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1 General Introduction

1.1 Thesis overview

Chapter 1 gives a summary of natural products, specifically fungal natural
products, and the importance for discovery of new chemical scaffolds to combat
microbial resistance, disease contaminant in crops, livestock, and forestry industry, as
well as to understand the chemical language associated with their plant-host
interactions. In addition, a brief introduction of metabolomics is presented as a useful

tool for screening natural product extracts.

Chapter 2 details the chemical analysis and isolation of a novel secondary
metabolite from an epiphytic fungus, associated with Douglas-fir needles, Zasmidium
pseudotsugae which was isolated by Prof. Jeff Stone (OSU). This fungus has not been
chemically studied previously. Its close relationship with Oregonian Douglas-fir tree
might be based on chemical interactions. LC/MS analysis illustrated one dominant
metabolite which was isolated and structurally elucidated by one- and two-dimensional
NMR. The metabolite, 8,8’-bijuglone, showed weak cytotoxic in vitro and was
subjected to cytotoxicity screening at the NCI. These results are currently prepared for

publication.

Chapter 3 presents the chemical analysis of Penicillium crustosum, an algal-
derived fungal endophyte. The fungus was cultured in nutrient rich medium and the
resulting extracts were profiled by LC/MS analyses. The structures of two known

compounds were elucidated by X-ray crystallography and/or by one- and two-



dimensional NMR. All metabolites were subjected to antimicrobial and cytotoxicity

screening.

Chapter 4 details the metabolomics guided identification of known secondary
metabolites from eight Fusarium graminearum strains with different levels of
pathogenicity in planta against wheat. LC/MS-based, log ratio analysis guided the
potential identification of known natural products from F. graminearum. This is a
collaborative project with Dr. Ludovic Bonhomme and graduate student Tarek Alounet
at INRA Joint Unit of Genetics, Diversity and Ecophysiology of Cereals and Cereal
Diseases Team (France). A publication on the connection between in planta

pathogenicity with in vitro secondary metabolite profiles is in preparation.

Chapter 5 presents a conclusion of the work presented.

1.2 Natural products

Natural products are one of the most important sources for new bioactive,
chemical scaffolds. These natural products are compounds isolated from natural
sources such as plants, fungi, algae, bacteria, and animals in the form of primary or
secondary metabolites. Secondary metabolites are non-essential for survival, but aid in
signaling processes, development, and on the establishment of interactions or as
defense mechanisms against other organisms.” It is remarkable how nature can generate
an inexhaustible chemical diversity of natural products out of simple building blocks
from the primary metabolism by highly evolved enzymes. In a biochemical sense,

natural products with their highly complex and diverse structures have been driven by



the continual evolution of biosynthetic genes clusters due to mutations, intragenic
rearrangements & duplications, horizontal gene transfer, and natural selection of genes
and the modular enzyme classes including polyketide synthases (PKSs), non-ribosomal
peptide-synthetase (NRPS), terpenes synthases, and dimethylallyl tryptophan
synthases (DMATSS) resulting in the production of a vast chemical diversity.?* In fact,
there are many areas of investigation in natural products enzymology to identify new
chemical reactions and harvest the chemical machinery that makes up complex

molecules in nature.*

Historically, microbial natural products as well as plant remedies have been a
source of valuable medicinal compounds.® Along with semisynthetic derivatives and
synthetic mimics, natural products represent more than 50% of all FDA approved drugs
since 1981 to 2014.5" Modern medicine depends on nature’s small molecule bounty to
treat a variety of health problems ranging from bacterial and fungal infections to cancer,
they enable organ transplantations by providing potent immune suppressants, and
surgeries with various analgesics. Especially for antibiotics, microbial derived natural
products were a lead source for discovery. When antibiotics were first introduced in
the 1920s, they saved hundredths of millions of lives.® However, their continual
widespread use has led to complications including: (a) drug-drug interactions that range
from minor to severe consequences,’ (b) high dose concentrations that lead to toxicity
and negative side effects,’® and most importantly (c) induced pathogen resistance to
current drugs (Figure 1).2'% In the last 70 years, a couple of the listed drugs showed

resistance in 40 years, others in 15 years, but for most of the listed drugs, it only took



about 5 years or less for there to be a resistance. The drugs we rely on to combat
infectious diseases are quickly becoming ineffective. There is an ever-growing need
for new medicinal agents with fewer drug adverse events to address specific toxicity
and resistance in microbial infections.

Antibiotic Introduced
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Figure 1. Timeline of antibiotics introduced and antibiotic resistance (reproduced from 2-13),

Apart from the long history of the medicinal and pharmaceutical applications,
natural products are also of interest for novel agrochemicals to treat diseases and
contaminants in crops, livestock, and commercial forest industry.* Some of the
existing herbicides, fungicides, and insecticides have originated from microbial natural
products and a variety of other natural sources.’® One important group of fungicides
are the strobilurins, wherein azoxystrobin has been the market lead with an end user
sale at $1,758 million USD in 2016 (Figure 2).!° Strobilurins inhibit the electron

transfer in mitochondrial respiration and are produced by several basidiomycetes fungi,



such as Strobilurus tenacellus, Xeryla sp., and Cyphellopsis anomala.*”*8 Interestingly,
there is little to no fungal natural products acting as insecticides and herbicides.” As in
the medical field, antimicrobial resistance continues to be a problem, also challenging
our food security.*! For agrochemical application, natural products should not be toxic
to the environment or unstable, challenges which need to be resolved before they can
become commercial products in agricultural settings. However, with success stories
like the application of the fungal natural product strobilurin, more microbial sources,
including fungi, are yet to be explored that could potentially lead to novel

agrochemicals.

Due to the worrying trend of evolving microbial resistance in agricultural and
medicinal relevant pathogens, the search for new natural products with novel modes of
action continues to be a high priority. In the medical field, we need new natural
products to combat infectious diseases and cancer, including selectively binding
protein targets,*® inhibition of cell wall and membrane synthesis,?® target signaling
pathways,?* and interference in genetic integrity.?? Of most importance, there is a need
for new bioactive compounds that affect the five major therapeutic families which are:
class A G-protein-coupled receptors (GCPRs), protein kinases, ion channels, nuclear
receptors, and proteases.”® In agriculture, novel natural products are still needed to
control insects, fungal pathogens, and weeds on crops.’® In general, most natural
products have a function or activity for the organisms, and the fact that modes of action

of many of these natural products have yet to be determined indicates the importance



for the discovery of next generation molecules for human health and agriculture

applications.

1.3 Fungi and fungal natural products

Among the various sources of natural products, fungi have been shown to be an
incredible source with a wide range of valuable chemical leads in the fight against
human diseases and infections. This began with the discovery of penicillin in 1929 from
a Penicillium sp., saving millions of lives, affecting the course of World War II, and
revolutionizing medicine, which set off a race for the discovery of potential natural
product antibiotics from microorganisms.® 242> Further surveying of the fungal world
for new chemical scaffolds that can be used for new medicines can result in the
discovery of extraordinary bioactive metabolites. Classic fungal natural products in use
today include the immunosuppressant drugs cyclosporin A (Tolypocladium inflatum)
and mizoribine (Penicillium brefeldianum), the cholesterol suppressant lovastatin
(Aspergillus terreus), the lipid-lowering medication simvastatin (Aspergillus terreus),
the antifungal agents strobilurins (Strobilutus tenacellus), griseofulvin (Penicillium)
and caspofungin (Glarea lozoyensis), and the cytotoxin irofulven (Clitocybe illudens)
(Figure 2).'> 2530 Other examples of fungal secondary metabolites constructed from the
core biosynthetic enzymes include polyketides (aflatoxin, T-toxin, and
perylenequinone toxins), non-ribosomal peptides (HC-toxin and ferricrocin), and
terpenes (ergotamine, paxilline, and lolitreme). Despite the thorough efforts into the

discovery of fungal natural products, fungal genomes sequencing indicates that there
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are far more gene clusters encoding for secondary metabolites than the number of
compounds identified likely due to transcription suppression.®* In fact, some gene
clusters are cryptic and no known secondary metabolite can be bioinformatically
related to that identified gene. Many of these cryptic genes are not expressed under
laboratory conditions and can sometimes be activated in planta conditions for example
for fungal endophytes, or upon contact/challenge with other organisms.®* On top of
this, even though more than 100,000 fungal species have been chemically investigated,
there is evidence indicating that over one million fungal species have yet to be
discovered and explored.>? Therefore, the combination of species, biodiversity, and
cryptic secondary metabolites present make fungi a promising source for continued

natural product discovery efforts.

In natural habitats, fungi face not only different environmental constraints, but
also competitors and natural enemies. Probably for this reason, fungi are using
biological active molecules to gain an advantage over other microbes and organisms.*
Due to the high plasticity of fungal genomes and ability to rapidly reproduce, fungi
harbor an evolutionary adaptation advantage with the capacity to produce structurally

different molecules.!*

Plant-associated fungal microbiota, for example the root-associated
mycorrhiza, play an important role in both partners’ ability to co-exist. There are three
major symbiotic interactions, namely mutualism, commensalism, and parasitism.**
Mutualism fungi increase a plant’s survival such as drought tolerance,® growth

promotion,®® microbial resistance and stimulation of defense mechanisms,®" and



enhanced nutrient uptake.*® Commensalism fungi have no influence on their host
plant.®® Parasitism fungi cause infections and disease on plants by production of toxic
secondary metabolites disrupting cellular physiology resulting in the destruction of
plant growth.>*! Apart from the different nature of plant-fungal symbiotic relations,
plant-fungal communities are also further complex based on plant species, location,
and parts. The microbes associated with root surface and soil layers are known as the
mycorrhizal fungi, which can be divided into ecto- or endomycorrhizae, depending in
their ability to colonize the roots.*> The microbes on the outer surfaces of leaves and
needles of aerial plant parts are known as the phyllosphere, also known as epiphytic
fungi.** The microbes residing within plant tissues are termed endospheres or
endophytic fungi,** defined by Anton de Bary in the mid-19" century, and later defined
as cryptic microorganisms residing within plant tissues without causing any apparent
effects of infection for part of their life cycle.”> Most terrestrial fungi belong to the
phyla of Ascomycota, Basidiomycota and Glomeromycota,** and although these
phytobiome communities have been well studied for decades, recent advances in
genome sequencing and chemical detection enables now natural product chemists to

understand the chemical language associated with plant-host interactions.

