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Abstract

The growing problem of antibiotic resistance has led to the exploration of uncultured bacteria
as sources of new antimicrobials. Metagenomic sequencing studies of samples from different
environments have reported evidence of high biosynthetic gene cluster (BGC) diversity in
metagenomes, and metagenomic library studies have yielded several novel natural products.
However, accessing these compounds remains challenging. The constraints of short-read
sequencing mean that the assembly of full-length BGC sequences from uncultured bacteria is
nigh impossible, thus making assessment of BGC diversity difficult and downstream cloning
infeasible. Conversely, metagenomic library approaches suffer from a bias towards known
compounds as well as difficulties with expressing recovered BGCs. In the present work, a
three-pronged approach was taken to access the biosynthetic diversity of bacteria from an
Antarctic soil: A hybrid shotgun metagenome was sequenced and BGCs cloned and expressed,
a novel regulatory gene-based screen for libraries was developed, and a number of isolates
were obtained by culturing. Through metagenomic sequencing, many highly divergent BGCs
were found in phyla such as Acidobacteriota and Verrucomicrobiota, but also the
methanotrophic gammaproteobacterial order UBA7966. Sequencing of isolates obtained from
the same soil indicated little overlap between the biosynthetic potential of readily cultured and
uncultured bacteria. Several metagenomic BGCs were PCR-amplified, cloned and expressed
in Pseudomonas and Streptomyces. While the sequencing of Streptomyces exconjugants
showed that many inserts were truncated, a phenotype was observed in Pseudomonas. The
library screening approach was validated in isolates, but the targets were absent in the
metagenomic library used. In conclusion, the results uncover the rich diversity of BGCs from
uncultured lineages present in the soil, show the potential of long-read sequencing to recover
full-length BGCs from uncultured soil bacteria and demonstrate the feasibility of cloning them.
However, they also indicate the necessity of refined molecular tools for successful

heterologous expression of metagenomic BGCs.
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1 Introduction

1.1 Antibiotics and humans

It is hard to overstate the benefits that microbial natural products have brought to humanity.
They are used as antibiotics, antifungals, antihelmintics, antivirals and immunosuppressants;
but also as herbicides, insecticides and food conservation agents. Out of all these diverse
applications, their use as antibiotics is probably the most important. Antibiotics have greatly
reduced infant mortality rates, vastly increased the survivability of surgery and chemotherapy,
and made death from bacterial infections such as pneumonia a rare phenomenon in the
developed world (Zaffiri, Gardner, and Toledo-Pereyra 2012). Around the middle of the 20™
century, many new classes of natural product antibiotics were discovered and developed as
drugs. Usually, resistance would emerge and spread among pathogens soon after introduction
of a novel antibiotic (Finland, Frank, and Wilcox 1950). While this was not an important
problem as long as the development pipeline was “filled”” and novel antibiotics were brought
to market every few years, it became an issue when antibiotic discovery stalled in the 1970s.
As of today, the ever-increasing trend of multidrug resistance in bacteria threatens to lead to a
post-antibiotic era and it has been estimated that by 2050, 10 million people could die every
year due to infections with drug resistant bacteria (Neil 2016). The drying up of the pipeline
has been explained by the increased rate of rediscovery, meaning that the same compounds
were discovered again and again in screening programs (Watve et al. 2001; Baltz 2006). This
could be explained by the unequal distribution of antibiotic biosynthetic gene clusters (BGCs).
While the vast majority of antibiotics would occur very infrequently (<107°), a smaller number
of extremely widespread antibiotics such as streptothricin (c. 10!), streptomycin or tetracycline
(both c. 10-?) would make discovery difficult (Baltz 2006). Coupled with a lack of profitability
of new antibiotic drugs for pharmaceutical companies compared to drugs for chronic illnesses,

this therefore led to a divestment of natural products research by major pharmaceutical players
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(Ardal et al. 2020). However, growing awareness of the antibiotic resistance crisis and the

genomic insights brought by the sequencing revolution have led to a renewed interest in natural

products (Bachmann, Van Lanen, and Baltz 2014; J. W.-H. Li and Vederas 2009).

1.2 Specialised metabolite discovery and analysis

Specialised metabolite discovery methods have evolved greatly over time. While the discovery
of penicillin was purely serendipitous, further discoveries were made using screening processes
such as the Waksman screening platform (Fleming 1929; Schatz, Bugie, and Waksman 2005).
In this approach, antibiotic producing strains (often Streptomyces) were identified by zones of
inhibition on agar overlay plates. Important broad-spectrum antibiotics discovered this way in
the 1940s to 1960s include streptomycin, chloramphenicol, vancomycin and rifampicin (Lewis
2013). However, the problem of re-discovery led to the widespread abandonment of the
approach in favour of synthetic chemistry. Unfortunately, the synthetic approach did not yield
as many successful compounds as hoped, with only fluoroquinolones emerging as broad-
spectrum antibiotics of major clinical importance (Lewis 2013). This failure of purely synthetic
chemistry together with advances in molecular biology led to renewed scientific interest in
natural products as sources of pharmaceuticals (Demain 2002; Lewis 2013). Even before
genome sequencing became widespread, it was speculated that Streptomyces harboured many
more antibiotics than the ones already discovered, with a study estimating up to 100,000 mostly
undiscovered antibiotics in the genus (Watve et al. 2001). When the Streptomyces coelicolor
genome was sequenced in 2002 and other antibiotic producers followed, it became clear that
even in characterised producer strains, many compounds encoded in the genome were not
actually known (Weber et al. 2003; Bentley et al. 2002). This indicated that not only were there
many more specialised metabolites to discover, but that they were encoded in the genomes of

bacteria already in culture. Further sequencing has confirmed that silence of many BGCs is the



norm rather than an exception (Rutledge and Challis 2015). Exploiting these inactive and
cryptic BGCs promises to be a much more focused route for antibiotic discovery than random
screening of an exponentially increasing number of isolates (Aigle and Corre 2012; Rutledge
and Challis 2015). At the same time, advances in analytical methods such as high-resolution
mass spectrometry, structure prediction, automated fractionation and screening platforms, as
well as computational advances such as GNPS (Global Natural Product Social Molecular
Networking) have enabled quicker dereplication, i.e. elimination of known compounds

(Atanasov et al. 2021).

1.3 Bioinformatic analysis of specialised metabolism

In the last 15 years, the bioinformatic analysis of specialised metabolite gene clusters matured
from simple gene detection to sophisticated predictions of structure and function as well as
global analyses of diversity (Figure 1.1). The increasing amount of sequence data led to the
development of bioinformatic tools related to natural product biosynthesis, most importantly
genome mining tools such as BAGEL and antiSMASH (de Jong et al. 2006; Medema et al.
2011). These tools scan genomes for the presence of homologues of genes known to be
involved in specialised metabolite biosynthesis using hidden markov models (HMMs). Further
advances in genome mining include substrate prediction of NRPS and PKS enzymes (Rottig et
al. 2011; Bachmann and Ravel 2009), cluster border prediction (Cimermancic et al. 2014)
precursor prediction for lassopeptides (Tietz et al. 2017), antibiotic target prediction (Alanjary
et al. 2017), improved NRPS/PKS product structure prediction (Skinnider et al. 2017) and
neural network based genome mining (Hannigan et al. 2019). However, the falling cost of
sequencing and thereby exponentially increasing number of publicly available sequences also
necessitated the development of tools that allowed a systematic comparison of BGCs exceeding

simple BLAST homology scores. The MiBiG database was introduced as a community-



curated, central repository of BGCs with known products (Kautsar, Blin, et al. 2020). BiG-
SCAPE is a networking tool that functions by pairwise comparison of antiSMASH-derived
BGCs based on PFAM protein domains and thereby enables the construction of similarity
networks of BGCs, allowing e.g. the determination of common and rare BGCs in culture
collections (Kautsar et al. 2021). Systematic investigation of BGCs from the many thousand
publicly available genomes also promises to lead to more generalisable insights about the
distribution of BGCs. However, pairwise comparison is computationally expensive for large
datasets, since it scales quadratically with sequence number. The recently published tool BiG-
SLiCE (and its sister database BiG-FAM) attempts to solve this problem by comparing
antiSMASH-derived BGCs based on the presence or absence of a large, pre-computed set of
HMMs (Kautsar, Hooft, et al. 2020). These comparisons get converted into distance scores
between BGCs, enabling the grouping of BGCs into gene cluster families (GCFs) based on
distance cutoffs. Query BGCs can then be scored according to their distance to these GCFs,
enabling both a classification of a query BGC as well as a quantification of sequence novelty.
A study anchoring the BiG-SLiCE-derived GCFs in BGC-linked compounds from NPAtlas led
to the extrapolation that only 3% of the biosynthetic diversity in the world was experimentally
characterised and found evidence for biome-specific distribution of BGCs (Gavriilidou et al.

2021).
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Figure 1.1: An overview of selected bioinformatic tools and databases used to mine, store and connect information about

BGCs, compound structure, and producing organisms.

1.4 Culture-based approaches for natural product discovery

The vast majority of antibiotics and other natural products discovered to date come from

isolated organisms. It was only in the 1990s the first metagenomic 16S rRNA gene amplicon



sequencing studies of different environments enabled us to systematically discover and
characterise the diversity of uncultured bacteria (Schmidt, DeLong, and Pace 1991). As a
consequence of these early metagenomic studies, uncultured bacteria were speculated to
harbour novel natural products and thereby novel antibiotics (Seow et al. 1997; Rondon et al.
2000). While this “microbial dark matter” was often called unculturable, efforts to bring these
as-of-yet uncultivated organisms into culture showed that it is indeed possible to isolate many
of them. The two main obstacles to overcome were firstly the inability of some bacteria to grow
on the provided substrate, and secondly the competition of fast-growing bacteria that would
crowd out the slow growers (Vartoukian, Palmer, and Wade 2010). Methods developed to
overcome these hurdles include low-nutrient media and long incubation times to select for
oligotrophic, slow-growing bacteria that would normally be outcompeted; adapted media
preparation to avoid the formation of toxic compounds such as H>O; use of different gelling
agents such as gellan gum or carrageenan; as well as use of microscopes to detect small
colonies (George et al. 2011; Kato et al. 2018; Vartoukian, Palmer, and Wade 2010; Pulschen
et al. 2017; Janssen et al. 2002). Other novel microorganisms previously only known from
metagenomic analysis were isolated by stepwise enrichment and purification processes
featuring specific selection steps such as centrifugation, antibiotic treatment or growth on
floating filter discs (H. Zhang et al., 2003.; Konneke et al. 2005; Tveit et al. 2019). Further
innovations include high-throughput dilution to extinction approaches using liquid medium or
polymer matrixes such as alginate. More recently, microfluidic approaches using water-in-oil
emulsions have enabled extremely high throughput cultivation that can even be coupled with
on-chip screening for antibiotic activity and subsequent cultivation on plates (Mabhler et al.
2021). Furthermore, in-situ cultivation of encapsulated microorganisms has emerged as a
promising approach. The principle behind it is to culture bacteria in encapsulated

compartments that keep bacterial cells separate from the environment, but at the same time



allow diffusion of nutrients and waste products through sufficiently small pores (Aoi et al.
2009; Ben-Dov, Kramarsky-Winter, and Kushmaro 2009; Gavrish et al. 2008; Jung, Aoi, and
Epstein 2016). One high-throughput in-situ cultivation device called the iChip has led to the
discovery of teixobactin, the first representative of a new class of antibiotics with promising
activity against Gram-positive bacteria and low potential for resistance (Gunjal et al. 2020;
Ling et al. 2015). While innovative “blanket” cultivation approaches such as the iChip have
been very successful, there is increasing interest in harnessing metagenomic information to
isolate specific community members. For example, Cross et al. used metagenome-derived
protein sequences to raise polyclonal antibodies against a predicted membrane protein and then
used these antibodies to label, sort and eventually culture hitherto uncultivated Saccharibacteria
and SR1 bacteria from the human mouth (Cross et al. 2019). Rubin et al. used transposons to
deliver CRISPR machinery into bacteria in synthetic soil communities as well as real-life gut
communities, endowing the bacteria with antibiotic resistance and additional metabolic
capabilities (Rubin et al. 2022). These marker genes were then used to select for the engineered
bacteria, leading to their successful isolation. While this proof-of-principle study only targeted
easily cultivable bacteria such as Klebsiella and Escherichia, it could be used to isolate more

elusive bacteria in the future.

1.5 Culture-independent specialised metabolite discovery

Sequencing of environmental 16S rRNA genes was used to explore and quantify the general
bacterial diversity, and the same technology was also applied to specialised metabolite
biosynthesis genes, such as NRPS A-domains and PKS KS-domains. Studies using degenerate
primers for these domains showed remarkable sequence diversity in uncultured bacteria
(Borsetto et al. 2019; Schirmer et al. 2005; Charlop-Powers et al. 2015). Amplicon as well as

short-read metagenomic studies have shown promising candidates containing a large number
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of BGCs in the phyla Verrucomicrobia, Acidobacteria, Chloroflexi and several candidate phyla

(Crits-Christoph et al. 2018; Nayfach et al. 2020; Sharrar et al. 2020).

In addition to amplicon sequencing, metagenomic clone libraries have been used to both
explore the diversity of metagenomic BGCs and to obtain the products encoded in these BGCs
by heterologous expression (Gillespie et al. 2002). The workhorse of metagenomic library
approaches has been the fosmid — a plasmid that can be packed into phage particles and then
transfected into an E. coli host (Brady 2007). Its advantages include high effectiveness due to
the high efficiency of phage transfection compared to e.g. chemical transformation, as well an
intrinsic size-selection step in the phage particle assembly that ensures average insert sizes of
40 kb on average (De Tomaso and Weissman 2003). However, this size selection is also its
limitation, since many BGCs are larger than the maximum insert size and therefore need to be
“stitched together” using TAR cloning (J. H. Kim et al. 2010). This limits their application in
functional screens compared to BAC vectors that can hold inserts of several hundred kilobases.
Construction of BAC libraries, however, is more complicated, necessitating efficient selection
for high-molecular weight DNA by techniques such as separation of bacteria from the matrix
(e.g. soil), embedding in agarose gel plugs followed by in-plug cell lysis, enzymatic digestion
of the agarose and eventually cloning and transformation (Nasrin et al. 2018). Furthermore, the
high efficiency of the fosmid approach has led to megalibraries with an estimated 1.5*107
individual fosmid clones, corresponding to roughly six terabases of DNA. BAC approaches
have only reached a size of ca. 2 terabases to the author’s knowledge (Owen et al. 2013; Nasrin
et al. 2018). An important differentiation in library approaches is also the choice of screening
method, i.e. functional or sequence-based. Functional screening works by observing activity of
library hosts in assays such as antibiotic assays or enzyme inhibition, while sequence-guided

screening uses sequence information to retrieve BGC-bearing clones using PCR primers

11



(L. Robinson, Piel, and Sunagawa 2021). Functional screening of libraries has the advantage
of immediate detection of activity, but is constrained by the activity of the BGC in the library
host organism, usually E. coli, a notoriously unreliable host for heterologous expression of
BGCs (Ke and Yoshikuni 2020; Liu et al. 2020). Sequence-guided screening is free from this
constraint but necessitates the downstream expression of the recovered BGCs using a suitable
expression host and potentially genetic engineering (H.-S. Kang, Charlop-Powers, and Brady
2016). Furthermore, sequence-guided screening is often conducted with only a small fragment
of the BGC actually known through e.g. NRPS A-domain amplicon sequencing or the use of
degenerate primers. This means that very little information about the detected BGC is known
until the plasmids are recovered and sequenced. This problem is partly circumvented in the
recent approach of Libis et al., who used NRPS/PKS domain amplicon sequencing to determine
co-occurrence patterns of unique A/KS domains within arrayed metagenomic libraries (Libis
et al. 2019). Using these patterns, it was possible to infer which domains were present on the
same cosmid clone, likely constituting a BGC. These inferred BGCs were compared to the
A/KS domains of known BGCs in order to select the inferred BGCs harbouring the most novel
A/KS domains combinations. After iterative qPCR screening, cloning of the BGC and
heterologous expression, the omnipeptins were discovered. However, no sequence-guided
screening approach to date could recover completely novel types of BGCs, since the
biosynthetic genes are unknown and therefore cannot be screened for. As currently only 1% of
bacterial proteins are experimentally characterised and only about a third of bacterial proteins
have any computationally assigned function, it is likely that many novel BGCs go undetected
(Hoskisson and Seipke 2020). An overview of culture-based and culture-independent
techniques is provided in Figure 1.2. Further advantages and disadvantages of sequence-guided
vs functional screening can be found in Table 1.1. A selection of recently reported natural

product discoveries from metagenomes can be found in Table 1.2.
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Sample

Culture-based approaches Culture-independent approaches
Isolates Metagenomic library Shotgun sequencing

Functional Sequence- PCR
screen based screen amplification

Molecular techniques

Figure 1.2: Simplified overview of culture-based and culture-independent workflows for natural product discovery.

The falling cost of sequencing has enabled large-scale shotgun metagenomic sequencing of
different microbiomes (Nayfach et al. 2020; Desai et al. 2012). Shotgun metagenomic
sequencing has the advantage of being able to retrieve a relatively unbiased picture of the
sequence diversity of a given sample. This, however, also means that it is untargeted and the

sequences of interest — such as BGCs — will only amount to a tiny fraction of the combined

13



Table 1.1: Advantages and disadvantages of sequence-guided and functional metagenomic library screening

Sequence-guided screening Functional screening

Activity does not need to be present in library host Activity needs to be present in detectable levels

in library host
Library pooling is possible — even large libraries Library pooling is not possible, likely
can be kept in one 96 well plate. However, this necessitating automation to pick, store and assay
requires iterative dilution and screening thousands of colonies in 384-well plates

Activity of recovered BGCs might never

discovered due to lack of expression Each hit is an activity

Can target specific types of BGCs with sequence Cannot target BGC type, potentially leading to
information rediscovery

Limited targeting of specific activity e.g. against a Very specific activity selectable as long as an
pathogen appropriate assay is developed

Can use fosmids — BGCs can be stitched together Can use fosmids, but BACs needed for large
for large BGCs BGCs

Activity of BGC product limited by assay

Potential activity of BGC product not limited .
employed for screening

Table 1.2: Non-exhaustive list of natural products discovered from metagenomes in recent years, with activity and discovery

method.
Product Activity Method Reference
Malacidins Antibacterial ~ Metagenomic library, sequence-guided ~ (Hover et al. 2018)
Omnipeptins Not reported Metagenomic library, sequence-guided  (Libis et al. 2019)

. . I . (J. Stevenson et al.
Metathramycin Cytotoxic Metagenomic library, sequence-guided 2021)
Metatricycloene Antibacterial Metagenomic library, functional (in (Igbal et al. 2016)

Streptomyces)
Chl'orar'nphemcol Antibacterial MeFagenomlc library, functional (in £. (Nasrin et al. 2018)
derivatives coli)
Antibacterial . . Metagenomic library, functional (in (Igbal, Craig, and
enzymes Antibacterial Ralstonia) Brady 2014)
Polybrominated Shotgun metagenome and cloning of (Agarwal et al.
diphenyl ethers Not reported PCR products 2017)
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data, thereby making it necessary to sequence a large amount of DNA. Early Sanger and 454
clone library approaches as well as NGS read-based approaches mostly directly analysed the
sequenced reads (Pearce et al. 2012; Tyson et al. 2004). This maximises the amount of
sequences analysed by bypassing the metagenomic assembly step which requires many reads
of the same nucleotide position (“coverage”) to assemble a sequence (Luo et al. 2012). Read-
based analyses, however, are limited by read length, which for Illumina is between 50 and 150
bp. While gene fragments such as NRPS A-domains can be analysed through reads alone,
whole BGCs as well the origin of these BGCs or indeed any genomic context cannot.
Therefore, metagenomic assembly is highly advantageous to analyse the structure and function
of a given microbiome. While metagenomic assembly was extremely expensive and only
possible on low-diversity samples as late as 15 years ago, it has been made relatively affordable
by the development of short-read NGS (Illumina) sequencing (Desai et al. 2012; Tyson et al.
2004). Metagenomic assembly, like genomic assembly, generally works by constructing
graphs based on overlaps between reads, finding the most likely path through the graph and
assembling continuous and unambiguous parts of the path into contigs (Compeau, Pevzner,
and Tesler 2011). However, the assembly of such contigs is hindered by high diversity in the
metagenome, highly conserved or repetitive regions such as 16S rRNA gene sequences, the
presence of closely related bacterial species or strains, as well as areas of low read coverage
that occur due to the stochastic nature of shotgun sequencing (Quince et al. 2021). Low
coverage can be ameliorated by deeper sequencing, but repeat sequences, high diversity and
especially the presence of closely related strains sharing significant amounts of sequence
identity are not easy to solve (Quince et al. 2021). This problem is partly solved by the usage
of binning algorithms that try to sort contigs into “bins” that ideally represent the original
genome of the organism the contigs originated from. Binning algorithms work by harnessing

intrinsic features such as GC content, k-mer frequency, but also differential coverage
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information (Alneberg et al. 2014; D. D. Kang et al. 2019; Wu et al. 2014). This has enabled
the development of genome-centric metagenomics and the recovery of hundreds of
metagenome-assembled genomes (MAGs), giving access to (fractured) genomes of thousands
of uncultured organisms (Nayfach et al. 2020). With regards to BGCs, modular NRPS and PKS
BGCs fall into the repeat sequence category, making assemblies “break” in the middle of a
BGC (Meleshko et al. 2019). Therefore, Illumina-derived MAGs usually do not contain
complete BGCs. Soil bacteria have been the source of a large number of natural products,
making uncultured soil bacteria a highly desirable target for drug discovery (Daniel 2004). At
the same time, soil is also the most diverse biome on earth, making metagenomic assembly
especially challenging (Howe et al. 2014). However, long-read sequencing technologies like
Oxford Nanopore and PacBio HiFi sequencing promise to solve this problem by virtue of
providing reads that are thousands of basepairs in length, as opposed to 50-150 basepairs in
short-read sequencing. First studies have shown that long-read metagenomics result in much
larger contig sizes, complete BGCs and even closed genomes from metagenomic samples
(Singleton et al. 2020; Van Goethem et al. 2021; Sevim et al. 2019; Moss, Maghini, and Bhatt
2020). These results indicate that long read metagenomics could be game-changing in the

discovery and analysis of BGCs in uncultured phyla.

1.6 Activation of specialised metabolite production

Even before the advent of widespread genome sequencing, it was known that one bacterial or
fungal strain could often produce many different compounds, depending on the culture
conditions employed (“one strain many compounds”, Bode et al. 2002). Genome sequencing
of actinobacterial producer strains confirmed this by revealing that most BGCs in cultured
strains did not have an associated product, and that there could be up to 50 BGCs in a single

strain (Streptomyces hygroscopicus XM201, RefSeq GCF_002021875.1). Variation of culture
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conditions has therefore been used as a relatively straightforward and successful method to
discover novel compounds from known and previously screened strains. The list of possible
variations of culture conditions is potentially endless and includes, for example, media
composition with regards to pH and nutrients, elicitation with small molecules or heavy metals,
challenge with live or dead bacterial cells, and many others (Tomm, Ucciferri, and Ross 2019).
However, the sheer number of potential variables — many of which are difficult to recreate in
the laboratory — also make it unlikely that all BGCs can be activated by this method alone.

Therefore, employing molecular methods may be necessary to activate certain BGCs.

Molecular techniques have been used to investigate the genes involved in specialised
metabolite production — mostly in actinomycetes — as well as regulation since the 1980s
(Horinouchi et al. 1989). Since most specialised metabolites are produced by the concerted
action of several or even dozens of genes, they cannot easily be overexpressed by replacing a
single promoter. However, BGCs are often controlled by a regulatory cascade comprised of
only a few genes acting as transcriptional activators and transcriptional repressors on different
levels. Therefore, knocking out or overexpressing a single regulatory gene can lead to
abolishing or activating the production of a specialised metabolite encoded in a BGC (Rutledge
and Challis 2015). This observation has guided many successful approaches to activating
BGC:s so far, either by overexpressing transcriptional activators such as SARPs or LALs, or by
disrupting transcriptional repressors such as TetRs or GntRs (Koomsiri et al. 2019; Laureti et
al. 2011; Sidda et al. 2013; Smanski et al. 2009). These regulators can be pathway-specific and
only control one BGC, or global/pleiotropic regulators that affect several BGCs as well as
processes such as differentiation and sporulation. While e.g. SARPs are mostly pathway-
specific regulators, TetRs can act both on specific pathways and global regulatory networks

(Xia et al. 2020). Moreover, regulatory networks can be very complex and involve several
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activators and repressors within a single BGC, thereby requiring some a priori knowledge to
predictably activate the expression of a BGC (Rigali et al. 2018). Furthermore, some BGCs do
not contain obvious regulatory genes, either because they are controlled by global regulators
or because they contain an as of yet uncharacterised regulatory gene. One example of a
widespread, yet only recently discovered regulator family in Streptomyces is the LmbU family
(Ju, Zhang, and Elliot 2017). Many more uncharacterised regulatory genes are likely found in

less well explored bacterial lineages.

While the “regulatory gene” approach harnesses the native regulatory capacity of the BGC to
induce expression, the synthetic biology-inspired “BGC refactoring” approach seeks to be
more independent of the native regulatory mechanisms (Z. Shao et al. 2013). A large part of
BGC refactoring to date has consisted of promoter engineering, based on the premise that a
transcriptionally silent BGC can be activated by replacing the inactive promoters with active
ones (L. Li, Maclntyre, and Brady 2021). This approach has been enabled by the increasing
sophistication of molecular biology tools, including CRISPR/Cas9 genome editing and has
resulted in the successful activation of multiple silent BGCs (H.-S. Kang, Charlop-Powers, and
Brady 2016). However, many bacterial strains of interest are not amenable to genetic
manipulation. While molecular tools such as CRISPR or engineered promoters might work
across many species within the same bacterial genus, introducing DNA into a non-model strain
can be difficult (Tong et al. 2019; Q. Yan and Fong 2017). In addition, more unusual bacteria
such as e.g. Acidobacteria do not even come with any developed tools that could be introduced.
To address this problem, more generalisable approaches for the genetic manipulation of non-
model bacteria are being researched and a recent study reported successful BGC activation in
“undomesticated” Photorhabdus and Xenorhabdus isolates (G. Wang et al. 2019). While these

successes point to a future when any bacterium can be genetically manipulated to induce
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expression of BGCs, as of today heterologous expression is still the technique of choice for

engineering BGCs from genetically intractable organisms.

In its simplest form, heterologous expression entails the cloning of a BGC into a plasmid and
subsequently transferring it into an expression host. This plasmid can be obtained by generation
and screening of a (meta-) genomic library, but can also be constructed using more targeted
techniques such as yeast-based transformation-associated recombination (TAR) cloning or
PCR amplification and Gibson cloning (Greunke et al. 2018; Kouprina and Larionov 2016). In
some cases, removing the BGC from its native environment is enough to relieve transcriptional
repression, thereby leading to expression of a BGC silent in its native host (X. Zhang, Hindra,
and Elliot 2019). However, this is not always the case, and further genetic engineering of the
BGC, either by refactoring or by manipulating regulatory genes, is necessary. Furthermore,
heterologous expression adds a whole different set of challenges to expression (Xu and Wright
2019). In the native host, it is likely that the cellular machinery for successful expression of a
BGC is in place, and only a regulation mechanism is preventing it. In a heterologous host, the
repressive regulatory signal mechanism is absent, but so might be other factors that enable
successful expression in the first place. These factors can be tRNA supply based on codon
usage, recognition of promoters and RBS, supply of precursors, resistance to toxic products,
and others (Xu and Wright 2019). To minimise these problems, a close phylogenetic
relationship between native and host organisms is desirable. However, this might not always
be possible if no appropriate host organism is available. Furthermore, even if the organism of
origin is closely related to the expression host and shares features such as e.g. GC content, there
can be challenges. For example, the TTA codon in Streptomyces is very rare and production of
its corresponding tRNA (encoded by the bldA gene) is tightly regulated, since it has an

important function in bacterial development. This role has been suggested to be exclusive to
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Streptomyces (Ventura et al. 2007). Heterologously expressed BGCs with a higher frequency
of TTA codons may therefore not be expressed well unless the TTA codons are replaced
(Molnar et al. 2005; Zhu et al. 2011). Moreover, even between members of the same genus,
there can be differences in promoter activity (W. Wang et al. 2013). Therefore, heterologous
expression often makes further molecular manipulations such as refactoring necessary for

successful expression.

