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Thesis Abstract
Biodiversity loss worldwide is occurring at an alarming rate due to the continual and increasing
influence of anthropogenic disturbances. Understanding how species shift and adapt in these
changing urbanised environments while also changing over time is extremely important when
considering future ex-situ restoration and renewal practices. Seed fungal endophytes (SFE)
comprise a large hidden component of ecosystem diversity and provide plants with a variety
of benefits, although major knowledge gaps exist regarding the influence on SFE movement
and diversity within both the natural and urbanised environments. Using culturing techniques,
morphological analyses and Sanger sequencing, I identified the culturable SFE community of
the common native Banksia ericifolia (B. ericifolia) at two urban and two natural sites in
Sydney, New South Wales, Australia. I investigated the influence of both spatial and temporal
factors on the diversity and composition of these SFE communities. Between old and young
seed, 26 Operational Taxonomic Units were isolated, with older seeds containing significantly
more isolates and fungal species. The study also found similar fungal communities within
young seeds at sites, which over time, diversify and become distinct and unique to each site.
Between urban and natural sites, the overall SFE community composition did not change,
although species richness and diversity were greatest at the urban sites. My results differed
from other studies, highlighting the need for more studies involving the influence of
urbanisation on microbial diversity, while also examining new technologies and tools which
can provide more accurate representations of the communities present. Understanding the
factors that influence seed fungal endophytes community movement is critical in maintaining
their biodiversity as they are crucial to the functioning of ecosystems.
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1.

General introduction and literature review

The term endophyte was first described by Berry in 1866 and referred to any organism found
within a plant’s tissues (Ahmad et al. 2019). Since that time, research into endophytes has
grown exponentially, particularly after studies emerged involving the discovery of the human
microbiome and its importance (Strobel 2018). Scientists are now uncovering the important
beneficial developmental and physiological roles that endophytes play within plants, which
includes increased tolerance to stress, enhanced root growth and the provision of nutrients and
water (Ashraf et al. 2015; Cui et al. 2018). Research has shown the prevalence of isolates in
every organ of a plant (Strobel 2018). To date, most endophytic research has focused primarily
on the composition and structure of the microbiota associated with the roots, leaves and stems,
with very few studies on plant fruit and seeds (Shade et al. 2017). This has resulted in a large
knowledge gap concerning the diversity and assembly of seed endophytic fungal communities.
In this first chapter, I highlight the importance of fungal endophyte diversity within plants,
focussing strongly on seeds, and their beneficial roles to both their host and their environment.
Secondly, I provide an overview of the factors that influence the diversity and composition of
fungal endophytes while also highlighting and acknowledging methodological limitations and
knowledge gaps. Thirdly I will provide an overview of the need for ex-situ conservation and
its importance to the restoration and renewal of native species.

1.1

Introduction

Plants harbour a wide range of microbiota which may significantly influence plant traits,
including tolerance to drought and metabolite production (Shade et al. 2017). These microbial
communities are classified as either epiphytic or endophytic depending on their location within
the host organism. Epiphytes are organisms that grow on the surface of a plant, living
10

independently of the host plant for nutrition and water (Reinert 2008). In contrast, an endophyte
is an organism such as a fungi or bacteria that lives asymptomatically inside a plant for at least
part of their life cycle (Kaul et al. 2016). Endophytes have been isolated from every plant organ
and are believed to exist in all plant forms, including those found in the world’s oceans such
as algae and seagrasses (El-Bondkly et al. 2021), as well as in lower plant forms such as mosses
and liverworts (Strobel 2018). Many endophytes are fungi. Falling into the second most
species-rich organism group, fungi play important key roles in ecosystems as decomposers,
nutrient cyclers, mutualists, and pathogens (Wu et al. 2019).
Fungal endophytes are often referred to as beneficial or commensal, playing important roles in
the development and physiology of their host plant, including increased tolerance to stress,
enhanced root growth and the provision of nutrients and water (Ashraf et al. 2015; Cui et al.
2018). Studies involving endophytes have particularly focused on the influence of these
microbiota on the development of plants and their ability to resist disease and droughts (Busby
et al. 2016; Lata et al. 2018; Sadeghi et al. 2020; Hosseyni Moghaddam et al. 2021). Along
with being key drivers of ecosystem processes, they have also been found to aid in the process
of carbon fixation while existing as endophytes within plants (Hardoim et al. 2015). In
comparison to other types of fungi, endophytic fungi have been the least studied, however
recent discoveries involving the study of medicinal compounds derived from secondary
metabolites produced by fungal endophytes has resulted in a surge in this field of research
(Mishra et al. 2012).
Endophytic fungi have been found to vary greatly within a single host species occupying
different sites, climates and environments (Fig. 1.1) (Porras-Alfaro and Bayman 2011). This
variation may be dependent on the plant species, nutrient availability, environmental
conditions, and interactions with external microbes (Porras-Alfaro and Bayman 2011).
Although endophytes have been found in every organ of their host plant, most endophytic
11

research to date has been primarily focused on the diversity and composition of microbiota
associated with the roots, leaves and stems (Shade et al. 2017). At present there is a large
knowledge gap concerning the diversity, composition and assembly of seed endophytic fungal
communities (Saikkonen et al. 1998).

Figure 1.1 Differences in common endophytes among the leaves, roots and shoots of alfalfa. From left to right,
organs of a single plant may differ in both fungal endophytes with some producing bioactive secondary
metabolites with antifungal properties. Some secondary metabolites have not yet been identified for some of the
endophytes present, denoted by N.I (Not Identified). Adapted from Anke and Weber 2006.

1.2

Critical review of seed fungal endophytes

A seed represents a crucial stage in a plant’s life cycle. In natural ecosystems, seeds play a
critical role in establishing new individuals, while also facilitating dispersal and adaptation in
new environments (Fenner and Thompson 2005; Nelson 2018). A reservoir of seeds are
particularly important in plant species which are frequently killed by abiotic and biotic factors,
such as fire-sensitive species. With an increase in anthropogenic disturbances and the influence
of global warming, many sensitive species may experience frequent exposure to disturbances
such as fire, meaning many species may not reach maturity, ultimately leading to local
12

extinction (Lamont and Wiens 2003). Seeds are critical to the future of plants, and research
into understanding their development and microbiome is crucial for restoration and
conservation efforts.
Some research has shown the importance of seed fungal endophytes (SFEs), such as in
improving seed germination, enhance plant tolerance to stress, and mitigating abiotic and biotic
stresses through the production of secondary metabolites such as siderophores and ACC
deaminase (Puente et al. 2009; Gopalakrishnan et al. 2015; Meena et al. 2017; Shahzad et al.
2018). Fungal endophytes from the seeds of Opuntia sp. have been found to promote seed
germination in semi-arid lands by disrupting seed dormancy (Delgado-Sánchez et al. 2013).
Research is also examining the influence of endophytes on agricultural plant fitness,
establishment, and resistance to pathogens to produce healthier and larger crops (Wani et al.
2016).
The movement of endophytes within and between plant hosts is crucial to their survival and
establishment. Plants acquire fungal endophytes through two main pathways; the first
involving a vertical transmission of the endophyte from the maternal host plant via the seed,
and the second involving horizontal transmission in which endophytes are acquired from the
surrounding environment such as the soil or dead leaf material (Hodgson et al. 2014). Although
the relative importance of these transmission methods remains unclear, both modes likely
contributing to the overall composition of the plant microbiome and, in particular, the seed
microbiome (Shade et al. 2017). The mix of transmission methods of fungal endophytes into
the seed can be further broken down into three main pathways. These include (i) movement
internally through the xylem or other nonvascular tissue of the mother host plant, (ii) movement
via the stigma involving micro-organisms acquired from the environment, (iii) external
pathway through contamination of the seed with surfaces (Fig. 1.2) (Shade et al. 2017).
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Depending on the mode of transmission employed, SFEs may therefore be localised to the seed
storage tissues or seed coat.

Figure 1.2 Vertical and horizontal transmission and inheritance of endophytes in plants. Transmission can occur
vertically (1) to (2) from the maternal host plant, indicated by the red arrow. This transmission to the seed may
occur through the gametes, reproductive meristem, or the vascular connections. Endophytes may also be
horizontally transmitted, indicated by the black arrow from the environment in which soil endophytes (indicated
by the black shapes) may colonise the seeds within the ground. Different shapes and colours within each part of
the plant (flowers, leaves, stem, seed) represent unique endophytes which are transferred to the new seed (1) to
(2). During seed growth and seedling formation (2)-(4), each endophyte specialises within a certain part of the
seedling, noted by the movement of each shape and colour within (4). This specialisation is related to the function
of the endophyte within each plant organ. This figure has been adapted from (Shade et al. 2017).

Abiotic factors influence the colonisation of fungal endophytes, with nutrient poor
environments resulting in a greater abundance of endophytes in hosts (Shymanovich and Faeth
2019). Oono et al. (2020) showed the impact of leaf resource availability on the diversity of
fungal endophytes with a decrease in endophyte richness in leaves containing higher nitrogento-phosphorous ratios. In contrast, Hamilton et al. (2009) showed that the abundance of a
nonhybrid endophyte species increased with increasing soil nutrients, whereas a hybrid (hyphal
anastomosis between two fungal species) endophytic species in the same host was positively
associated with increasing soil moisture and pH levels. Clearly, the requirements and
14

establishment of endophytes vary depending on the abiotic factors present, but it is also clear
that there is a lack of information to develop a general framework about colonisation and
nutrient availability. Endophyte colonisation is likely to be mediated by the habitat and climate
in which the host exists, with plants partnering with particular microorganisms to aid in plant
fitness such as increasing nutrient uptake (Shymanovich and Faeth 2019). This symbiotic
relationship between a host plant and its associated beneficial microbes may be an essential
requirement for the distribution of a plant into habitats where they could not otherwise persist
(Kazenel et al. 2015).
Biotic factors may also influence endophyte movement and establishment. While plants have
evolved structural, chemical and indirect defences to deter herbivores, the role that endophytes
play within this evolutionary battle is currently unknown. The predation of herbivores on plant
seed embryos may significantly influence the spread of SFEs to the next generation, although
in some species endophytes may produce toxins that either directly inhibit the growth of a
pathogen or indirectly strengthening a plants resistance against an attack (Shahzad et al. 2018).
However, these endophyte defensive tactics may not be consistent with every endophyte
infected host as shown by Gonthier et al. (2019) where the endophyte Suillus luteus in the Scots
pine only reduced the host tree susceptibility to root rot from Heterobasidion annosum and not
to Heterobasidion irregular. Overall, we might expect to see a negative association in relation
to the frequency of endophytes and predation. For example, Epichloë alsodes infection
frequency decreased with increasing insect damage as a result of the powerful insecticidal
produced by the fungal partner (Shymanovich and Faeth 2019). Therefore, the presence of a
particular biotic factor may influence endophyte diversity and composition.
The creation of urban environments from natural and urban lands has increased significantly
over the last 30 years (Seto et al. 2012). Changes associated with urbanisation have drastically
impacted the local abiotic conditions of an area, including higher and more abundant levels of
15

