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Summary of Thesis

Reef-building corals support a wide range of species from microorganisms to reef sharks and
manta rays. However, the impact of anthropogenic stress is beginning to show, with
increases in the frequency of coral bleaching having knock-on effects for the wider reef
community. In recent years, research has begun to show interest in the role microbes play
within reefs. Some are suggesting they may hold the answer to the crisis that is unfolding
(e.g. the use of microbes to mitigate heat stress or disease susceptibility in corals) (Peixoto
et al., 2021). To date, most of this research has focused on prokaryotes and the coral algal
symbionts, Symbiodiniaceae, while other microbial groups such as protists and fungi have
received considerably less attention (Ainsworth et al., 2017; Bonacolta et al., 2023). The few
studies that have explored the impacts of fungal communities on corals have tended to
focused on the pathogenic nature (Le Campion-Alsumard et al., 1995), and only recently
have people proposed they may be beneficial although a lot is still unknown (Roik et al.,
2022). This thesis addresses several aims, including, aiming to further understanding of
fungal diversity throughout the coral, as well as aiming to understand how fungal
communities within the coral respond to external factors, all of which intend to increase our
overall understanding of fungi in corals. Chapter 1 consists of an overview of our knowledge
of fungi in the marine environment and fungi associated with corals. Chapter 2 explores how
fungal diversity is distributed across coral compartments by separating different
compartments (mucus, tissue and skeleton), and using molecular techniques to identify the
fungal species found in each compartment. Here | found there were significant differences of
the fungal diversity between the compartments (mucus and skeleton), but not between the
mucus and tissue and the tissue and skeleton. There were also similarities between mucus
and the surrounding environmental pools (sediment and water). In Chapter 3, the final
chapter, spatial and temporal factors affecting coral fungal diversity were investigated, by
collecting samples from multiple reefs, over multiple time points and across different
depths, using molecular techniques to analyse the fungal communities. Surprisingly and in
contrast to bacteria, the mycobiome was unchanged across space and time. However,
similarities between the fungal diversity found in the coral mucus and the environmental
pools of in situ corals were shown, supporting the findings of Chapter 2, which also saw

similarities between the fungal communities in the mucus and environmental pools.



Therefore, this thesis adds to our understanding of coral associated fungal species in terms

of compartmentalisation and response to temporal and spatial factors.
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Chapter 1: A Background on Fungi and What is Known of Their Presences in the Marine

Environment

Microorganisms contribute approximately 15% of the world’s biomass, the majority of which
is made up of the prokaryotes i.e. bacteria (Bar-On et al., 2018). Fungi, although fewer in
number than bacteria are thought to contribute as much as animals, that is 12 Gigatons of
the world’s total biomass (Bar-On et al., 2018). Indeed, the number of fungal species is
thought to be between 2.2 and 13.2 million, with some even suggesting this larger
estimation remains an underestimation and the real value could exceed 1 trillion
(Hawksworth and Liicking, 2017; Wu et al., 2019). However, only a small percentage of
these species have actually been described (~150,000 species at the time of writing)

(Niskanen et al., 2023; Phukhamsakda et al., 2022).

Most of the general public would associate fungi with their fruiting bodies (the mushroom),
but this is a small proportion of the fungi itself, such as, an individual’s mycelium (the
underground network of hyphae) can spread unseen within the soil (Zabel and Morrell,
2020). This often means fungi can become contenders for the largest organisms on Earth.
For example, Amillaria ostoyae, spans across 2,385 acres in Oregon, USA and is thought to
be 1900 to 8650 years old (Ferguson et al., 2003). Fungi are not just restricted to soil and are
found across a wide range of environments, such as marine oxygen minimum zones (Velez et
al., 2022), deep sea thermal vents (Amend, 2014; Nagano and Nagahama, 2012; Velez et al.,
2022; Xu et al., 2018), and the polar caps (Rosa et al., 2020; Tsuji et al., 2022). There are
many reasons hypothesised to explain their success, including but not limited to, their
nutritional acquisition capabilities and their numerous physiochemical traits (Bahram and

Netherway, 2022).

Fungi have a wide range of methods for nutrition acquisition, fungi can utilise three main
methods of assimilation: saprotrophy, parasitism, and mutualism. Saprotrophic fungi feed by
breaking down dead organic material including leaf litter, making much needed resources
such as carbon and other nutrients available to higher trophic levels (Averill et al., 2014).
Parasitic fungi feed on their host, such as Ophiocordyceps unilateralis, also known as the
zombie-ant fungus. This fungus dramatically controls the host's relocation outside of its nest,
allowing O. unilateralis to develop by digesting the host and releasing spores onto other
foraging ants (Hughes et al., 2011; Kobmoo et al., 2015). In contrast, mutualistic fungi create
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mutually beneficial partnerships with their hosts. This method of nutritional acquisition can
be further divided into epiphytic (on the surface) and endophytic (within tissue). Many
mycorrhizal fungi (such as those found associated with the roots of plants), often fit into
these categories and can provide their hosts with essential nutrients such as phosphorus
and nitrogen, and even control the composition of their immediate environment (Averill et
al., 2019, 2014; Humphreys et al., 2010; Netherway et al., 2021). Within mutualistic fungi
there are those which are described as ‘symbiotic’. Probably the best example of this would
be lichens. There are approximately 3600 species now described, and all of them consist of a
fungi and an algae (sometimes with the addition of cyanobacteria). The fungi provide
protection from predation and desiccation, whilst the algal partner or photobiont, provides

photosynthetic derived carbohydrates (Pichler et al., 2023; Spribille et al., 2022).

Although fungi are widespread across environments, most studies have been terrestrial
focused with the marine biome remaining largely under explored with many species likely
undescribed. That said, it is known that fungi can be found in large numbers and with high
diversity in marine sediment (Mouton et al., 2012; Orsi et al., 2013; Zhang et al., 2015) and
the water column (Taylor and Cunliffe, 2016; Tisthammer et al., 2016a). They have also been
shown to parasitise marine mammals (Huckabone et al., 2015; Huggins et al., 2020),
crustaceans (Duc et al., 2009; Vicente et al., 2012), seagrass (Ettinger and Eisen, 2019;
Mouton et al., 2012; Orsi et al., 2013; Zhang et al., 2015) and phytoplankton (Frenken et al.,
2017; Sime - Ngando, 2012). The mutualistic roles of marine fungi remain less well
understood, although they are thought to be key drivers in nutrient cycles such as the
marine carbon cycle (MCC) (Amend et al., 2019; Sen et al., 2022; Taylor and Cunliffe, 2016).
Culture-based studies have started to reveal the immense range of biochemical properties
that they possess. For example, the ability to biodegrade microplastics (Pago et al., 2017),
petroleum based products (Nogueira et al., 2024), whilst others are sources of novel anti-
bacterial, anti-fungal and anti-inflammatory compounds (Hassan et al., 2020; Xu et al.,

2015).

Although the presence of fungi in the marine environment has been known for the last 40
years (Ramos-Flores, 1983; Strake et al., 1988). A major contributor to the lack of
understanding is due to the difficulties associated with isolating and culturing marine fungi.

Which is integral to describing new species as well as understanding their functions (Alain



and Querellou, 2009; Schultz et al., 2022). Combined with the possibilities of contamination
due to the extent of fungal distribution, such as the presence of Malassezia. Previously, this
genus was well known for being present on mammalian skin, linked to conditions such as
eczema and dandruff. It is often found in next generation sequence studies in the marine
realm - for example deep sea hydrothermal vents (Amend, 2014; Steinbach et al., 2023), and
therefore it is not clear if the detection related to the deep sea is genuine or due to
contamination. The expansion and development of next generation sequencing (NGS) has
allowed researchers to better understand the sheer extent of fungi within the marine
environment. Although NGS allows researchers to understand what is there it provides little
insight into the roles of fungi in the marine environment, but other advancements such as

the study of metabolomics can begin to understand potential functionalities.

