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ABSTRACT

Anemonefishes and host sea anemones have one of the most well-known and iconic symbiotic
relationships. The association between anemonefishes and host sea anemones has existed for at
least 12 million years, however, this symbiotic relationship is quite rare, with the 28 different species
of anemonefish living symbiotically with only ten out of over 1700 species of sea anemones.
Furthermore, it is clear that both host sea anemones and anemonefishes glean significant fitness
advantages from their symbiosis, including improved lifespan and potential reproductive success
for anemonefishes, and increased nutrients and protection from predators for host sea anemones,
however, the mechanism that enables this relationship. i.e., anemonefishes resistance to their toxic
host sea anemone, remains unclear. Current research has focused solely on anemonefishes and the
potential for their unique mucus layer to provide a form of protection against the toxins in their host
sea anemone venom, with very little consideration for the role the host sea anemone itself may play

in the establishment of this symbiosis.

This thesis addresses this significant knowledge gap in our understanding of anemonefishes and
host sea anemone symbiosis by exploring the relationship through the lens of the host sea anemone,
via five research chapters. Through this body of research, | show that host sea anemones provide
additional benefits to their anemonefish symbionts. Chapter 2 examined a previous hypothesis that
the symbiotic relationship with toxic host sea anemones reduces the susceptibility of
anemonefishes to ectoparasites. | found A. ocellaris living in symbiosis with a host sea anemone in
the wild in Malaysia have a reduced ectoparasite load, and in an observational study in Malaysia
and the Maldives there was no evidence that anemonefishes visited cleaning stations to remove
ectoparasites, which provides further evidence that the sea anemone toxins may aid in protecting
anemonefishes from ectoparasites. In Chapter 3 | quantified the nematocyte response of the host

Entacmaea quadricolor to A. percula mucus. Acclimated and familiar A. percula trigger significantly
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fewer nematocytes than unacclimated A. percula, however, there are still some nematocytes fired
at A. percula mucus while in association with the sea anemone. In chapter 4, | analysed the lipid and
glycan profile of A. percula mucus to reveal that no significant change in lipids composition occurred
in mucus collected before, during and after association with an E. quadricolor host, during an eight-
week experiment. For the first time this work demonstrates a change of glycan profile in A. percula
mucus, however this change only occurred after three weeks of association with E. quadricolor, and
within 24 hrs of removal from the E. quadricolor anemone the anemonefish mucus layer had largely
reverted back to its original glycan profile. Such a delay in the acclimation of the anemonefish mucus
layer is unexpected and further study is needed to uncover the initial mechanism used by
anemonefishes that enables them to enter the venomous tentacles of host sea anemones while
their mucus layer adapts at the glycan level. In chapter 5, | used a proteotranscriptomics approach
to reveal a comprehensive profile of the tentacle transcriptome which results in 2,736 proteins
being present in venom from the most popular host anemone E. quadricolor. This work revealed
that while E. quadricolor tentacles express RNA transcripts for numerous and diverse toxins only
10% of these are encoded as proteins present in the venom and that the venom mostly consists of
mostly non-toxin proteins. In the final chapter, chapter 6, | used differential expression analysis to
examine the role E. quadricolor itself plays a role in the establishment of their symbiotic relationship
with A. percula, by analysing transcript and protein data from samples collected from E. quadricolor
before and after hosting with an anemonefish pair. Specifically, | found that neurotoxin tentacle
transcripts and venom proteins responsible for membrane damage, pore formation, and paralysis
were downregulated during hosting with anemonefish. | also found that both natural venom
inhibitor tentacle transcripts and proteins rich in 1G-like domains were upregulated in the presence

of anemonefish.
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Overall, this thesis demonstrates that host sea anemones play a much bigger role in the
establishment and maintenance of their symbiosis with anemonefishes than previously thought,
and by applying novel techniques to century-old questions, this thesis has redefined the research
path to uncovering the mechanisms enabling the symbiotic relationship between host sea
anemones and anemonefishes. Future research should consider the role of host sea anemone

venom inhibitors as a resistance mechanism in symbiotic anemonefishes.
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1.1 Preface

Symbiosis is the coming together of two or more species, generally a smaller ‘symbiont’ and
a larger ‘host’ where at least one species benefits from this relationship (Overstreet and Lotz
2016). The host organism acts as the provider of a resource, while the symbiont consumes
this resource which is important to their life history. Symbiotic relationships can take a variety
of forms: mutualistic, parasitic, predatory, competitive, or commensal (Dimijian 2000,
Overstreet and Lotz 2016). Mutualisms are the most well-known form of symbiosis where
both the host and the symbiont benefits from their relationship, commensalisms provide
benefits to the symbiont and have no impact on the host, whereas parasitism negatively
affects the host. Symbiotic relationships are the most widespread form of interspecies
interaction, but assessing the costs and benefits of these relationships can be difficult and can
switch with environmental changes (Leung and Poulin 2008). A key example of this is cleaner
fish who form a mutualistic relationship with client fish who visit their cleaning stations to
have ectoparasites removed (Arnal et al. 2001). However, cleaner fish can exploit this
relationship by cheating their client fish, biting scales and mucus rather than removing
ectoparasites (Bshary and Grutter 2002, Wismer et al. 2016) becoming just as parasitic to
their clients as the ectoparasite they are supposed to be removing. Further, during
detrimental environmental conditions, corals who host algal endosymbionts can expel their
symbiont from their tissues (Brown 1997). Rises in sea surface temperatures impact the
functioning of their internal algae leaving the symbiont without habitat while under thermal
stress and the coral without a large proportion of their daily nutrition requirements (Curran
and Barnard 2021). Research into these relationships often focus on the ecology and
evolution of the symbiont with much more focus on how the symbiont benefits or forms this

relationship rather than on the benefits that the host gains from the relationship.
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Chemical defence is one of the most widespread antipredator strategies that has evolved
across multiple taxa, including prokaryotes, plants and animals (Clucas 2010, Rowe 2010,
Savitzky et al. 2012). Chemical defence can take one of two forms: (1) primary defence, that
prevents predators from pursuing prey and (2) secondary defence, that comes into play once
the prey has been attacked (Clucas 2010). Most commonly, a chemical defence involves a
venom which contains toxic properties that can injure and kill predators or be used to acquire
prey (Clucas 2010). Venom can be produced for a variety of purposes, but most contain an
array of proteins, peptides and other complex molecules that act as neurotoxins, cytolysins
and actinoporins (Frazao et al. 2012). Producing a chemical defence can be energetically
costly, as energy is diverted away from growth and reproduction and used instead for
chemical and protein synthesis (Halpin et al. 2008, Rowe 2010, Furstenberg-Hagg et al. 2014).
Although costly, in terms of production, the benefits of chemical defences in terms of reduced
predation, clearly function as an adaptive strategy. Relationships between venomous and
non-venomous species generally function as predator-prey, where the predator evolves more
toxic venom, and in return, the prey evolves resistance to the toxins (Holding et al. 2016,
Arbuckle et al. 2017), referred to as a chemical arms race. Mutualistic relationships do exist
between venomous species and non-venomous species, such as cnidarians and zooxanthellae
or bacteria (Pontasch et al. 2013, Breusing et al. 2022), but rarely does it involve a vertebrate.
The mutualistic symbiosis between anemonefishes and host sea anemones is a rare example

of a venomous species and a non-venomous species both benefiting from association.
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19.1 INTRODUCTION mutualism with anemones is thought to be present in the

First recorded in 1868 (Collingwood 1868), anemonefish
and anemones have one of the most well-known and iconic
symbiotic relationships (Hobbs et al. 2012; Mebs 2009;
Nedosyko et al. 2014). There are 28 different species of
anemonefish that form associations with only ten species of
host anemones (Fautin and Allen 1992). Although the asso-
ciation between anemonefish and sea anemones has existed
for at least 12 million years (Marcionetti et al. 2019), this
symbiotic relationship is quite rare, occurring in only ten
out of over 1,200 species of anemones. Anemones also form
a tripartite symbiosis with zooxanthellae that provide up to
85% of their daily nutrient budget (Lonnstedt and Frisch
2014). The symbiotic relationship with anemonefish has
likely evolved three times amongst three unrelated anemone
families (Thalassianthiade, Actinidae, Stichodactylidae)
(Titus et al. 2019), with two genera contributing seven
species (Heteractis — four species; Stichodactyla — three
species) (Fautin 1991). In comparison, the anemonefish

DOI: 10.1201/9781003125365-23

common ancestor of all anemonefish (Litsios et al. 2012).
The evolution and diversification of anemonefish have ben-
efited from their associations with host anemones, through
increased rates of species diversification and morphologi-
cal evolution in comparison to other coral reef fish without
anemone associations (Litsios et al. 2012). The majority of
anemonefish diversity is thought to have occurred in the last
five million years, with 25 of the 28 species evolving during
that time.

The mutualistic nature of the anemone and anemone-
fish symbiosis indicates that both organisms provide and
receive a variety of benefits. For anemonefish, the toxic
anemone provides a safe site for reproduction and pro-
tection from predation (Holbrook and Schmitt 2004). In
return, anemonefish aid the growth, reproduction, and sur-
vival of anemones by providing nutrients (such as nitrogen
and carbon) via faeces, increasing oxygenation by swim-
ming amongst the tentacles, and actively defending their
host anemone from various predators such as chaetodontid
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fishes and sea turtles (Godwin and Fautin 1992; Nedosyko
et al. 2014; Frisch et al. 2016; Mariscal 1970a). This unique
symbiosis has allowed anemonefish to develop a range of
life-history traits that can be attributed to their close associ-
ation with venomous host anemones. For example, evidence
suggests that anemonefish have exceptionally long lifes-
pans for a reef fish of their size, living up to 30-plus years
(Buston and Garcia 2007), compared to five to ten years
for other similarly sized reef fish (Sale 1980). Anemonefish
are also unusually bold and aggressive for their size. For
example, when approached, anemonefish will swim out of
their anemone towards the threat, rather than retreating to
safety (Godwin and Fautin 1992). These traits are not seen
in closely related damselfish or other similar-sized reef
fishes, thus providing anemonefish with a unique ecological
advantage (Marcionetti et al. 2018).

Although the ecological success of both anemone and
anemonefish is clearly enhanced due to the evolution of their
symbiotic relationship, the mechanism enabling anemone-
fish resistance to anemone venom remains unclear. Exactly
how anemonefish glean such significant fitness advantages
that improve their lifespan and potential reproductive
success is not yet fully understood; however, it is widely
believed that anemonefish have a unique mucus layer cov-
ering their scales that is somehow involved in enabling the
formation and existence of their symbiotic relationship
with sea anemones. Despite decades of study, there are
still many more questions that remain unanswered such as:
how do anemonefish live unharmed amongst the anemone’s
tentacles? How did this symbiotic relationship first evolve?
And how do anemonefish pick the best anemone host?

In this chapter we (1) present an overview of the symbiotic
relationship between anemones and anemonefish, including
the factors that influence host selection; (2) present current
hypotheses and discuss the existing evidence within the lit-
erature with a particular focus on the advances omics tech-
niques have provided; (3) explore anemone venom research
and discuss how toxin resistance in other model systems
can be applied to further our understanding of the anem-
onefish and anemone symbiosis; and (4) discuss how omics
can be applied in the future to help answer the remaining
questions surrounding this symbiotic relationship.

19.2 INFLUENCES ON ANEMONEFISH

HOST SELECTION

The relationship between different anemonefish species
and anemone host species follows a unique and organized
pattern that is not yet fully understood, with new asso-
ciations being discovered even now (Bennett-Smith et al.
2021) (Table 19.1). Anemonefish can be classified as host
generalists; for example, Clark’s anemonefish (Amphiprion
clarkii), is the only anemonefish species to form associa-
tions with all ten species of host anemones. In contrast, there
are nine species of anemonefish that are host specialists (A.
frenatus, A. chagosensis, A. pacificus, A. fuscocaudatus, A.
latifasciatus, A. mccullochi, A. nigripes, A. sebae, and A.

Evolution, Development and Ecology of Anemonefishes

biaculeatus), forming associations with only a single anem-
one species (Burke da Silva and Nedosyko 2016). Despite
co-existing within the same geographic region, there are
a large number of anemone hosts with which anemonefish
species do not associate (Table 19.1). This pattern demon-
strates that geographic range is not the factor that deter-
mines which anemonefish and anemone species associate
(Fautin 1986). Other factors that may contribute to which
species form associations could include: (1) anemone mor-
phology, (2) anemone toxicity, and/or (3) intraspecific com-
petition amongst anemonefish species.

19.2.1 ANEMONE MORPHOLOGY

Anemone tentacle length may provide a selective advan-
tage to anemonefish by concealing them from predators
(Huebner et al. 2012). Anemone species with longer ten-
tacles can provide a larger surface area for anemonefish to
hide in and thus reduce the visibility of the anemonefish
to predators (Huebner et al. 2012). Stevens and Merilaita
(2009) hypothesized that anemonefish stripes act to break
up the body shape, making it more difficult for predators
to detect the anemonefish amongst the tentacles and thus
enhancing the anemone’s protective features at varying dis-
tances. The number of stripes on anemonefish was found to
be correlated to the length of their host anemone’s tentacle;
anemonefish species with two to three stripes form relation-
ships with anemone species that had longer tentacle mor-
phology, compared to anemonefish species with one or no
stripes (Merilaita and Kelley 2018) (Table 19.1). Merilaita
and Kelley (2018) also found that anemonefish with fewer
stripes formed associations with a smaller number of host
anemone species compared to anemonefish species with
more stripes.

Furthermore, the morphology of anemone tentacles
may make a species attractive as hosts for anemonefish.
For example, the beaded anemone (Heteractis aurora) and
bubble-tip anemone (Entacmaea quadricolor) have unique
tentacle shapes that increase the surface area in which
the anemonefish can hide, with dense beaded or bulb-
like tentacles (Figures 19.1a,b). The magnificent anemone
(Heteractis magnifica) has the unique ability to enclose all
its tentacles within its soft body by contracting inwards
when disturbed (Figure 19.1c), providing increased protec-
tion to the anemonefish who can hide inside the anemone
body during this dangerous time. As anemonefish rely on
their anemone host for protection, anemonefish may favour
hosts whose morphological traits offer them better shelter
or protection from predators.

19.2.2 ANEMONE Toxicity

Host anemone species range in the potency of their
venom, from low to high haemolytic and neurotoxic tox-
icities (Nedosyko et al. 2014). Interestingly, host anemo-
nes with higher haemolytic and neurotoxic toxicities have
shorter tentacles (< 20 mm) compared with anemones with
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FIGURE 19.1

Various morphology of anemone hosts that aid in camouflaging anemonefish. A) Beaded tentacles of Heteractis

aurora, B) bulb-like tentacles of Entacmaea quadricolor, C) retraction of tentacles by Heteractis magnifica. Images: Emily Fobert.
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FIGURE 19.2  A) Negative relationship between anemone tentacle length (mm) and overall host anemone toxicity ranking (Merilaita
and Kelley 2018). B) Relationship between number of anemonefish associates and overall host anemone toxicity ranking. Updated from

Merilaita and Kelley (2018), Nedosyko et al. (2014).

mid-range or low toxicities (Figure 19.2a) (Merilaita and
Kelley 2018). This creates a protective trade-off, where
anemones with higher toxicity levels are potentially better
able to protect their anemonefish through their venom and
thus do not need to invest in increased tentacle length to
provide shelter for the anemonefish. Less toxic anemone
hosts may use a combination of a low toxicity venom and
a longer tentacle length to provide better shelter for anem-
onefish, than low toxicity alone would. The corkscrew
anemone (Macrodactyla doreensis) is a key example of this
trade-off, having the second-lowest toxicity level but the
longest tentacles of any host anemone (175 mm) (Fautin and
Allen 1992).

A study by Nedosyko et al. (2014) found a relationship
between host anemone haemolytic and neurotoxic toxicity

and anemonefish preference (Figure 19.2b). Host anemo-
nes that fell into the mid-range toxicity had the highest
number of anemonefish species as symbiotic partners.
These results suggest toxicity may be an important fac-
tor in anemonefish host preference and that anemone tox-
icity and the fitness costs associated with withstanding
toxin is an important aspect of anemonefish and anem-
one symbiosis. Forming an association with an anemone
species that has low toxicity may provide a small fitness
advantage to anemonefish by helping them to gain pro-
tection from predators; however, evolving resistance to
an anemone species that has high toxicity may require
large energetic costs, which could also have negative
impacts on anemonefish fitness. Thus, anemone species
with mid-range toxicity may provide the best protection

22



No Place Like Home

per energetic cost, and ultimately be preferred by more
anemonefish species (Nedosyko et al. 2014). The anem-
one species E. quadricolor, which has a mid-range hae-
molytic and neurotoxic toxicity, forms associations with
16 of the 28 species of anemonefish, whereas the delicate
anemone (Heteractis malu) with lowest toxicity and the
pizza anemone (Cryptodendrum adhaesivum) with high-
est haemolytic and neurotoxic toxicity form associations
with only a single anemonefish species (Fautin and Allen
1992). These association patterns provide support for the
suggestion that toxicity plays a key role in the establish-
ment and maintenance of symbiotic relationships between
different anemone and anemonefish species (Nedosyko
et al. 2014; Burke da Silva and Nedosyko 2016).

19.2.3  INTERSPECIFIC COMPETITION AMONGST

ANEMONEFISH SPECIES

Interspecific competition for anemone host species can be
an indicator of host quality or host preference by anem-
onefish. Fautin (1986) defined preferred hosts as those
harbouring many anemonefish associates. Anemonefish
are known to be aggressive, which is needed to maintain
ownership of their anemones, as well as the social hierar-
chies within the anemone, to exclude or eliminate individu-
als from the anemone, or for larger more dominant species
to obtain a preferred or occupied anemone (Burke da Silva
and Nedosyko 2016; Buston 2003). Competitive exclusion
between anemonefish species for preferred hosts is thought
to be a key factor influencing which associations are found
between anemone hosts and the different anemonefish spe-
cies (Srinivasan 1999; Burke da Silva and Nedosyko 2016).
The maroon clownfish (Amphiprion biaculeatus) is thought
to be competitively dominant over all other anemonefish
species (Srinivasan 1999) and is an anemone specialist only
found in the anemone species E. quadricolor, the anemone
in the mid-toxicity range. Similarly, other large anemone-
fish species such as A. melanopus are also generally found
specializing in preferred mid-toxicity range host anemones,
particularly when there is competition with other smaller
anemonefish species on the same reef (Fautin 1986). As
climate change continues to impact host quality and avail-
ability, it is likely that an increase in competitive exclusion
by larger dominant anemonefish species may occur, leav-
ing smaller anemonefish species vulnerable to predation
(Saenz-Agudelo et al. 2011; Scott and Hoey 2017; Hoepner
and Fobert 2022).

19.3 CURRENT HYPOTHESES AND OMICS
APPLICATIONS TO UNCOVER THE
MECHANISM BEHIND THE ANEMONE
AND ANEMONEFISH SYMBIOSIS

Despite decades of research, the exact mechanism that

enables anemonefish to live within the toxic environ-
ment of their host anemone has yet to be resolved.
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Several studies have found the mucus layer of anemone-
fish to be chemically different to that of other coral reef
fish (Abdullah and Saad 2015; Balamurugan et al. 2015;
Lubbock 1980), concluding that the anemonefish mucus
layer may be the key to their protection. However, there
are now new technologies available to help us investigate
the mechanism(s) behind anemonefish resistance to anem-
one venom. Advancements in omics techniques such as
genomics, transcriptomics, and proteomics will enable the
exploration of this symbiotic relationship at a molecular
level and may provide insights not previously attainable.
In recent years, omics techniques have started to be used
to tackle questions related to the symbiotic relationship
between sea anemones and anemonefish, with a focus on
metagenomics and genomics. Four main hypotheses have
been proposed to explain how the anemonefish mucus
layer can provide anemonefish with unique protection
from the anemone venom. These hypotheses are summa-
rized in Table 19.2, and each is discussed in the following
with a focus on areas where omics technologies have cur-
rently been applied.

19.3.1 HyroTHESIS 1: ANEMONEFISH ARE INNATELY

PROTECTED FROM ANEMONE VENOM

An early hypothesis was that anemonefish are born pro-
tected and therefore are innately immune to anemone
venom (Elliot and Mariscal 1996; Miyagawa and Hidaka
1980). This research focused on the anemonefish species
A. clarkii, which is able to form associations with all ten
species of host anemones and can enter anemones with
little or no acclimation time (Miyagawa and Hidaka 1980).
Through multiple laboratory experiments, focusing on a
number of different anemonefish species, it was noted that
fish require an acclimation period in order to fully enter
and remain within a host anemone (Balamurugan et al.
2015; Brooks and Mariscal 1984; Mebs 1994; Davenport
and Norton 1958; Mariscal 1970a). This acclimation
period can vary between anemonefish species, ranging
from minutes to days before the fish can comfortably exist
within the anemone (Balamurugan et al. 2015; pers obv;
Miyagawa and Hidaka 1980). Anemonefish perform a
range of specific behaviors — including touching anemone
tentacles with their tail, biting the tentacle tips, and con-
tinuous fanning of tentacles with their pectoral fins — to
acclimate and then enter the anemone (Balamurugan et al.
2015). Furthermore, anemonefish also lose their protection
when isolated from their anemone host for more than 21
hours and are required to reacclimate (Mariscal 1970b).
Overall, the experimental evidence clearly indicates that
anemonefish require an acclimation period to form symbi-
osis with a host anemone. The acclimation period may acti-
vate the expression of novel genes that have been inherited
from the one common anemonefish ancestor as the anem-
onefish species diversified (Litsios et al. 2012), allowing for
the anemonefish to switch on their resistance to anemone
venom.
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TABLE 19.2

Previous Research into the Mechanism behind the Anemonefish Symbiosis with Anemones Fits into Four

Main Hypotheses

Hypothesis Status
la  Anemonefish are innately protected from  Rejected
anemone venom
b Anemonefish gain protection through an Supported

acclimation period

2 Anemonefish have a thicker mucus layer Insufficient evidence
than other fish
3 Anemonefish mucus molecularly mimics

the composition of anemone mucus

Insufficient evidence

4 Anemonefish mucus does not trigger Insufficient evidence

firing of the anemone’s nematocysts

Reference

Miyagawa and Hidaka 1980
Elliot and Mariscal 1996
Davenport and Norris 1958
Mariscal 1970a, b

Brooks and Mariscal 1984
Mebs 1994

Balamurugan et al. 2015
Lubbock 1980

Methodology

Forced contact

Forced contact

Observation of behaviors

Observation of behaviors

Acclimation time to surrogate anemones
Ichthyotoxic activity

Observation of behaviors

Nomarski optics (A. clarkii)

Schlichter 1976

Elliot et al. 1994
Lubbok 1980

Abdullah and Saad 2015

Electrophoresis/radiolabelled mucus
Antibody assays
Nematocysts per cm?

N-acetylneuraminic Acid Detection

19.3.2 HyroTHESIS 2: ANEMONEFISH HAVE A
THicker Mucus LAYER THAN OTHER FisH

Another key hypothesis is that anemonefish have a thicker
mucus layer than other coral reef fish species that cannot
enter an anemone (Lubbock 1980). By having a thicker
mucus layer, it is thought that the anemonefish are bet-
ter able to withstand the sting of the anemone, or that the
nematocysts — the firing cells that deliver the anemones’
sting — are unable to penetrate the skin due to the mucus
barrier. Lubbock (1980) showed that A. clarkii mucus was
three to four times thicker than that of other coral reef
fish species, but that there was no significant difference
in mucus thickness when the anemonefish were associ-
ated with an anemone host (S. haddoni or E. quadricolor),
compared to anemonefish separated from the anemone host
for five months. As anemonefish are initially stung upon
entering the anemone (Balamurugan et al. 2015; Brooks
and Mariscal 1984; Mebs 1994; Davenport and Norton
1958; Mariscal 1970a) and the mucus thickness does not
change with acclimation, it is unlikely that mucus thickness
is the sole mechanism for anemonefish toxin resistance.
Furthermore, only one of 28 species of anemonefish have
been examined for mucus thickness; therefore it is currently
unclear if all anemonefish species have thicker mucus lay-
ers than other coral reef fish.

19.3.3 HYPOTHESIS 3: ANEMONEFISH
Mucus MOLECULARLY MIMICS THE
CoMpoSITION OF ANEMONE Mucus

One of the most popular hypotheses is that the anemonefish
cover themselves in anemone mucus to molecularly dis-
guise themselves and live undetected amongst the anemo-
ne’s tentacles, referred to as molecular mimicry (Schlichter

1976; Elliot et al. 1994). It is proposed that the anemone-
fish cover their body in anemone mucus, thus inhibiting the
firing of anemone nematocysts, via the same mechanism
anemones use to recognize their own tentacles and prevent
firing nematocysts at themselves. This is referred to as self-/
non-self-recognition and anemone antigens (proteins or
peptides) are thought to be involved in this self-recognition
process (Elliot et al. 1994).

A study by (Elliot et al. 1994) found that anemonefish
(A. clarkii) living within an anemone host (H. crispa and
S. haddoni) had anemone antigens in their mucus, whereas
these anemone antigens were not found in the mucus of
A. clarkii that were separated from the anemone and only
sharing an aquarium separated by a partition. Previously,
Pantin (1942) found that anemones did not fire nematocysts
at food sources covered in their own mucus, whereas it has
been shown that anemones will fire nematocysts when pre-
sented with the mucus of another anemone species (Ertman
and Davenport 1981). This evidence suggests that molecular
mimicry likely plays a role in anemonefish protection from
their host anemone.

There are three ways in which anemonefish may acquire
anemone peptides or proteins in their mucus: (1) anemone-
fish may cover themselves with a coat of the anemone’s
mucus during brief contact with the anemone tentacles
during the acclimation period; (2) some anemone surface
antigens may be incorporated into the mucus coating of the
anemonefish (Elliot et al. 1994); or (3) anemonefish pro-
duce their own proteins, molecularly similar to anemone
proteins that they embed in their mucus layer when in con-
tact with a host anemone. To date, there is no experimental
evidence that discerns between these three possible mecha-
nisms behind the molecular mimicry that allows the anem-
one to recognize the anemonefish as self, facilitating their
symbiosis. However, metagenomics studies have found that
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the microbiome of anemone and anemonefish mucus can
converge during association (Pratte et al. 2018; Roux et al.
2019; Titus et al. 2020), demonstrating the potential for
microbial proteins to be involved in molecular mimicry or
the facilitation of the symbiotic relationship.

19.3.3.1 Omics Application: Metagenomics

Three recent studies have investigated the diversity of the
mucus microbiome from anemonefish and their symbiotic
sea anemone hosts (Pratte et al. 2018; Roux et al. 2019; Titus
et al. 2020). All three studies found similar results, that the
microbiomes of anemones and anemonefish were different
when not in direct contact, and that direct microbial trans-
fer or a shift in diversity occurs, making the microbiomes
more similar when anemonefish and anemones are in con-
tact. Specifically, Titus et al. (2020) found that the micro-
biomes of anemones (C. adhaesivum, E. quadricolor, H.
aurora, H. magnifica, and S. mertensii) that were hosts to
the same species of anemonefish (A. nigripes or A. clarkii)
were more similar to each other than to that of anemones
that were hosts to different species of anemonefish, or no
fish at all. Pratte et al. (2018) also found that the microbi-
ome of A. clarkii reverted back to a pre-association state
after removal from the anemone E. quadricolor. The study
by Roux et al. (2019) suggested that the convergence of
microbiomes that occurred during anemone H. magnifica
and the false clownfish (A. ocellaris) association could play
a role in the establishment of their symbiosis. Bacteria in
the mucus could allow for the transfer or processing of
proteins and metabolites between the species, for example,
to allow for the anemonefish to withstand the anemone’s
venom (Roux et al. 2019). This gives support to the hypoth-
esis that anemonefish molecularly (or at least bacterially)
mimic the anemone to disguise themselves amongst the
anemone tentacles.

19.3.4 HyroTHESIS 4: ANEMONEFISH MUCUS
LAcks THE TRIGGER FOR FIRING THE
ANEMONE’S NEMATOCYSTS

The final key hypothesis is that the anemonefish mucus
layer lacks the trigger for the anemone to fire nemato-
cysts. Lubbock (1980) qualitatively observed the behavioral
response of Haddon’s anemone (Stichodactyla haddoni) to
different mucus types on a glass rod (response categories:
no response, poor response, strong response). Amphiprion
clarkii mucus in contact with S. haddoni did not elicit a
behavioral response (10/10) and A. clarkii mucus iso-
lated from a host anemone also did not elicit a behavioral
response (37/45), whereas mucus from closely related dam-
selfishes elicited strong responses in all instances from
S. haddoni — humbug damselfish (Dascyllus aruanus)
(25/25), black-and-gold chromis (Paraglyphidodon nigro-
ris) (5/5), and blue-green chromis (Chromis caerulea) (5/5).
Lubbock (1980) also found that there was no difference
between the number of nematocysts fired by the anemone
at gelatine-covered coverslips in the presence or absence
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of anemonefish (10* capsules/mm?) (Lubbock 1980), dem-
onstrating that anemonefish presence does not impact the
ability of the anemone to fire nematocysts at external stim-
uli. There is no study to date that has quantified the nema-
tocyst firing response of a host anemone when presented
with anemonefish mucus. However, the use of genomics has
increased our understanding of the potential proteins uti-
lized in the prevention of nematocyst discharge.

19.3.4.1 Omics Application: Genomics

A study by Marcionetti et al. (2019) identified the first
candidate genes that may have evolved to grant anemone-
fish protection from anemone venom. This study utilized
whole-genome assemblies from ten anemonefish species
(A. biaculeatus, A. ocellaris, A. perideraion, A. akallopi-
sos, A. polymnus, A. sebae, A. melanopus, A. bicinctus, A.
nigripes, and A. frenatus) and applied molecular evolution-
ary analysis to uncover specific genes that were positively
selected for during the evolution of symbiosis. Seventeen
genes were identified as being under positive selection at
the origin of anemonefish, which later switched to purify-
ing selection. When advantageous traits evolve, they are
usually positively selected for and then there is a switch to
purifying selection to maintain these traits in descendants
(Marcionetti et al. 2019).

Versican Core Protein was one of the genes identified
and is particularly interesting due to its link to the anem-
one nematocyst firing mechanism. Nematocysts are highly
specialized cells that distribute the anemone’s venom by
piercing the skin of predators or prey. The discharge of
the nematocyst is controlled by chemosensory, mechano-
sensory, and endogenous pathways that respond to sensory
stimulation (Anderson and Bouchard 2009). Anemones
possess chemoreceptors for N-acetylneuraminic acid
(NeuSAc), a type of salic acid and a common carbohydrate
side chain of glycoproteins found in fish mucus. Binding of
the chemoreceptor to sugars in the mucus, specifically the
acidic side chain of glycoproteins, triggers a multi-signal
pathway that causes the nematocyst to fire (Anderson and
Bouchard 2009; Ozacmak et al. 2001). Mucus from many
coral reefs species has been shown to contain Neu5Ac;
however, Neu5Ac has been found to be significantly lower
in the mucus of A. ocellaris (Abdullah and Saad 2015).
Abdullah and Saad (2015) found that A. ocellaris lacked
Neu5Ac (1.6 mg/mL), in comparison to other non-symbi-
otic fishes such as the scissor-tailed sergeant (Abudefduf
sexfasciatus) (50.4mg/mL) and moon wrasse (Thalassoma
lunare) (71.9 mg/mL). Lubbock (1980) also showed that the
mucus of A. clarkii was chemically different to other coral
reef fish that are unable to enter host anemone species. The
mucus of Clark’s anemonefish (A. clarkii) mainly consisted
of neutral glycoproteins, which could be produced by a lack
of an acidic side chain on the N-acetylated sugars that is
normally present in fish mucus glycoproteins (Abdullah and
Saad 2015). Versican core protein found to be expressed in
the epidermis of A. ocellaris is thought to potentially bind
to N-acetylated sugars, masking their detection by anemone
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chemoreceptors and thus failing to trigger nematocyst fir-
ing. Protein O-GlcNAse was also found to be positively
selected for, and this protein has the potential to cleave the
acidic side chain creating a neutral glycoprotein that does
not stimulate the anemone chemoreceptors (i.e., does not
trigger) (Marcionetti et al. 2019) providing support for the
hypothesis that anemonefish mucus lacks the trigger for
anemone nematocyst firing.

19.3.5 HYPOTHESES FOR FUTURE RESEARCH

Of the hypotheses presented, only two hypotheses stand out
as possible mechanistic explanations of anemonefish toxin
resistance: firstly hypothesis (3), the anemonefish mucus
molecularly mimics the composition of the anemone’s
mucus to inhibit nematocyst firing, and secondly hypothesis
(4), the anemonefish mucus does not trigger the firing of
anemone nematocysts. While these two concepts may seem
similar, we are defining (1) inhibits firing: as mucus prop-
erties that bind to receptors preventing the nematocysts’
firing (Elliot, Mariscal, and Roux 1994’ Lubbock 1980)
and (2) does not trigger: as mucus composition that lacks
the trigger to stimulate the anemone’s nematocyst firing.
Ultimately, as the anemonefish need to perform acclima-
tion behaviors in order to enter the anemone, there must be
a change in the anemonefish’s mucus at the molecular level.
Moving forward in this chapter we will explore how lessons
from venom research and toxin resistance in other species
can be used as a model to better understand the anemone
and anemonefish symbiosis and how omics have been used
in these models and can inform future investigation into
the potential mechanisms behind these hypotheses at the
molecular level.

19.4 LESSONS FROM OTHER MODEL SYSTEMS

To uncover the mechanism(s) that anemonefish use to with-
stand the anemone’s venom, we need to better understand the
evolution of the anemone’s venom itself. Anemone venom is
a complex and diverse mixture of a variety of toxic compo-
nents, including cytolysins (toxins that cause cell lysis), neu-
rotoxins (toxins that damage or impair the nervous system),
and phospholipases (enzymes which cause inflammation
and pain) amongst many others (Anderluh and Macek 2002;
Frazao et al. 2012; Madio et al. 2019). Furthermore, cnidar-
ians (corals, anemones, and jellyfish) are the only organisms
that do not have a centralized venom gland like other venom-
ous organisms (e.g., snakes); instead, the venom is produced
in tissues throughout their body via nematocytes and ecto-
dermal gland cells (Madio et al. 2019). Nematocysts, which
are found in the anemone tentacles, are highly specialized
cells that venom is packaged into. Nematocysts consist of
a capsule with an inverted tubule, which when triggered
expels the tubule that disperses the venom by piercing the
skin of predators or prey. The discharge of nematocysts is
controlled by chemosensory, mechanosensory, and endog-
enous pathways that respond to external sensory stimulation
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(Anderson and Bouchard 2009). When predators or prey
come into contact with the anemone, the anemone is able to
chemically detect the response required and act accordingly.
Ectodermal gland cells allow for the secretion of a larger
volume of venomous mucus over the anemone, however, it is
unclear if the venom composition of the mucus is the same
or different to the venom packaged into the nematocysts
(Madio et al. 2019), or if ectodermal gland cells are present
in host anemones. While each component of the venom has
a specific role, there are generally a few that contribute to the
major lethality effect (Arbuckle et al. 2017). Potential sym-
biotic partners can benefit from this by attempting to evolve
toxin resistance to the venom as a whole, rather than evolv-
ing resistance to each single component in the venom. This
would enable partner species to selectively evolve resistance
to the most lethal components or the most functionally simi-
lar elements, enabling multiple venom proteins to be treated
as one for resistance purposes (Arbuckle et al. 2017).

While it is yet not clear how anemonefish are able to live
within the toxic environment of anemones, we can look to
other species and the mechanisms of toxin resistance uti-
lized for new research avenues to explore in the anemone and
anemonefish system. Resistance to toxins has evolved on mul-
tiple occasions across a wide variety of phyla, from mammals
to fish and insects (Arbuckle et al. 2017). There are three main
mechanisms that have been put forward to broadly explain the
evolution of toxin resistance (Holding et al. 2016; Arbuckle,
Rodriguez de la Vega, and Casewell 2017):

(1) Venom inhibitors: inhibitor proteins can inhibit the
function of major toxic proteins found in venom
through direct interaction, and are often members
of large/old gene families. Venom inhibitors have
been identified in at least 30 mammal species from
six orders. Toxin-neutralizing serum factors, such
as alB-glycoprotein found in opossums and mon-
goose can neutralize snake venom metalloendo-
peptidases (SVMPs) and phospholipases (Holding
etal. 2016; Voss and Jansa 2012). Venom inhibitors
can also allow species such as snakes, for example,
to be resistant to their own venom (Bastos et al.
2016). We know that anemones have self-recogni-
tion abilities which prevent the firing of nemato-
cysts when their tentacles touch (Elliot et al. 1994).
Proteins may have potentially evolved in anemone-
fish that can be used to disrupt or prevent the firing
of nematocysts thus working as venom inhibitors.
Versican core protein (Marcionetti et al. 2019),
may be an example of this as it is thought to bind
to N-acetylated sugars, masking their detection by
anemone chemoreceptors.

(2) Target alteration: toxic proteins found in venom
bind to a receptor protein in a prey species to elicit
a toxic action. Thus, a small number of amino acid
mutations in the receptor protein found in the prey
can change it such that the toxin can no longer
bind, while the receptor protein still maintains its
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original physiological function. Target alterations
are often members of small gene families, or even
encoded by single genes. In cobras, binding resis-
tance to alpha neurotoxins from snakes is caused
by single amino acid substitutions that lead to gly-
cosylation of the target protein that then prevents
the binding of the toxin (Takacs et al. 2001). The
evolution of the protein O-GIcNAse gene and the
expression of this protein in the anemonefish epi-
dermis potentially allow for the cleavage of the
acidic side chain on glycoproteins in the anemone-
fish mucus (Marcionetti et al. 2019). This may be
an example of target alteration as the nematocyst
firing would no longer be triggered by the now
neutral glycoproteins.

(3) Repurposed toxins: is the binding of venom pro-
teins to an untargeted receptor, blocking the effects
of the venom components that cause pain or other
lethal actions. These can also occur with just a sin-
gle amino acid replacement (Arbuckle et al. 2017).
Grasshopper mice, who eat and are often stung by
scorpions, are the only known example of a spe-
cies that has evolved the use of repurposed toxins.
This response results in the binding of the toxin
to a downstream sodium channel rather than the
targeted sodium channel, resulting in numbness
in the mice rather than pain (Rowe et al. 2013).
Anemonefish go through an acclimation process
to associate with the anemone, however, what
exactly happens at the molecular level during this
acclimation is currently unknown. Repurposing of
toxins to untargeted receptors could be activated
during this process resulting in anemonefish no
longer feeling the sting of their anemone host.

In general, in predator/prey relationships, prey species
often evolve a biochemical defence or resistance to a preda-
tor’s venom, triggering an increase in venom toxicity by the
predator. Prey resistance will then also increase, resulting in
a coevolutionary chemical arms race (Brodie III and Brodie
Jr. 1999). In contrast, in a symbiotic relationship, where the
aim is to maintain mutualistic benefit, a balance between
maintaining venom toxicity level but still enabling a sym-
biotic partner to interact is important. However, the toxicity
must remain at a level that can continue to benefit the toxic
species. The anemone and anemonefish mutualistic rela-
tionship requires a balance of toxin resistance and venom
strength, rather than an arms race of increasing toxin and
resistance levels. Research by Nedosyko et al. (2014) sup-
ports this concept as they showed that host anemones with
mid-range toxicity had the highest number of anemonefish
associates, demonstrating that there is a trade-off between
producing a venom that is too venomous or not venomous
enough and being able to host anemonefish.

In recent years progress in deciphering the mecha-
nisms behind the anemonefish and anemone symbiosis has
stalled, despite technological development. Just as we use
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anemonefish as a model species for other research appli-
cations, study into this symbiotic relationship may ben-
efit from the application of concepts and knowledge from
venom transcriptomic and proteomic studies (Sunagar et al.
2016; Madio, Undheim, and King 2017) and the study of
evolution of toxin resistance in other species, particularly
of prey to snake venoms (Gibbs et al. 2020).