1.7 The natural role of natural products

When a specialised metabolite is isolated, it is usually tested for activities that are useful for
medicinal, agricultural or other purposes. While properties of a compound such as antibiotic
activity can thus be efficiently measured, the actual role that a molecule plays in the
microbiome is not always clear. Some specialised metabolites with well-established roles are
for example the variety of metallophores that scavenge different metals necessary for
enzymatic functions, such as iron, copper, molybdenum and vanadium (Dassama, Kenney, and
Rosenzweig 2017; Wichard 2016; Bellenger et al. 2008). Recently, it was shown that the
widely produced volatile terpenes geosmin and 2-methylisoborneol attract springtails to
sporulating Streptomyces colonies, thereby promoting spore dispersal (Becher et al. 2020). The
carcinogenic metabolite colibactin produced by E. coli has been shown to trigger prophage
induction, and thereby induce changes in gut microbiomes (Silpe et al. 2022). Antibiotics,
which are often regarded purely in their capacity to kill or arrest growth in bacteria, are being
examined in a new light as potential signalling molecules with a variety of antagonistic and
mutualistic effects depending on concentration and interaction partner (Romero et al. 2011;
Tyc et al. 2017). However, the significance of many specialised metabolites continues to
remain unknown. It is likely that one compound will often have many effects that emerge

through the complex interactions resulting from the co-evolution of microbiomes, which might
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be difficult to analyse in pure culture. In situ metatranscriptomic studies of BGC activity can
help shine a light on the timing and conditions of BGC expression and thereby help elucidate
the roles of encoded metabolites (Van Goethem et al. 2021). Examining the up- or
downregulation of a BGC in manipulation experiments could also help guide prioritisation of

BGCs to recover a desired activity.
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2 Results 1: Biosynthetic potential of uncultured Antarctic soil
bacteria revealed through long-read metagenomic sequencing

2.1 Introduction

Over the last decade, metagenomics has shown that a vast amount of the bacterial diversity on
Earth is comprised of uncultured bacterial taxa, with 97.9% of bacterial operational taxonomic
units (OTUs) estimated as unsequenced (Z. Zhang et al. 2020). First efforts to characterise and
harness the specialised metabolite diversity encoded in metagenomes have shown promising
results (Milshteyn, Schneider, and Brady 2014; Katz, Hover, and Brady 2016; Trindade et al.
2015). Metagenomic library screenings have yielded novel compounds, among them
antibiotics (Katz, Hover, and Brady 2016; Hover et al. 2018; Libis et al. 2019), while sequence-
based studies have documented their diversity. In a study of grasslands with 1.3 Tb of short-
read sequence data, Crits-Christoph et al. recovered hundreds of metagenome-assembled
genomes (MAGs) obtained through a combination of binning approaches (Crits-Christoph et
al. 2018). Analysis of the MAGs revealed a large number of BGCs in Acidobacteria and
Verrucomicrobia, widespread but underexplored phyla of soil bacteria. Analysis of
nonribosomal peptide synthetase (NRPS) and polyketide synthase (PKS) domains indicated
that NRPS and PKS from these groups were highly divergent from known BGCs of these
classes. Borsetto et al. also reported a high degree of diversity of NRPS and PKS domains in
Verrucomicrobia and other difficult-to-culture phyla (Borsetto et al. 2019). Finding efficient
ways to access this treasure trove of diverse and unexplored specialised metabolites will
expand our understanding of microbial natural products, yield novel and useful compounds,

and be an important step towards the development of much-needed antimicrobials.
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Recent advances in long-read sequencing technology have made it possible to recover largely
complete genomes from metagenomic sequencing projects. A sequencing effort of 26 Gb
returned 20 circular genomes from human stool samples (Moss, Maghini, and Bhatt 2020),
while a recent study using 1 Tb of long-read data from wastewater treatment plants recovered
thousands of high-quality MAGs, 50 of which were circular (Singleton et al. 2020). Using
mock community data, Pérez et al. demonstrated that full-length BGCs could be successfully
recovered from long-read metagenomic sequencing (Latorre-Pérez et al. 2019). In light of
recent advances in PCR-based cloning techniques that comprise heterologous expression of
BGCs based on PCR amplification (Greunke et al. 2018; D’Agostino and Gulder 2018; Qian
et al. 2020; R. Duell et al. 2020), the recovery of full-length metagenomic BGC sequences is
promising as these sequences would be amenable to PCR amplification. At the time of the
study, no BGC discovery from environmental long-read metagenomes had been reported.
However, one such study using PacBio SMRT sequencing has been released since then (Van

Goethem et al. 2021).

In recent years, a number of tools to explore and understand BGC diversity have been
developed. Genomes can be mined for known classes of BGCs using tools such as antiSMASH
(Blin, Shaw, et al. 2019), while the MiBiG database (Kautsar, Blin, et al. 2020) links BGCs to
known compounds. BGCs can be compared in networking-based tools such as BiG-SCAPE
(Navarro-Muiioz et al. 2020) and BiG-SLiCE (Kautsar, Hooft, et al. 2020) to assess relations

of BGCs and estimate their novelty relative to extant BGC databases.

The isolated, harsh and unique environments of Antarctica show high degrees of endemism in
their bacterial life, but their diversity remains underexplored (Kleinteich et al. 2017). Little is

known about the specialised metabolites of Antarctic microorganisms. Few studies have
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explored polar, and specifically Antarctic, natural products using functional screening of
isolates and metabolomics (T. R. Silva et al. 2018; Shekh et al. 2011; Mojib et al. 2010;
Giudice, Bruni, and Michaud 2007; Millan-Aguinaga et al. 2019). A high number pigmented
bacterial isolates indicates that carotenoids and PKS, among other pigments, could be abundant
BGC classes (Dieser, Greenwood, and Foreman 2010). One culturing study suggested that
Antarctic isolates show a below average potential for antimicrobials (T. R. Silva et al. 2018).
On the other hand, a primer-based study showed a promising diversity of NRPS and PKS
diversity in soil from Mars Oasis in the southern maritime Antarctic (Borsetto et al. 2019), a
site with exceptionally high diversity of micro- and macroorganismal life for its latitude
(Yergeau et al. 2007; Pearce et al. 2012). Low-temperature, aerated Antarctic soils have
previously also been linked to methanotrophy (Lau et al. 2015; Edwards et al. 2017), and these
soils could therefore harbour methanobactins, small ribosomally synthetised peptides that

scavenge copper needed for methane monooxygenases.
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2.2 Materials and Methods:

2.2.1 Site description

Mars Oasis is situated on the south-eastern coast of Alexander Island in the southern maritime
Antarctic at 71° 52 42” S, 68° 15* 00” W (Figure 2.2A). Mean soil pH is 7.9, with NO3-N
and NH4"-N concentrations of 0.007 mg kg and 0.095 mg kg*!, and total organic C, N,
phosphorus and potassium concentrations of 0.26%, 0.02%, 8.01% and 0.22%, respectively.
Soil moisture concentrations range between 2% and 6% in December—February, when snow or
rainfall events are very rare, with the majority of precipitation falling as snow between March
and November. Mars Oasis has a continental Antarctic climate, with frequent periods of
cloudless skies during summer, when temperatures at soil surfaces reach 19 °C. During
midwinter, the temperatures of surface soils decline to -32 °C. Mean annual air temperature is

c. -10 °C (Misiak et al. 2021).

2.2.2  Soil sample, extraction and sequencing

One sample of surface soil (c¢. 0-50 mm, c. 2.5 kg) was collected with clean spades from the
lower terrace at Mars Oasis (S71 52.691, W68 14.943) by British Antarctic Survey staff on 8
December 2017 and was kept cool for several hours before being stored at -20 °C. Soil was
kept at this temperature until being thawed for DNA extraction. A gentle chemical lysis and
DNA extraction of 50 g of soil were performed and the DNA was subjected to size selection
to approximately 20 Kb and larger by agarose gel electrophoresis using a protocol previously
used for metagenomic library construction (Brady 2007). DNA was sequenced using Oxford
Nanopore Technologies (ONT) MinlON and Illumina HiSeq 150 bp paired-end reads. For long
reads, the DNA was sequenced using three R9.4.1 flow cells and the SQK-LSK109 kit. The
nuclease flush protocol was used between each independent library run on a flow cell. Short

read DNA library preparation and Illumina sequencing were performed by Novogene
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according to their in-house pipeline. In short, one pg of DNA was sheared to 350 bp, then
prepared for sequencing using NEBNext DNA Library Prep Kit. The library was enriched by
PCR and underwent SPRI-bead purification prior to sequencing on a HiSeq sequencing

platform.

2.2.3 Read processing, assembly, polishing and quality control

A flowchart of the processing is provided in Figure 2.1. The long reads fast5 data were
basecalled with Guppy v.3.03 (HAC model). Basecalled raw reads were assembled using Flye
v2.5 using the --meta flag. The resulting assembly was polished with 4 iterations of Racon
(Vaser et al. 2017) v1.4.7 followed by one run of Medaka (Nanoporetech/Medaka 2017)
v0.7.1. Then, the short reads were used for six rounds of polishing with pilon (Walker et al.
2014) v1.23. The approximate assembly quality was checked at every step using ideel (Watson
2018). Long reads were also classified with kraken2 2.0.7b using the GTDB 189 database.
Short reads were used to estimate diversity and predict coverage with nonpareil 3.304.
Furthermore, short reads were assembled with SPAdes 3.14.1 using the --bio flag
(“biosyntheticSPAdes™). Read and assembly statistics can be found in Table 2.1. Initial
assessment of potential indels showed that 82% of all proteins were shorter than 0.9 times the
length of the closest reference protein in the UniProt database and 7.2% were longer than 1.1
times the length of the closest reference protein. After polishing using Racon, Medaka and
pilon, the proportion of potentially truncated proteins was reduced to 70%, while that of

proteins that were potentially too long slightly increased to 7.6%.
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Figure 2.1: Flowchart of the bioinformatic processing of the sequence data.

2.2.4 Genome mining, binning, taxonomic assignment and quality control

For detecting BGCs, the polished assembly was analysed by antiSMASH (Blin, Shaw, et al.
2019) v5.1. For taxonomic assignment of contigs, proteins were predicted using Prodigal
(Hyatt et al. 2010), and CAT (von Meijenfeldt et al. 2019) (settings --sensitive -r 10 and - 0.3)
was used with a DIAMOND (Buchfink, Xie, and Huson 2015) database built from proteins in
the GTDB_r89 54k database (Parks et al. 2018) as well as the NCBI non-redundant protein
database. The contigs were also binned with MetaBAT2 (D. D. Kang et al. 2019), CONCOCT
(Alneberg et al. 2014) and MaxBin2 (Wu et al. 2014, 2), using long- and short-read abundance
profiles generated with bowtie2 (Langmead and Salzberg 2012) and minimap2 (H. Li 2018, 2)
as a proxy for differential coverage. The resulting bins were subjected to metawrap-refine
(Uritskiy, DiRuggiero, and Taylor 2018) to produce the final bins and classified using GTDB-
Tk 0.3.2 (r89). BiG-SCAPE (Navarro-Muiioz et al. 2020) 1.0.1 was run in --auto mode with -
-mibig enabled to identify BGCs families. Networks using similarity thresholds of 0.1, 0.3, 0.5

and 0.7 were examined, since higher thresholds led to extensively large proposed BGC

27



families. In order to calculate BGC novelty, BiG-SLiCE 1.1.0 (Kautsar, Hooft, et al. 2020) was
run in --query mode with a previously prepared dataset which had been computed from 1.2
million BGCs using --complete_only and t = 900 as threshold (Kautsar et al. 2021). The
resulting distance d indicates how closely a given BGC is related to previously computed gene
cluster families (GCFs), with a higher d indicating higher novelty. For this analysis, the values
of d>tand d > 2t (i.e. d > 900 and d > 1800, respectively) were highlighted, as they were

previously suggested as arbitrary cutoffs for “core”, “putative” and “orphan” BGCs (Kautsar

etal. 2021).

2.2.5 Precursor peptide homology searches and sequence logo construction

ORFs were aligned using Clustal Omega (Sievers et al. 2011) and a HMMER (Finn, Clements,
and Eddy 2011) search was performed in the EBI reference proteome database with a cut-off
E-value of 1E-10. The resulting protein sequences were aligned using Clustal Omega and a

HMM was generated and visualised using skylign.org (Wheeler, Clements, and Finn 2014).
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2.3 Results

2.3.1 Soil diversity, taxonomic classification and binning of BGCs

Nonpareil analysis estimated an abundance-weighted coverage of 85.3% for the 44.4 Gb used
in the long-read assembly. To achieve 95% and 99% coverage respectively, 250 Gb and 1.6 Tb
of sequencing were predicted to be necessary. Alpha diversity was estimated at Ny = 21.6.
Contigs were binned using CONCOCT, MaxBin2 and MetaBAT2, consensus bins were
generated using metaWRAP refine and classified using GTDB-Tk. This yielded 114 bacterial
bins with CheckM completeness > 50% and contamination < 10% containing 278 BGCs (see
Table 2.1) Since only 278 BGCs had been binned, an additional contig-based classification

approach was adopted. All contigs were Table 2.1: Raw sequence, polished assembly, BGC mining and

classified using CAT with a database

binning statistics

No. of reads 9.3 million
based on Genome Taxonomy Database Nanc;leo;)(rlz Total length 44.4 Gb
(GTDB) 189 proteins, leading to a N30 9.4 Kb

150bp PE  No. of reads 186.6 million
: : 0 - ini [llumina
classification of 93% of BGC-containing o Total length 28 Gb
contigs at a phylum level (Figure 2.2B- . Abundance-weighted 0
Nonpareil coverage at 44.4 Gb 83.3%
. analysis
C). A cross-check of bin-level Diversity Na 21.6
. . . No. of contigs 48,422
classification and contig-level
Polished length 2.4 Gb
classification of the 269 binned and assembly - N0 84.8 Kb

Max length 129.6 Kb
CAT-classified BGC-containing contigs No. of BGCs 1417
showed three conflicts at different levels SMASH BGCs on contig edge 564

antt BGCs Total length 40.5 Mb
in total (phylum: 0, class: 1, order: 1, Mean length 28.5 Kb
family: 0, genus: 1, species: 0). Of the Max length 129.6 Kb

No. of bins 114
2,892 total binned and CAT-classified Mean no. of contigs

metaWRAP  yer hin 18.5
contigs, (1.7%) were classifie BGCs in bins 278
Average bin N50 224 Kb

differently at order level using CAT. This
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indicates that the risk of misclassification of BGC-containing contigs by CAT is low but cannot

be excluded. Bin-level classification was preferred where available.

A . B 1.00 1 C 1417 4
phylum
0.754 not classified/binned
1000 1 Acidobacteriota

Actinobacteriota
Bacteroidota
Chloroflexota
Chloroflexota_A
Cyanobacteria
Gemmatimonadota
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o
[
o
count

5001 Myxococcota
others
70°s Planctomycetota
0.251 Proteobacteria
Verrucomicrobiota
0 200 0

K 0.00 1

80'W. 70'W 60°W 50'W

binned CAT-classified
contig bp raw reads BGCs BGCs

Figure 2.2: Location and phylogenetic classification overview.(A): Map of the Antarctic Peninsula with Mars Oasis
indicated. Inset: Aerial photo of the site taken in austral summer (obtained from Kevin Newsham, personal
communication); (B): Phylogenetic classification of contigs (by CAT) and long reads (by kraken2); (C) phylogenetic

classification of BGC-containing contigs using binning and CAT classification approaches.

2.3.2 Recovery of diverse and full-length BGCs

The polished assembly was analysed using antiSMASH v5.1. A total of 1417 BGCs were
identified on 1,350 contigs. A total of 564 BGCs (39.8%) were identified as being on a contig
edge and were therefore categorised potentially incomplete, while 853 (60.2%) were full-
length. The most abundant classes of BGCs were terpenes (27.2%), followed by NRPS (15.7%)
and bacteriocins (10.1%). In particular, terpenes were dominated by few sub-classes. Out of
401 observed terpene BGCs, 321 contained a squalene/phytoene synthase Pfam domain
(PF00494). This indicates that the product of these BGCs is a tri- or tetraterpene. Forty-four
BGCs also contained a squalene/hopene cyclase (N terminal; PF13249), 39 BGCs contained a

carotenoid synthase (PF04240), while 47 contained a lycopene cyclase domain (PF05834).
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Approximately half of the ribosomally synthesized and post-translationally modified peptides
(Ri1PPs) identified in the sample contained methanobactin-like DUF692 domains (PF05114).

However, no BGCs resembling known methanobactin BGCs were found.

The proportion of proteins identified as too short on BGC-containing contigs was estimated at
63%. It is possible that this measure was influenced by the UniProt reference database not
containing representative proteins for the mostly uncultivated strains recovered in this study.
However, fragmentation of ORFs through indels was clearly visible, especially in NRPS and

PKS BGCs in which whole megasynthase genes were broken up into several fragments.

2.3.3 Longreads and GTDB improve phylogenetic classification of environmental BGCs

The use of GTDB proteins instead of the NCBI non-redundant protein database increased the
classification success of BGC-containing contigs from 36.8% classified at order level with the
NCBI database to 71.8% with GTDB. The difference was mainly due to BGCs from MAG-
derived orders which were not present in the NCBI database, such as UBA7966. However, the
GTDB database is also much smaller than the NCBI nr database, and many MAG-derived
clades especially at lower taxonomic ranks do not have many representatives in the GTDB
database. To avoid misclassifications, analysis was conducted at class and order level, even if

contigs were classified at lower taxonomic ranks.

To assess the advantages of long-read sequencing for BGCs detection and classification, the
output was compared with BiosyntheticSPAdes, which allows the assembly of NRPS and PKS
from short-read sequences by following an ambiguous assembly graph using a priori
information about their modularity. Using BiosyntheticSPAdes with the 28 Gb of short reads,

228 unambiguous NRPS/PKS BGCs were predicted. Sixty-one of these were above 5 Kb long
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and five NRPS were larger than 30 Kb. Furthermore, 202 other BGCs were predicted from
other contigs. 96.7% of BGCs were marked as on a contig edge, i.e. not full-length. Indeed,
392 out of 430 BiosyntheticSPAdes BGCs could be aligned to 255 long-read BGCs using
blastn (E-value < 1E-90), indicating that mostly the same BGCs were assembled, but they were
fragmented in the short-read assembly (Figure 2.3). In the case of NRPS/PKS BGCs, even the
BGCs on contigs with the highest coverage (>120x) were fragmented into two or more contigs.
Classification success using the same binning and CAT approach was lower (68% at phylum
level, 50% at order level; 48 BGCs binned). This could be attributed to the lack of genomic
context around the BGCs. While BiosyntheticSPAdes predicted a large number of BGCs in
total, the practical usability and interpretability of the output remained low, since completeness,
cluster borders and potential modification genes could not be assessed and phylogenetic

classification success was reduced.

2.3.4 Highly divergent BGCs found in unusual specialised metabolite producer phyla

Examination of the BGC counts by BGC type and phylum showed that the three well-known
producer phyla Actinobacteriota (NCBI taxonomy: Actinobacteria), Proteobacteria and
Bacteroidota (NCBI taxonomy: Bacteroidetes) together contributed over 60% of BGCs (Figure
2.4A). BGCs attributed to Acidobacteriota and Verrucomicrobiota represented up to 20% of
the total BGCs, while other phyla constituted the remaining 12%, and 7% remained
unclassified at phylum level. In particular, 20% of NRPS remained unclassified at phylum

level. No archaeal BGCs were found.
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Figure 2.3: Network visualisation of short-read derived BGCs (red) aligning to long-read derived BGCs (blue). The size
is approximately proportional to BGC length as defined by antiSMASH borders. It is visible that most short-read derived
BGCs are shorter than long-read derived BGCs. For few high-coverage BGCs, biosyntheticSPAdes assembled the same
parts of the BGC in the first assembly phase as well as in the NRPS/PKS-specific assembly phase, leading to a longer

combined length (and thereby larger dot size) than the long-read derived BGC.

The 1417 BGCs were then analysed with BiG-SLiCE’s query mode in order to calculate their
distance (d) from a set of pre-computed gene cluster families (GCFs) comprised of 1.2 mio
known BGCs. The analysis showed that 845 out of 1417 BGCs (59.6%) had a d > 900,

indicating that they were only distantly related to a GCF. Fifty-five outliers were found with
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d > 1800, indicating extremely divergent BGCs. A wide span of distances was present within
each phylum which indicates that each phylum contained BGCs that are both closely and
distantly related to known BGCs (Figure 2.4B). The median distances showed significant
variation between phyla, with Bacteroidota containing the highest novelty (median d = 1227)
and Planctomycetota the lowest (median d = 742). This overall score was, however, influenced
by the fact that different classes of BGC scored differently. For example, NRPS/PKS BGCs
scored higher than e.g. terpenes or bacteriocins. Rankings of single BGC classes showed that
the high Bacteroidota score was partly driven by the large number of NRPS (Figure 2.4C) and
the small number of terpenes and bacteriocins (Figure 2.4E-F) in the phylum. This is evidenced
by the fact that other phyla scored the highest in individual BGC classes. For NRPS BGCs,
Gemmatimonadota, Acidobacteriota and Verrucomicrobiota showed the highest values for d
(Figure 2.4C). Gemmatimonadota furthermore showed the highest value for d when
considering terpene BGCs (Figure 2.4E), while Acidobacteriota scored high for lassopeptides,
arylpolyenes and PKS (Figure 2.4 G,H,D). Furthermore, BGCs on a contig edge tended to score
lower. To check whether low coverage and the resulting insertion and deletion errors in the
assembly led to overestimation of d, contig coverage as well as percentage of correctly-sized
ORFs (as calculated by ideel) were plotted against d. There was a positive correlation of d
values with increased coverage up until a coverage of ca 10, indicating an underestimation of
novelty at low coverage. Similarly, for contigs with under 20% correctly-sized ORFs, there
was a slight positive correlation between the percentage of correctly-sized ORFs and distance.
As expected, coverage showed a strong positive correlation with percentage of correctly-sized

ORFs (Figure 2.6).
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Figure 2.4: BGC distribution and BiG-SLiCE scores. (A) BGCs by phylum and BGC type (phyla with a count <20 removed;
products with count <10 under “others”, (B) BiG-SLiCE distances of BGCs by phylum, with the black dotted line indicating
d =900 and the grey dotted line d = 1800 (phyla with a count <20 removed); (C-H) BiG-SLiCE distances for different BGC
types plotted by phylum (phyla with < 5 BGCs of the type removed; hybrid BGCs counted for both classes). Each point

indicates a BGC. Salmon = BGC not on contig edge, Light blue = BGC on contig edge.



2.3.5 Acidobacterial BGCs
Analysis of acidobacterial BGCs by order (Figure 2.5A) showed that terpenes were the most
numerous, but with significant contributions from PKS, NRPS, lassopeptide and bacteriocin

clusters. The orders of Pyrinomonadales and Vicinamibacterales constituted >60% of BGCs.
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Figure 2.5: Acidobacteria BGCs.(A) BGC counts by BGC type and order in phylum Acidobacteriota; (B) Map of a large
Acidobacteriota contig (order Vicinamibacterales) and the BGCs on it (C) Cluster map of proposed functions of genes in
BGC1, BGC2 and BGC3. Functions were predicted from BLASTing against NCBI nr database as well as antiSMASH module

predictions.

BiG-SCAPE analysis showed that BGCs mainly clustered together within orders. None of the
families contained MiBiG clusters at the cut-offs used. Acidobacteriota showed a large number
of lassopeptides, 16 of which grouped into two GCFs. NRPS-like BGCs also contributed a
large number to the sample. In particular, one NRPS-like family from the order
Vicinamibacterales showed homology to the VEPE BGC from Myxococcus xanthus (MiBiG
BGCO0000871). Furthermore, seven NRPS/PKS with a megasynthase gene length of over 20
Kb were found with the largest BGC measuring 89 Kb of NRPS and PKS megasynthase genes.
The largest Acidobacteriota (order Vicinamibacterales) contig was 1.5 Mb in size and
contained three BGCs: a PKS, a terpene and a NRPS/PKS hybrid cluster (Figure 2.5B,C).
BGC1 (d = 1397) contained a partial one-module NRPS followed by a partial PKS module as

well as transporter genes and a TonB-dependent receptor protein, suggesting a role as a
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siderophore. BGC2 (d = 1103) contained squalene/phytoene synthase genes and several
potential tailoring enzymes. BGC3 (d = 1977) contained a complete NRPS and a partial NRPS
module and an incomplete PKS domains. Several gaps visible in the BGC make a sequencing

error seem possible, leading to truncated genes and therefore missing domains.
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Figure 2.6: Coverage relating to distance and “correct size” ORFs with each point indicating a BGC. (A) Ranked coverage
compared to BiG-SLiCE distance. Spearman's correlation using all data points showed a p of 0.178 with a highly significant
p=1.606e-11. When coverages 0-5 and 5-10 were removed, p was reduced to 0.057 and p increased to a non-significant 0.125.
(B) Ranked coverage of BGC-containing contigs compared to percentage of “correct size” ORFs on same contig. “correct
size” is defined by being between 0.9 to 1.1-times the length of a reference protein as calculated by ideel. A strong trend
between coverage and number of “correct size” ORFs is visible up until coverage 25-30 (Spearman’s p = 0.82, p = 2.2e-16);
(C) Percentage of “correct size” ORFs on a BGC-containing contig compared to bigslice distance of the BGC. A LOESS curve
was fitted. Spearman’s rank correlation showed a small correlation (p = 0.163, p = 1.851e-9). No correlation was observed

when data points with correct_size percent below 20 were removed (p = 0.008, p = 0.8355).
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2.3.6  Verrucomicrobial BGCs

The analysis of Verrucomicrobial BGCs by order (Figure 2.7A) showed that the vast majority

of BGCs were terpenes, followed by arylpolyenes, PKS, NRPS, as well as ladderanes. The

most prolific producer orders were Opitutales, Pedosphaerales and Chtoniobacterales.
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Figure 2.7: Verrucomicrobial BGCs. (A) BGC counts by BGC type and order in phylum Verrucomicrobiota, (B) map of a
large Verrucomicrobiota contig (order Opitutales) and the BGCs on it; (C) Cluster map of proposed functions of genes in
BGC1 — BGCS. Functions were predicted from BLASTing against NCBI nr database as well as antiSMASH module

predictions. X axis represents basepairs.

Verrucomicrobial BGCs did not show strong clustering into conserved GCFs compared to
Acidobacteriota. One NRPS and one PKS BGC were the only BGCs that clustered with MiBiG
clusters. The largest Verrucomicrobiota contig (order Opitutales) was 2.6 Mb in size and
featured five BGCs, two of which were NRPS-PKS hybrids with megasynthase genes above
20 Kb (Figure 2.7B, C). BGC1 (d = 1479) contained a ladderane-type 3-oxoacyl-[acyl-carrier-
protein] synthase. BGC2 (d = 1305) contained four NRPS modules interspersed by one PKS
module. BGC3 (d = 673) contained a squalene-hopene cyclase, indicating a role in hopanoid
biosynthesis. BGC4 (d = 1142) encoded a chalcone/stilbene synthase. BGC5 (d = 1340)
contained a PKS module followed by five NRPS modules. The third module, however, showed
a truncated A domain, with the antiSMASH HMM NRPS-A a3 only matching around 50 bp
at the end of ORF ctg423 1968. This could be explained by a sequencing error in which an

indel lead to a frameshift, causing a premature stop codon. Indeed, nucleotide-level BLAST of
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the gap between ctg423 1968 and the PCP-domain containing ctg423 1970 showed a match

to known A domains. It is, however, not possible to rule out potential pseudogenisation.

2.3.7 Uncultivated and underexplored classes and orders from Actinobacteriota and

Proteobacteria show a large biosynthetic potential

2.3.7.1 Actinobacteriota: Acidimicrobiia and Thermoleophilia
The phylum Actinobacteriota (335 BGCs) featured a large amount of BGCs unclassified at

order level. Therefore, they were analysed by class (Figure 2.8A). The class Actinobacteria
(114 BGCs) contained BGC-rich genera such as Streptomyces and Pseudonocardia and
accordingly contributed a large amount of BGCs in the sample. The class Acidimicrobiia (90
BGCs) contained the genera lllumatobacter and Microthrix and several uncultured genera. The
class Thermoleophilia (95 BGCs) contained genera such as Solirubrobacter and Patulibacter,
besides uncultured genera, and contributed to a large amount of the bacteriocin and betalactone
BGCs. The amount of BGCs in these classes that were not placed into lower taxonomic ranks

indicated that there is a large unexplored diversity of uncultured Actinobacteriota containing a
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Figure 2.8: Actinobacteriota BGCs. (A) BGC counts by BGC type and class in Actinobacteriota; (B) Map of a large
Actinobacteriota contig (order IMCC26256) and number of basepairs; (C) Cluster map of proposed functions of genes in
BGC1 and BGC2. Functions were predicted from BLASTing against NCBI nr database as well as antiSMASH module

predictions. X axis represents basepairs.
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Remarkably, one circular genome from the uncultured order IMCC26256 from the class
Acidimicrobiia was recovered in a single contig, measuring 3.3 Mb in size and containing two
BGCs (Figure 2.8B-C). The terpene BGC (d = 1398) contained a squalene synthase, a lycopene
cyclase and polyprenyl synthetases, suggesting a role in pigment formation. The CaiA-related
BGC (d =1869) contained an acyl-CoA dehydrogenase related to CaiA (involved in saccharide
antibiotic BGCs). BLAST hits indicated other genes related to small organic acids, sugars and

nucleoside metabolism.

Two families of terpenes containing terpene cylases, methyltransferases and/or P450s showing
similarity to the known geosmin and 2-methylisoborneol BGCs were found, with members
belonging to both Acidimicrobiia, Thermoleophilia and unclassified Actinobacteriota. One
BGC from a Streptomyces spp. was detected, containing a LmbU-like gene on the very edge
of the contig. BiG-SCAPE analysis showed that Actinobacteriota BGCs mostly grouped within

the classes, and one lanthipeptide BGC grouped with MiBiG BGCs at the cut-off used.

2.3.7.2 Proteobacteria: the uncultured methanotrophic order UBA7966 as a specialised
metabolite producer
Analysis at the order level of the proteobacterial BGCs showed that the biggest contributor was

the Burkholderiales order with 116 BGCs (Figure 2.9A) followed by order UBA7966 with 96
BGCs. UBA7966 BGCs included a variety BGCs, including terpenes, bacteriocins,
phosphonates, NRPS & NRPS hybrids, NRPS-like, and arylpolyenes. In particular, the high
abundance of NRPS-like and phosphonate BGCs in UBA7966 contrasted with the lower counts
in other proteobacterial orders in the dataset. By order, UBA7966 contigs also showed a high
average coverage 26x, compared to the total average of 10.2x, indicating a high abundance.

The total length of UBA7966 contigs was 53 Mb, indicating the presence of several genomes.
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Figure 2.9: Proteobacteria BGCs and DUF692 BGCs. (A) BGC counts by BGC type and order in the phylum Proteobacteria;
(B) Cluster layout of three gammaproteobacterial DUF692-containing BGCs representatives: contig_12391 for FAM_02418,
contig_14956 for FAM 02526, and scaffold 15362 for FAM_02384; (C) Sequence logo generated from an HMM of 301
potential precursor peptides; (D) Similarity network generated from BiG-SCAPE with brown: FAM 02384, turquoise:

FAM 02418, green: FAM_02526.