Currently, it is estimated there could be 10,000 species of fungi which dwell in the marine
environments, although there are only around 2125 species identified as of 12/01/2025
(Amend et al., 2019; Jones, 2011; Jones et al., 2019, 2015). Marine fungi have been found to
span six phyla including; Aphelidiomycota, Ascomycota, Basidiomycota, Blastocladiomycota,
Chytridiomycota, and Mucoromycota (Jones et al., 2015). Most species are from the
Ascomycota phylum, whereas Basidiomycota has the genus (Aspergillus) with the highest
species richness. Chytridiomycota are also well-studied, due to their parasitism of
phytoplankton, likely affecting food webs as well as nutrient cycles in the open ocean

(Frenken et al., 2017; Sime - Ngando, 2012).

The coral itself is an oasis for several different microscopic organisms including fungi, often
referred to as a holobiont which consists of a host and their associated microorganisms
(Ainsworth et al., 2017; Blackall et al., 2015; Bonacolta et al., 2023; Galand et al., 2023;
Simon et al., 2019). These microorganisms, including bacteria, algae, viruses, archaea,
protists, and fungi, can be symbiotic, mutualistic, or parasitic depending on the conditions
and the nature of the organism. The presence of these associated microorganisms in corals
are well documented with previous research focusing on symbiotic algae (Symbiodiniaceae)

and the better understood bacteria.

The associated microorganisms can be found throughout the coral but are also thought in
some cases to be specific to compartments of the coral. For the purpose of this thesis, | will

focus on the broader terms; the mucus, tissue and skeleton layers also known as



compartments, each of these compartments provide different environments due to their
different functions. The corals surface mucus layer (or SML) is nutrient rich and known to
trap free floating nutrients as well as acting as a layer of protection against disease and
pathogens (Glasl et al., 2016; Nelson et al., 2013). The tissue, consists of the tubular network
of gastrovascular canals which connect to the gastrovascular cavity (Engelen et al., 2018). In
the same compartment is the basal body wall containing calicoblastic cells which secretes an
organic matrix resulting in the formation of the corals skeleton (Galloway et al., 2007;
Tambutté et al., 2007). The skeleton is a porous material built with fibrous aragonite
crystals. These form small spaces forming a highly suitable microhabitat for coral-associated

microbiota (Goes-Neto et al., 2020; Golubic et al., 2005; Pernice et al., 2020).

Only a handful of studies have investigated fungi associated within the coral holobiont,
previously focusing on the potentially pathogenic effects of fungi (Le Campion-Alsumard et
al., 1995). But interests have shifted in recent years due to a growing understanding that
fungi could provide potentially beneficial roles within the coral holobiont, such as novel
metabolites (i.e. antimicrobials (Li et al., 2014; Wang et al., 2017)) with a wide range of uses
in the terrestrial world as well as within the reef itself (Peixoto et al., 2021, 2017). However,
little is known about the general diversity of fungi within coral holobionts, whether fungi are
species specific to the coral or potentially specific to the reef, whether the fungi fluctuate
over time or during stressor events such as bleaching, and even on a smaller scale the
diversity, distribution, and functionality of fungi within the coral themselves. With this thesis
being to our knowledge the first to specifically look at the diversity between the three
compartments of the same coral. Previous studies have focused on one, potentially two
compartments, none have investigated all three from the same coral. But all have shown the

presence of fungi throughout the coral.

In contrast, we have a much better understanding of other well studied microorganisms and
their presence within the coral holobiont. Such as bacteria and the coral symbiotic algae
Symbiodiniaceae. For example, both communities are known to fluctuate within corals,
shifting during and after thermal stress events (Bourne et al., 2008; Brener-Raffalli et al.,
2018; Grottoli et al., 2018; Sun et al., 2022). Other studies show that bacterial community
compositions are often host-specific, with some species of corals showing a more diverse or

flexible microbiome, whilst others have a more stable microbiome even when experiencing



stressor events (Gdes-Neto et al., 2020; Pogoreutz et al., 2018; Tong et al., 2020; Ziegler et
al., 2019). The coral symbiotic algae Symbiodiniaceae is by far the best documented for its
response to thermal stress in corals, with research showing there are multiple clades which
have a wide range of thermal tolerance, often swapping and shifting in relative abundance
depending on sea surface temperatures (SST) (Diaz-Almeyda et al., 2017; Grégoire et al.,
2017; Kemp et al., 2014). SST is just one of many factors impacting the microbiome of any
marine organism (Maire et al., 2022; Pootakham et al., 2018; Wang et al., 2018), such as
levels of sedimentation (Fifer et al., 2022), nutrient enrichment (Wang et al., 2018; Ziegler et

al., 2019), pH and CO; concentration (Biagi et al., 2020).

This thesis endeavours to increase our understanding of marine fungi, specifically fungi
associated within the coral holobiont. To do this, two studies have been carried out; the first
to use molecular tools to characterise the fungal diversity throughout the coral, which has
been done by separating the three main compartments (mucus, tissue, and skeleton). The
second is to also use molecular tools to understand how spatial (reef and depth) and
temporal (seasonal) factors can affect coral fungal diversity, in which samples were taken
from three separate reefs in Palau across a 17-month period. The intention of these studies
is to provide a starting point for further research, a first step in addressing the current lack of
understanding of fungal diversity in the marine environment and more specifically in corals.
Increasing our knowledge of what fungal species are present in the coral microbiome may be
a useful stepping stone to aid future research in marine natural product discovery, the role
fungi may play in the coral holobiont and how marine fungi respond to environmental

change.



Chapter 2: Fungal Diversity Throughout Coral Compartments.

2.1) Abstract:

Fungi have been recorded in corals for decades but interest in them has been overshadowed
by other microorganisms such as bacteria and the corals algae symbiont, Symbiodiniaceae.
However, recent studies are beginning to show the potential benefits of coral associated
fungi. Here | aimed to explore the distribution of fungi associated within different coral
compartments (mucus, tissue, and skeleton), to help develop an understanding of the
potential functional roles of the associated fungi. There were significant differences in fungal
diversity between the mucus and skeleton of Porites lobata and Porites lutea (p < 0.02).
However, this was not the case in Galaxea fascicularis (p > 0.2). Interestingly, there was a
strong similarity between the fungal composition of the mucus of both Porites species and
the water samples (p > 0.9). In terms of the different fungal compositions between
compartments, the next step will be to determine its cause i.e. are the fungi actively
selecting locations or is a similar environmental pool being differentiated due to coral

influences such as their defensive systems?



2.2) Introduction:

Corals are complex organisms known commonly as a ‘holobiont’, consisting of the Cnidarian
host and a vast array of bacteria, algae, viruses, protists, archaea and fungi (Ainsworth et al.,
2017; Blackall et al., 2015; Bonacolta et al., 2023; Galand et al., 2023). These microorganisms
have been shown to be able to carry out various functions for the coral. For example,
Symbiodiniaceae which are symbiotic partners which supply the coral host with carbon rich
photosynthetic products in exchange for nitrogenous waste (Morris et al., 2019; Ros et al.,
2020). The second most well described associates of the coral holobiont are bacteria.
Importantly bacteria have been shown to compartmentalise within the host i.e. separate
into distinct community profiles in, for example, the mucus, tissue and skeleton (Glasl et al.,

2016; Goes-Neto et al., 2020; Sweet et al., 2011).

