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Abstract

Alba IGLESIAS VILCHES

Evolution, environmental distribution, and engineering of the abyssomicin biosynthetic gene

cluster.

Microbial secondary metabolites constitute a great source of pharmaceutically interesting
biomolecules. In particular, the tetronate family of natural products is a structurally and
functionally diverse group of secondary metabolites whose potent bioactivities make them
attractive targets for clinical and industrial exploitation. The abyssomicins are an actively
growing family of small spirotetronate natural products that has been widely studied due to the
unique structural features and bioactivities that some of its members exhibit, including
antimicrobial activity against Gram-positive bacteria such as methicillin- and vancomycin-
resistant Staphylococcus aureus and different Mycobacteria strains, HIV inhibitory and

reactivator properties and anti-influenza A virus activity.

Abyssomicin C and its atrop- isomer, produced by the slow growing marine Actinobacteria
Micromonospora maris AB-18-032 T, are type | polyketide antibiotics that inhibit the formation
of p-aminobenzoic acid, a constituent of the folate pathway. Abyssomicin biosynthesis is highly
amenable to reengineering, as the enzymes involved in the synthesis of the tetronate (AbyA1l)
and the spiro-tetronate-forming Diels-Alderase (AbyU) are both capable of accepting
structurally diverse substrates. The aim of this project was to set up the grounds for the
discovery and production of novel abyssomicins with applications in the biopharmaceutical
industry. First, in order to understand the environmental distribution and evolution of the
abyssomicin biosynthetic gene clusters (BGCs) present in nature, an analysis of publicly
available genomic and metagenomic data was carried out. The strategy of selecting a pathway-
specific enzyme to direct the mining proved to be an excellent strategy; 74 new Diels—Alderase
homologs were identified and a surprising prevalence of the abyssomicin BGC within terrestrial
habitats, mainly soil and plant-associated, was unveiled. Five complete and 12 partial new
abyssomicin BGCs and 23 new potential abyssomicin BGCs were also identified, suggesting
that a plethora of abyssomicins remain to be discovered. A preliminary study on the
abyssomicin production potential of five of the strains containing potential abyssomicin BGCs

was also carried out although no abyssomicins were found.



After that, with the final goal of producing abyssomicins of various lengths and different
saturation/oxidation patterns, it was necessary to express the aby BGC of M. maris AB-18-032
in a well-established heterologous host. This cluster was successfully moved into E. coli and
various Streptomyces species, the abyssomicin production potential of these strains was
evaluated in various conditions and some of the hosts were promoter engineered to force the
expression of the aby BGC. Active gene expression was demonstrated, but despite the efforts,
none of the heterologous hosts produced abyssomicins. Later analysis unveiled the presence of
several mutations within abyB1, the first polyketide synthase gene in the aby BGC, suggesting

this could be the reason for the lack of production.

Since the approach to heterologously produce abyssomicins was not fruitful, this work then
focused on increasing abyssomicin production in M. maris AB-18-032 and developing genetic
tools for this system. First, through ribosome engineering, a library of M. maris drug-resistant
mutants capable of producing up to 3.4-fold abyssomicin C in comparison to the wild-type
strain was generated. Then, using statistical Design of Experiments (DOE), an efficient
electroporation protocol that could accelerate targeted genetic manipulations in M. maris was
developed. Together, increased abyssomicin production and a quick and easy electroporation
protocol for M. maris, will facilitate future engineering of the aby BGC directly in M. maris to

produce diverse non-natural abyssomicins.
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Chapter 1. Introduction to this work.

1.1 This thesis in a nutshell.

The rise in antimicrobial resistance (AMR) is currently one of the biggest threats to global
health. During the last decades, the misuse of antibiotics, among other causes, has led to the
accelerated development of drug-resistant microorganisms. This, coupled to the slow discovery
rate of new antibiotics, is a real concern that leaves society in a situation worryingly similar to
that of the pre-antibiotic age. Fortunately, today, researchers have more information than ever
at their disposal and benefit from the quick developments in technology and infrastructure to
generate knowledge at a level quantitatively and qualitatively without precedents. In this
dissertation, | present three different synthetic biology-based approaches for the discovery of
new antimicrobial compounds. The main aim of this work is to set up the grounds for the
discovery of new abyssomicins with potentially novel bioactivities by (1) exploring the
diversity of abyssomicin BGCs present in nature and analysing in vivo the abyssomicin
production potential of some of the strains containing these BGCs, (2) expressing the M. maris
abyssomicin biosynthetic gene cluster (aby BGC) in a heterologous host and (3) developing
molecular microbiology and genome editing tools to engineer abyssomicin biosynthesis in M.

maris.

This dissertation tries to answer the following research questions: (RQ1l) How is the
abyssomicin BGC distributed in nature and how does it evolve? (RQ2) Could genomic and
metagenomic data be used to identify microbial strains with a natural ability to produce
abyssomicins? (RQ3) Would it be possible to express the aby BGC from M. maris in a
heterologous host? (RQ4) Could abyssomicin production be enhanced in M. maris so that this
strain could be used as a production chassis? (RQ5) Which molecular biology protocols would

need to be optimised so that M. maris could be engineered to produce new abyssomicins?

To solve these questions, first, | investigated the environmental distribution and evolution of
the abyssomicin BGC through the analysis of publicly available genomic and metagenomic
data and then, I analysed under laboratory conditions the abyssomicin production potential of
five bacterial strains harbouring putative abyssomicin BGCs. Then, | focused on using the M.

maris abyssomicin BGC for the heterologous production of these compounds. For that, first, I



carried out a comprehensive literature review to identify which chassis are generally used for
the expression of bacterial polyketide natural products. Subsequently, the aby BGC was
transferred into Escherichia coli and various Streptomyces species that were then evaluated for
their abyssomicin production potential under different culturing conditions. Finally, in order to
use M. maris as an engineerable chassis for the production of abyssomicins, ribosome
engineering was applied to increase the abyssomicin production yield in this organism and,
later, statistical design of experiments (DOE) was used to develop a quick and easy
electroporation method to transform it.

With this work, I hope to have paved the way for future research work looking at the discovery

and production of new abyssomicins with potentially novel bioactivities.

1.2 Importance.

The discovery, development and introduction into the clinic of the first antibiotics is still today
one of the most relevant landmarks of modern medicine as it is estimated that, for example,
just in the USA, the deaths caused by infectious diseases decreased from 797 deaths per
100,000 persons in 1900 to 45.6 deaths per 100,000 persons in 2014 (Armstrong et al., 1999;
Hansen et al., 2016). Although more importance is given to this topic nowadays, AMR to
clinically used antibiotics has been an issue since these started to be used in human and
veterinary medicine. During the golden age of antimicrobial drug discovery, this emerging
thread was covered up with the discovery of new clinically relevant antimicrobials (Figure 1.1).
However, during the last few decades, the absence of new antibiotics and the spread of AMR

has limited the treatment options against life-threatening pathogens (Powers, 2004).

Antibiotic deployment

Sulfonamides Streptomyein | Tetracyeline Ampicillin Daptomyein

Cephalosporins
Methic||in Linesolid
C%ﬂ 1935 1940 1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005
Tetracyeline, Methicillin Cephalosporins Linezolid
Sulfonamides Streptomyein Ampicillin Daptomycin

Antibiotic resistance

Figure 1.1. Timeline of antibiotic deployment (above the timeline) and the appearance of
antibiotic resistance (below the timeline). Adapted from (Clatworthy et al., 2007).
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Research in the field of antimicrobial drug discovery faces challenges such as the high
rediscovery rate of already known compounds, the 15-20 years process until drug approval and
the loss of interest of pharma companies on the exploitation of this kind of drugs. Despite this,
it is necessary to keep looking for and developing antibiotics, as for example, the global
pandemic of resistant Staphylococcus aureus alone already kills more people in the USA each
year than HIV/AIDS, Parkinson’s disease, emphysema, and homicide combined (Ventola,
2015). Indeed, in the USA alone, antibiotic-resistant pathogen-associated hospital-acquired
infections cause 99,000 deaths annually and economic losses of about $35 billion annually

were recorded due to antibiotic resistance in health care systems (Aslam et al., 2018).

1.3 Motivation.

Many efforts are currently being done in different research fields to tackle AMR from as many
perspectives as possible, from physics researchers generating models on how the complex
network of reactions that constitutes bacterial physiology responds to the antibiotic-induced
stress (Allen & Waclaw, 2016) to medical researchers developing rapid point-of-care resistance
diagnostics tools (McAdams et al., 2019). Synthetic biologists, on their side, have found on the
modularity of biosynthetic pathways responsible for the production of natural products the
perfect opportunity to generate novel nature-inspired biomolecules with antimicrobial activity
(Zakeri & Lu, 2013).

1.3.1 Microbial secondary metabolites vs chemically synthesised molecules.

Plant, fungi and bacteria constitute a great source of secondary metabolites with antimicrobial
activity. Over 16,500 antibiotics have been isolated as natural products from these organisms
and interestingly over half of them came from environmental bacteria from the phylum
Actinobacteria (Zakeri & Lu, 2013). During years, researchers assumed that these compounds
with antimicrobial activity were involved in inter-microbial competition for nutrients or space,
but recent studies on the natural roles of secondary metabolites showed that these have dual
roles and display unsuspected activities at low concentrations (Davies, 2013; van Bergeijk et
al., 2020). Natural products are synthesised through large secondary metabolic pathways, a
subset of which, is characterised by an inherent modularity that makes them attractive
platforms for synthetic biology (Khosla et al., 2009). That is the case of polyketide synthase
(PKS) and non-ribosomal peptide synthetase (NRPS) systems. These pathways are organised



in the genomes in the form of biosynthetic gene clusters (BGCs) comprised of large enzymatic
complexes that allow for the coordinated action of several enzymes to build complex small
molecules from basic building blocks in a similar way to car assembly lines. At a chemistry
level, previous research revealed that microbial secondary metabolites contain a much larger
fraction of sp-hybridised bridgehead atoms and chiral centres than synthetic small molecules
(Henkel et al., 1999; Rodrigues et al., 2016). In general, natural products also present a lower
nitrogen content, a higher oxygen presence and more aliphatic rings than aromatic ones
(Rodrigues et al., 2016). Whilst the traditional antimicrobial screenings of hundreds of isolates
are still one of the technically easiest strategies followed in microbiology laboratories for the
discovery of new molecules with antimicrobial activity, limitations such as the high

rediscovery rate have led to the development of alternative approaches.

The chemical synthesis of urea in 1828 by Friedrich Wohler is considered the achievement that
launched the total synthesis and synthetic organic chemistry fields. It was then when organic
chemists started using simple building blocks to build complex molecular architectures,
although the purpose of this research field has been continuously evolving to justify the
chemical synthesis of natural products (Hong, 2014). At the beginning, the chemical synthesis
of a natural product was the last step to confirm the structure of the compound. Then, in the
20" century, X-ray crystallography and spectroscopic methods took over this task, and thus,
organic chemistry was relegated to create and discover new reactions and patterns of chemical
reactivity. Since then, the natural product synthesis field has focused on synthesising complex
molecules at scalable amounts to supply enough material for clinical studies to be carried out.
With the rise of AMR, work in this field has also centred on expanding the chemical diversity
of already known antibiotics through the chemical synthesis of natural product-inspired
compounds (Charest et al., 2005). For that, different approaches have been followed including
fragment-based drug discovery, the screening of synthetic chemical libraries for antimicrobial
activity, computer-assisted de novo design of small molecules that mimic nature’s chemistry

and combinatorial chemistry (Rodrigues et al., 2016).

These approaches, however, have not been very successful, as synthetic chemical libraries have
been unable to mimic the structural complexity of bioactive natural products (Wang et al.,
2019). Natural products and marketed drugs are structurally more diverse than combinatorial
chemistry products (Figure 1.2). This is mostly a consequence of trying to make combinatorial

synthesis more efficient and, in general, the differences with higher impact include the number
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of chiral centres, the presence of aromatic rings and other complex ring systems, the degree of

the saturation and the presence of different heteroatoms (Feher & Schmidt, 2003).

Figure 1.2. Product space (2D) covered by A) combinatorial compounds (n=13,506), B)
natural products (n=3,287) and C) marketed drugs (n=10,968). Adapted from (Feher &
Schmidt, 2003).

1.3.2 Exploitation of non-streptomycete natural products.

One could think that the chemical diversity of natural products is limited, and that chemical
synthesis is necessary for the creation of derivatives with optimised bioactivities. It is well-
known that more than 99% of the predicted 10*-10'? microbial species on Earth remain
undiscovered and only a tiny fraction of these can be cultured in laboratories ( Locey & Lennon,
2016; Bodor et al., 2020). The sequencing revolution unveiled the presence of dozens of BGCs
in single bacterial genomes and a plethora in metagenomes, that, independently of whether a
priori these were silent or even vestiges of ancient BGCs, could be studied, activated, restored

and combined with parts of each other to create an infinite number of molecules.

It is evidently easier to start studying those BGCs that are active under laboratory conditions
and whose natural products already display interesting bioactivities. Streptomyces is the best
studied genus among Actinobacteria, with approximately 900 species described and over 1,620
genomes deposited in the NCBI, although only 189 of these and 35 assemblies would be
complete (Lee et al., 2020). Each Streptomyces genome possesses between 25-70 BGCs
(Belknap et al., 2020) and are natural producers of drugs such as the anticancers daunorubicin
(Otten et al., 1995), dactinomycin (Waksman & Gregory, 1954) and mitomycin C (Yingging
et al., 1999), the antimicrobials streptomycin (Waksman et al., 1946), chloramphenicol
(Akagawa et al., 1975) and tetracycline (McCormick et al., 1958), the antifungals nystatin
(Sekurova et al., 1999), amphotericin B (Linke et al., 1974) and natamycin (El-Enshasy et al.,



2000), the immunosuppressants sirolimus (Sehgal, 2003), ascomycin (Arai et al., 1962) and

tacrolimus (Barreiro et al., 2012) and the antiparasitic ivermectin (Campbell et al., 1983).

Apart from the genus Streptomyces, other genera have also proved to be very valuable sources
of natural products with clinical applications. That is the case of for example the genera
Micromonospora, Salinispora and Frankia, that are producers of compounds such as
gentamicin (Weinstein et al., 1963), diazepinomicin (Charan et al., 2004), crisamicin (Nelson
et al., 1986), thiocoraline (Romero et al., 1997), salinisporamycin (Matsuda et al., 2009),
sporolides (Buchanan et al., 2005), arenimycin (Asolkar et al., 2010), arenicolides (Williams
et al., 2007), cyanosporasides (Oh et al., 2006) and frankiamicin (Ogasawara et al., 2015)
among many others. The exploitation of secondary metabolites from non-streptomycete
Actinobacteria tend to be undervalued due to the inherent difficulties to culture some of the
strains in terms of time and nutritional requirements, as well as for the absence of well-
developed tools to manipulate them and the lack of closely related heterologous hosts. Lately,
efforts have focused on easing these limitations and non-streptomycete chassis such as
Salinispora tropica CNB-4401 have been developed for the heterologous expression of
secondary metabolic pathways (Zhang et al., 2018). Some genome engineering tools have also
been recently adapted to suit non-streptomycete Actinobacteria such as Verrucosispora sp.

(Wang et al., 2020), however, there is still a need for standardised reproducible protocols.

1.4  Background.

1.4.1 An overview on the abyssomicin family of natural products.

The abyssomicins is an actively expanding family of spirotetronate polyketide natural products.
Abyssomicins B, C and D, were the first compounds discovered from this family in 2004
during the screening of a library of hundreds of Actinobacteria looking for antimicrobial
compounds with anti-folate activity (Riedlinger et al., 2004). From these, only abyssomicin C
displayed antibiotic activity, however, with the elucidation of these first abyssomicin
structures, a hypothesis describing the potential structure-activity relationship of the molecules
arose (Bister et al., 2004). Several different chemical approaches were followed to achieve,
first, the partial synthesis of the core structure of abyssomicin C (Rath et al., 2005; Snider &

Zou, 2005), and finally, the total synthesis of abyssomicin C and structural analogues including



atrop-abyssomicin C (Zapf et al., 2005; Couladouros et al., 2006; Peters & Fischer, 2006;
Nicolaou & Harrison, 2006, 2007).

While synthetic chemistry studies were producing loads of valuable data and new bioactive
and non-bioactive structures, abyssomicin E was isolated from the fermentation broth of
Streptomyces sp. HK10381 (Niu et al., 2007) and abyssomicins G, H and atrop-abyssomicin C
were discovered from the first described abyssomicin producer, Verrucosispora maris AB-18-
0327 (Keller et al., 2007a), later reclassified as Micromonospora maris AB-18-032T (Nouioui
et al., 2018). The continuous feed of different abyssomicin structures together with the study
of their bioactivities allowed to completely elucidate the molecular mechanism by which
abyssomicin C and its atrop- isomer interfere in the biosynthesis of 4-aminobenzoic acid
(PABA) (Keller et al., 2007b). Indeed, it was found not only that abyssomicin C and atrop-
abyssomicin C were potent antibiotics against Gram positive bacteria, including methicillin
(MRSA) and vancomycin-resistant S. aureus (VRSA), but also strong in vitro inhibitors of

Mycobacterium tuberculosis (Freundlich et al., 2010).

Abyssomicin | from Streptomyces sp. CHI39, recently classified as Streptomyces
abyssomicinicus CHI39" (Komaki et al., 2019), and ent-Homoabyssomicins A and B, from
Streptomyces sp. Ank 210 were the next abyssomicins to be found in nature (Igarashi et al.,
2010; Abdalla et al., 2011). Meanwhile, M. maris AB-18-032 genome was sequenced and
abyssomicin C biosynthesis and atrop-abyssomicin C chemical synthesis totally elucidated
(Gottardi et al., 2011; Roh et al., 2011; Bihelovic & Saicic, 2012; Goodfellow et al., 2012). A
bit later, a large scale culture of the new isolate Verrucosispora sp. MS100128, yielded three
new abyssomicins, abyssomicins J, K, and L, and the four already known abyssomicins B, C,
D, and H (Wang et al.,, 2013). Abyssomicin B was later found to be produced by
Verrucosispora sp. MS100047 too (Wang et al., 2013; Huang et al., 2016). It was the discovery
of three new analogues, abyssomicins 3, 4 and 5, produced by the isolate Streptomyces sp.
RLUS1487, and the characterisation of abyssomicin 2 as reactivator of latent HIV virus what
highlighted the relevance of the chemical diversity specifically within this family of secondary
metabolites (Ledn et al., 2015) (Table 1.1).

After that, a study published in 2016, demonstrated for the first time the biocatalytic
mechanism of the natural Diels-Alderase AbyU present in the aby BGC, closing the gap around

the intramolecular [4+2] cycloaddition reaction necessary to build the polycyclic abyssomicin
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skeleton (Byrne et al., 2016). Some years later the same team reported the thermodynamic and
kinetic stability of this enzyme, that is capable of catalysing the [4+2] cycloaddition at elevated
temperatures and in the presence of organic solvents and the chemical denaturant guanidinium
hydrochloride (Marsh et al., 2019). Meanwhile, the unusual architecture of atrop-abyssomicin
C kept attracting the attention of synthetic chemists ten years after its discovery. This time,
instead of using a Diels-Alder reaction for the formation of the polycyclic framework, which
was the approach followed before for the total synthesis of these compounds, researchers
followed a different strategy and developed a synthesis system that made available not only
the targeted compound but also structural analogues complementary to those obtainable by the
Diels-Alder approach (Bihelovic et al., 2017).

During 2017, 20 new abyssomicins were discovered. Highlighting the first reported example
of a bacterial strain capable of producing a broad array of abyssomicins, the coal mine fire
isolate Streptomyces sp. LC-6-2 was found to produce 12 new bi- and tetracyclic abyssomicins
(M-X) (Wang et al., 2017). This expanded structural diversity of the abyssomicins culminated
with the discovery of neoabyssomicins A-C from the deep-sea derived Streptomyces
koyangensis SCSIO 5802, capable of producing abyssomicins 2 and 4 too (Song et al., 2017,
Tu et al., 2018). Further work with that same strain led to the discovery of three new
abyssomicin monomers (neoabyssomicins D, E and A2) and the two dimeric neoabyssomicins
Fand G (Table 1.1) (Huang et al., 2018). At this time, various papers were published on the
biochemistry of some of the enzymes involved in abyssomicin biosynthesis. First, researchers
demonstrated in vivo that AbmV, a cytochrome P450 enzyme, is responsible for the domino
reactions involved in the bridged ether formation and the hydroxylation of the Ci1 during
neoabyssomicin/abyssomicin biosynthesis in S. koyangensis SCSIO 5802 (Li et al., 2018).
Next, it was demonstrated that AbyA5 catalyses the stereospecific acetate elimination that
gives the (R )-tetronate acetate as biosynthetic intermediate (Lees et al., 2019) and a study on
the structural truncation of abyssomicin C showed that the bicyclic motif is essential for activity
against MRSA (Monjas et al., 2019). More recently, abyssomicin Y was discovered in
fermentation extracts of the marine Verrucosispora sp. MS100137 (Zhang et al., 2020) and
lastly, the pair of enzymes formed by the luciferase-like monooxygenase AbmE2 and its flavin
reductase AbmZ, was characterised as a type Il Baeyer—Villiger monooxygenase that catalyses
a Baeyer—Villiger oxidation during neoabyssomicin biosynthesis in S. koyangensis SCSIO
5802 (Ji et al., 2020).



Table 1.1. Abyssomicin producer strains known to date and compounds produced by each of
them.

Microorganism Abyssomicin structure Reference
Micromonospora maris AB-18-032 B, C, atrop-C, D, G, H (Riedlinger et al., 2004)
Streptomyces sp. HK10381 E (Niu et al., 2007)

(lgarashi et al., 2010)

Streptomyces abyssomicinicus CHI39 | (Komaki et al., 2019)

Streptomyces sp. Ank 210 ent-homoA, ent-homoB (Abdalla et al., 2011)
Verrucosispora sp. MS100128 B, C,atrop-C,D,H, J,K,L (Wangetal., 2013)
Streptomyces sp. RLUS1487 2,3,4,5 (Ledn et al., 2015)
Verrucosispora sp. MS100047 B,C (Huang et al., 2016)
Streptomyces sp. LC-6-2 \I\;I VI\\I/ >O< PQRSTU (Wang et al., 2017)

2, 4, neo-A, neo-B, neo-C,

neo-D, neo-E, neo-F, neo- (Song et al., 2017)
G, neo-A2

Verrucosispora sp. MS100137 Y,C, D, L (Zhang et al., 2020)

Streptomyces koyangensis SCSIO
5802

Although only ten strains so far have been reported to produce abyssomicins, the 38 known
abyssomicins for which structures have been elucidated prove that this family of natural
products presents a wide structural diversity (Figure 1.3). Indeed, the abyssomicins are
classified as type | or type Il abyssomicins depending on their structure. The type | family
includes abyssomicins B-E, G, H, J-L and atrop-abyssomicin C, and the enantiomeric
counterparts of the type | compounds are considered type Il abyssomicins (Sadaka et al., 2018).
Furthermore, type Il abyssomicins can be categorised by the degree of methylation and the
presence of an oxygen atom within the polyketide backbone so that type I1A abyssomicins have
methyl substitutions at C4 and C12, type 11B have one methyl substitution at C1, and type I1C
have one methyl substitution at C1> and an oxygen atom in the macrocycle (Sadaka et al.,
2018). This structural diversity is responsible for different clinically relevant biological
activities. Atrop-abyssomicin C and abyssomicins C, 2 and J display antibiotic activity against
Gram positive bacteria, including MRSA, VRSA and different Mycobacteria strains (Sadaka
et al., 2018). Abyssomicin 2 also possesses HIV inhibitory and reactivator properties and
neoabyssomicins A and C promote HIV-1 replication in a human lymphocyte model (Leon et
al., 2015; Song et al., 2017). More recently, the inhibitory effects against influenza A virus of
abyssomicins Y, D, L and H was reported (Zhang et al., 2020).
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Figure 1.3. Abyssomicin structures discovered to date. Adapted from (Sadaka et al., 2018).
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1.4.2 Abyssomicin biosynthesis in M. maris.

As described before, M. maris AB-18-032 was the first microbial strain reported to produce
abyssomicins. Previous work unveiled the biosynthesis of this small but structurally complex
spirotetronate natural product, that is as follows. The genome of M. maris AB-18-032 harbours
a complete abyssomicin BGC that comprises 25 genes, distributed along 56 kb (Figure 1.4A).
It is a PKS cluster with three central genes (abyB1, abyB2 and abyB3) encoding for a seven-
module type | PKS. The first of these genes, abyB1, is made up of four modules each with a
ketosynthase (KS), acyltransferase (AT), acyl carrier protein (ACP), dehydratase (DH) and
ketoreductase (KR) domain except for the first module that lacks the DH and KR domains. The
second PKS gene, abyB2, consists of two modules, the first one has active KS, AT and ACP
domains, but also displays inactive DH and KR domains. The active site of the DH domain
displays the residues Leu—Thr instead of the His—Asp catalytic dyad (Akey et al., 2010) while
the active site triad Lys—Ser—Tyr required for KR activity is instead lle-Ser—Val (Haydock et
al., 1995). The second module of abyB2 displays KS, AT, ACP, DH and KR domains plus an
enoylreductase (ER) domain between the DH and KR domains. The last PKS gene, abyB3,
makes up for only one module with a KS, AT and ACP domain (Figure 1.4B) (Gottardi et al.,
2011).

In a bit more detail, the synthesis of the abyssomicin scaffold starts with the incorporation of
an acetate molecule by the AT domain of module 1 into the ACP domain of module 1. The KS
domain in module 1 acts, in this case, as a loading module for the formation of the acetate
starter unit by catalysing the decarboxylation of an ACP-tethered malonate. The ACP of
module 1 translocates the precursor chain into the KS domain of module 2. The AT domain
selects another acetate precursor as extender unit and incorporates it into the ACP domain,
where an elongation reaction or C-C bond is formed between the chain from the downstream
module and the precursor. Then various chain modification events can occur. In this case, the
KR reduces the oxygen from the acetate molecule incorporated in module 1 to a hydroxyl group
that is finally lost as a water molecule by the dehydratase activity of the DH domain that results
in the formation of a C-C double bond. After that, the ACP from module 2 translocates the
chain generated in module 2 into the KS domain of module 3 through a thioester linkage and
the AT from module 3 selects and incorporates into the ACP domain from module 3 another
acetate molecule. Modules 3 and 4 are functionally identical to module 2 and elongate the

abyssomicin backbone through the incorporation of two more acetates. After that, the ACP
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domain of module 4 translocates that Cg precursor into the KS domain of module 5. The AT
domain in module 5 selects this time a propionate unit that is incorporated into the ACP domain
of module 5 and then the chain is translocated by the ACP of module 5 into the KS domain of
module 6. The AT domain in module 6 selects for a second propionate molecule that is
incorporated into the ACP domain of module 6 and the KS domain catalises the
decarboxylation reaction between the propionate in the ACP domain and the chain synthesised
by the preceding modules. Then, the KR domain reduces the oxygen from the propionate
molecule incorporated in module 5 to a hydroxyl group that is finally lost as a water molecule
by the dehydratase activity of the DH domain and that results in the formation of a C-C double
bond. This double bond is finally reduced by the ER domain in module 6 and the chain is
translocated by the ACP domain of module 6 into the KS domain of the terminator module 7.
At this point the AT domain of module 7 ends the elongation of the chain introducing a last
acetate molecule into the ACP domain of module 7. Finally, the KS domain in module 7

catalises the union of the C14 chain and the acetate in the ACP domain (Figure 1.4B).
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Figure 1.4. A) M. maris AB-18-032 abyssomicin BGC. B) Abyssomicin biosynthesis in M.
maris. Adapted from (Gottardi et al., 2011). The incorporation of the five acetates into the
linear abyssomicin precursor is highlighted in green and the incorporation of the two
propionates is highlighted in yellow.

Upstream the PKS genes that create the abyssomicin linear precursor from two propionates
and five acetates, there are five genes involved in the assembly of the tetronic acid moiety
(abyAl1-A5). AbyA2 is an acyl transferase that catalyses the attachment of a
bisphosphoglycerate from the glycolytic pathway to the ACP of AbyAS3. The linear polyketide
chain is then transferred on AbyA3 carrying the glyceraldehyde by the B-ketoacyl-ACP-
synthase 11 AbyAl and the a/p-hydrolase AbyA5. AbyA4, a dehydrogenase catalytic domain-
containing protein would then catalyse a dehydration step. After the formation of the tetronate
moiety, the Diels-Alderase AbyU would catalyse the [4+2] cycloaddition reaction and the
monooxygenase AbyE would be responsible for the formation of the epoxide cycle (Figure
1.4B). The cluster also contains four transcriptional regulators consisting of a LuxR

transcriptional regulator (abyH), two putative pathway activators from the SARP family (abyR
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and abyl) and a TetR-like regulatory protein (abyC), an ABC exporter system (abyF1-F4), a
drug resistance transporter (abyD), a cytochrome P450 system that would be responsible for
the bridged ether formation and the hydroxylation of the Ci1 (abyV, abyW and abyZ), a
cytochrome P450 gene (abyX) and a type Il thioesterase (abyT) (Figure 1.4A) (Gottardi et al.,
2011; Byrne et al., 2016; Li et al., 2018; Lees et al., 2019).

15 Aims of this thesis.

In this thesis, | present three different approaches for the discovery of new antimicrobial
secondary metabolites from the abyssomicin family of natural products. In a bit more detail,
the aims of this dissertation are as follows.

1.5.1 Study of the diversity of abyssomicin BGCs present in nature, evolutionary analysis

and identification of potential abyssomicin producers.

The first aim of this thesis is to provide with an insight of the diversity of abyssomicin BGCs
present in nature. Since genomes started to be sequenced, thousands of microbial genomes and
metagenomes have been sequenced and data made available. Through the exploration of this
reservoir of raw microbial data, it would be possible to study how abyssomicin producers are
distributed across a wide range of natural and artificial environments on Earth and how
abyssomicin BGCs evolve. Moreover, this approach allows the identification of potential
abyssomicin producing strains that can be studied under laboratory conditions for their ability
to produce compounds from this family. In order to carry out this work, | choose to mine
publicly-available genomes and metagenomes using the three abyssomicin Diels-Alderases
(AbyU/AbsU/AbmU) known to date that catalyse the intramolecular [4+2] cycloaddition
reaction of the linear abyssomicin polyketide precursor. Then, the abyssomicin production
potential of five bacterial strains harbouring potential abyssomicin BGCs was analysed under
laboratory conditions. Finally, the evolutionary relationships between the newly discovered

potential abyssomicin BGCs was studied.

1.5.2 Heterologous expression of the M. maris abyssomicin biosynthetic gene cluster.

While searching for new abyssomicin producers in nature, and with the ultimate goal of

producing novel abyssomicins with bioactivities of potential medical interest, a second
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research line focused on the exploitation of the M. maris abyssomicin BGC started. For that, it
was found necessary to express the M. maris aby BGC in a well-established heterologous host.
This approach provides several advantages, as these chassis tend to be well-characterised and
there are effective genome editing tools to engineer the host and achieve production yields that
allow the compounds to be further exploited. In this thesis, | present my attempt to express the
M. maris AB-18-032 aby BGC in various heterologous hosts. That includes a systematic
analysis of the hosts that have been used to express polyketide synthase (PKS) clusters from
bacteria between 2006-2016, the transformation of E. coli BAP1 and various Streptomyces
hosts, the application of two different approaches, ribosome engineering and clustered
regularly interspaced short palindromic repeat (CRISPR-Cas9) mediated promoter knock-in,
to activate abyssomicin production and whole genome sequencing and a gene expression

analysis.

1.5.3 Development of molecular microbiology tools to engineer abyssomicin biosynthesis

in M. maris.

Finally, a third approach to exploit abyssomicin biosynthesis would be through the genetic
manipulation of the natural producer, M. maris AB-18-032. The antimicrobial atrop-
abyssomicin C is the main fermentation product of this strain, however, its production yield
allows for improvement and various basic molecular tools would need to be developed for it
to be engineerable. In this thesis, ribosome engineering was used to generate M. maris drug-
resistant mutants with enhanced abyssomicin C production and statistical DOE was used to
create an electroporation method that allows quick and easy introduction of foreign DNA into
this strain. Moreover, in order to facilitate abyssomicin C detection via antimicrobial plate
diffusion assay, the influence that media composition and extracellular pH exert on the
sensitivity of test strains to antimicrobial compounds was analysed. Preliminary work on the

application of CRISPR-Cas9 systems for genome editing M. maris was also carried out.

1.6 Research questions and methodology.

This section describes briefly the methods used when looking for an answer to each of the

research questions of this thesis.
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1.6.1 (RQ1) How is the abyssomicin BGC distributed in nature and how does it evolve?

In order to study how microorganisms harbouring abyssomicin BGCs are distributed in nature
and how these BGC have evolved, | used the sequences of the natural Diels-Alderases present
in the three abyssomicin BGCs described to date to mine the genomes present in NCBI database
plus over 3,000 randomly-selected metagenomes available in the JGI metagenomes database.
For the Diels-Alderase containing genomes, putative abyssomicin BGCs were identified using
antiSMASH, and in those cases in which the Diels-Alderase homolog was not part of an
abyssomicin BGC, the surrounding genomic region was reconstructed manually. For the
evolutionary analysis of the isolates harbouring a Diels-Alderase homolog, phylogenetic and
phylogenomic trees were created using MAFFT and UBCG respectively and a synteny analysis

was carried out manually.

1.6.2 (RQ2) Could genomic and metagenomic data be used to identify microbial strains

with a natural ability to produce abyssomicins?

Following the identification of 40 new BGCs potentially involved in the biosynthesis of
abyssomicins from genomic data, | randomly selected and analysed the abyssomicin
production potential of five bacterial strains harbouring potential abyssomicin BGCs. These
strains were cultured in various solid and liquid media and the antimicrobial activity of the
cultures was assessed via antimicrobial plate assay from plugs (solid media) and extracts
(liquid media). The extracts from liquid media were also analysed by LC-MS.

1.6.3 (RQ3) Would it be possible to express the aby BGC in a heterologous host?

In order to express the M. maris aby BGC in a heterologous host, I first carried out a review of
the literature published during the ten years prior to the start of this work focusing on finding
which microbial strains had been used more successfully for the production of polyketide
natural products from bacteria. Then, via bi- and tri-parental mating E. coli BAP1 and various
Streptomyces strains were transformed with a phage artificial chromosome harbouring the aby
BGC. Fermentations in liquid and solid media, antimicrobial plate assays and organic
extractions and analytical chemistry analysis were carried out to determine abyssomicin

production. Ribosome engineering and CRISPR-Cas9 mediated promoter knock-in were

16



applied to activate abyssomicin production in the heterologous hosts and gene expression and

genome sequencing analysis were carried out using standard molecular laboratory practices.

1.6.4 (RQ4) Could abyssomicin production be enhanced in M. maris so that this strain

could be used as a production chassis?

To improve abyssomicin C production in M. maris for future scaling-up projects or simply to
facilitate its detection in routinely production assays the ribosome engineering methodology
was followed. It makes use of basic microbiology techniques to isolate and screen drug-
resistant mutants obtained from culturing a strain under sub-lethal concentrations of ribosomal

targeting antibiotics.

