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Thesis abstract 

Fungi from Canadian crops affect many aspects of agriculture. For example, ginseng root 

rot caused by Ilyonectria spp. is a major issue for farmers. Ilyonectria spp. make few reported 

natural products and it is not known if those products are unique to virulent species. PCA and 

molecular networking were applied to HRMS data to establish a distinct metabolomic profile of 

root rot pathogens, characterized by antifungal resorcyclic acid lactones (RALs). These likely 

protect Ilyonectria from other soil pathogens, which gives it the opportunity to infect ginseng root. 

Molecular networking was also applied to fungal endophytes from fruit crops to identify 

new compounds. Endophytes are symbionts that produce beneficial compounds, however, 

traditional screening methods are cumbersome in finding new or novel compounds. HRMS data 

of 302 fungal endophytes were examined to identify nine new compounds related to known 

antimicrobial compounds. These compounds are targets for isolating and characterizing in further 

studies.  
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Summary for Lay Audience 

 There are many kinds of fungi that affect agriculture, ranging from harmful to helpful. 

Often the effects they have on plants are due to chemicals they produce, which are named natural 

products. Ginseng root rot is caused by a fungal infection and results in large crop losses for 

Canadian farmers every year. The pathogen that causes this disease was studied to determine what 

kinds of natural products it makes, and what role those products may have in the life of the fungus 

and its host, ginseng. Mass spectrometry is an analytical technique that measures the mass of 

chemicals and also allows us to break chemicals into fragments. Similarly-shaped chemicals 

produce similar types of fragments and this similarity can be assessed by a technique named 

molecular networking. Using molecular networking it was determined that fungi that cause 

ginseng root rot produce a family of structurally related natural products that can kill other types 

of fungi. These compounds likely help ginseng root rot fungus ward off other fungi living in its 

environment to give it a better chance of survival, which in turn allows it to infect ginseng root.  

 Molecular networking was also applied to another group of fungi to identify new 

compounds. Fungal endophytes grow in mutually beneficial relationships with plants. They grow 

inside leaves and stems without harming their host and produce natural products that protect their 

hosts from other more harmful organisms. In return they receive a safe place to live and nutrients 

to grow. Many of the chemicals they make are used as medicinal drugs, pesticides, or have value 

in chemical research. By examining fungi and their natural products we can discover new 

chemicals that may be of use. However, the processes used to find new compounds from fungi are 

often lengthy and difficult. Therefore, 302 fungal endophytes found in Canadian fruit crops were 

analyzed by molecular networking to identify undiscovered natural products. Molecular 

networking simplified and sped up the process of finding new compounds. Nine new compounds 
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were found that are related to known compounds that have antimicrobial activity. These 

compounds will be isolated and have their structures characterized in future studies. 
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Chapter 1: Introduction  

 Fungi are a diverse group of microorganisms that grow in virtually every habitat on earth. 

It is estimated that up to 9.9 million fungal species exist, although fewer than 100,000 have been 

identified.1, 2 These species have a number of roles in relation to humans. They may be edible 

mushrooms, yeasts that assist in food fermentation, pathogens that infect crops or livestock, or 

infectious agents in human diseases.  

Ascomycetes are the most abundant class of fungi, comprising over 64,000 unique species.3 

These are considered the “higher fungi”, due to their complex structures and elaborate reproductive 

cycles. Many are described as “filamentous” because they grow by extending segmented filaments 

called hyphae. This class shows extreme structural and functional diversity, encompassing both 

pathogens and beneficial fungi. Ascomycetes are also a rich source of natural products. Natural 

products are compounds produced by living organisms which have relevance to many fields, such 

as medicine, agriculture, and commerce. For example, penicillin derived from the fungal species 

Penicillium chrysogenum (formerly Penicillium notatum) is one of humanity’s most important 

natural product discoveries due to its potent antimicrobial activity.4, 5 Taxol (which has the product 

name Paclitaxel) is an anti-cancer drug sourced from Pacific yew tree bark that has been crucial in 

chemotherapy for breast and ovarian cancers.6 Certain natural products are also commercial 

commodities, such as cannabinoid-containing oils and extracts, which are a growing sector of the 

Canadian cannabis industry.7 Many natural products are used as-is; they are directly extracted and 

purified from their natural source. Others are used as the base for semi-synthetic products or have 

fully synthetic versions.1 Penicillin is extracted directly from the liquid media of Penicillium 

cultures, while taxol is now fully synthesized.1 
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Microorganisms contribute significantly to the list of important natural products. Over 75% 

of known antibiotics are produced by microorganisms, including 20% produced by the filamentous 

fungi.1 Although a wealth of important natural products do arise from microbes, many 

microorganisms remain unexamined. It is estimated that less than 1% of microbes that exist in the 

world have been successfully cultured in the lab, which leaves many undiscovered natural products 

with potentially novel structures and activities.1 It is important to screen the natural world for its 

products, not only because of the potential aid it may provide, but also to gain knowledge about 

their function within an organism or environment. 

While there are many benefits to studying natural products, the process presents challenges. 

Crude extracts from organisms are complex mixtures with many constituents that are often 

unknown. There may also be hundreds of unique compounds within a sample that are worthy of 

investigation. Therefore, choices made concerning fungal culturing, sample collection, analytical 

techniques, and data analysis are crucial for examining natural products. 

1.1 Culturing Fungi 

Some key issues arise in studying fungi in a laboratory — namely, consistency in 

maintaining fungal cultures, and ensuring those cultures are free from other organisms. 