Endophytic fungi can live as either free-living microbes, saprobic ones, or as
pathogens in their lifecycle. Of the more than 300,000 plant species on earth, including
those in aquatic regions, each one is expected to have at least one or many cultivable
and uncultivable endophytic fungi living within.*®“® In order to survive, adapt, and co-

evolve in a plant environment, endophytes tend to produce various phytochemicals for
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different purposes such as increasing alkaloid production, production of precursors,
quorum sensing molecules, epigenetic modulators, pathogen resistance, and direct
physical organismal interactions.*” ***° One example of a plant-associated endophytic
fungus is Neotyphodium coenophialum which inhabits the tall fescue Festuca
arundinacea. This fungus produces toxic alkaloids, defending the grass from
herbivorous mammals and causing “fescue toxicosis” in livestock.>* Epiphytic fungi,
i.e., phylloplane fungi, grow on the surface of leaves and needles of plants
supplemented by external moisture and nutrient sources. Although there has been many
studies on endophytic fungi,®*>® there have been very few reports on epiphytic fungal
communities in relation to secondary metabolites. One study reports the production of
the ergot alkaloids from the epiphytic fungus Claviceps purpurea.>* Two other recent
studies isolated novel polyketide-like metabolites from epiphytic fungi associated with
marine algae, exhibiting activity against phytoplankton species.>>*® With only a few
natural products being known from epiphytic fungi, there is an enormous potential to

discover novel natural products.

Given that endophytes and epiphytes are highly diverse, it is important to
explore these fungal species and the secondary metabolites they produce to better
understand plant-microbe interactions that can affect ecological dynamics. We can also
take advantage of these metabolites for potential biological applications in the medical
and agricultural fields. Of interest in this study are metabolites with potential to be
useful as novel anticancer agents, antibiotics, novel immunosuppressive compounds,

antioxidants, fungicides, herbicides, and insecticides.
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1.4 Metabolomics approaches in natural products discovery

Metabolomics is a comprehensive analysis tool used to profile all the molecules
in a chemical sample in order to compare identifiable molecules relative to molecules
in other chemical samples without bias.®’° In the case of untargeted metabolomics, it
begins with analysis of the metabolites of a sample by using mass spectrometry (MS)
technologies such as liquid chromatography coupled with MS (LC/MS) as well as
nuclear magnetic resonance (NMR).>® After data acquisition, the data are analyzed by
a nonlinear retention time alignment, peak picking, and smoothing. Relative changes
in metabolite abundances amongst all the tested samples are compared for
identification of metabolite features, which are detected ions measured by a mass-to-
charge ratio (m/z) value with a corresponding retention time.>’ The use of metabolomics
can aid in the discovery of microbial natural products that may or may not be
identifiable under normal laboratory conditions. Multivariate analyses of mass
spectrometric data can greatly accelerate the detection and dereplication of secondary
metabolites.>® © Statistical approaches in metabolomics applications can be used to
observe changes in metabolic profiles across different treatment conditions, such as
nutrient conditions, co-culture, or chemical elicitation conditions.®**> Metabolomics
can also be used as a starting analysis for prioritizing samples that illustrate metabolites
in higher or lower abundances relative to other tested samples for metabolic isolation
and purification efforts from mixed organic extracts. LC/MS-based metabolomics is a

simple but powerful method of comparative, chemical analysis.®* 634
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2 Douglas-fir tree associated fungus Zasmidium pseudotsugae

2.1 Abstract

All trees on planet earth live in close association with fungi. As part of a broad survey
of secondary metabolites produced by tree-associated phylloplane fungi, an epiphytic
fungus Zasmidium pseudotsugae was isolated from Oregonian Douglas-fir needles by
Prof. Jeff Stone (OSU). An agar plate extract of Z. pseudotsugae produced only one
dominant secondary metabolite identified as 8,8’-bijuglone (1). This is the first time 1
is identified from a natural source. The quinone was characterized using LC/MS and
NMR spectroscopy methods. Compound 1 has weak cytotoxic activity against human
colon carcinoma (HCT-116) cell line with an ICso of 130 uM. Analysis of the fungal
genome sequence and its metabolic potential was implemented using the bioinformatic
tool antiSMASH, which suggested the biosynthetic potential to produce (-)-mellein,
elsinochrome A, and aureobasidin A;. Compounds closely related to these
aforementioned metabolites, including O-methylmellein, elsinochome A, and
bassianolide, were detected in organic extracts of the fungus by EIC-LC/MS as
predicted from the biosynthetic gene clusters. In summary, fungi collected in Oregon’s

forests have the potential to produce new, bioactive compounds.

2.2 Introduction

Douglas-fir evergreen tree (Pseudotsuga menziesii var. menziesii) is an

important commercial conifer species in forest plantations for timber and also most
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commonly used as a Christmas tree in western North America, Europe, and New
Zealand.®>®® In fact, Douglas-fir is the state tree of Oregon, showing how important
it is to Oregon’s economy and ecology. However, populations of western North
America Douglas-fir, which is native, are susceptible to the fungal disease Swiss needle
cast (SNC), which is caused by the pathogenic endophytic fungus
Nothophaeocryptopus gaeumannii.®®’® The disease causes trees to shed needles
prematurely. In 2016, a report showed that Douglas-fir volume growth across the
northwest Oregon Coast Range was reduced 23-50% from 1996 to 2015 by SNC."*
Apiosporina collinsii, Stomiopeltis sp. and Zasmidium pseudotsugae are other Douglas-
fir associated fungi that often occur together with N. gaeumannii.®® The foliar
microbiome of Douglas-fir is an elaborate communal ecosystem with a complex,
underexplored chemical ecology. A thorough study of Douglas-fir associated fungi,
focusing on their secondary metabolism, can shed light on these complex interactions
with the chance to gain a deeper understanding of fungal tree communities with the

goal to prevent SNC.

Identifying secondary metabolites from understudied epiphytes associated with
conifer needles is inherently difficult because the strains are often sterile in laboratory
settings, as in the fungus does not produce spores, and some biosynthetic gene clusters
are only active in planta.”? Here, we sought out to assess the fungal secondary
metabolites from Z. pseudotsugae, previously known as Rasutoria pseudotsugae.”
This fungus is within the Dothideomycetes class, part of the order Capnodiales, and

included in the family of Mycosphaerellaceae.”® A recent isolate was grown on malt-
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media and the compound 8,8’-bijuglone (1) was isolated. 1 was characterized with a
combination of LC/MS and one- and two-dimensional NMR techniques. 1 was also
tested for antimicrobial and cytotoxicity activity. To our knowledge, this is the first
bioactive metabolite isolated from Z. pseudotsugae. In future studies we will explore
the chemical, ecological function of 8,8’-bijuglone. Since Z. pseudotsugae closely
interacts with N. gaeumannii, the cause of SCN, their secreted secondary metabolites

might be playing a role in virulence and plant pathogenicity.

2.3 Results & Discussion

Zasmidium pseudotsugae isolated from the needles of Pseudotsuga menziesii
var. menziesii by Prof. Jeff Stone’s Laboratory at OSU, was grown on 1% malt-based
agar. Plates were extracted with organic solvents and the major component of the
extract was identified as 8,8’-bijuglone (1) (Figure 3). This quinone has been reported
by Laatsch in 1985 who made it synthetically (Figure A1),”* but this is the first report
of the compound from a natural source. Biosynthetically, this biaryl natural product
could potentially be constructed from an oxidative coupling of monomers catalyzed by

a laccase, peroxidase, or cytochrome P450 enzyme (CYP) within Z. pseudotsugae.’
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Pseudotsuga menziesii Zasmidium pseudotsugae
var. menziesii

Figure 3. Secondary metabolite, 8,8’-bijuglone (1), from Zasmidium pseudotsugae isolated from
Douglas-fir tree (Pseudotsuga menziesii var. menziesii).

Analysis of an agar culture extract by LC/MS exhibited only one dominant
metabolite at retention time 21 minutes (Figure 4). Negative ionization showed 345.0
m/z for [M-H] and 712.9 m/z for [2M-2H+Na]", while positive ionization detected
347.1 m/z for [M+H]*. The compound was purified by semipreparative HPLC using an
isocratic elution of 50:50 ACN/H20 + 0.05% formic acid. The structure of the
compound was established by 1D and 2D NMR (Table Al and Figures A1-A5),
referenced to Laatsch’s NMR data,”* where the proton and carbon environments are
chemically equivalent, resulting in double the amount of signals for the formation of
the dimer structure of 1. Other 1,4-naphthoquinone dimers are known that demonstrate
chemical equivalent environments across the aryl sigma bond, including maritinone
and mamegakinone, but these are all plant metabolites from Diospyros maritima.’®"’
To determine if the fungus produced and retained 1 in its cells or if it was secreted,
extracts derived from cells and supernatant of a liquid culture were analyzed by LC/MS
(Figure 5). The [M-H] ion (extract-ion chromatogram at 345 m/z) was only observed

in the cell extract and not in the supernatant, suggesting that 1 is kept intracellularly
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and not secreted into the medium. Bioactivity tests show that this natural product has
potential cytotoxicity activity against colon carcinoma cells HCT-116 (Table 1) and

leukemia cells (Figure 9) (more in Antimicrobial Activity and Cytotoxicity Activity

sections).
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Figure 4. LC/MS analysis of 8,8’-bijuglone (1). (A) Absorption at 210 nm in black with UV

chromophore insert in blue, (B) MS spectrum in negative ionization, (C) MS spectrum in positive
ionization.
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Figure 5. LC/MS analysis of extracts of Z. pseudotsugae fungal cells vs. supernatant. EICs refer to
[M-H] ion for (1) are illustrated for extract from the supernatant (top chromatogram) vs. extract from

the cells (bottom chromatogram).

