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Abstract

Coral reefs are the most diverse marine ecosystems of significant ecological and economic
importance, globally. Increasing environmental stress imposed by global warming, ocean acidi-
fication and pollution has led to the continuous decline of coral reefs. For reefs to thrive and
survive, they rely on the stable endosymbiosis between coral animal and photosynthetic algae.
The fragile symbiotic relationship is dependent on a balanced metabolic exchange, which is eas-
ily disturbed by stress, consequently leading to the loss of the endosymbiotic algae – a process
known as bleaching. Since corals energetically rely on the algae, the breakdown of symbiosis
can have fatal consequences. However, the underlying molecular and cellular mechanisms of
this symbiosis are thus far poorly understood. The small sea anemone Aiptasia has provided an
experimentally tractable model organism, furthering our understanding on the function of sym-
biosis and hence, coral susceptibility and resilience to stress. Nonetheless, this model organism
is comparatively young and therefore, requires innovative approaches as well as establishment
and optimization of protocols. In this thesis, we applied transcriptomic, proteomic and epige-
nomic tools in Aiptasia, with the aim to assess the dynamics of symbiosis and thermotolerance.
Heat stress studies, on Aiptasia’s originating from geographically distinct regions, provided in-
sight into the cnidarian-algae symbiosis mechanisms and the role of metabolic compatibility
in symbiosis. Furthermore, findings elucidated that associating with thermotolerant algae can
improve the cnidarian host’s tolerance, potentially acting as a form of local adaptation. Fi-
nally, the role of epigenetic mechanisms in cnidarian symbiosis was investigated, by optimizing
Chromatin Immunoprecipitation (ChIP) and establishing the genomic landscape of histone 3
lysine 9 acetylation (H3K9ac) in Aiptasia. These new results will enable progressing Aiptasia
further as a model organism and thus, advance our understanding on the complex mechanisms
of coral symbiosis.

Keywords:
Coral Reefs, Transcriptomics, Proteomics, Epigenomics, Climate Change, Heat stress, Symbio-
sis
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1.1 Coral reefs in the Anthropocene

1.1.1 Why study coral reefs?

Coral reefs build biogenic structures of significant environmental and economical importance.
Although they cover less than 0.2% of our oceans, coral reefs provide habitats for an estimated
25% of all marine species and economically they provide food, livelihood and coastal protection
worldwide, setting them at a net value of 9.9 trillion USD (Costanza et al., 2014).

Corals are the building blocks of reefs; by laying down calcium skeletons in oligotrophic
waters, they create habitats for other organisms, establishing diverse ecosystems over time. As
the main reef engineers, corals live in symbiosis with a variety of partners; bacteria, viruses and
unicellular algae of the family Symbiodiniaceae (LaJeunesse et al., 2018). The complexity of
these relationships is recognized by perceiving the coral as an ecological unit itself – a holo-
biont (Odum and Odum, 1955). The most common studied interaction is that of coral hosts
and their endosymbiotic algae. Through transfer of photosynthesis products, Symbiodiniaceae
provides over 90% of the corals energy demands (Davy et al., 2012), enabling their success
in otherwise nutrient limited waters. Under stress, the coral-algae relationship becomes imbal-
anced and breaks down, leading to the loss of the algae from the coral tissue, a process known
as bleaching (Fig.1.1). One of the most common triggers of bleaching is temperature. Climate
change and anthropogenic impacts have increasingly led to rising sea surface temperatures,
exposing corals to high stress and consequently leading to severe bleaching events.

Figure 1.1: Illustration demonstrating the stages of coral bleaching. 1) A healthy
coral contains numerous endosymbiotic algae of the family Symbiodiniaceae. The symbionts
provide a major food source to the coral. 2) Under stress the symbiotic relationship becomes
imbalanced, causing the break down of the relation and the consequent loss of Symbiodiniaceae
from the coral’s tissue. 3) Without Symbiodiniaceae the coral turns white, known as bleaching.
Bleaching is a severe stress to the coral as it no longer has sufficient energy supplied by the
symbiont, rendering it susceptible to disease and eventually leading to its death (adapted from
National Oceanic and Atmospheric Administration - NOAA).
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1.1.2 Then and Now

Anthropogenic impacts have increasingly affected our global climate, leading not only to an
overall higher ocean temperature but also, to higher frequency and duration of heating events
(Hughes et al., 2018b). The El Niño Southern Oscillation (ENSO) incident of 1998 was one
of the first global mass bleaching events recorded by the Hotspot program of the US National
Oceanic and Atmospheric Administration (Liu et al., 2014). The program predicted geograph-
ical regions where bleaching would occur due to increased sea surface temperatures, weeks
in advance. These findings supported the growing evidence that climate change was having
severe impacts on marine ecosystems, fueling the need to better understand coral’s symbiotic
relationships. Although the 1998 event was one of the most noted mass bleaching events,
simulation studies have indicated that ENSO events had occurred previously, but had only
recently intensified (Williams and Bunkley-Williams, 1990). ENSO driven global bleaching was
predicted to become a reoccurring and intensifying event (Hoegh-Guldberg, 1999).

Fast forward to 2015-2016 when another ENSO of comparable scale to that of 1998 was
recorded. The observed increases in sea surface temperatures caused corals world wide to
experience thermal stress beyond their limits; 75% of examined reefs in the Great Barrier Reef
showed extreme bleaching (Hughes et al., 2018a) and other regional reefs had an estimated
96% of coral mortality (Claar et al., 2018)(Fig. 1.2). Furthermore, a strong reduction of local
reef cover was detected along with taxa-specific losses. Recently, NOAA’s Coral Reef Watch
predicted another ENSO event for 2019 (Liu et al., 2018). An ENSO of similar length and
magnitude so soon after the last could have fatal consequences for reefs that are currently on
the path of recovery. At this current rate, global reef systems are estimated to have disappeared
by 2050 (Hoegh-Guldberg et al., 2017).
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1.1.3 Hope for reefs

In light of current threats to coral reefs, research has focused tirelessly on understanding tem-
perature stress response and tolerance in corals. Although fragile, the endosymbiotic coral-algae
relationship has enabled corals to succeed and expand globally; from Australia to hotter areas
such as the Red Sea (Fig.1.3). Additionally, coral reefs are usually found in shallower waters,
thus finding themselves in naturally variable environments, even within small spatial scales –
distinct temperature fluctuations can be experienced daily and influence coral temperature tol-
erance (Oliver and Palumbi, 2011). These distribution patterns of corals have provided hope
for the survival of reefs as they suggest not only physiological flexibility but also adaptation
and acclimatization potential of both, the cnidarian host and their symbionts.

Interactions between the different partners of the holobiont are extremely important to con-
sider when trying to understand the overall response. This interplay is particularly important
in light of current aims at aiding corals in surviving rapid climate change. Assisted evolution,
transgenerational plasticity, selective-symbiont associations and other methods of improving
thermotolerance of corals, and therefore ensuring their survival, are being discussed and trialed
(Torda et al., 2017; van Oppen et al., 2017). Part of this requires not only further investigation
into the molecular systems and responses of the coral, but also a better understanding of their
relationship dynamics with Symbiodiniaceae and, importantly, changes of these during stress
exposure. Only by fully understanding coral-algae biology and interactions can we hope to
learn how to preserve global reef system.

Figure 1.2: Sea surface temperature anomalies in 2015-2016. The map shows anomalies
recorded over a two year period compared to average temperature recorded between 1951-2016.
El Nino heating is visible in the equatorial Pacific, leading to up to 2 ◦C in large parts of the
Pacific, Mediterranean and northern Red Sea. MAP was generated using ERSSST v5 satellite
data provided by NASA
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1.2 The basics of coral-algal symbiosis

1.2.1 Nutrient exchanges as the fundaments of symbiosis

Around 100 years ago the importance of symbionts to corals and hence, the biological signifi-
cance of bleaching, was vastly underrated. Hypotheses of the nutrient source of corals focused
on the algae being a direct food source (Mayer, 1918) while others argued that corals were
carnivorous filter feeders and the algae parasites (Boschma, 1925). Today we understand that
the cnidarian-symbiont relationship is based on a fine-tuned nutrient exchange and metabolic
compatibility between both partners, overall knowledge on the underlying molecular mecha-
nisms are still lacking (Wiedenmann et al., 2012; Suggett et al., 2017).

Research focusing on this metabolic coupling has shown that the translocation of photosyn-
thates, especially energetically rich carbon, from the symbiont to the host are key components
in this interaction (Dubinsky and Berman-Frank, 2001). The major photosynthate transferred
from the symbiont is glucose (Lewis and Smith, 1971; Whitehead and Douglas, 2003). Si-
multaneously Symbiodiniaceae require high concentrations of inorganic carbon for efficient
photosynthesis; some CO2 can actively diffuse across cell membranes however, the host pro-
vides the required amount by actively converting CO2 to biocarbonate and provides it to the
symbiont (Comeau et al., 2013)(Fig.1.4A).

The other critical nutrient involved in this exchange is nitrogen. Since nitrogen availabil-
ity can control Symbiodiniaceae growth and hence carbon translocation (Davy et al., 2012),
the cycling mechanisms and bidirectional translocation of nitrogen has been considered a key

Figure 1.3: Coral reefs global distribution. Most coral reefs are found in the equatorial
region and are considered warm water corals. There are, however, an array of reefs found in
cooler waters, globally distributed. Deep sea corals are excluded (H. Ahlenius, UNEP/GRID-
Arendal)



6

player in stabilizing the symbiotic relation (Rädecker et al., 2015). Studies have proposed sev-
eral types of nitrogen that can be utilized by symbiotic cnidarians; ammonium, nitrate, urea
and dissolved free amino acids among others (Davy et al., 2012). While ammonium is the
preferred nitrogen source, the host mechanisms to control and assimilate ammonium are still
debated. The nitrogen-recycling hypothesis states that the host gives its waste ammonium to
the symbiont, who is able to recycle it and return it to the host in the form of amino acids.
On the other hand, the nitrogen-conservation hypothesis proposes that carbon provided by
photosynthetic compounds reduce the host’s need to catabolize proteins while stimulating its
assimilation of waste ammonium (Wang and Douglas, 1998).
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Figure 1.4: Summary of essential nutrient exchanges in cnidarian-algae symbiosis
and dysbiosis state. A) Under regular symbiotic conditions the host provides nutrients, such
as carbon and nitrogen to the symbiont to maintain photosynthetic efficiency. In return, the
algal symbiont will provide photosynthates, such as carbon in the form of glucose and lipids for
instance. Exogenous food sources are maintained to help keep the nutrient supply balanced.
B) Stress causes nutrient imbalances that lead to changes in the exchanges between host and
symbiont, called dysbiosis. 1 - The symbiont retains carbon and nitrogen for itself and reduces
translocation to the host. 2 - Reduced carbon translocation from the symbiont leads to a
loss in the hosts ability to assimilate and therefore control nitrogen flux. 3 - In order to meet
energy demands, the host begins catabolizing stored lipid bodies. 4 Additionally, the host
begins increasing exogenous food sources in order to help with meeting carbon demands for
itself and the symbiont. 5 - Oxidative stress begins causing disruption in function and damage
of cells.

The exchange of nutrients between corals and symbionts is critical in maintaining symbiosis.
However, when one, or both, partner become stressed under elevated temperatures, imbalances
in these exchanges are experienced, which affect their metabolic equilibrium and hence, the
stability of their symbiotic relation. In addition, elevated temperatures increase the production
of reactive oxygen species (ROS), which affect host and algae cells.
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1.2.2 Stress response to elevated temperatures

Temperature stress has a number of impacts on both, the coral host and the algal symbiont
often leading to the break down of symbiosis. This break down is usually reflected in a loss of
the symbionts from the tissue of the coral, rendering them pale and eventually white, as the
tissue becomes translucent – a process known as coral bleaching (Fig.1.1). Oxidative stress,
as a consequence of higher production in ROS in host and symbiont, is thought to be one of
the main causes for coral bleaching (Weis, 2008). When heat stress is experienced, the coral
host activates specific stress response mechanisms including: unfolded proteins, antioxidant
pathways expression, disruption in Ca2+ homeostasis, restructuring of the extra cellular mem-
brane, re-arrangements of cytoskeleton and pro-apoptotic regulation are some of the observed
common responses (Barshis et al., 2013a; DeSalvo et al., 2010; Fitt et al., 2009; Kenkel et al.,
2013; Maor-Landaw and Levy, 2016). In the symbiont, the overall impact of heat stress causes
photoinhibition and leads to increased oxidative stress, affecting the nutrient exchange to the
host.

Through technological advancement, recent studies have been able to analyze the nutrient
flow between coral and algae in greater detail, as well as how thermal stress affects this flow.
Imbalances in the nutrient translocation and consequent changes in the host-symbiont rela-
tions is known as dysbiosis (Fig. 1.4B). Dysbiosis gradually occurs during stress exposure, such
as prolonged elevated temperatures. Temperature affects the metabolism of both organisms
leading to a number of changes in their interactions. Symbiodiniaceae metabolic response to
increased temperatures shows changes in carbon translocation; the symbiont begins retaining
carbon and nitrogen for its own use and reducing its contribution to the host – exhibiting par-
asitic behavior (Wooldridge, 2010; Baker et al., 2018). The cnidarian host now suffers under
lack of carbon supply and must begin finding alternative sources to meet its energy demands,
which are additionally elevated due to the higher metabolic rate (Fig. 1.4B). The host may
therefore begin catabolizing its own lipid body storage as well as increasing its exogenous food
uptake (Matthews et al., 2017). Evidently temperature stress not only causes stress in the
organisms but also induces an imbalance in nutrient exchange resulting in metabolic incompat-
ibility between both partners. However, the point at which the relationship is compromised to
such an extent that it is terminated varies between and within species of host and symbiont.

1.2.3 Understanding thermotolerance

For some time, thermal tolerance and bleaching resilience was believed to be primarily driven
by the coral host. With the expansion of technology allowing functional insights into the role
of each partner during stress response, it became evident that it is not only the host but also
the symbiont’s response to stress that determines the overall success of the holobiont (Barshis
et al., 2014; Berkelmans and Van Oppen, 2006; Oliver and Palumbi, 2011; Pinzón et al., 2015;
Polato et al., 2010; Silverstein et al., 2015). In corals as well as in Symbiodiniaceae ther-
motolerance is suggested to be marked by particular molecular response patterns that enable
them to reduce the stress experienced, control metabolic response and thus cope better with
environmental changes. However, there is still a lack of understanding regarding the detailed
underlying mechanisms that determine thermotolerance. What is clear is that both, host and
symbiont, contribute to the success of their relationship under stress, and the tolerance of
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one will likely impact the other. Genotype response variability is particularly important to un-
derstand, since studies have shown improved tolerance in corals with previous exposure and
possible heritable resilience (Dixon et al., 2015; Howells et al., 2016).

Growing knowledge of the metabolic host-symbiont relationship indicates that thermotoler-
ance may be linked to the maintenance of the specifically fine-tuned metabolic balance between
the two partners (Matthews et al., 2017). Technological advancements have immensely facil-
itated our ability to study the complex mechanisms of cnidarian symbiosis and temperature
resilience on numerous molecular levels.

1.3 The use of –omics to understand coral’s thermotolerance

1.3.1 Transcriptomics and Proteomics

Our understanding of coral-algal symbiosis and environmental stress response has much im-
proved in recent years, with rapid technological advancement allowing further insight into the
complex dynamics of this relationship. While physiological measurements are fundamental
in understanding coral’s responses to stress, deciphering underlying molecular mechanisms of
coral symbiosis, acclimatization and adaptation is critical when developing ways to aid coral
reefs. Unraveling these mechanisms requires powerful tools; next generation sequencing pro-
vides these. Attempts at understanding coral heat stress response took a significant leap
forward in 2005 when the first cDNA microarray was published (Edge et al., 2005), pioneering
transcriptomics in coral research.

Since then, transcriptomics has provided invaluable insight into stress response in corals
and symbionts. Studies have been adapting and advancing transcriptomic tools, marking heat
stress studies as we often see them today. Nonetheless, transcriptomics comes with a main
limitation: it does not ultimately need to reflect the physiological response of an organism.
Indeed, transcripts do not necessarily have to translate into proteins; studies have shown that
mRNA is seldom a representation of protein content, which is frequently reflected in the poor
correlation reported between mRNA and protein expression (Griffin et al., 2002; Lee et al.,
2003; Cziesielski et al., 2018). This means that transcriptomic data is often most beneficial
when combined with other -omics tools or physiological validation.

Particularly transcriptome-proteome approaches complement each other well (Seliger et al.,
2009) and allow for data integration that provides a better understanding of the biological sys-
tem or its current situation (Gomez-Cabrero et al., 2014). However, proteomics has come with
its own set of challenges. While technology and analytical tools are quickly progressing, large
scale studies on proteins are not as feasible as for nucleic acids (Graves and Haystead, 2002).
Proteomics tools available today are still not fully capable of detecting lowly abundant proteins.
Secondly, application of proteomics is not as standardized as that of mRNA-seq. Increasing
efforts are being placed on developing methods for analysis and integrating multi-omics data,
to draw more complete pictures of the molecular systems (Bersanelli et al., 2016). Thus, in
corals, as in cnidarians in general, the application of proteomic tools has been comparatively
low. A narrow assortment of papers utilizes proteomic analysis to elaborate on fundamen-
tal coral biology such as symbiosis, larvae development and calcification (Barneah et al., 2006;
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Drake et al., 2013; Ramos-Silva et al., 2013; Oakley et al., 2016), but work related to proteomic
stress response in corals is sparse (Weston et al., 2015; Matthews et al., 2017; Cziesielski et al.,
2018). In order to complete our understanding of the coral symbiotic system, venturing further
into -omics tools such as proteomics is required. More importantly, however, is the integration
of these tools with physiological measurements for validation.Achieving data integration is a
difficult challenge that has not been eased by the rapidly increasing amount of data.

1.3.2 Epigenetics

In the past 50 years the definition of ‘epigenetics’ has undergone changes that reflect our in-
creasing knowledge in the field of molecular regulatory pathways of gene expression. Initially
describing heritable changes in expression mechanisms and complex embryonic cell differentia-
tion, the term has evolved to include gene regulation change in response to amended demands
of the cell or organism within that lifetime. Essentially, these mechanisms allow the cell to
change expression information at the DNA level, without causing permanent alterations to the
genetic code. Small non-coding RNA (e.g. miRNA), DNA methylation and histone modifica-
tion are all mechanism comprised under the term ‘epigenetic’ regulation (Fig.1.5). Collectively,
these mechanisms determine chromatin architecture, accessibility of genetic loci to transcrip-
tional machinery and gene expression levels.

Epigenetic mechanisms allow organisms to contain highly specialized cells that have the
same genetic information but otherwise differ in function and morphology – different cellular
phenotypes stemming from the same genotype. The phenotypic state of a cell, manifesting
itself through RNA and protein regulation, has been termed the epigenotype (Jablonka and
Lamb, 2002). Thus, epigenetics has provided an explanation to the long-standing question
regarding mechanisms of cell specialization and differentiation from a single genotype (Arney
and Fisher, 2004; Namihira et al., 2008; Lachmann and Libby, 2016).
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Figure 1.5: The three types of epigenetic regulation. DNA methylation occurs directly
on the genetic sequence, while histone modifications change the binding intensity of the protein
octamer to DNA (adapted from Promega). Finally, miRNA bind to their target mRNA strand
through the seed region; exact and imperfect binding of miRNA will degrade or inhibit mRNA,
respectively.