Maintenance and subsequent analysis of fungi in a laboratory setting can be done in a variety of 

ways, the easiest and most inexpensive being culturing in liquid media.8 Fungi are commonly 

inoculated in liquid media in Roux bottles — flat bottles that maximize surface area, and therefore 

nutrient uptake — and are left to ferment for a specific amount of time (see Figure 1, below). Fungi 

form a mat of mycelia across the surface of the liquid and produce natural products as they grow.8 

Many natural products are exuded into the nutrient broth, however, there are some that remain 

exclusively within the cells. Unfortunately, still liquid fermentation can suffer from inhomogeneity 
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to some degree as the culture grows. Nutrients are used up more rapidly nearest to the culture, 

forming a nutrient gradient in the broth. Nutrients at the media-culture interface are replaced by 

diffusion from other more nutrient-rich parts of the broth, but this occurs slowly. Cultures can 

therefore be optionally shaken or aerated throughout fermentation to allow for more complete 

nutrient uptake, because these methods reduce the nutrient gradient that forms in still culture.8 

While fermentation in liquid media is simple and inexpensive, this method is not especially 

desirable for rapidly screening many cultures simultaneously, because liquid media is more time-

consuming to inoculate and extract, and cultures occupy a large volume of space. 

 

Figure 1. Fungal culture grown in liquid media. A one-litre Roux bottle filled with 200 mL of 

Potato Dextrose Broth and inoculated with a fungal culture. The bottle is sealed with a sterile foam 

plug to allow gas exchange to occur. The bottle’s shape provides a larger growth area than a beaker 

or flask of similar volume, and therefore provides a better environment for the production of 

natural products.  

An alternate method for growing fungal cultures is to ferment on solid agar media in Petri 

plates. These use a small volume of media and take up less space than Roux bottles. The growth 

of fungi across the plates is inhomogeneous similarly to still liquid media, however, the issue can 

be circumvented by sampling from several different points around the colonies (see Figure 2, 



4 
 

 
 

below).9 Most filamentous fungi grow radially on solid media, meaning that from the point they 

are inoculated on a plate, they grow outwards in a ring shape until they reach the outer edge of the 

plate or another colony of fungi. Therefore, the centre of the colony is always in a different stage 

of growth compared with the outer edge and may be exuding more or less of certain secondary 

metabolites into its environment. Sampling from several different spots across the plate ensures 

that a more representative mixture of growth stages and cell exudates is analyzed.  

 

Figure 2. Example of three-point inoculation. A fungal pathogen that was inoculated on Potato 

Dextrose Agar and grown for 21 days. Sampling regions for rapid screening of natural products 

are highlighted in red. 

To keep cultures sterile, media must be autoclaved before fungal cultures can be inoculated. 

Autoclaving involves heating materials at a high temperature within a chamber, usually 121 °C, 

and putting the contents of the chamber under vacuum pressure. The combination of heat and 

1. Centre

2. Inner edge

3. Outer edge
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pressure kills any microorganisms present. Care must then be taken after autoclaving to inoculate 

only the organism of interest, usually by working in a sterile environment such as a biosafety 

cabinet. 

Metabolites are categorized as either primary or secondary. Primary metabolites are those 

that are directly involved in processes to maintain life such as catabolic by-products like lactic acid 

or ethanol, or molecules used in anabolism like amino acids and sugars. Secondary metabolites are 

compounds that do not serve a direct function in maintaining life.10 They instead are often made 

as defense mechanisms or to assist in invading a host. Most natural products in use fall into this 

latter category. Many secondary metabolites arise from intermediate products of the Krebs cycle. 

For example, acetyl coenzyme A molecules are linked together to form mevalonic acid, which is 

an important intermediate in terpene biosynthesis.8 Terpenes are important plant secondary 

metabolites that play a role in defense strategies.11 Other secondary metabolites are formed from 

combinations of primary metabolites that do not enter the Krebs cycle, such as cyclic peptides 

formed from amino acids.8 

Different species prefer different combinations of nutrients and may produce different ratios 

of products depending on their inputs. An example of altering natural product yields by 

manipulating nutritional inputs can be seen when growing Fusarium oxysporum. The production 

of enniatin mycotoxins by this species increases drastically upon supplementation of 20 mM L-

valine.12 In the lab, specific media is chosen depending on need. For fungal culture isolation, potato 

dextrose agar (PDA) is the most widely used. It is nutritionally dense and promotes sporulation as 

well as the formation of other morphological structures that assist in identification.13 It is also 

suitable for growing many species of fungi, making it a good choice for unidentified species. While 

PDA is broadly useful, some species prefer drier environments. Xerophilic fungi like Penicillium 
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and Aspergillus grow better on Czapek yeast autolysate because of its low water activity.14 

Additionally, media usually must also be supplemented with trace amounts of metals, like copper 

and zinc.15 Historically, media were made with tap or well water, which contain trace elements 

that help fungi grow more uniformly. The widespread use of distilled water in media preparation 

has necessitated supplementation with trace metals.15 

Another consideration in screening fungi for natural products is at which point in the 

growth cycle to take samples. The production of secondary metabolites begins after an essential 

nutrient has been depleted from the medium – usually either nitrogen or phosphorus, depending 

on the species.8 The concentration of secondary metabolites reaches its peak when the dry weight 

of the fungal culture has plateaued, although it may not remain at this maximum for long. Unused 

secondary metabolites can be recycled for their nutritive components, or they may naturally 

degrade if left for too long. There is no prescribed time at which to sample cultures for their natural 

products because growth rates vary so widely across fungal species. Cultures contain secondary 

metabolites after their exponential growth phase, therefore this time point must be assessed for 

individual species of interest. 
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Figure 3. Growth curve of a typical fungal culture. Cells grow exponentially in the primary 

metabolism phase, then slow down in the secondary metabolism phase, after essential nutrients 

are depleted. 

