPDoS2 pipeline. Consequences of these statistically identified differences in real-world use 

cases are presented in the “NaPDoS2 applications” section below. 
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The effects of partial KS sequences on detection and classification accuracy were evaluated 

using both full-length database sequences (typically 425 amino acids) and shorter overlapping 

subsets of 30, 50, 100, and 200 amino acids (aa) covering the entire length of these sequences. 

These subsets were designed to mimic domain fragments encountered in draft genomes, 

metagenomic assemblies, or KS amplicon sequences. Using the previously established 1e-8 cutoff 
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Figure 2.5. Receiver Operating Characteristic (ROC) curves for NaPDoS and 
NaPDoS2.  

Non-redundant sets of 213 positive and 308 negative control KS domains were 
compared based on the BLASTP e-values of their closest non-self match in each 
NaPDoS database. Optimal cutoff values were selected to maximize sensitivity. 
FP, false positives; TP, true positives. 
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for maximum sensitivity, NaPDoS2 detected 99% of the 200 aa length subsequences as KS 

domains, of which 85% were correctly classified (Figure 2.6). Detection and classification 

accuracy declined with shorter sequences, falling dramatically for sequences <50 amino acids. 

Length-dependent performance degradation was also observed using 1e-5 and 1e-10 e-values as 

cutoff scores (Figure 2.S11). These results illustrate the difficulty of analyzing unassembled, next-

generation sequencing reads and short contigs covering partial domain fragments.  
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Figure 2.6. Effect of query size on KS detection and classification accuracy.  

Classifications were based on a 1e-8 BLASTP e-value cutoff score for the 
closest non-self-database match. Test sequences of varying lengths were 
obtained as overlapping sliding window subsequences covering the full 
length of 213 non-redundant, positive control KS domains. 
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Based on performance evaluation results, default NaPDoS2 parameters were set at an e-

value of 1e-8 and a minimum alignment length of 200 amino acids; however, users may choose to 

adjust these settings for their individual datasets. Sensitivity declines for partial KS domains can 

be partially offset by decreasing BLAST stringency, at the cost of increasing false positives and 

misclassifications. PCR-generated amplicons can provide better sensitivity than similarly sized 

random sequence fragments but may still be too short to obtain accurate classifications. Confident 

assignments to poorly populated classes or subclasses are particularly challenging given the 

sequence diversity observed within highly populated classes and subclasses (Figure 2.S12). Some 

ambiguities may be resolved by using NaPDoS2 sequence alignments to generate detailed 

phylogenetic trees, but others will remain until additional functional studies are reported.  

 

2.5.5. NaPDoS2 applications.  

Large-scale performance evaluations targeting genomic, metagenomic, and amplicon 

sequence data from a variety of bacterial, fungal, metazoa, and environmental sources were 

conducted to demonstrate the utility of NaPDoS2 in identifying polyketide biosynthetic potential 

(Table 2.1; accession numbers in Table 2.S3). These examples include the integration of 

NaPDoS2 output with other webtools (Figure 2.S3B). 
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Table 2.1. NaPDoS2 applications.  

The utility of NaPDoS2 was demonstrated across a variety of data types and biological 
sources. Details for each analysis can be found in Supplementary Tables 2.S4-2.S12 as 
summarized below. Table 2.S3 lists accession numbers for all analyses. 

Table 

# Application Data type 

Biological 

source Dataset Ref. 

2.S4 

2.S5 

Bacterial type II 

KS 
genome bacteria 

118 Salinispora 

strains 

(Millán-Aguiñaga 

et al., 2017) 

2.S6 
Fungal KS & 

FAS 
genome fungi 27 fungal spp. 

(Almeida et al., 

2019) 

2.S7 
Fungal KS & 

FAS 
genome fungi 

159 fungal MIBiG 

2.0 PKS BGCs 

(Kautsar et al., 

2020) 

2.S7 
Environmental 

type II KS 
amplicon 

environmental 

DNA 

147 KS clones from 

soil 

(Wawrik et al., 

2005) 

2.S8 
Eukaryotic KS 

& FAS 
genome metazoa Elysia chlorotica 

(Cai et al., 2019; 

Torres et al., 

2020) 

2.S9 

Environmental 

type I & II KS, 

FAS 

metagenome 
environmental 

DNA 

20 marine sediment 

samples 

(Schorn et al., 

2021) 

2.S10 
Environmental 

type I KS 
amplicon 

environmental 

DNA 

eSNaPD v2.0 KS 

sequences from soil 

(Owen et al., 

2013) 

2.S11 
Environmental 

type II KS 
amplicon 

environmental 

DNA 

Type II KS 

sequences from 12 

soil samples 

(Borsetto et al., 

2019) 

2.S12 

Environmental 

and cultured 

type I & type II 

KS 

amplicon 

bacteria, 

environmental 

DNA 

Type I and II KS 

sequences from 

lake sediment and 

enrichment cultures 

(Elfeki, Alanjary, 

Stefan J. Green, 

et al., 2018) 
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Genomes.  

While the original NaPDoS release simply identified KSs as type II, the new release 

provides more sensitive detection and more detailed classifications. We analyzed 118 Salinispora 

genomes (Millán-Aguiñaga et al., 2017) with NaPDoS2 and detected a total of 662 type II KS 

domains in contrast to 363 using the original release (Table 2.S4). The type II KSs detected by 

NaPDoS2 were delineated into seven functionally defined classes and subclasses; those that were 

unassigned may represent new functional diversity. A broader summary of all KSs detected in 

these genomes provided the first evidence that S. arenicola has the potential to produce polycyclic 

tetramate macrolactams (PTMs) (Table 2.S5), a class of structurally complex natural products that 

exhibits diverse biological activities (Zhang et al., 2015). These results provide new insight into 

the biosynthetic potential of this marine actinomycete genus. 

Another important NaPDoS2 improvement is the ability to detect and classify eukaryotic 

KS sequences. This is illustrated by the analysis of 27 taxonomically diverse fungal genomes 

(Almeida et al., 2019), where KSs ranged from one in Malassezia globosa to 50 in Aspergillus 

niger (Table 2.S6) and the majority could be assigned to the highly reducing subclass. We next 

analyzed all 159 fungal PKS BGCs in the MIBiG 2.0 repository (Kautsar et al., 2020) and 

identified 182 KS domains, all of which matched MIBiG 2.0 descriptions and literature reports 

(Table 2.S7). In contrast, the original NaPDoS release only identified 14 KS domains from these 

same BGCs. Although relatively few metazoan PKSs have been experimentally characterized, 

NaPDoS2 recovered the recently described FAS and FAS-like KSs from the Elysia chlorotica 

sacoglossan genome (Table 2.S8) (Cai et al., 2019; Torres et al., 2020) and correctly classified 

them as metazoan type I FASs.  A phylogenetic tree generated using NaPDoS2 confirmed their 

divergence from previously characterized animal FASs (data not shown). In an exploratory search 
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for KSs in other eukaryotic genomes, NaPDoS2 detected 37 modular cis-AT domains, 17 type I 

FAS domains, 2 type II FAS domains, and one protist-type KS domain from the 

dinoflagellate Symbodium minimus (Beedessee et al., 2015), and 6 type II FAS domains and one 

type II KSα aromatic anthracycline domain from the diatom Nitzschia inconpicua (Oliver et al., 

2021), thus further validating its utility for analyzing eukaryotic sequences. While these data show 

that NaPDoS2 can detect and classifying KS domains from complex metazoan datasets, it is best 

suited for predicted proteins, translated coding sequences, or transcriptomes, since it cannot excise 

introns associated with eukaryotic sequence data. 

Metagenomes.  

A single NaPDoS2 analysis can provide a simultaneous overview of both bacterial and 

eukaryotic polyketide and fatty acid biosynthetic potential in large metagenomic datasets. While 

it is not reliant on fully assembled BGCs, assembled contigs are recommended to avoid the reduced 

classification accuracies associated with short sequence reads (Figure 2.6, Figure 2.S11). To 

illustrate this application, we assessed 20 assembled marine sediment metagenomes deposited in 

the Paired Omics Data Platform (PoDP) (Schorn et al., 2021). We observed a wide range in the 

numbers and types of KSs detected, which can provide important insight when selecting samples 

for further study (Table 2.S9). These results show how NaPDoS2 can be used to identify samples 

with the potential to produce compounds in rare but biologically active classes, such as enediynes 

and PTMs, to expand on poorly understood metazoan PKS diversity, and, in cases with low 

sequence similarity to database or BLAST matches, detect new functional diversity. Trimmed 

domains can be used as search queries to assess broader genomic context (Figure 2.S6), compare 

with previously reported BGCs (Kautsar et al., 2020), and potentially identify the host organism 

when phylogenetic markers are encountered in the KS-containing contig.  
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Amplicons.  

NaPDoS2 is particularly useful for the analysis of KS/C domain PCR amplicon datasets, 

where it can be used not only to classify sequences into specific functional categories and assign 

a top BGC product match, but also to assess primer specificity and remove non-target sequences 

prior to downstream analysis. We illustrate the applications of NaPDoS2 using four KS amplicon 

datasets, starting with 147 KS sequences cloned from soil eDNA using type II specific KS primers 

(Wawrik et al., 2005). Both versions of NaPDoS identified all 147 KSs as type II, while NaPDoS2 

further delineated them into three type II aromatic subclasses, which agrees with the original report 

(Table 2.S7). We next compared the NaPDoS2 output with that from eSNaPD v 2.0, which relates 

KS amplicon sequences to a database of characterized BGCs (Owen et al., 2013; Reddy et al., 

2014). NaPDoS2 detected all 381 KS sequences in the eSNaPD v 2.0 New Mexico desert soil 

library “NM_KS_ARRY_LIB01” dataset (Owen et al., 2013) and classified the vast majority as 

cis-AT modular (Table 2.S10). Additionally, NaPDoS2 classified virtually all KS sequences 

within what eSNapD2 v 2.0 listed as novel clusters, providing new information about the 

biosynthetic diversity within this library (Owen et al., 2013; Reddy et al., 2014) (Table 2.S10). 

Larger KS amplicon datasets generated from soil eDNA and lake sediment enrichment 

cultures using type I and II specific primers were also evaluated (Elfeki, Alanjary, Stefan J Green, 

et al., 2018; Borsetto et al., 2019). While the original analyses estimated biosynthetic potential 

based solely on the closest MIBiG repository match, NaPDoS2 further delineated the sequences 

into specific type I and type II classes and subclasses. Analysis of the type II soil amplicons 

(Borsetto et al., 2019) revealed that many of the amplicons were not recognized as KSs and may 

represent off-target or too short amplifications. Of those identified as KSs, a number were 

classified by NaPDos2 as type II FASs and a few as type I PKSs (Table 2.S11). This illustrates 
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the application of NaPDoS2 to assess primer specificity and identify potential non-target KS 

sequences prior to downstream analyses.  

Finally, we addressed the question of whether lowering the minimum alignment length for 

amplicons might increase the number of false positives, as previously observed for random domain 

fragments (Figure 2.6). To do this, we analyzed 40,000 randomly selected sequences from longer 

amplicon (602 bp) type I and II KS datasets from lake sediment enrichment cultures (Elfeki, 

Alanjary, Stefan J Green, et al., 2018) using a range of minimum amino acid alignment lengths 

(5,000 of these sequences shown in Table 2.S12). We placed both hit and non-hit sequences in a 

phylogenetic context within the condensing enzyme superfamily tree (Jiang et al., 2008) and 

mapped the conserved domains with TREND (Gumerov and Zhulin, 2020) (Figure 2.S13). 

Sequences identified by NaPDoS2 as KSs, regardless of alignment length (30-200aa), fall within 

the two clades associated with the NaPDoS2 database positive control sequences. Conversely, the 

sequences that NaPDoS2 did not identify as KSs fell outside of these clades and were associated 

with off-target, non-ketosynthase domains such as AMP-binding domains and multiple phage-

related domains. These results confirm that shorter NaPDoS2 alignment length settings can be 

used to assess polyketide biosynthetic potential from amplicon datasets and highlight the value of 

verifying detection and classification accuracy using phylogenetic approaches and conserved 

domain architecture.  

 

2.6 Conclusions 

While several tools can detect and classify the gene clusters associated with natural product 

biosynthesis (Reddy et al., 2014; Blin et al., 2021), NaPDoS2 employs KS and C domains as 

sequence tags to predict biosynthetic potential. This approach makes it well-suited for non-
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clustered or incomplete BGCs, amplicons, and eukaryotic genomes where other tools are less 

effective. The NaPDoS2 update features an expanded KS database and classification scheme that 

better reflects the broader taxonomic and functional diversity now recognized among type I and II 

PKSs. It provides a single workflow to detect and classify KS domains from diverse biological 

origins including bacteria, fungi, and other eukaryotes and to distinguish among those involved in 

fatty acid and specialized metabolite production. Updates to workflow efficiency can now 

accommodate the larger genomic, metagenomic, and amplicon datasets achievable with next-

generation sequencing. NaPDoS2 provides a rapid method to identify microorganisms or 

environments with the potential to yield rare classes of compounds, such as those produced by 

non-iterative type II PKSs (Shen, 2003). It can be used to prioritize samples for cultivation and to 

identify potentially new biosynthetic mechanisms when sequences are phylogenetically distinct 

from those previously characterized, as recently demonstrated for the standalone KS (salC) that 

functions as an aldolase/β-lactone synthase in salinosporamide A biosynthesis (Bauman et al., 

2022). The NaPDoS2 upgrades expand on the PKS diversity that can be detected with this tool and 

provide a method to quickly assess biosynthetic potential in a manner that facilitates more targeted 

approaches to natural product discovery. 

 

2.7 Data availability 

Relevant alignment files, phylogenetic tree files, webtool documentation file/user’s guide, 

example tutorials sequence files, and other supporting information can be found on the 

corresponding OSF project page: https://osf.io/uzhcp/. The code used to construct version 2 of the 

Natural Product Domain Seeker website can be found on the corresponding Github repository: 

https://github.com/spodell/NaPDoS2_website. All accession information and dataset references 
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can be found in Table 2.S3 (separate Microsoft Excel file, not included in this dissertation but 

accessible on the OSF project page: https://osf.io/uzhcp/).  
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2.9 Supplementary Figures and Tables  

 

 

  
S-3

Figure S1. NaPDoS2 bioinformatic pipeline. Translated nucleotide and protein query 
sequences are compared to an internal database of KS and C domains using BLASTP. 
Detailed descriptions of individual steps can be found in the GitHub repository site: 
https://github.com/spodell/NaPDoS2_website. 
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Figure 2.S1. NaPDoS2 bioinformatic pipeline. 

https://github.com/spodell/NaPDoS2_website 
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A. B. C. 

Figure S2.

S-4

S-5

Figure S2. Featured webtool updates. A). Domain classification summary page. In this 
example, 301 KS domains were detected in twelve bacterial genomes (58,584 protein 
sequences). The number of domains detected in each class and subclass is indicated. 
B). Database search results page. Expanded view of the 18 type I iterative cis-AT 
enediyne domains from the search shown in (A).  C). BGC page. Clicking on the BGC 
product match hyperlink from the Database Search Results in panel (B) provides the 
compound structure and details about the associated BGC and all corresponding KS 
classifications (C domains to be updated in a later release). 

Figure 2.S2. Featured webtool updates.  
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Figure S3.

S-6

$�

%�

S-7

Figure S3. NaPDoS2 workflow and analysis roadmap. A) The NaPDoS2 user workflow 
consists of submitting a query sequence, selecting the type of analysis to run, submitting 
the job, and deciding what output to view or analyses to complete. B) A roadmap for the 
use of NaPDos2 starts with genomic, metagenomic, or KS/C domain amplicon sequences 
derived from a variety of sources. The expanded database and webtool improvements 
provide important analytical upgrades while extensive use testing demonstrates the 
applications of NaPDoS2 to assess biosynthetic potential by detecting and classifying KS 
and C domain sequences. NaPDoS2 output can be further analyzed using a variety of 
tools to assess novelty, phylogeny, classification, genomic context, function, and small 
molecule structural features. Detailed, step-by-step tutorial examples can be found in the 
downloadable “Documentation” PDF linked on the NaPDoS2 webpage.   

Figure 2.S3. NaPDoS2 workflow and analysis roadmap. 
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S-8

Figure S4. Comparison of the expanded NaPDoS2 database with the original 

NaPDoS version 1 release1. The NaPDoS2 reference database contains 273 C domains 
and 1,877 KS domains from a total of 404 BGCs. 

Figure 2.S4. Comparison of the expanded NaPDoS2 database. 



 71 

  

Figure S�.

S-�



 72 

  

Figure S�.

S-��

S-11

Figure S5. NaPDoS2 classification overview. Class and subclass descriptions as 
described on the NaPDoS2 website. Additional details and relevant references can be 
found in the downloadable “Documentation” PDF linked at the top of the webpage.  

Figure 2.S5. NaPDoS2 classification overview. 
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Figure 2.S6. Verification of NaPDoS2 KS domain classifications. 
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S-13

Figure S6. Verification of NaPDoS2 KS domain classifications. Biosynthetic gene 
cluster context of select KSs detected in the application use case analyses. For each KS, 
the associated scaffold or contig was extracted and run through antiSMASH 6.02 
(https://antismash.secondarymetabolites.org/), transATor3 (https://transator.ethz.ch/), 
and the “PKS/NRPS Analysis Web-site”4 (http://nrps.igs.umaryland.edu/). The BGCs 
were drawn and colored as determined by antiSMASH 6.0 (maroon, core biosynthetic 
gene; pink, additional biosynthetic gene; blue, transport-related genes; green, regulatory 
genes, grey, other genes). Domain position and function were drawn and colored 
according to antiSMASH 6.02, transATor3, and “PKS/NRPS Analysis Web-site”4 (blue, KS 
ketosynthase; pink, AT acyl transferase; sand, KR ketoreductase; pale purple ACP 
Phosphopantetheine acyl carrier protein, ACPS holo-ACP synthase; orange, DH 
dehydratase; light grey, cMT carbon methyltransferase, FkbH domain, NAD Male sterility 
protein, AmT aminotransferase, Cyc cyclase, GNAT GNAT domain, TIGR01720 NRPS 
domain of unknown function; light pink, TE thioesterase, TD Terminal reductase domain; 
pale green ER enoyl reductase; dark blue, trans-AT docking trans-acyltransferase 
docking domain; light green, C condensation domain of NRPS, E epimerization domain; 
dark green, A adenylation domain). Blue arrows point to KS hits that NaPDoS2 detected 
and classified in the BGC context; arrows are labeled with the NaPDoS2 KS domain 
classification. The antiSMASH 6.02 BGC type and KS domain classification, followed by 
the length of the entire BGC (in base pairs) is listed below each BGC, as indicated in the 
key.  

We strategically chose diverse use case analyses for ground-truthing the 
contextual genomic evidence for KS domain-based classification. NaPDoS2 correctly 
classified KSs associated with partially reducing ((-)-Mellein), non-reducing (viriditoxin), 
and highly reducing (burnettramic acid A) fungal BGCs from MIBiG 2.05, as confirmed by 
literature reports and antiSMASH 6.02 output. Next, NaPDoS2 correctly classified the KSs 
in the sorbicillin BGC from Penicillium rubens fungal genome, which contains both non-
reducing and highly reducing KS domains. NaPDoS2 also identified a type I iterative cis-
AT non-reducing KS in an orphan BGC in the Coprinopsis cinerea okayama 
basidiomycete genome. Next, NaPDoS2 also correctly identified the KS domains in the 
lomaiviticin BGC as type II aromatic angucycline II, and detected the KSs associated with 
two Salinispora orphan BGCs as type II aromatic anthracycline I and pentangular 
polyphenol. Finally, NaPDoS2 correctly classified trans-AT, cis-AT, aryl-polyene, hybrid, 
trandem ECH, modular, and PUFA KS domains from metagenomic assemblies based on 
their respective BGC context. In many cases, the NaPDoS2 classification was more 
specific than antiSMASH 6.02 BGC domain predictions.  

(https://antismash.secondarymetabolites.org/) (https://transator.ethz.ch/) 
(https://nrps.igs.umaryland.edu/) 
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Figure S7. Maximum likelihood KS phylogeny. Tree includes 414 KS sequences and 
3 thiolase sequences as outgroups. The full name of each sequence is listed on the 
branch tips, which can help link a query match to a specific location in the tree. Bootstrap 
support is listed for each node. Thiolases from Escherichia coli (NP_416728.1) and 
Zoogloea ramigera (1QFL_A) and a SCP-x thiolase from Streptomyces avermitilis 
(NP_824999.1) were used as outgroups. 

Figure 2.S7. Maximum likelihood KS phylogeny. 
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S-16

S-17

Figure S8. Maximum likelihood type II KS phylogeny. Tree includes 201 type II KS 
sequences, 8 FAS sequences and 3 thiolase sequences as outgroups. The full name of 
each sequence is listed on the branch tips, which can help link a query match to a specific 
location in the tree. Bootstrap support is listed for each node. Thiolases from Escherichia 
coli (NP_416728.1) and Zoogloea ramigera (1QFL_A) and a SCP-x thiolase from 
Streptomyces avermitilis (NP_824999.1) were used as outgroups. 

Figure 2.S8. Maximum likelihood type II KS phylogeny. 
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Figure S9. Maximum likelihood type II aromatic KS phylogeny of concatenated KSα 
and KSβ sequences from 59 biosynthetic gene clusters. The full name of each 
sequence is listed on the branch tips, which can help link a query match to a specific 
location in the tree. Bootstrap support is listed for each node. 

Figure 2.S9. Maximum likelihood type II aromatic KSα and KSβ phylogeny. 
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chs BAD97390.1 hypothetical protein Aspergillus oryzae

pks AAF26921.1 polyketide synthase Sorangium cellulosum

hmgs NP 013580.1 hydroxymethylglutaryl-CoA synthase Saccharomyces cerevisiae S288C

kasIII ABB25279.1 3-oxoacyl-acyl-carrier-protein synthase III Synechococcus sp. CC9902
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kasIII AAF70509.1 beta-ketoacyl-acyl carrier protein synthase III Glycine max
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pks EAA62069.1 hypothetical protein AN7489.2 Aspergillus nidulans FGSC A4

kasIII AAM14214.1 putative 3-ketoacyl-acyl carrier protein synthase III KAS III Arabidopsis thaliana

thiol NP 000174.1 trifunctional enzyme subunit beta mitochondrial isoform 1 precursor Homo sapiens

thiol AAH00635.1 Acetyl-Coenzyme A acyltransferase 1 Homo sapiens
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thiol ZP 00737841.1 COG0183 Acetyl-CoA acetyltransferase Escherichia coli 53638
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thiol NP 416728.1 acetyl-CoA acetyltransferase Escherichia coli str. K-12 substr MG1655
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chs CAI30418.1 chalcone synthase partial Arabidopsis thaliana
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kasIII CAA80452.1 3-ketoacyl-acyl carrier protein synthase III KAS III Spinacia oleracea

thiol BAA01387.1 mitochondrial acetoacetyl-CoA thiolase Homo sapiens

pks BAB91181.1 protAB073746 3-ketoacyl-acyl carrier protein synthase Arabidopsis thaliana

thiol AAM07390.1 acetyl-CoA C-acyltransferase Methanosarcina acetivorans C2A

kasIII BAA35899.2 3-oxoacyl-acyl-carrier-protein synthase III Escherichia coli str. K-12 substr. W3110

pks WP 010871941.1 NP440613other MULTISPECIES beta-ketoacyl-ACP synthase II unclassified Synechocystis

chs ABB84527.1 chalcone synthase Physcomitrella patens

thiol sp|Q9FIK7.1|THIC2 ARATH Probable acetyl-CoA acetyltransferase Thiolase

pks AAF91318.1 beta-ketoacyl-acyl carrier protein synthase partial Brassica napus

pks sp|P0A953.1|FABB ECOLI RecName Full3-oxoacyl-acyl-carrier-protein synthase 3-oxoacyl-acyl-carrier-protein synthase KASI

hmgs sp|Q58941.3|Y1546 METJA RecName FullUPF0219 protein MJ1546

kcs AAK11266.1 beta-ketoacyl-CoA synthase partial Dunaliella salina

thiol sp|Q8LF48.2|THIK1 ARATH ketoacyl-CoA thiolase Acetyl-CoA acyltransferase Beta-ketothiolase

chs BAE07216.1 type III polyketide synthase Streptomyces griseus

pks NP 624465.1 beta keto-acyl synthase Streptomyces coelicolor A32

hmgs AAM07389.1 acyl carrier protein synthase Methanosarcina acetivorans C2A
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Figure 2.S10. Negative control KS sequence selection. 
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S-21

Figure S10. Negative control KS sequence selection. All sequence accession 
information is listed in Table S13.  

A) Distance matrix tree of 1,072 condensing enzyme superfamily (cl09938) sequences
from the NCBI Conserved Domain Database6 (CDD) tool CDtree7, colored by conserved
domain (CD) family in iTOL8 (see panel B and C keys). Stars mark CD families not
represented in the NaPDoS2 database, which were selected as negative controls (634
total). The negative control CD families comprise: initiating condensing enzymes
(init_cond_enzymes, cd00827; n=84), chalcone and stilbene synthases (CHS_like,
cd00831; n=67), decarboxylating condensing enzymes (decarbox_cond_enzymes,
cd00825; n=3), ketoacyl-acyl carrier protein synthase III enzymes (KAS_III, cd00830;
n=130), sterol carrier protein (SCP)-x isoform-associated thiolase domains (SCP-
x_thiolase, cd00829; n=125), non-decarboxylating condensing enzymes
(nondecarbox_cond_enzymes, cd00826; n=2), and thiolase enzymes (thiolase, cd00751;
n=223).

B) Phylogenetic tree of the 1,877 NaPDoS2 KS sequences colored by CD family as
determined by NCBI CD-Search6 (see key). These sequences, which are associated with
experimentally verified PKS and FAS biosynthetic gene clusters (BGCs), were selected
as positive controls. The 1,877 NaPDoS2 KS sequences were aligned using MUSCLE9;
the phylogenetic tree was calculated using FastTreeMP10 on the CIPRES Science
Gateway11 and visualized in iTOL8. The NaPDoS2 database positive control CD families
comprise: the condensing enzymes subfamily (cond_enzymes, cd00327; n=39), the
elongating condensing enzyme subfamily (elong_cond_enzymes, cd00828; n=5), the
chain-length factor subfamily (CLF, cd00832; n=70), the polyketide synthase PKS
subfamily (PKS, cd00833; 1,649), the beta-ketoacyl-acyl carrier protein synthase (KAS)
type I and II subfamily (KAS_I_II, cd00834; n=102), the N-terminal domain beta-ketoacyl
synthase pfam13723 superfamily (cl24048; n=5), and the polyketide-type
polyunsaturated fatty acid synthase omega-3 PfaA TIGR02813 superfamily (cl37173;
n=7).

C) Phylogenetic tree of 61 condensing enzyme superfamily sequences from Jiang et al
200812, colored by conserved domain family as determined by NCBI CD-Search6 (see
panel B and C keys). Of these, 49 sequences (all but the 12 sequences colored yellow
and grey) were added to the pool of negative control sequences. The 61 sequences were
aligned using MUSCLE9; ProtTest 3.4.213 was used to define a model; the phylogeny was
calculated with RAxML14 WAG+G with 200 bootstraps; and the resulting tree visualized
in iTOL8.

D) Fourteen KS domains from the six experimentally characterized type III PKS BGCs in
the MIBiG 2.05 repository were also added to the pool of negative control sequences.
Sequence names are colored by their CD family as determined by NCBI CD-Search6.
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S-22

Figure S11.

S-23

Figure S11. Effect of query size on KS detection and classification accuracy at 
various E-values. Classifications were based on varying BLASTP e-value cutoff scores 
as indicated for the closest non-self database match. Test sequences of varying lengths 
were obtained as overlapping sliding window subsequences covering the full length of 
213 non-redundant, positive control KS domains. 

Figure 2.S11. Effect of query size on KS detection and accuracy. 
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Figure S12.

S-25

Figure S12. KS domain sequence diversity. Percent sequence identities were 
determined for each KS class in the NaPDoS2 database using an all-against-all BLASTP 
comparison. Mean values (points) and ranges (vertical lines) are shown for top non-self 
matches within each NaPDoS2 class (x-axis). Bracketed values indicate the total number 
of database sequences in that class. 

Figure 2.S12. KS domain sequence diversity. 
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1

chs_BAD97390.1_csyA_Aspergillus_oryzae Chal_sti_synt_N Chal_sti_synt_C

0.88

chs_CAE07508.1_CHSL_Synechococcus_sp._WH_8102 Chal_sti_synt_N Chal_sti_synt_C

chs_ABU87504_PpCHS11_Physcomitrella_patens Chal_sti_synt_N Chal_sti_synt_C

0.72

1

chs_ABB84527.1_CHS_Physcomitrella_patens Chal_sti_synt_N Chal_sti_synt_C

0.82

chs_AAW30009.1_STCS_Marchantia_polymorpha Chal_sti_synt_N Chal_sti_synt_C

1

0.96

0.93

0.89

0.99

chs_AAC31913.1_CHS_B1_Brassica_napus Chal_sti_synt_N Chal_sti_synt_C

chs_CAI30418.1_CHS_Arabidopsis_thaliana Chal_sti_synt_N Chal_sti_synt_C

chs_BAB47195.1_CHS_Humulus_lupulus Chal_sti_synt_N Chal_sti_synt_C

1

chs_sp_P30074.1_CHS_Medicago_sativa Chal_sti_synt_N Chal_sti_synt_C

chs_AAO67373.1_CHS_Glycine_max Chal_sti_synt_N Chal_sti_synt_C

chs_CAA87013.1_STS_Pinus_strobus Chal_sti_synt_N Chal_sti_synt_C

chs_BAA87922.1_CHS_Psilotum_nudum Chal_sti_synt_N Chal_sti_synt_C

0.97

0.84

1

1

kcs_AAA70154.1_KCS1_Arabidopsis_thaliana ACP_syn_III_C

0.97

kcs_AAA96054.1_KCS1_Brassica_napus FAE1_CUT1_RppA ACP_syn_III_C

kcs_AAX58617.1_KCS1_Sinapis_arvensis ACP_syn_III_C

0.83

kcs_AAK11266.1_KCS_Dunaliella_salina FAE1_CUT1_RppA Chal_sti_synt_C

0.9

kcs_CAC01441.1_KCS2_Zea_mays ACP_syn_III_C

kcs_AAO48425.1_KCS2_Marchantia_polymorpha DUF423 ACP_syn_III_C

0.99

0.45

0.76

0.43

no_SRR7206805_H054B_Chitin_KSalphadomain.1.163851 Phage_GPA

no_SRR7206805_H054B_Chitin_KSalphadomain.1.68725 Phage_F

kasIII_sp_P0A547.2_Mycobacterium_tuberculosis_KASIII DHFR_1

0.99

0.81

1

0.99

thiol_NP_000174.1_mitochondrial_Homo_sapiens Thiolase_N Thiolase_C

thiol_ZP_00737841.1_COG0183_Ecoli_53638 Thiolase_N Thiolase_C

0.94

1

thiol_AAH00635.1_acyltransferase_Homo_sapiens Thiolase_N Thiolase_C

thiol_sp_Q8LF48.2_Arabidopsis_thalianaCoA_peroxisomal Thiolase_N Thiolase_C

0.19

0.88

thiol_AAA27706.1_thiolase_Zoogloea_ramigera Thiolase_N Thiolase_C

thiol_NP_416728.1_Ecoli_K12_MG1655 Thiolase_N Thiolase_C
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thiol_BAA01387.1_mitochondrial_Homo_sapiens Thiolase_N Thiolase_C

thiol_sp_Q9FIK7.1_Arabidopsis_thaliana_thiolII Thiolase_N Thiolase_C

1

thiol_BAA81399.1_Aeropyrum_pernix_K1 Thiolase_N

0.94

thiol_AAB89956.1_acaB-11_Archaeoglobus_fulgidus Thiolase_N Thiolase_C

0.95

thiol_AAB99567.1_Methanocaldococcus_jannaschii Thiolase_N Thiolase_C

thiol_AAM07390.1_Methanosarcina_acetivorans Thiolase_N Thiolase_C

1

0.88

0.96

30_cisHybridKS_SRR7206837_H054B_Chitin_KSdomain.1.16895_4_0_3_104 ketoacyl-syntKetoacyl-synt_C

0.8

pks_AAV51820.1_EryAI_Saccharopolyspora_erythraea Acyl_transf_1 PP-binding ketoacyl-synt Ketoacyl-synt_C KAsynt_C_assoc Acyl_transf_1 KR PP-binding ketoacyl-synt Ketoacyl-synt_C KAsynt_C_assoc Acyl_transf_1 KR PP-binding

0.72

pks_AAF26921.1_Sorangium_cellulosum ketoacyl-synt Ketoacyl-synt_C KAsynt_C_assoc Acyl_transf_1 KR PP-binding ketoacyl-synt Ketoacyl-synt_C KAsynt_C_assoc Acyl_transf_1 KR PP-binding ketoacyl-synt Ketoacyl-synt_C KAsynt_C_assoc Acyl_transf_1 PS-DH ADH_zinc_N_2 KR PP-binding ketoacyl-synt Ketoacyl-synt_C KAsynt_C_assoc Acyl_transf_1 PS-DH ADH_N ADH_zinc_N_2 KR PP-binding

0.65

1

200_iPKSaromatic_SRR7206837_H054B_Chitin_KSdomain.1.68254_1_0_1_194 ketoacyl-synt

1

100_transAT_SRR7206837_H054B_Chitin_KSdomain.1.148415_1_0_1_181 ketoacyl-synt
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pks_NP_624465.1_KSPKS_Streptomyces_coelicolor_A32 ketoacyl-synt Ketoacyl-synt_C KAsynt_C_assoc Acyl_transf_1 PP-binding KR PS-DH

0.98

0.67

1

0.82

100_angucyclineIKSa_SRR7206805_H054B_Chitin_KSalphadomain.1.476_4_0_1_101 Ketoacyl-synt_C

30_sporepigmentKSa_SRR7206805_H054B_Chitin_KSalphadomain.1.2311_6_0_1_71 Ketoacyl-synt_C

0.95

30_tetracyclineKSa_SRR7206805_H054B_Chitin_KSalphadomain.1.72042_4_0_1_99 Ketoacyl-synt_C

0.31

100_isochromanequinoneKSa_SRR7206805_H054B_Chitin_KSalphadomain.1.198_4_0_1_101 Ketoacyl-synt_C

no_SRR7206805_H054B_Chitin_KSalphadomain.1.68932 AMP-binding

0.91
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pks_WP_010871941.1_NP440613other_KASII_Synechocystis ketoacyl-synt Ketoacyl-synt_C

1

pks_AAF61730.1_KASI_Glycine_max ketoacyl-synt Ketoacyl-synt_C
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0.41
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pks_BAA18090.1_Synechocystis_PCC_6803 ketoacyl-synt Ketoacyl-synt_C

0.88

1
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hmgs_BAA80878.2_Aeropyrum_pernix_K1 ACP_syn_III_C

0.98
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1

1

hmgs_NP_504496.1_Caenorhabditis_elegans HMG_CoA_synt_N HMG_CoA_synt_C

0.95
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hmgs_AAS98779.1_JamH_Lyngbya_majuscula HMG_CoA_synt_N HMG_CoA_synt_C HMG_CoA_synt_C

0.43

0.79

0.94

kasIII_BAA35899.2_KASIII_Ecoli_K12_W3110 ACP_syn_III ACP_syn_III_C

0.98

kasIII_ABB25279.1_KASIII_Synechococcus_sp_CC9902 ACP_syn_III ACP_syn_III_C

1

kasIII_AAM14214.1_KASIII_Arabidopsis_thaliana ACP_syn_III ACP_syn_III_C

0.85

kasIII_AAF70509.1_KASIII_Glycine_max ACP_syn_III ACP_syn_III_C

kasIII_CAA80452.1_KAS_III_Spinacia_oleracea ACP_syn_III ACP_syn_III_C

kasIII_NP_822549.1_KASIII_Streptomyces_avermitilis ACP_syn_III ACP_syn_III_C

0.37

0.75

no_SRR7206805_H054B_Chitin_KSalphadomain.1.2295 AMP-binding

0.91

no_SRR7206837_H054B_Chitin_KSdomain.1.294382 Phage_G

0.98

no_SRR7206837_H054B_Chitin_KSdomain.1.49122 Phage_G

no_SRR7206837_H054B_Chitin_KSdomain.1.5684 Phage_G

no_SRR7206805_H054B_Chitin_KSalphadomain.1.224085

0.89

chs_AAS03686.1_Pks10_Mycobct_paratuberculosis Chal_sti_synt_N Chal_sti_synt_C

1

chs_AAB48106.1_PhlD_Pseudomonas_fluorescens Chal_sti_synt_N Chal_sti_synt_C

chs_BAE07216.1_typeIIIpks_Streptomyces_griseus Chal_sti_synt_N Chal_sti_synt_C
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Figure S13.

Figure 2.S13. Amplicon detection accuracy. 
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S-27

Figure S13. Amplicon detection accuracy. A) Phylogenetic tree of 20 amplicons from 
Elfeki et al. 201815 (bolded) and 61 condensing enzyme superfamily sequences from 
Jiang et al. 200812. The 20 amplicons from Elfeki et al. 201815 (bolded) were detected by 
NaPDoS2 at 30aa, 100aa, or 200aa minimum alignment lengths (red, orange, or teal 
circle, respectively) or not detected (not a “hit”) at any alignment length (black circle). Grey 
and yellow brackets include positive control KS sequences as described in Figure S10. 
B) The conserved domains of all sequences as defined by TREND16

(http://trend.zhulinlab.org/) from the NCBI conserved domain database are illustrated
(gray squares are predicted transmembrane regions). The example “KS” amplicons not
detected by NaPDoS2 are off-target amplifications with conserved domains relating to
phage proteins. The KS amplicons detected by NaPDoS2 cluster within the PKS and
KAS_I_II conserved domain positive control sequences from type I and II PKSs,
respectively.

Abbreviations in (A) taxa branches from Jiang et al. 200812 are as listed in Figure S10; 
sequences from Elfeki et al. 201815 are annotated with the minimum amino acid alignment 
length setting/or “no” for “not a hit”, NaPDoS2 classification, SRA dataset, sample 
information, and NaPDoS2 domain range.  
Abbreviations in (B) conserved domains as defined by TREND16. 
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Moorea producens olefin synthase
Example product:

Source species:
PubMed ID:

BGC:
Example product:

Source species:
PubMed ID:

BGC: annimycin

curacin A
Lyngbya majuscula
15332855

Example product:
Source species:

PubMed ID:

BGC: curacin
nosperin
Nostoc sp.
23898213

Example product:
Source species:

PubMed ID:

BGC: nosperin

rhizoxin
Burkholderia rhizoxina
17154220

Example product:
Source species:

PubMed ID:

BGC: rhizoxin
rhizoxin
Burkholderia rhizoxina
17154220

Example product:
Source species:

PubMed ID:

BGC: rhizoxin

bacillaene
Bacillus velezensis
17886826

Example product:
Source species:

PubMed ID:

BGC: bacillaene

eicosapentaenoic acid
Schizochytrium sp.
11452122

Example product:
Source species:

PubMed ID:

BGC: Schizochytrium polyunsaturated fatty acid
maduropeptin
Actinomadura madurae
17918933

Example product:
Source species:

PubMed ID:

BGC: maduropeptin

azinomycin B
Streptomyces sahachiroi
18635006

Example product:
Source species:

PubMed ID:

BGC: azinomycin
ikarugamycin
Streptomyces sp.
24706593

Example product:
Source species:

PubMed ID:

BGC: ikarugamycin

aflatoxin B1
Aspergillus oryzae
28484029

Example product:
Source species:

PubMed ID:

BGC: aflatoxin
6-methylsalicyclic acid
Glarea lozoyensis
15800788

Example product:
Source species:

PubMed ID:

BGC: 6-methylsalicyclic acid Glarea sp.
asperfuranone
Aspergillus nidulans
19199437

Example product:
Source species:

PubMed ID:

BGC: asperfuranone

jadomycin A
Streptomyces venezuelae
15776503

Example product:
Source species:

PubMed ID:

BGC: jadomycin 
nenestatin A
Micromonospora echinospora
10.1016/j.tet.2017.03.054

Example product:
Source species:

doi:

BGC: nenestatin
steffimycin
Streptomyces steffisburgensis
16751529

Example product:
Source species:

PubMed ID:

BGC: steffimycin

cosmomycin D (aglycone)
Streptomyces olindensis
16810496

Example product:
Source species:

PubMed ID:

BGC: cosmomycin
alnumycin
Streptomyces sp.
18940666

Example product:
Source species:

PubMed ID:

BGC: alnumycin
arenimycin A
Salinispora arenicola
24191063

Example product:
Source species:

PubMed ID:

BGC: arenimycin

tetracenomycin C
Streptomyces glaucescens
1548230

Example product:
Source species:

PubMed ID:

BGC: tetracenomycin
oxytetracycline
Streptomyces rimosus
16597959

Example product:
Source species:

PubMed ID:

BGC: oxytetracycline

curacin A
Lyngbya majuscula
15332855

Example product:
Source species:

PubMed ID:

BGC: curacin
ishigamide
Streptomyces sp.
27311327

Example product:
Source species:

PubMed ID:

BGC: ishigamide

bromoalterochromide A
Pseudoalteromonas piscicida
25140825

Example product:
Source species:

PubMed ID:

BGC: alterochromide

nonactin
Streptomyces griseus subsp. griseus
10650222

Example product:
Source species:

PubMed ID:

BGC: nonactin

Figure S1�.

S-2�

S-2�

Figure S14. Example chemical structures for each KS class and subclass in 
NaPDoS2. Each example includes the compound name, the BGC name in parentheses, 
the species name for the biological source, and the PubMed ID. For each structure, the 
relevant KS domain can be found in the BGC tab under the product name on the 
NaPDoS2 website. 

Figure 2.S14. Example chemical structures for each KS class/subclass. 
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Table 2.S1. Processing times for NaPDoS release (V1) versus 
NaPDoS2 (V2)  
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Class Subclass

type I modular cis -AT olefin synthase 4 4
loading module 51 51
hybrid KS 56 56
tandem ECH 3 3
no subclass 952 952

Total 1066 0 0 1066

type I iterative cis -AT PUFA (polyunsaturated fatty acids) 18 3 21
enediynes 9 9
aromatic 10 10
PTM-type (polycyclic tetramate macrolactam) 7 7
non-reducing 31 31
partially reducing 7 7
highly reducing 41 41
no subclass 1 1

Total 45 79 3 127

type I trans -AT beta-branching module 5 5
hybrid KS 19 19
hybrid KS0 (non-elongating KS) 7 7
no subclass 411 411

Total 442 0 0 442

type I Metazoa-type PKS no subclass 9 9
type I Protist-type PKS no subclass 9 9

Total 0 0 18 18

Total 1553 79 21 1653

type II aromatic angucycline-derived I 32 32
angucycline-derived II 4 4
anthracycline-derived I 16 16
anthracycline-derived II 8 8
isochromanequinone-derived 24 24
pentangular polyphenol-derived 26 26
tetracenomycin-derived 6 6
tetracycline-derived 10 10
spore pigment 6 6
unclassified 12 12

Total 144 0 0 144

type II beta-branching cassettes no subclass 19 19
type II polyenes KSa, KSb 14 14
type II aryl polyenes KSa, KSb 13 13
type II non-iterative no subclass 6 6
type II unclassified no subclass 5 5

Total 57 0 0 57

Total 201 0 0 201

type I FAS Bacterial-Fungal-type 2 2 4
Metazoan-type 4 4
Protist-type 7 7

Total 2 2 11 15

type II FAS no subclass 8 8
Total 8 0 0 8

Total 10 2 11 23

Grand Total 1764 81 32 1877

Polyketide Synthases

Fatty acid synthases

Bacteria Fungi
Other 

Eukaryota
Total (across 

all taxa)

S-3�

Table S2.
Table 2.S2. NaPDoS2 database summary. 
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Separate Microsoft Excel file not included in this dissertation but is accessible on the OSF project 

page: https://osf.io/uzhcp/  

S-3�

Table S3. Accession numbers for negative controls, application use cases, type II 
aromatic KS sequences, and associated references. The first tab “Negative Control 
Sequences” lists the accession numbers for the 697 negative control sequences listed by 
source: NCBI Conserved Domain family outside, Jiang et al. 200812 tree, and MIBiG 2.05 
type III PKS BGCs. The second tab “Application Use Case Accessions” lists the 
sequence/dataset accession numbers for the application use cases (listed by biological 
source type, data type, and relevant reference). The third tab “TypeIIAromaticKS_ 
AccessNum_Refs” lists the GenBank protein ID for alpha and beta sequences, together 
with literature references used for the biosynthetic annotations in Figure 3 (i.e. poly-beta-
keto chain length, starting unit, C-C cyclisation position). 

(provided as a Microsoft Excel file). 

Table 2.S3. Accession numbers and dataset references (Excel file).  
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S-3�

Table S4. Salinispora spp. type II KS domains identified by NaPDoS version 1 
(NaPDoS1)1 and NaPDoS2. 118 Salinispora genomes17 were analyzed using the 
following default settings: NaPDoS1: HMM 1e-5 cutoff, 200aa minimum alignment length, 
pathway assignment BLASTP e-value 1e-5 cutoff; NaPDoS2: e-value cutoff 1e-8 and 
200aa minimum alignment length. The NaPDoS1 output is limited to the total number of 
type II KSs detected. The NaPDoS2 output includes the total number of type II KSs (“Total 
NP2”) and their subclassification. KSα and KSβ sequences are grouped together.  

Abbreviations: Betabranch= type II beta-branching cassettes; Angl-I= type II aromatic 
angucycline-derived I; Angl-II= type II aromatic angucycline-derived II; Anth-I= type II 
aromatic anthracycline-derived I; Isochrom= type II aromatic isochromanequinone-
derived; Polyphen= type II aromatic pentangular polyphenol-derived; Unclass= type II 
aromatic unclassified; Type II-uc= type II unclassified no subclass. 

1D3'R6� 1D3'R6�
$URPDWLF

6SHFLHV ��JHQRPHV 7\SH�,, 7RWDO�13� %HWDEUDQFK 3RO\HQH $QJO�, $QJO�,, $QWK�, ,VRFKURP 3RO\SKHQ 8QFODVV 7\SH�,,�XF
6��WURSLFD �� �� ��� � �� � �� � � �� � �
6��IHQLFDOLL � �� �� � �� � � � � � � �
6��FRUWHVLDQD � � � � � � � � � � � �
6��PRRUHDQD � � �� � � � � � � � � �
6��RFHDQHQVLV �� �� �� � � � � � � �� � �
6��JRRGIHOORZLL � � � � � � � � � � � �
6��YLWLHQVLV � �� �� � �� � � � � � � �
6��SDFLILFD �� �� ��� � �� � �� � � �� � �
6��DUHQLFROD �� ��� ��� � ��� � � � � ��� � �

Table S4.

S-3�

Table 2.S4. Salinispora spp. type II KS domains. 
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S-3�

Table S5.  Complete list of Salinispora spp. KS domains identified by NaPDoS2.  
118 Salinispora genomes17 were analyzed using default settings (e-value cutoff 1e-8 and 
200aa minimum alignment length). Table lists the number of KSs detected and their 
classification by strain. The summed total number of KSs found in each strain is listed as 
“NP2 Total”. KSα and KSβ sequences are grouped together.  

Abbreviations: Betabranch= type II beta-branching cassettes; Angl-I= type II aromatic 
angucycline-derived I; Angl-II= type II aromatic angucycline-derived II; Anth-I= type II 
aromatic anthracycline-derived I; Isochrom= type II aromatic isochromanequinone-
derived; Polyphen= type II aromatic pentangular polyphenol-derived; Unclass= type II 
aromatic unclassified; Type II-uc= type II unclassified no subclass; cis-AT= type I modular 
cis-AT; cisloading= type I modular cis-AT loading module; cisHybridKS= type I modular 
cis-AT hybrid KS; Ened= type I iterative cis-AT enediynes; iPKSaromatic= type I iterative 
cis-AT aromatic; PTM= type I iterative cis-AT PTM-type (polycyclic tetramate 
macrolactam); trans-AT= type I trans-AT no subclass; trans-hybridKS0= type I trans-AT 
hybrid KS0 (non-elongating KS).  