A few studies have already hinted that fungal community structures may vary between
compartments. For example, the prevalence of endolithic fungi in the skeleton (Gdes-Neto
et al., 2020; Golubic et al., 2005; Pernice et al., 2020), with other fungal species found more
commonly within the tissue (Bonthond et al., 2018; Rabbani et al., 2021; Work et al., 2016)
and/or showing a preference for the mucus (Kannan et al., 2017). However, to date there
have been no studies which have systematically explored fungal diversity across all three
compartments within the same coral fragment (Roik et al., 2022). This is not surprising, as
until recently marine fungi were thought to primarily be pathogenic in nature. For example,
fungi have been associated with dark spot syndrome (Sweet et al., 2013), black band disease
(Yarden et al., 2007), and sea fan disease in gorgonian corals (Alker et al., 2001), although,
the latter has been questioned by researchers (Sheridan et al., 2013). However, recent
research is starting to uncover evidence that fungi can also provide beneficial services for
corals, such as antibacterial properties (Li et al., 2014; Wang et al., 2017) and nitrogen
cycling (Wegley et al., 2007). That said, it is generally recognised that there is a substantial
lack of understanding of the functional traits of coral-associated fungi, as well as many novel
species which have yet to be described. This means that our knowledge gap impedes upon
how much can be learnt from future studies (Amend et al., 2012; Bonthond et al., 2018). In
this thesis, | intend to broaden the understanding of the distribution of fungal species within
the coral compartments, using DNA sequencing to visualise fungal communities with the

goal of aiding future studies on fungal functionality within the coral microbiome.






2.3) Methods:

The corals used in this study were from the Aquatic Research Facility (ARF), University of
Derby. Three species (Porites lutea, Porites lobata and Galaxea fascicularis) were chosen due
to their high abundance in the wild, therefore being representative of large proportions of
many coral communities, and recent research describing G. fascicularis as an ideal model for
coral symbiotic research (Puntin et al., 2023). Further all the corals can be easily fragmented
to provide nubbins of a similar size (~2cm) for experimentation. Each nubbin was housed in
one of two purpose-built tanks, each with slightly different conditions to simulate different
natural ranges the corals might be exposed to in situ. The first containing a Deltec 400i DC
protein skimmer, two Fluval E Series 300 W thermostatic heaters and Jerod 4 channel doser
DS4) for two weeks kept at 26.3 °C (SD £ 0.59) at a depth of 91cm (from light source to coral
surface) with an average PAR reading during the day of 1339.86 lux (SD + 751.8), at ~34 ppt
under a 12:12 hour light dark regime supplied by two 32D Hydra reef lights. The other tank
being; two D&D titanium 250 w heaters and a Teco 2000 chiller, mechanical X Filter 1.7,
Chaetomorpha sp. algae refugium lit by 24” XHO, Ultra Reef UKS-200 protein skimmer,
chemical filtration by rowaphos and activated carbon and Sicce 9.0 return pump, with
Alkatonic and Dosetronic suppling Triton alkalinity, magnesium, calcium and trace element
solutions) with an average temperature of 28.1 °C (SD + 0.39), at ~34 ppt and at a shallower
42 cm depth (from light source to coral surface) with an average PAR reading during the day
of 1582.63 lux (SD + 811.9). Using a Neptune Systems Apex aquarium controller to maintain
12:12 hours light and dark regime using 60“ XHO reef lights. Using the two different tanks to
provide an insight into natural variation the corals may experience in situ. These were
maintained for three weeks, throughout this period temperature and light intensity data

were recorded using HOBO data loggers.

After the nubbins were separated by compartments (mucus, tissue, and skeleton). To collect
the mucus, the method from Sweet et al., (2011) was followed, using the “snot sucker”. Each
sample had 360ml of sterile artificial sea water washed over it, the water was then run
through a 0.22 um polycarbonate filter, the filter was then stored in 100 % molecular grade
EtOH until further analysis. The nubbins were flash frozen in liquid nitrogen immediately
after mucus collection and stored in EtOH. To collect the tissue, the nubbins were placed into

a sterile Ziplock bag, an airgun and Ethylenediaminetetraacetic acid (EDTA) at a



concentration of 0.5 M and a pH of 8, were utilised to blast the tissue off the skeleton.
Volumes over the range 1.5 — 3 ml of EDTA were used dependant on the size of the sample.
The tissue slurry was then collected in a 2 ml Eppendorf tube, preserved in EtOH, and stored
at -20 °C. The remaining skeleton was crushed up using a sterile pestle and mortar, the paste
was transferred to a 2 ml Eppendorf also preserved in EtOH and stored at -20 °C. Water from
each tank was collected (3 X 1 L from each, combined to a total of 3 L), and this water was

filtered through 0.22 um polycarbonate filter and stored in EtOH at -20 °C.
DNA extraction and ITS rRNA gene amplicon sequencing:

For all the samples DNA was extracted using the Qiagen DNeasy PowerSoil Pro Kit using the
manufacturers protocol. ITSS rRNA genes from cDNA were amplified using the primers CS1-
5.8S-Fun-2-for (5’-CAAGCAGAAGACGG CATACGAGAT-NNNNNNNNNNNN-AGTCAGTCAG-GG-
AACTT TYRRCAAYGGATCWCT-3’) and CS2-ITS4-FUN-2-rev (‘5=-AATGATACGGCG
ACCACCGAGATCTACAC-TATGGTAATT-AA-AGCCTCCGCTTA TTGATATGCTTAART-3’). The
extracted DNA was then sent to the sequencing facility (Barts and The London Genome
Centre, Queen Mary University of London) for quality control, PCR, library preparation, and
pair-end sequencing with Illumina MiSeq platform v3 (2 x 300 bp). A contamination control
was included at each step of the process. The sequences collected in this study have been

deposited in the NCBI Sequence Read Archive under the accession number PRJINA1183395.
Histology:

Nubbins were fixed in Hartman’s/Davidson’s Fixative for 48 hours, then decalcified in either
5 % EDTA / 0.5 % fixative solution or in Calci-Clear (National Diagnostics). The decalcifying
solutions were changed three times a week until the skeleton had fully dissolved which
varied from 3 - 5 days. The samples were then dehydrated in sequential ethanol washing
from 75 % - 100 %. The nubbins were embedded in paraffin and 5 um sections were cut
using a microtome (Thermo Scientific, Microm HM 325). The sections were stained with
Lactophenol cotton blue, Hematoxylin and Eosin and DAPI (4’,6-diamidino-2-phenylindole).
Images were visualised by the Keyence VHXS750E (cotton blue and H&E) and Olympus IX83

inverted fluorescent (DAPI). The images were assessed in ImagelJ2 (Rueden et al., 2017).

Statistical Analysis:
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The data was analysed in R Studio (Version 4.3.1, RStudio Team (2020). RStudio: Integrated
Development for R. RStudio, PBC, Boston, MA URL http://www.rstudio.com/). The

sequences were trimmed and quality checked using DADA2 (Callahan et al., 2016). All OTU'’s
were retained for downstream analysis. The abundance graphs were produced using
phyloseq (McMurdie and Holmes, 2013). For alpha diversity Chaol, evenness, Shannon and
Simpson were all calculated and a graph was produced using ggplot 2 and vegan package
(Oksanen et al., 2009; Wickham, 2016). For the beta diversity, PCoA plots were produced
using the microeco package (Liu et al., 2021), Adonis and PERMANOVA were used to check

for significant differences followed by Tukey post-hock tests.
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2.4) Results:

Fungal communities within compartments:

There were no significant differences found between the corals from the two tanks for any of
the statistical analysis and the data will be combined. Galaxea fascicularis showed no
significance difference in the fungal communities across the compartments (p > 0.2) (Figure
2.1C). Porites lobata and Porites lutea in contrast did show differences in their fungal
communities between compartments with a significant difference in fungal diversity
between the mucus layer and the skeleton (p < 0.02). For both P. lobata (Figure 2.1A) and P.
lutea (Figure 2.1B) the mucus fungal diversity was found to be very similar (p > 0.9) to the

fungal diversity of the water samples.
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Figure 2.1: PCoA plots comparing the fungal community composition between the compartments (mucus, tissue, skeleton and water)
of each of the coral species, A) Porites lobata, B) Portites lutea, C) Galaxea fascicularis.