1.2 Analytical Techniques 

1.2.1 Ultra-High-Performance Liquid Chromatography (UHPLC) 

 Liquid chromatography (LC) is the process of separating components of a solution based 

on their individual polarities. In its simplest form, it consists of a mobile phase composed of 

solvents and a stationary phase usually composed of silica that has been functionalized with groups 

of varying polarities.16 The most common mode of chromatography in the field of natural products 

research is reverse-phase (RP) chromatography, which employs a polar mobile phase and a non-

polar stationary phase made of small silica beads functionalized with hydrocarbon chains.16 A 

complex mixture of analytes is injected into the mobile phase, which flows along the stationary 

phase. Analytes that are more alike in polarity to the stationary phase interact more strongly with 

it and are retained for longer, therefore polar compounds elute more rapidly while less polar 

Time
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compounds elute later. The mobile phase is often a blend of polar solvents, some of the most 

common being water, acetonitrile, and methanol.  

Compounds may be separated by either isocratic or gradient elution. In isocratic separation, 

the ratio of solvents is held constant over the course of the run. This is useful for separating 

compounds that interact weakly with the stationary phase or for mixtures of fewer than ten 

compounds.17 In gradient elution for reverse-phase chromatography, the concentration of the less 

polar solvent increases over time, which elutes less polar analytes interacting with the stationary 

phase. Gradient elution has higher peak capacity and allows for rapid analysis of highly complex 

mixtures.17  

High-performance liquid chromatography (HPLC) employs a stationary phase that is 

composed of small silica beads functionalized on the exterior surface. These beads are tightly 

packed into a metal column and the mobile phase is pumped through the column. Mixtures of 

compounds that are injected at the start of the column are separated by polarity by the stationary 

and mobile phases, then elute individually at the end of the column. Analytes are identified at the 

end of the column by a detector, oftentimes a UV or mass detector. 

Ultra-High-Performance Liquid Chromatography (UHPLC) is a high-resolution separation 

technique that was initially developed and trademarked by Waters Corporation as “Ultra-

Performance Liquid Chromatography” (UPLC). It improves analyte resolution compared to 

standard HPLC by applying higher pressures of up to 15,000 psi and by employing a stationary 

phase with smaller diameter packing materials.18 UHPLC is useful for analyzing the complex 

mixtures that are often examined in metabolomics. Separation by LC prior to ionization and mass 

detection also reduces matrix effects and allows for the separation of isomers that would be 

considered identical in a direct-infusion experiment. 
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1.2.2 Mass Spectrometry 

 Mass spectrometry allows us to measure the mass of compounds. At the single-compound 

scale, mass is denoted in Daltons (Da), also known as standardized atomic mass units (amu), which 

are equal to one twelfth the mass of a carbon atom (1 amu = 1.66 x 10-27 kg).19 However, the true 

unit of measurement of mass spectrometry is the mass-to-charge ratio (m/z). No matter the type of 

mass spectrometer, analytes must be ionized before they can be detected, whether by addition or 

subtraction of charged groups such as electrons, protons, or other charged adducts. Notation for 

masses is given by [Mass ± group]charge. Commonly, protonated, sodiated, and ammoniated ions 

are visible within a spectrum, denoted by [M+H]+, [M+Na]+, and [M+NH4]+, respectively. There 

may also be different ion forms of one analyte that occur concurrently within a spectrum. Analyte 

detectors rely on the charge of gas-phase ionic species to trigger a charge differential at the detector 

that produces a signal. Mass spectrometers are often coupled with HPLC systems, because they 

separate compounds and are easily coupled with electrospray ionization. An Orbitrap Q-Exactive 

mass spectrometer with an electrospray ionization source was used for all analyses herein, which 

uses alternating current (AC) to set m/z windows to include ions for analysis in the mass detector. 

Components of the Orbitrap Q-Exactive mass spectrometer are described below.  

1.2.2.1 Heated Electrospray Ionization (HESI) 

Electrospray ionization (ESI) is an atmospheric pressure ionization technique first 

developed in 1984 by Fenn and Yamashita and has become one of the most common ionization 

methods, especially for studying biological molecules.20, 21 It is ideal for many analytes, from small 

molecules to large proteins. It is a “soft” ionization technique, meaning compounds are not 

fragmented by the ionization process, or fragmentation is minimal. This is in contrast with some 

of the older ionization techniques, such as electron impact ionization, which fragments the analyte 



10 
 

 
 

in the process of giving it a charge.19 The “softness” of ESI allows the determination of m/z values 

for intact ions, which can optionally be fragmented later in the instrument. This is especially 

desirable for applications where the contents of a mixture are unknown, because chemical formulas 

can be determined from high-resolution m/z values.22  

ESI can operate in both positive and negative ionization modes. Analytes may ionize 

preferentially in one mode over the other, depending on their structures. Analytes with acidic 

groups are suitable for negative ionization mode, because their acidic protons are easily removed 

by hydroxyl groups present in the basic capillary environment. Basic groups such as amines that 

can accept a proton are good candidates for positive mode, where there are excess protons 

acidifying the liquid in the capillary. A benefit of ESI is that it tends to produce multiply charged 

ions — especially for larger biomolecules like proteins — which gives them a m/z within the 

operable range of instruments.19 

Analytes in solution are pumped through a small metal capillary which has an electrical 

current running through it. In positive mode, a power current draws electrons away from the 

solution in the capillary and forces the electrolysis of water. By-products of water oxidation are 

seen in equation 1, below. Oxygen gas and protons are formed as water is electrolysed. Free 

protons can attack basic groups and form hydrogen adducts with analytes, simultaneously giving 

them a positive charge. In negative mode, electrons are guided towards the capillary. Excess 

electrons reduce water to hydrogen gas and free hydroxyl groups that remove hydrogens at 

analytes’ acidic sites, giving those sites negative charge. By-products of water reduction are 

presented in equation 2. Analytes may also form adducts with sodium and potassium ions that are 

shed from glassware during sample preparation, or with ammonium ions that may be present as 

solvent additives.23  
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 2𝐻2𝑂 → 4𝐻+ + 𝑂2 + 4𝑒− (1) 

 2𝐻2𝑂 + 2𝑒− → 𝐻2 + 2𝑂𝐻− (2) 

In both ionization modes, electrochemical distortion at the mouth of the capillary causes 

the formation of a Taylor cone. Droplets form at the tip of the Taylor cone as a nebuliser gas 

(commonly nitrogen gas) is blown in parallel to the capillary.24, 25 This can be seen below, in Figure 

4. Once ion-containing droplets are formed, they must be desolvated before entering the detector. 

There are two main theories explaining how small molecules become desolvated from 

droplets, including the Ion Evaporation Model (IEM), and the Charge Residue Model (CRM)26. 