nutrients and pollution (Parris 2016) as well as excessive heat, chemical contamination, and
compacted soils (Day et al. 2010). Along with abiotic changes, urbanisation also severely
impacts local landscape structures including reduced remnant sizes and connectivity
(McDonnel et al. 1997; Parris 2016). The direction and size of these changes may filter out
species that are not preadapted to these new environmental conditions, ultimately leading to a
decrease in abundance or diversity at local scales (Piano et al. 2020). As urbanisation is
expected to increase in size and density (Abrego et al. 2020), gaining an understanding of how
it impacts local biodiversity is a key priority for ensuring the restoration and renewal of species
for the future.
Studies into the effect of urbanisation on the diversity of all fungal species including
endophytes is currently lacking, which is largely attributed to methodological challenges in
comprehensively surveying such a cryptic and diverse kingdom (Abrego et al. 2020). In
remnant vegetation in the Japanese city of Chiba, there was a large decline in specific host
fungal species and an overall decrease in the diversity of the community (Matsumura and
Fukuda 2013). A similar pattern was also found in urban areas in Finland (Abrego et al. 2020).
And finally, Klaedtke et al. (2016) strongly indicated the influence of local site conditions on
the assembly of SFE, rather than the plant genotype in Brittany and Luxembourg, Europe.
The age of the plant tissue and timing of colonisation potentially play a significant role in
determining the diversity and composition of fungal endophyte communities. Fungal
endophyte colonisation before pathogen colonisation can result in plant protection, whereas
colonisation after pathogen introduction may result in disease facilitation (Adame-Álvarez et
al. 2014). It is also well known that the age of the plant host significantly influences the
biodiversity of fungal endophytes that it harbours (Ziaie-Juybari et al. 2019), however, few
studies have been reported on the impact of plant tissue age on the diversity of fungal
endophytes within a host. Of these few studies, most only focused on leaf or root age. For
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example, the richness and diversity of leaf endophytic communities increased with leaf age
(López-González et al. 2017). Horizontal transmission of foliar fungal endophytes as a result
of greater exposure time to the surrounding environment has been shown by Arnold et al.
(2003) and Sanches- Azifeifa et al. (2012). The results of these studies indicate the potential of
these temporal factors in influencing the dynamics of the endophytic communities present.

1.2.1 SFE methodological approaches
To accurately study and measure the entire SFE community present within a sample, it is
important to assess experimental design approaches and the tools used to achieve this as current
methods are often biased and may lead to inaccurate diversity estimates (Tedersoot et al. 2010).
Seed fungal endophytes have been of interest due to their potential to produce various types of
enzymes, secondary metabolites and antimicrobial compounds (Shahzad et al. 2018). Thus,
many studies have primarily focused on specific metabolite producing SFE, providing only a
subset of the whole endophytic community present in the seed of individual hosts. In many of
these studies, the aim was to determine beneficial host endophytes, or endophytes which
produce metabolites for beneficial anthropogenic use. For example, researchers identified a
fungal endophyte Helianthus annuus which produced bioactive metabolites capable of being
potentially utilised as an eco-friendly herbicide (Waqas et al. 2013). In another study by Zhang
et al. (2019), seeds containing very small amounts of sugar metabolites were considered
endophyte free as a result of endophytes only being represented as present in the seed through
their production and detection of sugar metabolites. This result may provide insight into key
carbohydrates present in aiding endophyte survival in seeds, but it is not indicative of all SFEs
present.
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Traditional techniques used to identify fungal endophytes are based upon culturing endophytes
from various plant tissue on different media (Rabiey et al. 2019). Although it is a successful
approach, it may not be indicative of the whole diversity and abundance in the tissue sample.
Many fungal endophytes might be hard to identify in cultures as they do not produce or form
the reproductive structures for morphological identification (Sun and Guo 2012), and slower
growing endophytic species may be getting outcompeted in the medium by rapidly growing
species (Arnold and Lutzoni 2007). Other endophytic species may also just be unculturable
due to a lack of key growth components because of strong host survival dependence or as a
result of environmental factors (Rabiey et al. 2019). Although single culturing techniques do
not provide an accurate diversity estimate, the use of two cultivation-based isolation techniques
can significantly increase the estimation of species richness (Unterseher and Schnittler 2009).
The sterilisation of seeds is an important first step in the culturing of SFEs. This is conducted
to remove all ectophytic fungi on the outside coating of the seed to ensure only endophytic
organisms are grown. Although in many studies the sterilisation technique varies, not much is
known about the effectiveness of all these techniques. This variation may lead to some
inaccuracies by calling an ectophytic species as endophytic. For example, Ganley and
Newcombe (2006) used 96% (v/v) ethanol and 6% sodium hypochlorite (NaCLO), whereas
Parsa et al. (2016) immersed seeds in 0.1% Triton X-100, followed by 0.5% NaCLO and 70%
ethanol. Although both studies confirmed the success of the sterilisation method used, many
others did not (Wilson and Carroll 1997; Ganley et al. 2008; Krishnan et al. 2012).
While the sterilisation of seeds is important to remove epiphytic fungi, the growth of bacteria
must also be inhibited. Contamination of fungal plates from bacterial growth can significantly
interfere with fungal production. Many fungi may alter their morphology, resulting in thinner,
fewer aerial hyphae, reduced sporulation and slower growth rates (Shi et al. 2019). Therefore,
the inhibition of bacteria on plates is important and is often treated using antibiotics. Although
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the incorporation of antibiotics in endophytic studies is variable. The suppression of bacterial
growth using carbenicillin has been successful (López-González et al. 2017).
While both sterilisation of seeds and inhibition of bacterial growth on plates are important
factors to incorporate into SFE studies, the presence of mites in cultures is another critical
factor. Mites such as Tyrophagus putrescentiae are a common problem as they feed on the
spores and hyphae of fungal cultures and are able to migrate from one culture plate to another
(Duek et al. 2001). The presence of mites in a culture may be identified through the perforation
and changes in the appearance of the fungal colony on the plate, although the use of a
microscope is required for confirmation. As a result, mites can be detrimental to the study of
SFEs and may result in the diminishment of some fungal cultures, resulting in inaccurate
diversity and abundance measurements.
When assessing the diversity of seed fungal endophytes, the initial isolation step varies among
researchers with some directly crushing sterilised seed (Yang et al. 2018; Qin et al. 2016).
Ganley and Newcombe (2006) first plated sterilised seeds onto 4% potato dextrose agar or
3.3% malt extract agar. Following isolation, DNA is then extracted to assay a specific
conserved nucleotide sequence which is then amplified using polymerase chain reaction to
allow for differentiation among taxa (Zimmerman et al. 2014). For fungi, this nucleotide
sequence is targeted around the non-coding Internal Transcribed Spacer (ITS) region between
ribosomal RNA genes (Nilsson et al. 2009; Zimmerman et al. 2014). To determine taxonomic
boundaries between microorganisms at a finer-level, “Operational Taxonomic Units” (OTUs)
instead of “species” are used when sequences are 97% similar to each other (Zimmerman et al.
2014).
To determine what species or OTUs are present in an environmental sample, sequencing of the
ITS PCR amplified region may be performed using either Next generation sequencing (NGS)
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or Sanger sequencing. Sanger sequencing is a method that has been used for several decades
and produces high-quality and long sequences (Zimmerman et al. 2014). As a result, it is able
to identify seed endophytic fungi to a species level. Huang et al. (2014) identified 29 taxa from
500 clones. NGS uses shorter sequences (~ 250 base pairs) and is only able to identify fungi to
a genus level. Although NGS is only able to provide data based on OTUs ranking, it is able to
provide a wider range of classes and orders of fungi than Sanger sequencing. This reflects the
power of deep sequencing as seen in the same study above in which 205 genera were detected
using NGS compared to 19 using Sanger sequencing. Therefore, depending on the desired
research outcome, Sanger sequencing may be more appropriate if species identification is
needed.
This variation between culture-based and non-culture-based isolation and sequencing methods
used in studies indicates a strong underrepresentation of the diversity of seed endophytic
species being accounted for. Although in comparison there has been an increase in the detection
of fungal endophyte diversity within studies as a result of the development of cultureindependent methods. This increase in fungal endophyte diversity detection, along with a
greater understanding of SFE importance, highlights the need for examining potential ex-situ
conservation methods.
Recent technological advancements in microbiology research has resulted in the quantification
and detection of fungal endophyte communities which were previously not perceived by
traditional culturing methods (Torres et al. 2011). These include the use of nucleic acid
biomarkers such as RNA instead of directly assessing the observational aspects of cultured
fungi. These techniques are likely to be more informative about the total endophyte diversity
but are currently limited and expensive.
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1.2.2 The need for seed: ex-situ conservation
Biodiversity loss around the globe is continuing to increase at an alarming rate (Katharina and
Karen 2020). Many areas of exceptional biodiversity loss have been found in developing
countries as a result of ecosystem exploitation leading to significant levels of habitat loss
(Katharina and Karen 2020). Not only has this trend been visualised in developing countries,
it has also been found in many developed countries. In particular, Australia has been identified
as containing the highest rate of biodiversity loss globally, with a lack of long -term monitoring
programs and inefficient management practices listed as contributing factors (Heise-Pavlov
2020). This is of particular concern as Australia contains high levels of endemism areas
occupied by forests which are threatened by growing human populations, species invasion,
climate change and increased pollution levels (Davey 2018). A combination of these factors
may result in significant plant movement between habitats in search for new areas suited to
their specific physiology (Drielsma et al. 2017). This movement may negatively impact the
survival of native endemic species as a result of competition, and changes to soil and microbial
composition. These factors may ultimately lead to the extinction of native floral species which
provide important food and shelter for many other dependent species. The potential loss of
these important species and the increasing risk of climate change highlights the need for
restoration and management practices such as the possibility of ex-situ conservation.
Ex-situ conservation aims to conserve biological diversity outside of their natural habitats in
hope to support species recovery (Cochrane et al. 2007). This may involve the collection of
plant seeds, pollen, living specimens or DNA. In particular, the collection of seeds presents as
an efficient and cost-effective method of conserving a species, having less impacts on
population growth rates, and are more easily stored (Cochrane et al. 2007). The collection of
seeds for ex-situ conservation are generally stored in ‘seed banks’, and the number of
established seed banks in institutions has increased over the past two decades for the purpose
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of wild plant conservation (O'Donnell and Sharrock 2017). These seed collections may then be
used for reintroduction or restoration, providing insurance against threats to plants such as
habitat loss, disease and climate change (O'Donnell and Sharrock 2017). However, seed
longevity in seed banks varies among species and requires efficient storage conditions to
maintain seed viability for the longest period of time (Fu et al. 2015). While also storing seeds,
it is also important to conserve the seed microbiome. While research into the seed microbiome
is rare, the growing awareness of the importance of SFEs highlights the need to understand the
effect of seed storage conditions on SFEs to ensure their survival for when restoration is
needed.
The long-term storage conditions of seeds need to be optimised to ensure the longevity of the
seeds, while also accommodating for the endophytes they harbour. It has been well known that
endophyte viability is impacted by seed storage conditions (Siegel et al. 1984; Welty et al.
1987; Hill and Missaoui 2015). In particular, increasing humidity and temperature levels have
been found to negatively impact SFE viability (Welty et al. 1987). This trend can be seen in
many grass seed studies. Pedro et al. (2009) found that the viability of the SFE Neotyphodium
declined more rapidly than the seed viability under high temperature or humidity. Along with
seed storage conditions, management practices may also affect SFE viability such as through
the application of fungicides or premature harvesting of seeds (Hill and Roach 2009). While
some research has been conducted into the viability of endophytes in stored seeds, all of these
papers focussed only on grass seeds.
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1.3