2.3.1 Physiochemical properties of 8,8’-bijuglone

min

8,8 -bijuglone (1): orange, needle-like crystal; [a]3° = 0; The molecular formula was

determined as C20H100e based on the QTOF-HRMS with m/z 346.0477 [M]  calcd. for

C20H100¢, 346.04829; IR (ATIR) 2924, 2854, 1640 cm™; *H-NMR (500 MHz, CDCls)

§12.49 (s, 1H, 5-OH, 5°-OH), 7.31 (d, 1H, J=8.7 Hz, 6-CH, 6°-CH), 7.24 (d, 1H, J=8.7

Hz, 7-CH, 7°-CH), 6.92 (d, 1H, J=10.2 Hz, 2-CH, 2’-CH), 6.71 (d, J=10.2 Hz, 1H, 3-

CH, 3’-CH); *C-NMR (500 MHz, CDCls) § 190.8 (4-C, 4’-C), 184.9 (1-C, 1’-C),

161.9 (5-C, 5°-C), 140.6 (3-CH, 3’-CH), 138.7 (7-CH, 7°-CH), 138.0 (2-CH, 2’-CH),
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135.2 (8-C, 8°-C), 128.3 (9-C, 9-°C), 124.8 (6-C, 6-°C), 115.5 (10-C, 10-°C). 2D NMR

spectroscopic data in the Supplementary Information.
2.3.2 Solubility and stability of 8,8’-bijuglone

1 was soluble in ethyl acetate, ethanol, methanol, acetone, dimethyl sulfoxide
(DMSO) and acetonitrile. While soluble, 1 was unstable in DMSO. Overtime, 1 formed
a dark-amber-orange precipitate in DMSO, which was insoluble in ethyl acetate,
ethanol, methanol, acetone, and acetonitrile. This unknown compound was either a
degradation product or a larger structure made of the naphthoquinone. It is possible that
an oxidation-reduction (redox) reaction occurred where DMSO was reduced to

dimethyl sulfide, and 1 was oxidizes into a larger, unidentified compound.’®-8*

Another possible reaction was that 1 —
could undergo an acid-base reaction. To test this - 1
idea, the compound was dissolved in acetonitrile a y
at 10 mg/mL and then a drop of either 1M | '
hydrochloric acid (HCI) or 1M sodium ’

N -

hydroxide (NaOH) was added. In the acidic Figure 6. Acid/Base effect of 8,8’-
bijuglone. In acetonitrile plus one drop

condition, there was no change in physical ©f 1M HCI (left vial) or in acetonitrile
plus one drop of 1M NaOH (right vial).

appearance. In the basic condition, the solution

turned purple and there was a precipitate (Figure 6). This characteristic color change

could potentially be explained by an electron donation from the hydroquinone portion,

after the base removed the chelating proton, into the benzoquinone portion of 1, as

illustrated by the purple quinhydrone via a charge-transfer complex.®? Addition of
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methanol (MeOH) dropwise shifted the precipitate back into solution. Both the acid
and base solutions of 1 were analyzed by LC/MS on standard gradient of 10%-100%
acetonitrile + 0.05% formic acid over 35 minutes (Figure A8). The acidic sample still
showed 1 at the expected retention time with same UV spectrum. However, the basic
sample did not show 1, suggesting that the deprotonated form of 1 was not readily
detectable in our LC/MS system. From these results, 1 was most stable in acidic

conditions and unstable in basic conditions.
2.3.3 Antimicrobial activity

1 was evaluated for antimicrobial activity against three Gram-positive bacteria,
methicillin-resistant Staphylococcus aureus (MRSA) BAA-41, Bacillus subtilis
(ATCC 49343), and Mycobacterium smegmatis (ATCC 14468), two Gram-negative
bacteria, Escherichia coli (ATCC 8739) and Pseudomonas aeruginosa (ATCC 15442),
and a fungal strain Candida albicans (ATCC 90027). 1 showed moderate activity
against MRSA and B. subtilis (Table 1). Against MRSA, 1 induced 29.3% bacterial
cell survival and against B. subtilis bacterial cell survival was 32.6% when tested at
125 pg/mL in ethanol (Table 1). Other similar compounds like 1 have been reported to
have antibacterial activity, including 8,8 -biplumbaign (also called maritinone),’® &

chitranone’® and diospyrin,®* (Figure 7 and Table A2).
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8,8’-biplumbaign chitranone diospyrin

Figure 7. Analogs of 8,8’-bijuglone.

Table 1. Biological activities of 8,8’-bijuglone (1).

Antibacterial Antifungal

Bacillus Mycobacterium  Escherichia Pseudomonas ) .
SAMPLE MRSA subtilis smegmatis coli aeruginosa Candidaalbicans
8’,8 ) 29.3% 32.6% 91.5% 97.1% 86.0% 99.5%
bijuglone
positive 0.0% 15.1% 1.5% 11.6% 0.2% 23.6%
control vancomycin chloramphenicol rifampicin ampicillin kanamycin amphotericin B
negative >100% 68.4% 100% 89.0& 92.4% 100%
control ethanol ethanol DMSO ethanol ethanol ethanol

Samples & positive controls were tested to a final concentration of 125 pg/mL
Negative controls were tested at 1.25% ethanol, expect M. smegmatis in DMSO.

Methicillin-resistant Staphylococcus aureus (BAA-44) = MRSA
Bacillus subtilis (ATCC 49343)

Mycobacterium smegmatis (ATCC 14468)

Escherichia coli (ATCC 8739)

Pseudomonas aeruginosa (ATCC 15442)

Candidaalbicans (ATCC 90027)

2.3.4 Cytotoxicity activity

To assess the cytotoxicity of 1, the highly enriched extract was tested against
the human colon carcinoma cell line HCT-116 (ATCC® CCL-247™). The compound
was active on the first single dose MTT assay with 15.6% average cell survival when
tested at 10 pg/mL (29 uM) (Table 2). The ICso value of 1 against HCT-116 was

determined to be 130 uM (0.13 mM), exhibiting weak cytotoxicity (Figure 8). Due to
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this activity, 1 was submitted to the National Cancer Institute (NCI) for evaluation
against their NCI-60 cancer cell line panel. The compound showed lethal activity
against all six leukemia cancer cell lines (Figure 9). In order to obtain an ICso value
against a panel of leukemia cancer cell lines, Dr. Tom O’Hare and his team at
Huntsman Cancer Institute, Utah tested the compound against eight acute myeloid
leukemia (AML) cell lines different from the ones used by the NCI. However, 1 had
no effect against their cell lines, most likely due to the high percentage of ethanol when

the dilution samples were prepared for the assay or degradation of 1.

150+
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Figure 8. ICsg curve of 8,8”-bijuglone against human colon carcinoma (HCT-116). The ICso value was
determined to be 130 uM (0.13mM).
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2.3.5 ANtiSMASH results of Z. pseudotsugae

Genome mining is now widely used for identification and connection of
biosynthetic gene clusters (BGCs) to their respective secondary metabolites in
microorganism and plants. Bioinformatic tools have become an important
complementary asset for compound-driven natural product discovery. A draft genome
for Z. pseudotsugae was made available to Dr. Jeff Stone and we applied the genome
mining software antiSMASH to generate and identify BGCs in Z. pseudotsugae (Figure
10).% A total of 36 BGCs were predicted by the software, including 14 NRPS-like, 17
Type 1 PKS (T1PKS), two terpenes and one fungal ribosomally synthesized and post-
translationally modified peptides (fungal-RiPP). Of these, a few BGCs showed a match
for a small molecule class searched against a comprehensive gene cluster database
known as Minimum Information about a Biosynthetic Gene cluster (MIBIiG) of
characterized gene clusters,®” some of which exhibited 100% similarity to known
compounds, including (-)-mellein (T1PKS), cercosporin (NRPS), aureobasidin Al
(NRPS), phomopsins (fungal-RiPP), and elsinochrome A (T1PKS). Interestingly, the
compounds cercosporin and elsinochrome have a core structure that resembles 1
(highlighted in blue in Figure 10), suggesting that 1 could possibly be a precursor to
form these type of compounds in Z. pseudotsugae or that clusters may generate

compounds identical to already known compounds.

Since the antiSMASH results detected compounds with 100% similarity, an
extract of Z. pseudotsugae was analyzed by extracted-ion chromatogram (EIC) for the

presence of the above mentioned molecules (Figure 11). The extract was further
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fractioned by vacuum liquid column chromatography (VLCC) with a gradient of
dichloromethane (DCM) to methanol (MeOH) to give eight fractions. By EIC, there is
a possibility that there is O-methylmellein and other mellein analogous in VLCC F4 at
~10 min retention time, elsinochrome A in VLCC F3 at ~18 min, and bassianolide in
VLCC F4 at ~26 min. To further prove the presence of these compounds, they would
need to be purified by high performance liquid chromatography (HPLC) and analyzed

by NMR to verify their structures.

Identified secondary metabolite regions

Region Type Most similar known cluster Similarity
NRPS-like &

Region 17.1 TiPKS & Aflatoxin/sterigmatocystin &  11pks 23%
NRPS-like &

Region 83.1 TiPKS &

Region 109.1 TiPKS &

Region 136.1 NRPS-like &

Region 149.1 NRPS &, TIPKS &

Region 149.2 Ti1PKS &

Region 228.1  TiPKS & ()-Mellein & t1pks 100%
NRPS-like &

Region 286.1 T1PKS & Cercosporin & tipks 100%
NRPS & Aureobasidin A1 & NRPS 100%

Region 340.1 T1PKS &, terpene &

Region 431.1 T1PKS & F9775 & t1pks 30%

Region 469.1 TiPKS & Terreic acid & t1pks 22%

Region 577.1 NRPS-like &

Region 618.1 terpene &

Region 658.1 NRPS-like &

Region 658.2 = T1PKS & Emericellin & tipks 28%

Region 692.1 NRPS-like &

Region 779.1 NRPS &

Region 795.1 NRPS &

Region 801.1 T1PKS & F9775 & tipks 20%

Region 807.1 TiPKS & Azaphilone & t1pks 8%

Region 824.1 NRPS &

Region 876.1 fungal-RiPP & Phomopsins & other 100%

Region 901.1 TiPKS &
trpene

Region 938.1 NRPS & , NRPS-like &

Region 9451  TiPKS &

Region 948.1 T1PKS & Neurosporin A & t1pks 20%

Region 951.1  TiPKS &

Region 957.1 TiIPKS & Trans-resorcylide & tipks 33%
NRPS-like &

Region 1012.1  T1PKS & Elsinochrome A & tipks 100% = =

Figure 10. Biosynthetic gene clusters in Z. pseudotsugae generated identified by antiSMASH. Clusters
with 100% similarity to a compound are shown on the right. The structure of 8,8’-bijuglone is
highlighted in blue in the core structures of cercosporin and elsinochrome.
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Figure 11. LC/MS traces of Z. pseudotsugae extract (extract) and VLCC fractions F1-F8. Absorbance
at 280 nm. Possible core structures identified in these fractions by extract-ion chromatogram based on
expected masses (EIC).

2.4 Conclusion

In the 1990s, large-scale defoliation was seen on Douglas-fir in the Pacific
Northwest, leading to decreased growth and vyield. The associated fungus
Nothophaeocryptopus gaeumannii was found to be the causal agent linked to Swiss
needle cast (SCN). Other Douglas-fir associated fungi, such as the epiphytic fungus
Zasmidium pseudotsugae, are also found in the fir microbiome with N. gaeumannii, but
this fungus has not been shown to cause any harm to the trees. Here, we present
preliminary results of the chemical exploration of Z. pseudotsugae. We report 8,8’-

bijuglone (1) to be isolated from a natural source for the first time. 1 shows weak
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cytotoxicity activity against colon carcinoma (HCT-116) with an ICso value of 130 uM
(0.13 mM). There is also potential for 1 to be selective cytotoxic against leukemia cells
according to NCI results. Additionally, we tested 1 for antimicrobial and antifungal
activity, but without effect. We continue in our search for more compounds produced
from Z. pseudotsugae along with its plant pathogenic counterpart N. gaeumannii for
novel and bioactive secondary metabolites in order to shed light on fungal-fungal and

fungal-plant chemical interactions.