The IEM, mostly pertaining to analytes under 1000 Da, posits that as droplets evaporate, charge 

accumulates on the outside of the droplet such that it becomes more energetically favourable to 

expel the desolvated ion from the central droplet than to retain it.27 For large analytes such as large 

globular proteins, the CRM applies.28 Droplets undergo jet fission, becoming smaller and more 

numerous due to evaporation and electrostatic repulsion. Eventually each droplet contains only 

one analyte molecule and all liquid evaporates, depositing charges or adducts previously contained 

in the droplet on the surface of the analyte.26  
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Figure 22. Continued 
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Figure 22. (Above) Molecular network of LC-HRMS features from Canadian fungal 

endophytes, generated with GNPS. Nodes represent LC-MS features and lines connecting them 

indicate features that share a cosine similarity score higher than 0.75. Clusters that contain 

dereplicated structural groups are labeled.  

With a large network comprising many unique fungal species and LC-MS features, an 

additional approach to identifying new compounds was necessary, other than attempting to 

dereplicate every single node. Attention was given to clusters containing dereplicated nodes, 

because all seed compounds that were included and many compounds found by the library search 

are bioactive to some degree. Therefore, unknown compounds within clusters that contain a known 

bioactive node are likely also bioactive and worthwhile to pursue. Clusters containing known 

compounds were examined closely to determine the identities of as many nodes as possible.  

Dereplicated compounds found within the network encompass a broad range of compound 

types. These can be observed below in Table 5, organized by cluster, and their structures are shown 

in Figure 23. Select clusters that were used to identify new and novel compounds are examined in 

detail in sections 3.4.1-3.4.5 below.  
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Table 5. Natural products dereplicated from molecular network of 302 Canadian fungal endophytes. Formulas listed do not 

include adducts. 

Cluster Name Measured m/z  Formula 
RT 

(min) 

Mass error 

(Δppm) 
Species 

A Hormonemate F 626.3747 [M+NH4]+ C29H52O13 4.38 0.116 Ramularia and Rhizosphaera spp. 

 Hormonemate A/E 740.4426 [M+NH4]+ C35H62O15 4.77 -0.171 Ramularia and Rhizosphaera spp. 

 Hormonematea 770.4531 [M+NH4]+ C36H64O16 4.67 -0.170 Ramularia and Rhizosphaera spp. 

B Phenochalasin C 450.2639 [M+H]+ C28H35NO4 4.03 -0.145 Xylaria ellisii 

 Cytochalasin Z26/Z22/Z23 480.2382 [M+H]+ C28H33NO6 3.72 0.199 Xylaria ellisii 

 Zygosporin E 492.2744 [M+H]+ C30H37NO5 4.14 0.244 Xylaria ellisii 

 Epoxycytochalasin C/D 524.2645 [M+H]+ C30H37NO7 3.81 0.479 Xylaria ellisii 

 Epoxycytochalasin N/R 540.2593 [M+H]+ C30H37NO8 3.72 0.160 Xylaria ellisii 

 Cytochalasin P1 542.2749 [M+H]+ C30H39NO8 3.54 -0.007 Xylaria ellisii 

C Enniatin J1 629.4120 [M+NH4]+ C31H53N3O9 4.78 0.070 Fusarium tricinctum 

 Enniatin B2/J2/K 643.4276 [M+NH4]+ C32H55N3O9 4.91 0.224 Fusarium tricinctum 

 Enniatin B 657.4443 [M+NH4]+ C33H57N3O9 5.00 1.010 Fusarium tricinctum 

 Enniatin P1 659.4223 [M+NH4]+ C32H55N3O10 4.55 -0.410 Fusarium tricinctum 

 Enniatin P2 673.4382 [M+NH4]+ C33H57N3O10 4.73 -0.075 Fusarium tricinctum 

 Enniatin A1/E1/E2/G/O2 685.4746 [M+NH4]+ C35H61N3O9 5.23 0.269 Fusarium tricinctum 

 Enniatin A/A2/C/F/MK1688 699.4902 [M+NH4]+ C36H63N3O9 5.38 -0.209 Fusarium tricinctum 

 Enniatin M1/M2 701.4698 [M+NH4]+ C35H61N3O10 4.94 0.470 Fusarium tricinctum 

D Lovastatina 405.2631 [M+H]+ C24H36O5 4.41 -1.211 Seimatosporium lichenicola 

 Simvastatina 419.2793 [M+H]+ C25H38O5 4.79 -0.073 Seimatosporium lichenicola 

 Lovastatin analoguea 482.3110 [M+NH4]+ C26H40O7 4.09 -0.392 Seimatosporium lichenicola 
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E Ellisiiamide D 522.3649 [M+H]+ C27H47N5O5 4.29 -0.012 Xylaria ellisii 

