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Abstract

Climate changes and overpopulation present hard challenges for global agriculture, threatening the food
security of the world population. Some microbes have plant growth-promoting activities and can increase
the yield of crops. Nevertheless, the complex microbial interactions alongside the unknown information
hidden in the microbial genome make it harder to regulate plant-beneficial metabolites. This project aims
to study strategies for the activation of an unknown cryptic biosynthetic gene cluster (BGC) of the
potential plant growth-promoting strain Pseudomonas protegens DTU9.1. BGCs encode proteins, here

a polyketide synthase (PKS), that synthesise secondary metabolites.

The wild type (WT) and a PKS deletion mutant (APKS) were compared in different media and no
significant differences were caused by PKS deletion regarding growth nor fluorescence. Intra- and
extracellular metabolites from extracts of both the WT and APKS were analysed by LC-MS and

compared. Several metabolites showed different expression levels between the two strains.

Antibiotic rifamycin showed to induce the BGC expression, being influenced by the culture growth phase
on which is added. Cultures with D-arabitol as a carbon source resulted in higher expression levels of
the BGC than cultures with glucose. With RNA polymerase engineering, selecting a rifamycin-resistant
mutant with the mutation D521G in the rpoB gene, there was an increase of 4.2-fold in the unknown

BGC expression.

This study shows that the use of different carbon sources might be one key factor for the activation of
the BGC expression. The moment of supplementation of the inductive antibiotic to the culture should
also be considered. RNA polymerase engineering demonstrates to be a promising technique for cryptic
BGC expression activation.

Keywords: cryptic biosynthetic gene cluster, polyketide synthase, secondary metabolites, activation,
plant-beneficial bacteria, Pseudomonas protegens



Resumo

AlteracBes climaticas e sobrepopulacdo desafiam a agricultura global, ameacando a garantia de
produtos alimentares para a populacdo. Alguns micoorganismos sao benéficos para as plantas,
contribuindo para o aumento do rendimento das colheitas. No entanto, as complexas interacdes
microbiais em conjunto com a informac&o desconhecida escondida no genoma microbiano dificultam a
regulacao dos metabolitos sintetizados. Este projeto foca-se no estudo de estratégias para a ativagéo
de um cluster genético biossintético (BGC) criptico, desconhecido, presente na estirpe Pseudomonas
protegens DTU9.1. BGCs codificam proteinas, neste caso um policétido sintase (PKS), com capacidade

de sintese de metabolitos secundarios.

A estirpe selvagem (WT) e o mutante de delecdo sem o PKS (APKS) foram comparados em diferentes
meios, e nenhuma diferenca foi observada entre as estirpes a nivel do crescimento nem da
fluorescéncia. Extratos de metabolitos intra e extracelulares de ambas as estirpes foram analisados

com LC-MS. Varios metabolitos mostraram niveis diferentes de expressao entre as duas estirpes.

O antibiético rifamicina induz a expressao do BGC, sendo influenciado pela fase de crescimento da
cultura em que é adicionado ao meio. Culturas usando D-arabitol como fonte de carbono resultaram
em niveis de expressdo mais elevados do que em culturas usando glucose. Engenharia de RNA
polymerase, selecionando um mutante resistente a rifamicna, com a mutacédo D521G no gene rpoB,

resultou num aumento de expressao do BGC de 4.2 vezes.

Este estudo mostra que diferentes fontes de carbono podem ser um fator chave na ativagcdo da
expressdo do BGC. O momento de adicdo do antibiético indutor a cultura deve também ser
considerado. Engenharia de RNA polimerase demonstra ser uma técnica promissora para a ativagao
do BGC.

Palavras-chave: cluster de genes biossintético criptico, policétido sintase, metabolitos secundarios,

activation, bactérias benéficas para plantas, Pseudomonas protegens
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1. State of the art

1.1. Challenges of global agriculture

The global population is expected to reach approximately 10 billion people by 2050 (an increase of ~2
billion people in the next 30 years)!. The intensified demand for food, fibres, and fuel, alongside an
increased complexity of meals and consumed calories predicts the expansion of agricultural production
to be approximately 70% by 20502.

To achieve the required volume of agricultural products, at least two options are available: expanding
the cultivated area to increase crop production or improving the yields of the existing crops. The former
implies the replacement of natural landscape and might result in increased water pollution, soil erosion,
and greenhouse emissions, decreased carbon storage, loss of biodiversity, and damage of important
ecosystems?. The latter is influenced by four main factors: soil fertility, water availability, climate, and
diseases*. The use of chemical fertilizers and pesticides is a widely accepted option for crop yield
increase. However, the use of agrochemical products is linked to several human diseases, acute and
chronic, such as endocrinal and immunity problems, neurotoxicity, and cancer®. Regarding the
environment, fertilizers and pesticides may result in the accumulation of heavy metals in the sail®.
Pesticides are common contaminants in soil, air, and water and they can affect non-target organisms
including beneficial soil microorganisms, fish, birds, and non-target plants. The consequences for these

organisms go from physical malformations to death”.

To tackle this problem, European Union (EU) regulates the use of chemicals and pesticides to protect
human health and the environment. On 15t June 2007, a new legal framework entered into force to
regulate the Registration, Evaluation, Authorisation, and Restriction of Chemicals (REACH Regulation).
Therefore, authorities can restrict the use of hazardous substances or even ban them if their risks are

unmanageable8.

Fortunately, the awareness about global environmental issues changed the preferences of the
consumers and the focus of the companies: global sustainable investment raised by 68% since 2014°.
The IBM Institute for Business Value conducted a research study in 28 countries and over 7 in 10
consumers considered it at least moderately important that a brand offers products with natural
ingredients and considers sustainable and environmental practices!®. Therefore, more ecological

solutions are required urgently, and microorganisms can be part of this change.

1.2. Microorganisms as a solution

In the 1900s, Bacillus thuringiensis was discovered as an insect pathogen. In 1938, sporeine, a
compound derived from B. thuringiensis, was available in France, being the first commercial
biopesticide!!. Plant growth-promoting microorganisms (PGPM) have the potential for several
applications in the field of agro-environmental sustainability, from disease suppression in plants to
bioremediation of contaminated soils??. Beneficial microorganisms include bacteria, mainly from the

group rhizobium, and fungi. They can be free-living, rhizospheric, or endosymbiotic. According to du
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Jardin3, beneficial microorganisms can be divided into biocontrol agents and biostimulants, with

biofertilizers making part of the second group.

1.2.1. Biocontrol agents

Using microorganisms to suppress plant’s pathogen populations and control plant diseases!* has been
explored to replace the use of agrochemicals. In 2017, Australia, Brazil, Canada, Europe, Japan, New
Zealand, and the United States had registered a total of 101 microbial biological control agents for plant

disease control®>,

“Biocontrol agents used in plant productions are living organisms protecting plants
against their enemies, i.e. reducing the population of pests or diseases to acceptable
levels.” — du Jardin (2015)13

Modes of action differ and can be primarily divided into indirect or direct, Figure 1.1. Indirectly,
microorganisms can act via plant metabolism: plants protect themselves from pathogens through
chemical and physical mechanisms activated by stimuli that are recognized by specific recognition
receptors. Some of the recognized stimuli have origin in pathogens, but beneficial microbes are also
capable of inducing resistance in plants. Bacterial compounds that are plant-resistance inducers include
lipopolysaccharides, flagella, iron-regulated compounds, and others 416, This type of induced
resistance is only activated in the presence of the stimuli. However, when the effect lasts longer in the
absence of the stimuli, the phenomenon is called priming!4. For example, Bacillus subtilis GB03 is a
biological fungicide whose volatile organic compounds induce plant resistance on Arabidopsis by
regulating auxin homeostasis and cell expansion, enhancing photosynthesis by decreasing glucose
sensing and abscisic acid levels; conferring salt tolerance by regulating the tissue-specific expression
of sodium transporter HKT1; and stimulating iron acquisition 17-21, Another type of indirect action is
competition with the pathogen for nutrients and space. It was successfully applied, for example, in fruit

rot prevention, using fast colonizing yeasts to control pathogenic populations, such as fungil#22,

Modes of Action

Indirect 4|— Direct —I

Interaction with

pathogen
Via plant Interaction with |
metabolism pathogen
Induced resistance ~ Competition Hyperparasitism  Antibiosis

and priming

Figure 1.1. Scheme with direct and indirect modes of action of biocontrol agents.
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Directly, beneficial microorganisms can interact with pathogens by hyperparasitism, occurring when a
parasite infects another parasite, a phenomenon more often observed in fungi; or antibiosis, by
producing secondary antimicrobial metabolites with inhibiting effects'4. Some classes of antibiotic
compounds have strong evidence for their function as biocontrol agents, such as phenazines,

pyoluteorin, pyrrolnitrin, cyclic lipopeptides, and hydrogen cyanide (HCN).

However, these mechanisms can be combined, as in the case of Metschnikowia fructicola, the base
yeast of a commercialized biocontrol product (Shemer). Its action mechanisms against pathogens in
postharvest fruits include iron-binding compounds, induction of defense signaling genes in the fruit,

production of enzymes that degrade fungal cell wall, and relatively high amounts of superoxide anions23,

1.2.2. Biostimulants
Microorganisms can promote plant growth by producing phytohormones (as auxins, gibberellins, and
cytokines), modulating the levels of stress-related ethylene, contributing to nitrogen fixation, enhancing

phosphorus availability, acting as biostimulants?4.

“A plant biostimulant is any substance or microorganism applied to plants with the
aim to enhance nutrition efficiency, abiotic stress tolerance and/or crop quality traits,

regardless of its nutrients content.” - du Jardin (2015)13

An experiment with Bacillus subtilis showed that the strain alleviates drought stress in potatoes which
maintained a higher photosynthetic process, contents of chlorophyll, soluble proteins, total soluble
sugars, and enzymatic activities of CAT, POD, and SOD in the presence of the plant growth promoting
bacteria than without it 25. These results are particularly interesting as drought is one of the most

important abiotic stresses in agriculture and has a high risk of increasing due to climate changes?®.

The definition of biostimulants includes the subcategory of biofertilizers.

“A biofertilizer is any bacterial or fungal inoculant applied to plants with the aim to
increase the availability of nutrients and their utilization by plants, regardless of the
nutrient content of the inoculant itself. Biofertilizers may also be defined as microbial

biostimulants improving plant nutrition efficiency.” - du Jardin (2015)*3

Nitrogen is essential for plant growth. Despite the large quantities of nitrogen available in the atmosphere
(78%), it is not available for direct uptake by plants, and lack of fixed nitrogen availability in the soil can
limit crop productivity. The ability to fix atmospheric nitrogen was found in some species belonging to
bacteria and archaea groupsClique ou toque aqui para introduzir texto.. Using the enzyme complex
nitrogenase, nitrogen-fixing microorganisms transform nitrogen into ammonia?’?8. The biological
nitrogen fixation process was estimated as the producer of 65% of the nitrogen currently utilized in

agriculture?®.

Phosphorus is the second major nutrient required for plant growth and even though it is available in high
amounts in the soil (400-1200 mg/kg of soil), most of it is presented in insoluble forms, hence not

available for plant uptake. Beneficial bacteria can solubilize phosphorous by acidification, chelation,
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exchange reactions, and organic acid production, such as gluconic acid, allowing phosphorus uptake

by plants?’.

Other important nutrients such as potassium, zinc, iron, and sulphur can also be bio solubilized. Some
of the mechanisms used can be organic acid production, protein extrusion, and production of chelating

agents. In the specific case of iron, the chelation is done by the iron-chelating molecules siderophores?”.

1.2.3. Mixed Inoculants

Mixed inoculants technology takes advantage of distinct mechanisms of different microorganisms to
promote plant growth by combining them. A successful example of this application is the combination
of two ACC deaminase producers, Rhizobium leguminosarum RP2 and Pseudomonas putida PSES3,
nitrogen-fixing and phosphate-solubilizing bacteria, respectively, applied in pea plants3°. The co-
inoculation was found more effective than any single or composite treatments (nitrogenous (urea) or
phosphatic (diammonium phosphate) fertilizers) at increasing growth, symbiotic characteristics, nutrient

pool, and quantity and quality of pea seeds.