Epigenetic markers can be maintained through the life of a cell, thereby permanently in-
fluencing gene expression, and be inherited across cell division ensuring the maintenance of
specific cell function (Budhavarapu et al., 2013; Wei et al., 2015). This, however, does not
mean that the marks are static; epigenetic markings are dynamic and reversible. In fact, as
key players in cell differentiation it is crucial for epigenetic information to be changed and lost
(Lachmann and Libby, 2016). This enables epigenetic mechanisms to also change in response
to exogenous stimuli and allow cells to respond to environmental changes (D’Urso and Brickner,
2014). Such stimuli can induce heritable epigenetic change that can persist through mitosis
and in absence of the original stimulus received (Turner, 2009). If such mitotic changes are
induced in the germ line, the epigenetic mark can be transmitted through meiosis to following
generations – known as transgenerational epigenetics (Turner, 2009; Sakurada, 2010; Siklenka
et al., 2015; Klosin et al., 2017).

While some markers have shown easier cell progression and inheritance than others, the con-
sistent cross talk between the layers, ensure that marks can be re-established and/or modified
according to one another (Budhavarapu et al., 2013). Furthermore, communication between
mechanisms allows cells to highly fine tune their gene expression. For example, during DNA
methylation the fifth position of the cytosine is methylated impacting genome stability, gene
expression and development (Law and Jacobsen, 2010; Wu and Zhang, 2014). DNA methyla-
tion can affect genes differently, depending on the methylation site; methylation at promoters
is silencing while gene body methylation is correlated with expression (Yang et al., 2014). The
proteins that bind to methylated DNA can recruit new protein complexes that contain histone
modifying proteins, thus affecting histone modification states (Bird, 2002; Du et al., 2015).

Epigenetic mechanisms have increasingly been recognized to play an important role in
cnidarian biology: for maintaining and regulating symbiosis as well as providing phenotypic
plasticity in response to temperature stress (further discussed in3). While epigenetics present a
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promising route to aid corals in their survival, the field requires significantly more understanding
before these mechanisms can be successfully and confidently utilized to their full extent. Par-
ticularly understudied in corals, and cnidarians in general, is the histone code and the biological
functions of specific modifications.

1.4 Understanding histone modifications and the histone code

The total length of uncoiled DNA from a single human cell is around 2 meters (Portes-Sentis
et al., 1997). Considering that the average nucleus is about 6 micrometers in size (Alberts
et al., 2002), eukaryotic organisms are left with an information storage and packaging problem.
The solution comes in form of condensation, folding and supercoiling the DNA double helix
tightly into higher order chromatin. At the core of this packing strategy lie histone proteins,
which tightly bind DNA while still permitting access for the transcriptional machinery.

Roughly 146bp of DNA are wrapped 1.65 times in left-handed superhelical turns around
an octameric histone protein complex, structured into a tripartite consisting of two H2A-H2B
dimers flanking a H3-H4 tetramer (Fig. 1.6) (Ramakrishnan, 1997). Linker histone families H1
and H5 do not make part of the nucleosome bead but instead are situated around the structure
in order to maintain the DNA in position. The core histones exist in dimers containing a
histone folding domain made of three alpha helices (alpha 1, 2, 3) that allow for heterodimeric
interactions between core histones, forming the known handshake motif (Fig. 1.6) (Biswas
et al., 2011)(Biswas et al., 2011). The H3 and H4 histones form dimers, then tetramers,
through the interaction of hydrophobic amino acid residues (Silverman, 2005). The two H2A-
H2B dimers interact with the H3-H4 tetramer via two H2B-H4 associations, completing the
octameric structure (Mariño-Raḿırez et al., 2005).

Histones carry a positive charge through their high lysine and arginine content, providing a
natural attraction to the negatively charged DNA and creating the histone-DNA bond. Around
142 hydrogen bonds are formed between DNA and histones of a nucleosome, of which almost
half are between the histone and DNA backbones, at 14 different superhelical locations (SHL)
Luger, 2003). The core histones are predominantly globular with the exception of their un-
structured N-terminal trails, which are important in stabilizing and controlling DNA packing
(Iwasaki et al., 2013).

The unstructured N-terminal tails are subject to posttranslational modifications, where
specific amino acids can be modified through, but not limited to, acetylation, methylation,
phosphorylation or ubiquitination (Fig.1.7) (Ettig et al., 2011). Acetylation is one of the best
understood modifications and is exclusively linked to active transcription. As acetyl groups
are added to lysine residues, the natural positive charge is removed, reducing the affinity of
DNA to histone and thereby opening the condensed chromatin structure to allow transcription
factors access (Jenuwein and Allis, 2001). In contrast, methylation can be associated with
transcriptional activation, inactivation or silent genomic regions (Gu and Lee, 2013). The ef-
fect of methylation on the genes function and chromatin state is dependent not only on the
specific modified residue, but also on the degree of methylation; mono-, di- or tri- methylation
(Berger, 2007). Specific methylation statuses are known to serve as recruiters for proteins that
activate or repress a genes transcriptional activity. Phosphorylation is, similar to acetylation,
more dynamic as it can be added to serines, threonines and tyrosines.
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Figure 1.6: Nucleosome composition (A) Schematic representation of histone octamer as-
sembly of individual alpha helices, coming together to form the handshake motif. The tetramers
then come together to form the final histone structure (adapted from Richard Wheeler, Wi-
kiCommons, 2005). (B) View of individual histone positions in the nucleosome with their
unstructured, protruding tails (adapted from EpiGentek).

A variety of enzymes have been found to be responsible for these modifications and their
crosstalk. These enzymes can be categorized into their functional families: histone acetyltrans-
ferases (HATs), deacetylases (HDACs), methyltransferase (HMTs), demethylases (HDMs) and
phosphatases (HPTs), to name but a few. Within these categories lie specific subfamilies. For
example, using acetyl-CoA as a cofactor, HATs catalyze the transfer of an acetyl group exclu-
sively to lysine residues on the tails (see review: Verdin and Ott (2015)). HDACs are divided
into four distinct classes based on their structure and cofactors, where class I, II and IV are all
zinc dependent enzymes and III requires NAD+ (Bourassa and Ratan, 2014). In contrast to
HATs, HMTs transfer one, two or three methyl groups to lysine or arginine residues and are
thus classified into two further groups: lysine methyltransferase (KMT) and protein arginine
methyltransferases (PRMT). In contrast, HDMs have only recently been studied further, but
can generally be classified into lysine specific demethylases (LSD) and jumonji C demethylases
(JMJC) (DesJarlais and Tummino, 2016).
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Figure 1.7: Summary of modifications across histone tails. Acetylation (blue), methy-
lation (red), phosphorylation (yellow) and ubiquitination (green) are depicted on individual
residues. If two colors are present the amino acid can have several modifications, however only
one at a time. The grey numbers underneath represent the position of the amino acid in the
tail sequence (Portela and Esteller, 2010).

The combinations of these histone terminal modifications have revealed complex inter-
relations that considerably extend the information potential of the genetic code. Studies on
certain stress responses, memory production or development have shown particular patterns
of loss and gain in modifications (Esteller, 2007). Histone sites that can have various co-
valent modifications will have each one exclusively, providing further potential for different
combinations. The various combinations have led to the histone code hypothesis, whereby the
interactions between modifications generate a communication network among the histones.
Such a multifaceted system of gene control could help in establishing and maintaining sym-
biosis as well as potentially enhancing coral response during stress, by providing the necessary
transcriptional fine tuning.
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1.5 The cnidarian-symbiosis model organism Aiptasia

Scleractinian corals are notorious for their slow growth, high maintenance, slow reproductive
rate and dependence on their endosymbionts. Additionally, tissue extraction for application
of molecular tools can be hardened by the coral’s skeleton. Thus, in recent years the small
sea-anemone Aiptasia has increasingly been used as a model organism for scleractinian corals
(Fig. 1.8). Aiptasia, like corals, is an anthozoan that can establish symbiotic relationships with
Symbiodiniaceae. Besides its available genome (Baumgarten et al., 2015), Aiptasia have the
ability to live symbiont-free (aposymbiotic) and harbor various Symbiodiniaceae types, allow-
ing for studies on the molecular basis of the endosymbiotic relationships.Aiptasia is extremely
hardy, grows and reproduces rapidly, is undemanding of culturing conditions and even allows
for regular induced spawning events (Lehnert et al., 2012) as well as high rates of asexual
reproduction. The lack of a calcareous skeleton further allows for easy acquisition of sufficient
biomass required for epigenetic studies. Due to this, Aiptasia is a suitable model organism for
coral-algae symbiosis.

Having a model organism allows stronger international efforts to gain an integrative under-
standing of cnidarian biology; studies could be more directly combined and compared. It also
eases venturing into new fields of interest, such as epigenetics. In light of these advantages
and in order to facilitate the future applications, this thesis uses Aiptasia as a model organism
for corals to achieve its aims and objectives.

Figure 1.8: Images of Aiptasia in its symbiotic state (left) and in its symbiont-free
state (right) Image credits: right - Maha Cziesielski, left - Guoxin Cui and Antonio Ruiz.
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1.6 Aims and Objectives

Cnidarian-algal symbiosis and its response to increasing temperatures, both under long and
short term stress, requires in-depth understanding if there is to be hope for aiding corals in
future climate change scenarios. Aiptasia presents an opportunity to accelerate and facilitate
this research not only through its easy husbandry and comparatively fast reproduction, but im-
portantly, through its lack of an exoskeleton. Its soft tissue allows extraction of large quantities
of symbiotic material, which aids in establishing new molecular tools, so far mostly applied and
explored in other model organisms. Although molecular applications in cnidarians have rapidly
advanced in recent years, many more methods are still lacking or are otherwise currently going
through trial and optimization periods.

Looking into the molecular toolbox of cnidarians, we find transcriptomic tools well-established
and broadly applied. Rapid increase of this data type is partially attributed to the incredible
insight it provides into cnidarian biological functions as well as technological advancement, pro-
viding quicker and higher quality data than ever. In contrast, research focusing on proteomics
has been comparatively sparse. In recent years, however, a growing number of studies have
begun investigating multi–omics layers, to gain a deeper insight into cnidarian biology.

This thesis focuses on advancing and establishing current molecular techniques, and the
knowledge they aim to provide. The aim of this work lies in gathering a deeper understanding of
cnidarian-algae symbiosis and its response under thermal stress, from a cnidarian host perspec-
tive. Unless otherwise specified, ”symbiont” refers specifically to the algae Symbiodiniaceae.
Using transcriptomics, proteomics and epigenetics, to answer some of the current questions
regarding thermotolerance, symbiosis and specificity, this thesis is structured into three topics:

I: Investigating underlying interactions of cnidarian-algae symbiosis and metabolic
compatibility under heat stress- Aims to comprehend mechanisms of cnidarian-algal speci-
ficity, its response under stress and its role in determining holobiont thermotolerance.

II: Multi-omics analysis of thermal stress response in a zooxanthellate cnidarian
reveals the importance of associating with thermotolerant symbionts - Aims to un-
derstand mechanisms of thermotolerance between Aiptasia strains from the Red Sea versus
from North Carolina and Hawaii by comparing, both, transcriptomic and proteomic heat stress
responses.

III: Conserved histone regulatory pathways in symbiotic cnidarians may play a
role in the maintenance of the Aiptasia-algal symbiosis - Aims to determine histone
modifications landscape in cnidarians and their potential role in symbiotic cell differentiation
by establishing a Chromatin Immunoprecipitation protocol.

The projects outlined provide new insight into the role of, and mechanisms behind, symbiosis
maintenance and dysbiosis. Finally, methods applied and developed in this thesis aim to expand
the molecular toolbox of the coral model organisms Aiptasia.



16

Chapter 2

Investigating underlying interactions of cnidarian-algae symbiosis and
metabolic compatibility under heat stress
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2.1 Abstract

Rising ocean temperatures are increasing rate and intensity of coral mass bleaching events,
are driving the need to better understand the dynamics of coral-algae symbioses. Part of
this, is deciphering the vital role each partner plays in determining the holobiont’s thermo-
tolerance. Variability in temperature tolerance exist within and between species; individuals
can inhabit environments with wide ranges of thermal profiles, indicating their adaptation ca-
pabilities. In this study, we investigated whole transcriptome response of the cnidarian-algae
model organism Aiptasia to heat stress. We compared the response of Aiptasia genotypes from
geographically and thermally distinct locations: North Carolina (CC7) and Hawaii (H2). To
further dissect the role of the symbiont in determining the holobiont’s heat stress response, we
cultured a hybrid strain composed of the CC7 genotype infected with the native H2 symbiont,
Brevolium minutum (SSB01), termed CC7-B01. Transcriptomic analysis revealed genotype
driven expression profiles, as CC7 genotypes clustered together independent of associated sym-
bionts. Interestingly, oxidative stress and apoptosis response was strongest in symbiont-sharing
H2 and CC7-B01. A caspase-3 activity assay showed that CC7-B01 lay between the native
host-symbiont combinations: significantly lower activity than H2 but higher than CC7. This
indicated that the symbiont may increase stress experienced by the host and thus, response
to heat stress is likely dictated by the tolerance of both partners. To further assess symbiosis
dynamics, we focused on the response of symbiosis essential genes. Only in the re-infected
strain CC7-B01 did we detect a shift from nitrogen to carbon-limited states. Our results in-
dicate that the symbiotic relationship is highly fine-tuned and optimized towards a particular
partner. Hybrid host-symbiont combinations may therefore be metabolically incompatible with
their new symbiotic partners, particularly under stress, which may have adverse effects on their
survival. This acknowledgment is important for future strategies aiming at infecting corals with
non-native, thermotolerant symbionts.
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2.2 Introduction

Coral reefs create marine-biodiversity hot spots of significant ecological and economical impor-
tance, sustaining around 25% of all marine species (Sylvan, 2006). Coral growth and successful
reef formation in oligotrophic waters is based on the effective endosymbiosis between the cnidar-
ian animal and the dinoflagellate algae of the genus Symbiodiniaceae (LaJeunesse et al., 2018).
This cnidarian-algae symbiosis is an evolutionary conserved relationship that depends on the
metabolic exchange between the two partners (Kopp et al., 2013). Symbiodiniaceae, living
in the gastrodermal cells of the cnidarian host, typically provide over 90% of its total energy
requirement (Muscatine, 1990; Dubinsky and Stambler, 2011). However, the finer details of
the mechanisms underlying symbiosis establishment, maintenance and breakdown are not fully
understood (Lehnert et al., 2014). While it has become evident that the relation between the
two partners is a finely tuned nutrient exchange, overall knowledge on cellular nutrient quota
and uptake is lacking (Wiedenmann et al., 2012; Suggett et al., 2017). Research focusing
on this metabolic coupling has shown that the trans-location of photosynthates, particularly
energetically rich carbon from the symbiont to the host, plays a crucial factor in their symbiotic
interactions (Dubinsky and Berman-Frank, 2001). Since nitrogen availability can control Sym-
biodiniaceae proliferation, and hence carbon trans-location to the host (Davy et al., 2012),
the nutrient cycling mechanisms and bidirectional trans-location of nitrogen is important in
stabilizing the symbiotic relationship (Wang and Douglas, 1998; Rädecker et al., 2015).

The symbiotic relationship is, however, fragile and easily disturbed by environmental changes,
such as increasing sea surface temperatures. During thermal stress, both symbiont and coral
experience stress: increasing temperatures can lead to photoinhibiton in the symbiont, lead-
ing to reduced carbon translocation and consequently affecting overall nutrient exchanges
(Wooldridge and A., 2012). This can lead to nutrient imbalances, which have adverse ef-
fects on the stability of the symbiotic relationship. Disbyosis increases the coral’s susceptibility
to the stress induced expulsion of symbionts from the host tissue, known as coral bleaching
(Wiedenmann et al., 2012). Increased temperatures lead to an excess production in reactive
oxygen species (ROS) that affect the stability of the relationship between host and symbiont.
Additionally, heat stress induces imbalances in nutrient flow between the two partners, causing
the breakdown of symbiosis and, subsequently, the death of the coral host.

Hope for survival of corals comes from observed variations in thermal tolerance both within
and between coral and symbiont species. These are not only evident in mass-bleaching event
survivors but also in the global distributions of reef building coral species. Due to their intricate
coexistence, thermal tolerance of corals depends on the physiological capabilities of both part-
ners (Leggat et al., 2011; Pinzón et al., 2015). Notably, the symbiont’s tolerance has shown
to affect the response of the host, where temperature-adapted symbiont species can reduce
the overall stress exerted on the host and hence, increase bleaching resilience (Berkelmans
and Van Oppen, 2006; Sampayo et al., 2008; Howells et al., 2011; Cziesielski et al., 2018).
The different genus associations within coral species as well as their ability to shift symbiont
populations in response to temperature stress have further highlighted the significance of the
symbiont in thermal tolerance (Baker et al., 2004; Thornhill et al., 2006; Palumbi et al., 2014).
This potentially crucial role of the symbiont in determining holobiont thermal tolerance has
encouraged the hypothesis that infecting corals with more thermal tolerant symbiont species,
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could increase the coral’s resilience and ameliorate the effects of climate change (Perez et al.,
2001; Mieog et al., 2009; Cantin et al., 2009).

Unfortunately, infection with new thermotolerant symbionts does not directly improve tem-
perature tolerance of the host. Hence, the process is not as straight forward. Part of this may
be due to cnidarians selectivity of their symbiotic partners. Cnidarians have shown to associate
with specific symbiont species by distinguishing between compatible and incompatible sym-
bionts (LaJeunesse et al., 2004). Importantly, the specificity and selectivity of the symbiotic
relationship highlights the evolutionary conserved link between the two partners (see review
Parkinson and Baums (2014)). This raises two important points: not all cnidarian-algae com-
binations are successful and furthermore, established symbiosis during control conditions does
not guarantee that it will be maintained under stress conditions. Thus, temperature tolerance
of the symbiont is likely not the only factor, and the role of the host in determining thermal
tolerance should not be underestimated (Coffroth et al., 2010; Bellantuono et al., 2012a,b).
The question then of who and what drives thermal resilience, and how best to aid corals in the
future, is therefore inherently more complex.

The aim of this study was to determine decipher the role of host and symbiont in the overall
stress response to thermal stress. The main interest lay in understanding how the host response
may be affected by the associated symbiont. To do this, we used the small sea anemone Aip-
tasia, which has emerged as a viable model organism for cnidarian-algae symbiosis (Sunagawa
et al., 2009; Baumgarten et al., 2015). Here we used two genotypes originating from geograph-
ically distinct locations, North Carolina (CC7) and Hawaii (H2), that associate with different
Symbiodiniaceae species, namely Symbiodinium linuchae (SSA01) and Brevolium minutum
(SSB01) (LaJeunesse et al., 2018). Using Aiptaisa also has the benefit that the anemones can
live aposymbiotically, allowing the reinfection of genotypes with non-native symbiont species.
Thus, to further understand the role of the symbiont and symbiosis mechanism responses under
stress, we manipulated host-symbiont combinations by creating a strain that consisted of the
CC7 host genotype and B. minutum isolated from H2 anemones, referred to as CC7-B01. We
employed differential gene expression analysis to understand the role played by the host geno-
type in determining thermal resilience as well as the impacts of different symbiont species on the
transcriptomic profiles. Furthermore, we explored how temperature stress impacted metabolic
exchange and symbiosis stability in native and non-native host-symbiont associations. Under-
standing the dynamics of the host-symbiont relationship under heat stress is important for
future attempts at assisted evolution.
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2.3 Materials and Methods

2.3.1 Growth and maintenance of Aiptasia strains

Three Aiptasia strains were used in this study. CC7 originated from North Caroline, while H2
was collected from Coconut Island in Hawaii. Both were a courtesy of the Pringle Lab. All
Aiptasia strains were housed in polycarbonate tanks according to a strain-specific manner, and
incubated at 25 ◦C at a light intensity of 80 µmol photons m−2 s−1 on a 12h:12h light:dark
schedule. The Aiptasia were fed with freshly hatched Artemia salina (brine shrimp) nauplii
thrice per week.