The order UBA7966 is an uncultured order consisting of one family, UBA7966, which contains
two genera, UBA7966 and USCy-Taylor. UBA7966-family bin bin.3 was assigned no genus,
while all CAT-assigned contigs were assigned species USCy-Taylor sp002007425, the only
species in the USCy-Taylor genus. The USCy-Taylor genus is based on a putatively
methanotrophic MAG extracted from a methane-oxidising soil metagenome from Taylor
Valley in Antarctica (Genbank accession GCA_002007425.1) (Edwards et al. 2017). The low
number of UBA7966 reference genomes in the GTDB database means, however, that these
classifications remain an approximation. The two closest orders to UBA7966 that contain
cultured representatives, Beggiatoales and Nitrosococcales, both have members implicated in

methanotrophy, sulphur cycling and ammonia oxidation as well as varying degrees of
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chemolithotrophy and chemoautotrophy (Zopfi et al. 2001; Sweerts et al. 1990; Klotz et al.
2006; Boden et al. 2010). On all the contigs assigned to order UBA7966 by CAT, four pmoCAB
operons were found, with pmoA4 showing 92.9% to 96.8% identity with pmoA from USCy-
Taylor. This indicates that, in addition to the methanotrophy of USCy-Taylor, other members

of the order UBA7966 could be involved in similar lifestyles.

When analysed with BiG-SCAPE at cut-off 0.7 phosphonates (median d = 1421),
NRPS/NRPS-like (median d = 1262) and bacteriocins seemed to form especially conserved
GCFs. Other GCFs were shared with other proteobacterial orders. With 96 BGCs, UBA7966
contributed a similar number of BGCs as the established specialised metabolite producing
order Burkholderiales (116 BGCs). However, the BiG-SLiCE distances of UBA7966 were
higher than Burkholderiales for all but one BGC class, indicating more novel BGCs (Figure

2.10).

The potential methanotrophy of UBA7966 suggested the potential presence of methanobactins,
but no BGCs corresponding to known methanobactins were found in the dataset. On the other
hand, an abundance of DUF692-containing BGCs were observed, grouping into three GCFs.
DUF692 proteins are a diverse family of proteins with largely unknown functions, although
some are known to be involved in methanobactin biosynthesis (Dassama, Kenney, and
Rosenzweig 2017). The analysis of three related GCFs containing DUF692 domains (including
BGCs from UBA7966 and unclassified gammaproteobacterial contigs) showed that
FAM 02526 (two BGCs), FAM 02384 (three BGCs) and FAM 02418 (six BGCs) (Figure
2.9B-D) all contained a short (circa 240 bp) ORF followed by first a DUF692-domain
containing protein, then a DUF2063-domain containing protein. Furthermore, a putative cation

antiporter was found upstream of the precursor peptide. The three families differed by the genes
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BiG-SLiCE distances of different BGCs from orders UBA7966 and Burkholderiales
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Figure 2.10: Comparison of distances of BGCs of different classes between UBA7966 and Burkholderiales orders. (A) all BGCs;

(B-F) specific BGC classes. Each point indicates a BGC. Salmon = BGC not on contig edge, Light blue = BGC on contig edge

surrounding this core cluster (Figure 2.9B). The 11 small translated 240bp ORFs were aligned
using Clustal Omega and a HMM search was made in ebi reference proteome database with a
cut-off E-value of 1E-10. The resulting 290 protein sequences (almost exclusively from
Proteobacteria) plus 11 original sequences were aligned using Clustal Omega and a HMM was
generated and visualised using skylign.org. The resulting logo showed a low degree of
sequence conservation except for a pattern of six conserved cysteines — some followed by
glycines — within forty amino acids towards the N-terminus, and a slightly conserved
hydrophobic patch towards the C-terminus (Figure 2.9C). This might represent a potential

precursor peptide, with the six cysteines marking the potential core peptide. Additionally, a
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Sec signal peptide was detected in the first 25 amino acids of the peptide, indicating export into

the periplasm.

The UBA7966 order also contained larger BGCs such as four NRPS/ NRPS-PKS BGCs with
megasynthase genes with a length of more than 20 Kb, the largest cluster possessing 56 Kb of
PKS (seven modules) along with NRPS (three modules) genes. This latter BGC also formed a
BiG-SCAPE GCF with several MiBiG BGCs which shared the presence of a small peptide

moiety followed by several malonyl units.

2.3.8 Low numbers of BGC found in other underexplored phyla

Lower numbers of BGCs were detected in the phyla Gemmatimonadota (31 BGCs),
Planctomycetota (29), Myxococcota (22), Patescibacteria (9), Methylomirabilota (5),
Bdellovibrionota B (8), Elusimicrobiota (4), Armatimonadota (4) and Binatota (3) (Figure

2.11A)
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Figure 2.11: BGCs from other phyla. (A) Distribution of BGCs among phyla with 31 or fewer BGCs in the dataset; (B) Map
of a large Gemmatimonadota contig (order Gemmatimonadales) and BGCs detected on it; (C) Cluster map of proposed
functions of genes in BGC1 and BGC2. Functions were predicted from BLASTing against NCBI nr database as well as

antiSMASH module predictions. X axis represents basepairs.
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One remarkably long (1.5 Mb, Figure 2.11B,C) Gemmatimonadota contig from the order
Gemmatimonadales was found to contain two BGCs: one terpene (d =998) and one NRPS/PKS
BGC (d = 1423). BGC1 contained a phytoene synthase and several related oxidases. BGC2
contained six PKS modules and two NRPS modules as well as modifying enzymes presence

of a TonB receptor indicated that the product could serve as a siderophore.
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2.4 Discussion

2.4.1 Metagenomics reveal biosynthetic potential of underexplored bacterial lineages

In the present dataset, a large number of BGCs were found in underexplored phyla not usually
associated with specialised metabolites. Two previous studies noted NRPS and PKS novelty
and diversity in Acidobacteria and Verrucomicrobia (Crits-Christoph et al. 2018; Borsetto et
al. 2019). The present study indicates that these underexplored phyla harbour not only novel
NRPS/PKS, but new BGCs from many different classes, such as lassopeptides and
bacteriocins. While Crits-Christoph et al. 7 highlighted two promising acidobacterial MAGs
from the classes Blastocatellia and the Acidobacteriales, in the present sample the classes
Blastocatellia and Vicinamibacteria were the main contributors of acidobacterial BGCs.
Furthermore, many BGCs were found in other ubiquitous phyla such as Patescibacteria,
Gemmatimonadota and Armatimonadota. Three BGCs (two NRPS and one terpene) were
placed in the phylum Binatota. The phylum Binatota was proposed by Chuvochina et al. based
on a handful of soil MAGs with no cultured representatives (Parks et al. 2018). To our
knowledge, this is the first description of BGCs belonging to the phylum Binatota. Further
highly divergent BGCs were found in the underexplored Actinobacteriota classes
Acidimicrobiia and Thermoleophilia. This suggests that Actinobacteriota, which contain the
heavily exploited genus Streptomyces, contain unknown lineages harbouring interesting BGC

diversity.

In the present dataset, 845 out of 1417 BGCs (59.6%) had a d > 900 and 55 (3.9%) had a d >
1800 to the closest GCF. These numbers contrast starkly with the 1.2 million original BGCs in
the BiG-SLiCE dataset, of which only 13.9% and 0.2% showed d > 900 and 4 > 1800
respectively. While it is necessary to note that sequence diversity does not demonstrate

chemical diversity, the striking amount of sequence divergence encountered in just one soil
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sample adds to the mounting evidence that uncultured and underexplored phyla — especially
Acidobacteriota — are promising candidates for the discovery of novel specialised metabolites.
It is furthermore worth noting that the great biosynthetic diversity found at Mars Oasis is under
threat from climate change, with the maritime Antarctic warming by 1-3 °C between the 1950s
and the turn of the millennium (Adams et al. 2009), and, despite a recent pause in this warming
trend (Turner et al. 2016), similar increases in temperature being predicted for later this century
as greenhouse gases continue to accumulate in the atmosphere (Turner et al. 2016; Fraser et al.

2018).

The large number of terpene BGCs, most of them putatively C30/C40 carotenoids or
hopanoids, could be interpreted with respect to the roles of these compounds in membrane
function at extreme temperatures (Belin et al. 2018; Bale et al. 2019; Dieser, Greenwood, and
Foreman 2010), as well as UV protection (Dieser, Greenwood, and Foreman 2010; Osmond et
al. 2000). A previous study similarly noted a high number of pigmented bacteria among isolates
from Antarctic samples (Dieser, Greenwood, and Foreman 2010). Kautsar et al. (Kautsar et al.
2021) recorded only 7.8% terpene BGCs in their large-scale survey of publicly available
bacterial genomes, as opposed to the ca. 25% in this survey. Previous short-read metagenomic
studies of aquatic and soil environments also reported high numbers of terpene BGCs, with
terpenes representing between 15% and 50% of the reported BGCs, respectively (Chen et al.
2020; Cuadrat et al. 2018; Sharrar et al. 2020). However, the representativeness of BGC counts
obtained through metagenomic studies remains questionable. In this study, for example, the
85.3% abundance-weighted coverage estimated by nonpareil indicates that many less abundant
members of the community are not represented in the dataset. Furthermore, small terpene
BGCs are easier to assemble than long and repetitive NRPS/PKS BGCs, therefore leading to

bias.
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In this study, a large number of BGCs were observed in potentially methanotrophic members
of the uncultured order UBA7966. Methanotrophic organisms have not usually been linked to
specialised metabolite production, except for siderophore-like RiPPs called methanobactins
able to scavenge the copper needed for methane and/or ammonia oxygenase enzymes
(Dassama, Kenney, and Rosenzweig 2017). It is likely that the lack of known natural products
is related to difficulties associated with cultivation such as specific nutrient requirements and
often slow growth, as well as to the amount of energy, carbon and nitrogen available for
specialised metabolite production. While no methanobactin BGCs were seen in UBA7966-
classified contigs, examining three gammaproteobacterial DUF692-domain containing GCFs
revealed the presence of a potential conserved six cysteine precursor peptide. The conserved
cysteines in the potential precursor peptides are resemblant of ranthipeptides (formerly known
as SCIFFs), which contain six cysteines in forty-five amino acids. Ranthipeptides, however,
contain thioethers formed by radical SAM enzymes (Haft and Basu 2011). DUF692 domain
proteins are furthermore known to be involved in methanobactin and TglA-thiaGlu
biosynthesis (Dassama, Kenney, and Rosenzweig 2017; Ting et al. 2019), and at least one
member has been shown to contain two iron atoms potentially acting as cofactors (Ting et al.
2019). All DUF692 protein containing GCFs in the order UBA7966 observed in the present
study also contained DUF2063 proteins. DUF2063 family proteins are mostly uncharacterised,
though the crystal structure of a member from Neisseria gonorrhoeae indicates that DUF2063
might be a DNA-binding domain involved in virulence, and there has been one report of co-
occurrence of DUF2063 and DUF692 proteins (Das et al. 2010). Other studies discovered the
two neighbouring proteins in operons related to stress response at high calcium concentration
(Sarkisova et al. 2014) in Pseudomonas as well as responding to gold and copper ions
(Jwanoswki et al. 2017) in Legionella. The two genes were also found in the atmospheric

methane oxidiser Methylocapsa gorgona (Tveit et al. 2019). It is therefore possible that these
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BGCs could be another form of RiPP involved in chelating metals. While the six cysteines
could be involved in forming thioether bonds, disulfide bonds or lanthithionine groups like in
many other RiPPs, they could potentially also be directly involved in metal coordination as is
the case in the group of small metal-binding proteins called metallothioneins (Ziller and
Fraissinet-Tachet 2018). Furthermore, the detected signal peptide indicates translocation using
the Sec translocation machinery, which would preclude cyclisation reactions taking place

before export.

2.4.2 Long reads make mining and phylogenetic classification of metagenomic BGCs feasible
The advantage of long reads could be observed from comparing the results achieved from long
reads vs. short reads, with the short reads providing a lower number of BGCs and a significantly
lower taxonomic classification success compared to the BGCs assembled and annotated using
long reads. While the number of bases used in the assembly was about a third lower for short
reads (28 Gb vs 44 Gb), the number of recovered BGCs was more than two thirds lower (430
BGCs vs 1417 BGCs) and the BGCs assembled from short reads were mostly incomplete.
Moreover, this study showed that long-read metagenomes constitute a valuable tool to achieve
similar or even improved results to deep short-read metagenomes (Crits-Christoph et al. 2018;
Chen et al. 2020; Cuadrat et al. 2018). For example, Cuadrat et al. used 500 million reads (c.
50 Gb if read length was 100 bp) for BGC genome mining of a lake community recovering 243
BGCs with a total of 2,200 ORFs, which averages to nine ORFs per BGC indicating small
and/or incomplete BGCs (Cuadrat et al. 2018). A larger short-read study of microbial mats
recovered 1,477 BGCs (Chen et al. 2020). While this study did not report the number of
sequenced bases or BGC completeness, the median BGC length of 103 BGCs from 15
representative and highly complete MAGs was 11.9 Kb, also indicating mostly small and/or

incomplete BGCs. Another study by Crits-Christoph et al. (Crits-Christoph et al. 2018) used
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1.3 Tb of short-read sequence data of grassland soil to mine selected bins of four phyla,
recovering a total of 1,599 BGCs, 240 of which were NRPS/PKS BGCs, including several
large and complete ones (Crits-Christoph et al. 2018). The present study indicates that the long-
read approach requires a relatively low sequencing input similar to the two smaller studies to
provide a result similar to the larger study. While the contigs, MAGs and BGCs produced using
shallow ONT sequencing are not as accurate as the ones produced using deep short read
sequencing, our results show that they can be used to profile the biosynthetic potential of
complex environmental samples, estimate their diversity and could be used to guide isolation
and heterologous expression strategies. Lower error rates could be achieved through higher

coverage in long and short reads as well as advances in long-read basecalling.

It can furthermore be concluded that contig-level classification using CAT shows advantages
compared to genome-resolved metagenomics in single-sample data, where binning is
inefficient. Cuadrat et al, Crits-Christoph et al. and Chen et al. used genome-resolved
metagenomics (Cuadrat et al. 2018; Crits-Christoph et al. 2018; Chen et al. 2020), in which
contigs are binned and bins are mined for BGCs. While it is favourable to attribute BGCs to
distinct MAGs, it is viable only when a large number of samples are used, making binning
efficient through differential abundance (Albertsen et al. 2013). When using only one sample,
binning becomes inefficient and, in our case, missed the vast number of BGCs, with 1,139 of
1417 BGCs not being binned. Contig-based classification approaches offer an alternative, but
their accuracy is limited by contig length (von Meijenfeldt et al. 2019) and the classification
dependent on the database used. In our data, a contig N50 of >80 Kb provided ample sequence
data for accurate classification, leading to >90% classification at phylum level. Usage of
GTDB-derived databases ensured improved classification of uncultured taxa, and few conflicts

with single-copy core gene-based bin-level classification were detected.
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3 Results 2: Development of a novel metagenomic library screen,
traditional isolation and comparison to shotgun metagenome for

BGC recovery

3.1 Introduction

3.1.1 Metagenomic libraries

Most natural products from metagenomes have been discovered using metagenomic libraries.
These have the significant advantage of making DNA easily accessible and therefore amenable
to applications such as cloning. However, since most clones in a metagenomic library do not
contain the sequences of interest, they need to be screened. Metagenomic library screening
strategies include relatively simple, completely functional library screenings, in which a library
is screened for a phenotype or an activity (Brady 2007). The disadvantage of this approach is
that the libraries need to be transferred into an expression host as well as the necessity of an
appropriate activity assay. On the other hand, sequence-guided approaches use sequence
information to recover clones of interest from a library. Simple sequence-guided approaches
use PCR with degenerate primers to screen libraries for conserved sequences, for example
NRPS A-domains and PKS KS-domains (Amos et al. 2015). More refined sequence-guided
approaches employ MiSeq sequencing of the amplicons obtained with these degenerate primers
(Owen et al. 2013). Sequences of interest are then identified by comparing the amplicon
sequences to known sequences. Then, through multiple rounds of qPCR with specific primers
followed by dilution, a clone containing the desired BGC (or BGC fragment) is obtained.
Examples of natural products (and the target domains) discovered by sequence-guided
metagenomic library screening are malacidins (calcium-binding motif), arimetamycin A
(anthracycline-like domains), as well as clarepoxcins A—E and landepoxcins A and B
(epoxyketone proteasome inhibitors) (Hover et al. 2018; H.-S. Kang and Brady 2013; Owen et
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al. 2015). The disadvantage of this approach is that only compounds that are at least related to
known compounds can be discovered. Therefore, most sequence-guided metagenomic library
screens lead to the recovery of congeners of known compounds or novel members of a known
natural product class. This problem is partly circumvented in the recent approach of Libis et
al., who used NRPS/PKS domain amplicon sequencing to determine co-occurrence patterns of
unique A/KS domains within metagenomic libraries (Libis et al. 2019). However, no screening
approach to date could recover novel classes of BGCs — i.e. BGCs utilising types of
biosynthetic machinery that show no or little homology to known biosynthetic genes — since

the biosynthetic genes are unknown and therefore cannot be screened for.

The recovery of BGCs or BGC fragments using sequence-guided screening of large, pooled
metagenomic libraries (containing thousands of distinct clones per well) is a laborious process
involving iterative library screening using (q)PCR followed by dilution to eventually obtain
single clones (J. H. Kim et al. 2010). However, obtaining a natural product from a cloned BGC
is not straightforward, with promoter engineering and refactoring being the most promising
methods to activate expression (H.-S. Kang, Charlop-Powers, and Brady 2016; S.-H. Kim et
al. 2019). There are no published numbers on the success rate of compounds obtained per
cloned metagenomic BGC, but the known challenges of heterologous expression coupled with
the phylogenetically diverse origin of the sequences indicate that the attrition rate is likely to
be high. Therefore, it would be highly desirable to establish a reliable and convenient method

of activating BGCs from metagenomic libraries.

3.1.2 Use of y-butyrolactone regulatory cassettes for natural product discovery

A commonly used method for activating BGC expression in isolates is the overexpression of

activators or the deletion of repressors (Aigle and Corre 2012). This has also been achieved for
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isolate-derived BGCs cloned into genetically tractable heterologous hosts (Alberti et al. 2019).
The regulatory system controlling the methylenomycin BGC from Streptomyces coelicolor
A3(2) is particularly well studied. In this BGC, production of the antibiotic methylenomycin
is regulated by autoinducer molecules, the methylenomycin furans (MMFs). MMFs are related
to y-butyrolactone signalling molecules, such as A-factor from S. griseus. In S. coelicolor,
MMF biosynthesis involves the action of MmfL, MmfH and MmfP. The resulting molecules
bind to the TetR-like transcriptional repressor MmfR, leading to its dissociation from the
methylenomycin autoregulatory elements (MARESs) that are present within promoters of the
BGC. Since the MMF biosynthetic gene promoters themselves contain MAREs, a positive
feedback loop is initiated which leads to the production of methylenomycin. The BGC contains
a second TetR-like transcriptional repressor termed MmyR, which also binds to MAREs, but
is not deactivated by binding of MMFs. The deletion of mmyR leads to overproduction of
methylenomycin (O’Rourke et al. 2009). A very similar pattern of overproduction of a
specialised metabolite upon deletion of a mmyR homologue was also seen in Jadomycin (S.
venezuelae), Virginiamycin (S. virginiae) and Lankamycin (S. rochei) (Zou et al. 2014; Lee,

Kitani, and Nihira 2010; Arakawa et al. 2007).

The observation that the deletion of mmyR led to the overproduction of methylenomycin
inspired Sidda et al. to mine other Streptomyces genomes for the presence of homologous gene
cassettes (mmfR, mmfLHP, mmyR) (Sidda et al. 2013). The deletion of the mmyR-homologue
in S. venezuelae KSCC 10712 led to overproduction of a novel class of y-aminobutyrates
termed gaburedins (Sidda et al. 2013). Similarly, Alberti et al. cloned a silent BGC containing
the same regulatory cassette from the genetically intractable S. sclerotialus into S. albus and
triggered the expression of the silent BGC by deletion of the mmyR homologue, resulting in

the discovery of scleric acid (Alberti et al. 2019).
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Other y-butyrolactone regulation systems show different architectures and levels of control.
For example, the S. griseus mmfL and mmfR homologues afsA and arpA are located more than
100 kb apart on the chromosome and no mmyR-like function has been identified (Poon 2015).
In the gaburedin BGC, MmfR directly activates gaburedin biosynthesis, while many other
characterised BGCs feature an intermediate activator, such as MmyB in the case of
methylenomycin (Sidda et al. 2013; O’Rourke et al. 2009). y-butyrolactone regulation systems
can furthermore have far-reaching effects. For example, the sch genes in the coelimycin BGC
in S. coelicolor regulate coelimycin biosynthesis but also have pleiotropic effect, with the
deletion of the mmyR-homologue schR?2 leading to an increase in coelimycin production, but

also to differential expression of >40% of all genes (Bednarz, Kotowska, and Pawlik 2019).

The prevalence of highly similar y-butyrolactone regulatory cassettes coupled with the
successful deletions of mmyR homologues to achieve overproduction of natural products led to
the idea that it could be possible to screen metagenomic libraries for the regulatory cassette
and thereby discover novel BGCs and subsequently activate them by simply knocking out the
mmyR homologue (Figure 3.1). This would not only provide a reliable method for activation
of recovered BGCs, but also enable discovery of novel BGC classes since the screen would not
be directed towards biosynthetic enzymes like usual metagenomic library screens. Most -
butyrolactone regulation systems are known from members of the Streptomyces genus which
are readily culturable. However, rare actinomycetes have also been shown to possess y-
butyrolactone signalling systems and can be much harder to isolate, making a metagenomic
approach desirable (Arul Jose and Jebakumar 2013; Choi et al. 2003; 2004; Aroonsri et al.

2008; Lazzarini et al. 2000).
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Figure 3.1: Proposed workflow for metagenomic library screening and BGC activation through regulatory gene cassettes.

3.1.3 Isolation of Antarctic soil bacteria

As early as 1985, the discrepancy between observable and cultivable microorganisms had been
noted, but until the advent of environmental 16S rRNA gene clone libraries in the 1990s,
cultivation had been the only way of assessing bacterial diversity (Staley and Konopka 1985;
Schmidt, DeLong, and Pace 1991). With increasing metagenomic sequencing, it became
evident that the portion of readily culturable bacteria was just a fraction of the diversity present
in the environment. Additionally, biases introduced through culture can enrich low abundance
species, leading to little overlap between sequencing studies and cultivation studies in the same

environment (Hardoim et al. 2014).
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Studies comparing the bacterial diversity obtained through cultivation and 16S rRNA gene
amplicon sequencing are plentiful. However, the author is not aware of any studies comparing
the specialised metabolite potential of isolates and metagenomic sequences from the same
environment. Due to the small fraction of bacteria culturable through traditional methods, many
BGCs found in metagenome would most likely not be represented in the isolates. However, it
less clear how many isolate-derived BGCs would be detected in the metagenome. Furthermore,
overlapping biosynthetic capabilities between different bacteria could occur through horizontal
gene transfer (HGT), which is known to occur both within species and genera as well as
between phyla and even from bacteria to fungi (Ziemert et al. 2014; Jensen et al. 2007;

McDonald and Currie 2017; Cruz-Morales et al. 2017; Kroken et al. 2003).

3.2 Aims and rationale

The aim of the present study was to complement the metagenomic sequencing approach using
a metagenomic library approach. Furthermore, traditional isolation work was undertaken and
was used for comparative analysis. The metagenomic library and regulatory cassette screening
approach would enable the recovery and activation of novel BGCs potentially undetected by
antiSMASH genome mining, while the isolation experiment would allow an assessment of
BGC diversity in readily cultivable bacteria and enable a comparison with the metagenome-

derived BGCs.

In details, the objectives were as follows:
1. Develop a screen for regulatory genes for recovery and activation of metagenomic
BGCs
a. Construction of library

b. Design and validation of primers
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c. Screening and recovery of clones
2. Examine the differences between culturable bacteria and metagenome
a. Isolate and identify 50-100 bacteria
b. Sequence a selected set of bacteria
c. Assess differences in the biosynthetic potential of isolates & metagenome

from the same soil

3.3 Materials and Methods

3.3.1 SPRI bead preparation

Custom SPRI beads were prepared by modifying a previously published protocol (Ramawatar
and Schwessinger 2018). In short, the buffer was removed from AMPure XP beads and
replaced with a custom buffer (11% v/v PEG-8000, 0.25% v/v Tween-20, 10 mM Tris-HCI, 1
mM EDTA pH 8, 0.4% v/v washed beads). Variable concentrations NaCl and cleanup ratios
were tested, with 1.6M NaCl and 0.8x providing a good compromise of DNA recovery and

size-selection.

3.3.2 Soil DNA extraction & metagenomic library preparation
Soil DNA was first extracted and the library (CopyControl Fosmid Library Production Kit,
Lucigen) constructed a previously published protocol (Brady 2007). In short, the steps were:
1) Gentle lysis & DNA extraction using CTAB
2) Isopropanol precipitation
3) Size selection by agarose gel electrophoresis, cutting out the HMW (c. 20 kb+) band
an elution using dialysis tubing
4) Concentration of DNA using Amicon centrifugal concentrator

This was followed by the library construction:
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5) Blunt-ending of DNA using end-repair enzyme mix

6) Isopropanol precipitation

7) Ligation with linearised vector pPCC1FOS

8) Packaging into lambda phage heads. Control reactions carried out with supplied

control vector.

9) Transfection of library into Escherichia coli Epi-300

10) Titration of library and transferring into 96-well plate
In modified protocol 1, steps 3, 4 and 6 were replaced with 0.8x clean-ups using custom SPRI
beads. In modified protocol 2, only steps 4 and 6 were replaced with custom SPRI bead clean-

ups.

3.3.3 Primer design for library screening

Degenerate primers were designed for conserved stretches in the mmfL/mmfR genes. For an
initial search for mmfL/mmfR-like genes in Actinobacteria, a set of 352 actinobacterial genomes
containing all major cultured actinobacterial orders was manually curated at JGI IMG. This set
was used to conduct BLAST searches using the translated ORFs of mmfL (E-value 1E-2) and
mmfR (E-value 1E-5). To specifically detect mmfL/mmfR homologs directly adjacent to each
other as well as to gain information about orientation of the two genes, a ClusterTools 0.2
BLASTp search with an E-value cut-off of 1E-5 and a window size of 2500 bp was conducted
on a database of all actinobacterial genomes in RefSeq. The results showed all co-occurrences
of mmfL/mmfR homologs within 2500 bp of the genome. To visualise conserved sequence
motifs for designing primers on, the protein sequences of all divergently oriented mmfL/mmfR
homologs were aligned using ClustalO and a hmm logo was generated using skylign.org
(Wheeler, Clements, and Finn 2014). The visualised alignments were assessed for conserved

sequences of at least 3-4 AA long. Degenerate primers were designed by placing the 3” end at
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the most conserved site and taking into account actinobacterial codon usage (Table 3.1). A

diagram explaining positions of primers can be found in the Results section (Figure 3.3).

Table 3.1: Codon table with Actinobacteria preferences derived from Lal et al. (2016). Crossed-out codons show codons with

little usage; bold and underlined codons show heavily preferred codons.

2nd base
1st 3rd
base T C A G base

TTT TCT TAT TGT T
(Phe/F) (Tyr/Y) (Cys/C)

TTC TCC TAC TGC C

T (Ser/S)

HA TCA TAA  Stop (Ochre) TGA Stop (Opal) A

TTG TCG TAG Stop (Amber) TGG  (Trp/W) G

CTT ccT CAT CGT T
(Leu/L) (His/H) e

cre £cc CAC cGe c
C (Pro/P) (Arg/R)

GHA CCA CAA CGA A
GIn/Q) e

16 cce CAG GG G

ATT ACT AAT AGT T
(Asn/N) (Ser/S)

ATC  (lle/l)  ACC AAC AGC C

A (Thr/T)

ATA ACA AAA AGA A
(Lys/K) (Arg/R) o

ATG (Met/M) ACG AAG AGG G

GTT GCT GAT GGT T
(Asp/D) | e

GTC GCC GAC GGC C
G (Val/V) (Ala/A) (GIY/G)

GFA GCA GAA GGA A
GIU/E) e

GTG GCG GAG GGG G

3.3.4 PCR

All PCRs were performed with KAPA Taq polymerase (Sigma-Aldrich) with the addition of
BSA and DMSO using the calculated annealing temperature or empirically observed optimum

annealing temperature. Since fragments were small, extension time was set at 30 seconds per

kilobase.
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3.3.5 Primer List

The primers used in the study are found in Table 3.2.

Table 3.2: The primers used in this study.

No Sequence Notes

1_020 CCGCTCCTTGCTSGGRAARTGRAARTA mmfR screening; 32x degenerate

1 025 CCCAGCCGCTCCTTGCTSGGRAARTGRAARTA mmfR screening; 16x degenerate

1 021 GCGCCAGTCGGTCAGVARVACNTC mmfL screening; 72x degenerate

1 024 GTGGCTGCGSGGCCASYGNGC mmfL screening; 32x degenerate

1 026 CTCGCTGACGCTGCTNYKRTGNAC mmjL screening; 128x

- degenerate

1 027 GCCGCTCTGGCGVABSGTYTC mmfL screening; 36x degenerate
mmfL in S. coelicolor A3(2) in

1 028 TTCTGCCGCGGCAGCCTTGTGTACG same position as 1 _026; non
degenerate
mmfR in S. coelicolor A3(2) in

1 029 GGCCAGTGATTCCTTGCTGGGGAAGTG same position as 1 _020; non
degenerate

TGATGTTCGACCACACCTCG .
2005 Screening for T1PKS from
2 006 ACGAGGACCTGGCTTCCAR contig_7544; Gemmatimonadota
CGCACCATTTCCTATTGCCG .

2009 Screening for NRPS/PKS from

2010 GGTGTACTTCCGTTCCGGTT contig 2148; Verrucomicrobiota

27F AGAGTTTGATCCTGGCTCAG Universal 16S rRNA gene
primers for amplification and

1492R GGTTACCTTGTTACGACTT sequencing (Frank et al. 2008)

CGCGCGCATGTACTGGACNGGNGAYYT .
NRPS_F Degenerate NRPS primers

NRPS R GGAGTGGCCGCCCARNYBRAARAA (Amos et al. 2013)

TCGTCGGCAGCGTCAGATGTGTATAAGAGAC Primers targeting the 16S rRNA

165 1LF  acccTaceeencecneeas gene V3 and V4 regions, with
[llumina MiSeq adapters,
6 il g CTCTCGTGGGCTCGGAGATGTGTATAAGAGAC  adapted from Klindworth et al.

