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Abstract

This research is focused on finding new secondary metabolites from
bacterial sources through genome mining, allowing the study of unknown
molecules that could be potential candidates for use as drugs against microbial
infections, cancer, and immune diseases. Bioprospection was conducted through
targeted environmental sampling, unusual environments exploration and
molecular and computational biology.

In the first project, an environmental DNA (eDNA) fosmid library from
urban soil samples was built and arrayed for the presence of potential gene
clusters. In total, 7% of the library was positive for the presence of secondary
metabolite pathways. Sequencing revealed genetic similarity with other
organisms that belong to urban areas, showing adaptation of the microbiota to
anthropogenic environments.

The second project focuses on the heterologous expression of a
lantipeptide from a bacterial isolate from an urban environment. Using a
Multigene Expression System (MES), different components of the biosynthetic
pathway were cloned and expressed. We were able to successfully express the
genes responsible for lantipeptide tailoring but the lantipeptide portion of the
pathway was not obtained with the methods used.

The last project examined cave bacterial secondary metabolite production
and organism diversity to determine the relationship between the microbiome
and to retrieve potential active natural compounds. Through sequence analysis
and LC-ESI-HRMS, several metabolites were detected and their potential role for

the cave microbiome could be established.
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Appendix 1: GNPS Molecular Networking compound identification of n-
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General introduction

Secondary metabolites: what, where and why

Secondary metabolites (SMs) are small organic molecules present in
different living organisms such as bacteria, fungi and plants. About 500,000
secondary metabolites have been reported to date, with 33,500 bioactive
microbial metabolites described. Of these 33,500 microbial metabolites, about
12.5% (4,200) are metabolites of unicellular bacteria and cyanobacteria, 41%
(13,700) are products of Actinomycete fermentations, and about 47% (15,600)
are of fungal origin (Bérdy, J. 2012; Nett M., Ikeda H., Moore B.S. 2009). Although
these molecules are usually not key components in biological functions such as
growth, development and reproduction, they have an important role in the host’s
protection, interaction and competition with other organisms, affecting its
essential functions.

As an evolutionary perspective, SMs are very dynamic due to selection
pressures that result from environmental changes and co-evolution of species
that interact via SMs (Reynolds H.T. et al, 2017), with a high impact of horizontal
gene transfer (HGT) in bacterial and fungal species adaptation. These peer-
acquired adaptive traits form blocks known as genomic islands (GEIs) (Juhas, M.
et al, 2009) and might be beneficial for bacteria under certain growth or
environmental conditions (Schmidt & Hensel, 2004).

Due to the variety of conditions and very particular environments and
evolutionary pressure suffered by organisms, it is no wonder that the variety of

molecules identified as secondary metabolites is also diverse. From fungal, plant



and bacterial toxins that can cause serious impact to molecules bringing society-
changing benefits, this dichotomy is indicative of the diversity of the secondary

metabolites nature (Bills, G. F., Gloer, ]. B., 2016).

Secondary metabolites as allies for human life (or how the once seen as bad guys

became the good guys against the real bad guys)

In the history of humanity, microbes were usually the hidden forces
behind many processes, from food fermentation to diseases, but often
disregarded as so by the lack of knowledge of their existence. The beginning of a
scientific look at the microbial world that popularized the germ theory of disease
and that introduced the hope of prevention and treatment date from late
nineteenth century with Louis Pasteur (Smith, K., 2012). Despite his work, the
correlation between diseases and microorganisms was only made ten years
later, after Robert Koch first proof that microbes could actually cause an
infectious disease (Koch, 1876).

The twentieth century brought a new perspective for the treatment of
microbial diseases with the discovery of compounds that could be used as
effective treatments. Sir Alexander Fleming reported some emblematic
discoveries. In 1921, he discovered in “tissues and secretions” an important
bacteriolytic substance, lysozyme. In 1928, while working on influenza virus, he
observed that mould, Penicillium notatum, had developed accidentally on a
Staphylococcus culture plate and that the mould had created a halo that

prevented bacterial growth. Upon investigation, it was found that a so-called



“mould juice” culture prevented the growth of a range of harmful
microorganisms. His assistants isolated the active compound, which was named
penicillin (Aldrige, S., Parascandola, J., Sturchio, J.L., 1999).

Penicillin opened the doors to what is known as the Golden Age of
antibiotics discovery. Within a decade after World War II, a number of important
antibiotics were discovered and developed for therapeutic use. They became the
foundation for the treatment of infectious diseases, with one-half of the drugs
commonly used today discovered between 1950 and 1960 (Davies, J., 2006).

This stellar achievement was heavily based in natural molecules retrieved
from bacteria and fungi after streptomycin was isolated in 1944 from
Streptomyces griseus. Every effort was made to reach all corners of the globe,
with extensive sampling from many different places. A sample from Borneo sent
in 1952 grew Streptomyces orientalis, from which vancomycin was eventually
extracted; vancomycin became available for patient use in 1958 (Gould, K,
2016). From being the causes of disease or the inconvenient spoilers of food,

microorganisms were now the stars of life-saving science discoveries.

Compound screening approaches and the discovery pitfall

To address the daunting challenge of discovering new microbial
compounds from their producing organisms, many new techniques have been
developed. With the extensive sampling made during the decades of the Golden
Age of antibiotic discovery, the need for a rational and practical approach for

sample processing was essential.



With the absence of techniques focusing on molecular and genetic
characteristics, the simplest way to assess organism diversity was cultivation. In
traditional cultivation, or “brute force” discovery, bacteria were grown in
isolation, under specific conditions, inevitably missing out on many of the signals
that trigger the production of natural products in the original habitat (Kolter, R.,
Van Wezel, G.P, 2016).

While highly successful at the beginning - as evidenced by the high
antibiotic discovery rates achieved in the 1950s and 1960s - this brute force
method faced limitations by the 1970s as the easily discoverable compounds
were already described. The approach was also overlooked many organisms that
were unable to thrive under laboratory cultivation conditions, leading to a
narrow and very time-consuming look on the potential of samples, even with
high-throughput methods increasing processing capabilities (MacLeain, J., et al,
2016).

A solution to expand the drug catalogue was the development of natural
products derivatives. Many of these derivatives, based on known antibiotics,
were approved and have been important contributors to treating clinical
infections (Lewis, K, 2012). Designing synthetic drugs failed because many
antibiotics do not obey Lipinski's rule of five, making chemical synthesis less
predictable (Lewis, K., 2013).

In addition to cultivation, many other challenges limit natural product
drug discovery, including activity assays and compound isolation and
identification. Increasing amounts of a compound are required for purification
and molecular structure elucidation, and even more of the target molecule is

needed for medicinal chemistry drug development (Koehn, F. E., Carter, G. T,

4



2005). Figure 0.1 illustrates the pipeline of the activity-based approach of

discovery.
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Figure 0.1: Cultivation and activity-guided drug discovery flow. Different stages of a
discovery, from sample to lead molecule and steps to achieve a potential drug candidate are
shown, along with the compound range needed to complete each stage. Koehn, F. E.,, & Carter, G.

T. Nat. Rev. Drug Discov., 2005, 4, 206-220, by permission.

One of the major pitfalls in natural product drug discovery is rediscovery
of known compounds when assessing samples. Re-discovery rates became high
using the old paradigm of screening natural product extracts because of the
numerous antibiotics already identified in the first 50 years of screening and the
time required to isolate and characterize new compounds (Baltz, R.H., 2006).
Pharmaceutical companies have long abandoned the search due to costs and
labour intensive tasks (Fabbretti, A., Gualerzi, C. O., Brandi, L. 2011; Brown, E. D.,
& Wright, G. D., 2016).

The second and most serious pitfall is bacterial resistance. There is a
general scientific consensus that the use and abuse of antimicrobial drug use in a

variety of settings contributes to the burden of a quick development of



antimicrobial resistance (Hoelzer, K. et al, 2017). Antibiotic resistance genes are
then vertically passed on to the next generation of microbes; in some cases, they
are acquired through horizontal transfer from one microbe to another, when
thriving in the same microbial environment. This global proportions problem
needs to be urgently addressed as antibiotic-resistant pathogens have caused
numerous treatment failures that eventually led to both hospital morbidities and
mortalities (Imperial, .C.V.],, Ibana, J.A., 2016). In 2006, almost 100,000 people
in the United States alone died due to hospital-acquired infections, costing about
$8 billion to the US economy. Global projections account a global economic
burden of about $3 trillion/year, with about 444 million people succumbing to
infections by 2050 (Aslam, B. et al, 2016). Several claims to rethink and revive
antibiotic discovery have been made in the past decades as an effort to prevent
the so-called return to the pre-antibiotic era and decrease resistance

development rates.

Make molecules great again: unleash the untapped potential of biomolecules and

decrease rediscovery rates

The efforts to make antibiotics an effective treatment for infections again
and avoid rediscovery of known compounds are increasing over time. Many
researchers are still working to expand and revive the antibiotics catalogue
despite the lack of interest from the pharmaceutical industry.

One of the research lines focuses on the discovery of new compounds
from untouched microbial sources. As studies say that 85-99% of bacteria are

unculturable using traditional techniques, with poor phylogenetic diversity in
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the culturable ones (Lok, C., 2017; Pham, V.H.T, Kim, ]., 2012), we are missing out
on the molecular universe of microbes. The use of molecular biology techniques
is essential to allow access to this untapped potential.

With the recent development of computational genomic approaches to
natural product discovery in prokaryotic genome sequences, tens of thousands
of biosynthetic gene clusters (BGCs) have been identified (Tracanna, V. et al,
2017). BCG mining with the use of sequenced genomes has become more and
more the usual practice for biological molecules involved in secondary
metabolites production, with computer-based tools such as antiSMASH, BAGEL
and PRISM being of great help to analyze large data volumes.

The use of mining techniques allows us to rethink sampling. Instead of
organism sampling and cultivation from a plethora of environments, mining
environmental DNA opens the possibility to study diversity and distribution of
compounds directly in their environment. Heterologous expression and
synthetic biology allow subsequent capturing of sequenced pathways and enable
tailored compound production (Ziemert, N., Alanjary, M., & Weber, T., 2016).

Directed sampling and mining of DNA sequences allow a focused
discovery, targeting specific classes of compounds or organisms, thus allowing
the selection of potential drug candidates and discarding previously described
compounds, leading to a decrease in rediscovery rates. Focused discovery allows
researchers to study ‘silent’ clusters, cryptic compounds that have escaped
detection for the reason that they are not produced under standard laboratory
conditions (Monciardini, P. et al, 2014), broadening the chances of novel

molecule discovery.



In conclusion, there is still a vast potential to be explored in terms of
undiscovered metabolites in microorganisms, and the last decades brought many
technological advances in terms of molecular biology to allow elucidation of

untapped compounds to alleviate the drug crisis we are currently experiencing.

References

Aldrige, S., Parascandola, J., Sturchio, ]J.L., (1999). The discovery and development

of penicillin[Brochure]. London:Stairways Communications.

Aslam, B., Wang, W., Arshad, M. ., Khurshid, M., Muzammil, S., Rasool, M. H,, ...
Baloch, Z. (2018). Antibiotic resistance: a rundown of a global crisis. Infection

and drug resistance, 11, 1645-1658

Baltz, R. H. (2006). Marcel Faber Roundtable: Is our antibiotic pipeline
unproductive because of starvation, constipation or lack of inspiration? Journal

of Industrial Microbiology and Biotechnology, 33(7), 507-513.

Bérdy ]. (2012). Thoughts and facts about antibiotics: where we are now and

where we are heading. The Journal Of Antibiotics, 65, 385-395.

Bills, Gerald F. and Gloer, James B. (2017). Biologically Active Secondary
Metabolites from the Fungi, p 1087-1119. In Heitman, Joseph and Howlett,
Barbara ]. and Crous, Pedro W. and Stukenbrock, Eva H. and James, Timothy Y.
and Gow, Neil A. R.ed), The Fungal Kingdom. Retrieved from

doi:10.1128/microbiolspec.FUNK-0009-2016.



Brown, E. D, & Wright, G. D. (2016). Antibacterial drug discovery in the

resistance era. Nature, 529, 336.

Davies, Julian (2006). Where have all the antibiotics gone? The Canadian journal
of infectious diseases & medical microbiology = Journal Canadien des maladies

infectieuses et de la microbiologie medicale, 17(5), 287-90.

Fabbretti, A., Gualerzi, C. O., & Brandi, L. (2011). How to cope with the quest for

new antibiotics. FEBS Letters, 585(11), 1673-1681.

Gould, K. (2016). Antibiotics: from prehistory to the present day. Journal of

Antimicrobial Chemotherapy, 71: 572-575.

Hoelzer, K., Wong, N., Thomas, ]., Talkington, K., Jungman, E., & Coukell, A. (2017).
Antimicrobial drug use in food-producing animals and associated human health

risks: what, and how strong, is the evidence?. BMC veterinary research, 13(1),

211.

Imperial, I. C., & Ibana, J. A. (2016). Addressing the Antibiotic Resistance Problem
with Probiotics: Reducing the Risk of Its Double-Edged Sword Effect. Frontiers in

microbiology, 7, 1983.



Juhas, M., van der Meer, J. R, Gaillard, M., Harding, R. M., Hood, D. W., & Crook, D.
W. (2009). Genomic islands: tools of bacterial horizontal gene transfer and

evolution. FEMS Microbiology Reviews, 33(2), 376-393.

Koch, R. (1876). Die aetiologie der milzbrand-krankheit, begrundet auf die

entwicklungsgeschichte des Bacillus antracis. Beitr. Biol. Pflanz. 2, 277-310.

Koehn, F. E., & Carter, G. T. (2005). The evolving role of natural products in drug
discovery. Nature Reviews Drug Discovery, 4(3), 206-220.
Kolter, R, & van Wezel, G. P. (2016). Goodbye to brute force in antibiotic

discovery? Nature Microbiology, 1, 15020.

Lewis, K. (2013). Platforms for antibiotic discovery. Nature Reviews Drug

Discovery, 12, 371.

Loc, C. (2015). Mining the microbial dark matter. Nature, 522(7556), 270-3.

McLain, J. E., Cytryn, E., Durso, L. M., & Young, S. (2016). Culture-based Methods
for Detection of Antibiotic Resistance in Agroecosystems: Advantages,
Challenges, and Gaps in Knowledge. Journal of Environmental Quality, 45, 432-

440.

Monciardini, P., lIorio, M., Maffioli, S., Sosio, M., & Donadio, S. (2014). Discovering
new bioactive molecules from microbial sources. Microbial biotechnology, 7(3),

209-20.

10



Nett M, Ikeda H, Moore BS. (2009). Genomic basis for natural product
biosynthetic diversity in the Actinomycetes. Natural Product Reports, 26:1362-

1384.

Pham, V. H. T, & Kim, J. (2012). Cultivation of unculturable soil bacteria. Trends
in Biotechnology, 30(9), 475-484.

Reynolds, H. T,, Slot, J. C., Divon, H. H., Lysge, E., Proctor, R. H., & Brown, D. W.
(2017). Differential Retention of Gene Functions in a Secondary Metabolite

Cluster. Molecular Biology and Evolution, 34(8), 2002-2015.

Schmidt, H., & Hensel, M. (2004). Pathogenicity islands in bacterial

pathogenesis. Clinical microbiology reviews, 17(1), 14-56.

Smith, K. A. (2012). Louis Pasteur, the father of immunology ? Frontiers in

Immunology, 3 (April), 1-10.

Tracanna, V., Jong, A. De, Medema, M. H., & Kuipers, 0. P. (2017). Mining

prokaryotes for antimicrobial compounds: from diversity to function. FEMS

Microbiology Reviews, 41, 417-429.

Ziemert, N., Alanjary, M., & Weber, T. (2016). The evolution of genome mining in

microbes - a review. Nat. Prod. Rep., 33(8), 988-1005.

11



General Objective of the PhD

This research is focused on finding new secondary metabolites from
bacterial sources through genome mining, allowing the study of unknown
molecules that could be potential candidates for usage as drugs against microbial
infections, cancer, and immune diseases.

Bioprospection of these molecules was conducted with the use of targeted
environmental sampling, exploration of unusual environments and molecular
and computational biology, to overcome the challenges faced with the use of
traditional approaches.

Genetic data generated during the research was deposited on public
database, to enable growth of the resources available to the scientific community
and to serve as a source of data for heterologous expression efforts throughout
the research development.

We expect to bring a significant contribution to expand the understanding
of secondary metabolites produced by microorganisms under special
environments and to help increase the use and development of new strategies of

compound discovery and development of new antimicrobials.
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Chapter 1: Bioprospection of an environmental
DNA library for assessing new natural products
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Introduction

Bioprospecting

Bioprospecting is the act of discovery and commercialization of new
products based on biological resources, focusing the screening efforts
for bioactive compounds (Saslis-Lagoudakis, C. H. et al., 2012). The need of new
compounds for use in the pharmaceutical (e.g. antibiotics against multi-resistant
pathogens) and the agro- and food industries (e.g. agrochemicals, biocontrol
products, food additives) stresses the importance of novel bio-sources (Miiller, C.
A., Obermeier, M. M., & Berg, G., 2016). Considering the history of microbiological
sources of important treatments, many efforts are concentrated in

bioprospecting this specific group of organisms.

Natural products targeted when bioprospecting

A variety of natural products can be retrieved from a single organism, but
some families of compounds are more relevant depending on the prospecting
goals. In our work, we targeted polyketide synthases (PKS) and nonribosomal
peptide synthetases (NRPS), as many antibacterial compounds belong to these
families.

PKS are modular enzymes that are evolutionary and mechanistically
related to fatty acid synthases. Individual active sites operate sequentially on

protein-bound reactive intermediates to yield a polyketide product; in most
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cases, a given enzyme within the protein assembly line catalyzes one and only
one reaction in the overall biosynthetic pathway (Robins, T. et al. 2016).

