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Abstract

Fungal secondary metabolites (SMs) have been brought to the spot light due to their
numerous promising properties in different fields of the industry, and therefore the
research focused on the discovery of novel compounds has considerably increased
through the last decades. However, the challenge does not only rely on discovering the
SMs, but also optimizing their production, and to do so, it is essential to link them to their
respective biosynthetic gene clusters (BGCs). The expression of PKS35 in Fusarium
solani is still under study as it seems to be a complicated BGC to trigger due to its
inactivity in usual growth conditions. To overcome this issue, the present study aimed to
study the production of PKS35 compounds through an OSMAC strategy and several
genetically engineered mutants from both F. solani and F. graminearum. Through
phenotypical and metabolical resulting data obtained in this study, it has been possible to
draw conclusions regarding the activity of PKS35 in several media and conditions,
pointing to rice agar, YES and PDA as optimum growth media for the study of this BGC,
and 3 candidate compounds are proposed. Additionally, UV light seemed to trigger the
expression of PKS35 and it was further linked to perithecia pigmentation in F. solani.
Still, there were some factors that complicated the study of PKS35’s production rates,
such as the connected regulation with PKS3 and the observed interaction with PKS12,
since a high rate of one of the pathways’ intermediates rubrofusarin was yielded when

PKS35 was found active in F. graminearum mutants.
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1 Introduction

Within the last few decades, due to the increasing growth of biotechnologically produced
compounds, a further view on different biological products has given the chance to
discover promising natural molecules and study their diverse applications for society.
Microorganisms of all sorts currently represent a biological factory of promising products
that can be obtained through several scientific strategies. Filamentous fungi produce a
multitude of low molecular weight bioactive compounds and thanks to the progress done
with numerous bioinformatic tools, the increasing number of fungal genome sequences
available for study have demonstrated how these microorganisms’ potential is far from
being exploited (Boruta, 2018). Among others, fungal secondary metabolites (SMs) have
gained value in the scientific field due to the diverse novel properties they possess. These
are small biocompounds that are not associated directly with growth or reproduction of
the concerned microorganism, but rather related to the survival of this one under diverse
environmental conditions. These SMs can vary in structure and purpose, while some
possess beneficial pharmaceutical properties, others can work as toxins against animals
and/ or plants (Li et al., 2020).

Fungi produce SMs varying among polyketides (PKs), non-ribosomal peptides (NRPs)
and terpenes (TPs) and, among those, they are known for their production of valuable
PKs. PKs derive from a precursor molecule consisting of a chain of alternating ketone
and methyl groups. These compounds currently stand in the scientific hotspot due to their
chemical and biological diversity, besides the ongoing recent research where increasingly
more novel products with promising properties are being discovered. Within the several
genus in the fungal kingdom, Fusarium represents one of the main producers of valuable
SMs in fields such as pharmacy, agriculture or health. This is one of the most
economically important genera of plant-pathogenic fungi and includes two species
considered among the top 10 plant pathogens based on scientific and economic
considerations (Brown et al., 2022). Many studies have revealed the capability of diverse
Fusarium spp. to yield a wide variety of secondary metabolites (SMs) with a broad
spectrum of bioactivities such as alkaloids, jasmonates, anthranilates, cyclic peptides,
cyclic depsipeptides, xanthones, quinones, and terpenoids with activities such as

phytotoxicity, antimicrobial, cytotoxicity, insecticidal, antioxidant, and antiangiogenic

Analysis of Fusarium secondary metabolites through OSMAC strategy 7



(Tbrahim et al., 2021). Some popular examples of Fusarium spp. SMs are for instance
pigments aurofusarin and bikaverin, and mycotoxins equisetin, fumonisin, fusarin and
zearalenone. It is not only the discovery of novel SMs that matters, but also the challenge
of linking those to their original gene cluster so that further research of their expression
can be carried out. The responsible enzymes for the production of these compounds are
polyketide synthases (PKS), whose genes are usually organized in a unique biosynthetic
gene cluster (BGC).

Research on the linking of PKS genes to their final products has so far offered a closer
understanding of the secondary metabolic activity of Fusarium.. A recent study (Brown
et al., 2022) analyzed a total of 2974 PKS gene sequences from the genomes of 206
Fusarium spp. in order to study this genus’ fungal products’ potential. These PKSs were
resolved through a phylogenetic analysis, additional to other 118 previously described
PKS from other fungi, into 123 clades. This research proposes each clade to maintain a
similarity within its PKSs, which will differ from the ones of other clades. Thus, once
again the potential of natural products synthesized by Fusarium has been proved to offer

future prospects into medical or industrial novel products’ development.

Still, there are several cases where the biosynthetic gene clusters (BGCs) haven’t been
yet linked to their produced compound, and thus can be doomed on the failure on
triggering the expression of the gene under laboratory conditions, which remains silent.
Such case is of the PKS35 gene cluster present in F. solani, which up to the date has
previously been related to the pigmentation of the perithecia in F. solani but still hasn’t
been proved (Graziani et al., 2004).

For this reason, current research is directed towards the study of those silent BGCs and
the linking to their produced compounds. Accordingly, fungal genomic analysis has the
potential to critically contribute to the exploration of the chemical space of Fusarium
SMs. It can be complicated to mimic the natural conditions under which certain gene
clusters are expressed, and therefore many of those remain silent in laboratory conditions.
To overcome this problem, OSMAC (One Strain Many Compounds) strategies rely on
the culture of one strain under different medias and conditions, aiming to activate the
targeted gene. It is a relatively simple, quick and effective tool to activate those silent

BGCs to produce novel SMs. Furthermore, the combination of omic technology and the
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OSMAC strategy has future promising prospects in the discovery of new valuable
compounds. Genetical engineering as well plays an important role in this research field,
enabling the expression of silent BGCs through the application of different strategies (Li
etal., 2020).

The present report aims to uncover the identity of the produced compounds by PKS35
gene cluster present originally in F. solani. To trigger the expression of this BGC, both
wild type and diverse genetically modified strains from F. graminearum and F. solani
will be cultured. This approach will be done through an OSMAC strategy, where every
strain will be cultured in different medias and conditions in order to study whether any of
the samples prove to have the concerned BGC triggered. After the growth period, the
samples will be processed to proceed an HPLC-UV analysis where the produced SMs
will be compared among samples. Apart from the search and identification of final
products of PKS35, one of the main goals of this research is the chance of further
specialization of the optimal growth conditions of Fusarium so that the expression rate
of this BGC could be higher and extraction and study of its products may become easier

in the future.
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2 Literature Review

2.1 Fungal Secondary Metabolites

In nature, fungi are challenged by multiple biotic and abiotic stressors, ranging from other
microorganisms to nutrient deprivation, pH and temperature. As one physiological
response, they produce some bioactive compounds known as secondary metabolites
(SMs). This group of chemically diverse molecules is heterogeneous and consists of
substances with low molecular weight, characteristically produced by large multimodular
polyketide synthases (PKSs), non-ribosomal peptide synthetases (NRPSs) or terpene
synthases (TPSs) (Macheleidt et al., 2016). SMs, unlike primary metabolites, are not
directly linked to the growth of microorganisms that produce them, but they are usually
related to the environmental interactions of the microorganisms, thus producing a

selective advantage by increasing their survivability or fecundity (Li et al., 2020).

Several researches have demonstrated how the large number of genes encoding SMs are
regulated in a connected manner with fungal development or in response to stressors (both
abiotic and biotic). Thus, this SMs will be produced when the fungi is required to protect
itself from an exterior stressor, such as the expression of pigments that act as
antimicrobial agents for the survival of the producer fungi (Neubauer et al., 2017). The
loss or overproduction of specific SMs can alter fungal development, survival or
interkingdom and intrakingdom encounters (Keller, 2019). Currently, fungal SMs are in
the scientific hotspot due to the big interest they represent for further research in many
different fields, such as the food industry, cosmetics industry, medical field etc. In Table
1 some of the most biotechnologically relevant fungal SMs are presented, along with their

application and producing fungus.
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Table 1 Examples of biotechnologically relevant fungal metabolites (Boruta, 2018)

Secondary Metabolite Producing fungus Application
Astaxanthin Phaffia rhodozyma Pigment
R-carotene Blakeslea trispora Pigment

Cephalosporin C

Acremonium chrysogenum

Resource for the
production of
cephalosporins

Cyclosporin A

Tolypocladium inflatum

Immunosuppressants

Gibberelic acid

Gibberella fujikoruoi

Plant growth regulator

Griseofulvin Penicillium griseofulvum | Antifungal agent

Lovastatin Apergillus terreus Cholesterol-lowering
drug

Monascin, Ankaflavin, Monascus sp. Pigments

Monascorubin, Rubropunctatin

Mycophenolic acid Penicillium sp. Immunosuppressant

Penicilin G Penicillium rubens Antibiotic

Taxol Taxomyces andreanae Anticancer drug

There are several classes of fungal SMs, from toxins, which can be used to protect plants
from possible plagues in the agricultural industry, to relevant biocompounds used as
drugs in the medical industry, such as penicillin. In this scenario, it is clear the relevance
that these bioactive compounds represent for the development of several fields, and
therefore it is unquestionable the priority that has been given to further research on the
discovery of novel compounds that could possess new properties (Brakhage, 2013). Up
to the date, some of the most relevant biotechnological fungal metabolites include
penicillin, a B-lactam antibiotic; lovastatin, a cholesterol-lowering drug; or cyclosporine,
a molecule with a immunosuppressive effect that inhibits the production of cytokines
involved in T-cell activation (Russell et al., 1992a). The study (Schueffler et al., 2014)
presents and discusses the fungal natural products that were discovered between 2009 and
2013, showing the wide range of products based on fungal SMs that have been brought

to the market and the many more that are expected.
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2.2 Secondary metabolites of the Fusarium genus

