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ABSTRACT OF THE DISSERTATION

cDNA microarray-based studies of thermal stress-induced bleaching in the Caribbean
corals Montastraea faveolata and Acropora palmata

by

Michael Kenneth DeSalvo

Doctor of Philosophy in Quantitative and Systems Biology

University of California, Merced

Professor Monica Medina, Chair

The reef-building coral species of tropical seas worldwide, together with their
algal endosymbionts, drive the productivity of coral reef ecosystems by forming the
three-dimensional structure of reefs and by functioning as primary producers. The
photosynthetic endosymbionts (of the genus Symbiodinium) are key to the role of
primary production. This mutualism is under intense investigation because high
temperature anomalies in coastal seas trigger a breakdown in the symbiosis known as
coral bleaching. As sea surface temperatures rise due to global climate change,
understanding the physiological, cellular, and molecular mechanisms underlying coral

bleaching is imperative to predict whether corals will survive this age of human-
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induced environmental degradation. Operating under this impetus, genomic
approaches to studying the coral-algal symbiosis and its breakdown, such as cDNA
microarrays, offer great promise. Microarrays allow for the rapid quantification of
gene expression for thousands of genes in a single snapshot. In focusing on thermal
stress and bleaching microarray experiments in the Caribbean corals Acropora
palmata and Montastraea faveolata, 1 have found that the following cellular
processes/components are affected during bleaching: oxidative stress, chaperone
activity, the glyoxylate cycle, DNA repair, calcium homeostasis, cell death, the
extracellular matrix, cell cycle progression, the actin cytoskeleton, nitric oxide
signaling, and metabolite transfer between host and symbiont. Specific differentially
expressed genes represent subjects of further investigation that are likely involved in
coral-specific processes such as calcification, symbiosis maintenance, and bleaching.
Furthermore, my experiments have revealed the striking effects that both stress and
different symbiont genotypes can have on the host transcriptome. It is hypothesized
that the host transcriptome is shaped by the competing effects of stress and the
symbionts, and that this balance depends on both technical parameters (e.g.
acclimation time, thermal treatment) and biological factors (e.g. species-specific stress

sensitivities).

12



INTRODUCTION
The importance of coral reefs and the coral holobiont

Existing on tropical coastlines worldwide, coral reefs are geological structures
built by calcifying marine organisms, principally the corals of the class Anthozoa
(Hexacorallia: Scleractinia). The economic importance of the world’s coral
ecosystems has been estimated at $375 billion per year due to their immense
ecosystem services such as fisheries, tourism, recreation, shoreline protection,
construction materials, and cultural values (Spurgeon 1992, Costanza et al. 1997).
While local populations worldwide rely heavily upon coral reefs, the reefs themselves
are currently threatened by disease outbreaks (Harvell et al. 1999, Weil et al. 2006),
overfishing and eutrophication (Hughes 1994, Jackson et al. 2001, Pandolfi et al.
2003), mass bleaching events (Hoegh-Guldberg 1999), and ocean acidification
(Hoegh-Guldberg et al. 2007).

Acropora palmata and Montastraea faveolata are two highly important species
of scleractinian coral existing in the Caribbean. Both species are major reef builders
and provide essential habitat for a multitude of coral reef organisms (Gladfelter et al.
1978, Lirman 1999, Levitan et al. 2004). A. palmata populations are in a depressed
state due to the many factors mentioned above (Bruckner 2002). Populations of M.
faveolata are also in a state of decline and suffering from depressed recruitment
(Hughes & Tanner 2000).

The evolutionary success of reef-building corals as structural and energetic

keystone species is attributed to their symbiotic algae (Symbiodinium spp., commonly
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referred to as zooxanthellae). The energy generated by algal photosynthesis offers
nutrition to the coral host thereby enhancing the continued deposition of their calcium
carbonate skeleton. However, recent research has also exposed a multitude of other
microorganisms that associate with corals. The term “coral holobiont” refers to the
coral host and its associated protists, bacteria, archaea, endolithic algae, and fungi
(Shashar & Stambler 1992, Bentis et al. 2000, Rohwer et al. 2002, Baker 2003,

Kellogg 2004, Wegley et al. 2004, Rosenberg et al. 2007, Harel et al. 2008).

The molecular biology of coral-algal symbiosis

Despite the importance of coral-algal symbioses in the marine environment,
the molecular mechanisms underlying the interactions of the two main players in the
symbiosis are poorly understood. These interactions include the initial recognition,
uptake, maintenance, and termination of the relationship.

The initial recognition between the coral and its symbiont is thought to be
mediated by lectins and glycans, which are cell-surface carbohydrate binding proteins.
Initial discoveries revealed that Hydra binds to its Chlorella symbionts via lectin
binding. Treatment of cultured Chlorella with Con A, or injection of Con A into the
stomach of Hydra inhibit infection via neutralization of the cell surface carbohydrates
necessary for recognition (Meints & Pardy 1980). More recently, a D-galactose
binding lectin, SLL-2, was isolated from the octocoral Sinularia lochmodes. SLL-2
binds to glycoproteins on the surface of the zooxanthellae (Jimbo et al. 2000). This

lectin was further shown to arrest symbionts in a non-motile stage while cell division
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was unaffected (Koike et al. 2004). Using flow cytometry, Wood-Charlson et al.,
(2006) found that lectins on the coral cell surface were interacting with glycan ligands,
such as a-mannose/a-glucose and a-galactose on the algal cell surface. Furthermore, a
transcriptomic study of development in Acropora millepora revealed a gene with a
lectin domain that has an expression profile consistent with a role in symbiont uptake
(Grasso et al. 2008).

Given the difficulty of studying the recognition of symbionts by coral larvae,
the paucity of information regarding this critical symbiotic event is perhaps not
surprising. However, the molecular mechanisms regulating the maintenance of a
healthy symbiosis are even more poorly understood than those surrounding
recognition and uptake. The study by Koike et al. (2004) mentioned above touched
upon an important event — a host-derived molecule (SLL-2) that arrests symbionts in a
non-motile stage. These types of signaling events are required to maintain coral-algal
symbioses since symbiotic Symbiodinium have different ultrastructural features than
free-living Symbiodinium (Trench 1979). Furthermore, the cell division of host and
symbiont cells must be concerted (Muscatine & Pool 1979), and/or the host must be
able to regulate symbiont density by degrading symbionts at the same rate that the
symbionts are dividing (Titlyanov et al. 1996). Despite both the theoretical and
observed processes underlying symbiosis maintenance, no molecular signals have
been identified to further elucidate these interactions. The transfer of metabolites
between host and symbiont may indeed act as a molecular signal regulating symbiont

density. Nutrient translocation has been heavily studied — the coral host provides the
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Symbiodinium with glycine, ammonium, nitrate, sulfate, and guanine; the
Symbiodinium provide the coral host with glycolic acid, glycerol, glucose, alanine,
lipids, and CO,; and both partners shuttle cystine, methionine, and cystathione back
and forth (e.g. Muscatine 1967, Patton et al. 1977, Trench 1979, Papina et al. 2003).
However, how these metabolites may act as signal transducers affecting host and

symbiont cell death/division has yet to be investigated.

Molecular mechanisms of coral bleaching

Coral bleaching marks the breakdown in symbiosis between the coral host and
its algal endosymbiont. The major symptom of bleaching is the loss of the coral’s
color. Since the coral’s color is due to photosynthetic pigments of the endosymbionts,
losing these symbionts translates to a complete loss of colony color. Many conditions
are thought to induce bleaching, including temperature extremes, solar irradiation,
pathogens, darkness, and heavy metals (Douglas 2003). Color loss occurs as a result of
a decline in the intracellular density of symbiotic algae, a decline in the pigment
concentration within the algae, or both (Hoegh-Guldberg & Smith 1989). Bleaching
due to heat and light stress can occur on regional scales causing widespread
devastation. The 1998 and 2005 bleaching events caused extensive reef degradation
across large areas in all of the world’s coral reef provinces (Hoegh-Guldberg 1999,
Hoegh-Guldberg et al. 2007).

Exploring the molecular mechanisms underlying coral bleaching has been a

burgeoning area of research in the last two decades. The events leading to bleaching
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are thought to begin with heat- and/or light-induced photoinactivation of photosystem
IT in the zooxanthellae (reviewed in Smith et al. 2005). The inactivation of
photosystem II results from either damage to the D1 protein of photosystem II
(Warner et al. 1999, Lesser & Farrell 2004) or impairment of CO, fixation (Lesser
1996, Jones et al. 1998). The net result of either of these scenarios is the production of
reactive oxygen species (ROS) by transport chain electrons (Hoegh-Guldberg 1999,
Lesser 2006). Rampant ROS production is known to be cytotoxic, and thus the leakage
of ROS from photo-damaged zooxanthellae to the coral host provides a
physiologically coherent mechanism by which stress leads to the breakdown of the
coral-algal symbiosis.

Despite a logical link between environmental stress and cytotoxicity, the exact
molecular signaling processes leading to bleaching are unknown. It is reasonable to
expect numerous mechanisms given that bleaching can occur from a reduction in algal
cell densities and/or a decrease in algal pigment concentration (e.g. Hoegh-Guldberg
& Smith 1989, Fitt & Warner 1995). Furthermore, a reduction in algal cell density
might result from detachment of host gastrodermal cells containing symbionts (Gates
et al. 1992), necrosis and apoptosis of both host and symbiont cells (Dunn et al. 2002,
Dunn et al. 2004, Strychar et al. 2004, Richier et al. 2006, Dunn et al. 2007), digestion
of zooxanthellae by the coral host (Brown et al. 1995), which has since been termed
‘symbiophagy’ (Downs et al. 2009), and exocytosis of zooxanthellae (Steen &

Muscatine 1987, Brown et al. 1995).
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Even though the cellular signaling cascade remains unknown, protein-level
studies have provided a link between environment stress and the cellular physiology of
corals. Heat shock protein (HSP) expression in stressed corals has been studied
extensively; the majority of studies quantifying stress protein expression in corals have
found an induction of HSP expression during thermal stress (Black et al. 1995, Hayes
& King 1995, Fang et al. 1997, Sharp et al. 1997, Gates & Edmunds 1999, Downs et
al. 2000, Downs et al. 2002, Downs et al. 2005). While HSPs may be potent
biomarkers for assessing coral health in the field, their activities do not point to a
mechanism for bleaching. As mentioned above, oxidative stress in both the coral and
symbiont represents a cellular basis for bleaching, and indeed, antioxidant enzymes
and other molecules involved in the oxidative stress response have proven to be
effective biomarkers: (Downs et al. 2000) — Cu/ZnSOD, MnSOD, LPO, GSH; (Downs
et al. 2002) — same proteins plus protein carbonyl; (Brown et al. 2002) — HNE, GPx,
MnSOD; (Lesser & Farrell 2004) — Cu/ZnSOD; (Downs et al. 2005) — same as
previous 2 papers plus GST. Additional cellular markers of coral stress that have been
assessed include: ubiquitin — increased levels suggest increased protein degradation
(Downs et al. 2000, Downs et al. 2002, Downs et al. 2005); MDR — a P-glycoprotein
that acts in the detoxification of xenobiotics (Downs et al. 2005); CPD — cyclobutane
pyrimidine dimer — increased formation is indicative of DNA damage (Lesser &
Farrell 2004); and p53 — a cell cycle protein — increased expression is indicative of

DNA damage, apoptosis, and necrosis (Lesser & Farrell 2004).

18



Nitric oxide signaling (Perez & Weis 2006) also represents a candidate cellular
pathway responsible for bleaching. Furthermore, a recent paper implicates another
protein-level response to thermal stress; a GFP homolog in Acropora millepora is
consistently down-regulated in response to thermal stress (Smith-Keune & Dove
2007). This result is interesting as GFP down-regulation took place prior to
photoinhibition and bleaching, which suggests that GFP expression may be related to
the cellular basis of events leading to bleaching. In synthesizing the available
evidence, we can conclude that: 1) thermal stress results in HSP expression, GFP
down-regulation, and oxidative stress; 2) oxidative stress results in increased
antioxidant protein expression and damage to DNA, lipids, and proteins; and 3)
oxidative stress and nitric oxide signaling are likely involved in the cellular basis of

bleaching.

Microarrays and marine genomics

Microarrays are literally glass microscope slides with thousands of
microscopic “DNA spots” precisely deposited in a grid pattern. After isolation of RNA
from a tissue and/or condition of interest, one can probe the microarray by allowing
the RNA to hybridize with the DNA printed on the microscope slide. Tissues and/or
physiological conditions can be compared by competitively hybridizing two RNA
samples to a microarray in which the two RNA samples are labeled with two different
color dyes. For example, in experiments described in this dissertation, an RNA sample

from a control, non-stressed coral fragment is labeled with green dye, and an RNA
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sample from a bleached sample is labeled with red dye. Following competitive
hybridization to the microarray, gene expression can be quantified because a gene
expressed higher in the control sample will appear green, a gene expressed higher in
the stressed sample will appear red, and gene equally expressed in both conditions will
appear yellow.

Microarray analysis is a powerful approach to examine the expression of
thousands of genes simultaneously, thereby expediting the discovery of candidate
genes and pathways involved in particular cellular processes. However, it is worthy to
note that microarrays measure gene expression at the transcriptomic level, i.e. at the
level of mRNA molecules. Whether this directly translates to the protein level has
been a subject of investigation. In the goby Gillichthys mirabilis, microarray estimated
increases in mRNA were mirrored by increases at the protein-level, however the
timing and magnitude of the increase in protein was not always consistent (Buckley et
al. 2006). To make matters more complicated, protein function does not only depend
on simple translation of mRNA molecules to proteins. Subcellular localization and
post-translational modifications such as phosphorylation, ubiquitination, and homo-
and heterodimerization with other proteins are critical factors in protein function.
Taking these caveats into account, the results of microarray analyses, while powerful
and incisive, require follow-up studies to definitively pinpoint protein function during
conditions of interest.

The recent development of DNA microarrays for the study of coral symbiosis

holds immense promise to elucidate the cellular underpinnings of processes that are
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important on an ecological scale, e.g. coral bleaching. Small-scale cDNA microarray
approaches (32 genes) have been carried out with Montastraea faveolata exposed to
environmental stress (Edge et al. 2005, Morgan et al. 2005). Large-scale microarray
studies on marine organisms such as porcelain crabs (Teranishi & Stillman 2007,
Stillman & Tagmount 2009), damselfish (Kassahn et al. 2007), and gobies (Gracey et
al. 2001, Buckley et al. 2006) have provided immense transcriptomic information in
relation to thermal physiology. The studies described in this dissertation utilize
microarrays that contain over 1,000 genes of M. faveolata and A. palmata, and they

represent the first large-scale microarray studies of scleractinian coral biology.

Motivation for and overview of the dissertation

At a time when coral reefs worldwide are threatened by myriad human-induced
stressors, it is imperative to understand the molecular basis of the symbiotic
relationship that allows these diverse ecosystems to thrive. By understanding the
collapse of symbiosis, i.e. coral bleaching, novel insights into the onset, maintenance,
and breakdown of the symbiosis will be established. The dissertation presented here
attempts to bridge our gaps in knowledge concerning the molecular mechanisms of
coral bleaching by using powerful genomic technique that, up until now, have not
been amenable to non-model organisms such as reef-building corals. By taking an
evolutionary comparative approach and measuring the transcriptomic response to heat
stress and bleaching in both M. faveolata (Chapter 1) and 4. palmata (Chapter 2), we

will gain an increased understanding of both conserved and species-specific molecular
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events surrounding the coral stress response and subsequent bleaching. Furthermore,
adding an endosymbiont-centric view to coral bleaching mechanisms, by measuring
the transcriptomic responses to stress and bleaching in fragments of M. faveolata that
contain different genotypes of Symbiodinium (Chapter 3), will integrate another level
of complexity into our conceptual framework of coral bleaching physiology.

This dissertation contains three chapters and a conclusion following this
section. Chapter 1 describes the results of laboratory thermal stress experiments
performed with M. faveolata at the Smithsonian Tropical Research Institute in Bocas
del Toro, Panama. RNA samples from stressed and non-stressed fragments were used
to interrogate the M. faveolata microarray containing approximately 1,300 genes
isolated from cDNA libraries described in (Schwarz et al. 2008). Two primary
experiments will be described: 1) a single host genotype experiment where one colony
was split and the fragments divided evenly into control and experimental tanks
(samples were frozen for microarray analysis at one timepoint — nine days after the
initiation of thermal stress); and 2) a multiple colony experiment where fragments
were collected from four different colonies and samples were collected for microarray
analysis at four timepoints during a nine-day period. Results from both experiments
suggested that thermal stress and bleaching in M. faveolata affect the following
processes: oxidative stress, Ca>" homeostasis, cytoskeletal organization, cell death,
calcification, metabolism, protein synthesis, heat shock protein activity, and
transposon activity. Chapter 1, in full, is a reprint of the material as it appears in

(DeSalvo et al. 2008).
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Chapter 2 describes the results of laboratory thermal stress experiments
performed with A. palmata at the Smithsonian Tropical Research Institute in Bocas del
Toro, Panama. RNA samples from stressed and non-stressed fragments were used to
interrogate the 4. palmata microarray containing approximately 2,050 genes (Schwarz
et al. 2008). Similar to the multiple colony experiment described above for M.
faveolata in Chapter 1, the experiment described in Chapter 2 is derived from four
colonies of which samples were collected for microarray analysis at three timepoints
over a two-day period. Results from this experiment indicate a cellular stress response
in A. palmata involving: (1) growth arrest; (2) chaperone activity; (3) nucleic acid
stabilization and repair; and (4) the removal of damaged macromolecules. Other
differentially expressed processes include sensory perception, metabolite transfer
between host and endosymbiont, nitric oxide signaling, and modifications to the actin
cytoskeleton and extracellular matrix. When comparing these results with those
obtained in experiments described in Chapter 1, a picture of stress-responsive cellular
processes evolutionarily conserved across scleractinian corals begins to emerge.
Chapter 2, in full, is a reprint of the material as it appears in (DeSalvo et al. 2010b).

Chapter 3 describes the results of laboratory thermal stress experiments
performed with M. faveolata at the UNAM - Instituto de Ciencias del Mar y
Limnologia field station in Puerto Morelos, Mexico. RNA samples from control,
stressed, and recovered fragments were used to interrogate the M. faveolata
microarray containing approximately 1,300 genes. Two primary experiments will be

described: 1) a multiple colony experiment where fragments were collected from five
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different colonies and samples were collected for microarray analysis at three
timepoints during a 60 day period; and 2) a single host genotype experiment where
fragments were collected from one host colony along a depth gradient and samples
were collected for microarray analysis at one timepoint — six days following the
initiation of thermal stress. Both experiments also benefited from collecting algal
physiology, algal genotyping, and host genotyping data. Interestingly, in both
experiments, gene expression was more similar among samples with the same
Symbiodinium content rather than the same experimental condition. This was highly
unexpected and revealed a striking correlation between coral host transcriptomic states
and the genotype of their resident algal symbionts. Chapter 3, in full, is a reprint of the

material as it appears in (DeSalvo et al. 2010a).
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CHAPTER 1

DIFFERENTIAL GENE EXPRESSION DURING THERMAL STRESS AND
BLEACHING IN THE CARIBBEAN CORAL MONTASTRAEA FAVEOLATA

ABSTRACT

The declining health of coral reefs worldwide is likely to intensify in response
to continued anthropogenic disturbance from coastal development, pollution, and
climate change. In response to these stresses, reef-building corals may exhibit
bleaching, which marks the breakdown in symbiosis between coral and zooxanthellae.
Mass coral bleaching due to elevated water temperature can devastate coral reefs on a
large geographic scale. In order to understand the molecular and cellular basis of
bleaching in corals, we have measured gene expression changes associated with
thermal stress and bleaching using a cDNA microarray containing 1,310 genes of the
Caribbean coral Montastraea faveolata. In a first experiment, we identified
differentially expressed genes by comparing experimentally bleached M. faveolata
fragments to control non-heat-stressed fragments. In a second experiment, we
identified differentially expressed genes during a time course experiment with four
time points across nine days. Results suggest that thermal stress and bleaching in M.
faveolata affect the following processes: oxidative stress, Ca>" homeostasis,
cytoskeletal organization, cell death, calcification, metabolism, protein synthesis, heat
shock protein activity, and transposon activity. These results represent the first
medium-scale transcriptomic study focused on revealing the cellular foundation of

thermal stress-induced coral bleaching. We postulate that oxidative stress in thermal-
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stressed corals causes a disruption of Ca®” homeostasis, which in turn leads to
cytoskeletal and cell adhesion changes, decreased calcification, and the initiation of
cell death via apoptosis and necrosis.
INTRODUCTION

Coral reefs are important tropical marine ecosystems currently threatened by
disease outbreaks (Harvell et al. 1999, Weil et al. 2006), overfishing and
eutrophication (Hughes 1994, Jackson et al. 2001, Pandolfi et al. 2003), and mass
bleaching events (Hoegh-Guldberg 1999). These factors will be exacerbated by future
climate change (Hughes et al. 2003), and predictions of ocean acidification represent
yet another threat to coral vitality (Hoegh-Guldberg et al. 2007). Coral bleaching
describes the morphological changes that occur during the breakdown in symbiosis
between the coral host and its dinoflagellate endosymbiont (Symbiodinium sp. or
zooxanthellae). Upon bleaching, the coral host loses its coloration via the loss of its
photosynthetic pigment-containing endosymbionts. The bleaching response can result
from exposure to abnormal water temperature (e.g. Glynn 1993), pathogens (e.g.
Kushmaro et al. 1996), high light and ultraviolet radiation (e.g. Gleason & Wellington
1993), a synergistic combination of multiple factors (e.g. Lesser & Farrell 2004),
herbicides (Jones 2005), and other known stressors (reviewed in Douglas 2003). Of
utmost importance is thermal stress-induced coral bleaching, which is predicted to
increase in intensity and frequency due to global warming (Hoegh-Guldberg 1999).

Bleaching due to anomalously high seawater temperature can occur over a large
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geographic range (e.g. Berkelmans & Oliver 1999) and can lead to widespread coral
mortality across the globe (Goreau et al. 2000).

A detailed description of the molecular and cellular events leading to bleaching
is incomplete. It is possible that multiple mechanisms exist given that bleaching can
result from a reduction in algal cell densities and/or a decrease in algal pigment
concentration (e.g. Hoegh-Guldberg & Smith 1989, Fitt & Warner 1995). A decrease
in algal density can occur via the detachment of host cells containing symbionts (Gates
et al. 1992), necrosis and apoptosis of both host and symbiont cells (Dunn et al. 2002,
Dunn et al. 2004, Strychar et al. 2004, Richier et al. 2006, Dunn et al. 2007), digestion
of zooxanthellae by the coral host (Brown et al. 1995), and exocytosis of
zooxanthellae (Steen & Muscatine 1987, Brown et al. 1995).

The events leading to a decrease in density of zooxanthellae is thought to begin
with heat- and/or light-induced photoinactivation of photosystem II in the
zooxanthellae (reviewed in Smith et al. 2005). Briefly, decreased photosynthesis in
cultured zooxanthellae (e.g. Iglesias-Prieto et al. 1992) and zooxanthellae in hospite
(e.g. Fitt & Warner 1995, Warner et al. 1996) in response to elevated temperatures is
thought to result from damage to the D1 protein of photosystem II (Warner et al. 1999,
Lesser 2004), or impairment of CO; fixation (Lesser 1996, Jones et al. 1998). The net
result of either of these scenarios is the production of reactive oxygen species (ROS)
by transport chain electrons (Hoegh-Guldberg 1999, Lesser 2006). Rampant ROS

production is known to result in apoptosis/necrosis (e.g. Tiwari et al. 2002), and thus
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the production of ROS by photo-damaged zooxanthellae provides a mechanism by
which environmental stressors can lead to degradation of the coral-algal symbiosis.

The use of molecular tools to assess the cellular basis of coral health has
recently intensified. Investigated protein biomarkers consist mainly of heat shock
proteins (HSPs) and proteins involved in the oxidative stress response (see Table 2 in
van Oppen and Gates (2006) for a comprehensive list of protein biomarkers). While
HSPs may be potent biomarkers for assessing coral health in the field, their activities
do not point to a mechanism of bleaching. However, both oxidative stress and nitric
oxide signaling (Perez & Weis 2006) represent cellular pathways responsible for
bleaching. Green fluorescent protein (GFP) homologs may also be involved in
bleaching mechanisms. Although GFPs are thought to be photoprotective (Salih et al.
2000), and have also been shown to quench superoxide radicals (Bou-Abdallah et al.
2006), their expression appears to decrease during thermal stress (Dove et al. 2006,
Smith-Keune & Dove 2007). In summarizing the available evidence, we can conclude
that: 1) thermal stress results in HSP expression, GFP down-regulation, and oxidative
stress; 2) oxidative stress results in increased antioxidant protein expression and
damage to DNA, lipids, and proteins; and 3) oxidative stress and nitric oxide signaling
are likely involved in the cellular basis of bleaching.

The emergence of cDNA microarrays for non-model organisms, which can
assay the expression of thousands of genes simultaneously, has accelerated the
discovery of stress responsive genes and mechanisms in recent years (Gibson 2002,

Gracey & Cossins 2003, Hofmann et al. 2005). Small-scale cDNA microarray
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approaches (32 genes) have been carried out with the scleractinian coral, Montastraea
faveolata, exposed to environmental stress (Edge et al. 2005, Morgan et al. 2005).
Large-scale microarray studies on marine organisms such as porcelain crabs
(Teranishi & Stillman 2007), damselfish (Kassahn et al. 2007), mussels (Place et al.
2008), and gobies (Gracey et al. 2001, Buckley et al. 2006) have provided immense
transcriptomic information in relation to thermal physiology. In this study, we report
the first medium-scale cDNA microarray study on M. faveolata exposed to thermal
stress and bleaching in a controlled laboratory setting. Differential gene expression
was assessed during early stage thermal stress and partial bleaching. The results
confirm HSP expression, GFP down-regulation and oxidative stress during bleaching;
and also suggest that Ca>" homeostasis, cytoskeletal dynamics, calcification,
metabolism, and protein synthesis are affected by thermal stress and symbiosis
breakdown.
MATERIALS AND METHODS

Field experiments

Two experiments were performed at the Smithsonian Tropical Research
Institute’s Bocas del Toro field station in Panama during September and October
2006. The following apply to both experiments: 1) aquaria were exposed to shaded
ambient light; 2) aquaria were placed in large fiberglass ponds with continuous water
flow to buffer temperature fluctuations; 3) aquaria did not have running seawater but
each contained a pump to generate continuous water flow; and 4) heaters were used to

raise the temperature in heated aquaria.
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A single time point, single genotype thermal stress experiment (“Experiment
1”’) was performed first. A large colony of Montastraea faveolata was collected near
Isla Solarte (9°19°56.78” N and 82°12°54.65” W). A single colony was targeted in
order to eliminate sources of variation from coral and zooxanthellae genotypes and
thermal/light history (e.g. Rowan et al. 1997, Glynn et al. 2001, Brown et al. 2002).
Ten coral “plugs” were taken from the top of the colony using a 2.5cm diameter punch
tool. The fragments were divided evenly between two identical 75-liter aquaria, ca.
25c¢m deep, and kept at ambient temperature (29.23+0.48°C) for three days. After the
acclimation period, two 200-Watt aquarium heaters were turned on in the
experimental aquarium, which subsequently increased to 31.5°C over three hours. The
average temperature of the experimental aquarium during the entire experiment was
32.2340.48°C. HOBO Pendant Temperature/Light Data Loggers (Onset Corp UA-
002-64) recorded temperature and light data every three minutes. These data loggers
are not designed to measure photosynthetically active radiation (PAR — 400-700nm),
as only ~30% of the measured light is in the range of PAR. For this reason, relative
light levels in the aquaria are reported (expressed as the percentage of the average
10am to 2pm light intensity measured on a reef ~4m deep in Bocas del Toro
(9°22°68.4” N and 82°18°24.6” W) during September and October 2007). The control
aquarium received slightly more light (37%) than the heated aquarium (28% of reef
light). The experiment lasted 10 days and 17 hours, after which all fragments were

frozen in liquid nitrogen for molecular analysis. Immediately prior to freezing, a
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polyp-size tissue scraping (~12.6mm?) was preserved in ImL of 3.7% formaldehyde
for zooxanthellae cell density analysis.

A time course experiment (“Experiment 2”’) was conducted with four colonies
of M. faveolata sampled from two separate reefs 21 km apart (two colonies from Isla
Solarte — 9°19°56.78” N and 82°12°54.65” W, and two colonies from Cayos Zapatillas
—9°15°08.79” N and 82°02°24.63” W). Each colony was broken into eight fragments
using a hammer and chisel. For each colony, four fragments were placed in a control
aquarium, and four fragments were placed in an experimental aquarium fitted with two
heaters, such that each colony was represented by a pair of aquaria (total of four
control and four heated aquaria, all 75-liter). After an acclimation period of four days
at the natural temperature of the seawater system (mean temperature = 30.29+0.07°C),
a fragment from each control and experimental aquaria was sampled as described
above (time zero). After time zero sampling, the heaters in each of the experimental
aquaria were turned on, and the rate of temperature increase was similar to Experiment
1. The mean temperature of the control aquaria during the entire experiment was
29.74+0.03°C, and the mean temperature of the heated aquaria was 32.72+0.32°C.
Control and experimental fragments were sampled again one day after turning on the
heaters, at the first signs of slight bleaching (two to four days after heating began,
depending on coral genotype), and lastly, when all experimental fragments were
partially bleached (nine days after heating began). All samples were taken at night.