1.6.5 (RQ5) Which molecular biology protocols would need to be optimised so that M.

maris could be engineered to produce new abyssomicins?

Being able to produce novel abyssomicins in M. maris would require mainly two basic
molecular microbiology methods to be optimised for this strain. First, an efficient
transformation method and second a quick and effective genome engineering tool. In this
dissertation, | present the use of statistical DOE for the development of an electroporation
protocol tailored for M. maris and some preliminary work to evaluate the use of CRISPR-Cas9

technology for genome editing M. maris.

1.7 Main findings of this study.

During the course of this thesis, the environmental distribution and evolution of the
abyssomicin BGC was investigated through the analysis of publicly available genomic and
metagenomic data. The strategy of selecting a pathway-specific enzyme to direct the mining
proved to be an excellent strategy, as 74 new Diels—Alderase homologs were identified and a
surprising prevalence of the abyssomicin BGC within soil and plant-associated environments
was unveiled. Five complete and 12 partial new abyssomicin BGCs and 23 new potential
abyssomicin BGCs were also identified, suggesting that a plethora of abyssomicins are still to

be discovered.
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In parallel, the expression of the aby BGC in various heterologous hosts was pursued. | was
able to move the aby BGC into E. coli BAP1 and various Streptomyces species. | evaluated the
abyssomicin production potential of these strains under different conditions and some of the
hosts were promoter engineered to force the expression of the aby BGC. | demonstrated active
gene expression, however, none of the heterologous hosts produced abyssomicins. Re-
sequencing the genome of one of the heterologous hosts revealed the presence of several
mutations at four different points within abyB1, the first polyketide synthase gene in the aby
BGC, suggesting this could be the reason for the lack of production.

Finally, 1 focused on increasing abyssomicin production in M. maris AB-18-032 and
developing genetic tools for this system. First, through ribosome engineering, a library of M.
maris drug-resistant mutants capable of producing up to 3.4-fold abyssomicin C in comparison
to the wild-type strain was generated. Using statistical DOE, an efficient electroporation
protocol that could accelerate targeted genetic manipulations in M. maris was developed.
Together, increased abyssomicin production and a quick and easy electroporation protocol for
M. maris, will facilitate future engineering of the aby BGC directly in M. maris to produce

diverse non-natural abyssomicins.
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1.8 Thesis outline.

1.8.1 Chapter 1.

In this chapter (current), I introduce the work presented in this dissertation. It briefly describes
the importance, motivation and aims of the thesis as well as the background, research questions

and methodology used to answer them. It also provides an overview of the main findings.

1.8.2 Chapter 2.

Chapter 2 presents an approach to study the environmental distribution and evolution of the
abyssomicin BGC based on the use of a pathway-specific enzyme to mine publicly available

genomic and metagenomic data.

1.8.3 Chapter 3.

Chapter 3 presents our efforts to express the M. maris AB-18-032 aby BGC in various
heterologous hosts. It also includes the use of ribosome engineering and CRISPR-Cas9

mediated promoter knock-in to drive abyssomicin production.

1.8.4 Chapter 4.

In chapter 4 the application of ribosome engineering to generate M. maris mutants with
enhanced abyssomicin C production is presented. This chapter also includes a study on how

extracellular pH influences antimicrobial plate diffusion assays.

1.8.5 Chapter 5.

In chapter 5, the reader will find how a statistical DOE approach was followed to set up an
electroporation method to introduce foreign DNA into M. maris. This chapter also includes

some preliminary work on the application of CRISPR-Cas9 technology to engineer M. maris.

1.8.6 Chapter 6.
This last chapter summarises the conclusions derived from the main findings of this thesis.
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Chapter 2. Out of the abyss: Genome and metagenome mining reveals

unexpected environmental distribution of the abyssomicins.

Abstract

Natural products have traditionally been discovered through the screening of culturable
microbial isolates from diverse environments. The sequencing revolution allowed the
identification of dozens of biosynthetic gene clusters within single bacterial genomes, either
from cultured or uncultured strains. However, researchers are still far from fully exploiting the
microbial reservoir, as most of the species are non-model organisms with complex regulatory
systems that can be recalcitrant to engineering approaches. Genomic and metagenomic data
produced by laboratories worldwide covering the range of natural and artificial environments
on Earth, are an invaluable source of raw information from which natural product biosynthesis
can be accessed. The present work describes the environmental distribution and evolution of
the abyssomicin BGC through the analysis of publicly available genomic and metagenomic
data. The results obtained demonstrate that the selection of a pathway-specific enzyme to direct
genome mining is an excellent strategy; 74 new Diels-Alderase homologs were identified and
unveiled a surprising prevalence of abyssomicin BGCs within terrestrial habitats, mainly soil
and plant-associated. Five complete and 12 partial new abyssomicin BGCs and 23 new
potential abyssomicin BGCs were also identified. These results strongly support the potential
of genome and metagenome mining as a key preliminary tool to inform bioprospecting
strategies aimed at the identification of new bioactive compounds such as — but not restricted

to — abyssomicins.

2.1 Introduction.

2.1.1 Tetronate natural products.

Natural products are the main source of pharmaceutically interesting biomolecules. In
particular, the search for microbial secondary metabolites has yielded a broad range of
chemical structures with bioactivities, from antibiotics or antimycotics to immunosuppressants
and anticancer compounds (Lacoske & Theodorakis, 2015). Among those, compounds
featuring tetronate moieties are attractive due to their versatile biological activities. Most of

these compounds are produced by bacteria from the phylum Actinobacteria and are built of a
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linear fatty acid or polyketide chain with a characteristic tetronic acid 4-hydroxy-2(5H)-

furanone ring system.

Within the growing family of tetronates, compounds are classified taking into account the
linearity or macrocyclization of the carbon backbone and the size of the central ring system
(Vieweg et al., 2014). Spirotetronates are tetronate compounds in which two rings are linked
to each other by a spiroatom, and include, amongst many others, the abyssomicins,
chlorothricins, tetrocarcins, lobophorines and quartromicins. This class of tetronates shares
important biosynthetic and structural features: a conjugated pair of carbon—carbon double
bonds at the end of a linear polyketide chain, a characteristic exocyclic double bond on the
tetronate ring system and a Diels—Alder reaction that forms the cyclohexene moiety and an
additional macrocycle (Weixin et al., 2013; Vieweg et al., 2014).

Many spirotetronates, including abyssomicin C and its atrop- isomer, Kkijanimicin,
chlorothricin, lobophorins E and F and decatromicin B, exhibit antimicrobial properties, but in
addition to that, most of these compounds show other unique bioactivities. For example,
abyssomicin 2 reactivates latent HIV-1 (Ledn et al., 2015), lobophorins A and B have anti-
inflammatory activity (Jiang et al., 1999), lobophorins C and D display cytotoxic activity
against human liver and breast cancer cell lines respectively (Wei et al., 2011), maklamicin
displays moderate cytotoxicity against human cervical cancer and breast cancer cell lines
(lgarashi et al., 2011), nomimicin has antifungal activity (Igarashi et al., 2012), quartromicins
A1-A3 show strong activity against herpes simplex virus and quartromicins D1-D3 are active

against the influenza virus (Tsunakawa et al., 1992).

2.1.2 The abyssomicins: biosynthesis and habitat distribution.

The abyssomicins are an actively growing family of small spirotetronate natural products with
a polyketide backbone and a Cy1 central ring system that has been widely studied due to the
unique structural features and bioactivities that some of its members exhibit. Abyssomicin
biosynthesis occurs in a variety of hosts isolated from different ecosystems. The first
abyssomicins (B-D) were discovered in 2004 during the screening of 930 actinomycetes
extracts in a successful attempt to find antibacterial compounds targeting folate biosynthesis.
Those abyssomicins were fermentation products of the marine actinomycete Verrucosispora

maris AB-18-0327, later reclassified as Micromonospora maris AB-18-032" (Nouioui et al.,
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2018), isolated from sediments of the Sea of Japan (Riedlinger et al., 2004). Years later, other
research groups found new abyssomicins produced by soil isolates of Streptomyces sp.
HKI10381, Streptomyces sp. CHI39, recently classified as Streptomyces abyssomicinicus
CHI39™ (Komaki et al., 2019), and Streptomyces sp. Ank 210, in Senegal, Mexico and
Germany, respectively (Niu et al., 2007; Igarashi et al., 2010; Abdalla et al., 2011). After that,
the production of abyssomicins was again reported in marine isolates: Verrucosispora sp.
MS100128 (Wang et al., 2013), Streptomyces sp. RLUS1487 (Ledn et al., 2015) and
Verrucosispora sp. MS100047 (Huang et al., 2016). Finally, the last abyssomicins found were
synthesised by the soil Streptomyces sp. LC-6-2 (Wang et al., 2017) and the marine S.
koyangensis SCSIO 5802 (Song et al., 2017; Huang et al., 2018). During the review process
of this paper, abyssomicin Y was discovered in fermentation extracts of the marine
Verrucosispora sp. MS100137 (Zhang et al., 2020) (Table S2.1).

Despite the limited number of bacterial strains identified so far as abyssomycin producers, this
family of natural products presents a wide structural diversity. In fact, there are as many as 38
members classified as type | or type Il abyssomicins, where the type | family includes
abyssomicins B-E, G, H, J-L and atrop-abyssomicin C, and type Il abyssomicins are the
enantiomeric counterparts of the type |I compounds (Sadaka et al., 2018). The type Il
abyssomicins are further categorised by the degree of methylation and the presence of an
inserted oxygen atom within the polyketide backbone. Type 1A abyssomicins have methyl
substitutions at C4 and C12, type 11B have one methyl substitution at C12, and type 1IC have one
methyl substitution at C12 and an inserted oxygen atom in the macrocycle (Sadaka et al., 2018).
This structural diversity has gifted this family of natural products with different clinically
relevant biological activities. Atrop-abyssomicin C and abyssomicins C, 2 and J exhibit
antimicrobial activity against Gram positive bacteria, including MRSA, VRSA and different
Mycobacteria strains (Sadaka et al., 2018). Abyssomicin 2 also possesses HIV inhibitory and
reactivator properties and neoabyssomicins A and C promote HIV-1 replication in a human
lymphocyte model (Ledn et al. 2015; Song et al., 2017). More recently, abyssomicins Y, D, L
and H were described as the first abyssomicins with significant inhibitory effects against
influenza A virus (Zhang et al., 2020) (Figure S2.1).

Previous works also elucidated the complete abyssomicin BGC present in the genome of M.
maris AB-18-032 and proposed a model for the biosynthesis of atrop-abyssomicin C, the atrop-

isomer of abyssomicin C and main product synthesised by M. maris AB-18-032 (Nicolaou &
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Harrison, 2006, 2007; Keller et al., 2007; Gottardi et al., 2011). This abyssomicin biosynthetic
gene cluster (aby) is made up of 25 genes, distributed along 56 kb in M. maris AB-18-032
genome. The cluster consists of several transcriptional regulators (abyR, abyH, abyl and abyC),
an ABC exporter system (abyF1-F4), a drug resistance transporter (abyD), a cytochrome P450
system (abyV, abyW and abyZ), a cytochrome P450 gene (abyX), a monooxygenase (abyE), a
type Il thioesterase (abyT), a Diels-Alderase (abyU), the PKS | genes (abyBl1, abyB2 and
abyB3) and five genes (abyA1-A5) involved in the assembly of the tetronic acid moiety (Figure
2.1A and Table S2.10) (Gottardi et al., 2011; Byrne et al., 2016). The partially sequenced
cluster of the isolate Verrucosispora sp. MS100047 is 99% similar to the aby BGC (Figure
2.1B and Table S2.13).
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Figure 2.1. A) Abyssomicin BGC (aby) of M. maris AB-18-032. B) Partial abyssomicin BGC
of Verrucosispora sp. MS1000047. C) Abyssomicin BGC (abs) of Streptomyces sp. LC-6-2.
D) Neoabyssomicin/abyssomicin BGC (abm) of S. koyangensis SCSIO 5802. E) Abyssomicin
BGC (abi) of S. abyssomicinicus. Gene names in black are common to aby, abs and abm BGCs.
Blue font represents genes present only in M. maris AB-18-032, grey font represents genes
present only in Streptomyces sp. LC-6-2 and light blue font represent genes unique to S.
koyangensis SCSIO 5802. In maroon font appear those genes that appear both in the aby and
abs BGCs, in light brown those genes that appear both in the aby and abm BGCs and in yellow
those genes that appear both in the abs and abm BGCs.
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After that, the discovery of abyssomicins M-X as fermentation products of Streptomyces sp.
LC-6-2 led to the description of a new abyssomicin BGC (abs). This cluster consists of 30
genes disposed along 62 kb and presents homologs to most of the genes within the aby BGC
(Table S2.12) but displays also two unique regulators (absC1 and absC2) and a set of four new
tailoring genes (absG1, absG2, absl and absJ) (Wang et al., 2017) (Figure 2.1C). A third
cluster responsible for neoabyssomicin/abyssomicin biosynthesis (abm) was identified in S.
koyangensis SCSIO 5802. Composed of 28 genes distributed along 63 kb, it presents five genes
(abmK, abmL, abmM, abmN and abmE2) with no apparent homologous counterparts in the aby
cluster and two more (abmJ and abmG) that appear to be in the abs BGC but not in the aby
BGC (Figure 2.1D and Table S2.11) (Tu et al., 2018). The latest abyssomicin BGC (abi) was
found in S. abyssomicinicus CHI39 and is almost identical to the abm BGC (Figure 2.1E and
Table S2.14) (Komaki et al., 2019).

The environmental diversity of the abyssomicin-producing isolates suggests that abyssomicin
biosynthesis could be ubiquitously distributed in nature, and bioprospecting could focus on
those environments heavily colonised by Actinobacteria of the genus Micromonospora and
Streptomyces. There are few studies concerning the driving forces behind the transmissibility
and evolution of BGCs (Chevrette et al., 2020). In the abyssomicin family, the chemical
diversity found is likely to have arisen after horizontal transfer of the abyssomicin gene cluster
into new hosts with subsequent domain swapping and point mutations (Ridley et al., 2008). As
domain swapping is predicted to occur both within and between BGCs (Jenke-Kodama et al.,
2006), the host background (genomic context) will influence structural diversification.
Moreover, the enzymes involved in the synthesis of the tetronate (AbyA1-A5) and the spiro-
tetronate-forming Diels-Alderase (AbyU) are capable of accepting structurally diverse
substrates (Ye et al., 2014; Grabarczyk et al., 2015; Abugrain et al., 2017). Thus, identification
of abyssomicin BGCs in different genomic contexts is a reasonable strategy to identify

structurally novel abyssomicins.

In the present work, in order to investigate the environmental colonisation of abyssomicin-
producing bacteria as well as the structural diversity of abyssomicin BGCs, the distribution of
the abyssomicin BGC was systematically explored, as well as its evolution, through the
analysis of publicly available genomic and metagenomic data, targeting the Diels-Alderase
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(AbyU/AbsU/AbmU) that catalyses the intramolecular [4 + 2] cycloaddition reaction of the

linear abyssomicin polyketide precursor.
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2.2 Materials and methods.
2.2.1 Preliminary metagenome mining.
Two solar panel metagenomes (available at https://www.mg-rast.org/, accession numbers:

4629146.3 and 4629147.3; accessed January/February 2019; (Meyer et al., 2008)) were

analysed using Genome Workbench (https://www.ncbi.nlm.nih.gov/tools/gbench/) for the

presence of the M. maris AB-18-032 abyssomicin BGC (Figure S2.2). In a first attempt, the
metagenomes were set as database and a BLASTx of the aby BGC against the database was
carried out. In a second attempt, only the coding sequences of the aby BGC were used in a
BLASTp against the metagenomes database. In a third strategy, a BLASTp of each single
protein within the aby BGC against the metagenomes database was performed. E-value < 10
was set as threshold to accept/reject the alignments. Unless the contrary is stated, default
parameters were applied to the analyses.

2.2.2 Diels-Alderase directed metagenome mining.

A total of 3,027 metagenomes available in the JGI metagenomes database (IMG;
https://img.jgi.doe.gov/; accessed February-April 2019) were analysed for AbyU/AbsU/AbmU

homologs presence using the site option to carry out BLASTp (default parameters). E-value <
10 was set as threshold to accept/reject the alignments and thus identify putative Diels-
Alderases. The sequences of AbyU (Micromonospora maris AB-18-032), AbsU (Streptomyces
sp. LC-6-2) and AbmU (Streptomyces koyangensis SCSIO 5802) used as query can be found
in Table S2.3. Habitats frequently populated by Micromonospora and Streptomyces species
were selected, primarily from soil and aquatic environments but also from other less common
environments, including fresh-water, artificial and host-associated environments (Figure S2.3).
The detailed classification of the metagenomic samples from aquatic, terrestrial, engineered
and host-associated environments mined for AbyU, AbsU and AbmU can be found in Tables
S2.5-S2.8. For complete details on the metagenomes analysed and the Diels-Alderase positive

metagenomes please refer to Supplementary material 2.2.

In order to investigate possible taxonomic biases between the Diels-Alderase positive and
negative metagenomes, the relative abundance of the domain Bacteria and the phylum
Actinobacteria in 50 Diels-Alderase positive metagenomes were compared against that in 50

aquatic and 50 terrestrial Diels-Alderase negative metagenomes, randomly selected from the
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3,027 pool. The taxonomic assignments of both the assembled and unassembled metagenomes’
reads were carried out using the IMG/JGI site option “Phylogenetic Distribution of Genes —
Distribution by BLAST percent identities” and are presented here in form of relative
abundance. The Mann-Whitney U test was used to investigate whether the relative abundance
of Bacteria and Actinobacteria was significatively different between the aquatic, terrestrial and
Diels-Alderase positive metagenomes (Nachar, 2008). In order to investigate bias in the
sequencing depth, the metagenome size (bp) of those same 50 Diels-Alderase positive
metagenomes was compared against the 50 aquatic and 50 terrestrial Diels-Alderase negative
metagenomes. The Mann-Whitney U test was equally applied to identify significative

differences in the sequencing depth.

2.2.3 Diels-Alderase directed genome mining and identification of putative abyssomicin
BGCs.

BLASTp of AbyU, AbsU and AbmU were carried out against the non-redundant protein
sequences database (NCBI; accessed April 2019). E-value < 10° was set as threshold to
accept/reject the alignments and thus identify putative Diels-Alderases. The Diels-Alderase
containing genomes were then submitted to antiSMASH (Blin et al., 2019) (accessed April
2019; default parameters used) for BGC mining. The location of the Diels-Alderase homolog
within the genome was used to verify BGC presence in antiSMASH. When a BGC was found
by antiSMASH in the desired location, ORF, protein size and proposed annotation were
collated and BLASTp of every protein was carried out against the non-redundant protein
sequences database (NCBI) to obtain the closest homolog (Tables S2.15-S2.85). BLASTp was
used to verify/redefine the BGCs limits established by antiSMASH. In cases where
antiSMASH did not identify any BGC, reconstruction of the Diels-Alderase homolog nearby
genomic region was done manually from the corresponding genome in NCBI. All the recovered

BGCs were classified based on their completeness and novelty (Table 2.1).
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Table 2.1. Classification of the recovered BGCs found through Diels-Alderase directed

genome mining.

BGC

The Diels-Alderase homolog is

Abyssomicin, total

Abyssomicin, partial

Potential abyssomicin,
total

Potential abyssomicin,
partial

Potential BGC, total

Potential BGC, partial
Not a BGC

Not enough data
Quartromycin, total

Quartromycin, partial

Potential tetronomycin,

total
Potential chlorothricin,
partial

Part of an abyssomicin BGC and it is possible to recover the
sequence and structure of the entire BGC.

Part of an abyssomicin BGC that is likely to be complete but due
to the sequencing technology used there are some incomplete
genes, frame shifts, gaps or the cluster is on a contig edge.

Part of a BGC whose product may potentially be an abyssomicin
according to antiSMASH and it is possible to recover the
sequence and structure of the entire BGC.

Part of a BGC whose product may potentially be an abyssomicin
according to antiSMASH but there are some genes missing or
incomplete, frame shifts, gaps or the cluster is on a contig edge.
Surrounded by genes that could form a BGC altogether, but it is
unclear which could be its product.

Surrounded by genes that could form a BGC altogether, but it is
unclear which could be its product and there were some
incomplete genes, frame shifts, gaps or the cluster was on a
contig edge.

Not likely to be part of any BGC.

In a contig whose length makes it not possible to gain any
knowledge.

In a quartromycin BGC and the sequence of the cluster is
complete.

In a quartromycin BGC but the sequence of the corresponding
PKS is incomplete.

Part of a potential tetronomycin BGC.

In a chlorothricin BGC but the sequence of the corresponding
PKS is incomplete.

2.2.4 Evolutionary analysis.

All the proteins identified through genome mining that produced significative alignments (E-
value < 10%) against AbyU, AbsU and AbmU were aligned and the Neighbor-Joining algorithm
MAFFT
(https://mafft.cbrc.jp/alignment/server/phylogeny.html; accessed May 2019) (Katoh et al.,

was used to create a phylogenetic tree using

2002). The RefSeq annotated genomes of the microorganisms harbouring those proteins were
used to create a phylogenomic tree using UBCG (default parameters) (Na et al., 2018). The
phylogenetic and phylogenomic trees were visualised and annotated with iTOL (Letunic &
Bork, 2019).
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A manual synteny analysis was carried out for all the newly discovered abyssomicin and
potential abyssomicin BGCs (both total and partial), which were classified accordingly as
described below (Table 2.2). The presence of mobile elements within the Diels-Alderase
positive mined genomes was studied using Island Viewer 4 (Bertelli et al., 2017).

Table 2.2. Features shared by the potential abyssomicin BGCs described in this study.

Cluster Shared motifs
type
la Upstream the PKS genes:
Entire abyA1-A5 operon next to/nearby abyU which in most cases is
located next to abyK, abyH and abyl.
Downstream the PKS genes:
Synteny is maintained from abyC to abyW with punctual rearrangements.
1b Same conserved blocks as type 1a clusters but all genes are upstream the
PKS genes.
Extra copy of abyV downstream the PKS.
2a Upstream the PKS genes:
Presence of abyA1-A5 operon except abyA2 followed by abyN.
Downstream the PKS genes:
Synteny is maintained from abyA2 to abyl with punctual rearrangements.
2b Same conserved blocks as type 2a clusters but all genes are upstream the
PKS genes except abyA2.
3 Entire abyA1-A5 operon followed by abyT.
ABC transport system divided by the presence of abyM.
4 abyZ, abyA3 and abyA2 are located upstream the first PKS gene.
The PKS operon harbours between abyB1 and abyB2 a set of genes that
includes at least abyAl and abyU.
5 No synteny between themselves nor with other cluster types.

2.2.5 Preliminary fermentations.

Streptomyces regensis RRL X-5263 (DSM 40551), Streptomyces niveus C7655 (DSM 41786),
Streptomyces incarnatus NRRL 8089 (Prof. Takashi Tamura), Actinokineospora auranticolor
YU 961-1 (DSM 44650) and Micromonospora wenchangensis CCTCC AA 2012002 (Dr.
Lorena Carro) were grown in 50 ml of A1 media and 50 ml of SGG media in 250 ml baffled
Erlenmeyer flasks at 30 °C and 200 rpm. Samples consisting of 5 ml of culture were taken after
24 h, 48 h, 72 h, 96 h and 120 h from inoculation and frozen for further work.
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2.2.6 Organic extractions.

Samples from the preliminary fermentations were adjusted to pH 4 using HCI, mixed 1:1 with
ethyl acetate and incubated at room temperature and 250 rpm for 2 hours. Tubes were
centrifuged at 4000 rpm for 15 minutes and the upper organic phase was transferred into test
tubes for evaporation at 22 °C and 10 psi (TurboVap® LV, Biotage). Pellets were then
resuspended in 200 pl of methanol and stored at -20 °C.

2.2.7 Extract agar plate diffusion assay.

CDM agar plates with and without 5 mM PABA were inoculated with Bacillus subtilis DSM
10, Micrococcus luteus ATCC 831 and Escherichia coli DSM 1103 cultures at ODgoo=1.00
following a 1:100 ratio. 0.6 mm (diameter) filter paper disks were cut using a paper drill and
put on top of the agar plates. Frozen extracts were diluted 1:9 in ddH.O and 10 pl were put
onto the filter paper disks. Extracts of M. maris AB-18-032 were used as positive control,
antimicrobial susceptibility disks of nalidixic acid (Oxoid™, ThermoFisher) were used as
negative control to test the effect of PABA and filter disks with 10 pl of 10% methanol were
used as negative control. After overnight incubation at 37 °C, the zone of inhibition (ZOlI)

generated by each extract was measured.

2.2.8 Analytical chemistry.

Frozen extracts were diluted 1:9 in ddH20O and centrifuged twice at 13200 rpm for 15 minutes.
Supernatants were then analysed in a mass spectrometer ESI microTOF-Q Il (Bruker
Daltonics). Separation of the compounds was performed by a Raptor™ ARC-18 (2.7 p, 150 x
2.1 mm, Restex) chromatographic column protected by a guard column. The mobile phase was
ultrapure water (solvent A) and acetonitrile (solvent B), both with 0.1% formic acid (v/v). The
following was the elution gradient: 0-55 min 20-100% B; 55-59 min 100% B; 59-60 min 100-
20% B, 60-75 min 20% B followed by column washing and reconditioning (1 minute). The
flow rate was 0.2 mL/min. The column oven was at 35 °C and the injection volume was 3 pL.
The UV analyses were performed in the wavelength range of 190-600 nm, with the mass
spectrometer operating in positive mode (m/z 50-2800). The identification of the compounds
was based on mass spectrometry and the antiSMASH report generated from each genome.
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2.2.9 Plug agar plate diffusion assay.

The antimicrobial production potential of S. regensis, S. niveus, S. incarnatus, A. auranticolor
and M. wenchangensis was analysed by plug agar plate diffusion assay. First, the strains were
grown in SGG agar, Al agar, AlSal* agar (Zhang et al., 2018), R5A agar (Kieser et al., 2000),
SM10 agar (Malmierca et al., 2018) and SM17 agar (Malmierca et al., 2018) at 30 °C for 15
days. CDM agar plates with and without 5 mM PABA were prepared and inoculated with B.
subtilis, E. coli and M. luteus as described before. 0.6 cm (diameter) agar plugs from each strain
grown in each production media were placed into the inoculated CDM agar plates. Plugs of M.
maris AB-18-032 were used as positive control and antimicrobial susceptibility disks of
nalidixic acid (Oxo0id™, ThermoFisher) were used as negative control to test the effect of

PABA. After overnight incubation at 37 °C, the ZOI generated around each plug was measured.
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2.3 Results.

2.3.1 Preliminary metagenome mining.

Recent studies unveiled the microbial diversity present on one of the most widespread man-
made extreme structure: solar panels (Dorado-Morales et al., 2016; Porcar et al., 2018; Tanner
et al., 2018). In order to evaluate whether it would be possible to isolate any new abyssomicin
producer from Valencia’s solar panels, two solar panel microbiomes were mined for

abyssomicin biosynthetic genes.

First, the metagenomes were set as database and a BLASTx of the M. maris AB-18-032
abyssomicin BGC against the database was carried out. That yielded 1,151 short sequences
aligning at different points along the BGC, covering mostly those genes commonly present in
the majority of BGCs (LuxR, SARP and TetR family transcriptional regulators, drug resistance
exporters and ABC transporters). These results only confirmed the presence of microorganisms
with secondary metabolite BGCs, which was expected since both microbiomes contained
sequences belonging to the Actinomycetales order (Figure S2.2) and it is well known that
actinobacterial genomes often contain dozens of BGCs (Bentley et al., 2002; lkeda et al.,
2003).

After that, with the aim of making the search more specific, only the coding sequences of the
abyssomicin BGC were used for the BLASTp. This resulted in 10,146 alignments following
the same patterns as in the first attempt. Nearly all the alignments appeared to belong to

conserved domains of big protein families whose presence in BGCs is very common.

Finally, the approach that produced the most useful information consisted in a one-by-one
BLASTp of each protein within the cluster against the metagenomes. All proteins except
AbyU, AbyA3, AbyA5 and AbyW had metagenomic sequences significatively (E-value < 10
%) aligned and thus would be present in the microbiome (Figure 2.2). The absence of AbyU,
AbyA3, AbyA5 and AbyW was sufficient to determine the impossibility of finding
abyssomicin producers in the pool, since AbyU is the natural Diels-Alderase that catalyses the
[4 + 2] cycloaddition that results in the polycyclic abyssomicin formation and AbyA3 and
AbyA5 are responsible for the tetronic acid moiety formation. The role of AbyW in

abyssomicin biosynthesis is still unknown.
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Figure 2.2. Number of significative alignments between each solar panel metagenome and
each abyssomicin BGC gene.

Albeit it was not possible to find any potential abyssomicin producer in these samples, this
analysis gave us an important insight into which abyssomicin-biosynthesis related proteins are

less common in other BGCs and thus could be abyssomicin specific.

2.3.2 Habitat distribution of the Diels-Alderase positive metagenomes.

In order to study the habitat distribution of the bacteria harbouring an abyssomicin BGC, and
considering that the Diels-Alderase AbyU could be used as an abyssomicin-biosynthesis
specific marker, 3027 publicly available metagenomes were mined for the presence of AbyU
and its already known homologs AbsU and AbmU (Table S2.3-S2.4). E-value < 10 was set
as threshold to accept/reject the alignments and thus identify putative Diels-Alderases. 27% of
the analysed metagenomes had aquatic origin, 31% belonged to soil samples, 22% were plant-
associated and the remaining 20% covered human-built environments and different host-
associated microbiomes (Figure S2.2). The results obtained showed that the three Diels-
Alderase homologs share a similar habitat distribution, 31% of the AbyU positive
metagenomes were from soil, 68% were plant-associated and 1% Arthropoda-associated
(Figure 2.2B); 55% of the AbsU-positive had soil origin and 45% were plant-associated (Figure
2.2C) and AbmuU displayed a similar distribution to AbyU with the only difference being its
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additional presence in an artificial bioreactor environment (Figure 2.2D). Surprisingly,

however, none of the AbyU, AbsU or AbmU positive metagenomes had aquatic origin.

B n=139

Soil
40%

Aquatic
60%

1%

D n=171

Figure 2.3. Habitat distribution of A) The abyssomicin producing bacteria isolated and
reported in the literature until this manuscript was written. B) Metagenomes containing AbyU
homologs. C) Metagenomes containing AbsU homologs. D) Metagenomes containing AbmuU
homologs.

In order to find an explanation to the absence of Diels-Alderase positive metagenomes in
aquatic environments, possible taxonomic and sequencing depth biases between Diels-
Alderase positive and negative metagenomes from aquatic origin were investigated.
Specifically, the relative abundance of assembled and unassembled reads belonging to the
domain Bacteria and the phylum Actinobacteria was compared in 50 randomly selected Diels-
Alderase positive metagenomes from different environments against 50 aquatic Diels-Alderase
negative metagenomes. The Mann-Whitney U test showed that the relative abundance of reads
of the domain Bacteria and the phylum Actinobacteria was higher in Diels-Alderase positive
metagenomes than in aquatic Diels-Alderase negative metagenomes (Figure S2.4). Similarly,

the relative abundance of Bacteria and Actinobacteria was lower in terrestrial Diels-Alderase
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negative metagenomes than in Diels-Alderase positive metagenomes (Figure S2.4). On the
other hand, the sequencing depth of those same 50 randomly selected Diels-Alderase positive
metagenomes was compared against the 50 aquatic and 50 terrestrial Diels-Alderase negative
metagenomes. The Mann-Whitney U test showed that the sequencing depth of the Diels-
Alderase positive metagenomes was significatively higher than the sequencing depth of the

aquatic and terrestrial Diels-Alderase negative metagenomes (Figure S2.5).
2.3.3 Diels-Alderase directed genome mining and diversity of abyssomicin BGCs.

In order to gain a better overview over how abyssomicin-producing bacteria are
environmentally distributed and the structural diversity of abyssomicin BGCs in nature, both
partial and complete genomes available in public databases were mined. In a BLASTp of
AbyU, AbsU and AbmU against the RefSeq NR database, 74 Diels-Alderase homologs from
66 different genomes were identified (Table S2.9). E-value < 10 was set as threshold to

accept/reject the alignments and thus identify putative Diels-Alderases.

All the 66 Diels-Alderase positive genomes belonged to culturable bacterial strains. The habitat
distribution of these isolates was, overall, similar to that found by metagenome mining.
Specifically, about one third of the strains were recovered from soil, one third from plant-
associated environments, and the remaining were recovered from mammals, annelids and
lichens (Figure S2.6). Unlike the metagenome mining results, some Diels-Alderase positive

bacterial species were recovered from marine environments.

The bacterial genomes were analysed in order to locate those Diels-Alderase homologs and
study whether they were part of a potential abyssomicin BGC. This way, it was possible to
identify and annotate five total and 12 partial new abyssomicin BGCs and 23 new potential
abyssomicin BGCs never described until now and with similar but not identical architectures
to the aby, abs and abm clusters (Figure 2.4). Eleven of the Diels-Alderase homologs could be
located in potential BGCs, three more were found in genomic regions apparently unrelated to
any BGC and 11 were located in short contigs from which it was impossible to infer any
information. Finally, two Diels-Alderase homologs were found in two different quartromicin

BGCs and another two in potential tetronomycin and chlorothricin BGCs.
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Figure 2.4. Recovered BGCs found through Diels-Alderase directed genome mining.

From the newly identified Diels-Alderase homologs it was possible to recover 40 total or partial
new clusters potentially involved in the biosynthesis of abyssomicins (Figure S2.9-S2.12;
Table S2.15-S2.85). These clusters were further classified according to their synteny in order
to analyse their structural diversity. The analysis was carried out manually, as the modular
nature of BGCs made the application of general synteny analysis tools impossible. Considering
the diversity of biosynthetic genes and their disposition, abyssomicin and potential
abyssomicin BGCs were classified into seven cluster types (Table 2.2). There were four
genomes containing type la clusters and ten genomes displaying type 1b clusters from the
genera Micromonospora, Actinokineospora, Frankia, Herbidospora and Streptomyces (Figure
S2.9). There were seven clusters classified as type 2a and two clusters classified as type 2b. In
this case, type 2a clusters were found in Streptomyces, Actinokineospora and Micromonospora
and type 2b only in Frankia (Figure S2.10). Five clusters were classified as type 3, all
belonging to Streptomyces and three clusters were type 4 clusters found in Streptomyces and
Streptacidiphilus (Figure S2.11). Finally, there were 13 clusters that did not present enough
similarity to any of the cluster types described above. These clusters were found in Frankia,
Actinokineospora, Lentzea, Kutzneria, Micromonospora, Streptomyces, Saccharothrix and
Actinocrispum and did not share any outstanding synteny pattern amongst themselves (Figure
S2.12) neither with the five potential tetronomycin, chlorothricin, or quartromycin BGCs that
were also found from the Diels-Alderase directed genome mining (Figure S2.13). The genomes
that harboured a Diels-Alderase that was not part of an abyssomicin or potential abyssomicin

BGC were not considered for this classification.
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2.3.4 Evolutionary history of the abyssomicin BGCs.