19.5 FUTURE USE OF OMICS

While researchers have begun to use omics to investigate
a mechanistic explanation for anemone and anemonefish
symbiosis, there is a wide array of omics techniques that
could still be applied, particularly focusing on the fish
mucus layer and how it acts to protect the anemonefish
from the anemone venom. Fish mucus is comprised of a
combination of proteins, lipids, and glycoproteins, all of
which can be analyzed via omics to test the two leading
hypotheses for the mechanism(s) behind this symbiosis:
(1) ypothesis 3: anemonefish mucus molecularly mimics
the anemone’s mucus and (2) hypothesis 4: anemonefish
mucus prevents the nematocysts firing. For example, given
the importance of glycoproteins for triggering nematocysts
response in anemones (hypothesis 3), analyzing the mucus
layer of anemonefish using glycomics could provide insight
into the side chain structure of the glycoproteins present in
the anemonefish mucus and would provide support for the
genomic research by Marcionetti et al. (2019). Additionally,
utilizing proteomics, proteins from the anemone mucus
can be identified and matched to proteins in the anemone-
fish mucus after association, which could determine if the
anemonefish molecularly mimic anemone mucus (hypoth-
esis 3). The merging of mucus microbiomes between anem-
ones and anemonefish during association suggests that it is
possible that mucus molecular composition will also show
similarities during symbiosis. Further proteomics and tran-
scriptomics studies of both fish and anemones under con-
trolled experimental conditions or in the wild could be used
to look to see if proteins targeted by venom components
are altered and/or whether toxins are able to bind to decoy
receptors as discussed earlier as mechanisms of resistance
to snake venoms, to explore the possibility of anemonefish
deploying these strategies.

Previously, the research into anemone and anemonefish
symbiosis has focused solely on the anemonefish and how
they adapt to live in the toxic environment of their anemone
host. As this is a mutualistic relationship where both anem-
onefish and anemone gain fitness benefits from their associ-
ation, the anemones’ role in the formation of this symbiosis
should also be explored. A combined transcriptomic and
proteomic approach is becoming more popular when study-
ing venom as it allows for a holistic view of venom com-
position (Madio et al. 2017). Using this approach, Madio
et al. (2017) discovered 12 new families of venom proteins
and peptides in Haddon’s anemone (S. haddoni). Currently,
research into anemone venoms focuses on novel toxin iden-
tification for drug discovery and medical applications, rather
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than an ecological focus (Hoepner et al. 2019); however,
applying widely used techniques that explore drug discov-
ery to an ecological-based venom question could allow for
the exploration of the mechanism behind the anemone and
anemonefish symbiosis from a perspective not yet explored.
For example, the bubble-tip anemone (E. guadricolor) is
the most popular host of anemonefish (Nedosyko et al.
2014), yet research into its venom composition is very lim-
ited. A combined transcriptomic and proteomic approach to
investigate the venom composition of E. quadricolor will
allow for the comparison of the venom to other anemone
hosts as well as non-host anemones and could identify
potential unique features of the venom that lend itself to
symbiosis with anemonefish. Analysis of venom before and
after forming associations with anemonefish could also
uncover any changes in the anemone venom or production
that could enable or enhance the association with anemone-
fish. Omics is a promising field for investigating how anem-
onefish mucus layer interacts with anemone venom at the
molecular level and closely interrogating hypotheses posed
for future research.

19.6 CONCLUSION

Despite decades of research, we are still exploring and
discovering exactly how the anemonefish can withstand
the venomous sting of their anemone hosts and live har-
moniously for mutual benefit. Of the numerous hypothe-
ses explored, there are two main frontrunners that could
explain the mechanisms of anemonefish resistance to anem-
one venom: (1) hypothesis 3: the anemonefish mucus molec-
ularly mimics the composition of the anemone’s mucus to
inhibit nematocyst firing and (2) hypothesis 4: the anem-
onefish mucus does not trigger the firing of anemone nema-
tocysts. These hypotheses do have areas of overlap and it
may be a combination of both mechanisms that results in
overall protection. The application of omics techniques,
such as transcriptomics, proteomics, and metabolomics, as
well as learnings from other model systems to this ecologi-
cal question, may provide the molecular insight needed to
finally uncover the secrets behind the anemone and anem-
onefish symbiosis.
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1.3 Thesis Aims and Hypothesises

Although there is considerable research focused on the symbiotic relationship between
anemonefishes and host sea anemones, Chapter 1 highlights a range of knowledge gaps and
avenues for future research. Here | use a range of omics techniques applied to an iconic
symbiotic relationship to address these gaps. In particular, my objectives were to test: 1) the
susceptibility of anemonefishes to ectoparasites, 2) the effect of anemonefish presence on
host sea anemone nematocyte discharge, 3) anemonefishes’ mucus metabolite adaptation
when in association with a host sea anemone, 4) transcriptome and proteome composition
of venom from the most popular host sea anemone and, 5). alteration to the transcriptome
and proteome of host sea anemone venom when in association with a symbiotic partner.
These experiments were carried out via a combination of qualitative field experiments and

manipulative aquarium-based experiments, outlined below.

1.3.1 Chapter 2: Home is where the parasites are not: anemonefishes have low
ectoparasite infestation rates, despite not visiting cleaning stations.

For my first data chapter, | aimed to assess a previous hypothesis that the symbiotic
relationship between anemonefishes and their host sea anemones reduces their
susceptibility to ectoparasites. To test this, | undertook field experiments in the Maldives and
Malaysia quantifying anemonefishes cleaning station attendance, anemonefishes and cleaner
fish interaction and anemonefish ectoparasite load. It was hypothesised that despite
anemonefishes not visiting cleaning stations to have ectoparasites removed, that their

ectoparasite load will be low due with living within a venomous host.
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1.3.2 Chapter 3: Friend, food, or foe: sea anemones discharge fewer nematocytes
at familiar anemonefish

In this chapter, | aimed to quantify the nematocyte response of host sea anemones to their
symbiotic partner anemonefish. Using a before-after-control-impact (BACI) design, the host
sea anemone Entacmaea quadricolor was presented with mucus collected from three
different sources: 1) a symbiotic anemonefish (Amphiprion percula), 2) a non-symbiotic but
closely related damselfish (Chromis viridis), and 3) a sea anemone food source (prawn), before
and with anemonefish association. It was hypothesised that acclimated anemonefish mucus

would trigger less nematocytes from a host sea anemone than other mucus stimuli presented.

1.3.3 Chapter 4: The delayed adaptation of anemonefish mucus to association with
a host sea anemone.

The third data chapter aimed to analyse the lipid and glycan profile of anemonefish mucus in
an attempt to pinpoint the mechanism used by anemonefish to withstand the venomous sting
of their host sea anemone. Using a before-after-control-impact (BACI) design and MALDI
TOF/TOF analysis, the lipid and glycoprotein composition of anemonefish mucus was
compared before, with and after anemonefish association. It was hypothesised that the
mucus of the anemonefish will become less glycosylated when in association with a sea
anemone host, to reduce recognition when in contact with their sea anemone host’s chemical

receptors.

32



1.3.4 Chapter 5: Proteotranscriptomics of the most popular host sea anemone
Entacmaea quadricolor reveals not all toxin genes expressed are recruited
into its venom arsenal.

This chapter aimed to create a comprehensive profile of the tentacle transcriptome and
venom proteome of the most popular host sea anemone Entacmaea quadricolor. In order to
uncover the mechanism used by anemonefish to persist within the venomous environment
of their host sea anemone it is important to better understand the composition of this venom.
This comprehensive venom profile can then be used to compare how the venom profile of E.
quadricolor which has a middle range toxicity compares to the venom profile of other host
sea anemones as well as non-host sea anemones and how venom may influence the ability to

form associations with anemonefish.

1.3.5 Chapter 6: Behind anemone lines: association with anemonefish alters
tentacle transcripts and venom proteins of the most popular host sea
anemone, Entacmaea quadricolor.

In my final chapter, | aimed to determine if the host sea anemone itself played a role in the
establishment of their symbiotic relationship with anemonefish, as to date this is an
unexplored side of this symbiotic relationship. Using a combined transcriptomic and
proteomic approach, the toxin profile of Entacmaea quadricolor was compared with and
without anemonefish association. It was hypothesised that host sea anemone venom would
be altered when in association with anemonefish, through the downregulation of toxin

proteins and peptides.
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Chapter 2:

Home is where the
parasites are not:
anemonefish have low

ectoparasite infestation
rates, despite not visiting
cleaning stations.

Initial concept CMH KBDS, experimental design CMH EKF, fieldwork CMH EKF CAA PB,
lab work OYMS, data analysis CMH, first draft CMH, editing CMH EKF CAA KBDS
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2.1 Introduction

Coral reef ecosystems are biodiversity hotspots, supporting more species per square meter
than any other ecosystem (Sikkel et al. 2018). Parasites make up a large part of this
biodiversity; about 40% globally (Binning et al. 2013, Sikkel et al. 2014, Sikkel et al. 2018).
Parasites elicit a fitness cost to their hosts (Anderson and May 1981), as the parasite utilizes
energy that the host would otherwise use for growth, reproduction, and survival (Barber et
al. 2000). Coral reef fish infected with internal and/or external parasites exhibit compromised
behavioural, morphological, and physiological traits (Binning et al. 2013), causing negative
affects at the individual and the population level. The presence of ectoparasites (external
parasites) can result in reduced body condition, decreased growth, increased metabolic rate,
challenges to swimming performance, decreased reproduction (Finley and Forrester 2003,
Waldie et al. 2011, Binning et al. 2013), and negative physiological outcomes that ultimately
result in high fitness costs increasing mortality and reduced population size (Demaire et al.

2020).

The high cost of parasitism has resulted in numerous adaptations that coral reef fish have
evolved to either avoid or reduce ectoparasite load once affected (Binning et al. 2017). For
example, Grutter et al. (2011) found that parrotfish can excrete a mucus cocoon that they
sleep within to reduce ectoparasite susceptibility at night. Other species, such as lionfish, have
toxic dorsal, pelvic and anal spines used to protect themselves from predators, which could
also contribute to low ectoparasite levels (Sikkel et al. 2014). Alternatively, mutualistic
interactions have evolved between infected coral reef fish and species that ‘clean them of
ectoparasites’ (Sikkel et al. 2004), such as cleaner wrasse (ex Labroides dimidiatus), cleaner

gobies (ex Elacatinus evelynae) and cleaner shrimp (ex Ancylomenes pedersoni). These
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interactions involve the infected individuals known as ‘clients’, visiting a designated ‘cleaning
station’, where the clients will display to the ‘cleaner’ by spreading their fins and gills to
indicate readiness to be cleaned (Arnal et al. 2001, Soares et al. 2011). Cleaner fish will also
approach clients to initiate cleaning leading to mutually beneficial outcomes (Trivers 1971).
Cleaner species gain access to predictable food sources in the form of the ectoparasites, and
the clients benefit through ectoparasite removal (Trivers 1971, Cheney and Cote 2001). For
cleaner wrasse, gnathiid isopod larvae (Gnathiidae), is the main component of their diet. The
interaction, although valuable, doesn’t come without costs for the clients, such as daily time
budget when visiting a cleaning station, and the risk of cheating, where the cleaner removes
skin, scales or mucus from the client instead of ectoparasites (Bshary & Grutter 2002).
However, as shown by Trivers (1971) and Bshary and Grutter (2002) the cost of ectoparasite
infestation is very high for clients, thus the time and risks required to attend cleaning stations
outweighs the costs of ectoparasite infestation. Grutter (1995) also found that the frequency
and duration of cleaning interactions was positively correlated with mean ectoparasite load,

with some client fish seeking cleaning services more than 100 times per day.

Ectoparasites are highly successful and are almost ubiquitous in coral reef ecosystems. One
group of fishes, however, that rarely appear in ectoparasite literature on coral reefs, are the
anemonefishes, (Amphiprion spp) in the Pomacentridae family. In fact, the only published
occurrence of ectoparasites found for anemonefishes was a study dating back to 1966 in the
Seychelles (Bowman and Mariscal 1968), where 5% of Amphiprion akallopisos anemonefish
were found infested with the isopod Renocila herterozota. Bowman and Mariscal (1968)
noted, however that they did not observe any visible ectoparasite infestation in

anemonefishes populations across ten different countries, indicating that this finding was a
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rare occurrence. A recent study by Zhokhov et al. (2020) found endoparasites (internal
parasites) within the gills, stomach and intestines of multiple anemonefish species in Vietnam,
but no ectoparasites were present. This anomaly appears to be specific to the anemonefishes,
as the presence of ectoparasites is common in closely related Pomacentrids, with numerous
studies reporting ectoparasite infestation across a variety of damselfish species (e.g.
Stegastes diencaeus, Pomacentrus chrysurus, P. amboinensis, Abudefduf sexfasciatus,
Dascyllus aruanus; (Sikkel et al. 2000, Cheney and Cote 2003a, b, Gunter and Adlard 2008,
Sun et al. 2012, Sikkel et al. 2018) and frequent observations of this group engaging in

ectoparasite removal with cleaner fish (Sikkel et al. 2004).

Anemonefishes differ from other coral reef fish species through their close symbiotic
relationship with host sea anemones (Collingwood 1868, Fautin 1986). Sea anemone host
species and anemonefishes benefit from their 12-million-year-old relationship (Titus et al.
2019), where anemonefishes gain protection from predators (Fautin 1991, Burke da Silva and
Nedosyko 2016), a safe place to lay eggs (Saenz-Agudelo et al. 2011), and long-life spans
(Buston and Garcia 2007, Sahm et al. 2019). Host sea anemones, on the other hand, benefit
from increased nutrients and oxygenation, protection from predators, and improved recovery
after bleaching events when living symbiotically (Godwin and Fautin 1992, Szczebak et al.
2013, Pryor et al. 2020, Schligler et al. 2022). Sea anemones are amongst the most venomous
animals on the planet (Frazao et al. 2012, Hoepner et al. 2019), incorporating stinging cells
(nematocytes) and secreting a venomous mucus layer over their body (Anderluh and Macek
2002, Norton 2009). This chemical defence acts to protect sea anemones from predators and

disease and aids in the capture of prey (Mebs 2009, Beckmann and Ozbek 2012, Nedosyko et
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al. 2014), and by extension, anemonefishes are thought to also be protected as a result of this
relationship (Wang et al. 2019).

. The susceptibility of anemonefishes held in captivity without sea anemones, to infestation
of both internal and external parasites in aquaria supports this claim. Anemonefishes in
captivity are susceptible to common protozoan and fungal aquarium diseases (Mariscal
1970b, Wahab et al. 2009, Vorbach 2016). In aquaculture facilities anemonefishes are rarely
kept in the presence of sea anemones, which require more specialized conditions for
maintenance. A study by Wang et al. (2019) demonstrated a dose and time dependent
mortality of the ectoparasite Cryptocaryon irritans theronts (a pathogen of white spot disease
common in aquarium species) in response to different volumes of A. clarkii mucus. The mucus
caused cell membrane rupture, removal of cilia and cell content leakage to the theronts
within 10 mins of presentation (at 0.3 mg protein mL?). This study suggests the potential for
anemonefishes’ mucus to reduce ectoparasite attachment and thus raises the question of
mucus chemical composition and its role in prevention of ectoparasite attachment. Crespigny
(1869), hypothesized that anemonefishes in the wild are not susceptible to parasites due to
their association with sea anemones, and proposed that the constant rubbing of anemonefish
across the venomous sea anemone tentacles helps remove ectoparasites and thus negates
the need for visiting cleaner fish stations. However, more than a century and half later, this
hypothesis has not been tested or explored in situ, and the only evidence that anemonefishes
may be protected from ectoparasites remains the absence of Amphiprion spp. in the

ectoparasite literature.

This study aims to provide empirical evidence to support the hypothesis that anemonefishes

are less susceptible than other coral reef associated fishes to ectoparasite infections and to
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provide further arguments for the protective benefit of symbiosis with venomous host sea
anemones. First, we postulated that if anemonefishes were susceptible to ectoparasites, they
would frequent cleaner fish cleaning stations for ectoparasite removal, particularly as sea
anemones are often used as a visual cue for client fish to mark the location of cleaning stations
(Huebner and Chadwick 2012, Gilpin and Chadwick 2020), indicating that anemonefishes are
often within a few meters of cleaning stations. We tested this by 1) conducting a systematic
literature review to identify published instances of anemonefishes interactions with cleaner
fish at cleaning stations; and 2) we conducted in situ observations of both active cleaning
stations and of anemonefishes in their host sea anemone to record interactions between
anemonefishes and cleaner wrasse. Secondly, we collected field samples from a population
of the anemonefish Amphiprion ocellaris, to directly assess ectoparasite load at a location

where ectoparasites were known to infect other coral reef fish species.

2.2 Methods

2.2.1 Systematic literature review

A systematic review of the literature was conducted via Web of Science on the 29t of October
2021, to assess the frequency of occurrence of anemonefishes at cleaning stations and
records of cleaning interactions with anemonefish. The search query TS= (("cleaning station*"
OR "cleaner wrasse*") AND (client* OR fish*)) returned 211 results. Papers were initially
reviewed by title and abstract, 122 of which were deemed relevant and included in the study.
An article was included if it provided new empirical data on 1) fish species visiting cleaning
stations, or 2) fish interactions with cleaner wrasse. Cleaner wrasse studies including cognitive
behaviour, laboratory experiments, mimicry or aquaculture were excluded. Each of the 122
papers were reviewed at the full text level, and the species of cleaner fish, location and

species of client fish visiting cleaning stations were extracted. All studies were specifically
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reviewed for any mention of the presence of anemonefishes and, if present, cleaner fish

interaction.

2.2.2 Anemonefishes and cleaner wrasse interactions

2.2.2.1 Study site and species

To collect empirical field data on the frequency of anemonefishes interactions with cleaner
wrasse and visitation to cleaning stations, we observed bluestreak cleaner wrasse (Labroides
dimidiatus) cleaning stations at three locations within Lhaviyani Atoll, Maldives — Naifaru (N),
Kuredu (K) and Veyvah (V), (Fig 2.1A). Two species of anemonefishes were present at these
sites: A. clarkii and A. nigripes, that were utilising three different species of host sea anemone;
Heteractis magnifica, Heteractis malu and Stichodactyla gigantia. Transects were performed
at each site to establish the density of cleaner wrasse by counting the number of cleaner
wrasse encountered within 2.5m either side of three 25m transects per site, and all cleaner
wrasse encountered within the transect were identified as adult or juvenile based on size and

colouration.

Besar Island,
Johor

Figure 2.1: A) Cleaning station observation sites in the Maldives Lhaviyani Atoll, Maldives (N
Naifaru, K Kuredu, V Veyvah). Observations at host anemone sites also occurred at Lhaviyani
Atoll, Maldives (N Naifaru, KS Komandoo Sandbank, V Veyvah). B) Location in Malaysia
where cleaning station sites were observed and ectoparasite load assessed, Rawa Island (R)
Malaysia.
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2.2.2.2 Anemonefishes visitations to cleaning stations

To assess the frequency of anemonefishes visits to cleaning stations, an observer on snorkel
recorded the species of clients cleaned at a cleaning station for a period of 20-minutes.
Nineteen cleaning stations across three locations in Lhaviyani Atoll, Maldives, were observed
for a total of 6.33 hours: 4 hours at Naifaru (N) across 12 cleaning stations, 1 hour at Kuredu
(K) across three cleaning stations, and 1.33 hours at Veyvah (V) across four cleaning stations
(Fig. 2.1A). A cleaning interaction was defined as a client fish posing for a cleaner wrasse,
allowing cleaning and the removal of ectoparasites to occur, and a cleaner wrasse engaging.
A photograph was taken of each client fish that was cleaned, and these images were used to
confirm identification of client species to the lowest taxonomic level possible. Host sea
anemones were in the vicinity of all cleaning stations, with at least one sea anemone and

anemonefish symbiont within 5m of each cleaning station observed.

2.2.2.3 Cleaner wrasse approaching anemonefishes

Anemonefishes are known to stay within close proximity (<2m) of their host sea anemone
(Fautin 1991). For this reason, it is possible that anemonefishes are not often seen at cleaning
stations because of the risks associated with the anemonefishes leaving the protection of
their host sea anemone. To ensure cleaning interactions outside of cleaning stations were not
missed, we undertook observations of anemonefish at their host sea anemone site to
determine if cleaner wrasse visited the anemonefishes directly. On snorkel, 21 individual sea
anemones inhabited by either one of two anemonefish species — A. clarkii or A. nigripes —
were observed for 20-minutes (total = 7 hours of observations) at three different locations in
the Maldives, (Naifaru (N), Veyvah (V) and Komandoo Sandbank (KS); Fig 1A). At each host
sea anemone site, the size and species of host sea anemone and associated anemonefish

species was recorded as was the number and sex of anemonefishes inhabiting the host sea
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anemone. Cleaner wrasse-initiated interactions were defined as a cleaner wrasse
approaching and attempting to engage an anemonefish in a similar manner that is used to
engage and clean other fish species. Anemonefish initiated interactions were defined as an
anemonefish approaching a cleaner wrasse to engage. Cleaning interactions were defined as
an anemonefish posing for a cleaner wrasse allowing for cleaning and the removal of
ectoparasites to occur coupled with a cleaner wrasse engaging. The density of cleaner wrasse
within a 5m radius of a host sea anemone was also recorded. By swimming in circular
transects, the number of cleaner wrasse at 0-1, 1-3 and 3-5m from the host sea anemone

were counted and identified as adult or juvenile based on size and colouration.

2.2.3 Ectoparasite loads on anemonefish

2.2.3.1 Study site and species

We collected field samples from a population of A. ocellaris around Rawa Island, Malaysia, to
directly assess ectoparasite load. The reef at Rawa Island (Fig 5.1B) is a shallow reef ledge
with five species of anemonefishes: A. ocellaris, A. frenatus, A. perideraion, A. clarkii and A.
biaculeatus, inhabiting four different host sea anemone species, H. magnifica, Entacmaea

quadricolor, H. crispa and S. gigantia.

2.2.3.2 Establishing the presence of ectoparasites

As we were unable to capture any damselfish for ectoparasite infestation comparison, due to
the complex coral matrix at Rawa Island, Malaysia, to confirm that ectoparasites were in fact
present among coral reef fishes at our selected collection site, we repeated our cleaning
station surveys to identify the species of client fish that visited the cleaning stations and
interacted with the cleaner wrasse. We used cleaner wrasse-client interactions as an indicator
of ectoparasite presence on the reef (Sikkel et al. 2004). Three cleaning stations on Rawa
Island reef were observed for a total of ten hours. Methods were repeated following cleaning
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station observations made in the Maldives. Host sea anemones were present at all cleaning
station sites, with at least one host sea anemone hosting anemonefishes within 5m of each

cleaning station observed.

2.2.3.3 Assessing ectoparasite load

Fifty-nine A. ocellaris were collected from Rawa Island reef on SCUBA and snorkel from a
depth of 1-3m using handheld nets (approved by the Flinders University Animal Ethics
Committee E479-19). Individual A. ocellaris fish were placed in clear plastic bags full of
seawater and brought to the surface (methodology following Grutter (1995) and Sikkel et al.
(2004)). Each fish was taken to a processing area 5m from shore and <50m from capture site
and was transferred from the plastic bag into a 500mL container comprising seawater and
Aqui-S solution (1 mL of 40x Aqui-S in 1L). Fish remained in the sedative solution for
approximately 2-5 minutes until light sedation was achieved. Each fish was weighed,
measured, and photographed, then placed in a 500mL formalin bath (1.25 mL of formalin in
1L fresh water) with aeration for 5 minutes. This process has been shown to successfully
remove ectoparasites from coral reef fish species (Grutter 1995, Sikkel et al. 2004). Fish were
placed into an aerated recovery bucket containing sea water for 15-20 minutes and observed
until activity patterns indicated the fish were fully recovered from sedation. Each fish was
returned to the host sea anemone from which they were collected. All liquid contents from
the plastic bag, Aqui-S solution, and formalin solution were sieved through a 50 um sieve to
collect any invertebrates present. Samples were transferred into ethanol to preserve for
identification. The samples were analysed at UCSI University KL using both stereo and
compound (40x magnification) microscopes, and invertebrates (including any ectoparasites)

were identified to the lowest taxonomic level possible.

43



2.2.4 Data Analysis

Statistical analyses were undertaken using the statistical software R (R Core Development
Team 2013) using base R functions. A one-way ANOVA model was applied using the aov
function and the TukeyHSD function was used to identify significance between groups. The
correlation between ectoparasite number and the size and weight of anemonefish was
calculated using the cor.test function from the package ggpubr. All statistical figures were

created in R using the package “ggplot2” (Wickham 2016).

2.3 Results

2.3.1 Systematic literature review

One hundred and four publications from 1994 to 2021 were found that recorded cleaner fish
interactions with client fish species. Thirty-one species of cleaner fish were found to interact
with coral reef fish from 38 families. Not a single interaction was reported for any of the 31
cleaner fish species with any of the 28 species of anemonefish. Figure 2.2 provides an
overview of the geographic range of anemonefishes compared to the location of studies
examined. Of the 22 study locations, approximately 50% were from locations inside the

distribution of anemonefishes.

44



%0° 60° a0 e 3 6° %0 1200 150 1800 150
Anemonefish distribution
.1
Cleaning station study sites
o1
@ o5
@ s
Qs
©-
e O \
\_ Zo)
o (o) S
’ @ N T ——
- @ _
o O O . e
~
s
. @
e Kilometres
0 2,500 5,000
I N —
T T T T T 1 1] 1 T T T
-80° -60° -30° | 30° 60° 90° 120° 150° 180° -150°

=)

Figure 2.2: Overlap between study sites from the systematic literature review (orange dots)
and anemonefishes distribution (yellow area).

2.3.2 Anemonefishes and cleaner wrasse interactions

2.3.2.1 Anemonefishes visitation to cleaning stations

The study sites in Lhaviyani Atoll, Maldives, had a mean density of 600 £ 80 cleaner wrasse, L.

dimidiatus, per ha. In over 6 hours of observation, across three sites, we recorded 362

interactions between cleaner wrasse and client fish. Client fish were varied and identified to

14 different families and 47 species, with the highest number of species (17%) belonging to

the Pomacentridae family (Fig 2.3). While many damselfish (Pomacentridae) were found

attending and being cleaned at cleaning stations, not a single anemonefish visited or was

cleaned at a cleaning station in the Lhaviyani Atoll, Maldives, despite all cleaning stations

observed having at least one or more host sea anemones with anemonefishes within a 5m

radius.
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Figure 2.3: The number of fish species per family observed being cleaned by cleaner wrasse
in Lhaviyani Atoll, Maldives, and Rawa Island, Malaysia, during cleaning station observations.

2.3.2.2 Cleaner wrasse approaching anemonefishes

The number of cleaner wrasse observed within a 5m radius of the target host sea anemone
sites ranged from 1-11. No cleaning interactions were observed between cleaner wrasse and
anemonefishes at 21 host sea anemone sites from over seven hours of observations (Table
2.1). Ten non-cleaning interactions (i.e. cleaning did not occur) were noted between
anemonefish and cleaner wrasse, all of which were initiated by cleaner wrasse and all were
immediately rejected by the anemonefishes (Fig 2.4A). All cleaner wrasse-anemonefish
interactions observed were made towards the dominant female anemonefishes, never
toward the breeding male or subordinate anemonefishes and all of the non-cleaning
interactions were very short in duration (<2 seconds) and were initiated only by juvenile

cleaner wrasse.



Figure 2.4: A) Juvenile cleaner wrasse (Labroides dimidiatus) in close proximity to a host sea
anemone (Heteratis magnifica) occasionally attempt to clean the dominant female
anemonefish (Amphiprion negripes) with no success in Lh. Naifaru, Maldives. Image: Cassie
Hoepner B) Cleaner wrasse (Labroides dimidiatus) cleans a client at cleaning station located
next to host sea anemones hosting anemonefish at Rawa Island, Malaysia. Image: Emily
Fobert.

Table 2.1: Summary of seven hours of observation at host sea anemone sites for cleaner
wrasse and anemonefishes interactions.

Host # of # of Cleaner  Interactions Interactions Cleaning
anemone Anemonefishes Wrasse (cleaner wrasse  (anemonefishes  jnteractions
sites observed observed initiated) initiated)

21 124 104 10 0 0

2.3.3 Ectoparasite loads on anemonefish

2.3.3.1 Establishing the presence of ectoparasites

At the reef site Rawa Island, Malaysia, thirteen families and 35 species of clients were
observed at cleaning stations, with a total of 1,295 interactions observed over a ten-hour
period (Fig 3). This volume of interactions at cleaning stations confirms significant
ectoparasite presence at Rawa Island, Malaysia (Sikkel et al. 2004). While 23% of species
attending and being cleaned at cleaning stations were damselfish (Pomacentridae), not a

single anemonefish species (Pomacentridae) visited or was cleaned at a cleaning station,
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despite all cleaning stations having at least one host sea anemone and anemonefishes present

within a 5m radius (Fig 2.4B).

2.3.3.2 Assessing ectoparasite load

Rawa Island, Malaysia had a mean A. ocellaris ectoparasite infestation rate of 0.6 (£1.1). The
majority of A. ocellaris sampled (66.1%) had zero ectoparasites (x?= 22.735, df =2, p < 1.62-
14), with 34.9% of A. ocellaris infected with either one or more (range=1-7) ectoparasites
from two species, Gnathia sp. (Praniza 3 life stage) and Calanus sp. (Figure 2.5a). Infected A.
ocellaris had a mean ectoparasite infestation rate of 1.7 (+1.1), and only two female A.
ocellaris had more than two ectoparasites; both were infected with both species of
ectoparasites. Female A. ocellaris were significantly more likely to have ectoparasites than
males or sub-adult juveniles (x?= 5.051, df=2, p< 0.0296) (Fig 5.5b) with a weak correlation
found between size and weight of A. ocellaris individuals and ectoparasite load (weight R=0.3,

p< 0.01991, size R=0.27, p<0.03906) (Appendix S2.1).
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Figure 2.5: A) Count of total number of each ectoparasite species found. B) number of
ectoparasites found on juvenile, male and female A. ocellaris.

2.4 Discussion

This study is the first to directly assess ectoparasite infestation of A. ocellaris anemonefish
and to quantify anemonefishes interactions with cleaner wrasse. We found that most A.
ocellaris, approximately two thirds, were not infested with any ectoparasites, and the
remaining third had on average less than two ectoparasites. We also found zero cleaning
interactions between cleaner wrasse and anemonefishes indicating that anemonefishes must
rely on a different mechanism for ectoparasite removal.

A systematic review of the literature, in conjunction with 23 hours observing cleaning stations
across multiple coral reef sites in two distinct coral reef habitats in Malaysia and the Maldives,
revealed zero evidence of anemonefishes attending cleaner stations or being cleaned by
cleaner fish. In the field we did not observe a single behaviour initiated by anemonefishes to

be cleaned, and the only interactions observed in situ were initiated by juvenile cleaner
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wrasse, and all were immediately rejected by the anemonefishes, suggesting that juvenile
cleaner wrasse have not yet learned that anemonefishes are not valuable clients and in fact

will chase and attempt to bite cleaner fish attempting to initiate contact (pers obs).

Studies investigating ectoparasite loads of closely related damselfish (e.g. Microspathodon
chrysurus, Pomacentrus amboinensis) found that 60-100% of individuals were infested with a
mean of 1-7 gnathiid isopods per individual (Sikkel et al. 2000, Sun et al. 2012), compared to
only 34.9% of individuals infested with 1-2 ectoparasites per individual in this study. These
findings indicate that Pomocentrids as a group are highly susceptible to ectoparasites, except
for A. ocellaris in association with a sea anemone host. The venom of sea anemones likely
plays a key role in the low ectoparasite load found, as other venomous fish species also appear
to benefit from reduced ectoparasite loads. Lionfish (Pterois volitans) for example, have toxic
dorsal, pelvic and anal spines (Kiriake and Shiomi 2011). A study by Sikkel et al. (2014) found
that lionfish had fewer ectoparasites than ecologically similar species in both the lionfish’s
native and introduced range that do not possess a toxic defence (Holocentrus rufus, H.
plumierii H. flavolineatum, Lutjanus apodus, L. synagris, Epinephalus guttatus). While lionfish
did not have zero ectoparasites, the study found that they were not highly susceptible to the
most common and generalist ectoparasites and they were rarely found at cleaning stations.
A study by Munday et al. (2003), found that toxic skin secretions on coral gobies, (Gobidon
sp.), did not reduce the rate of infestation by ectoparasites, but did influence the site of
ectoparasite attachment. For example, coral gobies that produce a toxic mucus had
ectoparasites only on their fins, whereas coral gobies without toxic mucus had ectoparasites

attached throughout their body. While not eliminating ectoparasite infestation completely in

50



this case, toxin secretions prevented gnathiid attachment to the body, thereby reducing

infestation load and minimizing associated costs of ectoparasites.

Twenty A. ocellaris individuals were found with ectoparasites in our study, of which 70% were
large dominant females. The weak correlation between size and weight of A. ocellaris and
ectoparasite susceptibility, may suggest a greater surface area for ectoparasite attachment
(Appendix S2.2), or may indicate a behavioural difference in male and female anemonefishes.
Dominant females spend more time outside of sea anemone hosts (e.g. Hoepner and Fobert
2022), which may increase their susceptibility to ectoparasites, or may affect the molecular
makeup of their mucus layer. Further research is clearly needed to understand the
mechanism(s) responsible for the low ectoparasite load found in A. ocellaris and if this is also
seen in anemonefishes generally, as well as in smaller individuals who spend more time within
their host sea anemone. We recommend that studies utilizing gnathiid cultures (e.g. Grutter
et al. 2020) to explore the influence of sea anemone species on anemonefishes’ ectoparasite
infestation. Specifically, introducing anemonefishes that have been in association with a host
sea anemone compared to anemonefishes not in association may provide insight into the
probability of infestation and highlight the role of the host sea anemone symbiont in

protecting anemonefishes from ectoparasites.

2.5 Conclusion

Despite the hypothesis posed over a century and a half ago, that host sea anemones provide
anemonefishes with protection from ectoparasites, and the lack of anemonefishes recorded
at cleaning stations in the literature, this is the first study to directly quantify ectoparasite
load on an anemonefish species in the wild. This study illuminates that A. ocellaris

anemonefish are in fact susceptible to ectoparasites, but the frequency of infection is lower
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than that found in other coral reef fishes, particularly closely related damselfish (Sikkel et al.
2000, Sun et al. 2012). The finding that anemonefishes have ectoparasites but do not visit
cleaning stations or allow cleaner wrasse to initiate cleaning even when in close proximity,
suggests that anemonefishes rely on other mechanisms for ectoparasite removal. This study
did not test mechanisms, but we propose that protection from ectoparasites is likely gained
through the mutual and obligate relationship with their symbiotic and venomous partner, the
sea anemone. Ectoparasite removal could be from either direct contact with the host sea
anemone’s venomous tentacles or through molecular changes to the mucus layer that makes

anemonefishes less susceptible to ectoparasites, or potentially both.
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3.1 Introduction

Symbiotic relationships can take a variety of forms: mutualistic, parasitic, predatory,
competitive, or commensal (Paracer and Ahmadjian 2000). Relationships between venomous
and non-venomous species generally function as predator-prey, where the predator evolves
more toxic venom, and in return, the prey evolves resistance to the toxins (Holding et al. 2016,
Arbuckle et al. 2017). This type of relationship is well documented in the literature and is
referred to as a chemical arms race (Brodie Ill and Brodie Jr. 1999). Most symbiotic
relationships where venom is a factor are predatory, such as snakes and scorpions and their
prey. The anemonefishes and host sea anemone symbiosis is a rare example of a mutualistic
relationship where a venomous species and a non-venomous vertebrate species both benefit
from the toxic relationship. It is more common to see a mutualistic relationship between a
venomous species and a non-vertebrate, non-venomous species such as zooxanthellae or
bacteria (Pontasch et al. 2013, Breusing et al. 2022). Venom is used by sea anemones for
multiple purposes, ranging from defence to predation, and interspecific aggression (Anderluh
and Macek 2002, Frazao et al. 2012). Yet, anemonefishes are able to enter host sea anemone
after performing a range of behaviours (including: touching tentacles with the tail, biting the
tentacles tips and continuous fanning of tentacles with their pectoral fins (Balamurugan et al.
2015)) to acclimate their mucus layer, which is thought to be the key to this symbiotic
relationship (Mebs 2009). Despite this symbiotic relationship being well studied, there
remains a lack of understanding regarding the mechanisms involved in anemonefishes

resistance to sea anemone venom.

Sea anemone venom is a complex and diverse mixture of a variety of toxic components,

including cytolysins (toxins that cause cell lysis), neurotoxins (toxins that damage or impair
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the nervous system) and phospholipases (enzymes which cause inflammation and pain)
amongst many others (Anderluh and Macek 2002, Frazao et al. 2012, Madio et al. 2019).
Furthermore, cnidarians (corals, sea anemones and jellyfish) are the only organisms that do
not have a centralized venom gland like other venomous organisms (e.g. snakes); instead the
venom is produced in tissues throughout their body via cnidocytes and ectodermal gland cells
(Madio et al. 2019). Compared to other venomous animals, relatively little is known about
cnidarian venom production or delivery. Sea anemones utilise cells (cnidae), containing highly
specialised and complex stinging organelles (cnidocytes) to distribute their venom and are
deployed to capture prey and for defence purposes (Beckmann and Ozbek 2012). The class
Anthozoa (which comprises all sea anemones) (Anderson and Bouchard 2009) has three types
of cnidocytes: nematocysts, spirocysts, and ptychocysts. Nematocysts are the only cnidocyte
that can inject venom, spirocysts are used to adhere to substrates and food, with ptychocysts
involved in the construction of the tube that certain sea anemones dwell in. It is estimated
that there are at least 30 different types of cnidarian nematocysts (David et al. 2008), with
individual sea anemone species typically possessing between two to six different types (two
of them exclusive to the class), found throughout various tissues (tentacle, filament, column,
actinopharynx) (Krayesky et al. 2010, Jindrich 2011). The tentacles of sea anemones generally
contain only spirocysts and two types of nematocysts: microbasic p-magistophore and

basitrichous (Fautin 1981, Krayesky et al. 2010, Jindrich 2011).

The discharge of nematocytes are controlled by chemosensory, mechanosensory and
neurological pathways that respond to external sensory stimulation (Anderson and Bouchard
2009). For example, when predators or prey make contact with a sea anemone’s tentacles, it

is able to chemically detect the stimulus and respond appropriately. Sea anemones possess
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chemoreceptors that can detect N-acetylated sugars, which are chemically present in the
mucus layer of fish (Abdullah and Saad 2015). When N-acetylated sugars, specifically the
acidic side chain of the glycoprotein, binds to the sea anemone’s chemoreceptor, a multiple
signal pathway is triggered resulting in the firing of the sea anemone’s nematocytes
(Anderson and Bouchard 2009). It was previously thought that the firing of nematocytes was
not controlled by the sea anemone, but Conklin and Mariscal (1976) showed that sea
anemones can exhibit control over the firing of nematocytes and can adjust the number of
nematocytes fired under experimental conditions. Previous studies have also demonstrated
that sea anemones will reduce the number of nematocytes fired when satiated (Conklin and
Mariscal 1976). It has been proposed that the production of venom and nematocytes can be
energetically costly to produce (Fautin 2009, Sachkova et al. 2020, Kaposi et al. 2022), thus
there could be fitness benefits, in the form of energy preservation, for sea anemones to

exhibit some level of control over nematocyte firing.

While sea anemones utilise their nematocytes to capture prey and defend themselves from
predators, their symbiotic partner, anemonefishes, are not only able to enter host sea
anemones, but live unharmed amongst the host sea anemone’s venomous tentacles for the
duration of the anemonefishes’ post-larval life (Mebs 1994, 2009). There are approximately
1170 sea anemone species (Rodriguez et al. 2022), yet only ten species from three families
(Thalassianthiade, Actinidae, Stichodactylidae) form associations (as hosts) with one or more
of the 28 species of anemonefishes (Amphiprion) (Fautin 1991, Burke da Silva and Nedosyko
2016, Tang et al. 2021). The host sea anemone provides a safe site for anemonefishes
reproduction and protection from predation (Holbrook and Schmitt 2004), whereas the

anemonefishes helps to increase the growth, reproduction, and defense of host sea
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anemones, by providing nutrients from their faeces and increased oxygenation by swimming
amongst the host sea anemones tentacles and chasing off potential sea anemone predators
(Szczebak et al. 2013, Frisch et al. 2016, Schligler et al. 2022). As anemonefishes provide the
benefit of predator defence, host sea anemones that form symbiotic relationships with
anemonefishes could potentially reduce energy put toward chemical defence (nematocytes

and venom production), thus a potential additional benefit to the relationship.