1.2.4. Genetic engineering

Genes linked to plant growth-promoting mechanisms can be overexpressed or integrated into other
PGPM by genetic engineering. For example, Pseudomonas protegens CHAO-AretS-nif strain with
introduced nitrogen-fixing ability can promote garlic growth and yields. It was also engineered with

bactericidal traits, reducing garlic root rot, as well3?,

1.2.5. PGPM and where to find them

Disease suppressive soils were defined as soils in which the effects of pathogenic agents are less
damaging to the culture®2. The suppressiveness can be attributed to the entire microbiome activity and
is often related to competition for resources; or to the activity of specific groups of microorganisms that
interfere with the normal development of the pathogen. For this, disease suppressive soils are a potential
source of beneficial PGPM. Fusarium oxysporum Fo47, isolated from a Fusarium suppressive soil, was
found to protect pepper plants against Verticillium dahliae and Phytophthora capsici, and induce plant

resistance mechanisms33.

Organic amendments (composts) can suppress plant diseases, being this ability affected by
physicochemical and microbiological composition3432, Therefore, they can be reservoirs for potential
PGPM. Several microbes were isolated from the roots of eggplants grown in the compost and tested
against Verticillium dahliae: two bacterial strains from the Pseudomonas fluorescens complex and two
fungi strains identified as Fusarium oxysporum were selected for further evaluation and proved the ability

of microbes to reduce the incidence of the disease 3.

Another strategy to look for PGPM is to identify healthy plants in infested fields. Bacillus subtilis HJ5, an
antagonistic of V. dahliae, was isolated from the roots of healthy cotton plants in a field infested by
Verticillium wilt®¢. However, PGPM can also be found in places without previous evidence for biological

control37.
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1.3. From the lab to the field

Despite the enormous potential of microorganisms for plant growth promotion, there are two main
reasons for their low levels of application: (1) the technical difficulties, owing to a lack of fundamental
information on them and their ecology, and (2) the costs of product development and regulatory

approvals required for each strain, formulation, and use.

1.3.1. Scientific and technical challenges

Despite the existence of several successful cases of microorganisms as biocontrol agents, the
application of in vitro successful interactions in vivo can be very challenging due to the complexity of
soil microbiomes. Soil harbours an immense number of microbes (10-10% microscopic counts/kg)
from which only 0.01-0.1% are expected to be cultivable3. Together with abiotic factors, the intra- and
interspecific interactions of these microbes are responsible for microbiomes modulation, affecting

“occurrence, abundance, diversity, distribution, communication, and functions”.

The study of PGPM is performed under laboratory, greenhouse, and field conditions, but inconsistent
results are often generated on the different conditions. The fault relies mainly on the complexity of
microbiome interactions, and the lack of information on them 24. For example, Bjgrnlund and colleagues
40 found that instead of the expected predator-prey relationship between Pseudomonas strain DSS73
and the nematode Caenorhabditis elegans, these species presented an intricate mutually beneficial
system. When feeding on DSS73 strain, nematodes avoided the attack and killing by the flagellate
Cercomonas sp. (in densities usually mortal to the nematodes); the colonization of soil microcosms by
DSS73 increased in the presence of nematodes, which transported the bacteria aggregated in the
intestines; the flagellate Cercomonas feeding on DSS73 was used as an alternative food source for the

nematode C. elegans.

An important factor in microbial interaction is the production of secondary metabolites, molecules with a
broad range of physiological functions that can also act as signaling molecules and modulate
interspecies gene expression (see section 1.4. Secondary metabolism). Moreover, some soil
microorganisms have cryptic gene clusters encoding for putative new compounds that are silenced
under laboratory growth conditions*!. In this way, certain organisms might establish more interactions
in vivo than in vitro. Microbiome complexity also creates problems related to when to apply PGPM to

the crops, and if the application should be chronic or acute.

Another challenge is related to a successful inoculation whose efficacy relies on assuring a population
density active and effective?*. The difficulties to compete in the new environment are the main reason
for failure in soil inoculation, but an efficient immobilization system can protect the microorganisms from
biotic and abiotic environmental stresses as well as extend storage periods 4243, These preparations can
exist in several forms such as powder, pellet, and liquid formulations, and can be applied as a seed
coating, directly on the soil, or as sprays*. The delivery system of the biocontrol agents into the soil

should keep viable 10%8 CFU/g formulation*?, but these levels always decline after some weeks*546,

Additionally, microbial biocontrol agents might be incompatible with agrochemicals also present in the

soil, such as the pesticides applied on seeds*’. For this, it is important to opt for compatible
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agrochemicals and cell protectors, or different application methods, such as in-furrow inoculation, which
showed to alleviate the effects of seed treatment with agrochemicals and micronutrients, when

compared to the treatment applied directly on the seeds*8.

1.3.2. Social-economic constraints

The development of highly selective products might lack profit. If on one hand, selectivity reduces
environmental and health-related side effects, on the other hand, their effectiveness is limited to some
pathogens, in opposition to agrochemicals that impact many kinds of organisms. In this way, the quality
and efficacy of biocontrol agents are more dependent on biotic and abiotic factors present in the soil,

and these products have a shorter limit number of applications, becoming niche market products4°:%.

It is observed a preference for chemical pesticides among farmers, especially in developing countries.
The reluctance in adopting biological crop protection is mainly due to the idea that these products would
be mostly counterfeit, the perception that chemical pesticides generate higher yields and efficacy, and

that biopesticides are costlier and more time-consuming>.

Regulatory processes and documentation for biocontrol products registration in the EU can be very
complex and time-consuming, resulting in fewer biopesticides available in Europe than, for example, in
the U.S., South America, or India. To introduce a pesticide in the European market, first, the pesticidal
active substance must be approved for the EU, and then the plant protection product must be approved
individually by the member states. Both approvals include several sub-tiers of approval, for which the
registration of a biopesticide can take several years®%52, Harmonization of registration guidelines would
allow data exchange across countries and regulatory agencies, easing the establishment of regulations
promoting the registration of low-risk compounds, and consequently increasing the economic viability

and application of new biopesticides for crop protection32.

From July 2022 onwards (Regulation (EU) 2019/1009), it will be possible to follow an EU harmonized
marketing process for biostimulants. The marketers will be able to affix the CE mark and the product will

have the access to the whole EU market®3,

1.4. Secondary metabolism

Secondary metabolites are small molecules, biologically active, not vital for normal growth, but naturally
produced by organisms conferring physiological adaptative tools and improving fitness®*. Secondary
metabolism pathways are associated with low growth rate, stress response, and breakdown of cellular
components. As primary metabolism is related to energy production and cellular synthesis, its
intermediates are usually substrates or products of enzymes with a high rate of activity and
consequently, have fast turnover rates within the cell, being present in low quantities. Contrarily,
secondary metabolites are precursors of only a few reactions and have a slower turnover rate when
inside the cell. This leads to their intracellular accumulation and, when on adequate concentrations, to
their secretion to the extracellular medium35. An example of the secondary metabolism’s functions is the
secretion of the toxic compounds hydrogen cyanide and 2,4-DAPG by Pseudomonas fluorescens CHAOQ
as a mechanism of protection against their major predators, the nematodes 6. Nevertheless, secondary

metabolites can also act as signaling molecules. In antibiotics’ case, high concentrations lead to the
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inhibition of specific target functions and consequently to inhibition of growth, but low concentrations
can modulate gene expression, affecting key biological processes including transcription, metabolite

production, motility, and biofilm formation57-5°.

1.4.1. Biosynthetic gene clusters

Figure 1.2 summarily schematizes the tiers required
to achieve the final secondary metabolite. The

biosynthesis of these compounds is dependent on | [rranseription] &
specific enzymes, in turn, encoded by biosynthetic ~ EXPression of Regulatory Gene %
gene clusters (BGCs). | [rranscription) E
Expression of Biosynthetic Genes

A BGC consists in a group of genes, physically | [rransiation] =

clustered, that together encode a biosynthetic Enzymes for Biosynthesis e
pathway to produce a secondary metabolite, as well | /lcﬂf'm" Metabolism) g
as its chemical variants®. These clusters usually | ¥ ibetretes: R (Lipld Mstabolsm) g
include a gene encoding a skeleton structure which | (Amino Acid Metabolism) i%
is one of several key signature enzymes that I Secondary Metabolites I o

catalyze the production of compounds. From these . .
Figure 1.2. Summary of pathways involved

key enzymes, polyketide synthases (PKS) and in the production of secondary metabolites.
nonribosomal peptide synthetases (NRPS) are usually

targeted for natural product discovery due to the broad range of bioactive properties of the synthesized

products (polyketides and non-ribosomal peptides, respectively)s?,

A module (operational unit) of a PKS is comprised minimally of a ketosynthase (KS), an acyltransferase
(AT), and an acyl-carrier protein (ACP) domain®?. A module of an NRPS contains three core domains,
the condensation (C) domain, the adenylation (A) domain, and the peptidyl carrier (PCP) domain®. As
KS and C domains of PKS and NRPS, respectively, are highly conserved, they can be used as targets
to identify NRPS and PKS within a variety of datasets®4.

PKSs are commonly divided into three types: type |, Il, and Ill. Type | PKSs are modular multifunctional
enzymes covalently bonded, whose modules can be used non-iteratively or iteratively. In non-iterative
PKSs, each module contains a different active site for the catalysis of one cycle of polyketide chain
elongation, e.g., bacterial 6-deoxyerythronolide B synthase (DEBS); in iterative PKSs, at least some of
the modules are reused for the successive cycles, e.g., fungal 6-methylsalicylic acid and lovastatin®®.
Type Il PKSs are multienzyme complexes, in which each protein carries one iterative enzymatic activity,
resulting in multiaromatic compounds, such as the tetracenomyxin PKS that synthesizes aromatic
polyketides as tetracenomycin C%. Type Ill PKSs are iterative homodimers that catalyze the
condensation of one to several molecules, such as RppA synthase for the biosynthesis of aromatic

polyketides, such as flavolin, or PhID for the biosynthesis of 2,4-DAPG?®6,

The remaining genes of the BGC generally encode for tailoring enzymes that modify the secondary

metabolite skeleton, such as oxidoreductases, methyltransferases, and acyltransferases. In some
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cases, BGCs might include genes for pathway-specific regulators and/or for resistance to the pathway
end-product®167,

Gene clustering occurs commonly in bacteria where approximately 30—-50% of all genes are organized
in an operonic structure (groups of genes controlled by a single promoter). BGCs are clusters of operons
and genes®®. The first antibiotic whose whole BGC was cloned was the blue-pigmented aromatic
polyketide actinorhodin from Streptomyces coelicolor®®. In eukaryotes, clusters of functionally related
but non-homologous genes are similarly organized in terms of physical proximity but are transcribed
independently, controlled by different promoters®8.

Advantages of gene clustering can be the coregulation of a set of genes controlling successive steps in
a biosynthetic or developmental pathway; and the coinheritance, either by horizontal or vertical gene

transfers7.68,

1.5. Cryptic biosynthetic gene clusters

Cryptic genes are silent/low-level expressed genes under normal laboratory conditions, that can be
activated by genetic mechanisms or environmental stimuli 7. DNA sequencing technologies allowed
scientists to informatically identify these genes and classify the putative codified compounds. Analysis
of the genomes of the fungi Aspergillus nidulans, A. fumigatus and A.oryzae show that several of them
might codify for several key enzymes precursors of secondary metabolites. The number of putative
metabolites predicted is higher than the ones already reported to be produced by these species’ . For
this, is essential to activate the silent genes to explore their utility for human activities but also to get
more insight into microbiome interactions. The expression of cryptic genes can be achieved through

several laboratory techniques either by homologous or heterologous gene expression’2.

1.5.1. Homologous expression of cryptic genes

Culture conditions. Microbial physiology is influenced by culture conditions, including media,
temperature, oxygen availability, and many others. Therefore, changes in media composition and
culture parameters can change not only the quantity of produced compounds but also the type of
molecules synthesized’3. Paranagama and colleagues identified six new secondary metabolites
produced by the plant-associated fungus Paraphaeosphaeria quadriseptata, simply by using distilled
water for the media preparation instead of tap water’. This strategy is also known as “OSMAC”,
standing for “one strain many compounds”, as a single strain can produce different compounds just by
changing the growing conditions?>.