2.5 Materials & Methods

2.5.1 Foliage sampling

At each site, foliage was collected from second- and third-year internodes on secondary
branches in the upper crowns of five randomly selected 10- to 30-year-old Douglas-fir
trees. From one of the five trees sampled at each of the SNC sites, foliage samples were
also collected from the lower, mid, and upper crowns to assess within-tree diversity.
The foliage was stored on ice and promptly returned to the campus of Oregon State
University for storage in a cold room for no longer than 5 days prior to processing.
Needles with pseudothecia fungi were attached to the lids of Petri dishes with double-
sided adhesive tape, placed over water agar, and incubated for 48—72 hours. Individual
ascospores were removed from the agar with sterilized forceps and transferred onto 2%
malt agar (MA) (Difco Laboratories, Detroit, MI). Cultures were incubated at 18° C

for a minimum of 2—6 months.
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2.5.2 Culture media & fermentation

2% Malt: malt extract (2% g/L) (Criterion™ Malt Extract, Hardy Diagnostic) and no
pH adjustment prior to sterilization. For agar plates 15 g/L nutrient agar was added to
the culture media before sterilization. Zasmidium pseudotsugae was inoculated onto
2% malt agar plates (MA) (40 x 25 mL) with a 1 cm? piece of agar from a single culture
and allowed to grow at ambient light and temperature for 5 months. Broth cultures (50
mL) were inoculated with a 1 cm? piece of agar from the 5-month-old agar culture and
allowed to grow at 28 °C on an orbital shaker at 110 rmp for 1 month. Large scale broth
cultures (1L) were inoculated with 20 mL culture material from a 50 mL broth culture

and allowed to grow at 28 °C on an orbital shaker at 110 rmp for 2-3 months.
2.5.3 Preparation of organic extracts

The agar cultures were blended with an equivalent portion of ethyl acetate, while the
broth cultures were extracted using equal parts ethyl acetate for 24 h with stirring. The
organic layer from either the agar cultures or broth culture was separated and then
concentrated under reduced vacuum. The extracts were solubilized in acetonitrile and

were subjected to LC/MS analysis.
2.5.4 General spectroscopic and chromatographic procedures

Optical rotation was measured on a JACS P-1010 polarimeter. Infrared (IR) spectra
were recorded on a Thermo Scientific Nicolet IR100 FTIR spectrometer. Low-
resolution ESI-MS mass spectra were recorded on Agilent 1100 series LC with MSD

1946 (LC/MS). High-resolution ESI-MS spectra were recorded on an Agilent 6545
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LC/Q-TOF MS. The mobile phase consisted of ultra-pure water (A) and acetonitrile
(ACN) (B) with 0.05% formic acid. A gradient method from 10% B to 100% B in 35
min at a flow rate of 0.8 ml/min was used. The column (Phenomenex Kinetex C18, 5
um x 150 mm x 4.6 mm) was re-equilibrated before each injection, and the column
compartment was maintained at 30 °C throughout each run. Agilent 1100 Infinity
HPLC system was used for semipreparative separations equipped with photodiode
array detectors. NMR spectra were acquired on a Bruker Avance Il 500 MHz
spectrometer, equipped with a 5 mm TXI probe. Solvent peaks of CDCls (o 7.26; dc
77.06) was used as internal standard.®® Solvents, media ingredients, and general

reagents were from Sigma-Aldrich Corp., Fisher Scientific, and VWR International.
25,5 HPLC isolation & purification of 8,8’-bijuglone

The ethyl acetate extract from the agar plate was subjected to semipreparative HPLC
using an isocratic elution of (ACN/H20 (50:50) + 0.05% formic acid) for purification

to yield 1.2 g of compound 1.
2.5.6 Antimicrobial assays

Extracts, fractions, and pure compounds were tested for activity in cell-based
microbroth single dose assays following established protocols.®® The antimicrobial
activity was evaluated against these microorganisms: Methicillin-resistant
Stephylococcus aureus (BAA-44), Bacillus subtilis (ATCC 49343), Mycobacterium
smegmatis (ATCC 14468), Escherichia coli (ATCC 8739), Pseudomonas aeruginosa

(ATCC 15442) and Candida albicans (ATCC 90027). Antibiotic positive controls
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(vancomycin, chloramphenicol, rifampicin, ampicillin, kanamycin, and amphotericin,
respectively) were used at 125 pg/mL, while DMSO was used as the negative control
at 1.25% v/v. Compound (1) was prepared at 10 mg/mL in DMSO, added to wells in

duplicate at a final concentration of 125 pug/mL.
2.5.7 Cytotoxicity assay

Extracts, fractions, and pure compounds were tested for cytotoxicity activity in cell-
based assays following established protocols.®® Effects on mammalian cell viability
were determined by measuring the reduction of the tetrazolium salt MTT (3-(4,5-
dimethylthiazolyl-2)-2,5-diohenyltetrazolium bromide) by metabolically active cells.
Human colon cancer (HCT-116) cell line was obtained from the American Type
Culture Collection (ATCC). HCT-116 cells were maintained in MEM supplemented
with 10% (v/v) fetal bovine serum, penicillin (100 U/mL), and streptomycin (100
pg/mL). The cell lines were incubated at 37 °C in 5% CO.. Cells were plated into 96-
well plates at 7000 cells/well cell density, incubated overnight, and treated with the
addition of 10 pg/mL compound and controls to each well. After 48 h, MTT (5 mg/mL
in phosphate-buffered saline) was added to each well at a final concentration of 0.5
mg/mL. The plates were incubated for 2 h at 37 °C. The medium was removed, and the
purple formazan product solubilized by the addition of 50 uL of DMSO. Absorbance
was measured at 550 nm using the Biotek Synergy 96-well plate reader. Metabolic
activity of vehicle-treated cells (0.1% v/v DMSQO) was defined as 100% cell growth.
Etoposide (250 uM) was used as a positive control. 1Csg value for pure compound was

determined using a 10-point dilution dissolved in PBS + 5% ethanol. Effect on acute
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myeloid leukemia (AML) cells were determined at University of Utah, where they
focus on molecular mechanism of resistance related to chronic myeloid leukemia
(CML).°* The cytotoxicity activity was evaluated against eight AML cells: OCI-
AML2, CMK, HL-60, MOLM-13, MOLM-14, KG1a, OCI-AML3, SKM. Compound

was dosed from a 10 mM stock dissolved in ethanol.
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3 Algal-derived fungal endophyte Penicillium crustosum

3.1 Abstract

Two known compounds, clavatol (2) and hydroxyclavatol methyl ether (3) were
isolated from an algal-derived fungal endophyte, idenified as Penicillium crustosum.
The structures of 2 and 3 were deduced based on IR, NMR, HRMS, and X-ray
crystallography spectral analyses. The fungal extract was evaluated for its
antimicrobial activity against bacterial and fungal human pathogens (Bacillus subtilis,
methicillin-resistant Staphylococcus aureus (MRSA), Mycobacterium smegmatis,
Pseudomonas aeruginosa, Candida albicans) and evaluated for cytotoxicity activity

against human colon carcinoma (HCT-116).

3.2 Introduction

In recent years, natural products discovery programs have continued to shift to
less explored biospheres. For example, marine natural products have shown striking
structural features compared to terrestrial microorganisms.®>®* Fungi associated with
marine algae have been good sources for new structurally diverse chemical compounds
with biological activity.®® °® These are known as “marine algicolous fungi” (MAF),
fungi that can inhabit or associate with marine algae, not including fungi associated
with seagrass, freshwater algae, and other marine plant materials.®*®” MAF can either
live in the inner tissues of algal cells as endophytes or live superficially as epiphytes.

In either case, these fungi may form parasitic, saprobic, symbiotic, or pathogenic
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associations with their algal hosts.®” Evidently, natural products may play a key role in
maintaining associated relationships between algal and fungal cells, and the production
of these secondary metabolites can have a wide range of bioactivities. For examples,
from the culture of the endophytic fungus Trichoderma harzanum isolated from the
brown alga Laminaria japonica, two unique diterpenes, 3R-hydroxy-9R,10R-
dihydroharzianone and 11R-methoxy-5,9,13-proharzitriene-3-ol, were isolated with
antialgal and antibacterial activities.”® From another algal-associated endophytic
fungus Talaromyces islandicus, isolated from a red alga Laurencia okamurai, various
new hydroanthraquinones were isolated and identified: 8-hydroxyconiothyrinone B,
4S,8-dihydro-10-O-methyldendryol E, among other  polyhydroxyolated

hydroanthraquinones with antimicrobial, antioxidant, and cytotoxic activities.*

HOW™
HO™

3R-hydroxy-9R,10R-dihydroharzianone 11R-methoxy-5,9,13-proharzitriene-3-ol

OH OH OH o)
H
OH
H H Z
OH o) OH /O OH
8-hydroxyconiothyrinone B 4S,8-dihydro-10-O-methyldendryol E

Figure 12. Secondary metabolites isolated from marine algal-associated endophytic fungi.®®°
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In the on-going search for potentially bioactive or novel secondary metabolites
from algae-derived fungi, a fungal endophyte was collected off the coast of the Gozo
Island in the Mediterranean Sea. Chemical investigation of the organic extract lead to
the isolation of known compounds (2-3) (Figure 13). The fungal extract and the purified
hydroxyclavatol methyl ether 3 were evaluated in selected bioassays. ITS based
sequencing identified the endophyte as Penicillium crustosum. Herein, the details of

the isolation, structure elucidation, and bioactivities of the compounds is reported.

O OH O OH
— o
OH OH

clavatol hydroxyclavatol methyl ether
2 3

Penicillium crustosum

Figure 13. Secondary metabolites from Penicillium crustosum (2-3).

3.3 Results & Discussion

The strain of Penicillium crustosum was isolated from a marine alga by
BioViotica Naturstoffe GmbH (Germany) and provided to us for chemical analysis.
The species was identified by Sanger sequencing of PCR fragments amplified from the
ITS and B-tubulin loci and sequencing results were matched with MEGAY7 to known
fungal species.!® DNA sequences showed 100% sequence identity to Penicillium

crustosum (Figures A7-A8).