There has been much debate and research into the mechanisms that enable anemonefishes
to survive in a venomous environment (Fautin 1991, Mebs 2009, Burke da Silva and Nedosyko
2016), but to date the exact mechanism remains unknown. One of the key hypotheses
suggests that anemonefishes’ mucus either inhibits or lacks the trigger for host sea anemone
nematocytes to fire (Lubbock 1980, Abdullah and Saad 2015). Lubbock (1980) qualitatively
observed the behavioural response of the host sea anemone, Haddon's anemone
(Stichodactyla haddoni), when presented with mucus from different anemonefishes and
damselfish species. When Clarke’s anemonefish (Amphiprion clarkii) was both associated with
Haddon’s anemone, and not associated, the anemonefish’s mucus (presented on a glass rod)
did not elicit a strong behavioural response from the host sea anemone (0/10 and 8/45,
respectively). In comparison, mucus from closely related damselfish (Chromis caerulea,
Dascyllus aruanus, Paraglyphidodon nigroris), always elicited a strong behavioural result
(35/35) from the sea anemone S. haddoni. In a more recent study, Abdullah and Saad (2015)
chemically analysed anemonefish (A. ocellaris) mucus and found that it contained significantly
lower concentrations of N-acetylated sugars (Neu5Ac) compared to the mucus of other coral
reef fish (Abudefduf sexfasciatus and Thalassoma lunare). Neu5Ac is a salic acid side chain

that has been shown to trigger the chemoreceptors that control sea anemone nematocyte
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firing (Ozacmak et al. 2001, Abdullah and Saad 2015). However, no study to date has
guantified host sea anemone nematocyte response to anemonefishes’ mucus (as opposed to
the qualitative work by Lubbock (1980)). Mucus protection from venom discharge is not
unknown in the literature, with Greenwood et al. (2004) finding that mucus from nudibranchs
inhibits nematocyst discharge from a number of prey sea anemone species but elicited
nematocyst discharge from non-prey species. They also found that this protection does not
enable nudibranchs to switch prey species and were unable to feed upon prey from a different

geographic range.

In this study, we investigate the response of host sea anemone nematocytes to symbiotic and
non-symbiotic coral reef fish. By building on the research by Lubbock (1980) and Abdullah and
Saad (2015) we tested the hypothesis that anemonefishes’” mucus lacks the trigger for
stimulating sea anemone nematocyte firing, thus facilitating the anemonefishes and host sea
anemone symbiosis. To test this hypothesis, we use a manipulative lab experiment to
introduce mucus collected from 1) a symbiotic anemonefish species (Amphiprion percula), 2)
a non-symbiotic damselfish species (Chromis viridis), and 3) a sea anemone food source
(prawn), to trigger nematocyte firing by the sea anemone E. quadricolor. Following a before-
after-control-impact (BACI) design, we test E. quadricolor nematocyte response to all three
mucus sources during hosting and non-hosting periods to determine if anemonefish
acclimation alters sea anemone nematocyte response to various stimuli. In a comprehensive
review of host sea anemone taxonomy, Fautin (1981) found only three types of cnidocytes
(spirocysts and two types of nematocysts: microbasic p-magistophore and basitrichous), to
be in the various tissue types of all host sea anemones. Thus we also assessed which of these

cnidocytes was deployed in response to different mucus stimuli.
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3.2 Materials & Methods

3.21 Study species and experimental set-up

Ten Bubble tip anemones (Entacmaea quadricolor) (~5-7cm diameter) were obtained from an
aquarium store in Adelaide South Australia (harvested from Western Australia), transported
to the Animal House facility at Flinders University, and held in individual 30L tanks for a 2-
week acclimation period (26.5 °C £ 0.7, salinity 37.5+ 1.5, pH 7.91 £ 0.2). Sea anemones were
fed a small piece of prawn every three to four days throughout the experimental period
except in the 48 hours leading up to each sampling event. Each tank had a Fluval Aquatic
Marine Nano 3.0 lights (2500 lux on a 12:12 L:D light cycle). This experiment was approved by
the Flinders University Animal Ethics Committee (E470-18). Mucus from three different
sources was used to stimulate sea anemone nematocytes firing: a symbiotic fish, Amphiprion
percula, a non-symbiotic fish species, Chromis viridis - a common species of damselfish on
coral reefs throughout the Indo-Pacific, and a common aquarium food source, frozen prawn.
Ten pairs of A. percula (female and male) (n=20) obtained from Cairns Marine Aquarium fish
distributor in Queensland were transported to Adelaide via air and housed in 30L tanks that
contained a terracotta pot (a sea anemone surrogate) for a 2-week acclimation period prior
to the experiment. Recirculating tanks (30L) holding the anemonefish pair were attached to
a separate sump system to the anemones (27 °C % 0.6, salinity 36.5 + 1.5, pH 8.01 + 0.2).
Twelve Blue Green Chromis damselfish (C. viridis), also obtained from an aquarium store in
Adelaide, South Australia, were transported to the Animal House facility at Flinders University
and were held in an isolated 200L holding tank for a 2-week acclimation period, then
separated into individual 30L recirculating tanks attached to a separate sump system to the
anemonefish, for the experimental period. A. percula and C. viridis were fed twice daily with

commercial pellets (Hikari Marine S) and mysid shrimp.

59



3.2.2 Sample Preparation

Glass microscope slides were used to collect a mucus sample from each of the three sources.
Each glass slide was marked with a glass pen at 2.5cm from the bottom of the slide to create
a 2.5 cm? area for sampling (following methodology used by Pantin 1942, Conklin and Mariscal
1976, Mauch 1998, Greenwood et al. 2004, Todaro and Watson 2012). A. percula and C. viridis
were individually collected in a hand-net, and mucus was collected by gently scraping the
sampling area of the glass slide along the side of the fish from operculum to tail; one slide was
used for each side of the fish (approved by the Flinders University Animal Ethics Committee
E470-18). Light scraping was used to avoid the collection of epidermal skin cells. For the prawn
mucus samples, a small fleshy piece of defrosted prawn was rubbed onto the slide sampling
area. Although the fish mucus is designed to exist in an aqueous environment and could be
clearly seen clinging to the sampling area, the slides were left to dry to prevent mucus washing
from the slide. Imagining from SEM clearly shows full mucus cover on all three slide types,
providing a 2-dimensional surface to introduce to the anemone. We tested our method for
introducing a slide to sea anemones by placing a blank slide (n=10) within the sea anemone
tentacles. Zero nematocytes were triggered by the sea anemones in all ten replicates,

consequently we did not include blank controls at each of the subsequent timepoints.

3.2.3 Sampling design

Nematocyte response was measured across a nine-week period (Fig 3.1). In week 1, each sea
anemone (n=10) was randomly assigned to one of the three mucus treatment types
(anemonefish, damselfish, prawn) and two slides with the corresponding mucus were
introduced to the sea anemone to induce nematocyte firing (Conklin and Mariscal 1976,
Hoepner et al. 2019). One slide was introduced to the sea anemone at a time, mucus side

facing down into the tentacles for a period of five seconds. The second slide was introduced
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to tentacles on the opposite side of the sea anemone to ensure for greater coverage. This
process was repeated in weeks 2 and 3, alternating the treatment slide introduced so that
each sea anemone was tested against all three treatments across the three weeks. Following
the ‘before’ association period, a pair of A. percula (female and male) were introduced into
each tank with a sea anemone and left for three weeks to establish symbiosis. All anemonefish
entered the sea anemone within 48 hours after introduction and remained living within the
tentacles for the 3-week period, illustrating full association. The three treatment types were
repeated over a further three weeks, at week 7, 8 and 9 for the ‘after’ association period. In
this study hereafter, references to the BACI design will be referred to as the ‘non-hosting
period’ and ‘hosting period’ to reflect the nature of the symbiosis. The anemonefish mucus
used to elicit nematocyte firing was collected only from the female (larger) anemonefish
(n=10) living in the same tank with a sea anemone host, thus the sea anemones were
responding to ‘familiar’ anemonefish mucus. The same anemonefish was also presented to

the same sea anemone as the non-hosting period.
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Figure 3.1: Experimental design showing mucus types introduced to Entacmaea quadricolor
anemones (n=10) across the nine-week experimental period to assess nematocyte discharge
during hosting and non-hosting periods. Each mucus type (anemonefish, damselfish, prawn)
was presented to each anemone over the three-week non-hosting period. A pair of Amphiprion
percula anemonefish were then added for a three week acclimation period. Mucus sampling
was then repeated over three weeks for the hosting period, with ‘familiar’ anemonefish mucus
introduced to the corresponding anemone.

3.2.4 Nematocyte Counts

After a slide was introduced to a sea anemone, it was stained using methylene blue (0.5g in
100mL H;0) and allowed to air-dry. Fired nematocytes capsules were counted under a Zeiss
compound microscope at 400x magnification. All nematocytes were counted within the
marked 2.5 cm? area of the glass slide by moving at 1mm intervals back and forth across the

slide. As two slides of each treatment were introduced to a sea anemone at each time interval,
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the number of capsules fired was calculated as the mean number of nematocytes across the
two slides. Sea anemone behaviour was observed during the slide introduction, and in
instances where the sea anemone retracted its tentacles during sampling or did not open out
on the sampling day (A. percula non-hositng =1, C. viridis non-hosting =1, Prawn hosting =2),
we excluded the data as this did not represent a typical predator/defence response. In all
instances, slides that were excluded based on sea anemone behaviour contained <10
nematocytes. When referring to nematocytes, we defined ‘fired’ as a nematocyte that has
been fired from the tentacle of the sea anemone, ‘unfired’ as a nematocyte that was still
intact within the sea anemone tentacle e.g. Fig 3.3A (used to ID the nematocyte type present),
‘discharged’ as a nematocyte that had been fired and that had expelled its internal contents
(thread etc.) and ‘undischarged’ as a nematocyte that has been fired but has not expelled its

internal contents.

3.2.5 Data Analysis

All statistical analyses were undertaken using the statistical software R using base R functions
(R Core Development R Core Development Team 2013), except where otherwise stated. All
statistical figures were created in R using the package “ggplot2” (Wickham 2016). To assess
how nematocyte firing differed between treatments, we used a linear mixed effects (LME)
model using the ‘Imer’ function in the R package ‘Ime4’ (Bates et al. 2014) with mean capsules
as the response variable, and mucus treatment (anemonefish, damselfish, prawn) and
experimental period (before association, with association) included as fixed factors in the
model. Additionally, individual sea anemone ID was included as a random factor to account
for non-independence among repeat observations, and sampling week was included as a
random factor to account for any effects of time on nematocyte firing. Significant differences
between pairs of group means were determined using Bonferroni post hoc analysis.
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3.2.6 Nematocyte Identification

Nematocyte type was identified using a combination of Light Microscopy and Scanning
Electron Microscopy (SEM) images and the nematocyte nomenclature guide by Ostman
(2000) as a key. Light Microscopy was used to image unfired nematocytes from three E.
quadricolor tentacles using a Leica DMi1 at 400x magnification. Scanning Electron Microscopy
(SEM) was used to image fired nematocytes from the glass slides and was performed by
Flinders Microscopy and Microanalysis using a FEIl Inspect F50 Scanning Electron Microscope
with an EDAX Octane Pro detector (electron beam energy 5kV and working distance 10mm).
Slides were prepared using a dual target sputter coater to deposit a 20nm layer of gold on top
of a 5nm layer of chromium. A 1mm2 area of each slide was analysed by stitching together
100 SEM images in GIMP 2.10.22. Three slides were imaged from the non-hosting period
(anemonefish, prawn, and damselfish mucus), and one slide was imaged from the hosting
period (anemonefish mucus). Only the anemonefish sample was imaged during the hosting
period as this was the only species that showed significant change over the experimental
periods. Ten discharged capsules from each slide (n=40) were measured using Imagel

(Abramoff and Magalhdes 2003, Schneider et al. 2012).

3.3 Results

3.3.1 Quantitative analysis of nematocyte firing in response various stimuli.

The interaction term between mucus treatment and experimental period was significant (x?=
7.96; df =2, p <0.0187) (Fig 3.2, Table 3.1), indicating that the number of nematocyte capsules
fired by a sea anemone was dependent on both stimuli presented and whether the sea
anemone was hosting an anemonefish. Specifically, the experimental period affect, showed
that the mean number of capsules fired was significantly lower in response to familiar

anemonefish mucus (mean diff =510.3, df =22.3, p<0.0185). Showing that while A. percula
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was in association with the sea anemone host there was significantly less nematocytes fired
compared to the non-hosting period, when sea anemones had not been in association with
A. percula. There were no significant differences in nematocyte firing for the C. viridis and
prawn mucus treatments between the hosting and non-hosting periods. Before sea anemone
association (non-hosting), the two different fish species triggered relatively high numbers of
nematocytes, with the symbiotic A. percula mucus triggering 820.5 + 470.8 nematocytes and
the non-symbiont, C. vidris mucus triggered 1151.7 + 385.4 nematocytes. The food source —
prawn mucus, triggered a lower number of nematocytes (275.3 + 370.4). However, when the
anemonefish were present within the sea anemone host (hosting), A. percula mucus triggered
significantly fewer nematocytes (320.6 £ 253.9) whilst both the non-symbiont C. vidris and
the prawn mucus triggered roughly the same number of nematocytes as during the before

association period (897.5 + 258.8 and 369.1 + 402.1 respectively).
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Figure 3.2: Mean number of nematocyte capsules fired by Entacmaea quadricolor during
experimental periods (hosting and non-hosting), and mucus treatments (symbiotic Amphiprion
percula (anemonefish), non-symbiotic Chromis viridis (damselfish), food source (prawn)).
Boxplot shows the median and interquartile ranges. Significant differences between mean
number of capsules are shown by an asterix (*). A single asterix (*) represents a significance
level of p<0.01. Dots () represent outliers.
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Table 3.1: Output from linear mixed effects model testing for differences in Entacmaea
quadricolor nematocyte response between experimental periods (hosting and non-hosting),
and mucus treatments (A. percula, C. viridis, prawn). P-values derived from Wald chi-square
test with type Il sums of squares. Significance is indicated in bold.

Random effects

Term Variance SD
Anemone ID 0 0
Week (intercept) 18,625 136.5
Residual 87,898 296.5

Fixed effects

Term X df P
Mucus treatment 46.44 2 8.255e-11
Experimental period 3.23 1 0.07248
Mucus treatment X experimental period 7.96 2 0.01872

Post Hoc — Bonferroni

Term Mean diff df P

A. percula non-hosting/hosting 510.3 22.3 0.0185
C. viridis non-hosting/hosting 233.3 22.3 0.2574
Prawn non-hosting/hosting -26.9 23.5 0.8961
Non-hosting A. percula / C. viridis -294.9 47.1 0.0950
Non-hosting A. percula [prawn 461 47.1 0.0048
Non-hosting C. viridis /prawn 756 47.1 <0.0001
Hosting A. percula /C. viridis -571.9 47.1 0.0004
Hosting A. percula [prawn -76.1 47.7 0.8545
Hosting C. viridis /prawn 495.8 47.7 0.0030
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3.4.2 Morphological characterization of cnidocyte type in Entacmaea quadricolorMore
than 75,000 nematocyte capsules were observed and quantified in this experiment and only
a single type of nematocyte was identified, regardless of mucus stimuli presented.
Nematocyte identity was confirmed using a combination of Light Microscopy (Fig 4.3 A-B) and
Scanning Electron Microscopy (Fig 3.3 C-F). All nematocytes were identified as basitrichous
(Fautin 1981, England 1991, Ostman 2000, Reft 2012) (Figure 3.3 A). The capsule (C) size was
on average 21.6 um long and 6.2 um in width and capsules were found to be both
undischarged (UC) and discharged (DC) (Figure 3.3 D), with only 18% of capsules observed
under SEM undischarged (Table S3.1). During nematocyte firing, small apical flaps (AF) at the
bottom of the capsule are opened (Figure 3.3 E). Apical flaps are unique to Anthozoa
(Rodriguez et al. 2014) and are opened during the shaft and tubule exiting the capsule. The
spines (S) at the base of the capsule (C) cover an area of about 15um x 1 um with each spine
around 0.5-1.5 um length (Figure 3.3 E). The tubule (T) is a long string-like tail from the capsule
with spirals of small barbs 0.1-0.5um along the length (TS) (Figure 3.3 C, F). The tubule
distributes the venom into the tissue using its barbs to anchor in place (Godknecht and
Tardent 1988). Spirocysts were not quantified across all slides due to poor contrast under
light microscopy (Krayesky et al. 2010) however, they were able to be observed under SEM
(Appendix S3.2). Scanning Electron microscopy highlighted that spirocysts were present on all
slides; however, counts within a 1Imm? area showed that there were only two spirocysts on
the anemonefish before association slide and one spirocysts on the anemonefish with
association slide, compared to seven spirocysts identified on the prawn slide and 16 spirocysts

on the damselfish slide (Appendix S3.1).
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Figure 3.3: Light Microscopy and Scanning Electron Microscopy of basitrichous nematocytes
from Entacmaea quadricolor. Image A) shows Light Microscopy of unfired nematocytes
(basitrichous), spirocysts and zooxanthellae inside the tentacle. Image B) shows Light
Microscopy of fired nematocytes (basitrichous) at 400x magnification. Image (C) shows SEM
of fired basitrichous. Image D) shows SEM of fired capsules discharged and undischarged.
Image E) shows SEM of the apical flaps which are open as the capsule is fired and spines at
the base of the capsule. Image F) shows SEM of tubule spines which aid in anchoring to
tissue.
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3.4 Discussion

For decades, it has been hypothesized that anemonefishes are able to live within the stinging
tentacles of host sea anemone species because the chemical composition of their mucus
layer inhibits the firing of sea anemone nematocytes (Lubbock 1980, Abdullah and Saad
2015). This study provides the first empirical evidence that anemonefish not acclimated to
their host sea anemone are very susceptible to nematocyte firing, whereas mucus from an
acclimated anemonefish does not illicit the same response, but rather a significantly reduced
number of nematocytes fired. We also found that the anemone species E. quadricolor fired
only a single type of nematocyst — basitrichous (Oliveira et al. 2012) through activation of the
tentacles regardless of different stimuli presented. We also identified a small number of fired
spirocysts under SEM that were also observed unfired in the tentacles of E. quadricolor by

Fautin (1981) and Reft (2012).

Prior to acclimation (non-hosting) the sea anemone nematocyte response to the anemonefish
stimuli was similar to the response of a close non-symbiotic relative of anemonefish, the
damselfish (C. viridis), where mucus from both elicited a high level of nematocyte firing.
However, after a three-week acclimation period with a host sea anemone, where the
anemonefish performs a range of behaviours that enable them to enter, become familiar to,
and live within the host sea anemone (Balamurugan et al. 2015), the number of nematocytes
fired at the familiar anemonefish mucus decreased significantly, while nematocyte firing
remained high in response to the mucus from the non-symbiotic fish species C. viridis. This
finding disputes results from Lubbock (1980), who found no significant difference between
the observed behavioural (qualitative) response of the host sea anemone S. haddoni when

presented with acclimated (familiar) and unacclimated mucus from the anemonefish species
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A. clarkii. Our study indicates that qualitative observation cannot accurately predict

nematocyte response to stimuli and that quantitative methods are required.

The reduction in nematocyte firing suggests that mucus of familiar associated anemonefish
does not illicit a typical nematocyte firing response from a host sea anemone, such as that
directed at non-symbiotic associated fish species, e.g., the damselfish. After the acclimation
period, the host sea anemone no longer recognizes the anemonefish mucus as that of a prey
or predator species, and consequently it significantly reduces its nematocyte response. The
change in nematocyte firing may be due to a change in the biochemical composition of the
anemonefish mucus when anemonefish are in association with a host sea anemone, masking
recognition by the sea anemone as suggested by Elliot et al. (1994). Lubbock (1980) found
that the mucus of the anemonefish A. clarkii was chemically different to D. aruanus, a closely
related damselfish that is unable to enter the sea anemone, without getting stung.
Interestingly, Abdullah and Saad (2015) found that A. clarkii had significantly lower levels of
N-acetylneuraminic acid (Neu5Ac) in its mucus compared to other coral reef fish species
(Abudefduf sexfasciatus, and Thalassoma lunare). Neu5Ac is the most common type of salic
acid, a carbohydrate side chain of glycoproteins found in fish mucus that is a known trigger
for sea anemone nematocyte firing. Todaro and Watson (2012) found that activating
chemoreceptors for N-acetylated sugars resulted in nematocyte discharge at maximal forces,
so all prey items, including small prey items that contained this chemical stimulus, will
promote firing. On the other hand, large animals that make accidental contact with an
anemone, but do not contain N-acetylated sugars, do not elicit maximal discharge of
nematocytes (Todaro and Watson 2012). The removal of a Neu5Ac side chain, as seen in A.

clarkii mucus (Abdullah and Saad 2015), is likely involved in protecting anemonefish from sea
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anemone venom, as neutral glycoproteins are thought not to trigger sea anemone
nematocyte firing. Marcionetti et al. (2019) used genomic analysis to identify key proteins in
the anemonefishes’ epidermis that were positively selected for during anemonefish
evolution. Versican core protein was positively selected for and is thought to bind to N-
acetylated sugars potentially masking detection of anemonefish by sea anemone
chemoreceptors. The gene for the protein, O-GIcNAse, was also found to be positively
selected for and has the potential to cleave the sialic acid side chain creating neutral
glycoproteins (as seen by Abdullah and Saad (2015)). The evolution of these proteins in
anemonefishes may have enhanced the establishment of the symbiosis between host sea
anemones and anemonefishes and support the reduction of nematocytes as seen in this

study.

Anemonefish presence, had no impact on host sea anemone nematocyte response to other
stimuli presented, indicating that host sea anemones do not lose their ability to fire
nematocytes when hosting anemonefish. These results are also supported by Lubbock (1980)
who found no difference between the number of nematocytes fired by the host sea anemone
at gelatine covered coverslips in the presence or absence of anemonefish (10* capsules/mm?)
(Lubbock 1980). Prawn mucus triggered a lower-level nematocyte response throughout this
experiment, regardless of anemonefish presence or absence. This relatively low number of
nematocytes was not predicted in response to a prey item but could potentially be explained
by the fact that the host sea anemones were fed frozen prawn regularly while in captivity,
prior to and during the experiment, and thus they may have recognized that a lower energy
investment was required to capture this non-living food source. Another possibility may be

the removal of the prawn shell prior to purchase, thus a potential chemical cue that triggers
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host sea anemone nematocyte may be lacking. Mucus from C. viridis, however, triggered
higsth numbers of nematocyte firing throughout the experiment, regardless of anemonefish
presence or absence. As a non-symbiotic fish species, C. viridis are recognized by sea

anemones as a predation threat, triggering higher numbers of nematocytes to be discharged.

3.5 Conclusion

This study has provided a new piece in the puzzle of sea anemone and anemonefishes
symbiosis. Acclimated and familiar anemonefish trigger significantly fewer nematocytes than
unacclimated anemonefish, indicating that a change occurs in the anemonefish mucus layer
during the acclimation process. However, as there are still some nematocytes fired at
anemonefish mucus while in association, there is likely additional mechanisms used by the
anemonefish to gain and maintain resistance to sea anemone venom. As anemonefish and
sea anemones have lived in association for the last 12 million years (Litsios et al. 2012), a
realistic timeline exists for coevolutionary responses to both venom production and
development of resistance mechanisms. Triggering fewer nematocytes maybe an important
adaptation that has enabled anemonefishes to enter a host sea anemone, providing
opportunity to activate other additional protection mechanisms. Future studies should
explore the molecular changes in the anemonefishes’” mucus layer during the acclimation
process, particularly with the role that glycoproteins play in the establishment and
maintenance of the symbiotic relationship. Finally, assessing the nematocyte response of
other host sea anemone species to other anemonefish species mucus may help determine if
the reduction in nematocytes fired occurs across all 28 species of anemonefishes when they

are acclimated to their sea anemone host.
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4.1 Introduction

The main surface of exchange between a fish and its surrounding environment is via their
external mucus layer (Reverter et al. 2018). A mucus layer can serve many functions including;
osmoregulation, intra/inter species communication, protection from toxins, and disease
resistance (Shephard 1994, Reverter et al. 2018). Mucus is composed of metabolites, amino
acids and immune molecules, and vary in composition with endogenous and exogenous
factors (Reverter et al. 2018). Metabolites, which include glycoproteins and lipids are the end
products of cellular regulatory processes and can indicate response of biological systems to
genetic or environmental changes (Fiehn 2002). Lipids help maintain the internal structure of
mucus and contribute to mucus viscosity (Lewis 1970), but there is a lack of information on
the role of fish mucus lipids on cell signalling and inflammation response (Reverter et al.
2017). Glycoproteins, such as O-glycosylated proteins (mucins), make up a large proportion
of fish mucus and are involved in a variety of functions including immune response, anti-
microbial functions and alarm signalling (Reverter et al. 2018). Glycans are the sugar side
chains attached to the protein and contribute to the barrier function of mucins and can

protect glycoproteins from cleavage by proteases (Varki 2016).

Metabolomics is the high throughput study of metabolites provides a powerful tool to analyse
chemical diversity and changes in the natural environment (Kusano et al. 2015).
Metabolomics can distinguish individual signals which can be used for many purposes, from
disease biomarkers to indicators of short-term environmental changes in ecology or even in
chemotaxonomy studies (Wolfender et al. 2009). The metabolites of fishes are largely
unexplored with only four studies (Ekman et al. 2015, Reverter et al. 2017, lvanova et al. 2018,

Heim et al. 2023) and one review (Reverter et al. 2018) currently published, with much
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uncertainty remaining, including assigning identification and functionality to metabolites
detected. Ekman et al. (2015), used LC-MS/MS for the first time to investigate skin mucus
metabolites in Fathead Minnow; detecting 204 distinct metabolites and 72 metabolites that
with significant association with sex. Reverter et al. (2017), found that phylogeny and
butterflyfish species influenced the gill mucus metabolome of eight butterflyfish species but
that geographic site and reef habitat did not. Ivanova et al. (2018), used metabolic tecniques
to develop a workflow to test fish skin mucus in farmed salmon to develop and improve upon
non-invasive sampling techniques, finiding differences in variance level between absorbion
and scraping methods. Finally, Heim et al. (2023) compared the mucus metabolomes of
anemonefishes and damselfishes, identifing differences in lipid composition that may allow

for hosting with sea anemones.

Since it was first discovered in 1868, the symbiosis between host sea anemones and
anemonefishes has fascinated scientists and the public alike (Collingwood 1868). Twenty-
eight species of anemonefishes associate with only ten different species of host sea
anemones (Fautin and Allen 1992, Madio et al. 2019), out of the approximately 1170 sea
anemone species (Rodriguez et al. 2022). Sea anemones use their venom for a variety of
functions including defence and the acquisition of prey. Sea anemones are able to distribute
their venom via two different methods; (1) firing of nematocysts, where the venom is encased
inside a capsule allowing for penetration and (2) secretion of a venomous mucus over the
external surface of their body (Madio et al. 2019). Despite decades of study, the mechanism
enabling anemonefishes to live within the venomous tentacles of their host sea anemone
remains unresolved (Mariscal 1966, Mebs 2009, Burke da Silva and Nedosyko 2016).

Numerous studies have explored the mechanism and each study has concluded that the

76



anemonefishes’ mucus layer is involved in the protection process, but exactly how it functions
is still being debated (Davenport and Norton 1958, Mariscal 1970a, Lubbock 1979, Russell
1982, Brooks and Mariscal 1984, Elliot et al. 1994, Mebs 1994, Elliot and Mariscal 1996).
Initially, researchers thought anemonefishes were innately resistant to host sea anemone
venom; but Mariscal (1970a) and Balamurugan et al. (2015) found that anemonefishes
(Amphiprion xanthurus and Amphiprion sebae) are initially stung but are protected after a
period of acclimation. The acclimation process involves the anemonefishes performing a
range of unique behaviours, including touching tentacles with their tail, biting the tentacles
tips and continuous fanning of tentacles with their pectoral fins (Balamurugan et al. 2015).
After extended periods away from a host sea anemone, anemonefishes need to re-perform
their acclimation behaviours to re-establish their invulnerability to host sea anemone venom
and thus rejection of the innate protection hypothesis is clear (Fautin 1991, Mebs 1994,
Hoepner et al. 2022). Furthermore, proteins have been found to differ in the mucus layer of
acclimated and unacclimated anemonefishes and different proteins are also found when
anemonefishes live in different species of sea anemone hosts (Schlichter 1976, Fautin 1991).
Balamurugan et al. (2015) found that the mucus layer of the anemonefish Amphiprion sebae
has a unique protein band with a size of 79.6 kda after acclimation in the sea anemone
Stichodactyla haddoni which was not present before acclimation. Schlichter (1976) also found
that the amino acids serine and glycine, increased in the mucus layer after acclimation of

Amphiprion clarkii to Heteractis crispa.

Since this discovery, two main hypothesis have emerged (Hoepner et al. 2022): (1) Schlichter
(1976), proposed that anemonefishes acquire substances from their host sea anemone that

enables them to survive within the sea anemone’s tentacles. Elliot et al. (1994), defined this
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as the mucus layer acting to molecularly mimic the host sea anemone, preventing the
detection of the anemonefishes amongst the host sea anemone’s tentacles. (2) Lubbock
(1980), suggests an alternate hypothesis where the mucus layer of the anemonefishes
modulates the levels of the stimulatory compounds that trigger the nematocysts of the host
sea anemone, which are present in the mucus layer of non-symbiotic fishes. Ozacmak et al.
(2001) found that N-acetylneuraminic acid is one of the stimulatory compounds that triggers
sea anemone nematocyst discharge. With research by Abdullah and Saad (2015) supporting
Lubbock (1980)’s alternate hypothesis, as they found that Amphiprion ocellaris had far less N-
acetylneuraminic acid (Neu5Ac, sialic acid) only 1.6mg/mL, compared to non-symbiotic fishes,
Abudefduf sexfasciatus (Scissor-tailed Sergeant) that had 50.4mg/mL and Thalassoma lunare

(Moon Wrasse) containing 71.9 mg/mL.

There is evidence that the anemonefishes’ mucus layer changes when in association with host
sea anemones and that acclimation behaviours are required to initiate this change
(Balamurugan et al. 2015). As discussed, the two main hypotheses are clear, either the mucus
layer of the anemonefishes changes chemically or chemicals from the host sea anemone are
incorporated into the mucus layer of the anemonefishes. However, what is not clear is the
mechanisms behind each of these hypothesises. What elements of the mucus change
chemically? What components of host sea anemone mucus allow for molecular mimicry and
how are they acquired and maintained in the mucus of anemonefishes? Many questions
remain unanswered for how this symbiotic relationship occurs; beyond the simple thought
that the anemonefishes’ mucus layer is the key. Therefore, this study aims to reveal the lipid
and glycan profile of anemonefish mucus via metabolomics, if the anemonefish mucus plays

a key role in the establishment of the relationship with host sea anemones, we would expect
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to see alteration to mucus composition when anemonefishes are in association with a host.
We performed a before-after-control-impact (BACI) experiment and Matrix-assisted laser
desorption/ionization-time of flight (MALDI TOF/TOF) analysis to profile the lipid and glycan
composition of mucus from A. percula in association with host sea anemone, Entacmaea

quadricolor, the most sought-after host by anemonefishes.

4.2 Materials and Methods

4.21 Study species and experimental set-up

Twelve pairs of anemonefish (n=24) (Amphiprion percula) were purchased from Cairns Marine
and transported to the Animal house facility at Flinders University, South Australia. All fish
were acclimated to their new environment for three weeks and each pair was housed in 30L
tanks that contained a terracotta pot that acts as a sea anemone surrogate. A. percula were
fed daily with commercial pellets (Hikari Marine S) and mysid shrimp. Six E. quadricolor sea
anemones, obtained from a local aquarium store in Adelaide (harvested in Cairns), were
transported to the Animal House facility at Flinders University and held in a 200L holding tank
(27 °C £ 0.6, salinity 36.5 + 1.5, pH 8.01 + 0.2) for a 2-week acclimation period with an Aqua
One MariGlo LED 90 light (500 lux on a 12:12 L:D light cycle). Sea anemones were fed weekly
with a small piece of prawn. Each tank had a Fluval Aquatic Marine Nano 3.0 lights (2500 lux
ona 12:12 L:D light cycle). Six pairs of A. percula were randomly assigned to either the control
or treatment groups. Control and treatment tanks were on a separate, recirculating water
system (control: 27 °C + 0.6, salinity 36.5 + 1.5, pH 8.01 + 0.2, treatment: 27 °C * 0.6, salinity

36.5+ 1.5, pH 8.01 + 0.2).
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4.2.2 Sampling design

Mucus from A. percula was sampled weekly, for a period of 8 weeks from both fish in
association with E. quadricolor sea anemones (hosted treatment) and fish without a sea
anemone (non-hosted control) (approved by the Flinders University Animal Ethics Committee
E470-18) (Fig 4.1). Mucus from all 12 A. percula pairs was sampled at week O for an initial
mucus sample. One week later an E. quadricolor host sea anemone with a tile for attachment
was added to each of the six treatment tanks and the terracotta pot was removed from these
tanks. A. percula mucus was sampled again for both the treatment and control groups 48
hours after E. quadricolor host sea anemones were added to the tank and again after 1, 2 and
3 weeks. One-week later all E. quadricolor host sea anemones were removed from the
treatment groups and the terracotta pots re-added. A. percula mucus was re-sampled for
both the control and treatment groups 24 hours followed by 1, 2 and 3 weeks after E.
quadricolor removal. Throughout the entire 8-week experiment A. percula in the control

group were kept without a host sea anemone.

4.2.3 Sample preparation

Glass slides were prepared prior to sampling by dipping the slide into molecular grade 100%
ethanol (Sigma-Aldrich 200-578-6) for 10 seconds for sterilisation and placed into a 50mL
falcon tube to air dry. A. percula were gently collected in a net for sampling. Mucus was
collected by gently scraping the sterilized glass slide along the body of the fish, from
operculum to tail, on both the left and right side of the body. Care was taken to avoid the
collection of epidermal skin cells. The slides were then transferred into a 50mL tube and

immediately frozen at -80°C until processing.
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Figure 4.1 Mucus collecting procedure for Amphiprion percula anemonefish with and without
Entacmaea quadricolor sea anemone presence over the 8-week experimental period, for
hosted (n=12) and non-hosted (n=12) groups.

4.2.4 MALDI TOF/TOF analysis

The samples underwent metabolomic analysis at the Melbourne Centre for Nanofabrication,
with support from Monash University and Dr David Rudd. To prepare the samples for analysis
a chloroform/methanol phase partition was performed separating each sample into a lipid
and aqueous phase, which was stored at -80°C before use (Fig 4.2). The aqueous phase
contained soluble proteins largely glycoproteins an N-glycan digest was used to separate the
glycan side chain for analysis.

For the lipid phase, matrix-assisted laser desorption/ionization time-of-flight (MALDI-
TOF/TOF) mass spectrometry (MS) (Bruker Germany) measurements were performed to
identify changing peaks. 2x 4.5ul of each sample, was pipetted onto a novel nanofabricated
surface (Minhas et al. 2020) for MALDI analysis. A total of 5000 hits was used to create a

spectrum for each sample. Using FlexAnalysis (Bruker, Germany) each spectrum was
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background subtracted and had the signal to noise ratio set to Centroid 7. Samples were then

peak binned using MetaboAnalyst (www.metaboanalyst.ca) (Pang et al. 2020) with a mass

tolerance of 1m/z and retention time tolerance of 30 seconds. Samples were median
normalised, log-transformed and centre scaled.

For the aqueous phase, samples were thawed and pooled (n=3-4 per pool) into nine duplicate
timepoint groups (n=18) for each of the treatment groups (Wk 0; 48h, Wk 1, 2 and 3
association with host; 24 hrs, 1, 2 and 3 weeks removed from host) and pooled into three
time intervals (Wk 0, 48h and Wk1 association; Wk2 to 3 association, 24 hrs removed; 1,2 and
3 weeks removed) for the no treatment control group (n=7-11). Due to COVID-19 delays these
samples were stored at -80°C for 18 months before analysis could take place. Amicon® Ultra
0.5mL 3K spin columns (Merck KGaA, Darmstadt, Germany) were used to concentrate the
pooled samples before the N-glycan digest. The pooled samples were loaded onto the
Amicon® spin column and spun at 14,000 g for 20 mins. All proteins/peptides < 30 aa were
discarded in the flow through. Concentrated proteins >3000 Da were washed with 400 pl
UltraPure™ DNase/RNAse-Free Distilled Water (Invitrogen™, 10977015) and spun for

14,000g for 25 mins. Approximately 40 pl of retentate was recovered for each sample.

PGNase F hydrolyses nearly all types of
N-glycan chains from glycopeptides/proteins.
x-Man gly glycopeptides/p:

\ [x=H or sugar(s)] l

Man-x-Man-x-Man-Asn-

/

x-Man

Figure 4.2 Cleavage site on glycoproteins used to separate glycan sugar side chain from
protein for glycan analysis using PGNase F.

82


http://www.metaboanalyst.ca/

Peptidase N-Gylcosidase F (PGNase F) was used to cleave the innermost Glc NAc and
asparagine residues of the mannose, hybrid and complex oligosaccharides from the N-linked
glycoproteins in our sample (Fig 4.2). Approximately 35 ul of the concentrated pooled sample
was added to 10 pl of 1 x Phosphate Buffered Saline (PBS) pH 7.4 (Gibco™,70011044), 50 ul
of UltraPure™ water and 250 units recombinant PGNASe F (Glycerol-free) (New England
Biolabs, Ipswich, MA, USA) in a spin column and incubated overnight in a beadbath at 37°C.
Following glycan digestion, the Amicon® Ultra 0.5mL 3-K spin columns were utilised again this
time to remove the PGNase F and the proteins which had been removed of glycans, and the
glycans assumed to be < 3K were collected in the flow-through following centrifugation at
14,000g for 30 mins. The samples were freeze dried down to 5ul to further concentrate
samples for mass spectrometry. Two pl of each sample was mixed with 2ul of matrix
(10mg/ml 2,5 Dihydroxybenzoic Acid (Fluka Analytical), in 50% Acetonitrile, 50% H,0) and 1ul
was pipetted onto FlexiMass-DS disposable targets for matrix-assisted laser
desorption/ionization time-of-flight (MALDI-TOF/TOF) mass spectrometry (MS) (MALDI-7090,
Shimadzu). A total of 5000 hits was used to create a spectrum for each pooled glycan sample.
Using MMass (Strohalm et al. 2008) each spectrum was background subtracted and spectrum

smoothed. Samples were then peak binned using MetaboAnalyst (www.metaboanalyst.ca)

(Pang et al. 2020) with a mass tolerance of 1 m/z and retention time tolerance of 30 seconds.

Samples were median normalised, log-transformed and centre -scaled. Accuracy +0.05da.

83


http://www.metaboanalyst.ca/

lipid phase - not pooled @
Pre-Host n=12 Hosted n=48

Q‘,‘ e e we e I
5 - - - methanol/chloroform
week O 48 hours 1 week 2weeks 3 weeks .
! association  association  assoclation association i extraction .
4 "
"t By Yy ¢
[ ]
Non- Hosted n=10 "' ‘,‘ ‘;. t”‘
Non- Hosted n=40
lipid phase n=185 aqueous phase n=94

Post-Host n=43

A%, %, %, W, !

3 weeks 2 weeks 1 week 24 hours
removed removed removed removed samples pooled n=21
4 4 4
% 6, % 6, l
Non- Hosted n=32 ? P nf)
aqueous phase - pooled ey ['

samples concentrated using

Pre-Host Non- Hi d 1
‘£ . on ‘oste (Con:m) Amicon® Ultra 0.5mL <3K filters
& %6, T %6, l
2x week O pooled n=11 pooled nz8 poaled n=7
pooled n=4 N-glycan digest with
Hosted PGNASe F overnight
% M W W
_ 4 a a
2x 48 hours 2x1 k 2x 2 k. 2x 3 weeks
association  smorition  suedation  Basoctation MADLI TOF/TOF MS
led n=4 = =3+
poeean pocled 4 pooled n-a - pooled n=3-4 UltraFlex, Bruker with novel
Post-Host nano-fabricated surface
4 [} q 4
5, 5, 65, %, MADLI TOF/TOF MS
2x 3 weeks 2x 2 weeks 2x1 k 2% 24 h 3
vemoved  removed  removed  somoved MALDI-7090. Shimadzu
pooled n-3-4 pooled n=3-4 pooled n=3-4 pooled n=3-4 with FlexiMass-DS

disposable targets

Figure 4.3 Workflow for MALDI TOF/TOF analysis

4.2.5 Data Analysis

Distance matrices were generated using vegdist in the R package “vegan” with a bray
dissimilarity index (Dixon 2003). Principal Coordinate Analysis (PCoA) was performed using

the R package “ape” (http://ape-package.ird.fr/). POST HOC PERMANOVA was performed to

test for significance using pairwise.adonis2 and SIMPER was used to identify ions driving the
dissimilarity using simper both from the “vegan” R package. Graphs were created in R used

the package “ggplot2” (Wickham 2016). Line graph of average sequence profile of glycans was

created in excel.