External chemicals. External chemical compounds can act as signaling molecules triggering the
synthesis of other compounds. An example is the already mentioned use of sublethal concentrations of
antibiotics”2. Another is the use of artificial root exudates, a way of mimicking natural cues present in

the rhizosphere, that was already proved to induce nitrogen fixation in bacterial communities?®.

Ribosome and RNA polymerase engineering. By screening antibiotic-resistant microbial mutants,
spontaneous mutations on their ribosomes or RNA polymerase can be found, leading to an altered

expression pattern of secondary metabolites””. Mutations in the ribosomal protein S12 are related to
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increased stability of the 70S ribosome complex’® and high levels of ribosome recycling factor?.
Mutations in the rpoB gene, which codifies the RNA polymerase  sub-unit, induced by rifampicin or
rifamycin resistance also led to different gene expression patterns. These mutations were responsible
for the increased affinity of the RNA polymerase to the promoter regions®. In 1996, K. Ochi and his
colleagues showed that the strain Streptomyces lividans TK24 produced the antibiotic actinorhodin
usually not produced by S. lividans species. Genetic analyses revealed that a streptomycin-resistant
mutation, a point mutation in the rpsL gene encoding ribosomal protein S12, was responsible for the
induction of the unusual antibiotic synthesis8!. Since then, ribosome engineering has been used to
increase the production of bioactive molecules in several bacterial species and for activating silent or

poorly expressed BGCs.

Heterologous promoter insertion. Promoters are regions of DNA where transcription factors bind, and
gene transcription is initiated, controlling and regulating gene expression®. Replacement of the native
promoter by a constitutive or inducible heterologous promoter is used to activate gene expression?s,

These promoters can go under promoter engineering, a way of regulating their strengths and functions®2.

Regulatory gene activation. Genes encoding proteins involved in the biosynthesis of secondary
metabolites are often controlled by the expression of an activator gene, Figure 1.2. Activating the
expression of these transcriptional regulatory proteins with an activating signal”® or a heterologous

activator gene®3 can lead to the expression of the silent gene cluster.

Co-cultivation. Microorganisms naturally interact with each other either for competition or synergic
functions. Thus, the cultivation of two different microbial strains together, to allow direct contact and
mimic their natural interactions, might allow the production of new secondary metabolites not observed
in the independent culture of the strains. As an example, co-cultures of the fungus Aspergillus
fumigatus with the soil bacteria Streptomyces bullii resulted in the production of ten compounds, not

detected in cultures of only A. fumigatus 8.

Epigenetics. Epigenetics mechanisms modify the chromosome conformation, controlling gene
expression by affecting the ability of the proteins to bind to DNA regulatory regions, without changing
the DNA sequence. In eukaryotes, these mechanisms include covalent histone posttranslational
modifications (such as acetylation, methylation, and phosphorylation), DNA methylation, chromatin
remodeling, and noncoding RNAs®. In prokaryotes, the inexistence of histones and nucleosomes that

modify chromosome structure makes DNA methylation the most important epigenetic regulators®.

Metabolic engineering. Metabolic precursors are required for biosynthetic and assimilatory reactions®”.
For example, acyl-CoA precursors have a role in the production of a plethora of secondary metabolites;
acetyl-CoA, malonyl-CoA, and methylmalonyl-CoA are used as building blocks for polyketide synthesis.
The availability of precursors molecules affects the production yield of secondary metabolites, and it can
be modified by manipulating the biochemical pathways that generate or consume them>*. For example,
the level of FK506 production (a polyketide macrolide with immunosuppressant activity) was increased

by engineering the level of methylmalonyl-CoA in Streptomyces clavuligerus through a combination of
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chemical supplementation and genetic approaches (methyl oleate supplementation in the medium and

methyl-malonyl-CoA mutase pathway introduction, respectively).

1.5.2. Heterologous expression of silent genes

Expression of the cryptic BGC in a host microorganism has some advantages: the heterologous host
can have higher growth rates and yields of production; the information regarding the host can be broader
and clearer, allowing more understanding of genetic manipulation tools and background information®8.
One example of application is the cloning of an NRPS BGC from the marine actinomycete
Saccharomonospora sp. on the model expression host Streptomyces coelicolor to produce the antibiotic
taromycin A%. However, cloning techniques might be Ilaborious and time-consuming. Host
incompatibilities due to the complexity of the regulatory network can present some challenges and
require gene substitution, enzyme evolution, promoter replacement, and transcriptional repressor
knock-out®®, The BGCs encoding putative bioactive compounds are usually large (10-100kb) and
constituted by many genes, making the cloning and expression of these BGC’s more challenging”2. A
suitable expression host should contain several essential features, such as a variety of natural product
precursors required to construct abundant complex molecules; a simplified secondary metabolite

background; and a known regulatory network®8.

1.6. Pseudomonas protegens

Pseudomonas genus is composed of rod-shaped, aerobic Gram-negative bacteria. They have motility
ability, owing to one or several polar flagella, and a high genomic G+C content (59-68%). This genus
inhabits diverse terrestrial and aquatic environments, due to its versality related to metabolic and
physiologic characteristics. Although some Pseudomonas species have pathogenic traits, such as the
opportunistic parasite P. aeruginosa, or the plant pathogen P. syringae, some others have beneficial

activities, such as the bioremediation agent P. putida °°-°2, or the plant aide P. protegens.

P. protegens are soil inhabitants and belong to the group of rhizobacteria, having the ability to colonize
roots. The name “protegens”, which stands for protecting, was attributed due to the species power to
protect plants from soil-born phytopathogens®?4. They are characterized as a fluorescent
Pseudomonas strain able to produce the secondary metabolites 2,4-diacetylphloroglucinol and
pyoluteorin, two biocontrol agents®. P. protegens also have biofertilizer properties, such as phosphate

solubilization, nitrogen-fixing, and zinc solubilization ability®>9, and can produce biofilms®7.
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2. Background and aim of the study

Several soil Pseudomonas strains were isolated in a previous study conducted at Infection Microbiology
Group (DTU) %. The genome sequences were submitted into antiSMASH?®° to predict biosynthetic gene
clusters (BGCs). Pseudomonas protegens DTU9.1 stood out for harbouring in its genome several
biocontrol genes, including orfamide, pyoluteorin, pyrrolnitrin and 2,4-DAPG genes. Moreover, the
presence of genes encoding for phytotoxins was not detected. Finally, the strain showed a highly
effective biocontrol activity against plant pathogens, including bacteria and fungi. antiSMASH predicted
a BGC encoding for a type | polyketide synthase (PKS) not identified in the data base. Posteriorly, the
BGC was identified as cryptic, and a high throughput study was conducted in a Biolog plate to find out
possible environmental cues that could activate the expression of the BGC. The antibiotic rifamycin and

the carbon source D-arabitol were selected as good candidates.

The compound resultant from this PKS might have relevant functions. Metabolites with biocontrol
activities are desired for biocontrol agents. However, it is also important to confirm the absence of
prejudicial effects caused by these microorganisms. Hence, the aim of this study is to find out ways of
activating the expression of the unknown BGC in P. protegens DTU9.1, contributing to a further

identification of the secondary metabolite synthesized by the PKS.
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3. Materials and Methods

3.1. Chemicals and reagents
Chemical products used were acquired from Sigma-Aldrich®, Milipore® and ACROS ORGANICS and

PCR reagents were obtained from Thermo-Fisher SCIENTIFIC (with indicated exceptions). Plasmids

were ordered from IDT®.

3.2. Bacterial strains and plasmids

This study focused on Pseudomonas protegens DTU9.1 and included the use of Escherichia coli strains

for the steps of transformation and mating, Table 3.1. The list of plasmids used in this study is presented

in Table 3.1. P. protegens DTU9.1 will be referred as wild type (WT) and the variants will be referred to

with an indicative of the variation.

Table 3.1. Bacterial strains, and relevant characteristics, used in this project.

Strain Description Source
Pseudomonas protegens
Technical University of
DTU9.1 wild type Denmark — DTU, Kongens
Lyngby, Denmark
. Technical University of
DTU9.1 APKS Unknown polyketide synthase Denmark — DTU, Kongens
(PKS) gene knockout mutant
Lyngby, Denmark
DTU9 1 RifR Spontaneously resistant to This project

rifamycin mutant

DTU9.1 StrepR

Spontaneously resistant to
streptomycin mutant

This project

Escherichia coli

CC118Aspir

A(ara-leu) araD AlacX74 galE

galK phoA20 thi-1 rpsk rpoB

argeE(Am) recAl, lysogenized
with Apir phage

Kvitko et al 100

HB101

F-mcrB mrr hsdS20(rs"mg")
recA13 leuB6 ara-14 proA2
lacY1 galK2 xyl-5 mtl-1
rpsL20(SmR) gin V44 A~

Boyer and Roulland-Dussoix 101
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Table 3.2. Plasmids, and relevant characteristics, used in this project.

Plasmid

Description

Source

PSEVA237::Pynk-GFP

KmR, ori pBBR1, cargo GFP
with the promoter region
upstream the unk PKS gene
inserted for transcription
analysis

Technical University of
Denmark — DTU, Kongens
Lyngby, Denmark
Vector developer: de Lorenzo’s
|ab 102

PSEVA237::Ppnia-GFP

KmR, ori pBBR1, cargo GFP
with the promoter region
upstream the phlA gene
inserted for transcription

Technical University of
Denmark — DTU, Kongens
Lyngby, Denmark
Vector developer: de Lorenzo’s

analysis

lab 102

TcR sacB+ R6K ori, mobRP4,

pNJ1 allelic replacement vector Yang et al 103
derived from pDS132
CmR | ori ColE1 RK2-Mob+
pRK600 RK2-Tra+ helper plasmid in Kessler et al 194
triparental matings
pBG42 KmRGmF;, ori R6K, pBG- Zobel et al
erived
3.3. Cultivation and storage conditions
3.3.1. Culture media
All the media used in this project are described in Table 3.3.
Table 3.3. Media used in this project.
Composition
Medium Liquid Solid
Composed by A-10 medium mixed with
BT-medium in a proportion of 1:9,
respectively.
A-10 medium
1000 ml of A-10 medium were prepared
adding 20 g of (NH4)2S0a4, 60 g of
ABT Na2HPO4, 30 g of KH2PO4, 30 g of NaCl, -
and 1000 ml of H20. pH was 6,4.
BT medium
900 ml of BT medium were prepared
adding 1 ml of 1 M MgCIl, 1 mlof 0.1 M
CaClLz, 1 ml of FeCls, 2.5 ml of 1 mg/ml
Thiamin and 900 ml of H20.
ABTG ABT medium with 4% of glucose.

LB (Lennox broth)

Standard medium (Carl Broth).

King’s B (KB)

100 ml were prepared adding 2 g of
proteose peptone (No. 3) and 861 pl of
K2HPO4 (1M) to distilled water. The pH

was adjusted to 7.2 +/- 0.2. After
autoclaving, 1.25 ml of MgSO4 and 2 ml
of glycerol (50%), preheated to 50
celsius, were added.

10% Tryptic soy broth
(TSB)

Prepared by diluting tryptic soy broth
(Sigma-Aldrich®) 10 times.

Composition of the
respective liquid medium
with addition of 1.5 %
agar.
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Pseudomonas isolation Standard medium
agar (PIA) (Milipore®).

Overnight bacterial cultures were obtained by inoculating single bacterial colony in LB medium, at 30°C

with gyratory agitation at 200 rpm (New Brunswick Scientific Edison, N.J. U.S.A. — Gio Gyratory Shaker).

Long-term storage was prepared by centrifugation of 1 ml of overnight bacterial culture and
resuspension of the pellets in 1 ml of LB medium. The resuspension was mixed with an aqueous solution

of glycerol 50% in 1:1 (v:v) proportion. The cultures were stored at -80°C.