34

Secondary metabolites of P. crustosum grown in a glycerin-based medium were
extracted and analyzed by LC/MS (Figure 14). Glycerin was the best nutrient media
based on more observation of compounds present in the extract by thin-layer
chromatography (TLC) (Figure A13). One dominant metabolite was detected in a 14
day-old 1L shaking culture, which was identified as hydroxyclavatol methyl ether (3)
after HPLC isolation and X-ray based solid state analysis (Figure 15). From an 11-day-
old 5L shaking culture, another metabolite was identified as clavatol (2) after HPLC

isolation and structure elucidated by NMR (Figures A3-A7).10%-104

11 days-old shaking culture (5L) in G20 medium (UV 280nm)
217 284
2

Retention time (min)

14 days-old shaking culture (1L) in G20 medium (UV 280nm)

Retention time (min)

Figure 14. LC/MS analysis of compounds 2 and 3 from liquid glycerin-based medium (G20) cultures
of P. crustosum (absorptions at 280 nm). UV spectra are shown in blue insert.

3.3.1 Physiochemical properties of the secondary metabolites

Clavatol (2): colorless solid; The molecular formula was determined as C10H1203 based
on the QTOF-HRMS peaked at m/z 179.0714 [M - H] calcd. for C19H11037, 179.07137;
IR (ATIR) 3396, 2981, 2926, 1628 cm™; *H-NMR (700 MHz, CDCls) § 12.86 (s, 1H,
2°-OH), 7.35 (s, 1H, 6’-CH), 5.22 (s, 1H, 4°-OH), 2.54 (s, 3H, 1-CH3), 2.19 (d, J=0.73

Hz, 3H, 7°-CHs), 2.12 (s, 3H, 8°-CHs); 3C-NMR (700 MHz, CDCls) & 202.9 (2-C),
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161.5 (4-C), 158.9 (2°-C), 130.1 (6’-C), 114.7 (5’-C), 113.6 (3°-C), 110.4 (1’-C), 26.5
(1-CHs), 15.8 (7’-CH3z), 7.6 (8-CHz). 2D NMR spectroscopic data in the

Supplementary Information.

Hydroxyclavatol methyl ether (3): colorless needles; The molecular structure was
determined by X-ray single crystal diffraction (Figure 15) and determined as
hydroxyclavatol methyl ether, also known as 2,4-dihydroxy-3-methoxymethyl-5-

methylacetophenone.
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Figure 15. (A) The X-ray crystal structure of 3. (B) Part of the crystal lattice packing diagram to
illustrate the hydrogen-bonded complementarity found in the X-ray crystal structure.

3.3.2 Antimicrobial activity

The fungal extract of Penicillium crustosum was evaluated for antimicrobial
activity against three Gram-positive bacteria, methicillin-resistant Staphylococcus
aureus (MRSA) (BAA-41), Bacillus subtilis (ATCC 49343), and Mycobacterium
smegmatis (ATCC 14468), one Gram-negative bacterium, Pseudomonas aeruginosa
(ATCC 15442), and a fungal pathogen, Candida albicans (ATCC 90027). The extract
exhibited activity against MRSA with 20.4% bacterial cell survival, B. subtilis with

4.6% bacterial cell survival, and M. smegmatis with 5.7% bacterial cell survival all
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tested at 125 pug/mL (Table 2). Purified compound 3 was evaluated in selected
antimicrobial assays but showed no activity (Table 2). Compound 2 was not tested
again because it was isolated from a previously inactive fraction. Unfortunately, the
activity found in the extract against MRSA could not be identified. However, there
have been a few reports of extracts or compounds isolated from P. crustosum with
activity against S. aureus. De Souza et al. reported P. custosum to inhibit S. aureus with
a moderate minimum inhibition concentration (MIC) of 256 pg/mL,** although no
compound was mentioned. Zhang et al. reported a few quinolinones from a shark gill-
derived P. crustrosum AP2T1 with weak inhibition against S. aureus in an agar disk
diffusion assay.' Even though Penicillium crutosum has been studied previously and
some compounds have been isolated, it seems that new secondary metabolites could

potentially be found with bioactivity.
3.3.3 Cytotoxicity activity

To assess cytotoxic potential, the fungal extract was tested against the human
colon carcinoma cell line HCT-116 (ATCC® CCL-247™). The organic extract was not
active at a final concentration of 10 pg/mL, compound 3 was tested at a final

concentration of 1 ug/mL and not active either (Table 2).
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Table 2. Antimicrobial and cytotoxic activities of P. crustosum extract and compounds 2-3.

ANTIBACTERIAL ANTIFUNGAL Cytotoxicity

Bacillus Mpycobacterium Pseudomonas Candida
SAMPLE MRSA subtilis smegmatis aeruginosa albicans HCI-116
e 24.1% 4.6% 5.7% 85.7% >100% 83.2%
2 N/A N/A N/A N/A N/A N/A
) >100% >100% N/A 93.2% N/A N/A
positive 0.0% 15.1% 1.5% 0.2% 7.9% 31.1%
control vancomycin  chloramphenicol rifampicin kanamycin | amphotericin B etoposide
T 100% 47.2% 100% 100% 100% 100%
control 1 DMSO DMSO DMSO DMSO DMSO DMSO
negative >100% 68.4% A 92.4% A A
control 2 ethanol ethanol ethanol

Samples and positive controls for antibacterial and antifungal were tested to a final concentration of 125 pg/ml..
Samples for cytotoxicity were tested to a final concentration of 10 pg/ml. for extracts or 1 pg/ml. for pure samples.
Positive control for cytotoxicity assay tested at 250 pM.

Negative control for antimicrobial assays at 1.25% v/v DMSO.

Negative control for ytotoxicity assay at 0.1% v/v DMSO or ethanol.

N/A: not applicable because it was not tested.

Methicillin-resistant Staphylococcus aureus (BAA-44) = MRSA

Bacillus subtilis (ATCC 49343)

Mycobacterium smegmatis (ATCC 14468)

Escherichia coli (ATCC 8739)

Pseudomonas aeruginosa (ATCC 15442)

Candidaalbicans (ATCC 90027)

3.4 Conclusion

Known clavatols (2-3) were isolated from the Mediterranean alga derived fungus
Penicillium crustosum. These compounds have been isolated from other Penicillium
species. 9% 107108 |n fact, through gene deletion, feeding experiments, and biochemical
investigations, it was recently discovered that a nonreducing PKS (NR-PKS) ClaF is
responsible for the formation of clavatol, then ClaD oxidizes clavatol to
hydroxyclavatol by a nonheme Fe'/2-oxoglutarate-dependent oxygenase, and
hydroxyclavatol methyl ether is subsequently formed from non-enzymatic conversions

from hydroxyclavatol.'° Herein, we also assessed the bioactivity potential of the fungal
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extract and the isolated compounds. The fungal broth was analyzed in several assays
to provide information on its antimicrobial and cytotoxic activities. Notably, the fungal
extract was active in the MRSA assay with 20.4% inhibition of growth at 125 pg/mL.
For future work, it would be interesting to study the full metabolomic potential of
Penicillium crustosum using a bioassay-guided approach with MRSA activity to
identify the secondary metabolite that is responsible for the activity observed in the

fungal extract.
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3.6 Materials & Methods

3.6.1 Biological material

The fungal strain used in this study was isolated from an alga off the coast of the Gozo

Island in the Mediterranean Sea by BioViotica Naturtoffe GmbH (Germany).
3.6.2 Culture media & fermentation

For broth culture grows of P. crustosum, the medium G20 was used containing glycerin
(20 g/L), malt extract (10 g/L), and yeast (4 g/L) with no pH adjustment prior to
sterilization. For agar cultures, the medium 2% malt was used containing malt extract

(2% g/L) and nutrient agar (15 g/L) with no pH adjustment prior to sterilization.
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Broth fungal cultures in G20 medium (50 mL, n=2 replicates) were inoculated with a
1 cm? piece of fungus grown on 2% malt agar plates (1-2 weeks old) and cultivated at
28 °C on an orbital shaker at 110 rmp for 7-9 days. The 50 mL starter culture was then
propagated into subsequent larger growths of G20 media (1 L) and grown at 28 °C on

an orbital shaker at 110 rmp for 11-14 days.
3.6.3 Identification of the fungus

The fungal strain was grown in 50 mL of G20 media for 3-4 days and 0.5 mL of mycelia
cells were collected by centrifugation. The cell pellet was frozen dry in a mixture of
acetone and dry ice then 0.5 mL of zirconium silicate beads were added and the mixture
vortexed for 10 minutes. DNA extraction was extracted and purified using E.Z.N.A®
SP Fungal DNA Mini Kit (Norcross, GA, USA) following the manufacturer’s
instructions. For taxonomic analysis, the internal transcribed spacer regions (ITS) and
the p-tubulin (Bt) region were amplified and sequenced using electrophoretic
sequencing on an ABI Prism 3730 genetic analyzer (Applied Biosystems) using a Big
Dye Terminator v 3.1 cycle sequencing Kit. Primers used: ITS1/ITS4'® and
Bt2a/Bt2b.11%11! The resultant 475 base-pair consensus for the ITS region matched
100% identity with accession number MK817632 and the resultant 385 base-pair
consensus for the beta-tubulin region matched 100% identity with accession number

MKJ519552. Both accession numbers identified to Penicillium crustosum.
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3.6.4 Phylogeny analysis

Phylogeny analysis of ITS region: The evolutionary history was inferred by using the
Maximum Likelihood method based on the Tamura-Nei model.}*? The tree with the
highest log likelihood (-1527.50) is shown. Initial tree(s) for the heuristic search were
obtained automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of
pairwise distances estimated using the Maximum Composite Likelihood (MCL)
approach, and then selecting the topology with superior log likelihood value. The tree
is drawn to scale, with branch lengths measured in the number of substitutions per site.
The analysis involved 9 nucleotide sequences. All positions containing gaps and
missing data were eliminated. There was a total of 411 positions in the final dataset.

Evolutionary analyses were conducted in MEGA7.%

Phylogeny analysis for beta-tubulin region: The evolutionary history was inferred by
using the Maximum Likelihood method based on the Tamura-Nei model.**? The tree
with the highest log likelihood (-1035.49) is shown. Initial tree(s) for the heuristic
search were obtained automatically by applying Neighbor-Join and BioNJ algorithms
to a matrix of pairwise distances estimated using the Maximum Composite Likelihood
(MCL) approach, and then selecting the topology with superior log likelihood value.
The tree is drawn to scale, with branch lengths measured in the number of substitutions
per site. The analysis involved 8 nucleotide sequences. All positions containing gaps
and missing data were eliminated. There was a total of 271 positions in the final dataset.

