Discovery of Bioactive Compounds Extracted from Apple Endophytes
to Protect Against Apple Replant Disease

By

Abbie MacDonald

A thesis submitted to the
Department of Chemistry
in partial fulfillment of the requirements of the degree of
Bachelor of Science (Honours) in Chemistry

This thesis has been accepted by:

Dean of Science

Supervisor: Chris Kirby

The Department of Chemistry
University of Prince Edward Island
Charlottetown, Prince Edward Island

© copyright by Abbie MacDonald, April 2022
I

Abstract
Apple Replant Disease (ARD) is a major contributor to apple crop loss in the Nova Scotia apple
growing region as well as in other regions across the country. ARD effects the growth of young
apple trees planted on sites where apple trees were previously planted. Symptoms characteristic
of the disease include rot, dieback, cankers, leaf spots, blight, decay, and wilt; all of which may
result in tree and crop loss. ARD is thought to be caused by a combination of factors and
pathogens, one these potential causal pathogens is Diaporthe eres. Methods of inhibition of the
growth of Diaporthe eres. are therefore of interest. Endophytes are a source of bioactive
compounds in the form of secondary metabolites with a variety of characteristics, including
antifungal activity. As such, endophytes cultured from trees which are seemingly immune to
ARD within orchards where other trees are affected, are a potential source of bioactive
compounds which inhibit the growth of the Diaporthe eres. In this study 17 apple endophytes
were tested for inhibition of growth of Diaporthe eres. using dual culture assays, candidates
which presented inhibition were chosen for large scale growth and metabolite extraction. A
media study was then conducted to determine the optimal growing condition of the endophytes
to maximize metabolite extract volume and diversity. The endophyte extracts were then analyzed
by HRMS which was used to identify known bioactive compounds sclerotiotide F,
austrocolorone B, aurovertin H, gymnastatin C, and dankastatin C.
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1 Introduction
1.1 Apple Cultivation
The first recorded growth of domestic apples, Malus domestica, in Canada dates back to 1605 in
Annapolis Valley, Nova Scotia.1 Apples are grown worldwide in temperate climates and are
Canada’s leading fruit crop in terms of pure production volume. 2,3 The production volume of
apples annually in Canada is 390,995 metric tons which are grown over a total of 129,800
hectares of land nationally.3 Apples account for the second highest farm gate value of any fruit
crop in Canada, after low and high bush blueberries, for a total of $259.1 million in 2020.3 As of
2019 Nova Scotia was responsible for 10% of Canada’s apple production.2 Apples’ significant
contribution towards both the international and domestic economy as well as food production
emphasizes the importance of the management and prevention of crop loss.

1.2 Apple Tree Diseases and Pathogens
The key contributors to crop loss are temperature, soil quality, insects and mites, weeds, and
diseases.4-8 There are a number of apple production diseases across Canada that include both
those caused by a specific pathogen and those caused by a variety of pathogens. Agriculture and
Agri-food Canada collects reports of apple disease across the country, specifically from
stakeholders in British Columbia, Ontario, Quebec, and Nova Scotia. This data allows for an
analysis of the prevalence of a disease in a specific apple growing region. According to data
collected in the 2017, 2018, and 2019 growing seasons apple disease in Nova Scotia has been
most commonly linked to apple scab, black rot and frogeye leafspot, various canker diseases, and
apple replant disease (Figure 1.1).2
1

Figure 1.1: Prevalence of apple diseases in Canada by province; where red presents high crop
risk, orange present moderate to high crop risk, yellow presents moderate to low crop risk,
white presents very low to no crop risk, grey/blue represents that the pathogen is present but
that there is little information on crop risk and grey represents unreported data.2
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1.2.1 Apple Scab Disease (Venturia inaequalis)
Apple scab also known as black spot is prevalent worldwide, found in almost all commercial
apple growth markets, and is considered to be the most economically important apple disease in
terms of cost of control.9 Apple crops which experience cold and wet spring conditions are the
most susceptible to the development of apple scab because the young trees are more susceptible
to pathogen growth than more mature crops.10

Apple scab affects the leaves, flowers, and fruit of the apple tree resulting in black lesions which
vary in shape depending on their location and age of development. Lesions formed on the apples
themselves will produce cracks as they age making the apple unmarketable (Figure 1.2).10
Furthermore, fruit affected by apple scab early in their growth can result in fruit deformation or
fruit drop and fruit affected late in their growth may develop small pinpoint lesions during
storage. While apple scab does not directly kill trees, lesions on leaves and flowers do cause
defoliation which weakens the tree and if severe may influence the trees survival over the
winter.9

Figure 1.2: Apple scab results in the development of black lesions on apple plants
including the fruit themselves.10

3

Apple scab is caused by the fungal pathogen Venturia inaequalis of the ascomycetes family. In
the fall as the temperature lowers and leaves fall from the apple trees Venturia inaequalis
colonizes in the leaves and, to survive the inhospitable winter climate, sexually produces survival
structures called pseudothecia. As the temperature begins to rise in the spring ascospores are
formed in the asci within the pseudothecia. Asci are small bag like structures capable of ejecting
the ascospores into the air in rain or heavy dew which can then be spread over a wide area by the
wind and rain. Mycelium form on developing leaves where the ascospores are deposited, later in
the season under favorable conditions the mycelia produces conidia which are dispersed
similarly and produce apple scab’s signature lesions.9,10

1.2.2 Black Rot and Frog-eye leafspot (Botryosphaeria obtusa)
Black rot and frog-eye leaf spot caused by the same fungal pathogen: Botryosphaeria obtusa.11
Frog-eye leaf spot is the specific term used to describe black rot on the leaves of the apple tree.2
Apple crops grown in warm, humid climates are most susceptible to black rot and frog-eye leaf
spot.11

Black rot causes rot of the fruit it affects (Figure 1.3) as well as limb cankers. Fruit rot results
directly in crop loss whereas limb cankers can result in tree limb loss and in extreme cases tree
death.12 Frog-eye leaf spot produces circular brown lesions with a characteristic purple halo,
these lesions result in tree defoliation which may also be a contributor to tree loss over winter
(Figure 1.4).12,13
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Figure 1.3: Black rot of apple fruit.14

Figure 1.4: Frog-eye leafspot is black rot specific to leaves and results in the formation of
circular brown regions with a characteristic purple border.14