Light intensity differed slightly between the four aquaria fitted with HOBOs (control
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aquaria 1 — 43%; control aquaria 2 — 46%; heated aquaria 1 — 35%; and heated aquaria
2 —34% of reef light).
Zooxanthellae cell counts and 18S RFLP analysis

The formaldehyde-fixed tissue scrapings were homogenized by maceration
with a dissecting needle and vortexed. Cell counts were performed with a
hemocytometer. For Experiment 1, four replicate cell counts were performed per
sample, averaged, and values adjusted to the number of cells per cm”. An Independent
Samples t-test was performed to determine statistical significance between the two
groups. For Experiment 2, eight replicate cell counts were averaged for each coral
genotype at each time point. After testing for normality and equal variances within
time points, significance between time points was assessed using a One Way Repeated
Measures ANOVA and Tukey post-hoc testing. All statistical tests were performed
using SigmaStat 3.11.

Genomic DNA was isolated from frozen coral powder (see below) using the
PowerPlant DNA Isolation kit (MoBio). The Symbiodinium 18S ribosomal subunit
DNA was amplified using a universal forward primer (5’ -
GGTTGATCCTGCCAGTAGTCATATGCTTG - 3’) and a zooxanthellae-specific
reverse primer (5° — AGCACTGCGTCAGTCCGAATAATTCACCGG - 37)
following the protocols of (Rowan & Powers 1991). The resulting 1.5kb fragment
was digested with Taq restriction enzyme, and the resulting fragments were
compared to zooxanthellae clade standards (Rowan & Powers 1991).

RNA extraction and microarray hybridization
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Total RNA from all frozen coral fragments was isolated using Qiazol lysis
reagent (QIAGEN). Live tissue was chiseled off each coral fragment and
homogenized using a pre-chilled mortar and pestle. Frozen coral powder was
transferred directly to Qiazol. Two chloroform extractions were performed, followed
by isopropanol precipitation and two washes in 80% ethanol. RNA pellets were re-
dissolved in nuclease-free water and cleaned further with RNeasy Mini columns
(QIAGEN). RNA quantity and integrity were assessed with a NanoDrop ND-1000
spectrophotometer and an Agilent 2100 Bioanalyzer, respectively.

Microarray protocols followed those established by the Center for Advanced
Technology at the University of California, San Francisco (http://cat.ucsf.edu/). 1,310
PCR amplified cDNAs from M. faveolata were spotted in duplicate on poly-lysine-
coated slides yielding a microarray with 2,620 total features. cDNAs were chosen
from EST libraries described in Schwarz et al. (2008). To annotate the cDNAs, we
performed a BLASTX analysis (E-value cut-off 1¢”) against the GenBank non-
redundant DNA and protein database (nr). Prior to hybridization, microarrays were
post-processed by: 1) UV crosslinking at 60 mJ; 2) a “shampoo” treatment (3x SSC,
0.2% SDS at 65°C); 3) blocking with 5.5¢g succinic anhydride dissolved in 335mL 1-
methyl-2-pyrrilidinone and 15mL sodium borate; and 4) drying via centrifugation.

For Experiment 1, 1ug of total RNA was amplified using the MessageAmp 11
aRNA kit (Ambion), and 3ug of aRNA per sample were primed with Sug/pL random
nonamer for 10min at 70°C. Reverse transcription (RT) lasted for 2hr at 42°C using a

master mix containing a 3:2 ratio of aminoallyl-dUTP to TTP. Following RT, single-
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stranded RNA was hydrolyzed by incubating the RT reactions in 10uL 0.5M EDTA
and 10pL 1M NaOH for 15min at 65°C. After hydrolysis, RT reactions were cleaned
using Zymo Clean and Concentrator columns. Cy3 and Cy5 dyes (GE Healthcare)
were dissolved in 17uL. DMSO, and the coupling reactions lasted for 2hr at room
temperature in the dark. Dye-coupled cDNAs were cleaned (Zymo), and appropriate
Cy3 and CyS5 labeled cDNAs were mixed together in a hybridization buffer containing
0.25% SDS, 25mM HEPES, and 3x SSC. The hybridization mixtures were boiled for
2min at 99°C then allowed to cool at room temperature for Smin. The cooled
hybridization mixtures were pipetted under an mSeries Lifterslip (Erie Scientific), and
hybridization took place in Corning hybridization chambers overnight at 63°C.
Microarrays were washed twice in 0.6x SSC and 0.01% SDS followed by a rinse in
0.06x SSC and dried via centrifugation. Slides were immediately scanned using an
Axon 4000B scanner. All aforementioned techniques were also conducted with coral
fragments from Experiment 2, omitting the initial RNA amplification, as total RNA
quantity was adequate to prime 10ug of total RNA with Sug/uL of Oligo-dT primer
prior to RT.
Microarray data analysis

Experiment 1 followed a dye-swap design where each of the five control
fragments was randomly paired to one of the five heat-stressed fragments. Each
hybridization was performed twice with dye swapping between technical replicates,
which allows for the control of dye labeling bias (Kerr 2003). Data analysis was

performed using JJMAANOVA (Wu et al. 2003, Wu & Churchill 2005). Background-
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subtracted mean intensity values were log, transformed and normalized using the
spatial-intensity joint lowess algorithm. Following log, transformation and lowess
normalization, in-slide duplicate spots were collapsed by taking the mean. A fixed-
effect MAANOV A model was fit to the intensity data with array, sample, and dye
terms. Differentially expressed genes were identified by testing the sample term
according to the Empirical-Bayes Fs statistic (Cui et al. 2005). P-values for each gene
were generated by shuffling the residuals over 500 permutations. FDR adjustments
were applied to the p-values using a step-down FDR control method (Westfall &
Young 1993), and genes were chosen at an adjusted alpha = 0.05.

Experiment 2 followed a reference design in which all heat-stressed RNA
samples (four per time point) were compared to a pooled reference RNA sample
composed of RNA from all control (untreated) coral fragments over all time points.
Since all experimental RNA samples were compared to the reference sample, direct
comparisons of gene expression across all time points can be performed. Background-
subtracted mean intensity values were transformed and normalized as described above
using JMAANOVA. A MAANOVA fixed-effects model was fit to the intensity data
with array and sample terms. Differentially expressed genes were identified using the
same statistical methods described above. To visualize the temporal expression of
differentially expressed genes, K-means clustering was performed using TIGR TMEV
4.0 software (Saeed et al. 2003). Microarray data from both Experiments 1 and 2 have
been deposited in Gene Expression Omnibus (GSE10680).

Quantitative real-time PCR (qPCR)
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In order to validate microarray gene expression estimates, QPCR was
performed for seven genes chosen based on biological interest and to represent three
classes of microarray data: 1) down-regulated > 2-fold; 2) down-regulated < 2-fold; and
3) up-regulated. SCRiP2, SCRiP8, and PXDN were > 2-fold down-regulated; EF-hand
and C/EBPJ were < 2-fold down-regulated; MMP and AOSF722 were up-regulated.
cDNAs from Experiment 1 (five non-bleached and five partially bleached) were
synthesized from 1pg of aRNA and diluted to a final volume of 200puL. qPCR primers
(Table S1) were designed using Primer Express 3.0 (Applied Biosystems), and test-
PCRs confirmed specific amplification of the desired amplicons (70-100bp). Two uL
of cDNA were used in triplicate 12.5ul. qPCR reactions with 0.2uM primers and
Power SYBR Green PCR Master Mix (Applied Biosystems) for 40 cycles. Delta Ct
(dCt) values were calculated by subtracting the Ct of a housekeeping gene (HKG)
(CAON1295 — a myosin) from the Ct’s of the genes of interest. CAON1295 was the
best-performing HKG from a group of candidates chosen from the microarray
expression data. The quantitative methods used to identify candidate HKGs were
identical to those reported by (Rodriguez-Lanetty et al. 2008). Delta delta Ct (ddCt)
values were calculated by subtracting the dCt’s from non-bleached and bleached
samples, and fold changes were calculated using the 2 method (Livak &
Schmittgen 2001). Statistical significance between the two groups was assessed at the
dCt level using a two-tailed t-test.

RESULTS

Experiment 1: single colony, bleached versus non-bleached
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Thermal-stressed fragments at 32.2°C were visibly paled after three days and
continued to lose color over the course of the experiment; however, they did not reach
a fully bleached state. Algal cell density counts revealed that after nearly 11 days of
thermal stress, experimental fragments contained an average of 1.44x10° (= 5.02x10°)
cells/cm? compared to an average of 2.5x10° (= 3.64x10°) cells/cm” for controls (t-test,
p<0.001; Figure 1). All control and heat-stressed fragments contained clade A
zooxanthellae (data not shown).

Microarray analysis revealed large shifts in gene expression coincident with
thermal stress and partial bleaching. MAANOVA identified 309 differentially
expressed genes between untreated and thermal stressed coral fragments (24% of all
assayed genes). Of these 309 genes, 191 were up-regulated (higher expression during
thermal stress), and 118 were down-regulated (lower expression during thermal stress)
(Table S2). Fold change magnitudes ranged from +1.9 to -4. Of the differentially
expressed genes, only 21 up-regulated genes (11% of 191) and 47 down-regulated
genes (39% of 118) had BLASTX hits (E < 1x10™). Six members of a newly
discovered scleractinian cysteine-rich, putatively secreted peptide family (SCRiPs)
(Sunagawa et al. in preparation) were among the most highly down-regulated
transcripts. Therefore, the function of 74 genes, or 24% of all genes identified as
differentially expressed, were used to guide discussion on the transcriptomic response
to thermal stress and bleaching (Table 1).

Differentially expressed genes presented in Table 1 are grouped according to

Gene Ontology (GO) biological processes, cellular components, or manually defined
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categories. In addition, the putative functional roles are based on GO molecular
functions, or manual definitions determined through literature searches and perusal of
protein databases (e.g. PFAM and InterPro). Based on the molecular and cellular
functions of the annotated genes, the following processes seem to be affected by
thermal stress-induced bleaching: 1) extracellular matrix deposition; 2) secretion of
cysteine-rich peptides; 3) oxidative stress; 4) heat shock protein expression; 5)
transposon activity; 6) protein synthesis; 7) organization of the actin cytoskeleton and
cell adhesion; 8) cell signaling; 9) Ca®" homeostasis; 10) nucleosome organization;
and 11) metabolism.
Experiment 2: multiple colonies, time course

Heat-treated corals at 32.72+0.32°C did not show any visible signs of
bleaching after one day of elevated temperature. Slight bleaching of the four colonies
did not occur simultaneously; one colony was slightly bleached after two days, two
colonies after three days, and the fourth colony after four days. All thermal-stressed
corals were partially bleached nine days after beginning the experiment. Algal cell
densities had declined by the slightly and partially bleached time points (Figure 1).
Cell densities of all later time points were statistically lower (ANOVA, p<0.001) than
time zero and 1-day, but there was no difference between time zero and 1-day cell
densities. Algal cell densities in the control fragments also decreased during the
experiment, albeit less than the heat-treated fragments. At slight bleaching (two to
four days), control fragments had 11% less zooxanthellae relative to the time zero

baseline (heat-stressed fragments had 31% less zooxanthellae). At partial bleaching
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(nine days), control fragments had 29% less zooxanthellae relative to time zero (heat-
stressed fragments had 64% less zooxanthellae). The loss of zooxanthellae in the
control fragments was likely due to the low light levels present during the
experiments. All control and heat-treated fragments for two of the colonies contained
only clade A Symbiodinium. The two other colonies displayed high RFLP clade
diversity ranging from only clade C to multiple clade mixes (data not shown).

Microarray analysis of Experiment 2 was primarily focused on the temporal
dynamics of genes that were differentially expressed upon heat treatment, i.e. do the
same genes identified in Experiment 1 show temporal dynamics, or are they up-/down-
regulated over all time points in a similar magnitude? Since all time zero and heat-
stressed coral fragments were compared to the identical pooled reference RNA
sample, we could directly compare levels of gene expression across time points. Using
this approach, MAANOVA identified 280 differentially expressed genes, or 21% of
all the genes on the microarray (Table S3). 29% of the 280 genes, or 81 total genes,
were annotated by BLASTX.

Clustering of the differentially expressed genes grouped those behaving
similarly over the time course. K-means clustering sorted the differentially expressed
genes into eight clusters containing between four and 98 genes (Table S3). Figure 2
contains heat maps for the annotated genes within the 8 clusters; however, since the
majority of genes within clusters 5 and 6 are stably expressed across time points, only

those annotated genes that show changes in gene expression are included in Figure 2.
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Genes within cluster 1 show large fold changes across the entire time course
(mean expression profile = -1.4, -0.4, -0.2, -2.1); their expression at 1-day and slightly
bleached is around two-fold higher than time zero, and expression at partially bleached
is around two-fold less than time zero. These genes include the scleractinian cysteine-
rich peptides (SCRiPs) and the ECM component peroxidasin (PXDN); they represent
the most down-regulated genes during bleaching. Genes within cluster 2 exhibit the
same temporal pattern to cluster 1 but on a smaller scale (mean expression profile = -
0.5,+0.1,+0.1,-0.7). Cluster 8 (mean expression profile =+0.2,-0.3, -0.2, +0.1)
contains genes that show expression patterns opposite to those of clusters 1 and 2;
expression at 1-day and slightly bleached is lower than time zero, and expression at
partially bleached is slightly lower than time zero. Genes within cluster 3 show gene
expression changes on the same scale as cluster 1, but in the opposite direction (mean
expression profile = +0.3, +0.6, +1.7, +1.6). These genes are the most up-regulated
during bleaching — their expression ramps up during early stage thermal stress but then
levels off between slight and partial bleaching. Genes in cluster 7 are also among the
most up-regulated during bleaching (mean expression profile =-0.5, +0.1, +0.2, +0.1).
This cluster contains cell signaling proteins (cylindromatosis protein (CYLD), a
rhodopsin-like GPCR, and protein-tyrosine phosphatase 4A1), and a heat-shock
protein (TCP-1). Opposite to cluster 7 is cluster 4 (mean expression profile = +0.2, 0,
0, -0.4) — these genes decrease in expression from time zero to 1-day and then
decrease further from slight to partial bleaching. This cluster includes ribosomal

proteins and two calcium-binding proteins (calmodulin (CaM) and an unknown EF-
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hand protein). Lastly, cluster 5 genes (mean expression profile = +0.1, +0.1, +0.2,
+0.2) tend to increase during thermal stress, and cluster 6 genes tend to do the
opposite (-0.1, -0.2, -0.2, and -0.1); although most genes in clusters 5 and 6 were
remarkably stable across the time course.
Overlap between Experiments 1 and 2

In response to thermal stress for 10 and nine days, respectively, corals in
Experiments 1 and 2 became partially bleached. Given the similar endpoint in both
experiments, a comparison was made of the differentially expressed genes. In total,
88 genes were differentially expressed in both Experiments 1 and 2. Of these 88
genes, 57 genes show directionally consistent patterns of expression; 23 genes are
consistently up-regulated, and 34 genes are consistently down-regulated (Table S4).
Annotated genes that were differentially expressed in Experiments 1 and 2 showed
both consistent patterns of gene expression (**, Figure 2), and opposite patterns of
gene expression (*, Figure 2). In total, there are 19 annotated genes that yield similar
results and five genes that yield opposite results between both experiments. Notable
genes consistently down-regulated at partial bleaching are five SCRiPs, CaM, an
unknown EF-hand protein, three ribosomal proteins, CCAAT/enhancer binding
protein § (C/EBPJ), and a cobalamin-binding protein. Notable genes that are
consistently up-regulated include glutathione S-transferase sigma (GST-S), TCP-1,
tachylectin-2, and two reverse transcriptases.

qPCR validation
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The qPCR-estimated fold changes of the seven tested genes were in the same
direction as the microarray estimates, and dCt’s of the non-bleached samples were
statistically different from dCt’s of the bleached samples (t-test, p<0.05). For the six
annotated genes, the qPCR estimates were inflated compared to the microarray results
(Table 1). One non-annotated gene was tested (AOSF722), which had an array fold
change = +1.7; its qPCR result was deflated compared to the microarray (+1.4). At
the ddCt level, we could assess the variation in qPCR expression. Three genes greater
than two-fold down-regulated, SCRiP8 (mean ddCt 4.47 £+ 1.3 SD), SCRiP2 (mean
ddCt =2.71 £ 0.65), and PXDN (mean ddCt = 3.37 &+ 1.09), showed large variation in
expression. Two genes less than two-fold down-regulated, EF-hand (mean ddCt =
1.37 £ 0.64) and C/EBPJ (mean ddCt = 1.35 £ 0.91), and two genes up-regulated,
MMP (mean ddCt = -1.46 £+ 1.13) and AOSF722 (mean ddCt =-0.45 + 0.45), also
exhibited large variation in expression. Variation in qPCR data was consistent with
microarray estimates of variation (Table S5). Overall, qPCR results confirmed
statistically significant differential expression of the seven genes tested and tended to
yield expression estimates greater than those measured using the microarray.

DISCUSSION

Using a cDNA microarray platform, we identified differentially expressed
genes during thermal stress and bleaching. While thermal stress likely affects all cells,
transcriptomic changes associated with the loss of symbionts may be confined to the
gastrodermal cells — the primary zooxanthellae-harboring cells. Low fold changes in

some genes may reflect dilution of mRNA abundances for processes occurring only in
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symbiotic cells (Rodriguez-Lanetty et al. 2006), while larger fold changes may reflect
processes occurring in both symbiotic and non-symbiotic cells (e.g. cells of the
epithelium and calicoblastic epithelium). It is likely, also, that both control and
thermally stressed coral fragments experienced stress involved in transplantation from
the reef and changes associated with aquarium conditions (e.g. low light levels). Asa
result, it is likely that a stress response was present in both control and experimental
corals, perhaps masking the degree of gene expression changes due to thermal stress
alone. However, there were clear expression patterns associated with the thermal
stress conditions that speak to the biology of corals that are subjected to conditions
that cause bleaching.

qPCR validation of six genes yielded fold change values on average three
times greater than the microarray fold change estimates. Compression of microarray-
estimated fold changes relative to qPCR estimates are reported repeatedly in both
technique-driven (e.g. Rajeevan et al. 2001, Yuen et al. 2002, Dallas et al. 2005, Wang
et al. 2006) and functional genomics literature (e.g. Covarrubias et al. 205, Hawkins et
al. 2007). Reasons for microarray-based fold change compression include the level of
gene expression (i.e. reduced agreement occurs in genes with very high or very low
levels of gene expression), and location of qPCR primers (i.e. reduced agreement
when there is large separation between the location of the primers and microarray
probes) (Etienne et al. 2004). Furthermore, the normalization method can have an

effect on the agreement between microarray and qPCR data. For example, Wang et al.
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(2006) found that fold change compression was more evident when LOWESS
normalization was used (i.e. the normalization method utilized in the present study).

A striking observation from Experiment 1 is that even though more genes were
up-regulated (191) than down-regulated (118), only 10% of the up-regulated genes are
annotated, whereas 40% of the down-regulated genes are annotated by BLASTX.
While this may be due to chance, it could be suggestive of coral-specific genes and
processes being up-regulated during bleaching, and evolutionarily conserved cellular
processes being down-regulated during bleaching. Many non-annotated (NA) genes
displayed large fold changes (Tables S2 and S3). NA genes may represent ESTs that
contain mainly untranslated regions, or they may be coral-specific genes. The
sequencing of the Nematostella vectensis genome (Putnam et al. 2007) has been
beneficial to coral genomics; however, given the future growth of coral functional
genomic analyses, our ability to formulate meaningful conclusions will be greatly
enhanced by a coral genome project.

While 57 genes show consistent patterns of gene expression at a partially
bleached state, it is notable that there is not higher overlap between the results of
Experiments 1 and 2. Given the differing designs of the two experiments (i.e. single
colony, single time point versus multi-colony, time course), we did not expect to see
high overlap. Additionally, the four colonies in Experiment 2 were not uniform in
their symbiont genotype. Although never shown before, the clade of Symbiodinium
within the coral host may strongly influence host gene expression. This factor is likely

another reason why we see different stress-induced gene expression in both
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experiments. Nevertheless, the activities of the genes listed in Table S4 and the
annotated genes with a double-asterisk in Figure 2 reveal stunning, consistent heat
stress-induced gene expression patterns. Genes such as CaM, the SCRiPs, EF-hand,
C/EBPp and PXDN are prime candidates for future work on protein function and
localization.
A transcriptome-based bleaching model

Heat shock proteins (HSPs). Figure 3 illustrates a putative model of bleaching
based on past studies and the present findings. The induction of HSPs is a hallmark of
the heat shock response (reviewed in Lindquist 1986). As expected, transcriptomic
data suggest increased HSP activity in heat-stressed M. faveolata. Both HSP90 and a
TCP-1 chaperonin homolog show increased expression in Experiment 1 (Table 1).
The same TCP-1 gene is differentially expressed in Experiment 2 — as a member of
cluster 7 (Figure 2), its expression at all later time points is greater than its expression
at time zero. The expression level of TCP-1 at slight bleaching is nearly two-fold
greater than at time zero. These results are in accordance with previous studies
reporting the induction of heat shock proteins during heat stress (Black et al. 1995,
Hayes & King 1995, Fang et al. 1997, Sharp et al. 1997, Gates & Edmunds 1999,
Downs et al. 2000, Downs et al. 2002, Downs et al. 2005).

Oxidative stress and nitric oxide signaling. Thermal stress, in synergy with
normal to high light levels, leads to the production of ROS in the plastids of
zooxanthellae (reviewed in Hoegh-Guldberg 1999, Lesser 2006). The low light levels

present during our experiments suggest that the observed bleaching response may not
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be reflective of natural bleaching events. In the absence of research-grade PAR
measurements, Fv/Fm data, and/or direct measurements of ROS, we cannot determine
whether the corals in these experiments experienced oxidative stress conditions
thought to induce bleaching when high light is present. It is known, however, that the
mitochondrial respiratory chain is a site of ROS generation (Cadenas & Davies 2000,
Davidson & Schiestl 2001). Thermal stress-induced mitochondrial ROS generation
has been shown in non-photosynthetic organisms, such as yeast (Davidson et al.
1996), clams (Abele et al. 2002), and human keratinocytes (Shin et al. 2008). Even
though light levels present during these experiments may not have been high enough
to induce significant ROS generation in zooxanthellae plastids, oxidative stress in the
coral host is supported given the influence of thermal stress on the mitochondria of
both the coral and zooxanthellae.

Regardless of their source, ROS are highly reactive and lead to lipid, protein,
and DNA damage. Numerous studies have shown an increased antioxidant response
in corals during stress. For example, superoxide dismutase was increased during
thermal stress (e.g. Downs et al. 2000, Downs et al. 2002, Lesser & Farrell 2004).
Downs et al. (2000) established that lipid peroxidation (oxidative damage of lipids)
increased during thermal stress, and that glutathione levels decreased during thermal
stress. A slight increase in catalase (CAT) during heat and light stress has also been
shown in the zoanthid, Palythoa caribaeorum (Lesser et al. 1990). We found up-
regulated expression of oxidative stress genes in the present experiments — glutathione

s-transferase sigma (GST-S) in Experiments 1 and 2, and thioredoxin reductase 1 (TR-
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1) and CAT in Experiment 2. The up-regulation of glutathione s-transferase sigma
(GST-S) is suggestive of increased detoxification of ROS. GST-S catalyzes the
conjugation of lipid peroxides to glutathione in Drosophila (Singh et al. 2001). In
addition, the up-regulation of TR-1 is a sign of oxidative stress; TR-1 is responsible
for keeping thioredoxin in a reduced state capable of detoxifying oxidized molecules
(Holmgren 1985). The down-regulation of glutathione s-transferase mu (GST-M) in
Experiment 1 is counter-intuitive since this class of GST is well known to be inducible
by oxidative stress and active in the detoxification of ROS (Hayes & McLellan 1999).
It is possible that GST-M was down-regulated due to the exhaustion of the cellular
glutathione pool, or that GST-M in M. faveolata functions in roles not related to
oxidative stress (Hayes & McLellan 1999). Besides the ‘classical’ oxidative stress
genes mentioned already, protein tyrosine phosphatase 4A1 (also known as
Phosphatase of Regenerating Liver-1 (PRL-1)), a member of cluster 7, is consistently
up-regulated at all time points relative to time zero. A recent study showed that
mRNA and protein expression of PRL-1 was increased during oxidative stress in
cultured mammalian retinal cells (Yu et al. 2007).

Nitric oxide (NO) production by the cnidarian host in response to thermal and
oxidative stress may be involved in the breakdown in symbiosis; exposure to high
temperature led to an increase in NO production by symbiotic anemones followed by
bleaching (Perez & Weis 2006). Additionally, zooxanthellae nitric oxide synthase
activity was shown to be associated with coral bleaching (Trapido-Rosenthal et al.

2005). While NO can be involved in normal cell signaling processes, in the presence
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of ROS, reactive nitrogen species (RNS) can be formed (e.g. peroxynitrite), which
have the same damaging qualities as ROS. Furthermore, NO specifically inhibits
mitochondrial NADH-ubiquinone reductase activity (Riobo et al. 2001), which
directly inhibits ATP production. The collected detriments of ROS, RNS, and NO
must invariably lead to diminished metabolism of the coral host. Our results suggest
thermal stress and bleaching negatively affect coral host metabolism. Down-
regulation of NADH-ubiquinone oxidoreductase (NADH-ubiq) subunits in both
experiments (Table 1 and cluster 8) suggests deficiencies in mitochondrial electron
transport. Additionally, down-regulation of acyl-carrier protein (cluster 8) points to a
decrease in fatty acid synthesis, and down-regulation of both methionine
adenosyltransferase 1a and quinoid dihydropteridine reductase (Table 1) suggest
decreased amino acid metabolism. While decreased metabolism may be connected to
the action of ROS, RNS, and NO, we cannot downplay the role of nutrient exchange
between host and symbiont. Zooxanthellae translocate 95% of their photosynthates to
the coral (Muscatine 1990), and they supply their host with a wide range of necessary
compounds (Trench 1979). The lack of nutrient exchange between the coral and
zooxanthellae during bleaching could also result in decreased metabolism of the coral.
Disruption of intracellular Ca’” homeostasis. Intracellular Ca®" homeostasis is
critical to a functioning cell as Ca" is a ubiquitous cell messenger. Oxidative stress
can disrupt Ca’" homeostasis (Loven 1988, Orrenius et al. 1992). This disruption is
marked by a sustained elevation in intracellular [Ca*"] due to both the release of Ca*"

from intracellular stores and the entry of extracellular Ca*". Evidence from our
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experiments points to a disruption of Ca*" homeostasis during bleaching, which is
exemplified by the down-regulation of calmodulin (CaM) and an EF-hand protein.
CaM is a ubiquitous protein that transduces Ca’" signals via four EF-hands (Ca®"-
binding domains); conformational change upon Ca®" binding allows CaM to bind
effector molecules. Given the importance of Ca’* signaling in numerous cellular
processes, it is surprising that CaM is consistently down-regulated in bleached M.
faveolata. However, oxidative stress in human skin cells disabled CaM from binding
Ca”" and led to decreased CaM expression (Schallreuter et al. 2007). Given that CaM
interacts with members of all families of Ca’* channels at the plasma membrane, ER
and mitochondria (reviewed in Kasri et al. 2004), disruption of CaM function during
oxidative stress would have profound effects on Ca’>” homeostasis.

The down-regulation of FKBP12 further supports the notion of disrupted Ca*"
homeostasis in bleached M. faveolata. FKBP12 modulates the Ca®" flux properties of
ryanodine receptors (RyR); RyRs are Ca®" release channels found on all intracellular
Ca’" storing organelles (reviewed in Fill & Copello 2002). Binding of both FKBP12
and CaM to a RyR inhibits channel activity, while their removal activates the channel.
Moreover, ROS and RNS modify RyRs and thus alter their activity (Hidalgo 2005).
These findings suggest that the Ca®" releasing activities of RyRs are altered during
oxidative stress via: 1) the down-regulation of FKBP12 and CaM, 2) the inability of
CaM to bind Ca®", and 3) oxidative modifications to RyRs (Figure 3B). NO can also

cause an increase in [Ca"] by activating the release of Ca*" from mitochondria
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(Richter 1998), thus providing another mechanism by which Ca*" homeostasis can
become disrupted during bleaching.

