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metabolites. Microbial polyketide synthase (PKS) genes encode the biosynthesis of polyketides, 

although differences in PKS biosynthetic gene cluster (BGC) structure can lead to structural 

diversity in polyketides ranging from small aromatic compounds to large macrolides. With 

advances in DNA sequencing technologies, genome mining has become a valuable method for 

natural product discovery. The webtool NaPDoS2 detects ketosynthase (KS) domains from 

genomic, metagenomic, and amplicon query data and utilizes phylogenetic conservation to 

classify the type of polyketide synthase in which they reside. In this thesis, I employed a range of 

microbiological, genomic, and bioinformatic techniques to probe for untapped polyketide 

biosynthetic potential across Earth’s microbiomes and the tree of life.  

In my second chapter, I assessed PKS diversity and distributions by classifying KS 

domains across 137 metagenomes using NaPDoS2. From this, biomes were found to be 

differentially enriched in type I KS domains, providing a roadmap for future biodiscovery 

strategies. Furthermore, KS phylogenies reveal sediment-specific clades that do not include 

biochemically characterized PKSs, highlighting the biosynthetic potential of poorly explored 

environments. After exploring metagenomes, I was curious how polyketide biosynthetic 

potential varies across the tree of life. To investigate this, I analyzed the KS diversity from over 

600,000 genomes across the tree of life in chapter 3. This work illuminated that underexplored 

taxonomic lineages carry KS domains that differ from known polyketide biosynthetic pathways. 

Finally, in chapter 4, I used multi-omics (KS amplicon sequencing, metagenomics and 

metabolomics) to assess the biosynthetic potential in 5000-meter deep abyssal sediments. KS 

amplicon sequencing showed that abyssal sediments have distinct KS sequence signatures 

compared to nearshore sediments. Environmental metabolomes and KS amplicon communities 

were also linked to distinct biogeochemical regimes across abyssal sites and sediment horizons, 
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raising the possibility that certain PKS pathways are crucial for navigating specific 

microenvironments. Together, my work suggests that abyssal sediments, poorly explored 

biomes, and understudied taxonomic lineages harbor unique opportunities for natural product 

discovery.
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CHAPTER 1. Introduction 

 
 

1.1 Diversity and function of microbes on Earth   

 

 For billions of years, microbes have been foundational to life in every biome of planet 

Earth. While microorganisms (bacteria, archaea, fungi, protists, and viruses) are usually invisible 

to the human eye, they play numerous roles that are integral from both an ecological and human 

perspective. Across ecosystems, microbes play essential roles in Earth’s major elemental cycles 

(hydrogen, carbon, nitrogen, oxygen, sulfur, and phosphorus) by using thermodynamic reactions 

to recycle nutrients and biomass (Falkowski et al., 2008). Microbes are also critical and versatile 

parts of global food webs - in oceans cyanobacteria and diatoms serve as primary producers, and 

within biomes, microbes convert dissolved organic carbon into biomass that sustains higher 

trophic levels (Smetacek et al., 2002).  

 From a human lens, our bodies are host to trillions of microbial cells that combine to 

positively and negatively regulate human health. The composition of the human gut microbiome, 

for example, is essential to maintaining healthy digestion and nutrition within our bodies 

(Thursby et al., 2017), and fecal microbiomes have been transplanted from healthy to diseased 

patients with remarkable success (Park et al., 2021). On the other hand, each year more than 10 

million people die from microbe-derived infectious diseases (Gray et al., 2022), so understanding 

how microbes interact with the human body is critical. Industrially, microbes are useful in food 

production, improving agricultural yields, as producers of natural ingredients used in cosmetics, 

as biofuel producers, in fermentation processes, and as bioremediation agents (Salwan et al., 

2022). Additionally, perhaps one of the most beneficial applications of microbes is within drug 
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discovery, as bacterial and fungal-derived compounds are important sources of therapeutic 

agents (Rani et al., 2021).  

The field of microbiology has advanced significantly since the first successful cultivation 

of microorganisms by Louis Pasteur in the 1860s. This is in part due to the astonishing 

advancement in sequencing capability since the first double-stranded DNA genome 

(bacteriophage lambda) was sequenced in 1982 (Sanger et al., 1982). In particular, high-

throughput sequencing of the 16S rRNA gene has advanced our knowledge of microbial 

diversity quite remarkably. However, our understanding of microbial processes is still limited as 

Earth is home to an estimated 1030 total microbial cells, encompassing over 1 trillion microbial 

species, with over 99.99% of them yet to be cultivated (Locey et al., 2016). Even at broader 

taxonomic levels, it has been estimated that 81% of microbial cells belong to uncultured genera 

and 25% of microbial cells belong to uncultured phyla (Lloyd et al., 2018). It is important to note 

that the exact cutoff for estimating microbial species-level 16S rRNA diversity is a work in 

progress - early studies used 97% similarity thresholds, while many newer studies are shifting to 

unique amplicon sequence variants (ASVs) (Chiarello et al., 2022).  

Comparisons across biomes have illustrated that free-living microbial communities are 

much more diverse than host-associated microbial communities and that saline and non-saline 

microbial communities differ in microbial composition (Thompson et al., 2017). Further, marine 

sediments are one of the most microbially species-rich environments (Thompson et al., 2017), 

while also containing the highest levels of microbial cell abundance and the most 

phylogenetically novel genera (Lloyd et al., 2018). Indeed, recent work showed that less than 3% 

of tropical sediment microbial communities are readily culturable (Demko et al., 2021). 

Remarkably, microbial density and diversity persist at smaller spatial scales - in just a single 
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sand grain, over 100,000 bacterial cells could be identified, belonging to more than 10,000 

distinct operational taxonomic units (OTUs) (Probandt et al., 2018). While it is important for 

marine microbiologists to generate pure strains from uncultured lineages to understand microbial 

metabolism and traits, the sheer quantity of this microbial dark matter within sediments 

highlights the need to analyze marine microbiomes using culture-independent methods.  

 

1.2 Metabolites are the language of microbial communication 

 

Microorganisms interact with their surrounding environment through the production of 

secondary metabolites, which they use to regulate growth, obtain nutrients, signal, and compete 

with other microbes (Krautkramer et al., 2021). Microbes, like other organisms across the tree of 

life, can produce both primary and secondary metabolites, with the two differentiated by the 

roles they play for a given organism. Primary metabolites are used for basic metabolic functions 

that support the growth, development, and maintenance of a given microbe. Essential primary 

metabolites include nucleotides, amino acids, sugars, and fatty acids; these in turn, are building 

blocks for larger, more complex molecules such as DNA, RNA, proteins, mono and 

polysaccharides, and membrane phospholipids (Sanchez et al., 2008).  

In contrast, secondary metabolites refer to small molecules that are not required for 

growth and general life functions, but instead provide a competitive edge for the producer 

(Davies et al., 2013). Also termed specialized metabolites or natural products, it can be difficult 

to gauge the exact ecological functions these compounds play, but they have been shown to have 

important roles in microbial defense, competition, symbiosis, signaling, development, 

pigmentation, and resource acquisition (Fouillaud et al., 2022). Microbially produced specialized 
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metabolites such as saxitoxin, tetrodotoxin, and domoic acid can even directly impact humans 

and other organisms at the top of the food chain (Vilariño et al., 2018).   

While specialized metabolites can be produced across the tree of life and contain a vast 

diversity of chemical structures, there are a few common scaffolds that describe the majority of 

natural products. Peptidic natural products such as RiPPs (ribosomally synthesized and post-

translationally modified peptides) and NRPs (non-ribosomal peptides) are formed via the 

condensation of amino acids, with the two differing in their modes of synthesis (Mordhorst et al., 

2023). NRPs are synthesized via large assembly-line multienzyme complexes that incorporate 

both proteinogenic and non-proteinogenic amino acids, while RiPPs are generated in the 

ribosome from a precursor peptide and use post-translational modifications to convert 

proteinogenic to non-proteinogenic amino acids (Wenski et al., 2022). Terpenes are another 

widespread class of chemical scaffold - these compounds are built from combinations of five-

carbon isoprene units. While seen across the tree of life, terpenes are most common in plants 

where they can function as antimicrobial defense agents (Masyita et al., 2022). Polyketides are a 

fourth large class of natural products. They are assembled from simple acyl building blocks into 

a wide diversity of carbon skeletons (Nivina et al. 2019). Other common natural product 

scaffolds include alkaloids (basic, nitrogen-containing organic compounds) and glycosides (a 

carbohydrate attached to another non-sugar compound via a glycosidic bond) (Davison et al., 

2019).    

 

1.3 Marine natural product discovery 

Many specialized metabolites are important therapeutics, and the vast structural diversity 

seen across natural products make them useful as antibiotics, antitumor agents, antifungals, and 
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antivirals, among others (Davison et al., 2019). While the majority of natural products that have 

become FDA-approved drugs have been derived from plants (47%), bacteria (30%), and fungi 

(23%) (Patridge et al., 2016), recent work has highlighted that animals and protists are also 

promising sources of specialized metabolites (Torres et al. 2019). Humans have used natural 

products for thousands of years, with the earliest documented example recorded from ancient 

Mesopotamia around 2600 B.C. where oils from cypress trees were used to treat sickness (Dias 

et al., 2012). Another prominent natural therapeutic that has been used for more than two 

thousand years is salicylic acid, which is a compound found within the bark of willow trees that 

is used to ease pain and lower fevers (Dias et al., 2012). Today, salicylic acid forms the base of 

the commonly used drug Aspirin. Two other historically well-known natural products include 

morphine (extracted from the opium poppy) and penicillin (isolated from the fungus 

Penicillium), which are used for treating pain and as an antibiotic, respectively (Dias et al., 

2012).  

For millennia, natural product remedies have been intertwined with traditional knowledge 

possessed by indigenous communities across the globe, and many of the bioactive compounds 

from the sources are still yet to be identified (Dias et al., 2012). Within the industry of natural 

product discovery, many of these traditional knowledge bases or lands were exploited, with the 

yields of research findings kept separate from the indigenous communities (Vierros et al., 2016). 

In recent decades, global discussions have centered on addressing this inequitable extraction of 

genetic resources, with comparisons made to the way wealthy nations siphon off natural 

resources like oil and rare metals from abroad (Vierros et al., 2016). With the Nagoya protocol 

(passed in 2010) there are now guardrails in place to ensure that local communities are properly 

compensated for the use of their genetic resources. 
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While the majority of early natural products research occurred in terrestrial biomes, many 

marine natural products have been discovered in the past 50 years with important implications 

for human health. A few compounds that have been clinically approved include Ecteinascidin 

743 (isolated from a tunicate, anti-cancer alkaloid, Yondelis®, PharmaMar), Ziconotide (isolated 

from cone snail, chronic pain treatment peptide, Prialt®, Elan), Eribulin (isolated from sponge, 

anti-cancer macrocyclic ketone, Halaven®, Eisai), Dolastatin (isolated from symbiotic bacteria 

within sea hare, anti-cancer peptide, Adcetris®, Pfizer), cytarabine (isolated from sponge, anti-

cancer nucleoside, Cytosar-U®, Pfizer) and Vidarabine (isolated from sponge, antiviral 

nucleoside, Arasena A®, Mochida) (Dias et al., 2012). One unique feature that many marine 

natural products contain is halogenation, with brominated and chlorinated compounds seen much 

more often than in terrestrial systems (Wagner et al., 2009).  

While a lot of marine natural products research has focused on invertebrate animal phyla 

such as Porifera and Cnidaria, microbes isolated from marine sediments have proven to be a 

fruitful source of specialized metabolites as well (Dias et al., 2012). In fact, certain obligate 

marine microbes such as the actinomycete Salinispora allocate up to 10% of their genome to the 

production of specialized metabolites, making it an ideal model organism to unearth novel 

natural products (Udwary et al., 2007; Jensen et al., 2015). Most notably, the compound 

salinosporamide A was discovered from a Salinispora strain (CNB-440) and showed strong 

anticancer activity (Fenical, 2020). After bioassay-guided fractionation, the structure of 

salinosporamide A was shown to contain an unusual β-lactone-γ-lactam ring system (Feling et 

al., 2003). Salinosporamide A is a potent proteasome inhibitor and has the unique ability to cross 

the blood-brain barrier (Di et al., 2016), making it an attractive target for the treatment of 

glioblastoma (brain tumor). The drug Marizomib (salinosporamide A) has progressed to phase 
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III clinical trials, although recent studies show that when used in addition to standard 

radiochemotherapy treatment, Marizomib does not significantly increase the overall survival rate 

of patients with glioblastoma (Roth et al., 2024). Nonetheless, the discoveries of salinosporamide 

A, along with other promising microbial natural products from marine sediment-derived bacteria 

such as cyclomarin A (anti-inflammatory), marinopyrrole (antibiotic), merochlorin A 

(antibacterial), and anthracimycin (antibacterial) (Fenical, 2020) have firmly established free-

living microbial communities to be promising sources of novel therapeutics. 

 

1.4 Biosynthetic gene clusters 

 The rise of genomic and metagenomic sequencing has allowed researchers to map out 

complete microbial genomes, and therefore visualize the genes responsible for specialized 

metabolite production (Udwary et al., 2007). In many organisms, particularly most bacteria and 

fungi, the enzymatic pathways responsible for the production of a specialized metabolite are 

physically clustered together in what is termed a biosynthetic gene cluster (BGC). The clustering 

of biosynthetic genes is predicted to help with the regulation of the pathway and the ability of 

pathways to move between microbes via horizontal gene transfer (Crits-Christoph et al., 2021).  

The various types of biosynthetic gene clusters contain distinct core genes that encode for the 

carbon skeletons associated with each class of natural products. For example, polyketide 

compounds are derived from polyketide synthases (PKSs), non-ribosomal peptides are linked to 

non-ribosomal peptide synthetases (NRPSs), and terpenes from terpene cyclases (TCs) (Blin et 

al., 2023). These conserved biosynthetic genes have been enormously helpful in the rapid 

identification of BGCs within genomic assemblies and form the foundation for genome mining 
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tools such as antiSMASH or NaPDoS2 (Blin et al., 2023; Klau, Podell, and Creamer et al., 

2022).   

 In addition to genome mining tools, having repositories of BGCs that have been 

experimentally linked to their corresponding natural product, such as the MIBiG database, is 

important for comparative analyses and predicting the function of specific genes (Terlouw et al., 

2023). By identifying the various enzymes used in nature’s biosynthetic pathways, it also 

becomes easier to improve the rational design of novel compounds. While linking BGCs to their 

associated specialized metabolite remains the gold standard, there remain some pitfalls in this 

process. For one, microbial genomes can contain more than 50 BGCs, and if none show any 

similarity to previously characterized pathways, it can be difficult to ascertain which BGC 

corresponds to which metabolite (Chase et al., 2023). Additionally, not all BGCs are necessarily 

expressed by the microbe, and these so-called cryptic BGCs often require genetic manipulation, 

alternative culture conditions, or the introduction of constitutive promoters for activation 

(Hoskisson et al., 2020).  

 

1.5 Polyketides 

 

 Polyketides are a diverse and bioactive group of natural products that utilize acyl-CoA 

precursors to form carbon skeletons via consecutive Claisen condensation reactions (Nivina et 

al., 2019). However, differences in PKS BGC structure can lead to polyketide structural diversity 

ranging from small aromatic compounds to large macrolides. Many polyketides are medicinally-

relevant, such as antibiotics (erythromycin, oxytetracycline, doxycycline), antifungals 

(amphotericin), anticancer agents (epothilone and doxorubicin), antitumor agents 

(calicheamicin), and cholesterol-lowering drugs (lovastatin) (Korman et al., 2010) (Fig. 1.1).   
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Figure 1.1. Medicinally-important polyketides. Compound name followed by type of 

bioactivity, NaPDoS2 classification of the PKS, and  the name of the producing organism is 

listed for each compound.  

 

 Polyketide synthases (PKSs) are multifunctional enzymes responsible for producing 

polyketides and fall into three main types (I, II, III) (Hertweck et al., 2009). Type I PKSs are 

typically organized into modules and can either resemble an assembly line where multiple 

modules each catalyze a single elongation of the polyketide chain or act iteratively where a 

single module catalyzes multiple polyketide chain elongations (Shen, 2003). There are two main 

groups of assembly-line PKSs - cis-AT and trans-AT. Each module within both assembly-line 

and iterative PKSs typically contains at minimum an acyltransferase (AT) domain, an acyl 

carrier protein (ACP) domain, and a ketosynthase (KS) domain (Nivina et al., 2019). The AT 

domain selects the acyl-CoA chain extender unit and loads it onto an ACP domain. The ACP 

domain then transfers the extender unit to the KS domain, and the KS domain catalyzes the 

Claisen condensation reaction and extends the growing polyketide chain (Nivina et al., 2019). 

Trans-AT PKSs are a major exception to this rule - in contrast to cis-AT PKSs, trans-AT PKSs 

lack an AT domain within each module, and this function instead occurs via a free-standing AT 
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domain that can often be shared across multiple PKS modules (Helfrich et al. 2016). Type I PKS 

modules can also contain tailoring domains such as ketoreductase (KR), dehydratase (DH), and 

enoylreductase (ER) domains, which function to reduce the β-ketone to a hydroxyl, dehydrate 

the hydroxyl to form a double bond, and reduce the double bond to a methylene group, 

respectively (Nivina et al., 2019).  

  Canonical type II PKSs are mostly found in bacteria and linked to either the production 

of small polycyclic aromatic compounds or highly reduced polyenes. Typically, type II PKSs 

function iteratively and contain two subunits, with the first responsible for the elongation of the 

chain, and the second determining the chain length (Wang et al., 2020). In contrast to type II 

PKSs, type III PKSs are mainly found in plants and bacteria, do not employ carrier proteins, and 

resemble chalcone synthases to produce a variety of flavonoid, stilbene, and lipid-like structures 

via iteration (Katsuyama et al., 2012).  

 

1.6 Genome mining to inform natural product discovery 

 

Both natural product discovery and synthetic chemistry have been explored as methods to 

discover novel therapeutics. While the pharmaceutical industry has poured significant resources 

into the generation of large compound libraries via combinatorial chemistry, these processes are 

limited by the number of reactions chemists can perform, and the resulting compounds pale in 

comparison to the chemical diversity found in nature (Feher et al., 2003). Traditionally, 

specialized metabolites have been isolated through chemical extractions of either 

environmentally collected organisms or laboratory cultured cells. These chemical extracts can 

then be tested using bioassays and further fractionated to identify the specialized metabolite of 

interest (Atanasov et al., 2021). While this methodology was extremely successful during the 



 11 

golden age of natural product discovery, there has been a noticeable decrease in the isolation of 

novel chemical structures due to high rediscovery rates (Pye et al. 2017). Nonetheless, advances 

in the sensitivity of tools used in analytical chemistry, along with creative approaches such as 

environmental metabolomics or in situ metabolite capture (Bogdanov et al., 2024), have ensured 

that natural product discovery remains important to finding new pharmaceuticals.     

 In the last few decades, the rapid development of sequencing technologies and the 

deposition of large amounts of sequencing data into online databases have supported another 

method for natural product discovery, genome mining. This approach utilizes bioinformatic tools 

such as antiSMASH 7.0, which detects and classifies biosynthetic gene clusters from genomic 

queries (Blin et al., 2023). Another useful genome mining web tool is NaPDoS2, which detects 

and classifies sequence tags (ketosynthase domains within PKSs and condensation domains 

within NRPSs) to give broader context about the types of PKSs and NRPSs found within 

metagenomic, genomic, and KS amplicon sequence data (Klau, Podell, and Creamer et al., 

2022). The updated NaPDoS2 database supports the classification of KS domains into 41 distinct 

class and subclass assignments, allowing one to quickly gauge the polyketide biosynthetic 

potential of a given organism or biome (Singh et al., 2023).   

 To date, many genome mining studies have analyzed the biosynthetic potential within 

taxa of interest by running genomes through antiSMASH and analyzing the BGC outputs 

(Cimermancic et al., 2014; Wei et al., 2021). This has helped illuminate taxonomic lineages that 

could be targeted for natural product discovery. These types of genome analysis studies have 

been carried out across bacterial, fungal, protist, and animal lineages. In other instances, full 

biomes have been analyzed for BGC potential, such as the ocean microbiome, with certain 

notable BGCs within that biome then heterologously expressed to identify the specialized 
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metabolite of interest (Paoli et al., 2022).  Recently, genome mining has been integrated with 

sequencing KS amplicons, with amplicons of interest traced back to metagenomic cosmid 

libraries for heterologous expression (Libis et al. 2019). These studies suggest that the future of 

genome mining is bright as only a small percentage of the microbial diversity on Earth has 

currently been sequenced.     

 

1.7 Overview of the dissertation 

 

 The overall objectives of this dissertation is to determine how polyketide biosynthetic 

diversity differs across biomes, taxonomic lineages, and in understudied, abyssal sediment 

ecosystems. This was accomplished using a combination of metagenomic, targeted amplicon 

sequencing, metabolomic and bioinformatic techniques.  