The operational unit of an assembly line PKS is called a module. The
minimal functional domains in a module are a ketosynthase (KS), an
acyltransferase (AT), and an acyl-carrier protein (ACP). The KS receives the
growing polyketide chain from an upstream module via an ACP thioester-to-KS
active site thiol acyl transfer reaction, hereafter referred to as “chain
translocation”. It also catalyzes a decarboxylative Claisen condensation between
this incoming polyketide chain and an ACP-bound malonyl (or substituted
malonyl) extender unit, a reaction that is hereafter referred to as “chain
elongation”. The AT transacylates, via a thioester exchange reaction, the
extender unit from an appropriate acyl-CoA species onto the panthetheinyl side
chain of an ACP. Thus, the ACP serves as a tethering site that is occupied first by
the extender unit and then the newly elongated polyketide chain (Robins, T. et al.
2016). Modification of the product can occur through the synthesis, with the help
of a variety of enzymes, or after (post-synthase modifications). Figure 1.1
illustrates the process using DEBS pathway.

PKS pathways are subdivided into categories related to the way modules
are used. Type I PKS refers to linearly arranged and covalently fused modules,
forming large multifunctional enzymes, working sequentially and playing its role
a single time. Type Il indicates a dissociable complex of discrete and usually
monofunctional enzymes, working in an iterative fashion, with post-synthase
processing modifications tailoring the final product. Furthermore, a third group
of multifunctional enzymes of the chalcone synthase type is denoted as type III

PKSs (Hertweck, C., 2009).
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Erythromycin A 6-Deoxyerythronolide B

Figure 1.1: Erythomycin, a polyketide. Synthesis pathway illustrating the enzyme modules
involved in the product formation and post-synthase modifications. Domains shown: ACP: acyl-
carrier protein; AT: acyltransferase; DH: dehydratase; ER: enoyl reductase; KR: ketoreductase KS:

ketosynthase; TE: thioesterase. Weissman, K.J., Nat. Prod. Rep., 2016, 33, 203, by permission.

NRPS is another family of compounds targeted in our bioprospection
work. Non-ribosomal peptide synthetases are complexed enzymes that assemble
secondary metabolites of peptide origin. In contrast to the nucleic acid-
dependent ribosomal synthesis that relies on the 20-22 proteinogenic amino
acids, NRPSs can process several hundreds of monomers, including D- and f3-
amino acids, a-keto and a-hydroxy acids as well as heterocycles and fatty acids,
among other moieties (Marahiel, M. A., Stachelhaus, T. and MootzH. D., 1997;
Konz, D. and Marahiel, M. A., 1999; Finking, R. and Marahiel,M. A., 2004 ).

Three essential domains compose the NRPS module: an adenylation (A)

domain responsible for selecting the substrate and activating it as an aminoacyl-
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adenylate, peptidyl carrier protein (PCP or T) domain that carries all acyl-
intermediates on the terminal -SH group of its phosphopantetheine (PPT)
cofactor, and a condensation (C) domain which forms peptide bonds between the
acyl-S-PCP intermediates of two adjacent modules (Marahiel, M.A., 2016). Figure
1.2 shows the basic arrangement of NRPS modules and the reactions performed
by different enzymes.

During synthesis, the growing peptide chain is handed over from one
module to the next and can be edited by enzymes during this process, such as the
epimerization (E) domain, which changes residue configuration, until it reaches
the final module’s PCP-domain. This module contains in most cases a
thioesterase (TE) domain that is important for the liberation of the product.
Some NRPSs require posttranslational modification and, under certain
conditions, editing to be functionally active (Finking, R. and MarahiellM. A,
2004).

In a real-life context, PKS and NRPS are remarkable in the pharmaceutical
industry, as many compounds used as treatments belong to either one of these
families. Drugs such as rifamycin (antitumor), lovastatin (a cholesterol-lowering
agent), erythromycin (an antibiotic), and FK506 (an
immunosuppressant)(Wong, F.T., Khosla, C., 2012) are polyketides, and
antibiotics such as penicillin, vancomycin, and cephalosporin (Felnagle, E. A. et
al, 2008), and immunosuppressant cyclosporin are nonribosomal peptides.
Their versatility, associated with the vast amount of unknown compounds, is still

appealing as a target for bioprospecting.
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Figure 1.2: NRPS organization. Top: Basic module organization, with the three essential
domains (A, T and C) highlighted. Bottom: Reactions catalyzed by the three basic NRPS
domains. a) Transfer of phosphopantetheine from coenzyme A to a conserved serine in the T-
domain b) A domain selects the amino acids and covalently binds it to the T domain c) chain
elongation is catalyzed by C domains via peptide bond formation between the monomer
(acceptor) and the growing peptide chain (donor). Fischbach, M.A., Walsh, C.T.,Chem Rev, 2006,
106: 3468-3496, by permission.
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Actinobacteria, the powerhouse of bioprospection

Among bacterial groups targeted as sources of novel bioactive
compounds, the phylum Actinobacteria is the main target and the most explored
one. Actinobacteria are Gram-positive filamentous bacteria with a high guanine-
plus-cytosine (G+C) content in their genomes. They grow by a combination of tip
extension and branching of the hyphae. This similarity with fungi is what gave
them their old name, actinomycetes, which derives from the Greek words for ray
(aktis or aktin) and fungi (mukes) (Barka et al. 2015).

Actinobacteria sources account for about 45 % of all microbial bioactive
secondary metabolites with 7,600 of these compounds (80%) being produced
by Streptomyces (Bérdy, J., 2005). Despite this astonishing productivity, it has
been predicted that only about 10% of the total number of natural products that
can be synthesized by these organisms have been discovered (Watve, M.G. et
al. 2001).

With the majority of natural products from actinomycetes undiscovered,
we can ask ourselves the reasons why this potential is still unexplored. The
traditional cultivation approach is one of the reasons, as this phylum tends to
present slow growth and peculiar culturing conditions when compared to other
organisms (Jiang, Y. etal. 2016).

Another issue was unveiled with the advent of genome sequencing. Even
with the use of tailored culturing methods, many pathways encoding secondary
metabolites remain silent during cultivation, despite evidence of their presence

during DNA analysis. These cryptic biosynthetic pathways may produce many
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novel bioactive compounds with the potential to rejuvenate stalled drug
discovery pipelines, and activation of these silent biosynthetic pathways are thus
of major interest (Ochi, K., Hosaka, T., 2012).

Actinobacteria is still one of the biggest targets for secondary metabolites
prospection, with many indescribable molecules. Even with the limitations posed
by cultivation methods and the inability of cryptic pathways expression,
researchers are developing methods to overcome these difficulties and get the

most out of these important organisms.

Straight to the point: sampling optimization

Actinobacteria are widely distributed in both terrestrial and aquatic
(including marine) ecosystems, especially in soil, where they play a crucial role
in recycling biomaterials by decomposition and humus formation (Ventura M. et
al, 2007) The traditional perception of these organisms as autonomous in soil
and freshwater is being radically reviewed as it is increasingly evident that
members of this phylum are among the most successful colonizers of all
environments in the extremobiosphere, often occurring as the dominant
population (Bull, T.A., 2011). As Actinobacteria is present everywhere, sampling

can focus on sample quality or microbial community composition analysis.
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Microbial community analysis seems to be an important determinant of
sampling strategies, as studies have shown that land use affects the community
structure (Hill, P. et al, 2011). The results point out that the overall
actinobacterial community structure appears to be controlled by land use and
that street sediments are enriched with Actinobacteria when compared to
cultivated and uncultivated soils (Figure 1.3). This is likely to be due to their

desiccation resitant nature (Cruz-Martinez, K. et al. 2009).

street sediments soils

2% 19 B Acidobacteria M Acidobacteria
B Actinobacteria M Actinobacteria
™ Proteobacteria ¥ Proteobacteria
B Bacterioidetes M Bacterioidetes

¥ Firmicutes

¥ Firmicutes

i Others ¥ Others

Figure 1.3: Bacterial composition of 450 DNA sequences obtained from street sediments
and soils. Different phyla are represented with its respective percentages. Adapted from the

work of Hill, P. et al., Microb. Ecol, 2011, 61(2), 286-302, by permission.

Sampling can be tailored to target environments with a higher prevalence
of actinobacterial community, causing a positive impact on the number of
samples and volume of material collected to maximize the chances of retrieving

novel secondary metabolites.
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How to be a Bookworm: library construction and array

With optimized sampling methods, there is a need for analysis tools
optimization as well. High-throughput metagenomic methods are the preferred

ones, with high success rates and a well-established pipeline. Figure 1.4

illustrates the approach used in the present work.
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Figure 1.4: Scheme of the bioprospection strategy used in this work

A library-based method of metagenomic analysis is comprised of
producing libraries using DNA from the samples, with E. coli clones as host cells.
These clones undergo homology-based screens using degenerate PCR primers
designed to recognize conserved sequences within secondary metabolite

biosynthetic genes. An alternative method of amplification is the linker-
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amplified shotgun library (LASL) approach, where short linkers are attached to
target DNA, and PCR is conducted with primers targeting the linkers (Schmitz, J.
E. etal. 2008).

As more metagenomic sequencing data appears in publicly available
databases, it should also be possible to use purely bioinformatics-based search
strategies to identify new natural product biosynthetic enzymes and gene
clusters (Banik, ].J., Brady, S.F., 2010). This novel approach not only saves time
and resources but also contributes to the expansion of the sequencing data that
is added to public databases.

Many successful cases of library-based molecule discovery were reported
in the literature. Some were focusing on extreme environment DNA analysis,
such as marine and desert soils, while others reported entire product families
retrieved from cosmid libraries made with eDNA from uncultured soils (Yang, J.
K. et al,,2018; Singh, M.P. et al. 2007;Brady, S. F., & Clardy, J., 2003; Brady, S. F.,,
Chao, C. ], & Clardy, J., 2002). Commercially available kits make the library
construction an easy task and as short as 2 days as per some manufacturers
(Epicentre, 2012).

In conclusion, bioprospecting largely benefits from methods that take the
focus away from a culture-based approach, bringing metagenomics and high-

throughput as solutions for quick and accurate metabolite discovery.
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Project objectives

The goal of this project was to access novel gene clusters encoding
secondary metabolites with potential for drug development. This will be
achieved through the collection and evaluation of environmental DNA from
different urban soil samples, followed by the built and array of a fosmid library
containing the genetic material.

Fosmids would be analyzed for the presence of potential gene clusters
using molecular biology techniques such as amplification and sequencing, and
positive clones would be evaluated for the nature of the genes present.

We expect to contribute to the development of an optimized protocol to
enable genetic screening of environmental samples, expanding the number of

environments studied and the genetic potential of such places.
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Materials and Methods

Sample collection

A variety of soils from different localities and having different soil
properties were collected for eDNA extraction. The composition of all soils was

analyzed (Table 1.1).

eDNA extraction

Environmental DNA was extracted using an enzymatic method proposed

by Patrick Hill (unpublished).

» 7

\ Enzymatic
' extraction
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DNA
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Figure 1.5: General scheme of eDNA extraction process.
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Table 1.1: Profile of all soil samples used for eDNA extraction. Major sample component is

presented.

Sample name Location Landscape Composition

4985 Camino del Viento (1) Arizona, USA Scrubby desert Sand

Raton Pass New Mexico, USA Scrubby open pine forest Soil/plant debris

Cave Creek Arizona, USA Desert Sand

Ellisworth Kansas, USA Cultivated scrubby grass Soil

Termidine nature San Diego, USA Marine Sand

80 Fulton Ottawa, Canada Household Compost

85 Fulton Ottawa, Canada Household Compost

Byward Market 3 Ottawa, Canada Urban Debris

Worthing 3 England Marine Coarse sand

Dunlop Gatineau, Canada Park/forest Soil

Belcher 1 Hudson Bay, Canada Marine Gravel/mud

Billings Bridge Ottawa, Canada Forest Soil

Experimental Farm 1B Ottawa, Canada Crop Grassland

Woodbine West Ottawa, Canada Cultivated Soil

2

(o))



1925 Pine Forest
Conserved Sand Dune
Fungal Dune
Light Beige Dune
Pretoria Bridge Mussel
Seep
Ottawa Canal Red Sand
Pretoria Bridge Red Sand
Ottawa Canal
Onondaga Lake
Sommerset Bridge

Experimental Farm 4A

Ottawa, Canada
Ottawa, Canada
Ottawa, Canada
Ottawa, Canada
Ottawa, Canada
Ottawa, Canada
Ottawa, Canada
Ottawa, Canada
Ottawa, Canada
New York, US
Ottawa, Canada

Ottawa, Canada

Forest
Dune
Dune
Dune
Urban
Urban
Urban
Urban
Urban
Shore
Urban

Crop

Soil/plant material

Sand

Sand

Sand

Mud

Sand

Sand

Sand

Mud

Sand

Debris

Cultivated

1. Preparation of samples for eDNA extraction

2-3 g of soil samples was weighted and washed using 50 mL of Tris-EDTA

buffer (50 mM Tris, 50m M EDTA). The addition of buffer was done in two parts

to ensure soil disaggregation. Samples were centrifuged for 1 hour (4000 g, 4

°C). The pellet can be taken to DNA extraction or can be frozen at -20 °C for

further use.

2. Extraction at high pH

The pellet was suspended in 2.5 mL of solution 1 (0.5 M NaCl, 50 mM Tris,

50mM EDTA, lysozyme 5 mg/mL pH 8.3) and incubated for 1 hour at 37°C. After

incubation, 140 pL of an aqueous fresh SDS 20 % solution and 100 pL of a 10

mg/mL proteinase K solution were added. The samples were incubated again for

another hour at 37 °C.
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3. Extraction at low pH

5 mL of solution 2 (0.5 M NaCl, 10mM EDTA, 0.3 M succinic acid, pH 5.7)
was added to the soil solution, along with 700 pL of 20 % aqueous fresh SDS
solution. The mixture was incubated at 65 °C for 30 minutes. At this step,
solutions can be left at 4° C overnight if needed.
The samples were centrifuged for 20 minutes (15,000 g, 4° C) and the

supernatant was transfered to a fresh tube (approximate yield: 8 mL solution).

4. Protein and polysaccharides removal, first DNA concentration

1 mL of 0.5 M NaCl and 2 mL of fresh 10 % CTAB were added to the
samples supernatant, and incubated at 65 °C for 30 minutes. To this mixture, 10
mL chloroform and 0.5 volume of freshly prepared PEG 50 % were combined to
the sample solution and left overnight at 4 °C for DNA precipitation.
The next day, the DNA was concentrated through centrifugation (1 hour, 14,000
g, 4 °C) and washed with 70 % ethanol. 480 pL of TE buffer (50 mM Tris, 50mM
EDTA) were used to resuspend the pellet. The liquid was transferred to a 1.5 mL

microfuge vial.

5. Protein and humic material removal

1 volume of phenol:chloroform:isoamylalcohol(25:24:1) was added to the
sample. The mixture was centrifuged for 15 minutes (15,000 g, 4° C) and the top
layer was kept, avoiding the collection of the white central layer or the bottom

solution. The procedure was repeated using 1 volume of chloroform.

28



0.57M CaClz was added to the sample (10 pL CaClz per 200 uL sample)
and incubated for 30 minutes at 65 °C. The liquid was centrifuged at 15,000g for
20 minutes at room temperature.
To the collected supernatant, potassium acetate 3 M (110 uL per 500 pL sample)
was combined and left at room temperature for 15 minutes. The insoluble
material was removed through centrifugation (15,000 g, 20 minutes, room

temperature).

6. eDNA concentration

600 pL of room temperature isopropanol was mixed to the collected
supernatant, followed by the precipitation of DNA with the use of a centrifuge
(15,000 g, 20 minutes). The pellet was washed with 600 pL of 70 % ethanol,
which was removed by centrifugation under the same conditions as the
isopropanol removal. The pellets were left to air-dry and were resuspended in

20 pL TE buffer (50 mM Tris, 50 mM EDTA).

Pulsed field electrophoresis

For both eDNA size evaluation and fosmid library construction pulsed
field electrophoresis (PFGE) was used. This method allows for separation of high
molecular weight (HMW) DNA (Schwartz & Cantor, 1984), proven useful to
determine the quality of the DNA used for library and to retrieve natural product

pathways.

29



To prepare the pulsed field gel to be used, 150 mL of 1 % agarose was
used, with the separation of 10 mL of the total volume to seal the wells. This
agarose was kept warm at 60 °C.

Sample preparation was done by mixing 2-3 pL of a 50 ng/uL solution of
each desired sample with 20 pL of ultrapure water and 5 pL of running buffer.
Any standards used were prepared the same way.

The pulsed field apparatus (MB-10 Megabase System, Tyler Research
Corporation, Alberta, Canada) was prepared by being pre-chilled with 0.5 X TBE
buffer (89 mM Tris, 89 mM boric acid, 2 mM EDTA, pH 8.3) to 14 °C.

Loading of samples was done on gel before immersion of it in the
apparatus, along with an arbitrary thin slice of marker (Low Range PFG
Marker,1-200 kilobases, New England Biolabs(NEB)) on the middle well, to allow
better run and a more realistic size comparison. After the sample loading, the
wells were sealed using the warm agarose set aside and the gel was placed inside
the running chamber. Running conditions were as followed:145-150 V, 22-24 h,
14 °C.

Gels were soaked for 1 hour in a solution containing 200 mL 0.5 X TBE
buffer and 20 pL of a 10 mg/mL of ethidium bromide solution to allow
visualization of bands. For gels prepared for fosmid library construction no
soaking was performed. Bands were visualized with the help of a

transilluminator apparatus (Alphalmager HP, Alpha Innotec).
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PCR evaluation of the presence of natural products pathways

As targets for natural product discovery, three classes were picked for
analysis: Polyketide Synthases class I and II (PKSI and PKSII) and Non Ribosomal
Peptide Synthetases (NRPS). The presence of conserved regions in these
enzymes made them targets for identification via polymerase chain reaction
(PCR).

The type I PKS and NRPS primers used were designed based on
degenerated sequences of alignments of ketosynthase, acyl transferase and
adenylation domains (Ayuso-Sacido & Genilloud, 2005). Type II PKS sequences
used were based on modular ketoacyl-synthases shared by a number of
organisms (Wawrik, Kerkhof, Zylstra, & Kukor, 2005). The alpha subunit was
chosen as a target. Primers were provided by Integrated DNA Technologies

(USA). Primer sequences are shown in Table 1.2.