Black rot and frog-eye leaf spot are caused by the fungal pathogen Botryosphaeria obtusa.12
Botryosphaeria obtusa overwinters in cankers and mummified fruit which then releases
ascospores in the spring which are distributed through the wind to susceptible tissues.
5

Throughout the growing season conidia are produced which spread the disease to other tissues
and plants. Trees which are injured or weakened are more susceptible to black rot.2

1.2.3

Canker Diseases

There are many different specific canker diseases all of which have their own respective
pathogens. The most common canker diseases in Canada are European Canker, Anthracnose
Canker, Perennial Canker, Botryosphaeria Canker, fire blight and powdery mildew.2

Cankers result in areas of dead wood or bark, these areas can become discolored, sunken,
cracked, or fall away from the tree itself (Figure 1.5). Branches affected by canker may fall off or
cease to produce fruit. When cankers grow within close proximity, they may combine together to
form a larger canker and result in loss of large tree limbs. Damaged trees are most susceptible to
cankers which form on pruning scars or other tree wounds.15

Figure 1.5: Cankers result in areas of dead wood or bark which can result in limb loss.15
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The common canker diseases in Canada are European canker, Anthracnose canker, Perennial
canker, Botryosphaeria canker, Fire blight and Powdery Mildew which are caused by the fungal
pathogens Neonectria ditissima, Pezicula malicortis, Cryptosporiopsis perennans,
Botryosphaeria dothidea, Erwinia amylovora, and Podosphaera leucotricha respectively.2 The
pathogens infect susceptible damaged tissues and form orange fruiting bodies which produce the
spores by which the disease spreads.15

1.2.4 Apple Replant Disease
Apple replant disease, or ARD, is found worldwide in all apple growing markets. ARD is
characterized as poor growth of young apple trees that are planted on a site where apple trees
were previously planted. The cause or causes of ARD are still to be investigated but is thought to
be caused by a combination of pathogens as opposed to a single causal agent.16

ARD presents in some young apple trees planted on old orchard sites; however, it does not
necessarily affect every tree planted on a site and symptoms can vary in severity between trees
and sites.16 Generally, ARD may result in weakened trees, underdeveloped trees, and in severe
cases tree death.2,16,17 Aboveground observable symptoms are tree weakness, reduced yield, and
trees becoming fruit bearing 2-3 years later than their uninfected counterparts. Furthermore, root
systems of affected trees are typically small and discolored with few functional root hairs present
an example of which can be seen in Figure 1.6.2,16
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Figure 1.6: Roots of a healthy apple tree (left) compared to the roots of a tree affected by ARD
(right).43

As stated above, the causal agent of ARD is not completely understood but is considered to be a
complex of both bacterial and fungal soil borne organisms as well as nematodes. The causal
pathogens are considered to vary on a site-to-site basis. Due to the complexity of the nature of
the disease, treatments vary across sites depending on causal factors. Treatments which reduce
root lesion nematodes as well as the growth of known fungal root pathogens have been shown to
reduce the effects of ARD.2,16,17

ARD is the disease in which we hope to find biological controls within this thesis. Since the
causal pathogens of ARD vary on a site-by-site basis it is not possible to identify one causal
pathogen or group of pathogens for all cases of ARD, this must instead be investigated on a
8

regional basis. Our collaborating group in Kentville recently investigated the causal pathogens of
ARD in the Annapolis Valley and determined Diaporthe eres. as a pathogen which presented
symptoms consistent with ARD.17,18 Diaporthe spp. are a common pathogen across a variety of
plants worldwide but, are not always pathogenic depending on the species and the host plant.
When Diaporthe spp. are pathogenic to a plant the symptoms of infection present similarly to
that of ARD resulting in rot, dieback, cankers, leaf spots, blight, decay, and wilt.19

1.3 Endophytes
Endophytes are microorganisms, either bacterial or fungal, which live all or part of their lifecycle
within plant tissue. Though the definition tends to differ across the literature endophytes are
generally considered to be non-pathogenic organisms that are asymptomatic to the plant and
often fulfill a symbiotic role.20-22 They may be further divided as being either obligate or
facultative. Obligate endophytes depend on the plant’s metabolism for survival whereas
facultative endophytes only live part of their life cycle within the plant’s tissue.20 All plants
studied have been found to contain one or more different endophytes, thought very few plants
have been studied to the level of knowing their complete endophytic makeup.23 Furthermore,
endophytes have been found to vary according to the geographic region of the plant and it is
thought that a single plant species may contain thousands of different endophytes across different
growing regions.20,24

Bacterial endophytes may be either actinomycetes or mycoplasma.23 Over 200 different bacterial
endophytes have been isolated, with most belonging to Actinobacteria, Firmicutes, or
Proteobacteria phyla.23 There is a large diversity in bacterial endophytes comprising of both
9

gram-positive and gram-negative bacteria isolates from a large variety of different plant
species.23

Fungal endophytes are heterotrophic organisms, meaning they survive by feeding off the
nutrients and energy of their host plant. Fungal endophytes are broadly divided into two
categories: clavicipitaceous and non-clavicipitaceous.20 Clavicipitaceous endophytes are those
that inhabits some grasses which grow in cold regions.20,25 By contrast, non-clavicipitaceous
endophytes are endophytes isolated from asymptomatic tissue of non-vascular plants,
angiosperms, ferns and allies, and conifers.25

The project herein focuses on the fungal endophytes of apple plants which were isolated by our
collaborating group in Kentville from the roots and bark of apple trees. The endophytes were
isolated from trees which did not present symptoms of ARD within an orchard affected by ARD,
with the premise being that these endophytes could be responsible for the trees’ resistance to
ARD.
1.3.1 Metabolites
Microorganisms have been exploited for their beneficial qualities like fermentation and
preservation since well before their discovery.26 In modern times, the study of the useful
application of microorganisms focuses mainly on the compounds produced by said organisms
and any useful properties they may have. Bioactive metabolites produced by the metabolisms of
these microorganisms have been found to have antibacterial, antifungal, antiviral, and
insecticidal properties as well as other useful applications.23
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Metabolites themselves are produced by the microorganism and may be derived from either the
primary or secondary metabolism. Primary metabolites are essential to living organisms and are
found universally in all living systems with some examples being polysaccharides, proteins,
nucleic acids, and fatty acids. Secondary metabolites on the other hand are extremely diverse
across different organisms and have more varied functions and characteristics; these are often the
source of useful bioactive compounds.27 The production of these metabolites is favorable to the
plant as their properties often provide a competitive advantage over other plants; from attracting
pollinators, insect deterrence or fungal toxicity.44 As such, bioactive metabolite discovery
focuses on the products of the secondary metabolism because they are mostly unknown and are a
novel source of useful compounds.