Fungal communities in compartments across coral species:

There were no significant differences between fungal communities associated with the
mucus of all three species (P > 0.5) (Figure 2.2A). There was however a significant difference

from the tissue samples of P. lutea and P. lobata (p < 0.04), but no significant different
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between P. lutea and P. lobata to G. fascicularis (p > 0.08) (Figure 2.2B). The skeleton fungal

communities for all three species were also significantly different (p < 0.05) from each other,

with the largest significant difference between P. lobata and P. lutea (p < 0.00006) (Figure

2.20).
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Figure 2.2: PCoA plots comparing the fungal community composition found in each compartment of the three
coral species, A) Mucus, B) Tissue, C) Skeleton.
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Diversity and richness of coral associated fungi:

The fungal community alpha diversity indices included Chaol (richness), Simpsons and
Shannon alongside evenness (Figure 2.3). The alpha diversity plots showed that the highest
diversity and richness of fungal species was found in the water and P. lutea (mucus, tissue,
and skeleton) samples, with P. lobata skeleton samples having the lowest richness and
diversity. Most of the samples showed high evenness, suggesting that there is no dominant

OTU within any given coral species, with the exception of skeleton samples from P. lobata.
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Figure 2.3: The diversity and composition of each coral species and their compartments at a fungal OTU level. A) Chao1 Index,
B) Eveness distribution, C) Shannon Index, and D) Simpson Index.

A total of 1359 OTU’s were identified, which consisted of three fungal phyla (Figure 2.4D),
and 29 genera (Figure 2.4A-C). The dominant phylum was Ascomycota, with it accounting for
a relative abundance of over 90 % of the OTU’s in the majority of the samples, apart from
the skeleton samples from both Porites species. Ascomycota was still the most prominent in
P. lobata (49 %), followed by Basidiomycota (25 %), ‘unidentified’ fungi (21.7 %) and
Chytridiomycota (3.8 %). The skeleton of P. lutea was the only compartment that was
predominantly Chytridiomycota (53 %), followed by Ascomycota (40 %), with 7 % being
classified as unidentifiable. The water samples were dominated by Ascomycota (75.5 %),

along with Chytridiomycota (19.5 %) and unidentified (4 %). At a family level the greatest
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diversity was seen in the mucus, in which Clavicipitaceae (species: Metarhizium sp.)
dominated across all three species (83 — 96 %). However, there were 12 other families
present albeit all at low abundance. The tissue for all three species was also dominated by
Clavicipitaceae, although with a lower abundance in the two Porites species (58.6 — 68.9 %),
followed by Metschnikowiaceae (species: Clavispora lusitaniae, Metschnikowia sp.) (17 — 20
%). In the skeleton Clavicipitaceae also dominated in G. fascicularis (37.8 %), followed by
Mycosphaerellaceae (species: Ramularia unterseheri) (34.6 %), Extremaceae (species:,
Vermiconia antarctica) (21.4 %) along with several other families all in low abundance. In P.
lobata the main fungal families were Bulleribasidiaceae (species: Dioszegia crocea) (25.3 %),
Clavicipitaceae (25 %) and unidentified (23 %). P. lutea was dominated by an unknown
Chytrid family/ies (53 %) and Clavicipitaceae (27.9 %). The water samples were also
dominated by Clavicipitaceae (75.8 %) followed by unidentified (19.7 %) and unidentified
Chytrid family/ies (3.8 %). It is worth noting that throughout all coral species and
compartments, between 41 % - 99 % of the OTU’s were unidentified to a genus level. With

the highest relative abundance of unidentified OTU’s seen in the tissue of G. fascicularis.
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Figure 2.4: Relative abundance of the top 15 genus found in each coral species: A) Galaxea fascicularis, B) Porites lobata, C)
Porites lutea, and D) relative abundance of fungal phyla for each of the three coral species and their compartments.
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Histological Results:

Many of the sections showed at least some signs of fungal growth. Lactophenol cotton blue,
a specifically fungal stain, stained slides showed the strongest evidence, with hyphae seen in
much of the P. lobata samples/slides (Figure 2.5G-L). Evidence of fungal growth was much
weaker in G. fascicularis samples/slides, other than a suspected fungal hyphae bundle found

in just one section (Figure 2.5A-C).

Figure 2.5: Microscope images of coral nubbins stained with lactophenol cotton blue, possible fungal
hyphae shown by 1, Symbiodiniaceae shown by fJ. A) x 30 Galaxea fascicularis, B) x 70 Galaxea
fascicularis, C) x 100 Galaxea fascicularis D) x 40 Galaxea fascicularis, E) x 50 Galaxea fascicularis, F) x
70 Galaxea fascicularis, G) x 40 Porites lobata, H) x 70 Porites lobata, 1) x 100 Porites lobata, J) x 30
Porites lobata, K) x 50 Porites lobata, L) x 70 Porites lobata.

16



The slides stained by Hematoxylin and Eosin did not show any signs of fungi (Figure 2.6), and

neither did the slides stained using fluorescent DAPI (Figure 2.7).

Figure 2.6: Microscopic images of coral nubbins stained with Hematoxylin and Eosin, Symbiodiniaceae
shown by [[ A) x 10 Porites lobata, B) x 40 Porites lobata, C) x 70 Porites lobata, D) x 10 Galaxea
fascicularis, E) x 40 Galaxea fascicularis, F) x 70 Galaxea fascicularis.
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Figure 2.7: Microscope images of coral nubbins stained with fluorescent DAPI stain. Gastrovascular cavity
shown with an asterisk (*), and Symbiodiniaceae shown with an 1. A) x10 Galaxea fascicularis, B) x40

Galaxea fascicularis, C) x60 Galaxea fascicularis, D) x10 Galaxea fascicularis, E) x40 Galaxea fascicularis, F)
x60 Galaxea fascicularis, G) x10 Porites lobata, H) x40 Porites lobata, |) x40 Porites lobata.




2.5) Discussion:

This study aimed to gain further understanding into the communities of fungi associated
with corals, and more specifically whether the fungal communities differed between

compartments (mucus, tissue, and skeleton).
The fungal diversity throughout compartments:

The data showed that there were significant differences between the compartments for two
of the three coral species assessed. Significant differences were seen between the mucus
and the skeleton of both Porites lobata and P. lutea. Relating this to previous studies is
difficult as this study is the first to separate all three compartments of the same coral
fragment (Roik et al., 2022). That said, some studies have explored elements of fungal
compartmentalization. For example, Bonthond et al. (2018) and Rabbani et al. (2021)
examined fungal communities in the tissue. And the skeleton was explored by Gdes-Neto et
al. (2020). Apprill et al. (2016) also showed significant differences between the fungal
communities of the tissue and mucus in five species of Caribbean corals, contrasting the
findings in this study. One would expect differences to occur between compartments as each
has its own microhabitat (for example, pH levels, oxygen, nutrient, and light levels). The
mucus receives the most amount of light, has a large amount of carbohydrates, up to 50% of
the corals photosynthetically fixed carbon (Wright et al., 2019), and is in contact with the
surrounding water facilitating the transfer of fresh oxygen. In contrast, the coral tissues
harbours the Symbiodiniaceae which provide oxygen and sugars during the day and CO2
during the night (Shashar et al., 1993). The skeleton likely experiences increased levels of
nitrogen, phosphate, and ammonium (Pernice et al., 2020). Such difference in
‘environmental’ parameters will almost certainly govern what fungal species are able to
survive and thrive in each compartment (Jones et al., 2022; Tedersoo et al., 2020). This may,
at least in part, explain some of the observed differences seen in this study. Although
compartmentalisation has been shown for coral bacterial communities (Glasl et al., 2016;
Gdes-Neto et al., 2020; Sweet et al., 2011), similar fungal diversity in these compartments

might be due to the close proximity of the compartments.