3.4. Unknown BGC expression and phenotype comparison in different
media

3.4.1. Expression and growth comparison assay

Growth (optical density at a wavelength of 600 nm (OD600)) and fluorescence (relative units of
fluorescence (RFU)) differences between bacterial cultures of WT and the PKS deletion mutant (APKS)
were analysed. Fluorescence difference between cultures of WT and the WT with the reporter gene
(Punk-GFP) were used to evaluate the relative expression of the unknown biosynthetic gene cluster
(BGC). The assay was carried out in a 96-well microtiter plate, analysing three biological replicates of
each strain in four different media, ABTG, TSB, LB, and KB (the first two are poor media and the last
two are rich media). at 30 °C and 282 rpm for 24h. The initial OD600 was set to 0.01 (Amersham
Biosciences — Ultrospec 10) and each well contained a volume of 200 pl. A negative control with only
media was included, to be used as blank and contamination assessment. The plates were incubated in
a multimode microplate reader (Biotek Synergy H1 Hybrid Reader), at 30 °C and 282 rpm for 24h (with
initial double agitation of 282 rpm for 10 secs). Excitation and emission wavelength for fluorescence

reading were 485 and 513 nm, respectively.

3.4.2. Spots comparison

To analyse possible phenotype variations of the unknown PKS deletion mutant, 5 pl of WT and APKS
cultures washed in NaCl 0.9% (OD600 = 1.0) were spotted on ABTG, TS, LB, and KB agar plates, with
three biological replicates for each condition. The cultures were grown at 30 °C. Differences were

observed after two days of growth on the plates and the diameter of the spots was measured.

3.4.3. WT comparison with APKS on ABTG medium

In a 96-well microtiter plate, the growth and natural fluorescence of WT and APKS while exposed to
rifamycin (0.177 — 60.0 pg/ml) were compared (2-fold serial dilution). Two negative controls were
included: a row containing inoculated ABTG medium (0 pug/ml of antibiotic), to observe the bacteria
behaviour without the effect of rifamycin; a row containing only ABTG medium to be used as blank and
contamination assessment. At the end of the setup, each well contained a total volume of 200 pl and an
ODG600 of 0.01. The plates were incubated in a multimode microplate reader, at 30 °C and 282 rpm for

24h (with initial double agitation of 282 rpm for 10 secs).
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3.5. MIC assays

Minimum inhibitory concentrations (MICs) of the antibiotics rifamycin and streptomycin were estimated
in a 96-well plate using four biological replicates of WT. The strain was exposed to a range of antibiotic
concentrations (2-fold serial dilution) (Table 3.4). Two negative controls were included: a row containing
inoculated LB medium (0 upg/ml of antibiotic), to observe the bacteria behaviour without the effect of
rifamycin; a row containing only LB medium to be used as blank and contamination assessment. At the
end of the setup, each well contained a total volume of 200 pl and an OD600 of 0.01. The plates were

incubated in a shaker at 30°C with orbital agitation at 300 rpm (Heidolph - Titramax 100).

Table 3.4. Antibiotics used in the MIC assays.

Concentration range

Compound (ug/mi) Notes
As a control, it was ensured that dimethyl sulfoxide
Rifamycin 0.250 — 128 (rifamycin’s stock solution solvent) was not toxic to the
strain
Streptomycin 1.06 - 540

3.6. BGC expression assays

Growth and the promoter activity through the fluorescence emission of GFP were analysed, under the
influence of the compounds rifamycin, rifampicin, and D-Arabitol (with and without glucose), Table 3.5.
Two negative controls were included: a row containing inoculated medium, to observe the bacterial
behaviour without the effect of the compound; a row containing only medium to be used as blank and
contamination assessment. Each well of the 96-well microtiter plate contained a total volume of 200 pl
and an OD600 of 0.01. The plates were incubated in a multimode microplate reader, at 30 °C and 282

rpm for 24h (with initial double agitation of 282 rpm for 10 secs).

Table 3.5. Antibiotics and carbon source tested in the expression and antibiotic assays.

Compound Concentration (ug/ml) Media Strain
Punk-GFP (DTU9.1 + pSEVA237::Punk-
Rifamycin 0.177 - 60.0 ABTG GFP)
DTU9.1 + pSEVA237::Pphia-GFP

Rifampicin 0.177 - 60.0 Punk-GFP

ABT
D-Arabitol 9.76 - 5.00x10° — Punk-GFP

ABTG

3.6.1. Shake flasks assay

Three biological replicates of Punk-GFP were tested in 100 ml Erlenmeyer flasks containing a total
volume of 25 ml at 30 °C and 200 rpm (Infors HT Labotron). The conditions included different
concentrations of rifamycin: 0 pg/ml, 3.75 pg/ml, 25 pg/ml, and 3.75 pug/ml and 25 pg/ml added after 15
h and 30 mins of growth. The initial OD600 was 0.01. The volume of samples analysed each time was
150 pl, and the samples were incubated in a multimode microplate reader, at 282 rpm for 6 min (with

initial double agitation of 282 rpm for 10 secs), reading OD600 and fluorescence values 4 times.
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3.7. LC-MS

Extracts of cellular metabolites were physically separated by liquid chromatography (LC) and had their
mass analysed by mass spectrometry (MS). The resultant data was analysed by MS-Dial'% software
and MetaboAnalyst 5.01% online tool. The chromatograms were constructed with Agilent MassHunter0”

software. The metabolites extraction procedures are described below.

3.7.1. Extracellular metabolites extraction

Three biological replicates of WT and APKS strains, grown in ABTG, were analysed. 100 ml cultures
were cultivated in 250 ml Erlenmayer flasks at 30 °C and 200 rpm and samples of 20 ml of each bacterial
culture were taken after 30h. The samples were then centrifuged (Heraeus — Multifuge X3R Centrifuge)
for 5 min at 8000 rpm and the supernatant was filter sterilized (pore diameter of 0.25 um). For a two-
phase extraction, 20 ml of the extraction solvent ethyl acetate, were added to the 20 ml of filtered
supernatant. The mixture was vortexed for 5 min and centrifuged for 5 min at 8000 rpm, resulting in two
distinct phases: an upper organic phase and the lower aqueous phase. 14 ml of the upper phase were
collected, dried with a nitrogen pump, and dissolved in 200 pl of methanol. The final solution was
transferred to an LC-MS vial and sent to the Natural Products Chemistry group (DTU Bioengineering)

for LC-MS analysis.

3.7.2. Intracellular metabolites extraction

Three biological replicates of WT and APKS strains, grown in ABTG, were analysed. 100 ml cultures
were cultivated in 250 ml Erlenmeyer flasks at 30 °C and 200 rpm and after 35h. The entire volume of
cultures was centrifuged (for 5 min at 8000 rpm), washed with 25 ml of 0.9% NacCl, and centrifuged
again. The supernatant was completely removed, and the pellets were resuspended in 10 ml ethyl
acetate. The suspension was sonicated for 20 mins and then centrifuged. 8 ml of the ethyl acetate layer
was transferred to a falcon tube, dried with a nitrogen pump, and reconstituted with 200 pl of methanol.
The solution was transferred to an LC-MS vial and sent to the Natural Products Chemistry group for LC-

-MS analysis.

3.8. Ribosome and RNA polymerase Engineering

3.8.1. Mutant colonies selection

100 pl of three biological replicates of WT cultures (OD600 = 3,0) were spread on LB agar, LB agar
supplemented with rifamycin (65 pg/ml), and LB agar supplemented with streptomycin (135 pg/ml) in
dilutions of 101, 10% and 10, respectively for each media. The value of antibiotics concentration was
chosen by doubling the MIC value (section 3.5. MIC assays). Colony-forming units (CFU’s) were
counted two days after plating to assess the mutation rate. One colony of each plate supplemented with

an antibiotic (resistant colonies) was stocked with glycerol at -80 °C for further analyses.

3.8.2. Detection of mutations in antibiotic-resistant strains
Two colonies (biological replicates) of WT, rifamycin resistant (RifR) and streptomycin resistant (StrepR)

mutant strains were placed in microcentrifuge tubes containing 30 pl of H20, boiled at 99 °C for 10 min
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to lyse the cells, and centrifuged at 12 000 x g for 3 min. The supernatant, containing genomic DNA,
was used as a template for PCR reaction (DreamTaq™ DNA Polymerase kit). The list of primers used

in the PCR reactions can be found in Table 3.6.

Table 3.6. Primers used to check rpsL and rpoB genes mutations.

Target gene Primer name Sequence (5°- 3’)
rpsL_fw DTU 9.1 actgcaaaacgaccgattac
rpsL rpsL_rev_DTU 9.1 acagtggagctagtagatggc
rpsL_mut_check fw taagccctcaaacggtcticagg
rpsL_mut_check rev ttgactgggggcaagatcc

1 rpoB_mc_fw tcacgtgttattcggtttcc
1 rpoB_mc_rev agaagatcaatcgcatggtcg
2 _rpoB_mc_fw aggttgttcgccagatccagg
2_rpoB_mc_rev agatccgcgtatcgttgaagg
3_rpoB_mc_fw aagaccgtcgagaacttcatcg
3_rpoB_mc_rev accagaacacctgcatcaacc
4 _rpoB_mc_fw atttccacgccatgaacgceg

rpoB 4 rpoB_mc_rev taccgtgtggtgaaagacgc
5 rpoB_mc_fw aactggcctttgtcgttcatcg
5_rpoB_mc_rev ttgcegtactgaagactctgg
6_rpoB_mc_fw aacacgacggttacccagg
6_rpoB_mc_rev acaagggcaaggttattgtcg
7 _rpoB_mc_fw tttgataccggctttttccagce
7_rpoB_mc_rev aaagaatcgtcgaacaaagceg
8 rpoB_mc_fw aaggtaccgttctcagtcatcagg
8 rpoB_mc_rev aacgctgatggcttactcatatactg

Samples (20 ul) were loaded in an agarose (0.8%) gel containing ethidium bromide. The buffer Gene
Ruler Express DNA Ladder was used to determine the size of the PCR bands. The DNA was purified
with NucleoSpin® Gel and PCR Clean-up kit (Macherey-Nagel). The fragments of DNA were sequenced,
to check the similarity with WT gene sequences, by Eurofins Scientifics. DNA sequences were

compared using the online tool Benchling.

3.8.3. Sample collection for RNA extraction

Three biological replicates of WT, RifR, and StrepR were incubated in 100 ml Erlenmeyer flasks
containing 50 ml of ABTG medium (OD600 = 0.01) at 30 °C with orbital agitation at 200 rpm (Infors HT
Ecootron — Buch & Holm) for 30h. Samples were collected at 14h, 24h, and 30h, to analyse the unknown
BGC expression at different growth phases. The samples were centrifuged, the supernatant was

discarded, and the pallets were stored at -23 °C.

3.8.4. Transcriptional analysis by RT-qPCR

Reverse transcription-quantitative PCR technique was used to analyse the relative expression of the
unknown BGC in the WT and the antibiotic-resistant mutants. For that, RNA was extracted from the
pellets obtained in the previous step with RNeasy® Mini kit (QUIAGEN) according to the protocol

supplied by the manufacturer. 1 pug of the obtained sample was converted into complementary DNA
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(cDNA) using the iScript™ Reverse Transcription Supermix for RT-qPCR (Bio-Rad) kit, according to the
protocol supplied by the manufacturer. RNA and cDNA concentrations were measured by
spectrophotometry with DS-11+Spectrophotometer (DeNovix®). Quantitative PCR (gPCR) samples
were prepared with PowerUp™ SYBR™ Green Master Mix (Thermo Fisher Scientific) following
manufacturer instructions to a final volume of 10 pl per sample. The samples were analysed in technical
and biological triplicates and a no-template control was included, using water instead of cDNA. The
reactions were performed and analyzed by the instrument Stratagene Mx3005P gPCR. First, a 1:10
dilution series of one sample of cDNA, ranging from 10-1 to 10, was used to obtain the standard curve
for each primer pair, listed in Table 3.7, by representing the average cycle threshold (Ct) value in function
of logarithmic quantity range. With the resultant slopes (Annex A), the respective efficiency was

calculated through Equations 3.1 and 3.2 (based on the study of Hellemans and colleagues'©8).

Table 3.7. Primers used for gPCR analysis.

Target gene Primer Sequence
yrB (reference gene) QPOR Gy K1 agmcatagateigteccagat
poD (eferencegene)  SECEODES ommcosascsnutyeas
CLALS_06265 (Unknown PKS) (e piiiips gtgasatctgiacioosetg
1
E (%) = <1oSlove - 1) X 100 (3.1)

With E standing for primer efficiency.