1.4 Assays for Bioactive Microorganism and Bioactive Compound Identification
Plants are host to a large number of different endophytes, but only a select few may produce
bioactive compounds which act against a specific pathogen. In the interest of isolating bioactive
metabolites with action against a specific pathogen it is not useful to study the natural products
produced by endophytes which show no biological action against the pathogen. As such
preliminary testing of isolates using assay techniques allows for the identification of bioactive
endophytes whose natural products may then be further studied. Furthermore, once possible
bioactive compounds are isolated assays may also be used to test their bioactivity. Some
common assay techniques used for the discovery of bioactive endophytes and bioactive
compounds are dual culture assays, disk diffusion assays, and microdilution assays in addition to
bioautography. 28,30,33,36
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1.4.1 Dual Culture Assays
Dual culture assays are a simple and easy assay method that requires no special preparation of
materials. Dual culture assays may be performed on solid media or in liquid media and are
performed by culturing of the pathogen of interest and the microbe in the same media. Any
media suitable for the growth of both microbes may be used for this culture technique. The
media are then observed over a growing period suited to allow for the growth of both organisms,
with the key indicator of bioactivity being the inhibition of mycelial growth of the pathogen
(Figure 1.7).28,29 This assay method was used for the preliminary identification of bioactive apple
fungal endophyte isolates against the Diaporthe pathogen of interest within this project.

Figure 1.7: Dual culture assay of Apple Isolate 29, showing inhibition of mycelial growth.
Diaporthe pathogen is cultured on the left and the isolate is cultured on the right.
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1.4.2 Disk Diffusion Assays
Disk diffusion assays are performed to test the susceptibility of a microorganism to a specific
compound that is already known to have bioactive properties. This method is most often used to
test the effect of known bioactive compounds, either antibiotic or antifungal, against a
pathogenic microorganism.30 Antibiotic or antimicrobial susceptibility disks may be sourced
commercially or prepared in lab using blank disks and a compound of choice. The pathogen
and/or microorganism of choice is first subcultured onto a clean plate, this is done by swiping
across the entire plate to ensure even growth.31 Susceptibility disks containing a known
concentration of selected antibacterial and/or antifungal compounds are then placed on the plate
with no less than 24 mm left between disks.30 The microorganism on the plate is then allowed to
grow, usually for a week. Disks which contain compounds which inhibit the growth of the
microorganism have zones of inhibition surrounding them where there is no microorganism
growth present (Figure 1.8). Disk diffusion assays may also be analyzed quantitatively by
comparing the diameter of inhibition zones of different compounds.31
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Figure 1.8: An example of a disk diffusion assay of antimicrobial compounds against the bacteria
Staphylococcus aureus.32

1.4.3 Microdilution Assays
Microdilutions assays are used to determine the minimum inhibitory concentration of a given
compound against a specific microorganism. The microorganism is first grown as a pure sample
in liquid broth. After a given growing period, specific to the microorganism of choice, the pure
sample is diluted to a concentration appropriate for antimicrobial screening which is also specific
to each microorganism. The diluted sample is then pipetted into the wells of a 96-well plate
where colony forming units per well may be counted. In subsequent tests, the culture is
inoculated with a compound with antimicrobial activity. After the same growing period is
observed and the sample is diluted to the same concentration as the pure sample and is again
pipetted into the wells of a 96-well plate where colony forming units (CFUs) can be counted
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(Figure 1.9). Through the comparison of CFUs in the pure sample, and the inoculated sample the
inhibitory activity of the antimicrobial inoculant can be measured.33,34

Figure 1.9: Microdilution assay 96 well plate.35
1.4.4 Direct TLC Bioautography
Bioautography is a technique, usually employed after preliminary testing by a different assay
method, that allows for the further narrowing of possible bioactive compounds produced by a
microorganism. In direct TLC bioautography, the most commonly used bioautography
technique, a developed TLC plate is sprayed or dipped in either a fungal or bacterial suspension
which provides the nutrients required for its growth.36 The TLC is developed with extracts of
microorganisms suspected of antimicrobial activity. After allowing for growth of the
microorganism sprayed on the plate, zones of inhibition are observable at spots on the plate
where compounds inhibiting growth are present (Figure 1.10). This area of the plate can be
scraped and analyzed directly, allowing for more precise identification of bioactive
compounds.36,37
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Figure 1.10: Direct TLC bioautography plate after development and growth of microorganism of
interest. This plate was stained to allow for easier interpretation of results.38

1.5 Project Goals
The overall goal of this project is to identify bioactive metabolites produced by endophytic fungi
of apple trees which may inhibit Diaporthe eres., a causal pathogen of ARD. Our collaborators
provided a total of 17 unknown apple tree bark and root endophytes isolated from trees which
were not affected by ARD; as well as an isolate of Diaporthe pathogen. Overall, there are three
specific aims to this project. Firstly, to conduct dual culture assays of the endophyte isolates to
choose candidates for further analysis. Secondly, to grow the selected endophyte candidates on a
larger scale and to determine the optimal growing conditions for secondary metabolite
production and diversity through a media study. Finally, the extracts from the large scale growth
of the candidate endophytes will then be used to develop a plate for direct TLC bioautography
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against the Diaporthe pathogen. Areas of inhibition on the bioautography plate will then be
scraped and analyzed by UPLC-MS and HRMS for comparison against Antibase, a database of
known bioactive compounds.

17

2 Materials and Methods
2.1 Materials
2.1.1 Media
Potato Dextrose Agar (PDA) plates were prepared using Difco Potato Dextrose Agar, 19.5 g of
PDA was mixed with 500 mL of MilliQ water, as per manufacturer instructions, in a 1L media
bottle. All reverse-osmosis MilliQ water was prepared in house. The media was then autoclaved
in a Getinge model 533LS-E vacuum steam sterilizer as with all other autoclaved materials
herein. The media was autoclaved for 20 minutes at 121°C and immediately transferred to a
Thermo Scientific 1300 series A2 laminar fumehood where it was left to cool before it was
poured into Fisherbrand 100 mm x 15 mm sterile, polystyrene, stackable lid petri dishes.