Introduction into the study species

In Australia, Banksia species belonging to the family Proteaceae form an abundant part of the
natural scleromorphic vegetation found on the eastern coast of Australia (George and Rosser
1981). A large proportion of Banksia species are commonly found on the nutrient impoverished
sandstone soils in the Sydney region because of evolved mechanisms that have aided them in
enhancing nutrient uptake (Beadle 1962; Pattinson and McGee 2004). Many Banksia species,
in particular Banksia ericifolia provide important sources of pollen and nectar for honeybees,
native birds, nocturnal mammals and insects, including ants (Paton and Turner 1985). The
source of pollen from Banksia species is from a multi-flowered, rounded inflorescence, which
forms a fertile woody infructescence upon pollination (Abbott 1985). In B. ericifolia, these
infructescences store seeds within closed follicles which are retained in the canopy of the tree
until released by fire (Bradstock and O'Connell 1988). These serotinous species are often
termed obligate seeders, relying on seeds for regeneration after a fire as the maternal plant is
killed by fire (Pattinson and McGee 2004).
Canopy stored seeds may be retained for a number of years before being released by fire. The
extended period of seed retainment has resulted in a series of constraints on the overall
germination success and survival of Banksia species. While seeds are stored in the canopy,
they are prone to high levels of granivory from insects, which can destroy up to 60% of follicles
containing seed (Scott 1982). Many foraging birds, such as the Carnaby’s cockatoo benefit
from consuming seeds from proteaceous species as they are rich in proteins, oil, and other
essential nutrients (Johnston et al. 2019). Serotinous seeds also gradually lose viability with
age, with seed decay more evident in older seeds (Crawford et al. 2011). Of the seeds that are
released and germinate, less than 50% will survive to adulthood (Groom and Lamont 1998).
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Banksia ericifolia are predominantly coastal heathland species, found on shallow sandstone in
and around the Sydney region (Siddiqi et al. 1976). They grow over a wide geographical range
consisting of various altitudes, climates and vegetation types (George and Rosser 1981). As a
result, there are a range of sites experiencing anthropogenic disturbances such as urbanisation
and increased levels of pollution which may influence B. ericifolia. These disturbances may
impact the quality of the seeds produced but may also impact the composition and diversity of
SFEs. Understanding the SFE communities within and between different sites will aid in the
ex-situ conservation of the species for successful restoration and re-establishment at a site.

1.4

Thesis aims

With very few studies examining the factors impacting the diversity and composition of SFEs
globally, and no published work in Australia, there is a large knowledge gap. My thesis will
investigate two of these gaps; the influence of temporal factors such as seed age, as well as
spatial factors involving urbanisation. Understanding these factors that may shape the SFE
communities is important in ensuring the maintenance of microbial diversity across
ecosystems.
Therefore, the two main aims of this thesis:
1. To determine the influence of seed age on the diversity and composition of culturable
seed fungal endophytes within Banksia ericifolia at two heathland sites within New South
Wales (NSW).
2. To determine the influence of urbanisation on the diversity and composition of
culturable seed fungal endophytes within Banksia ericifolia.
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1.5

Thesis structure

Chapters two and three are intended to be submitted as manuscripts for peer-reviewed journals.
Both chapters share a repetition in some of the background knowledge as well as shared
experimental designs and methodological techniques.
Chapter two is intended for submission to the journal Fungal Ecology. The influence of seed
age on the diversity and composition of fungal endophytes fits into the scope of the journal
which investigates all the aspects of fungal ecology, including biodiversity and changes within
population dynamics.
Chapter three is intended for submission to the journal Urban Forestry and Urban Greening.
My works fits into the scope of this journal which aims to provide quality research on the
management of green urban areas. In particular, my work fits into the category that investigates
plant biology, focussing on maintaining the health of urban forests, including the movement
and establishment of pathogenic microbes. Chapter three involves the collection of data
following the same experimental design as in Chapter two, as well as the use of the young seed
data found within Chapter two. As a result, to reduce repetition within the thesis, the
experimental design and methodological approach detail set has been comparatively reduced.
Chapter four provides an overall summary of the research findings, addresses constraints within
the study while also highlighting and discussing future work based of the results within this
study.
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2.
The temporal distribution of canopy stored seed fungal endophytes
within native Banksia ericifolia subsp. ericifolia (L.) from two heathland
sites in New South Wales, Australia.
Paper to be submitted to Fungal Ecology

2.1

Introduction

For over two decades there has been an alarming rate of biodiversity loss worldwide altering
the functioning of many ecosystems (Cardinale et al. 2012). In particular, Australia has been
recognised as a region containing the highest rate of biodiversity loss globally due to inefficient
management practices and lack of long-term monitoring programs (Heise-Pavlov 2020). The
impact of expanding urbanisation and associated land clearing along with climate change
threatens the local endemic rich forests and woodlands with its associated fauna (Paton and
Turner 1985; Davey 2018).
Within the natural scleromorphic vegetation found on the eastern coast of Australia, Banksia
ericifolia (B. ericifolia) is abundant (George and Rosser 1981) and provides copious amounts
of nectar and essential proteins, oils and nutrients to insects and birds through canopy-stored
seeds (Johnston et al. 2019). As an obligate seeder, B. ericifolia relies on fire to release stored
seed following the death of the maternal plant (Pattinson and McGee 2004). Increased fire
activity and frequency may threaten the survival of obligate seeders, as fire repeatedly
interrupts important processes such as fruit production and growth which help maintain and
allow the seed banks to develop (Keith 1994). Restoration and renewal practices such as exsitu conservation are needed to ensure the future survival of these important species.
Ex-situ conservation aims to support the recovery of species by conserving biological diversity
outside of natural habitats (Cochrane et al. 2007). This may involve the collection of plant
seeds, pollen, living specimens or DNA. As plant seeds play a crucial role in the reproduction
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of a species (Fenner and Thompson 2005; Nelson 2018), the collection of seeds for
conservation practices presents an efficient and cost-effective method for conserving species,
while also allowing for easy storage in ‘seed banks’ (Cochrane et al. 2007). However, the
longevity of seeds in seed banks varies depending on the species and requires storage
conditions that will maintain seed viability for the longest period of time (Fu et al. 2015). For
many native species such as B. ericifolia, seeds are already stored within closed woody follicles
which are retained in the canopy of the tree. These seeds may be harboured for many years but
are also subjected to viability loss with age, along with high levels of herbivory and seed decay
(Crawford et al. 2011). To ensure the effective conservation of a species, it is important to
understand its age-related ecology to ensure that all aspects of the plant are captured for its
future survival and re-introduction. While seed viability is one important storage aspect to
consider for conservation, the seed microbiome is another.
Seed microbiomes include a wide range of endophytic bacteria and fungi that live
asymptomatically within the seed for part of their life cycle (Kaul et al. 2016). In particular,
seed fungal endophytes (SFEs) compromise a large and hidden component of fungal diversity
and have been shown to aid in the growth of roots, provision of nutrients and water and aid in
seed tolerance to stress (Ashraf et al. 2016; Cui et al. 2018). The colonisation of SFE’s within
a host may occur through two main transmission pathways; the first involving horizontal
transmission in which endophytes are acquired from the surrounding environment, or vertical
transmission from the maternal host plant through nonvascular tissues (Hodgson et al. 2014).
Depending on the mode of transmission and timing of colonisation, the diversity and
composition of endophytes within a plant tissue may differ between and within species. This
may also be influenced by various abiotic or biotic factors or as a result of physiological
changes within the plant.
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Alternatively, temporal factors including the age of the plant tissue has been shown to
significantly impact the diversity and distribution of fungal endophytes. Endophyte diversity
increased and endophyte abundance decreased within older and more mature plant tissues
(Skaltsas et al. 2019). In contrast, Fan et al. (2020) showed that endophyte richness and
diversity were significantly higher in younger plant tissues. This discrepancy may be as a result
of different foliar physiologies associated with the availability of different nutrients or as a
result of plant differential specificity to endophytic species (Fan et al. 2020). It may also reflect
the mode of arrival of endophytes into the seed in different habitats. Although most of the
studies have been concerned with endophyte movement within leaves or roots, we have no
information about the temporal changes in the seed microbiome.
The distribution of fungal endophyte colonisation and diversity may be crucial to the survival
of the seed at various ages and exposure times, with the seed relying on the endosymbiotic
relationship for aided root growth and other physiological support (Rodriguez and Redman
2008). Understanding how SFEs change within common and non-threatened plant species,
allows us to gain knowledge for which we can transfer to other threatened plant species. This
study therefore aimed to determine the influence of seed age on the diversity and composition
of seed fungal endophytes within the common and abundant Banksia ericifolia. It also retains
seeds in tightly closed follicles, with yearly infructescence growth patterns that allows us to
easily estimate seed age.

2.2

Materials and methods

2.2.1 Study site selection
Banksia ericifolia subsp. ericifolia L.f is predominantly found on coastal heathland consisting
of shallow sandstone soils (Siddiqi et al. 1976). Although they can survive and grow over a
wide geographical range encompassing various climates and vegetation, they are mostly found
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in the Sydney region on the south-eastern coast of New South Wales, Australia (George and
Rosser 1981) (Fig. 2.1).

Figure 2.1 Distribution of recorded native (dark green) Banksia ericifolia within New South Wales according to
the Australasian Virtual Herbarium website database. Accessed 5 January 2021. The text indicates the location of
the two sites (Patonga and Royal National Park) where seeds were collected.

