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Abstract

Coral reefs are the oceans’ most diverse and productive ecosystems. However, reef
ecosystems are also one of the most endangered habitats on Earth, due to their fragility and
exposure to both abiotic and biotic stressors. Understanding the impacts that environmental
stressors have on the coral cellular mechanisms is integral for determining the coral health
status. It also has important implications for persistence of coral reefs under rapidly changing
climatic conditions. In this PhD study, I implemented a transcriptomic approach to
investigate the response of the coral A. millepora to biotic and abiotic challenges in an
attempt to better understand the molecular mechanisms underlying specific and general

coral stress responses.

In Chapter 2, I focus on the coral response to lipopolysaccharidae (LPS) challenge in
order to better understand innate immunity in corals. By using differential gene expression
analysis and comparative genomics, [ provide evidence that the coral response to LPS
challenge resembles that of vertebrates. In addition, the effect of pre-exposure to high pCO-
conditions on the response to LPS challenge was investigated where, as in vertebrates and
Drosophila, hypercapnia impaired the innate immune response. The results obtained support
the hypothesis that coral immunity is likely to be compromised by near-future ocean
acidification conditions and that cumulative stressors may predispose corals to increased

disease.

In Chapter 3, I investigate the molecular mechanisms underlying the coral response to
hypo-osmotic stress, again through application of transcriptomic approaches. Previous
studies on corals and other marine invertebrates have enabled identification of a group of
genes that respond to a wide range of stressors, whereas distinct sets of genes respond to
specific stressors. Results described in this chapter illustrate that common responses to

environmental stressors in Acropora sp. include up-regulation of genes involved in

v



macromolecular and oxidative damage, while up-regulation of genes involved in amino acid
metabolism and transport represent specific responses to salinity stress. These results
provide important insights into how corals respond at the molecular level to low salinity
events, which are predicted to increase under future climate scenarios due to increased

frequency of intense rainfall events.

In Chapter 4, I examine the production of dimethylsulphoniopropionate (DMSP) by
corals under salinity stress, in order to better understand the biosynthetic pathway and the
role this compound in the coral. The concentration of DMSP increased in the coral under
hypo-saline conditions, contradicting the assumption that DMSP functions as an osmolyte in
corals, as is the case in higher plants and algae. Results described in this chapter suggest that
DMSP production primarily serves as an overflow mechanism for removal of excess
methionine arising from catabolism of betaines, although DMSP may also serve as a
scavenger of ROS. The transcriptomic analyses also enabled identification of candidate genes
for roles in DMSP biosynthesis. When DMSP was produced in response to hyposaline stress,
coral homologues of each of the four enzymes classes implicated in DMSP biosynthesis
(aminotransferase, reductase, methyltransferase, and decarboxylase) were up-regulated,

linking specific genes to production of this compound from methionine in corals.

In Chapter 5, the published data and that described in all of the previous thesis
chapters are used in attempt to establish the general mechanisms used by corals to respond
to environmental stress. The transcriptomic data generated here provide novel insights into
conserved and specific molecular mechanisms used by corals under stress, and advances our
understanding of how corals are likely to respond to the challenges of a changing marine

ecosystem.
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Chapter 1: General introduction

The response of corals to environmental stress



1.1. The importance of coral reefs and their current decline

Coral reefs are biologically diverse ecosystems. Despite only constituting
approximately 0.1% of the ocean’s surface area, coral reefs provide habitat for nearly one
quarter of all marine species (Hoegh-Guldberg 1999; Moberg & Folke 1999; Plaisance et al.
2011). Coral reefs are also of great economical importance, supporting fisheries and
providing income to local communities through tourism based activities. For example, the
Great Barrier Reef (GBR) off the east coast of Australia and the world’s largest coral reef
ecosystem, was estimated to contribute $5.7 billion to the Australian economy in 2012
(Economics 2013). Many coastal communities in developing countries rely on coral reefs for
their primary source of protein, thereby making them central to the livelihood of millions of
people globally (Moberg & Folke 1999). Coral reefs also provide a variety of other ecosystems
goods and services including coastal protection, sediment production, and biotic services as

habitat for a wide range of fish species and marine invertebrates (Harborne et al. 2006).

Globally, coral reefs are in decline, however, driven by environmental and
anthropogenic factors, including coastal pollution, over-fishing, tourism, and climate change
(Gardner et al. 2003; Hughes 1994; Pandolfi et al. 2003). Evidence for this decline can be
most clearly seen in the Caribbean, where up to 80% of coral cover has been lost over three
decades, attributed to several factors including coral bleaching, diseases, overfishing, and the
collapse of the sea urchin, Diadema antillarum population. In many regions a phase shift from
coral to macroalgal dominance has occurred on the reefs and persisted for 25 years (Figure
1.1) (Gardner et al. 2003). Recent assessments of the GBR show that a 50% decline in coral
cover has occurred over the period from 1985 to 2012, largely attributable to three main
factors - coral predation by crown-of-thorns starfish (COTS), cyclones and coral bleaching
(De'ath et al. 2012). Anthropogenic factors contributing to the degradation of the GBR include
water quality parameters, particularly elevated loads of nutrients, sediments, and pesticides

from coastal run-off (Great Barrier Reef Marine Park 2014). Globally, these threats are



expanding with an estimated 30% of reefs threatened by coastal development, and 12% by

marine pollution (Fabricius 2005).

Bay (Jamaica) 1975

Figure 1.1 Phase shifts of Caribbean reefs from coral to macroalgal dominance in A) 1975
and C) 2013 Discovery Bay, Jamaica. B) 1975 and D) 2004 Carysfort Reef within the Florida
Keys National Sanctuary. Figure taken from Jackson et al. (2014; Figure 2).

While localised disturbances have significantly impacted coral reefs, climate change
effects, including increasing global temperatures and ocean acidification, are projected to
have cumulative impacts on reef ecosystems, causing shifts in species distribution and
further declines in coral cover. Global projections by the Intergovernmental Panel on Climate
Change (IPCC 2013) predict that sea surface temperatures will increase over the next century
by 1°C to more than 3°C depending on the emission scenarios. While the ocean pH is
predicted to decrease by a further 0.2-0.4 units from the present value (Figure 1.2) (IPCC
2013, Chapter 12). Some studies imply that these two factors could contribute to major
declines in calcification in coral reefs, where data from the GBR show that between 1990 and

2005 there was an 11% decline in coral calcification (De'ath et al. 2009; Orr et al. 2005).



Short-term laboratory experiments also provide evidence of direct impacts of high pCO-
conditions on a wide range of marine calcifying organisms, though further research is needed

to understand the long-term effects and population level impacts (Doney et al. 2009).

Changes in surface salinity that are linked to evaporation and precipitation over
oceans have also been affected by climate change (IPCC 2013, Chapter 3). Projected global
trajectories imply that as a result of climate shifts, wet regions are becoming wetter and dry
regions are becoming drier (Durack et al. 2012). Over 50 years of data collected from the
tropical western Pacific regions has demonstrated that sea surface salinity (SSS) has declined
by 0.1 to 0.3 in regions with high precipitation (Cravatte et al. 2009). On the GBR, SSS is on
average 35 practical salinity units (PSU), but varies depending on proximity to river mouths
and fluctuates during heavy rainfall events (Great Barrier Reef Marine Park 2014).
Freshwater plumes extend along 2300 km of the Queensland coast line and impact heavily
the adjoining coral reef environments during the wet season (December to April; Figure 1.3)
(Devlin & Brodie 2005). These plumes can cause bleaching and mortality of corals in addition
to carrying heavy sediment loads, nutrients and pesticides onto the reef. For example, in the
Harvey Bay region, repeated intensive flooding during the summers of 2010 to 2013 resulted
in approximately a ~56% decline in coral cover. These flooding events were correlated with
salinity decreases, increases of suspended solids and increase of total nitrogen and

phosphorus, all likely contributing to the coral decline (Butler et al. 2015).
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Figure 1.2 Projected ocean surface pH under the RCP8.5 and RCP2.6 scenarios (filled and
dashed lines respectively). Surface pH in the Arctic (green), tropical (red) and Southern
Oceans (blue). Figure from the IPCC 2013 (Chapter 6; Figure 6.28).
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Figure 1.3 The extent of seasonal freshwater plumes during the 2003 and 2010 wet seasons,
based on a salinity threshold of S < 30. Figure from Schroeder et al. (2012; Figure 9).



1.2. The coral innate immune system

There is clear evidence that environmental and anthropogenic stressors impact coral
health, however many of the underlying mechanisms that corals rely on to cope with these
stressors remain largely unknown. In all animals, the innate immune system is essential for
defence against biotic and abiotic challenges, but is poorly understood in corals. The innate
immune system is fundamental for the interaction of multicellular organisms with the
environment, and the elements of this system are shared throughout the metazoan lineage.
Corals have clear counterparts of many of the key components of the vertebrate immune
system (Miller et al. 2007) and, although their functions are unknown, some functional data
are available for Hydra another representative cnidarian. Work on Hydra has established that
some immune sensing pathways arose prior to the cnidarian-bilaterian divergence; for
example, although Hydra lacks a canonical Toll-like receptor (TLR), TIR containing proteins
(HyTRR-1 and HyTRR-2) are present, and mediate innate immunity via an NF-kb pathway
(Figure 1.4), confirming that bacterial recognition via TLRs is an ancestral function (Augustin
et al. 2010). The activation of the Hydra immune response via TLRs leads to the production of
antimicrobial peptides (AMPs, Hydramacin-1), host-specific molecules used as defence

mechanisms (Bosch et al. 2009).
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Figure 1.4 TLR signalling pathway in Hydra. The TIR containing protein (HyTRR1) interacts
with HyLRR-2, a protein that contains a leucine-rich repeats (LRR) domain, leading to
activation of NF-kB and thus the production of antimicrobial peptides. Figure from Bosch
(2013; Figure 5).

INSIDE

Although cnidarians are often assumed to be simple organisms, genome sequencing
has revealed the presence of a highly complex and vertebrate-like immune repertoire (Miller
et al.,2007). Surveys of the A. digitifera and A. millepora genomes revealed the presence of the
key pathogen-recognition receptors (PRR) families of vertebrates: the (extracellular) TLRs,
tumor-necrosis factor receptors (TNFR), and the (cytosolic) Nod-like receptors (NLRs) as
well as many components of the corresponding down-stream signalling cascades (Figure
1.5A) (Miller et al. 2007; Shinzato et al. 2011). Moreover, the cnidarian repertoires of
candidate immune receptors are large by comparison with those of other animals; for
example, the A. digitifera genome encodes 496 NACHT domain proteins and 40 TNFR family
members (Figure 1.5B) (Hamada et al. 2012; Quistad SD et al. 2014). In vertebrates, these
PRRs recognise pathogen-associated molecular patterns (PAMPs) such as
lipopolysaccharides (LPS) and muramyl dipeptide (MDP), inducing a pro-inflammatory and
apoptotic response by the innate immune signalling pathway (Akira et al. 2006).

Transcriptomic analyses of the response of Acropora millepora to MDP (muramyl dieptide)



revealed interesting similarities with vertebrate immunity, including acute up-regulation of

several members of the GIMAP family of regulatory proteins (Weiss et al. 2013). These data

demonstrate that we are starting to understand the mechanisms that corals rely upon when

exposed to immunogens, but the detailed mechanisms remain largely unknown.
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Figure 1.5 Components of the A. digitifera innate immune repertoire. A) TLR signalling
pathway components identified in Nematostella and A. digitifera. Red and blue boxes indicate
genes found in the A. digitifera and Nematostella genomes respectively. B) TNFR repertoire of
A. digitifera indicating the protein domains and members of the death receptor pathway with
the numbers of proteins of each type in A. digitifera and H. sapiens. Figures from Shinzato et
al. (2011; Figure 13) and Quistad et al. (2014; Figure 1).



The complement system is a second arm of the innate immune response, and again
homologs of several key components have been found in cnidarians but little is known about
their roles. As with the TLRs, in both vertebrates and invertebrates, lectin members of the
complement system recognize PAMPs, leading to activation of a phagocytic response to
eliminate pathogens (Fujita et al. 2004). Homologues of some of the key components of the
vertebrate system have been characterized in the sea anemone, Nematostella vectensis: the
complement component 3 (C3), factor B (Bf), and the mannan-binding protein associated
serine protease (MASP) (Kimura et al. 2009). The Acropora millepora C3 (C3-Am) has the
canonical complement C3 domain structure (shown in Figure 1.6) (Miller et al. 2007), and
was up-regulated in response to injury (Kvennefors et al. 2010) and under challenge with
Alteromonas sp. (Brown et al. 2013). These studies are consistent with an important role for
C3-Am in the coral innate immune response.

Moreover, the Acropora millepora, mannose-binding lectin (MBL), Millectin has been
implicated in pathogen recognition (Kvennefors et al. 2010). A number of other lectins (PdC-
lectin, Concanavalin, P-selectin) were up-regulated after exposure of the coral Pocillopora
damicornis to the pathogen Vibrio coralliilyticus (Vidal-Dupiol et al. 2011). Other proteins
implicated in coral immunity include phenoloxidase (PO) and a number of fluorescent
proteins (FPs), these proteins showed higher concentrations in unhealthy than in healthy

corals (Palmer et al. 2010; Palmer et al. 2008).

Complement component C3
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Figure 1.6 Protein domains present in vertebrate complement component C3, and the
presence (+)/absence (-) of these in the corresponding proteins from Hydra, Nematostella
and Acropora. Figure taken from Miller et al. (2007; Figure 5).

1.3. Environmental stressors and coral health

As in other organisms, coral health and disease can be understood as the interaction
between the environment, causative agents (e.g. virus, bacteria, fungi), and host susceptibility
(Figure 1.7) (Rosenberg et al. 2008). This interaction is evident in studies that suggest that
elevated temperatures can compromise host immunity and increase pathogen virulence,
making corals more susceptible to disease (Harvell et al. 2009). Consistent with the idea of
additive or synergistic effects of stressors, Cervino et al. (2004) reported that elevated water
temperature increased progression of yellow blotch/band disease (YBD) lesions on the
Caribbean coral Montastrea. Vidal-dupiol et al. (2014) demonstrated down-regulation of
innate immune system components (including TIR, NF-kB, P38, AP1 genes) during the

response of Pocillopora domicornis to bacterial challenge under thermal stress, suggesting

immune suppression.

Figure 1.7 Coral health is result of the interaction between the environment, the causative
agents and the coral holobiont (as described in Rosenberg et al. 2008).
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Whilst some studies have focused on the effects that temperature has on coral health
and immune responses (Pinzoén et al. 2015; Ricaurte et al. 2016), little attention has been
paid to the impact that ocean acidification (OA) could have on the coral innate immune
system despite OA being considered a major threat to coral reefs over the next century. Clear
evidence that elevated pCO; can impair immune responses comes from both mammals and
Drosophila, where exposure to elevated pCO; conditions suppresses the production of key
immune proteins and increases bacterial pathogen virulence, making these organisms more
prone to disease (Cummins et al. 2010; Helenius et al. 2009; Taylor & Cummins 2011).
Relatively few studies have addressed the effects of elevated pCO2 on immunity in marine
organisms. Activation of the stress signalling molecule (p38 MAP-kinase) was significantly
inhibited in the echinoderm Asterias rubens, after six months of elevated pCO; (Hernroth et al.
2011). Likewise, increased infection by the bacterium Vibrio tubiashii was observed in blue
mussels (Mytilus edulis) after four months exposure to high pCO; conditions (Asplund et al.
2014). After nine days of exposure, primary polyps of A. millepora responded to 750 ppm
pCO- by increased transcription of genes encoding specific heat shock (HSPs) and anti-
apoptotic Bcl-2 proteins (Moya et al. 2015 and 2016), but the impacts of this treatment on

immunity are unknown.

1.4. Coral responses to salinity changes

1.4.1. Corals and osmoregulation

Freshwater intrusions onto the GBR have major impacts on near-shore reefs by
decreasing water quality, impacting the health of corals and other marine organisms
(Fabricius et al. 2005). Although there are current efforts to improve water quality to
mitigate the impacts on the GBR (Great Barrier Reef Marine Park 2014), the effects of low
salinity due to heavy rainfall will require global efforts to minimize climate change impacts
on the water cycle. The consequences of low salinity events on corals are only now being
revealed; for example, data from the Keppel Islands (GBR) indicated that 15 days of exposure

to hypo-saline conditions (28 PSU) after heavy rainfall events, is the limit for survival of
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Acropora sp. (Berkelmans et al. 2012). In the case of the coral Stylophora pistillata, exposure
to hypo-saline conditions leads to swelling of cells, loss of Symbiodinium, and tissue necrosis
(Downs et al. 2009). Other studies suggest that the response to low salinity may differ

between species; for example, in contrast to Acropora and Pocillopora, species of Porites did

not bleach during a low salinity event on a Gulf of Thailand reef (Nakano et al. 2009).

To understand the coral response to changes in salinity, it is necessary to investigate
the regulatory mechanisms involved. Although there have been few studies on cnidarian
osmoregulation, as in other marine invertebrates, corals respond to osmotic changes by
adjusting the concentration of inorganic or organic molecules such as: K+, Cl-, free amino
acids (FAA), glycine betaine, trimethylamine-N-oxide (TMAO) and proline betaine
(Hochachka & Somero 2002). Changes in levels of these compounds under osmotic stress
differ substantially between species (Pierce 1982). For example, FAA concentrations
increased in the coral Acropora aspera under hyposaline conditions, whereas they decreased
in the anemone Anthopleura aureoradiata (Cowlin 2012), suggesting taxon-specific
responses. Overall, we have a very limited understanding of the molecules and processes
used by corals to cope with changes in salinity, and the cellular mechanisms that are leading

to bleaching and mortality after low salinity events are unknown.

1.4.2. DMSP production in corals

Sulphur is an essential element whose global biogeochemical cycle links the
terrestrial, atmosphere and ocean systems (Andreae 1990). The oceans are one of the largest
reservoirs of sulphur, from which sulphur is naturally released as the organic compound
dimethylsulphide (DMS). This volatile gas is the breakdown product of
dimethylsulphoniopropionate (DMSP) and, after entering the atmosphere, can regulate local
climate by inducing cloud formation (Ayers & Gras 1991; Sievert et al. 2007). DMSP is a key

molecule in the marine sulphur cycle, and is particularly significant in reef ecosystems since
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corals are amongst the largest DMSP producers in the marine environment. DMSP production
by corals exceeds levels reported by the highly productive sea ice algae, thus corals are
important contributors to the biogenic sulphur cycle (Broadbent & Jones 2004). Pathways of
DMSP biosynthesis have been described for several groups of algae and a few higher plants
(Caruana 2010) and, on this basis, the production of DMSP by corals was attributed until
recently to their dinoflagellate symbionts (Broadbent et al. 2002). However, a recent study by
Raina et al. (2013) demonstrated production of DMSP by aposymbiotic coral larvae and the
presence of candidate genes for roles in its biosynthesis in A. millepora. DMSP has been
associated with a wide range of functions in organisms that produce it, including as an
osmolyte, a cryoprotectant, and in scavenging reactive oxygen species (ROS) (Kirst 1990;
Nishiguchi & Somero 1992; Sunda et al. 2002). For example, DMSP production by the sea-ice
diatom Fragilariopsis cylindrus increased by 85% under hypersaline conditions, in order to
maintain osmotic balance (Lyon et al. 2011). The biological significance of DMSP production
by corals is unknown, although previous studies have reported concentration increases with
temperature stress (Raina et al. 2013), and roles in scavenging of ROS have been suggested

(Deschaseaux et al. 2014).

Pathways of DMSP biosynthesis are not well documented, although it has been
proposed that this trait has arisen independently at least three times - twice in higher plants
and once in algae (Gage et al. 1997; Hanson et al. 1994; Kocsis et al. 1998). Information on
DMSP biosynthesis pathways is scarce and patchy. The identification of key intermediates,
such as dimethylsulphonio-2-hydroxybutyrate (DMSHB), is assumed to reflect the presence
of a complete pathway for DMSP biosynthesis but, while some of the enzymes involved have
been identified, others await confirmation (Stefels 2000). To date, corals are the only animals
known to produce DMSP, therefore elucidation of the corresponding biosynthetic pathway is

of fundamental interest (Raina et al. 2013).
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1.5. Corals and transcriptomics

Transcriptomics is a powerful tool with which to investigate the molecular
mechanisms that organisms rely upon to cope with external challenges (Lockwood et al.
2015). RNA sequencing (RNA-Seq) has provided new insights into the genetic and regulatory
complexity of eukaryotes (Wang et al. 2009), and has proven to be particularly useful in the
case of non-model “lower” animals, where it has revealed unexpected levels of complexity.
For example, transcriptomics has revealed the diverse and vertebrate-like immune

(Hemmrich et al. 2007) and apoptotic (Moya et al. 2016) repertoires of corals.

Whereas previous studies have used incomplete datasets, the work outlined in this
thesis uses gene predictions based on a whole genome assembly for Acropora millepora as a
reference for understanding several aspects of coral stress responses. Other studies have
used candidate gene approaches - for example, in the investigation of coral responses to
temperature stress (Leggat et al. 2011; Ogawa et al. 2013; Seveso et al. 2014) - or been based
on non-comprehensive transcriptome assemblies (see, for example, DeSalvo et al. (Bay et al.
2009; 2010). Some previous work on A. millepora stress responses has been based on a near-
complete transcriptome assembly (Moya et al. 2012; Moya et al. 2015; Weiss et al. 2013), but

the work described here is the first to be based on a comprehensive set of gene predictions.

1.6. Study aims and objectives

The general aim of this study is to understand the response of corals to abiotic
(environmental) and biotic (immunogen) challenges using transcriptomic approaches. Four
specific topics were investigated: (i) the coral response to an immune challenge, (ii) how the
immune response is affected by high pCO; conditions, (iii) the coral response to low salinity,
and (iv) the impact of low salinity on DMSP metabolism by corals. Data from these four lines

of investigation allow the following objectives to be addressed:
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To understand the coral response to immune (LPS) challenge (Chapter 2).
Corals have clear homologues of many components of the vertebrate immune system,
although the roles of most of these are unknown. To establish similarities with the
vertebrate immune response, [ will analyses the transcriptomic response of the coral

after challenge with the well-characterised immunogen, LPS.

To understand the effects of high pCO; conditions on the coral response to LPS
(Chapter 2). High pCO; is known to impair the immune response of higher organisms,
making them more prone to disease. Despite the potential significance of this for the
susceptibility of corals to disease, at present no data are available on the effects of
changes in ocean pH on the immune responses of marine organisms. To establish
whether hypercapnia supresses coral immune responses, [ will compare the
transcriptomic response of corals to LPS challenge under “normal” and high pCO;
conditions.

Investigate and determine the molecular mechanisms that underpin coral
response to salinity stress (Chapter 3). The molecular mechanisms underlying
coral bleaching and mortality during flooding events in the GBR are unknown to date.
To understand these events, | will investigate gene expression changes in corals
under hypo-saline conditions using transcriptomic approaches. Comparison of these
results with published data for other stressors should enable general stress responses

to be distinguished from those that are specific to osmotic stress.

Investigate DMSP production by corals under salinity stress (Chapter 4).
Despite corals been major sources of DMSP and contributors to the biogenic sulphur
cycle, the function of this molecule in corals is still unknown. DMSP is known to
function as an osmolyte in some species of algae and plants, leading to the suggestion
that this may also be the case in corals, but this idea presently lacks empirical

support. By using nuclear magnetic resonance (NMR) techniques to measure DMSP
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concentrations in coral tissue, [ will investigate how levels of this metabolite change
in response to variation in salinity, allowing the hypothesis that DMSP serves as an

osmolyte to be tested.

Identify the specific genes involved in DMSP biosynthesis in coral adults and
juveniles (Chapter 4). Essential steps of the DMSP biosynthesis pathway has been
described in two species of higher plants and one algae, but never investigated in the
only known animal to produce DMSP, corals. To identify which of several candidate
genes are involved in the biosynthesis of DMSP in corals, I will use differential gene
expression analysis. This approach is based on the hypothesis that DMSP biosynthesis
will be influenced by changes in salinity, and that candidate genes will up-regulated

under conditions that lead to increase of DMSP production.

Identify the core set of genes that respond to different environmental stressors
in corals (Discussion Chapter 5). Several transcriptomic studies have identified
genes involved in the response of corals to elevated temperature, high pCO, and
bacterial challenge, but there is no current consensus on genes that are involve as a
general response to stress. The available trancriptomic data will be used in an
attempt to establish which stress responses of coral are general and which are

specific for particular stressors.
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Chapter 2
Elevated pCO: suppresses the innate immune
response of the coral Acropora millepora to LPS

challenge
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2.1. Introduction

Coral diseases pose a major and increasing threat to the persistence of tropical reefs,
contributing, along with other impacts, such as thermal stress, overfishing, ocean
acidification and eutrophication, to declines in reef ecosystems globally (Harvell et al. 1999).
Anecdotal evidence suggests that diseases have a greater impact on corals that are already
under stress (Harvell et al. 2007) but, while this is entirely plausible, until recently there has
been little empirical support for this hypothesis.

One chronic stress that coral reefs face over the next century is ocean acidification, as
increased levels of carbon dioxide in the atmosphere equilibrate with the oceans (Hoegh-
Guldberg et al. 2007). According to the most recent IPCC report (Intergovernmental Panel on
Climate Change) (2013), the current surface ocean pH of ~8.1 will decrease 0.2-0.4 units by
the end of this century, which will have significant impacts on ocean chemistry. Near future
pH conditions have been shown to significantly impact calcification and the net production of
corals (Kleypas & Langdon 2006), and transcription of genes involved in many basic
processes in coral juveniles (Moya et al. 2012). To date, few studies have addressed potential
synergistic effects of low pH and pathogen challenge on corals, although high pCO; conditions
are known to impair immune responses in terrestrial animals (Taylor & Cummins 2011).
While corals have clear homologues of many components of the vertebrate immune
repertoire (Miller et al. 2007; Shinzato et al. 2011), we have only a limited understanding of
coral immunity (Weiss et al. 2013) and almost nothing is known about the influence of

elevated pCO2 on the coral immune response.

Emerging coral diseases have been studied intensively over the last twenty years
though the specific underlying causative agents (both biotic and abiotic) have been elusive
(Harvell et al. 2007). In a number of specific case studies, bacterial species from the genus
Vibrio have been implicated as the causatives agents of coral disease (Bourne et al. 2009;

Rosenberg et al. 2007). Although the physiological impacts of Vibrio sp. challenge on corals
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have been described (Kushmaro et al. 2001; Rosenberg & Falkovitz 2004; Sussman et al.
2008), only recently have cellular aspects of the response been investigated. For example,
Vidal-Dupiol et al. (2014) used transcriptomics to characterise the expression of candidate
immune genes of the Pocillopora damicornis after challenge with the coral pathogen Vibrio
coralliilyticus, and they found that three days post challenge a number of immune recognition
and signalling pathways (TIR containing proteins, IKK, NF-kB, AP1 among other) were down-
regulated. Interestingly, the virulence of Vibrio coralliilyticus is temperature-dependent (Ben-
Haim et al. 2003), with higher seawater temperatures resulting in increased tissue lysis in the
coral P. damicornis following bacterial challenge (Vidal-Dupiol et al. 2011). This observation
is consistent with an additive or synergistic effect, where increased temperature not only
changes the virulence patterns of the pathogen but may also compromise the host coral

immune system.

Currently, coral immune responses are poorly understood, and most experiments
have been based on the assumption that coral homologues of vertebrate genes function as in
higher organisms (Miller et al. 2007). EST databases have in some cases provided candidate
immune system components, including the mannose-binding lectin (MBL), Millectin and
complement C3 (Kvennefors et al. 2008). Subsequently, Millectin, but not the complement
factor C3-like protein (C3-Am), was shown to be significant up-regulated after challenge of A.
millepora with either lipopolysaccharide or peptidoglycan (Kvennefors et al. 2010). Beside C3
itself, Bf and MASP (mannan-binding protein-associated serine protease) - other members of
the complement component 3 (C3) system - have been characterised from a sister cnidarian,

the starlet sea anemone, Nematostella vectensis (Kimura et al. 2009).

Comparative genomics has revealed that the immune repertoire of the coral A.

digitifera is significantly more complex than that of the sea anemone, N. vectensis (Shinzato et

al. 2011), and whole genome sequencing has made possible comprehensive surveys of the
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immune and apoptotic genes present in corals, including NOD-like receptors (NLRs) (Hamada
et al. 2012), tumor necrosis factors (TNFs) and their receptors (TNFRs) (Quistad SD et al.
2014), toll-like receptors (TLRs) (Poole & Weis 2014), and caspases and their multi-domain
regulators (Moya et al. 2016). Collectively, these studies have revealed a major gene
expansion of many immune gene families in the coral relative to the sea anemone. For
example, A. digitifera had the highest number (total = 27) of toll/interleukin1 receptor (TIR)-
domain containing proteins compared to other cnidarians (Poole & Weis 2014), and a higher
number of NACHT (NAIP, CIITA, HET-E, and TP1) domain proteins (total = 496) than man
(total = 27) (Shinzato et al. 2014). The complexity of these gene families has consequences
for attempts to understand immune responses in corals, as in mammals these protein
domains are involved in TLR and NLR signalling, as well as activation of NF-kB and MAPK
signalling pathways, and lead to the expression of pro-inflammatory cytokines (Poole & Weis
2014). There is also evidence of functional conservation between coral and human immune
systems - for example, the human cytokine TNF (HuTNFa) appears to activate a coral TNFR,
but further experiments are needed to identify which specific coral TNFR binds is involved

(Quistad SD et al. 2014).

To better understand the effect of cumulative stressors on the underlying immune
response of corals, we undertook a transcriptomic analysis of the response of Acropora
millepora to LPS (lipopolysacharidae) challenge, both under ambient pCO; conditions and
after pre-exposure to high pCO; conditions. LPS is a pathogen-associated molecular pattern
(PAMPs) found in the outer membrane of gram-negative bacteria, and elicits a strong and
well-characterised immune response in mammals. LPS signalling in mammals activates
extracellular TLR receptors (Takeda & Akira 2005). A previous study (Weiss et al. 2013)
addressed the transcriptomic response of A. millepora to MDP (muramyl dipeptide), a PAMP
derived from the cell walls of both gram-negative and gram positive bacteria that activates

intracellular NLRs. Challenge with MDP led to increased expression of coral homologues of
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mammalian GIMAP/IAN proteins, suggesting conservation of function between corals and
mammals (Weiss et al. 2013). In the present study, LPS can essentially be regarded as a proxy
for pathogen challenge. Exposure to LPS induced changes in the expression of specific coral
TLRs, NLRs, TNF/TNFRs and components of the associated down-stream signalling systems.
Pre-exposure of corals to elevated pCO; conditions impaired the responses of several of the
LPS-regulated genes, implying that near-future ocean conditions may compromise coral
health by impairing immune responses. This study documents for the first time this kind of

response in a marine organism.

2.2. Material and methods

2.2.1. Aquarium experimental design

Five colonies of Acropora millepora were collected off the coast of Orpheus Island,
Queensland, Australia (18°39'52. 43"S, 146°29'42.38"E) under GBRMPA permit
#G12/34321.1 during April 2012 and transported to the Orpheus Island Research Station,
where they were maintained at a 27 °C (¥0.015) in a flow-through system with 10 p filtered
seawater (FSW). Each colony was divided in four fragments and allocated randomly on
twelve replicate 50 1 aquaria under ambient conditions (pH 8.09 * 0.04, 508.7 ppm pCO>)
during a period of 8 days for acclimation. After the acclimation period six aquaria were
exposed to high pCO, (pH 7.82 £ 0.11, 1072 ppm pCO, details below) and six kept at control

conditions (508.7 ppm pCO;) over a 14 day experimental period.

The high pCO; condition was achieved by injecting pCO, with a solenoid into a 500 1
sump aquarium regulated with a pH-controller (Aqua Medic) and distributed to the 50 1
aquaria. Temperature and pH were measured daily with portable pH and temperature meters
(Milwaukee model: MW102) and calibrated daily with NBS buffers (pH 4 and 7, Labchem).
Dissolved oxygen was measured with a 55 dissolved oxygen instrument (YSI 55), and

monitored at 8 am daily with temperature, pH, and total alkalinity (TA). TA of seawater
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(mmol/kgSW) was estimated using Gran titrations (888 Titrando, Metrohm, Switzerland)
from a total of 47 water samples. Average seawater pCO; was calculated with these
parameters in the program CO2SYS (Lewis & Wallace 1998) dissociation constants from
(Mehrbach et al. 1973) as refitted by (Dickson & Millero 1987). Average pCO; was estimated
to 508 and 1072 pmol during the 14 days of the experiment, with a summary of parameters

shown in Table S2.1 (Supporting information).

2.2.2. Coral immune challenges

After the 14 days under control and high pCO; conditions, each colony was injected
evenly with of two different substances: sterile phosphate buffered saline (3x PBS, n= 12 per
colony) as a control, and a defined immunogen Ultrapure lipopolysaccharide (LPS InvivoGen,
Catalog # tlrl-3pelps, San Diego, USA; n=12 per colony). PBS (3x) was used as the dilution
buffer for the LPS immune-stimulant and diluted to a concentration of 0.03 mgr/ml. Each
nubbin was injected on the axial polyp with 100 pl of either PBS of LPS using a 1 ml syringe
fitted with a 27-gaude needle. One hour and six hours after exposure, 3 nubbins (~2 cm
fragments) per colony per treatment were collected and snap-frozen in liquid nitrogen before

being stored at -80 °C.

2.2.3. RNA extraction, high-throughput sequencing and data analysis

The three coral nubbins collected per colony were crushed together in liquid nitrogen
and ~1g of the resulting powder homogenized for 15 min by vortexing in 3 mL of TRIzol
Reagent (Invitrogen), followed by centrifugation at 4,000 g for 15 min. The supernatant was
recovered with a 1 mL pipet leaving the coral tissue pellet. 4-Bromo-2-chlorophenol (150 pl)
was added to the recovered supernatant according to the TRIzol manufacturer's
specifications with a slight modification, 0.5 mL of 100% isopropanol was replaced with a
mixture of 300 pl 100% isopropanol and 200 pl of high-salt buffer (0.8M Na citrate, 1.2 M

NaCl) per 1.5 ml of TRIzol in the precipitation step. The RNA pellet was solubilized in ~50 pl
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of RNAse-free water and stored at -80 °C. The quality and quantity of RNA preparations were
determined using a Bioanalyzer (Agilent 2100 Bioanalyzer) using samples prepared

following the Agilent RNA 6000 Nano Kit instructions (cat # 5067-1511).

A total of 40 RNAseq libraries were constructed using the TruSeq RNA Library
Preparation Kit v2 (RS-122-2001) following the manufacturers recommended protocol and
100 bp single-end sequence data obtained using a HiSeq 2000 at the Biomolecular Resource
Facility (John Curtin School of Medical Research, Australian National University). Reads were
mapped onto the Acropora millepora genome (Foret el al., in preparation) using TopHat2
(Kim et al. 2013) to produce a count data gene expression matrix for subsequent analysis.

Counts were generated using htseq-count (Anders et al. 2015).

Data was analysed in sSeq package (Yu et al. 2013) (R Core Team 2014) using a
design formula for differential gene expression that tests for the effects LPS challenge, by
using a paired design that takes colony and treatment as factors, and runs the negative
binomial model with shrinkage approach of dispersion (nbTestSH). Log; fold changes
(log2FC) in gene expression levels were obtained in sSeq by comparing control (PBS) vs. LPS
challenge of four different datasets: (i) control vs. LPS challenge at 1 h, (ii) control vs. LPS
challenge at 1 h under pCO; exposure, (iii) control vs. LPS challenge at 6 h, and (iv) control vs.
LPS challenge at 6 h under pCO; exposure. False discovery rate (FDR) adjusted p values for
each gene, was controlled at 5% according to the methods of Benjamini and Hochberg

(1995).

Statistically over-represented gene ontology (GO) categories were determined in
BiNGO (Maere et al. 2005) in Cytoscape 3.1.1 (Smoot et al. 2011) by using the set of genes
that were differentially up or down-regulated in each dataset (FDR < 0.01). These GO
categories were used to identify specific immune related proteins and subsequent search for

their gene family (TNF, PF00229.13; TNFR, PF00020.13; TIR, PF01582.15; TRAF,
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PF02176.13; NACHT, PF05729.7; IRF, PF00605.12) in the A. millepora gene protein
predictions. Moreover, sequences from immune related signalling pathways (NLRs,
hsa04621; TLRs, hsa04620; NF-kappa B, hsa04064) were downloaded from the Kyoto
Encyclopedia of Genes and Genomes (KEGG) and blasted against the A. millepora protein
predictions. All the results are based on homology of the A. millepora protein predictions to a
reference annotated proteins (e-val cut-off = 1e-4), and differentially expressed genes (FDR

<0.05, log,FC = 0.05) were used for subsequent analysis.

2.3. Results
Coral colonies did not show any symptoms of bleaching or disease during the

acclimation or after the LPS challenge.

2.3.1. Differential gene expression analyses

Transcriptomic analysis revealed that, under control (pH 8.1) conditions, at 1 h after
the LPS challenge 583 (2.2% of the total) A. millepora genes were differentially expressed
(DEGs, FDR <0.01) relative to control (PBS) injection. At six hours after the LPS challenge, the
number of DEGs increased to 2251 (8.5% of the total); 305 genes were differentially
expressed at both time points, but 122 of these (i.e. 40%) were up-regulated at 1 h and down-
regulated 6 h (Figure 2.1 and Figure S2.2, Supporting Information). Gene Ontology (GO)
analysis of the up-regulated genes after 1 h of LPS challenge identified six over-represented
categories (FDR <0.05), including response to chemical stimulus, central nervous system
development and regulation of Wnt receptor signalling pathway. No over-represented
categories could be identified in the set of down-regulated genes. After 6 h, over-represented
categories were mostly in the down-regulated gene set, including the GO categories: amino
acid metabolism, regulation of Wnt receptor signalling pathway, and extracellular matrix

organization (Table S2.2 Supporting Information).
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In order to better understand the effects of elevated pCO; on coral immunity, the next
phase of analysis focused on specific components of the innate immune repertoire, including
the toll-like and Nod-like receptor signalling pathways. These genes were annotated based on
similarity with key components of the immune systems of higher animals, and changes in the
expression of some of these coral genes under immune challenge have previously been

described (Weiss et al. 2015).
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Figure 2.1 Heat map of the normalized expression (logzFC) of genes differentially expressed
(FDR <0.01, log2FC >0.05) in response to LPS challenge after 1 and 6 h. Clustering of the
genes was based on their expression pattern. Heat map is based on 88 shared genes that are
up-regulated after 1 h and down-regulated after 6 h. The colour bar indicates log2FC between
control and LPS challenge, red representing up-regulation, blue down-regulation, and white
no change. Refer to Table S2.3, Supporting information for values for each gene and complete
list of the shared response genes.
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2.3.2. Activation of innate immune pathways after LPS challenge

The complement system is involved in the detection and clearance of potential
pathogens, and is a key component of the mammalian innate immune system (Delanghe et al.
2014). Coral homologues of only three components of the mammalian complement system
have been identified, these being complement C3 (Miller et al. 2007) of which two paralogues
are present in corals and in sea anemones (Kimura et al. 2009; Ocampo et al. 2015; Shinzato
et al. 2011), factor B (Bf) where again, two paralogues are present in anthozoans (Kimura et
al. 2009), and MASP (Ocampo et al. 2015). In the present case, three C3 predictions, likely
corresponding to the two loci, were identified. One of the C3 genes was up-regulated after 1 h
of LPS challenge (by 0.27 log,FC), whereas factor B and MASP expression were essentially
unaltered. At the 6 h time point, expression of all three C3 genes was down-regulated (Table
S2.4, Supporting information). Whereas expression of the lectin, Millectin was down-
regulated at both the 1 and 6 h time points, a number of other C-type lectins, including the
macrophage mannose receptor (MRC1; 1.2.20551.m1), were up-regulated after 1 h but

down-regulated after 6 h (Table S4, Supporting Information).

Exposure to LPS also induced changes in the expression of components of other
innate immune signalling pathways, including several toll-like receptors (TLRs), NF-kB,
MAPK, and NOD-like receptors (NLRs; Figure 2.2, Table S2.2.5-8 Supporting Information).
Three of the four interleukin-1 receptor-like (IL-1R-like) and two of the five TLRs identified
in the A. millepora genome were up-regulated after 1 h of LPS challenge, although one TLR
and the remaining IL-1R-like homologues were down-regulated (Table 2.1, Table S2.5,
Supporting information). In vertebrates, TLRs and IL-1Rs interact with pathogen associated
molecular patterns (PAMP) via extracellular domains, but also characteristically contain an
intracellular toll/interleukin1 receptor (TIR) domain that is also present in several other
proteins, including MyD88 (myeloid differentiation primary response 28 protein 88; (Poole &

Weis 2014). Moreover, TLRs and IL-1Rs can bind to MyD88 to activate the NF-kB response
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via the MyD88-dependant pathway (Akira & Takeda 2004). However in the current coral
gene expression data, neither MyD88 nor NF-kB homologues were differentially expressed
after LPS challenge. Alternatively, signalling via these receptors can follow a
MyD88-independent pathway and activate interferon regulatory factors (IRF) downstream,
where two homologues to these genes were differentially up-regulated and one down-
regulated under LPS challenge (Figure 2.3, Table S2.8, Supporting information).
Subsequently, two candidate tumor necrosis factor alpha (TNF-a) genes were up-regulated
after 1 h and down-regulated after 6 h of challenge (1.2.13359.m1 and1.2.17029.m1) (Figure

2.3, Table S2.6, Supporting information).

TNF TNFR TRAF TIR NACHT
(n=8) (n=21) (n=38) (n =25) (n=206)
100% =
90% =
80% =
70% =
60% =
50% =
40% =
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SN N et AT N oY N oY
m Up m Down = Non-regulated

Figure 2.2 Percentages of each gene family differentially expressed under LPS challenge. The
coloured sectors of the bars represent percentages of the total number of genes of each type
differentially expressed after 1 and 6 h (FDR < 0.05): up (red), down (blue), or non-regulated
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(grey). The total numbers of genes in each category are indicated in parentheses above the
bars. TNF, tumor necrosis factor; TNFR, TNF receptor; TRAF, TNF receptor-associated factor;
TIR, Toll/interleukin-1 receptor; NACHT, NAIP, CIITA, HET-E, and TP1.

Table 2.1 TIR-domain-containing proteins that were differentially expressed (FDR <0.05,
logzFC > 0.05) in response to LPS challenge after 1 and 6 h. LogFC colour indicates up (red)
and down (blue) regulated genes.