84


http://ape-package.ird.fr/

4.3 Results

4.3.1 Lipids
Using MALDI TOF/TOF we detected 65 unique lipid features (mass between 212.275 and

701.6635 Da) from the A. percula mucus samples. Principal Coordinate Analysis (PCoA) was
used to visualise shifts in the lipid composition of A. percula mucus when associating with E.
quadricolorv. Figure 4.4A shows that association with E. quadricolor does not affect the
overall lipid composition of A. percula mucus, as there is no separation between the lipid
profiles when A. percula are being hosted or not-hosted with E. quadricolor (Appendix S4.2).
We also found that the lipid composition of the control A. percula group had varied across

the eight-week experiment (Fig 4.4B) (Appendix S4.1).

4.3.2 Glycans
Using MALDI TOF/TOF we detected 37 unique glycan features (mass between 437.41 and

1373.39 Da) across the A. percula mucus samples. A Principal Coordinate Analysis (PCoA) .
showed that association with E. quadricolor significantly alters the glycan composition of A.
percula mucus (Fig 4.5A). After three weeks of association with E. quadricolor the glycan
profile of A. percula mucus sits apart from all other samples (p<0.043) (Fig 4.5B) (Appendix
S4.3). This is the only timepoint that shows change during association with E. quadricolor (Fig
4.6), as after removal from a host the glycan profile reverts to its original state (p<0.012).
There were seven glycans whose percentage dissimilarity drove the significance observed (Fig
4.6B). Three of these glycans increased with hosting and four decreased with hosting (Figure

4.6D).
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Figure 4.6 Glycans from A. percula mucus are altered with three weeks association with E. quadricolor. A) glycan profile 48 hours after association with E. quadricolor. B) glycan

profile after 3 weeks of association with E. quadricolor. C) glycan profile 24 hours after E. quadricolor removal. D) Table of glycans significantly altered after 3 weeks of E.
quadricolor association + increase when hosted, - decrease when hosted with dissimilarity percentage from SIMPER. E) glycan profile 1 week after E. quadricolor removal. Blue

is the mean treatment group and orange the mean control group. Mean treatment group is the average of two pooled samples each with 3-4 A. percula mucus samples. Mean

control group is the average of three pooled samples each with 7-11 A. percula mucus samples.
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4.4 Discussion

This preliminary research utilised a metabolomic approach to explore shifts in the lipid
and glycoprotein composition of A. percula mucus when the fish was in association with
the host sea anemone E. quadricolor. Hypotheses examining host sea anemone and
anemonefishes symbiosis have focused on the anemonefishes’ mucus layers for decades,
with a key hypothesis suggesting that anemonefishes’” mucus lacks the stimulatory
compounds to trigger the nematocysts of sea anemone hosts (Lubbock 1980). We found
that the lipid composition of A. percula mucus does not change when in association with
E. quadricolor but the glycan composition of A. percula mucus changes significantly after
three-weeks of association with E. quadricolor. This delay in adaptation reveals there
must be other mechanisms that allows for the initial entry of anemonefishes into this

venomous environment.

Heim et al. (2023) compared the lipid profile of anemonefishes’ and damselfishes’ mucus
and found that the sphingolipid class of ceramides was a specific feature of
anemonefishes’ lipid mucus composition. Heim et al. (2023) suggested monitoring
changes in ceramide content of anemonefishes” mucus when in association with a host
sea anemone to determine whether anemonefishes’ lipid content is affected by
association. Our study does not support Heim et al. (2023)’s hypothesis as we found no
changes to the lipid mucus composition of A. percula when in association with E.
quadricolor. We did find that lipids in A. percula mucus flux overtime, however, this was
found in both the hosted (treatment) and non-hosted (control) samples. Lipids perform
important barrier functions in mucus and therefore may provide the initial defence

needed for anemonefishes to enter the host sea anemone and perform acclimation
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behaviours, as indicated by the differences in lipid composition between anemonefishes’

and damselfishes” mucus (Heim et al. 2023).

We found seven key glycans in the mucus whose dissimilarity drove the significance when
A. percula was in association with E. quadricolor. Three of these glycans increased when
hosted and four decreasing when hosted. As there is a distinct lack of data on the
metabolome of marine fishes (Reverter et al. 2017, Reverter et al. 2018, Heim et al. 2023),
let alone glycan composition, we were unable to identify the types of glycans represented
by these altered glycoproteins. The evolution of proteins containing these sugar groups
(e.g. the 11 glycans we observed to change with association), or proteins with the ability
to modify sugar profile (discussed below Marcionetti et al. (2019)) in anemonefishes may
have enhanced the establishment and maintenance of symbiosis between host sea

anemones and anemonefishes.

Glycosidases are carbohydrases-enzymes that catalyse the hydrolysis of glycosidic bonds
in complex sugars releasing lower molecular weight end products. Post translational
modifications (PTMs) frequently occur in N- and O-linked glycosylated proteins, with even
small changes altering the function of a protein (Varki 2016). Sialic acids are nine-carbon
sugars that can be either O- or N-glycosylated at the cell surface of mucins (Visser et al.
2021). There is large variability in the structural diversity and biological function of sialic
acid, however, analysis of these glycans is challenging as there is very little known about
their biosynthesis and function (Visser et al. 2021). One of the most prevalent sialic acid
derivatives is N- acetylneuraminic acid (Neu5Ac). Recent studies have indicated that the
glycan content of anemonefishes mucus may be involved in the reduction seen in

nematocyst firing (chapter 3). Abdullah and Saad (2015) analysed the chemical
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composition of anemonefish (A. ocellaris) mucus and found that it contained significantly
lower concentrations of Neu5Ac compared to the mucus of other coral reef fish species
(Abudefduf sexfasciatus and Thalassoma lunare). Neu5Ac is a salic acid side chain that has
been shown to trigger the chemoreceptors that control sea anemone nematocyte firing
(Ozacmak et al. 2001, Abdullah and Saad 2015). Marcionetti et al. (2019) used genomic
analysis to identify key proteins in anemonefishes’ epidermis that were positively selected
for during anemonefishes evolution. They found that versican core proteins that are
thought to bind N-acetylated sugars were positively selected for and thus may be used to
mask detection of anemonefishes by sea anemone chemoreceptors. The gene for the
protein, O-GIcNAse, was also found to be positively selected and has the potential to
cleave the sialic acid side chain creating neutral glycoproteins (as seen by Abdullah and
Saad (2015)). The evolution of these proteins in anemonefishes may have enhanced the
establishment and maintenance of symbiosis between host sea anemones and

anemonefishes.

Anemonefishes can generally acclimate to their host sea anemone in less than 24-48
hours (Mariscal 1970c, Balamurugan et al. 2015, pers obv), and this is the point at which
we would expect to see changes in the anemonefishes’ mucus composition. However, this
is not what was found in this study. It took three weeks of association with ¢ before clear
changes in the glycan composition of the A. percula mucus were seen. Balamurugan et al.
(2015) found that anemonefish secrete an intracellular mucous lining in the hypodermal
region, that is not seen in Terapon jarbua (a fish species that does not associate with sea
anemones). Therefore, perhaps it is not the external mucus layer that is the key to the

initial formation of this symbiotic relationship, but rather that the internal mucus acts as
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a barrier to sea anemone nematocysts until the external mucus layer has the opportunity

to adapt to the new environment through the glycan changes, we observed in this study.

Mariscal (1970c) found that after 20 hours isolated from a host sea anemone,
anemonefishes were stung (n=21) upon reintroduction to the host. We found that within
24 hours of E. quadricolor removal, the glycan profile of A. percula mucus largely returned
to its original state, completely matching the control (non-hosted) profile at one week
removed (next sampled timepoint). The loss of these changes in the glycan profile within
24 hours of removal from a host sea anemone, provides further support that
anemonefishes are not innately protected from host sea anemone venom as previously
thought (Hoepner et al. 2022) but indeed adjust their glycan profile when in association

with a host sea anemone.
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4.5 Conclusion

This study examined the lipid and glycan profile of A. percula mucus when in association
with E. quadricolor. We found that the lipid profile of A. percula mucus is not influenced
by association with E. quadricolor, instead remaining in a state of flux. A. percula glycans,
however, were influenced by symbiosis with E. quadricolor e but only after three weeks
of association. Such a delay in the acclimation of the mucus layer is unexpected and
further study is needed to uncover the initial mechanism used by anemonefishes that
enables them to enter the venomous tentacles of host sea anemones while their mucus
layer adapts at the glycan level. Further, we were unable to identify the mucus glycans
that were altered during symbiosis. Future studies to identify the glycans in
anemonefishes’ mucus and the proteins they are on, will provide further insight into the
protective capabilities glycan presence or absence are able to provide to anemonefishes
and if the Neu5Ac (salic acid) content of mucus is lowered when anemonefishes are in

association with host sea anemones.
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5.1 Introduction

Cnidarians are a venomous phylum, with all species relying on toxins for defence and food
acquisition (Madio et al. 2019). Sea anemones, like other cnidarians utilise nematocytes
and mucus secretions over their body to distribute their venom, which contains a complex
mixture of small molecules, peptides and proteins, known as toxins (Prentis et al. 2018).
While the venom of sea anemones has begun to be characterised, the knowledge base on
anemone toxins is still significantly behind species such as snakes and spiders; with very
little studies utilising genomic or proteomic methods (Prentis et al. 2018, Surm et al.
2019). Sea anemone genomic and transcriptomic studies suggest that venom contains
proteins from numerous toxin families which are structurally and functionally diverse and
are mostly under purifying selection (Surm et al., 2019; Surm & Moran, 2021). Using a
transcriptomics approach, Smith et al. (2023) determined that the venom phenotype of
the sea anemone Nematostella vectensis (non-host) may change quickly with expression
of a single dominant toxin family enabling ecological specialization in species. Expression
of dominant toxins may consequently enable wide-spread ecological functions and thus
may act convergently amongst animals with similar niches or behaviours. Dutertre et al.
(2014) combined venom duct transcriptomics and proteomics to find that cone snails are
able to rapidly produce and release two distinctive venom types depending on the need
that arises. Similarly using transcriptomics only, sea anemones have been shown to have
distinctive toxin gene expression profiles in different tissue types (Macrander et al. 2016,

Ashwood et al. 2021, Ashwood et al. 2022), as they do not have a centralised venom gland.

There are approximately 1170 sea anemone species (Rodriguez et al. 2022), yet only ten

specific species of sea anemones from three unrelated anemone families
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(Thalassianthiade, Actinidae, Stichodactylidae) (Titus et al. 2019), form associations (as
hosts) with one or more of the 28 species of anemonefishes (Amphiprion) (Fautin 1991,
Burke da Silva and Nedosyko 2016, Tang et al. 2021). The host sea anemone provides a
safe site for anemonefishes reproduction and protection from predation (Holbrook and
Schmitt 2004), whereas the anemonefishes help to increase the growth, reproduction,
and defence of host sea anemones, by providing nutrients from their faeces and increased
oxygenation by swimming amongst the host sea anemones tentacles and chasing off
potential sea anemone predators (Szczebak et al. 2013, Frisch et al. 2016, Schligler et al.
2022). The venom of host sea anemones is understudied with only a few unique
proteins/peptide sequences (available in sequence databases) compared to those
available for both non-host sea anemones and other venomous species (7,579 toxin
sequences reported in Tox-Prot of which 285 toxin sequences are from Actiniaria, as of
Mar 2023 (Jungo et al. 2012)). There are only 51 toxin sequences reported in Tox-Prot (as
of Mar 2023 (Jungo et al. 2012)), from seven of the ten host sea anemone species
indicating little knowledge availability on the venom arsenal of host sea anemones.
Nedosyko et al. (2014) showed that there is variation in toxicity across the ten-host sea
anemones; with host sea anemones with a middle range toxicity forming more
anemonefish associations than those host sea anemones with a high or low toxicity.
However, it is unclear how toxic host sea anemones are compared to non-host sea

anemones or the influence of symbiosis on host sea anemone venom production.

The study of sea anemone venom has begun to use a combined transcriptomic and
proteomic approach, also known as proteotranscriptomics (Madio et al. 2017, Liao et al.

2019, Ramirez-Carreto et al. 2019, Levin and Butter 2022). Using proteotranscriptomics
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provides a more holistic overview of venom complexity enabling the detection of novel
proteins (Madio et al. 2017). Three recent studies have utilised transcriptomics focusing
on host sea anemones who form associations with anemonefishes (Barua et al. 2022,
Delgado et al. 2022, Kashimoto et al. 2022). Delgado et al. (2022), examined the toxin
expression profiles of five host sea anemones and a closely related non-host, utilising
existing transcriptomes from NCBI generated from different sea anemone tissues (outer
and inner tentacles, column, exocodic and endocodic tentacles etc). Delgado et al. (2022)
inferred that haemostatic and haemorrhagic toxin gene expression is a dominant feature
of host sea anemones. Barua et al. (2022) & Kashimoto et al. (2022), created new
transcriptome datasets of host anemones from Okinawa, Japan; to explore nematocyte
expressed genes, phylogeny and co-expression in the evolution of sea anemones hosting
anemonefish. Kashimoto et al. (2022) noticed that nematocyte gene expression is
generally uniform across host sea anemones, indicating that symbiosis is likely related to
small gene or expression changes (Marcionetti et al. 2019). Barua et al. (2022) observed
that association with Symbiodiniaceae and anemonefishes significantly affect gene
expression in host sea anemones, particularly in relation to nutrient exchange and
metabolism. However, there has only been a single study on host sea anemone venom
that has used a combined transcriptomic and proteomics approach (Madio et al. 2017).
Madio et al. (2017) observed that there is a disparity between toxins expressed in the
tentacle transcriptome compared to those recovered in the venom proteome illustrating
the importance of more direct proteomic investigations in this area, in order to fully

understand venom diversity and functionality.
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The sea anemone species, Entacmaea quadricolor, forms the most associations with
anemonefish species, 17 of 28 (Hoepner et al. 2022). Nedosyko et al. (2014) found that E.
quadricolor was of mid-range toxicity compared to other host sea anemones and together
with its unique bulb-like tentacles provides optimal conditions for anemonefishes. There
are only three E. quadricolor toxin protein sequences reported in ToxProt (as of Mar 2023
(Jungo et al. 2012)) making it impossible to ascertain a complete picture of toxin
characteristics and their evolutionary implications. In order to understand how
anemonefishes can withstand their venomous host environment it is important to
develop an in-depth profile of the host sea anemone venom to which the anemonefishes
must develop resistance to. In this study we expand upon the previous work of Barua et
al. (2022), Delgado et al. (2022), Kashimoto et al. (2022) & Madio et al. (2017) to uncover
the full toxin protein arsenal of E. quadricolor venom using a proteotranscriptomic

approach.

5.2 Materials & Methods

The results from these methods will be presented across chapters 5 and 6. Chapter 5 will
explore the tentacle transcriptome and the venom proteome of E. quadricolor, whereas
chapter 6 will focus on the differential expression of the E. quadricolor transcripts and

proteins when in association with an anemonefish symbiont.

5.2.1 Study species and experimental set-up

Six bubble tip anemones (Entacmaea quadricolor) (~5-7cm diameter) were obtained from
an aquarium store in Adelaide, South Australia (harvested from Western Australia) and
transported to the Animal House facility at Flinders University and held in individual 30L

tanks for a 2-week acclimation period (26.5 °C + 0.7, salinity 37.5 + 1.5, pH 7.91 + 0.2). E.
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quadricolor were fed a small piece of prawn every three to four days throughout the
experimental period except in the 48 hours leading up to each venom sampling event.
Each tank had a Fluval Aquatic Marine Nano 3.0 lights (2500 lux on a 12:12 L:D light cycle).
Six pairs of anemonefish (n=12) (Amphiprion percula) were housed in 30L tanks containing
a terracotta pot that acts as an anemone surrogate when a sea anemone was absent.
Recirculating tanks (30L) holding the A. percula pairs were attached to a sump system that
was separate from the anemones (27 °C £ 0.6, salinity 36.5 + 1.5, pH 8.01 £ 0.2). A. percula

were fed twice daily with commercial pellets (Hikari Marine S) and mysid shrimp.

5.2.2 Sea anemone venom and tentacle collection

The E. quadricolor seaanemones were starved for 48 hours prior to tenacle and venom
sampling. Three tentacle samples were cut from each E. quadricolor individual(n=6) during
the non-hosting period (Fig 1), by stretching out the tentacle with sterile tweezers and
slicing the tentacle at the base with a disposable scalpel. The tentacles were immediately
place in 400ul of RNA/ater (Sigma Aldrich Missouri, United States) and stored at -80°C.
Each sea anemone was subsequently milked for venom, as described by Sencic and Macek
(1990) & Hoepner et al. (2019), and the venom was freeze dried then stored at -80°C. An
additional three tentacles were collected 72 hours post venom milking (Madio et al. 2017)
for making RNA. A pair of A. percula were added to each tank after tentacle removal for a
three week acclimation period (Fig 5.1). Tentacle and venom sampling was then repeated

for the hosting timepoint.
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O hours 72 hours

3x tentacles cut 3x tentacles cut

then venom
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then venom
milked

Figure 5.1 Sampling process for collecting Entacmaea quadricolor tentacles and venom
for transcriptomic and proteomic analysis respectively. n=6

5.2.3 Transcriptomics

5.2.3.1 RNA Isolation and library preparation

RNA was extracted from the E. quadricolor tentacles (non-hosting Oh, n = 6, non-hosting
72h n= 6, hosting Oh n= 6, hosting 72h n= 6) using a RNeasy mini kit (Qiagen Venlo,
Netherlands), as per manufacturer’s instructions (Appendix S5.2). Tissue samples (n=24)
from each sampling point were disrupted using a mortar and pestle and ground to a fine
powder under liquid nitrogen and added to the lysate buffer RLT and homogenised. The
samples were then transferred to the mini spin column and the column was washed three
times with wash buffer by centrifugation to remove contaminants. The RNA was eluted
from the column using RNAse-free water before being stored at -80°C. RNA was quality
controlled and quantified via LabChip (Perkin Elmer) and Qubit 2.0 (ThermoFisher
Scientific). All 24 RNA samples had RIN values between 7 and 9.2 thus appropriate for

library preparation which was conducted by Flinders University Genomics Facility
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(Appendix S5.1). The TruSeq stranded mRNA library prep kit (lllumina) was used to create
each library starting with between 200 ng and 1 pug RNA as per standard protocol. Pooled
equimolar libraries were quality checked and sequenced at the Ramaciotti Centre for
Genomics, Sydney, NSW on the NovaSeq S4 flow cell, paired end 2x150 bp, to achieve an
average coverage of 20 million reads per sample.

5.2.3.2 RNA-seq read quality control

Transcriptome analysis was conducted by Zachary Stewart at Queensland University of
Technology (QUT), Australia. Paired-end reads were trimmed to ensure data quality using
Trimmomatic v.0.36 (Bolger et al. 2014). lllumina’s TruSeq adapter sequences were
removed, and parameters otherwise mimicked those used by the Trinity de novo
assembler (Haas et al, 2013) ie. "ILLUMINACLIP:S{ADAPTERS}8:2:30:10
SLIDINGWINDOW:4:5 LEADING:5 TRAILING:5 MINLEN:25". Resulting quality-trimmed
reads were used for all downstream analyses.

5.2.3.3 Transcriptome assembly

All 24 transcriptome samples, regardless of treatment were assembled to create a global
transcriptome library for E. quadricolor. Our process for creating a high-quality
transcriptome assembly made use of several transcriptome assemblers, specifically,
SOAPdenovo-Trans v.1.03 (Xie et al., 2014) and Oases v.0.2.09 (Schulz et al. 2012)
assemblers were used to build transcriptomes with several k-mer lengths (23, 25, 31, 39,
47, 55, and 63 for both and 71 additionally for SOAPdenovo-Trans only). Trinity v.2.14.0
(Haas et al. 2013) was also used with parameters including min_kmer_cov = 2 and
SS_lib_type = RF. All resulting transcriptome files were concatenated and sequences
shorter than 250 bp were removed to eliminate potentially poor quality and/or

fragmented transcripts (Appendix S5.3).
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The concatenated file was subjected to the EvidentialGene v.2022.01.20 tr2aacds pipeline
(Gilbert 2016). This process is designed to receive a massively redundant transcriptome
from multi-k-mer assembly and produce a non-redundant output containing the best-
assembled transcripts from each assembler; it additionally predicts coding regions within
these transcripts. The resultant transcriptome was assessed for quality using BUSCO
v.5.2.1 (Simdo et al. 2015).

5.2.3.4 Contaminant removal

PsyTrans (jueshengong 2017) was used to remove transcripts arising from endogenous
symbionts. PsyTrans is a script which utilises protein sequences from sea anemone species
related to E. quadricolor as well as protein sequences from symbionts to identify and

remove contaminants from the transcriptome.

We created a custom database of symbiont sequences using published genomic and
transcriptomic resources for Symbiodinium and related organisms (Levin et al. 2016,
Arriola et al. 2018, Gonzalez-Pech et al. 2021, Camp et al. 2022) (Appendix S5.4). When a
data source only provided nucleotide transcripts, we used TransDecoder v.5.6.0
(TransDecoder 2022) to obtain translated coding DNA sequence predictions. We also
opted to use solely genomic resources for related sea anemone species, avoiding
transcriptomic data which may itself contain symbiont contaminants; the data was
sourced from unpublished genome annotations. Data was sourced from other members
of the family Actiniidae, namely Actinia equina (Wilding et al. 2020), Actinia tenebrosa
(unpublished data GenBank (GCA_029948245.1)), and Aulactinia veratra (unpublished

data) (appendix S5.5).
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Sequences from related sea anemone species and from symbionts had their redundancy
reduced through use of CD-HIT v.4.6 (Li and Godzik 2006) with parameters -c 0.95 -n 5 -aS
0.9. The resulting files were provided to PsyTrans with default parameters; the output
FASTA file corresponding to predicted sea anemone host transcripts represented our final
transcriptome.

5.2.3.5 Clustering and read counting

To obtain read counts associated to the gene level rather than individual transcripts, we
first used salmon v.1.9.0 (Patro et al. 2017) with parameters --libType A --dumpEq --
hardFilter --skipQuant to produce equivalence classes for the reads from each sample
against the transcriptome file. Following this, Corset v.1.09 (Davidson and Oshlack 2014)
used the salmon equivalence classes to cluster transcripts based on shared read
alignments and expression patterns and provided read counts associated to each cluster
(which putatively represents a gene). Gene clusters were used in downstream analyses
rather than individual transcripts and read counts were used in chapter 6 for differential
expression.

5.2.3.6 Gene annotation and functional enrichment analysis

Predicted coding DNA sequences (translated proteins) from our transcriptome were
gueried against the UniRef90 database (Suzek et al. 2014) using MMseqs2 v.fcf5260
(Steinegger and Soding 2017). Gene names for queried sequences were attributed based
on their best match, and functional annotation of gene ontology (GO) (Ashburner et al.
2000, Gene Ontology Consortium 2020) was performed by identifying the best match
which had GO annotations in UniProt’s idmapping_selected.tab file. Annotated GO terms
were expanded to include ancestor terms using the Python library goatools (Klopfenstein

et al. 2018).
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5.2.3.7 Toxin annotation pipeline

Toxin annotation was accomplished wusing custom scripts available from

https://github.com/zkstewart/Various scripts/tree/master/Toxins annot. As an

overview, this process leverages custom-made hidden Markov models (HMMs) and the
HMMer software (Eddy 2011) to predict protein domains located in venom protein
sequences. Python scripts assess the results of HMMer searches to determine whether a

sequence is likely to be part of a sea anemone-associated toxin family.

The custom-made HMMs were generated from an initial dataset of six host and non-
hosting sea anemone venom proteomes i.e., Actinia tenebrosa, Aiptasia pulchella,
Heteractis malu, Macrodactyla doreensis, Telmatactis sp., and Stichodactyla haddoni
(Stewart Z, Undheim EA and Prentis PJ unpublished data). Multiple sequence alignments
(MSAs) of venom families were formed using a mixture of manual inspection of sequences
(with an emphasis on visually locating conserved regions likely to be important to protein
structure e.g., cysteine residue organisation), assisted by BLAST (Altschul et al. 1990,
Camacho et al. 2009) and HMMer searches to find sequence homology. Importantly, this
process focused on gene families present in two or more of the sea anemone venom
proteomes; genes found in only one species were excluded from further consideration
even if they were known to be venom toxins from previous studies. MSAs were manually
trimmed to adjust the domain regions from within family alignments and were converted
into HMM:s. Scripts were created by manually tuning a rule-based process which considers
the HMMer results obtained for each sequence including the domains which hit against a
sequence and the significance of their E-value, in addition to considering sequence
features including the relative positions of the domain hits in a sequence. Through this

process, many previously discovered toxin families were modelled and made easily
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predictable using this system. Additionally, several toxin families were identified which
have not been reported on previously (U# and Z# models) and hence have unknown

functionality (Stewart Z, Undheim EA and Prentis PJ unpublished data).

Toxins from the pipeline that were assigned as uncharacterised toxins were manually
inspected for toxin domains that could be assigned to a venom category. In addition, toxin
families identified by Delgado et al. (2022) as present in the E. quadricolor transcriptome
but not found through the pipeline were manually added if the appropriate domain was
present.

5.2.3.8 Signal P

SignalP v.5.0b (Almagro Armenteros et al. 2019) was used to predict signal peptides in
protein sequences using default settings i.e., using Eukarya prediction.

5.2.3.9 Nematocyte orthologs

To identify nematocyte-specific genes, we followed the methods of Kashimoto et al.
(2022) by obtaining sequences corresponding to the 410 proteins identified by
Balasubramanian et al. (2012) in Hydra magnipapillata nematocytes. Orthologs of these
genes in our E. quadricolor transcriptome were found using OrthoFinder v.2.5.4 (Emms
and Kelly 2019). Hydra nematocyte matches were assigned to categories according to
Balasubramanian et al. (2012), with hits from the Hydra venom category not identified in

the QUT toxin pipeline added to our putative toxins list.

5.2.4 Proteomics

To identify all proteins in the venom, DDA analysis with gas fractionation using a Orbitrap

Fusion™ Lumos™ Tribrid™ Mass Spectrometer (Thermo Fisher Scientific, Waltham,
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Massachusetts, USA) was conducted on a pooled venom sample to create a spectral
library of all proteins.

5.2.4.1 Venom protein extraction for mass spectrometry.

Lyophilized venom from four E. quadricolor individuals in the non-hosting period and four
E. quadricolor individuals in the hosting period underwent proteomics analysis at the
Flinders University Omics Facility. A 50 pg protein pool of all eight samples (25 pg non-
hosting:25 ug hosting), was reduced and alkylated following a standard procedure. Briefly,
a mixture of hydrophobic and hydrophilic Sera-Mag Carboxylate SpeedBeads (Cytiva) was
used for protein clean up and trypsin digestion following the manufacturer’s instructions.
Following the trypsin digestion, peptides in each sample were cleaned up with a 200 pl
C18 StageTip and eluted in 80% acetonitrile/0.1% formic acid. The sample was then dried
down in a Christ RVC 2-25 CD plus vacuum concentrator (Christ, Osterode am Harz,
Germany) and resuspended in 5% acetonitrile. Approximately 5.8 ug peptides were
recovered from the pooled venom sample as measured by the NanoDrop.

5.2.4.2 Spectral library creation via DDA and GPF

Data dependent acquisition (DDA) was used to create a spectral library, using a Orbitrap
Fusion™ Lumos™ Tribrid™ Mass Spectrometer (Thermo Fisher Scientific, Waltham,
Massachusetts, USA) equipped with a Nanospray Flex™ lon Source (ES071, Thermo Fisher
Scientific) coupled to a Dionex Ultimate 3000 UPLC chromatography system (Thermo
Fisher Scientific). The pooled venom tryptic peptides (4.8 pg) were injected into a
PepMap™ 100 trap column (0.3 x 5 mm, 5 um C18, Thermo Fischer) and then eluted onto
an inhouse pulled column created from 75 um inner diameter fused silica capillary packed
with 3 um ReproSil-Pur C18 beads (Dr. Maisch, Ammerbuch, Germany) to a length of

15cm. The column was heated to 60°C using a Nanospray Flex™ Column Oven (Sonation
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lab solutions, Biberach, Germany) and the flow rate for the gradient pump was 300 nL per
minute. The column and trap were equilibrated in Solvent A (0.1% formic acid in water)
and eluted with solvent B (79.9% Acetonitrile, 20% Water, 0.1% Formic Acid) using a 2-
30% linear gradient over 55 minutes (Table 5.1). Total run time was 85 minutes and

internal mass calibration using RunStart EASY-IC™ was enabled.

Table 5.1 HPLC chromatography gradient.

Time Solvent B
0 min 2%

5 min 2%

10 min 8%

60 min 31.2%
66 min 50%
69 min 100%
72 min 100%
75 min 2%

Gas phase fractionation was employed in conjunction with DDA for this analysis (methods
2-7,table 5.2). Gas phase fractionation (GPF) separates peptides in the gas phase i.e., once
peptides have entered the instrument in the gas phase peptides in each phase are run
through six identical methods following the DDA protocol. It is implemented by analysing
multiple injections of the same sample with 50-400 m/z mass windows analysed in each
injection. With only the MS scan range changing for each method, the m/z range

overlapped by 10 da between methods to ensure no peptides were missed (Table 5.2).

Table 5.2: m/z scan ranges used in each method performed on each GPF fraction.
Method m/z
1 350-1200
350-500
490-550
540-610
600-710
700-810
800-1200

No ok~ wN
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All DDA files collected were used to generate a spectral library using Spectronaut software
V16.022 with default settings (Biognosys AG, Schlieren, Switzerland). The spectral library
was searched against the predicted protein sequences from the assembled E.
quadricolour transcriptome to identify proteins present in the venom proteome. Gene
clusters were used across both datasets to match and compare the tentacle transcriptome
to the venom proteome.

5.2.4.3 Data analysis

The venom and nematocyte profiles were visualised using PieDonut from the ‘webr’ R
package (Moon 2020). Bar graphs were created in R using the package “ggplot2”

(Wickham 2016).

5.3 Results

5.3.1 Tentacle transcriptome

The assembled tentacle transcriptome of E. quadricolor, consisted of 650,353 ORFs after
PsyTrans contaminant removal. BUSCO scoring indicated that a high-quality assembly was
achieved, with 98.3% of near-universal metazoan single-copy genes predicted (BUSCO
short summary = Completeness: 98.3% [Single copy: 13.1%, Duplicates: 85.2%],
Fragmented: 0.6%, Missing: 1.1%, n:954). Clustering with Corset resulted in a predicted
279,274 gene clusters, which substantially reduced the number of redundant transcripts
according to BUSCO (BUSCO short summary after clustering = Completeness: 94.0%
[Single copy: 73.7%, Duplicates: 20.3%], Fragments: 1.5%, Missing: 4.5%, n: 95) (Table 5.3).
The majority of gene clusters in the E. quadricolor tentacle transcriptome encoded
proteins between 5-9kda (49.3%) with only 1.25% gene clusters encoding molecular
weight proteins >50 kDa (Fig 5.2A). Of 279,275 gene clusters identified, only 72,218 could

be annotated, matching to 18,469 unique protein hits using the UniRef90 database. Thus
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over 74% of the E. quadricolor tentacle transcriptome represented novel transcripts, that

had no sequence similarity or homology to proteins in UniRef90.

Table 5.3: Summary of tentacle transcriptome and venom proteome generated from
Entacmaea quadricolor. ORFs = Open Reading Frames

RNA gene Protein gene
clusters clusters
ORF sequences 279,274 2,736
Annotated ORF sequences 72,218 2,686
ORFs with GO terms 46,288 1,988
UniRef90 Hits 18,469 1,928
ORFs with signalP 11,807 709
Putative toxins ORFs 1,251 135
Putative toxin ORFs with signalP 515 97
Putative toxins UniRef90 Hits 296 78
ORF with hydra nematocyte matches 388 106
Hydra nematocyte matches UniRef90 Hits 190 79
Hydra nematocyte matches with signalP 181 57
A 59.2
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Figure 5.2: Size range of proteins identified in Entacmaea quadricolor A) based on the
amino acid translation of all tentacle gene clusters B) based on proteins identified in the
venom.
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Figure 5.3: Pie chart of taxon from UniRef90 hit matches in A) Venom proteome, B) toxins
in venom proteome.

5.3.2 Venom proteome

The spectral library created identified proteins matching to 2,736 gene clusters (0.9% of
279,274 gene clusters in tentacle transcriptome) in E. quadricolor venom. Unlike the
tentacle transcriptome, 98% of the proteins in the venom were annotated, matching to
1,928 UniRef90 hits, with only 50 proteins having no known protein match (Table 5.3).
59.3% of proteins identified in venom were between 10-49kda in size, and only 1.5% of
proteins identified were <10kda (compared to the 65.4% of gene clusters <10kda in the

tentacle transcriptome) (Fig 5.2B).

92% of proteins identified in E. quadricolor venom proteome matched to proteins present
in other sea anemones (Fig 5.3A). Likewise, 93% of toxins identified in the proteome
matched to toxins in other sea anemones (Fig 5.3B). Specifically, in the venom proteome
76.5% of proteins (2,094 proteins) matched genes identified in the non-host sea anemone,
Actinia tenebrosa, genome (Surm et al. 2019). There were 102 A. tenebrosa protein

orthologs identified as toxins in our pipeline.
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5.3.3 Gene Ontology

To better understand the functions of the gene clusters that were present in the tentacle

transcriptome of E. quadricolor, Gene Ontology (GO) terms were assigned. While there

were 46,288 gene clusters (17%) with GO terms assigned, a greater number of gene

clusters had no GO terms assigned (232,987, 83%). There were 260 biological process GO

terms assigned, with cellular and metabolic processes being the most frequently occurring

(Table 5.4A). For the venom proteome there were 1,988 gene clusters with GO terms

assigned (72.7%), with 1,368 biological process GO terms assigned (Table 5.4B).

Table 5.4: Top 10 Biological Process GO terms present in the Entacmaea quadricolor
A) tentacle transcriptome. B) venom proteome

A)

B)

GO terms

RNA gene clusters

cellular process
metabolic process
nitrogen compound metabolic process
macromolecule metabolic process
cellular nitrogen compound metabolic process
organic cyclic compound metabolic process
heterocycle metabolic process
cellular aromatic compound metabolic process
nucleobase-containing compound metabolic process
protein metabolic process

11,452
9,464
7,762
6,875
4,517
4,247
4,181
4,180
4,070
3,824

GO terms

Protein gene clusters

unknown biological process
cellular process
metabolic process
organic substance metabolic process
primary metabolic process
nitrogen compound metabolic process
organonitrogen compound metabolic process
cellular metabolic process
macromolecule metabolic process
protein metabolic process

997
706
630
570
521
474
431
380
352
296
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5.3.4 Putative toxins

Less than 0.05% of the E. quadricolor tentacle gene clusters were annotated as encoding
putative toxins. By combining the automated toxin annotation pipeline with a manual
search looking for protein families identified in Delgado et al. (2022), a set of 1,251
putative toxin gene clusters was created. This putative toxin set matched to 296 unique
UniRef90 protein hits, with 22 gene clusters with no UniRef90 match. The putative toxins
were assigned into eight venom function categories and 41 toxin protein families, but 105
toxin gene clusters still remain uncharacterised in terms of protein family (Figure 5.4A,
Appendix S5.6). 42.8% of toxin gene clusters were classified as unknown toxins. The
second most abundant venom function category was haemostatic and haemorrhagic
toxins accounting for 32.7% of toxin gene clusters. Neurotoxins and toxins of unknown
function are the two most diverse venom protein function categories as they included

representatives from 9 and 14 toxin families respectively.

Only 5% of proteins identified in the E. quadricolor venom proteome were assigned as
putative toxins (proteins encoded by 135 gene clusters) which matched to 78 UniRef90
hits. While proteins from all eight venom function categories were identified these were
only from 25 toxin families, and 12 proteins were uncharacterised toxins (Figure 5.4B,
Appendix S5.10). Unknown toxins accounted for 52.6% of toxin proteins identified,
followed by haemostatic and haemorrhagic toxins accounting for 19.3% of toxin proteins.
Toxins of unknown function are the most diverse venom function categories containing

nine different types of toxin protein families.
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1G-like
n=300

Figure 5.4 Pie donuts visualising venom category (% = percentage of venom composition)
(inner circle) and toxin family (n= number of gene clusters) (outer circle) for A) tentacle
transcripts, B) venom proteins.

At the toxin family level, results between the tentacle transcriptome and venom
proteome were vastly different. Coagulation factor V-like toxin was the most abundant
toxin in the tentacle transcriptome, whereas Immunoglobulin-like proteins (1G-like) were
the most abundant in the venom proteome and the second most abundant in the tentacle
transcriptome. In fact, many of the top ten families present in the venom proteome were
not present in the top ten from the tentacle transcriptome (U15, U12, Z3, DELTA-actitoxin-
Ucsla) (Table 5.5), with Ficolin lectin family, EGF-like, PLA2 and Actinoporins all dropping

out of the top ten.
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Table 5.5: Comparison of the top 10 toxin families based on gene cluster number in
A) Tentacle transcriptome B) Venom proteome

A) Toxin family RNA gene Protein gene
clusters clusters
Coagulation factor V-like 315 8
IG-like 300 33
Uncharacterised toxins 104 11
ShK-like 85 5
Peptidase M12A 67 12
Peptidase S1 37 13
Ficolin lectin family 30 3
EGF-like 25 1
PLA2 24 3
Actinoporins 23 1
B) Toxin family Protein gene RNA gene
clusters clusters
IG-like 33 300
Peptidase S1 13 37
Peptidase M12A 12 67
Uncharacterised toxins 11 104
ui15s 10 21
Coagulation factor V-like 8 315
Z3 6 20
ul12 5 13
ShK-like 5 85
DELTA-actitoxin-Ucsla 4 9

5.3.4.1 Uncharacterised toxins

In the tentacle transcriptome, there were 300 gene clusters assigned to 1G-like proteins
and 33 gene clusters in the venom proteome, making IG-like proteins the largest toxin
component of the venom. The 33 IG-like proteins found in the venom proteome consisted
of 18 different architectures for proteins with Immunoglobulin-like (I1G-like) domains
(Appendix S5.7). Fifteen of these architectures contained repeats of the IG-like domain
ranging from 1-7, with three architectures containing additional functional domains:

protein kinase and fibronectin type lll. It is currently unclear what function that the IG-like
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domain is performing in the venom proteome, but this gene family is conserved and found
in the venom of several sea anemone species (Stewart Z, Undheim EA and Prentis PJ
unpublished data). Multiple sequence alignment showed that 17 of the IG-like proteins
found in E. quadricolor venom share homology with venom inhibitors identified in
Didelphis marsupiali (DM43 and DM64) and D. virginiana (Alpha 1B-glycoprotein) (Fig 5.5).
The E. quadricolor 1G-like proteins are homologous to proteins identified in other sea
anemones including Nematostella vectensis which have been annotated as hemicentin-
like, due to their homology with a very large protein secreted by Caenorhabditis elegans
that is involved in cell adhesion and extracellular matrix that contains 48 tandem IG repeat

motifs (Moran et al. 2013).

There were also 104 gene clusters assigned to uncharacterised toxins in the tentacle
transcriptome and 11 gene clusters in the venom proteome. The 11 uncharacterised
toxins in the venom proteome consisted of 10 different architectures and 15 different
domains (Appendix S5.8). Proteins were allocated to this toxin family when they were
unable to be assigned to a functional venom category based on sequence alignment or
toxin domain.

5.3.4.2 Peptidase S1

In the tentacle transcriptome, there were 37 gene clusters assigned as Peptidase S1 toxins
with 13 gene clusters in the venom proteome making Peptidase S1 toxins the second
largest toxic component of the venom. All Peptidase S1 toxins identified in the venom
proteome contained a trypsin domain containing the three catalytic site residues, His, Asp
and Ser except for Cluster-31550.26173. These Peptidase S1 toxins share homology with

known thrombin like snake venom serine proteases such as asperase in Bothrops asper
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(Terciopelo) and gyroxin in Crotalus durissus terrificus (South American rattlesnake) (Fig

5.6A).