AGGACTACHVGGGTATCTAATCC ((Klindworth et al. 2013)
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3.3.6 Library screening

To screen the library by PCR, a “working copy” of the original library was induced with 10
mM arabinose (Epicentre induction solution), grown overnight in LB in deep 96 well plates,
and plasmid DNA was purified using the Qiagen 96 Turbo kit. PCR was performed using the
appropriate primer pair and the result was assessed using 96 well agarose gel electrophoresis.
When a well showed a positive signal, another iteration of the screening process was
conducted. First, the concentration of bacteria in the well was assessed by plating a serial
dilution. According to the number of colony forming units in the well and the estimated number
of unique clones in it, the positive well was then diluted into another 96 well plate. The dilution
had to be chosen to ensure that unique clones were separated into different wells, but not diluted
to extinction. Then, this second plate was processed like the original plate. After a third

iteration, the positive well was diluted and plated and colonies picked for colony PCR.

3.3.7 16SrRNA gene amplicon sequencing

16S rRNA gene amplicon sequencing was carried out for eDNA extracted using gentle
chemical lysis, FastDNA Spin Kit for Soil (MP Bio) as well as plasmid DNA purified by
miniprep from the Mars Oasis library. The library preparation was carried out by Dr. Chiara
Borsetto. In short, The V3-V4 regions were amplified using primers 16S _ill F and 16S ill R
targeting the V3-V4 region and containing MiSeq adapters. After confirmation of amplification
by gel electrophoresis and purification of PCR products, the amplicons were indexed by PCR
and the concentration normalised with a SequalPrep Normalisation Plate. 2x 300 bp paired-
end sequencing was carried out by the Warwick Genomics Facility. Quality control was done
by fastqc (Babraham, 2019) and sequence analysis was conducted using QIIME 2 v2020.8.0

(Bolyen et al. 2019), employing the dada2 (Callahan et al. 2016, 2) classifier with the SILVA
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138 database (Quast et al. 2013) for taxonomy assignment. E. coli reads were removed from

the Mars Oasis library plasmids since they made up about 50% of all reads.

3.3.8 Media

Bacteria were grown in the following media:

Luria-Bertani solid (LBA; 10 g/L tryptone, 5 g/L yeast extract, 10 g/L sodium
chloride, 15g/L agar)

Luria-Bertani liquid medium (LB; 10 g/L tryptone, 5 g/L yeast extract, 10 g/L sodium
chloride)

Nutrient Broth (10 g/L peptone, 1g/L beef extract, 2g/L yeast extract, 5g/L sodium
chloride

Nutrient Agar (10 g/L peptone, 1g/L beef extract, 2g/L yeast extract, 5g/L sodium
chloride, 15g/L agar)

R2A (0.5I/L yeast extract, 0.5g/L Proteose Peptone No. 3, 0.5g/L Casamino Acids,
0.5g/L Dextrose, 0.5g/L Soluble Starch, 0.3/L Sodium Pyruvate, 0.3g/L Dipotassium
Phosphate, 0.05g/L Magnesium Sulfate, 15g/L agar)

Soil extract/Nutrient agar (SENA): 500g of soil obtained a site in Cryfield, Coventry
(52.3762, -1.5694, previously characterised as sandy silt loam(Borsetto 2017)) was
extracted with 1L 50 mM NaOH by stirring overnight at RT. After centrifugation and
filtering, pH was adjusted to 7.5 using HCI. Soil extract was autoclaved and stored at
4°C. For SENA preparation, 200 mL of soil extract were mixed with 400 mL of dilute

Nutrient agar (0.08g/L Nutrient Broth, 30g/L agar) and 200mL of sterile water.
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3.3.9 Isolation of bacteria

1 g of Mars Oasis soil (see Chapter 1 for sample description) was weighed and vortexed with
25 mL sterile 0.9% saline for one minute. The resulting solution was serially diluted up to
10 using 0.9% saline. 100 pL of each dilution were plated on four plates of SENA each. The
plates were incubated at 16°C for three weeks, then single colonies were picked, trying to avoid
similar morphologies from the same plate. The bacteria were streaked on SENA containing 50
pg/mL of cycloheximide to discourage the fungal growth that had appeared on several plates.
If possible, the isolates were subsequently grown on standard media (NA/R2A/LBA). The
isolates were named after the origin (MA), dilution level (0-6), plate number (I, II, III, IV) and
number of colony picked (1+), resulting in e.g. MA-2IV3, or just 2IV3 for the purposes of this
study. For cryostocks, bacterial biomass was scraped off a freshly grown plate into 15%

glycerol, flash frozen in liquid nitrogen and stored at -80°C

3.3.10 Identification of bacteria

Single colonies were picked, resuspended in 50 pL lysis buffer (10 mM Tris-HCI, 1 mM
EDTA, 0.1% Triton-X100, pH 8) and heated to 100°C for 15 minutes. After centrifugation, 1
pL of lysate was added to a PCR reaction using primers 27F and 1492R (Frank et al. 2008).
After confirmation using agarose gel electrophoresis, the PCR product was sent for Sanger
sequencing using the same primers. The resulting reads were aligned using SnapGene to form
a full sequence, which was then searched against the NCBI nucleotide database using BLASTn
to establish taxonomy. A tree was built using SILVA (Quast et al. 2013) (FastTree de-novo
including neighbours) and visualised with iTOL (Letunic and Bork 2007). To assess duplicate
isolates, an all-vs-all BLASTn search was conducted using a 99.5% cutoff and the results

visualised using Cytoscape.
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3.3.11 Sequencing and sequence processing

Isolates were grown on agarose plates with different media for several days at room
temperature. To obtain short reads, cells were scraped into tubes containing DNA/RNA shield
(Zymo Research) and sent for Illumina sequencing at microbesNG. Where long reads were
available, the short reads were used for hybrid assembly. Where no long reads were available,

the assembly provided by microbesNG was used.

To obtain long reads, the biomass was processed using the ProMega Wizard Genomic DNA
Extraction kit. A barcoded library was built using the ONT SQK-LSK109 kit as well as the
native barcoding expansion (EXP-NBD104) and sequenced on a MinlON using R9.4.1 flow
cells. The raw reads were basecalled using guppy v.3.03 (HAC model). Where short reads were
available, a hybrid assembly was done using Unicycler v0.4.8 (Wick et al. 2017). Where no
short reads were available, a long-read-only assembly was done using flye v2.5 (Kolmogorov
et al. 2019), polished 4x using racon v1.4.7 (Vaser et al. 2017) and 1x using medaka v0.7.1

(Nanoporetech/Medaka, 2017).

Isolate assemblies were taxonomically classified using GTDB-Tk 0.3.2 r89 (Chaumeil et al.,
2019) and assembly quality was determined using CheckM (Parks et al. 2015). BGCs were
mined using antiSMASH v5.1 (Blin, Shaw, et al. 2019) and analysed using BiG-SLiCE 1.1.0
(Kautsar, Hooft, et al. 2020). Assemblies were also submitted to autoMLST (Alanjary, Steinke,
and Ziemert 2019) to obtain an average nucleotide identity (ANI) estimate to the nearest

genome in RefSeq.

3.3.12 Comparing isolates and metagenomes

To test the overlap of isolate 16S rRNA gene sequences and the metagenomic 16S rRNA gene

sequences, first barrnap v0.9 (Seemann 2013) was used to extract 16S rRNA gene sequences
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from the metagenomic assembly. The isolate-derived sequences were then aligned against the
metagenome-derived sequences using BLASTn with an identity cutoff of 97%, an E-value of
10E-10 and only counting alignments with 1000 or more bp to ensure matching of most of the
16S rRNA gene sequence. Additionally, both isolate and metagenome 16S rRNA gene
sequences were classified using dada2 assignTaxonomy with a classifier derived from the
GTDB 189 database (Alishum 2019, 2). The resulting network was visualised using R package

igraph as well as Cytoscape.

To assess the representation of the sequenced isolates (and BGCs) in the metagenome reads,
the metagenomic nanopore reads were mapped to the isolate assemblies (and BGC fastas) using
minimap2 (H. Li 2018), the reads were quality filtered with samtools (H. Li et al. 2009) to only
retain alignments with a quality score over 30, coverage was calculated using bedtools (Quinlan

and Hall 2010) genomecov, and the median coverage calculated using R.
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3.4 Results
3.4.1 Metagenomic library construction and screening

3.4.1.1 Metagenomic library construction
A metagenomic library was constructed from Mars Oasis soil using an established protocol

involving several precipitation steps, agarose gel electrophoresis for size selection, and
concentration using a centrifugal filter tube (see Methods). However, a large amount of DNA
was lost from the initial purification step until the ligation step (36 pg in crude extract to 2 ug
in ligation step; ca 5.6% yield). Furthermore, the total library size was only ca. 300 clones,
corresponding to ca. one megabase at an average insert size of 35 kb. Running the blunt-ended,

precipitated DNA on a gel revealed that the DNA had degraded in the preparation process.

To avoid DNA degradation during processing, a faster and less complicated alternative
protocol (modified protocol 1) was tested which replaced the size selection (step 3), centrifugal
filtering (step 4) and precipitation (step 6) with size-selective binding of DNA to paramagnetic
SPRI beads. A SPRI buffer aimed at eliminating fragments below 3000 bp was prepared and
tested on NEB 1 kb DNA ladder. This showed successful elimination of DNA fragments below
3000 kb using a buffer/bead volume of 0.8x the DNA volume (Figure 3.2A). For library
construction, two of these SPRI clean-ups were employed: the first for size selection and
concentration of eDNA from the first isopropanol precipitation, the second for buffer exchange
after blunt-ending. The SPRI method showed efficient reduction of fragments < 3-4 kb (Figure
3.2B) as well as a slightly better yield of 8.9%. One transfection reaction gave a library the
total size of ca. 122,000 clones with an insert size of approximately 35 kb, leading to a total
size of ca. 4.3 Gb. Compared to the control library, efficiency was calculated to be ca 6.6%.
The low efficiency was attributed to the presence of fragments above 3-4 kb which were
retained by the SPRI beads and readily ligated with the vector, but were not packaged into

phage heads. Therefore, a third attempt (modified protocol 2) re-introduced the size selection
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by agarose gel electrophoresis and only replaced the centrifugal filtering (step 4) and
precipitation (step 6) with SPRI bead clean-ups. This led to the production of a 436,000-
membered library, corresponding to ca 15 Gb and an efficiency of 23.3% versus the control.
This library was pooled with the 122,000-membered library, giving a total size of ca. 19.4 Gb.
This size was deemed sufficient for detection and recovery of BGCs in high to mid abundance

species.

Figure 3.2: SPRI-cleanup of a) a 1 kb ladder and b) eDNA. In a) lane 1 is the umodified ladder, lane 2 is a 1.0x cleanup, lane

3 is a 0.8x cleanup, lane 4 is a 0.6x cleanup and lane 5 is a 0.4x cleanup. Fragments above ca 3 kb are retained at 0.8x. In b)
lane 1 is a Lambda HindlIII digest. Lane 2 is eDNA after CTAB extraction and precipitation, the smear of small fragments is
visible. Lane 3 is the same DNA after a 0.8x SPRI cleanup. Lane 4 is an error, lane 5 is the same DNA after blunt-ending and

a second cleanup. Fragments above 3-4 kb are retained along with the HMW DNA.

3.4.1.2 Primer design and testing
The genes selected for screening were mmfL and mmfR, as they are usually co-located in the

regulatory cassettes. An initial search for mmfL- and mmfR-like genes revealed that mmfL- and
mmfR-like genes were distributed differently. In the representative 352 genome database, there
were 89 hits for mmfL in 50 genomes, with the most hits coming from Streptomyces,
Rhodococcus and Amylocatopsis. For mmfR, the same search showed 5391 hits in 340

genomes, the three top genera being Corynebacterium, Mycobacterium and Bifidobacterium.
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The results indicate that not only are mmfL homologs much less widespread than mmfR
homologs, but also that there are on average >15 mmfR homologs per genome, while for mmfL
this number is <2. This did not come as a surprise, given that mmfR belongs to the TetR-family
transcriptional regulators which are ubiquitous among Actinobacteria. It also suggested that it
would be advantageous to not design primers based on an alignment of all mmfL/mmfR genes
found through BLAST, but to only use mmfR homologs adjacent to mmfL homologs and vice

versa.

A search using ClusterTools 0.2 against the RefSeq actinobacterial genomes revealed
differences in orientation of the genes in different genera. Analysis of orientation and taxonomy
showed that most hits came from Streptomyces species as well as rare actinomycete genera
such as Amycolatopsis and always featured the two genes in a divergent orientation. Less
frequent was a convergent orientation which occured mostly in Rhodococcus. A small number
of hits were observed in tandem orientation (5’-mmfR-mmfL-3"). Due to a previously
demonstrated role in specialised metabolite production, the divergently oriented genes from
Streptomyces and rare actinomycetes were deemed the most likely candidates for BGC
expression and therefore only divergently oriented genes were chosen as a target. Alignment
and hmm logo generation of the translated amino acid sequences of all divergently oriented
mmfL/mmfR homologues revealed one highly conserved region in mmfR and several conserved
regions in mmfL homologues which were then used to design degenerate primers (Figure 3.3).
Two primers for mmfR and four primers for mmfL were generated, leading to products between

548 and 692 bp in length. (Table 3.3)
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Figure 3.3: Orientation of mmfL/mmfR genes, primer positions and conserved motifs. (A) The three possible orientations of
any two neighbouring genes shown with mmfL and mmfR. Primers were designed for the divergent orientation found in
Streptomyces and rare actinomycetes. Primer binding locations on the two genes are indicated, but not to scale. (B) Conserved
mmfR stretch for 1_020 & 1_025; (C) conserved mmfL stretch for 1 026 (VHR) and 1_021 (EVLLT); (D) conserved mmfL

stretch for 1_024; (E) conserved mmfL stretch for 1_027.
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Table 3.3: Primers designed for metagenomic library screening to detect adjacent mmfL and mmfR homologues

Target Primer Sequence Tmrange Degeneracy
binding
mmfR 1 020  CCGCTCCTTGCTSGGRAARTGRAARTA 58 - 64 32x
1 025 CCCAGCCGCTCCTTGCTSGGRAARTGRAARTA 64 -70 16x
mmfL 1 021 GCGCCAGTCGGTCAGVARVACNTC 59 - 66 72x
1 024 GTGGCTGCGSGGCCASYGNGC 64 - 68 32x
1 026 CTCGCTGACGCTGCTNYKRTGNAC 57 - 66 128x
1 027 GCCGCTCTGGCGVABSGTYTC 58 - 64 36x

Initial screening of primer combinations was conducted at three temperatures using the plasmid
C73_797 containing the methylenomycin gene cluster, and thereby mmfL and mmfR (Figure
3.4). Strong amplification without unspecific bands was observed in primer combinations
1 020/1_027 and 1 025/1 027. The two primer combinations were further tested on S.
coelicolor M145 which contains a different gamma-butyrolactone BGC (sch4 and schbR as
homologs for mmfL and mmfR), S. coelicolor A3(2) containing both the methylenomycin BGC
as well as the schbA/schR as targets, as well as S. venezuelae containing the homologues jad W
and jadR. Screening showed that both combinations gave results in all targets, and
amplification was stronger with 1_020/1_027. In S. coelicolor A3(2), all primer combinations
preferentially amplified schbA/scbR over mmfL and mmfR as could be seen by the size of the
band. The temperature of 63°C was chosen for further testing since it showed highest

specificity.
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Figure 3.4: Agarose gel electrophoresis of PCR products of different degenerate primer combinations tested on mmyfL/mmfR-
containing plasmid C37_737 at different temperatures. As a benchmark, non-degenerate primers 1_028 and 1_029 were used.

Water was used as the negative control.

Primer pair 1 _020/1_027 was further tested using different strains of Streptomyces strains as
well as unrelated bacteria (Figure 3.5). The results showed that the primers picked up other
homologs in S. avermitilis, S. violaceoniger, S. hygroscopicus, Streptomyces sp. BTG678 and
the Antarctic Streptomyces isolates 314 and 2III1. However, several samples showed two
bands, and only three of the samples could be confirmed using Sanger sequencing. This could

be related to the promiscuous nature of degenerate primers, the abundance of zefR genes in
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actinobacterial genomes as well as the issues arising from using degenerate primers for Sanger
sequencing. To test for false positives, bacteria which did not contain target genes were
screened (genera Streptomyces, Nocardioides, Hymenobacter, Kocuria, Rhodococcus,
Ralstonia, Escherichia, Pseudomonas and Flavobacterium). Of all these samples, only one of
the three Rhodococcus strains showed a signal. Subsequent Sanger sequencing revealed that
this arose from a fetR gene adjacent to a membrane protein. Importantly, the Streptomyces

strain known not to contain a mmfL homologue (S. albus DSM 41398) did not show a signal.

Figure 3.5: Testing of primers 1_020/1_027 on genomic DNA of different bacteria.

Taken together, the primers 1 _020/1 027 were able to detect many different mmfL/mmfR
homologs, picked up signals from two strains that were isolated from the Antarctic soil sample,
and showed only one false positive when tested on a panel of phylogenetically diverse bacteria.

Therefore, they were chosen for screening of the Antarctic metagenomic library.

3.4.1.3 Screening of metagenomic library
The metagenomic library was PCR screened with primer pair 1 _020/1_027. However, no hits

could be observed after repeated attempts. To check if there was a problem with the eDNA or
library, a previously published set of degenerate primers targeting NRPS A-domains was tested
on eDNA and the pooled library. While the NRPS primers showed clear bands, none were
observed for 1_020/1 027 (Figure 3.6A). Furthermore, primers for specific BGCs identified

from the sequenced metagenome also showed clear bands and the clones could be successfully
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isolated and verified using Sanger sequencing (Figure 3.6B). This indicated that the library was

functional and contained metagenome-derived BGCs.

1.020+1_027 NRPS_f + NRPS_r 7 8 9 10 11 12

Plasmid C73_737
Lambda DNA
Pooled library
Plasmid C73_737
Lambda DNA

=
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Figure 3.6: PCR screening using different primers on metagenomic library DNA. A) Comparison of mmfL/mmfR-targeting
primers and NRPS-targeting primers on eDNA, library DNA and controls; b) Screening of the metagenomic library with

primers 2_005/2_006 specific for a metagenome-derived NRPS/PKS hybrid

The total lack of hits for mmfL/mmfR was puzzling, since the primers had been shown to work
on Streptomyces isolates from the same soil. Furthermore, the taxonomic assessment of the
metagenome with kraken2 showed that more than 10% of reads were classified as
Streptomyces. Since the DNA extraction method was the same for metagenomic library
construction and sequencing, Streptomyces DNA should have been abundant in the library. The
high reported abundance furthermore matched the observation from isolation plates, where
there were many colonies matching Streptomyces morphology. However, taxonomic
assignment of assembled metagenomic BGCs using contig-level classification and binning
showed that only one out of >1400 BGCs and only 41 out of 49,262 contigs were assigned to
Streptomyces, both corresponding to ca. 0.1% of the total. Agreeing with this, a BLASTn
search of mmfL against the assembled metagenome did not produce any significant hits. This
discrepancy between the read taxonomy and the contig taxonomy could be explained by two

hypotheses:
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1.

The kraken2 read assessment was wrong — no significant amount of Streptomyces was
present in the extracted DNA. This could be explained by the known problem of
database-reliant methods like kraken?2 that are prone to misclassify unknown
sequences.

The Streptomyces reads did not assemble into contigs. This could be explained by the
known difficulty of assembling Streptomyces genomes into continuous contigs, and
by the high frequency of genomic rearrangements in natural Streptomyces

populations, which could lead to assembly problems.

3.4.2 16S rRNA gene amplicon sequencing

To understand whether 16S rRNA gene amplicon sequencing would detect any significant
amount of Streptomyces in the soil DNA or the library, V3 and V4 regions were amplified and
sequenced from three different samples:

A. High molecular weight soil DNA extracted by gentle chemical lysis using CTAB.

This reflected the DNA used for metagenomic library construction and sequencing.
Lower molecular weight soil DNA extracted using the FastPrep soil kit. This more
destructive extraction method would lead to a better representation of hard-to-lyse
organisms.

Pooled metagenomic library plasmids that reflected the DNA present in the

metagenomic library.

The results of the 16S rRNA gene sequencing showed that very few reads were assigned to the
genus Streptomyces (Table 3.4). The FastDNA Soil Kit (B) showed a slightly higher proportion
of Streptomyces reads compared to the CTAB sample (A) and the library plasmids (C), which

might be caused by the harsher lysis by bead-beating that is more efficient at lysing spores.

74



Since no duplicates were run, the variability of these counts remained unknown. Still, it is
evident that the genus assignment based on 16S rRNA gene sequencing strongly conflicted
with the kraken2 read assignment. In fact, the values around 0.1% agreed with the assignment
of ca. 0.1% of assembled contigs and 0.1% of BGCs to Streptomyces. Since this confirmed the
suspicion that that the target DNA was not present in the library, no further screenings were

conducted.

Table 3.4: 16S rRNA gene sequencing of different DNA sources and the contribution of Streptomyces reads.

Sample  Extraction Method Total Streptomyces % of total
reads reads reads

A CTAB + beads 19,442 11 0.06

B FastDNA Soil Kit 17,248 41 0.24

C Library miniprep 8,255* 11 0.13

* After removing E. coli reads, the library host organism

3.4.3 Isolation of Antarctic soil bacteria

An isolation experiment using soil extract/nutrient agar was conducted to complement the
metagenomic approaches. 66 isolates were recovered and successfully identified using 16S
rRNA gene sequencing and BLAST alignment to the NBCI database (Figure 3.7A). Out of
these 66 isolates, 34 (51.5%) were classified as Actinobacteria, 17 as Alphaproteobacteria
(25.8%), 8 as Gammaproteobacteria (12.1%), 5 as Bacteroidetes (7.6%), and 3 as Firmicutes
(4.5%). Out of 34 actinobacterial isolates, 18 were classified as belonging to the order of
Streptomycetales, 6 as Micrococcales, 5 as Propionibacteriales and 4 as Frankiales. Three
Firmicutes were isolated, all belonging to the Bacillales order. All five Bacteroidetes isolates
were classified as Cytophagales (Hymenobacter genus). Out of 17 Alphaproteobacteria, 11

were Sphingomonadales, 5 Rhizobiales and 1 Acetobacterales. Out of 8 Gammaproteobacteria,
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6 were classified as Betaproteobacteriales (all Burkholderiaceae), and two were assigned
Pseudomonadales. While Streptomyces species were abundant and easily isolated from the
lower dilutions, they were notably less common in the higher dilutions. Members of the
Frankiales and Propionibacteriales were only isolated from dilutions of 10-? or more. Fifteen
isolates (ca. 23%) showed a similarity equal or lower than 97% to isolates in the NCBI 16S

rRNA gene database, indicating novel species.

To assess how many identical or closely related strains were isolated, all full-length 16S rRNA
gene sequences were aligned to each other and sequence pairs with 99.5% identity were
visualised in a network graph (Figure 3.7B). This revealed three clusters of closely related
Streptomyces as well as two Streptomyces isolates connected to these clusters by only a single
edge. Furthermore, three Sphingomonas isolates as well as a pair each of Nocardioides,
Massilia A, Pseudarthrobacter A and Pseudomonas E showed >99.5% sequence identity.
When using this cut-off for sequence identity, there was only a small amount of redundancy in
the isolates, with only 15 of 66 samples being duplicates of already sampled strains, indicating

a great diversity of readily cultivable bacteria that were not sampled.

76



Rhizobiales
% %
% %22
Acetobacterales %% B
1, s, 'c;/:) /@f’«
%
Pseudomonadales
el
44, 4.,
p 4'6//,2 1’&%’0
" 214 7
Ma g2
MA.112
MA-112 A
Betaproteobacteriales
MA-21I3
MAN3
w2
W :\\”;;\
RO
RGASSY
TS
I8
Streptomycetales

uzZING YN

W

Sphingomonadales

A

N
Wﬁ

W
A ANE
W

<®
R\

Bacillales
W
MA-115

MA-411i8
NS MA-4lli14

X w4tz Frankiales

M,
Aoy 0

Micrococcales

Cytophagales

oo o

°

@

.
MQ—S 3o

&

MA-alil6
A-31)1 -

Isolate vs. isolates similarity network
Node Fill Color

Sphingomonas_A
Pseudomonas_E
Pseudarthrobacter_A
Streptomyces
Massilia_A

Nocardioides

Figure 3.7: Isolate diversity recovered from Mars Oasis soil. A) Tree based on alignment of all Sanger 16S rRNA gene

sequences; B) Network graph showing clusters of isolates with >99.5% identity in BLASTn, line thickness corresponding to

identity.

3.4.4 Sequencing and analysis of isolates

A small but diverse set of isolates was sequenced using [llumina and Oxford Nanopore (Table

3.5). CheckM completeness was >98.6% for all hybrid and short read assemblies, with the

long-read assemblies trailing behind with 92.8% (2I3) and 75.6% (61111). The low score for

61111 can be explained by the relatively low coverage, making error correction less efficient.

The estimated ANI to the nearest genome in RefSeq was below 95% for all isolates except for

21112, indicating novel species. Supporting this, GTDB-Tk classified all isolate at genus level,

but not species level.

77



Table 3.5: Isolate classification, assembly type, CheckM completeness, BGC count as detected by antiSMASH, closes RefSeq

match, ANI to RefSeq match and isolate details of RefSeq match
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3.4.4.1 Comparing isolate genomes to the metagenomic assembly
The presence of both isolates as well as a long-read metagenomic assembly enabled a multi-

level comparison based on 16S rRNA gene sequences, sequenced genomes and BGCs.

16S rRNA gene gene comparison indicated a small overlap between metagenome assembly
and isolates (Figure 3.8). Using BLASTn alignment with 97% identity cutoff, 57 matches
between the two datasets were found, stemming from a combination of 26 assembly-derived
sequences aligning to 12 isolate-derived sequences. 35 of the matches were Sphingomonas and
Sphingomonas_A, indicating the presence of several closely related strains in the sample. No
isolate-derived and metagenome-derived sequences showed 100% identity between them, and
only two Nocardioides isolates (MA-514 and MA-41116) showed >99.5% identity to a

metagenome-derived sequence.
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Figure 3.8: BLAST-derived network of isolate and metagenomic assembly 16S rRNA gene sequences. A) Network graph of
all isolate (red circles) and metagenomic assembly (gold squares) 16S rRNA gene sequences with a 97% identity cutoff for
clustering. Circles show the clusters further detailed in B. B) Network graph containing only those 16S rRNA gene sequences
that cluster together in A. Diamond = metagenome 168, circle = isolate 16S, a. thicker edge corresponds to a higher % identity,
with >99.5% identity marked in red. Different classification because NCBI blast of sequences vs GTDB classification of

contigs
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Sequenced isolates were not well represented in the metagenome. Mapping of the metagenomic
nanopore reads to the isolate genomes revealed 10 out of 13 isolates were barely present in the
metagenomic reads with median coverages from Ox to 2x (Figure 3.9A). 11V3A
(Pseudomonas) and 2IV3 (Nocardioides) showed 8x to 9x median coverage, putting them into
the low end of coverages observed in the assembled metagenome. However, the fraction of
each of the genome that had any metagenomic reads mapped to it was well below one, reaching
a maximum of 0.75. The Sphingomonas isolate 61111, however, stood out as an exception. It
showed a high median coverage of 90x, and 97% of its genome were mapped. This would most
likely allow for a contiguous assembly from the metagenome. The two sequenced Streptomyces
isolates 2II11 and 314 had a median coverage of 0, with <25% of the genome mapped,

indicating extremely low abundance in the metagenomic DNA.

3.4.4.2 Isolate and metagenome BGC comparison
The isolate BGC coverage obtained from mapping the metagenomic nanopore reads to the

BGCs reflected the total genome coverage (Figure 3.9B). BiG-SCAPE assessment networking

at cut-off of 0.7 revealed no shared families between the metagenome and the isolate BGCs.

The phylogenetic distribution of BGCs detected in the sequenced isolates was markedly
different from the distribution in the metagenome (Figure 3.9C). While in both cases
Actinobacteriota contributed a large number of BGCs, these were mostly from Streptomyces
in the isolates. In the metagenome, only one BGC was assigned to the genus Streptomyces.
Proteobacteria came second in the isolates, but compared to Streptomyces did not contribute
many BGCs. No difficult-to-isolate phyla such as Planctomycetota, Acidobacteriota or

Verrucomicrobiota or Chloroflexota were isolated either.
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Figure 3.9: Comparison between isolates and the metagenome: A) Median coverage and mapped fraction of isolate genomes

in the metagenomic nanopore reads; B) Median coverage and mapped fraction of isolate BGCs in the metagenomic nanopore

reads; C) Number and type of BGCs by isolate phylum; D) Comparison of BiG-SLiCE distance scores between metagenomic

BGCs and isolate BGCs: i) All phyla p = 0.006; ii) Actinobacteriota p = 0.014; iii) Proteobacteria p = 0.041; iv) Bacteroidota

p = 0.252 (not significant)

To compare the sequence novelty of BGCs contained in the isolate genomes and the BGCs

obtained from the metagenomic assembly, the isolate and metagenome BGCs were scored

using BiG-SLiCE and compared using the Wilxocon Rank Sum test (Figure 3.9D). The results

showed a highly significant difference when comparing all BGCs (p = 0.006). Differences

within the actinobacterial and proteobacterial BGCs were also significant (p = 0.014 & p =
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0.04). Bacteroidota BGCs did not show any significant differences, likely due to the small
sample size in the isolate data. No Firmicute BGC were present in the metagenomic BGCs,

making a comparison impossible.
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3.5 Discussion

3.5.1 Metagenomic library screening using regulatory genes

The purpose of this study was to recover BGCs from a metagenomic library by screening for
BGC-associated regulatory cassettes, which would then provide a convenient way for
activation of the recovered BGCs. While metagenomic library construction, primer design and
assay verification were successful, the objective of recovering BGCs from the metagenomic
library using mmfL/mmfR degenerate primers was not accomplished due to the lack of target

sequences in the library.