 Cyclic pentapeptide 2 536.3804 [M+H]+ C28H49N5O5 4.16 -0.515 Xylaria ellisii 

 Xylarotide A 550.3968 [M+H]+ C29H51N5O5 4.45 0.225 Xylaria ellisii 

 Ellisiiamide A 556.3494 [M+H]+ C30H45N5O5 4.29 0.043 Xylaria ellisii 

 Ellisiiamide B 570.3649 [M+H]+ C31H47N5O5 4.32 -0.116 Xylaria ellisii 

 Cyclic pentapeptide 1 584.3807 [M+H]+ C32H49N5O5 4.50 0.161 Xylaria ellisii 

 Ellisiiamide C 598.3961 [M+H]+ C33H51N5O5 4.61 -0.294 Xylaria ellisii 

 Ellisiiamide G 600.3754 [M+H]+ C32H49N5O6 4.11 -0.218 Xylaria ellisii 

F Demethylsambutoxin 440.2793 [M+H]+ C27H37NO4 4.82 -0.534 Fusarium tricinctum 

 Sambutoxin 454.2952 [M+H]+ C28H39NO4 5.07 -0.033 Fusarium tricinctum 

 Anhydrooxysporidinone 472.3059 [M+H]+ C28H41NO5 4.73 0.403 Fusarium tricinctum 

 Oxysporidinonea 490.3162 [M+H]+ C28H43NO6 4.69 -0.132 Fusarium tricinctum 

G Trypethelone 273.1120 [M+H]+ C16H16O4 4.02 -0.496 Godronia cassandrae 

 Sclerodin 329.1019 [M+H]+ C18H16O6 4.44 -0.288 Godronia cassandrae 

 Sclerodinol 345.0969 [M+H]+ C18H16O7 4.28 0.292 Godronia cassandrae 

H Coleophomone intermediate 469.1857 [M+H]+ C26H28O8 3.65 0.076 Xylaria cubensis 

I 

[3-methyl-1-[3-methyl-1-[3-

methyl-1-[3-methyl-1-oxo-

1-(2,3,4,5-

tetrahydroxypentoxy)pentan-

2-yl]oxy-1-oxopentan-2-

yl]oxy-1-oxopentan-2-

yl]oxy-1-oxopentan-2-yl] 2-

acetyloxy-3-

methylpentanoatea 

782.4527 [M+NH4]+ C37H64O16 5.04 -0.641 Rhizosphaera spp. 
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J 

(E)-4-(6,8-dihydroxy-3-

methyl-1-oxoisochromen-7-

yl)-2-methoxybut-3-enoic 

acida 

307.0812 [M+H]+ C15H14O7 3.76 -0.258 
Ramularia, Epicoccum, and 

Mollisia spp. 

K Cytochalasin D 508.2696 [M+H]+ C30H37NO6 3.93 -0.427 Xylaria ellisii 

L Griseophenone C 305.1019 [M+H]+ C16H16O6 3.21 -0.212 Xylaria ellisii 

 Dechlorogriseofulvina 319.1179 [M+H]+ C17H18O6 3.79 1.144 Xylaria ellisii 

 Griseofulvina 353.0786 [M+H]+ C17H17ClO6 3.97 0.078 Xylaria ellisii 

M 

(E)-5-(4-methoxy-5-methyl-

6-oxopyran-2-yl)-3-

methylhex-4-enoic acida 

(similar to marinopyrones) 

267.1226 [M+H]+ C14H18O5 3.65 -0.300 Xylariales order 

N Senkyunolide Ha 225.1122 [M+H]+ C12H16O4 3.56 0.153 
Nigrospora sphaerica and 

Cytospora ribis 

O Trichodin A analoguea 354.2063 [M+H]+ C22H27NO3 3.73 -0.452 Cryptosporella femoralis 

P 
LL P880 beta (fungal 

lactone)a 
231.1228 [M+H]+ C11H18O5 3.15 0.389 Xylaria ellisii 

Q Trienylfuranone A/B 179.1067 [M+H]+  C11H14O2 2.79 -0.091 Hypoxylon submonticulosum 

 Trienylfuranol A 181.1223 [M+H]+ C11H16O2 3.72 0.131 Hypoxylon submonticulosum 

R Hirsutatin A 677.3756 [M+H]+ C34H52N4O10 4.38 -0.104 Xylaria ellisii 

S Deoxylachnellulone 309.2059 [M+H]+ C18H28O4 4.59 -0.342 Lachnellula calyciformis 

 Lachnellulone 325.2009 [M+H]+ C18H28O5 4.37 -0.063 Lachnellula calyciformis 

T Lovastatin hydroxy acida 445.2554 [M+Na]+ C24H38O6 4.41 -1.415 Seimatosporium lichenicola 

U Griseofernaneoside B 647.4149 [M+H]+ C37H58O9 3.98 -0.587 Xylaria ellisii 

V Akanthomycin analoguea 372.2169 [M+H]+ C22H29NO4 4.22 -0.040 Leptodontidium sp. 
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W 
Ergochrome EE/secalonic 

acida 
639.1706 [M+H]+ C32H30O14 4.36 -0.379 Coniothyrium ferrarisianum 

 Ergochrome AD/BD 657.1811 [M+H]+ C32H32O15 3.95 -0.467 Coniothyrium ferrarisianum 

 Ergochrome DD 675.1917 [M+H]+ C32H34O16 3.62 -0.283 Coniothyrium ferrarisianum 

X Preechinulina 326.1863 [M+H]+ C19H23N3O2 3.57 -0.164 Aspergillus amstelodami 

 Tardioxopiperizine A/B 394.2489 [M+H]+ C24H31N3O2 4.22 0.067 Aspergillus amstelodami 

 Echinulina 462.3115 [M+H]+ C29H39N3O2 4.78 -0.030 Aspergillus amstelodami 

 Hydroxyechinulin 478.3065 [M+H]+ C29H39N3O3 4.83 -0.499 Aspergillus amstelodami 

Y Lachnochromonin A 263.1279 [M+H]+ C15H18O4 3.45 0.777 Lachnum sp. 