The role of Ca*" in coral bleaching has been explored previously. Sustained
increases in intracellular [Ca*"] during thermal stress were measured over six hours
(Fang et al. 1997) and 24 hours (Huang et al. 1998) in isolated coral cells. Both
studies found that intracellular [Ca®'] stores were released during heat treatment, and
that bleaching required a continuous exogenous supply of Ca>". Sawyer and
Muscatine (2001) used Ca*" channel blockers, Ca®" ionophores, and CaM antagonists
to study cold-shock induced bleaching via cell detachment in Aiptasia. Interestingly,
caffeine treatment (which releases Ca”* from intracellular stores) caused bleaching
over 1.5 to 2.5hr, but an increase in intracellular [Ca®'] was not measured during the
first 12min of caffeine treatment in isolated cells. Ca®” imaging studies over the time
scale of days/weeks of thermal stress are needed in order to unequivocally support the
hypothesis of Ca®" homeostasis disruption during coral bleaching.

Modifications to the actin cytoskeleton and cell adhesion. The proposed model
of bleaching (Figure 3) follows a scheme where thermal stress, oxidative stress, NO
signaling, disruption of Ca>" homeostasis, and decreased metabolism lead to
cytoskeletal rearrangement, changes in cell adhesion properties, decreased
calcification, and cell death. Cytoskeletal elements are themselves sensitive to
damage by thermal stress (e.g. Muller et al. 2007), and a hallmark of Ca®” homeostasis
breakdown due to oxidative cell injury is a disruption of the actin cytoskeleton (Loven

1988, Orrenius et al. 1992). Five genes associated with the actin cytoskeleton are
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differentially expressed in M. faveolata during thermal stress and bleaching. Gelsolin
(GSN), lethal giant larvae 2 (LGL2), and tropomyosin (TPM) are down-regulated in
response to thermal stress; whereas, myosin 7A (MYO7A) and myosin 9A (MYO9A)
are slightly up-regulated. GSN, an actin filament capping and severing protein, and
TPM, also an actin-binding protein, are both regulated by intracellular [Ca®"] (Janmey
& Stossel 1987, Lees-Miller & Helfman 1991). LGL2 is a heavily studied gene with
homologs present in Drosophila, yeast, zebrafish, and mammals where it is involved
in cytoskeletal organization (Strand et al. 1994). Myosins are a large family of actin-
binding motor proteins that mediate various cellular processes. The expression of the
aforementioned five genes most likely represents reorganization (or disruption due to
thermal damage) of the actin cytoskeleton as a result of thermal stress, oxidative
stress, and the disruption of Ca’" homeostasis. It is likely that the cytoskeleton is also
reorganized upon thermal stress due to the modulation of cell volume coincident with
osmotic stress responses (reviewed in Mayfield & Gates 2007).

Various studies have also implicated LGL2 in cell adhesion processes. For
example, the zebrafish homolog is involved in hemidesmosome formation (Sonawane
et al. 2005) — hemidesmosomes are essential to the adhesion between cells and their
underlying extracellular matrix (reviewed in Litjens et al. 2006). LGL2 mutants in
Drosophila confirmed its role in cell adhesion. Both Gateff (1978) and Agrawal et al.
(1995) showed that cell-cell contacts were defective in the absence of functional

LGL2. In their description of LGL2, Strand ef al. (1994) reasoned that all of the
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defective cell adhesion symptoms associated with LGL2 mutation could be attributed
to the disruption of the cytoskeleton network.

The dual activities of LGL2 in cytoskeletal organization and cell adhesion are
reflective of cell adhesion molecules that contain cytoplasmic actin-binding domains
or interact with cytoplasmic actin-binding proteins (Halbleib & Nelson 2006, Delon &
Brown 2007). We postulate that the differential expression of LGL2 in bleached M.
faveolata illustrates how disrupted Ca®" homeostasis due to oxidative stress can have
effects on both the cytoskeleton and cell adhesion. In addition, a neurofascin
(NFASC) homolog is down-regulated in bleached M. faveolata. This gene is likely a
member of the L1 family of immunoglobulin (Ig) cell adhesion molecules, which are
usually implicated in neural cell adhesion (Brummendorf et al. 1998). The topic of
cell adhesion in the context of coral bleaching is relevant given that one proposed
mechanism of bleaching involves detachment of gastrodermal cells containing
zooxanthellae (Gates et al. 1992).

Cell death. Unabated oxidative stress can lead to cell death (e.g. Tiwari et al.
2002), and thus the mounting evidence of oxidative mechanisms involved in bleaching
is consistent with recent findings of apoptosis and necrosis in heat-stressed
zooxanthellae and cnidarian hosts (Dunn et al. 2002, Dunn et al. 2004, Strychar et al.
2004, Richier et al. 2006, Dunn et al. 2007). An uncontrolled increase in intracellular
[Ca®"] can lead to apoptosis (Duchen 2000, Hajnoczky et al. 2003, Orrenius et al.
2003). For example, when elevation of mitochondrial Ca*" occurs in cells during

oxidative stress (since Ca®" channels are modified by ROS/RNS), mitochondrial
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rupture occurs leading to the release of mitochondrial contents into the cytoplasm and
the initiation of cell death. The decision between apoptotic or necrotic modes of cell
death is thought to depend on the nature of the stress and the amount of ATP present
in the cell (Orrenius et al. 2003). Necrosis proceeds when both intracellular energy
levels and mitochondrial function are severely degraded, while apoptosis proceeds
during the opposite conditions (Nicotera et al. 1998). Both cell death responses have
been documented during thermal bleaching in Aiptasia (Dunn et al. 2002, Dunn et al.
2004), and necrotic tissue has been observed repeatedly in histological sections of
bleached corals (Lasker et al. 1984, Glynn et al. 1985, Szmant & Gassman 1990,
Brown et al. 1995). While our data cannot differentiate between the two modes of cell
death, it is important to emphasize that oxidative stress and a disruption in Ca*"
homeostasis can lead to both outcomes.

It would have been quite informative to see expression patterns for critical
genes in the apoptotic pathway, such as the cell cycle protein p53, an upstream
regulator of apoptosis (Lesser & Farrell 2004), and Bcl-2 and caspase homologues
(Dunn et al. 2006). Unfortunately, these genes are not present on the microarrays that
were used in this study. Their absence is likely a result of the conditions under which
the cDNA libraries were made.

Although the microarrays used in this study do not contain classical pro-
apoptotic genes (e.g. APAF-1, Bax, and Bad in addition to those mentioned
previously), differentially expressed genes identified in the present experiments are

suggestive of apoptosis. The down-regulation of voltage-dependent anion-selective
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channel 2 (VDAC?2) in Experiment 2 is pro-apoptotic (see cluster 6). This anion
channel inhibits Bak activation and mitochondrial apoptosis (Cheng et al. 2003,
Chandra et al. 2005); thus, down-regulation of VDAC2 suggests the activation of
mitochondrial apoptosis. Additionally, the cylindromatosis (CYLD) gene is a member
of cluster 7, and thus consistently up-regulated at all time points relative to time zero.
CYLD is a de-ubiquitinating enzyme not involved in the ubiquitin-proteasome system.
The de-ubiquitinating activities of CYLD are numerous (Simonson et al. 2007);
however, CYLD up-regulation leads to apoptosis. Brummelkamp et al. (2003)
reported that knockdown of CYLD led to activation of NFkB, which is anti-apoptotic.
The negative regulation of NFkB by CYLD has been further dissected: de-
ubiquitination of TRAF2 (Kovalenko et al. 2003) and NEMO (Kovalenko et al. 2003,
Nijman et al. 2005) by CYLD led to the de-activation of NFkB. Most recently, Xue et
al. (2007) showed that de-ubiquitination of dTRAF2 (the Drosophila homolog of
TRAF2) by CYLD leads to JNK-dependent apoptosis. These results suggest that up-
regulation of CYLD over the time course of thermal stress is a pro-apoptotic signal.
Decreased calcification. The sharp down-regulation of proteins localized to
the extracellular matrix (ECM) suggests that the ECM of thermal-stressed corals is
structurally different than that of healthy corals. These proteins are thought to be
involved in the synthesis of the organic matrix, which is necessary for calcification
(Allemand et al. 1998). Decreased calcification resulting from thermal stress was first
observed over 25 years ago in both natural (Hudson 1981) and laboratory settings

(Jokiel & Coles 1977, Coles & Jokiel 1978). Bleached corals presumably undergo
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lower rates of skeletogenesis than healthy corals due to the involvement of
zooxanthellae in calcification, a phenomenon known as light-enhanced calcification
(reviewed in Allemand et al. 2004). The absence of zooxanthellae does indeed affect
the composition of the organic matrix (Cuif et al. 1999). A recently described protein
found in the organic matrix of Galaxea fascicularis, named galaxin (Fukuda et al.
2003), is highly down-regulated in bleached M. faveolata (Table 1). The down-
regulation of galaxin, along with that of peroxidasin, procollagen, and an SCP-like
extracellular protein, suggests that the ECM of bleached M. faveolata is changing in
composition to reflect their bleached state. Furthermore, the up-regulation of a matrix
metalloproteinase (MMP) suggests increased degradation of the ECM (Shapiro 1998).
Although the functions of the scleractinian cysteine-rich peptides (SCRiPs) are
unknown, their secreted nature, down-regulation during bleaching, and clustering with
known ECM components (data not shown), point to a potential role of these peptides
in the process of calcification (Sunagawa et al. 2009a). Calcification is an energy-
intensive process as the coral must actively pump Ca®" to the calicoblastic epithelium
(Tambutte et al. 1996). While decreased metabolism can explain a decrease in
calcification during bleaching, a disruption in Ca*" homeostasis must also be involved
since the activity of all cellular Ca** pumps can be compromised by ROS, RNS, and
CaM dysfunction.
Novel responses during thermal stress and bleaching

One of the most striking results from both experiments is the down-regulation

during bleaching of transcripts involved in mRNA translation (mainly ribosomal
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proteins). In Experiment 1, 12 ribosomal proteins, elongation factor la (EFla),
eukaryotic translation initiation factor, and an mRNA splicing factor are down-
regulated. In Experiment 2, cluster 2 contains three ribosomal proteins that increase at
1-day and slight bleaching and decrease at partial bleaching relative to time zero.
Cluster 4 contains seven ribosomal proteins and EF 1a that decrease at all time points
relative to time zero. Contrary to these results is ribosomal protein L.24 (see cluster 3),
which is highly up-regulated at all time points relative to time zero. This contradictory
result is probably indicative of continued protein synthesis during thermal stress and
bleaching. However, as a whole, these results suggest that after 9-10 days of thermal
stress and significant bleaching, a marked down-regulation of many components of
protein synthesis occurred. Similar findings are reported with model organisms: heat
shock led to a temporary down-regulation of ribosomal protein transcription in yeast
(Herruer et al. 1988), and an inhibition of ribosomal protein translation in Drosophila
(Bell et al. 1988).

Another unexpected result is the apparent increase in transposable element
(TE) activity during bleaching. The up-regulation of a transposon, a pol-like protein,
and four reverse transcriptase genes in bleached M. faveolata during Experiment 1
supports this notion. In Experiment 2, two viral A-type inclusion genes are up-
regulated at all thermal stress time points relative to time zero (CAON634 in cluster 5
and CAOO2078 in cluster 7), and two reverse transcriptase genes are up-regulated at
all time points relative to time zero (AOSF1088 in cluster 5 and AOSF936 in cluster

7). These findings relate to seminal work showing that maize TEs became active
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during chromosomal breakage (McClintock 1950). Further research on plants has
shown that TEs are activated upon numerous stressors (McClintock 1984), and
virtually all known plant retrotransposons are activated by stress (Wessler 1996).
Moreover, thermal stress activated TEs in Drosophila (Ratner et al. 1992), silkworm
(Kimura et al. 2001), black tiger shrimp (de la Vega et al. 2007), and mouse tissue (Li
et al. 1999).

The down-regulation of a PIWI-like protein in bleached M. faveolata
(Experiment 1) further supports the notion of increased TE activity during thermal
stress. Recent research in Drosophila has shown that PIWI and related proteins are
involved in the silencing of retrotransposons. Vagin et al. (2006) showed that
transposon silencing in the Drosophila germ line functioned through repeat-associated
small-interfering RNAs that require members of the PIWI subfamily to operate.
Mutation of PIWI resulted in the activation of an endogenous retrotransposon in the
testes of Drosophila (Kalmykova et al. 2005). These findings suggest that transposon
activation during thermal stress in M. faveolata may be due to the down-regulation of
PIWI-like proteins.

The above hypothesis of heat-induced TE activity assumes that the microarray
probe sequences represent mobile genetic elements present in the coral genome;
however, it is not clear where the viral genes come from. An alternative hypothesis
for the seemingly increased activity of TEs is that a proliferation of viruses within the
coral host and/or symbiotic algae occurs during thermal stress. Viral proliferation in

response to thermal stress (Wilson et al. 2001) and UV exposure (Lohr et al. 2007) has
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been documented in Symbiodinium, and viral-like particles were found to be more
abundant in heat-stressed corals compared to controls (Wilson et al. 2005).
Additionally, the presence of viruses within corals has been found using microscopic
(Patten et al. 2008) and bioinformatics techniques (Marhaver et al. 2008). If the
microarray results represent heat-induced viral proliferation, then viral sequences must
have been cloned during cDNA library construction. Given that an oligo-dT primer
was used to target coral mRNAs, it is unlikely (though not impossible) that viral
genomes were cloned.
Conclusions

Overall, the findings presented here represent the first medium-scale
transcriptomic study focused on elucidating the molecular and cellular foundation of
thermal stress-induced coral bleaching. The results suggest that, as a consequence of
thermal stress, corals undergo: a heat shock response, oxidative stress, modifications
to the cytoskeleton, decreased calcification, decreased metabolism, increased
transposon activity, and transcription and translation modifications. The hypothesis
that oxidative stress leads to a disruption of intracellular Ca** homeostasis is powerful,
as it would explain why coral bleaching results in cytoskeletal modifications, changes
in cell adhesion properties, and the initiation of cell death via apoptosis and necrosis
(Figure 3). We hope that the differentially expressed genes reported here will be
evaluated as to their potential to serve as field-based biomarkers for coral health, and
as a starting point for protein-level expression, localization, and functional studies

(e.g. the SCRiPs, PXDN, Galaxin, FKBP12, PIWI, EF-hand, and C/EBPf). Future
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microarray studies on bleaching induced by light, darkness, and/or synergistic factors
(e.g. heat and light) will provide further insights into the molecular mechanisms
underlying bleaching. Time course studies, while more complex, are important in
order to study the temporal patterns of gene expression that produce the bleaching
response. Early time points (minutes to hours) are also necessary as large cellular
changes are likely to occur on this timescale.
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Table S1. qPCR primers used to amplify seven differentially expressed genes and one
housekeeping gene (CAON1295).

Table S2. All 309 differentially expressed genes from Experiment 1, a replicate (n=5)
dye-swap experiment comparing gene expression between partially bleached and
control M. faveolata fragments.

Table S3. All 280 differentially expressed genes from Experiment 2, a replicate (n=4)
time course experiment (Experiment 2) containing four time points. Expression
values in columns E-H represent log, ratios. Cluster assignments are based on K-
means clustering with eight defined groups.

Table S4. The 57 genes that were consistently differentially expressed in both
Experiments 1 and 2. Column E is the fold change difference between the Time Zero
and Partially Bleached time points in Experiment 2. This figure should be compared
to Column F — the fold change reported in Experiment 1.

Table S§5. The variance in gene expression between the five fragments of each
condition (control vs. heat-stressed) and the two technical replicates for each
microarray hybridization in Experiment 1. Expression data are reported as log, /
lowess transformed intensities for the seven genes validated using qPCR plus six

additional differentially expressed genes.
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FIGURES
Figure 1. Zooxanthellae cell count data from both Experiments 1 and 2. The mean
cell densities of five (Experiment 1) or four (Experiment 2) replicate fragments are
shown with standard deviations. Letters above bars denote statistical significance —
two means are significantly different (p<0.05) if their letters are different. The
difference between control and partially bleached in Experiment 1 is statistically
significant (Independent Samples t-test, p<0.001). According to a One Way Repeated
Measures ANOVA with Tukey post-hoc testing, all pair-wise comparisons in

Experiment 2 are significantly different with the exception of time zero vs. 1-day.
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Figure 2. Annotated differentially expressed genes from a replicate (n=4) time course
experiment (Experiment 2) containing four time points. K-means clustering was
performed to group genes by common temporal expression patterns. For clusters 1-4
and 7-8, only annotated genes are presented. For clusters 5 and 6, only those
annotated genes that show changes in expression between time points are presented.
Asterisks denote genes that were also differentially expressed in Experiment 1 (Table
1): * = opposite patterns of gene expression, and ** = similar patterns of gene
expression between Experiments 1 and 2. All clusters are on the scale of -1 to +1 log,
ratio (upper scale bar), except for clusters 1 and 3 (denoted by a *), which are on the

scale of -3 to +3 log, ratio (lower scale bar).
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Figure 3.

A) A proposed model of cellular processes leading to coral bleaching. Thermal stress
leads to reactive oxygen species (ROS) formation in the electron transport chains of
the zooxanthellae (Z) plastids (C), and the mitochondria (Mt) of both coral and
zooxanthellae. ROS cause oxidative stress in the coral cell, the formation of reactive
nitrogen species (RNS) in combination with nitric oxide (NO), and a disruption of
Ca’" homeostasis (marked by a rise in intracellular [Ca®]). Disruption of Ca*"
homeostasis causes cytoskeletal rearrangement, cell adhesion changes, decreased
calcification, and the initiation of cell death. Thermal and oxidative stress in both
coral and zooxanthellae lead to decreased metabolism, which also contributes to
decreased calcification and cell death. Color-coding is meant to connect cellular
processes with differentially expressed genes reported in this study. ER =
endoplasmic reticulum, and N = nucleus. For gene abbreviations see Table 1 and
Figure 2.

B) A mechanism by which oxidative stress can lead to a disruption in Ca®"
homeostasis. In healthy cells, calmodulin (CaM) and FKBP12 inhibit the activity of
ryanodine receptors (RyRs) such that Ca*"is only released from the ER during
necessary Ca’” signaling events. Our data show that both CaM and FKBP12 are
down-regulated during bleaching. These findings, in addition to published reports
showing that oxidative stress leads to oxidative modifications to CaM and RyRs,

suggest that RyR regulation is inhibited in bleached corals.
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TABLES
Table 1. Annotated differentially expressed genes from a replicate (n=5) dye-swap
experiment (Experiment 1) comparing gene expression between partially bleached and
control M. faveolata fragments. Fold changes of gene expression are shown with Fs
values, FDR-adjusted permutation p-values, and qPCR estimates (for six validated
genes). Genes are grouped according to GO biological processes, GO cellular
components, or manually defined categories. Functional roles are designated by GO
molecular function or manually defined functions based on literature and database

searches.
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Table 1.

GenBank Acc. Clone ID Annotation Putative Functional Role Fold A Fs val P val qPCR
Extracellular matrix proteins

DR987943 AOSF1176  Galaxin Soluble protein of the organic matrix -3.45 71.52  0.000
DR987689 AOSF997 Peroxidasin (PXDN) ECM consolidation, peroxidase activity -2.84  129.32  0.000 -10.36
DR988087 AOSF1268  Procollagen, type I, alpha 2 ECM structural constituent -2.45 32.58  0.000
DR987812 AOSF1095  SCP-like extracellular protein (SCP) Ca2+ chelating serine protease -1.88 42.83  0.000
DR987160 AOSF561 Matrix metalloproteinase (MMP) Metalloendopeptidase activity 1.53 28.43  0.000 2.74
Cysteine-rich peptide activity

DR987097 AOSF513 Scleractinian cysteine-rich polypeptide 3A (SCRiP3A)  Unknown; secreted peptide -3.99 68.52  0.000
DR987884 AOSF1140  Scleractinian cysteine-rich polypeptide 5 (SCRiP5) Unknown; secreted peptide -3.62 54.24  0.000
DR987486 AOSF810 Scleractinian cysteine-rich polypeptide 8 (SCRiP8) Unknown; secreted peptide -3.18 44.71 0.000 -22.14
DR987097 AOSF1192  Scleractinian cysteine-rich polypeptide 2 (SCRiP2) Unknown; secreted peptide -3.11 38.16  0.000 -6.53
DR987965 AOSF1190  Scleractinian cysteine-rich polypeptide 7 (SCRiP7) Unknown; secreted peptide -1.67 19.10  0.000
DR987831 AOSF1109  Scleractinian cysteine-rich polypeptide 1 (SCRiP1) Unknown; secreted peptide -1.21 8.68 0.018

Oxidative stress proteins

DR988371 AOSF1447  Glutathione s-transferase mu (GST-M) Detoxification of endogenous compounds -1.29 10.46  0.009
DR987313 AOSF666 Zinc RING finger protein 7 (SAG) Lipid peroxide defense; protein ubiquitination 1.15 11.14  0.007
DR987062 AOSF483 Glutathione S-transferase sigma-like (GST-S) Detoxification of endogenous compounds 1.26 7.14  0.033

Heat shock proteins

DR988373 AOSF1451 90-kda heat shock protein (HSP90) Refolding of denatured proteins 1.28 1493  0.001
DR987088 AOSF505 TCP-1 chaperonin family, zeta subunit (TCP-1) Refolding of denatured proteins 1.36 30.02  0.000

Ca2+ homeostasis proteins

DR987851 AOSF1123  EF-hand domain protein Ca2+ binding domain -1.66 35.56  0.000 -2.58
DR987178 AOSF573 Calmodulin (CaM) Ca2+ binding, adaptation of rhodopsin-mediated signaling -1.38 16.56  0.001
DR987514 AOSF836 FK506-binding protein 12 (FKBP12) Refolding of denatured proteins; Ca2+ channel regulation -1.35 3349  0.000
Cytoskeletal proteins / Cell adhesion molecules

DR988150 AOSF1307  Gelsolin (GSN) Calcium-regulated, actin-severing protein -1.83 29.72  0.000
DR986355 AOSB404 Tropomyosin (TPM) Actin-binding cytoskeletal component -1.52 945 0.014
DR988440 CAOO0655 Neurofascin homolog (NFASC) Neural cell-cell adhesion -1.32 10.27  0.010

FE039783 CAON1906 Lethal giant larvae homolog 2 (LGL2) Cytoskeleton organization, hemidesmosome assembly -1.25 24.18  0.000
DR988233 AOSF1357  Myosin 9A (MYO9A) Actin-dependent ATPase activity 1.12 772 0.026
DR987660 AOSF976 Fat tumor suppressor homolog 1 (FATI) Cadherin-mediated adhesion and signaling 1.14 930 0.014
DR987650 AOSF969 Myosin 7A (MYO7A) Actin-dependent ATPase activity 1.28 3041  0.000
Transposon activity

DR988354 AOSF1434  PAZ domain/Piwi-like subfamily (PIWI) Retrotransposon regulation -1.51 12.70  0.004
DR988240 CAON1787 Reverse transcriptase Transcription of single-stranded RNA into cDNA 1.11 6.99  0.035
DR988440 AOSF1490  Novel transposon Transposable element activity 1.20 11.67  0.005

FE039892 CAONS537 Pol-like protein Nuclease/transposase/RNase activity 1.23 845  0.020
DR988412 AOSF1473  Reverse transcriptase Transcription of single-stranded RNA into cDNA 1.30 13.34  0.003
DR987618 AOSF 936 Reverse transcriptase Transcription of single-stranded RNA into cDNA 1.33 927 0.014
DR987618 AOSF1088  Reverse transcriptase Transcription of single-stranded RNA into cDNA 1.52 38.90  0.000
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Table 1, continued.

GenBank Acc. Clone ID Annotation Putative Functional Role Fold A Fs val P val qPCR
Cell signaling proteins

DR988240 AOSF1361  Rhodopsin-like G protein-coupled receptor Rhodopsin-mediated signaling -1.77 29.41  0.000
DR987569 AOSF882 CCAAT/enhancer binding protein § (C/EBPp) Transcription factor activity -1.52 25.38  0.000 -2.55
DR986829 AOSC957 Ets domain transcription factor (Pointed subfamily) Transcription factor activity -1.14 7.15  0.033
Nucleosome / Transcription related proteins

DR987246 AOSF622 H2A histone family, member V, isoform 1 Nucleosome assembly -1.47 19.45  0.000
DR988012 AOSF1219  Histone protein H3 Nucleosome assembly -1.40 18.76  0.000
DR988033 AOSF1233  Histone H2A, isoform 1 Nucleosome assembly -1.28 6.24  0.047
FE040071 CAONS876 High mobility group AT-hook 2 (HMGA2) Maintenance of chromatin architecture; transcriptional reg. -1.21 8.50  0.019
DR986454 AOSB760 SNF2 and DEXH-box helicase domain protein Unwinding of DNA double helix 1.05 6.96  0.035
FE039615 CAONI1597 Bromodomain containing 8 (Brd8) Component of histone acetylase complex 1.15 22.11  0.000
Metabolic proteins

FE040151 CAON999 Methionine adenosyltransferase 1o (MAT1a) S-adenosylmethionine biosynthesis -1.86 89.05  0.000
DR988384 AOSF1456  Quinoid dihydropteridine reductase (QDPR) Amino acid metabolism; tetrahydrobiopterin biosynthesis -1.37 10.25  0.010
FE040110 CAON943 NADH-ubiquinone oxidoreductase (NADH-ubiq) Mitochondrial electron transport -1.20 1220  0.004
DR987599 AOSF914 CDGSH iron sulfur domain 1 Tron transport into mitochondria -1.18 11.67  0.005
DR987302 AOSF657 Eukaryotic cobalamin-binding protein Vitamin B12 binding and transport -1.16 7.85  0.025
FE039547 CAONI1459  Ferritin (FTN) Iron binding and homeostasis -1.11 9.53  0.013
Protein synthesis

DR986615 AOSF1234  Ribosomal protein L9 Protein synthesis; structural constituent of ribosome -1.47 7.42  0.029
DR988446 AOSF1167  Ribosomal protein S3 Protein synthesis; structural constituent of ribosome -1.34 1191  0.005
DR988446 AOSF1493  Ribosomal protein S5 Protein synthesis; structural constituent of ribosome -1.31 24.70  0.000
DR987242 AOSF620 Eukaryotic translation initiation factor Regulation of translation initiation -1.30 20.59  0.000
DR988266 AOSF1376  Ribosomal protein S7 Protein synthesis; structural constituent of ribosome -1.24 12.01  0.005
DR987703 CAO0O02477 Ribosomal protein L23 Protein synthesis; structural constituent of ribosome -1.24 12.19  0.004
DR988328 AOSF1416  Ribosomal protein X-linked Protein synthesis; structural constituent of ribosome -1.23 777  0.025
DR986825 AOSC944 Ribosomal protein S25 Protein synthesis; structural constituent of ribosome -1.23 7.62  0.027
FE040377 CAO0O02543  Splicing factor, arginine/serine-rich 4 Regulation of pre-mRNA splicing -1.20 6.83  0.037
DR987703 AOSF1009  Ribosomal protein L26 Protein synthesis; structural constituent of ribosome -1.19 10.14  0.010
DR986810 AOSC908 Ribosomal protein L12 Protein synthesis; structural constituent of ribosome -1.18 21.94  0.000
DR986717 AOSC713 Ribosomal protein L3 Protein synthesis; structural constituent of ribosome -1.17 695  0.035
DR988078 AOSF1264  Ribosomal protein L14 Protein synthesis; structural constituent of ribosome -1.17 6.89  0.036
DR986615 AOSC490 Ribosomal protein S2 Protein synthesis; structural constituent of ribosome -1.14 8.64 0.018
FE040562 CA00902 Elongation factor la (EFla) Regulation of translation initiation -1.12 16.13  0.001
Miscellaneous proteins

DR987865 AOSF1131  Green fluorescent protein homolog (GFP) Energy transfer acceptor -1.67 2747  0.000
DR988485 AOSF1521  USP-like protein Universal stress protein (Bacteria) -1.58 27.58  0.000
DR987591 AOSF907 BPTI/Kunitz family of serine protease inhibitors Serine-type endopeptidase inhibitor activity -1.51 16.12  0.001
DR986515 AOSB1028  Ubiquitin-conjugating enzyme E2S Ubiquitination of proteins -1.46 7.75  0.025
FE040166 CAOO1050  Proline-rich protein Unknown -1.18 8.13  0.022
DR988087 CAO00526 Probable transport protein sec61 alpha subunit Protein targeting, transport, secretion -1.14 6.26  0.046
DR987207 AOSF595 Astacin domain containing protein Zinc-regulated peptidase 1.09 3145  0.000
DR987088 AOSF387 Tachylectin-2 precursor Lectin that binds N-acetyl-glucosamine and -galactosamine 1.10 7.14  0.033
DR988170 AOSF1319  Zinc finger, NFX1-type containing 1 Zinc ion-binding transcription factor 1.12 7.86  0.024
DR988384 CAON1194  Proline-rich salivary protein Defense against plant polyphenolic compounds 1.22 7.57  0.028
DR987159 AOSF560 Ubiquitin specific protease 24 (USP24) De-ubiquitination of proteins 1.27 11.53  0.006
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CHAPTER 2

TRANSCRIPTOMIC RESPONSES TO HEAT STRESS AND BLEACHING IN THE
ELKHORN CORAL ACROPORA PALMATA

ABSTRACT

The emergence of genomic tools for reef-building corals and symbiotic
anemones comes at a time when alarming losses in coral cover are being observed
worldwide. These tools hold great promise in elucidating novel and unforeseen
cellular processes underlying the successful mutualism between corals and their
dinoflagellate endosymbionts (Symbiodinium spp.). Since thermal stress triggers a
breakdown in the symbiosis (coral bleaching), measuring the transcriptomic response
to thermal stress-induced bleaching offers an extraordinary view of the cellular
processes specific to coral-algal symbioses. In the present study, we utilized a cDNA
microarray containing 2,059 genes of the threatened Caribbean Elkhorn coral
Acropora palmata to identify genes differentially expressed upon thermal stress.
Fragments from replicate colonies were exposed to elevated temperature for two days,
and samples were frozen for microarray analysis after 24 and 48 hours. 204 genes
were differentially expressed in samples collected one day after thermal stress, and
104 genes were differentially expressed in samples collected two days after thermal
stress. Analysis of the differentially expressed genes indicate a cellular stress response
in 4. palmata involving: (1) growth arrest; (2) chaperone activity; (3) nucleic acid
stabilization and repair; and (4) the removal of damaged macromolecules. Other

differentially expressed processes include sensory perception, metabolite transfer
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between host and endosymbiont, nitric oxide signaling, and modifications to the actin
cytoskeleton and extracellular matrix. The results are compared to those from a
previous coral microarray study of thermal stress in Montastraea faveolata pointing to
an overall evolutionary conserved bleaching response in scleractinian corals.
INTRODUCTION
Coral reefs represent the most diverse marine ecosystem, yet numerous
anthropogenic stressors currently threaten their vitality (Hoegh-Guldberg et al. 2007).
Understanding how scleractinian corals and their associated microbes (especially the
photosynthetic dinoflagellates of the genus Symbiodinium) will respond to future
stress requires knowledge of the molecular and cellular basis of the symbiosis itself
and the events that lead to the collapse in symbiosis (i.e. bleaching). Genomic-scale
approaches can help attain a new level of understanding, which in turn can propel the
study of coral symbiosis into the realm of systems biology, whereby predictive
mathematical models can more efficiently extract information from genomic studies.
Initial ventures into the field of coral functional genomics have focused on

environmental stress in natural populations of Montastraea faveolata (Edge et al.
2005, Morgan et al. 2005, Edge et al. 2008), thermal stress and bleaching in M.
faveolata (DeSalvo et al. 2008), development in Acropora millepora (Grasso et al.
2008), and the transcriptomic response to symbiosis establishment in M. faveolata and
Acropora palmata (Voolstra et al. 2009). Also relevant to this burgeoning discipline
are microarray studies on the temperate symbiotic anemone Anthopleura

elegantissima. Rodriguez-Lanetty et al. (2006) measured transcriptomic differences
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between symbiotic and aposymbiotic anemones, and (Richier et al. 2008) quantified
gene expression following UV and thermal stress. These initial studies have provided
a wealth of information on the molecular basis of cnidarian-algal symbioses and the
transcriptomic response to thermal stress and bleaching. Not only have studies on
stress corroborated early findings (e.g. the involvement of oxidative stress and
apoptosis), but they have also revealed new aspects of cnidarian physiology (e.g. the
involvement of cytoskeletal remodeling, ribosomal protein transcript down-regulation,
and Ca”" homeostasis disruption) relevant to thermal stress and bleaching (DeSalvo et
al. 2008, Richier et al. 2008).

