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Thesis Abstract

Dimethylsulfoniopropionate (DMSP) is an organic sulfur compound that plays
important ecological roles in marine ecosystems. It serves as a nutrient for marine bacteria
and acts as a signalling molecule for a diverse range of organisms from seabirds to fish.
DMSP is central to the global sulfur cycle as it bridges the marine and atmospheric sulfur
cycles by releasing its breakdown product, dimethylsulfide (DMS) gas, into the atmosphere,
which can induce cloud formation. Corals are one of the largest DMSP producers in the
ocean. In the coral holobiont, endosymbiotic algae of the family Symbiodiniaceae contribute
the majority of DMSP production, though the coral host and coral-associated bacteria are also
capable of producing this compound, adding to the coral pool. DMSP is catabolised via
cleavage pathways to DMS and acrylate and these metabolites play a crucial role in coral
health as they act as antioxidants and stress indicators. High levels of DMSP and acrylate are
present in fast-growing Acroporids, with other genera containing considerably less. This
observation suggests a potential direct relationship that may provide an advantage to

Acroporids compared to other slower-growing taxa.

This study investigates the potential roles that DMSP and acrylate may have within
the coral holobiont. I review (Chapter 1) aspects of coral chemistry, specifically focusing on
the underlying coral calcification process before discussing the potential function of DMSP
and acrylate in enhancing coral growth through aiding calcification. I then examine if
supplementation with exogenous DMSP or acrylate can increase the pool of DMSP and
enhance the growth of aposymbiotic coral juveniles (Chapter 2). I also investigate whether
hosting different Symbiodiniaceae species can increase this pool of DMSP and enhance the
growth of coral juveniles (Chapter 3). Finally, I provide a broad overview (Chapter 4)
discussing in detail the evidence for and against a role of DMSP and acrylate in promoting
calcification in fast growing Acroporids, in addition to other putative roles in the coral

holobiont.

The ability of coral to uptake exogenous DMSP and acrylate to enhance the pool of
DMSP in coral tissues and utilize it for growth is unknown. In Chapter 2, exogenous DMSP
or acrylate was supplemented to newly settled aposymbiotic fast-growing Acropora kenti
juveniles and slow-growing Goniastrea retiformis. DMSP concentrations in A. kenti tissues
supplemented with DMSP were similar to those of aposymbiotic control juveniles, indicating

that this species has the capacity to endogenously produce DMSP. DMSP was not detected
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within aposymbiotic G. retiformis juvenile tissue; however, these juveniles were able to take
up exogenous DMSP, as confirmed with liquid chromatography-mass spectrometry (LC-MS).
Growth of both A. kenti and G. retiformis was not enhanced by exogenous supplementation of
DMSP, and therefore there was no evidence that DMSP or acrylate supplementation
promoted coral growth, suggesting that in G. retiformis the uptake of DMSP may support

other ecological functions.

Different species of isolated Symbiodiniaceae cultures exhibit varying intracellular
DMSP concentrations. In Chapter 3, newly settled recruits of 4. kenti and G. aspera were
inoculated with two different clades of symbionts. A. kenti juveniles hosting Durusdinium
displayed higher DMSP concentrations within coral tissue and experienced greater growth
during early ontogeny (days 4 - 37) compared to juveniles hosting Cladocopium. However, by
the end of the experiment (day 51), corals with Cladocopium achieved similar DMSP
concentrations and growth as juveniles hosting Durusdinium. Although higher growth
correlated with higher DMSP concentrations in Acropora juveniles inoculated with
Symbiodiniaceae, suggesting DMSP might be involved in coral calcification, no direct link
between DMSP levels and enhanced coral growth could be established. In addition, though
this study identified that Goniastrea aspera juveniles could uptake DMSP derived from the

Symbiodiniaceae, their coral growth was not enhanced in this slow growing genus.

In summary, this study investigated the functions of DMSP and acrylate in a fast-
growing Acropora and slow-growing Goniastrea recruits through exogenous DMSP
supplementation and Symbiodiniaceae inoculation. The biosynthesis of DMSP in
aposymbiotic Acropora coral juveniles was demonstrated, whereas aposymbiotic Goniastrea
did not exhibit this capability. It reveals that Goniastrea juveniles have the mechanism to
uptake and maintain tissue DMSP concentrations through either exogenous DMSP
supplementation or Symbiodiniaceae inoculation and achieve a similar concentration as
aposymbiotic Acropora juveniles. Additionally, this study identifies genus-specific responses
to DMSP enhancement from hosting Symbiodiniaceae, where Acropora growth was
enhanced, though Goniastrea juvenile growth did not differ from that of the aposymbiotic
controls. These studies did not find conclusive evidence for the role of DMSP and acrylate in
coral calcification, yet it is possible the promoted DMSP concentrations in coral could be
fuelling other non-calcifying processes. However, these studies do highlight the complexity
when investigating DMSP and acrylate metabolic pathways within the coral holobiont and

have provided valuable insights into the fundamental understanding of DMSP production in
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coral recruits. Multiple research directions are suggested to further the understanding of the

potential functions of DMSP and acrylate in coral calcification.
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Chapter 1 General introduction

1.1 Ocean acidification and marine carbon chemistry

The oceans absorb nearly a third of the annual carbon dioxide (CO2) released into the
atmosphere (Gruber et al. 2019), in doing so buffering the Earth’s greenhouse effect (Doney
et al. 2009). This CO2 is absorbed by seawater in the form of carbonic acid (H,CO3) (Doney
et al. 2009), and, through the dissociation of hydrogen ions (H"), can form bicarbonate ions
(HCO3) and carbonate ions (CO32-). The dissociation of H* and the respective concentrations
of H,CO3, HCO3™ and CO3?- determine the pH of the seawater and, under normal conditions,
an equilibrium between these ions is maintained (Figure 1.1). Ocean acidification (OA)
occurs when large amounts of atmospheric COz enters the marine system, increasing seawater
COz2 concentrations and elevating H2COs levels. This forces the equilibrium to favour H*
dissociation and formation of HCO3-. Consequently, the available CO3?" in the ocean reacts

with the excess H" to form more HCO?-, resulting in fewer CO3?" ions available for calcifying

organisms shifting the equilibria, leading to an overall decrease in ocean pH.

0=C=0 + O,

Carbon Dioxide Water
(COz) (H,0)
O O O
! “ L
—_— + _ —_— + _ _
SN N N
HO” SOH == H + 07 oH —— 2H" + 7™
Carbonic acid Hydrogen ion Bicarbonate ion Hydrogenion Carbonate ion
(H2C03) (H") (HCOy) (H" (CO5?)

Figure 1.1 Illustration of the ocean carbonate equilibrium under normal conditions (black
arrow), and the shift under ocean acidification (red arrow)

Calcifying organisms form calcium carbonate (CaCQ3) via an enzyme-mediated ionic
reaction between calcium ions (Ca%") and CO3?- (Drake et al. 2013; Mass et al. 2013; Ramos-
Silva et al. 2013; Von Euw et al. 2017). In essence, the calcification process is determined by
the availability of these ions in the surrounding seawater. Under OA, less CO32 is available in

the seawater, ultimately reducing the ocean’s CaCO3 saturation state (Hoegh-Guldberg et al.
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2007; Morse et al. 2007; Chua et al. 2013). As such, OA introduces significant challenges to
coral and other calcifying marine organisms that require CO3?" for skeletal formation. The
effect of OA is likely to amplify under future predicted climate scenarios of increasing
atmospheric CO2 (Jiang et al. 2019), raising concerns about future calcification rates of many
marine organisms. Scleractinian corals are considered foundation reef-building species
(Bellwood et al. 2003; Rocha and Bowen 2008; Inoue et al. 2013; Foster et al. 2016); the
calcified skeletal structure of corals supports many marine organisms by providing habitat and

nutrients (Cole et al. 2011). Therefore, any reduction in coral calcification will ultimately

have wide-reaching impacts for coral reefs.

Coral skeleton is primarily composed of orthorhombic CaCO3 crystal structures,
known as aragonite, and while it is physically robust it is also chemically unstable (Ni and
Ratner 2008; Antao and Hassan 2009). Aragonite solubility increases with acidity; therefore,
OA not only reduces its saturation state and accretion rate, but also increases CaCO3
dissolution, further adversely impacting coral calcification processes (Morse et al. 2007).
According to modelling predictions of OA, even pre-existing coral skeletons may be at risk of
dissolution (Marubini et al. 2008; Jokiel 2011; Steiner et al. 2018a). Therefore, OA represents
areal and current threat to the future of coral reefs (Hoegh-Guldberg et al. 2007; Chua et al.
2013). As such, an improved understanding of the calcification process in Scleractinia coral,
including the chemical pathways that mediate it, is necessary to formulate mitigation

strategies to protect coral reefs into the future.

1.2 Dimethylsulfoniopropionate and the marine sulfur cycle

The CLAW hypothesis postulates that sulphated atmospheric aerosols, produced from
marine algae-derived gaseous sulfur, induces cloud formation and creates a negative feedback
loop to control local climate (Charlson et al. 1987) The volatile gas dimethyl sulfide (DMS),
notable by its distinct smell of the sea, is produced through the enzymatic conversion of
dimethylsulfoniopropionate (DMSP) (Stefels 1997). As DMS permeates through the water
column it can either be oxidized to dimethyl sulfoxide (DMSO) or released into the
atmosphere where it is converted to methanesulphonic acid (MSA) and sulfur dioxide (SO2),
the SO2 further oxidizing to sulphated aerosols (Ayers and Gillett 2000; Carpenter et al.
2012). In high light conditions marine plankton produce more DMS, with more released into
atmosphere; the increased concentrations of derived sulfate aerosols induce cloud formation

which consequently also increases the reflectivity of solar radiation and cools ocean surface
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waters, relieving temperature stress. Hence, DMSP plays an important role in the atmospheric

sulfur cycle (Sievert et al. 2007).

Acrylate, a 3-carbon compound produced during the conversion of DMSP to DMS, is
present in many marine organisms, including bacteria (Kirkwood et al. 2010; Todd et al.
2010), algae (Sunda et al. 2002; Alcolombri et al. 2015), diatoms (Kettles et al. 2014;
Kageyama et al. 2018) and phytoplankton (Sieburth 1960; Yoch 2002). The biological
function of acrylate has been investigated in numerous different biological systems (Wolfe et
al. 1997a; Sim6 2001a; Yoch 2002; Todd et al. 2010; Curson et al. 2011a, 2014; Moran et al.
2012) and all three compounds (acrylate, DMS and DMSP) have crucial roles in many marine
ecosystems. For example, reef fish larvae which are spawned into oceanic currents, follow the
distinct chemical odour of DMS to relocate back to reefs (Foretich et al. 2017). Antarctic
Procellariiform seabirds use DMS as an olfactory foraging cue to locate their prey krill and
other zooplankton that are rich in DMS (Nevitt et al. 1995; Nevitt 2000). Pygoscelid penguins
feed on an algal rich diet which emits DMS and accumulates the algal-derived acrylate within
their gut (Sieburth, 1961), even though in high concentrations acrylate is toxic to many
organisms (Wang et al. 2002). The marine coccolithophore Emiliania huxleyi uses acrylate as
a deterrent against grazing by microzooplankton Oxyrrhis marina (Wolfe et al. 1997a; Simo
2001a), while a subsequent study identified that DMSP added to seawater reduced the grazing
of Amphidinium longum on E. huxleyi (Strom et al. 2003). This suggests some
macrozooplankton recognize nontoxic DMSP as a signalling compound for the presence of
toxic acrylate. In marine algae, DMSP, DMS and acrylate all function as antioxidants by
scavenging hydroxyl radicals and reactive oxygen species (ROS) generated by the excessive
photosynthetic activity induced under ultraviolet stress or other environmentally challenging
conditions (Sunda et al. 2002). Indeed, acrylate is 20 times more reactive to hydroxyl radicals
than DMSP (Sunda et al. 2002). Overall, these metabolically interrelated compounds have
many biological functions and, in addition to contributing to the cycling of sulfur, are

considered important signalling compounds in the marine environment (Strom et al. 2003).