Since the discovery of penicillin in Fleming’s experiments, and many other popular drugs
that have been found on the way, the overall potential of fungus’ SMs has slowly been
unraveled through further research during the last few decades. However, the wide
amount of biosynthetic gene clusters (BGCs) in a single filamentous fungal genome
combined with the historic number of sequenced genomes suggests that the SM wealth is
still largely untapped. Although the underlying interest in fungal SMs is multivariate,
most reviews highlight the predominant interest in fungal SMs destined to drug discovery
(Keller, 2019), for which mining algorithms and scalable expression platforms have
greatly expanded access to the chemical repertoire of fungal-derived SMs. One of the
most popular fungal genus that has been described and studied up to the date is Fusarium.
Besides functions as mycotoxins, other of their fungal specialized metabolites play roles
in host infection, interspecies competition and defense against predators (Hijri et al.,
2018). So far, at least 272 compounds have been reported to be exclusively produced by
Fusarium genus, setting this species as a treasure trove of SMs with unique chemical
properties (Li et al., 2020).

Member of the genus Fusarium are well known for the great source of bioactive
compounds that they represent in current research, belonging most of these SMs to the
chemical groups of polyketides (PKSs) and non-ribosomal peptides (NRPs) (Hansen et
al., 2015). So far, out of the whole Fusarium spp., 67 PKS BGCs and 52 NRPS BGCs
have been identified across its genome and, out of these, only 16 PKS and 13 NRPS genes
have so far been linked to their product (Figure 1 Identified PKSs and NRPs metabolites
from Fusarium in the study (Nielsen et al., 2019)) (Nielsen et al., 2019).

Analysis of Fusarium secondary metabolites through OSMAC strategy 12
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Figure 1 Identified PKSs and NRPs metabolites from Fusarium in the study (Nielsen et al., 2019)

Some studies have examined the presence of different known BGCs in 31 species of
Fusarium and their results offer an overall view of the diversity of these gene clusters
among the subjected species (Brown et al., 2016; Hansen et al., 2012, 2015; Hijri et al.,
2018). Analyzing the graph represented in Figure 2, it is possible to observe the frequency
of each PKS gene cluster in the different Fusarium spp. For instance, PKS3, responsible
for the expression of fusarubins and bostrycoidin, is found in every Fusarium spp.. This

compound is known to be related to the perithecium pigmentation in most species, and it
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has been found responsible for its black coloring (Frandsen et al., 2016). Along with this,
also other PKS are commonly found in different Fusarium spp., such as PKS10,
responsible for the synthesis of fusarins, or PKS16, which expresses the known
compound bikaverin. There are some BGCs that, on the other hand, are not so frequently
found in many Fusariums spp., and therefore their function gains another sort of interest,
since it may represent some sort of unique advantage. Gene clusters such as PKS12,
(responsible for aurofusarin), or the PKS4 and PKS13 (which synthesis zearalenone) were

not found to be expressed by many Fusarium spp. (Hansen et al., 2012).
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Figure 2 Collected information about the rate of PKS gene clusters in 31 different Fusarium spp in the study (Nielsen
et al., 2019)

Currently, several PKS products have been unraveled and studied in numerous Fusarium
spp., while many others remain unknown due to the unawareness of their activation
conditions, as it is the case for PKS35. This BGC is present so far only in F. solani and is
related to its perithecial pigmentation, while in the rest of Fusarium spp., PKS3 is
responsible for this role (Graziani et al., 2004). Fusarubins and bostrycoidin, products of
PKS3, function as a protection tool of the ascospores inside the perithecium from harming
conditions for the fungi, such as UV light or oxidation from reactive oxygen species

(Frandsen et al., 2016; Keller, 2019). However, in F. solani this gene cluster is believed
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to be behind mycelial pigmentation. This peculiar change of roles in the case of F. solani
has drawn the attention of the science community and has directed the research towards
the study of the still unknown bioproduct of PKS35 and whether its metabolic pathway is

somehow similar or connected to the one of PKS3.

2.3 Functional crosstalk of different biosynthetic pathways

The biosynthesis of SMs are given by certain pathways that proceed through a series of
intermediates which accumulate for a finite period of time as the reactions continue
towards the production of the final compound. Eventually, all flux through the pathway
would end and only the final product would exist, but this seems quite unlikely as in
reality the situation is complicated by varying rates of reaction for the different steps. As
many genes are parallelly expressed in one microorganism, it is very likely that these
several pathways will converge at different points, with multiple units made in parallel
before assembly into the final product. Thus, in practice, any biosynthetic pathway can
lead to the accumulation of a mixture comprising the final product and the additional
varying concentrations of pathway intermediates and shunt metabolites. The composition
of such a mixture will further vary when alternating growth conditions are used (Senges
et al., 2018). The identification of this mixture may provide a further understanding of
the subjected biosynthetic pathway and the possible additional interactions (Qin et al.,
2019). Additionally, the functional crosstalk between two different biosynthetic pathways
is not only of considerable value in increasing the structural diversity of NPs, but also

represents a new way to construct new drug of natural origin.

The study of novel SMs is indeed complicated by this convergence of pathways, where
the formation of the targeted product might be intersected by another product’s
biosynthetic pathway. Filamentous fungi are popular for the valuable source of NPs they
represent, which is supported by a complex underlying mechanism that is still poorly
understood and needs further exploration (Dai et al., 2022). There have been several
studies with Fusarium spp. where the study of one certain SM would lead to the discovery
of converging pathways, which represents the complexity of the regulatory systems that
take place within the fungi. For instance, in the study (Rank et al., 2020), it was observed

how the overexpression (OE) of the transcription factor of PKS35 led to the OE of
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additional PKS3 compounds. This phenomenon leads to the believe of the regulation of
both BGCs being connected, which would add further challenge to the study of one single

pathway.

2.4 Biosynthesis of fungal PKs

In fungi, PKs are synthesized by large multi-domain enzymes called polyketide synthases
(PKSs) that catalyze the iterative condensation of simple carboxylic acids. These
enzymes will build the scaffold of the compounds, which after being release from the
PKS, can be further modified by oxygenases, reductases, and/or cyclases or by other
enzymes that catalyze addition of terpenes, fatty acids or even other PKs. The final
compound can vary from single aromatic-ring compounds, sucg as orsellinic acid, or
multiring compounds like aflatoxins, to simpler compunds as linear structures with an
amine or sugar substituent like fumonisin or fusapyrone, respectively (Brown et al.,
2022). The set of enzymes responsible for the whole synthesis of one PK is encoded
altogether by a biosynthesis gene cluster (BGC), which is organized in modules. Each
module will be responsible for one discrete chain elongation step and this can be
subdivided into domains that control the choice of extender unit. Diverse modifications
can take place on each of the intermediates of the overall process. Several studies have
researched the possibility of modular NRPS—-PKS hybrid systems working together in
order to form hybrid products such as rapamycin or aspyridones (Bergmann et al., 2007;
Cane etal., 1999).

2.4.1 PKS synthesis

The PKs family is popular for both its structural diversity and biological activity, and
some of their examples are widely known clinically important molecules (the cholesterol
lowing drug lovastatin, antifungal drug griseofulvin, etc.) (Minami et al., 2020). These
molecules are constructed from simple carboxylic acid-derived compounds and to do so
filamentous fungi employs proteins known as polyketides synthases (PKS), multienzyme
domains consisting of numerous domains of covalently-linked catalytic domains. Each

PKS module is made up of a set of three core domains. These domains together are
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responsible for the central structural reactions of PK biosynthesis, additional to a diverse
set of auxiliary domains that mediate several modifications (reduction, dehydration and

methylation) in order to obtain the final product (Cane et al., 1999).

The fungal PKSs always include three core domains, as mentioned: a keto-acyl synthase
(KS), acyl transferase (AT), and acyl carrier protein (ACP) domain, since these are the
minimal set of domains required for a carboxylic acid condensation. This core
biosynthesis involves the condensation of a starter unit, such as an acetyl-CoA or
propionyl-CoA, with an extender unit (malonyl-CoA or methylmalonyl-CoA). This
condensation reaction is followed by the decarboxylation of the extender unit, where a
beta-keto functional group is yielded and a carbon dioxide is released. Each PKS will be
unique of a PK chain, as they contain diverse combinations of domains that will

ultimately generate the final product (Moretto et al., 2019).