Most of the Diels-Alderase positive bacteria were taxonomically identified as belonging to the
phylum Actinobacteria and most of them to the genus Streptomyces (37 isolates), followed by
seven Frankia, three Herbidospora, three Actinomadura and three Micromonospora strains
(Figure 2.5). As was expected, all the genera formed monophyletic clusters, corroborating their
correct taxonomic assignment. The abyssomicin BGCs were only identified in several species
of some actinobacterial genera but not in all, suggesting that the abyssomicin BGCs may be
acquired through horizontal gene transfer (HGT) events. This hypothesis was reinforced by the
fact that the phylogenetic history of the Diels-Alderase (Figure 2.6) does not follow the same

evolutionary history as of the species tree (Figure 2.5).
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Figure 2.5. Phylogenomic tree of bacterial genomes containing Diels-Alderase homologs. The
inner ring represents the environment where each strain was isolated, the middle ring depicts
the location of the Diels-Alderase homolog and the outer ring shows the cluster type for those
isolates found to have abyssomicin and potential abyssomicin BGCs both total and partial.
Outer symbols indicate presence of genomic island inside the abyssomicin or potential
abyssomicin BGC, nearby it (10 kb upstream or downstream BGC) or nearby the Diels-
Alderase (£10 kb upstream or downstream) when the isolate did not present an abyssomicin
BGC. Bar 1 fixed nucleotide substitutions per site.

Interestingly, abyssomicin BGCs are usually associated with genomic islands (GI; Figure S2.9-
S2.12; Table S2.86-S2.101) which may allow its HGT among taxa. Specifically, GlIs were
identified in the abyssomicin BGC of some Streptomyces, Frankia, Herbidospora,
Micromonospora and Actinokineospora, nearby it (10 kb upstream or downstream BGC) or
nearby the Diels-Alderase (+10 kb upstream or downstream) (Figure 2.5). Albeit the vast
majority of these HGT events take place among members of the phylum Actinobacteria, two
Proteobacteria, namely Pantoea sp. A4 and Photobacterium ganghwense JCM 12487,
harboured a Diels-Alderase homolog. The Diels-Alderase genes of both Proteobacteria strains

were phylogenetically related among them and in turn related to other Streptomyces strains
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(Figure 2.5). The closest neighbour to both proteobacterial strains was S. caatingaensis.
Thereby, these intra- and inter- phyla HGT events may be explained by the presence of mobile
elements such as transposases and integrases flanking or within the BGCs (Table S2.86-
S2.101). Moreover, several Diels-Alderase paralogs were found in the mined genomes of A.
auranticolor YU 961-1, Frankia sp. Ccl.17, Streptomyces sp. NL15-2K, Streptomyces sp.
NRRL F-525, Streptomyces sp. NRRL S-31 and S. syringae NRRL B-16468 (Figure 2.5).
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Figure 2.6. Phylogenetic tree of the Diels-Alderase homologs. The inner ring represents the
environment where each strain was isolated, the middle ring depicts the location of the Diels-
Alderase homolog and the outer ring shows the cluster type for those isolates found to have
abyssomicin and potential abyssomicin BGCs both total and partial. Outer symbols indicate
presence of genomic islands inside the abyssomicin or potential abyssomicin BGC, nearby it
(10 kb upstream or downstream BGC) or nearby the Diels-Alderase (£10 kb upstream or
downstream) when the isolate did not present an abyssomicin BGC. Bar 0.1 fixed nucleotide
substitutions per site.

On the other hand, evolutionary pressure has shaped the abyssomicin BGCs, widening the
functional and structural diversity of this secondary metabolite. In fact, the presence of tailoring

genes is variable among species as well as the Diels-Alderase gene location within the BGCs
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(Figure S2.9-S2.12; Table S2.15-S2.85). However, the synteny of abyssomicin BGCs lacks
phylogenetic signal and hence the abyssomicin BGC classification proposed in the present

study could not be used to trace its evolutionary history.

2.3.5 Preliminary abyssomicin production screening.

In order to close up the story, a preliminary abyssomicin production screening was carried out
with five of the strains containing potential abyssomicin BGCs: Streptomyces regensis RRL
X-5263, Streptomyces niveus C7655, Streptomyces incarnatus NRRL 8089, Actinokineospora
auranticolor YU 961-1 and Micromonospora wenchangensis CCTCC AA 2012002. Three
different approaches were followed.

First, the strains were cultured in liquid SGG and Al media, the two media in which
abyssomicin production has been reported to date (Gottardi et al., 2011; Tu et al., 2018).
Samples of these cultures were taken for further analysis from day 1 to day 5 of fermentation.
Organic extractions with ethyl acetate were carried out to purify any possible abyssomicin-like
compounds and the final extracts were analysed both through agar plate diffusion assays with
and without PABA against B. subtilis, E. coli and M. luteus and through LC-MS. The agar
plate diffusion assay of the fermentation extracts revealed that S. regensis produced, both in
Al and SGG, one or more compounds with strong inhibitory activity against B. subtilis that
generated ZOI of 10-14 mm in radius measured from the edge of the disk (Figure 2.7A and
2.7B). This strain, grown in Al, also produced ZOI up to 8 mm against M. luteus. S. niveus
extracts produced ZOI of 8-10 mm against B. subtilis when the strain was cultured over 3 days
in Al and ZOI of 12 mm after growing 4 days in SGG, and ZOI of 6-8 mm against M. luteus
when grown over 4 days (Figure 2.7C and 2.7D). The fermentation extracts of S. incarnatus in
Al produced ZOI of up to 8 mm against M. luteus and between 2-4 mm against B. subtilis
(Figure 2.7E). Similar results were observed for S. incarnatus grown in SGG (Figure 2.7F). A.
auranticolor produced, both in Al and SGG, small molecules that inhibited the growth of B.
subtilis producing ZOI of 3 mm, however, ZOI were not observed against M. luteus (Figure
2.7G and 2.7H). Finally, extracts from M. wenchangensis cultures produced minimal ZOl
against B. subtilis and M. luteus (Figure 2.71 and 2.7J). As a positive control, fermentation
extracts of M. maris, grown in Al and SGG, containing mainly abyssomicin C (Figure 2.7K
and 2.7L), reported ZOI against B. subtilis of up to 3 mm and no activity against M. luteus.

None of the fermentation extracts had any inhibitory effect against E. coli. The antagonistic
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effect of PABA was only barely observed for S. niveus and M. maris extracts and no differences
in the ZOI generated by nalidixic acid disks were appreciated. The filter disks containing 10%

methanol did not generate any ZOI against any of the targeted strains.

B. subtilis COM
B. subtilis CDM pABA M. luteus CDM pABA

M. luteus CDM

Figure 2.7. Zones of inhibition in mm generated by the fermentation extracts at days 1-5 of A)
S. regensis in Al, B) S. regensis in SGG, C) S. niveus in Al, D) S. niveus in SGG, E) S.
incarnatus in Al, F) S. incarnatus in SGG, G) A. auranticolor in Al, H) A. auranticolor in
SGG, I) M. wenchangensis in Al, J) M. wenchangensis in SGG, K) M. maris in Al and L) M.
maris in SGG against B. subtilis and M. luteus grown in CDM plates with and without PABA.
Figure displays the average ZOI calculated from the ZOI displayed by three replicates of each
strain.

Then, those same fermentation extracts were run through a mass spectrometer ESI microTOF-
Q Il (Figure S2.14-S2.24). 1t was possible to identify at least three of the compounds based on
their mass and the antiSMASH predictions, however, none of the already known
abyssomicins/neoabyssomicins were found. The remarkably potent antimicrobial activity of S.
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regensis extracts was associated to the production of actinomycin D based on LC-MS data and

the molecular weight of the compound (Figure S2.14-S2.15).

Finally, plug agar plate diffusion assays were carried out. Plugs from S. regensis, S. niveus, S.
incarnatus, A. auranticolor and M. wenchangensis grown in six different production media
were used to further investigate the production profile of these strains in different solid media.
S. regensis plugs from SGG, Al, R5A and AlSal* plates generated ZOI of 10 mm against B.
subtilis and of 8 and 4 mm when the plugs were from SM10 and SM17 respectively. Plugs
from SGG, Al, R5A and AlSal* plates also generated ZOI between 2 and 4 mm against M.
luteus. Only plugs of S. regensis grown in SM17 produced ZOI against E. coli (Figure 2.8A).
S. niveus plugs generated ZOI that varied between 1-7 mm against B. subtilis and 0.5-2 mm
against M. luteus and ZOI were not observed against E. coli (Figure 2.8B). For S. incarnatus,
only plugs from Al plates showed inhibitory activity against B. subtilis, while also A1Sal* and
R5A plugs showed antimicrobial activity against M. luteus (Figure 2.8C). A. auraticolor plugs
generated ZOI between 3-8 mm against B. subtilis and between 0.5-2 mm against M. luteus. A.
auraticolor plugs from SGG, Al, R5A and SM10 also produced ZOI of 5-10 mm against E.
coli (Figure 2.8D). M. wenchangensis plugs from the SGG, SM10 and SM17 plates only
produced ZOI of 0.5 mm against B. subtilis and M. luteus (Figure 2.8E). As a reference, M.
maris plugs generated ZOI of up to 2.5 mm against B. subtilis (Figure 2.8 F). No relevant
differences were appreciated between the ZOI generated in plates containing PABA and plates
without PABA except for the plug of S. regensis in SM17, which ZOI was reduced from 7 mm

to 4 mm against E. coli.
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Figure 2.8. Antimicrobial plate diffusion assay results with and without PABA of A) S.
regensis, B) S. niveus, C) S. incarnatus, D) A. auranticolor, E) M. wenchangensis and F) M.
maris grown in six different production media for 15 days. Antimicrobial activity was
measured as the zone of inhibition (mm) against three target strains: B. subtilis, E. coli and M.
luteus. Figure displays the average ZOI calculated from the ZOlI displayed by three replicates
of each strain.
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2.4 Discussion.

2.4.1 Preliminary metagenome mining.

To date, only ten bacterial strains have been reported to produce abyssomicins (Table S2.1).
From these strains, 38 abyssomicins with differences at structures and bioactivities have been
characterised (Sadaka et al., 2018). In a preliminary metagenome mining study, two solar panel
microbiomes were mined looking for new potential abyssomicin producers. A one-by-one
BLASTp of each protein within the aby BGC against the metagenomes showed that AbyU,
AbyA3, AbyA5 and AbyW would not be present in the microbiomes and thus, there would not
be abyssomicin producers in the pools. Despite that, those results provided an important insight
into which abyssomicin biosynthetic proteins could be specific to abyssomicin biosynthesis, as
AbyU is the natural Diels-Alderase that catalyses the [4 + 2] cycloaddition reaction that results
in the polycyclic abyssomicin formation and AbyA3 and AbyAb are responsible for the tetronic
acid moiety formation (Gottardi et al., 2011, Byrne et al., 2016). These proteins could be used
to lead larger mining studies focused on abyssomicins.

2.4.2 Habitat distribution of the Diels-Alderase hosts discovered through metagenome and

genome mining.

With the aim of studying the distribution of those microorganisms capable of producing new
abyssomicin molecules, an extensive diversity of metagenomes and genomes was analysed in
silico. AbyU is the natural Diels-Alderase present in the abyssomicin BGC that catalyses the
formation of the heterobicyclic ring system that characterises this family of natural products.
Very few enzymes in nature can catalyse this reaction and despite being capable of accepting
structurally diverse substrates, sequence conservation with the closest known spirotetronate
cyclases is minimal (Byrne et al., 2016). This enzyme was selected to lead the mining as it is

essential in abyssomicin biosynthesis.

Here, 3,027 metagenomes were mined for the presence of AbyU, AbsU and AbmU, and the
results showed that Diels-Alderase positive microorganisms have a strikingly diverse
environmental distribution, being mainly present in soil and plant-associated microbiomes but
totally absent in aquatic habitats (Figure 2.2). Since the few isolates reported in the literature to
produce abyssomicins were equally distributed between aquatic and soil environments (Figure
2.2A; Table S2.1), these results were totally unexpected. After examining the taxonomic
composition of 50 aquatic Diels-Alderase negative and 50 Diels-Alderase positive

metagenomes from different environments, it was possible to conclude that the Diels-Alderase
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positive metagenomes have a higher relative abundance of Bacteria and Actinobacteria than
Diels-Alderase negative metagenomes from aquatic environments (Figure S2.4). Furthermore,
those Diels-Alderase negative metagenomes from aquatic environments showed, in general, a
lower sequencing depth than the Diels-Alderase positive metagenomes (Figure S2.5).
Therefore, the fact that metagenomes of aquatic origin have a lower sequencing depth, and that
the abundance of Bacteria and Actinobacteria is lower, could make it less likely to sequence
Diels-Alderase homolog genes when shotgun sequencing aquatic metagenomes. On the
contrary, by using the appropriate culturing techniques, those low abundant abyssomicin-

producing Actinobacteria could be enriched from aquatic environments (Table S2.2).

Interestingly, it was observed that all the abyssomicin-producing strains isolated from aquatic
environments so far come specifically from marine sediments (Table S2.2). Meaning that the
abyssomicins could play a key role in the biology or ecology of bacteria inhabiting benthic
regions. Moreover, it is tempting to hypothesise that abyssomicin-producing bacteria may be
involved in symbioses with higher organisms, which has been seen before for other different
antibiotic-producing strains that play an important role as defensive symbionts both in marine
and terrestrial ecosystems (Gunatilaka, 2006; Seipke et al., 2012; Adnani et al., 2017). The
abyssomicins could also act as signal molecule in plant-bacteria communication or as
precursors involved in plant growth and development, as reported before in the Frankia and
Micromonospora genera through, for example, the formation of nitrogen fixing actinonodules
(Trujillo et al., 2010; Sellstedt & Richau, 2013). Further investigations will be needed in order

to unravel the biased habitat distribution of Diels-Alderase positive bacteria.

The results of this study also highlight some of the limitations of the bioinformatic approaches
used. In first instance, data normalisation prior to including the metagenomes in the analysis
should have been carried out. In addition to that, despite the uniqueness of the catalytic activity
of the Diels-Alderase, the low similarity percentage between the sequences of the three already
known abyssomicin Diels-Alderases could indicate a great sequence diversity within this kind
of enzymes, meaning that only by using the sequence of these three proteins, other Diels-
Alderases from a different evolutive origin could be being misrepresented. Future work could
look into using tools with different algorithms to that of BLASTp to identify more distantly
related Diels-Alderases. For example, PSI-BLAST and PHI-BLAST use the query sequence to
build a profile of that protein that is used to find closely related homologs. Then, with the
sequences of all those homologs another profile is created to search for more distantly related
homologs, and this continues as an iterative process. Apart from sequence and motif-based

methods, since generally protein structure is more conserved that protein sequence, structure-
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based methods represent a strong alternative for the discovery of enzymes with similar
functions but less related sequences. Indeed, with the exponential development of machine
learning tools and artificial intelligence the paradigm sequence-function of proteins may be
more accessible than ever, easing greatly the discovery of proteins with specific functions
(Callaway, 2020).

Altogether, 74 Diels-Alderase homologs present in 66 different genomes were identified (Table
S2.9) from which it was possible to identify and annotate five total and 12 partial new
abyssomicin BGCs and 23 new potential abyssomicin BGCs. Indeed, all 40 abyssomicin and
potential abyssomicin producers are culturable strains whose habitat distribution follows the
same patterns found through metagenome mining as none of them was recovered from aquatic
samples (Figure S2.6). In this case, 60.6% of the Diels-Alderase positive genomes displayed an
abyssomicin or potential abyssomicin BGC. In the remaining genomes in which the Diels-
Alderase was not located in any BGC, it was not possible to predict its metabolic function.
Previous studies reported other Diels-Alderases involved in the synthesis of other natural
products, with the exception of riboflavin synthases that are involved in primary metabolism
(Lichman et al., 2019).

Therefore, based on the genome and metagenome mining, it can be concluded that the potential
abyssomicin producers have a cosmopolitan distribution albeit their presence in aquatic habitat
is limited. This strongly suggests that abyssomicin bioprospecting efforts should not be focused
on aquatic environments but rather on soil and plant-associated ones. Also, two Diels-Alderase
homologs were found in two different quartromicin BGCs and another two in potential
tetronomycin and chlorothricin BGCs. The presence of those four Diels-Alderase homologs
within BGCs belonging to other natural products is well justified, as quartromicin,
tetronomycin and chlorothricin share the same tetronate cycloaddition as the abyssomicins
(Vieweg et al., 2014).

Moreover, 11 of the Diels-Alderase homologs detected in the mined genomes were in potential
non-abyssomicin BGCs, three more were found in genomic regions a priori unrelated to any
BGC and 11 appeared in short contigs from which it was impossible to infer any information.
In this case, only ten of the 66 genomes analysed were completely sequenced and only seven
isolates were sequenced with third generation sequencing technologies (Table S2.9). The
identification of the Diels-Alderase homologs location within the genomes and the recovery of
potential BGCs was influenced by the quality of the sequencing technology used and the

assembly level achieved by each previous individual study. Some factors such as the high G+C
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content of actinomycete genomes affect the sequencing reactions and the assembly process
(Nakamura et al., 2011), however, the biggest challenge appears to be the recovery of the
highly-conserved and modular sequences of polyketide synthases characterised by displaying
highly similar intragenic and intergenic tandem repeats at nucleotide level, which, in many
cases, are longer than the read-length of the sequencing technology used (Gomez-Escribano et
al., 2016). Moreover, large PKS clusters can often be distributed along several contigs, and it
has been demonstrated that sequencing errors can introduce false frameshifts into the large PKS
sequences (Blazi¢ et al., 2012). Finally, the presence of Diels-Alderase homologs outside
abyssomicin BGCs, could be explained by the presence of transposases flanking Diels-Alderase
homologs allowing their genetic recombination along the genome (Table S2.86-S2.101).
Specifically, the Diels-Alderase homologs of Streptomyces caatingaensis CMAA 1322 and
Streptomyces armeniacus ATCC 15676 were not part of an abyssomicin BGC but showed
transposases on both sides (Figure 2.5; Table S2.90; Table S2.92).

2.4.3 Evolutionary history of the abyssomicin BGC.

It is well-known that Actinobacteria are characterised by their ability to produce a wide variety
of secondary metabolites and, despite the problem of rediscovering already known molecules,
bacteria from the phylum Actinobacteria are still one of the most prolific sources of chemical
diversity (Genilloud, 2017). The presence of abyssomicin BGCs is limited to the phylum
Actinobacteria, mainly representatives of the genus Streptomyces and Micromonospora. The
constraint of the abyssomicin BGC to some specific strains suggests that speciation was not the
primary driver for dissemination of this cluster (Figure 2.4). Instead, HGT may have played an
important role in the transmission of abyssomicin BGCs, which may have jumped among taxa
through mobile elements (Ziemert et al., 2014; Hall et al., 2017). Indeed, many integrases and

transposases were found surrounding or inside the abyssomicin BGCs (Table S2.86-S2.101).

Many BGCs in Actinobacteria evolve through HGT events, but only a few studies have
demonstrated it (Choudoir et al., 2018). For example, in a genome mining study on 75
Salinispora strains, 124 pathways involved in the synthesis of PKS and NRPS natural products
were identified and showed that HGT events were responsible for the majority of pathways,
which occurred in only one or two strains, as acquired pathways were incorporated into
genomic islands (Ziemert et al., 2014). In another example, the secondary metabolite clusters

on the chromosome of S. avermitilis ATCC31267 were found to contain many transposase

56



genes in the regions near both ends of the clusters, suggesting these transposases might have
been involved in the transfer of these clusters (Omura et al., 2001). Similarly, it was
demonstrated that the rifamycin BGC in Salinispora arenicola CNS-205 had been acquired
through HGT directly from Amycolatopsis mediterranei S699 by genomic island movement
(Penn et al., 2009).

Although HGT events are more frequent among phylogenetically close taxa, in this case within
the phylum Actinobacteria, HGT events can take place among different phyla. In the present
study, it was possible to identify a potential HGT event of Diels-Alderases from a representative
of the genus Streptomyces to two strains of the phylum Proteobacteria, namely Pantoea sp. A4
and Photobacterium ganghwense JCM 12487 (Figure 2.5). The transmission of functional
BGCs among phyla was also reported by other authors (Zeng et al., 2014). Unfortunately,
neither transposases nor integrases were identified nearby the Diels-Alderases of Pantoea sp.

A4 and Photobacterium ganghwense JCM 12487, which could have explained the HGT event.

The acquisition of an abyssomicin BGC by a bacterial strain could increase its evolutionary
fitness and therefore enhance its competitiveness against other members of the community. In
fact, the biological activity of abyssomicins includes antimicrobial activities against Gram-
positive bacteria and Mycobacteria (Riedlinger et al., 2004; Freundlich et al., 2010). Other
biological activities discovered so far are antitumor properties, latent HIV reactivator, anti-HIV
and HIV replication inducer properties (Sadaka et al., 2018). The wide diversity of abyssomicin
BGCs found through genome mining suggests that a plethora of abyssomicin-like molecules

remain undiscovered.

2.4.4 Preliminary abyssomicin production screening.

Finally, the secondary metabolite production profile of five strains with new potential
abyssomicin BGCs was analysed. First, the strains were screened for their ability to produce
antimicrobial compounds in different production media both in liquid and in plates. S. regensis,
S. niveus and A. auranticolor proved to be good producers of antimicrobial compounds,
especially against B. subtilis and M. luteus (Figure 2.7 and 2.8). Then, fermentation extracts
from all the strains were also analysed, focusing at finding already known abyssomicins.

However, none of the compounds could be identified as an already known abyssomicin.
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There are several hypotheses that could explain these results. In first place, although A.
auranticolor and M. wenchangensis display abyssomicin BGCs that are very similar to the
abyssomicin BGC of M. maris, the genomic context where these clusters are found plays a key
role in the resulting natural products produced (Jenke-Kodama et al., 2006; Ridley et al., 2008).
Itis likely that these strains could be producing new abyssomicins that | was not able to identify
due to the lack of time and expertise to carry out NMR experiments. Another option is the fact
that these clusters could be transcriptionally silent under standard laboratory conditions, which
has been shown to be very common, as secondary metabolite BGCs are often under strict
pleotropic and pathway-specific regulation (Liu et al., 2013; Rutledge & Challis, 2015; Ke &
Yoshikuni, 2020). These clusters could also be inactive or non-functional at translation level
due to mutations that occurred in the course of evolution (Hoogendoorn et al., 2018). In this
case, characterisation of the enzymatic pathways would be necessary to determine whether the
gene clusters are functional or vestiges of evolution (Micallef et al., 2015; Amos et al., 2017).
This was the case, for example, of the 19 cyanobacterial strains that were found to encode a
cyanobactin BGC, but it turned out that many of these gene clusters were non-functional due
to the lack of some essential genes, the presence of insertions and truncated genes, although
active versions had been identified within closely related strains (Leikoski et al., 2012; LeikoskKi
et al., 2013). Future work could include a deeper analysis of the corresponding abyssomicin
BGCs, to estimate the structures of the compounds that could be produced and could look at

elucidating the production of novel abyssomicins by these strains.
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2.5  Conclusions and future perspectives.

The aim of this study was to shed some light into the structural diversity, habitat distribution
and evolutionary history of the abyssomicin BGC. Through metagenome and genome mining,
it was discovered that the habitat distribution of microorganisms harbouring putative Diels-
Alderases is restricted to that of the phylum Actinobacteria, with representatives mainly of the
genus Streptomyces and Frankia, which are primarily present in soil and plant-associated
environments. Surprisingly, it was not possible to find any Diels-Alderase positive bacterium
in aquatic environments although six out of ten reported abyssomicin producers were isolated
from marine sediments. Moreover, the vast structural diversity of abyssomicin BGCs found,
could reflect its horizontal evolutionary history, and it is possible to predict that a plethora of

abyssomicins remain unknown to date.

Future work could focus on unraveling the ecological role that abyssomicin-like molecules play
in the corresponding environments. Apart from that, the identification and characterisation of
new Diels-Alderase homologs could hold great potential as part of the synthetic biology toolbox
to generate libraries of novel non-natural biomolecules. This could also facilitate the
development of environmentally friendly synthetic routes to a wide variety of useful
compounds. Taken together, the results of the present work reveal the interest of a new
bioprospecting strategy to identify natural products such as abyssomicins out of their currently

assumed environmental distribution.
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Chapter 3. Heterologous expression and production of abyssomicins.

Abstract

Publically available genomic and metagenomic data are used daily to carry out a variety of
analysis such as those presented in Chapter 2 on the evolution and environmental distribution
of the abyssomicin BGC. All this raw data allows the identification of strains with a specific
biosynthetic potential, however, the probability that these strains produce a target secondary
metabolite under standard laboratory conditions is very low. For the last few decades, to exploit
the sometimes unaccessible reservoir of BGCs present in bacterial genomes, heterologous hosts
that facilitate the activation and production of secondary metabolic pathways have been used.
Through heterologous production, it is possible to access the structural and functional diversity
of compounds encoded in the genomes of strains that do not produce them under standard
laboratory conditions or are recalcitrant to genetic manipulation. Furthermore, it can afford
production yields that allow the compounds to be exploited in other fields such as medicine or
agriculture. In the present work, various attempts to express the abyssomicin BGC from M.
maris AB-18-032 in several heterologous hosts are presented. First, a systematic analysis of
heterologous hosts typically used for the production of natural products from Actinobacteria
was carried out. Then, E. coli BAP1 and various Streptomyces species were transformed with
an aby BGC-containing phage artificial chromosome and two different approaches, ribosome
engineering and CRISPR-Cas9 mediated promoter knock-in, were followed to activate
abyssomicin production. Despite these efforts, it was not possible to identify any abyssomicin
from the fermentations of the heterologous hosts. Active transcription of the genes was
confirmed. Genome sequencing of one heterologous host revealed four points along abyB1
where mutations and deletions may have happened. This highlights the importance of strain re-
sequencing after engineering and opens the possibility of repairing those mutations to restore

abyssomicin production in the heterologous hosts.

3.1 Introduction.

3.1.1 Heterologous production of natural products.

Bacteria, and more specifically, bacteria from the phylum Actinobacteria constitute a rich
source of natural products. Unlike synthetic chemical compounds, biologically synthesised

natural products exhibit a wider and sometimes more complex structural diversity that results

in their specific and often inimitable biological activities (Davison & Brimble, 2019). Indeed,
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most BGCs responsible for the production of these natural products remain uncharacterised
and the corresponding products untested for potential bioactivities, not only for the
development of new drugs but also for potential agricultural products (Myronovskyi &
Luzhetskyy, 2019). Since conventional drug discovery approaches result in a high rediscovery
rate of known compounds, current efforts rely on the application of bioinformatic and genetic
tools to exploit the BGCs present in Actinobacteria genomes. In order to overcome the inherent
limitations of working with microorganisms recalcitrant to standard laboratory techniques, it is
necessary to use other more amenable strains that allow for genetic manipulation to activate
and enhance the production of the compound of interest as well as non-natural derivatives of
this (Cook & Pfleger, 2019).

Using heterologous hosts for the discovery and production of novel natural products depends
on the ability to capture and express putative BGCs (Nah et al., 2017). In order to maximise the
chances of success, it is important to take into account genomic features such as the GC content,
the codon usage and the ability of the heterologous host to produce all the necessary metabolite
precursors. To facilitate these needs, various research projects during the last two decades have
focused on developing heterologous expression workhorses, from E. coli (Pfeifer et al., 2001)
to Actinobacteria such as Streptomyces coelicolor (Gomez-Escribano & Bibb, 2011),
Streptomyces lividans (Ziermann & Betlach, 1999; Ahmed et al., 2020) and Streptomyces albus
(Myronovskyi et al., 2018; Fazal et al., 2019). These strains, together with Pseudomonas putida
(Choi et al., 2018), Myxococcus xanthus (Yan et al., 2018) and Synechococcus elongatus
(Roulet et al., 2018) have successfully been used for the production of a wide variety of
bacterial natural products, whilst Saccharomyces cerevisiae (Billingsley et al., 2016) and
species of the genera Aspergillus and Penicillium (Alberti et al., 2017) have mainly been used
for the production of plant and fungal natural products. Among many others, some important
achievements in this field include the production of erythromycin in E. coli (Pfeifer et al.,
2001), artemisinic acid in S. cerevisiae (Ro et al., 2006), epothilones in M. xantus (Julien &
Shah, 2002) and E. coli (Mutka et al., 2006), daptomycin in S. lividans (Penn et al., 2006) and
tetracycline in S. lividans (Wang et al., 2012).

Despite notable successes in the field and the new knowledge generated, the heterologous
production of secondary metabolites still faces many challenges. The phylogenetic distance
between the natural producer and the heterologous host is a key factor to consider and from it
depends that the heterologous host recognises the regulatory elements associated to the BGC

of interest and is capable of expressing it. Then, refactoring of promoters and regulatory
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elements may be necessary, and production can still be affected by the number of copies and
the size of the BGC, the BGC position in the genome, the number of BGCs already in the
heterologous host and the availability of cellular resources (Huo et al., 2019). Despite taking
all those factors into account, there are no guarantees of success and, due to “negative results”
going unpublished, it is not possible to calculate the real success percentage of heterologous
production projects. Only a few papers have reported that heterologous production was not
achieved, for example, epothilone biosynthesis in E. coli 10 B (Mutka et al., 2006), M. xanthus
DK1622 and P. putida KT2440 (Fu et al., 2008). Similarly, the expression of the triketide
lactone BCG from Mycobacterium ulcerans was not achieved in the faster-growing
Mycobacterium marinum (Porter et al., 2013), although in all these cases, the communication
of unsuccessful production was accompanied by the successful production achieved in other
hosts. In other cases, “failed” heterologous production was reported prior to refactoring the
BGC, but again these published results were always presented together with the successful
production results after refactoring (Aso et al., 2004; Alberti et al., 2018; Kallscheuer et al.,
2019).

3.1.2 Heterologous expression of Micromonospora biosynthetic gene clusters.

Micromonospora species account for the second most prolific source of natural products with
biomedical applications after the genus Streptomyces (Barka et al., 2016; Carro et al., 2019).
However, contrary to Streptomyces species, it has not been until recently that some molecular
tools specific for Micromonospora have been developed (Wang et al., 2020), and most of these,
still remain species specific. To date, five research projects have reported to heterologously
express Micromonospora BGCs. First, S. albus J1074 and S. lividans TK21 were used to
produce the antitumor thiocoraline from Micromonospora sp. ML1 (Lombo et al., 2006).
Researchers attempted to express the thiocoraline BGC with and without the regulator gene
tioA located under the control of the ermE promoter, and only under the presence of the ermE
promoter, production was achieved in both hosts. After that, another study reported the
production of high levels of mycarosyl-erythronolide B after expressing the L-mycarose BGC
from Micromonospora megalomicea in E. coli BL21 (DE3) (Peiru et al., 2007). In this case,
expression of the proteins was carried out in standard E. coli expression vectors and controlling
the expression with inducible promoters. A third paper, reported how different sets of genes
from Micromonospora echinospora necessary for the biosynthesis of gentamicin and its
intermediates were heterologously expressed in Streptomyces venezuelae YJO03 (Je et al.,

2008). In this case the genes were maintained in S. venezuelae via replicative plasmids and any
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kind of optimisation such as codon optimisation or promoter engineering was not needed to
achieve production. More recently, the fluostatin BGC from Micromonospora rosaria SCSIO
N160 was expressed in S. coelicolor YF11 and led to the discovery of new fluostatin analogues
(Yang et al., 2015). The fluostatin BGC was integrated into S. coelicolor YF11 chromosome
via phiC31 site-specific recombination and no refactoring was needed for the production of
these compounds. Finally, the selection of a putative ClpC-containing BGC from
Micromonospora sp. strain B0O06, its cloning, promoter exchange, and heterologous expression
in S. coelicolor M1152, led to the production of a compound yet to be identified (Braesel &
Eustaquio, 2019). The BGC was directly captured from genomic DNA via TAR cloning and

the ermE*p promoter was used to drive transcription.

This study presents an attempt to express the M. maris AB-18-032 abyssomicin BGC in various
heterologous hosts. First, in order to carefully select the most adequate expression chassis, a
systematic analysis of the research previously developed in the field was carried out. From
there, the strains that had been used more frequently for the expression of bacterial polyketide
natural products were selected and their codon usage was compared to that in the aby BGC.
Then, E. coli BAP1 and various Streptomyces hosts were transformed with an aby BGC-
containing vector and the production profile of the strains when grown in solid and liquid media
was analysed via antimicrobial plate diffusion assays and LC-MS. Two different approaches,
ribosome engineering and CRISPR-Cas9 mediated promoter knock-in, were used to activate
abyssomicin production and the engineered strains were rescreened for abyssomicin
production. Finally, a gene expression analysis was carried out and one of the engineered
heterologous host was re-sequenced.
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3.2 Materials and methods.

3.2.1 Chassis selection.

In order to find the heterologous hosts that would present a priori more chances of successful
production of abyssomicins, a consistent review of the literature published between 2006-2016
was carried out to determine which chassis have been used for the heterologous expression of

bacterial polyketide natural products more fruitfully.

Moreover, in order to predict whether a chassis would be suitable for the expression of the M.
maris AB-18-032 abyssomicin BGC, the codon usage of the aby BGC was compared against
the whole genome codon usage of S. coelicolor, S. albus and S. lividans. M. maris genome was
also included in the analysis to determine if the codon usage of the aby BGC followed that of
the rest of the genome. Finally, the codon usage in the aby BGC was compared against the
codon usage in the abyssomicin BGC present in Streptomyces koyangensis (abm). Since the
objective of including the abyssomicin BGC present in Streptomyces koyangensis (abm) was
just to check and compare its codon usage against that of the heterologous host used for its
heterologous expression and the codon usage in the aby BGC (Li et al., 2018), the whole
genome codon usage of S. koyangensis was not included in this analysis. None of the online
tools for codon usage calculation had in their database the genomes of M. maris, S. coelicolor,
S. albus and S. lividans, thus, codon usage calculations were carried out as follows. First, one
python script was created to modify the structure in which the genes are presented when a file
containing the genomic DNA sequence of an organism is downloaded from NCBI database.
This script puts all the genes within the genome in a single line (Figure S3.1). Then, a second
python script divides each gene into its codons, creating a list with all the codons, that then, is
used to count how many times each codon appears and to calculate the corresponding

abundance in per mil (Figure S3.2).