Z 

7-hydroxy-3-

(hydroxymethyl)-2-(2-

hydroxypropyl)-6-

methoxy-4H-chromen-4-

one (fulvic acid 

derivative) 

281.1021 [M+H]+ C14H16O6 3.01 0.090 Sphaerulina rhabdoclinis 

 

a Dereplicated with GNPS Library search function
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Figure 23. Continued 
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Figure 23. Continued 

Senkyunolide H

Cluster N

Trichodin A analogue

Cluster O

LL P880 beta

Cluster P

Trienylfuranol A

Cluster Q

Hirsutatin A

Cluster R

Lachnellulone

Cluster S

Lovastatin hydroxy acid

Cluster T

Griseofernaneoside B

Cluster U

Akanthomycin analogue

Cluster V

Ergochrome EE

Cluster W

Echinulin

Cluster X

Lachnochromonin A

Cluster Y



70 
 

 
 

Figure 23. (Above) Representative structures of compounds dereplicated from clusters 

within the spectral molecular network shown in Figure 22.  

3.4.1 Griseofulvin Cluster 

Within cluster L, both griseofulvin and dechlorogriseofulvin were dereplicated by the 

GNPS library search function. Both are highlighted below in Figure 24. The M + 2 node is present 

for griseofulvin and represents its chlorine isotope, providing further confidence in this 

assignment. Two other nodes connected to griseofulvin have m/z values of 305.1019 and 335.1125, 

representing chemical formulas of C16H16O6 and C17H18O7, respectively. The compound with the 

formula of C16H16O6 is tentatively identified as griseophenone C, a relative of griseofulvin. It has 

a prominent product ion of 165.0546, which is common to griseofulvin and griseophenone B.131 It 

is connected with griseofulvin and dechlorogriseofulvin by cosine scores of 0.93 and 0.94, 

respectively. The compound with the formula C17H18O7 (1) shares the same product ion of m/z 

165.0546 (see Figure 25), but its formula was not comparable to any previously published 

griseofulvin-related compounds. It has cosine scores of 0.94 and 0.93 connecting it with 

griseofulvin and dechlorogriseofulvin, indicating high degrees of spectral similarity among these 

compounds. All nodes within bolded circles in Figure 24 were detected in several extracts of 

Xylaria ellisii.  

 



71 
 

 
 

 

Figure 24. Close-up of cluster L from molecular network of 302 fungal endophytes, 

containing griseofulvin and related compounds. 

 Griseofulvin is a potent antifungal compound that is used as a broad-spectrum fungicide in 

treating human fungal infections, and has shown promise in treating other conditions such as gout 

and ischemic heart disease.132, 133 It was first isolated from Penicillium griseofulvum, and is a 

known metabolite of Xylaria ellisii.133, 134 Its dechlorinated analogue also shows antifungal 

activity, albeit to a weaker degree.135, 136 Griseophenone C is a known precursor in griseofulvin’s 

biosynthetic pathway and is also a potent antimicrobial agent, particularly against methicillin-

resistant Staphylococcus aureus (MRSA) and Escherichia coli.137  
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Figure 25. Tandem mass spectrum of an unknown griseofulvin-related compound with the 

chemical formula C17H18O7. A fragment characteristic to griseofulvin is highlighted in red.  

  One may expect to see other griseophenones in cluster L, because they are also part of the 

biosynthetic pathway to form griseofulvin and dechlorogriseofulvin. However, no other formulas 

matching those of reported griseophenones were present. There were unpaired nodes with m/z 

values matching those of griseophenone B and D present in the network before unpaired nodes 

were removed but manual inspection of their tandem mass spectra revealed poor fragmentation at 

this collision energy, giving them too few fragments to compare with other spectra. Because they 

were unpaired, they were removed from the network.  

The antimicrobial activities demonstrated by griseofulvin and its relatives make the 

unidentified compound an excellent target for isolation and characterization, because the unknown 

compound may also share some bioactivity. 
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3.4.2 Griseofernaneoside Cluster 

 Cluster U contains griseofernaneoside B, which was dereplicated by comparison to a 

published tandem mass spectrum.134 Griseofernaneosides A and B were first reported from Xylaria 

ellisii and are unique fernane-type triterpenes.134 This compound class is mostly isolated from ferns 

and other plants, and is very uncommon in microbes.134 Griseofernaneoside B is present in cluster 

M with both a protonated and an ammoniated ion (see Figure 26, below). A feature with a m/z 

matching that of griseofernaneoside A was present in raw files from Xylaria ellisii strains, however 

its abundance was below the AGC target threshold and it was not fragmented by MS/MS. 

 

Figure 26. Close-up of cluster U, which contains griseofernaneoside B and related 

compounds. 

There are also two unknown compounds with m/z values of 650.4262 [M+H]+ and 

633.3995 [M+NH4]+ that had formulas of C36H54O9 (2) and C36H56O9 (3), respectively. Both have 

well-fragmented spectra that are highly similar to that of griseofernaneoside B (see Figure 27, 

below). A search of these formulas through SciFinder and Antibase did not yield any other reported 

Griseofernaneoside B [M+H]+

C37H58O9

C36H56O9

[M+H]+
+CH2

C36H54O9

[M+NH4]
+

Griseofernaneoside B

[M+NH4]
+



74 
 

 
 

compounds from the family of fernane terpenes. The [M+H]+ node of griseofernaneoside B has a 

high cosine similarity score of 0.85 with compound 3, and a score of 0.75 with compound 2. The 

unknown compounds share a similar number, type, and intensity of fragments with 

griseofernaneoside B, which indicates a high degree of structural similarity. All bolded nodes 

within cluster U were solely made by Xylaria ellisii. 

 

Figure 27. Tandem mass spectrum of griseofernaneoside B and two related compounds with 

the chemical formulas C36H56O9 and C36H54O9. Fragments that are common to all three 

compounds are labeled in red. 