Evolutionary analyses were conducted in MEGA7.*%
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3.6.5 Preparation of organic extracts

The pH of the fungal culture media after inoculation was around pH of 5-6. Prior to
extraction, the fungal culture was pH adjusted to around a pH of 4-5, and then filtered
through cheesecloth to separate the supernatant from the mycelia. The culture broth
(supernatant) was extracted using equal parts ethyl acetate (EtOAc) to media for 24 h
with stirring, while the mycelia was extracted using 500 mL acetone by sonication for
1 h. The organic layers (ethyl acetate from the supernatant and acetone from the fungal
cells) were collected separately and then concentrated under reduced vacuum. The
extracts were solubilized in 1:1 acetonitrile to water and were subjected to LC/MS
analysis. For the extracts that showed similar LC/MS chromatograms were combined

for higher yield and handling of compounds.
3.6.6 General spectroscopic and chromatographic procedures

Infrared (IR) spectra were recorded on a Thermo Scientific Nicolet IR100 FTIR
spectrometer. Low-resolution ESI-MS mass spectra were recorded on Agilent 1100
series LC with MSD 1946 (LC/MS). High-resolution ESI-MS spectra were recorded
on an Agilent 6545 LC/Q-TOF MS. The column (Phenomenex Kinetex C18, 5 um x
150 mm x 4.6 mm) was re-equilibrated before each injection, and the column
compartment was maintained at 30 °C throughout each run. The mobile phase consisted
of ultra-pure water (A) and acetonitrile (ACN) (B) with 0.05% formic acid in each
solvent. A gradient method from 10% B to 100% B in 35 min at a flow rate of 0.8
ml/min was used. Agilent 1260 Infinity HPLC system was used for preparative

separations equipped with photodiode array detectors. NMR spectra were acquired on



42

a Bruker Avance 111 700 MHz spectrometer, equipped with a *3C cryoprobe. Solvent
peaks of CDCls (0w 7.26; 6c 77.06) was used as internal standard.®® Solvents, media
ingredients, and general reagents were from Sigma-Aldrich Corp., Fisher Scientific,

and VWR International.
3.6.7 HPLC isolation and purification of secondary metabolites

Clavatol (2): The ethyl acetate extract from the culture broth (supernatant) was
subjected to preparative HPLC using a gradient elution of 5-100% ACN to H2O to yield
five fractions (F1-F5). Fraction 3 was further purified by preparative HPLC using an

isocratic elution of 40% ACN and 60% H0 to yield compound 2.

Hydroxyclavatol methyl ether (3): The ethyl acetate extract from the culture broth
(supernatant) was subjected to preparative HPLC using an isocratic elution of 40%
ACN + 0.05% formic acid and 60% H>O + 0.05% formic acid to yield nine fractions
(F1-F9). Compound 3 was isolated and concentrated under reduced vacuum (0.75 mg,
colorless crystal). From the evaporation, compound 3 crystalized and was subjected to
X-ray crystallography.

3.6.8 X-ray crystallographic analysis

Diffraction intensities for compound 3 were collected at 173 K on a Bruker Apex2
DUO CCD diffractometer using Cu Ko radiation, A = 1.54178 A. Absorption
correction was applied by SADABS.** Space group was determined based on intensity

statistics. Structure was solved by direct methods and Fourier techniques and refined

on F? using full matrix least-squares procedures. All non-H atoms were refined with
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anisotropic thermal parameters. H atoms in the aromatic rings were found on the
residual density map and refined with isotropic thermal parameters. Methyl H atoms
were refined in calculated positions without restrictions on rotation around the C—C
bonds, HFIX 138 in SHELXL.'* All calculations were performed by the Bruker
SHELXL-2014/7 package.''* Crystallographic Data for 3: C12H1,03, M = 204.22, 0.10
x 0.05 x 0.04 mm, T = 173(2) K, Triclinic, space group P-1, a = 6.9631(3) A, b =
10.9375(4) A, ¢ = 13.2925(5) A, a = 89.743(2)°, 5 = 81.014(2)°, y = 80.834(2)°, V =
986.93(7) A®, =4, 2’=2, Dc= 1.374 Mg/m’, 4(Cu) = 0.810 mm"", F(000) = 432, 26hmax
= 133.15°, 12378 reflections, 3466 independent reflections [Rint = 0.0532], R1 =
0.0447, wR2 = 0.1167 and GOF = 1.024 for 3466 reflections (307 parameters) with |
> 20(1), R1 = 0.0573, wR2 = 0.1267 and GOF = 1.024 for all reflections, max/min

residual electron density +0.265/-0.267 eA=.
3.6.9 Antimicrobial assays

Extracts, fractions, and pure compounds were tested for antibiotic activity in cell-based
microbroth single dose assays following established protocols.®® The antimicrobial
activity was evaluated against these microorganisms: Bacillus subtilis (ATCC 49343),
Methicillin-resistant Staphylococcus aureus (MRSA) BAA-41, Mycobacterium
smegmatis (ATCC 14468), Pseudomonas aeruginosa (ATCC 15442), and Candida
albicans (ATCC 90027). Antibiotic positive controls (chloramphenicol, vancomycin,
rifampicin, kanamycin, and amphotericin, respectively) were used at 125 pug/mL, while
DMSO was used as the negative control at 1.25% v/v. Samples to be tested were

prepared at 10 mg/mL in DMSO for extract samples or 1 mg/mL in DMSO for pure
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compounds. For MRSA and M. smegmatis, the final sample concentration was 125 10

pa/mL, while for B. subtilis and C. albicans, the final dosage was 125 ug.
3.6.10 Cytotoxicity assay

Extracts, fractions, and pure compounds were tested for cytotoxicity activity in cell-
based assays following established protocols.®® Effects on mammalian cell viability
were determined by measuring the reduction of the tetrazolium salt MTT (3-(4,5-
dimethylthiazolyl-2)-2,5-diohenyltetrazolium bromide) by metabolically active cells.
Human colon cancer (HCT-116) cell line was obtained from the American Type
Culture Collection (ATCC). HCT-116 cells were maintained in MEM supplemented
with 10% (v/v) fetal bovine serum, penicillin (100 U/mL), and streptomycin (100
pg/mL). The cell lines were incubated at 37 °C in 5% CO.. Cells were plated into 96-
well plates at 7000 cells/well cell density, incubated overnight, and treated with the
addition of 10 pug/mL extract or 1 pug/mL for pure compounds and 10 pg/mL for
controls to each well. After 48 h, MTT (5 mg/mL in phosphate-buffered saline) was
added to each well at a final concentration of 0.5 mg/mL. The plates were incubated
for 2 h at 37 °C. The medium was removed, and the purple formazan product
solubilized by the addition of 50 uL DMSO. Absorbance was measured at 550 nm
using the Biotek Synergy 96-well plate reader. Metabolic activity of vehicle-treated
cells (0.1 % ethanol or DMSQ) was defined as 100% cell growth. Etoposide (250 uM)

was used as a positive control.
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4 Fusarium graminearum pathogenesis & metabolomics

4.1 Abstract

Fusarium head blight (FHB) is a worldwide destructive disease of cereal crops,
particularly wheat, caused by the filamentous fungus Fusarium graminearum (Fg).
Specific pathogenicity mechanisms to invade their hosts may include mycotoxins and
secreted effector proteins. In collaboration with Dr. Ludovic Bonhomme and his team,
eight strains of Fg, varying in location of sampling and pathogenicity, were chemically
analyzed for their secondary metabolites. In previous studies, fungal biomass
development in planta was measured by monitoring wheat spike symptoms at 72 hours
post infection (hpi) after inoculation of Fg spores to monitor levels of plant
aggressiveness. Herein, an LC/MS-based metabolomics analysis was carried out with
the same eight strains to shed light on secondary metabolite identity and abundance.
First, we employed principal component analysis (PCA) and to our surprise, the least
pathogenic isolate FgU1 and the most pathogenic isolate Fgl clustered together in this
comparative analysis, suggesting a similar set of secondary metabolites present. In
addition, the fusarin class of compounds was found to be most abundant in isolates
Fg593 and Fg202. While secondary metabolite expression varied drastically among
these Fg isolates, no direct correlation was found between the in vitro secondary
metabolite profile and the in planta pathogenicity. This initial study indicates that

secondary metabolites alone are most likely not responsible for the different levels of



46

aggressiveness observed in FHB and that effector proteins may have a stronger

influence in the pathogenicity.

4.2 Introduction

The ascomycete Fusarium has the ability to infect agricultural plants rendering
them unsuitable for consumption due to the mycotoxins produced. Among the most
destructive of these species is Fusarium graminearum (Fg), one of the causal agents of
Fusarium Head Blight (FHB) affecting wheat, barley, oats, and corn.**>*'" This has a
tremendous impact in agriculture economy since infected plants become unsuitable for
consumption. In fact, in the US alone, the annual economic loss of postharvest wheat
is more than 300 million dollars.**® When Fg invades plant hosts, it depends on
virulence factors to cause disease and promote fungal colonization. Virulence factors
includes mycotoxins (secondary metabolism) and secreted effector proteins (primary
metabolism) that redirect host metabolism, immunity, and development.!*® Many
mycotoxins are known from Fg including trichothecenes (e.g. deoxynivalenols,
nivalenol), zearalenones, fumonisins, and culmorins.*'® 120122 |n some instances, these
mycotoxins may be important for virulence towards specific host plant invasion. For
instance, trichothecene mycotoxins can promote virulence toward wheat and maize but
not barley.*'° On the other hand, secreted effector proteins can target a plant’s proteins,
RNA or DNA framework, altering host-cell structure and function resulting in FHB.*??
In fact, the diversity and function of these secreted effectors remain largely unknown

in Fg.
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In the last few years, significant progress has been made towards a better
understanding of the pathogenesis processes in cereal-infecting Fg often through the
use of functional and comparative genomic analyses. Comparative genomic analysis
with next generation sequencing (NGS) has provided new opportunities to identify
genes and their respective gene products that have roles in virulence and host infection.
From the functional factors, Fabre et al. performed a proteomics analysis approach to
investigate the molecular interchange involved in the early stage of FHB in wheat,
including Fg spores, germinating spores, and life cycle in planta.'?® They report that
putative fungal effector proteins accumulated during the early stages of infection,
including in the spore stage development, playing an important role in fungal
pathogenicity. Considering these results, Dr. Ludovic Bonhomme at INRA Joint Unit
of Genetics, Diversity and Ecophysiology of Cereals and Cereal Diseases Team
(France) and his team in collaboration with the Loesgen lab are interested in genome-
wide characterization of potential effectors and small molecule virulence factors of
different Fg isolates with contrasting levels of pathogenicity on wheat (publication in
progress).

From Dr. Bonhomme, eight Fg strains were obtained for secondary metabolism
analysis. These strains include four French strains (Fg13, FgU1, Fg5, and Fgl), three
from Italy (Fg851, Fg593, and Fg202), and one strain from Germany (Fg8) (Figure
17). Dr. Bonhomme’s team described the intragenomic variations between the eight
strains of Fg and characterized their aggressiveness in wheat (T. Alouane’s PhD

project) (Figure 18). They also identified and characterized putative effector proteins
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related to Fg virulence by sequencing and comparative genomics. Our part and
objective in this collaborative research was to analyze these eight isolates by using
liquid chromatography coupled to mass spectrometry (LC/MS)-based metabolomics
for their chemodiversity. In the eight genomes, a total of 359 secondary metabolite
biosynthetic gene clusters (BGC) were found using antiSMASH version 5.0,%

including PKS and NRPS clusters.