Table 2.S5. Complete list of Salinispora spp. KS domains identified by 
NaPDoS2. 
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1D3'R6���.6�FODVVHV
)$6 7\SH�,,�3.6 7\SH�,�3.6

13�
)$6�,, %HWDEUDQFK 3RO\HQH

$URPDWLF
7\SH,,�XF FLV�$7

FLV�$7�PRGXODU FLV�$7�LWHUDWLYH WUDQV�$7
6SHFLHV 6WUDLQ 7RWDO $QJO�, $QJO�,, $QWK�, ,VRFKURP 3RO\SKHQ 8QFODVV FLVORDGLQJ FLV+\EULG.6 (QHG L3.6DURPDWLF 370 WUDQV�$7 WUDQV�K\EULG.6�

6��WURSLFD &1%��� �� � � � � �� � � �
6��WURSLFD &1%��� �� � � � � � � � �
6��WURSLFD &1%��� �� � � � � �� � � �
6��WURSLFD &1+��� �� � � � � �� � � �
6��WURSLFD &15��� �� � � � � � � � �
6��WURSLFD &16��� �� � � � � � � � �
6��WURSLFD &16��� �� � � � � � � � �
6��WURSLFD &17��� �� � � � � � � � �
6��WURSLFD &17��� �� � � � � � � � �
6��WURSLFD &1<��� �� � � � � � � � �
6��WURSLFD &1<��� �� � � � � � � � �
6��WURSLFD &1<��� �� � � � � � � � �
6��IHQLFDOLL &17��� �� � � � � � � � � � �
6��IHQLFDOLL &15��� �� � � � � � � � � � �
6��FRUWHVLDQD &1<��� �� � � � � � � �
6��PRRUHDQD &1<��� �� � � � � � � �
6��PRRUHDQD &16��� �� � � � �� � � �
6��PRRUHDQD &17���B'60����� �� � � � � � �
6��RFHDQHQVLV &17��� �� � � � � � �
6��RFHDQHQVLV &17��� �� � � � � � �
6��RFHDQHQVLV &17��� �� � � � � � �
6��RFHDQHQVLV &17���B'60����� �� � � �� � � � �
6��RFHDQHQVLV &17��� � � � � � �
6��RFHDQHQVLV &1<��� � � � � � �
6��RFHDQHQVLV &1<��� �� � � � � � �
6��RFHDQHQVLV &17��� �� � � � � � � �
6��RFHDQHQVLV &16��� �� � � � � � � �
6��RFHDQHQVLV &17��� �� � � � � � � �
6��RFHDQHQVLV &16��� �� � � � � � � �
6��RFHDQHQVLV &16���B'60����� �� � � � � � � �
6��JRRGIHOORZLL &1<��� �� � � � � �� � � � �
6��YLWLHQVLV &16��� �� � � � � � � �
6��YLWLHQVLV &17���B'60����� �� � � � � � � �
6��YLWLHQVLV &16��� �� � � � � � � �
6��SDFLILFD &1+��� �� � � � � � � �
6��SDFLILFD &14��� �� � � � � � � �
6��SDFLILFD &15��� �� � � � � �� � � �
6��SDFLILFD &15��� �� � � � � �� � � �
6��SDFLILFD &15��� �� � � � � � � �
6��SDFLILFD &15��� �� � � � � �� � � �
6��SDFLILFD &16��� �� � � � � �� � � �
6��SDFLILFD &17��� �� � � � � �� � � �
6��SDFLILFD &17��� �� � � � � �� � � � �
6��SDFLILFD &17��� �� � � � � �� � � � �
6��SDFLILFD &17��� �� � � � � �� � � � �
6��SDFLILFD &17��� �� � � � � �� � � � �
6��SDFLILFD &17��� �� � � � � � � �
6��SDFLILFD &17��� �� � � � � � �� � � �
6��SDFLILFD &17��� �� � � � � � �� � �
6��SDFLILFD &17��� �� � � � � � � � �
6��SDFLILFD &17��� �� � � � � � �� � �
6��SDFLILFD &1<��� �� � � � � � � �
6��SDFLILFD &1<��� �� � � � � �� � �
6��SDFLILFD &1<��� �� � � � � �� � � �
6��SDFLILFD &1<��� �� � � � � �� � � � �
6��SDFLILFD &1<��� �� � � � � �� � � �
6��SDFLILFD &16���B'60����� �� � � � � � �� � �
6��DUHQLFROD &1%��� �� � � � �� � � �
6��DUHQLFROD &1%��� �� � � � �� � � �
6��DUHQLFROD &1+��� �� � � � �� � � � �
6��DUHQLFROD &1+��� �� � � � � � � �
6��DUHQLFROD &1+��� �� � � � �� � � � �
6��DUHQLFROD &1+��� �� � � � �� � � � � �
6��DUHQLFROD &1+��� �� � � � �� � � �
6��DUHQLFROD &1+��� �� � � � �� � � �
6��DUHQLFROD &1+��� �� � � � � � � � �
6��DUHQLFROD &1+��� �� � � � � � �
6��DUHQLFROD &1+��� �� � � � � � �
6��DUHQLFROD &1+��� �� � � � � � � � � � � �
6��DUHQLFROD &1+���% �� � � � �� � � � �
6��DUHQLFROD &1+��� �� � � � �� � � � �
6��DUHQLFROD &13��� �� � � � � � � � � � � �
6��DUHQLFROD &13��� �� � � � � � � � �
6��DUHQLFROD &14��� �� � � � �� � � � � �
6��DUHQLFROD &14��� �� � � � �� � � � �
6��DUHQLFROD &15��� �� � � � � � � � �
6��DUHQLFROD &15��� �� � � � �� � � � �
6��DUHQLFROD &15��� �� � � � � � � �
6��DUHQLFROD &16��� �� � � � � � � �
6��DUHQLFROD &16��� �� � � � �� � � � � �

S-3�

Table S5.



 91 

  

1D3'R6���.6�FODVVHV
)$6 7\SH�,,�3.6 7\SH�,�3.6

13�
)$6�,, %HWDEUDQFK 3RO\HQH

$URPDWLF
7\SH,,�XF FLV�$7

FLV�$7�PRGXODU FLV�$7�LWHUDWLYH WUDQV�$7
6SHFLHV 6WUDLQ 7RWDO $QJO�, $QJO�,, $QWK�, ,VRFKURP 3RO\SKHQ 8QFODVV FLVORDGLQJ FLV+\EULG.6 (QHG L3.6DURPDWLF 370 WUDQV�$7 WUDQV�K\EULG.6�

6��DUHQLFROD &16��� �� � � � �� � � � � �
6��DUHQLFROD &16��� �� � � � �� � � � � �
6��DUHQLFROD &16��� �� � � � �� � � � �
6��DUHQLFROD &16��� �� � � � � �� � � � �
6��DUHQLFROD &16��� �� � � � �� � � � �
6��DUHQLFROD &16��� �� � � � �� � � �
6��DUHQLFROD &16��� �� � � � �� � � � �
6��DUHQLFROD &16��� �� � � � �� � � � � �
6��DUHQLFROD &16��� �� � � � �� � � � �
6��DUHQLFROD &17��� �� � � � �� � � � �
6��DUHQLFROD &17��� �� � � � �� � � �
6��DUHQLFROD &17��� �� � � � �� � � � �
6��DUHQLFROD &17��� �� � � � �� � � �
6��DUHQLFROD &17��� �� � � � �� � � �
6��DUHQLFROD &17��� �� � � � �� � � �
6��DUHQLFROD &17��� �� � � � �� � � �
6��DUHQLFROD &17��� �� � � � �� � � �
6��DUHQLFROD &1;��� �� � � � � � � � �
6��DUHQLFROD &1;��� �� � � � � � � � �
6��DUHQLFROD &1;��� �� � � � �� � � � �
6��DUHQLFROD &1;��� �� � � � � � � � � �
6��DUHQLFROD &1;��� �� � � � � � � � � �
6��DUHQLFROD &1<��� �� � � � �� � � �
6��DUHQLFROD &1<��� �� � � � �� � � � �
6��DUHQLFROD &1<��� �� � � � �� � � � �
6��DUHQLFROD &1<��� �� � � � �� � � �
6��DUHQLFROD &1<��� �� � � � �� � � � �
6��DUHQLFROD &1<��� �� � � � �� � � � � �
6��DUHQLFROD &1<��� �� � � � �� � � �
6��DUHQLFROD &1<��� �� � � � �� � � � �
6��DUHQLFROD &1<��� �� � � � �� � � � �
6��DUHQLFROD &1<��� �� � � � �� � � �
6��DUHQLFROD &1<��� �� � � � �� � � �
6��DUHQLFROD &1<��� �� � � � �� � � � �
6��DUHQLFROD &1<��� �� � � � �� � � � �
6��DUHQLFROD &1<��� �� � � � �� � � � �
6��DUHQLFROD &1<��� �� � � � �� � � � �
6��DUHQLFROD &16���B'60����� �� � � � �� � � � �

WRWDO ���� ��� � ��� �� �� �� �� ��� � � ���� �� ��� ��� ��� �� �� �

S-3�

Table S5.



 92 

  

S-3�

Table S6.  KS domains identified in 27 fungal genomes by NaPDoS2. Table lists the 
total number of KSs detected using default settings (e-value cutoff 1e-8 and 200aa 
minimum alignment length) and their class and subclass distributions. The summed total 
number of KSs found in each genome is listed as “Total NP2”. The number of protein 
sequences in each analyzed genome file is listed as “# protein seq”. 

Abbreviations: bfFASI= type I FAS Bacterial-Fungal-type; FASII= type II FAS; cis-AT= 
type I modular cis-AT; cisHybridKS= type I modular cis-AT hybrid KS; PR= type I iterative 
cis-AT partially reducing; NR= type I iterative cis-AT non-reducing; HR= type I iterative 
cis-AT highly reducing.  
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Table S7. KS detection using NaPDoS versions 1 and 2.  
MIBiG Fungal PKS: NaPDoS2 detected all of the KS domains in 159 MIBiG 2.05 fungal 
PKS BGCs. NaPDoS version 1 and 2 analyses were run with the default settings. 
Wawrik 2005 KS clones: While both NaPDoS versions 1 and 2 detected all 147 type II 
KS amplicons from Wawrik et al. 200518, NaPDoS2 could further delineate these 
sequences into three subclasses. NaPDoS version 1 and 2 analyses were run with the 
following settings: NaPDoS version 1: HMM 1e-5, 200aa minimum alignment length, 
pathway assignment: e-value cutoff of 1e-5; NaPDoS2: e-value cutoff 1e-8 and 50aa 
minimum alignment length. The summed total number of KSs found in each genome is 
listed as “Total NP1” and “Total NP2” for NaPDoS versions 1 and 2, respectively. 

Abbreviations: Iter= Iterative type I; FA= fatty acid synthase; bfFASI= type I FAS Bacterial-
Fungal-type; cis-AT= type I modular cis-AT; PR= type I iterative cis-AT partially reducing; 
NR= type I iterative cis-AT non-reducing; HR= type I iterative cis-AT highly reducing; Aro-
KSα= type II aromatic unclassified KSα; Angl-I-KSα= type II aromatic angucycline-derived 
I KSα; Polyphen-KSα= type II aromatic pentangular polyphenol-derived KSα. 
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Table 2.S7. KS detection using NaPDoS versions 1 and 2. 
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Table S8. NaPDoS2 analysis of the Elysia chlorotica genome. NaPDoS2 identified 
nine KSs from the Elysia chlorotica CDSs (fna), protein (faa), and translated CDSs (faa) 
genomes19. Highlighted KSs were identified in Torres et al. 202020 as being associated 
with new FAS-like animal PKSs (EcPKS1, EcPKS2) and an FAS (EcFAS). The analyses 
were run with NaPDoS2 default settings (e-value cutoff 1e-8 and 200aa minimum 
alignment length).  
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Table 2.S8. NaPDoS2 analysis of the Elysia chlorotica genome. 
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Table S9. Moorea sediment metagenomes analyzed with NaPDoS2. KS domains from 
20 marine sediment metagenomes21 were assigned to 26 different subclasses. NaPDoS2 
analyses were run with default settings (e-value cutoff 1e-8 and 200aa minimum 
alignment length). KSα and KSβ sequences are grouped together. 

Abbreviations: MetazoaFASI= type I FAS Metazoan-type; ProtistFASI= type I FAS Protist-
type; FASII= type II FAS no subclass; Betabranch= type II beta-branching cassettes; 
Polyene= type II polyenes; Ape= type II aryl polyenes; Aro= type II aromatic unclassified; 
Angl= type II aromatic angucycline-derived I & II; Tetcyc= type II aromatic tetracycline-
derived; Anth= type II aromatic anthracycline-derived I & II; Isochrom= type II aromatic 
isochromanequinone-derived; Tetcen= type II aromatic tetracenomycin-derived; 
Polyphen= type II aromatic pentangular polyphenol-derived; SPKS= type II aromatic 
spore pigment; cis-AT= type I modular cis-AT; cisloading= type I modular cis-AT loading 
module; cisHybridKS= type I modular cis-AT hybrid KS; cisOLS=  type I modular cis-AT 
olefin synthase; cistandemECH=  type I modular cis-AT tandem ECH; iPKS= type I 
iterative cis-AT no subclass; iPKSPUFA= type I iterative cis-AT PUFA (polyunsaturated 
fatty acids); Ened= type I iterative cis-AT enediynes; iPKSaromatic= type I iterative cis-
AT aromatic; PTM= type I iterative cis-AT PTM-type (polycyclic tetramate macrolactam); 
HR= type I iterative cis-AT highly reducing; trans-AT= type I trans-AT no subclass; trans-
hybridKS= type I trans-AT hybrid KS; trans-hybridKS0= type I trans-AT hybrid KS0 (non-
elongating KS).  

Table 2.S9. Moorea sediment metagenomes analyzed with NaPDoS2. 
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Table S10. NaPDoS2 analysis of KS amplicon eSNaPD v2.0 data. NaPDoS2 detected 
and classified all 381 sequences from a New Mexico desert soil KS amplicon library 
(NM_KS_ARRY_LIB01, Owen et al. 2013 PNAS22). Additionally, NaPDoS2 classified all 
but one group of the 756 uncharacterized “Novel Clusters 1-60” from the same eSNaPD 
v2.0 soil amplicon library. NaPDoS2 settings: e-value cutoff 1e-8 and 50aa minimum 
alignment length (due to the amplicon sequence length). The “% ID” column lists the 
percent of sequences that were classified by NaPDoS2 (i.e. “Total NP2”/“# seq”; color 
scale of light grey (low % ID) to dark grey (high % ID)). 

Abbreviations: cis-AT= type I modular cis-AT; cisloading= type I modular cis-AT loading 
module; cisHybridKS= type I modular cis-AT hybrid KS; cisOLS=  type I modular cis-AT 
olefin synthase; cistandemECH=  type I modular cis-AT tandem ECH; iPKSaromatic= 
type I iterative cis-AT aromatic; PTM= type I iterative cis-AT PTM-type (polycyclic 
tetramate macrolactam); NR= type I iterative cis-AT non-reducing; HR= type I iterative 
cis-AT highly reducing; trans-AT= type I trans-AT no subclass; trans-hybridKS= type I 
trans-AT hybrid KS.   

Table 2.S10. NaPDoS2 analysis of an eSNaPD v2.0 dataset. 



 98 

  

7\SH�,�3.6
FLV�$7�PRGXODU FLV�$7�LWHUDWLYH WUDQV�$7
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Table S11. NaPDoS2 analysis of 12 type II KS amplicon datasets from Borsetto et 
al. 201923. The total number of amplicon sequences not detected by NaPDoS2 
represented 36-95% of the sequences in the amplicon libraries (“# seqs”). Of the KS 
sequences that were detected by NaPDoS2, 19-93% were classified as type II PKSs and 
could be assigned to a wide range of type II subclasses while the remainder were 
classified as type II fatty acid synthases (FASII). NaPDoS2 settings: e-value cutoff 1e-8 
and 50aa minimum alignment length (due to the amplicon sequence length). 

Abbreviations: FASII= type II FAS no subclass; Betabranch= type II beta-branching 
cassettes; Polyene-KSα= type II polyenes KSα; Ape-KSα= type II aryl polyenes KSα; Aro-
KSα= type II aromatic unclassified KSα; Angl-I-KSα= type II aromatic angucycline-derived 
I KSα; Angl-II-KSα= type II aromatic angucycline-derived II KSα; Tetcyc-KSα= type II 
aromatic tetracycline-derived KSα; Anth-I-KSα= type II aromatic anthracycline-derived I 
KSα; Anth-I-KSβ= type II aromatic anthracycline-derived I KSβ; Anth-II-KSα= type II 
aromatic anthracycline-derived II KSα;  Isochrom-KSα= type II aromatic 
isochromanequinone-derived KSα; Tetcen-KSα= type II aromatic tetracenomycin-derived 
KSα; Tetcen-KSβ= type II aromatic tetracenomycin-derived KSβ; Polyphen-KSα= type II 
aromatic pentangular polyphenol-derived KSα; Polyphen-KSβ= type II aromatic 
pentangular polyphenol-derived KSβ; SPKS-KSα= type II aromatic spore pigment KSα; 
cis-AT= type I modular cis-AT; cisHybridKS= type I modular cis-AT hybrid KS. 

Table 2.S11. NaPDoS2 analysis of amplicon datasets from Borsetto et al. 
2019. 
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Table S12. NaPDoS2 analysis of 5,000 randomly selected KS amplicon sequences 
from the Elfeki et al. 201815 “Chitin” type I (SRR7206837_H054B_Chitin_KSdomain) 
and type II (SRR7206805_H054B_Chitin_KSalphadomain) KS datasets run at varying 
minimum amino acid alignment lengths. Decreasing the minimum amino acid 
alignment length increases the number of KSs detected but also increases the likelihood 
of false positives and misclassifications, as may be evidenced by the detection of type I 
KSs in the type II dataset. Notably, below an alignment length of 100aa, the number of 
KSs detected in the type I dataset exceeds the number of sequences analyzed, as can 
be expected when shorter domain fragment hits are identified from the same longer 
amplicon sequences.   

7\SH�,,�.6Į��&KLWLQ 7\SH�,�.6��&KLWLQ
$OLJQPHQW�/HQJWK &ODVV 6XEFODVV 13��+LWV 7RWDO�13��KLWV $OLJQPHQW�/HQJWK &ODVV 6XEFODVV 13��+LWV 7RWDO�13��KLWV

���DD � � � � ���DD W\SH�,�PRGXODU�FLV�$7 QR�VXEFODVV �� ��
���DD W\SH�,,�DURPDWLF SHQWDQJXODUSRO\SKHQRO.6D � � W\SH�,�LWHUDWLYH�FLV�$7 DURPDWLF �
���DD W\SH�,,�DURPDWLF DQJXF\FOLQH�,�.6D ��� ����� ���DD W\SH�,�PRGXODU�FLV�$7 QR�VXEFODVV ��� ���

W\SH�,,�DURPDWLF LVRFKURPDQHTXLQRQH�.6D ��� W\SH�,�LWHUDWLYH�FLV�$7 DURPDWLF ��
W\SH�,,�DURPDWLF SHQWDQJXODU�SRO\SKHQRO�.6D ��� W\SH�,�WUDQV�$7 QR�VXEFODVV �
W\SH�,,�DURPDWLF XQFODVVLILHG�.6D ��� W\SH�,�WUDQV�$7 K\EULG�.6 �
W\SH�,,�DURPDWLF WHWUDFHQRP\FLQ�.6D ��� ���DD W\SH�,�PRGXODU�FLV�$7 QR�VXEFODVV ����� �����
W\SH�,,�DURPDWLF DQWKUDF\FOLQH�,�.6D �� W\SH�,�WUDQV�$7 QR�VXEFODVV ��
W\SH�,�PRGXODU�FLV�$7 QR�VXEFODVV � W\SH�,�LWHUDWLYH�FLV�$7 DURPDWLF ��
W\SH�,,�DURPDWLF DQJXF\FOLQH�,,�.6D � W\SH�,�PRGXODU�FLV�$7 K\EULG�.6 ��
W\SH�,,�DURPDWLF VSRUH�SLJPHQW�.6D � W\SH�,�WUDQV�$7 K\EULG�.6 ��
W\SH�,�WUDQV�$7 K\EULG�.6 � W\SH�,,�DURPDWLF SHQWDQJXODU�SRO\SKHQRO�.6D �
W\SH�,�WUDQV�$7 QR�VXEFODVV � W\SH�,,�DURPDWLF VSRUH�SLJPHQW�.6D �
W\SH�,,�DURPDWLF DQWKUDF\FOLQH�,,�.6D � ��DD W\SH�,�PRGXODU�FLV�$7 QR�VXEFODVV ����� �����

��DD W\SH�,,�DURPDWLF DQJXF\FOLQH�,�.6D ��� ����� W\SH�,�WUDQV�$7 QR�VXEFODVV ���
W\SH�,,�DURPDWLF SHQWDQJXODU�SRO\SKHQRO�.6D ��� W\SH�,�PRGXODU�FLV�$7 K\EULG�.6 ��
W\SH�,,�DURPDWLF LVRFKURPDQHTXLQRQH�.6D ��� W\SH�,�LWHUDWLYH�FLV�$7 DURPDWLF ��
W\SH�,,�DURPDWLF XQFODVVLILHG�.6D ��� W\SH�,�WUDQV�$7 K\EULG�.6 ��
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W\SH�,�WUDQV�$7 K\EULG�.6 � W\SH�,�WUDQV�$7 QR�VXEFODVV ���
W\SH�,�WUDQV�$7 QR�VXEFODVV � W\SH�,�PRGXODU�FLV�$7 K\EULG�.6 ��

��DD W\SH�,,�DURPDWLF DQJXF\FOLQH�,�.6D ��� ����� W\SH�,�LWHUDWLYH�FLV�$7 DURPDWLF ��
W\SH�,,�DURPDWLF SHQWDQJXODU�SRO\SKHQRO�.6D ��� W\SH�,�WUDQV�$7 K\EULG�.6 ��
W\SH�,,�DURPDWLF LVRFKURPDQHTXLQRQH�.6D ��� W\SH�,,�DURPDWLF SHQWDQJXODU�SRO\SKHQRO�.6D �
W\SH�,,�DURPDWLF XQFODVVLILHG�.6D ��� W\SH�,,�DURPDWLF DQJXF\FOLQH�,�.6D �
W\SH�,,�DURPDWLF WHWUDFHQRP\FLQ�.6D ��� W\SH�,,�DURPDWLF VSRUH�SLJPHQW�.6D �
W\SH�,,�DURPDWLF DQWKUDF\FOLQH�,�.6D ��� W\SH�,,�DURPDWLF DQWKUDF\FOLQH�,�.6D �
W\SH�,,�DURPDWLF VSRUH�SLJPHQW�.6D �� W\SH�,,�DURPDWLF LVRFKURPDQHTXLQRQH�.6D �
W\SH�,�PRGXODU�FLV�$7 QR�VXEFODVV �� W\SH�,,�DURPDWLF WHWUDFHQRP\FLQ�.6D �
W\SH�,,�DURPDWLF WHWUDF\FOLQH�.6D � W\SH�,,�DURPDWLF XQFODVVLILHG�.6D �
W\SH�,,�DURPDWLF DQWKUDF\FOLQH�,,�.6D �
W\SH�,,�DURPDWLF DQJXF\FOLQH�,,�.6D �
W\SH�,�PRGXODU�FLV�$7 K\EULG�.6 �
W\SH�,�WUDQV�$7 K\EULG�.6 �
W\SH�,�WUDQV�$7 QR�VXEFODVV �

Table S12.

S-5�

Table 2.S12. NaPDoS2 analysis of amplicon sequences from Elfeki et al. 2018  
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CHAPTER 3.  Genomic comparison of ketosynthases across the 

tree of life reveals patterns of unique polyketide diversity 
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3.1 Abstract 

 

 Living organisms on Earth share genome sequences that are full of mysterious potential. 

As the number of sequenced genomes increases, so does our ability to unlock new natural product 

biosynthetic potential.  Specifically, polyketides and fatty acids are important molecules, and their 

encoding ketosynthase (KS) and fatty-acid synthase (FAS) domains, respectively, perform a 

phylogenetically conserved condensation reaction, resulting in structurally diverse and often 

bioactive natural products. To identify where novel ketosynthase and fatty-acid synthase 

biosynthetic potential exists on Earth, we analyzed ~620,000 genomes from all three domains of 

life—Bacteria, Archaea, and Eukaryota— using the latest NaPDoS2 webtool. We discovered new 

distributions of KS domains while abundances in some taxa supported previously known 

biosynthetic patterns. The identification of 52,000 KS sequences revealed novel exchanges and 

shared domains between diverse taxa and complex evolutionary patterns. The expansion of our 

understanding of where KS and FAS enzymatic domain diversity is found across the tree of life 

illustrates how significant amounts of polyketide and fatty-acid chemical novelty remain to be 

uncovered.  Furthermore, these distribution patterns will aid in the targeted discovery of new 

natural products to expand our therapeutic drug repertoire. 

 

3.2 Introduction 

 

Organisms across the tree of life from tiny viruses to ginormous blue whales produce 

organic chemical metabolites that are essential for their living functions. These biological natural 

products often perform important ecological roles for the organism, such as defense, nutrient 
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acquisition, reproduction, and communication. Natural products have been the source of many 

traditional indigenous remedies for thousands of years (Heinrich, 2000), and more recently, the 

source and inspiration for many pharmaceutical drugs and therapeutic treatments (Newman and 

Cragg, 2020). Among the many types of natural products, polyketides constitute one of the major 

classes of natural products, comprising an incredible amount of structurally diverse compounds all 

originating from simple acyl building blocks. While polyketide natural products could be searched 

for anywhere in the environment, finding new polyketide scaffolds with interesting structural 

moieties and even biological activity can be streamlined by taking a targeted approach to avoid 

rediscovery. Like other natural products, the genes responsible for the biosynthesis of polyketides 

are encoded in an organism’s genome, and thus genome mining by searching for specific genes 

that together biosynthesize the targeted type of molecule, is a powerful approach to new polyketide 

natural product discovery (Nivina et al., 2019; Bauman et al., 2021). 

Since the first animal genome sequence in1998, initiatives to sequence genomes across the 

tree of life have made astounding progress (Grigoriev et al., 2014; Leebens-Mack et al., 2019; 

Hotaling et al., 2021). However, the number of genera described across the tree of life does not 

yet match the number of publicly accessible genomes in the NCBI genome database, where 

bacteria comprise >75% of available genome sequences (Medema et al., 2021). The relative ease 

of sequencing a microbial genome has led to a revolution in the ability to genome mine for bacterial 

natural products. This has been made possible by the development of sophisticated genome mining 

tools such as antiSMASH 6.0 (Blin et al., 2021) and PRISM 4 (Skinnider et al., 2020). Genome 

mining tools identify biosynthetic gene clusters (BGCs) based on the co-localization of core 

biosynthetic genes and key tailoring enzymes, thus defining a BGC neighborhood predicted to 

include genes involved in the regulation, biosynthesis, resistance to, and export of the encoded 
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small molecule. Many studies have elegantly applied these tools to predict the biosynthetic 

potential in bacterial genomes, uncovering novel patterns of taxa-specific BGC diversity 

(Cimermancic et al., 2014; Wei et al., 2021; Chen et al., 2022). Recent analyses have shown which 

species of bacteria should be targeted for novel natural product discovery based on their unique 

BGC family biosynthetic potential  (Gavriilidou et al., 2022). A similar analysis of 1,000 fungal 

genomes also revealed striking patterns of taxa enriched in BGCs (Robey et al., 2021), and those 

efforts coupled with advanced “Hex” synthetic biology techniques revealed a systematic way to 

isolate novel compounds from challenging fungal scaffolds (Harvey et al., 2018). However, it can 

be challenging to apply these same tools to non-bacterial genomes as BGCs may be missed if they 

are not fully assembled with the requisite core genes required to be returned as a match (as in 

fragmented genome assemblies) or if genes of certain pathways are not co-localized in the same 

genome region or chromosome (as in animals), among other challenges of eukaryotic splice-

variant gene calling. 

As described in Chapter 2, we have developed an updated NaPDoS2 webtool that detects 

and classifies ketosynthase (KS) and condensation (C) domains from polyketide synthase (PKS) 

and non-ribosomal peptide synthetase (NRPS) BGCs (Ziemert et al., 2012). The ability of 

NaPDoS2 to make broader predictions about PKS and NRPS BGCs based on these relatively short 

biosynthetic domains makes it ideal for the analysis of genomes beyond bacteria. Our updates of 

NaPDoS2 included an upgrade for the webtool to now analyze 500,000 sequences/500 MB of data 

at a time and significant speed improvement with implementation of DIAMOND (Buchfink et al., 

2015). Furthermore, we implemented a new polyketide classification scheme where KS queries 

are assigned to one of the 50 classes/subclasses, indicative of the predicted broader encoding BGC 

architecture and salient structural features of the compound class. Thus, NaPDoS2 is an ideal 
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genome mining tool to apply to genomes beyond bacteria and predict specific biosynthetic 

potential in genomes that are difficult to mine for natural products.    

In this study, we harnessed the availability of thousands of genomes across the tree of life 

to search for polyketide biosynthetic potential using the NaPDoS2 webtool. For the first time, one 

single tool can be used to predict biosynthetic potential to a level of polyketide class and subclass 

detail beyond what current tools can predict in genomes that are difficult to analyze. Using 

NaPDoS2, we analyzed 617,968 bacterial, fungal, animal, algae, plant, protist, plasmid, archaeal, 

and CPR (candidate phyla radiation) genomes to create a comprehensive dataset of 53,713 

ketosynthase domains. These ketosynthase domains were further classified with the NaPDoS2 

webtool into specific polyketide and fatty acid classes and subclasses. This facilitated taxa-specific 

biosynthetic gene distribution predictions and shared KS diversity types across unexpected taxa. 

Our results revealed which KS types were most similar and where new types of polyketide 

synthase diversity could be uncovered. 

 

3.3 Methods 

 

3.3.1 Genome dataset selection 

 To select genomes across the tree of life, I targeted aggregated datasets that included 

phylogenetic trees of included genomes, when possible, and used a variety of databases to identify 

and select genome sequences from multiple repositories around the world (Table 3.1). My goal 

was to be comprehensive across the tree of life but select representative genomes when necessary; 

for example, by only selecting one genome of the same 100 E. coli strains. 
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Bacteria and Archaea. I downloaded all genomes included in the “Web of Life Reference 

Phylogeny for Microbes” release 1 (WoL, April 5, 2019, https://biocore.github.io/wol/), which is 

a comprehensive dataset of 10,575 genomes (and metagenome-assembled genomes, MAGs) from 

Bacteria, Archaea, and CPR (Zhu et al., 2019). This dataset included pre-annotated genomes, 

taxonomy, and phylogenomic trees of reference genomes across the microbial tree of life where 

the original goal of the WoL project was to create a reference genome collection and corresponding 

phylogenetic tree comprised of 381 single-copy marker genes. Custom scripts that I developed 

were used to append level 1 and 2 metadata to each of the WoL genome sequence; level 1 and 2 

generally correspond to Kingdom and Phylum for each sequence (this was not always perfect for 

some members of the CPR (candidate phyla radiation of bacteria group), some Archaea, and some 

Eubacteria where taxonomic classification was unclear).  

Plasmids. I downloaded the COMPASS database 

(https://github.com/itsmeludo/COMPASS)  of 12,084 completed plasmids from 1,571 species 

worldwide collected from the past 100 years (Douarre et al., 2020). Reference information for this 

database included the host species for each plasmid sequence, replication type, and mobilization 

apparatus type, among others. 

Viruses. I collected viral genomes from four different databases including the Reference 

Viral Database (RVDB, protein database, https://rvdb-prot.pasteur.fr/ , 2021-02, version 21) 

(Goodacre et al., 2018; Bigot et al., 2020), the Virus Pathogen Resource (ViPR) database 

(downloaded June 23, 2021) (Pickett et al., 2012), the PATRIC virus and phage database (version 

3.6.9) (Davis et al., 2020) as inspired by the analysis in (Dragoš et al., 2021), and the CheckV 

(version v1.0) curated database of viral genomes (Paez-Espino et al., 2017; Nayfach et al., 2021) 

clustered into representative viral genome sequences.  
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Fungi. Because NaPDoS2 does not excise introns and exons, I targeted databases of 

annotated Eukaryotic genomes with predicted amino acid coding sequences. This is important 

because introns have been observed to be in the middle of polyketide synthase biosynthetic gene 

clusters (Harvey et al., 2018), and thus could cause false positives or negatives from NaPDoS2 not 

realizing it is intronic sequences. For fungi, I downloaded 1,644 fungal genomes from a recent 

phylogenetic analysis (Li et al., 2021). However, manual inspection of these genomes revealed 

most were nucleic acid genome sequences, thus I used the metadata list of all genome accessions 

from the genome collection to download all amino acid genome sequences using the “ncbi-

genome-download” script (https://github.com/kblin/ncbi-genome-download); additional 

individual genomes were downloaded manually.  

 Plants, Algae, Protists. All amino acid protein genomes from the JGI PhycoCosm 

repository (149 genomes at time of download September 2021; 

https://phycocosm.jgi.doe.gov/phycocosm/home) (Grigoriev et al., 2021) and the JGI Phytozome 

database (version v13, https://phytozome-next.jgi.doe.gov/) (Goodstein et al., 2012) were 

downloaded. Duplicate genomes were removed based on a comparison with the  “animal” genome 

dataset from NCBI.  

 Animals. The NCBI Taxonomy browser (https://www.ncbi.nlm.nih.gov/taxonomy) and 

the NCBI Beta Genomes Datasets tool (https://www.ncbi.nlm.nih.gov/datasets/genomes/) were 

used to manually inspect the phylogenetic tree at every phylum, class, order, and family level 

starting at Opisthokonta (~22,632 available amino acid protein genome assemblies) and to 

download amino acid protein reference genome sequences. Fungi in the Opisthokonta were 

ignored, but following taxa within Holozoa, Choanozoa, and Metazoa (Porifera, Ctenophora, 

Placazoa, Bilateria, and Cnidaria) were targeted. Only “annotated” genomes were targeted 
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(containing amino acid protein CDS predictions) and when available between assemblies, a 

reference genome (“RefSeq”) genome assembly was selected; at least one genome per genus was 

downloaded. The “ncbi-genome-download” script (https://github.com/kblin/ncbi-genome-

download) was used to download all genome assemblies, resulting in 1,125 protein genomes. 

 Reference database collections: The NaPDoS2 (Chapter 2) (Ziemert et al., 2012) database 

(version pksdb_20200830) of 1,877 KS reference sequences was downloaded from 

https://npdomainseeker.sdsc.edu/napdos2/pathways_v2.html. The MIBiG database (version 2.0) 

of characterized BGCs FASTA sequences with known products was downloaded and concatenated 

(Kautsar et al., 2020).  

 

Table 3.1. Number of genomes in each taxa dataset. 

Dataset Number of 
Genomes Reference 

Bacteria, Archaea 10,575 (Zhu et al., 2019) 
Plasmids 12,084 (Douarre et al., 2020) 

Viruses 591,387 (Pickett et al., 2012; Bigot et al., 2020; 
Davis et al., 2020; Nayfach et al., 2021) 

Fungi 1,149 (Li et al., 2021) 
PhycoCosm (Green Algae, SAR) 895 (Grigoriev et al., 2021) 
Phytozome (plants) 753 (Goodstein et al., 2012) 
Animals 1,125 NCBI Datasets - Genomes 

Total:  617,968  
MIBiG 2.0 (reference) - BGCs 2,021 (Kautsar et al., 2020) 
NaPDoS2 (reference) – KS 
domains 1,877 Chapter 2, this dissertation 

(Ziemert et al., 2012) 
 

Before subsequent analysis, all genome datasets were appended with unique identifiable 

headers based on genome dataset taxa and sub-taxa to facilitate downstream filtering and analyses. 

A challenge with this dataset is from the time that I started this analysis/downloaded various 
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genomes to the present, some taxonomic assignments could have changed, or more recent genome 

assemblies released.   

 

3.3.2 Detection and classification of KS domains with NaPDoS2 

 All genome datasets were analyzed with NaPDoS2 (Ziemert et al., 2012) (Chapter 2, 

http://napdos.ucsd.edu/napdos2) with the following settings: uploaded amino acid FASTA 

sequence file; minimum alignment length of 200 amino acids; E-value 1e-8 (default settings for 

NaPDoS2). For the bacterial/archaeal genome dataset (Zhu et al., 2019), both the nucleic acid and 

amino acid contigs of all 10,575 genomes were analyzed, and thus KS domain hits were saved 

both as nucleic acid and amino acid FASTA sequence files.  For each dataset, the KS query hit 

result tables (.tab file) and trimmed KS domain sequences (.fasta) were saved. NaPDoS2 webtool 

analyses are limited to 500,000 sequences or 500MB at a time, so in some cases I utilized the 

provided scripts (“serialize_seqs.pl”) on the “File Size Management Tools” NaPDoS2 webpage 

(https://npdomainseeker.sdsc.edu/napdos2/prefiltering.html) for splitting the sequence datasets 

into appropriate sized files. Custom scripts and manual annotation were used to annotate the KS 

query hit FASTA sequence headers with the NaPDoS2 class/subclass identification code. 

Additionally, custom scripts were used to separate all KS class and subclass hits into individual 

FASTA sequence files; concatenated datasets of each genome taxa group and each KS 

class/subclass was used for pertinent analyses. All tabulated result tables were concatenated and 

summarized using a custom R script in RStudio (version 1.4.1717) (RStudio Team, 2021). 

RawGraphs (Mauri et al., 2017) was used to visualize the distribution of KS hits across taxa with 

an alluvial diagram.  
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3.3.3 Phylogenetic distribution and diversity 

 For each genome dataset that had corresponding phylogenetic trees, we plotted the 

abundance and distribution of KS class/subclass hits using iTol (Letunic and Bork, 2019). Briefly, 

phylogenomic trees for each dataset were used as the internal tree and the distribution 

(class/subclass) of KS query hits, the abundance of hits per taxa, and the taxonomic classification 

was plotted. For the type I PKS KS phylogenetic trees, KS domains were clustered into 50% OTUs 

with UCLUST (Edgar, 2010); phylogenetic trees were calculated using the FastTree (Price et al., 

2010) workflow implemented on NGPhylogeny (Lemoine et al., 2019).  

Sequence similarity networks were calculated with the EFI-EST Enzyme Similarity Tool 

(Gerlt et al., 2015; Gerlt, 2017; Zallot et al., 2018, 2019, 2021) and visualized with Cytoscape 

(version 3.7.2) (Carlin et al., 2017). To calculate the PCOA, KS query hits of each class/subclass 

from all genomes were divided into phyla within each Kingdome. For each phyla, the KS query 

hits of each class/subclass were converted into percentages out of 100, and the matrix of 

percentages was transformed using a Bray-Curtis dissimilarity matrix and plotted using a PCOA 

in R Studio ((RStudio Team, 2021). Additional figure modifications were performed in Adobe 

Illustrator (version 24.2). 
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3.4 Results 

 We set out to detect and classify polyketide and fatty acid biosynthetic potential across the 

genome-sequenced tree of life. To do this, we analyzed 617,968 genomes (Table 3.1) from 

multiple taxa, including: Bacteria, Archaea, Plasmids, Viruses, Fungi, Algae, Protists, Plants, and 

Animals. To give context of where known polyketide and fatty acid biosynthetic potential has been 

characterized, we analyzed the MIBiG 2.0 reference database (Kautsar et al., 2020) of 2,000 

biosynthetic gene clusters (BGCs) and the NaPDoS2 (Chapter 2, this dissertation) database of 

characterized and classified KS (ketosynthase) domains. We identified and classified 53,713 KS 

domains, with the most being identified from Bacteria (32,473), Fungi (12,339), and Animals 

(6,508) (Figure 3.1). Of the KS domains detected, most were classified as type I PKS (27,023), 

Figure 3.1. Number of KS domains identified in each taxa database, and their subsequent 
class and subclass type classification by NaPDoS2. 



 122 

followed type II FAS (17,060) (Figure 3.1). Type II PKS biosynthetic potential was the rarest type 

of KS identified with only 4,393 hits, mostly in Bacterial genomes; however, the type II KSs were 

the most diverse with many subclasses identified. Of the specific subclasses, KSβ (also referred to 

as CLF or chain-length factor) were observed less than their cognate KSɑ domains. This could be 

due to our sampling scheme of 10,575 representative bacterial genomes where KSβ-containing 

gene clusters could be predominantly enriched in specific bacterial species or genera and thus that 

diversity might not be captured.  Other rare KS subclasses included type I trans-AT beta-branching 

modules (16) which are KSs that typically co-occur with a B-branching domain responsible for 

the formation of beta-branches; and type I trans-AT hybrid KS0 non-elongating KS domains (31) 

that follow an NRPS module (Figure 3.1). Many of these rarer specific subclass KS domains could 

serve as hooks that could be used to go back into the genome and find the encoding BGC. The 

most common KS domain identified was the type II FAS domain with every database taxon type 

having at least one type II FAS domain (Figure 3.1). The animal genomes were most enriched in 

type I FAS domains, followed by fungi genomes, which contrasted the very small fraction of type 

I FAS domains identified in the bacterial genomes. The plasmid genome dataset included many of 

the same types of KS hits as bacteria, which could be a factor of the plasmids carrying KS-encoding 

BGCs that were bacterial in origin, but this would warrant further investigation. The viral and 

Archaeal groups contained the least amount of KS hits, which supports previous observations that 

BGCs are rare in these taxa, or too different from our known databases to accurately identify and 

characterize (Sharrar et al., 2020; Dragoš et al., 2021).  

 Our first goal was to understand if the KS diversity that we characterized across the various 

genomic datasets were similar to one another. We assessed diversity by measuring the dissimilarity 

between KS class and subclass types at the dataset (Figure 3.2) and phyla levels (Figure 3.3) and 
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visualizing these in principal coordinate analysis ordinate analysis (PCoA) plots where objets 

(here, KS domains) that are closer together have less dissimilarity. We observed that the KS 

domains identified in the animal genomes were most dissimilar from other KS domains. These 

could be interesting targets for further phylogenetic comparisons (Figure 3.2). The Prokaryotes 

(defined here as Bacteria and Archaea) formed a cluster with some viral, animal, fungal, and protist 

KS domains (Figure 3.2). However, the plasmid KSs did not cluster with other datasets, most 

notably the bacterial hosts, indicating the composition of KS diversity was unique in the plasmid 

dataset (Figure 3.2).  To investigate this further, we split the KS types further into class/subclass 
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Figure 3.2. Diversity of KS domains, colored by dataset taxa group. Points represent all 
KSs within a phyla group. 
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for each phylum within each of the taxa datasets and performed the same dissimilarity PCoA 

analysis (Figure 3.3). By doing this, we could see which phyla were driving the variation in each 

dataset. In the animal dataset, we observed that the KS diversity of the Platyhelminthes (common: 

flatworms) was the most different from other animals, whereas Mollusca (mollusks), 

Echinodermata (echinoderms), Arthropoda (arthropods), Annelida (segmented worms), and others 

were more similar to each other (Figure 3.3). In fungi, we observed a stark separation between the 

Ascomycota group and the Basidiomycota and Chytridiomycota, which indicated these fungal 

groups had very different KS diversity (Figure 3.3). In the Prokaryotes (defined here to include 

Figure 3.3. Diversity of KS domain class/subclass type, split by Phylum for each dataset 
taxa group. 
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both Bacteria and Archaea), Actinobacteria were the most dissimilar in their KS composition, 

followed by Cyanobacteria (Figure 3.3). This supported our hypothesis that those phyla, long 

targeted for their specialized metabolism biosynthetic capabilities, could be distinguished based 

on their polyketide KS diversity alone. Finally, there was wide dissimilarity between protist taxa, 

including Dinozoa (dinoflagellates), Haptophyta (haptophytes), and Chlorophyta (green algae) 

compared with Rhodophyta (red algae) and Bacillariophyta (diatoms) (Figure 3.3). These 

differences in KS composition were investigated further with targeted phylogenetic comparisons. 

In order to understand the phylogenetic distribution of bacteria PKS classes and subclasses, 

we next mapped the top 10 most abundant KS types onto the bacterial and archaeal (WoL) 

phylogenetic tree (Zhu et al., 2019) (Figure 3.4). These included type I modular cis-AT (ring 1, 

dark red), type I modular cis-loading (ring 3, blue), and type I iterative cis-AT aromatic (ring 5, 

red), which were enriched in the Actinobacteria phylum (Figure 3.4). The only taxon with a similar 

distribution was the Acidobacteria (Figure 3.4).  However, there also appeared to be a wide 

diversity and large amount of KS diversity observed in Cyanobacteria, and type II aromatic,  
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arylpolyene, and polyene biosynthetic potential enriched in FCB (Fibrobacterota, Chlorobiota, and 

Bacteroidota) and Proteobacteria (Figure 3.4).  

To investigate this further, we mapped on the less abundant type II and other KS domains 

onto the same bacterial phylogenetic tree (Figure 3.5). In contrast to the type II FAS KS domains  

Figure 3.4. Distribution of KS diversity mapped onto the Bacterial and Archaeal 
phylogenetic tree. The inner ring is colored by taxonomy; and the numbered outer 
rings are shaded by the abundance of each KS subclass type. 
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Figure 3.5. Distribution of Type II KS subclass hits across the Bacterial 
and Archaeal phylogenetic tree. The inner ring is colored by taxonomy; 
the outer two rings show presence (maroon) and abundance (black bar 
graphs) of each KS subclass type. 
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that were observed to be mostly abundant across all taxa except for Archaea, CPR (candidate phyla 

radiation bacteria), some Actinobacteria, and some “other” phyla, we saw clade-specific patterning 

of type II angucycline, spore pigment, and noniterative KS domains (Figure 3.5). Other type II 

KS types including tetracycline, tetracenomycin, and isochromanequinone had abundant hits in 

specific taxa within the larger phyla groups (Figure 3.5). In future work, these distribution patterns 

can be compared to where polyketides of these classes have been described to ascertain which taxa 

could be targeted for novel compound elucidation. 

We next mapped the KS subclass diversity onto the fungal phylogenetic tree (Figure 3.6). 

We hypothesized based on our PCoA analysis (Figure 3.3) that we would observe variation in KS 

diversity between the Ascomycota and Basidiomycota. Our results supported our hypothesis as 

families within the two groups had drastically different KS subclass types (Figure 3.6). For 

example, in contrast to the Saccharomycotina (including yeasts) which only contained type I and 

II FAS KS domains, the Pezizomycotina (Ascomycota clade) contained a high diversity of KS 

types including type I iterative cis-AT highly reducing and non-reducing domains (Figure 3.6). 

However, we observed that type I modular cis-AT domains were enriched in the Agaricomycotina 

(mushrooms, bracket fungi, and puffballs; Basidiomycota clade) (Figure 3.6). While some of these 

biosynthetic differences have been reported before at the BGC level, (Harvey et al., 2018; Robey 

et al., 2021), these differences in diversity and abundances are also readily revealed when looking 

at KS domains.  
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Phylogenetic trees of KS domains of specific classes combined with KSs from reference 

databases of characterized BGCs can be a powerful method to identify clades with potential 

biosynthetic novelty. To test for this, we constructed a phylogenetic tree of the type I KS domains, 

which was the largest KS group across our genome datasets (Figure 3.7). In contrast to the clades 

of KS domains that were specific to certain taxa—for example, large clades of fungal (green) type 

I iterative cis-AT clades (green outer ring, 6’oclock position) and algae/protist (yellow, 

PhycoCosm dataset) type I cis-AT (blue outer ring, 7’oclock position), we observed that the 

reference MIBiG KS hits were mostly clustered with bacterial KS clades in a variety of subclasses 

(Figure 3.7). This is supported by the observation that the majority of described BGCs in the 

MIBiG 2.0 database are from bacterial sources, and thus clades without a MIBiG KS hit could be 

sources of novel KS biosynthetic potential that are unlike BGCs that have been characterized. 

Figure 3.6. Distribution of KS polyketide biosynthetic potential across the fungal 
phylogeny.  

The inner ring is colored by taxonomy; and the outer ring barplots, bubble plots, and 
bar plots are colored by KS subclass type. 
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There were many clades of various KS subclass types that did not have any MIBiG hits clustered 

with them (Figure 3.7). 

To look for taxa specific patterns, we constructed phylogenetic trees of the type I KS 

domains identified in the fungal dataset (Figure 4.8). By doing this, we were able to identify 

specific clades without reference MIBiG hits, thus indicating possible polyketide biosynthetic 

novelty. We additionally observed that these domains had low percent identities compared to the 

closest NaPDoS2 database KS hit (Figure 4.8). As the NaPDoS2 database contains most of the 

KS domains from the MIBiG database, it is unsurprising that the domains least similar to the 

Figure 3.7. Phylogenetic diversity of type I KS domains.  