LogFC
GenomeID  NCBI Domain ;”wﬁfm ;}h”;'tyffi{em Blast Hit Hit ID Length eValue 1h 6h
12.22324m1  KG|KG|G|TIR Ad ILR2 ang v2a 11844 HM(N2 Hemicentin-2 A2AT76.1|HMCN2 MOUSE 524 3.40E-19 1.60 -
1210735m1  KG[G|G[TR Ad_ILR1 angv2220402  TLR? TolHikereceptor2  B2LT62.1|TLR2_CAPIR 586 440E13  -012 -
12.22473.m1 K:IT[R Ad ILR2 ang ¥2a 11844 TLR13_Toll-like receptor 13 Q6R5NS. 1|TLR137“)USE 435 1.20E-15 0.37 -
122434mi1 KG|TIR Ad_ILR6 ang vZa 14217 TLR2_TolHike receptor 2 Q689D L1 |TLR2_CANFA 334 4.00E-13 0.20 -
12.13179.m1 LRRl[.RRITIR Ad TLR1 ang ¥2a20813 TOLL Protein toll PO8953 .llml.I.J]RﬂME 1110 1.50E-64 0.39 -
12.13177.m1 LER|TIR Ad_TLR4 ang v2a 14728 TOLL Protein toll P08953.1| TOLL DROME 481 3.60E-52 0.34 -
12.13178m1 LRRl[.RRITIR Ad TLR1 ang ¥2a20813 TOLL Protein toll PO8953 .llml.I.J]RﬂME 238 L10E-59 - -0.18
12.13180.m1 LER|TIR Ad_TLR1 ang v2a.20813 TOLL Protein toll P08953.1| TOLL DROME 851 1B0E-58 -0.44 -
12.5856.m1 TIR Ad_TIR6 ang v2a 05635 TLR2_TolHike receptor 2 (2PZH4.1|TLR2_ BUBBU 404 2.60E-16 0.40 -0.20
12.16257.m1 TIR Ad TIR2 1 ang v2a.23782 TLR6_TolHike receptor 6 Q704V6.1|TLR6_BOVIN 245 2.10E-18 - -0.05
12.2436m1 TIR Ad_ILR4 ang ¥2a. 16874 TLR6_Toll like receptor 6 Q74vVel ITI.RﬁJ?ﬂV[N 185 2.20E-15 - -0.34
12.5845ml TIR Ad_nnknownl ang v2a 13087 TLRZ_Toll like receptor 2 (2V897.1|TLRZ_BOSTR 445 610E-18 - -0.15
1.2.849m1 TIR2 Ad TIRZ 12 ang ¥2a. 16869 - 314 - - 0.06

The observed transcriptional response of the TNF-a ligands was supported by the
changes in expression of several TNF receptor (TNFR) superfamily members (Table 2.2); in
mammals, TNFRs are involved in inflammation and apoptosis, and in molluscs and some
other marine invertebrates (De Zoysa et al. 2009) are activated after LPS challenge. The A.
digitifera immune repertoire includes 13 TNFSF members and 40 TNFRSF (Quistad SD et al.
2014), while in the A. millepora genome eight genes with the TNF domain (PF00229.13) and
22 genes with the TNFR domain (PF00020.13) have been identified. Ten of the 22 A.
millepora TNFRSF homologues were differentially up-regulated after 1 h of LPS challenge,
and eight of these were down-regulated after 6 h (Figure 2.2, Table 2.2). Moreover, TRAF
homologues (TNFR-associated factor; PF02176.13), which play key roles in both TNFR and
TLR signalling (Quistad SD et al. 2014), were differentially expressed during LPS challenge in
the coral (Table 2.2). Nine of the 38 A. millepora TRAF genes (31in A. digitifera) were

differentially regulated at 1 h after immune challenge (eight were up-regulated, one was
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down-regulated). At 6 h, the number of differentially expressed TRAFs had increased to 13,
but the majority of these (8) were down-regulated (Table 2.2, Table S2.7, Supporting
information). One outcome of TNF/TNFR signalling is the triggering of apoptosis, in which
the caspases and Bcl-2 proteins are the key implementers and regulators respectively. After 1
h of LPS challenge, two (likely pro-apoptotic) caspase-3/6 type genes (AmCaspase E and
AmCaspase D, see Moya et al. 2015) were up-regulated, whereas at 6 h, one caspase 3/6 and
3 Bcl-2 (two anti-apoptotic genes and the pro-apoptotic Bax) were down-regulated (Figure

2.3, Table S2.9, Supporting information).
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Table 2.2 TNF, TNFR and TRAF genes that were differentially expressed (FDR <0.05, logzFC >
0.05) in response to LPS challenge after 1 and 6 h. Log>FC colour indicates up (red) and down
(blue) regulated genes.

Log2FC
Genome I NCBI Domain Blast Hit Hit I Length eValue 1h 6h
TNF 1.213359.m1 TNF TNFa_Tumor necrosis factor P16599.1|TNFA_RAT 231 1.60E-06 1.31 0.17
1.217029.m1 TNF TNFa_Tumor necrosis ictor P16599.1|TNFA RAT 207 5.00E-06 1.06 -
1.24528m1 TNF TNF10_Tumor necrosis factor ligand snperfamily member 10 P50591.1|TNF10_HUMAN 174 590E-04 0.16 -
1.2607m1  TNF TNFb_Tumor necrosis factor ligand superfamily member 1 P26445.1|TNFE _PIG 135 940E-05  -0.28 015
1.217031.m1 TNF TNF15_Tumor necrosis factor ligand snperfamily member 15 QSUBVB.2|TNF15 MOUSE 159 GOOE-05  — -0.20
TNFR 1.215238.m1 TNFRSF|Death TNFR1b_Tomor is factor P nperfamily ber 1b P20333.3|TNR1B_HUMAN 381 600E-0 0.66 0.19
1.2.20632.m1 TNFRSF[Death Netrin receptor UNC5C Q761X5.1|UNCSC RAT 931 400E-06 062 -0.18
12.20630.m1 TNFRSF|Death TNFR16.Tumor necrosis factor receptor superfamily member 16  P18519.1|TNR16_ CHICK 580 TAVE-06 (.46 -
1.220633.m1 TNFRSF TNFR16_Tumor necrosis factor receptor snperfamily member 16 P08138.1[TNR16 HUMAN 237 270E-05  0.67 -
1.220631.m1 TNFRSF TNFR16_Tumor necrosis factor receptor superfamily member 16 P08138.1|TNR16 HUMAN 253 400E-05  0.54 -0.24
1.26590m1  TNFRSF TNFR16_Tumor necrosis factor receptor superfamily member 16 P18519.1|TNR16 CHICK 416 300E02 046 -
1.24347.m1 TNFRSF TNFR16_Tumor necrosis factor receptor snperfamily member 16 P18519.1|TNR16 CHICK 416 TOOE-03 0.39 -
1.24349.m1 TNFRSF TNFR16_Tumor necrosis factor receptor snperfamily member 16 P18519.1|TNR16 CHICK 416 190E-01 0.27 -0.49
1.26598m1  TNFRSF TNFR19 Tumor necrosis factor receptor superfamily member 19 Q9NS68.1|TNR19 HUMAN 391 270E-04 024 -
1.2.10769.m1 TNFRSF EDAR_Tumor is factor receptor family ber EDAR Q9UVY2.1|EDAR_ORYLA 497 6.10E-05  0.09 -0.05
1.217682.m1 TNFRSF TNFR16_Tumor necrosis factor receptor superfamily member 16 P18519.1|TNR16 CHICK 416 7BOE-02Z  -0.20 _
1.2,6595m1  TNFRSF TNFR19_Tumor necrosis factor receptor snperfamily member 19 Q9[LL3.2|[TNR19_MOUSE 416 320E02 -0.41 —
1.24350m1  TNFRSF TNFR14 Tumor necrosis factor receptor snperfamily member 14; Q92956.3|TNR14 HUMAN 233 400E-03 - -0.08
12.6597.m1 TNFRSF TNFR19 Tumor necrosis factor receptor snperfamily member 19 Q9NS68.1|TNR19_HUMAN 423 200E-03 - -0.26
1.2.11264.m1 TNFRSF TNFR16 Tumor necrosis factor receptor superfamily member 16 P18519.1|TNR16 CHICK 489 1.20E-04 -0.40
TRAF 1.2.2898m1 TRAF|MATH TRAF6 TNF receptor-associated factor 6 Q3ZCC3.1|TRAF6 BOVIN 450 150E-63 1.02 -
1.22891Lml TRAF|MATH TRAF6_TNF receptor-associated factor 6 BSDF45.1| TRAF6 RAT 362 140E-74 1.00 —
1.2.2897.m1 RING|TRAFIMATH TRAF6 TNF receptor-associated factor 6 BSDF45.1| TRARS RAT 498 230E-104 058 -0.08
1.22881Lm1l TRAF|MATH TRAF6_TNF receptor-associated factor 6 Q3ZCC31|TRAF6 BOVIN 366 460E-59 056 -0.38
1.2.2899.m1 RING|TRAFIMATH TRAF6 TNF receptor-associated factor 6 Q3ZCC3.1|TRAF6 BOVIN 418 2.80E-81 0.42 —
1.2.6455m1 TRAF TRAF6_TNF receptor-associated factor 6 Q3ZCC31|TRAF6 BOVIN 551 220E-13 0.08 -0.14
1.2.2752m1 RING|TRAFIMATH TRAF3 TNF receptor-associated factor 3 0Q13114.2|TRAF3 HUMAN 528 340E-103 0.09 -
124647.ml RING|TRAFIMATH TRAF% TNF receptor-associated factor 4 Q61382 2|TRAF4 MOUSE 456 6BOE-62 006 —
1.210762.m1 RINGITRAFIMATH TRAF3 TNF receptor-associated factor 3 Q60803.2|TRAF3 MOUSE 552 140E-94 -0.16 —
1.216730.m1 RINGITRAFIMATH TARF6b TNF receptor-associated factor 6 b Q6DIN21|TRF6B XENLA 412 640E53 — 0.5
125451 m1 RING|TRAFIMATH TRAFG6 TNF receptor-associated factor 6 P70196.2|TRAF6_MOUSE 411 140E-39 - 0.14
1.23972m1 RING|TRAFIMATH TRAF4 TNF receptor-associated factor 4 Q9BUZ4.1|TRAF4 HUMAN 363 190E-37 - 0.13
122754ml RINGITRAFIMATH TRAF3_TNF receptor-associated factor 3 Q131142|TRAF3 HUMAN 593 BS0E-99 - 0.12
1.2.2892m1 TRAF|MATH TRAF6 TNF receptor-associated factor 6 Q3ZCC3.1|TRAF6 BOVIN 412 3T70E-68 - 0.09
125426m1 RINGITRAFIMATH TRAF3_TNF receptor-associated factor 3 Q60803 2| TRAF3_MOUSE 556 410E-117 - -0.37
1.2.866.m1 ZATRAF|MATH TRAF4 TNF receptor-associated factor 4 061382 2|TRAF4 MOUSE 500 1.10E-62 - -0.14
1.25457.m1 RING|TRAFIMATH TRAF% TNF receptor-associated factor 4 Q61382 2|TRAF4 MOUSE 422 420E-65 - -0.10
1.25463m1  RINGITRAFITRAF TRAFG TNF receptor-associated factor 6 B6CJY4.1|TRAFS CERAT 46 660E-38  _ -0.09
1.2.4735%m1 RING|TRAF TRAF7_TNF receptor-associated factor 7 Q6QOCO. 1| TRAF7 HUMAN 316 3.20E-31 - -0.06
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Figure 2.3 Summary of the coral immune response after 1 h of LPS challenge under control
conditions. The numbers indicate numbers of genes per category that were differentially
(FDR < 0.05, logzFC > 0.05) up- or down-regulated (see Table S2.2-S7, Supporting
information for more complete details). Figure adapted from KEGG pathway database
(pathways 04620 and 04064).

2.3.3. The intracellular NLRs were regulated after prolonged (6 h) LPS challenge

At the 1 h time point, few changes were observed in expression of NLR/NACHT genes,
whereas after 6 h of LPS challenge a total of 68 genes of this type were differentially
expressed (Figure 2.2, Table S2.8, Supporting information). NLRs are a family of intracellular
pattern recognition receptors (PRR) that play critical roles in the innate immune response in
mammals - they activate the caspase -1, NF-kB and MAPK signalling pathways (Kanneganti et
al. 2007; Yuen et al. 2014). These receptors are characterized by the presence of a NACHT

domain; 461 genes of this type have been identified in the A. digitifera genome (Hamada et al.
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2012), and the corresponding number of A. millepora is 205 (cut-off 1e-5, Pfam 05729.7). The
A. millepora NACHT genes include a group of 42 genes that encode only a NACHT domain, 116
genes with a NACHT - leucine-rich repeats (LRR) structure, 12 with NACHT- WD40, and a
group of 26 genes glycosyl_transferase 1 - NACHT domain (Table S2.8, Supporting
information). As in the case of TLR signalling, in mammals, NLRs interact with TRAFs to
activate NF-kB. However, in the case of A. millepora, fewer TRAFs were up-regulated at 6 h
post-challenge (n = 5) compared to 1 h (n = 8; Table S2.7, Supporting information). Overall, 1
h after LPS challenge a number of TLR and TNFR-type cell surface receptors were up-
regulated, although by 6 hours the receptor response had been down-regulated (Tables S2.5
and S2.6). By contrast, in the case of the NLRs, many more genes were differentially
expressed after 6 h (33% of NLR genes identified) compared to the 1 h time point (4% of

NLRs; Figure 2.2 and 2.3).

Choloylglycine hydrolases (CBAH, PF02275.14) are of particular interest because they
may have roles in regulation of the microbial communities associated with corals (Miller,
personal communication). A total of seven choloylglycine hydrolases were identified in the A.
millepora genome, and one of these displayed the highest log,FC of all of the annotated DEGs
(1.2.7139.m1, 3.85 LogzFC). Four of the seven CBCH genes were up-regulated at 1 h post LPS

challenge, and five down-regulated after 6 h (Table S2.8, Supporting information).

2.3.4. Elevated pCO; suppresses the innate immune response of the coral to LPS
challenge

In corals that had been pre-exposed to high pCO- conditions (pH 7.8), the expression
of 51% (n = 371) of genes that were up-regulated at 1 h post-LPS challenge under control
conditions (pH 8.1) was supressed (Figure S2.3, Supporting information). The differentially
expressed genes described here as high pCO> conditions post LPS challenge, refers to the

log,FC of the LPS treatment relative to the control injection (PBS), both pre-exposed to high
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pCO2 levels. In corals that had been pre-exposed to high pCO; conditions, GO analysis of genes
up-regulated at 1h post-immune challenge identified five over-represented categories (FDR
<0.05), while down-regulated genes had 16 over-represented categories including regulation
of transcription, central nervous system development, regulation of signalling pathway and
negative regulation of apoptosis (Table S2.10, Supporting information). A group of genes (n =
20) were up-regulated 1 h after immune challenge under both control and high pCO-
conditions, including three heat shock proteins (HSPs), two fibroblast growth factor
receptors (FGFR), two metalloproteinases, and a green fluorescent protein (GFP, 2.85
Log,FC) (Table S2.11, Supporting information). A second group of genes (n = 70), which
included four TIR-domain containing proteins, six TNFRs and three TRAFs (Am_TRAF4,
Am_TRAF24 Am_TRAF25), were up-regulated under control conditions but down-regulated
under high pCO; conditions (Figure 2.4, Table S2.12, Supporting information). Moreover, the
expression of two caspases (AmCaspase D and Am Caspase E), a Bcl-2 protein (AmBclWD),
and five C-type lectins was also suppressed by high pCO; conditions, suggesting that a high
pCO environment impairs coral apoptotic responses (Table S2.11, Supporting information).
Interestingly, high pCO; conditions strongly affected the responses of genes encoding NACHT
domains; at 1 h post challenge, 33 NACHT genes were down-regulated and 14 genes up-
regulated under pCO; treatment, compared to four genes up and four down-regulated after 1
h under control conditions (Table S2.8, Supporting information). Also significant was the
relative suppression of the CBAH homologue with the highest expression value, while two

other CBAH genes were unaffected by the high pCO; treatment.
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Figure 2.4 Immune and stress-response genes responding differentially under control and
high pCO; conditions at 1 h post LPS challenge. Bars show the log2FC of the differentially
expressed genes (FDR < 0.05, logzFC > 0.05) for LPS under control (yellow), and LPS under
high pCO; conditions (green). Original data are summarised as Tables $2.4-S11 (Supporting
information).
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2.4. Discussion

The immune system of the coral A millepora is poorly understood. Similar to higher
animals, LPS induced the expression of immune related genes in the coral. This immune
response included changes in the expression of coral genes belonging to families that are
known to be LPS-induced in mammals, including the TLRs and IL-1Rs (Takeda & Akira
2005), as well as downstream components of the corresponding signalling pathways (Figure
2.3). Likewise high pCO; conditions suppressed several of the up-regulated LPS-induced
genes (Figure 2.4), suggesting that elevated pCO, may compromise coral immunity. This
hypothesis is consistent with the idea that stressed corals are more susceptible to disease

(Harvell et al. 1999).

2.4.1. LPS activates Toll-like, TNF and NOD-like receptors

TLRs are well characterised pattern recognition receptors (PRR) that control host
defence against pathogens and immune disorders in mammals (Takeda & Akira 2005). In the
current study, two TLRs (Am_TLR2 and Am_TLR5) were significantly up-regulated (0.39 and
0.34 Log:FC respectively). Previous investigations of the demosponge Suberites domuncula
have described the increased expression of a specific TLR, and Ser/Thr/Tyr kinase domain
(IRAK) and a caspase-like proteins in response to LPS challenge, suggestive of an immune
response like those of higher metazoans (Wiens et al. 2007). In corals, the availability of the
whole genome sequence allowed us to investigate changes in expression of the complete TLR
and IL-1R gene repertoires (Table S2.5, Supporting information). Changes in expression of
pathway components down-stream of these receptors (TRAF6 and IRF, Figure 2.3) provide
further evidence for mammalian-like roles for these pathways in the early innate immune
response of corals. NLRs are the second major class of metazoan PRRs - essentially they are
the cytosolic counterparts of the TLRs. The A. millepora NLR repertoire is large and complex,
and changes in the expression of members of this family in response to immune challenge

were similarly complex (Figure 2.2). Since the functions of these genes are unknown,
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interpretation of responses is by analogy with higher animals and essentially speculative at
this point. Studies in Hydra have, however, revealed increased expression of specific NLRs in
response to LPS challenge (Lange et al. 2011), potentially indicating conserved roles of these
receptors in both cnidarians. However additional research is needed to better understand the

significance and roles of the diverse NLR repertoire of corals.

LPS challenge also resulted in the up-regulation of specific coral TNFRs, members of a
family of proteins that are involved in regulating cell death and inflammatory responses in
mammals (Wiens & Glenney 2011). The activation of this system was also indicated by
changes in the expression of the downstream pathway components JUN, TRAF and caspase
(Figure 2.3, Table S2.9, Supporting information). TNFR activation has also previously been
documented in Hydra, where JUN, TNFR and an associated TRAF were up-regulated from 1 to
4 h after injury (Wenger 2014). Although these are very different types of stressors, it is
interesting to find that in both cnidarians these receptors and their down-stream members

appear to function as components of a stress signalling system.

2.4.2. Comparative response between LPS and other immune challenges in corals

The use of transcriptomics allowed us to compare the responses of specific genes that
are activated by both MDP (muramyl dipeptide) and LPS challenge in A. millepora, as the MDP
response has previously been descried (Weiss et al. 2013). With both of these immunogens,
choloylglycine hydrolase (CBH) pA79-1 was strongly up-regulated 1 h post immune-
challenge (Table S2.3, Supporting information), which is consistent with a role for CBH in
regulating the coral- associated microbial community. One significant difference between the
responses to the two immunogens is that, whereas MDP induced strong up-regulation of
several GIMAP/IAN family members (Weiss et al. 2013), in the present study, these genes
were not differentially expressed after LPS challenge. NLRs, that are known to be activated by

MDP in mammals (Girardin et al. 2003), were induced 6 h after LPS challenge, so it would be
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interesting to examine the 6 h response of corals to MDP. Interestingly, in experiments where
Pocillopora damicornis was challenged with Vibrio coralliilyticus, after 3 days of exposure, the
expression of many immune related genes was suppressed (Vidal-Dupiol et al. 2014). In the
case of both this Vibrio experiment and the LPS challenge reported here, the expression of
complement system homologues (Bf and MBL Lectin) and of a phospholipase A2 gene
increased. However, clear differences between these datasets with respect to the expression
of homologous genes (for example, TIR3, TRAF6, AP1, and ATF were down-regulated in the

Vibrio challenge paper, but up-regulated in the present study) were also observed.

2.4.3. High pCO; suppressed the coral LPS-induced innate immune response

High pCO; conditions appear to supress the LPS-induced immune response in corals,
as the expression of several TLRs, TNFRs and NLRs and key pathway components was
suppressed under high pCO; conditions relative to controls (Figure 2.4). This response is
consistent with studies in mammalian cells and Drosophila, where NF-kB, TNF-a and
interleukin (IL)-6 responses were impaired by hypercapnia, making these organisms more
prone to disease (Cummins et al. 2014; Wang et al. 2010; West et al. 1997). Although in corals
LPS did not activate expression of NF-kB, expression of several TNF-a homologues was up-
regulated under control conditions and these responses were suppressed under high pCO>
conditions (Table S2.6, Supporting information). High pCO, treatment also suppressed
expression of complement component 3 (C3), Bf and several C-type lectins, suggesting that
high pCO; conditions may comprehensively compromise the coral immune response. Such an
effect may mean that corals become more sensitive to disease, as has been documented in
Drosophila and for mammalian cells and (Cummins et al. 2014).

These results are consistent with anecdotal reports that stressed corals are more
susceptible to disease (Harvell et al. 1999), and highlight the complex molecular mechanisms

underlying coral responses to elevated pCO; (Cummins et al. 2010).
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2.5. Conclusions

This work significantly extends the body of data available on the responses of corals to
immune challenges. The experiment described here was, of necessity, relatively short-term
and simple in design, and for these reasons may not accurately reflect how corals will
respond to long-term changes in ocean acidification. Nevertheless, these data highlight some
of the potential consequences of elevated pCO; that are not necessarily obvious. Juvenile
corals appear to be capable of rapid acclimation to elevated pCO, (Moya et al. 2015), but the
present work implies that they may be more susceptible to disease. In summary, this work
has two major implications: (i) this is the first study to show that the expression of coral
homologs of several key components of the vertebrate innate immune system are activated in
response to an immune challenge,, (ii) ocean acidification may seriously compromise coral

health, by suppressing normal innate immune responses that are essential for host defence.
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2.6. Supporting information

Tables

Table S2.1 Summary of seawater parameters in control and high CO; treatment

Total alkalinity Temperature

lems (umol/kg] (OC] 'Q-amgmile pCOZ (p.atm)

Control 8.09+0.04 222732729 273x01 294+0.27 5087 %553

HighCO, 782x011 22038+452 273x01 1.74+ 043 1072.1x2477
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Table S2.2. GO terms of the differentially expressed genes after (A) 1 h and (B) 6 h post LPS
challenge. FDR values were obtained from the Benjamini & Hochberg correction using BiNGO.
Shaded terms (purple) are significantly over-represented (FDR < 0.05).

(A)

Up-regulated Down-regulated

GO Biological processes GO ID ;;:::i FDR |GO Biological processes GO ID ::l::: FDR
regulation of Wnt receptor signaling pathway 30111 5 1.27E-03 |biolaminescence 8218 2 2.48E-01
regulation of gene expression 10468 31 6.86E-03 |thyroid hormone g tion 6590 1 2.48E-01
enzyme linked receptor protein signaling pathway 7167 10 1.92E-02 |immature T cell proliferation 33079 1 2.48E-01
central nervous system development 7417 12 2.63E02 ::ﬁ:;mg"hﬁm of Wat receplor signaling 30178 3 248E01
;g;‘;ﬂ‘;g“;ﬁ:gwmr PREM RS gy 8 417E-02 |membrane 16020 20 248E0L
response to chemical stimulus 42221 21 4.35E-02 |T cell proliferation 42098 1 2.97E-01
response to stimulos 50896 37 5.08E02 |cakinm channel activity 5262 2 2.97E-01
sensory organ development 7423 10 6.01E02 |cakcinm jon transport 6816 2 2.97E-01
response to inorganic substance 10035 6.05E02 |carbon dioxide transport 15670 1 2.97E-01
response to osmotic stress 6970 3 6.28E02 |carbonate dehydratase activity 40389 1 2.97E-01
nervons system development 7399 21 6.89E02 |stress-activated MAPK cascade 51403 1 2.97E-01
protein tyrosine kinase activity 4713 7 7.37E-02 |hypotonic salinity response 42530 1 297E01
generation of nenrons 48699 15 8.04E02 |passive tr brane porter activity 22803 5 2.97E-01
:l:l:‘l;(ll;p:::gt induction by symbiontof host £2033 2 229E.02

T cell activation 42110 3 LO1E01

g:;’:::ﬁ::sm acting on the CHENITZ 16638 2 1L06E01

immnne system process 2376 13 LOSE01

transcription regulator activity 30528 1 L14E01

regulation of MAPKKK cascade 43408 5 L14E01

ATP-binding cassette (ABC) transporter complex 43190 1 L14E01

regulation of signaling pathway 35466 13 1.28E01

regulation of signaling process 23051 1 129E-01

e“"’r""'e receplor proteln tyrosine kinase 3 131601

nenron cell-cell adhesion 7158 3 1L31E01

regnlation of cellnlar process 50794 53 L3I6GE01L

negative regulation of biosyn thetic process 9890 10 L3IGE01

cell commmnication 7154 11 L4H4E0M

signaling pathway 23033 22 LASE-O1L

regulation of nervons system development 51960 7 L54EO0L

central nervons system segmentation 35283 1 LS4E01

phosphoenolpyruvate carboxykinase (GTP) activity 4613 1 L54EO0L

glntamate catabolic process 6538 1 LS4E01

response to nitric oxide 71731 1 L54EO0L

hydrogen peroxide catabolic process 42744 i LB4EO1L

cellnlar response to abiotic stimnns 71214 3 LS4E01

transmembrane receptor protein kinase activity 19199 3 L54EO0L

cell-cell adhesion 16337 4 L60E01

regulation of response to stimulus 48583 9 L61E01

system process 3008 12 L61E01

celnlarr o organic sub e 71310 8 L61E01

regnlation of metal ion transport 10959 3 L66E-01

regnlation of cell projection organization 31344 5 L66E01

positive regulation of cellular biosynthetic process 31328 10 L68E01

protein kinase activity 4672 12 L69E-01

negative regulation of signal transduction 9968 3 L69E01

cell surface 9986 4 L69E-01

histone lysine methylation 34968 2 L69E01

negative regulation of Ras GTPase activity 34261 1 L69E01

endocrine system development 35270 3 L76E01
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(B)

Up-regulated Down-regulated
GO Biological processes GOID Total FDR |GO Biological processes GOID Total FDR
genes genes
i el prazees 6629 1 soonap PRl aEeaEE sl dnetivs e 6519 35  4.43E-05
process
sphingomyelin metabolic process 6684 3 3.49E-02 |bioluminescence 8218 9 1.04E-04
fatty acid metabolic process 6631 7 1.49E-01 |L-serine biosynthetic process 6564 5 4.09E-04
biclnminescence 8218 3 2.70E-01 [glycine metabolic process 6544 5 2.58E-03
alcohol biosymthetic process 46165 4 3.61E-01 (IMP metabolic process 46040 5] 9.44E-03
phospholipid metabolic process 6644 & 3.61E-01 |hypotonic salinity response 42539 4 2.65E-02
Gml coupled recoptor protein signaling 7186 10 3.61E-01 |regulation of Wnt receptor signaling pathway 30111 15 2.85E-02
positive regunlation of endothelial cell proliferation 1938 2 3.66E-01 |extracellular matrix organization 30198 10 2.86E-02
cell surface receptor linked signaling pathway 7166 21 3.66E-01 |sulfur metabolic process 6790 13 3.10E-02
transmembrane receptor activity 4888 13 4. 51E-01 [L-glutamate transmembrane transporter activity 5313 3 4.73E-02
cell death 8219 7 4.59E 01 |*YEen and reactive oxygen species metabolic 6300 4+ 7.03E02
process
regulation of cGMP metabolic process 30823 1 4.59E-01 |peraxidase activity 4601 4 1.10E-01
positive regunlation of RNA metabolic process 51254 11 4.76E-01 [response totumor necrosis factor 34612 1.57E-01
yme linked protein signaling pathway 7167 8 4.78E-01 ﬁ::mmmmgm factor beta 71559 % 1.57E-01
apoptosis 6915 6 4.78E-01 |cell development 48468 46 2.40E-01
carboxzylic acid metabolic process 19752 11 4.78E-01 |nervous system development 7399 61 2.78E-01
lipid metabolic process 6629 12 2.82E-01
sphingomyelin metabolic process 6684 2 2.82E-01
cytokine-mediated signaling pathway 19221 4 2.82E-01
apoptotic nuclear change 30262 4 2.86E-01
sulfor amino acid metabolic process 96 4 3.62E-01
phospholipid biosynthetic process B654 B 3.62E-01
regulation of cell migration 30334 13 3.62E-01
response to chemical stimnlas 42221 56 3.62E-01
lei d d L holipid binding 5544 3 3.62E-01
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Table S2.3 Differentially expressed genes (total = 88) (FDR <0.01, log2FC >0.05) in response

to LPS challenge after 1 and 6 h. Order as presented in the heat map Figure 2.1.

. Log,FC
Genome ID  Protein ID

1h 6h
1.2.7139.m1 Choloylglycine hydrolase 385 -1.03
1.2.22417.m1 No Significant Hit 297 -0.57
1.216616.m1 p53-induced ring-H2 protein 257 -0.08
1.2.1337.ml No Significant Hit 243 -0.13
1.2.21686.m1 Fibroblast growth factor 4 197 -0.30
1.2.8860.m1 Carbonic anhydrase I 191 -0.62
1.2.6508.m1 Epididymal secretory protein E1 1.88 -1.14
1.2.1016.m1 No Significant Hit 1.82 -1.23
1.2.21266.m1 No Significant Hit 1.81 -0.19
1.2.21472m1 Uncharacterized skeletal organic matrix 1.77 -0.29
1.2.6642.m1 No Significant Hit 1.74 -0.84
1.29411.ml Endoglucanase 1.61 -1.95
1.21111.ml Transient receptor potential channel 4 1.53 -0.11
1.2.9159.m1 Hemicentin-1 1.48 -0.08
1.2.8662.m1l No Significant Hit 1.44 -0.13
1.216367.m1  CSC1-like protein ERD4 1.38 -0.52
1.2.8656.m1 No Significant Hit 1.30 -0.30
1.212318.m1 No Significant Hit 1.30 -0.36
1.2.7877.ml Serine/threonine-proteinphosphatase 6 regulatory repeat 1.26 -0.45
1.29227.ml Delta fatty acid desaturase 1.18 -1.10
1.2.22670.m1 Neuroglian 117 -0.29
1.216253.m1 Protein WNT-8b 115 -0.11
1.2.23282m1 No Significant Hit 114 -0.23
1.2.4159.m1 No Significant Hit 110 -0.21
1.2.20442.m1 No Significant Hit 1.09 -1.25
1.2.21562.m1  GFP-like fluorescent chromoprotein AMFP486 1.07 -0.82
1.216853.m1 Choloylglycine hydrolase pA79-1 1.03 -0.36
1.2.23285.m1 No Significant Hit 1.03 -0.20
1.2.20551.m1 C-type mannose receptor 1 1.03 -0.14
1.215849.m1  Methyltransferase-like protein 7a 1.01 -0.25
1.2.6956.m1 Maijor facilitator superfamily protein 12 1.00 -0.71
1.212363.m1 Glutamate dehydrogenase mitochondrial 098 -0.10
1.2.15012.m1 Orexin receptor type 1 0.97 -1.31
1.217261.m1 Dehydrogenase reductase SDR 096 -0.55
1.2.7303.m1 Histamine H2 Receptor 094 -0.36
1.210516.m1 Contactin-2 091 -0.31
1.213415.m1  Choloylglycine hydrolase 091 -1.01
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1.2.20843.m1
1.2.3332.m1
1.2.6958.m1
1.2.14438.m1
1.2.20943.m1
1.2.14882.m1
1.2.8432.m1
1.2.14.m1l
1.2.19174.ml
1.2.4223.m1
1.2.8651.m1
1.2.7734.m1
1.2.14080.m1
1.2.20939.m1
1.2.13251.m1
1.2.15486.m1
1.2.6310.m1
1.2.15008.m1
1.2.3152.m1
1.2.4311.m1
1.2.15857.m1
1.2.1472.m1
1.2.23786.m1
1.2.8939.m1
1.2.14400.m1
1.2.6172.m1
1.2.6311.m1
1.2.15765.m1
1.2.22505.m1
1.2.20633.m1
1.2.4382.m1
1.2.15762.m1
1.212142.m1
1.2.16855.m1

No Significant Hit

Protein ssuh2 homolog

No Significant Hit

Protein WNT-4

Fibrillin-3

MAM and LDL receptor class A
Threonine-rich protein

No Significant Hit

Deleted malignant brain tumors 1

Collagen alpha-5 chain

No Significant Hit

Transcription factor sox-9
Endothelin-converting enzyme 2

No Significant Hit

Phosphoenolpyruvate carboxykinase{GTP)
Serine palmitoyltransferase 3

No Significant Hit
Alpha-N-acetylgalactosamine-specific lectin
Hemicentin-2

Pancreatic zymogen granule membrane protein gp-2
Cytochrome p450-c17

No Significant Hit

Extracellular sulfatase

Inositol 2-dehydrogenase

PKHL1 Fibrocystin-1

5-Hydroxytryptamine {Serotonin) Receptor 4
No Significant Hit

Oncoprotein-induced transcript 3 protein
Mothers Against Decapentaplegic Homolog 4
Tumor necrosis factor receptor superfamily member 16
No Significant Hit

Collagen alpha-6 chain

Insulin-like growth factor 2 mRNA-binding protein 2
No Significant Hit

091
0.90
0.90
0.89
0.87
0.87
0.86
0.86
0.86
0.86
0.86
0.86
0.84
0.84
0.83
0.82
0.82
0.81
0.81
0.78
0.77
0.75
0.74
0.72
0.70
0.70
0.69
0.68
0.68
0.67
0.67
0.67
0.63
0.63

-0.70
-0.23
-0.87
-0.16
-0.66
-0.16
-0.42
-0.17
-0.19
-0.40
-0.29
-0.21
-0.20
-0.47
-0.54
-0.61
-0.39
-0.98
-0.50
-0.51
-0.31
-0.41
-0.37
-0.08
-0.68
-0.25
-0.16
-0.31
-0.30
-0.02
-0.10
-0.82
-0.43
-0.48
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Table S2.4 A. millepora homologues to the complement system and C-lectins-domain
proteins (PF00059.16). (A) BlastP search results are listed for each protein (total = 21). (B)

Log.FC values of significantly expressed genes (FDR <0.05, log2FC > 0.05) in response to LPS
challenge relative to the control (PBS) after 1 and 6 h. For samples under control (pH 8.1) and

high pCO; (pH 7.8) conditions. Log,FC colour indicates up (red) and down (blue) regulated

genes.

Genomerp  ™illepora g i Length %ID  e-Value
type D
CLomplement sysiem
compl comp €3 precursor [Nematostella
128186.m1 Am C3-1 v is] 655 3344 300ES88
compl comp {3 precursor [Nematostella
3 122282.m1 Am C3-2 v is] 1758 41.47 (1]
compl comp {3 precursor [Nematostella
1210886m1 Am C3-3 v is] 1394 .69 (1]
- complement factor B precursor [Nematostella
123633.m1 vectensis] 687 4964 1]
s I factor B precur: ematostella
Bf 1.22084.m1 - octonsis] ctor B precursor [N 671 3249 SOOES81
compl factor B precursor [Nematostella
122081.m1 - v is] 625 3632 1.00E-106
mannose-binding lectin associated serine protease
1214429m1 - precursor [N T v is] 689 52.69 (1]
binding lectin associated serine protease
MASP 1212093m1 - precursor [N T v is] 276 35.87 500E-47
mannose-binding lectin associated serine protease
122071.m1 precursor [N 12 v is] 268 3507 600E43
apextrin 1220644m1 Apexirin apextrin [Acropora millepora] 805 99.50 [1]
1220561m1 AmMRc1 | NRClbumaname: full-macrophage mannose 544 4320 200E16
receptor 1
124223.m1 Am Clectinl |CO6A5_human ame: full=collagen alpha-5 chain 507 55080 260E-21
1213586m1  Am_Clectinz EZMA*"“’“"‘“ ame: full-cd20% antigen likeprotein (o, cogp  780E20
1216950m1 Am Clectind |C-17ARumaname: full-c-typelectin domain family 5,5 4749 330206
member A
1217036m1 Am Clectind (LADD oncmy ame: full-ladderlectin 234 4760 460E-18
Lectins  353603m1  Am Clecting |0 oo AJuouseame: full-c-typelectindomam family ., 4,00 4 gpp13
4 member A
1212034m1 Am Clectiné (FCER2 mouse ame: full=lymphocyte receptor 121 4840 100E-11
1213360m1 Am Clectin? (LADD oncmy ame: full-ladderlectin 223 4980 9.30E-14
1212155m1 Am Clectin (FCER2_mouse ame: full-lymphocyte receptor 121 4820 3.30E-13
1222673m1  Millectin LECG patpeame: full-alpha n-acelylgalactosamine- 50, 440 4p0E12
specific lectin
128560.m1 Am Clectin? |FCER2_mouse ame: full-lymphocyte receptor 150 4340 210E-15
1221223m1  Am Clectinl0 [PLCL_mytga ame: full-perlucin-like protein 176 45.20 3.00E-14
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(B)

Control (pH 8.1) High CO; (pH 7.8)
Genome ID ‘I;""-"""“"‘ 1h 6h 1h 6h
Lo FC  FDR LogFC PR | LogFC  FDR LogFC FDR

12818611 Am_C3-1 0.27 1.27E-02 -0.35 4.42E-02 -0.58 1.84E-03 -0.48 2.44E-03
12.2282m1 Am_C3-2 — - -0.41 2.84E-02 — - — -
12.10886m1 Am C3-3 — - -0.50 2.09E-02 — - -0.03 4.94E-02
1.2.3633.m1 - - - - - 0.79 9.46E-06 — -
1.2.2084m1 - 0.07 3.89E-02 - - — - - -
12.2081m1 - 0.05 458E-02  -0.27  201E-03 | -0.07  3.90E-02 - -
1.2.14429.m1 - - - - - — — — _
1.2.12093.m1 - - - - - — — — _
1.2.2071.m1 - — - - - — - - -
12.20644m1 Apexirin — - - - 0.79 9.46E-06 -0.13 1.38E-06
1220551m1 Am_MRC1 1.03 4.13E-03 -0.14 1.28E-04 -0.82 3.55E-05 -0.77 1.16E-06
124223 m1 Am_Cectinl 0.86 3.10E-03 -0.40 1.09E-03 - - -0.39 7.02E-14
1213586m1 Am_Clectin2 0.47 1.11E-02 - - -0.23 2.39E-02 -0.31 3.84E-02
12.16950n1 Am_Clectin3 042 1.41E-02 — - — - _ _
12.17036n1 Am_Clectind 0.24 1.69E-02 0.33 6.64E-11 -0.07 2.10E-03 -0.26 3.25E-06
12.3603m1  Am Clectin5 0.20 2.06E-02  -0.05  7.42E-07 | -0.29  748E-04 0.10 1.07E-03
1212034m1 Am Clectiné 0.19 2.21E-02 0.24 3.29E-07 -0.76 2.67E-02 -0.45 4.97E-05
12.13360m1 Am_C-lectin7 -0.52 1.25E-02 -0.63 1.96E-06 -0.16 3.02E-03 0.10 5.86E-08
12.12155m1 Am Clectind -0.49  2.52E-02 0.67 1.70E-05 | -0.62  127E-05 -0.36  1.12E-02
1222673.m1 Millectin -0.47  175E-03  -1.12  453E-26 0.74 1.63E-07 0.36 2.37E-27
1.2.8560.m1 Am_Clectin9 -0.25 6.08E-04 -1.13 1.38E-08 - - -0.11 2.68E-05
1221223m1 Am_Clectinl0 | -0.22 1.39E-02 -0.45 1.78E-02 - - -0.20 2.38E-03
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Table S2.5 TIR-domain-containing proteins (total = 37). (A) Results of the domain search

(PF01582.15 with a 1e-4 cut-off) in the A. millepora genome and their A. digitifera

homologues (Poole & Weis 2014). NCBI domain and BlastP search results are listed for each
protein. (B) Log2FC values of significantly expressed genes (FDR <0.05, log2FC > 0.05) in
response to LPS challenge relative to the control (PBS) after 1 and 6 h. For samples under
control (pH 8.1) and high pCO; (pH 7.8) conditions. Log;FC colour indicates up (red) and
down (blue) regulated genes.