2.3.2 Bleaching and re-infecting Aiptasia

CC7-B01 combines the CC7 host with the symbiont from H2: this strain was bleaching CC7,
maintaining it as an aposymbiotic stock in dark for >12 months. Bleaching was induced by
menthol treatment as described in Matthews et al. (2015). The treatment was repeated until
complete bleaching was observed. The aposymbiotic state of CC7 was further confirmed visu-
ally with a stereomicroscope. Bleached anemones were then kept at 25 ◦C in the dark, with
feeding schedule maintained same as for symbiotic anemones.

Subsequently the aposymbiotic anemones were reinfected with Symbiodiniaceae strain
SSB01, which was previously isolated from H2 Xiang et al. (2013) and thereafter maintained
under regular culture conditions as the other Aiptasia strains (>12 months). The successful re-
infection of the CC7 anemones with SSB01 symbionts was validated through PCR amplification
of ITS2 regions (Sampayo et al., 2008).

2.3.3 Subjecting Aiptasia to heat stress

Twelve anemones of each strain were taken from two separate stock tanks and relocated into
new polycarbonate tanks to account for batch effect. Six individuals were used per treatment
to ensure enough replicates if accidental death should occur under stress conditions. The tanks
were incubated without food for three days to allow the Aiptasia to settle and acclimatize to
their new tanks. For the heat stress experiment, all conditions (e.g. size of tank, degree
of illumination and light:dark cycle) were identical, save the temperature of the incubators.
Control tanks remained in the 25 ◦C incubator. Heat stress tanks were placed in an incubator
that slowly ramped up in temperature from 25–32 ◦C at the rate of 2 ◦C per hour starting from
8 am and reaching the target temperature by noon to mimic natural conditions. The stress
duration (24 hours) lasted from noon till noon of the next day.

2.3.4 Extraction of RNA from Aiptasia individuals

Four individual biological replicates were picked from control and treatment tanks. Individuals
were placed in separate Eppendorf tubes, dried by removing excess water and weighed. Larger
Aiptasia were preferentially selected to ensure higher RNA yield—but across strains, Aiptasia
were of comparable sizes. Based on its dry weight, a proportional amount of Buffer RLT
was added to the Eppendorf tube, and the Aiptasia was crushed using a motorized pestle
with Kontes RNase-free tips (Kimble Chase, Vineland, NJ). RNA was extracted using the
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RNeasy Mini Kit (Qiagen, Hilden, Germany. The RNA extraction procedure was conducted
as per manufacturers protocol, and eventually eluted in in 50 µl of RNase-free water. RNA
concentration of the samples was quantified using Qubit 2.0 (Invitrogen, Carlsbad, CA), and
quality-checked using Bioanalyzer 2100 (Agilent, Santa Clara, CA).

2.3.5 Library construction from total RNA

Total RNA from all samples were initially subjected to a poly-dT selection step, and then used
to generate libraries using the Illumina TruSeq RNA Sample Prep Kit (Illumina, San Diego,
CA) per manufacturer’s instructions. Sequencing was carried out on the HiSeq 2000 platform
(Illumina, San Diego, CA), producing a grand total of 874 million reads.

2.3.6 Identification of differentially expressed transcripts

Reads were mapped to gene models from Aiptasia (Baumgarten et al., 2015) with the use of
kallisto v0.42.4 (Bray et al., 2016). To reduce ambiguity in read-mapping downstream, and as
isoforms were treated as individual gene models, a custom Python script was written to pick the
longest isoform on a per-loci basis. Duplicate gene models residing on different genomic loci
were also eliminated, leading to the decrease of Aiptasia gene models from 29,269 to 27,504.
Using TPM values produced from kallisto, we identified genes that were differentially expressed
under heat stress relative to control conditions by using sleuth (Pimentel et al., 2016).

2.3.7 Functional enrichment of differentially expressed gene models

Functional enrichment was carried out using topGO (Alexa et al., 2006) with default settings.
GO terms with p < 0.05 and occurring ≥ 5 times in the background set were considered
significant. Multiple test correction was not carried out, as the tests were considered to be
non-independent (Alexa et al., 2006).

2.3.8 Physiological measurements

A follow up experiment with the same procedures as before was conducted to test for caspase-
3 activity. After 24 hours of heat stress anemones were placed in individual Eppendorfs and
washed twice in PBS. Anemones were then crushed in cell lysis in 400 µl of cell lysis buffer
(200 mM TRIS-HCl pH 7.5, 2M NaCl, 0.1% Triton 20%). Homogenates were spun down
at 14,000g for 3 minutes and 100 µl of supernatant were extracted for caspase-activity mea-
surements. Activity was measured using EnzCheck Caspase-3 Assay Kit 2 (Thermo Fisher
Scientific, Massachusetts, USA), and the manufacturers protocol was followed. To account
for differences in cell numbers due to anemone size, total protein content was measured from
remaining supernatant using Micro BCA Protein Assay Kit (Thermo Fisher Scientific) accord-
ing to manufacturer’s protocol. Caspase value were normalized against total protein content.
Change in caspase activity was assessed using t-tests with Bonferroni correction. Symbiodinium
cells were counted with Guava flow cytometer. A total of 25µL of the anemone homogenate
was sheared through a 25-gauge needle affixed to a 1mL syringe and diluted in 225µL of SDS
0.1% (supplementary figure S1).
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2.4 Results

2.4.1 Heat stress induced transcriptomic changes are genotype specific

We first investigated the overall effect of symbionts on the host’s transcriptional response.
Thus, we compared transcriptomic profiles under control and heat stress of all three strains
used in this study. We detected expression of total of 23,927 genes (93% of total gene
models) across all three host-symbiont combinations. Of these 1179, 510 and 2039 genes were
differentially expressed in CC7, H2 and CC7-B01 respectively after 24 hours of heat stress. A
principal component analysis (PCA) was conducted to assess the differences of host-symbiont
combination’s transcriptomic profiles (Fig.2.1A). The obvious clustering of CC7-B01 with CC7
showed that transcriptomic profiles are highly host genotype-driven. Most importantly, although
temperature-induced differences were evident, transcriptomes remained more similar between
genotypes even under stress. This suggests that heat stress did not result in a strong common
transcriptomic response, indicating that it may rather dependent on the genotypes capabilities
(independent of associated symbiont).

To assess whether the associated symbiont type has an impact on the genotype’s tran-
scriptomic response, we compared the transcriptomic profiles of only the two CC7 genotypes
(Fig.2.1B). We observed a separate clustering of the CC7 samples at both control and ele-
vated temperature compared to H2, regardless of their symbiont. Again, the main driver of
changes in transcriptome was the temperature stress treatment. Interestingly, CC7 and CC7-
B01 appeared to cluster closer under heat stress than under control conditions. A Pearson’s
correlation analysis between CC7 and CC7-B01 confirmed that their close correlations at 32 ◦C
(p < 0.0001; r2 = 0.96) was slightly elevated to that at 25 ◦C (p < 0.001, r2 = 0.95). These
results show that host genotypes conform to an established stress response.

When investigating the differentially expressed genes (DEGs), the overlap was relatively
low, with only 156 genes shared between the three investigated strains (79 up and 77 down
regulated)(Fig.S1). Pairwise comparisons revealed that CC7 and CC7-B01 shared 2.5 times
more DEGs than H2 and CC7-B01. Interestingly, we found that the majority of DEGs detected
in CC7-B01 were uniquely expressed in this host-symbiont combination. To learn more about
differences and commonalities in transcriptomic change between the strains, we investigated
the DEG response in further detail.
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Figure 2.1: Principal component analysis of transcriptomic profiles at control and
stress condition. A) Analysis of all three samples transcriptomic profiles under control and
heat stress. Transcriptomic expression is genotype driven, independent of condition. B) Anal-
ysis focusing only on CC7 and CC7-B01 shows clear separation between control and stress and
a closer clustering of samples during stress.
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2.4.2 Differences in thermal stress response of genotypes

The overall observed transcriptomic expression patterns were primarily host genotype driven,
however, DEG analysis showed interesting patterns that indicated a potential influence of the
symbiont. To investigate these we ran a gene ontology enrichment analysis (GO terms) on the
three strains DEGs. GO terms of up regulated genes showed a similar pattern to results from
the PCA (Fig.2.1), in that CC7 and CC7-B01 shared more enrichment similarity than they did
with H2. Antioxidant and unfolded protein response (UPR) GO-terms were heavily enriched
among all strains. Notably, however, CC7 and CC7-B01 had double the number of unfolded
protein response (UPR) related terms enriched (e.g. response to protein folding; GO:0006986).
In contrast, CC7-B01 and H2 had more terms relating to metabolic processes (e.g. lipopolysac-
charide metabolic process; GO:0008653 and glycine metabolic process; GO:0006544 respec-
tively). Cell-redox homeostasis related terms such as nitric oxide (GO:0071732) and glutamate
biosynthetic process (GO:0006537) were the most abundant in CC7-B01 (see Supplementary
File: Chap2CC7−H2−B01Data).

An apparent pattern became evident, in which CC7-B01 appeared to have more common-
alities with H2, than CC7 with H2, indicating that CC7-B01 response pattern lay in between
the two native host-symbiont combinations. To get a better understanding of these patterns,
we focused on the GO-terms relating to biological function shared among all three strains.
Only 12 GO-terms were in common, which could be categorized into four groups (Fig.2.2).
By comparing p-values, representing enrichment strength, we observed that CC7 and CC7-B01
had the strongest enrichment in UPR, while oxidative stress response was most enriched in
CC7-B01 and H2.

We investigated these observations on a gene specific basis and found that CC7 and CC7-
B01 appeared to be responding by expressing temperature stress coping mechanisms; crucial
heat stress response genes such as heat shock protein 70 (HSP70), superoxide dismutase
(SOD), thioredoxin reductase and glutathione S-transferase (GST) were significantly up reg-
ulated in CC7 genotypes, but did not show any differential response in H2. Besides HSP70,
they also up regulated protein chaperones and misfolded protein response genes such as 26S
proteasome, calreticulin, and peptidyl prolyl cis-trans-isomerase (PPI). Additionally, the CC7
genotype increased expression in a number of genes with the same annotation, gene homol-
ogoues, which were absent in H2. An important example of such is GST, which, while not
differentially expressed in H2, has two homologous up regulated in the CC7 genotypes.

The enriched oxidative stress response in the two symbiont sharing strains, CC7-B01
and H2, indicated that the symbiont may be exerting more stress on these host’s. Indeed,
we detected that tumor necrosis factor receptors and transcription factor AP-1, implicated
to be involved in early stress signals, show significant up regulation in CC7-B01 and H2,
but not CC7. Additional expression of certain heat stress genes previously suggested to
play crucial roles in heat response, such as nitric oxide synthase (NOS) and calnexin were
significantly up regulated only in CC7-B01 (see Supplementary File: Chap2CC7 − H2 −
B01Data).Interestingly, whenweinvestigatedtheapoptoticresponseofeachstrainwenoticedthatbothCC7−
B01andCC7appearedtobeactivelyrepressingapoptosis.Suchcouldbeseenintheirdownregulationofcaspase−
3andp53−induciblenuclearprotein, whichcontrolsautophagy, aswellassignificantupregulationofaputativeBAXinhibitor.Additionally, weobservedanimpactonaminoacidsynthesisinCC7−
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B01thatwasnotevidentinthenativestrains.

Figure 2.2: Common enriched GO terms of up regulated transcripts in CC7, H2 and
CC7-B01. Analysis was focused on only biological function terms. These were separated into
four pathways common in all three strains as a response to heat stress. P-values of GO-terms
are plotted on log10 scale.

Overall, the GO-term and gene specific observations indicated that while CC7 genotypes
may be responding more advantageously to heat stress than H2, the clade B symbionts shared
by H2 and CC7-B01 were impacting the overall stressed experienced by the host. We wanted
to understand to what extent the symbiont was impacting the host, and whether the transcrip-
tomic predictions could be traced to a physiological response.

2.4.3 Caspase-3 mediated apoptosis is influenced by associated sym-
bionts

On a transcriptomic level we saw that CC7 genotypes responded to heat stress by activating
stress mitigating genes and pathways, including apoptosis related. Simultaneously, oxidative
stress related responses were most strongly observed in symbiont clade B sharing strains H2 and
CC7-B01. Since increases in oxidative stress can result in increased apoptosis, we investigated
whether the increased oxidative stress had adverse effects on cell survival in the cnidarian host.
Through measurement of caspase-3 activity, an apoptosis executioner, we tested host stress
levels (Fig.2.3).

Caspase-3 activity was distinctly different between the three host-symbiont combinations,
indicating differences in apoptosis response. Significant increases in caspase-3 were only ob-
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Figure 2.3: Caspase-3 activity at control and after heat stress in CC7, H2 and CC7-
B01. Blue and orange bars are caspase-3 activity at control and heat stress exposure after 24
hours, respectively with standard error. Significant differences are denoted with asterisk (** =
p < 0.01, *** = p < 0.001) and absence indicates no significant differences.

served in CC7-B01 and H2 (p < 0.001). This corroborates that the B. minutum are increasing
the stress experienced by the host, likely due to increase in ROS production (Cziesielski et al.,
2018). However, caspase activity in CC7-B01 at 32 ◦C was significantly different to CC7 and
H2, thus lying in between.

2.4.4 Heat stress affects host-symbiont metabolic compatibility

The distinct response of CC7-B01 in apoptosis, as well as amino acid synthesis pathways
observed earlier may be triggered by the associated symbiont. We were thus interested in
understanding if and how the dynamics of symbiosis were affected under heat stress in dif-
ferent combinations CC7, H2 and CC7-B01. Using a set of 731 previously identified Aiptasia
symbiosis genes (Cui et al., 2018), we investigated symbiosis maintenance in native and het-
erologous symbiont species. We found 170 (CC7-B01), 88 (CC7) and 78 (H2) significantly
differently expressed in response to heat stress in the different strains (Fig.2.4). Among further
inspection, we found that CC7 and H2 regulated around 50% of symbiosis genes in the oppo-
site direction. Most reverse expression, however, was seen in CC7-B01 where around 65% of
genes showed opposite responses than expected in stable symbiosis (see Supplementary File:
Chap2CC7−H2−B01Data).
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Figure 2.4: Heat map indicating expression changes of important symbiosis genes
in response to heat stress. The three strains are labeled accordingly. Column labeled
as ‘E’ represents the direction of regulation required during successful symbiosis. Red are up
regulated; blue down regulated. Clear columns indicate no significant fold change.

Part of the reversed symbiosis genes observed also play critical roles in heat stress response
including HSP90, calumenin-B and glutathione s-transferase. However, CC7-B01 stood apart
from the native host-symbiont combinations by a number of genes relating to critical symbiosis
nutrient exchange pathways: aldehyde dehydrogenase family members, Niemann-Pick disease
protein (NPC), glutamine synthetase, glutamate dehydrogenase and ammonium transporters
were down regulated in CC7-B01. Interestingly, a number of these genes have been suggested
to play a role in ammonium assimilation pathways in cnidarians. Thus, the down regulation of
these in CC7-B01 suggests reduced ammonium assimilation in the host (Fig.2.5).
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Figure 2.5: Ammonium assimilation pathway expression changes after heat stress in
CC7, H2 and CC7-B01. The most significant response changes were observed in CC7-B01
where most genes were down regulated significantly, when they should have been up. GS
– glutamine synthetase; AMT – ammonium transporter; GOGAT – glutamate synthase (was
not detected in transcriptomes); GDH – glutamate dehydrogenase. Color code shows light
purple – down regulated; yellow – up regulatated; red – significantly up regulated; dark blue –
significantly down regulated.

As previously observed in the GO-terms (Fig. 2.2), amino acid synthesis pathways were
less enriched in CC7-B01. Indeed, in the suggested symbiosis genes we found amino acid
synthesis genes, such as betaine-homocysteine S-methyltransferase (BHMT), dimethylglycine
dehydrogenase (DMGDH) and 4-hydroxyphenylpyruvate dioxygenase (HPD), with opposite
expression changes in either CC7-B01, H2 or both, but not in CC7. Overall, CC7-B01 showed
a general up regulation of the sulfur containing amino acid synthesis pathway, which during
stable symbiosis is otherwise down regulated.
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2.5 Discussion

In this study we provide transcriptome-wide responses of a symbiotic cnidarian to acute heat
stress and investigate response differences between host-symbiont combinations. Due to Aip-
tasia’s symbiotic flexibility, we were able to assess not only cnidarian host-genotype driven
responses, but furthermore evaluate the influence of the symbiont. Furthermore, we were able
to assess the regulation of symbiosis mechanisms between different host-symbiont combinations
under heat stress. We show that not only are the dynamics of the cnidarian-algae symbiosis
complex, but also, that cnidarians with non-native symbiont infections respond differently to
heat stress than those in association with their native Symbiodiniaceae strain. This holds
particularly true in relation to symbiosis-essential pathways.

2.5.1 Heat stress response is driven by the host genotype

The cnidarian host plays an important role in determining the success of the holobiont under
stress (Kenkel et al., 2013; Polato et al., 2013). While a core cnidarian heat stress response
exists, variations are evident between species and even genotypes(DeSalvo et al., 2010; Maor-
Landaw and Levy, 2016; Cziesielski et al., 2018). Here, we clearly show that host genotypes
have distinct transcriptomic profiles. Elevated temperatures did not lead to a higher similarity
between transcriptomic profiles of CC7 and H2; genotypes remained most similar to their own
profiles regardless of temperature. Most importantly, CC7 and CC7-B01 maintained a strong
similarity, despite carrying different symbiont species. Distinct differences between CC7 and
H2 genotypes are maintained throughout control and temperature stress, suggesting that func-
tional requirements and response mechanisms are different.

The CC7 genotype indicated a superior thermal tolerance through its up regulation of path-
ways crucial to an efficient stress response. One is the antioxidant response, evident through
the activation of first response mechanisms such as SOD and GST (Meyer and Weis, 2012).
The second is the expression of protein chaperones and misfolding response mechanisms, for
example HSP70, which has been recognized as a distinguishing factor between thermally more
tolerant and less tolerant corals (Robbart et al., 2004; Bellantuono et al., 2012a). Both, pro-
tein folding and antioxidant mechanisms, have repeatedly been reported as part of an efficient
heat stress response (Barshis et al., 2013a; Maor-Landaw and Levy, 2016; Traylor-Knowles
et al., 2017). Additionally, apoptosis regulation and inhibition in CC7 and CC7-B01 indicated
active pro-survival techniques in response to heat stress (Benchimol, 2001; Moya et al., 2016).
Although H2 was not completely void of such responses, the comparative lack indicated a
potentially weaker stress response.

Keeping in mind the distinctive origins of the CC7 and H2 genotypes, CC7 may have ac-
quired thermotolerance due to its natural habitat, where strong seasonal fluxes and higher
maximum temperatures occur (Schoepf et al., 2015; Cziesielski et al., 2018). In contrast, H2
originates from an environment with more consistent cooler thermal profiles, which may be
limiting its ability to cope with heat stress (Oliver and Palumbi, 2011). This suggests that
host genotypic adaptions to a local thermal profile may determine better coping mechanisms
and improve response to heat stress.
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The improved coping mechanisms of the CC7 genotype became further evident in our
physiological validation. Caspase-3 is considered the most important executioner caspase of
apoptosis (Elmore, 2007); its increase in activity indicates a rise in programmed cell death in
the host. CC7-B01, actively inhibited apoptotic pathways and hence showed significantly less
caspase-3 activity compared to H2. Nonetheless, CC7-B01 was more stressed than CC7, which
indicates that the thermotolerance of the associated symbiont can have impacts on the host.