The outer ring 1 is colored by NaPDoS2 subclass type; ring 2 by taxonomic distribution 
of the 50% clustered OTU clade; ring 3 bar plot of the total number of KS hits; and 
ring 4 is presence of a MIBiG domain in the OTU cluster. 
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MIBiG domains have low percent identities to the top NaPDoS2 database match. In this tree, we 

identified clades where there seems to be biosynthetic novelty in the type I iterative cis-AT highly 

reducing (HR, ring 2 green), type I cis-AT (ring 2 blue), type I modular cis-AT olefin synthase 

(ring 2 light blue), type I modular cis-AT loading module (ring 2 olive), type I iterative cis-AT 

non-reducing (NR, ring 2 red), type I modular cis-AT hybrid KS (ring 2 purple), and type I trans-

AT (ring 2 seafoam) (Figure 4.8).  There were also large clades of MIBiG 2.0 KS domains, which 

could represent KSs from similar pathways that have been discovered or rediscovered in multiple 

Figure 3.8. Phylogeny of type I fungal KS domains.  

Ring 1 indicates percent identity to the top NaPDoS2 database match; ring 2 
indicates NaPDoS2 KS class/subclass; ring 3 is an abundance bar plot of KSs in 
each branch; and ring 4 indicates if the node contains a MIBiG hit. 
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organisms. Yet, our sampling scheme of representative fungal genomes might not have included 

all species or strains with the domain (Figure 4.8).  

Next, from our PCoA analysis which indicated that many animal KS domains were 

divergent from other KSs, we constructed a phylogenetic tree of the KS domains identified in the 

algae, protist, and animal datasets (Figure 3.9). From this phylogeny, we discovered large clades 

without any known MIBiG hits, especially from the PhycoCosm (algae, protists) dataset belonging 

to the type I modular cis-AT class (Figure 3.9). These domains could belong to the cis-AT 

enriched genomes of Dinoflagellates and Haptophytes which has been previously reported (Verma 

Figure 3.9. Phylogenetic diversity of KS domains from the PhycoCosm and 
Animal datasets.  

Ring 1 indicates percent identity to the top NaPDoS2 database match; ring 2 is 
colored by NaPDoS2 classification; ring 3 is a bar plot indicating KS total amount 
per branch, and ring 4 is the database the node is from.  
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et al., 2019; Chekan et al., 2020).  Additionally, as MIBiG is devoid of BGCs from animals, many 

KS domain detected in the animal genome dataset including the classes of type I Metazoan-type 

PKS, type I Protist-type PKS and even some type I trans-AT and cis-AT domains were unique 

from known pathways (Figure 3.9). These could be targets for future investigation into the broader 

KS-encoding BGC environment. It is striking that the entire left part of the tree (3 to 6 o’clock) is 

represented by KS domains from the PhycoCosm and animal datasets that have no similarity to 

MIBiG KSs and low identity to NaPDoS2 database hits (Figure 3.9).    

One of the main goals of this study was to not only investigate the distribution and diversity 

of polyketide KS biosynthetic potential across the genome-sequenced tree of life, but to also ask 

if we could observe if specific KS domains were shared across taxa or if there were unusual 

similarities across taxa. To do this, we constructed a sequence similarity network of all the type II 

KS domains and colored the nodes by dataset. While these networks proved very difficult to 

calculate and visualize (>1-10 million edges in the small network files), we observed preliminary 

groupings of type II KS domains that supported the NaPDoS2 classification in a taxa specific 

pattern in some cases (Figure 3.10). For example, type II KSɑ domains from the viral dataset and 

the PVC superphylum (Planctomycetota, Verrucomicrobiota, and Chlamydiota) each formed a 

distinct cluster, along with doublets from the Archaea and CPR groups (Figure 3.10). There were 

also smaller clusters that contained KSs from multiple taxa, including a cluster containing KS 

domains from Cyanobacteria, Archaea, and an Actinobacteria (Figure 3.10). The large cluster of 

many connected nodes needs to be further separated but includes many of the similar type II 

aromatic KS subclasses (Figure 3.10). Of note is that the reference database nodes are mostly 

clustered with the large cluster, and many of the clusters of taxa with unique type II KSs do not 

cluster with a known KS domain. Further investigation into what the broader genomic BGC 
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neighborhood looks like for each of these clusters, especially in Archaea, CPR, and viruses, will 

Figure 3.10. Sequence similarity of all type II KS domains colored by taxonomic 
dataset.  

Nodes (n=4,927) are clustered into 90% representative OTUs and connected by 
edges if >20% shared identity. 
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be needed. 

Finally, to determine how well similar KSs within a specific KS subclass type could reveal 

similar BGCs in divergent taxa, we constructed a sequence similarity network of all type I iterative 

cis-AT PTM-type KS domains (Figure 3.11). We identified 118 PTM-type KS domains belonging 

to 3 datasets—the bacteria, fungal, and MIBiG reference dataset (Figure 3.11). Upon clustering 

the sequences together connected at >52% identity, all reference MIBiG KS domains clustered 

with the largest cluster including domains from a wide variety of mostly bacterial taxa (Figure 

3.11). This could indicate that many of the connected PTM-type KS nodes share similar 

biosynthetic neighborhoods, but further investigation would be needed, especially for the domains 

in the PVC and Cyanobacteria. The large cluster also contained one connection to a fungal 

Aspergillus PTM-type KS domain, which could indicate a shared evolutionary history of the 

domain. Further phylogenetic comparison would help resolve the specific relatedness of the 

domains (Figure 3.11). Other smaller clusters of PTM-type KS domains from Actinobacteria and 

Proteobacteria indicates similar biosynthetic potential across these taxa (Figure 3.11). This 
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contrasts with the identification of a fungal-only cluster—the KSs in this clade could be targets for 

fungal-specific PTM-type BGCs that perhaps have divergent organization from the characterized 

reference PTM BGCs and other domain PTM-type KSs (Figure 3.11).   

 

3.5 Discussion 

 

In this study, we describe the polyketide and fatty acid biosynthetic potential across the 

genome-sequenced tree of life at a scale that has not been captured before. The updates to the 

NaPDoS2 webtool facilitated this analysis as there is no other bioinformatic tool that allows the 
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detection and specific classification of KS domains in both bacterial and animal genomes at the 

same time. Thus, we were able to create a dataset of 53,713 KS domains from across the tree of 

life that could be analyzed.  

While there have been detailed studies of biosynthetic diversity at the BGC level across 

the bacterial kingdom (Cimermancic et al., 2014; Wei et al., 2021; Chen et al., 2022; Gavriilidou 

et al., 2022), these studies have used tools like antiSMASH (Blin et al., 2021) and PRISM 

(Skinnider et al., 2020) which do not classify polyketide synthase genes with the level of detail 

provided by NaPDoS2. For example, type II and type III PKS BGCs are classified by antiSMASH 

together as “PKS other”. While these previous analyses can serve as important comparisons for 

our analysis to build upon, with our KS dataset we can perform additional analyses such as building 

sequence similarity networks and complete phylogenetic trees across all taxa instead of just one. 

Compared to a recent analysis reporting the bacterial distribution of seven subclasses of aromatic 

polyketide synthase genes, we observed similar distributions in our analysis (Chen et al., 2022). 

However, we could identify additional type II and type II aromatic biosynthetic potential, adding 

important information to the conclusions of their study. We have built extensively upon a prior 

study (Cimermancic et al., 2014), where PKSs were discovered to be the least common BGC when 

using the ClusterFinder tool to genome mine; and we have expanded upon their identification of 

aryl polyene PKSs across all genome-sequenced life. In comparison to the recently published 

analysis of bacterial genomes using the PRISM4 (Skinnider et al., 2020) BGC identification tool, 

our results supported their findings of Actinobacteria being enriched in many of the polyketide 

pathways, however other than PKS and aryl polyene, the type I and II polyketide biosynthetic 

potential seems to have been aggregated in “PKS”, “PKS-NRPS”, and “others” (Wei et al., 2021).    
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In a recent analysis of BGC diversity in 1,000 fungal genomes, highly-reducing and non-

reducing type I iterative cis-AT PKS BGC diversity was enriched in the Ascomycota clade 

whereas the Basidomycota clade was less enriched in those types and overall contained fewer 

BGCs (Robey et al., 2021). Our detailed KS analyses support this finding and contribute to our 

understanding of the biosynthetic differences between two clades of fungi.  One consideration of 

using NaPDoS2 to assess fungal polyketide biosynthetic potential is the question of introns and 

exons as it does not excise introns and predict splicing variants. It has been previously reported 

that, on average, fungal genes contain 2.5 introns per gene and genes involved in specialized 

metabolism can contain 5-9 introns each, which includes PKS BGCs (DeNicola, 2018). Introns 

can split KS domains, and thus make them difficult to detect. In our tests comparing NaPDoS2 

analyses of amino acid versus nucleic acid fungal genome assemblies, we observed more KS hits 

in the protein than the nucleotide genomes, which corresponds to introns perhaps breaking up KS 

domains and thus the KS domains not meeting the NaPDoS2 match threshold (data not shown). 

Nonetheless, it is exciting that NaPDoS2, in combination with other bioinformatic BGC genome-

mining tools, can continue to help identify polyketide biosynthetic potential with high accuracy 

and classification specificity. 

We believe that NaPDoS2 is the only genome-mining tool that can be used to analyze 

animal protein genomes. This allows for the rapid identification of animal KSs as recently reported 

in birds, fish, (Ganley and Derbyshire, 2020) nematodes (Feng et al., 2021), Sacoglossans (sea 

slugs) (Torres and Schmidt, 2019; Torres et al., 2020), and Echinoderms (sea urchin) (Li et al., 

2022). Reports that animal polyketide-like type I FAS domains and metazoan specific PKS-type 

KS domains have unique evolutionary histories indicate there are still evolutionary dynamics 

between and within specific KS subclass types that remain poorly understood (Nivina et al., 2019).   
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Using phylogenetics to predict functional novelty has facilitated the discovery of new 

patterns of BGC horizontal gene transfer events and even new types of BGCs that were previously 

missed in larger clusters, as was the case for a large new clade of type I iterative cis-AT BGCs.  

(Grininger, 2020; Wang et al., 2020; Nivina et al., 2021). However, a goal of those analyses and 

our analysis is to use biosynthetic potential predictions to link to realized chemical diversity. For 

example, if a new polyketide BGC was predicted in an unknown taxon, we would want to know if 

perhaps that taxon produced new natural products. We tested this with our current dataset of KSs 

from across the genome-sequenced tree of life, first focusing on the type I iterative cis-AT PTM-

like domains (Figure 3.11). By searching for the PTM molecule clifednamide A (Cao et al., 2010) 

in mass-spectrometry (MS) standard reference databases, we acquired a reference MS spectrum 

(Wang et al., 2016). We then searched the MS spectrum against the entire GNPS metabolomics 

repository of millions of MS spectra from thousands of datasets using the MASST tool (Wang et 

al., 2019). We discovered only 5 hits to the clifednamide A molecule—all of which were MS 

spectra collected from five different metabolomic experiments where Streptomyces bacteria were 

extracted. This means that the PTM clifednamide A molecule and its close derivatives (which PTM 

molecules share a core similar structure, and thus our MASST search of similar molecular 

fragmentation patterns likely would have matched other PTMs, though this is not a given) have 

only been chemically realized in Streptomyces. This means that from our PTM-type KS network 

analysis, perhaps targeting non-Streptomyces KS hits for future elucidation would be the best 

method to avoid rediscovery of well-known PTM molecules.  

In the future, we believe this dataset of 53,713 KS domains will be a useful reference for 

KS-amplicon studies and metagenomic datasets. First, this collection of KSs could serve as a 

reference dataset for creating class and subclass specific amplicon primers. Additionally, this large 
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reference dataset of KSs with known genomic origins and complete taxonomy can serve as a 

reference to map both class/subclass function (as characterized by NaPDoS2) and putative 

taxonomic assignment for both KS-amplicon and metagenomic studies where the contigs might 

not have assigned taxonomy, akin to 16S rRNA databases used for assigning taxonomy to 16S 

rRNA amplicon sequencing. We are additionally exploring if this could be an add-on feature to 

the NaPDoS2 webtool, where users would select this collection of KS sequences to map their query 

hits to, build phylogenies with, and thus drive hypothesis formation of taxonomic and functional 

polyketide biosynthetic diversity in a wide variety of applications.  The analyses presented in this 

paper show where targeted efforts for novel polyketide chemistry could focus, especially in taxa 

that have not been explored before, thus illustrating the power of evolutionarily conserved domains 

as powerful search hooks for novel specialized metabolite chemistry in any type of sequencing 

data.  
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CHAPTER 4.  Phylogenetic analysis of the salinipostin γ-

butyrolactone gene cluster uncovers new potential for bacterial 

signaling-molecule diversity 
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4.1 Introduction to Chapter 4 

  

Building from the idea that bioinformatic tools can be used to discover new biosynthetic 

potential, chapter 4 describes the discovery of the incredible diversity and distribution of the 

Salinispora salinipostin biosynthetic gene cluster. Salinipostins A-K are γ-butyrolactone 

compounds with rare bicyclic phoshostriesters that were first identified from Salinispora in anti-

malarial screening assays (Schulze et al., 2015). A subsequent transcriptomic analysis linked a 

biosynthetic gene cluster (BGC) to salinipostin biosynthesis (named spt) which was further 

confirmed with a knockout of one of the key biosynthetic genes, spt9, which abolished salinipostin 

production (Amos et al., 2017). The complete description of the salinipostin biosynthetic pathway 

was recently described by Dr. Yuta Kudo, and the work in this chapter was inspired by his initial 

analysis of the spt BGC (Kudo et al., 2020). Dr. Kudo had observed that the salinipostin BGC 

seemed to be distributed across the Actinobacteria phylum, and I set out to describe the diversity 

and distribution of spt, asking what other microbes have the potential to produce salinipostin-like 

molecules. With a fully characterized BGC, I could use the complete pathway and each of the 

genes in the spt BGC as search hooks to find gene clusters with similar gene organization. 

Additionally, with the biochemical knowledge that the essential gene spt9 is an afsA homolog, 

which is required to produce the A-factor signaling molecule in Streptomyces bacteria (Khokhlov 

et al., 1967; Kato et al., 2007), I could compare similar gene cluster organization to hypothesize if 

they have the genes required to produce salinipostin-like molecules, which might then act as 

signaling molecules. Additional molecules have been linked to the spt gene cluster, including Sal-

GBL1, Sal-GBL2, (Kudo et al., 2020) and the salinilactone A-H (Schlawis et al., 2018, 2020) 

which share structural similarities to other γ-butyrolactone molecules. I performed comparative 
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analyses of the spt BGC as part of the description of salinilactones D-H, however, we could not 

discern differences between the spt BGCs that could account for the varied salinilactone 

production among multiple Salinispora species (Schlawis et al., 2020).  

Overall, the ability to use biosynthetic knowledge about an entire BGC to identify similar 

gene clusters is a powerful approach to understand their diversity and distribution. By carefully 

studying BGCs in this context, we can observe new patterns of evolution, as seen in the Salinispora 

genus where the spt BGC seems to have been horizontally acquired in a location-specific manner 

between Salinispora arenicola and Salinispora tropica. As a follow-up to my methods described 

in this chapter, Appendix A details a similar approach where the gene organization of a BGC was 

not only used to inform the biosynthetic prediction of the new Salinispora pacifica molecule 

pacificamide, but also a comparative BGC analysis illustrated how rare the BGC and its gene 

organization was across all bacteria (Castro-Falcón et al., 2022). 

Chapter 4 (Section 4.3), in full, is a reprint of the material as it appears in Microbial 

Genomics 7(5), Creamer, K.E.; Kudo, Y; Moore, B.S.; Jensen, P.R., 2021. "Phylogenetic analysis 

of the salinipostin γ-butyrolactone gene cluster uncovers new potential for bacterial signalling-

molecule diversity."  The dissertation author was the primary investigator and author of this paper. 
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Abstract

Bacteria communicate by small- molecule chemicals that facilitate intra- and inter- species interactions. These extracellular sig-
nalling molecules mediate diverse processes including virulence, bioluminescence, biofilm formation, motility and specialized 
metabolism. The signalling molecules produced by members of the phylum Actinobacteria generally comprise γ-butyrolactones, 
γ-butenolides and furans. The best- known actinomycete γ-butyrolactone is A- factor, which triggers specialized metabolism and 
morphological di"erentiation in the genus Streptomyces. Salinipostins A–K are unique γ-butyrolactone molecules with rare 
phosphotriester moieties that were recently characterized from the marine actinomycete genus Salinispora. The production of 
these compounds has been linked to the nine- gene biosynthetic gene cluster (BGC) spt. Critical to salinipostin assembly is the 
γ-butyrolactone synthase encoded by spt9. Here, we report the surprising distribution of spt9 homologues across 12 bacterial 
phyla, the majority of which are not known to produce γ-butyrolactones. Further analyses uncovered a large group of spt- like 
gene clusters outside of the genus Salinispora, suggesting the production of new salinipostin- like diversity. These gene clusters 
show evidence of horizontal transfer and location- specific recombination among Salinispora strains. The results suggest that 
γ-butyrolactone production may be more widespread than previously recognized. The identification of new γ-butyrolactone 
BGCs is the first step towards understanding the regulatory roles of the encoded small molecules in Actinobacteria.

DATA SUMMARY
All sequences analysed in this paper were retrieved from 
publicly accessible databases including the Joint Genome 
Institute (JGI) Integrated Microbial Genomes & Microbiomes 
system (IMG)/MER and the National Center for Biotech-
nology Information (NCBI) databases, with all sequence 
accession information included in the supplementary 
dataset S1 (available via Open Science Framework: https:// 
osf. io/ 4g3mn/). PCR sequences produced as part of this 
work can be accessed at NCBI GenBank (accession numbers 
MW321490–MW321495) and are also listed in Table S1 
(available with the online version of this article). Additionally, 
all sequence alignment and tree !les used for the phylogenetic 

analyses are available through the Open Science Framework: 
https:// osf. io/ 4g3mn/ with DOI 10.17605/OSF.IO/4G3MN. 
Supplementary material can be found on Figshare at 10.6084/
m9.!gshare.14325233.

INTRODUCTION
Bacteria use chemical signalling molecules to regulate 
gene expression in a population- dependent manner. "is 
process, known as quorum sensing, controls group behav-
iours including swarming, bioluminescence, virulence, 
bio!lm formation, cell competence, DNA uptake, public- 
goods production and specialized metabolism. In many 
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Gram- negative bacteria, quorum sensing is mediated by acyl- 
homoserine lactone (AHL) autoinducers and their cognate 
receptors [1]. In some Gram- positive bacteria, autoinducing 
peptides and their respective transmembrane two- component 
histidine sensor kinases control similar group behaviours [2]. 
Among Actinobacteria, γ-butyrolactone signalling molecules 
regulate morphological development and specialized metabo-
lite production. Given the importance of Actinobacteria for 
the production of antibiotics and other useful compounds, 
the discovery of new signalling molecules could facilitate the 
discovery of new natural products from the large number 
of ‘cryptic’ gene clusters detected in actinomycete genome 
sequences.
To date, the types of signalling molecules known to be 
produced by Actinobacteria include γ-butyrolactones [3–25], 
γ-butenolides [26–30], furans [31, 32], PI factor [33] and 
N- methylphenylalanyl- dehydrobutyrine diketopiperazine 
[34] (Fig. 1). Most of these were discovered from members 
of the genus Streptomyces. Sometimes referred to as actino-
bacterial ‘hormones’, signalling molecules are commonly 

Impact Statement

Signalling molecules orchestrate a wide variety of bacte-
rial behaviours. Among Actinobacteria, γ-butyrolactones 
mediate morphological changes and regulate special-
ized metabolism. Despite their importance, few 
γ-butyrolactones have been linked to their cognate 
biosynthetic gene clusters (BGCs). A new series of 
γ-butyrolactones called the salinipostins was recently 
identified from the marine actinomycete genus Salinis-
pora and linked to the spt BGC. Here, we report the detec-
tion of spt- like gene clusters in diverse bacterial families 
not known for the production of this class of compounds. 
This finding expands the taxonomic range of bacteria 
that may employ this class of compounds and provides 
opportunities to discover new compounds associated 
with chemical communication.

Fig. 1. Actinobacterial AfsA homologue phylogeny, gene neighbourhoods and small molecule signalling products. Maximum- likelihood 
phylogeny of 22 AfsA homologues created with RAxML using a LG+I+G+F ProtTest model; branches are labelled with bootstrap support 
(500 replicates). Scale bar represents the mean number of amino acid substitutions per site. Coloured circles indicate the actinobacterial 
family. Gene neighbourhoods are drawn 5′ to 3′ when genome sequences were available and aligned by AfsA homologue (red); other 
genes are coloured by COG function. Coloured boxes delineate γ-butyrolactones (green), γ-butenolides (red), furans (blue) and others 
(yellow). Compounds mapped to the tree have been experimentally linked to their respective gene cluster (references are indicated in the 
insets). Those not mapped to the tree have not been linked to AfsA- containing gene clusters. Bracketed numbers are used in subsequent 
figures to refer to specific AfsA homologues and their associated signalling molecule products.
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produced in low amounts and have proven di!cult to isolate 
and characterize. Many of these molecules not only induce the 
production of specialized metabolites, but also regulate bacte-
rial morphogenesis and control complex regulatory systems 
[15]. "e #rst bacterial signalling molecule discovered was 
A- factor (autoregulatory factor, 2- isocapryloyl-3R- hydroxy
methyl-γ-butyrolactone) from the actinomycete Streptomyces 
griseus. It was shown to trigger sporulation and the produc-
tion of the antibiotic streptomycin [3]. A- factor biosynthesis 
requires a γ-butyrolactone synthase and a reductase encoded 
by the genes afsA and bprA, respectively [15], and its elucida-
tion revitalized the search to link signalling molecules to their 
biosynthetic genes [16, 32, 35–41]. Most of the biosyntheti-
cally characterized γ-butyrolactones, γ-butenolides and furans 
have been linked to afsA gene homologues via sequence simi-
larity, biochemical veri#cation or A- factor receptor binding 
assays. However, many afsA gene homologues observed in 
Streptomyces, Kitasatospora and Amycolatopsis genomes have 
yet to be linked to a small molecule [42–51]. Likewise, the 
Acl series of γ-butyrolactones reported from Streptomyces 
coelicolor has not been linked to an afsA homologue [3, 14, 18] 
(Fig. 1).
While most A- factor- like molecules have been identi#ed from 
the genus Streptomyces, it remains possible that other actino-
bacterial taxa produce related signalling molecules. "is 
includes the obligate marine actinomycete genus Salinispora, 
which comprises nine species: Salinispora tropica, Salinis-
pora arenicola, Salinispora oceanensis, Salinispora mooreana, 
Salinispora cortesiana, Salinispora fenicalii, Salinispora good-
fellowii, Salinispora vitiensis and Salinispora paci!ca [52, 53] 
isolated from marine sediments [54–57], seaweeds [55] 
and sponges [58, 59]. "is genus has proven to be a proli#c 
source of specialized metabolites [60] including the protea-
some inhibitor salinosporamide A [61], which is currently in 
phase III clinical trials as an anticancer agent. Whole- genome 
sequencing of 118 Salinispora strains revealed 176 distinct 
biosynthetic gene clusters (BGCs), of which only 25 had been 
linked to their products [62]. In a subsequent study, a majority 
of Salinispora BGCs were shown to be transcriptionally active 
under standard cultivation conditions, suggesting that many 
of their small molecule products were being missed using 
traditional detection and isolation techniques [63]. Given that 
little is known about the regulation of specialized metabolism 
in this genus, it remains possible that signalling molecules 
play a role in the regulation of BGC expression.
Recently, a series of compounds known as salinipostins 
A–K with rare bicyclic phosphotriesters were identi#ed 
from a Salinispora sp. RL08-036- SPS- B [64]. While these 
compounds were identi#ed based on anti- malarial activity 
against Plasmodium falciparum, the γ-butyrolactone part 
of the salinipostin structure is reminiscent of Streptomyces 
A- factor [64, 65]. Salinipostin biosynthesis was linked to the 
spt gene cluster via a knockout of the afsA homologue spt9 in 
Salinispora tropica CNB-440, which resulted in the elimina-
tion of salinipostin production [63]. Subsequently, eight vola-
tile bicyclic lactones, salinilactones A–H, were isolated and 
characterized from Salinispora arenicola CNS-205 [66, 67]. 

Two γ-butyrolactones, Sal- GBL1 and Sal- GBL2, were also 
recently characterized from multiple Salinispora strains [68]. 
"e Sal- GBLs, salinilactones A–H and salinipostins A–K all 
share a bicyclic lactone motif and are proposed to originate 
from the same spt BGC [63, 66–68] (Fig. S1).
In this study, we set out to determine the distribution of 
Spt9 butyrolactone synthase homologues among sequenced 
bacteria and the diversity of BGCs in which they reside. We 
uncovered that salinipostin- like BGCs are widely distributed 
outside of the genus Salinispora and exhibit gene rearrange-
ments and unusual gene fusions relevant to γ-butyrolactone 
biosynthesis. Finally, the evolutionary history of the salin-
ipostin BGC indicates that it was horizontally transferred 
between Salinispora species at a location where they are 
known to co- occur.

METHODS
Identification and distribution of Spt9 homologues
"e Pfam function of Spt9 was identi#ed using the National 
Center for Biotechnology Information (NCBI) Conserved 
Domain Database prediction tool [69]. AnnoTree [70] was 
then used to determine the taxonomic distribution of the 
Spt9/AfsA Pfam03756 ‘A- factor biosynthesis hotdog domain- 
containing protein’. "e top 500 Spt9 homologues were identi-
#ed using the Salinispora tropica CNB-440 319 amino acid 
Spt9 sequence as a blastp (2.6.0+) [71] query against the 
Joint Genome Institute (JGI) Integrated Microbial Genomes 
and Microbiomes system (IMG)/MER sequence database 
(publicly available genomic sequence data integrated with 
JGI sequence data, all_img_core 2019) with an E value and 
sequence identity cut- o+ of 1×10−5 and >25%, respectively. 
Gene neighbourhoods were evaluated 20 kb upstream and 
downstream of all top Spt9 homologues. Sequences were 
grouped into actinobacterial family or gammaproteobacte-
rial class. Also included were 22 previously characterized 
AfsA homologues, including 9 linked to the production of 
34 γ-butyrolactone molecules, 1 linked to the production of 
two γ-butenolide molecules and 1 linked to the production 
of #ve furan molecules.
To identify Spt9 homologues within the genus Salinispora, 
protein–protein blastp with an E value cut- o+ of 1×10−5 was 
used to search all public Salinispora genomes. PCR was used 
to con#rm the integrity of the split spt BGC in Salinispora 
arenicola CNS-296 and the presence of a hypothetical gene 
in Salinispora paci!ca CNS-143. PCR was performed by 
aliquoting 90 ng genomic DNA into a PCR mixture consisting 
of 2× Phusion green hot start II high- #delity PCR master mix 
(1.5 mM MgCl2, 200 µM each dNTP, 0.4 U Phusion enzyme; 
"ermo Scienti#c), 3% DMSO and 0.5 µM of each forward and 
reverse primer [primer pair A – 6F (5ƍ- ATCG AACG TGTC 
ATCG AATGGC-3ƍ), 6dntransR (5ƍ- CGTA GCCG AGGA 
AAGA AGCATC-3ƍ); primer pair B – 6F, 6dntrans- IGR_R 
(5ƍ- TCGT TCAT CAGA GGTC CCCTTC-3ƍ); primer pair C 
– 6F, 7R (5ƍ- GATC AGAT AGAG CATG GCGAGC-3ƍ)]. PCR 
conditions were as follows: primer pair A (6F, 6dntransR), 
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30 s of initial denaturation at 98 °C, followed by 30 cycles of 
denaturation at 98 °C for 5 s, annealing at 66 °C for 20 s and 
extension at 72 °C for 30–50 s, followed by a !nal extension 
for 7 min at 72 °C; primer pair B (6F, 6dntrans- IGR_R) same 
as the previous but with annealing at 65.6 °C for 20 s and 
extension at 72 °C for 69 s; primer pair C (6F, 7R), same as 
the previous but with annealing at 65.7–66 °C for 20 s and 
extension at 72 °C for 35–50 s, followed by a !nal extension 
for 5–7 min at 72 °C. "e resulting products were visualized in 
a 0.8 % agarose gel run in 1× TAE (Tris- acetate- EDTA bu$er) 
at 95–97 V for 30–60 min; then, excised, puri!ed, Sanger 
sequenced in forward and reverse directions (Eton Biosci-
ence), trimmed, and mapped to their respective genomes in 
Geneious v8.1.9 [72].

Identification of salinipostin-like BGCs
ClusterScout [73] searches were performed to identify 
salinipostin- like BGCs in sequenced genomes using the 
following Pfam functions: Spt1 Pfam00391, Pfam01326; 
Spt2 Pfam00501; Spt4 Pfam00550; Spt5 Pfam07993; Spt6 
Pfam00334; Spt7 Pfam01040; Spt8 Pfam00296; Spt9 
Pfam03756 (Fig. S1). It should be noted that antiSMASH v4 
and v5 [74, 75] do not fully identify spt1–2 in the salinipostin 
butyrolactone BGC; thus, other methods were used to !nd 
spt- like BGCs. Independent ClusterScout searches were 
run with a minimum requirement of either 3, 4 or 5 Pfam 
matches, a maximum distance of <10 000 bp between each 
Pfam match, and a minimum distance of 1 bp from the scaf-
fold edge. "e boundaries of each match were extended by 
a maximum of 10 000 bp to help identify full biosynthetic 
operons. For some searches, the Spt9 Pfam was de!ned as 
essential. MultiGeneBlast [76] was also used to query the 
contiguous Salinispora tropica CNB-440 salinipostin spt1–9 
gene cluster against the NCBI GenBank Bacteria BCT subdi-
vision database. Finally, the string v11 database [77] was 
queried using Spt1–9 to identify signi!cant protein–protein 
interactions, gene neighbourhoods and gene co- occurrences 
within 5090 organisms. Biosynthetic clusters retrieved from 
each ClusterScout, MultiGeneBlast and string search were 
manually inspected for spt Pfams and gene organization.

Phylogenetic distribution of Spt9 homologues and 
salinipostin-like BGCs
A maximum- likelihood amino acid phylogeny was gener-
ated from the top 403 Spt9 homologues and an additional 
22 experimentally characterized AfsA homologues. "e 
sequences were aligned with muscle [78] within the Mesquite 
system for phylogenetic computing [79] and analysed using 
ProtTest 3.4.2 [80] to determine an amino acid model for 
tree calculations. RAxML [81] was used to create a tree 
using ML+rapid bootstraps with 500 replicates. A second 
phylogeny was generated for the Spt9 homologues observed 
in salinipostin- like BGCs using the same parameters. "e 
topologies of these trees and branch support were con!rmed 
using PhyML [82] with SMS Smart Model Selection (AIC 
model selection; BIONJ tree searching, NNI tree improve-
ment and an aLRT SH- like fast likelihood method) [83].

To test whether the Salinispora salinipostin BGC was acquired 
as an intact gene cluster, Spt1–9 protein sequences from 
116 Salinispora genomes were aligned with muscle [78] 
and PhyML [82] was used to calculate a phylogenetic tree 
for each protein with automatic SMS Smart Model Selec-
tion (AIC model selection; BIONJ tree searching, NNI tree 
improvement and an aLRT SH- like fast likelihood- based 
method) [83]. "e nine Spt1–9 protein trees were compared 
for congruency with a concatenated Salinispora species tree 
created using the following 11 single- copy protein sequences: 
DnaA, GyrB1, GyrB2, PyrH, RecA, Pgi, TrpB, AtpD, SucC, 
RpoB and TopA, as previously reported [84]. Spt1–9 protein 
sequences were also concatenated (3758 total amino acid 
characters), aligned with muscle [78], and a maximum- 
likelihood tree calculated using SMS and PhyML with the 
previously described parameters.
FigTree [85] and the Interactive Tree of Life (iTOL v4) [86] 
were used to visualize phylogenetic trees. Actinobacterial 
families were assigned using a recently proposed phylogeny 
[87]. Fused genes consisting of functional domains from two 
Spt proteins were identi!ed using Geneious v8.1.9 [72].

RESULTS
Taxonomic distribution of Spt9 homologues
"e γ-butyrolactone synthase AfsA is critical for the biosyn-
thesis of the Streptomyces signalling molecule A- factor 
[15]. "e identi!cation of the afsA homologue spt9 in the 
salinipostin (spt) BGC and its essential role in catalysing the 
γ-butyrolactone ring formation in salinipostin biosynthesis 
[63] led us to explore the distribution of Spt9 homologues 
among sequenced bacterial genomes. We !rst identi!ed that 
Spt9 belongs to the Pfam03756 ‘A- factor biosynthesis hotdog 
domain- containing protein’ family. It contains two AfsA- like 
hotdog fold superfamily domains and is distantly related 
to the FabA and FabZ ȕ-hydroxyacyl- ACP dehydratases 
associated with fatty- acid biosynthesis in Escherichia coli 
[88]. Using AnnoTree [70], 1230 Spt9 Pfam03756 hits were 
identi!ed out of the 27 000 reference genomes in the Genome 
Taxonomy Database (Fig. 2). Surprisingly, these sequences 
were distributed among 12 bacterial phyla, the majority of 
which are not known for the production of γ-butyrolactone 
signalling molecules. "e phylum Actinobacteria contained 
74% of the hits, Proteobacteria had 21% of the hits and the 
remainder were scattered across 10 additional phyla. Notice-
ably, 25% (911) of the 3579 Actinobacteria in the reference 
Genome Taxonomy Database contained the AfsA Pfam03756 
compared to only 3% (256) of the 8882 Proteobacteria. "ese 
results inspired a more detailed analysis of Spt9 homologues 
among bacterial genome sequences.

Spt9 phylogeny and gene environment
We next conducted a blastp search to identify Spt9 homo-
logues among the ~70 000+ bacterial genomes in the 2019 JGI 
IMG blast database [89]. "e top 500 matches shared at least 
25% amino acid identity with Spt9. A4er removing duplicate 
Salinispora sequences, 403 Spt9 homologues were further 
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analysed. We additionally included 22 AfsA homologues 
that have been bioinformatically or experimentally linked 
to the production of a diverse array of γ-butyrolactones, 
γ-butenolides and furans (Fig. 1). A maximum- likelihood 
phylogeny generated using these Spt9 homologues was 
incongruent with the established taxonomic relationships of 
the strains in which the sequences were detected (Figs 3 and 
S2). One prominent example includes the Salinispora Spt9 
sequences, which are sister to a homologue in Streptomyces 
phaeofaciens. "ese sequences fall within a larger clade 
comprising diverse members of the Gammaproteobacteria 
(Citrobacter koseri and Dickeya sp.) and Actinobacteria 
(Cellulomonas cellasea and Rhodococcus sp.) as opposed 

to forming a clade with the family Micromonosporaceae to 
which Salinispora belongs. "e 22 experimentally character-
ized AfsA homologues are restricted to one large clade in the 
phylogeny and distinct from the northern end of the tree, 
which contains the Salinispora Spt9 sequences (Fig. 3).

"e large number of Spt9 homologues suggests considerable 
potential for the discovery of new γ-butyrolactone- synthase- 
mediated chemical diversity (Fig. 3). New biosynthetic routes 
are supported by the diverse gene environments in which these 
Spt9 homologues are observed. For example, antiSMASH 5 
[75] analyses revealed that some Spt9 homologues are close 
to ketosynthase- and thiolase- encoding genes, suggesting 

Fig. 2. Distribution of Spt9 Pfam homologues across 27 000 bacterial genomes. Shaded taxa contain Spt9/AfsA Pfam03756 (A- factor 
biosynthesis hotdog domain- containing protein) homologues as determined using AnnoTree. The phylogeny is from the Genome 
Taxonomy Database. Scale bar indicates the mean number of amino acid substitutions per site. Pie charts show the proportion of 
genomes in each taxon with a Spt9 homologue, with the total number of hits indicated. Pie chart sizing is proportional to the percentage 
of hits out of the 1230 detected across all taxa.
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Fig. 3. Phylogeny and gene environments of AfsA and Spt9 homologues. Condensed maximum- likelihood phylogeny of the top Spt9 
homologues (403, black) and experimentally characterized AfsA homologues (22, red) linked to known molecules. The tree was calculated 
with a WAG+I+G+F ProtTest model with 500 replicates in RAxML; branches are labelled with bootstrap support. Scale bar represents the 
mean number of amino acid substitutions per site. Taxonomically coherent clades are collapsed with the number of sequences indicated 
in parentheses. The Pseudomonas sp. RIT357 Spt9 homologue was used as an outgroup. Gene neighbourhoods are drawn 5’ to 3’ and 
aligned with the Spt9 homologue (red); genes are coloured by COG function as annotated by JGI IMG/MER. Shaded rectangles indicate 
actinobacterial family or gammaproteobacterial class (see the key) with circles proportional to the number of sequences in each familial 
clade. Representative chemical structures are shown [γ-butyrolactones – salinipostin A from Salinispora tropica CNB-440, A- factor from 
Streptomyces griseus; furan – methylenomycin furan MMF-1 from Streptomyces coelicolor A3(2)] and bracketed numbers correspond to 
the AfsA homologues and their associated compounds in Fig. 1. Stars indicate salinipostin- like BGCs.
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they are part of larger polyketide synthase (PKS) gene clus-
ters. Among Salinispora strains, six Spt9 homologues were 
observed outside of the spt BGC. Two of these were observed 
in Salinispora oceanensis strains CNT-124 and CNT-584, each 
of which contains a spt9 gene in a type II PKS BGC in addition 
to the spt BGC. !e other four were observed in Salinispora 
fenicalii strains CNT-569 and CNR-942, which have spt9 gene 
homologues in both a type II PKS BGC and a butyrolactone 
non- ribosomal peptide synthetase (NRPS) BGC while lacking 
the spt BGC.
Despite incongruence with the species phylogeny, the gene 
environments surrounding some Spt9 homologues are 
conserved. For example, many Streptomyces and Kitasatospora 
species in the centre of the tree have a bprA homologue (dark 
pink) next to the spt9 homologues as required for A- factor 
biosynthesis in Streptomyces griseus (Fig.  3). !e three 
sequences that share the highest similarity to Spt9 in Salin-
ispora (observed in Streptomyces phaeofaciens, Dickeya sp. 
and Citrobacter koseri) also contain spt4 acyl carrier protein 
gene homologues (pale blue). Below the Salinispora Spt9 
clade, conservation of two 3- oxoacyl (acyl- carrier- protein) 
synthases (light green), an acyl carrier protein (light blue, spt4 
homologues), a hydrolase (pale yellow) and a 3- oxoacyl- (ac
yl- carrier- protein) reductase (light blue) is observed across 
taxonomically diverse Streptomycetaceae, Nocardiopsaceae, 
Nocardiaceae, !ermomonosporaceae, Pseudonocardiaceae 
and Streptosporangiaceae strains. At the bottom of the tree, 
the Spt9 homologue in the gammaproteobacterial outgroup 
Pseudomonas sp. RIT357 shares conserved genes with other 
diverse families of bacteria including Gammaproteobacteria, 
Nocardiaceae, Streptomycetaceae and Pseudonocardiaceae 
with a putative hydrolase of the haloacid dehydrogenase 
(HAD) superfamily (light yellow), a cytochrome P450 (light 
teal) and a MFS (major facilitator superfamily) protein trans-
porter (light yellow). While evidence of gene conservation 
around Spt9 homologues suggests some functional similari-
ties in the spt9 gene neighbourhoods across diverse bacterial 
families, the overall diversity of gene environments illustrates 
the potential for new routes of γ-butyrolactone, γ-butenolide 
and furan production among bacteria not known to produce 
these molecules.

Targeted search for spt-like BGCs
A number of spt9 gene neighbourhoods outside of Salinispora 
caught our attention due to similarities with the salinipostin 
BGC (Fig. 3). To search more thoroughly for spt- like BGCs 
among sequenced genomes, we searched for spt- like BGCs 
using ClusterScout [73], MultiGeneBlast [76] and string 
v11 [77]. !ese e)orts led to the identi*cation of 91 spt- like 
BGCs spanning six actinomycete families within the genera 
Nocardia, Gordonia, Tsukamurella, Mycobacterium, Dietzia, 
Streptomyces, Kitasatospora, Rhodococcus and Kutzneria 
(Fig. 4). All of these BGCs possess spt1, spt5, spt6, spt7 and 
spt9 homologues, with spt9 towards the 3ƍ end of the cluster 
as seen in Salinispora. Notably, none of these spt- like BGCs 
contain the +avin- dependent oxidoreductase spt8, whose 
role is unknown in salinipostin biosynthesis, and none of the 

spt- like BGCs have been linked to the small molecules they 
encode.
A maximum- likelihood phylogeny of the Spt9 homologues 
observed in spt- like BGCs clearly delineates them from the 
AfsA homologues linked to γ-butyrolactone, γ-butenolide 
and furan biosynthesis (Fig.  4). Compared with the nine 
gene salinipostin BGC identi*ed in Salinispora (Fig. S1), we 
observed gene reorganizations and fusions in other bacteria 
(Fig. 4). Most notably, spt2 and spt3 are fused across the large 
clade bracketed by Nocardia and Dietzia timorensis, as well 
as two Kutzneria species and *ve Streptomyces species at 
the most southern part of the tree. !is fusion is conserved 
across most BGCs except for those observed in Salinispora, 
four Streptomyces species and Rhodococcus rhodnii NRRL 
B-16535. A second gene fusion is observed between spt6 and 
spt9 in D. timorensis. Alignment of the spt2, spt3, spt6 and 
spt9 fused and individual genes reveals maintenance of the 
functional domains (Fig. S3). !ese gene fusions, also known 
as Rosetta gene fusions [90, 91], suggest a functional inter-
action between the encoded proteins in the biosynthesis of 
salinipostin- like γ-butyrolactone molecules. !e gene fusions 
could have arisen from the single- domain spt2, spt3, spt6 and 
spt9 genes in the Salinispora spt BGC and, thus, suggest some 
selective advantage for these co- localized biosynthetic genes 
to become fused.
Many of the spt- like BGCs di)ered in gene order compared 
to that observed in Salinispora, while others contained extra 
genes in the cluster including a nitroreductase (dark pink in 
Fig. 4). As noted, the +avin- dependent oxidoreductase spt8 
(Fig. S1) was unique to the Salinispora spt BGC, yet has no 
proposed function in salinipostin [68] or salinilactone [66, 67] 
biosynthesis. Similarly, some Streptomyces spt- like BGCs did 
not contain spt2 (AMP- ligase) and spt4 (acyl carrier protein) 
homologues, which are proposed to help load and carry 
the R2 aliphatic sidechain during salinipostin biosynthesis, 
respectively [68]. !ese observations suggest additional 
structural diversity remains to be discovered. Furthermore, 
two BGCs found in Kitasatospora cheerisanensis and Frankia 
sp. contained spt9 and spt2 homologues next to a type I PKS, 
suggesting a potential role in PKS BGC regulation as observed 
in methylenomycin biosynthesis [31]. We observed that some 
of the 91 spt- like BGCs occur in di)erent genomic locations 
within the same genus, which could support BGC migration 
or horizontal gene transfer. However, there is also evidence 
of vertical inheritance based on gene conservation in some 
strains. To investigate this further, we focused on the genus 
Salinispora, where BGC migration and transfer events have 
been previously reported [62].

The spt BGC in the genus Salinispora
!e salinipostin BGC (spt1–9) is highly conserved within the 
genus Salinispora [62]. Notably, only 5 of 118 strains with 
available genome sequences lack the spt BGC. !ese belong 
to the recently described species Salinispora fenicalii, Salin-
ispora goodfellowii and Salinispora vitiensis (Fig. S4a). At the 
species level, the spt BGC is commonly observed in the same 
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Fig. 4. Phylogeny of Spt9 homologues within salinipostin- like BGCs. The maximum- likelihood phylogeny was calculated with a 
WAG+I+G+F ProtTest model with 500 replicates in RAxML; branches are labelled with bootstrap support. The branch length scale bar 
represents the mean number of amino acid substitutions per site. Gene neighbourhoods are drawn 5′ to 3′ and aligned with the Spt9 
homologue (red). The names of AfsA homologues linked to the production of specific compounds are coloured in red. Gene fusions are 
shown with approximate transition points and neighbouring genes are coloured by COG function as annotated by JGI IMG/MER. Coloured 
rectangles indicate actinobacterial family or gammaproteobacterial class (see the key). Representative chemical structures are shown 
[γ-butyrolactones – A- factor from Streptomyces griseus, salinipostin A from Salinispora tropica CNB-440; γ-butenolide – SRB-1 from 
Streptomyces rochei; furan – methylenomycin furan MMF-1 from Streptomyces coelicolor A3(2)] and bracketed numbers correspond to 
the AfsA homologues and associated signalling molecule products in Fig. 1.
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genomic environment (Fig. S5) within previously de!ned 
genomic islands (GIs) [62, 92]. For example, it occurs in GI 
20 in Salinispora tropica [62] and GI 15 [62] in most Salin-
ispora arenicola and Salinispora paci!ca strains with notable 
conservation of upstream and downstream regions.
Variations in the spt BGC are observed in three Salinispora 
strains (Fig. S5). In Salinispora arenicola CNS-296, spt1–6 
and spt7–9 are split onto di"erent contigs and #anked by 
transposases. Targeted PCR ampli!cations of spt6 and the 
neighbouring transposase con!rmed that the BGC is indeed 
split (Fig. S6a). Attempts to amplify a region between spt7 
and the downstream hypothetical gene resulted in multiple 
PCR products likely due to multiple copies of the hypothetical 
gene in the Salinispora arenicola CNS-296 genome and were, 
thus, uninformative. However, primers spanning spt6–7 
resulted in a product that was 3.2 kb larger than what was 
observed from a contiguous BGC in Salinispora arenicola 
CNQ-884 (Fig. S6b). Sequences obtained from the ends of 
this amplicon mapped poorly to spt6 (67% identity) and 
better to spt7 (99% identity), providing additional support 
for an insertion between spt6–7 in the Salinispora arenicola 
CNS-296 spt BGC. It remains to be determined whether Salin-
ispora arenicola CNS-296 produces salinipostins. In contrast, 
the detection of spt genes on multiple contigs in Salinispora 
arenicola CNT-088 and Salinispora paci!ca CNS-143 is likely 
due to poor genome assembly [93]. $e hypothetical gene 
annotated between spt6–7 in Salinispora paci!ca CNS-143 is 
also likely an error given that PCR products spanning spt6–7 
in this strain and Salinispora arenicola CNQ-884, where the 
spt BGC is contiguous, yielded amplicons of the same size and 
with the same conserved spt6–7 domains (Fig. S6b).
While conservation of the spt BGC within Salinispora 
supports vertical inheritance, the Spt9 phylogeny (Figs S4b 
and S5) reveals incongruencies with the established Salinis-
pora species phylogeny [52, 62] (Fig. S4a) that are consistent 

with horizontal gene transfer. In one example, Spt9 sequences 
from Salinispora vitiensis CNS-055 and Salinispora cortesiana 
CNY-202 occur within the Salinispora oceanensis clade as 
opposed to outside of it (Figs S4 and S5). A more pronounced 
example is the placement of Salinispora tropica Spt9 sequences 
within the larger Salinispora arenicola clade, suggesting the 
former acquired the sequences from the latter. $is transfer or 
recombination event appears to have involved the entire BGC, 
since all Salinispora tropica Spt1–8 sequences share a similar 
phylogeny (Fig. S4b). As predicted, a concatenated phylogeny 
of Spt1–9 (Fig. 5a) is incongruent with the Salinispora species 
phylogeny (Fig. S4a) and supports a horizontal exchange 
of the BGC between Salinispora arenicola and Salinispora 
tropica. Mapping the geographical origin of these strains onto 
the tree reveals that all 12 Salinispora tropica and the 6 most 
closely related Salinispora arenicola sequences all originated 
from ocean sediments collected in the Bahamas and the 
Yucatán (Fig. 5b). A closer examination reveals that the two 
species co- occur at four of the !ve collection sites (Fig. S7). 
$is geographical proximity would provide opportunities for 
BGC horizontal gene transfer to occur.