E (%)
100

Converted primer ef ficiency = ( ) +1 (3.2)

To ensure reproducible data, primer efficiency is recommended to be within 90%-110%1°. The
comparative transcriptional assays were normalized to the transcriptional levels of the housekeeping

genes gyrB and rpoD. Relative gene expression values were obtained with Equation 3.3 to 3.5.
ACt = Control average Ct — Sample Ct (3.3)
RQ = EACt (3.4)
In which RQ means relative quantity.

. . R
Relative gene expression = ——2G0L___ (3.5)
Geomean|[RQREFs]

With GOI standing for the gene of interest, REFs for the reference genes and Geomean to the geometric

mean. All reactions were performed under the conditions described in Table 3.8.
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Table 3.8. Thermal cycling program applied in qPCR using primers with melting temperatures
under 60 °C110,

Step Temperature (°C) Duration Cycles
UDG activation 50 2 min -
Dual-Lock™ DNA 95 2 min i
polymerase

Denaturation 95 15 sec

Annealing 55 15 sec 40
Extension 72 1 min

95 15 sec -

Dissociation Step 60 1 min -

95 15 sec -

3.8.5. Triparental mating

The plasmid pSEVA237::Punk-GFP was inserted into the RifR and StrepR strains by triparental mating.
For that, the donor strain, the helper strain, and the recipient strains were cultured overnight. The cells
were washed in 0.9% NaCl (OD600=1.0). Control conjugation mixes were prepared, including an
antibiotic selection control (water:water:recipient proportion), and pseudomonas selection control
(donor:helper:water proportion) to ensure that only pseudomonas with the desired plasmid would be
selected. A conjugation mix with the three strains was prepared (donor:helper:recipient proportion). The
final volumes of the conjugation mixes were equal to approximately 1 ml. The cells were centrifuged at
10 000 rpm for 1 min and the supernatant was discarded by decanting. The pellets were resuspended
in the remaining liquid. 20 ul of the conjugation mix were spotted on a LB plate and incubated at 30°C
overnight. The conjugation spot was scraped off the LB plate and resuspended in 1 ml 0.9% NacCl. 100
pl of diluted cultures (10% to 105 times) were spread on PIA plates with 50 pg/ml kanamycin and

incubated at 30°C for two days. Positive conjugant strains were selected and stored.

3.8.6. BGC expression assay

Growth and fluorescence differences between cultures of WT, RifR, and StrepR, and the same three
strains containing the reporter gene GFP for the Punk promoter were analysed. Fluorescence
differences between cultures of WT and the WT with the reporter gene (Punk-GFP) were used to
evaluate the relative expression of the unknown biosynthetic gene cluster. The assay was carried out in
a 96-well microtiter plate, analysing three biological replicates of each strain in ABTG at 30 °C and 282
rpm for 24h. The initial OD600 was set to 0.01 (Amersham Biosciences — Ultrospec 10) and each well
contained a volume of 200 pl. A negative control with only media was included, to be used as blank and

contamination assessment.

3.9. Allelic replacement

The allelic replacement technigue replaces a specific region of DNA with homologous recombination.
Here, the method was initiated with the purpose of switching the promoter region upstream of the

unknown BGC by a stronger one.
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3.9.1. SOE PCR

A fragment DNA insert was constructed by Splicing by Overlap Extension (SOE) PCR, containing the
promoter 14g to be inserted in the target genomic region of the genome surrounded by elements
homologous upstream and downstream (HR1 and HR2, respectively) of the target genomic region. HR1
and HR2 were amplified from the WT genome and the promoter (pl14g) was amplified from plasmid
pBG42. The primers used for each region can be found in Table 3.9. The construction of the fragment
started by fusing HR2 to the promoter region (primers 364/363), which was then fused to HR1 in a
second PCR reaction (primers 366/363).

Table 3.9. Primers used for SOE PCR. Small letters represent overhangs. Bold letters represent
enzymatic restriction sites.

Target

Primer Sequence Description
fragment
ATGAGAAAGATCGCCA Annealing immediately downstream of the
HR2 FW Pr362 TCGTAG promoter sequence to be altered
Annealing further downstream with an
HR2 R Pr363 atccgggagctcGACCAAAT  overhang including the rest_riction enzyme site
ATCGTTGCAGGC (Sacl) and extra nucleotides to increase
restriction efficiency
Promoter Pr3ga TGCTCCATAACATCAAA Annealing directly to the beginning of the
FW CATCG promoter region
Promoter acgatggcgatctttctcatTAGA Annealing dir_ectly to the end pf the .promoter
R Pr365 AAACCTCCTTAGCATGA region with an overhang including a
TTAAG complementarity region to the HR2 fragment
Annealing further upstream with an overhang
HR1 EW Pr366 atcccgtctagaAATGTGTT  including the rest_riction enzyme site ()_(bgl) and
CTCGGTGGTCG extra nucleotides to increase restriction
efficiency
Annealing directly upstream the promoter
HR1IR  Pr367 gt%act;grtﬁ??gﬁggﬁgg sequence to be altered with an overhang
AG including a complementarity region to the

promoter fragment

3.9.2. Plasmid purification

Plasmid pNJ1 was purified from 12ml of E. coli CC118 Aspir + pNJ1 overnight culture using NucleoSpin®

Plasmid kit (Macherey-Nagel) following the protocol supplied by the manufacturer.

3.9.3. Restriction digestion

Both SOE PCR product and the plasmid went through restriction digestion using the enzymes Sacl and
Xbal, and 10X FastDigest Green Buffer (ThermoFisher Scientific). In one trial of plasmid digestion, Fast
AP (thermosensitive alkaline phosphatase) was also added to dephosphorylate DNA ends. The thermal

conditions used are shown in Table 3.10.

Table 3.10. Thermal conditions for restriction digest.

Plasmid reaction SOE product reaction

Temperature Time Time
37°C 20min 60min
65°C 20min 20min

4°C Hold
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The plasmid and the SOE PCR product digested were purified by gel and PCR purification, respectively
(NucleoSpin® Gel and PCR Clean up).

3.9.4. Ligation

The concentrations used for vector/insert ligation were such to obtain a base pair ratio (insert/plasmid)
of approximately 1:5 (plasmid: 6692 bp; insert: 1489 bp). A false positive control was obtained by not
adding the SOE PCR insert to the ligation mix. Ligation reaction was performed using a thermocycler

program with ligation (22 °C, 2h) and protein degradation (65 °C, 10 min) steps.

3.9.5. Transformation

After ligation, the DNA was transformed into E. coli CC118 Apir by heat shock transformation. The cells
were mixed with 2.5 pl DNA and placed in ice for 30 mins, incubated at 42°C for 1 min, and placed again
in ice for 2 mins. 450 pl of LB were added to each tube and the mixed sample was incubated at 37°C
for 1 hour for recovery. The cells were spread on selective LB agar plates. After one day, the
transformant cells were verified by colony PCR using the primers presented in Table 3.11 and some
were also analysed by sequencing. A third and fourth controls were added: an antibiotic selection
control, in which water was added to the competent cells instead of DNA, and a transformation control,
in which 1pl of approximately 100 ng purified plasmid vector was added. The experiment was halted

after transformation as no positive transformant was obtained.

Table 3.11. Primers used for insertion evaluation on plasmid pNJ1.

Primer Sequence
pNJ1 fw (120) AACAAACCCGCGCGATTTAC
pNJ1 rev (121) GTAACGCACTGAGAAGCCCT

3.10. Statistical Analysis

In MetaboAnalyst 5.0, data filtering was based on interquartile range, samples were normalized by sum
and the data scaling chosen was Pareto scaling. Differences were considered statistically significant for

p-values lower than 0.05.
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4. Results

4.1. The unknown BGC has low expression levels

To seek changes in the expression of the unknown biosynthetic gene cluster (BGC) within different
culture conditions, the P. protegens DTU9.1 wild type (WT), the unknown PKS knockout mutant (APKS),
and the WT with a transcription reporter gene for the promoter upstream the BGC region (Punk-GFP)
were cultured in four different media: LB, KB, ABTG, and TSB.

Figure 4.1.A shows the growth rates of the three strains (WT, APKS and Punk-GFP) cultured in different
media (LB, KB, ABTG and TSB). The variance between WT and APKS growth rates was not considered
statistically significant, meaning that the deletion of the gene did not influence the growth rate under the

assayed conditions.

The fluorescence levels (relative fluorescence units (RFU)) of the cultures after 24h of growth are
displayed in Figure 4.1.B, as well as the negative control (only media). For all the media, the addition of
the fluorescent reporter gene leads to an increase of the fluorescent signal of 988, 1097, 1320, and
1358 RFU, for ABTG, KB, TSB, and LB media, respectively. This means that the promoter is active in
all the studied conditions. LB and KB media intrinsic levels of fluorescence are very high, making it
difficult to analyse bacterial levels of fluorescence. The lower levels of fluorescence of the cultures in
comparison to the media after 24h can be due to the consumption of the fluorescent compounds in the

media.

1.4

1.2

0.8
0.
0.
°- il i
0
LB TSB

ABTG KB

[EnY

H (o]

Growth rate (log(OD600)/hour)
N

Figure 4.1. Bar chart — Growth rates and fluorescence of WT, APKS, and Punk-GFP strains in LB,
KB, ABTG and TSB media. The three strains, WT (m), APKS (=), and Punk-GFP (=), were cultured in
KB, LB, TSB, and ABTG media on a microtiter plate at 30°C and 282 rpm. (A) Growth rate. (B)
Fluorescence levels measured after 24h of culture (not normalized to the medium fluorescence (m)).

Standard deviation bars are displayed.
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Figure 4.1. (cont.) Bar chart — Growth rates and fluorescence of WT, APKS, and Punk-GFP strains
in LB, KB, ABTG and TSB media. The three strains, WT (m), APKS (=), and Punk-GFP (m), were
cultured in KB, LB, TSB, and ABTG media on a microtiter plate at 30<C and 282 rpm. (A) Growth rate.
(B) Fluorescence levels measured after 24h of culture (not normalized to the medium fluorescence (=)).
Standard deviation bars are displayed.

WT and APKS were plated in four solid media (LB, KB, ABTG and TSB) and again, no significant
difference was observed in the growth between each strain, evaluating the diameter of the spots, Figure
4.2, and Table 4.1.

LB ABTG KB TSB

2000 mm 2000 mm

APKS

2000 mm 2000 mm i ; 2000 mm

Figure 4.2. WT and APKS spots in LB, KB, ABTG and TSB media after 2 days. The sizes of the
colonies are presented in Table 4.1.

Table 4.1. Diameter of WT and APKS spots after 2 days of growth on four different solid media.
Three biological replicates were tested.
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Media Strain Diameter (um)

LB WT (8.59+0.2) x102
APKS (8.34+0.2) x102

WT (5.63+0.2) x102

ABTG APKS (5.67+0.2) x102
KB WT (9.78+0.2) x102
APKS (1.03+0.03) x10°

TsB WT (7.430.3) x102
APKS (7.36+0.03) x102

Together, the information leads to the conclusion that the unknown BGC is expressed, but in low levels,
not impacting the cellular growth.

42. WT and APKS present different expression of intracellular

metabolites

After confirmation of unknown BGC expression, intra- and extracellular metabolites of the WT and APKS
in the late stationary phase were compared by LC-MS. The fold change of metabolites up/downregulated
in APKS extracts in comparison to WT extracts was analysed with MetaboAnalyst 5.0, Figure 4.3.A and

4.3.B, based on peak areas.
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Figure 4.3. Volcano plots — Metabolite comparison of WT and APKS in late exponential phase -
A) Comparison of extracellular metabolites (Downregulated — 1, Upregulated — 7, Unsigned - 1524), B)
Comparison of intracellular metabolites (Downregulated — 88, Upregulated — 30, Unsigned - 1770). Fold
change threshold = 2.0, p<0.05. e — Upregulated, e - Downregulated, ® — Unsigned.
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Figure 4.3. (cont.) Volcano plots — Metabolite comparison of WT and APKS in late exponential
phase - A) Comparison of extracellular metabolites (Downregulated — 1, Upregulated — 7, Unsigned -
1524), B) Comparison of intracellular metabolites (Downregulated — 88, Upregulated — 30, Unsigned -
1770). Fold change threshold = 2.0, p<0.05. e — Upregulated, e - Downregulated, ® — Unsigned.