2.5.2 Symbiodiniaceae tolerance affects stress experienced by cnidarian
host

Symbiont species have shown to have different temperature tolerances. B. minutum symbionts
have been accredited with being less thermotolerant (Karim et al., 2015). In specific, H2 as-
sociated symbionts have a higher production of reactive oxygen species (ROS) in response to
heat stress than those from CC7 counterparts (Cziesielski et al., 2018). The excess ROS can
leak to the cnidarian host, resulting in oxidative stress in the host cells (Howells et al., 2011;
Cunning and Baker, 2013). In our results, we see evidence of this, as oxidative stress response
was strongest in H2 and CC7-B01. Significant increase in TNFR and AP-1 expression in both
strains, known to be involved in early stress signals and response in corals (Traylor-Knowles
et al., 2017), implicate that H2 and CC7-B01 anemones were experiencing more stress. The
higher stress levels of CC7-B01, in comparison to CC7, may be a direct consequence of the
associated clade B level of ROS production.

High abundance of ROS, and consequentially oxidative stress, can cause interior cell dam-
age leading to the breakdown of symbiosis and initiation of apoptotic pathways (Lesser and
Garcia, 1997; Dunn et al., 2007). Hence, the regulation and termination of apoptosis has been
suggested as an indicator of the coral’s acclimation potential to stress (Kvitt et al., 2016). B.
minutum carrying hosts had significant increases in caspase-3 activity under stress. While the
CC7 genotype may actively try to mitigate stress imposed by the symbiont, levels appear to
exceed CC7-B01 coping capacity. Consequently, a significant increase is observed similar to
that of H2 that is otherwise absent in CC7 associating to clade A symbionts. Thus, thermo-
tolerance of associated symbionts may not necessarily shape the overall stress response of a
genotype, but impact the stress experienced by the host and, furthermore, affect the symbiotic
relationship.

We show that while the host genotype plays a role in determining the overall stress response,
the symbiont’s stress response is a critical factor, leading to the subtle yet important differences
between CC7 and CC7-B01. Most importantly, the difference in caspase activity between the
CC7 genotypes highlights an important point: the symbiont’s heat tolerance may affect the
host’s survival. The ability of Symbiodiniaceae to affect the response and overall tolerance of
its host has been suggested in numerous studies (Berkelmans and Van Oppen, 2006; DeSalvo
et al., 2010; Levin et al., 2017; Yuyama et al., 2018). Here we not only corroborate this but
show that while a thermotolerant host may be more capable of responding to heat and symbiont
induced stress, through management of its cellular environment, the symbionts’ tolerance can
alter and likely determine the long-term success of the host.
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2.5.3 Reinfected host-symbiont combinations are metabolically less sta-
ble under heat stress

The impact of symbionts on the response and tolerance of the host has led to the hopes that
infecting cnidarian hosts with more thermal tolerant symbionts could increase their chances of
survival (Sampayo et al., 2008; DeSalvo et al., 2010). However, little is known on how symbio-
sis in ’heterologous’ host-symbiont combinations respond under heat stress, especially under
prolonged exposure. Results presented here show that the hybrid CC7-B01 changed the expres-
sion of important nutrient pathways related genes, opposite to what is observed under stable
symbiosis. In fact, a recent study on CC7, H2 and CC7-B01 showed that carbon and nitrogen
levels were significantly different between native and hybrid strains: the hybrid contained less
carbon and nitrogen in its tissue, while most of the carbon enrichment was instead found in
the symbiont (Rädecker et al., 2018). Reduced nutrient content in the host tissue indicates a
lack of photosynthetic product input from the symbiont in non-native combinations. If there
is already an indication of nutritional imbalance and incompatibility under control conditions,
then stress will likely worsen these.

The nutritional exchange in cnidarian-algae symbiosis is based on photosynthates products
being passed form the symbiont to the host. In turn, the host provides nitrogen to the sym-
biont. Photosynthesis derived carbon has been suggested to regulate pathways of ammonium
assimilation, allowing the host to control the nitrogen flux to the symbiont (Davy et al., 2012;
Pernice et al., 2012; Cui et al., 2018). In CC7-B01, however, we see a down regulation of
symbiosis specific-ammonium transporters and assimilators during heat stress (Fig.2.5). It has
been suggested that reduced assimilation of ammonium in the host cell tissue allows increased
flow of nitrogen to the symbiont, therefore disrupting the nitrogen-limited state otherwise
characteristic in stable symbiosis (Rädecker et al., 2015). Such shifts, from nitrogen to carbon
limited states, have previously been associated to increased ROS production (Cunning et al.,
2018). If symbiont provided carbon drives host ammonium assimilation, then the observed
reduction also reflects reduced carbon translocation. Indeed, Significant down regulation of
aldehyde-dehydrogenase, an enzyme suggested to play a role in carbon incorporation into lipid
bodies (LORAM et al., 2007; Chen et al., 2014; Hillyer et al., 2016), and of cholesterol trans-
porters (Lehnert et al., 2014; Bertucci et al., 2015) both indicate reduced translocation of
photosynthates and hence carbon limitation in the cnidarian host. It is likely that the ‘selfish’
behavior of the stressed symbiont led to an increase in photosynthate retention, consequently
jeopardizing the stability of symbiosis with its new host. To compensate for such reduced
photosynthetic carbon availability the cnidarian host will rely on utilization of storage lipids
and heterotrophy in order to fulfill its metabolic energy demand during stress.

Since expression of ammonium transporters and assimilators have been linked to the trans-
fer of photosynthates from algae cells (Wang and Douglas, 1998; Kopp et al., 2013), down
regulation may represent a shift of obtaining nitrogen from exogenous sources. Compared to
photosynthates provided by the algae symbiont, heterotrophic food sources have higher ni-
trogen content. In CC7-B01, the increased utilization of heterotrophic nitrogen sources was
reflected in the up regulation of BHMT, DMDGH and 4HPD, enzymes involved in amino acid
synthesis from food derived nutrients (Bertolo and McBreairty, 2013)(Fig. 2.6). This indicated
a shift away from photosynthates-based nutrients and instead, an increasing dependence on
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feeding to obtain nutrients. Reverting to heterotrophic feeding has been shown to be part of the
bleaching response in cnidarians, but may also be a mitigation response as carbon uptake from
food sources could delay the onset of a carbon-limited state (Cunning et al., 2018). Overall
changes in gene expression in hybrid CC7-B01 indicated that the host-symbiont relation is sub-
optimal due to reduced nutrient exchange and availability, therefore leading to a bio-energetic
disruption of symbiosis.

Nutrient transfer between host and symbiont has shown to be highly dependent on the
two partners interactions (Rädecker et al., 2018). This holds especially true here, for although
CC7-B01 and H2 harbor the same symbiont and experience similar stress, their response to
their symbiotic partners is notably different under heat stress. Indeed, CC7 and H2 retain more
similarity in the expression of their symbiosis related genes than either does with CC7-B01.
The shifts in pathways indicate that CC7-B01 may be less capable of maintaining its symbi-
otic relation in comparison to cnidarians with their native symbiont species, due to reduced
metabolic exchange (Matthews et al., 2017). Although short term heat stress conduct here
is not sufficient to conclude bleaching response, shifts in nutrient acquisition, exchange and
limitation in the host, provide a message of caution for future attempts of re-infecting corals.
These results furthermore highlight the complexity of the evolutionary relationship between
cnidarians and algae.
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Figure 2.6: Pathway for glycine and serine biosynthesis in CC7-B01 response to
heat stress. In a stable symbiosis, symbiont-produced carbohydrates are a main source of
the synthesis of nonessential amino acids for the cnidarian host (left side) while food-derived
choline and betaine pathways are down regulated (right side). During stress exposure the
stable state of the symbiosis shifts to a carbon-limited state resulting in increased depen-
dency of the host on external carbon sources. In response, food-derived carbon pathways are
now up regulated while symbiont-derived glucose is down regulated. Colors represent direc-
tion of expression change: dark red – significantly up regulated, orange – up regulated, dark
blue – significantly down regulated, light blue down regulated (GLUT – glucose transporter,
PHGDH – phosphoglycerate dehydrogenase, PSAT – phosphohydroxythreonine aminotrans-
ferase, PSPH – phosphoserine phosphatase, SHMT – serine hydroxymethyltransferase, ChT
– choline transporter, ChD – choline dehydrogenase, BAD – Bcl2 associated death promoter,
BHMT – betaine—homocysteine S-methyltransferase, DMGHD – dimethylglycine dehydroge-
nase, GNMT – glycine N-methyltransferase, SARDH – sarcosine dehydrogenase)(adapted (Cui
et al., 2018)).
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2.6 Conclusion

The role of each symbiotic partner in determining the holobiont’s thermal tolerance is difficult
to fully discern. Our results provide evidence of both, host and symbiont adaptations and,
importantly, for the interaction between the two. While the host detoxification capacity seems
to play a crucial role in dealing with the symbionts induced stress, the symbiont’s thermal toler-
ance can influence the success of the host. However, this relationship is put under an additional
test in non-native combinations: through shifts in their nutrient exchange and assimilation, the
host-algae relationship weakens earlier to native ones. These findings present a critical issue
for infection studies since heat resilient symbionts may not be as easily interchangeable, even
within different populations of the same species, should they not match their host’s physiolog-
ical demands. Our study shows that the selective and evolutionary conserved cnidarian-algae
relationship strongly relies on metabolic compatibility. Achieving and maintaining this balance
is important for the long term success of a stable symbiotic relation.

2.7 Data accessibility

RNA-seq data is available at NCBI under project number PRJNA406873. Raw data regarding
Gene ID, GO-term analysis results, caspase-3 data and symbiosis gene specific analysis can be
found in the supplementary excel sheet provided with this thesis: Chap2 CC7-H2-B01 Data.xlsx.
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2.8 Supplementary materials: Investigating underlying interactions of
cnidarian-algae symbiosis and metabolic compatibility under heat
stress

Table S1: Normalized symbiont density (n = 4 per-strain-temperature combination).
Units are counts [ml filtrate]−1 [g Aiptasia protein]−1. No significant changes in symbiont counts
were detected between treatments (two-tailed t-test).

Strains 25◦ 32◦ p value
rep 1 rep 2 rep 3 rep 4 rep 1 rep 2 rep 3 rep 4

CC7 13435 10703 10314 10994 17107 20738 10152 28091 0.091
H2 17327 11896 9987 9090 14777 14567 11997 13656 0.424

CC7-B01 278115 1170442 284125 181594 1118089 260151 109515 240806 0.34

Figure S1: Differential expressed genes shared among Aiptasia strains CC7, CC7-
B01 and H2. Very little number of genes are commonly expressed among all the strains
responses to heat stress. The largest overlap is observed between CC7 and CC7-B01, followed
by CC7-B01 and H2. The two native strains, CC7 and H2, share the least number of genes.
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Chapter 3

Multi-omics analysis of thermal stress response in a zooxanthellate
cnidarian reveals the importance of associating with thermotolerant
symbionts

Publications:
Cziesielski, M. J., Liew, Y. J., Cui, G., Schmidt-Roach, S., Campana, S., Marondedze, C.,
and Aranda, M. (2018). Multi-omics analysis of thermal stress response in a zooxanthellate
cnidarian reveals the importance of associating with thermotolerant symbionts. Proceedings.
Biological Sciences, 285(1877), 20172654. https://doi.org/10.1098/rspb.2017.2654

Cziesielski, M. J., Liew, Y. J., and Aranda, M. (2018). Summarized datasheet for multi-
omics response of three Aiptasia strains to heat stress: a new way to process omics data. BMC
Research Notes, 11(1), 905. https://doi.org/10.1186/s13104-018-4018-x

https://doi.org/10.1098/rspb.2017.2654
https://doi.org/10.1186/s13104-018-4018-x
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3.1 Abstract

Corals and their endosymbiotic dinoflagellates of the genus Symbiodiniaceae have a fragile
relationship that breaks down under heat stress, an event known as bleaching. However, many
coral species have adapted to high temperature environments such as the Red Sea. To investi-
gate mechanisms underlying temperature adaptation in zooxanthellate cnidarians we compared
transcriptome- and proteome-wide heat stress response (24 h at 32◦C) of three strains of the
model organism Aiptasia pallida from regions with differing temperature profiles, North Car-
olina (CC7), Hawaii (H2) and the Red Sea (RS). Correlations between transcript and protein
levels were generally low but inter-strain comparisons highlighted a common core cnidarian
response to heat stress, including protein folding and oxidative stress pathways. RS anemones
showed the strongest increase in antioxidant gene expression and exhibited significantly lower
ROS levels in hospite. However, comparisons of antioxidant gene and protein expression be-
tween strains did not show strong differences, indicating similar antioxidant capacity across
the strains. Subsequent analysis of ROS production in isolated symbionts confirmed that the
observed differences of ROS levels in hospite were symbiont-driven. Our findings indicate that
RS anemones do not show increased antioxidant capacity but may have adapted to higher
temperatures through association with more thermally tolerant symbionts.
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3.2 Introduction

Coral reefs are complex and diverse ecosystems that provide habitats for thousands of marine
species (Fisher et al., 2015). Climate change as a result of anthropogenic impacts has long
been defined as one of the most serious and potentially fatal stressor to corals, the founda-
tion species of coral (Hoegh-Guldberg, 1999). Rising sea surface temperatures have led to
an increase in thermally induced stress, leading to the breakdown of the vital endosymbiotic
relationship between corals and the dinoflagellate Symbiodiniaceae (Brown, 1997; LaJeunesse
et al., 2018)(Brown et al. 1997; LaJeunesse et al., 2018). The loss of these symbionts, known
as bleaching, can have adverse effects on the health of corals and eventually lead to their death.

Corals are globally and locally distributed across habitats with extremely different condi-
tions. In particular, corals in seasonal hot waters, such as the Arabian Gulf or the Red Sea,
and in highly thermal variable environments, have demonstrated a capacity to adapt to a large
range of temperatures (Barshis et al., 2013b). Corals living in extreme environments also
show improved thermal tolerance when compared to counterparts from more thermally stable
habitats (Schoepf et al., 2015). The overall resilience of the coral holobiont is dependent on
the physiological capabilities of both partners—the coral host and associated Symbiodiniaceae
(Leggat et al., 2011; Pinzón et al., 2015).

Coral-symbiont associations have shown geographic specificity, indicating that environmen-
tal selection of symbiosis may exist across regions and hence determineSymbiodiniaceae com-
munity structure in corals (Tong et al., 2017). The importance of Symbiodiniaceae in the
holobiont’s capacity to respond to stressors is evident through corals ability to shuffle symbiont
communities during and after stress exposure (Silverstein et al., 2015; Boulotte et al., 2016).
In particular, Symbiodiniaceae in the Red Sea and the Persian/Arabian Gulf (PAG) have shown
higher temperature tolerance, and suggested to be crucial in the overall thermotolerance of the
holobiont (Hume et al., 2016). However, the extent to which these two partners contribute
to thermal tolerance of the holobiont is still poorly understood. Understanding the underlying
mechanisms and the contribution of the two partners that allow enhanced stress tolerance is
imperative for future coral conservation efforts, particularly for attempts of assisted evolution
(van Oppen et al., 2015). Rapid progress in transcriptomics has indicated regulation of gene ex-
pression as a potential mechanism for acclimatization and source of genotypic variation (Kenkel
and Matz, 2016). Studies focusing on various coral species have corroborated key pathways
involved in thermal tolerance including protein folding, apoptosis and oxidative stress response
(Barshis et al., 2010; DeSalvo et al., 2010).

Production of reactive oxygen species (ROS) is increased in both cnidarian and symbiotic
cells in response to elevated temperatures. The consequent elevation of oxidative stress, pri-
marily due to the symbiont, is thought to be one of the main causes for coral bleaching (Weis,
2008). The increased ROS production of the symbiont leaks to the host, leading to cellular
damage and initiation of apoptosis in the coral cells (Tchernov et al., 2011). Hence, thermo-
tolerant symbionts have been accredited with lower levels of ROS production during heat stress
exposure, therefore reducing direct stress to the coral (Howells et al., 2011; Cunning and Baker,
2013). In turn, a thermotolerant host has a higher threshold for ROS levels through antioxidant
responses, allowing sufficient detoxification to prevent bleaching (Cunning and Baker, 2013).
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While a significant amount of information regarding thermal tolerance mechanisms have
been obtained on a transcriptomic level, investigations into the proteome have so far been
sparse. A narrow assortment of papers utilizes proteomic analysis to elaborate on fundamental
cnidarian biology under stress response (Drake et al., 2013; Ramos-Silva et al., 2013). Easy
availability of mRNA data has led to an increased dependence on the transcriptome to answer
questions regarding biological response and functionality. However, previous investigations into
mRNA-protein dynamics have shown a lack in their expected correlation (Nie et al., 2006;
Vogel et al., 2011). Thus interest in proteome stress response has been rising, since these low
correlations between transcript and protein levels raise the question whether gene expression is
an accurate proxy for the phenotype.

Figure 3.1: Annual average temperature profiles of sampling locations of the three
investigated Aiptasia strains originating from North Carolina (Wilmington), Hawaii
(Ka¯ne’ohe Bay) and the Red Sea (Al Lith). The average monthly temperature is
denoted by a solid line. Shading around lines represent maximum and minimum temperature
(temperature data taken for closest location to sampling area from www.seatemperature.

org).

www.seatemperature.org
www.seatemperature.org
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In this study, we investigated thermal stress response variations in the transcriptome and
proteome of the cnidarian model organism Aiptasia (sensu Exaiptasia pallida (Grajales and
Rodriguez, 2014)) from three geographically distinct locations with different seasonal temper-
ature profiles (Fig. 3.1). We used anemones originating from North Carolina (CC7), Hawaii
(H2) and the Red Sea (RS) to analyze differences and similarities in heat stress response.
Besides their potential genotypic adaptations, the three strains associate with different Sym-
biodiniaceae clades. While CC7 and H2 are dominated by clade A (subclade A4) (Bieri et al.,
2016)and B (subclade B1) (Xiang et al., 2013) symbionts respectively, RS has a mixed as-
sociation with both clades (subclades A1, A2, A4 and B1; Supplementary materials, Table
S1). We investigated anemone strain specificity in thermal response to determine pathways
that appear crucial for the survival in thermal extremes as well as potentially drive resilience.
By employing a combined -omics approach, we provide the first comparison of transcriptome-
and proteome-wide response of a zooxanthellate cnidarian to heat stress. Our study shows
the complexity of the interacting relationship between the cnidarian host and its symbiotic
partners. Furthermore, results presented indicate that the thermotolerance of the symbiont
plays a crucial role in cnidarian temperature stress adaptations, highlighting the importance of
understanding host-symbiont dynamics when attempting to enhance coral bleaching resilience.
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3.3 Materials and Methods

3.3.1 Growth and maintenance of Aiptasia strains

Three Aiptasia strains were used in this study, all of them clonal. CC7 originated from North
Carolina, NC (Sunagawa et al., 2009), while H2 was collected from Coconut Island, HI (Xiang
et al., 2013). The last strain, Red Sea (RS), was obtained from Al Lith, Kingdom of Saudi
Arabia (20◦04’58” N 40◦07’59” E).

All Aiptasia strains were housed in replicate (2 tanks per strain) polycarbonate tanks in
a strain-specific manner, and incubated at 25 ◦C and a light intensity of 80 µmol photons
m−2 s−1 on a 12h:12h light:dark schedule. The Aiptasia were fed with freshly hatched Artemia
salina (brine shrimp) nauplii thrice per week.