DISCUSSION
Specialized metabolites that function as signalling molecules 
regulate important functional traits in bacteria. However, 
only a small number of bacterial signalling molecules have 
been identi!ed to date. $is may be because they are small in 
size, generally produced in low yields, and o&en lack activity 
in the bioassays commonly used to guide small molecule 
discovery. γ- Butyrolactones represent an important class of 
signalling molecules produced by Actinobacteria (Fig. 1). 
$e salinipostins, salinilactones, Sal- GBL1 and Sal- GBL2 
were recently reported from the marine actinomycete genus 
Salinispora [64, 66–68], and bear structural similarities to 
previously characterized actinomycete γ-butyrolactones. 

Fig. 5. Concatenated Spt1–9 phylogeny. (a) Coloured by Salinispora species. (b) Coloured by Salinispora strain isolation location. The 
maximum- likelihood tree was calculated in PhyML with a Smart Model Selection HIVb+G+I+F model and midpoint- rooting; branches 
have proportional circles representing aLRT branch support. Scale bar represents the mean number of amino acid substitutions per site.
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Linkage between the biosynthesis of these compounds and the 
γ-butyrolactone synthase Spt9 encoded by the salinipostin spt 
BGC led us to more broadly explore the potential for signal-
ling molecule production by assessing the distribution of this 
protein among sequenced bacterial genomes. Surprisingly, we 
detected Spt9 homologues across 12 diverse bacterial phyla, 
many of which are not known to produce γ-butyrolactones 
(Fig. 2). Despite the unexpectedly wide distribution of Spt9 
homologues, only 285 of the ~25 500 currently described 
microbial natural products in "e Natural Products Atlas [94] 
contain a γ-butyrolactone moiety. Of these, only 14 have been 
linked to their respective BGCs in the Minimum Informa-
tion about a Biosynthetic Gene cluster (MIBiG) repository 
[95] and only four of these, including the salinipostins in 
Salinispora, A- factor in Streptomyces griseus, SCB1-3 in Strep-
tomyces coelicolor A3(2) and lactonamycin in Streptomyces 
rishiriensis, contain an Spt9 homologue. "us, opportunities 
remain to identify the products of Spt9- containing BGCs and 
to establish formal links between these compounds and their 
biosynthetic origins. Our results suggest that the production 
of γ-butyrolactones and related compounds may be more 
common than previously recognized.
A phylogenetic tree of the top 403 Spt9 homologues, 
including experimentally characterized AfsA homologues, 
showed that the associated γ-butyrolactone, γ-butenolide and 
furan signalling molecules are restricted to a clade that is 
distinct from the majority of uncharacterized Spt9 sequences 
(Fig. 3). "e Spt9 tree also showed major incongruencies 
with recognized actinobacterial and gammaproteobacterial 
classi#cation, suggesting extensive horizontal gene transfer. 
"e genomic environments around the Spt9 homologues 
were diverse, suggesting the potential production of consid-
erable chemical diversity. It remains to be seen whether 
all of these Spt9 homologues catalyse γ-butyrolactone 
synthase- like reactions, especially when they are distantly 
related to experimentally characterized AfsA homologues. 
Heterologous expression to determine whether these Spt9 
homologues perform the canonical AfsA condensation 
reaction that assembles a fatty acid ester (ȕ-ketoacyl- DHAP 
ester) intermediate is a next step towards establishing their 
functionality [15].
Surprisingly, we discovered a large clade of Spt9 homologues 
in the genus Nocardia that occurred in operons with similar 
structure to the Salinispora spt BGC (starred in Fig. 3). To 
date, no small molecules isolated from Nocardia spp. have 
been linked to these BGCs. Di$erences between the Salin-
ispora spt BGC and the 91 spt- like BGCs observed both in 
Nocardia and other genera (Fig. 4) include the absence of 
spt8 (a %avin- dependent oxidoreductase) and gene organiza-
tion, with spt7 occurring a&er spt9. Several spt- like BGCs also 
have an additional nitroreductase gene between spt9 and spt7 
(Fig. 4), suggesting the production of a γ-butyrolactone with 
a reduced nitrogen or nitro functional group. Other spt- like 
BGCs lack the AMP- ligase spt2 and the acyl carrier protein 
spt4, suggesting the products may lack the extended aliphatic 
sidechain observed in the salinipostins. "ese variations 
further support the production of new chemical diversity 

and provide opportunities to link structural changes to BGC 
evolution.
Also of note are the spt2–spt3 and spt6–spt9 gene fusions 
observed in the genera Nocardia, Gordonia, Tsukamurella, 
Mycobacterium, Dietzia and Streptomyces. Both pairs of 
fused genes appear functional based on the maintenance 
of conserved functional domains (Fig. S3). D. timorensis is 
the only strain with both spt2–spt3 and spt6–spt9 fusions, 
and is sister to the large clade containing the other gene 
fusions. Protein fusions can arise when clustered genes are 
co- transcribed and co- translated, providing evidence of 
functional interaction and, perhaps, a selective advantage 
over individual proteins [90, 91, 96]. "e gene fusions 
observed in the spt- like BGCs appear to represent the evolu-
tion of more complex, multifunctional proteins in these 
strains. "e spt2–spt3 and spt6–spt9 gene fusions are similar 
to recently described multi- domain enzyme fusions in the 
desferrioxamine (des) BGC, where they are hypothesized to 
contribute to chemical diversi#cation [96]. Two additional 
fusions involving an AfsA/Spt9 homologue were observed 
within trans- AT PKS modules associated with gladiofungin 
and gladiostatin biosynthesis, where AfsA functions for 
unprecedented o'oading and butenolide formation [97, 98]. 
Identifying unusual gene fusions such as these represents 
an exciting new avenue for genome- mining- driven natural 
product discovery [96, 99].
Conservation of the spt BGC in the 116 Salinispora genomes 
examined here suggests it was present in a common ancestor 
of the genus. Yet, the Salinispora spt phylogeny is incongruent 
with the established species phylogeny (Figs 5a and S4). "ese 
incongruencies are likely due to horizontal gene transfer 
events, which have been identi#ed as important avenues of 
BGC transfer and diversi#cation, especially in Actinobacteria 
[100]. "e most apparent of these events is represented by the 
clustering of the Salinispora tropica Spt9 sequences within the 
Salinispora arenicola clade. All 12 Salinispora tropica Spt1–9 
sequences share the same evolutionary history (Fig. S4), 
providing evidence that the horizontal gene transfer a$ected 
the entire spt BGC (Fig. 5a). Co- localization of Salinispora 
tropica and Salinispora arenicola in Bahamian and Yucatán 
sediments provides spatial opportunities for these exchange 
events to occur (Figs  5b and S7). BGC exchange is well 
documented in the genus Salinispora and has been linked 
to gene gain, loss, duplication and divergence in lineage- 
speci#c patterns [62, 84, 101]. It remains unknown whether 
the Salinispora arenicola spt locus that appears to have 
replaced the ancestral version or been acquired de novo in 
Salinispora tropica provides a selective advantage or a$ects the 
compounds produced. "e apparent interspecies exchange of 
spt adds to growing evidence that this process occurs between 
both closely and distantly related bacteria, as seen in the 
granaticin, coronafacoyl phytotoxins, tunicamycin, foxicin, 
antimycin, streptomycin and bicyclomycin BGCs [100]. 
Overall, acquisition of the spt BGC by Salinispora tropica 
highlights the importance of understanding the functional 
roles of its products and the e$ects of these exchange events 
on population and species- level dynamics.
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!e spt BGC has been linked to the production of both the 
salinipostins A–K [63, 64, 68], Sal- GBL1 and Sal- GBL2 [68], 
and the salinilactones A–H [66, 67], which share structural 
similarities to the A- factor family of γ-butyrolactone signal-
ling molecules. Additionally, Salinispora arenicola and Salinis-
pora paci!ca produce two additional AHLs that have yet to be 
linked to their biosynthetic origins [102]. AHLs are the most 
common class of autoinducer signalling molecules produced 
by Gram- negative bacteria; thus, Salinispora appears to 
employ both γ-butyrolactone and homoserine lactone signal-
ling molecules. While further studies are needed to under-
stand the ecological functions of the spt products, there is 
evidence that lactone signalling molecules a"ect microbial 
community organization and function [103], and can elicit 
specialized metabolite production [40, 104, 105]. !us, the 
small molecule products of spt BGCs may regulate the expres-
sion of other biosynthetic pathways in Salinispora. In support 
of this, spt9 was detected within Salinispora PKS and NRPS 
gene clusters. !is is reminiscent of the methylenomycin 
BGC in Streptomyces coelicolor A3(2), where methylenomycin 
furan (MMF) signalling molecules induce methylenomycin 
production [106]. Additionally, we identi#ed an spt- like 
BGC neighbouring the recently identi#ed cyphomycin PKS 
BGC in a Brazilian Streptomyces sp. ISID311 isolated from 
the fungus- growing ant Cyphomyrmex sp. [107]. None of the 
genes in this spt- like BGC have been linked to cyphomycin 
biosynthesis [107], which suggests they encode a di"erent 
small molecule that may have a regulatory role. !e recently 
reported total synthesis of salinipostin [108] and the identi#-
cation of molecules from orphan spt- like BGCs could support 
future studies to explore the roles of signalling compounds in 
regulating actinomycete specialized metabolism.
Our results reveal unexplored biosynthetic potential related 
to γ-butyrolactone signalling molecules in bacteria. !e 
γ-butyrolactone synthase spt9 is broadly distributed among 
diverse bacteria and observed in a wide range of gene envi-
ronments suggesting the potential for unrealized chemical 
diversity. Experimentally characterized γ-butyrolactone, 
γ-butenolide and furan BGCs are largely restricted to the 
genus Streptomyces, yet spt- like BGCs are observed among 
bacterial genera that are not widely recognized for the 
production of signalling molecules. Evidence of gene fusions 
and gene gain/loss in the newly described spt- like BGCs 
suggest that new chemical diversity awaits discovery within 
this unusual class of compounds.
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    1       2      3  4 5  6  7  8  9

3 kbSpt1: Phosphoenolpyruvate synthase  (pfam00391; pfam01326) 
Spt2: AMP-ligase  (pfam00501) 
Spt3: Nucleotidyltransferase
Spt4: Acyl carrier protein  (pfam00550)
Spt5: Thiolreductase  (pfam07993)
Spt6: Nucleoside diphosphate kinase  (pfam00334)
Spt7: UbiA-type prenyltransferase  (pfam01040)
Spt8: Flavin-dependent oxidoreductase, luciferase family  (pfam00296)
Spt9: y-butyrolactone synthase, AfsA  (pfam03756)

Salinipostin (spt) BGC as described in Amos et al. 2017. PNAS.  

Figure S1.

Figure 4.S1. Organization and functional annotation of the Salinispora salinipostin spt gene 
cluster. Pfam characterizations for the nine spt genes (1-9) are given in parentheses. The 
structure of salinipostin A is shown.  
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Figure 4.S2. Expanded phylogenetic tree of the top 403 Spt9 homologs (black) and 
22 experimentally characterized AfsA homologs (red).  

The RaxML maximum likelihood tree was calculated with a WAG+I+G+F ProtTest 
model with 500 replicates; branches are labeled with bootstrap support. Gene 
neighborhoods are drawn 5’ to 3’ for one representative taxa in each monophyletic 
clade and aligned with the Spt9 homolog (red); genes are colored by their COG 
function as annotated by JGI IMG/MER. Shaded rectangles indicate 
Actinobacterial family or Gammaproteobacterial class (see legend). Representative 
chemical structures are shown (g-butyrolactones: salinipostin A from Salinispora 
tropica CNB-440, A-factor from Streptomyces griseus; furan: methylenomycin 
MMF-1 from Streptomyces coelicolor A3(2)) and bracketed numbers correspond to 
the AfsA homologs and their associated compounds in Figure 4.1. Stars indicate 
salinipostin-like BGCs.  
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A.

B.

Figure S3.

Figure 4.S3. Alignment of fused and individual Spt sequences.  

A) Fused Spt2-3 protein sequences aligned with individual Spt2 and Spt 3 sequences from 
Salinispora tropica CNB-440 and Streptomyces sp. PRh5. Conserved regions are in green on 
the identity graph and colored by amino acid residue. The fused Spt2-3 proteins have 
conserved residues in the Spt2 and Spt3 functional domains (as predicted by the NCBI 
Conserved Domain Database tool, E-value cutoff 0.1).   

B) Fused Spt6-9 protein sequence from Dietzia timorensis ID05-A0528 aligned with 
individual Spt6 and Spt9 sequences from Mycobacterium sp. WY10, Tsukamurella sp. 1534, 
and Nocardia carnea NRRL B-1997. Conserved regions are in green on the identity graph 
and colored by amino acid residue. The fused Spt6-9 protein in Dietzia timorensis ID05-
A0528 includes both functional domains and conserved sequence similarity to the 
individual Spt6 and Spt9 proteins (as predicted by the NCBI Conserved Domain Database 
tool, E-value cutoff 0.01). 
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Figure S4.

Figure 4.S4. Salinispora species and Spt1-9 phylogenies.   

A) Maximum likelihood phylogenetic tree of 11 single-copy, concatenated proteins (DnaA, 
GyrB1, GyrB2, PyrH, RecA, Pgi, TrpB, AtpD, SucC, RpoB, and TopA) from 118 
Salinispora genomes as reported in Ziemert et al. 2014. The PhyML tree was midpoint 
rooted and calculated with a Smart Model Selection AIC HIVb+G+I+F amino acid model; 
branches are labeled with aLRT support. Taxa lacking spt are in black and those with the 
spt BGC are colored by species as indicated in the legend.   

B) Individual maximum likelihood phylogenetic trees for Spt1-9 amino acid sequences 
from 116 Salinispora strains. The PhyML trees were midpoint-rooted and calculated with a 
Smart Model Selection for each salinipostin protein: Spt1 (HIVb+G+I+F), Spt2 
(Flu+G+I+F), Spt3 (HIVb+G+I+F), Spt4 (JTT+G), Spt5 (HIVb+G+I+F), Spt6 
(HIVb+G+F), Spt7 (HIVb+G+I+F), Spt8 (HIVw+G+I+F), Spt9 (JTT+G+I+F); branches 
are labeled with their aLRT support. Taxa are colored by species as indicated in the 
legend.  
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Figure 4.S5. Salinispora Spt9 phylogeny and gene cluster neighborhoods.  

Maximum likelihood tree for Spt9 amino acid sequences from 116 Salinispora strains with 
the spt BGC was calculated with a JTT+I+G ProtTest model with 500 replicates in 
RaxML; branches are labeled with bootstrap support. Spt9 homologs in non-Salinispora 
bacteria were used as outgroups. Brackets on the left indicate genomic island (GI) locations 
of the spt BGC. Taxa are colored by species (see key). Gene neighborhoods are drawn 5’ to 
3’ and aligned with the Spt9 homolog (red). Neighboring genes are colored as per 
MultiGeneBlast only if they share homology to genes in the Salinispora tropica CNB-440 
spt BGC contig; white indicates no homology to genes in the S. tropica CNB-440 spt BGC 
contig. Stars indicate BGCs in which variations from the canonical spt BGC were 
observed.  
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Figure 4.S6. Targeted PCR of Salinispora spt BGC variants.   

A) The spt BGC in S. arenicola CNS-296 was observed on two contigs. Primer sets A (6F, 
6dntransR) and B (6F, 6dntrans-IGR_R), which span spt6 and the neighboring transposase 
gene, successfully amplified ~1400bp and ~3500bp products (gel image, lanes 1A and 1B, 
respectively), from S. arenicola CNS-296 (expected product size in parentheses). These 
primers failed to yield a product from S. arenicola CNQ-884, which possesses a contiguous 
spt BGC (gel image, lanes 2A and 2B, respectively). The light blue coverage graph indicates 
coverage of 8 PCR product sequences mapped to the reference genome and the identity 
graph shows mean pairwise identity over all mapped sequences (green: 100% identity; 
yellow: between 30%-99% identity; red: below 30% identity).   

B) Primer pair C targeting spt6-7 amplified an ~5kb product in S. arenicola CNS-296 (gel 
images, lane 1C). Sequencing from the 5’ and 3’ ends (900bp each) mapped back to spt6 
(poorly, 67% identity) and spt7 (99% identity) indicating an ~3.2kb insertion between spt6 
and spt7. Primer pair C amplified similarly sized contiguous spt6-7 products (~1,600bp) in 
both S. arenicola CNQ-884 (gel images, lane 2C) and S. pacifica CNS-143 (gel images, lane 
3C). The sequences contained identical spt6-7 sequence length and conserved domains 
indicating that the hypothetical gene between spt6 and spt7 in S. pacifica CNS-143 might be 
a genome assembly or annotation artifact. Coverage and identity graphs of mapped 
sequences is the same as described above.  
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S. tropica
S. arenicola

Figure S7.

Figure 4.S7. Co-occurrence of S. tropica and S. arenicola strains.  

Circles indicate geographic areas within the Bahamas and the Yucatán from which the 18 
Salinispora tropica and S. arenicola strains that are most closely related in the Spt1- 9 
phylogeny (Figure 4.S5) were isolated. The total number of strains are indicated with pie 
charts showing the proportion of each species; two strains are not shown as exact collection 
location coordinates in the Bahamas are not known for S. tropica strains CNT- 250 and 
CNT-261.  
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Supplemental Tables. 

 

Table S1.  NCBI GenBank Accession numbers for the spt6-7 PCR products as 

described in Figure S6.  

Sequence Name 
NCBI 
GenBank  
Accession 

Description Corresp. 
Figure 

SaCNS296_spt6-transp_1A MW321490 

PCR-amplified region 
from spt6 to 
transposase using 
primers 6F and 
6dntransR, sequenced 
from both sides, partial 
CDS. 

Figure S6-A, 
1A 

SaCNS296_spt6-transp_1B MW321491 

PCR-amplified region 
from spt6 to 
transposase using 
primers 6F and 
6dntransR-IGR_R, 
sequenced from 
6dntransR-IGR_R side; 
partial CDS. 

Figure S6-A, 
1B 

SaCNS296_spt6_6F-7R_1C MW321492 

PCR-amplified spt6-7 
using primers 6F and 
7R sequenced from 
spt6 side; partial CDS. 

Figure S6-B, 
1C 

SaCNS296_spt6_7R-6F_1C MW321493 

PCR-amplified spt6-7 
using primers 6F and 
7R sequenced from 
spt7 side; partial CDS. 

Figure S6-B, 
1C 

SaCNQ884_spt6-7_6F-7R_2C MW321494 

PCR-amplified spt6-7 
using primers 6F and 
7R sequenced from 
both sides; partial CDS. 

Figure S6-B, 
2C 

SpCNS143_spt6-7_6F-7R_3C MW321495 

PCR-amplified spt6-spt 
hypothetical gene-spt7 
using primers 6F and 
7R sequenced from 
both sides; partial CDS. 

Figure S6-B, 
3C 

  

Table 4.S1. NCBI GenBank Accession numbers for the spt6-7 PCR products as described 
in Figure 4.S6.  
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Supplemental Datasets. 

 

Dataset S1. List of all sequence datasets with relevant accession information used in 

this paper’s analyses.  

Sheet/Tab 1: Fig1_AnnoTree_hits_genes: Number of Spt9 (pfam PF03766) 

genome hits identified by AnnoTree across Phyla, Class, Order, Family, Genus, and 

Species; the proportion of all hits and the number of genomes in each clade were used 

to draw and scale the pie charts of Figure 2. Also listed is the Gene ID, GTDB ID, and 

protein sequence of all genome hits. 

Sheet/Tab 2: 403_spt9homolog_IMGgeneinfo: List of all 403 Spt9 homolog 

sequence information (including locus tag, gene product name, genome ID, genome 

name, Genbank accession, amino acid sequence length, scaffold ID, scaffold external 

accession, scaffold length, scaffold GC%, and Pfam). Corresponds to Figure 3 and 

Figure S2. 

Sheet/Tab 3: 22_known_afsAhomologs: List of 22 characterized AfsA 

homologs belonging in the gamma-butyrolactone, furan, gamma-butenolide, and ‘other’ 

class of signaling molecules; corresponds to Figure 1. Information includes gene locus 

tag, gene symbol/name, molecule linked to gene if known, genome strain, NCBI protein 

accession, JGI Gene ID, JGI genome ID, and gene product name.  

Sheet/Tab 4: 152_spt-likeBGCs: List of all 152 Spt9 homologs identified within 

Spt-like BGCs and additional homologs using for building the tree in Figure 4. Gene 

information includes JGI gene ID, locus tag, gene product name, JGI genome ID, 
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genome name, start coordinate, end coordinate, strand, DNA sequence length, amino 

acid length, scaffold ID, scaffold external accession, scaffold GC %. 

Sheet/Tab 5: 11_MLST_Salinispora: List of 119 Salinispora species strain 

DnaA, GyrB1, GyrB2, Pgi, TrpB, SucC, RecA, PyrH, TopA, AtpD, RpoD JGI gene ID 

accessions for Figure S4-A.  

Sheet/Tab 6: Spt1_Salinispora_116: List of all 116 Spt1 Salinispora gene 

sequence information for Figure 5 and S4-B (including JGI gene ID, locus tag, gene 

product name, JGI genome ID, genome name, start coordinate, end coordinate, strand, 

DNA sequence length, amino acid sequence length, scaffold ID, scaffold external 

accession name, and pfam). 

Sheet/Tab 7: Spt2_Salinispora_116: List of all 116 Spt2 Salinispora gene 

sequence information for Figure 5 and S4-B (included information is the same as Spt1). 

Sheet/Tab 8: Spt3_Salinispora_116: List of all 116 Spt3 Salinispora gene 

sequence information for Figure 5 and S4-B (including JGI gene ID, locus tag, gene 

product name, JGI genome ID, genome name, start coordinate, end coordinate, strand, 

DNA sequence length, amino acid sequence length, scaffold ID, and scaffold external 

accession name). 

Sheet/Tab 9: Spt4_Salinispora_116: List of all 116 Spt4 Salinispora gene 

sequence information for Figure 5 and S4-B (included information is the same as Spt1). 

Sheet/Tab 10: Spt5_Salinispora_116: List of all 116 Spt5 Salinispora gene 

sequence information for Figure 5 and S4-B (included information is the same as Spt1). 

Sheet/Tab 11: Spt6_Salinispora_116: List of all 116 Spt6 Salinispora gene 

sequence information for Figure 5 and S4-B (included information is the same as Spt1). 
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Sheet/Tab 12: Spt7_Salinispora_116: List of all 116 Spt7 Salinispora gene 

sequence information for Figure 5 and S4-B (included information is the same as Spt1). 

Sheet/Tab  13: Spt8_Salinispora_116: List of all 116 Spt8 Salinispora gene 

sequence information for Figure 5 and S4-B (included information is the same as Spt1). 

Sheet/Tab 14: Spt9_Salinispora_116: List of all 116 Spt9 Salinispora gene 

sequence information for Figure 5 and S4-B (included information is the same as Spt1). 
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CHAPTER 5.  Characterization of micro- and macroscale 

genomic and biosynthetic gene cluster diversity in the marine 

actinomycete genus Salinispora 
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5.1 Abstract 

 

 Marine sediments contain some of the highest predicted abundances of bacterial cells on 

Earth. Even individual sand grains can harbor over 100,000 bacterial cells, and thus competition 

for resources and complex community interactions likely affect the population structure of 

individual bacterial species. However, we do not understand how the natural products produced 

by community members influence community structure on a close spatial scale. The marine 

obligate actinobacterial genus Salinispora is a model system for studying these patterns across two 

different spatial scales. On the “macroscale”, Salinispora have been isolated from marine seaweed, 

coral, and sediments from worldwide locations and there is some understanding of their 

distributions at this scale. Yet we do not know the fine scale spatial distribution of Salinispora in 

marine sediments. To study the spatial effects on chemical innovation at the population scale in 

Salinispora, we selectively isolated 176 and whole-genome sequenced 99 “microscale” 

Salinispora strains from a 1-meter2 marine sediment quadrant in Fiji. Three species of 

Salinispora—S. arenicola, S. pacifica, and S. oceanensis— were isolated from 16 sub-quadrants, 

and comparative genomics revealed that the microscale genomes accounted for most of the 

currently known S. arenicola species diversity and were not clonal. The microscale Salinispora 

had diverse morphologies with S. arenicola showing signs of intraspecies diversification, which 

was supported by the diverse assemblage of biosynthetic gene clusters detected. We captured new 

examples of BGCs previously rare in the Salinispora genus and unique BGCs found only in the 

microscale Salinispora genomes, thus contributing to our understanding of how intraspecies 

divergence and microscale population dynamics could be contributing to chemical diversity. 

Overall, we effectively doubled the collection of whole-genome sequenced Salinispora, which will 
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facilitate future evolutionary investigations into patterns driving chemical and bacterial speciation 

along with new bioactive compound discovery.  

 

5.2 Introduction 

 

 Bacteria have been discovered in all environments on earth and perform important 

ecosystem functions from biogeochemical cycling, climate regulation, symbioses, and plant, 

agricultural, animal, and human health (van der Meij et al., 2017; Cavicchioli et al., 2019; 

Flemming and Wuertz, 2019). In terms of abundance, estimates for the total number of microbial 

cells on earth are astronomical, as microbial cells are believed to exist in places we’ve yet to 

uncover them and likely exist in complex biofilms miles deep below the surface of the earth 

(Flemming and Wuertz, 2019). Recent estimates predicted that there are 0.2, 1 and 1.3 x 1026 

bacterial cells in animal hosts, plant hosts, and freshwater systems, respectively (Lloyd et al., 

2018). In contrast, marine sediments, soil, and terrestrial subsurface are predicted to have more 

than 2,000 times the amount of cells (2900, 2560, and 2500 x 1026) respectively, making marine 

sediments one of the most microbially rich ecosystems (Lloyd et al., 2018). These estimates were 

recently expanded upon with the incredible discovery that a single marine sediment sand grain can 

harbor as many as 100,000 individual bacterial cells belonging to several thousand bacterial 

species (Probandt et al., 2018)—multiply that by the amount of marine sediment worldwide and 

the number of bacteria is astounding.  The bacterial diversity and abundance on a single marine 

sediment sand grain begs the question at what scale important biogeochemical functions are 

occurring, and at what levels we can accurately capture complex bacterial community 

composition, especially with culture-dependent methods.  
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 These findings have important implications for investigating the evolutionary diveristy of 

bacteria. Culture-dependent methods from marine sediments may only capture 3% of the bacterial 

community, however, the isolates from a community that can be cultured in the lab can include 

rare community members that culture-independent approaches miss (Demko et al., 2021). 

Additionally, to understand bacterial evolutionary dynamics, whole-genomes (Undabarrena et al., 

2021), re-sequencing approaches mapped to reference genome strains (Harden et al., 2015; 

Creamer et al., 2017; Hamdallah et al., 2018), or genome-resolved metagenomic analyses (Chen 

et al., 2020) are necessary. In marine sediments, the marine obligate genus Salinispora can serve 

as a model system for investigating these dynamics, especially through the lens of specialized 

metabolite production.  

The bacterial taxon Salinispora was the first widespread obligate marine actinomycete 

genus to be described (Mincer et al., 2002; Maldonado et al., 2005). To date, hundreds of 

Salinispora strains have been isolated from marine sediments (Mincer et al., 2002, 2005; Jensen 

et al., 2005), marine seaweed (Jensen et al., 2005), and marine sponges (Kim et al., 2005; Vidgen 

et al., 2012). Salinispora are slow-growing, aerobic, Gram-positive actinomycetes that have 

branching, filamentous substrate mycelia and form black non-motile spores after extended growth 

in agar and liquid culture media (Maldonado et al., 2005). Next-generation sequencing technology 

was used to sequence 118 Salinispora genomes (Millán-Aguiñaga et al., 2017) and subsequent 

whole-genome average nucleotide identity (ANI) analyses revealed that the Salinispora genus 

includes nine species: Salinispora tropica, S. arenicola, S. pacifica, S.mooreana, S. cortesiana, S. 

fenicalii, S. vitiensis, S. goodfellowii, and S. oceanensis (Román-Ponce et al., 2020). 

In-depth phylogenomic comparisons of Salinispora species isolated from worldwide ocean 

sediments uncovered that Salinispora have an incredible specialized metabolite biosynthetic 
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potential (Udwary et al., 2007; Penn et al., 2009; Ziemert et al., 2014; Letzel et al., 2017). Early 

isolation and characterization efforts found that Salinispora had promising bioactivities typically 

associated with other prolific Actinomycetia (formerly Actinobacteria) (Salam et al., 2020) 

metabolite producers in the genus Streptomyces as Salinispora chemical extracts contained 

significant cancer cell cytotoxicity, antibiotic, and antifungal properties (Mincer et al., 2002). 

Salinispora species produce specialized metabolites in species-specific patterns (Jensen et al., 

2007) including molecules like the proteasome inhibitor salinosporamide A in S. tropica (Feling 

et al., 2003) and the RNA-polymerase-targeting antibiotic rifamycin in S. arenicola (Kim et al., 

2006), among many other exciting small molecules produced by different Salinispora strains 

(Jensen et al., 2015). Complementing continued chemical work to isolate new compounds, 

Salinispora genome sequences have facilitated an in-silico genome-mining approach to predict 

specialized BGC operons. Each Salinispora strain harbors 15-30 BGCs (Ziemert et al., 2014; 

Letzel et al., 2017; Chase et al., 2021). These BGCs may be silent (the BGC is not expressed and 

associated molecule is not observed) or cryptic (a molecule is observed but not linked to a BGC) 

(Ziemert et al., 2014; Letzel et al., 2017).  

Salinispora BGCs are largely clustered in genomic islands (Penn and Jensen, 2012). The 

presence of core BGCs common to individual Salinispora species and the existence of unique 

BGC singletons/doublets in some strains indicates that their small molecule products are a major 

factor in the evolution and speciation of Salinispora (Fischbach et al., 2008; Penn et al., 2009; 

Ziemert et al., 2014; Jensen, 2016; Letzel et al., 2017). Genomic evidence shows that BGCs persist 

through vertical inheritance; for example, 1) some BGCs are only found within certain Salinispora 

species sharing a conserved genomic neighborhood, and 2) some BGCs were present in the most 

recent common ancestor of Salinispora with moderate differences across species and strains likely 
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due to the effects of natural selection and divergence over time (Letzel et al., 2017; Chase et al., 

2021). However, there is also striking evidence that many of the rare BGCs in Salinispora have 

been subject to migration, replacement, degradation, exchange, and horizontal transfer as there are 

1) BGCs that are unique to strains and species indicating recent acquisition, 2) different BGCs that 

are present in the same genome environment appear to produce compounds with similar ecological 

roles, and 3) a small number of BGCs show evidence of genomic island migration and degradation 

indicating that they are under selection and contributors to adaptive genomic flux (Penn et al., 

2009; Bruns et al., 2017; Letzel et al., 2017). The salinipostin BGC would be one such example 

and was  the subject of Chapter 4 of this thesis (Creamer et al., 2021). 

While the previous evolutionary analyses of Salinispora and its BGCs have focused on 118 

strains isolated from worldwide “macroscale” marine sediment samples, the goal of this chapter 

was to isolate, genome-sequence, and characterize the biosynthetic potential of a new “micro-

scale” collection of Salinispora genomes. These “microscale” Salinispora strains were isolated 

from a 1 m2 sediment quadrant, split into 16 sub-quadrants, adjacent to a coral reef in Fiji. To the 

best of our knowledge, there have been no prior studies that have used comparative genomics to 

assess biosynthetic potential at these spatial scales. Additionally, we report the putative presence 

of plasmids in Salinispora, which could be a mechanism by which BGCs and other gene content 

are shared between and across species. The creation of this microscale Salinispora genome 

collection will allow us to evaluate if there is evidence of BGC exchange between Salinispora 

strains mediated by close proximity. 
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5.3 Methods 

 

5.3.1 Sampling and selective isolation of Salinispora. 

 All marine sediment samples were collected as previously described (Demko, 2021). 

Briefly, samples were collected around Nacula Island, Fiji via SCUBA in June of 2017 by Alyssa 

M. Demko and Paul R. Jensen (Figure 5.1). At sampling site 4, the fine scale sampling of a 1 m2 

quadrant, divided into 16 even segments (4 x 4), was performed next to a reef area. Surface 

sediment from each of the 16 sections was collected into Whirl-pak (Nasco) bags denoting their 

location within the quadrat. Site 4, named “Off Honeymoon Island", characteristics included:  

10.36m depth; Latitude 16° 53.578 S; Longitude 177° 23.076’ (E); coarse calcareous sediment, 

Halimede rubble, next to small reef. Sediment samples were stored in a cooler following collection, 

frozen upon returning to shore (20°C), and kept frozen until processing in San Diego, CA. 

 To selectively culture Salinispora, 1g chunks of frozen sediment from each of the 16 sub-

quadrant Whirl-pak bags were placed in sterile petri dishes and dried over the weekend in a laminar 

flow hood. Sterile sponges wetted with sterile seawater were used to stamp sediment onto two 

different types of agar plates: A1 (10g/L starch; 4g/L yeast extract; 2g/L peptone; 22g/L Instant 

Ocean; 16g/L agar; 1L diH2O; autoclaved and cycloheximide added for a final concentration of 

100µg/mL) and SWA (22g/L Instant Ocean, 16/L agar; 1L diH2O; autoclaved and cycloheximide 

added for a final concentration of 100µg/mL) (Figure 5.1). The stamping was performed in a spiral 

pattern where no stamp covered the previous stamp, as to dilute from a single stamp (Figure 5.1). 

Per sub-quadrant sample, 4 plates of each A1 and SWA media were stamped (128 total plates). 

Plates were incubated at room temperature and monitored for over 2 months for signs of 
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actinomycete-like growth (Figure 5.1). Single colonies were selectively isolated by re-streaking 

onto clean plates of the same media type. All isolates were tracked to know what sub-quadrant and 

media type it was isolated from. The first round resulted in over >600 isolates; 30 from A1 media 

and ~600 from SWA media. Isolates went through two rounds of purification to make sure they 

were single cultures. Obligate salt-water growth assays were performed using split-petri plates 

with one side containing A1 with full strength seawater and the other side with A1 prepared with 

deionized water (Figure 5.1). This helped to selectively target orange colonies that could only 

grow in the presence of saltwater, which indicated that they could be Salinispora.  

 

5.3.2 Putative species identification with colony PCR. 

 Bacterial isolates that had been passaged at least 2 times were analyzed with colony PCR 

to putatively identify the species with 16S rRNA gene primers (Figure 5.1). Briefly, a single 

colony was suspended in 10µL of sterile DMSO. PCR amplification reactions were assembled as 

follows: 12.5µL GoTaq Green Mastermix; 1.25µL each FC127 (5’-

AGAGTTTGATCCTGGCTCAG-3’) and RC1492 (5’- TACGGCTACCTTGTTACGACTT-3’) 

primer (each stock at 10µM); 1µL DMSO, 8µL ddH2O, and 1µL of colony DNA/DMSO mixture. 

Reactions were run with the following settings: initial denaturation at 95°C for 3 min followed by 

35 cycles of 95°C for 45 s, 60°C for 45 s, and 72°C for 120s; followed by a 5 min extension at 

72°C.  Amplification products were analyzed by gel electrophoresis on a 0.8% agarose TAE gel, 

run at 95V for 30minutes in 1X TAE; with a 1 kb GeneRuler Plus ladder; and 6x loading dye (New 

England Biosciences) and SYBR Green I nucleic acid gel stain (Life Technologies) added to each 

sample. Successful PCR products with a length of ~1500bp were cleaned and purified with the 

Qiagen PCR cleanup kit. From 225 total reactions that were sent to Eton Bioscience (San Diego, 
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CA) for sequencing from both primer directions, 91% were successful, capturing the entire 

~1,400bp targeted 16S rRNA region. Each pair of sequences were trimmed, aligned with Geneious 

(Kearse et al., 2012), manually inspected, and the consensus sequence was run with NCBI BLAST.  

 To assess the diversity of the 16S rRNA identified isolates, we calculated a phylogenetic 

tree of all Salinispora 16S sequences using MUSCLE (Edgar, 2004) for alignment, jModelTest 

2.1.4 for model selection (Darriba et al., 2012), RAxML (Stamatakis, 2014) for tree calculation, 

and FigTree (Rambaut, 2016) for visualization. Additionally, manual inspection of alignments of 

all microscale Salinispora 16S rRNA sequences in Geneious (Kearse et al., 2012) was performed 

to identify SNP (single nucleotide polymorphisms).    
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Figure 5.1. Sampling and selective isolation of microscale Salinispora workflow. 
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5.3.3 Cultivation and extraction for whole-genome sequencing, plasmids, and 
metabolomics.  

 We selected 5-6 microscale Salinispora strains from each of the 16 sub-quadrants to culture 

in larger volumes for DNA and plasmid extractions, cryo-preservation, and metabolomic analyses. 

Briefly, each microscale Salinispora strain was grown (inoculated from the original 2mL frozen 

cryovial) in 60mL of A1 75% seawater liquid media (10 g/L soluble starch (Affymetrix), 2 g/L 

peptone (Fischer Scientific), 4 g/L yeast extract (Fischer Scientific), 22 g/L instant ocean mix 

(Marineland) in 1L DI water; 14g/L of agar added for solid plate media) at 28°C at 230rpm with 

glass beads until they reached exponential cell density. Cultures were checked daily to watch for 

signs of contamination; cultures averaged 1-2 weeks to reach exponential phase (cell biomass 

assessed by eye and color of culture). At each point where we interacted with the culture, purity 

plates were used to ensure nothing became contaminated. When the cells were ready to harvest, 

18mL of dense culture was mixed with 6-6.5mL of 50% glycerol/seawater for cryovial 

preservation; 4 x 1mL cultures were aliquoted and centrifuged as cell pellets for DNA extraction; 

8 x 2mL aliquots were centrifuged into cell pellets for plasmid DNA extraction; and the rest of the 

culture, up to 14mL was saved for metabolomic analyses. Supernatants were removed from all cell 

pellets; and at the end of the workflow, another purity plate of the culture was created, thus 

ensuring no contamination during the aliquoting. All DNA, plasmid, and cryovial samples were 

saved at -80°C and the metabolomic samples at -20°C. 
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 The protocol developed for plasmid DNA extraction and visualization is explained in detail 

in the Chapter 5 Appendix. For genomic DNA extractions, we used the Wizard Genomic DNA 

Purification Kit (Promega) with modifications for Gram-positive cells. Briefly, this included the 

addition of freshly prepared 10mg/mL lysozyme (Sigma Aldrich), and following the recommended 

instructions by the manufacturer with the maximum time recommended for each step. Wide-bore 

tips were used to prevent shearing of gDNA. We doubled the amount of DNA pellet ethanol 

Figure 5.2. Workflow for growing and saving microscale Salinispora cultures for 
subsequent DNA, plasmid, cryovial, and metabolomic work. 
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washes in the protocol and used Lo-Bind DNA tubes (Eppendorf) for DNA precipitation. All 

gDNA samples were quantified with a NanoDrop 1000 spectrophotometer (Thermo Fisher 

Scientific) and a Qubit 3.0 fluorometer (Thermo Fisher Scientific) according to the manufacturer’s 

instructions.  The gDNA quality was analyzed by running 3µL of gDNA on a 1% agarose TAE 

gel for 60 minutes at 86V alongside a GeneRuler 1kb Plus DNA ladder (Thermo Fisher Scientific).  

Finally, a 16S rRNA PCR of each gDNA sample was performed as described above to confirm 

each strain matched the sequence from the original colony PCR of the starting cryovial. 

Metabolomic samples were not analyzed as part of the work described in this chapter. 

 

5.3.4 Whole-genome sequencing, assembly, and annotation. 

 Genomic DNA samples were sent to two sequencing cores for sequencing: 1) Illumina 

MiSeq (UC Davis) for PE300, 700bp inserts; resulting in ~17.7 million reads with ~11.7% PhiX 

spike-in, with an overall Q30 > 60%; 2) Illumina NovaSeq 6000 (UCSD IGM) for S4 PE150, 

400bp inserts prepared with a Nextera XT library kit (Illumina) and a pre-pooling MiSeq check 

run; resulting in ~3 billion reads with an overall Q30 >90% for each genome sample (5-27 million 

reads per genome; other reads were for co-sequenced metagenome samples).  

 Bioinformatic analyses were performed on the Triton Shared Computing Cluster (TSCC) 

at the San Diego Supercomputer Center (SDSC) on a 756 GB RAM, 36 Intel (R) Xeon (R) Gold 

6240 CPU @ 2.60GHzCPU server. Each raw sequence dataset from the MiSeq and NovaSeq 

sequencers were assembled separately as they had drastically different number of reads per sample. 

Whole-genome assembly and annotation was performed using the bactopia version 2.0.3 (Petit 

and Read, 2020) which is a Nextflow-enabled (version 22.04.0) nf-core workflow that wraps many 

assembly and annotation tools. Briefly, the versions of the tools used for each genome assembly 
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step are as listed: Raw reads QC and trimming (bbduk: 38.93 (run with options --minlength 35; --

trimq 10 (sourceforge.net/projects/bbmap/)); fastq-scan: 0.4.4 (https://github.com/rpetit3/fastq-

scan); fastqc: 0.11.9 (https://github.com/s-andrews/FastQC); lighter: 1.1.2; mash: '2.3'; mccortex: 

0.0.3-610-g400c0e3; sourmash: 4.2.2); genome assembly (shovill: 1.1.0, which included tools: 

seqtk, bbmap,  flash: 1.2.11, spades.py: 3.15.3 (run with --isolate option) 

(https://github.com/tseemann/shovill),   bwa: 0.7.17-r1188,   samtools: '1.12',   pilon: '1.24' (Walker 

et al., 2014)); genome assembly QC (checkm: 1.1.3 (Parks et al., 2015); quast: 5.0.2 (Gurevich et 

al., 2013)); and genome annotation (prokka: 1.14.6 (--compliant; --centre JensenSIO) (Seemann, 

2014)). Three different assembly methods were compared, including   spades.py: 3.15.3;   skesa: 

2.4.0 (Souvorov et al., 2018); and   velvetg: 1.2.10 (Zerbino and Birney, 2008); however, the 

SPades (Bankevich et al., 2012) assembly resulted in the most contiguous assembly (longest 

contigs) with the least number of contigs. We assessed this by comparing assembly settings and 

coverage settings and visualizing the resulting assemblies with Bandage (Wick et al., 2015). For 

the MiSeq samples, no coverage correction was needed as genome assemblies averaged ~48x 

(median depth ~20x) when run at 100x maximum coverage of reads. For the NovaSeq samples 

that contained significantly more reads per sample, we tested 100x, 200x, and 600x coverage for 

assemblies, finding that the 600x coverage resulted in the most contiguous and complete genome 

assembly. We further investigated the high coverage assembly method where SNPs and indels 

were only corrected with Pilon (Walker et al., 2014) if the coverage of reads was 0.25% of the 

coverage on contigs >10,000bp; the SPades assembly used both R1, R2, and the additional dataset 

of overlapping merged reads assembled with Flash (Magoč and Salzberg, 2011); with more 

coverage, we did not see error correction rate increase, only an increase in the longest contig and 
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average N50 value; and finally, manual inspection of the genome assemblies revealed that the 

600x coverage assemblies contained less orphaned nodes/contigs and dead ends.    

 

5.3.5 Comparative genomics, phylogenomics, and measurement of microscale Salinispora 
biosynthetic potential. 

 

 Within the bactopia (Petit and Read, 2020) workflow, fastani (version 1.32) (Jain et al., 

2018) was used to calculate ANI values between all 99 microscale and 118 macroscale Salinispora 

strains (and together, n=217 genomes). ANI results were parsed and visualized as heatmaps, 

dendrograms, bar charts, and genome clusters using the packages bactaxR 

(https://github.com/lmc297/bactaxR) (Carroll et al., 2020) and custom scripts utilizing packages 

reshape2, ComplexHeatmap, gplots, and ggtree (Yu et al., 2017; Yu, 2020) in RStudio (RStudio 

Team, 2021). A phylogenetic tree of conserved single-copy core genes for the microscale (99 

genomes), macroscale (118 genomes), and combined (217 genomes) Salinispora genomes was 

calculated using PhyloPhlAn 2.0 (Segata et al., 2013; Asnicar et al., 2020). PhyloPhlAn was run 

with settings --diversity medium and mapping to the “phylophlan” database of conserved single-

copy genes, resulting in 314 marker genes in the microscale genome dataset: 327 marker genes in 

the macroscale dataset, and 324 marker genes in all 217 Salinispora genomes. Subsequent 

phylogenetic trees of all concatenated marker genes were calculated with a RAxML with  

PROTCATLG model of evolution with 100 bootstraps (Stamatakis, 2014). Phylogenetic trees 

were visualized with FigTree (Rambaut, 2016); other figure creation was performed in Adobe 

Illustrator.  

 Biosynthetic potential of the 99 microscale Salinispora genomes and 118 macroscale 

Salinispora genomes was measured with antiSMASH 6.0 (with all options on, including  --taxon 
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bacteria, --cb-general, cb-knownclusters, --cb-subclusters, --cc-mibig, --asf, --rre, --pfam2go, --

tigrfam, --smcog-trees, --clusterhmmer, --fullhmmer, --genefinding-tool prodigal) (Blin et al., 

2021) and NaPDoS2 (Chapter 2, this dissertation) (Ziemert et al., 2012). BiG-SCAPE and 

CORASON (Navarro-Muñoz et al., 2019) were used to calculate similarity between biosynthetic 

gene clusters including gene cluster families (GCFs) and gene cluster family clans. BiG-SCAPE 

was run with the following settings: Pfam 35.0 database; --include_singletons only when the 

comparison to the MIBiG 2.0 (Kautsar et al., 2020) option (--mibig) was toggled off (and vice 

versa when the –mibig option was toggled on, singletons were excluded); --cutoffs 0.1 0.3 0.5 0.75 

1.0; and --mode auto. BiG-SCAPE networks were visualized in Cytoscape (Carlin et al., 2017). 

Custom R scripts were used to parse out KS classification results for each genome from NaPDoS2.    

 

5.4 Results 

 

We set out to selectively cultivate Salinispora on a microscale, here defined as 16 (4x4) 

sub-quadrants from a 1m2 quadrant from marine sediments adjacent to a coral reef in Fiji. By using 

selective cultivation techniques (Figure 5.1), we cultured >600 isolates. Obligate saltwater-growth 

assays to target Salinispora and 16S rRNA colony PCR identification of targeted isolates resulted 

in 172 Salinispora arenicola, 4 S. pacifica, and 28 non-target actinomycetes from the genera 

Micromonospora and Verrucosispora (Figure 5.1).  We observed that across our isolates, there 

was a high amount of morphological diversity (Figure 5.1). This included Salinispora strains that 

grew like orange juice with no clumps to those that grew with large clumps of cells in liquid media. 

On solid agar, we observed that all of the Salinispora strains produced the characteristic dark 

brown to black spores. We also observed many strains producing fuzzy white growth that likely 



 194 

represents very short aerial hyphae (Figure 5.1). This was confirmed to not be contamination and 

was reproducible in many strains where white fuzzy hyphae would form first before the dark 

spores, while in other colonies, only dark spores would form. There were other Salinispora 

colonies that had more popcorn-like texture compared to the circular concentric growth seen in 

many strains (Figure 5.1). Some microscale Salinispora colonies were observed to grow only on 

the surface with a small amount of growth into the solid media, however there were many strains 

that grew mostly into the agar, spreading orange hyphae deep into the agar where only the tops of 

the colonies with black and white-fuzzy growth at the surface (Figure 5.1). Other microscale 

Salinispora strains grew as very small colonies on solid agar plates; some strains were significantly 

less orange where they would grow to be pale orange and then sporulate, which was contrasted by 

colonies that grew to be a deep orange color before sporulation. We believe this is the first 

description of the white-fuzzy morphology that co-occurs with the dark brown/black spore 

patterning in Salinispora. We were amazed to observe such a wide morphological diversity from 

the Salinispora strains isolated in 16 sub-quadrants from a 1m2 plot, and this led us to believe that 

the strains were likely not clonal and instead were genetically diverse (Figure 5.1).  

 To assess the diversity based on 16S rRNA sequence of the new microscale Salinispora 

isolates, we constructed a phylogenetic tree of all 118 macroscale (the  previously reported 

Salinispora genomes from (Millán-Aguiñaga et al., 2017)) and 102 microscale Salinispora 16S 

rRNA colony PCR sequences (Figure 5.3).  
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Figure 5.3. Phylogenetic tree of 102 microscale and 118 macroscale Salinispora 16S 
rRNA sequences. Microscale taxa are colored by sub-quadrant isolation location 
and the bar on the right denotes Salinispora species.   
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When I colored the microscale Salinispora strains by quadrant isolation location, I observed that 

1) all of the microscale 16S rRNA sequence formed a large group outside the top clade of the tree 

and 2) most were identical if not very closely related with very short branch lengths (Figure 5.3). 