Table 1.2: primer sequences used for amplification of PKS type I and Il and NRPS pathways

Primer Sequence
K1S (TI PKS) 5’- TSAAGTCSAACATCGGBCA -3’
M6R (TI PKS) 5’- CGCAGGTTSCSGTACCAGTA -3’
540F (TIIPKS) 5’- GGITGCACSTCIGGIMTSGAC -3’
1100R (TII PKS) 5’- CCGATSGCICCSAGIGAGTG -3’
A3F (NRPS) 5’- GCSTACSYSATSTACACSTCSGG3-3’
A7R (NRPS) 5’- SASGTCVCCSGTSCGGTAS3 -3’
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For Type I and NRPS primers, a multiplex reaction was prepared as per
previously cited work of Ayuso and Sacido. For a final 50 pL reaction, reactions
were performed containing 50-100 ng DNA template, 5 % DMSO, 25 mM MgCly,
0.2 mM of dNTP mix, 0.2 uM of each primer, 1.25 U Taq DNA polymerase (NEB),
5 X reaction buffer without MgCl> (Promega). Amplification cycles consisted of
an initial heating at 95 °C for 5 minutes, followed by 35 cycles of 95 °C for 30
seconds, 2 minutes at 58 °C and 4 minutes at 72 °C, with a final elongation at 72
°C for 10 minutes.

For Type II primers, the reaction consisted in 50 pL reactions containing
50-100 ng DNA template, 25 mM MgCl, 0.8 % 10 mg/ml BSA, 0.2 mM of dNTP
mix, 0.4 uM of each primer, 1.25 U Taq DNA polymerase (NEB), 5 X reaction
buffer without MgCl, (Promega). Amplification cycles were as follows: initial
heating for 5 minutes at 95 °C followed by 40 cycles of 1 min at 95 °C, 1 min at 64
°C and 90 seconds at 72 °C with a final 15 min extension step at 72 °C.

A multiplex reaction containing all three sets of primers combined (Types
[ and II PKS and NRPS) was used for library analysis. The 50 pL reaction
contained 50 ng DNA template, 8 % DMSO, 25 mM MgClz, 0.4 mM of dNTP mix,
0.2 uM of each primer, 0.8 % 10 mg/ml BSA, 1.25 U Taq DNA polymerase (NEB),
5 X reaction buffer without MgCl> (Promega). Amplification cycles consisted of
an initial heating for 5 minutes at 95 °C, followed by 35 cycles of 1 min at 95 °C,
90 seconds at 58 °C and 90 seconds at 72 °C , followed by a final 10 min
extension step at 72 °C.

All amplification reactions were analyzed using 1 % (w/v) agarose gel

electrophoresis with ethidium bromide staining.
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Library construction

For the eDNA library construction, a fosmid kit was used to facilitate the
process (CopyControl™ Fosmid Library Production Kit, Epicentre). The
procedure described refers to the steps provided on the kit manual and any

modifications made were highlighted.
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Figure 1.6: General scheme showing steps of clone library construction and array

7. Preparation of library insert DNA
The eDNA from the following samples were used as input: Onondaga

Lake, 80 Fulton, Ottawa Canal Red Sand Seep, Pretoria Bridge Red Sand and
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Ottawa Canal. There was no distinction between the samples for analysis,
considering all input as part of a single library. Isolate PBH53 from a collection of
the lab was used as a positive control for the construction, as environmental
samples yield can be low when compared to isolate libraries.

No DNA shearing was needed for the samples as all met the size and

concentration recommended for library construction (~40 kb, 0.5 pg/uL).

8. End-repair of fragments

DNA fragments were repaired to generate 5’ phosphorylated blunt ends
for further ligation to the vectors. For a total volume of 80 pL reaction were
combined 8 pL 10X End-Repair Buffer, 8 uL.2.5 mM dNTP Mix, 8 pL. 10 mM ATP,
20 pg insert DNA and 4 pL End-Repair Enzyme Mix. The kit, with the exception of
the DNA input, provided all reagents. Reactions were carried on for 45 minutes
at room temperature. 20 pL of 5X Green GoTaq Buffer (Promega) was added to

each sample and the mixture was inactivated at 70 °C for 10 minutes.

9. Size selection of input
All samples after inactivation were loaded on a 1 % (w/v) low melting point
(LMP) agarose gel. A 42 kb human DNA, provided by the kit, was used as a
supplementary control size. Two control bands were prepared for size selection
by comparison. All samples were run on a pulsed field gel apparatus for 22 hours

at35 V.
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After the run, the size comparison bands were excised and stained with ethidium
bromide. The gel was reassembled to help determining the area with desired size

of input DNA to be extracted.

10. Recovery of DNA fragment

The samples were excised from the gel, placed in tared tubes, weight, and
their masses were calculated. Mass data was used to estimate the amount of
buffer required to release DNA from the gel. For each 1 mg of agarose, 1 pL of 50
X gelase buffer was used. The samples were incubated at 70 °C until the gel was
completely molten. Gelase (1 U/100 pL molten agarose) was added and
incubated at 45 °C for 1 hour. A water bath at 70 °C was used to stop enzyme
activity.

To recover DNA, the tubes were chilled in an ice bath for 5 minutes and
spun in a microcentrifuge (10,000 g, 20 minutes). The supernatant was
recovered and precipitated for 10 minutes using 1:10 v/v of 3 M sodium acetate
and 2.5 volumes of a solution of ethanol 70 %. The solution was centrifuged at
10,000 g for 20 minutes, repeating the ethanol wash and centrifugation steps
two more times. The DNA pellet was left to air-dry for 10 minutes and

resuspended in 10 pL of TE buffer.

11. DNA concentration determination
For further steps, the concentration of DNA was determined with

PicoGreen assay (Quant-iT PicoGreen, Invitrogen).

35



Standard curves using lambda-DNA serial microdilutions were prepared

in triplicate according to Table 1.3. 100 pL of each solution was loaded in a

microplate, along with the same volume of a working solution of Quant-iT

PicoGreen (Quant-iT PicoGreen reagent:1X TE buffer, 1:200).

Table 1.3: Lambda-DNA standard concentrations for standard curve

Point

DNA concentration (ng/200uL)

1

10

11

200

100

50

10

2

0.5

0.3

0.05

0.02

0.005

0 (blank)

The mixed solutions were incubated at room temperature for 5 minutes

and read using a plate reader (Infinite F200, Tecan). Reading settings: excitation

wavelength 485 nm, emission wavelength 535 nm, integration time 20 ps, 25

reads.
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12. DNA ligation

The selected DNA was ligated to the fosmid vector provided in the kit
(CopyControl Fosmid Library Production Kit with PCC1FOS vector). The 10 pL
reaction was prepared as follows: 1 uL. 10X Fast-Link Ligation Buffer, 1 pL 10
mM ATP, 1 uL CopyControl pCC1FOS vector, 6 pL concentrated insert DNA,1 pL
Fast-Link DNA Ligase. All reagents were present in the kit. The ligation was left

for 4 hours at room temperature and inactivated at 70 °C for 10 minutes.

13. Packaging of vectors into phages and library preparation

To form the bacterial library, the fosmid vectors were packed into lambda
bacteriophages to be used for cell infection. The packaged phages were titrated
to determine the best dilutions to yield a library.

The day before packaging, an overnight culture of the bacterial cells to be
used as library storage (Escherichia coli EPI300-T1, kit component) was
prepared. 50 mL of LB broth (10 g Bacto-tryptone, 5 g yeast extract,10 g NaCl, pH
7.5) enriched with 10 mM MgSO.and 0.2 % Maltose was inoculated with 0.5 mL
of the overnight culture and incubated at 37 °C until Asoo of 0.8-1.0 was reached.

The ligation was performed in two steps. First, 10 pL of the ligation
reactions were added to 25 pL of phage solution (MaxPlax Packaging Extract, kit
component) and incubated for 2 hours at 30 °C. Secondly, an additional 2 5 pL of
phage solution was then added and the incubation step was repeated.

At the end of incubation, 940 pL of Phage Dilution Buffer, PDB (per L: 50
mL 1 M Tris HCI, 2 g MgSO04, 2% w/v gelatin) and 25 pL of chloroform was added

to each reaction. The samples were incubated overnight at 4 °C.
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Three dilutions of the packaged phages in PDB, 1:10, 1:100 and 1:1000,
were prepared to monitor the quality of the packaging. 10 pL of each solution
along with an undiluted preparation was incubated for 1 hour at 37 °C with 100
uL of E. coli EPI300-T1R. This mixture was plated on LB agar containing 12.5
pg/mL chloramphenicol and incubated overnight at 37 °C. The number of
colonies was monitored to determine if it agreed with the expected value based
on the dilution of library preparation. The same cultivation approaches were
used to generate the fosmid library, with the clones collected and stored on 1 mL

of LB broth enriched with 12.5 pug/ml chloramphenicol and 50 % glycerol.

Library array

14. Secondary metabolite pathway evaluation

For accessing the genetic information contained in the library, an array
method was developed to facilitate the process. 1456 individual clones were
cultivated in groups of 40 on LB agar + 12.5 pg/mL chloramphenicol plates.
These clones were mixed together and used as a template for a colony multiplex
PCR as described on “PCR evaluation of the presence of natural products
pathways” section.

The positive pools were reassessed again by breaking them into 4 groups
of 10 clones each. The colonies were again mixed and used as DNA template for
another round of multiplex PCR. The positive results from this assay were
separated into individual clones, which were evaluated using the multiplex PCR
technique one more time. These individual clones were ready to have their

genetic information determined by vector extraction and sequencing.
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15. Isolation and identification of inserts

To enable isolation of fosmids, positive individual clones were
autoinduced to increase vector copy. 50 mL of LB broth was supplemented with
chloramphenicol 12.5 pg/mL and 100 pL/mL Fosmid Autoinduction Solution
(provided with Fosmid kit). Clones were cultivated overnight at 37 °C under
agitation (200 rpm).

The isolation of fosmids was performed using a no-column method due to
low yields usually obtained with column-processed fosmids. Cells were pelleted
by centrifugation at 4,000 g for 10 minutes. After decanting supernatant, cell
pellet was resuspended in 2.5mL of solution P1 (6.1 g Tris, 3.7 g EDTA.2H20, 100
png/mL RNAse, pH 8.0). After resuspension, 2.5 mL of P2 (8 g NaOH in 900 mL
H20, 100 mL 10% SDS) was added and mixture was incubated at room
temperature for 3 minutes or until solution became clear. To this, 3.5 mL of
solution P3 (294 g potassium acetate in 500 mL H20, pH 5.5 with acetic acid,
adjust to 1 L) was introduced in the reaction and tube was inverted 4-6 times to
allow protein precipitation. A centrifugation at 4,000 g for 20 minutes was
performed to pelletize cell debris.

7 mL of the supernatant was transferred to a clean tube containing 7 mL
of isopropanol and cooled on ice for 15 minutes. The reaction was centrifuged at
4,000 g for 30 minutes. To the pelletized DNA, 500 pL of chilled 70 % ethanol
were added and the mixture was centrifuged for 16,000 g for 10 minutes. The

ethanol was removed and the pellet was air-dried for 20 minutes and
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resuspended in 100 pL of elution buffer (10mM Tris, pH 8.5). The DNA
concentration was determined by UV detection using a nanodrop.

To determine insert identity, two unique restriction enzyme cutters in the
fosmid sequence flanking the insert region were used to digest the vector. For a
50 pL reaction, fosmids (2000 ng) were incubated with 10 units of HindII and
BamHI (NEB) and 10X buffer (5 uL 3.1 Buffer, NEB, provided with enzymes) and
41 pL of H20 at 37 °C for 2 hours and 30 minutes. The enzymes were inactivated
for 20 minutes at 80 °C. Digestion products were analyzed through agarose
pulsed field gel electrophoresis (1 % agarose, 140 V, 22 hours).

Preliminary characterization of fosmids was achieved through Sanger
sequencing. Based on gel analysis, selected samples were sent for sequencing of
both of insert ends. Primers used for the process were T7 forward and two
custom sequences matching flanking regions of insertion site, provided by the
fosmid kit manual: FP (5 ' GGATGTGCTGCAAGGCGATTAAGTTGG 3') and RP (5'

CTCGTATGTTGTGTGGAATTGTGAGC 3").

Permanent library stock preparation

In order to obtain a copy of the library that could be kept as permanent
stock, all colonies were transferred to 96 well microplates using a colony picking
device (Qpix 420, Molecular Devices). To create the copy, the petri dishes
containing the 40 clones pool were used.

The equipment camera was aligned using a dummy plate via Camera

Alignment software process. The application also allows determining the depth
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of agar to be pin pricked. To sanitize the robotic pin head, solutions of 1 %
bleach, 70 % ethanol and sterile distilled water were prepared. The entire
equipment was sanitized with UV irradiation for 10 minutes and the pins were
washed in solutions and heat dried.

96 microplates were filled with 200 pL of LB broth supplemented with
chloramphenicol 12.5 pg/mL and placed into the equipment for receiving the
samples. The source plates were placed onto the camera plate holder. The
General Picking process was used to generate the output, with a customized size
threshold for identifying the colonies on the plate. The equipment neglected
colonies too close from the edges of the Petri dishes by default, so they were
hand picked instead.

The transferred colonies were cultivated overnight at 37 °C. Plates were

topped up with 80 pL of 30 % glycerol per well and stored at -80 °C.
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Results and Discussion

Sample collection and eDNA extraction

From all samples processed through eDNA extraction, only a few were
considered suitable for library construction: 80 Fulton, Onondaga Lake, Pretoria
Bridge Red Sand, Pretoria Bridge mussel, and Seep. The cut-off was made based
on size and eDNA concentration evaluation after extraction.

A preliminary analysis of DNA concentration during the extraction
process was performed to give a panorama of the extraction process and to
calculate DNA loss during humic material and protein removal. Despite
promising results obtained for the majority of samples during this initial check,
there is a significant loss during purification and concentration of nucleic acids,
which is expected during this step, as it is for any other nucleic acids extraction
method, including specific kits for soil DNA (Ferrand, ]., et al, 2014; Martin-
Laurent, F. et al., 2001; Luna, G. M., Del’Anno, A. and Danovaro, R., 2006;
Kennedy, N. A. et al,, 2014).

Size evaluation of eDNA was the second and most important parameter to
determine the samples for library construction, as high molecular weight DNA
correlates to a higher chance of getting intact or mostly intact secondary
metabolite pathways. Some organisms have a representative portion of their
genomes related to these pathways, such as the genus Streptomyces, which can
dedicate up to ~ 10 % of their 8-10 Mb genomes for the biosynthesis of bioactive

secondary metabolites (Stulberg, E. R et al.,2016; Kallifidas, D., Jiang, G., Ding, Y.,
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& Luesch, H., 2018). These pathways can be long: for example, the complete
erythromycin synthetic gene cluster is 55kb in length (Zhang, H. et al.,, 2010).
Selected eDNA samples contain fragments ranging from 35 to 42 kb, the
maximum size accepted as an insert fragment by the fosmid used for library
construction. Figure 1.7 shows the pulsed-field gel electrophoresis (PFGE) used

for quality evaluation of samples.

Figure 1.7: PFGE for eDNA size evaluation. Red box in Low Range PFG Marker indicate bands
of size range between 48.5 and 23.1 kb. A: Pretoria Bridge Mussel B: 80 Fulton C: Pretoria Bridge
Red Sand, D: Onondaga Lake E: Seep
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Library construction

The five eDNA selected samples were used for library construction. The
CopyControl™ Fosmid Library Production Kit was chosen due to the presence of
an optimized vector and E. coli strain and for its quick method for clone
generation. The versatility of the system allowed the construction of libraries
using various organisms as DNA source, such as cyanobacteria, marine sediment
and other soil microorganisms (Rabausch, U. et al., 2013; Felczykowska, A. et al,,
2014; Hardeman, F., & Sjoling, S. 2007), showing that the kit would suit our
needs.

Our library consisted of 1456 clones obtained from the combination of
the five eDNA used as inserts. Each sample contributed to the library differently,
with the compost sample (80 Fulton) being the one with the least number of
clones. Sand samples (Onondaga Lake, Pretoria Bridge Red Sand, and Seep) were
the major contributors. This could be caused by the homogeneous nature of the
compost and sampling of the fresh, superficial layer in comparison to a dynamic
environment such as Onondaga Lake and the Rideau Canal, both subjected to
anthropogenic activities, which could have caused an impact in the bacterial

community.

Optimization of library array system

Library evaluation strategies were developed to facilitate the array, as we

had as targets 3 major classes of natural products: type I and type II PKS and Non
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Ribosomal Peptides. For discovery of positive clones, the library was probed by
PCR with the use of three sets of degenerate primers targeting conserved
regions.

Even with a library of moderate size, the array could be very slow and
time and reagent consuming if individual PCR reactions were carried out for
each pair of primers. To solve this problem, a multiplex system was designed.

Two pairs of primers (PKSI and NRPS) were already known to function in
a one-pot reaction, as per the work of Ayuso-Sacido and Genilloud (2004). Type
II PKS primers however had not yet been evaluated for a multiplex system. To
test multiplexing the three pairs of primers, genomic DNA samples from two
bacterial isolates from the laboratory that were reported to possess pathways
belonging to the three classes of NPs, JTG09 and PBH53, were analyzed. Figure

1.8 shows the result of multiplex PCR test.

— JTGO09 PBH53

- TI PKS
’ - NRPS
B T pks

Figure 1.8: Multiplex PCR probing for 3 classes of natural products. Genomic DNA of two

bacterial isolates, JTG09 and PBH53 was used as template. Bands corresponding to type I PKS
(1.1-1.3kb), NRPS (800bp) and type II PKS (600-700bp) are present in both samples.
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Three to four bands were observed in each sample, corresponding to the
different targets. Type I PKS amplicons were observed at 1.3 kb, with additional
bands at 1.1 kb. NRPS adenylation amplicons were visualized at 800 bp and type
II PKS were located below, between 600-700 bp. This data demonstrated that a
multiplexed analysis could be used to evaluate the library as a first check for
positive clones.

Regarding the clones, the strategy adopted was pooling the samples and
refining the analysis for the positive pools by making smaller groups until the
individual positive clones were identified. The starting point was the cultivation
of all library members in plates that were used as the first pool, containing
around 40 colonies. Figure 1.9 depicts one of the plates from the original pooling

system.