Liquid media was prepared using three different methods for media comparison. Potato Dextrose
Broth (PDB) media was prepared using Difco Potato Dextrose Broth, 6 g was mixed with 250
mL of MilliQ water in a 500 mL Erlenmeyer flask covered with tinfoil at the mouth. Rice broth
was prepared by mixing 25 g of uncooked white long grain rice with 250 mL of MilliQ in a 500
mL Erlenmeyer flask. The 50/50 mix broth of PDB and rice was prepared by mixing 12.5 g of
uncooked white long grain rice with 3 g of PDB and 250 mL of MilliQ water in a 500 mL
Erlenmeyer flask covered with tinfoil at the mouth. All liquid media were autoclaved at 121°C
for 30 minutes. Media containing rice was found to not contain enough liquid for culturing,
MilliQ water was added to bring the volume of these Erlenmeyers back to 250 mL.

Large scale liquid media was prepared using two different methods. PDB media was prepared
using 12 g of PDB which was mixed with 500 mL of MilliQ water in a 1 L media bottle with a
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cap. 50/50 mix broth of PDB and rice broth was prepared by mixing 6.25 g of uncooked long
grain white rice, 3 g of PDB, and 500 mL of MilliQ water in a 1 L media bottle with a cap. As
with the smaller scale liquid media, bottles were autoclaved at 121°C for 30 minutes.

2.1.2 Cultures
Endophyte isolates and Diaporthe sp. cultures were sent from our collaborators in Kentville as
isolates on PDA plates. Cultures were maintained by subculturing the isolates and pathogen on
PDA plates, prepared as described in section 2.1.1, on a biweekly basis while monitoring
subcultures for signs of contamination.

Subcultures were conducted using two different methods dependent on the nature of isolate. The
majority of isolates were subcultured by scraping mycelia from the original plate with a sterile
metal loop which was then transferred to the center of a new PDA plate and sealed for storage
with parafilm. For cultures with tough mycelia that proved difficult to scrape, plugs of agar and
mycelia were taken using a sterile metal plug. The plug of mycelia was then transferred to the
center of a new PDA plate which was then sealed for storage with parafilm.

All liquid cultures were prepared in the same manner. One week before culturing in liquid
media, endophytes were subcultured on three PDA plates and left to grow to an optimal growth
stage. After liquid media was prepared as described in section 2.1.1 it was left to cool in a
laminar fume hood until it reached room temperature. A sterile blade was then used to cut a
triangle of agar and mycelia from each of the subcultured PDA plates, approximately 1 cm2 in
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area. The three plugs were then transferred to the liquid media either in Erlenmeyer flasks as was
the case for the smaller scale extractions or the media bottles as with the large-scale extractions.

2.2 Methods
2.2.1 Dual Culture Plate Assays
Dual culture plate assays were conducted between the apple endophytes and Diaporthe
pathogen. For each endophyte a plug of a subculture was taken and placed on the right side of a
new PDA prepared as described in 2.1.1. A plug was then taken from a Diaporthe subculture and
placed on the left side of the same plate (Figure 2.1). All plate assays were left to grow over a
three-week period to ensure that even slow growing endophyte isolates had the opportunity to
display some inhibition of the pathogen.
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Figure 2.1: Dual culture plate assay after four days of growth. Diaporthe pathogen on the left of
the plate and AI 3 on the right.

2.2.2 Media Study
A media study was conducted to compare the production of metabolites by endophytes grown in
liquid media based on the media used and the growing time in order to determine the optimal
media for extraction of apple endophyte metabolites. The default liquid growing medium for
fungal samples is PDB, it was however supposed that the metabolite growth may differ based on
growing media. Rice is another common medium base used for the growth of fungal isolates
with the advantage of being relatively low cost as compared to PDB.39,40,41 Therefore, a study
was done to compare PDB, rice broth, and a 50/50 mix of PDB and rice broth. Media was
prepared as described in section 2.1.1 and endophytes were subcultured as described in section
2.1.2. Endophytes labelled AI 29, AI 10, and AI 24 were chosen as candidates for the media
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study as they all showed activity against the Diaporthe pathogen in the plate assay study and
comprised a variety of growth rates with AI 10 being a relatively slow growing isolate. Cultures
were placed in a Thermo Scientific MaxQ 8000 shaker at 28ᵒC and a speed of 135 rpm.

An initial 5mL aliquot of each medium was collected under a laminar fumehood using a sterile
10mL glass pipette tip and BrandTech macro pipette controller to function as controls for later
results. At weekly increments 5 mL aliquots were taken from each Erlenmeyer during a threeweek growing period in the shaker following the same procedure.

Aliquots of the medium were initially transferred into 20 mL glass disposable scintillation vials
from which metabolites were immediately extracted. The samples were extracted with ACS
certified Ethyl Acetate from Fisher Scientific. Ethyl Acetate is a water immiscible solvent of
intermediate polarity and was used for the extraction of secondary metabolites to avoid the
extraction of unwanted compounds such as primary metabolites, salts, and sugars which are
polar.42 2 mL of EtOAc was transferred to each vial using a 10 µL to 1000 µL Fisherbrand
automatic Finnpipette II and 1250 µL VWR universal pipette tips. Each vial was then closed and
shaken before the covers were removed and they were left to sit for one minute to allow for
complete separation of the EtOAc layer. The top EtOAc layer was transferred, using disposable
VWR glass Pasteur pipettes, into clean vials. The extracted samples were then dried on a rotary
evaporator until no EtOAc was present.

At the end of the three-week growing period the entire contents of each Erlenmeyer was
extracted as follows. To begin large mycelial growth and bubbles (Figure 2.2 and 2.3) were
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broken up in the Erlenmeyer flasks to maximize the media to be extracted. Samples were then
poured evenly into two 150 mL plastic centrifuge bottles which were then spun in a Beckman
Coulter Allegra X-14R Centrifuge at 3000 rpm for 15 minutes in order to separate solid mycelia
from the growing media. Liquid media was decanted from the centrifuge bottles into a 1 L
separatory funnel, the remaining solid mycelia in the centrifuge bottle was then washed with
water which was poured into the separatory funnel.