1.2.1 The metabolism and function of DMSP in the coral holobiont

Acrylate, along with DMSP, are also produced in high quantities in fast growing hard
corals of the Acroporidae family (Tapiolas et al. 2010). In the coral holobiont, studies
investigating DMSP function have established it to be a stress response indicator (Gardner et
al. 2016, 2017b; Hopkins et al. 2016). For example, the hard coral Acropora millepora

produces high levels of DMSP, when exposed to thermal stress, hypo-saline conditions or
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nutrient enrichment, which activates antioxidant mechanisms (Raina et al. 2013; Deschaseaux
et al. 2014b; Jones and King 2015; Gardner et al. 2016; Aguilar et al. 2017; Westmoreland et
al. 2017). The production of this DMSP was initially attributed to the Symbiodiniaceae
(Broadbent et al. 2002; Oduro et al. 2012), however, studies on the other members of the coral
holobiont have since confirmed the coral host (Raina et al. 2013) and several bacteria species
isolated from corals (Kuek et al. 2022) are also capable of producing DMSP. Raina et al
(2013) specifically demonstrated that newly settled Acropora millepora and A. kenti (formerly
A. tenuis (Bridge et al. 2023)) juveniles, produce DMSP in the absence of their algal
symbionts (Raina et al. 2013; Bridge et al. 2023). These aposymbiotic Acropora were capable
of heightened DMSP production to combat thermal stress. In a related study, DMSP was also

found to structure the coral microbial community, acting as a bacterial signalling molecule,

attracting microbial communities that support coral health (Raina et al. 2010, 2013).

The amount of DMSP produced by Symbiodiniaceae is species-specific and varies
depending on environmental conditions. For example, free-living Cladocopium, commonly
found in corals, can produce higher levels of DMSP and DMS than Durusdinium under
normal conditions. In contrast, when Cladocopium 1s thermally stressed, DMSP levels
decrease to concentrations similar to those observed in Durusdinium, suggesting the less
thermally tolerant Cladocopium utilises the sulfur compounds as an antioxidant to combat
thermal stress (Deschaseaux et al. 2014a). However, the influence of hosting different species
of Symbiodiniaceae on coral holobiont DMSP concentrations is unknown. Importantly, the
Symbiodiniaceae species type has a strong effect on the host coral traits and responses to
environmental conditions (Cantin et al. 2009). The endosymbiotic algal partner acquires CO2
and water from the coral host allowing photosynthesis, in return providing photosynthates and
oxygen to the coral host, supporting energy acquisition and growth (Hughes and Grottoli
2013). A. tenuis coral juveniles from reefs in Okinawa Japan (taxonomy currently under
revision (Bridge et al. 2023)) which hosted Durusdinium exhibited significantly higher
skeletal development in their early life stages (first 4 months) compared to those hosting
Cladocopium (Yuyama and Higuchi 2014). However, when subjected to thermal stress,
juveniles hosting Cladocopium displayed higher photosynthetic activity compared to
Durusdinium, though also had a higher mortality (Yuyama et al. 2016). Collectively, this
evidence implies that hosting distinct Symbiodiniaceae species could potentially impact coral

traits and the concentration of DMSP within the coral holobiont. This begs the question: can
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coral calcification be enhanced through a greater pool of DMSP made available by the

symbionts?

All members of the coral holobiont (i.e., coral host, Symbiodiniaceae and bacteria)
have the genetic machinery to degrade DMSP via the cleavage pathways catalysed by DMSP
lyase converting DMSP into DMS and acrylate in a 1:1 ratio (Cantoni and Anderson 1956;
Todd et al. 2010; Curson et al. 2011a, 2014; Shinzato et al. 2021). In the coral host, the
cleavage of DMSP to DMS and acrylate is facilitated by DMSP lyase like (DL-L) genes,
similar to the Almal lyase enzymes that have been identified in Emiliania huxleyi algae
(Alcolombri et al. 2015; Chiu and Shinzato 2022). These eukaryotic DMSP lyases exhibit
distinct homology compared to bacterial DMSP lyases (Alcolombri et al. 2015). A genus-
specific expansion of the DL-L genes have been reported in Acropora genera, and it is likely
that these genes are actively expressed (Chiu and Shinzato, 2022; Shinzato et al., 2021),
facilitating the high levels of acrylate observed in this genus (Tapiolas et al. 2010).
Conversely, other coral genera such as Galaxea, Goniastrea, and Porites only possess a single
copy of the DL-L genes (Shinzato et al. 2021; Chiu and Shinzato 2022). Genetic analyses
have revealed that the DL-L genes in Acropora share similarities with those identified in
Symbiodiniaceae and hence the endosymbiotic dinoflagellates are also equipped with the
capacity for cleaving DMSP to DMS and acrylate. Interestingly, this similarity suggests that
the ancestor of Scleractinian corals might have acquired DL-L genes through horizontal gene

transfer from their endosymbiotic Symbiodiniaceae partner (Shinzato et al. 2021).

In coral associated bacteria, DMSP lyase encoded by the ddd’s genes (dddL, dddP,
dddQ, dddw, dddK, dddY) have been identified and shown to be responsible for the cleavage
of DMSP to DMS and acrylate (Todd et al. 2009; Raina et al. 2010; Curson et al. 2011a;
Bullock et al. 2017; Tandon et al. 2020a; Kuek et al. 2022; Li et al. 2022). In addition, coral
microbes are capable of cleaving DMSP with a coenzyme A (CoA) transferase (encoded by
the dddD gene) to produce 3-hydropropionate and DMS. These bacteria utilize DMSP as
carbon source to support growth and survival (Curson et al. 2008; Tandon et al. 2020a).
Alternatively, DMSP can be degraded through the demethylation pathway, a process
facilitated by the dmdA enzyme common in coral associated bacteria (Todd et al. 2007). This
enzymatic activity leads to the production of 3-methyl-propionate (MMPA), which
subsequently undergoes further metabolization to yield methanethiol (MeSH). MeSH is
hypothesised to be further metabolised to acrylate, although the metabolic pathway is unclear

(Howard et al. 2008). Furthermore, the key coral metabolites fumaric acid, glycerol and lactic
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acid have been hypothesized, though yet to be confirmed, to produce acrylate (Westmoreland
et al. 2017).

This compound serves as a source of organic carbon and sulfur, contributing to
microbial energy production and protein synthesis (Kiene et al. 1999; Kiene and Linn 2000).
In marine bacteria, the DMSP metabolism pathways are regulated based on DMSP
availability and environmental condition (Gao et al. 2020). Under thermal stress, when DMSP
concentrations are high, coral associated bacteria upregulate the cleavage pathway activity to
produce more antioxidant DMS and acrylate (Gardner et al. 2022). However, the machinery
that regulates the activity of the DMSP breakdown pathways is unknown in the coral host and

Symbiodiniaceae.

1.2.2 Acrylate as a potential antioxidant and indicator of environmental stress

While both DMSP and DMS have received considerable attention and been found to
have important consequences for coral health, i.e., acting as antioxidants (Sunda et al. 2002;
Jones et al. 2007; Gardner et al. 2022), few studies have investigated the function of acrylate
in corals (Tapiolas et al. 2010, 2013; Westmoreland et al. 2017). Acrylate has been shown to
be present in high concentrations in both the coral tissues (Raina et al. 2010; Tapiolas et al.
2010) and the associated mucus layer (Raina et al. 2009; Todd et al. 2010), though is toxic to
many marine organisms (Wang et al. 2002), this suggests acrylate plays a particularly

important role as chemical defence in these corals.

The role of acrylate in scavenging hydroxyl radicals and ROS in coral has been
investigated. As acrylate is a potential effective ROS scavenger (Sunda et al. 2002), the
observed reduction in acrylate levels (Raina et al. 2013) may reflect a role in ROS elimination
and hence be an indicator that corals have experienced oxidative stress. Exposure of Acropora
juveniles to hypo-saline conditions for 24 hours also resulted in lower levels of acrylate
(Aguilar et al. 2017). Similar to thermal stress, the reduction of acrylate levels may reflect
scavenging excess ROS resulting from hypo-osmotic conditions. In contrast, nutrient
enrichment (i.e., high ammonium and phosphate) and low calcium conditions, as occurs from
agricultural runoff (GESAMP 2001; Ajikumar et al. 2005), resulted in an increase in acrylate
concentrations in corals (Westmoreland et al. 2017). This suggests acrylate production is a

direct response to oxidative stress, i.e., from ammonia (Sunda et al. 2002). These responses to

environmental stressors indicate acrylate is an important coral stress indicator.
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1.3 Skeleton formation: a chemical and biological mediated process

Significant research effort has focused on the mechanisms that drive coral skeleton
formation, and it is widely acknowledged that calcification is a complex process under both
physicochemical and biological control. Under the physicochemical theory, the calcification
rate is dictated by CO32- availability according to the marine carbonate equilibrium and pH of
seawater (Marshall et al. 2007; Venn et al. 2011; Allison et al. 2014). However, a recent study
investigating the ratio of elemental calcium to strontium and magnesium (elements that
influence the crystal structure of CaCO3) in the coral skeleton revealed that ratios were not
thermodynamically equivalent to that in seawater (Mass et al. 2017). This equilibrium
divergence indicates that the physicochemical availability of CO3?- in the environment does
not reflect the calcification process of coral (Von Euw et al. 2017) and is not simply passive.
Recent evidence suggests calcification is primarily biologically driven (Mass et al. 2017; Von
Euw et al. 2017), with the incorporation of CO3?" into coral tissue during calcification being
mediated by the organic matrix and its component proteins (Drake et al. 2013; Mass et al.
2013; Ramos-Silva et al. 2013). This finding proposes that biomacromolecules are central to
the calcification process (Von Euw et al. 2017), but this does not exclude the effect of
physicochemical conditions. Low CO3?- availability in seawater, as a result of OA, would still
limit the calcification rate, therefore, coral skeleton formation is influenced by both

physicochemical and biological factors.

1.3.1 Calcium ion (Ca?*) transport mechanism for coral calcification

The calcification site in the coral organic matrix is isolated from the seawater by the
epithelial tissue layer (Findlay et al. 2011). Specific mechanisms are necessary to transport
calcifying materials to the calcification site through various tissues. Corals are believed to
acquire Ca?* for skeleton formation from the surrounding seawater through passive diffusion
via Ca?"* channels located on the external surface of the cell membrane (Zoccola et al. 1999;
Allemand et al. 2004a, 2011). Calcium ions are passively (or paracellularly) transported
through the oral and coelenteron tissues and then actively into the calicoblastic epithelium
cells via L-type voltage-dependent Ca?* channels (Ip et al. 1991; Zoccola et al. 1999; Furla et
al. 2000; Allemand et al. 2004a; Tambutté et al. 2011; Hohn and Merico 2012). Finally,
plasma membrane Ca®" adenosine triphosphatase (PMCA) actively pumps Ca?" into the
extracellular calcification site (Zoccola et al. 2004; Sevilgen et al. 2019). This process is also
documented in other marine calcifying organisms, such as foraminifera and sea urchins

(Khalifa et al. 2016; Vidavsky et al. 2016). However, alternate paracellular pathways that
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enable passive diffusion of Ca%" through the subectodermal space of the calicoblastic cells and
entry into the calcification site have been proposed (Constantz 1986; Allemand et al. 2011).
The potential for passive diffusion of Ca?* was determined based on permeability of the
calicoblastic cellular membrane (Tambutté et al. 2011). Nevertheless, there is still no
definitive evidence regarding the preferred route of Ca2* incorporation in corals, primarily due
to the relative contribution of paracellular and transcellular transportation routes likely

varying between species (Hohn and Merico 2012; Sevilgen et al. 2019). Further effort is
required to truly understand Ca?* permeability through the calicoblastic cell layer (Allemand
et al. 2011; Tambutté et al. 2011; Sevilgen et al. 2019) and how it influences the deposition of

CaCOs (i.e., calcification).