(4)

Genome ID :]‘)"'i'm NCBLdomain | A. digitifera ID ;ﬂm Best Blast Hit Hit ID Length  eValue
1212032m1 Am MydSSl  DD|TIR Ad Myass1 mpvialiize  |NTDuSaxenl g QIDF60.1|MYBRA XENLA 261 L70E-37
primary response protein 88-a

121203Lm1  Am MydB8Z  DD|TIR Ad Myassz a0g v2a 1135 m_rﬂw e protrin B . QSX]85.2|MYDSB_DANR a73 4205-28
12.10735.m1  Am ILRL IGILGIIG| TIR Ad ILR1 g v2a20402  |TLRZ_capih ame: full-tol like receptor 2 B2LT621|TLR2 CAFIB 586 440E-13
1222324m1  Am ILRZ IGILGIIG| TIR Ad ILR2 a0gv2al184  |HMCN2 mouse ame: ful-hemicentin 2 A2AT76.1 [HMCNZ_MOUSE 524 340E-19
1222473m1  Am ILR3 IGITIR Ad ILR2 a0gv2al184  |TLR13 mouse ame: full-toll like receptoc 13 QGRSNE.1[TLR13 MODSE 435 L20E-15
122434m1  Am ILR# IGITIR Ad ILRG a0gv2a14217  |TLRZ canfa ame: foll-tolklike receptor 2 Q6B9D1.1|TLRZ_CANFA 338 200E-13
1213178m1  Am TLRL LRR|LRR|TIR Ad TLR1 a0 v22 20813  |TOLL drome ame: full-protein toll POBYS31|TOLL DROME 038 L10E-59
12.13179.m1  Am TLRZ LRR|LRR|TIR Ad TLR1 aogv2a20813  |TOLL dromeame: full-protein toll P08953.1{TOLL DROME 110 LS0E-64
121318Lm1  Am TLR3 LRR|LRR|TIR Ad TLR1 a0 v22 20813  |TOLL drome ame: full-protein toll POBYS31|TOLL DROME 1481 L70E-63
1213180.m1  Am TLR4 LRR|TIR Ad TLR1 20gv22 20813 |TOLL drome ame: foll=protein tall POBYS31|TOLL DROME 51 LB0E-58
1213177.m1  Am TLRS LRR|TIR Ad TLR4 aogv2a14728  |TOLL dromeame: full-protein toll P08953.1{TOLL DROME 481 360E-52
12.5856m1  Am TIR1 TR Ad TIRG 20gv2a 015635  |TLRZ bobbo ame: fol-toll-like receptor 2 QZPZBA1|TLRZ BUBBD N 2Z60E-16
12.16257.m1  Am TIRZ TR Ad TIRZ 1 a0gv2223782  |TLRG bovin ame: fall=tolk like receptor 6 Q74VG1|TLRG BOVIN 245 Z10E-18
122436ml  Am TIR3 R Ad ILR4 205v2216874  |TLRG_bovin ame: fall-toll like receptoc 6 Q704V6.1|TLR6_BOVIN 185 220E-15
12.5045m1  Am TIR4 TR Ad uoknownl 20gv22 13087  |TLRZ bostr ame: foll-tol-like receptor 2 QZVB97.1|TLRZ BOSTR 245 610E-18
12.1935m1  Am TIRS TR Ad TIR13 20gv22 012686  |TLRH homan ame: foll-toll-like receptoc 6 IYZCYZ|TLRE_HUMAN 178 580E-19
124752ml  Am TIRG TR Ad TLR7 20z v22 19280  |TLR4 pigame: full=tnll like receptoc 4 Q68Y56.1TLR4 PIG 147 L60E-16
128#9m1  Am TIR7 TIRZ Ad TIRZ 12 20z v2a 16869 n n n n

125644ml  Am TIRS TIRZ Ad TIR3 aogv2al0450  [TLRL bumaname: full-tol-like receptoc Q15399.3| TLRL HOMAN 103 290E-12
12.7189m1  Am TIRY TIRZ Ad 1LR3 205 v22 23366  |TLRG bovin ame: fall-tol-like receptor 6 Q153993 TLRI_HUMAN 206 LI0E-10
1212302m1  Am TIR10 TIRZ Ad ILRS a0g v2a08563  |TLRZ_capih ame: full-tol like receptor 2 B2LT621|TLR2 CAFIB 147 670E-13
125643ml  Am TIRIL TIRZ Ad TIR1 a0gv2a09825  [TLRL3 mouse ame: fall-toll like receptoc13 QGRSNE.1[TLR13 MODSE 106 330E-10
125042Zml  Am TIRIZ TIRZ Ad TIRT a0gv2a10451  |TLRG bovin ame: fall=tolk like receptor 6 Q74VG1|TLRG BOVIN a3z TA0E-1Z
122023m1  Am TIRI3 TIRZ " a0g v2a 00379 " " " "

122192Lml  Am TIR14 TIRZ Ad TIRZ 1 aug v2a 23782 o o o o

1221920m1  Am TIR1S ARM|TIRZ Ad TIRZ 2 a0gv2al7172  [ADLOZ arath ame: full-protein arahidillo 2 (IMZZA1|ADLOZ ARATH 414 2705-04
124509m1  Am TIR16 ARM|TIRZ Ad TIRZ 3 20gv2a 7723 |ADLOT arath ame: fall-protein arabidillo 1 027161.1| ADLO1_ARATH 680 670E-06
12.698Zml  Am TIR17 ARM|TIRZ Ad TIRZ Z ang v 22.Z3782 G'_)Sl-h'i';’m Toll"RAF1 CTPase-pp dissociation 1) 7316051 BOVIN 624 S40E-08
122058m1  Am TIR1S ARM|TIRZ N TIRZ 5 20gv2a 11251  |ADLOZ arath ame: fall-protein arabidillo Z (IMZZA1|ADLOZ ARATH 689 LS0E-05
12.24704m1  Am TIR19 ARM[TIRZ Ad TIRZ 1 20g v22 23702 n n n n

122167ml  Am TIR20 ARM|TIRZ n ang v2a. 14442 n n n n

121547ml  Am TIRZL ARM|TIRZ Ad TIRZ 2 aog v2a 07172 o o o o

1221925m1  Am TIRZZ ARM|TIRZ Ad TIRZ 1 a0 v2a ZITE2 n n n n

12.17046m1  Am TIRZ3 ARM|TIRZ Ad TIRZ 7 aug ¥2222195 n n n n

1221546m1  Am TIR24 TIRZ|TIR2|TIRZ | Nv TIRZ.2 2ug ¥22.03936 o o o o

1225362m1  Am TIRZS PC|ROC| TIRZ F TIRZ 1 20g vZa 18447 :‘ﬂ‘:‘:‘:ﬂb " ble serine QS5ES8.1[PATS1_DICDI 1313 B90E-19
1225360m1  Am TIRZ6 ROCITIRZ F TIRZ 1 20g V2218448 :‘ﬂ‘:‘:‘:ﬂb " ble serine QS5ES8.1[PATS1_DICDI 1586 B60E-17
123056m1  Am TIRZZ SAM|TIRZ Ny TIRZ 3 Nemvel|223246 " " " "

47



(B)

Control (pH 8.1) High CO, (pH 7.8)
P, $ millepora 1h 6h 1h 6h
LogFC FDR Log,FC FDR |LogFC FDR Log,FC FDR

1.212032ml Am Myd881 - - - - - - 017  3.47E02
1.21203Lml  Am Myd882 - - - - - _ - _
1.210735m1 Am ILR1 -0.12  4.10E-02 - - - - - -
1.222324m1 Am JLR2 1.60  2.39E-03 - - - - -0.69  4.91E-02
1.222473m1 Am ILR3 0.37  2.90E-02 - - 0.26  2.03E02 - -
1.22434ml  Am ILR4 0.20  7.06E-03 - - 0.43 542603 -0.09  1.28E-02
1.213178m1 Am TLR1 - - -0.18  3.05E-02 - - -0.33  2.02E02
1.213179.m1  Am TLRZ2 0.39  2.15E-02 - - -0.20 284602 -0.28  573E-03
1.213181ml  Am TLR3 - - - - - - 0.43  2.56E-03
1.213180m1 Am TLR4 -0.44  3.64E-02 - - - - - -
1.213177m1 Am_TLRS 0.34 4.40E-02 - - - - -0.85 1.78E-04
1.25856m1  Am TIR1 0.40  191E-02 -0.20 862E04| 017 520F03 -044 842604
1.216257m1  Am TIRZ - - -0.05  312E-03| 941 256E02 -0.33  7.15E-05
1.22436ml  Am TIR3 - - -0.34  113E02| 918 149F02 -051  2.27E-03
1.25845m1  Am TIR4 - - -0.15  3.71E-02 - - - -
121935ml1  Am TIRS - - - - 0.37 6.20E-04 -0.24  2.37E-02
1.24752Zml  Am TIR6 - - - - - - - -
1.2849m1 Am TIR7 - - 0.06 7.04E-03| 009 397602 - -
1.25844ml1  Am TIRS - - - - - - -0.14  4.28E-02
1.27189ml1  Am TIR9 - - - - 0.05  3.89E-02 - -
1.212302ml  Am TIR10 - - - - - - -0.63  3.03E-03
1.25843ml1  Am TIR11 - - - - - - -0.21  4.87E-02
1.25842ml1  Am TIR1Z2 - - - - - - - -
1.22023ml  Am TIR13 - - - - - - - -
1.221921lml  Am TIR14 - - - - - - - -
1.221920m1 Am TIR15 0.16 169E-02 0.19 760E03| 0g1 148602 - -
1.24599ml  Am TIR16 - - 0.27  196E-02| 970 219602 -0.09 6.03E03
1.26982Zml  Am TIR17 -0.23  2.65E-02 - - - - - _
1.220158m1 Am TIR18 -0.22  2.80E-02 - - 0.45 145609 -0.71  2.78E-03
1.224704ml Am TIR19 -0.20  3.40E-02 - - - - - -
1.22167ml  Am TIRZ0 - - - - 0.15 235602 - -
1.21547ml1  Am TIRZ1 - - - - - _ - _
1.221925m1 Am TIR22 - - - - - - - -
1.217046m1 Am TIR23 - - - - - - - -
1.221546.m1 Am TIR24 - - - - - - 0.12 2.45E-02
1.225362ml1 Am TIR25 0.33  4.04E-02 - - 0.09 4.80FE.02 - -
1.225360m1 Am TIRZ6 - - - - - - - -
1.23056m1  Am TIR27 - - - - -0.35  219e-03  -0.10  3.55E-02

48



Table S2.6 TNF and TNFR-domain containing proteins (total = 36). (A) Results of the domain
search in the A. millepora genome (PF00229.13 and PF00020.13 with a 1e-4 cut-off). NCBI
domain and BlastP search results are listed for each protein. (B) LogzFC values of significantly
expressed genes (FDR <0.05, log2FC > 0.05) in response to LPS challenge relative to the
control (PBS) after 1 and 6 h. For samples under control (pH 8.1) and high pCO; (pH 7.8)

conditions. Log;FC colour indicates up (red) and down (blue) regulated genes.

(A)

Genome ID A millepora ID NCBLdomain Blast Hit: HitID Length e¥alue %D
1213359.m1 Am_TNF1 TNF TNFa_Tumer necrusis Eactor £i135938|5p|P16599.1{TNEA_RAT 231 L60E06 398
1217029.m1 Am_TNF2 TNF TNFa_Tumer necrusis factor £i135938|5p|P16599.1{TNEA RAT 207  S00E06 406
1.24528m1 Am_ TNF3 TNF TNF10 Tumor necrosis factor ligand superfamily member 10 £i[1730015|sp|PS0591.1|TNF10 HUMAN 174  590E-04 50
1.2607m1 Am TNF4 TNF TNFb Tumor necrosis factor ligand superfamily mermber 1 £i[135942|5p|P26445.1|TNFB PIG 135  940E05 468
121703Lm1 Am_ TNFS TNF TNF15 Tumor necrosis factor ligand superfamily member 15 £i[189036108|sp|QSUBVS.2{TNF15 MOUSE 159  6.00E-5 39
12604m1 Am_TNF6 Coll TNE TNFb_Tumor necrosis factor ligand superfamily member 1 i|135942|5p|PZ6445.1|TNFE PIG 300  ZS0E06 472
127376m1 Am_TNF7 Col | Col | TNF TNF10 Tumor necrosis factor ligand superfamily member 10 2i|1730016|sp|PS0592 1| TNF10 MOUSE 347 4.00E-15 9
12602m1 Am_TNFB Col | TNF|Co | TNF  TNF12 Tumor necrosis factor ligand superfamily member 12 i[21362967]sp| 043508.1| TNF12 HUMAN 583 Z70E0S 442
1.215238.m1 Am_TNFR1 TNFRSF|Death TNFR1b Tumer necresis factor receptor superfamily member 1b  gi|21264534|sp| P20333.3| TNR1B HUMAN 381  6.00E04 54
12.20630.m1 Am_TNFRZ TNFRSF|Death TNFR16 Tumer necrosis factor receptor superfamily member 16 il 125155|sp|P18519.1|TNR16 CHICK 580  TAOE06 4633
1220632.m1 Am_TNFE3 TNFRSF|Death UNCSC_Full-Netrin receptor SpIQ76IXS1[UNCSC_RAT 931  4.00E06 -
1273959.m1 Am_TNFR4 TNFRSF|Death TNFR11b Tumor necresis factor recepinr superfamily member 11b gi|296351671(sp|ASD7R 1.1 TR11B BOVIN 418 1HE17 496
1.2.18805.m1 Am_TNFRS TNFRSF|Death TNR1a Tumor is factor recepinr memberia  gi|135959(sp[P194381|TNR1A HUMAN 408  410E17 516
122063Lm1 Am_TNFR6 TNFRSF TNFR16 Tumer necrosis factor receptor superfamily member 16 il 126156|sp|PO3138.1[TNR16 HUMAN 253 4.00E05 44
12.20633.m1 Am_TNFR7 TNFRSF TNFR16 Tumer necrosis factor receptor superfamily member 16 il 126156|sp|PO3138.1[TNR16 HUMAN 237 Z70E0S 438
124349m1 Am_TNFRS TNFESF TNFR16 Tumer necresis factor receptor superfamily member 16 sp|P18519_1|TNR16_ CHICE 416 L90EO0L -
124347m1 Am_TNFRY TNFESF TNFR16 Tumer necresis factor receptor superfamily member 16 sp|P15519.1/TNR16 CHICK 416 7.00E03 -
12.10769.m1 Am_TNFR10 TNFESF EDAR_Tumor necrosis factor receptor superfamily member EDAR  gi|21263557]sp/ Q9OVY2 1| EDAR, ORYLA 1497  GI0EOS I
1.26598m1 Am TNFRI1 TNFRSF TNFR19 Tumer necresis factor receptor superfamily member 19 gi|21264102|sp|QONS65.1|TNR19 HUMAN 301  Z70E04 42
1.26590m1 Am TNFR1Z TNFRSF TNFR16 Tumer necrosis factor receptor superfamily member 16 sp|P18519.1|TNR16 CHICK 416 3.00E02 -
1217682 m1 Am TNFR13 TNFRSF TNFR16 Tumer necrosis factor receptor superfamily member 16 sp|P18519.1|TNR16 CHICK 416  7.80E-02 -
1.26595m1 Am TNFR14 TNFRSF TNFR19 Tumer necrosis factor receptor superfamily member 19 sp|Q9LL32[TNR19 MOUSE 416 320602 -
1.26597.m1 Am TNFRIS TNFRSF TNFR19 Tumer necresis factor receptor superfamily member 19 sp|QONS6%1|TNR19 HUMAN 423 ZO0E-03 -
1.24350m1 Am TNFR16 TNFRSF TNFR14 Tumer necrosis factor receptor superfamity member 14 sp|Q92056.3[TNR14 HUMAN 283 4.00E-03 -
1211764.m1 Am_TNFRI7 TNFESF TNFR16 Tumer necresis factor receptor superfamily member 16 gi| 125155|sp|P18519.1[TNR16 CHICK 489 120E0% 37
126591m1 Am_TNFRIS TNFESF TNFR19 Tumer necresis factor receptor superfamity member 19 sp|QUNS68 1{TNE19_ HUMAN 423 Z00E04 -
126592m1 Am_TNFRI9 TNFESF UL144 TNF alpha like receptor ul144 £i[363805602|sp|FSHAMO.1{UL144 HCMVM 521 ZIOEOS 4967
126593m1 Am_TNFR20 TNFESF UL144 TNF alpha like receptor ul144 spIQ68396.1|UL144 HCMVO 176 100E-05 -
1.24338m1 Am TNFRZL TNFRSF TNFR16 Tumer necrosis factor receptor superfamily member 16 il 125155|sp|P18519.1|TNR16 CHICK 305  700E06 458
1L21126Lm1 Am TNFRZ2 TNFRSF|Zu5 TNFR16 Tumer necrosis factor receptor superfamily member 16 il 125155|sp|P18519.1|TNR16 CHICK 795  140E08 435
1.213438.m1 Am TNFRZ3 TNFRSF|Zu5[Death  uncSh xenla ame: full-netrin receptor un:Sh £i[54036590{sp| QEGT4.1| UNCSE KENLA 0969  110EO7 478
1213439.m1 Am_TNFR24 TNFESF|ZuS[Death  uncSb xenla ame: full-netrin receptor uncSh £i|54036590|sp| QFGT4.1| UNCSB KENLA 823  BGOE®® 532
1.26589.m1 Am TNFRZS TNFRSF|ZuS[Death  uncSc chick ame: full-netrin receptor uneSe Pi[54036585|sp| Q7T ZZS.1|UNCSC. CHICK 799  370E08 444
1213437.m1 Am TNFRZ6 TNFRSF|ZuS[Death  z01 canfa ame: fulk-tight junction protein zo-1 £i[62001480{sp| 09775B.1|Z01 CANFA 995  GI0E09 522
12.24806.m1 Am_TNFRZF TNFESF|Za5 201_canf ame: full-tight junction protein zo-1 £i|62901480{sp| 097758.1|Z01, CANEA 501  360E07 516
1217684.m1 Am_TNFRZB TNFRSF|Lset ‘malt1_human ame: full-malt lymphema-associated translocation  gi|20455075|sp|QUUDYS.1{MALT1 HUMAN 581 L70E06 50
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(B)

Control (pH 8.1) High €O, (pH 7.8)
Genome ID ﬁ)""'"e"""' 1h 6h 1h 6h
LomFC FDR  LopFC FDR | LomFC FDR  LogFC  FDR

1.2.13359m1 Am TNF1 1.31 3.40E-04 -1.25 7.82E-06 0.17 4 32E-04 -0.29 1.49E-04
1.217029m1 Am TNF2Z 1.06 7.50E-04 -1.04 1.00E-05 - - -0.24 6.98E-03
1.2.4528m1 Am TNF3 0.16 4.38E-02 -0.20 3.62E-02 — - -0.46 2.32E-04
1.2.607 m1 Am TNF4 -0.28 1.03E-03 0.14 1.64E-02 -0.15 2.25E-02 0.32 1.21E-03
1.217031.m1 Am_TNF5 — — — — -0.20 1.73E-02 -0.38 1.91E-04
1.2.604.m1 Am _TNF6 — - - - — - 0.13 8.61E-02
1.2.2376.m1 Am TNF7 — - - - -0.41 3.63E-02 — -
1.2.602m1 Am TNF8 -0.14 2.41E-02 — — — — 0.16 6.67E-02
1.2.15238m1 Am TNFR1 0.66 1.43E-02 -0.12 9.45E-03 0.19 1.99E-02 — —
1.2.20630.n1 Am TNFR2 0.46 1.46E-02 - - — - — -
1.2.20632.m1 Am TNFR3 0.62 2.50E-03 -0.27 1.89E-06 -0.18 2.58E-02 -0.25 1.22E-02
1.2.23959m1 Am_TNFR4 — — — — — _ _ _
1.2.18805.m1 Am_TNFRS5 - — — — — — — _
1.2.20631.n1 Am TNFR6 0.54 6.56E-03 -0.48 5.64E-05 -0.24 1.51E-02 -0.38 4.70E-03
1.2.20633.m1 Am TNFR7 0.67 8.05E-03 -0.39 416E-05 -0.02 7.91E-03 - -
1.2.4349.m1 Am TNFR8 0.27 1.48E-02 -0.49 1.61E-06 -0.49 2.26E-02 -0.71 3.90E-04
1.2.4347.m1l Am TNFRY9 0.39 2.27E-02 -0.27 1.58E-03 — — — —
1.2.10769.m1 Am TNFR10 0.09 1.90E-02 0.69 493E-04 -0.05 9.34E-03 -0.61 9.79E-03
1.2.6598.m1 Am TNFR11 0.24 2.81E-02 -0.44 3.71E-07 - - - -
1.2.65%0.m1 Am TNFR12 0.46 3.94E-02 -0.13 2.79E-02 — - — -
1.2.17682.m1 Am TNFR13 -0.29 4 53E-02 0.38 2.71E-02 -0.09 7.03E-02
1.2.6595.m1 Am TNFR14 -0.41 4.94E-02 — — — — -0.37 4.84E-02
1.2.6597.m1 Am TNFR15 — - 0.27 7.87E-07 -0.26 4 83E-02 -0.50 5.08E-03
1.2.4350.m1 Am TNFR16 — - 0.08 4.41E-06 -0.08 5.71E-03 — -
1.211264.m1 Am TNFR17 — — — — -0.40 3.63E-02 — —
1.2.6591.m1l Am TNFR18 — — — — — _ _ _
1.2.6592m1l Am TNFR19 — - — — — — — _
1.2.6593.m1 Am TNFR20 — - — — — — — _
1.24338.m1 Am TNFR21 — — — — — — 0.68 3.13E-05
1.211261.m1 Am TNFR22 - — — — — — — _
1.2.13438.m1 Am TNFR23 0.06 1.14E-02 — — — — -0.51 8.46E-05
1.2.13439m1 Am TNFRZ24 -0.29 1.16E-02 045 1.69E-02 0.25 1.53E-02 0.38 1.04E-02
1.2.6589.m1 Am TNFR25 -0.17 3.08E-02 - - — - -0.08 1.95E-02
1.2.13437.m1 Am TNFR26 — — — — — — 0.25 1.41E-03
1.2.24806.m1 Am TNFR27 -0.58 3.67E-02 0.48 9.87E-03 0.33 4.05E-02 0.29 3.52E-02
1.217684.m1 Am TNFRZ8 - - - - - - 0.34 3.01E-03
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Table S2.7 TRAF-domain containing proteins (total = 38) (A) Results of the domain search in
the A. millepora genome (PF02176.13 with a 1e-4 cut-off). NCBI domain and BlastP search
results are listed for each protein. (B) Log:FC values of significantly expressed genes (FDR
<0.05, log2FC > 0.05) in response to LPS challenge relative to the control (PBS) after 1 and 6

h. For samples under control (pH 8.1) and high pCO; (pH 7.8) conditions. Log:FC colour

indicates up (red) and down (blue) regulated genes.

(4)

Genome ID a mﬁ? o NCHI Domain Blast Hit Hit ID Length eValue
1.22752m1  Am TRAF1 RING|TRAF|[MATH TRAF3 human ame: full=tnf receptor-associated factor 3 Q13114.2| TRAF3 HUUMAN 528  3.40E-103
122754m1  Am TRAF2 RING|TRAF|[MATH TRAF3 human ame: full=tnf receptor-associated factor 3 Q13114.2| TRAF3 HUUMAN 593 B50E-99
1.22899.m1  Am TRAF3 RING|TRAF|[MATH TRAF6 bovin ame: fnll=inf receptor-associated fctor 6 Q3ZCC3.1|TRAFS BOVIN 418 280E-81
1.22897.m1  Am TRAF4 RING|TRAF|[MATH TRAF6 rat ame: full=tuf receptor-associated factor 6 BSDF45.1|TRAF6 RAT 498  2.30E-104
1.24647.m1  Am TRAFS RING|TRAF|[MATH TRAF4 mouse ame: full=nf receptor-associated factor 4 Q61382 2| TRAF4 MOUSE 456 6B0E-69
1210762ml1 Am TRAF6 RING|TRAF|[MATH TRAF3 mouse ame- full=mfreceptor-associated factor 3 Q60803.2| TRAF3 MOUSE 552 LA0E-94
123972ml1  Am TRAF7 RING|TRAF|[MATH TRAF4 human ame: fall=tnf receptor-associated factor 4 QIBUZA.1| TRAFS HUMAN 363 L90E-37
1216730m1 Am TRAFB RING|TRAF|[MATH TRAF6b_zenla ames: full=tnf receptor-associated factor 6-b Q6DN21|TRF6B XENLA 412 6A0E-53
125426ml1  Am TRAF9 RING|TRAF|[MATH TRAF3 mouse ame- full=mfreceptor-associated factor 3 Q60803.2| TRAF3 MOUSE 556  L10E-117
125451m1  Am TRAFI0  RING|TRAF|MATH TRAF6 mouse ame- full=mfreceptor-associated factor & P701962|TRAF6 MOUSE 411 LA0E-39
125452m1  Am TRAF11  RING|TRAF|MATH TRAF6 rat ame: full=tuf receptor-associated factor 6 BSDF45.1|TRAF6 RAT 442 TSO0E-65
125457m1  Am TRAF12  RING|TRAF|MATH TRAF4 mouse ame- full=mfreceptor-associated factor 4 Q61382 2| TRAF4 MOUSE 422 42065
125463m1  Am TRAF13  RING|TRAF|TRAF TRAF6 _cerat ame- fll=tmf receptor-associated factor & B6C]Y4 1| TRAF6 CERAT 416 660E-38
123871lml  Am TRAF14  RING|TRAF|MATH TRAF3 mouse ame- full=mfreceptor-associated factor 3 Q60803.2| TRAF3 MOUSE 559  B70E-119
122896ml1  Am TRAF1S  RING|TRAF|MATH TRAF6 rat ame: full=tuf receptor-associated factor 6 BSDF45.1|TRAF6 RAT 532 3BOE-109
122871m1  Am TRAF16  RING|TRAF|MATH TRAF6 rat ame: full=tuf receptor-associated factor 6 BSDF45.1|TRAF6 RAT 508  3.00E-102
1.213059.m1 Am TRAF17  RING|TRAF|MATH TRAF6 human ame: full=tnf receptor-associated factor 6 QIY4K3.1|TRAFG HUMAN 435 270E-59
1.26450m1  Am TRAFI8  RING|TRAF|MeiS TRAF6b_xenla ame: full=tnf receptor associated factor 6- Q6DN21|TRF6B XENLA 616 1LAOE-27
1.2685.m1  Am TRAF19  RING|TRAFJWIMO TRAF7 human ame: full=tnf receptor-associated factor 7 Q6Q0C0.1|TRAF7 HIIMAN 640 0.00E+00
124735m1  Am TRAF20  RING|TRAF TRAF7 human ame: full=tnf receptor-associated factor 7 Q6Q0C0.1|TRAF7 HIIMAN 316 320E-31
124181m1  Am TRAF21  RING|TRAF TRAFS human ame: full=tnf receptor-associated factor 5 000463.2| TRAFS HIUMAN 175 130E-10
1.215982m1 Am TRAF22  RING|TRAF TRAF5 mouse ame: full=nf receptor-associated factor 5 P70191.1|TRAFS MOUSE 203 560E-10
1.22881m1  Am TRAF23  TRAF|MATH TRAF6 bovin ame: fnll=inf receptor-associated fctor 6 Q3ZCC3.1|TRAFS BOVIN 366 460E-59
1.22898m1  Am TRAF24  TRAF|MATH TRAF6 bovin ame: fnll=inf receptor-associated fctor 6 Q3ZCC3.1|TRAFS BOVIN 450 1.50E-63
1.22891.m1  Am TRAF25  TRAF|MATH TRAF6 rat ame: full=tuf receptor-associated factor 6 BSDF45.1|TRAF6 RAT 362 1LA0E-74
122892m1  Am TRAF26  TRAF|[MATH TRAF6 bovin ame: fall=tnf receptor-associated factor & Q3IZCC3.1| TRAFS BOVIN 412 3T0E-68
1.2866m1 Am_TRAFZ7  ZITRAFIMATH TRAF4 mouse ame- full=mfreceptor-associated factor 4 Q61382 2| TRAF4 MOUSE 500 L10E-62
1220050m1 Am TRAF28  TRAFI[MATH TRAF1_mouse ame- full=mfreceptor-associated factor 1 P394282|TRAFL MOUSE 421 200E-46
127866m1  Am TRAF29  TRAFI[MATH TRAFS_mouse ame- full=mfreceptor-associated factor 5 P7019L1|TRAFS MOUSE 453 1L30E-35
1.2863m1 Am _TRAF30  TRAFJMATH TRAF4 human ame: fall=tnf receptor-associated factor 4 QIBUZA.1| TRAFS HUMAN 517 L70E-86
123975m1  Am TRAF31  TRAFI[MATH TRAF4 human ame: fall=tnf receptor-associated factor 4 QIBUZA.1| TRAFS HUMAN 291 L3I0E-46
121943m1  Am TRAF32  TRAFITRAFIMATH TRAF3 mouse ame- full=mfreceptor-associated factor 3 Q60803.2| TRAF3 MOUSE 568 1.00E-103
121949m1  Am TRAF33  TRAFITRAFIMATH TRAF3_human ame: fall=tnf receptor-associated factor 3 Q13114 2| TRAF3 HUMAN 569  G10E-105
126455m1  Am TRAF34  TRAF TRAF6 bovin ame: fall=tnf receptor-associated factor & Q3IZCC3.1| TRAFS BOVIN 551 220€-13
1.225278m1 Am TRAF35  TRAF TRAF5 mouse ame: full=nf receptor-associated factor 5 P70191.1|TRAFS MOUSE 346 150E-14
1.23224m1  Am TRAF36  TRAF TRAF4 mouse ame: full=nf receptor-associated factor 4 Q61382 2| TRAF4 MOUSE 272 310E-14
1.25418m1  Am TRAF37  TRAF|FI]|MATH TRAF3 mouse ame: full=mf receptor-associated factor 3 Q60803.2| TRAF3 MOUSE 468 1.30E-80
1.23886m1  Am TRAF38  Csm|RING|TRAFIMATH TRAF4 mouse ame full=inf receptor-associated factor 4 Q61382 2| TRAF4 MOUSE 812 460E-46
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(B)

Control (pH 8.1) High €O, (pH 7.8)
Genome 1D $mﬂkmm 1h 6h 1h 6h
Log,FC  FDR  Log,FC  FDR | Log,FC FDR  LogFC  FDR

12.2752ml  Am_TRAF1 0.09 1.16E-02 - - 0.70 197E-04 -0.51 1.17E-03
12.2754.m1 Am_TRAF2 - - 012 1.09E-03 0.19 1.37E-02 - -
122899ml1  Am TRAF3 0.42 2.01E-02 - - 0.05 8.67E-03 - -
12.2897.ml1 Am_TRAF4 0.58 2.37E-02 -0.08 2.70E-02 -0.13 1.19E-02 -0.25 1.16E-02
124647ml1  Am_TRAFS 0.06 4.88E-02 - - - - - _
1210762Zml Am _TRAF6 -0.16 7.79E-03 - - 0.07 9.88E-03 - -
12.3972ml Am_TRAF7 - - 0.13 7.61E-03 0.10 3.00E-02 0.19 9.18E-03
1216730m1 Am TRAF8 - - 0.15 3.37E-02 -0.95 2.66E-02 - -
12.5426.m1 Am_TRAF9 - - -0.37 1.21E-04 0.60 2.05E-10 -0.33 9.38E-03
12.5451ml1  Am_TRAF10 - - 0.14 3.04E-02 -0.20 2.20E-02 - -
12.5452.m1 Am_TRAF11 - - — - — - — -
12.5457m1  Am_TRAF12 - - -0.10 1.41E-02 0.16 2.74E-02 - -
125463.m1  Am_TRAF13 - - -0.09 2.87E-02 - - - -
12.3871ml Am_TRAF14 - - - - — - — -
12.2896.m1  Am_TRAF15 - - - - — - — _
12.2871ml Am_TRAF16 - - - - — - — -
12.13059m1 Am_TRAF17 - - - - — - — _
12.6450m1  Am_TRAF18 - - - - 0.24 4.05E-02 - -
12.6856.m1 Am_TRAF19 - - — - — - — -
124735ml1  Am_TRAF20 - - -0.06 3.67E-02 - - - -
12.4181.ml1  Am TRAFZ1 - - - - 0.38 482E-02 _ _
12.15982m1 Am_TRAF22 - - - - — - — _
12.2881.ml Am_TRAF23 0.56 1.67E-02 -0.38 3.18E-02 — - 0.27 1.08E-02
122898ml1  Am TRAF24 1.02 2.70E-03 - - -0.63 499E-05 0.43 1.15E-03
12.2891.ml Am_TRAF25 1.00 3.01E-03 - - -0.48 2.74E-06 - -
122892ml1  Am _TRAF26 - - 0.09 1.44E-02 -0.12 1.52E-02 0.27 8.90E-03
12866ml Am_TRAF27 - - -0.14 3.30E-02 -0.10 2.85E-02 - -
1220050m1 Am_TRAF28 - - - - -0.21  1.10E-02 _ _
12.7866.m1 Am_TRAF29 - - - - -0.25 6.00E-03 — -
12863ml Am_TRAF30 - - - - — - — _
12.3975.m1 Am_TRAF31 - - — - — - — -
121943.ml1  Am TRAF32 - - - - — - — _
12.1949m1 Am_TRAF33 - - — - — - — -
12.6455.m1  Am_TRAF34 0.08 4.27E-02 -0.14 3.43E-02 - - 0.44 1.20E-03
12.25278m1 Am_TRAF35 - - - - 0.94 2.50E-02 - -
123224ml1  Am _TRAF36 - - - - — - — _
12.5418.m1 Am_TRAF37 - - - - — - — -
123886m1  Am TRAF38 - - - - — - — _




Table S2.8 NACHT-domain containing proteins (total = 206). (A) Results of the domain

search in the A. millepora genome (PF05729.7 with a 1e-4 cut-off). NCBI domain and BlastP
search results are listed for each protein. (B) LogzFC values of significantly expressed genes
(FDR <0.05, log2FC > 0.05) in response to LPS challenge relative to the control (PBS) after 1
and 6 h. For samples under control (pH 8.1) and high pCO- (pH 7.8) conditions. Log>FC colour
indicates up (red) and down (blue) regulated genes.

(GY

Gemome ID """':':"""‘ NCBI Domain Blast Hit Length eVawe %ID
1226019m1l  Am NIRL Gywos transf L|MACHT e 4 xentr ames fill—mir family card domai-contai ning protein 4 76 AS0E07 4620
12 5HMm1 Am NLEZ Glyvos bransf L[HACHT msha acicl ame: full-dHnosital 3 sy 1618 GIOELL 4740
12 5683.m1 Am NLES Glyvos bransf L[HACHT ol 4 acntr ame: fill=rr Bamily card domain containing protein 4 1727 SMOEO7 43850
125906.m1 Am NLR4 Gywos transf L|MACHT msha adcl ames foll-d-inositol 3-phosphate gycosttransiorase 1667  280E08 46450
1219850ml  Am NLRS Glyvos bransf L[HACHT ol 4 acntr ame: fill=rr Bamily card domain containing protein 4 131 SM0E0E 4200
1275480ml  Am NLRG Glyvos bransf L[HACHT ol 4 acntr ame: fill=rr Bamily card domain containing protein 4 1585  AMEL0 4180
1225481ml  AmNIR7 Gywos transf L|MACHT e 4 xentr ames fill—mir family card domai-contai ning protein 4 M8 ZBIEH4 4100
1275484ml  Am NLRE Glyvos bransf L[HACHT ol 4 acntr ame: fill=rr Bamily card domain containing protein 4 197 LWEG7 4220
125889.m1 Am NLRS Gywos transf L|MACHT nalp? boman ames fill—r and pyd domains-conkaining protein 2 8B LGOE07 4340
1215887ml  Am NLRLD Gywos transf L[NACHT|LRRs  nirc3 momse ame= fill-peotein 3 148 7JOE4% 5540
1279093ml  AmNIRL1 Gyvos transf LHACHT|LRRs  nlrc3 human ames full-protein nlrc3 ame fll—card15 Jike protein 1509  SBIES6 5400
1229034ml  Am NLR1Z Gywos transf L[NACHT|LRRs  nirc3 momse ame= fill-peotein 3 1266  250E54 5240
12376Lm1 Am NLR13 Gycos transf L[NACHT|LRR  nrc3 homan ames foll-protein nircd ames fll-card15-dike protsin W65 GIOEZZ 4040
12993%m1 Am NLR14 Gyos transf LHACHTLRR  nirc3 human ames full-protein nlrc3 ame fill—card15 Jike protein 1250  430E6L 5320
1219#2ml  AmHNLR1S Glyos bransf L{HACHT|LRRs  nlrc3 mowse ame= full-protein e 1581 330E44 5480
1224451ml  Am NLR1G Gycos transf L[NACHT|LRRs  nirc3 homan ames foll-protein nirc3 ames fill-card15-dike protsin 1243 270E48 5740
1248141 Am NLR17 Gyvos transf LHACHT|LRRs  nlrc3 human ames full-protein nlrc3 ame fll—card15 Jike protein 1866  LSUESS 4950
1229717ml  AmNLR18 Gyvos transf LHACHT|LRRs  nlrc3 human ames full-protein nlrc3 ame fll—card15 Jike protein 1324 SJUEES 5640
1215454ml  Am NLR19 Gycos transf L[NACHT|LRRs  nirc3 homan ames foll-protein nirc3 ames fill-card15-dike protsin 1511 7BOEG6 5040
129916m1 Am NLR2D Gycos transf L[NACHT|LRR  nrc3 homan ames foll-protein nircd ames fll-card15-dike protsin 1385  250E44 5220
12299%6ml  AmNLRZ1 Gyos bransf LHACHTILRR  nlrc3 mowse ame= full-protein e 1300 SSUE40 4740
1L220866ml  Am NLRZZ Glyvos transf LHACHTILRR 742 buoman amc: idl-encine rich protein 74a Wes  ZSOE16 5240
12153Lm1 Am NLR23 Gywos transf L[NACHT|LRRs  nirc3 momse ame= fill-peotein 3 1200 SA0EZZ 47400
12198Z1ml  AmHNLRZ4 Gyvos transf LHACHT|LRRs  nlrc3 human ames full-protein nlrc3 ame fll—card15 Jike protein 1343 3S0ESS 56860
1229761ml  AmHLRZS Gyvos transf LHACHT|LRRs  nlrc3 human ames full-protein nlrc3 ame fll—card15 Jike protein 1289  L30E4L 5680
1229782m1l  Am NLR26 Gywos transf L[NACHT|LRRs  nirc3 momse ame= fill-peotein 3 1331 230643 5260

- nod2 fall- sde-bindn ixation &
12.4220m1 Am NLRZF incomplete NACHT Ptz g 78 S20E08 5.0
1218769ml  Am NLR2B incomplete NACHT chiip3 mouse ames full—3 ubiquitin-peoteinBgase dipd 34 THES 4950
12 5686m1 Am NLRZ9 incomplete NACHT ol 4 acntr ame: fill=rr Bamily card domain containing protein 4 219 4B0E04 5500
1215942ml  Am NLR3D incomplete NACHT e ictpu ames full=protoin drcs 191 2S0EGs 4800
1216740m1  Am NIR3L incomplete-NACHT]| m‘:‘:‘:“ Toll=5 ] 507 SIOEDS 4640
124218m1 Am NLR3Z incomplete NACHT|LRRS :::n i fut e binding ixatson & 554 250E17 4240
126157m1 Am NLR33 incomplete NACHT|LRRS o3, buman ame= full-protein nlrcd ames fll—card1s Jike probein 688 4S0E0S 4200
12975%m1 Am NLR34 HacHT :f"'z;n > fult ide-hinding iration domal M1 ZMEW 4640
1219297ml  AmNLR3S HACHT e 4 xentr ames fill—mir family card domai-contai ning protein 4 541 240E17 4200
1224253ml  AmHLR36 HacHT e ictpu ames full=protoin drcs 645 LWE25 4420
1213860m1L  Am NLR37 HacHT e ictpu ames full=protoin drcs 3 LINEGS 4300
1219126ml  Am NLR38 HACHT e 4 xentr ames fill—mir family card domai-contai ning protein 4 555 220E18 4340
129130m1 Am NLR39 HACHT chrip3 boaman ames full—<3 ubiquitin-protein Bgass dip3 57 BHO0E16 5250
12 56%.m1 Am NLR40 HacHT nalLih mowse ames Eill=Tor and pyd domains containing protein i 1296 LWEO7 4380
1Z1#4%1ml  AmHLR$1 HacHT :f"'z;n > fult ide-hinding iration domal s2  TAMEZL 4340
1215250ml  Am NLR42 HACHT e 4 xentr ames fill—mir family card domai-contai ning protein 4 420E15 4380
125697.m1 Am NLR43 HacHT k4 full-nk family " ini g, protein 4 1259 4J0E13 4300
1225689ml  Am HLR$4 HacHT e ictpu ames full=protoin drcs 12z LSOEO 4320
LZM017mL  Am NLR4S HACHT chrip3 boaman ames full—<3 ubiquitin-protein Bgass dip3 75  7IOEAS 5000
12 5895.m1 Am NLR46 HacHT e ictpu ames full=protoin drcs 740 LHE06 4260
1213880m1  Am NLR47 HACHT e ictpa ames full-protsin dircs 761 LWOE1Z 4400
1222680ml  Am HLR$8 HacHT e ictpu ames full=protoin drcs M2 TIOEDS 4900
129743m1 Am NLR49 HacHT ::;n N fult ide-hinding ization d 57 7I0E2S 4280
127526m1 Am NLR50 HACHT e 4 xentr ames fill—mir family card domai-contai ning protein 4 42 LSOE1L 4080
122410m1 Am NLR51 HACHT e 4 xentr ames fill—mir family card domai-contai ning protein 4 899  740E16 4080
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1.215816.m1

1.225488.m1

1Z274834.m1

1.213873.m1

1.2590Zm1

1.217935.m1

1.219570.m1

1Z214194.m1

1Z226008.m1

1.25907m1

1.213875.m1

1.218956.m1

1.225684.m1

1Z218074.m1

1.218656.m1

1219942.m1

1.218363.m1

1.214831.m1

1Z216739.m1

1.219569.m1

1.225971L.ml

1.21368.m1

1274286.m1

1.218370.m1

1.216522.m1

1Z21879%6.m1

1.220864.m1

121140.m1

1218997.m1

1.218795.m1

1.224320.m1

1.220938.m1

1272378.m1

1Z218794.m1

1.216092.m1

1Z219780.m1

1.212473.m1

1.226460.m1

1Z2722730.m1

1.2975Lm1

1.26154ml

1.217%9.m1

1.26155m1

1272373.m1

1.26132Zml

1215102.m1

1Z219719.m1

1.213398.m1

1.222377.ml

1.218648.m1

Am_NLR52
Am_NLR53
Am_NLR54
Am_NLR55
Am_NLR56
Am_NLRS7
Am_NLRS58
Am_NLR59
Am_NLR60
Am_NLR61
Am_NLR62
Am_NLR63
Am_NLR64
Am_NLR65
Am_NLR66
Am_NLR67
Am_NLR6S
Am_NLR6%
Am_NLR70
Am_NLR71
Am_NLR7Z
Am_NLR73
Am_NLR74
Am_NLR7S
Am_NLRT6
Am_NLR77
Am_NLR78
Am_NLR79
Am_NLRS0
Am_NLRS1
Am_NLR#2
Am_NLR#3
Am_NLR84
Am_NLR85
Am_NLR#6
Am_NLR87
Am_NLRS8
Am_NLRS%
Am_NLR9®
Am_NLR91
Am_NLR9Z
Am_NLR93
Am_NLR94
Am_NLR95
Am_NLR%
Am_NLR97
Am_NLR98
Am_NLR9%
Am_NLRLOO