Additional to the common reactions for every PKs, the PKS can also induce
supplementary domains for further modification of the product, such as the ketoreductase
(KR), dehydratase (DH), and enoyl reductase (ER) domains, which enable the reduction
of carbonyl groups after each cycle of condensation. Some fungal PKSs can as well
include a methyl transferase (MT) domain, which catalyzes the incorporation of one or
more methyl groups into the PK carbon skeleton (Proctor et al., 2007). This is the reason
why there’s no one unique final product for some BGCs, but they can produce a variety
of different SMs as a result of this phenomena. An example of this is the expression of
the BGC PKS3, a gene cluster capable of producing several products in the same fungi,
such as in F. solani where PKS3 is capable of producing bostrycoidin, fusarubin,

javanicin or matricin among others.

BGCs can also contain genes that encode regulatory proteins responsible for the
activation of the transcription of the cluster genes and proteins that transport the PKs
across the cell membrane. The set of genes that encode the PKS and modifying enzymes
that work in one unique PK are most of the times located next to each other in BGCs,
which are often coordinately regulated. As a result, they exhibit patterns of expression

that are correlated with production of the corresponding PKs (Proctor et al., 2003).
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Depending on the structure of the PKS and the resulting molecule, they produce two
different subgroups: type | PKS and type Il PKS. While type | PKSs are single-chain
proteins composed of different domains, type Il PKSs are multi-enzyme compexes
consistant of multiple monofunctional proteins. The type | PKS can be further classified
into two subgroups, known as the iterative type | PKS (iPKS) and modular type | PKS
(mPKS). The iPKS are common in fungi and the domains catalyze repeated rounds of
elongation, while mPKS are rather found in bacteria and their working activity is similar
to this of NRPs. The type Il PKSs produce highly diverse PK chains by sequential
condensation of the starter units with extender units, followed by reduction, cyclization,
aromatization and tailoring reactions. These are usually responsible for the biosynthesis
of aromatic PKs, polycyclic compounds containing at least one aromatic ring. Aromatic
PKs have demonstrated a big potential in the clinical and environmental fields due to their
antibacterial, anticancer and antiviral bioactivities, and therefore have attracted increasing

attention to this research line (Wang et al., 2020).

2.5 Strategies to activate silent gene clusters

The analysis of fungal genomes through the past decades has revealed that the number of
SMs that fungi can produce is much higher than what can be isolated and identified using
classical approaches. To isolate and study those metabolites, it is first necessary to link
them to their original BGC in order to study their biosynthetic pathways and expression
patterns, which sometimes can be complicated as some BGCs remain silent under
laboratory conditions. Numerous techniques are employed to face this challenge, from
the use of bioinformatic tools, to the application of popular genetical engineering
techniques (knock-out gene, overexpression...) or variation of growth conditions (Keller,
2019). Itis also possible to combine different techniques to approach the matter, as it was
done for instance in the study (Scherlach et al., 2006), where the aspoquinolones A-D
was discovered by combining bioinformatic data with variation of the cultivation

parameters.
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2.5.1 Knock-out gene technique

Among the genetical engineering techniques that are currently employed for the mining
of new SMs, the “knock-out” strategy relies on the inactivation of a BGC (by deletion of
its core gene) followed by a comparative metabolic profile analysis of the mutant and the
wild type through an HPLC or LC-MS analysis (Chiang et al., 2008). The goal of this
technique is to link one product or activity to its BGC through a targeted deletion of that
gene cluster. A comparative study between the wild type and the mutant where a gene
was knocked out is carried out, where it’s possible to study the functional differences
between both strains. This way, the metabolic difference that is pointed out in the analysis

is related to the gene that was initially knocked out in the mutant.

Besides the mining of new NPs, the knock-out technique can also enhance the activation
of silent gene clusters through the inactivation of negative regulatory genes or the deletion
of genes whose activity could cast a shadow over the expression of the silent ones (Zhou
etal., 2021).

2.5.2  Overexpression

Other alternative strategies have been developed in order to activate silent BGCs, such as
overexpression (OE) (Corre et al., 2008). When working with fungal BGCs, OE is quite
a promising strategy that relies on the manipulation or addition of regulators of a BGC,
as these will act upon all the genes required for the biosynthesis of the compound which
are clustered together. After the OE of a BGC, an increase on its expression is expected,
which therefore eases the possible study of its products. This approach is feasible since
one single regulator controls the expression of all members of the BGC to a certain
extent (Brakhage et al., 2011). In the study carried out by (Bergmann et al., 2007), a
pathway-specific regulatory gene of A. nidulans designated apdR which encodes a
Zn,Cyss transcription factor was OE. This OE led to the activation of a silent BGC that
produced two novel PKS—NRPS hybrid metabolites, named aspyridones A and B.
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2.5.3 Heterologous expression

Alternatively, another common approach for the activation of silent gene clusters is
through the heterologous expression (HE) in a different host, which avoids the complexity
of the regulatory network in the host cells. Therefore, reconstruction and HE of the
biosynthetic pathways can release the products from the complex metabolic network.
However, when the BGC is controlled by promoters of different strengths the complexity
of the engineering reconstruction becomes more challenging (Zhou et al., 2021). Also,
the need of post-translational modifications of some of the regulators needs to be
considered, as otherwise the experiment may not work or the activity could considerably
be decreased. Post transcriptional mechanisms will always be an additional difficulty
when working with HE and fungi: intron splicing, misfolding of peptide, lack of
precursors or cellular trafficking remain as challenges to be overcome in the development
of this strategy (Keller, 2019).

2.5.4 OSMAC strategy

Apart from the methods that involve genetical engineering of the strains, it is as well
possible to induce the expression of gene clusters through the introduction of the fungi to
difficult cultivation conditions. The formation of a particular SM proceeds under specific
circumstances, in other words, it is typical for a fungus to reveal only a fraction of its
chemical diversity under a given set of environmental conditions. Hence, both the
biochemical capabilities of the producer itself and the encountered environmental stimuli
determine whether the given SM is produced or not. Therefore, it is complicated to predict
under which conditions may the synthesis of the SMs of fungi be triggered, as there are

several factors that lie behind the activation of a BGC.

Fungi are one of the main mediators among different organisms and the ecosystem,
besides their interactions also with pathogens or endosymbiosis with different
microorganisms in their surroundings (Bahram et al., 2022). In the study of (Daniel,
2004), metagenomes isolated from environments such as soil, were observed to be rich
sources for novel natural products, proving the view that these close interactions of

microorganisms that take place in their natural habitats are favorable for fungal SMs
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production. Several studies have supported this theory by proving how the cultivation of
various microorganisms together under different conditions turned out to give a wide
variety of novel SMs (Cueto et al., 2001; Losada et al., 2009; Oh et al., 2007).

There are a variety of existing methods in order to approach the mining of new SMs, but
it can sometimes be difficult when the producer microorganism is taken out of its natural
environment. Hence, the development and application of strategies that simulate the
natural habitat of cluster-bearing microorganisms, such as co-cultivation of one or more
microorganisms or the breeding under different conditions (temperature, lighting, pH...),
are required and have already demonstrated their potential when studying novel fungal
SMs. The number, diversity and varied distribution in Fusarium PKSs reflect a diversity
of habitats occupied by the different members of the genus (Brown et al., 2022). Thus,
variations in the conditions and the media have great impact on the profile of SMs
produced (Bode et al., 2002a).

Through the OSMAC approach, it is possible to study which factors may induce certain
metabolic pathways. The idea behind this strategy is the alteration of easily accessible
cultivation parameters such as media composition, lighting conditions, temperature or
others in order to increase the variety of different fungal SMs synthesized by the fungi
(Bode et al., 2002).

So far, different studies have shown the potential of the OSMAC technique working with
all sorts of microorganisms. In the study carried out by (Bode et al., 2002b) over 100 new
compounds were isolated belonging to more than 25 different structural classes from only
6 different microorganisms. The OSMAC strategy has as well been previously applied
with the functional analysis of PKS genes of F. graminearum, where the fungi were
subdued to 18 different conditions, considering numerous media and growth periods. It
was possible to analyze the expression level of each PKS gene in every condition through
a RT-PCR of the obtained samples: gene-specific primers were used to amplify regions
of each PKS gene to identify the conditions under which they were expressed. The results
presented by these studies do not only help on analyzing the synthesized PKs, but also
represent a source of valuable information for the preference of growth conditions choice
in further research regarding any of the analyzed BGC. For instance, PKS3 was found to

be expressed only in some media (carrot agar, rice agar and DON-inducing media), which
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would indicate that in further research about this PKS any of these could be a
recommendable choice. Besides studying the expression level of the PKS genes, it was
as well possible to analyze the function of each of them. Each gene was disrupted
independently and the resulting mutants were examined for changes in development and
pathogenicity. This is another example of a study where different strategies were
combined: additionally to the OSMAC strategy, the targeted genes were also knocked-

out for functional analysis purposes (Gaffoor et al., 2005).