FgU1 Fg8 Fg851

Figure 16. Colony morphology of the eight Fg strains. Strains were grown on PDA plates.

Strains Origin
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INRA_I81
P17
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L cs3005 Australia
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F. culmorum
F.

F. fujikuroi

Figure 17. Phylogeny of the eight Fg strains. Analysis was based on 7740 orthologous single-
copy amino acid sequences. Strains of interest are highlighted in red.
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14 Symptoms measured on wheat at 72hpi
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Figure 18. In planta symptoms from the eight Fg inoculations on wheat measured at 72hpi.
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4.3 Results & Discussion

Metabolomics profiling of natural products is a tool to identify and potentially
elucidate the sets of characteristic metabolites.®® Using liquid chromatography coupled
with mass spectrometry (LC/MS), a chemical profile can be generated for each extract
that can be used to identify different metabolites.®® Eight Fg isolates (Figure 16) were
inoculated onto potato dextrose solid agar-based media (PDA). After eight days, the
agar plates were subjected to an organic solvent extraction and were chemically
profiled using LC/MS. Next, multivariant analysis was employed following published
procedure using MZmine 2.32 and MetaboAnalyst 4.0, for automated peak picking and
smoothing, and statistical computation.?* 1212 The metabolic profiles of the eight
cultures were compared, each strain was grown in biological replicates (n=4) and

injected twice into the LC/MS. The final data matrix used for analyses was obtained
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after removing all ions from media and solvent samples, allowing to focus solely on

the fungal metabolites.

A principal component analysis (PCA) of the LC/MS data was generated with
MZmine 2.32 and MetaboAnalyst 4.0. Briefly and in this case, the PCA plot illustrated
metabolome similarities or differences between the different Fg isolates (Figure 19).
Certain isolates that were separated from the other isolates in the PCA projection were
interpreted as chemically unique or differently abundant. From the PCA plot, the
overall total variability of all the metabolites projected from the eight Fg isolates was
48.4%. The isolates Fg593 (pink) and Fg202 (purple blue) clustered together, which
was interesting as they are both derived from the same area in Italy. Additionally,
isolates Fg851 (grey) and Fg5 (turquoise) clustered together, which show similarity
low levels of pathogenicity, (Figure 18). Somewhat unexpectedly, the least pathogenic
isolate FgU1 and the most pathogenic isolate Fgl clustered in the same group,

suggesting a similar set and abundance of secondary metabolites present.
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Figure 19. A principal component analysis (PCA) plot for PC1 and PC2 of the LC/MS-based
metabolomics data of the eight Fg trains.

A multivariant statistical comparison of differentially expressed metabolites
between the least (FgU1) and most (Fgl) aggressive isolates was visualized using a
volcano plot (Figure 20). Briefly, a volcano plot is a scatterplot of replicated data points
between two conditions to quickly identify the most meaningful changes by plotting
the statistical significance in the y-axis versus fold-change in the x-axis. In the center
region of the volcano plot in grey data points are common metabolites shared between
the two isolates. Both in the left and right outmost direction of the volcano plot are the

most statistically significant metabolites detected consistently in all the replicates.
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Among the metabolites detected in FgUL1, the entry with 237.3 m/z at RT 13.2 min
correlated with either culmorone or apotrichothecenes, and the entry of 211.3 m/z at
RT 9.9 min correlated with either prolipyrone A or B, both in positive ionization mode.
Among the metabolites detected in Fgl, the entry with 659.5 m/z at RT 27.9 min and
681.4 m/z at RT 28.0 min best correlated with fusaristatin A for [M+H]" and [M+Na]*
respectively. This suggested that compounds like fusaristatin A could be a contributing
factor as to why Fg1 was more pathogenic compared to compounds like culmorone and

apotrichothecenes found in less pathogenic strains.
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Figure 20. Volcano plot visualizing the chemical differences between FgU1 to Fgl isolates. The x-
axis is logy ratio of metabolite expression levels between the two strains. The y-axis is the adjusted p
value based on -logio. The colored dots in black (FgU1) and red (Fg1l) represent the differentially
expressed metabolites based on p < 0.1 and 2-fold change threshold expression difference (represented
by the black dotted vertical lines).
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The extracts from the eight F. graminearum strains were further chemically
investigated by relative LC/MS peak areas of identified secondary metabolites
presented in a heat map (Figure 21). Briefly, the LC/MS-based relative expression
analysis in combination with evaluation of individual LC/MS traces can identify the
most abundant and unique metabolites in each isolate. The data was sorted according
to level of pathogenicity in the x-axis, with left being the least pathogenic FgU1 isolate
and on the right Fg1, the most pathogenic, and in the y-axis represent chemical entities
with their designated m/z value in positive ionization and retention time. Tentative
assignments were based on low-resolution mass, retention times, UV spectra, and
fragmentation ions. Interestingly, the two strains, Fg593 and Fg202, that clustered in
the PCA plot showed high abundance for fusarins (Fusarin C/D & Fusarin A/Z) and
13-hydroxy-tricho-2(12), 9(10)-diene-3-one. The occurrence of rubrofusarin mainly in
FgU1 and Fgl correlated with the physical red appearance of the strains on PDA
(Figure 16). Unexpectedly, there was no single, high abundant metabolite detected in
Fgl compared to the other strains that could directly explain why Fgl is most
pathogenic. This initial study suggests that secondary metabolites most likely do not
play a central role in the observed level of FHB aggressiveness, and instead proteins or
other effectors may be in charge for the pathogenicity observed in the colonization of

various F. graminearum isolates in wheat.
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Figure 21. Heat map comparing relative LC/MS ion abundances of identified secondary
metabolites. The strains (columns) are sorted in increasing levels of pathogenicity (similar to Figure
13). The compounds (rows) are sorted by retention time with designated m/z value in positive
ionization. Relative intensity ranging from red color for high AUC (area under the curve) to blue for
low abundance. Tentative assignment of the compounds based on low-resolution mass, retention
times, UV spectra, and mass fragmentation.

4.4 Conclusion

Fusarium graminearum (Fg) virulence factors play an important role in the
fitness and success of the fungus in plant colonization. Secondary metabolism and
secreted effector proteins are specific pathogenicity mechanisms during Fg-plant
interactions, greatly influencing the resultant FHB disease in agriculture cereals. In
order to better understand the potential and ability of Fg to cause FHB infectious
disease in wheat, eight Fg strains, isolated from different regions across Europe, were
analyzed by genomic sequencing, gene expression analysis, and protein/small molecule

presence in a collaborative effort. Herein, LC/MS-based metabolomics results
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illustrated that the most and least pathogenic Fg isolates exhibited similar chemical
profiles in a PCA plot based on multivariate analysis of LC/MS based data.
Furthermore, although a heat map analysis helped in identification of potential
secondary metabolites found in each strain, there was no direct correlation between
known bioactive metabolites present and the pathogenicity. LC/MS-based
metabolomics tool was successfully employed as an integrated strategy for the
detection and identification of fungal secondary metabolites in an important cereal

pathogen.

4.5 Materials & Methods

45.1 Strains and culture conditions

Strains were grown on PDA (Potato Dextrose Agar Difco, 1.5% agar) plates for eight
days incubated at 25 °C to collect fungal cell culture. For metabolomics analysis, four

cultures of each strain were grown.
4.5.2 General spectroscopic and chromatographic procedures

Low-resolution ESI-MS mass spectra were recorded on Agilent 1100 series LC with
MSD 1946. The mobile phase consisted of ultra-pure water (A) and acetonitrile (ACN)
(B) with 0.05% formic acid in each solvent. A gradient method from 10% B to 100%
B in 35 min at a flow rate of 0.8 ml/min was used. The column (Phenomenex Kinetex
C18, 5 um x 150 mm x 4.6 mm) was re-equilibrated before each injection, and the

column compartment was maintained at 30 °C throughout each run. Solvents, media
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ingredients, and general reagents were from Sigma-Aldrich Corp., Fisher Scientific,

and VWR International.
4.5.3 Metabolomics analysis

Four cultures of each strain in PDA medium were extracted with 50 mL ethyl acetate
(EtOAC), shaking at 200 rpm and ambient temperature for 48 h. The ethyl acetate
extracts were dried in vacuo. Each extract was prepared to 40 mg/mL in 1:1
ACN:methanol (MeOH) for LC/MS analysis. Each sample was analyzed in duplicate
on an Agilent 1100 series LC/MS platform. Positive mode ionization was used to detect
metabolites. Data sets were exported from Agilent’s Chemstation software as .netCDF
files and imported into MZmine 2.3.*?* Peak picking was performed with established
protocols.®> Mass detection was centroid with 1.7E4 minimum height. Chromatogram
building was limited to peaks greater than 0.1 min with 0.1 m/z tolerance and 1.8E4
minimum height. Chromatogram deconvolution utilized local minimum search with
92%-99% threshold, 40 min search range, 1% relative height, 1.9E4 minimum abs.
height, 1 minimum ratio of top/edge, and peak duration from 0.10-10.00 minutes. All
treatments were then aligned with a tolerance of 0.05 m/z and retention time tolerance
of 3.0 relative (%). Peak finder gap filling was performed with 25% intensity tolerance
and 0.1 m/z tolerance. Duplicated peaks were combined with a tolerance of 0.5 m/z and
0.3 min. The normalized data were processed using MetaboAnalyst software 4.0.1%
Data were log-transformed and scaled to unit variance for a multivariate modeling
approach (PCA) to check for variability based on overall metabolite profiles. Two

strains were selected for volcano plot analyses thereby considering fold change
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threshold of two and statistical p-value less than 0.1. Signal ion abundance intensities
were averaged over technical replicates, log-transformed to improve normality, and

compared between strains using a two-sample, two-tailed t-test as a heat map.
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5 General Conclusion