Figure 1.9: Plate #17 from the original library clone pooling system. Each colony in the grid

proceeds from a library member
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Library evaluation

With the pooling system and the multiplex PCR, all clones were evaluated
for the evidence of secondary metabolites pathway. From 1456 clones
composing the entire library, 103 individual ones scored positive for a secondary
metabolite gene. Table 1.4 condenses the results for all steps of library array.
Figure 1.10 illustrates one of the agarose gels for DNA amplification on

individual clones.

Table 1.4: Library array result for positive clones. Positives shown for each step of the

probing process, with percentage of positives related to the total library.

Whole library 40 clones pool 10 clones pool Individual clones

Pools/clones 1456 6 18 180
Total clones 1456 240 180 103
(%) 100% 16.5% 12.4% 7%
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Figure 1.10: Agarose gel showing results for multiplex amplification of DNA from
individual clones. First lanes on left: molecular marker (1kb Molecular Marker, NEB). Lanes 2-

18, top and bottom: samples. Lane 19: negative control. Lane 20, top and bottom: positive control

Regarding the percentage of positives, our library shows 7% of total
clones being positive for the secondary metabolites analyzed. In comparison
with other libraries, our numbers are very discrepant. For example, Foerstner et
al. (2008), when analyzing farm soils and had a library possessing 183,536
clones, with only 52 of them positive for type I PKS. This corresponds to only
0.0283% of positives. Owen et al. (2013), in a study targeting desert soils from
Mexico, constructed a library of 15,000,000 unique clones, with 20,661 positives
(0.13%). Cuadrat et al. (2015), when performing a metagenomic analysis of

upwelling-affected seawater for type I PKS and NRPS built two libraries from
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port/sewage and upwelling sampling. Both libraries were similar in size and
number of positives, with 38 out of 409,1110 (0.0092%) and 46 out of 451,722
(0.0101%).

Our high percentage of positives could be related to the sampling on
urban environments, which are known to have a higher prevalence of
Actinobacteria, increasing the chances of finding genes coding for secondary
metabolites. The targeted sampling method seems to be a good method to follow
when looking for specific compounds to boost the chances of finding such
pathways. The small number of clones in the library could be due to the small
amount of starting sample to purify eDNA from (usually 2-2.5 g). Nevertheless,
the library size is acceptable as sufficient number of positive clones was
recovered.

Analysis of positives identified amplification for 2 NRPS, 88 type I PKS
and 59 type II PKS. Many clones were positive for both type I and type II PKS,
which could be due to the presence of hybrid or different fragmented pathways.
Considering that type II PKS biosynthetic clusters tend to be smaller when
compared to type I PKS, as they usually present a minimal PKS architecture of
two ketosynthase units (KSa and KSB) and an acyl carrier protein (ACP), it is not
unusual that they could be on the same DNA insert fragment with a partial type |

PKS, and get identified by the multiplex technique.
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Identification of pathways from positive clones

After the identification of positives, the next step was gene identification.
As a way to dereplicate and obtain preliminary information about the pathways,
the amplicons from the multiplex PCR were sent to Sanger sequencing. This way
we could focus on unique pathways and prevent sequencing of inserts that
corresponded to already described and characterized molecules. Unfortunately,
the results were inconclusive for this assay, potentially due to the presense of
multiple amplicons in each sample.

We decided to proceed to complete sequencing of the insert by fosmid
preparation on large scale. Commercial kits and column centrifugation methods
were avoided to maximize yields and mostly because they are not suitable for
fosmid size. All positive hits were processed, inserts were digested from the
fosmids and random samples were sent for sequencing for preliminary results.
Figure 1.11 presents a PFGE of samples to recover digested inserts for

sequencing. Table 1.5 shows sequencing results after BLAST alignment.

Table 1.5: BLAST alignments for fosmid insert sequences. To random library positive hits

sent, the closest species match is shown, along with coverage and identity percentages.

Sample Species Coverage Identity
1A T7 Sulfurifustis variabilis SkN76 39% 76%
1GT7 Streptomyces sp. PBH53 100% 99%

2ER Streptomyces iranensis 90% 84%
3CF Streptomyces sp. PBH53 96% 99%
3CR Streptomyces sp. PBH53 94% 99%
3GT7 Streptomyces sp. PBH53 100% 100%
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Figure 1.11: PFGE of digested positive fosmids. Double digestion performed with restriction
enzymes HindIIl and BamHI. 1 to 14: digested samples. C: fosmid control L: ladder (Low Range
PFG Marker).

Observing the sequencing results, the majority of the sequences align
with one isolate described by our group, Streptomyces sp. strain PBH53 (Gosse,
J.T. et al, 2015). Considering that a substantial amount of our library is
composed of samples from areas not distant from the original isolate collecting

point, it is not unrealistic that we are dealing with a local strain.
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The other hit obtained from BLAST analysis of the sequencing data,
Sulfurifustis variabilis, does not possess high similarity. However looking at the
strain information, it seems to be related to our fosmid insert as S. variabilis was
isolated from sediment of a lake in Japan. The strain is able to oxidized
thiosulfate, tetrathionate and elemental sulphur (Kojima, H., Shinohara, A, &
Fukui, M., 2015). Onondaga Lake, one of the sources of our samples, is described
as “the most polluted lake in America”, which could be a bearer of a similar
organism. Some of the mechanisms of survival or pathways involved in
adaptation to such harsh conditions could be shared by both strains, hence the
similarity.

Fosmid sequencing using other methods was considered, but as this
preliminary result pointed to an organism which sequence is known and
secondary metabolites were predicted by our group, we decided to focus on this
information and develop strategies to get a better understanding of some

exciting pathways such as lantipeptides (covered on Chapter 2).
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Conclusion

The goal of this project was to access novel gene clusters encoding
secondary metabolites with potential for drug development through the
collection and evaluation of environmental DNA from different urban soil
samples, followed by the built and array of a fosmid library containing the
genetic material.

A library of 1456 clones from five urban environments was successfully
built and arrayed for the presence of type I and II polyketide synthase and
nonribosomal peptide synthetase genes, yielding 103 positive individual hits.
The majority of positive clones have hits for polyketide synthase genes, with a
high prevalence of mixed type I and II PKS genes in the same clone.

Sequencing of positives revealed genetic similarity of fosmid clones with a
recently described organism from a geographically close sampling site, which
shows the organism distribution and adaptation to a specific urban area.
Similarities between a metal-metabolizing lake organism and one of our library
hits is a strong indicator of possession of pathways that help these strains adapt
in anthropogenic environments.

We expected that this work contributes with the development of an
optimized protocol to enable genetic screening of environmental samples,
expanding the number of environments studied and the genetic potential of such
places and demonstrating the importance of targeted sampling when

bioprospecting.
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Introduction

RiPPs, not your average protein

The acronym RiPPs stands for ribosomally synthesized and
posttranslationally modified peptides. The main difference from RiPPs to
nonribosomal peptides is the absence of dedicated machinery, with native
ribosomal translation playing the peptide synthesis role.

Most RiPPs are biosynthesized from a larger precursor that can typically
be demarcated into an amino-terminal leader sequence (leader peptide) that is
removed to liberate the final bioactive product, and a carboxy terminal core
peptide that is posttranslationally modified into the active compound (Yu, Y. et
al,, 2013; Letzel et al., 2014). The final product is a usually small molecule made
up of a couple of residues to up to 40-50 amino acids with several modifications
(Link, A.]., 2015).

The diversity of RiPPs is shown by the presence of numerous families of
compounds. The variety of structural features yielded from modifications allows
a range of activities such as antifungal, antibacterial, allelopathic, and antiviral
(Essig et al., 2014, Férir et al,, 2013, Mohr et al,, 2015, Zheng et al., 2015). Due to
their versatility, RiPPs are undoubtedly another valuable source of novel

metabolites to be explored.

64



You would never break the (thioether) chain - Lantipeptides

Lanthionine-containing peptides, also known as lantipeptides, are
polycyclic peptides originated from a linear precursor peptide (generically
termed LanA) and characterized by the presence of thioether cross-linked amino
acids lanthionine (Lan) and methyllanthionine (MeLan), which carry an
additional methyl group on one of the 3- carbons.

Biosynthetically, lanthionines and methyllanthionines originate from Ser
and Thr residues that are first dehydrated to generate dehydroalanine (Dha) and
dehydrobutyrine (Dhb) residues respectively (Knerr, P.J., van der Donk W.A.,
2012). Subsequently, the thiol of a Cys is added across the carbon-carbon double
bond of these dehydroamino acids in a Michael-type addition to produce the Lan
and MeLan structures, respectively (Arnison, P. G. et al., 2013).

Lantipeptides can be divided into four groups according to the nature of
the enzymes responsible for MeLan catalysis. Type I lantibiotics presents two
enzymes: LanB, the lanthionine dehydratase which catalyses the dehydration of
the amino acids, and LanC, the lanthionine synthetase, which catalyzes the
thioether formation. Type II lantibiotics contain a single enzyme which performs
dehydration and thioether formation. Type III and IV are lantipeptides which are
catalyzed by distinct enzymes such as the RamC-like and LanL enzymes (Marsh,
AlJ.etal, 2010).

Following the dehydration and thioether linkage formation, the peptide is
not yet bioactive. To allow activation, the amino-terminal leader peptide needs
to be removed. In lantipeptides, this occurs in different manners depending on

the molecule type. Usually in type I lantipeptides the removal of the amino-
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terminal leader peptide is carried out by a subtilisin- like serine protease termed
LanP (van der Meer, J.R. et al, 1993). Type II leader peptide removal occurs
concomitant with the transport of the modified precursor peptide, and is
catalyzed by the papain-like Cys protease domain of LanT, and in type III
cleavage is performed by prolyl oligopeptidases (van der Donk, W. A., & Nair, S.
K., 2014). Figure 2.1 shows an example of lantipeptide synthesis using the

pathway for nisin, a type I lantipeptide.
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Figure 2.1: Nisin A biosynthesis. Steps shown: NisA linear peptide formation, dehydration
carried by NisB, thioether linkage formation by NisC and activation of peptide by cleavage
performed by NisP. Retrieved from Shi, Y. et al,, . Am. Chem. Soc. 2011, 133, 2338-2341, by

permission.
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Lantipeptides possess remarkable antimicrobial activity against many
clinically relevant gram-positive bacteria, including drug-resistant strains of
Staphylococcus, Streptococcus, Enterococcus, and Clostridium, as well as against
select gram-negative pathogens, such as Neisseria and Helicobacter (Knerr, P.J.,
van der Donk, W.A,, 2012). This property puts these bioactive molecules as one

of our target compounds for bioprospecting.

Strategies for accessing lantipeptides and other RiPPs

As RiPPs have proven to be exciting compounds for a variety of
applications, one of the challenges is the development of strategies to identify
and synthesize significant amounts of product for testing and further usage. A
deeper understanding of their biosynthesis and the use of bioinformatics tools to
accurately identify associated genetic components have accelerated the
development of new in vivo and in vitro engineering strategies.

The engineering of bacterial strains to serve as heterologous hosts is
currently the protocol for lantipeptide production, with special focus in the use
of E. coli, which simplifies and generalizes genetic manipulation. In 2005, the first
report of lantipeptide biosynthesis in E. coli described the production of nukacin
through single-vector coexpression (Nagao, J. et al., 2005).

Six years later, in 2011, Shi and colleagues described the preparation of
seven different lantipeptides in Escherichia coli and demonstrate a methodology
to incorporate nonproteinogenic amino acids. The genes for the precursor

peptides and the synthetase were cloned as a biscistronic construct, with a N-
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terminal hexahistidine tag to allow column purification. Artificial cleavage sites
were introduced between the leader and core peptides to allow in vitro removal
of the leader sequence with the help of introduced proteases (Shi, Y. etal.,, 2011).

The work performed by Karakas-Sen and Narbad (2012) reports the
overexpression of a nisin precursor peptide, prenisin, to be used in vitro
investigation of dehydration function of NisB protein. The researchers developed
a C-terminally histidine-tagged (6x His) fusion peptide in Escherichia coli that
enabled purification of His-tagged prenisin using nickel affinity chromatography.
The purified prenisin was analyzed by SDS-PAGE, Western blotting and mass
spectroscopy, showing the successful heterologous expression using an E. coli
system (Karakas-Sen, A. and Narbad, A., 2012).

One last example is the work of Hoffman et al. (2012) to identify
functional artificial lantipeptides. More than 101t different lanthionine containing
peptides were prepared in an in vitro translation approach coupled with an
enzyme-free protocol for posttranslational modification. The success of
production was validated towards Sortase A, a transamidase required for
virulence of Staphylococcus aureus. The interaction of selected lantipeptides with
Sortase A is highly dependent on the presence of lanthionine in the peptide and
an active conformation of the protein (Hofmann, F. T., Szostak, ]. W., & Seebeck, F.
P, 2012).

All the recent successful examples to standardize heterologous
expression of lantipeptides using E. coli heterologous hosts show that this is a
promising methodology and a reasonable starting point for heterologous
expression of new lantipeptides. Our efforts should be focused on the challenges

of tailoring these compounds.
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Project objectives

This project focuses on heterologous expression of a lantipeptide from a
bacterial isolate from an urban environment. Using E. coli as the expression host
and an inducible T7 RNA Polymerase-mediated Multigene Expression System
(MES) developed in-house, named pMGX, the different components of the
biosynthetic pathway were cloned and evaluated for the production of the
propeptide and its active form.

This research aims to expand the knowledge on RiPPs and their presence
in different bacterial species and their biological potential, in particular, the ones
with antimicrobial potential that could be explored. The development of
heterologous expression protocols and the determination of the role of different
genes in the molecule biosynthesis is a remarkable effort to expand the studies of

this group of poorly known molecules.
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Materials and Methods

Household isolates library

In order to complement the urban bacterial siolate collection the lab
possesses, a household dust isolate library was generated. Two samples from
vacuum cleaner bags belonging to three distinct households plus the contents of
an air filter from another location were chosen for analysis.

The vacuum cleaner content was divided into fine, or small particle, and
heavy dust, or mixed big particles and hair. 2-3 g of samples was weighted and
washed using 50 mL of Tris-EDTA buffer (50 mM Tris, 50 mM EDTA). The
supernatant was serial diluted to yield better isolation. 100 pL of a series of five
1:10 dilutions plus the undiluted sample were plated on ISP-2 (4 g yeast extract,
10 g malt extract, 4 g dextrose, 20 g agar). The medium is specific for
Streptomyces but allows general bacterial growth. Plates were cultivated for 2
weeks at 30°C with daily observation and collection of new colonies.

New colonies that appeared on plates over the course of the 2-week
incubation were isolated by collection on ISP-2 plates and left to grow under the
same initial isolation. Permanent stocks of the isolated organisms were prepared
with the incubation of selected colonies in 5 mL of LB broth overnight. 500 uL of
the bacterial culture was mixed with the same volume of a 50% v/v glycerol
solution and frozen at -80°C. In total 34 colonies were isolated using this method,

giving a total of 148 isolates for the collection.
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Table 2.1: List of prospected urban isolates from the laboratory collection

Name Working name Site collected

PBH2 alley (A) Alley between Aude Dubliner and Scottish pub, Market, Ottawa

PBH4 alley (A) Alley between Aude Dubliner and Scottish pub, Market, Ottawa

PBH6 alley (A) Alley between Aude Dubliner and Scottish pub, Market, Ottawa

PBHS8 Pavement (P)

PBH10 Pavement (P)

PBH12 Pavement (P)

PBH14 Hcave

PBH16 Lake Bowman lake, New York, USA. about 2-3 feet deep

PBH18 Lake Bowman lake, New York, USA. about 2-3 feet deep

PBH20 Lake Bowman lake, New York, USA. about 2-3 feet deep

PBH22 Lake Bowman lake, New York, USA. about 2-3 feet deep

PBH24 Billings Bridge Clay Billings Bridge estate forest, on rim of valley overlooking transitway

PBH26 Billings Bridge Clay Billings Bridge estate forest, on rim of valley overlooking transitway

PBH28 Billings Bridge Clay Billings Bridge estate forest, on rim of valley overlooking transitway
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PBH30 Billings Bridge Clay Billings Bridge estate forest, on rim of valley overlooking transitway

PBH32 Billings Bridge Sand Billings Bridge estate forest, above Sawmill creek on east side

PBH34 Billings Bridge Sand

PBH36 Billings Bridge Sand Billings Bridge estate forest, above Sawmill creek on east side

PBH38 Billings Bridge Sand Billings Bridge estate forest, above Sawmill creek on east side

PBH40 Billings Bridge Sand Billings Bridge estate forest, above Sawmill creek on east side

PBH42 Billings Bridge Sand Billings Bridge estate forest, above Sawmill creek on east side

PBH44 Billings Bridge Sand Billings Bridge estate forest, above Sawmill creek on east side

PBH46 Billings Bridge Sand Billings Bridge estate forest, above Sawmill creek on east side

PBH48 Folking alley

PBH50 Hot Pavement

PBH52 Hot Folking alley Folking alley, Groningen, The Netherlands

PBH54 Hot Pavement

PBH55 Oxford (Ox) Oxford street sample, United Kingdom

PBH57 Oxford (Ox) Oxford street sample, United Kingdom

PBH59 Oxford (Ox) Oxford street sample, United Kingdom
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PBH61 Oxford (Ox) Oxford street sample, United Kingdom

PBH63 Oxford (Ox) Oxford street sample, United Kingdom

PBH65 Oxford (Ox) Oxford street sample, United Kingdom

PBH67 Oxford (Ox) Oxford street sample, United Kingdom

PBH69 Oxford (Ox) Oxford street sample, United Kingdom

PBH71 Worthing (Wor) Durrington Trainstation steps, United Kingdom

PBH73 Worthing (Wor) Durrington Trainstation steps, United Kingdom

PBH75 Worthing (Wor) Durrington Trainstation steps, United Kingdom

PBH77 Worthing (Wor) Durrington Trainstation steps, United Kingdom

PBH79 Worthing (Wor) Durrington Trainstation steps, United Kingdom

PBHS81 Worthing (Wor) Durrington Trainstation steps, United Kingdom

PBH83 Worthing (Wor) Durrington Trainstation steps, United Kingdom

PBHS85 Worthing (Wor) Durrington Trainstation steps, United Kingdom

PBH87 Hot Billings Bridge Sand

PBH89 Hot Billings Bridge Sand

PBH91 Hot Billings Bridge Sand
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PBH93 Night Air Plates left open to air at campus bus stop around 10 minutes.