New media that enhance the synthesis of novel fungal SMs have also been discovered
through experiments involving OSMAC studies. For instance, in the study (Pérez et al.,
2017), fruit and vegetable juices were used for first time for an OSMAC approach and
demonstrated to be promising on the research of new bioactive SMs of F. tricinctum. In
light of this, when it comes to the statement of the protocol to follow with OSMAC, the
metabolic pathways are still a complex field of study, thus a wide range of new conditions

and media are allowed to be employed in order to find novel natural bioproducts.

2.6 HPLC-MS analysis of metabolites

Current analytical methods for identification of molecules have been developed through
new technologies and are continuously improving. Among the best well-known and most
used techniques, high performance liquid chromatography (HPLC) represents an easy
and efficient methods for characterization and quantification in the study of SMs
synthesis. HPLC is a highly sensitive method for detection, identification and
quantification of chemicals, especially samples using UV and visible absorbance. The
compounds are separated based on their interaction with the stationary phase, which is
essential to any chromatographic separation. In the case of reverse phase HPLC, the
stationary phase is less polar than the mobile phase: thus, the retention time of a
compound increases with the decrease of polarity. If this retention times are compared
with settled standards, it is possible to identify the different molecules (Hanachi,
2009).The sample must be prepared previous to the HPLC analysis, for the purpose of

eliminating contamination and get the clearest results possible.
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The HPLC method can be supported by an additional UV detection spectroscopy. Thus,
additional to the resulting chromatogram with the corresponding retention time of each
compound represented in peaks, a UV spectrum of the compound will be provided. UV-
Vis spectroscopy is a well-known analytical technique that measures the number of
discrete wavelengths of UV or visible light that are absorbed by or transmitted through a
sample in comparison to a reference or blank sample. The UV maximum of a molecule
is dependent upon the extent of conjugation in the molecule. Conjugation is possible by
means of alternating single and double bonds: as long as each contiguous atom in a chain
has an available p-orbital, the system can be considered conjugated. These conjugated
systems have exclusive properties that lie behind the pigmentation of a molecule. When
it comes to polyketides, the aromatic rings present in their structures are usually

responsible for their UV absorbance.

The information revealed by this technique is often presented as a graphic of absorbance
on the vertical y axis and wavelength on the horizontal x axis. This graphic is commonly
referred to as an absorption spectrum, and each molecule have their specific one.
Therefore, it is possible to identify known metabolites whose UV spectrum are already
known and corroborated in the science field (Han et al., 2014). Therefore, HPLC-UV
eases the separation of metabolites according to their polarity in the column and gives an
initial identification step through the UV detection of the analyzed compounds. An
additional MS study will provide further information on the masses of the compounds

and can be used in order to support any contemplated hypothesis.

In previous studies in the field, this characterization method has been widely used to
identify SMs of Fusarium spp., which is directly connected to the goal of the present
research. In the study by (Lebeau et al., 2019) bikaverin and its various intermediates
were identified by an HPLC-MS analysis, which helped with the study of bikaverin’s
metabolic pathway as well as some of its regulatory patterns in F. oxysporum. In other
studies this technique also enhanced the discovery of novel potential metabolites, where
several yet undescribed putative naphthoquinone/anthraquinone analogue compounds
produced by F. graminearum were observed in an OE mutant (Westphal et al., 2018).

Thus, this method does not only help on the identification of known compounds, but also
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embraces the discovery of new potential SMs that are initially unknown and can lead to

further research.
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3 Problem Statement

Filamentous fungi are known to be a great source of potential metabolites for the
industrial, medical or agricultural field. With biotechnology’s development through the
years, it is possible to improve the ongoing techniques and products to a next level.
During the last decades, science research has been very focused in the discovery of fungal
secondary metabolites (SMs) that possess a wide diversity of properties and activites,
making them attractive in every field. For instance, multiple fungal statins are used to
lower cholesterol; paclitaxel and cyclosporin are immunosuppressants; chaetoviridin and
fusafungin are antibacterial, while echinocandins and azoxystrobin are antifungal.
Polyketide-derived metabolites represent a majority of the fungal natural products
characterized to date. Within all the promising fungi that have proved their worth in this
field, Fusarium has demonstrated to be one of the most economically and scientifically

valuable ones due to the great variety of PKS its numerous species possess.

The expression of these PKSs have the ability to yield metabolites with large structural
variation and different promising uses in the industry. However, the production of these
compounds is not always obtained easily, as SMs are often expressed in nature under
stressful factors as defense mechanisms for the fungi. Therefore, the triggering of the
expression of the BGCs that produce those metabolites is one of the essential steps
regarding this scientific field. A big research is still ongoing concerning the expression
of the “silent” BGCs and the linking to their corresponding products. There are different
approaches to this matter but, up to date, genetical engineering of the strains has proved
promising strategies to trigger their expression. The different techniques are employed to
create mutants that may, or may not if unlucky, be able to unravel finally the identity of

the metabolite that is produced by a certain gene.

Besides the obtention of mutants, the development and application of strategies that
simulate the natural habitat of cluster-bearing microorganisms have already proved their
potential when studying the production of fungal SMs. The different techniques are all
gathered within the OSMAC strategy, where a unique strain is cultured in many different
conditions or media and the posterior expression levels are studied in order to see whether

there are any optimum growing cues.
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In the present study, a combination of both approaches will be employed in order to
trigger the expression of PKS35 BGC found in F. solani, which has previously been
related to the perithecia pigmentation in this species. There have been diverse approaches
for the study of PKS35, but so far, its final product remains still unidentified due to the
lack of expression of the BGC in previous research, where PKS3 was found to interact
with the expression of PKS35, thus complicating the study of the latter one’s products.
Up to this date, the identification of this BGC’s products remains quite challenging and
therefore, in this project an OSMAC strategy involving genetically engineered mutants
will be employed to unravel PKS35’s compounds identity and further information about
optimum conditions for other SMs formation. The wild types and mutants of both F.
gramienarum and F. solani facilitated by Aalborg University (AAU) Esbjerg will
undergo an OSMAC strategy with a posterior metabolites’ extraction and HPLC-UV

analysis.

Previous researchers from AAU created mutants of both F. graminearum and F. solani
for the same purpose of the study of PKS35, which will be employed in the present
research. With these mutants, the goal was to trigger the expression of PKS35 either in
its original host F. solani, where the mutants OE the transcription factor of PKS35 (Fs O-
tfPKS35) or to heterologously express it in F. graminearum (Fg::PKS35). On the other
hand, after the observation of the connected regulation of PKS35 and PKS3 in previous
experiments, other mutants were generated to avoid this matter both in F. graminearum
(Fg::PKS35Apgll), but especially in F. solani, since the OE had first been observed in
the mutants where the tfPKS35 was OE, thus creating a new mutant Fs O-tfPKS35Afsr1.
With the mentioned and some additional mutants, and the several growth conditions, a

new approach to trigger the expression of PKS35 is carried out in the present report.
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4 Materials and Methods

4.1 Fungal Strains

For the present study, different strains of Fusarium graminearum and Fusarium solani
were employed. These were provided by the Aalborg University (Esbjerg) laboratory,
where they were maintained as mycelia in 30% glycol at -80 °C. Apart from the wild type
for both species, the other strains used for the current research were mutants that had been

previously created by the research department in the university.

The mutation of these strains was approached through different genetical engineering
techniques. Among those, the knock-out strategy made possible the deletion of the target
gene in order to inactivate the activity of a certain PKS of interest (cases for FgApgl1,
Fg::PKS35Apgli.::, Fs O-tfPKS35Afsr1 and Fs O-tfPKS35A PKS35). In other cases, OE
of the targeted BGC (PKS35) was induced through the OE of its transcription factor (Fs
O-tfPKS35, Fs O-tfPKS35Afsr1 and Fs O-tfPKS35A/PKS35). Those mutation were
carried out through Agorbacterium tumefaciens mediated transformation, a method that
relies on the capability of the bacterial pathogen A. tumefaciens in transferring foreign
genes into a wide variety of host plants. A. tumefaciens is also capable of infecting
filamentous fungi when induced by acetosyringone, which makes possible the integration
of foreign DNA into the fungal genome (Nielsen et al., 2022). For the strains employed
in this study, this method proved to be effective for targeted gene deletion mediated by

homologous recombination.

The correct insertion of the plasmid was validated for each of the mutants in previous
research. A brief description of each of the strains is provided in Table 2. For the culturing
phase, two different mutants of Fg::PKS35Apgl/l were employed for higher rate of

SUCCESS.

Analysis of Fusarium secondary metabolites through OSMAC strategy 27



Table 2 Different strains of F. graminearum and F. solani used for the study followed by the employed nomenclature,

genotype and expected activity of gene clusters PKS3 and PKS35

Strain Function
Fg PH-1 (wt) Control of Fg::PKS35
Fs77-13-4 (wt) Control of Fs O-tfPKS35
FoApgll Control of Fg::PKS35Apgl/1
Fg::PKS35Apgl1 (M1) Study of PKS35 in F. graminearum
Fg::PKS35Apgl1 (M2) Study of PKS35 in F. graminearum
Fg::PKS35 Study of PKS35 in F. graminearum with possible
interaction of PKS3
Fs O-tfPKS35 Study of OE of PKS35 in F. solani with possible
interaction of PKS3
Fs O-tfPKS35Afsr1 Study of OE of PKS35 in F. solani
Fs O-tfPKS35A PKS35 Control of Fs O-tfPKS35A PKS35

Before starting with the definitive cultures, the Fusarium strains were first inoculated in
PDA plates in order to awaken them. Once it was proved the good state of all the strains
and they showed no abnormalities in the growth, the definitive cultures were inoculated

in order to take off with the research.