5.3.4.3 Pore Forming and Neurotoxins

In the tentacle transcriptome there were 85 gene clusters assigned to ShK-like
neurotoxins with five gene clusters in the venom proteome. Only ShK-like toxins with a
single ShK-like domain were translated into the venom proteome, despite there being
sequences with multiple ShK-like domains present in the tentacle transcriptome. All ShK-
like toxins identified in the venom proteome shared homology with Stichodactyla

helianthus Kappa-stichotoxin-She3a with a conserved cysteine scaffold (Fig 5.6B).

DELTA-actitoxin-Ucsla didn’t make the top ten toxin families in the tentacle
transcriptome but was in the top ten venom proteome toxin families with four gene
clusters being annotated as this toxin. Further only one actinoporin gene cluster was
translated into the venom proteome despite being in the top ten toxin families in the
tentacle transcriptome. All five of these gene clusters in the venom proteome had a
conserved cytolysin domain as demonstrated by conducting a multiple sequence
alignment. All cytolysins identified in the venom proteome shared homology with DELTA-
AITX-Ucsla and actinoporins from E. quadricolor, Urticina crassicornis, Heteractis
magnifica, H. crispa, Actinia tenebrosa, Anthopleura asiatica, Epiactis japonica,
Cribrinopsis japonica and A. sulcata in UniProt90. The aromatic phosphocholine (POC) site
residues which help the actinoporin to interact with phosphocholines present in
sphingomyelin of cell membranes and the integrin binding RGD motif that is involved in
oligomerisation of actinoporin subunits were mostly conserved in the proteins present in

the venom (Fig 5.6C) (Macrander and Daly 2016, Ramirez-Carreto et al. 2020).
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Figure 5.5: Multiple sequence alignment of E. quadricolor putative toxins visualised using Jalview with Clustal colour scheme. IG-like family
conserved region marked with a black box. Sequences in BOLD are from this study, other sequences have their accession number listed
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Figure 5.6: Multiple sequence alignment of E. quadricolor putative toxins visualised using Jalview with Clustal colour scheme A) Peptidase S1
family members mostly contain the conserved His, Asp and Ser residues of the trypsin domain indicated with a black box. B) ShK neurotoxin
family all contain conserved cystines indicated with a black box. C) Cytolysin family mostly contain conserved RGD motif indicated by a star and
POC binding site indicated by triangles, red box indicates conserved region matching to E. quadricolor sequence from Mebs (1994). Sequences
in BOLD are from this study, other sequences have their accession number listed.
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5.3.5 Hydra nematocyte matches

Using the only comprehensive proteome created from Hydra magnipapillata nematocytes
(410 proteins- Balasubramanian et al. (2012)), we identified 388 gene clusters that when
translated matched Hydra nematocyte proteins in the tentacle transcriptome of E.
quadricolor. The nematocyte gene set represented 190 UniRef90 hits (Fig 5.7A, Appendix
S5.9). Structural proteins represented 23.2% of nematocyte matches with other ECM motif
proteins dominating; followed by peptidases and other enzymes (17.5% and 17%
respectively). Ungrouped proteins and other enzymes were the most diverse categories with

ten and seven different nematocyte protein families, respectively.

In the venom proteome, proteins from 106 gene clusters matched hydra nematocyte proteins
and these represented only 63 UniRef90 proteins. Peptidases represented 26.4% of
nematocyte matches with metallopeptidases dominating; followed by other enzymes and
structural proteins (18.9% and 17.9% respectively) (Fig 5.7B, Appendix S5.13). Other enzymes
were the most diverse category with six nematocyte protein families present in the venom

proteome.
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Figure 5.7: Pie donuts visualising nematocyte category (inner circle) and nematocyte
functional group (outer circle) for A) tentacle transcripts, B) venom proteins.

5.3.6 Transfer of transcripts into venom proteome

The venom proteome only contained 10.8% of the gene clusters classified as toxins in the
tentacle transcriptome. The allergen and innate immunity venom category had the highest
transfer of gene transcripts into the venom, with 44.4% of tentacle RNA transcripts from this
category, translated into proteins detected in the venom, with gene clusters from all three
categories present (Table 5.6). However, we identified four out of five toxin families from the
haemostatic and haemorrhagic toxin category found in the tentacle transcriptome to be
present in the venom proteome while only 6.4% of gene clusters from this category are
translated and transported into the venom arsenal. Neurotoxins had the second lowest rate
of gene transcripts appearing as proteins in the venom proteome with only 6.6% and only
three out of the nine neurotoxin toxin families identified in the transcriptome, were present

in the venom proteome.
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Table 5.6: Percentage of toxin gene clusters encoded into proteins by venom category. TF =
toxin family.

Venom category RNA gene TF Protein gene TF Percentage

clusters clusters (%)

Allergen and innate immunity 9 3 4 3 44.4

Auxiliary 67 1 12 1 17.9
Haemostatic and haemorrhagic 409 5 26 4 6.4

Mixed function enzymes 24 1 3 1 12.5
Neurotoxins 122 9 9 3 7.3

Pore forming 45 5 8 4 17.8
Protease inhibitors 38 2 3 1 7.9
Unknown 537 16 70 9 13

The venom proteome contained 27.3% of the gene clusters that matched hydra nematocyte
proteins in the tentacle transcriptome. Metabolic enzymes had the highest transfer of genes
into the venom proteome with 46.4% (Table 5.7). Novel proteins had the lowest transfer of
genes into venom proteins with only 16.2% and ungrouped proteins had the lowest transfer
of nematocyte families with only four ungrouped protein families out of ten, present in the
sea anemone venom proteome. Nematocyte gene clusters had a more than double the

number of proteins appearing in the venom proteome compared to toxin gene clusters.

Table 5.7: Percentage of hydra nematocyte matched gene clusters encoded into proteins by
nematocyte category. NF = nematocyte family.

Nematocyte category RNA gene NF Protein gene NF Percentage (%)
clusters clusters

Calcium Modulators 20 5 3 3 15
Metabolic Enzymes 28 6 13 4 46.4
Novel Proteins 37 3 6 2 16.2
Other Enzymes 66 7 20 6 30.3
Peptidases 68 4 28 4 41.2
Structural Proteins 90 3 19 3 21.1
Venoms 45 6 9 4 20
Ungrouped Proteins 34 10 8 4 235
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5.4 Discussion

This study has provided the first holistic overview of gene expression and venom from the
most popular host sea anemone, Entacmaea quadricolor; using proteotranscriptomics.
Previously, the majority of studies exploring venom composition of sea anemones and other
venomous species have only utilised transcriptomic approaches to profile venom
composition. Here, we have provided further evidence to support the assertion that a
combined proteomic and transcriptomic approach is essential to accurately profile venom
composition (Madio et al. 2017, Zhao et al. 2018, Walker et al. 2020, Levin and Butter 2022),
particularly in the context of symbiosis, as anemonefishes interact with host sea anemone

venom proteins rather than RNA transcripts.

5.4.1 Venom Proteome

Proteotranscriptomics revealed 2,736 proteins in the venom of the host sea anemone E.
quadricolor. This accounted for less than one percent of the total transcripts produced in the
tentacle transcriptome. Only 5% of these proteins were putative toxins, revealing the majority
of proteins in the venom are not of toxic origin. This is a much larger number of proteins
identified compared to other sea anemone venom proteome studies, e.g. S. haddoni 135
proteins (Madio et al. 2017), Anthopleura dowii 156 proteins (Ramirez-Carreto et al. 2019)
and Bunodactis verrucosa 413 proteins (Dominguez-Perez et al. 2018). Biological process GO
terms revealed that the majority of the venom profile consisted of unknown biological
processes, which was not in the top ten biological process GO terms in the tentacle
transcriptome and as well as various metabolic processes. Sea anemones form a tripartite
symbiosis with anemonefishes and internal zooxanthellae where both inorganic and organic
carbon and nitrogen compounds are recycled between all three symbionts (Roopin et al.

2008, Cleveland et al. 2010, Roopin et al. 2011, Verde et al. 2015). This may account for the
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large number of metabolic processes found in the GO terms of the tentacle transcriptome.
The high number of metabolic processes GO terms in the venom proteome is more surprising,
the lack of a centralised venom gland may explain the additional proteins we find in the
venom, or these proteins may be required for living in an aqueous environment. This
environment may pose challenges not encountered by other venomous species such as
snakes and perhaps these proteins reduce dilution or maintain viscosity of venom and mucus
(Mebs 1994). Overall, we have revealed that the venom profile of sea anemones is more
complex than previously thought and that not all proteins in the venom are toxins; in fact,

toxins only make up a very small proportion.

5.4.2 Putative toxins

We discovered a high number of toxin genes (1,251 gene clusters from 41 toxin families) via
the QUT toxin pipeline used in this study, in comparison to what has been published for other
host sea anemones, e.g. Sticodactyla haddoni: 508 toxin transcripts from 23 families and 27
toxin proteins (Madio et al. 2017), Cryptodendrum adhaesivum: 118 toxin transcripts from 14
families, Macrodactyla doreensis: 72 toxin transcripts from 13 families (Ashwood et al. 2021).
Delgado et al. (2022) is the only other study to assess the venom profile of the most popular
host sea anemone, E. quadricolor, finding 328 toxin transcripts from 37 families using six
transcriptomes from the NCIB database. We suspect the higher values we found is likely due
to the extensive sequencing coverage used in this study (NovaSeq S4 flow cell, paired end
2x150 bp, to achieve an average coverage of 20 million reads per sample), the addition of
biological replication (n=6) both with and without anemonefish presence and the inclusion of
two tentacle sampling timepoints (0 and 72-hours post venom milking) to assess regeneration
(Madio et al. 2017). Furthermore, other studies have previously used higher open reading

frames (ORFs) cut-offs e.g. = 50-70 amino acids (Ashwood et al. 2021, Ashwood et al. 2022,
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Barua et al. 2022, Delgado et al. 2022, Kashimoto et al. 2022), which may limit the discovery
of smaller molecular weight toxins and explain the larger dataset we acquired in this study
(ORF cut-off > 30 amino acids).. The subset of these less than 7 kda (7kda is equivalent to an
approximately 70 aa amino acid cut off) would not have been recovered by other studies
using the higher amino acid ORF cut-offs. We found that 41.9% of gene clusters recovered
encoded proteins <7 kda which accounted for 117,222 proteins in the tentacle transcriptome

and 14 proteins in the venom proteome.

More importantly our pipeline did not exclude toxins without a signal peptide, as is done in
most toxin pipelines. The assumption used in these other studies is that proteins require a
signal peptide in order to be secreted and be trafficked into venom. However, we found 40
toxin gene clusters (29%) in the venom proteome that did not have a signal peptide present,
with 74% of gene clusters in the venom proteome overall not containing a signal peptide.
Many of the toxin gene clusters obtained from our RNA transcriptomics lacked the N-terminal
methionine required for the start of protein translation. This is one of the limitations of
Illumina sequencing, the 5’ end of the mRNA transcript of genes may not be captured in the
data and thus the N-terminus of a protein containing the signal peptide may be missing.
Moreover, if the ORF prediction is a few nucleotides off from the “true” start, the signal
peptide may not be predicted properly. For these reasons the QUT toxin pipeline does not
rely on the presence of a signal peptide to assign toxins. In addition, the QUT pipeline included
IG-like proteins as a toxin family, and this family has not been included as a toxin in previously
published host sea anemone toxin papers, thus this very large family (300 plus gene clusters)

increased our reported toxin numbers.
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This study was only the second to use a combined transcriptomic and proteomic approach to
study the venom of a host sea anemone. A study by Madio et al. (2017), discovered 12 new
protein families based on cysteine scaffolds and amino acid sequence similarity in the venom
of the host anemone S. haddoni by utilising a combined proteomic and transcriptomic
approach. We were able to identify five of the 12 novel protein families Madio et al. (2017)
found in this S. haddoni study (U2, U8, U9, U11, U12) within the E. quadricolor tentacle
transcriptome, but only U12 was identified in the venom proteome. Interestingly, Madio et
al. (2017) detected U2, U3, U12 proteins only in the venom proteome and did not find gene
transcripts for these proteins in their S. haddoni tentacle transcriptome. Due to our use of the
spectral library to ID the proteins in the proteomic pipeline we were unable to identify any
toxins or other proteins in the venom proteome that were not found in the tentacle
transcriptome, as the amino acid sequence library used to ID the proteome was generated

from our transcriptome library.

5.4.3 Dominant Venom Hypothesis

The dominant venom hypothesis proposed by Smith et al. (2023), suggests that species of sea
anemones are defined by a venom phenotype with one venom function dominating. In the E.
quadricolor transcriptome, we found Coagulation factor V-like from the haemolytic and
haemorrhagic toxin category to be the dominant venom function present; supporting the
dominant venom hypothesis results of Delgado et al. (2022). However, our venom proteome
did not reflect haemolytic and haemorrhagic toxins being the dominant venom function,
instead 1G-like proteins from the unknown toxin category were the dominant functional
category. Only 10% of toxin gene clusters were present in both the tentacle transcriptome
and encoded into the venom proteome, with a number of toxins families not appearing as
proteins in the venom or had a significant reduction in their number. However, all venom
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categories were present in both datasets. This reduction in encoded proteins being present
in the venom results in the shift of dominant phenotype venom categories between the
tentacle transcriptome and venom proteome. According to Madio et al. (2017), the major
toxic component of S. haddonivenom varied depending on the factor used to predict it. When
using the size of the toxin family, enzymatic activity was the dominant toxin component,
whereas at both the tentacle transcript and venom proteome level neurotoxins were
dominant. However, when Delgado et al. (2022) used Madio et al. (2017)’s S. haddoni
transcriptomic data in their own toxin pipeline, haemolytic and haemorrhagic toxins were
predicted to be the main toxin function at the transcript level. This demonstrates the disparity
between different toxin pipelines and the need for a standardised approach across sea
anemone venom research. Furthermore, this highlights the importance of proteomics in sea
anemone venom research, and that caution needs to be applied when using transcript
expression as an accurate predictor of major toxin function in venom (Madio et al. 2017), a
methodology which is often used in snake and arthropod venom research. The ability to
dissect out the venom gland in snakes probably results in the transcriptomic toxin profile
better matching to their venom toxin profile, unlike in sea anemones who lack a centralised
venom gland (Madio et al. 2019) and differ in toxin transcript composition depending on
tissue type sampled (Macrander et al. 2016, Ashwood et al. 2021, Ashwood et al. 2022).
Future studies should also investigate the venom profile of host sea anemone mucus using a
proteotranscriptomic approach, as the mucus covering the host sea anemone’s tentacles is

the main surface that the anemonefish interact with.
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5.4.4 Venom proteome toxin functions

This study uncovered that the toxin profile of the venom proteome of the host sea anemone
E. quadricolor is functionally different to the toxin profile of the transcriptome. Understanding
the different venom toxin components and how they function are important to better
understand the ability of anemonefish to adapt to this venomous environment.

5.4.4.1 Uncharacterised toxins

Five of the top ten toxin families in the venom proteome were from the toxins of unknown
function venom category. The largest component of the venom proteome was
Immunoglobulin-like (1G-like) proteins, accounting for 24.4% of toxin proteins in the venom.
IG-like proteins are included in the QUT toxin pipeline under the assumption that genes that
are highly expressed during venom regeneration (e.g. our 72 hour post milking sample) and
are highly conserved across sea anemone species can be used to indicate putative toxins
(Madio et al. 2017). While it is unclear without biological assays what the function of I1G-like
proteins is in the venom, IG-like proteins are the largest group of natural venom inhibitor
proteins. 1G-like gene superfamily proteins such as oprin, AHF-1 and DMP43 are known to
neutralise snake venom metalloendopeptidases (SVMPs) and phospholipases, and are found
in plasma, serum or muscle of mammals such as mongoose or opossum that are resistant to
some snakebites (Perales et al. 2005, Holding et al. 2016). Natural venom inhibitors allow
venomous species such as snakes for example, to be resistant to their own venom (Bastos et
al. 2016). The conservation and expansion of |G-like proteins in the venom of sea anemones
may enable self-recognition abilities, which prevent the firing of nematocytes when their
tentacles touch (Elliot et al. 1994). Molecular mimicry of host sea anemone mucus is proposed
as a mechanism of anemonefishes resistance to their hosts toxins, the transfer of 1G-like

proteins onto anemonefishes’ mucus could facilitate this process.
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Uncharacterised toxins represented 8.9% of the toxins in the venom proteome. Gene clusters
were allocated to this toxin family when they were unable to be assigned to a functional
venom category based on sequence alignment or toxin domain. Many of these proteins
contained multiple toxin domains making it unclear what function in the venom this protein
will perform or if they have the potential to be cleaved by endopeptidases into multiple
proteins with different toxic functions. Two representatives from Madio et al. (2017)’s novel
U toxins (U15, U12) and a new novel Z toxin from the QUT toxin pipeline (Z3) also featured in
the top ten toxin families in the venom proteome. As 48.8% of toxins in the venom proteome
belong to the unknown venom category, it is clear that our current understanding about sea
anemone venom composition and functionality is still quite limited, and more studies are
required to determine the function of these newly identified ‘toxins’.

5.4.4.2 Haemostatic and Haemorrhagic toxins and Peptidases

Serine proteases (Peptidase S1) were the second largest toxin component of the venom
proteome accounting for 9.6%. As discussed above these toxins can cleave peptide bonds and
are responsible for coordinating blood coagulation. The peptidase S1 proteins in the
proteome all have trypsin domains, which is the largest family of proteases. In the non-host
sea anemone N. vectensis trypsin domains have been found to have many putative functions
including digestion, wound healing, and blood coagulation; with 17 lineages of trypsin in the
common cnidarian ancestor (Madio et al. 2019). However, in comparison to snake venoms
there is a distinct lack of different serine proteases in the venom of sea anemones generally

as these venomous linages evolved separately.

Peptidase M12A proteins were also a dominant toxin component of the venom proteome

accounting for 8.89%. Peptidase M12A has an astacin domain and the ability to cleave
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peptides. Again, it is unclear what role M12A plays in the venom of sea anemones, in spider
venom peptidase M12A is thought to aid in digestion and the permeability of tissue structures
to help spread other toxins into the bloodstream (Trevisan-Silva et al. 2010). In snakes zinc-
dependent SVMPs hydrolyse extracellular matrix components, leading to capillary rupture

and systemic bleeding (Rao et al. 2022).

Despite being the dominant toxin component of the tentacle transcriptome, coagulation
factor V-like toxins were only the sixth highest toxin component of the venom proteome. This
low translation into the venom profile, highlights the unreliability of the tentacle
transcriptome in predicting venom protein composition, with only 2.5% of coagulation factor
V-like toxins transcribed into the proteome. Coagulation Factor V-like toxins have a F5/8 type-
C domain, which is highly conserved and promotes binding to anionic phospholipids on the
surface of platelets and endothelial cells, causing blood coagulation (clotting) (Bos et al.
2009), so clearly these proteins could form part of the anemones’ toxic repertoire to kill prey.
5.4.4.3 Pore Forming and Neurotoxins

Neurotoxins were the second most diverse venom category and the third largest toxin
component in the tentacle transcriptome with nine toxin families identified. However, only
three of these families (ShK-like, CRISP & NEP 3 family) were found in the venom proteome.
ShK-like neurotoxins were in the top ten of expressed toxin families and are type one Voltage-
gated potassium (Ky) channel blockers. ShK is a 35 amino acid peptide first isolated from
Stichodactyla helianthus whole body extracts as a potent Ky 1 channel blocker (Castafieda et
al. 1995) and this study demonstrate SHK like proteins are present in E. quadricolor venom.
The ShK domain is known to be found in combination with other toxins domains such as

serine peptidases and phospholipase A; (Castafieda et al. 1995). An analogue of this peptide
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is under clinical trial for the psoriasis treatment (Shafee et al. 2019), which highlights the
potential for drug development from these newly discovered novel Shk-like proteins in E

quadricolor.

The pore forming toxin DELTA-actitoxin-Ucsla rounded out the top ten toxic components of
the venom proteome, despite not making the top ten in the tentacle transcriptome. This
cytolysin was purified from the non-host sea anemone Urticina crassicornis whole body
extracts and permeabilises small lipid vesicles causing hemolysis (Razpotnik et al. 2009). Thus
all of the E. quadricolor orthologues of this sequence would contribute to the haemolysis
activity elicited by E. quadricolor whole body extracts (Mebs 1994) and that is regularly
observed in venom in our lab (Hoepner et al. 2019) (Appendix S7.2). Moreover, the cytolysin

sequence observed by Mebs (1994) is present in four of our sequences.

Twenty six percent of neurotoxins and six percent of pore forming toxins in the transcriptome
encoded proteins <10kda but there were not any neurotoxins or pore forming toxins in this
range identified in the venom proteome. Overall, there were 182,612 gene clusters with
amino acid translations <10kda, but only 43 proteins were identified in the venom proteomic
data in this size range. It remains unclear if the lack of neurotoxins and pore forming toxin
families in the venom proteome is a result of our proteomic approach being optimal for
detecting proteins, and therefore it would require a proteomics workflow optimised to
identify peptides/proteins < 10 kDa; or that these toxins are not secreted into the venom
proteome which aids the establishing of a symbiotic relationship with sea anemones. Delgado
et al. (2022) suggested that host sea anemones produce less neurotoxin transcripts compared
to non-hosts and observed that E. quadricolor has less neurotoxins that other host sea

anemones. Thus, an alternative hypothesis to explain symbiosis could be that host sea

130



anemones when in association with anemonefishes reduce the number of neurotoxin families
secreted into their venom, thereby enabling the association with anemonefishes to exist. This

hypothesis is further explored in chapter 6.

5.4.5 Hydra Nematocyte matches

Only 27% of Hydra nematocyte matched transcripts were translated into proteins that appear
in the venom. Most of the nematocyte families present in the tentacle transcriptome were
also present in the venom proteome, albeit at lower numbers. Unlike the loss of multiple toxin
families observed during translation into the venom. We did not specifically extract and test
the proteome of E. quadricolor nematocytes, and this could account for some of the lack of
hydra nematocytes matches in the venom proteome. Kashimoto et al. (2022) found several
putative nematocyte genes that were relatively uniform across all host sea anemones
identifying 20 potentially important nematocyte genes involved in hosting anemonefishes.
However, in our findings many of the transcripts for the main structural components of the
nematocyte wall identified by Kashimoto et al. (2022) in E. quadricolor were not present in
our transcriptomic data e.g. CPP-1 and Minicollagen 3,10, 15. Kashimoto et al. (2022)
identified only five gene transcripts of minicollagen-21 in the tentacle transcriptome of E.
quadricolor compared to 8-10 transcripts in Stichodactyla sp. and H. magnifica. Our study
identified 13 gene clusters of minicollagen-21 (structural proteins) in the tentacle
transcriptome, this is the only minicollagen observed in our results with no minicollagen
proteins identified in the venom proteome. Kashimoto et al. (2022) found one transcript of
Lipase-3 (other enzymes) in E. quadricolor, whereas our study identified 12 clusters from this
gene family in the transcriptome but only one Lipase-3 protein was present in the venom.
However our results do support Kashimoto et al. (2022) in the finding that E. quadricolor lacks

D-galactoside/L-rhamnose-binding SUEL lections (structural proteins/other ECM motif
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proteins) with only one gene cluster found in the tentacle transcriptome and this protein not
being identified in the venom proteome. Chapter 3 found that although host sea anemones
fire fewer nematocytes at acclimated and familiar anemonefishes, they maintain a higher
standard level of firing at damselfish or even unacclimated anemonefishes; demonstrating
that host sea anemones need to maintain production of the proteins to build nematocytes

even when anemonefishes are present.

5.5 Conclusion

This study has provided the first proteotranscriptome profile of the most popular host sea
anemone, E. quadricolor. Focusing on the toxin and nematocyte gene profile, we found that
only a subset of transcripts produced are encoded into toxin or nematocyte proteins that
appear in the venom. This work also raises the perils of defining a dominant venom type based
on transcriptomics data alone, as we found that the dominant venom type differed between
the transcriptome and proteome. Moreover, anemonefishes interact with sea anemone
proteins rather than sea anemone RNA transcripts, so it is important when determining the
dominant toxin type to examine the actual toxins that are present in host sea anemone
venom and mucus which anemonefishes are known to interact. Furthermore, toxins make up
such a small proportion of proteins in the venom proteome revealing that there is very little
knowledge about other proteins present in venom and the role that they play. This
comprehensive venom profile of E. quadricolor can be used to inform future investigation into
anemonefishes toxin resistance, particularly in relation to IG-like proteins and their potential

role as venom inhibitors for anemonefishes.
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6.1 Introduction

Cnidarian venom is well recognised as a potential source for drug discovery and therapeutics;
however, little research exists into the ecological factors that may influence toxin production
and use (Hoepner et al. 2019, O'Hara et al. 2021, Delgado et al. 2022). Sea anemone venom
is the most well-characterised of cnidarian venoms (Prentis et al. 2018), yet only a few in-
depth studies on a small number of species exist (Nematostella vectensis Putnam et al. 2007,
Aiptasia Baumgarten et al. 2015, Exaiptasia pallida Shum et al. 2022). A review by O'Hara et
al. (2021), explored the ecological factors that may impact cnidarian venom composition and
found that their venom can be highly plastic and does respond to environmental changes.
Many cnidarian species form mutualisms with organisms ranging from microscopic algae to
vertebrates, and these associations have been shown to be of evolutionary importance with
effects on distribution, ecology and behaviour (Bingham et al. 2014, Titus et al. 2019),
however there has been little consideration into the impact of symbiosis on venom
production. Venom production has positioned sea anemones to be an ideal symbiotic partner
for exosymbionts who are protected from predators as they shelter amongst their venomous
tentacles (Mebs 2009, Burke da Silva and Nedosyko 2016). The sea anemone’s ability to
produce venom has also benefited from another symbiotic relationship, with 85% of their
daily nutrient budget provided by endosymbionts (Lonnstedt and Frisch 2014, Cantrell et al.
2015). Thus, sea anemones may not have to exert as much energy sourcing prey and can
divert that energy into optimising their venom composition when in association with

symbionts.

One of the most iconic symbiotic relationships, is the tripartite symbiosis between host sea

anemones, a photosynthetic alga (zooxanthellae) and anemonefishes. Zooxanthellae
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(Symbiodiniaceae sp.) are intercellular algae that live within the tissue of sea anemones and
via photosynthesis provide their host with energy. Sea anemones in return provide inorganic
nutrients from their metabolism to the Symbiodiniaceae sp. Host sea anemones, have also
evolved an association whereby anemonefishes live and reproduce within their venomous
tentacles where they are protected from predation (Holbrook and Schmitt 2004). The
anemonefishes in return defends their host sea anemone from predators, and when in
association increases growth and reproduction of the sea anemone by providing nutrients
from faeces and increased oxygenation from swimming amongst the tentacles (Szczebak et
al. 2013, Frisch et al. 2016, Schligler et al. 2022). This tripartite symbiosis creates a closed loop
of nutrient and energy transfer, where both inorganic and organic carbon and nitrogen
compounds are recycled between all three symbionts (Roopin et al. 2008, Cleveland et al.

2010, Roopin et al. 2011, Verde et al. 2015) (Fig 6.1).
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Host sea anemone

Figure 6.1: Tripartite symbiosis between host sea anemones, zooxanthellae and
anemonefishes. Solid arrow indicates direct transfer between symbionts. Broken arrow
indicates indirect transfer via host sea anemone. Updated from (Roopin et al. 2011).
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Of the approximately 1170 sea anemone species (Rodriguez et al. 2022), only ten species from
three unrelated families (Thalassianthiade, Actinidae, Stichodactylidae) (Titus et al. 2019),
form associations (as hosts) with one or more of the 28 species of anemonefishes
(Amphiprion) (Fautin 1991, Burke da Silva and Nedosyko 2016, Tang et al. 2021). Despite
decades of study into the mechanism behind host sea anemone and anemonefishes
symbiosis, it remains unclear how anemonefishes can live unharmed within the venomous
tentacles of their host sea anemone (Fautin 1991, Mebs 2009, Burke da Silva and Nedosyko
2016, Hoepner et al. 2022). To-date studies exploring anemonefishes and sea anemone
symbiosis have solely focused on the anemonefishes with little to no inquiry regarding the
role of the host sea anemone and the evolution of sea anemone venom when in a symbiotic
relationship. In order to understand the mechanisms that enable this symbiosis to occur, a
more thorough picture of venom composition is required. As both symbionts benefit from
their relationship, it is important to consider mechanisms that host sea anemones utilise to

enhance their appeal as a host for anemonefishes.

Nedosyko et al. (2014) found variation in toxicity across the ten-host sea anemone species;
with host sea anemones with a middle range toxicity forming more associations with
anemonefishes species than species with a high or low toxicity. However, it is not known how
toxicity of host sea anemones compares to non-host sea anemone species. The dominant
venom hypothesis (Smith et al. 2023) suggests that venom of sea anemones is largely
influenced by a single toxin family, under high positive selection which causes rapid
diversification. Delgado et al. (2022) found that haemolytic and haemorrhagic toxins are the
most prevalent and diverse toxin category found at the transcriptome level in species of host

sea anemones, however, in chapter five we showed that in the venom proteome unknown
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toxins were the dominant venom category and many toxins expressed in the tentacle did not
get transferred into the venom as proteins, within the most preferred host sea anemone
species, E. quadricolor. Alternatively, species of non-host anemones are generally neurotoxin
dominant at the RNA transcript level (Macrander et al. 2015, Delgado et al. 2022, Smith et al.
2023). This finding indicates that the development of anemonefishes resistance to host sea
anemone venom may be focused on a single venom category, rather than the development
of resistance to the venom as a whole. This has led us to the hypothesis that the host sea
anemone may adapt their venom to provide an optimal environment for their anemonefish
symbionts to exist in. A high neurotoxic environment would be potential lethal for a
vertebrate symbiont and thus a reduction in neurotoxin venom content could aid in the
establishment and maintenance of a symbiotic relationship. Further, if you have a symbiont,
you may not need to invest as much energy into producing protective and hunting toxins, as
anemonefishes are known to protect their host sea anemone from predators while also
providing added nutrients (Fig 6.1). Non-host sea anemone species likely require more energy
and toxin development for capturing prey and for protection compared to host sea anemones

that are aided by their symbionts.

In this study, we experimentally investigate the influence of symbiosis with A. percula
anemonefish on the tenacle transcripts and venom proteins of E. quadricolor, the most
popular host sea anemone. This study focused on the role the sea anemone itself may play in
the establishment of their iconic symbiosis, through the potential alteration of their venom
in the presence of anemonefishes using a proteotranscriptomic approach. As host sea
anemones benefit from their association with anemonefishes, making changes to their venom

composition to provide a more optimal venomous environment for their symbiont
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anemonefish to acclimate to, would promote the establishment and evolution of this

symbiotic relationship.

6.2 Materials & Methods

Chapter 6 follows on from the animal experiment, transcriptomics and proteomics methods

that were described in detail in chapter 5.

6.2.1 Experimental set-up and tentacle collection

See chapter 5 for the experimental design used to collect tentacle and venom samples from
E. quadricolor during hosting and non-hosting periods with anemonefish (A. percula). Briefly,
three tentacle samples were taken from each sea anemone (n=6) during the non-hosting
period (Fig 1). Each sea anemone was then milked for venom as previously described by Sencic
and Macek (1990) & Hoepner et al. (2019). Another three tentacles were collected 72 hours
post milking (Madio et al. 2017) after which a pair of A. percula were added to each tank for
a three week acclimation period. Tentacle and venom sampling was then repeated for the

hosting period.

6.2.2 Transcriptomics

6.2.2.1 Transcriptome assembly and differential gene expression analysis

See chapter 5 for details of the RNA sequencing and the assembly of a transcriptome E.
quadricolor. Differential gene expression (DGE) analysis took place using the DESeq2 v.1.30.1
(Love et al., 2014) package in R 4.0.3 (R Core Team, 2020). RNA seq data from each sampling
point was compared back to the assembled transcript to get read counts for transcripts in
each individual data set (n=24). Genes with low abundance were filtered to retain only those
which obtained a normalised read count of at least 10 within two or more samples (Appendix

S6.1). A P-value threshold of 1e-3 was used to determine statistical significance with default
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DESeq2 testingi.e., the Wald test. After low abundance gene filtering (normalised read count
of at least 10 within two or more samples) and clean up there were 86,336 gene clusters
(representing 312,841 transcripts), of which 55.3% (47,738 gene clusters) were unannotated.
This set of gene clusters was eligible for differential gene expression analysis of the tentacle
transcriptome.

6.2.2.2 Gene annotation and functional enrichment analysis

Enrichment of GO terms within groups of genes identified as being differentially expressed
was assessed using GOseq v.1.42.0 (Young et al., 2010) in R. A P-value threshold of 0.05 was

used here to determine statistical significance.

6.2.3 Proteomic analysis

The spectral library created in Chapter 5 was used as a database to perform Data Independent
Analysis (DIA) MS analysis of individual venom samples to determine if the protein
composition of anemone venom changed when hosting anemonefish.

6.2.3.1 Venom protein extraction and trypsin digestion for DIA analysis

Lyophilized venom from four E. quadricolor individuals in the non-hosting period and four E.
quadricolor individuals in the hosting period underwent proteomics analysis at the Flinders
University Omics Facility. Following the same methods as chapter 5, 10 ug from each
individual sample where reduced and alkylated, approximately 0.9-1.5 ug of peptides was
recovered from each of the eight samples as measured by a NanoDrop. See Appendix S6.1 for
details.

6.2.3.2 DIA differential protein expression

For differential protein expression analysis, approximately 1ug of tryptic peptides (6.4 ul)
from each individual sample was injected into a PepMap™ 100 trap column (0.3 x5 mm, 5 um

C18, Thermo Fischer) using the methods described in Chapter 5 (5.4.2). In these individual
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runs data was acquired in independent mode (DIA) (30 sec peak width, default charge = 3)
using RunStart EASY-IC™ as the internal mass calibration. DIA data was collected between

350-1200 Da m/z range in windows ranging between 16-91 Da m/z (Table 6.1)

Table 6.1: M/Z windows used for DIA aquisation.

M/Z range for DIA M/Z range for DIA
/ .g ) M/Z window / .g . M/Z window
aquisation aquisation
350-404 53 784-808 23
402-424 21 807-833 25
422-441
18 832-859 26

440-459
456-474

831-860
473-491 17 28

859-888
490-508
504-521 16

887-919 31
520-537
534-552 17 918-954 35
550-567 16 953-994 40
564-582
581-599
598-616 17 993-1044 50
615-633
632-650
649-668
667-686 18 1043-1109 65
685-704
703-724
723-744 20 1108-1200 91
743-764
763-786 22

Spectronaut software V16.022 (Biognosys AG, Schlieren, Switzerland) was used for peak
detection and deconvolution of the spectra utilising the spectral library created in Chapter 5
and to determine levels of the proteins detected. During the normalisation process one of the

four non-hosting data sets was removed from the DIA differential expression analysis due to
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too low peak intensities (Appendix S6.2) so the comparison became three non-hosting

samples and four hosting samples.

6.2.4 Data Analysis

Statistical analyses were undertaken using the statistical software R (R Core Development
Team 2013) using base R functions unless otherwise stated. Generalized principal
components analysis for dimension reduction of non-normally distributed data (GLM-PCA)
was used to compare the tentacle transcriptome between hosting and non-hosting using the
R package “glmpca”. PERMANOVA was run using adonis2 from the R package ‘vegan’ (Dixon
2003). Heatmaps of differential gene expression were created using the R package
“pheatmap” with rows scaled using z-scores (x - mean(x)) / sd(x). Differential expression of
putative toxins and nematocyte hits were visualised using PieDonut from the ‘webr’ R
package. Venn diagrams were generated using

https://bioinformatics.psb.ugent.be/webtools/Venn/.

6.3 Results
6.3.1 Influence of symbiosis on Entacmaea quadricolor transcripts and proteins

E. quadricolor tentacle gene expression was significantly different between the hosting and
non-hosting periods (p<0.0001) (Fig 6.2A, Table 6.2). There was no significant differences in
gene expression levels between the tentacle samples taken at 0 and 72 hours after milking
venom in both the hosting and non-hosting periods (Fig 6.2A, Table 6.2, Appendix S6.3).

Therefore the 0 and 72 hour timepoint were combined for this analysis.

There were 5,633 gene clusters that were differentially expressed (p<0.001) between hosting
and non-hosting E. quadricolor tentacle transcripts (2% of 279,274 gene clusters in tentacle

transcriptome — see chapter 5), with 3,649 gene clusters matching to 2,078 UniRef90 hits.
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Differential gene expression analysis showed a clear split between gene clusters that
increased their expression levels during hosting (54.6%, 3,096 gene clusters) and those that
decreased expression levels during hosting (45.4%, 2,537 gene clusters) (Fig 6.2B). There were
827 unannotated gene clusters (26.7% of 3,096 gene clusters) that increased expression with
hosting and 1,157 unannotated gene clusters (45.6% of 2,537 gene clusters) that decreased

expression with hosting.

Four hundred and eighty-eight venom protein gene clusters were differentially expressed
(g<0.05) (17.8% of 2,736 gene clusters in the venom proteome - see chapter 5), matching 287
UniRef90 hits. The DIA differential protein expression analysis showed the opposite trend to
the tentacle transcriptome with the majority of differentially expressed proteins decreasing
with hosting (61.9%, 302 gene clusters) (Fig 6.2C). Differentially expressed venom proteins

had only eight unannotated gene clusters, all that decreased with hosting.

6.3.2 Differentially expressed gene ontology

To better understand the functions of differentially expressed tentacle transcripts, Gene
Ontology (GO) terms were assigned. There were 270 Biological Process GO terms assigned to
gene clusters whose expression decreased with hosting and 98 Biological Process GO terms
assigned to gene clusters whose expression increased with hosting. Figure 6.3 shows the top
20 most significant biological process GO terms based on number of gene clusters assigned
that decrease with hosting (Fig 6.3A) and increase with hosting (Fig 6.3B). Of the top 20
biological process GO terms that increased with hosting, 11 were present in the top 20
biological process GO terms from the whole E. quadricolor transcriptome (orange stars Fig
6.3B) (see chapter 5 table 5.2), however, there were no biological process GO terms that

decrease with hosting present in the top 20 of the E. quadricolor transcriptome. Nine of the
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top 20 biological process GO terms upregulated and one from the top 20 biological process
GO terms downregulated were identified by Barua et al. (2022) as co-expressed in the

evolution of hosting anemones compared (purple stars Fig 6.3) (Table 6.3).
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Figure 6.2: Influence of symbiosis on Entacmaea quadricolor tentacle transcripts and venom
proteins A) Generalized principal components analysis for dimension reduction of non-
normally distributed data (GLM-PCA), showing separation between the E. quadricolor tentacle
transcript levels during the hosting and non-hosting periods. B) Gene clusters that were
differentially expressed by the E. quadricolor tentacles during the hosting and non-hosting
periods. Rows scaled using z-scores (x - mean(x)) / sd(x). P value <0.001. n=5,633
differentially expressed gene clusters (total n=24). C) Volcano plot of differentially expressed
proteins from E. quadricolor venom proteome. Red dots are the venom proteins that are up or
down regulated during hosting (total n=7).
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Table 6.2: PERMANOVA of transcriptome expression between hosting and non-hosting
periods (Bold indicates significance)

df Sum of Sqgs R? F. Model Pr(>F)
1 0.023373 0.17101 4.8762 0.0001
1 0.008061 0.05898 1.6818 0.0943
anemonelD 1 0.009403 0.06880 1.9618 0.0584
symbiosis:hours 1 0.004602 0.03367 0.9601 0.4492
1
1
1

Symbiosis (Hostng/Non-Hosting)
Hours (Ohours/72hours)

0.003757 0.02749 0.7838 0.6078
0.006775 0.04957 1.4134 0.1744
symbiosis:hours:anemonelD 0.004013 0.02936 0.8373 0.5542
Residual 16 0.076691 0.56112
Total 23 0.136675 1.00000

symbiosis: anemonelD
hours: anemonelD

Table 6.2: Biological process GO terms identified by Barua et al. (2022) as co-expressed in
the evolution of hosting anemones, that were also found in our study as differentially
expressed at the RNA level in tentacles.

co-expressed in the evolution of

. GO Term
hosting anemones

downregulated Small molecule metabolic process

RNA metabolic process
Organic cyclic compound metabolic process
Nucleobase-containing compound metabolic process
Nucleic acid metabolic process
upregulated Nitrogen compound metabolic process
Macromolecule metabolic process

Heterocycle metabolic process

Cellular nitrogen compound metabolic process

Cellular aromatic compound metabolic process
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6.3.3 Differentially expressed putative toxins

There were 77 toxin gene clusters that were differentially expressed between hosting and
non-hosting E. quadricolor tentacle transcripts (6.2% of 1,251 toxin gene clusters — see
chapter 5, figure 5.4A), from 22 toxin families across seven venom function categories
matching to 41 UniRef90 hits. Comparatively, only 38 toxin gene clusters were found to be
differentially expressed between the hosting and non-hosting venom samples (28.1% of 135
putative toxins — see chapter 5, figure 5.4B), from 20 toxin families across seven venom
categories matching to 25 UniRef90 hits. Nine toxin families from six venom categories that
were found to be differentially expressed at the RNA level were also differentially expressed

in the venom samples (Appendix S6.4). There were an additional ten toxin families
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Figure 6.3: A) Top 20 most significant biological processes GO terms for differentially expressed gene clusters that decrease with hosting B) Top
20 most significant biological processes GO terms of differentially expressed gene clusters that increase with hosting. n=5,633 differentially
expressed gene clusters. Size of circles represents the number of differentially expressed gene clusters associated with the specific GO terms.
Horizontal axis represents increasing significance of the association. GO terms cut off at the x axis are significant beyond the limit of reporting.
Orange stars indicate GO terms in the Top 20 GO terms in the Entacmaea quadricolor transcriptome (chapter 5 Table 5.4A). Purple Stars indicate
Top 20 GO terms identified by Barua et al. (2022) as A) downregulated B) upregulated, and co-expressed in the evolution of hosting anemones
compared to non-hosts (see Table 5.1 below).
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that were differentially expressed at the protein level in venom where no evidence of
differential expression was observed at the RNA level. Moreover 12 toxin families that
were differentially expressed at the RNA level in the tentacles, were not observed as
proteins in the venom. There were no pore forming tentacle transcripts that were found
to be differentially expressed, whereas pore forming venom proteins accounted for 7.9%
differentially expressed gene clusters of with two gene clusters decreasing with hosting
and one gene cluster increasing with hosting. Allergen and innate immunity toxins were
the only venom category not to have any differentially expressed venom families in the

venom (tentacle transcripts did show DE in this category).