The absence of Streptomyces DNA in the library came as a surprise after having observed many
filamentous, streptomycete-like colonies on isolation plates and kraken2 having identified 10%
of metagenomic reads as Streptomyces. The abundance in Streptomyces isolates, yet lack of
Streptomyces DNA can be seen an example of the Great Plate Count Anomaly. This term
describes the discrepancy between the amount of bacterial cells present in soil and the colonies
obtained on agar plates (Staley and Konopka 1985). Streptomyces, as heterotrophic generalists
known to grow on a large variety of media and produce copious amounts of dormant spores,
were likely to outcompete other bacteria and thereby be overrepresented on isolation plates
(Schlatter et al. 2013). However, the relative absence of Streptomyces from the higher dilution
plates gave a hint about the true abundance. The misclassification of reads as Streptomyces by
kraken2 can be explained by the absence of closely related sequences in the GTDB database,
as well as the low confidence setting employed. Since the abundances of Streptomyces and
other mmfL/mmfR-containing actinomycetes can be higher in other soils and especially in the
rhizosphere of plants, the approach might have some use there, or in bigger libraries (Viaene
et al. 2016). The present results underline the need for critical examination of classification

results and awareness of biases.
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It would be desirable to extend the “discovery by regulatory genes” approach to the bacteria
whose DNA is more abundant in the library. While regulatory genes involved in specialised
metabolite biosynthesis have been discovered in Proteobacteria, no regulation cassettes
associated as closely with secondary metabolism as mmfL/mmfR have been characterised to the
author’s knowledge (Brotherton, Medema, and Greenberg 2018; Mao et al. 2017; Wallenstein
et al. 2020). Therefore, screening for transcriptional regulators such as LAL family proteins
would likely produce many hits outside of BGCs (Schrijver and Mot, 1999). It would be
possible to screen for colocalization of biosynthetic genes and regulatory genes by using one
primer binding to e.g. an NRPS A-domain and one primer binding to a regulatory gene. This
would, however, only discover known biosynthetic classes that can easily be screened for,
thereby removing a hypothesised key advantage of the mmfL/mmfR screen. Furthermore, there
is no research on the regulators of secondary metabolism of mostly uncultured phyla such as

Acidobacteriota which were abundant in the sample.

Another application for the identified conserved sequences in the mmfL/mmfR genes could be
the targeted interruption of the genes using CRISPR. While some mmfL-homologues (such as
mmfL itself) are involved in activation of specific BGCs, others such as afs4 are responsible
for a multitude of effects. For example, disruption of mmfL-homologue farX in S. lavendulae
FRI-5 led to abolishing the production of the blue pigment, but increased production of D-
cycloserine, which is usually only produced in the first hours of growth (Kitani et al. 2010).
Culp et al. exploited the conservation of genes in the streptothricin and streptomycin BGCs by
targeting and deactivating them simultaneously in a dozen of previously characterised
Streptomyces 1isolates, thereby shifting their specialised metabolite profile and enabling

discovery of novel compounds produced by the bacteria (Culp et al. 2019). In a similar fashion,
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the simultaneous deactivation of pleiotropic regulators in multiple strains could enable the

discovery of otherwise “hidden” natural products.

3.5.2 Isolation

The genera isolated are comparable to isolation studies conducted on other soils in Antarctica,
with  Arthrobacter, Pseudarthrobacter, Nocardioides, Microlunatus, Hymenobacter,
Pseudomonas,  Streptomyces, Sphingomonas, Sphingobium, Massilia, Variovorax,
Fictibacillus, Paenibacillus and Bacillus being commonly isolated (Pudasaini et al. 2017;
Vander Schaaf et al. 2015; Aislabie et al. 2013; Tomova et al. 2015; Siebert and Hirsch 1988;
Smith et al. 2006). Isolates of the genera Beijerinckia, Caballeronia, Kocuria, Rhizobium,
Clavibacter, Knoellia, Tsukamurella and Roseomonas are less common in literature (Pulschen
etal. 2017; A. V. da Silva et al. 2021; Kuhn et al. 2014; Nakai et al. 2013; P. Yan et al. 2012;
Selbmann et al. 2010; Yi Pan et al. 2013; Wong et al. 2019). No reports were found on

Blastococcus and Sporichthya isolates from Antarctica.

A high species-level novelty was observed from the sequenced isolates, with 12 out of 13
isolates having an ANI lower than the commonly used interspecies threshold of 95% (Jain et
al. 2018). This indicates a large amount of novel bacterial diversity also in readily culturable
bacteria. However, no new genera were found. With regards to the potential for discovering
novel natural products, a recent global analysis of BGCs in MAGs and isolate genomes showed
that species within a genus had a much more homogenous BGC diversity than genera within a
family (Gavriilidou et al. 2021). However, speciation also has been shown to go hand in hand
with specialised metabolite diversification at least in the genus Salinispora. (Chase et al. 2020).

This indicates that novel species within well-known genera could potentially contain novel
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congeners of known products, making readily culturable bacteria a worthwhile target to explore

to discover compounds related to known natural products.

The closest related Refseq isolates give indications of the physiology of the Mars Oasis
isolates. These were mostly isolated from unusual or extreme environments, including traits
such as low temperature, aridity, and presence of stressors like arsenic, boron or radiation. They
were of soil, aquatic or plant-associated origin, which reflects the characteristics of Mars Oasis
as an arid soil with seasonal meltwater ponds as well as stands of bryophytes (Convey and
Smith 1997). Previous studies did not show particularly high levels of copper, lead, zinc, iron
or nickel, other heavy metals such as arsenic or mercury were not examined (Chong et al.
2012). It has been reported that other Antarctic soils and sediments show high heavy metal
contents as a result of anthropogenic pollution and natural processes such as food chain
accumulation, and as a consequence harbour heavy metal resistant bacteria (Romaniuk et al.
2018; Magesh et al. 2021; Tomova et al. 2015; Stoilova-Disheva, Vasileva-Tonkova, and
Tomova 2014). It is possible that the present isolates hold similar capabilities. Furthermore,
siderophore production has been implicated in heavy metal resistance, indicating that part of
the biosynthetic arsenal of these organisms could be devoted to metal detoxification (Schalk,

Hannauer, and Braud 2011; Hussein and Joo 2014; Hesse et al. 2018).

The overlap between sequences from the metagenome and sequences obtained from isolates
was relatively small, with only some 16S rRNA gene sequences showing overlap and one
Sphingomonas isolate showing a high coverage in the metagenome reads. This stark contrast
between bacterial diversity observed using culture-dependent and culture-independent
methods is well-documented and can be attributed to the inherent limitations of culture-

dependent approaches (Prakash et al. 2021; Tytgat et al. 2014). Many abundant bacteria are
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hard to culture due to factors such as slow growth, the absence of suitable energy sources,
unsuitability of agar for the isolation as well as sensitivity to hydrogen peroxide generated by
autoclaving of phosphate buffered medium (Vartoukian, Palmer, and Wade 2010; Kato et al.
2018; Tamaki et al. 2009). In the present study, soil extract was used to provide nutrients, but
the use of agar and the short incubation time made the isolation of e.g. Acidobacteria or
Verrucomicrobia unlikely, as their successful isolation has usually been reported using gellan
gum and incubation times of up to three months (Kielak et al. 2016; Janssen et al. 2002; George
et al. 2011). Additionally, isolating the highly abundant, potential atmospheric methane
oxidisers UBA7966/USCy would most likely not have been achieved on agar plates with the
incubation time used. The successful isolation of the slow-growing atmospheric methane
oxidiser Methylocapsa gorgona required several months of incubation in liquid medium (Tveit

etal. 2019).

The overlap in BGCs between sequenced isolates and the metagenome was also very limited,
and the isolate-derived BGCs were markedly more similar to BGCs in databases. This finding
indicates that the chance of discovering the same BGCs in uncultured bacteria and culturable
bacteria from the same soil is low. This agrees with the findings that despite prominent
examples of horizontal gene transfer between distantly related organisms, vertical inheritance
is an important driver in defining BGC diversity of bacterial genera (Chase et al. 2021; Jensen

et al. 2007).
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4 Results 3: Cloning and expression of metagenomic BGCs

4.1 Introduction

4.1.1 Expression of metagenomic BGCs so far

With the advent of genome sequencing twenty years ago, it became clear that many BGCs in
cultivable bacteria are silent under laboratory conditions. The increasing amount of sequence
data has therefore led to a mounting number of BGCs without an associated product (cryptic
BGCs). There are, however, many ways to “awaken” these BGCs and obtain products. While
the manipulation of culture conditions is an established approach that has yielded a great
number of compounds (Lincke et al. 2010; Rateb et al. 2011; Onaka et al. 2011; Akhter et al.
2018), molecular techniques like overexpression or knockouts of transcriptional regulators
(Sidda et al. 2013; Bunet et al. 2011; Laureti et al. 2011; Alberti et al. 2019) as well as
heterologous expression (Alberti et al. 2019; Gomez-Escribano et al. 2019; Qian et al. 2020;

Lin, Hopson, and Cane 2006; Saleh et al. 2012) have become routine.

As a consequence of falling sequencing costs, the study of environmental and host-associated
metagenomes became common, revealing an even greater diversity of BGCs present in the
uncultivated majority of bacteria (Chen et al. 2020; Crits-Christoph et al. 2018; Sharrar et al.
2020; Borsetto et al. 2019). However, accessing these BGCs and producing the compounds
encoded in the BGCs has been a major challenge (L. Robinson, Piel, and Sunagawa 2021). The
only way to obtain a product from a BGC found in an unculturable bacterium is by heterologous
expression. In order to perform heterologous expression, the DNA encoding the BGC must be
cloned into a plasmid that can be introduced into an expression host. Until recently,
metagenomic libraries were the only feasible way to recover metagenomic BGC DNA. In
libraries, metagenomic DNA can be stored in an easily accessible way, and whole BGCs can

be recovered even if only a fraction of their sequence is known (e.g. from amplicon
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sequencing). This enables recovery of BGCs even if their full sequence is not known, which
avoids the need for ultra-deep sequencing of complex metagenomes (Hover et al. 2018). It has
been estimated that screening of large libraries can recover BGCs from soil that would only be
assembled at sequencing depths of multiple terabases of short-read data (Libis et al. 2019). A
key drawback of metagenomic libraries is the labour-intensive, iterative (q)PCR screening and

dilution process required to recover a single BGC fragment from a large library.

The increase in metagenomic sequencing has enabled “metagenome mining” approaches for
exploration of BGCs in shotgun metagenomes. Targeted recovery of BGCs identified through
metagenome mining has resulted in production of natural products through heterologous
expression in several examples from sponge metagenomes (Agarwal et al. 2017; Nakashima et
al. 2016; Freeman et al. 2012). In these organisms, the concentration of specific metabolites
produced by bacterial symbionts can be high enough for purification and structural elucidation,
thereby providing a structure and often a biological activity. Their relatively simple
microbiome enables assembly of BGCs without ultra-deep sequencing. Most metagenome
mining approaches still employ targeted screening of metagenomic libraries. However, a
library-free approach was taken by Agarwal et al., who used synthetic genes cloned into a

cyanobacterial expression host (Agarwal et al. 2017).

Despite the falling prices of DNA synthesis, gene synthesis is still an expensive undertaking
and only viable for small BGCs. Furthermore, any errors present in the sequence — introduced
for example through sequencing errors — are propagated. These errors might not be obvious
but can be detrimental to the function of an enzyme and are especially common in nanopore
sequencing (Y. Wang et al. 2021). Recently, DiPaC has been demonstrated as a viable

technique for heterologous expression of BGCs from isolates (D’Agostino and Gulder 2018;
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Greunke et al. 2018). DiPaC relies on PCR-amplifying BGC operons using high-fidelity
polymerase and cloning them into an expression vector using homology-based assembly such

as HiFi assembly or SLIC. Large BGCs consisting of several tens of kilobases have been cloned

in this manner (D’ Agostino and Gulder 2018; Greunke et al. 2018).

PCR-based cloning of BGCs as exemplified by DiPaC is compatible with error-prone
sequences such as those derived from nanopore sequencing: as long as the sequence is correct
for the short stretch where primer binding occurs (ca. 20 bp), successful amplification will lead
to a faithful copy of the native DNA. The estimated error rate of 5.3 x 1077 for Q5 polymerase
suggests that amplicons the size of large BGCs (ca. 100,000 bp) are unlikely to contain errors
introduced by amplification (Potapov and Ong 2017). While the chance of point mutations or
frameshift errors is low, there are other drawbacks to this technique. Through the use of native
DNA, there is a chance that the codon usage will not match the tRNA supply in the expression
host, thereby preventing translation of the mRNA and making successful expression impossible
(L. Robinson, Piel, and Sunagawa 2021). This chance can be minimised by using a
phylogenetically related expression host — which is, however, not possible with BGCs from

phyla such as Acidobacteriota, which have no established expression hosts.

4.1.1.1 Factors affecting the success of heterologous expression of a BGC
There are many factors affecting the success of heterologous expression of a BGC. Starting at

the very beginning, the genes necessary for biosynthesis must be identified and chosen for
expression. BGCs are often surrounded by other biosynthetic genes involved in primary
metabolism. In absence of a known BGC product, this can make the definition of BGC
boundaries difficult, unless the BGC is demarcated by e.g. transposases (W. Li et al. 2009;

Blin, Kim, et al. 2019).
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When the BGC containing all the genes necessary for biosynthesis of the specialised metabolite
is successfully recovered, cloned and transferred into an expression host, the next barrier is
sufficient transcription. This can be negatively affected by the inability of native promoters to
induce transcription in the heterologous host, by transcriptional repressors in the BGC or by
terminator sequences. Employing promoters known to work in the heterologous host and
avoiding terminator sequences as well as removing potential negative regulators can all ensure
transcription of the BGC (Alberti et al. 2019; Saleh et al. 2012; S.-H. Kim et al. 2019;
D’Agostino and Gulder 2018). After an mRNA has been produced through the process of
transcription, it needs to be translated into proteins by ribosomes. This can be affected by the
compatibility of native ribosome binding sites (RBS) present in the BGC and the ribosomes
provided by the host (M. M. Zhang et al. 2016). If ribosomes do not bind to the mRNA,
translation will not be initiated. Once translation is initiated, the presence of rare codons in the
mRNA can lead to ribosome stalling and termination of translation (Keiler 2015). If all of the
above conditions have been met and a biosynthetic enzyme has been produced, the right
cofactors and precursors (e.g. cobalamine, non-proteinogenic amino acids or methylmalonyl-
CoA) must be present for the enzyme to produce the specialised metabolite (Lanz et al. 2018;

Jiang and Pfeifer 2013).

Given that a metabolite is produced in sufficient quantities, it must be detected. This can be
achieved either by simple observation through e.g. a pigmented phenotype, through analytical
methods such as LC/MS or through activity assays. This in turn depends on the properties of
the compound such as stability, solubility, absorption spectrum, ionizability and biological

activity.
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4.2 Aims and rationale

The overall aim of the work reported here was to achieve sequence-guided cloning and
heterologous expression of BGCs from the complex Mars Oasis metagenome without the use
of metagenomic libraries. Since the BGCs did not have known products associated with them,

this was an exploratory approach akin to those previously taken with BGCs from isolates.

The intermediary goals were to:
1) construct expression plasmids
2) amplify BGCs from the metagenome by PCR
3) clone BGCs into the plasmids using SLIC
4) transfer the plasmids into expression hosts via transformation and conjugation

5) identify and characterise products
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4.3 Materials and Methods

4.3.1 Bacterial strains and media

The bacterial strains used in this study can be found in Table 4.1.

Table 4.1: Bacterial strains used in this study

Strain name Genotype and comments Incubation T (°C)  Reference
endAl, recAl, gyrA96, thi, hsdR17
Escherichia coli (rk—, mk+), ’relA], supE44, A(lac- 37 Promeca
JM109 proAB), [F traD36, proAB, g
laqlgZAM15]
. R .
Escherichia coli  dam-13:: Tn9 dem-6 hsdM ChI™with (Widdick et
ET12567/pR9406  helper plasmid pR9406 al. 2018)
Streptomyces M145 derivative Aact Ared Acpk (Gomez-
coelicolor M1154  Acda rpoB(C1298T) rpsL(A262G) 30 Escribano and
Bibb 2011)
Streptomyces albus 30
J1074
Pseudomonas
putida KT2440 trf4, rmo-, mod+ 30 (Borsetto
trfA 2017)
Escherichia coli Fi OI’ZQ{ gar(l}%c m lon hsdSs(rs” m’) 37 P
BL21 Mmaib [k-12 romega
Micrococcus luteus 30

Bacterial strains were kept as cryostocks with 15% v/v glycerol prepared from spore

suspensions (Streptomyces) or liquid cultures (all other bacteria) flash frozen in liquid nitrogen

and stored at -80°C. Spore suspensions were prepared from plates grown on SFM

at 30°C for five to eight days as previously described (Kieser et al. 2000).
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Streptomyces strains were grown on the following media with and without antibiotics for

selection:

Soybean Flour Mannitol medium (SFM; 20 g/L Soybean flour, 20 g/L. D-mannitol, 20
g/L agar)

Bennet’s Glucose Medium (BGM; 1g/L yeast extract; 1g/L beef extract, 2g/L. N-Z
Amine Type A, 10g/L glucose, 15g/L agar)

Supplemented Minimal Medium Solid (SMMS; 2 g L1 casaminoacids, 8.68 g L'1
TES buffer, 15 g L1 agar, with 10 mL of 50mM NaH>PO4 + K2HPO4, 5 mL of IM
MgSOs4, 18 mL of 50% w/v glucose as well as 1 mL of trace element solution [0.1 g
L1 each of ZnS0O4.7H,0, FeSO4.7H,0, MnCl».4H,0, CaCl,.6H,0O and NaCl] added

just before use)

All other bacterial strains were grown with and without antibiotics on the following media:

Luria-Bertani liquid medium (LB; 10 g/L tryptone, 5 g/L yeast extract, 10 g/L sodium
chloride)

Luria-Bertani solid (LBA; 10 g/L tryptone, 5 g/L yeast extract, 10 g/L sodium
chloride, 15g/L agar)

Terrific Broth (TB; 24g/L yeast extract, 20g/L tryptone 0.4% v/v glycerol, 10% v/v

phosphate buffer [0.17M KH2PO4 0.72 M K2HPO4])
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43,2 Vectors

All vectors used in this study (see Table 4.2) were maintained in E. coli JIM109 and E. coli
TOP10. Plasmids were extracted with GeneJET Plasmid Miniprep kit (Thermo Fisher

Scientific) and stored at -20°C.

Table 4.2: Vectors used in this study.

Vector name Description Reference
R. ;
pBCaBAC Ap " aac(3)IV, oriT, PC31 (Borsetto 2017)
attP, int ®C31
pBCKBAC Km®; aphl, oriT, ®C31 attP,  (Borsetto 2017)
int @C31
R .
pBCaBAC-gl Ap ™ aac(3)1V, oriT, @C31 This study
attP, int ®C31
R .
pBCaBAC-g2 Ap " aac(3)1V, oriT, @C31 This study
attP, int ®C31
KmR; aphl, oriT, ©C31 attP ~
pBCkBAC-g2 m - aphi, orit, attl’,  This study
int @C31
R .
pBCKBAC-gl Km™; aphl, oriT, ®C31 attP, This study
int @C31

Contains mScarlet

(Streptomyces codon-
TX-TL_SP44 RFP  AmpR ampr optimised).

Patrick Capel, personal

communication
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4.3.3 gBlocks

All gBlocks used in this study (see Table 4.3) were synthetised by IDT.

Table 4.3: gBlocks used in this study.

Length

Name  Sequence (bp) Notes
TGCCACCTGACGTCTAAGAATGTGCGGGCTCTAACACG P21 and sp24
TCCTAGTATGGTAGGATGAGCAAGTTTAAACTTAATTA promoters
AATGCATCCTTAGGAGTACTGTGCACGCTAGCATTTAA (convergent) with

gl ATTGGCCACGACTTTACATTAGATGTGCCTTGGTTGTC 122 MCS in middle.
AAAGCAGAGACGGTTCGAATGTGAACAGCTCACTCAAA Flanked by VF2
GGCGGTAAT and VR primers
TGCCACCTGACGTCTAAGAAGAGAGCGTTCACCGACAA
ACAACAGATAAAACGAAAGGCCCAGTCTTTCGACTGAG 521 and spdd
CCTTTCGTTTTATTTGATGCCTGGATACAATTAAAGGC promoters
TCCTTTTGGAGCCTTTTTTTTTGGAGATTTTCAACGTA (divergent) with
GGTTCTGTTAAGTAACTGAGTTTAAACTTAATTAAATG
CATCCTTAGGTACACCAGACTTTACAACACCGCACAGC 10bp spacer
ATGTTGTCAAAGCAGAGACGGTTCGAATGTGAACAACC between it.

) CAATGTCGTTAGTGTGTGCGGGCTCTAACACGTCCTAG 535 Around
TATGGTAGGATGAGCAAAGTACTGTGCACGCTAGCATT promoters: MCS.
TAAATACGCTTACCTCTTAAGAGGTTGCAGATCTGGTA Around MCS:
ATCATGGTCATAGCTGTTTCCTGTGTGCTCGAGGCCTG Double
ATGACTCCTGTTGATAGATCCAGTAATGACCTCAGAAC terminators.
TCCATCTGGATTTGTTCAGAACGCTCGGTTGCCGCCGG Flanked by VF2
GCGTTTTTTATTGGTGAGAATGCTCACTCAAAGGCGGT and VR primers
AAT

434 Primers

4.3.4.1 Primers for vector construction and verification
The primers used in the process of vector construction, verification of constructs and

verification of inserts can be found in Table 4.4
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Table 4.4: Primers for vector construction and verification

Product
No Sequence (5’ to 3°) length (bp) Notes
3 001 GAGCTGGTTGCCCTCGCC Linearisation of pBCk/aBAC vector with
9500 removal of KanR/ApraR and flanking
3 002 CATGGGGACGTGCTTGGCAATC sequences
VE2 TGCCACCTGACGTCTAAGAA PCR primers for amplifying expression
variable cassette (with insert) and sequencing
VR ATTACCGCCTTTGAGTGAGC inserts
3 017 CTTAGGTACACCAGACTTTACAACAC Linearisation of pBCk/aBAC-g2 for
3 018 GAACCTACGTTGAAAATCTCCA c. 11400 insertion of gene for sp44
3 019  TTTGCTCATCCTACCATACTAGGAC Linearisation of pPBCk/aBAC-g2 for
3 020 TCTTAAGAGGTTGCAGATCTGG c. 11400 insertion of gene for p21
3021 AACTTGCTCATCCTACCATACTAG Linearisation of pBCk/aBAC-g1 for
3022 AGCATTTAAATTGGCCACGAC c. 11100 insertion of gene for p21
3 023 TAAACTTGCTCATCCTACCATACTAG 11000 Linearisation of pBCk/aBAC—gl for
c. . .
3 024  AAATTGGCCACGACTTTACATTAG insertion of gene for sp24 OR p21
TAGTATGGTAGGATGAGCAAAGTACT
3025 TTAACTTTAAGAAGGAGATATACAC Amplification of mScarlet (Streptomyces
769 CO) from TX-TL_SP44 RFP for cloning
3026 AGATCTGCAACCTCTTAAGACTTGTA into pBCk/aBAC-gZ under p21
- CAGCTCGTCCATGCC
3027 CTGTGCGGTGTTGTAAAGTCTGGTG Amplification of mScarlet (Streptomyces
GAGATTTTCAACGTAGGTTCCTTGTA 769 CO) from TX-TL_SP44 RFP for cloning
3028 CAGCTCGTCCATGC into pBCk/aBAC-g2 under sp44
TGTAAAGTCGTGGCCAATTTGTACTT
3 029 TAACTTTAAGAAGGAGATATACACAT Amplification of mScarlet (Streptomyces
- ATGGTG 1075 CO) + terminator from TX-
TL_SP44 RFP for cloning into
3 030  TGGTAGGATGAGCAAGTTTACTCTGG pBCk/aBAC-gl under sp24
— CAAACATATAAACGCAGAAAG
TGTAAAGTCGTGGCCAATTTCTCTGG )
3_031 CAAACATATAAACGCAGAAAG Amplification of mScarlet (Streptomyces
1075 CO) + terminator from TX-
TGGTAGGATGAGCAAGTTTAGTACTT TL_SP44 RFP for cloning into
3 032  TAACTTTAAGAAGGAGATATACACAT pBCk/aBAC-gl under p21
ATGGTG
3 047 AGCTCATCGCTAATAACTTCG
- variable pBCa/kBAC: Verify gblock cloning
3 048 TTTTAAGGCAGTTATTGGTGC
3 005 CTTATTCAGGCGTAGCAACCAG
o 731 Verifying plasmid integration in
11;%/5:(1 AAGGACTCTTACCGCTGCC Streptomyces (binds in backbone)

* from (Borsetto 2017)
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4.3.4.2 Primers for BGC amplification and cloning
The primers for BGC amplification and cloning can be found in Appendix A, Supplementary

Table 1.

4.3.5 Primer design
Primers for the amplification of fragments from BGCs were designed in several steps.

1. The antiSMASH output was visually examined to find BGCs in which all putative
biosynthetic and transport genes were organised in one or two operons. ARNold was
used to predict rho-independent terminators (Naville et al. 2011).

2. The putative edges of the operons were searched against the nr database with blastx to
check for potential indel errors affecting the start and stop coordinates of ORFs in
order to avoid cloning partial genes.

3. After the likely start and end of operons were determined, primers were generated
using primerBLAST to find the best primers with the least unspecific hits to other
bacteria. The sequences were submitted to primerBLAST with the desired coordinates
of the primers and the desired Tr. The coordinates were given so that 8 to 30 bp
before the putative start codon were included and up to 200 bp after the stop codon
were allowed. To avoid unspecific amplification, primerBLAST was set to filter hits
to RefSeq representative bacterial genomes.

4. The best primer pair (Tm close to 60°C, lowest potential for secondary structure
formation, fewest unspecific hits) was selected and 20 bp of vector homology arms
were added, leading to a total length of c. 40-45 bp. Primers were confirmed in silico
using SnapGene (yielding in-silico assembled plasmids) and then ordered as

lyophilised powder (Integrated DNA Technologies).
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43.6 PCR

PCRs for amplification of fragments to be cloned was carried out using Q5 polymerase (New
England Biolabs) with GC enhancer. PCR for verifying constructs and colonies was done using
KAPA Taq (Sigma-Aldrich) polymerase with addition of BSA and DMSO. The first attempt
for amplification of a fragment was always carried out using a touchdown protocol. This
protocol consisted of a touchdown phase (10 cycles) and an amplification phase (20-25 cycles).
The touchdown phase started with an annealing temperature 5-7 °C above the calculated
optimal annealing temperature and decreased by 1 °C each cycle, ending 3-5 °C below the
optimal annealing temperature. This temperature was then used as annealing temperature of
the remaining run. If this did not yield satisfactory results, a range of constant annealing
temperatures were tried, though results were mostly the same. Extension time was set at 60

seconds per kilobase.

4.3.7 Agarose Gel Electrophoresis and Gel Purification

Amplification success was assessed on agarose gels (0.4% to 1%) with the addition of 5 pL.
GelRed (Biotium) per 100 mL gel. 5 uL of each PCR product mixed with 1 puL of purple loading
dye (NEB) were loaded into wells. Additionally, 1kb DNA ladder (NEB) or GenerRuler High
Range ladder (Thermo Fisher Scientific) were loaded into a well and the gels were run at 3-5
V/ecm for one to three hours in TAE buffer and then visualised using UV light. For gel
purification of a DNA fragment from a successfully amplified sample, the remainder of the
PCR product (45 pL) was run on a gel in the same manner. Fragments were quickly cut out
with a razor blade under minimal exposure to UV light. For large fragments, UV exposure was
eliminated by running a small part of the sample in a separate well which was exposed to UV

light, while the large part of the sample was not. DNA was extracted from agarose chunks with

99



the Monarch DNA Gel Extraction Kit (NEB), eluted in 6-10 pL and quantified using Qubit

(Thermo Fisher Scientific).

4.3.8 Sequence and ligation independent cloning (SLIC)

SLIC (Jeong et al. 2012) was carried out by mixing the following reagents:

PCR-linearised and gel-purified vector 20 fmol

PCR-amplified and gel-purified insert 40 fmol (i.e. twice as much as vector)
Buffer 2.1 (NEB) 1 ul

T4 DNA polymerase (NEB) 0.5 uL

Molecular grade H,O to 10 pL

After addition of the enzyme, the reaction was mixed and incubated at RT for 2.5 minutes, then
on ice for 10 minutes. Afterwards, the mixture was transformed into chemically competent E.
coli IM109. Clones were verified using colony PCR using VF2/VR and 3 017/VR primers,
leading to the amplification of the inserted fragment. Amplicons were additionally sent for

Sanger sequencing with the same primers, verifying the first several hundred bp of insert.

If the concentration to the fragment was too low to achieve the desired amount and vector-to-
insert ratio within the 10 pL reaction, both the total amount of DNA as well as the ratio were

reduced. No successful cloning was observed below 10 fmol of both vector and insert.

4.3.9 Preparation and transformation of competent cells

Chemically competent E. coli IM109 and ET12567/pR9406 were prepared using the TSS
method (Chung, Niemela, and Miller 1989). In short, an exponential phase culture was spun
down, washed and mixed with ice-cold LB broth containing 10% w/v PEG 8000, 5% v/v
DMSO, and 50 mM Mg?*, pH 6.5. The resulting cells were aliquoted and flash frozen in liquid

nitrogen. For transformation of E. coli, aliquots were thawed on ice until liquid. Ice-cold 5x
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KCM (500 mM KCl, 150 mM CaCl2, 250 mM MgCI2) was added, followed by plasmid DNA
or the cloning reaction. After incubation on ice for 30 minutes, the cells were heat shocked at
42 °C for 30 seconds, placed back on ice for 5 minutes and then incubated with SOC at 37 °C

with shaking for an hour. Serial dilutions were plated and incubated overnight.