4.2 Culture conditions

For the OSMAC strategy, a total of 8 media were selected for the growth of the Fusarium
strains. The selection was based on previous researches regarding the production of SMs
by the fungi (Table 3). The followed recipes to make the media are added in the Appendix.
Each medium was prepared in duplicate, as for each, two different conditions were
established: growth in darkness and 28 °C (C1) and growth under UV light and room
temperature (C2). Therefore, taking into account the 8 media, 2 condition per each media
and the culture of 9 strains (presence of two mutants for strain Fg::PKS35Apg/1) in each
of the 16 condition, an amount of 18 plates of each media were produced, an overall total
number of 144 plates produced. The cultures were grown for a period of 2 weeks under
the respective condition for each case, after which it was proceeded to the metabolites’
extraction step. In Figure 3 it is possible to observe the settings that were prepared for

both condition 1 and 2 in order to grow all the Fusarium samples.
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Table 3. Listed the 8 media that were used for the study. In the continuous column, the scientifical references from

which the media was decided in each case.

Media Source

Carrot agar (Gaffoor et al., 2005; Urban et al., 2003)

Rice agar (Gaffoor et al., 2005; Pérez Hemphill et al.,
2017)

YES (Yeast extract sucrose) (Hestbjerg et al., 2002)

PDA (Potato dextrose agar) (Gaffoor et al., 2005; Pradeep et al., 2013)

SDA (Sabouraud dextrose agar) (Imamura et al., 2008)

DFM (Defined Fusarium medium) | (Frandsen et al., 2016)

CM (complete medium) (Malz et al., 2005; Westphal et al., 2021)
V8 juice (Choi et al., 2009)

Figure 3. Pictures of plates growing when initially cultured both under the set ups for C1 in the left (darkness and 28

°C) and under C2 in the righ (UV light and room temperature). Pictures taken in the AAU laboratories (Esbjerg).

4.3 Secondary metabolite extraction

For the screening of SMs produced by the different Fusarium strains, the extraction

procedure followed in this project was based on the same one that was used in the study
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(Kristensen et al., 2021a), as it also worked on the study of SMs produced by Fusarium.
Per each culture plate, 10 agar plucks were sampled and transferred to a glass tube with
2.5 mL of extraction solvent (3 parts ethyl acetate; 2 parts dichloromethane; 1 part
methanol; 1 % formic acid). The samples were then treated with an ultrasonic bath for 15
min at room temperature. The solvent left was afterward transferred into a new vial and
completely evaporated under a steady stream of nitrogen. In the last step, each sample
was dissolved in 800 pL of methanol and left in ultrasonic bath for 10 additional min.
The final samples were filtered through a 0.22 um micro-filter into an HPLC vial. Those
were finally analyzed in an HPLC-UV analysis in the Aalborg University (AAU) of
Esbjerg.

4.4HPLC-UV analysis

The extracts were analyzed using the same HPLC settings that were employed in the
study of (Kristensen et al., 2021b) and the wavelengths were measured at 230 nm, 276
nm, 340 nm and 495 nm. Previous to the analysis of the results, basic data from the most
common F. graminearum and F. solani SMs was collected (usual retention times in
similar studies, UV spectrum) in order to make easier the identification of the peaks
through the data analysis. For this purpose, the collected information from several studies
in the Fusarium SMs research field was gathered (Droce et al., 2016; Kristensen et al.,
2021b; Nancy N., 1979; Russell et al., 1992b; Westphal et al., 2018). With the collected
data it was possible to identify the peaks that corresponded to known SMs from both F.
graminearum and F. solani and therefore study their production patterns in the different
strains and media. The unknown compounds that were observed to follow an interesting
pattern of expression were listed as metabolites of interest for further discussion in the

report.

For further comparison of the samples, it was additionally noted the production rate of
the compounds of interest. This was done according to the area of the respective peak.
The whole analysis process was done using the software OpenLab CDS from Agilent, a

chromatography data system.
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5 Results and Discussion

The Fusarium strains were grown in a total amount of 16 different conditions: 8 media,
each one with 2 different conditions of growth regarding lighting and temperature:
darkness and 28°C (Condition 1, C1) and UV light and room temperature (Condition 2,
C2). In this section, tables and figures will help summarize the collected information on
the expression of different compounds (both known and unknown potential SMs),
producer strains, medias and growth conditions. Results are sometimes compared
depending on the strain employed, while in other occasion it will be the media that
triggers different expression patterns. The results will as well be discussed in this same
section for a smoother connection to the drawn conclusions. In order to understand the
images of the plates, and not to interrupt the picture observation, a scheme of the location
of each media plate is facilitated in Figure 4. A. Scheme followed when showing the
plates cultured ina unique media and condition and the variable are the strains. B. Scheme
followed when showing the plates cultured in a unique strain and condition and the

variable are the growth medias.

Rice
agar

FgApgl1 Carrot
agar

00
0
500

Fglpgll::
PKS35
(34)

FgApgll::
PKS35 (9)

00

Fs O- Fs O-
tfPKS35 tfPKS35
Afsr1 APKS35

Figure 4. A. Scheme followed when showing the plates cultured in a unique media and condition and the variable
are the strains. B. Scheme followed when showing the plates cultured in a unique strain and condition and the

variable are the growth medias.
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5.1 Culture of strains under the different media and conditions

The Fusarium strains were grown for a period of 2 weeks in 8 different media and under
the previously specified condition. In Figure 5 the different media and conditions are
organized to give an overall view of the produced plates. These exhibited some
phenotypical differences, which can be deemed to the different mutants’ genotypes,
media composition differences or due to growth conditions (C1 or C2). These samples
were afterwards subdued to an extraction method where the produced compounds were

extracted for their further study through an HPLC-UV analysis.

In Figure 5 it can be observed the formation of mycelium under both C1 and C2. The PKS
responsible for the pigmentation of the mycelium in each Fusarium species is different,
and this is why the different coloration among strains from F. graminearum and F. solani
is so visible (check Figure 4 to identify the genotype of each plate). In F. graminearum,
PKS12 is responsible for the characteristic red pigmentation observed, as this PKS
produces aurofusarin as its final product. On the other hand, the mycelium pigmentation
in F. solani relies on the expression of PKS3. While most F. graminearum strains look
fairly similar, the phenotypical difference among F. solani strains is more remarkable.
This pigmentation difference is due to both the deletion of fsri, the core gene of PKS3 in
F. solani, and the OE of the tfPKS35 (pigmentation loss visible in strain Fs O-
PKS35Afsr1). Since the goal of this research is to study PKS35, and PKS3 was found to
interact with its expression, its core gene was deleted in some of the mutants. This
deletion does not make much of a difference in F. graminearum mutants, but it does
represent a phenotypical difference for the F. solani ones, as the PKS responsible for the
mycelium coloration of the fungi is no longer active. The whole matter regarding the
phenotypical differences found among mutants from F. solani are further discussed in
“5.3 Evidence of fsrl deletion by pigmentation loss in Fs O-PKS35Afsr1”.

Concerning the impact of the different growth conditions, in some of the medias it is
possible to observe a slight difference depending on the growth condition the culture was
subdued to. The observations made concerning the growth conditions the cultures were
subdued to will further be discussed in the report along with additional data from the
metabolite production rate results obtained in the HPLC analysis (5.6 The impact of

growth conditions on metabolites’ expression).
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Condition 1

Condition 2

Carrot

Rice
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PDA
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Figure 5. All the produced plates after a period of 2 weeks since culture under growth C1 in the left and C2 in the
right. All the medias are represented and indicated in the table. For strain identification, follow the scheme

facilitated in Fig. 4.

5.2 Identification of compounds

Once the HPLC-UV results were analyzed, the identification of the peaks was possible
through the observation of the strains that produced them (analysis of species or certain
gene deletion) and the additional UV spectra analysis, which could be compared to
standards of known molecules. A color code is settled for the different Fusarium strains,
which will be kept through the whole results figure presentation for the purpose of an
easier and faster understanding of the information. In Figure 6 the individual
chromatograms measured at 276 nm of every strain belonging to the samples grown in

PDA under C1 are represented along with the identified peaks.