1.3.2 Carbonate ion (CO3?*) transport mechanism for coral calcification

Initially, the acquisition of CO3*" for skeleton formation in corals was thought to
happen through passive diffusion of CO2 (Pearse 1970). However, subsequent studies
revealed that CO2 concentrating mechanisms in coral cells were not the primary source of
CO3?- for calcification. Instead, research demonstrated that HCO3- from seawater plays a
crucial role in coral calcification (Herfort et al. 2008; Marubini et al. 2008; Allemand et al.
2011). A membrane bound carbonic anhydrase is responsible for actively converting
seawater-derived HCO3™ to CO2 which then diffuses into the ectodermal cells of coral
(Zoccola et al. 2015). Inside these cells, intracellular CO2 is converted back to HCO3™ by
another carbon anhydrase and transported into the calicoblastic cells through a solute carrier
bicarbonate type 4 transporter known as SLC4y (Zoccola et al. 2015; Sevilgen et al. 2019).
Alternatively, HCO3 can also diffuse paracellularly from the coelenteron to the outer surface
of the calicoblastic tissue where it crosses the calicoblastic membrane via another SLC4y
transporter (Furla et al. 2000; Zoccola et al. 2015). Therefore, HCO3" is supplied to the
calicoblastic tissue through both active and passive transport mechanisms. Similarly, HCO3"
within the calicoblastic cells, regulated by carbonic anhydrase, is transported to the
calcification site by SLC4y. Additionally, CO2, produced through mitochondrial respiration,
diffuses across the membrane, and is converted to HCO3~ by yet another carbonic anhydrase
enzyme. However, the relative contribution of paracellular and transcellular HCO3- transport
mechanisms to the calcification site is unclear and requires further investigation (Barott et al.
2015). Finally, in the presence of biomacromolecules, intracellular Ca?>* and HCOs- at the

calcification stie undergoes nucleation to form CaCO3 (Equation 1).

Ca?"+2 HCO3 — CaCOs3+ CO2+ H20
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1.4 Physical and chemical properties of calcium carbonate in aragonite formation

The shells and skeletons of various calcifying marine organisms, such as molluscs and
echinoderms, consist of a combination of orthorhombic (aragonite) and rhombohedral
(calcite) CaCOs crystals (Hossain et al. 2009; McDougall and Degnan 2018). In contrast,
corals exclusively secrete CaCO3 in the form of orthorhombic crystals (aragonite) (Higuchi et
al. 2014; Falini et al. 2015). This provides corals with an ecological advantage in terms of
growth, as the precipitation rate of aragonite is three times faster than calcite in seawater
under the same concentrations of Ca?* and CO32- (Cohen 2003; Lemarchand et al. 2004).
Furthermore, the formation of aragonite and calcite are dependent on the elemental ratios of
magnesium to calcium (Mg:Ca) in the marine environment (Raz et al. 2000). In corals, high
Mg:Ca ratios at the calcification site promote the formation of aragonite (Meibom et al.
2004). However, despite its fast precipitation rate, the higher Mg content distorts the aragonite
atomic structure and weakens the bonding. Consequently, aragonite is chemically unstable

and more susceptible to dissolution at low pH compared to calcite and vaterite (Morse et al.
2007; N1 and Ratner 2008; Ries et al. 2009).

1.5 The Skeletal Organic Matrix

The skeletal organic matrix (SOM) plays a crucial role in coral skeletogenesis
(Allemand et al. 1998). It facilitates the nucleation of Ca?>* and HCO3™ and is involved in the
precipitation and deposition of the aragonite CaCO3 (Wheeler and Sikes 1984). Coral
calicoblastic cells secrete the SOM into the extracellular space between the calicoblastic
epithelium layer and the skeleton (Goldberg 2001; Puverel et al. 2005; Mass et al. 2014;
Falini et al. 2015). The site for CaCO3 deposition is known as the scaffold, which acts as the
three-dimensional blueprint for the SOM (Addadi et al. 2006; Falini et al. 2013). Comprised
of biomacromolecules including proteins and lipids, the SOM captures, aligns, and binds CaZ*
and HCOj3™ (Allemand et al. 2011; DeCarlo et al. 2018). Extensive studies employing gas
chromatography mass spectrometry (GC-MS), amino acid sequencing, and Fourier transform
infrared spectroscopy (FTIR) techniques have confirmed the presence of these
biomacromolecules in the SOM (Adamiano et al. 2014; Falini et al. 2015). The proteins
within the SOM initiate the calcification of CaCO3 by buffering the pH of the calcifying fluid

medium and regulating the size and arrangement of CaCO3 aggregates before crystallization
(Barnes 1970; Puverel et al. 2005; DeCarlo et al. 2018).
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1.6 Amorphous calcium carbonate

There has been debate in the literature as to whether aragonite is directly precipitated
or gradually transformed into aragonite. Under normal conditions, CaCOj3 is initially
precipitated in a highly unstable phase comprised of randomly arranged, spherical,
nanoparticles ca. 100 nm in diameter (Gal et al. 2015), referred to as amorphous CaCO3
(ACC). For sea urchins, accretion of this amorphous phase has been shown to play a crucial
role in the crystallization of CaCO3 into calcite (Albéric et al. 2019). In mature Stylophora
sp., ACC is transported to the calcification site through the transportation vesicle after which,
it is deposited as ACC nanoparticles at the calcification centre near the growing skeleton
surface (Mass et al. 2017). Nanoparticles aggregate, facilitating accretion and crystallization
into aragonite (Mass et al. 2017; Walker et al. 2017). Akiva (2018a) presented Raman
spectroscopic evidence for the presence of ACC on the outer edge of the Stylophora skeleton
(Mass et al. 2017; Akiva et al. 2018a). However, a subsequent study also using Raman
spectroscopy, was unable to detect ACC in either Stylophora coral tissue or the skeleton
(DeCarlo et al. 2019), instead the signal previously attributed to ACC was reassigned to
aragonite (Mass et al. 2017; Akiva et al. 2018a; DeCarlo et al. 2018), strengthening the case
for direct deposition of aragonite (Barron et al. 2018). More recently, Drake et al (2020) has
shown that ACC nanoparticles at the coral calcification site attach to one another through ion-
to-ion attachment, effectively providing a scaffold that promotes aragonite crystal formation.
Although the mechanism that drives this transformation in corals remains to be fully
established, ACC is thought to be a contributing factor in the rapid growth of some hard coral
species (Akiva et al. 2018b).

1.7 The function of aspartic acid in coral calcification

Coral acid-rich proteins (CARPs) are rich in polyaspartic acid and polyglutamic acid
domains, with their carboxyl functional groups (-COOH) playing a major role in calcification
(Ajikumar et al. 2005; Gotliv et al. 2005; Zhou et al. 2011; Mass et al. 2013). CARPs are
found in the SOM at the interface of coral tissue and skeleton (Mann 1993; Rahman and
Oomori 2008) and are intricately involved in coral calcification as a process-directing agent
(Gower 2008). CARPs can represent up to 50 mol % of organic matrix making them a key
component for the formation of the SOM, a prerequisite of coral skeletogenesis (Allemand et
al. 1998). The level of incorporation of labelled aspartic acid into the SOM and the skeleton
was greatly reduced when corals were exposed to the protein synthesis inhibitors, emetine and

cycloheximide (Allemand et al. 1998). The presence of labelled aspartic acid in the coral
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skeleton in the absence of inhibitors also provides direct evidence for its involvement in coral

biomineralization (Mann 1993; Rahman and Oomori 2008).

CARPs 1-4 extracted from Symbiodiniaceae-free Stylophora pistillata cells have been
shown to catalyse the deposition of CaCO3 in vitro (Mass et al. 2013). The sequence of
CARPI is similar to the calumenins, Ca?* binding proteins that have a wide distribution
across the Metazoa, while CARPs 2-4 have high similarity to other acidic proteins in
Scleractinian, suggesting they perform a similar function in coral calcification. CARPs that
are dominate in polyaspartic acid catalyse the precipitation of CaCO3 with its carboxyl
functional group. The oxygen atoms on the negatively charged carboxylate group (-COO")
form coordinate bonds with Ca?* (Gotliv et al. 2005; Verch et al. 2011; Zhou et al. 2011),
creating metal-ligands and localizing Ca?* at the calcification surface (Holm et al. 1996).

This drives an increase in the ionic strength thereby elevating the local dielectric constant
(that is, the amount of electric potential energy in the form of induced polarization) ultimately
decreasing the acid dissociation constant (pKa) (Bashford and Karplus 1990). Under these
conditions electrostatic displacement can readily occur, with the negatively charged oxygen
atom on the CARP carboxylate group displacing a proton (H") from HCO3" and converting it
to CO32- (Mass et al. 2013). Subsequently, the CO32- competitively replaces the weaker
carboxylate coordination bond and forms a stronger ionic bond with Ca?" (Silva and Williams
2001), which results in the precipitation of CaCO3 at the calcification site (Greenfield et al.
1984) (Figure 1.2).
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Figure 1.2 Illustration of an acidic protein rich in aspartic acid residues and the
mechanism of calcification through the binding (i.e., capture) of calcium ions, adapted from

(Kuek 2021) with modification; and the release of protons to produce carbonate ions, adapted
from (Mass et al. 2013).

Akiva et al. (2018a) demonstrated the in vitro role of CARPs in coral calcification
described by Mass et al. (2013) in vivo. Gene expression analysis indicated that CARP2 is
rich in glutamic acid and is highly expressed immediately before larval settlement (Akiva et
al. 2018a). By contrast, expression of CARPs 1,3 and 4, which encode proteins rich in
aspartic acid domains, occurs predominantly after coral settlement (Akiva et al. 2018a). Solid
state nuclear magnetic resonance (ssNMR) analysis confirmed an increase in CaCO3 carboxyl
group concentrations in newly settled 3-day old polyps, while genetic analysis revealed an
increase in the expression of CARPs 1, 3 and 4 encoding genes (Akiva et al. 2018a). This
suggests glutamic acid rich proteins may delay the calcification process before settlement
(Mass et al. 2016), while aspartic acid rich proteins promote CaCO3 precipitation post
settlement (Aizenberg et al. 2002; Mass et al. 2013). A distinct distribution of CARPs was
found in the coral skeleton, embedded with aragonite crystals in a unique fan like

arrangement that is consistent with the calcification patterns observed (Mass et al.



Chapter 1 General Introduction 27

2013).Together, the data suggests that upregulation of CARPs 1, 3 and 4 after settlement
promotes the physical contact between proteins and the mineral phase facilitating crystal

nucleation and calcification that ultimately result in aragonite formation (Drake et al. 2013;
Akiva et al. 2018a).