Rather unsurprisingly, the fungal communities found in the mucus from both Porites species

was similar to the water samples, and there was no significant difference between fungal
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communities in the mucus collected from all three species. Again, this is to be expected as
mucus is known to harbour transient members of the corals holobiont, captured from the
environmental pools like the water and/or the sediment (Glasl et al., 2016). The same has

also been noted in other studies (Engelen et al., 2018).
Key fungal abundance across samples:

The diversity of fungal OTU’s within the coral compartments was not as great as initially
expected. Although this may be due to 77% of the OTU’s (1043 out of 1359) being
unidentifiable to the genus level. This certainly restricts what can be interpreted from the
data. Although limiting, this is a common issue and one that is encountered across multiple
marine fungal studies (Ainsworth et al., 2017; Amend et al., 2012; Bonthond et al., 2018;
Roik et al., 2022). Of the OTU’s that were identified, the most abundant family was
Clavicipitaceae which dominated communities across most of the compartments, except
from the skeleton of P. lutea. Within this family unidentified species from the genus
Meterhizium were found. Interestingly, Meterhizium have been dubbed the “specialist-
generalist” for their versatility. Indeed, it is thought to be a beneficial endophyte, commonly
found in soil and the mycorrhizal communities of plants being entomopathogenic, infecting,
disabling or killing insects and nematodes (St. Leger and Wang, 2020). This genus has already
been identified within the marine environment and previously even been isolated from
sponges, from which researchers found the presence of antibacterial compounds (Kong et
al., 2013; Yao et al., 2022). The ability of this genus to be beneficial to a host, whilst
providing protection from a large range of insects and nematodes, could be indicative when
looking for biological agents to treat coral parasites (Kassam et al., 2022; Sullivan et al.,
2022). Another potentially beneficial endophyte which was also found across many samples
was D. crocea (family: Bulleribasidiaceae), which is also commonly discussed within the
mycorrhizal communities of plants (Takashima et al., 2019). Finding endophytic fungal OTUs
and suggests that fungi may have an important role to play in future research into beneficial

functions of fungi within the coral holobiont (Peixoto et al., 2021, 2017).

Alongside the potentially beneficial species were known pathogens. For example, Clavispora
lusitaniae (family: Metschnikowiaceae), which infects humans (Krcmery et al., 1999), and
Ramularia unterseheri (family: Mycosphaerellaceae) which causes Ramularia leaf spot
disease in a range of important crops such as barley (Videira et al., 2015). Other interesting
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finds come from the family Extremaceae, from which we identified two species which were
both found in G. fascicularis, Extremus adstrictus and Vermiconia antarctica. V. antarctica, to
the best of our knowledge was thought to be endemic to Antarctica (Coleine et al., 2021;
Quaedvlieg et al., 2014). It is notable that E. adstrictus was found only in the skeleton of G.
fascicularis as it has previously been found in calcium carbonate rich limestone rocks in
Mallorca and Poland. However, not much is known about its function within limestone
(Owczarek-Koscielniak, 2020; Quaedvlieg et al., 2014). The presence of this rock dwelling
fungal species in the coral skeleton does however lend further evidence to some degree of

compartmentalization due to selection by fungi.
Histological findings:

Assessing community profiles using next generation sequences offers up a wealth of
information. However, such studies that have been undertaken with prokaryotes fall short in
showing specifically where these microbes are within the coral, with very few using methods
other than molecular techniques (Work and Meteyer, 2014). This study has examined three
compartments providing more specific location information from the sequence data.
However, insights can also be gained from histology visually identifying the location of cells
or fungal hyphae and how they connect between the tissue, skeleton, and/or mucus.
Indeed, by using a relatively cheap, easy to use, and safe stain (Lactophenol cotton blue),

fungal hyphae were successfully visualised within the coral tissue.
Limitations and future research:

The differences within compartments between G. fascicularis and the two Porites species
suggests the importance of studying multiple coral species in the future. As well as
provoking questions for future studies about the importance of the coral host in determining
the diversity and location of their fungal community. Additionally, this study has
demonstrated differences in fungal community composition between coral compartments,
and highlights that within coral heterogeneities should be considered in future coral
microbiome research. Undoubtably, the greatest limitations of this study and others focused
on coral associated fungi is the scale of what we do not currently know, to the point where
many OTUs are unable to be identified. Thus, much of the information from these studies

cannot yet be utilised, severely limiting the extend of the conclusions that we can draw from
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the results (Ainsworth et al., 2017; Amend et al., 2012; Bonthond et al., 2018; Roik et al.,
2022).

Conclusion:

This chapter provides a stepping stone to improving our knowledge of the importance and
roles of fungi in Scleractinian corals, in particular, that communities may differ between
compartments within a coral. The patterns observed appear to be host specific, as were
differences between G. fascicularis and the two species of Porites in the structure of their
associated fungi. Highlighting the importance for future studies to determine the extent to
which the coral host plays in the role of fungal community dynamics. This study provides

evidence of differences in fungal community structures between different coral

compartments (mucus, tissue, and skeleton), as well as evidence of specialist fungi found in

specific compartments and potentially beneficial fungi which could change the perspective

of fungi only being pathogenic in corals.
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Chapter 3: Spatial and temporal factors affecting fungal diversity in the Indo Pacific reef

building coral Echinopora lamellosa.

3.1) Abstract:

Microorganisms associated with corals are diverse and yet the focus has primarily been on
bacteria and the symbiotic algae, Symbiodiniaceae. Research has found that a number of
factors can affect the diversity of coral associated microorganisms (specifically bacteria and
Symbiodiniaceae), such as temperature, time of year and position of the coral (depth,
geographical location, etc). This study builds on this knowledge by exploring the effects of
spatial and temporal factors on the diversity of coral associated fungi. Samples of Echinopora
lamellosa were taken from three different reefs in the Rock Islands, Palau at three time
periods spanning 17 months. Surprisingly, there were no significant differences of fungal
diversity between sites, depth, or time point (p > 0.05). Consistent with the findings of
Chapter 2, there were significant differences in fungal communities between the coral
samples and those taken from the surrounding environment (p < 0.0009). However, there
were no significant differences between the environmental samples and opportunistically
collected coral mucus (p > 0.7), suggesting substantial cross-exchange of microorganisms
between the coral surface layer mucus and the surrounding environmental pools. Previous
studies also support these findings, suggesting that the structure of coral associated fungal
communities may be more strongly determined by the host coral species than by other

external factors, including when these factors vary spatially and temporally.
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3.2) Introduction:

In aquatic environments fungi have been largely overlooked, with a large proportion being
undetected for many years. As a result, progress in understanding the diversity and
community composition, let alone function, of marine fungi is much further behind than
that of other marine microorganisms. Research efforts have so far focused on terrestrial
species such as the symbiotic mycorrhizal fungi which are associated with nutrient transfer
in plant roots (Rosendahl, 2008; Tedersoo et al., 2020). It is know that fungi are found across
marine habitats, such as in open water for example (Taylor and Cunliffe, 2016; Tisthammer
et al., 2016b). Fungi are also commonly encountered in sediments (from the deep seas to
the shore line), and as with their terrestrial counterparts there are examples of mycorrhizal
fungi in seagrass roots (Ettinger and Eisen, 2019; Mouton et al., 2012; Orsi et al., 2013;
Zhang et al., 2015).