Two heathland sites located within the Royal National Park (RNP) (-34.13°S, 151.08°E) and
Patonga in Brisbane Waters National Park (PTG) (-33.53°S, 151.28°E) were selected for
sample collection as both are relatively undisturbed from anthropogenic influences. The
estimated age of each tree within both sites was over 25 years old, with time since last fire for
RNP in 1994 and in Patonga 1990-1991. The age of each seed was estimated based upon the
annual growth pattern of each infructescence, with the youngest and newest cones for the year
located on the outer edges of each branch. Therefore, based upon the number of infructescences
and their location within the plant, the age of seeds could be estimated (Fig. 2.2). Old cones
were defined as those that were greater than eight years old while young cones were less than
four years old. Sample collection occurred during September and October 2020.
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Figure 2.2 Estimating the age of Banksia ericifolia cones based upon the annual infructescence formation at each
node between two branches. The newest infructescence’s, highlighted by the red circle with the number one, are
the youngest cones located on the nodes furthest away from the base of the tree. The yellow arrow indicates the
direction to the base of the tree, following cone node formation to the oldest cones on the tree. In this image, the
oldest cone is located within the red circle highlighted by the number four.

2.2.2 Seed collection and storage
Within each of the two National Parks, a 500 x 500 m quadrat was randomly set up in an area
containing trees older than 25 years. Within this quadrat, four transects were set up (100 m
apart) from which 10 trees (five per transect) were selected for young cones approximately
every 100 m along two of the transects using the line transect intercept method (Heady and
Gibbens 1959). Ten trees (five per transect) were chosen for collection of older cones on the
other two transects.
From each of the trees, three mature woody infructescences containing seed were randomly
collected and checked for visible signs of disease or herbivory. Infructescences were stored at
room temperature with seeds extracted (see below) and plated within three days of collection.
2.2.3 Seed extraction and endophyte isolation
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Woody infructescences were cleaned by hand to remove anthers and washed using tap water
to remove dirt and any insects. Following cleaning, each cone then had a propane pinpoint gas
torch (Tradeflame, Australia) directed onto ten randomly selected follicles for 20 seconds until
a glossy surface was observed, followed by the opening of the follicle exposing the housed
seed. Exposed seeds were then extracted using tweezers, with viable seeds (seeds containing
fleshy embryos and no signs of herbivory or decay) kept for endophyte isolation. Following
extraction, seeds were immediately surface sterilised in a laminar flow hood using 70% ethanol
by spraying both sides of the seed until covered and left for 30 minutes to fully dry to remove
the presence of epiphytic fungal species.
Seed fungal endophytes were then isolated by placing each of the surface sterilised seeds onto
a separate petri dish containing ¼ strength potato dextrose agar (PDA) with added 2% lactic
acid to suppress the growth of bacterial colonies. Each plate was placed into an incubator in
the dark at 22 °C for 28 days, and checked for endophyte growth every 7, 14 and 28 days to
ensure the capture of both fast and slow growing species. To obtain pure endophyte colonies
for DNA extraction, colony growth at each of the three time points were sub-cultured onto
Carnation Leaf Agar (CLA) via hyphal tipping using the protocol by Davey et al. (1996) (Fig.
2.3) and incubated in a light rack (Philips Cool Daylight, 36W/ 865) which mimics natural
levels of ultraviolet radiation to encourage fungal sporulation.
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Figure 2.3 Diagram illustrating the sub-culturing technique as described by Davey et al. 1996. The image shows
two distinct morphotypes from a seed collected in the Royal National Park: morphotype 1 (M1) circled in red and
morphotype 2 (M2) circled in blue. From the edge of each colony (red dot), a small section of fungal hyphae was
removed using a 11 mm razor blade and plated separately onto Carnation Leaf Agar medium for growth under
ultraviolet light radiation.

2.2.4 Morphotype analysis and DNA extraction
Following the incubation of endophytes on CLA, fungal strains were grouped morphologically
using the technique described by Silva et al. (2018). A subset of samples from each of the
grouped morphotypes were selected for DNA extraction and analysis (Fig. 2.4). To identify the
seed fungal endophytes present, genomic DNA was extracted from the mycelium of each of
the chosen subset of samples using the DNA FastPrepTM Kit (Q-biogene Inc, USA) as per the
manufacturer’s instructions.
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Figure 2.4 Diagram illustrating the grouping of sub-cultured endophytes into a single identical morphological
group based on the technique described by Silva et al. 2018. From each of the grouped morphotypes, a subset of
samples was chosen for DNA extraction and analysis (red squares).

2.2.5 PCR amplification and sequencing
Following successful DNA extraction, the Internal Transcribed Spacer region (ITS) of each
fungal culture was amplified using a polymerase chain reaction (PCR) consisting of dH2O, 5X
GoTaq® Reaction Buffer, 25 mM MgCl, primer ITS1-F and ITS4, GoTaq® DNA polymerase
and DNA sample template. A positive control of a known successfully extracted sample
template and negative control of sterile dH2O were included in the PCR run to confirm
successful PCR amplification and for potential contamination, respectively. The PCR was run
using the cycling conditions of Manter and Vivanco (2007).
PCR products were then run on a 2% agarose gel stained with SYBR® Safe DNA stain
(Promega, Madison, WI, USA) at 90 v for 1 hour 30 minutes and then visualized on a UVtrans illuminator (UVITEC, Cambridge, UV 365 nm) to assess amplification success and
quality. PCR products were then purified using EXOSAP-IT (Promega, Madison, WI, USA)
and Sanger sequenced in the forward direction using a sequencing buffer, forward primer ITS5,
33

dH2O, and BigDye® v3.1 Terminator. Sequences were then sent away to Ramaciotti Centre
for Gene Function Analysis for capillary electrophoresis.
2.2.6 Data quality check and grouping
The quality of the DNA samples was assessed using the high-quality score (HQ%) index in
Geneious v11.0.9 with a 70% threshold cut off. The sequences were manually trimmed and
electropherograms were checked for missed nucleotide base calls.
Operational Taxonomic Units (OTUs) representing a 97% sequence similarity were identified
using the programme CD-Hit (Li and Godzik 2006). Clustering of samples into OTUs were
then compared to the original morphotype analysis to confirm successful classification. Species
identity was then assigned to each of the OTUs with the ITS sequences downloaded from
NCBI’s GenBank database, and species names assigned to each OTU from which it most
closely clustered to in the genus phylogeny.
2.2.7 Endophyte richness, diversity and composition statistical analyses
To determine whether the proportion of follicles colonised per tree and the abundance of OTUs
per tree differ with seed age (< four years or > than eight years) and site (Royal National Park
and Patonga), a two-factor ANOVA, including their interaction effects, was performed using
the software package, JMP v15 (SAS Institution Inc, 1989). Prior to the analyses of each
ANOVA, normal quantile plots of the residuals were inspected, with the confirmation of data
normality and homogeneity of variances analysed using a Shapiro-Wilk’s and Cochran’s C
test, respectively. A pairwise comparison of statistically significant interaction effects was
performed using a Tukey’s HSD test to determine the differences between each of the effects.
The diversity of seed fungal endophytes within young and old cones at each site was also
determined using a Simpson’s index of diversity to provide an overview and understanding of
the community structure. Bray Curtis similarities using the abundance data for each tree at a
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site were calculated. To determine whether the microbial community composition significantly
differed with age and site, a two-way permutational multivariate analysis of variance
(PERMANOVA) test with 999 permutations was conducted in Primer-e v7 (Clarke and Gorley
2016). I identified which OTUs contributed the most to similarities and dissimilarities between
the two sites across both age groups, using the Similarity Percentages (SIMPER) module in
Primer-e v7 (Clarke and Gorley 2016). Following bootstrapping of the averages for each site
by age groups, the differences in the endophytic fungal communities between site and age were
shown using metric multidimensional scaling (mMDS) with a 95% confidence interval.
Ellipses were constructed using 75 replicated bootstrapped averages using the software Primere v7 (Clarke and Gorley 2016).

2.3

Results

2.3.1 Effect of age and site on endophyte colonisation
A total of 674 endophytic isolates belonging to 26 OTUs were obtained from 1200 seeds. From
Royal National Park, 399 isolates were obtained from the seeds and 275 isolates were from
Patonga. Across both sample sites, 38 out of 40 plants contained at least one fungal endophyte
with the exception of two trees within RNP from which no isolates were obtained from young
seed. Analysis of the proportion of endophytes colonised within seed follicles indicate that the
effect of age on endophyte colonisation was influenced by site (F(3,36) = 9.6521, P = 0.0037)
(Fig. 2.5). Across both sites, older cones contained more colonised endophytes with plants from
Royal National Park having three times the proportion of follicles with endophytes compared
to young follicles and Patonga plants having at least double (Fig. 2.5).
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Figure 2.5 The mean proportion of colonised follicles per plant in young and old individuals from two sites, RNP
(Royal National Park) and PTG (Patonga). Error bars indicate the standard error of the mean. Different letters
above each plot denote significant differences between each age and site.

2.3.2 Seed fungal endophyte diversity and richness
Across both sites, a total of 26 OTUs were detected based upon the clustering of ITS sequences
at a 97% sequence similarity. Regardless of site, OTU richness was significantly influenced by
cone age (F(1,36) = 23.6955, P < 0.0001) (Fig. 2.6). On average, older cones contained nearly
double the OTU richness compared to younger cones (Fig. 2.6). The most abundant OTU,
OTU_0 (containing 290 sequences) was identified as Penicillium citreonigrum and was
predominantly found within older individuals (275 sequences). The second most abundant
OTU, OTU_3 (containing 156 sequences) was identified as Banksiamyces sp. and was also
most prominent in older individuals (128 sequences). Collectively, sequences belonging to
both OTU_0 and OTU_3 constitute 64% of all sequences. In contrast, OTU_1 (containing 64
sequences) was identified as Neofusicoccum sp. was most abundant in younger individuals.
Across both sites, both young and old trees housed SFE communities that consisted of some
highly abundant species and many rare species, with a total of 12 OTUs detected within young
cones and 23 OTUs in older cones (Fig. 2.7).
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Figure 2.6 The effect of tree age on OTU richness within Banksia ericifolia. Data indicates the mean values for
20 trees across two sites (Royal National Park and Patonga). Error bars indicate the standard error of the mean.
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Figure 2.7 Relative abundance of operational taxonomic unit (OTU) sequences calculated as a percentage of total
Internal Transcribed Spacer (ITS) sequences assigned for each age category across both sites (Royal National
Park and Patonga); Young (n= 130), Old (n= 517).
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The diversity of the communities of endophytes present in young and old cones within both
sites were measured using the Simpsons Diversity Index. Within RNP, the highest diversity of
SFEs was found within young cones (D= 0.6544) compared to older cones (D= 0.5323). In
contrast, the highest diversity at PTG was found within older cones (D= 0.7491) compared to
young cones (D= 0.7057) (Fig. 2.8).
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Figure 2.8 Diversity of endophytes present in young and old cones within Royal National Park (RNP) and Patonga
(PTG). Data are the mean values for all samples for each site (n= 40). Error bars show the standard error of the
mean.