Am_NLR1#1

NACHT
NACHT
NACHT
NACHT
NACHT
NACHT
NACHT
NACHT
NACHT
NACHT
NACHT
NACHT
NACHT
NACHT
NACHT
NACHT
NACHT
NACHT
NACHT
NACHT
NACHT
NACHT
NACHT
NACHT
NACHT
NACHT|LRRs
NACHT|LRRs
NACHT|LRRs
NACHT|LRRs
NACHT|LRRs
NACHT|LRRs
NACHT|LRRs
NACHT|LRRs
NACHT|LRRs
NACHT|LRRs
NACHT|LRRs
NACHT|LRRs
NACHT|LRRs
NACHT|LRRs
NACHT|LRRs
NACHT|LRRs
NACHT|LRRs
NACHT|LRRs
NACHT|LRRs
NACHT|LRRs
NACHT|LRRs
NACHT|LRRs
NACHT|LRRs
NACHT|LRRs

NACHT[LRRs

nalp5 bovin ame: full= lrr and pyd domains-containing protein 5
nirc4_xentr ame: fall=nir family card domain-cootaining protein 4
nirc4_xentr ame: fall=nir family card domain-cootaining protein 4
nlrcS_ictpa ame: fall=protein nlrds

nirc4_xentr ame: fall=nir family card domain-cootaining protein 4
all® buman ame full= lrr and pyd domains-containing protein 10
nlrcS_ictpa ame: fll=protein nlrds

nirc4_xentr ame: fall=nir family card domain-cootaining protein 4
nlrcS_ictpa ame: fall=-protein nirci

nalp2 buman ame: full= lrr and pyd domains cootaining protein 2
nlrcS_ictpa ame: fll=protein nlrds

nirc4_xentr ame: fall=nir family card domain-cootaining protein 4
nlrcS_ictpa ame: fall=-protein nirci

nirc4_moanse ame: fall=nlr family card domain-containing protein 4
nlrcS_ictpa ame: fall=-protein nirci

nlrcS_ictpa ame: fall=-protein nirci

nlrcd_xentr ame: full=nk family card domain-cootaining protein 4
nlrcd_xentr ame: full=nk family card domain-cootaining protein 4
nlrcS_ictpa ame: fall=-protein nirci

nlrcS_ictpa ame: fall=-protein nirci

nlrcd_xentr ame: full=nk family card domain-cootaining protein 4
nlrcd_xentr ame: full=nk family card domain-cootaining protein 4

nlrcS_ictpa ame: fall=protein nires

nod2 moase ame: ide-hinding oli ization di

protein 2 ame: pa i domai ining protein 15

nlrcd_xentr ame: full=nk family card domain-cootaining protein 4

nod1_b e hinding ol o

protein 1
nlrc3_buman ame: full=protein nlrcd

nlrc3_mouse ame: foll-protein nlrc3

nire3_mounse ame: foll-protein nlrc3

nodl_moose ame: ide-hinding oli ization di
protein 1

nall4 buman ame: full= lrr and pyd domains-containing protein 14
nlrc3_mouse ame: full=prutein nlrcd

nire3_mounse ame: foll-protein nlrc3

nalp3 moase ame: full= I and pyd domains-containing protein 3

ood2_moase ame: idebinding ofj jon d
proteinZ

nlrc3_baman ame: fall=protein nirc3

nlrc3_buman ame: full=protein nlrc3

nlrc3_buman ame: full=protein nlrc3

nallZ boman ame= fall= I and pyd domains-containing protein 12

podZ moase ame: ide-hinding ol d
protein 2

nall2 mouse ame: full= lrr and pyd domains containing protein 12
pod L moawe ame: ide-binding ol; ization d
peotein 1

nlre3_boman ame: fall-protein nirc3

nlre3_boman ame: fall-protein nirc3

podZ moase ame: ide-hinding ol ization d
peotein 2
pod2_moaw ame: ide-binding ol; ization d
protein 2

nalp3 bovin ame: fall= Irr and pyd domains-containing protein 3
nalp3 mouse ame full= I and pyd demains-coataining protein 3
nlrc3_buman ame: full=protein nlrc3

nlre3_boman ame: fall-protein nirc3

1156

455

1139

1156

1395

1289

456

1243

404

“9

1262

1024

1174

320E-08

120E-05

1O0E-1

6.60E-13

710E-08

L10E-05

240E11

5.80E-22

B60E-14

7.10E07

210E15

B.10E-23

Z70E-14

Z60E-13

Z230E-07

320E13

7.20E-20

150E15

1L90E-15

180E17

6.00E-13

L60E-06

Z230E-10

ZD0E-Z

850E-18

550E-39

740E-43

3.10E-30

130E-33

380E-37

L10E-53

LDOE-36

230E-59

1.70E-34

6.00E-32

5.70E-50

3.00E-51

2D0E-24

1.20E-41

1.00E-33

220E-57

4.80E-40

5.20E-39

130E-50

530E-32

6.70E-36

6.40E-37

130E-31

3.90E-63

5.00E-30

4720

46,00

4320

4100

4240

40

4320

4280

4340

42720

4160

43380

4160

40560

53.60

5180

5560

40560

4220

5900

4020

4260

5500

3900

120

120

4080
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1222379ml Am_NLR102 HACHT|LRRs nkrc3 boman ame: full-protein nlnc3 769 LBOE-36 56.60

1217580m1  Am NLR103 NACHT|LRRs nire3 haman ame: fal=protein nirc3 1507  L80E11 4480

1216964ml  Am NLRIM4 NACHT|LRR k3 mouse ame: full-protein nlrcd 884  LME42 4000

1218364m1  Am NLR10S NACHT|LRR nire3 moase ame: ful-protein nirc3 T8 LWEAT 5140

1219%03ml  Am NLRI0G NACHT|LRRs nkc3 human ame: full-protein nlrc3 978 ZNE36 4320

1217576m1  Am NLR1O7 NACHT|LRR nire3 haman ame: fal=protein nirc3 13 L0635 4680

126164m1 Am NLR10G NACHT|LRRs nall2 ; fall= lrr and pyd domai ining protein 12 1278 180E-53  40.60

12.4467.m1 Am NLR109 NACHT|LRRs nodZ mouse ame: ide-binding ol ization domai in 734 Z60E-28 4140
prutein 2

126152ml Am NLR110 NACHT|LRRs nall2 fall= Lor and pyd domai ining protein 12 1266  T30EH 4060

124470.m1 Am NLR111 NACHT|LRRs nall2 fall= lrr and pyd domai ining protein 12 841 7AUE34 A0

129750.m1 Am NLRI12 NACHT|LRRs oudZ moase ame: g 792 ZMIE-31L 4260
protein Z

1226065m1  Am NLR113 NACHT|LRRs nall2 ; fall= lrr and pyd domai ining protein 12 1080  L9E40 4100

1217971ml  Am NLRI14 NACHT|LRRs nall2 by full= lrr and pyd domai ining probein 12 1150  330E48  4L40

1227228m1  Am NLRI11S NACHT|LRRs nall2 fall= lrr and pyd domai ining protein 12 1124 Z10E45 4100

1216104.m1 Am NLR116 NACHT|LRRs nod]_buman ame: ide-binding ol ization domai in 951 ZTOE-27 24.40
prutein 1

1224463ml  Am NLRI17 NACHT|LRRs nkc3 by in nlrc3 15 like protein 1410 INET6 5340

1224495m1  Am NLR118 NACHT|LRRs nod? monse ame: hinding a T 5Z0E-40 4080
protein 2

1219473m1  Am NLR119 NACHT|LRRs nire3 moase ame: ful-protein nirc3 731 LGOE3S 4320

1217970m1  Am NLRI20 NACHT|LRRs nall2 fall= Lor and pyd domai ining protein 12 1195  470E48 4120

1217966m1  Am NLR1ZL NACHT|LRRs nall2 ; fall= lrr and pyd domai ining protein 12 1222 540E-36 4240

122444ml  Am NIRIZZ NACHT|LRRs nod2 mouse ame: s 143  LIE4 4040
prutein 2

1213402ml  Am NLRIZ3 HACHT|LRRs nod? monse ame: hinding a 932 GIEX 4180
protein 2

1217739m1 Am NLR1Z4 NACHT|LRRs nod]_buman ame: hinding d a5 1.50E-38 4180
prutein 1

1223718m1  Am NLRIZS NACHT|LRRs nkc3 by in nlrc3 15 like protein 914  GHOEI3 5680

1217756m1  Am NLR1Z6 NACHT|LRRs i3 by in nirc3 15-like protein 96 L70E-64 5540

1219308m1  Am NLRI27 NACHT|LRRs nkc3 by in nlrc3 15 like protein 736 480E26  6LOD

124875.m1 Am NLR128 NACHT|LRRs nire3 moase ame: ful-protein nirc3 1068  G30E-68 4660

124870.m1 Am NLR129 NACHT|LRRs nire3 haman ame: fal=protein nirc3 1069  IET3 4500

124464.m1 Am NLR130 NACHT|LRRs nall2 ; fall= lrr and pyd domai ining protein 12 1014 910E33  40.80

12151M0ml  Am NLRIHL HACHT|LRRs nod? monse ame: hinding olj ization domat i 1014 THIE46 4080
protein 2

1224493m1  Am NLR132Z NACHT|LRRs nodl baman ame: hinding a 1085  L70E37 4100
prutein 1

1214307m1  Am NLRI33 NACHT|LRRs oudZ moase ame: g 1112 LGOE43 4040
protein Z

1217757m1  Am NLR134 NACHT|LRRs i3 by in nirc3 15-like protein 750  B50E-38 5660

1226034m1  Am NLRI35 NACHT|LRRs k3 mouse ame: full-protein nlrcd 692  ZWEZ20 5300

1224858m1  Am NLR136 NACHT|LRRs od?_monse ame: binding ol ization demai i 109%  LIOE3Y 4180
protein 2

129752m1 Am NLR137 NACHT|LRRs nod]_moase ame: hinding d 109 330E-30 2120
prutein 1

1216210m1  Am NLRI38 NACHT|LRRs k3 mouse ame: full-protein nlrcd 867  3BEIR 4700

126131L.ml Am NLR139 NACHT|LRRs nod? monse ame: hinding a 1158  ZMNEZB 40560
protein 2

1219602m1  Am NLR140 NACHT|LRRs i3 by in nirc3 15-like protein o ZNES4 4640

1217893ml  Am NLRI#1 NACHT|LRRs nkc3 by in nlrc3 15 like protein 887  LWETL 5720

127886.m1 Am NLR142 NACHT|LRRs od?_monse ame: binding ol ization demai 1084  L4EZB 4180
protein 2

1225905m1 Am NLR143 NACHT|LRRs nodZ mouse ame: hinding d 748 65S0E-41 25.00
prutein 2

1222817ml  Am NLRIH HACHT|LRRs nod? monse ame: hinding a 752 LHMEL4 4180
protein 2

123762m1 Am NLR145 NACHT|LRRs nire3 moase ame: ful-protein nirc3 1028 9BETL 5000

1219820m1  Am NLRI46 NACHT|LRRs nkc3 human ame: full-protein nlrc3 019  340E48 5120

1213020m1  Am NLR147 NACHT|LRRs nire3 haman ame: fal=protein nirc3 744 ZI0EI9 5360

1217749m1  Am NLR148 NACHT|LRRs k3 mouse ame: full-protein nlrcd 737 S1E4) 5020

1226517m1  Am NLR149 NACHT|LRRs nire3 haman ame: fal=protein nirc3 586  LZ0E20 5700

1215882m1  Am NLRISD NACHT|LRRs k3 mouse ame: full-protein nlrcd 74  ZLEIR 5300

1226187.m1 Am_NLR151 NACHT|LRRs nirc3 homan ame: fol=protein nire3 106 1.20E-78 57.40




124873ml

1217877 m1

1.2 24063 m1

1225680 m1

1218367 m1

1222381 m1

1224261 m1

1219311 m1

124466 m1

1.223780.m1

1220620 m1

1217572 m1

121342 m1

126156m1

1.24868m1

1224947 m1

1224HE m1

1217472 m1

1218792 m1

1224636 m1

1.219240.m1

122431 m1

124431 m1

121459 m1

1215447 m1

1222629 m1

1224496 m1

1.214610.m1

122282 m1

1.224718.m1

1215132 m1

121644m1

124577ml

121749 m1

1.29646m1

1.215075m1

125252 m1

1222635 m1

1219842 m1

1.217320.m1

1.2 20049 m1

121404 ml

1212322 m1

129136ml1

1223031 m1

1.217490.m1

129119m1

1.216539.m1

129133ml

1.29079ml

129139m1

129126ml1

1216351 m1

121752 m1

12938m1

Am _NLR152

Am_NIR153

Am _HLR15%

Am_NIR1ES

Am_HLR156

Am_NIR1ST

Am_HLR158
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Am_NLR1GG

Am_NLR161

Am_NIR162

Am_NLR163

Am_HNLR164

Am_NIR1G5

Am_HNLR166

Am_NIR16T

Am_NLR168

Am_NIR16F

Am _NLR17G

Am_NIR1T1

Am _NLR172

Am NIR1T3

Am_NIR174

Am _HLR17TS

Am_NIR1T&

Am _NLR177

Am_NIR17E

Am _NLR17%

Am_NLR180

Am _NLR181

Am_NLR182

Am_NIR183

Am_NLR18%

Am_NIR185

Am_HNLR186

Am_NLR187

Am_NIR188

Am_HNLR18%3

Am_NLR19G

Am _NLR191

Am_NIR192

Am_NLR193

Am_NIR194

Am _HIR195

Am_NIR196

Am_NLR197

Am_NIR198&

Am_HLR193

Am_NIRZ04

Am_NLR205

Am_NIRZ06

HACHT[LRRs
MACHT[LRRs
HACHT[LRRs
MACHT[LRRs
HACHT[LRRs
MACHT[LRRs
HACHT[LRRs
MACHT[LRRs
MACHT[LRRs
HACHT[LRRs
MACHT[LRRs
HACHT[LRRs
HACHT[LRRs
MACHT[LRRs
HACHT[LRRs
MACHT[LRRs
HACHT[LRRs
MACHT[LRRs
HACHT[LRRs
MACHT[LRRs
HACHT[LRRs
NACHT[LRRs
MACHT[LRRs
HACHT[LRRs
MACHT[LRRs
HACHT[LRRs
MACHT[LRRs
HACHT[LRRs
MACHT[LRRs
HACHT[LRRs
HACHT[LRRs
MACHT[LRRs
HACHT[LRRs
MACHT[LRRs
HACHT[LRRs
HACHT[LRRs
MACHT[LRRs
HACHT[LRRs
MACHT[LRRs
HACHT[LRRs
MACHT[LRRs
HACHT[TPR
MACHT[WD40
HACHT[WD40
MACHT[WD40
HACHT[WD40
MACHT[WD40
HACHT[WD40
HACHT[WD40
HACHT[WD40
MACHT[WD40
HACHT[WD40
MACHT[WD40
HACHT[WD40
MACHT[WD40

cog7_hmnan ame- fall-conserved aligomeric golgl compler sabunic 7

nire3_mouse ame: full=protein nkred

nalp3 homan irrand pyd domai ining protein 3
nodZ_mouse ame- fall idle-hindi ization demain
protein 2
nirc3_mman ame- fnll=preden nire3
nodZ_mouse ame- fall idle-hindi ization demain
protein 2
nire3_ buman in nirc3 c
nire3_monse ame- ful-prowin niced
nati2 | domai ning protein 12
nirefi_bnman ame- Ell-protsin nies.
nire3_ human ame- Ell=proein nked
I S
protein 1
nalp4 hnman Irrand pyd domai ining protein 4
nire3_ buman in nirc3 c
nire3_bmman in nire3 ame- -
nire3_ buman in nirc3 c
I S
protein 2
nire3_ buman in nirc3 c
nire3_bmman in nire3 ame- -

nire3_mouse ame full-protein i3
nired rentr ame- full=nir family can] donain-containing protein 4
nire3_monse ame- ful-prowin niced
nire3_mouse ame full-protein i3
nire3_nman ame- fll-preten nie3
nire3_mouse ame full-protein i3
nire3_mouse ame full-protein i3
nire3_monse ame- ful-prowin niced
nire3_man ame- Ell=protein nire3
nire3_nman ame- fll-preten nie3
nire3_man ame- Ell=protein nire3
nire3_monse ame- ful-prowin niced

nphp3 human ame- full=nepbrocystin-3

mwd1_haman ame- fall-macht damain- and wi repeat-containing peotein 1

(lzip3 human ame- full=e3 ubifuitin protein Bgase dzp3
nire3_nman ame- fall-proein nked

w1 domain- and wil repeat

dzip3_ human ame foll-c3 ubiuitin-prowin Rgase dupd
dsip monse ame- Full—e7 ubiquiin- protein kgase d5p3
dzip? human ame= full~<3 ubisuitin- protein gase dzpd
dsip3 human ame- Full—e7 ubiuitin protein gase dEp3
dzip3_ human ame foll-c3 ubiuitin-prowin Rgase dupd
dsip3 human ame- Full—e7 ubiuitin protein gase dEp3

mwd1_maase ame- fall-nacht damain- and wil repeat-contining peotein 1

(lzip3 human ame- full=e3 ubifuitin protein Bgase dzp3
dzip3_human ame- foll-c3 uhiquitin-prowin Bgase dEp3

T46

7358

1332

e

1174

673

937

M3

738

1133

642

1565

1498

1230

S20E-26

4BOE-3T

11ME-22

BTOE16
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SA0E-49

T30E-36

120E13

930E-32
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21ME-38
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STOE-80
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SBOE-3T
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2M0E-23

B40E-30

310E-29

T20E17

2 60E-63

110E-30

TIOE-11
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170E-28

140E-22

SB0E-41
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BIDE54

THE16

SHOE-48

BMOE-32

2IME-S0

310E-30

G6A0E-35

4BOE-16

GOOE+00

S30E-112

620E17

2 20E-40

290E-94

120E13

110E-13

1IME1T

690E-14

170E-14

GBOE-13

150E-106

S80E-13

810E12

4420

52,00

4140

4720

54.60

4240

43 00

52,00

4820

5340

4980

4900

43 80

4120

53 40

60,00

4620

52,00

49,60

4867

4520
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(B)

Contrel (pH 2.1) High €O, (pH 7.8)

Genome ID $"""""“’" 1h 6h 1h 6h

Log,FC FDR  Log,FC FDR | Log,FC FDR  Log,FC  FDR
1.2.26019.m1 Am NLR1 — — -0.16 2.35E-02 — — -0.07 4.01E-02
1.2.5900.m1 Am _NLR2 - - -0.14 2.46E-02 - - - -
1.2.5883. m1 Am_NLE3 - - - - 0.10 1.35E-02 0.18 1.81E-02
1.2.5906.m1 Am_NLR4 — — — — 0.32 3.08E-02 0.18 2.48E-02
1.2.19850m1 Am NLR5 - - - - 0.20 491E-02 - -
12.25484m1 Am _NLR8 - - - - - - 0.15 3.97E-02
12.15887m1 Am NLR10 — — 0.06 4.74E-02 — — -0.23 3.91E-02
1.2.23033.m1 Am NLR11 - - - - -0.06 2.80E-02 - -
12.23034m1 Am NLR12 - - 0.31 3.37E-02 — - 0.37 2.85E-02
12.3761.ml1 Am_NLR13 — — -0.32 2.55E-02 — — — —
1.2.9939.m1 Am NLR14 — — -0.27 4.86E-02 — — — —
12.19702.m1 Am NLR15 - - -0.59 7.48E-04 — - - -
12.24451m1 Am NLR16 — — -047 2.04E-02 0.05 3.73E-02 — —
1.2.4814.m1 Am NLR17 — — — - -0.18 1.98E-03 — —
12.23717m1 Am NLR18 - - - - - - 0.06 2.49E-02
12.15454m1 Am NLR19 — — — — — — 0.25 2.72E-02
12.4220.m1 Am_NLR27 - - -0.20 1.18E-03 -0.37 4.83E-02 0.20 4.45E-02
12.18769m1 Am NLR28 — — 0.05 4.35E-02 — — — —
12.16740.m1 Am NLR31 - - -0.11 3.57E-02 - - 017 3.36E-02
124218 m1 Am_NLE32 - - -0.11 1.09E-02 — -
12.6137.m1 Am_NLE33 — — 0.64 3.41E-04 — — 0.36 4.37E-02
1.2.9759.m1 Am NLR34 — — 0.05 3.71E-02 — — -0.32 2.19E-02
12.19297m1 Am NLR35 - - 0.46 4.50E-02 — - -0.20 4.16E-02
12.24253.m1 Am NLR36 — — 0.13 1.59E-02 -0.08 1.18E-02 — —
1.2.13860.m1 Am NLR37 — — 0.09 1.69E-02 — — — —
12.19126.m1 Am NLR38 - - 0.08 1.57E-02 - - - -
12.9130.m1 Am_NLE39 — — 0.53 8.99E-03 — — 0.67 2.30E-02
1.2.5896.m1 Am _NLR40 — — -0.21 4.51E-02 — — — —
1.2.18491.m1 Am NLR41 0.59 2.08E-02 -0.22 2.45E-02 - - 0.25 8.05E-03
12.15251m1 Am NLR42 — — -042 2.35E-02 — — — —
1.2.5897.m1 Am NLR43 — — -0.38 1.78E-02 — — — —
1.2.25683.m1 Am NLR44 - - -0.07 2.47E-02 - - - -
12.10017m1 Am NLR45 - - -0.25 3.33E-02 -0.15 2.50E-02 - -
1.2.5895.m1 Am_NLR46 - - - - -0.20 3.94E-02 - -
12.13880.m1 Am NLR47 — — — — -0.12 3.58E-02 — —
12.22640.m1 Am NLR48 — — — - 0.11 2.09E-02 — —
129743 ml Am _NLR49 - - - - 0.25 2.28E-02 - -
12.7526.m1 Am_NLR50 — — — — 0.40 1.07E-02 — —
12.2411.m1 Am _NLR51 — — — — — - 0.25 4.14E-02
1.2.15816m1 Am NLR52 - - - - - - 017 3.18E-02
12.20864m1 Am NLR78 032 3.19E-02 — — — — 0.08 2.11E-02
12.11040.m1 Am NLR79 0.41 4.14E-02 — — — — — —
12.18997m1 Am NLRS80 -0.09 2.60E-02 - - -0.25 4.01E-02 - -
12.18795m1 Am NLR81 -0.17 222E-02 0.11 1.39E-02 -0.06 8.89E-03 - -
1.2.24320.m1 Am NLRS82 — — 0.07 1.19E-02 -0.07 1.52E-02 — —
1.2.20938.m1 Am NLR83 - - 0.08 6.79E-03 - - - -
12.22378m1 Am NLE84 - - 0.10 2.09E-02 — - -0.07 2.21E-02
12.18794m1 Am NLR85 — — 0.19 3.09E-02 -0.26 3.82E-02 — —
12.16092.m1 Am NLR86 - - 0.19 3.72E-02 0.08 2.49E-03 - -
12.19740.m1 Am NLR87 - - 0.12 4.78E-02 0.12 4.68E-02 - -
12.12473.m1 Am NLR88 - - 0.16 4.37E-02 - - - -
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1226460.m1
1222230.m1
12.9751Lml

126154.ml

1.2179%69.m1
12.6155ml

1222373.m1
126132 ml

1215102.m1
1219719.m1
12.13398.m1
1222377.ml
12.18648.m1
1.2.22379.m1
1217580.m1
1.2.169%64.m1
12.1836tml
12.19603.m1
1217576.m1
1.2.6164.ml1

1.2.4467.ml

12.6152ml

12.4470.ml

129750.m1

1226065.m1
1247971m1
1222274ml
12.16104.m1
1.2.24463.m1
1224495m1
1.2.19473.m1
12.17970.m1
12.179%6.m1
12244%4.ml
1.2.13403.m1
1247239.m1
1223718.m1
1217756.m1
12.19308.m1
124875ml

1.2.4870.m1

124464 ml

12.15100.m1
1224493.m1
1.2.14307.m1
1217757 .m1
12.26034.m1
1224858 m1
129752 ml

1216210.m1
126131 ml

1.2.19602.m1
121404 ml

1212327 m1l
1.2.9136.m1

1.2.23031m1
1.217490.m1
12.9119.ml

12.16539.m1
12.9133.ml1

1.2.9079.m1

Am_NLRS9

Am_NLR90

Am_NLR91

Am_NLR92

Am_NLR93

Am_NLR94

Am_NLR95

Am_NLR%

Am_NLR97

Am_NLR93

Am_NLR99

Am_NLR100
Am_NLR101
Am_NLR10Z2
Am_NLR103
Am_NLR104
Am_NLR105
Am_NLR106
Am_NLR107
Am_NLR108
Am_NLR109
Am_NLR110
Am_NLR111
Am_NLR112
Am_NLR113
Am_NLR114
Am_NLR115
Am_NLR116
Am_NLR117
Am_NLR118
Am_NLR119
Am_NLR120
Am_NLR121
Am_NLR122
Am_NLR123
Am_NLR124
Am_NLR125
Am_NLR126
Am_NLR127
Am_NLR128
Am_NLR129
Am_NLR130
Am_NLR131
Am_NLR132
Am_NLR133
Am_NLR134
Am_NLR135
Am_NLR136
Am_NLR137
Am_NLR138
Am_NLR139
Am_NLR140
Am_NLR193
Am_NLR194
Am_NLR195
Am_NLR196
Am_NLR197
Am_NLR198
Am_NLR199
Am_NLR200

Am_NLR201

-0.40

-0.34

2.32E-02

4.35E-02

0.08
0.08
0.18
014
0.05
013
0.28
011
0.18
1.00
0.09
033
-0.14
-0.26
-0.16
-0.29
-0.27
-0.22
-0.34
-0.14
-0.06
-0.07
-0.12
-0.07
-0.05
-0.07
-0.12

-0.25

014
-0.20
-0.17
-0.29
-0.05
-0.15

4.71E-02
187E-02
2.91E-02
3.04E-02
4.11E-02
154E-02
2.63E-02
5.84E-03
475E-02
3.28E-03
2.83E-02
141E-02
135E-02
4.87E-02
3.31E-02
3.28E-02
147E-02
4.41E-02
451E-02
3.70E-02
2.02E-02
4.90E-02
6.76E-03
215E-02
1.46E-02
156E-02

2.88E-04

3.28E-02

1.20E-03

2.87E-03
4.78E-04
3.04E-04
1.59E-02
5.50E-03

1.83E-02

-0.20

-0.09
-038

-0.16
-0.05
-0.14

-0.05
-0.06
-043
-044
-034
-033
-0.35
-0.11
-024
0.19
0.22
0.31
0.15
0.43
0.14
-0.22

-0.17

4.76E-02

3.29E-02

1.28E-03

2.23E-02

1.40E-02

2.52E-02

2.35E-02
1.57E-02

4.02E-02

4.04E-02
2.66E-02
1.46E-02
4.89E-02
4.40E-02
3.75E-02
3.15E-04
5.76E-03
4.71E-02
3.02E-02
1.66E-02
1.37E-02
3.02E-02
1.67E-02
4.28E-02

4.18E-02

3.82E-04

1.72E-02

022
011
023

024
034

0.08
0.09
0.10
011
014
0.15
0.15
022
0.18
025
027
0.16
0.18
0.20
022
030
030
-0.06

048

040

-0.12

2.11E-02
3.74E-04
3.50E-02
1.37E-02

2.84E-03

2.44E-02
2.63E-02
4.92E-02
2.83E-02
4.61E-02
1.29E-02
2.69E-02
1.51E-03
2.38E-02
1.61E-02
1.07E-02
4.84E-02
247E-02
1.77E-02
3.35E-02
1.72E-02
7.13E-04

4.84E-02

8.13E-03

2.28E-02

3.34E-02

58



Table S2.9 Significantly expressed genes under LPS challenge, including members of the NF-

kB and MAPK signalling pathway (total = 46). (A) BlastP search results are listed for each

protein. Including A. millepora genome homologues to caspases and Bcl2 members annotated

in the A. millepora transcriptome (Moya et al. 2015). (B) LogFC values of significantly
expressed genes (FDR <0.05, log2FC > 0.05) in response to LPS challenge relative to the
control (PBS) after 1 and 6 h. For samples under control (pH 8.1) and high pCO; (pH 7.8)

conditions. Log;FC colour indicates up (red) and down (blue) regulated genes.

(GY

Function Genome ID $mmq'°"' Blast Hit Length eValue %ID
12.7139.m1 Am CBAH1 Penicillin acylase; gij129549]sp[P12256.1]PACG LYSSH 327 161E45 3119
1216853m1*  Am CBAHZ Uncharacterized protein Yel; gi[254763363|sp|PS40482[YXEL BACS. 316 151E38  20.84
12.13415m1 Am CBAH3 Chloylglycine hydrolase; pi[ 1705662 jsp|PS4965.3|CRH_CLOPE 3z F90E38 3.7

Cholylglydne 4 5 93496m1 Am CBAH4  Choluyiglycine hydrulase; gi| 1705662 sp]PS4965.3|CBE_CLOPE 322 118E42 3416
12.16857.m1 Am_CBAHS Penicillin acylase; i 129549|sp|P12256.1|PAG LYSSH 230 23IGEI 3348
12.4576m1 Am CBAHG  Acid ceramidase; gi]Z39977071|spASAGPZ 1JASAH1_PANTR 367  SZOE14Z  SLTT
12.7128.m1 Am CBAHT Chdloylglycine hydrolase; gi| 1705662 |sp|PS4965. 3| CBH_CLOPE 322 BASE4Z 3105
125972m1 Am_CTSKEL hsa:1513 PEND_cathepsin K 332 6O00E101 5271

Cathepsins 12.6471.m1 Am CTSEZ hsa1513 PEND_cathepsin K 332 7O0E111 50
12.6472m1 Am CTSE3 hsa1513 PEND_cathepsin K 308 100E104 5097

RAK 12.8695.m1 IRAK hsa:3654 TRAK1 pelle interleukin-1 receptor-associated kinase 1 235 Z00E18 3191
1225424 m1 Am IRF1 hsa:3665 IRF7 interferun regulatory factar 7 111 400E1Z  37.54
12.25425m1 Am IRF2 hsa:3661_IRF3 interferon_regulatory. factor 3 15 400E16 3478
12.9013.m1 Am IRF3 hsa:3663 IRFS interferon_regulatory. factor 5 109  BOOEZZ 422

e 12.22788m1 Am IRF4 hsa:3663 IRFS interferon regulatory factor 5 1M 100EZZ 3784
12.22790.m1 Am IRFS hsa:3663 IRFS interferon_regulatory. factor 5 163 300EZ0  30.06
1212173m1 Am IRF6 hsa:3665 IRF7_interferon_regulatory. factor 7 103 Z00E1Z 3398
1221%16m1 Am_JUN1 hsa:3725 JUN_AP1 cJun jun proto-oncogene 349 5.00E-45 361

o 12.17406m1 Am _JUNZ hsa:3725 JUN_AP1_cJun jun proto-oncogene 108 300E3Z 5833

NFER 123977.m1 Am Nfkb :;:Hm::“mr_w-‘-hm-m“ olypeptidegen oy 0 4228
12.3454m1 Am Caspase E  hsa:B41_CASPE_caspase § : is-related 272 100E44 3713

Caspases 12.779.m1 Am Caspase D Cluster004864p 340 o 99.43
12.12876m1 Am Caspase A Cluster010971 307 o 97.72
12.11925m1 Am BokE Cluster00Z778p 200 200E103 825
12.6211m1 Am_BcIWD hsa:596_BCLZ_B-cell CLL/lymphoma_ 2 121 S00EZS 3636
12.7664m1 Am Mclllike  hsa:596 BCLZ PPIRS0 B-cell CLL/lymphoma 2 188 TO0E1Y 2766
12.8813.m1 Am_BcWE hsa:596_BCLZ_B-cell CLL/lymphoma_ 2 19 100EZZ 3566

Beiz 12.26503.m1 Am BcWC hsa:597 BCL2A1 BCLZ-related protein A1 132 Z200E09 2955
12.7767.m1 Am BcWD Cluster011450 63 600E38 9841
12.7024.m1 Am Bax hsa:597 BCL2A1 BCLZ-related protein A1 83 7O0E11 3976
12.14607.m1 Am BoRAMEQ  Cluster015074 347 o %71
122124m1 Am_BokC Cluster011056 240 400E179  9BTS

Inkibitor NFkB 12.11031.m1 Am IKBKB bsa:3551 IKEKE_inhibitor of kappa light polypeptide gene enhanc o) coopq37 3045

er_in B-cells kinase beta
12.2079.m1 Am RIGL hsa:23586 RIG-1 DEAD [Asp-Glu-Ala-Asp) box palypeptide 58 364 Z00ES9 3736

et 12.16130m1 Am RIGZ hsa:23586 RIG-1 DEAD [Asp-Glu-Ala-Asp) box palypeptide 58 723 100E125 3499
12.11189.m1 Am COX1 hsa:5743 COX-Zprustaglandin-endoperaxide_synthase 127 600E16 3543

cox 12.3032m1 Am COXZ hsa:5743 COX-Zprustaglandin-endoperaxide_synthase 2 328 100E14 247
12.14349.m1 Am_COX3 hsa:5743 COX Zprostaglandin-endoperaxide_synthase. 2 158 ZO00EZ1 2643

PIAS 12.11953.m1 Am PIAS hsa:51588 PIAS4 protein inhibitor. of activated STAT 4 197  SO00E11S 4105
12.1698.m1 Am PLAUL hsa:5328 PLAT inogen_activatar. 1 252 Z00E38 3532

L 12.1699.m1 Am PLATZ hsa:5328 PLAT] inogen activator 1 279 300E44 3513
12.3957.m1 Am CFOS1  hsa:2353 FOS murine coma_viral I 64 300E07 4219

cros 12.13975m1 Am CFOSZ  hsa:2353 FOS murine coma_viral I 11 300E07 3063
1221388 m1 Am dapkl dapk3 human ame:_fall-death-associated_protein kinase 3 33 ZBOE44 5400

Deathkingse  1216753.m1 Am_dapk2 dapk3 human ame;:_fall-death associated_protein kinase 3 320 3S0EB4  66.60
12.14589.m1 Am dyrk m“:ﬁ—:‘d— ¥ yarm- 525 400E-30 4320
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* Gene up-regulated under MDP challenge in A. millepora (Weiss et al. 2013)

(B)

Contrul (pH8.1) High CO, (pH 7.8)
Genome ID ﬁm‘-"@""‘ 1h 6h 1h 6h
LogFC FDR  LogmFC FDR | LogFC FDR  LogFC  FDR

127139.m1 Am_CBAH1 385  540E-06  -103  B4BE-15 | -195  992E-12  -184  BOZE17
1216853m1*  Am CBAHZ 103 634E-03  -0.36  2.08E-10 - - - -
1213415.m1 Am CBAH3 091  B819E-03  -101  3.93E-04 | 160 149607 055  L46E-02
1.213416.m1 Am_CBAHA 0.07 392E-02 091  127E-07 | 026 426E-03 027 1.98E-06
1216857.m1 Am_CBAHS - - 022  5.43E-02 - - 013 424E-03
124576.m1 Am_CBAHG - - - - - - - -
127178m1 Am_CBAHT - - - - - - - -
1.25972m1 Am_CTSK1 043 4.07E-02 - - 019  448E-02 - -
126471m1 Am CTSK2 - - 005  7.69E-03 - - - -
1.26472m1 Am CTSE3 — — — — — — _ _
1.2.8695.m1 IRAK -0.21 3.63E-02 - - -0.34 1.28BE-02 - -
1225424 m1 Am [IRF1 - - -0.30 2.61E-02 0.34 1.72E-02 0.47 1.59E-04
1.2.25425m1 Am IRF2 -0.06 1.74E-02 0.34 3.11E-02 0.32 1.76E-02 0.18 4.58E-02
129013 m1 Am IRF3 0.16 2.7BE-02 - - - - - -
1.22Z2788.m1 Am_IRF4 0.05 1.82E-02 - - - - - -
1.22Z2790.m1 Am_IRF5 - - - - 0.06 6.31E-05 0.64 2.20E-07
1212173.m1 Am_IRF& - - - - - - - -
1.2.21516.m1 Am JUN1 0.30 4.04E-02 - - 0.22 1.50E-08 -0.71 143E-06
1.217406.m1 Am JUNZ - - - - - - -0.55 1.69E-02
123977.ml Am_Ni-kh - - — — - — - —
1.2845tml Am_Caspase E 0.41 1.54E-02 - - -0.27 2.09E-02 -0.50 3.53E-04
12779ml Am_Caspase D 0.46 2.09E-02 - - -0.16 147E-07 -0.51 497E-04
1.212876.m1 Am Caspase A - - -0.09 4.09E-02 - - - -
1.211925m1 Am_BokB - - - - 0.11 3.74E-02 - -
1.26Z211.m1 Am_BclWD - - - - 0.22 1.11E-06 -0.35 2.12E-02
127664m1 Am_Md1-like - - -0.19 4.75E-02 0.08 1.12E-03 -0.32 3.1BE-02
128813 ml1 Am_BcIWB - - - - - - -0.31 4.09E-02
1.2.26503.m1 Am_BclWC - - - - - - - -
1.27767.m1 Am_BclWD 0.263 1.45E-02 -0.271 5.17E-04 -0.32 6.01E-05 -0.604 2.66E-04
127024.ml Am Bax - - -0.24 3.59E-02 - - - -
1.214607.m1 Am_BcIRAMBO - - - - -0.276 3.23E-04 - -
1.22124m1 Am_BokC - - - - - - - -
1211031.m1 Am IKBKB - - -0.09 4.52E-02 - - 0.27 4.02E-04
1.22079.m1 Am_RIG1 010  249E-0Z  -0.20  3.30E-02 0.40 3.00E-04
1216130.m1 Am RIGZ - - 013  460E-03 | 013  411E02 026  222E-03
1.211189.m1 Am_COX1 - - - - 025  940E-0Z  -0.33  199E-02
123032m1 Am_COXZ 015  207E-02  -0.86  357E-06 | 049  61BE-04 - -
1214349.m1 Am_COX3 - - 033  166E-02 | -020  433E-02 - -
1.211953.m1 Am_PIAS 0.26 4.13E-02 - - - - - -
1.21698m1 Am_PLAUL - - - - 0.07 234602 021 427E-02
121699.m1 Am PLAUZ - - 020  4.80E-03 - - - -
1.23957.m1 Am_CFOS1 - - 0.23 490E-02 | 032 336E-03 - -
1.213975.m1 Am_CFOSZ - - - - 025  334E-02 - -
1221388.m1 Am_dapk1 045  610E-03 010  3.75E-03 - - 031  591E-05
1.2.16753.m1 Am_dapk? 0.96 2.9%9E-03 -0.06 1.09E-02 -0.10 1.58E-04 -0.44 6.61E-03
1.2.14589.m1 Am_dyrk -0.17 4.14E-02 - - 0.23 1.20E-03 - -
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Table S2.10 GO terms of the differentially expressed genes at 1 h post LPS challenge of A.
millepora samples pre-exposed to high pCO; conditions. FDR values were obtained from the
Benjamini & Hochberg correction using BiNGO. Shaded terms (purple) are significantly over-

represented (FDR < 0.05).

Up-regulated Down-regulated
GO Biclogical processes com T2  ppp |GOBiclogical processes com ™ gy
genes genes
bioluminescence 8218 8 1.35E-05 |regulation of macromolecule biosynthetic process 10556 77 1.28E-05
transcription regulator activity 30528 27 1.14E-03 |regulation oftranscription, DNA-dependent 6355 67 1.28E-05
transcription factor activity 3700 22 2.05E-03 |sequence-specific DNA binding 43565 29 1.56E-05
hatching gland development 48785 8 4.09E-02 |biological regulation 65007 189 1.66E-05
DNA binding 3677 33 4.59E-02 |regulation of RNA metabolic process 51252 68 2.18E-05
up i, ating NADPH oxid: ivity 16175 2 1.24E-01 |regulation of nitrogen compound metabolic process 51171 79 5.25E-05
lei d d b holi) A2 actvity 47498 2 2.19E-01 |tissue development 9888 46 5.75E-05
regnlation of transcription, DNA-dependent 6355 34 3.59E-01 |central nervous system development 7417 29 6.32E-04
signaling 23052 52 3.7BE-01 |negative regulation of cellular process 48523 62 1.73E-03
a ic nuclear change 30262 3 3.78E01 E:::::;: regulation of intracellular protein kinase 10740 13 3.44E-03
signaling pathway 23033 38 3.7BE-01 |regulation of developmental process 50793 37 3.92E-03
lipid metabolic process 6629 16 3.78E-01 |G-protein coupled receptor activity 4930 23 3.97E-03
G-protein conpled receptor protein signaling pathway 7186 11 3.78E-01 |regulation of signaling pathway 35466 36 5.68E-03
cerebral cortex GABAergic interneuron development 21894 1 3.7BE-01 |response to chemical stimulus 42221 50 7.81E-03
regnlation of macromolecnle biosynthetic process 10556 37 3.99E-01 |cell surface receptor linked signaling pathway 7166 44 8.08E-03
‘Wt receptor signaling pathway 16055 5 4.18E-01 |negative regulation of apoptosis 43066 17 9.64E-03
regulation of nitrogen componnd metabaolic process 51171 40 4.18BE-01 |signal transducer activity 4871 44 1.01E-02
cellular lipid metabolic process 44255 12 4.36E-01 ‘to stimulus 50896 87 5.56E-02
positive regnlation of transcription from RNA 45944 10 4.40E-01 |caspase regulator activity 43028 3 5.56E-02
polymerase Il promoter
response to stress 6950 32 4.47E-01 |modulation by symbiont of host immune response 52553 3 6.55E-02
cell differentiation 30154 35 4.47E01 ‘to imterlenkin-1 TO555 4 7.25E-02
regulation of MAPKKK cascade 43408 10 7.82E-02
to stress 6950 49 9.53E-02
positive regnlation of apoptosis 43065 9 1.04E-01
regnlation of protein kinase B signaling cascade 51896 1.07E-01
‘toabiotic stimnlas 9628 16 1.24E-01
positive regulation of immune system process 2684 11 1.25E-01
caspase inhibitor activity 43027 2 1.42E-01
G-protein coupled receptor protein signaling pathway 7186 15 1.71E-01
regnlation of immune response 50776 10 2.09E-01
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Table S2.11 Differentially expressed genes (FDR <0.01, log2FC > 0.05) after 1 h post LPS
challenge of samples under control and high pCO; conditions. LogzFC colour indicates up
(red) and down (blue) regulated genes.