Overall, there was a clear split in both the tentacle transcripts and venom proteins
between gene clusters that increased with hosting or decreased with hosting (Fig 6.4). A
lower number of tentacle transcripts gene clusters increased with hosting (28.6%, 22 toxin
gene clusters), compared to those gene cluster that decreased with hosting (71.4%, 55
toxin gene clusters) (Fig 6.4A). Haemostatic and haemorrhagic toxins represented the
majority of toxin gene clusters that increased with hosting (40.9%, 9 gene clusters)
followed by unknown toxins (27.3%, 6 gene clusters) (Fig 6.4C). Only a single neurotoxin
type increased with hosting (ICK-like, 3 gene clusters), whereas neurotoxins represented
the majority of toxin gene clusters that decreased with hosting (36.4%, 20 gene clusters)
after unknown toxins (49.1%, 27 gene clusters) (Fig 6.4B). In the venom the majority of
putative toxins differentially expressed decreased with hosting (71.1%, 27 gene clusters)
compared to those that increased with hosting (28.9%, 11 gene clusters) (Fig 6.4D).
Unknown toxins represented the majority of proteins that decreased with hosting (33.3%,

9 gene clusters) and increased with hosting (72.7%, 8 gene clusters) (Fig 6.4 E/F).
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Figure 6.4: Differentially expressed (DE) toxin gene clusters from Entacmaea quadricolor. Inner
circle is venom function and outer circle toxin family. A) DE toxin tentacle transcripts B) DE
toxin tentacle transcripts that decrease with hosting, C) DE toxin tentacle transcripts that
increase with hosting, D) DE toxin venom proteins, E) DE toxin venom proteins that decrease
with hosting, F) DE toxin venom proteins that increase with hosting. % = percentage of DE, n=
number of gene clusters.
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Table 6.3: Comparison of the top toxin families differentially expressed based on gene
cluster number in A) Tentacle transcripts B) Venom proteins

RNA gene Protein gene

A) Toxin family clusters clusters
Increase with hosting
Coagulation factor V-like 8 1
1G-like 5 2
ICK-like 3 0
Peptidase M12A 3 1
Decrease with hosting
Uncharacterised toxins 21 2
ShK-like 10 0
NEP 3 2
U1z 3 2
Kazal-like 3 0
Toxin family Protein gene RNA gene
B) clusters clusters
Increase with hosting
Z3 4 0
IG-like 2 5
Uncharacterised toxins 2
Decrease with hosting
Peptidase M12A 4 2
uis 4 0
PLA2 3 0
Venom kunitz type family 3 0

At the toxin family level, differential expression between tentacle transcripts and venom
proteins were vastly different. Coagulation factor V-like toxins had the most tentacle
transcripts that increased with hosting (Table 6.3A), whereas in the venom, toxins of
unknown function including Z3 and uncharacterised toxins increased the most with
hosting (Table 6.3B). IG-like proteins had both tentacle transcripts and venom proteins
that increased with hosting. None of the top tentacle transcript toxin families that
decreased with hosting were in the top venom protein toxin families that decreased with

hosting. In fact, in the tentacle transcripts Peptidase M12A was one of the top toxin
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families that increased with hosting, whilst Peptidase M12A was one of the top toxin

families that decreased with hosting at the protein level.

6.3.4 Differentially expressed Hydra nematocyte matches

There were 87 tentacle transcript gene clusters that matched to Hydra nematocysts that
were differentially expressed between the hosting and non-hosting E. quadricolor host
sea anemone tentacle transcripts (22.4% of 388 nematocyte gene clusters — see chapter
5, Figure 5.6A), from all eight nematocyte categories. Whereas there were 39 venom
protein gene clusters that are found in Hydra nematocysts that were differentially
expressed (36.8% of 106 nematocyte proteins — see chapter 5), from six nematocyte
categories. Thirteen tentacle transcript nematocyte families from six nematocyte
categories found to be differentially expressed were also differentially expressed in
venom (Appendix S6.5). There was only one nematocyte family that was differentially
expressed at the protein level in venom where no evidence of differential expression was
observed at the RNA level. While five nematocyte categories that were differentially
expressed at the RNA level in the tentacles, were not observed to be differentially

expressed in the venom.

Again, there was a clear split between tentacle transcripts and venom proteins that
matched to Hydra nematocytes that increased with hosting or decreased with hosting (Fig
6.5). Only 15% of differentially expressed tentacle transcripts gene clusters that matched
to Hydra nematocytes increased expression with hosting (13 gene clusters), with 85%
nematocyte gene clusters decreasing expression with hosting (74 gene clusters) (Fig 6.5A).
Other enzymes represented the majority of nematocyte gene clusters that increased with

hosting (76.9%, 10 gene clusters), and this category was dominated by lipase class 3
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domain protein (Fig 6.5B). Novel proteins (as defined by Balasubramanian et al. (2012))
represented 23% (20 gene clusters) of gene clusters that decrease with hosting followed
by structural proteins (19.5%, 17 gene clusters) (Fig 6.5C). Myosin motor domain protein,
a structural protein, was the only venom protein hydra nematocyte match to increase
with hosting, with 38 gene clusters from six venom protein nematocyte categories
decreasing with hosting (Fig 6.4D). Metabolic enzymes and peptidases represented 23.7%
and 26.3% respectively of hydra nematocyte matched proteins that decreased with

hosting, with metallopeptidases dominating (9 gene clusters) (Fig 6.4E).

6.3.5 Matched differential expression of transcripts and proteins

Despite major differences in the number and type of genes differentially expressed in the
tentacle and at the protein level in the proteome there were a number of cluster IDs that
were shown to have both tentacle transcripts and the venom proteins differentially
expressed (Fig 6.5). The matched differentially expressed nematocyte hits and putative
toxins are listed in table 6.4. Putative toxins that are differentially expressed across both
the tentacle transcriptome and venom proteome, all decreased with hosting and
represented neurotoxins auxiliary toxins and a single uncharacterised toxin (also present
in the Hydra nematocyte hits). Hydra nematocyte hits that are differentially expressed
across both tentacle transcripts and venom proteins were from four nematocyte
categories (other enzymes, metabolic enzymes, peptidases, structural proteins). All Hydra
nematocyte matches (except one) in the venom proteins along with the majority of
tentacle transcripts decreased with hosting. Interestingly, lipase class 3 domain protein
and ADP-ribosyl cyclase tentacle transcripts gene clusters increased with hosting in the

whereas venom protein gene clusters decreased with hosting.
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Figure 6.5: Differentially expressed (DE) proteins from Entacmaea quadricolor that match to set of
nematocyte proteins from Hydra. Inner circle is Nematocyte category and outer circle nematocyte
family. A) DE nematocyte matched tentacle transcripts, B) DE nematocyte matched tentacle
transcripts that decrease with hosting, C) DE nematocyte matched tentacle transcripts that increase
with hosting, D) DE nematocyte matched venom proteins, E) DE nematocyte matched venom proteins
that decrease with hosting and F) DE nematocyte matched venom proteins that increase with hosting.

% = percentage of DE, n= number of gene clusters.
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Figure 6.6: Venn diagram of unique cluster IDs differentially expressed (DE) between
tentacle transcripts (blue), venom proteins (red) or both (middle). A) DE nematocytes B)
DE putative toxins, C) DE other
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Table 6.4: Genes clusters that were identified as differentially expressed between tentacle
transcripts (TT) and venom proteins (VP). *DE in both nematocytes and venom profiles

Cluster ID Protein Hit Category T VP
Cluster-31550.83352/ Lipase, class 3 domain

Cluster-31550.83348 protein QPRI 2

Cluster-31550.54624/ . . Structural
Cluster-3155054621  \OWA-like protein proteins 2 -
Cluster-31550.83191  vWFA domain protein StructL.JraI = =

proteins
Cluster-31550.135312 TANP3 Novel proteins - -
*Cluster-31550.87127 sTANP21 Novel proteins - -
Cluster-31550.52463  Peptidase M13 protein Peptidases - -
Cluster-31550.151378  Peptidase M1 protein Peptidases - -

Peptidase family M2
Hydra Cluster-31550.137281 Angiotensin converting Peptidases - -
nematocyte enzyme
matches Cluster-31550.104700  Peptidase S8 protein Peptidases - -
ADP-ribosyl cycl
Cluster-31550.108555 POV EYEIaS€  Other Enzymes  + -
protein

Cluster-31550.101665 Arylsulfatase B related  Other Enzymes - -

Metaboli
Cluster-31550.119061 Cap A2 protein etabolic - -

enzymes
Cluster-31550.141798 Peptidase M14 protein Peptidases - -
Cluster-31550.112117 Gamma- Metabolic

glutamyltranspeptidase enzymes
Cluster-31550.61837  Peptidase M13 protein Peptidases - -
Cluster-31550.149429 Bile acid.glucosi{jase Metabolic i i

domain protein enzymes
Cluster-31550.107594 protein piccolo-like Neurotoxin - -

uncharacterized .
Cluster-31550.107670 protein LOC116291117 Neurotoxin - -

Putative uncharacterized Uncharacterised
. * - - -
toxins Cluster-31550.87127 |+ cin LOC116301037 toxin

Cluster-31550.137819 blastula protease 10 Auxiliary - -
Cluster-31550.136264 Metalloendopeptidase Auxiliary - -

154



6.4 Discussion

This study is the first to provide experimental evidence showing significant changes that
occur within host sea anemone transcripts and proteins when in the presence of a
symbiotic partner, the anemonefish. Work previously done to understand the
mechanisms that enable this relationship, have focused on understanding adaptations
that occur within the anemonefish; with very little consideration for the role the sea
anemone host may play in the establishment and maintenance of this symbiosis. We have
categorically demonstrated here that sea anemone hosts play a highly active role in this
symbiotic relationship by making extensive changes to their transcriptome and proteome
when anemonefish are present, thereby adjusting their hostile venomous environment to

a more habitable site for hosting anemonefish.

We found that after three weeks of living symbiotically with an anemonefish partner, both
tentacle transcripts and venom proteins of a host sea anemone are significantly different
from the transcripts and proteins present before association with anemonefish.
Approximately 2% of tentacle transcript gene clusters were identified as differentially
expressed, with a much greater proportion of venom proteins (18%) differentially
expressed. Marcionetti et al. (2019) concluded that the establishment and maintenance
of sea anemone and anemonefish symbiosis may only have required a few gene changes
and small variations in expression level, thus indicating that the number of differentially
expressed genes we found could be sufficient to explain the association between

anemonefish and host sea anemones.

Barua et al. (2022) found that symbiotic associations with anemonefish and

Symbiodiniaceae influenced gene expression in the tentacles of host sea anemones,
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particularly in relation to metabolism and biosynthesis of organic compounds. This
tripartite symbiosis creates a closed nutrient loop, with each symbiont providing the other
partners with a combination of nutrients, shelter and protection (Roopin et al. 2008,
Cleveland et al. 2010, Roopin et al. 2011, Verde et al. 2015). Sea anemones are provided
with up to 85% of their daily nutrient budget by endosymbionts (Lonnstedt and Frisch
2014, Cantrell et al. 2015), which enables them to be less reliant on catching their own
food. Venom composition can subsequently be less targeted for hunting (neurotoxins)
and more targeted towards defence or in the case of host sea anemones, in providing the
optimal venomous environment for their exosymbioant, the anemonefish. Dutertre et al.
(2014) found that the venom composition of cone snails differed significantly between
defensive and predatory stimuli, with very little overlap in venom profile.
Proteotranscriptomic analysis showed that both predation and defence-evoked venom
were produced in the venom duct of the cone snail, with stimulus-dependent
spatiotemporal release of toxins from different segments of the venom duct (Dutertre et
al. 2014). This allows the cone snail to rapidly produce and release two distinctive venom
types depending on the need that arises. Similarly, sea anemones have been shown to
have distinctive venom profiles in different tissue types (Macrander et al. 2016, Ashwood
et al. 2021, Ashwood et al. 2022), as they do not have a centralised venom gland (Madio
et al. 2019). Thus, hosting sea anemones may have developed mechanisms that allow

them to optimize their venom profile when anemonefish are present.

Altering their venom profile may help sea anemones to maintain associations with their
symbionts, especially during suboptimal environmental conditions. For example,

anemonefish increase host sea anemone resilience to bleaching events that result in the
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loss of their zooxanthellae endosymbionts (Pryor et al. 2020) and thus ensuring that this
relationship is maintained is essential to host sea anemone survival. Hoepner et al. (2019),
found that E. quadricolor was able to maintain venom toxicity even when bleached. The
mechanism that they use is size reduction (up to 74% reduction in size due to bleaching
(Hobbs et al. 2012)) Indicating that the maintenance of their venom composition is
importance not only for the sea anemone but for their continuing association with
anemonefish who in return supply nutrients to support the recruitment of new
endosymbionts and recovery of size (Pryor et al. 2020). Demonstrating that venom is
essential to the establishment and maintenance of the tripartite symbiosis between host
sea anemones, Symbiodiniaceae and anemonefish particularly when exposed to bleaching

events that are predicted to increase in frequency into the future (Pryor et al. 2020).

Eleven of the top 20 tentacle transcript biology process GO terms that increased with
hosting, were also present in the top 20 most frequently occurring biology process GO
terms in the E. quadricolor transcriptome (as discussed in chapter 5), indicating that many
of the gene clusters that increase with hosting are important to the function of the sea
anemone tentacle. Barua et al. (2022) assessed the transcriptome of eight species of host
sea anemones to identify genes co-expressed in the evolution of hosting anemonefish
compared to sea anemones that are non-hosts. Nine of the top 20 biology process GO
terms that we identified as increased whilst hosting, were also present in the top 20 co-
expressed GO terms that were upregulated in the evolution of sea anemones that host
anemonefish (Barua et al. 2022). There was only one downregulated GO term from our
study that was found to be downregulated and co-expressed in the evolution of hosting

anemones (Barua et al. 2022). Biological processes that were upregulated in the
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transcriptome of host sea anemones during their evolution with anemonefish (Barua et
al. 2022), were also found to further increase when anemonefish were present in our
study. However, this was not seen in the biological processes that decreased during the
evolution of the symbiotic relationship. We found that different biological processes
decreased when anemonefish were present, such as bioluminescence, compared to the
downregulated biological processes found by Barua et al. (2022). A reduction in
bioluminescence, may aid in the camouflage of anemonefish symbionts at night by
reducing visibility to predators thus being an adaption of host sea anemones utilise to
protect their symbionts. Further, there were 95 gene clusters with tentacle transcripts
and venom proteins that were differentially expressed. Exploring the GO terms associated
with these proteins could provide further insight into important elements that host sea
anemone alter beyond toxins and nematocytes to facilitate their association with

anemonefish.

Seventy-seven tentacle transcripts and 38 venom proteins differentially expressed were
putative toxins, with the majority of differentially expressed putative toxins gene clusters
decreasing with hosting. Specifically, a large proportion of gene clusters that decreased
with hosting were neurotoxins in the tentacle transcripts (36.4%), despite accounting for
only 11% of gene clusters assigned as toxins in the whole tentacle transcriptome (chapter
5, Figure 5.4A). Only three neurotoxin venom protein gene clusters out of nine in the
whole venom proteome (chapter 5, Figure 5.4B) were differentially expressed. Delgado et
al. (2022) indicated that neurotoxins were underrepresented in the venom of hosting sea
anemones compared to non-hosting anemones based on transcriptomics data from

mixed tissues but provided no venom protein evidence for this theory. This study
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demonstrates that hosting sea anemone species like E. quadricolor could have less
neurotoxins in their venom as a whole, and when they form a symbiotic relationship with
anemonefish their neurotoxin stocks could be lowered further. Again, as discussed in
chapter 5 it is unclear if the proteomics methods used were inefficient for detecting low
molecular weight proteins/peptides like neurotoxins or if less neurotoxins are translated
into the venom to facilitate their ability to form symbiosis with anemonefish when they
encounter them. Many toxin gene clusters that were down regulated in the venom
proteins are involved in membrane disruption including: Peptidase M12A, Phospholipase
type A; (PLA;) and pore forming toxins; in paralysing prey like the Venom kunitz type
family (Madio et al. 2019) or are toxins of unknown function. Downregulated toxins may
be those that would have a negative impact on their anemonefish symbionts or be

proteins which are difficult for the anemonefish to develop resistance to.

Delgado et al. (2022), also proposed that haemostatic and haemorrhagic toxins were the
dominant toxin category in the transcriptome of host sea anemones. Whereas we found
that haemostatic and haemorrhagic toxins followed unknown toxins as the dominant
component of the tentacle transcriptome and venom proteome in chapter 5. Not only do
toxins of unknown function dominant the tentacle transcriptome and venom proteome
of the E. quadricolor; they also dominant venom protein gene clusters that increase with
hosting. This indicates that these proteins might not function as toxins exclusively and
may also facilitate association with anemonefish. Specifically, the major protein with
unknown toxin function are the I1G-like proteins, which had both tentacle transcripts and
venom proteins that increased with hosting. As discussed in chapter 5, IG-like proteins are

known to work as natural snake venom inhibitors in opossums (Bastos et al. 2016) and

159



the presence of many similar IG-like proteins in sea anemones suggest they could be
involved in the host sea anemones’ ability to self-recognise and be resistant to their own
venom as has been found in snakes. Under the molecular mimicry hypothesis (chapter 1)
(Elliot et al. 1994), anemonefish cover themselves in their host sea anemones’ mucus to
prevent detection. It could be suggested that anemonefish incorporate elements from
their host sea anemone mucus or venom into their own mucus, in order to aid their
resistance and acclimation to their host. The increase in IG-like proteins we observed in
this study indicates that host sea anemones could increase their supply of natural venom

inhibitors in the presence of anemonefish to support their symbionts resistance to venom.

Eighty-seven hydra nematocyte matches were found to be differentially expressed at the
RNA level in tentacles and 39 at the protein level in the venom with the majority
decreasing when in association with an anemonefish. All eight nematocyte categories had
tentacle transcript gene clusters that decreased with hosting and six nematocyte
categories had venom proteins that also decreased with hosting. Specifically, there were
17 nematocyst gene clusters of interest that were differentially expressed at both the RNA
and protein level, representing five nematocyte categories (Metabolic enzymes,
Peptidases, Other Enzymes, Structural proteins, Novel proteins). In the whole tentacle
transcriptome hydra nematocyte matches accounted for <1/3" of toxin gene clusters (488
hydra nematocyte matched gene clusters vs 1,251 toxin gene clusters chapter 5), whereas
hydra nematocyte matches accounted for a similar level of differential expression to toxin
gene clusters (87 DE hydra nematocyte matched gene clusters vs 77 DE toxin gene
clusters). This indicates that host sea anemones may be putting more energy into altering

their nematocyte composition in the presence of anemonefish. Thus, not only do host sea
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anemones fire significantly fewer nematocytes at familiar and acclimated anemonefish,
while maintaining a high level of firing at non-symbiotic damselfish (chapter 3), they may
be able to decrease production of key nematocyte proteins and RNA transcripts when in

the presence of anemonefish.

6.5 Conclusion

The most popular host sea anemone, E. quadricolor was able to adjust their hostile
venomous environment to be a more habitable site for hosting A. percula anemonefish.
This study is the first to provide experimental evidence that sea anemone hosts’ play a
highly active role in their relationship with anemonefish through extensive changes to
their tentacle transcripts and venom proteins. Specifically, we found that neurotoxin
tentacle transcripts and venom proteins responsible for membrane damage, pore
formation, and paralysis were downregulated during hosting with anemonefish. We also
found that both natural venom inhibitor tentacle transcripts and venom proteins were
upregulated in the presence of anemonefish. Chapters 5 and 6 have provided us with a
comprehensive profile of the E. quadricolor venom that symbiotic anemonefish are
exposed to. This can be used to narrow down the search for toxin resistance in
anemonefish by testing isolated toxin fractions in anemonefish exposure assays.
Investigation into the role of the many diverse IG-like proteins found in the venom of host
sea anemones, and the potential for transfer into the mucus of anemonefish enabling
them to reduce their detection amongst the tentacles of a host sea anemone is a new

avenue for symbiosis studies.
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Chapter 7

7.1 Introduction

First recorded in 1868 (Collingwood 1868), anemonefishes and host sea anemones exhibit
one of the most well-known and iconic symbiotic relationships (Mebs 2009, Hobbs et al.
2012, Nedosyko et al. 2014). Most research examining the mechanism for the
establishment and maintenance of anemonefishes and sea anemone symbiosis has
focused primarily on anemonefishes. Two main hypothesises exist that focus primarily on
the anemonefishes’” mucus layer: hypothesis 1: anemonefishes’ mucus molecularly
mimics the host sea anemone’s mucus and hypothesis 2: anemonefishes’ mucus prevents
nematocysts from firing (Hoepner et al. 2022) (chapter 1). Although our understanding of
the mechanisms that enable sea anemone and anemonefishes symbiosis has improved
through previous research, the complete answer remains unresolved. In this thesis | have
applied a range of omics techniques to further understand the molecular associations

between these symbionts, with a particular focus on the role of the host sea anemone. In
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addition, | also examined additional benefits for anemonefishes association with host sea
anemones including a reduction in both ectoparasite load and nematocyte firing, all which

have contributed to furthering our understanding of this iconic relationship.

7.2 Key findings and their significance

7.2.1 Additional benefits of associating with host sea anemones for
anemonefishes.

There are many well-known mutual benefits gained from the association between
anemonefishes and host sea anemones, including providing a safe site for reproduction
and protection from predation for anemonefishes and growth, reproduction, protection
and survival benefits for host sea anemones (Mariscal 1970b, Godwin and Fautin 1992,
Nedosyko et al. 2014, Frisch et al. 2016) (chapter 1). This thesis has provided evidence for
additional benefits for anemonefish that have not been previously demonstrated or
measured. For example, A. ocellaris are largely lacking ectoparasites, thus there is no need
to visit cleaning stations or have cleaner wrasse visit at their host sea anemone site
(chapter 2). This novel observation suggests that their association with host sea anemones
has the added benefit of reducing anemonefishes ectoparasite load and it is likely that the
venomous environment of the sea anemone prevents the initial attachment or allows for
the removal of ectoparasites (e.g., rubbing against tentacles). There is also a significant
reduction in the number of nematocytes fired at mucus from A. percula that were
acclimated and familiar to E. quadricolor, compared to a non-symbiotic damselfish
(chapter 3). This finding suggests that the anemonefishes’ mucus layer, once acclimated
to a host sea anemone, has the potential to reduce the number of nematocytes triggered.

However, it did not eliminate the nematocyte trigger completely.
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7.2.2 Delayed adaptation of anemonefishes’ mucus to host sea anemone
presence.

Anemonefishes undertake a range of acclimation behaviours to enter and live within a
host sea anemone that need to be repeated if they are removed or lose contact with their
host (Balamurugan et al. 2015). These behaviours are thought to trigger the acclimation
of the anemonefishes’ mucus to allow for it to withstand the venomous sting of their host
sea anemone. However, chapter 4 found that the lipidome of A. percula mucus is not
altered by the presence of E. quadricolor and is instead in a state of flux and that the
glycan profile of A. percula mucus was only significantly different after three weeks of
association with E. quadricolor. As found in chapter 3, nematocytes are still fired at
acclimated anemonefishes but the numbers are significantly reduced after three weeks
of association, which coincides with the significant changes found in the glycan profile of
the A. percula mucus layer (chapter 4). This finding provides support to the hypothesis
that glycans in the mucus of anemonefishes are important to their ability to associate with
host sea anemones. Previous research has found that Neu5Ac (a glycan side chain) triggers
the firing of nematocytes (Ozacmak et al. 2001), and that A. ocellaris mucus has less
Neu5Ac in their mucus compare to other coral reef fish (Abdullah and Saad 2015). More
recently it has been proposed that during the evolution of symbiosis, anemonefishes have
positively selected genes that may have the potential to cleave glycan side chains
(Marcionetti et al. 2019), which could reduce frequency of host sea anemone
nematocytes being triggered. Upon removal of E. quadricolor, chapter 4 showed that the
significant changes to A. percula glycan composition was lost within 24 hours to 1 week.
While this loss of glycan alteration after host removal matches with the requirement of
re-acclimation behaviours, three weeks for glycan changes to occur is beyond the 30
minutes to 48 hours experimentally observed for initial anemonefishes acclimation. While
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the findings in this chapter are extremely interesting, we would expect to see alterations
to glycans in the anemonefishes’ mucus layer in the first 30 minutes to 48 hours of
association if this is the mechanism that enables anemonefishes to enter the sea anemone
host. This delay in adaptation of the glycan profile of anemonefishes mucus when in
association with a host sea anemone indicates there is a primary mechanism yet to be

identified that enables association in the initial 30 minutes — 48 hours of association.

7.2.3 Discerning between key hypotheses on anemonefishes’ mucus function.

In this thesis | was working towards discerning between two key hypotheses in the
literature on the mechanism of anemonefishes’” mucus; hypothesis 1: anemonefishes’
mucus molecularly mimics the host sea anemone’s mucus and hypothesis 2:
anemonefishes’ mucus prevents nematocysts from firing (Hoepner et al. 2022) (chapter
1). In chapter 3, | examined hypothesis 2 and showed that A. percula anemonefish mucus
not acclimated to a host sea anemone triggers E. quadricolor nematocysts and that once
acclimated the number of nematocysts triggered by A. percula mucus was significantly
reduced. These results both support and question this hypothesis. The standard
composition of anemonefishes mucus does not prevent the firing on host sea anemone
nematocysts but once acclimated after 3 weeks of association with a host sea anemone it
does significantly reduce the number of nematocysts fired, indicating that the mucus layer
does play a role in this reduction. In chapter 4 | further explored how anemonefish mucus
composition might allow for this significant reduction in nematocyst firing (hypothesis 2).
After three weeks association with a host sea anemone the glycan profile of A. percula
mucus was altered. Previous research has indicated that glycans can trigger sea anemone

nematocyte firing.
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Hypothesis 1 was also planned to be addressed in chapter 4, unfortunately, due to COVID-
19 delays preventing access to the lab in Melbourne where the samples were for over two
years and the subsequent loss of some of the key samples during this time this was not
completed. However, | was able to compare the lipid composition of A. percula and E.
quadricolor mucus to assess if their compositions became more similar when they were
in association (appendix 7.1). This data showed that the lipid compositions of A. percula
mucus and E. quadricolor did not merge or become more similar with association.
However, future studies focused on assessing both the protein and glycan mucus
composition of anemonefishes and host sea anemones when in association may enable
this hypothesis to be disproved or to give direction for future studies in this important

area.

7.2.4 Alteration of Entacmaea quadricolor venom profile with anemonefish
presence.

The above hypothesises fail to consider the role of the host sea anemone in the
establishment of the symbiotic relationship with anemonefish. As the host sea anemone
benefits just as much from this mutualism as the anemonefish it would make sense that
the host also played an active role in attracting and maintaining their symbiotic
anemonefish. With decades of research into the role of the anemonefish in this
relationship failing to pinpoint the mechanisms used beyond the general trope of the
anemonefish mucus layer, perhaps the key lies with the host sea anemones. In order to
understand how anemonefishes can withstand their venomous host environment it is
important to develop an in-depth profile of host sea anemone venom to which the
anemonefishes must develop resistance to. Chapter 6 revealed that E. quadricolor host

sea anemone alters its transcriptome and proteome in the presence of acclimated A.
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percula anemonefish, including toxin and nematocyte production, and that not all toxin
transcripts produced were recruited into the venom proteome (chapter 5). The majority
of differentially expressed tentacle transcript gene clusters increased with hosting,
whereas the majority of differentially expressed venom proteins genes decreased with
hosting. The trend of differential expression for toxins, however, was the same for the
transcriptome and proteome, with the majority of toxins decreasing with hosting. These
results highlight the importance of a combined transcriptomic and proteomic approach
(proteotranscriptomics), particularly for sea anemones as transcript expression is not an
accurate indicator of protein presence in the venom (Madio et al. 2017). This study is only
the second to apply both transcriptomics and proteomics to a host sea anemone
(following Madio et al. (2017) who analysed the venom of the host sea anemone
Stichodactyla haddoni) and the first to assess the impact of anemonefish presence on
venom composition. Overall, this research indicates that host sea anemones take an
active role in providing an optimal habitat for anemonefishes and facilitate the formation
and maintenance of this symbiotic relationship through the alteration of their venom

composition.

7.3 Future directions

7.3.1 Improving toxin pipelines

Omics technologies are improving year on year and are becoming cheaper, more widely
applied, and with increased sequencing coverage. In the study of venoms, venomics (the
study of venom using proteomics and transcriptomics) is the dominant method used to
understand the complexity and diversity of venoms across species such as snakes, spiders
and sea anemones. However, the research presented in chapter 5 and 6 follows on from
Madio et al. (2017) and is only the second to apply a combined transcriptomic and
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proteomic approach to the study of host sea anemone venom. Annotation of toxins found
via venomics relies on prior knowledge of that toxin to be present in toxin databases. From
the 1170 species of sea anemones there are only 285 toxin sequences from 50 species
reported in Tox-Prot (out of 7,579 reported for all venomous species) as of Mar 2023
(Jungo et al. 2012), emphasising the lack of toxin data for sea anemones. When analysing
proteomic and transcriptomic data from sea anemones, venom toxin pipelines are
frequently utilised in order to quickly and efficiently process and analysis high volumes of
sequence data However, as each study uses slightly different methods, pipeline cut-offs
and steps often including manual alignment and categorisation; this makes it difficult to
compare results across studies particularly in relation to categorisation of venom function

and toxin identification.

Many pipelines remove sequences from their analysis that do not have signal peptides
(SignalP) present, with the assumption that sequences without a signal peptide cannot be
secreted into the venom proteome. However, chapter 5 showed that 74.1% of gene
clusters found to be present in the venom proteome were missing a signal peptide,
including 29.2% of putative toxins. Traditional pipelines that exclude these proteins from
toxin pipelines will significantly reduce the number of toxins that can be identified.
Further, many pipelines use a cut-off of > 50-70 amino acids (Ashwood et al. 2021,
Ashwood et al. 2022, Barua et al. 2022, Delgado et al. 2022, Kashimoto et al. 2022). While
simplifying and refining the number of proteins found has value in making the analysis
process easier; many small molecules may be removed with this restrictive cut-off

(Delgado et al. 2022).
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Smith et al. (2023), has proposed a dominant venom hypothesis, which is common in the
study of venom from other species, in particular snakes, and thus could be applied to sea
anemones. The dominant venom hypothesis suggests that the venom of sea anemones
would have one toxin function that was dominant, and Delgado et al. (2022) suggests that
this theory may define species that can act as host sea anemones. Currently the
classification of toxins in sea anemone venom is driven by snake sequences, after years of
intensive research into the toxins composition of snake venom for anti-venom
development. Due to the lack of sea anemone toxins in the Tox-Prot database, toxin
pipelines often rely on snake venom sequences or are built for snakes and other better
classified species and then applied to sea anemones. While there may be some overlap,
this reliance could be problematic, especially when assigning function to a particular toxin
sequence that has not been biologically assayed for function within sea anemone venom.
Chapter 5 revealed that there were many toxin protein sequences that contained multiple
domain types. For example, there were sequences protein sequences with both ShK
domains and metalloendopeptidase domains, as often observed in other venomous
species such as snakes. Multidomain proteins are actually more common, since extra
domains increases the versatility of protein function (Babonis et al. 2019). These
sequences could be miss-assigned a function based on snake venoms and may alter our
understanding of how sea anemone toxin’s function. Further, many proteins with multiple
domains could be post translationally cleaved by the many endoproteases that are
present in venom into multiple toxins each with a different function (Dutertre et al. 2013).
Thus, by categorising protein function on single dominant domain alone may oversimplify
the complexity of sea anemone venom and miss key toxin functionality. This is particularly

important when you consider the dominant venom hypothesis for sea anemone venoms
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proposed by Smith et al. (2023) . If we are incorrectly assigning function to particular
toxins, or only one function to a protein that has multiple toxin functions that will also
misinform grouping of sea anemone species based on their dominant venom function.
This is particularly important if we are using this hypothesis to explain which species of

sea anemones have evolved to host anemonefishes.

The toxin pipeline used in chapters five and six was developed by researchers at the
Queensland Institute of Technology (QUT) with extensive experience working with sea
anemones and was based upon an initial dataset of venom proteomes from six sea
anemone species i.e., three non-host species; Actinia tenebrosa, Aiptasia pulchella,
Telmatactis sp., and three host species: Heteractis malu, Macrodactyla doreensis, and
Stichodactyla haddoni. Gene families needed to be present in two or more of the sea
anemone venom proteomes; genes found in only one species were excluded from further
consideration even if they were known to be venom toxins from previous studies.
Importantly, this pipeline is based on toxins present in venom proteomes. For example,
in chapter five it is apparent that not all toxins present in the transcriptome end up in the
venom proteome of sea anemones. However, in order to compare our results to the
literature more broadly and specifically to those found by Delgado et al. (2022), we

manually added in toxins families that were not identified via the QUT pipeline.

Moving forward, | would encourage the use of toxin pipelines such as the QUT toxin
pipeline designed especially for sea anemones, be applied to sea anemone toxin research.
An important element of future pipeline use is the inclusion of transcripts without a signal
peptide and a ORF cut-off 2 30 amino acids, as the absence of the signal peptide does not

automatically mean it will not be secreted into the venom proteome or that it is not
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present. If the ORF prediction is a few nucleotides off from the ‘true’ start, the signal
peptide may not be predicted properly. Therefore, implementing long read next gen
sequencing is important to ensure the entirety of the sequence can be captured
(Amarasinghe et al. 2020) and the start and end codons can be predicted accurately. |
would also recommend gene clusters be assigned to multiple venom categories, based on
all toxin domains present, to more accurately reflect the complexity of the venom’s
functionality. The venom proteome data in chapter five will contribute to improving the
QUT pipeline and may contribute to additional toxin gene families being added to the
pipeline, with the sea anemone E. quadricolour being the second species with particular
toxin gene family present that did not make the current pipeline cut-off (gene families are
required to be identified in two species to be counted in the QUT toxin pipeline).
Furthermore, the expansion of 1G-like proteins in both the transcriptome and proteome
indicate that these proteins could play an important role for sea anemones. However, it
is currently unclear if they act as a toxin despite being in the venom proteome, or if they
contribute to the sea anemone’s ability to self-recognise and withstand its own venom
(Williams and Williams 1982, Elliot et al. 1994, Holding et al. 2016, Hoepner et al. 2022).
Thus, biological assays of the 1G-like fraction are also important to develop in order to
provide an insight into the role of IG-like proteins in the venom, and given their similarity
to venom metalloproteinases inhibitors the ability of these 1G-like proteins to inhibit M12

family toxin present in host sea anemone venom could be tested in future.

7.3.2 Venom proteotranscriptomics of host sea anemones

In order to understand the co-evolution of this symbiotic relationship, it is important to
match phylogeny to phenotype. Distinctions as to why anemonefishes form symbiotic
relationships with only ten species of anemones out of the 1170 species of sea anemones
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that exist (Rodriguez et al. 2022), and why some anemonefish species are able to form
associations with more than one host sea anemone species are unclear. Nedosyko et al.
(2014) demonstrated that host sea anemones with high or low toxicity (based on three
toxicity assays) had fewer anemonefish species that formed symbiotic relationships than
sea anemones with a mid-range toxicity. This pattern did not equate to a relationship
between taxonomic groups. In recent years the taxonomy of host sea anemones has been
called into question (Titus et al. 2019, Nguyen et al. 2020, Kashimoto et al. 2022), with
three papers proposing alternative lineages for host sea anemones. Traditionally, sea
anemones that host anemonefishes were thought to have evolved on three occasions:
Thallasianthidae (Cryptodendrum adhesium), Actiniidae (Enctamaea quadricolour and
Macrodactyla doreensis) and Stichodactylidae (Stichodactyla —gigantea, haddoni,
mertensii and Heteractis — aurora, crispa, magnifica, malu). All three studies found that
H. magnifica does not sit with the other members of Heteractis genus but instead clusters
with Stichodactyla via the most recent phylogenic assemblies. Titus et al. (2019) used
three mitochondrial (partial 12S rDNA, 16S rDNA, and CO3) and two nuclear (18S rDNA,
and partial 28S rDNA) gene markers across 5,887 base pairs to build their phylogeny. In
contrast Nguyen et al. (2020) used three mitochondrial markers (16S rDNA, Cytochrome
b (Cytb) and COl mtDNA) covering 1,709 base pairs and achieved a similar phylogenetic
tree. Most recently, Kashimoto et al. (2022) used 1,365 orthologous gene sequences
obtained via RNA transcriptomic data to build their tree. Titus et al. (2019), proposed a
new phylogeny for host sea anemones: 1) Heteractina — aurora, crispa, malu, and M.
doreensis, 2) Entacmaea — E. quadricolor, and 3) Stichodactylina —gigantea, haddoni,
mertensii and H. magnifica. Titus et al. (2019) remains supportive of three separate

evolutionary events but proposed different species within each occurrence. Interestingly,
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these new groupings now match the groupings according to toxicity ranking and number
of anemonefish species known to host in different sea anemone species as proposed by
Nedosyko et al. (2014) (Figure 1). Further, it highlights E. quadricolor — the most popular
host sea anemone — as belonging to a single lineage within host sea anemone evolution.
If the Entacmaea linage was the first association with anemonefishes this may explain its
status as the most popular host sea anemone as it would have over six million years of co-
evolution with anemonefishes (Litsios et al. 2012) and refinement of its venom profile to
enhance the optimal balance of protection from predators and cost/benefit of venom
production and anemonefishes safety. Thus, taxonomic revision of host sea anemones
will be important to reframe current and future findings in terms of the relationship
between phylogeny and phenotype. Currently there is no full genome available for any of
the ten host sea anemones, with the closest genome being that of the non-host Actinia
tenebrosa (Surm et al. 2019). Genomes of host sea anemones will aid in taxonomic
revision and identification of genes selected for under purifying selection at each of the
three evolution events of hosting sea anemones, as Marcionetti et al. (2019) showed in

anemonefishes, and may deliver further insights into the evolution of symbiosis.

173



Entacmaea

Heteractina o Stichodactylina

Host Sea Anemone species
1 Cryptodendrum adhaesivum
O Entacmaea quadricolor
o /\ Heteractis crispa
n X H. magnifica
@ H malu
&> H aurora
& N/ Macrodactyla doreensis
W Stichodactyla haddoni
5 —+ s mertensii

A s gigantea
A\

Number of anemonefish associates

(J
O

2 6 8

2
Toxicity Ranking

Figure 7.1: Proposed host sea anemone taxonomy from Titus et al. (2019) imposed over
relationship between number of anemonefishes that associate with host sea anemones
according to their toxicity ranking from Nedosyko et al. (2014) and updated in Hoepner et
al. (2022) (see chapter 1).