In the microscale clades, there were 4 macroscale S. arenicola of “ST” and “SA” 16S rRNA 

sequence type sequences, thus we could tentatively classify all microscale Salinispora strains as 

S. arenicola “ST” type, with S. arenicola CNZ-922 as sequence type “A” (Figure 5.3). We did 

not observe any 16S rRNA phylogenetic grouping of strains isolated from the same sub-quadrant 

location (Figure 5.3). Salinispora species can share 99% similarity in the 16S rRNA gene, so even 

if our complete PCR products were 1,500bp long, there would still be not enough significant base 

pairs in an alignment to resolve phylogenetic diversity. We thus manually inspected the alignment 

of all 16S rRNA sequences to identify single nucleotide polymorphisms (SNPs) which can be used 

in some cases in Salinispora to differentiate between species. We discovered that all 102 of the 

sequences were identical, apart from three strains with 2 total SNPs (Figure 5.4). Based on the 

closest 16S rRNA Salinispora sequence type, we could putatively identify that the three strains 

with SNPs were most closely related to a S. pacifica 16S rRNA reference sequence (Figure 5.4). 

Thus, across the microscale quadrant, we had isolated 98 S. arenicola strains and 3 S. pacifica 

strains with high morphological diversity (Figure 5.1). It is possible that the varying SNPs in one 

of the putative S. pacifica strains could indicate another species, as the genus of Salinispora was 

recently updated with six additional species (Román-Ponce et al., 2020), but this differentiation 

can only be resolved with whole-genome sequencing.   
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 We whole-genome sequenced 99 microscale Salinispora genomes using two different 

short-reads sequencing platforms (MiSeq PE300 and NovaSeq PE150). On average, the microscale 

Salinispora genome assemblies contained: 88 contigs with an average length of 5,635,033 bp (base 

pairs); N50 185,576 bp with the largest contig length of 470,884 bp; 69.62% GC content; 5,059 

genes with 3 rRNA and 64 tRNA. Estimates with CheckM (Parks et al., 2015) indicated on average 

the genome assemblies were 99-100% complete with 314 of the marker genes for Actinomycetales 

present and on average 0.19% contamination. These metrics are similar to, and for some genomes, 

better than the original macroscale Salinispora genome assemblies (Millán-Aguiñaga et al., 2017). 

Upon calculation of the average nucleotide identity between all 99 microscale Salinispora, we 

observed that most of the genomes were the same S. arenicola species with >95% ANI values; 

however, there were three genomes belonging to the S. pacifica (1) and S. oceanensis (2) species 

with 87-88% ANI (Figure 5.5). Of the genomes with >95% ANI, there also seems to be an intra-

species division as seen by the two peaks split at 99% ANI (Figure 5.5).  

Figure 5.4. SNP analysis of all 102 microscale Salinispora 16S rRNA colony PCR sequences 
revealed 2 SNPs (bolded) between three strains which were most closely related to S. 
pacifica via 16S rRNA sequence alignment.  



 198 

    

  

 To investigate the relatedness of the 99 microscale Salinispora genomes further, we 

calculated an ANI heatmap with a cutoff at 95% ANI for species designation (Figure 5.6). This 

confirmed that we indeed had isolated 3 different species from the microscale 1m2 quadrant— 96 

S. arenicola, 2 S. oceanensis, and 1 S. pacifica (Figure 5.6). Within the S. arenicola, we observed 

there were two main groups that were split around 96-98% ANI, which indicates that there could 

be diversification within the S. arenicola on a sub-quadrant spatial scale (Figure 5.6). This type 

of pattern would not have been observed in the macroscale genome dataset. However, when we 

mapped on the sub-quadrant isolation location of the microscale genomes, there was no apparent 
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Figure 5.5. Average nucleotide identity (ANI) for the new 99 microscale Salinispora 
genomes. Lines denoting 95% (teal) and 99% (pink) ANI are drawn. 



 199 

pattern of S. arenicola strains isolated from the same sub-quadrant being more related to one 

another than strains in other quadrants (Figure 5.6). When we plotted the 99% ANI values in a 

heatmap, there were clear groups of S. arenicola strains that were more closely related to each 

other in the 99 microscale dataset (Figure 5.7). The two ANI groups were split into 3 groups and 

many subgroups (Figure 5.7). This could indicate that there is a heterogenous, diverging 

population of S. arenicola in the Fiji marine sediment community, which has further implications 

for considering the Salinispora species diversity on a worldwide scale.  
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Figure 5.6. ANI heatmap of the 99 new microscale Salinispora genomes, with the cutoff 
colored at 95% ANI. Colored bars indicate 1) sub-quadrant isolation location and 2) 
Salinispora species. 
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To summarize the new microscale Salinispora genomic diversity and confirm the species 

designations, we constructed an ANI dendrogram which confirmed the identification of three 

Salinispora species based on 95% ANI values (Figure 5.8). If the macroscale Salinispora genomes 

were grouped based on 99% ANI, we observe two subclades within S. oceanensis and S. arenicola 

(Figure 5.8). This is striking because to the best of our knowledge, no intra-species divergence 

has been observed at this scale from marine sediment. Contrary to the hypothesis that all of the 
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Figure 5.7. ANI heatmap of the 99 new microscale Salinispora genomes, with the cutoff 
colored at 99% ANI. Bar colors indicate 1) sub-quadrant isolation location and 2) 
Salinispora species. 
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isolated microscale strains would be clonal S. arenicola, it appears as if there are at least two major 

S. arenicola populations within the 1m2 sediment quadrant.  

 

 Our next aim was to understand what was driving the diversification within the microscale 

S. arenicola clade and compare the genomes to the current macroscale Salinispora genomes which 

were isolated from locations worldwide. An ANI analysis of all 217 Salinispora genomes showed 

significant divergence below 95%, as predicted for the nine named Salinispora species and a large 

number of intra-species genomes sharing 98-99% ANI (Figure 5.9). In comparison with the 99 

microscale Salinispora dataset, it is clear that the six species are captured from other worldwide 
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Figure 5.8. ANI dendrogram of the new 99 microscale Salinispora genomes. The teal 
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isolation locations thus contributing to the larger number of genomes with lower comparative ANI 

values (Figure 5.9).  

 

When all Salinispora were compared in a 95% ANI heat plot, we discovered that the new 

microscale Salinispora genomes were broadly distributed among the previously described S. 

arenicola diversity (Figure 5.10). Microscale S. arenicola strains formed clades with multiple 

macroscale S. arenicola strains, with only two groups at the bottom of the S. arenicola clade not 

containing any new microscale S. arenicola genomes (Figure 5.10). Additionally, the 2 S. 

oceanensis and 1 S. pacifica microscale genomes were closely related to other members of their 

respective species (Figure 5.10). Interestingly, the two microscale S. oceanensis genomes were 
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Figure 5.9. Average nucleotide identity (ANI) for all 217 micro- and macroscale Salinispora 
genomes. Lines denoting 95% (teal) and 99% (pink) ANI are drawn. 
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divergent from one another and each were more similar to other macroscale S. oceanensis instead 

of each other, despite being isolated from the same microscale location (Figure 5.10). We 

investigate this further by plotting the 99% ANI heatmap where the intra-species groups with both 

micro- and macroscale Salinispora strains could be better observed (Figure 5.11). It appears as if 

the two large intra-species S. arenicola groups identified from the microscale dataset drive the 

diversification of those two groups whereas many of the other macroscale S. arenicola strains fall 

within smaller groups or are very small components of the larger 2 groups (Figure 5.11). This 

could indicate that at the microscale spatial scale of sampling, we have detected two distinct yet 

co-occurring S. arenicola populations that were also observed in the macroscale genomes.  The 

final designation of all 217 Salinispora genomes was determined from an ANI dendrogram and 

cluster analysis (Figure 5.12). With the 99 new microscale Salinispora genome dataset, we have 

increased the microdiversity within S. arenicola and two other Salinispora species (Figure 5.12). 

Of note, our analysis indicated that S. mooreana should be split into 2 different species as one of 

the three genomes had < 95% ANI compared to the other two genomes within the species (Figure 

5.12) (light green clade at the top of the dendrogram; 95% ANI teal line splits the branching clade). 

While this could be due to differences in kmer values for ANI calculations, the S. mooreana CNY-

646 strain was previously noted to not cluster with the other 2 members of its species in ANI-AF 

calculations (Millán-Aguiñaga et al., 2017). This should be further investigated as it seems this 

strain could be a new Salinispora species based on the most recent 95% ANI cutoff (Figure 5.12).  

  

 



 204 

 
 

St
C

N
Y0

12
_B

A.
fn

a
St

C
N

S4
16

_B
A.

fn
a

St
C

N
H

89
8_

BA
.fn

a
St

C
N

T2
50

_B
A.

fn
a

St
C

N
B4

40
_B

A.
fn

a
St

C
N

Y6
78

_Y
U

.fn
a

St
C

N
B5

36
_B

A.
fn

a
St

C
N

T2
61

_B
A.

fn
a

St
C

N
B4

76
_B

A.
fn

a
St

C
N

Y6
81

_Y
U

.fn
a

St
C

N
R

69
9_

BA
.fn

a
St

C
N

S1
97

_B
A.

fn
a

Sp
C

N
Y6

66
_M

D
.fn

a
Sp

C
N

S0
55

_P
L.

fn
a

Sp
D

SM
45

54
8_

FJ
.fn

a
Sp

C
N

S8
01

_F
J.

fn
a

Sp
C

N
R

94
2_

PL
.fn

a
Sp

C
N

T5
69

_F
J.

fn
a

Sp
C

N
Y2

02
_S

C
.fn

a
Sp

D
SM

45
54

9_
FJ

.fn
a

Sp
C

N
S2

37
_P

L.
fn

a
Sp

C
N

Y6
46

_R
S.

fn
a

Sp
C

N
T8

54
_H

I.f
na

Sa
C

N
Z8

75
_F

J.
fn

a
Sp

C
N

T5
84

_F
J.

fn
a

Sp
C

N
T1

24
_F

J.
fn

a
Sp

D
SM

45
54

7_
FJ

.fn
a

Sp
C

N
T0

29
_F

J.
fn

a
Sp

C
N

Y6
73

_M
D

.fn
a

Sp
C

N
Y7

03
_M

D
.fn

a
Sp

C
N

T0
45

_F
J.

fn
a

Sp
C

N
S9

96
_F

J.
fn

a
Sp

C
N

T4
03

_F
J.

fn
a

Sa
C

N
Z9

66
_F

J.
fn

a
Sp

C
N

S8
60

_F
J.

fn
a

Sp
D

SM
45

54
3_

FJ
.fn

a
Sp

C
N

T0
84

_F
J.

fn
a

Sp
C

N
T6

09
_F

J.
fn

a
Sp

C
N

T1
33

_F
J.

fn
a

Sp
C

N
T7

96
_H

I.f
na

Sp
C

N
T8

51
_H

I.f
na

Sp
C

N
Y3

30
_S

C
.fn

a
Sp

C
N

Y3
31

_S
C

.fn
a

Sp
C

N
Y3

63
_S

C
.fn

a
Sp

C
N

T8
55

_H
I.f

na
Sp

C
N

Y4
98

_P
V.

fn
a

Sp
C

N
Y2

39
_F

J.
fn

a
Sp

C
N

Q
76

8_
G

U
.fn

a
Sp

C
N

R
11

4_
G

U
.fn

a
Sp

C
N

R
51

0_
G

U
.fn

a
Sp

C
N

S1
03

_P
L.

fn
a

Sp
C

N
T0

03
_F

J.
fn

a
Sp

C
N

R
90

9_
PL

.fn
a

Sp
D

SM
45

54
4_

FJ
.fn

a
Sp

C
N

R
89

4_
PL

.fn
a

Sp
C

N
H

73
2_

R
S.

fn
a

Sp
C

N
T1

31
_F

J.
fn

a
Sp

C
N

T0
01

_F
J.

fn
a

Sa
C

N
Z8

65
_F

J.
fn

a
Sp

C
N

T6
03

_F
J.

fn
a

Sa
C

N
B5

27
_B

A.
fn

a
Sa

C
N

Y6
85

_Y
U

.fn
a

Sa
C

N
Y6

94
_Y

U
.fn

a
Sa

C
N

Y6
90

_Y
U

.fn
a

Sa
C

N
B4

58
_B

A.
fn

a
Sa

C
N

H
96

2_
SC

.fn
a

Sa
C

N
H

96
3_

SC
.fn

a
Sa

C
N

Y4
86

_P
V.

fn
a

Sa
C

N
H

99
6B

_S
C

.fn
a

Sa
C

N
H

99
6_

SC
.fn

a
Sa

C
N

X5
08

_P
M

.fn
a

Sa
C

N
X4

82
_P

M
.fn

a
Sa

C
N

X8
14

_P
M

.fn
a

Sa
C

N
X4

81
_P

M
.fn

a
Sa

C
N

X8
91

_P
M

.fn
a

Sa
C

N
Y6

79
_Y

U
.fn

a
Sa

C
N

H
87

7_
BA

.fn
a

Sa
C

N
Y0

11
_B

A.
fn

a
Sa

C
N

H
90

5_
BA

.fn
a

Sa
C

N
H

64
3_

BA
.fn

a
Sa

C
N

H
64

6_
BA

.fn
a

Sa
C

N
H

71
3_

R
S.

fn
a

Sa
C

N
P1

05
_S

C
.fn

a
Sa

C
N

H
96

4_
SC

.fn
a

Sa
C

N
H

94
1_

SC
.fn

a
Sa

C
N

P1
93

_S
C

.fn
a

Sa
C

N
T8

59
_H

I.f
na

Sa
C

N
T8

57
_H

I.f
na

Sa
D

SM
45

54
5_

FJ
.fn

a
Sa

C
N

Y2
80

_F
J.

fn
a

Sa
C

N
S8

48
_F

J.
fn

a
Sa

SN
A0

57
_F

J.
fn

a
Sa

C
N

Z9
28

_F
J.

fn
a

Sa
SN

A0
58

_F
J.

fn
a

Sp
SN

A0
32

_F
J.

fn
a

Sa
SN

A0
39

_F
J.

fn
a

Sa
SN

A0
41

_F
J.

fn
a

Sa
C

N
Z9

72
_F

J.
fn

a
Sa

C
N

Z9
47

_F
J.

fn
a

Sa
C

N
Z9

50
_F

J.
fn

a
Sa

C
N

Z8
86

_F
J.

fn
a

Sa
C

N
Z8

63
_F

J.
fn

a
Sa

C
N

Z9
18

_F
J.

fn
a

Sa
C

N
Z9

51
_F

J.
fn

a
Sa

C
N

Z8
91

_F
J.

fn
a

Sa
SN

A0
36

_F
J.

fn
a

Sa
C

N
Z8

43
_F

J.
fn

a
Sa

C
N

Z9
01

_F
J.

fn
a

Sa
C

N
T7

99
_H

I.f
na

Sa
C

N
T8

50
_H

I.f
na

Sa
C

N
T8

49
_H

I.f
na

Sa
C

N
T7

98
_H

I.f
na

Sa
C

N
T8

00
_H

I.f
na

Sa
C

N
Z8

42
_F

J.
fn

a
Sa

SN
A0

34
_F

J.
fn

a
Sa

C
N

Z9
70

_F
J.

fn
a

Sa
C

N
Z9

03
_F

J.
fn

a
Sa

SN
A0

23
_F

J.
fn

a
Sa

C
N

Z8
41

_F
J.

fn
a

Sa
SN

A0
04

_F
J.

fn
a

Sa
C

N
Z9

34
_F

J.
fn

a
Sa

C
N

Z9
16

_F
J.

fn
a

Sp
SN

A0
40

_F
J.

fn
a

Sa
C

N
Z9

65
_F

J.
fn

a
Sa

C
N

Z8
64

_F
J.

fn
a

Sa
C

N
Z9

46
_F

J.
fn

a
Sa

C
N

H
71

8_
R

S.
fn

a
Sa

C
N

S0
51

_P
L.

fn
a

Sa
C

N
R

10
7_

G
U

.fn
a

Sa
C

N
Y2

30
_F

J.
fn

a
Sa

C
N

S2
05

_P
L.

fn
a

Sa
C

N
Q

88
4_

G
U

.fn
a

Sa
C

N
S2

96
_P

L.
fn

a
Sa

C
N

S2
99

_P
L.

fn
a

Sa
C

N
R

42
5_

G
U

.fn
a

Sa
C

N
Q

74
8_

G
U

.fn
a

Sa
C

N
S2

43
_P

L.
fn

a
Sa

C
N

R
92

1_
PL

.fn
a

Sa
C

N
Z9

41
_F

J.
fn

a
Sa

C
N

Z9
84

_F
J.

fn
a

Sa
SN

A0
24

_F
J.

fn
a

Sa
C

N
Y2

31
_F

J.
fn

a
Sa

C
N

Y2
56

_F
J.

fn
a

Sa
C

N
S6

73
_F

J.
fn

a
Sa

C
N

Z8
94

_F
J.

fn
a

Sa
C

N
Z9

74
_F

J.
fn

a
Sa

C
N

Z9
15

_F
J.

fn
a

Sa
C

N
Z9

42
_F

J.
fn

a
Sa

SN
A0

15
_F

J.
fn

a
Sa

SN
A0

59
_F

J.
fn

a
Sa

SN
A0

56
_F

J.
fn

a
Sa

SN
A0

45
_F

J.
fn

a
Sa

C
N

Z9
89

_F
J.

fn
a

Sa
C

N
Z8

72
_F

J.
fn

a
Sa

C
N

T0
05

_F
J.

fn
a

Sa
C

N
Z9

97
_F

J.
fn

a
Sa

C
N

Z8
71

_F
J.

fn
a

Sa
SN

A0
51

_F
J.

fn
a

Sa
C

N
Z9

60
_F

J.
fn

a
Sa

SN
A0

47
_F

J.
fn

a
Sa

SN
A0

10
_F

J.
fn

a
Sa

C
N

Z9
91

_F
J.

fn
a

Sa
C

N
Z9

37
_F

J.
fn

a
Sa

C
N

Z8
44

_F
J.

fn
a

Sa
C

N
Z9

71
_F

J.
fn

a
Sa

C
N

Z9
40

_F
J.

fn
a

Sa
C

N
Z8

50
_F

J.
fn

a
Sa

C
N

Z9
53

_F
J.

fn
a

Sa
C

N
Z9

04
_F

J.
fn

a
Sa

C
N

S3
25

_P
L.

fn
a

Sa
C

N
Z9

12
_F

J.
fn

a
Sa

SN
A0

06
_F

J.
fn

a
Sa

C
N

Z8
48

_F
J.

fn
a

Sa
C

N
Z9

57
_F

J.
fn

a
Sa

SN
A0

30
_F

J.
fn

a
Sa

C
N

Z8
83

_F
J.

fn
a

Sa
C

N
Z9

35
_F

J.
fn

a
Sa

C
N

Z9
44

_F
J.

fn
a

Sa
C

N
S7

44
_F

J.
fn

a
Sa

C
N

Z8
77

_F
J.

fn
a

Sa
C

N
Z8

78
_F

J.
fn

a
Sa

C
N

Z9
22

_F
J.

fn
a

Sa
C

N
Z8

56
_F

J.
fn

a
Sa

C
N

Z9
95

_F
J.

fn
a

Sa
SN

A0
64

_F
J.

fn
a

Sa
C

N
Z9

56
_F

J.
fn

a
Sa

C
N

Z9
75

_F
J.

fn
a

Sa
C

N
Z9

52
_F

J.
fn

a
Sa

C
N

Z9
02

_F
J.

fn
a

Sa
C

N
Z8

96
_F

J.
fn

a
Sa

C
N

Z9
48

_F
J.

fn
a

Sa
C

N
Y2

37
_F

J.
fn

a
Sa

C
N

Z9
94

_F
J.

fn
a

Sa
C

N
Z9

39
_F

J.
fn

a
Sa

SN
A0

13
_F

J.
fn

a
Sa

SN
A0

19
_F

J.
fn

a
Sa

C
N

S3
42

_F
J.

fn
a

Sa
C

N
Z9

59
_F

J.
fn

a
Sa

C
N

S8
20

_F
J.

fn
a

Sa
SN

A0
17

_F
J.

fn
a

Sa
C

N
Y2

44
_F

J.
fn

a
Sa

C
N

Z9
24

_F
J.

fn
a

Sp
SN

A0
12

_F
J.

fn
a

Sa
C

N
Y2

60
_F

J.
fn

a
Sa

C
N

Z9
38

_F
J.

fn
a

Sa
C

N
Z9

63
_F

J.
fn

a
Sa

C
N

Z8
40

_F
J.

fn
a

Sa
C

N
Z8

46
_F

J.
fn

a
Sa

C
N

Z9
36

_F
J.

fn
a

Sa
C

N
Y2

82
_F

J.
fn

a
Sa

C
N

Y2
34

_F
J.

fn
a

Sa
SN

A0
46

_F
J.

fn
a

Sa
SN

A0
55

_F
J.

fn
a

Sa
C

N
Z8

58
_F

J.
fn

a
Sa

C
N

Z8
80

_F
J.

fn
a

Sa
C

N
Z8

54
_F

J.
fn

a
Sa

C
N

Z9
20

_F
J.

fn
a

86 88 90 92 94 96 98 100
ANI Value

0
10

00
20

00
30

00
40

00
50

00

ANI Color Key and Histogram

C
ou

nt

S. tropica

S. arenicola

S. vitiensis

S. paci!ca
S. oceanensis 
S. mooreana
S. goodfellowii

S. cortesiana
S.  fenicalli

1. Salinispora species

1 21

2. Sub-quadrant

Figure 5.10. ANI heatmap of all 217 micro- and macroscale Salinispora genomes, with 
the cutoff colored at 95% ANI. Bar colors indicate 1) sub-quadrant isolation location and 
2) Salinispora species. 
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While ANI comparisons can inform species-boundary predictions, we additionally 

constructed a phylogenetic tree comprised of 324 single-copy conserved genes from all 217 

Salinispora genomes (Figure 5.13). Again, we observed that the microscale S. arenicola were 

spread throughout the S. arenicola clade with other macroscale S. arenicola genomes, and there 

was no apparent pattern based on sub-quadrant isolation location (Figure 5.13). However, we did 

observe that many of the macroscale S. arenicola genomes that claded with microscale strains 

were isolated from Fiji (Figure 5.13). This is fascinating, as while the isolation locations are likely 

not the same, the strains were isolated years apart, thus closer genomic comparisons could be 

performed to look for any evolutionary adaptations over time. There were also macroscale S. 
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arenicola strains isolated from Palau, the Red Sea, Guam, Palmyra, among others that claded next 

to microscale strains (Figure 5.13). This observation could support the hypothesis that all S. 

arenicola subspecies types are everywhere, and the environment and marine sediment community 

selects for what is present in the population. Closer analysis of the specific genomic differences 

between the strains isolated from different locations could help elucidate these patterns. It is 

apparent however that there is a location-dependent factor driving diversification within S. 

arenicola as most macroscale strains isolated from the Bahamas, Yucatán, Puerto Vallarta, and the 

Sea of Cortez formed a macroscale-only group at the base of the phylogenetic tree (Figure 5.13). 

The microscale S. pacifica CNZ-865 strain was observed to clade next to other S. pacifica strains 

that were also isolated from Fiji and the same pattern was observed for the two different S. 

oceanensis strains, though one was sister to a strain isolated from Hawaii (Figure 5.13).   

 I next wanted to investigate if the biosynthetic potential of the new microscale Salinispora 

genomes could be linked to any of the intra-species diversification observed and if we captured 

any new Salinispora biosynthetic diversity. To do this, I analyzed all 99 genomes with antiSMASH 

6.0  (Blin et al., 2021) and compared the BGC relatedness with BiG-SCAPE (Navarro-Muñoz et 

al., 2019). I uncovered 3,023 total BGCs from all 99 genomes, with most belonging to the “others” 

BGC class (930), followed by RiPPs (463), NRPS (450), and type 1 PKS (366). On average, the 

microscale genomes had 27-32 BGCs per genome. The BGCS were clustered into gene cluster 

families based on similarity distance scores, resulting in a total of 145 GCFs with an average of 

21 BGCs per GCF. In order to ascertain the relatedness of the BGCs, I built a BGC similarity 

network with characterized BGCs from the MIBiG 2.0 reference database (Kautsar et al., 2020) 

(Figure 5.14).   
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Figure 5.13. Phylogenetic tree of 324 conserved single-copy genes from all 
217 micro- and macroscale Salinispora genomes.  

Maximum likelihood tree was calculated with a PROTCATLG model of 
evolution with 100 bootstraps in RAxML. Colored bars indicate 1) 
Salinispora species, 2) microscale sub-quadrant location, and 3) 
geographical isolation location.  
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Only 11 clusters in the BGC network had known products associated with them, including: 

cyclomarin, calichaeamicin, alkyl-O-dihydrogeranyl-methyoxyhydroquinones, lymphostin, 

rifamycin, staurosporine, griseusin, retimycin, salinichelins, lomaiviticin, and thiolactomycin 

(Figure 5.14). Many of the clusters did not have known products associated, which suggests there 

is a large amount of biosynthetic potential still to be realized from these genomes (Figure 5.14). 

Most of the BGC clusters were microscale S. arenicola specific, and there were also S. pacifica 

and S. oceanensis microscale species-specific clusters (Figure 5.14). What is striking is that from 

a 1m2 plot, I was able to capture a large biosynthetic potential including rare BGCs like retimycin, 

salinichelin, and thiolactomycin.  

Figure 5.14. Network of BGCs from the new 99 microscale Salinispora genomes, 
as identified by antiSMASH 6.0 and BiG-SCAPE (c=0.3).  

Black nodes with labels are characterized BGCs from the MIBiG 2.0 database. 
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 Next, I hypothesized that some of the biosynthetic potential observed in the microscale S. 

arenicola genomes would differ from the macroscale and could help drive separation of the clade 

groups seen in our ANI and phylogenetic analyses. I identified the BGCs (n=6,425; 417 GCFs) 

and their similarity from all 217 Salinispora strains (Figure 5.15). In the BGC network, 23 clusters 

could be linked to a putative BGC compound from the MIBiG 2.0 (Kautsar et al., 2020) database. 

The microscale S. arenicola genomes captured new BGC diversity, including an additional five 

retimycin BGCs where there was only one previously predicted in the macroscale Salinispora 

genomes. Additionally, one more thiolactomycin BGC was captured in the microscale S. 

oceanensis genomes, which not only increases the BGC diversity of that compound class but 

illustrates a BGC that one of the microscale S. oceanensis has but the other does not (Figure 5.15). 

Overall, the microscale S. arenicola genomes increased BGC diversity by capturing additional 

BGCs linked to known molecules and detecting new BGC clusters with unknown products. 

Furthermore, many diverging BGCs that could contain modifications with regards to gene content 

or SNPs within the BGC thus contributing to the overall chemical diversity. Finally, there were 

many species-specific BGC clusters as previously reported (Letzel et al., 2017; Chase et al., 2021). 

 To explore the polyketide chemical diversity of the microscale Salinispora, I analyzed all 

99 genomes with the NaPDoS2 webtool (described in Chapter 2 of this dissertation) and uncovered 

four uniquely distributed type II beta-branching type BGCs (Table 5.1), among many other types 

of polyketide KSs. Across all 99 genomes, there was commonly shared KS biosynthetic potential 

including type I modular cis-AT and cis-hybrid domains, however there were also some unique 

KS domains. In the microscale S. pacifica, I identified type II angucycline KSɑ and KSβ domains, 

whereas one of the S. oceanensis strains contained two type II angucycline KSɑ and KSβ domains. 
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However, I was interested in the type II beta-branching type of KS domain found in only four of 

the microscale strains (Table 5.1) as that type of KS domain has only been observed in two 

macroscale S. arenicola genomes (Chapter 2, this dissertation). It appears that the type II beta-

branching BGC is highly conserved between the four microscale S. arenicola that contain the 

BGC, and the beta-branching domains are found in a “super-cluster” BGC with other trans-AT 

PKS, NRPS, and lanthipeptide class II biosynthetic machinery (Figure 5.16).  

 

  

Figure 5.15.  Network of BGCs from all 217 micro- and macroscale Salinispora 
genomes, as identified by antiSMASH 6.0 and BiG-SCAPE (n=6,425 BGCs; 
clustering cutoff c=0.3).  

Black nodes with labels are characterized BGCs from the MIBiG 2.0 database. 



 212 

  

FAS

Angu-I KSa Angu-I KSb Angu-II KSa Angu-II KSb Polyphen KSa Polyphen KSb cisloading cisHybridKS Ened iPKSaromatic PTM trans -AT trans -HybridKS0
S. pacifica CNZ865 54 29 3 2 1 1 2 2 12 1 3 1 1
S. oceanensis CNZ875 58 17 5 1 2 2 2 2 1 1 1
S. oceanensis CNZ966 60 14 5 1 1 2 2 2 1
S. arenicola CNZ840 61 37 2 2 1 1 23 1 2 2 2 1
S. arenicola CNZ841 58 34 3 4 1 1 19 1 2 2 1
S. arenicola CNZ842 59 40 4 5 2 2 21 1 2 2 1
S. arenicola CNZ843 62 32 2 3 21 1 2 2 1
S. arenicola CNZ844 58 35 3 3 2 2 18 1 1 2 2 1
S. arenicola CNZ846 50 35 2 1 23 2 2 2 2 1
S. arenicola CNZ848 60 26 1 2 1 1 14 2 2 2 1
S. arenicola CNZ850 62 34 2 3 1 1 19 1 2 2 2 1
S. arenicola CNZ854 52 47 2 1 1 1 34 2 1 2 2 1
S. arenicola CNZ856 64 37 3 3 3 3 18 1 1 2 2 1
S. arenicola CNZ858 58 47 2 2 1 1 33 2 1 2 2 1
S. arenicola CNZ863 56 32 2 3 21 1 2 2 1
S. arenicola CNZ864 53 34 3 4 1 1 19 1 2 2 1
S. arenicola CNZ871 54 33 1 2 22 2 1 2 2 1
S. arenicola CNZ872 49 35 2 2 1 1 22 2 1 2 2
S. arenicola CNZ877 59 25 2 2 2 2 10 2 2 2 1
S. arenicola CNZ878 58 21 1 1 1 1 10 2 2 2 1
S. arenicola CNZ880 63 52 3 3 2 2 34 2 1 2 2 1
S. arenicola CNZ883 63 28 1 1 18 1 2 2 2 1
S. arenicola CNZ886 61 39 4 5 2 2 20 1 2 2 1
S. arenicola CNZ891 57 32 2 3 20 1 2 3 1
S. arenicola CNZ894 52 29 2 2 1 1 18 1 1 1 2
S. arenicola CNZ896 50 35 3 3 2 2 19 1 1 2 2
S. arenicola CNZ901 53 32 2 3 21 1 2 2 1
S. arenicola CNZ902 51 32 2 2 1 1 19 1 1 2 2 1
S. arenicola CNZ903 57 36 3 4 1 1 21 1 2 2 1
S. arenicola CNZ904 55 37 3 3 2 2 19 1 2 2 2 1
S. arenicola CNZ912 52 33 2 1 22 2 1 2 2 1
S. arenicola CNZ915 54 35 1 1 2 1 1 15 2 2 2 1 6 1
S. arenicola CNZ916 56 35 3 4 1 1 19 1 2 3 1
S. arenicola CNZ918 59 34 3 5 1 1 19 1 2 1 1
S. arenicola CNZ920 59 48 2 1 1 1 34 2 1 2 3 1
S. arenicola CNZ922 55 38 3 3 3 3 20 1 1 2 1 1
S. arenicola CNZ924 59 31 1 1 20 1 2 3 2 1
S. arenicola CNZ928 56 35 3 4 1 1 20 1 2 2 1
S. arenicola CNZ934 57 38 4 5 2 2 19 1 2 1 1 1
S. arenicola CNZ935 50 40 2 2 2 2 25 2 1 2 2
S. arenicola CNZ936 49 24 1 1 15 1 1 2 3
S. arenicola CNZ937 50 33 2 2 1 1 20 1 2 2 1 1
S. arenicola CNZ938 52 36 2 2 1 1 21 1 2 2 3 1
S. arenicola CNZ939 54 32 2 2 1 1 20 1 1 2 2
S. arenicola CNZ940 60 41 3 3 2 2 22 2 2 2 1 2
S. arenicola CNZ941 63 35 2 1 24 2 2 2 2
S. arenicola CNZ942 64 36 1 1 2 1 1 16 2 2 2 1 6 1
S. arenicola CNZ944 56 34 2 2 2 2 18 1 1 3 2 1
S. arenicola CNZ946 57 34 3 4 1 1 19 1 2 2 1
S. arenicola CNZ947 55 33 3 4 1 1 19 1 2 1 1
S. arenicola CNZ948 63 33 2 2 1 1 20 1 1 3 2
S. arenicola CNZ950 60 37 4 5 2 2 19 1 2 1 1
S. arenicola CNZ951 62 31 3 3 19 1 2 2 1
S. arenicola CNZ952 60 31 2 2 1 1 19 1 1 2 2
S. arenicola CNZ953 57 36 2 3 2 2 19 1 2 2 2 1
S. arenicola CNZ956 51 31 1 1 1 1 18 1 2 3 2 1
S. arenicola CNZ957 58 30 2 2 1 1 18 1 1 1 2 1
S. arenicola CNZ959 54 32 2 2 1 1 19 1 1 2 2 1
S. arenicola CNZ960 55 41 3 3 2 2 22 2 2 2 2 1
S. arenicola CNZ963 58 30 1 1 19 1 2 3 2 1
S. arenicola CNZ965 53 37 5 4 2 2 19 1 2 1 1
S. arenicola CNZ970 52 34 3 4 1 1 20 1 2 1 1
S. arenicola CNZ971 49 37 2 2 1 1 21 2 2 3 2 1
S. arenicola CNZ972 64 38 4 5 2 2 20 1 2 1 1
S. arenicola CNZ974 60 41 2 1 2 1 1 19 1 2 2 2 1 6 1
S. arenicola CNZ975 51 29 1 1 1 1 18 1 1 2 2 1
S. arenicola CNZ984 52 36 2 2 1 1 21 2 2 2 2 1
S. arenicola CNZ989 51 31 2 2 1 1 19 1 1 2 2
S. arenicola CNZ991 64 35 2 2 1 1 21 2 1 2 2 1
S. arenicola CNZ994 49 33 2 2 1 1 19 1 1 2 2 2
S. arenicola CNZ995 50 36 3 3 3 3 18 1 1 2 2
S. arenicola CNZ997 54 30 1 1 19 1 1 3 2 1 1
S. arenicola SNA004 63 33 3 4 1 1 19 1 2 1 1
S. arenicola SNA006 49 32 3 2 1 1 18 1 2 2 2
S. arenicola SNA010 61 33 2 2 1 1 19 1 2 2 2 1
S. arenicola SNA012 64 27 1 2 1 1 15 2 2 2 1
S. arenicola SNA013 51 28 1 2 1 1 17 1 1 2 2
S. arenicola SNA015 55 41 2 1 2 1 1 19 1 2 2 2 1 6 1
S. arenicola SNA017 53 35 3 3 2 2 18 1 1 2 2 1
S. arenicola SNA019 61 29 1 1 19 1 2 3 2
S. arenicola SNA023 56 35 3 4 1 1 21 1 2 1 1
S. arenicola SNA024 57 35 2 2 1 1 20 2 2 2 2 1
S. arenicola SNA030 53 33 2 2 1 1 18 1 2 3 2 1
S. arenicola SNA032 61 35 3 4 1 1 19 1 2 3 1
S. arenicola SNA034 60 33 3 4 1 1 19 1 2 1 1
S. arenicola SNA036 64 35 3 4 1 1 19 1 2 3 1
S. arenicola SNA039 62 33 3 4 1 1 19 1 2 1 1
S. arenicola SNA040 59 34 3 4 1 1 20 1 2 1 1
S. arenicola SNA041 62 40 4 4 1 1 23 2 2 2 1
S. arenicola SNA045 56 25 1 3 1 1 14 1 2 2
S. arenicola SNA046 55 46 2 1 1 1 33 2 1 2 2 1
S. arenicola SNA047 53 36 3 3 2 2 18 1 2 2 2 1
S. arenicola SNA051 50 34 1 3 22 2 1 2 2 1
S. arenicola SNA055 61 46 2 1 1 1 33 2 1 2 2 1
S. arenicola SNA056 54 31 2 2 1 1 18 1 1 3 2
S. arenicola SNA057 63 35 3 4 1 1 20 1 2 2 1
S. arenicola SNA058 49 33 3 4 1 1 19 1 2 1 1
S. arenicola SNA059 51 30 2 2 1 1 18 1 1 2 2
S. arenicola SNA064 62 39 3 2 2 2 22 2 1 2 2 1

total 3376 235 4 255 2 2 1 1 110 110 1943 113 162 194 162 45 33 4

NP2 
totalStrainSpecies

NaPDoS2: KS classes

Quad
Aromatic

Type II PKS

FASII Betabranch Polyene

Type I PKS

cis -AT
cis -AT modular cis-AT iterative trans -AT

Table 5.1. Polyketide KS biosynthetic potential predicted with the NaPDoS2 webtool for 
all 99 new microscale Salinispora genomes (run with default NaPDoS2 parameters: 1e-
8, min. alignment length 200aa) 
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In addition to the type II beta-branching PKS BGC (Figure 5.16), which was a unique 

BGC to four microscale strains, I also noticed another unique type I cis-hybrid polyketide BGC 

GCF in the same four strains (Figure 5.17). These two BGCs could contribute to unique diversity 

of the four specific microscale strains in comparison to the other microscale strains.  In support of 

that hypothesis, I discovered that these four strains always form their own clade in both 95% and 

99% ANI analyses (Figure 5.8, Figure 5.12) and they form their own clade in the phylogenetic 

tree of all Salinispora (Figure 5.13). These four strains were not isolated from the same sub-

quadrant, instead from four different sub-quadrants. It is possible that this four-member microscale 

clade is distinct from other micro- and macroscale Salinispora due to the acquisition of at least 

these two unique BGCs (Figure 5.16-5.17). Further investigation into all microscale BGCs will 

look for BGCs with similar patterns of rare distribution, which could be evidence of chemical 

diversification within the genus. 

 

 

Figure 5.16. BGC alignment of the type II beta-branching containing BGC that is unique to 
four microscale Salinispora strains. Genes contain colored biosynthetic domains.  

Figure 5.17. BGC alignment of the type I modular cis-AT hybrid type BGC that is unique 
to four microscale Salinispora strains. Genes contain colored biosynthetic domains. 
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 Finally, one of the main goals of this project was to look for BGC horizontal transfer events. 

This could happen between Salinispora species, between Salinispora and other species, or 

diversification could be happening at the BGC level instead (the topic of Chapter 6 of this 

dissertation). However, one aspect of BGC diversification that has not been explored in 

Salinispora is the mechanism by which genes or BGCs could be transferred. To that end, we 

developed methods to both extract and visualize native plasmids in Salinispora (methods described 

in detail in Chapter 5 Appendix). We extracted plasmids from all 99 microscale Salinispora 

genomes and observed that most seemed to have putative plasmids (Figure 5.18). We used pulsed-

field gel electrophoresis to characterize and estimate the size of the plasmids. From what we could 

tell, many of the plasmids were >20kb in length, with others around ~50kb or even > 50kb (Figure 

5.18). It proved difficult to sequence the plasmids, especially from my attempted methods of using 

short read sequencing platforms, so future work will be needed to fully confirm the plasmids we 

saw with conventional gel electrophoresis and PFGE are indeed plasmids. This is further discussed 

in the Chapter 5 Appendix.  
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Figure 5.18. Plasmids extracted from microscale Salinispora strains numbered by quadrant 
location.  

(A) Conventional gel electrophoresis of microscale Salinispora plasmids with a 1kbp ladder 
and a 2.3kbp plasmid control (pUC19).  

(B) PFGE of microscale Salinispora plasmids with a midrange PFGE ladder and three 
plasmid controls: 8.1kbp (pIJ8600), 11.3kbp (pCRISPR-Cas9), and 50kbp (pKDB01).  
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5.5 Discussion 

 

Previous to the work conducted in this chapter, 118 macroscale Salinispora strains isolated 

from the Bahamas, Yucatán, Puerto Vallarta, the Sea of Cortez, Hawaii, Palmyra, Fiji, Guam, 

Palau, the Red Sea, and the Madeira Islands were whole-genome sequenced (Millán-Aguiñaga et 

al., 2017). This collection of macroscale Salinispora genomes has not only proven lucrative for 

novel natural product chemical discovery (Jensen et al., 2015), but has become a model system for 

evaluating the bacterial speciation and BGC diversification at the global (macroscale) level (Penn 

et al., 2009; Jensen, 2010; Ziemert et al., 2014; Millán-Aguiñaga et al., 2017). Early speciation 

analyses using specific 16S rRNA and gyrB gene sequencing revealed that S. arenicola was 

globally distributed and that the canonical operational taxonomic unit criteria is likely 

underestimating global Salinispora species diversity (Jensen and Mafnas, 2006). Whole-genome 

analyses expanded that finding, confirming that the large clade that includes the S. pacifica type 

strain actually includes six additional species (Millán-Aguiñaga et al., 2017; Román-Ponce et al., 

2020). Culture-independent experiments selectively targeting Salinispora indicate that when 

physical and chemical nucleic acid lysis methods are used on marine sediment samples, 

Salinispora diversity is the same as culture-dependent methods (Mincer et al., 2005).  However, 

in a recent 16S rRNA sequencing analysis of a Belize marine sediment microbial community, 

Salinispora was identified to be a rare community member (Tuttle et al., 2019). Both culture-

dependent and culture-independent biogeographic analyses of Salinispora strains have contributed 

to hypotheses regarding Salinispora worldwide macroscale distribution, however, only the culture-

based studies provide continued genomic evidence and experimental capacity for answering 
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questions about Salinispora BGC diversity, distribution, and evolution across the ocean’s 

biogeographic expanse. 

To that end, the goal of this chapter was for the first time to investigate the “microscale” 

diversity of Salinispora that were selectively cultured from a 1m2 quadrant from marine sediment 

adjacent to a coral reef in Fiji. Over the course of a few months, we isolated 172 new Salinispora 

arenicola, 4 S. pacifica, and 28 non-target orange actinomycetes from 16 sub-quadrant sediment 

samples within the 1m2 square quadrant. All Salinispora isolates were confirmed to require 

seawater for growth, a characteristic feature of Salinispora (Jensen et al., 2005; Bucarey et al., 

2012). The new microscale strains had a wide diversity of morphologies, including pale orange to 

deep orange coloration, white fluffy spore-parts in addition to the dark brown and back spores, 

smooth circular, bumpy popcorn-like textures, and surface and subsurface growth on solid 

culturing media (Figure 5.1). A SNP analysis revealed that all strains shared 99% 16S rRNA 

sequence similarity and only 2 SNPs were discovered between 3 putative S. pacifica strains. Upon 

whole genome sequencing 5-6 strains per the 16 sub-quadrants, we identified 96 S. arenicola, two 

S. oceanensis, and one S. pacifica strain across the microscale quadrant. Comparative genomic 

analyses revealed that we captured most of the currently known S. arenicola genomic diversity 

where microscale strains grouped with macroscale S. arenicola similarly isolated from Fiji and 

other locations worldwide rather than other microscale strains isolated from the same sub-

quadrant. We report the first evidence of subspecies diversification within S. arenicola, as all 217 

Salinispora strains showed distinct 95-99% ANI groups. One hypothesis to explore would be if 

sub-species recombination is occurring between specific sub-populations of S. arenicola. With the 

microscale genome dataset, we now have the means to test this. Additionally, the similarity 

between some microscale S. arenicola strains and other S. arenicola strains isolated from non-Fiji 
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locations provides evidence that S. arenicola is cosmopolitan in marine sediments and perhaps 

specific populations are abundant or environments select for specific sub-species or contribute to 

the intraspecific diversity captured across the species.   

A comprehensive BGC analysis of the 118 macroscale Salinispora noted that the number 

of BGCs shared between Salinispora did not decrease over increasing geographic distance at both 

the genus and species level in Salinispora, indicating that no biogeographic barriers have 

prevented BGC flow between Salinispora (Letzel et al., 2017). The question of how individual 

bacterial species are globally distributed and how their diversity differs on a macroscale and 

microscale continues to fascinate microbiologists. From our 99 new microscale Salinispora 

genomes, we uncovered 3,023 BGCs. All 99 new strains contained the salinipostin BGC 

(described in detail in Chapter 4 of this dissertation), indicating that all have the potential to 

produce salinipostin and SAL-GBLs (Kudo et al., 2020; Creamer et al., 2021). To understand if 

we captured any new biosynthetic potential compared to the macroscale Salinispora, we compared 

BGCs from all 217 strains and discovered that the new microscale genomes both had unique BGCs 

and GCFs (gene cluster families of BGCs), shared BGCs, and even captured additional rare BGCs. 

One BGC cluster that was specific to the microscale Salinispora strains included 2 domains 

involved in rifamycin biosynthesis, thus it might be a fragmented of the rifamycin BGC, which 

has previously been challenging to assemble (Chase et al., 2021). Two GCFs were unique to four 

of the same Salinispora microscale strains, and one of the BGC types included rare type II beta-

branching KS domains, which have only been previously seen in 2 out of the 118 macroscale 

Salinispora genomes (the other unique GCF in these four strains was identified by NaPDoS2 as a 

type I modular cis-AT hybrid KS containing polyketide BGC). Plus, 45 of the new microscale 

Salinispora genomes contained PTM-like KS domains, which were previously only observed in a 
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few Salinispora strains. This discovery is exciting because it provides a greater number of 

Salinispora isolates in culture that could be grown to search for PTM molecules (Blodgett et al., 

2010; Cao et al., 2010; Qi et al., 2021). One of our microscale S. oceanensis strains contained the 

thiolactomycin BGC, thus increasing the number of strains known to have this BGC from 5 to 6 

(Tang et al., 2015). Similarly, the microscale S. oceanensis CNZ-966 was discovered to contain 

the salinosporamide BGC, which is another example of this biomedically relevant and interesting 

BGC occurring outside of S. tropica (Chase et al., 2021; Bauman et al., 2022). A great example 

of a previously rare BGC that the microscale genome dataset detected is the retimycin BGC, which 

was previously only observed one S. arenicola strain (Duncan et al., 2015; Letzel et al., 2017). 

We discovered five microscale S. arenicola strains with the retimycin BGC, which would be 

fantastic targets to see if any structural variants of the quinomycin-type depsipeptide retimycin A 

compound are produced. While it was a risk that all of the microscale S. arenicola could have had 

the exact same BGC biosynthetic potential, instead we find a high amount of across strains, 

highlighting the importance of studying closely related strains and the diversity they encode. Plus, 

even if some of the BGCs were already described, many of the BGCs could have gene differences 

or SNPs that could account for new products and increasing the number of cultured isolates with 

related BGCs will assist future compound discovery as we know different strains may have 

different BGC expression patterns. We predict that this could be a powerful way to look for 

structural variants of known compounds like cyclomarin, rifamycin, and lymphostin if any of the 

microscale BGCs have gene differences, especially since these strains were isolated years after the 

original isolates.  

In all, the microscale Salinispora genome dataset greatly expands our understanding of the 

diversity within closely related microscale and macroscale Salinispora populations, and their 
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encoding biosynthetic potential diversity. These strains can serve as exciting models to explore if 

there are additional patterns of new evolutionary chemical innovation on a spatial scale that has 

not been explored before. 
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5.7 Chapter 5 Appendix. Characterization of the macro- and microscale 
Salinispora plasmid “mobilome”  

 

5.7.1 Abstract  

Previous work in the genus Streptomyces has shown that conjugative double-stranded DNA 

transfer is mediated by actinobacterial plasmids. While there have been over 118 Salinispora 

genomes sequenced, there has been no investigation into whether Salinispora harbor native 

plasmids. In this chapter appendix, we report methods to successfully extract and visualize plasmid 

DNA from Salinispora strains. We apply this technique to all 99 new microscale Salinispora 

genome sequences (in addition to many of the original 118 macroscale Salinispora strains during 

development of the protocols) and find that many strains harbor different sized plasmids. Attempts 

to sequence the plasmids proved to be challenging, and we suggest that future work with long-

reads or Hi-C sequencing approaches will be needed to fully characterize these Salinispora 

plasmids. The characterization of these novel Salinispora plasmids will facilitate future 

investigation to see if the plasmids harbor BGCs that are being exchanged, in addition to proving 

useful for molecular genetic experiments.  