 In Chapter 2, I evaluate whether PKS distribution and diversity vary across biomes by 

using NaPDoS2 to extract over 35,000 KS domains across 137 metagenomes. By analyzing 

datasets from soil, rhizosphere, peat soil, freshwater, seawater, freshwater sediment, marine 

sediment, and host-associated biomes, I established that biomes differ in their T1PKS 

repertoires, with soils enriched in modular cis-AT and hybrid cis-AT KSs and marine sediments 

enriched in PUFA and enediyne KSs. Further, I showed that marine sediment enediyne KSs can 

be linked to taxa that have yet to be reported to produce enediyne PKs. Finally, I utilize the 

metagenome-extracted KS domains to evaluate existing PCR primer sets and guide 

modifications used in the KS amplicon sequencing analyses I carry out in Chapter 4 of this 

dissertation. The work carried out in Chapter 2 has been published in the journal mBio (Singh et 

al., 2023). 

 With Chapter 3, I transition from metagenomic datasets to explore the polyketide 

biosynthetic potential across the genome-sequenced tree of life. In this chapter, my collaborator 
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(Kaitlin Creamer) and I analyzed over 600,000 genomes from all sequenced phyla, including 

bacterial, fungal, plasmid, animal, plant, protist, algae, archaeal, CPR, and viral lineages. 

NaPDoS2 allowed us to detect and classify KS distributions at the subclass level and identify 

taxonomic lineages that contain untapped biosynthetic potential. While biosynthetic potential has 

been evaluated at the BGC level within genomes before, this is the first time to our knowledge 

that polyketide diversity has been subclassified across the entire tree of life. This is notable, as 

the PKS subclass diversity reported in this chapter presents a unique opportunity to guide the 

discovery of specific types of polyketides. This chapter is being developed into a manuscript 

with the goal of publication in collaboration with co-first author Kaitlin Creamer. 

 In Chapter 4, I use multi-omics (16S amplicon sequencing, KS amplicon sequencing, 

metagenomics, and metabolomics) to evaluate the microbial communities and their biosynthetic 

potential within abyssal sediments. Little is known about the PKS diversity seen within abyssal 

sediments, which comprise more than 80% of the ocean floor. Here, targeted amplicons showed 

that abyssal sediments have distinct 16S and KS communities compared to nearshore sediments. 

Further, a transect across three abyssal sediment sites showed that amplicon community and 

metabolome differences mirrored the distinct biogeochemical regimes at different locations and 

sediment layer depths. Abyssal sediment KS phylogenies showed clades that are distinct from 

experimentally characterized PKS pathways, illustrating that abyssal plains carry significant 

biosynthetic potential. The work I have completed in Chapter 4 is in preparation for publication. 

 Finally, Chapter 5 highlights notable insights from this dissertation and discusses future 

directions that relate to this research. 
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2.1 Abstract 

Microbial polyketide synthase (PKS) genes encode the biosynthesis of many 

biomedically or otherwise commercially important natural products. Despite extensive discovery 

efforts, metagenomic analyses suggest that only a small fraction of nature’s polyketide 

biosynthetic potential has been realized. Much of this potential originates from type I PKSs 

(T1PKSs), which can be further delineated based on their domain organization and the structural 

features of the compounds they encode. Notably, phylogenetic relationships among ketosynthase 

(KS) domains provide an effective method to classify the larger and more complex T1PKS genes 

in which they occur. Increased access to large metagenomic data sets from diverse habitats gives 

opportunities to assess T1PKS biosynthetic diversity and distributions through their smaller and 

more tractable KS domain sequences. Here, I used the web tool NaPDoS2 to detect and classify 

over 35,000 type I KS domains from 137 metagenomic data sets reported from eight diverse, 

globally distributed biomes. Biome-specific separation was seen, with soils enriched in KSs from 

modular cis-acetyltransferase (AT) and hybrid cis-AT KSs relative to other biomes and marine 

sediments enriched in KSs associated with polyunsaturated fatty acid and enediyne biosynthesis. 

The phylum Actinobacteria was linked to soil-derived enediyne and cis-AT KSs. In contrast, 

marine-derived KSs associated with enediyne and monomodular PKSs were linked to phyla from 

which the compounds produced by these biosynthetic enzymes have not been reported. These 

KSs were phylogenetically distinct from those linked with experimentally characterized PKSs 

suggesting they may yield novel structures or enzyme functions. Finally, I employed the 

metagenome-extracted KS domains to evaluate the PCR primers commonly used to amplify type 

I KSs and identified modifications that could increase the KS sequence diversity recovered from 

amplicon libraries.  
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2.2 Introduction 

Microorganisms are a valuable source of structurally diverse specialized metabolites, 

including many with clinically relevant biological activities (Abdel-Razek et al., 2020; Pye et al., 

2017). Recent advances in DNA sequencing technologies and molecular genetics have fostered 

new discovery paradigms based on the detection of natural product biosynthetic gene clusters 

(BGCs) in microbial genomes (Ziemert et al., 2016). Instrumental to this field are online tools 

such as antiSMASH (Medema et al., 2011; Blin et al., 2021) and PRISM (Skinnider et al., 2017) 

that detect and classify BGCs within query data. Additionally, the MIBiG repository (Kautsar et 

al., 2020), which lists BGCs that have been experimentally linked to compounds, and IMG-ABC 

(Palaniappan et al., 2020), which details BGCs within sequenced microbial genomes, serve as 

important comparison points for genome mining efforts. 

Polyketides represent a major source of pharmaceutically relevant specialized metabolites 

(Nivina et al., 2019). Their biosynthesis is mediated by polyketide synthase (PKS) genes, which 

can be classified into types I–III, depending on their domain structure (Nivina et al., 2019). Type 

I PKSs (T1PKSs) are composed of multidomain proteins and represent the largest source of 

polyketide natural products within the MIBiG repository (Kautsar et al., 2020). A minimal 

T1PKS comprises an acetyltransferase (AT) domain, which selects the appropriate building 

block, an acyl carrier protein (ACP) domain, to which the building block is tethered, and a 

ketosynthase (KS) domain, which catalyzes chain elongation between the growing polyketide 

and the ACP-bound extender unit (Weissman et al., 2004; Fischbach et al., 2006; Shen et al., 

2003). Based on the organization and function of these domains, type I PKS genes can be further 

delineated into two primary classes, the first of which encode enzymes that function as 

multimodular assembly lines (referred to here as modular cis-AT) where each KS domain 
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catalyzes one round of chain elongation. Trans-AT PKS genes represent another version of these 

multimodular systems in which the AT domain occurs outside of the PKS gene (Piel et al., 

2010). The second major class of T1PKSs generally has only one module (monomodular) with 

the KS domain functioning iteratively to catalyze more than one round of chain elongation (Chen 

et al., 2016). 

It has long been recognized that KS phylogenies can be used to distinguish sequences 

associated with type I modular cis-AT, iterative, and trans-AT PKSs and thus make broader 

predictions about the types of PKS genes in which they occur (Ziemert et al., 2012; Klau et al., 

2022; Wang et al., 2020; Miyanaga et al., 2018). Type I KS phylogenies can further provide 

insight into the types of compounds produced (e.g., enediynes, polyunsaturated fatty acids 

[PUFAs], polyketide–peptide hybrids) and the functional roles of KSs in polyketide assembly 

(e.g., loading vs extension). The web tool NaPDoS2 (Klau et al., 2022) uses DIAMOND 

(Buchfink et al., 2021) and a well-curated reference database to detect KS domains in genomic, 

metagenomic, or amplicon query data. It further classifies these domains based on their top 

database match, which can be used to make broader predictions about PKS diversity and 

distributions. In this way, NaPDoS2 circumvents the need for complete PKS gene or BGC 

assembly, which can be particularly challenging for highly repetitive, multimodular T1PKSs, 

thus making it ideal for assessing biosynthetic potential within poorly assembled metagenomic 

data sets. 

While metagenomic data have provided important new insights into natural product 

biosynthetic gene diversity, PCR-amplified KS domains allow for the detection of low-frequency 

sequences within complex assemblages. This approach has enabled the large-scale comparison of 

KS diversity across environmental samples (Moffitt et al., 2003; Ayuso-Sacido et al., 2005; 
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Wawrik et al., 2005; Rascher et al., 2003; Shulse et al., 2011; Charlop-Powers et al., 2014; 

Charlop-Powers et al., 2015; Libis et al., 2019; Bech et al., 2020; Rego et al., 2020; Elfeki et al., 

2021; Hochmuth et al., 2009; Della et al., 2014) and guided the discovery of novel natural 

products (Libis et al., 2019). The primers used to amplify KS sequences were originally designed 

based on modular cis-AT KSs detected in the phyla Actinobacteria, Cyanobacteria, and 

Deltaproteobacteria (Moffitt et al., 2003; Ayuso-Sacido et al., 2005; Rascher et al., 2003). While 

this primer set has been modified over the years (Charlop-Powers et al., 2014; Charlop-Powers et 

al., 2015; Libis et al., 2019), it is unclear how well it conforms to the KS diversity now being 

observed in metagenomic data sets. Recent evidence that this primer set would amplify relatively 

few of the KS domains detected in the poorly studied phyla Acidobacteria, Verrucomicrobia, and 

Gemmatimonadetes suggests that modifications are warranted (Crits-Christoph et al., 2018). 

Assessing biosynthetic diversity using metagenomic data sets carries distinct advantages 

over amplicons in that complete BGCs can be captured and PCR biases avoided. For example, 

work to date using metagenome-assembled genomes (MAGs) has identified previously unknown 

or poorly studied microbial taxa, including Acidobacteria and Candidatus Eremiobacteraeota 

from soils (Crits-Christoph et al., 2018) and seawater (Paoli et al., 2022), respectively, that are 

enriched in uncharacterized BGCs and thus could be targeted for natural product discovery. 

However, rare community members, which are an important source of natural products (Crits-

Christoph et al., 2018), will be poorly represented among the MAGs assembled from complex 

communities, with only 5.3 MAGs binned on average per metagenome in a recent analysis of 

1,500 metagenomes (Parks et al., 2017). To date, metagenomes have largely been used to 

analyze the biosynthetic potential of individual biomes, with the aim of finding new products 

(Crits-Christoph et al., 2018; Paoli et al., 2022; Sugimoto et al., 2019; Carrion et al., 2019; 
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Storey et al., 2020). For example, direct cloning of metagenomic DNA from the human 

microbiome led to the discovery of new polyketide antibiotics including two that potentially play 

a role in microbe-microbe competition (Sugimoto et al., 2019). In other studies, metagenomic 

analyses of root endophyte microbiomes led to the identification of a non-ribosomal peptide 

synthetase (NRPS)-PKS BGC that played a key role in disease suppression (Carrion et al., 2019), 

while a sponge metagenome was used to link compounds to the microbes that produce them 

(Storey et al., 2020). Comparisons of PKS diversity across biomes are less common, although it 

was recently suggested, based on BGC distributions in MAGs, that specific chemistry is not 

limited or amplified by environment (Nayfach et al., 2021). 

In this study, I used NaPDoS2 to detect and classify type I KS domains from eight 

environmental biomes. Using KS phylogenies, biome-specific clades were detected that are 

distinct from those associated with experimentally characterized BGCs. Additionally, on average 

less than 3% of the KS domains in each metagenome are associated with MAGs, supporting their 

value as a proxy to assess biosynthetic diversity. Finally, access to environmental KS sequences 

provided an opportunity to evaluate the effectiveness of a widely used type I KS primer set. 

 

2.3 Methods 

KS domain identification 

One hundred and thirty-seven shotgun metagenomes representing eight biomes 

(agricultural/forest soil, rhizosphere, peat soil, marine sediment, freshwater sediment, seawater, 

host-associated, and freshwater) were selected from the JGI IMG database (Palaniappan et al., 

2020) and filtered to exclude contigs <600 nucleotides using a custom script 

(https://github.com/spodell/NaPDoS2_website/data_management_scripts/size_limit_seqs.pl), 
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resulting in a combined size of 240 Gbp. NaPDoS2 (Klau et al., 2022) was used to identify KS 

domains using a minimum match length of 200 amino acids and a minimum E-value of 10−30. 

KS domains were similarly extracted from the MIBiG 2.0 database (Kautsar et al., 2020), and 

MAGs listed on the JGI IMG database (which they assembled using MetaBAT) (Palaniappan et 

al., 2020). 

KS domain amino acid sequences associated with T1PKSs and FASs were identified in 

the NaPDoS2 output. These included the following classifications: modular cis-AT, cis-loading 

module, olefin synthase, iterative aromatic, iterative PTM, trans-AT, hybrid trans-AT, hybrid 

cis-AT, PUFA, enediyne, and FAS. NaPDoS2 KS classifications were verified for a randomly 

selected subset of metagenomic sequences across the range of KS domain types by running the 

associated contigs through antiSMASH 6.0 (Medema et al., 2011; Blin et al., 2021) and 

comparing the output. The relative abundance of each KS domain type was calculated for each 

metagenome as the number of KS domains/Gbp of metagenomic data and compared using a one-

way analysis of variance (ANOVA) followed by Tukey’s HSD test. KS domain classifications 

were rarified to 100 sequences per metagenome using the average from 1,000 permutations and 

transformed into a Bray–Curtis dissimilarity matrix using the Vegan R program (Oksanen et al., 

2020). This matrix was used to perform a PCoA with significant differences between biomes 

identified using a permutational ANOVA with the Vegan R program. 

 

Full-length KS domain diversity and taxonomic assignments 

Full-length KS domains were filtered from the total type I metagenomic KS pool and the 

MIBiG 2.0 database (Kautsar et al., 2020). All type I KS domains within the NaPDoS2 reference 

database contain the start residues IAIVG and end residues GTNAH (with some degeneracy at 
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these positions). As such, metagenomic sequences were categorized as full-length if they 

spanned the entirety of these regions. Geneious ver. 2020.2 (Kearse et al., 2012) was used for 

alignments. KS richness comparisons were made by randomly selecting 580 (the minimum 

number in any one biome) full-length KS domains from each biome using Geneious ver. 2020.2 

(Kearse et al., 2012) and clustering them into OBUs at 95%, 90%, 80%, and 70% amino acid 

sequence identity using UCLUST (Edgar et al., 2010). KS richness was estimated at each 

sequence identity level using the Chao1 index based on the average of 10 replicate analyses and 

compared using a one-way ANOVA followed by Tukey’s HSD test. The number of KS domains 

in OBUs shared between biomes was calculated using pairwise comparisons between all biome 

combinations. Taxonomic affiliations were assigned to full-length KS domains based on the 

phylum of the closest NCBI (O’Leary et al., 2016) Blastp ver. 2.11.0 (Camacho et al., 2009) 

match (based on E-value). 

 

KS phylogeny 

An SSN of all full-length sequences was constructed using EFI (Zallot et al., 2019) with 

an E-value edge calculation of 100 and visualized using Cytoscape (Shannon et al., 2003). 

Phylogenetic trees were constructed individually for the trans-AT, hybrid cis-AT, iterative 

PUFA, iterative enediyne, and cis-AT/iterative KS clusters identified in the SSN using FastME 

on the ngphylogeny.fr website (Lemoine et al., 2019) with default settings and visualized using 

iTOL (Letunic et al., 2021). Due to the large number of KS domains identified in the cis-

AT/iterative group (n = 3,162), they were grouped by biome and clustered into 70% OBUs using 

UCLUST (Edgar et al., 2010). KS sequences from the MIBiG 2.0 database that were classified in 

the cis-AT/iterative group (n = 2,149) were similarly clustered into 70% OBUs. Centroid 
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representatives for each OBU were used to construct FastME trees using ngphylogeny.fr 

(Lemoine et al., 2019) under default parameters and visualized using iTOL version 6 (Letunic et 

al., 2021). Similarly, for the enediyne phylogeny, context was added to the metagenomic 

enediyne KSs (n = 210) by extracting and clustering (70% OBUs) all enediyne KS domains from 

the RefSeq select genomes (n = 271) and MIBiG 2.0 (n = 11) databases. No clustering was 

needed prior to generating the trans-AT (n = 831), hybrid cis-AT (n = 1,746), or PUFA (n = 

1,996) phylogenies. 

To visualize the genomic context of select KS domains within an uncharacterized clade 

in the cis-AT/iterative phylogeny, the relevant metagenomic contigs were analyzed using 

antiSMASH 5.0 (Blin et al., 2021). Since only two of what appeared to be complete BGCs were 

detected, related KSs that clustered into 70% OBUs with the metagenome-extracted KS domains 

were extracted from the NCBI RefSeq (O’Leary et al., 2016) protein database (release number 

200) using Blastp version 2.11.0 (Camacho et al., 2009). RefSeq genomes that contained these 

were then analyzed using antiSMASH 5.0 to identify the relevant BGCs. A multilocus 

phylogeny was constructed with the metagenome-extracted BGCs, RefSeq genome-extracted 

BGCs, and the closest related BGCs from the MIBiG 2.0 reference database using CORASON 

(Navarro-Munoz et al., 2020). 

 

Evaluation of KS primers 

The commonly used KS2F/KS2R (Shulse et al., 2011; Charlop-Powers et al., 2014; 

Charlop-Powers et al., 2015; Libis et al., 2019; Bech et al., 2020; Rego et al., 2020; Elfeki et al., 

2021; Hochmuth et al., 2009) primer set is composed of the forward primer 5′-

GCNATGGAYCCNCARCARMGNVT-3′ (translated to AMDPQQ(RS) (LIMV)) and the 
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reverse primer 5′-GTNCNNGTNCCRTGNSCYTCNAC-3′ (translated to 

VE(AG)HGT(CWRSG)T). I aligned this primer set with the metagenome-extracted type I KS 

domains (amino acids), and the percent matching at each amino acid residue was calculated 

using Geneious ver. 2020.2 (Kearse et al., 2012). The PUFA pfaA-specific primer set (Shulse et 

al., 2011) was similarly analyzed using the metagenome-extracted KS domains that were 

classified as PUFA KS01 or pfaA KS domains using NaPDoS2. 

 

2.4 Results 

Type I PKS distributions across biomes 

NaPDoS2 was used to identify KS domains associated with T1PKSs in 137 shotgun 

metagenomes comprising 240 Gbps of data. The metagenomes represent the following eight 

environmental biomes: forest/agricultural soil, rhizosphere, peat soil, freshwater, seawater, 

freshwater sediment, marine sediment, and host-associated (Table 2.S1). In total, 35,116 KS 

domains were assigned to T1PKSs and an additional 409 to type I fatty acid synthases (FASs) 

using a minimum alignment length >200 aa. The NaPDoS2 output further delineated the non-

FAS KS domains into three groups (cis-AT, trans-AT, and iterative cis-AT) and eight subgroups 

(hybrid cis-AT, cis-loading module, olefin synthase, PUFA, enediyne, aromatic, polycyclic 

tetramate macrolactam [PTM], and hybrid trans-AT) (Table 2.S2). To validate the NaPDoS2 KS 

classifications, representative sequences across the range of KS domain types were analyzed by 

running the associated metagenomic contigs through antiSMASH 6.0 (Medema et al., 2011; Blin 

et al., 2021). In each case, the KSs were associated with PKS genes that matched the NaPDoS2 

classification (Fig. 2.S1). 
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The majority of metagenome-extracted type I KSs (37.5%) were classified by NaPDoS2 

as cis-AT with no further subgroup designation. Following that, the iterative cis-AT PUFA 

(20.9%) and hybrid cis-AT (18.9%) designations were the next most abundant (Table 2.S2). I 

also analyzed the MAGs binned from each metagenome through the Joint Genome Institute 

(JGI) Integrated Microbial Genome (IMG) pipeline finding that, on average, only 2.7% of the 

type I KS domains within a given metagenome were located within MAGs (Fig. 2.S2). This 

highlights the fragmented nature of the metagenomic assemblies and the utility of targeting KS 

sequences when assessing biosynthetic potential in complex communities. 

A principal coordinates analysis (PCoA) based on a Bray–Curtis dissimilarity matrix 

showed a significant separation of biomes based on type I KS composition [permutational 

multivariate analysis of variance (ANOVA), P < 0.001, R2 = 0.499] with PUFA, cis-AT, and 

hybrid cis-AT KS domains representing major drivers of biome separation between marine and 

non-marine samples (Fig. 2.1a). To further address differences in KS composition across biomes, 

I determined the frequency of KSs per gigabase pair (Gbp) and found that marine sediments had 

significantly more PUFA and enediyne sequences (Fig. 2.1b) than other biomes (Tukey’s 

honestly significant difference [HSD], P < 0.01). Likewise, forest/agricultural soil and 

rhizosphere metagenomes encoded significantly more hybrid cis-AT KS domains per Gbp (P < 

0.01), and forest/agricultural soil metagenomes encoded more cis-AT KS domains (P < 0.01) 

than non-soil biomes (Fig. 2.1b). 