PBH95 Night Air Plates left open to air at campus bus stop around 10 minutes.

PBH97 Night Air Plates left open to air at campus bus stop around 10 minutes.

PBH99 Arctic Upland

PBH101 Arctic Upland

PBH103 Arctic Upland

PBH105 Arctic Plateau

PBH107 Arctic Plateau

PBH109 Arctic Plateau

PBH111 Arctic Plateau

PBH113 Arctic Plateau



Table 2.2: Household isolates library constructed to complement lab isolate collection

Name Source Aspect on ISP2

JTG2 30 Commanche Green/yellow/orange, fluffy

JTG4 190 Lees ave. 1104 White, round, small/medium, glossy

JTG6 190 Lees ave. 1104 Yellow, round, small, firm

JTG8 190 Lees ave. 1104 White, small, glossy

JTG10 80 Fulton White, starfish shape, hairy but plain motifs

JTG12 30 Commanche White, big, glossy

JTG14 80 Fulton Green/white, small, fluffy (velvet-like) (LB)

JTG16 30 Commanche

JTG18 30 Commanche White, medium to big, glossy

JTG20 190 Lees ave. 1104 White, non glossy

JTG22 190 Lees ave. 1104 White, small, glossy

JTG24 190 Lees ave. 1104 Pink, small/medium,glossy

JTG26 190 Lees ave. 1104 White, target-like, glossy

JTG28 190 Lees ave. 1104 White, pufty, irregular, non glossy
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JTG29 190 Lees ave. 1104 White in the middle of the colony, rounded, glossy

JTG30 190 Lees ave. 1104 White, small
JTG31 190 Lees ave. 1104 White, small
JTG32 190 Lees ave. 1104 White, milky
JTG33 190 Lees ave. 1104 White, velvet-like
JTG34 190 Lees ave. 1104 White, small, glossy

16S identification of isolates

For a preliminary identification of isolates, a PCR targeting the 16S
bacterial ribosomal RNA sequence was performed. This housekeeping gene
enables the determination of identity due to its widespread presence and to a
well-conserved structure (Janda & Abbott, 2007).

Bacterial genetic material was used as a template for PCR after its
isolation with the help of a kit (Wizard Genomic DNA Purification Kit, Promega).
The 25 pL reactions were prepared containing 100ng DNA template, 0.2mM of
dNTP mix, 0.2uM of each primer, 1U Taq DNA polymerase (NEB) with
corresponding 10X reaction buffer, 1% 10 mg/ml BSA. The reaction had an
initial denaturation step at 95°C and 30 cycles consisting of 95°C for 1 minute,
55°C for 1 minute, and 72°C for 90 seconds followed by a final extension step of 5
minutes at 72°C. Primers used for the amplification were 63f (5'-
CAGGCCTAACACATGCAAGTC-3") and 1387r (5-GGGCGGWGTGTACAAGC-3)
(Marchesi et al., 1998).

Samples were resolved in 1% w/v agarose gels. Amplicons of 1.3

kilobases were extracted from gel using an isolation kit (E.Z.N.A Gel Extraction
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Kit, Omega-Biotek) and sent for sequencing using the services of McGill

University and Génome Québec Innovation Centre.

Whole genome sequencing (WGS) of isolates and secondary metabolite evaluation

From the isolate library, two organisms were picked for whole genome
sequencing: isolates PBH53 and JTGO09. Both strains were cultivated on 5 mL LB
broth for 72 hours and had their DNA extracted using a kit (Wizard Genomic
DNA Purification Kit, Promega). The yielded material was submitted for
sequencing through Mr. DNA - Molecular Research LP (Texas, USA). Sequencing
details: [llumina MiSeq, 50x2x300 bp paired-end).

Presence of pathways encoding secondary metabolites array was

performed as a multiplex PCR, as described in Chapter 1 Material and Methods.

Lantipeptide primer design and amplification

To amplify PBH53 lantipeptide pathway, three sets of primers were
constructed to tackle the three genes composing the pathway. To enable
recovery and expression evaluation, the C-terminus of proteins were 6XHis-
tagged, with the exception of LanA that was labelled with a N-terminus tag. The

primer sequences are expressed in Table 2.3
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Table 2.3: primer sequences used for amplification of lantipeptide pathway

Primer Sequence

LanAR 5’-GAATTCTTACGAGGTGACGCAGGC-3’

LanAF 5’- CATATGCATCATCACCATCACCACGGTGGTGGTATGACCGCCATTCCCGTGGAG -3’
LanAF 5’- CATATGCATCATCACCATCACCACGGTGGTGGTATGACCGCCATTCCCGTGGAG -3’
LanBF 5’- CATATGTGGGCCGACGAGACCTTCCGGCAGGCGG -3’

LanBR 5’- GAATTCTTAGTGGTGATGGTGATGATGACCACCACCTGCGCGCGCCGCCA -3’
LanCF 5’- CATATGACCGCCACGACGCTCCCGCCCCG -3

LanCR 5’- GAATTCTTAGTGGTGATGGTGATGATGACCACCACCGGTGATCAGCAGCACGTC -3’

Amplification conditions for production of fragments suitable for cloning

applications follow: for a total volume of 50 pL reaction were combined 200 ng

DNA template, 0.2 mM of dANTP mix, 0.25 uM of each primer, 8 % DMSO, 0.5 pL

(lanA) or 1 pL (lanB and lanC) Herculase II DNA Polymerase (Agilent) with

corresponding 10 X reaction buffer. Amplification started with a denaturation

step at 95 °C and 35 cycles consisting of 95 °C for 1 minute, 65 °C for 30 seconds

(lanA)/64 °C for 1 minute/61°C for 1 minute (lanC), and 72 °C for 1 minute

followed by a final extension step of 3 minutes at 72 °C.

Fragments amplified were resolved in 1 % w/v agarose gels and

extracted from gel using an isolation kit (E.Z.N.A Gel Extraction Kit, Omega-

Biotek).
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Cloning of lantipeptide pathway

1. Blunt cloning of pathway components

All fragments yielded from the amplification of different genetic
components of the lantipeptide pathway were first cloned into blunt plasmids. A
kit was used to provide the vector and reagents (Zero Blunt PCR Cloning Kit,
Invitrogen Thermo Fisher).

For a 10 pL reaction were combined 1.5 pg DNA amplicon input, 1 pL
blunt vector, 5 U of T4 ligase along with 2 pL 5X blunt buffer. The reaction was
carried for 1 hour at room temperature and stored at -20 °C for use in further

steps.

2. Expression vector cloning

For the final cloning of genes into expression vectors, the genes were first
digested off the blunt vectors using EcoRI and Ndel. The 50 pL reactions were
prepared combining 1.5 pg of blunt vectors with 10 units of both EcoRI and Ndel
enzymes (NEB) and 5 pL of 3.1 Buffer (NEB, provided with enzymes). Digestion
was performed at 37 °C for 1 hour and 30 minutes. Enzyme activity was
interrupted with incubation at 65 °C for 20 minutes.

Vectors pMGX-K (lanB and lanC) and pET21 (lanA) were prepared for
ligation by being linearized with EcoRI and Ndel. Digestion conditions for the
vectors were the same pursued for the inserts. Ligation of fragments happened
with the combination of both linearized vectors with their respective fragments,

following a ratio of 1 part of vector for 3 parts of fragment. These were mixed
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with 1 pL. T4 DNA polymerase (NEB) and 2 pL of 10 X provided buffer to yield a
10 pL reaction. The tubes were incubated at 16 °C for 16 hours and heat

inactivation of the enzyme occurred at 65 °C for 20 minutes.

3. Construction of the coexpression vector pLanBC

The two tailoring genes of the pathway, lanB and lanC were cloned into
the same vector, generating a single coexpression system. For the sake of
effectiveness of the process, lanC was the gene of choice to be inserted into the
vector already containing the gene lanB.

Vector pMGX-K containing the fragment lanB was linearized in a single
digestion process with Avrll. Digestion of lanC was performed with Xbal and
Avrll. 50 pL digestion reactions were prepared combining 1.5 pg of vectors with
10 units of the respective enzymes (NEB) and 5 pL of Cutsmart Buffer (NEB,
provided with enzymes). Digestion was performed at 37 °C for 1 hour and 30
minutes. Enzyme activity was interrupted with incubation at 65 °C for 20
minutes.

Vectors were dephosphorylated to prevent recircularization, which could
lead to false positives. To the digested plasmids, 1.5 pL of Calf Intestinal
Phosphatase (CIP) (NEB) was added and reaction was incubated at 37°C for 30
minutes.

Reactions were monitored for quality by running a 1 % w/v agarose gel.
Fragments were extracted using an isolation kit (E.Z.N.A Gel Extraction Kit,
Omega-Biotek).

Ligation of fragments happened with the combination of linearized vector
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with LanC DNA, fragment following a ratio of 1 part of vector for 3 parts of
fragment. These were mixed with 1 pL. T4 DNA polymerase (NEB) and 2 pL of 10
X provided buffer to yield a 10 pL reaction. The tubes were incubated at 16 °C for

16 hours and heat inactivation of the enzyme occurred at 65° C for 20 minutes.

4. Transformation of vectors in Escherichia coli strains

Vectors constructed throughout the cloning steps were transformed into E.
coli strains for propagation and protein expression. Strains Top 10 and BL21
chemically competent prepared in the laboratory were used.

100 pL of the respective competent cells was transferred to a 1.5 mL tube and
topped with 50 ng of the desired plasmid. The mixture was incubated on ice for
30 minutes. Cells were heat shocked using a water bath set to 42 °C for 45
seconds. The tubes were put back on ice for 2 minutes. To the cells, 300 pL of LB
broth was added, proceeded by an incubation of 1 hour at 37 °C and 200 rpm.

100 pL of the incubated transformed cells was spread on LB agar plates
containing the antibiotic required for selection based on the vector resistance
marker. Plates were incubated for 16 hours at 37 °C and colonies were

harvested.

5. Protein expression and evaluation
E coli BL21 transformants were used to express proteins for the lantipeptide
system. Overnight cultures of harvested colonies were prepared and 4 mL of the

broth was added to 400 mL of LB broth, followed by an incubation at 37 °C and
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200rpm. Aliquots of the broth were taken to determine the optical density (OD)
of the culture, which was aimed to reach values between 0.4 to 0.6 at 600 nm.

After the fermented broth reached the desired OD, 400 pL of 1 M IPTG was
added to induce protein expression, and the broth was incubated at 30 °C for 5 to
6 hours or 16° C overnight.

To extract the expressed protein, the culture was spun at 4000 rpm at 4 °C
for 40 minutes. The pellets were resuspended using lysis buffer (100 mM sodium
phosphate, 300 mM NaCl, 10% v/v glycerol, 1 mg/mL lysozyme, 1 pg/mL
pepstatin A, 1-2 pg/mL leupeptin, pH 8.0, 0.2 pl/mL culture). Cells were lysed
using a sonicator, in two cycles of 30 seconds each. The solution was spun again
to pelletize cell debris at 9000 rpm, 4 °C for 1 hour.

The cell lysate was collected and nickel resin (HisPur Ni-NTA Resin, Thermo
Fisher) and a solution of 250 mM imidazole were added to a proportion of 5:5:4
lysate: nickel resin: imidazole. This was followed by a 2-hour incubation period
at 4 °C with agitation.

The protein mixture was separated using a column to hold the liquid and to
allow fractionation of the protein. The resin was packed with the help of gravity
and the flow-through was collected using air pumped into the system to push the
fraction down the column. Resin was washed using a set of imidazole solutions in
1 M Tris/5 M NaCl of different concentrations: 0 mM, 20 mM, 100 mM and 250
mM. For the first two solutions, volume used corresponded to 10 X the sample
volume and for the remaining concentrations the volume was 5 X. Each fraction
was collected in a separate tube and kept on ice for further analysis.

Evaluation of protein expression was performed using SDS-PAGE gel

electrophoresis of fractions. 20 pL of each fraction and the flow-through were
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diluted on the same volume of 5 % 2-mercaptoethanol Laemmli buffer and
denatured at 85 °C for 5 minutes. Room temperature samples were loaded on gel
and run at 220 V for 35 minutes. Gel was activated using UV (302 nm) and bands

were visualized after 30 seconds of exposure.

6. Cell free expression

Cell free protein expression is a technique used to bypass cell-dependant
expression systems, which could lead to absence of expression, degradation of
protein by native proteases present in cells or death of expression host due to
toxicity of the expressed protein. Without the use of the entire cell machinery,
focusing on the use of translation apparatus only, the expression and stability of
the desired protein can be ensured.

LanA, the protein of interest to be cloned using the cell free system, was
amplified through PCR, as described above, and ligated into a blunt vector and
later into pET21. All the procedures for ligation and digestion followed were the
same as the ones used for the traditional cloning approach presented on sections
1-4 of this chapter.

The pET21-LanA vectors were purified to eliminate residues of RNase and
salts from the plasmid extraction Kkits. This step is required to improve quality of
translation of the cell free system. One volume of phenol:chloroform:isoamyl
alcohol (25:24:1) was added to the vector solution, followed by vigorous shake
for 20 seconds and centrifugation at 16,000 g for 5 minutes. The upper part
containing the DNA was removed and transferred to a tube. To the solution, 2.5

volumes of 100 % ethanol was added and the solution was left overnight at -20°C
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to precipitate DNA. The solution was centrifuged at 16,000 g for 10 minutes to
pelletize the genetic material. The pellet was washed with chilled 70% ethanol
and centrifuged for 3 minutes. It was left to air dry for 20 minutes and later
resuspended in 20 pL of TE buffer.

The cell free expression was performed with the use of a kit (PURExpress In
Vitro Protein Synthesis kit, NEB). A 25 pL reaction was set up, containing 10 pL
of Solution A, 7.5 pL of solution B, 0.5 pL of labeled lysine (FluoroTect GreenLys
In Vitro Translation Labeling System, Promega) and 250 ng of DNA template. The
reaction was left for 4 hours at 37 °C and interrupted by placing the tubes on ice.

Samples were resolved through SDS-PAGE gel electrophoresis. 10uL of each
sample was diluted on the same volume of 5 % 2-mercaptoethanol Laemmli
buffer and denatured at 85 °C for 5 minutes. Cooled samples were loaded on gel
and run at 220 V for 35 minutes. Bands were visualized with the use of 488
nm Ar-ion laser equipment (Alphalnnotech Chemilmager 5500, Alphalnnotech,
USA). Coomassie Blue R-250 (ThermoFisher Scientific, USA) staining procedures

were carried when necessary as per manufacturer protocol.
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Results and Discussion

Isolate library evaluation

Our lab collection of isolates was probed for the presence of secondary
metabolite pathways belonging to type I and II PKS and NRPS families. The same
set of primers used to perform multiplex eDNA library array was applied here.

A number of samples tested positive for biosynthetic genes, however two
strains caught our immediate attention due to presence of all pathways types
probed: PBH53 and JTGO09. Figure 2.2 shows the agarose gel resolution of a
group of samples, including PBH53 amplicon for one of the NP families probed.

These isolates were selected for whole genome sequencing.
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Figure 2.2: Agarose gel of amplification of NRPS pathways from isolates library. Lane 1: 1kb
DNA ladder (NEB). Lanes 2-10: samples. In detail: NRPS amplicon on PBH53 isolate.

Pathway prediction through antiSMASH

The WGS of PBH53 generated a draft genome deposit on NCBI database,
(accession number CP011799.1) which was analyzed for the presence of
secondary metabolites with the help of the bioinformatics tool antiSMASH v.

3.0.0 (Weber T. et al, 2015). In total, 47 secondary metabolite biosynthetic gene
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clusters were identified, with the majority predicted to be involved in polyketide
or nonribosomal peptide biosynthesis.

A large number of the predicted PKS and NRPS appeared to be gene
cluster fragments, likely due to the short contig size. Some highlights of the
prediction are the 9 type I PKS clusters, 2 type Il PKS clusters, 2 type III PKS, as
well as 8 NRPS and 10 mixed PKS-NRPS or PKSI-PKSII clusters. The remaining
ones were predicted to encode biosynthetic pathways for 2 terpenes, 3
siderophores, a lantipeptide, 3 bacteriocins, ectoin, and 2 melanins. Four clusters
were identified but had no predicted compound family. Two predicted pathways
showed high homology to known biosynthetic gene clusters (Gosse, ].T. et. al,
2015).

Due to the partial nature of many clusters and prediction uncertainties of
others, these gene clusters were not chosen as targets for further study. On the
other hand, the lantipeptide pathway showed itself as a very exciting cluster to
be expressed due to its small size and lower genetic complexity, as few genes are
involved in lantipeptide production. The lack of further information on the
pathway and on lantipeptides in general was another point that set the cluster as
our object of study.

AntiSMASH was able to predict some features of the pathway, such as
leader and core peptide positions, modified residues and number of crosslinks
(Figure 2.3 and 2.4). It suggested the molecule belongs to Class I lantipeptides,
known to comprise antibacterial compounds.

Unfortunately no protease responsible for the separation of the leader
from the core sequence was found on the cluster or on the total sequence, but

according to the residues involved it was predicted as being an Endoproteinase
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Glu-C with the use of ExPASy PeptideCutter (Gasteiger E. et al., 2003). This ended
up being beneficial for the heterologous expression of the lantipeptide as the
activation of the core peptide could be controlled with the addition of

commercial protease.

Lanti - Cluster 1 - Lantipeptide

Gene cluster description Prediction details
Lanti - Gene Cluster 1. Type = lantipeptide. Location: 1 - 2667 nt. Click on genes for more information. Download cluster GenBank file ctal 1
Show pHMM detection rules used 91 Putative Class I
Score: -9.90
— 1 I Monoisotopic mass: 1946.8 Da
Molecular weight: 1948.2 Da
Number of bridges: 4
Legend: Alternative weights
M biosynthetic genes M transport-related genes [l regulatory genes [l other genes E::IS:J:‘S’;S N unmodified Ser/Thr
Detailed annotation 1966.2Da N=1
1984.2 Da N=2
ctgl_1 leader / core peptide, putative Class I 2002302 n-3
MTAIPVEQRVAPKQTSTEVVDEADPFGLDITFIEGTPATE - DhbVLMCDhaDhbGDDhbCGDhaDhaCPDhaACVDhbDha 20383Da nN-s
Database cross-links
Legend: Look up in NORINE database

Dha: Didehydroalanine
Dhb: Didehydrobutyrine

Figure 2.3: antiSMASH 3.0.0 prediction of lantipeptide pathway in Streptomyces sp. PBH53.