The bioactivities of griseofernaneosides A and B have not been assessed, but a compound 

with a similar core structure isolated from ferns has shown mild activity in vitro against two human 

cancer cell lines.138 Compounds 2 and 3 are likely two new griseofernaneoside-related compounds 

that are good targets for isolating and characterizing. 
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3.4.3 Hirsutatin A Cluster 

Hirsutatin A is a cyclohexadepsipeptide that was originally discovered from an insect 

pathogenic fungus, but was later isolated from Xylaria ellisii.134, 139 Within the molecular network, 

it was dereplicated from the network by comparison with the included seed spectrum file. 

Hirsutatin A is present in crude extracts of Xylaria ellisii as well from one extract each of Xylaria 

cubensis and Godronia cassandrae. It has both protonated [M+H]+ and ammoniated [M+NH4]+ 

ions in cluster R. It is connected to three nodes that could not be identified, having chemical 

formulas of C34H52N4O9 (4), C35H54N4O10 (5), and C36H59N5O10 (6). These shared cosine similarity 

scores with Hirsutatin A of 0.84, 0.88, and 0.95, respectively.  

 

Figure 28. Close-up of cluster R, containing hirsutatin A and three unidentified related 

compounds.  

 Hirsutatin A has mild activity against Mycobacterium tuberculosis, which is the causative 

agent of tuberculosis in humans.139 Its close relative, hirsutatin B (C35H54N4O11) was not present 

in the molecular network or in raw files. Hirsutatin B has strong activity against a multi-drug 

resistant strain of Plasmodium falciparum and mild activity against M. tuberculosis.139 P. 
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falciparum is the parasite that causes malaria and is responsible for hundreds of thousands of 

deaths annually. Other hirsutatin-related compounds also have the potential for possessing 

bioactivity against tuberculosis and malaria pathogens, making the compounds within cluster R 

worthy of examining further. 

3.4.4 Oxysporidinone Cluster 

Oxysporidinone was dereplicated via the GNPS library search. Oxysporidinone is an 

antifungal compound that was originally reported from Fusarium oxysporum, and here was 

detected from Fusarium tricinctum.140 Breinholt et al. reported that oxysporidinone has strong 

activity against several plant pathogenic fungi, including Aspergillus niger, Botrytis cinerea, 

Alternaria alternata, and Venturia inequalis.140 A search of chemical formulas within cluster F 

yielded several compounds with similar chemical formulas, including a compound matching the 

formula of sambutoxin. Sambutoxin is a mycotoxin with documented toxicity in rats and is also a 

known product of Fusarium spp.141, 142 There are two additional nodes in the cluster with m/z 

values of 440.2793 and 472.3059, corresponding to chemical formulas of C27H37NO4 and 

C28H41NO5. These match the formulas of demethylsambutoxin and anhydrooxysporidinone, 

respectively, and are tentatively identified as such. Both demethylsambutoxin and 

anhydrooxysporidinone are known products of Fusarium spp., but neither have reported 

bioactivity against the small range of organisms they have been tested against.143 Other related 

compounds made by Fusarium spp. such as the antibacterial fusapyridons were not present.144 

 Cluster F also contains two nodes whose chemical formulas did not match any published 

compounds that are structurally related to oxysporidinone or sambutoxin. They had experimental 

m/z values of 438.3001 and 504.3321 which indicate formulas of C28H39NO3 (7) and C29H45NO6 

(8), respectively. Their tandem mass spectra are included in Appendix C.  
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Figure 29. Close-up of cluster F, which contains several known mycotoxins as well as two 

unknown entities. 

  The range of bioactivities exhibited by these pyridone alkaloids make the unknown 

compounds interesting targets for closer examination.  

3.4.5. Additional Dereplicated Compounds 

The GNPS library search successfully dereplicated a handful of secondary metabolites, 

many from previously reported sources. For example, echinulin was identified here solely in 

extracts of Aspergillus amstelodami. Echinulin was first reported as a product from Aspergillus 

glaucus in 1948 and has since been reported from several other species of Aspergillus, including 

Aspergillus amstelodami.145 Many known products of Xylaria ellisii were also identified, such as 

the ellisiiamides, hirsutatin A, and several cytochalasins. Most seed spectra compounds were 
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present within the network, except for coriloxin and ascochitine, abscisic acid, and the fulvic acid 

analogue. These were present in raw files of species that are known to make them, but they did not 

appear in the network because there were no related compounds they could connect to, or their 

fragmentation was too poor.  

In addition to known fungal sources, there are also some dereplicated compounds that 

appear to be made by novel sources. Along with finding new compounds, discovering novel 

sources of known natural products is also worthwhile. Fungi differ widely in the abundance of 

compounds they can produce, how easy they are to culture in a lab, and in their relationships to 

hosts. Finding new sources of known natural products can find more efficient ways of producing 

those products or may illuminate answers of chemical ecology. 

Lovastatin is a cholesterol-reducing drug that was originally isolated from the citrus 

pathogen Penicillium citrinum.146 Here it was present in two distinct extracts of Seimatosporium 

lichenicola, which resides in berry plants such as currants.147 Secalonic acid D is commonly 

produced by Aspergillus and Penicillium spp. as a foil spoilage toxin but here it is present in an 

extract of Coniothyrium ferrarisianum.148, 149 Other species of Coniothyrium are plant and human 

pathogens, as well as parasites of fungal pathogens150. However, very little is known about this 

particular species or its natural products, therefore it would be interesting to characterize it further 

and determine how secalonic acid D fits into its chemical ecology. Interestingly, senkyunolide H 

was present in extracts of one isolate each of Nigrospora sphaerica and Cytospora ribis. It is most 

notably a plant metabolite arising from Ligusticum chuanxiong—an herb related to carrot that is 

frequently used in Traditional Chinese Medicine.151 It is becoming increasingly common to find 

endophytes that produce plant secondary metabolites. This may be a result of horizontal gene 
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transfer between endophytes and hosts, or because endophytes and their hosts experience similar 

selective pressures while evolving together.152  

One other node within the molecular network was also identified as a potentially new 

compound. In cluster E which contains the ellisiiamides, a node with the m/z 566.3914 and 

chemical formula of C29H51N5O6 (9) did not match any reported ellisiiamides or other cyclic 

pentapeptides. The likely anti-insectan activity of this new ellisiiamide should be tested in the 

future, along with all other reported ellisiiamides. A summary of new compounds is listed below, 

in Table 6. 