3.3.2 Subjecting Aiptasia to heat stress

Prior to the heat stress experiments, for each of the studied strains, 12 individuals were chosen
and randomly subdivided into smaller (but identical) polycarbonate tanks, which guards against
accidental death of stressed individuals during the experiment. These tanks were incubated
without food for three days to allow the Aiptasia to settle and acclimatize to their new tanks.

For the heat stress experiment, all conditions (e.g. size of tank, degree of illumination and
light:dark cycle) were identical, save the temperature of the incubators. Experimental tanks
were slowly ramped up in temperature from 25–32 ◦C at the rate of 2 ◦C per hour starting
from 8 am and reaching the target temperature by noon to mimic natural conditions. Control
tanks were maintained at 25 ◦C. The stress duration lasted from noon till noon of the next
day. Samples were collected after 24 hours of heat stress at noon, the middle of their daily
light cycle.

3.3.3 Simultaneous extraction of protein and RNA from Aiptasia indi-
viduals

Four individual biological replicates were picked from control and treatment tanks. Individuals
were placed in separate Eppendorf tubes, dried by removing excess water and weighed. Based
on its dry weight, a proportional amount of Buffer RLT was added to the Eppendorf tube, and
the Aiptasia was crushed using a motorized pestle with Kontes RNase-free tips (Kimble Chase,
Vineland, NJ) on ice.

RNA was extracted using the RNeasy Mini Kit (Qiagen, Hilden, Germany) with one mod-
ification: after crushing anemones in Buffer RLT, the first flow-through (which contains the
protein fraction) in the RNeasy spin columns were retained in separate Eppendorf tubes. RNA
concentration of the samples was quantified using Qubit 2.0 (Invitrogen, Carlsbad, CA), and
quality-checked using Bioanalyzer 2100 (Agilent, Santa Clara, CA).

The protein fraction in the flow-through was cleaned up following a manufacturer-provided
protocol to precipitate proteins from Buffer RLT or Buffer RLT Plus with acetone (Qiagen,
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Hilden, Germany). Protein concentrations were quantified via Bradford assay using BioPho-
tometer Plus (Eppendorf, Hamburg, Germany).

3.3.4 Library construction from total RNA

Total RNA from all samples (n = 8 from each strain, i.e., 4 from control, 4 from treatment)
were initially subjected to a poly-dT selection step, and then used to generate libraries using
the Illumina TruSeq RNA Sample Prep Kit (Illumina, San Diego, CA) per manufacturer’s
instructions. Sequencing was carried out on the HiSeq 2000 platform (Illumina, San Diego,
CA), producing a grand total of 874 million reads.

3.3.5 Identification of differentially expressed transcripts

The reads were mapped to the gene models from Aiptasia (Baumgarten et al., 2015) with the
use of kallisto v0.42.4 (Bray et al., 2016). To reduce ambiguity in read-mapping downstream,
a custom Python script was written to pick the longest isoform on a per-loci basis, leading to
the decrease of overall Aiptasiagene models from 29,269 to 27,504.

Based on the TPM values produced from kallisto, sleuth (Pimentel et al., 2016) was used
to identify genes that were differentially expressed (Benjamini-Hochberg-corrected p value <
0.05) under heat stress relative to control conditions.

3.3.6 Sequencing the proteome of Aiptasia

Protein fractions were labelled using iTRAQ labelling method according to manufacturer’s pro-
tocol. Purified, digested and labeled samples were taken through High Performance Liquid
Chromatography (HPLC) for elution of peptides into 15 fractions and then pooled down to 5
fractions. All samples were then run through liquid chromatography-tandem mass spectrome-
try (LC-MS/MS) to produce spectral quantification of peptides.

The NanoLC-MS/MS analysis was performed using an on-line system consisting of a nano-
pump UltiMate 3000 UHPLC binary HPLC system (Dionex, Sunnyvale, CA) coupled to a
Q-Exactive HF mass spectrometer (Thermo Fisher Scientific, Darmstadt, Germany). Peptides
were resuspended in 20 µl of sample buffer (3% ACN, 0.1% formic acid) and 2 µl was injected
into a pre-column 300 µm x 5 mm (Acclaim PepMap, 5 µm particle size). After loading,
peptides were eluted to an Acclaim PepMap100 C18 capillary column (75 µm x 15 cm, 100
Å, 3 µm particle sizes). Peptides were eluted into the MS at a flow rate of 300 nl/min, using
a 40 min gradient from 5% to 40% mobile phase B. Mobile phase A was 0.1% formic acid in
H2O and mobile phase B was 80% acetonitrile and 0.1% formic acid. The mass spectrometer
was operated in positive and data-dependent mode, with a single MS scan (350-1400 m/z at
60,000 resolution (at 200 m/z in a profile mode) followed by MS/MS scans on the 10 most
intense ions at 15,000 resolution. Ions selected for MS/MS scan were fragmented using higher
energy collision dissociation (HCD) at normalized collision energy of 28% and using an isolation
window of 1.8 m/z.

MaxQuant software 1.5.2.8 (Cox and Mann, 2008) was used for peptide and protein iden-
tification. Raw files were processed using the MaxQuant software interlinked with the local
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MASCOT server (Matrix Science, London, UK). Mascot searches were done against Aiptasia
gene models; contaminants were excluded. Precursor mass tolerance of 20 ppm and a frag-
ment ion mass tolerance of ±0.5 Da were used. In addition, carbamidomethyl modification on
cysteine residues was used as a fixed modification, oxidation on methionine residues as variable
modifications and the decoy database was selected. Further stringency was applied for a robust
identification by using minimum peptide length of 7 and setting the false discovery rate (FDR)
of 0.01.

3.3.7 Identification of differentially expressed proteins

Data processing followed a method outlined previously (Herbrich et al., 2013) that allows for
within- and across-run comparisons without the use of a reference sample. Briefly, samples
that failed to produce good quality spectral readings were removed from further analysis (CC7
25 #1, H2 25 #2, RS 32 #2). Spectral values were log2-transformed, and subsequently a
correction factor that controls for loading effect (which affects the absolute amounts of pep-
tides detected by the machine) was subtracted from each run. Another correction factor was
subtracted across runs on a per-gene basis (termed “median-polished log2” in Herbrich et al.
(2013)), allowing comparisons of relative expression of the same protein across samples.

Relative expressions and standard errors were then calculated for each protein in every
strain-temperature combination. To remove rarely detected and low-quality peptide data, fil-
ters were instituted on a per-strain-temperature basis: only peptides detected in ≥ 2 iTRAQ
technical replicates and ≥1 biological replicates were retained. For each strain, pairwise log2-
fold changes in protein levels were calculated as the difference between mean log2-expression at
32 ◦C and mean log2-expression at 25 ◦C. We initially set a permissive fold change threshold of
1.2x in either direction to identify proteins that were differentially expressed under heat stress,
paralleling published proteomics efforts on marine organisms (Weston et al., 2015)

To provide further statistical insight into our results, we subjected the protein values to
two more stringent checks. Firstly, t-tests comparing the relative expression values of the same
protein across temperatures were carried out on proteins that fulfilled the filters mentioned
previously (≥ 2 iTRAQ technical replicates and ≥ 1 biological replicates, n = 4,296 proteins).
Secondly, inspired by a recent study on the same organism (Oakley et al., 2016), we imple-
mented a multivariate GLM to model whether protein expressions were affected by strain or
temperature, or a combination of both factors, via a Python script. All calculated p values
were subsequently corrected for multiple testing (Benjamini and Yekutieli, 2001).

3.3.8 Correlating transcript and protein expression patterns

Based on the processed transcript and protein data, two correlations were investigated: whether
absolute transcript values and absolute protein values were tightly linked, and whether relative
changes of transcript expression were similar to that of protein expression under thermal stress.

A complication to both analyses was that some detected peptides (∼10% of all) could
originate from multiple gene models. To reduce ambiguity, these peptides were removed from
the dataset, and subsequently plotted with Python.
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3.3.9 Functional enrichment of differentially expressed gene models

Since some detected peptides could originate from multiple gene models, if all gene models that
could give rise to the differentially expressed peptide were included in the functional analysis, it
would result in the over representation of functional categories associated with the peptide. To
remove this bias, a representative gene model was chosen per ambiguous peptide via a Python
script.

This complication was not present for the transcript data. Functional enrichment was
carried out with topGO (Alexa et al., 2006) with default settings; however, the background
gene set (“universal set”) was set as gene models with detectable expressions. This precaution,
which was more applicable to the protein data set than the transcript data set, prevents the
analysis from being biased towards GO terms that are associated with expressed gene models.
GO terms with p < 0.05 and occurring ≥ 5 times in the background set were considered
significant. Multiple testing corrections were not carried out, as the tests were considered to
be non-independent (Alexa et al., 2006).

3.3.10 Biochemical assaying of reactive oxygen species

Reactive oxygen species (ROS) production of symbionts in hospite during heat stress expo-
sure was measured by repeating the stress experiment as described previously. After 24 hours
of heat stress, anemones were placed in individual Eppendorf tubes and incubated in 500 µl
of seawater containing 5 µM CellROX Green Reagent (Thermo Fisher Scientific, Waltham,
MA) for 2 hours in the dark at both temperatures. Anemones were washed twice in PBS
and crushed in 400 µl of cell lysis buffer (200mM TRIS-HCl pH 7.5, 2M NaCl, 0.1% Triton
20%). Homogenates were spun down at 14,000g for 3 minutes, and 150 µl of the supernatants
were loaded into a 96-well black clear-bottom plate. Fluorescence intensity of CellROX dye
was measured at excitation of 468 nm and emission at 520 nm using SpectraMax Paradigm
Multi-Mode Detection Platform (Molecular Devices, CA).

For the measurements of ROS production in Symbiodiniaceae isolates, symbionts were ex-
tracted from four anemones of each strain prior to heat stress. Anemones were crushed in 1
ml autoclaved seawater containing kanamycin, ampicillin and streptomycin (50, 100 and 50
µg/ml respectively) using a Wheaton tissue grinder. The homogenates were filtered through
a 40 mul mesh to remove larger cellular debris. The resulting filtrates were equally divided
into two 500 µl fractions, then incubated separately at 25 ◦C (control) and at 32 ◦C for 24 hours.

Post-incubation, symbiont counts were performed on 100 µl of the filtrates using Guava
easyCyte 8HT benchtop flow cytometer (Millipore, MA). Of the remaining filtrate, 300 µl was
spun down at 5,000g for 3 minutes. The supernatant was removed and incubated with CellROX
for 2 hours at 25 ◦C, and fluorescence measurements were conducted as described previously.
The resulting measurements were normalized against total cell counts.

3.3.11 Inter-strain comparisons of oxidative stress-related genes

To compare antioxidative responses of the three studied strains, differential expression analyses
were carried out between strains at the same temperature in a pairwise fashion (i.e., H2 vs.
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CC7, RS vs. CC7, RS vs. H2). This was possible because our analyses were based on data
mapped against Aiptasia gene models (Baumgarten et al., 2015) instead of against de novo
strain-specific transcriptomes. Methods used to carry out these analyses were analogous to the
comparisons of transcriptomes and proteomes of the same strain under different temperatures
described in previous subsections.

From the resulting outputs, we specifically searched for 98 gene models annotated with
putative oxidative stress-related function (e.g., thioredoxin reductase, superoxide dismutase,
glutathione S-transferase and peroxidasin). The outputs were further concatenated into tables
that list the relative fold changes of all relevant pairwise comparisons (electronic supplementary
material, supplemental data set S2 available from Cziesielski et al. (2018)).

3.3.12 Typing of the ITS2 regions of Red Sea symbionts

Extracted DNA from four RS Aiptasia at 25 ◦C were subjected to a PCR targeting the ITS2
regions of Symbiodiniaceae (using the primers SYM VAR FWD and SYM VAR REV as per
Hume et al. (2013)). These samples were 4 of 96 samples sequenced on a MiSeq run. Reads
from these samples were pooled (757,132 paired-end reads), trimmed with cutadapt v1.16
(Martin, 2011), and merged into a single read with bbmerge v37.93 (Bushnell et al., 2017) to
produce 348,488 reads (with length ≥ 200 bp).

These reads were clustered at 97% similarity with cdhit-est v4.7 (Li and Godzik, 2006)
to produce 73 clusters—the 10 most abundant clusters were parsed with a Python script.
Representative sequences of these clusters were subjected to a BLASTN search against nt, and
clade information of the best Symbiodiniaceae hits were searched for manually.

3.4 Results

3.4.1 Weak correlation between transcript and protein levels

Similar to previous studies that combined transcriptomic and proteomic approaches, we found
substantially more genes with detectable transcripts (23,635 genes, 85.9% of all Aiptasia gene
models) than proteins (4,014 genes, 14.6%). Of the total detected proteins, 98% were suc-
cessfully assigned to a matching transcript. To assess correlations between transcript and
protein abundances, we performed linear regressions for samples at control (25◦C) and under
heat stress (32◦C) (Fig. 3.2). These analyses indicated a similarly weak but highly significant
correlation (r2 ≈ 0.2, p value < 10−300) across all strains and temperatures, suggesting that
short-term heat stress does not significantly alter the correlation between absolute transcript
and protein levels.

Furthermore, we investigated whether transcripts and their respective proteins display sim-
ilar relative changes under thermal stress. Surprisingly, the previously identified moderate
correlation was abolished when correlating the temperature-driven changes of transcripts to
that of their proteins (all r2 ' 0, Supplementary Materials, Figure S1). We hypothesized that
the poor correlation of temperature-driven changes could be due to a large proportion of pro-
teins not being significantly different between the tested conditions (mean = 6%). It is possible
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that proteins with significant fold change would have transcripts differentially expressed in the
same direction—thus, the removal of all non-significantly expressed proteins should result in an
improved correlation. However, the correlation remained zero across all strains (Supplementary
Materials, Figure S2, r2 ' 0), indicating that significant changes of protein abundances occur
independently from detectable changes in transcript levels.

To better understand this paradox, we investigated the direction of expression change. Fo-
cusing on the subset of differentially expressed proteins, we observed roughly equal numbers of
concordant changes (e.g. upregulated protein and upregulated transcript) and discordant ones
(e.g. upregulated protein with downregulated transcript) (Supplementary materials, Figure S3).
Overall, RS had the highest concordance (12%), followed by CC7 (7%) and H2 (3%). The
lack of protein-mRNA matches, along with the presence of oppositely matching pairs, provide
an explanation for the previously observed absence in fold change correlations.

Figure 3.2: Correlation of protein abundance with mRNA expression at control
(25◦C) and heat stress (32◦C) for each biological replicate. Expression values were
log2 transformed to better approximate normal distributions. Linear regressions were calcu-
lated for control and stress conditions across all replicates of a given strain. Darker colours
represent heat stress; lighter ones represent control. SCPM, spectral counts per million; TPM,
transcripts per million.

3.4.2 Inter-strain transcriptome and proteome heat stress responses

To assess inter-strain response to heat stress, we compared the lists of differentially expressed
transcripts (DETs) and proteins (DEPs). Initial analysis revealed H2 as an outlier, with only
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510 DETs detected in the transcriptome in comparison to 1,226 and 2,888 in CC7 and RS
respectively. Comparison of DETs between strains showed 170 common genes (83 up, 87
downregulated). Included in these are established heat response genes such as HSP90, HSP70,
HSP90 co-chaperone Cdc37, glutathione peroxidase, superoxide dismutase, calreticulin and
calumenin-B. While CC7 and H2 had around 50% of their total DETs downregulated, RS had
57%. Additionally, 67% of RS DETs were not detected in any of the other strains (Supplemen-
tary materials, TableS2). In particular, we found more HSP70, superoxide dismutase (SOD),
glutathione S-transferase and peroxidasin transcripts differently expressed in RS than in the
other strains. Comparison of DETs between strains showed that RS and CC7 (613 DETs) had
more similarities to each other than to H2 (RS vs H2: 326, CC7 vs H2: 185).

The number of DEPs after heat stress was generally much lower, with a maximum of 294
proteins in CC7, followed by 275 and 151 in H2 and RS respectively showing absolute fold-
changes > 1.2. Using a t-test, only one protein was deemed significantly expressed after multiple
test correction (corrected p < 0.05): AIPGENE10033 (ADP ribosylation-related protein) in RS.
Similarly, a generalized linear model as employed by Oakley et al. (2016) identified only one
protein that was differentially expressed due to temperature: AIPGENE18140 (programmed
cell death interacting protein).

3.4.3 Functional enrichment of differentially expressed transcripts and
proteins

Functional enrichment of the DETs revealed a total of 24 significantly enriched GO terms that
overlapped between the strains (Supplementary materials, Table S3). Particular noteworthy
terms were related to protein misfolding, oxidative stress, mRNA splicing, ER stress and iron
binding.

When categorized into higher-order terms, protein misfolding pathways appear to be pos-
itively enriched in all strains, especially CC7 (electronic supplementary material, supplemental
dataset S1 available from Cziesielski et al. (2018)). In addition, terms related to oxidative stress
response were predominant in RS, showing twice as many than any of the other strains (Fig.3.3).
Included in these were unique responses related to superoxide dismutase (GO:0004784), regu-
lation of nitric oxide (GO:0045429) and peroxidase activity (GO:0004601). H2 lacked many of
the coping pathway enrichments seen in the other strains (Fig.3.3). As there were few DEPs
that passed our stringent analysis, we were unable to perform a similar functional enrichment
analysis for the protein data.

Overall, RS and CC7 both showed a broader response to heat stress than H2, through their
activation of a variety of gene homologs and essential stress response pathways; indicating
strain-specific differences in temperature response. However, both DET and GO-term enrich-
ment analysis indicated a strong antioxidant response in RS anemones, which stood apart from
the others (Supplementary materials, Table S2, S3; Fig. 3.3). Hence, we hypothesized that
RS anemones may have adapted to warmer waters through improved antioxidant capacity.

Additionally, while our investigation centered around the role of the cnidarian host, we
kept under consideration that the symbiont’s thermal tolerance may be contributing to the
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Figure 3.3: Heatmap of GO terms related to unfolded protein response, metabolism
and oxidative stress from three Aiptasia pallida transcriptomes. Selected terms illustrate
strain-specific differential transcriptomic responses to heat stress (p < 0.05). Empty boxes
denote differences that were not significant (p ≥ 0.05).

oxidative stress experience and response of the host. Previous studies have genotyped CC7
and H2 associated symbionts as genus Symbiodinium, former clade A, (subclade A4) and
Brevolium, former clade B, (subclade B1) respectively. Similarly, RS anemones associate with
a mix of Symbiodinium and Brevolium, former clade A and B (subclades A1, A2, A4 and B1).
To validate our hypothesis we conducted a biochemical ROS assay.

3.4.4 Biochemical quantification of ROS

Based on the transcriptomic responses, we predicted differences in the ability of the different
host genotypes in mitigating higher ROS levels in response to heat stress. In order to assess if
these differences were indeed manifested on the physiological level and whether they are host-
or symbiont-driven, we quantified ROS levels of the three Aiptasia hosts by first assaying ROS
production in hospite (i.e., host and symbiont) in response to heat stress (3.4A). When inves-
tigating symbiont counts, we did not detect any significant changes in symbiont densities in
any of the anemone strains (Supplementary materials, Table S4). Subsequently, we measured
the ROS production of freshly isolated Symbiodiniaceae cultures from the respective host (i.e.,
symbiont only) in response to the same stress (Fig. 3.4B).
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ROS abundance was generally lowest in RS and there was no significant increase in ROS
production in RS under heat stress (p = 0.093) unlike in CC7 and H2 (p < 0.05 both) (Fig.
3.4A). However, when we compared these ROS levels to those of isolated symbionts we found
that the ROS levels measured in hospite mirrored those of the freshly isolated symbionts (Fig.
3.4B). For all strains and conditions measured we observed a generally lower level of ROS in
hospite than in the isolated symbionts, emphasizing the ability of the host in mitigating some
of the ROS produced. Nonetheless, the ROS production pattern appeared to be predominantly
driven by the symbiont.