 31 

 
Figure 2.1. Biome-specific type I KS diversity and abundance. (a) PCoA of type I KS 

domain distributions after transformation using a Bray–Curtis dissimilarity matrix. Each 

point represents a metagenomic data set (colored by biome). Arrows indicate the three KS 

domain types driving the most variation. (b) Violin plots showing the number of type I KS 

domains per Gbp of metagenomic data across the eight biomes. 
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KS diversity across biomes 

To evaluate KS diversity across biomes, the 7,945 full-length KS domains that could be 

extracted across the metagenomes were used, as they provide a standardized framework for 

comparison. To assess KS richness, these were clustered sequences into operational biosynthetic 

units (OBUs) (40) over a range of 70%–95% amino acid sequence identity and alpha diversity 

was calculated using Chao1 index values, a predictive measure typically applied to measure 

taxonomic (or operational taxonomic unit) diversity that gives more weight to rare taxa (Kim et 

al., 2017). Applying this approach to biosynthetic diversity, I found that soil and freshwater 

sediment biomes consistently carried greater OBU richness than marine sediment and seawater 

biomes at all clustering levels (Fig. 2.S3). However, the only significant differences in richness 

were observed in forest/agricultural and peat soils, which were more diverse than non-soil 

biomes at the 90% and 95% clustering thresholds (Tukey’s HSD, P < 0.01). 

Next, I asked how the full-length KS sequences compared with those associated with 

experimentally characterized PKSs in the MIBiG 2.0 database. Regardless of biome, most 

sequences shared little similarity with the database, with only 1% overall sharing >90% amino 

acid sequence identity (Fig. 2.S4). The number of KS matches dropped precipitously with 

increasing sequence identity across all KS types, most noticeably for hybrid and iterative PUFA 

KSs where 97% of the sequences had matches of <70% sequence identity. While relatively few 

BGCs have been experimentally characterized, this nonetheless supports the concept that 

considerable new polyketide diversity remains to be discovered from Earth’s microbiomes. 

Among the few KSs that shared >90% sequence identity with the MIBiG 2.0 database, the 

associated BGCs represent six different biosynthetic types that account for a diverse range of 

natural products, including siderophores (yersiniabactin), antibiotics (e.g., rifamycin), and 
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cyanobacterial toxins (e.g., microcystin) (Fig. 2.S5). In previous experiences, KS sequence 

identity matches of >90% to characterized BGCs are good predictors of compound production 

(Freel et al., 2011; Gontang et al., 2010). The largest numbers of >90% MIBiG 2.0 sequence 

identity matches were observed in forest/agricultural soil, rhizosphere, host-associated, and 

freshwater biomes, while seawater and marine sediment had relatively few matches at this level, 

and peat soil and freshwater sediment biomes had none (Fig. 2.S5). This may provide insight into 

biomes that remain underexplored in terms of novel polyketide discovery. 

Next, the number of KS domains in OBUs shared between biomes was identified by 

rarefying each biome to 580 full-length KS sequences (the lowest number in any one biome), 

clustering the sequences into OBUs over a range of 70%–95% amino acid sequence identity, and 

performing pairwise comparisons (Fig. 2.2). Overall, marine sediment and seawater biomes had 

the greatest number of KS sequences within shared OBUs at all clustering levels except 70%. 

Shared OBUs were also commonly identified in pairwise comparisons among forest/agricultural 

soil, peat soil, rhizosphere, and freshwater sediment biomes, and these always ranked among the 

top 10 in the number of KS domains within the shared OBUs. Surprisingly, at 95% clustering, no 

OBUs were shared between freshwater and freshwater sediments, and only the seawater and 

marine sediment biomes had more than 10 KS sequences within shared OBUs. In fact, at both 

the 95% and 90% clustering levels, many biome combinations (64% and 46%, respectively) 

contained no shared OBUs, with maxima of 42 and 96 KS sequences, respectively, within the 

OBUs shared at these clustering levels. In contrast, at the lower clustering thresholds of 80% and 

70%, all biome combinations shared at least two KS sequences, and the maximum number of 

shared KS sequences was 195 and 416, respectively (Fig. 2.2). The lack of shared OBUs 
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between biomes at the higher sequence identity levels (90%–95%) suggests little overlap in the 

polyketides produced. 

 

Figure 2.2. KSs shared between biomes. Each biome was rarefied to 580 full-length KS 

sequences (the smallest number in any one biome). These sequences were clustered into 

operational biosynthetic units over a range (70%–95%) of amino acid sequence identities. 

Biome pairwise comparisons were then made and the number of KS domains within OBUs 

shared between biomes determined (y-axis). Black dots connected with a line indicate 

biome pairs in which shared OBUs were identified. 

 

Type I KS domains form five major groups 

A sequence similarity network (SSN) was used to visualize relatedness among the 7,945 

full-length metagenome-extracted KS domains in the context of their NaPDoS2 classification 

(Fig. 2.S6). Additionally, 3,040 full-length KS domains identified in the MIBiG 2.0 database 

were included (2,149 cis-AT/iterative, 725 trans-AT, 126 hybrid cis-AT, 29 PUFA, and 11 
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enediyne KS domains). The hybrid cis-AT (n = 1,746), trans-AT (n = 831), PUFA (n = 1,996), 

and enediyne (n = 210) KS domains are clearly distinguished within the SSN. The cis-

AT/iterative cluster (n = 3,162) represents the fifth group, and includes KSs classified by 

NaPDoS2 as modular (assembly line) cis-AT (including olefin synthase and loading module 

subgroups) and iteratively acting cis-AT (including iterative aromatic and iterative PTM 

subgroups). The three PUFA KS clusters correlate with the three KS domains that are usually 

found in PUFA PKSs (Chen et al., 2016; Shulse et al., 2011). Next, I generated KS phylogenies 

to ask if biome-specific clades could be detected within each of the five major groups identified 

in the SSN. 

 

Biome-specific and uncharacterized clades within the cis-AT/iterative group 

Since cis-AT KS domains were a major driver of the separation among biomes (Fig. 2.1), 

a phylogeny was constructed using the 3,162 metagenomic and 2,149 MIBiG 2.0 sequences that 

comprised the cis-AT/iterative cluster in the SSN. This phylogeny revealed a large clade (923 

sequences) in which 98.0% of the sequences mapped to soil biomes (Fig. 2.3a, yellow inner 

ring). This clade includes more than 50% of the MIBiG 2.0 reference sequences, all of which 

originate from multimodular, assembly-line cis-AT PKSs. Outside of this soil-dominant clade, 

the remaining 2,239 metagenome-extracted KS domains within the cis-AT/iterative group were 

more evenly spread between soil (50.5%) and non-soil (49.5%) biomes. Additionally, the 

phylogeny revealed a small clade of 89 sequences that originated from sponge metagenomes 

(Fig. 2.3a, brown inner ring) and was exclusive of any MIBiG 2.0 sequences. This is consistent 

with previous work describing an unusual clade of T1PKSs associated with sponge symbionts 
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(Fieseler et al., 2007) and KS domain sequences that predominate in sponge KS amplicon 

libraries (Hochmuth et al., 2009; Della et al., 2014). 

The taxonomic affiliations of the metagenome-extracted KS domains, assessed using the 

closest NCBI Blastp match, revealed that 96.2% of the cis-AT/iterative sequences within the 

soil-dominant clade could be assigned to the phylum Actinobacteria (Fig. 2.3b). This is not 

surprising given that soil-derived Actinobacteria belonging to genera, such as Streptomyces, 

have been a rich source of polyketide natural products. The sequences outside of this clade had a 

wider taxonomic distribution (Fig. 2.3c), with 23.5% assigned to Actinobacteria, 18.2% to 

Cyanobacteria, and 3%–9% to low abundance phyla. In contrast with the soil-dominant clade, 

the sponge-specific clade displayed greater taxonomic diversity, with most sequences mapping to 

the phyla Gemmatimonadetes (24.7%) and Alphaproteobacteria (20.2%). 

The KS phylogeny of the cis-AT/iterative group also revealed a large clade (379 

sequences) that did not group with any MIBiG 2.0 sequences (Fig. 2.3a, pink inner ring), 

indicating a lack of functional characterization. The sequences in this clade were classified by 

NaPDoS2 as iterative PTMs, which have been reported from Actinobacteria and Proteobacteria 

(6) and produce macrolactams with fused carbocyclic systems that possess wide-ranging 

biological activities (Blodgett et al., 2010) making them of interest for natural product discovery 

efforts. PTM biosynthesis proceeds by an unusual hybrid iterative PKS-NRPS system that 

contains a single module (monomodular) with the unique hybrid domain architecture of KS-AT-

DH-KR-ACP-C-A-PCP-TE (45). From searching the metagenomic assemblies, two contigs of 

sufficient length for antiSMASH 5.0 analysis were found, which showed that the KSs were 

associated with PTM-like domain architectures (Fig. 2.S7). BLAST and NCBI RefSeq were also 

used to identify related KSs (>70% sequence identity) in four phyla (Proteobacteria, 
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Verrucomicrobia, Planctomycetes, and Bacteroidetes), which determined they were all 

associated with monomodular PKSs that possessed PTM-like architectures (Fig. 2.S7). A 

multilocus phylogeny of these BGCs showed that the metagenome-extracted sequences were 

most closely related to RefSeq BGCs observed in Verrucomicrobia and Proteobacteria and 

distinct from the MIBiG 2.0 reference PTM BGCs (Fig. 2.S7). The diversity and lack of MIBiG 

2.0 matches among these monomodular PKSs suggest that new PTMs await discovery. 
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Figure 2.3. Phylogeny and taxonomic distribution of KS domains from the cis-AT/iterative 

group across biomes. (a) FastME phylogeny of full-length, metagenome- extracted, cis-

AT/iterative group KS OBUs (70% sequence identity). The innermost ring denotes the soil-

dominant clade (n = 905, yellow), a sponge-specific clade (n = 89, brown), and a 

monomodular clade that does not include any MIBiG 2.0 sequences (n = 379, pink). The 

second ring indicates the biome from which the KS was derived, and the third ring (purple) 

indicates the number of metagenome-extracted KS domains in each OBU. The fourth ring 

(black) depicts the MIBiG 2.0 database cis-AT/iterative group KS domains grouped into 

70% OBUs, and the fifth ring (purple) shows the number of MIBiG 2.0-extracted KS 

sequences in each OBU. (b) Closest Blastp taxonomic match across eight biomes for the 

soil-dominant clade, with the x-axis denoting the range of percent similarity to the closest 

match and the y-axis denoting the number of KS domains. (c) Taxonomic distributions 

across eight biomes for all cis-AT/iterative group KSs other than the soil-dominant clade 

with the same x- and y-axis denotations. 
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Enediyne KS diversity across biomes 

Given that marine sediments had significantly more enediyne KS sequences than other 

biomes (Fig. 2.1b), I assessed their novelty in comparison with enediyne KSs from the MIBiG 

2.0 database (n = 11) and the NCBI RefSeq genome database (n = 271) after clustering into 70% 

OBUs. Enediynes represent a rare class of natural products that contain two acetylenic groups 

conjugated to a double bond within either a 9- or 10-membered ring. They are highly cytotoxic, 

have been developed into effective cancer drugs (Shen et al., 2015), and to date have only been 

reported from the phylum Actinobacteria and marine ascidian extracts (Rudolf et al., 2016). A 

phylogeny generated using the 210 full-length, metagenome-extracted enediyne KS sequences 

revealed a soil-specific lineage (n = 50) that co-localized with the genome-derived (NCBI 

RefSeq) sequences from Actinobacteria. This lineage encompassed all 11 MIBiG 2.0 enediyne 

KS domains (Fig. 2.4). The remaining 160 metagenome-extracted enediyne KS domains were 

linked to a range of phyla, including Cyanobacteria, Proteobacteria, Firmicutes, Bacteroidetes, 

Chloroflexi, and Spirochaetes based on their associations with the NCBI RefSeq sequences, with 

only two sequences of Actinobacterial origin. To further assess the non-Actinobacterial enediyne 

KS domains detected in RefSeq, I analyzed the respective genomes using antiSMASH 5.0 and 

found that all of the KS domains were associated with enediyne-like T1PKSs. Notably, 40% of 

the metagenome-extracted enediyne KS domains in the non-Actinobacterial portion of the 

phylogeny originated from marine sediments, with many (n = 31) observed in a large, sediment-

specific clade. Sequences in this clade shared 85% or greater amino acid identity (NCBI BlastP) 

with a KS domain observed in the Deltaproteobacteria (Fig. 2.S8), suggesting a potential new 

source of enediyne natural products. Interestingly, four of the RefSeq enediyne KS domains were 
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observed in anaerobes (three from Deltaproteobacteria and one from Spirochaetes), which are 

also not known to produce enediyne compounds. 

Figure 2.4. Distribution of enediyne KS domains across biomes and taxa. A FastME 

phylogeny was built using full-length enediyne KS domains obtained from metagenomes (n 

= 210, outer ring, colored by biome), the NCBI RefSeq database (inner ring, colored by 

taxonomy), and the MIBiG 2.0 database (stars). 

 

Hybrid cis-AT, trans-AT, and PUFA KS domains largely lack biome specificity 

The taxonomic distributions and biome specificities of the metagenome-extracted hybrid 

cis-AT, trans-AT, and PUFA KS clusters identified in the SSN (Fig. 2.S6) were analyzed next. 

Hybrid cis-AT KS domains catalyze the condensation of an acyl group onto a PCP-tethered 

intermediate. Trans-AT KS domains occur in PKSs in which the AT domain acts in trans as a 

stand-alone AT (Piel et al., 2010). PUFA KSs occur across a wide range of bacterial phyla and 

contribute to the biosynthesis of linear carbon chains with multiple cis double bonds (Shulse et 
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al., 2011). Little biome-specific clustering was seen across the hybrid cis-AT (n = 1,746), trans-

AT (n = 831), and PUFA KS domains (n = 1,996) (Fig. 2.S9 to 2.S11). Based on their top NCBI 

Blastp matches, the hybrid cis-AT KS domains were most often assigned to Cyanobacteria 

(24.7%), the trans-AT KS domains to Gammaproteobacteria (27.0%) and Firmicutes (21.7%), 

and the PUFA KS domains to Deltaproteobacteria (27.7%). From the metagenome-extracted 

PUFA KS domains (n = 1,170), over 92% fell outside of those associated with known products 

(Fig. 2.S12), suggesting significant potential for the discovery and characterization of new 

PUFAs.  

 

Metagenomic KS diversity allows for the evaluation of KS PCR primers 

The metagenome-extracted KS domains analyzed here are diverse in terms of their 

taxonomic affiliations and biome of origin. Importantly, they are not biased toward cultured 

strains. As such, I saw an opportunity to evaluate the commonly used type I KS primer set 

(KS2F/R), which has been shown to amplify cis-AT, trans-AT, and hybrid cis-AT KSs across 

diverse bacterial phyla (Charlop-Powers et al., 2014; Charlop-Powers et al., 2015; Libis et al., 

2019; Bech et al., 2020; Rego et al., 2020; Elfeki et al., 2021; Hochmuth et al., 2009; Della et al., 

2014). When comparing the amino acid specificity of the forward primer (KS2F) to the 

metagenome-extracted KS domains, it aligned best with the cis-AT/iterative group, with >80% 

of the sequences matching the amino acids targeted by the primer (Fig. 2.S14). In contrast, only 

46.0% and 40.0% of the hybrid cis-AT (n = 1,746) and trans-AT (n = 831) KS domains, 

respectively, matched at the third-codon position (glutamine) from the 3′ end of the KS2F primer 

(Fig. 2.S14). If this primer were modified to also target histidine (H) and glutamic acid (E) at this 

position, these percentages would go up to 88.0% for hybrid cis-AT and 88.9% for trans-AT 
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KSs. The KS2R reverse primer matched best with the cis-AT/iterative soil-dominant clade, with 

>90% of the sequences matching all five of the amino acids targeted by the primers. However, 

the other KS sequence types matched poorly with the 3′ amino acid (valine) targeted by the 

primer. If this 3′ position was modified to include isoleucine (I), the percentages for all KS 

sequence types would exceed 80%. 

To date, enediyne KSs have not been reported, and PUFA KSs have rarely been reported 

when the KS2F/R primer set is used (Rego et al., 2020). This is consistent with my analyses, as 

<7% of the metagenome-extracted enediyne (n = 210) and PUFA (n = 1,996) KSs matched the 

amino acids targeted by the second (arginine/serine) and fourth (glutamine) positions of the 

forward primer (Fig. 2.S14). I also evaluated the PUFA-specific primer set pfaA, which has been 

used to amplify KSs from marine sediment and seawater samples (Shulse et al., 2011). The 1,170 

metagenome-extracted PUFA KS domains identified by NaPDoS2 as pfaA matched well with 

the first five amino acids targeted by the reverse pfaA primer (glutamic acid, alanine, histidine, 

glycine, and threonine; Fig. 2.S13). However, <50% of these sequences matched the amino acids 

targeted by the forward primer at three of the four residues closest to the 3′ end (Fig. 2.S15). 

Finally, given that PCR-generated KS amplicons are likely to be shorter than full-length 

sequences, I asked how this might affect the NaPDoS2 output by re-analyzing the full-length 

(~420 amino acids) metagenome-extracted cis-AT/iterative (n = 3,162), hybrid cis-AT (n = 

1,746), and trans-AT (n = 831) KS domains after trimming them to an amplicon length typical of 

next-generation sequencing technologies (~138 amino acids). Overall, 94.6% of the shortened 

sequences yielded the same NaPDoS2 classification as their full-length counterparts (95.8% for 

cis-AT/iterative, 94.6% for hybrid cis-AT, and 90.5% for trans-AT). An SSN of the amplicon-
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length KS domains showed the same clustering pattern observed in the full-length KS domain 

SSN (Fig. 2.S6b), further supporting the applications of NaPDoS2 for amplicon analysis. 

 

2.5 Discussion 

NaPDoS2 provides a rapid method to assess biosynthetic diversity in complex data sets 

by using KS and C domains to make broader predictions about PKS and NRPS genes and their 

small molecule products. Using the latest update to this publicly available web tool (Klau et al., 

2022), which features an expanded KS classification scheme and greater capacity for large data 

sets, I performed an in-depth assessment of T1PKS diversity and distributions in 240 Gbp of 

metagenomic data representing eight environmental biomes. Significant differences in KS 

domain composition were observed, driven by PUFA KSs in marine biomes and modular cis-AT 

and hybrid cis-AT KSs in soil biomes (Fig. 2.1a). PUFAs have been suggested to aid in 

homeoviscous adaptation (Shulse et al., 2011), which could explain why these PKSs are enriched 

in marine biomes. My analyses also showed that similar biomes shared similar KS diversity, 

which could reflect biogeographical patterns among KS-containing microbes or environmental 

selection based on the functional roles of the products they encode. While a recent study of 

MAGs found no clear skew in relative BGC family content across Earth’s microbiomes 

(Nayfach et al., 2020), I detected biome-specific variations when focusing on diversity within 

type I KSs, indicating that broad surveys can obscure more subtle but potentially important 

environmental differences in gene content. Furthermore, I found that only a small subset (<3% 

on average) of the type I KS domains occurred within MAGs, highlighting the value of using KS 

sequences to assess biosynthetic diversity in complex communities. While the drivers of these 

environmental differences cannot be distinguished here, the KS diversity discerned among 
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biomes can inform natural product discovery efforts and provide insights into the ecological 

roles of microbial natural products. 

The majority of full-length, type I KS domains were classified as cis-AT with no further 

subclassification (Table 2.S2), which aligns with previous genomic explorations of type I KS 

diversity (O’Brien et al., 2014). The search for biome-specific clades within the cis-AT/iterative 

group revealed a soil-dominant clade that mapped almost exclusively to Actinobacteria and 

grouped with cis-AT KS domains associated with experimentally characterized assembly-line 

PKSs (Fig. 2.3a). While experimental characterization is biased toward certain taxa, select 

groups of Actinobacteria that possess large genomes may be uniquely suited for assembly-line 

megasynthases whose polyketide products may provide a competitive advantage in soil 

microbiomes. Notably, these results are consistent with previous studies that have found soil 

communities to be enriched in Actinobacteria compared with other biomes (Delgado-Baquerizo 

et al., 2018; Hoshino et al., 2020). Also aligning with previous work (Hochmuth et al., 2009; 

Della et al., 2014), the KS phylogeny revealed a sponge-specific clade that was distinct from all 

KS domains in the MIBiG 2.0 database (Fig. 2.3a), thus illustrating the potential for continued 

natural product discovery from sponge microbiomes. A monomodular clade that was distinct 

from functionally characterized sequences was also detected among the sequences classified as 

cis-AT/iterative (Fig. 2.3a; Fig. 2.S5). The affiliation of these sequences with Verrucomicrobia, 

Planctomycetes, and Proteobacteria complements previous studies in Streptomyces (Wang et al., 

2020) and suggests that monomodular PKSs are more widely distributed than previously 

recognized. 

Enediyne natural products are rare and of considerable importance as anticancer drugs 

due to their potent cytotoxicity (Shen et al., 2015). My analyses revealed that enediyne KSs were 
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enriched in marine sediments relative to other biomes (Fig. 2.1b). A phylogeny generated from 

full-length KS sequences revealed affiliations with diverse phyla such as Proteobacteria, 

Cyanobacteria, Firmicutes, Bacteroidetes, Chloroflexi, and Spirochaetes (Fig. 2.4), all taxa from 

which this class of compounds has yet to be reported. The large marine sediment enediyne 

lineage is most closely related to a KS domain identified in the Deltaproteobacteria. Searching 

for enediyne compounds from this taxon could yield new structural diversity in a biomedically 

important compound class. Additionally, I report the potential for enediyne PKSs in anaerobes 

based on the analysis of NCBI RefSeq genomes. The phylogeny also reveals a soil-specific 

lineage that mapped exclusively to Actinobacteria and included all the MIBiG 2.0-derived 

enediyne KS domains (Fig. 2.4). This agrees with previous work showing that Actinobacteria 

account for most of the enediyne natural products described to date (Shen et al., 2015; Rudolf et 

al., 2016). 