1.8 Structural similarity of polyacrylic acid to polyaspartic acid and its potential role
in coral
Acrylate can be readily protonated to acrylic acid, a monomer which can be

polymerized to form polyacrylic acid (Llauro et al. 2004) (Figure 1.3).
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Figure 1.3 Molecular structures of polyacrylic acid and polyaspartic acid

Polyacrylic acid is used as an additive in the industrial production of CaCO3, and
greatly enhances the mineralization rate (Cantaert et al. 2013b). Polyacrylic acid stabilizes the
crystalline precursor and controls the deposition of CaCO3 via a polymer-induced liquid
precursor (PILP) phase into small membrane pores, enabling fine control over the in vitro
crystal orientation of CaCO3 fibres (Kim et al. 2009; Zhou et al. 2011; Cantaert et al. 2013a,
2013b). The possible involvement of polyacrylic acid in biomineralization has been recently
documented (Liu et al. 2011; Nudelman et al. 2013). Polyacrylic acid induces the formation
of long apatite crystals in the intermolecular space of collagen fibrils derived from calfskin.
These intrafibrillar collagen zones appear to be associated to some degree with mammal
skeleton formation (Ca3(PO4)2). The wide industrial application of polyacrylic acid and its
association with biomineralization processes raises questions regarding its contribution to
CaCOs skeleton formation in fast-growing hard corals containing high levels of acrylate

(Tapiolas et al. 2013).
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A recent Raman Spectroscopy study has revealed signals reminiscent of polyacrylic
acid at the growing edge of the newly deposited Acropora juvenile skeleton (Kuek 2021)
(Figure 1.4). Polyacrylic acid possesses carboxyl functional groups (-COOH) and structurally
resembles polyaspartic acid (Ajikumar et al. 2005) (Figure 1.3). Hence, polyacrylic acid may
mimic the chemical functionality of polyaspartic acid. These recent findings justify further

investigation into the possible role of polyacrylic acid in biologically-controlled coral

calcification.

Figure 1.4 Confocal Raman microscopy of the skeleton of aposymbiotic Acropora millepora
juveniles adapted from (Kuek 2021). Expanded view of a single septum (coloured boxes),
with the false colour composite maps of aragonite (in yellow) and polyacrylic acid (in pink)
(scale bar = 10 um).

1.9 The impacts of nutrients on corals

A study examining the impact of exogenous seabird-derived nitrogen-rich nutrients to
Acropora formosa demonstrated a four-fold growth increase in coral skeletal growth (Savage
2019). This uptake highlights the possibility of using exogenous supplementation to support
coral growth, particularly in aquaria. Both DMSP and acrylate are present in seawater
(Giordano et al. 2005; Xue and Kieber 2021), and the ability for corals to uptake dissolved
nutrients has raised the question: does the uptake of dissolved seawater-derived DMSP
and acrylate contribute to the elevated pools of DMSP and acrylate within Acroporid
corals? One avenue to investigate this is to provide exogenous DMSP and acrylate
supplements to newly settled aposymbiotic Acropora juveniles, then monitor for changes in
the concentration of DMSP and acrylate in host tissues and compare this with recruit growth.

Additionally, supplementing slow-growing taxa with DMSP or acrylate will provide a
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comparison to Acropora treatments and, if growth is enhanced, support a possible relationship
between high DMSP and acrylate content and enhanced skeleton formation. However, the use
of supplements needs to be carefully considered as it may inadvertently impart an ecological
disadvantage to coral. For instance, corals deficient in phosphate are more likely to experience
tissue bleaching (Rosset et al. 2017). Supplementation with phosphate to improve coral
bleaching resilience promotes skeleton growth, however, excessive concentrations can also
adversely affect skeletal density (Dunn et al. 2012). Hence, when considering
supplementation with DMSP and acrylate it is crucial to ensure the concentrations are within

the normal biological range and do not compromise the health and survival of corals.

1.10 Measurement of coral growth: methods and limitations

Most Scleractinian corals have a thin tissue layer (approx. 5 mm) that covers the
exterior of the CaCO3 skeleton (Barnes and Lough 1992) with the skeleton often having a
highly complex three-dimensional structure and variable growth form. The skeletal
morphology can also vary with environmental conditions (Kramer et al. 2022). As such
estimates of coral growth are often inferred from measurements such as geometric
approximation of size, wax dipping, weight measurements or planar photography (Naumann
et al. 2009b). Geometric approximation measures the geometry of the entire coral is derived
from basic dimensional parameters such as radius and height (Naumann et al. 2009a). This
method is simple, non-destructive, and can be applied to most coral taxa. It does not require
complex instrumentation and allows for repeated measurements over time (Naumann et al.
2009a). However, it introduces bias in height measurements of corals with complex
morphology, including highly branched species such as the Acroporids, and does not account
for the change in volume or surface area (SA) (Ferrari et al. 2017). This limitation has mostly
been overcome by the wax dipping method, which applies a wax cast for SA estimation
(Naumann et al. 2009a). Not only is this method destructive, which limits its application in
longer-term growth studies, errors resulting from wax surface tension are introduced for
corals smaller than 5 cm? (Veal et al. 2010). Weight estimates of the coral can also be
combined with SA estimates to calculate skeleton density (Dodge and Brass 1984).
Unfortunately, none of these methods are suitable for measuring the growth of newly settled
coral recruits with sizes significantly <5 cm? and having low biomass. Planar photography has
been successfully employed for coral that are both small and large in size (Raina et al. 2013;
Aguilar et al. 2017). This non-destructive method measures the coral surface area from

photographic images taken directly above the specimen by tracing the outline of the coral
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structure and calculating the approximate SA (Naumann et al. 2009a). Inherently, this method
is limited to two-dimensional growth measurements and does not account for any vertical
growth (DeCarlo et al. 2017). Despite this limitation, and given it is non-destructive, this
method remains reliable for measuring coral juvenile growth during the first six months post-
settlement, when coral skeleton vertical extension is minimal. Planar photography can be
combined with the technique of structure form motion (SfM) to capture a photogrammetric
measurement with higher resolution enabling a more accurate estimation of coral juvenile SA.
SfM requires similar photographic equipment (House et al. 2018) with the ability to acquire
images from various angles. Hemispheric image processing software combines all images and
creates a 3-dimensional model of the coral surface from which the SA is then calculated. A
recent study has also shown that the three-dimensional morphological structure of coral

juveniles can be accurately modelled using a dental scanner (Quigley and Vidal Garcia 2022).

1.11 Measurement of DMSP and acrylate in corals

As all members of the coral holobiont, i.e., the coral host, Symbiodiniaceae and
associated bacteria, can produce DMSP and acrylate (Raina et al. 2010, 2013, 2017; Tapiolas
et al. 2010; Kuek et al. 2022) it is first necessary to decouple the contribution made by each
partner to the acrylate pool. Metabolism of Symbiodiniaceae can be studied in vitro by
extracting the symbionts from their coral host (Lesser et al. 1990). Similarly, coral-associated
bacteria can be isolated and, in some instances, cultured to enable metabolic investigation
(Raina et al. 2017). In contrast, metabolic studies of the coral host are considerably more
challenging to undertake, especially as the coral is heavily dependent on its symbiont partners
for nutrients and energy (Hughes and Grottoli 2013). The contribution of DMSP and acrylate
from Symbiodiniaceae will interfere with the estimate of coral host-derived DMSP and
acrylate concentrations. The use of aposymbiotic (symbiont-free) coral recruits can, to some
degree, overcome this limitation. Under normal conditions newly settled juvenile corals
acquire Symbiodiniaceae within 7-days post-settlement (Nitschke et al. 2016), however, they
can be maintained in aquaria for several weeks in the absence of their symbiotic partner
(Raina et al. 2013), providing an opportunity to study the coral host in isolation.
Unfortunately, aposymbiotic coral juveniles are only viable for short-term experiments, hence
the study of DMSP and acrylate metabolism across different life stages remains limited.
Moreover, this method does not apply to coral taxa for which symbionts are maternally

inherited.
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A wide variety of chemical analytical techniques are available to profile coral
metabolites. The application of these techniques largely depends on the chemistry (i.e.,
DMSP, DMS, acrylate and downstream by-products) and the coral compartment being
investigated (i.e., tissue, symbionts and skeleton). For example, GC-MS is a well-established
method for the indirect quantification of DMSP via the detection and quantification of DMS
gas released by coral tissue under alkaline conditions (Sulyok et al. 2001; Broadbent and
Jones 2004; Deschaseaux et al. 2014b, 2014a, 2016; Swan et al. 2017). GC-MS is capable of
detecting DMS at very low concentrations (~1 nmol) due to its high sensitivity (Yost and
Mitchelmore 2010). However, as acrylate can be produced in corals via metabolic pathways
other than through DMSP metabolism (Westmoreland et al. 2017), GC-MS quantification of

DMS is not suitable for the indirect quantification of acrylate.

Ultra-performance liquid chromatography coupled with mass spectrometry (LC-MS)
with a hydrophilic interaction liquid chromatography phase (HILIC) has been used for the
selective and direct detection of DMSP and acrylate in coral tissue extracts (Spielmeyer and
Pohnert 2010). With the advantage of low detection limits (~20 nM), LC-MS does not require
purification or derivatization prior to analysis and has permitted direct quantification of the
acrylate in extracts not only of coral tissue but also of microalgae and phytoplankton
(Spielmeyer and Pohnert 2010). Therefore, considering the relative low detection limit of this
technique, LC-MS is well suited to the quantification of DMSP and acrylate within coral

recruit tissues.

Quantitative proton nuclear magnetic resonance ('H-qNMR) can provide precise
quantification of target molecules (Pauli 2001), and allows direct simultaneous quantification
of both DMSP and acrylate in coral tissue (Tapiolas et al. 2013). While 'H-gNMR is non-
destructive with respect to the chemistry, its higher detection limit means sample mass
becomes a limiting factor and is therefore not the most suitable method for analysing low

biomass coral recruits.

Previous studies have confirmed DMSP biosynthesis pathways in cultures of
Symbiodiniaceae and bacteria using nano-scale secondary ion mass spectrometry
(NanoSIMS) imaging (Raina et al. 2017). This method revealed the distribution of stable
sulfur isotope markers in Symbiodiniaceae, following the enzymatic conversion of inorganic
labelled sulfate (**SO4?°) into labelled 3*S-DMSP within cells. The subsequent degradation of

34S-DMSP by bacteria was surmised by the drop in 3*S-DMSP concentration over time,
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however, as NanoSIMS is unable to capture the volatile 3*S-DMS, this method was not able to
confirm which DMSP degradation pathway was followed. Regardless, Raina et al. (2017),
demonstrate the possibility of using NanoSIMS and a labelled sulfur marker to identify the
DMSP uptake in the coral holobiont.

Investigation of coral skeleton chemistry requires different approaches. FTIR coupled
with X-ray diffraction (XRD) has been used to detect the presence of CaCO3 within the intact
coral skeleton and establish the crystalline phase as aragonite (Mansur et al. 2005). Solid state
NMR (ssNMR) with magical angle detection has been applied to establish the presence of
CaCO3 in the form of aragonite crystals in the SOM of 13C-labelled pre-settled coral planula
(Akiva et al. 2018a). Raman spectrometry has similarly been used for the detection of
crystalline structures of CaCO3 in coral skeletons and other marine calcifiers (Akiva et al.
2018a; DeCarlo et al. 2019). Raman has more recently been used to detect polyacrylic acid at
the growing edge of the newly deposited skeleton in Acropora juveniles, suggesting that
polyacrylic acid may play a role in the coral calcification process, similar to that of

polyaspartic acid-rich proteins (Kuek 2021) (Figure 1.4).