3.4.5 Inter-strain comparisons of oxidative stress-related genes

We were curious to what extent ROS levels were dependent on the antioxidant capacity of the
host, or the overall production of the symbiont. A possible confounding factor of the ROS
assay was that the different strains of Aiptasia could have had different initial expressions of
oxidative stress-related genes. Thus, the lower amounts of ROS assayed in RS samples could
potentially be attributed to a higher initial level of anti-ROS transcripts in the host, and not
due to its symbiont being more adapted to heat stress. To de-convolute the role of the host
further, we performed inter-strain transcriptomic and proteomic comparisons, focusing on a set
of 98 genes with oxidative stress-related functions (electronic supplementary material, supple-
mental dataset S2 available from Cziesielski et al. (2018)).

We found that CC7 consistently had a higher abundance in antioxidant transcripts under
control conditions compared to RS and H2 (24/20 and 17/12 respectively). When exposed to
temperature stress, CC7 had even more transcripts at significantly higher abundances compared

Figure 3.4: ROS produced by Symbiodiniaceae (A) in hospite and (B) in isolate.
ROS was measured for control (25 ◦C) and heat stress (32 ◦C) conditions and normalized
against total symbiont counts. Error bars denote ±1 standard errors. *: p < 0.05; n.s.: not
significant.
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to both other strains. However, on a protein level, we could not detect convincing differences
in the abundances of antioxidants in relation to their condition. Proteins relating to glutathione
S-transferase, SOD and thioredoxin showed an overall trend of being more abundant in CC7 and
H2 under control conditions. CC7 maintained significantly higher abundances of thioredoxin
and SOD proteins, particularly when compared to RS. Thus, the analysis showed that: 1.) RS
did not have a higher antioxidant capacity than other strains, 2.) initial higher antioxidant
response was not the driver of the ROS abundance measured in the assay; and 3.) oxidative
stress experienced by the host is therefore mostly determined by the associated symbiont and
not the antioxidant capacity of the host.
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3.5 Discussion

3.5.1 Transcriptome-proteome correlations in a cnidarian model organ-
ism

The weak but significant correlation (r2 ≈ 0.2, Fig. 3.2) between the transcriptome and
proteome observed across all three investigated Aiptasia strains echo similar results in other
model organisms, such as in yeast (r2 = 0.66) (Greenbaum et al., 2003) and in mice (r2 = 0.34)
(Maier et al., 2009; Vogel and Marcotte, 2012). Correlation of fold changes in protein and
transcripts in response to heat stress were completely absent (r2 ' 0; Supplementary materials,
Figure S1), again similar to observations in other model organisms (Vogel et al., 2011; Lee
et al., 2011; Cheng et al., 2016). While technical limitations can play a crucial factor (Samaj
and Thelen, 2007), this independence is primarily biological in nature. The exposure to stress
is one of various factors that can cause uncoupling of transcription and translation as a tool of
biological fine-tuning (see review by Maier et al. (2009)). Since proteome changes are naturally
time-dependent, and in light of protein misfolding due to heat stress likely further delayed
(Gidalevitz et al., 2011), we cannot exclude time-lag as a potential factor for the absence in
fold change correlation in this study. Our observations on transcript and protein correlations
are therefore not surprising, but a valuable addition to the limited number of correlation studies
and the first in cnidarians. In agreement with other studies (Maor-Landaw and Levy, 2016),
results suggest that transcripts alone might not be sufficient to deduce organismal proteomic
responses to stress.

3.5.2 Strain-specific responses to heat stress

Comparison of inter-strain heat stress responses highlighted several common pathways that sug-
gest a core cnidarian response mechanism. This core response includes regulation of protein
folding, oxidative stress response and calcium homeostasis (DeSalvo et al., 2010; Maor-Landaw
and Levy, 2016). Additionally, we observed splicing-related categories among the strains. This
is not surprising, as heat shock has been shown to repress mRNA splicing in eukaryotic cells (Ya-
mamoto et al., 2016) and similar impacts were recently reported in corals (Seneca and Palumbi,
2015). Repressed splicing can act as a form of controlled protein production, allowing for se-
lective expression of stress adaptation related proteins (Hartl et al., 2011). Sophisticated forms
of transcriptional regulation therefore appear to play a more crucial role in cnidarian stress
response than so far accredited. These processes might also contribute to the observed lack of
correlation between transcriptome and proteome.

The extensive transcriptional regulation of RS anemones stands apart from that of CC7
and H2. The significantly higher number of DETs observed in RS, of which most are exclusive,
may be a form of expression plasticity allowing for a faster stress response (Brown et al., 2002).
This potentially sophisticated form of gene expression control could be crucial to short- and
long-term adaptations (Kenkel et al., 2013; de Nadal et al., 2011). The higher proportion of
down regulated genes may indicate that RS is able to maintain metabolic activity at reduced
levels (Fig. 3.3). Control and stability of the metabolism during exposure to stressors has
previously been shown to increase survival time of organisms (Bellantuono et al., 2012c) and
hence plays a crucial role in heat shock resilience.
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On a gene-family level, differences were not only obvious in terms of presence or absence,
but also in the number of gene variants expressed. This held particularly true for RS and CC7,
where both usually expressed crucial stress response genes but RS utilized various gene variants
rather than only selected ones (Supplementary materials, Table S2). An example of such is
the more abundant expression of HSP70 in RS, followed by CC7 and an absence in H2. As
expression of HSP70 has shown to be a distinguishing factor between thermally tolerant and
less tolerant corals (Bellantuono et al., 2012a), the results suggest that RS has an improved
capacity in initial response to heat stress and has a higher thermal tolerance. This would be
expected based on the significantly higher average summer temperatures prevalent in the Red
Sea (Fig. 3.1). Similar patterns were observed in genes related to oxidative stress response.
Noteworthy is the significant upregulation of Nrf2 (nuclear factor eythroid-2) observed only
in RS (Supplementary materials, Table S2). Nrf2 has emerged as an important regulator of
cellular resistance to oxidants and controls an array of downward antioxidant responses (Nguyen
et al., 2009). Absence of antioxidant response in the cnidarian proteome during a two-day heat
stress was previously observed in Acropora micropthalma (Weston et al., 2015). Instead, the
strongest proteome antioxidant response was detected in the associated symbionts, indicating
their role in controlling host oxidative stress.

3.5.3 Oxidative stress response is dependent on the thermotolerance
of associated symbionts

Efficient control of ROS has long been a mechanism accredited to thermal tolerant corals
(Barshis et al., 2013a). However, the current perspective on oxidative stress resilience is a
mixed one where both partners, the coral host and the symbiont, have shown to contribute
(Howells et al., 2011; Cunning and Baker, 2013). Since thermotolerance of Symbiodiniaceae
is highly variable, knowing the associate symbiont clades is important in understanding holo-
biont thermal resilience; clade A Symbiodiniaceae are generally consider more thermotolerant
(Robison and Warner, 2006; Warner and Suggett, 2016).

Our multi-omics approach showed that although all strains shift expression of antioxidant
genes, RS appeared to show the highest antioxidant capacity. However, physiological mea-
surements showed that the ROS level exposure of the host was predominantly driven by the
symbiont. Interestingly, while the host evidently showed the ability to mitigate ROS produced
by the symbiont, inter-strain comparisons suggest that the mitigation capacity of CC7, H2 and
RS were fairly similar.

Consistent with patterns observed throughout this study, RS and CC7 had higher number
of antioxidant-related transcripts than H2 in either condition. Nonetheless, we show that RS
does not express significantly more antioxidant genes or proteins than the other two strains.
Indeed, we detected the strongest presence of antioxidant genes in CC7 under control and heat
stress. On a protein level, the most drastic changes in abundance were also observed in CC7,
undermining the possibility of antioxidant capacity as an RS-specific adaptation to heat stress.
Thus, there was no indication that the observed difference in ROS was driven by genotype
response capacity. This corroborates that the thermal tolerance of associated symbionts is the
main determinant of ROS levels and hence the overall oxidative stress experienced by the host
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(Leggat et al., 2011; Roth, 2014). The ability to establish associations with symbionts that
have a higher thermal tolerance may be the most crucial mechanism underlying the adapta-
tion of zooxanthellate cnidarians to increased temperature environments. Previous studies on
Symbiodiniaceae associated with Red Sea corals have shown higher thermotolerance that may
effectively translate into higher tolerance for the holobiont in total (Hume et al., 2013; Ziegler
et al., 2015). Our findings presented here support the notion that Red Sea cnidarians adapted
to their warmer surroundings through symbiosis with local, thermotolerant symbionts, instead
of increasing their antioxidative capacity to deal with the increased ROS generated by less
tolerant symbionts.

3.6 Conclusion

There is enormous interest in understanding the drivers of thermal resilience and susceptibil-
ity in corals. Results presented here highlight the complexity and interacting contribution of
both partners. Efficient transcriptional regulation and plasticity appear to be important cop-
ing mechanisms of pre-exposed cnidarians and are likely important for the initial response to
increasing temperatures. However, not all responses observed on a transcriptomic level trans-
lated into predicted proteomic or physiological results. Our multi-omics approach highlights
the importance of secondary validation in order to produce confident and meaningful biological
conclusions. With regards to oxidative stress specifically, physiological measurements validate
our hypothesis that the symbiont exerts a significant influence on the overall ROS level within
the host. Colonization of extreme environments may therefore have been possible through
associations with more thermotolerant symbionts. However, this relation may be evolutionarily
conserved, suggesting that the infection of other genotypes with heat-tolerant symbionts may
not necessarily lead to overall improved tolerance. The findings presented here emphasize the
importance of the symbiont in determining the thermal resilience of the holobiont, a crucial
factor to consider for future attempts in aiding corals through predicted climate change impacts.

3.7 Data accessibility

RNA-seq data is available at NCBI under project number PRJNA406873. Python scripts for
proteomic analysis, and the Excel sheet providing normalized protein intensities, are available at
https://github.com/lyijin/aiptasia_multi-omics, with more detailed explanations.

https://github.com/lyijin/aiptasia_multi-omics
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3.8 Supplementary materials: Multi-omics analysis of thermal stress
response in a zooxanthellate cnidarian reveals the importance of
associating with thermotolerant symbionts

Figure S1: Linear correlations of temperature-driven changes in mRNA expression
and protein expression. All detected proteins were considered and matched with their re-
spective transcripts. Fold changes were calculated as expression level under heat stress divided
by expression at control, then log2-transformed to better approximate normal distributions.
Darker lines represent linear regressions for the respective strains.

Figure S2: Linear correlations of temperature-driven changes in significantly ex-
pressed proteins and matching mRNA. Only significantly expressed proteins were consid-
ered to test whether according transcripts showed similar significant changes. Fold changes
were calculated as expression level under heat stress divided by expression at control, then log2-
transformed to better approximate normal distributions. Except for CC7, none of the strains
showed a positive correlation between significant changes in protein and mRNA. Although CC7
correlations were positive, values were low and did not indicate an improvement to the previous
analysis where all proteins were considered.
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Figure S3: Percentage of significantly differentially abundant proteins matched with
expression of respective transcript. mRNA fold changes were not necessarily significant.
Matches were categorized into three groups: differential expression of proteins and transcripts
are in concordant directions (green), discordant directions (pink), and those with transcripts
that are not differentially expressed (grey)
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Table S1: Clustering of ITS2 sequences from Red Sea Aiptasia (n = 4) at 97%
similarity. A total of 348,488 MiSeq sequences (length ≥ 200 bp) were clustered using cdhit-
est into 73 clusters. The longest sequence in each cluster, labelled as the cluster representative
by cdhit-est, were annotated via BLASTN against NCBI nt. Shown here are subclades of
Symbiodinium that best matched the top 10 clusters with the highest number of reads. Sources
of strains are provided whenever possible; otherwise, links to the sequences (on NCBI) are
provided.

RED SEA sequence ID of
cluster representative

Number of reads Percentage
BLAST N results
best match

Subclade

M02112:179:000000000-
B59R4:1:2101:6124:3416

109988 31.56% CCMP2456 [1] A4

M02112:179:000000000-
B59R4:1:1116:22509:5885

80224 23.02% CCMP2467 [2] A1

M02112:179:000000000-
B59R4:1:1109:22536:2980

53807 15.44% voucher 704 [3] B1

M02112:179:000000000-
B59R4:1:2106:18652:11185

50243 14.42% RT-89 [4] A2

M02112:179:000000000-
B59R4:1:1103:25367:6720

48892 14.03% ”clade A4” [5] A4

M02112:179:000000000-
B59R4:1:1101:6462:18873

1050 0.30% CCMP2467 A1

M02112:179:000000000-
B59R4:1:1102:3136:16588

791 0.23% JCUSG-1 [6] A2

M02112:179:000000000-
B59R4:1:1109:17670:10363

537 0.15%
multiple best hits
[7]

A4/A13

M02112:179:000000000-
B59R4:1:1103:9884:3854

341 0.10% RT-89 A2

M02112:179:000000000-
B59R4:1:1101:12494:24248

297 0.09% CCMP2467 A1
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CC7 Clade Subclade Citation

A A4 [8]
A, B A4, B1 [9]

H2 Clade Subclade Citation

B B1 [10]
B B1 [9]

1: https://ncma.bigelow.org/ccmp2456

2: https://ncma.bigelow.org/ccmp2467

3: https://www.ncbi.nlm.nih.gov/nuccore/344227688/

4: https://www.ncbi.nlm.nih.gov/nuccore/344227729/

5: https://www.ncbi.nlm.nih.gov/nuccore/325514313/

6: Onodera et al., 2004 Zooxanthellactone, a Novel -Lactone-type Oxylipine from Dinoflagel-
lates of Symbiodinium sp.: Structure, Distribution, and Biological Activity. Biosci. Biotechnol.
Biochem. 68(4), 848–852.
7: https://www.ncbi.nlm.nih.gov/nuccore/344227725/
https://www.ncbi.nlm.nih.gov/nuccore/325514313/
8: Bieri et al., 2016 Relative Contributions of Various Cellular Mechanisms to Loss of Algae
during Cnidarian Bleaching. PLoS One 11(4), e0152693.
9: Thornhill et al., 2013 Population genetic data of a model symbiotic cnidarian system reveal
remarkable symbiotic specificity and vectored introductions across ocean basins. Mol Ecol.
22(17):4499-515.
10: Xiang T., Hambleton E.A., DeNofrio J.C., Pringle J.R., Grossman A. 2013 Isolation of
clonal axenic strains of the symbiotic dinoflagellate Symbiodinium and their growth and host
specificity. J Phycol 49, 447-458.

https://ncma.bigelow.org/ccmp2456
https://ncma.bigelow.org/ccmp2467
https://www.ncbi.nlm.nih.gov/nuccore/344227688/
https://www.ncbi.nlm.nih.gov/nuccore/344227729/
https://www.ncbi.nlm.nih.gov/nuccore/325514313/
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Table S2: Summary of differentially expressed genes relating to oxidative stress
response in CC7, H2 and RS. All genes with the same annotation were considered. Num-
ber of significantly differently expressed homologs in each anemone strain were recorded and
summed. Genes are specific towards heat stress and antioxidant response, highlighting stronger
transcriptional response in CC7 and RS.

Gene annotation
Number of
homologs

Number
expressed
in CC7

Number
expressed
in H2

Number
expressed
in RS

Cytochrome p450 33 2 3 8
Ferritin 2 0 0 1
Glutathione peroxidase 7 3 2 3
Glutathione S-transferase 21 2 0 6
HSP 70 6 1 0 3
HSP 90 1 1 1 1
NADH dehydrogenase 30 11 0 2
Nuclear factor erythoid-2
(Nrf2)

1 0 0 1

Peroxidasin 19 0 2 5
Superoxide dismutase 7 2 0 4
Thioredoxin reductase 4 1 0 3
Total 131 23 8 37
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Table S3: Transcriptome enriched GO-terms shared between CC7, H2 and RS in
response to heat stress. GO-terms were separated into their three categories. Shared terms
indicate a core heat stress response common among anemones strains in response to elevated
temperatures.

GO Category GO Term Annotation

Biological
process

GO:0006457 protein folding
GO:0055114 oxidation-reduction process
GO:0044267 cellular protein metabolic process
GO:0061077 chaperone-mediated protein folding
GO:0000381 regulation of alternative mRNA splicing, via spliceosome
GO:0000413 protein peptidyl-prolyl isomerization
GO:0048025 negative regulation of mRNA splicing, via spliceosome

Cellular
component

GO:0005788 endoplasmic reticulum lumen
GO:0042470 Melanosome

Molecular
function

GO:0051082 unfolded protein binding
GO:0004656 procollagen-proline 4-dioxygenase activity
GO:0004222 metalloendopeptidase activity
GO:0000166 nucleotide binding
GO:0005506 iron ion binding
GO:0042605 peptide antigen binding
GO:0031418 L-ascorbic acid binding
GO:0003755 peptidyl-prolyl cis-trans isomerase activity
GO:0009055 electron carrier activity
GO:0003756 protein disulfide isomerase activity
GO:0005332 gamma-aminobutyric acid:sodium symporter activity

Table S4: Normalized symbiont density (n = 4 per-strain-temperature combination).
Units are counts [ml filtrate]−1 [g Aiptasia protein]−1. No significant changes in symbiont counts
were detected in any of the three strains (two-tailed t-test).

Strains 25◦ 32◦ p value
rep 1 rep 2 rep 3 rep 4 rep 1 rep 2 rep 3 rep 4

CC7 13435 10703 10314 10994 17107 20738 10152 28091 0.091
H2 17327 11896 9987 9090 14775 14567 11997 13656 0.424
RS 21073 12416 17881 36986 18816 12128 16573 13139 0.255
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Chapter 4

Conserved histone regulatory pathways in symbiotic cnidarians may
play a role in the maintenance of the Aiptasia-algal symbiosis
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4.1 Abstract

Epigenetic mechanisms allow organisms to contain highly specialized cells that have the same
genetic information but otherwise differ in function and morphology – different cellular phe-
notypes stemming from the same genotype. In cnidarians, symbiosis with the algae Symbio-
diniaceae only occurs in specialized cells of specific tissue layers. It is therefore to no surprise
that in recent years there has been growing interest and evidence of epigenetic mechanism in
cnidarian-algae symbiosis. One particular epigenetic mechanism, namely histone modifications,
not only plays a critical role in chromatin packaging, but also in transcriptional regulation
by controlling accessibility of genes. Acetylation of histones is one of the best understood
modification and is exclusively linked to transcriptional activation. Yet, knowledge of histone
modification’s role and function in cnidarians is profoundly lacking. In attempts to fill this re-
search gap, we investigated the binding patterns of histone 3 lysine 9 acetylation (H3K9ac) in
the cnidarian model system Aiptasia. Using a customized protocol, we conducted Chromatin
Immunoprecipitation (ChIP) to study the genomic associations, distributions and regulatory
function of H3K9ac in symbiotic anemones. We found that genomic distribution of H3K9ac
is conserved in Aiptasia as in other organisms. Expression of H3K9ac bound genes was also
significantly higher compared to unbound genes. Interestingly, we found that H3K9ac had a
significant association to DNA methylation and was dominantly preceding gene body methyla-
tion. Further investigation into the biological function showed that 45% of genes determined
to be important in symbiosis maintenance were bound by H3K9ac, specifically those relating
to nutrient exchange and metabolism. Our results provide new insight into the mechanisms
of histone modifications and their potential role in regulating and maintaining symbiosis in
cnidarians.
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4.2 Introduction

Coral reefs are often considered the rain forest of the sea, that provide essential habitats for a
myriad of marine organisms. Reef deposition and growth is directly dependent on corals growth
through calcification of their skeletons. To be able to thrive, and meet the energetic demand
of calcification, corals live endosymbiotically with photosynthetic dinoflagellates of the family
Symbiodiniaceae (LaJeunesse et al., 2018). Hosted in the coral’s gastrodermal cells, the algae
provides the coral with over 90% of its total energy demands (Dubinsky and Stambler, 2011).
Over the years, it has become evident that this metabolically based symbiosis is incredibly fine-
tuned and sensitive to environmental change. Anthropogenic impacts can cause imbalances
in the metabolic exchange and lead to the expulsion of the intracellular symbionts, a process
known as coral bleaching. Significant efforts are being made to understand the details of this
symbiosis: how is symbiosis regulated, maintained and lost during stress. However, there are
still profound gaps in our knowledge regarding the basic molecular processes involved (Davy
et al., 2012). Especially epigenetic mechanisms, and their potential role in symbiosis and stress
resilience, remain fairly elusive in coral research (Li et al., 2018).