The identified compounds were named with their metabolite name in Figure 6. Those
would be 6 SMs: aurofusarin (PKS12), rubrofusarin (PKS12), bostrycoidin (PKS3),
fusarielin H (PKS9), fusarubin (PKS3) and zearalenone (PKS4 and PKS13). Fusarubin
was not identified as such at the beginning of the analysis, so through the project this
metabolite will be referred to in the figures as compound 4. Additionally, 8 unknown
compounds have been identified as possible interest metabolites for the present research.
Among those, compounds 1, 2 and 3 are candidate compounds for PKS35 and therefore
special attention is payed to their analysis in further approaches through the report. All
the known and unknown metabolites are listed in Table 4 along with their retention time

and producer strains.
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Figure 6. HPLC chromatograms of the extractions grown in PDA under C1 detected at UV 276 nm. Every strain
displays its individual chromatogram according to the color code established. The peaks are identified according to

the naming established in Table 1.
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Table 4. Identified compounds in the resulting data obtained through HPLC-UV analysis ordered according to their
retention time. Information about the retention time (min) and the strains by which the compound is expressed are
given. Out of all the compounds, 6 are identified with the corresponding metabolite (compound 4 was further

identified as fusarubin during the research), and 8 remain yet unknown.

Compound Retention time Present in strains
Compound 3 4.7 Fg::PKS35Apgll
Fg::PKS35

Fs O-tfPKS35

Fs O-tfPKS35Afsr1
Compound 6 4.8 Fs wt

Fs O-tfPKS35

Fs O-tfPKS35Afsr1

Fs O-tfPKS35APKS35
Compound 5 7.2 Fs wt

Fs O-tfPKS35

Fs O-tfPKS35APKS35
Compound 7 7.3 Fg wt

FogApgll
Fg::PKS35Apgll
Fg::PKS35
Compound 4 9.2 Fswt

(Fusarubin) Fs O-tfPKS35

Fs O-tfPKS35APKS35
Compound 1 9.3 Fg::PKS35Apgll
Fg::PKS35

Fs O-tfPKS35Afsr1
Zearalanone 10.5 Fg wt

FogApgll
Fg::PKS35Apgli
Fg::PKS35
Bostrycoidin 10.5 Fs wt

Fs O-tfPKS35

Fs O-tfPKS35APKS35
Aurofusarin 12 Fg wt

FogApgll
Fg::PKS35Apgli
Fg::PKS35
Rubrofusarin 12.4 Fg::PKS35Apgli
Fg::PKS35
Compound 8 12.6 Fs

Fs O-tfPKS35

Fs O-tfPKS35A PKS35
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Compound 2 13 Fg::PKS35Apgl1
Fg::PKS35

Fs O-tfPKS35Afsr1
Compound 9 14 Fg wt

FogApgll
Fg::PKS35Apgl1
Fg::PKS35
Fusarielin H 16 Fg wt

FogApgll
Fg::PKS35Apgl]
Fg::PKS35

5.2.1 Identification of PKS35 candidate compounds

Three compounds were characterized as possible candidate compounds for PKS35:
Compound 1, Compound 2 and Compound 3. This hypothesis was built due to their
frequent appearance in strains Fg::PKS35 and Fs O-tfPKS35A/sr1, and sometimes as well
in Fg::PKS35ApglI and in Fs O-tfPKS35. These producing strains either had the BGC
genetically engineered into their genome (F. graminearum strains) or the transcription
factor (tf) of PKS35 was OE (F. solani strains). Thus, their UV spectra was studied for
further information about the compounds. Quite a similarity was observed among the
three compounds’ spectra: Compound 1 (Amax): 222, 274, 356; Compound 2 (Amax):
218, 276, 342; Compound 3 (Amax): 218, 272, 346. In Figure 7 it is possible to observe
the individual chromatograms of different producer strains compared to Fg wt, which
wouldn’t be expected to produce any of these compounds as naturally it does not
possess PKS35 in its genome, and those 3 unknown metabolites are believed to be
products of that BGC. The UV spectra for each compound are as well displayed in

Figure 8.
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Figure 7. HPLC chromatograms of the extractions grown in PDA under C1 detected at UV 276 nm from strains Fg
wt, Fg::PKS35Apgll, Fg::PKS35 and Fs O-¢fPKS35Afsrl. In circles the peaks identified as the candidate compounds

for PKS35: in green compound 1, in blue compound 2 and in red compound 3

Figure 8. UV-spectrum of the candidate compounds for PKS35 that are circled with the same color in Figure 7

(green for compound 1, blue for compound 2 and red for compound 3).

5.3 Evidence of fsrl deletion by pigmentation loss in Fs O-PKS35Afsr1

The resulting plates showed a clear phenotypical difference among F. solani strains,
especially Fs O-tfPKS35 and Fs O-tfPKS354fsr1, where the complete loss of mycelium
pigmentation was observed in the second one. This mutant strain suffered the deletion of
fsrl, the core gene of PKS3, which is responsible for the mycelium pigmentation in F.

solani. This coloration loss phenomenon was not observed when pgl1, core gene of PKS3
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of F. graminearum, was deleted in the strains Fg4pgll and Fg::PKS354pgll (view the F.

graminearum plates in Figure 5. All the produced plates after a period of 2 weeks since

culture under growth C1 in the leftand C2 in the right. All the medias are represented and

indicated in the table. For strain identification, follow the scheme facilitated in Fig. 4. and

using Figure 4 identify the different genotypes of the mutants to see the comparison). The

difference in F. gramienarum is that PKS3 is no longer the responsible for the mycelium

pigmentation, but the perithecia one, and there was no formation of perithecia observed

in the Fusarium cultures carried out in this report. However, in the F. solani strains, where

PKS3 is indeed responsible for the mycelium pigmentation, a clear pigmentation loss was
observed between the Fs O-tfPKS35Afsr1 strain and the other F. solani strains (Figure 9).

Fs O-tfPKS35

Fs O-tfPKS354fsr1
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Figure 9. Plates after a period of 2 weeks growth under C2. All the medias are represented. The left column shows
the growth of Fs O-tfPKS35 in the different media and the right column shows the growth of Fs O-tfPKS354fsr1 in
the different media. Pigmentation loss is observed for the cultures of Fs O-tfPKS354fsr1. For media identification,

follow the scheme facilitated in Fig. 4.

5.4 Increasing rubrofusarin production of Fg::PKS35

A coloration difference was observed among Fg::PKS35 and the rest of F. gramienarum
strains, giving this first one a slightly darker pigmentation as visible in Figure 10. The
difference is not as evident as the one observed previously in Figure 9, but it still
represents a pattern repeated for most media. Aditional to this data, Fg::PKS35 also was
observed to produce an unexpectedly high rate of rubrofusarin in most media (Figure 11).
Rubrofusarin is one of the intermediates in the biosynthetic pathway of aurofusarin, the
final product of PKS12. This compound possess a caracteristic orange-brown color darker
than the usual red from aurofusarin. Thus, this could be the reason behind the slightly
darker coloration of Fg::PKS35, as PKS12 is responsible for the mycelium pigmentation

in F. graminearum.

Apart from producing rubrofusarin, Fg::PKS35 also produced some of the PKS35
candidate compounds (compounds 1, 2 and 3) in most of the growth conditions (Figure
14). As this comes as un-natural activity for F. graminearum (since PKS35 is not
originally found in this Fusarium sp.), it could be linked to the unexpected high
expression rates of rubrofusarin, which is not observed so much in the strains where there

is no production of PKS35 candidate compounds (Figure 11).

Fg::PKS35Apglil Fg::PKS35

Analysis of Fusarium secondary metabolites through OSMAC strategy 41




Figure 10. Plates after a period of 2 weeks growth in all different media under C2. All the medias are represented.
Strain Fg::PKS35Apg/I visible in the left and strain Fg::PKS35 in the right. For media identification, follow the

scheme facilitated in Fig. 4.
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Figure 11. Comparison graphic where the different levels of rubrofusarin expression are represented for each F.
gramienarum strain in the different medias and both growth conditions. DFM, CM and V8 juice medias are not
represented as no levels of rubrofusarin synthesis were identified. For comparison purposes, the values of YES C2

have to be multiplied by 10.

In a previous comparative study by (Frandsen et al., 2006) where mutants of F.
gramienarum were employed to study the biosynthetic pathway of aurofusarin, the

deletion of the putative transcription factor aurR2 resulted in an increased level of
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rubrofusarin relative to aurofusarin, the same phenomenon that takes place in the strain
Fg::PKS35. In both cases, the expression of aurofusarin stayed the same both in the Fg
wt and in the mutant, but in this second one a considerable increase in the synthesis of
rubrofusarin was observed. In Figure 11 it is visible the increase of rubrofusarin
production in most of the cases for Fg::PKS35. It could be hypothezised that PKS35
somehow interrupts the action of aurR2, leading therefore to the accumulation of
rubrofusarin. This is indeed to go too far into unknown ground, however it could be an
interesting approach for further study into the PKS35 biosynthetic pathway and its
intermediates. All in all, it is believed that there is some sort of interaction between the
pathways of both PKS35 and PKS12. One possible approach to this matter could be
through a RT-PCR of the mutants with the accummulation of rubrofusarin in order to
study the expression of aurR2 in PKS12 and see if there are any unusual expression

patterns when PKS35 is also being expressed in the strain.