Electrocompetent P. putida KT-2440 were prepared according to established protocols (New
England Biolabs 2015). In short, an exponential phase culture was spun down and washed
repeatedly in ice-cold 10% glycerol, resuspended in the same, aliquoted and flash-frozen in
liquid nitrogen. For transformation, aliquots were thawed, transferred into a 1 mm
electroporation cuvette, DNA was added and transformed through electroporation at 2.5 kV
and 200 ohms. SOC was added and the cells were incubated at 37 °C with shaking for an hour.

Serial dilutions were plated and incubated overnight.

4.3.10 Conjugation

For conjugating plasmids into Streptomyces, they were initially transformed into the
methylation-deficient E. coli ET12567/pR9406 which also contained the helper plasmid.
Conjugations were then conducted as described previously (Kieser et al. 2000). In short, an
early exponential phase culture of E. coli was washed and plated with germinated Streptomyces
spores onto SFM with 10 mM MgCl,. After overnight incubation, the plates were overlaid and
lightly scrubbed with ImL of water containing 20ul of 25 mg/mL nalidixic acid to kill off .
coli, as well as 150 pL of 50mg/mL kanamycin to select for exconjugants. After several days
of growth, colonies were picked and passaged twice on plates containing 25 pg/mL nalidixic
acid to kill off E. coli, as well as 50 pg/mL kanamycin. Exconjugants were confirmed by PCR

with primers 3 005 and int_seq_RV which bind in the vector backbone.
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4.3.11 LC-MS

P. putida transformants were grown for 48h at 30 °C with shaking in 50 mL Terrific Broth in
250 mL spring loaded flasks. Supernatant and cells were separated by centrifugation and
frozen. For analysis, supernatant was filtered using 0.2 pm spin columns (Thermo Fisher
Scientific). Pelleted cells were lysed by adding 25 mL of methanol and sonicating. After

centrifugation, the supernatant was filtered with 0.2 um spin columns.

Streptomyces exconjugants except for the ones harbouring carotenoid BGCs were grown on
SMMS. Exconjugants with carotenoid BGCs and control strains were grown on BGM and with
exposure to light in an illuminated incubator. After seven days of incubation at 30 °C, plates
were extracted using acidified methanol. After solvent evaporation (GeneVac, maximum

temperature 37 °C), the residue was resuspended in a 1:1 methanol:water mixture.

All samples were run by Prof. Lijiang Song on a Dionex 3000RS UHPLC with an Agilent
Zorbax Eclipse plus column (C18, 100x2.1mm, 1.8um), which was coupled to a Bruker MaXis
Impact Q-TOF mass spectrometer. Mobile phase A consisted of water with 0.1% formic acid,
while mobile phase B consisted of acetonitrile with 0.1% formic acid. The flow rate was
constant at 0.2 ml/min. Runs were started with 5 minutes of 5% B (isocratic). Thereafter, a
gradient from 5% to 100% B within 15 minutes was employed. Ionisation was achieved
through electrospray ionisation and the scan range was set to 50 — 3,000 m/z. For each sample,
positive and negative ion mode were employed in separate runs. Source conditions were as
follows: nebulizer gas (N2) at 1.4bar; dry gas (N2) at 8L/min; end plate offset at -500V;
capillary at -4500V; dry temperature at 180 °C. Ion transfer conditions were: ion funnel 1 RF
at 200Vpp; ion funnel 2 RF at 200vpp; quadrupole ion energy at Sev; quadrupole low mass set

at 55m/z; collision energy at 5.0ev; hexapole RF at 200Vpp; collision RF ramping from 800 to
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1500 Vpp; pre-Pulse storage time set at 5 ps; transfer time set from 100 to 155us. For
calibration, 20 pL of 10 mM sodium formate were injected at the beginning of each run. For
analysis, ion and UV-VIS chromatograms were compared to the control samples and checked
for new peaks using DataAnalysis (Bruker). Ion chromatograms were checked in steps of 100

m/z.

4.3.12 Antimicrobial assays

Agar plug diffusion was used for assessing antibiotic activity against Escherichia coli IM21
and Micrococcus luteus. Streptomyces exconjugants were grown on plates as for LC-MS. Since
P. putida transformants are dependent on kanamycin to maintain the plasmid over many
generations, and kanamycin is active against the target organisms, a different method had to be
used. P. putida exconjugants were grown in SmL LB with kanamycin overnight. The resulting
cells were pelleted, washed twice with PBS to remove kanamycin, resuspended in 100 uL. PBS
and plated onto an LB agar plate without antibiotics. This plate was incubated at 30 °C
overnight and then used for the assay. This method assumes that the high copy number plasmid
is only lost through cell division over many generations, so reducing generation number
through plating a large amount of cells at once would allow the plasmid to be kept in most
cells. This was verified using an mScarlet-expressing transformant that showed slight red
coloration when the pelleted cells were plated, but very strong red coloration the next day,
indicating that mScarlet was still being produced despite the lack of antibiotic. For the assay,
100 pL of overnight culture of either E. coli or M. luteus were added to 50 mL of molten LB
agar, cooled down to just above solidification temperature. The thus inoculated agar was
poured into square plastic petri dishes and left to solidify. The back side of a sterile 1000 uL.
pipette tip was used to cut agar plugs from Streptomyces and P. putida plates that were

subsequently transferred onto the E. coli and M. luteus plates in upside-down orientation. The
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plates were then incubated overnight at 30 °C for M. luteus and 37 °C for E. coli. Plugs from
empty kanamycin and ampicillin-containing LB agar plates were used as positive controls.
Empty plasmid containing transformants and exconjugants were used as negative controls.

Activity was assessed by observing inhibition zones around plugs.

4.3.13 Sequencing
Streptomyces exconjugants were grown for seven days at 30 °C on SFM medium. Biomass was
scraped off using a plastic spreader and transferred into tubes containing DNA/RNA shield

(Zymo Research). The tubes were then sent for Illumina sequencing at microbesNG.

4.3.14 Read mapping

To check for integration and coverage of the plasmid, the trimmed reads received from
microbesNG were mapped onto the plasmids using bowtie2 (Langmead and Salzberg 2012).
After processing with samtools 1.9 (H. Li et al. 2009), the mappings were visualised using

BamView 1.1.8 (Carver et al. 2013).

To detect integration sites, it was necessary to find those reads that contained both part of the
plasmid as well as part of the chromosome (split read mapping). During plasmid integration,
the attP site present on the plasmid recombines with the attB site present in the chromosome,
giving rise to the attL and attR sites which then flank the integrated plasmid. Consequently,
many of the reads containing the left or right part of the attP sequence (both c. 50 bp) in an
exconjugant will also map to the chromosomal integration site. Therefore, exconjugant reads
were mapped to the 50 bp left/right parts of the attP sequence using bowtie2 (--local flag).
Using samtools 1.9, unmapped reads were removed and the SAM files converted back into a
FASTAQ file. This FASTQ file, now containing only the exconjugant reads mapping to the 50

bp attP left/right site, was mapped onto the Streptomyces reference genome (Streptomyces
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albus J1074, RefSeq GCA_000359525.1; Streptomyces coelicolor A3(2), RefSeq
GCA_000203835.1) using bowtie2 (--local flag). Since the reference genome contained no attP
sequences, only the part of the read containing the flanking sequences was mapped. The

mappings were visualised with BamView, revealing the integration sites.

To discover whether there were any reads spanning the intact integration sites present in the
wild type, exconjugant reads were mapped against the previously defined integration sites in
the wild-type genome (Streptomyces albus: Site 1: 3168219-3168653, Site 2: 3505643-
3506077; Streptomyces coelicolor: Site 1: 4171075-4171396, Site 2: 4178509-4178904) using
bowtie2 (--local flag). Only mapped reads were kept and converted to FASTQ with samtools
1.9. The resulting reads were mapped onto the wild-type genome using bowtie2 (--local flag)

and visualised using BamView, revealing reads stretching over the integration site.

4.4  Results

441 Vector construction

4.4.1.1 Cloning and Expression Strategy
As explained above, there are many pitfalls on the way from cloning a gene cluster to detecting

the natural product it encodes. Many of these risks can be reduced by the investment of time
and resources and the thorough investigation of any failures at each step. One of the main
problems is the difference in codon usage in donor and host organism which can lead to failure
in the translation step. However, due to the error-prone nanopore sequence, the synthesis of
codon-optimised genes was not possible. This would in turn make other optimisation steps,
such as using qPCR to test for transcription of the different genes, systematically knocking out
potential regulators, or feeding of precursors an endeavour likely to waste resources. It was
therefore decided to clone and express a large and phylogenetically diverse set of BGCs using

their native sequences, the rationale being that some of them would yield a detectable product.
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Due to the limited amount of optimisation devoted to each BGC, a relatively high attrition rate

was expected.

However, a set of measures were taken to maximise the likelihood of expression:

1. Selection of BGCs diverse in phylogenetic distance to expression hosts and diverse in
biosynthetic pathway to mitigate the risk

2. Subset of BGCs with potentially visible phenotypes (production of carotenoids) to aid
detection

3. Use of strong promoters known to work in the expression host to ensure transcription
of operons

4. Introduction of BGCs in different heterologous hosts to increase chances of
expression. Streptomyces coelicolor M1154 and Streptomyces albus J1074 were used
as the target hosts for which promoters were chosen. However, Pseudomonas putida

KT2440 trf4 was also tested.

4.4.1.2 Gblock and vector design
Two different gBlocks were designed to allow for the expression of BGCs featuring a

maximum of two operons in both possible orientation — convergent and divergent (Figure 4.1).
Both gBlocks contained strong constitutive promoters, an MCS with several restriction sites
after the promoters, and flanking sequences containing the primer binding sites for VF2 and
VR to allow for PCR amplification and Sanger sequencing. gBlock gl was designed for the
insertion of a single fragment containing two convergent operons. It therefore contained the
promoters p21 and sp24 in convergent orientation with an MCS between them. gBlock g2 was
designed for the insertion of two fragments in divergent orientation. It contained the sp44 and

p21 promoters in a back-to-back orientation. To ensure that transcription was contained to the
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cloned BGC and did not extend to the rest of the plasmid, strong terminators (fd & rrnB T1I,

ermE & lambda t0) were added downstream of the promoters.

VF2 3_018 3_017 3_019 3_020 VR
L | L _
I 1007 2007 3007 4007 5007 I 1
[ rnB T1term | [fd term m m |ermE' term | lambda tO term |
VF2 3_023 3_024 VR

S0 1007 1507 200"

i g < sp24

Figure 4.1: Map of the gblocks that were inserted into pPBCkBAC. Promoters (colourful), terminators (white), primers for

linearising the plasmids (pink) shown. Restriction sites in MCS not shown. (A) Map of gl1; (B) Map of g2

The vectors to be endowed with the gBlocks were pPBCaBAC and pBCkBAC. These are a set
of BAC-derived vectors with apramycin or kanamycin resistance created by Chiara Borsetto
(Borsetto 2017). They are able to replicate in E. coli (low copy number) and the specifically
engineered Pseudomonas putida KT2440 trf4 (high copy number), as well as to integrate into
Streptomyces hosts. The latter is achieved by the presence of a phiC31 recombinase and a
phiC31 attP site, and therefore needs a phiC31 attB site for successful integration. Both

plasmids feature an MCS within a lacZ gene.

4.4.1.3 Gblock cloning and vector construction
The gblocks were cloned into the vectors pBCkBAC and pBCaBAC. Linear copies of the

vectors without /acZ were amplified by PCR using primers 3 013 and 3_034 which also added
overhangs for cloning. The gblocks were cloned into the vectors using SLIC and verified by
Sanger sequencing. For the purpose of amplification of linear vector copies for cloning in BGC
genes, several primer combinations were tested and primer pairs were chosen based on specific
amplification of the linear plasmid (Figure 4.2). For all further experiments, kanamycin
resistance was chosen over apramycin resistance since it worked more efficiently with P.

putida (C. Borsetto, pers. comm.).
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pBCaBAC-g2 pBCaBAC-gl pBCkBAC-g2  pBCkBAC-gl

sp44 sp24/p21 sp44 p21 sp24/p21
on < on <
o N i o N
o O o O
oM om

Figure 4.2: Gel photo of pPBCaBAC/pBCkBAC gl and g2 opened with primers specific for the cloning behind a given promoter

(sp44, p21, or sp24/p21).

4.4.1.4 Verifying cassette expression in E. coli, Streptomyces and Pseudomonas using
mScarlet red fluorescent protein
The functionality of the promoter cassettes was assessed by cloning the red fluorescent protein

mScarlet (Streptomyces codon optimised) downstream of each promoter in both plasmids,
leading to four plasmids (Table 4.5). When transformed into E. coli, all plasmids showed weak
red fluorescence, in agreement with the low copy number of the plasmid. The plasmids were
conjugated into S. coelicolor and S. albus as well as transformed into P. putida. Exposure to
UV light led to red fluorescence for all plasmids in both Streptomyces species. Solid LB
medium was found to show the highest intensity, likely due to vigorous growth, little
sporulation and transparency of the medium. Fluorescence was also observed in SFM, SMMS
and BGM, but not compared or measured. Consistently, sp44 showed the strongest signal
(Figure 4.3A, B). In P. putida, red fluorescence was strongly visible in mScarlet 3 & 8 (sp24
and sp44 promoters, respectively), while it was weak in mScarlet 4 (P21 in pBCkBAC-gl1) and

absent in mScarlet 7 (Figure 4.3 C).
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Table 4.5: mScarlet-containing plasmids and fluorescence of transformants/exconjugants under UV on LB agar, as assessed

by eye. Streptomyces were incubated at 30°C for one week, while P. putida was incubated at 30°C for two days.

Fluorescence
Plasmid name  Vector Promoter S. coelicolor S. albus  P. putida
mScarlet 3 pbCkBAC-gl sp24 + ++ +++
mScarlet 4 pbCkBAC-gl P21 ++ +++ +
mScarlet 7 pBCkBAC-g2 P21 +++ ++ -
mScarlet 8 pBCkBAC-g2 sp44 ++ A+t ++

Figure 4.3: Red fluorescence of mScarlet-containing exconjugants/tranformants on LB agar compared with empty plasmid

exconjugants under UV light in (A) S. albus, (B) S. coelicolor, (C) P. putida. Streptomyces were incubated at 30°C for one

week, while P. putida was incubated at 30°C for two days.
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With a base level of expression of all promoters in both Streptomyces species confirmed, it was
decided to proceed with the cloning. Since P. putida was not the primary choice host, and
several BGCs only contained one fragment under the promoter of sp44, the lack of expression

under the P21 promoter was deemed acceptable.

4.4.2 BGCselection, cloning, transformation and conjugation into expression hosts

4.4.2.1 BGC selection
BGCs were selected according to several considerations:

1. The BGCs should reflect a diversity of phylogeny and biosynthetic pathway

2. The biosynthetic genes and possible transporters should be in maximum two putative
operons

3. There should not be a predicted rho-independent terminator within a putative operon

4. The amplicons should not be larger than a reasonable PCR size, i.e. up to 20kb.

41 BGCs were selected for amplification, leading to 58 fragments to be amplified. Five large
fragments were also selected for an alternative approach involving the amplification of two
smaller, overlapping fragments to be cloned into a vector in a three-way reaction. All in all,
primers for 68 PCR reactions were designed with 20bp overhangs for cloning them into the

gblocks gl and g2.

The selected BGCs, their characteristics and taxonomic annotation can be found in Table 4.6.

A more detailed description of successfully cloned BGCs can be found below.
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4.4.2.2 Amplification and cloning success
Through the pipeline from amplification to successfully cloned plasmid, the number of BGCs

was significantly reduced. Out of 68 PCR reactions that were attempted, 48 (71%) successfully
amplified as determined by a band of the right size appearing on the gel. While a number of
large fragments could be successfully amplified, Figure 4.4A shows that amplification success
decreases with fragment size. After gel excision and DNA purification, a significant trend of
decreasing DNA concentration with size could be observed (Pearson’s R = -0.37, p = 0.007).
The combined effect of decreased DNA concentration and increased molecular weight led to
an even stronger negative association between molarity and fragment size (Figure 4.4B).
Therefore, only 32 of the 48 amplified fragments (67%) showed a molarity of 4 fmol/uL or
more (as measured by qubit), which emerged as the minimum concentration necessary for
cloning. This is because the 10 pL. SLIC reaction needs to accommodate both vector and
fragment in sufficiently high concentrations (combined amount > 30 fmol) as well as reagents.
For five of the sufficiently concentrated fragments, no cloning was attempted because the
second part of the BGC had not amplified sufficiently. Four fragments were attempted as a
three-way cloning reaction involving two fragments and the vector, which did not work. In the
end, out of 23 single fragment cloning reactions attempted with the minimum amount of DNA
needed, 18 (78%) were successful and led to the construction of 13 plasmids (with intermediate
plasmid opening steps for two-fragment BGCs). The total attrition rate from primer design to
cloned BGC was 75%, with a strong bias favouring small BGCs at every step (Figure 4.5,
Figure 4.6). For example, the median fragment size at the primer design stage was 9kb, while
the median cloned fragment size was only 4.3kb. The largest fragment amplified was 20kb
long, but the largest cloned fragment measured only 11kb. These results show that fragment
size and its impact on amplification and purification success is a major limitation in
amplification and cloning of BGCs from metagenomic soil DNA. The plasmids were numbered
after the last fragment that was cloned into them — e.g. 33 for the plasmid containing fragment
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33, and 28 for the plasmid containing fragment 27 (first reaction) and fragment 28 (second

reaction). In addition, the number of the colony picked for further processing was added after

a hyphen, giving rise to e.g. 33-1 and 28-2.

Amplification success of BGC fragments by size

A
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Figure 4.4: Amplification success of targeted BGCs. (A) Amplification success by fragment size. (B) DNA recovery plotted

by fragment size, with colour indicating cloning success. Asterisks indicate fragments that were not cloned because the second

part of the BGC was not amplified. “2” indicates fragments that were cloned as a three-part assembly, which did not work.

The dotted line indicates a fragment concentration of 4 fmol/pL
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Figure 4.5: Agarose gel of selected small BGC fragments with reaction number, target contig and primer pair annotated. The

successful specific amplification of fragments 23-32 with sizes from 1178 to 3597 bp shows the high success rate of small

fragment amplification.

4.4.2.3 Cloning
Sanger sequencing with primers flanking the insertion site revealed some differences between

the nanopore assembly and the cloned fragments. Alignments of partly sequenced colony PCR
products to the in silico plasmid sequence mostly showed single nucleotide mismatches and
differences in homopolymer length, likely due to the inaccuracy of the nanopore assembly.
However, cloning reaction number 30 (the putative sodium-calcium exchanger from the
DUF692-containing BGC on contig_291) yielded two slightly different fragments recovered
from three positive colonies (30-1, 30-2, 30-3). Intriguingly, none of the sequenced colonies
matched the nanopore assembly (Figure 4.7). 30-1 and 30-2 were identical and differed from
30-3 by set of deletions and insertions as well as several single nucleotide differences. While

30-3 was closer to the sequence assembled from the nanopore data, it also contained additional
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Figure 4.6: Agarose gel of selected large BGC fragments with reaction number, target contig and primer pair annotated. The

partially successful, but often weak and unspecific amplification of fragments 33-43 with sizes from 5231 bp to 15013 bp

shows the reduced reliability of long-range amplification.
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insertions not found in the assembly. This indicates that two different fragments were
amplified, and none of them was the fragment from the nanopore assembly. Whether the
assembly fragment for which the primers were designed was just not amplified as well as the
other two fragments, or whether the BGC was a chimera generated by the long-read assembly

through merging of two closely related strains remains unclear.

A

3000 3!
[> Ctg576_100 ctg576
P21
X Al ie— ]
5800 6000
ermE'

Figure 4.7: Alignment of three Sanger sequences (from top to bottom: 30-1, 30-2, 30-3) to the in silico constructed plasmid
containing the DUF692 BGC from contig_291 (order UBA7966). Coloured line represents matching stretches, empty line
represents deletions in the Sanger sequence, arrowheads represent insertions in the Sanger sequence relative to the in silico

plasmid. (A) Beginning of insert, (B) end of insert.

It should be noted that Sanger sequencing could not be used to check for single nucleotide
errors introduced through the PCR or cloning process, owing to the inaccuracies introduced by

the nanopore sequencing.

4.4.2.4 Description of the successfully cloned BGCs
Thirteen BGCs were successfully cloned.
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4.4.2.4.1 Lassopeptide BGCs
Two lassopeptide BGCs (Figure 4.8, Table 4.7) were successfully cloned into pPBCkBAC-g2

under the sp44 promoter, giving rise to plasmids 11-4 (contig_15892) and 6-1 (contig_4314).
Both BGCs were predicted to come from the uncultured order 20CM-2-55-15 within the
Acidobacteriae class. They both showed a relatively high BiG-SLiCE distance (d), indicating
novelty compared to BGCs in databases. No lassopeptides were predicted by antiSMASH in
11-4. However, a small peptide (3™ ORF in Figure 4.8 on plasmid 11-4) showed similarity to
two MAG-derived ORFs (MCA9670917.1 from a Myxococcales MAG and TNE48647.1 from
a Deltaproteobacteria MAG). These ORFs were adjacent to other lassopeptide biosynthesis
genes, indicating that this could indeed be a precursor peptide. However, since it was not picked
up by lassopeptide precursor prediction algorithms, it is likely to significantly diverge from
known lassopeptides. In 6-1, no lassopeptides were predicted in the sequence polished with
exconjugant short reads. In the unpolished sequence, a sequencing artefact had been picked up

as a potential precursor peptide by antiSMASH but disappeared after polishing.

plasmid_11-4 ABC transporter %erine kinase| <:| < Asn synth. 4@@ nucleotidyltransf.
e e N T N T

0 2000 4000 6000 8000

‘:‘ ABC transporter D Asn synth D D sferase

i fel
annotation [_| serinekinase  [_] PqaD [C] oursets [] pseudogene

‘:I unknown D transglutaminase |:| DUF433

Figure 4.8: Map of lassopeptide BGCs cloned into plasmids.

Table 4.7: Taxonomic classification of the cloned lassopeptide BGCs.

No P C O F G BiG-SLiCE d
11 Acidobacteriota  Acidobacteriae 20CM-2-55-15 NA NA 1429

6 Acidobacteriota  Acidobacteriae 20CM-2-55-15 NA NA 1406
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4.4.2.4.2 PKS BGCs
Three PKS BGCs were successfully cloned (Figure 4.9A, Table 4.8).
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e e

plasmid_8-3 raspore| nﬂm}/ |:| [kR] ER | on|[ [ At [ [ ks | [m \: »f }
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[ cupiniike [ vomer 3 remr [l Asc vansporter ] unknown
ot [] Faanyrotase [ response reguiator [] TaPks [ sufotransterase
annotation

[[] AD-binding [ pseudogene [[] dehydroquinase [ ] T1PKs
] AmP-gep. synthsig. [[] oxidoreductase [ Nifd-iie [[] ~No transporter

OH_0OH
OH o) /OH
HO
X A
OH (o]

Betaenone A

Citreoviridin DB-2073 Hierridin B

Figure 4.9: Cloned PKS BGCs and products of related BGCs. (A) Map of BGCs as cloned into plasmids. (B) structures of
compounds from related BGCs: depudecin, betaenone A, aspernidgulene Al, citreoviridin, DB-2073 (an alkylresorcinol

antibiotic from Pseudomonas) and hierridin B

Table 4.8: Taxonomic classification of the cloned PKS BGCs

No P C 0 F G BiG-SLiCE d
8  Verrucomicrobiota Verrucomicrobiae Chthoniobacterales NA NA 1375
33  Actinobacteriota Actinobacteria NA NA NA 1456
34 Verrucomicrobiota Verrucomicrobiae Opitutales Opitutaceae  Opitutus 1171

A type 1 PKS assigned to the Verrucomicrobial order Chthoniobacterales (scaffold 45328)
was cloned into pPBCkBAC-g2, with the putative core biosynthesis genes under promoter sp44
and putative transporter genes under P21, giving rise to the plasmid 8-1. AT specificity was

predicted to be malonyl-CoA. The PKS gene showed 20%-25% sequence similarity to the PKS
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genes of the MiBiG BGCs for depudecin from Alfernaria brassicicola, betaenones A, B & C
from Phoma betae as well as aspernidgulenes A1, A2, B1 and citreoviridin from Aspergillus
species (Figure 4.9B). Based on these similarities, it was concluded that BGC 8 most likely

encoded an iterative PKS.

The type 3 PKS from contig 10649 (lowest taxonomic classification: class Actinobacteria)
was cloned into pPBCkBAC-g2, with the core biosynthetic genes under sp44 and other putative
biosynthetic genes under P21, resulting in plasmid 33-1. The core biosynthetic genes
(oxidoreductase, ICMT, T3PKS) showed 50%-64% sequence similarity to the MiBiG entry for
alkylresorcinol from Streptomyces griseus, indicating that a type of phenolic lipid might be
produced by this BGC (Figure 4.9B). Another type 3 PKS from contig 10669, assigned
verrucomicrobial genus Opitutus was cloned into pPBCkBAC-g2 under promoter sp44, giving
rise to plasmid 34-2. The T3PKS gene showed similarity to the MiBiG entries hierridins B &
C from Cyanobium sp. LEGE 06113 (Figure 4.9B). Similar to plasmid 33-1, a phenolic lipid

might be produced by this BGC.

4.42.4.3 Terpene BGCs
Four terpene BGCs were successfully cloned (Figure 4.10A, Table 4.9)

Table 4.9: Taxonomic classification of the cloned terpene BGCs. Genera were not assigned.

No P C (0] F BiG-SLiCE d
3 Actinobacteriota Thermoleophilia Solirubrobacterales  Solirubrobacteraceae 1251

22 Proteobacteria Gammaproteobacteria NA NA 689

57 Acidobacteriota  Vicinamibacteria Vicinamibacterales 2-12-FULL-66-21 1239

62  Proteobacteria Gammaproteobacteria NA NA 689

A terpene synthase was cloned from the gammaproteobacterial contig 13212 into pBCkBAC-
g2, resulting in plasmid 22-1. A gene assigned a regulatory function (diguanylate cyclase) was

included as well, given the chance that it might be involved in biosynthesis. BLAST showed
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sequence similarity to germacrene A synthases as well as 5-epi-alpha-selinene synthases
(Figure 4.10B). Based on this homology, and since no modification enzymes were present, the

product was expected to be an unoxidized, and thereby volatile, sesquiterpene (15 carbons).

plasmid_22-1 érpom synfmueK diguanylate cyclase ]

plasmid_3-10 | dehydrogenase jmmﬂ% :,.“_} NAD(PMD <_:—E]

1 7 I""‘""‘"' 2 (""’w 4

m terpene synth. . Qédic nucleotide binding K terpene synthase ||><d>c nucleotde binding

0 3000 6000 9000

plasmid_57-1 1

plasmid_62-1

[ temene synthase [ carotenoid biosynthesis  [] G3p O eyeiic vinding ]
[] diguanylate cyclase [T] NAD(P)-binding (| O [] unknown
annotation [] denyorogenase [T phytoene desaturase [] thiamine biosyntnesis [I] P4so
[ ehytoene synthase [T carotenoid monooxygenase || LacD aldolase [] terpene syntn

LA S 2

(-}-Germacrene A  alpha-Selinene Camphene Geosmin 2-Methylisoborneol

Astaxanthin

Figure 4.10: Cloned terpene BGCs and products of related BGCs. (A) Map of BGCs as cloned into plasmids. (B) Structures of

Germacrene A, alpha-selinene, 2-methylisoborneol, camphene, geosmin and astaxanthin (a carotenoid occurring in bacteria)

A putative carotenoid BGC from the actinobacterial Solirubrobacteraceae family was cloned
into pBCkBAC-g1, leading to plasmid 3-10 containing a phytoene synthase and several
enzymes involved in carotenoid biosynthesis. However, in the unpolished contig, only two
operons were visible. After polishing with exconjugant short reads, a potential third operon
appeared, containing a glycerol-3-phosphate-acyltransferase. This might hinder the expression
of the carotenoid monooxygenase. However, a coloured carotenoid pigment was expected to

be produced by the remaining genes.
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Another carotenoid BGC from the uncultured acidobacterial family 2-12-FULL-66-21 was
cloned into pPBCkBAC-g2 (plasmid 57-1) containing two phytoene synthases as well as an
oxidoreductase. Two subsequent genes were included as well, at the chance that they contribute

to biosynthesis. The product expected was an oxidised phytoene pigment.

A further terpene BGC from contig 13212, assigned to the class Gammaproteobacteria was
cloned into pPBCkBAC-g2 under promoter sp44. The BGC contained two terpene synthases,
potentially indicating the production of two different compounds. However, since no rho-
independent terminator could be detected between the two synthases, it was treated as one
BGC. The first terpene synthase showed sequence similiarity to camphene synthases was
followed by two methyltransferases and a P450 (Figure 4.10B). antiSMASH also detected
similarity to the 2-methylisoborneol BGC, which however features only one methyltransferase

and no P450.

The second terpene synthase showed homology to germacradienol/geosmin synthases and did
not show any oxidases (Figure 4.10B). Three cyclic-nucleotide binding proteins, likely
regulatory, were present in the BGC as well. The products expected from this BGC were a
potentially bicyclic and oxidised monoterpene and a sesquiterpene without further oxidation

reactions.

Both Streptomyces coelicolor and Streptomyces albus contain a carotenoid biosynthesis
pathway, indicating the potential availability of precursors. However, both pathways are
inactive under normal laboratory conditions. In Streptomyces coelicolor, carotenoid production
can be activated by culturing it on BGM and exposing it to light. For S. a/bus, no such strategy

is known, and no carotenoid production was observed even under illumination.
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Both Streptomyces species as well as P. putida contain a farnesyl pyrophosphate synthase and

both Streptomyces strains are known to produce the sesquiterpene geosmin, indicating the

availability of precursors.