1h

Genome ID  Blast Hit m

(rH31) (pH7.XE)
12884.m1 DAO D-Amine-Acid Oxidase 3.65 -1.02
1216616m1  ZN363_p53-nduced Ring H2 Protein 2.57 -0.26
12 6508.m1 NPCZ_Niemann-Pidk Disease Type C2 1.88 -0.62
129914.m1 AOSL_Arachidonabe 8-Lipoxypenase 1.69 -0.90
1225722m1  NAS1S Zinc Metalloproteinase nas-15 1l.64 -0.23
129411m1 GUNE_Endegilucanase 1.61 -0.25
123857.m1 RIT1 GTP-Binding Protein RIT1 LE) -0.35
121111 m1 TRPC4 Transient Receptor Potential Chanmel 4 1.53 -0.82
12168.m1 OLMZ2a Olfactomedin-Like Protein 24 1.49 -1.60
1Z26008.m1 ZN106_Zinc Finger Protein 106 1.27 -0.67
1224581ml1  APEV1 Retroviral Like Aspartic Protease 1 1.27 -0.17
1219340m1 CEX8 Chromeboz Homelog 8 1.25 -1.05
1216253.m1  WNT8b Wingless-Type MM TV Inbegration Site Family, Member 8B 1.15 -0.36
12999.m1l RGF10 Fibrohlast Growth Factor 10 1.07 -1.00
1216853m1  PAC Penicillin Arylase 1.03 -0.03
124364.m1 TLL1_Tellpid-Like 1 1.03 -0.42
122898.m1 TRAFS6_TNF Recepinr-Associated Factor & 1.02 -0.63
122891m1 TRAF7_TNF Recepinr-Associated Factor 7 1.00 -0.48
1212363.m1 GDH Gh ydrog Mi ial 0.98 -0.31
1216753.m1  DAPK3 Death-Associated Protein Kinase 3 0.96 -0.10
1210516.m1  CNTN2 Contactin 2 0.91 -0.51
123332m1 SSUHZ_SsuhZ Homolog 0.90 -057
1Z21438m1  WNT4 Wingless- Type MM TV Integration Site Family. Member 4 0.89 -0.90
1222360om1  GEBPC Cyclic GMP-binding protein C 0.88 -0.14
1214882m1  MALRD1 MAM and LDL Receptor Class A Domain Containing 1 0.87 -0.92
127734m1 S0X9 SRY (Sex Determining Region Y)-Box9 0.86 -0.12
121332m1 EGLN1_Hypozia-Inducihle Factor Prolyl Hydrozylase 2 0.85 -052
1214080.m1  ECE2 Endethelin Converiing Enzyme 2 0.84 -051
1213251m1  PCK2 Phosp uvate Car i 0.83 -0.25
1218947ml1  RGFR3_Fibrohlast Growth Factor Recepinr 3 0.82 -0.08
1215486m1  SPTC3 Serine Palmitoyliransferase 3 0.82 -0.35
1225219m1  NUSM NADH Dehydrugenase Subunit 5 0.80 -1.10
126253.m1 NLK Nemo-Like Kinase 0.79 -0.25
122501m1 TRIM71_Tripartibe Motif Containing. E3 Ubiguitin-Orotein Ligase 0.79 -0.18
125368.m1 SPRYZ Sprouty Homoleg 2 0.78 -0.20
124311.m1 Gr2r i Granule Protein GP-2 0.78 -0.31
1215857.m1  CRYP17 Cyinchrome p450-c17 0.77 -0.11
12299.m1l AR1_NADPH Dependent Aldehyide Reduciase 0.77 -0.27
1210529m1  DOT1L Lysine n-Methyltransferace 4 0.74 -0.36
1213654.m1  CAIM Calmedulin 0.73 -0.84
128976.m1 ZMYND12 Zinc Finger MYND Domain-Containing 19 0.73 -0.06
126172m1  HTR4 % Hydrozyirypiamine (S i 4 0.70 -0.28
12275%05m1  SMAD+ Mothers Against. i 4 0.68 -0.44
1217251m1  STRADA STE20-Related Kinase Adapter Protein Alpha 0.68 -0.69
1225218m1  COX1 Cytochrome C Ozidase Subunit T 0.62 -148
1238688.m1 MBNL3_Muscleblind-Like Protein 3 0.62 -0.12
1212494ml1  ALDH$A1 Delta-1-Pyrroline 5 Carboxylate Mitochondrial 0.62 -0.25
1216354.m1  INF2 Inverted Formin-2 0.60 -041
129806.m1 ELE1_ETS Domain-containing protein elk-1 0.57 -0.67
1221239m1  ADAMTSZ2 Procellagen I N-Proteinase 0.56 -0.33
124919.m1 MOXDZP DBH-Like Monoozygenase Protein 2 0.54 -043
1291477.m1 m}g}o]ﬂm Carrier Family & {Neurvtransmitter, GABA). 0.54 028
126863.m1  PMM_Phosphomannomuiase 0.54 -0.10
123832m1  ETV6 Transcription Factor ETV6 0.53 -0.23
1717027m1  PTE7_Tyrusine Protein Kinase Like 7 0.53 -0.01
1214641ml1  BCO1 Beta-Carviene Monooxzygenase 1 0.52 -0.05
122028.m1 SCNN_Amiloride-Sensitive Sodiumn Channel Subunit Beta-2 0.50 -0.38
129195.m1 HRH2 Histamine H2 Receptor 0.49 -0.07
1212594ml1  ROXL1 Forkhead Box Protein L1 0.46 -0.45




1211672m1  TLL1 Tolloid-Like Protein 1 0.43 -0.17
127885m1 AGTX Alanine--Glyoxzyl i fi 0.39 -0.20
1.2821.m1 TBX1_T-Box Transcription Factor TBX1 0.38 -0.10
1212675m1  ABCF2 ATP-Binding Cassette Sub-Family F Member 2 0.36 -0.24
1.211518m1  AQP3 Aquaporin 3 0.35 -0.24
1217245m1  MRC1_Mannose Receptor, C Type 1 0.31 -0.37
1.221120m1  CTRC Chymotrypsin C 0.29 -0.73
1225371ml  PNLIPRP2 Pancreatic LipaseRelated Protein 2 0.24 -0.33
1.22434m1 TLR2_Toll-Like Receptor 2 0.20 -0.43
12545m1 FZD8 Frizzled-8 0.14 -0.51
1210850m1  TACRL Tachykinin Receptor 1 0.09 -1.48
1.26992m1 CAT Catalase 0.05 -0.28
1220887m1  CUBN_Cubilin -0.06 0.66
1.225845m1  PNPO_Pyridaxine 5-Phosphate Oxidase -0.09 0.60
123216m1 FLA2G#A_Cytosolic Phospholipase A2 -0.10 0.14
1.21794m1 ADAM22 Metalloproteinase Disinteprin ADAM22 -0.12 0.11
1213663m1  pre o Soiute Carrier Family (Facilitated Ginoase Transportor} -0.13 1.53
1210762m1  TRAF3_TNFReceptor-Associated Factor 3 -0.16 0.07
1.212306m1  ADGRD1_Adhesion G-Protein Coupled D1 -0.20 0.28
1210230m1  PSD3 Phosphatidylserine Decarbozylase F yme 3 -0.21 0.10
1.28410m1 FRZB Secreted Frizzled-Related Protein 3 -0.23 0.57
1.214857.m1  TRIM71 Tripartite Motif Containing, E3 Ubiquitin-Orotein Ligase -0.24 0.12
1.2.9606m1 NOTUM_Palmitol eoyl-Protein Carboxyl NOTUM1A -0.29 0.54
1.214234m1  ADAM22 Metalloproteinase Disintegrin ADAM22 -0.31 0.06
1.2.4226m1 SMPD2 Shingomyelin Phospholipase 2 -0.32 0.03
1.217015m1 ANPEP Aminopeptidase A -0.34 0.19
1222673m1 MRC2 Mannose Receptor, C Type 2 -0.47 0.74
1.222051.m1  KOZA Homeobox Protein Koza -0.51 0.44
125412m1  ANX13 Annexin A13 -0.55 0.30
1.221557m1  GFPL GFP-Like Flnorescent Chromoprotein AMFP486 -0.57 0.04
1.29802m1 ETS Related Transcription Factor ELF-1 -0.58 0.29
1216980m1  CA Carbonic Anhydrase -0.58 0.29
1.29809.m1 ETS Related Transcription Factor ELF-1 -1.01 0.10
1222452m1  Acyl-CoADesaturase -1.80 0.36
12.8189m1 RIT1_GTP-Binding Protein RIT1 -0.18 -0.05
1.28560m1 MRC2_Manncse Receptor, C Type 2 -0.25 -0.04
1.25952m1  ADRB2 Beta-2 Adrenergic Receptor -0.29 -0.11
1226031m1  TLR2 Toll-Like Receptor 2 -0.35 -0.12
1.222453.m1  SCD5 Stearoyl-CoA Desaturase 5 -1.92 -0.05
1213093.m1  MMP7 Matrix Metalloproteinase-7 118 0.07
1221562ml1  GFPL GFP-Like Fluorescent Chromoprotein AMFP486 1.07 2.85
1.25134m1 IPHN3 Latrophilin-3 1.07 0.02
12.8762m1 NAS14 Zinc Metalloproteinase nNAS- 14 1.00 0.31
1.215012m1  OX1R orexin receptor type 1 0.97 0.29
1.213415m1  CBH choloylglycine hydrolase 0.91 1.60
1.25767.m1 CAMK2A Calcinm /Calmodulin-Dependent Protein Kinase I Alpha 0.78 0.05
124072m1 FHL2 skeletal muscle lim-protein 3 0.70 0.05
1.220514m1  NPFF2 Neuropeptide FF Receptor 2 0.67 0.06
1210514m1  FGFR Fibroblast Growth Factor Receptor 0.63 0.29
1218951.m1  FGFR3_Fibroblast Growth Factor Receptor 3 0.60 0.15
1.211510m1  HNMT Histamine H-Methyliransferase 0.59 1.72
1214044ml1  CYP17Al Cytochrome P450 17A1 0.58 0.19
1.26574m1 HSP12_Heat Shock Protein 0.57 0.64
123017ml1  ATTY Tyrosine Aminotransferase 0.54 0.17
1.24075m1 GP157_G-Protein Conpled Receptor 157 0.54 0.33
1219257.m1 HSP68 Heat Shock Protein 68 0.39 0.82
1.26070m1 HSP12_Heat Shock Protein 0.37 0.50
121308Lm1  DBGS2 Sphingolipid Delta -Desatnrase C4-Hydrazylase 0.12 0.12
1.221453m1  CTHRI1 Collagen Triple Helix Repeat-Containing 1 011 0.11
1.27210m1 CYP3A4 Cytochrome p450 344 0.08 0.45
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Figure S2.1. pCO; (patm) values from control (green) and high pCO; (blue) conditions in the
aquaria during the course of the experiment. Each point represents an individual
measurement from the control (total measurements =27) and treatment (total
measurements =28) aquaria.
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Figure S2.2 Venn diagrams of the of the differentially expressed genes (FDR <0.01) in
response to LPS challenge after 1 and 6 h on the coral A. millepora. (A) Indicate the total
number of differentially expressed genes per time point and subset of shared genes between
them. (B) Show the total up (red) and down (blue)-regulated genes after 1 and 6 h
respectively, including a subset of shared genes.
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(A) (B)

pH 7.8

Up-regulated

Down-regulated

Figure S2.3 Venn diagrams of the differentially expressed genes (FDR <0.01) in response to
LPS challenge after 1 h under control (pH 8.1) and high pCO; conditions (pH 7.8) on the coral
A. millepora. (A) Indicates the total number of differentially expressed genes under control
and treatment conditions and a subset of shared genes between them. (B) The total up (red)
and down (blue)-regulated genes under control and high pCO; conditions respectively,
including a subset of shared genes.
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Chapter 3
Transcriptomic analysis reveals protein homeostasis
breakdown in the coral Acropora millepora during

hypo-saline stress
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3.1. Introduction

Coral reefs are amongst the diverse and complex ecosystems and, as well as their
biological significance, are of enormous social and economical importance (Moberg & Folke
1999). However, coral reefs are experiencing long-term decline on a global scale due to
overfishing, pollution, and climate change (Bellwood et al. 2004; De'ath et al. 2012). Climate
change is likely to be an increasingly significant cause of coral decline (Cantin et al. 2010).
Climate change effects include not only thermal stress and ocean acidification, but also
increases in the frequency and intensity of tropical storms and cyclones which would expose
coral reefs to more extreme and sudden salinity variations (Baker et al. 2008; Durack et al.
2012; Xie et al. 2010). These conditions affect the Great Barrier Reef (GBR), where rain
associated with tropical cyclones can lower the salinity of surface waters significantly (up to
7-10 PSU) (Van Woesik et al. 1995), with hypo-saline conditions sometimes prevailing for
weeks (Devlin et al. 1998). Although the impacts of heavy rainfall can be correlated with coral
decline on the GBR (Butler et al. 2015), the physiological effects of hypo-saline stress have
not been thoroughly investigated. A few studies have described loss of Symbiodinium and
coral mortality following hypo-saline stress events (Berkelmans et al. 2012; Downs et al.
2009; Kerswell & Jones 2003), but no data are available on the molecular response of corals

during these events.

Like many other marine invertebrates, corals are considered to be osmoconformers -
their internal environment is near isotonic with the external environment - but can tolerate a
relatively narrow range of salinity (i.e. they are stenohaline). Our current understanding of
osmoregulation processes in corals is largely derived from other marine invertebrates such
as sea anemones and bivalves; in these organisms, small organic molecules and inorganic
ions are used to prevent osmotic lysis (Deaton & Hoffman 1988; Pierce & Warren 2001).
These molecules, known as osmolytes, include free amino acids (FAAs), FAA derivates

(taurine, glycine betaine) and other methyl-ammonium compounds such as
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dimethylsulfoniopropionate (DMSP) (Hochachka & Somero 2002; Pierce 1982). In many
cases, organisms use a variety of osmolytes and related species may use quite different
mechanisms. For example, the sea anemone Metridium senile, and the marine sponges
Halichondria okadai and H. japonica exhibit a general decrease of their FAA content during
hypo-osmotic stress, whereas FAA content appears to increase in the coral Acropora aspera
under these conditions (Cowlin 2012; Deaton & Hoffman 1988; Shinagawa et al. 1992).
Therefore, decreases in specific candidate osmolytes during reduced salinity events may

ocCcur.

Other physiological effects are to be expected in both corals and their symbionts
when adult corals are forced to adjust to osmotic stress, including increased expression of
genes involved in responses to oxidative stress and heat shock proteins. These categories of
genes respond to other environmental stressors, such as temperature and CO; increase
(Barshis et al. 2013; Moya et al. 2015), and are likely to be part of a general stress response
system. Whereas the literature for corals is very limited, more comprehensive data are
available on the molecular responses of other marine invertebrates to hypo-osmotic stress
(Lockwood & Somero 2011; Tomanek & Zuzow 2010). In these organisms, responses include
increases in proteolysis, increased levels of oxidative stress proteins, and changes in
expression of membrane transporter proteins, although closely related species have

sometimes been shown to respond differently (Lockwood et al. 2010).

In the present study, the transcriptomic response of the model coral Acropora
millepora to hypo-saline conditions was investigated. Through the availability of a whole
genome assembly and a comprehensive set of protein predictions for this organism, it is now
possible to compare the response of the coral to those of other marine invertebrates, and to
tease apart specific and general responses of the coral to different environmental stressors

(Barshis et al. 2013; Lockwood & Somero 2011; Moya et al. 2015). It is also possible to
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compare the response between aposymbiotic juveniles (devoid of any photosynthetic
symbionts) and adults corals, in order to investigate the coral animal response to
environmental stress without the influence of its photosynthetic partner (Davy et al. 2012).
Here we exposed both adult colonies of Acropora millepora and juveniles, to hypo-saline
conditions mimicking those experienced in extreme weather events (25 PSU for the adults
and 28 PSU for the juveniles). This is the first study to comprehensively describe the
molecular response of a coral to salinity stress, and identifies both specific and general

components of the response of A. millepora to this environmental stress.

3.2. Materials and Methods

3.2.1. Coral salinity stress experiment

Five Acropora millepora colonies were collected from Orpheus Island, Queensland,
Australia (18°39'52.43"S, 146°29'42.38"E) in June 2013 and transferred to the Australian
Institute of Marine Science's National Sea Simulator (SeaSim) facility where the colonies were
acclimated for 14 days in outdoor aquaria at ~27 °C. Each colony was fragmented into 25
nubbins (~6 cm) that were then randomly distributed across three 50 1 tanks. The tanks were
linked to a computer controlled flow-through system supplying 0.04 p filtered seawater
(FSW) maintained at 25.7 °C (20.6 °C) and an ambient salinity of 35 PSU. UV-filtered lights
were mounted above each tank and nubbins were exposed to an intensity of 250 uE over a
12:12 h light/dark cycle (type of lights: 400W metal halide lamps, BLV). The nubbins were
acclimated in this system for a further 19 days to allow recovery. At the beginning of the
experiment the flow was stopped to ensure no water exchange and tanks were oxygenated
via a pump (Tunze 6015). The nubbins were subsequently exposed to one of three salinity
regimes for 24 h: ambient/control salinity of 35 PSU (n = 81) for the duration of the
experiment, low salinity of 25 PSU (n = 68) or high salinity of 40 PSU (n = 71). The 25 PSU
FSW was prepared by diluting 700 ml of 35 PSU FSW with 300 ml reverse-osmosis water

while the 40 PSU FSW was prepared by adding 11 g of Red Sea Coral Pro Salt (Red Sea
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Aquatics Ltd, Houston, TX) to 1 L of 35 PSU FSW. The temperature during the treatment
period was maintained at 25.9+0.7°C. Salinity was monitored using a water quality meter
(TPS 90FL, ThermoFisher). Coral nubbins (n = 2 per colony) were sampled at three time
points for RNA analysis: prior to the salinity change, and after 1 and 24 h post the salinity

change. Nubbins for RNA analysis were snap frozen in liquid nitrogen and stored at -80 °C.

3.2.2. Juvenile coral salinity stress experiment

For the experiment on coral juveniles, Acropora millepora colonies were collected
from Trunk Reef, GBR, Australia (18°22'15.10"S/ 146°48'27.82"E) and transferred to the
National Sea Simulator (SeaSim) facility prior to the predicted spawning event in November
2013. Colonies were individually placed in 70 | tanks with 0.2 [m of filtered :
After spawning, coral larvae were raised as described in Tebben et al. (2011) and Raina et al.
(2013). At 13 days post-fertilization, larvae were collected using a 1 mm mesh net, washed
three times in 0.2 um FSW and then settled in (sterile) 6-well plates (8 plates per species, 40
larvae per well; each well filled with 40 ml of ambient salinity (35 PSU) 0.2-pm FSW) using a
cue (5 pL) derived from crustose coralline algae (CCA; see Siboni (2014)). Throughout the
incubation phase, the plates were maintained in the dark at 26.3 °C (#0.01) and the FSW was
changed every second day. Four days post-settlement (T0), plates were separated into two
groups: 16 plates were maintained at 35 PSU (control salinity) while the water in the
remaining 16 plates was exchanged for 28 PSU sea water (salinity stress treatment). Samples

were collected for RNA after 24 (T24), and 48 h (T48).

3.2.3. RNA extraction sequencing and gene expression analyses

Total RNA was extracted from the adult nubbins of 25 and 35 PSU treatments
following the same methods described in Chapter 2 (section 2.2.3.). Coral juveniles were
sampled by removing the water and adding 1.5 mL of RNAlater (Ambion, cat# AM7021)

simultaneously to each well and scraping the content with a sterile 200 pL plastic tip to
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transfer the contents into a 2 mL tube and stored at -20 °C. Total RNA of the 24 juvenile
samples was extracted using the RNAaqueous-Micro total RNA isolation kit (AM1931,
AMBION). The quality and quantity of RNA preparations were determined using a
Bioanalyzer (Agilent 2100 Bioanalyzer) using samples prepared following the Agilent RNA

6000 Nano Kit instructions (cat # 5067-1511).

RNAseq libraries (18 for the adults and 23 for the juveniles) were constructed
using the NEB Next Ultra Directional RNA Library Prep Kit for [llumina (NEB, E7420S)
following the manufacturers recommended protocol, and 100 bp paired-end sequence data
obtained using a HiSeq 2000 at the Biomolecular Resource Facility (Australian National
University). Reads were mapped onto the Acropora millepora genome (Foret et al. in prep)
using TopHat2 (Kim et al. 2013) to produce a count data gene expression matrix for

subsequent analysis.

Data were analysed in DESeq2 package (Love et al. 2014) in R (R Core Team 2014)
using a formula for differential gene expression that tests for the effects of salinity, and
accounted for the colony type in the adult dataset. Log, fold changes (log.FC) in gene
expression levels were obtained in DESeq2 by comparing control vs. salinity treatment of six
different comparisons: (i) control vs. treatment at 1 h in the adults, (ii) control vs. treatment
at 24 h in the adults, (iii) control vs. treatment at 1 and 24 h in the adults (iv) control vs.
treatment at 24 h in the juveniles, (v) control vs. treatment at 48 h in the juveniles, and (vi)
control vs. treatment at 24 and 48 h in the juveniles. False discovery rate (FDR) adjusted p
values were controlled at 5% for each gene according to the methods of Benjamini and

Hochberg (Benjamini & Hochberg 1995).

Statistically over-represented gene ontology (GO) categories were determined in

BiNGO (Maere et al. 2005) in Cytoscape 3.1.1 (Smoot et al. 2011) by using the set of genes
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that were differentially up- or down-regulated in each dataset (FDR < 0.01). These GO
categories were used to search specific pathways in the Kyoto Encyclopedia of Genes and
Genomes (KEGG) by downloading pathway sequences (using Homo sapiens and Nematostella
vectensis as references) and blasting these sequences against the A. millepora protein
predictions. All the results are based on homology of the A. millepora protein predictions to a

reference annotated proteins (e-val cut-off = 1e-4).

3.3. Results

3.3.1. Differential gene expression analyses

In adult coral samples, 5.5 - 10.2 million RNAseq reads were obtained for each
treatment sampling time while 3.4 - 8.8 million reads were obtained for each juvenile coral
sample. Principal component analysis (PCA) of the count matrix of the 26,622 A. millepora
gene predictions revealed that in the case of adult corals, the colony (i.e. genotype) had a
stronger effect on gene expression than did the salinity treatment, whereas in the case of
juveniles, separation was determined primarily by treatment and time (Figure S3.1,
Supporting information). After 1 h of salinity stress, 2,657 genes were differentially
expressed (DEGs; FDR < 0.05) in the adults, increasing to 3,713 after 24 h of exposure (Figure
S3.2, Supporting information). At that time, 3,462 genes were differentially expressed in the
juveniles while sharing 38% of up-regulated genes (total number: 1707; FDR <0.05) and 31%
of down-regulated genes (total number: 1755) with the adults (see Figure S3.3, Supporting
information). This number decreased after 48 h of stress, with 1,485 genes differentially

regulated in the juveniles (Figure S3.2, Supporting information).

GO analysis revealed that several categories were consistently down-regulated at 1 h
and up-regulated at 24 h in the adults (Figure 3.1, Table S3.1, Supporting information): (i) a
group of categories associated with protein homeostasis, including: endoplasmic reticulum

(ER), ER lumen, proteasome complex, cell catabolism and oxidoreductase activity; and (ii) a
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second group associated with amino acid (AA) and nitrogen metabolism (Table S3.1,

Supporting information). Based on these results, specific pathways were annotated to

analyse the coral transcriptomic response to hypo-saline stress.

Figure 3.1 Heat map of over-represented (FDR >0.05) GO terms for 109 genes that were

differentially expressed between the various salinity treatments (25 PSU for the adults and

28 PSU for the juveniles) and the corresponding controls. Values represent logzFC relative to
the control for genes that are up (red) or down-regulated (blue). For values and gene IDs

refer to Table S3.1, Supporting information.
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3.3.2. Proteolysis within the ER under hypo-saline conditions

Up-regulation of several genes involved in ER-associated degradation (ERAD,
ko04141) and the ubiquitin-proteasome system (UPS) after 24 h of hypo-saline stress
implied increased protein degradation activity. By contrast, many of the same genes were
down-regulated under acute (1 h) salinity stress, suggesting protein homeostasis disruption
(Figure 3.2; Table S3.2, Supporting information). The ER pathway involves several processes,
including: protein folding and translocation into the ER lumen, degradation of misfolded
proteins through the ERAD system and proteolysis through the UPS. Amongst the genes up-
regulated after 24 h were coral homologues of components of the system responsible for
translocation into the ER lumen; the oligosaccharyl transferase (OST) and SEC61protein
transport systems. The expression of genes involved in protein glycosylation - glucosidase Il
(GlcIl) increased by 0.66 log2FC, and UDP-glucose/glycoprotein glucosyltransferase (UGGT)
increased by 0.59 log,FC after 24 h. Moreover, luminal chaperones and co-chaperones were
also up-regulated at 24 h, including the HSP70 family member GRP70, also known as binding
immunoglobulin protein (BiP; 1.2.4351.m1; 1.3 log2FC at 24 h), along with the BiP co-
chaperones ERdj1, ERdj3 and ERdj6 (DnaJ Hsp40 family members; 1.2.7940.m1,
1.2.25530.m1, 1.2.21656.m1). Increased expression was also observed for members of the
ERAD retrotranslocon complexes, including the endoplasmic reticulum lectin 1 (XTP3B,
1.2.21359.m1), heat shock protein 90kDa (GRP94, 1.2.15211.m1), translocating chain-
associated membrane protein (TRAM, 1.2.11248.m1), and the translocon-associated protein
(TRAP, 1.2.3165.m1), suggesting increased protein translocated from the ER to the cytosol
(Araki & Nagata 2011). The enzyme involved in maintaining the ER oxidative state, disulfide-
isomerase (PDI, EC:5.3.4.1), was differentially expressed from a log;FC of -0.36 at 1 hto a
0.87 logzFC after 24 h of stress (Table S3.2, Supporting information). Interestingly the coral
homologues of the ER oxidoreductase 1 (ER01), known to interact with PDI, were not

differentially expressed during this experiment.
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Higher levels of expression of components of the ubiquitin-proteasome system (UPS)
provide further evidence of increased proteolysis after 24 h of stress. Members of the three
enzyme families involved in this system - the ubiquitin-activating enzyme (E1), ubiquitin-
conjugating enzyme (E2) and the ubiquitin ligases (E3) - were up-regulated. Amongst
components of the 26S proteasome system, 19 genes were down-regulated after 1 h and 17
genes were up-regulated after 24 h (Figure 3.2; Table S3.2, Supporting information). These
observations suggest a change from disruption of protein homeostasis after the initial salinity

shock, to a state of increased protein breakdown after 24 h of stress.

3.3.3. Unfolded protein response (UPR) system

Transcriptomic data imply increased activity of the UPR system after 1 and 24 h of
hypo-saline stress (Figure 3.2; Table S3.2, Supporting information) (Darling & Cook 2014).
The UPR system, which is activated by the accumulation of misfolded proteins within the ER,
relies on three major transmembrane proteins involved in sensing stress: the
serine/threonine-protein kinase/endoribonuclease IRE1 (IRE1), the eukaryotic translation
initiation factor 2-alpha kinase (PERK), and the activating transcription factor 6 (ATF6). Coral
homologues to IRE1 (0.30 log>FC), its interacting pro-apoptotic effector BAX (BAX; 0.41
log,FC), and their down-stream members were up-regulated after 1 h. Different from PERK

(0.60 logzFC) and ATF6 (0.41 log,FC) that were up-regulated after 24 h (Figure 3.2) of stress.
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Figure 3.2 Differential expression of A. millepora homologues of components of the ER
protein processing machinery (pathway 04141) after exposure of adult corals to 1 and 24 h
of hypo-saline conditions. Colours represent genes (FDR< 0.05) that are up (red) or down-
regulated (blue). The systems involved in ER protein processing and ER stress are indicated:
glycosylation, ER associated degradation (ERAD), ubiquitin-proteasome system (UPS), and
the unfolded protein response (UPR). A complete list of the genes involved in this pathway
and log;FC values is provided as Table S3.2, Supporting information. Figure adapted from
KEGG pathway database.
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3.3.4. The response of genes involved in oxidative stress and osmoregulation
Hypo-saline stress induces expression of antioxidant defences that are protective

against the reactive oxygen species (ROS) generated by different environmental stressors in
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corals and other organisms (Lesser 2006). Genes involved in the peroxisomal antioxidant
system that showed increased expression after 24 h of hypo-saline stress include: two
superoxide dismutases (SOD, by 0.41 and 0.43 log2FC), two catalases (CAT, by 0.49 and 1.44
log,FC), and seven glutathione S-transferases (GST, EC:2.5.1.18) (Table S3.3, Supporting
information). The glutathione (GSH) redox system, comprising the enzymes glutathione
peroxidase (GPx, EC 1.11.1.9) that oxidizes GSH to glutathione disulphide (GSSG), and
glutathione reductase (GSR) that reduces GSSG back to glutathione, also plays an important
role in protection against oxidative damage. During hypo-saline stress, the coral GSR
homologue was up-regulated after 24 h, while the GPx a homologue was down-regulated
after 1 and 24 h of stress by -0.37 and -1.08 log,FC respectively (Figure 3.3; Table S3.4,

Supporting information), indicating a balance towards GSH reduction.

Osmotic stress involves changes in the cellular concentrations of many inorganic and
organic molecules, and this was corroborated by altered expression of many genes associated
with transport of ions or organic molecules, including several solute carrier (SLC) families,
ATPases, voltage-gated K* channels, and voltage-dependant Ca2* channels (VDCC). After 1 h of
salinity stress, three of the nine Na*/(Ca2*-K+) exchangers (SLC24) identified were up-
regulated, while four Na* and Cl- dependent transporters (SLC6) were down-regulated
(Table S3.5, Supporting information). After 24 h of hypo-saline stress, eight SLC6 genes and
three SLC24 genes were down-regulated. In the case of ATPases, five genes were down-
regulated at the 1 h time point, whereas five were up-regulated after 24 h of stress. Amongst
the ATPases, the relative expression of the sarco/endoplasmic reticulum Ca2* ATPase
(SERCA; an ER-associated Ca2+influx channel) changed from -1.40 log,FC at 1 h to 1.63 log,FC
after 24 h. Conversely, expression of inositol 1,4,5-trisphosphate receptors (IP3Rs), which are
Caz?+ efflux channel components, was down-regulated after 24 h (Figure 3.2, Table S3.2,
Supporting information). In addition, three voltage-dependant Caz* channels were not

differentially expressed after 1 h, but down-regulated after 24 h.
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3.3.5. Glycine betaine and glutamate catabolism by hypo-saline stress

GO analysis revealed an over-representation of terms associated with AA metabolism,
with a strong response of genes implicated in glycine betaine catabolism following osmotic
stress (Figure 3.3, Table S3.4 Supporting information). Glycine betaine catabolism starts with
the action of betaine-homocysteine S-methyltransferase (BHMT), which transfers a methyl
group from glycine to homocysteine to produce dimethylglycine (DMG) and methionine. Two
betaine-homocysteine S-methyltransferase (BHMT) homologues were up-regulated (by 2.5
and 5.43 1og2FC) after 24 h of stress. The DMG produced by the BHMT reaction can be
converted to glycine by two enzymes (DMGDH and SADH, Figure 3.3), homologues of both of

which were up-regulated after 1 and 24 h of hypo-saline stress.

Hypo-saline stress also caused changes in the expression of genes involved in
ammonia assimilation. The coral NADH-dependant glutamate dehydrogenase (GDH1), which
catalyses the release of ammonia from glutamate, was up-regulated after 1 and 24 h of stress
(logzFC of 0.47 and 2.54 respectively). Conversely, some other genes involved in ammonia
assimilation - the NADPH-dependant GDH (GDH2), glutamine synthase (GS), and glutamate
synthase (GOGAT) - were down-regulated (Figure 3.3; Table S3.4, Supporting information).
This suggests that during hypo-osmotic stress, nitrogen is not stored as glutamine through
GS, or as glutamate through GOGAT, but rather converted into ammonia through the action of
GDH1. Genes involved in the L-arginine degradation pathway were also up-regulated in hypo
osmotic stress, expression of both ornithine transaminase (OAT), and pyrroline-5-
carboxylate dehydrogenase (ALDH4A1) increasing (by 0.52 and 1.51 logzFC respectively)

after 24 h (Figure 3.3; Table S3.4, Supporting Information).
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Figure 3.3 Expression of A. millepora homologues of genes involved in amino acid
metabolism during hypo-osmotic stress in adult and juvenile corals. Colours represent up
(red) and down-regulated (blue) genes (FDR<0.05) after 1 h (triangle) in the adults (A1) and
24 h (squares) in the adults (A24) and juveniles (J24). Table S3.3.4, Supporting information
provides the complete list of genes involved in this pathway and details of expression levels.
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GPx, glutathione peroxidase; GS, glutamine synthetase; GSR, glutathione reductase; GST,
glutathione S-transferase; MS, methionine synthase; MTHFR, methylenetetrahydrofolate
reductase; OAT, ornithine--oxo-acid transaminase; PRODH, proline dehydrogenase; SARDH,
sarcosine dehydrogenase; SHMT, serine hydroxymethyltransferase; TA, threonine aldolase.

3.3.6. The responses of coral juveniles to hypo-saline stress

For a substantial number (1,191) of DEGs, the responses of adult and juvenile corals
were similar after 24 h of stress (Figure S3.4, Supporting Information). For example, genes
encoding proteasome subunits, components of the UPR system and involved in glycine
betaine catabolism were up-regulated in both juveniles and adults at the 24 h time point (see
above). Conversely, three important ER luminal chaperones (BiP, GRP94 and NEF) showed
opposite expression trends in the two life stages, these being up-regulated in adults but

down-regulated in juveniles (Table S3.2, Supplementary Information).

Of the four treatments studied, the prolonged (48 h) exposure of juveniles resulted in
the lowest number (1,485, FDR<0.05) of differentially expressed genes. At the 48 h time
point, expression levels of many of the genes that were differentially expressed at 24 h in
juveniles had returned to control levels, suggesting that a degree of acclimation may have
occurred. For example, at 48 h only two ubiquitin-proteasome system (UPS) subunits were
differentially expressed, whereas the corresponding number at 24 h was ten (Table S3.2,
Supporting information). A similar decrease was seen in the case of, E2 ubiquitin-conjugation
enzymes - from 13 to three up-regulated members after 24 and 48 h respectively (Table S3.2,
Supporting information). Whilst these results suggest the possibility of acclimation to hypo-
saline stress after 48 h, experiments with longer exposure times are needed to understand if

this response is maintained.
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3.4. Discussion

Gene expression data revealed a strong response of the coral A. millepora to hypo-
saline stress exposure, with clear differences between acute salinity shock (1 h) and more
prolonged (24 h) exposure in adult corals. Here we describe a group of genes that are part of
a general response to stress in corals, and a second group that are known to response to
osmotic stress in other organisms but were not previously described in corals. The first group
includes antioxidant genes, and genes involved in protein homeostasis, comprising molecular
chaperones, and components of the ER associated protein degradation (ERAD) and unfolded
protein response (UPR) systems. The second group comprises genes involved in
osmoregulation, including molecular transporters and enzymes of amino acid (AA)
metabolism, particularly glycine betaine catabolism. Together, changes in the expression of
these two groups of genes provide insights into the molecular basis of hypo-osmotic stress in

corals and the changes involved in adjusting to this stress over time.

3.4.1. The common response to stress in corals

Despite a lack of uniformity in experimental design and species used, comparisons
between the responses of corals to different stressors are providing insights into the classes
of genes, and sometimes the specific members of those classes, that are involved in adapting
to different environmental stressors. For example, some components of the coral antioxidant
repertoire (catalases, superoxide dismutases) respond not only to hypo-saline stress, but also
to thermal and to elevated CO; stress, (Barshis et al. 2013; Downs et al. 2009; Moya et al.
2015) (Table 3.1). In contrast, thioredoxin and thioredoxin-reductase homologues, which are
also part of the antioxidant repertoire, were differentially expressed in corals only under

hypo-saline stress, as they also were in mussels (Table 3.1) (Lockwood et al. 2010).

A second group of genes involved in general stress responses are the HSP family. For

some time, HSPs have been investigated in the context of responses of corals to thermal
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stress (Leggat et al. 2011; Rodriguez Lanetty et al. 2009; Seveso et al. 2014), but the HSP
repertoire has only recently been properly described in A. millepora, allowing comprehensive
analyses of the response of this complex gene family to stress (Moya et al. 2015). Whereas
multiple HSP90 and HSP70 variants are present in corals, and respond to a range of stressors
(Barshis et al. 2013; Chow et al. 2009; Downs et al. 2009; Leggat et al. 2011), specific variants
appear to respond to most or all types of stress. For example, Moya et al. (2015) identified a
specific A. millepora HSP70 that also responded to high CO; and whose A. hyacinthus
orthologue was involved in thermal tolerance (Barshis et al. 2013). Consistent with a role in
he general stress response, this same HSP70 responded to hypo-saline conditions in the

present study (1.2.19257.m1, 5.8 log,FC at 24 h, Table 3.1).

Of the HSPs associated with ER processes, the luminal chaperones glucose regulated
protein 94 (GRP94; Figure 3.2, Table S3.2, Supporting information, 1.2.15211.m1), is of
particular interest, as in other systems this calcium-binding protein plays a key role in
facilitating recovery from ER stress by blocking apoptosis (Eletto et al. 2010). GRP94
expression was elevated after 24 h of salinity stress, and also responded to acute CO, (Moya
et al. 2015) and thermal stress in corals (Rodriguez Lanetty et al. 2009); note that the mussel
(M. galloprovinciales) orthologue also responded to hypo-saline stress (Tomanek et al. 2012)
(Table 3.1). In the present study, the ER-lumenal HSP70 BiP, which is involved in protein
folding and is a component of the ERAD system (Araki & Nagata 2011) was up-regulated
under hypo-saline conditions, and is also induced by challenge with bacteria (Brown et al.
2013) or lipopolysaccharide (LPS; Chapter 2). However, BiP was not differentially expressed
under high CO; stress (Moya et al. 2015), suggesting that it has a broad, but not universal,
role in the coral stress response (Table 3.1). Although several studies have described the
response of coral HSPs to stressors, differential expression of BiP co-chaperones under stress
has only been documented in one previous study (Maor-Landaw et al. 2014). BiP has a range

of functions, which are largely determined by its interaction of with different Dna]/Hsp40 co-
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chaperones, that modify its activity (Araki & Nagata 2011). In the present study, the BiP co-
chaperones ERdj1, ERdj3 and ERdj6 were all up-regulated in adult corals after 24 h under
hypo-saline conditions (Table 3.1, Table S3.2, Supporting information). ERdj3 and ERdj6 are
involved in the ERAD system, which also responds to thermal stress in the coral S. pistillata,
and to hypo-saline stress in the mussel M. galloprovinciales (Downs et al. 2009; Maor-Landaw

etal 2014; Tomanek & Zuzow 2010; Tomanek et al. 2012).

Whereas down-regulation of components of the ERAD system was observed after the
acute salinity treatment (1 h), components of the unfolded protein response (UPR) system
were up-regulated at both the 1 and 24 h time points, suggesting that misfolded proteins
accumulated as early as 1 h after the onset of osmotic stress. The activation of the UPR
system can have two opposite outcomes: it can promote survival and resistance to ER stress
and/or it can activate a cell death response (Darling & Cook 2014). For example, in mammals
the endoribonuclease inositol-requiring enzyme-1 (IRE1) signalling protein can interact with
the pro-apoptotic protein BAX, or it can activate c-JUN to promote cell survival (Darling &
Cook 2014). Like its mammalian orthologue, coral BAX promotes cell death (Moya et al.
2016), but the extent of up-regulation of BAX under hypo-osmotic stress was small compared
to that of the pro-survival protein, c-JUN, suggesting that the latter outcome might
predominate during hypo-saline stress. Previous studies by Maor-Landaw et al. (2014) in S.
pistillata found that PERK increased during temperature stress, and expression of c-JUN and
MAPK7 homologues increased under hypo-saline stress in the mussel (Lockwood & Somero
2011). However, the present study is the first to document differential expression of the
three main transmembrane proteins that regulate the UPR (BAX, IREI1, and PERK), and
components of the corresponding downstream signalling pathways (Figure 3.2; Table S3.2

Supporting information).
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Table 3.1. Comparison between data presented here on the transcriptomic response of the
coral A millipora to hypo-saline conditions and published gene expression and proteomic
studies in marine invertebrates.

Table 1. Comparison between genes that are differentially express (FDR< 0.05) in A. millepora adults under hypo-saline conditions and other published gene expression or proteomics data

Osmotic stress
signalling

2999

3.4.2. The specific response to hypo-saline stress in coral —osmoregulation and
transporters

As adjustments to hypo-saline conditions require cell volume regulation, transport of
ions through membranes plays an important role in adjusting this osmotic potential, and is

mediated by H* translocating ATPases, Caz*-ATPases, secondary active transporters, and
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channels (Hasegawa et al. 2000). While ion transport proteins have been extensively
characterized in higher animals, fungi and plants (Jan & Jan 1997; Wang & Wu 2013), little is
known about these genes families in cnidarians (but see Zoccola et al. (2015) and (2004)).
When the results of the present study were compared with those of mussels under hypo-
saline stress, the expression of several specific transporters (MCT, Nacra5, and ATP1A1)
showed similar trends, whereas for others (SLC6A5, SLC17A5, and KCNA, Table 3.1) the
opposite response was observed. However, some of these apparent differences may be a
consequence of the difficulty in identifying true orthologues across the deep evolutionary
divide between molluscs and cnidarians (Table 3.1 and Table S3.5, Supporting information).
In general, and as mentioned by Lockwoodand Somero (2011), the responses of these
transporters reflect two opposite adaptive mechanisms to stress: first, moving ions across the
membrane to stop cell swelling, and second, arresting the transport activities when solute
concentrations inside the cell exceed requirements (Hochachka & Somero 2002; Pierce
1982). Some of the results presented here might be explained in terms of the operation of

some opposing activities, but also highlight the complexity of the genes families involved.