1.12 Conclusions and Study Aims

DMSP and acrylate are present in high concentrations in several fast-growing
Acroporid species, with both compounds potentially having important roles in the health of
the coral holobiont. These high metabolite levels in Acroporids and their relatively fast
growth rates suggest there may also be a direct relationship that affords an advantage over
slower growing taxa. Hence, a thorough understanding of coral chemistry, and specifically the
underlying coral calcification process is required. Although the pool of DMSP and acrylate in
the coral holobiont is predominantly controlled by Symbiodiniaceae juvenile corals are
capable of synthesising DMSP. Currently, little is understood regarding the potential for
exogeneous uptake of DMSP or acrylate or the contribution of different Symbiodiniaceae
species (noting free-living Cladocopium has a higher DMSP production per cell than
Durusdinium) to the pool of these metabolites within the coral holobiont. Furthermore, the
link between DMSP and acrylate tissue concentrations and growth rates remain to be

established. Therefore, the primary aims of this study are:

1. To examine whether supplementation with exogenous DMSP or acrylate can

increase the pool of DMSP and enhance the growth of aposymbiotic coral juveniles.
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Changes in the surface area and the concentration of DMSP in Acropora and non-Acropora
juveniles will be examined in response to DMSP and acrylate supplements to determine

whether they have the capacity to take up and utilise exogenous DMSP and acrylate.

2. To investigate whether inoculation of coral juveniles with different
Symbiodiniaceae species can increase the pool of DMSP and enhance recruit growth.
Changes in the surface area and the concentration of DMSP in Acropora and non-Acropora

juveniles will be examined after inoculation with common Cladocopium or Durusdinium

symbionts to determine which, if either, species affords an early life stage advantage.

Together these studies can offer valuable insights into the health and resilience of coral.
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Chapter 2: Supplementation of aposymbiotic recruits with DMSP and acrylate

induces species-specific responses in Acropora kenti and Goniastrea retiformis

2.1 Abstract

Corals are one of the largest producers of dimethylsulfoniopropionate (DMSP) in the
ocean. DMSP concentrations within coral tissues fluctuate under different environmental
stresses. In some coral genera, DMSP and its breakdown products dimethyl sulfide (DMS)
and acrylate likely serve as antioxidants in response to stress. High levels of DMSP and
acrylate are found in fast-growing Acropora while, in contrast, only low or undetectable
levels of DMSP and acrylate are observed in slow-growing non-Acroporid species. It is
postulated that the high DMSP and acrylate levels in Acropora aid calcification and the
formation of the coral skeleton. This study aimed to address this through supplementation of
newly settled aposymbiotic Acropora kenti and Goniastrea retiformis juveniles with
exogenous DMSP or acrylate. Supplementation of juveniles with 1 mM DMSP resulted in
similar survival profiles to that of non-supplemented controls and there was no enhancement
of growth for either species. DMSP concentrations in A. kenti tissues supplemented with
DMSP were similar to those of aposymbiotic control juveniles, indicating this species has the
capacity to endogenously produce DMSP. DMSP was not detected within aposymbiotic G.
retiformis juvenile tissue, though juveniles were able to take up exogenous DMSP.
Supplementation with acrylate demonstrated a toxicity effect to juveniles of both species with
no enhancement of growth. No evidence was found to support a role for DMSP or acrylate in
early life stage coral calcification. Nevertheless, this study provides valuable knowledge

towards the genus-specific metabolism of DMSP and acrylate within the coral holobiont.
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2.2 Introduction

Dimethylsulfoniopropionate (DMSP) is an abundant organic sulfur compound in the
oceans (Gregory et al. 2021) and, along with its volatile breakdown product dimethyl sulfide
(DMS), has been included in recent climate models to account for their contribution to the
global atmospheric sulfur cycle (Aumont et al. 2002; Bopp et al. 2004; Hoffmann et al. 2021).
Scleractinian corals are one of the largest producers of DMSP in marine ecosystems
(Broadbent and Jones 2004; Fischer and Jones 2012). Although the coral host and its
associated bacteria are capable of DMSP production (Raina et al. 2013; Kuek et al. 2022), the
majority of DMSP within the coral holobiont is derived from the endosymbiotic algal partner,
Symbiodiniaceae (Hill et al. 1995; Broadbent et al. 2002), that are located within the coral
gastrodermal tissue layer. DMSP is associated with the coral stress response, which suggests
that the fluctuation of DMSP concentrations within coral tissues is a good indicator of overall
environmental stress. When corals are exposed to thermal or osmotic changes or nutrient
enrichment, DMSP concentrations increase (Raina et al. 2013; Gardner et al. 2016, 2017a;
Aguilar et al. 2017; Westmoreland et al. 2017). DMSP also functions as an antioxidant to
protect coral from oxidative damage through scavenging reactive oxygen species (ROS) and
oxygen radicals produced during coral respiration and photosynthesis (Sunda et al. 2002;
Deschaseaux et al. 2014b; Gardner et al. 2016). In addition, DMSP can structure the microbial
community associated with the coral holobiont, as it represents an abundant carbon source for

bacterial metabolism and functions as a signalling molecule to attract bacteria that support
coral health (Raina et al. 2009, 2010; Tandon et al. 2020b). Overall, DMSP serves various

important roles in the coral holobiont.

DMSP can be broken down through two different metabolic pathways, demethylation
and cleavage. In the demethylation pathway, the dmdA enzyme catabolises DMSP breakdown
into methylmercaptopropionate (MMPA ), methanethiol, acetaldehyde, CO2 and acetate
(Howard et al. 2006; Todd et al. 2007; Reisch et al. 2011b). Methanethiol (MeSH) is a source
of organic sulfur and carbon and serves as an energy source, supporting protein synthesis in
coral associated bacteria (Kiene et al. 1999; Raina et al. 2010). Alternatively, through the
cleavage pathway, DMSP lyase catalyses the formation of DMS and acrylate (Cantoni and
Anderson 1956; Yoch 2002; Alcolombri et al. 2015; Zhang et al. 2019; Shinzato et al. 2021).
Acrylate has a three-carbon (C3) backbone and has structural similarity to other C3 molecules
involved in energy production in cellular cycles (Preuf et al. 1989). Acrylate likely plays

other roles in the coral and while it is toxic to some marine organisms and inhibits bacterial
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growth (Sieburth 1960; Wang et al. 2002), within corals, it is postulated to control microbial
community structure and function as an antioxidant (Sunda et al. 2002; Jones et al. 2007,

Raina et al. 2009).

It is not clear what regulates the DMSP catabolism activity of the demethylation and
cleavage breakdown pathways, though both likely occur simultaneously within the coral
holobiont (Reisch et al. 2011b, 2013). This process has been described in bacteria, with
activation of the pathways dependent on the DMSP concentration and cellular sulfur demand
(Kiene et al. 2000; Gao et al. 2020). In bacteria, DMSP undergoes demethylation when
concentrations are low, while the cleavage pathway is activated at high DMSP concentrations
(Gao et al. 2020). For example, when bacteria isolated from the coral microbiome were
subjected to environmental stressors, i.e., thermal or oxidative stress, DMSP was
predominantly metabolised through the cleavage pathway to produce high levels of DMS and
acrylate, these molecules likely functioning as antioxidants to harvest the resulting ROS
produced (Gardner et al. 2022; Kuek et al. 2022; Wang et al. 2022). High concentrations of
DMSP and acrylate have also been found in the tissues of the fast-growing coral Acropora
under ambient, non-stress conditions (Tapiolas et al. 2010, 2013). Furthermore, DMSP-like
lyases that catalyse the cleavage pathway are duplicated in the Acropora genome (Shinzato et
al. 2021; Chiu and Shinzato 2022). The high concentrations of DMSP and acrylate in the
tissues of some coral species, specifically members of the Acroporids, suggest that these

compounds could have ancillary functions within the coral holobiont.

Acrylate can be readily protonated to acrylic acid and polymerized to polyacrylic acid.
Polyacrylic acid is often used as an additive to enhance mineralization rates during the
industrial production of calcium carbonate (CaCO3) (Cantaert et al. 2013b). The acid function
in stabilizing the CaCOj3 intermediate and controlling the structural orientation of CaCO3 with
a polymer-induced liquid precursor (Donnet et al. 2005; Kim et al. 2009; Zhou et al. 2011;
Cantaert et al. 2013b). Polyacrylic acid has also been used to promote biomineralization
through the precipitation of apatite (calcium phosphate) along collagen fibrils, mimicking
natural cellular processes that are controlled by polyaspartic acid (Liu et al. 2011; Nudelman
et al. 2013). In coral, acidic-rich proteins (i.e., aspartic and glutamic acids with carboxyl
functional groups [RCOQO]) in the organic matrix, catalyses the coral skeleton calcification
process (Ajikumar et al. 2005; Gotliv et al. 2005; Zhou et al. 2011; Cantaert et al. 2013b;
Mass et al. 2013; Mummadisetti et al. 2021). Specifically, they catalyse the precipitation of

CaCOs3 which is initiated by stabilizing the calcium ion (Ca?") at the calcification site (Mass et
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al. 2013; Akiva et al. 2018a). In polyaspartic acid-rich proteins the negatively charged
resonance RCOO- establishes a coordinate bond with Ca?*, forming metal-ligand bonds that
deliver Ca?* to the calcification surface (Holm et al. 1996). This Ca?" localisation increases
the ionic strength of the complex, raising the local dielectric constant and reducing the acid
dissociation constant (pKa) (Bashford and Karplus 1990). In addition, the negatively charged
resonance stabilised RCOO-, facilitates electrostatic displacement of the hydrogen ion (H™)
associated with the bicarbonate anion (HCO3"), thereby forming the carbonate ion (CO32").
The CO3? anions bind preferentially to Ca’", replacing the weak coordination bond between
polyaspartic acid-rich protein and Ca?* with a stronger ionic bond, facilitating the controlled
precipitation of CaCOs3 and formation of highly structured and uniform aragonite calcified
crystals. Under these conditions calcite precipitation is inhibited (Greenfield et al. 1984;
Cantaert et al. 2013b; Drake et al. 2013; Von Euw et al. 2017; Laipnik et al. 2020). In coral
juveniles, the expression of coral acidic-rich proteins dominant in the polyaspartic acid
domain is upregulated in the post-settlement stage (Drake et al. 2013; Akiva et al. 2018a),
suggesting that polyaspartic acid-rich proteins are critical for skeleton formation in the early
life stages. However, the polyaspartic acid-rich protein induced aragonite precipitation is
inhibited at low pH, which could reduce coral reef calcification rates in the future with ocean
acidification (Kellock et al. 2020). The presence of high levels of acrylate in fast-growing
coral (Tapiolas et al. 2010), and the revelation that newly settled aposymbiotic juveniles of A.
millepora and A. kenti (formerly A. tenuis) in the Great Barrier Reef region are capable of its
production (Raina et al. 2013), suggests that acrylate may also play a role in coral
calcification; i.e. its polymer, polyacrylic acid (capable of promoting industrial calcification)
may provide the same RCOO- functionality as aspartic acid-rich protein in catalysing coral
calcification (Miller and Holcombe 2001; Cantaert et al. 2013b). Acrylate may prove

especially relevant for Acroporids with rapid skeletal calcification rates.