Indeed the presence of fungi in coral has been documented (Ramos-Flores, 1983; Strake et
al., 1988), most early studies focused on fungi as potentially pathogenic agents (Le Campion-
Alsumard et al., 1995). With the emergence of the holobiont theory (Simon et al., 2019), it is
now widely accepted that some fungi could have potentially beneficial roles within the coral
microbiome. But again, a lack of research focused on fungi in corals has resulted in a very
poor understanding of fungal diversity and function within coral microbiome. A major
contributor to the lack of understanding is due to the difficulties associated with isolating
and culturing marine fungi. This is integral to describing new species as well as
understanding their functions (Alain and Querellou, 2009; Schultz et al., 2022). The increase
in next generation sequencing (NGS) has allowed for progress in deciphering the diversity of
fungi found in corals, but it fails to provide much insight into the functional role of the fungi
within the coral, or the extent and effects of interactions with the hundreds of other
microorganisms that make up the coral microbiome. Metabolomics studies can provide
insight into possible functions, with some finding that coral associated fungal species
produce antibacterial metabolites (Li et al., 2014; Wang et al., 2017). Fungal species have
also been found to be present throughout the whole coral, with the presence of fungi living
in the coral skeleton (endolithic fungi) being well documented (Gdes-Neto et al., 2020;
Golubic et al., 2005; Pernice et al., 2020). The functions of the fungi within the coral

skeleton are uncertain. It has been proposed that endolithic fungi may actually be
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pathogenic causing a skeletal disease (Le Campion-Alsumard et al., 1995), rather than
providing a positive functional role for the host coral. Endolithic fungi could be beneficial,
with studies suggesting that some are saprotrophic, potentially being able to break down
wastes and facilitating cycling of nutrients back to the coral (Gées-Neto et al., 2020; Pernice
et al., 2020). However, it is still unclear exactly what function many fungi offer to their coral

hosts.

Even basic information about the relationships between fungi and coral is limited. For
example, still little is known about the mycobiome composition, how it responds to stressor
events such as coral bleaching, seasonal shifts, as well as whether the communities change
between reefs, or even between coral species. Therefore, when attempting to assess a corals
microbiome, it is important to assess across multiple time points (seasonal) and
geographical locations to be able to assess how such factors can affect the microbiome
structure (Mclachlan et al., 2020). There have been a few studies that have touched on
some of these aspects in relation to fungi. For example, impacts of temperature (Amend et
al., 2012), bleaching events (Kusdianto et al., 2021), depth (Bonthond et al., 2018), as well as
how diversity changes over an extended time period (Kim and Drew Harvell, 2004).
However, few, if any have delved deeper in attempting to document and understand shifts
and changes across spatial and temporal scales as well as taking in to account the
communities in the neighbouring environments such as the water column and sediment.
This study explores these aspects, focusing on the coral Echinopora lamellosa, which were
sampled at three different locations in Palau, across three time points. The adjacent
sediment and water column were also sampled to see if changes in the fungi associated with

corals were matched by changes in their surrounding environment.
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3.3) Methods:

58 colonies of Echinopora lamellosa were tagged across three sites in Palau in April 2018 at
depths ranging from between 0.7 and 9 m. The three sites were Risong Bay (07°17'28.90"'N,
134°26'28.20"E), Mekeald (07°17'28.9"'N, 134°26'28.2"E), and Monkey Ball (07°13'51.30"'N,
134°22'88.60"E) (Figure 3.1). Samples, approximately 2 cm? were collected from each colony
using sterile pliers and placed into individually labelled whirl pack bags. These were then
transported in a cooler to the Palau International Coral Reef Centre, where they were placed
in 100% molecular grade ethanol and preserved at -80°C until extraction and analysis (see
below). At the same time sediment and water samples were also collected. For sediment, n
= three replicates of 500ul were scooped into individual microcentrifuge tubes, filled with
100% molecular grade ethanol on the boat and stored at -80°C. For water, n = three sterile
niskin bottles were utilised to sample one litre of water adjacent to the depth of most of the
corals per site. This water was transported back to the lab in the same manner as the corals,
then manually filtered through 0.22um sterivex filters using individually packed 50 ml

syringes.

5 km

Figure 3.1: The three collection sites, Risong Bay (circle), Mekeald (star), Monkey Ball (square).
Map produced from Google Maps (2023) Collection sites. Available from:
https://www.google.com/maps/d/edit?mid=1Z0003b5bFWB-OyT1dAdTjzKgN tJ-f4&usp=sharing
[Accessed 61" November 2023]
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The process was repeated in April 2019 and September 2019. Opportunistically, mucus was
also collected from four colonies (105, 113, 136 and 154). For this, a larger fragment,
approximately 5 cm? was taken from the parental colony, inverted in air and the dripping
mucus collected in the microcentrifuge tubes. This was undertaken as the corals were found
to produce a significant amount of mucus during the transport back to the lab and it was
viewed as an opportunity to examine similarity and differences between fungi associated
with the mucus and fungi found in the whole tissue samples. HOBO data loggers were
deployed at each of the three sites for continual temperature monitoring across three years

(2018 — 2020).
DNA extraction and Fungal ITS rRNA gene amplicon sequencing

DNA was extracted from both coral tissue, sediments and the water samples using the
Qiagen DNeasy Blood and Tissue kit using the manufacturers protocol. ITSS rRNA genes from
cDNA were amplified using the primers CS1-5.8S-Fun-2-for (5’-CAAGCAGAAGACGG
CATACGAGAT-NNNNNNNNNNNN-AGTCAGTCAG-GG-AACTT TYRRCAAYGGATCWCT-3’) and
CS2-1TS4-FUN-2-rev (‘5=-AATGATACGGCG ACCACCGAGATCTACAC-TATGGTAATT-AA-
AGCCTCCGCTTA TTGATATGCTTAART-3’). PCRs were carried out in 25l reaction mixtures with
5ul of template DNA using illustra PuReTaq ready-to-go PCR beads (GE Healthcare Life
Sciences, Pittsburgh, PA, USA), with 15 replicates per sample, and using a different Golay
index for each sample. The thermocycling conditions were initial denaturing at 96°C for 2
min, followed by 27 cycles of denaturation at 94°C for 30 s, 58°C for 40 s, 72°C for 2 min, and
a final extension at 72°C for extracted DNA was sent to the sequencing facility for quality
control, PCR, library preparation, and pair-end sequencing with lllumina MiSeq platform v3
(2 x 300 bp). A contamination control consisting of pure RNAlater buffer was included in all
steps. The sequences collected in this study have been deposited in the NCBI Sequence Read

Archive under the accession number PRINA1184330.
Statistically analysis

The raw amplicon sequencing reads were processed using DADA2 (Callahan et al., 2016),
then phyloseqg (McMurdie and Holmes, 2013) was used for further analysis. All fungal OTU’s
were retained for downstream analysis. The relative abundance was visualised using

phyloseq, microeco (Liu et al., 2021) and ggplot2 (Wickham, 2016). For alpha diversity
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Chaol, evenness, Shannon and Simpson were all calculated and graphs were produced using
ggplot 2 and vegan package (Oksanen et al., 2009; Wickham, 2016). The PCoA (principal
coordinates analysis) plots were produced to show the difference in fungal community
composition between samples, the results from this were then further analysed using
Adonis from the vegan package (Oksanen et al., 2009) and PERMANOVA to look for

statistically significant differences.
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3.4) Results:

Variation in fungal community composition between sites, time periods and the

surrounding environment:

Each collection site was exposed to the natural seasonal cycles, with the minimum
temperature recorded at Mekeald of 28.11 °C, and a maximum temperature recorded at
Monkey Ball of 32.73 °C (Figure 3.2). In 2018 small scale bleaching was reported in the Rock
Islands of Palau (Colin and Johnston, 2020), and all of the three study sites showed a peak in

temperature just after April 2018, when the first samples were collected (Figure 3.2).

Risong Bay Monksy Bat

Figure 3.2: Sea surface temperatures (SSTs) recorded from each of the three collection sites from November 2017

to January 2021. The collection dates are indicated with an asterisk (*). A) Risong Bay, B) Monkey Ball, C) Mekeald.
There were no significant differences in the fungal community structures between coral
samples from any of the collection dates (p > 0.06) (Figure 3.3A). There was also no
significant difference between the communities across sites (p > 0.2), with Mekeald and
Risong Bay having very similar fungal communities (p > 0.99) (Figure 3.3A). Additionally,
there were also no significant differences between the samples from different depths (p >

0.5).
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There was a significant difference between the fungal communities in the coral samples and
the water (p < 0.0002), and between those in the coral and those in sediment (p < 0.0009).
Interestingly, there was no significant difference between sediment and water communities
(p>0.7), or between communities in the coral mucus and the water, sediment, and the coral
(p > 0.7). The fungal communities in the coral mucus were most similar to that found in the

sediment samples (p > 0.9) (Figure 3.3B).