In the extracellular extract, LC-MS showed that only 8 metabolites were considered differently expressed
comparing fold change between WT and APKS strains, Figure 4.3.A, and none of them was completely
absent in the APKS extract. In the intracellular extract, 118 metabolites were considered differently
expressed (Annex B), Figure 4.3.B, with 2 of them having base peak areas close to zero in the APKS
extract (Annex C), Table 4.2.

Table 4.2. List of the metabolites with lowest fold change in APKS in comparison with WT.

Average m/z Average retention time (min) Fold change
270.09402 2.226 0.011892
248.11168 2.240 0.016812

Analysing the chromatograms, Figure 4.4.A and 4.4.B, no evidence of a missing peak in APKS extract

in this retention times is visible.
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Figure 4.4. Base peak chromatogram — Results of LC-MS analysis to WT and APKS extracts — (A)
Extracellular extract chromatogram; (B) Intracellular extract chromatogram. Isolated peaks for each
sample are shown in Annex D. The green box surrounds the area where a different peak between the
extracts of the strains was expected.

Although 8 and 118 metabolites were differently expressed by the WT and the APKS, respectively, the
low expression level might not be enough to generate a product detectable by LC-MS. Hence, the

identification of the produced compound is dependent on the overexpression of the unknown BGC.

4.3. Do antibiotics rifamycin and rifampicin activate the promoter?

The antibiotics rifamycin and its derivative rifampicin were tested on Punk-GFP strain to assess their
effect in the activation of Punk expression by measuring the fluorescence intensity. The presence of
rifamycin and rifampicin increased the fluorescence signal, Figure 4.5.B and 4.6.B, with an exception
for the concentration of 3.75 pg/ml of rifampicin, which strongly inhibited culture growth, Figure 4.5.A
and 4.6.A. However, the normalized fluorescence/OD600 plot, Figures 4.5.C and 4.6.C, show higher
values for higher concentrations (below MIC) in both cases (with the exception for 3.75 pg/ml of

rifampicin).

40



A B

0.6 3000
0.5 — 2500
-]
[N
0.4 £ 2000
3 3
K03 $ 1500
S g
0.2 S 1000
>
0.1 = 500
0 - 0
3.75 15.0 30.0 3.75 15.0
[Rifamycin] (ng/ml) [Rifamycin] (ug/ml)
C
9000
7500
6000
8
Q 4500
S 3000
@ 1500 -
c
§ 0
8 1500 . 15.0 30.0
o
3 -3000
LL
-4500
-6000
-7500

[Rifamycin] (pg/ml)

Figure 4.5. Bar graph - Rifamycin effect on promoter Punk activation in Punk-GFP after 24h of
growth. Results of exposure to rifamycin concentrations of 0.00 pug/ml, 3.75 pg/ml, 15.0 pg/ml and 30.0
pg/ml. (A) growth (OD600), (B) fluorescence (RFU), (C) fluorescence normalised per OD600. Four
biological replicates were tested two times each in a microtiter plate. Cells were grown in ABTG at 30
°C and 282 rpm for 24h. Standard deviation bars are displayed.
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Figure 4.6. Bar graph — Rifampicin effect on promoter Punk activation in Punk-GFP after 24h of
growth. Results of exposure to rifamycin concentrations of 0.00 pug/ml, 0.469 pg/ml, 1.88 pg/ml and
3.75 pg/ml. (A) growth (OD600), (B) fluorescence (RFU), (C) fluorescence normalised per OD600. Four
biological replicates were tested two times each in a microtiter plate. Cells were grown in ABTG at 30
°C and 282 rpm for 24h. Standard deviation bars are displayed.

The inductive effect of rifamycin was confirmed by culturing Punk-GFP in shake flasks in two different
modes: with antibiotic supplementation 1) from the beginning of the culture and 2) at the middle of the
growth phase. Although both cultures with 3.75 pg/ml rifamycin had the same OD600 after 40h of
growth, Figure 4.7.A, the culture with the late addition of 3.75 pg/ml rifamycin showed the highest
fluorescence, Figure 4.7.B. This means that the addition of the compound in a later growth phase
induced the promoter Punk differently. On the opposite, the late addition of 25 pg/ml of rifamycin had a
stronger inhibitory effect, Figure 4.7.A, significantly reducing the fluorescence, Figure 4.7.B. As seen
before, the concentration closer to the MIC value added at the beginning of growth resulted in higher
fluorescence/OD600, Figure 4.7.C.
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Figure 4.7 Scattering plot - Rifamycin effect on promoter Punk activation of Punk-GFP (shake
flasks). Results of exposure to rifamycin concentrations of 0.00 pg/ml (-), 3.75 pg/ml (=),25.0 pg/ml (e),
and 3.75 pg/ml (A), and 25.0 pg/ml (¢), added only after 15h 30 min of growth. (A) growth (OD600), (B)
fluorescence (RFU), (C) fluorescence normalised per OD600. Three biological replicates were tested
for each condition and cultured in shake flasks with ABTG at 30 °C and 200 rpm. Standard deviation
bars are displayed.
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Figure 4.7. (cont.) Scattering plot - Rifamycin effect on promoter Punk activation of Punk-GFP
(shake flasks). Results of exposure to rifamycin concentrations of 0.00 pg/ml (-), 3.75 pg/ml (=), 25.0
pg/ml (e), and 3.75 pg/ml (A), and 25.0 ug/ml (¢), added only after 15h 30 min of growth. (A) growth
(OD600), (B) fluorescence (RFU), (C) fluorescence normalised per OD600. Three biological replicates
were tested for each condition and cultured in shake flasks with ABTG at 30 °C and 200 rpm. Standard
deviation bars are displayed.

Again, the fluorescence/OD600 increased with the increase of antibiotic concentration. Additionally, this
assay shows that the addition of rifamycin at the exponential phase can change this tendency: with a
lower concentration of rifamycin, the fluorescence of the culture increased without reduction of the
growth; with a higher concentration of rifamycin, the fluorescence of the culture decreased with reduction
of the growth.

4.4. Intrinsic fluorescence levels of P. protegens must be considered

for GFP reporter gene analysis

To evaluate the inhibitory effect caused by the antibiotic rifamycin, one control was selected. The
promoter upstream of phlA gene (PphlA), the first gene of the 2,4-DAPG biosynthetic operon, was used
as a control as it is already known not to be induced by antibiotic rifamycin. Figure 4.8.A indicates the
final OD600 values obtained after 24h of growth. Although Figure 4.8.B shows that the presence of the
antibiotic led to a decrease in the fluorescence intensity, Figure 4.8.C demonstrates that the

fluorescence/OD600 values increased with the increase in antibiotic concentration.
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Figure 4.8. Bar graph - Rifamycin effect on promoter Pphla activation of P. protegens
pSEVA237::Ppnia-GFP after 24h. Results of exposure to rifamycin concentrations of 0.00 pg/ml, 3.75
pg/ml, and 15.0 pg/ml. (A) growth (OD600), (B) fluorescence (RFU), (C) fluorescence normalised per
0OD600. Four biological replicates were tested in a microtiter plate at 30 °C and 282 rpm in ABTG.
Standard deviation bars are displayed.

The increased levels of fluorescence/OD600 with the increase of antibiotic concentration were also
observed when the WT and APKS were cultured with different concentrations of rifamycin, Fig. 4.9.C.
Here, despite the inhibitory effect, Figure 4.9.A, the intrinsic fluorescence levels were higher when in
presence of rifamycin, Figure 4.9.B.
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Figure 4.9. Bar graph - Rifamycin effect on WT (m) and APKS (m) growth and intrinsic
fluorescence curves after 24h of culture. Results of exposure to rifamycin concentrations of 0.00
pg/ml, 3.75 pg/ml, 15.0 pg/ml, and 30 pg/ml. (A) growth (OD600), (B) fluorescence (RFU), (C)
fluorescence normalised per OD600. Four WT and APKS biological replicates were tested in a microtiter
plate at 30 °C and 200 rpm in ABTG. Standard deviation bars are displayed.

However, the final OD600 is significantly different (p<0.05) between WT and APKS when cultured with
15.0 pg/ml of rifamycin, meaning that the absence of the unknown BGC made the cell react differently.
Together with the information obtained from the shake flasks, it is possible to argue that rifamycin
induces promoter activation.
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4.5. Carbon source D-arabitol induces unknown BGC expression

To test a condition that did not inhibit culture growth, the effect of carbon source D-arabitol on the
unknown BGC promoter was observed. WT and Punk-GFP were cultured with ABTG medium
supplemented with D-arabitol (data not shown), but also with ABT medium (without glucose)
supplemented with D-arabitol.
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Figure 4.10. Bar graph — D-Arabitol effect on promoter Punk activation (Punk-GFP (=) compared
to WT (m)) after 30h of growth. Results of cultivation with D-arabitol concentrations of 1%, 2%, 4% and
8%. (A) growth (OD600), (B) fluorescence (RFU), (C) fluorescence normalised per OD600. Four
biological replicates were tested in a microtiter plate at 30 °C and 282 rpm in ABT. Standard deviation
bars are displayed.

Supplementation of D-arabitol to ABTG medium did not change growth nor fluorescence levels. Cultures
grown in ABT with D-arabitol led to low final values of OD600, being the maximum value of 0.02 when
cultured in 1% D-arabitol, Figure 4.10.A. However, there was a significant increase of fluorescence

compared to the control (WT without reporter gene), being this difference larger when the cultures were
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grown with 1% and 2% D-arabitol, meaning that the promoter was more active in these two conditions,
Figure 4.10.B and 4.10.C. Moreover, the difference in normalised fluorescence (5474 RFU/OD600 for
2% D-arabitol), Figure 4.10.C, is larger than the calculated for the conditions in Figure 4.1 (the highest
value, 2971 RFU/OD600, was obtained for TSB media).

The increased fluorescence levels in the Punk-GFP strain in comparison to the WT indicate that the use
of D-arabitol as a carbon source might lead to a higher expression of the unknown BGC in comparison
to cultures with ABTG.

4.6. RifR mutant overexpresses the unknown BGC

An attempt of RNA polymerase and ribosome engineering was performed by selecting rifamycin (RifR)
and streptomycin (StrepR) spontaneous resistant mutants, expecting point mutations in rpoB, and rpsL
genes, respectively. The antibiotic resistance mutation rates were 8.54x1013 and 6.53x101%,
respectively. The expression of the unknown BGC in the mutants and the WT were analysed by gPCR
and the results are shown in Figure 4.11.
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Figure 4.11. Bar graph — Relative expression of unknown BGC in the = - WT, and = - StrepR and

- RifR mutants obtained by gPCR. The samples were obtained after 14h, 24h, and 30h of culture at
30 °C and 200 rpm in ABTG, and normalised to WT expression at 14h. Three biological replicates were
tested. Standard deviation bars are displayed.

Statistical analysis indicates that the difference between the values obtained for each hour is not
significant. However, the gPCR still suggests that the production is higher in the late stationary phase.
The gPCR thermal cycle setup included the steps required for the formation of a melting curve: all the
components were denatured at 95°C, completely annealed at 60°C, and subjected to a gradual increase
in temperature up to 95°C. Fluorescence intensity was monitored during the final temperature increase
and the negative first derivative of the fluorescence curve in the function of time (-Rn’(T)) was returned
by the analytical software. This curve allows to analyse amplicons melting temperature (Tm), as an

indication of their size, and the peak height as an indication of the DNA template amount.
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The melting curve of reference gene rpoD amplicons for the 14h samples shows a good profile, as the
curves peak in one single Tm (no extra amplicons were produced) with the same height (similar quantity
of amplified product), Figure 4.12.
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Figure 4.12. Melting curves — Analysis of reference gene rpoD amplicons for the 14h samples.

Contrarily, the plot of reference gene gyrB amplicons for the 30h samples, Figure 4.13, shows curves
peaking at slightly different temperatures and different heights, meaning that this set of samples includes
several outliers.
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Figure 4.13. Melting curves — Analysis of reference gene gyrB amplicons for the 30h samples.