The media in the separatory funnel was extracted with three 200mL washes of EtOAc. The
EtOAc extracts were all poured into a 1L round-bottom flask and dried on a rotatory evaporator
until low-volume was reached before being transferred to glass vials and dried to complete
dryness. UPLC-MS data was collected for all aliquots and extracts. Additionally, HRMS data
was collected for samples containing significant amounts of dried extracted material.
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Figure 2.2: AI 24 grown in rice medium for media study, sample contained a lot of mycelial
growth.
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Figure 2.3: AI 24 grown in PDB for medium study, mycelia growth as hollow bubbles
containing PDB media.

2.2.3 Large Scale Growth and Extractions
Based on the results of the media study outlined in section 2.2.2, endophytes were grown in PDB
and 50/50 PDB and rice broth mix for a three-week period. The media was prepared as described
in section 2.1.1 and endophytes AI 21, AI 23, and AI 29 were subcultured as described in section
2.1.2. Aliquots were collected as previously described in section 2.2.2 at one week and two-week
increments.
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At the end of the three-week growing period the bottles were extracted following the same
procedure as described in 2.2.2. Large scale growth aliquots were analyzed by UPLC-MS and
final extractions were analyzed by UPLC-MS as well as HRMS.

2.3 Chemical Analysis of Metabolite Extracts
2.3.1 UPLC-MS
All UPLC-MS data was acquired using a Waters Acquity H-Class UPLC system. Samples were
prepared by dissolving the dried extracts in minimal amounts of methanol. MeOH was pipetted
with a 2 µL to 20 µL Fisherbrand automatic Finnpipette II, with 10 µL to 100 µL Gilson
Diamond pipette tips, in two 20 µL increments into the vials and mixed with by pipetting the
solution multiple times. The solution was then transferred to a low volume MS certified UPLC
vial and run on the UPLC using a 6-minute water to acetonitrile gradient. This procedure and
method was used for both the analysis of aliquots in the media study and the preliminary analysis
of metabolites in the large-scale metabolite extractions.

2.3.2 HRMS
Samples were prepared using dried extracts from the large-scale extractions and media study
which showed significant amounts of dried extracted material. Samples were dissolved in 50 µL
of MeOH pipetted using an automatic pipette and mixed by pipetting multiple times. Samples
were transferred to 1mL MS certified UPLC vials and diluted using additional methanol to 1mL.
Samples found to have no visible colour were redried with a Thermo Scientific Reacti-Therm I
liquid nitrogen dryer and dissolved to 0.5 mL. Samples were run on a Thermo Scientific
Vanquish Horizon UHPLC with a 10-minute water and acetonitrile gradient. Peaks with masses
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over 400 amu and with relative intensities over 5% were recorded as possible bioactive
compound masses.

2.3.3 Databases
Mass values recorded from the HRMS data, as described in section 2.3.2, were searched in
Antibase 2017 with a mass error of plus or minus 5 ppm between the experimental HRMS value
and the database value.
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3 Results and Discussion
3.1 Plate Assays
Dual culture assays were conducted with all 17 apple endophyte isolates for competition with the
Diaporthe sp. pathogen. The results of a positive assay with inhibition of pathogen growth is
shown in Figure 3.1 and the results of negative assay where there was no inhibition of pathogen
growth is shown in Figure 3.2; all assay results are included in Appendix A. Table 3.1
summarizes the results for all the dual culture assays conducted.

Figure 3.1: Dual culture assay of AI 24, showing inhibition of pathogen growth. Diaporthe sp.
pathogen is cultured on the left and the isolate is cultured on the right.
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Figure 3.2: Dual culture assay of AI 22, showing no inhibition of mycelial growth. Diaporthe
pathogen is cultured on the left and AI 22 is cultured on the right.

Table 3.1: Results of Dual Culture Assay
Apple Endophyte Isolate

Positive Results (Inhibition of Negative Result (No
Pathogen Growth)
Inhibition of Pathogen
Growth)

Apple Isolate 2
Apple Isolate 3
Apple Isolate 4
Apple Isolate 6
Apple Isolate 10
Apple Isolate 14
Apple Isolate 19
Apple Isolate 21
Apple Isolate 22
Apple Isolate 23
Apple Isolate 24
Apple Isolate 25
Apple Isolate 26
Apple Isolate 27
Apple Isolate 28
Apple Isolate 29
Apple Isolate 30
29

As summarized in Table 3.1 endophytes labelled AI 3, AI 4, AI 10, AI 23, AI 24, and AI 29
displayed some inhibition of pathogen growth in the dual culture assays. Positive results were
considered to be any case where pathogen mycelial growth was inhibited, negative results were
considered to be any case where growth of the pathogen was not inhibited including cases where
no growth of the isolate was present at the end of the three-week growing period. The
endophytes which had positive assay results were chosen for further metabolomic analysis.

3.2 Media Study
Apple endophyte isolates AI 10, AI 24 and AI 29 were chosen as candidates for the media study.
AI 24 and AI 29 were chosen because they showed particularly strong inhibition of mycelial
growth in the dual culture assays while AI 10 was chosen for variety because of its slow growing
nature as well as having a positive dual culture assay result.

Each of the three endophytes were grown in PDB, rice broth, and a 50/50 mix of rice broth and
PDB. Based on growth times of similar endophytes in liquid broth from literature, a three-week
growing period was chosen.39-41 The volume of extract collected from each media at the end of
the growing period were used to compare the overall growth of total metabolites in each sample.
Aliquots were collected from each media on a weekly basis to monitor the growth of metabolites
in the samples during the growing period in order to target a media which would present
maximum metabolite diversity and production. UPLC-MS data was collected for each aliquot
and is included in Appendix B.
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Figure 3.3 shows a comparison of the final extractions of AI 29 isolates in each media. The
amount of each extract was assessed visually for comparison. There is a clear difference in the
amount of extract produced in each media with PDB visually having the most extracted material
and the rice broth visually having the least amount of extracted material. The extracts of AI 10
and AI 24 also followed this same trend indicating that this would likely be the same for all of
the endophytes which were candidates for large scale growth.

Figure 3.3: The final extracts of AI 24 in various media. From left to right: rice broth, 50/50 rice
broth and PDB, and PDB.