3.2.2 Transformation of the abyssomicin BGC in E. coli BAP1 and Streptomyces species.

The mobilisation plasmid pTAMob (Strand et al., 2014) was purified form E. coli 10p using
the GenElute™ HP Plasmid Maxiprep Kit (Sigma). This vector (52.7 kb) was transferred by
electroporation into E. coli ToplO strain carrying the phage artificial chromosome
pPESAC13_aby containing the entire abyssomicin BGC as described before (Tu et al., 2016).
Correct electrotransformants were checked by colony PCR using primers that amplify the

gentamycin resistance gene of pTAMob (Table S3.1). E. coli Top10 carrying pESAC13_aby
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and pTAMob was used as parental strain for conjugations carried out with E. coli BAP1 (Pfeifer
et al., 2001) as recipient strain. Cultures of E. coli Topl0 harbouring pESAC13_aby and
pTAMob were grown at 37 °C overnight in LB containing 20 pg/ml gentamycin and 50 pg/ml
kanamycin and E. coli BAP1 was grown at 37 °C overnight in LB. Cultures were then washed
three times with LB without antibiotics and pellets were resuspended in 100 pl of LB. The
pellets of both cells were combined and drops containing 5 pl of this mixture were placed onto
LB plates without antibiotics to be incubated overnight at 37 °C. On the next day, biomass from
the grown spots was streaked onto LB plates containing 50 pg/ml kanamycin. After overnight
incubation at 37 °C, exconjugants were checked, by colony PCR, first, for the presence of the
sfp gene present in E. coli BAP1 and absent in E. coli Topl0. Then, the E. coli BAP1
exconjugants were checked for the presence pESAC13_aby by colony PCR of five different
genes present in the aby BGC. All the primers used are listed in Table S3.1.

E. coli Top10 containing pPESAC13_aby and pTAMob (Strand et al., 2014) was used for mating
with S. lividans K4-144, S. albus J1074 and S. albus S4 AS, S. coelicolor M1145 and S.
coelicolor M1152, Streptomyces sp. FR-008 LQ3 and Salinispora tropica CNB-4401 as
described before (Kieser et al., 2000). When exconjugants appeared, these were transferred to
new MS agar plates supplemented with 10 mM MgCl,, 20 mg nalidixic acid and 1.5 mg
thiostrepton. Genomic DNA was extracted (GenElute Bacterial Genomic DNA Kit; Sigma-
Aldrich) and PCRs on abyU and the tsr thiostrepton resistance gene were carried out to verify
the presence of pESAC13_aby. For the strains that were not successfully transformed using this
method, two other conjugation procedures were tested. First, the classic intergeneric
conjugation protocol between E. coli ET12567/pUZ8002 and methylation-restrictive
Streptomyces was used as described before (Kieser et al., 2000) but with some variations that
include using recipient cells in the form of spores and/or mycelial fragments, different ratios of
recipient and/or donor cells and different concentrations of MgCl. and/or CaClz ranging from
10 to 100 mM. Finally, biparental mating using the helper strain E. coli pR9604 and E. coli
Topl0 pESAC13 aby as donor was also carried out (Jones et al., 2013). Briefly, overnight
cultures of the helper and donor strains were harvested and washed twice with LB, pellets were
combined for mating and incubated overnight in 5 pl spots in LB plates. Biomass was streaked
and cultured overnight in LB plates containing 50 pg/ml kanamycin and 50 pg/ml carbenicillin.
The resulting E. coli pR9604 pESAC13_aby was used for intergeneric conjugations as before
(Kieser et al., 2000).
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3.2.3 Abyssomicin production assays in E. coli BAP1 and Streptomyces species.

Abyssomicin production assays in E. coli BAP1 were carried out in liquid media as follows.
Fermentations of E. coli BAP1 and E. coli BAP1 pESAC13_aby at 16 °C and 37 °C were
carried out in A1 media (2% soluble starch, 1% glucose, 1% malt extract, 0.5% corn flour, 0.4%
yeast extract, 0.2% peptone, 3% sea salt, in deionized water, pH 7.3) and SGG media (Gottardi
et al., 2011) containing 50 pg/ml kanamycin. 250 ml flasks containing 50 ml of media were
used for 5-days fermentations at 200 rpm where each day 5 ml of culture were extracted for
subsequent analysis. Samples were adjusted to pH 4 using HCI, mixed 1:1 with ethyl acetate
and incubated at room temperature and 250 rpm for 2 hours. Tubes were centrifuged at 4,000
rpm for 15 minutes and the upper organic phase was transferred into test tubes for evaporation
at 22 °C and 10 psi (TurboVap® LV, Biotage). Pellets were resuspended in 200 pul of methanol
and stored at -20 °C. Frozen extracts were diluted 1:9 in ddH20 and centrifuged twice at 13,200
rpm for 15 minutes in preparation for chemical analysis. All supernatants were analysed in a
mass spectrometer ESI microTOF-Q Il (Bruker Daltonics). Separation of the compounds was
performed by a Raptor™ ARC-18 (2.7 u, 150 x 2.1 mm, Restex) chromatographic column
protected by a guard column. The mobile phase was ultrapure water (solvent A) and acetonitrile
(solvent B), both with 0.1% formic acid (v/v). The elution gradient was: 0-55 min 20-100% B;
55-59 min 100% B; 59-60 min 100-20% B, 60-75 min 20% B followed by column washing and
reconditioning (1 minute). The flow rate was 0.2 mL/min. The column oven was at 35 °C and
the injection volume was 3 pL. The UV analyses were performed in the wavelength range of
190-600 nm, with the mass spectrometer operating in positive mode (m/z 50-2800). Neither
bioassays of the fermentation extracts nor plug assays from plates were carried out, as E. coli
BAP1 carries the aby BGC in a pESAC backbone that is maintained under the presence of

kanamycin.

Similarly, fermentations of S. albus, S. lividans and S. coelicolor transformed and
untransformed with pESAC13_aby were carried out in SGG and Al at 30 °C and 200 rpm in
250 ml flasks containing 50 ml of media. For S. albus and S. lividans, four more production
media were used: AlSal* (Zhang et al., 2018), R5A (Kieser et al., 2000), SM10 (Malmierca et
al., 2018) and SM17 (Malmierca et al., 2018). Extractions and LC-MS were carried out as
described for E. coli BAP1. Moreover, the fermentation extracts were used to perform
antimicrobial bioactivity assays against B. subtilis. CDM agar (0.5% glucose, 0.05% tri-sodium
citrate2H20, 0.3% KH2PO4, 0.7% K2HPO4, 0.01% MgSO4+7H20, 0.1% (NH4)2SO4, 1.5%
agar, in deionized water, pH 7.0) (Riedlinger et al., 2004) plates with and without 5 mM PABA
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were prepared and inoculated following a 1:100 ratio with B. subtilis cultures adjusted to an
ODs00=1.00. 0.6 mm (diameter) filter paper disks were cut using a paper drill and put on top of
the agar plates. Frozen extracts were diluted 1:9 in ddH2O and 10 ul were put onto the filter
paper disks. Extracts of M. maris AB-18-032 were used as positive control, antimicrobial
susceptibility disks of nalidixic acid (Oxo0id™, ThermoFisher) were used as negative control to
test the effect of PABA and filter disks with 10 pl of 10% methanol were used as negative
control. After overnight incubation at 37 °C, the ZOI generated by each extract was measured.

S. albus, S. lividans and S. coelicolor transformed and untransformed with pESAC13_aby were
grown in SGG agar, Al agar, AlSal* agar, R5A agar, SM10 agar and SM17 agar plates at 30
°C for 15 days. 0.6 cm (diameter) agar plugs from each strain grown in each production media
were placed into B. subtilis inoculated CDM agar plates. Plugs of M. maris AB-18-032 were
used as positive control and antimicrobial susceptibility disks of nalidixic acid (Oxoid™,
ThermoFisher) were used as negative control to test the effect of PABA. After overnight

incubation at 37 °C, the ZOI of each plug was measured.

3.2.4 Ribosome engineering of the Streptomyces heterologous hosts.

Spores of S. albus, S. lividans and S. coelicolor wild-type and harbouring pESAC13_aby were
spread on Tryptic Soy Agar (TSA) containing three different concentrations of streptomycin or
rifampin (5, 10 and 30 pg/ml). After cultivation for 15 days at 30 °C, spontaneous streptomycin-
resistant (str) and rifampin-resistant (rif) mutants appeared. Isolated colonies were grown in
SGG agar for 15 days at 30 °C. In order to test for enhanced antimicrobial activity, 0.6 cm
(diameter) agar plugs from each plate were placed onto Mueller Hinton (MH) agar plates with
and without 5 mM PABA inoculated with Bacillus subtilis DSM 10 at ODeoo=1.00 following a
1:100 ratio. After overnight incubation at 37 °C, the ZOI in mm of each plug was measured.

3.25 CRISPR-Cas9 mediated promoter knock-in in S. albus and S. lividans.

In order to drive abyssomicin production in Streptomyces, the strong constitutive Streptomyces
promoter kasOp* was introduced via CRISPR upstream the natural promoter of the activator
Abyl. For that, a kasOp* cassette with adapter arms containing restriction sites was synthesised,
digested with Xbal, purified and quantified. The CRISPR vector pCRISPomyces-2 was
digested with Xbal, dephosphorylated, purified, quantified and ligated to the kasOp* cassette.
The resulting vector, pCM2, was transformed into E. coli DH5a and the obtained clones were

checked by PCR and sequencing. Then, 2 kb homology arms were cloned in two steps. First, a
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2 kb downstream homology arm was amplified from pESAC13_aby to be inserted into the Spel
site of pCM2 by Gibson assembly (New England Biolabs, E2611S). Then, the plasmid from
correct transformants was digested with Hindlll and a 2 kb upstream homology arm amplified
from pESAC13_aby was cloned by Gibson assembly. The resulting vector was transformed
into E. coli DH5a and verified by sequencing before transforming the conjugative strain E. coli
ET12567. S. albus pESAC13_aby and S. lividans pESAC13_aby exconjugants containing
pCRISPomyces-2_kasOp* were obtained using the classic intergeneric conjugation between E.
coli ET12567 and methylation-restrictive Streptomyces (Kieser et al., 2000). Exconjugants
were verified by PCR after carrying out genomic extractions. All the primers used for cloning
and verification can be found in Table S3.1. In order to induce plasmid loss, single colonies
were subsequently streaked and grown in TSA plates at 37 °C until single colonies appeared
for 10-15 days. Abyssomicin production by S. albus pESAC13 _aby kasOp* and S. lividans
pPESAC13 _aby kasOp* was assessed in plates and in liquid cultures using different production

media as described before.

3.2.6 Gene expression analysis.

Samples for RNA extractions were obtained from 24 hours liquid cultures as follows. For each
strain, 3 ml of culture were divided into three Eppendorf tubes and placed immediately in ice.
One millilitre of RNAprotect Bacteria Reagent (Qiagen Cat No./ID: 76506) was added to all
samples, followed by vortex mixing for 5 seconds. Samples were left at room temperature for
5 minutes, centrifuged for 5 minutes at 5,000 x g and the supernatant was decanted completely
using filter paper to absorb any liquid. Pellets were put on ice, followed by freezing and storage
at -80 °C until the extractions were carried out. For the lysis and homogenisation of the
mycelium, the pellets were defrosted and resuspended by pipetting in 150 ul of 30 mg/ml
lysozyme in TE buffer. Samples were incubated at room temperature for 10 minutes with
mixing by inversion every two minutes. Six hundred microlitres of a RLT-B-ME (2-
Mercaptoethanol, for molecular biology, minimum 98% GCltitration. Sigma M3148-25 ml)
solution was added to each tube followed by vortex mixing. The mixture was then transferred
to a Fastprep tube (Deltalab: 409007.N, 409115/2, #03961-1-104) that had been pre-cooled in
ice. Tubes were shaken in a FastPrep-24 at level 6 for 20 seconds, placed in ice for 1 minute,
shaken for 20 seconds and placed in ice for 1 minute. To pre-purify the lysate, two PLG tubes
(5PRIME Phase Lock Gel Heavy 2ml - 200. Quanta BioSciences cat# 2302830) per sample
were pre-packaged by centrifugation at maximum speed for 30 seconds; 750 pl of homogenised
sample was transferred to PLG tubes followed by addition of 375 pl of Aqua Phenol at pH 5.0
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and 375 pl of CIA (24 ml chloroform and 1 ml of isoamyl alcohol). The mixture was mixed
vigorously for 30 seconds and centrifuged at room temperature for 5 minutes at 13,000 x g. The
upper phase was decanted into a new PLG tube and a further 750 pl of Aqua Phenol-CIA was
added. The mixture was mixed vigorously for 30 seconds and centrifuged at room temperature
for 5 minutes at 13,000 x g. The upper phase was decanted into a new 2 ml tube and mixed by
inversion with 395 pl of absolute ethanol. RNA was then purified using the RNeasy Mini Kit
(Qiagen ID:74104) following the manufacturer’s instructions.

Prior to carrying out RT-PCRs, the extracted RNA was digested with DNasel using the TURBO
DNA-free Kit (Ambion #AM1907) as follows: 50 pl of extracted RNA were mixed gently with
5 pl of 10X DNase I buffer and 1 pl of rDNase | and incubated in a thermocycler at 37 °C for
30 minutes. One microlitre of rDNase | was added again and the samples were further incubated
at 37 °C for 30 minutes. After incubation, 12 ul of DNase Inactivation Reagent were added and
samples were incubated at room temperature for 3 minutes, mixing the samples by inversion
every minute. Samples were centrifuged at 10,000 x g for 2 minutes and the supernatant was
transferred into a new tube. In order to assess the quality and quantity of RNA, 7 ul of RNA
were run in an agarose gel (1.5% gel, 90 V, 1 hour) and 1 pl of RNA was used for nanodrop

quantification. Samples were stored at -80 °C.

In order to analyse gene expression, RT-PCR primers were designed for several genes in the
M. maris aby BGC. Primers were also designed for the housekeeping gene hrdB. Primers were
designed to amplify approximately 500 bp as close as possible to the 5’ end of the gene of
interest using OligoPerfect software (Thermofisher) and setting up the amplicon length between
300-700 bp, ideally 500 bp and Tm = 60 °C. For abyAl and abyD two different primer pairs
were tested. All the primers can be found in Table S3.1. All primer pairs were tested by PCR
using DreamTaqg and genomic DNA as template. The phage artificial chromosome containing
the aby BGC was used as positive control and H>O was used for the negative control. PCR

products were run in a 2% agarose gel at 90 V for 30 minutes.

For samples for which the amount of RNA was not enough to perform all the RT-PCR reactions,
cDNA was synthesised using the BioRad iScript cDNA Synthesis kit following the
manufacturer’s instructions to be used as template for the RT-PCR reaction. RT-PCRs were
carried out using the One Step RT-PCR SuperScript Il system with Platinum Tag DNA
polymerase following the manufacturer’s instructions. Note that in this kit there were two

different polymerases. One amplifies template cDNA whereas the other is a standard
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polymerase that needs dsDNA as template and it is used as control to check that there is no

dsDNA in the sample. PCR products were run in a 2% agarose gel at 90 V for 30 minutes.

3.2.7 Genome sequencing, assembly and annotation.

S. lividans K4-114 containing pESAC13_aby kasOp* was first sequenced using Illlumina
MiSeq (MicrobesNG). The resulting paired end reads had already been trimmed using FastP by
the sequencing provider, so SPAdes was directly used using spades.py command with the --
careful option to minimise the number of mismatches in the contigs, t4 to indicate the number
of threads and the -k flag at 21, 33, 55, 77 (Bankevich et al., 2012). QUAST was used with the
SPAdes output file contigs.fasta to retrieve the assembly statistics (Gurevich et al., 2013).
Bandage was used to visualise the connections of the assembled contigs using the SPAdes

output assembly_graph_with_scaffolds.gfa (Wick et al., 2015).

In order to align the sequenced genome against a reference, the expected strain sequence was
built in silico using the genome sequence of S. lividans TK24 (CP009124) and inserting
PESAC13 _aby kasOp* into the previously described attB site in the chromosome of S. lividans
TK24 (Combes et al.,, 2002). All the trimmed Illumina reads were mapped against
PESAC13_aby kasOp* and S. lividans TK24 pESAC13_aby kasOp* using Geneious Prime
2020.1.

S. lividans K4-114 pESAC13_aby_kasOp* was also sequenced using Nanopore technology. In
order to merge all the reads generated by Nanopore sequencing, all the fastq files containing
the reads were merged into one using cat *.fastq > combined.fastg. To trim the reads Filtlong
was used filtering the read by minimum length 500 bp and keep percent 90. That reduced the
reads from 1800 Mb to 1620 Mb. The resulting output from Filtlong was used as input for
SPAdes. All the trimmed Nanopore reads were mapped against pPESAC13_aby kasOp* and S.
lividans TK24 pESAC13 _aby kasOp* using Geneious Prime 2020.1.

All the lllumina and Nanopore reads were merged and aligned to pESAC13_aby kasOp* and
S. lividans TK24 pESAC13_aby kasOp* using Geneious Prime 2020.1.
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3.3 Results.

3.3.1 Chassis selection.

In order to select the heterologous hosts with higher chances of success for the expression and
production of abyssomicins, a literature review comprising the last ten years (2006-2016) of
research papers on the heterologous expression of polyketide biosynthetic gene clusters was
carried out (Table S3.2). This search was specific for bacterial polyketide natural products
produced in bacterial heterologous hosts, and thus, polyketide natural products from fungi,
plants or marine sponges for example, were not considered. Equally, polyketide natural

products heterologously produced in fungi were not analysed.

During the period comprising 2006-2016, an average of seven studies were published per year
on the heterologous production of bacterial polyketide natural products (Figure 3.1). This might
seem a small number, however, it should be highlighted that studies on the heterologous
production of non-polyketide natural products, non-bacterial polyketide natural product and
studies using non-bacterial heterologous hosts were not taken into account. Moreover, in order
to avoid repetition, different studies regarding the same natural product produced in the same
heterologous host were counted just once. For example, numerous papers were published
around the heterologous production of erythromycin in E. coli BAP1, in this case only the first
paper published was considered. On the contrary, when a natural product was produced in a

first heterologous host and years later in a second, both of them were considered.
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Figure 3.1. Number of papers published between 2006-2016 on the production of bacterial
polyketide natural products in bacterial heterologous hosts.
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From this literature review, it was possible to find that S. lividans, S. coelicolor, E. coli and S.
albus were the preferred microorganisms for the heterologous production of bacterial
polyketide natural products (Figure 3.2A). More specifically, S. lividans K4-114 and S. lividans
TK23 were the most frequently selected S. lividans strains (Figure 3.2B), S. coelicolor CH999
and S. coelicolor M512 were the most used S. coelicolor strains (Figure 3.2C) and E. coli BAP1
followed by E. coli BL21 (DE3) were the preferred E. coli hosts (Figure 3.2D). Interestingly,
most of the articles reporting S. albus as heterologous host did not mention a particular strain
and those that did always reported the wild-type strain S. albus J1074 (Figure 3.2E).
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Figure 3.2. A) Heterologous hosts used for the production of bacterial polyketide natural
products during 2006-2016 as reported in the literature. B) S. lividans strains used in those
studies. C) S. coelicolor strains used in those studies. D) E. coli strains used in those studies.
E) S. albus strains used in those studies.
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In order to further analyse the viability of using a Streptomyces host to express the M. maris
AB-18-032 aby BGC, the general codon usage of M. maris AB-18-032, S. lividans TK24, S.
coelicolor A3(2), S. albus J1074 and the aby BGC was analysed (Figure 3.3). Generally, this
analysis showed that the codon usage followed a similar pattern in all the strains and the aby

BGC. Only a few codons were shown to be more abundant in the aby BGC than in the possible
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heterologous hosts. This would be the case of the codon ACC (Thr) that appears more
frequently in the aby BGC than in S. lividans and S. coelicolor and the codon CTG (Leu) that
is especially abundant in the aby BGC even in comparison with the general codon usage of M.
maris. To a lesser extent, other less frequently used codons such as CCA (Pro), CAA (GIn),
CGA (Arg) and TTG (Leu) also seemed to be more predominant in M. maris and the aby BGC

than in the Streptomyces genomes.

The codon usage of the abyssomicin BGC present in S. koyangensis SCSIO 5802 was also
included in this analysis, as heterologous expression of the abm BGC was reported in S.
coelicolor M1152 (Song et al., 2017; Tu et al., 2018). The codon usage in the abm BGC was
similar to the codon usage in the aby BGC, with the exception of the codons AAG (Lys), AGG
(Arg), CTC (Leu), GAG (Glu) and TCC (Ser) that were more abundant in the abm and CTG
(Leu) and CAC (His) that were more abundant in the aby (Figure 3.3). Since the main objective
behind including the codon usage of the abm BGC was to compare it against the codon usage
of the aby BGC and the codon usage of the abm BGC followed the general codon usage of the
Streptomyces heterologous hosts, the codon usage of S. koyangensis SCSIO 5802 was not

included in this analysis.
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3.3.2 Transformation of the abyssomicin BGC in E. coli BAP1 and Streptomyces species.

In order to transform E. coli BAP1 with the abyssomicin BGC containing vector
PESAC13_aby, the mobilisation plasmid pTAMob was used (Strand et al., 2014). This vector
was transferred by electroporation into E. coli Topl0 pESAC13_aby (Figure S3.3), that was
then used as parental strain for conjugations with E. coli BAP1 (Pfeifer et al., 2001). After
conjugation, in order to differentiate both E. coli strains, PCRs were carried out to amplify the
sfp gene present in E. coli BAP1 and absent in E. coli Top10. This PCR yielded unspecific
bands despite trying to optimise the reaction by gradient PCR (Figure S3.4). Despite this, it was
possible to differentiate correct E. coli BAP1 exconjugants (Figure S3.5) that were later

confirmed for the presence pESAC13_aby (Figure S3.6).

S. lividans K4-144 and S. albus J1074 were successfully transformed with the integrative vector
PESAC13_aby by conjugation with E. coli Topl0 pESAC13_aby pTAMob (Figure S3.7). S.
coelicolor M1145, S. coelicolor M1152 and Streptomyces sp. FR-008 LQ3 exconjugants
containing pESAC13_aby were obtained using the classic intergeneric conjugation between E.
coli ET12567 and methylation-restrictive Streptomyces (Kieser et al., 2000) (Figure S3.8).
None of the conjugation protocols used yielded correct exconjugants of S. albus S4 AS nor
Salinispora tropica.

3.3.3 Abyssomicin production assays in E. coli BAP1 and Streptomyces species.

In order to check if E. coli BAP1 was capable of producing abyssomicins when carrying
pESAC13_aby, fermentations were carried out at 16 °C (Figure S3.9 and S2.10) and 37 °C
(Figure S3.11 and S2.12) in Al and SGG containing 50 pg/ml kanamycin and extracts were
analysed by LC-MS. None of the already known abyssomicins (Table S3.3) were detected in
any of the tested conditions, despite the decision of carrying out fermentations at 16 °C was
taken since growth at this temperature favours the heterologous expression of complex and
large proteins such has PKSs (Rosano & Ceccarelli, 2014). Antimicrobial disk assays were not
carried out with the extracts as the kanamycin present in the media would give a ZOI greater
than any potential abyssomicin produced by fermentation. For that same reason, antimicrobial

plug assays were not performed either.

Similarly, fermentations were carried out for S. albus J1074 and S. albus J1074 harbouring
pPESAC13 aby, S. lividans K4-114 and S. lividans K4-114 harbouring pESAC13_aby and S.

coelicolor M1152 and S. coelicolor M1152 harbouring pESAC13_aby in Al and SGG. For S.
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albus and S. lividans fermentations were also carried out in other four production media
(AlSal*, SM10, SM17 and R5A), but due to time and equipment limitations production in these
media was not tested for the remaining hosts. From these fermentations, samples were taken
from day 1 to day 5 and the organic extracts were used for antimicrobial plate assays against B.
subtilis. S. albus J1074 extracts revealed background antimicrobial activity when cultured in
Al, R5A, SM10 and SM17 (Figure 3.4A). In comparison, S. albus pPESAC13_aby only showed
enhanced antimicrobial activity when cultured in SGG, however, the ZOI observed had the
same size despite the presence of PABA (Figure 3.4B). For S. lividans K4-114, no background
antimicrobial activity was detected against B. subtilis in any fermentation media and a ZOI of
2 mm that reduced to 1.5 mm in the presence of PABA was observed for S. lividans
pESAC13 _aby (Figure 3.4C and 3.4D).

A SGG B SGG
2 2
SM17 Al SML17 Al
SM10 RSA SM10 RSA
AlSal* AlSal*
C SGG D ) SGG
15 /!
SM17 1 Al SM17 Al
05 :
SM10 RSA SM10 RSA
AlSal* AlSal*
B. subtilis CDM B. subtilis CDM PABA

Figure 3.4. Zones of inhibition (mm) generated by the fermentation extracts of A) S. albus
J1074, B) S. albus pESAC13_aby, C) S. lividans K4-114 and D) S. lividans pESAC13_aby
when grown in SGG, Al, R5A, AlSal*, SM10 and SM17 media for five days. Figure displays
the average ZOI calculated from the ZOI displayed by three replicates of each strain.

In the case of S. coelicolor M1152, fermentation extracts of M1152 grown in SGG and Al
showed ZOI of 2 mm (Figure 3.5A). Extracts from S. coelicolor pESAC13_aby generated ZOI

84



of 1 mm and 2 mm when obtained from SGG and A1 cultures respectively and the addition of
PABA did not reduce these (Figure 3.5B).
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Figure 3.5. A) Zones of inhibition generated by S. coelicolor M1152 fermentation extracts
when grown in SGG and Al media for five days against B. subtilis. B) Zones of inhibition
generated by S. coelicolor M1152 harbouring pESAC13_aby fermentation extracts when grown
in SGG and Al media for five days against B. subtilis. Figure displays the average ZOlI
calculated from the ZOI displayed by three replicates of each strain.

Those same extracts of S. albus, S. lividans and S. coelicolor were run through an LC-MS, and
as for E. coli, none of the already known abyssomicins (Table S3.3) were detected in any of the
tested conditions (Figure 3.11 and 3.12).

In order to test whether abyssomicin production in the heterologous hosts would be restricted
to these growing on solid media, S. albus, S. lividans and S. coelicolor were cultured on plates
of the six production media for 15 days. After that, plugs from these plates were used in an
antimicrobial susceptibility test against B. subtilis. No differences were appreciated between S.
albus J1074 and S. albus pESAC13_aby, except when grown in SGG, although PABA did not
restore growth in any case (Figure 3.6). In the case of S. lividans, none of the plugs generated
a ZOl. Also, no differences were appreciated between the ZOI generated by S. coelicolor
M1152 and S. coelicolor pESAC13_aby that remained at 0.5 mm when the strains were grown
in SGG and 1 mm when grown in Al (Figure 3.7A and 3.7B).
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Figure 3.6. Zones of inhibition (mm) generated by the plugs of A) S. albus J1074 and B) S.
albus pESAC13_aby grown in SGG, Al, R5A, AlSal*, SM10 and SM17 for 15 days tested
against B. subtilis. Figure displays the average ZOI calculated from the ZOI displayed by three
replicates of each strain.
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Figure 3.7. Zones of inhibition (mm) generated by the plugs of A) S. coelicolor M1152 and B)
S. coelicolor M1152 harbouring pESAC13_aby grown in SGG and Al for 15 days tested
against B. subtilis. Figure displays the average ZOI calculated from the ZOI displayed by three
replicates of each strain.

Since the antimicrobial activity exhibited by the plugs followed similar trends to those produced

by the extracts from liquid cultures, organic extractions from the plates were not carried out.
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3.3.4 Ribosome engineering of the Streptomyces heterologous hosts.

In order to test whether it would be possible to activate abyssomicin production in the
heterologous hosts, ribosome engineering was the first approach followed. S. albus J1074, S.
lividans K4-114 and S. coelicolor M1152 and harbouring pESAC13_aby ribosome engineering
mutants were obtained from culturing these strains under the presence of different
concentrations of streptomycin or rifampin (5, 10 and 30 pg/ml). Then, plugs from isolated
mutants grown in SGG agar for 15 days were used to determine any potential antimicrobial
activity against B. subtilis. For S. lividans K4-114 (SLwt), five mutants with enhanced
antimicrobial activity were obtained for the wild-type strain that generated ZOI of 0.5 - 1 mm
(Figure 3.8). None of the S. lividans pESAC13 aby mutants screened displayed any
antimicrobial activity. In the case of S. coelicolor M1152, six mutants were obtained from the
wild-type strain (SCwt) and two from S. coelicolor harbouring pESAC13_aby (SCpac) (Figure
3.8). One of the mutants of S. coelicolor pESAC13_aby generated a ZOI 2.5 mm larger than
the wild-type S. coelicolor pESAC13_aby (Figure 3.7). However, since the same improvement
in antimicrobial activity was observed for one mutant of the wild-type S. coelicolor M1152 and
the presence of PABA in the media seemed to have no effect (Figure 3.8), no further analysis
were carried out around these strains. Regarding S. albus J1074 and S. albus pESAC13_aby,
none of the screened ribosome engineering mutants displayed higher antibiotic activity than the

wild-type strains (Figure 3.6).
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Figure 3.8. Zones of inhibition (mm) generated by the plugs of the ribosome engineering
mutants obtained for S. coelicolor M1152 (SC wt), S. coelicolor pESAC13_aby (SCpac) and S.
lividans K4-114 (SLwt) when grown in SGG for 15 days and tested against B. subtilis. Due to
technical limitations only one replicate per strain was used for this assay.

3.3.5 CRISPR-Cas9 mediated promoter knock-in.

Previous work revealed that the abyssomicin BGC present in the genome of M. maris AB-18-
032 contains four transcriptional regulators, including a LuxR transcriptional regulator (abyH),
two putative activators from the SARP family (abyR and abyl) and a putative TetR-like
repressor (abyC) (Gottardi et al., 2011). That same work demonstrated that in-frame deletion
of abyl completely abolished abyssomicin production while in-frame deletions of abyR and
abyC resulted in a reduction of atrop-abyssomicin C production to less than 10% of the wild-
type level. The influence of the in-frame deletion of abyH was not studied. Since knocking-out
the putative repressor abyC was likely going to result in the reduction or abolition of
abyssomicin C production, we decided to focus our second approach to drive abyssomicin
production in the heterologous hosts on the introduction of the strong synthetic Streptomyces

promoter kasOp* to drive the expression of the putative transcriptional activator Abyl. In order
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to do that, kasOp* was cloned into the CRISPR vector pCRISPomyces-2 together with 2 kb
homology arms to repair the Cas9 cut upstream abyl and introduce the kasOp* between abyl
and its natural promoter abylp (Figure 3.9).

Micromonospora maris AB-18-032 (aby)

F2 W
B1 B2 B3 CDEF1 F3F4 V ZT

- 56kb

abylp
abyHp  kasOp*
—

abylp
abyHp

Figure 3.9. CRISPR-Cas9 mediated promoter knock-in strategy. The kasOp* constitutive
synthetic promoter is placed downstream of the wild-type promoter of abyl to increase
expression of Abyl.

S. albus J1074 and S. lividans K4-114 harbouring pESAC13_aby were successfully
transformed with the CRISPR editing vector pCRISPomyces-2_kasOp* via intergeneric
conjugation with E. coli ET12567 (Figure S3.13). This method, however, failed to generate
exconjugants for S. coelicolor pESAC13_aby. Other researchers also reported that the
pCRISPomyces-2 system was unsuitable for this species (Alberti & Corre, 2019). Successful
S. lividans and S. albus exconjugants were cultured continuously at 37 °C for 10-15 days to
induce plasmid loss and then, abyssomicin production was assessed in liquid media as described
before. S. albus pESAC13_aby kasOp* fermentation extracts in A1 and R5A media displayed
a ZOl of 1 mm (Figure 3.10C), whereas S. albus pESAC13_aby generated, in addition to that,
ZOl when cultured in SGG, SM10 and SM17 (Figure 3.10B). For S. lividans, none of the
extracts of the wild-type K4-114 displayed any background antimicrobial activity against B.
subtilis (Figure 3.10D), S. lividans pESAC13 aby extracts generated a ZOl of 2 mm when
cultured in SGG that reduced to 1.5 mm in the presence of PABA (Figure 3.10E), and S. lividans
PESAC13_aby kasOp* generated ZOI of 2 mm when cultured in SGG and Al that also reduced
to 1.5 mm ZOl in the presence of PABA (Figure 3.10F). All these organic extracts were run in
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the LC-MS (Figure 3.11 and 3.12), however, none of the peaks corresponded to any already

known abyssomicin (Table S3.3).

A SGG B SGG
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Figure 3.10. Zones of inhibition (mm) generated by the fermentation extracts of A) S. albus
J1074, B) S. albus pESAC13_aby, C) S. albus pESAC13_aby kasOp*, D) S. lividans K4-114,
E) S. lividans pESAC13 _aby and F) S. lividans pESAC13_aby kasOp* when grown in SGG,
Al, R5A, AlSal*, SM10 and SM17 media for five days tested against B. subtilis. Figure
displays the average ZOI calculated from the ZOI displayed by three replicates of each strain.
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Figure 3.11. LC-MS profile of the fermentation extracts of S. albus J1074 (wt) with and without pPESAC13_aby (pac) and pESAC13 _aby_kasOp* (kas)
grown in triplicate at 30 °C in SGG media for 3 days.
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Figure 3.12. LC-MS profile of the fermentation extracts of S. lividans K4-114 (wt) with and without pESAC13_aby (pac) and pESAC13_aby kasOp*
(kas) grown in triplicate at 30 °C in A1 media for 3 days.
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The potential of these strains to produce compounds with antimicrobial activity against B.
subtilis was also analysed by culturing the strains in solid media. S. albus J1074 plugs from Al
and R5A plates generated a ZOI of 1 mm (Figure 3.13A), similar to S. albus pESAC13_aby
that, in addition to that, only displayed a ZOIl of 0.5 mm in SGG (Figure 3.13B). S. albus
pESAC13 _aby kasOp* plug from Al media did generate a ZOl of 2 mm, however, no
differences were appreciated with the addition of PABA (Figure 3.13C). None of the plugs of
S. lividans generated ZOlI.

SM17

SM10

AlSal* AlSal*

e B. subtilis COM B. subtilis CDM PABA

Figure 3.13. Zones of inhibition (mm) generated by the plugs of A) S. albus J1074, B) S. albus
pESAC13 aby and C) S. albus pESAC13_aby kasOp* when grown in SGG, Al, R5A,
AlSal*, SM10 and SM17 media for 15 days tested against B. subtilis. Figure displays the
average ZOI calculated from the ZOI displayed by three replicates of each strain.

Since the plug assay results were not significatively different from the bioassay of the extracts,

organic extractions were not carried out from the solid media.

3.3.6 Gene expression analysis.

In order to investigate whether the heterologous hosts were capable of expressing the genes
present in the aby BGC, RNA extractions and RT-PCRs were carried out. RNA extractions
were performed after culturing the strains in SGG for 24 hours and the RT-PCRs revealed that
for every tested gene there was gene expression in the strain harbouring pESAC13_aby and
PESAC13_aby kasOp* (Figure 3.14). Due to technical limitations, RT-PCR were not carried
out for every gene within the aby BGC, but since most genes seem to be expressed in operons,
at least one gene from each transcriptional units was amplified, for example, from the operon

formed by abyAl-abyAS5, only abyAl was amplified.
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Figure 3.14. A) Location of the RT-PCR primer pairs within the abyssomicin BGC of M. maris AB-18-032. B) RT-PCRs of different genes along the
aby BGC carried out using extracted RNA from S. lividans K4-114 (wt), S. lividans pESAC13_aby (PAC) and S. lividans pESAC13_aby kasOp*
(KasOp). Genomic DNA (gDNA) of S. lividans pESAC13_aby kasOp* was used as positive control for each RT-PCR, and hrdb was used as positive
control for being a housekeeping gene. For abyD and abyAl two different primer sets were tested.
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Moreover, in most cases, and although RT-PCR is not a quantitative method, it was possible to
see a difference in band bright between the strain harbouring pESAC13_aby and the strain
harbouring pESAC13_aby_kasOp* (Figure 3.14), indicating that overexpressing the putative

pathway activator Abyl was a good approach to increase the expression of the aby BGC genes.