Perhaps the most exciting results from early transcriptomic studies on
cnidarian stress are transcripts encoding cell signaling molecules, transcription factors,
transport proteins, and extracellular matrix proteins differentially expressed during
stress. These newly identified focal molecules are prime candidates for future inquiries
given that the precise cellular signaling mechanisms of bleaching are still unknown.
For example, the following candidates overlap between the differentially expressed
genes reported in DeSalvo et al. (DeSalvo et al. 2008) and (Richier et al. 2008):
CCAAT/enhancer binding protein transcription factors, tropomyosin (an actin binding
cytoskeletal protein), sec61 (an ER protein translocation channel), and tissue factor
pathway inhibitor (a member of the BPTI/Kunitz family of serine protease inhibitors).

Studying bleaching mechanisms in zooxanthellate cnidarians such as 4.
elegantissima, Aiptasia pallida, and scleractinian corals offers the advantage of taking

an evolutionary comparative approach. The aforementioned anemones are highly
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amenable to laboratory culture and manipulation and thus hold much promise in the
study of cnidarian bleaching mechanisms (Weis et al. 2008). In the interest of directly
studying bleaching in reef-building corals, we have taken a comparative approach by
investigating the transcriptomic response to bleaching in the Robust clade coral M.
faveolata (DeSalvo et al. 2008) and the Complex clade coral 4. palmata (present
study). This approach enables us to ask questions such as: do coral species separated
by 240-288 Ma (Medina et al. 2006) respond similarly (on transcriptomic and
organismal levels) to thermal stress and bleaching? Despite known differences in the
bleaching susceptibilities of branching versus encrusting corals (e.g. Loya et al. 2001),
we hypothesized that the overall transcriptomic responses to bleaching are consistent
in these divergent species. A similar approach used by Voolstra et al. (Voolstra et al.
2009) found that larvae of A. palmata and M. faveolata responded similarly to
infection by competent and incompetent strains of Symbiodinium spp.

In the present study, we report a microarray-based experiment of thermal stress
and bleaching in Acropora palmata. The experiment was performed concurrently with
our previous study on thermal stress and bleaching in Montastraea faveolata (DeSalvo
et al. 2008). While A. palmata bleached faster given the same temperature increase,
the transcriptomic response was very similar to the one observed in M. faveolata.
Specific similarities and differences are discussed in-depth, and the functional
annotations of differentially expressed genes are discussed in the context of previous
findings, thus extending the current view of both the cellular stress response and the

cellular mechanisms underlying coral bleaching.
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MATERIALS AND METHODS
Field experiment

The field experiment was performed at the Smithsonian Tropical Research
Institute’s Bocas del Toro field station in Panama during September and October
2006. Four colonies of A. palmata were sampled from two separate reefs 21 km apart
(two colonies from Isla Solarte — 9°19°56.78” N and 82°12°54.65” W, and two
colonies from Cayos Zapatillas —9°15°08.79” N and 82°02°24.63” W). Each colony
was broken into six fragments using a hammer and chisel. For each colony, three
fragments were placed in a control aquarium, and three fragments were placed in an
experimental aquarium fitted with two 200-Watt aquarium heaters (each colony was
represented by a pair of 75 liter aquaria). The four control and four experimental
aquaria were each placed in large fiberglass ponds equipped with continuous water
flow to buffer ambient temperature fluctuations.

All aquaria were exposed to shaded ambient light, and each aquarium was a
closed system (but contained a pump to generate continuous water flow). Fragments
were kept at a depth of ~25cm. HOBO Pendant Temperature/Light Data Loggers
(Onset Corp UA-002-64) recorded temperature and light data every three minutes.
These data loggers are not designed to measure photosynthetically active radiation;
therefore, relative light levels in the aquaria are reported as the percentage of the
average 10am to 2pm light intensity measured on a reef ~4m deep in Bocas del Toro
(9°22°68.4” N and 82°18°24.6” W) during September and October 2007. Light

intensity differed slightly between the four aquaria fitted with HOBOs (control aquaria
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1 — 43%; control aquaria 2 — 46%; heated aquaria 1 — 35%; and heated aquaria 2 —
34% of reef light).

After an acclimation period of four days at the natural temperature of the
seawater system (mean temperature = 30.29+0.07°C), a fragment from each control
and experimental aquaria was sampled (tOC and tOH). After time zero sampling, the
heaters in each of the experimental aquaria were turned on. The temperatures of the
experimental aquaria increased to ca. 32°C over three hours. The mean temperature of
the control aquaria during the entire experiment was 29.74+0.03°C, and the mean
temperature of the heated aquaria was 32.72+0.32°C. Control and experimental
fragments were sampled again one day (1dC and 1dH) and two days (2dC and 2dH)
after turning on the heaters. Heated fragments from one of the colonies (colony 3)
showed extreme bleaching after one day of thermal stress. The remaining fragment of
colony 3 was removed at this time to avoid fouling of the water due to death. Thus,
there are four replicates for tOC, tOH, 1dC, and 1dH, and three replicates for 2dC and
2dH. All samples were taken at night and frozen in liquid nitrogen. Immediately prior
to freezing, a polyp-size tissue scraping (~12.6 mm?”) was preserved in 1 mL of 3.7%
formaldehyde for Symbiodinium cell density counts.

Symbiodinium cell counts and 18S rRNA gene RFLP analysis

The formaldehyde-fixed tissue scrapings were homogenized by maceration
with a dissecting needle and vortexed. Cell counts were performed with a
hemocytometer. Eight replicate cell counts were averaged for each coral genotype at

each time point. After testing for normality and equal variances within time points,
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significance between time points was assessed using a one-way ANOVA and pairwise
post-hoc testing via the Fisher LSD method. All statistical tests were performed using
SigmaStat 3.11.

Genomic DNA was isolated from frozen coral powder (see below) using the
PowerPlant DNA Isolation kit (MoBio). The Symbiodinium 18S ribosomal RNA gene
was amplified from all samples using the primers ss5 and ss3Z (Rowan & Powers
1991). The resulting 1.5kb fragment was digested with Taql restriction enzyme, and
the resulting fragments were compared to Symbiodinium clade standards (Rowan &
Knowlton 1995).

RNA extraction and microarray hybridization

Total RNA from all frozen coral fragments was isolated using QIAzol lysis
reagent (Qiagen). Coral tissue was chiseled off each coral fragment and homogenized
using a pre-chilled mortar and pestle (this method did not efficiently lyse
endosymbiont cells). The frozen powder was transferred directly to QIAzol. Three
chloroform extractions were performed, followed by isopropanol precipitation and
three washes in 70% ethanol. RNA pellets were re-dissolved in nuclease-free water
and cleaned with RNeasy Mini columns (Qiagen). RNA quantity and integrity were
assessed with a NanoDrop ND-1000 spectrophotometer and an Agilent 2100
Bioanalyzer, respectively.

The microarray used in this study consisted of 2,059 PCR-amplified cDNAs
(spotted in duplicate) chosen from coral host-specific cDNA libraries described in

Schwarz et al. (2008). Microarray post-processing and hybridization protocols

76



followed previously published methods (DeSalvo et al. 2008), with a few slight
changes. Briefly, one pg of total RNA was amplified using the MessageAmp II aRNA
kit (Ambion), and 3 pg of aRNA per sample were primed with 10 pg random nonamer
for 10 min at 70°C. Reverse transcription (RT) lasted for 2 hr at 50°C using a master
mix containing a 4:1 ratio of aminoallyl-dUTP to TTP and SuperScript III reverse
transcriptase (Invitrogen). Following RT, single-stranded RNA was hydrolyzed by
incubating the RT reactions in 10 pL 0.5M EDTA and 10 pL 1M NaOH for 15 min at
65°C. After hydrolysis, RT reactions were cleaned using MinElute Reaction Cleanup
columns (Qiagen). Cy3 and CyS5 dyes (GE Healthcare) were dissolved in 18 pL
DMSO, and the coupling reactions lasted for 1 hr at room temperature in the dark.
Dye-coupled cDNAs were cleaned (MinElute), and Cy3- and Cy5-labeled cDNAs
were mixed together in a hybridization buffer containing 0.25% SDS, 25 mM HEPES,
and 3x SSC. The hybridization mixtures were boiled for 2 min at 99°C then allowed to
cool at room temperature for Smin. The cooled hybridization mixtures were pipetted
under an mSeries Lifterslip (Erie Scientific), and hybridization took place in custom-
fabricated hybridization chambers overnight at 63°C. Microarrays were washed twice
in 0.6x SSC and 0.01% SDS followed by a rinse in 0.06x SSC and dried via
centrifugation.
Microarray data analysis

Slides were immediately scanned using an Axon 4000B scanner (Molecular
Devices) where care was taken to balance photomultiplier tube (PMT) settings.

Gridding was performed using GenePix Pro 6.0. TIGR Express Converter was used to
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convert GenePix results files into .mev files for input into TIGR MIDAS 2.19 (Saeed
et al. 2003). Data for a particular spot were discarded according to the stringent one
bad channel policy. Additional data were discarded if spots had been flagged during
gridding in GenePix, and if the intensity in either channel was less than 30,000 units.
After filtering, background-subtracted median intensity values were LOWESS
normalized, and in-slide duplicates were averaged. Both PMT balancing and
LOWESS normalization equalize for differing amounts of host RNA input (a potential
issue when processing tissue where endosymbiont densities can vary). Microarray
hybridization data (both raw and normalized) are deposited in GEO with the series
record number GSE16151.

We employed a reference design where all control and heat-stressed samples
(labeled with Cy5) were compared to a pooled reference aRNA sample (labeled with
Cy3) composed of aRNA from the four tOC fragments. Since all RNA samples were
compared to the reference sample, direct comparisons of gene expression across all
time points and conditions can be performed. Furthermore, dye swapping is not
needed in a reference design since all samples contain the same dye bias.

Genes were included in statistical analyses only if there were data for three out
of four replicates for tOC, tOH, 1dC, and 1dH, and two out of three replicates for 2dC
and 2dH. This left 1,697 genes for statistical analyses of gene expression. Missing
values were imputed using PAMR (Tibshirani et al. 2002). The ratio between the
fluorescence intensity of the two channels was then used as input for BAGEL

(Bayesian Analysis of Gene Expression Levels) (Townsend & Hartl 2002). The
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BAGEL software uses Bayesian probability to infer a relative expression level of each
gene and statistical significance of differentially expressed genes. BAGEL computes
an estimated mean and 95% credible interval of the relative level of expression of each
gene in each treatment and time point (i.e. tOC, tOH, 1dC, 1dH, 2dC, and 2dH). We
used the conservative gene-by-gene criterion of non-overlapping 95% credible
intervals to regard a gene as significantly differentially expressed. Genes significant at
lday satisfied the following conditions: tOC=tOH, 1dH#0C, 1dH#t0H, 1dH#1dC.
Genes significant at 2days satisfied the following conditions: tOC=tOH, 2dH#t0C,
2dH#tOH, and 2dH#2dC. Genes significantly different at both days were the overlap
between the previous two tests. Genes significantly different between 1dH and 2dH
had to be among those genes significant on both days and also satisfy the additional
test IdH#2dH. Clustering of genes differentially expressed at both 1d and 2d were
performed in TIGR TMEV 4.0 (Saeed et al. 2003) using hierarchical clustering
according to Euclidean distance and average linkage. To assess over-representation of
Gene Ontology (GO) terms in the lists of significant genes, we used default values in
GOEAST (Zheng & Wang 2008) except no correction was made for multiple testing,
and the significance cutoff was set to a = 0.01. These parameters were empirically
chosen as they produced results that were best reflected by the data. All clone
annotations are available via our EST database:
http://sequoia.ucmerced.edu/SymBioSys/index.php.

Quantitative real-time PCR (qRT-PCR)
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In order to validate and complement microarray gene expression patterns,
qRT-PCR was performed for three housekeeping genes (HKGs) and three
differentially expressed genes. Additionally, we quantified the expression of eight
genes in order to evaluate pathways thought to be involved in the cellular mechanisms
of cnidarian bleaching. cDNAs were synthesized from 1 pg of aRNA using
SuperScript III reverse transcriptase (Invitrogen). cDNA synthesis reactions were
diluted ten-fold to a final volume of 200 pL. qRT-PCR primers (Table S1) were
designed using Primer Express 3.0 (Applied Biosystems) based on available 4.
palmata EST sequences, and test-PCRs confirmed specific amplification of the desired
amplicons (70-100 bp). Two puL of cDNA were used in triplicate 12.5 uL qPCR
reactions with 0.2 uM primers and Power SYBR Green PCR Master Mix (Applied
Biosystems) for 40 cycles. Six candidate HKGs were identified using previously
described quantitative methods (Rodriguez-Lanetty et al. 2008). The three most stable
HKGs were identified using geNORM software (Vandesompele et al. 2002). The
pairwise variation of the normalization factor based on the three HKGs was 0.082
(less than the 0.15 cut-off suggested in Vandesompele et al. (2002)). The three HKGs
were: (1) AOKF904 — BUD13 homolog (E=1¢™*) — an mRNA splicing protein; (2)
AOKF1782 — Ribokinase (E=8¢™) —a protein involved in D-ribose metabolism; and
(3) AOKF1657 —a Ca2+—dependent protein kinase (E=6¢"°). Using calculations
outlined in Vandesompele et al. (2002), the QRT-PCR expression values for the
assayed genes were normalized to the geometric mean of the three HKGs. Statistical

significance in qRT-PCR data was assessed on the normalized expression levels for
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each timepoint and treatment using SigmaStat 3.11. If normality and equal variance
tests were satisfied, then a one-way ANOVA and Holm-Sidak post-hoc testing was
performed. If a normality test failed, then a Kruskal-Wallis one-way ANOVA on
ranks was performed with post-hoc testing via Dunn’s method.

RESULTS
Visual observations of bleaching and Symbiodinium cell densities

Heat-treated Acropora palmata displayed a high, yet variable sensitivity to a
3°C temperature increase. While one replicate (colony 1) showed no appreciable
bleaching after one day of stress, two replicates (colony 2 and colony 4) showed
definite slight bleaching, and the final replicate (colony 3) showed extreme bleaching.
After two days of thermal stress, colony 1 and colony 2 showed significant partial
bleaching, and colony 4 displayed near full bleaching.

Densities of Symbiodinium within the experimental coral fragments largely
corroborate visual observations. After one day of thermal stress, colony 1 experienced
no reduction in Symbiodinium density; colony 2 and colony 4, roughly 50%
reductions; and colony 3, a 75% reduction. This high variability can be seen in Figure
1 (high standard deviation for the 1day heated replicates). In contrast, the
Symbiodinium densities of the three heat-stressed replicates displayed low variability
after 2 days. Colony 1 experienced a 60% reduction; colony 2, a 50% reduction; and
colony 4, a 70% reduction. The results of a one-way ANOVA revealed a significant

difference among the treatment groups (p=0.01), and post-hoc pairwise testing
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revealed significant differences in the following comparisons: tOC vs. 1dH (p=0.008);
and all controls vs. 2dH (p<0.05) (Figure 1).

Symbiodinium 18S rRNA gene RFLP genotyping analyses revealed that all
fragments housed Symbiodinium clade A (data not shown). This finding is consistent
with previous reports documenting the monoassociation of A. palmata with clade A
(Baker et al. 1997).

Microarray gene expression analysis

Genes that were differentially expressed across the entire experiment represent
the overlap between 1day and 2day significant genes (see below). Seventy-four genes
were identified (Figure 2), which showed stable expression among the non-heat-
treated groups and marked changes upon thermal stress. Of these 74 genes, 43 were
down-regulated (56% annotated), and 31 were up-regulated (58% annotated). Fold
changes and functional groupings for selected genes presented in Figure 2 are listed in
Table 1 (annotations and fold changes for all differentially expressed genes can be
found in Table S2).

GOEAST identified 23 statistically over-represented GO terms among the list
of 74 significant genes (Table S3). Over-representation of the cellular component
chromatin (GO:0000785), the biological process DNA replication (GO:0006260), and
the molecular function chromatin binding (GO:0003682) strongly suggest reduced
DNA replication and cell division in heat-stressed samples given that all of the
differentially expressed genes in these categories were down-regulated (see “Cell

cycle regulation” in Table 1 and “CC” superscript in Figure 2). Additionally, the up-
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regulation of 11-cis retinol dehydrogenase (AOKF1403) and syntenin-1 (CAOH975),
and the down-regulation of eyes absent homolog 3 (AOKG2092) led to the over-
representation of the biological processes sensory perception (GO:0007600) and
neurological system process (GO:0050877) (see “Sensory perception” in Table 1).

We identified 204 differentially expressed in the 1day heat-stressed samples.
Of these 204 genes, 115 were up-regulated, and 89 were down-regulated following
thermal stress. 54% of the up-regulated genes were annotated, and 56% of the down-
regulated genes were annotated. These 204 genes contain the 74 genes differentially
expressed across the entire experiment (above), which leaves 130 genes unique to the
1day samples. Some clear trends emerge from studying the 130 genes expressed after
one day of thermal stress. Modification of the actin cytoskeleton, down-regulation of
cell cycle transcripts, up-regulation of protein folding transcripts, up-regulation of
transport transcripts, and differential expression of many signaling molecules and
transcription factors emerge as cellular processes being effected following one day of
thermal stress (Table 1). GOEAST over-representation analysis of these 130 genes
corroborates some of these findings. For example, the molecular functions heat shock
protein binding (GO:0031072) and transcription factor activity (GO:0003700) were
over-represented. In addition, the up-regulation of polyadenylate-binding protein 4
(AOKF1142), selenoprotein S (AOKF908), and transcriptional repressor NF-X1
(AOKG1293) transcripts led to the over-representation of the biological processes
response to external stimulus (GO:0009605) and inflammatory response

(GO:0006954) (Table S3).
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In the 2day heat-stressed samples, 105 genes were differentially expressed. Of
these 105 genes, 44 were up-regulated, and 61 were down-regulated following thermal
stress. 56% of the up-regulated genes were annotated, and 61% of the down-regulated
genes were annotated. Again, these 105 genes contain the 74 genes significant across
the entire experiment, which leaves 31 genes uniquely expressed at 2days. Some
notable differentially expressed genes are listed in Table 1. The up-regulation of
isocitrate lyase (AOKF1837), 1,4-a-glucan-branching enzyme (AOKF1308), synaptic
glycoprotein SC2 (AOKF818), and carnitine O-acetyltransferase (CAOG693)
transcripts led to the statistically significant over-representation of the GO biological
processes carbohydrate metabolic process (GO:0005975), carboxylic acid metabolic
process (G0O:0019752), and lipid metabolic process (GO:0006629). Another notable
over-represented GO category was the cellular component ribonucleoprotein complex
(GO:0030529) represented by the down-regulation of three ribosomal protein
transcripts and the up-regulation of La-related protein 7 transcripts (Table S3).

We were also interested in genes differentially expressed between 1dH and
2dH. Among the 74 genes significant across the entire experiment (Figure 2), only two
genes were significantly different between 1dH and 2dH. NF-kB p105 subunit (Death
domain — AOKF1682) decreases in expression from 1dH to 2dH, as does CAOI1144
(non-annotated). Thus, over 90% of the genes differentially expressed at both 1day
and 2day did not change expression as bleaching progressed.

Quantitative real-time PCR
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For the three genes that we validated via QRT-PCR, their direction of change
was consistent with the microarray results. However, their normalized expression
estimates were less than (26S proteasome non-ATPase regulatory subunit 5), greater
than (11-cis retinol dehydrogenase), or highly similar to (NF-xB) the microarray-
estimated fold changes (Table 2). Instead of confirming the significance of more
differentially expressed genes, we chose to assay eight genes not present on the
microarray in order to evaluate pathways thought to be involved in the cellular
mechanisms of cnidarian bleaching. Three of these eight genes were not significantly
differentially expressed in the thermally stressed samples (Cu/ZnSOD, E3 ubiquitin-
protein ligase Mdm2, and caspase-3). Of the remaining five genes, two were up-
regulated upon thermal stress: TNF receptor-associated factor 3 (TRAF3) and NF-kB
p105 (Rel homology domain); and three were down-regulated upon thermal stress:
nitric oxide synthase-interacting protein (NOSIP), TP53-regulated inhibitor of
apoptosis 1 (p53CV), and autophagy-related protein 12.

DISCUSSION
The cellular stress response in Acropora palmata

Many differentially expressed genes identified in the present study are
involved in the cellular stress response, which can be defined as the response of the
coral to stress-induced damage to cellular macromolecules. In the case of symbiotic
corals, multiple stressors can lead to bleaching. For example, thermal stress causes
bleaching, but the bleaching process is invariably the result of both thermal stress and

oxidative stress (Lesser 1997) given that thermal stress causes reactive oxygen species
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(ROS) formation in the host mitochondria (Dykens et al. 1992, Nii & Muscatine
1997), and heat and light stress causes ROS generation in Symbiodinium chloroplasts
(Lesser 1996, Jones et al. 1998). As the number of endosymbionts dwindles and
metabolites cease to be transferred from endosymbiont to host and vice versa, osmotic
stress is produced (Mayfield & Gates 2007).

Our results provide solid evidence of thermal and oxidative stress, and include
possible signatures of osmotic stress. We identified transcripts encoding four heat
shock proteins (HSPs) up-regulated in the 1day samples (Table 1). Interestingly, no
HSPs were differentially expressed in the 2day samples, which is consistent with the
idea that HSP expression ramps up in waves consistent with protein turnover (Gates &
Edmunds 1999). With respect to oxidative stress, the up-regulation of transcripts
encoding glutaredoxin-3 (AOKG480) and selenoprotein S (AOKF908) represents
increased protective mechanisms against ROS. Additionally, oxidative stress-
responsive transcription factors were up-regulated during thermal stress: nuclear factor
erythroid 2-related factor 3 (Nrf3) homologs (AOKF942 and AOKF1550) (Vargas et
al. 2006) and cAMP-dependent transcription factor ATF4 (CAOH936) (Harding et al.
2003). Interestingly, copper/zinc superoxide dismutase (Cu/ZnSOD — CCHX1276),
measured via qRT-PCR, was not significantly up-regulated in thermally stressed
samples, although the 1day stressed samples had an increase in expression (Table 2).
This protein was previously shown to increase in expression during thermal and light
stress (Downs et al. 2000, Lesser & Farrell 2004). Low light levels present during our

experiments may explain the insignificant Cu/ZnSOD up-regulation. With respect to
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osmotic stress, the up-regulation of transcripts involved in ion/macromolecular
transport (Table 1) may indicate osmoregulation. In our earlier study on M. faveolata
(DeSalvo et al. 2008), we observed transcriptomic signatures of heat and oxidative
stress but not osmotic stress.

Growth arrest. Discussed in Kultz (2003), the cellular stress response is highly
conserved in all organisms, and includes four main mechanisms: (1) growth arrest; (2)
up-regulation of chaperones (shown above); (3) nucleic acid stabilization and repair;
and (4) removal of damaged macromolecules. We found a marked down-regulation of
numerous genes involved in DNA replication and cell cycle progression in the present
study (Table 1 and Figure 2). Suppressing cell proliferation during stress conserves
energy and ensures that cells with damaged DNA do not divide. This transcriptomic
response was found in the fish Gillichthys mirabilis exposed to hypoxia (Gracey et al.
2001) and thermal stress (Buckley et al. 2006) and in murine kidney cells in response
to hyperosmotic stress (Kultz et al. 1998). The need to conserve energy during cellular
stress is also the likely reason behind the observed down-regulation of ribosomal
protein transcripts, which is consistent with previous studies in yeast (Herruer et al.
1988), Drosophila (Bell et al. 1988), and M. faveolata (DeSalvo et al. 2008).

Nucleic acid stabilization and repair. Our results do not show the up-
regulation of classic DNA repair proteins; however, Kultz (2003) mentions p53 and
NF-«B as eukaryotic pathways involved in DNA repair and chromatin stabilization.
The p53 transcription factor was previously found to be up-regulated during heat and

light stress in M. faveolata (Lesser & Farrell 2004). p53 is not present on our
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microarray, nor is it present in our 4. palmata EST libraries. However, we quantified
the expression of two genes within the p53 pathway using qRT-PCR: E3 ubiquitin-
protein ligase Mdm2 (CCHX13018.g1) and TP53-regulated inhibitor of apoptosis 1,
also known as p5S3CSV (CCHX1211) (Table 2). Mdm2-p53 binding prevents p53
from acting as a transcription factor and targets p53 for proteolytic degradation (Prives
& Hall 1999). Mdm2 was not differentially expressed in 4. palmata. While Mdm?2
down-regulation would have suggested p53 activation, our results suggest that corals
may regulate p53 activity via phosphorylation and acetylation, which is consistent
with other study systems (Prives & Hall 1999). p5S3CSV mediates survival in a p53-
dependent manner (Park & Nakamura 2005). We found this gene to be 2-fold down-
regulated in thermal stressed samples. Interestingly, Park and Nakamura (2005) found
that p5S3CSV was not induced during severe DNA damage. Thus, our results indicate
either severe DNA damage, or lack of p53 activation.