Based on the previous results, rice broth was discarded as a possible candidate for endophyte
growth due to low yield of metabolites and a comparison was done between the UPLC-MS of the
50/50 broth and PDB to determine any differences in endophyte diversity between the two
media. Figures 3.4 and 3.5 show the UPLC-MS spectra of AI 29 in both 50/50 broth and PDB at
the end of the three-week growing period, for comparison.
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Figure 3.4: UPLC-MS data of AI 29 in 50/50 rice broth and PDB at T = 21 days. Top trace is
ESI+, middle trace is ESI- and bottom is diode array at 320 nm.

32

Figure 3.5: UPLC-MS data of AI 29 in PDB at T = 21 days. Top trace is ESI+, middle trace
is ESI- and bottom is diode array at 320 nm.
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While the mass spectrometry data has some peaks which are present in both media, the 50/50
traces have a larger number of unique mass peaks and thus higher diversity of metabolite growth.
The PDB traces have less diversity in peaks but signals for the peaks it does have indicate that
the lack of diversity is offset by an increased amount of the compounds it does contain. The
metabolite diversity allows for a larger range of masses of potential bioactive compounds
whereas the larger concentrations in the PDB allow for easier analysis. This same trend of
higher metabolite diversity is also present in both the AI 10 and AI 24 UPLC-MS results.

The final aspect of the media study was to compare metabolite production and diversity over
time. Figures 3.6, 3.7, and 3.8 show a comparison of the aliquots of AI 29 in PDB during the
three-week growing period.
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Figure 3.6: UPLC-MS data of AI 29 in PDB at T = 7 days. Top trace is ESI+, middle trace is
ESI- and bottom is diode array at 320 nm.
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Figure 3.7: UPLC-MS data of AI 29 in PDB at T = 14 days. Top trace is ESI+, middle trace
is ESI- and bottom is diode array at 320 nm.
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Figure 3.8: UPLC-MS data of AI 29 in PDB at T = 21 days. Top trace is ESI+, middle trace
is ESI- and bottom is diode array at 320 nm.
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Over the three-week growing period the diversity of metabolites in each aliquot remains fairly
constant with all the mass traces showing the same general array of peaks, the ESI+ traces
specifically being very similar across all three spectra. While diversity remains constant across
the three spectra a variance in metabolite production can be observed. The ESI+ trace shows
little difference between the first- and second-week aliquots with the ratio of trace peaks being
very similar. From the second to third week an increase in production of certain metabolites can
be seen corresponding to the increased size of some trace peaks while others remain similar
relative size to each other. The ESI- trace shows a much more even distribution of trace peaks in
the third week than the first and second, indicating an increased production of some compounds.

Overall, it was concluded that while the endophytes grown in PDB produced the most extracted
material the 50/50 rice broth and PDB media provided more diversity in peaks in the UPLC-MS
spectra. As both aspects proved advantageous for future analysis it was decided that the
endophytes would be grown in both media for the large-scale extractions. In addition, a threeweek growing period was established for the growth of the metabolites with the same goal of
maximizing diversity and overall volume of compounds for analysis. This growing period was
chosen both based on the analyzed data explained above as well as the standard three-week
growth period from the literature for similar analyses.39,40,41
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3.3 Tentative Bioactive Metabolite Identification
Endophyte isolates AI 21, AI 23, and AI 29 were grown on a large scale in both PDB and 50/50
rice broth and PDB mix for a three-week period as per the results of the media study. HRMS
results were collected from extractions of both the media study and the large-scale growth which
had an appropriate amount of extract; this included AI 21 in 50/50 rice broth and PDB mix, AI
21 in PDB, AI 23 in 50/50 rice broth and PDB mix, AI 23 in PDB, AI 24 in 50/50 rice broth and
PDB mix, AI 24 in PDB, two samples of AI 29 in 50/50 rice broth and PDB mix, and two
samples of AI 29 in PDB.

All peaks over 400 amu with relative intensities over 5% were recorded. Mass peaks were cross
referenced with the HRMS of the MeOH blank and matching peaks were discarded from further
analysis. The remaining masses were searched in Antibase, a comprehensive bioactive
compound database, using a search window of 5 ppm between the experimental HRMS mass and
the database value. Compounds which were within the search window, and which were isolated
from fungal sources were considered possible matches. 24 possible bioactive compounds were
identified. The HRMS data containing these 24 compounds are included in Appendix C, an
example of HRMS data of containing two of these compounds is shown in Figure 3.9.
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Figure 3.9: HRMS spectra of AI 29 in 50/50 rice broth and PDB mix, sample 2; with TAC
chromatography on top and ESI+ MS data on bottom.

These compounds were further narrowed based on data directly from the literature pertaining to
those compounds, where most matches in the database were found to be compounds which were
isolated within the same paper as a bioactive compound but not bioactive themselves, or the
HRMS value reported in the paper was significantly different than that from Antibase. Other
matches were rejected based on a lack of data, most often a lack of reported HRMS data or any
data pertaining to bioactivity. Overall, 5 compounds were found to have appropriate mass
matches both from the database and literature, as well as some form of bioactivity in the
literature that could potentially lead to the inhibition of fungal pathogen growth. A summary of
the data collected and used to identify these compounds is provided in Table 3.2.
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Table 3.2: Potential Bioactive Compounds
Compound Name Experimental Antibase

Endophyte

Retention

and Media

Time (Rt)

AI 23 PDB

2.63 min

HRMS

HRMS

M/[M+H]+

[M+H]+

Mass (amu)

from

(amu)
Sclerotiotide F

HRMS

421.240

Literature
421.2455 45

420.237

and AI 29
PDB #2
Austrocolorone B 595.155

594.153

594.1504 46

AI 24 Mix

1.13 min

Aurovertin H

492.200

493.2079 47

AI 29 PDB

2.58 min

493.204

#1
Gymnastatin C

506.205

505.1993 48

505.200

AI 29 PDB

2.38 min

#2
Dankastatin C

520.219

519.2147 49

519.215

AI 29 PDB

2.38 min

#2

Sclerotiotide F was observed in the extract from two separate endophytes and media, those being
AI 23 in PDB and AI 29 sample 2 in PDB. An [M+H]+ peak of 421.240 amu was observed in
both samples which was found to correspond with Antibase’s HRMS value of 420.237 amu for
sclerotiotide F. The observed HRMS [M+H]+ value from the literature for sclerotiotide F is
421.2455 amu, which is within 5 ppm of the experimental value. Sclerotiotide F was previously
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isolated from the extraction of Aspergillus sclerotiorum alongside other similar compounds
sclerotiotides A-K. Sclerotiotide F is a cyclic tripeptide with the formula C21H33N4O5 whose
structure is presented in Figure 3.10.45 Furthermore, the sclerotiotide F has been found to inhibit
the growth of Candida albicans, a fungal pathogen, indicating that it does have antifungal
properties.50