Fungal diversity:

Across all samples, 1141 OTU’s were retrieved. Of these, 841 could be assigned as fungal.
The fungal OTU’s were from five phyla (Ascomycota, Basidiobolomycota, Basidiomycota,
Chytridiomycota, and Rozellomycota), and 68 genera (Figure 3.4). Taxa consistently found
across samples were families, Cladosporiaceae (species: Cladosporium
austrohemisphaericum, C. dominicanum, C. endophyticum, C. halotolerans, C. herbarum, C.
sphaerospermum), Saccharomycetaceae (species: Candida haemulonis, C. metapsilosis, C.
parapsilosis, C. tropicalis), Teratospaeriaceae (species: Hortaea werneckii), and
Bulleribasidiaceae (species: Dioszegia crocea, D. hungarica, Hannaella surugaensis, H.
taiwanensis, Vishniacozyma carnescens, V. globispora, V. tephrensis, V. victoriae) (Figure
3.4). The fungal OTU’s in the water samples from all three sites were dominated by two key
species; Hortaea werneckii (relative abundance of 42 —52%) and Candida spp. (20%). The
remainder of the community included a wide range of species, which were always low in

relative abundance. In contrast, for the sediment samples (for both Risong Bay and Monkey
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Ball) 50% of fungal OTUs were unidentified at genera level. The most abundant genera in the
Mekeald sediment samples were Hannaella spp. (30%). The second most abundant genus
for all three sites was Cladosporium spp. (19 — 45 %), also followed by several other genera
with small percentages although the range of these rarer genera was not as diverse as that

seen in the water samples (Figure 3.4).
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Figure 3.4: A) The relative abundance of phyla within the OTU’s found in samples from the three sites (Mekeald,
Monkey Ball and Risong Bay), B) the top 15 genera foundin samples collected from Monkey Ball, C) the top 15 genera
foundin samples collected from Risong bay, D) the top 15 genera found in samples collected from Mekeald.
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Alpha diversity indices were used to assess the richness, evenness, and distribution of the

fungal communities, using Chaol index (richness), evenness, Shannon index, and Simpsons

index (Figure 3.5). These plots showed that over all richness of fungal OTUs was low.

However, within the samples there was an even spread and a high diversity, suggesting many

rare OTU’s rather than a few dominant species.
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3.5) Discussion:

The intention of this study was to gain a greater understanding of how the fungal diversity
within the coral microbiome may change over the course of time and whether there is a
spatial influence. Samples were collected across multiple time points and from multiple sites
in Palau. Potential relationships between the fungi associated with the coral and the pool of

fungi in the surrounding environments (water and sediment).
The effect of spatial and temporal changes on coral fungal communities:

Surprisingly, there was no significant difference in the coral fungal community structures
across the time points, as well as no significant difference between the fungal communities
in coral samples from different sites. Similar findings have been shown in other studies
(Amend et al., 2012; Rabbani et al., 2021). Interestingly, Amend et al. (2012) also highlighted
that some key fungal taxa were consistently present in all the coral colonies sampled, which
again reflects the findings from this study. However, the ‘key’ taxa in this study were
different to those found by Amend et al. (2012), suggesting that corals may have a stable yet
site- or species-specific grouping of fungi. Such a result mirrors what we know about coral-
associated bacterial communities in that some species harbour stable communities whilst
others can exhibit greater flexibility, especially when under instances of stress (Engelen et
al., 2018; Voolstra and Ziegler, 2020). Indeed, one study has shown that stress (bleaching in
this case) can cause shifts in the coral fungal communities (Kusdianto et al., 2021) and also
shown for bacterial fractions (Gardner et al., 2019). When comparing and contrasting
studies, it is important to note that few papers study the same coral species at the same
location and this will likely be a factor in the contrasting findings. For example, again for the
bacteriome, Dunphy et al. (2019) and Chu and Vollmer (2016) suggest the species of coral is
more important in determining the microbiome composition then spatial and temporal

differences.
The effects of the surrounding environments on the coral fungal diversity:

In contrast to the above, there were significant differences found between the coral samples
and the associated ‘environmental pools’ (water and sediment) samples. Again, this is similar
to other studies that have explored similar questions (for example, Kusdianto et al., 2021).

However, interestingly, the mucus samples that were taken opportunistically did not show
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significant difference compared with the coral, water, and sediment samples. This suggest
that the coral mucus is acting as a barrier, preventing the penetration or acquisition of fungi
to the host tissue (Glasl et al., 2016). Others have highlighted a sharing of microorganisms
across the corals mucus and the surrounding water, for example (Engelen et al., 2018),
leading to multiple species of corals sharing very similar mucus fungal communities, but
then having differing communities in other compartments (tissue and skeleton) (see Chapter

2).
Key fungal abundances across samples:

There was a high diversity of fungal taxa throughout the samples, some of which are already
known to be found in various marine environments. For example H. werneckii, D. hungarica,
Cl. halotolerans, (identified as dominant in our samples), have previously been cultured from
corals at other locations (Bensch et al., 2012; Kaewkrajay et al., 2020; Marchetta et al., 2018;
Takashima et al., 2001). With regards to what functions these dominant fungi may perform,
we can only speculate at this point, but some of the species are known to be saprotrophic
(such as Chaetomium globosum and Cl. spp.) (Abdel-Azeem, 2019; Bensch et al., 2012).
Others are known to be pathogenic in nature. For example, Alternaria metachromatica is a
known pathogen in tomato plants (Bashir et al., 2014), and H. werneckii which is known to
infect human palms and soles (Bonifaz et al., 2008). From the perspective of coral health, of
importance are the species which appear to be endophytes and are thought to live alongside
hosts offering benefits. For example, V. victoriae, has been shown to enhance resistance to
diseases in various fruits (Nian et al., 2023). Such species will be more likely candidates for
use in coral probiotics, a field which is currently rapidly gathering momentum in coral
biology (Peixoto et al., 2021). Similarly, Ch. globosum has been known to produce antibiotics
and reduce infection in its plant host (Abdel-Azeem, 2019). Regardless of specific individual
roles of certain fungal species or even genera, the sheer diversity found to be associated
with corals suggests that there is extensive potential for coral host to access a range of
beneficial functions. Thus, the fungal mycobiome could be an important component of the
coral holobiont and likely to play a significant role in coral health, much in the same way as
has been shown for coral associated bacteria (Peixoto et al., 2017; Santoro et al., 2021). For
example, the saprotrophs fungi will be very interesting to explore in greater detail as they

are known to be able to break down waste products and may even be involved in
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decomposing dead host cells and microorganisms within the coral skeleton and tissue
(Gbes-Neto et al., 2020). However, we are still very much in the infancy of understanding
the roles of fungi within the coral microbiome, especially as many taxa being detected

returned as ‘unknown’ in a BLAST search.
Limitations and future research:

Although this study sampled three time points, two were within the same year and two
were the same month (different year). All sampling times missed the SST peaks (Figure 3.2)
as well as the minor bleaching event that was witnessed at the location. If this had been
captured during the sampling periods, it would have been possible to establish if more
dramatic marked changes and shifts in the fungal communities occurred across time and
space during stress events. Future research will certainly benefit from collection of samples
throughout the year, to cover a wide range of environmental conditions including thermal
stress events, as this will give a more complete record of fluctuations in fungal communities.
This does not rule out the possibility the fungal communities within the coral microbiome
may be more stable than their bacterial counterparts, which may suggest the (Bahram and
Netherway, 2022). Long term studies with multiple collection points across different seasons
will allow researchers to understand this further. Another interesting avenue to explore
would be to compare the same species of corals from different reefs, with much greater
distances between them. This, would give insight into whether species do prefer certain

fungal taxa and are able to select for or exclude particular fungi.
Conclusion:

In conclusion, this study goes a long way to improving our knowledge of the diversity and
composition of coral fungi across space and time. However, the preliminary conclusions
suggest that at least for the coral species, Echinopora lamellosa, temporal and spatial
changes may not be the main drivers of fungal diversity, rather it may other factors such as
coral host, shown by the consistency of fungal diversity even in the face of multiple external
factors, or strong niche separation within the fungi driving fungal community structure.
However, the surrounding environments (sediment and water) do appear to play a small
role in structuring fungal communities found in one compartment of the coral holobiont -

the surface mucus layer.
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General Discussion:

Thesis Findings:

The overarching aim for both studies in this thesis was to expand the knowledge of fungal
community structure within the coral holobiont. More specifically, Chapter 2 intended to
understand fungal diversity and distribution within the compartments of the coral. This
study is the first of its kind to compare the fungal communities throughout all three
compartments, with previous studies either only looking at the coral as a whole, or at a
singular compartment — for example mucus or tissue (Apprill et al., 2016; Gées-Neto et al.,
2020; Rabbani et al., 2021; Roik et al., 2022). The work of Chapter 3 provides an
understanding of spatial and temporal effects on coral fungal composition, specifically
comparing time points over a period of 17 months, different reef sites as well as different
depths. This area has received more attention than that of fungal diversity in coral
compartments but is still wildly under studied with very little known. Expanding our
knowledge of how fungi are distributed throughout the coral and how external factors may
affect their diversity will allow future researchers to gain a better grasp on how fungi may

function within the coral holobiont.

In Chapter 2, the slight differences in tanks (temperature and depth) showed no significant
differences in the fungal composition of the corals. We also found in Chapter 3 on a much
larger scale, with the fungal diversity in Echinopora lamellosa showing no significant
differences between time points, reef sites or depths, and this echoes findings in other
studies (Amend et al., 2012; Rabbani et al., 2021). However, this is different to the responses
that have previously been reported for bacteria (Dunphy et al., 2019). It is notable that the
results of this study are in contrast to those of some other studies examining fungi
(Kusdianto et al., 2021). Such variability in findings suggests a complex system with several,
possibly interacting factors playing a significant role in shaping the structure and distribution
of fungal communities within corals. Currently, we simply do not have enough information to
characterise the influences of these factors on the fungal communities. But Chapter 3 due to
no significant change in fungal diversity across the different environmental gradients this
supports the hypothesis that the host coral species may be having a stronger effect than
external abiotic factors on community structure of fungi. As we saw the significant difference

in fungal communities between host species in Chapter 2 as well as the consistency of the
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fungal communities across several external factors in Chapter 3. This hypothesis has also
been suggested in coral associated bacterial communities (Chu and Vollmer, 2016; Dunphy

et al., 2019; Engelen et al., 2018; Kusdianto et al., 2021; Voolstra and Ziegler, 2020).

In Chapter 2 we did find significant differences in fungal community structure between the
mucus layer and the skeleton for the two Porites species. This suggests that there is a level
of compartmentalization of fungi within corals, for which we found further evidence with
the presence of limestone dwelling specialist fungi Extremus adstrictus (Owczarek-
Koscielniak, 2020; Quaedvlieg et al., 2014) found only in the skeleton of G. fascicularis. This
may mean that the function and preferences of the fungal species may determine where it is
found within the coral compartments. Further, in both Chapter 2 and 3, samples taken of
coral mucus were shown to have very similar fungal community structure with that of their
surround environmental pools (water (Chapters 2 and 3) and sediment (Chapter 3)). This
suggests that there is significant transfer of fungi between the surrounding environments
and the coral mucus layer (Engelen et al., 2018; Glasl et al., 2016), helping to shape the coral

associated fungal communities.

Finally, Chapter 3 ended by discussing the fungal taxa found throughout both studies which
may well provide target species of interest for future research to further understand
beneficial relationships between the fungi and its coral host. For example, those previously
identified as beneficial plant endophytes such as Meterhizium spp., D. crocea, V. victoriae,
and Ch. globosum. As well as saprophytes, pathogenic and endolithic fungi. Overall, this
thesis demonstrates that corals harbour a wide range of fungal taxa with the potential for
varying functionality. On this note, the fungal compositions found between the two studies
was quite different, with only a few similar taxa shared across (including the previously
mentioned D. crocea) the two studies. Interestingly, the diversity of fungal genera was
higher in the in situ E. lamellosa samples, and this is something that has also been
documented when comparing coral associated bacterial communities in situ vs ex situ

(Rothig et al., 2017).
Future studies:

These studies have provided insights into the distribution and diversity of fungi within coral

and how the fungal communities may respond to external factors and has also provoked a
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number of questions for further research. Firstly, the importance of understanding the effect
that the coral host has on shaping the fungal communities and whether this casual influence
may be the reason for variation in results across studies. This may also be due to studies
being spread across a wide range of geo-spatial locations. To understand the relative
importance of these potential influences, it would be beneficial to study as wide a range of

coral species as possible in the future.

Chapter 3 also highlighted the importance of longer-term studies with multiple time points
in order to establish if there are cycles in fungal community dynamics, or change that result
in strong abiotic impacts. Another key suggestion for future research resulting from the
findings of this thesis is the development of and understanding of the causes and dynamics
of compartmentalization of fungi in corals. Future studies should, where possible, separate
the compartments and treat them as individual, but connected, communities. Finally, there
are still major challenges, with high proportions of the OTUs retrieved in coral-fungi studies
being unidentified. As such, there really needs to be a big push to combine molecular
studies with culturing to increase the number of fungal species being described. It is
estimated that at today’s rates of species identification, it will take between 750 and 1000

years to identify all of the worlds fungal species (Niskanen et al., 2023).
Conclusion:

In conclusion, these studies have derived much needed insight into the mysterious world of
fungi within corals. Coral associated fungi appear compartmentalized, which hints at
differing functional roles of fungi between compartments. Interestingly, the fungi described
in this thesis did not respond as expected to external stressors, which suggests that the coral
hosts may have a greater influence on structuring the fungal communities than
environmental parameters (Chu and Vollmer, 2016; Dunphy et al., 2019; Engelen et al., 2018;
Kusdianto et al., 2021; Voolstra and Ziegler, 2020). Finally, there is clear evidence for the role
of coral mucus in the protection of corals from potential pathogenic fungi, as many fungi are

either trapped or grow in the mucus but do not reach the coral tissue or skeleton.
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Appendix
Appendices 1.1: Ethics Application:

Ethical considerations

Research undertaken in public places

N/A

Animal welfare

Coral fragments will are needed for molecular and histological procedures. But only small
sections of the coral will be used. The original coral colony will survive and continue to
grow after the fragments are taken for this study.

GDPR - collecting personal data
N/A

Basis for collecting data

Not applicable (only use when no data is being collected)

Data retention

N/A

Rights of data subject
N/A

Commercial sensitivity

N/A

Are you using non-standard software to store or analyse data?

No

Are there other ethical implications that are additional to this list?

No
If yes, please provide details

Have/do you intend to request ethical approval from any other body/organisation?

No
If yes, please provide details

Do you intend to publish your research?

Yes

Have the activities associated with this research project been risk-assessed?

Yes



Appendices 1.2: Ethics Approval:

Kedleston Road, Derby
DE22 1GB, UK

T: +44 (0)1332 591060
E: researchoffice@derby.ac.uk
Sponsor License No: QGN14R294

Dear Charlotte
ETH2223-1135

Thank you for submitting your application to the College of Science and Engineering Research Ethics Committee,
which has now been reviewed and considered.

The outcome of your application is:
approved.

If any changes to the study described in the application are necessary, you must notify the Committee and may be

required to make a resubmission of the appli
On behalf of the Committee, we wish you the best of luck with your study.

Yours sincerely

Charlotte Dakin
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