The NF-kB family of transcription factors regulates genes that control cell
death, cell adhesion, innate immunity, proliferation, inflammation, the cellular stress
response, and tissue remodeling (Perkins 2007). One member of this family is the NF-
kB p105 precursor, which encodes a protein that contains a Rel homology domain
(RHD), an ankyrin repeat domain (ARD), and death domain (DD). The p105 precursor
is post-translationally modified to generate the p5S0 subunit (RHD-containing
transcription factor) and I-kB (an inhibitor of the p50 subunit containing the ARD and
DD) (Pereira & Oakley 2008). Differences in NF-xB p105 gene architecture are

apparent in cnidarians. In Nematostella vectensis, all characterized NF-xB genes lack
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the I-kB-like sequences; however, loci distinct from NF-kB encode for I-kB-like genes
(Sullivan et al. 2007). Our results show the up-regulation of transcripts encoding two
proteins that contain homology to NF-kB p105: (1) CAOH485 (2-fold up-regulated at
lday), which contains the ARD; and (2) AOKF1682 (over 5-fold up-regulated on both
days), which contains the DD (Table 1). Additionally, we performed qRT-PCR on
CCHX9815, another EST with homology to NF-kB p105 (containing the RHD) and
found it to be over 5-fold up-regulated in the heat stressed samples (Table 2). Based
on our most current EST assembly, CAOH485 (an [-xB-like sequence) and
CCHX99815 (an NF-«kB-like sequences) contain a poly-A tail, but AOKF1682 does
not. While further sequencing is needed to resolve NF-xB p105 gene architecture in 4.
palmata, our results preliminarily indicate that the gene architecture in 4. palmata is
similar to V. vectensis in that NF-kB genes may be encoded by loci distinct from [-xB
genes. We also quantified the expression of TNF receptor-associated factor 3 (TRAF3
— CCHX4259.b1), a protein involved in the activation of NF-kB, via qRT-PCR.
TRAF3 was up-regulated over 20-fold in heat stressed samples (Table 2).
Interestingly, the expression levels of the [-kB-like sequences became non-significant
(CAOH485) or decreased (AOKF1682) after two days of stress, but the levels of the
transcription factor and the activator increased. These results show for the first time
the role of NF-«kB in signaling mechanisms during coral bleaching and suggest that the
balance between NF-kB inhibition and activation may have been tipped towards

activation in our experiment.
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Removal of damaged macromolecules. Thermal and oxidative damage to
cellular proteins leads to increased protein degradation via ubiquitin/proteasome-
mediated proteolysis. In the context of coral health, increased protein levels of
ubiquitin were found in stressed corals (Downs et al. 2000, Downs et al. 2002, Downs
et al. 2005). We clearly see up-regulation of transcripts involved in protein
degradation. Ubiquitin (AOKF1154), E3 ubiquitin protein ligase NRDP1
(AOKF1969), and ubiquitin-conjugating enzyme E2A (AOKG649) were 1.5 to 2.9
fold up-regulated at 1day. Furthermore, E3 ubiquitin protein ligase DZIP3
(CAOG662) was up-regulated at both days (Table 1). The up-regulation of ubiquitin
and ubiquitin-conjugating enzyme E2A clearly suggests increased targeting of proteins
for degradation in the proteasome.

When stress intensity increases to a point at which the organism can no longer
maintain homeostasis, cell death pathways are often initiated as part of the stress
response (Kultz 2003). Apoptosis, or programmed cell death, has received
considerable attention in the coral bleaching field, and indeed, numerous studies have
found apoptotic bodies or apoptosis molecular markers in bleached tissue preparations
(reviewed in Weis 2008). Two additional bleaching mechanisms have recently been
studied in symbiotic cnidarians: autophagy, the process by which a cell degrades its
own components, e.g. organelles (Dunn et al. 2007); and symbiophagy, an autophagic
process whereby the host consumes its endosymbiont (Downs et al. 2009).

Our previous study (DeSalvo et al. 2008) contained two pro-apoptotic signals;

however, the present study contains both pro- and anti-apoptotic signals.
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Transcriptional repressor NF-X1 (AOKG1293) and polyadenylate-binding protein 4
(PABP4 — AOKF1142), whose transcripts were both up-regulated at 1day (Table 1),
together stimulate telomerase reverse transcriptase, which enhances anti-apoptotic
signaling during oxidative stress (Katzenellenbogen et al. 2007). The up-regulation of
apoptosis regulator R1 (AOKF1649) is also anti-apoptotic. This gene is a member of
the Bcl-2 family, which contains potent inhibitors of cell death (Hockenbery et al.
1990, Shimizu et al. 1996, Clem et al. 1998). We measured the mRNA transcript
levels of caspase-3 (CCHX15353.b1) via qRT-PCR and found that the gene was not
differentially expressed during thermal stress (Table 2). This likely reflects previous
findings that caspase-3, an executioner caspase, requires activation via post-
translational modification (Boatright & Salvesen 2003). The only pro-apoptotic signal
among the differentially expressed genes was the aforementioned down-regulation of
TP53-regulated inhibitor of apoptosis 1 (CCHX1211). This protein mediates survival
by inhibiting the activation of caspases (Park & Nakamura 2005), thus down-
regulation would seem to be pro-apoptotic. Simultaneous pro- and anti-apoptotic
signals likely point to tissue-specific responses to thermal stress.

Autophagy and symbiophagy also represent mechanisms by which the coral
can rid itself of damaged macromolecules, organelles, and endosymbionts. We
quantified the transcript abundance of Autophagy-related protein 12 (CCHX2749.b1)
via qRT-PCR and found it to be nearly 2-fold down-regulated in stressed A. palmata

(Table 2). Since this protein is required for autophagy (Mizushima et al. 1998), this
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result provides evidence against autophagic processes occurring in the present
experiment.
Other patterns of differential gene expression

Restructuring of the extracellular matrix. Thermal stress and bleaching in 4.
palmata was marked by a strong differential expression of ECM protein transcripts
(Table 1). Collagen a-1(II) chain (AOKF900) was the most differentially expressed
gene in the experiment — over 20-fold down-regulated in both 1day and 2day samples.
Interestingly, the ortholog of AOKF900 in M. faveolata (AOSF1268) was also down-
regulated during bleaching (DeSalvo et al. 2008). The down-regulation of collagen
either indicates: (1) reduced calcification during stress since this type of collagen is an
ECM structural constituent (GO:0005201) involved in chondrocyte differentiation and
skeleton formation in vertebrates (Cheah et al. 1991, Li et al. 1995); or (2) modified
cell adhesion properties since ECM deposition in coral cells (composed mainly of
collagen) was previously shown to mediate cell-cell and cell-substrate adhesion
(Helman et al. 2008). Disrupted cell adhesion in A. palmata may point to bleaching via
cell detachment (Gates et al. 1992). The remaining differentially expressed ECM
genes were up-regulated in the stressed samples. Papilin (AOKF939) and
carboxypeptidase inhibitor SmC1 (AOKF1161) are both Kunitz-type serine protease
inhibitors. The activities of these enzymes warrant further study since the ortholog of
AOKF1161 in M. faveolata (AOSF907) was responsive to thermal stress (DeSalvo et
al. 2008), and a protein with a Kunitz domain was also identified in Anthopleura

elegantissima exposed to UV stress (Richier et al. 2008). Tolloid-like protein 2
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(AOKF1669) — an ECM matrix metalloprotease involved in skeletogenesis (Scott et
al. 1999) — also represents a candidate for further study.

Sensory perception. Another group of differentially expressed genes in A.
palmata are related to neurological system processes (GO:0050877) and visual
perception (GO:0007601). 11-cis retinol dehydrogenase (AOKF1403 — §8-fold and 6.4-
fold up-regulated at 1day and 2days, respectively) catalyzes the final step in the
biosynthesis of 11-cis retinaldehyde, the universal chromophore of visual pigments.
Cnidarian visual ecology consists of a large body of literature dedicated to the camera-
type eye of the cubozoan Tripedalia cystophora (e.g. Kozmik et al. 2008) and eyeless
photoreception in Hydra (e.g. Santillo et al. 2006). It is worthy to note that our 4.
palmata EST libraries include other vision-related genes such as micropthalmia-
associated transcription factor — Mitf (CCHX11178), opsin-1 (CCHX12957.b1), and
phosducin-like protein (CCHX14045.b1). Additionally, cryptochrome-1 (AOKF2211
— involved in circadian rhythms) was up-regulated 1.5-fold at 1day. How these
sensory perception proteins may be involved in thermal stress responses, bleaching, or
be affected by the breakdown in symbiosis is unknown. Given the control aquaria
received roughly 10% more light than the heated aquaria, there also exists the
possibility that the differential expression of sensory genes was confounded by the
different light fields present during the experiment. Another possibility unrelated to
vision is that the up-regulation of 11-cis retinol dehydrogenase is related to nuclear

retinoic acid receptor activation and transcription regulation (Ross 1993).
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Metabolite transfer between host and endosymbiont. The transfer of
metabolites between the coral host and Symbiodinium is at the core of this ecologically
successful mutualism. The coral host provides the Symbiodinium with glycine,
ammonium, nitrate, sulfate, and guanine; the Symbiodinium provide the coral host
with glycolic acid, glycerol, glucose, alanine, lipids, and CO,; and both partners
shuttle cystine, methionine, and cystathione back and forth (e.g. Muscatine 1967,
Patton et al. 1977, Trench 1979, Papina et al. 2003). The down-regulation of the
following protein transcripts suggests changes in the dynamics of transfer from host to
endosymbiont: (1) multifunctional protein ADE2 (AOKF1956) -- involved in purine
synthesis (Chen et al. 1990, Gavalas et al. 1993); (2) methylenetetrahydrofolate
reductase (AOKF1692) -- involved in methionine synthesis (Yamada et al. 2005); and
(3) a neutral and basic amino acid transporter (AOKF878) -- involved in the transport
of cystine.

Conversely, the down-regulation of the following protein transcripts suggests
changes in the dynamics of transfer from endosymbiont to host; (1) 1,4-a-glucan-
branching enzyme (AOKF1308) -- needed to increase the solubility of glycogen, the
stored form of glucose; (2) glyceraldehyde-3-phosphate dehydrogenase (AOKG2283)
-- responsible for transforming glycerol into glyceraldehyde-3-phosphate; and (3)
vitellogenin-2 (CAOH1099) -- the major precursor of egg-yolk proteins. The ortholog
of vitellogenin-2 in M.faveolata (AOSF1022) was also down-regulated during
bleaching (DeSalvo et al. 2008). While the activities of the first two genes listed above

indicate the lack of exchange of glucose and glycerol from endosymbiont to host,
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suppressed host metabolism during thermal stress can also explain these observations.
Additionally, the activity of vitellogenin-2 may also be due to less vitellogenesis in
stressed corals, which is consistent with findings of lower reproduction in bleached
corals (Ward et al. 2002). Lastly, the up-regulation of cAMP-dependent transcription
factor ATF4 (CAOH936), which is responsive to amino acid starvation (Harding et al.
2003), supports the idea that the coral host loses the amino acid input from their
endosymbionts during bleaching.

In addition to identifying genes involved in the transfer of metabolites, our
results also indicate the presence of an alternative metabolic pathway in corals — the
glyoxylate cycle. Isocitrate lyase converts isocitrate to succinate and glyoxylate during
the first step in the glyoxylate cycle. The glyoxylate cycle allows for the use of fats to
synthesize carbohydrates (Kornberg & Madsen 1958). The pathway is present in
bacteria, yeast, plants, nematodes, and has more recently been discovered in insects
and vertebrates (Popov et al. 2005). The near 3-fold up-regulation of isocitrate lyase
(AOKF1837) at 2days suggests the host is not receiving sufficient carbohydrates from
their endosymbionts. In addition to isocitrate lyase, malate synthase is another
glyoxylate cycle-specific enzyme present in our EST libraries (CCHX12543.b1).
Malate synthase catalyzes the transformation of glyoxylate and acetyl-coA into
malate. Both malate synthase and isocitrate lyase are also present in the aposymbiotic
larval transcriptome of Acropora millepora (Meyer et al. 2009), and phylogenetic
analysis shows that both enzymes were acquired by cnidarians through horizontal gene

transfer (Kondrashov et al. 2006).
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Nitric oxide signaling. Perez and Weis (2006) provide evidence that nitric
oxide (NO) signaling is involved in the bleaching process. They showed that
exogenous NO causes bleaching in Aiptasia pallida, and that oxidative stress triggers
host production of NO. The hypothesized signaling events lead from ROS production
to activation of NF-xB which causes up-regulation of inducible nitric oxide synthase
(iNOS). NO then acts as a secondary messenger leading to cell death and thereby
bleaching. While neither our EST libraries nor our microarray contains iNOS, our
results do support this hypothesized pathway given the strong up-regulation of NF-kB
at both 1day and 2days of stress. We targeted eNOS interacting protein (NOSIP —
CCHX14559.b1) for qRT-PCR analysis to further study NO signaling events during
bleaching. NOSIP is a negative modulator of eNOS activity in vertebrates (Dedio et al.
2001); therefore, down-regulation of NOSIP indicates increased NO production.
Indeed, our qRT-PCR results show a significant down-regulation of NOSIP transcripts
in thermally stressed samples (Table 2). Lastly, the 2.2-fold up-regulation of HSP90
(AOKF986) at 1day is noteworthy in the context of NO signaling since HSP90 is an
allosteric enhancer of iNOS (Yoshida & Xia 2003).

Comparison with bleaching in Montastraea faveolata

Our previous microarray study documented the transcriptomic response to
thermal stress and bleaching in Montastraea faveolata (DeSalvo et al. 2008). Despite
less than 30% of the differentially expressed genes having functional annotation, we
were able to corroborate past findings and provide new information regarding the

cellular mechanisms of cnidarian bleaching. In the present study, differentially
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expressed genes were nearly 60% annotated. The gene overlap between the two
microarray platforms is small (~10%) (Voolstra et al. 2009). Regardless of low
overlap and differences in the level of annotation between both microarrays, there are
many parallels between the two studies. We identified the following transcriptomic
responses in both studies: (1) an increase in heat shock protein (HSP) expression; (2)
an increase in antioxidant enzymes; (3) a decrease in expression of Ca®~ homeostasis
proteins; (4) a restructuring of the ECM; (5) a rearrangement of the actin cytoskeleton;
and (6) a decrease in ribosomal protein expression. In contrast, the following
responses identified in the present study were not seen in M. faveolata: (1) osmotic
stress; (2) p53 and NF-«B signaling; (3) sensory perception; (4) the glyoxylate cycle;
and (5) nitric oxide signaling. Overall, the bleaching model presented in (DeSalvo et
al. 2008) is supported by the present study, and in addition, we have identified
numerous other proteins (e.g. cell signaling molecules and ECM proteins) that await
future functional work to assess their specific role in the coral-algal symbiosis.

A remarkable difference between the two studies is related to temporal patterns
of bleaching. Given the same increase in temperature, M. faveolata experienced a 60%
reduction in Symbiodinium cell density after 9 days. In the present study, 4. palmata
reached a 60% reduction in Symbiodinium cell density after only 2 days. Thus, the
intensity of stress felt by A. palmata was greater than that of M. faveolata. This could
be the reason why fold change estimates in A. palmata were (on average) higher than
those measured in M. faveolata. This difference in bleaching susceptibility is

consistent with previous studies showing that branching corals, especially acroporids,
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are more susceptible to bleaching compared to encrusting/hemispherical corals
(Harriott 1985, Glynn 1988, Hoeksema 1991, Gleason 1993, Glynn 1993, Hoegh-
Guldberg & Salvat 1995, Marshall & Baird 2000, Loya et al. 2001). Loya et al. (2001)
provide a sound discussion of likely differences between branching and encrusting
colonies that underlie their differential bleaching susceptibilities. They found that
massive and encrusting species have thicker tissue, which renders them less
susceptible to bleaching because thicker tissue is more photoprotective and self-
shading, especially when polyps are retracted (Brown 1997, Hoegh-Guldberg 1999).
Another hypothesis posited by Loya et al. (2001) involves differential mass transfer.
These ideas are discussed further in Nakamura and van Woesik (2001) and hold that
high water flow allows for more efficient transfer of mass (i.e. metabolites, and ROS),
which is especially needed during stress. Indeed, higher coral survival was evident in
high compared to low flow regimes (Nakamura et al. 2003). These notions ultimately
apply to colony morphology — flat, encrusting coral colonies experience higher flow
than branching colonies.

While bleaching susceptibility due to colony morphology is likely involved in
the observed differential response between M. faveolata and A. palmata, we also
cannot ignore the influence of Symbiodinium genotype (Rowan et al. 1997, Baker et
al. 2004, LaJeunesse et al. 2007, Sampayo et al. 2008). Given that we observed no
differences in bleaching susceptibility between clade A-associated and multi-clade-
associated M. faveolata in (DeSalvo et al. 2008), and that subclade genotyping to

differentiate between clade A within M. faveolata and clade A within A. palmata is
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not available, we cannot state whether a Symbiodinium clade effect influenced the
differential response between M. faveolata and A. palmata. Differences in
Symbiodinium clades might also contribute to the greater fold changes measured in A4.
palmata. Given that the Symbiodinium-effect on the host transcriptome can be greater
than thermal stress (DeSalvo, Sunagawa et al., in review), controlling for the
Symbiodinium clade content within experimental fragments is likely to increase the
resolution at which gene expression can be measured.
Conclusions and future outlook

Despite little overlap between the 4. palmata and M. faveolata microarrays, we
found similar processes differentially expressed in response to thermal stress and
bleaching in both species. Much of this conserved transcriptomic stress response is
part of the cellular stress response already present in the last universal common
ancestor (i.e. predating the evolution of the three domains of life) (Kultz 2003, 2005).

Focusing on the cellular stress response and how it has allowed corals to
persist through geologic time is incomplete without taking into consideration the
contribution of their endosymbionts in the evolutionary success of the Scleractinia.
For example, the adaptive radiation of scleractinians in the Late Triassic (200-228 Ma)
may be correlated with the initiation of symbiosis with dinoflagellate endosymbionts
(Stanley 1981). Thus, it is also important to identify scleractinian- and symbiosis-
specific cellular responses to thermal stress. For example, while down-regulation of
cytoskeletal components (also seen in M. faveolata) is certainly related to the

conserved cellular stress response (Loven 1988, Shyy et al. 1989, Chowdhury et al.
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1992, Orrenius et al. 1992, Muller et al. 2007), we cannot ignore the possibility that
the cytoskeleton must reorganize as cells change their adhesion properties and/or
become devoid of their intracellular endosymbionts. A rearrangement of the ECM
(also seen in M. faveolata), along with the metabolite transfer systems, which involve
molecules specific to different symbioses (Trench 1979), are more likely to be
bleaching-responsive processes specific to zooxanthellate corals.

Identifying responses specific to symbiosis breakdown represents a daunting
task. Future transcriptomic studies using stressors other than thermal stress (i.e. cold
shock, darkness, high light, etc...) in corals and other symbiotic cnidarians will allow
us to identify cellular processes common between different stressors. Utilizing the
amenable symbiotic cnidarian Aiptasia pallida (Weis et al. 2008, Sunagawa et al.
2009c¢), one could measure the transcriptomic response to a given stressor in both
symbiotic and aposymbiotic anemones and thus use a subtractive approach to
determining symbiosis-specific stress responses. These experimental approaches will
ultimately lead to a more complete understanding of the molecular mechanisms of
coral symbiosis and bleaching.

Finally, our study demonstrates how genomic tools are helping to reconstruct
the ancestral coral and how it was equipped to cope with stress over geologic time. For
example, early scleractinian corals survived many paleoclimatic changes, such as sea-
level rise and climatic warming in the Late Triassic, the Paleocene-Eocene thermal
maximum, and repeated sea level and climatic changes during the Neogene (Stanley &

van de Schootbrugge 2009). The resilience of coral community structure during global
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climate fluctuations of the Pleistocene (Pandolfi & Jackson 2006) also suggests that
corals are equipped to survive drastic environmental transitions. While the resiliency
of corals over geologic time suggests that they may indeed be able to cope with
thermal stress related to contemporary climate change, it is becoming abundantly clear
that numerous other human impacts are acting synergistically with climate change to
shift coral community structure (Hughes et al. 2003, Pandolfi et al. 2003, Pandolfi &
Jackson 20006).
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FIGURES
Figure 1. Symbiodinium cell count data illustrating bleaching over 2 days in Acropora
palmata. The mean cell densities of four replicate fragments are shown with standard
deviations. Asterisks above bars denote statistically significant differences. According
to a one-way ANOVA with post-hoc pairwise testing via the Fisher LSD Method, the
1 day heated samples (*) were significantly different than the time zero control
samples only (P<0.01). The 2 day heated samples (**) were significantly different

than all non-heated samples (P<0.05).

103



Figure 1.

1.E+07

)
©
m
+
o
o

N @
m m
+ o+
o o
()} ()}

(9]
m
+
o
()]

5.E+06 -

4.E+06 -

3.E+06 -

2.E+06 -

Algal cell density (cells/cm?

1.E+06

0.E+00 T T T

Control Heat @ Control Heat @ Control Heat

Time Zero 1 day 2 day

104




Figure 2. Heat map of genes differentially expressed at both 1day and 2days post-heat
stress. For each gene, BAGEL assigns the value of 1 to the class with the lowest
expression, and calculates the expression of the other classes relative to 1. Thus,
down-regulated genes are > 1 in the controls and approach 1 in the heat stressed
samples. Conversely, in up-regulated genes, the controls approach 1 and the heat
stressed samples are > 1. Superscripts in the functional annotation column denote
categories used in Table 1: CC = cell cycle regulation; SIG = cell
signaling/transcription factor activity; ECM = extracellular matrix proteins; SP =
sensory perception; PD = protein degradation; AC = actin cytoskeleton; and MT =

metabolite transfer.
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TABLES
Table 1. Significantly differentially expressed genes identified in a cDNA microarray
experiment comparing gene expression between control and heat-stressed fragments
from four colonies of Acropora palmata. Common names and E-values are for the top
BLAST hit to the SwissProt database. Fold changes in 1day and 2day heat-stressed
fragments (1dH and 2dH) are relative to the average of the four control groups (t0C,

tOH, 1dC, and 2dC).
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Table 1.

Fold Changes

ClonelD Common Name E-val 1dH 2dH
Cell cycle regulation

AOKG1979  Cell division cycle protein 20 homolog 1E-129  -1.53 -
AOKF610 DNA replication licensing factor mcm7-A 2E-44 -4.66 -5.03
CAOHS556 G1/S-specific cyclin-D2 7E-80  -2.53 -
AOKF732 Protein BTG1 6E-12 4.49 3.56
AOKF1223  Protein regulator of cytokinesis 1 1E-35 -1.84 -
AOKF1767  Ribonucleoside-diphosphate reductase large subunit 1E-107 -2.20 -
AOKF771 Ribonucleoside-diphosphate reductase subunit M2 1E-151 -3.40 -244
Cell signaling / Transcription factor activity

CAOHG623 cAMP-responsive element-binding protein-like 2 2E-18 2.32 -
AOKF917 Cyclic AMP-dependent transcription factor ATF-2 8E-31 2.70 -
CAOH936 Cyclic AMP-dependent transcription factor ATF-4 1E-13 2.42 -
CAOH485 NF-«B p105 subunit (Ankyrin repeat domain) 2E-37 2.01 -
AOKF1682  NF-«B p105 subunit (Death domain) 6E-07 7.12 5.57
AOKF1550  Nuclear factor erythroid 2-related factor 3 SE-08 2.99 -
AOKF942 Nuclear factor erythroid 2-related factor 3 SE-08 2.77 -
AOKF775 Protein sprint 5E-06 3.28 3.42
AOKF1938  Receptor-type tyrosine-protein phosphatase alpha 6E-45 1.83 -
AOKF494 Serine/threonine-protein kinase 6 1E-109 - -1.96
AOKF654 Transcription initiation factor TFIID subunit 13 S5E-21 - -1.71
AOKG1293  Transcriptional repressor NF-X1 8E-36 1.59 -
CAOI879 Transmembrane emp24 domain-containing protein 1 2E-25 - 1.58
Extracellular matrix proteins

AOKF1161  Carboxypeptidase inhibitor SmCI 2E-09 2.26 2.56
AOKF900 Collagen alpha-1(II) chain 3E-35 -20.69 -22.16
AOKF939 Papilin 2E-12 - 1.89
AOKF401 Stromal cell-derived factor 2 3E-63 2.08 1.90
AOKF1669  Tolloid-like protein 2 2E-30 1.49 -
Sensory perception

AOKF1403  11-cis retinol dehydrogenase 7E-27 7.99 6.39
AOKF2211  Cryptochrome-1 9E-74 1.54 -
AOKG2092 Eyes absent homolog 3 1E-34 -191 -1.73
CAOH975 Syntenin-1 5E-80 2.14 1.96
Protein degradation

CAOG662 E3 ubiquitin-protein ligase DZIP3 3E-09 1.54 1.41
AOKF1969  E3 ubiquitin-protein ligase NRDP1 6E-52 2.40 -
AOKF1154  Ubiquitin 4E-35 1.49 -
AOKG649 Ubiquitin-conjugating enzyme E2 A 1E-78 2.85 -
Actin cytoskeleton

CAOH739 Actin, cytoplasmic 0E+00 -2.28 -
CAOG410 Gelsolin 1E-47 -1.82 -
AOKF396 Myosin-10 2E-18 3.18 3.63
CAOH671 Myosin-2 essential light chain 4E-25  -1.80 -
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Fold Changes

ClonelD Common Name E-val 1dH 2dH
AOKF554 Tropomyosin 8E-14 - 213
AOKF1962  Tropomyosin-2 2E-21  -1.53 -
Heat shock proteins

CAOH1088 Dnal homolog subfamily A member 2 1E-10 1.83 -
AOKF1222  DnalJ homolog subfamily B member 11 1E-112 2.11 -
AOKG405 Heat shock cognate 71 kDa protein 2E-38 1.56 -
AOKF986 Heat shock protein HSP 90-alpha 0E+00 2.20 -
Metabolite transfer

AOKF1308  1,4-0-glucan-branching enzyme 6E-30 - -2.08
CAOG693 Carnitine O-acetyltransferase SE-61 - 1.86
AOKG2283  Glyceraldehyde-3-phosphate dehydrogenase SE-163 -2.17 -
AOKF1837  Isocitrate lyase 1E-151 - 2.85
AOKF1692  Methylenetetrahydrofolate reductase 1E-22  -1.86 -
AOKF1956  Multifunctional protein ADE2 1E-142 221 -2.14
AOKF878 Neutral and basic amino acid transporter 5E-36 253  -2.51
AOKF818 Synaptic glycoprotein SC2 2E-88 - =223
CAOH1099 Vitellogenin-2 4E-22  -5.74 -
Ribosomal proteins

CAOHBS815 40S ribosomal protein S15a 6E-60 - -1.76
CAOG595 40S ribosomal protein S8 3E-78 -1.70  -1.95
CAOH441 60S acidic ribosomal protein P1 2E-17 - -1.82
CAO0GI952 60S ribosomal protein L11 SE-82 - =147
Ca2+ homeostasis proteins

AOKF800 Calcyphosin-like protein S5E-52 - 204
CAOG430 Calmodulin SE-79  -2.12  -1.60
CAOI402 Sarcoplasmic reticulum histidine-rich Ca-binding protein 7E-15  -1.85 -
AOKF1965  Troponin C, skeletal muscle IE-11  -1.84
Oxidative stress

AOKG480 Glutaredoxin-3 1E-110 1.94 -
AOKF1142  Polyadenylate-binding protein 4 2E-55 1.51 -
AOKF908 Selenoprotein S 2E-20 1.80 -
Vesicle/ion/macromolecule transport

AOKF1016  ADP-ribosylation factor GTPase-activating protein 3 2E-27 1.74 -
AOKF1971  ATP-binding cassette sub-family A member 3 2E-77 3.74 2.26
AOKF1543  BTB/POZ domain-containing protein KCTD7 3E-18 - -1.58
CAOHS817 Pituitary tumor-transforming gene 1 interacting protein 2E-20 2.41 -
CAOH1006  Protein RER1 4E-54 2.15 -
AOKF821 Vacuolar proton pump subunit E 7E-66 1.64 -
Miscellaneous

AOKF1649  Apoptosis regulator R1 (Fragment) 1E-20 1.65 -
AOKG615 Atrial natriuretic receptor A 7E-47 1.68 -
AOKF638 Cytochrome b-245 light chain 2E-36 1.70 -
AOKG407 Endothelin-converting enzyme 1 1E-16 2.19 -
AOKF2276  Riboflavin-binding protein 3E-25 -468 -4.30
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Table 2. Results of qRT-PCR analyses on control and heat-stressed fragments from
four colonies of Acropora palmata. We validated the microarray-based results for the
first three genes listed, and chose an additional eight genes not present on the
microarray to further implicate certain cellular processes involved in the thermal stress
response and bleaching. Common names and E-values are for the top BLAST hit to
the SwissProt database. Similar to the microarray data output from BAGEL, we set the
lowest expression class to 1 and calculated the expression of the other classes relative
to 1. qRT-PCR-estimated expression for the controls is represented by the mean of the
four control groups (t0C, tOH, 1dC, and 2dC). Asterisks (*) represent statistically
significant differences in the heat stressed samples (1dH and 2H) according to a one-

way ANOVA and post-hoc testing (p<0.05).
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Table 2.

qRT-PCR Microarray
Controls Heat-stressed Fold Change

Clone ID Common name E-val Mean ( £ SD) 1dH 2dH 1dH 2dH

AOKF1403 11-cis retinol 7E-27 210 £+ 1.67 56.38* 186.76* 7.99 6.39
dehydrogenase

AOKF1682 NF-kB p105 (Death 6E-07 121 =+ 026 791* 5.45% 7.12 5.57
domain)

AOKF2255 26S proteasome non- 9E-19 1.77 + 0.08 1.06%* 1* -3.08 -3.62
ATPase reg. subunit 5

CCHX1276 CuZn superoxide 2E-56 1.17 + 0.12 1.50 1 - -
dismutase (Cu/ZnSOD)

CCHX14559.b1  NOS-interacting protein 3E-60 1.56 =+ 0.15 1.12* 1* - -
(NOSIP)

CCHX13018.g1  E3 ubiquitin-protein 3E-13 130 + 025 1.01 1.09 - -
ligase Mdm?2

CCHXI1211 TP53-regulated 5E-16 235 £ 033 1.21* 1* - -
inhibitor of apoptosis 1

CCHX2749.b1 Autophagy-related 6E-24 219 + 043 1.16* 1* - -
protein 12

CCHX15353.b1  Caspase-3 4E-36  1.06 =+ 0.06 1.06 1.03 - -

CCHX4259.b1 TNF receptor-assoc. 6E-53 127 + 022 27.04*% 29.24% - -
factor 3 (TRAF3)

CCHX9815 NF-kB p105 (Rel 1E-38 196 + 0.77 1297* 13.29* - -

homology domain)

111



CHAPTER 3

CORAL HOST TRANSCRIPTOMIC STATES ARE CORRELATED WITH
SYMBIODINIUM GENOTYPES
ABSTRACT
A mutualistic relationship between reef-building corals and endosymbiotic

dinoflagellates (Symbiodinium spp.) forms the basis for the existence of coral reefs.
Genotyping tools for Symbiodinium spp. have added a new level of complexity to
studies concerning cnidarian growth, nutrient acquisition, and stress. For example, the
response of the coral holobiont to thermal stress is connected to the host-
Symbiodinium genotypic combination, as different partnerships can have different
bleaching susceptibilities. In this study, we monitored Symbiodinium physiological
parameters and profiled the coral host transcriptional responses in acclimated,
thermally stressed, and recovered fragments of the coral Montastraea faveolata using
a custom cDNA gene expression microarray. Interestingly, gene expression was more
similar among samples with the same Symbiodinium content rather than the same
experimental condition. In order to discount for host-genotypic effects, we sampled
fragments from a single colony of M. faveolata containing different symbiont types,
and found that the host transcriptomic states grouped according to Symbiodinium
genotype rather than thermal stress. As the first study that links coral host
transcriptomic patterns to the clade content of their Symbiodinium community, our
results provide a critical step to elucidating the molecular basis of the apparent

variability seen among different coral-Symbiodinium partnerships.
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INTRODUCTION

Reef-building corals are critically important to the functioning of tropical coral
reefs, the most biologically diverse and complex marine ecosystems. A mutualistic
partnership between coral hosts and photosynthetic dinoflagellates in the diverse
genus Symbiodinium is a well-documented driving force of the trophic and structural
integrity of coral reef ecosystems. By trapping solar energy and nutrients,
Symbiodinium provide up to 95% of the energy requirements of the coral hosts, which
precipitate calcium carbonate skeletons at high rates (Muscatine 1990).