Figure 3.10: The structure of sclerotiotide F, a bioactive cyclic tripeptide with the formula
C21H33N4O5.51

Austrocolorone B was observed in the extract of AI 24 in 50/50 rice broth and PDB mix. The
observed [M+H]+ peak had a mass of 595.155 amu which corresponds with Antibase’s HRMS
value of 594.153 amu for austrocolorone B. The observed HRMS value from the literature for
austrocolorone B is 594.1504 amu which is within the 5 ppm threshold of the experimental
value. Austrocolorone B is an anthracenone dimer with the formula C34H26O10 whose structure is
presented in Figure 3.11. Austrocolorone B was previously isolated from the Cortinarius
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vinosipes, a mushroom native to Australia, and has been observed to have cytotoxic properties
which could relate to antifungal activity.46

Figure 3.11: The structure of austrocolorone B, a bioactive anthracenone dimer with the formula
C34H26O10.55

Aurovertin H was observed in the extract of AI 29 in 50/50 rice broth and PDB mix. The
observed [M+H]+ peak had a mass of 493.204 amu which corresponds to Antibase’s HRMS
value of 492.200 amu for aurovertin H. The observed HRMS [M+H]+ value from literature for
Aurovertin H is 493.2079 amu which is consistent with the experimental mass value. Aurovertin
H has the chemical formula C25H33O10 and its structure is presented in Figure 3.12. The
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compound was first isolated from the extract of the fungus Metarizhizium anisopliae.47
Aurovertin compounds in general have been found to have antiviral and antibacterial activity
which could relate to possible antifungal activity.52

Figure 3.12: The structure of aurovertin H, a bioactive compound with the formula C25H33O10.53

Gymnastatin C was observed in the extract from AI 29 in PDB. An [M+H]+ peak of 506.205
amu was observed in the HRMS spectra which corresponds to Antibase’s HRMS value of
505.200 amu for gymnastatin C. The observed HRMS value from literature is 505.1993 amu
which is consistent with the experimental value obtained. Gymnastatin C has a chemical formula
of C24H37NO6Cl2, its structure is presented in Figure 3.13. The compound was first isolated from
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the extract of the fungus Gymnasella dankaliensis and has been found to have cytotoxic
properties which could result in antifungal activity.48

Figure 3.13: The structure of gymnastatin C, a bioactive compound with the formula
C24H37NO6Cl2.54

Dankastatin C was observed in the extract of AI 29 in 50/50 rice broth and PDB mix. The
observed [M+H]+ peak had a mass of 520.219 amu which corresponds to Antibase’s HRMS
value of 519.215 amu for dankastatin C. The observed HRMS value for dankastatin C from
literature is 519.2147 amu, which is within 5 ppm of the experimental mass. The chemical
formula for Dankastatin C is C25H39NO6Cl2, its structure is presented in Figure 3.14. Dankastatin
C was previously isolated from the fungus Gymnascella dankaliensis and was found to have
cytotoxic effects which could result in antifungal activity.49
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Figure 3.14: The structure of dankastatin C, a bioactive compound with the formula
C25H39NO6Cl2.56

One tentative bioactive compound was identified for each endophyte extract tested via HPLC
with the exception of AI 29 whose PDB extracts were used to identify three potential bioactives
and AI 21 for which no potential bioactives were identified. Duplicates of both AI 29 in PDB
and AI 29 in 50/50 rice broth and PDB mix were analyzed because samples were available and
preliminary testing via UPLC-MS showed the samples were not identical. This increased number
of extracts tested may be the cause of the higher number of potential bioactives identified. On the
other hand, the lack of potential bioactives in the extract of AI 21 may be due to a low amount of
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extracted material. AI 21 was observed to be a relatively slow growing endophyte compared to
the other endophytes which were extracted. This resulted in a lower volume of extract and
subsequently a lower number of identified peaks for database searches which led to the lack of
potential bioactives identified.
All the compounds identified through analysis of the extracted material and identified above
have been shown to display some bioactive property or properties which could lead to the
inhibition of growth of the pathogen of interest, Diaporthe eres. As such, they have the potential
to be used in the protection of apple trees against the effects of ARD.

3.4 Experimental Difficulties
The original goal of this project was to conduct bioautography using all the endophytes which
showed inhibition in the preliminary dual culture assays. An initial test bioautography was done
early in the project using material extracted from five PDA plates of each isolate. This was
however not enough extract for a proper bioautography, and no inhibition was observed. The
large-scale growth and extraction of the endophytes was conducted with bioautography in mind.
Unfortunately, in early 2022, just following the completion of the first round of large-scale
growth and extraction, all cultures on plates in our lab group were lost to contamination
including all the endophyte isolates and the pathogen isolate as well as all other the cultures in
the lab. The cause of the contamination was not determined definitively but it was speculated
that it may have been caused by mites as most plates appeared to have mite tracks, or possibly a
problem with the PDA media or the autoclave as several unopened bottles of autoclaved PDA
were found to be contaminated. With the loss of the cultures the project had to pivot to the
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analysis of the already extracted compounds. Fortunately, there were sufficient amounts of
extracts from several endophytes for the collection of HRMS data which could be used for
database searches of bioactive compounds.
A difficulty experienced in the interpretation of the HRMS data was identification of single
bioactives from other compounds or mass fragments in the HRMS data. With the large number
of peaks in the MS spectra it was not possible or feasible to search every mass within the spectra
which contained not just bioactive secondary metabolites but also impurities and fragmented
compounds. As such it is possible that some bioactive compounds were not identified for this
reason.
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4 Conclusions and Future Work
This project focused on the extraction and identification of bioactive metabolites from
endophytes of apple trees which potentially reduce the growth of Diaporthe eres. a causal
pathogen of Apple Replant Disease. The identities of 5 natural products were identified based on
HRMS data and supporting literature. These compounds included sclerotiotide F, austrocolorone
B, aurovertin H, gymnastatin C, and dankastatin C all of which have previously displayed either
cytotoxic or antifungal activity. This activity shows their potential as possible compounds to be
used in the control of the pathogen Diaporthe eres. and by consequence ARD.
Future work would include a request to our collaborating group in Kentville for new plates of the
endophyte candidates identified in the preliminary assays as well as a culture of the Diaporthe
pathogen. These would be used to complete the project as originally intended including the
large-scale growth of the remaining candidates as well as bioautography of all endophyte
candidates against the Diaporthe pathogen. This would allow for much more targeted analysis of
bioactive compounds as well as potential for future research on the identification and structural
elucidation of completely novel bioactives from the endophyte extracts. Furthermore, the
endophytes themselves may have potential as biocontrol agents. The endophytes could be
identified through DNA analysis which could provide information on whether they are safe for
use for this application. Given that they are safe, field tests could be conducted using the
endophytes themselves as biocontrol agents for ARD.
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6 Appendices
Appendix A