The analysis of the no template control showed that only one of the curves had a peak of small height

at similar Tm in comparison to the curves of the experimental samples, Figure 4.14. This suggests that
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this well was contaminated with one of the samples. The additional melting curves are included in the

Annex E and show evidence of other outlier samples.
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Figure 4.14. Melting curves — Analysis of the no template controls of the 14h samples. Image
obtained from MxPro gPCR.

These melting curves explain why the assay lacked in statistical confidence. The analysis of the
ribosome and RNA polymerase engineering was pursued with a GFP expression assay. The plasmid
pPSEVA237::Punk-GFP was inserted in the mutants by triparental conjugation.

There is a clear difference in growth between the RifR mutant and the rest of the strains, Figure 4.15.A.
The difference in normalised fluorescence with the reporter gene compared to the fluorescence without
the reporter gene is higher for RifR strain. The ratio between the differences of normalised fluorescence
of RifR strains and normalised fluorescence of WT strains, Figure 4.15.C estimates an increase in

expression of the unknown BGC of approximately 4.2-fold with RNA polymerase engineering.
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Figure 4.15. Bar graph — Promoter Punk expression in WT, Rif® and StrepR strains after 30h. m -
without GFP reporter gene, = - with GFP reporter gene. (A) growth (OD600), (B) fluorescence (RFU),
(C) fluorescence normalised per OD600 was calculated. Three biological replicates of each strain were
tested in a microtiter plate 30 °C and 282 rpm in ABTG. Standard deviation bars are displayed.

Surprisingly, there was no significant difference between WT and StrepR growth and fluorescence,
Figures 4.15.A and 4.15.B. Sequencing results for rpsL mutation check were revisited and the analysis
was repeated with different primers, evaluating a broader region of the genome. The first results
indicated an insertion that the second results contradicted, explaining why the ribosome engineering
failed.

The point mutation in the rpoB gene resulted from the replacement of a thymine to a cytosine, leading
to aspartate-521 to glycine substitution, Figure 4.16.
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Figure 4.16. RifR strain carries a single point mutation in the rpoB gene. The thymine in position
2513 of the gene was replaced by a cytosine, generating aspartate-521 substitution by a glycine.

Although a more exact determination of relative expression was not obtained by gPCR, the expression

assay clearly shows that RNA polymerase engineering led to an overexpression of the unknown BGC.
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4.7. Insertion of a stronger promoter by allelic replacement -

troubleshooting

To increase the gene expression and compound production for possible chemical identification of the
compound and phenotype studies in the WT, the process of replacing the original promoter for a stronger
one was initiated. A DNA fragment, containing the promoter and homology regions to the place of
insertion, was constructed with splicing by overlap extension (SOE) PCR (1489 bp). The DNA fragment
was inserted in pNJ1 plasmid, and the recombinant plasmid was transformed into the competent cells
(E. coli CC118Aspir) by heat shock transformation. After the transformation of the competent cells,
antibiotic selection and transformation controls showed positive results: no colonies grew in the former,

and several grew in the latter (in the order of 102 CFU).

However, the false positive (FP) control, where very few or no colonies were expected, showed a similar
number in comparison to the transformation plate (T) (FP — 16 CFU, T — 18 CFU). Several attempts to
solve the problem were performed: by retrying the digestion steps for both fragments (including one trial
with the addition of Fast AP and another with freshly bought enzymes), using a sample of digested
plasmid previously used. The difference in the number of FP and transformant colonies increased, but
when the transformants were analysed by colony PCR, by amplifying the region where the promoter
should have been inserted, the resultant bands had several different sizes, as exemplified in Figure 4.17
(1-8). The eight colony PCR fragments had different sizes ranging from 500 base pairs (bp) to 1100 bp
when the expected size for a succeed transformation was approximately 2000 bp, when using the
primers 120/121. This primer pair results in fragments with 500 bp when applied in plasmid pNJ1.

L1 2345 678NCCT 23 4% 678NC CFPCP L

10000 bp

G 01

3000 bp

bp

1000 bp
— 500 bp

L1 234 5678NCC1T23 4 56 T7T8NCC CFPPC L

Figure 4.17 Agarose gel electrophoresis of colony PCR products of transformed E. coli CC118
Aspir. Two sets of primers were used: 120/121 and 363/366. Legend: L — GeneRuler™ DNA ladder
mix, 1-8 — PCR products resultant from primers’ 120/121 application in eight different transformant
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colonies, NC — control with the original plasmid pNJ1, C - control with the non-digested plasmid pNJ1,
1-8’ — PCR products resultant from primers 363/366 application in eight different transformant colonies;
CF —digested SOE fragment, P — original plasmid pNJ1, PC — digested plasmid pNJ1 loaded with DNA
Gel Loading Dye (6X).

The colonies showing bands with sizes closer to what was expected were selected for plasmid
purification and posterior sequencing of the local of insertion (primers 120/121). The sequencing results
showed that the plasmid seemed to have been torn apart and fused again, as the different parts were

aligning with different regions of the original plasmid, Figure 4.18.
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Figure 4.18. pNJ1-p1l4g (Unk_PKS) insertion aligned to colony PCR sequencing results — An
example of the sequencing results of the transformant colony PCR is in the top yellow rectangle. The
red crosses show the aligned regions.

A new sample of plasmid was purified from an overnight culture of E. coli and the fragment resultant
from the enzymatic digestion step showed a single band with the expected size, Figure 4.17 (PC). The
integrity of the gene fragment created with SOE PCR was evaluated in an agarose gel, confirming the
right size, Figure 4.17 (CF).

In the PCR products generated with primers 120/121, the control with the original plasmid (NC) shows
the correct band size (~500 bp). The control with the cut plasmid (C) does not show a strongly visible
band. In the PCR products generated with primers 363/366, both the plasmid controls (NC’ and C’) show
several bands, which means that the pair of primers was binding to multiple regions of the plasmid. All
the PCR products include a band with approximately 2000 bp (1’ to NC’), with an exception for the
digested plasmid product (C’). The other bands have sizes inferior to 1000 bp, meaning that none of the

transformants evaluated included the SOE fragment (~1500 bp).

Due to the mentioned technical difficulties, no colonies with the desired plasmid were obtained. For this,

the process of insertion of a stronger promoter upstream of the unknown BGC was halted.
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5. Discussion

The regulation of secondary metabolites in plant-beneficial strains can contribute to an increased
number of available agricultural solutions based on microorganisms. This project was focused on the
study of a cryptic biosynthetic gene cluster (BGC) of P. protegens DTU9.1, whose expression might be

relevant for the selection of this strain as a biocontrol agent.

Growth phenotypic analyses were performed on P. protegens wild type (WT) and the polyketide
synthase (PKS) deletion mutant (APKS) in four different media, and growth rate, fluorescence, and spot
size were not impacted by the deletion of the unknown PKS. Fluorescence levels of the reporter strain
Punk-GFP were higher than the levels of the other strains, meaning that unknown BGC expression was
active at a low level. Intra- and extracellular metabolomes of both strains were analysed by LC-MS and
compared. While only 8 extracellular metabolites were up/downregulated, 118 intracellular metabolites
were differently expressed between the two strains. The two metabolites with lower levels of fold-change
were selected as possibly representing the compound produced by the unknown BGC. However, no
absent peak in APKS intracellular metabolome chromatogram was observed in comparison with the WT,
meaning that the expression of the unknown BGC is so low that the produced compound is not
observable by LC-MS. This metabolite might take part in metabolic pathways or interact with regulatory
molecules, explaining the observed fold-change. Nevertheless, this assay consisted of a first exploratory
MS analysis, and the information provided is not enough to hypothesize about the compound structure

nor function. Expression activation of the cryptic BGC is important for compound identification.

The inductive effect of different concentrations of rifamycin and rifampicin to the promoter upstream of
the unknown PKS (Punk) was evaluated in a GFP reporter assay. In the stationary phase, after 24h of
culture, the values of normalised fluorescence per OD600 were higher for sub-minimum inhibitory
concentration (MIC) concentrations. Goh and colleagues proved that several antibiotics, including
rifamycin, were shown to influence bacterial transcription modulation at sub-MIC concentrations®’. Yim
and colleagues showed that some promoters of Salmonella enterica were affected by the antibiotic
rifampin (rifampicin) concentration and that their expression generally peaked at a concentration close
to the MIC value!!l. The results also support a previous experiment performed in the working group in
a Biolog plate (not published), in which the highest levels of normalised fluorescence per OD600 in P.
protegens DTU9.1 were obtained at sub-MIC concentrations of rifamycin. For this, it would be of interest

to narrow the interval of values tested for concentrations closer to the MIC value.

A shake flask assay was performed including cultures treated with the antibiotic since the moment of
inoculation and the middle of the growth phase. Again, the highest value of fluorescence/OD600 was
obtained for the concentration closest to the MIC. However, with the late supplementation of the lowest
antibiotic concentration, the cells ended up with the same OD600, but the fluorescence was higher in
the cultures with delayed exposure. With the late supplementation of the highest antibiotic concentration,
the growth was impaired and the values of fluorescence/OD600 decreased with time, in contrast with
what was observed in the other curves. The results for the lowest concentration show that the addition

of a more tolerable concentration of the antibiotic in the exponential phase might induce the promoter
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without affecting the growth. A GFP expression assay with rifamycin supplementation was performed
with WT and APKS strains. A relevant difference in OD600 was observed between WT and APKS when
cultured with 15 pg/ml of antibiotic, as the final OD600 of the WT was lower than the final OD600 of
APKS. If this concentration of rifamycin induced the expression of the unknown BGC more significantly,

the metabolic burden might have diminished the growth of the WT strain.

Additionally, the increase in antibiotic concentration increased the intrinsic fluorescence/OD600 values
of both WT and APKS strains. Fluorescent pseudomonas species produce pyoverdine, a yellow-green,
fluorescent pigment, responsible for the fluorescent phenotype and identified as a key factor of P.
aeruginosa virulence?, The study of Goh%” and Yim!1! revealed that antibiotic presence activated the
expression of genes linked to a variety of functions, including virulence and iron metabolism. In this way,
rifamycin and rifampicin may have altered the expression of pyoverdine as well. However, the bacterial
intrinsic fluorescence creates background noise for the transcriptional analysis with the fluorescent
reporter gene GFP making it difficult to identify the overexpression if it is low. In this way, when using
GFP reporter gene in P. protegens, it is relevant to use a control with the WT to compare the increase

of fluorescence and evaluate whether the effect is due to the target gene overexpression.

Alternatively, background fluorescence could be lowered by using another reporter gene, exploring
fluorescence with other emission wavelengths, such as red fluorescent protein, which lowers the auto-
fluorescent background. However, systems with GFP have been intensively optimized for several years,
while the other alternatives are relatively recent and less developed. Other mechanisms include
luciferase, which uses a bioluminescence reaction for gene expression quantification. Although

luciferase assays are more sensitive than GFP assays, they can be more time-consuming and laborious.

The inductive effect of D-arabitol on the promoter Punk was also analysed by a GFP assay, either by
supplementing D-arabitol to ABTG media or ABT media. With the former set-up, no difference in growth
nor fluorescence was observed, meaning that D-arabitol does not work as a signalling molecule for Punk
activation. With the latter, using D-arabitol as a carbon source, low values of growth were achieved. The
already mentioned Biolog plate assay also tested D-arabitol and the results were concordant. However,
for concentrations of D-arabitol equal to 1% and 2%, the increase in normalised fluorescence generated
by the insertion of the plasmid were very in comparison to what had been observed with other media.
For this, it can be said that carbon source composition and/or growth speed affected the expression of
the unknown BGC. It is known that carbon and energy sources can affect the production of secondary
metabolites. The catabolic process of breaking down these molecules generates end-products that are
reassembled to form primary intermediates, which in turn will be part of the structure of more complex
compounds, the primary metabolites. The metabolic pathways of primary metabolism can supply the
precursors of secondary metabolism, hence being affected by the carbon source composition and its
abundance!!3. Moreover, secondary metabolism is associated with low levels of growth, and rapidly
used substrates, like glucose, represses the synthesis and activity of some enzymes!t3114. Duffy and
Défago!?® observed that antibiotic and siderophore biosynthesis is strongly affected by the available
carbon source in P. fluorescens strains. For the observed repression of pyoluteorin production by

glucose, they pointed out that glucose might block antibiotic production through repression of
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dehydrogenases that catalyse glucose oxidation (catabolite repression). Acidification of the media
during bacterial growth can affect secondary metabolism, such as biocontrol activity!¢. For this, the
evaluation of the final pH of the cultures when grown with glucose or D-arabitol can give further details

to explain the different expression levels observed.