In recent decades, coral mortality and extinction risk have increased
dramatically, predominantly owing to mass “bleaching” events that have become more
intense and more frequent (Hughes et al. 2003, Carpenter et al. 2008). The term
“bleaching” describes the paling of the coral tissue due to a disruption of the
symbiosis between coral hosts and their obligate dinoflagellate endosymbionts
resulting in a loss of endosymbiont cells and/or their photosynthetic pigments.
Although bleaching can be triggered by a number of factors, high temperature and
light stress are commonly considered as the ecologically most significant (Hoegh-
Guldberg 1999). Under short or mild thermal stress conditions, corals may recover;
although, adverse effects such as reduced growth and fecundity, as well as higher
disease susceptibility, have been observed in subsequent periods (Bruno et al. 2007,
Harvell et al. 2007, Sunagawa et al. 2009b).

Our knowledge of the complexity underlying coral-dinoflagellate symbioses

has increased with the advent of molecular genotyping tools for Symbiodinium spp.
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(Baker 2003, Coffroth & Santos 2005, Pochon et al. 2006, Stat et al. 2006). Clade
genotyping via restriction fragment length polymorphism (RFLP) of the 18S rRNA
gene (Rowan & Powers 1991), and subclade genotyping via differential gradient gel
electrophoresis (DGGE) of the internal transcribed spacer 2 (ITS2) region are now in
common practice (LaJeunesse & Trench 2000). Many coral species house only one
clade (Goulet 2006), some species house many different clades (Rowan & Knowlton
1995, Toller et al. 2001b, Mieog et al. 2007, Frade et al. 2008), and some species can
shuffle their Symbiodinium clade content following bleaching events (Toller et al.
2001a, Berkelmans & van Oppen 2006, Rodriguez-Roman et al. 2006, Thornhill et al.
2006, Jones et al. 2008). The composition of coral-Symbiodinium partnerships has
been shown to affect a number of important properties, including (1) adaptation to
different environmental optima (Rowan & Knowlton 1995, Iglesias-Prieto et al. 2004),
(2) differences in growth rates (Little et al. 2004, Mieog et al. 2009), (3) photosynthate
transfer and carbon fixation efficiencies (Loram et al. 2007, Stat et al. 2008, Cantin et
al. 2009), and (4) susceptibility to thermal stress (Rowan et al. 1997, Baker et al. 2004,
Middlebrook et al. 2008, Sampayo et al. 2008, Mieog et al. 2009).

Given the evidence that different symbiont genotypes can affect these
processes, correlations between the Symbiodinium clade content and coral gene
expression have the potential to inform us on the molecular basis of differences in
coral-Symbiodinium partnerships. Gene expression microarrays have been widely used
to investigate changes in the expression of all or a subset of transcribed genes (i.e. the

transcriptome) under varying conditions. Gene expression differences in cnidarian
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holobionts have thus far been studied in symbiotic versus aposymbiotic anemones
(Rodriguez-Lanetty et al. 2006), under thermal and UV stress (DeSalvo et al. 2008,
Richier et al. 2008), during acclimatization of different source populations to different
environmental conditions (Bay et al. 2009), during the onset of symbiosis (Voolstra et
al. 2009), and across distinct developmental stages (Grasso et al. 2008, Reyes-
Bermudez et al. 2009).

In this study, we measured Symbiodinium physiological parameters and
profiled host gene expression in acclimated, thermally stressed, and recovered
fragments from different colonies of Montastraea faveolata — a coral known to
associate with multiple clades of Symbiodinium (Rowan & Knowlton 1995, Toller et
al. 2001a, Iglesias-Prieto et al. 2004, Thornhill et al. 2006). In a parallel experiment,
fragments harboring different Symbiodinium clades were sampled from a single host
colony in order to control for the host genotypic background. Based on photochemical
efficiency and host gene expression measurements in fragments containing different
Symbiodinium clades, we demonstrate that the coral host transcriptional state, as well
as the magnitude of the thermal stress response, is correlated with the symbiont
genotype.

MATERIALS AND METHODS
Sample Collection and Tank Experiment

On 31 July 2007, six replicate fragments were collected using a hammer and

chisel from the top sun-exposed surface of five different, healthy-looking Montastraea

faveolata colonies near Puerto Morelos, Quintana Roo, México (20°52°28.77”N and
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86°51°04.53”W). These 30 fragments were used in a time-series experiment of
control, thermal stress, and recovery (referred to as the “time-series experiment”). In
addition, six replicate fragments were sampled from the top (2.7m), middle (3.7m),
and bottom (5.2m) of a single colony of M. faveolata. These 18 fragments were used
in a single time point experiment of control vs. thermally stressed (referred to as the
“single host genotype experiment”). All fragments were transported to the UNAM -
Instituto de Ciencias del Mar y Limnologia field station within 1 h and divided evenly
between two 50 L aquaria (i.e., 3 fragments from each colony and 3 fragments from
top, middle, and bottom parts of one single colony were placed into each tank) that
received a constant flow of seawater (0.6 L min™) from the same source.
Acclimation of collected coral fragments

Control and experimental aquaria were placed in a large common fiberglass
tank with constantly flowing water to equilibrate the temperature of incoming
seawater and to buffer temperature fluctuations. Both aquaria were exposed to the
same shaded ambient light condition in order to control for the light-related factors
that determine the ecological zonation of Symbiodinium spp. within M. faveolata.
Each aquarium was fit with a water pump connected to a spray-bar to provide constant
water movement and aeration. All coral fragments were mounted on plasticene and
kept at a depth of 7 cm. From 10 to 19 August 2007, both aquaria received an average
water temperature of 27.9 + 0.6°C (as recorded by HOBO Light/Temperature Data
Loggers, Onset Corp.). Beginning on 11 August, dark-adapted maximum quantum

yields for charge separation (Fv/Fm) were measured at dusk for all coral fragments
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using a DIVING-Pulse Amplitude Modulated (PAM) fluorometer (Walz, Germany).
Photosynthetically active radiation (PAR) was measured at noon and averaged 318 +
129 pmol m? s™'. From 20 to 21 August 2007, all coral fragments were brought inside
during the passage of Hurricane Dean. On 22 August, the experiment was
reconstituted.

During acclimation of the coral fragments, top fragments in the single host
genotype experiment did not show any significant variation in Fv/Fm (0.575 + 0.030)
relative to the values observed in the field (0.550 + 0.028). Likewise, none of the 30
fragments in the time-series experiment displayed a significant decrease in Fv/Fm
throughout the acclimation period. In contrast, middle fragments in the single host
genotype experiment experienced a significant reduction in £v/Fm upon transfer to the
experimental tanks from 0.582 + 0.023 in the field to 0.481 + 0.054 after 48 hours in
the tanks. Similarly, bottom fragments experienced a dramatic reduction of Fv/Fm
after transfer to the experimental tanks from 0.610 + 0.030 in the field to 0.348 +
0.042 after 48 hrs of exposure to the experimental tank conditions. However, at the
end of the control period (see below), all coral fragments were completely acclimated
to the experimental tank conditions (Figure S1).

The control period of the experiments started on 23 August (day 1) and lasted
until 1 September (day 10). During this time, both aquaria received a mean water
temperature of 28.5 + 0.8°C, and mean PAR of 371 £ 169 pmol m™s™'. On the night
of day 1, control time point samples from five different colonies were collected from

each tank. Afterward, one 200-Watt aquarium heater was turned on in the treatment
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aquarium (rate: 0.35°C h™"). A second heater was turned on 3 days later. During the
thermal stress period, the control aquarium received mean water temperature of 28.8 +
1.2°C, the heated aquarium 31.5 + 1.1°C, and both tanks received mean PAR of 420 +
152 pmol m™ s, On the night of day 16, all fragments in the single host genotype
experiment were flash-frozen in liquid nitrogen. On day 20, and day 58, one sample
each from the five colonies used in the time-series experiment was collected from both
tanks for the thermal stress and recovery time point, respectively. All samples were
exported to the USA through a CITES permit (MX-HR-007-MEX). See SI Text for
methods related to statistical analysis of Fv/Fm data.
Symbiodinium and Coral Host Genotyping

Genomic DNA was isolated from approximately 100-200 mg of frozen coral
powder using the PowerPlant DNA Isolation kit (MoBio). The Symbiodinium 18S
ribosomal RNA gene was amplified using the primers ss5 and ss3Z (Rowan & Powers
1991) and digested with Taql restriction enzyme. The resulting fragments were
compared to Symbiodinium clade standards (Rowan & Knowlton 1995). The internal
transcribed spacer region 2 (ITS2) was PCR amplified using cycling conditions and
primers ITSintfor2 and ITS2CLAMP (without the clamp sequence) reported in
(LaJeunesse & Trench 2000). ITS2 amplicons were cloned, sequenced, and assigned
to Symbiodinium clades based on both BLASTn results and phylogenetic
reconstruction using reference sequences (see SI Text for details). All ITS2 sequences

were deposited in GenBank with the accession numbers FJ223886-FJ224080 and

118



FJ811907-FJ811960. Coral hosts were genotyped (see SI Text for details) using five
microsatellite loci (Severance et al. 2004).
Microarray Gene Expression Analysis of Coral Host Gene Expression

Total RNA from all samples was isolated and checked for quality as previously
described (DeSalvo et al. 2008). Contamination of total RNA with Symbiodinium
RNA is expected to be low as determined by microscopic analysis of re-suspended
coral powder, which revealed Symbiodinium cells to be intact. For the time-series
experiment, a pool of amplified RNA from all control tank fragments was used as a
reference RNA sample, against which each of the 15 amplified RNA samples from the
treatment tank (5 control, 5 stressed, 5 recovered) was competitively hybridized. For
the single genotype experiment, the reference sample constituted a pool of total RNA
from all 18 samples. Fifteen micrograms of total RNA from control (3 replicates per
region) and heat-stressed (3 replicates per region) samples were competitively
hybridized against an equal amount of reference RNA resulting in a total of 18
hybridizations. Dye swaps were not performed, as any dye bias present is equal in all
comparisons to the reference.

Samples were hybridized to M. faveolata microarrays containing 2,620
features (1,310 genes spotted in duplicate) that were annotated based on BLASTX hits
(E-value cutoff: 1e-5) to the UniProt Knowledgebase database SwissProt
(The UniProt Consortium 2008) and its GO-term associations (UniProt GOA, March
2008). All sequences/clone IDs are searchable at:

http://sequoia.ucmerced.edu/SymBioSys/index.php. Based on hybridization of
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Symbiodinium RNA directly to the M. faveolata microarray, we determined the
potential for cross-hybridization with Symbiodinium transcripts to be below 8% (data
not shown). All microarrays were scanned using an Axon 4000B scanner (Molecular
Devices) where care was taken to manually balance photomultiplier tube (PMT)
settings. TIFF images were generated with GenePix Pro 6.0, and gridding was
performed using TIGR Spotfinder 3.1.1 (Saeed et al. 2003) with the Otsu
segmentation method. The top 25% of background pixels were discarded prior to the
estimation of the median local background intensity, which was subsequently
subtracted from the median foreground intensity. Using TIGR MIDAS 2.19 (Saeed et
al. 2003), background-corrected data were LOWESS normalized, and in-slide
duplicates were averaged. Both PMT balancing and LOWESS normalization equalize
for differing amounts of host RNA input (a potential issue when processing tissue
where symbiont densities can vary). Genes were included in statistical analyses only if
at least 60% of representative spots were called positive in each condition tested. This
corresponds to three out of five (time course experiment), or two out of three (single
host genotype experiment) hybridizations for a given category (i.e., control, thermal
stress, recovery, or top-control, top-treatment, etc., respectively). After this filtration
step, 1,012 (time-series experiment) and 1,236 (single host genotype experiment)
genes were used for subsequent analyses. Microarray hybridization data (both raw and
normalized) along with methodological details are deposited in GEO with the series

record number GSE15262.
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The ratio between the fluorescence intensity of the two channels was used as
input for BAGEL (Bayesian Analysis of Gene Expression Levels) (Townsend & Hartl
2002). The BAGEL software uses Bayesian probability to infer a relative expression
level of each gene. An estimated mean and 95% credible interval of the relative level
of expression of each gene is computed in each treatment and time point. We used the
conservative gene-by-gene criterion of non-overlapping 95% credible intervals to
regard a gene as significantly differentially expressed. The following pair-wise
statistical tests were performed: control>stressed, control<stressed, control>recovered,
control<recovered, stressed>recovered, and stressed<recovered (time-series
experiment) and control>stressed, control<stressed (single genotype experiment).
Similarly, gene expression in top (T), middle (M), and bottom (B) fragments under
both control and stressed conditions were tested: T>M, T<M, T>B, T<B, M>B, and
M<B. The genes found to be differentially expressed under these conditions were
further grouped into 12 possible gene expression patterns, i.e.: B>M>T, B<M<T,
B=M>T, B=M<T, B>M=T, B<M=T, B=T>M, B=T<M, B>M<T and B>T, B<M>T
and B<T, B>M<T and B<T, and B<M>T and B>T.

Hierarchical clustering of gene expression was performed using TIGR TMEV
4.0 (Saeed et al. 2003). Array trees were created according to average linkage and
Euclidean distance metric on log, ratios of signal intensities, which were normalized
across arrays in the case of the time-series experiment. Signal intensities from control
and stressed replicate fragments (n=3) from top, middle, and bottom were averaged

prior to hierarchical clustering. The stability of clusters was tested using the R-
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package pvclust by calculating approximately unbiased p-values via multiscale
bootstrap resampling; a measure that has been demonstrated to provide a better
indicator for cluster support than regular bootstrapping procedure (Suzuki &
Shimodaira 2006). To assess over-representation of Gene Ontology (GO) terms in the
lists of significant genes, we used default statistical tests and multiple-testing
adjustments in GOEAST (Zheng & Wang 2008) except the significance cutoff was set
to a = 0.001.
RESULTS

Experimental Thermal Stress and Recovery

We measured dark-adapted maximum quantum yields for charge separation
(Fv/Fm) in fragments sampled from five biological replicates of the coral M. faveolata
throughout the time course of a thermal stress experiment (Figure 1A, Table S1). A
significant decrease in Fv/Fm in previously acclimated coral fragments was observed
four days after increasing the water temperature. The total duration of the thermal
stress treatment was 10 days and the difference in v/Fm became insignificant two
days after termination of the treatment (Figure 1A). The initial decrease in Fv/Fm was
linear, whereas its increase during the recovery period was explained best by a
logarithmic function (Figure S2, Table S2).

Differences in Fv/Fm among the sampled colonies were observed in all
experimental periods (pagi<0.001; Table S1). Post-hoc analyses revealed that Fv/Fm
averages in colonies C1 and C2 were significantly different from those in colonies C3,

C4, and C5 during the control period. Colony C2 showed very little reduction in
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Fv/Fm upon heat treatment, and Fv/F'm values were significantly higher than in all
other colonies during the stress and recovery periods. The differences between
colonies were most likely due to a combinatorial effect of differences in Symbiodinium
(Table 1) and host genotypes (Figure S3).

Restriction fragment length polymorphism (RFLP) analysis and sequencing of
internal transcribed spacer 2 (ITS2) loci were used to genotype the Symbiodinium
clades hosted by the experimental coral fragments. In the control samples, the
dominant Symbiodinium clades were clade A in colonies 1 and 2, clade B in colonies 4
and 5, and clade C in colony 3. In thermally stressed samples, clade A was the
dominant type in colony 3, whereas clade A and clade B remained the dominant clade
types in colonies 1 and 2, and colonies 4 and 5, respectively (Table 1). While the 5
replicate colonies initially harbored a range of symbiont clades (A, B, and C),
following recovery from bleaching all colonies harbored clade A, i.e., the dominant
Symbiodinium clade type residing in colonies 3, 4 and 5 changed from clade C/B to
clade A. ITS2 sequencing results were generally congruent with RFLP analyses in
control fragments, and additionally allowed for both the determination of relative
contributions of different Symbiodinium subtypes in fragments hosting more than one
clade type and an increase in resolution of Symbiodinium clades to the subclade level.
Based on both BLASTn results and phylogenetic reconstruction (Figure S4), we found
the dominant haplotype of clade A, clade B, and clade C ITS2 sequences to be type
A3 (most similar to EU074857), type B1 (EU074875), and type C7 (AF499797),

respectively.
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Analysis of a Single Host Genotype Harboring Different Symbiodinium Clades

In a parallel experiment, we sampled replicate fragments from top, middle and
bottom parts of a single coral colony to obtain samples containing different
Symbiodinium clade types in one host genetic background. Fv/Fm values began to
decline following exposure to elevated temperature (Figure 1B). The bottom
fragments showed a significant decrease relative to their controls two days after
heating. Top fragments also showed a significant decrease after two days albeit less
than the bottom fragments. The middle fragments showed a significant decrease after
four days. By the end of the experiment, all heat-stressed fragments had significantly
lower Fv/Fm values compared to their controls, and the top and bottom heat-stressed
fragments had significantly lower maximum quantum yields than the middle heat-
stressed fragments (Figure 1B). RFLP analyses revealed that middle and bottom
fragments harbored mainly clade C; top fragments, mainly clade B (Table 1). Again,
ITS2 sequencing results were largely consistent with RFLPs analyses (Table 1). After
sequence alignment and phylogenetic analyses (Figure S4), we found that the
dominant haplotype of clade C sequences was identical to type C7 (AF499797), and
the dominant haplotype of clade B sequences was identical to type B17 (EU449083).
Microarray Gene Expression Analysis

After the generation of Symbiodinium physiological and genotypic data, we
were interested in differentially expressed genes in control, thermally stressed, and
recovered coral fragments from different coral colonies (Figure 2A). In addition,

control and thermally stressed coral fragments from different regions of a single host
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colony were analyzed for differentially expressed genes (Figure 2B), a design that
eliminated potential differences due to host genotypic background effects.

Pair-wise comparisons between control, stressed, and recovered samples
resulted in a relatively small number (n=57-84) of differentially expressed genes,
which is most likely attributable to the different Symbiodinium genotypes that were
hosted by the control and stressed fragments (Table 1). Nevertheless, a gene ontology
(GO) enrichment analysis revealed that genes related to regulation of transcription and
response to stress were significantly enriched (p<0.001) among the annotated,
differentially expressed genes (Figure 2A, Table S3). A direct comparison between
control and thermally stressed samples from a single host colony yielded only 28
differentially expressed genes with low fold-changes ranging from 1.08 to 1.53
(Figure 2B, Table S3).

Next, we performed hierarchical cluster analyses (using Euclidean distance) on
all assayed (1,000+) genes to group together samples with similar transcriptomic
activity, and mapped Symbiodinium physiological and genotypic data onto the
resulting array trees (Figure 3). With respect to the time-series experiment, the array
tree reveals four major groups, which displayed congruency with Symbiodinium clade
content and possibly with host genotypic differences. All recovered samples, which
exclusively harbored Symbiodinium clade A, clustered together (Group 1, Figure 3A).
In contrast, neither control nor thermally stressed samples were grouped together, i.e.
according to experimental conditions. Instead, they were divided into groups that

suggest the influence of both host and Symbiodinium genotype effects. Control and
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stressed samples from colony 2, which was determined to be genetically distinct from
all other colonies (Figure S3), contained mainly symbionts of clade A (Group 2,
Figure 3A). Group 3 was formed by control and stressed fragments from colonies 1
and 3, which mainly contained clade A symbionts. The only exception to this
observation was that the control fragment of colony 3 was dominated by clade C.
These two colonies were genetically different from each other as well as different
from colonies 2, 4 and 5 (Figure S3). Finally, different to all other control and stressed
fragments, colonies 4 and 5 could not be genetically differentiated (Figure S3) and
contained mainly clade B (Group 4, Figure 3A).

Another aspect of our analyses revealed an apparent trend between the
magnitude of the transcriptomic response to thermal stress (determined by the distance
between the control and stressed samples in Figure 3) and the symbiont genotype. In
clade A (colonies 1 and 2) or clade C (colony 3) hosting fragments, the difference was
relatively small (branch length distances between control and stressed samples: 37.02,
36.08, and 31.56, respectively) compared to those dominated by clade B (44.55 and
61.86 for colonies 4 and 5, respectively).

Unlike in the time-series experiment, differences in gene expression between
samples originating from a single host genotype were not biased by host genotypic
background, thus strengthening the observed correlation between host transcriptomic
states and Symbiodinium clade contents (Figure 3B). We found that middle and bottom
control fragments (both dominated by clade C symbionts) exhibited gene expression

patterns more similar to each other than to clade B-dominated top fragments (Figure
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3B top panel). This association was highly significant according to cluster support.
However, the correlation between host transcriptomic states and Symbiodinium clade
contents noticeably diminished in the top, middle, and bottom stressed fragments
(Figure 3B lower panel). Not only were the transcriptomic states of the top and bottom
stressed fragments more similar to each other than to the middle stressed fragments,
but the branch lengths and cluster support were lower compared to the control tree
(Figure 3B top panel). This pattern is consistent with the PAM data showing that
Symbiodinium within top and bottom fragments experienced more stress than those
within middle fragments (Figure 1B).

Expression Patterns of Differentially Expressed Genes

Testing for pair-wise differences between colony locations showed that among
the control samples, many genes were differentially expressed between top and middle
(n=204) and top and bottom (n=312); however, a very small number of genes were
differentially expressed between middle and bottom (n=24). These numbers were
substantially lower for the corresponding analysis of thermally stressed samples: top
vs. middle (n=51); top vs. bottom (n=96); and middle vs. bottom (n=49) (see Table S3
for all gene expression results).

We further analyzed differentially expressed genes between top, middle, and
bottom samples by grouping them into 12 major expression patterns. Among control
samples, 173 genes were sorted into 8 different patterns. The vast majority (90%) of
these genes were either upregulated (B=M<T, n=105) or downregulated (B=M>T,

n=50) in top versus middle/bottom samples (Figure 4, Table S3). The distribution into
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distinct patterns for stressed samples was more even, further supporting a diminishing
correlation between transcriptomic states and Symbiodinium genotypes during thermal
stress as previously mentioned (Figure 3B). Nevertheless, similar to the control
samples, the majority (60%) of differentially expressed genes were either upregulated
(B=M<T, n=20) or downregulated (B=M>T, n=6) in top versus middle/bottom
samples (Figure 4, Table S3).

GO enrichment analysis of the most populated patterns, i.e. those with
Symbiodinium genotype differences among the control samples (B=M<T and
B=M>T), showed genes involved in protein metabolism (e.g., translation, protein
folding/degradation) to be significantly (p<<0.001) enriched (Figure 5).

DISCUSSION
Host and Symbiodinium Factors Affect Dark-Adapted Maximum Quantum Yields
(Fv/Fm)

Maximum quantum efficiencies in Symbiodinium sp. type C7-associated with
Montastraea faveolata were previously shown to decrease more in response to
experimental thermal stress compared to type Bl-associated with M. faveolata
(Warner et al. 2006). In our study, however, type B1-hosting colonies actually
decreased more in Fv/F'm than type A3- and type C7-containing colonies (Figure 3A).
Similarly, type B17-containing top fragments experienced a greater decrease in Fv/Fm
than type C7-containing middle fragments. However, the response of B17-containing
top fragments was similar to C7-containing bottom fragments. Marked differences

were also found in the degree of photoinactivation of PSII between different colonies
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that hosted the same Symbiodinium type. For example, colony 2 experienced hardly
any reduction in Fv/Fm while colony 1 experienced a sharp decrease in Fv/Fm, yet
both housed clade A.

The discrepancies between our study and Warner et al. (2006), in addition to
the differences between middle and bottom fragments and the fact that colonies 1 and
2 differed in thermal susceptibility, argues against the idea that thermal stress-
susceptibility of corals is solely linked to symbiont genotype (Iglesias-Prieto et al.
2004, Rowan 2004, Tchernov et al. 2004, LaJeunesse et al. 2007, Sampayo et al.
2008). Instead, our results and other studies (Brown et al. 2002, Bhagooli & Hidaka
2003, Goulet et al. 2005) support the notion that host contributions and/or effects of
previous conditions (Brown et al. 2002, Middlebrook et al. 2008) must be taken into
account when discussing differences in stress-induced Fv/Fm losses with respect to
differences in Symbiodinium type.

Host gene expression profiling during thermal stress and recovery

In a previous coral microarray study on heat stress, we assayed gene
expression changes in fragments from a single colony and fragments from different
colonies (DeSalvo et al. 2008). We found that while using biological replicates (i.e.,
different colonies) increased our ability to draw conclusions beyond the limits of a
single genotype, it confounded our ability to detect significant changes in genes that
show only a small difference in expression given a similar number of microarrays.
Nevertheless, many genes identified in the single-genotype experiment were

corroborated in the multi-colony experiment (DeSalvo et al. 2008). In the present
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study, we followed a similar two-pronged experimental design by using multiple
replicates from a single host colony, in combination with sampling different colonies.

Unexpectedly, we found: (1) few genes differentially expressed in response to
thermal stress and recovery, and (2) low overlap with previous results (DeSalvo et al.
2008). In our previous experiment greater than 20% of genes were found differentially
expressed upon induction of bleaching (DeSalvo et al. 2008). These discrepancies
might be explained by differences in experimental procedures such as: acclimation
time (4 days vs. 21 days), initial rate of temperature change (0.73°C h™' vs. 0.35 °C h’
", sampling time points, water quality, light regime, etc. However, we provide strong
evidence that the symbiont genotype had a substantial influence on host gene
expression (see below), and thus diminished our ability to detect more genes
differentially expressed during thermal stress and recovery. Nevertheless, we found an
enrichment of genes related to transcription regulation and stress response (Figure 2).
Interestingly, a number of those genes are differentially expressed between control and
recovered samples. These genes (e.g., heat shock factor protein) represent candidates
for future studies given their possible involvement in the acquisition of experience-
mediated thermal stress resistance (Brown et al. 2002).