LR ) LR
10,0007 11,0007 12,0007 13,0007
Cluster number: 2
A D) B QR97_02035
QR97_02030
11 (o] QR97_02040
leader peptide | 100bp

core peptide

Figure 2.4: Streptomyces sp. PBH53 lantipeptide cluster. A: LanA, the lantipeptide (189bp).
B: LanB, Lantipeptide dehydratase (1.9kb). C: LanC, lanthionine synthetase (1.1kb)

Amplification and cloning of lantipeptide pathway

The amplification of all three genes composing the lantipeptide pathway
yielded three fragments: a 205 bp corresponding to LanA, a 1.9 kb fragment

correspondent to LanB and a third, 1.1 kb amplicon, LanC (Figure 2.5). LanA
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proved to be very difficult to amplify, probably caused by the rich GC regions
from where the primers were generated, which increases Tm and make the
process more challenging. These difficulties were solved with the use of DMSO in
the reaction mixture, which helps the dissociation of hydrogen bonds due to its
association to the major and minor grooves of template DNA destabilizing the
double helix structure, (Hardjasa A. et. al, 2010) allowing lower melting

temperatures and primer annealing.

Figure 2.5: PCR amplification of LanA (200 bp), check digestion of LanB (1.9kb) and LanC
(1.1kb)

All three genes were successfully extracted from gel for blunt cloning, but
LanA due to its small size was more challenging, with low yields for gel
extraction. The problems with yield were corrected with blunt cloning, as the
process works well even with low amounts of insert and vector extraction had a

good recovery, with yields ranging from 300-500 ng vector/puL. These high levels
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allowed for a better digestion reaction and consequently more LanA fragments
obtained for the ligation on expression vector.

For the construction of the multiexpression gene system, the preference
was given to ligating genes from an initial pMGx-K-LanB, where the other genes
would be added on both extremities of the first gene, simulating the original
pathway and respecting the gene order.

The first added gene was LanC, followed by LanB. Ligation was confirmed
through digestion of the vector (Figure 2.6). The attempts of ligating LanA on the
construct were unsuccessful so the use of a double transformation system was
considered. Previous works from Karakas-Sen and Narbad (2011) and Shi et. al
(2011) indicated the use of two vectors for nisin transformation in E coli.

LanA was first cloned into pMGX-A and double transformed on E. coli
BL21 with pMGX-K-LanBC, with the use of two resistance markers, ampicillin
and kanamycin, to allow detection of successful transformants. There were no
results for colony selection.

The second attempt of cloning used pET21 as the backbone for LanA
cloning and produced successful transformants. The double transformation

system was formed then by pMGX-K-LanBC plus pET21-LanA.
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Figure 2.6: Check digestion of multiple expression vector pMGX-K containing LanB (~2kb)

and LanC (~1.1kb). Two vectors originated from successful transformed colonies are depicted.

Expression of lantipeptide pathway

Check expression of pathway happened to ensure that all genes were able
to produce the respective proteins before performing double transformation.
Protein expression of LanBC construct happened using E coli BL21 as strain and
followed the procedures described on the Materials and Methods session. The
SDS-PAGE gel showed the His-tagged proteins corresponding to LanB (71kDa)

and LanC (40kDa) (Figure 2.7).
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Figure 2.7: SDS-PAGE of LanB and LanC expression via multiexpression gene system pMGX.

Ly: lysate; FT: flow through; In detail: LanB (71kDa) and LanC (40kDa).

Expression of LanA showed to be more difficult than the other proteins,
as even after multiple attempts using the same protocol no protein production
was observed. The presence of a very prominent 15kDa band on the SDS-PAGE
analysis led me to believe that the protein was dimerized, as the expected size
for the protein is around 7.5 kDa (Figure 2.8). To check this possibility, a set of
tests was conducted to verify the location of the protein as well as the identity of

the band.
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One of the first tests was a temperature profiling to ensure the expression
of the protein. Due to its diminutive structure and no activation, there was a
possibility of degradation by proteases if the expression was carried on for long
periods of time. To test this possibility, an expression profile of increased
temperature for less time (30°C for 4 hours) was tested in opposition to the
traditional method (16°C, overnight). The expression carried at 16°C was
followed using a time-course approach, with fractions taken at specific time
points for protein expression analysis. There was no LanA detected in any of the
two methods tested.

Expression of LanA was tested using B-PER Bacterial Protein Extraction
Reagent (ThermoFisher Scientific). The use of such reagent, a detergent, would
help with the recovery of LanA if the protein was found on the insoluble protein
fraction or in inclusion bodies instead of being in solution. This would explain
the absence of LanA in fractions collected via regular protein expression
methods.

E coli BL21 cell pellets which expression was conducted at 30°C and 16°C
were treated with B-PER and soluble and insoluble fractions were analyzed for
LanA expression via SDS-PAGE. No visible signs of LanA expression were found
in any of the aliquots. As traditional protein expression proved unsuccessful to

obtain the lantipeptide, we decided to attempt cell free expression.
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Figure 2.8: Attempt of LanA expression; no visible band corresponding to LanA (7.5kDa)
appeared. Ly: lysate; FT: flow through. 15kD strong band visible on fractions.
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Cell free LanA expression

One solution for challenging protein expression is to use cell-free protein
expression. This method is recommended for proteins for which regular
expression represents a bottleneck, such as membrane or posttranslational
modified proteins, toxic proteins, and potential medicines (Klammt, C. et al,
2006; Katzen, F., Chang, G., & Kudlicki, W., 2005; .Ogonah, 0. W, Polizzi, K. M., &
Bracewell, D. G., 2017). By skipping avoiding the bacterial cell and its complex
proteome, risk of degradation or toxicity of the produced protein is minimized.

The use of a commercial E. coli kit based on reconstituted purified
components (Shimizu, Y. et al., 2001) allowed the use of bacterial machinery that
is able to express amplified DNA. We found this especially useful as the
amplification of LanA was simple and successful, but cloning of the gene was
more difficult to achieve.

Association of a fluorolabelling BODIPY-Lys system to cell free expression
was an extra step to improve product visualization. Typically [**S]methionine is
the label of choice, but other labels such as [¥S]cysteine, [**C]leucine and
[*H]leucine could be used as well. The downside of these labels is a more time-
consuming, labour-intense protocol and the use of radioactivity (Kobs, B. et al,,
n.d.). Even with one single lysine residue on the lantipeptide, it could provide a
better resolution than the cell free system alone, since the peptide is fairly light.

Cell-free expression was not effective in expressing the lantipeptide.
Moreover, imaging of SDS-PAGE was affected by kit components, such as
histidine-tagged ribosomal proteins below 16kDa and unspecific labelling of

other proteins, even present in the negative control (Figure 2.9). Alternative
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staining methods such as Coomassie Blue were not able to help detection of the

peptide.

Figure 2.9: SDS-PAGE imaging of cell-free expression of lantipeptide. L: molecular marker
(not visible); N: negative control: P: BODIPY-Lys labelled LanA expression U: unlabelled LanA

expression. Red band is indicative of signal saturation.

Unfortunately the expression of the lantipeptide portion of the pathway
was not possible to be achieved, despite many efforts. Cell-free seems to be the
best alternative to obtain protein expression, but further optimization of
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commercial kit or use of laboratory-prepared bacterial lysate cell-free systems,
such as the one described by Krinsky N. et al. (2016) could be other methods that

could provide better results.
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Conclusion

This project focuses on heterologous expression of a lantipeptide from a
bacterial isolate from urban environment. Using E. coli as the expression host
and an inducible T7 RNA Polymerase-mediated Multigene Expression System
(MES) developed in-lab, named pMGX, the different components of the
biosynthetic pathway were cloned and evaluated for the production of the
propeptide and its active form.

We were able to successfully clone and express the genes responsible for
lantipeptide tailoring, named LanB and LanC using the MES system, but despite
multiple attempts, including bacterial dependant and cell-free expression
methods, the lantipeptide portion of the pathway was not obtained. This
impacted the prospective assays on identification and characterization of
peptide activity.

Although some of the work was not successful at first, we expect to keep
expanding the knowledge on RiPPs and their presence in different bacterial
species and their biological potential. Other methods of expression, including
laboratory-produced cell-free expression systems are recognized as alternatives
for part of the future work to expand the studies of this group of poorly known

molecules.
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Chapter 3: Assessing cave bacterial natural
products: antimicrobials for bats and humans
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Introduction

No one knows what is like to be the Batman, to be the sad man...

White-nose syndrome (WNS) is a fungal disease caused by the pathogen
Pseudogymnoascus destructans (formerly known as Geomyces destructans). It
initiates a cascade of physiologic disturbances in the hibernating bat host,
associated with an unprecedented high bat mortality event. Since the winter of
2006-2007, bat population declines exceeding 75% have been observed at
surveyed hibernacula.

Since emerging in the northeastern United States, WNS has been
confirmed by gross and histologic examinations of bats at 33 sites (Blehert, D.S.
et al, 2009). WNS has spread rapidly and now occurs throughout the
northeastern and mid-Atlantic regions and in Ontario and Québec provinces in
Canada and currently affects at least seven species of hibernating bats (Frick,
F.W.etal, 2010).

The infection causes physiological changes, with frequent arousal from
hibernation and loss of fat tissue and water. Infected bats developed respiratory
acidosis and as infection progresses. This is initially well tolerated by repair and
buffering mechanisms, until they are completely depleted and lead to death of
the bat (Verant, M.L. et al., 2014).

Bats that have had contact with P. destructans and not developed the
disease were tested positive for the presence of the fungus through PCR (Lorch, J.
M. et al,, 2013), meaning that the disease can be spread to other individuals that

could be sensitive to the pathogen. As studies have shown that that only some
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immune system pathways remain active, with leucocytes sequestered during
hibernation, responses to pathogens in peripheral tissues decrease, leaving

animals susceptible (Field, K.A. et al., 2018).

Fly away skyline bat, fly... white-nose syndrome treatments

Recent research found that in the environment of a hibernaculum, P.
destructans could remian up to 1 year following first detection of infected bats
within the site. This accumulation of the pathogen in the hibernaculum
environment may reflect deposition of fungal material shed by bats or growth of
the fungus (Verant, M.L. et al., 2018). As a result, treatments currently used to
tackle the infection focus on the static part of the equation, the cave
environment.

Antifungals such as econazole, sulconazole, chloroacetoxyquinoline,
pyrithione zinc, ciclopirox olamine, and chloroxine, fungicides (phenylmercuric
acetate) and biocides (benzalkonium chloride) caused prominent growth
inhibition of P. destructans in vitro (Chaturvedi, S. et al.,, 2011) and were pointed
as good alternatives due to commercial availability.

However, any proposal for the decontamination requires a careful
balance considering the likely deleterious effects on the environment. It is worth
highlighting the rich life diversity in caves, including many species of fungi and
bacteria (Urzi, C. et al,, 2010). To date, the only effective chemical treatment is
with benzalkonium chloride, which has been used for many years in the famous

Lascaux cave (Montignac, France) to control fungal infestation. Although
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effective, this treatment has resulted in the replacement of native bacterial
communities with more resistant bacteria in less than five years of use (Bastian,
F.etal, 2009).

Other proposed treatments are the use of UV light, that was shown to
cause growth disruption in P. destructans, and natural compounds such as cold-
pressed terpeneless valencia orange oil and bacterial volatile organic compounds
(Palmer, ].M. et al., 2018; Boire, N. et al.,, 2016; Cornelison, C. T. et al., 2014).
These alternatives are still in experimental stages and there is a risk of
disturbance of the cave habitat as external agents. One of the most efficient
solutions seems to be the use of agents that are already part of the environment

to minimize damage to such fragile ecosystem.

We are the cavemen - extreme environments as source of compounds

Caves are a deep subsurface habitat that possess unique characteristics
including limited amounts of light, low amounts of organic nutrients (depends on
the caves), and higher humidity and concentration of minerals (Cheeptham, N.,
2013). These features create microenvironments, often resulting from an array
of microbial processes present within them (Barton and Northup, 2007;
Montano and Henderson, 2013).

Nonetheless, microbes have not only been able to survive, but to thrive in
these extreme conditions (Barton, 2006; Barton and Northup, 2007; Barton,
2015; Ghosh, S. et al., 2016) because of their adaptation in their physiology and

in the exploitation of different and specialized metabolic pathways (Cheeptham,
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N. et al,, 2013). This unique potential can be examined to yield novel compounds
with multiple applications

Microbial diversity studies from cave habitats showed the presence of
Actinomycetes, which possess an immense pool of secondary metabolites
(Maciejewska et al., 2016; Maciejewska et al., 2017). Studies of two Streptomyces
isolates, designated as ICC1 and ICC4 from the Iron Curtain Cave in Chilliwack,
Canada, have shown that both strains exhibit antagonistic activities against
multidrug resistant bacterial strains of Escherichia coli and non-resistant strain
of Staphylococcus aureus (Ghosh et al., 2017).

The potential shown by this WNS-free Canadian cave compelled our study
to determine what molecules could be involved in antimicrobial activities

presented by some of its organisms.
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Project objectives

The objective of this project is to examine cave bacterial secondary
metabolite production and organism diversity to determine the relationship
between the microbial flora and to retrieve potential natural compounds active
against white-nose syndrome (WNS).

In order to achieve the project goals, custom cultivation techniques and
whole genome sequencing were used to provide identification of potential
biosynthetic clusters. Bacterial extracts were analyzed using LC-ESI-HRMS to
yield spectra suitable for computational analysis using a natural product spectral
network.

We expect with this project to expand the understanding of bacteria living
in extreme environments in multiple approaches and to contribute to the
development of mechanisms of fighting against a deadly disease that is

decimating bats in North America.
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Materials and Methods

Isolate collection

Ten isolates from different areas and caves from British Columbia were

used in this study (Table 3.1). Collection and isolation of strains was performed

by Dr. Naowarat Cheeptham’s laboratory group (Thompson Rivers University,

Kamloops, British Columbia). Detailed collection conditions and geographic

points can be retrieved from the work of Soumya Ghosh (Ghosh, S. et al., 2017).

Table 3.1: Bacterial isolates collected form various environments in British Columbia.

Environmental source, cultivation conditions and strain sensitivity test results are

presented.
Isolate Source Sensitive test Growth Incubation RPM Incubation
nomenclature microorganisms Media temperature (days)
ICC1 Iron Curtain Cave *E. coli 15-102, *E. coli R2A 8°C 200 10
15-124
ICC4 Iron Curtain Cave Staphylococcus aureus, V8 8°C 200 30
Pseudomonas
aeruginosa, E. coli, *E.
coli 15-318, *E. coli 15-
102, *E. coli 15-124,

Staphylococcus aureus,*
E.coli 15-318 HT 200 30
#25 White Rabbit Cave *Methicillin-resistant R2A 15°C 200 28

Staphylococcus aureus

(MRSA), Staphylococcus

aureus
16102307-1 Bat’s wings Pseudogymnoascus SD 15°C 200 15
destructans

16102307-1.2 Bat’s wings P. destructans SD 15°C 200 15
13 Timber/Bush lake P. destructans SD 15°C 200 7
920 Timber/Bush lake P. destructans SD 15°C 200 7
3 Timber/Bush lake P. destructans SD 15°C 200 7
55 Timber/Bush lake P. destructans SD 15°C 200 7
84 Timber/Bush lake P. destructans SD 15°C 200 7

*Multidrug resistant strains
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DNA extraction and Whole Genome Sequencing of isolates

For DNA extraction all strains collected were cultivated. For ICC1, 50 mL
of R2A broth (0.5 g proteose peptone, 0.5 g casamino acids, 0.5 g yeast extract,
0.5 g dextrose, 0.5 g soluble starch. 0.3 g potassium phosphate dibasic, 0.05 g
magnesium sulphate heptahydrate, 0.3 g sodium pyruvate) was used for
culturing and for the other isolates Saburaud Dextrose broth (SDB) (40 g
dextrose, 10 g peptone) was the medium of choice. All strains were cultivated at
15°Cand 200 rpm for 7 days.

Cells were pelletized after incubation period and resuspended in 480 pL
of 0.5 M Tris. DNA was extracted with the help of a kit (Wizard Genome DNA
Extraction, Promega) following manufacturer’s instructions.

Whole genome sequencing was performed for six selected cave isolates:
ICC1, ICC4, Bat’s wings 1, Bat's wings 1.2, isolate #90 and isolate #84. The
extracted DNA was submitted for sequencing through Integrated Microbiome
Resource - IMR (Centre for Comparative Genomics and Evolutionary
Bioinformatics, Dalhousie University, Canada). Sequencing details: Illumina

MiSeq, 50x2x300 bp paired-end).

Genome assembly and annotation

Sequencing files came as raw reads and were assembled and annotated.
To proceed with both actions, the combined platform PATRIC v3.5.2 /RAST v2.0

(https://www.patricbrc.org) (Wattam, A. R, et al, 2017) was used. Raw files
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were uploaded under the tab “Services - Assembly” and the paired files were
uploaded for each respective genome. Assembly strategy used was “Auto”, which
yields both Velvet, Spades and a consensus files.

With the assembly files in hand, annotation was pursued through RAST.
The FASTA files were uploaded on the system without any identification of
species or NCBI number associated. For the annotation strategy, “Classic RAST”
was picked as the standard scheme. Gaps were selected to be automatically
backfilled and errors were automatically corrected. The library was sequenced
using a 600-cycle v3 reagent kit (Illumina), with an average sequencing coverage
of 3.8X. The raw files were assembled using PATRIC Genome Assembly Service
and annotated using RAST (Rapid Annotation using Subsystem Technology)
online tools. Genomes are available on NCBI database (Accession numbers

CP030286 and CP030287).