2.3.3 Similarity in SFE community composition
Table 2.1 Two-factor Permutational Analysis of Variance of the community composition of seed fungal
endophytes amongst young (less than four years old) and old (greater than 8 years old) cones across two sites
(Patonga and Royal National Park). Statistically significant results at P < 0.05 are denoted by a star symbol.

Source

df

MS

Pseudo-F

P(perm)

Age
Site
Age x Site
Error
Total

1
1
1
34
37

30438
6965.4
6432.5
1636.6

18.598
4.2559
3.9303

0.001★
0.001★
0.001★

While SFE composition differed with age, the differences were site specific (interaction term,
PERMANOVA: Table 2.1). Metric MDS analysis using the abundance dataset (stress= 0.12,
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Fig. 2.9) revealed strong distinct clusters which showed that the SFE composition of trees with
older cones was dissimilar to those of younger cones in the two sites. Trees with younger cones
from the two sites showed similar patterns in phylogenetic composition (Fig. 2.9, t= 0.95596,
P= 0.478, Appendix 1) which is indicated by the high degree of overlap within the two ellipses
in the mMDS (stress= 0.12, Fig. 2.9). In comparison, trees with older cones had very different
SFE communities (Fig. 2.9, t= 3.7073, P= 0.001, Appendix 1). Highly abundant OTUs
(OTU_0, OTU_1 and OTU_3) contributed the most to the dissimilarity between the two age
groups. For trees with young cones, OTUs 1 and 3 contributed the most (cumulatively 82.51%)
similarity across both sites, while in trees with older cones, OTUs 0 and 3 contributed the most
(cumulatively 90.37%).

Figure 2.9 Metric multidimensional scaling (mMDS) ordination of Bray-Curtis distances showing the relative
similarity in seed fungal endophytes within Banksia ericifolia young (N) and old (O) seeds across two sites (P=
Patonga, R= Royal). Each ellipse shows the 95% confidence interval of the mean (indicated with black symbol)
calculated from 75 bootstrapped replicates of the samples from each site for both age groups.
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2.4

Discussion

Across RNP and PTG, both young and old seeds harboured fungal endophytes although large
differences in the SFE community occurred with age, with these differences much greater at
RNP. The significant difference in both colonisation rate and OTU richness between the ages
may indicate that a longer exposure period of the seed cones to their environment increases
colonisation (Arnold and Herre 2003; Gupta and Chaturvedi 2017). This result is suggestive of
a horizontal transmission of endophytes from the surrounding environment through the transfer
of fungal spores. The idea that endophytes accumulate with tissue age has been proposed in
many studies (Kumaresan and Suryanarayanan 2002; Arnold and Lutzoni 2007; Gupta and
Chaturvedi 2017), although these revolve around leaf age or root development over time where
environmental transmission is always possible. The change over time within Banksia ericifolia
is interesting considering that seeds are kept in seemingly well sealed woody infructescences,
suggesting that fungal spores may be able to penetrate through this woody barrier to get into
the seeds.
The average OTU richness detected within older seeds was nearly double that from younger
seeds. Fungal endophytes within old and young leaves in Banksia integrifolia (Macarthur and
McGee 2000) showed a similar pattern of nearly double the species richness in old leaves in
comparison to young leaves. An increase in species richness of leaf endophytes was also found
in seven mangrove species in south India (Kumaresan and Suryanaraynan 2001), although
other studies have shown a decrease in endophyte richness in coastal redwood trees in
California (Espinosa-Garcia and Langenheim 1990) or no difference with foliar age (Frohlich
et al. 2000).
The relative abundance of common OTU sequences also varied with age, with Penicillium
citreonigrum (OTU_0) highly abundant in older individuals compared to Neofusicoccum sp.
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(OTU_1) which was most abundant in younger individuals. The large presence of Penicillium
citreonigrum within older B. ericifolia may influence herbivory, as this species produces
citroviridin which deters mammalian herbivores (Nishie et al. 1998). This is particularly
important as Banksia seeds are retained within the canopy for extensive time periods and are
therefore susceptible to high levels of predation and decay (Crawford et al. 2011). The presence
of Penicillium within both young and old seeds may be advantageous as it is known to increase
seed germination in Phragmites australis (Nelson et al. 2018). The genus Neofusicoccum has
been found in a wide range of hosts as an endophyte but may change to a pathogenic phase
during periods of stress and may result in disease symptoms such as cankers and dieback which
can lead to plant death (Lopes et al. 2016). Neofusicoccum is relatively fast growing, a strong
competitor for resources (Slippers and Wingfield 2007), and it predominantly spreads via
spores to new hosts (Lopes et al. 2016). The decreasing abundance of Neofusicoccum within
older cones may therefore be associated with increased competition with late, slow growing
species. Although many endophytes such as Penicillium sp. have been shown to be beneficial
to the host, the presence of latent pathogens within this study highlights the need for more SFE
studies to understand disease spread and the future conservation of the species.
A suite of abundant OTU species within young and old trees from both sites may have
significantly contributed to differences in diversity as SFEs are likely to compete for
colonisation space. There is the possibility that with age, establishment of arriving endophytes
may be influenced by those already present (a priority effect, sensu Drake 1991). Furthermore,
early arriving SFEs may lose their place through time and become less abundant. Such patterns
are poorly understood at present and there is no understanding of whether the plants can provide
a filter to influence which species are present. These questions provide a rich research agenda
for future studies. Therefore, further research involving more sites and increasing sample size
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is needed to confirm a diversity pattern within SFEs, although this pattern may be influenced
by host specificities.
The presence of a few rare fungal species within young cones suggests the possibility of
important early endophytic community establishment (Rezki et al. 2018). In angiosperms,
flowers serve as a protective site for seed development, and have been found to contain a highly
rich and diverse microbiome (Aleklett et al. 2014). The origin of the floral microbiota on the
stigma (Stockwell et al. 1999), petals (Junker et al. 2011), nectar (Herrera et al. 2009) and
anthers (Manirajan et al. 2016) may have arisen from a myriad of local abiotic and biotic
factors, including rainfall and visitations from various pollinators (Nelson 2018). The transfer
of microbes from the floral tissues to the developing seed embryo has been shown in several
cultured bacterial studies (Dutta et al. 2014; Mitter et al. 2017), with very few studies
conducted on the transmission of fungi associated with floral tissues and the developing seed.
Therefore, SFEs within young seeds may be highly influenced by an interaction of both early
horizontal and vertical pathways, highlighting the importance of local site abiotic and biotic
interactions. Following seed embryo development within the cone, the community composition
may then alter based upon species dispersal, ecological drift and diversification (Rezki et al.
2018) leading to distinct SFEs communities as seen within the older seeds. Although further
research needs to be conducted into SFE composition within other plants over time.
The ability of SFEs to colonise the young seeds may also be dependent on the seed biology and
biochemistry, including seed shape, nutrient composition and location within the seed (Zou et
al. 2011). Zou et al. (2011) found that isolating endophytic bacterial species from hard waxy
seeds was more difficult than from non- hard waxy seeds, while also showing that the seed
nutrient composition changes during seed development particularly in the spermosphere which
is rich in sugars and amino acids. The catabolism of specific carbohydrates within the
spermosphere are important to the growth and proliferation of the bacterium Enterobacter
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cloacae (Roberts and Sheets 1991; Nelson 2018). Differential seed tissues may also harbour
specific endophytic microbes providing a possible explanation for their route of colonization,
with those associated with the embryo and endosperm likely to be a form of vertical
transmission in comparison to the microbiota found within the seed coated which are likely to
be transmitted horizontally (Barret et al. 2016). Therefore, the presence of rare SFEs within
young cones may be indicators of these early colonisers into the embryo and endosperm, and
as the seed ages, these communities may change in relation to the seed nutrient composition.
Differences in endophyte diversity have been found throughout the literature. Significantly
higher levels of endophyte diversity within young grape leaves were found in China (Fan et al.
2020). In contrast, a significant decrease in diversity levels within young lima bean leaves were
found in Mexico (López-González et al. 2017). Seasonal patterns have also been found to
impact endophytic colonisation, with Naik et al. (2009) reporting a higher percentage of
endophytic isolates in the winter season compared to summer season. Although the effect of
seasonality on the colonization of SFEs was not accounted for in this study, it is important to
consider in future studies as seasonal patterns have been found to impact the behaviour of major
endophytes (Gupta and Chaturvedi 2017).
This study was based upon the use of traditional culturing methods to obtain SFEs which may
have influenced the SFEs detected as culturing can be biased to the growth of fast-growing
fungal species and exclusion of slow growing species as a result of competition for space and
nutrients. To gain a deeper and full understanding of the entirety of the seed microbiome,
techniques involving the use of advanced sequencing techniques such as next generational
sequencing should be considered. The use of a morphological approach to classify cultured
SFEs within this study has proven to be quite challenging. In response to various environmental
biotic and abiotic stimuli fungi have been shown to change their morphology to maximize their
fitness (Fransico et al. 2018). As a result, classifying endophyte isolates visually into
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morphological groups has proven difficult and time consuming. Some sub-sets of data taken
from each classified morphological groups have molecularly shown to consist of two different
endophyte OTUs and therefore subsequently need to be taken into consideration when
classifying the rest of the morphological groups.
This study was the first to investigate the influence of cone age on the diversity and composition
of seed fungal endophytes within Banksia ericifolia. The large differences found within in the
SFE community between young and old cones identifies an opportunity for future work to
determine whether these differences remain in co-occurring serotinous species at the same
sites.
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3.
The spatial influence of urbanisation on the community composition
of seed fungal endophytes within native Banksia ericifolia (L.f.) in New
South Wales, Australia.
Paper to be submitted to Urban Forestry and Urban Greening