The fungal kingdom is present in every niche of this planet, often associated
with other organisms both in terrestrial and marine habitats. The rich and unique
chemical diversity of fungal natural products are important for discovery of new classes
of drugs including antibiotic, antifungal, and anticancer drugs. In addition, new drugs
are needs to combat the growing threat of antimicrobial resistance found in the clinical
setting and in the environment. Fungi associated with plants can be classified in a
fluidic range from symbionts to pathogens and most often engage in interspecies
chemical cross talk. In chapter two, the exploration of the tree-fungus symbiosis
between Douglas-fir tree and Zasmidium pseudotsugae illustrates the success of
traditional microbial cultivation approach with the discovery of 8,8’-bijuglone, a

compound newly discovered from a natural source. The compound, although not
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potent, did show weak cytotoxicity against human colon carcinoma (HCT-116) cell
line and exhibited lethal activity against the leukemia cell lines in the NCI-60 cell line
panel at the National Cancer Institute (NCI). In addition, this is the first report of
secondary metabolites from Z. pseudotsugae, which gives insight into the chemical
interactions that govern complex microbiomes. In chapter three, an algal derived
Penicillium crustosum was screened for new chemical and biological active
metabolites. The extract of P. crustosum exhibited high MRSA activity and two known,
inactive compounds, clavatol and hydroxyclavatol methyl ether, were isolated from the
fungus. The active principle is yet to be discovered. In chapter four, eight
geographically distinct isolates of cereal pathogen Fusarium graminearum were
analyzed for secondary metabolites present using comparative metabolomics. Various
metabolites were tentatively identified, and chemical differences can be observed
between the eight isolates. The secondary metabolites identified in vitro did not directly
correlate with observed in planta pathogenicity. Future studies will tie protein
expression of known effector proteins to secondary metabolism. Overall, the efforts
presented here will continue to enlarge the chemical diversity from fungi in the future.
Discovery of novel structural motifs from fungi will serve to inform our understanding
of the environmental purposes these secondary metabolites, as well as provide new
tools to understand the chemical ecology of fungi. For humankind, fungal chemical

exploration may help to combat antimicrobial resistance and agricultural pests.
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Table Al. 'H and *C NMR data of 8,8 -bijuglone (1) at 500MHz in CDClI;

OH O

Compound
®) OH

position dc, type &n, mult (J in Hz) &H, mult (J in Hz)?
L1 184.89, C -
2,2 138.02, CH 6.9,d (10.2 Hz) 6.94 (10 Hz)
3,3 140.57, CH 6.7,d (10.2 Hz) 6.73 (10 Hz)
4,4 190.82, C -
5,5 161.91,C -
6,6 124.75, CH 7.3,d (8.7 Hz) 7.34 (8 Hz)
7,7 138.72, CH 7.2,d (8.7 Hz) 7.27 (8 Hz)
8,8 135.16, C -
9,9 128.30, C -

10, 10’ 115.52,C -

5-OH, 5'-OH - 12.5s 12.52,s

aNMR: Varian FT-80 and XL 100
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[e]
S0 OH ™0 OH ~o O,JJ\

halogenation Br dimerization Br
Agz0
J‘\f\l‘v‘z

a) CHCI3 (30 mL, 5 min)
pyridine _0

27% yield

-0 b) Brz (1.34 g, 8 mmol) -
1.71 g (8 mmol) CHCl3 (30 mL, 10 min)

c) HzO wiu,

crytallization w/CH30H

00
Ao dehalogenation
Zn (dust) a) benzene (30 mL)
methanol (20 mL)
b) anhydrous NaOAc (1 g)
Pd/C (10% Pd, 200 mg, 40C, 1h)
c) filter, residue dissoved in CHCls,
Hz0 wiu, crytallization w/ CHCI3/CH30H

[e] O
O OH o) O’JJ\ "\0 Ok
deacetylation

‘O .O demethylation Oc
- -
a) hydrolysis w/con. a) CH3CN (20 mL)

© w2 Hz504 {20 ml,) 0w b)PDC of the crude O g
8,8'-bijuglone b) crystallization oxalic acid silica gel
w/ CHCI3/CHa0H (CHCl3/1% CH30H)
c) crystallization
w/ CHCI3/CHaOH

Figure Al. Synthesis of 8,8-bijuglone by Laatsch in 1985.7



Table A2. Reported bioactivities of similar compounds to 1.76 8384

COMPOUND Antibacterial (MIC, pg/mL) Antifungal (MIC, pg/mL)
Bacillus Enterococcus Mycobacterium Candida Candida Saccharomyces | Aspergillus
subtilis faecalis smegmatis albicans neoformas cerevisiae niger
8,8’- 150 150 20 40 20 9 40
biplumbaign =
maritinone
chitranone N/A N/A 6 10 3 3 6
diospyrin N/A N/A 2.44 N/A N/A N/A N/A

N/A = not reported
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Figure A2. 'H-NMR spectrum of 8,8’-bijuglone (1) in CDClz (500MHz)
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Figure A3. COSY spectrum of 8,8’-bijuglone (1) in CDCl3z (500MHz).

7.0

F2 [ppm]

74



0 © ~ WOMMN I I
o ® 2] MOD=® On O
] o M oS =
© © ® WO~ AN W
S < - S o 16
» © © FOMO NN
- - - e+
[ I —Se e 0 I

cdl,

Figure A4. 3C-NMR spectrum of 8,8’-bijuglone (1) in CDCl; (500MHz).
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Figure A5. HSQC spectrum of 8,8’-bijuglone (1) in CDCl3 (500MHz).
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Figure A6. HMBC spectrum of 8,8’-bijuglone (1) in CDCl3z (500MHz).
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Figure A7. IR spectrum of 8,8’-bijuglone (1).
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mAU 1 8 8°-bijuglone
200
] Positive ionization:
1501 m/z =347
] [M+H]'
100} L
1 Negative ionization:
50 m/z =345
] [M-H]
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0
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mAU 1 8,8"-bijuglone + 1M HCI
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Figure A8. LC/MS traces of 8,8’-bijuglone in acidic and basic conditions. 8,8’-bijuglone in black, 8,8’-bijuglone + 1M HCI

in red, and 8,8’-bijuglone + 1M NaOH + MeOH in blue. Chromatograms shown from 254 nm absorbance. Detectable

positive and negative ionization m/z values are shown.
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7.2 Material for Section 3

G1TN
Penicillium crustosum|BLAST ITS|MK817632
Penicillium crustosum|BLAST ITS|NR 077153

Penicillium solitum|BLAT ITS|NR. 119494

Aspergillus niger|BLAST ITS|NR 111348

Aspergillus candidus|BLAST ITS|NR 077149

Trichoderma gamsii|BLAST ITSINR 131317

Fusarium venenatum|BLAST ITS|MNR 156290

Fusarium graminearum|BLAST ITS|JX162395

0.050

Figure A9. Phylogenetic analysis of Penicillium sp. (G17N) strain by maximum likelihood method of
ITS region.

G17TH
Penicillium crustosum|BLAST beta-tubulin|MK519552

Penicllium crustosum|BLAST beta-tubulin|MHB44070

LF‘eniciIIium crustosum|BLAST beta-tubulin]MK521579

Penicillium solitum|BLAST beta-tubulin|MF100861

Aspergillus niger|BLAST beta-tubulin|GU296692

Aspergillus terreus|BLAST beta tubulin|MF185090

Fusarium graminearum|BLAST beta-tubulin|MF662643

0.050

Figure A10. Phylogenetic analysis of Penicillium sp. (G17N) strain by maximum likelihood method of
beta-tubulin region.
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ACCTCCCACCCGTGTTTATTTTACCTTGTTGCTTCGGCGGGCCCGCCTTAA
CTGGCCGCCGGGGGGCTTACGCCCCCGGGCCCGCGCCCGCCGAAGACACC
CTCGAACTCTGTCTGAAGATTGAAGTCTGAGTGAAAATATAAATTATTTA
AAACTTTCAACAACGGATCTCTTGGTTCCGGCATCGATGAAGAACGCAGC
GAAATGCGATACGTAATGTGAATTGCAAATTCAGTGAATCATCGAGTCTT
TGAACGCACATTGCGCCCCCTGGTATTCCGGGGGGCATGCCTGTCCGAGC
GTCATTGCTGCCCTCAAGCCCGGCTTGTGTGTTGGGCCCCGTCCCCCGATC
TCCGGGGGACGGGCCCGAAAGGCAGCGGCGGCACCGCGTCCGGTCCTCG
AGCGTATGGGGCTTTGTCACCCGCTCTGTAGGCCCGGCCGGCGCTTGCCG

ATCAACCCAAATTTTTATCCAGGT

Figure A11. Consensus sequence of Penicillium genus from the ITS region using primers ITS1 and
ITS4.

TTTTTTTCGCGTTGGGTATCAATTGACAGGTTCCTAACTGGATTACAGGCA
AACCATCTCTGGCGAGCACGGTCTCGATGGCGATGGACAGTAAGTTTTAA
CAGTGATAGGGGTTTCCGGTGGATTACACATCTGATATCTTCCTAGGTACA
ATGGTACCTCCGACCTCCAGCTCGAGCGTATGAACGTCTACTTCAACCAT
GTGAGTCCAACGACAGGAAACCGAATAATAGTGCATCATCTGATCGGATG
TTTTCCTTGATAATCTAGGCCAGCGGTGACAAGTACGTTCCCCGTGCCGTT
CTCGTCGATTTGGAGCCTGGTACCATGGACGCTGTCCGCTCCGGTCCCTTC

GGCAAGCTTTTCCGCCCCGACAACTTCGTCT

Figure A12. Consensus sequence of P. crustosum species from the B-tubulin region using primers
Bt2a and Bt2b.
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Figure A13. Thin layer chromatography of P.crustosum (G17N) organic extracts. A) Silica gel plate
before UV light and stain exposure. B) Silica gel plate exposed to UV light at 254 nm. C) Silica gel
plate exposed to UV light at 350 nm. D) Silica gel plate exposed to a strain. Lanes correspond to
different media conditions and organic extracts from either the supernatant or cells of the fungal
cultures. Lanes 4 and 5 are of interest since the fungus was grown in glycerin-based medium (G20).
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Figure Al4. IR spectrum of clavatol (2).
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Table A3. 'H-NMR and *C-NMR data of clavatol (2) at 700MHz in CDCls

o OH

Compound
Position dc, type &n, mult (J in Hz)
1 26.52, CHs 2.54,s,3H
2 202.98,C -
r 110.38,C -
2 158.92,C -
3 113.61,C -
4 161.4,C -
5 114.65, C -
6’ 130.06, C 7.35,s1H
7 15.76, CH3 2.19,d, 3H (0.73 Hz)
8’ 7.64, CHs 2.12,s,3H
2’-OH - 12.86, s, 1H

4’-OH - 5.22,s,1H
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Figure A15. *H-NMR spectrum of clavatol (2) in CDCl; (700MHz).

0 [ppm]



86

12 10 8 6 4 2 0 F2[ppm]

Figure A16. COSY spectrum of clavatol (2) in CDCl3 (700MHz).
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Figure A18. HSQC spectrum of clavatol (2) in CDCl; (700MHz).
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Figure A19. HMBC spectrum of clavatol (2) in CDCls; (700MHz).
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