 

5.7.2 Introduction  

Horizontal gene transfer of DNA between bacteria can occur in four ways: 1) conjugation: 

which requires cell to cell contact via cell surface pili or adhesins through which DNA is 

transferred from the donor cell to the recipient cell; 2) transformation: the uptake, integration, and 

functional expression of naked fragments of extracellular DNA; 3) transduction: which requires 

specialized or generalized bacteriophages that transfer bacterial DNA from a previously infected 
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donor cell to the recipient cell; and 4) Gene transfer agents (GTAs): bacteriophage-like particles 

that carry random pieces of the producing cell’s genome where the GTA particles are released 

through cell lysis and spread to a recipient cell (Von Wintersdorff et al., 2016). A previous study 

of the macroscale Salinispora CRISPR-Cas systems identified 24 strains that contained evidence 

of the common Streptomyces SV1 (Stuttard, 1983) prophage, with 6% of the Salinispora spacers 

matching SV1-related sequences indicating that the phage preys on Salinispora (Wietz et al., 

2014). While no Salinispora specific phage has been identified to date, it is possible that 

transduction is an active form of DNA acquisition in Salinispora. I searched all 118 macroscale 

Salinispora genomes for any evidence of transformation competence related genes (Johnsborg et 

al., 2007; Mell and Redfield, 2014) and found none, indicating that Salinispora is likely not 

naturally competent. This indicates that Salinispora would need to be in a recently described 

Streptomyces wall-less state (Ramijan et al., 2018) for transformation of extracellular DNA to take 

place.  

Conjugation is one of the most widespread mechanisms of HGT in Actinomycetia 

(formerly Actinobacteria) where DNA is translocated across two bacterial cell membranes 

mediated by two types of mobile genetic elements: conjugative plasmids and actinomycete 

integrative and conjugative elements (AICES) (Evelien and Henk, 2008; Ghinet et al., 2011; 

Bordeleau et al., 2012). Many AICE (integrative conjugative plasmid) sequence regions have been 

identified in Salinispora, however, as AICES can excise from the chromosome to form circular 

covalently closed molecules, they can only disseminate via conjugation (Ghinet et al., 2011). The 

order Actinomycetales has unique conjugative machinery composed to the essential FtsK-homolog 

protein TraB, which is reminiscent of the machinery that allows segregation of chromosomal DNA 

during bacterial cell division and sporulation (Bordeleau et al., 2012). TraB is a single plasmid-
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encoded protein that directs the transfer from plasmid-carrying donor to the recipient 

Actinomycete. Recent fluorescent microscopy studies have shown that inter-mycelial plasmid 

spreading in Streptomyces requires both the hexameric pore TraB and a Spd protein complex 

(Reuther et al., 2006; Thoma et al., 2015, 2016; Thoma and Muth, 2016). I have been unable to 

find any TraB homologs or functional conserved TraB domains in the 118 macroscale Salinispora. 

Interestingly, experimental conjugation with Salinispora is only successful when the conjugating 

donor strain contains the “helper” plasmid pUZ8002 which has a Streptomyces traB-like transfer 

machinery on it, as alluded to in (Eustáquio et al., 2009; Bucarey et al., 2012; Zhang et al., 2018) 

and observed in my own experimental tests. Thus, perhaps like Streptomyces, which have a natural 

plasmid-encoded traB, it is possible that the Salinispora traB is also plasmid-encoded.  

Plasmids are self-replicating genetic elements capable of mobilization between different 

hosts and are widely recognized as mediators of HGT events that contribute to evolutionary 

patterns in microbial populations (Hü et al., 2017). Plasmids typically carry conserved functions 

of DNA replication and mobilization in addition to accessory genes that contribute to their host’s 

phenotypic diversity. These plasmid-encoded characteristics include virulence factors, resistance 

to antibiotics, production of antimicrobials, degradation of xenobiotics, and functions necessary 

for bacteria-host interactions (Dib et al., 2015). Plasmids in individual Actinomycetia (formerly 

Actinobacteria) are reported, many with important accessory genes like BGCs. The report of a 

linear SCP1 (365kbp) plasmid in Streptomyces coelicolor A(3)2 that contains the signaling 

molecule methylenomycin BGC (S. coelicolor also contains a circular SCP2 (31kbp) plasmid) was 

one of the first surprising actinobacterial plasmid discoveries (Kinashi et al., 1987; Corre et al., 

2008). More recently, metagenomic studies have uncovered further evidence that plasmids are able 

to harbor important, functional BGCs in the case of the NRPS renieramycin 33kbp BGC found in 
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a sponge bacterial symbiont; in this case, the BGC was the entire plasmid (Tianero et al., 2019). 

In 2012, a study coined the term “plasmidome” and defined it as the overall plasmid population of 

a sample (Kav et al., 2012). While metagenomic approaches to study the plasmidome or the 

synonymous “mobilome” (total amount of mobilizable genetic elements in a population) can 

reveal complex plasmid communities and functional adaptations in microbial communities in the 

bovine rumen (Kav et al., 2012) and ground water environment (Kothari et al., 2019), culture-

dependent approaches can allow targeted characterization of important clinical and environmental 

bacterial plasmids. 

 

5.7.3 Methods  

 

Culturing for plasmid extractions: Salinispora and other plasmid containing cultures 

(Escherichia coli) for controls were cultured as previously described in Chapter 5. Briefly, 

Salinispora strains were cultured in A1 75% seawater liquid media (10 g/L soluble starch 

(Affymetrix), 2 g/L peptone (Fischer Scientific), 4 g/L yeast extract (Fischer Scientific), 22 g/L 

instant ocean mix (Marineland) in 1L DI water) at 28°C at 230rpm until they reached exponential 

cell density. E. coli cultures were grown in LB media with appropriate antibiotics for stability of 

the plasmids for 16-18h at 37°C at 200rpm. Plasmid DNA was isolated from Salinispora as 

described below. Control plasmids of known sizes were purified from E. coli cultures using the 

QIAprep spin Miniprep Kit (Qiagen) and the ZymoPURE EndoZero Plasmid Midiprep (Zymo 

Research). 

Genomic DNA from Salinispora was extracted as follows (Millán-Aguiñaga et al., 2017): 

The 50mL Salinispora cell pellet was re-suspended in TE Buffer (pH 8.0, 10mM Tris-HCl, 1.0mM 
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EDTA; Teknova, Inc.) to an OD600 of 1.0; lysozyme (100mg/mL; end concentration 3mg/mL; 

Sigma-Aldrich) and RNAse A (100mg/mL; end concentration 100ug/mL; Qiagen) was added and 

the mixture was incubated at least 80 min at 37°C.  After incubation, 10% SDS (Sigma-Aldrich) 

and Proteinase K (20mg/mL; Qiagen) was added and the entire mixture was incubated overnight 

at 55°C.  The next day, 1.5 mL of 5M NaCl (Ambion) and 1 mL 10% CTAB/NaCl (Sigma-Aldrich) 

solution was added and incubated for 10 min at 65°C followed by an ice bath for 10 min.  Chemical 

DNA extraction was performed by adding 4mL phenol/chloroform/isoamyl alcohol (25:24:1 ratio 

saturated with 10 mM Tris, pH 8.0, 1 mM EDTA; Sigma-Aldrich), centrifuging for 10 min at 

10,000 rpm, 4°C, followed by transferring the upper aqueous layer to 4 mL chloroform (Sigma-

Aldrich).  The samples were centrifuged for 10 min at 10,000 rpm, 4°C and the upper aqueous 

layer was transferred using wide-bore tips to a new tube; DNA was precipitated by adding 0.6 

volumes of molecular grade isopropanol (Sigma-Aldrich), followed by centrifugation for 10 min 

at 10,000 rpm, 4°C.  The precipitated DNA was rinsed with ice-cold 70% molecular grade EtOH 

(Sigma-Aldrich), and centrifuged for 10,000 rpm for 2 min, after which the EtOH was removed 

and samples air dried; the genomic DNA was dissolved overnight in TE buffer at 4°C. The gDNA 

purity was confirmed by measuring the 260 nm/280 nm and 260 nm/230 nm absorbance ratios 

using a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific), and the concentration of 

the DNA was measured using both the NanoDrop 1000 spectrophotometer (Thermo Fisher 

Scientific) and a Qubit 3.0 fluorometer (Thermo Fisher Scientific), according to the manufacturer’s 

instructions.  The gDNA molecular weight quality was analyzed by running 60 ng of the gDNA 

on a 1% agarose gel for 90 minutes at 90V alongside a GeneRuler 1kb Plus DNA ladder (Thermo 

Fisher Scientific).    
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5.7.4 Salinispora plasmid extraction protocol 

This protocol was adapted from a plasmid extraction protocol from Dr. Henrique Machado.   

A. Buffer preparation:  

Buffer P1 (store in the fridge, 4°C) 

Tris – 0.606g 

Na2EDTA x 2H2O – 0.37g 

RNAse A (10mg/mL) – 1g (200µL of 100mg/mL Qiagen) 

d H2O – up to 100mL 

- Adjust to pH 8.0 (by adding 0.1M HCl); filter sterilize with 0.2uM filter. 

Buffer P2 

SDS (10% w/v) sterile in H2O – 10mL 

NaOH – 1.17g 

dH2O – up to 100mL  

Buffer P3 

Potassium acetate – 58.88g 

dH2O – up to 200mL  

- Adjust pH to 5.5 by adding acetic acid 

B. Plasmid extraction and purification:  

1. Collect 2mL Salinispora culture in a 2mL microcentrifuge tube (best yield was 2mL of 

mid-dense culture). 

2. Centrifuge for 10min, 5000 rpm, at 4°C; discard the supernatant.  

3. Add 300µL P1 Buffer; vortex. 



 228 

4. Add 300µL P2 Buffer; incubate 4 minutes at room temperature; shake gently by inverting 

5 times in the tube rack. 

5. Add 300µL P3 Buffer; incubate 5 minutes at room temperature; shake gently by inverting 

5 times in the tube rack. 

6. Centrifuge for 20min, 13,000 rpm, at 4°C. 

7. Place supernatant in a new 2mL microcentrifuge tube. 

8. Repeat steps 6 and 7 by spinning the supernatant and transferring again—you do not want 

any residual cell material. I recommend the use of wide bore tips and slow pipetting to not 

shear plasmid DNA. 

9. Add 640µL isopropanol (0.7 volume of the supernatant); shake gently.  

10. Centrifuge for 20min, 13,000 rpm, at 4°C; discard the supernatant (you can carefully pour 

it off as long as the pellet is not dislodged). 

11. Add 550µL ice cold 70% Ethanol. 

12. Centrifuge for 10min, 13,000 rpm, at 4°C; discard the supernatant using a pipette tip; the 

pellet is your plasmid DNA.  

13. Dry the pellet for 12 minutes at 37°C in an incubator with the tube caps open. 

14. Add 50-100µL EB buffer to resuspend, let sit overnight at 4°C or for at least 20minutes.  

15. Store at -20°C, and for long-term storage, -80°C. 

 

C. Quantify plasmid amounts 

The plasmid purity should be confirmed by measuring the 260 nm/280 nm and 260 nm/230 

nm absorbance ratios using a NanoDrop 1000 spectrophotometer (Thermo Fisher 

Scientific). 
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The concentration of the plasmid DNA should be measured using both the NanoDrop 1000 

spectrophotometer (Thermo Fisher Scientific) and a Qubit 3.0 fluorometer (Thermo Fisher 

Scientific), according to the manufacturer’s instructions. We recommend measuring both 

the Qubit dsDNA BR and Qubit RNA BR assays, as it is likely the NanoDrop 

measurements will not match the Qubit dsDNA measurements, and thus an additional 

RNAse A cleanup and re-purification step might be needed.    

 

D. RNAse A treatment & plasmid re-purification 

1. Add 2.5µL RNAse A (Qiagen 100mg/mL) per 100µL of plasmid. Incubate at least 1 

hour at 37°C. 

2. Add 5x volume Buffer PB (Qiagen, or homemade 5M guanidine hydrochloride (Gu-

HCl), 30% isopropanol) to the plasmid sample and mix.  

3. Apply mixture to a silica-binding column (Epoch life sciences, Qiagen QIAquick, or 

similar).  

4. Spin at max RPM for 60 seconds. Discard flow through. Add 750µL Buffer PE 

(Qiagen, or diluted homemade 5X (80mM NaCL, 8mM Tirs-HCl, pH 7.5) diluted to 

1X with Ethanol (final volume 80%).  

5. Repeat spin, discard flow through, and repeat wash with PE buffer. Replace column in 

collection tube and do one final spin for 60seconds.  

6. Elute plasmid DNA by adding 70°C Buffer EB (Qiagen, homemade 10mM Tirs-HCl, 

pH 8.0 or ddH2O), letting sit for at least 5 minutes, followed by a final spin for 60 

seconds.  
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5.7.5 Conventional gel electrophoresis visualization of Salinispora plasmids 

Plasmid DNA samples should be fully dissolved in EB buffer or similar. Prepare a TAE 

gel with 0.5% agarose in a large gel electrophoresis rig (long). To prepare samples, mix 7µL of 

plasmid DNA with 7µL Sybr Green I (diluted to 1:100 in water; Thermo Fisher Scientific), and 

2.3µL 6X loading dye (NEB blue or purple). Pre-chill 1X TAE buffer at 4°C; use to fill gel box 

and load samples into gel wells. Once ready, the gel should be run at 34V for 6 hours and 5 minutes 

in the dark with ice packs covering the top, side, and underneath the gel rig (these should be 

changed if they melt too quickly). Paper towels should be used to prevent water from pooling near 

electrical wires. Visualize using a gel imager and UV light. We recommend the use of the 

GeneRuler 1kb Plus DNA ladder (Thermo Fisher Scientific) on either side of the samples on the 

gel. Our samples were also compared to a control plasmid pUC19 sample (2.3kb in size) and 

gDNA sample.  

 

5.7.6 PFGE visualization of Salinispora plasmids 

Below, we describe the PFGE (pulsed-field gel electrophoresis) methods to visualize 

Salinispora plasmids.  PFGE is a technique used to separate larger sizes of DNA molecules that 

can’t be accurately sized by conventional gel electrophoresis. PFGE is different than conventional 

gel electrophoresis because the electric pulses come from multiple angles around the gel, not just 

north/south poles, and low voltages are run for an extended period with switching electric patterns 

to create mobility and separation of nucleic acids. 

These protocols were written and tested by David Vereau-Gorbitz; they were adapted from the 

BioRad CHEF-DR III Pulsed Field Electrophoresis Systems instruction manual and applications 

guide.  
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A. Prepare TBE (Tris-Borate-EDTA) buffer 

TBE is a buffer used in pulsed-field electrophoresis for its greater buffering capacity compared to 

TAE (Tris-acetate EDTA), for longer electrophoresis runs and for resolving specific sizes of 

nucleic acids. DNA fragment run faster in TAE than in TBE due to the lower ionic strength of 

TAE, however this means that TAE cannot be run/used more than 24-36 hours whereas TBE can 

be run for several days without a change in the mobility of the DNA fragments.    

 

Recipe for 1L of 10X TBE: 

7.44 g Disodium EDTA (final concentration 0.02 M) 

55 g Boric Acid (final concentration 0.9 M) 

108 g Tris Base (final concentration 0.9 M) 

Diluted in Milli-Q water 

 

TBE Buffer Procedure 

1. Weigh 7.44 g of EDTA salt and transfer to a 100 mL beaker. 

2. Measure 35 ml of Milli-Q water and add to the beaker, stir without heating. 

3. Adjust the pH to 8.0 by adding NaOH, first add 7-8 pellets of solid NaOH and when the 

pH gets close to the desired measurement change to adding drops of 1.0 M NaOH solution. 

The EDTA salt will not dissolve until pH for the solution is basic. 

4. Adjust the volume of the solution to 40 mL. 

5. Add 800 mL Milli-Q water to an 1800 mL beaker. 

6. Add the 40 mL EDTA solution to 800 mL Milli-Q water. 
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7. Measure 108 g of Tris Base and add to the beaker, stir until dissolved. 

8. Measure 55 g of Boric acid and add to the beaker, stir until dissolved. 

9. Adjust the volume of the solution to 1 L with Milli-Q water, store in a 1L glass screw-cap 

bottle at room temp. 

 

To make a working stock of TBE (1x) for PFGE or conventional gel electrophoresis, measure 

100mL of 10x buffer in a 1L measuring cylinder, and add Milli-Q water to a total volume of 1 L. 

 

B. Procedure for a PFGE run 

Equipment: BioRad CHEF-DR III Pulsed field Electrophoresis Systems; attached to a BioRad 

Cooling Module. 

 

1. Turn a water bath on to 55°C. 

2. Attach all the cords to the PFGE power module and cooling module as seen in the 

instruction manual setup. 

1. Before starting a run: make sure the pump is on and the flow rate is correct. If you 

haven’t used the PFGE rig in the past month, it is recommended to turn the system 

and pump on to make sure all the tubes are pumping properly and nothing is 

clogged. Also, check to make sure that the PFGE cooling module is operational; it 

should cool to 14°C from room temperature in around 15-20 minutes while the flow 

system pumps at a 0.75 L/min rate (a setting of 70-80 on the PFGE variable speed 

pump).  
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3. Prepare your gel by dissolving 1% (g/mL) agarose into 0.5x TBE (must be SeaKem Gold 

Agarose (Lonza), BioRad Certified Megabase Agarose, or similar). The casting stand on 

the rig is for a 100 mL gel, and you need to make a little bit more gel to seal the ladders. 

Measure 1.1 g of agarose into a 250 mL Erlenmeyer flask. Measure and pour 110 mL of 

TBE buffer. 

4. Agarose will not dissolve at room temperature; heat the solution in the lab microwave until 

it starts to boil then stop the microwave and carefully remove it with heat resistant gloves 

and stir vigorously. Rinse and repeat until all of the agarose has dissolved. 

5. Once the agarose has dissolved completely, transfer it to the water bath for 15 minutes. 

Once the solution has reached 55°C, pour 100 mL into the gel casting stand on a levelled 

surface, with the well comb. Return the rest of the solution to the water bath. 

6. The gel will take at least 1 hour to completely set so plan accordingly, you can let the gel 

solidify for 45 minutes and then carefully transfer it to a level surface on the fridge for the 

last 15 minutes. 

7. Once the gel has set, carefully remove the comb and load your samples. For agarose plug 

samples, after loading the sample, seal the well with molten agarose from water bath and 

wait for it to solidify. The most important thing is to watch out for and avoid air bubbles 

inside the wells. For liquid samples, see step 10. 

8. Turn on the PFGE power module, fill the electrophoresis chamber with 2 liters of 1X TBE 

buffer and turn on the pump and cooling module on. 

9. Carefully lower the gel into the electrophoresis rig, if the gel floats it’s because of the 

temperature difference, chill the gel in the fridge for 5 minutes. Make sure to fix the gel in 

place to ensure that there is no air trapped beneath it. 
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10. Once the gel is stable in the rig and the water is flowing & chilling, load the liquid samples 

that have been mixed with loading dye. 

11. Turn to the power module, press BLOCK, the left display should show the number “1” to 

indicate you are changing parameters for block 1. The CHEF-DR III system can run 3 

independent blocks consecutively, should you need more than one block. 

12. Enter the parameters for initial and final switch time, run time, Volts/cm, and included 

angle for block 1. 

13. Press BLOCK again to view the parameters for blocks 2 and 3, a run time of “0” will 

disable a block from being run. 

14. When you are ready to begin, press the PAUSE/START RUN button, once the program is 

running, you cannot edit any of the run parameters. To manually end a run, hold down the 

PAUSE/START RUN button for 4 seconds and wait until you hear two beeps. 

15. During the run, condensation will occur along the chilled tygon tubing; in order to avoid 

accidents, set paper towels around the tubing where condensation may cause accumulation 

of water. Check to ensure no water will touch electrical wires or outlets. 

16. Remember to turn off the water bath, and thoroughly wash any equipment you used for the 

preparation of the gel. TBE is a hazardous waste; dispose of it in the correct liquid and 

solid waste containers according to EH&S guidelines. 

17. Once the run has started, touching the tubing, changing the pump settings, or even worrying 

too much in the vicinity of the electrophoresis rig will raise the temperature of the buffer. 

This can alter the conditions of the run, so it is advised against. 

18. Once a run has ended, turn everything off, carefully remove the gel and transfer it to the 

staining station, if all your samples are over 10kb in TBE buffer, you can afford to leave 
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the sample idle for a few hours as the samples are too heavy to diffuse into the buffer from 

the gel. 

19. The Jensen laboratory is equipped with SYBR green I staining solution, to prepare the 

staining solution dilute SYBR green I in 0.5x TBE buffer in 1:10000. 

20. Transfer the gel into the container with staining solution for 30 minutes. Remember to 

shake occasionally. SYBR green I does not require a post stain wash, so you can transfer 

your gel to the imaging station right away. 

 

Other equipment:  

Agarose (SeaKem Gold agarose, Lonza; Certified Megabase agarose, BioRad; or similar) 

Ladder:  

15-291 kb ladder (NEB midrange marker) 

48.5-1000 kb ladder (NEB lambda ladder) 

225-1100 kb ladder (2 yeast chromosome markers from NEB) 

 

5.7.7 Results 

To date, there have been no native Salinispora plasmids described. However, during the 

large-volume genomic DNA extractions and subsequent gel electrophoresis visualization of the 

118 macroscale Salinispora, four Salinispora strains showed evidence of harboring plasmids (Dr. 

Natalie Millán-Aguiñaga, unpublished data). The goal of this chapter 5 appendix in tandem with 

the genome-sequencing of 99 new microscale Salinispora strains was to determine if any 

Salinispora have native plasmids and if so, attempt to characterize and compare the macroscale 

and microscale Salinispora mobilome. We optimized a plasmid extraction protocol that uses 
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alkaline lysis and plasmid precipitation that achieves high yields with test plasmids in E. coli and 

Salinispora (described in the methods above). I performed parallel large volume gDNA extractions 

(the same that (Millán-Aguiñaga et al., 2017) used for all macroscale Salinispora) and plasmid 

extractions on three Salinispora strains in which plasmids were previously observed by Dr. Natalie 

Millán-Aguiñaga. When visualized by low voltage gel electrophoresis, I confirmed that these three 

strains have plasmids that were faintly seen in the gDNA preps but clearly present in the plasmid 

extractions (data not shown). I extracted an additional 13 macroscale strains and 16 microscale 

Salinispora strains (one from each sub-quadrant, Figure 5.19) and discovered that most 

Salinispora, but not all, have evidence of plasmids (Figure 5.18). I expanded this survey to all 99 

newly isolated microscale Salinispora and again observed that most had evidence of plasmids 

(Figure 5.20-5.25). Some of the strains had very low amounts of extracted plasmid DNA and 

others had high amounts of contaminating co-purified RNA (low molecular weight black blobs, 

for example in Figure 5.21), which can affect sequencing downstream and plasmid quantification 

estimates when only using the Nanodrop spectrophotometer. To this aim, I developed an RNA-

cleanup protocol that removes significant amounts, but not all, of the RNA in the plasmid 

preparations (data not shown; protocol described in methods above). This RNA removal method 

could be combined with downstream DNA cleaning and concentration protocols. 

In order to determine if plasmids were present after extraction, I optimized a 13-16-hour 

low voltage gel electrophoresis protocol which showed the separation of plasmids into multiple 

bands (Wang and Lai, 1995). Plasmids are expected to form multiple bands on a gel as the 

preparations may include nicked open-circular plasmid DNA (with one strand cut), linear plasmid 

DNA (with both strands cut at one site), supercoiled/covalently closed-circular plasmid DNA 

(where the DNA is fully intact with both strands uncut), supercoiled denatured DNA (which can 
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occur after excessive alkaline lysis where both strands are uncut but are not correctly paired 

resulted in a compacted plasmid form), and relaxed circular DNA (fully intact and relaxed with no 

supercoils) conformations that will each separate differently due to their varying degrees of 

mobility. Many of the microscale Salinispora plasmids were larger than the 2.3kbp control pUC19 

plasmid, including plasmids from quadrants 2, 4, 5, 8, 10, and 11 in Figure 5.20 which each had 

the signature 4 bands of plasmids of different conformations. Figure 5.21 shows an example of a 

larger plasmids ~20kbp or larger, from quadrant 16 with other samples with a decent amount of 

RNA co-contamination as dark bands at the bottom of the gel. In Figure 5.22, two plasmid samples 

from quadrants 6 and 9 each showed the typical 4 plasmid banding pattern of plasmids estimated 

to be at least >2.3kbp in size. In contrast, plasmid samples from quadrant 1 in Figure 5.23 appeared 

to be smaller (2.3-5kbp) in size. In Figure 5.24, we observed a plasmid with a very high molecular 

weight over 20kbp with two bands at the top of the gel >20kbp from quadrant 5; and one other 

plasmid sample from quadrant 12 that seemed to have a size at least larger than the 2.3kbp plasmid 

control. Finally, Figure 5.25 showed two plasmid bands high on the gel indicating sizes 20kbp or 

larger in a sample from quadrant 16. Overall, we observed plasmid banding patterns using 

conventional gel electrophoresis in ~15/99 samples, however there could be larger plasmids that 

could not be visualized and separated using this method.  To better determine the size the extracted 

plasmids, I turned to pulsed-field electrophoresis (PFGE).  

PFGE is a useful technique for resolving super-coiled and circular chromosome-sized 

DNAs via an alternating low-voltage electric field between spatially distinct pairs of electrodes 

that force small to large sized DNA to reorient and move at different speeds during extended period 

in a chilled buffer. David Vereau-Gorbitz, an undergraduate student under my mentorship, 

optimized two PFGE runs for a mid-range ladder (15kbp to 250kbp) and smaller-size ladder (8kbp-
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50kbp). Upon running 8 of the plasmid extracts from the 16 microscale Salinispora, we observed 

multiple plasmid conformations in a couple of the samples with one plasmid around 50kbp in size 

and another ~60kbp or larger (Figure 5.18). The PFGE method can make it difficult to interpret 

the size of the plasmids due to multiple conformations, and thus we attempted sequencing the 

plasmids to fully size and assemble the plasmid contents.  

In a pilot sequencing run, I combined nine strains of Salinispora plasmid DNA in a “mock” 

plasmidome for short-read MiSeq Illumina sequencing; however, efforts so far to assemble any 

plasmids from the sequencing data using the plasmid assembly tool PLACNETw (Vielva et al., 

2017) have not been successful. While Illumina sequencing can help provide accuracy and 

sequencing depth, it has been discussed in the literature that it is very difficult to assemble plasmids 

from short-read sequencing due to frequent repeat sequences, and in our case, the possibility that 

there might be BGCs with repeat regions could further complicate assembly (Arredondo-Alonso 

et al., 2017). There are other tools that could be used to assemble and annotate the Salinispora 

plasmids including PLACNETw (Vielva et al., 2017), plasmidSPAdes (Bankevich et al., 2012) 

(now part of SPAdes ), Recycler (Rozov et al., 2017), Circlator (Hunt et al., 2015), MIplasmids 

(Arredondo-Alonso et al., 2018), PlaScope (Royer et al., 2019), PLASmapper (Dong et al., 2004), 

canu (Koren et al., 2017), among others that have been developed specifically for MinION 

sequencing (George et al., 2018) and the assembly of plasmids from whole genome assembly data. 

In a trial long-read sequencing attempt, 5 plasmid samples with distinctive 4 banding patterns or 

high bands from conventional gel electrophoresis were sent to Primordium Labs (Arcadia, CA) 

which specializes in sequencing plasmids. They were able to successfully sequence one of the five 

samples (Figure 5.26), resulting in a circular 9,468bp sequence with 4 predicted coding sequences 

as assigned by pLannotate (McGuffie and Barrick, 2021). This specific microscale Salinispora 



 239 

plasmid is from quadrant 10, lane number 10 in gel Figure 5.20 with the plasmid-distinctive 4 

banding pattern. In communication with the company, they indicated that challenges to sequencing 

these native plasmids include the high amount of co-extracted RNA and thus lower concentrations 

of the plasmid DNA, along with many DNA fragments which could be from the plasmid or 

contaminating gDNA. The coding sequences predicted on the plasmid did not seem to be typical 

plasmid genes; however, when the plasmid was BLASTn against the microscale collection of 

Salinispora genomes, there were multiple hits <2.5kbp alignments and less to the genomes 

(including the strain the plasmid was isolated from), which could indicate this this plasmid is a 

small extrachromosomal element with a couple of chromosome-encoded genes, or perhaps part of 

a small fragment of gDNA (Figure 5.26). Future efforts to sequence Salinispora plasmids should 

use Nanopore MinION long-read sequencing or Hi-C methods to sequence the macroscale and 

microscale Salinispora plasmids as both technologies has been successfully applied in the 

sequencing of plasmids (Lemon et al., 2017; Li et al., 2018; Taylor et al., 2019; Bickhart et al., 

2022), and careful cleanup and concentration o the samples will hopefully enable better sequencing 

results.  

 

 

Figure 5.19. Sub-quadrant 
isolation location color and 
number key. 
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Figure 5.20. Conventional gel electrophoresis of microscale Salinispora plasmids (n=2 
extractions per strain) numbered by quadrant location. Gel includes 1kbp ladder (L); a 
pUC19 2.3kbp plasmid and Salinispora gDNA for comparative controls. 



 241 

 

L Lgp19 20 21 22 23 24 25 26 27 28

kbp
20

5

1.5

0.5

kbp
20

5

1.5

0.5

pUC
19

gDN
A

Lad
der

0.5% agarose, 34V, 365 min; chilled TAE. 

Figure 5.21. Conventional gel electrophoresis of microscale Salinispora plasmids (n=2 
extractions per strain) numbered by quadrant location. Gel includes 1kbp ladder (L); a 
pUC19 2.3kbp plasmid and Salinispora gDNA for comparative controls. 
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Figure 5.22.  Conventional gel electrophoresis of microscale Salinispora plasmids (n=2 
extractions per strain) numbered by quadrant location. Gel includes 1kbp ladder (L); a 
pUC19 2.3kbp plasmid and Salinispora gDNA for comparative controls. 
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Figure 5.23. Conventional gel electrophoresis of microscale Salinispora plasmids (n=2 
extractions per strain) numbered by quadrant location. Gel includes 1kbp ladder (L); a 
pUC19 2.3kbp plasmid and Salinispora gDNA for comparative controls. 
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Figure 5.24. Conventional gel electrophoresis of microscale Salinispora plasmids (n=2 
extractions per strain) numbered by quadrant location. Gel includes 1kbp ladder (L); a 
pUC19 2.3kbp plasmid and Salinispora gDNA for comparative controls. 
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Figure 5.25. Conventional gel electrophoresis of microscale Salinispora plasmids (n=2 
extractions per strain) numbered by quadrant location. Gel includes 1kbp ladder (L); a 
pUC19 2.3kbp plasmid and Salinispora gDNA for comparative controls. 



 244 

  

Feature percent 
identity

percent 
match 
length

Description

YXIS_SACER 60.7% 69.6%

Protein predicted: Swiss-Prot
protein existence level 4. Probably 
does not play a direct role in 
plasmid integration or excision. 
From Saccharopolyspora erythraea
(Streptomyces erythraeus).

Nudt2 53.7% 27.9%

AP4A_MOUSE - Also known as 
Apah1. Experimental evidence at 
protein level: Swiss-Prot protein 
existence level 1. Asymmetrically 
hydrolyzes Ap4A to yield AMP and 
ATP. Plays a major role in 
maintaining homeostasis (By 
similarity). From Mus musculus 
(Mouse).

Sec61β 100.0% 5.8%
human Sec61β subunit of the 
translocon in the endoplasmic 
reticulum; SEC61B

Csy4 100.0% 3.2%

CRISPR-associated 
endoribonuclease responsible for 
pre-crRNA processing in 
Pseudomonas aeruginosa 
(Haurwitz et al., 2010)

pLannotate

pLannotate

CNZ-957 (Quadrant 10)

Query Hit % id align length mismatches gap open start query align end query align start subj align end subj align evalue bitscore
5-CNZ-871_9468bp_circ SaCNZ924_FJ_00021 97.894 2469 48 2 1 2469 9877 7413 0 4268
5-CNZ-871_9468bp_circ SaCNZ924_FJ_00021 92.222 2070 149 11 4414 6476 14968 12904 0 2920
5-CNZ-871_9468bp_circ SaCNZ924_FJ_00021 91.724 1885 119 27 7605 9468 11746 9878 0 2582
5-CNZ-871_9468bp_circ SaCNZ924_FJ_00021 94.727 1536 70 10 2503 4029 6559 5026 0 2377
5-CNZ-871_9468bp_circ SaCNZ957_FJ_00098 96.805 1878 34 20 5242 7106 1 1865 0 3112
5-CNZ-871_9468bp_circ SaCNZ957_FJ_00098 100 154 0 0 6697 6850 1609 1456 5.97E-74 285
5-CNZ-871_9468bp_circ SaCNZ957_FJ_00101 99.09 1539 6 7 7813 9347 1 1535 0 2758
5-CNZ-871_9468bp_circ SaCNZ957_FJ_00101 100 48 0 0 8272 8319 507 460 5.02E-15 89.8

A.

B.

D.

C.

Figure 5.26. Long-reads plasmid sequencing of microscale S. arenicola strain CNZ-957 
(gel sample #10), from sub-quadrant 10.  

A) Digital gel of the sequencing run;  

B) Predicted plasmid sequence map predicted by pLannotate;  

C) Description of predicted plasmid features;  

D) Top BLASTn matches of the plasmid agains all 99 microscale Salinispora genomes. 
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5.7.8 Discussion  

In this Chapter 5 Appendix, we have developed protocols for extraction and visualization 

of native Salinispora plasmids. These methods were developed and tested on both the macro- and 

microscale Salinispora genome strains, resulting in evidence that Salinispora harbor native 

plasmids of varying sizes from small (~2kbp) to large (> 20kb-> 50kbp from PFGE samples). We 

applied these plasmid extraction methods to the microscale Salinispora strains because this dataset 

was the first of its kind where we could explore the plasmid “mobilome” a spatial scale of 99 

isolates from a 1m2 plot. Because the genome diversity of the microscale Salinispora does not 

seem to follow a sub-quadrant patter, we hypothesized that Salinispora strains from the different 

sub-quadrants would have similar plasmids, thus perhaps indicative of plasmid gene flow between 

strains “distant” from one another in the quadrant. Native plasmids visualized by conventional gel 

electrophoresis were observed in many different sub-quadrants (Figure 5.20-5.25, Figure 5.18), 

however, sequencing the contents of the plasmids to understand gene flow proved to be difficult 

(Figure 5.26).  

Our work in this chapter aimed to characterize the diversity and content of the macroscale 

and microscale Salinispora mobilome, and thus enable future investigations of the ecology of 

Salinispora plasmids. Specifically, the gene content and functions of the plasmids should be 

analyzed and if interesting, experiments to assess the ability of the plasmids to be transferred via 

conjugation and transformation methods could be performed. To achieve these aims, one approach 

would be to introduce a GFP gene in a Salinispora plasmid and create a genome-GFP-tagged 

Salinispora strain to visualize if plasmid spreading occurs in growing hyphae, as demonstrated in 

Streptomyces (Thoma and Muth, 2016; Thoma et al., 2016). An alternative method could be to 

measure of Salinispora plasmid transformation efficiency by creating wall-deficient cells which 
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have both been observed naturally and created for similar DNA-transfer purposes in Streptomyces 

(Ramijan et al., 2018).  
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CHAPTER 6.  Evolutionary radiation of lanthipeptide RiPPs in 

micro- and macroscale Salinispora 
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6.1 Abstract 

 

 The bacterial phylum Actinobacteria includes a wide diversity of ecologically, genetically, 

and chemically rich species. While classification efforts have typically defined bacterial species 

based on genetic distance, evolutionary patterns of biosynthetic genes can be another method to 

differentiate closely related bacterial taxa. Ribosomally synthesized and post-translationally 

modified peptides (RiPPs) are specialized metabolites that originate from post-translational 

modification of precursor peptides, resulting in a wide array of compound diversity. A recent 

analysis of lanthipeptide RiPPs in marine picocyanobacteria revealed extraordinary compound 

diversity caused by varying core precursor peptide sequences. Do all lanthipeptide RiPP precursor 

peptide sequences show such an extreme radiation of sequence diversity? The marine-obligate 

bacterial genus Salinispora provides an opportunity to examine the evolutionary history and 

distribution of lanthipeptide RiPP precursor peptide sequence diversity on two different scales. 

Salinispora species are very closely related yet seem to have species-specific chemical arsenals 

and significant patterns of specialized metabolite biosynthetic gene cluster (BGC) distributions 

across species (Letzel et al., 2017). In this study, I assessed the distribution of lanthipeptide 

precursor peptides across a “macroscale” and a new “microscale” collection of Salinispora 

genomes. I have isolated and whole-genome sequenced a collection of microscale Salinispora 

strains cultured from a 1-meter2 marine sediment quadrant in Fiji. Both the macro- and microscale 

Salinispora strains have the potential to produce a vast assortment of structurally diverse and yet-

to-be-isolated RiPP lanthipeptides from every known class (I-V) of lanthipeptides. I discovered 

the Salinispora genus contains four out of the five known classes of lanthipeptides, including the 

newest class V type. Most of the Salinispora RiPP lanthipeptide precursor peptides are unlike any 
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precursor peptides from characterized RiPP BGCs and those extracted from 100,000 reference 

genomes. Further insights including possible evolutionary trajectories leading to the radiation of 

lanthipeptide RiPP precursor peptide diversity at the macro and microscale are discussed, which 

will support future efforts to selectively classify and characterize the first lanthipeptide RiPP from 

Salinispora.  

 

6.2 Introduction 

 

The marine obligate actinobacterial genus Salinispora is a rich source of biosynthetic 

potential. A previous comprehensive analysis of all BGCs in 118  macroscale  (defined here as 

Salinispora strains isolated from worldwide locations) Salinispora genomes identified 176 total 

BGCs, including polyketide synthase (PKS), non-ribosomal peptide synthetase (NRPS), PKS-

NRPS hybrid, ribosomally synthesized and post-translationally modified peptide (RiPP), terpene, 

siderophore, and a general “other” classes of BGCs (Letzel et al., 2017). A recent analysis 

increased this estimate to 3,041 complete or fragmented BGCs across the 118 Salinispora 

genomes, belonging to 305 gene cluster families (Chase et al., 2021).  However, to date, the 

number of compounds that have been isolated and linked to a Salinispora BGC from the PKS, 

NRPS, PKS-NRPS, terpene, siderophore, and “other” classes of BGCs is small relative to the 

number of estimated BGCs (Jensen et al., 2015; Letzel et al., 2017; Chase et al., 2021). Similarly, 

evolutionary analyses of Salinispora BGCs have primarily focused on PKS, NRPS, hybrid 

clusters, and siderophores (Ziemert et al., 2014; Tang et al., 2015; Bruns et al., 2017; Letzel et al., 

2017; J. J. Zhang et al., 2018; Chase et al., 2021; Williams et al., 2022) as genome-mining tools 

to identify and characterize these classes have been developed due to the predictable modular 
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organization and large number of characterized BGCs that can help inform genome searches. This 

includes my own analysis of the salinipostin gene cluster, described in Chapter 4 of this dissertation 

(Creamer et al., 2021) and the recent description of the pacificamide compound and putative BGC, 

described in Appendix A of this dissertation (Castro-Falcón et al., 2022). However, in the past few 

years, there has been an explosion of interest in the RiPP class of specialized metabolites following 

a concerted effort to characterize RiPP molecules and functions across bacteria (Arnison et al., 

2013).  

Ribosomally synthesized and post-translationally modified peptides (RiPPs) are different 

from PKS and NRPS derived compounds because they are the direct products of the cell’s 

ribosomal machinery (Arnison et al., 2013; Ortega and Van Der Donk, 2016; Repka et al., 2017; 

Hudson and Mitchell, 2018; Montalbán-López et al., 2021). The general scheme of RiPP 

biosynthesis starts with the transcription and translation of a precursor peptide gene in the RiPP 

BGC. The precursor peptide is 20-110 residues in length (composed of the 20 traditional 

proteinogenic amino acids) and subsequently undergoes post-translational modifications (PTMs) 

by enzymes that recognize the leader part of the precursor peptide and act on the core portion of 

the peptide (Arnison et al., 2013; Ortega and Van Der Donk, 2016; Repka et al., 2017; Hudson 

and Mitchell, 2018; Montalbán-López et al., 2021). Finally, the leader half of the peptide is cleaved 

and the modified core peptide, typically the final active RiPP, is transported to its final destination 

out of the cell by transporter genes present in the RiPP BGC (Arnison et al., 2013; Ortega and Van 

Der Donk, 2016; Repka et al., 2017; Hudson and Mitchell, 2018; Montalbán-López et al., 2021). 

RiPPs are incredibly diverse with more than >40 subclasses identified based on their salient 

features including structural motifs and common biosynthetic machinery (Arnison et al., 2013; 

Ortega and Van Der Donk, 2016; Montalbán-López et al., 2021). These classes of RiPPs all 
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include potent, bioactive specialized metabolites and therefore identifying all RiPP BGCs in 

Salinispora could lead to the discovery of useful RiPPs and exciting chemical diversity.  

While there are many classes of RiPPs, this study focuses on lanthipeptides. Lanthipeptides 

are lanthionine (Lan) and methyllanthionine (MeLan) containing RiPPs that are found across all 

three domains of life. They have antibiotic (lantibiotic), antifungal, antiviral, antinociceptive, 

antiallodynic, signaling molecule, and morphogenetic protein properties (Zhang et al., 2012; van 

der Donk and Nair, 2014; Repka et al., 2017). The lanthionine structure consists of two alanine 

residues that are linked through a thioether that connects their beta-carbons; many lanthipeptides 

also contain methyllanthionines which carry an additional methyl group on one of the beta-carbons 

(Yu et al., 2013). Biosynthetically, lanthionines and methyllanthionines originate from Ser and 

Thr residues in the precursor peptide that are first dehydrated to generate dehydroalanine (Dha) 

and dehydrobutyrine (Dhb) residues, respectively; next, the thiol of a Cys is added across the 

carbon–carbon double bond of these dehydroamino acids in a Michael-type addition to produce 

the Lan and MeLan structures, respectively (Yu et al., 2013). There are five classes of 

lanthipeptides as differentiated by their biosynthetic machinery, including: class I lanthipeptides 

(reactions require two different enzymes, a dehydratase LanB, and a cyclase LanC); class II 

lanthipeptides (reactions carried out by a single lanthipeptide synthetase, LanM, containing an N-

terminal dehydratase domain and a C-terminal LanC-like cyclase domain); class III (reactions 

catalyzed by the trifunctional enzyme LanKC with a lyase domain, kinase domain, and putative 

cyclase domain);  class IV (synthesized by the trifunctional enzyme LanL with a lyase domain, 

kinase domain and LanC-like cyclase domain); and class V (contains a putative lyase/dehydratase, 

kinase, and cyclases, and feature both lanthionine and AviMeCys motifs) (Zhang et al., 2012; 

Arnison et al., 2013; Repka et al., 2017; Li et al., 2021). Past and present efforts to identify 
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lanthipeptides, including radical new LanB behavior of a RiPP peptide serving as a scaffold for a 

non-ribosomal peptide extension and chemical modification (Ting et al., 2019), lipolanthine 

biosynthesis combining class III lanthionine synthases with PKS/FAS (Wiebach, Vincent et al., 

2018), and three novel members comprising the newest class V type (Kloosterman et al., 2020; 

Ortiz-López et al., 2020; Xu et al., 2020), have contributed to the understanding of lanthipeptide 

biosynthetic logic, which then can inform genome-mining approaches. There has been a recent 

expansion of RiPP genome-mining tools, including updated versions of antiSMASH 4.0, 5.0, and 

6.0 (Blin et al., 2017, 2019, 2021), BAGEL 3 and 4 (van Heel et al., 2013, 2018), PRISM 3 and 4 

(Skinnider et al., 2017, 2020), RIPPMiner Genome (Agrawal et al., 2017, 2021), and RODEO 1.0 

and 2.0 (Tietz et al., 2017; Hudson et al., 2019; Walker et al., 2020), to name a few.   

In a recent RiPP genome-mining analysis, it was predicted that lanthipeptides are the 

second most common RiPP in prokaryotic genomes (~14,000 lanthipeptide RiPP BGCs) and that 

lanthipeptide BGCs encode the second-most novel chemical collection of RiPP compounds 

(~1,000 unique lanthipeptides) (Skinnider et al., 2016). However, what is most interesting about 

this predicted diversity of lanthipeptides is that due to the biosynthetic paradigm of RiPPs, the 

structural diversity originates from the 20 proteinogenic amino acids that form the core precursor 

peptide. One particularly striking example of this diversity was observed in the marine 

Synechococcus and Prochlorococcus lanthipeptide prochlorosins (Bobeica and van der Donk, 

2018). Prochlorosin precursor peptides have undergone an incredible evolutionary radiation as it 

was discovered that the prochlorosin leader peptide amino acid composition was highly conserved 

whereas the core peptide showed a high level of diversity with very low amino acid identity 

(Cubillos-Ruiz et al., 2017). This indicates that in the case of the marine picocyanobacterial 

prochlorosins, extreme chemical diversification is driven by small changes in the core section of 
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the precursor peptide whereas the Lan modifying enzymes are less promiscuous in recognizing a 

conserved leader peptide sequence. Interestingly, a follow-up study to the original report of 

prochlorosin rapid core structure diversification discovered that the prochlorosin genes were 

associated with a single-stranded TnpAREP family of transposases—both co-localizing and co-

occurring in a phylogenic pattern indicating that the transposases could be responsible for 

promoting structural diversification of the prochlorosin genes via recombination and other 

methods (Laurenceau et al., 2020). Inspired by this first-of-its-kind evolutionary analysis of RiPPs, 

I proposed that our extensive collection of both macroscale and microscale Salinispora genomes 

present an opportunity to identify RiPPs and ask similar evolutionary questions. This builds on a 

recently published analysis describing the lanthipeptide diversity predicted from Salinispora 

genomes (Kittrell et al., 2020), which I aimed to expand upon by 1) using updated genome-mining 

tools to see if any new classes of lanthipeptides could be observed in Salinispora beyond what was 

originally reported; 2) expand the analysis of lanthipeptide BGCs and precursor peptides to both 

the macro- and new microscale collection of Salinispora genomes; 3) compare the predicted 

lanthipeptide RiPP biosynthetic potential to characterized lanthipeptides and 4) investigate the 

evolutionary dynamics of lanthipeptide precursor peptides in Salinispora.  

 

6.3 Methods 

 

6.3.1 Identification of Salinispora RiPP BGCs and precursor peptides 

 

 The micro- and macroscale Salinispora genomes for this study were isolated and whole 

genome sequenced in the preceding Chapter 5 of this dissertation. To assess the biosynthetic 
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potential of the 99 microscale and 118 macroscale Salinispora strains, all genomes were analyzed 

with antiSMASH 6.0 (with all options on, including  --taxon bacteria, --cb-general, cb-

knownclusters, --cb-subclusters, --cc-mibig, --asf, --rre, --pfam2go, --tigrfam, --smcog-trees, --

clusterhmmer, --fullhmmer, --genefinding-tool prodigal) (Blin et al., 2021). Additionally, BiG-

SCAPE and CORASON (Navarro-Muñoz et al., 2019) were used to calculate similarity between 

biosynthetic gene clusters including gene cluster families (GCFs) and gene cluster family clans. 

BiG-SCAPE was run with the following settings: Pfam 35.0 database; --include_singletons only 

when the comparison to the MIBiG 2.0 (Kautsar et al., 2020) option (--mibig) was toggled off (and 

vice versa when the –mibig option was toggled on, singletons were excluded); --cutoffs 0.1 0.3 0.5 

0.75 1.0; and --mode auto. 

 Next, manual inspection of all antiSMASH 6.0 html output files was used to identify 

predicted RiPP BGCs, and all predicted lanthipeptide BGC precursor peptides were copied from 

antiSMASH into a FASTA sequence file. If antiSMASH 6.0 predicted the core, leader, Dha, and 

Dhb residues, the predictions were noted. However, sequences were transformed to contiguous 

sequences (gaps between leader and core removed) and all Dha were changed back to S and all 

Dhb were changed back to T before downstream analyses. All extracted precursor peptides were 

labeled with the Salinispora species, strain, isolation location, the antiSMASH BGC cluster 

number, a unique “lan” number, the protein accession ID, and the predicted type of BGC or Lan 

class, as predicted by antiSMASH (ie. _putativeclassII or _putativeclassI). For some lanthipeptide 

RiPP BGCs, antiSMASH did not predict the core peptides, and thus the small genes encoded near 

the core Lan biosynthetic enzymes were analyzed to see if they could be the precursor peptides. 