Marine invertebrates adjust their osmotic concentration not only by inorganic ion
fluxes, but also via organic osmolytes such as taurine or betaines. Glycine betaine is thought
to be an important osmolyte in corals, constituting >90% of the organic solutes measured in
Fungia, Pocillopora, Montipora and Tubastrea (Yancey et al. 2010). Increased transcription of
genes involved in glycine betaine catabolism was observed in the present study, implying
that degradation of glycine betaine occurred during hypo-osmotic stress (Figure 3.3, Table
S3.4 Supporting information). Previous experiments on the effects of hypo-saline stress in the
Pacific oyster Crassostrea gigas also found an increase in transcription of betaine-
homocysteine S-methyltransferase (BHMT), a key enzyme of glycine betaine catabolism
(Zhang et al. 2015). Glycine betaine concentrations have been shown to decrease under hypo-

saline stress in the marine alga Platymonas subcordiformis (Dickson & Kirst 1986), consistent
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with this compound acting as an osmoticum. In a range of marine invertebrates that includes
the sea anemone Metridium senile and the bivalve Noetia ponderosa (Deaton & Hoffman 1988;
Pierce & Warren 2001), free amino acid (FAA) levels also decrease in response to hypo-
osmotic stress. However, the limited body of work on FAA metabolism in corals is not
consistent with this paradigm; the FAA pool in the coral A. aspera increased during hypo-
saline stress (Cowlin 2012). The data presented here suggest that AA catabolism increased
under hypo-saline stress, leading to increased ammonia production (GDH up-regulated,
Figure 3.3), but measurements of AA levels are needed to better understand osmolyte

responses under hypo-saline stress.

3.4.3. The response of adult coral vs. juveniles to hypo-saline stress

Whereas previous work on salinity stress has focused on adult corals, this is the first
investigation to focus on both adult and juvenile corals; since these latter are aposymbiotic,
the potential complication of the symbiotic dinoflagellate is removed. After 24 h of osmotic
stress many aspects of the response were common between the adults and juveniles - for
example, genes involved in adjusting cell volume (e.g., transporters, betaine catabolism). By
contrast, the antioxidant system that was up-regulated in adults and largely unaffected by
hypo-osmotic stress in juveniles (Table S3.5, Supporting information). This result could be
explained by the need for symbiotic hosts to protect themselves against ROS produced by the

symbiont leaking into the animal host (Tchernov et al. 2004).

In the present experiment, the expression of glutamate dehydrogenase (GDH1) was
higher in adults compared to juveniles (2.54 compared to 0.24 log.FC), implying a higher rate
of AA catabolism in the former. This could be explained by the complex nitrogen fluxes in the
coral-dinoflagellate symbiosis, which is known to involve exchange of both ammonia and FAA

between the two organisms (Davy et al. 2012). Consistent with this, under hypo-osmotic
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stress, a greater number of genes involved in proteolysis (e.g. proteasome subunits) were

expressed in adult corals than in juveniles.

As noted above, in the case of juveniles, by the later time point (48 h), significantly
fewer genes were differentially expressed than after 24 h of exposure to hypo-saline
conditions. In particular, the return after 48 h to baseline levels of many of the genes
implicated in proteolysis and osmoregulation suggests that a degree of acclimation had
occurred. A precedent for this is provided by the work of Moya et al. (2015) on the response
of A. millepora juveniles to elevated CO,, where acute (3 d) exposure to elevated CO; caused
changes in the expression of many genes, after 9 d exposure, expression of most of those
same genes had returned to baseline levels. It will be important to determine how corals
respond to more prolonged exposure to hypo-saline conditions than those used here, and the
physiological impacts of such treatments. Our results imply that juvenile corals may be able
to cope with decreases in salinity during prolonged exposure to heavy rainfall, but
experiments involving prolonged exposure, combined with physiological data, will be
necessary to enable a better understanding of the response to hypo-saline stress.

3.5. Conclusions

Increases in the frequency and severity of heavy rainfall events are predicted for the
next century, leading to corresponding increases in the exposure of adult and juvenile corals
to hypo-saline conditions. The data presented here represent a starting point for
understanding the molecular response of corals to hypo-saline conditions and highlight
specific pathways as components of that response. As hypothesized, increases were observed
in the expression of genes involved in proteolysis and oxidative stress, which are common
responses to environmental stress. By contrast, the increased expression of a group of
transporters appears to be a specific response to osmotic stress. To better understand the
coral response, proteomics should be a focus of future work, and it is important that

transcriptomic data are at some stage supplemented by physiological information.
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3.6. Supporting information

Tables

Table S3.1. Differentially expressed genes and their GO as in the heat map Figure 3.1.

Adults Juveniles co

Genome ID Protein ID 1h Z4h Z4h 8h | Lo GO defimition

log-FC  logzFC | log:FC log:FC
1221241.m1 Ol haryt & 022 .64 331 a46 5783 ER
1.23165m1 Translocon 120 054 16 41 5783 ER
1.23250.m1 Ribosome-binding protein .16 .48 0408 025 5783 ER
1.214249.m1 Y brevin €13 .81 .19 -0.04 5783 ER
1.23114m1 EDEM1 003 .74 @21 -0.06 5783 ER
1.2.21359.m1 ER lectin 1 .02 .70 -0.04 -0.03 5783 ER
1.213517.m1 bax-mediated apoptosis inhibitor .06 .70 011 -1.05 5783 ER
1.213846.m1 |Alpha 1,3-glncosidase 117 .66 106 .20 5783 ER
1.220980.m1 Translocon-associated 118 056 10 .10 5783 ER
1.212601.m1 ER-Golgi intermediate compartment1 24 0.8% 0401 0408 5783 ER
1.212868.m1 Secl3 031 0.8% 13 -1.15 5783 ER
1.26181.m1 Sec31b 127 .62 025 025 5783 ER
1.221656.m1 ERdj6 153 058 41 0408 5783 ER
1.28202.m1 Cal clum-transporting ATPase sarcoplasmic ER | {149 .71 .14 148 5783 ER
1.21122ml Cathepsin X 153 .68 41 -0.06 5783 ER
1.2517.m1 Rhomboid-related .63 .76 .11 -0.16 5783 ER
1.24275m1 Surfeit locns protein 4 homolog -0 056 005 -0.09 5783 ER
1.211284.m1 Sec61 117 .42 -0.06 -0.02 5783 ER
1.216315.m1 Calnexin 116 0.53 -0.19 -0.04 5783 ER
1.211239.m1 Dolichyl diphosphooligosaccharide 118 .40 -0.19 011 5783 ER
1.25524.m1 SARAF .14 0.92 -0.22 -0.18 5783 ER
1.210115m1 SIL1 Nucleotide Exchange Factor 015 0.85 -0.34 -0.18 5783 ER
1.223785ml SulExtase 2 14 0.73 .60 .62 5783 ER
1.22683.m1 Calreticulin precursor 146 1.14 -0.04 .14 5783 ER
1.22424m1 Hypoxia mp-regnlated protein 1 164 0.90 -0.23 .14 5783 ER
1.22535m1 SACL 145 .09 005 12 5783 ER
1.26185m1 Coatomer snbunit beta 032 .49 43 11174 5783 ER
1.29574m1l EIF5A 26 0.38 007 -0.09 5783 ER
1.25585.m1 Sec23 .34 0.37 43 12 5783 ER
1.222852.m1 Ras-reated protein Rab-1A 132 0.22 002 401 5783 ER
1.29475.m1 Transmembrane emp24 -1.58 015 -0.09 -0.10 5783 ER
1.213624.m1 ER lnmen protein retaining -1.55 0.27 012 -0.22 5783 ER
1.21974m1 Calumenin -1.25 .48 401 .08 5788 ER lnmen
1.28532.m1 PPIB1 129 .64 4403 .00 5788 ER lnmen
1.225530.m1 ERdj3 130 1.04 44 129 5788 ER lnmen
1.2.18585.m1 UGGT 11 0.59 .20 .34 5788 ER lnmen
1.21831.m1 Calumenin 138 1.06 -1.15 -0.03 5788 ER lnmen
1.24351.m1 BiP 112 1.30 -0.20 @11 5788 ER lnmen
1.29956.m1 |Alpha? 043 0.20 0402 -0.16 502 proteasome complex
1.22830.m1 |Alpha6 012 056 0408 0401 502 proteasome complex
1.27785ml |Alpha3 -£135 .67 12 005 502 proteasome complex
1.29821.m1 Alphas 128 0.73 .14 043 6807 nitrogen metabolic
1.217385.m1 \Alphal 128 1.06 @32 ®17 6807 nitrogen metabolic
1.2.16235.m1 R -1.25 0.9 .28 .24 10498  proteasomal catabolic
1.2.3354.m1 Rpn7 -1.54 045 @11 4403 502 proteasome complex
1.27613.m1 RpnS -8.57 0.20 -0.04 -1.15 502 proteasome complex
1.211418.m1 Rpn3 46 0.30 -0.05 -1.15 502 proteasome complex
1.22366.m1 Rym2 119 .68 401 002 6807 nitrogen metabolic
1.2461.m1 Rpt4 136 .48 @12 -0.01 5524 proteasome complex
1.22519m1 Betas -3.50 .48 009 -0.20 502 proteasome complex
1.21010.m1 Rpn10 138 017 -1.05 -0.10 502 proteasome complex
1.2.14H2Zm1 E3 nbiquitin-protein ligase RNF146 67 025 0408 -0.25 44265 proteolysis
1.23(07.m1 Ubiquitin-conjugating enzyme E2 L3 132 .10 022 005 44265 Cell macro catabolism
1.210753.m1 TCEB1 41 .02 .18 .04 44265 Cell macro catabolism
1.21434.m1 Ubiquitin-protein ligase EIA 44 .04 0408 43 44265 Cell macro catabolism
1.22837.m1 |Adenosine deaminase-like -001 115 43 015 44282 small molecnle catabo
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124737m1
1216944 m1l
125704m1
122152m1
121905m1
1216373ml
1210096m1
129018m1
121667m1l
129677m1l
1223763 ml
1.23068m1
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1218297.m1
124919.m1
126992m1
124848 m1
1234ml
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125281.m1
128113 ml
1214950m1
1210806.m1
1211195m1
124175m1
1221220m1
12988m1
1217803.m1
121090Zm1l
1212052m1
122133ml
1215517 m1
128959m1
122531m1
1212141.m1l

Cytochrome P450 reductase
Thioredoxin reductase 3
Snccinate dehydrogenase
Alcohol dehydrogenase class-3
DBH-like monoozygenase 1
Catalase

Cernloplasmin

Homogentisate dioxygenase

Phenylalanine hydrozlase
Cytochrome heme
GDP-L-facose synthase
Cytochrome P450
Glutathione percxidase
NADH dehydrogenase
Cytochrome b-¢1 complex
Glycogen phosphorylase
Transaldolase like

Threonine—tRNA cytoplasmic

Mago-nashi homolog

Nucleasesensitive element-binding

Small nuclear ribonncleoprotein-associated
605 ribosomal protein 123

Cyclink

Cyclin12

Periodic tryptophan

Nucleolar protein 14

P activator 1
Transcription factor BTF3
Transcription factor 7-like
Cytochrome ¢

Prolyl endopeptidase

Casein kinase I

Lon proteas homolog
ATP-binding cassette sub-family B

-0.06
-0.06
012
-0.24
-0.16
-055
-0.27
0.07
-0.12
-0.36
-0.23
-0.19
-015
-0.23

0.15
-0.22
-0.70

0.35

040

040

0.67
-0.41
-0.32
-151
-0.37
-0.42

-0.24
-0.15
0.55
-0.18
-0.37
-0.06
-0.17
0.01

0.70
045
0.76
0.66
0.77
048
057
095
100
087
098
085
0.72
043
0.72
171
196
144
105
0.89
0.88
158
0.46
040
0.14
0.09
0.03
0.26
0.71
100
106
075
055
048
052
097
054
0.69
0.60
0.68
046
0.78
0.78
059
054
047
0.88
110
117
047
0.03
0.62
0.79

0.16
0.16
013
017
022
015
-0.04
0.01
0.02
026
040
049
043
052
0.72
0.23
-0.06
049
021
-0.09
052
035
0.25
017
0.01
0.19
0.16
013
015
0.28
071
0.14
0.23
-0.09
-0.10
-0.10
011
0.30
0.30
0.21
0.24
0.22
012
-0.07
-005
-0.10
033
045
038
031
0.16
0.09
051

161491
16491
16491
16491
16491
161491
16491
16191
16491
16491
16491
16491
16491
16491
16491
161491
16491
16491
16491
16491
5524
16491
55114
55114
55114
55114
55114
55114
6066
6066
6066
6519
6519
6519
6519
6519
6519
6807
6807
6807
6807
6807
6807
6807
6807
6807
6807
6807
6807
8236
8236
16921
16903

cellular AA derivative metabolic
cellular AA derivative metabolic
cellnlar AA derivative metabolic
nitrogen metabolic

nitrogen metabolic

nitropen metabolic

nitrogen metabolic

nitropen metabolic

nitrogen metabolic

nitrogen metabolic

mitrogen metabolic

nitrogen metabolic

nitropen metabolic

nitrogen metabolic

nitrogen metabolic

Serine peptidase

Serine peptidase

ATPase activity

ATPase activity
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Table S3.2

A. millepora homologues to the ER protein processing system. (A) Results of
the KEGG protein processing in the ER (nve04141) pathway searched in the A. millepora
protein predictions. (B) Log.FC values of significantly expressed (FDR <0.05) genes in

response to the treatment (hypo-saline) over the control (35 PSU). LogzFC colour indicate up
(red) and down (blue) regulated genes.
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Crinflr mERCAzb e wotcalam [ECa62g] | 128202l plasanana 6893 1030 ]
ERp11 i reti i i 1Z144ml ell31077035 5171 381 3INE-130
caMET b g | 13 6981m1 26667208 5392 549 [
caMER ol . TP 1.2 61m1 426667203 60.26 546 ]
Crefix pan meitel 145 trisphocphate receptor type 1 scborm| 12.6787.m1 lzem9s1691 5919 2806 [}
5T stromal i 2 isolorm 1 1.24574m1 Pl2B1182842 3822 450 3INE-102
(= woltage dependent I-type calcmm chammel 123113.ml ple009 71713 5724 877 L]
Lz wyohage dependens Ltype calcimmn cammel 122061 1L.ml Bl6e09TIT1A 4497 1641 L]
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(B)

Adulis Juveniles
Coral I Gene name 1h Z4h Z4h 48 h
BogzFC FDR  log:FC FDR log:FC FDR Log:FC FDR
1222267.m1 Secs1 - - 0.42 1.24E-02 — - - _
1.2138%6.m1 (=214 - - 0.66 8.95E-06 - - - -
1211739 m1 O5Ts - - 0.40 7.36E-03 [ -0a9 2.37E-02 - -
1212013 m1 - - 0.65 213E-06 - -
1216315.m1 o - - 0.53 160E04 [ -0a9 149E-02 - -
1Z2683.m1 [ -0.46 2.15E-10 1.14 - - - -
1.218585.m1 UGGT - - 0.59 - - 0.34 3.65E-02
1215211 m1 GRP94 -0.23 2.23E-02 1.21 -016  4.66E-02 - -
1224241 NEF -0.64 3.86E-11 0.50 -023 6.15E-03 - -
124351 ml P, GRP7O - = 1.30 -0.20 1.67E-02 — -
1Z7940.m1 ERAjL - - 1.76 - - - -
1Z225530m1 ERAE, DnajB1l - = 1.04 1.03E-07 0.44 3.48E-08 0.29 5.71E-02
1Z2Z0851.m1 ERdgs -0.27 3.51E-02 - - - - - -
1222777 ml ERAS - - - - 0.19 3.52E-02 - -
1Z2Z1656.m1 ERd6, Dnsjc3 -0.53 1.64E-03 0.58 5.20E-03 - - - -
1Z143m1 SECE3 -0.35 8.28E-03 — - — - - -
123114ml EDEM — - 0.74 8.06E-04 - - - -
1221359.m1 X¥PIB - - 0.7 1.63E-07 — - - -
12.4008.m1 ERMant -0.29 6.20E-02 — - — - - -
123165 ml TRAPF - - 0.54 1.52E-03 - - - -
1211248.m1 TRAM -0.24 3.16E-02 0.53 653E-04 [ -014  439E-02 - -
12918m1 DERLIN - - - - - - - -
1.21499Z.m1 UBEL - - 0.34 1.94E-02 0.15 5.19E-04 - -
12254291 UBE2C -0.72 5.00E-02 — - - - - -
1221247 ml fE -0.32 3.76E-04 0.43 2.65E-03 0.35 2.60E-07 — -
12271685 m1 UBEZD/E - - - - 0.39 5.71E-02 - -
1.22168%.m1 UBEZD/E - - - - 0.32 1.67E-02 - -
1.221680m1 UBEZD/E - - 0.57 2.90E-02 0.41 1.19E-04 0.25 2.01E-02
12802m1 UHE1EL - - - - -025  4.34E-02 - -
1222895 m1 - - - - 0.37 116E-04 - -
126436.m1 -0.45 1.69E-04 - - -017 315E-02 - -
1Z13am1 UBEZ]L -0.49 7.95E-03 - - -021 222602 -1.27  208E-02
123007.m1 UBE2LF -0.32 2.54E03 - - 0.22 1.26E-02 - -
121863.m1 -0.59 7.38E-03 - - - - 1.29 3.77E-02
1223020.m1 - - 0.38 4.96E-02 0.23 2.24E-03 - -
127586.m1 BEZD - - 0.63 1.20E-04 - - - -
1214941 m1 ORE20 -0.95 7.42E-05 - - - - — -
123573.m1 UBEZR - - -0.58 948E03 [ -0a5 345E-02 - -
1Z17650.m1 HERCL - - - - - - 1.22 5.07E-02
123515.m1 TRIP1Z - - 1.25 5.20E-02 - - - -
1243101 NEDDS - - 1.33 1.39E-02 - - 1.16 324E-02
126288 1 UBEIB 1.28 S.90E-02 - - -135 1.04E-05 - -
1213267 ml WWPL -112 5.79E-02 - - -1.08 5.76E-03 - -
121434ml EaaP -1.35 2.23E03 - - - - - -
1214462l UBEaA — - 1.49 9.56E-04 — - — -
1ZBE3.m1 PRP1Y - - 1.28 4.92E-02 - - - -
1.21488%.m1 oo 1.26 3.05E-02 - - - - - -
128575l Hsp70 - - 1.07 6.37E-14 0.49 2.20E-13 0.30 1.94E-02
1255301 MEEEL 1.47 2.84E-04 - - - - — -
122897.m1 TRAF6 — - 4.20 496E-10 - - 1.44 597E-03
1Z11953m1 PIaS - - 1.77 8.03E-05 1.13 9.92E-03 119 163E-02
1220985 mil SIAH-1 -1.96 1.08E-05 -188 6.90E-04 1.35 1.13E-09 1.44 1.77E-05
1Z2625.m1 Tram 37 - - -164 531E-04 [ -132 2.03E-07 - -
1245451 BRCAL - - -147 283E-02 [ -1z20 6.53E-03 - -
1210197 m1  SYVH. Hrdi - - - - -125  492E-06 -1.16  2.03E-02
12158427 m1 REEL - - 1.62 2.64E-04 1.31 1.64E-07 - -
12598m1 REEZ - - - - 1.35 2.07E-02 - -
12480m1 cd3 -l16 5.18E-02 - - =iLE 8.19E-03 - -
123461l culs - - - - -114 3.63E-03 -1.16 1.63E-02
1213Z30.m1 DDBL - - - - 1.09 4.48E-02 1.19 7A15E-04
1.Z20605.m1 E-bax -1.22 5.39E-02 - - -130 227E-07  -1.21  S5.73E-03
1Z679.m1 oEL 0.35 2.53E-02 - - - - - -
1219057 m1 P -0.24 1.01E-02 0.84 1.82E-11 - - - -
129216.m1 ™R -0.37  462E02 - - - - — -
122686.m1 RADZ3 - - 0.41 1.57E-02 - - - -
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122366.m1 Rpn2 - - 1.61 5.28E-07 - - - -
1211418m1 Rpn3 -046 7.95E-05 - - - - — -
127613.m1 RpnS5 -057 171E-04 — - — - — -
124538.m1 RpnG - - 0.43 4.29E-02 0.16 249E-02 - -
123354ml Rpn7 -0.54 217E-03 0.45 4.64E-02 - - - -
1216235.m1 Rpn8 - - 0.91 L16E-07 0.28 7.83E-06 - -
12 8083.m1 Rpn9 -0.29 3.47E-02 0.46 2.34E-02 - - - -
121010.m1 Rpniik -038 463E-03 - - - - - -
12129%64m1 Rpnil = - 0.37 8.31E-02 - - - -
1213351m1 RpniZ - - - - 0.22 2.98E-02 - -
12 16618m1 Rptl -036 411E-03 - - - - - -
125719m1 Rp2 -047 5.46E-04 - - - - - -
12 2345.m1 Rptd -095 1.09E-07 - - - - - -
1Z2461mi Rpta -036 2.77E-03 048 8.38E-03 - - - -
1239%61mi Rpts 0.54 1.0BE-03 0.18 8.36E-03 - -
1212658.m1 Rpb6 -0.28 7.19E-03 0.45 2.47E-03 - - - -
1217385.m1 alphatl -028 3.85E-02 1.06 3.17E-11 0.32 2.54E-05 - -
121573.m1 alpha2 - - 043 L49E-02 - - - -
127785 m1 alphad -0.35 7.68E-02 0.67 6.53E-04 - - — -
12369%.m1 alphat -045  L09E-02 - - -023  419%E-03  -0.35  188E-02
129821m1 alphaS - - 0.73 5.32E-05 0.14 5.78E-02 - -
122830.m1 alphais - - 0.56 S.64E-03 - - - -
1.29956.m1 alpha7 -043 6.50E-04 — - - - — -
1.29584.m1 betal - - 0.45 415E-02 022 3.88E-02 - -
1.210862m1 beta2 - - 0.43 7.63E-02 - - - -
125977.m1 betad -046  270E-03 - - -016  5.86E-02 7.27E-02
1222654.m1 betad -0.33 6.04E-02 - - - - - -
122519.m1 betaS -0.50 6.64E-04 0.48 2.54E-02 - - - -
1289%61.m1 betat -0.59 201E-04 - - -026 5.16E-04 - -
1.217366.m1 beta? -035  878E-02 0.57 270E-02 - - - -
1.25693.m1 ERN1 0.30 259E-02 - - - - - -
122752 ml TRAFZ 0.86 2.68E-03 2.64 - - - -
121949.m1i TRAFZ 0.39 4.24E-03 - - 0.20 419E-02 - -
1.218805.m1 THE-R - - - - 0.26 3.65E-04 - -
123871m1 TRAFZ 0.51 107E-04 0.57 1.05E-08 041 9.82E-09 - -
12 5426am1 TRAFZ 3.67 8.42E-78 242 L79E-26 - - - -
1210762 m1 TRAFZ - - -153 2.22E-06 -034 9.62E-02 - -
122135m1 MEE7 - - - - 0.21 7.60E-03 - -
1221516.m1 c-Jom, JOW 311 2.59E-16 1.60 7.06E-13 0.38 8.01E-02 - -
1270Z24.m1 BAX 0.41 2.78E-02 0.68 110E-03 0.34 5.56E-05 - -
1215171m1 EBP - - - - -023 3.68E-09  -0.17 2.74E-02
1213821m1 CAPNL 0.17 2.50E-02 0.40 2.47E-03 - - - -
129586.n1 casP1Z - - - - - - -1.16 3.09E-02
129243.m1 PERK - - 0.60 6.25E-03 |0.32 1.94E-03 0.25 5.44E-02
12 8366.m1 elF2a -052 1.13E-04 - - - - - -
127941mi ATF4 0.26  5.25E-02 - - -0.17 5.31E-02 — -
1.225358.m1 NRE2 1.32  2.93E16 0.52 1.68E-02 [- - - -
1.2.4295.m1 ATFG - - 0.42 189E-02 - - - -
129725.m1 s1P - - - - -028  8B0E0S
1221967.m1 sz - - - - -039  428E05 441E-02
1.210186.m1 ERDL - - - - - - -0.29 7.78E-03
129018.m1 PDIs -036  8.88E-04 0.87 624E-10 | -026  213E-04 - -
125704m1 PDIs - - 0.77 242E-08 [ -022 125E-04 - -
12.1667.m1 PDIs, ERpS7 - - 0.98 LO9E-13 | -040  S574E-06 - -
127144.m1 PDIs, ERpS7 - - 1.24 L74E-27 - - - -
123068.m1 GSR -023  401E-02 0.43 7.29E-03 0.52 130E-50 - -
1235202 m1 SERCAZ -140 115E-09 1.63 3.59E-05 - - HE 2.28E-04
12 14444 mi ERp34 -1.30 3.60E-05 - - -126 4.74E-08 =iL=f 3.11E-04
126961 m1 CaMETl -137 6.23E-03 - - - - — -
123061 m1 CaMETI - - -141 153E-02 - - — -
12 8787.m1 IPIR1 - - -135 4.05E-03 =ilal) 5.78E-02 - -
124574m1 STIM - - -132 495E-02 [ -116 2.46E-02 - -
123113.m1 vz - - -185 2.60E-08 - - - -
12720611m1 vz - - - - -116 3.83E-02 - -
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Table S3.3

A. millepora protein predictions. (B) Log,FC values of significantly expressed (FDR <0.05)
genes in response to the treatment (hypo-saline) over the control (35 PSU). LogzFC colour

A. millepora homologues to the peroxisome and lysosome systems. (A) Results
of the KEGG peroxisome and lysosome pathways (nve04146 and nve04142) searched in the

indicate up (red) and down (blue) regulated genes.

(4)

Blast details
Fontion Genename Ortholopy
Coval ID Entry 9%ID Length e-vahe
AR K05656 ATR-binding caselte: 12Z108Lml hsacZ3457 3215 0 Z2NE-9%
wPCL LZ158Hm1 ha:4864 4838 1269 [
wpcz E13443 Niemamn Pick €2 protein L2A509.m1 hex10577 5426 129 Am0E4s
SCAREZ E12384 lysosome membrane proteinz | 1212925.ml o950 3636 = ZNEAT
cxsp KDLI79 cathepsin D 127013.m1 bea:1509 5355 09 ZNE151
crsx 8568 cathepsin X 120122m1 bl522 6418 282 LNE133
crsB HD1363 cathepsin B 1LZ16027.m1 hen:1508 5316 316 ANE110
crsB E01363 cathepsin B 1214228.m1 i 1508 E Y 383 2NE-63
crs. K01365 cathepein L 125972m1 1514 5343 385 JMNE1L4
crsE ED1366 catbepsin B L2471l 1512 4239 39 9ME7E
crso E01374 cathepsin 0 1212092.m1 1519 4315 292 SMNE-7L
cxso Ei1374 cathepsin 0 1L2Z20750.m1 h=a:1519 3681 288 FINE-12
CTSH ED1366 cathepsin B 126471 ml h=:l512 4239 E. L QINE-78
ATrTRC xﬁsﬂ?";‘fm‘"’” 1.20085.m1 b 527 N 150 ZME1R
P RS0 hingorydin 12Z1066.m1 b 6609 1635 561 LAE169
GaAa K12Z316 bysosomal alpha-phoc ossdase 126192 ml bh=a:2H8 3985 916 o
LIPA Imzl'-"’“’] : ""l ;:'Igﬁnhe 1221260m1 b0 5385 364 TAUE140
psap K12382saposin 126187.m1 bea:5660 30.99 M2 2NE4S
Acs K147 1222359.m1 hsaca 4519 Nz ZNE-9S
GHPTG mwl 1221359m1 beaB4572 121 W5 &ME1S
Tysosome | yup1 protom L2 1245Lm1 hx:3916 977 262 SNE13
Focat K01:206 alpho-L-ficosdass 126843.m1 b:2517 5771 54 [
e 6497 (D63 ankigen 1218482.m1 967 3625 2400 SMNE43
o168 K06546 CD164 antigen 1L2269m1 hn:8763 3415 a1 zooE-os
sorTL E12388 sortikin L23853m1 hn272 2778 620 ZINE-54
moswar  KiOSZbomemslpheghrommind N | ) pop6eml  bex132050 4206 502 3MNE122
ABCAZ mﬁ;ﬂm‘”m whEmily | 2 11036m1 a2t S22 1038 ]
LGMN K01369 egramain 129976.m1 5641 1342 479 GINE123
PLAZGIS  E0612%lysopbospholipase I L21415.m1 hexZ3659 4227 308 SNE108
PLAZGIS  E0612%lysopbospholipase I 121406.m1 bsac23659 854 0 Z00E105
GNS KOL137 N-acetylgocosamine 6-silfioss | 1223786.m1 b:2799 426 122 SMNE16
a2 K14810lysosomal acid phosphatase 1Z14329.m1 - 525 120 LNE-32
AsaEL K12338 20 coramadase 122208 1.m1 o427 3588 M0 IMNE-59
MANZBL K12311 ysosomal alpha-mamasichse 126127.ml h=a:4125 4835 10m o
LAMPL ety * 1L2458m1 ha:3916 z9.m. 262 SINEIS
oAz mﬁ""“’““mﬁ"‘ L26430.m1 hsacZ3062 2628 203 SMNE1S
an E08644 dathrinkight chain & L22306.m1 hmazI1 4265 21 GINE4D
arc E04646 dathrinbeavy chain 1Z15185m1 ho:1213 7500 132 [
Mo i "::;‘Tmm 1214030m1 ha:t074 26.58 79  3MENS
AP1GL E123914F L complexsubundt gamma 1 | 12113M:ml ho164 194 w54 [
Ferwsiserme
PEX1 K13338 peroxin-1 125735.ml h=a:5189 3575 565 LINE-81
PEX1 E13338 peraxin-1 123540.m1 5189 3793 1147 o
PEXS E13342 perain 5 1225613m1 hen:5830 1627 657  9NE176
P PEXS E13339 peraain6 1LZ19057.m1 5190 3447 o SINETS
PEXF K131 peraxin7 121633Lml 5191 3268 205 3MNE-24
PEX1} K13346 peroin-1y 121507 ml h=a:5192 4233 320 ZINE-77
PpER1A K13344 porcxin-13 120365.m1 5194 169 266 ANE-76
car E03781 catakme 1L26992Zm1 o847 672 297 ]
car E09781 catakme 1212339.m1 hoc®47 6405 509 [
sopL (4365 superaxde dismutase, Cu-Zn 1L2240m1 647 6507 146 3MNE60
sopL wwm CorZn 1272720ml  NEMVE vigZ34825 4253 87 FINIE-15
sopL &ﬂmm""“ 121159.m1  NEMVE viz3582 3438 % ZNEOS
amimids NOSZ E13241 nitric-caide synthase. indocble | 1.21319.m1 ho:4843 pres 1120 [
T NOsZ E13241 nitric-axide synthase, indocible 1Z890mL 4843 43.78 1222 ]
PROXL E13279 perairedosin L L25154m1 5052 6839 193 GMNE-9L
PROXL E13279 perairedosin L 12.66.m1 5052 69.95 193 7M0E-99
PRDXL K13279 percxiredoin 1 1Z16198ml  Cinsterl30963 9%6.74 2 zNE61
EPHEZ m’:; cpomdeydrolase / 125185.m1 he2053 3094 0 ANE3S
DERS4 zf;:ﬂh . 121 82 10 3MNE-09
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(B)

Aduts Juveniles
CoralID  Gene name 1h 24h 24h 48h
log,FC FDR log,FC FDR logFC FDR logFC FDR
1271081.m1 TAPL 1.35 1.02E-82 1.96 2.63E-59 1.23  104E-128  1.02 397E-26
1.2.15804.m1 NPC1 - - 1.40 3.45E-22 0.76 2.85E-16 0.85 1.75E-07
126509.m1 NPCZ - - 1.22 2.11E-16 1.09 4.61E-33 0.80 152E-10
1.2.12925.m1 SCAREZ - - 1.57 2.25E-18 - - - -
1.27013.m1 CTsSD - - 1.01 113E-15 | -022 8.18E-04 - -
121122 mi CTsx -0.53  2.27E-07 0.68 2.11E-06 - - - -
12.16027 m1 CTSB - - 0.61 4.90E-06 - - - -
1.2.14228.m1 CTSE - - 0.37 4.58E-02 0.63 4.T4E-04 - -
125972.m1 CTsL -0.28  B.16E-03 0.60 8.05E-06 | -0.13 2.97E-04 - -
126471ml CT5H - - 0.79 3.52E-05 0.36 5.18E-07 - -
12.12092.m1 TS0 - - 0.43 3.23E-02 - - — -
1.2.20750.m1 TS0 - - -0.27  435E-02 | -021 7.58E-04 - -
126471ml CTSH - - 0.79 3.52E-05 036 5.18E-07 - -
1.29085.m1 ATPEVOC - - 0.64 5.63E-05 - - - -
1.2.21066.m1 SMFD1 0.98 1.67E-07 1.47 1.22E-11 0.66 7.88E-14 0.38 1.06E-02
126192.m1 Gaa 0.30 7.2E-02  -1.55  155E-09 | -0.65  +14E-08 - -
1221260 m1 uPA - - 0.95 1.89E-09 - - - -
126187.m1 FsaP - - 0.68 2.02E-09 - - - -
1.2.22359.m1 ACPS - - -113  2.67E-08 031 9.73E-03 - -
1.2.21359.m1 GNPTG - - 0.70 1.63E-07 - - - -
12451ml LAMF1 - - 0.57 2.72E-07 - - — -
126843.m1 FUCA1 - - 0.58 2.74E-06 - - — -
1218482 m1 D63 -0.27  1.47E-02 0.61 6.75E-06 0.24 1.02E-02 - -
1.2269.m1 anst - - 0.67 3.28E-05 - - - -
123853.m1 SORT1 - - 0.44 1.25E-04 - - - -
1.22064.m1 HGSNAT - - -0.83  1.62E-04 - - - -
12.11936.m1 ABCAZ - - -053  1.68E-03 - - 0.33 2.08E-02
129976.m1 LGMN - - 0.43 2.28E-03 - - - -
121415ml PFLAZGCIS - - 0.58 9.19E-02 097 2.51E-24 0.66 1.30E-03
1.21406.m1 FLAZGIS - - -1.45 4.57E-03 - - — -
1.2.23786.m1 GNS - - 0.79 4.65E-03 - - 0.87 3.79E-03
12.14329.m1 ACPZ - - 0.48 7.44E-03 0.19 4.24E-02 - -
1.2.22081.m1 ASAH1 - - 0.57 1.16E-02 - - -0.26 240E-02
126127 m1 MaNZE1 0.17 4.77E-02 0.35 1.95E-02 - - — _
1.2458m1 LAMF1 - - 0.30 2.00E-02 | -030 1.15E-11 -0.30 2.03E-05
1.26430.m1 GGAZ - - 0.41 3.63E-02 | -023 5.27E-03 - -
1.22306.m1 aTa - - 0.32 3.74E-02 - - - -
1.2.15185.m1 T -0.20  4.42E-02 0.28 3.92E-02 - - - -
1.2.14030.m1 MEFR - - 0.39 +.62E-02 0.16 4.27E-02 - -
1.2.11304.m1 APIG1 - - 0.31 4.62E-02 - - - -
125735.m1 PEX1 -0.60  147E-0% - - -0.21 2.77E-02 -047  482E-02
1.23540.m1 PEX1 0.39 3.51E-03 - - - - - -
1.2.25613.m1 PEXS - - - - -026  4.99E-03 -0.47 3.78E-07
1.2.19057.m1 PEAG -0.24  L.O1E-02 0.84 1.82E-11 - - - -
12.16331.m1 PEX7 - - - - 017 3.36E-02 - -
121507 . m1 FEXI0 - - 0.55 2.41E-02 - - - -
1.28365.m1 PEX13 -046  7.67E-03 - - - -
126992.m1 AT -0.70  1.00E-08 1.44 1.93E-31 | -049 1.26E-09 - -
1.2.12339.m1 AT - - 0.50 1.96E-02 | -0.42 8.83E-06 -0.41 9.84E-06
1.2240.m1 S0 - - 0.42 1.07E-02 - - - -
1.2.22720.m1 - - 0.44 4.68E-02 - - - -
1.21159.m1 S0 -0.80  8.98E-06  -1.90  2.96E-07 - - - -
121319.m1 NOS52 -2.27 5.38E-06 =7HE2) 3.43E-06 - - - -
1.2890.m1 NOSZ - - -0.70  5.51E-03 - - - -
1.25154.m1 PRDX1 -0.30  6.59E-03 - - - - -0.19 217E-02
1266.m1 PRDX1 -0.40 1.44E-02 - - -0.32 7.15E-06 - -
1.2.16198.m1 PRDX1 - - - - - - -0.35 3.38E-03
1.25185.m1 EPHXZ -0.29  3.22E-02 0.56 6.49E-04 | -0.28 8.21E-07 -0.21 5.84E-02
1.2.16310.m1 DHES4 - - 1.40 1.09E-31 1.60  339E-187  1.63 3.48E-66
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Table S3.4

methionine metabolism, 00330 arginine and proline metabolism, and 00480 glutathione
metabolism) searched in the A. millepora protein predictions. (B) Log.FC values of
significantly expressed (FDR <0.05) genes in response to the treatment (hypo-saline) over
the control (35 PSU). LogzFC colour indicate up (red) and down (blue) regulated genes.

A. millepora homologues to amino acids metabolism. (A) Results of the KEGG
amino acids pathways (00260 glycine, serine and threonine metabolism, 00270 cysteine and

Geme Blast details
Fumction Orthology EC nmmber
mame Coral ID Entry %ID Lemgth ecvalme
o EO0106 choline dedydrogenass 11991 126999:m1 veNEMPEvIgl12198 6602 359
arpE7al 14005 akdebyde dobyydrogenase Bundy 7 ﬁl 122583m1  mveNEMVE 0
iy 7S HT @I 56 0
member 1213
BEMT 00544 betaine homocysteine S- 2115 L28566m1 meNEMVE vig236455 7197 3%
BHMT E00544 hetaine homocysteine S- 2115 L219419m1 HP_001012498.1 E 58 e
Ghrine belvine
degrodation ~ DMGDH  K00315 dimethylglycine debydrogenase 1584 L23404m1 moNEMVE vig243380 6942 618
GNMI  Ed0S52glycine N-mothylranckrase 21120 L219899m1  mveNEMVEvIZIZ3936 6656 311 40G145
SERDH  Ed0914 sarcosine debydmgenase 1583 L2198Lm1 woNEMVEvIgl74872 723 &M 0
] Methionine synthase 21113 L220586.m1 NP 922EE1 E 70 0
SHMT Sexine bydroxymdbyitransiase 2121 L26795.m1 P (N6Z5575.1 % 79 0
MIEFR  Methicotctrabydrofolate redoctase 15120 L21458m1 XP (116336911 £ 70 0
AGT ' " 26144 1L27885.m1 meNEMVE vigl12567 6L 408 o
Ghyrine guthesis  AGT E00827 abanine glyaxytate tamsamimse. 26144 1.24309.m1 meNEMVE v1g214753 4018 453 LOE0L
T8 K620 threonine kol xe 1125 126387m1 meNEMVE v1z192932 6612 245 BEUE
@ EiNIZ81 ghycine debydrogenase 1442 1L212004m1  weNEMVEwIg173380 7503 571
Gbﬂ;:“!ﬂ' AMT KNGOS aminomethyRransforase 21210 1.23288:m1 WeNEMVE ¥1g137645  7L57 313 LOGEAST
LD E00382 idk debrydro 1814 1229%6m1  weNEMVEWIgI77Z6 7505 511
GLER ml 3 ghyomylate tydraypymmeate: LLL79 LLLB1 (L24398m1 IeNEMVE v1g159915  69.14 324 SOGE160
GPML _K“ml ml | : ml rcbetr motase 54212 L21726m1 woNEMVE vig183697 7396 515 0
Serine asethess 0D m L1195 L S vlg @58 464 o
PSATL E00831 26152 L214M5ml weNEMVEWIZANSIZ 6548 336 AOGA6L
PSPH E107% phosphoserine phosphatase 3133 1L220067m1  meNEMVEWIZISI32Z 6591 44 SO0EA6
£ E1798% L-scring/L thrconine deaminase 4311743119 |L2876m1 oveNEMVE vig4Li78 6025 317 20m129
HOSL K13240 nikric-axide synthare; hrain 1141339 1.2890m1 4842 566 1474
HOSL K13240 nikric-axide synthare; hrain 1141339 121319m1 4842 53 um
E— EOL76 apinase 3531 125620.m1 [PRE) 43 316 SEs
oAt E0081% ormithine > addiramaminase 26113 L225616m1 a4z 622 455
arpEasy K002 1-prrrokine 5 cachaxyite 12188 1212494m1 0659 LI 25 300EES
PRODH K913 proline debydrogenase 15 L2665m1 e 102724786 $573 248 SO0ET4
Prolize meinbalisn
PRODHE K913 proline debydrogenase 15 L26653m1 e 102724786 %2 619 0
Glutmmatr metebolion ALDA18AL ;wl-wms cbagtats oan 1221795m1 bsa5832 519 28 AmE®
Lgltnmnte  SDE1 E0261 ghotamale ddiydrogenase {NADH]) 1413 L2123%63ml  wvoHEMVEvig2s319s 7842 S5 0
degrodation yap E11067 fN-acetylghutamate synthase 2411 121353.m1 MVeNEMVE vigZi5g93 5015 3% 1002
GDHZ E0261 ghutamate debyrdrogenase (HADPH) L1048 L2 5656m1 moNEMVE vigl6950Z 7573 45 0
GOGAT K264 ghutamate synthase {HADPH/HADH) 14113 L24000:m1 mvoNEMVE vigI6B875 6742 1297 0
K915 gotamine synthetase 6312 1221495m1 s ZT52 5886 350 1oGEs1
E.I::ﬁ OPLAH  Ei1469 S-cuoprolinae (ATP bydrobysing] 3529 L2371Zm1 26673 9% 1285 0
cpsL m‘;‘m”l‘"’mm 63416 L223821m1 sz 1373 HIL 187
cpsL m:‘m’“h’mm 63416 L21952m1 sz 1373 546 1077 0
E00383 globlione reductase (NADPH) 1817 1.23068m1 2936 A5 486 SE0EET
&Px EO0432 gotalione peraxidse 11119 123638m1 2876 5106 186 SO0EGE
&Px EO0432 gotalione peraxidse 11119 1218589m1  oveNEMVE w1g55851 4211 114 200E20
&Px EO0432 gotalione peraxidse 11119 1L211M7m1  oveNEMVE ¥1g81388  5L15 131 LOOE41
mHL KN o ctrate dobydo genase 11142 L217652m1 3817 w5 a4
GGED ml P gocose 6 phosphate 1- 11149 1.225769.mL 2539 [~7 ] °
6PGD EONE3 & phosphoghoconate debydrogenase L1144 L2 1905.m1 bz 5226 @6 B 0
GST0?  E0799 gotathions S-transErase 25118 1L27742m1 Cheter{27041 958 26 GoET
Gulcthione REDOX  gerpy K13299 gutathione S transferase loppa 1 25,118 1.29677.m1 23756 265 22 SKEGT
GSTA4  E0799 gotthions StransErase 25118 1222579.m1 241 W57 D 200844
GSTOL  E00799 gotathions S-transErase 25118 127897m1 9446 478 217 200849
&5T E0079% gotatione S-transrass 25118 1225046.m1 Cheterl5175 926 136 200E96
&5T E0079% gotatione S-transrass 25118 1.224505m1 CheteriM146 263 135 LMESO
T E079% ghutatbione S-transErase 25118 L210776m1 Chedor(6 575 we I 0
GGT Ef 2322 L2 5072m1 2678 $308 588  10GE154
AWPEP  E11144 aminopcplidkse N 34112 L220802m1 bsac290 s ez 0
ANPEP  E11144 aminopcplidkse N 34112 L2306Lm1 bsac290 s 9w 0
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(B)

Gene Adults Juveniles
Coral ID name 1h Z4h 24h 42 h
ogFC FDRE oy FDR | logsFC FDR bogFC FDRE
126999m1 CDH - - - - - - - -
1225403m1  ALDH7A1 042 1L68E03 095 4.93E-10 - - - -
128566m1 BHMT 209 389E139 252  639E70 | 386  0.00E+00 402  0.00E+00
1219413m1 BHMT - - 543  238E69 | 119 515812 107  3.85E-03
12340¢ml1  DMGDH 113 8%9E22 219  L06E42 | 275  0.00E+00 268  254E-128
1213833m1 GNMT 156  239E14 207  7.39E41 | 270 616E-155 276  5.02E-249
1.21981.m1 SARDH 079 182E13 161  525E29 | 173  665E-176 172  941E-121
1.220586m1 M5 - - -0.62 15404 | -082 380E74 073  s535E-11
1Z6795m1 SHMT - - - - -0.40 528605 038  1.86E-04
121458m1  MTHFR -1.02  &56E22  -1.72  66SE10 | -263 5006239 -2.61  S.13E-88
127885m1 AGT - - 099 2.38E12 0.29 9.44E-07 - -
124389m1 AGT 053  304E03 116  664EA1 | 080  673E-34 072 220812
126387m1 TA - - 086  L57E02 - - - -
1212004mil  GIDC B - B - 019  127E-02 - -
123288:m1 AMT - - - - 043 489E-03 - -
1223266m1 DLD - - - - - - - -
1243%m1l GLXR - - - - 0.20 2.08E-02 - -
121726m1 GPML 045  192E-03 - - 0.14 2.62E-02 - -
1Z6168m1 3PGDH 0.60 1L04E-06 -0.77 504E03 | -057  934E-12 053  387E-04
1214345ml PSAT1 040  7.99E-03 - - 0.17 5.34E-02 - -
1.220067.m1 PSPH 113 se7E02 - - 029 sssE-02 061  8S0E-04
12876.m1 sDs - - - - 032 226802 0.66  7.68E-03
1.2390.m1 NOs1 - - -0.70  S5.51E03 - - - -
1.21319m1 NOs1 -2.27 538E06  -299  343E06 - - - -
125%621m1 ARG1L
1225616m1 OAT - - 052 216E-05 - - - -
1212494m1 AIDH4A1 079 217804 151  110E11 - - - -
12665.m1 PRODH - - 110 S41E10 | 123  327E70 076  1BOE-06
126653m1  PRODH 093  L04E09 106 125806 | 131  S4SES1 (89 12802
1221795m1 ALDHIRA1 - - - - - - 031 S.97E-03
1.212363m1 GDHL 047  121E02 254  428E55 | 024 459603 - -
121353m1 NAGS 056  187E06 050  215E02 - - - -
1Z25656m1 GDHZ 0.80 146E06 240  L74E21 | -017 459602 - -
1.24000m1 GOGAT 0.24 149802 -0.70 143E07 | -038  231E-05 - -
122195m1 G5 092 41015 154  772E21 | -029  B93E-06 - -
123712m1 OPLAH - - -0.39 1.97E-02 -0.29 1.28E-07 - -
1223421mil CP51 - - 0.86 4.22E-07 - - - -
121352m1 P51 - - - - -035  631E-07 - -
123068m1 GSR 0.23 40102 043 729803 | 052  130E-50
1.23638m1 GPx 0.38 130E03 -1.08  7.61E10 - - - -
1Z18589.m1 Gz 0.37  9.84E-03 - - - - - -
1211017.m1 GPx - - -112  349E03 | -044 586505 045  3.36E-04
1217652 ml IDHL - - -0.64  473E06 - - - -
1225769m1 G&PD - - -0.36  422E-02 - - - -
121905m1 6PGD -0.27  560E02 057 5.54E05 - - - -
127742m1 GSTOZ 140  225E02 159  L7BE02 | -160  324E-10 - -
129677m1 GSTE1 - - 085  127E03 | 049  9.63E-15 - -
1222579.m1 GSTA4 -0.38  535E03 0.80 3.38E05 0.33 2.30E-10 - -
127897m1 GSTOL - - 061 215E-05 -013 5.87E-02 - -
12250m6m1 GST - - 082 L92E-04 - - - -
1.224505.m1 GST - - 156 143E08 - - - -
1210776m1 GST - - - - 055  9.03E-15 - -
125072m1 GGT - - -1.52 115608 | -029  1.14E-03 - -
1220802 m1 ANPEP - - -0.58  196E05 - - 022 2.35E-02
123061.m1 ANPEP - - - - -0.55 143E-02 - -
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Table S3.5  A. millepora homologues to membrane transporter. (A) Results of the KEGG
transporters searched in the A. millepora protein predictions. (B) Log,FC values of
significantly expressed (FDR <0.05) genes in response to the treatment (hypo-saline) over
the control (35 PSU). Log:FC colour indicates up (red) and down (blue) regulated genes.