The results from comparing control and stressed fragments from the same host
genotype, an approach that allowed us to disentangle the contribution of host genetic
background and the Symbiodinium type hosted, yielded a low number (about 2% of all
assayed genes) of differentially expressed genes with fold-changes less than 1.53. This

is in stark contrast to the single-genotype experiment described in DeSalvo et al. 2008,
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where 24% of all assayed genes were found differentially expressed. Intriguingly, all
fragments in the 2008 study hosted the same Symbiodinium genotype (clade A),
which, besides methodological differences, supports the notion that the host gene
expression is correlated with the symbiont-genotype hosted.

Based on the results found in this study, i.e. an influence of Symbiodinium
genotypes on coral transcriptomes, and the variability in transcriptomic responses seen
in different experiments, the identification of a core set of stress-responsive genes
represents a daunting challenge. Such an endeavor will require accounting for
differences in both abiotic and biotic factors such as experimental procedures
(acclimation conditions, rate and magnitude of temperature increase, stress exposure
time, etc.) and host and symbiont genotypic backgrounds, respectively.

Integration of Host Gene Expression and Symbiodinium Genotyping Analyses

Numerous studies support the notion that different symbionts have far-reaching
effects on host physiology. Growth rates in Aiptasia pulchella (Kinzie & Chee 1979)
and in juvenile Acropora millepora and Acropora tenuis (Little et al. 2004, Mieog et
al. 2009) are dependent on the symbiont genotype. Host growth is likely dependent on
nutrient availability; thus, differential growth as a result of symbiont genotype may be
related to the type (Loram et al. 2007) and amount (Stat et al. 2008, Cantin et al. 2009)
of nutrients translocated from the symbiont to the host. Furthermore, a recent study
investigated growth, survival, and thermal tolerance in different host-Symbiodinium
combinations and found that Symbiodinium type was a better predictor of holobiont

fitness than host genetic effects (Mieog et al. 2009). Finally, during natural bleaching
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of Montastraea spp., clade A- and C-associated colony regions were less susceptible
to thermal stress compared to clade B- and C-associated regions (Rowan et al. 1997).
In both of our experiments, acclimation of field-collected samples to the same
light and temperature conditions for 4 weeks did not cause homogenization of
Symbiodinium genotypes as seen in the control samples. Thus, it is possible that the
observed patterns in host gene expression could have resulted from long-term
acclimatization effects (months, years) to different environmental conditions in the
field (e.g., light levels and temperature). The homogenization of Symbiodinium
genotypes following thermal stress (all recovered fragments hosted Symbiodinium
clade A) could also be interpreted as host physiology determining symbiont type
dominance or alternatively, symbiont type content driving host gene expression.
Taken together, we acknowledge that our experimental design did not allow
disentangling a cause and effect relationship, i.e. whether a change in environmental
conditions changed host physiology, and in turn a change in Symbiodinium type
dominance, or that a change in environmental conditions caused a change in
Symbiodinium type dominance and in turn a change host physiology (reflected in
transcriptomic states). Nevertheless, the congruency between the array tree groupings
and the Symbiodinium community compositions (Figure 3), which is seen in both
experiments presented here, constitutes strong evidence that there exists a correlation
between different Symbiodinium genotypes and the state of the coral host
transcriptome. Our statistical analyses corroborate these findings in that the greatest

differences in gene expression were found between clade B hosting top fragments and
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clade C hosting middle/bottom fragments (Figure 4). However, in thermally stressed
top, middle, and bottom samples the correlation notably diminished as seen by the
lower number of differentially expressed genes compared to the corresponding
analysis in control samples (Figure 4). The observed reduction was due to genes
becoming more similar in their expression during stress rather than an increase in
variation (Table S3).

The comparison between top, middle, and bottom fragments suggests that
pathways involved in protein translation, folding, and degradation, in addition to other
genes listed in Figure 5, are differentially affected in coral fragments hosting different
Symbiodinium genotypes. Since these results are based on a single host genotype and a
relatively small microarray, they set the stage for an in-depth analysis of differentially
regulated pathways involving a multi-colony experimental design. If we are to succeed
in such an effort, then surveying host and symbiont genotypic diversity must precede
and thus inform the design of future experiments. At the time of writing, a M.
faveolata microarray containing greater than 10,000 features is under fabrication,
which will be utilized in the future to address this important gap of knowledge.
Conclusions and outlook

While the order of events, i.e. host physiology driving symbiont content and/or
symbiont content driving host physiology, requires further investigation, the
convergent findings of the two experiments outlined in this study strongly argues for
the existence of a correlation between host transcriptional states and the symbiont

genotype. It would thus be interesting to hypothesize that different symbiont types
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may modulate the host transcriptome in more or less stress-responsive configurations,
which would add a host transcriptomic perspective to a Symbiodinium-centric view of
bleaching susceptibility.

Advancement in the understanding of the apparent differences observed in
bleaching susceptibility of different coral-Symbiodinium partnerships are of particular
relevance given the grim outlook of coral populations in the face of large-scale climate
change-induced bleaching events. The ability of some corals to multi-associate most
likely arose because symbiont effectiveness changes with environmental conditions
(Douglas 1998). This scenario is consistent with the idea that organisms gain
robustness to environmental perturbation by extending their system boundary via the
integration of foreign biological entities such as symbionts (Kitano & Oda 2006). This
is exemplified by different coral-Symbiodinium genotypic combinations being locally
adapted to irradiance (Rowan & Knowlton 1995, Iglesias-Prieto et al. 2004). So far,
only a handful of studies have addressed the effects of mutualistic symbionts on
animal host transcriptomes, e.g. human gut microbiome (Hooper et al. 2001), Vibrio-
squid symbiosis (Chun et al. 2008), and Symbiodinium-coral larvae and
Symbiodinium-anemone symbioses (Rodriguez-Lanetty et al. 2006, Voolstra et al.
2009). These examples illustrate effects on host gene expression upon infection by
different symbionts, whereas our study extends this body of knowledge by describing
a correlation between symbiont genotype and the host transcriptome in both
established symbioses and responses to thermal stress.
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Figure S1. Recovery of relative Fv/Fm values of Montastraea fragments during
acclimation to the experimental tanks.
Figure S2. Reflectance measurements and best statistical Fv/Fm models for each

period.
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Figure S3. Host genotyping using published microsatellite markers.

Figure $4. Maximum-likelihood-based phylogenetic tree of Symbiodinium spp. based
on ITS2 sequences.

Table S1. Linear models used to test for differences between colonies and tanks. Raw
and adjusted p-values are shown for tanks and colonies or fragments.

Table S2. Parameters of statistical models for Fv/Fm during each experimental period
are shown with the best model determined by a comparison of R2 and p-values.

Table S3. Results of gene expression analyses.
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FIGURES
Figure 1. Relative Fv/Fm changes before, during, and after exposure of coral
fragments to thermal stress. Dark-adapted maximum quantum yields relative to control
samples were measured in five biological replicates during an experimental heat stress
experiment (A) and in top (black), middle (red), and bottom fragments (blue) collected
from a single coral colony (B). After acclimation, experimental coral fragments were
exposed to elevated temperatures (shown by shaded areas) before being collected for
microarray analyses at time points indicated by arrows. F'v/F'm data are averages (+
standard error) of treatment tank replicates relative to the average of coral fragments
maintained at control temperature. Horizontal bars above the plot indicate periods
during which the difference between control and heat-stressed fragments were

significant (p<0.05).
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Figure 2. Heat map of stress-responsive differentially expressed genes.

Annotated differentially expressed genes identified in the time-series (A) and single
host genotype experiment (B) are shown with clone IDs and annotations. Color scales
correspond to BAGEL-computed gene expression estimates where a value of 1 is
assigned to the class with the lowest expression. Boldfaced genes are involved in

transcription regulation and stress response according to GO enrichment analysis.
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Figure 3. Hierarchical clustering of gene expression intensities shows that samples
group according to differences in Symbiodinium clade content.

(A) Samples from a thermal stress and recovery experiment using replicates from five
different coral colonies were clustered into the following groups: (1) all recovered
fragments, containing exclusively Symbiodinium clade A, (2) fragments from colony 2
containing predominantly clade A, (3) fragments from colonies 1 and 3 containing
mainly clade A, and (4) fragments from colonies 4 and 5 containing predominantly
clade B. (B) Averaged samples (n=3) from top, middle, and bottom parts of a single
coral host colony group according to Symbiodinium genotypes in control (top panel),
but not thermally stressed samples (bottom panel). Legend: sample names (1-5:
sampled colony; T: top, M: middle, B: bottom; Con: control, Str: thermally stressed,
Rec: recovered) and RFLP analysis results are shown as color-coded rectangles. Pie
charts illustrate proportions of Symbiodinium clades based on ITS2 sequence analysis
in selected fragments (note: red indicates type B1 in panel A and type B17 in panel B).
Numbers next to rectangles represent the percent differences in F'v/F'm between treated
and untreated fragments. Approximately unbiased p-values are shown next to tree

nodes.
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Figure 3.
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Figure 4. Pattern analysis of differentially expressed genes. Genes that were
differentially expressed between top, middle, and bottom control (left panel) and
stressed (right panel) fragments were sorted into groups of distinct expression patterns.
Heat map intensities were calculated by averaging the BAGEL-estimated expression
levels for all genes within each pattern. Of the 12 patterns tested, only those

containing at least one gene are depicted.
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Figure 5. Heat map of genes differentially expressed between top, middle, and bottom
control fragments. Annotated differentially expressed genes identified in the single
host genotype experiment are shown with clone IDs and annotations. Color scales
correspond to BAGEL-computed gene expression estimates where a value of 1 is
assigned to the class with the lowest expression. Boldfaced genes are involved in
protein metabolism (e.g., translation, protein folding/degradation) according to GO

enrichment analysis.
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TABLES
Table 1. Results of Symbiodinium genotyping assays. The top half corresponds to the
time series experiment, the bottom half to the single host colony experiment. When
more than one sample appears on the same row, they contained the same
Symbiodinium type and proportions. Abbreviations used: C, B, R followed by a

number denote control, bleached, and recovered fragments, respectively.
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Table 1.

18S rRNA RFLP ITS2 sequencing
Fragment(s) 1° 2° 1° % 2° % n
Cl A - A3 73 c7 27 11
C2 A - A3 90 Cc7 10 10
C3 C B c7 82 B1 18 11
Cc4 B - Bl 91 C7 9 11
C5 B - Bl 100 - - 11
B1-3 A - n/a
B4 B A n/a
B5 B - n/a
R1-5 A - n/a
Top 1,3,6 B - B17 100 - 11,11,12
Top 2 B C B17 83 c7 17 12
Top 4 B C B17 80 C7 20 10
Top 5 B C B17 73 Cc7 27 11
Middle 1,4 C - c7 100 - 14,15
Middle 2 C - C7 69 B17 31 13
Middle 3 C - C7 82 B17 18 11
Middle 5 C B B17 75 C7 25 12
Middle 6 C - C7 67 B17 33 12
Bottom 1-6 C - Cc7 100 - 8-9
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CONCLUSIONS

Review of the dissertation

The preceding three chapters described experiments that were conducted in
order to understand the molecular events surrounding the collapse in symbiosis
between reef-building corals and their dinoflagellate endosymbionts. True to the
original motivation, comparing the transcriptomic responses to heat stress and
bleaching in two evolutionary distant corals (Chapters 1 and 2) revealed both
conserved and putative species-specific cellular processes. Interestingly, the results of
Chapter 3 described a surprising result — that the coral host transcriptome can be
correlated with Symbiodinium type more than stress condition. Taken together, this
dissertation has exposed the immense utility of cDNA microarrays for the study of
coral biology. Furthermore, the descriptive, discovery-based nature of microarray
studies has unearthed a plethora of hypotheses that can now be tested in order to
eventually describe the precise molecular and cellular events underlying the onset,

maintenance, and breakdown of the coral-algal symbiosis.

Microarray analyses of thermal stress and bleaching in A. palmata and M. faveolata
The results described in Chapters 1 and 2 have greatly enhanced the body of
knowledge surrounding the molecular and cellular responses to thermal stress and
bleaching in scleractinian corals. Table 1 lists the cellular processes and components
affected by thermal stress as measured in the microarray experiments from Chapters 1

and 2.
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Conserved cellular processes/components involved in the coral stress
response. Not surprisingly, responses involved in the conserved cellular stress
response (CSR), such as growth arrest and up-regulation of chaperones (Kultz 2003),
were among the differentially expressed processes found in both coral species.
Interestingly though, the differentially expressed genes (DEGs) within each process
were often different for both species. For example, growth arrest in M. faveolata was
indicated by the down-regulation of ribosomal proteins (less protein synthesis) and
histones (less DNA replication). In 4. palmata, growth arrest was also indicated by the
down-regulation of ribosomal proteins; however, histone down-regulation was not
detected, but rather a sharp down-regulation of cell cycle checkpoint transcripts was
detected (a response not seen in M. faveolata). Given that the best estimate of the
overlap between the microarrays for both species is approximately 10% (Voolstra et
al. 2009), it is possible that these observatioins may be due to biases in the genes
represented on the microarrays.

Likewise, the remaining processes involved in the CSR, i.e. nucleic acid
stabilization/repair and the removal of damaged macromolecules (Kultz 2003), were
measured unequivocally in A. palmata but not detected in M. faveolata. These
differences provoke two explanations that are not mutually exclusive: (1) the level of
stress felt in both was species was different; and (2) as mentioned above, the cDNA
libraries used to construct the microarrays contained little overlap. The first
explanation is valid given the major difference in the timing of bleaching — 4. palmata

lost 60% of its symbionts after two days, and M. faveolata reached a similar level of
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bleaching after nine days. Despite these fundamental differences, the results of both
studies have confirmed past findings and revealed new exciting avenues of inquiry in
coral symbiosis research.

The following responses measured in A. palmata and M. faveolata confirm
past findings: antioxidant up-regulation (e.g. Lesser 1997, Downs et al. 2002), heat
shock protein expression (e.g. Black et al. 1995), removal of damaged
macromolecules (Downs et al. 2005), cell death (e.g. Dunn et al. 2004, Strychar et al.
2004), and nitric oxide signaling (Perez & Weis 2006). Similarly, the following
processes (in addition to the CSR processes mentioned above) are expected to be
differentially expressed given general eukaryotic stress physiology and coral-algal
symbiotic interactions: calcium homeostasis (Orrenius et al. 1992) and metabolite
transfer between host and symbiont (Trench 1979).

By studying two different species, both of which have abundant sequence
resources, stronger claims can be assigned to DEGs that arise in experiments for both
species. Despite evolutionary separation and observed sensitive/resistant phenotypic
differences, a gene that is differentially expressed in both species is likely to be
involved in the core cellular response to stress and bleaching. Table 2 contains DEGs
that overlap between the A. palmata and M. faveolata experiments. Some of the DEGs
are orthologs, whereas the rest have the same or similar BLAST hits. Perusal of Table
2 shows the immense importance of actin cytoskeletal (AC) components, extracellular
matrix (ECM) proteins, and DNA binding/transcription factors. While the activity of

actin and other proteins that bind actin (e.g. gelsolin and myosins) may be tied to
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simple heat stress effects (Coakley 1987), oxidative stress (Huot et al. 1997), and/or
osmotic stress effects (Chowdhury et al. 1992), it is tempting to speculate that
differential expression of these genes is tied to loss of endosymbiotic algae. Whether
the algae are being lost via cell detachment (Gates et al. 1992), exocytosis (Steen &
Muscatine 1987), or autophagy/symbiophagy (Dunn et al. 2007, Downs et al. 2009),
the AC is likely involved. Integrin-mediated cell adhesion involves the AC (Delon &
Brown 2007), and exocytosis or degradation of membrane-bound vesicles involves
modifications to the AC (Ridley 2006). Given the involvement of the AC in the
numerous cellular mechanisms that lead to symbiont loss, it is interesting to note that
the expected ‘complexity’ in cellular bleaching mechanisms may actually be quite
simple. Adopting an AC-centric view of bleaching mechanisms could serve to unify
past and present studies and refine future research inquiries.

Given the role of the AC in these possible mechanisms of symbiont loss, future
experiments must investigate how the AC changes during bleaching. An appropriate
way to achieve this objective, which is used routinely in cell culture of model
organisms, is by acquiring fixed and live cell images using confocal microscopy
(Douglass & Vale 2008). Actin-specific stains are readily available, and other AC
components could be targeted with antibodies. Furthermore, fluorophore-tagged
proteins-of-interest can be generated via transfection of cells. The main impediment to
these types of analyses in the context of coral bleaching is the absence of coral cell
lines. While numerous investigators have succeeded in culturing coral cells (Kopecky

& Ostrander 1999, Domart-Coulon et al. 2001, Helman et al. 2008, Khalesi 2008,
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Reyes-Bermudez & Miller 2009), longevity of the culture is rarely achieved.
However, most investigators note that symbiotic cells survive tissue dissociation,
which holds promise for these future endeavors. See below for discussions on ECM
proteins and transcription factors.

Novel cellular processes/components involved in the coral stress response.
Perhaps the most exciting results from the first two chapters are the cellular
processes/components revealed in 4. palmata and M. faveolata that have never before
been implicated in bleaching mechanisms and coral stress physiology. These
processes/components include ECM proteins, the glyoxylate cycle, and cell signaling
molecules, which I will discuss further below.

Extracellular matrix proteins. The ECM is of particular interest in the
context of coral molecular biology because this part of the cellular milieu is critical to
both symbiosis and calcification. First, consider the algal symbionts. They exist in
membrane-bound vesicles known as ‘symbiosomes’, and thus they are effectively
outside of the host cell. ECM proteins existing at the interface of the host and
symbiont (i.e. the symbiosome membrane) must be essential to the maintenance of the
symbiosis. Second, consider the calcification process. The calicoblastic epithelium is
the layer of tissue that secretes the organic matrix, which controls the formation of the
calcium carbonate skeleton (Puverel et al. 2005). Considering both symbiosis and
calcification, a down-regulation of ECM proteins during bleaching could mean (1) a
loss of symbionts and thus a lowered need for proteins active at the symbiosome

membrane, and/or (2) a decrease in calcification as a result of stress.
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Discerning which of these two processes an ECM DEG is involved in poses a
serious challenge. A prime example is the observed down-regulation of a family of
coral-specific genes in M. faveolata. The so-called SCRiPs, or small cysteine-rich
polypeptides (Sunagawa et al. 2009a), may be involved in either of the two
aforementioned processes. Evidence for a role in calcification comes from hierarchical
clustering of DEGs — four SCRiPs cluster tightly with galaxin, a known constituent of
the coral organic matrix (Fukuda et al. 2003) (see Figure 3 in Sunagawa et al. 2009).
Down-regulation of calcification-related molecules is expected given numerous
observations of decreased coral growth following bleaching events (e.g. Jokiel &
Coles 1977). In reality though, it is not clear whether the SCRiPs are involved in
symbiosis or calcification. /n situ hybridization with labeled probes specific to SCRiPs
transcripts can at least elucidate where the SCRiPs are active. Localization to the
symbiosome membrane or the calicoblastic epithelium would be hugely informative.

Three ECM proteins listed in Table 2, collagen alpha-1(II), a Kunitz-type
peptidase inhibitor, and papilin are very intriguing given that orthologs in A. palmata
and M. faveolata were differentially expressed in the respective experiments.
Collagens are structural molecules ubiquitous among animals. While it is impossible
to say exactly what process this specific collagen is involved in, it is worthy to note
that Helman et al. (2008) found the ECM of two coral species to have high amounts of
collagen. However, it is still unclear what this means in the context of coral bleaching.
If collagen is a critical component of the organic matrix, then down-regulation during

bleaching is simply related to less calcification. Other possibilities exist, though, for
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example a down-regulation of collagen may reflect a change in cell adhesion
properties during bleaching, or perhaps the symbiosome membrane is reinforced with
host-derived collagen.

The Kunitz-type peptidase inhibitor (orthologs AOSF907 and AOKF1161) and
papilin (AOKF939) also present a challenge when trying to explain their differential
expression during bleaching. The A. palmata ortholog of the Kunitz-type inhibitor was
up-regulated, but inconsistently, the M. faveolata ortholog was down-regulated.
Papilin was up-regulated in A. palmata. Regardless of direction, the functions of these
proteins are not clear. At the most basic level, these proteins are peptidase inhibitors,
i.e. they inhibit proteolytic enzymes. Peptidases are essential to cellular physiology
being involved in myriad processes such as digestion and apoptosis. Peptidase
inhibitors exist in order to keep the activity of peptidases in check (reviewed in
Rawlings et al. 2004). Both of these peptidase inhibitors contain Kunitz/BPTI and
Thyroglobulin type-1 repeat domains, which suggests that they inhibit serine and/or
cysteine proteases (see PF00086 and PF00014 — http://pfam.sanger.ac.uk/). Among the
many described functions of peptidase inhibitors, an example relevant to symbiotic
systems is that of parasites avoiding host digestion by releasing peptidase inhibitors
(Martzen et al. 1990). It is tempting to hypothesize that these proteins are involved in
mechanisms underlying the establishment and maintenance of the coral-algal
partnership; however, an alternate hypothesis assumes these peptidase inhibitors are

involved in the remodeling of the organic matrix for calcification purposes.
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The glyoxylate cycle. The presence of an alternative metabolic strategy in
corals, by which lipids can be broken down to produce carbohydrates, is particularly
intriguing given the dependence of the coral host on the algal symbiont for fixed
carbon. Based on bioinformatics analyses, the glyoxylate cycle had previously been
implicated in cnidarian metabolism by the presence of the glyoxylate cycle-specific
enzymes isocitrate lyase and malate synthase in sequence databases (Kondrashov et al.
2006). The transcriptomic response to bleaching in A. palmata (Chapter 2) showed for
the first time an active glyoxylate cycle in a cnidarian. Future studies can assess the
contribution of the glyoxylate cycle to the fixed carbon pool of a coral during a diurnal
cycle (via radioisotope labeling), and whether the glyoxylate cycle is a general
metabolic strategy in stressed/bleached corals (via qPCR analysis).

Cell signaling: transcription factors. Precise cell signaling cascades likely
underpin the observed up-regulation of the glyoxylate cycle during bleaching (as
measured in 4. palmata). Similarly, there must be cell signaling mechanisms
underlying the breakdown in coral-algal symbioses during bleaching. Table 3 includes
a list of cell signaling molecules and transcription factors differentially expressed in
chapters 1 and 2 whose activities warrant further study in the pursuit of elucidating the
cellular signaling mechanisms essential to coral bleaching. Interestingly, NF-xB
subunits are included in Table 3, as they were up-regulated in bleached A. palmata.
This is consistent with one of the early (if not only) hypothesized cellular signaling
mechanisms leading to bleaching. Perez and Weis (2006) postulated that reactive

oxygen species (ROS) generated by Symbiodinium during heat/light stress might
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activate NF-kB, which can enter the nucleus and up-regulate inducible nitric oxide
synthase (iNOS) (Mendes et al. 2003). NOS would then stimulate production of nitric
oxide (NO), which reacts with ROS to produce peroxynitrite, which will stimulate cell
death, i.e. bleaching.

This proposed mechanism is bolstered by the findings in A. palmata (chapter
2) describing: (1) the up-regulation of NF-«kB subunits; (2) the up-regulation of a TNF
receptor-associated factor (TRAF3) which activates NF-kB (Takeuchi et al. 1996); and
(3) the down-regulation of NOS-interacting protein (NOSIP) a negative regulator of
NOS (Dedio et al. 2001). The mechanism of Perez & Weis (2006) depends on the
activity of iNOS, which so far has not been quantified via microarray or qgPCR
analyses. However, iNOS sequences are present in the M. faveolata and Acropora
millepora EST libraries, and thus the activity of iNOS during stress and bleaching
could easily be quantified using qPCR. Additionally, there is the assumption that NF-
kB is activating the transcription of iNOS. A chromatin immunoprecipitation (ChIP)
analysis could discern whether NF-xB binds to regulatory elements upstream of iNOS
in corals.

Expecting a single signaling cascade to govern the bleaching process is overly
optimistic, as cellular decisions include complex molecular interactions that adopt
network architecture with pathways and proteins interacting with many others (e.g.
Oda & Kitano 2006). As such, future investigation must extend beyond the NF-kB/NO
story. Other transcription factors listed in Table 3 are worthy of discussion, but I will

focus on Nrf3, ATF2, and ATF4. In particular, Nrf3 is an interesting transcription
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factor given a probable role in oxidative stress-induced transcriptional regulation. For
example, Nrf2, a transcription factor in the same protein family, binds to the
antioxidant response element (ARE) (Kobayashi & Yamamoto 2006), which triggers
the expression of numerous proteins that protect cells from oxidative stress (e.g. Sun et
al. 2005). UniProt pages for Nrf3 (e.g. Q9Y4A8 —human Nrf3), however, state its
function is to activate erythroid-specific globin gene expression. As this function is
unlikely in corals, Nrf3 may be involved in iron homeostasis — indeed, Nrf2 elevation
was correlated with raised iron absorption in mice (Raja et al. 1995). This is related to
oxidative stress because excess iron is thought to generate oxidative stress (Puntarulo
2005), and metals such as iron react with hydrogen peroxide to produce ROS (Haber
& Weiss 1934). As with NF-kB, a ChIP analysis with Nrf3 would be highly
informative in the pursuit of genes activated by Nrf3.

Two other appealing transcription factors are members of the activating
transcription factor (ATF) family: cAMP-dependent transcription factor ATF-2, and
cAMP-dependent transcription factor ATF-4. Both of these transcription factors are
activated by kinases which themselves are triggered by a cAMP-mediated signal
arising from an activated cell surface receptor (Kageyama et al. 1991, Ameri & Harris
2008). Both ATF-2 and ATF-4 were up-regulated in A. palmata during thermal stress.
Following activation, ATFs initiate transcription via binding to the cAMP-responsive
element (CRE). ATF-2 binds to the CRE following homodimerization or
heterodimerization with c-Jun (Hai & Curran 1991). Interestingly, ATF-2 is known to

be responsive to genotoxic stress (i.e. DNA damage) (Ronai et al. 1998), and is

158



activated following signals from the MAPK and JNK signal transduction pathways
(Gupta et al. 1995), which are prototypical stress-responsive pathways.

Likewise, ATF-4 is involved in stress-responsive signal transduction. For
example, ATF-4 is activated following amino acid starvation and ER stress, which
occurs when an over-abundance of unfolded proteins aggregate in the ER. This
signaling pathway begins with the stress-induced activation of kinases that
phosphorylate eukaryotic initiation factor 2 (e[F2a), which negatively regulates
translation of most mRNAs but selectively up-regulates translation of ATF-4 (Harding
et al. 2000). The activity of ATF-4 alleviates amino acid starvation and ER stress by
activating the transcription of chaperones, antioxidant proteins, and amino acid
metabolism proteins (reviewed in Rutkowski & Kaufman 2003). Consequently, cells
lacking ATF-4 are more susceptible to ER stress, amino acid deficiency, and oxidative
stress leading to increased cell death (Harding et al. 2003). Given the role of ATFs in
model systems, their activity during coral bleaching certainly warrants further
investigation.

Cell signaling: protein tyrosine phosphatases. There are four protein
tyrosine phosphatases (PTPases) in Table 3, two of which are receptor-type PTPases.
In general, PTPases are the opposite of kinases and thus remove phosphate groups
from proteins that have phosphorylated tyrosine residues. While the function of these
proteins cannot be deduced by BLAST homology, it is important to point out that
PTPases are important components of signal transduction pathways, and that PTPases

are differentially expressed in response to thermal stress in both coral species studied.
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One PTPase that warrants further investigation is receptor-type tyrosine-protein
phosphatase N2 (CAONS819). This gene was down-regulated in M. faveolata, and it is

interesting because its BLAST E-value is extremely low (1¢"*

), which suggests that
its function may be tightly associated with that of vertebrate homologs. In human
neuroendocrine cells, this gene is involved in processes specific for neurosecretory
granules, such as their biogenesis, trafficking or regulated exocytosis (Solimena et al.
1996). Elucidating the function of this receptor-type PTPase in corals is tempting
given that secretory processes are likely involved in metabolite transfer, calcification,
and exocytosis of algae.