3.3.7 Genome sequencing, assembly and annotation.

In order to identify potential gene rearrangements or point mutations that could affect
abyssomicin biosynthesis, the genome of S. lividans pESAC13 aby kasOp* was first
sequenced using lllumina MiSeq. SPAdes was used to assemble the trimmed reads generated
by the provider and then QUAST was used with the SPAdes output file contigs.fasta to retrieve
the assembly statistics (Table S.3.4) (Bankevich et al., 2012; Gurevich et al., 2013). Bandage
was used to visualise the connections of the assembled contigs using the SPAdes output
assembly_graph_with_scaffolds.gfa (Figure S3.14 and S3.15) (Wick et al., 2015). The trimmed
Illumina reads were mapped first against pESAC_13 aby kasOp* (Figure 3.15). These
covered the entire vector and the aby BGC with a mean coverage of 108X (Table S3.5) and it
was possible to identify several mutations along the aby BGC mainly located in four conflict
sites within abyB1 and one conflict site upstream abyl where kasOp* had been inserted (Table
S3.6). At these five points, the coverage reduces drastically, so in order to know the precise

sequence it would be necessary to PCR amplify these regions and Sanger sequence them.

The trimmed Illumina reads were also mapped against the entire genome of S. lividans TK24

pPESAC 13 aby kasOp* (Figure 3.16). From this alignment it was possible to see that the
vector containing the aby BGC had inserted into the previously described attB site in the
chromosome of S. lividans TK24 (Combes et al., 2002). The mean coverage along the

alignment was 58X with a pairwise identity of 99.4% (Table S3.7).
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genome of pESAC13_aby kasOp*.
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The genome of S. lividans pESAC13 aby kasOp* was also sequenced by Nanopore
sequencing, however, the number of reads that passed the quality check was very low, resulting
in a very low coverage (Figure 3.17). Despite this, it was sufficient to check for the presence
of pESAC13_aby kasOp*. Merging both the Illumina and Nanopore sequencing results

together confirmed the need to Sanger sequence the conflicting regions mentioned before.

B ACBA43821 ALD44333 FIHAL

Flgure 3.17. Allgnment of the Nanopore reads against pESAClB aby_kasOp and close Iook
at the region upstream abyl where the kasOp* was inserted via CRISPR.
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3.4 Discussion.

3.4.1 Heterologous production of abyssomicins and current challenges in heterologous

production projects.

For decades, heterologous production has been a suitable approach for the production of high
value products naturally produced by other non-model organisms that are recalcitrant to
conventional laboratory methods. More than 80% of the small molecules with medical
applications derive from or are inspired by natural products synthesised by Actinobacteria,
although researchers have also reported the discovery of natural products from, for example,
myxobacteria and cyanobacteria (Cook & Pfleger, 2019). In order to facilitate the biosynthesis
of these new compounds, phylogenetically similar heterologous hosts are generally the most
promising candidates. For that reason, with the aim of producing abyssomicins in a
heterologous host for which genetic tools have already been developed, the last ten years (2006-
2016) of existing literature on heterologous production of bacterial polyketide natural products
were reviewed. That provided an interesting insight into the currently available heterologous
hosts, the hosts that have been used more successfully and strains from which genera have been
utilised to express BGCs from other different genera (Table S3.2, Figure 3.1 and Figure 3.2).

As it has been reported before, another key aspect to consider when expressing genes in a
heterologous host is the effects produced by codon usage biases. Codon usage not only affects
gene expression and mRNA levels, it also has an important impact on translation and protein
folding, as even synonymous codon replacements can change protein structure and function
(Angov et al., 2008; Zhoua et al., 2016). Since strains of S. lividans, S. coelicolor and S. albus
seemed to be the most promising hosts according to the literature survey and the three of them
had been used previously for the heterologous production of Micromonospora secondary
metabolites (Lombd et al., 2006; Yang et al., 2015; Braesel & Eustaquio, 2019), the genomes
of the type strains S. lividans TK24, S. coelicolor A3(2) and S. albus J1074 were used to analyse
the codon usage of these strains and compare it to the codon usage of M. maris AB-18-032 and
more specifically to the codon usage in the aby BGC (Figure 3.3). The results showed, in
general, a similar codon usage pattern between strains, however, it was possible to identify
some codons that were more abundant within the aby BGC than in Streptomyces. Indeed, in
this analysis, the codon usage of the abyssomicin BGC present in S. koyangensis SCSIO 5802
that had previously been expressed in S. coelicolor M1152 (Song et al., 2017; Tu et al., 2018)

was included and the codon usage in the abm BGC was similar to the codon usage in the aby
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BGC with minor exceptions (Figure 3.3). Based on the results from this analysis and the
observations from the literature review carried out before, the following hosts were selected
for the expression of the aby BGC: S. albus J1074, S. lividans K4-114, S. coelicolor M1145,
S. coelicolor M1152 and E. coli BAP1. Moreover, while this thesis was underway, various new
potentially relevant hosts for the heterologous production of bacterial secondary metabolites
were developed in other laboratories. Among those, three were chosen to be included in this
study on the heterologous production of abyssomicins: Streptomyces sp. FR-008 LQ3 (Liu et
al., 2016), S. tropica CNB-4401 (Zhang et al., 2018) and Streptomyces albus S4 A5 (Fazal et
al., 2019). Among those, S. tropica CNB-4401, would be the host phylogenetically closest to
M. maris AB-18-032.

The aby BGC was successfully transformed into S. albus J1074 and the engineered super hosts
S. lividans K4-114, S. coelicolor M1145, S. coelicolor M1152, Streptomyces sp. FR-008 LQ3
and E. coli BAPL. Interestingly, pESAC13_aby was not amenable to transformation in S. albus
S4 A5, an S. albus strain in which five native BGCs had been deleted (Fazal et al., 2019) nor
the engineered S. tropica CNB-4401 (Zhang et al., 2018), that would be more closely related
to Micromonospora than Streptomyces hosts. Due to time and workload limitations it was not
possible to keep repeating these transformations for longer than two months. With the
transformed strains, production assays were carried out in the two media in which abyssomicins
had been reported previously and various solid and liquid media commonly used for the
production of secondary metabolites. First, fermentations were carried out in liquid media, and
the organic extracts obtained were used in antimicrobial plate diffusion assays. Despite S. albus
pESAC13_aby showed enhanced antimicrobial activity when cultured in SGG in comparison
to S. albus J1074, and S. lividans pESAC13_aby generated ZOI of 2 mm that reduced to 1.5
mm in the presence of PABA (Figure 3.4), none of the already known abyssomicins were found
when the extracts were analysed through LC-MS. As it has been seen before that liquid and
solid-state fermentations affect Streptomyces differentiation and the production of secondary
metabolites (English et al., 2017; Manteca & Yagie, 2018), plug assays from plates were
carried out later to study whether the strains could be producing abyssomicins in solid media,

but the results revealed that was unlikely (Figure 3.6 and 3.7).

Multiple hypotheses could be formulated when looking for an explanation to these results. In
first place, it would be possible that the M. maris aby BGC would be silent, however, the aby

BGC was active in M. maris at the moment of generating the phage artificial chromosome
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library that captured the aby BGC into pESAC13. Unless the activation of the aby BGC in M.
maris relies in one or more regulatory genes present outside the aby BGC and thus absent in
pESAC13_aby, this should be active in the heterologous hosts. Another hypothesis would be
that the heterologous hosts were not able to recognise some of the promoter regions in the aby
BGC and thus transcription of some genes would fail. This would be very likely to happen in
E. coli BAP1 for example, as most of the times, when this host is used for the production of
natural products from Actinobacteria, native promoters are replaced by E. coli promoters such
as the inducible T7 promoter (Zhang et al., 2010; Antosch et al., 2014). In other cases, for
example, for the production of oxytetracyclines in E. coli BAP1, production was achieved only
after over-expressing alternative sigma factors that activated transcription (Stevens et al.,
2013). Indeed, a similar approach is often followed when using Streptomyces as heterologous
hosts. For example, strong Streptomyces promoters such as ermE*p and kasOp* have been
used to activate and drive production of oxytetracylines (Yin et al., 2016), spinosad (Tan et al.,
2017) and toyocamycin (Xu et al., 2017). Other hypothesis that could explain why abyssomicin
production in the heterologous hosts was not detected could comprise, in first instance, the fact
that if there was any production, this could be too low to be detected (Baltz, 2010). Second, it
could be possible that due to challenges encountered by the heterologous hosts during
transcription or translation, these could be producing intermediates, modified intermediates or
chemically modified abyssomicins that could not be identified. However, in this latter case,
there would have been new peaks in the LC-MS extracts from the strains harbouring
pPESAC13 _aby that were absent in the extracts of the wild-type strains. Another factor to take
into account would be the availability of the required precursors, as other native BGCs from
the heterologous host could be consuming the same building blocks required for abyssomicin
biosynthesis. Finally, failed expression of the resistance gene or the ABC exporter system could
lead to the repression of abyssomicin biosynthesis by the host organism to avoid abyssomicin

accumulation to lethal levels.

In an attempt to activate abyssomicin production in the heterologous hosts, two different
approaches were followed. First, ribosome engineering was applied to the Streptomyces
heterologous hosts as well as to the wild-type strains. The isolated mutants were grown in the
abyssomicin production media and then were tested for their ability to produce antimicrobial
compounds against B. subtilis. Although over 250 drug-resistant mutants were screened, none
of the S. lividans pESAC13_aby nor S. albus pESAC13_aby mutants screened displayed higher

antimicrobial activity than the wild-type strains (Figure 3.6 and 3.8). In the case of S.
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coelicolor, one mutant of S. coelicolor pESAC13_aby generated a ZOlI bigger than the wild-
type S. coelicolor pESAC13 aby (Figure 3.7), but, since the same improvement in
antimicrobial activity was observed for one mutant of the wild-type S. coelicolor and the
presence of PABA in the media seemed to have no effect (Figure 3.8), no further analysis were
carried out around this strain. Due to time and workload limitations no more rounds of

ribosome engineering were attempted.

Since ribosome engineering does not allow the targeted activation of selected BGCs (Shentu
et al., 2015; Ochi, 2017), the activation of the aby BGC in the heterologous hosts via CRISPR
was pursued. Using the Streptomyces CRISPR system based on the plasmid pCRISPomyces-2
(Cobb et al., 2015), the strong synthetic Streptomyces promoter kasOp* was introduced
upstream abyl, the main activator in the aby BGC (Figure 3.9), in S. albus pESAC13_aby and
S. lividans pESAC13_aby. After that, liquid and solid-state fermentations were carried out,
although again, it was not possible to identify any of the known abyssomicins by LC-MS
(Figure 3.11 and 3.12). This approach has been reported to be fruitful in several heterologous
production projects before, where the heterologous hosts even reached or improved the
production yield of the native producer (Bai et al., 2015; Yin et al., 2016; Li et al., 2018), for
that reason, further investigations were carried out and the gene expression of the aby BGC in
the heterologous hosts was analysed. RNA extractions and RT-PCRs were carried out in S.
lividans harbouring pESAC13_aby and pESAC13_aby kasOp*, and all of the tested genes
showed active transcription (Figure 3.14), indicating that translation errors may be the

explanation for a lack of abyssomicin biosynthesis in the heterologous hosts.

Since carrying out a proteomics analysis was initially outside the scope of this project, the
genome of one of the heterologous hosts after the introduction of pESAC13_aby kasOp* was
re-sequenced instead to identify any potential mutation that could be stopping translation
prematurely or that could be leading to the production of unidentified intermediates. S. lividans
pESAC13 _aby kasOp* was sequenced using lllumina and Nanopore technologies and the
results revealed four conflict sites within abyB1 and one conflict site upstream abyl where
kasOp* had been inserted (Table S3.6). This last site should not be problematic, as although it
seems that the CRISPR-mediated insertion of kasOp* truncated the natural promoter of abyl,
it was possible to demonstrate active gene expression (Figure 3.14). The four points in abyB1
where the coverage reduced drastically, seem to indicate the presence of some point mutations

as well as larger deletions (Table S3.6). Pending re-sequencing of those sites, it seems likely
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that these mutations could be the reason why none of the heterologous hosts produced
abyssomicins. It would be interesting to see whether these mutations occurred once in S.
lividans or while pESAC13_aby was in E. coli prior to conjugations. Sequencing the other
heterologous hosts as well as pESAC13_aby would aid in understanding this. These results
highlight the importance of sequencing the heterologous hosts after transformation, as the high
GC content and the repetitive nature of the PKS genes make them hotspots of genome

rearrangements and mutations (Dunn & Anderson, 2019; Olarte et al., 2019).
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3.5  Conclusions and future perspectives.

The aim of this chapter was to investigate the heterologous expression of the abyssomicin BGC
from M. maris AB-18-032. The six selected hosts are frequently used for the heterologous
production of bacterial PKSs and their codon usage is similar to that of M. maris and the aby
BGC. The aby BGC was successfully conjugated into all the different hosts. These strains were
cultured under different conditions but no abyssomicin production was detected. To try to drive
abyssomicin biosynthesis two of the heterologous hosts were engineered using CRISPR,
however, production was not achieved either despite active gene expression. Finally,
sequencing the engineered aby BGC in S. lividans confirmed several mutations in the
polyketide synthase. This highlights the importance of strain sequencing after engineering.

Future work could focus at confirming the potential mutations found in abyB1 and finding their
origin. Moreover, since it has been demonstrated that editing of the aby cluster in the
heterologous host is possible using the pCRISPomyces-2 system, it should be possible to
correct any mutations to re-establish abyssomicin production. Indeed, having a heterologous
abyssomicin producer would allow, then, to carry out modifications along the BGC that could
result in new abyssomicin structures with bioactivities potentially interesting in the
biopharmaceutical industry. For example, the KS domains in modules 2 and 6 of the PKS could
be modified to accept methylmalonyl-CoA and malonyl-CoA respectively to produce
abyssomicin 2 in M. maris instead of abyssomicin C (Figure 3.18A). Other modifications could
include activating/inactivating DH, KR and/or ER domains to produce abyssomicins with
varying saturation/oxidation patterns (Figure 3.18B). And finally, chain release could be

controlled by the position of the terminal acyl carrier protein domain of AbyB3.
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Figure 3.18. A) Schematic representation of abyssomicin biosynthesis in M. maris and how it
could be engineered to produce abyssomicin 2 instead of abyssomicin C. B) Examples of
modules that could be inactivated within AbyB1 to synthetise products with different
saturation/oxidation patterns.

In conclusion, this work is an example of the unpredictability of biological systems. Despite

this project was designed always making informed decisions to maximise the chances of
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success, the scientific community is still far from fully controlling biological systems. In order

to achieve that, more basic research is needed.
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Chapter 4. Improving the production and detection of abyssomicin C.

Abstract

Bacteria from the phylum Actinobacteria are considered the most prolific source of bioactive
natural products, indeed more than 65% of the commercially available antibiotics were
originally isolated from these microorganisms. As described in Chapter 3, the use of
heterologous hosts is an approach frequently used to exploit the biosynthetic capabilities of
those Actinobacteria strains that remain recalcitrant to standard molecular microbiology
methods and genetic engineering. In most cases, the exploitation of native strains as bio-
factories for drug production still relies on the use of diverse mutagenic techniques that do not
require molecular manipulation of the strain to increase the production of the target compound.
Micromonospora maris AB-18-032 was the first microorganism in which abyssomicin
biosynthesis was described. Its main fermentation product is the antimicrobial atrop-
abyssomicin C, however, as with most natural products, production yields in the wild-type
strain are low. In this work, the application of ribosome engineering to generate M. maris drug-
resistant mutants with up to 3.4-fold enhanced abyssomicin C production is presented. This not
only facilitates its detection but could also be useful for future scaling-up projects. Moreover,
here, the influence that media pH plays on antimicrobial plate diffusion assays was studied.
Antibiotic susceptibility tests are basic in antimicrobial drug discovery projects that start with
the screening of hundreds of microbial isolates to identify the most promising strains. During
this process, strains are often disregarded because they do not show any antimicrobial activity,
suggesting that any BGCs present are silent under the fermentation conditions used. However,
the influence that the pH of the screening media exerts on the detection of antimicrobials is
rarely reported. The data presented here suggests that simple changes to pH may significantly
improve detection of antimicrobial compounds in both agar-based and solvent extract whole-

cell antimicrobial screens.

41 Introduction.

4.1.1 Ribosome engineering.

The sequencing revolution, at the beginning of the 21% century, unveiled that the biosynthetic
potential hidden in bacterial genomes, specifically from the phylum Actinobacteria was huge

(Bentley et al., 2002; Ikeda et al., 2003). However, most BGCs are silent under standard
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laboratory conditions or the production yield of interesting secondary metabolites is too low
(Reen et al., 2015). Ribosome engineering is a technique in which strains are cultured at sub-
lethal concentrations of antibiotics that target the ribosomal machinery in order to obtain drug-
resistant mutants (Shima et al., 1996; Ochi et al., 2004). These drug-resistant mutants show
mutations in ribosomal genes. For example, streptomycin resistant mutants develop mutations
in the 30S ribosomal S12 protein (rpsL gene) whereas rifampicin resistant mutants develop
those mutations in the RNA polymerase -subunit (rpoB gene). Apart from streptomycin or
rifampicin, other antibiotics, such as gentamicin, paromomycin, geneticin, fusidic acid,
thiostrepton, and lincomycin, have also been successfully applied to screen for mutants with

increased levels of secondary metabolite production (Zhu et al., 2019).

While the full molecular details involved in increased secondary metabolite production in such
mutants is still under investigation, two main paradigms have been studied for this: the
rifamycin and streptomycin resistance mutations. Rifamycin is an antibiotic that targets the
RNA polymerase and the bacterial alarmone guanosine 5'-disphosphate 3’-disphosphate
(ppGpp) binds to the RNA polymerase regulating gene expression (Artsimovitch et al., 2004;
Saito et al., 2006). Rifampin resistance mutations may mimic the ppGpp-bound form of the
RNA polymerase, that has enhanced affinity to the promoter region of genes that regulate the
synthesis of secondary metabolites, activating the expression of BGCs (Lai et al., 2002; Xu et
al., 2002; Ochi, 2007; Hosaka et al., 2009).

On the other hand, streptomycin resistance is normally originated from mutations at either the
30S ribosomal protein S12 (rpsL gene), the 16S ribosomal RNA (16S rDNA) and/or S-
adenosyl methionine (SAM)-dependent 16S rRNA methyltransferase (rsmG gene) (Ochi,
2017). It has been demonstrated that rpsL-mutant ribosomes are more stable than wild-type
ribosomes and show increased expression of the translation factor ribosome recycling factor
enhancing protein synthesis (Okamoto-Hosoya et al., 2003; Hosaka et al., 2006). Enhanced
protein synthesis results in antibiotic overproduction and cryptic gene activation. In contrast,
rsmG mutants overexpress SAM synthetase, an enzyme that stimulates antibiotic production
(Nishimura et al., 2007; Zhao et al., 2010).

During the past two decades, ribosome engineering has been widely used to activate or increase
the production of secondary metabolites in many bacterial species. Through ribosome

engineering, 180-fold production of actinorhodin in S. coelicolor was achieved (Wang et al.,
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2008), as well as, 41-fold production of violacein in E. coli (Ahmetagic & Pemberton, 2011),
40-fold production of chloramphenicol in S. coelicolor (Gomez-Escribano & Bibb, 2011) and
109-fold production of tiancimycin D in S. sp. CB03234 (Zhuang et al., 2019) among others.
Apart from antimicrobials, this approach has been successfully utilised for enzyme (Kubo et
al., 2013; Liu et al., 2013), ethanol (Suzuki et al., 2015) or butanol (Chen et al., 2012; Gao et
al., 2012) production. A recent study also used ribosome engineering to modulate primary
metabolism, introducing mutations into Propionibacterium shermanii to increase vitamin B12
production (Tanaka et al., 2017).

Ribosome engineering is a cheap, fast and easy approach compared to traditional and current
strain improvement methods that involve mutagenesis (Bose, 2016), genome shuffling (Zhang
etal., 2002b; Gong et al., 2009; Magocha et al., 2018), heterologous expression (Xu & Wright,
2019) and metabolic engineering (Jeschek et al., 2017). Most of these methods, require the
understanding and establishment of a genetic system and specific molecular biology techniques
for the targeted organisms (Zhu et al., 2019). The application of ribosome engineering is
straightforward and involves basic microbiology techniques for the isolation and screening of
the drug-resistant mutants, which makes it highly accessible to researchers with different levels

of experience and resources.

4.1.2 Bioscreening for antimicrobial natural products: state of the art.

Since the discovery of the first antibiotics almost a century ago, a series of methods have been
developed to facilitate the discovery of novel secondary metabolites with antimicrobial
activity. To date, mainly two different experimental strategies for the discovery of new natural
products with antibacterial activity have dominated the field: biological and chemical
screenings. Biological screenings are based on plating technigues in which an indicator or test
strain is inoculated into/onto agar and an agar plug or culture extract from a grown culture of
the isolate to be studied is placed on the agar, and then, 16-20 hours later, the clearance zone
around the plug/extract is measured. Then, if antimicrobial activity is found, the active
compound needs to be isolated and identified by chemical methods. On the other side, chemical
screening approaches use physicochemical data such as mass spectrometry (MS) and UV
spectra to identify new natural products. Culture extracts are analysed by liquid
chromatography (LC) and the UV and MS spectra of the different peaks are compared against
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existing natural products libraries to determine the novelty of the compounds (Leeds et al.,
2006).

Within biological screenings, different methods have been gradually adapted to target
compounds of specific families or with specific modes of action and range from simple plate
diffusion assays to more expensive and technical screenings (Table 4.1). The simplest form of
plate diffusion assay also called whole-cell empiric screening involves growing strains in solid
or liquid media to then test their plugs or extracts against a test strain for antimicrobial activity
that appears in the form of a zone of inhibition (ZOI). This methodology does not assess
whether the antimicrobial activity comes from one or more compounds, it does not provide
information regarding the mechanism of action (MOA) nor discriminates known from novel
antibiotics (Singh et al., 2011). In order to obtain information regarding the mode of action,
whole-cell reporter assays were developed later, in which the indicator strain/s used are reporter
strains that have been engineered to help identify the MOA of antibacterial compounds. An
interesting example was the development of a panel of B. subtilis reporter strains that were
built by studying the transcriptional profile of B. subtilis after treatment with various antibiotics
with different MOA. The promoters of those genes that were specifically upregulated in
response to an antibiotic with a particular MOA were cloned in front of a luciferase reporter
gene to yield five constructs amenable for pathway-specific high-throughput screening (Hutter
et al., 2004). Apart from allowing the identification of the MOA of specific secondary
metabolites, these strains provide additional sensitivity and allow for the identification of

bioactive compounds at concentrations below that which are antibacterial (Leeds et al., 2006).

Other types of bioassays include screening using a drug-sensitive and single drug-resistant pair
and cell-free screenings (Table 4.1). In the sensitive-resistant pair assays, the bioactivity of
plugs or extracts is tested against a strain that is sensitive and a strain that is resistant to an
antibiotic (both from the same species). This way, the compounds that target the binding site
where resistance is mapped would be more active against the antibiotic-sensitive strain thus
creating a larger ZOl than in the plate containing the antibiotic-resistant strain (Chait et al.,
2010). This method has shown special potential for the discovery of compounds from the same
classes but with structural variations. In addition to that, cell-free antimicrobial assays were
also developed during the last decade. These are not generally used to carry out primary
screenings because most of the compounds that initially show antimicrobial activity then

cannot reach their intracellular targets due to poor penetration or active efflux (Leeds et al.,
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2006; Marchiaro et al., 2008; Balouiri et al., 2016). Despite this, carefully selected cell free
assays can be powerful as secondary screenings when studying compounds with specific

targets.

Table 4.1. Screening approaches used in antimicrobial drug discovery. Modified from (Singh
etal., 2011).

Cellular Mode of

Approach - 3 Advantages Drawbacks
activity  action
Whole-cell Coverage for all
empiric v X targets that affect High rediscovery rate
screening bacterial growth
Whole-cell Interference of assay

v v Additional sensitivity  readout.

reporter assays False positives

Rapid discovery of

Sensitive- . Low sensitivity.
. : molecules that bind to .
resistant pair v v oo Requires a drug-
) the same binding site : .
screening resistant strain
and new analogues
Cell-free « Y Precise assays for :\;l é)kStV\(I:fc])Cr)Tlls-(():l;?lds then
enzyme specific targets

antibacterial activity

Several more bioscreening approaches have been developed based on broth dilutions,
microfluidics, ATP bioluminiscence or the use of automated instruments among others
(Jorgensen & Ferraro, 2009; Khan et al., 2019). However, antimicrobial plate diffusion assays
are still the most prevalent approach followed in antimicrobial drug discovery laboratories, as
they are easy to carry out and there is no need for specialised staff, materials are inexpensive
and commonly available in microbiology laboratories and allow quick data acquisition and
easy results analysis. Indeed, so many variations to this methodology have been published since
the 1950s that the Clinical Laboratory Standards Institute reviews and updates the original
procedure every three years to ensure standardisation, uniformity and reproducibility (CLSI,
2018).

4.1.3 Abyssomicin C mode of action and detection by plate diffusion assay.

Abyssomicin C and its atrop- isomer produced by M. maris AB-18-032 are effective
antimicrobial compounds against strains such as B. subtilis, MRSA and M. tuberculosis
(Riedlinger et al., 2004; Freundlich et al., 2010). Abyssomicin and atrop-abyssomicin C are
antifolate compounds. They inhibit the synthesis of PABA within the chorismate pathway by
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irreversibly binding to the aminodeoxychorismate synthase (ADCS) via Michael addition to a

cysteine residue (Figure 4.1) (Keller et al., 20073, b).
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Figure 4.1. Schematic representation of the chorismate and folic acid pathways.

During PABA biosynthesis, chorismate and glutamine are aminated by ADCS, yielding
glutamate and 4-amino-4-deoxychorismate (ADC). Then, PABA is generated from the
aromatisation of ADC by 4-amino-4-deoxychorismate lyase (ADCL) with the loss of a
pyruvate molecule (Figure 4.1). Interestingly, in many bacteria, ADC biosynthesis requires two
separate enzymes, a glutamine amidotransferase (GAT) and the ADC synthase, whereas plants
and lower eukaryotes display a bifunctional glutamine amidotransferase—
aminodeoxychorismate synthase (GAT-ADCS) (Sadaka et al., 2018). Previous work
demonstrated that the oxabicyclooxane ring system of abyssomicin C and atrop-abyssomicin
C mimics the chorismate transition state (Figure 4.2A) and binds to the Cys263 residue of the
ADCS (Figure 4.2B) (Nicolaou et al., 2009; Bihelovic & Saicic, 2012; Saicic et al., 2014).
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This mechanism is attributed to the o,B-unsaturated ketone unique to abyssomicin and atrop-

abyssomicin C that is absent in the inactive abyssomicins (Sadaka et al., 2018).

Chorismate Atrop-abyssomicin C

Figure 4.2. A) Structures of chorismate and atrop-abyssomicin C. B) Michael addition reaction
by which atrop-abyssomicin C irreversibly binds to the Cys263 of ADCS. Michael acceptors
are highlighted in red. Adapted from (Sadaka et al., 2018).

M. maris is a slow growing marine isolate whose production capabilities under laboratory
conditions yield a maximum of 58 mg/l abyssomicin C after 96 hours in 10 | stirred batch
fermenters (Riedlinger et al., 2004). Antimicrobial diffusion assays on plates are the most
convenient method when carrying out quick routine antimicrobial assays, and although only
abyssomicins C, J, 2 and atrop-abyssomicin C display antibiotic activity from the 38
abyssomicins characterised to date, their unique mode of action makes them easily identifiable
when produced in enough amounts. Abyssomicin C was discovered during the screening of a
library of Actinobacteria when trying to find antimicrobial secondary metabolites targeting the
shikimate pathway and more specifically the biosynthesis of aromatic amino acids and PABA,
the precursor of folic acid. An agar plate diffusion assay modified as an antagonism test was
designed for this purpose, consisting in a growth inhibition reversal test against B. subtilis in a
minimal medium growing in parallel the B. subtilis strain in the same agar medium but
supplemented with 5 mM PABA. Extracts applied on a filter disk were tested on both agar
plates and the extracts containing abyssomicin C caused an inhibition zone exclusively on the
agar plate without PABA (Riedlinger et al., 2004).
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Despite the availability of this specific agar plate antimicrobial assay, the detection of
abyssomicin C production by M. maris was found challenging at the beginning of this work.
The first antimicrobial plate assays carried out in media containing PABA to restore growth of
the test strain resulted in ZOI larger than those generated by the same plugs on plates without
PABA. The addition of PABA into the media was being done after the media had been adjusted
to pH 7.3 and autoclaved, thus decreasing the pH of the media. As a result of that, an
investigation was started to find the conditions that eased the detection of small amounts of
abyssomicin C in antimicrobial plate assays using four media with different compositions at
pH 5, pH 7 and pH 9 with and without PABA to support the growth of the test strain.

In this chapter, first the application of ribosome engineering to increase abyssomicin C
production in M. maris AB-18-032 is presented. A library of ribosome engineering mutants
was generated and screened for enhanced antimicrobial activity. For the best producer mutants,
rpsL and rpoB genes were sequenced and, after quantifying their production by analytical
methods, the genome of the best producer was also entirely sequenced. Moreover, an attempt
to optimise the detection conditions of abyssomicin C when screening through plate diffusion
assays is described. This includes the study of how extracellular pH could be modulating the
transport of metabolites across the bacterial cell membrane, subsequently influencing

sensitivity to antimicrobial compounds.
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4.2 Materials and methods.

4.2.1 Ribosome engineering.

M. maris AB-18-032 spores (~10’ to 108) were spread on SGG agar (Gottardi et al., 2011)
containing separately three different concentrations of streptomycin, rifampin or
chloramphenicol (5, 10 or 30 pg/ml). After cultivation for 20 days at 30 °C, spontaneous drug-
resistant mutants appeared. Isolated colonies were grown in SGG agar for 15 days at 30 °C. In
order to test for enhanced antimicrobial activity, 0.6 cm (diameter) agar plugs from each plate
were placed onto MH agar plates with and without 5 mM PABA inoculated with Bacillus
subtilis DSM 10 at ODeoo = 1.00 following a 1:100 ratio. Due to the high number of ribosome
engineering mutants tested, a single plug from each ribosome engineering mutant was used in
the antimicrobial plate assays. Since abyssomicin C and atrop-abyssomicin C block the
synthesis of PABA, when this compound is present in the media it rescues the growth of the
test strain. That way, when a ZOI is caused by the effect of these abyssomicins, the plugs in
the plates with PABA display a reduced ZOI in comparison to the plates without PABA. After
overnight incubation at 37 °C, the ZOI in mm of each plug was measured. Some drug-resistant
mutants exhibiting greater antimicrobial activity than the M. maris wild-type strain were
selected to be exposed to a second antibiotic (streptomycin, rifampin or chloramphenicol
depending on the first exposure). Antimicrobial activity was then determined for the double
resistant mutants and isolates showing the highest antimicrobial activity were used for further
analysis. Genomic DNA was extracted (GenElute Bacterial Genomic DNA Kit; Sigma-
Aldrich) and primers designed to amplify rpsL, rpoB and gidB genes (Table S4.1). Clean PCR

products were sequenced by Sanger.

4.2.2 Quantifying abyssomicin production.

In order to quantify the abyssomicin production yield of M. maris AB-18-032 and the ribosome
engineering mutants, the strains were grown in 50 ml of SGG in 250 ml baffled Erlenmeyer
flasks at 30 °C and 200 rpm. Samples consisting of 5 ml of culture were taken after 24, 48, 72,
96 and 120 hours from inoculation and organic extractions were performed as described in
Chapter 2. The identification of the compounds was based on mass spectrometry (accurate
mass and ion fragmentation pathway, Figure 4.3). Abyssomicin C yield was calculated for each
strain only for the day that showed higher production using a calibrated standard curve and
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measuring the area under the curve. Due to limitations in equipment availability only one

replicate per sample was used for the quantification.
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Figure 4.3. LC-MS model chromatogram of abyssomicin C from a fermentation extract of M. maris AB-18-032 grown in SGG at 30 °C and 200

rpm for 3 days.
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4.2.3 Genome sequencing, assembly and annotation.

The genomic DNA of M. maris AB-18-032 and the mutant exhibiting the highest abyssomicin
C production was sequenced using Illumina HiSeq PE150 in order to identify any mutations,
in addition to those frequently identified in rpsL, rpoB and gidB genes that could also led to a
hyper-productive phenotype. The resulting paired end reads were trimmed using the pre-sets
for lllumina adapters (Kmer length = 27), by quality (minimum quality = 20) , based on paired
read overhangs (minimum overlap = 20) and by short reads (minimum length = 20 bp) using
BBDuk. The remaining reads were assembled and mapped to the NCBI reference genome
sequence of M. maris AB-18-032 (NC_015434.1) using Geneious Prime 2020.1. Mapping
statistics can be found in Table S4.3 and Table S4.4. Mutations were called when the majority
of the mapped reads presented a different nucleotide to that of the wild-type strain, that is the
minimum variant frequency was higher than 0.5, and when the P-value was below 107, since
higher P-values flagged many other positions with lower coverage and sequencing quality due

to the well known limitations of sequencing a genome rich in CG and repetitive regions.

4.2.4 Media screening to facilitate abyssomicin C detection by plate diffusion assay.

In order to ease the detection of abyssomicin C via antimicrobial plate diffusion assays, a
screening of different media to support the growth of the antimicrobial indicator strain for
antimicrobial susceptibility testing was carried out. The following media were prepared
according to the manufacturer’s instructions and adjusted to pH 5, pH 7 and pH 9 prior to
sterilisation: Luria Bertani (LB) agar Miller (Sigma-Aldrich), MH agar (Sigma-Aldrich),
Nutrient agar (NA) (Sigma-Aldrich) and CDM agar (Riedlinger et al., 2004). All media were
prepared with and without 5 mM PABA. Antimicrobial plate diffusion assays were carried out
against B. subtilis DSM 10. For that, a flask containing 50 ml LB broth was inoculated with a
single colony and grown overnight at 37 °C and 200 rpm. The culture’s optical density was
adjusted to ODegoo = 1.00 and 250 pl were mixed with 25 ml of warm media. After solidifying,
three plugs from M. maris AB-18-032 and each of the ribosome engineering mutants grown in
SGG for 14 days at 30 °C were placed on top of each plate. Plates were incubated overnight at
37 °C and the ZOl that appeared were measured.
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4.2.5 Analysis of the impact of pH on the sensitivity of plate diffusion assays.