Organism identification and secondary metabolites prediction

The sequencing files yielded from WGS were used for species
identification using NCBI BLAST database and for secondary metabolite
prediction through antiSMASH 3.0 (http://antismash.secondarymetabolites.org)
(Weber, T. et al,, 2015). Predictions were made using standard settings form

both databases.

111



Orphamide pathway primer design and amplification

To amplify pathways determined to be present upon analysis using
antiSMASH 3.0, three sets of primers were constructed to amplify the three
genes composing the orphamide pathway. To enable recovery and evaluation of
expression, the C-terminus of proteins were 6XHis-tagged. Primer sequences are

presented in Table 3.2.

Table 3.2: primer sequences used for amplification of orphamide pathway.

Primer Sequence
LpAF 5’-AAAAAACATATGCATCATCACCATCACCACATGCAGTATTCCTCCAGCC-3’
LpAR 5’-GCTAGCGAATTCCTAAATCCGTCGACGGCG-3’
LpBF 5’-CGGGGGCCTCCTCATATGATGCAGTTCAGCGACTTACT-3’
LpBR 5’-AAAAAGCTTACCTTAGTGGTGATGGTGATGATGACCACCCAGGACGATCTCCATTCG-3’
LpCF 5’-TTTTTTAAGCTTGTGAACATCCTCGAGCTG-3’
LpCR 5-TTTTTTCATATGTTAGTGGTGATGGTGATGATGACCACCACCAGACACCACCTCCCC-3’
LpBCR 5’-CAGCTCGAGGATGTTCACAGGAC-3’

Amplification conditions for production of fragments suitable for cloning
applications follow: for a total volume of 50 pL reaction were combined 200ng
DNA template, 0.2 mM of dNTP mix, 0.25 pM of each primer, 8 % DMSO, 1 uL
Herculase II DNA Polymerase (Agilent) with corresponding 10 X reaction buffer.
Amplification started with a denaturation step at 95 °C and 35 cycles consisting
of 95 °C for 1 minute, 65 °C for 30 seconds (LpA)/64 °C for 1 minute (LpB)/61 °C
for 1 minute (LpC), and 72 °C for 1 minute followed by a final extension step of 3

minutes at 72 °C.
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Fragments amplified were resolved in 1 % w/v agarose gels and
extracted from gel using an isolation kit (E.Z.N.A Gel Extraction Kit, Omega-

Biotek).

Extraction and fractionation of fermented isolates

The sequenced isolates were cultivated to allow separation and
identification of secondary metabolites for further activity assays. For
cultivation, 400 mL of SDB and modified V8 broth (20 % v/v low sodium V8
vegetable cocktail supernatant, 1 % Pharmamedia, 0.5 % calcium carbonate, pH
6, tap H20) were used as media for secondary metabolites production.
Fermentation occurred at 15 °C for 15 to 30 days depending on the organism.
Weekly aliquots of 10 mL of the broth were collected to evaluate growth and

metabolite production.

1. Ethyl acetate extraction

A simple extraction was carried on using ethyl acetate as a solvent. 200
mL of the fermented broths were pelletized at 4000 rpm for 15 minutes and the
collected supernatant had its pH corrected to 2.5 using 3 M HCL The liquid was
then washed with ethyl acetate three times, using respectively 0.5 V of solvent in
the first wash and 0.3 V in the subsequent ones. All fractions were reunited and

the solvent evaporated. The remaining solvent was left to air dry.
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2. Resin extraction

From the remaining fermented broth, 2mL of each were processed using
Amberlite XAD-16 resin to remove polar metabolites. Soaking the beads in 1%
w/v water for 30 minutes and soaking two times in 1 % v/w methanol for 30
minutes each time activated the resin, that was stored in water to allow swelling.

The active resin was added to the filtrated fermented broth at 10 % w/v
and shaken overnight at 200 rpm. Beads were filtered the next day and soaked in
excess methanol for 5 hours at 200 rpm. The solvent was evaporated and the
samples were resuspended in a volume of methanol suitable for analysis.

3. Kupchan partition

From the fermented isolates, 50 mL were taken for partition and the
remaining broth was filtered and frozen at -20 °C for future use. The fractions
were spun at 4000 rpm for 15 minutes and filtered using a 0.22 mm syringe
filter. The filtrate was freeze-dried and resuspended in 10 mL methanol for
solvent fractioning using a modified Kupchan partition method.

To methanol fractions, original volume was determined and water was
added to adjust the aqueous content to 10 % v/v. The same volume of n-hexane
was added and the solution was vigorously shaken. After phase separation, the
upper phase was collected and the n-hexane was removed through rotary
evaporation. The remaining phase had the aqueous content to 40 % water v/v.
To this, 1 X original volume of chloroform was added and after phase separation

the organic lower layer was extracted and chloroform evaporated.
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The remaining phase was stripped from traces of methanol and
chloroform via evaporation and reconstituted to its original volume with the
help of H20. The same volume of n-butanol was added and upon phase
separation the upper fraction was collected and the solvent evaporated with the
help of water. The remaining aqueous phase was concentrated to remove traces

of n-butanol and freeze-dried.

Bacterial Kirby-Bauer activity assays

All fermented filtered broths and fractions were tested for activity against
a set of microorganisms. To pursue the testing, the chosen method was a
modified version of the Kirby-Bauer disk diffusion assay.

Filter paper disks were prepared using a hole punch and Grade 3
Whatman filter papers. The disks were autoclaved and were soaked in 20 pL of
the desired testing solutions. Pencil was used to mark the identity of the
compounds. The disks were left to air dry completely before use. Antibiotic
controls were prepared according to CLSI guideline standards (Clinical and
Laboratory Standards Institute, 2012) and the disk preparation occurred
following the same protocol.

Bacteria to be tested were prepared through CLSI standards. Three
strains were selected for testing: E. coli BW25113, Pseudomonas aeruginosa
PAO1 and Bacillus subtilis 168. Colonies were selected from overnight culture
plates and diluted in Mueller-Hinton broth to reach OD 600 between 0.07-0.1.
The bacterial solution was spread on petri dishes containing Mueller-Hinton agar

with the use of a cotton swab. The plates were left to dry for some instants, and
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disks containing testing solutions and the suitable antibiotic were placed onto
the agar. Plates were incubated for 4 to 6 days at 15 °C and examined for the

presence or absence of inhibition halos.

Bacterial microdilution assays

Fractions obtained from SPE were tested using bacterial microdilution
assay.

With the help of a multipipettor, 100 pL of Mueller-Hinton medium was
dispensed into all wells of a 96-well microtitre plate. Samples to be tested were
dissolved in the adequate solvent then diluted in Mueller-Hinton medium to 2x
the top concentration desired in the test. 100 pL of 2x test solutions and
antibiotic control were added into the wells in column 1 of microplate. Using the
multipipettor set at 100 pL, mix the test solution into the wells by sucking up and
down 6-8 times.

Withdraw 100 pL from column 1 to be added to column 2. This would
make column 2 a two-fold dilution of column 1. Proceed with mixing up and
down 6-8 times. Column 3 received 100 pL of solution of column 2. The serial
dilution was repeated down to column 10 to create a dilution of test compounds
and control antibiotic. The 100 pL aspirated from column 10 was discarded
rather than put in column 11.

Three strains were selected for testing: E. coli BW25113, Pseudomonas
aeruginosa PAO1 and Bacillus subtilis 168. Colonies were selected from overnight
culture plates and diluted in Mueller-Hinton broth to reach Asoo between 0.07-

0.1. Pour bacteria of the right Agoo into a sterile petri dish. The appropriate
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inoculum size for standard MIC is 104 to 105 CFU/mL. 5 pL of bacterial solutions
was dispensed into wells in columns 11 to 1 in that order to achieve the standard
inoculum. Column 12 served as broth sterility control.

Plates were incubated at 37 °C or other desired temperature, depending
on the assay performed. When satisfactory growth was obtained MIC was
determined as the lowest concentration of compound that inhibited bacterial

growth.

Mass spectrometry of positive extract fractions

Fractions that presented activity in disk diffusion assays were analyzed
through Mass Spectrometry. 2 mL of the methanolic fractions were dried out.
About 5 mg of each fraction was purified using Solid Phase Extraction (SPE)
cartridges (HyperSep C18, Fisher) and a positive pressure manifold.

Dry fractions were resuspended in 1 mL of miliQ water and applied to the
columns, which were equilibrated with 1 wash of HPLC-grade acetonitrile (ACN)
and 2 washes of H20. Columns were filled with 1 volume of water and the liquid
was collected and labeled sub fraction A.

To the original fractions, 100 pL of a solution of 10 % ACN in water was
used to wash any sample remaining. The liquid was injected in the separation
column. The column was washed with 1 volume of the 10 % ACN and the flow
was collected and mixed with sub fraction A.

The next wash consisted of 100 uL of a 50 % ACN solution to remove

remaining sample residues from the original flask, followed by the injection of
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the liquid in the separation column. Column was washed with one full volume of
same solution and fraction collected was labeled sub fraction B.

The fourth wash was consisted of 100 % ACN, with addition of remaining
sample by injecting 100 pL of an ACN wash from the original sample vial. The
column was washed with 1 volume of ACN, generating sub fraction C.

The last fraction generated was made of a solution of methanol:
dichloromethane 1:1 (v/v). After wash of original sample vial and injection of
sample, the columns were washed with 1 volume of the solvent solution to yield
sub fraction D.

Sub fractions C and D were dried using a vacuum evaporator, and sub
fractions A and B were first evaporated to get rid of ACN and later freeze dried to
eliminate water fraction.

For Mass Spectrometry sub fractions A and B were resuspended in ACN:
H20 1:1 (v/v) and sub fractions C and D were resuspended in 100 % ACN to a
concentration of 500 pg/mL. Original fractions were also analyzed, being
resuspended in ACN:H20 1:1 (v/v) if coming from an aqueous partition of ACN:
methanol 1:1 (v/v) if coming from organic solvent fractions. The concentrations
were adjusted to be the same as the sub fractions.

Molecular composition of the extracts was determined via LC-ESI-HRMS
on a LTQ Orbitrap XL Hybrid Ion Trap-Orbitrap Mass Spectrometer (Thermo
Fisher Scientific, Waltham, Massachusetts, USA). The data collection protocol
used was proposed by Mingxun Wang et. al. (2016), which generates data suited
for Global Natural Products Social Molecular Networking (GNPS) analysis. Full
resolution scan MS spectra (m/z 50 - 1500) were acquired in TOF, followed by

six scans on low-resolution ion trap. The top six most intense ions in a particular
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scan were fragmented using collision-induced dissociation. RAW files were
converted to .mzXML using RAWConverter (He et. al,2015) to be suited for GNPS

spectral analysis.

Spectral Networking Analysis

MS analysis used the Capture Compound Mass Spectrometry Technology
(CCMS) ProteoSAFe Workflow Input Form (available
athttps://gnps.ucsd.edu/ProteoSAFe/static/gnps-splash2.jsp). No Data Preset
was chosen. Speclibs was the spectral library used as a comparison parameter.
Multiple input MS/MS spectra for the raw fractions and subfractions in .mzXML
formats were uploaded the same. Precursor Mass tolerance and Fragment lon
Mass tolerance were set as 2.0 and 0.5 Da, respectively. Advanced parameters
were set as standards. Results were analyzed based on m/z errors and mass

difference. Complete results are presented in Appendix 1.
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Results and Discussion

Disk diffusion assays

The assay was performed to test different ways of extraction; however
the procedures were the same for all extraction methodologies used, with
exception of temperatures tested throughout the analysis.

The first disk diffusion assay tested the activity of ethyl acetate extracts of
the cultured strains, as well as XAD-16 resin fractions. 20 pg of extracts were not
able to cause inhibition of growth in any of the strains tested. This is not
compatible with previous results from plug assays performed by our
collaborators. The main cause of this lack of activity was probably the
temperature the assays were conducted: 37 °C. As the bacterial extracts were
produced in much lower temperatures (8-15 °C) the increase of it during the
testing could have caused the loss of activity. Another cause for the inactivity is
thought to be the production method of extracts that could have prioritized
molecules with no activity on the organisms tested.

To overcome the unsatisfactory results and give a better perspective of
analysis for the fermented broths, Kupchan partition was used to generate more
fractions with different molecular profiles. Having a wide polarity range covered
by different solvents used in the partition would increase the chance of finding
the compounds responsible for activity.

The tests with fractions from Kupchan partition and the whole filtered
broth presented activity against all strains tested (Table 3.3, Figures 3.1-3.2).

Many different fractions had detectable activity, making me wonder if a single,

120



widespread in fractions or multiple compounds were responsible for bacterial
growth inhibition.

The most susceptible strain tested was Pseudomonas aeruginosa PAO1,
with eight fractions active, plus two unprocessed broths, followed by Bacillus
subtilis 168, with two partitions active and one unprocessed broth. E. coli

BW25113 was susceptible against only one fraction.

Table 3.3: susceptibility of strains tested against cave bacterial extracts and fractions

obtained by Kupchan partition

Strain Susceptibility

Bacillus subtilis 168 #90 unprocessed broth

#90 hexanes fraction

ICC1 aqueous fraction
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Figure 3.1: Disk diffusion assays of bacterial extracts. Row 1: E. coli BW25113. Row 2:

Bacillus subtilis 168. Row 3: Pseudomonas aeruginosa PAO1.

Figure 3.2: Inhibition halo in detail. Left: B. subtilis 168, inhibited by ICC1 aqueous
fraction. Right: Pseudomonas aeruginosa PA0O1 inhibited by ICC1 unprocessed broth.
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Whole Genome sequencing and assembly

Preliminary 16S sequencing of cave strains indicated the genus each
strain is related to, which is supported by morphology and growth
characteristics of the bacteria. The Iron Curtain Cave strains were identified as
belonging to the genus Streptomyces, and all 5 Timber strains were associated to
Pseudomonas. The bacteria collected from the bat’s wings were not associated to
any strain present in the database.

Whole genome sequencing and de novo genome assembly by PATRIC
(Wattam, A.R. et al,, 2017) generated draft genomes, which were aligned with
BLAST database. Sequence coverage was relatively low, ranging from 53 to 82%,

with an identity from 90 to 99 %. The alignment results are shown on Table 3.4.

Table 3.4: 16S rRNA, whole genome sequencing (WGS), coverage and identity percentage

of BLAST alignment of cave bacteria genomic DNA sequences.

16S sequencing WGS Coverage Identity
(%) (%)
Iron Curtain Cave Streptomyces sp. Mg1 53 91
2 Actinobacteria Streptomyces sp. 3211 55 94
Bat’s wings Pseudomonas fragi P21 71 99
2 unidentified strains Pseudomomonas fluoresens Pt14 80 96
Timber Pseudomonas simiae 82 90
5 Pseudomonas sp. Pseudomonas yamanorium LMG 27247 82 97
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The 9,034,309 bp for ICC1 and 9,010,404 bp for ICC4, with a G+C content
of 72 % for both strains. The ICC1 genome was assembled into 726 contigs and
the ICC4 genome into 734 contigs with N50s of 22,631 and 23,307 respectively.
RAST annotation predicted 8235 coding sequences for ICC1 and 8243 coding

sequences for ICC4.

Functional profiling and analysis of ICC1 and ICC4

Genomic comparison files were generated online at WebACT (Abbott, J. C.
et al., 2005) and functional analysis was performed using Artemis Comparison
Tool (ACT) (Carver, T.J. et al, 2005). Strains were aligned using BLAST to
compare genomic profiles between each other and with other genomes on the
database. The closest genome match to both ICC1 and ICC4 was Streptomyces
lavendulae strain CCM 3239, with alignments of 54 % of the sequence for both
ICC1 and ICC4 and identities of 90 % within both of the alignment (Figure 3.3).
When compared to each other, the genomes of ICC1 and ICC4 showed 50 %
coverage with 99 % identity, indicating that the two strains are highly related.

Analysis of the features the cave Streptomyces genomes with those of S.
lavendulae using RAST annotation revealed very similar predicted protein
content and function between the organisms (Figure 3.4). Streptomyces sp. ICC1
and Streptomyces sp. ICC4 have a total of 450 subsystems while S. lavendulae has
435, indicating all three strains likely possess similar specific biological

processes and structural complexes (Overbeek, A. et al., 2005).
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Streptomyces sp. ICC4 Streptomyces sp. ICC1
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W 100% identity
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50% identity

B 100% identity
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7 50% identity

Streptomyces sp. ICC1
9034319 bp

Streptomyces sp. ICC4
9010404 bp

Figure 3.3: Genome alignment of genomes of Streptomyces sp. A: alignment of Streptomyces
sp. ICC1 against Streptomyces sp. ICC4 and Streptomyces lavendulae strain CCM 3239. B:
alignment results of Streptomyces sp. 1CC4 against Streptomyces sp. ICC1 and Streptomyces
lavendulae strain CCM 3239.

Examination of the subsystem feature counts shows that all three strains
have similar numbers of genes in each subsystem, with S. lavendulae showing
more features involved in secondary metabolite production (22) than the cave
strains (12). These data are strongly supportive of all three strains being highly

related.

125



™ Cofactors, Vitamins, Prosthetic Groups, Pigments
" Cell Wall and Capsule
™ Virulence, Disease and Defense
 Potassium metabolism
*Miscellaneous
Phages, Prophages, Transposable Elements, Plasmids
®Membrane transport
®lron acquisition and metabolism
™ RNA metabolism
®Nucleosides and Nucelotides
Protein metabolism
* Cell division and Cell Cycle
“ Motility and Chemotaxis
Regulation and Cell Signaling
™ Secondary metabolism
" DNA metabolism
* Fatty acids, Lipids and Isoprenoids
Nitrogen metabolism
“Dormancy and sporulation
“ Respiration
Stress response
* Metabolism of aromatic compounds
* Amino acids and Derivatives
Sulfur metabolism
= Phosporus metabolism
= Carbohydrates

Figure 3.4: Genome features of Streptomyces sp. A: Streptomyces lavendulae strain CCM 3239
B: Streptomyces sp. strain ICC1 C: Streptomyces sp. isolate ICC4. Numbers indicate genes per

feature group.
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Secondary metabolite profiling and genome mining

The genomes of ICC1 and ICC4 were analyzed for the presence of
secondary metabolite biosynthetic gene clusters using antiSMASH 4.1.0 and
BAGEL4 (van Heel, A. J. et al,, 2018). AntiSMASH 4.1.0 uses hidden Markov
models and rules based-detection to identify a broad array of biosynthetic gene
clusters, including those encoding polyketide, non-ribosomal peptides, terpenes,
aminoglycosides and ribosomally synthesized and post-translationally modified
peptides (RiPPs) from bacterial genomes. Similarly BAGEL4 uses HMM to detect
core RiPP encoding genes however it is independent from the genome ORF calls,
enabling it to better detect the small precursor peptides found in RiPP encoding
gene clusters.