4.4.2.4.4 DUF692 BGCs

Four DUF692 BGCs (Figure 4.11, Table 4.10) were cloned into pBCkBAC-g2 with the

DUF692-containing operon under sp44 and the other conserved, putative transport-related

genes under P21, thereby giving rise to plasmids 26-1, 28-2, 30-1/30-3 and 32-4. All BGCs

were assigned to the genus USCy. Based on the analysis of conserved sequences (see Chapter

1), the product was expected to be a ca. 40-50 amino acid peptide containing six cysteines that

would either be free for metal coordination or forming intramolecular bridges.

plasmid_26-1 < DUF2063 DUF692 |
plasmid_28_2 DUF2063 DUF692 | | Na/Ca exchanger > | CstA >
plasmid_30-3 < DUF2063 DUF692 | |NalCa exchangel |Na/Ca exchangel | CstA >
plasmid_32-4 DUF2063 DUF692 | | CalNa exchanger | CstA
2000 6000
. I:] DUF2063 D putative precursor D CstA D unknown
annotation D DUF692 D Na/Ca exchanger D Ca/Na exchanger D pseudogene
Figure 4.11: Map of the DUF692 BGCs cloned into the plasmids
Table 4.10: Taxonomic classification of cloned DUF692 BGCs
No P C O F G BiG-SLiCE d
26  Proteobacteria Saacrggzpmteo UBA7966 UBA7966  USCy-Taylor 899
28  Proteobacteria Saacrggzpmteo UBA7966 UBA7966  USCy-Taylor 892
30 Proteobacteria Saacrggzpmteo UBA7966 UBA7966  USCy-Taylor 899
32 Proteobacteria Saacrggzpmteo UBA7966 UBA7966  USCy-Taylor 504

122



4.4.2.5 Transformation into P. putida
All plasmids were transformed through electroporation into P. putida successfully. A

phenotype was observed with the DUF692-derived BGCs 28-2, 26-1, 30-1 and 30-3, with PCR-
positive colonies being a much smaller size and growing more slowly when streaked (Figure
4.12). Furthermore, colony growth seemed to negatively correlate with the band size observed
after colony PCR, indicating that the more plasmid was present, the lower the growth rate.
However, this phenotype disappeared after cryostock preparation and re-streaking, indicating
that the BGC-containing plasmid was a burden to the host fitness. DUF692 BGC 32-4 did not
show a small colony phenotype, though it is unclear why, as the encoded genes are highly

similar on a protein level.

Figure 4.12: Photo of colonies picked from P. putida transformation plates and streaked. The thinner streaks originated from
small colonies and were PCR-positive (28-2: 1, 3; 26-1: 1, 2, 3), the thicker originated from regular sized colonies and were

PCR-negative (28-2: 2, 4; 26-1: 4).
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4.4.2.6 Conjugation into Streptomyces coelicolor M1154 & Streptomyces albus and LC-MS
The 12 BGC-containing plasmids were transformed into non-methylating E. coli ET12567

containing the helper plasmid pR9604. Conjugation was performed and exconjugants were
selected with kanamycin and passaged. Several exconjugants could not be achieved in one or
both of the strains. Successful exconjugants were sequenced using [llumina 150bp paired-end
sequencing. Exconjugants of empty plasmids were obtained for both plasmids in S. a/bus and
for g2 in S. coelicolor, but none of them were sequenced. Furthermore, it was observed that
kanamycin, even at the high dosage used, did not suppress the growth of negative colonies as

well as hygromycin which is used in integrative plasmid pOSV556 (data not shown).

To evaluate the integration success of the plasmids, the trimmed reads from each exconjugant
were mapped onto the in-silico plasmid sequence and visualised using BamView (Figure 4.13,
Table 4.11). In Streptomyces albus, seven out of nine exconjugants showed successful
integration of the complete insert sequence (Figure 4.13A). Two exconjugants were not
successful, with 28-2 showing no plasmid integration at all and 30-1 showing a partial
integration with most of the insert missing. In S. coelicolor, only four out of eight exconjugants
showed successful insertion as reflected by reads mapping onto the full plasmid sequence. The
others (6-1, 11-4, 32-4, 62-1) were only partial insertions (Figure 4.13B, C). The exconjugants
3-10 and 33-1 furthermore showed uneven coverage across the plasmid sequence, potentially

indicating that multiple, but not equally successful integration events had taken place (Figure

4.13D).
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Table 4.11: Attachment sites derived from mapping in S. coelicolor and S. albus, aligned to show conserved motifs of GGnG,

Tn (integration site) and CnCC.

sitel AAACGCGGAGGCCCGGGAGAAGCTTCTGCCTCTCCCGGGCCTCCGCTGTA
site2 CGGTGCGGGTGCCAGGGCGTGCCCTTGGGCTCCCCGGGCGCGTACTCCAC
sitel CGCGACGGGTGCCAGGGAGAGCCGTACGTCTCGCCCTGGCACCCCGCCGL

S. albus site2 CGGTGCGGGTGCCAGGGCGTCCCCTTCGGCTCCCCGGCCGCGTACTCCAC

S. coelicolor

Read mapping was conducted to determine integration sites. When the plasmid integrated into
the genome, the attP site recombined with the chromosomal attB site, generating attL and attR
regions flanking the integrated plasmid. The attL and attR site both contain part of the
chromosomal attB and the plasmid-derived attP site. Therefore, many of the 150bp reads
containing the left or right part of the attP site would also contain the chromosomal part of the
attL/attR site. In order to map the integration events, all reads of each exconjugant were mapped
onto the left and right parts of the attP site present in the plasmid. The resulting exconjugant
reads that mapped onto attP halves were then in turn mapped onto the chromosome of the wild

type, thereby revealing the position of the integration sites.

In S. coelicolor, the read mapping revealed two distinct integration sites (sitel, site2, Figure
4.13E,F, Table 4.11). While all exconjugants showed evidence of integration into site2, only
some of them showed evidence of integration into sitel, indicating a preferential integration
into site2. This could explain the difference in coverage along some of the integrated plasmids,
indicating that one plasmid had integrated fully, the other one only partially. However, some
of the integration sites showed a much higher coverage than others when examined by mapping
exconjugant reads onto the flanking sites. This could not be explained by multiple integration
events in one single genome, but rather indicated a mixture of at least two different
exconjugants with varying abundances in the sequenced DNA. This means that one

exconjugant would have integrated the plasmid at sitel and site2, while another exconjugant
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only integrated it at site 2. The presence of both exconjugants in the DNA would lead to a

difference in coverage at the sites, with site2 having a higher coverage.

The presence of different exconjugants was tested by checking for the presence or absence of
exconjugant-derived reads stretching across intact integration sites, therefore indicating the
presence of an exconjugant with only one integration event. Any number of reads spanning the
integration site would indicate a mixture of at least two exconjugant strains. Indeed, all S.
coelicolor strains showing integration at two sites featured several reads spanning sitel when
mapped to the wild type. However, no reads spanning site2 were found. This indicates that all
exconjugants had integrated the plasmid into site2, but only some of them had integrated it into

sitel.

In S. albus, two integration sites (sitel, site2) were observed as well (Table 4.11). The plasmids
were integrated into both sites in all exconjugants. When looking for different integration
events, only 57-1 showed reads spanning sitel when mapped to the wild type. This indicates

that only 57-1 featured a discernible mixture of strains.

It is noteworthy that none of the DUF692 BGCs were successfully conjugated into
Streptomyces. While exconjugants could not be generated for 26-1 and 30-3, the putative
exconjugant 28-2 was a false positive that had acquired kanamycin resistance in another way,

while 30-1 and 32-4 showed incomplete insertion.
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Table 4.12: Summary of mapping results from S. coelicolor and S. albus exconjugants

Plasmid Putative
Species BGC integration Sitel Site2 strains
3-10 full + + 2+
6-1 incomplete +
11-4 incomplete +
22-1 full +
S. coelicolor
32-4 incomplete + + 2+
33-1 full +
34-2 full + + 2+
62-1 incomplete +
6-1 full + +
8-3 full + +
11-4 full + +
33-1 full + +
S. albus 34-2 full + +
57-1 full + + 2+
62-1 full + +
30-1 incomplete + +
28-1 absent

4.4.3 Cultivation, LC-MS analysis and antibiotic activity of strains

S. coelicolor and S. albus were grown on solid supplemented minimal medium at 30°C for 7

days and then extracted with methanol. Extracts were run on a Bruker maXis and spectra of

empty plasmid exconjugants were compared with BGC-containing exconjugants. However, no

novel ions could be found that were unique to a BGC-containing strain. Base peak

chromatograms can be found in Appendix B.
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No antibiotic activity of any exconjugants or transformants was observed in assays against E.
coli BL21, E. coli IM109 or Micrococcus luteus (see Appendix B). Upon visual inspection, no
additional or different pigment production compared to the control was observed in the

carotenoid-expressing Streptomyces exconjugants 3-10 and 57-1. No smell could be detected

in 22-1 and 61-2 that could point towards production of a volatile terpene.
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45 Discussion

4.5.1 Amplification and cloning

A clear association between amplicon length and amplification success was observed, with ca.
20kb appearing to be the upper limit. PCR success could be influenced by the DNA fragment
length affected by the DNA extraction as well as freeze-thaw cycles, or by impurities in the
DNA acting as PCR inhibitors (W. Shao, Khin, and Kopp 2012; Wnuk et al. 2020). Indeed, the
extracted DNA had a brown tint, indicating presence of co-extracted humic acids. In previous
examples of direct pathway cloning, the largest PCR amplicon successfully cloned with SLIC
was 23 kb in length (D’ Agostino and Gulder 2018). In the same study, the authors stressed the
importance of HMW DNA free from impurities for successful amplification of long amplicons.
Consequently, they used a very gentle lysis followed by phenol-chloroform extraction, which
is known to produce extremely high molecular weight DNA (Trigodet et al. 2021). Phenol-
chloroform extraction has been used to extract DNA from soils, but shows limited efficacy of
removal of humic acids without further, soil-specific extraction approaches (Wnuk et al. 2020;
Técher et al. 2010; Sagova-Mareckova et al. 2008). For successful amplification of long DNA
fragments from soil DNA, further optimisation of DNA extraction is necessary or another

approach, such as the separation of bacterial cells from the soil matrix has to be taken (Liles et

al. 2009).

Furthermore, long amplicons showed weaker bands, making it difficult to obtain the amount
of DNA required for cloning. The minimum amount of DNA necessary for successful cloning
(c. 4 fmol/uL, leading to c. 20 fmol in a 10 uLL SLIC reaction that includes other reactants)
roughly matched previous reports (Jeong et al. 2012). The unsuccessful cloning of several
fragments with sufficient concentrations might have been caused by other factors such as

secondary structure formation or toxicity to E. coli.
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Plasmid 30 contained two different fragments, none matching the metagenomic assembly. This
could have been caused by a misassembly. Metagenomic assemblers are known to have
difficulties resolving multiple closely related strains and producing contigs that are chimeras
between two or more strains (Sevim et al. 2019; Kolmogorov et al. 2019). In the metagenome,
the large number of contigs classified as UBA7966, the multiple copies of pmmoABC on them
as well as the fact that no high-quality bins were produced all indicate the presence of several

closely related strains, potentially leading to misassembled contigs.

4.5.1.1 Pseudomonas putida transformations
A transient small-colony/reduced-growth phenotype was observed for several DUF692 BGCs

when expressed in Pseudomonas putida KT2440 trfA. This indicates that the BGC product, or

possibly a gene in the BGC, is detrimental to the fitness of P. putida.

It is well known that, given enough generations, a bacterial population will accumulate
mutations that reduce the fitness cost of a plasmid, and the less fit cells will be outcompeted
by the fitter ones. This can occur through mutations rendering the expressed genes non-
functional, reducing expression or reducing the plasmid copy number (Carroll and Wong
2018). It can, however, also occur through compensatory mutations in chromosomal genes or
pathways, leading to an adaptation of the bacteria to the plasmid (Hall et al. 2021). It is unclear
which of these occurred in the case of DUF692 BGCs. However, the absence of any detectable

product suggests that production has been abolished.

Since P. putida did not show expression of mScarlet under the P21 promoter in pPBCkBAC-g2,
the genes responsible for the phenotype are most likely proposed biosynthetic genes (DUF692,

precursor peptide, DUF2063). On the other hand, there is a chance that the absence of the
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transport-related genes might lead to the phenotype. The plasmid did not lead to a phenotype
in E. coli, a similarly related Gammaproteobacterium. In E. coli, however, the plasmid is
present only in 1-2 copies per cell, unless induced (using L-arabinose in strain EP1300) (Aakvik
et al. 2009, 2). This indicates that the toxicity of the product might be dose-dependent and not

lethal. This observation is compatible with a proposed role in metal chelating.

The genes responsible for the reduced fitness could potentially be detected by single nucleotide
polymorphism (SNP) analysis of mutated genes, or by knocking out the genes one by one.
Employing inducible promoters to uncouple growth from production would be a way to make

product detection more likely.

4.5.1.2 Streptomyces conjugation
The conjugation of several plasmids was unsuccessful or partial, especially in Streptomyces

coelicolor. This could be due to toxicity of the expressed products for the cell. However, the
fact that the empty pBCkBAC-g2 plasmid exconjugant was not achieved in S. coelicolor hints
at other potential factors such as random recombination events. Full integration, partial
integration and inability to achieve exconjugants were observed in both gl- and g2-based
plasmids. The insertion into multiple sites in the genome is consistent with previous reports of
simultaneous integration of attP-containing plasmids into attB sites and pseudo-attB sites in
the same genome in Streptomyces coelicolor and other Streptomyces species through the phi-
C31 integrase (Combes et al. 2002). Indeed, the preferred site2 proved identical with the
intended target attB, while sitel was identified as pseB2, a pseudo-attB site with lower
integration efficiency (Combes et al. 2002). To the author’s knowledge, the integration into
pseudo-attB sites has not been reported for S. albus, but does not come as a surprise. It should

be noted that the number of copies of the inserted plasmid cannot easily be determined by
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comparing the coverage to the rest of the genome, since the differing GC contents of genome,

plasmid and insert would lead to bias in sequencing depth (Benjamini and Speed 2012).

The uneven coverage observed along the plasmid sequences of many of the integrated plasmids
indicate that either the integration into one of the sites was not complete, or it could indicate
the presence of several strains with different integration success in the same sites. Long-read
sequencing could be employed to determine this. Since seemingly single colonies were picked,
it is possible that recombination and excision of sequences took place after the integration
event, leading to different amounts of BGC left in different individuals of the same population.
Streptomyces are known for genomic instability and frequent genome rearrangements, but
these arrangements occur mostly at the distal arms of the chromosome (Hoff et al. 2018;
Choulet et al. 2006; Tidjani et al. 2019). In the central regions of the chromosome, however,
double strand breaks (DSBs) have been shown to lead to deletions via non-homologous end
joining (NHEJ) (Hoff et al. 2018). The phiC31 recombinase that is responsible for attP x attB
recombination induces DSBs, but also immediately joins the ends together (Merrick, Zhao, and
Rosser 2018). It is conceivable that the deletions resulted from a failed attP x attB
recombination event, and that due to toxicity of the intact BGC, only the exconjugants

containing failed integration events survived.

The conjugation of DUF692 BGCs was unsuccessful in all cases. Either no exconjugants could
be generated, or the insertion was incomplete. In light of the transient phenotype (reduced
growth) observed in Pseudomonas transformants of DUF692 BGCs, it seems plausible that the
BGCs could be lethal to Streptomyces, making integration of a functional expression plasmid
impossible. The fact that the DUF692 BGCs 30-1 (S. albus) and 32-4 (S. coelicolor) were the

only BGCs that were present in both integration sites, but incomplete in both of them reinforces
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this view. A more successful approach might be to employ inducible promoters instead of
constitutive promoters, as strong constitutive promoters have been known to hamper successful
heterologous expression of secondary metabolites (R. Duell et al. 2020; C.-H. Ji, Kim, and
Kang 2019). Another approach could be to use cell-free TX-TL systems to circumvent

problems of toxicity (X. Ji, Liu, and Li 2022).

Streptomyces coelicolor showed a much higher frequency of incorrect insertion. If the failed
insertions are indeed related to BGC toxicity, this could be explained by the fact that the heavily
mutated Streptomyces coelicolor M1154 shows a reduced tolerance to toxic products. Indeed,
the slow growth of its parent strain M 1152 has been explained by increased oxidative stress in
the cell (Sulheim et al. 2020). Oxidative stress can increase susceptibility to antibiotics in E.
coli (X. Wang and Zhao 2009). Alternatively, the high frequency of incorrect insertion could
also be related to the fact that the Streptomyces coelicolor integration sites are only ca. 7000
bp apart, potentially making recombination events between the inserts likely due to proximity

of identical DNA sequences.

The fact that some exconjugants integrated one, while others integrated two copies of the
plasmid could also affect the fluorescence observed by mScarlet exconjugants. For example,
promoter activity of sp24 (mScarlet 1) has been reported to surpass P21 (mScarlet4, 7)
(Myronovskyi and Luzhetskyy 2016). However, as can be seen in Figure 4.3 above, the
mScarlet 4 and 7 exconjugants both show greater fluorescence than mScarlet 1. This could be
due a difference in copy number. Taken together, the differences in copy number, difficulty to
achieve exconjugants, and truncation of plasmids indicate that the pPBCkBAC-g1/g2 expression

plasmids need redesign and optimisation if they are to be routinely used.

134



4.5.1.3 Experimental design
A premise of this work was the idea that the unlikely event of successful expression could be

made possible by ensuring that enough BGCs made it through the whole pipeline. However,
this was not the case, and no novel compounds were found. This was in part due to the
unsuitability of many of the procedures for medium to high throughput experiments, with large
amounts of manual labour, long incubation times and unreliable outcomes. Thereby, only 13
BGCs were examined in the end — not enough to overcome the barriers to successful expression
by sheer numbers. However, experimental design considerations such as the use of constitutive
instead of inducible promoters, or the use of GC-MS for the detection of potentially volatile
terpenes are likely responsible as well. It is likely that more advances in synthetic biology, such
as cross-species inducible promoters, tRNA complemented expression hosts or higher
throughput methods for conjugation are necessary for this type of pipeline to be successfully
carried out in a reasonable time. Until then, a more focused approach on single, low-risk BGCs

is likely necessary.
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5 General Discussion

Three approaches for evaluating and accessing biosynthetic diversity of Mars Oasis soil
bacteria were taken: a long-read shotgun metagenome with subsequent heterologous
expression, traditional isolation work, and a novel metagenomic library screen. While the long
read metagenome revealed a large number of BGCs, accessing them using PCR-based cloning
and heterologous expression proved difficult. Sequencing of bacterial isolates obtained through
traditional isolation methods showed the limited overlap between BGCs observed in the
isolates and in the metagenomic dataset. A novel metagenomic library screening approach for
regulatory genes was validated in isolates but did not yield success due to the absence of the
target organism from the metagenomic library. The trade-offs between potential novelty and
chance of success are clear: while the metagenome and heterologous expression work promise
the expression of highly novel clusters from uncultured lineages, the difficulties of cloning and
expression give this approach a high chance of failure to discover anything at all. Traditional
isolation approaches yield many commonly cultivated genera with BGCs more closely related
to BGCs in databases, indicating that any detected specialised metabolites might be closely
related to known compounds. Though the metagenomic library screening approach
theoretically has the potential to discover novel BGCs with convenient mechanism of
activation, no BGCs were recovered through it. It is clear that in natural product discovery,

there are no low-hanging fruits.

5.1 Metagenomics for BGC discovery

In the present metagenomic sequencing work, the use of nanopore metagenomic sequencing,
binning and contig-based classification approaches using GTDB combined with BGC genome
mining enabled the identification of 1417 BGCs, 65% of which were complete, from a wide

range of soil bacteria. This confirms and further expands our knowledge of the biosynthetic
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potential of difficult-to-culture phyla such as Verrucomicrobiota, Acidobacteriota and
Gemmatimonadota. In addition, uncultured and underexplored lineages of the well-known
producer phyla Actinobacteriota (classes Thermoleophilia and Acidimicrobiia) and
Proteobacteria (order UBA7966) show a previously undetected biosynthetic potential. The
present work furthermore demonstrates that ONT long-read sequencing enables the assembly,
detection and taxonomic classification of full-length BGCs on large contigs from a highly
complex environment such as soil using only 72 Gb of sequencing data, which presents a >10-
fold reduction compared to studies using short reads to recover large and complete BGCs
(Crits-Christoph et al. 2018). However, while the low amount of bases sequenced demonstrates
the great efficacy of nanopore long reads for metagenomic assembly, it also leads to a high
error rate in the assembly. While it could be demonstrated that the high error rate did not lead
to an overestimation of BGC novelty with BiG-SLiCE, the errors nevertheless strongly affected
gene prediction and thereby have a negative effect of most downstream applications. For
example, synthesising DNA based on the genes of any but the highest coverage organisms
would likely incorporate the sequencing errors, rendering the synthetic DNA useless.
Increasing short read coverage to at least the same coverage as the nanopore reads would likely
have improved polishing outcomes. However, rapid advances in ONT sequencing technology
might render short-read polishing obsolete soon. A recent benchmark of metagenomic
sequencing using ONT’s R10.4 flow cells combined with Q20+ chemistry led to the near-
perfect assembly of the Zymo mock community using only nanopore reads (Sereika et al.
2021). Most importantly, homopolymers of up to 10 bases can be resolved with relative
confidence. The second weakness of the present work is the usage of only one soil DNA
sample, which rendered binning inefficient. Using the short read and long read coverages to
simulate differential abundance led to a small improvement in binning efficiency. However,

using several different DNA extraction methods would likely have led to improved binning
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(Albertsen et al. 2013). The alternative CAT-based approach enabled classification of >60%
of BGCs at order level. While a reference database approach like CAT is likely to be more
error-prone than binning, the large size of the contigs — often in the range of megabases —

potentially makes up for that.

With nanopore sequencing becoming more widespread and increasing both in accuracy and
throughput, it will soon be commonplace to profile the biosynthetic potential of uncultured
microbes from diverse environments without enormous sequencing efforts. This will lead to a
great improvement in completeness and taxonomic classification of BGCs recovered from
metagenomes, which in turn will let us pinpoint the most promising BGC-rich clades from
Acidobacteriota as well as other phyla. BGCs can then be recovered by targeted library
screening or PCR-based cloning as in the present work. To translate these genomic discoveries
to actual novel compounds, however, hurdles to the heterologous expression of BGCs from
distant phyla need to be overcome through e.g. refactoring or host optimisation. Luckily,
detecting specific BGC-rich genera would also allow for more targeted isolation, opening
another avenue for novel natural product discovery. Furthermore, metagenomes with a good
BGC resolution can be coupled with transcriptomics to analyse the transcriptional response of
the BGCs to different stimuli (Van Goethem et al. 2021; Crits-Christoph et al. 2018). This
allows prediction of the functions and natural roles of unknown BGCs in absence of
characterised homologs or tell-tale genes such as siderophore receptors. For remote and
endangered environments such as the Antarctic Peninsula, which is warming rapidly due to
climate change, metagenomic strategies will prove especially valuable to document the

microbial biodiversity for future studies.
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Genome mining is the only method available for predicting the biosynthetic potential of
uncultured bacteria. However, the limitations of this technology must be considered when
labelling lineages as having a high or low potential for specialised metabolite production.
Hoskisson et al. applied the helpful concept of “(un)known (un)knowns” to BGCs and their
products, emphasising that the “unknown unknowns” — i.e. BGCs not detected by genome
mining algorithms and not detected from cultures — are likely to contain the greatest untapped
novelty (see Table 5.1; Hoskisson and Seipke 2020). Some of these BGCs are most likely
present in cultured and well-exploited bacteria, but have thus far escaped detection due to
limitations in activity or analytical detection methods. However, they are likely to be much
more numerous in uncultured bacterial lineages, where activity- or analytical chemistry-guided
approaches are usually impossible (with the exception of certain symbiont communities).
Therefore, uncultured lineages, especially if they are only distally related to characterised
isolates, might very possibly be more biosynthetically talented than is currently detectable with
genome mining tools. However, evolutionary mining approaches that use e.g. duplicated
household genes likely to be involved in specialised metabolite biosynthesis or self-resistance,
as well as “black box” machine learning approaches are opening the door towards assessing
and exploiting the “unknown unknowns” from both isolates and MAGs (Sélem-Mojica et al.
2019; Alanjary et al. 2017; Hannigan et al. 2019). Another important factor when estimating
the unknowns of specialised metabolism in the environment is the level of difficulty associated
with obtaining sufficient data about the organism (Table 5.2). Easily culturable bacteria,
regardless of abundance, are readily isolated and sequenced. Difficult-to-culture bacteria that
are abundant in the environment, such as the different lineages of the Acidobacteriota phylum
found in the present study, are characterizable through long-read metagenomic sequencing.
This characterisation can lead to predictions about their biosynthetic potential as well as aid in

targeted cultivation efforts. Low-abundance hard-to-culture lineages however are less likely to
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be characterised even by long-read metagenomic sequencing because of the high coverage
necessary. This makes appraisal of their BGC content as well as isolation more challenging.
However, targeted enrichment cultures as well as techniques such as nanopore adaptive
sequencing and single-cell genomics can help overcome these challenges (Payne et al. 2021;

Doud et al. 2020; Kogawa et al. 2022).

Table 5.1: Known knowns, unknown knowns, known unknowns and unknown unknowns in specialised metabolite discovery.

Adapted from Hoskisson et al.

BGC
known unknown

c Known knowns Unknown knowns

3

_% BGCs and product linked (e.g. all Product without linked BGC
- MiBiG entries) (e.g. many NPAtlas entries)
£
e
A § Known unknowns Unknown unknowns

=]

g BGC detected, but no product BGC not detected, no product

= linked (e.g. most of the BiG-FAM  observed

or antiSMASH databases)

Table 5.2: Consequences of cultivability and abundance on ease of characterisation

High abundance Low abundance
Easv to Readily characterised through Readily characterised through
iso}llate isolates. E.g. Sphingomonas in the isolates. E.g. Streptomyces in the
present study present study
Difficult Good potential for metagenomic Low potential for metagenomic
to isolate characterisation. E.g. Acidobacteria ~ characterisation or isolation. E.g.
in the present study different candidate phyla
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5.2 Heterologous expression of metagenome-derived BGCs

In the present work, the heterologous expression study did not lead to discovery of any novel
compounds. A transient phenotype was observed in DUF692-expressing P. putida and the
same BGCs did not produce any viable exconjugants in Streptomyces. This suggests toxicity
of the BGC product. The signal peptide detected in the potential precursor peptide indicates
that the peptide is exported across the cell membrane into the periplasm via the Sec pathway.
Sec signal peptides have been reported to be interchangeable across bacterial lineages, but the
export efficiency varies greatly depending on the signal peptide and protein (Hemmerich et al.
2016). Therefore, it could be the case that the cysteine-rich precursor peptide is toxic in large
quantities, and while P. putida can efficiently export it and thereby reduce the damage,
Streptomyces exconjugants cannot and therefore do not survive. Furthermore, while it is
uncommon for RiPPs to be exported using Sec pathway, it has been documented for a small
number of bacteriocins (Worobo et al. 1995; Herranz and Driessen 2005). The Sec
translocation pathway has also been shown to be able to transport modified peptides, but not
fully modified and cyclised nisin (Kuipers et al. 2006; Kuipers, Rink, and Moll 2009).
Therefore, it is unlikely that the potential precursor peptide is heavily modified or cyclised
before export. However, the peptide might be modified in the periplasmatic space. For
example, it is possible that some or all of the cysteines could be oxidised to disulfide bonds by
periplasmatic enzymes, as is the case with many exported proteins (Denoncin and Collet 2013).
Furthermore, it is unknown whether the peptide is exported further across the outer membrane
by a secretion system. The improbability of cyclisation catalysed by DUF692 enzymes before
export firstly raises the question of their function, and secondly makes an involvement of some
or all of the cysteines in metal coordination seem plausible. It is well-known that particulate
methane monooxygenases (pMMOs) depend on copper as a cofactor (Dassama, Kenney, and

Rosenzweig 2017). Moreover, several methanotroph methanol dehydrogenases have been
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shown to depend on lanthanides, and selectively lanthanide-binding proteins have been
discovered (Huang, Yu, and Chistoserdova 2018; Kato et al. 2020; Cotruvo et al. 2018). Metal-
binding peptides have many potential applications ranging from mining to bioremediation to
medical applications (Mejare and Biilow 2001; Semrau et al. 2020). Furthermore, improving
our understanding of the mechanisms for metal uptake and homeostasis in methanotrophs

would be important for our understanding of their role in climate change.