Several patterns in the taxonomic distribution of KSs among bacteria were stood out. 

Actinobacteria were the most common taxonomic match for cis-AT (44%) and enediyne (28%) 

KS domains, whereas hybrid cis-AT, trans-AT, and PUFA domains mostly mapped to 

Cyanobacteria (24%), Gammaproteobacteria (28%), and Deltaproteobacteria (27%), respectively 

(Fig. 2.3; Fig. 2.S6 to 2.S9). In addition, 23% of the trans-AT KS domains mapped to Firmicutes 

while <4% of the other KS types mapped to this phylum. This tracks with previous reports of 

trans-AT PKSs mostly occurring in the Firmicutes and Proteobacteria phyla (Nguyen et al., 

2008). While microbial gene databases are biased toward cultured representatives, these results 

suggest that bacterial phyla are differentially enriched in the types of polyketide genes they 

carry. Noting that 51.1% of the metagenome-extracted KS domains shared a sequence identity of 

less than 75% with the closest NCBI match (Fig. 2.S13), these taxonomic assignments can be 
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considered tentative and hint at the potential for natural product discovery from poorly studied 

taxa. Notably, this trend also extended when considering experimentally characterized PKSs 

within the MIBiG 2.0 database, as over 92% of metagenome-extracted KS domains shared less 

than 75% amino acid sequence identity with the closest database match, indicating that a wealth 

of PKS biosynthetic diversity remains to be characterized. 

Our analyses revealed that soils and freshwater sediments held greater KS richness than 

marine sediments and seawater, which contrasts with previous KS amplicon work that reported 

marine sediments to have greater KS richness than soils (Bech et al., 2020). While the optimal 

clustering thresholds to group KS amplicons into meaningful biosynthetic units remain unknown, 

the KS richness trends observed in the metagenomes were consistent across thresholds from 70% 

to 95%. I also showed that when reducing full-length KS domains to next-generation amplicon 

lengths, 94.6% maintained the same classification (Fig. 2.S6b), thus supporting the use of KS 

amplicons obtained using next-generation sequencing as proxies for full-length type I KS 

domains. 

While metagenomes are not biased toward any specific gene, they are limited in the 

coverage that can be obtained when complex communities are assessed. Conversely, the targeted 

nature of PCR can result in a more comprehensive coverage of KS sequence diversity within a 

given sample, while being limited to the diversity that can be amplified by the primers. While 

early studies using the KS2F/R primer set revealed that soil, sponge, and sediment biomes 

contained significant KS diversity (Charlop-Powers et al., 2014; Charlop-Powers et al., 2015; 

Libis et al., 2019; Bech et al., 2020; Rego et al., 2020; Elfeki et al., 2021; Hochmuth et al., 2009; 

Della et al., 2014), a recent study found that these primers matched poorly with KSs detected in 

novel soil bacteria (Crits-Christoph et al., 2018). Capitalizing on my metagenome-derived KS 
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data set, I found that the KS2F/R primer set aligned best with sequences in the soil-dominant 

clade within the cis-AT/iterative group (Fig. 2.S14). While these primers can recover some 

hybrid cis-AT and trans-AT KS sequences, their efficiency for these KS types could be 

improved with further primer design. Furthermore, the KS2F/R primer set matches poorly with 

both PUFA and enediyne KS domains (Fig. 2.S14), as did a PUFA-specific primer set (Shulse et 

al., 2011) (Fig. 2.S15), suggesting the need for primer modifications that maximize sequence 

detection within these KS types. 

 

2.6 Conclusion 

An analysis of KS domains in metagenomic data sets using NaPDoS2 revealed linkages 

between biosynthetic potential and environmental biomes. By processing 240 Gbps of 

metagenomic data, I highlight biome-specific differences in type I KS composition, with PUFA 

KSs driving the separation in marine biomes, and cis-AT and hybrid cis-AT KS domains driving 

the separation in soils. Furthermore, I show that similar biomes share more KS diversity than 

dissimilar biomes. Phylogenetic analyses of the metagenome-extracted KS domains revealed 

monomodular and enediyne clades that remain unexplored in terms of natural product discovery. 

Finally, my work showed that the commonly used KS2F/R primer set is biased toward modular 

cis-AT KSs and is not well designed to amplify iterative cis-AT enediyne and PUFA KSs. This 

study illustrates the applications of KS sequence tags to assess PKS diversity within complex 

metagenomic data sets. 
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2.9 Supplementary Figures and Tables 

Table 2.S1. Summary table of all metagenomes analyzed using NaPDoS2 . All metagenomes are 

listed along with the biome type they fall under and the total size of the metagenome (base pairs). 
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Table 2.S1. (Continued) Summary table of all metagenomes analyzed using NaPDoS2 . All 

metagenomes are listed along with the biome type they fall under and the total size of the 

metagenome (base pairs). 
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Table 2.S2 - Type I KS hits classified by NaPDoS2. Type I KS domains listed by NaPDoS2  

class and subclass across eight biomes, with the total KS hits across all biomes listed in the third  

column. The total number of Type I KS hits across all classes is listed in the second to last row.  

Type I FAS hits were not included in these totals and are listed in the last row. 
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Figure 2.S1. Examples of BGC and gene neighborhood context for NaPDoS2 KS hits. 

Random KS hits of various subclasses including trans-AT, modular cis-AT, hybrid cis-AT, 

mixed hybrid trans/cis-AT, PUFA, cis-AT PUFA, and cis-AT enediyne) identified by NaPDoS2 

were located in the metagenomes they were detected/extracted from by using blastP of the KS 

domains against the metagenome in the JGI IMG interface. The entire metagenome 

scaffold/contig with the KS hit was extracted, and run through antiSMASH 6 to identify BGC 

regions and important biosynthetic genes; transATor, and “PKS/NRPS Analysis Web-site” 

(http://nrps.igs.umaryland.edu/) for relevant BGC domain detection. The BGCs were drawn and 

colored as determined by antiSMASH6 (maroon, core biosynthetic gene; pink, additional 

biosynthetic gene; blue, transport-related genes; green, regulatory genes, gray, other genes); 

domain position and function were drawn and colored according to antiSMASH, transATor, and 

NRPS.IGS (blue, KS ketosynthase; pink: AH acyl hydrolase, AT acyl transferase; sand, KR 

ketoreductase; pale purple, ACP Phosphopantetheine acyl carrier protein; orange, DH 

dehydratase; dark gray, CR crotonase; light gray: MT methyltransferase, FkbH domain, CAL 

Co-enzyme A ligase domain, NAD Male sterility protein, oMT Oxygen methyltransferase, AmT 

aminotransferase; light pink, TE thioesterase; dark blue, dock PKS terminal docking domain; 

light green, C condensation domain; dark green: A adenylation domain, A-OX Adenylation 

domain with integrated oxidase). Blue arrows point to KS hits that NaPDoS2 detected and 

classified from each metagenome shown in the BGC context; arrows are labeled with the 

NaPDoS2 classification. 
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Figure 2.S1. (Continued) Examples of BGC and gene neighborhood context for NaPDoS2 KS 

hits. Random KS hits of various subclasses including trans-AT, modular cis-AT, hybrid cis-AT, 

mixed hybrid trans/cis-AT, PUFA, cis-AT PUFA, and cis-AT enediyne) identified by NaPDoS2 

were located in the metagenomes they were detected/extracted from by using blastP of the KS 

domains against the metagenome in the JGI IMG interface. The entire metagenome 

scaffold/contig with the KS hit was extracted, and run through antiSMASH 6 to identify BGC 

regions and important biosynthetic genes; transATor, and “PKS/NRPS Analysis Web-site” 

(http://nrps.igs.umaryland.edu/) for relevant BGC domain detection. The BGCs were drawn and 

colored as determined by antiSMASH6 (maroon, core biosynthetic gene; pink, additional 

biosynthetic gene; blue, transport-related genes; green, regulatory genes, gray, other genes); 

domain position and function were drawn and colored according to antiSMASH, transATor, and 

NRPS.IGS (blue, KS ketosynthase; pink: AH acyl hydrolase, AT acyl transferase; sand, KR 

ketoreductase; pale purple, ACP Phosphopantetheine acyl carrier protein; orange, DH 

dehydratase; dark gray, CR crotonase; light gray: MT methyltransferase, FkbH domain, CAL 

Co-enzyme A ligase domain, NAD Male sterility protein, oMT Oxygen methyltransferase, AmT 

aminotransferase; light pink, TE thioesterase; dark blue, dock PKS terminal docking domain; 

light green, C condensation domain; dark green: A adenylation domain, A-OX Adenylation 

domain with integrated oxidase). Blue arrows point to KS hits that NaPDoS2 detected and 

classified from each metagenome shown in the BGC context; arrows are labeled with the 

NaPDoS2 classification. 
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Figure 2.S2. Percentage of metagenomic KS domains detected within MAGs. Individual 

metagenomes (137 in total from IMG/M) are represented by black circles. MAGs were binned 

for each metagenome using MetaBAT according to the JGI IMG automated pipeline. The 

metagenomes and MAGs from those metagenomes were analyzed independently using 

NaPDoS2, and the percentage of KS domains in MAGs compared to the entire metagenome was 

plotted. 
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Figure 2.S3. KS richness across biomes. Bar plot showing KS OBU richness, calculated using  

the Chao1 richness index across eight biomes. For each biome, 580 full-length KS domains were  

randomly selected and clustered at four different OBU thresholds (panels) ranging from 70% to  

95%. The resulting Chao1 richness values (y-axis) represent the average of 10 analyses per 

biome. 
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Figure 2.S4. Type I KS domain SSN colored by NaPDoS2 classification. A) An SSN of all full 

length metagenome-extracted KS domains (main) was constructed using EFI and visualized  

using Cytoscape. KS domain sequences (amino acids, average length = 420 aa) were colored  

according to their NaPDoS2 classification, with five clear groups appearing. KS domains from  

hybrid cis-AT (purple), trans-AT (pink), PUFAs (red) and enediynes (green) formed four 

subclass specific groups. Additionally, KS domains from the modular cis-AT, cis-loading 

modules, OLS, iterative aromatics and iterative PTMs classes formed a fifth group that was 

termed the cis AT/iterative group (orange). B) All KS domains from the cis-AT/iterative, trans-

AT and hybrid cis-AT groups were shortened to amplicon lengths (amino acids, average length = 

138 aa) and  used to create a SSN. The same separation of these three clades was observed at 

amplicon  lengths (inset,B) as for full-length KS domains (main,A). 
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Figure 2.S5. Multilocus phylogeny of Monomodular clade adjacent to MIBiG PTMs. To  

contextualize a KS clade from the cis-AT/iterative phylogeny (Fig. 2a, pink) that was exclusive  

of KS sequences from MiBIG, a multilocus phylogeny was used. Two full-length BGCs were  

pulled from metagenomic contigs from this KS clade using antiSMASH (yellow), and BGCs  

from RefSeq genomes that grouped into KS OBUs (70%) from this clade were also extracted  

(colored by taxa of RefSeq genome). Included in this phylogeny as reference points are full 

length BGCs corresponding to the closest MIBiG representatives to this clade (Iterative PTM  

BGCs in black). To the right of the phylogeny, the architecture of the polyketide synthase gene  

as visualized in the AntiSMASH outputs are shown. 
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Figure 2.S6. Enediyne KS domain distributions across biomes. Stacked bar charts indicate the  

phylum-level taxonomic composition and abundance (y-axis) of full-length metagenome 

extracted enediyne KS domains for eight biomes grouped based on percent identity with the  

closest NCBI BLASTp database match (x-axis). 
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Figure 2.S7. Hybrid cis-AT KS domain phylogeny and distributions across biomes. A) A 

FastME phylogeny was generated from full-length metagenome-extracted hybrid cis-AT KS 

domains  (n=1746, colored by biome) with the position of MiBiG-extracted hybrid cis-AT KS 

domains shown  as black stars. B) Stacked bar charts indicate the phylum-level taxonomic 

composition and abundance (y-axis) of full-length metagenome-extracted cis-AT KS domains 

for eight biomes  grouped based on percent identity with the closest NCBI BLASTp database 

match (x-axis). 
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Figure 2.S8. Trans-AT KSs domain phylogeny and distributions across biomes. A) A FastME  

phylogeny generated from all full-length, metagenome-extracted trans-AT KS domains (n=831,  

colored by biome) with the position of MiBiG-extracted trans-AT KS domains shown as black  

stars). B) Stacked bar charts indicate the phylum-level taxonomic composition and abundance  

(y-axis) of full-length metagenome-extracted trans-AT KS domains for eight biomes grouped  

based on percent identity with the closest NCBI BLASTp database match (x-axis). 
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Figure 2.S9. PUFA KS domain phylogeny and distributions across biomes. A) FastME  

phylogeny generated from full-length metagenome-extracted PUFA KS domains (n=1996,  

colored by biome) with the position of MIBiG PUFA KS domains shown as black stars. B) 

Stacked bar charts indicate the phylum-level taxonomic composition and abundance (y-axis) of  

full-length metagenome-extracted PUFA KS domains for eight biomes grouped based on percent  

identity with the closest NCBI BLASTp database match (x-axis). 
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Figure 2.S10. PfaA KS domain phylogeny. FastME phylogeny generated from all full-length 

metagenome-extracted PUFA KS  domains that were further classified as belonging to a pfaA 

module (n=1170) compared against  previously characterized pfaA clusters (22). The clade in 

green includes all pfaA KS domains  from these five previously characterized clusters - AA, 

DHA, EPA, HGL and pseudo-DHA, with  92% of all pfaA KS domains falling outside this 

clade. 
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Figure 2.S11. Full-length KS domin distributions across biomes. Stacked bar charts indicate  the 

phylum-level taxonomic composition and abundance (y-axis) of full-length metagenome 

extracted KS domains for eight biomes grouped based on percent identity with the closest NCBI  

BLASTp database match (x-axis). 
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Figure 2.S12. Evaluation of the KS2F/R primer set. Percentage of metagenome extracted KS  

sequences (y-axis) that match the KS2F/R primers at each amino acid position. KS sequences are  

grouped by their NaPDoS2 classification. The cis-AT/iterative soil-dominant KSs (black) were  

analyzed separately from all other cis-AT/iterative KSs (orange). 
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Figure 2.S13. Evaluation of the pfaA primer set. Bar charts were used to visualize the  

percentages (y-axis) with which the amino acid residues (x-axis) from the PUFA-specific  

pfaAF/R primer set matched with metagenome-extracted PUFA KS domains (n=1170) identified  

by NaPDoS2. 
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CHAPTER 3.  Genomes across the tree of life highlight 

novel polyketide potential 
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3.1 Abstract 

 With the rise of genomic sequencing and accessibility of sequence data in online 

repositories, there lies an opportunity to characterize biosynthetic potential across lineages of 

life. Polyketides are important compounds from a pharmaceutical perspective, with select 

polyketides serving as important antibiotic, anti-fungal, and anti-cancer compounds. Polyketides 

are assembled by the products of polyketide synthase (PKS) gene clusters (BGCs). PKSs contain 

ketosynthase (KS) domains, which perform condensation reactions critical to compound 

assembly.  Phylogenetic analysis of KS domains gives insight into PKS structure and function 

and, in some cases, structural insights into the compounds produced. To comprehensively map 

polyketide diversity across living organisms, NaPDoS2 was used to extract 53,000 KS domains 

across ~620,000 genomes that spanned the three domains of life—Bacteria, Archaea, and 

Eukaryota. From this, I was able to show that while well-examined phyla such as Actinobacteria, 

Myxococcota, Cyanobacteria, and Ascomycota contain the largest amounts of KS domains, a 

staggering amount of KS diversity remains to be realized in understudied taxa.  

 

3.2 Introduction 

Specialized metabolites are produced across the tree of life and play crucial ecological 

roles for the producer such as defense, development, communication, and nutrient acquisition 

(Davies, 2013). From a human perspective, natural products have been the basis of traditional 

indigenous medicines for thousands of years, and the inspiration for many pharmaceuticals, 

drugs, and therapeutics in the last century (Dias et al., 2012). Of the many classes of natural 

products, polyketides are one of the largest and are responsible for a staggering diversity of 

compounds - many of which have become important therapeutics (Nivina et al., 2019). While the 
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analysis of chemical extracts has been a productive approach to finding novel polyketide 

compounds, this methodology is now plagued by high rediscovery rates, leading to the rise of 

alternative natural product discovery strategies such as genome mining (Pye et al., 2017). 

The genes encoding for polyketides are usually clustered within polyketide synthase 

(PKS) biosynthetic gene clusters (BGCs), which are evolutionarily related to fatty acid synthases 

(FASs) (Herbst et al., 2018). Both polyketides and fatty acids form through repeated 

decarboxylative Claisen condensation reactions, catalyzed by ketosynthase (KS) domains, until a 

defined chain length is reached and the substrate is released from the enzyme complex 

(Hertweck et al., 2009). However, PKSs notably differ from FASs in that the 

reduction/dehydration steps that can occur after each chain elongation (catalyzed by 

ketoreductase, dehydratase, and enoyl reductase enzymes) can be partly or fully omitted, leading 

to greater structural diversity (Nivina et al., 2019). And yet, the lines between PKSs and FASs 

are still being distinguished, as evidenced by the recent discovery of fatty acid synthase- (FAS)-

like polyketide synthase (PKS) proteins in sacoglossans (Torres et al. 2019).    

Initiatives to sequence animal genomes have expanded since the first genome 

(Caenorhabditis elegans) was sequenced in 1998. Yet, bacterial genomes still account for >75% 

of the genomes within the National Center for Biotechnology Information (NCBI) database 

(O’Leary et al., 2016), largely due to the comparative ease of sequencing microbial genomes. 

Nonetheless, the wealth of genomes sequenced in the last two decades has enabled the rise of 

genome mining as a technique to identify novel natural BGCs. As sequencing technologies have 

improved, so too have genome mining tools such as antiSMASH 7.0, which identify biosynthetic 

gene clusters (BGCs) based on the co-localization of core biosynthetic genes and their tailoring 

enzymes (Blin et al., 2023). Equally instrumental to the field of genome mining is the MIBiG 
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database, which is an online repository of all BGCs that have been experimentally linked to an 

associated natural product (Terlouw et al., 2023).  

However, there remain difficulties in applying genome mining algorithms to non-

microbial genomes, as these tools were largely trained on bacterial and fungal datasets (Blin et 

al., 2023). For example, certain biosynthetic genes may not co-localize in the same region of the 

eukaryotic chromosome, assemblies can be too fragmented and miss the core genes needed for 

calling matches, and eukaryotic splice-variant gene calling may cause difficulties (Kwon et al., 

2023; Meleshko et al., 2019). As described in Chapter 2, the NaPDoS2 webtool also fills an 

important niche in genome mining in that it extracts KS domains from PKS BGCs and 

phylogenetically classifies sequences into one of 42 classes/subclasses (Klau, Podell, and 

Creamer et al., 2022). In bypassing the need for BGC assembly, this sequence tag approach 

leverages the powerful conservation of KS functional diversity to predict PKS biosynthetic 

outputs with scale, speed, and specificity. 

In addition to the exploration of polyketide diversity across microbial metagenomes 

described in chapter 2 (Singh et al., 2023), recent studies have utilized genome mining tools to 

uncover biosynthetic potential within bacterial genomes, highlighting taxa-specific diversity and 

lineages that could be targeted for novelty (Cimermancic et al., 2014; Wei et al., 2021; Chen et 

al., 2022). In particular, one recent study found that only 3% of the BGC families recovered 

across more than 200,000 genomes were linked to experimentally characterized compounds, 

hinting at significant, yet to be discovered biosynthetic novelty (Gavriilidou et al., 2022). 

Similarly, work utilizing over 1,000 fungal genomes revealed taxa-specific BGC richness 

(Robey et al., 2021), and a combination of genome mining with “Hex” synthetic biology 

illustrated a systematic way to isolate novel polyketide compounds from challenging fungal 
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scaffolds (Harvey et al., 2018). While often overlooked in favor of their microbial counterparts, 

genome mining has shown that animals have significant untapped potential to produce 

polyketides, with a notable example being the recent discovery of animal FAS-like PKS (AFPK) 

proteins in Sacoglossans (Torres et al. 2019). Follow-up studies using a custom hidden Markov 

model (HMM) highlighted more than 6000 distinct AFPK sequences across mollusks and 

arthropods (Lin et al., 2024).  

In this work, the NaPDoS2 webtool was used to detect and classify polyketide 

biosynthetic potential across 617,968 representative bacterial, fungal, animal, algae, plant, 

protist, plasmid, archaeal, and CPR (candidate phyla radiation) genomes. The study represents a 

collaboration between myself and former PhD student Kaitlin Creamer.  In doing so, I uncovered 

taxa-specific KS diversity and novel KS phylogenetic clades across the tree of life. 