AntiSMASH predicted 37 putative secondary metabolite clusters for ICC1
and 35 for ICC4 (Table 3.5). The majority of these results were terpenes, and the
overall similarity with known natural products was low (under 20 %). Both
strains have in common a non-ribosomal peptide biosynthetic pathway with
100% similarity to coelichelin, a ferric iron-chelating peptide (Ziemert, N.,
Alanjary, M., & Weber, T., 2016) and two lantipeptides, the morphogenic peptide
SapB (Marsh, Al. et al,, 2010) and an unidentified molecule (due to the lack of a
predicted peptide core). Strain ICC4 has a unique thiopeptide prediction, with

very low similarity with rifamycin (5 %).
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Table 3.5: summary of antiSMASH 4.1.0 secondary metabolites prediction of Streptomyces
sp. strains ICC1 and ICC4

Metabolite Class ICC1 Clusters ICC4 Clusters Most similar pathway (%)
PKS I 1 2 Meilingmycin (3%)
PKS II 2 2 Simocyclinone (66%)

PKS III 1 1 Alkylresorcinol (100%)
NRPS 5 3 Coelichelin (100%)

Siderophore 2 - Salinomycin (4%)
Lantipeptide 2 2 SapB (100%)
Butyrolactone 4 3 Calcimycin/Salinomycin (10%)
Thiopeptide - 1 Rifamycin (5%)
Melanin 2 2 Melanin (100%)
Bacteriocin - 2 -

Terpene 10 10 2-methylisoborneol (100%)
Mixed 3 2 Kinamycin (8%)
Other 4 4 BE-14106 (14%)

TOTAL 37 35

To further characterize the unidentified lantipeptide, both genomes were
analyzed with BAGEL (Hart, T. and Moffat, ]., 2016), a bioinformatic tool that
specializes in detection and annotation of RiPPs such as lantipeptides. BAGEL
predicted the same lantipeptides identified by antiSMASH and did not provide
further insight into the unidentified lantipeptides. BAGEL predicted an
additional RiPP gene cluster in ICC1 and 1CC4, which was assigned as the glyocin
biosynthetic gene cluster based on sequence similarity. Interestingly the genes

for glyocin production were observed within the melanin clusters in both cave
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strains and seem to be involved in production and glycosylation of bacteriocins
(Aydillo C. et. al,, 2014).

A detailed manual analysis of the genomes for biosynthetic gene cluster
prediction revealed two independent biosynthetic gene clusters containing the
pyoverdin synthesis genes and an NRPS that was not identified by antiSMASH
prediction from 6371985 bp to 6374537 bp in the Streptomyces sp. ICC1
genome.

The NRPS alignment detected a Streptomyces multispecies synthase with
99% coverage and 81% similarity. A PKS-NRPS mixed cluster was also identified
from 6080168 - 6149842 bp, however this is likely a false positive as the BLAST
alignment and annotation shows the protein coding sequences as belonging to
an uncharacterized protein. The assignment was further confirmed by UniProt
and Pfam analysis.

Interestingly, while the overall genomes of ICC1, ICC4 and S. lavendulae
are highly similar, ICC1 and ICC4 have approximately 40 % more biosynthetic
gene clusters than S. lavendulae (37 clusters for ICC1, 35 for ICC4, and 26 for S.
lavendulae). These observations are consistent with little to no adaptation of the
hypogean strains versus their terrestrial counterpart and are consistent with a
limited restriction on dispersal in structuring microbial communities in the Iron
Curtain cave.

Highly related strains that differ in their secondary metabolite potential
can exhibit functional adaptation. For example the marine Actinomycetes
Salinispora tropica and Salinispora arenicola share 87.2 % identity among their
3606 orthologs. Their genomes differ primarily in 21 genomic islands, many of

which are enriched with large clusters of genes devoted to the biosynthesis of
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secondary metabolites (Penn, K. et al, 2009). In total S. tropica was found to have
19 biosynthetic gene clusters and S. arenicola 30. Biogeographical
characterization showed S.arenicola to have a cosmopolitan distribution
whereas S. tropica was shown to be highly restricted in its distribution (Jensen
and Mafnas, 2006). The correlation between enhanced biogeographical
distribution and enhanced secondary metabolite potential in highly related
Actinomycetes suggest that this functional trait may be a driver of ecological
diversification in closely related species and may account for the fitness of ICC1
and ICC4 versus S. lavendulae in the Iron Curtain cave.

In terms of activity against P. destructans, preliminary assays showed no
activity against the pathogen. Considering that cultivation methods are
restrictive and many pathways can remain silent under these conditions,
genome mining would be a better tool to retrieve any missed cluster, but no
predicted compound could be promptly related to possess an antifungal role.
Still, the strains remain a valuable source to yield interesting secondary

metabolites.

Correlating the Metabolome and genome

To characterize the metabolic profile of these two strains, they were
cultivated in V8 media for 30 days at 15 °C and the cultures were processed by
Kupchan partition to generate four fractions per strain. LC-ESI-HRMS analysis on
a LTQ Orbitrap XL Hybrid Ion Trap-Orbitrap Mass Spectrometer (Thermo Fisher
Scientific, Waltham, Massachusetts, USA) enable the identification of a large

number of metabolites from the fractions that showed antimicrobial activity.
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In total 67 compounds (Appendix 1) were identified through GNPS
Molecular Networking (Wang, M. et al,, 2017), the majority of spectra matching
with submitted spectra from Bronze datasets in GNPS.

Surprisingly for Streptomyces strains, relatively few polyketide and non-
ribosomal peptide biosynthetic gene clusters were detected in the genomes. The
most commonly associated secondary metabolite pathway were those annotated
as terpene gene clusters. The overall metabolite profile shows a large number of
lipids and aromatics such as 5-aminovaleric acid, palmitamide and the glucoside
DIMBOA. Several cyclic and acyclic dipeptides were identified, with proline,
histidine and isoleucine being the most common residues.

Some metabolites could not be readily correlated to biosynthetic gene
clusters. For example GNPS spectral analysis clearly identified a number of
diketopiperazine products from ICC1. Cyclo (L-Leu- L-Pro), cyclo (L-Pro-L-Val)
and cyclo (L-(4-hydroxyPro)-L-Leu) (Figure 3.5) were all identified with low

mass error and matched to Bronze datasets in the GNPS database.

o) o o,
HscMN HN)Kb CH4IN
CHg—lNW WN P _S(N oH
i H H;C N
O O o)
cyclo L-Leu-L-Pro cyclo L-Pro-L-Val cyclo L-4-hydroxyPro-L-Leu

Figure 3.5: Diketopiperazines identified from ICC1 by GNPS analysis of LC-ESI-HRMS

analysis of culture extracts
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Cyclic peptide biosynthesis can occur via dedicated cyclodipeptide
synthases which link and cyclize the two amino acids from two aminoacyl-tRNAs
generate the diketopiperazine (Belin et al. 2012), or via nonribosomal peptide
synthetases (NRPSs). In our study the genetic origin of the observed
diketopiperazines is still unclear, but the lack of a discrete cyclodipeptide
synthase and the presence of apparent incomplete or short NRPS encoding gene
suggests these may be NRPS-derived metabolites.

Diketopiperazines are commonly seen in bacteria, though were often
disregarded as by-products (Da Silva et al.,2017) due to their small size and lack
of complexity. With an array of activities, ranging from communication and
quorum-sensing to selective antifungal and antibacterial molecules (Belin, P. et
al.,2012), they clearly can play an important role in the biology of ICC1 and ICC4.
As these diketopiperazines are known to exhibit antifungal activity and likely
play a role in the chemical ecology of this cave isolates, future identification of
their biosynthetic gene clusters is an important task.

In some cases a biosynthetic gene cluster could be unambiguous
identified and assigned to a known compound but that metabolite could not be
identified from the culture extracts. For example, antiSMASH identified a NRPS
trimodular gene cluster with 100% similarity to the tetrapeptide siderophore
coelichelin from the genomes of ICC1 and ICC4 (Figure 3.6). None of the fractions
analyzed by LC-ESI-HRMS showed evidence for the presence of coelichelin.

The coelichelin gene cluster was first sequenced and characterized from
Streptomyces coelicolor (Lautru et al., 2006), a soil-dwelling bacteria responsible
for breaking down various organic matter components under variable

environmental conditions. As many siderophores are produced only under iron-
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limiting circumstances (Bagg, A. and Neilands, ].B., 1987) and Streptomyces sp.
strains ICC1 and ICC4 were cultivated under iron rich conditions, it is possible
that the gene clusters remained silent and unexpressed under our experimental
conditions.

Gene clusters encoding siderophore biosynthesis are commonly found in
bacterial genomes. Iron is an essential nutrient for all bacteria. However due to
its low abundance in some environments, siderophore, secondary metabolites
with high affinity for iron, are often produced by the bacteria to scavenge iron
from the environment. While the Iron Curtain cave is rich in iron deposits, ferric
iron has low solubility (1017 M at pH 7) in aqueous environments (Andrews et
al, 2003). Thus coelichelin, the siderophore whose biosynthetic gene cluster
was identified in both ICC1 and ICC4, may play a role in resolublizing iron for
uptake. Intriguingly, coelichelin may also play a role in Zinc homeostasis as the
biosynthesis of the highly homologous compound coelibactin in S. coelicolor is

regulated by Zn(II) levels (Hesketh et al., 2009).
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Figure 3.6: Coelichelin, one of the secondary metabolites found in Streptomyces sp. cave
isolates. A) biosynthetic gene cluster for coelichelin. B) proposed mechanism for biosynthesis. C)
list of genes in the cluster, their annotation, length and similarity based on BLAST library

alignment.
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A number of metabolites identified by LC-ESI-HRMS followed by GNPS
analysis could be correlated with biosynthetic gene clusters identified by
antiSMASH. In some cases the gene clusters from ICC1 and ICC4 showed high
levels of identity to known biosynthetic gene clusters, in others gene cluster
identification was done based on the expected biosynthesis of the compound and
the presence of the requisite genes required to install that functionality in the

gene cluster. Two examples are described below.

2’, 5’ - dimethoxyflavone and nordentatin

2’, 5’ - dimethoxyflavone and nordentatin, both type III polyketides were
identified by GNPS from the LC-ESI-HRMS data of the aqueous and n-butanolic
fractions of Streptomyces sp. ICC1, respectively. A biosynthetic gene cluster likely
encoding these type IIl polyketides was identified from the antiSMASH
predictions for both strains. A manual genome annotation analysis identified this
as the only type III PKS gene cluster in the genome, consistent with the
antiSMASH results.

There is very little information about both molecules in the literature, with
nordentatin being described as possessing antibacterial activities against Gram-
positive and Gram-negative strains (Wu, T-S. and Furukawa, H., 1982). Based on
the identified gene cluster and the structure of the metabolites, we provide a
putative biosynthesis of both compounds from this single gene cluster (Figure

3.7).
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Figure 3.7. The type III polyketides 2’, 5° - dimethoxyflavone and nordentatin. The
molecules were identified in metabolomic analysis of culture broth and a potential putative gene
cluster encoding these two compounds was identified by antiSMASH analysis of the genomes of
both ICC1 and ICC4. A) biosynthetic gene cluster for both type III polyketides. B) proposed
mechanism for their biosynthesis. C) list of genes in the cluster, annotation, length and similarity

based on BLAST library alignment
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Diazepinomicin

One of the terpenes gene clusters predicted by antiSMASH possesses a
seven-gene pathway  that s consistent  with diazepinomicin
biosynthesis. Diazepinomicin contains a very rare core structure and its
biosynthetic gene cluster, to date, has only been identified from the genome of
the sponge-associated actinomycete Micromonospora sp. DPJ12 genome
(McAlpine, ].B. et al, 2008). Diazepinomicin possesses modest antibacterial
activity against Gram positive strains (Charan et. al, 2004).

LC-ESI-HRMS analysis of the n-butanolic fraction of Streptomyces sp. ICC1
identified the presence of the diazepinomicin core structure. A putative
biosynthesis mechanism based on the genes identified in the genome and the
proposed biosynthesis by McAlpine ].B. et al. (2008) is shown on Figure 3.8. Key
aspects of this assignment are DkpF, DkpD, and DkpE, which we propose are
responsible for formation of 3-hydroxyanthranilic acid one of two key building
blocks for diazepinomicin biosynthesis. This is fully consistent with the
McAlpine identified biosynthetic pathway. Similarly DkpG, DkpC and one of the
oxidases encoded in the pathway are proposed to be responsible for conversion
of 3-amino-5-hydroxybenzoic acid into 2-amino-6-hydroxy [1,4]benzoquinone,
the other a key building. This is also fully consistent with the Micromonospora
biosynthetic mechanism.

While the ICC1 and ICC4 gene clusters encode the key functionality for
diazepinomicin biosynthesis, cluster prediction was non-obvious for

diazepinomicin as it differed substantially from the characterized
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Micromonospora gene cluster. This suggests that they may have evolved
separately.

This gene cluster discrepancy highlights the importance of manual
checking annotation of genome mining as well as the potential for highly
divergent gene clusters encoding the identical molecule particularly in the case
where one of the organisms is a facultative or obligate symbiont.

The similarities in molecule production and genome shared by these two
strains could be an indicative of a cooperative mode of living in extreme habitats
instead of a competitive one. In challenging and nutrient-limited environments,
organisms can assume functions and roles according to bacterial community
structure to overcome the unfavourable metabolic panorama. Association
between organisms in microbial communities is shown to be essential to the
evolutionary dynamics of the environment and optimization of bioprocesses

(Cavaliere et al.,, 2017).
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Figure 3.8: Proposed diazepinomicin biosynthetic pathway from ICC1 and
ICC4. Diazepinomicin was detected in one of the fractions from ICC1. A) biosynthetic gene
cluster diazepinomicin. B) proposed mechanism for diazepinomicin biosynthesis. C) list of genes

in the cluster, annotation, length and similarity based on BLAST library alignment.
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This synchrony was seen in bacteria living under the Earth’s surface in
mines, which were show to work with each other to make conditions favourable
in a cross-feeding arrangement (Ravindran, S. 2017). It is also reported that
bacteria can cooperate based on “public good” molecules, which benefit an entire
population and go far from the competition model usually studied. These
associations are based on a large variety of shared molecules: siderophores,
enzymes, biosurfactants, components of biofilm matrix, quorum sensing
molecules, bacteriocins, etc. (Cavaliere et al, 2017). Considering that the main
compounds seen on genomic mining and molecular profiling of our cave isolates,
collaboration seems to be the preferred mode of interaction between these
organisms in an environment with few resources and slow changing.

Lastly it is unexpected that both cultivated strains from the Iron Curtain
cave are so highly similar, though not clonally identical. This could represent a
limited microbial diversity of the cave, or limited diversity of cultivatable
Streptomyces. In either case a more detailed analysis of the bacterial community

structure in the Iron Curtain cave is warranted.
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Conclusions

Caves are environments characterized by low levels of nutrients and
limited physical conditions. Nevertheless these unique habitats harbour a
diverse microorganism community that can yield a multitude of unique
secondary metabolites. Our work examines and correlates the genomes and
metabolomes of two culturable Streptomyces isolates from the Iron Curtain cave.

We show a successful genome sequencing, assembly and annotation. With
this information we were able to demonstrate that the genomes of these isolates
are highly homologous to a known terrestrial Streptomyces species, S.
lavendulae. A key area of difference between the ICC isolates and S. lavendulae
are the secondary metabolites encoded in the genome.

We examine both through sequence analysis and LC-ESI-HRMS detection
a number of these metabolites and discuss their potential role in enabling their
fitness in the Iron Curtain cave. Although no direct correlation could be made
between these molecules and an antimicrobial compound, we can deduce their
role in a cooperation approach to ensure survival rather than competing.

While everything is everywhere, the cave environment does not seem to
provide a significant restriction to distribution, enabling the environment to
select these strains with enhanced secondary metabolite biosynthesis

capability.
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Final remarks

With this works my goal was to show bioprospecting as a versatile

process with great potential for novel secondary metabolite discovery, taking a
different way from the activity-based approach. The use of genetic and
computational bases, which are much more consolidated and have fast growing
databases and repositories makes the research easier as time passes, and being
part of the community that contributes to its growth is of extreme importance.
Another advantage of bioprospecting as a tool is that can be modified and
optimized to target different environments, organisms and molecules, as shown
in this work with different levels of success. Its association with multiple
different techniques gives the plasticity the molecule discovery needs to
advance.
One important thing that needs to be highlighted is the audacity of this type of
research. Because of its novelty, there is still a lack of information on some of
these environments, organisms and molecules that make some of the basic
things, such as species composition, very difficult to determine. Again, having
the ability to sequence the extracted DNA we can shed some light on the ecology
of different microbiomes that could benefit research as a whole. Sometimes even
without a direct result, the risk-taking nature of the work developed over my
PhD was worth the contribution to the field as a whole to shed light to some
unexplored and underresearched places.

Not less important to mention, the addition of results produced during
this research to global public access databases, such as the genomes of many of

the bacterial strains discovered and analyzed, to the high regarded National
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Center for Biotechnology Information (NCBI), and the three publications that
primarily came from this work’s results are a little bit of the scientific
contribution that was possible to generate and that could be the base of many
other works to come.

To close this text, [ would like to highlight the importance of the
development of this fast-growing field not only as a motor for curiosity of the
future scientists to come, but for the humanity to find sustainable and promising
solutions to some of our global problems. To all the molecular biologists and

biological chemists, the world needs each one of us.
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Appendix 1

butanolic and aqueous extracts of Streptomyces sp. ICC1
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“Let's think the unthinkable, let's do the undoable. Let us prepare to grapple with the

ineffable itself, and see if we may not eff it after all.”

— Douglas Adams, Dirk Gently's Holistic Detective Agency
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