To further refine why symbiotic associations only occur between particular host sea
anemone species despite geographic overlap with sea anemones that do not host
anemonefish, both proteomic and transcriptomic analysis with biological replication need
to be conducted. A comparison across all ten host sea anemone species as well as some
non-hosts such as Heterodactyla hemprichii, S. helianthus, Actinia equina, A. tenebrosa
(who share geographic overlap with anemonefishes) and Thalassianthus hemprichii (who
purportedly lost symbiosis with anemonefish (Titus et al. (2019)) could elucidate
characteristics of what makes a sea anemone a suitable host for anemonefishes. As
demonstrated in chapter 5, host sea anemones play a more active role in the
establishment of the symbiotic relationship than previously thought, not only benefiting
from the relationship but also facilitating their association with anemonefishes. By
comparing both host sea anemones and non-host sea anemones by the same methods in

a single study it could be determined if it is the dominant venom hypothesis that defines
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host sea anemones or if it is their ability to alter the toxin composition of their venom

proteome when in association with anemonefishes that sets host apart from non-hosts.

7.3.3 Mucus proteomics

7.3.3.1 Mucus proteomics of anemonefishes

In chapter 4, | had planned to compare the mucus proteome of E. quadricolor and A.
percula; unfortunately, COVID-19 severely impacted the integrity and analysis of those
samples, as travel to Melbourne was repeatedly delayed due to state border closures (for
over two years). As both the lipid and glycoprotein profile of the A. percula mucus failed
to reveal molecular mimicry of the E. quadricolor mucus or changes in composition during
the initial association between the symbionts (glycoproteins took three weeks of
association to reveal significant changes in composition), perhaps the answer remains
hidden in my lost protein samples. As toxin proteins and peptides are secreted into the
host sea anemone mucus, it could be possible under the molecular mimicry hypothesis
that anemonefishes are able to acquire and incorporate some of their host’s toxins into
their own mucus in order to disguise themselves when in contact with their host sea
anemone. Alternatively, the external fish mucus layer may not be the key to the initial
entry of the anemonefishes into the venomous environment of their host. As discussed in
chapter 4, Balamurugan et al. (2015) found that in the first 30 minutes of association, A.
sebe anemonefish produce an internal mucus layer that could act as a barrier to
nematocyte penetration while their external mucus layer is altered (after three weeks —
chapter 4). Balamurugan et al. (2015) has been the only study to apply histology (skin fixed
with Bouin’s solution, sectioned with microtome to 5 um and stained with hematoxylin
and eosin) to understanding anemonefishes and sea anemone symbiosis. | would

recommend repeating this experiment with additional association timepoints e.g. 30
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minutes, 24 hours and 3 weeks of association, and comparing it to damselfish skin also
exposed to a host sea anemone, to better understand the damage a host sea anemone
would normally inflict and how that compares to anemonefishes skin. Following this,
scanning electron microscopy (SEM) of the external and internal mucus layer could also
provide insight into its protection capabilities and would reveal if nematocysts are trapped
in the external mucus layer or penetrate the skin, potentially getting trapped by the
internal mucus layer. This could provide a clearer indication of the role that the internal
mucus layer may play in the initial stages of anemonefishes entering their host sea

anemone.

Of the ten species of host sea anemones and 28 species of anemonefishes that form
symbiotic associations, this thesis only tested one combination; therefore, care needs to
be taken when applying the results of this research more broadly across symbiotic
partners. Entacmaea quadricolor was selected as the host sea anemone species in this
thesis as it is the most popular host sea anemone (forming associations with 17
anemonefish species) with the broadest relevance to understanding the association.
Amphiprion percula was utilised as the anemonefish species throughout the thesis due to
stock availability at the university and the ease of acquiring additional pairs from
Australian-based suppliers. Although it is not common for A. percula to associate with the
host sea anemone E. quadricolor in the wild, it is known to exist (pers. obs) and as it is one
of the smallest anemonefish species they are likely competitively excluded from E.
quadricolor in the wild by larger conspecifics inhabiting the same reef system (Fautin
1985). This pairing commonly occurs in captivity and A. percula have been observed to

enter E. quadricolor within 6-48 hours of introduction (pers. obs). In an ideal world, all
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host sea anemone and anemonefish combinations would be assessed to determine
species level differences and commonalities across the symbiosis, however from a time,
aquarium space, and cost perspective, it is out of the reach of this and most other research
institutions. It would be beneficial to repeat these experiments with the generalist
anemonefish species, A. clarkii (who forms associations with all ten host sea anemones)
and the sea anemone hosts C. adhesium and H. malu (who have the highest and lowest
toxicity see Fig 7.1), to determine if the findings of this thesis are consistent across the
extreme ends of anemonefishes and host sea anemone symbiosis.

7.3.3.2 Mucus proteomics of host sea anemone mucus

A better understanding of the venom composition of host sea anemone mucus and any
composition changes that occur during symbiosis would provide greater depth to the
findings in chapter six. It is currently unclear how the toxin composition of host sea
anemone nematocysts and mucus differs, if at all. As the host sea anemone’s mucus
secretions are the main component that the anemonefishes interact with it is important
to know how similar or different it may be to the venom packaged into the nematocysts
(Madio et al. 2019) — as they have different functions (nematocysts — prey acquisition and
protection, mucus - protection). As not all toxins found in the tenacle transcriptome were
recovered in the venom proteome (11%), we would assume that at least some of these
toxins would be secreted into the mucus. Evidence for differential expression of toxin
proteins in the mucus secretions of host sea anemones with anemonefish presence would
provide further support for the results found in chapter 6; that host sea anemones can
alter the expression of their venom composition to facilitate symbiosis with
anemonefishes and would also provide further insight into the toxin composition of the

mucus secretions, which are the main component anemonefishes interacts with.
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7.3.4 Research avenues from other venomous predator and prey species
interactions.

Just as we use anemonefishes as a model species for other research applications (Roux et
al. 2020), study into the symbiotic relationship of anemones and anemonefishes may
benefit from the application of concepts and knowledge from venom transcriptomic and
proteomic studies from other venomous species (Sunagar et al. 2016, Madio et al. 2017)
and the study of evolution of toxin resistance in prey species, particularly of prey to snake
venoms (Gibbs et al. 2020). Prey species that develop resistance to venom are often able
to withstand bites and the direct transfer of venom into the bloodstream. Methods of
toxin resistance generally take one of three forms: venom inhibitors, target alteration and
repurposed toxins (Holding et al. 2016, Arbuckle et al. 2017, Hoepner et al. 2022) (chapter
1). Typically, investigation into anemonefishes symbiosis with host sea anemones has
focused on the mucus layer as a barrier rather than the evolution of resistance to host sea
anemone venom. Both Mebs (1994) and Abdullah and Saad (2015) have undertaken
ichthyotoxicity assays, where anemonefishes were exposed to host sea anemone extracts
in seawater at different dosages and found contrasting survival outcomes Mebs (1994)
used semi-purified haemolytic extract 0-1pug/ml; Abdullah and Saad (2015) used whole
sea anemone extracts 0-1mg/ml. It is unclear from these studies if anemonefishes were
acclimated to the host sea anemone species venom, which may account for the
differences in survival found between these studies. | would recommend that this
experiment be repeated with both acclimated and unacclimated anemonefishes, with
exposure to host sea anemone venom both in seawater as was done in Mebs (1994) and
Abdullah and Saad (2015), as well as injecting the venom directly into the bloodstream to
observe whether the venom resistance mechanisms are at play rather the anemonefishes’
mucus simply acting as a barrier. In addition, SEM of anemonefishes’ mucus, scales and
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skin when in association with a host sea anemone, will reveal if nematocysts are trapped
in the mucus layer or penetrate the skin. These experiments will determine if
anemonefishes are in fact resistant to host sea anemone venom or if it is the mucus layers
(both internal and external) that provide a barrier from host sea anemone venom and

nematocytes.

We can also learn from sea anemone predators and the mechanisms they use to navigate
the sea anemones venomous sting as avenues to further explore anemonefishes
resistance. Nudibranchs prey upon sea anemones by consuming tentacles and
sequestering unfired nematocytes through their gut and into cnidosacs at the tip of their
cerata (dorsal appendages), where they can deploy the kleptocnidae (stolen nematocytes)
for their own defence (Greenwood 2009). Nudibranchs have chitin cuticles that line their
mouth and throat as well as spindles (granular chitin disks) in their skin and stomach cells
that act as a physical barrier to discharging nematocytes (Greenwood 2009). Similarly to
anemonefish (chapter 3), nudibranchs have a mucus layer that is thought to acclimate to
sea anemone venom and is able to reduce nematocyte firing by 60% (Greenwood et al.
2004). Balamurugan et al. (2015) included biting host sea anemone tentacles in the
acclimation behaviours of anemonefishes, with Mariscal (1970c) and Verde et al. (2015)
finding that anemonefishes will actually eat tentacles from their host sea anemone and
that nematocytes were found in both stomach and faecal contents (Mariscal 1970c). None
of these studies have considered how anemonefishes are able to consume tentacles that
not only contain nematocytes filled with venom but are covered in toxic mucus secretions.

SEM of the mouth, throat, skin and stomach of anemonefishes could reveal potential
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structures used internally by the anemonefishes to withstand the consumption of toxic

mucus and nematocytes.

7.3.4.1 Learnings for other symbiotic relationships

As we can apply concepts from other venomous species interactions with prey species,
we can also learn from this venomous symbiotic relationship to inform symbiotic
interactions more broadly. As we showed in chapter 6, host sea anemones play a really
important and active role in establishment and maintenance of their relationship with
anemonefishes. Previously, the research focus has laid solely on the role of
anemonefishes and largely ignored any participation from host sea anemones. This thesis
has highlighted the importance of equal consideration and research into both symbiotic
partners, especially in mutualisms where both species benefit from the relationship and
thus likely have evolved and adapted to support the other symbiotic partner and allow
the relationship to occur. Further, chapter 6 has added to an emerging body of research
into the impact of mutualistic relationships on gene expression. Previous papers have
shown that mutualistic relationships can influence differential gene expression in both the
host (Mathew and Lopanik 2014, Riesgo et al. 2014, Russell and Castillo 2020) and
endosymbiont (internal symbiont) (Maor-Landaw et al. 2020, Smith and Moran 2020). My
work in chapter 6 is the first to find significant differential expression of a host (sea
anemone) in a mutualism with an exosymbiont (anemonefish). Host-symbiont differential
gene expression shows how closely entwined symbiotic partners become when in
association. Further research should explore differential gene expression in the

anemonefish when in association and separated from a host sea anemone.
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7.4 Conclusion

Finding Nemo brought global attention to a quirky fish and its venomous home, yet our
understanding of how symbiosis between the pair can occur continues to elude us. Here,
each data chapter has provided further insight on the benefits of and mechanisms behind
the iconic symbiosis between anemonefishes and host sea anemones, thus meeting the
overarching aims of this thesis. Given the impact of climatic changes on host sea
anemones, including bleaching and size reduction, it is important to better understand
how these species associate in order to ensure that this relationship persists into the
future and can be maintained under a range of future climate scenarios. By applying a
variety of omics techniques and using a combination of field and laboratory experiments,
a stronger understanding of the role of host sea anemones in this symbiosis has been
achieved. Overall, the findings of this thesis add to a growing body of literature utilising
omics to uncover the mechanisms behind this symbiotic relationship. While the
anemonefishes mucus layer is integral to the formation of this relationship, this thesis has
demonstrated that host sea anemones play a much bigger role in the establishment and
maintenance of their symbiosis with anemonefishes than previously thought. By applying
novel techniques to century-old questions, this thesis has revealed that there is still so
much more to uncover in this symbiotic relationship and that more work is required to
truly understand how these species function together, beyond the trope of the

anemonefishes’ mucus layer is key.

181



REFERENCES

Abdullah, N. S., and S. Saad. 2015. Rapid detection of N-Acetylneuraminic acid from false
clownfish using HPLC-FLD for symbiosis to host sea anemone. Asian Journal of
Applied Sciences 3:858-864.

Abramoff, M., and P. Magalhdes. 2003. Image Processing with ImageJ. Biophotonics
Intern. 11:36-42.

Almagro Armenteros, J. J., K. D. Tsirigos, C. K. Sgnderby, T. N. Petersen, O. Winther, S.
Brunak, G. von Heijne, and H. Nielsen. 2019. SignalP 5.0 improves signal peptide
predictions using deep neural networks. Nat Biotechnol 37:420-423.

Altschul, S. F., W. Gish, W. Miller, E. W. Myers, and D. J. Lipman. 1990. Basic local
alignment search tool. Journal of Molecular Biology 215:403-410.

Amarasinghe, S. L., S. Su, X. Dong, L. Zappia, M. E. Ritchie, and Q. Gouil. 2020.
Opportunities and challenges in long-read sequencing data analysis. Genome
Biology 21:30.

Anderluh, G., and P. Macek. 2002. Cytolytic peptide and protein toxins from sea anemones
(Anthozoa : Actiniaria). Toxicon 40:111-124.

Anderson, P. A., and C. Bouchard. 2009. The regulation of cnidocyte discharge. Toxicon
54:1046-1053.

Anderson, R. M., and R. M. May. 1981. The population dynamics of microparasites and
their invertebrate hosts. Philosophical Transactions of the Royal Society of London.
B, Biological Sciences 291:451-524.

Arbuckle, K., R. C. Rodriguez de la Vega, and N. R. Casewell. 2017. Coevolution takes
the sting out of it: Evolutionary biology and mechanisms of toxin resistance in
animals. Toxicon 140:118-131.

Arnal, C., . M. Cote, and S. Morand. 2001. Why clean and be cleaned? The importance
of client ectoparasites and mucus in a marine cleaning symbiosis. Behavioral
Ecology and Sociobiology 51:1-7.

Arriola, M. B., N. Velmurugan, Y. Zhang, M. H. Plunkett, H. Hondzo, and B. M. Barney.
2018. Genome sequences of Chlorella sorokiniana UTEX 1602 and Micractinium
conductrix SAG 241.80: implications to maltose excretion by a green alga. The
Plant Journal 93:566-586.

Ashburner, M., C. A. Ball, J. A. Blake, D. Botstein, H. Butler, J. M. Cherry, A. P. Davis, K.
Dolinski, S. S. Dwight, J. T. Eppig, M. A. Harris, D. P. Hill, L. Issel-Tarver, A.
Kasarskis, S. Lewis, J. C. Matese, J. E. Richardson, M. Ringwald, G. M. Rubin,
and G. Sherlock. 2000. Gene Ontology: tool for the unification of biology. Nature
Genetics 25:25-29.

Ashwood, L. M., M. L. Mitchell, B. Madio, D. A. Hurwood, G. F. King, E. A. B. Undheim, R.
S. Norton, and P. J. Prentis. 2021. Tentacle morphological variation coincides with
differential expression of toxins in sea anemones. Toxins (Basel) 13.

Ashwood, L. M., E. A. B. Undheim, B. Madio, B. R. Hamilton, M. Daly, D. A. Hurwood, G.
F. King, and P. J. Prentis. 2022. Venoms for all occasions: The functional toxin
profiles of different anatomical regions in sea anemones are related to their
ecological function. Mol Ecol 31:866-883.

Babonis, L. S., J. F. Ryan, C. Enjolras, and M. Q. Martindale. 2019. Genomic analysis of
the tryptome reveals molecular mechanisms of gland cell evolution. EvoDevo
10:23.

Balamurugan, J., T. T. A. Kumar, R. Kannan, and H. D. Pradeep. 2015. Acclimation
behaviour and bio-chemical changes during anemonefish (Amphiprion sebae) and
sea anemone (Stichodactyla haddoni) symbiosis. Symbiosis 64:127-138.

Balasubramanian, P. G., A. Beckmann, U. Warnken, M. Schnolzer, A. Schiler, E.
Bornberg-Bauer, T. W. Holstein, and S. Ozbek. 2012. Proteome of Hydra
nematocyst. J Biol Chem 287:9672-9681.

182



Barber, I., D. Hoare, and J. Krause. 2000. Effects of parasites on fish behaviour: a review
and evolutionary perspective. Reviews in Fish Biology and Fisheries 10:131-165.

Barua, A., R. Kashimoto, K. Khalturin, N. Satoh, and V. Laudet. 2022. The genetic basis
for adaptation in giant sea anemones to their symbiosis with anemonefish and
Symbiodiniaceae. bioRxiv:2022.2009.2025.509434.

Bastos, V. A., F. Gomes-Neto, J. Perales, A. G. Neves-Ferreira, and R. H. Valente. 2016.
Natural inhibitors of snake venom metalloendopeptidases: History and current
challenges. Toxins (Basel) 8.

Bates, D., M. Machler, B. Bolker, and S. Walker. 2014. Fitting linear mixed-effects models
using Ime4. arXiv preprint arXiv:1406.5823.

Baumgarten, S., O. Simakov, L. Y. Esherick, Y. J. Liew, E. M. Lehnert, C. T. Michell, Y. Li,
E. A. Hambleton, A. Guse, M. E. Oates, J. Gough, V. M. Weis, M. Aranda, J. R.
Pringle, and C. R. Voolstra. 2015. The genome of Aiptasia, a sea anemone model
for coral symbiosis. Proc Natl Acad Sci U S A 112:11893-11898.

Beckmann, A., and S. Ozbek. 2012. The nematocyst: a molecular map of the cnidarian
stinging organelle. Int. J. Dev. Biol. 56:577-582.

Bingham, B. L., J. L. Dimond, and G. Muller-Parker. 2014. Symbiotic state influences life-
history strategy of a clonal cnidarian. Proceedings of the Royal Society B:
Biological Sciences 281:20140548.

Binning, S. A., D. G. Roche, and C. Layton. 2013. Ectoparasites increase swimming costs
in a coral reef fish. Biol Lett 9:20120927.

Bolger, A. M., M. Lohse, and B. Usadel. 2014. Trimmomatic: a flexible trimmer for lllumina
sequence data. Bioinformatics 30:2114-2120.

Bos, M. H. A,, M. Boltz, L. St. Pierre, P. P. Masci, J. de Jersey, M. F. Lavin, and R. M.
Camire. 2009. Venom factor V from the common brown snake escapes hemostatic
regulation through procoagulant adaptations. Blood 114:686-692.

Bowman, T. E., and R. N. Mariscal. 1968. Renocila heterozota, a new cymothoid isopod,
with notes on its host, the anemonefish, Amphiprion akallopisos, in the Seychelles.
Crustaceana 14:97-104.

Breusing, C., M. Genetti, S. L. Russell, R. B. Corbett-Detig, and R. A. Beinart. 2022.
Horizontal transmission enables flexible associations with locally adapted symbiont
strains in deep-sea hydrothermal vent symbioses. Proceedings of the National
Academy of Sciences 119:€2115608119.

Brodie lll, E. D., and E. D. Brodie Jr. 1999. Costs of exploiting poisonous prey: evolutionary
trade-offs in a predator-prey arms race. Evolution 53:626-631.

Brooks, R., and R. N. Mariscal. 1984. Acclimation of anemonefishes to sea anemones
protection by changes in the fish's mucus coat. Journal of Experimental Marine
Biology and Ecology 81:277-285.

Brown, B. E. 1997. Coral Bleaching: causes and consequences. Coral Reefs 16:129-138.

Bshary, R., and A. S. Grutter. 2002. Asymmetric cheating opportunities and partner control
in a cleaner fish mutualism. Animal Behaviour 63:547-555.

Burke da Silva, K., and A. Nedosyko. 2016. Sea Anemones and Anemonefish: A match
made in heaven. Pages 425-438 The Cnidaria, Past, Present and Future.
Buston, P. M., and M. B. Garcia. 2007. An extraordinary life span estimate for the clown

anemonefish Amphiprion percula. Journal of Fish Biology 70:1710-1719.

Camacho, C., G. Coulouris, V. Avagyan, N. Ma, J. Papadopoulos, K. Bealer, and T. L.
Madden. 2009. BLAST+: architecture and applications. BMC Bioinformatics
10:421.

Camp, E. F., T. Kahlke, B. Signal, C. A. Oakley, A. Lutz, S. K. Davy, D. J. Suggett, and W.
P. Leggat. 2022. Proteome metabolome and transcriptome data for three
Symbiodiniaceae under ambient and heat stress conditions. Scientific Data 9:153.

Cantrell, C., R. Henry, and N. Chadwick. 2015. Nitrogen transfer in a Caribbean mutualistic
network. Marine Biology 162.

Castafieda, O., V. Sotolongo, A. M. Amor, R. Stécklin, A. J. Anderson, A. L. Harvey, A.
Engstrom, C. Wernstedt, and E. Karlsson. 1995. Characterization of a potassium

183



channel toxin from the Caribbean sea anemone Stichodactyla helianthus. Toxicon
33:603-613.

Cheney, K. L., and |. M. Cote. 2001. Are Caribbean cleaning symbioses mutualistic? Costs
and benefits of visiting cleaning stations to longfin damselfish. Animal Behaviour
62:927-933.

Cheney, K. L., and I. M. Cote. 2003a. Indirect consequences of parental care: sex
differences in ectoparasite burden and cleaner-seeking activity in longfin
damselfish. Marine Ecology Progress Series 262:267-275.

Cheney, K. L., and I. M. Cote. 2003b. The ultimate effect of being cleaned: does
ectoparasite removal have reproductive consequences for damselfish clients?
Behavioral Ecology 14:892-896.

Cleveland, A., E. A. Verde, and R. W. Lee. 2010. Nutritional exchange in a tropical tripartite
symbiosis: direct evidence for the transfer of nutrients from anemonefish to host
anemone and zooxanthellae. Marine Biology 158:589-602.

Clucas, B. 2010. Defensive Chemicals. Pages 481-486 Encyclopedia of Animal Behavior.

Collingwood, C. 1868. IV.—Note on the existence of gigantic sea-anemones in the China
Sea, containing within them quasi-parasitic fish. Journal of Natural History Series
41:31-33.

Conklin, E. J., and R. N. Mariscal. 1976. Increase in Nematocyst and Spirocyst Discharge
in a Sea Anemone in Response to Mechanical Stimulation. Pages 549-558 in G.
O. Mackie, editor. Coelenterate Ecology and Behavior. Springer US, Boston, MA.

Curran, A., and S. Barnard. 2021. What is the role of zooxanthellae during coral bleaching?
Review of zooxanthellae and their response to environmental stress. South African
Journal of Science 117:1-7.

Davenport, D., and K. S. Norton. 1958. Observations on the symbiosis of the sea anemone
stoichactis and the pomacentrid fish Amphiprion percula. The Biological Bulletin
115:397-410.

David, C. N., S. Ozbek, P. Adamczyk, S. Meier, B. Pauly, J. Chapman, J. S. Hwang, T.
Gojobori, and T. W. Holstein. 2008. Evolution of complex structures: minicollagens
shape the cnidarian nematocyst. Trends in Genetics 24:431-438.

Davidson, N. M., and A. Oshlack. 2014. Corset: enabling differential gene expression
analysis for de novoassembled transcriptomes. Genome Biology 15:410.

Delgado, A., C. Benedict, J. Macrander, and M. Daly. 2022. Never, Ever Make an Enemy...
out of an anemone: Transcriptomic comparison of clownfish hosting sea anemone
venoms. Marine Drugs 20.

Demaire, C., Z. Triki, S. A. Binning, G. Glauser, D. G. Roche, and R. Bshary. 2020.
Reduced access to cleaner fish negatively impacts the physiological state of two
resident reef fishes. Marine Biology 167.

Dimijian, G. G. 2000. Evolving together: the biology of symbiosis, part 1. Proc (Bayl Univ
Med Cent) 13:217-226.

Dixon, P. 2003. VEGAN, A Package of R Functions for Community Ecology. Journal of
Vegetation Science 14:927-930.

Dominguez-Perez, D., A. Campos, A. Alexei Rodriguez, M. V. Turkina, T. Ribeiro, H.
Osorio, V. Vasconcelos, and A. Antunes. 2018. Proteomic analyses of the
unexplored sea anemone Bunodactis verrucosa. Mar Drugs 16.

Dutertre, S., A.-H. Jin, |. Vetter, B. Hamilton, K. Sunagar, V. Lavergne, V. Dutertre, B. G.
Fry, A. Antunes, D. J. Venter, P. F. Alewood, and R. J. Lewis. 2014. Evolution of
separate predation- and defence-evoked venoms in carnivorous cone snails.
Nature Communications 5:3521.

Dutertre, S., A. H. Jin, Q. Kaas, A. Jones, P. F. Alewood, and R. J. Lewis. 2013. Deep
venomics reveals the mechanism for expanded peptide diversity in cone snail
venom. Mol Cell Proteomics 12:312-329.

Eddy, S. R. 2011. Accelerated Profile HMM Searches. PLOS Computational Biology
7:¢1002195.

184



Ekman, D. R., D. M. Skelton, J. M. Davis, D. L. Villeneuve, J. E. Cavallin, A. Schroeder,
K. M. Jensen, G. T. Ankley, and T. W. Collette. 2015. Metabolite profiling of fish
skin mucus: a novel approach for minimally-invasive environmental exposure
monitoring and surveillance. Environmental Science & Technology 49:3091-3100.

Elliot, J. K., and R. N. Mariscal. 1996. Ontogenetic and interspecific variation in the
protection of anemonefishes from sea anemones. Journal of Experimental Marine
Biology and Ecology 208:57-72.

Elliot, J. K., R. N. Mariscal, and K. H. Roux. 1994. Do anemonefishes use molecular
mimicry to avoid being stung by host anemones? Journal of Experimental Marine
Biology and Ecology 79:99-113.

Emms, D. M., and S. Kelly. 2019. OrthoFinder: phylogenetic orthology inference for
comparative genomics. Genome Biology 20:238.

England, K. W. 1991. Nematocysts of sea anemones (Actiniaria, Ceriantharia and
Corallimorpharia: Cnidaria): nomenclature. Hydrobiologia 216:691-697.

Fautin, D., and G. Allen. 1992. Field guide to anemonefishes and their host sea anemones.
Perth: Western Australian Museum.:160.

Fautin, D. G. 1981. The clownfish sea anemones: Stichodactylidae (Coelenterata:
Actiniaria) and other sea anemones symbiotic with pomacentrid fishes.
Transactions of the American Philosophical Society 71:3-115.

Fautin, D. G. 1986. Why do anemonefishes inhabit only some host actinians?
Environmental Biology of Fishes 15:171-180.

Fautin, D. G. 1991. The Anemonefish Symbiosis: What is know and what is not. Symbiosis
10:23-46.

Fautin, D. G. 2009. Structural diversity, systematics, and evolution of cnidae. Toxicon 54.

Fiehn, O. 2002. Metabolomics--the link between genotypes and phenotypes. Plant Mol
Biol 48:155-171.

Finley, R. J., and G. E. Forrester. 2003. Impact of ectoparasites on the demography of a
small reef fish. Mar Ecol Prog Ser 248:305-309.

Frazao, B., V. Vasconcelos, and A. Antunes. 2012. Sea anemone (Cnidaria, Anthozoa,
Actiniaria) toxins: an overview. Mar. Drugs 10:1812-1851.

Frisch, A. J., J. R. Rizzari, K. P. Munkres, and J.-P. A. Hobbs. 2016. Anemonefish
depletion reduces survival, growth, reproduction and fishery productivity of
mutualistic anemone—anemonefish colonies. Coral Reefs 35:375-386.

Furstenberg-Hagg, J., M. Zagrobelny, K. Jorgensen, H. Vogel, B. L. Moller, and S. Bak.
2014. Chemical defense balanced by sequestration and de novo biosynthesis in a
lepidopteran specialist. PLoS One 9:e108745.

Gene Ontology Consortium. 2020. The Gene Ontology resource: enriching a GOId mine.
Nucleic Acids Research 49:D325-D334.

Gibbs, L. H., L. Sanz, A. Pérez, A. Ochoa, A. T. B. Hassinger, M. L. Holding, and J. J.
Calvete. 2020. The molecular basis of venom resistance in a rattlesnake-squirrel
predator-prey system. Molecular Ecology 29:2871-2888.

Gilbert, D. 2016. Gene-omes built from mRNA seq not genome DNA. F1000Research
(poster) 5:1695.

Gilpin, J. A., and N. E. Chadwick. 2020. Social behavior of the Pederson cleaner shrimp
Ancylomenes pedersoni (Chace, 1958) (Decapoda: Caridea: Palemonidae) in the
Caribbean Sea: size- and gender-based dominance hierarchy. Journal of
Crustacean Biology 40:24-36.

Godknecht, A., and P. Tardent. 1988. Discharge and mode of action of the tentacular
nematocysts of Anemonia sulcata (Anthozoa: Cnidaria). Marine Biology 100:83-
92.

Godwin, J., and D. G. Fautin. 1992. Defense of host acitnians by anemonefish. Copeia
3:902-908.

Gonzalez-Pech, R. A., T. G. Stephens, Y. Chen, A. R. Mohamed, Y. Cheng, S. Shah, K.
E. Dougan, M. D. A. Fortuin, R. Lagorce, D. W. Burt, D. Bhattacharya, M. A. Ragan,
and C. X. Chan. 2021. Comparison of 15 dinoflagellate genomes reveals extensive

185



sequence and structural divergence in family Symbiodiniaceae and genus
Symbiodinium. BMC Biology 19:73.

Greenwood, P. G. 2009. Acquisition and use of nematocysts by cnidarian predators.
Toxicon 54:1065-1070.

Greenwood, P. G., K. Garry, A. Hunter, and M. Jennings. 2004. Adaptable defense: a
nudibranch mucus inhibits nematocyst discharge and changes with prey type. Biol
Bull 206:113-120.

Grutter, A. S. 1995. Comparison of Methods for Sampling Ectoparasites from Coral Reef
Fishes. Marine and Freshwater Research 46:897-903.

Grutter, A. S., W. E. Feeney, K. S. Hutson, E. C. McClure, P. Narvaez, N. J. Smit, D. Sun,
and P. C. Sikkel. 2020. Practical methods for culturing parasitic gnathiid isopods.
Int J Parasitol.

Gunter, N. L., and R. D. Adlard. 2008. Bivalvulidan (Myxozoa: Myxosporea) parasites of
damselfishes with description of twelve novel species from Australia's Great Barrier
Reef. Parasitology 135:1165-1178.

Haas, B. J., A. Papanicolaou, M. Yassour, M. Grabherr, P. D. Blood, J. Bowden, M. B.
Couger, D. Eccles, B. Li, M. Lieber, M. D. MacManes, M. Ott, J. Orvis, N. Pochet,
F. Strozzi, N. Weeks, R. Westerman, T. William, C. N. Dewey, R. Henschel, R. D.
LeDuc, N. Friedman, and A. Regev. 2013. De novo transcript sequence
reconstruction from RNA-seq using the Trinity platform for reference generation
and analysis. Nature Protocols 8:1494-1512.

Halpin, C. G., J. Skelhorn, and C. Rowe. 2008. Being conspicuous and defended: selective
benefits for the individual. Behavioral Ecology 19:1012-1017.

Heim, S., T. Teav, H. Gallart-Ayala, J. lvanisevic, and N. Salamin. 2023. Divergence in
metabolomic profile in clownfish and damselfish skin mucus. Frontiers in Ecology
and Evolution 11.

Hobbs, J. P., A. J. Frisch, B. M. Ford, M. Thums, P. Saenz-Agudelo, K. A. Furby, and M.
L. Berumen. 2012. Taxonomic, spatial and temporal patterns of bleaching in
anemones inhabited by anemonefishes. PLoS One 8:e70966.

Hoepner, C., E. Fobert, C. Abbott, and K. Burke da Silva. 2022. No Place Like Home: Can
omics uncover the secret behind the sea anemone and anemonefish symbiotic
relationship? Pages 197-208 in V. Laudet and T. Ravasi, editors. Evolution,
Development and Ecology of Anemonefishes. CRC Press.

Hoepner, C. M., C. A. Abbott, and K. Burke da Silva. 2019. The Ecological Importance of
Toxicity: Sea Anemones Maintain Toxic Defence When Bleached. Toxins (Basel)
11.

Hoepner, C. M., and E. K. Fobert. 2022. Just keep swimming: long-distance mobility of
tomato clownfish following anemone bleaching. Ecology:e3619.

Holbrook, S. J., and R. J. Schmitt. 2004. Growth, reproduction and survival of a tropical
sea anemone (Actiniaria): benefits of hosting anemonefish. Coral Reefs 24:67-73.

Holding, M. L., D. H. Drabeck, S. A. Jansa, and H. L. Gibbs. 2016. Venom resistance as
a model for understanding the molecular basis of complex coevolutionary
adaptations. Integr Comp Biol 56:1032-1043.

Huebner, L. K., and N. E. Chadwick. 2012. Reef fishes use sea anemones as visual cues
for cleaning interactions with shrimp. Journal of Experimental Marine Biology and
Ecology 416:237-242.

Ivanova, L., H. Tartor, S. Grove, A. B. Kristoffersen, and S. Uhlig. 2018. Workflow for the
targeted and untargeted detection of small metabolites in fish skin mucus. Fishes
3:21.

Jindrich, K. 2011. Light influence on nematocyst firing in the sea anemone Haliplanella
luciae. [Masters Thesis]. Lund Vision Group and UCSB.

jueshengong. 2017. Jueshengong/psytrans. [Python].

Jungo, F., L. Bougueleret, |. Xenarios, and S. Poux. 2012. The UniProtKB/Swiss-Prot Tox-
Prot program: A central hub of integrated venom protein data. Toxicon 60:551-557.

186



Kaposi, K. L., R. L. Courtney, and J. E. Seymour. 2022. Implications of bleaching on
cnidarian venom ecology. Toxicon:X 13.

Kashimoto, R., M. Tanimoto, S. Miura, N. Satoh, V. Laudet, and K. Khalturin. 2022.
Transcriptomes of giant sea anemones from Okinawa as a tool for understanding
their phylogeny and symbiotic relationships with anemonefish. Zoological Science
39:374-387, 314.

Kiriake, A., and K. Shiomi. 2011. Some properties and cDNA cloning of proteinaceous
toxins from two species of lionfish (Pterois antennata and Pterois volitans). Toxicon
58:494-501.

Klopfenstein, D. V., L. Zhang, B. S. Pedersen, F. Ramirez, A. Warwick Vesztrocy, A. Naldi,
C. J. Mungall, J. M. Yunes, O. Botvinnik, M. Weigel, W. Dampier, C. Dessimoz, P.
Flick, and H. Tang. 2018. GOATOOLS: A Python library for Gene Ontology
analyses. Scientific Reports 8:10872.

Krayesky, S. L., J. L. Mahoney, K. M. Kinler, S. Peltier, W. Calais, K. Allaire, and G. M.
Watson. 2010. Regulation of spirocyst discharge in the model sea anemone,
Nematostella vectensis. Marine Biology 157:1041-1047.

Kusano, M., Z. Yang, Y. Okazaki, R. Nakabayashi, A. Fukushima, and K. Saito. 2015.
Using metabolomic approaches to explore chemical diversity in rice. Mol Plant
8:58-67.

Leung, T. L. F., and R. Poulin. 2008. Parasitism, commensalism, and mutualism: exploring
the many shades of symbioses. Life and Environment 58.

Levin, M., and F. Butter. 2022. Proteotranscriptomics — A facilitator in omics research.
Computational and Structural Biotechnology Journal 20:3667-3675.

Levin, R. A., V. H. Beltran, R. Hill, S. Kjelleberg, D. McDougald, P. D. Steinberg, and M. J.
H. van Oppen. 2016. Sex, Scavengers, and Chaperones: Transcriptome secrets
of divergent symbiodinium thermal tolerances. Molecular Biology and Evolution
33:2201-2215.

Lewis, R. W. 1970. The densities of three classes of marine lipids in relation to their
possible role as hydrostatic agents. Lipids 5:151-153.

Li, W., and A. Godzik. 2006. Cd-hit: a fast program for clustering and comparing large sets
of protein or nucleotide sequences. Bioinformatics 22:1658-1659.

Liao, Q., G. Gong, T. C. W. Poon, I. L. Ang, K. M. K. Lei, S. W. I. Siu, C. T. T. Wong, G.
Radis-Baptista, and S. M. Lee. 2019. Combined transcriptomic and proteomic
analysis reveals a diversity of venom-related and toxin-like peptides expressed in
the mat anemone Zoanthus natalensis (Cnidaria, Hexacorallia). Arch Toxicol
93:1745-1767.

Litsios, G., C. A. Sims, R. O Wiest, P. B. Pearman, N. E. Zimmermann, and N. Salamin.
2012. Mutualism with sea anemones triggered the adaptive radiation of
clownfishes. BMC Evolutionary Biology 12.

Lonnstedt, O. M., and A. J. Frisch. 2014. Habitat bleaching disrupts threat responses and
persistence in anemonefish. Mar. Ecol. Prog. Ser. 517:265-270.

Lubbock, R. 1979. Mucus antigenicity in sea anemones and corals. Hydrobiologia 66:3-6.

Lubbock, R. 1980. Why are clownfishes not stung by sea anemones? R. Soc. Lond. B.
207:35-61.

Macrander, J., M. Broe, and M. Daly. 2016. Tissue-Specific Venom Composition and
Differential Gene Expression in Sea Anemones. Genome Biol Evol 8:2358-2375.

Macrander, J., M. R. Brugler, and M. Daly. 2015. A RNA-seq approach to identify putative
toxins from acrorhagi in aggressive and non-aggressive Anthopleura elegantissima
polyps. BMC Genomics 16:221.

Macrander, J., and M. Daly. 2016. Evolution of the Cytolytic Pore-Forming Proteins
(Actinoporins) in Sea Anemones. Toxins (Basel) 8.

Madio, B., G. F. King, and E. A. B. Undheim. 2019. Sea Anemone Toxins: A Structural
Overview. Mar Drugs 17.

187



Madio, B., E. A. B. Undheim, and G. F. King. 2017. Revisiting venom of the sea anemone
Stichodactyla haddoni: Omics techniques reveal the complete toxin arsenal of a
well-studied sea anemone genus. J Proteomics 166:83-92.

Maor-Landaw, K., M. J. H. van Oppen, and G. |. McFadden. 2020. Symbiotic lifestyle
triggers drastic changes in the gene expression of the algal endosymbiont
Breviolum minutum (Symbiodiniaceae). Ecol Evol 10:451-466.

Marcionetti, A., V. Rossier, N. Roux, P. Salis, V. Laudet, and N. Salamin. 2019. Insights
into the genomics of clownfish adaptive radiation: Genetic basis of the mutualism
with sea anemones. Genome Biol Evol 11:869-882.

Mariscal, R. N. 1966. The symbiosis between tropical sea anemones and fishes: a review.
The Galapagos:157-171.

Mariscal, R. N. 1970a. An experimental analysis of the protection of Amphiprion xanthurus
cuvier & valenciennes and some other anemonefishes from sea anemones.
Journal of Experimental Marine Biology and Ecology 4:134-149.

Mariscal, R. N. 1970b. The nature of the symbiosis between Indo-Pacific anemone fishes
and sea anemones. Marine Biology 6:58-65.

Mariscal, R. N. 1970c. The nature of the symbiosis between Indo-Pacific anemonefishes
and sea anemones. Marine Biology 6:58-65.

Mathew, M., and N. B. Lopanik. 2014. Host Differentially Expressed Genes During
Association With Its Defensive Endosymbiont. The Biological Bulletin 226:152-163.

Mauch, S. 1998. Protection of the nudibranch Aeolidia papillosa from nematocyst
discharge of the sea anemone Anthopleura elegantissima. Oceanographic
Literature Review 3:512-513.

Mebs, D. 1994. Anemonefish symbiosis: vulnerability and resistance of fish to the toxin of
the sea anemone. Toxicon 32:1059-1068.

Mebs, D. 2009. Chemical biology of the mutualistic relationships of sea anemones with
fish and crustaceans. Toxicon 54:1071-1074.

Minhas, R. S., D. A. Rudd, H. Z. Al Hmoud, T. M. Guinan, K. P. Kirkbride, and N. H.
Voelcker. 2020. Rapid Detection of Anabolic and Narcotic Doping Agents in Saliva
and Urine By Means of Nanostructured Silicon SALDI Mass Spectrometry. ACS
Applied Materials & Interfaces 12:31195-31204.

Moon, K.-W. 2020. PieDonut/webr. R.