Cell signaling: the Ca*" signaling pathway. The results of chapters 1 and 2
culminated in the ability to form a molecular model of the events enacted by thermal
stress that lead to the bleaching response. An early version of this model is present in
chapter 1 (Figure 1). In expanding this objective, the focus turns to signal transduction
pathways rather than cellular processes. Ultimately, I am aiming to form a molecular
network that includes the following components: (1) an extracellular signal (e.g. heat,
ROS, Symbiodinium signaling molecule), (2) receptor activation (e.g. receptor-type
PTPases, GPCRs), (3) calcium or cAMP as a secondary messenger, (4) kinase
activation (e.g. JNK and MAPK pathways), (5) activation of transcription factors (e.g.
ATFs, NF-kB), and (6) mechanisms of cross-talk between different signaling

pathways (i.e. places in a signaling cascade where a signal can bifurcate to involve

another pathway and thereby another cellular response). In reaching these objectives, I
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will focus on the calcium (Ca®") and mitogen-activated protein kinase (MAPK)
signaling pathways.

Ca”" signaling begs discussion because Ca’" is a ubiquitous second messenger
linking cellular homeostatic mechanisms to cell death and stress signaling pathways.
Figure 1 is a simplified, stripped-down version of the Ca*" signaling pathway
compiled by KEGG (Kanehisa & Goto 2000). It is notable that many of the molecules
present in the classic Ca®" signaling pathway are present in our coral sequence
libraries (Figure 1 - boxes in green, blue, or yellow — also see Table 4 for other Ca*"
signaling molecules present in corals). Most of these molecules have never been
studied in the context of coral biology and bleaching; thus, investigating the
activities/expression of ryanodine receptors (RYRs), Ca" transporters, the inositol
1,4,5-triphosphate receptor (IPsR), and calcium/calmodulin-dependent protein kinases
(CAMKSs), for example, represent myriad topics of future study.

In studying how Ca”" signaling may be involved in bleaching mechanisms,
consider topics discussed above in the context of the transcription factor ATF-4.
Recall that the unfolded protein response triggers ER stress, which leads to up-
regulation of ATF-4, which activates transcription of, among other things, antioxidant
proteins. How does this all connect to Ca* signaling and bleaching mechanisms?
Consider the following notions: (1) the prevailing mechanism of coral bleaching
involves the cytotoxic effects of oxidative stress (reviewed in Lesser 2006); (2)
oxidative stress in general disrupts ER function; (3) protein folding in the ER also

causes oxidative stress; (4) both ER stress and oxidative stress lead to an increase in
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cytosolic Ca®*; and (5) increased cytosolic Ca*" increases ROS generation in the
mitochondria (reviewed in Malhotra & Kaufman 2007). These responses inevitably
lead to cell death (Li et al. 2006), which is a viable method by which corals bleach
(Strychar et al. 2004). Thus, Ca*" signaling, ER stress, and ATF-4 activity in the
context of coral bleaching mechanisms represent prime areas of research. Further
adding to this impetus is the fact that Ca*" signaling links to many other cellular
pathways — for example, in Figure 1, the beige-shaded box illustrates how PKA links
Ca”" signaling to MAPK signaling.

Cell signaling: the MAPK signaling pathway. The MAPK pathway is
involved in various cellular functions, such as cell proliferation, differentiation, and
cell death. Relevant to coral stress physiology, numerous extracellular stressors have
been found to activate the MAPK pathway, including irradiation, heat shock, oxidative
stress, and osmotic stress (Obata et al. 2000). MAPK signaling pathways are broken
into 3 subgroups: the classical MAPK pathway, the INK and p38 MAPK pathway,
and the ERKS5 pathway. Figure 2 is a simplified version of the entire MAPK signaling
network compiled by KEGG (Kanehisa & Goto 2000). It is notable that many of the
molecules present in the JNK, p38, and ERK5 MAPK pathways are present in our
coral sequence libraries (Figure 2 - boxes in green and blue - also see Table 5 for other
MAPK signaling molecules present in corals). Most of these molecules have never
been studied in the context of coral biology and bleaching; thus, investigating the
activities/expression of tumor necrosis factor receptors (TNFRs), TNFR-associated

factors (TRAFs), nuclear factor kappa-B (NF-kB), nuclear factor of activated T-cells
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(NFAT), and the numerous MAP kinases represent innumerable topics of future study.
Similar to Ca®" signaling, MAPK signaling also links to other pathways. For example,

the beige-shaded box in Figure 2 illustrates a link between Ca>" and MAPK signaling.

Also, at the termini of the different MAPK pathways, it is evident that these signaling

events connect to p53 and apoptotic signaling.

Many constituents of the different MAPK pathways can be investigated for
their role in stress and bleaching. From chapter 2, we know that TRAF2 and NF-xB
are differentially expressed upon thermal stress and bleaching. However, it remains
unknown which molecules exist upstream and downstream of these targets. Using the
scaffolds in Figure 2 and the abundant coral sequence resources, investigators will
eventually be able to piece together complete molecular pathways. However, the
ability to deduce signal transduction cascades and how they mechanistically alter
cellular processes depends on a suite of molecular genetic and cellular tools that do
not yet exist for corals. These tools include: the ability to establish transgenic lines of
corals, perform gene knockdowns via RNAI, and access large antibody libraries. Since
these tools are in the distant future, it is noteworthy that sequence resources alone
allow investigators to study signal transduction using bioinformatics tools (Lindvall et
al. 2003).

Using bioinformatics and rudimentary cellular tools, we might soon find direct
evidence that stress indeed leads to the activation of MAPK signaling pathways in
corals, which then results in the activation of transcription factors such as NF-xB and

ATF-4. Of equal importance, though, is to find out what initially triggers the MAPK
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pathway. One possibility is direct activation by the stressor itself. For example, ROS
can directly activate both MAP3KS5 and MAP3K1 and thereby activate the MAPK
cascade (Droge 2002). Another possibility for an activator is a ligand-receptor
interaction. TNFRs represent a start point for MAPK signaling cascades. TNFRs are
activated by tumor necrosis factors (TNFs), which are cytokines involved in cell-cell
communication. Our coral sequence libraries do indeed include homologs to TNFs,
which opens the possibility that the bleaching response might be initiated by a precise
molecular signal — or better yet, a signal from the algal endosymbionts.

The endpoint of MAPK signaling is also critical information in the context of
coral bleaching. We know that MAPK pathways lead to the activation of NF-xB and
ATF-4 for example, and we know that these transcription factors are indeed up-
regulated in A. palmata during stress. However, discerning which genes are activated
or repressed by these transcription factors, and how these downstream events lead to
the breakdown of symbiosis, at this point, depends on literature searches based on
different study systems. The NF-kB/NOS mechanism of bleaching posited by Perez &
Weis (2006) was based on literature searches, and while it is supported by findings
reported in this dissertation, further investigation is required to confirm the proposed

mechanism.

The observed correlation between Symbiodinium genotype and host transcriptome

After performing experiments in chapters 1 and 2 and measuring marked

transcriptomic responses to heat stress and bleaching in 4. pa/mata and M. faveolata,
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the results reported in chapter 3 were immensely surprising. At first it seemed unlikely
that the resident Symbiodinium genotype could have a greater effect on the coral host
transcriptome compared to experimental heat stress. However, a multitude of recent
studies have documented coral host physiology being modulated by symbiont
genotype (e.g. Little et al. 2004, Stat et al. 2008, Cantin et al. 2009, Mieog et al. 2009).
Especially revealing are the results of Mieog et al. (2009); they found that
Symbiodinium type was the most important predictor of holobiont fitness (as measured
by growth, survival, and thermo-tolerance) among outplanted coral juveniles
experimentally infected with different Symbiodinium genotypes.

Since it is clear that different Symbiodinium genotypes are more or less
mutualistic to their coral hosts, it will be interesting to see specific genes differentially
expressed between coral hosts housing different Symbiodinium genotypes. The results
of the single host genotype experiment in chapter 3 offer an initial glimpse into what
cellular processes are differentially regulated by different Symbiodinium genotypes.
By comparing gene expression in top, middle, and bottom fragments, we found that
pathways involved in protein translation, folding, and degradation were differentially
expressed in clade B-containing top fragments compared to clade C-containing middle
and bottom fragments. Lower expression of 13 ribosomal proteins and methionine
aminopeptidase suggests less mRNA translation in top fragments, and lower
expression of a subunit of mitochondrial ATP synthase suggests less respiration in top
fragments. Furthermore, top fragments express galaxin, a protein of the extracellular

organic matrix (Fukuda et al. 2003), less than middle and bottom fragments. These
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results suggest that perhaps M. faveolata associated with clade B do not have the same
energy budget as M. faveolata associated with clade C.

While these results are certainly promising in that they suggest that different
Symbiodinium genotypes may modulate the host transcriptome by translocating
differing amounts of metabolites, one must be cautious given that the experiment was
performed with a single host colony. The ideal experiment will involve Symbiodinium
genotyping of coral colonies prior to fragment collection. It will be imperative to
collect fragments from multiple host colonies containing different Symbiodinium
genotypes that receive similar amounts of sunlight. This design includes biological
replication, and it controls for the effects of long-term acclimatization to different light
fields. Furthermore, in order to discern whether there are true biological replicates,
coral host genotyping with microsatellite markers will also be required. If able to
satisfy these conditions, then the experiment will be quite simple, as thermal stress and
bleaching do not even have to be part of the design. One could simply acclimate the
fragments in a common tank for ~30 days to promote wound repair, and sample
fragments for microarray analyses at the beginning, middle, and end of 30-day period.

Shaping the coral host transcriptome during experimental stress. Experimental
fragments of M. faveolata used in the time course experiment of chapter 1 harbored
different Symbiodinium genotypes, which begs the question: why was a symbiont-
effect on host gene expression not revealed in this experiment? Based on the results of
chapter 3, any experiment involving fragments with different Symbiodinium genotypes

should retain a transcriptomic signature that correlates with Symbiodinium genotype.
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To explain this inconsistency, one must consider the intensity of the stress regime,
which is likely modulated by both experimental design factors (e.g. length of
acclimation time, rate of temperature increase) and biological factors (e.g. species-
specific sensitivities to stress).

Comparing chapters 2 and 3 offers an analysis of disparate experimental
designs that illustrate my point. In the experiment described in chapter 2, the following
conditions apply: a branching coral species in A. palmata; fragments containing only
Symbiodinium clade A; an acclimation time of 4 days; and a rapid rate of temperature
increase (1°C/hr). In contrast, the multi-colony experiment in chapter 3 involved the
following conditions: an encrusting coral species in M. faveolata; fragments
containing different Symbiodinium genotypes; an acclimation time of nearly 30 days;
and a slow rate of temperature increase (0.35°C/hr). The first scenario (i.e. 4. palmata,
chapter 2) favored the detection of drastic changes in gene expression due to stress
given that branching coral species are generally more sensitive than encrusting species
(Loya et al. 2001), the coral fragments had little time to recover from fragmentation,
and the temperature was increased rapidly. The second scenario (i.e. M. faveolata,
chapter 3), however, favored the detection of gene expression due to partnering with
different Symbiodinium genotypes because the stress intensity was low — the fragments
were allowed to fully recover and the temperature was increased slowly.

The processes being discussed in this section are illustrated in Figure 3, which
depicts the coral host transcriptome (as measured during experimental manipulation)

being shaped by two competing ‘effects’ — those of stress and those of the resident
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algal symbionts. The balance between these two competing effects is influenced by
design factors such as acclimation time and thermal treatment, and by biological
factors such as symbiont genotypes and host sensitivity to stress. The balance between
stress and symbiont effects is tipped towards stress in experiments described in
chapters 1 and 2, and the balance is tipped towards symbiont effects in experiments
from chapter 3. As mentioned above, why was a symbiont effect on host gene
expression not revealed in the experiment from chapter 1 where fragments of M.
faveolata contained different clades of Symbiodinium? A likely explanation for this is
that the short acclimation time and rapid thermal ramping outweighed the symbiont
effects such that the balance remained tipped towards stress effects (however, it must
be noted that any other of a multitude of factors not controlled in this comparison

could have influenced the results).

Conclusions

In synthesizing the results of this dissertation, the shear complexity of the coral
holobiont at the transcriptomic level and how aspects of experimental design modulate
it truly stands out. The results of chapter 3 illustrate the enormous effect that the
symbionts can have on their hosts. This effect must be considered in any experiment
aiming to measure gene expression in corals. In straightforward experiments like those
reported in chapters 1 and 2, many challenges arise in interpreting the expression of
annotated genes; however, in the context of the conserved cellular stress response, the

activities of some differentially expressed genes are clear. Discerning the identities of
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non-annotated genes and their roles during stress and bleaching represents the true
challenge for coral biologists. While a coral genome project can certainly aid in the
annotation of genes, the identification and functional characterization of coral-specific
genes will be slower to realize. The areas of bioinformatics, genomics, systems
biology, and cell biology hold immense promise in the future as we strive to

understand the coral-algal symbiosis at the level of a model system.
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FIGURES
Figure 1. A schematic of the calcium (Ca”") signaling pathways based on the
reference pathway in the KEGG database (Kanehisa & Goto 2000) found at

http://www.genome.jp/kegg/pathway/hsa/hsa04020.html. Genes in green boxes are

those for which homologous genes are present in sequence databases for 4. palmata
and/or M. faveolata (for Clone IDs see Table 4). Calmodulin (CaM), which is in a
yellow box is both present in coral sequence databases and down-regulated upon

thermal stress as detected using microarrays.
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Figure 2. A schematic of the mitogen-activated protein kinase (MAPK) signaling
pathways based on the reference pathway in the KEGG database (Kanehisa & Goto

2000) found at http://www.genome.jp/kegg/pathway/hsa/hsa04010.html. Genes in

green boxes are those for which homologous genes are present in sequence databases
for A. palmata and/or M. faveolata (for Clone IDs see Table 5). Genes in blue boxes
are both present in coral sequence databases and up-regulated upon thermal stress as

detected using microarrays.
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Figure 3. A ‘see-saw’ design illustrating the hypothesis that the coral host
transcriptome is shaped by the competing effects of stress and their algal
endosymbionts. Based on the microarray experiments described in this dissertation, it
is supposed that symbiont effects are dominant in experiments using long acclimation
times, slow thermal ramping, stress-resistant coral species, and coral species known to
associate with multiple symbiont clades (i.e. similar to experiments in chapter 3). On
the other hand, stress effects are dominant in experiments using short acclimation
times, rapid thermal ramping, sensitive coral species, and species that associate with

only one clade of symbiont (i.e. similar to experiments in chapter 2).
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Figure 3.
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TABLES
Table 1. A list of differentially expressed cellular processes detected in microarray
experiments in the corals M. faveolata and A. palmata (superscript 1 and 2
respectively). Letter superscripts denote the whether a process is part of the conserved

cellular stress response (C), or possibly specific to symbiotic corals (S).

176



Table 1.

Cellular processes/components affected by thermal stress

Up-regulated
Antioxidant response
Cell signaling and transcription factors "
Chaperone activity '€

Glyoxylate cycle >

Nucleic acid stabilization and repair >
Removal of damaged macromolecules >
Vesicle/ion/macromolecule transport '**
Down-regulated
Calcium homeostasis

2,C
2,8

C
C

2,C

Cell cycle control "¢
Ribosomal proteins ¢
Modified (both up and down)
Actin cytoskeleton "¢
Cell death "¢
Extracellular matrix ">
Metabolite transfer between host and symbiont **
Nitric oxide signaling >

Sensory perception >

S
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Table 2. A list of differentially expressed genes overlapping between lists generated in
microarray experiments of thermal stress in the corals M. faveolata and A. palmata.

Clone IDs are searchable at: http://sequoia.ucmerced.edu/SymBioSys/index.php. A

superscript O in the ‘Clone ID’ columns denote orthologous sequences.
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Table 2.

Clone ID Cellular
Annotation M. faveolata A. palmata Component/Process
Actin CAOO1104 CAOG395 Actin cytoskeleton
CAOH739
CAOHS820
Ankyrin repeat domain- CAOO1106 AOKG503 Cell signaling
containing protein
Bromodomain-containing CAON1597 AOKF837 Transcription regulation
protein
Calmodulin AOSF573 CAOG430 Calcium signaling
Collagen alpha-1(II) chain AOSF1268° AOKF900° Extracellular matrix
Eukaryotic translation AOSF620 AOKF794 Translation regulation
initiation factor subunit AOSC681
CAONS847
Kunitz-type peptidase AOSF907° AOKF1161° Extracellular matrix
inhibitor
Gelsolin/Severin AOSF1307° CAOG410° Actin cytoskeleton
CAONI1914
Heat shock protein HSP 90-  AOSC617 AOKF986 Chaperone activity
alpha
H}iostone H2A.V (Fragment) = AOSF622 AOKF1050 DNA binding
Myosin CAONG658° AOKF396° Actin cytoskeleton
AOSF969 CAOH671
Polyamine-modulated factor ~CAOO2078 CAOHB831 Actin cytoskeleton
1-binding prot. 1
Protein BTG1 AOSB1072 AOKF732 Cell cycle regulation
Selenoprotein AOSF1308 AOKF908 Protein degradation
Transcription factor HES-1 AOSF533 CAOI984 Transcription regulation
Vitellogenin-2 AOSF1022° CAOH1099° Lipid metabolism
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Table 3. A list of differentially expressed cell signaling molecules and transcription
factors identified in microarray experiments in the corals M. faveolata and A. palmata.

Clone IDs are searchable at: http://sequoia.ucmerced.edu/SymBioSys/index.php.
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Table 3.

Clone ID Common Name E-value  Change
A. palmata
AOKF1550 Nuclear factor erythroid 2-related factor 3 (Nrf3)  5.E-08 Up
AOKF1682 NF-«xB p105 subunit (Death domain) 6.E-07 Up
AOKF1938 Receptor-type tyrosine-protein phosphatase o 6.E-45 Up
AOKF494 Serine/threonine-protein kinase 6 1.E-109  Down
AOKF654 Trxn init. factor TFIID subunit 13 5.E-21 Down
AOKF775 Protein sprint 5.E-06 Up
AOKF917 cAMP-dep. trxn factor ATF-2 8.E-31 Up
AOKF942 Nuclear factor erythroid 2-related factor 3 (Nrf3)  5.E-08 Up
AOKG1293 Trxnal repressor NF-X1 8.E-36 Up
CAOH485 NF-«xB p105 subunit (Ankyrin repeat domain) 2.E-37 Up
CAOH623 cAMP-responsive element-binding protein-like 2 2.E-18 Up
CAOH936 cAMP-dependent trxn factor ATF-4 1.E-13 Up
CAOI879 Transmembrane emp24 domain-containing 2.E-25 Up
protein 1
CCHX4259.b1 TNF receptor-associated factor 3 (TRAF3) 6.E-53 Up
CCHX9815 NF-«xB p105 subunit (Rel homology domain) 1.E-38 Up
M. faveolata
AOSB596 Nuclear hormone receptor family member nhr-6 4.E-23 Up
AOSB763 Protein tyrosine phosphatase type IVA 4.E-56 Up
AOSC957 Protein FEV 2.E-49 Down
AOSF1361 Adenosine receptor Al 2.E-07 Down
AOSF533 Trxn factor HES-1 3.E-22 Down
AOSF666 RING-box protein 2 5.E-49 Up
AOSF861 Tyrosine-protein phosphatase 1 4.E-20 Up
AOSF882 CCAAT/enhancer-binding protein y 3.E-15 Down
CAONS819 Receptor-type tyrosine-protein phosphatase N2 1.E-128 Down

181



Table 4. A list of genes identified in the sequences resources for the corals A. palmata
and M. faveolata that are involved in calcium (Ca®") signaling. Clone IDs and contig

numbers are searchable at: http://sequoia.ucmerced.edu/SymBioSys/index.php.

Annotations are based on the best BLAST hit to the SwissProt database

(OS=organism, GN=gene name, and Acc=Accession number).
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Table 4.

Clone ID/Contig Gene SwissProt Annotation (best BLAST hit)

M. faveolata

CCHW12760.b1 ¢ s CAMK Ca®*/calmodulin-dep protein kinase type 1 OS=R. norvegicus GN=Camk1; Acc=KCCIA_RAT; E=7.0e-88
CCHWI13802b1 ¢ s Ca’ channel Two pore calcium channel protein 1 OS=R. norvegicus GN=Tpcnl; Acc=TPC1_ RAT; E=9.0e-28

Contig3371 CBP22 Calcium-binding protein p22 OS=R. norvegicus GN=Chp; Acc=CHP1 RAT; E=4.0e-60

CCHW12227b1 ¢ s IP;R Inositol 1,4,5-trisphosphate receptor OS=D. melanogaster GN=Itp-r83A; Acc=ITPR_DROME; E=2.0e-66
Contig2107 RYR SPRY domain-containing SOCS box protein 3 OS=H. sapiens GN=SPSB3; Acc=SPSB3 HUMAN; E=8.0e-27
Contig3190 RYR RING finger and SPRY containing protein 1 OS=P. abelii GN=RSPRY1; Acc=RSPRY PONAB; E=1.0e-109
A. palmata

CCHX6929.b1 ¢ s

Ca?' channel

Extracellular Ca®"-sensing receptor OS=M.musculus GN=Casr; Acc=CASR_MOUSE; E=1.0e-30

Contig2416 CBP22 Calcium-binding protein p22 OS=R. norvegicus GN=Chp; Acc=CHP1 RAT; E=2.0e-54

Contig2453 Ca’" channel Two pore calcium channel protein 1 OS=H. sapiens GN=TPCN1; Acc=TPC1_HUMAN; E=4.0e-29

Contig2876 CAMK Calcium/calmodulin-dependent protein kinase OS=D. melanogaster GN=Caki; Acc=CAKI DROME; E=3.0e-07
Contig3914 Ca’" channel Calcium-transporting ATPase type 2C member 1 OS=P. abelii GN=ATP2C1; Acc=AT2C1_PONAB; E=1.0e-08
Contig4585 Ca’" channel Plasma membrane Ca’'-transporting ATPase 4 OS=R. norvegicus GN=Atp2b4; Acc=AT2B4 RAT; E=5.0e-69

CAFC486.g1_c_s PLC
CCHX8334.gl ¢ s PLC
CCHX9258.b1_c_s IPsR
CCHX12213.b1 ¢ s BSTI

Inactive phospholipase C-like protein 2 OS=M.musculus GN=PIcl2; Acc=PLCL2_MOUSE; E=4.0e-80
Phosphoinositide phospholipase C 3 OS=A. thaliana GN=PLC3; Acc=PLCD3 ARATH; E=2.0e-06
Inositol 1,4,5-trisphosphate receptor type 2 OS=M. musculus GN=Itpr2; Acc=ITPR2 MOUSE; E=8.0e-73
ADP-ribosyl cyclase OS=A. kurodai; Acc=NADA APLKU; E=1.0e-27

Contig2238 PKA cAMP-dep protein kinase type II reg subunit OS=S. purpuratus PE=2 SV=1; Acc=KAPR_STRPU; E=1.0e-106
CAOI2411.b1 ¢ s ADCY Adenylate cyclase type 6 OS=R. norvegicus GN=Adcy6; Acc=ADCY6_RAT; E=3.0e-16

Contig6264 ADCY Adenylate cyclase type 9 OS=M. musculus GN=Adcy9; Acc=ADCY9_MOUSE; E=3.0e-15

Contig1964 RYR SPRY domain-containing SOCS box protein 3 OS=H. sapiens GN=SPSB3; Acc=SPSB3 HUMAN; E=2.0e-31
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Table 5. A list of genes identified in the sequences resources for the corals A. palmata
and M. faveolata that are involved in mitogen-activated protein kinase (MAPK)
signaling. Clone IDs and contig numbers are searchable at:

http://sequoia.ucmerced.edu/SymBioSys/index.php. Annotations are based on the best

BLAST hit to the SwissProt database (OS=organism, GN=gene name, and

Acc=Accession number).
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Table 5.

Clone ID/Contig Gene SwissProt Annotation (best BLAST hit)

M. faveolata

Contig3314 MAP2K4 Dual specificity MAP kinase kinase 4 OS=M. musculus GN=Map2k4; Acc=MP2K4 MOUSE; E=1.0e-101
CCHW9949.b1 ¢ s MAP2K6 Dual specificity MAP kinase kinase 6 OS=M. musculus GN=Map2k6; Acc=MP2K6_MOUSE; E=8.0e-42
Contig3745 MAP3K1 MAP kinase kinase kinase 1 OS=R. norvegicus GN=Map3k1; Acc=M3K1_RAT; E=2.0e-08

Contig913 NFAT-5 Nuclear factor of activated T-cells 5 OS=M. musculus GN=Nfat5; Acc=NFATS5_MOUSE; E=9.0e-23
CCHW14552.b1 ¢ s TNFR TNF receptor superfamily member 16 OS=M. musculus GN=Ngfr; Acc=TNR16_MOUSE; E=2.0e-11
CCHW2966.b1 ¢ s NFkB Nuclear factor NF-kappa-B p105 subunit OS=G. gallus GN=NFKB1; Acc=NFKB1_CHICK; E=5.0e-40
Contigl1270 NFkB Nuclear factor NF-kappa-B p105 subunit OS=G. gallus GN=NFKB1; Acc=NFKB1_CHICK; E=1.0e-43
CCHWI11334.b1 ¢ s TRAF4 TNF receptor-associated factor 4 OS=H. sapiens GN=TRAF4; Acc=TRAF4 HUMAN; E=9.0e-35
CCHWI13419.b1 ¢ s TRAF1 TNF receptor-associated factor I OS=M. musculus GN=Trafl; Acc=TRAF1_MOUSE; E=1.0e-36
CCHW16073.b1 ¢ s TRAFS TNF receptor-associated factor 5 OS=H. sapiens GN=TRAFS5; Acc=TRAF5_HUMAN; E=8.0e-07
CCHWS8441.b1 ¢ s TRAF6 TNF receptor-associated factor 6 OS=H. sapiens GN=TRAF6; Acc=TRAF6_  HUMAN; E=1.0e-31
CCHW9787.b1 ¢ s TRAF3 TNF receptor-associated factor 3 OS=M. musculus GN=Traf3; Acc=TRAF3_MOUSE; E=4.0e-48

AOSB596.b2 ¢ s
Contigl1070

A. palmata
AOKG2255b2 ¢ s
Contig6505
CCHX10898.b1 ¢ s
CCHX11092.b1 ¢ s
CCHX8614.b1 _c_s
Contig3199
Contig1488
Contigl777
Contig3207
Contig3687
CCHX16355.b1 ¢ s
CCHX4259.b1 ¢ s
CCHX15459.b1 ¢ s
CCHX3191.b1 ¢ s
Contig4165

Nuclear receptor
Nuclear receptor

MAP2K5
MAPK7
MAP3K7IP1
MAP3K1
TNFR
TNFR
NFkB

NFkB

NFkB

IKK

TRAF2
TRAF3
TRAFS
TRAF6
Nuclear receptor

Nuclear hormone receptor family member nhr-6 OS=C. elegans GN=nhr-6; Acc=NHR6_CAEEL; E=4.0e-23
Nuclear receptor subfamily 2 group F member 1 OS=D. rerio GN=nr2fl; Acc=NR2F1_DANRE; E=1.0e-156

Dual specificity MAP kinase kinase 5 OS=R. norvegicus GN=Map2k5; Acc=MP2K5 RAT; E=6.0e-66
MAP kinase 7 OS=M. musculus GN=Mapk7; Acc=MK07_MOUSE; E=1.0e-116

MAP KKK 7-interacting protein 1 OS=H.sapiens GN=MAP3K7IP1; Acc=TAB1_HUMAN; E=8.0e-34
MAP kinase kinase kinase 1 OS=M. musculus GN=Map3k1; Acc=M3K1_MOUSE; E=2.0e-17

TNF receptor superfamily member 19 OS=H. sapiens GN=TNFRSF19; Acc=TNR19_HUMAN; E=1.0e-06
TNF receptor superfamily member 14 OS=H. sapiens GN=TNFRSF14; Acc=TNR14_HUMAN; E=3.0e-09
Nuclear factor NF-kappa-B p105 subunit OS=G. gallus GN=NFKB1; Acc=NFKB1_CHICK; E=2.0e-37
Nuclear factor NF-kappa-B p105 subunit OS=M. musculus GN=Nfkb1; Acc=NFKB1 MOUSE; E=6¢-07
Nuclear factor NF-kappa-B p105 subunit OS=C. familiaris GN=NFKB1; Acc=NFKB1_CANFA; E=1e-38
Inhibitor of NF kappa-B kinase subunit alpha OS=X. laevis GN=chuk; Acc=IKKA XENLA; E=5.0e-57
TNF receptor-associated factor 2 OS=M. musculus GN=Traf2; Acc=TRAF2_MOUSE; E=2.0e-12

TNF receptor-associated factor 3 OS=M. musculus GN=Traf3; Acc=TRAF3_MOUSE; E=6.0e-53

TNF receptor-associated factor 5 OS=M. musculus GN=Traf5; Acc=TRAF5_MOUSE; E=2.0e-27

TNF receptor-associated factor 6 OS=M. musculus GN=Traf6; Acc=TRAF6_MOUSE; E=1.0e-45

Nuclear receptor subfam 2 grp C memb 2 OS=H. sapiens GN=NR2C2; Acc=NR2C2 HUMAN; E=1.0e-31
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