3.1

Introduction

To date, more people live in cities worldwide than in rural areas (Seto et al. 2012; Fidino et al.
2021). Consequently, cities continue to expand in area to accommodate the increasing
settlement demands, following a proportional expansion rate that is twice that of their
population growth rate (Angel et al. 2011). The aggregation of individuals into cities and other
urban areas poses significant challenges for the natural environment, which includes a
reduction in forest cover, biodiversity loss, changes to land-use types and fragmentation of
ecosystems (Yang et al. 2021). Given that cities are projected to increase in their extent, gaining
an understanding of how this urbanization negatively impacts biodiversity is key to the
conservation and preservation of not only single species but entire habitats (Liang et al. 2008).
The rapid reduction and transformation of the natural environment within cities has often
resulted in the creation of novel environments (Kurucz et al. 2021). These ecosystems are
characterised by fragmented islands containing higher levels of disturbance, such as from noise
or light pollution (Rebele 1994) and the anthropogenic activities occurring in cities changes
the physical properties of these fragments. These changes can be detrimental but in some cases
they may be beneficial or neutral to the organisms in these fragments. For example, changes in
urban climates as a result of urbanization has resulted in an increase in ambient temperatures
contributing to the development of urban heat islands (UHI) (Kim and Brown 2021). The UHI
effect can provide many species with warmer habitats, but urbanisation can also provide
increased sources of food (Kurucz et al. 2021) from anthropogenic waste (Chard et al. 2017),
and garden choice (French et al. 2005), and often provides higher levels of safety from
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predators (Møller 2012; Eötvös et al. 2018). While some species may thrive in cities,
urbanization reduces overall biodiversity (Kurucz et al. 2021) contributing to a shift in the
community composition (Fidino et al. 2021).
Biodiversity within urban areas contributes to a wide range of ecosystem processes, including
ameliorating air pollution, controlling pests, improving water quality and reducing soil erosion
(Elmqvist et al. 2013; Harrison et al. 2014; Abrego et al. 2020). As a result, a decrease in
biodiversity may have a significant impact on the level of ecosystem services provided.
Sustaining all these processes relies heavily on microorganisms such bacteria and fungi (Singh
2016). In particular, fungi which are a megadiverse kingdom, provide an array of ecosystem
services including contributing to decomposition rates, providing food for animals, facilitating
the uptake of nutrients in plants, fixing nitrogen into nitrates for use by plants as nutrients
(Henriksson and Simu 1971), as well as endophytic fungi protecting plants from various
pathogenic infections (Abrego et al. 2020). Currently there is very little information on the
influence of urbanization on fungal diversity (Abrego et al. 2020) limiting our knowledge on
how this may influence and contribute to the restoration and conservation of native plant
species.
Seed fungal endophytes (SFEs) can play an important role in aiding the reproduction and
survival of a host plant, such as by improving seed germination and enhancing plant tolerance
to stress (Shahzad et al. 2018). The movement of these SFEs is crucial to their survival and
establishment and may be significantly influenced by UHI, chemical contamination,
compacted soils (Day et al. 2010) and higher levels of nutrients (Parris 2016). The direction
and size of these changes may act to filter out certain species that are not preadapted to these
new environmental conditions (Piano et al. 2020). The effect of local site conditions has been
shown to play a significant role in the diversity and composition of fungal communities
(Klaedtke et al. 2016) and the characteristics of urban sites may therefore change fungal
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community composition. A large proportion of fungal species only occur in natural areas and
not in urban habitats (Abrego et al. 2020). Understanding the impact of these changes brought
about by increasing urban development is a key priority for ensuring the survival and future
restoration of these important microbial species.
This study therefore aimed to determine the influence of urbanisation on the diversity and
composition of seed fungal endophytes within native Banksia ericifolia located within two
urban areas in the city of Sydney in New South Wales, Australia. This was achieved by
comparing the collected data to the SFE data available from Chapter Two on the diversity and
composition of SFEs within Banksia ericifolia from two natural sites.

3.2

Methods

3.2.1 Study site
Remnant patches of dry sclerophyll forests consisting of shallow sandstone soils located within
15 kms of the central business district (CBD) of Sydney (Fig. 3.1) were identified as urban
sites. Sites in Lane Cove National Park (LNP) (-33.75°S, 151.11°E) and Kamay Botany Bay
National Park (BNP) (-33.98°S, 151.24°E) were selected based upon their proximity to the
Sydney CBD (Fig. 3.2), large abundance of young (less than four years old) Banksia ericifolia
subsp. ericifolia L.f and high proportion of anthropogenic influences. The age of B. ericifolia
cones were estimated based upon the yearly growth pattern of each infructescence (see Figure
2.2 from Chapter Two). The dataset of 300 young seeds from each of the two native sites,
Royal National Park (RNP) and Patonga in Brisbane Waters National Park (PTG) from Chapter
2 were used in this study for seed fungal endophyte (SFE) community comparison. Urban seed
sample collection occurred in February 2021, with native seed samples collected in September
and October 2020. Although seeds were collected in different seasons, it was considered that
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changes in SFE composition within hard woody infructescences were likely to be slow and
unaffected by these small time differences, although the role of seasonal timing on endophyte
growth remains relatively unknown (Fuchs et al. 2017).

Figure 3.1 Remnant vegetation located within 15 km of the central business district of Sydney were classified as
urban sites. Sites used from Chapter two were classified as native sites and were located at a distance greater than
20 km of the city.
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Figure 3.2 Location of the two remnant urban vegetation sites and two native sites within the Sydney bioregion
from where seeds were collected.

3.2.2 Urban seed collection and storage
Within each of the two urban and two native sites a 500 x 500 m quadrat was randomly set up.
Within this quadrat, two transects were constructed (100 m apart) from which 10 trees (five
per transect) were selected approximately every 100 m along using the line transect intercept
method (Heady and Gibbens 1959). From each of the selected trees, three mature woody
infructescences containing seed were randomly collected and visually analysed for signs of
disease and herbivory. Upon final collection, infructescences were stored at room temperature
with seeds extracted (see below) and plated within three days of collection.
3.2.3 SFE Isolation
Seed fungal endophyte isolation and identification within this study was determined using the
same methodological procedures from Chapter Two. Each woody infructescence was cleaned
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with tap water to remove anthers, and to rinse off any dirt and inhabiting insects. Each cone
was then flamed using a handheld propane pinpoint gas torch (Tradeflame, Australia), with the
flame directed onto ten random follicles for 20 seconds until follicle opening was perceived,
revealing the housed seed. Directly following torching, ten viable seeds were removed at
random from each cone and immediately surface sterilised in a laminar flow using 70% ethanol
to remove any epiphytic fungi (total of 30 seeds per tree). Seeds were sterilised by spraying
both sides of the seed until with the ethanol until completely covered and left for 30 minutes to
fully dry.
Fungal seed endophytes were then isolated by plating each individual seed onto ¼ strength
potato dextrose agar growth media with added 2% lactic acid and incubated for a period of 28
days at 22°C. Endophyte growth was monitored every 7, 14 and 28 days. Pure endophyte
colonies were obtained through sub-culturing onto Carnation Leaf Agar (CLA) media and left
to grow under a light rack (Philips Cool Daylight, 36W/ 865) until enough fungal culture was
present for DNA extraction. Fungal strains were then morphologically grouped and separated
by site with a subset of each morphotype from each of the four sites used for DNA extraction
and analysis.
3.2.4 SFE DNA extraction and analyses
Genomic DNA was extracted from the mycelium of each of the sample subsets using the DNA
FastPrepTM Kit (Q-biogene Inc, USA) as per the manufacturer’s instructions. Following DNA
extraction, the Internal Transcribed Spacer (ITS) region of each of these cultures was amplified
using polymerase chain reaction (PCR) (see Chapter two). The PCR products were then run on
a 2% agarose gel to assess amplification success and quality and was then Sanger sequenced
(See Chapter Two). Sequences were then sent away to Ramaciotti Centre for Gene Function
Analysis for capillary electrophoresis.
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3.2.5 DNA quality check of sequences
The quality of the DNA samples was first assessed using the high-quality score (HQ%) index
in Geneious v11.0.9 with a 70% threshold cut off. Sequences that were high in DNA
concentration and unable to be read were diluted using a 1:3 dilution. Each sequence was
manually trimmed, with electrographs checked for missed nucleotide base calls.
Operational Taxonomic Units (OTUs) representing a 97% sequence similarity were identified
using the programmes CD-Hit (Li and Godzik 2006). Samples were then clustered into OTUs
and were then compared to the original morphotype analysis to confirm successful
classification. Species identity was then assigned to each of the OTUs with the ITS sequences
downloaded from NCBI’s GenBank database, and species names assigned to each OTU from
which it most closely clustered to in the genus phylogeny.
3.2.6 SFE richness, diversity and composition analyses
To determine whether the proportion of seed follicles colonised and the number of OTUs per
tree differ with habitat (urban versus natural), a nested design of each site within either urban
or native habitat was undertaken using a two-factor ANOVA (JMP v15, SAS Institution INC,
1989). A pairwise comparison of statistically significant interaction effects was performed
using a Tukey’s HSD test to determine which of the group means differed significantly.
Bray Curtis similarities using the OTU abundance data for each tree at each site were
calculated. To determine whether microbial community composition differed with site within
both habitats, a nested two-way permutational multivariate analysis of variance
(PERMANOVA) test with 999 permutations was conducted in Primer-e V7 (Clarke and Gorley
2016) with site nested in habitat. Averages for each site by habitat groups was conducted with
differences in endophytic fungal communities shown using a non-metric multidimensional
scaling (nMDS) with a 95% confidence interval. The diversity of seed fungal endophytes
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between the two different habitats was also determined using a Simpson’s index of diversity to
provide an overview of the SFE community structure.

3.3

Results

3.3.1 Effect of habitat on endophyte isolation
Withhin the urban habitats, a total of 234 endophytic isolates belonging to 22 OTUs were
obtained from 600 seeds. 160 isolates were obtained from the seeds from Lane Cove National
Park (LNP) and 74 isolates from Kamay Botany Bay National Park (BNP). In contrast, 130
endophytic isolates belonging to 12 OTUs were obtained from 600 seeds collected in the
natural habitats. 60 isolates were obtained from the seeds from Royal National Park (RNP) and
70 isolates from Patonga in Brisbane Waters National Park (PTG). Across both urban habitats,
18 out of 20 trees contained at least one fungal endophyte with the exception of two trees from
BNP from which no isolates were obtained. A similar result was also found within the natural
habitats in which 18 out of 20 trees contained at least one fungal endophyte with the exception
of two trees from RNP.
Analysis of the proportion of fungal endophytes isolated from seed follicles indicate that the
effect of site on the proportion of endophytes isolated was influenced by habitat type (F(1,36) =
3.8906, P = 0.0295) (Fig. 3.3). Overall, for urban habitats, LNP contained the highest average
amount of isolated endophytes, with trees having more than double the proportion of isolates
compared to BNP, while native habitats were not different from each other but were more
similar to BNP abundances (Fig. 3.3).
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Figure 3.3 The average proportion of fungal endophytes isolated from seed follicles per tree from four sites, LNP
(Lane Cove National Park), BNP (Kamay Botany Bay National Park), RNP (Royal National Park) and PTG
(Patonga) across two habitats (urban and natural). Error bars indicate the standard error of the mean. Asterisks
indicate a significant difference and (n.s) no difference between site means within each habitat (P < 0.05; Tukey’s
HSD test). Separate Tukey’s tests were conducted for each site within each habitat.