To examine the potential contribution of DMSP and its breakdown product acrylate to
coral growth and calcification, aposymbiotic Acropora juveniles were supplemented with
exogenous DMSP or acrylate. The survival and growth characteristics of juveniles were
measured and compared with those of the slow growing species Goniastrea retiformis, which
was expected not to produce DMSP and to contain comparatively low levels of acrylate,
based on results from adult corals of the same genus (Goniastrea aspera) (Tapiolas et al.
2013). To assess the physiological responses of different taxa to DMSP and acrylate

supplements, DMSP concentrations within tissues of juvenile corals were also measured. This
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study contributes to the understanding of the physiological responses of aposymbiotic coral
juveniles to chemical supplements and the potential function of DMSP and acrylate in the

growth of early life stage corals of different taxa.

2.3 Methods
2.3.1 Chemical Synthesis

DMSP was synthesized in the same batch with Kuek (2021) following the published
method in Chambers et al. (1987) with some modifications. Briefly, 98% sulfuric acid
(H2S04; Ajax Chemicals; CAS: 7664-93-9) was added dropwise onto sodium chloride (NaCl;
Fisher scientific; CAS: 7647-14-5) within a sealed flask to produce hydrogen chloride gas
[HCl(g)]. After that HClg) was bubbled slowly into a mixture of dichloromethane (CH2Clz; 20
mL; Fisher Scientific; CAS: 75-09-2), DMS (5 mL; Sigma Aldrich; CAS: 75-18-3) and
acrylic acid (CH2=CHCOOH; 4 mL; Sigma Aldrich; CAS: 79-10-7) that had been distilled
over copper wool. This reaction formed a white precipitate that was then filtered and
recrystallized with ice bath chilled ethanol and then freeze-dried overnight. The final yield of
DMSP was 27%, the low yield being a consequence of losses during the final filtering step in
which the product was washed away by cold ethanol when removing the unreacted acrylic
acid. A standard 1 mM DMSP solution was made up with Milli-Q water. Similarly, a ImM
Acrylate standard was prepared by dissolving sodium acrylate (Sigma Aldrich; CAS 7446-81-
3) in Milli-Q water.

2.3.2 Coral Sample Collection

Four gravid colonies of Acropora kenti (formerly Acropora tenuis) (Bridge et al.
2023) were collected on the 25™ of October 2020 from Yunbenun, Magnetic Island,
Townsville (19°07'45.6"S 146°52'39.5"E) in the inshore central Great Barrier Reef (GBR)
region. Colonies were transported to the Australian Institute of Marine Science (AIMS)
National Sea Simulator (SeaSIM) and placed in outdoor quarantine tanks at ambient seawater
temperature (26.5°C) a week prior to spawning. Colonies spawned (i.e., release of sperm and
egg bundles) at 18:45 on the 3" of November 2020 and fertilisation was achieved following
published culture methods (Quigley et al. 2016). Briefly, sperm and eggs from four individual
colonies were mixed to allow fertilization before being transferred to an 800 L culture tank
(density of 0.6 eggs per mL) at 27°C with aeration and a continuous flow of 1 um filtered
seawater (FSW) in continuous darkness to minimize algal growth. The culture tank was
cleaned twice daily to prevent biofilm formation with larvae maintained for 9 days, at which

time they displayed signs of settlement competency (detailed below). Goniastrea retiformis
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colonies were collected in late November 2020 from Davies Reef (18°49'09.4"S
147°38'58.0"E, central GBR region) and spawned on the 4™ of December 2020, with larvae
cultured using the same approaches as previously detailed for A. kenti (Quigley et al. 2016).
Every effort was made to ensure Symbiodiniaceae were not present, while no effort was made
to eliminate bacteria associated with eggs, sperm or the local aquaria. Furthermore, corals

were not fed for the duration of the experiment to ensure they only relied on their lipid

reserves and actively sought energy sources from the surrounding seawater.

Coral settlement competence assays for both species were undertaken each day from 7
days post-spawning. Ten coral larvae were added to each well of a 6-well plastic culture plate
(Thermo Scientific) containing 10 mL of FSW, after which 0.5 cm? of a fresh crustose
coralline algae (CCA) chip was placed into 5 of the 6 wells to induce settlement (Appendix
A). The well with no CCA chip was used as a control to ensure addition of a CCA chip did
not induce confounding effects such as mortality. Plates were incubated at 28°C in darkness
for 24 hours to allow metamorphosis. Coral larvae were considered competent when >80 % of
larvae in each well had settled on a substrate (either well plate or CCA) at that time. Once
competency had been confirmed (i.e., 9 days post spawning for 4. kenti; 10 days post
spawning for G. retiformis), aliquots of approximately 70 swimming larvae were added to
each well of a 6-well plastic culture plate containing 5 mL of FSW and left to settle in the
incubators following the same conditions as the settlement competence assays. After 24
hours, the CCA chip, coral juveniles that had settled at the edge of the well, and any larvae
that had not settled or were not fully metamorphosed were removed. A complete seawater
change was performed carefully using a pipette and each well was filled with 10 mL of new
FSW, and incubation continued for a further 48 hours to allow coral juveniles to develop the
basal disc and attach permanently to the well plate. The 6-well plates containing 12-days post-
spawning A. kenti juveniles or 13-days post-spawning G. retiformis were randomly assigned
to one of three different treatment groups, as follows: FSW as control (C), exposure to 1 mM

of DMSP (D) and exposure to 1 mM acrylate (A).

For A. kenti, the experiment was conducted for 16 days. Goniastrea is a genus that is
difficult to culture and settle in aquaria compared to Acropora; and hence during the
settlement stage, a lower number of juveniles settled resulting in the duration of the G.
retiformis experiment being reduced to 8 days (Table 2.1). A total of 5803 A. kenti settled
juveniles were used in this study; 1828 juveniles in the Control treatment (average of 32

juveniles per well of each 6-well plate), 2037 in the DMSP treatment (~ 34 juveniles per well



Chapter 2 Chemical Supplementation to aposymbiotic coral 40

of each 6-well plate) and 1938 (~ 32 juveniles per well of each 6-well plate) in the acrylate
treatment. For G. retiformis, 894 juveniles were used (Control = 502 juveniles, ~18.6 per
well; DMSP treatment = 214 juveniles, ~20.9 juveniles per well; and acrylate treatment = 178

juveniles, ~14.8 per well).

Table 2.1 Experimental timeline for Acropora kenti (Day 0 = 12 days post-spawning) and
Goniastrea retiformis (Day 0 = 13 days post-spawning) depicting days when each procedure
was performed.

Experimental A. kenti G. retiformis
Procedure

Seawater change Day0,1,3,5,7,9,11, 13, 15 Day0,1,3,5,7
Supplementation Day 1,3,5,7,9,11, 13,15 Day 1,3,5,7

Growth measurement Day 0, 4, 6, 8, 10, 12, 14, 16 Day0, 2, 4,6, 8

Coral tissue extraction Day 0, 2, 4,8, 16 Day 0 (control only), 8

2.3.3 Chemical supplementation

FSW in 6-well plates were exchanged on days 0, 1, 3, 5,7, 9, 11, 13, and 15 for 4.
kenti, and for G. retiformis, on days 0, 1, 3, 5, and 7 (Table 2.1). A squeeze bottle was used to
gently flush the coral juveniles to remove mucus residue, after which, residual seawater was
carefully decanted. New FSW (10 mL) was added, the plate gently swirled, and the washing

process repeated to ensure that all detritus and residual supplements were removed. Finally,
10 mL FSW was added to the wells.

In this study, the supplement concentration of 1 mM was selected for DMSP and
acrylate based on the survival results of Acropora recruits observed during preliminary
investigations of varying DMSP concentration exposures (Johns 2019), and the acrylate

concentrations found across different coral genera (Tapiolas et al. 2013).

At the start of the experiment (Day 0), all wells were left for 24 hr before the addition
of the treatment. Aliquots (38 uL) of 1 mM of DMSP or acrylate supplements were added to
each treatment well immediately after FSW exchanges on days 1, 3,5, 7,9, 11, 13, and 15,
for A. kenti, and days 1, 3, 5, 7, for G. retiformis. Similarly, 38 uL aliquots of FSW were

added to each well of the control group. After water exchange and supplementation, the 6-

well plates were returned to the incubator and maintained at 28°C in darkness.

2.3.4 Coral growth and survival measurements
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Coral juveniles were photographed at two-day intervals throughout the experiment
(days 0,4, 6, 8,10, 12, 14, and 16 for 4. kenti and days 0, 2, 4, 6, 8 for G. retiformis), with the
6-well plates temporarily transported to the photography facility that was maintained at a
constant temperature of 28°C. Coral juveniles were photographed using a Nikon AF-S 60mm
macro lens on a Nikon D810 camera, in an Ikaite underwater housing with a 1000 luminance
Weefine ring light attached to the lens port thread. The whole camera assembly was mounted
on a robotic arm with 3-degrees of freedom (3 translation). The Computer Numerical Control
(CNC) machine was operated according to the recorded coordinate script in Planet CNC
software. The 6-well plates were positioned in the same location for photography. The
programmed robotic arm ensured that the camera moved to the same coordinates for each
time point, allowing coral growth to be monitored in a time-lapse series. For photography, a
black, dull polystyrene foam mat was placed underneath and around the 6-well plate to reduce
light reflection from the seawater and the transparent plastic well plate. To maintain
consistency, all photos were taken using the same settings: manual mode with aperture /7.1,
1/80s shutter speed, exposure comp of —1 EV, and 100 ISO in tag image file format (TIFF)
with lossless compression. For determination of the total surface area, the region of the image
containing the coral juveniles was cropped from the background using an automated Fuji
Imagel macro and the surface area of the coral was calculated with another automated ImageJ
macro. Coral survival was established using the same image, with the number of living polyps
counted per well. The percent growth per coral juvenile was determined by the change in the
surface area of the basal disc per coral juvenile. To calculate this, the surface area of each

juvenile was divided by its initial surface area to account for any variation in the initial size,

(i)

as per the following equation:

Growth = —- X 100% — 100%
xO)
(nO
Where:
xf = Total surface area of all coral juveniles per well at a specific timepoint
nf = Number of coral juveniles per well at the same specific timepoint

x0 = Surface area of coral juveniles per well at day 0

n0 = Number of coral juveniles per well at day 0
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Survival was calculated for juveniles that were kept for the duration of the experiment
(i.e. 16 days (n=1258) for 4. kenti and 8 days (n=532) for G. retiformis) (Table 2.2). The
growth of juveniles (4. kenti n=5803 and G. retiformis n= 894) was measured on Day 0;
growth measurements of 4. kenti taken on Day 2 (n=4837) were excluded from growth

analysis due to a measurement calibration problem.

Table 2.2 Experimental design denoting the number of A. kenti and G. retiformis juveniles
recorded for growth approximation in each treatment.

Species A. kenti G. retiformis

Treatment Control DMSP  Acrylate Total | Control DMSP  Acrylate Total
Day 0 1828 2037 1938 5803 | 502 214 178 894
Day 2 1479 1747 1611 4837 | 217 203 158 578
Day 4 1076 1271 1227 3574 | 212 187 148 547
Day 6 737 806 871 2414 | 212 184 145 541
Day 8 735 806 869 2410 | 207 180 145 532
Day 10 346 431 484 1261 | - - - -
Day 12 346 430 484 1260 | - - - -
Day 14 346 429 484 1259 | - - - -
Day 16 346 428 484 1258 | - - - -

2.3.5 Coral tissue extraction

To quantify the DMSP concentration within coral tissues, coral tissue from replicates
of each species (each well representing one replicate to ensure there was enough biomass for
quantification) was extracted at each time point (as per Table 2.1). Growth measurements of
all corals were taken immediately prior to coral tissue extraction to ensure both measurements
represented the coral in the same physiological state. For A. kenti at each of the five time
points, two 6-well plates (total of n=12 replicate wells) from controls and each treatment
(days 0, 2, 4, 8, 16) were randomly selected for coral tissue extraction. For G. retiformis,
given the lower number of settled juveniles, two 6-well plates (n=12 replicate wells) were
extracted from controls on day 0 and from each of the three treatments (control, DMSP and

acrylate supplement) on day 8.