In order to investigate if antimicrobial plate diffusion assays could be optimised to enhance
their sensitivity, the influence of the media composition and the pH was investigated.
Antimicrobial plate diffusion assays against B. subtilis DSM 10, S. aureus DSM 2569 and E.
coli DSM1103 were carried out in LB agar, MH agar, NA and CDM agar at pH 5, pH 7 and
pH 9 for five different commercial antibiotics with different structures and modes of action.
Plates were prepared as described before and filter paper disks were placed on top of each plate.
These were soaked with 5 pl of several different serial dilutions of the following antibiotic
concentrated stocks: nalidixic acid (25 mg/ml), carbenicillin (50 mg/ml), thiostrepton (50
mg/ml), rifampicin (50 mg/ml) and tetracycline (10 mg/ml). Five replicates were used for each
antibiotic. Plates were incubated overnight at 37 °C and the ZOI that appeared were measured.
The detection limit for each antibiotic was established as the concentration of antibiotic that

generates a visible ZOI of 0.5 mm.

In order to study how each media supports the growth of the antimicrobial susceptibility test
strain, growth curves of B. subtilis, S. aureus and E. coli in LB, MH, Nutrient Broth (NB)
(Sigma-Aldrich) and CDM at pH 5, pH 7 and pH 9 were carried out using a CLARIOstar Plus
microplate reader (BMG LABTECH). A flask containing 50 ml LB broth was inoculated with
a colony of B. subtilis, S. aureus or E. coli and grown overnight at 37 °C and 200 rpm. This
culture was used to inoculate the media above (1:100 dilution) and growth was monitored in
each media in triplicate in a 96-well plate at 37 °C with 300 rpm shaking between

measurements and 500 rpm shaking for 30 seconds before each measure was taken.

Then, with the aim of analysing whether the results obtained from the antimicrobial disk assays
could be caused by the change in agar density at each different pH, growth curves of B. subtilis,
S. aureus and E. coli were carried out in MH at pH 5, pH 7 and pH 9 containing nalidixic acid,
carbenicillin, thiostrepton, rifampicin and tetracycline. Each of these were carried out in
triplicate. Various concentrations of each antibiotic against each test strain were tested. The

most descriptive results were obtained using the concentrations in Table 4.2.
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Table 4.2. Concentrations of antibiotics used for the growth curves.

Nalidixic Carbenicillin Rifampin Tetracycline  Thiostrepton

acid (pg/ml) (ng/ml) (Mg/ml) (ng/ml) (Mg/ml)
B. subtilis 2.5 50 0.05 0.1 0.05
S. aureus 25 0.05 0.005 1 500
E. coli 2.5x10°7 0.5 0.5 0.01 0.05

Then, in order to study how pH affects antibiotic transport across the cell membrane, a LC-MS
based assay was designed based on previous work for the directed detection of antimicrobial
transport across membrane (Zhou et al., 2015). Calibrated standard curves were prepared for
each compound with seven points across the concentration range of 50 pg/ml to 50 pg/ml. The
serial dilutions of the standards were injected in a mass spectrometer ESI microTOF-Q 1l
(Bruker Daltonics). Separation of the compounds was performed by a Raptor™ ARC-18 (2.7
i, 150 x 2.1 mm, Restex) chromatographic column protected by a guard column. The mobile
phase was ultrapure water (solvent A) and acetonitrile (solvent B), both with 0.1% formic acid
(v/v). The elution gradient used was: 0-1 min 5-15% B; 1-3 min 15-50% B; 3-4.20 min 50-
70% B; 4.20-4.40 min 70-80% B; 4.40-6.30 min 80-98% B; 6.30-6.50 min 98-5% B and 6.50-
7 min 5% B followed by column washing and reconditioning (1 minute). The flow rate was 0.2
mL/min. The column oven was at 35 °C and the injection volume was 3 uL.. The UV analyses
were performed in the wavelength range of 190-600 nm, with the mass spectrometer operating
in positive mode (m/z 50-2800).

For the antibiotic uptake assay, E. coli was grown overnight in MH at pH 7 at 37 °C and 200
rpm. Then, the culture was diluted 1:50 in fresh MH at pH 7 and grown to mid-log phase (ODeoo
= 0.4-0.6). Cells were centrifuged for 10 minutes at 5,000 x g and the pellet was washed with
an equal volume of minimal medium (MM) at pH 5, pH 7 or pH 9. For E. coli the MM used
was M9 supplemented with 0.2% glucose. Cells were centrifuged for 10 minutes at 5,000 x g
and the pellets were resuspended in MM at pH 5, pH 7 or pH 9 to bring cells to an ODegoo of
4.0. For the uptake assay, 0.5 ml of resuspended cells were mixed with 0.5 ml of MM at pH 5,
pH 7 or pH 9 containing a single antibiotic (25 pg nalidixic acid, 50 pg carbenicillin 50 g
thiostrepton, 50 g rifampicin or 10 pg tetracycline). For each pH, a blank without bacteria
was prepared. Tubes were then incubated at 37 °C and 200 rpm for 30 minutes and, after that,
centrifuged at 3,700 x g for 10 minutes (Figure 4.4). Finally, the supernatant was transferred to
an HPLC vial and antibiotics were quantified by LC-MS as described before. The area under
the curve was calculated to determine the amount of antibiotic that had cross the cell membrane.
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Figure 4.4. Schematic representation of the LC-MS based antimicrobial uptake assay.
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Finally, in order to study if it would be possible to apply the knowledge generated by those
previous tests to improve the antimicrobial strain screening assay traditionally used in
antimicrobial drug discovery, ten Actinobacteria from agar plates and organic extracts were
screened. These strains, designated here as isolates 1-10 (Table 4.3), were grown in GYM (per
litre: glucose 4.0 g, yeast extract 4.0 g, malt extract 10.0 g, CaCO3 2.0 g, agar 12.0 g; pH 7.2)
plates for 14 days at 30 °C. Plugs (6 mm diameter) from these plates were used in antimicrobial
diffusion assays against B. subtilis and S. aureus in LB agar, MH agar, NA and CDM agar
plates at pH 5, pH 7 and pH 9. The same strains were grown in 250 ml baffled flasks containing
50 ml of GYM for 5 days at 30 °C and 200 rpm. Then organic extractions were carried out with
ethyl acetate as described before and 5 pl of the extracts were used to soak the filter paper disks
that were placed on top of the plates. Plates were incubated overnight at 37 °C and the ZOI that
appeared were measured. Due to time limitations this experiment was carried out only once

with a single replicate.

Table 4.3. Actinobacteria strains used to challenge the indicator strains in the antimicrobial
plate diffusion assays.

Strain number  Phylogenetic affiliation Origin

1 Streptomyces rengensis DSM 40551 DSMz

2 Streptomyces incarnatus strain NRRL 8089 Dr. Tamura Lab
(Okayama University)

3 Streptomyces sp. AF1 Dr. Montero-Calasanz
Lab (Newcastle
University)

4 M. maris ribosome engineering mutant mm21  This thesis

5 Streptomyces lividans K4-114

6 Streptomyces lividans pESAC13_aby This thesis

7 Streptomyces lividans pESAC13_aby kasOp*  This thesis

8 Streptomyces albus J1074

9 Streptomyces albus pESAC13_aby This thesis

10 Streptomyces albus pPESAC13_aby kasOp* This thesis
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4.3 Results.

4.3.1 Ribosome engineering.

In order to enhance abyssomicin production in M. maris, a system for which genetic tools for
efficient genome editing have not been developed yet, ribosome engineering approach was
used. Over 140 single and double drug-resistant mutants were isolated from plates containing
sublethal concentrations of streptomycin, rifampin and/or chloramphenicol. Among these
spontaneous mutants, a small number displayed phenotypical differences in comparison to the
wild-type strain, including lose or reduction of pigmentation and changes in the shape of the
edges of the colonies. Changes in growth rate were also appreciated for some mutants,
including both strains with faster and slower growth than the parental strain. The antimicrobial
production potential of these strains was studied via plug diffusion assay in minimal media
plates with and without PABA (Riedlinger et al., 2004). Nine mutants generated ZOlI larger
than those produced by M. maris AB-18-032 and, in all cases, the ZOI in the plates containing
PABA were at least 2 mm smaller (Figure 4.5).
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Figure 4.5. Zones of inhibition generated by the sequenced ribosome engineering mutants of
M. maris AB-18-032 by plug diffusion assay against B. subtilis. Due to the high number of
ribosome engineering mutants tested, a single plug from each ribosome engineering mutant
was used in the antimicrobial plate assays.
The mutants exhibiting higher antimicrobial activity than the wild-type strain were subjected
to further analysis. For the streptomycin resistant mutants, the rpsL gene was sequenced, as
well as the rpoB gene for the rifampin resistant mutants. For the chloramphenicol resistant
mutants rpsL, rpoB and gidB were sequenced. Three streptomycin resistant mutants, all
obtained under different concentrations of streptomycin, displayed an amino acid substitution
at the position 88 in RpsL, one of them being K88E and two of them K88R (Table 4.4). Two
mutants obtained under the presence of 30 pg/ml of streptomycin displayed three identical
consecutive nucleotide substitutions that resulted in the amino acid substitution P91Y. Only
one rifampin and one chloramphenicol resistant mutant with enhanced antimicrobial activity

in comparison to M. maris AB-18-032 were obtained. The rifampin resistant mutant displayed
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a H419R substitution, whereas no mutations were found in rpsL, rpoB nor gidB genes for the
chloramphenicol resistant mutant, suggesting spontaneous mutations could have taken place in
a different component within the ribosomal machinery. Two double drug-resistant mutants
were obtained after exposing the chloramphenicol resistant mutant mm43 to 30 pg/ml of
rifampin and the amino acid substitutions H419Y and A424T were found (Table 4.4).

Table 4.4. Mutations found in the sequenced ribosomal genes of the ribosome engineering
mutants of M. maris AB-18-032.

Strain Part_ant Antibiotic Concentration Nucle_oti(_je Amin.o a(_:id
strain (ng/ml) substitution (gene) substitution
mm40 streptomycin 5 A262G (rpsL) K88E
mm4l streptomycin 10 A263G (rpsL) K88R
mm42 streptomycin 30 A263G (rpsL) K88R
C271T (rpsL)
mm4s M. ] streptomycin 30 C272A (rpsL) PI1lY
xgr_'fs_ C273T (rpsL)
032 C271T (rpsL)
mm46 streptomycin 30 C272A (rpsL) PI1lY
C273T (rpsL)
mm39 rifampin 10 A1256G (rpoB) H419R
mm43 chloramphenicol 5 - -
mm20 mmd3 rifampin 30 C1255T (rpoB) H419Y
mm21 rifampin 30 G1270A (rpoB) A424T

Then, in order to confirm enhanced abyssomicin C production by analytical methods,
fermentations were carried out in SGG media and samples were extracted during five
consecutive days in order to identify the day at which abyssomicin C yield was higher for each
strain. In the case of M. maris AB-18-032, the single mutants mm41 and mm42, and the double
mutant mmz21, abyssomicin C production was highest on day three, with all abyssomicin C
converted into abyssomicin D by day five (Figure S4.1, S.4.3, S.4.4, S.4.6). For the single
mutant mm40 and the double mutant mm20, the highest abyssomicin C production was found
after five days of fermentation (Figure S4.2, S.4.5). Overall, the maximum abyssomicin C
production yield of each strain was: 186 mg/l for M. maris AB-18-032, 608 mg/l for mm40,
632 mg/l for mm41, 283 mg/l for mm42, 117 mg/l for mm20 and 296 mg/l for mm21 (Figure
4.6).
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Figure 4.6. Abyssomicin C production yield (mg/l) of M. maris AB-18-032 and its ribosome
engineering mutants. Due to limitations in equipment availability only one replicate per sample
was used for the quantification.

Interestingly, mm40 and mm41 displayed a similar abyssomicin C yield, although they
presented a different amino acid substitution in RpsL, and mm4z2, also a streptomycin resistant
mutant that presented the same point mutation as mm41 produced half its yield (Table 4.4,
Figure 4.6). On the other side, the double mutants mm20 and mm21 that had shown the largest
ZOlI by plug diffusion assay produced less abyssomicin C than the single mutants mm40 and
mm41 (Figure 4.6).

Finally, in order to investigate whether the best abyssomicin C producer, mm41, harboured
mutations other than in rpsL, rpoB or gidB genes that could also contribute to the enhanced
abyssomicin C production, the genomes of mm41 and its parent strain, M. maris AB-18-032,
were sequenced. Two frame-shifts in two different transposases were identified, as well as,
three amino acid substitutions in a DNA translocase FtsK, five amino acid substitutions in a D-
alanyl-D-alanine carboxypeptidase, one point mutation in the promoter sequence of the
MurR/RpirR family transcriptional regulator of the ngcEFG operon involved in N-
acetylglucosamine import and, interestingly, one point mutation in the intergenic region
between AbyU and Abyl where potentially both terminators should be (Table 4.5). A complete
table that includes the silent mutations and mutations in intergenic regions can be found in
Table S4.2.
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Table 4.5. Mutations found in the genome of the ribosome engineering mutant mm41.

. Amino Acid Protein .
Change Location CDS Change Effect Coverage Variant Frequency P-Value
) 1S110 family : 0 -39
(©)2->(C)3 307511 transposase CDS Frame Shift 26 76.90% 2.20E
T>A 1634033 S>T 761 50.10% 0
CATC -> DNA translocase - 0 0
GCTG 1634047 FtsK CDS SI->SL Substitution 836 -> 850 53.8% -> 55.3% 0
CGC -> AAG 1634588 R->K 776 -> 786 55.6% -> 55.9% 0
G 2485903 IS21 family Frame Shift 27 85.20% 6.00E2
transposase CDS
Intergenic region
G->C 2613622 between AbyU and 50 54.00% 3.40E8!
Abyl
GC -> AA 3423252 R->Q 417 -> 418 52.0% -> 52.2% 0
T->C 3423267 D-alanyl-D-alanine V->A 393 51.70% 0
TGCG -> carboxypeptidase ) - i o 0
ACCC 3423298 CDS GA ->GP Substitution 420 -> 421 52.3% -> 53.2% 0
GC ->CG 3423319 GL -> GV 423 -> 424 51.1% -> 51.2% 0
A->G 3423348 Q->R 398 52.50% 0
Promoter sequence of
MurR/RpirR family
A->C 4678236 transcriptional 282 100.00% 0
regulator of the
ngcEFG operon
T->C 5937058 30S ribosomal K >R Substitution 370 100.00% 0

protein S12 CDS




4.3.2 Optimisation of the plug diffusion assay conditions for abyssomicin C detection.

In order to enhance the performance of antimicrobial plug diffusion assays for the detection of
small amounts of abyssomicin C, a media screening was carried out. Plates of LB, NA, MH
and CDM at pH 5, pH 7 and pH 9 with and without PABA were used to grow the antimicrobial
test strain and to rescreen M. maris AB-18-032 and its ribosome engineering mutants. M. maris
AB-18-032 plugs generated ZOI of up to 8 mm when B. subtilis was grown in LB at pH 9 and
up to 6 mm in MH at pH 9 (Figure 4.7A). A similar pattern was observed for the plugs of
mm40, mm41 and mm42, that displayed larger ZOI in LB, NA and MH all at pH 9 (Figure
4.7B-D). Although the plugs from mm20 and mm21 also generated larger ZOl in LB, NA and
MH at pH 9, it was possible to observe ZOI of up to 10 cm in CDM at pH 5, that contrasts with
the fact that in the other media at pH 5 no ZOI were observed (Figure 4.7E, F). It was observed
that in LB, NA and MH at pH 5 and pH 7, B. subtilis grew more abundantly closer to the plugs,
whereas growth in CDM was uniform at all three pH (data not shown). Abyssomicin C
antibacterial activity was rescued in the presence of 5 mM PABA regardless the media and the
pH (Figure 4.7).
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Figure 4.7. Zones of inhibition (mm) generated by plugs of A) M. maris AB-18-032, B) mm40, C) mm41, D) mm42, E) mm20 and F) mm21 in
plug diffusion assays using different media and different pH to support the growth of the test strain B. subtilis. Figure displays the average ZOI
calculated from the ZOI displayed by three replicates of each strain.
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4.3.3 Analysis of the influence of pH on antimicrobial plate diffusion assays.

In order to investigate how the sensitivity of antimicrobial plate diffusion assays varies
depending on the media used to support the growth of the test strain, stocks of five common
commercial antibiotics with different structures and modes of action were used to carry out
plate diffusion assays in MH, LB, NA and CDM at pH 5, pH 7 and pH 9. Serial dilutions of
the concentrated stocks were used to soak filter paper disks and the detection limit for each
antibiotic was established as the concentration of antibiotic that generated a visible ZOI of 0.5

mm.

When B. subtilis was used as test strain, the detection limit of nalidixic acid was approximately
100 ng in MH, LB and NA at pH 5, whereas when those same media were at pH 7, nalidixic
acid was detected only at over 500 ng of nalidixic acid per disk. At pH 9 it was not possible to
detect any antimicrobial activity despite increasing the concentration of nalidixic acid used.
These differences in detection were not appreciated in CDM, in which at all three pH values
the detection limit was around 200 ng of nalidixic acid (Figure 4.8). In the detection of
carbenicillin, the four media at pH 5 showed to be more sensitive and up to 20 ng were detected.
At pH 7 and pH 9 the detection limit was at 60 ng in LB, NA and CDM and around 120 ng in
MH. Rifampicin detection limit was around 5 ng in MH, LB and NA at pH 5 and went up to
30 ngin MH at pH 7 and pH 9 and 15 ng LB and NA at pH 7 and pH 9. Rifampicin detection
limit in CDM at pH 5 was 7 ng, whereas 15 ng were needed for detection at pH 7 and pH 9.
Tetracycline detection followed a similar behaviour as nalidixic acid, and whereas 20 ng of
tetracycline were detectable at pH 5 in MH, LB and NA, ten times more tetracycline were still
undetectable at pH 9. In CDM, no significant differences in detection were appreciated despite
the different pH values. Finally, thiostrepton detection limit was approximately 5 ng regardless
of the media and the pH except at MH pH 9 were no detection was observed below 23 ng
(Figure 4.8).
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Figure 4.8. B. subtilis detection limit of the commercial antibiotics nalidixic acid, carbenicillin,
rifampicin, tetracycline and thiostrepton in MH, LB, NA and CDM at pH 5, pH 7 and pH 9.
n.d. stands for not detected. Five replicates of each antibiotic were used.

The same experiment was also carried out using S. aureus as test strain, with the exception that

CDM did not support the growth of this strain so only MH, LB and NA were used. In this case,

ZOl of 0.5 mm were generated under the presence of 25 ng of carbenicillin in all media at pH

5, whereas at least 250 ng were needed for it to be detected at pH 9 (Figure 4.9). A similar

137



detection pattern was observed for the detection of tetracycline. In the case of rifampicin, no
differences in detection were observed when growing S. aureus at pH 5 and pH 7 but three
times more was needed in order for it to be detected at pH 9. Finally, thiostrepton detection
was very similar to that observed when using B. subtilis as antimicrobial test strain and
differences in detection in relation to pH were only appreciated in MH, where at least 160 ng
of thiostrepton were needed for the detection at pH 9 whereas 30 ng and 50 ng were sufficient
for its detection at pH 5 and pH 7 respectively (Figure 4.9). This test was also carried out for
E. coli as test strain, however it would need to be repeated with higher concentrations of all

antibiotics, as with the concentrations tested no ZOI appeared.
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Figure 4.9. S. aureus detection limit of the commercial antibiotics carbenicillin, rifampicin,
tetracycline and thiostrepton in MH, LB and NA at pH 5, pH 7 and pH 9. Five replicates of
each antibiotic were used.

In order to study how each media supports the growth of the test strains and if the discrepancies
in sensitivity could be a consequence of differential growth rate and biomass accumulation,

growth curves of B. subtilis, S. aureus and E. coli in LB, MH, NB and CDM at pH 5, pH 7 and
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pH 9 were carried out. The growth curves of B. subtilis showed how the growth of this strain
was specially lagged in LB and NB at pH 9 and in MH at pH 5, whereas in CDM the growth
was minimal regardless of the pH (Figure 4.10A). In the case of S. aureus, differences in growth
rate and biomass accumulation were observed in LB and MH although these were more
accentuated in NB (Figure 4.10B). As observed before CDM did not support the growth of S.
aureus. For E. coli, the differences in growth were minimal in LB, NB and MH at pH 5, pH 7
and pH 9, whereas in CDM at pH 5 the stationary phase was reached at an ODgsgo = 0.6 and at
pH 7 the stationary phase was reach at an ODeoo = 1.25, similar to pH 9 although the lag phase
was 2 hours longer (Figure 4.10C).
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With the aim of analysing whether the sensitivity of the antimicrobial disk assays could be
related to differential diffusion rates through the agar due to the change in density of the agar
at each different pH, growth curves of B. subtilis, S. aureus and E. coli were carried out in MH
at pH 5, pH 7 and pH 9 containing the five commercial antibiotics used before in the
antimicrobial plate diffusion assays. From this experiment two main different observations
were made. Growth of all the strains under the presence of all antibiotics was observed when
the media was adjusted to pH 9 (Figure 4.11). For example, B. subtilis growth was inhibited in
the presence of nalidixic acid when the media was at pH 5 and pH 7, whereas at pH 9 the
growth curve was similar to that without antibiotic. This indicates that for that given
concentration, strains growing at pH 5 and pH 7 are more sensitive to the antibiotic. These
results match the behaviour observed in the agar plates sensitivity test (Figure 4.8). On the
other hand, pH is responsible for the ionisation state (the charge and its intramolecular
distribution) of small molecules and thus the chemical microspecies or protonation states of a
molecule under varying pH conditions. The number of microspecies increases exponentially
with the number of functional groups in the molecule and microspecies distribution diagrams
determine the concentration of each microspecies at any pH value (Mazék & Noszél, 2016).
The microspecies distribution of nalidixic acid (Figure S4.8) indicates that the microspecies
present in the media at pH 7 and pH 9 is the same and remains negatively charged, which at
pH 9 means that negatively charged molecules cross the membrane with more difficulty.
Similar results were observed in the presence of thiostrepton, that inhibited the growth of B.
subtilis at pH 5 and pH 7 and duplicated the lag phase time at pH 9. Tetracycline at 0.1 pg/ml
completely inhibited the growth of B. subtilis at pH 5 and pH 7, whereas at pH 9 the growth
curve was similar to that without antibiotic. As with nalidixic acid, these results match the
results obtained from the agar plate diffusion assays (Figure 4.8) and the microspecies present
at each pH (Figure S4.10), as at pH 9, with three negative charges in the molecule the
cytoplasmic membrane would be much less permeable. Finally, under the presence of 0.05
pg/ml of rifampin, B. subtilis growth is completely inhibited at pH 5, has two times longer lag
phase at pH 7 and grows as the control without antibiotic at pH 9. This matches the agar plate

diffusion assays and fits with the microspecies present at each pH (Figure S4.9).

Results representing B. subtilis sensitivity to carbenicillin followed a different pattern, as B.
subtilis grew despite the media pH although at different growth rates and with extended lag
and log phases. Interestingly, carbenicillin is the only antibiotic tested that inhibits cell wall

biosynthesis by acylating the transpeptidase C-terminal domain, and thus, it does not need to
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penetrate inside the cell to exhibit its activity (Table S4.5). It was not possible to find a suitable
concentration of thiostrepton that would partially inhibit the growth of E. coli without

precipitating and influencing the plate reader measurements.
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Figure 4.11. Growth curves of B. subtilis, S. aureus and E. coli in MH broth at pH 5 (black),
pH 7 (orange), pH 9 (blue) and in MH broth containing carbenicillin, nalidixic acid, rifampicin,
tetracycline and thiostrepton at pH 5 (grey), pH 7 (light orange), pH 9 (light blue). All the
antibiotics were present in the culture media before inoculation. All the growth curves were
carried out in triplicate.
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Last, in order to investigate how extracellular pH affects antibiotic transport across the cell
membrane, a LC-MS based assay was carried out based on previous work (Zhou et al., 2015).
Due to the COVID-19 lockdown, only a first preliminary test was carried out. First, calibrated
standard curves were prepared for each commercial antibiotic (Figure S4.12-S4.16). However,
concentrations would need to be adjusted, as some of the dilutions were too diluted for the
antibiotic to be detected and thus some standard curves only have 2-4 points. Moreover, the
serial dilutions of the standards needed to be injected three times each on different days to
account for calibration errors. The antibiotic uptake assay was carried out just once in E. coli
and the supernatants were analysed via LC-MS, however replicates could not be made and the
results obtained indicate important handling errors since the controls should never have less
antibiotic than the experimental samples (Figure 4.12B). Moreover, none of the samples nor
controls should contain more antibiotic than the amount added of each (25 pg/ml nalidixic acid,

50 pg/ml carbenicillin 50 pg/ml thiostrepton, 50 pg/ml rifampicin and 10 pg/ml tetracycline).

40 40

Mhlas halal

Carbenicillin concentration (pg/ml)
Rifampicin concentration (pg/ml)

E. colipH5 ControlpHS5 E colipH7 ControlpH7 E. colipH9 Control pH9 E. colipH5 ControlpHS5 E. colipH7 ControlpH7 E. colipH9 Control pH 9
C Sample D Sample
70 70
= 60 Z 60
) Ef
=50 Z 50
g g
= ]
£ 40 g 40
g 30 230
o =
| 8
720 g 20
£ 3
] =
=10 I Z 10 I
, o
E. colipH5 ControlpH5 E colipH7 ControlpH7 E. colipH9 Control pH 9 E colipH5 ControlpHS E colipH7 ControlpH7 E. colipH9 Control pH 9

Sample Sample

Thiostrepton concentration (pg/ml)

e I m .

E. colipH5 ControlpHS E. colipH7 ControlpH7 E colipH9 Control pH 9
Sample

Figure 4.12. A) Carbenicillin, B) rifampicin, C) tetracycline, D) nalidixic acid and E)
thiostrepton quantification by LC-MS after incubation with and without cells. The data shown
is not based on replicates nor representative repeats.
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Finally, in order to analyse if our observations on the sensitivity of antimicrobial diffusion
assays could be practically applied to facilitate the discovery of non-abundant antimicrobial
compounds, ten Actinobacteria grown in liquid (organic extracts) and in agar plates were
screened. The plugs of strains 1, 3 and 4 generated the largest ZOI against B. subtilis, more
specifically isolate 1 generated the largest ZOI when B. subtilis was grown in MH at pH 5, NA
at pH 5 and CDM at pH 5, isolate 3 generated the largest ZOI when B. subtilis was grown in
NA at pH 9, LB at pH 9 and CDM at pH 9 and isolate 4 generated the largest ZOl when B.
subtilis was grown in NA at pH 9, CDM at pH 5 and CDM at pH 7 (Figure 4.13A). The
fermentation extracts of strains 2, 4 and 9 generated the largest ZOI when B. subtilis was grown
in MH at pH 5, NA at pH 5, LB at pH 5 and CDM at pH 5 (Figure 4.13B). The extracts from
strains 8 and 10 showed the best results in CDM at pH 5 and MH at pH 5 respectively. When
tested against S. aureus, the plugs of strains 1, 2, 3 and 4 showed the largest ZOlI in LB at pH
9, followed by MH at pH 9 and NA at pH 9 for strain 3 (Figure 4.13C). The fermentation extract
of strain 2 generated the largest ZOI against S. aureus when it was grown in MH at pH 5, NA
at pH 5 and LB at pH 5 and 0.5 mm ZOI were generated by the extracts of strains 8 and 9 also
in MH at pH 5, NA at pH 5 and LB at pH 5 (Figure 4.13D).
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Figure 4.13. A) Zones of inhibition generated by plugs of different Actinobacteria isolates
against B. subtilis grown in MH, LB, NA and CDM at pH 5, pH 7 and pH 9. B) Zones of
inhibition generated by the organic extracts of the same isolates against B. subtilis grown in
MH, LB, NA and CDM at pH 5, pH 7 and pH 9. C) Zones of inhibition generated by plugs of
different Actinobacteria isolates against S. aureus grown in MH, LB and NA at pH 5, pH 7 and
pH 9. D) Zones of inhibition generated by the organic extracts of the same isolates against S.
aureus grown in MH, LB and NA at pH 5, pH 7 and pH 9. Due to time limitations this
experiment was carried out with just one replicate for each sample.
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4.4 Discussion.

4.4.1 Ribosome engineering to enhance abyssomicin production in M. maris AB-18-032.

Ribosome engineering is a methodology that has been used during the last 20 years in over 30
different bacterial and fungal species to activate or enhance the production of secondary
metabolites (Ochi & Hosaka, 2013). It relies in the isolation of spontaneously developed drug-
resistant mutants that often show a point mutation or a deletion mutation within a ribosomal
component such as rpsL (ribosomal protein S12) or rpoB (RNA polymerase beta subunit) genes,
indicating that bacterial gene expression can be altered dramatically by modulating ribosomal
proteins and/or rRNA (Nishimura et al., 2007; Okamoto et al., 2007). In this work, the
application of ribosome engineering to increase abyssomicin C production in M. maris AB-18-
032 was presented, which is the first time this approach was applied to a Micromonospora
species. Over 140 single and double drug-resistant mutants were isolated, and, from those, nine
mutants generated ZOI larger than those produced by the wild-type strain (Figure 4.5).
Ribosomal genes were sequenced depending on the antibiotic on which the mutants arose.
Three streptomycin resistant mutants that displayed an amino acid substitution at the 88 position
in RpsL were found, followed by two mutants that displayed three identical consecutive
nucleotide substitutions that resulted in the amino acid substitution P91Y in RpsL, one mutant
with the H419R substitution in RpoB and two double drug-resistant mutants displaying the
amino acid substitutions H419Y and A424T in RpoB (Table 4.4). Interestingly, the point
mutations in amino acid 88 of RpsL were previously described for different Streptomyces
species and linked to transcriptional activation of secondary metabolite biosynthetic gene
clusters and enhanced production (Wang et al., 2014; Ochi, 2017). On the contrary, the P91Y
substitution in RpsL has never been described before, suggesting it could confer species specific
advantages in secondary metabolite production. Both substitutions in the amino acid 419 of
RpoB (corresponding to the amino acid 437 in S. coelicolor A3(2)) were also found previously
in P. shermanii, various Streptomyces, A. orientalis and S. erythraea (Ochi, 2017; Tanaka et
al., 2017), but there is not any report describing the amino acid substitution in the position 424
of RpoB. No mutations were found in rpsL, rpoB nor gidB genes for the chloramphenicol
resistant mutants, suggesting spontaneous mutations could have taken place in a different

component within the ribosomal machinery.

Following that, the maximum abyssomicin C production yield was calculated for each strain
via analytical methods. This confirmed that four mutants were capable of producing up to 3.4-
fold abyssomicin C in comparison to the wild-type strain (Figure 4.6). Interestingly, mm40 and
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mm41 displayed a similar abyssomicin C yield, although they presented a different amino acid
substitution in RpsL, suggesting both could be equally efficient, although mm42 and mm41
displayed the same point mutation but mm42 produced half the yield of mm41, suggesting there
may be other mutations somewhere else in the genome also involved in the increased production
or other mutations that decrease/supress the increased production (Table 4.4, Figure 4.6). Future
work could focus on measuring strains growth so that abyssomicin C production could be
normalised with biomass. Finally, the genomes of mm41 and its parent strain M. maris AB-18-
032 were sequenced in order to identify potential mutations outside rpsL, rpoB and gidB that
could also be responsible for the enhanced production. Among the mutations found there were
five amino acid substitutions in a D-alanyl-D-alanine carboxypeptidase, one point mutation in
the promoter sequence of the MurR/RpirR family transcriptional regulator of the ngcEFG
operon involved in N-acetylglucosamine import and one point mutation in the intergenic region
between AbyU and Abyl where potentially both terminators should be (Table 4.5). D-alanyl-
D-alanine carboxypeptidases are proteins inhibited by [-lactam antibiotics involved in
peptidoglycan synthesis. Previous work demonstrated that these enzymes are involved in cell
wall maturation, resistance and germination (Rioseras et al., 2016), however, there are not
studies relating them with ribosome engineering and the increased production of secondary
metabolites. Similarly, there are not reports relating the ngcEFG operon to an increased
antibiotic production, however, experiments with [**C]-labelled N-acetylglucosamine could
provide interesting information as how this substrate is used by M. maris (Xiao et al., 2002;
linuma et al., 2018). It would be more logical to relate abyssomicin C yield to the mutation
observed within the aby BGC. Although it is present in an intergenic region, the fact that it is
located right in the terminator sequence of the main pathway activator draws someone’s
attention. In order to demonstrate if any of these mutations are responsible for the enhancement
of abyssomicin C production, further work would be necessary and could focus on
reintroducing each of these mutations in the wild-type M. maris AB-18-032. Moreover, other
strategies to further enhance abyssomicin C production could be put into place in the future,
including carrying out more rounds of ribosome engineering with other ribosome-targeting
antibiotics and using the best ribosome engineering mutants for genome shuffling (Liu et al.,
2020).

4.4.2 Extracellular pH influences the antimicrobial detection limit in plate diffusion assays.

The abyssomicin C production yield of M. maris is relatively low and, initially, it was specially
challenging detecting production via plug diffusion assays despite counting with a previously
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developed diffusion assay specifically developed for the detection of antimicrobial compounds
targeting the folate pathway (Riedlinger et al., 2004). At the beginning of this project, when
carrying out plate diffusion assays with PABA for the first time, PABA was added into the
media right before pouring the media on plates, that is, after the media had been adjusted to pH
7.3 and autoclaved. Contrary to the reduced ZOIl that were supposed to be observed in the
presence of PABA, the ZOI were significatively larger, the presence of PABA was somehow
making the antimicrobial diffusion assays more sensitive. Initially, it was thought that the
concentration of PABA needed to be adjusted, as it could be being toxic for the test strain,
however, PABA is a weak acid (pKa = 2.50 (carboxyl; H20); pKa = 4.87 (amino; H20))
(Cismesia et al., 2017) and it likely modifies the pH of the media. With that in mind, a media
screening in which four different media at pH 5, pH 7 and pH 9 with and without PABA were
used to find the conditions that eased the detection of small amounts of abyssomicin C was
carried out. The rescreen of M. maris AB-18-032 and its ribosome engineering mutants revealed
that the plugs generated larger ZOI when B. subtilis was grown at pH 9 regardless of the media
(Figure 4.7).

Then, in order to investigate whether this behaviour could also be observed when trying to
detect other antibiotics, five commercial antibiotics with different structures and modes of
action (Table S4.5) were used to carry out plate diffusion assays in MH, LB, NA and CDM at
pH 5, pH 7 and pH 9, and the sensitivity of antimicrobial plate diffusion assays was assessed
by measuring the detection limit for each antibiotic as the amount of antibiotic that generated a
visible ZOI of 0.5 mm. The results showed that using media at pH 5 rather than at pH 7 to
support the growth of the test strain could increase the sensitivity of the assay up to five times
depending on the antibiotic and the test strain, whereas at pH 9, in most of the cases,
concentrated stocks of the antibiotics were needed to be able to see that minimal ZOI (Figure
4.8 and Figure 4.9). This phenomenon had been observed before, however, it had never been
applied as a potential method to facilitate antimicrobial drug discovery. Already in the 1940s,
several studies showed that the pH of the medium affects significatively the activity of certain
antibiotics against both Gram-positive and Gram-negative bacteria (Abraham & Duthie, 1946;
Pratt & Dufrenoy, 1948; Chang & Stafseth, 1950). During decades, this was considered a hot
research topic, as the enhanced antimicrobial activity could be useful in the treatment of urinary
tract infections. In the 1970s, researchers reported that acidic antibiotics like penicillin G,
ampicillin, cephalothin, cephaloridine, and novobiocin were considerably more active at pH
5.0, whereas the activity of basic antibiotics such as erythromycin and gentamicin was higher

at pH 8.5 (Toala et al., 1970; Miller & Perkins, 1973). Rifampin was found maximum stable at
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pH 4 (Jindal et al., 1995), whereas norfloxacin, a nalidixic acid analogue, was found to bind to
DNA more efficiently at a pH between 4.5 and 6.5 (Shen & Pernet, 1985; Baudoux et al., 2006).