3.3.2 Seed fungal endophyte diversity and richness
OTU richness was not significantly different between habitats (F(1,1)= 6.4158, P= 0.239) (Fig.
3.4). Within urban sites, the most abundant OTU, OTU_3 (84 sequences) was identified as
Banksiamyces sp.. The second most abundant OTU, OTU_2 (48 sequences) was identified as
Penicillium glabrum. Collectively, sequences belonging to both OTU_3 and OTU_2 constitute
73.77% of all sequences within urban sites. In contrast, the most abundant OTU found within
natural sites, OTU_1 (64 sequences) was identified as Neofusicoccum hellenicum which
consitutes 70.61% of all sequences within natural sites.
Across both urban and natural sites, SFE communities consisted of some highly abundant
species and some rare species (Fig. 3.5). Overall, a total of 26 OTUs were identified across all
four sites, with three OTUs found only within urban sites: OTU_5 identified as
Phaeoacremonium scolyti, OTU_13 identified as Exophiala oligosperma and OTU_7
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identified as Sordariomycetes sp, with OTU_7 specific to LNP but not identifiable. Within
natural sites, OTU_14 identified as Neopestalotiopsis sp., OTU_12 identified as Penicillium
sp. and OTU_20 identified as Cytospora cinereostroma were specific to PTG.

Figure 3.4 Mean OTU richness within Banksia ericifolia across four sites, LNP (Lane Cove National Park), BNP
(Kamay Botany Bay National Park), RNP (Royal National Park) and PTG (Patonga) within two habitats (Urban
and Natural). Error bars indicate the standard error of the mean. No significant difference (n.s) was found between
site or habitat mean OTU richness, mean OTU richness 3.25 ± 1.19, n = 40.
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Figure 3.5 Relative abundance of operational taxonomic unit (OTU) sequences calculated as a percentage of total
Internal Transcribed Spacer (ITS) sequences assigned for each urban site (Lane Cove National Park and Kamay
Botany Bay National Park) and natural site (Royal National Park and Patonga); Urban (n= 232); Natural (n= 130).

The diversity of the seed fungal endophyte community present in both the two sites located
within urban and natural areas was measured using the Simpson’s Diversity Index. Across both
areas, urban sites had the highest overall diversity of SFEs, with the highest diversity found
within BNP (D= 0.8602), followed by LNP (D= 0.7538) (Fig. 3.6). The lowest diversity of
SFEs was found at RNP (D= 0.6544).
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Figure 3.6 Seed fungal endophyte diversity present within two urban sites (LNP= Lane Cove National Park,
BNP= Kamay Botany Bay National Park) and two natural sites (RNP= Royal National Park, PTG= Patonga).
Data are the mean values for all samples for each site (n= 40). Error bars show the standard error of the mean.

3.3.3 Similarity in SFE community composition
Table 3.1 Two- factor Permutational Analysis of Variance of the community composition of isolated seed fungal
endophytes from two urban (Lane Cove National Park and Kamay Botany Bay National Park) and two natural
(Royal National Park and Patonga) sites. No significant (n.s) difference was found between sites.

The overall SFE community composition between urban and natural sites does not change
significantly (PERMANOVA: Table 3.1). Non-metric MDS analysis using the abundance
dataset (stress= 0.16, Fig. 3.7) revealed similar clustering of SFE composition within sites
within similar habitats, with the exception of tree 19 within the urban site Kamay Botany Bay
National Park. Highly abundant OTUs (OTU_1, OTU_2, OTU_3 and OTU_4) contributed the
most to the dissimilarity between the two habitat types.
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Figure 3.7 Non-metric multidimensional scaling (nMDS) of Bray-Curtis similarity resemblance showing the
relative similarity in seed fungal endophytes within Banksia ericifolia found within urban sites (Lane Cove
National Park and Kamay Botany Bay National Park) and natural sites (Royal National Park and Patonga). Data
calculated from 999 permutations.

3.4

Discussion

Overall, the study showed that the seed fungal endophyte community within Banksia ericifolia
does not change between urbanised and natural sites. The lack of change in SFE communities
across both habitats provides a positive overview of the impact of urbanisation on these
microbial species within cities. This result suggests that the relationship between the
endophytes and their host may be more dependent on host selection factors, leaning to the idea
of vertical transmission rather than horizontal transmission within young and newly developing
seeds. Although both pathways may influence this selection process, my results suggest that
endophytic fungal species are being retained and conserved between successive plant
generations and are passed on from the paternal plant to the seed (Shahzad et al. 2018).
Alternatively, urbanisation is not influencing the horizontal transmission of SFEs into seeds
from the environment.
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If horizontal transmission of SFEs is a key pathway into young cones, then my data suggests
that the environmental availability of spores is unaffected by urbanisation and site differences,
providing all plants with the same suite of colonising endophytes. However, variations in
endophyte diversity and composition within leaves and roots are strongly influenced by site
differences (Gange et al. 2007; Göre and Bucak 2007; Knief et al. 2010; Kang et al. 2016;
Soares et al. 2016), suggesting that site differences are important in horizontal transmission so
seed endophytes are unlikely to be distributed evenly and consistently across the area.
The presence of these abundant and commonly shared species across all four sites suggests that
SFE communities are strongly influenced by maternal transfer (vertical transmission). The
presence of Banksiamyces sp. within the seeds supports this idea. This species switches to a
saprophytic lifestyle within dead Banksia, producing fruiting bodies on the cone follicles
(Beaton and Weste 1982). This form of lifestyle classifies this species into Class 2
nonclavicipitaceous endophytes (Rodriguez et al. 2009), which are known to be vertically
transmitted via the seed coat (Redman et al. 2002). Banksiamyces sp. is also known to aid in
root growth and biomass production while also protecting the host against fungal pathogens
(Campanile et al. 2007). Similarly, the abundance of the latent pathogen Penicillium, has been
associated with plant protection against herbivores (Nishie et al. 1998), while also supporting
and encouraging seed germination (Nelson et al. 2018). Penicillium also belongs to the same
class of nonclavicipitaceous endophytes (Guevara-Araya et al. 2020) and also moves through
a vertical transmission pathway (Rodriguez et al. 2009).
In contrast, the prevalence of the common latent pathogen Neofusicoccum within the seeds may
be attributed to its fast growing and strong competitive ability for resources within the seeds
(Slippers and Wingfield 2007), although this genus predominantly spreads via environmental
spores to the new host (Lopes et al. 2016). The prevalence of this genus in the seeds suggests
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that horizontal transmission of species is also occurring over time within seeds, particularly
those with strong competitive ability.
The retainment of Banksia seeds within the tree canopy over multiple years (He et al. 2011)
allows for the horizontal transmission of endophytes over time into seeds due to the large
dispersal ability of fungal spores (Abrego et al. 2020). This may explain the presence of a few
rare latent pathogen and saprophytic species within seeds from the urban sites. These species
may have been introduced through the movement of spores by domesticated pets and feral
birds, or from the plantation of exotic flora species nearby the sites (Newbound et al. 2010).
The presence of the pathogen Phaeocremonium scolyti at both LNP and BNP accentuates the
need for further monitoring programs, as this species is associated with stunted plant growth
and die-back in woody plants as well as with opportunistic human infections including
phaeohyphomycosis (Damm et al. 2008). Also isolated from both urban sites, the saprophytic
fungi Exophiala oligosperma is commonly found in domesticated hot and humid environments
with low nutrient availability (Song et al. 2017) as well as in areas that are rich in hydrocarbons
(Prenafeta-Boldú et al. 2006; Woo et al. 2013). This species is also commonly associated with
human skin and subcutaneous infections including onychomycosis (Woo et al. 2013). The
presence of both species within urban sites highlights the negative impacts of anthropogenic
influence on urbanisation and in the introduction of pathogenic species, placing strain on both
the health of the ecosystem and of humans.
Although more conservation practices could be implemented to prevent the introduction of
foreign, invasive fungal pathogens, current management practices involving the preservation
of urbanised environments have been shown to be somewhat beneficial. The large diversity of
SFEs isolated from both urban sites may be attributed to management techniques that have
aimed to reduce anthropogenic disturbances such as pollution, trampling and removal of plants
and plant litter which are known to impact fungal diversity (Hui et al. 2017). Other factors
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including increasing temperatures as a result of the urban heat island effect as well as increased
rainfall within cities leading to higher levels of soil moisture may increase fungal species
richness and abundance (Newbound et al. 2010). However, this may not be the case for every
fungal species (Robertson et al. 2006), with many studies including Bainard et al. (2011) and
Abrego et al. (2020) showing decreasing fungal diversity levels with urbanisation.
Across all four sites, the proportion of fungal species isolated were not significantly different,
although LNP on average contained the most species per tree. The increase in species richness
within LNP contradicts the theory of island biogeography (MacArthur and Wilson 1967) in
which we would expect that the fragmentation caused by urbanisation would result in less
fungal species (Fukuda and Matsumura 2013). However, the impact of fungal dispersal may
be less severe where fungi have a broad host range (Fukuda and Matsumura 2013). The overall
abundance of SFE species isolated from LNP may also be attributed to the number of fungi
isolated in comparison to the other three sites.
Overall, colonisation processes appear to still be functional within urban areas. I did not find a
large proportion of fungal species which were specialised only to natural areas in comparison
to urban habitats that were identified by Klaedtke et al. (2016) and Abrego et al. (2020). My
results also differ from other studies which show decreases in the abundance of endophytic
fungi isolated from soil and leaf tissues (Bainard et al. 2011; Jumpponen and Jones 2010;
Fukuda and Matsumura 2013). It has also been noted that the formation of fragmented islands
brought upon by urbanization may also influence the abundance of microorganisms isolated
(Fukuda and Matsumura 2013). The decrease in fungal abundance noted within the above
studies were all attributed to direct factors such as pollution or the formation of urban heat
islands. Future work may need to directly measure these variables in studies to determine the
relationship between pollution and UHI in influencing SFE communities. It is possible that
Sydney conditions are less severe than the sites where other studies have been undertaken.
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My study used the culturing technique which cannot identify all fungal endophytes present
within the seed and may present a biased community of fast-growing species. Clearly, further
work using more complete assessments of sequences will clarify these patterns. Future studies
involving the use of more advanced sequencing techniques such next generational sequencing
(NGS) will be important. The low cost associated with NGS (Battu et al. 2017) and the lack of
species competition and contamination associated with culture-dependent methods will allow
for more accurate representations of the endophytic fungal species present.
Furthermore, the lack of information regarding the impacts of urbanisation on fungal diversity
(Newbound et al. 2010) highlights the need for more research to be conducted. This is of
particular importance as fungi provide and array of ecosystem services which are beneficial to
human life (Abrego et al. 2020). However, the patterns found in this study are intriguing and
pave the way for further investigations into the impact of urbanisation on seed fungal
endophytes diversity and community composition.
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4.