 

3.3 Methods 

Genomic dataset selection 

 To analyze KS diversity across the tree of life, carefully curated genomic datasets that 

maximized phylogenetic diversity were selected. For kingdoms that lacked carefully constructed 

datasets, genomes were selected to minimize duplication when possible, which was 

accomplished by using representative genomes. For bacteria and archaea, all 10,575 genomes 

within the “Web of Life Reference Phylogeny for Microbes” were selected, which is a 

comprehensive dataset of genomes from both cultured isolates and metagenome-assembled 

genomes, or MAGs (Zhu et al., 2019). For four understudied bacterial phyla (Acidobacteria, 

Chloroflexi, Planctomycetes, and Verrucomicrobia), another 2,852 high-quality genomes from 
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the JGI IMG/MER repository were used. Plasmids within the COMPASS database (12,084 

plasmids across 1,571 species) were also analyzed (Douarre et al., 2020).  

Viral genomes were collected from four different databases: the Reference Viral 

Database (RVDB protein database, downloaded February 2021) (Bigot et al., 2020), the Virus 

Pathogen Resource (ViPR) database (downloaded June 2021) (Pickett et al., 2012), the PATRIC 

virus and phage database (version 3.6.9) (Davis et al., 2020), and the CheckV (version v1.0) 

curated database of viral genomes (Nayfach et al., 2021). 

Since introns have been observed in eukaryotic PKS genes, predicted amino acid coding 

sequences were used to remove the possibility that NaPDoS2 would recover false positive KS 

domains. For fungi, all 1,644 fungal genomes used in a recent, well-constructed phylogenetic 

analysis of fungal diversity were downloaded (Li et al., 2021). However, through manual 

inspection of these genomes, many were revealed to be nucleic acid genome sequences, so the 

“ncbi-genome-download” script was used to download the amino acid genome sequences. For 

protist and algal genomes, all 149 genomes from the JGI PhycoCosm repository (Grigoriev et 

al., 2021) were selected, along with the 411 plant genomes within the JGI Phytozome database 

(Goodstein et al., 2012).  

For animal genomes, I was unable to find a previous study or well-curated dataset that 

spanned the tree of life. As such, the NCBI Taxonomy browser and the NCBI Beta Genomes 

Datasets tool (O’Leary et al., 2016) were used to manually inspect the phylogenetic tree within 

every family in the kingdom Metazoa (~22,632 available amino acid protein genome 

assemblies). Annotated genomes were selected (containing amino acid protein CDS predictions), 

with at least one genome per genus downloaded using the “ncbi-genome-download” script, 

resulting in 1,125 Metazoan protein genomes. 
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Finally, KS domains within the NaPDoS2 (Klau et al., 2022) database (1,877 KS 

domains), and the MIBiG 3.0 database (Terlouw et al., 2023) of experimentally characterized 

BGCs (5,134 KS domains) were also extracted. These served as comparison points to analyze 

how genome-extracted KS domains compared to those encoding for known polyketides. 

 

Extraction and classification of KS domains 

 All genomes (Table 3.1) were analyzed with NaPDoS2 (Klau et al., 2022) at a minimum 

alignment length of 200 amino acids and an E-value of 1e-8. For each genome, hit results and 

trimmed KS domain sequences were saved. Furthermore, custom scripts were used to separate 

all KS class and subclass hits into individual FASTA sequence files. Similarly, all KS domains 

were grouped separately by taxonomy using custom scripts for downstream analyses. 

RawGraphs (Mauri et al., 2017) and RStudio (RStudio team, 2021) were used to visualize the 

distribution of KS hits across taxa with alluvial diagrams and bar charts, respectively.  

 

Phylogenetic distribution and diversity 

 KS domains were clustered into 80% operational biosynthetic units (OBUs) using 

UCLUST (Edgar, 2010) and phylogenies constructed using the FastTree (Price et al., 2010) 

workflow implemented on NGPhylogeny (Lemoine et al., 2019) and visualized using iTol 

(Letunic and Bork, 2019). Sequence similarity networks (SSNs) were calculated with the EFI-

EST Enzyme Similarity Tool (Zallot et al., 2021) and visualized using Cytoscape (version 3.7.2) 

(Carlin et al., 2017). 

 

3.4 Results 

KS domains across the tree of life 
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To classify polyketide and fatty acid biosynthetic potential across the tree of life, 617,968 

genomes across Bacteria, Archaea, Plasmids, Viruses, Fungi, Algae, Protists, Plants, and 

Animals were selected and analyzed for their KS diversity using NaPDoS2 (Table 3.1). When 

possible, geomes connected to well-curated datasets and rigorous phylogenetic analyses were 

selected. While the majority of genomes analyzed were viral (>590,000), KS domains were 

relatively rare in viruses (<0.01 per genome), and low rates were also seen in archaea and CPR 

bacteria (<0.01 per genome) and plasmids (0.06 per plasmid) (Fig. 3.1). In contrast, KS domains 

were most abundant in protists/algae (13.82 per genome), fungi (10.73 per genome), plants (6.53 

per genome), animals (5.78 per genome) and bacteria (3.84 per genome) (Fig 3.2-3.3).  

 

Table 3.1. Number of genomes in each taxa dataset. 

Dataset 
Number of 

Genomes 
Reference 

Bacteria, Archaea 13,427 (Zhu et al., 2019), JGI IMG/MER 

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) 
140 (Grigoriev et al., 2021) 

Phytozome (plants) 105 (Goodstein et al., 2012) 

Animals 1,125 NCBI Datasets - Genomes 

Total:  617,968  

MIBiG 3.0 (reference) - KSs 5,134 KSs (Terlouw et al., 2023) 

NaPDoS2 (reference) – KSs 1,877 KSs (Klau et al., 2022) 
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Figure 3.1. KS domains identified across Kingdoms and their corresponding NaPDoS2 

classifications.  

 

 

Of the 10,575 bacterial genomes within the WoL database, 72.3% came from cultured 

organisms, with the remaining from environmental samples. The majority of genomes from this 

dataset were from the Pseudomonadota (n=2,925), Bacillota (n=2,016), candidate phyla radiation 

(n=1454), Actinobacteria (n=1,103) and Bacteroidetes (n=833) phyla. Across taxonomic 

lineages, the number of KSs generally increased with genome size, although there was 

significant variability and notable outliers (Fig. 3.S1). For example, while 3.84 KSs were seen 

per genome on average across the entire WoL reference dataset, five genomes within the phylum 

Actinobacteria carried more than 100 KSs (four Streptomyces and one Actinoplanes strains) (Fig. 

3.S1). Similar outliers were also seen in other phyla, with more than 50 KS domains seen in three 

Bacillota genomes (two Bacillus and one Clostridium strain), four Myxococcota genomes (one 
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Myxococcus, one Chondromyces, one Sorangium and one Enhygromyxa strain), and two 

Pseudomonadota genomes (one Gynuella and one Candidatus Magnetomorum strain) (Fig. 

3.S1).  

Four taxonomic lineages that have been found in culture-independent work to contain 

polyketide potential contained a low number of genomes within the WoL database: 

Acidobacteria (n=55), Chloroflexi (n=151), Planctomycetes (n=63) and Verrucomicrobia (n=55). 

Collectively, only three polyketide BGCs from the MIBiG database are from these four phyla -  

lasonolide A (Verrucomicrobia), palmerolide (Verrucomicrobia) and aurantoside A 

(Chloroflexi). To investigate the polyketide potential of these four understudied phyla in more 

detail, I extracted and analyzed high-quality genomes (both cultured isolates and metagenome-

assembled genomes or MAGs) from the JGI IMG/MER database using NaPDoS2, which 

brought the total to 886 Acidobacteria genomes, 407 Chloroflexi genomes, 810 Planctomycetes 

genomes, and 1073 Verrucomicrobia genomes.  

 

Distribution of type I KS domains across taxonomic lineages 

Across bacterial genomes, the majority of type I KS domains were classified as modular 

cis-AT (46.5%), trans-AT (22.1%), and hybrid cis-AT (13.1%). The phyla with the greatest 

average number of type I KS domains per genome was Myxococcota (23.2), with Actinobacteria 

(7.0) and Cyanobacteria (3.9) being the next highest (Fig. 3.2). The next seven highest average 

abundances were observed in the Planctomycetes (1.58), Chloroflexi (1.02), Bacillota (1.01), 

Pseudmonadota (0.87), Acidobacteria (0.69), Bacteroidetes (0.54), and Verrucomicrobia (0.28) 

(Fig. 3.2). 
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Figure 3.2. Type I KS composition in bacteria. (a) Average number of type I KS domains 

per genome (y-axis) across phyla (x-axis), with colors denoting the NaPDoS2 KS 

classification. n = the number of genomes analyzed per phylum. Inset: phyla with less than 

2 KS domains per genome with brown lines indicating the four understudied phyla that 

were supplemented with additional genomes from the JGI IMG/MER database. (b) 

Average number and type of type I KS domains per genome (y-axis) in the phyla 

Actinobacteria and Cyanobacteria.  

 

While the average number of KSs per genome in the phylum Myxococcota (23.22) is 

larger than other phyla, the top Actinobacterial orders, Streptomycetales (25.29), 

Pseudonocardiales (24.65), Micromonosporales (19.18) and Frankiales (18.92) carried 

comparable numbers of type I KS domains (Fig. 3.2). Their classification varied however, as 

78% of the type I KS domains from these four Actinobacteria orders were modular cis-AT, 

whereas in the Myxococcota genomes, type I KS domains were split more evenly between 

modular cis-AT (46.4%), trans-AT (27.0%), and hybrid cis-AT (17.8%) (Fig. 3.2). Notably, the 

least diverse taxon was the Bacillota, with 83.2% of the type I KS domains extracted from these 

genomes belonged to the trans-AT subclass (Fig. 3.S2). When looking at the relative abundance 

of rare type I KS subclasses, I found enediynes and olefin synthase KSs to be most common in 
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Cyanobacteria (0.10 and 0.17 per genome, respectively), iterative aromatic KSs to be most 

common in Actinobacteria (0.27 per genome) and iterative PTMs to be most common in 

Myxococcota (0.26 per genome) (Fig. 3.S3).  

In contrast, type I KS domains in fungal genomes were mostly classified as iterative 

highly reducing (56.1%), iterative non-reducing (23.2%), and bacteria/fungi type I FAS (13.9%) 

(Fig. 3.3). Type I KS domains were most abundant in Ascomycota (12.7 per genome) but also 

observed in the Chytridiomycota (5.3 per genome), Zoopagomycota (3.7 per genome), 

Basidiomycota (3.7 per genome), and Mucoromycota (1.5 per genome) (Fig. 3.3). Again 

however, there was variation in the subclassification of type I KS domains across different 

fungal phyla. Ascomycota genomes mostly contained iterative highly reducing (7.82 per 

genome) and iterative non-reducing (2.96 per genome) KS domains (Fig. 3.3). This was in sharp 

contrast to other phyla where iterative highly reducing KS domains were extremely rare (<0.15 

per genome in all other fungal phyla). Iterative non-reducing KS domains were only seen in 

Basidiomycota (0.96 per genome) (Fig. 3.3). In contrast, modular cis-AT KS domains were rare 

in Ascomycota (0.17 per genome), whereas the Chytridiomycota and Basidiomycota phyla were 

much richer in modular cis-AT KS domains (3.38 and 1.18 per genome respectively) (Fig. 3.3). 

Finally, most type I KS domains in Zoopagomycota (98.4%) and Mucoromycota (68.5%) were 

from type I FAS bacterial/fungal pathways (Fig. 3.3). 
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Figure 3.3. Type I KS composition in Fungi, Protists, and Metazoa. Average number of 

type I KS domains per genome (y-axis) across phyla (x-axis), with colors denoting the 

NaPDoS2 KS classification. n = the number of genomes analyzed per phylum. 

 

 

Within the protist and animal genomes, many of the phyla had low numbers of genomes 

available. Nonetheless, Haptophytes displayed extraordinary KS diversity, averaging over 80 

type I KS domains across the eight genomes analyzed, while Alveolata (16.9 KS domains per 

genome), Evosea (10.4 KS domains per genome), Chlorophyta (8.8 KS domains per genome) 

and Stramenopiles (4.0 KS domains per genome) also contained noticeable KS richness (Fig. 

3.3). Modular cis-AT KS domains were abundant in Haptophytes (92.6%) and Chlorophyta 

(85.1%), whereas in the phylum Alveolata, type I FAS protist KS domains were most common 

(63.6%) and in the phylum Evosea, protist KS domains were dominant (99.3%) (Fig. 3.3). Most 

animal genomes analyzed were in the phyla Chordata (n=758) and Arthropoda (n=406), and they 

contained 2.48 and 4.99 type I KS domains respectively (Fig. 3.3). In Arthropoda, these type I 

KS domains mostly belonged to the type I FAS metazoa class (91.5%), while in Chordata, they 

belonged to both the type I FAS metazoa class (50.3%) and metazoa PKS class (39.3%) (Fig. 

3.3). While only 10 Rotifera genomes were analyzed, this phylum held the greatest abundance of 

KS domains within the Metazoa (12.7 per genome), with these surprisingly spread out across the 
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modular cis-AT (5.5 per genome), iterative highly-reducing (1.7 per genome), type I FAS 

metazoa (1.6 per genome), hybrid cis-AT (1.1 per genome) and trans-AT (1.1 per genome) KS 

classes (Fig. 3.3). 

 

Distribution of type II KS domains across taxonomic lineages 

 Most KS domains from type II PKS pathways were seen in bacterial genomes (98%), 

although their frequency was much lower than type I KS domains. Six phyla contained more 

than 0.5 type II KS domains per genome: Myxococcota (1.61), Bacteroidetes (1.16), 

Planctomycetes (1.05), Actinobacteria (1.05), Verrucomicrobia (0.81), and Pseudomonadota 

(0.52) (Fig. 3.S4). Abundances of the type II PKS subclasses varied, with aryl polyene KSs 

enriched in Bacteroidetes, Myxococcota, and Pseudomonadota (0.65, 0.57 and 0.37 per genome, 

respectively), while type II aromatic KSs were common in Planctomycetes, Actinobacteria, 

Myxococcota, and Verrucomicrobia (0.87, 0.66, 0.65 and 0.50 per genome, respectively) (Fig. 

3.S3). To date, type II aromatic polyketides have only been observed in Actinobacteria, 

suggesting that type II KS diversity awaits in understudied taxonomic lineages.  

 

Diversity of type I KS domains across the tree of life 

 To assess the diversity of type I KS domains, rarefaction curves were created by 

clustering full-length KS domains into operational biosynthetic units (OBUs) that shared 80% 

sequence similarity. I found 13 phyla with more than 400 full-length type I KS domains, with 

eight from bacteria (Acidobacteriota, Actinomycetota, Bacillota, Bacteroidota, Cyanobacteriota, 

Myxococcota, Planctomycetota, and Pseudomonadota), two from fungi (Ascomycota and 

Basidiomycota), one protist (Haptophyta) and two from metazoa (Arthropoda and Chordata). Of 
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these, Actinobacteria, Myxococcota, Pseudomonadota, and Ascomycota had the most diversity 

(clustering into 358, 341, 321, and 310 KS OBUs, respectively from 400 KS domains sampled), 

while Haptophyta and Chordata had the least diversity, clustering into 108 and 40 KS OBUs, 

respectively (Fig. 3.4). Within the metazoa, Arthropoda contained six times as many KS OBUs 

as Chordata, and at smaller KS sample sizes, Nematoda, Mollusca, and Rotifera showed elevated 

OBU diversity compared to Chordata as well (Fig. 3.4). While Haptophyta was found to contain 

high KS abundance (over 80 KS domains per genome), upon clustering these into OBUs, it had 

noticeably lower KS diversity compared to other protists and algae, with Alveolata and 

Chlorophyta containing the greatest KS diversity (Fig. 3.4).  

To compare the KS diversity in genomes with experimentally characterized PKS BGCs, 

the genome-extracted KS domains were clustered with KS sequences from the MIBiG database. 

From this, Mycoxoccota (40.3%), Bacillota (33.1), Actinobacteria (27.7%), Cyanobacteria 

(25.1%), and Pseudomonadota (17.9%) all contained a high proportion of KS domains clustering 

with KS domains from the MIBiG database (Fig. 3.S5). These trends largely align with the 

composition of the 813 experimentally characterized bacterial polyketide BGCs within the 

MIBiG database, which mostly belong to Actinobacteria (65.3%), Pseudomonadota (11.7%), 

Myxococcota (10.1%), and Cyanobacteria (7.4%). In contrast, KSs from the understudied 

taxonomic lineages of Acidobacteria, Planctomycetes, and Verrucomicrobia had 0% clustering 

overlap with MiBIG sequences, and Chloroflexi held less than 1% overlap. Within fungi, KS 

domains from the phylum Ascomycota clustered at an elevated rate with KSs in the MIBiG 

database (14%) when compared to all other fungal phyla (<5%) (Fig. 3.S5).  
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Figure 3.4. Type I KS diversity across phyla. (a) Rarefaction curve showing number of KS 

OBUs (80% similarity) across phyla with greater than 400 full-length type I KS domains. 

X-axis denotes the number of KS domains and the Y-axis denotes the number of KS OBUs.  

(b) All phyla with more than 50 full-length type I KS domains. Each panel represents a 

Kingdom. 

 

Fungal type I KS diversity 

 To assess unexplored fungal KS diversity, a phylogeny using the 3,242 fungal KS OBUs 

was constructed, with the 192 KS OBUs from fungal polyketide pathways in MIBiG used as 

reference points (Fig. 3.5). From this, an interesting clade of 26 KS OBUs that was classified by 

a) 

b) 
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NaPDoS2 as hybrid cis-AT was observed. Notably, across all the fungal KS pathways in the 

MIBiG database, none contain a hybrid cis-AT KS (Fig. 3.5), suggesting that cis-hybrid 

polyketides have yet to be linked to a fungal producer. To follow up on this clade the genomes 

associated with these 26 KS OBUs were run through antiSMASH to understand their 

biosynthetic context. Notably, eight of these KSs were not identified by antiSMASH, 

highlighting the advantage of using NaPDoS2 to recover KS domains from fragmented 

assemblies or poorly understood BGCs. The other 18 KS OBUs within this clade were identified 

by antiSMASH as NRPS BGCs, and not as NRPS-PKS hybrids (Fig. 3.S6). This points to 

potentially novel hybrid peptide-polyketide natural product structural diversity within the fungal 

Kingdom.  

 The majority of the 3,242 fungal KS OBUs were classified by NaPDoS2 as iterative 

highly-reducing (65.9%) and iterative non-reducing (24.3%). Notably, these KS OBUs were 

mostly traced back to the phylum Ascomycota (98.6% and 85.8%, respectively). In contrast, 

6.4% of the total fungal KS OBUs were classified by NaPDoS2 as modular cis-AT, with the 

majority seen in conserved clades tracing to Basidiomycota (62.7%) (Fig. 3.5). Some within this 

small subset may have been misclassified, as closer analysis of the Basidiomycota PKS pathway 

for the production of strobilurin A showed that NaPDoS2 classified the KS domain as modular 

cis-AT, but the percent similarity to the closest database match was only 36%. In contrast, 

analysis of the strobilurin A BGC showed that it functioned as a highly-reducing KS. In the 

MIBiG database to date, 292 PKS BGCs have been experimentally linked to a metabolite from 

the phylum Ascomycota, while only five PKS BGCs have been experimentally characterized in 

the phylum Basidiomycota, which could be the reason for certain KS misclassifications.  
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Figure 3.5. Type I KS diversity across fungi. KS OBUs (80% similarity) from fungi were 

used to construct a FastME phylogeny. The innermost ring denotes the taxonomy of the 

fungal genome containing each KS OBU. The second ring indicates the NaPDoS2 

classification of each KS OBU. The outermost ring indicates all KS OBUs from fungal PKS 

pathways within the MIBiG database.  

 

Comparison of type I KS diversity between cultured and uncultured bacteria 

 Most type I KS domains recovered from bacterial genomes were traced to strains that 

have been cultured (86.4%), with the remaining (13.6%) belonging to MAGs. To compare KS 

diversity identified using culture-dependent and culture-independent methods, the metagenome-

extracted KS domains recovered in chapter 2 were compared to the genomic KSs. From this 

incorporation, over 20,000 bacterial KS domains extracted from chapters 2 and 3 were analyzed, 

with 57.1% obtained through culture-dependent methods and 42.9% through culture-independent 
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methods. To assess differences in polyketide diversity, a sequence similarity network (SSN) was 

constructed using KS OBUs (80%), with clustering of the SSN set to 70% similarity (Fig. 3.6). 

From this, 90 clusters with at least 10 KS OBUs were recovered, with these clusters spread 

across different KS classes: 16 KS clusters from hybrid cis-AT pathways, 17 KS clusters from 

trans-AT pathways, 23 KS clusters from iterative enediyne or PUFA pathways, and 34 KS 

clusters from modular cis-AT, olefin synthase, iterative PTM or iterative aromatic pathways 

(Fig. 3.6). Of these clusters, 36.6% contained a composition that was significantly different from 

the overall frequency across all KS OBUs (Fisher exact test, p<0.05). A few notable examples 

include a PUFA cluster of 93 KS OBUs with 96.7% collected from metagenomic data and a 

modular cis-AT cluster of 881 KS OBUs, with 79.5% from cultured isolates (Fig. 3.6).      