5.5 Possible connection of PKS3 and PKS35 regulation

During the analysis of the results, there was some data that related the activity of both
PKS3 and PKS35 in the F. solani strains where the tf of PKS35 was OE. The figures that
are displayed in this section aim to highlight the phenotypically and metabolically
differing aspects among F. solani and its mutants Fs O-tfPKS35 and Fs O-tfPKS354fsr1,
and to connect those phenotypical differences with the expression of the compounds that
were identified with the HPLC-UV results (Figure 12).

When Fs wt and Fs O-tfPKS35 are compared, considering both the phenotype and the
metabolites production, there seems to be some differences that point towards the
interconnection between PKS3 and PKS35. In the first place, Fs O-tfPKS35 presents a
slightly darker pigmentation compared to the one of the wild type (Figure 12). As it is
known, PKS3 is responsible for the mycelium pigmentation in F. solani by the synthesis
of compounds such as fusarubins (compound 4), and the darker coloration of Fs O-
tfPKS35 could be deemed on the OE of the tfPKS35 also overexpressing PKS3, pointing
to a connected regulation of both BGCs. This is supported by the fact that the production

of PKS3 related compounds (4, 5 and 6) is increased considerably in the mutant compared
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to the wild type’s expression rates (Figure 12). Additionally, in Fs O-tfPKS35 a new
compound related to PKS35 (Compound 3) is identified, which is not present in the wild

type and could indicate that PKS35 is also being OE.

It is interesting to see that when PKS3 is also being expressed, the PKS35 activity rate
seems to be lower than when the first BGC is inactive. This is the case for Fs O-
tfPKS354fsrl, where, after the inactivation of PKS3, the three candidate compounds of
PKS35 are produced (compounds 1, 2 and 3), in comparison with Fs O-tfPKS35 where
only compound 3 was observed to be expressed (Figure 12). It is believed that the high
production rate of PKS3 compounds in Fs O-tfPKS35 could be covering a much lower
expression rate of PKS35. However, in Fs O-tfPKS354fsrl where PKS3 is inactivated,
these new PKS35 candidate compounds are produced. This information supports a
previously made hypothesis in the study (Rank et al., 2020), where the regulation of PKS3
and PKS35 was stated to maybe be connected when similar results as these ones were

observed.
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Figure 12. Inthe left side, images of the indicated strain growing in all 8 media under C1 in the next order from up
to down: Fs wt, Fs O-tfPKS35 and Fs O-tfPKS354fsrl. For media identification, follow the scheme facilitated in Fig.
4. Inthe right, comparison graphics where the different expression rates are represented for each strain in the
different medias and both growth conditions. DFM, CM and V8 juice medias are not represented as no levels of

metabolites’ expression were observed. Consider difference in y axis for the graphics.

The three PKS35 candidate compounds are believed to be very closely related molecules,
especially in the case of compound 1 and 2, as their retention times are very close, they
are produced in the same strains and their UV spectra is very similar (Figure 8).
Compound 1 is considered to be the main candidate for the final product of PKS35, as it
is produced in most samples and presents the highest expressions rates out of the 3
candidates (Figure 17). Compounds 2 and 3 are therefore considered to be intermediates
in the PKS35 biosynthetic pathway. As it is observed in Figure 17, compound 1 was
nearly uniquely produced in Fs O-tfPKS354fsrl1, with the exception of the samples from
PDA C1 where the compound presented very high expression rates for all producing
strains (Fg 4pgll::PKS35, FQg::PKS35 and Fs O-tfPKS35 Afsrl). It’s interesting to
mention that precisely in that same sample (PDA C1), the production of compounds from
PKS3 (compounds 4 and 5) was much lower compared to other media (Figure 12) and
this could be the reason why PKS35 seems to be expressed in a higher level. This would
state PDA under C1 (darkness and 28°C) as potential growth conditions for PKS35 SMs

extraction, as PKS3 doesn’t seem to interrupt PKS35’s expression.

Regarding the still unknown function of compounds from PKS35, mycelia pigmentation
is discarded, since the mutants Fs O-tfPKS354fsr1 lose all their coloration due to PKS3
inactivation, regardless of PKS35 compounds production (Figure 12). In previous
researches the idea of PKS35 being related to perithecia pigmentation in F. solani has
been considered (Graziani et al., 2004), however, in these samples there hasn’t been
perithecia observation, therefore it not possible to draw any conclusions regarding visual

evidence on the matter.

5.6 The impact of growth conditions on metabolites’ expression

Besides the effect of the strains’ genotype, the production of metabolites was also affected

by the different medias and conditions in which the fungi were cultured. This is not only
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supported by phenotypical differences, but also by the compounds’ expression rates that
were collected from the HPLC-UV data. Every media was subjected to two different
growth conditions concerning temperature and lighting. The following figures show
pictures of the same strain cultured in the 8 different media compared between both
growth conditions (Figure 13 and Figure 15). Both strains Fg::PKS35 and Fs O-
tfPKS354fsrl are displayed as they have additional interest due to their PKS35 candidate
compounds higher rate production. Additional comparison graphics are as well displayed,
where the production of several compounds is compared from one condition to the other
for five media (Carrot agar, Rice agar, YES, PDA, SDA). The additional 3 media (DFM,
CM, V8 juice) are not represented as there wasn’t any apparent production of compounds

of interest (Figure 14 and Figure 16)

The phenotypical difference between conditions can be outlined in the Fg::PKS35
cultures media for instance, were a darker pigmentation is observed for C2 samples
compared to C1 (Figure 13). This darker coloration of the mycelium could be related to
a higher production rate of a certain metabolite, which in this case could be rubrofusarin,
as this molecule is known to have a characteristic brown-ish color. This idea is supported
by data represented in Figure 14 where a higher production rate of rubrofusarin is
observed in samples grown under C2 for most cases. The only differing case is the growth
in PDA, where the visible darker pigmentation under C1 is once again supported by

nearly a doubled production of rubrofusarin under this condition (Figure 13).

Fg::PKS35 under C1 Fg::PKS35 under C2
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Figure 13.Plates after a period of 2 weeks growth of Fg:: PKS35 in all the different media. The left column shows the
growth of Fg::PKS35 under C1 (darkness and 28°C) and the right column shows the growth of Fg::PKS35 under C2
(UV light and room temperature). For media identification, follow the scheme facilitated in Fig. 4.

Compound production comparaison depending on condition in
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Figure 14. Production of different metabolites (see the legend) by Fg::PKS35 in 5 different media (Carrot agar, Rice
agar, YES, PDA and SDA) and both conditions. CM, DFM and V8 juice have not been added as there were no

metabolites identified for this strain.
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Fs O-tfPKS354fsrl under C1

Fs O-tfPKS35A4fsrl under C2

Figure 15. Plates after a period of 2 weeks growth of Fg::PKS35 in all the different media. The left column shows the
growth of Fg::PKS35 under C1 and the right column shows the growth of Fg::PKS35 under C2.For media

identification, follow the scheme facilitated in Fig. 4.
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Figure 16. Production of different metabolites (see the legend) by Fg::PKS35 in 5 different media (Carrot agar, Rice
agar, YES, PDA and SDA) and both conditions. CM, DFM and V8 juice have not been added as there were no

metabolites identified for this strain. Figure repeated from Fig. 12, but this time highlighting its relevance.

The phenotypical difference for Fs O-tfPKS354fsrl is not as evident, as there are no big
pigmentation differences among the samples from both conditions (Figure 15). If the
comparison graphic is observed, the expression rates of the 4 unknown compounds is in
this quite irregular, with the only difference pointing towards a higher expression of
compound 1 (PKS35 candidate compound) under C2. However, there is no visual
evidence of this phenomenon in neither of the plates. This could either mean that PKS35
candidate compounds are not related to pigmentation, or that pigmentation does not take

place in these samples for some reason.

In previous studies, UV light along with other harmful conditions were used in order to
generate perithecia in F. graminearum, where the responsible BGC for perithecia
pigmentation is PKS3 (Frandsen et al., 2016). However, in F. solani this PKS is
responsible for the mycelia pigmentation, which makes possible the chance of PKS35
being linked to the perithecia pigmentation. Therefore, this could be the reason why

phenotypical difference was not observed in Figure 15, as peritehcia was not formed.
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A feasable approach for the PKS35 study could be the induction of perithecia and
posterior metabolites’ extraction. The chosen medias could be those that showed the
highest expression rates for PKS35 candidate compounds in the present report, such as
rice agar, YES and PDA. Even if in this study perithecia was not formed, UV light already
seemed to trigger the expression of PKS35, so further stressful factors (i.e. addtion of
detergents such as TWEEN 60) could induce the formation of perithecia and therefore

also increase the expression rate of PKS35.