Histone proteins are the building blocks of nucleosomes; around 146bp of DNA wrap around
a histone octamer, consisting of two copies of each histone protein. Histones comes in five
major classes, H2A, H2B H3 and H4, that tightly regulate the binding of DNA around them
through modifications on their amino acid (N) terminal tails. Among these post-transcriptional
modifications, acetylation and methylation of specific residues on the histone tails are the most
commonly studied (Zhou et al., 2010). Acetylation is a mark that is generally associated with
transcriptional activation (Kurdistani et al., 2004; Roh et al., 2006; Zhou et al., 2013), as
acetylation of residues loosens the histones binding to the DNA and enables transcription fac-
tor binding. Meanwhile, methylation can fulfill different regulatory roles (Pfluger and Wagner,
2007). These chemical modifications to the histone protein govern chromatin accessibility,
and regulatory elements, creating distinct signatures that correlate with cell states and types
(Ong and Corces, 2011; Hnisz et al., 2013). Histone modifications, along with other epigenetic
mechanisms, have provided an explanation to the long-standing question regarding mechanisms
of cell specialization and differentiation from a single genotype (Wilmut et al., 1997; Arney
and Fisher, 2004; Namihira et al., 2008; Lachmann and Libby, 2016).

The importance of epigenetic mechanisms in coral’s stress response and in relation to sym-
biosis has been increasingly recognized in recent years (Dixon et al., 2014, 2015; Liew et al.,
2018; Howells et al., 2016; Li et al., 2018). However, the role of epigenetic mechanisms in
cnidarian symbiosis is still unclear. A study by Li et al. (2018) was the first to provide evidence
of DNA methylation and histone 3 tri-methylation at lysine 36 (H3K36me3) involvement in
regulating and maintaining symbiosis in the small sea anemone Aiptasia.

Besides these studies, the literature regarding histone modifications in cnidarians is sparse.
The histone genome landscape of Nematostella is currently the only of its type in a cnidarian
(Schwaiger et al., 2014). Studies mapping histones across genomes in other model organ-
isms such as yeast (Cheng et al., 2011; Weiner et al., 2015) and Arabidopsis (Alonso et al.,
2019) have greatly improved our understanding of the relationship between chromatin struc-
ture, gene expression and cell function. This study aims to extend our understanding of the
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cnidarian histone code using the cnidarian-symbiosis model Aiptasia. By conducting Chromatin
Immunoprecipitation (ChIP) on a common activator modification, H3K9ac, we analyzed the
genomic landscape and binding patterns, to understand molecular and biological functions of
this histone acetylation mark.

4.3 Materials and Methods

4.3.1 Aiptasia culture and maintenance

Aiptasia of the clonal strain CC7 (Sunagawa et al., 2009), originating from North Carolina was
used in this study. Anemones were maintained in polycarbonate tubs with autoclaved seawater
at 25 ◦C. Animals were exposed to 12-hour light/dark cycle at 20-40 µmol photons m2 s1 light
intensity. Twice weekly the anemones were fed with freshly hatched Artemia nauplii (brine-
shrimp). For the experiment, three biological replicates were taken, each consisting of three
individual anemones pooled together.

4.3.2 Chromatin Immunoprecipitation protocol (ChIP-Seq)

The process of establishing a reproducible ChIP-Seq protocol in Aiptasia, which so far has
primarily been optimized for human, mice and plant cell studies, included many quality control
and optimization steps. In hopes of streamlining future attempts at ChIP-seq in other cnidar-
ians, especially corals, we opted to optimize pre- immunoprecipitation steps to the point that
kits could be confidently used thereafter. We used Zymo-Spin ChIP Kit (Zymo Research) to
extract histone bound DNA fragments, however, we applied minor adjustments to the pre-IP
steps. In a recent publication (Li et al., 2018), a summarized version of the protocol was pre-
sented. Here, we provide a detail description of the protocol (4.8 SF1 - Extended materials);
steps of validation and optimization are described in greater detail to, hopefully, allow future
research to progress and further advance the field of epigenetic research in cnidarians.

Corresponding input controls for each of the three replicates were generated as suggested by
the manufacturer. After validation of various histone antibodies (4.8 SF1 - Extended materials;
Figure SF3), immunoprecipitation was conducted using target-specific antibody to histone 3
acetylation at lysine 9 – H3K9ac (ab10812, Abcam). Upon validation of immunoprecipitation,
using High Sensitivity DNA Reagents (Agilent Technologies, California, United States) on
a Bioanalyzer, ChIP libraries were constructed using TruSeq Nano HT DNA kit (Illumina,
California, United States) and sequenced on a NextSeq 500.

4.3.3 Identification of peaks and genomic landscape

Sequencing resulted in 10M read pairs per replicate. Read pairs were checked for quality using
FASTQC. Pairs that passed quality controlled were checked again using Trimmomatic (Bolger
et al., 2014); pairs were trimmed and low quality base reads removed. The resulting sequence
pairs were mapped to the Aiptasia genome (Baumgarten et al., 2015) using BOWTIE2 (Lang-
mead and Salzberg, 2012) default settings.
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MACS2 (Zhang et al., 2008) was used to identify genomic peak regions of aligned mod-
ification bound DNA sequences. H3K9ac was the only modification that revealed significant
peaks when compared to input control; allowing us to proceed with gene-specific analyses in
this study. We corrected for false positive peaks identified across all replicates using IDR, as
per recommendation of ENCODE (Landt et al., 2012). With the established peak list, we
determine the genes associated to H3K9ac binding by using BEDTOOLS (Quinlan and Hall,
2010).

To gain information on the genomic landscape of H3K9ac we determined the general binding
pattern of the modification across genes, comparing transcriptional start site (TSS), gene body
and transcriptional end site (TES) using SeqPlots (Stempor and Ahringer, 2016). We used
BEDTOOLS to extract information regarding H3K9AC binding in promoters, exons, introns
and intergenic regions. Promoters were defined as 1kb upstream of the TSS, intergenic regions
were defined within the range of > 1kb of the TSS and after the TES. Finally, we mapped out
all H3K9ac associated gene peaks and correlated them with DNA methylation using seqMINER.

4.3.4 Defining biological function of H3K9ac in Aiptasia

Gene annotation was obtained from the previously published Aiptasia genome (Baumgarten
et al., 2015). To analyze the functional enrichment of the H3K9ac bound genes we obtained
the GO annotation from the genome and analyzed it using topGO (Alexa et al., 2006) using
default settings. In order to test for the potential role of H3K9ac in symbiosis, we used the list
of around 700 identified symbiosis genes as identified in (Cui et al., 2018) and matched them
with H3K9ac determined binding sites. Finally, transcriptomic profiles and expression was used
from (Cziesielski et al., 2018).

4.4 Results

4.4.1 Genome-wide acetylation profile of H3K9ac in Aiptasia

To understand the role of histone H3 acetylation at position lysine 9 (H3K9ac) we conducted
chromatin immunoprecipitation (ChIP) using a commercially available antibody. ChIP enriched
and input DNA (DNA not precipitated, but otherwise treated the same) were subjected to deep
sequencing followed by alignment to the Aiptasia genome. In total we detected peaks in 6395
out of 27505 genes that showed significant enrichment in H3K9ac bindings. To identify the
genomic binding of H3K9ac we determined the location of the peak summit’s across identified
regions to understand presence and preference across the genome (Fig.4.1A).

We tested for the frequency of peaks in promoters, exons, introns and intergenic regions;
H3K9ac was detected in all four genomic regions (Fig. 4.1A). Interestingly peaks were mostly
observed in exons (47%), followed by introns (30%) and promoters (17%). Only 6% of binding
sites lay in intergenic regions (Fig. 4.1B). Together, genic regions composed almost 80% of
target sites of H3K9ac marks, suggesting that this modification plays an important role in gene
regulation and accessibility. Next, we investigated the general distribution of H3K9ac across
gene bodies.
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Figure 4.1: Genomic composition and distribution of H3K9ac binding sites. (A)
Definition of genomic regions. Promoters are defined as regions 1kb up of the TSS after which
the areas were considered intergenic. Regions after the TES were also considered intergenic.
(B) Mapping H3K9ac binding sites showed dominance in genic regions, namely introns and
exons.

To further understand genome-wide binding patterns, we tested H3K9ac enrichment rel-
ative to transcription start (TSS) and end sites (TES) of genes in Aiptasia. We noted that
H3K9ac was dominantly present around the TSS (Fig. 4.2A). By visualizing peak binding pat-
terns across all bound genes, we saw that H3K9ac had a characteristic bi-modal distribution
around the TSS; low enrichment upstream, followed by a stronger enrichment directly after the
TSS (Fig. 4.2B). While showing a significant signal after the TSS, the signal quickly reduces
within the gene body, subsiding at the TES (Fig. 4.2C). These distribution profiles show the
general association of H3K9ac within genic regions and specifically at the start of genes.
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Figure 4.2: H3K9ac binding profiles in genes. (A) H3K9ac binding pattern between the
TSS and TES shows the modification binds shortly after the TSS within the genic regions and
reduces binding is seen towards the end of the gene. (B) Closer observation around the TSS
shows bimodal distribution. (C) At the TES the signal of peaks is noisier, and significantly
lower compared to the TSS.

Association of H3K9ac towards the TSS region of the genes suggested that the mark plays
a role in transcriptional activation. To explore whether the function of H3K9ac, in terms
of gene expression, was conserved in Aiptasia, expression levels of genes bound by H3K9ac
were compared to all genes as provided by Cziesielski et al. (2018)(Supplementary materials;
Figure S1). An ANOVA analysis revealed that genes bound by H3K9ac were significantly
higher expressed than unbound genes (F= 79.2, p < 0.001). This confirmed that the K9
acetylation histone mark is a promoter of active chromatin states that enable transcription and
thus correlates with highly expressed genes in Aiptasia.
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4.4.2 Correlation of H3K9ac binding patterns with DNA methylation

Cystosine-phosphate diester-guianine (CpG) islands are often sites of another epigenetic reg-
ulatory site: DNA methylation. DNA methylation is the process by which a methyl group
(CH3) is added to the DNA which, similar to histones, chemically modifies DNA interaction
with transcriptional proteins. Recent work on Aiptasia revealed that DNA methylation primar-
ily occurred in the gene body and was positively correlated with expression and reduction in
spurious transcription (Li et al., 2018). Histone modifications can interact with DNA methy-
lation, together regulating gene expression and cell function. Thus, the two mechanisms may
act in accord to facilitate each other and potentially together regulate expression of particular
genes. To explore this potential relationship of H3K9ac with DNA methylation we took lowly
and highly methylated genes from Li et al. (2018), in total 10823, and investigated potential
associations with H3K9ac.

We detected 4170 genes that were both H3K9ac bound and DNA methylated. This meant
that over 65% of all H3K9ac bound genes were associated to genes that carried DNA gene
body methylation, whether high or low (x2 = 1160, d.f. = 1, p < 0.001)(Fig. 4.3). Interest-
ingly, genes with H3K9ac signals that stretch into the gene body, do not appear to carry DNA
methylation. We followed up with a closer observation of only hypermethylated genes (HMG)
with H3K9ac association (Fig. 4.3). Out of the 2637 HMGs 1241 were bound by H3K9ac,
indicating that almost half (47%) of all HMG’s in symbiotic Aiptasia are preceded by H3K9ac
binding at the TSS (x2 = 507, d.f. = 1, p < 0.001).

If a gene was bound by two transcription activator marks, then one would expect that gene
to have significantly higher expression than ones only bound by H3K9ac alone. Indeed, we found
that genes bound by H3K9ac and HMG were significantly higher expressed than genes that
were only bound by the histone modification (F = 9.41, p < 0.01). This suggests a cross-talk
between H3K9ac and DNA methylation. However, these markings appeared mutually exclusive
on genes where H3K9ac preludes DNA methylation.

4.4.3 Biological function of H3K9ac marked genes

Since fewer than one fifth of all genes were bound by H3K9ac, but showed significantly higher
expression than the rest, we investigated whether these genes played a role in particular biolog-
ical mechanisms or functions. To gain insight into the regulatory role of H3K9ac, we collected
the gene annotations of all H3K9ac bound genes and conducted a gene ontology analysis (GO
terms).

Because ChIP-seq was conducted on various cell types of an entire organism H3K9ac
showed association to a variety of functions. Indeed, we obtained a large array of signifi-
cant GO terms with p > 0.05. Results indicated that H3K9ac bound genes are primarily
associated to regulating GTPase activity, which is associated to functions relating to sig-
nal transduction, cell differentiation and protein biosynthesis. Closer observation of the in-
dividual GO-terms showed that H3K9ac regulated a number of apoptosis related pathways
(GO:0043065, 0097190, 0043066; 0097194; 0072332; 0051402; 2001235), intracellular trans-
port (GO:0032386, 0015816, 1902582) and signal transduction particularly related to immune
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Figure 4.3: Heat map of histone modification and DNA methylation binding patterns.
Left - All genes bound by H3K9ac were aligned at their TSS. H3K9ac and DNA methylation
sites were mapped across these selected genes, were the strength of the mark is highlighted
by the intensity of the color. Right - Genes with H3K9ac and HMG were mapped, showing a
strong pattern of correlation between the two marks. We see that while both markings can
occur on the same gene they appear on mutually exclusive regions.

related pathways (e.g. toll-signaling, GO:0038123, but also GO:0038096, 0034162; 0090036).
Notably, there was also regulation of carbohydrate (GO:0044723), glucose (GO:0042149,
0009749, 0042593), nitrogen (GO:0006995) and glutamate metabolism (GO:0006536). All
of these pathways are critical for symbiosis regulation and maintenance. Thus, these results
suggested that H3K9ac may play a particular role in symbiosis management in cnidarians (see
Supplementary File: Chap4H3K9acData).
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4.4.4 H3K9ac marks symbiosis important genes

Binding patterns of H3K9ac have shown to associate with a handful of biological functions,
many of which are critical to symbiosis maintenance and regulation. Specifically, its role in
apoptosis regulation, glutamate metabolism and carbohydrate metabolism are indicators that
this histone modification may act as a positive transcriptional regulator in response to symbiosis
in Aiptasia. To investigate this further we utilized a set of 731 genes previously defined by (Cui
et al., 2018) as important symbiosis regulating genes.

Of the total 731 symbiosis genes we found 248 bound by H3K9ac (34%). Focusing only
on genes that require up regulation for stable symbiosis, this number increased to 45% (x2 =
1751, d.f. = 1, p < 0.001). Once more we saw H3K9ac bound genes relating to apop-
tosis and carbohydrate metabolic mechanisms. We also observed that H3K9ac bound to
transmembrane proteins, serine/threonine proteins as well as serine hyroxymethyltransferase,
glutamine and glutamate synthetase, and glutamate dehydrogenase. Additionally, a num-
ber of lipid metabolism related genes including delta(5) and (8)-fatty-acid desaturase, long
chain acyl CoA synthetase and cholesterol related genes were bound (see Supplementary File:
Chap4H3K9acData).TheseresultsindicatednotonlythatH3K9acactivelybindsgenesthatrequirehighertranscriptionalstatesbutalso, thatthishistonemodificationmayplayanimportantroleincoresymbiosispathways, includingthoserelatedtonutrientexchangeandmetabolism.

Because H3K9ac and DNA methylation appeared to double-mark certain genes, we were
curious to investigate double-marked genes association to symbiosis regulation. Overall, 81%
of the H3K9ac-symbiosis associated genes were also methylated. This indicated that H3K9ac
and DNA methylation co-regulate symbiosis important genes. In fact, 63% of all significantly
up regulated symbiosis genes were associated to either one or both epigenetic markers.
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4.5 Discussion

4.5.1 The genomic landscape and general function of H3K9ac is con-
served in Aiptasia

The genomic landscape for H3K9ac showed dominant presence in genic regions, in particular
around the TSS with decreasing presence in the gene body. The presence of H3K9ac in gene
bodies – introns and coding exons – has previously been observed in a number of other or-
ganisms (Zhou et al., 2010; Du et al., 2013; Zhang et al., 2011). In certain plant cell types,
H3K9ac binding sites associated predominantly with exons(Zhou et al., 2010; Zhang et al.,
2011), similar to Aiptasia. Additionally, low intergenic binding is also commonly observed,
with sometimes less than 1% presence (Zhou et al., 2010). Absence of H3K9ac from inter-
genic regions indicates that this modification plays an important role in direct gene regulation.
This is further reflected in the distribution of H3K9ac in gene bodies, where the most common
binding site is observed shortly after the TSS (Fig. 4.2). While bimodal peaks around the
TSS are common for H3K9ac (Karmodiya et al., 2012), it is its presence shortly after the
TSS that plays a crucial function. Shortly after TSS transcription factor (TF) binding sites
(TFBS) are present, whose open access is critical in facilitating gene transcription (Yu et al.,
2016). Interestingly, the top three binding motifs detected for H3K9ac in Aiptasia were known
transcription factor binding sites (Supplementary materials; Figure S2). As a transcription ac-
tivator, H3K9ac’s presence at TSS and TFBS regions supports its function. Depletion towards
the TES is therefore in accordance with its purpose (Du et al., 2013).

H3K9ac’s distribution and presence in crucial gene regulatory regions of Aiptasia indicate
that the general function of enabling transcription is a conserved mechanism. Indeed, just as
in other model organism, transcription of H3K9ac bound genes in Aiptasia were significantly
higher than others (Bilichak et al., 2012; Du et al., 2013; Gates et al., 2017), reinforcing the
importance of H3K9ac in regulating gene expression in basal metazoans.