 
Figure 3.6. Type I KS diversity compared between cultured and uncultured taxa. SSN of 

KS OBUs from cultured strains (purple) and metagenomic data (green). MIBiG KS OBUs 

(orange) were used as reference points. Each node represents a single OBU (80% 

similarity), with nodes connected if they shared greater than 70% similarity. Panels 

represent different type I KS classes. 
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3.5 Discussion 

 In this work, I assessed the polyketide biosynthetic potential across the tree of life 

(Bacteria, Archaea, Plasmids, Viruses, Fungi, Algae, Protists, Plants, and Animals) using well-

developed genomic datasets. This study was facilitated by the recently updated NaPDoS2 

webtool, which allowed for the rapid extraction and classification of 53,713 KS domains into 

more than 40 KS subclasses. As the traditional natural product discovery pipeline of cultivation, 

chemical extraction, and bioassay-guided isolation has been challenged by high rediscovery rates 

in the past decade, genome mining has gained importance as a way to identify and prioritize 

BGCs of interest.  

 Recently, analyses of biosynthetic diversity across the bacterial kingdom have been 

carried out using tools like antiSMASH and PRISM to identify and compare full-length BGCs 

(Cimermancic et al., 2014; Wei et al., 2021; Chen et al., 2022; Gavriilidou et al., 2022). These 

studies have found widely distributed BGC families that lack characterized members, and that 

only 3% of natural product BGCs have been experimentally characterized. However, the analysis 

here using NaPDoS2 carries some distinct advantages. First, a phylogenetic classification 

scheme that focuses solely on polyketide diversity provides higher resolution (>40 KS 

subclasses) than pipelines such as antiSMASH, which require complete BGCs. Additionally, by 

using this KS sequence tag approach, the level of computation time decreases significantly; for 

example, an average fungal genome takes 22 seconds to run through NaPDoS2, while taking 13 

minutes to run through antiSMASH. Additionally, NaPDoS2 can handle fragmented genomes 

(such as MAGs) and identify KS domains that could fall outside of BGCs if genomic co-

localization is lacking (as in animals). Further, antiSMASH is designed for bacterial and fungal 

genomes, making NaPDoS2 the only webtool that also assesses PKS diversity within animals 
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and protists. While PKSs are best known from bacteria and fungi, animal KSs have recently been 

seen in birds, fish, (Ganley and Derbyshire, 2020), nematodes (Feng et al., 2021), Sacoglossans 

(Torres and Schmidt, 2019; Torres et al., 2020), and Echinoderms (Li et al., 2022). 

 Similar to previous genome mining studies (Cimermancic et al., 2014; Wei et al., 2021; 

Chen et al., 2022; Gavriilidou et al., 2022), Actinobacteria, Myxococcota, and Cyanobacteria 

were found to be biosynthetically rich.  By using NaPDoS2 to explore PKS diversity in detail, I 

was able to show that Actinobacteria are enriched in modular cis-AT KS domains, while 

Myxococcota and Cyanobacteria are enriched in hybrid cis-AT KS domains. The phylum 

Bacillota was also found to be the most biased in terms of their KS composition, with over 80% 

of the type I KS domains in their genomes belonging to the trans-AT subclass. This aligns with 

previous studies that have shown Bacillota to contain large numbers of trans-AT PKS pathways 

(Nguyen et al., 2008), although the relative absence of other type I PKS pathways is still 

surprising.  

Here, I establish that the presence of type I polyketides is widespread across phyla, with 

ten different phyla containing at least one type I KS domain per 4 genomes analyzed 

(Myxococcota, Actinobacteria, Cyanobacteria, Planctomycetes, Chloroflexi, Bacillota, 

Pseudomonadota, Acidobacteria, Bacteroidetes, and Verrucomicrobia). Of the more than 800 

bacterial-derived polyketides in the MIBiG database, over 94% were isolated from 

Actinobacteria, Pseudomonadota, Myxococcota, and Cyanobacteria. These four phyla are among 

the most cultured, which is likely one of the reasons behind this skewed distribution. In contrast, 

no polyketides within the MIBiG database were isolated from the phyla Acidobacteria and 

Planctomycetes. The phyla Chloroflexi (one polyketide, aurantoside A) and Verrucomicrobia 

(two polyketides, lasonolide A and palmerolide) are also rare in terms of polyketide discovery. 
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The compound aurantoside A was originally discovered from the sponge Theonella and is a 

dichlorinated antifungal and cytotoxic metabolite that contains a polyene-tetramic acid core. This 

reinforces that understudied taxonomic lineages can be valuable sources of novel polyketides. 

While previous work has hinted that the phyla Verrucomicrobia and Acidobacteria contain PKS 

gene clusters, the detection of 1,172 type I KS OBUs (80% clustering) across these four 

understudied taxonomic lineages (Acidobacteria, Chloroflexi, Planctomycetes, and 

Verrucomicrobia) suggests that prioritization of these phyla could lead to novel and structurally 

diverse compounds. 

A recent analysis of polyketide diversity across 1,000 fungal genomes found type I 

iterative highly reducing and non-reducing PKSs to be enriched in Ascomycota, while the 

Basidiomycota contained fewer PKS BGCs (Robey et al., 2021). Here, I show that 

Basidiomycota contains phylogenetically distinct clades of KS domains, many of which are 

classified by NaPDoS2 as modular cis-AT. This perhaps could be a misclassification, as the 

strobilurin A BGC (one of the five Basidiomycota PKSs within the MIBiG database) also 

contains a KS domain classified by NaPDoS2 as modular cis-AT, but experimental 

characterization has shown it to operate as an iterative highly reducing KS. However, this KS 

contains a different BGC architecture compared to typical highly reducing PKS pathways in that 

it has partial hydrolase and C-MeT (C-terminal methyltransferase) domains downstream of the 

terminal ACP, which is more characteristic of iterative non-reducing PKSs. This allows for the 

formation of the very unusual E,Z,E triene moiety that is seen within the compound strobilurin 

A, which is well-known as an agricultural fungicide. While most of these modular cis-AT 

classifications for Basidiomycota fungal KS domains are likely incorrect, the phylogeny suggests 

the existence of distinct KS functionality in Basidiomycota, which is validated by strobilurin A 
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having unique structural motifs. This indicates the value of placing KS sequences in a 

phylogenetic context to aid the discovery of new compounds, even if the NaPDoS2 classification 

is wrong. The discovery of more polyketide compounds from Basidiomycota and other non-

Ascomycota fungal lineages, along with populating the NaPDoS2 database with the known 

Basidiomycota PKS pathways could improve KS resolution. 

Hybrid cis-AT KSs are seen in a diverse set of fungi, yet to date, no fungal compounds 

have been found that contain a hybrid cis-AT KS domain. To validate these hits, I ran the 

genomes containing a hybrid cis-AT KS domain through antiSMASH, finding 80% of them to 

reside within pathways that antiSMASH classified as NRPSs. The remaining 20% were not 

identified by antiSMASH, highlighting the advantage of the NaPDoS2 sequence tag approach. 

The discovery of compounds that correspond to fungal hybrid cis-AT KSs could be important in 

uncovering new polyketide structures.  

In the future, this dataset of 53,713 genome-extracted KS domains will be a useful 

reference for PKS genome-mining studies. This well-curated reference dataset of KSs with 

known genomic origins can serve as a taxonomic marker and provide phylogenetic context for 

taxonomy-independent surveys such as those utilizing KS amplicon or metagenomic data. 

Additionally, this collection of KSs could be useful in creating class and subclass-specific 

primers for high-throughput amplicon analyses. The analyses presented in this chapter show 

where targeted discovery efforts could focus, especially in taxa that have not been explored 

before, thus illustrating the power KS domains contain as search hooks for uncovering novel 

polyketides. 
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3.8 Supplementary Figures and Tables 

 
Figure 3.S1. KS abundance across bacteria. The graph shows the number of KS domains within 

a given genome (y-axis) relative to genome size (x-axis). Each dot represents a genome within 

the WoL database, divided into phyla across the 11 panels. 
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Figure 3.S2. Classification of total KSs and KS OBUs. The graph shows the NaPDoS2 

classification of all KS domains within a given phylum (KSs) compared to the NaPDoS2 

classification of all KS OBUs (80% similarity). Each panel represents a phylum, with the y-axis 

corresponding to the percentage of total KSs or KS OBUs in each category. 
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Figure 3.S3. Abundance of type I KSs from rare subclasses. Average number of type I KS 

domains per genome (y-axis) across bacterial phyla, with each panel displaying abundances for a 

different type I KS subclass (enediyne, iterative aromatic, iterative PTM, and olefin synthase). 
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Figure 3.S4. Type II KS composition in bacteria. Average number of type II KS domains per 

genome (y-axis) across phyla, with colors denoting the NaPDoS2 KS classification. X-axis 

denotes the phyla and the amount of genomes analyzed in that phyla. 
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Figure 3.S5. Type I KS novelty in bacteria and fungi. Average number of type I KS domains per 

genome (y-axis) across phyla. Colors denote relationship relationships to MIBiG database KSs 

(80% OBUs). X-axis denotes phylum and the two panels represent bacteria and fungi. 
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Figure 3.S6. BGC linked to fungal hybrid cis-AT KS domain. To follow up on a hybrid cis-AT 

clade in the fungal KS phylogeny, genomes with hybrid cis-AT KSs were run through 

antiSMASH. This is the antiSMASH output associated with the corresponding hybrid cis-AT KS 

domain from a Torrubiella genome. Those from other genomes had similar BGC architectures. 
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Chapter 4. Multi-omic assessment of polyketide biosynthetic 

potential across abyssal sediments 
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4.1 Abstract 

Microbially-derived polyketides represent a diverse class of natural products that account for 

some of today’s most useful medicines. Yet the discovery of novel polyketides has become 

challenging with high rediscovery rates from well-studied taxa posing a significant roadblock. 

To address this challenge, poorly explored biomes such as marine sediments have been targeted 

and the strains isolated have proven to be a rich source of novel polyketides. Yet these strains 

largely originate from nearshore sediments leaving abyssal (4000-6000 m) marine sediments, 

which comprise >80% of the ocean floor, poorly explored. Furthermore, the bacteria obtained in 

culture represent only a small component of the Earth’s microbiome leaving much to be learned 

about the taxonomic composition and biosynthetic potential of abyssal sediment communities. 

Using methods such as shotgun metagenomics or PCR amplicon sequencing, it is now possible 

to use culture-independent approaches to explore taxonomic and biosynthetic diversity across 

Earth’s biomes in greater depth. Here, I used culture-independent approaches to compare 

taxonomic and biosynthetic diversity across sediments from three abyssal locations spanning 880 

km, with each containing distinct geochemical regimes. The sediment communities had distinct 

taxonomic (16S rRNA) and biosynthetic (ketosynthase domain) signatures across abyssal sites 

and sediment horizons when compared to nearshore sediments, suggesting they harbor unique 

opportunities for natural product discovery. KS phylogenies revealed clades that are largely 

distinct from those observed in experimentally characterized PKS pathways, and over 90% of 

our metabolomic features did not match spectra in the GNPS library, further supporting the 

discovery potential from abyssal sediments. Deep-sea metagenome-assembled genomes linked 

type I KS domains to the poorly studied phylum Gemmatimonadetes, providing a connection 

between biosynthetic potential and candidate polyketide producers. Taken together, these 
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findings suggest that abyssal sediments represent a reservoir of novel polyketide biosynthetic 

diversity. 

 

4.2 Introduction 

The oceans cover 70% of the earth’s surface with 80% of the ocean floor corresponding 

to abyssal depths (4000-6000 m). Abyssal sediments represent one of the planet’s most 

underexplored habitats with diverse microbial communities playing key roles in global 

biogeochemical cycles and marine food webs (Orsi et al., 2018; Orcutt et al., 2011; Baker et al., 

2021; Hoshino et al., 2020). These sediments receive less organic input compared to continental 

margins, resulting in higher oxygen concentrations due to reduced microbial activity (D’Hondt et 

al., 2015). Abyssal sediment communities are less diverse than those observed in continental 

margin sediments, decrease in diversity with increasing sediment horizon depth (Kallmeyer et 

al., 2012), and are typically enriched in the phyla Proteobacteria and Firmicutes (Hoshino et al., 

2020). Due to the presence of polymetallic nodules, some abyssal plains are being targeted for 

deep-sea mining operations (Stratmann et al., 2021), which will have unforeseen consequences 

on sediment microbial communities and their potential to yield useful new natural products. 

Microorganisms have proven to be a key source of natural products, including many 

important pharmaceuticals (Abdel-Razek et al., 2020; Pye et al., 2017). Polyketides represent an 

important class of microbial natural products (Nivina et al., 2019) and are encoded by polyketide 

synthase (PKS) biosynthetic gene clusters (BGCs). These BGCs can exceed 100 kb and be 

difficult to assemble from genomic or metagenomic sequence data due to their highly repetitive 

sequences (Gao et al., 2021). PKS genes have been delineated into three types (I-III), with most 

experimentally characterized PKSs belonging to type I (Kautsar et al., 2020; Weissman et al., 
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2004). A minimal T1PKS contains an acetyltransferase (AT) domain, which selects the 

appropriate building block, an acyl carrier protein (ACP) domain, to which the building block is 

tethered, and a ketosynthase (KS) domain, which catalyzes chain elongation between the 

growing polyketide and the ACP-bound extender unit (Shen et al., 2003; Fischbach et al., 2006). 

Type I PKSs can be further divided into three groups (cis-AT, trans-AT, and iterative cis-AT), 

with cis-AT and trans-AT PKSs functioning as multimodular assembly lines where each KS 

domain catalyzes one round of chain elongation (Piel et al., 2010; Chen et al., 2016; Lewis et al., 

2020). Type I iterative cis-AT PKSs generally differ in having only one module (monomodular) 

with the single KS domain catalyzing multiple rounds of chain elongation (Lewis et al., 2020). 

One major roadblock to microbial natural product discovery is the reliance on cultured 

bacteria, which represent a small percentage of the diversity observed in nature (Lloyd et al., 

2018). Additionally, for the strains that can be cultured, many BGCs are not expressed under 

laboratory growth conditions (Amos et al., 2017). Genome mining has provided an alternative 

route to natural product discovery, with bioinformatic tools such as antiSMASH (Blin et al., 

2021) and MIBiG (Kautsar et al., 2020) providing rapid methods to annotate BGCs and link 

them to their small molecule products, respectively. The webtool NaPDoS2 can be used probe 

polyketide biosynthetic diversity with greater specificity based on PKS associated KS domain 

sequences (Klau et al., 2022). Notably, this tool uses type I KS domain phylogenies to 

distinguish among cis-AT, iterative, and trans-AT PKSs and eight additional KS subgroups 

observed within these broader categories (hybrid cis-AT, cis-loading module, olefin synthase, 

PUFA, enediyne, aromatic, polycyclic tetramate macrolactam, and hybrid trans-AT) (Klau et al., 

2022; Ziemert et al., 2012; Wang et al., 2020; Miyanaga et al., 2018). These KS categories are 

linked to distinct enzyme features or biosynthetic mechanisms that can inform discovery efforts 
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by allowing for rapid assessments of biosynthetic diversity across strains or biomes. A major 

advantage of this “sequence tag” approach is that it does not require BGC assembly, making it 

ideal for assessing type I PKS diversity associated with KS amplicons or poorly assembled 

metagenomic data (Klau et al., 2022). 

PCR-amplified KS sequences have been used to document extensive type I PKS diversity 

across diverse environments (Charlop-Powers et al., 2014; Charlop-Powers et al., 2015; Libis et 

al., 2019; Bech et al., 2020). Notably, soils have been found to differ in KS diversity and 

richness based on nutrient content, geographic distance, and biome type (Charlop-Powers et al., 

2014; Charlop-Powers et al., 2015). KS amplicon sequencing allows for the recovery of low-

frequency sequences, giving an in-depth snapshot of the biosynthetic potential of a given sample. 

The prioritization of targeted KS types has been used to facilitate polyketide discovery through 

the screening of large-insert clone libraries (Libis et al., 2019). The most common KS primer set 

used to assess type I PKS diversity was designed based on a ~750 bp region within modular cis-

AT KSs detected in the Actinobacteria, Cyanobacteria, and Deltaproteobacteria phyla (Moffitt et 

al., 2003; Ayuso-Sacido et al., 2005; Rascher et al., 2003). However, in our recent assessment of 

metagenomic KS diversity, primer modifications to improve the amplification of hybrid cis-AT 

and trans-AT KS domains were suggested (Singh et al., 2023). This new primer set is designed 

to target all type I KS subclasses except those associated with iterative PUFA and enediyne 

PKSs (Singh et al., 2023).  

Microorganisms cultured from marine sediments have led to the discovery of novel 

polyketides, many of which carry promising bioactivity (Cappello et al., 2021). And yet, recent 

culture-independent work has shown that the majority of PKS potential in marine sediments 

remains unrealized (Bech et al., 2020; Chase et al., 2023). For example, type I KS amplicons 
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from shallow marine sediments collected off the coast of Denmark carried greater KS richness 

than soils or seawater samples and were largely distinct from the KSs detected in cultures from 

the same sediments (Bech et al., 2020). Sediment-derived amplicons also had low similarity to 

reference KSs, a finding also seen in type I KS domains amplified from shallow Yellow Sea 

marine sediments (Wei et al., 2018). Recent metagenomes from shallow marine sediments 

collected in Moorea found geographic variation in PKS potential across spatial scales, with most 

of the PKSs recovered being unrelated to sequences in the MIBiG database (Chase et al., 2023). 

While both culture- and culture-independent studies have targeted microbes associated with 

continental margin sediments, the biosynthetic potential of deep-sea marine sediments has yet to 

be assessed. Here, I investigate type I polyketide biosynthetic potential across sediment samples 

taken from three biogeochemically unique abyssal locations. The results from multi-omic 

analyses indicate that abyssal sediments contain distinct KS communities compared to 

continental margin sediments and experimentally characterized PKS pathways, and thus provide 

opportunities for polyketide natural product discovery. 

 

4.3 Methods 

Sediment collection and processing 

 Marine sediment samples were collected in October 2020 using a gravity core from three 

abyssal sites (3°N, 7°N, 11°N) along a transect at 152°W (Fig. 1) aboard the R/V Kilo Moana. 

At each of the three sites, three replicate sediment cores were sampled, with each analyzed for 

the 0-1 cm and 4-5 cm sediment horizons (3 sites, 3 replicates, 2 depths, n=18 sediment samples) 

and placed into Whirl-Pak® bags. Samples were frozen (-80°C) on board the vessel and shipped 

on dry ice to Scripps Institution of Oceanography where they were stored at −80°C until 
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processing. Inventoried (-40°C) near-shore sediments collected from Fiesta Island (<2 m), Point 

Loma (<2 m), Fiji (<20 m), Belize (<20 m), and the Southern California borderland (300 m and 

900 m) were also processed (Demko et al., 2021; Bogdanov et al., 2024, Guraieb et al., 2024). 

DNA was extracted from 1 g of the abyssal and near-shore (n=18) sediments using a 

combination of physical (bead beating) and chemical (phenol-chloroform) steps (Patin et al., 

2013). 

 

PCR, amplicon sequencing, and amplicon processing 

The v4 region of the 16S rRNA gene was PCR amplified using the Earth Microbiome 

Project primers 515F (GTGYCAGCMGCCGCGGTAA) and 806R 

(GGACTACNVGGGTWTCTAAT) (Caporaso et al., 2018). Ketosynthase domains were 

amplified using primers KSF (GCNATGGAYCCNCARSANMGNNT) and KSR 

(GTNSCNGTNCCRTGNGYYTCNAY) which were designed based on previous analyses 

(Singh et al., 2023). The Phusion Green Hot Start II High-Fidelity PCR Master Mix was used for 

the products of both primer sets with the following cycles: 98°C for 30 s followed by 30 cycles 

of 98°C for 10 s, 60°C for 30 s, and 72°C for 30 s followed by a final 10 min extension at 72°C. 

Gel electrophoresis was used to confirm the size of the PCR products. PCR products were then 

cleaned using AMPure XP beads and normalized to the same DNA concentration. Purified 

amplicon libraries were sent to the Institute for Genomics and Bioinformatics (IGB) at UC Irvine 

for sequencing on an Illumina MiSeq v2 500 cycle at a depth of 130k reads per sample.  

Raw 16S rRNA sequences were imported into QIIME2-2020.2 (Estaki et al., 2020) and 

denoised using the DADA2 (Callahan et al., 2016) denoise-paired pipeline. Taxonomy was 

assigned using the SILVA v132 database (Quast et al., 2013). KS amplicons were verified and 
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classified using the NaPDoS2 webtool (Klau et al., 2022). Both sequence types were then 

transferred into the Geneious ver. 2020.2 (Kearse et al., 2012) platform for downstream analyses. 