At this point, three main hypotheses were considered for the research question “Why does the
sensitivity of antimicrobial plate diffusion assays varies with extracellular pH?”. The first
hypothesis was that the extracellular pH could modify the pH in the cytosol affecting protein-
ligand interaction, however, there are plenty of studies on the maintenance of pH homeostasis
and for example, E. coli responds very efficiently to external pH variations, fully recovering its
intracellular pH (7.2 to 7.8) within 5 minutes after acidification (Wilks & Slonczewski, 2007,
Martinez et al., 2012). Cytoplasmic pH homeostasis has also been comprehensively studied
in B. subtilis, which maintains cytoplasmic pH within approximately pH 7.3 to pH 7.6 during
vegetative growth over a range of environmental pH (Cotter & Hill, 2003; Padan et al., 2005;
Wilks et al., 2009). Indeed, in the growth curves carried out to study how each media supports
the growth of the antimicrobial test strains, it was possible to observe that there were no
differences in the growth of E. coli regardless of the pH of the media (Figure 4.10C).

The second hypothesis was related to how pH modifies the density of the agar and thus the
diffusion of the antibiotics through it. In order to study if the sensitivity of the antimicrobial
disk assays could be related to differential diffusion rates through the agar due to the change in
density of the agar at each different pH, growth curves of B. subtilis, S. aureus and E. coli were
carried out in MH at pH 5, pH 7 and pH 9 containing the five commercial antibiotics used
before. During this experiment, growth of all the strains was observed under the presence of all
antibiotics when the media was adjusted to pH 9 whereas at pH 5 and pH 7 bacterial growth
was inhibited in most cases (Figure 4.11). These results follow the trends observed when
carrying out the antimicrobial plate diffusion assays (Figure 4.8 and Figure 4.9). Both
experiments suggest that the media pH plays a key role in the detection of antimicrobial
compounds and that cells are more sensitive at low pH, at least for the antibiotics tested.
Moreover, the fact that these observations are similar in liquid and solid media discards the
hypothesis that antimicrobial plate diffusion assays at pH 5 were more sensitive because the
low pH decreased the agar density facilitating the diffusion of the compounds through the

media.

Finally, the third hypothesis was that the extracellular pH affected antibiotic transport across
the cell membrane, facilitating the entrance of small molecules depending on their charge. For

example, previous work identified that pyrazinamide activity is linked to the acidity of the
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medium, being most active at pH 5.5 and almost inactive at pH 7 (Zhang et al., 2002a). In this
case, it was demonstrated that acid pH enhanced the uptake and accumulation of the active
derivative pyrazinoic acid, as weak acids spontaneously diffuse through the membrane in their
protonated forms (Nikaido & Thanassi, 1993; Zhang et al., 1999). However, transport across
the cell membrane is complex. Passage of drugs across the outer membrane of Gram-negative
bacteria can occur by passive diffusion through porin channels for most hydrophilic and
amphiphilic antibiotics (e.g. beta-lactams and tetracyclines), although it is influenced by other
factors such as drug hydrophobicity, size and net charge, and increased hydrophobicity, size or
net negative charge tend to decrease the rate of permeation through porin channels (Chopra,
1988). Larger antibiotics such as erythromycin or novobiocin, are believed to cross the outer
membrane by diffusion through the lipid bilayer, which is more slow (Zgurskaya et al., 2016)
and other transport options include facilitated diffusion using specific carriers (e.g. albomycin),
or by self-promoted uptake (e.g. aminoglycosides and polymyxins) (Chopra, 1988). Then, the
transfer of antibiotics across the bacterial cytoplasmic membrane is usually mediated by active,
carrier-mediated, transport systems normally operating to transport essential solutes into the
cell (Chopra, 1988). Interestingly, there is not a simple explanation for how small molecules
enter bacterial cells. For example, research on tetracycline transport across the cell membrane
suggests that tetracycline may cross the outer membrane as a cationic chelate of magnesium via
OmpF channels (Chopra & Ball, 1982; Hancock, 1987; Chopra & Roberts, 2001). Then,
passage of tetracycline across the cytoplasmic membrane occurs both by energy independent
(passive diffusion) and energy-dependent (active) processes (Chopra, 1988) via two active
carrier-mediated transport systems, one that is ATP dependent and a second one that is coupled
to the proton motive force (McMurry & Levy, 1978; Argast & Beck, 1984; Chopraetal., 1992).

Recent work in this field has focused on developing assays that allow to measure permeation
and accumulation of small molecules inside the cells, taking into account variables such as the
presence of multiple porins, efflux pumps and varying lipopolysaccharides (Richter et al., 2017,
Gayen et al., 2019). In order to test our third hypothesis, a previously developed protocol to
measure intracellular drug penetration based on LC-MS detection for the assessment of
antibiotic uptake under different external pH was adapted (Zhou et al., 2015). Due to time
limitations, only a preliminary test was carried out. Future efforts will focus on repeating this
work and optimising the experimental pipeline to reduce error. Once results are obtained for E.
coli, in order to identify differences between different bacteria, the plan would be to repeat
everything with B. subtilis and S. aureus. Through this approach it should be possible to obtain

data to confirm the relevance of extracellular pH on the uptake of small molecules.
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Finally, in order to assess whether it would be possible to take advantage of the knowledge
acquired regarding how extracellular pH affects cells sensitivity to antimicrobial compounds to
facilitate the discovery of non-abundant antimicrobial compounds, the ZOI generated by plugs
and extracts from ten Actinobacteria against B. subtilis and S. aureus grown in various media
at pH 5, pH 7 and pH 9 were analysed. Generally, it was possible to observe that the plugs
produced largest ZOI at pH 9, whereas all the extracts generated largest ZOI when the test
strains were grown at pH 5 (Figure 4.13). These results coincide with the plug assay results
obtained when M. maris and its ribosome engineering mutants were screened (Figure 4.7), as
well as the results obtained when using the purified stocks of commercial antibiotics (Figure
4.8, Figure 4.9 and Figure 4.11), suggesting that plate diffusion screenings at pH 5 could be
better to detect secondary metabolites produced in small amounts from plugs, whilst plate
diffusion screenings at pH 9 could be a better option when using fermentation extracts for the
screening. Future work could focus on screening a representative number of commercial
antibiotics as well as strains in order to further understand if these results are also subjected to
the chemistry or the mode of action of the compound. It would also be interesting to understand
why plugs and extracts display opposite trends and what kind of fluxes and gradients originate

when the plugs enter in contact with the test media.
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45  Conclusions and future perspectives.

The aim of this work was to enhance the yield of abyssomicin C produced by the slow growing
marine strain M. maris AB-18-032. Through ribosome engineering various mutants with up to
3.4-fold increase in abyssomicin C production in comparison to the wild-type strain were
obtained. All the mutants presented mutations in ribosomal genes. The genome of the best
producer strain was sequenced and several mutations that could also be involved in the increase
in abyssomicin C production were found. Future work could focus on using statistical design
of experiments (DOE) to reintroduce the different mutations found in ribosome engineering
mutants with enhanced abyssomicin C production into the wild-type M. maris AB-18-032, for
example via CRISPR, individually or in different combinations, to determine which ones are
responsible of the enhanced production. To further increase abyssomicin C production other

approaches such as genome shuffling could be applied.

In addition to that, in this chapter, the role media pH plays in antimicrobial plate diffusion
assays was also analysed. The initial intention was to find the best plate diffusion assay
conditions for the detection of small amounts of abyssomicin C. This assay showed that the
largest ZOI were produced using media at pH 9, thus, further investigations were carried out.
The results obtained suggest that media at pH 5 could favour the observation of antimicrobial
activity from plugs, whereas using media at pH 9 could aid when analysing fermentation
extracts for antimicrobial activity. This could be due to the influence of extracellular pH on the
transport of metabolites across the cell membrane. Future work could test this last hypothesis
and investigate whether these assays could be broadly applied for the discovery of antimicrobial

compounds produced in low amounts.
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Chapter 5. Genetic manipulation of M. maris: a DOE-guided

electroporation protocol and CRISPR-mediated genome editing.

Abstract

Members of the genus Micromonospora are well-known for their ability to produce secondary
metabolites with biomedical applications and for playing a very important role in association
with higher organisms such as plants. Although their genetics has been studied for decades,
most Micromonospora species remain recalcitrant to bioengineering techniques due to the lack
of efficiency of basic molecular microbiology methods. In Chapter 4, ribosome engineering
was used to generate M. maris mutants able to produce more abyssomicin C than the wild-type
strain. Here, a statistical design of experiments approach was followed to establish an
electroporation method for this strain and understand how the different factors involved in the
process of DNA electroporation affect the obtention of M. maris electrotransformants. For that,
two sets of 18 different electroporation experiments were carried out varying the values of the
factors determined to have a significant impact on performance and a specific electroporation
condition that yielded over 100 transformants per pg of DNA was found. This is a promising
starting point and future work could look at applying a similar approach to electroporate other
Micromonospora species. Finally, in an attempt to optimise a genome editing tool that allows
quick and reliable engineering in M. maris, some preliminary work on the application of
CRISPR-Cas9 systems for genome editing M. maris was also carried out by building a library

of CRISPR vectors based on the pCRISPomyces-2 system.

51 Introduction.
5.1.1 Biotechnological potential of the genus Micromonospora.
Micromonospora is a genus of bacteria of the phylum Actinobacteria that is comprised of 103

species validly described as of the time of writing this manuscript
(http://www.bacterio.net/micromonospora.html) (Parte, 2014) . They are Gram-positive, spore-

forming, aerobic to microaerophilic, chemoorganotrophic and form branched mycelium (Barka

et al., 2016). Despite not being a dominant genus within environmental microbiomes, they are

ubiquitously distributed in nature, inhabiting mainly terrestrial ecosystems but also marine and

fresh-water environments (Supong et al., 2013). More recently, they were also found associated

to higher organisms in actinorhizal nodules (Carro et al., 2013); living in deep association with

plants having evolved from a purely terrestrial to a facultative endophytic lifestyle (Barka et
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al., 2016), and associated to marine sponges (Contreras-Castro et al., 2019) and molluscs
(Manivasagan et al.,, 2014). It has been demonstrated on several occasions that
Micromonospora species can also inhabit extreme environments such as the Antarctic (Hirsch
et al., 2004), Mongolian deserts (Norovsuren et al., 2007), saline soils from arid territories

(Lubsanova et al., 2014) and hyper-arid Atacama Desert soils (Carro et al., 2019).

The genus Micromonospora is known for being the second most prolific source of antimicrobial
compounds after the genus Streptomyces (Barka et al., 2016; Carro et al., 2019). However, it
was not until the discovery of gentamicin, produced by M. echinospora, that the genus started
attracting the interest of natural products researchers (Weinstein et al., 1963; Ganguly, 1982).
Micromonospora species are producers of the aminoglycosides gentamicin (Weinstein et al.,
1963), sagamicin (Okachi et al., 1974), sisomicin (Weinstein et al., 1970) and verdamicin
(Weinstein et al., 1975); the oligosaccharide antibiotic everninomicin (Weinstein et al., 1964);
the ansamycin antibiotic halomicin (Weinstein et al., 1967) and the macrolide antibiotic and
antiviral megalomicin (Weinstein et al., 1969) and mycinamicin (Satoi et al., 1980). With
hundreds of antimicrobial compounds isolated from diverse Micromonospora species,
bioinformatic methods have demonstrated that the hidden potential is still greater (Tiwari &
Gupta, 2012; Carro et al., 2018). Indeed, several clinically relevant Micromonospora natural
products, such as ECO-04601, were uncovered through genome mining (Wilkinson &
Micklefield, 2007). In addition to antimicrobial agents, Micromonospora species synthesise
other secondary metabolites with antitumoral bioactivity such as calicheamicin (Love et al.,
1992), quinolidomicin (Yoichi et al., 1993), macquarimicin (Jackson et al., 1995),
pyrrolosporin A (Lam et al., 1996) and lupinacidin C (Igarashi et al., 2011) amongst others, the
antifungal spartanamicin (Pandey et al., 1992) and the anti-inflammatory compounds
diazepinomicin (Charan et al., 2004) and BU-4664L (lgarashi et al., 2005; Boumehira et al.,
2016).

The genus Micromonospora is not just of interest due to its potential as source of bioactive
compounds. During the last two decades, many studies have focused on understanding plant-
Micromonospora relationships, as strains from this genus have been isolated from roots of rice
(Tian et al., 2007) and wheat (Coombs & Franco, 2003) and from root nodules of the Australian
pine tree (Valdés et al., 2005), Coriaria myrtifolia (Trujillo et al., 2006), Lupinus angustifolius
(Trujillo et al., 2007) and Pisum sativum (Garcia et al., 2010; Hirsch & Valdés, 2010; Carro et
al., 2016). More specifically, Micromonospora species have been studied for their ability to

influence plant growth and development. It has been demonstrated that some Micromonospora
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strains act as Rhizobia Helper Bacteria (RHB) promoting symbiosis between Discaria
trinervis-Frankia (Solans, 2007) and Medicago sativa-Sinorhizobium meliloti (Solans et al.,
2009) and significantly they were shown to increase the nodulation of alfalfa by Rhizobium
species improving nutrition efficiency (Martinez-Hidalgo et al., 2014). Moreover, it has been
demonstrated that the rhizosphere isolate Micromonospora endolithica promotes the growth of
bean (Phaseolus vulgaris L.) (El-Tarabily et al., 2008) and the endophytic Micromonospora
chalcea can directly enhance plant growth, photosynthetic pigment production and seed yield

in the halophilic crop Salicornia bigelovii (EI-Tarabily et al., 2019).

Finally, another relevant application of Micromonospora strains includes their use as biocontrol
agents. It has been demonstrated that Micromonospora can counteract different plant pathogens
both in vitro and in planta through essential genes in the systemic acquired resistance or
jasmonate/ethylene pathways (Hirsch & Valdés, 2010). Micromonospora strains have been
reported to reduce root rot disease in Banksia grandis L. (El-Tarabily et al., 1996), protect
carrots from Pythium coloratum (El-Tarabily et al., 1997), Arabidopsis thaliana from the
bacterial pathogen Erwinia carotovora (Conn et al., 2008), cucumber from Pythium
aphanidermatum (El-Tarabily et al., 2009), mango from Lasiodiplodia theobromae (Kamil et

al., 2018) and tomato plants from Botrytis cinerea (Martinez-Hidalgo et al., 2015).

Other potential biotechnological applications of Micromonospora species involve their ability
to produce plant biomass degrading enzymes for biofuel production (Hirsch & Valdeés, 2010;

Trujillo et al., 2014) and their potential use as probiotics in aquacultures (Das et al., 2008).

5.1.2 Engineering Micromonospora species: state of the art.

Micromonospora species are well-known for their natural ability synthesising a wide range of
natural products, influencing plant growth and plant-microorganism interactions and acting as
biocontrol agents among others. In order to fully exploit this potential, the domestication of
strains and the standardisation of genetic engineering techniques play a key role. To date, there
have been a considerable number of genetic studies on Micromonospora species, however,
there is a lack of efficient tools and techniques for their genetic manipulation (Barka et al.,
2016).

During the 1980s and beginning of the 1990s, several studies focused on isolating plasmids

from Micromonospora species in order to develop vectors to exploit the potential of the strains
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within this genus. Plasmids isolated from Micromonospora species include pIM1 isolated from
M. inyoensis (Parag & Goedeke, 1984), pMZ1 from M. zionensis (Oshida et al., 1986), pMR1
and pMR2 from M. rosaria (Oshida et al., 1986; Vukov & Vasiljevic, 1998), pMH101 isolated
from M. halophytica, pMZ101 and pMZ201 from M. zionensis NRRL 5466, pMO101, pMO201
and pMO301 from M. olivasterospora (Hasegawa et al., 1991), p11725a from M. griseorubida
(Takada et al., 1994) and pJTU112 from Micromonospora sp. strain 40027 (Li et al., 2003).
The first vectors specifically designed for cloning in Micromonospora were constructed from
pMO101 and pMO201 and yielded pMO217, pMO133, pMO116, pMO126 and pMO136
(Hasegawa et al., 1991). Also the vectors pTM1009, pTM1008 and pTM2001 and the M.
griseorubida-E. coli shuttle cosmid pTYS507 were developed from p11725a (Inouye et al.,
1994; Takada et al., 1994). The low-copy-number conjugative plasmid pJTU112 was also used
to develop the cloning vectors pHZ199 and p0J260 (Li et al., 2003). Unfortunately, the
characterisation of these vectors was limited to approximate estimations of the copy numbers
and basic restriction enzyme maps. The first Micromonospora vector ever sequenced was
pSPRX740 derived from the M. rosaria pMR2 plasmid and contained a codon optimised
integrase that allowed direct site-specific integration into the chromosome of M. halophytica
(Hosted et al., 2005).

Meanwhile, members of the genus Micromonospora were successfully transformed, although
with low efficiency, by protoplast transformation and conjugation using different vectors
originally designed for other bacteria. The broad-host range Streptomyces plasmid plJ702 was
transformed into M. rosaria, M. echinospora, M. melanospora and M. purpurea (Matsushima
& Baltz, 1988; Kelemen et al., 1989; Kojic et al., 1991; Love et al., 1992), the Streptomyces
cosmid vector pGM446 and the E. coli plasmid pTO1, possessing the int gene and attP site
from Streptomyces phage phiC31 were introduced in M. aurantica (Voeykova et al., 1998; Rose
& Steinbuchel, 2002) and the E. coli plasmid pSET152 was for the first time used for
heterologous gene cloning and expression in Micromonospora sp. strain 40027 (Li et al., 2003).
Only the Micromonospora-based plasmid pMO116 was used to study fortimicin A biosynthesis
in M. olivasterospora (Dairi et al.,, 1992). To date, just one study has reported the

electroporation of a Micromonospora species (Li et al., 2007).

During the last decade, many genetic studies have been carried out in Micromonospora species,
mainly to characterise and enhance the production of antibacterial secondary metabolites. These
studies include the description of the tetrocarcin A BGC from M. chalcea (Fang et al., 2008),

engineering rosamicin biosynthesis in M. rosaria IFO13697 introducing D-mycinose
164



biosynthetic genes from M. griseorubida A11725 to produce mycinosyl rosamicin derivatives
(Anzai et al., 2009; lizaka et al., 2014), increasing the production of the aminoglycoside
antibiotic G418 in M. echinospora engineering the gentamycin BGC (Ni et al., 2014), the
assembly of a novel biosynthetic pathway for gentamicin B production in Micromonospora
echinospora by combining twelve steps of gentamicin biosynthesis and two steps of kanamycin
biosynthesis (Ni et al., 2016) and overproduction of gentamicin B in the industrial strain
Micromonospora echinospora CCTCC M 2018898 by cloning of missing genes (Chang et al.,
2019). Despite the efforts put before into developing vectors and genetic modification methods
specific for Micromonospora species, all these studies were carried out using E. coli-

Streptomyces shuttle vectors and general Streptomyces conjugation protocols.

5.1.3 Design of Experiments.

Design of Experiments (DOE), is a systematic approach to understand how processes and the
parameters within those processes affect an output or response variable (Wagner, J. R., Mount,
E. M., & Giles, 2014). DOE is a mathematical tool that uses a statistical methodology to
understand how different variables interact between each other in order to optimise the system’s
performance with the minimum amount of experimentation. Thus, it is used to differentiate
significant factors from less important factors, to estimate the magnitude of the significant
factors and to identify and estimate the magnitude of significant factor interactions. The
foundations of statistical DOE were laid by Sir Ronald Fisher and Frank Yates during the first
half of the 20™" century (Stanley, 1966). Since then, DOE has been popularly applied in protein
crystallography (Carter et al., 1988), proteomics (Riter et al., 2005), drug discovery (Tye,
2004), bioremediation (Landaburu-Aguirre et al., 2009) and the development of functional

materials (Bader et al., 2019; Ryan et al., 2019) among others.

DOE works as follows. First, the researcher studies the experimental system to identify all the
factors involved in the experiment. For that, a preliminary model is established with free fitting
parameters that are selected to be sufficiently general and flexible and one or several objectives
are established. Then, there are several types of screening designs, such as Factorial, Fractional
Factorial, Plackett-Burman and Definitive Screening Designs (DSDs), that can be applied
depending on time and resources availability and the number of factors under consideration.
During the first experimental stages, when the number of factors is large and time and resources
scarce, DSDs are generally applied, as they offer several advantages over standard screening
designs. DSDs have three levels, provide estimates of main effects that are unbiased by any
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second-order effect, detect nonlinearity and identify the responsible factors of nonlinear effects
while avoiding confounding any terms up to second order (Errore et al., 2017). In addition to
that, for designs with over five factors, the full quadratic model in any three factors can be
efficiently estimated (Jones & Nachtsheim, 2011, 2017). Overall, it generates a greater
understanding of the system under investigation in less time when compared to its counterparts.
Furthermore, it characterises curvature and main effects independent of two factor interactions
and requires only one more than twice as many runs as there are factors (Jones & Nachtsheim,
2016).

In order to fully exploit the biotechnological potential of a microorganism, the development of
an efficient method to transfer DNA into the target strain is one of the first bottlenecks
researchers generally face when developing a new genetic system (Zhang et al., 2015). DOE
has been used to adapt this kind of methods for specifically challenging bacteria. Previous
efforts focused, for example, in optimising the electrotransformation of Streptococcus
thermophilus, where eight quantitative factors including electrical, physiological and chemical
parameters were studied by fractional factorial designs to identify the effects of individual
parameters and the interactions between them (Marciset & Mollet, 1994). That same design
was applied later to electroporate various strains of Streptococcus salivarius and the final
method resulted to be applicable to other Gram-positive bacteria including Streptococcus
sanguis, Streptococcus vestibularis, Streptococcus mutans and Lactococcus lactis (Buckley et
al., 1999). More recently, and whilst the one factor at a time approach was still being used to
set up electroporation protocols for some genus such as Arthtobacter (Zhang et al., 2011b),
response surface methodology (RSM), a type of multifactorial experimental design, was used
to study the effects of seven factors (growth media, growth phase, electric field, concentration
of weakening agent, electroporation buffer, plasmid quantity and heat treatment) on the
electroporation efficiency of the iturin A-producing B. subtilis ZK (Zhang et al., 2015). A
similar approach was followed to evaluate the effects of five variables (growth phase, voltage,
resistance, plasmid DNA concentration, and the concentration of magnesium) on the
transformation efficiency of Acinetobacter baumannii (Yildirim et al., 2016). In this case,
researchers used a three-level fractional factorial design to screen these factors in nine runs that
allowed them to identify that growth phase, voltage, and resistance significantly contributed to

the transformation efficiency (Yildirim et al., 2016).
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5.1.4 CRISPR systems for Actinobacteria.

Genetic engineering of Actinobacteria, and more specifically of genera recognised for their
ability to produce natural products, has proved to be a highly valuable approach for the
discovery of new bioactive molecules. During decades, genome editing these genera has relied
in the use of RecA-mediated single- or double-crossover homologous recombination or A-Red-
mediated homologous recombination (Kieser et al., 2000). However, the recent development
of several different clustered regularly interspaced short palindromic repeats
(CRISPR)/CRISPR-associated (Cas) systems for such organisms has provoked a shift in use
towards these new methods that enable rapid, easy and often multiplexed genome editing (Tao
etal., 2018).

To date, four different CRISPR/Cas9-based toolkits for in vivo editing of Actinobacteria from
the genus Streptomyces have been developed (Table 5.1). The first one, pCRISPomyces,
consists of two plasmids pCRISPomyces-1 and pCRISPomyces-2 that differ only in the fact
that the second one includes a SgRNA cassette in which the tracrRNA and the crRNA are fused
to give a chimeric molecule (Cobb et al., 2015). This second plasmid, pCRISPomyces-2, has
proved to be the most useful one in terms of applicability for genome editing species of the
genera Streptomyces, Actinoplanes, Synechococcus and Paenibacillus (Alberti & Corre, 2019).
A second system, pKCcas9dO, characterised for the inducible expression of Cas9 and a cas9
gene codon optimised for the codon usage of S. coelicolor, was designed to edit the model
organism S. coelicolor, for which the pCRISPomyces system did not work (Huang et al., 2015).
The third system developed, consisted of the plasmids pCRISPR-Cas9 and pCRISPR-dCas?9.
Similarly to pKCcas9dO, pCRISPR-Cas9 and pCRISPR-dCas9 display an inducible promoter
for Cas9 expression and the cas9 gene codon optimised for S. coelicolor, but the promoter for
the sgRNA expression is ermE*p instead (Tong et al., 2015). This system was successfully
applied in Streptomyces, Corynebacterium and Micromonospora strains (Alberti & Corre,
2019). The last system reported, pWHU2653, featured the Streptomyces constitutive ermg*p
promoter upstream a codon optimised cas9 and the constitutive aac(3)IVp promoter to control
the expression of the sgRNA. In addition to that, this system included a cytosine deaminase
gene codA(sm) as counter-selectable marker to accelerate the screening process (Zeng et al.,
2015). Of these four systems, only the first two can be used for multiplex genome editing (Table
5.1).
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Despite the success of some of these systems, there are critical species-specific issues related
to the use of CRISPR/Cas9 systems. Several studies have reported, among others, limitations
related to the inherent toxicity associated with the expression of Cas9, the lack of alternative
selectable markers and the risk of off-target effects (Cobb et al., 2015; Alberti & Corre, 2019).
In order to solve some of these constrains, an additional CRISPR/Cas system for Streptomyces
was developed more recently, CRISPR-Cpfl (Li et al., 2018). In this new system, Cpf1, also
known as Cas12a, is the endonuclease responsible for the targeted double-strand break (DSB).
Unlike Cas9, it recognises T-rich PAM sequences and it is guided by a single CRISPR RNA
(crRNA) without trans-activating crRNA (tracrRNA), making it easier to perform multiplex
editing. Moreover, this system can also be used for multiplex gene repression through CRISPRI
(Li etal., 2018).
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Table 5.1. Main features of the CRISPR-Cas9 editing systems for Actinobacteria. Modified from (Alberti & Corre, 2019).

pCRISPomyces-1 pCRISPomyces-2 pKCcas9dO11 pCRISPR-Cas9 pCRISPR-dCas9 pWHU2653
?ni:ﬁ(c:ron Apramycin Apramycin Apramycin Apramycin Apramycin Apramycin
Cas9 - - . . . . . . Constitutive:
promoter Constitutive: rpsLp Constitutive: rpsLp Inducible: tipAp Inducible: tipAp Inducible: tipAp aac(3)IVp
Constitutive:
Guide RNA gapdhp for crRNA Constitutive: gapdhp Constitutive: j23199p fo  Constitutive: ermE*p  Constitutive: ermE*p  Constitutive:
promoter and rpsLp for for sgRNA r sgRNA for sgRNA for sgRNA ermE*p for sgRNA
tracrRNA
Plasmid Temperature-sensitive ~ Temperature-sensitive  Temperature-sensitive Temperature-sensitive  Temperature-sensitive  CodA counter-
clearance rep origin from pSG5  rep origin from pSG5  rep origin from pSG5 rep origin from pSG5  rep origin from pSG5  selectable marker
S. lividans (100%), S.
viridochromogenes (67
—100%), S. albus (67—
100%), S. formicae,
S. rimosus,
. S. showdoensis, S. coelicolor A3(2)
Spgues on S. roseosporus, _ (~100%)
which the S. venezuelae, S. coelicolor M145 (29— o
plasmid livid 20259 Actinoplanes sp. 100%), Cloryne_bactenum licol 5 S. coelicolor
was tested O Vidans (20-25%) - gpg0.110 S pristinaespiralis (9405  9lutamicum, S. coelicolor A3(2)  \1145 (93-099%)
(% S. elongatus, ), S. cinnamonensis iﬂtreptomyces SD-85,
- icromonospora
efficiency) P. polymyxaa, chersina
S. coelicolor M1152
(tested but not
successful),
Streptomyces sp. KY
40-1 (tested but not
successful)
rAe?_dge”e 61736 61737 62552 — — —
Study (Cobb et al., 2015) (Cobb et al., 2015) (Huang et al., 2015) (Tong et al., 2015) (Tong et al., 2015) (Zeng et al., 2015)
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Although all these systems were developed specifically for Streptomyces, some of them have
been used to edit Actinobacteria from other genera, including Micromonospora. More
specifically, pCRISPR-Cas9 system was used to delete genR and genS genes involved in the
production of gentamicin B by the industrial strain Micromonospora echinospora CCTCC M
2018898 (Chang et al., 2019). Additionally, a chromogenic screening-based CRISPR/Cas9
system was developed and applied in the abyssomicin producer Verrucosispora sp. MS100137,
a strain of the family Micromonosporaceae yet to be reclassified as a Micromonospora species,
since previous work proposed that the whole genus demands to be reclassified (Nouioui et al.,
2018; Wang et al., 2020). This system, based on pWHU2653 (Zeng et al., 2015), was
specifically designed to address the time- and labour- intensive process of clone screening and
plasmid curing as it features two chromogenic reporter systems (GusA and 1dgS). The new
vectors, pQS-gusA and pQS-idgsS, include the Streptomyces codon-optimised scas9 under the
control of the thiostrepton inducible tipA promoter, the SRNA under the control of the ermE*p
promoter, the plJ101 origin of replication and different chromogenic genes in each plasmid.
Using this system, a 100% efficiency was achieved when editing the S. coelicolor M145
actinorhodin BGC, and V. sp. MS100137 carotene and abyssomicin BGCs (Wang et al., 2020).

In this chapter, the application of statistical DOE for the development of an electroporation
method that would facilitate the introduction of foreign DNA into M. maris is presented. In
addition, a library of pCRISPomyces-2 vectors featuring promoters with different strengths for
the expression of Cas9 was built in attempt to start optimising a genome editing tool for targeted

genome editing in M. maris.
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5.2 Materials and methods.

5.2.1 DOE for electrotransformation of Micromonospora.

DOE was used to tackle the transfer of DNA via electroporation into Micromonospora maris
AB-18-032. The target goals were set as to, first, transfer any external DNA into M. maris, and
then, maximise transformation efficiency. The main factors involved in the process were
identified, although finally only those with a priori more impact on the system’s performance
were selected for the analysis and were accordingly categorised as numerical or categorical.
Two or three factor levels were considered for each factor. Recipient cells - days old were
initially categorised as categorical, as this would depend on the culture media (liquid or solid).
This factor was numerically transformed as follows: when recipient cells were cultured in liquid
media, young equalled 24 hours and old, 120 hours after inoculation. Due to the natural
complexity of the electroporation method, some parameters were initially disregarded (Table
5.2). Recipient cells were only cultured in liquid media as growth is faster, the culture media
used was tryptic soy broth (TSB) because again growth is faster and the media does not contain
flours that could difficult the washing process, the number of recipient cells was maintained
constant at ~ 10’ CFU/ml, a unique combination of wash and electroporation buffers was used
(Pigac & Schrempf, 1995), TSB was used as resuspension media, incubation time was set as 3
hours at 30 °C and 200 rpm and, finally, plating was done in TSA containing 20 pg/ml of
apramycin (Table 5.2).

Table 5.2. Factors left outside the initial DOE design. Categorisation (N = numerical, C =
categorical) and constant value established for each.

Factor N/C Value
Recipient cells - liquid culture or plate C Liquid
Recipient cells - origin media C TSB
Recipient cells — amount (CFU/ml) N 107
Wash/electroporation buffers C (Pigac %S;;] rempf,
Resuspension media C TSB
Incubation — time (h) N 3
Incubation — speed (rpm) N 200
Incubation — temperature (°C) N 30
Plating - media C TSA
Antibiotics - time after plating (h) N 0
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The factors considered to play a key role in the electroporation process were used to design a
DSD using JMP Pro 13.0 (JMP®, Version Pro 13.0. SAS Institute Inc., Cary, NC, 1989-2019).
These factors comprised: the maturity of the cells (days old), a pre-treatment with lysozyme,

the concentration of DNA and the field strength, capacitance and resistance used (Table 5.3).

Table 5.3. Factors for experimentation, categorisation (N = numerical, C = categorical) and
levels.

Low . High
Factor N/C Level Centre point Level
Recipient cells — maturity (days old) N 1 - 5

No pre-

Pre-treatment C Lysozyme treatment
(Pnugge conditions - DNA concentration N 0.05 950 500
Pulse conditions — field strength (kV/cm) N 2.00 8.00 15.00
Pulse conditions - capacitance (uF) N 10 25 50
Pulse conditions — resistance (Q) N 100 300 600

For phase | of the DOE applied to M. maris electroporation, the DSD vyielded 18 different
experiments (Table 5.4), for which the fraction of design space plot showed that the minimum
relative prediction variance was slightly over 0.15 and the maximum was around 0.55 (Figure
S5.1). The colour map on correlations showed small correlations between distinct terms with
very few exceptions. The mean absolute value of the correlation between two effects was near
0.2 (Figure S5.2).
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Table 5.4. Experiments comprising the phase | of M. maris electroporation.

Experiment Age of Pre- DNA . Field Capacitance  Resistance
id number cells treatment Concentration  Strength (uF) Q)
(days) (ng) (kV)
1 5 No 500 2 10 300
2 5 No 0.05 2 50 100
3 1 Yes 0.05 2 50 600
4 5 No 500 15 10 100
5 5 Yes 0.05 8 10 100
6 1 No 0.05 15 25 100
7 1 Yes 0.05 15 50 300
8 5 Yes 500 2 25 600
9 5 Yes 0.05 15 10 600
10 5 Yes 500 15 50 100
11 1 No 0.05 2 10 600
12 1 Yes 250 2 10 100
13 1 Yes 500 15 10 600
14 5 No 250 15 50 600
15 5 No 250 8 25 300
16 1 No 500 8 50 600
17 1 Yes 250 8 25 300
18 1 No 500 2 50 100

Prior to starting all the electroporations, in order to determine the MIC of apramycin and
thiostrepton for M. maris AB-18-032, ~108 spores of M. maris AB-18-032 were plated in TSA
plates containing increasing concentrations of apramycin (0.125-1 mg per plate) or thiostrepton

(0.5-1.5 mg per plate). Plates were incubated for 15 days at 30 °C.