(4)

Blast details
Function Gene Gene ID
name Coral ID Entry S.ID Length e-value
Solute carriers

SLC4AZ  Anion exchange prutein 2 1216219m1 Cluster000158m 9625 960  0.00EH0

SLC4AZ  Anion exchange protein 2 1216234m1 Cluster000156m 5783 1086 0.00E+00

Biourbonate oy 0403 Sulute carrier family 4, member 3 1210500.m1 Cluster000926 3684 912 000EH0
SLCAA10  Sulute carrier Bamily 4, member10 | 1218778m1 Cluster000926 100 1188 0.00E+00

SLC4A11  Solute carrier Bimily 4, member 11 | 1210134m1 Cluster001846 9396 861  0.00E00

SLC6A1  Sulute carrier Bamily 6 member1 122642m1  gil128609}sp[PZ39781 65% 531 D.00EH00

SLCEA1  Sulute carrier Bamily 6 member1 127193m1  gi|220462780[sp|P305312  6220% 583 2906141

SLCEAS  Sulute carrier Bamily 6, member 5 12764m1  pill45885602gh[ES31841 4437 192  200E48

SLCEAS  Sulute carrier Bamily 6, member 5 126220m1  gil52783378|plaFeIvn.1 58% 564 ZA0E157

SLCEAS  Sulute carrier Bamily 6, member 5 1225412m1  gi|52783378|splQ76IV01  GLSOK 660 2606170

SLCGAS  Solute carrier Bamily 6, member’s 126219m1  gi|527B3378|sIQ76IV0L  6260% 605 1306178

SLCEAM  Sulute carrierBimily 6, member11 | 12Z1883m1  pil400626}sp[P31647.1 6520% 538 2106165

Na'andCL' SLCAAT1  Solute carrierBimily 6, member1l | 1211757m1  gi341947004[sp[P516502  63A0% 560  0.00EHG0
tramsporters~ SLCAA13  Solute carrier Eimily 6, member13 | 12214271 gi]209573786jsp|ASPRCI. 57.60% 3106104
SLCAA13  Sulute carrierBimily 6, member13 | 1214967mi pil400624}spP31646.1 6330%  6F4  D.00EH0

SLCGA13  Solute carrierBimily 6, member13 | 1221418ml1 gil400624sp[P31646.1 20X 613 260171

SLCAA1B  Sulute carrier Bimily 6, member 18 122523m1  pi8420099)sp|Q626871  GDGOX 754 ZOCEIS6

SLCAA1B  Sulute carrier Bimily 6, member 18 124M7ml  gi[4BAZ9108jsp|OBBST6] 624X 663 1206170

SLC6A19  Solute carrier Bimily 6, member 19 127241m1  gi|73919265|s|QEOSTI1  6380% 657  7H0E147

SLCAA19  Sulute carrier Bimily 6, member19 12252im1  gif3919287|splQSRE[LA 526 767 1L7ES0

SLCEA1D  Sulute carrierBimily 6, member19 | 1220969m1  gif3919287|spjQSRE[L1  5260% 433 420663

NAC3 Solute carrier Bimily §, member 3 1214870m1  gi249B054sp|PF0549.1 53% s 11eE1rs

Ma'/Ca™ exchanger

NAC2 Solute carrier Bimily §, member 2 1214679m1  gi[10720116|sp]QUUPES2  44.50% 336 1906102

sLC9 Solute carrier Bmily 9 12622m1 Cluster004770 8323 662 00000

SLCYAZ  Solute carrier Bamily 9, member 2 122250m1 Cluster005704 996 755  000E:00

SLCYAS  Solute carrier Bimily 9, member § 1216650.m1 Cluster007852 9983 594  0.00E00

Nt exch SLCYA9  Solute carrier Bamily 9, member 9 12.2407.m1 Cluster006121 9094 629  000E00
SLCOAY  Sulute carrier Bamily 9, member 9 1220148m1 Cluster006121 5395 560  O0.00E00

SLCYBZ be‘:‘_';mrﬁmﬂ’ 9 subfunily 124134ml  gi[341941171|splQSBERZ2  63% 531 2006111

SLCSC1  Sulute carrier Bimily 9, member C1 121836m1  pi[158563886|sp|Q4GONB2  S0B0K 881  G.60E-83

Monocarboxylrte ¢ ygaq  Monoarbosylate transporter 3 1216615m1  gi[l49363394|gh[EST3B4631 3485 132 400E19
Vesicuker ghrtamate SUCITAS  Solute carrier mily 17, member 5 | 12712061 pifl4S883711b[ES3892931 3596 178 S00E31
BT SLC17A%  Solute carrier fumily 17, member § 12312m1 hsa:26503 4106 451 LOOE103
SLC24A1  Solute carrier Bimily 24 12457.m1 Cluster033035 100 141  100EY7

SLC24A7  Sulute carrier Bamily 24 member 2 127150m1  gi[17865408jsp|O547011  S660% 659 5206132

SLC24A4  Sulute carrier Bimily 24, member4 | 1.213525.m1 Cluster006401 9938 553 O000E+00

SLC24A4  Solute carrier Bimily 24, member 4 12.4324m1 Cluster011028 202 510  400E24
B/ K] goria Suute carrier fmily 24, momberS | 1217180m1 Cluster009552 5158 444  400E152
SLC24A5  Solute carrier Bimily 24, member’s | 122034Lm1 Cluster005099 9365 567  0.00E00

SLC24A5  Sulute carrier Bimily 24, member5 | 1217183.m1 Cluster009552 9866 449  O000EH0

SLC24A5  Solute carrier Bimily 24, member § 12.6851Lm1 Cluster054035 5745 94 GOOEZ9

SLC24A6  Solute carrier Bimily 24, member 6 12.6296m1 Cluster011028 9821 336  000E00

]  SLCISM7 Solule carrier family 25, member 17 | 12223871 hsa10478 5351 271 300EE9
e e c1c5a17  Sote carrier fimily 25, member17 | 1222651m1 hsa:10478 3143 245 200E31
SLC26A1  Solute carrier Bimily 26 1710089.m1 Cluster004291 6245 719  000E00

SLC26A1  Sulute carrier Bimily 26 1222550m1 Cluster004291 9323 739 000E+00

Multifimctional Grion oy 05y Solute carrier fmily 26 1218457.m1 Cluster004248 9253 790  0.00E00
SLC26A1  Solute carrier Bimily 26 1213625.m1 Cluster004960 7683 574  000E00
SLC26A1  Sulute carrier Bimily 26 12136271 Cluster004980 7292 288  400E136




ATPases

ATP1A1  Na+/K+ATPase alpha subunit 1217116m1  gi[149381259|ph|ES7363281 6117 188 Z00E-62
Nao'/X' eromsporting
ATP1A1  Na+/K+ATPase alpha subunit 1217104m1  gi[149381259|gh|ES7363281 6332 150 SO0ES2
a -
Coss rovsporting  ATFZC1 u.ml 1 A 2 12.15136m1 ClusterD65Zm 100 919 DODE+M}
vas1 Vaype M tramsporting ATPase 1217585m1 Cluster011030 W00 462 OOOE00
subunit 51
ATP&B VD .H-‘_ 7 EA 121144ml nve-NEMVE v1g99968 8 481 o
subunit B
VATD V-iype proton ATPase subunit D 12.15346m1 ClusterD1788% e 246  9DDE-162
ATPEH Veiype Hi- P EA 1.2.964.m1 nveNEMVE v1g192225 6346 52 ZO0E-17
subw e
ATPeVIH v Il 7 .Hl;_ 7 EA 1290261 nve-NEMVE_v1g161874 6004 A68 o
H' trensporting,
somal V-iype H+mansporting ATPase
ez ATPeVI1G bunitG 122284m1 nve-NEMVE v1g191954 7oA 11s S.00E-51
P R L P EA 12.14605m1 nveNEMVE v1g237075 7655 26  300E-121
subunitE
VAOD1 V-H+ATPase subunit a1-1V 12.15120m1 Clusterd090z8 9972 357  OOOEHD
VPPl V-H+ATPase subunit a1-1V 1.28634.m1 Clusteris272 9953 856  ODODEHND
VATF V-iype proton ATPase 12.11894m1 ClusterDZ28816 100 126 4DDE-89
VATL V-iype proton ATPase 1222335m1 ClusteriY18458p 916 121 LE-75
" or ‘] ransitional endoplasmicreticnhim |y 4gncy g e NEMVE v1g1H325 w786 807 o
KCTD3 l‘?“;"”“’lm gated shaker- 1215258m1  gi|112823993|sp|QUYS972  7380% 654  O0OEH00
Potassium volage-gated shaker- !
KCNAW 1222013m1 116444|sp|P17972.1
related el 1=l 57% 148 2106105
Potassium voltage gated channel KT ..
KCNQ like subfamil 12.11257m1 nve-NEMVE_v1g99775 6823 Z77  200E-113
Potassium voltage gated shaker— N
KCNAL 1.25102.m1 116420|sp|F16288.1
related = 152! 6620% 509  L10E127
Potassium volage-pated channel
KCNC1 haw-related subfamily C ber1 127045m1 nveNEMVE v1g21646 ™9 03 o
Potassium volage-gated shaker- !
KCD20 12.21228m1 74750149 sp|Q7ES Y7
related el 1el 8220% 397  430E31
Potassium voltage gated shaker— N
Potassum chennels  KCNAZ 1.25849.m1 | 7A5755676]sp| Q90812
related member 10 &l lspl 4% 565 2.10E-148
Potassium voltage-gated shaker- _
KCNAZ 12.15380m1 | 745755676|sp| Q090612
related el ! S620% 48%  BAOET2
Potassium volage-gated shaker- !
BACD3 12.857.m1 74733570 HEFG.1
Telzied el 1Pl 8180% 286 2606130
Potassium voltage gated shaker— N
KCNAS el e 10 128080m1 gi[145882999|gh|[ES3BB581.1 4344 244  9O0ES3
Potassium voltage pated channel Shal{
KCND2 Jxted subfamily D 127519m1 nve-NEMVE v1g135889 8471 AB4 o
Potassium voltage gated channel Eag
KCNHG s i H 6 1.26126.m1 nveNEMVE v1g236199 7387 532 o
Potassium volage-gated shaker- !
KCNAZ 12.14042m1 82221700 18301
relaied el 1Pl 5720% 477 380E76
'oltage dependent calcium channel
caciM v . 123113.m1 nve-NEMVE v1gB8037 6955 1051 o
alpha—1
Volage-dependent L-type calcium
CACR4 4 12.13199m1 Cluster13385 100 336 DODEHN
Vohage dependent T-1ype calcum
CACIH i 1 alpha-1 subun 12.12780m1 ClusterM6091 6163 27 3DDE-A8
cacia  Voltagedependentcalcium chanmel | 5 g ppg g Clusterd0D64% 9973 1477 OOOEHI0
alpha—1
'oltage dependent calcium channel
cacia :l ha 1 . 1220611m1 Cluster(00601 4461 1652  DDODE+HN
Cofcium channels  Cazpz Y Otage-dependent calchim channel 12.718m1 ClusterDO1718 998z 551 OOOEH00
alpha—2-3
Voltage-dependent P /(-type calcium.
cacia i 1 subumit alpha-14 1.28465.m1 ClusterD649 A7SS 1123 DANEHDD
Vohage dependent L-type calcium
cacez 12.16220m1 Cluster13385 4625 240  ZODE-68
CA2D3 Voltage dependent calcium channel 12.11288m1 ClusteriNEZ383 2926 1063 ZA0E-113
alpha—2
cazpz  Voltagedependentcalcium chanmel | 5 g ggug g Cluster3383 9571 1085 OOOE+00
alpha—2
Vohage dependent T-1ype calcum
CACIH i 1 alpha-1 subun 12568031 ClusterM6091 100 27 9.00E-82
ACATZ Calcium Transporier 3 1.21155.m1 Clusterin 782 9967 918 DOOEHND
Colcium Transporters XCATZ Calcium Transporter 4 121164.m1 ClusterD07 604 9327 550  DANE+DD
ACATZ Calcium Transporier 2 1.21162.m1 Clusterin 782 5349 787  OD0EHD
AQP Aquaporin-3 1211520m1 £i|1351966|sp|PA7BEZ.1 ABDG LODE-80
Aquiaparin AQP Aquaporin-3 12115181 £i|1351966|sp|PA7BEZ.1 4772 285 800DE87
AQP Aquaporin-3 1211517 m1 £i|1351966|sp|PA7BEZ.1 5168 238 ANET7S
Receptors Macras Micotinic a;'m" lcholine receptor 12.13318m1  gi[14SBHNSO|ph|ES39S632.1 2847 295 LINE-30
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(B)

Adults Juveniles
Coral ID Gene name 1h 24h 24h 48h
Jog:FC  FDR  logFC FDR log,FC FDR  logFC  FDR

1.2.16219m1 SLCAAZ 0.50 8.35E-08 - - - - - -
1.2.16234m1 SLCAAZ -0.48 3.87E-03 - - - - - -
12.10500.m1 SLC4AA3 - - 1.66 3.16E-04 - - - -
1.2.18778m1 SLC4A10 -049 5.91E-07 -0.81 2.84E-11 - - - -
12.10134m1 SLC4A11 - - - - - - - -
1.2.2642.m1 SLC6A1 - - - - - - - -
12.7193.ml SLC6A1L - - - - - - - -

12.764m1 SLCOAS 0.62 1.48E-04 093 2.85E-08 -0.20 1.89E-02 - -
12.6220.m1 SLCOAS -0.40 3.09E-02 -1.25 2.64E-22 -0.75 7.65E-13 - -
1225412.ml SLC6AS - - - - -0.44 3.23E-06 -0.34 1.12E-02
126219.ml1 SLC6AS -0.52 1.43E-06 -0.75 7.36E-07 - - - -
12.21883.m1 SLCGAALL -0.67 9.27E-06 -1.24 2.65E-10 -0.38 2.58E-08 -0.50 3.85E-10
12.11757ml SLCGA1L - - -1.21 2.34E-02 - - - -
1221427m1 SLC6A13 -0.27 7.48E-03 - - - - 0.34 4.22E-02
1.2.14967m1 SLCG6A13 - - -1.20 3.06E-09 - - - -
1.221418m1 SLC6A13 - - - - - - - -
122523.ml SLCAALE - - -0.77 2.76E-02 - - - -
124717.m1 SLCAALE - - - - 0.25 2.69E-02 0.51 1.35E-07
12.7241.ml SLCGA19 - - -0.81 2.17E-05 0.23 7.11E-03 0.44 2.35E-04
1.22521.ml SLCGA19 - - - - - - - -
1.2.20969m1 SLCAALY - - - - - - - -
12.14821m1 NACI 0.60 1.32E-06 - - - - - —
1.2.14679m1 NAL2 - - - - - - - -

12.622m1 SLC9 - - -0.53 1.72E-02 -0.29 2.17E-04 - -
122250.m1 SLC9A2 - - - — - - - —
1.2.16650m1 SLC9AS -0.36 1.17E-02 - - - - - -
122407.ml1 SLC9AY9 - - - - - - - -
1.220148m1 SLC9AY9 - - - - - - - -
124134.ml SLC9B2 - - - - - - - -
12.1836.m1 SLCoCL - - - - - - - -
12.16615m1 SLC16A3 - - -2.43 2.71E-04 -0.59 7.07E-04 - -
1.2.21296m1 SLC17AS - - - - -0.61 1.22E-02 - -

12312m1 SLC17AS - - 0.63 7.74E-04 - - - -

1.2457ml SLC24A1 - - - - - - - -
1.2.7150.m1 SLC24A2 - - - - - - - -
12.13525m1 SLC24A4 0.58 1.26E-04 -1.50 1.31E-12 -0.54 1.32E-03 - -
1.2.4324.m1 SLC24A4 - - - - -0.37 453E-02 - -
1.2.17180m1 SLC24A5 - - -0.90 7.76E-03 -0.52 1.27E-04 - -
12.20341m1 SLC24A5 - - -1.45 2.39E-03 0.62 3.32E-04 - -
1.2.17183.m1 SLC24A5 - - - - -0.20 458E-02 - -
126851 ml SLC24A5 - - - - - - - -
12.6296.ml1 SLC24A6 0.36 7.87E-04 - - - - - -
1.222387m1 SLC25A17 - - - - 0.22 6.43E-04 - -
1222651 ml SLC25A17 - - 0.61 6.06E-03 0.32 3.57E-06 - -
1.2.10089.m1 SLC26A1 -1.81 3.18E-34 -2.61 7.14E-105 1.00 4.44E-11 - -
1222559m1 SLC26A1 -0.69 4.20E-03  -2.64 1.05E-23 - - - -
12.18457ml SLC26A1 - - - - 0.23 7.08E-04 0.28 1.38E-02
12.13625m1 SLC26A1 - - - - - - 0.40 1.35E-02
1.2.13627m1 SLC26A1 - - - - - - - -
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1217116m1  ATP1A1 073 92323 -100 7.73E13 | -0.14 257E-03 029 391E-03
1217104m1  ATP1A1 - - - - 034 281E02 058 159E-03
1215136m1  ATP2C1 - - 052  425E-03 | -0.27 4.33E03 - -
1217585.m1 vas1 - - - - - - - -
121144m1 ATPGB - - 063  298E-06 | 020 272E03 - -
1215346m1 VATD 033 L77E02 - - - - - -
12964.m1 ATPSH - - 064  694E-03 | 020 233E02 - -
129026m1  ATPeV1H - - 076  378E-06 | 018 9.54E04 - -
122284m1  ATPV1G -039 280E-03 - - - - - -
1214605m1  ATPeVIE 032 229E02 046  194E-02 - - - -
1215120m1 VAOD1 026 474E02 - - - - - -
128634m1 vEPL - - 041  7.85E-03 - - - -
121189%4m1 VATF - - - - - - - -
1222335.m1 VATL - - - - - - - -
1.219057.m1 veP 024 101E-02 084  182E-11 - - - -
1.215258m1 KCTD3 052 402604 - - - - _ N
1222013.m1  KCNAW 053 247E02 - - - - - -
1211257.m1 ECNQ 044 203E03 - - 030 49904 - -
125102m1 ECNA1 - - 112 190E-02 - - - -
127045.m1 ECNC1 - - 085  231E-03 - - - -
1221228m1 ECD20 - - 042  379E-02 - - - -
1.25849.m1 KCNAZ -085 200E-04 -080  9.42E-03 - - - -
1.215380.m1 KCNAZ -088 398E-02 -175  101E-03 - - - -
1.2857.m1 RACD3 031 305802 - - - - - -
1.28080.m1 KCNAS - - -1.04  163E-05 | -0.21 579E02 -0.32 460E-03
1.27519.m1 KCNDZ2 - - - - 027 30902 - -
1.26126m1 KCNH6 - - 075 254E-03 - - - -
1214042m1 ECNAZ - - 190  570E-04 - - - -
123113.m1 CACIM - - 089  260E-08 - - - -
1213199.m1 CACB4 - - 089 3.89E-02 - - - -
1213780m1 CACIH - - 080  132E-08 - - - -
1210389.m1 cac1a - - - - 022 261E02 - -
1220611.m1 cac1a - - - - 021 38302 - -
12718m1 caz3 - - - - - - - -
128465.m1 cac1a - - - - - - - .
1216220m1 CACBZ - - - - - - - -
1.211288m1 caz3 - - - - - - - -
1215641m1 caZI3 - - - - - - - -
126803.m1 CACIH - - - - - - - -
121155m1 XCAT2 102 481E02 - - - - - -
121164.m1 XCAT2 - - 149 255E-02 - - - -
121162m1 XCAT2 - - - - - - - -
1211520m1 AQP - - 339 551E-11 | 036 141E03 - -
1211518m1 AQP - - 066  135E-05 | -0.19 7.93E03 -0.24 2.86E-02
1211517.m1 AQP - - - - - - - -
1213318m1 NacraS - - 170 649E-17 | 044 574E04 - -
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Table $3.6  Comparison between data presented here on the transcriptomic response of
the coral A millipora to hypo-saline conditions and published gene expression and proteomic
studies in marine invertebrates.

Type of

Gene name Species treatment

uperoxide
dismutase

GRP94
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A. millepora Hypo-saline Adults N 24h RNAseq 1.2.21656.m1 Aguilar, Chapter 3

GDH1, glutamate
dehydrogenase
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Figures

Figure S3.1 Principal component analysis (PCA) from the normalized expression values of
26,622 genes in coral adults and juveniles. (A) Adults, each colour represents a colony (C1-
C5, n=4 per colony). (B) Juveniles, each colour represents a salinity treatment (n=11 per
treatment). Samples encircled by dashed represent 24 h (orange) and 48 h (grey) after the
salinity treatment. PCA was generated by “arrayQualityMetrics” (Kauffmann et al. 2009).
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Figure S3.2 Total number of differentially expressed genes (DEGs) (FDR< 0.05) for each
dataset. With the corresponding number of up-regulated (red) and down-regulated (blue)

genes.
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Figure S3.3 Venn diagrams of the differentially expressed genes (FDR< 0.05) after 24 h hypo-
saline stress that were up- (red) and down- (blue) regulated in the adults and juveniles A.
millepora corals. Indicating the subset of shared genes between each set of expression.

Adults Juveniles Adults Juveniles

. up-regulated . down-regulated
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Chapter 4
Transcriptomic analysis of the response of Acropora
millepora to hypo-osmotic stress provides insights

into DMSP biosynthesis by corals
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4.1. Introduction

Dimethylsulphoniopropionate (DMSP) and its volatile breakdown product
dimethylsulphide (DMS) are key intermediates in the global sulphur cycle; the conversion of
DMSP to DMS delivers biogenically-derived sulphate aerosols into the marine boundary layer,
thereby transferring sulphur from the oceans to the atmosphere (Andreae & Crutzen 1997).
DMS can subsequently be oxidized into sulphate particles and when combined with ultrafine
sea salt and other marine organic aerosols, contributes to the formation of clouds, increasing
their reflectance, thereby acting in local climate regulation (Ayers & Gras 1991). While DMSP
is produced by several classes of algae and a few higher plants (Caruana 2010; Stefels 2000),
coral reefs are hotspots of DMSP production due primarily to the high densities of the
dinoflagellate Symbiodinium present in coral tissues (Broadbent et al. 2002; Jones et al.
2008). In addition, it has recently been demonstrated that the coral animal itself can produce
DMSP (Raina et al. 2013). However, the molecular mechanisms underlying the production of

DMSP by corals are unknown and are only partially understood in other organisms.

DMSP biosynthesis is thought to have evolved independently at least three times; two
different pathways have been described in higher plants (Hanson et al. 1994; Kocsis et al.
1998), and a third, demonstrated in the marine macroalga Ulva intestinales (Gage et al. 1997),
is also likely to operate in several phytoplankton species (Figure 4.1). The common
denominator in these three pathways is the use of the sulphur-containing amino acid,
methionine as a precursor. The chemical identities of the intermediates in the pathways have
largely been established, providing insights into the classes of enzyme likely to be involved.
However, at this time, the identities of the genes involved are unknown. Candidates for roles
in the algal pathway have emerged from proteomic and gene expression analyses under
conditions that lead to increased DMSP production. Proteomic analyses of DMSP-producing
diatoms implicated particular aminotransferases, reductases, methyltransferases and

decarboxylases in the algal DMSP biosynthesis pathway (Kettles et al. 2014; Lyon et al. 2011)
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on the basis of their increased abundance under hypersaline conditions, though their

involvement in DMSP synthesis remains to be confirmed.

SAM mf’ AHH

D. Methyl  Homocysteine

/

B. Gramineae ine algae

Figure 4.1 Pathways of DMSP biosynthesis in higher plants and marine algae (adapted from
(Stefels 2000). (A) Compositae pathway (described in Wollastonia biflora). (B) Gramineae
pathway (described in Spartina alterniflora). (C) Pathway in marine algae (described in Ulva
intestinales). (D) Methyl cycle and the enzymes involved in methionine biosynthesis.
Dimethylsulphonio-2-hydroxybutyrate (DMSHB); dimethylsulphoniopropionate (DMSP);
DMSP-aldehyde (DMSP-ald); 4-methylthio-2-hydroxybutyrate (MTHB); 2-oxo-4-
mehtylthiobutanoate (MTOB); S-adenosylhomocysteine (SAH); S-adenosylmethione (SAM);
S-methylmethionine (SMM). Enzyme types and associated cofactors are shown in italics
(refer to Table 4.1 for the enzyme names).

A range of biological functions have been attributed to DMSP; it can act as an
osmolyte (Dickson et al. 1980) or cryoprotectant (Karsten et al. 1996; Nishiguchi & Somero

1992). DMSP and its breakdown products acrylate, DMS and dimethylsulfoxide (DMSO) also
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possess antioxidant capabilities, and are capable of scavenging hydroxyl radicals and reactive
oxygen species (ROS), suggesting potential functions in the stress responses of organisms
such as corals (Deschaseaux et al. 2014). Whilst the potential involvement of DMSP in ROS-
scavenging in corals has been raised (Raina et al. 2013), osmoregulatory roles remain an
additional possibility. Although corals have traditionally been thought of as stenohaline
osmo-conformers, shallow water corals can experience major fluctuations in salinity and
must therefore have mechanisms to tolerate these environmental conditions. Currently
limited data are available on the effects of hyperosmotic stress on corals, but there is
evidence that corals can tolerate acute exposure to hypersaline (40 PSU) conditions (Porter
et al. 1999). Moreover, coral reefs occur in the Arabian Gulf and Gulf of Oman at 40-42 PSU,
and appear to be adapted to these conditions (Coles 2002). On the Great Barrier Reef (GBR),
rain associated with tropical cyclones can lower the salinity of surface waters significantly
(up to 7-10 PSU) (Van Woesik et al. 1995), with these hyposaline conditions prevailing for
weeks (Devlin et al. 1998). Hyposaline conditions can lead to coral mortality and changes in
coral community composition; however, the response seems to vary among species and
through time (Berkelmans et al. 2012). Heavy rainfall, induced by the increased occurrence
and intensity of tropical storms and cyclones (Xie et al. 2010), is likely to expose coral reefs to

more extreme and sudden salinity variations.

The genome of the reef-building coral Acropora millepora encodes orthologs of the
reductase and methyltransferase (Fig 4.1C, steps 2 and 3) implicated in DMSP biosynthesis in
algae, suggesting that corals also use an algal-like pathway to produce DMSP from
methionine (Raina et al. 2013). To better understand the role and route of DMSP production
in corals, the transcriptomic response of A. millepora to salinity stress was investigated, the
rationale being that DMSP might serve as an osmolyte in corals and that genes involved in the
synthesis of this compound might be up-regulated under conditions that lead to its increased

production. Adult colonies (harboring DMSP-producing photosynthetic symbionts), as well as

109



aposymbiotic juveniles (devoid of any photo-symbionts) of A. millepora were exposed to
hyposaline conditions reflecting those experienced in extreme weather events (25 PSU for
the adults and 28 PSU for the juveniles) in parallel experiments and hypersaline (40 PSU)
conditions for the adults. The analyses presented here focused on genes that are candidates
for involvement in the known pathways of DMSP synthesis in algae (including those
previously identified as candidates; Raina et al. 2013) and plants. Whilst the expression data
reported here are consistent with corals being equipped with the necessary enzymatic
machinery for DMSP biosynthesis and being able to rapidly change the expression of the
corresponding genes, the production of DMSP by corals under hyposaline stress maybe an

inevitable consequence of osmolyte catabolism rather than an adaptive stress response.

Table 4.1. List enzymes abbreviations and their EC number.

Abbrev. Enzyme name EC number
BADH Betaine-aldehyde dehydrogenase 12.1.8
BHMT Betaine-homocysteine methyltransferase 21.15
CDH Choline dehydrogenase 11991
DMGDH Dimethylglycine dehydrogenase 1584
GNMT Glycine N-methyltransferase 21.120
MAT Methionine adenosyltransferase 2516
MS Methionine synthase 21.1.13
MTHFR Methylenetetrahydrofolate reductase 1.5.1.20
SAHH S-adenosylhomocysteinase 3311
SAM met S-adenosylmethione methyliransferase 21.137
SARDH Sarcosine dehydrogenase 1583
SHMT Serine hydroxymethyliransferase 2121

4.2, Materials and Methods

4.2.1. Adult and juveniles sampling

The methods for the salinity stress experiments in both adults and juveniles, are
described in Chapter 3 (3.2.1 Coral salinity stress experiment). Post the salinity changes coral
nubbins for quantitative nuclear magnetic resonance (QNMR) were sampled as described

below.
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4.2.1.1. Adults sampling

Coral nubbins (n = 2 per colony) were sampled at three time points qNMR analysis:
prior to the salinity change, and after 1 and 24 h post the salinity change. Nubbins were
immediately extracted in 5 ml of HPLC-grade methanol (details provided below). Another set
of nubbins (n = 1 per colony) were collected, incorporating another time point (12h post

salinity change), for the determination of zooxanthellae density.

4.2.1.2. Juveniles sampling

Samples were collected at 24, and 48 h post salinity changes and processed as below
(4.2.3). The size of each settled juvenile in the sampled well was measured using a motorized
stereomicroscope (Leica Microsystems MZ16A) operating with the Application Suite Version

3.8 software. The average juvenile size at 48 h was 1.27 mm? (+0.06).

4.2.2. Symbiodinium efficiency, density estimation and genotyping

A diving pulse amplitude modulated (PAM) (Walz Gmbh, Germany) fluorometer was
used to measure the photosystem II (PSII) photochemical efficiency of Symbiodinium
associated with the adult coral nubbins. Measurements were taken one day before, and 8, 16,
28 h after changing the salinity, by taking 3 replicates per 23 nubbins in each condition.
Symbiodinium density estimation was conducted as described in Raina et al. (2013); for each
homogeneous extract, 6 replicate measurements were recorded at 600 nm on a DSM-Micro
densitometer (Laxco). For genotyping, DNA was extracted from the crushed coral (see RNA
extraction) using SNET buffer (20mM Tris-HCI pH 8.0, 5 mM EDTA, 1% SDS (w/v), 400mM
NaCl, 400 pg ml! Proteinase K) and incubated overnight at 55 °C. The supernatant was
transferred to an equal volume of phenol-chloroform mixture (1:1) and precipitated with
isopropanol. The DNA pellet was solubilized in ~50pl of sterile water and stored at -20 °C.

The Symbiodinium type was determined by ITS sequencing using the primers “ITSintfor2”
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(5’GAATTGCAGAACTCCGTG-3’) and “ITS2CLAMP” (5GGGATCCATATGCTTAAGTTCAGCGGGT-

3’) (LaJeunesse 2002). All A. millepora colonies harboured Symbiodinium clade C1.

4.2.3. DMSP quantification by gNMR analysis

DMSP and acrylate in adult nubbins and settled juveniles were quantified according to
Raina et al. (2013) with minor modifications. Briefly, coral nubbins were extracted in
methanol for 30 min with sonication followed by a second extraction with an additional 2 ml
of methanol for 10 min, after which the extracts were pooled and analysed via tH NMR as in
Raina et al. (2013) using the ERETIC method (Tapiolas et al. 2013). The surface area of each
individual adult nubbin was used to normalise the corresponding qNMR and Symbiodinium
density data. Nubbins were bleached (10% bleach) and then lyophilized (Dynavac Freeze
Drier FD12) with the surface area determined using the wax dipping technique originally

described by Veal et al. (2010).

For juveniles, seawater was decanted from individual wells and residual seawater
gently absorbed using a sterile cotton tip, taking care not to disturb the animal. CD30D (300
D) and RO (200 [J1) were added to each well. Plates were gently shaken for 30 s and a 200 [
aliquot transferred into a 3 mm Bruker MATCH NMR tube for immediate analysis. In addition,
negative control wells containing no larvae or settled juveniles, but which did contain the
CCA-derived settlement cue, were extracted following the same procedure. The
concentrations of DMSP and acrylate were normalized initially to the number of settled coral
juveniles in the respective well. They were then normalized to the averaged surface area of

the juveniles as in Raina et al. (2013).

DMSP concentration data were analysed using the open source software R Version

3.1.0 (R Core team, 2014) using the “car” (Fox & Weisberg 2011) and “doBy” (Hgjsgaard et al.

2014) libraries. Multivariate analyses of variance MANOVA were used to test for changes in
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DMSP concentration over the course of the experiment. Repeated measures ANOVA were
used to test for difference in DMSP concentration at each time point and over time (Table

S4.1, Supporting information).

4.2.4. Identification of candidate genes
The methods for transcriptomics analysis including RNA extractions, sequencing,
reads mapping, and gene expression analysis of the salinity stress experiments are detailed

in Chapter 3 (3.2.3. RNA extraction sequencing and gene expression analyses).

To identify homologs of the known algal and plant DMSP biosynthesis enzymes in the
coral genome, protein sequences from the diatom Fragilariopsis cylindrus v1.0 (algal
pathway) (Kettles et al. 2014; Lyon et al. 2011) in addition to sequences from the two known
enzymes involved in the plant pathway (Enzyme Commission (EC) 2.1.1.12 and 1.2.1.3,
downloaded from http://www.uniprot.org) were used to retrieve protein family (Pfam)
domain and gene ontology (GO) annotation. In addition to complete sequences, protein
domains were used to search the A. millepora genome for homologs of the algal and plant
enzymes. Additionally, sequences with characteristic GO domains of the enzymes involved in
DMSP biosynthesis from four algae and two plant genomes were retrieved and blasted
against the A. millepora genome (E-value ranged from 0.003-0.1, retrieving at least five
sequences). Sequences were retrieved from: the marine microalga Emiliania huxleyi (Read et
al. 2013), the green alga Chlamydomonas reinhardtii v5.5 (Merchant et al. 2007), the diatom
Thalassiosira pseudonana v3.0 (Kettles et al. 2014), the dinoflagellate Symbiodinium minutum
Clade B1 v.1.0 (Shoguchi et al. 2013) (dataset downloaded from
http://marinegenomics.oist.jp/genomes/downloads?project_id=21, last accessed October 27,
2014), and the flowering plants Arabidopsis thaliania TAIR10 (Lamesch et al. 2012) (Lamesch
2012) and Brachypodium distachyon v2.1 (The International Brachypodium Initiative 2010).

All the databases (except for the S. minutum) were downloaded from the U.S. Department of

113



Energy Joint Genome Institute (JGI; http://genome.jgi-psf.org, last accessed October 15,
2014). The nomenclature of A. millepora proteins used here is based on BlastP searches of
non-redundant protein sequences at NCBI or by hidden Markov models in HMMER
(http://hmmer.janelia.org; Finn et al. 2011) assignments (results are listed in Table 4.2 and
Table S4.4, Supporting information). KEGG orthology (KO) identifiers were used to retrieve
EC numbers and search for characteristics in the enzyme information system BRaunschweig
ENzyme DAtabase (BRENDA; http://www.brenda-enzymes.org/index.php) and the
metabolic pathways database (MetaCyc; http://metacyc.ai.sri.com). After obtaining the
BlastP results based on the A. millepora gene predictions, differentially up-regulated genes

(FDR < 0.05) in any of the datasets were used for subsequent analysis.

4.3. Results

4.3.1. Concentration of DMSP in coral tissues

Exposure of adult A. millepora colonies to a sudden decrease in salinity (25 PSU)
resulted in a 2.6 fold increase in tissue DMSP concentration after 1 h (from 9.02 nmol mm-2 at
35 PSU to 23.76 nmol mm in the treatment) compared to the controls. DMSP levels in these
colonies continued to increase through time, reaching 31.46 nmol mm-2 after 24 h,
representing a 3.5 fold increase in DMSP relative to the control (TukeyHSD, p adj <0.05;
Figure 4.2A and Table S4.1, Supporting information). In aposymbiotic A. millepora juveniles,
exposure to low salinity (28 PSU) triggered an increase of DMSP levels of 1.2 fold after 24h
(from 2.66 nmol mm-2 at 35 PSU to 3.27 nmol mm-2 in the treatment) and of 1.4 fold after 48
h relative to control juveniles maintained at 35 PSU (ANOVA, p<0.0005; Figure 4.2B and

Table S4.3).

In contrast, adult A. millepora nubbins exposed to hypersaline conditions (40 PSU)

exhibited no significant change in tissue DMSP concentrations compared to the controls

(TukeyHSD, p adj >0.05; Figure 4.2 and Table S4.1, Supporting information). At both time

114



points the concentration of the DMSP breakdown product acrylate did not differ significantly
from controls in either treatment (Figure S4.1, Supporting information). Furthermore, no
clear physiological changes were observed in the corals during the 24 h period of both hypo-
and hyper-salinity stress experiments, as assessed by PAM fluorometry (MANOVA, H-F Pr >
0.05; Figure S4.2, Table S4.2, Supporting information) and Symbiodinium cell density (Figure

S4.2, Supporting information).