Specifically, I searched for Pfam HMM domains associated with precursor peptides as previously 

reported (Walker et al., 2020), including: class I Lant_dehydr_N Pfam HMM (PF04738.13), 
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Lant_dehydr_C Pfam HMM (PF14028.6), and TIGR04363 (LD_lanti_pre: FxLD family 

lantipeptide; class II DUF4135 Pfam HMM (PF13575.6); class III and IV LANC_Like Pfam + 

Pkinase Pfam HMM (PF00069.25); and class V based on organization of the genes compared to 

the three reported class V BGCs. Any putative precursor peptide (small gene near the core Lan 

biosynthetic genes) that did not include a Cysteine (C) residue was discarded as it could not be a 

potential lanthipeptide precursor. Short domains that looked like the correct size to be a 

lanthipeptide precursor peptide but were functionally annotated differently and thus avoided 

included PP-binding and MbtH proteins. In some instances, the predicted precursor peptide 

sequences were analyzed with RiPP-Miner (Agrawal et al., 2021) or RODEO 2.0 (Walker et al., 

2020) to determine if they were indeed RiPP-like. Custom R scripts were used to count the number 

of lanthipeptide BGCs from which precursor peptides were identified and the total number of 

precursor peptides per BGC and Salinispora genome.   

 

6.3.2 Comparison of Salinispora precursor peptides with known RiPP compounds 

 

 In order to put the Salinispora lanthipeptide precursor peptide diversity into context, I 

extracted out all RiPP precursor peptides from the MIBiG 2.0 database of characterized BGCs 

(Kautsar et al., 2020) and all putative class I-IV RiPP precursor peptides identified from 100,000 

reference genome sequences (Walker et al., 2020).  Briefly, a custom script was used to extract all 

CDS regions from the concatenated MIBiG 2.0 Genbank sequence database, and then targeted 

searches for “pre-pep” “precursor” “structural gene” “propeptide” “propep” and the geneA, along 

with a list of all RiPP-BGCs to manually search the 353 precursor peptides identified. Precursor 

peptides from Walker et al. 2020 were extracted from the supplemental Microsoft Excel files; and 
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each precursor was appended with the class type I-IV, the genus species of the encoding strain, 

and the protein accession ID.  

 Sequence similarity networks were constructed with EFI-EST (Gerlt et al., 2015; Gerlt, 

2017; Zallot et al., 2019, 2021) and visualized with Cytoscape (Carlin et al., 2017). Amino acid 

alignments were performed in Geneious (Kearse et al., 2012). 

6.4 Results 

 

 With the help of updated RiPP genome-mining tools, I sought to ascertain the class types 

of lanthipeptide RiPPs in the genus Salinispora, and build an updated assessment of lanthipeptide 

diversity from the previous report (Kittrell et al., 2020). In the 99 new microscale Salinispora 

genomes, I identified 463 RiPP BGCs, which was the second largest class of BGCs. Our 

comparative BGC analysis with BiG-SCAPE clustered the RiPP BGCs into 38 gene cluster 

families (GCFs) with an average of 18 BGCs per BGC family, which were distributed across the 

99 genomes in a species-specific pattern for some GCFs (Figure 6.1). For example, the 

FAM_00507 GCF contained 95 BGCs, which were present in almost all of the Salinispora 

arenicola microscale genomes, but not in S. pacifica and S. oceanensis (Figure 6.1). Likewise, S. 

pacifica contained unique RiPP GCFs not found in other strains; and many other RiPP GCFs were 

distributed across the 99 genomes (Figure 6.1). When the 118 macroscale Salinispora genome 

BGCs were combined with the microscale BGCs, I identified a total of 902 RiPP BGCs clustered 

into 98 RiPP GCFs (average of 14 BGCs per GCF; and the largest GCF contained 145 RiPP 

BGCs). By plotting the presence and absence of all RiPP GCFs, I observed some species-specific 

distribution of RiPP GCFs (for example, in S. tropica at the top) and many of the new microscale 

Salinispora had similar GCF compositions that were shared with one or two other macroscale 
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Salinispora strains (Figure 6.2). However, because RiPP diversity arises from differences at the 

precursor peptide level, I focused on individual RiPP BGCs and their precursor peptides instead 

of at the GCF level. 

 From targeted RiPP BGC mining, I identified a total of 518 lanthipeptide BGCs. The 

Salinispora arenicola microscale genomes had the greatest number of lanthipeptide BGCs (n=254) 

followed by the macroscale S. arenicola (n=181) and S. pacifica (n=16) (Figure 6.3). However, 

these numbers do not reflect the uneven distribution of genomes for each species, thus I calculated 

the number of lanthipeptide RiPP BGCs per Salinispora genome (Figure 6.4). While I observed 

that both micro- and macroscale S. arenicola contained ~2.5 lanthipeptide BGCs per genome (and 

with >100 sequenced genomes in the species, this accounts for the greatest proportion of 

lanthipeptide BGCs in Salinispora), it was surprising to find that the only S. cortesiana genome in 

the genome collection contained four lanthipeptide BGCs (Figure 6.4).  
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Figure 6.1. Presence (red) and absence of RiPP gene cluster 
families (GCFs) in the 99 microscale Salinispora. The Y-axis 
dendrogram (Salinispora genomes) is clustered by 
absence/presence of RiPP GCF (X-axis, also clustered by 
presence/absence). 
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RiPP GCF

Macro-  &
Microscale
Salinispora

Figure 6.2. Presence (red) and absence of RiPP gene cluster 
families (GCFs) across all 217 micro- and macroscale Salinispora. 
The Y-axis dendrogram (Salinispora genomes) is clustered by 
absence/presence of RiPP GCF (X-axis, also clustered by 
presence/absence). 
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Figure 6.3. Number of lanthipeptide RiPP BGCs in all 217 
Salinispora genome, colored by Salinispora species. 
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Figure 6.4. Number of lanthipeptide RiPP BGCs per Salinispora species genome (from 
all 217 Salinispora genomes). Shaded bars denote new microscale Salinispora. 
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Figure 6.5. Number of lanthipeptide RiPP BGC precursor peptides 
from all 217 Salinispora genomes, colored by Salinispora species. 
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Figure 6.6. Number of precursor peptides per lanthipeptide RiPP BGCs in all 217 
Salinispora species genomes. Shaded bars denote new microscale Salinispora. 
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Next, I compared the number of precursor peptides identified from the Salinispora RiPP 

lanthipeptide BGCs, which totaled 1,825. Again, the microscale S. arenicola contained the largest 

number of precursor peptides (n=1,126) followed by the macroscale S. arenicola (n=583) (Figure 

6.5). Interestingly, when I calculated the number of precursor peptides per lanthipeptide RiPP BGC 

in each Salinispora species, I discovered that the micro- and macroscale S. arenicola each 

contained ~3-4 precursor peptides per lanthipeptide BGC, which was in stark contrast to the other 

species with only ~1-2 precursor peptides per lanthipeptide BGC (Figure 6.6). Many species like 

both macro- and microscale S. pacifica, S. tropica, and S. goodfellowii contained only one RiPP 

precursor peptide per lanthipeptide BGC (Figure 6.6). This difference in precursor peptide number 

could indicate different rates of evolutionary diversification of lanthipeptides between Salinispora 

species as observed in the case of the prochlorosins (Cubillos-ruiz et al., 2017). 

To better understand the potential diversity of precursor peptides in all Salinispora, I 

created a sequenced similarity network of all precursor peptides, colored by the Salinispora species 

(Figure 6.7). I uncovered 132 distinct clusters (including singletons) of lanthipeptide precursor 

peptides, and thus potential unique compounds, which was astounding (Figure 6.7). There are 

some species-specific clusters (clusters 13, 44, 34, 38, 45, etc.) which could be unique chemical 

products in each Salinispora species arsenal of compounds (Figure 6.7). However, I also observed 

precursor peptides that were shared across divergent species, i.e., clusters with many different 

colored nodes (cluster 2, 47, 69, etc.) (Figure 6.7). These could be interesting lanthipeptide BGCs 

to explore further, as they could be BGCs that have been horizontally transferred between species. 

It also appears as though our expansion of the microscale Salinispora genome dataset captured 

more chemical diversity, especially in the case of cluster 31 where our single S. pacifica microscale 

contained a unique species-specific lanthipeptide precursor peptide (Figure 6.7). Overall, the 
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microscale and macroscale S. arenicola shared much chemical diversity, however there are some 

precursor peptides that are unique to either the macro- or microscale genomes, thus indicating that 

I did not only rediscover the same lanthipeptide chemical diversity with our new genomes.  

 Next, I wanted to understand if these Salinispora lanthipeptide precursor peptides shared 

any similarity based on the location the Salinispora was isolated from. While most of the precursor 

peptides were discovered from Salinispora isolated in Fiji (because all microscale Salinispora 

were isolated from Fiji), I did observe multiple location-specific clusters of precursor peptides 

(Figure 6.8). In many cases, this matched with Salinispora species that were isolated from the 

Figure 6.7. Sequence similarity network of lanthipeptide precursor peptides from 
all 217 Salinispora genomes.  

Nodes are colored by Salinispora species (1,825 nodes; 68,872 edges; only showing 
edges >50% sequence identity). 
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same location, however cluster 5 and 50 are examples of four precursor peptides from Salinispora 

arenicola macroscale that share similarity even though they were isolated from the Bahamas, 

Yucatán, and the Sea of Cortez (Figure 6.8).  Any clusters within the same species yet detected 

across distant locations could be evidence of the BGC being fixed prior to distribution. It is also 

possible that some of the location-specific precursor peptides could yield novel chemistry.  To 

truly compare the diversity of lanthipeptide precursors from Fiji, I next colored the sequence 

similarity network by the location from which the strains were isolated from the 1m2 quadrant 

(Figure 6.9).  

 

Figure 6.8. Sequence similarity network of lanthipeptide precursor peptides 
from all 217 Salinispora genomes.  

Nodes are colored by Salinispora isolation location (1,825 nodes; 68,872 edges; 
only showing edges >50% sequence identity). 
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Even among the 16 sub-quadrant locations, it did not appear that lanthipeptide precursor peptide 

diversity was separated on a microscale (Figure 6.9). Cluster 38 could have a slight distribution 

of all the precursor peptides were from the lower half of the sub-quadrant; similarly in cluster 24 

with the left triangular half of the quadrant; however, these patterns are only speculative. This 

result supports our earlier conclusion (Chapter 5 of this dissertation) that there was little to no 

microscale genome similarity driven by sub-quadrant isolation location.  

 

  

Figure 6.9. Sequence similarity network of lanthipeptide precursor peptides from all 217 
Salinispora genomes.  

Nodes are colored by microscale Salinispora sub-quadrant location or macroscale (1,825 
nodes; 68,872 edges; only showing edges >50% sequence identity). 
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While I believe that we have captured the potential Salinispora lanthipeptide chemical 

diversity in the genome sequences, I wanted to understand if any precursor peptides shared 

similarities with characterized RiPPs. I did this in two ways, utilizing the community power of 

central repositories and openly accessible data in publications.  From the MIBiG 2.0 database of 

BGCs linked to their products, I mined out 353 precursor peptides from RiPP BGCs.  By building 

a sequence similarity network of the MIBiG precursor peptides and our Salinispora precursor 

peptides, I discovered that only 2 clusters shared similarity to known RiPPs (Figure 6.10). The 

first cluster (number 59) is a doublet from S. mooreana and S. cortesiana (100% identical), and it 

shared high sequence similarity to the Gram-positive antibiotics actagardine (GarA, 88% identity), 

michiganin A (ClvA, 61% identity), and mersacidin (MrsA, 37% identity) (Figure 6.10). The 

predicted core peptides from both Salinispora species have the conserved lantibiotic 3-ring 

structure, indicating that the two Salinispora products could have similar cell wall biosynthesis 

inhibitory properties.  The other cluster with similarity to MIBiG was cluster 122, which is 

predicted to be a class V lanthipeptide, the first report of the newly described class V lanthipeptides 

in Salinispora (Figure 6.10). Singleton 122 shares similarity with thioviridamide, 

neothioviridamide, and thioholgamide precursor peptides. Other MIBiG precursor peptides 

clustered more closely to one another than Salinispora precursor peptides, forming clusters of 

related compounds as labeled (Figure 6.10). 

  While it was exciting that there appears to be a large potential of novel lanthipeptide 

chemical diversity, I wanted to ascertain if any other precursor peptides from bacterial genomes 

shared similarity, and if any additional information about the putative class of lanthipeptide could 

be assigned. I thus created a sequence similarity network of all Salinispora precursor peptides with 

the collection of lanthipeptide class I-IV precursor peptides from 100,000 reference bacterial 
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genomes (Walker et al., 2020) (Figure 6.11).  These precursor peptides were identified using the 

RODEO 2.0 tool which can accurately predict the class of lanthipeptides (Walker et al., 2020); 

thus this was a powerful dataset to compare with ours, with the goal to assign classes I-IV to our 

unknown clusters. From the Walker 2020 dataset I mined out: 2,698 class I; 3,002 class II; 2,304 

class III, and 401 class IV lanthipeptide precursor peptides. When clustered together, I observed 

seven Salinispora precursor peptides that clustered with class I-IV nodes (Figure 6.11). Cluster 

59 clustered with many class II precursor peptides; this is the cluster that also shared similarity to 

the known class II lantibiotic actagardine, so this clustering made sense (Figure 6.11). Cluster 4, 

a large cluster of many micro- and macroscale Salinispora, and two S. fenicalli nodes shared 

similarity to class II precursor peptides, thus giving us confidence that cluster 4 is class II (Figure 

6.11).  
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Figure 6.10. Sequence similarity network of lanthipeptide precursor peptides from all 
217 Salinispora genomes and 353 precursor peptides from MIBiG 2.0.  

Nodes are colored by Salinispora species and MIBiG (2,178 nodes; 69,908 edges; only 
showing edges with > 28% sequence identity). 
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Cluster 3 also clustered with a single class II precursor peptide from an Actinoplanes, 

giving us confidence that the large group of cluster 3 precursor peptides from many species of 

Salinispora are class II and could have an interesting evolutionary history with the Actinoplanes 

BGC. (Figure 6.11) Cluster 2 clustered with many class I precursor peptides; similarly, cluster 

125 (a singleton from S. tropica) clustered with three class I precursor peptides (Figure 6.11). The 

Salinispora pacifica species-specific cluster 31 clustered with class III precursor peptides and 

likewise, the species-specific S. vitiensis cluster 44 clustered with other class III precursor peptides 

(Figure 6.11). This shows that Salinispora is a lanthipeptide-privileged genus, with precursor 

peptides and BGCs from four out of five classes of lanthipeptides. In fact, cluster 126 from S. 

tropica is encodes an additional class V precursor peptide, as identified by antiSMASH 6.0, that 

Figure 6.11. Sequence similarity network of lanthipeptide precursor peptides from all 
217 Salinispora genomes and 8,405 precursor peptides from Walker et al. 2020.  

Nodes are colored by Salinispora species and Walker et al. 2020 class I, II, III, or IV 
(10,230 nodes; 494,667 edges > 22% identity are shown). 
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did not cluster with other class V precursors like cluster 122. Both class V lanthipeptide BGCs 

(cluster 122, 126) look different from the three class V lanthipeptides that have been described to 

date, so this could be a promising lead for the expansion of the class V lanthipeptides.  

To investigate the amino acid diversity of the precursor peptides that shared similarity to 

known lanthipeptides, I created multiple sequence alignments.  Alignments of cluster 59 to the 

actagardine (GarA), michiganin A (ClvA), and mersacidin (MrsA) precursor peptides 

demonstrated that the leader had conserved residues, likely important for the recognition by the 

LanM enzyme, and the core peptide is mostly conserved except for one isoleucine amino acid 

change compared to actagardine and three other amino acid differences between the other two 

compounds (Figure 6.12). The key amino acids that form the 3-ring structure important for the 

Gram-positive antibiotic activity is conserved however, which means cluster 59 could be targeted 

with specific bioassay-guided fractionation isolation schemes. In fact, I inspected previously 

published transcriptomic data available for the S. mooreana CNT-150 (Amos et al., 2017) and 

discovered that both the precursor peptide and key LanM gene, along with neighboring 

transcriptional regulators and ABC transporters were significantly upregulated at both 96 and 216 

hours of growth (Figure 6.13).  

 

 

 

Figure 6.12. Multiple sequence alignment of cluster 59 (S. mooreana and S. 
cortesiana) with actagardine (GarA), michiganin A (ClvA) , and mersacidin (MrsA) 
precursor peptide.  

Cursor bar indicates where the leader and core peptide would be split. 
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 I similarly inspected the alignment of cluster 122, the lanthipeptide class V precursor 

peptide with similarity to thioviridamide, neothrioviridamide, and thioholgamide. The leader part 

of the peptide was not very conserved, likely due to the evolutionary distance of the biosynthetic 

enzyme responsible for recognizing the leader RiPP Recognition Element (RRE) site, which for 

class V lanthipeptides has not been identified as they do not always contain a Lan-like gene. The 

core part of the peptide shared low similarity; however, the conserved amino acids T, A, and 

ending HC in the Salinispora oceanensis CNT-029 precursor peptide seemed to be somewhat 

conserved compared to the reported thioviridamine structure (Frattaruolo et al., 2017). In fact, a 

Salinispora cluster similar to the thioviridamine BGC was reported (Frattaruolo et al., 2017), 

however it was not described. The key class V moiety of AviCys is formed by cyclization between 
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Figure 6.13. Expression (RPKM) of Salinispora mooreana CNT-150 grown for 96h and 
216h showed key regulator, precursor peptide, LanM, and ABC transporter genes were 
significantly upregulated (shaded bars).  

Significant upregulation was defined as in Amos et al. 2017 “> 27.1 reads per kilobase of 
transcript per million mapped reads (RPKM)”. 
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a serine/cysteine-derived dehydroalanine and a C-terminal cysteine via oxidative decarboxylation 

and thus the conserved “HC” with the cysteine at the end as seen in the S. oceanensis cluster 122 

seems to have the important amino acids.   

 

Finally, I was interested in understanding if particular parts of the precursor peptides in 

various clusters were undergoing diversification, that is, if there were amino acid differences in 

the leader or core part of the peptide. I created multiple sequence alignments for all key clusters in 

our network (data not shown in this dissertation) and observed that for some clusters, there was 

high conservation, yet in others, there were species-specific differences in the leader part of the 

peptide and amino acid differences in the core part of the peptide. It was challenging to predict 

where the leader and core might split from the precursor peptides based on those that have been 

described to date. I hypothesized that some of these RiPP BGCs have been horizontally transferred 

between diverse bacteria as I observed that cluster 59 from S. mooreana and S. cortesiana shared 

high similarity to Micromonospora sp. CNB-394 across the entire precursor peptide; this could be 

investigated by building phylogenetic trees of the BGC and core encoding enzymes (Figure 6.15). 

Similarly, cluster 44 was only seen in S. vitiensis and when all sequences in the cluster were 

aligned, they showed high leader peptide amino acid conservation, though the core amino acid 

composition was different in comparison with many Streptomyces bacteria (Figure 6.16). This 

could indicate that the lanthipeptide BGC was horizontally exchanged and the key LanKM enzyme 

Figure 6.14. Multiple sequence alignment of the class V lanthipeptide precursor 
peptides from Salinispora oceanensis CNT-029, and thioviridamide, 
neothrioviridamide, and thioholgamide.  

The cursor bar indicates where the leader and core are predicted to split. 
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is conserved as the leader RiPP Recognition Element (RRE) element seems to be conserved, but 

there has been diversification of the ultimate core peptide product (Figure 6.16). Finally, I 

observed that in some classes of lanthipeptide precursor peptides, there was very high amino acid 

conservation within in the same Salinispora species, as seen in cluster 33 which was found in both 

micro- and macroscale S. pacifica strains (Figure 6.17). It is fascinating that the microscale S. 

pacifica isolated from the same location years after the macroscale S. pacifica strains still had 

complete conservation of the lanthipeptide RiPP precursor peptide, which could indicate that this 

is a specific class III lanthipeptide BGC is not undergoing rapid diversification compared to other 

clusters with more amino acid variation.  

 

 

Figure 6.15. Multiple sequence alignment of the cluster 59 class II precursor peptides 
from Salinispora mooreana and S. cortesiana which show high similarity to a precursor 
peptide from Micromonospora sp. CNB-394 and other diverse bacteria.  

The cursor bar indicates where the leader and core are predicted to split. 
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Figure 6.16. Multiple sequence alignment of the cluster 44 class III precursor 
peptides from S. vitiensis which show conserved leader sequence but not core 
compared to many Streptomyces bacteria.  

The cursor bar indicates where the leader and core are predicted to split.  

Figure 6.17. Multiple sequence alignment of the cluster 33 class III precursor 
peptides from Salinispora pacifica which show high similarity to another, 
including a new microscale strain.  

The cursor bar indicates where the leader and core peptide are predicted to split. 
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6.5 Discussion 

 

A previous analysis of the lanthipeptide BGCs in Salinispora identified 182 BGCs that 

comprised 7 groups based on sequence similarities of their core biosynthetic lanthionine enzymes 

(Kittrell et al., 2020). From these BGCs, class I and II lanthipeptide precursor peptides were 

predicted and 92% of all Salinispora genomes were found to have a predicted lanthipeptide BGC 

and core peptide (Kittrell et al., 2020). Based on a sequence similarity network of precursor 

peptides and comparison of the complete BGC organization, it was reported that the Salinispora 

lanthipeptide BGC scaffolds were novel compared to characterized RiPPs. I sought to build on this 

important foundational work by comparing the lanthipeptide biosynthetic diversity in our new 

microscale Salinispora genomes to the macroscale Salinispora. In this chapter, I used genome-

mining techniques to identify all RiPP BGCs in all 217 micro- and macroscale Salinispora strains 

and discovered 528 lanthipeptide BGCs and their precursor peptides. Most Salinispora genomes 

contained at least one lanthipeptide BGC, however, S. arenicola lanthipeptide BGCs on average 

had more than one precursor peptide encoded in the BGC. This could indicate that S. arenicola 

utilizes a wider diversity of lanthipeptide compounds for various functions or the BGCs are 

undergoing diversification. Overall, the Salinispora genus has a wide distribution of RiPP gene 

cluster families (GCFs), which each contain related BGCs. Even for the microscale S. arenicola 

genomes, there were differences in RiPP GCF distribution which could mean these BGCs are being 

gained, lost, exchanged, or modified commonly even within a species on a close spatial scale.       

 Instead of comparing full lanthipeptide BGCs to one another, I defined each lanthipeptide 

precursor peptide sequence as its own operational biosynthetic unit for comparison, akin to the use 

of  ketosynthase (KS) and condensation (C) domains as units to define PKS and NRPS BGC 
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patterns in Salinispora (Ziemert et al., 2014). Additionally, my designation makes logical sense as 

each precursor peptide is the core scaffold that determines the unique lanthipeptide structure. 

Surprisingly, I identified a total of 1,825 lanthipeptide precursor peptide sequences. By creating a 

sequence similarity network (Gerlt et al., 2015; Gerlt, 2017) of the Salinispora lanthipeptide 

precursor peptides, there were 132 clusters and singletons of related precursor peptides, clearly 

indicating there is both a large diversity of lanthipeptide precursor peptides across the micro- and 

macroscale Salinispora. I expanded this analysis by mining out every biosynthetically 

characterized RiPP precursor peptide from the MIBiG 2.0 BGC database and a recent analysis of 

100,000 reference bacterial genomes which helped to further identify 7 clusters. I describe for the 

first time that Salinispora has class I, II, III, and V lanthipeptide biosynthetic potential—four out 

of the five lanthipeptide molecule types, which expands upon a previous analysis (Kittrell et al., 

2020).  Many of the clusters of precursor peptides had relatively high amino acid conservation in 

both the leader and core peptide, but species-specific patterns among the clusters were observed, 

and multiple clusters that were rare in Salinispora had closest hits to other Actinobacteria including 

Actinoplanes, Micromonospora, and Streptomyces. This could be further evidence that some 

Salinispora have acquired RiPP gene clusters from closely related bacteria. Further evolutionary 

analyses of the core BGC genes will help elucidate these patterns.   

 This collection of Salinispora RiPP BGCs and precursor peptides aggregated were 

acquired from two different spatial scales and will serve as an important baseline for targeting 

lanthipeptide RiPP products for elucidation. Specifically, lanthipeptide RiPPs are ideal for 

heterologous expression because 1) they are smaller in size than PKS and NRPS BGCs, and 2) due 

to their biosynthesis being reliant on the ribosomal translation of the precursor peptide, 

lanthipeptide RiPPs do not require genus or phyla specific enzymes and have proven amendable 
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to expression, modification, and characterization in E. coli vectors (Zhao and Van Der Donk, 2016; 

Y. Zhang et al., 2018; Zhang et al., 2019; Viel et al., 2021). In fact, many recent RiPP studies have 

successfully captured entire lanthipeptide RiPP BGCs in E. coli and subsequently employed 

genetic modification techniques to modify and study the lanthipeptide RiPP chemical structures 

(Zhang et al., 2014, 2015; Zhao and Van Der Donk, 2016; Burkhart et al., 2017; Montalbán-López 

et al., 2017; Chen et al., 2018; Hegemann and van der Donk, 2018; Ren et al., 2018; Si et al., 

2018; Y. Zhang et al., 2018). 

To test for structural diversification of the lanthipeptide core peptides in Salinispora, 

lanthipeptide RiPP BGCs could be captured in E. coli or compared with similar captured clusters. 

As class I-V lanthipeptides are known to be potent lantibiotics targeting the cell-wall integrity and 

biosynthetic components, the products of these lanthipeptide BGCs could have exciting biological 

activities against important pathogens (Li et al., 2021). The chemical characterization of 

Salinispora RiPPs could be facilitated by modern mass spectrometry analysis tools helpful for 

identifying RiPP peptide ionization fragments linked to RiPP BGCs, as described in (Kersten et 

al., 2011; Mohimani et al., 2014; Wang et al., 2016; Mohimani, Gurevich, Alexander, et al., 2017; 

Mohimani, Gurevich, Mikheenko, et al., 2017; Gurevich et al., 2018; Reher et al., 2020).  

Finally, to understand the evolutionary diversification of lanthipeptide RiPPs in 

Salinispora, phylogenetic trees of the core lanthipeptide enzymes could be constructed. Coupled 

with phylogenetic trees of clusters of related Salinispora precursor peptides, it will make it possible 

to establish class or taxa specific patterns driving the evolutionary dynamics in Salinispora 

lanthipeptide RiPP BGCs, especially between the micro- and macroscale Salinispora genomes. 
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CHAPTER 7.  Final Remarks 

 
 Advanced genomic sequencing methods have revolutionized the way we can study marine 

bacteria and the specialized metabolites that they produce. In this dissertation, I explored how 

BGC diversification over evolutionary time can contribute to nature’s chemical diversity. Broadly, 

these goals fit into three research challenges. Below, I summarize the key findings, propose future 

work, and discuss broader impacts of each of the research presented in this dissertation.      

 

Challenge 1:  

1) We need tools to help find new natural products and patterns of specialized metabolite 

biosynthetic potential. 

 

In Chapter 2, I developed a new version of the NaPDoS2 webtool which identifies and 

classifies polyketide KS and non-ribosomal peptide C domains in genomic, metagenomic, and 

targeted-amplicon sequencing data (Ziemert et al., 2012). In the development of this updated 

webtool, we made major upgrades to the KS classification scheme and the reference sequence 

database. Both of these items are significant: 1) the detailed classification scheme is unlike any 

available genome-mining tool; and 2) with a wider breadth of taxonomic KS domain sequence 

coverage, it allows extended identification of novel polyketide chemistry in clades yet to have been 

described. This is built on the foundations of evolutionary phylogenetic theory: by adding more 

homologous sequences to a database that cover a wider breadth of taxa, you can make wider 

predictions; and the more information you know about your key reference sequences, the more 

functional and categorical predictions you can make about hits that clade closely with your known 
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sequences. Additionally, to support analysis of larger sequencing datasets, our tool went through 

many iterative tests to ensure it would facilitate users’ analyses. I approached these challenges 

with the focus of improving usability, clarity, and speed; testing sensitivity, selectivity, and 

accuracy; and demonstrating the applicability and functionalities of the NaPDoS2 webtool for nine 

different sequence datasets.     

It was important to me that we establish confidence in the detection and classification 

capabilities of NaPDoS2. This had not been done before in any genome mining tool (to the best of 

our knowledge). I took inspiration from the evolutionary connection between a domain’s sequence 

dictating its structure and thus function. This was very powerful because KS domains have a 

specific structure that relates to their function, and thus sequence divergence between various KS 

and closely related enzymes that perform a similar reaction— but not a KS specific reaction— 

could be used as negative and positive controls. This allowed us to perform ROC analyses and 

other precision and accuracy benchmarks to assess how well the tool worked for a variety of 

datasets and suggest improved default settings. I took this idea further and established a similar 

dataset for the NRPS C-domains, which weren’t the focus of NaPDoS2, but should be updated in 

future versions. Having a negative and positive control sequence dataset for C domains will 

facilitate similar confidence and accuracy of prediction for the diversity of non-ribosomal peptide 

sequences. 

 The strength of our NaPDoS2 webtool comes from users being able to use it for their own 

dataset analyses. While this webtool is perhaps different from other command-line only workflows 

that I’ve used in my own work, it was important to me to consider that a web-based tool is more 

accessible than tools that require specific knowledge to implement them. We should work to 

remove barriers that prevent analyses and hypothesis investigation, and one way to address this is 
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for tools to provide relevant examples of how to best utilize the tool and interpret the results. To 

support these aims, I led the creation of a very extensive user’s guide/webtool documentation 

which includes detailed descriptions of how the tool works, the logic in the classification system, 

and nine different NaPDoS2 tutorials that users can work through from gathering, analyzing, and 

interpreting datasets. I hope this will be helpful to anyone using NaPDoS2 and that it can reach 

beyond the usefulness only a niche research field, but will continue to no bring biologists, chemists, 

and bioinformaticians together in their analysis questions. 

 The best way to measure the application of NaPDoS2 was to apply it to my own data. In 

this aim, I collaborated with Hans W. Singh who led a large analysis of 240 Gbp of metagenomic 

data from diverse environments (not included in this dissertation). We then took this a step further 

and analyzed 617,968 genomes across the tree of life (Chapter 3). This analysis and new dataset 

of 53,713 KSs went beyond previous biosynthetic potential measurements in the usual suspects of 

bacteria and fungi, and instead considered archaea, viruses, plasmids, plants, algae, protists, and 

animals, and thus their putative KS relatedness. Additionally, NaPDoS2 was used to give more 

information about KS domains within the pacificamide BGC (Appendix A); and NaPDoS2 was 

used to determine unique biosynthetic potential in my microscale Salinispora genome collection. 

I hope a broader impact of using genome-mining tools like NaPDoS2 to find biosynthetic potential 

in new taxa will in tandem support actions to preserve, sustainably manage, and non-exploitively 

explore natural product resources on earth.  

 I believe that the future of NaPDoS2 includes the incorporation of AI (artificial 

intelligence) and machine learning techniques (Xu and Jackson, 2019; Cech et al., 2021; Walker 

and Clardy, 2021). This would allow analyses to move far beyond the reference sequence dataset, 

and even make connections to types of KS and C domains in very divergent taxa. The utilization 
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of AI and machine learning will hopefully alleviate the incredible burden of time and work it is to 

keep a database like NaPDoS2 up to date when there are new types of polyketides and non-

ribosomal peptides characterized every day. Additionally, I believe the implementation of AI and 

machine learning to the tool would facilitate the linkage of bioinformatic biosynthetic potential 

predictions to actual metabolomic predictions (Walker and Clardy, 2021). For example, new tools 

released as part of the GNPS (Global Natural Products Social Molecular Networking) (Wang et 

al., 2016) suite of metabolomic tools now allow users to identify mass spectrometry data belonging 

to a polyketide or peptide type family (Mohimani et al., 2017; Dührkop et al., 2020). Machine 

learning could be used to link those predictions of actual chemicals found in an environmental 

sample to the KS domains also found in the sample and what class/core skeleton structure the KSs 

are predicted to help build, and thus connect these two queries. This would facilitate targeted 

isolation efforts in combination with targeted BGC capture and heterologous expression (Zhang et 

al., 2019) or even metagenome contig re-assembly around the required key KS domains (Sanders 

et al., 2019; Robinson et al., 2021). In this way, NaPDoS2 would continue to evolve with the fast-

paced computational algorithms that will certainly be essential for connecting “big data” – big 

sequence data and metabolomic data—to “big” results from our hypotheses.  

 

Challenge 2:  

2) We do not know the evolutionary patterns and drivers of BGC diversification in 

bacteria, especially the marine obligate actinomycete Salinispora. Do Salinispora grow 

clonally or exist as multiple sub-populations within a microscale-sampled marine 

sediment quadrant? Do closely related Salinispora share the same BGC biosynthetic 



 299 

potential? Does HGT contribute to BGC diversification in Salinispora? Do different 

types of BGCs undergo different rates of evolution?  

 

To achieve this goal, I genome sequenced 99 new Salinispora strains that were isolated 

from a 1m2 quadrant of marine sediment collected nearby a coral reef in Fiji. We called this a 

“microscale” collection of genomes due to the isolation scheme with specific spatial patterning of 

16 sub-quadrants within the 1m2 plot; especially in comparison with the “macroscale” Salinispora 

genomes that were isolated from locations worldwide. From our culturing efforts, we discovered 

that the microscale Salinispora were not clonal. In fact, there was significant differences in 

biosynthetic diversity and even evidence of two or more diverging sub-populations of Salinispora 

arenicola within the quadrant. A close-up examination of one clade of four closely related S. 

arenicola strains from different sub-quadrants showed that they were different because they 

contained at least two unique BGCs. From the results presented in this dissertation, I propose that 

Salinispora exists as multiple sub-populations on a microscale level, and we can predictively 

extrapolate this knowledge to other macroscale locations. This means that the diversity within the 

genus is more complicated than described to date (Jensen and Mafnas, 2006; Jensen, 2010; Vidgen 

et al., 2012; Ziemert et al., 2014; Millán-Aguiñaga et al., 2017; Román-Ponce et al., 2020; Chase 

et al., 2021). It seems that some closely related Salinispora contain some of the same biosynthetic 

potential, however this varied for RiPP lanthipeptide BGCs. While many strains share the same 

precursor peptide scaffolds, there are species-specific differences—divergences in both the BGC 

and precursor product. Future efforts should assess the diversity between RiPP lanthipeptide 

precursor peptides in micro- and macroscale Salinispora with statistics beyond what I presented 

in this work—this could a way to assess if the diversity and richness between the two spatial scales 
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was different or the same. Either result would indicate that what we know about Salinispora 

diversity can be inferred—and even captured—from a much smaller scale than previously 

recognized. For example, I was able to culture 3 species of Salinispora in the microscale dataset 

and the S. arenicola were distributed across the entire species clade, thus representing most of the 

previous S. arenicola species’ diversity previously captured. Perhaps this will save carbon 

emissions of reducing travel to worldwide locations when such diversity can be found in one 

location. It also raises questions about the hypothesis that bacteria, Salinispora, are everywhere 

but the environment selects. Future work should focus on understanding the recombination barriers 

between Salinispora and if the sub-species diversification is driven by BGCs or other genetic 

material.  

I find the results of genomic and biosynthetic diversity of the microscale Salinispora to be 

fascinating because we do not know how Salinispora grows in the environment. Does it’s hyphae 

curl around sand grains, extend through the sediment interstitial space, form a microbial mat, or 

does it solely exist as spores? Just because I was able to isolate Salinispora doesn’t mean that there 

are actively growing Salinispora in the environment. In fact, previous studies assessing marine 

sediment community composition predicted that Salinispora was a very rare member (Bull and 

Goodfellow, 2019; Tuttle et al., 2019). We will be able to further explore this hypothesis with the 

microscale dataset as in conjunction with the genomes, we also deeply sequenced (> 200 million 

reads each!) five metagenomes from the sediment quadrant plots in Fiji. One of those plots was 

the quadrant that the microscale Salinispora genomes were isolated from. Thus, when we assemble 

the metagenomes, we will measure the abundance of Salinispora in the community and see if we 

can assemble Salinispora metagenome-assembled genomes (MAGs). It will be curious to see if 

able to detect Salinispora in such deeply sequenced metagenomes—marine sediments are 
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notoriously rich in microbes and thus 200 million reads still might not be enough (Saary et al., 

2017; Thompson et al., 2017; Petras et al., 2019). To our knowledge, these are the most deeply 

sequenced metagenomes of the marine environment based on what has been published in the 

literature. If we can assemble Salinispora bins and subsequent MAGs, it will be fascinating to see 

any match the genome strains that we isolated, or if they are different and show additional genetic 

diversification. Additionally, one aspect I am very interested in exploring is the contribution of 

horizontally transferred genes in the metagenome community. I want to investigate if we can 

assess, based on shared phylogenetic signatures, any genetic material from the metagenomic 

community that is shared with Salinispora. This might not be the case, and instead investigating 

the HGT dynamics of the entire metagenome could be a powerful analysis, as demonstrated in 

recent work cheese rinds and microalgae (Bonham et al., 2017; Song et al., 2021). I think this 

would be a powerful way to explore hypotheses of what contributes and acts as a barrier to gene 

flow in Salinispora, and if vertical inheritance really plays as important a ole as recently suggested 

(Chase et al., 2021). Additionally, we could explore the micro-niche chemistry in relation to 

Salinispora. It has been described that there are various micro-niches with specific oxygen 

thresholds in the surface layer of the marine sediment (Bertics and Ziebis, 2009), and it is curious 

that Salinispora has been found to grow best in highly aerated monocultures. This makes me 

wonder what the depth and active growth distribution of Salinispora is in marine sediment, how 

this might contribute to the spatial organization and diversity of Salinispora sub-populations. 
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Goal 3: 

3) What could be the mechanism for Salinispora BGC diversification, including the 

exchange and acquisition of BGCs? Could this be mediated by plasmids or a BGC 

“mobilome”? 

  

The third goal of my dissertation was one that I was most excited to explore with my 

research. I became fascinated with the evolutionary dynamics observed in specialized metabolite 

BGCs (Jensen, 2016; Ruzzini and Clardy, 2016), however, there was a big open question of the 

mechanisms by which diversification and exchange is happening. There have been some fabulous 

reviews exploring the various evolutionary trajectories of BGCs (Chevrette et al., 2020), specific 

domains (Nivina et al., 2019, 2021; Grininger, 2020), and gene clusters in general (Wisecaver and 

Rokas, 2015; Rokas et al., 2020). However, there is a noticeable gap from predicting horizontal 

gene transfer (HGT) of a BGC and the actual mechanisms facilitating the exchange. Thus, I 

explored one aspect of genetic material exchange in Salinispora —plasmids. I uncovered evidence 

of native plasmids in Salinispora, however future work will be needed to sequence and 

characterize them. I spent a lot of time optimizing protocols and trying many methods to isolate 

and sequence plasmids, but it will take new long-read sequencing to fully sequence these plasmids, 

and a combination of protocols that I developed to go from cell cultures to purified plasmids free 

of gDNA and RNA. I don’t find it surprising that plasmids have not been observed in Salinispora 

before— this project was inspired by a former graduate student in the lab who observed faint 

plasmid gel bands when performing large-scale gDNA extractions. Over time, plasmids can be 

lost in laboratory cultures. Plus, the short reads sequencing technology use to sequence the original 

set of macroscale Salinispora genomes easily could have missed plasmids as they likely weren’t 
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assembled or other physical steps during library preparation selected against the odds of seeing a 

plasmid contig. These challenges of plasmid characterization and sequencing still exits, but I hope 

the evidence I’ve shown here inspires others to consider plasmids and extrachromosomal elements 

to be important in cultured mono-isolates in laboratory settings, especially from strains that 

historically were believed not to have plasmids.  

I think there are many exciting future experiments that could be used to test the rate, 

mechanisms, and barriers to BGC exchange in Salinispora. These future efforts should lean into 

the approaches developed for studying antibiotic resistance (AMR) spread between bacteria. There 

has been a lot of work of the dynamics plasmids, phages/viruses, and other gene transfer agents 

that transfer AMR (MacLean and San Millan, 2015; Frost et al., 2018; Danko et al., 2021). These 

dynamics coupled with a better understanding the cell physiology could be used understand if and 

how exchange is happening. For example, in Streptomyces it has been shown that there is a growth 

morphology that lacks definitive cell walls, and that these “wall-less” protoplast cells are able to 

take up DNA (Okanishi et al., 1974; Hopwood et al., 1977; Ramijan et al., 2018; Claessen and 

Errington, 2019). In the marine environment, DNA and other nucleic acids have been shown to be 

stable for a some amount of time via hydrostatic interactions with sand grains and interstitial space 

(Stewart et al., 1991). What if, Salinispora growing on and between the sand grains of the marine 

environment also at some point during their growth become competent (wall-less cells, hyphal 

exchange, protoplasts, etc.) and this is a mechanism by which free DNA containing BGCs, perhaps 

liberated by phage/viruses, can be transferred? Couple this with genomic recombination, gene loss, 

duplication, replication errors, and other evolutionary processes that all contribute to selection and 

retainment of certain genetic material. All of these thoughts are hypotheses, but nonetheless, I 

think these ideas will be the most exciting to explore in future work. Understanding these 
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mechanisms would also contribute to knowledge of how plasmids, viruses, gene transfer agents, 

and other undiscovered (or the newly discovered Borgs!) (Al-Shayeb et al., 2021) 

extrachromosomal elements play in evolutionary adaptations, ecosystem processes, and 

applications to human health. 

 

As I consider the broader impact of the work presented in this dissertation, I can’t help but 

to feel that none of this research matters when there is a raging two-year global COVID-19 

pandemic, a racial reckoning across the US, a growing global climate change catastrophe, 

unprecedented levels of gun violence, and, most recently, the stripping of the fundamental human 

right of bodily autotomy for people with uteruses. In spite of this, when I consider how the field 

of marine microbial natural products fits into the larger picture, we know that the ocean is full of 

incredible biodiversity—both of life and biosynthetic potential, which could be the source of the 

next life-saving drug. Bioactive drug molecules are desperately needed to combat antibiotic 

resistance that is a major threat to human health (Zhang et al., 2011). However, I think the field of 

marine natural products has the opportunity to be leaders in sustainable and future-oriented 

practices to continue these discoveries. We must protect biodiversity in locations that have long 

been targets for “exotic” expeditions to find natural products. Cultural resources and knowledge 

should be preserved and protected (Stefanoudis et al., 2021). Additionally, the marine natural 

products field can lead in advocating for utilizing sustainable methods of green chemistry, 

catalysts, and alternative chemical processes. However, for there to be a market for pharmaceutical 

and other specialized metabolites, it will take private pharmaceutical companies to once again 

invest in the development of antibiotics and therapeutics that might not be profitable but will save 

lives. Large transformations will be needed to revitalize the once-active pipeline of a marine 
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natural product to an approved drug that has an impact on society (Harvey et al., 2015; de la Torre 

and Albericio, 2022). 

When I started my Ph.D. in 2016, the amount of carbon dioxide levels in the atmosphere 

was 404 (parts per million) ppm. Today, 6 years later, it is 421 ppm. Global climate change is the 

largest threat to global biodiversity and human life, exacerbating inequalities, impacts, and 

environmental injustices between nations and peoples with socioeconomic and resource 

differences (IPCC, 2014). The impacts of the global climate change catastrophe are already being 

felt, from increased wildfires, extreme temperatures, rising sea levels, ocean acidification, altered 

rainfall patterns, and increased extreme weather events, to name a few (IPCC, 2014). Microbes 

not only will be impacted by global climate change, but they have the potential to be a part of the 

solution (Cavicchioli et al., 2019; Hutchins et al., 2019). Climate change will impact everyone, 

and especially those with the least resources to combat it. Marine microbes play a huge role in 

global climate patterns including climate regulation, oxygen production, biogeochemical cycling, 

and symbioses; thus climate change threats such as ocean warming acidification, ocean warming, 

and human overuse of oceanic systems can cause drastic ecosystem functional shifts and impacts 

to the global food web (Burge et al., 2014; Cavicchioli et al., 2019). On land, microbes will be 

(and are being) affected by higher carbon dioxide levels in the atmosphere, leading to higher 

productivity and thus higher carbon emissions (Cavicchioli et al., 2019). Temperature fluctuations 

and changing climate patterns will affect nutrient cycling and methane production in agricultural 

systems (Busby et al., 2017). Climate change has also been linked to exacerbated impacts of 

microbial pathogens including marine diseases, crop blights, increased vector-borne diseases, and 

antimicrobial resistance spread (Burge et al., 2014).  Microbes are both being affected and can be 

part of the solution, and thus a broader impact I’d like to see in the context of this dissertation work 
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is how we can apply microbial solutions to global climate change. This should include an improved 

understanding of microbial interactions that we could harness to combat climate change and 

specific dynamics that we are already observing. For example, Wolbachia bacteria has been used 

to reduce the transmission of mosquito-borne pathogens (Reveillaud et al., 2019). In agriculture, 

microbial consortia are being applied for better nutrient cycling; understanding the microbial and 

sinks of methane production can have large impacts on sustainable efforts of carbona and nitrogen 

turnover (O’Callaghan, 2016; Busby et al., 2017). We can use microbes to manipulate organic 

material and even recycle plastics, and other biotechnological advances can be applied to 

increasing sustainable food output, capturing emissions, and assisting ecosystem services 

(Cavicchioli et al., 2019). As reported in this dissertation, the diversification of specialized 

metabolite BGCs over evolutionary time in microbes is contributing to nature’s chemical diversity; 

and thus, I hope we can continue to learn and harness the evolvability and adaptability of microbes 

for solving our greatest challenges.  
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pacifica 
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A.1 Introduction to Appendix A 

  

Appendix A describes the discovery and characterization of the manumycin-type 

metabolite pacificamide from Salinispora pacifica. Using methods that I developed in Chapter 4, 

I assisted the lead author Dr. Gabriel Castro-Falcón in describing the distribution and diversity of 

the pacificamide (pac) BGC. Dr. Castro-Falcón had preliminarily identified the BGC in a 

Salinispora pacifica CNT-855, and his goal was to see if there were other similar BGCs—

including BGCs with and without known products— with gene organization that could help him 

propose the biosynthetic schema for pacificamide. I used all pac1-33 genes in the pac BGC to 

search the NCBI reference (refseq), nonredundant (nr), metagenomic (env_nr) and patented 

(pattaa) protein sequence databases using cblaster (Gilchrist and Chooi, 2021; Gilchrist et al., 

2021). Manual curation of the thousands of BGC hits resulted in 39 top pac-like BGCs, including 

1 other pac BGC in a different Salinispora pacifica strain and other pac-like BGCs in the 

families Micromonosporaceae, Streptomycetaceae, and Pseudonocardiaceae. I additionally 

searched the pac BGC against the MIBiG 2.0 (Kautsar et al., 2020) database of BGCs with known 

products, and our results showed that the pac BGC was unique and rare in its specific gene content 

and organization. To have further BGCs to compare to, my co-authors genome-sequenced the 

manumycin-like daryamide and novodaryamide producer Streptomyces sp. CNQ-085 (Asolkar et 

al., 2006; Castro-Falcón et al., 2018). With Dr. Castro-Falcón, I queried the  pac BGC against the 

new genome assembly and stitched together the two genome contigs comprising the daryamide 

BGC (dar). 

By comparing pac to other manumycin-like BGCs including dar, Dr. Castro-Falcón 

proposed a biosynthetic pathway for pacificamide based on the genes present in pac. I calculated 
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a phylogenomic tree of the class Actinomycetia (Salam et al., 2020) with one representative 

genome from all 60 families (334 conserved marker genes from each genome was used to calculate 

the phylogeny) (Asnicar et al., 2020). We observed that the three families that contain manumycin-

type BGCs claded separately in the tree, and thus the manumycin-type and pac-like BGCs seem 

to have been horizontally exchanged across distant taxa. Pacificamide was found to have week 

antibiotic activity (MIC of 50 µm) against a Gram-positive Bacillus oceanisediminis, thus making 

one wonder about the ecological role of this molecule in Salinispora pacifica.  