Conclusions, Study Constraints and Future Work

4.1

Study Conclusions

To date, endophytes have been found in every organ of their host plant (Shade et al. 2017).
Most research has primarily focussed on the diversity and composition of the microbiota
associated with the roots, leaves and stems (Shade et al. 2017). However, the importance of
endophyte colonisation within seeds and for enhancing seed germination (Vujanovic et al.
2000) in addition to protecting plants from abiotic and biotic stresses (Waller et al. 2005),
suggests an urgent need to investigate the seed microbiome (Saikkonen et al. 1998). Within a
seed, endophytes can exist as mutualists enhancing their host plants fitness, or as latent
pathogens that may express disease symptoms over time or as saprophytes that are active
during tissue senescence (Müller et al. 2001; Osono 2006; Kleczewski et al. 2012; Shearin et
al. 2018). The lack of research into factors that affect seed endophyte composition and diversity
hinders our understanding of the breadth of impact that these factors may have on individuals
and whole plant communities. Investigating these factors allows for more successful
management, monitoring and conservation (Cockell and Jones 2009) that may be crucial to the
protection and management of rare and endangered plant species.
With this in mind, I determined the influence of both temporal and spatial factors on the
richness, diversity and composition of SFE within Banksia ericifolia. By investigating how
SFEs change over time as well as in respect to anthropogenic disturbances through the creation
of urban habitats, we may be able to determine colonization patterns by monitoring the
transmission pathways of endophytes into and out of plants while also gaining a greater
understanding of how to conserve these diverse communities.

62

4.2

Main Findings

This study has provided the first insights into the influence of age and urbanisation on SFE
diversity and composition within native Banksia ericifolia in both the natural and remnant
vegetation found within the bioregion of Sydney in New South Wales, Australia. Using a
culture-dependent approach, the results from both studies revealed a diverse range of isolated
fungal species.
Overall, 26 OTUs were identified within SFE isolates from young and old seed across both
native sites. The influence of seed age on the colonisation of endophytes was found to be
influenced by site, with older seed on average containing a higher proportion of colonised
endophytes in comparison to young seed. The high isolation frequency of SFEs from older seed
highlighted the importance of endophyte transmission pathways, in which over time, the
exposure of the canopy held seed cones to their environment allows for the horizontal
transmission of endophytes. The results also suggest that if older seeds rely on horizontal
transmission of endophytes, certain environmental barriers or seasonal weather changes may
influence the movement of endophytes and therefore their ability to get within the seed.
Although more endophytes were isolated from older seed, the use of culture-independent
techniques such as Next Generation Sequencing may provide a more complete dataset of the
overall SFE present within each seed, eliminating the influence of species growth competition
associated with culture-dependent methods.
Furthermore, the study also showed that young seeds shared a variety of common and abundant
species. The prevalence of these SFEs across both sites suggested the possibility that these
species may be actively selected for during seed development (Bodhankar and Grover 2020),
with many of these species having coevolved within their Banksia host (Sieber 2007) and as a
result having been preserved throughout generations via vertical transmission (Hodgson et al.
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2014). Over time, species dispersal and ecological drift (Rezki et al. 2018) may influence the
divergence of these shared common species to create unique and diverse communities. The
increasing abundance of certain SFEs which can produce metabolites to deter herbivores
(Nishie et al. 1998) such as Penicillium citreonigrum within older seeds may be crucial to
Banksia seeds as they are retained in the canopy for extensive periods (Crawford et al. 2011).
Therefore, the influence of age on the SFE community within Banksia erificolia are attributed
to a mix of vertical and horizontal transmission pathways, with endophytes potentially selected
dependent on the importance of their role and function within the seed.
Another key aim of this study was to investigate the influence of urbanisation on the diversity
and community composition within Banksia ericifolia. The results of the study showed that
urban areas are not different to natural areas, providing a positive overview of the impact of
anthropogenic disturbances on these microbial communities within cities over time. This lack
of change may be attributed to the large dispersal ability of fungal spores over space and time
(Abrego et al. 2020) or as a result of SFE conservation between successive plant generations
attributed to the vertical transmission from the paternal plant to the seed (Shahzad et al. 2018).
However, the results from this study do not match the results shown within the few other studies
examining the influence of urbanisation on fungi, highlighting the need for further work.
Within urban areas, colonisation processes appear to still be functional. The isolation of 22
OTU SFE representatives highlights the ability and capacity of plants in maintaining fungal
endophyte diversity within cities. Although, the presence of a few rare invasive fungal
pathogens within urban sites, highlights the negative impacts of anthropogenic disturbances
within these communities. As the introduction of these foreign fungal species having possibly
been introduced through the movement of spores by domesticated pets, feral birds or from the
plantation of exotic plant species nearby the sites (Newbound et al. 2010). Although the lack
of endophyte community change found within this study highlights the potential for plant
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restoration within these sites, while also highlighting the positive influence of proper
management techniques in preserving these highly disturbed ecosystems. This was the first
study to investigate the impact of urbanisation on SFE diversity and community composition.

4.3

An evaluation of the culture-dependent technique

Finally, it is important to evaluate the ability of our methods to identify SFE communities. I
address two important issues to provide guidance to future studies of this nature. Firstly, it is
clear that the SFE communities described in this study represent only some of the species
present within each of the Banksia seeds. Isolation of endophytes using the culture-dependent
method has proven to be challenging particularly amongst fungal species such as Penicillium
that produce a lot of aerial spores. Competition for growth on the plates, resulted in difficulty
in isolation some species making pure sub-cultured samples on CLA unobtainable due to the
contamination and proliferation of Penicillium spores. The extent of spore contamination was
also noted across plates. The design of the plates in some cases allowed for the movement of
spores into and out of plates, which ultimately led to the contamination of other nearby plates
(Fig. 4.1). To reduce the impact of circulating spores between plates, samples containing
Penicillium sp. were quickly noted and sealed with parafilm and were only opened for subculturing. As a result, the use of a culture-dependent method may therefore limit the diversity
of SFEs isolated from within a seed, with only some fast-growing species isolated. Therefore,
to gain a deeper and fuller understanding of the whole diversity of endophytes present within
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a seed, considerations should be made into using more advanced sequencing techniques such
as next generation sequencing.

Figure 4.1 The contamination of samples from fungal species that produce a great deal of aerial spores. The plates
represent samples containing a Banksia ericifolia seed (located within the red circles) which were collected from
both urban sites (Lane Cove National Park and Kamay Botany Bay National Park). Plate one displays a fungal
endophyte (Penicillium glabrum) that has been isolated from the Banksia seed. Plate two provides an example of
contamination from Penicillium spores in which it can be seen that the fungal growth has not come directly from
the seed as show in plate one. Plate three provides an example of an uncontaminated plate with no fungal growth
for comparison.

Secondly, the extraction of fungal DNA from pure cultures resulted in highly concentrated final
sequences. Several dilutions on the final sequences resulted in a reduction in background noise,
increasing sequence quality. A subset of randomly chosen samples determined 1 in 3 dilutions
with molecular grade water were the most effective.
4.4

Future Work

Although largely neglected over the past few decades, developed understanding of the seed
microbiota has shown great potential in better understanding plant-microbe interaction in the
past few years (Nelson et al. 2018). This study has contributed to this research by investigating
some of the temporal and spatial factors that may influence SFE diversity and composition,
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consequently providing further research into the importance of some highly abundant key
endophytic species and their potential role within the plant host. By examining these plantmicrobe interactions and the factors that influence these changes, particularly within common
host species, we may be able to use this data to support the restoration processes of rare and
endangered plant species. Although further investigations should extend beyond the study
species and the genus Banksia to determine whether the patterns and SFEs found within this
study remain true for other species or whether the SFEs isolated are unique to the Banksia
genus.
The influence of urbanisation on SFE diversity was investigated on remnant native vegetation
located within the city of Sydney. Although no difference was found between these urban sites
and natural sites, further investigations into other areas involving non-remnant vegetation such
as the creation of parks and gardens in urban areas should be considered in future studies.
Determining whether these areas aid in or lose SFE diversity, while also focussing on the
presence or absence of core species may be crucial to the survival and restoration of the host
plant and its environment. Particularly, seeds or seedlings planted within these areas may have
come from nurseries in which latent pathogens may have been introduced (Stenström et al.
2014). These pathogens in the seeds or seedlings may remain undetected and once introduced
into a new area may move to infect other hosts, ultimately leading to the chance of large disease
breakouts within the ecosystem such as dieback and cankers (Stenström et al. 2014).
Further research investigating the transmission mechanism and potential roles of SFE to each
host may be crucial in the potential to identify certain species that could be utilised in
restoration and ex-situ conservation programs. Experimental designs involving tissue
collection from every part of the plant such as the stem, leaves, flowers and roots before seed
formation may provide further insights into the movement of endophytes and whether SFEs
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are vertically transmitted. Understanding where endophytes come from is crucial in restoration
processes, particularly if SFEs are acquired from the surrounding environment.
Seed fungal endophytes play a key role in ecosystem processes while also beneficially and
detrimentally impacting the health and fitness of their host plant. This study investigating the
spatial and temporal influences on SFE diversity within Banksia ericifolia has provided a small
glimpse of the hidden microbial diversity located within the Sydney bioregion, Australia.
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6.

Appendix 1: Supplementary Permanova Table for Chapter 2

Table 2.2 Two-way PERMANOVA summary table detailing the pairwise tests between (i) sites and age of seed
and (ii) age of seeds and site variation using Bray-Curtis variables. Asterisk indicate significant tests at P < 0.05.

PERMANOVA: Main model
Source

df

MS

Pseudo-F

Age
Site
Age x Site
Error
Total

1
1
1
34
37

30438
6965.4
6432.5
1636.6

Pairwise tests: ‘Age x Site’: ‘Site’

18.598
4.2559
3.9303

t

B. ericifolia young cones: Royal National Park vs Patonga
B. ericifolia old cones: Royal National Park vs Patonga

P(perm)
0.001★
0.001★
0.001★

P (perm)

0.95596
3.7073

0.478
0.001★

t

P (perm)

Royal National Park: old vs new cones

3.9399

0.001★

Patonga: old vs new cones

2.9333

0.001★

Pairwise tests: ‘Age x Site’: ‘Age’
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