Adults Juveniles
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0 1 24 24 48
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Figure. 4.2. Changes in DMSP concentration (mean # s.e.) in adult corals (n=5) and settled
juveniles (n=6) of the coral A. millepora. Adults (A) were exposed to ambient/control (35 PSU,
green) and two salinity stress conditions (25 and 40 PSU in blue and black respectively).
DMSP concentrations increased significantly under hyposaline stress (25 PSU; *H-F
Pr<0.005) and through time compared to both the control and hypersaline stress conditions
(40 PSU; *p adj<0.05). No significant changes in DMSP levels were observed between the
control and 40 PSU treatments. Juveniles (B) were exposed to ambient/control (35 PSU,
green) or hyposaline (28 PSU, blue) conditions. In this case, DMSP levels differed significantly
between treatments and controls (F = 17.70, *p<0.0005), but did not differ significantly with
time.

4.3.2. Candidate DMSP biosynthesis genes
Differential gene expression analysis of the hyposaline stress in adults and juveniles

are described in Chapter 3 (3.3.1. Differential gene expression analyses).

BlastP analysis of the A. millepora gene predictions led to the identification of coral

members of gene families implicated in DMSP biosynthesis in other organisms (Table 4.2 and
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Table S4.4, Supporting information), some of which were differentially expressed in response
to hyposaline stress and on this basis are considered to be candidates for roles in DMSP
biosynthesis in corals. Amongst the genes up-regulated under hyposaline conditions were
members of each class of enzyme in the DMSP biosynthesis pathway previously described in
the alga Ulva intestinalis (Gage et al. 1997), whereas there was no evidence for up-regulation
of genes specifically associated with DMSP-synthesis in higher plants (DMSP-amine oxidase
and S-methylmethionine (SMM) transaminase-decarboxylase; Table 4.2 and Fig 4.1A and B,

step 3).

Six transaminase family members (Table 4.2, AT1- AT6) were identified as candidates
for the initial aminotransferase step in the algal biosynthetic pathway (conversion of L-
methionine to 2-0xo-4-methylthiobutanoate; MTOB), on the basis of elevated levels of
expression in adults and/or juveniles during hypo-osmotic stress. One of these candidate
genes, AT1 was expressed at higher levels at both time points in both juveniles and adults,
and is therefore of particular interest. Although BlastP NR database comparisons classified
the AT1 predicted protein as most similar to ethanolamine-phosphate phospholyases
(EC2.6.1.88), its overall sequence similarity (5E-35) to the aminotransferase candidate
(269005) from the diatom Fragilariopsis cylindricus (Lyon et al. 2011) is consistent with the
hypothesis that the two proteins play analogous roles in DMSP metabolism. While the
expression levels of five other aminotransferases (AT2 - AT6) were less consistent across the
treatments, BlastP NR comparisons imply that their transamination reactions are likely to be
2-oxoglutarate dependant and hence cannot be excluded as candidates for roles in DMSP

biosynthesis.

The second step in the algal DMSP biosynthesis pathway involves the reversible

reduction of MTOB to 4-methylthio-2-hydroxybutyrate (MTHB), but this reaction is not

restricted to DMSP-producing organisms (Summers et al. 1998). Table 4.2 lists the
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differentially expressed genes (REDOX1-RED0X10) that encode NAD- or NADP-dependant
dehydrogenases. Due to their redox capacities, the dehydrogenases corresponding to
EC1.2.1.3 (Table 4.2, REDOX2, REDOX3, REDOX5 and REDOX8) could equally well correspond
to the enzyme carrying out the terminal step (oxidation of DMSP-aldehyde; DMS-ald) in the
plant DMSP biosynthetic pathway or that which converts MTOB to MTHB in the algal
pathway. REDOX1 was consistently up-regulated in adult and juvenile corals with database
comparisons indicating that it is a 10-tetrahydrofolate reductase since the N-terminal part of
the protein contains a hydrolase domain highly specific for this class of enzyme (5.79E-144
similarity with cd08647). Moreover, TargetP (http://www.cbs.dtu.dk/services/TargetP/)
predicts that REDOX1 is mitochondrial, which is consistent with the location of the best NR
database matches and therefore of relevance to its ability to function in DMSP synthesis.
REDOX2 and REDOX3 were differentially up-regulated in the adults when excluding time as a
factor (Table S4.5, Supporting information), and significantly up-regulated in juveniles (at 24
h in the case of REDOX3; at both time points for REDOX2). REDOX2 may be the best candidate
for enzymatic reduction of MTOB, as it matches (9.31E-12) to a dehydrogenase (177646) that
is highly up-regulated in the diatom F. cylindricus under conditions that lead to DMSP

biosynthesis via the algal pathway (Lyon et al. 2011).

Both the plant and algal DMSP biosynthesis pathways feature SAM-dependent
methylation steps; in the algal pathway, conversion of MTHB to dimethysulphonio-2-
hydroxybutyrate (DMSHB) involves a SAM-dependant methyltransferase, as does the
conversion of methionine to SMM in the plant pathway (Figure 4.1). Two methyltransferases
(METHYL1 and METHYL2) were up-regulated during salinity stress (Table 4.2), although
database comparisons suggest other primary roles for both METHYL1 and METHYL2 due to
their methyltransferase domains (cd02440) being class I type, as is also the case for the
methionine S-methyltransferase Q9LTB2 (which functions in the plant DMSP pathway), and

the algal methyltransferase (212856) identified by Lyon et al. (2011). Of the candidates,
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METHYL1 was the most consistently up-regulated in the hyposaline treatments. A third SAM-
dependant methyltransferase METHYL3 (Table 4.2), was initially identified as the most likely
candidate for the conversion of MTHB to DMSHB (Raina et al. 2013) based on its similarity to
the primary candidate for this role in the alga F. cylindrus (Lyon et al. 2011). Note however
that METHYL3 was not differentially expressed as a result of exposure to altered salinity
conditions.

The final step in the algal DMSP biosynthesis pathway, the transformation of DMSHB
to DMSP, is the least well understood. The enzyme involved is thought to be an oxygen
dependant decarboxylase (Summers et al. 1998), but has not been characterised. Four
candidate enzymes (DECARB1-DECARB4) were identified in the coral on the basis of
similarity with the diatom decarboxylases implicated in DMSP biosynthesis (Lyon et al.
2011), but neither these nor the candidates from the diatom are likely to be oxygen-
dependent. All of the four Acropora candidates encode pyridoxal phosphate (PP) dependent
decarboxylases; like the diatom candidate 263016 (Lyon et al. 2011), DECARB1 encodes a
group IV PP-dependent decarboxylase (Pfam02784). The remaining three coral candidate
decarboxylases are of the group Il PP-dependent type (Pfam00282). None of these coral
candidate decarboxylases showed consistent up-regulation across the hyposaline

manipulation experiments (Table 4.2).
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Table 4.2. Changes in expression levels of candidate genes involve in DMSP biosynthesis in A.
millepora under hyposaline stress.

1h
logZFC  FDR  logZFC  FDR  log2FC  FDR  logZFC  FDR

2.63 5.00E-239 -2.61 3.13E-88

For each candidate gene, the table provides log; fold change (log:FC) and false discovery rate
(FDR) data for the hyposaline treatment relative to the control. Red shading indicates genes
that were up-regulated; blue shading indicates genes that were down-regulated (FDR <0.05).
* Candidates previously identified by Raina et al, (2013).

** Genes differentially up-regulated in the adult treatments when time was excluded as a
factor (Table S4.5, Supporting information).

4.3.3. Differential expression of genes involved in methionine metabolism
Although methionine adenosyltransferases (MAT1 and MAT2), which convert

methionine to its activated form (S-adenosyl methionine), were up-regulated under
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hyposaline conditions (Table 4.2, Figure 4.3), other coral genes implicated in methionine
salvage and the methyl cycle (Table 4.2) were down-regulated. Methionine synthase (MS),
which methylates homocysteine to regenerate methionine, was down regulated in both
adults and juveniles, as were the other methyl cycle enzymes, methylenetetrahydrofolate
reductase (MTHFR) and serine hydroxymethyltransferase (SHMT; Table 4.2). Although
methionine synthase was down-regulated under hyposaline conditions, methionine can also
be generated by methylation of homocysteine by the action of betaine-homocysteine
methyltransferase (BHMT; Figure 4.3), two coral homologs of which (BHMT1 and BHMT?2)
were up-regulated in both adults and juveniles (Table S4.4, Supporting information). In
addition to generating methionine, the action of BHMT converts betaine to dimethylglycine
(DMG), which can be converted to glycine by a series of enzymes (Figure 4.3; DMGDH
(EC1.5.8.4), SARDH (EC1.5.8.3) and GNMT (EC2.1.1.20), all of which were up-regulated in
under hyposaline conditions (Table S4.4, Supporting information). It is also interesting to
note that, of a list of genes potentially involved in methionine salvage from SAM (Figure 4.3,
EC4.1.1.50,2.5.1.16, 2.4.1.28, 4.2.1.109 and 3.1.3.77), the only gene differentially expressed
under hyposaline conditions was that enabling the final conversion to 3-
methylthiopropionate of this pathway (Figure 4.3, EC1.13.11.53) and this was down-
regulated (Table S4.4, Supporting information) in both adults and juveniles. Finally, the coral
homolog to the enzyme involved in the methionine trans-sulphuration pathway
(cystathionine y-lyase (CGL), EC4.4.1.1; Table S4.4, Supporting information) was not
differentially expressed, providing further evidence that methionine is not shunted into
either the methyl cycle or the methionine salvage pathways, but rather being driven into

DMSP biosynthesis.
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Figure. 4.3. Changes in expression levels of genes involved in methionine metabolism during
hyposaline stress in the coral A. millepora. Enzyme names and EC numbers are shown in
italics (names as in Table 1). Blue, red or black arrows represent steps where genes are up-
regulated, down-regulated or do not change significantly, respectively, during hyposaline
stress in adult and/or juvenile corals. Dashed arrows indicate other roles of SAM (FDR <0.05,
see Table S4.4, Supporting information for values). Dimethylglycine (DMG); tetrahydrofolate
(THF). Abbreviations for compounds are as in the legend to Figure 4.1.

4.4. Discussion

4.4.1. Corals increase production of DMSP under hyposaline stress

DMSP concentrations in adult corals increased 3.5 fold after 24 h exposure to 25 PSU
with similar trends observed for aposymbiotic coral juveniles. This is the first report of DMSP
production under hyposaline conditions by a coral. Increased DMSP production under
hyposaline conditions argues against a role for this compound in osmoregulation in corals

and contrasts with the situation in a number of other organisms (Trossat et al. 1998;
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Vairavamurthy et al. 1985) where DMSP biosynthesis increases under hypersaline
conditions. Importantly, in the case of A.millepora, DMSP concentrations did not change
significantly under hypersaline conditions (40 PSU), indicating that corals use different
mechanisms to adjust to changes in osmotic conditions. Increased levels of DMSP have also
been observed in adult and aposymbiotic juvenile A. millepora exposed to heat stress (Raina
et al. 2013). Taken together, these results suggest that increases in DMSP concentration in the
coral (animal and Symbiodinium) might be a more general response to stress, although DMSP
levels did not increase when Montastraea franksi was exposed to copper stress (Yost et al.
2010). DMSP has been shown to function in scavenging hydroxyl radicals and reactive oxygen
species (ROS) generated under high light and UV stress in some organisms (Darroch et al.
2015; Sunda et al. 2002). Although it is not yet clear whether ROS are generated in corals
during salinity stress, the observed increase in DMSP levels under hyposaline conditions are

consistent with possible functions as an antioxidant.

The response of corals to decreased salinity is not well understood. In A. aspera, free
amino acid (FAA) concentrations have been shown to increase 2.6-fold after 1 h of exposure
to hyposaline (28 PSU) conditions (Cowlin 2012) but remained unchanged under hypersaline
(42 PSU) conditions. Thus, under hyposaline stress, the concentration of free methionine, the

precursor of DMSP, is likely to increase in coral tissue.

4.4.2. Putative coral enzymes involved in the DMSP algal-like pathway

RNA sequencing results presented here are consistent with the hypothesis that corals
produce DMSP via an alga-like pathway (Raina et al. 2013), but that the identities of genes
and enzymes involved needs to be revisited in the light of the transcriptomic responses
reported here. Clear differences were observed between adults and juveniles with respect to

the responses of genes that are considered candidates for roles in DMSP synthesis by corals
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(Figure 4.4), presumably as consequences of the presence of the dinoflagellate symbionts in

the former but not the latter.

In the proposed algal-like pathway of DMSP synthesis, the transamination of
methionine and subsequent reduction/oxidation step are both known to be reversible and,
while not specific to DMSP producers, exhibit high activity in DMSP accumulating organisms
(Summers et al. 1998). The gene referred to here as AT1 is considered the best candidate for
involvement in the initial transamination step, as it was up-regulated in both adults and
juveniles at all time points. In the case of the reduction step, three candidate genes (REDOX1-
REDOX3) were up-regulated in all the datasets, whereas the expression data for REDOXS,
previously identified as a candidate on the basis of similarity with the diatom reductase
(Raina et al. 2013) were less consistent. Although REDOX1 showed the most consistent up-
regulation of expression across the datasets, its likely mitochondrial localisation may limit its
involvement in the proposed pathway, hence REDOX2/3 are also considered to be candidates

for roles in DMSP production.

The last two steps in the proposed DMSP biosynthesis pathway involve methylation
followed by decarboxylation and, unlike the transamination and oxidation/reduction steps,
are not reversible. The enzyme referred to here as METHYL3 was initially identified as a
candidate for the methylation step (Raina et al. 2013) on the basis of similarity to a candidate
for the same step from a diatom (Lyon et al. 2011) but the corresponding gene was not up-
regulated in the present study (Table 4.2). However, one other putative SAM-dependant
methyltransferase (METHYL1) was highly up-regulated across the hyposaline treatment

datasets and is thus a candidate for involvement in DMSP biosynthesis.

The identities of genes or enzymes associated with the decarboxylation step of DMSP

synthesis are unknown. Two candidates for this role in diatoms have been put forward (Lyon
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et al. 2011), but neither of these enzymes is likely to be oxygen-dependent, which is

inconsistent with earlier metabolic data for this step (Gage et al. 1997). No clear candidates

for this role emerged from the hyposaline treatment experiments described here.
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Figure 4.4. Summary of changes in expression levels of coral genes that are candidates for
involvement in an algal-like pathway of DMSP synthesis. For each candidate gene, transcripts
levels are indicated as a bar, the length of which indicates log,-fold change (as in the x axis)
relative to control in (A) adult and (B) juvenile corals. Blue bars and red bars represent the

expression levels of up-regulated and down-regulated genes, respectively. Values of

candidate gene expression are in Table 4.2, and abbreviations are as in Figure 4.1 and Table

4.1.

4.4.3. Corals do not use a plant-like pathway for DMSP synthesis

Some steps in the algal and higher plant DMSP pathways are biochemically similar,

but it is unlikely that the production of DMSP by corals occurs through a plant-like pathway.

Possible coral equivalents of S-methyl-L-methionine decarboxylase (SDC) (Table 4.2,

DECARB1), and two DMSP-amine oxidases (Table 4.2, DOX1 and DOX2) (Figure 4.1B, step 3)
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are present, but the two DOX homologs were down-regulated in both the adults and juveniles
in response to hyposaline stress, making their involvement in DMSP production by coral
unlikely. The oxidation of DMSP-aldehyde to DMSP (Figure 1A and B, step 4) in the plant
pathway is biochemically similar to the reductase step of the algal pathway (Figure 1C, step 2
and Figure 4.4), hence the observed up-regulation of REDOX candidate genes is the only

evidence that the corals could use a plant-like DMSP pathway.

4.4.4. DMSP production in corals in response to hypo-osmotic stress

The increased production of DMSP in corals under hyposaline stress precludes an
osmoregulatory function, but is consistent with a role in conferring protection against ROS
generated under these conditions. However, DMSP is produced in some systems (e.g. the alga
Tetraselmis subcordiformis) simply in response to the availability of excess methionine
(Grone & Kirst 1992; Vierstra 1993), and this situation may occur in corals in response to

hyposaline conditions.

Osmoregulation has not been extensively studied in corals, but betaines have
emerged as likely to have major roles as osmolytes. Early evidence for this was based on
HPLC data where Yancey et al. (2010) surveyed a range of osmolyte candidates in seven
corals and some other cnidarians, identifying glycine betaine (also known as N,N,N-trimethyl
glycine) as the dominant osmoregulatory molecule in all of the corals studied except Porites
species. Similarly, glycine betaine was also implicated as the primary osmolyte in developing
larvae of the mushroom coral Fungia scutaria (Hagedorn et al. 2010). The presence of high
concentrations of betaines, particularly glycine betaine and taurine betaine, in Madracis spp.
corals has been confirmed by coupled HPLC/mass spectrometry (Hill et al. 2010). Increasing
levels of betaine correlated with higher light exposure in Madracis, suggesting roles in ROS

scavenging (Hill et al. 2010).
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Although, to our knowledge, osmolyte concentrations in Acropora have not been
documented, on the basis of the precedents above, betaines are likely candidates, and the
responses of Acropora to hypo-osmotic stress should be viewed in the context of the
requirement to decrease internal osmolarity by reducing betaine levels. Betaines are
catabolised via methionine and in the present study, betaine aldehyde dehydrogenase
(EC1.2.1.8; BADH) and betaine homocysteine methyltransferase (EC2.1.1.5; BHCMT) were
up-regulated in response to hyposaline conditions, which is consistent with betaine
breakdown. The action of BHCMT generates methionine and dimethylglycine, the latter of
which is metabolised to glycine (and hence to central metabolism) via sarcosine by the
sequential actions of dimethylglycine dehydrogenase (EC1.5.8.4; DMGDH) and either glycine-
N-methyltransferase (EC2.1.1.20; GNMT) or sarcosine dehydrogenase (EC1.5.8.3), all of
which were up-regulated under hyposaline conditions in the present study. Because of the
flux of homocysteine to methionine driven by betaine catabolism, methionine synthase
activity is redundant, which can account for the observed down-regulation of this enzyme
(EC2.1.1.13) and the others of the methyl cycle. Some methionine is rescued by conversion to
the activated form S-adenosyl methionine (note that methionine adenosyltransferase is up-
regulated under hyposaline conditions), while the excess is converted to DMSP via the
pathways discussed above. Excess DMSP itself can be metabolised by coral-associated
bacteria to the volatile compound DMS (Raina et al. 2010), effectively removing it from the
system. Note that some homocysteine can be directed into cysteine biosynthesis in other
animals (and possibly other corals), however, Acropora spp. lack the enzyme cystathionine [ ]

synthase (EC4.2.1.22; Shinzato et al, 2011), and so are unable to achieve this.

In addition to being produced as a consequence of betaine catabolism, methionine
(and cysteine) will arise in corals as a consequence of proteolysis, which is clearly implied by
the up-regulation of many genes encoding proteasome components observed during hypo-

osmotic stress (Chapter 3, Table S3.2, Supporting information). Increases in levels of free
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amino acids, including methionine, have previously been observed when the coral Acropora

aspera was exposed to hyposaline conditions (Cowlin 2012).

4.5. Conclusions

Hyposaline stress increased DMSP production in both adults and aposymbiotic
juvenile corals, and transcriptomic analyses highlight the potential involvement of specific
candidate genes in the production of DMSP via an alga-like pathway. The DMSP produced is
likely to provide protection against ROS arising as a consequence of stress, but may also
constitute a molecular sink for methionine arising as a consequence of osmolyte catabolism
as well as proteolysis. The biochemistry of DMSP production is not well established for any
eukaryotic system and, as the first animals in which it has been demonstrated, this is
particularly true in the case of corals. The transcriptomic data presented here have enabled
the identification of candidates for roles in DMSP biosynthesis in corals but, given its critical
roles in diverse biological processes, a thorough investigation of the molecular mechanisms

leading to its production by corals is required.
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4.6. Supporting information

Tables

Table S4.1. Statistical tests for DMSP concentration under salinity stress on the adult

Acropora millepora corals significance levels for: (A) MANOVA, and (B) Tukey post-hoc test.
Asterisk (*) represents significant differences (p adj< 0.05).

(A)
Effect DF H-F Pr
Intercept 1 0.00001
Salinity 2  0.00459*
Colony 1 0.71576
Salinity:Colony 2 0.86481
Residuals 9
(B)
Salinity Time . .
Diff | d
(PSU)  (hours) ! wr upr pad
35-40 1 1.476597 -9.09894 12.05213 0.926825
25-40 1 16.21631 5.640781 26.79185 0.0039486*
25-35 1 14.73972 4.164184 25.31525 0.0076419*
35-40 24 0.787524 -13.4579 15.03293 0.988091
25-40 24 2211324 7.867837 36.35865 0.0036137*
25-35 24 2132572 7.080313 35.57112 0.0046846*

Table S4.2. Statistical tests for PAM data under salinity stress on the adult Acropora

millepora corals significance levels for MANOVA.

Effect DF H-FPr
Intercept 1 0
Salinity 2 0.08826
Colony 1 0.12466
Salinity:Colony 2 092476
Residuals 5

Table S4.3. Sums of squares (SS), mean squares (MS) and significance levels for ANOVA of
DMSP concentration under salinity stress on juveniles of Acropora millepora corals. Asterisk
(*) represents significant differences (p< 0.05).

Effect SS df MS F P
Salinity 6.373 1 6.373 17.703 0.00024 *
Time 0.192 1 0.192 0.534 0.47081
Salinity:Time 0.379 1 0.379 1.053 0.31357
Residuals 10.079 28
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Table S4.4. A. millepora candidate genes to the DMSP biosynthesis pathway, glycine betaine
catabolism, and methionine salvage pathway. (A) Differentially expressed genes in response
to hyposaline stress, log2 fold change (log2FC) and false discovery rate (FDR) are reported
for each of the experiment datasets of the treatment (hyposalinic) relative to the control,
including EC pathway details. Red shading indicates genes that are differentially up-
regulated; blue shading indicates genes that are differentially down-regulated (FDR <0.05).
(B) Best blast hit, HMMER, and KOGG annotation listed for each enzyme.
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Table S5.5. Differentially expressed A. millepora aldehydes in response to hyposaline stress,
independent of the time factor. Log2 fold change (log2FC) and false discovery rate (FDR) are
reported for each of the experiment datasets of the treatment (hyposalinic) relative to the
control when excluding time as a factor. Red shading indicates genes that are differentially

up-regulated; blue shading indicates genes that are differentially down-regulated (FDR

<0.05).
Step Adulis Juveniles
Genome ID Protein ID
Abbrev. logZFC FDR logZFC FDR
REDOX1 1.2.9800.m1 Formyltetrahydrofolate dehydrogenase 1.77 9.08E-23 1.75 1.40E-277
REDMOX2 1.2.22357.m1 Aldehyde dehydrogenase 0.15 1.91E-02 0.22 3.03E-06
REDMOX3 1.2.21229.m1 Aldehyde dehydrogenase 0.30 1.54E-03 0.19 2.13E-02
L-glutamate gamma-semialdehyd
REDOX4 12124941 - Bubamates N 112 190E12
dehydrogenase
REDOXS 1.2.25403.m1 Aldehyde dehydrogenase 0.63 1.55E-09 -0.10 4 40E-02
REDOX6  1.2.20338.m1 Aldehyde dehydrogenase 0.58 2.84E-07 -0.50 474E-14
REDOX7 1.2.2152.m1 Aldehyde dehydrogenase 0.17 3.96E-04
REDOX8 1.2.11968.n1 NADPH-dependent FMN reductase® 0.48 6.03E-04 -0.37 4.02E-03
REDOX9 1.2.57.m1 Alcohol dehydrogenase (NADP+) 0.30 179E-05

131



Figures

Adults
607 —o- 25
== 35
504 —* 40
40~
30~
L] L] L]
0 1 24

Time (hours)

Juveniles
7 i\;
8+ \'
6-
4~
—— 28
2= == 35
c L] L]
24 48
(hours)

Figure S4.1. Changes acrylate concentrations (mean #* s.e.) in adult corals (n=5) and settled
juveniles (n=6) of the coral A. millepora. Adults (A) were exposed to control (35 PSU, green)
and two salinity stress conditions (25 PSU in blue and 40 PSU in black). Acrylate

concentrations were not significant between the control and treatments (H-F Pr > 0.05).
Juveniles (B) were exposed to control (35 PSU, green) and one salinity stress condition (28
PSU, blue). Acrylate concentrations were significantly different between the salinity
treatment and control of the A. millepora juveniles (F=10.59, *p<0.005). Concentrations were

not significant different through time.
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Figure S4.2. Symbiodinium cell density and photosynthetic efficiency (mean * s.e.) within the
adults of the coral Acropora millepora under control (35 PSU, green) and two salinity stress
conditions (25 PSU in blue and 45 PSU in black). (A) Density of Symbiodinium cells in the
coral nubbins through time (n=3). (B) Photosystem II photochemical efficiency (maximum
quantum yields: Fv/Fm) through time (n=9 in all time points, but n=3 at 28 h) (MANOVA, H-F

Pr > 0.05; Table S4.2, Supporting information).
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Chapter 5: General discussion

The key molecular components involved in the coral
response to environmental stress
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General contribution

This thesis represents a substantial contribution towards understanding the
molecular bases of the responses of the coral A. millepora to a number of stressors - osmotic
stress, and an immune challenge both with and without the additional stress of high pCO-
conditions. In this chapter, these results are discussed with a focus on identifying a core set of
general stress response genes that are induced by temperature, salinity and high pCO>
conditions. This chapter also focuses on the significance of this work in understanding the

connection between the coral health and the changing environment.

5.1. Genes involved in the cellular stress response in corals

Previous studies have enabled the description of general cellular stress responses
that are common across a wide range of organisms. These universal mechanisms represent
cellular responses to macromolecular damage that are independent of the type of stress and
conserved across a broad range of cellular organisms (Kultz 2005; Petrak et al. 2008). The
general response was analysed by Wang et al. (2009); this meta analysis used 66 proteomic
studies across 5 model species (worm, fly, human, mouse, rat), and samples taken from
different tissues, organs and conditions, to generate a list of 44 proteins that were detected
independent of the organism or stressor. These proteins grouped into five main functional
classes: energy metabolism, cytoskeleton organization, cellular growth, cycle and death, and
molecular chaperones. In the case of A. millepora, homologues of 26 of these 44 “universal”
stress response proteins were up-regulated under hypo-saline stress in our study (Table 5.1,
Chapter 3). An additional seven of these proteins were involved in the transcriptional
responses to stress in other coral studies (Chapter 3 Table S3.6). The molecular function
protein homeostasis is the most obvious component of the response of Acropora to hypo-
saline stress, and was one of the general stress responses identified in the Wang et al. (2009)

study.
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At the top of the list of the most frequently detected proteins is the heat-shock protein
70kDa protein 5 (HspAS5, also known as grp78 and binding immunoglobulin protein or BiP).
This chaperone, has a central function in the endoplasmic reticulum (ER) (Araki & Nagata
2011) and its expression increased in the coral A. millepora under high temperature and
under bacterial challenge (Brown et al. 2013; Rodriguez Lanetty et al. 2009). In the current
thesis, the HspA5 (1.2.4351.m1; Table 5.1) also displayed increased expression when corals
were exposed to hyposaline conditions or subjected to an immune challenge (Chapters 2 and
3, respectively). Two other Hsp70 genes (1.2.8575.m1 and 1.2.8573.m1; Table S3.6) were up-
regulated in response to both high temperature (in S. pistillata and A. aspera), and to hypo-
saline conditions in A. millepora (Chapter 3). Interestingly, in previous transcriptomic studies
these two Hsp70 were not differentially expressed in A. millepora juveniles under high pCO-
stress, whereas expression of other Hsps, including grp94 and other Hsp70s did increase
under these conditions (Moya et al. 2015) (Table 5). In general, the response of specific Hsps
constitutes a defined thermal stress indicator that is highly conserved across a wide range of
taxa that includes marine invertebrates (Hofmann 1999). For example, Hsp70 expression
levels were correlated to the intensity of temperature stress in mussels (Gracey et al. 2008).
Several specific Hsps24 were also shown to increase in expression under heat stress in two
Mytilus species, and it has been suggested that these may be general abiotic stress

biomarkers (Lockwood et al. 2010).
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Table 5.1. A. millepora homologues of the “universal” stress response proteins identified by
Wang et al. (2009; Table 2). Salinity (24 h) data represent the differentially expressed values
under hypo-saline stress in A. millepora (Chapter 3). Entries in the “Other studies” column
refer to coral stress response studies that have identified orthologues of the A. millepora
genes (for details see Table S3.6).

Protoin Name Coral Genome Protoin b Salinity24 h Other studies
D logZFC  Padj Type of stressor Authors
E:E'teﬂ_:f’;g kkg:]p“"’em 5(glucoseregulated ) yacy 11 spIP11021|GRP78 HUMAN 130  8.64E19 Eifﬁﬁt;sm’ m;tﬁ;ggj(zm%
challenge

Heat shock 70 kDa protein 8 12.8573m1  sp|P11142|HSP7C_HUMAN 107  6.37E-14 High temperature LM::;‘:%?{% (2014,
Heat shock 70 kDa protein & 128575m1  sp|P11142[HSP7C_HUMAN 177 6.54E-28 High temperature L":;i‘g%gtﬁg (2014),
Heat shock 60 kDa protein 1 (chaperonin) ~ 1.2.6096m1  sp|P10809|CH60_HUMAN 120  121E21 - -

Heat shock 27 kDa protein 1 12.6070ml1  sp|P04792/HSPB1 HUMAN 296  1.36E37 ﬁﬁthlmecrljl‘:]?::nu;z Palumbi et al (2014)
Superoxide dismutase 1 12240m1  sp|P00441(SODC HUMAN 042 1.07E-02 Hightemperature Palumbietal (2014)
Calreticulin 12.2683m1  sp|P27797|CALR_HUMAN 114 882E22 Hightemperature Maor Landaw et al (2014)
Protein disulfide isomerase family A 121667ml1  sp|P07237|PDIAL HUMAN 098 1.09E13 Hightemperature Maor Landaw et al (2014)
Protein disulfide isomerase family A 12.7144ml1  sp|P07Z37|PDIAL HUMAN 124 L174E27 - -

Protein disulfide isomerase family A 125704ml1  sp|P07237|PDIAL HUMAN 077 242E08 - -

Enolase 1, (alpha) 129573ml  sp|P06733[ENOA_ HUMAN 196 247E42 - -
Peroxiredoxin 12.10889m1 sp|P30041|PRDX6 HUMAN 045  6.20E-04 - -

Rho GDP dissociation inhibiter (GDI) alpha  1.2.5696m1  sp|P52565|GDIRL_ HUMAN 036  9.25E03 - -

Tubulin, beta 12.2538m1  sp|PO7437|TBBS_HUMAN 147 343E36 - -

Tubulin, beta 12.3539m1  sp|P07437|TBBS_HUMAN 060 5.29E03 - -

Tubulin, beta 12.2537m1  sp|P07437|TBBS_HUMAN 076  398E07 - -
Phosphogiycerate kinase 1 129109m1  sp|PO0SS8({PGK1_HUMAN 055  104E02 - -
Glyceraldehyde 3-phosphate dehydrogenase 1.2.16944m1  sp|P04406|G3P HUMAN 0.66 259E05 - -

Eukaryotic translation elongation factor 2 1.2.8169.m1  sp|P13639|EFZ HUMAN 110 S541E19 - -

FEukaryotic translation initiation factor 54~ 1.2.9574m1  sp|P63241|IF5A1_HUMAN 038 7.13E03 - -

Tumour protein, translationally comtrolled  1.2.343m1  sp|P13693[TCTP_HUMAN 114  13BE17 - -

Aldolase A, fructose- bisphesphate 12.6905m1  sp|PO407S|ALDOA_ HUMAN 051  LOBEO04 - -

Aldehyde dehydrogenase 2 family 129800m1  sp|POS091]ALDHZ HUMAN  2.35 5.22E68 - -

Cathepsin D 12.7013ml1  sp|P07339|CATD HUMAN 101 113E15 - -

Prohibitin 12.18477m1  sp|P35232|PHB_HUMAN 050 132E03 - -
Peptidylprolylisomerase A (cyclophilin )  1.2.18288m1  sp|P62937|PPIA_HUMAN 049  443E05 - -
Peptidylprolylisomerase A (cyclophilinA)  1.2.8532m1  sp|P62937|PPIA_HUMAN 064 1BIEO04 - -
Triosephosphate isomerase 12.14534m1  sp|P60174|TPIS_HUMAN 052 7.57E03 - -

T-complex 1 1211253m1  sp|P17987|TCPA_HUMAN 069  3.69E-07 - -
Nonmetastatic cells 2 12.6632ml  sp|P22392|NDKB_HUMAN 041  LB3E02 - -
Nonmetastatic cells 2 12.6628m1  sp|P22392|NDKB_HUMAN 13t L73EZ1 - -

Tyrosine 3-monooxygenase 1.212060m1  sp|P63104|1433%_ HUMAN 028  407E02 - -

Armexin AS 123250m1  sp|POB7SB|ANXAS HUMAN 048  4.50E04 - -

Other coral genes involved in the universal stress response include genes associated

with the ER protein folding and stress apparatus, such as protein disulphide isomerase (PDI),

calreticulin (CRT), and superoxide dismutase (SOD). These genes were consistently

differentially expressed under hyposaline conditions in A. millepora (Chapter 3) and under
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thermal stress in S. pistillata and A. hyacinthus (see Figure 5.1 identifying genes involved in
different environmental stressors in corals) (Maor-Landaw et al. 2014; Palumbi et al. 2014).
Note that the coral response to hypo-saline stress involved differential expression of a higher
proportion of the general cellular stress response genes in A. millepora, than has been

documented in any previously published study (Table 5.1).

Altogether, these results confirm that cellular responses to macromolecular damage
are involved in responses to both hypo-saline and thermal stress in corals, and that the coral
responses include homologues of proteins that respond to abiotic stressors in a wide range of
animals (Figure 5.1). Previous studies have described the expression of some members of
this core set of genes in stressed corals, but the work described here is the first to make a
comprehensive comparison with the general stress response of higher organisms. With the
application of transcriptomic and proteomic techniques, it should now be possible to identify
biomarkers diagnostic of the health status of natural coral populations. However, important
caveats that should be taken into account include the potential for spatial and temporal
variation in levels of these markers, and the potential for lack of correspondence between the
transcriptome and proteome levels (Somero 2012). For example, in both mussels and corals,
the expression of genes encoding specific Hsps and proteolytic enzymes varies with the
circadian cycle, in addition to there being temporal variation in the expression of groups of
genes involved in a specific metabolic functions (Gracey et al. 2008; Levy et al. 2011). Also, as
discussed by Feder & Walser (2005), the correlation between mRNA and protein abundance
levels was less than 50% in several human and yeast studies, and there is evidence that the
degree of correlation differs between classes of genes / proteins (Greenbaum et al. 2003).
These limitations highlight important considerations for future work in corals such as
investigating temporal variation, and complementing transcriptomic analyses with proteomic
studies. As highlighted by Wang et al. (2009), there is also a need to identify biomarkers for

specific stressors. From this perspective, it is important to investigate the functions of genes
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that respond only to a specific stressor. For example, genes of specifically expressed under
hypo-saline conditions in both corals and mussels (Chapter 3) (Lockwood & Somero 2011;
Tomanek et al. 2012). This PhD work (Chapter 3 and 5) contributes by identifying repertoires
of genes that could potentially indicate that corals had experienced specific environmental

stressors.
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Figure 5.1. Schematic representation of general responses of Acropora to abiotic stress
based on known mammalian responses (Araki & Nakata, 2011; Zhang & Kaufman 2008). The
figure is based on data from a number of different stress response experiments, details of
which are given in Table 5.1 and Table S3.6. Mechanisms potentially operating inside coral
cells under stress include: 1) ER chaperone activity by calretiulin (CRT) and calnexin (not
shown), promotes proper protein folding and prevents aggregation. CNX/CRT can also lead
unfolded proteins to be targeted by BiP and its co-chaperones (ERdj6) into the ER-associated
degradation pathway (ERAD). This pathway involves a ligase complex (which includes
GRP94) and brings about protein translocation to the cytosol where they are finally
degraded. 2) ER protein folding involving the oxidation of disulphide bonds by protein
disulphide isomerase (PDI) generates reactive oxygen species (ROS) and therefore leads to
ER stress. 3) Cellular stress can lead to increased levels of Hsps and generates ROS, leading to
the activation of the antioxidant system, which includes superoxide dismutase (SOD) and
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catalase (CAT) activities. 4) Accumulation of unfolded proteins in the ER can activate the
unfolded protein response (UPR). This system is mediated by membrane proteins that are
activated by the release of BiP. The activated signalling cascade results in translation of ER
recovery genes.

5.2. Cellular stress response under an immune challenge

Previous studies have demonstrated crosstalk between cellular stress and immune
responses in a number of animals. For example, BiP produced as an ER stress response can
act as a cytokine and increase pro-inflammatory responses in man (Asea et al. 2000; Pinsino
& Matranga 2015). The coral response to LPS challenge included the up-regulation of several
Hsp20s (1.2.6070.m1, 1.2.6572.m1, 1.2.6574.m1; Table S3.6), an Hsp70 and BiP
(1.2.4351.m1, 1.2.19257.m1; Table S3.6), as demonstrated in Chapter 3 of this thesis. These
increases do not necessarily indicate stress, and could rather be considered part of the innate
immune response (Pinsino & Matranga 2015), particularly in view of the fact that no other
stress response genes were up-regulated (Table 5.1). Although we do not have further
information on the function of these Hsps in corals, the transcriptomic response of specific
Hsps in our salinity and immune challenge experiments (Chapters 2 and 3), in addition to
other elevated temperature, high pCO; stress studies, suggests that these proteins are
involved in a common stress response. In particular, the ubiquity of BiP expression noted
here suggests that this gene may be suitable as a general biomarker of the stressed state in

corals.

5.3. DMSP production under environmental stress

DMSP is a key intermediate in the sulphur cycle molecule and precursor of the volatile
gas dimethylsuphide (DMS). DMSP is known to be generated by higher plants and algae, and
has also recently been shown to be produced by the coral animal (Raina et al. 2013). This
compound has several important roles in plants, which produce DMSP in response to a
variety of environmental stressors (i.e. light, salinity, temperature and nitrogen limitation)

(Stefels 2000). Several studies have focused on the plant response to hyper-saline conditions,
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where DMSP increases with salinity and the molecule likely functions as an osmolyte (Trossat
et al. 1998; Vairavamurthy et al. 1985). Although there have been relatively few studies on
the influence of hypo-osmotic stress on DMSP biosynthesis in plants, loss of DMSP from algal
cells under these conditions has been documented (Dickson & Kirst 1986; Niki et al. 2007).
The results reported in Chapter 4 demonstrate that DMSP production by the coral animal
increased under hypo-saline conditions but remained unchanged under hyper-saline
conditions. These results indicate that DMSP does not act as an osmolyte in corals, but
appears to have a more general role in the response to stress, as its production increases

under both hypo-saline (Chapter 4) and high temperature conditions (Raina et al. 2013).

The data reported in this thesis, including the combination of gNMR and
transcriptomics, represents a major advance in understanding DMSP biosynthesis in corals
(Chapter 4). This thesis identified candidate genes for roles in DMSP biosynthesis in corals,
based on the rationale that the genes involved are likely to be up-regulated under
environmental conditions that resulted in increased production of DMSP. In addition, the
trancriptomic approach identified the pathways involved in the biosynthesis of methionine,
the precursor of DMSP. Increases in the expression of genes involved in methionine
production, in addition to increases in the expression of genes involved in proteolysis and
stress responses, supports the conclusion that DMSP serves as a scavenger of ROS and is

produced in coral as a sink for excess methionine.

5.4. Ecological significance and concluding remarks

The genus Acropora is of particular ecological significance on the GBR and in the
wider Indo-Pacific, because it is the dominant and most diverse genus in this region (Veron
2000). However, the high sensitivity of Acropora spp. to elevated temperatures makes them
particularly vulnerable to bleaching (Loya et al. 2001), and understanding the impacts of not

only of heat stress, but also other environmental stressors is key for predicting how well or
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badly they are likely to fare in future. This PhD work contributed to a broader understanding
of the molecular responses of A. millepora to environmental stress. By studying the response
to osmotic conditions resembling those experienced during heavy rainfall events, this study
determined that these conditions lead to up-regulation of the protein degradation and
antioxidant systems in corals (Chapter 3). These results aid our understanding of the
molecular processes that may drive coral mortality and declines following hypo-saline events
on the GBR (Berkelmans et al. 2012; Butler et al. 2015; Downs et al. 2009). Interestingly,
during low salinity events, the coral A. millepora increases DMSP production, potentially
contributing higher flux of DMS to the atmosphere. This DMS can influence local climate as it
reacts to form sulphate aerosols (sulphate and methane sulphonate) within the marine
atmospheric boundary and can influence cloud albedo (Charlson et al. 1987). Likewise,
quantifying DMS production on the reef will be important to understand the influence of low

salinity events on the biogenic sulphur cycle (Broadbent & Jones 2004).

This PhD work also contributed to understanding the interactions between the
environment, biotic stressors, and the coral holobiont (Figure 1.7), first by identifying genes
involved in the immune response, and second by indicating the impact on the immune
response of exposure to elevated pCO; conditions approximating to near future ocean
acidification values (IPCC 2013) (Figure1.2). Further studies should investigate the extent to
which the coral immune system can acclimate to prolonged elevated pCO.. There are
precedents for acclimation to stress. For example, Palumbi et al. (2014) described
acclimation of a field population of A. hyacinthus to a more challenging temperature regime

within one year.

The ability of corals to acclimate is unlikely to be uniform; more likely, some species
will have a greater capacity to acclimate to environmental and immune stressors than others

(Mydlarz et al. 2010). Acropora species appear to be more vulnerable than many other corals
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to environmental stress. For example, acroporoid corals were reported to be declining in the
Caribbean due to environmental stressors, whereas Porites spp. were found to be more
tolerant (Green et al. 2008). However, the molecular bases of this observation are currently
unknown. The results presented in this study (Chapter 2 and 4) provide candidates for a
comparative analysis of stress response genes between species. It will be informative to
compare both the stress response repertoire and the levels of expression of these genes

across a range of species that represent a spectrum of stress sensitivity types.

Importantly, protein-coding genes and gene regulation are the primary determinants
of the ability of species to cope with environmental change by regulating cellular stress while
providing the species with phenotypic plasticity (Somero 2012). This PhD work has made a
major contribution in identifying protein-coding genes that are central in the coral molecular
response to present and future environmental conditions. In addition the study has provided
new insights into the genes that have a key role in defending to coral against environmental
stress and maintaining coral health. However, results presented in this thesis are only part of
a larger picture with further research required to characterise the functions of these proteins,
which will be a significant step to further understand the corals response to both abiotic and

biotic stressors under climate change challenges.
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