Similar to the approach in Chapter 4 (Creamer et al., 2021), the ability to use biosynthetic 

knowledge about a BGC to identify similar gene clusters is a powerful approach to understanding 

the diversity and distribution of important gene clusters. By carefully studying the BGCs in this 

context, we observed a unique pac BGC that produces a manumycin-type pacificamide molecule 

that is only found in three families of class Actinomycetia with variable gene content and 

organization among them. This is another example of the curious evolutionary patterns that can be 

observed in BGCs and the chemical diversity resulting from such genetic differences.   

Appendix A (Section A.3), in full, is a reprint of the material as it appears in the Journal 

of Natural Products Genomics 85(4), 980-986. Castro-Falcón, G.; Creamer, K.E.; Chase, A.B.; 

Kim, M.C.; Sweeney, D.; Glukhov, E.; Fenical, W.; and Jensen, P.R., 2022. "Structure and 

Candidate Biosynthetic Gene Cluster of a Manumycin-Type Metabolite from Salinispora 

pacifica".  The dissertation author was the second author of this paper. 
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ABSTRACT: A new manumycin-type natural product named
pacificamide (1) and its candidate biosynthetic gene cluster (pac)
were discovered from the marine actinobacterium Salinispora
pacif ica CNT-855. The structure of the compound was determined
using NMR, electronic circular dichroism, and bioinformatic
predictions. The pac gene cluster is unique to S. pacif ica and
found in only two of the 119 Salinispora genomes analyzed across
nine species. Comparative analyses of biosynthetic gene clusters
encoding the production of related manumycin-type compounds
revealed genetic differences in accordance with the unique
pacificamide structure. Further queries of manumycin-type gene
clusters from public databases revealed their limited distribution across the phylum Actinobacteria and orphan diversity that suggests
additional products remain to be discovered in this compound class. Production of the known metabolite triacsin D is also reported
for the first time from the genus Salinispora. This study adds two classes of compounds to the natural product collective isolated
from the genus Salinispora, which has proven to be a useful model for natural product research.

Bacterial natural products have played key roles in both the
development of new drugs and the advancement of basic

biomedical research.1,2 The phylum Actinobacteria has been a
particularly important source of novel natural products, with
most strains originating from soils.3 More recent explorations
of marine microbes have revealed chemically rich actino-
bacterial lineages that are phylogenetically distinct from their
terrestrial counterparts. Included among these is the marine
obligate Actinobacterial genus Salinispora, which has proven to
be a rich source of natural products with cytotoxic,
antimalarial, and antibiotic activities.4−6 The proteasome
inhibitor salinosporamide A, which is currently undergoing
phase III clinical trials, and the DNA intercalator lomaiviticin A
are salient examples of bioactive natural products discovered
from Salinispora species.7,8 Our understanding of the natural
product biosynthetic potential of the genus Salinispora has
been further advanced by genome sequencing. Among 119
public genomes representing all nine named species, 305
different gene cluster families devoted to natural product
biosynthesis were detected.9−11 This figure greatly surpasses
the number of natural products reported to date from
Salinispora cultures and suggests that considerable biosynthetic
potential remains to be realized.
Herein, we report the new metabolite pacificamide (1) from

Salinispora pacif ica CNT-855 and the known metabolite
triacsin D from Salinispora cortesiana CNY-202. Both
compounds, previously unknown from the genus, were initially
targeted from a large-scale comparative metabolomics data set

that included all nine Salinispora species.11 We focus on the
isolation, structure elucidation, and biological activity of the
natural product pacificamide, a new member of the
manumycin group of metabolites (Figure 1).12 We identify a
candidate pacificamide biosynthetic gene cluster, which we
named pac, in two S. pacif ica strains and compare them to
characterized manumycin-type BGCs in Streptomyces and
Saccharothrix spp. to correlate gene content with structural
differences in the compounds they encode. Finally, we search
pac homologues in publicly available bacterial genome
sequences to reveal the diversity and distribution of
manumycin-type BGCs that have yet to be linked to their
small-molecule products.

■ RESULTS AND DISCUSSION
Isolation and Structure Elucidation. HPLC-UV-MS

chemical profiling of culture extracts of 30 Salinispora spp.
led to the detection of two compounds in strains S. pacif ica
CNT-855 and S. cortesiana CNY-202 with UV/vis and MS
spectra that differed from previously identified Salinispora
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natural products. A 6−10 L cultivation of these strains yielded
organic extracts, and subsequent targeted purification via C18
reversed-phase chromatography led to the isolation of the
known compound triacsin D,13,14 from CNY-202, and a new
compound named pacificamide (1), from CNT-855, with a
molecular formula assigned as C22H32N2O6 based on a sodium
adduct ion at m/z 443.2149 using HR-ESI-TOF-MS.
Spectroscopic analysis of the 1H NMR data of 1 (in

CD3OD) showed signals for 27 protons, including three
olefinic protons at δH 7.29 (H-3), 6.49 (H-3′), and 4.88 (H-
7′), two oxymethine protons at δH 3.66 (H-5) and 3.57 (H-6),
an oxymethylene proton at δH 4.35 (H2-10′), three methylene
groups at δH 2.09 (H2-7), 2.33 (H2-8), and 1.34 (H-5′a) and
1.24 (H-5′b), two methine protons at δH 2.62 (H-4′) and 2.40
(H-6′), and four methyl groups at δH 1.68 (H3-9′), 1.62 (H3-
13′), 1.01 (H3-11′), and 0.90 (H3-12′). The HSQC spectrum
showed correlations for 15 carbon signals (Figure 2a), and the
HMBC spectrum showed correlations to the remaining seven
carbon signals, including three carbonyl carbons at δC 190.0
(C-1), 178.0 (C-9), and 169.3 (C-1′), three vinyl carbons at δC
130.4 (C-2), 132.1 (C-2′), and 131.0 (C-8′), and an O-
substituted sp3 carbon at δC 71.4 (C-4) (Figure 2c). The
COSY spectrum revealed three spin−spin coupling systems
including H-9′ to H-10′, H-3 to H-5, and H-7 to H-8 (Figure
2b). The HMBC spectrum showed correlations that
established the connectivity of the three spin−spin coupling
systems (Figure 2c). Among observed correlations, H-3 to C-1,
C-2, and C-4, H-5 to C-4, and H-6 to C-1 and C-2 suggested
the 5,6-epoxy-4-hydroxycyclohex-2-en-1-one of 1, which is
characteristic of many manumycin-type natural products
(Figures 1 and 2c).11 The HMBC correlations of H2-7 to C-
3, C-4, C-5, C-8, and C-9 and H2-8 to C-9 permitted the
propionic amide to be positioned at C-4 of the epoxy-
cyclohexenone. On the basis of the molecular formula and the
chemical shift of carbonyl C-1′, we inferred that the aliphatic
side chain (C-2′ to C-9′) and the epoxy-cyclohexenone
connection was through an amide group. Thus, the planar
structure of 1 was established as drawn in Figure 2.

Figure 1. Representative manumycin-type natural products.

Figure 2. NMR assignments of pacificamide (1). (a) 1H and 13C
chemicals shifts (in ppm) based on 1H NMR and HSQC data. (b)
Spin systems observed by COSY. (c) 13C chemical shifts (in ppm)
and key correlations observed by HMBC. (d) Key NOESY
correlations and key spin−spin coupling constants (3J) observed by
1H NMR and HETLOC.
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The relative configuration of 1 was assigned by interpreta-
tion of 1H, HETLOC and NOESY NMR experiments and
DFT-molecular calculations (Figure 2d). The cyclohexenone
moiety (C-4 to C-6) including a cis epoxide ring was defined as
4R*, 5S*, 6R* due to NOESY correlations of H-3/H-7, H-3/
H-8, H-5/H-6, H-5/H-7, and H-5/H-8. Consistent with this,
the syn-configuration between 4-hydroxy and 5,6-epoxide
groups is a general characteristic of all manumycin-type
metabolites.15 On the “upper” side chain of 1, the C-2′ to
C-3′ double bond was defined as E due to a NOESY
correlation between H-4′ and H-10′. As observed by 1H NMR,
a large 3JH,H (10.3 Hz) between vinylic H-3′ and H-4′
suggested these were in anti-conformation, which would result
in low 1,3-allylic strain. A similar relationship was observed for
H-6′ and vinylic H-7′ (3JH,H = 10.2 Hz). As observed by
HETLOC,16 a large 3JC,H (6.4 Hz) between C-3′ and H-5′a
suggested their anti-conformation. Similarly, C-7′ and H-5′a
(3JC,H = 6.8 Hz) were also in anti-conformation. Moreover,
both C-12′ and C-11′ shared small 3JC,H (<4 Hz) with both H-
5′a/H-5′b, suggesting their gauche-conformation. These results
supported a conformation unique to 1 with syn-configured
4′S*,6′R*-dimethyl groups (Figure 2d). The Δδ1H between
H-5′a and H-5′b of 0.10 ppm did not support either
configuration for the 4,6-dimethyl substituents.17 Thus, to
confirm our configurational assignment, we performed DFT
calculations with 1H and 13C NMR chemical shift predictions
on syn- and anti-configured models of the “upper” side chain of
1.18,19 Based on the differences between the calculated and
experimental chemical shifts for syn (ΔδH,ave = 0.051 ppm and
ΔδC,ave = 1.5 ppm) and anti (ΔδH,ave = 0.091 ppm and ΔδC,ave
= 1.5 ppm) models, the syn model proved to be a better match
to 1. Furthermore, the structures of the lowest energy

optimized conformers for the syn model were in agreement
with the conformation observed via NMR analysis (Figure 2d).
The absolute configuration of the cyclohexenone moiety was

assigned as 4R, 5S, 6R based on the electronic circular
dichroism (ECD) spectrum of 1, which showed a positive
Cotton effect at λmax (Δε) 328 nm (+1.05) attributed to the
position of the epoxide oxygen with respect to the cyclohexene
chromophore in accordance with the “inverse quadrant” rule
for epoxyquinols.20−22 This assignment is consistent with the
absolute configuration established for the salternamide natural
products (Figure 1).23 The absolute configuration determi-
nation for the “upper” side chain of 1 as 4′S,6′R is based on
genetic evidence that follows below.

Biosynthetic Gene Cluster Analysis. AntiSMASH
analysis of the Salinispora pacif ica CNT-855 genome (NCBI
accession AZWS00000000) led to the identification of a
candidate BGC for the production of 1 that shared similarity to
both the asukamycin BGC (asu) from Streptomyces nodosus
subsp. asukaensis and the colabomycin BGC (col) from
Streptomyces aureus.24−27 A query of 119 Salinispora genomes
revealed that only one additional strain, S. pacif ica CNS-960,
possessed the candidate pacificamide BGC, which we have
named pac. A comparison of the pac BGC in the two
Salinispora strains helped to establish BGC boundaries (pac1−
33) and identify two transposase genes in CNS-960 (between
pac12 and -13) as the only difference in gene content (Figure
3a). When grown under similar conditions, we observed
production of 1 in CNS-960, albeit in reduced quantity relative
to strain CNT-855 (Figure 3d).
The pac BGC shares several genes with asu and col that

encode essential enzymes in the biosynthesis of their cognate
small molecules and served as key references for this

Figure 3. Pacificamide BGC and biosynthesis. (a) Candidate pacificamide (pac) and daryamide (dar, two contigs) BGCs. Asukamycin (asu) BGC
is shown for reference. Gene numbering for pac in CNT-855, dar, and asu is shown. Genes are color-coded by function [wine: ketosynthases; navy
blue: 3,4-AHBA synthesis; purple: oxidoreductases in epoxyquinol synthesis; salmon: biosynthetic (shared); light salmon: biosynthetic (not
shared); light green: regulation; light blue: transport; gray: other]. (b) pac gene annotations with asu and dar homologues. (c) Proposed
pacificamide biosynthetic pathway (numbers represent pac genes). (d) LCMS extracted ion chromatogram (EIC) for pacificamide [M + Na]+ from
strains CNT-855 (red) and CNS-960 (blue).
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work.24−26 Pac also shows similarity to the recently identified
“compound A” BGC (esp) from Saccharothrix espanaensis
DSM-44229,28 the manumycin BGC (man), which we
deduced from mining the manumycin A producer Streptomyces
griseoaurantiacus M045 genome (RefSeq accession
GCF_000204605.1),29,30 and the daryamide BGC (dar),
which we identified and named in the course of this study
via genome sequencing of the daryamide and novodaryamide
producer Streptomyces sp. CNQ-085 (NCBI accession no.
JAJFAU000000000).31,32 Key biosynthetic genes shared
among these BGCs include three genes (pac26−28) related
to the synthesis and priming of 3-amino-4-hydroxybenzoic acid
(3,4-AHBA), two type II PKS genes (pac21 and -22) involved
in the production of polyene natural products (as classified by
NaPDoS)33 and associated with the formation of the “lower”
side chain that extends from the carbonyl of 3,4-AHBA, two
KS III genes (pac4 and pac6) associated with the first
condensation step in the biosynthesis of the “upper” acyl
chain,34 one arylamine N-acyltransferase gene (pac17)
involved in the ligation of the “upper” side chain to the
amino-hydroxy phenyl moiety, three oxidoreductase genes
(pac5, pac16, and pac18) responsible for the formation of the
5,6-epoxy-4-hydroxycyclohex-2-en-1-one moiety, and acyl
carrier protein, acyltransferase, and thioesterase encoding
genes (Figure 3 and Supporting Information, Figure

S11).24−26 A feature of the biosynthesis that remains unknown
is the “upper” side chain extension following priming by the KS
III. This is suspected to involve fatty acid synthases encoded in
other regions of the genome.23

To explain the structural differences between 1 and other
manumycin-type compounds, we focused on gene differences
among the pac, asu, col, esp, man, and dar BGCs (Figure S11).
We found a predicted enoyl-reductase (ER, fabV homologue)
gene in the pac and dar BGCs (pac25 and dar7, respectively)
that could be responsible for the saturated “lower” side chain in
both 1 and the daryamides. This gene is lacking in the asu, col,
man, and esp BGCs, which instead yield metabolites with a
polyunsaturated “lower” side chain. We expect the presence of
a similar gene in the BGCs that code for U62-162 and the
salternamides, which also display a saturated lower side chain
(Figure 1); however genome sequences are not available.
Additionally, we found an asparagine synthase gene (a
homologue of nspN from 4-hydroxy-3-nitrosobenzamide
biosynthesis)35 in the pac and dar BGCs (pac20 and dar24)
that could be responsible for installing the primary amides on
the “lower” side chains of 1 and the daryamides. This gene is
absent in the asu, col, man, and esp BGCs, which instead share
three genes encoding the synthesis and ligation of the 2-amino-
3-hydroxycyclopente-2-one ring observed in many manumy-
cin-type metabolites.24−26,36 Finally, we found a cytochrome

Figure 4. Manumycin-type BGCs identified in bacterial genome sequences. Colored genes represent pac gene homologues. Related groups of
BGCs (I−XI) are shaded gray if they have been linked to a known metabolite or unshaded if they remain orphan (entries 37−39 are not predicted
to encode manumycin-type metabolites). Structures linked to the pac, dar, man, esp, asu, and col BGCs are shown with the source species in bold.
Colored squares indicate family level taxa (orange: Micromonosporaceae, blue: Streptomycetaceae, and green: Pseudonocardiaceae).
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P450 gene (pac15) that is not observed in the other
manumycin-type BGCs and could be responsible for installing
the hydroxymethylene of 1, which is a unique feature within
the manumycin natural product family.
It is noteworthy that the pac BGC lacks the ketoreductase

gene (KR, FabG homologue) and two dehydratase genes (DH,
MaoC homologues) shared among all other manumycin-type
BGCs (e.g., asuC7−C9 and dar1,18,19 in Figure 3a). These
activities are expected during polyketide extension cycles to
achieve the “upper” and “lower” side chains of 1. Alternatively,
we propose that pac7, which encodes a dehydrogenase (FadB
homologue with documented ketoreduction activity37), is
responsible for beta-ketoreduction and that pac8, which
encodes for an enoyl hydratase/isomerase of the crotonase
family, is responsible for the predicted dehydration steps, as
has been previously observed.38 During the initial extension
leading to the “upper” side chain, we propose that pac8 is also
responsible for a 2-enoyl to 3-enoyl alkene shift resulting in the
C-7′/C-8′ alkene in 1. Another gene of interest is pac33,
encoding a DsbA family oxidoreductase. While the role of this
gene in the pac BGC is not known, some manumycins disrupt
the mammalian DsbA-DsbB complex through direct covalent
modification.39 Thus, pac33 may encode a resistant version of
this target, as we have previously observed for a fabB
homologue and the fatty acid inhibitor thiolactomycin.40

Next, we asked if bioinformatic analysis of key biosynthetic
genes could facilitate prediction of the absolute configuration
of 1. Apart from the suspected involvement in “lower” side
chain saturation, the pac25 enoyl-reductase (FabV homologue)
could also be responsible for the saturation on the “upper” side
chain and, thus, instrumental in determining the configuration
of the 4′ position. The stereospecificity of prokaryotic fatty
acid enoyl-reductases reveals that protonation on the enolate
intermediate occurs on the 2-re face.41−43 Following this logic,
1 is predicted to have a 4′S and 6′R absolute configuration,
which agrees with the configuration of the salternamides as
assigned on the basis of ECD spectroscopy in combination
with DFT calculations.23

Manumycin-Type BGC Diversity and Distribution. To
gain insight into the broader diversity of manumycin-type
BGCs, we queried pac against the NCBI reference sequence
(refseq), nonredundant (nr), metagenomic (env_nr), and
patented (pataa) protein databases and the MIBiG 2.0 BGC
database using cblaster.44 This analysis identified 29
manumycin-type BGCs in addition to the seven already
mentioned (Figure 4). Hierarchical clustering based on best hit
identity values44 combined with manual comparison between
the top cluster matches revealed 11 groups of closely related
BGCs, six of which have been linked to specific manumycin-
type metabolites (Figure 4). The remaining five BGC groups
have unique organizations suggesting additional diversity
remains to be discovered in this compound class. When
placed in a phylogenomic context, the 36 BGCs are observed
in three evolutionary distant families (Micromonosporaceae,
Streptomycetaceae, and Pseudonocardiaceae) within the class
Actinomycetia, suggesting they have been subject to horizontal
gene transfer (Figure S12).
Biological Activities. Pacificamide and triacsin D were

tested for antibacterial activity against Escherichia coli MG1655
and Bacillus oceanisediminis CNY-977 and for cytotoxic activity
against the NCI-H460 lung cancer cell line. Pacificamide
showed weak activity against B. oceanisediminis (MIC of 50

μM), while triacsin D was cytotoxic against the lung cancer cell
line (EC50 of 5.5 ± 0.9 μM, Figure S15).
In conclusion, we report a new manumycin-type natural

product from the marine actinomycete Salinispora pacif ica
along with its candidate biosynthetic gene cluster. The
candidate BGC was compared to those reported for related
compounds to explore the relationships between genetic and
structural diversity. This BGC class is rare among sequenced
genomes, and yet-to-be-characterized variants suggest that
additional structural diversity remains to be discovered.
Furthermore, this study confirms production of a natural
product in the triacsin family from Salinispora spp., which was
previously predicted based on genome mining.45

■ EXPERIMENTAL SECTION
General Experimental Procedures. Optical rotations were

recorded on a Jasco P-2000 polarimeter. UV spectra were measured
on a Beckman-Coulter DU800 spectrophotometer. ECD spectra were
measured on a Jasco J-810 spectropolarimeter. IR spectra were
acquired on a JASCO FTIR-4100 spectrometer. 1D and 2D NMR
spectroscopic data were obtained on a JEOL 500 MHz or a Bruker
600 MHz NMR spectrometer. NMR chemical shifts were referenced
to the residual solvent peaks (δH 3.31 and δC 49.15 for CD3OD).
High-resolution ESI-TOF mass spectrometric data were acquired on
an Agilent 6530 Accurate-Mass Q-TOF mass spectrometer coupled to
an Agilent 1260 LC system.

Cultivation of Salinispora pacif ica CNT-855. A frozen stock of
S. pacif ica CNT-855 was inoculated into 50 mL of medium A1FBC
[1% potato starch, 0.4% yeast extract, 0.2% peptone, 0.1% calcium
carbonate, 0.01% potassium bromide, 0.04% iron sulfate (pentahy-
drate), and 2.2% InstantOcean in DI H2O]. The seed culture was
shaken at 200 rpm and 28°C for 7 days and used to inoculate 1 L of
medium A1FBC in a 2.8 L Fernbach flask. This culture was similarly
shaken at 200 rpm and 28 °C for 7 days, after which 15 mL was
inoculated into each of 10 × 2.8 L Fernbach flasks containing 1 L of
medium A1FBC. After 4 days of shaking at 200 rpm and 28 °C, 25 g
of sterile XAD-7 adsorbent resin was added to each flask. After three
additional days of cultivation, the cultures were filtered through
cheesecloth, the cells and resin were extracted with acetone (1 L) for
4 h, the extract was filtered through a cotton plug, and the acetone
was removed via rotatory evaporation. The resulting extract was
partitioned in a separatory funnel between EtOAc and H2O (1:1
mixture, 600 mL total) and the organic phase collected, dried over
anhydrous sodium sulfate, and concentrated via rotatory evaporation.
Using this approach, it was not possible to determine if the
compounds were localized to the cells, filtrate, or associated with
both.

Purification of Pacificamide. The extract (260 mg) was
suspended in EtOAc, mixed with diatomaceous earth, and
concentrated via rotatory evaporation to yield a powder that was
dried under high-vacuum pump. The powder was loaded into a C18
reversed-phase silica gel column (4 g) that had been equilibrated with
H2O (0.1% TFA). A six-step gradient from 100% H2O (0.1% TFA) to
100% MeCN (0.1% TFA) was used to create six fractions of differing
polarity. Fraction 3 contained pacificamide and was concentrated via
rotatory evaporation and lyophilization to give a brown crude (40
mg), which was further separated by HPLC [mobile phase: 38%
MeCN in H2O (0.1% TFA); stationary phase: 5 μm, C8(2), 100 Å,
250 × 10 mm (Phenomenex, Luna) column] to yield pacificamide (tR
24 min, 4.0 mg).

Pacificamide (1): clear film; [α]D
22 +54 (c 0.17, MeOH); UV/vis

(MeOH) λmax (log ε) 232 (3.37), 280 (3.10) nm; ECD (2.4 mM,
MeOH) λmax (Δε) 210 (+1.17), 328 nm (+1.05); IR (ZnSe) νmax
3330, 1662, 1628, 1047, 1024 cm−1; 1H and 2D NMR, Table S1; HR-
ESI-TOF-MS m/z 443.2149 (calcd for C22H32N2O6Na, 443.2158).

BGC Bioinformatic Analyses. Salinispora pacif ica CNT-855
(IMG genome ID 2515154128) and Salinispora pacif ica CNS-960
(DSM 45544, IMG genome ID 2517287019) were analyzed with
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antiSMASH 6.027 with detection strictness set to “loose”. BGCs
similar to pac were searched using the pac1−33 protein sequences
against the NCBI reference (refseq), nonredundant (nr), metage-
nomic (env_nr), and patented (pataa) protein sequence databases
using cblaster44 with the following parameters: 500 BLASTp hits per
query with a maximum 10 000 hits per search and 3 hits required to
define a cluster, a maximum 0.01 E-value, minimum 20% identity
(30% for refseq), minimum 45% query coverage for a BLASTp hit,
and a maximum 20 000 bp distance from the cluster start/end and
between intermediate gene hits. The pac BGC was queried against the
MIBiG 2.0 repository using the same cblaster settings except a
maximum 10 000 bp distance from start/end of a cluster to an
intermediate gene. Queries resulted in 1518 clusters. The clusters
were filtered to remove duplicates, ranked by cblaster cluster score,
ordered by the best hit identity values using hierarchical clustering,
and manually filtered for genes characteristic of manumycin-type
BGCs.
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(9) Millán-Aguiñaga, N.; Chavarria, K. L.; Ugalde, J. A.; Letzel, A.-
C.; Rouse, G. W.; Jensen, P. R. Sci. Rep. 2017, 7 (1), 3564.
(10) Román-Ponce, B.; Millán-Aguiñaga, N.; Guillen-Matus, D.;
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Cultivation of Salinispora cortesiana CNY-202. S. cortesiana CNY-202 was cultured as described 
for S. pacifica CNT-855. However, the culture volume was 6 L and the adsorbent resin was added at 
day eight and incubated for two additional days before extraction. 

Purification of triacsin D. The crude extract (203 mg) from the S. cortesiana CNY-202 cultivation 
was fractionated following the same protocol as the S. pacifica CNT-855 extract. Fraction 4 
containing triacsin D was separated using HPLC [mobile phase: 58% acetonitrile in water (0.1% 
TFA); stationary phase: 5 µm, C8(2), 100 Å, 250 x 10 mm (Phenomenex, Luna) column] to give a 
peak (tR = 19 min) that was concentrated to give triacsin D (2.0 mg). 

Genome sequencing and bioinformatic analyses of Streptomyces sp. CNQ-085. Genomic DNA 
extraction was performed using the Wizard Genomic DNA Purification Kit (Promega; Madison, WI) 
with the addition of lysozyme for Gram-positive bacteria. Library preparation and sequencing was 
performed at the Microbial Genome Sequencing Center (Pittsburg, PA) using an Illumina NextSeq 
2500 instrument with 150 bp paired-end reads. Raw reads were quality filtered (trimq=20 minlen=70) 
with adapters, sequencing artifacts, and phiX removed using the BBMap toolkit.1 Filtered reads were 
assembled using the SPAdes genome assembler2 with a “careful” iterative k-step ranging from k= 31 
to 125. The quality of the assembled genome was assessed by creating taxon-annotated-GC 
coverage plots by mapping back the raw sequence data for coverage of contigs and preliminary 
taxonomic assignment using MegaBLAST against the NCBI nt database. Gene annotation was 
performed with PROKKA (Seeman 2014) with the --notrna flag. BGCs were identified with 
antiSMASH v6.0 to identify the dar BGC based on similarity with the asu and col BGCs.

1. Bushnell, B. BBMap: A Fast, Accurate, Splice-Aware Aligner. United States: N. p., 2014. Web
2. Bankevich A, Nurk S, Antipov D, Gurevich AA, Dvorkin M, Kulikov AS, Lesin VM, Nikolenko SI, Pham S, Prjibelski 

AD, Pyshkin AV, Sirotkin AV, Vyahhi N, Tesler G, Alekseyev MA, Pevzner PA. SPAdes: a new genome assembly 
algorithm and its applications to single-cell sequencing. J Comput Biol. 2012 May;19(5):455-77. doi: 
10.1089/cmb.2012.0021.

3. Seemann T. Prokka: rapid prokaryotic genome annotation. Bioinformatics. 2014 Jul 15;30(14):2068-9. doi: 
10.1093/bioinformatics/btu153.

Phylogenomic relationship of strains with pac and manumycin-like BGCs. One representative 
bacterial genome from each family within the class Actinomycetia4 was downloaded using 
PhyloPhlAn 3.05 “phylophlan_get_reference” and NCBI-genome-download scripts 
(https://github.com/kblin/ncbi-genome-download) with n=60 genomes. PhyloPhlAn 3.0 was used to 
identify 334 conserved phylogenetic marker genes across the 60 genomes and calculate a 
phylogenomic tree (DIAMOND to map conserved marker genes from the 400 “phylophlan” bacterial 
and archaeal universal gene markers; MAFFT for alignment; trimAI for trimming; and RAxML with 100 
rapid bootstraps with PROTCATLG model for final tree calculation). The tree was visualized and 
colored in FigTree6 and R (ggtree, RColorBrewer, ggplot2).7,8,9

4. Salam N, Jiao JY, Zhang XT, Li WJ. Update on the classification of higher ranks in the phylum Actinobacteria. Int 
J Syst Evol Microbiol. 2020 Feb;70(2):1331-1355. doi: 10.1099/ijsem.0.003920. Erratum in: Int J Syst Evol 
Microbiol. 2020 Apr;70(4):2958. PMID: 31808738

5. Asnicar, F., Thomas, A.M., Beghini, F. et al. Precise phylogenetic analysis of microbial isolates and genomes 
from metagenomes using PhyloPhlAn 3.0. Nat Commun 11, 2500 (2020). https://doi.org/10.1038/s41467-020-
16366-7

6. FigTree reference: Rambaut, A. (2016) FigTree v1.4.3. http://tree.bio.ed.ac.uk/software/figtree/
7. Yu, G. (2020) Using ggtree to Visualize Data on Tree-Like Structures. Curr Protoc Bioinforma 69: 1–18.
8. Neuwirth, E. and Neuwirth, M.E. (2014) Package ‘RColorBrewer.’ Color Palettes.
9. Wickham, H. (2016) ggplot2: Elegant Graphics for Data Analysis, Springer-Verlag New York.

(https://github.com/kblin/ncbi-genome-download) 
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Molecular calculations. Molecular calculations were performed following reference protocols.10,11 
Conformational searches on syn- and anti-models (Supplementary Tables S2-S3) were performed 
using Spartan Student v8, with conformer rules=normal. DFT calculations on the 20 lowest energy 
conformers for each diastereomer were performed in Gaussian 09 for geometry optimization and 
frequency calculation using the M06-2X functional and 6-31+G(d,p) basis set, with the use of a finer 
integration grid and solvation IEFPCM=methanol. NMR calculations on the optimized structures using 
GIAO Method with the B3LYP functional and 6-311+G(2d,p) basis set was used to compute NMR 
shielding tensors. Scaling and referencing factors, derived from linear regression analysis,10 were 
applied to correct computed tensor values. The weighted average NMR shielding tensor for each 
model was attained using the Boltzmann weighting factors and the free energies from frequency 
calculations. MAEs (i.e. Yδave) for each model were obtained using the predicted chemical shifts of 
atoms in positions 2’-13’ of models. 

10. Willoughby PH, Jansma MJ, Hoye TR. Addendum: A guide to small-molecule structure assignment through 
computation of (1H and 13C) NMR chemical shifts. Nat Protoc. 2020;15(7):2277. doi:10.1038/s41596-020-0293-9

11. Willoughby P, Reisbick S. Generation of Gaussian 09 Input Files for the Computation of 1H and 13C NMR 
Chemical Shifts of Structures from a Spartan’14 Conformational Search. Protoc Exch. Published online 2021. 
doi:10.21203/rs.2.1186/v2

Biological assays. Antibacterial assays were performed following CSLI reference protocols.12 Single 
Escherichia coli MG1655 and Bacillus oceanisediminis CNY-977 colonies grown on agar plates were 
inoculated on liquid LB and A1 media (3 mL), respectively, and incubated at 35°C with shaking. After 
16 h, cultures were diluted to 5x105 cfu/mL in their respective medium. Pacificamide and triacsin D 
stock solutions [10µL, 1.25 mM in DMSO] were transferred in triplicate to a 96-well plate serially 
diluted 5-fold in DMSO (testing concentrations = 50 µM – 0.6 nM and total volume = 8 µL/well). The 
diluted cultures were transferred into wells (192 µL/well) using a multi-channel pipette and mixed with 
the test compounds and DMSO controls by pipetting. Initial cell density readouts (OD650) were 
obtained with a plate reader. Plates were incubated at 35°C with shaking, and after 18 h, cell-
densities were re-read using the plate reader. Percent growth was calculated as the difference in 
absorbance of each well, before and after incubation, divided by the difference between absorbance 
of inoculated and un-inoculated control wells. Chloramphenicol (positive control) exhibited MICs of 
1.0 µM against Escherichia coli MG1655 and 40 nM against Bacillus oceanisediminis CNY-977. 

12. Weinstein, M., 2018. Methods for Dilution Antimicrobial Susceptibility Tests for Bacteria That Grow Aerobically. 
11th ed. Clinical Laboratory Standards Institute. https://clsi.org/standards/products/microbiology/documents/m07/

Cytotoxicity assays were performed following a standard 48-hour exposure protocol.13 Batches of NCI-
H460 human large cell lung carcinoma cells (purchased from ATCC in December 2019) were frozen in 
DMSO and subsequently used in no more than 23 passages for each batch. The cells were cultured in 
RPMI-1640 medium with 10% standard fetal bovine serum and 1% penicillin/streptomycin. The 
suspended cells (180 µL) at an initial density of 3.33 × 104 cells/mL (pass 9) were seeded into each 
well of a 96-well microplate and allowed to adhere for 24 h as a monolayer. Pacificamide and triacsin 
D stock solutions [20µL, 3 mM in DMSO] were transferred in triplicate to a 96-well plate and used to 
make half-log serial dilutions (total volume of 20 µL/well with RPMI-1640 medium) with testing 
concentrations spanned 30 µM - 0.01 nM. Before staining with MTT (thiazolyl blue tetrazolium bromide 
98%; Sigma-Aldrich), the cells were treated with the indicated test compounds for 48 h. Doxorubicin 
and 1% DMSO in RPMI 1640 without fetal bovine serum were used as positive and negative controls, 
respectively. 0D630 and OD570 of the stained lysate were measured in SpectraMax M2 microplate reader 
from Molecular Devices and converted to percent of cell viability with negative control values set as 
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100% survival. EC50 values were obtained from the dose response curves of percent of cell viability 
values of the triplicate tests versus logarithmic drug concentrations using GraphPad Prism 8.1.2. 
Doxorubicin (positive control) exhibited EC50 of 400 nM in the same experiment.

13. Yu HB, Glukhov E, Li Y, et al. Cytotoxic Microcolin Lipopeptides from the Marine Cyanobacterium Moorea 
producens J Nat Prod 2019 Sep 27;82(9):2608-2619
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Figure S1. High resolution mass spectrum of pacificamide 
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Figure S3. Circular dichroism spectrum of pacificamide
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Table S1. NMR Spectroscopic Data (500 MHz, CD3OD) for pacificamide (1)

O

O NH2

O

H
N

O

HO

HO

1
2
345

6

7
8

9

1'
2'

3'
4'

5' 6'
7'

8'
9'

10'
11' 12' 13'

position δH (J in Hz)a δC
b,type COSY HMBC NOESY

1 ---- 190.0, C ---- ---- ----
2 ---- 130.4, C ---- ---- ----
3 7.29, br dd, (2.7, 0.7) 130.0, CH H-5 C-1, C-2, C-5 H-7, H-8
4 ---- 71.4, C ---- ---- ----
5 3.66, dd, (3.9, 2.8) 58.4, CH H-3, H-6 C-4c H-6, H-7, H-8
6 3.57, d (3.9) 53.9, CH H-5 C-1, C-2 H-5
7 2.09, m 37.2, CH2 H-8 C-3, C-4, C-5, C-8, C-9 H-3, H-5, H-8
8 2.33, m 30.3, CH2 H-7 C-4 c, C-7, C-9 H-3, H-5, H-7
9 ---- 178.0, C ---- ---- ----
1’ ---- 169.3, C ---- ---- ----
2’ ---- 132.1, C ---- ---- ----
3’ 6.49, d (10.3) 149.4, CH H-4’, H-10’ C-1’, C-2’, C-4, C-5’, C-10’, C-11’ H-4’, H-5a’, H-5b’c, H-6’c, H-11
4’ 2.62, dq (10.3, 6.6) 31.5, CH H-3’, H-5a’, H-5b’, H-11’ H-3, H-5a’, H-5b’ H-10’, H-11’, H-12’
5’ a 1.34, dt (13.4, 6.7)

b 1.24, ddd (13.4, 8.3, 6.8)
45.8, CH2 H-4’, H-6’, H-5’b

H-4’, H-6’, H-5’a
C-3’, C-4’, C-6’, C-7’, C-11’, C-12’
C-3’, C-4’, C-6’,C- 7’, C-11’, C-12’

H-3’, H-4’, H-6’, H-7’, H-10’, H-11’
H-3’, H-4’, H-6’, H-10’, H-11’

6’ 2.40, m 31.4, CH H-5a’, H-5b’, H-7’, H-12’ H-5a’, H-5b’, H-11’, H-12’, H-13’
7’ 4.88 (d, 10.1)d 131.8, CH H-6’, H-9’, H-13’ C-9’, C-13’ H-5b’, H-9’, H-12’
8’ ---- 131.0, C ---- ---- ----
9’ 1.68, br d (0.8) 25.7, CH3 H-7’ C-7’, C-8’, C-13’ H-7’

10’ 4.35, br s 57.4, CH2 H-3’ C-1’, C-2’, C-3’ H-4’
11’ 1.01, d (6.6) 20.4, CH3 H-4’ H-3’, H-4’, H-5’b, H-6’
12’ 0.90, d (6.6) 21.4, CH3 H-6’ H-3’, H-4’, H-5a’, H-5b’, H-6’, H-7’
13’ 1.62, br d (0.8) 17.9, CH3 H-7’ C-7’, C-8’, C-9’ H-6’

a 500 MHz
b Assignments were made on the basis of HSQC and HMBC
c Denotes weak signal
d Signal partially obscured
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Figure S4. 1H NMR spectrum of pacificamide (500 MHz, CD3OD)
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Figure S5. COSY spectrum of pacificamide (500 MHz, CD3OD)
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Figure S6. HSQC spectrum of pacificamide (500 MHz, CD3OD)
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Figure S7. HMBC spectrum of pacificamide (500 MHz, CD3OD)

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.5
f2 (ppm)

10

20

30

40

50

60

70

80

90

100

110

120

130

140

150

160

170

180

190

200

210

f1
 (

pp
m

)



 336 

 
  

11

Figure S8. NOESY spectrum of pacificamide (500 MHz, CD3OD)
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Figure S9. HETLOC spectrum of pacificamide in CD3OD (600 MHz)
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Figure S10. Regions of interest in HETLOC spectrum of pacificamide and representative conformations for syn-4’,6’-
dimethyl “upper” side chain.  
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Tables S2-S3. Models and comparison between experimental and predicted NMR data 

O H
N

O

HO

1
2
345

6
1'

2'
3'

4'
5' 6'

7'
8'

9'

10'
11' 12' 13'

4'S, 6'S - anti model

Position calc. δH exp. δH Y δH calc. δC exp. δC Y δC

3' 6.448586 6.49 0.041414 149.0128 149.4 0.387203
4' 2.57391 2.62 0.04609 33.79157 31.5 2.291574
5' a 1.444829 1.24 0.204829 44.06688 45.8 1.733116

b 1.391129 1.34 0.051129
6' 2.2019 2.40 0.1981 33.44366 31.4 2.043661
7' 4.869569 4.88 0.010431 130.1475 131.8 1.652462
8’ 133.8438 131.0 2.843832
9' 1.697879 1.68 0.017879 24.4005 25.7 1.299499

10' 4.204854 4.35 0.145146 58.48738 57.4 1.087385
11' 0.987861 1.00 0.012139 19.33467 20.4 1.06533
12' 0.830731 0.90 0.069269 20.27407 21.4 1.125926
13' 1.407941 1.62 0.212059 16.81198 17.9 1.088024

3 δH average 0.09168 3 δC average 1.510728

O H
N

O

HO

1
2
345

6
1'

2'
3'

4'
5' 6'

7'
8'

9'

10'
11' 12' 13'

4'S, 6'R - syn model

Position calc. δH exp. δH Y δH calc. δC exp. δC Y δC

3' 6.44778 6.49 0.04222 149.3239 149.4 0.07615
4' 2.635473 2.62 0.015473 34.87887 31.5 3.378869
5 a 1.419134 1.34 0.079134 44.50195 45.8 1.298048

b 1.221673 1.24 0.018327
6' 2.450613 2.40 0.050613 33.94246 31.4 2.542458
7' 4.865269 4.88 0.014731 132.0822 131.8 0.28222
8’ 132.8027 131.0 1.802668
9' 1.592318 1.68 0.087682 24.11121 25.7 1.588785

10' 4.244894 4.35 0.105106 58.43836 57.4 1.038361
11' 0.979211 1.00 0.020789 19.35695 20.4 1.043054
12' 0.863578 0.90 0.036422 19.8282 21.4 1.571797
13' 1.708808 1.62 0.088808 16.11512 17.9 1.784878

3 δH average 0.050846 3 δC average 1.491572
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Table S4. Gene annotations for pac BGC from Salinispora pacifica CNT-855 (IMG genome ID 
2515154128)

Gene Protein ID: NCBI Conserved Domain (CDD) NCBI BLAST

pac-1 WP_033661723.1 no identified domains hypothetical protein

pac-2 WP_027646816.1 Protein N-acetyltransferase GNAT N-acetyltransferase

pac-3 WP_026324459.1 transposase family ISL3 transposase family ISL3

pac-4 WP_027646815.1 Domain of unknown function (DUF4365) Domain of unknown function (DUF4365)

pac1 WP_018222396.1 Condensation domain of NRPS amino acid adenylation domain-containing

pac2 None No conserved domains GNAT family N-acetyltransferase

pac3 WP_029128782.1 Zn-dependent alcohol dehydrogenase Zn-biding dehydrogenase

pac4 WP_029128783.1 beta-ketoacyl-ACP synthase 3 beta-ketoacyl-ACP synthase 3

pac5 WP_033773657.1 FMN-binding domain found in NAD(P)H-flavin 
oxidoreductases

flavin reductase

pac6 WP_018222392.1 ketoacyl-acyl carrier protein synthase III ketoacyl-ACP-synthase 3

pac7 WP_050563749.1 3-hydroxyacyl-CoA dehydrogenase FadB 3-hydroxyacyl-CoA dehydrogenase

pac8 WP_018222390.1 Crotonase/Enoyl-CoA hydratase superfamily enoyl-CoA hydratase/isomerase family protein

pac9 WP_018222389.1 transcription regulator from the MerR superfamily MerR family transcriptional regulator

pac10 WP_018222388.1 MFS family arabinose efflux permease MFS transporter

pac11 WP_196233412.1 Reverse transcriptase-like super family group II intron reverse transcriptase/maturase 

pac12 None IS110 family transposase IS110 family transposase 

pac13 None Transposase, Mutator family IS256 family transposase

pac14 WP_050585575.1 Peptidoglycan/LPS O-acetylase acyltransferase 

pac15 WP_080679239.1 cytochrome P450 family 158 cytochrome P450

pac16 None Flavin-dependent oxidoreductase, luciferase family LLM class flavin-dependent oxidoreductase

pac17 WP_018222380.1 Arylamine N-acetyltransferase arylamine N-acetyltransferase

pac18 WP_018222379.1 2-polyprenyl-6-methoxyphenol hydroxylase FAD-dependent monooxygenase

pac19 WP_018222378.1 Thioesterase, hotdog fold Thioesterase, hotdog fold

pac20 WP_029128786.1 Asparagine synthase (glutamine hydrolyzing) Asparagine synthase (glutamine hydrolyzing)

pac21 WP_018222376.1 Beta-ketoacyl synthase 2 Beta-ketoacyl synthase, chain length factor

pac22 WP_018222375.1 Beta-ketoacyl synthase 2 Beta-ketoacyl-ACP synthase

pac23 WP_029128787.1 No conserved domains acyl carrier protein 

pac24 WP_050585576.1 No conserved domains acyl carrier protein 

pac25 WP_155253037.1 Enoyl-ACP-reductase FabV Enoyl-ACP-reductase FabV

pac26 WP_033773660.1 Acyl-CoA-synthetase fatty-acid-CoA ligase

pac27 WP_029128788.1 3-dehydro-quinate synthase, class II 3-dehydroquinate synthase II

pac28 WP_026185654.1 fructose-bisphosphate aldolase fructose-bisphosphate aldolase

pac29 None ISL3 family transposase ISL3 family transposase

pac30 None Transposase, Mutator family IS256 family transposase

pac31 WP_085981346.1 response regulator, NarL/FixJ family LuxR transcriptional regulator 

pac32 WP_155253038.1 response regulator, NarL/FixJ family Response regulator transcription factor

pac33 WP_018222363.1 Protein Disulfide Oxidoreductases DsbA family oxidoreductase 
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Table S5. Gene annotations for dar BGC from Streptomyces sp. CNQ-085 (NCBI accession 
JAJFAU000000000)

Gene NCBI Conserved Domain (CDD) NCBI BLAST

dar1 3-oxoacyl-ACP reductase FabG 3-oxoacyl-ACP reductase FabG

dar2 Flavin reductase Flavin reductase family protein

dar3 PaaI thioesterase PaaI family thioesterase

dar4 Beta-ketoacyl-APC synthase, type I and II Beta-ketoacyl synthase, chain length factor

dar5 Beta-ketoacyl-ACP synthase FadB Beta-ketoacyl-ACP synthase

dar6 Acyl carrier protein Acyl carrier protein

dar7 Enoyl-ACP reductase FabV Enoyl-ACP reductase FabV

dar8 Acyl-CoA synthetase Acyl-CoA ligase

dar9 3-dehydroquinate synthase II 3-dehydroquinate synthase II

dar10 Fructose-1,6-biphosphate aldolase class I Fructose-bisphosphate aldolase

dar11 2-polyprenyl-6-methoxyphenol hydroxylase FAD-dependent monooxygenase

dar12 Arylamine N-acetyltransferase Arylamine N-acetyltransferase

dar13 Beta-ketoacyl-ACP synthase III, FabH Beta-ketoacyl-ACP synthase III

dar14 Beta-ketoacyl-ACP synthase III, FabH Beta-ketoacyl-ACP synthase III

dar15 Acyl carrier protein Acyl carrier protein

dar16 2-isopropylmalate synthase 2-isopropylmalate synthase

dar17 Transcriptional regulator, AcrR family transcriptional regulator, TetR family

dar18 Beta-acyl-ACP dehydratase, FabA MaoC family dehydratase

dar19 Beta-acyl-ACP dehydratase, FabA MaoC family dehydratase

dar20 Phosphopantetheinyl transferase Phosphopantetheinyl transferase

dar21 response regulator, NarL/FixJ family transcriptional regulator, LuxR

dar22 !S630 family transposase IS630 family transposase

dar23 arabinose efflux permease, MFS family MFS transporter

dar24 Asparagine synthetase (glutamine-hydrolyzing) asparagine synthase

dar25 Luciferase-like monooxygenase LLM class flavin-dependent oxidoreductase

dar26 DsbA-like thioredoxin protein DsbA family oxidoreductase

dar27 Nucleoside-diphosphate-sugar epimerase NAD(P)-dependent oxidoreductase

dar28 Hot dog fold protein, FapR regulator A-factor biosynthesis protein

dar29 transcriptional regulator, AcrR family TetR/AcrR family transcriptional regulator

dar30 IS110 family transposase IS110 family transposase

dar31 IS110 family transposase IS110 family transposase

dar32 transcriptional regulator, AcrR family Gamma-butyrolactone-binding protein

dar33 IS256 family transposase IS256 family transposase

dar34 No conserved domains replication relaxation protein

dar 1 3 5 7 9 11 13 15 17 19 21 23 25 29 31 3327
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Figure S11. Comparison of manumycin-type BGCs that have been linked to characterized natural products 

Shared genes are colored by function: ketosynthases (red), oxidoreductases involved in 5,6-epoxy-4-hydroxy-cyclohex-2-en-1-one synthesis (blue) 
synthesis, genes involved in 3-amino-4-hydroxybenzoic acid (3,4-AHBA; bright green) synthesis, N-aryl aminotransferase (baby blue), enoyl-ACP-
reductase (yellow), 3-hydroxybutyryl-CoA dehydrogenase (blue purple), asparagine synthase (orange), FabG 3-oxo acyl reductase (carnation), 
MaoC family dehydratase (orange and blue), thioredoxin (purple), thioesterase (salmon), phosphopantetheinyl transferase (pink), regulator and 
transport (dark green) genes installing 2-amino-3-hydroxy-cyclopente-2-one (gold). Note: oxidoreductases in blue and MaoC family dehydratases 
show homology. 
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Figure S12. Phylogenomic distribution of manumycin-type BGCs within the class 
Actinomycetia (phylum Actinobacteria) 

Phylogenomic tree of class Actinomycetia with one representative genome from all 
families (n=60 genomes, 334 conserved marker genes from each genome was used to 
calculate the phylogeny). The three families that contain manumycin-type BGCs include 
the highlighted orange (Micromonosporaceae), blue (Streptomycetaceae), and green 
(Pseudonocardiaceae) taxa. The outer ring color denotes taxonomic order, and the inner 
ring denotes taxonomic family, as listed. 
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Figure S13. 1H NMR spectrum triacsin D (500 MHz, CD3OD)
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Figure S14. COSY spectrum of triacsin D (500 MHz, CD3OD)
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Figure S15. Dose response curves for triacsin cytotoxicity (in triplicate) against NCI-H460 lung cancer cell line
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