Table 6. Unknown compounds tentatively identified from endophytic fungi as new 

derivatives that are targets for isolating and characterizing. 

ID Formula m/z 
RT 

(min) 

Mass 

error 

(Δppm) 

Structurally related to 

1 C17H18O7 335.1125 [M+H]+ 3.41 -0.117 Griseofulvin 

2 C36H54O9 650.4262 [M+NH4]+ 3.68 -0.167 Griseofernaneoside B 

3 C36H56O9 633.3995 [M+H]+ 3.80 -0.363 Griseofernaneoside B 

4 C34H52N4O9 661.3804 [M+H]+ 4.60 -0.507 Hirsutatin A 

5 C35H54N4O10 691.3909 [M+H]+ 4.48 -0.044 Hirsutatin A 

6 C36H59N5O10 722.4332 [M+H]+ 4.37 -0.414 Hirsutatin A 

7 C28H39NO3 438.3001 [M+H]+ 5.79 -0.298 Oxysporidinone+sambutoxin 

8 C29H45NO6 504.3321 [M+H]+ 5.07 0.189 Oxysporidinone+sambutoxin 

9 C29H51N5O6 566.3914 [M+H]+ 4.08 0.369 Ellisiiamides 

 

One potential shortcoming of using molecular networking as a strategy in mining datasets 

for new or novel compounds is that it relies on samples containing multiple compounds with 

similar structures to be successful. While organisms do usually produce multiple compounds with 

slight structural differences, this strategy is apt to overlook compounds with few or no structural 

“neighbours” that may be of value.  
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Compound screening is frequently a lengthy and difficult process which was made simpler 

here by the application of molecular networking. Compounds listed above in Table 6 are 

tentatively identified as new natural products with structural relatedness to known ones. Large-

scale fermentation, extraction, isolation, and characterization by NMR are required to determine 

their conformations.  

3.5 Conclusions and Suggestions for Future Work 

 The application of molecular networking to LC-MS files of Canadian fungal endophytes 

has identified several tentatively new compounds from fungal endophytes, including compounds 

related to the antifungal compound griseofulvin, two griseofernaneoside-related compounds, three 

hirsutatin-related compounds, a new ellisiiamide, and two new sambutoxin- and oxysporidinone-

related compounds. These all have structural relatives with diverse bioactivities, which also gives 

the unknowns a chance of being bioactive. These compounds have the opportunity to be relevant 

in many areas. They may be useful in agriculture as protective agents against pests and pathogens. 

They may be biologically active against harmful human pathogens or may have uses as anti-cancer 

agents. They may be used in chemical research, perhaps as scaffolds for synthesizing new drugs. 

Further bioassays must be performed using isolated compounds to elicit the full scope of their uses. 

Molecular networking greatly simplified the process of mining a large dataset for compounds of 

interest, reducing the amount of time needed to pinpoint new compounds.  

Future work should focus on isolating these compounds by HPLC and characterizing their 

structures by NMR. Furthermore, there are also still likely other interesting compounds produced 

by the fungal isolates included in this study. Growing these species on different types of artificial 

media and in different stress conditions may reveal other compound families that were not made 

under the growth conditions used here. 
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Furthermore, approximately 50 fungal isolates remain unidentified. The ITS region of 

some isolates was not successfully amplified by PCR, and in others, this genetic sequence was not 

specific enough to make an identification to the species level. Unidentified strains should be 

sequenced using other genetic regions, such as the translation elongation factor 1- α (TEF1α) gene 

to achieve better species resolution.153 This would add to the mycological perspective, as there 

could be larger patterns of chemotaxonomy shared among fungal species that are not apparent with 

the current taxonomic identifications. 
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Chapter 4: Conclusions 

Ilyonectria mors-panacis and Ilyonectria robusta are fungal pathogens that cause millions 

of dollars of crop loss annually in the Canadian ginseng industry.80 Their mechanisms of 

pathogenicity are not wholly understood, nor are the contributions of their natural products to 

virulence. Because few natural products are known to be produced by these species, they were 

examined to determine if they produce a distinct chemical profile from other avirulent species 

within the same genus. 

HRMS data were analyzed by PCA to ascertain a characteristic metabolomic profile of 

virulent species of Ilyonectria. PCA distinguished virulent species by their abundant production 

of several metabolites, including radicicol, and of some features with chemical formulas 

resembling radicicol. Molecular networking by GNPS determined that the formulas identified by 

PCA were indeed structurally related to radicicol due to their connectivity within the molecular 

network. These radicicol-related compounds were identified as pochonins and monocillins, which 

are resorcyclic acid lactones—the family to which radicicol also belongs. The antimicrobial 

activity of these compounds likely contributes to the survival of Ilyonectria in its environment, but 

they have not been tested for phytotoxicity. It remains to be seen if these or any other natural 

products made by Ilyonectria contribute to degradation of ginseng root, which should be examined 

in future studies. 

The same molecular networking technique was also applied to untargeted HRMS data of 

302 Canadian fungal endophytes. Fungal endophytes are the source of many natural products with 

use to humans, including many antimicrobial and anti-insectan compounds.154 Extracts from 

fungal endophytes were subjected to molecular networking to identify new or novel compound 

targets for isolation and characterization. Clusters were examined that contain known bioactive 