Phylogenies of the KS amplicons were constructed using the FastTree (Price et al., 2010) 

workflow implemented on NGPhylogeny (Lemoine et al., 2019) and visualized using iTol 

(Letunic and Bork, 2019). 

 

Metagenomic sequencing 

For the 0-1 cm horizon of each replicate across the three abyssal sites (n = 9), shotgun 

metagenomic libraries were constructed using a Nextera XT DNA library preparation kit 

(Illumina) at the CMI. All samples were sequenced on a NovaSeq 6000 system (Illumina) with 

150 bp paired-end reads at the UC Davis Genome Center. Raw reads were quality trimmed, and 

adapters were removed using the BBMap aligner (Bushnell et al., 2014). Metagenomes were 

annotated using PROKKA (Seemann et al., 2014) and assembled using IDBA (Peng et al., 2011) 

as previously described (Chase et al., 2023). Metagenomes and MAGs were analyzed using 

NaPDoS2 to assess KS composition and diversity (Klau et al., 2022) and by antiSMASH 6.0 

(Blin et al., 2021) to extract BGCs.  

 

Sediment metabolomics 

Metabolomes were generated for each 0-1 and 4-5 cm sediment horizon (3 replicates 

across 3 sites, (n = 18) by extracting 50 grams of sediment with 100 mL 1:1 methanol 

dichloromethane. The extract was filtered, evaporated using a rotary evaporator, and the dried 

extracts resuspended in HPLC-grade methanol to 1 mg/mL. LC-HRMS analysis was performed 

by injecting 5 µL into a 6530 Accurate-Mass QToF with ESI-source (Agilent) coupled with a 
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1260 Infinity HPLC (Agilent) equipped with a 150×4.6 mm Kinetex C18 5 µm column 

(Phenomenex, USA). Runs started with 20:80 acetonitrile:water with 0.1 % formic acid (FA) for 

2 min followed by an 18 min gradient using 95% acetonitrile, which was then held for 2 min and 

increased to 100 % acetonitrile over 1 min and held for 2 min at a flow of 1 mL/min. MS/MS 

data was taken in positive mode over a range of 135–1700 m/z and analyzed using the GNPS2 

platform (Aron et al., 2020).  Metabolic networks were visualized in Cytoscape (Carlin et al., 

2017). 

 

4.4 Results 

Sediment collection and characteristics  

Sediment cores were collected from three abyssal (>5000 m) sites (3°N, 7°N, 11°N 

latitude) along a north to south transect at 152°W longitude (Fig. 4.1a) aboard the R/V Kilo 

Moana in October 2020. These locations are among the most remote habitats sampled for marine 

natural products research, with the closest land mass being the Kiribati Atoll >600 km away. 

From each site, three cores were collected, and sub-samples from the 0-1 cm and the 4-5 cm 

horizons were analyzed (18 total sediment samples). The sites differ in their biogeochemical 

profiles with the 3°N site associated with relatively high biological productivity due to equatorial 

upwelling and greater sediment organic deposition (Dai et al., 2023). In contrast, strong density 

gradients at the 7°N and 11°N sites limit water layer mixing thus reducing biological 

productivity and sediment organic content (Dai et al., 2023). These differences were borne out in 

the biogeochemical data, with the 3°N site displaying greater DOC, NO3
− + NO2

−, and PO4
3− 

concentrations and lower oxygen concentrations due to greater biological activity (Fig. 4.1b). 
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DOC and oxygen concentrations decreased from the 0-1 cm to 4-5 cm horizons across all sites 

whereas NO3
− + NO2

− and PO4
3− increased with depth (Fig. 4.1b).   

 
Figure 4.1. Abyssal sediment collection locations and biogeochemical signatures (a) Three 

abyssal sediment sampling sites mapped onto GEBCO bathymetric map. (b) Sediment 

biogeochemical measurements (DOC, 𝐍𝐎𝟑
− + 𝐍𝐎𝟐

−, 𝐏𝐎𝟒
𝟑−, oxygen % air saturation) for 

the three sites. 

 

 

Microbial community diversity 

The phylum-level taxonomic composition and relative abundance of microorganisms in 

the abyssal sediments (n=17, one sample yielded poor quality sequence data) varied little among 

sites based on 16S rRNA amplicon analysis (Fig. 4.S1). For comparative purposes, sediments 

from Fiesta Island, CA (<2 m), Point Loma, CA (<2 m), Fiji (<20 m), Belize (<20 m), and 

mesopelagic sediments from the Southern California borderland (300 m and 900 m) were also 

analyzed and collectively referred to as nearshore sediments. In contrast to the abyssal sites, the 

near-shore sediment communities (n=16) had greater variation, which was reflective of the 

greater geographic and habitat variability (Fig. 4.S1). A principal coordinates analysis (PCoA) 

based on a Bray–Curtis 16S rRNA gene sequence dissimilarity matrix revealed clustering 

patterns based on location, with the abyssal sediment communities showing dense clustering and 

significant separation (permutational multivariate analysis of variance (ANOVA), P <0.01) from 
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the near-shore sites (Fig. 4.2a). The primary phyla driving the separation of abyssal sediment 

communities from the nearshore sites were Acidobacteria, Gemmatimonadetes, 

Alphaproteobacteria, and Gammaproteobacteria (Fig. 4.2a).  

Given the separation of the abyssal sites from better studied near-shore communities, the 

next aim was to assess variation among the three abyssal sites given their different 

biogeochemical profiles. A PCoA analysis based on 16S rRNA amplicon sequence variants 

(ASVs) revealed a significant difference between the 3°N site (ANOVA, p< 0.01) and the other 

two locations (Fig. 4.2b). These differences were also observed when the 0-1 and 4-5 cm 

horizons were compared (ANOVA, p<0.01). To explore these differences in a taxonomic 

context, I first mapped the 87 most abundant ASVs (i.e., those representing >0.25% of the 

community) detected across all samples to the closest NCBI RefSeq genomes (Fig. 4.S2) and 

found that the phylum Gammaproteobacteria was the most abundant (40/87 ASVs) and, within 

this phylum, Woeseia was the most abundant genus (16/40 ASVs). Seventy-seven percent of the 

most abundant ASVs shared less than 95% 16S rRNA similarity to their closest NCBI database 

match while 45% shared less than 90% similarity, providing evidence that most of the species-

level taxa detected in these samples have not previously been observed. Average Shannon 

diversity index values were significantly greater for the 0-1 cm horizon (Tukey’s HSD, p>0.01) 

but were not significantly different across sites (Tukey’s HSD, p=0.37) (Fig. 4.S3). 
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Figure 4.2. Sediment 16S rRNA and KS amplicon diversity. (a) PCoA of abyssal and 

nearshore sediment 16S communities based on a Bray–Curtis dissimilarity matrix. Arrows 

indicate the main taxa driving separation (b) PCoA of abyssal sediment 16S communities. 

(c) PCoA of abyssal and nearshore sediment KS communities. (d) PCoA of abyssal 

sediment KS communities. 

 

 KS amplicon diversity 

Type I PKS biosynthetic gene diversity was estimated in abyssal (n=17) and nearshore 

(n=17) sediments based on amplified KS domain sequences. KS amplicons were classified using 

NaPDoS2 (22) after off-target sequences (20.1% of the total) were removed. Among the verified 

KS amplicons, a subset of 4000 was randomly selected from each sample and clustered into 80% 

sequence identity operational biosynthetic units (OBUs). Sediment KS composition strongly 

separated by location (Fig 4.2c), emphasizing the value of collecting from diverse sites. The 

greatest separation was between the abyssal and near-shore sediments (PERMANOVA, p<0.01, 

Fig. 4.2c). The majority of abyssal KSs were classified as modular cis-AT (42.9%), hybrid cis-

AT (38.5%), and trans-AT (8.6%). Differences between abyssal and nearshore sediments (Fig. 
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4.S4) included the relative abundance of type I hybrid cis-AT KSs (38.5% vs. 20.4% relative 

abundance) and increased protist-type I FAS KSs in tropical nearshore samples from Belize and 

Fiji.  

Despite the extreme environmental conditions, the abyssal KS amplicons revealed 

extraordinary levels of diversity, averaging 1209 OBUs (clustered at 80% similarity, Fig. 4.S5) 

across all samples. In aggregate, 6,426 OBUs were recovered from 68,000 abyssal sediment KS 

amplicons, more than twice the number of OBUs within the MiBIG database (Fig. 4.S6). A 

rarefaction curve suggests more diversity would be recovered with additional sequencing (Fig. 

4.S6). The 0-1 cm horizon possessed greater KS diversity, both in number of OBUs and Shannon 

diversity index values, compared to the 4-5 cm horizon (Tukey’s HSD, p<0.01) (Figs. 4.S5). 

While there were no significant differences (Tukey’s HSD, p>0.05) in KS diversity across the 

three sites (Figs. 4.S5), KS composition within the 3°N site was significantly different from the 

7°N and 11°N sites, with added separation between the 0-1 and 4-5 cm horizons 

(PERMANOVA, p<0.01) (Fig. 4.2d). Notably, this separation mirrored the differences between 

sites and sediment horizons observed in the biogeochemical data, establishing a linkage between 

environmental factors and biosynthetic potential. 

 

KS amplicon novelty 

Next, abyssal (n=68,000) and nearshore sediment (n=68,000) KS sequences were 

combined with KSs from the MIBiG and RefSeq databases (n=34,782) to assess their 

relationships. After clustering into 80% OBUs, only 0.8% of the 6,426 abyssal sediment OBUs 

contained a MIBiG or NCBI RefSeq sequence (Fig. 4.3a). This percentage was consistently low 

across the three largest KS subclasses (0.8% for modular cis-AT, 0.4% for hybrid cis-AT, and 
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1.9% for trans-AT). Further, only 18.0% of the abyssal sediment OBUs included KSs from the 

nearshore marine sediments, once again highlighting the biosynthetic gene novelty of the abyssal 

environments (Fig. 4.3a). In total, only 550 of 68,000 abyssal KSs shared >80% sequence 

similarity with a MIBiG PKS pathway (Fig 4.3b). Surprisingly, 28 of these shared >95% 

similarity, suggesting they could be associated with the production of similar compounds (Fig. 

4.3b). These matches include KSs linked with the biosynthesis of salinilactam (20 sequences), 

salinosporamide (1 sequence), rifamycin (4 sequences), and quinolidomicin (3 sequences), all of 

which have been reported from the marine actinomycete genus Salinispora (20). While these 

close matches represent a small subset of the data, they were all detected in sediments from the 

7°N and 11°N sites, where oxygen levels were the highest (Fig. 4.1) and could support 

Salinispora growth (38). Notably, the two most abundant MIBiG matches (both <80% sequence 

identity) were to KSs associated with the biosynthesis of phormidolide (n=288) and 

leptolyngbyalide (n=214), which are both produced by trans-AT PKSs found in Cyanobacteria 

(Fig. 4.3b). 

The abyssal sediment KS sequences were also distinct from those observed in sequenced 

bacteria genomes, with most sharing <70% similarity with the NCBI RefSeq database (Fig. 

4.S7). The most common taxonomic assignments were to Proteobacteria (27.3%), Cyanobacteria 

(26.0%), Actinobacteria (19.4%), and Bacillota (13.1%), although there were differences across 

KS subclasses. Notably, abyssal trans-AT (34.5%) and hybrid cis-AT (23.6%) KSs commonly 

matched to Bacillota, whereas modular cis-AT KSs rarely matched to this taxon (1.1%) (Fig. 

4.S8). In contrast, 30.9% of modular cis-AT KS amplicons matched to Actinobacteria while 

relatively few hybrid cis-AT and trans-AT KS amplicons matched to Actinobacteria (7.0% and 

12.4%) (Fig. 4.S8). 
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Figure 4.3. Sediment KS amplicon novelty. (a) Abyssal KS amplicon OBUs (80% 

clustering) were largely distinct from those observed in nearshore marine sediments and 

rarely clustered with MIBiG sequences (each dot represents an OBU).  (b) MIBiG 

annotations for 550 OBUs (80% clustering) that contained abyssal sediment and MIBiG 

KSs. Sequences are grouped by sample location (x-axis) and colored by the MIBiG 

annotation. 

 

Phylogenetic analysis of KS amplicons 

Phylogenies were generated for the two largest KS subclasses detected in the abyssal 

sediment samples (modular cis-AT and hybrid cis-AT) to assess their evolutionary relationships 

to MIBiG and NCBI RefSeq sequences. The modular cis-AT phylogeny included 24,126 KS 

amplicons distributed among 509 OBUs. OBUs from the iterative polycyclic tetramate 

macrolactam (n=19 OBUs, 511 KSs), iterative aromatic (n=21 OBUs, 415 KSs), and olefin 

synthase (n=33 OBUs, 2,523 KSs) subclasses in the phylogeny (Fig. 4.4a) were added for 

completeness. Large clades that largely or entirely lacked MIBiG and RefSeq KSs were 

identified including clade 1, which included 2,374 KS amplicons across seven 80% sequence 

identity OBUs (Fig. 4.4a). Of these, 1,278 amplicons were classified as modular cis-at, 1096 as 

olefin synthase, and 22 as iterative aromatic. The closest MIBiG KSs are outside of this clade 

and belong to the dutomycin (BGC0001409) and bisenarsan (BGC0001283) pathways. All of the 
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5,295 KS sequences in clade 2 were classified as modular cis-AT and delineated into 112 OBUs 

that included 5 RefSeq KSs. Four MIBig KSs associated with the biosynthesis of psymberin 

(BGC0001110), chondrochloren (BGC0000970), guadinominic acid (BGC0000998), and 

cylindrospermopsin (BGC0000978) were observed in this clade. A third noteworthy clade 

contained 3,830 KS amplicons across 50 OBUs and no RefSeq or MIBiG KSs. The closest 

MIBiG KS was observed in the phenylnannolone (BGC0000122.5) pathway (Fig. 4.4a).  

The hybrid cis-AT KS phylogeny (23,352 KS amplicons in 309 OBUs) revealed two 

large clades that lacked MIBiG representatives (Fig. 4.4b). Clade 4 was comprised of 9,468 KS 

amplicons across 123 OBUs and nine RefSeq KSs. The closest MIBiG matches were to 

sequences in the anachelin (BGC0002532) and DKxanthene (BGC0000986) pathways. Clade 5 

was comprised of 2,977 KS amplicons across 22 OBUs. It contained no RefSeq KSs and the 

closest MIBiG KS was observed in the butyrolactol (BGC0001537) pathway. Together, these 

results provide evidence for large KS clades that have not been observed in experimentally 

characterized PKS pathways and are largely distinct from those observed in sequenced genomes. 
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Figure 4.4. Abyssal sediment KS amplicon phylogenies. (a) FastME phylogeny of modular 

cis-AT (n=509), olefin synthase (n=33), iterative PTM (n=19), and iterative aromatic (n=18) 

KS amplicon OBUs (80% similarity). Included as reference are the closest RefSeq matches 

and MIBiG KSs. (b) FastME phylogeny of hybrid cis-AT KS amplicon OBUs (n=309), the 

closest RefSeq matches, and hybrid cis-AT MIBiG KSs. Large KS amplicon clades lacking 

MIBiG representatives are enlarged (purple boxes), and the structures associated with the 

closest MIBiG KS to each clade shown (gray). The star indicates the KS amplicon OBU 

that clustered with the KS domain extracted from the metagenomic data. 
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Metagenomic KS diversity 

Metagenomics avoids PCR biases and thus provides an alternative approach to assess 

PKS diversity. Metagenomes were generated from the 0-1 cm horizons from all nine abyssal 

sediment cores (three replicates from each of the three sites) and polyketide diversity was 

evaluated using NaPDoS2. Despite the combined metagenome size of 790 Mbp, only 41 type I 

KS sequences were detected in the unassembled metagenomes, with the majority (78%) 

associated with polyunsaturated fatty acid pathways (PUFAs. Four of the KSs were classified as 

modular cis-AT and shared >90% similarity with a large OBU (947 KS sequences) identified in 

the amplicon analyses. In addition, six enediyne KSs were detected (Fig. 4.S9). The primers used 

in the amplicon study were not designed to detect the enediyne and PUFA KS classes, 

highlighting one of the drawbacks of this targeted approach. On the other hand, no hybrid cis-AT 

or trans-AT KS domains were recovered from the metagenomes despite the staggering diversity 

detected in the KS amplicon libraries. This emphasizes the value of amplicon-based approaches 

to assess biosynthetic diversity in marine sediments.  

The metagenomic contigs were assembled into 25 high-quality and 22 medium-quality 

MAGs in an effort to resolve the genomic context of the KSs. Most MAGs were identified as 

Alphaproteobacteria (23.4%) and Archaea (21.2%) (Fig. 4.5a). Of note, the four metagenomic 

modular cis-AT BGCs (Fig. 4.S9) binned separately into four MAGs from the 

Gemmatimonadetes phylum (Fig. 4.5c), which is understudied for natural product discovery. To 

probe this further, the four KS sequences were included in a phylogeny with KS OBUs (80% 

similarity, n=93) extracted from publicly available Gemmatimonadetes genomes (n=240 JGI 

genomes, n=26 NCBI genomes). Here, the Gemmatimonadetes KSs are clearly distinct from all 

MIBiG KS, with the abyssal MAG KSs adding a new clade to this poorly studied group (Fig. 
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4.S10). T1PKSs comprised only 4.4% of the 922 metagenomic BGCs recovered using 

antiSMASH 6.0 (Fig. 4.5b), with the majority classified as terpenes (28.6%), RiPPs (23.1%), and 

NRPSs (17.0%). 

 
Figure 4.5. Abyssal MAGs and metagenomic biosynthetic diversity. (a) MAG dotplot 

showing taxonomy (color) and genome size (dot size) in the context of completeness (x-axis) 

and contamination (y-axis). (b) BGCs identified in nine abyssal sediment metagenomes. 

Colors indicate BGC type. (c) BGCs identified in 45 high and medium-quality MAGs 

grouped by taxonomy and colored by BGC type. 

 

 

Abyssal sediment metabolomes 

Given the high levels of sequence identity between some abyssal sediment KS amplicons 

and those detected in experimentally validated PKS pathways, I assessed if the products of those 

pathways could be detected in metabolomes generated from the sediments. Using untargeted 

liquid chromatography–high-resolution mass spectrometry (LC-HRMS), extracts were analyzed 

from 18 sediment samples (3 replicates from each of the 3 sites across 2 depth horizons). 

Although none of the molecular features aligned with the predicted BGC products, 746 unique 

molecular features were detected and the metabolomes largely separated between the 0-1 and 4-5 

cm horizons (Fig. 4.S11) as was observed with the community analyses. Unlike the community 

(16S) and biosynthetic (KS) data sets, there was little site variation among samples, except for 
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two outliers from the 3°N site (Fig. 4.S11), which was the same site that held significantly 

different 16S and KS amplicon communities.  

Previous metabolomes generated from nearshore sediments in Moorea (35) recovered 

2164 unique molecular features across 36 samples (average = 60.1) compared to an average of 

29.7 for the abyssal metabolomes. Despite displaying less complexity, only 47 molecular 

features (8.8%) revealed matching MS/MS spectra to the GNPS online platform compared to 

17.9% for the nearshore Moorea sediments (35). Feature-based molecular networking was used 

to visualize the abyssal metabolomes in chemical space, revealing mostly singleton (58.0%) 

nodes (Fig. 4.S12). No molecular families were unique to the two outlier communities at the 3°N 

site despite their separation in the PCoA of molecular features (Fig. 4.S12). 

 

4.5 Discussion 

Greater than 80% of the ocean floor occurs at abyssal depths (>5000 m), yet little is 

known about the composition of the microbial communities associated with this vast biome and 

their natural product biosynthetic potential. This is due in part to the challenges associated with 

collecting samples at depth and the focus of most deep-sea research on anomalous bottom 

features such as hydrothermal vents. Here, I used multi-omic approaches to assess microbial 

community composition and natural product biosynthetic potential in sediments collected from 

three geographically remote abyssal plains and found them to be distinct from those detected in 

continental margin sediments. A closer examination of the abyssal sediment communities 

revealed significantly different taxonomic (16S) and biosynthetic (KS) diversity between the 

more equatorial 3°N site, which displayed higher DOC, NO3
− + NO2

−, and PO4
3− 

concentrations and lower oxygen concentrations, and the 7°N and 11°N sites, which are less 
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biologically productive regions. This provides evidence that the geochemical properties 

associated with abyssal sediments affect community composition and biosynthetic potential as 

previously reported for shallow marine sediments (Hoshino et al., 2020) and soils (Charlop-

Powers et al., 2014), respectively. These differences could point to environmental conditions 

shifting the composition of KS-containing microbes or, perhaps, selection for certain PKS 

pathways in distinct biogeochemical regimes. 