Coral tissue extraction followed the detailed protocols reported in Tapiolas et al.
(2013) and Raina et al. (2013), with slight modification. Briefly, each well (i.e., equivalent to

one replicate) was rinsed three times with FSW to remove any residual chemical supplements.
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The seawater was removed with a glass pipette and a sterile cotton bud used to soak any

residue. A 200 pL aliquot of methanol was added to each well and the plate was then swirled
for 30 seconds before the addition of 300 uL of Milli-Q H20. Each sample was gently mixed
for a further 30 seconds and the extract was transferred by glass pipette to a 7 mL scintillation

vial. The vial was flushed with nitrogen gas for 10 seconds to minimize hydrogen exchange,

sealed with parafilm and stored at -20°C.

2.3.6 Sample preparation for chemical analyses

Coral extracts (—20°C) were thawed at room temperature and a 50 pL aliquot of each
sample was transferred to a 500 uL centrifuge tube and spun for 30 seconds at 5400 rpm in a
mini centrifuge (VWR; South Korea; MiniStar silverline). A 20 pL aliquot of the solute was
transferred to a 2 mL amber autosampler vial (Agilent) with a 200 pL glass insert, followed
by addition of 2 pL (10% volume of the sample) of 0.11 M caffeine prepared in MeOH:H20
(2:3 V%V) as an external standard before being sealed with a septum screw cap. Immediately
before the analysis, all septa were pierced with a needle to equalize the pressure inside the
tube to atmospheric pressure. The same protocol was followed for G. retiformis samples with
slight modifications: 50 uL of sample was transferred to a 200 uL glass insert and 5 pL (10%
volume of sample) of 1 mM caffeine prepared in MeOH:H20 (2:3 V%V) added as the

internal standard.

LC-MS analyses were performed on a Shimadzu Nexera-I series high performance
liquid chromatograph (LC-2040C 3D HPLC; Kyoto, Japan) equipped with a Photodiode-
Array Detection detector (LC-2030/2040 PDA) and a Shimadzu LC-MS-2020 mass
spectrometer (LC-MS; Shimadzu, Kyoto, Japan) with dual source electrospray ionization
(DUIS). Reverse phase HPLC separation of DMSP was performed on a Phenomenex
Ultracarb column (5 pm sphere particles, dimension: 50 x 4.6mm, part no. 00B-2134-E0)
maintained at 25°C. The following solvents were prepared to give optimal separation and peak
shape; (A) HPLC grade 2 mM of ammonium formate (Fluka Analytical 17843-50G) in Milli-
Q water with 0.1% formic acid (HCOOH) and (B) HPLC grade acetonitrile (Fisher Chemical
A988-4) with 0.1% HCOOH. For A. kenti samples, 1 uL of each extract was injected into the
system with a flow rate of 500 uL min-'. The column was pre-equilibrated in 90% solvent A
for 10 mins prior to injection. The gradient elution profile was: 10% solvent B to 50% solvent
B over 5.5 mins, then ramped up to 90% solvent B over 2.5 mins, held for linear elution for 2

mins, then returned to 10% solvent B over 3 mins, and allowed the column to re-equilibrate
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for 5 mins (total run time 18 min; total number of runs n= 180). For G. retiformis samples, the
LC-MS method was optimised to reduce runtime. A 1 pL aliquot of extract was injected onto
the column with an 800 uL min! flow rate. The gradient elution profile was: 10% solvent B
to 50% solvent B over 2.5 mins, then ramped up to 90% solvent B over 1 min, held for linear

elution for 1.5 mins, then returned to 10% solvent B over 1 min, and allowed the column to

re-equilibrate for 4 mins (total run time 10 min).

The DUIS was operated in positive mode, with a target mass set to m/z 135 for DMSP
[M+H]" (confirmed with a DMSP standard). DMSP elution occurred at retention time 3.2 min
for A. kenti samples and 1.7 min for G. retiformis samples. The extracted ion chromatogram
m/z peak signal was integrated with Shimadzu LabSolution software using the calibration
curve to attain the peak’s corresponding concentration. The caffeine internal standard eluted
at 8.3 min for 4. kenti and 3.7 mins for G. retiformis sample, with targeted mass for [M+H]"
of m/z 195. DMSP concentrations were normalized to the integral of caffeine. In total, the

DMSP concentration were determined for A. kenti juveniles (n=5795) in 180 replicates, and

G. retiformis juveniles (n=793) in 48 replicates.

2.3.7 Statistical analysis

Kaplan-Meier survival plots were constructed using R packages “survminer” and
“survival” to evaluate the survival of 4. kenti and G. retiformis recruits in different treatments
compared to controls (Therneau 2015; Kassambara et al. 2017). Pairwise-comparison using

log-rank test was performed with treatment as the only factor used to estimate the survival of

coral recruits with Bonferroni correction.

A two-way repeated measure ANOVA in the R statistical program (version 4.1.0 with
rstatix package) (R Core Team 2019; Kassambara 2022) was used to analyse the growth of 4.
kenti juveniles per treatment and per day. Inverse response transformation was used to
provide the best fit of assumptions (Supplementary Data Figure 2.1). As mentioned above,
given there was some variance in growth between recruits within the same treatment on Day
0, the growth of each individual coral juvenile measured throughout the experiment was
normalized to its own initial surface area measured at Day 0 to avoid any size variation bias.
Hence, Day 0 growth was considered as zero, with percentage of growth since Day 0 on
subsequent days, i.e., Day 2 and onwards. DMSP concentration per 4. kenti recruit was also
analysed with a 2-way ANOV A with square root response transformation (Supplementary

Data Figure 2.2). The interaction between specific treatment and day was examined with a
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Bonferroni multiple measure correction method to control false positives. DMSP
concentration per G. retiformis recruit was also analysed with a 2-way ANOV A with square
root response transformation (Supplementary Data Figure 2.3). A one-way ANOV A analysis
was performed on G. retiformis DMSP concentrations on day 8 for the best model fit

(Supplementary Data Figure 2.4).

2.4 Results
2.4.1 Coral juvenile survival

High survival of A. kenti (> 98%) and G. retiformis (> 80%) juveniles was observed
across all treatments over the 16 and 8 days of the respective experiments (Figure 2.1). A.
kenti recruits supplemented with DMSP and acrylate recorded 99.3 + 0.40% and 98.8 +
0.49% survival, respectively, and these values did not differ statistically (p-value > 0.0167;
Tukey post-hoc with Bonferroni correction level of significance is 0.0167 for n=3 in coral
juveniles survival statistics) from the control (98.3 £0.69%; Figure 2.1A). G. retiformis
exhibited slightly higher mortality when compared to 4. kenti across all treatments including
the control (92.8 £1.73%; Figure 2.1B). Survival of G. retiformis recruits supplemented with
DMSP (84.6 £2.47%) also did not differ significantly from the control (p-value =0.0185; >
0.0167), however, survival of recruits supplemented with acrylate was significantly lower
than the control (81.5 £2.91%) (p-value < 0.0167).
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Figure 2.1 (A) Kaplan-Meier survival curves for Acropora kenti recruits over 16 days. (B)

Kaplan-Meier survival curves for Goniastrea retiformis recruits over 8 days. Lines represent
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averaged survival; Control (grey), DMSP (yellow), and acrylate (blue) with shade region

represent 95% confidence interval.

2.4.2 Coral juvenile basal disc growth

Growth of individual A. kenti and G. retiformis juveniles was normalized to their
initial size (i.e., day 0 growth equates to 0%) and therefore the size reported on subsequent
treatment days represents the percent increase from day 0. Over the duration of the exposure,
the growth of both A. kenti and G. retiformis juveniles supplemented with DMSP was similar
to that observed in control treatments. The average size of 4. kenti juveniles in the controls
increased 20.1 + 2.8% over the 16-day experiment, while those supplemented with DMSP
were on average 21 + 2.3% larger (Figure 2.2A). A. kenti juveniles supplemented with
acrylate were only 14 + 1.6% larger after 16 days (Figure 2.2A) and the interaction between
treatment and time was not significant (Fi2,132 = 1.618, p-value =0.094; 2-way ANOVA p-
value significant level is 0.05). On the other hand, there were significant differences between
the treatments at each timepoint (F2,22 = 4.727, p-value =0.020) with the acrylate treatment
displaying significantly less growth than either the control or DMSP treatments (non-pairwise
post hoc comparison adjected p-value < 0.05). Conversely, G. retiformis juveniles exhibited a
greater increase in size across all treatments (Figure 2B), more than doubling (~150 to 170%
larger; growth pairwise comparison all treatments day 4 versus day 2, adj p-value < 0.05),
although this growth was observed primarily in the first 4 days of the experiment (growth
pairwise comparison all treatments day 6 vs day 8 adj p-value > 0.05). However, there was
no significant difference in growth between the treatments at any timepoint (ANOVA: Fe, 66

=0.628; p-value = 0.707).
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Figure 2.2 The percentage of growth per coral juvenile calculated based on the surface area
measurements from repeated photographs. (A) The average percentage of growth in
Acropora kenti juveniles over 16 days and (B) the average percentage of growth in
Goniastrea retiformis juveniles over 8 days. Control in grey, DMSP in yellow and acrylate in

blue; points represent the mean, and error bars the standard error.

2.4.3 Coral tissue DMSP concentrations

The average DMSP concentration detected within 4. kenti juveniles varied through
time and across the three different treatments (Figure 2.3A). On average, control 4. kenti
juveniles displayed the highest DMSP content (0.0295 mM), although concentrations were
only slightly higher than observed for those supplemented with DMSP (0.0286 mM) and
acrylate (0.0255 mM). No significant differences in DMSP concentrations were observed
between treatment and time (ANOVA: F4.08,44.88, =2.311, p-value = 0.071). On day 16, DMSP
concentration and number of juveniles settled were positively correlated in all treatments
(Figure 2.3C). Higher DMSP concentrations were measured in samples where more A. kenti

juveniles settled and this trend was consistent between all treatments and was significant

(Pearson correlation coefficient; R=0.71-0.74, p-value < 0.05).

DMSP was only detected in tissues of G. retiformis juveniles supplemented with
DMSP, having an average concentration of 0.03 mM (£0.02) DMSP per polyp (Figure 2.3B).

However, a significant negative correlation was observed between DMSP concentration and
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the number of juveniles (p-value = 0.018; Figure 2.3D). No DMSP was detectable in G.
retiformis juveniles in either the control or acrylate treatments sampled on days 0 and 8 of the
experiment. As a result, DMSP concentrations were significantly different between treatments
(ANOVA; F 222 =10.57; p-value = 0.001), with pairwise t-test confirming the DMSP
treatment was significantly different to the control and acrylate treatments (Bonferroni adj p-

value = 0.002).
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Figure 2.3 DMSP concentration per coral polyp, quantified by mass spectrometry. (A) DMSP
concentration per Acropora kenti polyp (mM; £SE) across different treatments and days.
Dashed lines represent mean DMSP concentration of each treatment. (B) DMSP concentration
(mM= SE) per Goniastrea retiformis polyp in different treatments on days 0 and 8. Points
represent mean DMSP concentration, error bars represent standard error. Pearson correlation
of DMSP concentration as a function of the number of recruits (n) settled in each well. (C)

DMSP concentration in each treatment at day 16 as a function of the number of A. kenti
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recruits settled in each well. (D) DMSP concentration at day 8 of exposure to DMSP as a
function of the number of G. retiformis recruits settled in each well. No DMSP was detected

in the control or acrylate treatments; shaded region represents 95% confidence interval.