5.3 Isolation work, biogeography and BGC novelty

In culture-based studies, many factors affect the novelty of the recovered bacterial strains, their
BGCs and therefore also the detected specialised metabolites. It is unlikely to discover novel
natural products using well-established methods in well-researched bacterial genera from well-
explored environments (Figure 5.1). While the difference between outcomes of isolation or
detection methods, as well as the “exploitation level” of a genus are relatively straightforward
to define, it is less obvious where the line can be drawn to identify the most promising
environments, since the biogeography of specialised metabolite production remains
understudied. For example, it could be argued that the physical distance of Antarctica from
everywhere else makes Mars Oasis soils a good candidate for yielding novel natural products.
However, it is unclear to what extent geographic distance is an important factor for BGC
novelty. A global, amplicon-based study of NRPS and PKS domains in soil showed an
influence of both biome type and geographic distance on domain similarity (Charlop-Powers
et al. 2015). A similar study in Australia singled out latitude as the main factor in domain
composition (Lemetre et al. 2017). Yet another study that was limited to US soils showed a
geographic split between the southwestern and northeastern coast samples. However, more
granular analysis of dozens of soil factors indicated that these geographic differences also

correlated with changes in moisture, organic matter and content of different minerals,
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potentially explaining a large part of the difference (Charlop-Powers et al. 2014). Chase et al.
(2021) determined that within a set of 118 closely related marine Salinispora isolates (>99%
16S rRNA gene identity), geographic location only explained 11% of variation in gene cluster
family distribution, and only 3% of all gene clusters found in the set were unique. This indicates
that, if the findings of Chase et al. are generalisable for BGC evolution in other lineages, the
geographic distance of Antarctica to other land masses might not contribute greatly to BGC
novelty at Mars Oasis. However, in addition to sheer distance, the dispersal of organisms to
Antarctica is limited further through the Antarctic circumpolar current and atmospheric
circumpolar vortex that started about 30 million years ago, concurrent with the start of
glaciation (DeConto and Pollard 2003). This isolation combined with an extreme environment
could impede the colonisation by microorganisms and thereby lead to a more pronounced
phylogenetic and functional divergence than in between e.g. soils on different continents. In
support of this, aerobiological studies have indicated that the majority of aerosolised bacteria
over Antarctica originates from the continent (Bottos et al. 2014). Furthermore, studies on
bacterial isolates indicate that dispersal is an important factor in prokaryotic biogeography
(Andam et al., 2016). However, it is still likely that most bacterial lineages on Antarctica have
close relatives elsewhere, as bacterial 16S rRNA genes only diverge an estimated 1% per 50
million years (Ochman, Elwyn, and Moran 1999). Furthermore, an environment such as Mars
Oasis, with its meltwater pools and stands of bryophytes, could be more hospitable to
colonising organisms than e.g. the hyper-arid deserts of the McMurdo Dry Valleys, where
hydration has been suggested to be sustained for a large part through oxidation of hydrogen to
H>O (Ortiz et al. 2021). Mars Oasis has been shown to differ in soil chemistry from other polar
desert soils in the vicinity (Chong et al. 2012). However, respective influences of differences
in soil properties, climate as well as the isolation provided by the oceanic and atmospheric

currents on the community composition have not been determined. The combination of
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undersampling of the Antarctic continent and the general inability of 16S rRNA gene amplicon
sequencing studies to distinguish between ecotypes or to determine metabolic capacities means
that basic questions about biogeography in the Antarctic and elsewhere remain open.
Furthermore, the high taxonomic rank that 16S rRNA gene sequencing studies are often
interpreted at, coupled with a complete absence of isolate genome or physiological data, leads
to potentially confusing findings. For example, a general trend in community composition of
many soils is an increase in the abundance of Acidobacteria at low pH. However, it has been
observed that several clades of Acidobacteria actually prefer neutral or alkaline soil, such as
the soil used in the present work (Llado, Lopez-Mondéjar, and Baldrian 2018; Ivanova et al.
2020). However, as techniques are evolving, we might come closer to giving more informed
answers to questions of biogeography even in absence of isolates. For example, an analysis of
global catalogue of MAGs showed that most unique gene variants are rare and biome-specific,
as well as less likely to be adaptive than more prevalent and cosmopolitan genes, demonstrating
the potential of large MAG catalogues for deducing evolutionary patterns of prokaryotic genes
and genomes (Coelho et al. 2022). Furthermore, a recent paper by Ortiz et al. (2021) combined
genome-resolved metagenomics, metabolic modelling, isolation and microcosm work to study
trace gas metabolism in Antarctic soils. Applying these tools across a range of biomes might
lead to fruitful meta-analyses that could shine a light on the determinants of biogeography of

bacterial communities in Antarctica and beyond.

The isolates obtained by conventional isolation in the present study showed a relatively high
level of novelty at species level based on 16S rRNA gene similarity, which is concordant with
a previous metagenomic analysis as well as the geographical isolation of Antarctica for 30
million years and the fact that it is a relatively unexplored environment (Pearce et al. 2012).

However, they also confirm that untargeted isolation approaches using standard laboratory
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Figure 5.1: There is a loss of diversity with each selection step in the natural products discovery pipeline, from choosing the
biome to sample, to isolation procedures, culture conditions and detection of compounds. Implementing novel methods at each

of the selection steps can increase the chances of discovery of novel compounds.

media are of little use to expand the range of isolated genera or higher taxonomic orders when
working with a well-studied environment such as soil. When taking into account findings that
many BGCs are relatively conserved within genera, it is likely that the isolates obtained here
would not produce significantly different compounds than isolates of the same genera obtained
elsewhere (Gavriilidou et al. 2021; Chase et al. 2021). However, it is possible that the
geographic isolation coupled with climactic changes through millions of years could have
yielded unique adaptations for cold temperatures, which could potentially be reflected in the
types of specialised metabolites produced. For example, compounds that decay quickly at room
temperature might be stable enough at sub-zero temperatures; enzymes catalysing novel types

of reactions might have evolved through cold adaptation. Notwithstanding the potential novelty
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induced by these adaptations, standard isolation procedures could have higher chances of
yielding highly novel compounds when applied to underexplored types of environments. A
computational study on a large set of MAGs from different environments showed that 74% of
BGC families are specific for a given biome type such as soil, freshwater, gut or thermal vents
(Gavriilidou et al. 2021). Therefore, exploring unusual biomes such as the diverse host-
associated microbiomes or the deep subsurface might be the most promising way forward when

using standard isolation and screening procedures.

In addition to the sampled biome, the isolation procedure is the other factor of prime
importance for specialised metabolite discovery since it holds the potential to significantly alter
the taxonomic composition of recovered bacteria and therefore BGC diversity. It has been
shown in previous studies as well as in the present work that several uncultured lineages in
various underexplored phyla contain a large amount of BGCs with a high degree of divergence
from known sequences (Borsetto et al. 2019; Crits-Christoph et al. 2018). A method of reliably
isolating BGC-rich acidobacterial genera would likely constitute a breakthrough for natural
product discovery, giving access to a treasure trove of novel BGCs with undiscovered products.
The developments in high-throughput cultivation as well as targeted, metagenome-guided
isolation techniques indicate that this breakthrough could occur soon. However, searches in
PubMed indicate that the number of novel species and genera described per year is decreasing,
while publications about metagenomes are steadily increasing (Figure 5.2). While there are
likely to be other factors involved, such as the impact of the Covid19 pandemic in 2020, it
seems that interest in isolation and description of novel species might be waning in the face of
culture-independent techniques. Possibly, the quantity is counterbalanced by quality, i.e.

targeted isolation of specific hard-to-culture bacteria, but this cannot easily be verified.
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Figure 5.2: Numbers of PubMed results per year from 2001 to 2021 using the following search terms: a) ("gen.
nov."[Title/Abstract]) AND (bacteria[Title/Abstract] OR bacterial[Title/Abstract] OR bacterium[Title/Abstract]); b) ("sp.
nov."[Title/Abstract]) AND (bacteria[Title/Abstract] OR bacterial[Title/Abstract] OR bacterium[Title/Abstract]); c)
(metagenome[Title/Abstract] OR metagenomic[Title/Abstract]) AND (bacteria[ Title/Abstract] OR bacterial[ Title/Abstract]
OR bacterium[Title/Abstract]); d) (bacteria[Title/Abstract] OR bacterial[ Title/Abstract] OR bacterium[Title/Abstract]); e)

("isolation" OR "isolated") AND (bacteria[ Title/Abstract] OR bacterial[ Title/Abstract] OR bacterium|[Title/Abstract])

It is worth mentioning that an innovative isolation approach was planned in this work that
would have combined the previously reported approaches of droplet microfluidics, matrix
encapsulation and in situ incubation in hollow fibre chambers (Mabhler et al. 2021; Ben-Dov,
Kramarsky-Winter, and Kushmaro 2009; Aoi et al. 2009). Alginate droplets containing single
bacterial cells would be generated using a microfluidic device and fed into a hollow fibre which
would be placed back into the soil. Following incubation, the droplets would be analysed by
metagenomic sequencing as well as deposited on solid media to obtain colonies (Figure 5.3).

However, it was not possible to obtain hollow fibres, so the project could not proceed.
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Figure 5.3: Outline of the proposed microfluidics-based in-situ incubation strategy.

5.4 Outlook

It must needs be remarked that existing culture collections of Actinobacteria such as
Streptomyces should not be overlooked in the hunt for novelty. They still contain a vast
repertoire of cryptic BGCs encoding an immense number of potentially useful natural products.
While it has been suggested that BGC families are mostly specific to genera, it has also been

demonstrated that many BGCs are rare within genera (Gavriilidou et al. 2021; Watve et al.
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2001; Baltz 2006; Chase et al. 2021). Traditional screening platforms are significantly
hampered by the rediscovery of highly common BGCs that make discovery of rarer BGCs less
likely (Culp et al. 2019). However, thanks to the constantly evolving approaches aimed at
tackling the issue of rediscovery, strain libraries will likely continue to yield novel compounds.
These approaches include targeted activation of BGCs of interest as well as improved
dereplication of spectroscopy signals by methods such as GNPS (Wang et al. 2016).
Furthermore, the increasing automatic integration of genomic and metabolomic data
(metabologenomics) is a promising development. Hitherto, metabologenomics has consisted
of large-scale presence/absence correlations as well as specific feature-based predictions based
on e.g. NRPS peptide sequence (Goering et al. 2016; Kersten et al. 2011). These two
approaches are still at the heart of metabologenomics, but are being improved, expanded and
further automated in programs such as NPLinker (Eldjarn et al. 2021). However, as of today,
connecting an observed MS signal to a specific BGC in an isolate is still often a puzzle that
requires a large amount of expertise and time to solve. A way of reliably and automatically
linking MS signals to BGCs by means of rules-based or machine learning algorithms has the
potential to revolutionise natural product discovery. This would not only improve the
prioritisation of strains and BGCs for study, but also enable complementary analyses of BGC
sequence diversity and chemical compound diversity in isolates, culture collections and the

environment.

5.4.1 Future work

There are many ways in which the work presented here could be improved, e.g. by deeper
short-read sequencing with different DNA extraction protocols to reduce indel errors and
improve MAG quality to obtain a set of high-quality MAGs. Furthermore, some aspects of the

heterologous expression study could be repeated using a lower growth temperature as well as

149



different extraction regimes. However, there are also ways in which to not only improve what

has been done, but also develop on it.

Firstly, the UBA7966 DUF692 BGCs that showed a phenotype in P. putida and proved lethal
in Streptomyces could be studied further. Since a phenotype has been observed, tweaking
expression might realistically lead to isolation of the peptide that could then be assessed for
structure and function. Furthermore, the gene functions in the small BGC would be
straightforward to determine by knockouts. To examine the hypothesis of the proposed role of
the peptide for metal binding, microcosms with addition of metals such as copper as well as
EDTA could be set up and the transcriptional response measured. The high abundance of the
UBA7966 order also makes the Mars Oasis soil a promising candidate for cultivation of the
lineage. This might take a long time, however, since the previous isolation of an atmospheric

methane oxidiser took over two years (Tveit et al. 2019).

Secondly, a metagenome-guided cultivation approach could be employed to isolate target
groups. While binning was not highly efficient, taxonomic classification was successful for a
large number of BGCs and the contig size means that many BGCs are on the same contigs as
large parts of the genome. This means that through analysis of classified bins and contigs, the
nutritional requirements and potential antibiotic resistances of specific lineages in the
metagenome could be identified and harnessed for a metagenome-guided cultivation approach.

The prime target for this would be BGC-rich acidobacterial groups.

Thirdly, the relatively low diversity (for soil) and presence of many interesting producer phyla
could make a promising target for an integrated “omics” approach: Soil extracts could be

analysed for specialised metabolites which could then be tied to BGCs obtained through long-
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read metagenomic sequencing and correlated to BGC expression levels obtained through
metatranscriptomics. This could vastly improve prediction of structure and function of

specialised metabolites from uncultured bacteria at Mars Oasis.
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7 Appendix A

Supplementary Table 1: Primers used for BGC amplification.

Product
Primer Sequence length PCR # BGC vector  promoter
GTGTTGTAAAGTCTGGTGTACCTA
2215 AGTTCGTCATCCTACGGACCGE 4355 ” contig_13212_region2 ) spdd
5 71 TTTGGAGATTTTCAACGTAGGTTC (terpene) & P
— TGGCTCACATTACGATCTGGG
2917 GTGTTGTAAAGTCTGGTGTACCTA
— AGGACCCACTTCAGTGGCGAG .
TTTGGAGATTTTCAACGTAGGTTC 21000 19 contig 2148 NRPS g2 sp44
2218 ATCAAGTTTCGCACCCGCTA
2219 GTGTTGTAAAGTCTGGTGTACCTA
— AGTGAGCATAAAGCGTACTCCGAA .
TTTGGAGATTTTCAACGTAGGTTC 13558 12 contig_11044 NRPS g2 sp44
2220 CTCGAGATTGCACGGGAGTA
2 201 GTCCTAGTATGGTAGGATGAGCAA
— AGTCACCACAGGGAAGCGTT .
CCAGATCTGCAACCTCTTAAGATT 2007 1 contig 11044 NRPS g2 p21
2222 CGATTTCTTGCGCTGTGC
2203 GTGTTGTAAAGTCTGGTGTACCTA
— AGAGTTTGCAACTCGGCGCATC .
TTTGGAGATTTTCAACGTAGGTTC 12403 13 contig 24847 NRPS g2 sp44
2224 TGCCCTCTGCTTAGTTTCCG
2 205 CTAGTATGGTAGGATGAGCAAGTT
— TAACGTGAAACGGGAGACAGAC . .
CTAATGTAAAGTCGTGGCCAATTT 9229 2 contig_115 lassopeptide g2 sp24/p21
2226 TCTCGAATACTGTGCAGCCC
2 27 CTAGTATGGTAGGATGAGCAAGTT
— TAGGATCGAGCTGACACGGG .
CTAATGTAAAGTCGTGGCCAATTT 7651 3 contig 13589 terpene gl sp24/p21
222 GGTGCTCCTTTGGCTGACC
2 229 GTGTTGTAAAGTCTGGTGTACCTA
— AGGTACAACTAGCGATCAGGGGG .
TTTGGAGATTTTCAACGTAGGTTC 10594 14 contig 13212 terpene g2 sp44
2,230 GAGGGGTATGACGATGTCGG
2 231 GTCCTAGTATGGTAGGATGAGCAA
— AGTGGTACAGTATCCGTCCGC .
CCAGATCTGCAACCTCTTAAGAGT /498 4 contig_4743 NRPS g2 p21
2232 CGACGACGTCATATTCGC
2233 GTGTTGTAAAGTCTGGTGTACCTA
— AGATCCGCCAAACAGACGAGAG .
TTTGGAGATTTTCAACGTAGGTTC 0490 5 contig_4743 NRPS g2 sp44
2234 GCGAATGGCAAAGTGCTCAA
2 235 GTGTTGTAAAGTCTGGTGTACCTA
— AGATGCGGAAAGAAGGCCATAG .
TTTGGAGATTTTCAACGTAGGTTC 25158 20 contig 736 NRPS g2 sp44
2,236 TCCTTCAACTTCATGGCACC
2 237 CTAATGTAAAGTCGTGGCCAATTT
— CTCGCAATCGCAGGCACC .
CTAGTATGGTAGGATGAGCAAGTT 15354 15 contig 9172 NRPS gl sp24/p21
2238 TACGGTAAGGTGGTGGAACGGA
GTGTTGTAAAGTCTGGTGTACCTA
2239 AGGCATTGGGCGAATCTCTGC 7909 6 conﬁg_4314 ) spdd
5 240 TTTGGAGATTTTCAACGTAGGTTC lassopeptide & P
— AAATCGTTGTCCCGGCGTA
GTGTTGTAAAGTCTGGTGTACCTA
2 241 AGCCTTTTGTTCGGACTTTCGACA
T 20181 21 contig_36584 PKS g2 sp44
2 242 TTTGGAGATTTTCAACGTAGGTTC

AGCCGGACAGAGTAAGAGAC
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Supplementary Table 1 (continued)

GTCCTAGTATGGTAGGATGAGCAA

2 243

— AGAAGAAATTAGGCCGCTGACG .

5 244 CCAGATCTGCAACCICTTAAGAGG 6877 7 contig_36584 PKS g2 p21

— GTTGACTGGAACACGCTG

2 245 GTGTTGTAAAGTCTGGTGTACCTA

— AGTCACGATTTCATCACCCGAACA

) ac T TTGGAGATTTTCAACGTAGGTTC 9579 16 scaffold 45328 PKS g2 sp44
— GACTTTGGAAGCTCGCTCGTT

2 247 CCAGATCTGCAACCTCTTAAGACG

— GTTATCTCTGCGGGAAGT

) as CTCCTAGTATGOTAGCATGAGEAR 4613 8 scaffold 45328 PKS 22 p21

— ACTTCGTCGCGAAACGGTGAG

2 249 GTGTTGTAAAGTCTGGTGTACCTA

— AGCATGCACGTTCCATGGCT .

5 359 TTTGGAGATTTTCAACGTAGGTTC 8390 9 contig 6994 PKS g2 sp44
— CCGCCGACTACGGTTAGAG

2 251 CCAGATCTGCAACCTCTTAAGATA

— CTCCCTGTCGTTGGCTG .

5 55y GICCTAGTATGGTAGGATGAGCAA 5198 10 contig 6994 PKS g2 p21

— AACCGCCAACACTTACAATCTTCA

2253 CTAGTATGGTAGGATGAGCAAGTT

— TACAAGACTTCGCGCCGTCAA . .

) 254 CTAATGTAAAGTCGTGGCCAATTT 11886 17 contig_228 lassopeptide gl sp24/p21
— CAGGGATCGAGTGTGGACAT

2 255 GTGTTGTAAAGTCTGGTGTACCTA

— AGCCGTCACTATCGAGCCAATGT 7263 1 Conﬁg_15892 ) 44
2 256 TTTGGAGATTTTCAACGTAGGTTC lassopeptide £ P

— TTAATTGTGCCGCGACTGGA

2 257 CTAGTATGGTAGGATGAGCAAGTT

— TAGACGAGCGCGCTAGATGAA 13505 18 contig_25828 ! )1

5 258 CTAATGTAAAGTCGTGGCCAATTT lassopeptide g p

— ACGATAGATGGGTGGCAACG

2 259 CTAATGTAAAGTCGTGGCCAATTT

— CCTTCGTCAAGTTCGGCCAG .

3 260 CTAGTATGGTAGGATGAGCAAGTT 13125 39 contig_5955: PKS gl sp24/p21
— TACGATACGGAGGGAGCAACAT

2 261 GATGGAGGCCGCGCTTGACGTTAT

— CCTGTCCAGCCGTG .

) 262 TCGGCGGCGTAGCCCTCGCTGAGA 2166 23 contig_5955: PKS gl sp24/p21
— GCGCCCCTTG

2 265 CTAATGTAAAGTCGTGGCCAATTT

— CCGAGGGGTGGACGAGAATG .

) 266 CTAGTATGGTAGGATGAGCAAGTT 9273 33 contig_10649: T3PKS gl sp24/p21
— TATCTGCATTGTGGAATGTCCGTG

2 267 GTGTTGTAAAGTCTGGTGTACCTA

— AGCATGGAAAATGGCTGGCACG .

) 268 TTTGGAGATTTTCAACGTAGGTTC 5231 34 contig 10669 : T3PKS g2 sp44
— TACGCGCATCCGGAAACTAA

2 269 CTAGTATGGTAGGATGAGCAAGTT

— TATCGCCGCCCTATAATCGTTC .

2 20 CTAATGTAAAGTCGTGGCCAATTT 5372 35 contig_23551: T3pks gl sp24/p21
— GTCTCCGTTGGCTTCTTTCG

2 271 GTGTTGTAAAGTCTGGTGTACCTA

— AGCACTGATCAATCCGCCCCTG

. T T TGGAGATTTTCAACGTAGGTTC 13520 40 scaffold 13961: TIPKS g2 sp44
— GCGAATCCGAAGCTGGAAGT

2273 CCAGATCTGCAACCTCTTAAGACT

— CGAGCAACTGGGTAATTCG

) CTCCTAGTATGOTAGCATCAGEAR 2053 24 scaffold 13961: TIPKS g2 p21

— ATCTGCCATGGTAACAACCTGA

2 275 CTAGTATGGTAGGATGAGCAAGTT

= TAGAGGCTCCGGGTGCTAACAT 18477 44 contig_10632: NRPS 1 24/01
2 276 CTAATGTAAAGTCGTGGCCAATTT PKShybﬁd g PP

CGTCGTTACGCTGCTACTCT
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Supplementary Table 1 (continued)

GTGTTGTAAAGTCTGGTGTACCTA

2 277
— AGCCTCGCGCCGTTCCTGTC .
TTTGGAGATTTTCAACGTAGGTTC 17320 45 contig_7544: TIPKS g2 sp44
2278 ATGGATACCAGACAGCCTCCTGC
CTAGTATGGTAGGATGAGCAAGTT
2—279 TAATTACAGGCTTCATGCCACG scaffold 35893
5 2g0 CTAATGTAAAGICGIGGCCAATTT 10189 36 lassopeptide el sp24/p21
— GAGTCTACGGAATAAGGCCGC
TTTGGAGATTTTCAACGTAGGTTC
2—281 TGCCCAACTTCCTGATCCGA 15013 41 contig_13679 | spdd
2 2% GTGTTGTAAAGTCTGGTGTACCTA lassopeptide g P
— AGCCTGTATTGGAGCCGGGTT
CTAGTATGGTAGGATGAGCAAGTT
2—283 TATCGCAGACCACATTTGACACA 12791 0 contig_63 13 1 21
5 ygq CTAATGTAAAGICGIGGCCAATTT lassopeptide & P
— CGTCTTCACACATTTGCGCTC
CTAGTATGGTAGGATGAGCAAGTT
2 285 TAGAAGGGATCGCGCTGTAGG 6994 37 contig_1186 | sp24/001
5 236 CIAATGTAAAGICGIGGCCAATTT lanthipeptide & p<4/P
— CTGCTGAGACCGCCACG
CTAGTATGGTAGGATGAGCAAGTT
2—287 TACACCAGGGTTGTTGCTTACAG 18248 46 contig_6994 BGC3 | 71
CTAATGTAAAGTCGTGGCCAATTT NRPSPKS g p
2288 GACTCGCACTAAGACAGGCG
2 289 GTGTTGTAAAGTCTGGTGTACCTA
— AGTTACCCTGTAGGACGGAACGAC
T TTGGAGATTTTCAACGTAGGTTC 23750 47 scaffold 11847 NRPS g2 sp44
2290 AAGCTTTTGAAGGGCGTCGG
2 291 GTGTTGTAAAGTCTGGTGTACCTA
— AGGCCGGCTTATCTATCCACCA .
TTTGGAGATTTTCAACGTAGGTTC 2202 25 contig_665: DUF692 g2 sp44
2292 TTACCGATTCCGGCCCTCTA
2 293 CCAGATCTGCAACCTCTTAAGAGC
— TTCAGTGGTTTAGTCGCC .
GTCCTAGTATGGTAGGATGAGCAR 1178 26 contig_665: DUF692 g2 p21
2—294 AGCGTCACGACGGTTTAAAAT
2 295 GTGTTGTAAAGTCTGGTGTACCTA
— AGTAGCGGCCGGCTTATCTATC .
TTTGGAGATTTTCAACGTAGGTTC 2183 27 contig_414: DUF692 g2 sp44
2,296 TGGCGCATGACGTATTAGGA
2 297 CCAGATCTGCAACCTCTTAAGAAG
— GCGACCCTCTCTAAAACG .
GTCCTAGTATGGTAGGATGAGCAR 3597 28 contig_414: DUF692 g2 p21
2298 ATGTCGCTTCACGACGGTTTG
2 299 GTGTTGTAAAGTCTGGTGTACCTA
— AGCTATCCACCATCAGGAGACCAT .
TTTGCAGATTTTCAACGTAGGTTC 2163 29 contig 291: DUF692 g2 sp44
2_300 CTGGCGCATGGCGTATTAGG
2 301 CCAGATCTGCAACCTCTTAAGAGG
— CGGCTTCAATTCTGTGAA .
GTCCTAGTATGGTAGGATGAGCAR 3447 30 contig 291: DUF692 g2 p21
2,302 ACGCGTCACGACGGTTTG
2303 GTGTTGTAAAGTCTGGTGTACCTA
— AGGCCGGCTTATCTGTCCACC .
TTTGGAGATTTTCAACGTAGGTTC 2042 31 contig 14956: DUF692 g2 sp44
2,304 GGGCAAGGCAGTGAGTATCC
2 305 CCAGATCTGCAACCTCTTAAGAGG
— GCCTCTCGTTTTGAGCAT .
GTCCTAGTATGGTAGGATGAGCAA 3267 32 contig 14956: DUF692 g2 p21
2306 AGCAGCGGGGGAATAATAGACG
GTGTTGTAAAGTCTGGTGTACCTA
2 307 AGCATCAGTATCGTTAAACTGTTA .
— cce 16666 48 contig 2807: NRPS o spdd
5 308 TTTGGAGATTTTCAACGTAGGTTC part 1

AGCAATAGTTTCGGCGGTCA
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Supplementary Table 1 (continued)

2 310 GGCCTATGCCGTTGAACAAG cmng_Z&W:NRPS
TTTGGAGATTTTCAACGTAGGTTC 17420 49 part 2 g2 spa4
231 AGCTCGGTGAAAGACTCACA
2312 CTAGTATGGTAGGATGAGCAAGTT
— TACGATCATCTCCAGCCGCAA
CTAATGTAAAGTCGTGGCCAATTT 6255 38 contig_3134 NRPS gl sp24/p21
2313 ATGCCGAGATCATGCGCTAC
2315 CTAGTATGGTAGGATGAGCAAGTT
— TACTCACGCGACTGATGGATGAC .
CTTGCGGCTGGAGATGATCGGACT 14863 43 contig 3134 NRPS gl sp24/p21
2 316 CGTCCCCATGAAGCGG
2317 GTGTTGTAAAGTCTGGTGTACCTA
— AGGGACGCGAGACTAGCTCAT .
TTTGGAGATTTTCAACGTAGGTTC 25812 50 contig_ 11857 NRPS g2 sp44
2318 TACCCGCTCTGGTCGTTTCT
GTGTTGTAAAGTCTGGTGTACCTA
2319 A GGAGCATCCACGCTGCCTAC a6 s1 contig_13147 NRPS 5 “
TTTGGAGATTTTCAACGTAGGTTC PKS g SP
2 320 ATCTTCAACGGCAGCCTCC
contig_11044 NRPS
2_321 GGGAGTGTAAGCGTATGCGA 7227 58 fragment ) (With 2 219) g2 sp44
contig_11044 NRPS
2_322 GGCAGACGGAATGAGTGTCA 7114 59 fragment 2 (With 2_220) g2 sp44
contig_24847 NRPS
2_323 GCCCCGGAATCCTGTATGAG 7492 60 fragment ) (With 2 023) g2 sp44
contig_24847 NRPS
2 324 TGTTTCAACCATTGCGGCAG 6860 61 fragment 2 (with 2 224) 22 spd4
2 325 GTGTTGTAAAGTCTGGTGTACCTA
— AGCCGATGAGGTCAGGTCCTT .
TTTGCAGATTTTCAACGTAGGTTC 11062 62 contig 13212 terpene g2 sp44
2 326 AACGTCTATGCCGTGGTCTC
contig_9172 NRPS
2}27 CTGTCTGAACGTGAGGCGAA ¢ 8000 63 ﬁagnmﬁl(wﬁhz 23” gl qﬂ4m21
contig_9172 NRPS
2}28 GGCAGCTCGTGACCGATAG ¢ 8000 64 ﬁagnng(wth 23& gl qﬂ4m21
contig_10632: NRPS
2 329 CTACGCCATCACCTGGCATC c9000 65 PKS hybrid fragment 1 gl sp24/p21
(with 2 _275)
contig_10632: NRPS
2 330 GGCAAGGTGAGGGGATTGG c9000 66 PKS hybrid fragment2 gl sp24/p21
(with 2_276)
contig_6994 BGC3
2 331 GAGACTCAGACGACGAGGTG c9000 67 NRPSPKS fragment 1 gl sp24/p21
(with 2 287)
contig_6994 BGC3
2 332 CTCAGCTCGGCCTCAATCTC c9000 68 NRPSPKS fragment 2 gl sp24/p21
(with 2 288)
GTGTTGTAAAGTCTGGTGTACCTA
2333 AGCACCTGACCGAAAGATAGCCAG .
TTTGGAGATTTTCAACGTAGGTTC 10425 55 contig 2313 terpene g2 sp44
2334 GTGGCTCGTTTGAGACTGAC
2 335 TTTGGAGATTTTCAACGTAGGTTC
— ACTTTGGCGACTACGACCTC . .
GTGTTGTAAAGTCTGGTGTACCTA 8272 56 contig_795: carotenoid g2 sp44
2,336 AGGGAGCATACATGCGGCTAGA
GTGTTGTAAAGTCTGGTGTACCTA
2337 AGGGCTCTCCGATCTGCTCTTC . .
) 1 TTTGGAGATTTTCAACGTAGGTTC 5754 57 contig_4: carotenoid g2 sp44

TGATCGTCCTCAACATCGGC
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Supplementary Figure 1: P. putida transformants supernatant, base peak chromatograms of negative ion mode
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Supplementary Figure 2: P. putida transformants supernatant, base peak chromatograms of positive ion mode
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Supplementary Figure 3: P. putida transformants cell pellet MeOH extract, base peak chromatograms of negative ion mode
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Supplementary Figure 4: P. putida transformants cell pellet MeOH extract, base peak chromatograms of positive ion mode
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Supplementary Figure 5: Streptomyces exconjugants MeOH extract of agar plates, base peak chromatograms of negative ion

mode
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Supplementary Figure 6: Streptomyces exconjugants MeOH extract of agar plates, base peak chromatograms of positive ion

mode
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Antimicrobial assays of transformants and exconjugants.

Supplementary Figure 7: Results of P. putida transformants agar plug diffusion assay. No inhibition could be observed for (A,

B) E. coli BL21 or (C, D) M. luteus.
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Supplementary Figure 8: Results of S. coelicolor exconjugants agar plug diffusion assay. No inhibition could be observed (A)
in E. coli BL21. (B) In M. luteus, a slight halo can be seen for all samples marked with an asterisk, including the pBCkBAC-

g1 empty plasmid control. These samples were grown on BGM and under illumination to stimulate carotenoid production.

Supplementary Figure 9: Results of S. albus exconjugants agar plug diffusion assay. No inhibition could be observed (A) in

E. coli BL21 or (B) in M. luteus.
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