4.5.2 H3K9ac led gene expression recruits DNA methylation in gene
bodies

The cross-talk between different epigenetic mechanisms has been shown in other studies, yet
the full extended of their co-regulation has remained vague due to their complexity. Co-
existence of DNA methylation with histone modifications has been broadly studied, but their
correlations depend both on the modification type, site, and on the location of methylation.
Here we observe that a significant number of H3K9ac associated genes carry downstream gene
body methylation. Particularly noteworthy: half of all HMGs were preceded by H3K9ac at
the start of the gene, indicating a significant association between the two marks (Fig.4.3A).
Since H3K9ac is commonly a narrow binding modification, the remaining gene body can be
associated with DNA methylation. Thus, both marks can exist on the same gene but in mutu-
ally exclusive regions (Fig.4.3B). Positive correlation between H3K9ac and DNA methylation
is not unheard of, however, not as well studied as other combinations. This is due to DNA
methylation often being located in promoters, acting as a gene silencing mark, which directly
leads to the recruitment of histone deacetylases (HDACs) and therefore a depletion of H3K9ac
(Bilichak et al., 2012; Bell et al., 2011; Gilbert et al., 2007).
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In cnidarians, however, gene body DNA methylation has been shown to be associated with
increased gene expression (Dixon et al., 2014; Dimond and Roberts, 2016; Liew et al., 2018).
In a recent study in symbiotic Aiptasia, DNA methylation was also found to correlate with
histone modification H3K36me3 (Li et al., 2018). In cnidarians, H3K36me3 is associated with
active gene expression and occurs further downstream of the TSS than H3K9ac (Schwaiger
et al., 2014). Unlike H3K9ac, H3K36me3 binds broadly and spreads throughout the gene body
rather than localizing at a particular site. Li et al. (2018) found that together, H3K36me3 and
gene body methylation, are not only associated with active transcription but furthermore show
function in reducing spurious transcription.

While previous studies have shown that DNA methylation is related to highly expressed
genes, recent work has indicated that it is likely not DNA methylation that induces gene ex-
pression but rather that active transcription through recruitment of Pol II induces gene body
methylation (Li et al., 2018). Recent efforts have shown that the distribution of H3K9ac
shortly after the TSS highlights its functional role in recruiting proteins for gene transcrip-
tion. In specific, H3K9ac presence downstream of TSS correlates with Pol II pause sites, at
which elongation factors are required to release Pol II for subsequent transcriptional elongation
(Gates et al., 2017). Thus, H3K9ac promotes the progression through the transcriptional cycle.

The strong overlap of H3K9ac and DNA methylation may therefore hint at the important
roles each play in ensuring successful targeted transcription. H3K9ac is a modification that
regulates the pause and release of Pol II, which leads to transcriptional elongation; increased
transcription of genes leads to a direct recruitment of DNA methylation (Gates et al., 2017).
Particularly the association of HMGs with H3K9ac indicate that genes with enhanced Pol II
activity through H3K9ac will acquire higher DNA methylation states, likely in order to prevent
spurious transcription. Hence, results here indicate that in symbiotic anemone’s H3K9ac pre-
cedes DNA methylation allowing for increased gene expression of the genes, which leads to
accumulation of DNA methylation in the gene body to regulate the specific binding of tran-
scription factors in their determined location (Fig.4.4). The interplay of these marks shows
a complex epigenetic regulatory mechanism that are conserved in cnidarians, and may be key
players in regulating processes involved in symbiosis.
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Figure 4.4: Schematic diagram of H3K9ac facilitating the recruitment of H3K36me3
and DNA methylation. H3K9ac, positioned shortly after the TSS, enables RNA Pol II
transfer from transcriptional initiation to elongation by recruiting the super elongation complex
(SEC). RNA Pol II, recruits Setd2 and moves along the gene. As RNA Pol II elongation
is continuously initiated by H3K9ac, Setd2 methylates H3K36me3 in histones bound to the
gene body. H3K36me3 methylated histones then recruits DNA methyltransferase Dnmt3b,
leading to gene body methylation. This crosstalk between epigenetic markers triggers a safety
mechanism that ensures transcription initiation fidelity (adapted from Neri et al. (2017))
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4.5.3 H3K9ac regulates symbiosis in Aiptasia

A limitation of this study to identify specific pathways associated to H3K9ac is that we investi-
gated a number of cell types, whereby H3K9ac may have different functional importance across
these. When conducting ChIP-seq to understand which pathways are regulated by proteins,
the norm is to focus on specific cell types. Histone modifications in particular can regulate
different pathways, not only depending on cell type but also condition of the cell; developmen-
tal, immunological and cell cycle related changes impact histone modification patterns (Miao
et al., 2008; Mito et al., 2018). Nonetheless, we investigated the general biological function
of H3K9ac in Aiptasia and found many GTPase related pathways associated. A functional en-
richment analysis provided a finer overview of H3K9ac regulated pathways, revealing a number
of symbiosis related mechanisms.By focusing only on genes that require up regulation during
successful maintenance of symbiosis, we detected that a significant amount bound by H3K9ac.
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The role of H3K9ac has been linked to immune response, metabolism and cell differentia-
tion (Halder et al., 2016; Du et al., 2017; Zhou et al., 2010) – pathways that are of interest in
cnidarian symbiosis studies (Gilbert et al., 2010). Through recruitment of specific transcription
factors, H3K9ac has shown to regulate pluripotency and reprogramming potential of human
cell lines (Hezroni et al., 2011; Du et al., 2017). Considering the cellular changes that are
required of the host cells during symbiosis establishment (Davy et al., 2012), understanding
how H3K9ac may be involved in changing cell fate is of value to understanding mechanisms
of symbiosis. Our results present evidence for H3K9ac’s involvement in regulating metabolic
response pathways of the host during symbiosis. Particularly, we show that H3K9ac is involved
in carbohydrate and glucose related metabolic processes, two important pathways in host-
symbiont interactions (Cui et al., 2018). Additionally, the majority of H3K9ac bound symbiosis
genes were also gene body methylated, which is in accordance with recent findings (Li et al.,
2018).

While the role of H3K9ac in cnidarian symbiosis has so far remained unexplored, the general
importance of histone modifications in host-microbe interactions has been reported in plants,
humans and other invertebrates (Nagymihály et al., 2017; Alonso et al., 2019; Negri and
Jablonka, 2016). Through chemical signals and metabolites, endosymbionts can influence
epigenomes of host cells directly enabling communication between the two partners (Mani,
2016; Negri and Jablonka, 2016). Interestingly, histone acetylase and deacetylase activity have
been shown to be influenced by microbes and dietary factors (Alenghat et al., 2013; Chang
et al., 2014). We propose that H3K9ac plays an important role in the epigenetic machinery
that optimizes transcription of highly transcribed genes. Together with other histone marks
and DNA methylation, H3K9ac optimizes targeted locus for transcriptional expression of genes
required for symbiosis.
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4.6 Conclusion

We present the first genomic landscape of a histone modification in the symbiotic cnidarian
Aiptasia and its mechanistic co-existence with DNA methylation. We also show that H3K9ac
may play a critical role in symbiosis maintenance. These findings expand on the current in-
creasing understanding of epigenetic markers in cnidarian biology, and their potential use to
aid coral reefs in surviving future climate change. However, ChIP-seq and histone modifica-
tion studies in cnidarians are at their infancy and require significantly more focus. While this
study provides the ground work for Aiptasia histone modifications, and can show the putative
biological function of H3K9ac linked to symbiosis, future studies should also focus on studying
modifications in aposymbiotic anemones as well as coral tissue. With an expanding interest in
the cnidarian epigenome, and the evidence of its importance in symbiosis, adaptation and ac-
climatization in other model organisms, understanding histone modifications will be of essence
and should be a welcomed addition to current DNA methylation studies.

4.7 Data accessibility

ChIP-seq data for H3K9ac regarding MACS2 output of peak locations, Gene IDs and an-
notation, GO-term analysis results, H3K9ac associated symbiosis genes can be found in the
suppplementary excel sheet provided with this thesis: Chap4 H3K9ac Data.xlxs. Raw data re-
garding Gene ID, GO-term analysis results, caspase-3 data and symbiosis gene specific analysis
can be found in the supplementary excel sheet provided with this thesis: Chap2 CC7-H2-B01
Data.xlsx.
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4.8 Supplementary materials: Conserved histone regulatory pathways
in symbiotic cnidarians may play a role in the maintenance of the
Aiptasia-algal symbiosis

4.8.1 Supplementary File 1 (SF1) - Extended materials and methods

Chromatin Immunoprecipitation (ChIP) protocols have been primarily optimized for human,
mice and plant cell studies. The work presented here, and resulting products, are the first
attempts at using ChIP on a symbiotic cnidarian in order to understand histone mechanisms
of corals. In a recent publication (Li et al, 2018), a summarized version of the protocol
was published. However, the ChIP protocol is sensitive and therefore requires a number of
optimization, validation and quality control steps. In the following, we focuses on required
pre-protocol validations, the optimization and quality control steps taken pre-IP, leading to the
final protocol as applied.

Validation of experimental concept

Histone sequence conservation While histone modifications are highly conserved across eu-
karyotes, there has been evidence of histone variants (Weber and Henikoff, 2014). Although
these variants do not show altered function of the histone in the nucleosome (i.e. packaging
of DNA), a potential change in base pair could hinder the binding of commercial antibodies
and, if the target base pair is the modified one, indicate that the modification of interest is not
conserved.

The main part of interest is the conservation of the N-terminal tail of histone 3, which car-
ries the modifications investigated in this study. As expected, histone tail of Aiptasia are highly
conserved and align well with plant, animal and fungi sequences (Fig. SF1). Additionally,
we also aligned human histone variants H3.2 and H3.3 to Aiptasia histone models and found
continuous conservation of amino acids (98.2% and 100% positives, respectively), indicating
that Aiptasia also carries various variant forms of histone 3.

The high conservation of the amino acid sequence, particularly on and around sites of
interests such as lysine 4 and 9, indicates that the epitope used for commercially available
antibodies is present and should be detectable. Interestingly, there appears to be a difference
in amino acid sequence between organisms at the 98th position; in Aiptasia and Zebrafish the
sequences carry serine (S) at this position while mice and humans have cysteine (C). Since
these positions are in the fold motif of the histone, no modifications occur there. Hence,
alterations in this region are not of concern for the purpose of this study.
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Figure SF1: Sequences alignment of histone 3 (H3) across species. Conservation of
amino acid bases is consistent across organisms, particularly across the N-terminal tail (adapted
from Li et al., 2018)

Antibody validation through Western blot The success of ChIP and its subsequent
sequencing is heavily dependent on the antibody quality. Thus, it is important to validate their
affinity and sensitivity in order to be used in ChIP studies. Commercial antibodies for H3K4me3
(ab8580, Abcam), H3K27me3 (ab6002, Abcam), H3K27ac (ab4729, Abcam), H3K36me3
(ab9050, Abcam) and H3K9ac (ab4441, Abcam) were validated for use in Aiptasia. Total
protein extraction and western blot was conducted as described in Li et al (2018). The western
blot indicated that all antibodies detected proteins in the expected range, except for H3K4me3,
which was highly unspecific (Fig. SF3).
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Figure SF2: Western blot of histone specific antibodies on total protein content of
Aiptasia. Histone proteins lie in a range of 15-20kDa in size.

These results indicated that effective ChIP could only be expected from 4 out 5 antibodies.
However, due to the sensitivity of the ChIP protocol, the final validation of results can only
occur once sequenced data is analyzed.

ChIP-Seq protocol
Most ChIP protocols are conducted using individually optimized buffers, depending on the type
of cells under investigation. Further research into custom buffers versus kits revealed that the
customized steps mostly occur primarily prior to the immunoprecipitation (IP). After antibody
incubation, wash and clean up steps follow similar principals across protocols; three washes
with increasing salinity followed by DNA clean up and elution. In hopes of streamlining future
attempts at ChIP-seq in other cnidarians, especially corals, we opted to optimize pre-IP steps to
the point that kits could be confidently used thereafter. The optimization steps described here
are based on protocols provided by Valerio Orlando Lab (King Abdullah University of Science
and Technology, Saudi Arabia) and Moussa Benhamed Lab (Universite Paris-Saclay, France).
After lab optimization steps were established the final protocol was executed.
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Optimization of protocol

Buffers
Trial and optimization resulted in two pre-IP buffers being used: the fixation buffer and nu-
cleic preparation buffer. The buffers were adapted from pers. comms. Valerio Orlando and
Schwaiger et al. (2014), respectively.

Table SF1: Fixation Buffer

Chemical Final concentration

1M Hepes-KOH 7.5 pH 50mM
5M NaCl 100mM

0.5M EDTA 1mM
0.5M EGTA 0.5mM

37% Formaldehyde 1%
Add dH2O to fill volume

Table SF2: Nucleic preparation buffer

Chemical Final concentration

1M Hepes-KOH 7.5 pH 50mM
5M NaCl 140mM

0.5M EDTA 1mM
50% Glycerol 10%

10% Triton 100X 0.25%
100X PIC 1X

Add dH2O to fill volume

Sonication time
ChIP-seq requires fragment sizes between 100-600 bp. Ideally, shearing fixed histone-DNA
should result in around 200-300bp, since one nucleosome packs around 220-250 bp. Because
different types of tissue may behave differently during sonication, it’s important to test the
efficiency of time series. We determined that, with 1% formaldehyde fixation for 15 minutes,
the optimum sonication time was 15 cycles (15 sec ON, minimum 30 sec cooling) to ensure
fragmentation to 200-500 bp.
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Final ChIP protocol
We used the Zymo-Spin ChIP Kit (Zymo Research, Irvine, CA) to conduct histone bound chro-
matin extraction, with minor adjustments to the manufacturer’s protocol. The experiment was
conducted on three biological replicates, each consisting of two symbiotic anemones. The fol-
lowing is a detailed explanation of pre-IP steps modified and adjusted for Aiptasia (SF1. Fig 3):

1. Anemones were spun down and excess water was removed, followed by a quick rinse in
1x PBST (phosphate-buffered saline with 0.1% triton).
2. Anemones were fixed in formaldehyde buffer containing 1% FA for 15 minutes at room
temperature
3. Fixation was stopped by adding 1/20 of the volume 2.5M glycine
All following steps until elution of DNA should be conducted on ice
4. Remove solution and wash anemones in cold 1x PBS
5. Suspend anemones in Nucleic preparation buffer and transfer into a douncer for homoge-
nization. Two anemones were crushed at the same time to produce one biological replicate
6. Transfer homogenized tissue into eppendorf and spin for 5min at 500g to collect cellular
debri and larger fragments at the bottom of the tube
7. Take the supernatant and transfer to a clean eppendorf.
8. Spin down and collect nuclei in 4◦C at 2000g for 10min
9. Resuspend nuclei in Chromatin shearing buffer provided in the kit.
10. Take a sample of your nuclei and dry on glass slide with DAPI staining. Confirm the
presence of intact nuclei under the microscope.
11. Sonicate remaining sample for 15 cycles (15 sec ON, 30 sec cooling).
12. Proceed with IP, wash and elute as described in manufacturer’s protocol.

A corresponding input control was maintained for each of the three biological replicates
generated. DNA fragment quality and quantity were confirmed using High Sensitivity DNA
Reagents (Agilent Technologies, California, United States) on a Bioanalyzer. Upon fragment
DNA and fragment size validation, ChIP libraries were constructed using NEBNext ChIP-Seq
Library Prep Master Mix Set (NEB, Ipswich, MA).
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Figure SF3: Schematic representation of ChIP-seq protocol using Aiptasia. Detailed
description of each step can be found in section III.2.2.2. Only step 1 to 3 were customized
for Aiptasia; step 4 to 5 were conducted as per manufacturer’s protocol.
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Figure S1: Boxplot of gene expression in all genes versus H3K9ac bound genes. Gene
expression was normalized to transcript per million (TPM). Expression of all genes detected in
the transcriptome (total) were compared to the expression of genes associated to histone mod-
ification H3K9ac. An ANOVA analysis revealed that genes bound by H3K9ac were significantly
higher expressed than unbound genes (F= 79.2, p < 0.001).

Figure S2: Three top binding motifs of H3K9ac across all cell types of Aipta-
sia. The motifs all relate to known transcription factor sites, as identified by the JASPER
database; a collection of transcription factor DNA-binding preferences across various organ-
isms (http://jaspar.genereg.net).
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Chapter 5

Conclusion

Coral reefs are facing difficult times as sea surface temperatures continue to increase. The so-
cioeconomic importance of reefs means that finding ways to aid in their survival is of significant
interest to scientists and the public alike. Corals have weathered mass extinction events and
adapted over time, which shows their inert resilience. Molecular tools provide insight into the
mechanisms of coral biology that have allowed them to acclimatize, adapt and survive. Using
Aiptasia as a model system, this thesis explored the transcriptomic, proteomic and epigenomic
environment of the cnidarian-algae symbiosis.

Throughout this thesis, it is evident that the symbiont affects biological mechanisms of the
cnidarian host under ambient as well as stress conditions. The results presented emphasize
the specificity of the relationship between the two partners. Especially in Chapter 2, where
the symbiosis with homologous and heterologous symbiont combination was investigated, it
becomes evident that the success of symbiosis is founded on the behavior of each partner
being tailored to one another. Likely, this specificity relates back to the nutritional supply and
demand of the algae as well as of the cnidarian host. While research has begun to understand
nutritional exchanges in symbiosis, the finer details such as energetic demands, supply capacity,
quality of nutrients exchanged and related underlying mechanisms remain elusive. Without a
basic understanding of these factors, it is difficult to gauge whether a more thermotolerant
symbiont, such as those of Red Sea Aiptasia, can confer this tolerance to another host. From
the observations in this thesis, it appears as though the idea of infecting corals with new sym-
bionts to increase resilience will be more complex than has been anticipated. The idea that
certain cnidarian-alga combinations have a higher thermotolerance as a result of co-evolution
in a certain environment must be kept under consideration.

While it is generally understood that both partners influence one another, recent epige-
netic studies are highlighting the extend to which these relationships are fine tuned. Chapter
3 provides an insight not only into the potential biological functions of histone modification
H3K9ac, but moreover, into the cross-talk of epigenetic mechanisms that together optimize
symbiosis. The first genome wide landscape analysis of H3K9ac provided here, indicates that
H3K9ac (likely in combination with other epigenetic markers) primes specific loci required for
successful symbiosis. One question to consider is whether the symbiont can stimulate H3K9
acetylation, or other epigenetic marks, at specific sites that allow for the host to accept the
symbiont. Such ability would provide a mechanism of selectivity for symbiotic relations. Of
course, it is important to keep in mind that is unlikely that a single epigenetic mark may be
controlling such a complex mechanisms. Rather, it will be a combination of marks, an epige-
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netic environment, that through stimulation of one another create a transcriptional regulatory
landscape modified for symbiosis.

It is worth mentioning that ChIP-seq, and epigenetic studies in general, have a number of
limitations that are currently hindering attempts at understanding their function in cnidarian
symbiosis and thermotolerance. This includes, but is not limited to: cell and age specific
distributions and functions, a difficulty in culturing individual cell-lines, requiring large con-
centrations of starting material and a lack in standardization of protocols. Future epigenetic
research will require a number of simultaneous efforts to progress our understanding.

The presented heat stress studies also had limitations for which, however, solutions can
be more easily provided. For one, heat stress studies were conducted over a short period of
time, therefore only providing insight into initial stress responses. Additionally, temperature
stresses were maintained consistently throughout the time of exposure. To gain a more com-
plete understanding of symbiosis and thermotolerance mechanisms, future work should focus
on conducting long term stress studies with continuous sampling if possible. Most importantly,
however, is that these studies must consider the natural environment of coral reefs: daily fluc-
tuations in temperatures on reefs can provide night time reprieve and give organisms time to
adjust their response. Future experimental designs must increase their efforts to include and
account for natural fluctuations.

This thesis has provided further insight into currently important questions regarding cnidar-
ian symbiosis and thermotolerance, as well as provided a basis for future research development.
Findings presented here have also extended the molecular toolbox of Aiptasia, further estab-
lishing its role as a cnidarian-symbiosis model system. The overarching conclusion of this thesis
is that each partner plays a role in conferring thermal resilience to the holobiont, however, that
it is not simply the sum of both partners, but also their interactions that determine the overall
success of the holobiont.
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