Moran, Y., D. Praher, A. Schlesinger, A. Ayalon, Y. Tal, and U. Technau. 2013. Analysis
of soluble protein contents from the nematocysts of a model sea anemone sheds
light on venom evolution. Mar Biotechnol (NY) 15:329-339.

Munday, P. L., M. Schubert, J. A. Baggio, G. P. Jones, M. J. Caley, and A. S. Grutter.
2003. Skin toxins and external parasitism of coral-dwelling gobies. Journal of Fish
Biology.

Nedosyko, A. M., J. E. Young, J. W. Edwards, and K. Burke da Silva. 2014. Searching for
a toxic key to unlock the mystery of anemonefish and anemone symbiosis. PLoS
One 9:€98449.

Nguyen, H.-T. T., B. T. Dang, H. Glenner, and A. J. Geffen. 2020. Cophylogenetic analysis
of the relationship between anemonefish Amphiprion (Perciformes:
Pomacentridae) and their symbiotic host anemones (Anthozoa: Actiniaria). Marine
Biology Research 16:117-133.

Norton, R. S. 2009. Structures of sea anemone toxins. Toxicon 54:1075-1088.

O'Hara, E. P., D. Wilson, and J. E. Seymour. 2021. The influence of ecological factors on
cnidarian venoms. Toxicon: X 9-10:100067.

Oliveira, J. S., D. Fuentes-Silva, and G. F. King. 2012. Development of a rational
nomenclature for naming peptide and protein toxins from sea anemones. Toxicon
60:539-550.

Ostman, C. 2000. A guideline to nematocyst nomenclature and classification, and some
notes on the systematic value of nematocysts. SCI. MAR. 64:31-46.

Overstreet, R. M., and J. M. Lotz. 2016. Host—Symbiont Relationships: Understanding the
Change from Guest to Pest. . Pages 27-64 in C. e. Hurst, editor. The Rasputin

188



Effect: When Commensals and Symbionts Become Parasitic. Advances in
Environmental Microbiology.

Ozacmak, V. H., G. U. Thorington, W. H. Fletcher, and D. A. Hessinger. 2001. N-
acetylneuraminic acid (nana) stimulates in situ cyclic amp production in tentacles
of sea anemone (Aiptasia pallida): possible role in chemosensitization of
nematocyst discharge. The Journal of Experimental Biology 204, 2011-2020
204:2011-2020.

Pang, Z., J. Chong, S. Li, and J. Xia. 2020. MetaboAnalystR 3.0: Toward an optimized
workflow for global metabolomics. Metabolites 10.

Pantin, C. F. A. 1942. The excitation of nematocysts. J. Exp. Biol. 19:294-310.

Paracer, S., and V. Ahmadjian. 2000. Symbiosis: an introduction to biological associations.
Oxford University Press.

Patro, R., G. Duggal, M. I. Love, R. A. Irizarry, and C. Kingsford. 2017. Salmon provides
fast and bias-aware quantification of transcript expression. Nature Methods
14:417-419.

Perales, J., A. G. C. Neves-Ferreira, R. H. Valente, and G. B. Domont. 2005. Natural
inhibitors of snake venom hemorrhagic metalloproteinases. Toxicon 45:1013-
1020.

Pontasch, S., A. Scott, R. Hill, T. Bridge, P. L. Fisher, and S. K. Davy. 2013. Symbiodinium
diversity in the sea anemone Entacmaea quadricolor on the east Australian coast.
Coral Reefs 33:537-542.

Prentis, P. J., A. Pavasovic, and R. S. Norton. 2018. Sea Anemones: Quiet achievers in
the field of peptide toxins. Toxins (Basel) 10.

Pryor, S. H., R. Hill, D. L. Dixson, N. J. Fraser, B. P. Kelaher, and A. Scott. 2020.
Anemonefish facilitate bleaching recovery in a host sea anemone. Sci Rep
10:18586.

Putnam, N. H., M. Srivastava, U. Hellsten, B. Dirks, J. Chapman, A. Salamov, A. Terry, H.
Shapiro, E. Lindquist, V. V. Kapitonov, J. Jurka, G. Genikhovich, I. V. Grigoriev, S.
M. Lucas, R. E. Steele, J. R. Finnerty, U. Technau, M. Q. Martindale, and D. S.
Rokhsar. 2007. Sea anemone genome reveals ancestral eumetazoan gene
repertoire and genomic organization. Science 317:86-94.

R Core Development Team. 2013. R: A language and environment for statistical
computing.

Ramirez-Carreto, S., B. Miranda-Zaragoza, and C. Rodriguez-Almazan. 2020.
Actinoporins: From the Structure and Function to the Generation of
Biotechnological and Therapeutic Tools. Biomolecules 10.

Ramirez-Carreto, S., R. Vera-Estrella, T. Portillo-Bobadilla, A. Licea-Navarro, J.
Bernaldez-Sarabia, E. Rudino-Pinera, J. J. Verleyen, E. Rodriguez, and C.
Rodriguez-Almazan. 2019. Transcriptomic and Proteomic Analysis of the
Tentacles and Mucus of Anthopleura dowii Verrill, 1869. Mar Drugs 17.

Rao, W.-q., K. Kalogeropoulos, M. E. Allentoft, S. Gopalakrishnan, W.-n. Zhao, C. T.
Workman, C. Knudsen, B. Jiménez-Mena, L. Seneci, M. Mousavi-Derazmahalleh,
T. P. Jenkins, E. Rivera-de-Torre, S.-q. Liu, and A. H. Laustsen. 2022. The rise of
genomics in snake venom research: recent advances and future perspectives.
Gigascience 11.

Razpotnik, A., I. Krizaj, W. R. Kem, P. Macek, and T. Turk. 2009. A new cytolytic protein
from the sea anemone Urticina crassicornis that binds to cholesterol- and
sphingomyelin-rich membranes. Toxicon 53:762-769.

Reft, A. J. 2012. Understanding the Morphology and Distribution of Nematocysts in Sea
Anemones and their Relatives [Doctoral dissertation, Ohio State University]. .
OhioLINK Electronic Theses and Dissertations Center. .

Reverter, M., P. Sasal, B. Banaigs, D. Lecchini, G. Lecellier, and N. Tapissier-Bontemps.
2017. Fish mucus metabolome reveals fish life-history traits. Coral Reefs 36:463-
475.

189



Reverter, M., N. Tapissier-Bontemps, D. Lecchini, B. Banaigs, and P. Sasal. 2018.
Biological and Ecological Roles of External Fish Mucus: A Review. Fishes 3.

Riesgo, A., K. Peterson, C. Richardson, T. Heist, B. Strehlow, M. McCauley, C. Cotman,
M. Hill, and A. Hill. 2014. Transcriptomic analysis of differential host gene
expression upon uptake of symbionts: a case study with Symbiodinium and the
major bioeroding sponge Cliona varians. BMC Genomics 15:376.

Rodriguez, E., M. S. Barbeitos, M. R. Brugler, L. M. Crowley, A. Grajales, L. Gusmao, V.
Haussermann, A. Reft, and M. Daly. 2014. Hidden among sea anemones: the first
comprehensive phylogenetic reconstruction of the order Actiniaria (Cnidaria,
Anthozoa, Hexacorallia) reveals a novel group of hexacorals. PLoS One 9:€96998.

Rodriguez, E., D. G. Fautin, and M. Daly. 2022. World List of Actiniaria. Actiniaria.
Accessed through: World Register of Marine Species at:
https://www.marinespecies.org/aphia.php?p=taxdetails&id=1360 on 2022-08-23.

Roopin, M., R. P. Henry, and N. E. Chadwick. 2008. Nutrient transfer in a marine
mutualism: patterns of ammonia excretion by anemonefish and uptake by giant
sea anemones. Marine Biology 154:547-556.

Roopin, M., D. J. Thornhill, S. R. Santos, and N. E. Chadwick. 2011. Ammonia flux,
physiological parameters, and Symbiodinium diversity in the anemonefish
symbiosis on Red Sea coral reefs. Symbiosis 53:63-74.

Roux, N., P. Salis, S.-H. Lee, L. Besseau, and V. Laudet. 2020. Anemonefish, a model for
Eco-Evo-Devo. EvoDevo 11:20.

Rowe, C. 2010. Defense Against Predation. Pages 106-111 Encyclopedia of Animal
Behavior. Academic Press.

Russell, F. E. 1982. Why are clownfishes not stung by sea anemone? Toxicon 20.

Russell, S. L., and J. R. Castillo. 2020. Trends in Symbiont-Induced Host Cellular
Differentiation. Results Probl Cell Differ 69:137-176.

Sachkova, M. Y., J. Macrander, J. M. Surm, R. Aharoni, S. S. Menard-Harvey, A. Klock,
W. B. Leach, A. M. Reitzel, and Y. Moran. 2020. Population specific adaptations in
venom production to abiotic stressors in a widely distributed cnidarian. bioRxiv 1.

Saenz-Agudelo, P., G. P. Jones, S. R. Thorrold, and S. Planes. 2011. Detrimental effects
of host anemone bleaching on anemonefish populations. Coral Reefs 30:497-506.

Sahm, A., P. Almaida-Pagan, M. Bens, M. Mutalipassi, A. Lucas-Sanchez, J. de Costa
Ruiz, M. Gorlach, and A. Cellerino. 2019. Analysis of the coding sequences of
clownfish reveals molecular convergence in the evolution of lifespan. BMC Evol
Biol 19:89.

Savitzky, A. H., A. Mori, D. A. Hutchinson, R. A. Saporito, G. M. Burghardt, H. B. Lillywhite,
and J. Meinwald. 2012. Sequestered defensive toxins in tetrapod vertebrates:
principles, patterns, and prospects for future studies. Chemoecology 22:141-158.

Schlichter, D. 1976. Macromolecular mimicry: substances released by sea anemones and
their role in the protection of anemonefishes. Plenum Press, New York.

Schligler, J., A. Blandin, R. Beldade, and S. C. Mills. 2022. Aggression of an orange-fin
anemonefish to a blacktip reef shark: a potential example of fish mobbing? Marine
Biodiversity 52:17.

Schneider, C. A., W. S. Rasband, and K. W. Eliceiri. 2012. NIH Image to ImageJ: 25 years
of image analysis. Nature Methods 9:671.

Schulz, M. H., D. R. Zerbino, M. Vingron, and E. Birney. 2012. Oases: robust de novo
RNA-seq assembly across the dynamic range of expression levels. Bioinformatics
28:1086-1092.

Sencic, L., and P. Macek. 1990. New method for isolation of venom from the sea anemone
Actinia cari purification and characterization of cytolytic toxins. Comp. Biochem.
Physiol. B Biochem. Mol. Biol. 97:687-693.

Shafee, T., M. L. Mitchell, and R. S. Norton. 2019. Mapping the chemical and sequence
space of the ShKT superfamily. Toxicon 165:95-102.

Shephard, K. L. 1994. Functions for fish mucus. Reviews in Fish Biology and Fisheries
4:401-429.

190


https://www.marinespecies.org/aphia.php?p=taxdetails&id=1360

Shum, C. W. Y., W. Nong, W. L. So, Y. Li, Z. Qu, H. Y. Yip, T. Swale, P. O. Ang, K. M.
Chan, T. F. Chan, K. H. Chu, A. P. Y. Chui, K. F. Lau, S. M. Ngai, F. Xu, and J. H.
L. Hui. 2022. Genome of the sea anemone Exaiptasia pallida and transcriptome
profiles during tentacle regeneration. Frontiers in Cell and Developmental Biology
10.

Sikkel, P. C., K. L. Cheney, and |. M. Cété. 2004. In situ evidence for ectoparasites as a
proximate cause of cleaning interactions in reef fish. Animal Behaviour 68:241-247.

Sikkel, P. C., C. A. Cook, L. P. Renoux, C. L. Bennett, L. J. Tuttle, and N. J. Smit. 2018.
The distribution and host-association of a haemoparasite of damselfishes
(Pomacentridae) from the eastern Caribbean based on a combination of
morphology and 18S rDNA sequences. Int J Parasitol Parasites Wildl 7:213-220.

Sikkel, P. C., C. A. Fuller, and W. Hunte. 2000. Habitat/sex differences in time at cleaning
stations and ectoparasite loads in a Caribbean reef fish. Marine Ecology Progress
Series 193:191-199.

Sikkel, P. C., L. J. Tuttle, K. Cure, A. M. Coile, and M. A. Hixon. 2014. Low susceptibility
of invasive red lionfish (Pterois volitans) to a generalist ectoparasite in both its
introduced and native ranges. PLoS One 9:€95854.

Simao, F. A., R. M. Waterhouse, P. loannidis, E. V. Kriventseva, and E. M. Zdobnov. 2015.
BUSCO: assessing genome assembly and annotation completeness with single-
copy orthologs. Bioinformatics 31:3210-3212.

Smith, E. G., J. M. Surm, J. Macrander, A. Simhi, G. Amir, M. Y. Sachkova, M.
Lewandowska, A. M. Reitzel, and Y. Moran. 2023. Micro and macroevolution of
sea anemone venom phenotype. Nature Communications 14:249.

Smith, T. E., and N. A. Moran. 2020. Coordination of host and symbiont gene expression
reveals a metabolic tug-of-war between aphids and <i>Buchnera</i>. Proceedings
of the National Academy of Sciences 117:2113-2121.

Soares, M. C., R. F. Oliveira, A. F. Ros, A. S. Grutter, and R. Bshary. 2011. Tactile
stimulation lowers stress in fish. Nat Commun 2:534.

Steinegger, M., and J. Séding. 2017. MMseqs2 enables sensitive protein sequence
searching for the analysis of massive data sets. Nature Biotechnology 35:1026-
1028.

Strohalm, M., M. Hassman, B. KoSata, and M. Kodi¢ek. 2008. mMass data miner: an open
source alternative for mass spectrometric data analysis. Rapid Communications in
Mass Spectrometry 22:905-908.

Sun, D., S. P. Blomberg, T. H. Cribb, M. I. McCormick, and A. S. Grutter. 2012. The effects
of parasites on the early life stages of a damselfish. Coral Reefs 31:1065-1075.

Sunagar, K., D. Morgenstern, A. M. Reitzel, and Y. Moran. 2016. Ecological venomics:
How genomics, transcriptomics and proteomics can shed new light on the ecology
and evolution of venom. J Proteomics 135:62-72.

Surm, J. M., Z. K. Stewart, A. Papanicolaou, A. Pavasovic, and P. J. Prentis. 2019. The
draft genome of Actinia tenebrosa reveals insights into toxin evolution. Ecol Evol
9:11314-11328.

Suzek, B. E., Y. Wang, H. Huang, P. B. McGarvey, C. H. Wu, and t. U. Consortium. 2014.
UniRef clusters: a comprehensive and scalable alternative for improving sequence
similarity searches. Bioinformatics 31:926-932.

Szczebak, J. T., R. P. Henry, F. A. Al-Horani, and N. E. Chadwick. 2013. Anemonefish
oxygenate their anemone hosts at night. J Exp Biol 216:970-976.

Tang, K. L., M. L. J. Stiassny, R. L. Mayden, and R. DeSalle. 2021. Systematics of
Damselfishes. Ichthyology & Herpetology 109.

Team, R. C. 2013. R: A language and environment for statistical computing.

Titus, B. M., C. Benedict, R. Laroche, L. C. Gusmao, V. Van Deusen, T. Chiodo, C. P.
Meyer, M. L. Berumen, A. Bartholomew, K. Yanagi, J. D. Reimer, T. Fujii, M. Daly,
and E. Rodriguez. 2019. Phylogenetic relationships among the clownfish-hosting
sea anemones. Mol Phylogenet Evol 139:106526.

191



Todaro, D., and G. M. Watson. 2012. Force-dependent discharge of nematocysts in the
sea anemone Haliplanella luciae (Verrill). Biol Open 1:582-587.

TransDecoder. 2022. TransDecoder.

Trevisan-Silva, D., L. H. Gremski, O. M. Chaim, R. B. da Silveira, G. O. Meissner, O. C.
Mangili, K. C. Barbaro, W. Gremski, S. S. Veiga, and A. Senff-Ribeiro. 2010.
Astacin-like metalloproteases are a gene family of toxins present in the venom of
different species of the brown spider (genus Loxosceles). Biochimie 92:21-32.

Trivers, R. L. 1971. The Evolution of Reciprocal Altruism. The Quarterly Review of Biology
46:35-57.

Varki, A. 2016. Biological roles of glycans. Glycobiology 27:3-49.

Verde, A. E., A. Cleveland, and R. W. Lee. 2015. Nutritional exchange in a tropical tripartite
symbiosis |l: direct evidence for the transfer of nutrients from host anemone and
zooxanthellae to anemonefish. Marine Biology 162:2409-2429.

Visser, E. A., S. J. Moons, S. Timmermans, H. de Jong, T. J. Boltje, and C. Bill. 2021.
Sialic acid O-acetylation: From biosynthesis to roles in health and disease. J Biol
Chem 297:100906.

Vorbach, B. S. 2016. A Review of Aquacultured Clownfish (Amphiprion spp.) and Lined
Seahorse (Hippocampus erectus) Clinical Cases Submitted to the University of
Florida Tropical Aquaculture Laboratory from 2011 to 2015.in International
Association for Aquatic Animal Medicine Virginia Beach, VA.

Wahab, W., M. |. Zakariah, S. Mazelan, and F. Shaharom. 2009. Parasites of marine
ornamental fish. Jabatan Perikanan Malaysia.

Waldie, P. A., S. P. Blomberg, K. L. Cheney, A. W. Goldizen, and A. S. Grutter. 2011.
Long-Term effects of the cleaner fish Labroides dimidiatus on coral reef fish
communities. PLoS One 6.

Walker, A. A., S. D. Robinson, B. F. Hamilton, E. A. B. Undheim, and G. F. King. 2020.
Deadly Proteomes: A practical guide to proteotranscriptomics of animal venoms.
Proteomics 20:1900324.

Wang, H., W. Tang, R. Zhang, and S. Ding. 2019. Analysis of enzyme activity, antibacterial
activity, antiparasitic activity and physico-chemical stability of skin mucus derived
from Amphiprion clarkii. Fish Shellfish Immunol 86:653-661.

Wickham, H. 2016. ggplot2-Elegant Graphics for Data Analysis. Springer International
Publishing. Cham, Switzerland.

Wilding, C. S., N. Fletcher, E. K. Smith, P. Prentis, G. D. Weedall, and Z. Stewart. 2020.
The genome of the sea anemone Actinia equina (L.): Meiotic toolkit genes and the
question of sexual reproduction. Marine Genomics 53:100753.

Williams, E. H., and L. B. Williams. 1982. First report of periclimenes yucatanicus (ives)
(Decapoda, palaemonidae) in association with a corallimorpharian anemone.
Crustaceana 42.

Wismer, S., A. Grutter, and R. Bshary. 2016. Generalized rule application in bluestreak
cleaner wrasse (Labroides dimidiatus): using predator species as social tools to
reduce punishment. Animal Cognition 19:769-778.

Wolfender, J. L., G. Glauser, J. Boccard, and S. Rudaz. 2009. MS-based plant
metabolomic approaches for biomarker discovery. Nat Prod Commun 4:1417-
1430.

Zhao, F., X. Lan, T. Li, Y. Xiang, F. Zhao, Y. Zhang, and W.-H. Lee. 2018.
Proteotranscriptomic Analysis and Discovery of the Profile and Diversity of Toxin-
like Proteins in Centipede. Molecular & Cellular Proteomics 17:709-720.

Zhokhov, A.E., H. V. Thi, O. L. T. Kieu, M. N. Pugacheva, and T. N. T. Hai. 2020. Parasites
of Anemonefish (Pomacentridae, Amphiprioninae) in the Gulf of Nha Trang, South
China Sea, Vietnam. Biology Bulletin 46:791-803.

192



Appendix 1: Additional publication

Just keep swimming: long-
distance mobility of
tomato clownfish
following anemone

bleaching.

Hoepner, C. M. and E. K. Fobert

Published in: Ecology: e3619.

Initial concept EKF, fieldwork CMH EKEF, first draft EKF, editing CMH EKF
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APPENDIX 3: SUPPLEMENTARY MATERIAL FOR
CHAPTER 3

S$3.1: Quantification of discharged and undischarged fired nematocytes in
1mm? from SEM images

Number of Number of
discharged undischarged
Treatment Spirocysts nematocyte capsules nematocyte capsules  Total
Damselfish Before 16 242 (70%) 105 347
Prawn Before 7 373 (96%) 16 389
Anemonefish Before 2 354 (91%) 36 390
Anemonefish With 1 104 (73%) 38 142
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$3.2: 100 SEM images stitched together to represent 1mm? from each glass slide
A) prawn before, B) damselfish before, C) anemonefish before, D) anemonefish

with, E) example of spirocysts on the prawn before slide F) example of spirocysts

on the damselfish before slide. Red circles indicate spirocysts.
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SUPPLEMENTARY MATERIAL FOR CHAPTER 4
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APPENDIX 5: SUPPLEMENTARY MATERIAL FOR
CHAPTER 5

S$5.1: Quality control results for RNA samples.

Anemonefish RNA
Association & concentration  RNA % Length M
Time period (ng/ul) volume RIN Dups % GC (bp) Segs
Before Oh 71 lug 8.9 52.00 47 169 29.8
17.2 500ng 9.1 49.80 47 176 28.1
47.8 lug 9.1 54.40 46 171 28.6
87 lug 8.5 62.00 45 171 35.6
28.8 lug 8 62.70 44 172 28.7
9.17 500ng 7.1 77.20 45 171 36.4
Before 72h 69 lug 8.7 53.70 46 163 32.7
41.9 lug 8.7 57.10 47 163 36.4
84 lug 8.8 56.80 47 177 30.7
95 lug 8.4 55.00 46 174 32
64 lug 8.7 56.50 47 175 36.8
47.2 lug 8.8 53.60 47 177 30.6
With Oh 15.3 500ng 8.8 5450 46 164 35.6
83 lug 8.4 58.40 47 170 35.3
60 lug 9.1 61.00 48 170 33.9
55 500ng 8.6 58.40 46 175 30.8
25.2 500ng 8.3 57.40 47 171 33.8
47.5 lug 9 62.10 47 171 47.1
With 72h 42.7 lug 9.2 57.50 45 168 33.4
23 500ng 9 55.70 47 176 28.7
50 lug 9.2 63.30 47 168 32
7.85 200ng 7.8 70.20 47 174 37
48.8 lug 9 56.80 46 166 39
56 lug 9 59.90 46 169 35.9

S$5.2: Agarose gel showing RNA quality.
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$5.3: Quality control graphs for RNA sequencing.

FastQC: Sequence Counts

Anl_before_0h_S26.collapsed
An1_with_0h_S38.collapsed
An2_before_0h_S27.collapsed
An2_with_0h_S39.collapsed
An3_before_0h_S28.collapsed
An3_with_0h_S40.collapsed
An4_before_0h_S29.collapsed
An4_with_0h_S41.collapsed
AnS_before_0h_S30.collapsed
AnS_with_0h_S42.collapsed
An6_before_0h_S31.collapsed
An6_with_0Oh_S43.collapsed

(=]

10M 20M

Number of reads

w
=
=
&
=
=

50M

@ Unique Reads @ Duplicate Reads

Created with MultiQC

FastQC: Per Sequence GC Content

Percentage
w

0 20 40 60 80 100

% GC
Created with MultiQC

FastQC: Sequence Length Distribution

5000000

4000000

3000000

Read Count

2000000

1000000

50 100 150 200 250

Sequence Length (bp)
Created with MultiQC

201



$5.4: Symbiont data sources

Citation Species
(Gonzalez-Pech et e S linucheae (genome)
al., 2021) e S. microadriaticum CasskB8 (genome)

e S. microadriaticum 04-503SCI.03 (genome)
e S. natans (genome)

e S. necroappetens (genome)

e S. tridacnidorum (genome)

(Levin et al., 2016)

e Mixed Symbiodinium population isolated from Acropora tenuis
from South Molle Island (transcriptome)

e Mixed Symbiodinium population isolated from Acropora tenuis
from Magnetic Island (transcriptome)

(Camp et al., 2022)

e Cladocopium goreaui (transcriptome)
e  Durusdinium trenchii (transcriptome)
e Breviolum sp. (transcriptome)

(Arriola et al., 2018)

e Micractinium conductrix (genome)
e Chlorella sorokiniana UTEX 1602 (genome)

S5.5 Anemone data sources

Citation

Species

(Wilding et al., 2020)

e Actinia equina (genome)

(Unpublished, ePGL)

e Actinia tenebrosa (genome)
e Aulactinia veratra (genome)
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$5.6: Putative toxins present in Entacmaea quadricolor. % indicates
percentage of gene clusters in the tentacle transcriptome that were found in the

venom proteome. * indicates toxin families that were manually identified.

Tentacle Venom
transcriptom proteome
Toxin Family ID Domain e
Gene Proteins %
Clusters
ALLERGEN AND INNATE 9 4 44.4
IMMUNITY
CRISP CAP 7 2 28.6
DPP IV/FAP Peptidase S9 1 1 100
HYAs / 100
AUXILIARY 67 12 17.9
Peptidase M12A Astacin 67 12 17.9
HAEMOSTATIC AND
HAEMORRHAGIC 409 26 6.4
True venom lectin family C-type lectin 7 0
Coagulation factor V-like F5/8 type-C 315 8 2.5
Ficolin lectin family Fibrinogen 30 3 10
C-terminal
Peptidase M12B TSP type-1 20 2 10
Peptidase S1 Trypsin 37 13 35.1
MIXED FUNCTION ENZYMES 24 3 125
Phospholipase A2 PLA2 24 3 12.5
NEUROTOXIN 122 7.3
Acrorhagin / 3 0
Delta-actitoxin-Eqdla ATX- 1l 2 0
BRH-like (Type IV Kv channel) / 4 0
R-Defensin (Type Il Kv channel) Defensin 2 0
CRISP CAP/ShKT 2 2 100
ICK-like (Type V Kv channel) / 17 0
NEP 3 Family ShKT 5 2 40
SCRiP (TRPA1) / 2 0
ShK-like (Type | Kv channel) ShKT 85 5 5.8
PORE FORMING 45 8 17.8
Actinoporin (Type Il cytolysins) Cytolysin 23 2 8.7
DELTA-actitoxin-Ucsla Cytolysin 9 3 33.3
DELTA-alicitoxin-Pse2a-like MAC/PF 2 1 50
DELTA-alicitoxin-Pse2b-like MAC/PF 10 2 20
DELTA-thalatoxin-Avl2a-like MAC/PF 1 0
PROTEASE INHIBITOR 38 3 7.9
Venom Kunitz-type family Kunitz-BPTI 19 3 13.6
Kazal-like Kazal 19 0
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S5.6 cont.

Tenacle Venom
Toxin Family ID Domain transcriptome  Proteome
Gene Clusters Proteins %
UNKNOWN 537 70 13
CREC EF-hand 8 12.5
EGF-like EGF-like 25 4.2
Immunoglobulin-like IGC2-like 300 33 11
Lipase maturation factor LMF1 8 0
Sea anemone 8 toxin family / 10 0
u2 9 0
U8 5 0
U9 1 0
U1l 4 0
ui2 Folate 13 5 38.5
receptor
u13 Folate 4 2 50
receptor
ui15s 21 10 47.6
ul6 4 0
Z3 Zona pellucida 20 6 30
7 Zona pellucida 1 1 100
uncharacterised toxins / 104 11 10.6
Total 1,251 135 10.8
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S$5.7 IG-like domain architecture in venom proteome.

A e W |
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$5.8 Uncharacterised toxin domain architecture in venom proteome.
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$5.9 Putative nematocytes proteins present in Entacmaea quadricolor. % indicates
percentage of gene clusters in the tentacle transcriptome that were found in the venom
proteome.
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Nematocyte Family ID

Tentacle Transcriptome

Venom Proteome

Gene Clusters Proteins %
CALCIUM MODULATORS 20 3 15
Calcium-binding EF-hand protein 2 1 50
Annexin 4 1 25
EGF-Ca (2) Formate/nitrite transporter c 0
domain protein
EGF-like type 3 protein 3 0
EGF-Ca domain protein 6 1 16.7
METABOLIC ENZYMES 28 13 46.4
Carbonic Anhydrases 1 0
Glutamate Metabolism 13 7 53.8
Glycoside Hydrolases 3 2 66.7
Other Carbohydrate-modifying Enzymes 5 3 60
Protease-associated Glycosidase 3 1 333
Ungrouped proteins 3 0
NOVEL PROTEINS 37 6 16.2
Novel Protein type 1 10 0
Novel Protein type 3 10 2 20
Novel Protein type 4 17 4 235
OTHER ENZYMES 66 20 30.3
ADP-ribosyl hydrolase 1 1 100
ATPase 3 1 333
Lipase/ Esterases 19 7 36.8
Peptidyl-prolyl cis-trans isomerase 17 6 353
Phosphodiesterase / nucleotide
pyrophosphatase 4 0
Protein Disulfide Isomerase 4 1 25
Ungrouped enzymes 18 4 22.2
PEPTIDASES 68 28 41.2
Cysteine peptidases 14 2 14.3
Glycoside hydrolases 2 1 50
Metallopeptidases 43 21 48.8
Serine peptidases 9 4 44.4
STRUCTURAL PROTEINS 90 19 21.1
Minicollagens and Proline-rich proteins 15 2 13.3
Other ECM motif proteins 60 14 233
Other structural proteins 15 3 20

S5.9 cont
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Nematocyte Family ID

Tentacle Transcriptome

Venom Proteome

Gene Clusters Proteins %
VENOMS 45 9 20
Allergen and innate immunity 18 7 38.9
Auxiliary 10 1 10
Mixed Function Enzymes 8 0
Protease Inhibitor 6 0
Unknown 3 1 333
UNGROUPED PROTEINS 34 23.5
14-3-3 protein 4 3 75
ADP/ATP-translocator protein 3 0
GST N Metaxin-like protein 2 1 50
Mef2 myocyte enhancer factor 2-like protein 5 0
Phosphatidylinositol transfer protein 2 1 50
Solute carrier family 25 protein 1 0
SOUL heme-binding protein 8 3 37.5
Translocon-associated protein 1 3 0
TRAP beta domain protein 5 0
Voltage-dependent anion channel 2 related 1
Total 388 106 27.3
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APPENDIX 6: SUPPLEMENTARY MATERIAL FOR
CHAPTER 6

$6.1: Normalisation of transcripts A) before normalisation B) after Combat-Seq
normalisation C) after Combat-Seq normalisation all files.
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S$6.2: Normalisation of venom proteome A) pre-normalisation all files, B) Pre
normalisation minus An6 Before, C) Post normalisation all files, D) Post
normalisation minus An6 Before, E) PCA all files, F) PCA minus An6 Before
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S6.3: Differential gene expression of the Entacmaea quadricolor tentacle transcriptome
comparing sampling at 0 and 72 hours. Rows scaled using z-scores (x - mean(x)) / sd(x).
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S$6.4: Differentially expressed putative toxin tentacle transcripts and venom proteins
from Entacmaea quadricolor. Bold/underlined putative toxins indicate differential
expression in transcripts and proteins. DE=number of gene clusters differentially
expressed. + indicates an increase with hosting, - indicated a decrease with hosting.

Tentacle Transcriptome Venom Proteome
Toxin Family ID Gene DE Change Gene DE  Change
Clusters Clusters
ALLERGEN AND INNATE
IMMUNITY
CRISP 7 1 - 2 1 -
DPP IV/FAP 1 1 1 -
HYAs 1 1 1 -
AUXILLIARY
Peptidase_ M12A L1 28 3

Peptidase_ M12A L2 5

Peptidase_ M12A L3 1

Peptidase_M12A L4 1

Peptidase_ M12A L5 3 1
6
4
2

Peptidase_ M12A L6

Peptidase_ M12A L7 1
Peptidase_ M12A L8 1 +
Peptidase M12A (UC) 17 1 - 3 2 +1/-1
HEMOSTATIC AND HEMORRHAGIC
TOXIN
Coagulation factor V-like L1 238 2 2
Coagulation factor V-like L2 46 1 1
Coagulation factor V-like L3 31 5 + 5 1 +
Ficolin lectin family 30 3
Peptidase M12B 20 2 - 2
Peptidase S1 L1 26 1 + 9
Peptidase S1 L2 1
Peptidase S1 (UC) 10 4
True Venom Lectin Family 7
MIXED FUNCTION ENZYMES
PLA2 L1 16 1 + 3 3 -
PLA2 L2 5
PLA2 (UC) 3
NEUROTOXIN
Acrorhagin 3
BRH-like_L2 3
BRH-like_L3 1 1 -
R-Defensin (Type Il Kv channel) 2
CRISP 2 1 - 2 1 -
Delta-actitoxin-Eqdla 2 1 -
ICK-like (Type V Kv channel) 17 6 +3/-3
NEP 3 Family — NEP 3 5 4 - 2 2 -
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S$6.4: cont:

Tentacle Transcriptome Venom Proteome
Toxin Family ID Gene DE Change Protein DE Change
Clusters s
NEUROTOXIN cont.
SCRiP 2
ShK-like L1 9
ShK-like L2 11
ShK-like L3 1
ShK-like (UC) 64 10 - 5
PORE FORMING
Actinoporin 23 2 1 -
DELTA-actitoxin-Ucsla 9 3 1 -
DELTA-alicitoxin-Pse2a-like 2 1 1 +
DELTA-alicitoxin-Pse2b-like 10 2
DELTA-thalatoxin-Avi2a-like 1
PROTEASE INHIBITOR
Kazal-like L1 2
Kazal-like L2 17 3 -
Venom Kunitz-type family L1 16
Venom Kunitz-type family L2 3 3 3 -
UNKNOWN
CREC 8 1
EGF-like 25 1
IG-like L1 12
IG-like L2 100 6
IG-like L3 188 7  +5/-2 27 2 +
Lipase maturation factor 8
Sea Anemone 8 toxin family 10
U2 9
us 5
U9 1
ulllLl 4
ui12 13 3 - 5 2 -
ul13 4 2 1 -
ul15 21 10 4 -
ule 4 1 -
Z3 20 6 4 +
z7 1 1
Uncharacterised toxin 105 22 +1/-21 12 4 +2/-2
Total 1,251 77 135 38
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S6.5: Differentially expressed Hydra nematocyte matched tentacle transcripts and the
venom proteins from Entacmaea quadricolor. Bold/underlined nematocyte match indicate
differential expression in transcripts and proteins. DE=number of gene clusters differentially
expressed. + indicates an increase with hosting, - indicated a decrease with hosting.

Tentacle Transcriptome Venom Proteome
Nematocyte Family ID Gene DE Change Proteins DE Change
Clusters
CALCIUM MODULATORS
Calcium-binding EF-hand protein 2
Annexin 4 1
EGF-Ca (2) Formate/nitrite -
transporter domain protein
EGF-like type 3 protein 3
EGF-Ca domain protein 6 3 - 1
METABOLIC ENZYMES
Carbonic Anhydrases 1
Glutamate Metabolism 13 6 +1/-5 7 4 -
Glycoside Hydrolases 3 2 1 -
Other Carbohydrate-modifying 5 1 i 3 3 _
Enzymes
Protease-associated Glycosidase 3 1 - 1 1 -

Ungrouped proteins 3
NOVEL PROTEINS

Novel Protein type 1 10 6 -

Novel Protein type 3 10 3 - 2 1 -

Novel Protein type 4 17 11 - 4 3 -
OTHER ENZYMES

ADP-ribosyl hydrolase 1 1 + 1 1 -
ATPase 3 1
Lipase/ Esterases 19 11 +9/-2 7 4 -
Peptidyl-prolyl cis-trans
° »ilsopme:/ase 17 6
Phosphodiesterase / nucleotide 4 1 i
pyrophosphatase
Protein Disulfide Isomerase 4 1 1 -
Ungrouped enzymes 18 2 - 4 1 -
PEPTIDASES

Cysteine peptidases 14 1 -

Glycoside hydrolases 2 1
Metallopeptidases 43 9 +1/-8 21 9 -
Serine peptidases 9 3 - 4 1 -

STRUCTURAL PROTEINS
Minicollagens and Proline-rich 15 5
proteins
Other ECM motif proteins 60 16 - 14 3 -
Other structural proteins 15 1 - 3 1 +
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S$6.5: cont:

Tentacle Transcriptome

Venom Proteome

Nematocyte Family ID Gene DE Change Proteins DE Change
Clusters
VENOMS
Allergen and innate immunity 7 6 - 7 5 -
Auxiliary 10 1
Mixed Function Enzymes 8
Protease Inhibitor 6
Unknown 3 1
UNGROUPED PROTEINS
14-3-3 protein 4 3
ADP/ATP-translocator protein 3
GST N Metaxin-like protein 2 2 - 1
Mef2 myocyte enhancer factor c 1 N
2-like protein
Phosphatidylinositol transfer 5 1 i 1
protein
Solute carrier family 25 protein 1
SOUL heme-binding protein 8 1 - 3
Translocon-associated protein 1 3
TRAP beta domain protein 5
Voltage-dependent anion 1
channel 2 related
Total 388 87 106 39
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APPENDIX 7: ADDITONAL EXPERIMENTS

7.1 Lipid profiles from anemone mucus and venom

Chapter 4 explored the mucus metabolome of anemonefish, to assess changes during
symbiosis with anemone hosts. During this experiment samples of anemone mucus and
venom were also collected to perform metabolite analysis, unfortunately during extended
COVID-19 lockdowns in Melbourne, where the samples were stored, the anemone glycan

samples were misplaced during a freezer clean out leaving only the lipid samples.

The original idea behind chapter 4 was to differentiate between the hypothesises that (1)
the mucus layer of the anemonefish lacks the stimulatory compounds to trigger the
nematocytes of the anemone, that are present in the mucus layer of non-symbiotic fishes
(Lubbock 1980) and (2) the anemonefish mucus layer acts to molecularly mimic the
anemone’s mucus, preventing the detection of the anemonefish amongst the anemone’s
tentacles (Elliot et al. 1994). If molecular mimicry was to occur, we would expect the
metabolome profiles of the anemone and anemonefish mucus to merge or become more
similar during symbiosis. Hence the collection of anemone mucus for comparison to the

anemonefish mucus samples, across the different hosting periods.
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As was seen in the anemonefish lipid profiles, the anemone mucus and venom lipid
samples do not change with hosting, as there is no separation between the lipid profiles

of hosting and non-hosting anemones (Fig S7.1.1)
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S7.1.1: Principal Coordinate Analysis (PCoA) of anemone mucus and venom lipidome A)
anemone mucus, B) anemone venom

Throughout the association periods (hosting and non-hosting) the lipid profile of both
anemonefish and anemone mucus remain separated regardless of symbiosis (Fig $7.1.2).
In the molecular mimicry hypothesis, we would expect the profiles of host sea anemone
and anemonefish mucus to merge during hosting periods, however for the lipidome we
do not see this (Fig S7.1.2B). If we also had the glycan samples from the host sea anemone
and saw the same result, we could be more confident with rejecting the molecular

mimicry hypothesis but at this stage we need more evidence.
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S7.1.2: Principal Coordinate Analysis (PCoA) of anemonefish and anemone mucus
lipidome A) pre-hosting, B) 3-weeks association, C) 3-weeks removed
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7.2 Haemolysis activity with anemonefish presence

Further to the molecular mimicry hypothesis, we were interested to see if anemonefish
could incorporate venom proteins from their host sea anemone into their own mucus for
venom inhibition and self-recognition purposes. As an initial step in testing this hypothesis
we compared mucus from anemonefish, host sea anemones and a non-symbiotic

dameselfish (control) alongside host sea anemone venom to assess haemolysis activity.

Haemolysis Assay
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Mucus venom
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Figure S7.2.1: haemolysis from mucus and venom during hosting and non-hosting periods
between a host sea anemone and anemonefish.

We did not find any haemolysis activity from anemonefish mucus when in association with
a host sea anemone (Fig S7.2.1). However, we did find that the mucus of host sea
anemones produced a slightly higher haemolytic response than their venom did, and that
the haemolytic response of host sea anemone venom was altered by anemonefish
presence. Haemolysis from host sea anemone venom increased in the presence of

anemonefish.
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Figure S7.2.2: haemolysis from host sea anemone venom during hosting and non-hosting
periods with an anemonefish.

This increase in haemolysis activity when in association with anemonefish, matches
results found in chapter 6, that showed DELTA-alicitoxin-Pse2a-like increased in the
venom proteome of host sea anemones with anemonefish presence. However, there
were also two other pore forming toxin that decreased with anemonefish presence in the

venom proteome (Appendix S6.5).

This assay was highly variable between replicates (Fig S7.2.2). Therefore, future studies

require further refinement of this method to produce more standardised results.
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