Ribosome and RNA polymerase engineering were applied as a strategy to increase the unknown BGC
expression, by selecting streptomycin (StrepR) and rifamycin (RifR) resistant mutants, respectively, with
rpsL and rpoB gene mutations, respectively. Unknown BGC expression analysis was done by RT-qPCR.
At the end, the analysis lacked statistical confidence. A dissociation step is usually performed when
working with DNA-binding dyes, such as SYBR Green |. The resultant melting curves give indications
of the uniqueness (observing peak Tm) and quantity (observing peak heights) of the fragments amplified.
Here, some of the plots showed slightly different Tm’s. To verify if more than one product was amplified,
an ethidium bromide-stained agarose gel could have been used. If multiple bands had appeared, an
optimum annealing temperature should be determined by gradient PCR or new primers should be
designed. If a single band had appeared, the problem could be related to localized AT or GC-rich regions
or short repeats in PCR product causing imperfect reannealing of amplicon resulting in different melting
profiles, which is a possible motive, due to the nucleotide content of the DNA sequences of the desired

amplicons. For this last case, no alterations are required*?’.

The melting curves also show that several of the peaks had different heights, meaning that the
amplicons were present in different concentrations, hence, being outliers. In the case of the unknown
BGC amplicons, groups with different heights would be acceptable, as this would mean that the BGC
was differently expressed in the different strains. However, several peaks do not align with any other. In
this way, it is important to consider the optimization of some of the several steps performed. For
example, RNA and DNA quantification was performed using a spectrophotometric method. Fluorometric
techniques or molecular probes, although more expensive, would have achieved more sensitive and

accurate measurements.

gPCR internal error control by normalization with reference genes also presents some challenges.
Reference genes are expected to be expressed constitutively with low levels of variability. In this project,
gyrB and rpoD classic reference genes!!® were used as control. However, some authors refer to the
importance of validating the reference genes by comparing expression variability in the different
conditions in the study. The use of multiple reference genes is also suggested to increase the robustness
of the study, but this is not always possible due to limited sample availability and high cost. It is important
to refer that for publication effects the MIQE Guidelines (Minimum Information for Publication of

Quantitative Real-Time PCR Experiments) should be followed1®.

The unknown BGC expression was evaluated by a GFP assay, and the results showed that the RifR
mutant overexpressed the unknown BGC, with an estimation of 4.2-fold compared to the WT. In
actinomycetes, different mutations of rpoB were evaluated for activation of cryptic BGCs, obtaining an
increase up to 70-fold expression, but also lower levels of overexpression, such as 3-fold?°. The final
OD600 of RifR was lower in comparison to the final OD600 of the WT and StripR strains and the

expression of the fluorescent siderophore increased. These changes can be justified by the high
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demand for RNA polymerase occurring in the strain, increasing the metabolic cost and changing the
expression pattern. This effect was described??! in rifampicin-resistant mutants with RNA polymerase
mutations, and the metabolic cost was proved to be driven by demand for RNA polymerase. This
adverse effect can be lowered by reducing the demand for polymerase with antagonistic epistasis, which
can be achieved through inhibition of ribosomal activity, indirectly controlling the transcription rate.

Mutations in the rpsL gene or some antibiotics addition are possible strategies.

The obtained mutation on the rpoB gene, D521G, was reported as highly common in P. aeruginosa and
P. putida. It is associated with approximately 70% of mild resistance cases to rifampicin (cultivated at
30°C), and 49% of strong resistance cases of P. aeruginosa (cultivated at 37°C)122. As several different
rifamycin-resistant mutations can occur in rpoB, leading to different phenotypes, other mutations should

be analysed to find the most suitable for overproduction of the desired product120123,

The mutant selected for streptomycin resistance did not contain a mutation in the rpsL gene and no
inductive effect was observed. Also, the growth phenotype did not change in comparison to the WT.
Besides alterations of the ribosomal target site, bacterial streptomycin resistance mechanisms include
the production of streptomycin-modifying enzymes and permeability barriers, not affecting ribosomal
translational ability?4. Paulander and colleagues??> showed that different mutations in the rpsL gene do
not have the same fitness cost, with some of the mutants showing no different growth rate compared to

the WT. In this way, other types of mutation may have arisen, not affecting the fithess cost of the mutant.

Troubleshooting was performed in the steps preceding plasmid pNJ1-pl4g transformation, as the
expected results were not achieved. The plasmid and the SOE PCR fragment, run in agarose gel, had
the correct size. However, transformant colony PCR sequencing to the region with the insert showed
that the fragments aligned to non-expected regions of the plasmid. The agarose gel shows that most of
the negative transformant colonies were due to undesired inserts, indicating that the cut plasmid was
damaged. The UV light used in the process of excision of the band containing the cut plasmid from the
gel can have damaged the DNA. However, this does not explain why the experiment failed when a cut
plasmid previously used was applied. The motive might be behind the storage time that the plasmid had
undergone. In this way, it can be concluded that some of the colonies could have the desired plasmid,

but it would have been a matter of probabilities to find them.

Another reason for the failed transformation results might be the fact that restriction enzymes can be
inhibited in reactions with complex DNA, in which sequences similar to the target restriction site function
as enzyme inhibitors or alternative substrates if in high concentrations. For this, the solution could pass
by the optimization of the concentration of reagents added. The success of ligation reactions is also
affected by the concentration of reagents, enzymes, and other extra agents and, to a lesser extent, time
and temperature'?s. For difficult cloning, Lund and collegues?” proposed a procedure in which high
enzyme activity and DNA annealing are balanced by constant temperature cycling for 12-16h. This
method increased the efficiency of cloning approximately from 4 to 8-fold. If a colony with the correct
plasmid had been found, the plasmid should be transferred to P. protegens WT strain by triparental
mating. The colonies where the first gene crossover had occurred would have been selected with the

antibiotic tetracyclin. Then, a second selection in media with sucrose would have been carried out. The
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presence of the sacB gene present in the plasmid generates a toxic compound for the cells. In this way,
only cells without the sacB gene, meaning a complete second crossover, would be selected. As the
second crossover can lead to the restoration of the wild-type allele, the cells would have been analysed

by DNA sequencing of the target region.
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6. Conclusion and future remarks

This project aimed to identify successful strategies to the activation of a cryptic biosynthetic gene cluster
(BGC) in Pseudomonas protegens DTU9.1, a plant-beneficial bacteria. The identification of the resultant
secondary metabolites of cryptic BGCs can unravel mechanisms relevant for the use of microorganisms
as plant growth-promoting agents.

Expression assays indicate that the unknown BGC is being expressed. The deletion of the unknown
polyketide synthase (PKS), analysed by LC-MS analysis, showed to interfere with the concentration of
several metabolites, mainly the intracellular metabolites. However, the low expression levels were not
enough to analyse the structure and function of the putative produced compound. Hence, the expression
activation is required to progress in this study.

Based on the expression assays performed with antibiotic media supplementation, it can be concluded
that rifamycin is a strong candidate for the activation of the unknown BGC. The assay with delayed
addition of the antibiotic indicates that the best moment for an elicitor addition to the media should also
be a case of study. The cultivation of the strain with D-arabitol as an alternative carbon source led to
lower growth levels but higher fluorescence/OD600 values, adding that the expression of the BGC might
be carbon source composition and/or low growth dependent. In both cases, and as expression assays
were subject to fluorescence background effects, the fold change in expression levels should be
evaluated with gPCR, a more precise method. Based on these results, studies with other carbon sources
should be addressed. The use of artificial root exudates containing different concentrations of organic
(including carbon sources) and inorganic molecules could be particularly relevant. Another alternative
is to use a fed-batch culture maintaining glucose at a very low concentration, reducing the effect of
catabolite repression. This method would also facilitate the expression evaluation by addition of

antibiotics in a later growth phase.

RNA polymerase engineering, by selecting a spontaneously rifamycin-resistant colony with a rpoB gene
mutation, resulted in the highest expression increase observed in this project. The study of other
mutations in the rpoB gene and ribosome-related genes might result in a more expressive BGC
activation. The conjugation of some of these mutations can even result in more stable phenotypes,
improving the growth rate usually impaired by these mutations.

Switching the endogenous promoter with a stronger promoter was a technique attempted in this report.
Although technical limitations hampered the conclusion of the process, successful results could have
opened the doors to the metabolite identification, by a retrial in LC-MS, or using nuclear magnetic

resonance (NMR) which has more analytical precision, for the metabolite identification.

Different approaches for cryptic BGC activation have already been described in Section 1. Introduction,
and could be considered for extra analysis of this unknown BGC. Additionally, the biofilm production
capacity of P. protegens strains could be used to assess if the unknown BGC is activated by phenomena

related to the populational density (quorum sensing).
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After successful overexpression of the BGC, bioactivity assays should be conducted. For example,
bactericidal and fungicidal activity, assessed by co-cultivation the strain with other microorganisms. The
plant growth-promoting effect could be analysed by the cultivation of plants in presence of the strain in
the roots space. The effect on stress toleration could be observed by culturing the cells under different

stresses, like UV-light, oxidative stress, or osmotic stress.
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8. Annexes A -E

8.1. Annex A
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Figure 8.1. Standard curves for primer efficiency calculation. Target gene: (A) gyrB (R? = 0.9715,
Slope = -3.125); (B) rpoD (R? = 0.9951, Slope = -3.445); (C) unknown BGC (R? = 0.9915, Slope = -
3.104). Ct - average cycle threshold.
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8.2. Annex B

Figure 8.2. Heat map — Comparison of intracellular metabolites between the WT vs APKS.
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8.3. Annex C
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Figure 8.3. Bar and box graph — Intracellular metabolites with the lowest folder change between

APKS and WT
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8.4. Annex D
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Figure 8.4. Base peak chromatogram — Results of LC-MS analysis to WT intracellular extracts.

x10 8 +ESI BPC Scan Frag=120.0V WT 3

1 1
14
Y| POSS— N\ . N~ /\ .

x10 8 +ESI BPC Scan Frag=120.0V APKS 1

1 1
14
0 Pray . A —A

T T T T T T T T T T T T T T T T T T T T T T T T T

T T
0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8 8.5 9 9.5 10 105 11 1156 12 125 13 135
Counts vs. Acquisition Time (min)

Figure 8.5. Base peak chromatogram — Results of LC-MS analysis to WT and APKS intracellular extracts.
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Figure 8.6. Base peak chromatogram — Results of LC-MS analysis to APKS intracellular extracts.

x10 8 +ESI BPC Scan Frag=120.0V WT 1

14 1 1
0.5
0 " P, - P AN . ‘ " WS
x10 6 +ESI BPC Scan Frag=120.0V WT 2
141 1
0.5+

T T T
6 6.5 7 7.5 8 85 9 9.5 10 105 1 115 12 125 13 135
Counts vs. Acquisition Time (min)

o
o
-
-
o
)
)
o
w1
)
2
~
IS
o
o
o
o

Figure 8.7. Base peak chromatogram — Results of LC-MS analysis to WT extracellular extracts.
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Figure 8.8. Base peak chromatogram — Results of LC-MS analysis to WT and APKS extracellular extracts.
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Figure 8.9. Base peak chromatogram — Results of LC-MS analysis to APKS extracellular extracts.
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8.5. Annex E
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Figure 8.10. Melting curves — Analysis of reference gene gyrB amplicons for the 14h samples.
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Figure 8.11. Melting curves — Analysis of unknown BGC amplicons for the 14h samples.
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Figure 8.12. Melting curves — Analysis of reference gene rpoD amplicons for the 24h samples.
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Figure 8.13. Melting curves — Analysis of reference gene gyrB amplicons for the 24h samples.
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Figure 8.14. Melting curves — Analysis of unknown BGC amplicons for the 24h samples.
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Figure 8.15. Melting curves — Analysis of reference gene rpoD amplicons for the 30h samples.
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Figure 8.16. Melting curves — Analysis of unknown BGC amplicons for the 30h samples.
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