5.7 Potential media for fungal SMs extraction

Regarding PKS35 SMs production, the expression levels of the candidate compounds
(compound 1, 2 and 3) have been analyzed in the different media and conditions, in order
to find out whether there may be some optimum production conditions. The C2 (UV light
and room temperature), especially in PDA media, seems to enhance the production of
compounds 1 and 3, although there aren’t any visible expression patterns for compound
2 indicating a higher level of expression in neither of the two conditions (Figure 17).
Concerning growth media, there are some specific media that seem to yield higher
production levels of the three candidate compounds compared to the rest of them. Those
are, in both C1 and C2 circumstances, rice agar, YES and PDA. The expression rates
comparisons for each compound in the different media and conditions are visible in
Figure 17. As well, it is important to mention that DFM, CM and V8 juice didn’t seem to
yield any metabolites of interest, neither from PKS35 nor many other PKSs in F. solani
and F. graminearum. Thus, these medias wouldn’t be recommended for the study of

Fusarium’s SMs in further research.
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Figure 17. Comparison graphics where the different levels of PKS35 candidate compounds’ expression are

C1
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represented for each producer strain in the different medias and both growth conditions. DFM, CM and V8 juice

medias are not represented as no production of the interest compounds was identified. For comparison purposes, in

the production graphic of compound 3, the values of PDA C1 have to be multiplied by 10.
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6 Overall Discussion

The present report has addressed several fields regarding Fusarium SMs and the possible

optimum conditions and media for their production. Although the main goal was to trigger
the expression of PKS35 and identify possible candidate compounds, the OSMAC

strategy also offered the possibility to analyze the production rate of several other SMs in

the different media that have been used, as well as to study if either of the conditions

enhanced the expression of any specific BGCs. The drawn conclusions were supported

by both data collected from the HPLC analysis (chromatograms and production rate

graphics), but also visual evidence of phenotypes observed in the culture plates, which

indeed has been a crucial fact when pointing out differing aspects among samples. The

following aspects were pointed out through the analysis of the results.

3 candidate compounds of PKS35 have been identified, all of them with similar
UV spectrum but very different retention times. While candidate 1 was believed
to be the final product of PKS35, compounds 2 and 3 could be intermediates in
the biosynthetic pathway. This is stated according to their expression rates, since
compound 1 presents the higher rates and is usually only produced when PKS3 is
not active, which brings us to the next point.

The possible connection in the regulation of both PKS35 and PKS3 is proposed.
In the F. solani strains where the tf of PKS35 was OE and PKS3 was as well
active, a much higher expression rate of PKS3 was observed. It is possible that
the high production rate of the products of PKS3 casted a shadow over the much
lower production of PKS35.

The connection between PKS3 and PKS35 was not the only connection observed
between BGCs. PKS12, responsible for the production of aurofusarin and mycelia
pigmentation in F. graminearum strains, seemed to be intersected by PKS35 in
Fg::PKS35, a strain where the production of rubrofusarin was unexpectedly
increased. The accumulation of rubrofusarin was spotted phenotypically due to a
darker pigmentation in Fg::PKS35 strains. These strains were as well observed to
be producing some of the PKS35 compounds, which supports the idea of this BGC
being active and thus intersecting somehow the PKS12 pathway.

An hypothesis regarding PKS35’s function was as well proposed considering the

obtained results. The mechanism of this BGC seems to be activated by harming
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conditions such as UV light, as higher production rates were obtained under C2.
As this BGC has previously been linked to the perithecia pigmentation in F.
solani, and perithecia is produced in stressful conditions, the link between UV
light and higher production rate of PKS35 further supports this idea of PKS35
being related to the pigmentation or the formation of perithecia. However, since
formation of perithecia was not observed in this study, this can only be proposed
for future experiments in this study field.

As this study was based on an OSMAC strategy, information about the optimum
growth medias has as well been collected. For the optimum production of PKS35
compounds, rice agar, YES and PDA are proposed for further experiments, while
medias CM, DFM and V8 juice are not recommended as they didn’t yield interest
compounds. In the previous point UV light was mentioned to trigger the
expression of this BGC, although there were cases where medias grown under C1
(darkness and 28 °C), such as PDA, yielded high production of PKS35 candidate

compounds as well.

Analysis of Fusarium secondary metabolites through OSMAC strategy 54



7 Conclusions

So far, this approach to the study of PKS35 has offered some new perspectives about the
metabolic pathway of the BGC. The previously proposed connected regulation with PKS3
has further been proved with both phenotypical and metabolical evidence of the
metabolite expression rate from different strains. It has been observed that the OE of the
tf of PKS35 triggered the OE of PKS3, as a higher expression rate of PKS3 products was
analyzed. However, the targeted gene PKS35 would hardly be noticeable in these Fs O-
tfPKS35 strains, since its rate expression would be zero or very low. When this is
contrasted with the mutant Fs O-tfPKS354fsrl, a big increase in the PKS35 compounds
production was observed, which is believed to be deemed in the inactivation of PKS3.
Additional to this interaction, PKS35 also seems to be somehow enhancing the
accumulation of rubrofusarin in the aurofusarin pathway, therefore interacting in this case
with PKS12. It can be assumed that PKS35 was active in those strains as some of its

compounds were identified in the samples.

So far, PKS35 seems to interact with other PKSs (at least PKS3 and PKS12) that are being
expressed in the employed Fusarium strains, which makes harder the study of the targeted
BGC. Therefore, in future approaches the inactivation of the concerned PKSs could ease
the study of PKS35, as it has already been observed in the mutant Fs O-tfPKS354fsr1,
which vyielded the highest production rate of PKS35 compounds. Regarding these
metabolites, 3 candidates have been contemplated during the study of this research, due
to both their expression patterns and their UV spectra similarities among each other. Out
of the 3 candidates, compound 1 is considered the main candidate to be the BGC’s final
product, while compound 2 and 3 are contemplated as possible intermediates in PKS35’s
biosynthetic pathway. The further isolation and purification of these compounds could

offer a closer study of these metabolites and the possible linkage among them.

As it was initially stated, one of the goals of this study was to analyze the impact of
different media and conditions in the growth and metabolite production of the different
strains of Fusarium. This OSMAC strategy has indeed offered valuable information for
further study of PKS35, as some conditions have been observed to yield higher rates of

metabolite expression, which would ease the future study of PKS35 compounds. Rice
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agar, YES and PDA are highlighted as optimum media for PKS35 metabolite formation,
while CM, DFM and V8 juice are not recommended for the study of this BGC, as the
expression rate of SMs in general seemed to be very low or none. Carrot and SDA are
considered to be average growth media for Fusarium metabolite formation, as their
production levels weren’t either the highest but still interesting compounds were

identified.

Additional to media composition, external conditions also seemed to have effect on the
expression of metabolites. UV light embraced higher levels of PKS35 compounds
expression in most media, especially in the ones that were considered as optimum. As
this BGC has been related to perithecia pigmentation before, it would be interesting a
future approach with additional stressful factors (addition of detergent) that could induce
the formation of perithecia and therefore also maybe increase the expression rate of
PKS35.
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9 Appendix

The purpose of this section is to provide the essential information in order to produce the

growth media that has been used throughout the experimental procedure.

Carrot Agar
- 200 g carrot infusion (autoclaving required)
- 20gagar
- Distilled water up until 2000 ml

Rice Agar
- 20 g white rice extract (Wholemeal rice flour from Urtekram)
- 20gagar
- Distilled water up until 2000 ml

- 20 g yeast extract

- 150 g sucrose

- 0,59 MgS04-7H20

- 20 gagar

-1 ml trace metal solution (SM)

- Distilled water up until 2000 ml

Trace metals solution (SM)
- 192ZnS04-7 H0O
- 0,59 CuS04:5H0
- 100 ml MQ water

Everything is heated to boiling point in order to dissolve all the components completely.

Afterwards it is autoclaved
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PDA

39 g potato dextrose broth
20 g agar
1 mL trace metals solution

Distilled water up until 2000 ml

SDA (Sabouraud dextrose agar)

40 g dextrose

10 g peptone

20 g agar

Distilled water up until 2000 ml

62,5 ml 20% glucose

200 ml 50 mM asparragine

10 ml 0,21 M MgSQg4-7 H20 (26 g/ 500 ml)
10 ml 1,12 M KH,PO4 + 0,7 M KCI (pH 6)
20 g agar

1 ml 1000x trace solution

Distilled water up until 2000 ml

1000x Trace solution

40 mg Na2B4O7 - 10 H20,
400 mg CuSO4 - 5 H20
1,2 g FeSO4 - 7 H20

700 mg MnSQO4 - H20

800 mg NaMoO: - 2 H,0
109 ZnS0O4 - 7 H20

MQ water up until 1000 ml
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CM

2,4 g NaNO3

0,6 g MgSQO4-7H20

0,1 g NaCl

0,1 CaCl2

10 g sucrose

7,5 g malt extract

2,5 g yeast extract

20 g agar

1 ml trace element mixture

Distilled water up until 2000 ml

Trace element mixture for CM

9 mg H3BOs3

58,5 mg CuSO4 - 5 H20
1.95 mg Kl

9 mg MnSQ4 - H.O

7.6 mg NaMoOg4

822 mg ZnSO4 - 6 H2O
139.8 mg FeCls - 6 H20
300 ml MQ water

V8 Juice

Analysis of Fusarium secondary metabolites through OSMAC strategy

175 ml Campbell's VV8-juice (American Company, Peder Hvitfeldts Str.13, 1173

Kbh K)

3gCaCOs3

20 g agar

Distilled water up until 2000 ml
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