From a microbial community perspective, 18% of the most abundant 16S ASVs fell 

within the Gammaproteobacterial order Woeseiales. This order is known to be widespread in 

both shallow and deep-sea sediments, comprising between 1-22% of the overall microbial 

community (Hoffman et al., 2020). Recent studies have reported Woeseiales MAGs and SAGs 

from deep-sea sediments, highlighting the adaptations of this taxonomic Order to grow on 

proteinaceous matter (Hoffman et al., 2020). Besides Gammaproteobacteria, three lineages that 

were also enriched in the abyssal sediments were Acidobacteria, Gemmatimonadetes, and 

Alphaproteobacteria. Notably, Acidobacteria (7.33%) and Gemmatimonadetes (4.85%) were less 

than 10% of the microbial communities in abyssal sediments, highlighting that rarer microbiome 

members often carry significant power when it comes to separating microbiomes (Jousset et al., 

2017). This work also highlights that most of the abundant 16S ASVs shared <95% similarity 

with the closest RefSeq match, emphasizing the taxonomic uniqueness of the deep sea. 

One of the challenges facing natural product discovery is the re-discovery of known 

compounds. However, mining both metagenomic and genomic data has highlighted that only a 

small fraction of nature’s polyketide biosynthetic potential has been realized. In this study, I 

leverage the webtool NaPDoS2 to deeply assess polyketide diversity from KS amplicon libraries. 

The 6,000 KS OBUs (80% similarity) identified from 68,000 abyssal sediment KS amplicons are 
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over twice the number of KS OBUs in the MIBiG database. Note that this is a conservative 

estimate, as across the abyssal KS amplicons more than 52,000 amplicon sequence variants 

(ASVs) were recovered. Further, >99% of the abyssal KS amplicons fell into OBUs that did not 

contain KSs from either the MIBiG or NCBI RefSeq databases, indicating extensive and poorly 

explored polyketide biosynthetic diversity in abyssal sediments. Additionally, five large clades 

were found within the modular cis-AT and hybrid cis-AT phylogenies, with four of the five 

lacking representatives from the MIBiG database. While it has long been suggested that the deep 

sea provides unique opportunities for microbial natural product discovery (Cong et al., 2022), 

our results provide empirical evidence in support of this hypothesis.  

Over 90% of the abyssal KS amplicons were from the modular cis-AT, hybrid cis-AT, 

and trans-AT classes, which aligns with my previous work extracting type I KSs from global 

metagenomic datasets (Singh et al., 2023). Based on my prior work (chapter 2), I recommended 

alterations to published KS primers to maximize the recovery of KS amplicons from the hybrid 

cis-AT and trans-AT classes.  Using these updated primers, 38.5% and 8.6% of the abyssal KS 

amplicons were assigned to these two classes, respectively. Additionally, the percentage of 

abyssal hybrid cis-AT KS amplicons was consistently high compared to that seen in nearshore 

continental margin sediments (20.4%). Thus, the modifications to this type I KS primer set were 

successful in recovering amplicons from a range of KS subclasses, while also providing 

specificity to resolve biosynthetic differences across these diverse marine sediment biomes. 

Clade 1 within the cis-AT KS phylogeny lacked MIBiG representatives, with the closest 

neighbors being KS domains from the dutomycin and bisenarsan BGCs. Dutomycin is a 

Streptomyces antibacterial compound (Sun et al., 2016) encoded by a rare pathway that includes 

both an iterative-acting type I PKS and anthracycline type II PKS system (Sun et al., 2016). The 
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bisenarsan BGC contains a single KS that appears to act iteratively based on the proposed 

chemical structure and biosynthesis (Cruz-Morales et al., 2016). Unexpectedly, the clade 1 

amplicons include a mixture of modular cis-AT (53.8%), olefin synthase (46.1%), and iterative 

aromatic (0.1%), suggesting that KSs from this clade are not well resolved. As such, unraveling 

how KSs from this clade are functioning within their corresponding PKS BGCs could lead to the 

addition of new KS classes for the NaPDoS2 classification scheme. Another large clade of cis-

AT KS amplicons (clade 3) was exclusive of MIBiG sequences. The closest neighbor is a KS 

from the phenylnannolone BGC, which is found in Nannocystis and exhibits inhibitory activity 

against P-glycoprotein (Bouhired et al., 2014). The phenylnannolone BGC is a modular cis-AT 

pathway that contains four KS domains, with the one in our phylogeny belonging to the first 

module. This pathway is rare in that it contains a butyryl-CoA carboxylase (BCC) that gives an 

ethylmalonyl-CoA precursor that interacts with the first KS module to give the rare ethyl-

substituted moiety in phenylnannolone (Bouhired et al., 2014). 

The largest cis-AT amplicon clade seen (clade 2 - 5,295 KSs) cladded with KS domains 

from the BGCs for psymberin, chondrochloren, guadinominic acid, and cylindrospermopsin. 

Psymberin is a noted cytotoxic compound that was isolated from symbionts within the sponge 

Psammocinia (Bielitza et al., 2013). The psymberin BGC is extremely unusual as it contains 10 

trans-AT KS domains and ends with a modular cis-AT KS domain (Bielitza et al., 2013). 

Chondrochloren A and B are also unusual Chondromyces-produced compounds in that they 

contain a chloro-hydroxy-styryl group (Rachid et al., 2009). While this PKS BGC appears to be a 

modular cis-AT pathway, the KS domain in our amplicon clade is in the cndE module, which 

contains an O-MT (O-methyltransferase) that is hypothesized to act iteratively, raising the 

possibility that the fifth and final KS domain also acts iteratively (Rachid et al., 2009). Also of 
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note, the cndE module installs an ethoxy moiety in chondrochloren B (compared to methoxy in 

chondrochloren A), and ethoxy moieties, while common in plant metabolites, are rare in bacteria 

(Rachid et al., 2009). Finally, while the guadinominic acid and cylindrospermopsin pathways are 

from different phyla (Actinobacteria and Cyanobacteria, respectively) they both are unique to 

other modular cis-AT PKS pathways in that they incorporate guanidinoacetate as a starter unit 

(Holmes et al., 2012). 

The two large hybrid cis-AT KS amplicon clades both lacked representatives from the 

MIBiG database, with the first (clade 4) grouping closest to hybrid cis-AT KS domains within 

the anachelin and DKxanthene pathways. These compounds play different roles - DKxanthene is 

a myxobacterial yellow pigment that is hypothesized to play a role in cell development (Meiser 

et al., 2008), while anachelin is a cyanobacterial siderophore (Calteau et al., 2014). Notably, 

these two pathways share an oxazole moiety, which is common in many bioactive marine 

peptides (Mhlongo et al., 2020). As expected, the hybrid cis-AT KS domains from both the 

anachelin and DKxanthene pathways catalyze the first extension of the growing polyketide chain 

immediately after the NRPS-installed oxazole moiety (Meiser et al., 2008; Calteau et al., 2014), 

suggesting that the abyssal hybrid cis-AT KS amplicons in this clade might share the same 

functionality. The other large hybrid cis-AT clade was closest to a KS domain from the 

Streptomyces butyrolactol pathway, which is intriguing in that it has a tert-butyl group (which 

has only otherwise been seen in Cyanobacteria) and that it contains eight consecutive hydroxy 

groups, one of which forms the concluding γ-lactone ring (Harunari et al., 2017). This pathway 

includes 11 KS domains with the first eight being classified by NaPDoS2 as modular cis-AT and 

the last three being classified as hybrid cis-AT. However, this pathway is highly unusual in that it 

does not contain any NRPS machinery (Harunari et al., 2017), making it unclear why these last 
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three KS domains in the pathway are classified as hybrid cis-AT. Regardless, this highlights the 

potentially rare functionality that exists within this abundant abyssal sediment amplicon clade. 

Metagenomic sequencing offers distinct advantages over KS amplicon sequencing in that 

it is not subject to primer bias, complete BGCs can be evaluated, and more reliable taxonomic 

assignments can be made. Notably, T1PKSs made up only 4.4% of the 922 BGCs recovered 

from the abyssal sediment metagenomes, with the majority annotated as terpenes (28.6%) and 

RiPPs (23.1%). In comparison, a previous study of BGCs from aquatic MAGs found that less 

than 5% were assigned to RiPPs. While my BGC sample size is smaller, this could indicate that 

RiPPs play important ecological roles in abyssal sediments. Of the T1PKSs recovered from the 

metagenomes, the majority were PUFAs, which our primer set is not designed to target. In 

contrast, only four modular cis-AT KS domains (all clustering into 1 OBU) were detected, and 

no KS domains from the hybrid cis-AT or trans-AT KS subclasses. This emphasizes the value of 

amplicon sequencing in accessing relatively low abundance sequences. Interestingly, the one 

modular cis-AT KS OBU recovered was seen in four separate Gemmatimonadetes MAGs, which 

is an understudied phylum that only recently has been shown to contain genes for polyketide 

biosynthesis (Crits-Cristoph et al., 2018). However, this has only been seen with culture-

independent work, as to date there has not been a single experimentally characterized BGC from 

the Gemmatimonadetes phylum (Kautsar et al., 2020). 

To date, marine polyketide natural products have been isolated from a variety of sources, 

including microbiomes from sponges, corals, and shallow continental margin sediments. 

However, almost all marine natural product discovery efforts have concentrated in shallow 

biomes, in part because they are more accessible to sample than the deep sea. As abyssal plains 

continue to gain traction as sites for deep-sea mining operations, it is crucial to understand the 
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biosynthetic diversity that could potentially be lost if they are exploited. Thus, our finding here 

of abyssal sediments carrying distinct and novel KS communities serves as a critical baseline and 

underscores the immense biosynthetic potential that awaits in abyssal sediments. 

 

4.6 Conclusion 

Abyssal sediments comprise 80% of the ocean floor and the associated microbiomes provide 

promising opportunities for natural product discovery. Here, I show that abyssal sediment 

polyketide biosynthetic potential reflects biogeochemical differences across three sites. Further, 

the vast majority of abyssal KS amplicon OBUs recovered were distinct from those seen in 

experimentally characterized pathways and nearshore continental margin sediments. This work 

highlights the significant biosynthetic potential of deep-sea sediment microbiomes. 
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4.9 Supplementary Figures and Tables 

 
Figure 4.S1. Taxonomy (16S) of marine sediment amplicons. (a) abyssal (b) and continental 

margin sediments based on top SILVA database matches. 
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Figure 4.S2. Abundance and taxonomy of 16S rRNA ASVs.  Most common (>0.25% relative 

abundance, upper) 16S ASVs across abyssal sediments ordered by taxa (lower). Percent identity 

of closest BLAST match (y-axis) to ASV in upper panel colored by phylum (lower). 
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Figure 4.S3. Diversity of abyssal sediment 16S amplicons. Shannon Diversity Index values for 

16S ASVs across the 0-1 cm and 4-5 cm abyssal sediment horizons. Values calculated for each 

sample colored by location. 
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Figure 4.S4. NaPDoS2 classification of KS amplicons. (a) abyssal and (b) continental margin 

sediments. 
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Figure 4.S5. Diversity of abyssal sediment KS amplicons (a) KS OBU totals (80% sequence 

identity) and (b) Shannon’s diversity index for KSs per sediment core across the 0-1 cm and 4-5 

cm abyssal sediment horizons, with datapoints colored by location. 
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Figure 4.S6. Rarefaction curve for abyssal sediment KS OBUs (80% sequence identity). Yellow 

dot indicates the total number of similarly clustered KS OBUs in the MIBiG database. 
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Figure 4.S7. NCBI RefSeq matches for abyssal KS amplicons. The percent similarity to the 

NCBI RefSeq match is shown on the x-axis. Colors indicate the taxonomy of the NCBI RefSeq 

match. 
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Figure 4.S8. NCBI RefSeq matches for abyssal KS amplicons split by KS subclass. Taxonomy 

of NCBI RefSeq matches to the three most common abyssal KS amplicon classes (modular cis-

AT, hybrid cis-AT, trans-AT). Percent similarity to the RefSeq match is shown on the x-axis. 

Colors indicate the taxonomy of the closest NCBI RefSeq match. 
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Figure 4.S9. T1PKS BGCs recovered from metagenomes across three abyssal sediment sites 

(3N, 7N, and 11N). Three metagenomes (three replicates) were generated from each of the three 

sites. 
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Figure 4.S10. Phylogeny of Gemmatimonadetes KS sequences. The FastME phylogeny includes 

abyssal metagenomic KSs within MAGs (n=4, yellow) and KS domain OBUs (80%) extracted 

from publicly available Gemmatimonadetes genomes (n=93, blue) and the MIBiG database 

(maroon). 
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Figure 4.S11. PCoA using molecular features from abyssal sediments. Samples are delineated 

by site and the 0-1 cm or 4-5 cm sediment horizons. 
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Figure 4.S12. Molecular network using features from abyssal sediments. Samples are delineated 

by site and the 0-1 cm or 4-5 cm sediment horizons. Text indicates molecular features annotated 

by GNPS. 
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CHAPTER 5.  Final Remarks 

 

Advances in genomic sequencing within the last couple of decades have helped broaden 

our understanding of the vast repertoire of microbial processes that affect our planet. 

Ecologically, microbes regulate global biogeochemical cycles (Falkowski et al., 2008), and 

understanding these processes is more important than ever, as we are faced with the rapidly 

accelerating threat of climate change. Past that, microbes play crucial roles as the base of global 

food chains, as essential symbionts within humans, in creating healthy soil systems for global 

food production, and as biofuel sources (Smetacek et al., 2002; Thursby et al., 2017; Salwan et 

al., 2022). Perhaps one of the largest ways microbes impact the human world, however, is 

through the production of specialized metabolites, as many microbial natural products have 

become the basis for essential therapeutics (Rani et al., 2021). Polyketides are one of the largest 

and most structurally diverse classes of specialized metabolites, and many are pharmaceutically 

important as antibiotics, antifungals, anti-cancer agents, antivirals, immunosuppressants, and 

cholesterol-lowering drugs (Korman et al., 2010).  

Traditionally, the discovery of new natural products has occurred via screening crude 

extracts of microbial strains for bioactivity (Atanasov et al., 2021). In recent years, the success 

rate of this process has tailed off, with high compound rediscovery common (Pye et al., 2017). 

This is largely due to the isolation and screening of similar microbial strains. It also has 

limitations as the vast majority of microbes have not yet been cultured. This deficit is likely 

explained by common media conditions being unable to target viable but non-culturable cells 

(Lloyd et al., 2018). To bridge this gap within the natural products world, genome mining for 

biosynthetic gene clusters has proven effective in assessing the specialized metabolite potential 
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within uncultured organisms (Medema et al., 2021). Recent genome mining studies have 

highlighted that enormous amounts of BGC diversity remain to be realized, with one recent 

study showing that only an astonishing 3% of biosynthetic gene clusters were similar to those 

that encode for the production of known metabolites (Gavriilidou et al., 2022). 

The goal of this dissertation was to evaluate how polyketide biosynthetic diversity varies 

across Earth. To do so, I first utilized metagenomic datasets to understand differences in KS 

composition and diversity across biomes. Next, I analyzed genomes across the tree of life to 

assess how KS repertoires varied across taxonomic lineages, with a focus on investigating 

understudied polyketide-producing taxonomic lineages. Finally, I used a multi-omics approach 

combining KS amplicons, metagenomic sequencing, and metabolomics to assess the biosynthetic 

potential of abyssal marine sediments. 

 Central to all three of these projects has been the development of the webtool NaPDoS2 

(Klau et al., 2022), which identifies and classifies KS domains from genomic queries. Contrary 

to other genome mining tools such as antiSMASH (Blin et al., 2023) and PRISM (Skinnider et 

al., 2020), which characterize full-length BGCs, the KS sequence tag approach of NaPDoS2 

evaluates PKS diversity within fragmented or amplicon-length sequence queries. Additionally, in 

scenarios where biosynthetic genes may not fall in the same chromosome such as in eukaryotes 

(Nutzmann et al., 2020), NaPDoS2 can still detect and assess KS diversity. Further, the KS 

domains detected using NaPDoS2 are saved as sequence outputs, making downstream 

phylogenetic analyses rapidly accessible. The recent expansion of the NaPDoS2 database allows 

for KS domains to be sorted into more than 40 KS subclasses, providing detailed predictions as 

to the types of polyketide metabolites likely seen in a given biome or organism (Klau et al., 

2022).  
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 In chapter 2, I analyzed over 240 GBP of metagenomic sequence data to extract over 

35,000 KS domains from eight biomes (Singh et al., 2023). From this dataset, I showed that 

biomes differed in KS composition, with soils enriched in modular cis-AT and hybrid cis-AT KS 

domains, and marine biomes enriched in polyunsaturated fatty acid (PUFA) and enediyne KS 

domains. Further, I was able to investigate the phylogenetic diversity of certain KS subclasses 

highlighting biome-specific trends. For example, enediyne compounds are extremely cytotoxic 

and encode for important antitumor agents, but all enediyne compounds discovered to date have 

been traced to an actinobacterial producer (Shen et al., 2015). However, I found large enediyne 

KS clades that grouped separately from known enediynes in marine sediments (Singh et al., 

2023). This marine sediment clade grouped with enediyne KSs from non-actinobacterial sources, 

suggesting that underexplored biomes and taxa carry significant enediyne biosynthetic potential. 

The findings from this meta-analysis can also guide future studies, as these metagenomic type I 

KSs were used to improve the design of primers used in chapter 4 of this dissertation. Lastly, one 

perhaps easy to overlook finding from this study is that on average less than 3% of type I KS 

domains within a metagenomic dataset were located within MAGs (Singh et al., 2023). In many 

metagenomic studies, there is a tendency to group contigs into high-quality MAGs and only 

analyze this portion of the dataset for functional genes of interest due to the high taxonomic 

confidence. The work presented in this thesis serves as a warning on the possible downfalls of 

such an approach, given that over 97% of type I KS domains within the metagenomic datasets 

analyzed fall outside of MAGs.  

 The goal of chapter 3 was to assess polyketide diversity across the tree of life. To do so, I 

analyzed more than 600,000 genomes across a broad taxonomic range, finding more than 50,000 

KS domains. It came as no surprise to see that historically fruitful specialized metabolite 
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producing phyla such as Actinobacteria, Myxococcota, Cyanobacteria, and Ascomycota contain 

large numbers of KS domains, although I showed they differ in the types of KSs they contain. 

However, more surprising was the over 1000 KS OBUs (80% similarity) that were recovered 

from the understudied phyla of Acidobacteria, Chloroflexi, Planctomycetes, and 

Verrucomicrobia. Only three polyketides have been experimentally linked to BGCs from these 

four phyla (aurantoside A, lasonolide A, and palmerolide), highlighting the extraordinary amount 

of polyketide diversity that remains to be discovered. Another interesting takeaway from this 

analysis was in the fungal genomes, where a clade of 26 KS OBUs was classified by NaPDoS2 

as hybrid cis-AT. This finding was corroborated by running the associated fungal genomes 

through antiSMASH, which found the KS domains to occur within NRPS (and not PKS) BGCs. 

To date, no fungal metabolites have been linked to a BGC that contains a hybrid cis-AT KS 

domain, suggesting that these KS domains could lead to novel structural diversity. This 

illustrates the power of NaPDoS2 for analyzing large datasets to generate predictions, which can 

then be complemented by other genome mining tools to understand the full BGC context. 

 The goal of chapter 4 of my dissertation was to evaluate the polyketide biosynthetic 

diversity within abyssal sediments using a multi-omics approach. Abyssal plains make up over 

half the Earth’s surface and are rich sources of polymetallic nodules, a mineral resource 

containing copper, nickel, cobalt, iron, and manganese (Stratmann et al., 2021). Many of these 

are important in the development of electronic devices, making deep-sea mining operations more 

and more appealing to national and corporate interests. Nonetheless, abyssal plains are home to 

novel species across the kingdoms of life (Scheckenbach et al., 2010; Schwabe et al., 2008), 

making it imperative to assess the biosynthetic potential that could be lost or altered with deep-

sea mining operations. Here, I found abyssal sediments to contain an astonishing degree of 
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biosynthetic diversity (over 6,000 KS OBUs), almost all of which was novel (less than 1% 

clustered with KS domains from the MIBiG database). By using KS amplicon sequencing, I was 

able to recover more than three orders of magnitude more modular cis-AT, hybrid cis-AT, and 

trans-AT KS domains than were obtained from the abyssal sediment metagenomes. This 

highlights one major advantage of amplicon sequencing, which is aided by the ability of the 

NaPDoS2 webtool to process large datasets. While KS amplicons were recovered from the 

abyssal sediments that matched closely with those in the salinlactam, salinisporamide, rifamycin, 

and quinolidomycin BGCs (all reported in marine actinomycetes), I was unable to find any of 

these compounds using untargeted metabolomics. The majority of the molecular features 

recovered (over 90%) were distinct from those seen in the GNPS database, which suggests that 

abyssal sediments contain distinct metabolites compared to more frequently sampled systems. 

In conclusion, as the traditional natural product discovery approach of cultivation, 

chemical extraction, and bioassay-guided fractionation has fallen out of favor (Pye et al., 2017), 

an explosion in genomic capabilities has made mining for BGCs a viable alternative approach. 

Globally, antibiotic resistance is rising (Rossiter et al., 2017), making it more imperative than 

ever to discover novel chemical diversity. In this thesis, I assess the composition and diversity of 

KS domains across biomes, the tree of life, and unprecedently, in abyssal sediments. In each of 

these studies, I have highlighted novel KS lineages, which I hope future research programs can 

utilize for the discovery of novel polyketides. 
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