Dual Culture Assays

Figure A.1: Dual Culture of AI 2

Figure A.2: Dual Culture of AI 3

Figure A.3: Dual Culture of AI 4

Figure A.4: Dual Culture of AI 6
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Figure A.5: Dual Culture of AI 10

Figure A.6: Dual Culture of AI 14

Figure A.7: Dual Culture of AI 19

Figure A.8: Dual Culture of AI 21
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Figure A.9: Dual Culture of AI 22

Figure A.10: Dual Culture of AI 23

Figure A.11: Dual Culture of AI 24

Figure A.12: Dual Culture of AI 25
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Figure A.13: Dual Culture of AI 26

Figure A.14: Dual Culture of AI 27

Figure A.15: Dual Culture of AI 28

Figure A.16: Dual Culture of AI 29
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Figure A.17: Dual Culture of AI 30
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Appendix B

UPLC-MS Results for Media Study

B.1: UPLC-MS Data for Controls

Figure B.1.1: UPLC-MS of rice broth control at T = 0 days.
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Figure B.1.2: UPLC-MS of rice broth control at T = 7 days.
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Figure B.1.3: UPLC-MS of rice broth control at T = 14 days.
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Figure B.1.4: UPLC-MS of rice broth control at T = 21 days.
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Figure B.1.5: UPLC-MS of PDB control at T = 0 days.
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Figure B.1.6: UPLC-MS of 50/50 rice broth and PDB control at T = 0 days.
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B.2: UPLC-MS Data for Apple Isolate 10

Figure B.2.1: UPLC-MS of AI 10 in rice broth at T = 7 days.
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Figure B.2.2: UPLC-MS of AI 10 in rice broth at T = 14.
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Figure B.2.3: UPLC-MS of AI 10 in rice broth at T = 21.
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Figure B.2.4: UPLC-MS of AI 10 in PDB at T = 7.
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Figure B.2.5: UPLC-MS of AI 10 in PDB at T = 14.
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Figure B.2.6: UPLC-MS of AI 10 in PDB at T = 21.
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Figure B.2.7: UPLC-MS of AI 10 in 50/50 rice broth and PDB at T = 7 days.
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Figure B.2.8: UPLC-MS of AI 10 in 50/50 rice broth and PDB at T = 14 days.
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Figure B.2.9: UPLC-MS of AI 10 in 50/50 rice broth and PDB at T = 21 days.
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B.3: UPLC-MS Data for Apple Isolate 24

Figure B.3.1: UPLC-MS of AI 24 in rice broth at T = 7 days.
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Figure B.3.2: UPLC-MS of AI 24 in rice at T = 14 days.
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Figure B.3.3: UPLC-MS of AI 24 in PDB at T = 7 days.
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Figure B.3.4: UPLC-MS of AI 24 in PDB at T = 14 days.
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Figure B.3.5: UPLC-MS of AI 24 in PDB at T = 21 days.

80

Figure B.3.6: UPLC-MS of AI 24 in 50/50 rice broth and PDB at T = 7 days.
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Figure B.3.7: UPLC-MS of AI 24 in 50/50 rice broth and PDB at T = 14 days.
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Figure B.3.8: UPLC-MS of AI 24 in 50/50 rice broth and PDB at T = 21 days.
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B.4: UPLC-MS Data for Apple Isolate 29

Figure B.4.1: UPLC-MS of AI 29 in rice broth at T = 7 days.
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Figure B.4.2: UPLC-MS of AI 29 in rice broth at T = 14 days.
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Figure B.4.3: UPLC-MS of AI 29 in PDB at T = 7 days.
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Figure B.4.4: UPLC-MS of AI 29 in PDB at T = 14 days.
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Figure B.4.5: UPLC-MS of AI 29 in PDB at T = 21 days.
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Figure B.4.6: UPLC-MS of AI 29 in 50/50 rice broth and PDB at T = 7 days.

89

Figure B.4.7: UPLC-MS of AI 29 in 50/50 rice broth and PDB at T = 14 days.
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Figure B.4.8: UPLC-MS of AI 29 in 50/50 rice broth and PDB at T = 21 days.
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Appendix C

HRMS Spectra of Potential Bioactive Compounds

Figure C.1: HRMS of AI 21 in 50/50 rice broth and PDB, at 1.11 min.

Figure C.2: HRMS of AI 21 in 50/50 rice broth and PDB, at 2.01 min.

Figure C.3: HRMS of AI 21 in 50/50 rice broth and PDB, at 2.91 min.
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Figure C.4: HRMS of AI 21 in 50/50 rice broth and PDB, at 4.70 min.

Figure C.5: HRMS of AI 23 in PDB, at 2.63 min.

Figure C.6: HRMS of AI 23 in PDB, at 2.91 min.
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Figure C.7: HRMS of AI 23 in PDB, at 3.28 min.

Figure C.8: HRMS of AI 23 in PDB, at 3.79 min.

Figure C.9: HRMS of AI 24 in PDB, at 3.91 min.
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Figure C.10: HRMS of AI 29 #1 in 50/50 rice broth and PDB, at 2.38 min.

Figure C.11: HRMS of AI 29 #1 in PDB, at 2.58 min.

Figure C.12: HRMS of AI 29 #2 in PDB, at 1.84 min.
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Figure C.13: HRMS of AI 29 #2 in PDB, at 2.38 min.

Figure C.14: HRMS of AI 29 #2 in PDB, at 2.63 min.

Figure C.15: HRMS of AI 29 #2 in PDB, at 3.14 min.
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Figure C.16: HRMS of AI 29 #2 in PDB, at 3.46 min.
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