Electroporation was carried out as follows: M. maris was grown in 50 ml TSB in a 250 ml
baffled flask at 30 °C and 200 rpm for 24 or 120 hours. After that, cells were harvested by
centrifugation at 4 °C and 4,500 rpm for 5 minutes. Cells were resuspended in 50 ml ice-cold
10% sucrose and centrifuged at 4,500 rpm for 5 minutes. Cells were then resuspended in 50 ml
of 15% ice-cold glycerol and centrifuged at 4,500 rpm for 5 minutes. The pellet was
resuspended in 10 ml ice-cold 15% glycerol, from which 5 ml were transferred into a tube
containing 100 pg/ml lysozyme and incubated at 37 °C and 60 rpm for 30 minutes. The
remaining 5 ml of cells were centrifuged at 4,500 rpm for 5 minutes and washed twice with 5
ml ice-cold 15% glycerol. The pellet was resuspended in 1 ml of 30% PEG 1500, 10% glycerol
and 6.5% sucrose. For each electroporation, 50 ul of cells were mixed with 1 pl of the plasmid
pSET152 at the corresponding concentration for each experiment (Table 5.4). The suspension
was transferred into an ice-cold 1 mm-gapped electrocuvette and subjected to the corresponding
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pulse (Table 5.4). Cells were immediately diluted 10-fold with TSB and incubated at 30 °C for
3 hours. After that, cells were centrifuged for 5 minutes at 10,000 rpm and the pellet was plated
onto pre-warmed TSA plates containing 20 pug/ml apramycin. Plates were incubated at 30 °C
for 10 days. A negative control was carried out with 1 pl of sterile water instead of DNA and
serial dilutions of the competent cells were plated to calculate the CFU/ml used for the
electroporation. After 10 days, individual colonies were resuspended into 20 ul of sterile water
and plated into a new TSA plate with apramycin. After a week, a genomic DNA extraction was
carried for each electrotransformant grown and pSET152 presence was verified as described
later. All phase | electroporation experiments were carried out in triplicate. Moreover, all phase
| electroporation was carried out twice; for the first round of electroporation, pSET152 had been
purified from E. coli DH5a. The second time, namely phase | bis, the experiments were
performed using pSET152 purified from the Dam and Dcm deficient E. coli JIM110.

A second phase of DOE was carried out in order to maximise transformation efficiency.
Accordingly, a second DSD was designed to specifically account for the effect of the field
strength, capacitance and resistance (Table 5.5). Electroporation was carried out as described
above after M. maris was cultured for 5 days, without lysozyme treatment prior to the
electroporation and using 250 ng of pSET152 purified from the Dam and Dcm deficient E. coli
JM110.
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Table 5.5. Experiments comprising the phase 11 of M. maris electroporation.

Expneur:nrréeer;t . Fleld(E\t;;ength ReS(Iz;z;nce Capacitance (uF)
1 2.5 1000 25
2 15 800 o5
3 15 1000 25
4 25 600 50
5 25 800 50
6 25 600 50
7 2.0 600 o5
8 25 1000 50
9 15 600 50
10 25 1000 25
11 15 1000 25
12 2.0 800 50
13 1.5 600 50
14 15 600 o5
15 2.0 1000 50
16 2.0 800 o5
17 15 1000 50
18 25 600 25

5.2.2 Verification of electrotransformants.

The presence of pSET152 in M. maris electrotransformants was checked by PCR using the
primers apraF and apraR (Table S5.1). Insertion of pSET152 into M. maris genome was
checked by inverse PCR as follows. First, the genome was in silico digested to identify the

enzymes with higher cutting frequency using http://insilico.ehu.es/ with the following

configuration: endonucleases yielding fragments within a range 0 — 15,000, minimum
recognition size for restriction enzymes was set as 4 and for type of restriction enzymes, the
option only restriction enzymes with known bases (no N,R,Y...) was selected (Table S5.2)
(accessed January 2020) (Bikandi et al., 2004). Nrul restriction enzyme, yielding 1,803
fragments of genomic DNA of an average size of 3,701 bp was selected. Genomic DNA of M.
maris wild-type and electrotranformants was extracted (GenElute Bacterial Genomic DNA Kit;
Sigma-Aldrich) and 1 ug was further digested with Nrul for 2 hours at 37 °C and subjected to
PCR clean-up. All the resulting DNA was ligated at 16 °C for 2 hours and finally, inverse PCR
was performed using 50 ng of ligation product as template. Primers intpsetF and intpsetR (Table
S5.1), and Q5 polymerase with 8 minutes of elongation time for 30 cycles were used. The PCR
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product was visualised by gel electrophoresis to check the number of insertions in the genome

and Sanger sequenced to identify the insertion location.

5.2.3 CRISPR-based genome editing in Micromonospora.

pCRISPomyces-2 was used as backbone to construct a library of CRISPR vectors. In order to
investigate the influence and possible toxic effects of Cas9 expression in Micromonospora
maris, eleven constitutive and inducible promoters with different strengths (Figure 5.1A and
Table S5.3) were selected and cloned into pCRISPomyces-2 by PCR with Q5 Hot Start High
Fidelity polymerase (NEB), followed by KLD treatment (NEB) (Figure 5.1B). All primers used
are listed in Table S5.1. In all vectors, a SgRNA designed to target the promoter region of the
main activator of the M. maris abyssomicin BGC, Abyl, was cloned via Golden Gate as
described before (Cobb et al., 2015). A 4 kb repair template containing the strong constitutive
Streptomyces promoter kasOp* with 2 kb homologous arms upstream and downstream abylp
was also cloned in all vectors to introduce kasOp* promoter upstream the natural promoter of
abyl (Figure 5.1B). All the vectors were fully sequenced before proceeding. A pCRISPomyces-
2 based reporter vector was also built by replacing the saCas9 by superfolder GFP (sGFP). For
that, pCRISPomyces-2 backbone and sGFP were amplified by PCR with primers containing
Hindlll restriction sites to be ligated by restriction-ligation.
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Figure 5.1. A) Promoters used for the expression of Cas9 and orientative strength in comparison to the strength of the ermEp* promoter. B) Schematic
representation of the construction of the promoter library to introduce kasOp* upstream abyl in M. maris. HA stands for homology arm.

177



Vectors were transformed into chemically competent E. coli DHS5a cells and miniprepped to
send for sequencing and then transform chemically competent E. coli ET12567/pUZ8002 and
E. coli JIM110 cells. Both chemical competent cells were prepared as follows: a colony was
inoculated into LB broth (with 50 pg/ml kanamycin and 25 pg/ml chloramphenicol for E. coli
ET12567) and cultured overnight at 37 °C, the following day, 100 ml of LB broth (with 50
pg/ml kanamycin and 25 pg/ml chloramphenicol for E. coli ET12567) were inoculated with 1
ml of the overnight culture, cultured until ODeqo reached 0.2-0.3, cooled in ice for 15 minutes,
centrifuged at 1,000 x g for 5 minutes, washed once with 20 ml of ice cold 75 mM MgCl.,
washed once with 20 ml of ice cold 75 mM CaCly, resuspended in 1 ml of ice cold 75 mM
CaCl> with 15% glycerol, aliquoted, frozen with liquid nitrogen and finally stored at -80 °C.
Cells were transformed as follows: competent cells were thawed in ice for a minute, 100 pg of
DNA was added in the tube, incubated in ice for 30 minutes, heat shocked for 30 seconds at 42
°C, incubated in ice for 5 minutes, resuspended in 1 ml LB broth, incubated at 37 °C for an
hour, concentrated by centrifugation at 9,000 rpm for 2 minutes and spread in LB agar plates
containing the appropriate antibiotics. M. maris transformations with all the CRISPR plasmids

by electroporation and by conjugation could not be carried out.

In parallel, an attempt to test a second CRISPR editing system was made, this time using the
chromogenic reporter based pQ-idgS vector (Wang et al., 2020). The kasOp* knock-in plasmid
pQ-idgS-KasOp* was built as follows. The sgRNA scaffold was introduced using two primers
containing the Ncol-Xbal terminal cohesive ends 5’-CATGG-N(20)-GTTTTAGAG-3’ and 5°-
CTAGCTCTAAAAC-N(20)-C-3’ that were annealed and ligated into a Ncol-Xbal digested
pQ-idgS backbone. The repair template containing kasOp* was PCR amplified using the
primers pQrtkasF and pQrtkasR from pCRISPOmyces-2 and introduced into pQ-idgS by
Gibson assembly in the Stul site. The plasmid was sequence verified before transforming E.
coli ET12567/pUZ8002 and E. coli JIM110 cells, however, M. maris transformations were not

carried out.



5.3 Results.

5.3.1 DOE for electrotransformation of Micromonospora.

In order to set up an electroporation protocol for M. maris, DOE was used to analyse how the
different factors involved in the electroporation of DNA had an impact on the overall efficiency
of the method. Those factors considered to play a key role in the electroporation process (cell
maturity, lysozyme pre-treatment, DNA concentration and field strength, capacitance and
resistance) were used to design a DSD. Prior to electroporation experiments, MIC curves of
apramycin and thiostrepton for M. maris were also carried out to determine the optimal

concentration of each antibiotic to be used during electroporation (Figure S5.3 and Figure S5.4).

During phase | of DOE applied to M. maris electroporation, the DSD yielded 18 different
experiments (Table 5.4). From these electroporation experiments only four transformants per
pg of DNA were obtained in experiment 16 (Figure 5.2). The time constant for each experiment
was recorded (Figure S5.5) After that, all the experiments were repeated a second time using
pSET152 purified from the Dam and Dcm deficient E. coli JM110. In this case, during phase |
bis, four, eight and fourteen transformants per pg of DNA were obtained for experiments 4, 15
and 16, respectively and 104 transformants per pg of DNA were obtained from experiment 14
(Figure 5.2). The presence of pSET152 was confirmed in 15/15 randomly selected
electrotransformants (Figure S5.7) and then insertion in the attB site present in M. maris

chromosome was verified (Figure S5.8).
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Figure 5.2. Transformants obtained per pug of DNA for each of the experiments carried out as
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part of the phase | and phase | bis.

Interestingly, the results obtained from phase | bis suggested that older cells, the absence of
lysozyme pre-treatment and increasing field strength, capacitance and resistance had a positive
effect on the recovery of M. maris electrotransformants (Figure 5.3). Increasing DNA

concentration, although less notably, also had a positive impact on electrotransformant

numbers.
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Figure 5.3. Main effects plot after phase | of M. maris electroporations.
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Although more data would be needed in order to infer possible interactions between factors, a

priori, using the data gathered from phase 1 bis electroporation, it seems likely that there were

no interactions between the six factors analysed (Figure 5.4).
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Since higher values of field strength, capacitance and resistance seemed to positively affect the

recovery of electrotransformants, a second DSD was designed to specifically investigate the

effect of the field strength, capacitance and resistance using the highest values possible for each

factor (Table 5.5). When these experiments were carried out, 77.7% of the pulses arced, causing

an important variability in the time constant values (Figure S5.9). The number of

electrotransformants obtained did not improve on the results of phase | bis as only four

transformants per pg of DNA were obtained from experiments 1, 13, 14 and 17 (Figure S5.10).

These results were not sufficient to estimate the effects and interactions of the factors.
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5.3.2 CRISPR-based genome editing in Micromonospora.

In order to investigate whether the use of CRISPR-Cas9 technologies could be a suitable
approach to genome engineer M. maris, a library of CRISPR vectors was built. These were
based on the pCRISPomyces-2 system developed previously for Streptomyces (Cobb et al.,
2015). First, conjugations in M. maris were carried out using the empty pCRISPomyces-2 (no
SsgRNA, no repair template), however, exconjugants were never obtained. Thus, with the aim
of investigating the influence and possible toxic effects of Cas9 expression, eleven constitutive
and inducible promoters with different strengths (Figure 5.1A and Table S5.3) were cloned into
pCRISPomyces-2 replacing the native strong constitutive promoter rpsLp(XC). In all these
vectors, a SgRNA targeting the promoter region of the main activator of M. maris abyssomicin
BGC, Abyl, was cloned, as well as a 4 kb repair template containing the strong constitutive
Streptomyces promoter kasOp*. As a control to test if the pCRISPomyces-2 backbone was
suitable for M. maris, a reporter vector was also built by replacing the saCas9 by sGFP. Vectors
were transformed into E. coli DHS5a, E. coli ET12567/pUZ8002 and E. coli JM110 cells,
however, M. maris electroporations and conjugations were not carried out. In parallel,
experiments to evaluate the chromogenic reporter based CRISPR editing system pQ-idgS were
also initiated (Wang et al., 2020). For that, a kasOp* knock-in plasmid pQ-idgS-KasOp* was
built to carry out the same edit as with pCRISPomyces-2, however, similarly, M. maris

transformations were not carried out.
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54 Discussion.

5.4.1 Genetic manipulation of M. maris.

DOE is a statistical approach to improve experimental efficiency and reliability. It is an
iterative, empirical approach that systematically identifies and investigates the interactions
between components within a system. The sets of experiments proposed through DOE are
designed to uncover unexpected relationships between input variables (factors) and output
variables (responses). In the present work, statistical DOE was used to study the effect of
various factors involved in the electroporation of DNA into Micromonospora maris AB-18-
032. This strain has previously shown its potential as producer of abyssomicins and proximicins
(Roh et al., 2011), however, its slow growth under laboratory conditions and the lack of tools
to engineer it have prevented scientists from exploiting its full potential. Currently, the only
reported method for introducing foreign DNA into M. maris is through conjugation via E. coli
ET12567 as donor strain (Gottardi et al., 2011; Wang et al., 2020), however, this process is

time consuming and the efficiency is low.

The aim of this work was to investigate whether it would be possible to establish an
electroporation protocol for M. maris, using DOE to analyse the impact of each of the different
factors involved in the process. Based on the results reported by previous researchers who
studied the electroporation process at the detail, some of the factors that are critical include field
strength, capacitance and resistance, as well as cell maturity, the use of a pre-treatment and the
concentration of DNA (Rittich & Spanovéa, 1996; Prasanna & Panda, 1997; Zhang et al.,
2011b). More recent work provided evidence on how the osmolytes used to stabilise weakened
cells and the recovery time post-electroporation also contribute to higher transformation
efficiencies (Bhattacharjee & Sorg, 2020; Sherba et al., 2020). Here, the following six factors
were selected to design the first DSD experiments: cell maturity, lysozyme pre-treatment, DNA
concentration, field strength, capacitance and resistance. This yielded 18 different experiments
(Table 5.4) that were carried out twice, the first time using DNA purified from E. coli DH5a
and the second time using DNA purified from the Dam and Dcm deficient E. coli JIM110
(Figure 5.2). The differences in the transformants/pg of DNA observed between these two
rounds of experiments suggest that M. maris could, as many Streptomyces, possess a methyl-
specific restriction system (Flett et al., 2006). Moreover, the results obtained from phase | bis
also suggested that older cells, the absence of lysozyme pre-treatment and increasing field

strength, capacitance and resistance could have a positive effect on the obtention of M. maris
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electrotransformants (Figure 5.3). It has been reported before that high-voltages facilitate DNA
transfer as well as field strength and pulse duration (Prasanna & Panda, 1997). For that reason,
a second DSD in which high values of field strength, capacitance and resistance were the only
factors to study was designed (Table 5.5). Nonetheless, none of the experiments derived from
this DSD improved the results obtained during phase | bis (Figure S5.10). On a positive note,
from the electrotransformants checked from phases I, I bis and 11, a 100% had been transformed
and in all of them pSET152 had been inserted in the attB site present in M. maris chromosome

(Figure S5.7 and Figure S5.8), indicating the absence of false positives.

Overall, it is clear from the literature that the electroporation conditions are species specific, at
least for bacteria, and that these vary depending on the composition and thus rigidity of the cell
wall (Kieser et al., 2000; Zeaiter et al., 2018). Statistical DOE proved to be useful in the past
to establish electroporation methods for species such as S. thermophilus (Marciset & Mollet,
1994), Staphylococcus carnosus (Lofblom et al., 2007), Arthrobacter species (Zhang et al.,
2011b), Bacillus amyloliquefaciens (Zhang et al., 2011a) and A. baumannii (Yildirim et al.,
2016). In this chapter, promising preliminary results suggest that the optimal electroporation
conditions for M. maris AB-18-032 would be using 5 days old liquid cultures, without any pre-
treatment, using 250 ng of DNA and a pulse of 15 kV, 50 uF and 600 Q. Future work could
look at trying to increase the electroporation efficiency for example by designing a new DSD
with the factors initially disregarded. Moreover, the new protocol would need to be tested with
other vectors larger in size. For the matter of this dissertation, M. maris AB-18-032 could have
been electrotransformed with the abyssomicin BGC containing phage artificial chromosome
PESAC13_aby (139 kb), for example, as it contains the same attP site of pSET152 and would
have inserted a second copy of the aby BGC in M. maris genome. Moreover, it would be
interesting to test this electroporation protocol in other Micromonospora such as M. chalcea,
M. echinospora or M. rosaria and, in case of it not been applicable for these species, the first
DSD experiments presented here could be tested, as it was initially designed to be sufficiently

general.

Finally, in order to expand M. maris toolbox, further work on the use of CRISPR-Cas9 would
need to be carried out. The library of CRISPR-Cas9 vectors that was built based on the
pCRISPomyces-2 system could be transferred into M. maris both via conjugation and
electroporation. This way, both methods could be compared in terms of experimental time

taken, cost, number of correct transformants recovered and stability of the transformants once
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subcultured. Specially because, according to my own experience, false positives are quite likely
to appear from conjugations as well as unstable transformants that stop growing after
subculturing, whereas none of this happened when carrying out the electroporations.
Additionally, conjugations can result in rearrangements within the vector while it is in the donor
strain. Finally, by using a second CRISPR vector such as pQ-idgS (Wang et al., 2020) to carry
out the same edits, it would be possible to compare the genome editing efficiency of both

systems.
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5.5  Conclusions and future perspectives.

The aim of this part of my dissertation was to start developing general molecular microbiology
methods for M. maris that would facilitate engineering it in the future. Statistical DOE proved
to be an effective tool to identify the most optimal electroporation conditions for this organism.
Older cells, the absence of lysozyme pre-treatment and increasing field strength, capacitance
and resistance seemed to have a positive effect on the obtention of M. maris
electrotransformants. The highest electroporation efficiency was obtained when 5 days old cells
were electroporated, without being subjected to lysozyme treatment, with 250 ng of DNA at a
field strength of 15 kV, a capacitance of 50 puF and a resistance of 600 Q. To validate the
protocol, other plasmids would also need to be introduced into M. maris. Moreover, the results
indicate that M. maris has a methyl-specific restriction system. Future work could focus on the
design of a new set of experiments with the factors initially disregarded to improve the results
presented here. Finally, the final electroporation method, or in case of negative results the sets
of experiments presented in Table 5.4, could be used to electroporate other Micromonospora

species.

Lastly, more work is still needed to find and optimise a genome editing tool that allows quick
and reliable engineering in M. maris. For that, different approaches could be followed,
including the development from scratch of a completely new system, however, generally, it has
been more fruitful to redesign or adapt systems used in closely related species. Currently, the
most promising system seems to be the chromogenic screening-based CRISPR/Cas9 system
developed for the abyssomicin producer Verrucosispora sp. MS100137, although it could also
be interesting to study how efficient different CRISPR-associated endonucleases under the

expression of various promoters would be for genome editing M. maris.
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Chapter 6. Conclusions and future perspectives.

6.1  The future of the natural products field: challenges and upcoming developments.

As reviewed extensively in this thesis, the methodologies used to find new antibiotics during
the golden age of antimicrobial drug discovery became obsolete at the beginning of the 2000s
(da Cunha et al., 2019). It was then, when the first bacterial genomes started to be sequenced,
that the field as we know it today started its second generation. During these last two decades,
approaches previously unthinkable have led not only to the discovery of new farmaceutically
interesting natural products, but most importantly, to the generation of an unpredecented
amount of data yet to be exploited. While we constantly keep generating more data, both
experimentally and computationally, huge efforts are being made to develop tools that make
the data accesible, so that it can be read and used efficiently by anyone without requiring

experience in bioinformatics.

These are some of the challenges that the microbial natural products research field will face

over the next decade.

6.1.1 Genome and metagenome mining.

The availability of quick and affordable sequencing platforms has resulted in thousands of
genomes and metagenomes being sequenced every year by the scientific community. These

advancements have come with their own set of problems. Next, some examples are outlined.

First, the recent development of hundreds of different algorithms to perform all kind of analysis
of genomic and metagenomic data calls for an urgent need for standardised pipelines that
integrate in a single user-friendly software all the tools needed to carry out specific analysis
(Kumar & Dudley, 2007). This will ease the automation of data analysis and make

bioinformatic pipelines more accesible to non-experts.
Second, a more specific issue of the field, is that, although there currently is an existing number
of tools and algorithms that facilitate the discovery of BGCs through homology search, there is

an increasing demand for tools that identify distant protein homologs — allowing the discovery
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of unidentified BGCs — to overcome the main disadvantage of genome mining, this is, that only

known or highly similar BGCs can be identified (Albarano et al., 2020).

Finally, a challenge that will determine how fast the field moves forward is data sharing. For
example, the creation of a unique completely open-access database that integrates all the
bibliographic, theoretical and experimental data of all the characterised and uncharacterised
natural products (Van Santen et al., 2019).

6.1.2 Heterologous production.

The use of heterologous hosts for the production of secondary metabolites has been exploited
for decades, however, the field is still far from establishing a “universal” platform that allows
the quick exploitation of all the newly discovered and uncharacterized BGCs present in nature
(Ahmed et al., 2020). To achieve this, understanding how BGCs are silenced or activated is
still a major challenge. Despite many efforts have focused on the identification of biosynthetic
regulatory mechanisms in Actinobacteria, complex multilevel dynamic cascades yet to be
comprehensively studied seem to control the production potential of heterologous hosts.
Specifically, the cross-talk between global regulators and pleiotropic regulators, and pathway-
specific regulators from the native host can completely disrupt the production of the compound
of interest (McLean et al., 2019). Since the study of individual regulatory mechanisms for each
pathway is very time consuming, a high-throughput platform for biosynthetic regulatory

mechanism analysis would definitely make the field advance more efficiently.

Following those lines, another limitation that will need to be overcome is the automation of
high-throughput experimental platforms to efficiently screen microbial strains (Leavell et al.,
2020). Some of these are already available in well-funded companies and public research
institutions, however, access is still very limited for small research groups. Automating high-
throughput strain isolation, growth media and production media testing, antimicrobial assays,
solid and liquid state fermentations, organic extractions and chromatographic analysis would
facilitate the analysis of a wide range of settings for the biosynthesis of secondary metabolites
(Welch, 2019). For instance, this would allow the discovery of conditions that activate the
production of criptic or silent BGCs.
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Another challenge to address in the future is the genetic compatibility of the genes within the
BGC of the native host and the characteristics specific to the heterologous host (Yan et al.,
2018). That includes not only the codon usage but also the recognition of native promoter and
RBS regions by the machinery of the hosts (Zhao et al., 2019). Until today, issues of this type
have been addressed through the use of phylogenetically close species and through the
replacement of native promoters by strong constitutive promoters already tested in the
heterologous host (Myronovskyi & Luzhetskyy, 2019). However, the current number of
tractable heterologous hosts is very limited, thus, future efforts need to focus on the

development of new Actinobacteria chassis amenable to genetic manipulation.

6.1.3 Increasing production yield.

One of the goals of the biosynthesis research field is to improve the biological synthesis of
secondary metabolites so that it would not be necessary to recur to chemical synthesis for their
commercial exploitation, greatly reducing energy consumption and the use of petroleum
derived solvents. Nevertheless, most natural products are synthesised in very low amounts both
in nature and under standard laboratory conditions. Sometimes the production yield is so low
that after extraction and purification the compound is lost or not present in enough quantity to
be detected by chromatography, leading researchers to believe that the correspoing BGC is
silent (Beutler, 2009). This leads them to focus on activating the BGC rather than on increasing

the production of the target compound.

There are mainly two milestones that need to be fixed during the next few years. First, it is well-
known among actinomycetes researchers that the instability of many Actinobacteria strains —
which sometimes can grow differently under the same conditions — makes secondary metabolite
production not robust nor maintainable enough for industrial exploitation (Huo et al., 2019).
Second, future basic research will need to focus on establishing some measurement
standarisation guidelines to assess production (Zhao & Medema, 2016). Indeed, it would be
beneficial to monitor secondary metabolite biosynthesis in real time, for example, through the
development and use of biosensors based on the regulatory genes of the pathway of interest
(Hossain et al., 2020).
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6.1.4 Exploitation of non-model microbial species.

Finally, a challenge yet to be addressed — while the discovery of novel microbial species
continues — is the genetic manipulation of non-model organisms. Every time an organism with
potential applications in any area is identified, researchers attempt to devise how the organism
can be genetically manipulated. First, through the introduction of foreign DNA inside the cell,

and second, through the modification of the strain’s genome.

Cell transformation generally occurs either by electroporation or by conjugation and allows to
carry out a wide variety of studies on the organism. This method is, in most cases, species-
specific and finding the adequate transformation conditions can be done by modifying
parameters of a previous protocol developed for a different species or it may need to be
established from scratch. Tools such as statistical DOE have already facilitated the development
of transformation protocols for non-model microbial species (Marciset & Mollet, 1994).
However, the tedious work required to generate large amounts of data to build good statistical
models makes it unscalable and calls for a more powerful approach. For example, combining
DOE with the use of liquid handling robots for the automation of all the transformation
conditions would allow the high-throughput and scalable development of protocols for any

strain with potential biosynthetic capabilities.

Currently, there are broad host range vectors and genome editing systems that can be used in a
wide variety of organisms that promise time and cost efficient genome editing, however, results
are not guaranteed in any species until tested. When none of the previously developed genome
editing tools work, variations need to be made to address the potential limitations of those
systems in the target organism. During the following years we expect, not only present and new
genome editing tools being applied to more natural product biofactories, but also, the
implementation of different strategies such as the creation of MoClo CRISPR libraries — using
a range of promoters, RBSs, CRISPR genes, terminators and backbones — to find the most
efficient construct for a chosen organism. These strategies are also excellent candidates to be

automated.
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6.2 This thesis in a nutshell.

This thesis was dedicated to the study of the abyssomicin family of natural products. More
specifically, it aimed at developing some basic groundwork that could facilitate the discovery
of new abyssomicins with potentially interesting bioactivities in the future. For that, three
different approaches were followed. First, an investigation on the environmental distribution
and evolution of the abyssomicin BGC was carried out. Then, research was carried out to
produce abyssomicins in a heterologous host based on the abyssomicin BGC from M. maris.
Finally, efforts focused on increasing abyssomicin production in M. maris and developing tools
that would facilitate engineering this strain.

6.2.1 Environmental distribution and evolution of the abyssomicin BGC.

This thesis started exploring nature’s reservoir to identify microbial strains harbouring potential
abyssomicin BGCs. At the same time, this comprehensive analysis allowed to study the habitat
distribution and evolutionary history of the abyssomicin BGC. First, the mining of 3,027
publicly available metagenomes revealed that microorganisms harbouring Diels-Alderase
homologs have a diverse environmental distribution, although they are mainly present in soil
and plant-associated microbiomes. Since the abyssomicin producers known to date were
equally isolated from aquatic and soil ecosystems, the absence of Diels-Alderase positive
metagenomes from aquatic environments was unexpected, although a latter analysis showed
that metagenomes of aquatic origin have a lower sequencing depth and that the abundance of
Bacteria and Actinobacteria is lower, which could reduce the chances of sequencing Diels-
Alderase homologs. Then, when mining the genomes present in NCBI database 74 Diels-
Alderase homologs present in 66 different genomes were identified, and from these, it was
possible to identify and annotate five complete and 12 partial new abyssomicin BGCs and 23
new potential abyssomicin BGCs. Interestingly, the isolation location all these 40 potential
abyssomicin producers followed the same habitat distribution patterns found through the

metagenome mining.

Apart from the environmental distribution, this study revealed that abyssomicin BGCs are
limited to the phylum Actinobacteria and are mainly present in strains from the genus
Streptomyces, Frankia and Micromonospora. Moreover, the fact that abyssomicin BGCs are
limited to specific strains suggests that HGT events may have played an important role in their

transmission. Finally, five of the strains discovered to harbour potential abyssomicin BGCs
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were obtained and preliminary abyssomicin production screenings were carried out. Since none
of them appeared to produce abyssomicins, it is proposed that future work could focus on
investigating at the detail the regulation of abyssomicin BGCs, which seems essential to
understand the expression of these clusters. Another potential research line could focus on
unravelling the biased habitat distribution of strains with abyssomicin BGCs. It would be
specially interesting to elucidate the ecological role that these molecules play in nature, as novel
applications outside the biomedical field could emerge.

6.2.2 Heterologous production of abyssomicins.

After exploring the abyssomicin production potential of various environmental isolates,
working with the characterised aby BGC from M. maris seemed the best opportunity to try to
produce new abyssomicins. In order to do so, given the lack of molecular microbiology methods
adapted to use with M. maris, the approach of using heterologous hosts was pursued. For that,
a literature search looking at bacterial chassis used for the heterologous production of
polyketide natural products from Actinobacteria was carried out to identify the strains most
frequently used for this purpose. With the objective of trying to maximise the chances of
success, the genomes of the most promising candidate strains were used to determine the codon
usage of each strain and compare it to the codon usage of the aby BGC. After that, the aby BGC
was moved into E. coli BAP1, S. lividans K4-144, S. albus J1074, S. coelicolor M145 and
M1152 and Streptomyces sp. FR-008 LQ3, although none of the strains produced abyssomicins
under the fermentation conditions tested. To induce abyssomicin production in S. lividans and
S. albus, ribosome engineering was applied, followed by the introduction of a strong
constitutive promoter upstream the main activator in the aby BGC, Abyl. These strains were
rescreened for abyssomicin production, however, even after correct promoter engineering, no
abyssomicin production was observed. To understand whether the lack of production was due
to failed transcription of the heterologous aby cluster, a gene expression analysis was carried
out. This revealed active gene expression, however, in a later experiment in which the genome
of S. lividans was re-sequenced several mutations and deletions were found in abyB1, indicating
that translational errors in one of the polyketide synthetase genes were likely the cause of failed

production.

This piece of work constitutes a clear example of the unpredictability of biological systems and
the need to include checkpoints during projects at which complete analysis are carried out, with

special emphasis on examining, if possible, the whole genome of engineered strains after
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editing them. Interestingly, E. coli strains generally used for cloning are recA” to prevent
recombination of the plasmid with the host chromosome, scrambling of the plasmid, and/or
mixing of various plasmids. However, this is not the case of the strain most frequently used as
donor strain in Streptomyces conjugations, E. coli ET12567. To overcome this limitation and
avoid, for example, homologous recombination to happen while transferring large vectors
containing sequences of repetitive nature such as PKSs, other mobilisation systems such as the
helper plasmid pTA-Mob have been developed. In this case, pTA-Mob is generally co-
transformed into a recA™ E. coli strain such as E. coli Top10 together with the vector that needs
to be transferred into the receiver strain (Strand et al., 2014). That was the approach followed
in this thesis and through which S. lividans K4-144 and S. albus J1074 were transformed with
the integrative vector pESAC13_aby. In this specific case, re-sequencing the genomes of the
other heterologous hosts as well as pESAC13_aby from the E. coli strains used to clone and

mobilise it would allow to identify at which point these mutations happened.

Another possibility to take into account is the rearrangement of the cluster in the heterologous
hosts as a defense mechanism or even the selection of deletion mutants due to the associated
toxicity of abyssomicin C. Previous work demonstrated that atrop-abyssomicin C irreversibly
binds to the Cys263 of ADCS in B. subtilis, and that R. erythropolis and S. aureus, with a serine
at that position, are sensitive to atrop-abyssomicin C too, whereas M. maris and M. luteus with
a glycine are resistant (Figure 6.1) (Riedlinger et al., 2004). That indicates that S. albus (Ser)
and S. koyangensis (Ser), that produces abyssomicins but not abyssomicin C, would also be
sensitive to this compound. On the other side, S. lividans presents the same amino acid as M.
maris (Gly) and thus should not be affected by the biosynthesis of abyssomicin C.

Identity B = e JEr= - [ e = L]

S.albus Pe EFE79644.1 R ANF VIR S P E| D A P IING T
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Figure 6.1. Partial amino acid sequences of the ADCS homologs in S. albus, S. koyangensis,
R. erythropolis, S. coelicolor, S. lividans, M. maris, M. luteus, S. subtilis and S. aureus. Atrop-
abyssomicin C irreversibly binds to the Cys263 of ADCS in B. subtilis and experimental data
has shown before that R. erythropolis (Ser) and S. aureus (Ser) are sensitive to atrop-
abyssomicin C, whereas M. maris (Gly) and M. luteus (Gly) are resistant.

Since in this work it was demonstrated that editing the aby BGC in S. lividans and S. albus is

possible using the pCRISPomyces-2 system, future work could involve the repair of abyB1 and
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testing for abyssomicin production again. That would allow the project to continue towards the
biosynthesis of other natural and non-natural abyssomicins by carrying out modifications in
some of the PKS domains to accept different substrates (Figure 3.18A) and/or produce

abyssomicins with various saturation/oxidation patterns (Figure 3.18B).

6.2.3 M. maris as an abyssomicin production chassis.

As very slow progress was being made through the heterologous expression approach, it was
decided to start paving the way to use M. maris as a chassis to produce abyssomicins. For that,
ribosome engineering was applied to select spontaneously developed drug-resistant mutants
with enhanced abyssomicin production. This way it was possible to increase abyssomicin
production in M. maris 3.4-fold, however, if at some point in the future this strain was to be
used for industrial exploitation of the abyssomicins probably other approaches would need to
be applied to further increase production. After that, considering that the only way of
introducing DNA into M. maris is by conjugation, process that is very time consuming and
inefficient, the creation of a tailored electroporation protocol was approached through the use
of statistical DOE. That way, it was possible to optimise a protocol that yielded over 100

transformants per pg of DNA.

Future work could focus on testing and optimising current genome editing toolkits so that
targeted genome edits could be made. Indeed, a M. maris quick editing toolkit could be made
by combining various CRISPR systems and modular assembly approaches such as MoClo to
assemble multiple promoters, ribosomal binding sites (RBSs), endonucleases such as SaCas9,
SpCas9 and Cpfl, and terminators into backbones such as pCRISPomyces-2 or pQ-idgsS to
make hundreds of variants in one go. That whole library could then be directly electroporated
into M. maris, preventing rearrangements, and transformants could be screened for the desired

edits, which would also provide information of the most suitable combinations (Figure 6.2).
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Figure 6.2. Schematic representation of a MoClo-like assembly of CRISPR vectors for genome
editing M. maris through electroporation.

Although the abyssomicins are the main fermentation product of M. maris, future work could
also include the introduction of a second copy of the aby BGC through transformation with the
integrative pESAC13_aby, the deletion of other BGCs coupled to the introduction of more attB
sites for multiple copies of the cluster (Li et al., 2017), overexpression of the main pathway
activator through cloning in an expression vector and transformation, building the strain’s
metabolic model and running flux balance analysis to make targeted genome edits that
maximise abyssomicin production. Another approach that could be implemented could be the
introduction of a promoter-less resistance gene in-frame after abyB3. This strain could then be
subjected to UV - genotoxic agents and mutants selected based on the overexpression of the
resistance gene (Qin et al., 2017). As its expression would be reliant on the high expression of
the aby BGC, increasing the antibiotic concentration through multiple rounds of exposure

would end in the selection of mutants producing abyssomicins at a higher yield.

Overall, this work has explored three different approaches that will facilitate, in the future, the

discovery of a plethora of novel natural and non-natural abyssomicins unknown to date.
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