2.5 Discussion

Some fast-growing coral species, particularly the Acroporids, have high
concentrations of DMSP and acrylate within their tissues (Tapiolas et al. 2010). While the
likely role of organo-sulfur compounds with the coral holobiont includes scavenging of
oxygen radicals (Sunda et al. 2002; Deschaseaux et al. 2014b; Jones and King 2015), the high
concentrations of acrylate are perplexing and led to the postulation that it may support coral
growth. Acrylate can polymerize to polyacrylic acid, which has chemical functionality similar
to that of aspartic acid-rich proteins in the coral organic matrix (Miller and Holcombe 2001;
Cantaert et al. 2013b), and hence, polyacrylic acid could potentially catalyse CaCO3
precipitation(Mass et al. 2013; Akiva et al. 2018a) and support skeleton deposition. Here,

however, the addition of exogeneous DMSP and acrylate as supplements for A. kenti and G.

retiformis juveniles did not impart any growth advantage.

2.5.1 Acrylate supplementation increases mortality in Goniastrea retiformis recruits

The high survival rates observed for recruits of both A. kenti and G. retiformis exposed
to DMSP indicates DMSP supplementation was at an appropriate concentration. In contrast,
exposure to acrylate resulted in mild toxicity to G. retiformis, as evidenced by the slightly
lower survival rate of 81.5 + 2.91% compared to 92.8 £1.73% in controls. Although 10 mM
of acrylate supplement was recommended from previous literature for Acroproa juveniles
(Johns 2019; Kuek 2021), here, based on the fact that adult Goniastrea contain lower
concentrations of acrylate (0.253 nmol mm) as compared to adult Acroporids (15.223 nmol
mm-2) (Tapiolas et al. 2013), and assuming that G. retiformis and A. kenti juveniles consist of
a similar metabolite profile as the species in their respective genera, recruits of both species
were exposed to 1 mM acrylate, a magnitude lower. The observed toxicity indicates, however,
that even at this lower acrylate concentration, G. retiformis juveniles may have been exposed
to acrylate concentrations much higher than the natural biological level. This suggests G.
retiformis juveniles are not equipped to effectively detoxify excess acrylate concentrations. It
is also possible that since corals are more vulnerable to stressors during their early life stages

(Albright 2011), the impacts on survivorship may be a result of G. retiformis recruits having
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less well-developed cellular and molecular mechanisms to detoxify acrylate compared to

mature G. retiformis and to A. kenti.

2.5.2 DMSP biosynthesis and exogeneous uptake differ between coral genera
Supplementation with DMSP did not facilitate enhanced growth in juveniles of either
species relative to controls. DMSP was observed in A. kenti controls and in both treatments,
with DMSP concentrations constant across all treatments. As such, there 1s no evidence of
DMSP uptake. These results do, however, confirm that aposymbiotic 4. kenti juveniles are
capable of DMSP biosynthesis and can maintain intracellular concentrations for an extended
period. Establishment of DMSP biosynthesis by aposymbiotic A. kenti controls corroborates
prior findings that Acroporid species are capable of producing and storing DMSP in their
tissues at relatively high levels (Raina et al. 2013). Yet, as uptake was not observed here, it is
not possible to establish a link between exogenous DMSP and growth. However, the ability of
A. kenti to produce and store DMSP is undoubtedly contributing to the strong (and linear)
correlation between increased DMSP concentrations and the higher number of A. kenti
juveniles settled per well, this trend being consistent across all treatments, including the

control at day 16.

The ability of A. kenti juveniles to produce intracellular DMSP may negate the need to
uptake exogenous DMSP. The biosynthesis of DMSP may support Acropora eatrly life stage
metabolism ensuring survival until they acquire Symbiodiniaceae (Hill et al. 1995). In adult
corals, Symbiodiniaceae are the major producers of DMSP (Hill et al. 1995), and the positive
correlation of Symbiodiniaceae cell density with DMSP concentrations (Frade et al. 2016)
confirms the adult coral animal requires DMSP additional to that which it can itself produce.
There are two possible scenarios to explain the lack of increase in DMSP concentrations for
A. kenti aposymbiotic juveniles; 1) they are not capable of uptake of exogeneous DMSP from
the surrounding seawater or 2) uptake occurred but the excess DMSP was rapidly

metabolised.

The uptake of exogenous DMSP has been observed in diatoms and it is highly likely
this process requires active transporters (Kiene and Hoffmann Williams 1998). It is possible
that aposymbiotic 4. kenti juveniles do not have the machinery to actively transport
exogeneous DMSP across the cell membrane, or that acquiring exogenous DMSP is
energetically costly. If this is the case, it may be more cost-efficient for 4. kenti to instead

acquire environmental sulfate (SO42°), following a similar metabolic pathway used by
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symbiotic bacteria (Raina et al. 2017), to support the biosynthesis of DMSP (Matrai and
Keller 1994).

Given the presence of high concentrations of DMSP in some symbiotic corals
(Broadbent et al. 2002), it is possible that aposymbiotic 4. kenti juveniles, lacking the
symbiotic algal partner to support DMSP biosynthesis, may have a high demand for DMSP.
Therefore, these juveniles may uptake exogenous DMSP, which is then immediately
metabolised, resulting in no measurable difference in DMSP concentrations in the coral
tissue, i.e., the basal equilibrium is maintained. It has been established that marine bacteria
have the ability to sequester exogeneous DMSP from the seawater and metabolize it within 24
hours (Kiene et al. 2000; Gao et al. 2020; Fernandez et al. 2021), e.g., via the action of DMSP
lyases (Curson et al. 2011b). Furthermore, it has been reported that DMSP lyase genes, whose
products catalyse DMSP cleavage to DMS and acrylate, have undergone expansion in
members of the genus Acropora (Shinzato et al. 2021). Here, the intracellular DMSP
concentration was measured 24 hours after supplementation, the deliberate delay in
measurement providing time for coral to metabolise any absorbed DMSP. Given there was no
effort to eliminate bacteria, in theory, DMSP lyases from either the bacteria or the 4. kenti
juveniles could rapidly catabolise DMSP. Future research effort should monitor changes in
DMSP concentrations at earlier timepoints to establish whether uptake is occurring within 4.

kenti and/or associated bacteria.

Metabolism of DMSP via the lyase cleavage pathway produces acrylate. If this
pathway is active, uptake of exogeneous DMSP would be expected to increase acrylate
concentrations within the coral tissues. Here acrylate concentrations were not measured, the
LC-MS method being unable to simultaneously quantify DMSP and acrylate due to the poor
ionization of acrylate. Therefore, additional studies should develop a different LC-MS solvent
system tailored to the ionization of acrylate. Alternatively, quantification using nuclear
magnetic resonance spectroscopy ('H-qNMR) could be used to detect DMSP and acrylate in
coral tissues simultaneously, although this would require sample pre-concentration (Tapiolas
et al. 2013). Regardless, given that the growth of A. kenti was not enhanced as a result of

DMSP supplementation, if it was indeed taken up it is likely that both DMSP and any derived

acrylate serve cellular functions other than growth.

For G. retiformis juveniles, no DMSP was detected in controls, but was detected in

those supplemented with DMSP. The juveniles settled in treatment wells were meticulously
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washed three times with FSW before solvent extraction, and therefore the DMSP detected is
unlikely to be residual exogeneous DMSP. If this had occurred the concentrations of DMSP
detected would be expected to be consistent across all DMSP treated wells, though no
increase in basal DMSP was observed in 4. kenti supplemented with DMSP. Further, if post-
washing residual DMSP was adsorbed to the coral surface and then subsequently extracted,
then more would be expected to be extracted from wells having a higher density of corals
(i.e., as the surface area increases more DMSP should be extracted), though again this was not

observed.

The lack of DMSP detected in aposymbiotic G refiformis juveniles supports previous
observations that symbiotic adult Goniastrea colonies do not have DMSP at detectable levels
(Tapiolas et al. 2013). However, acrylate was detected in these adult colonies (Tapiolas et al.
2013), and this observation is highly suggestive of the former presence or the rapid
metabolism of DMSP, DMSP being the immediate precursor of acrylate. The lack of DMSP
in G. retiformis controls establishes that, unlike 4. millepora and A. kenti (Raina et al. 2013),
G. retiformis does not have the capacity to produce DMSP and relies on its supply via
symbionts. By day 8 of exposure, DMSP was detected in G. retiformis juveniles
supplemented with DMSP, and not in the control or acrylate treatments. The concentrations
detected were similar to that in A. kenti juveniles (~0.03 mM) and hence this observation
indicates that incorporation of exogeneous DMSP to corals is possible, either passively or
through active transporters. This expands our knowledge of DMSP uptake by corals,
supporting a prior study on the aposymbiotic deep sea coral Lophelia pertusa which has been
speculated to nutritionally acquire particulate DMSP (Burdett et al. 2014). Aposymbiotic
Goniastrea is able to acquire dissolved exogeneous DMSP from the surrounding
environment, yet as it is a slow-growing coral species relative to Acropora, the 8-day
exposure may not be long enough to observe any benefit, i.e., no enhancement of growth was

observed. Extending the supplementation period, i.e., beyond 51 days, is recommended to

establish if uptake is beneficial (Nothdurft and Webb 2007).

The negative correlation observed between lower DMSP concentrations detected with
the higher number of G. retiformis juveniles per well at day 8 potentially indicates an increase
in DMSP catabolism when juveniles are in higher density. The genetic machinery for the
breakdown of DMSP via the cleavage pathway has been shown to exist in the genus
Goniastrea (Kitahara et al. 2016), although DMSP lyase genes have not undergone expansion
in this phylogenetic group to the same extent as in Acropora spp. (Shinzato et al. 2021).
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Therefore, it is possible that DMSP lyase activity is occurring in G. retiformis and that DMSP
catabolism was much slower for juveniles at low density resulting in high levels of DMSP

remaining in tissue during extraction. In contrast, rapid catabolism of DMSP could be result

from juveniles settled at high density.

2.5.3 DMSP may serve different functions in different coral genera

The opposing results found for 4. kenti and G. retiformis suggest that DMSP may
serve different functions in these two coral species during their early life stages. Indeed,
investigations in adult 4. millepora and Stylophora pistillata (Gardner et al. 2017a) found the
role of DMSP to be genus-specific. Under thermal stress, DMSP concentrations in S. pistillata
decline, suggesting DMSP is acting as an antioxidant and being consumed during the
harvesting of ROS. Yet for A. millepora, DMSP concentrations increase in response to
thermal stress and are thus suspected to play a different metabolic role in this coral species.
With the genus-specific DMSP lyase expansion in Acropora, and high production of DMSP
(Tapiolas et al. 2013; Shinzato et al. 2021), it is possible that DMSP has acquired functions in
Acropora spp. that it does not serve in other corals. Further research is needed to establish

whether this extends to older juveniles and adults of A. kenti and G. retiformis.

2.5.4 Acrylate supplementation induces mild growth retardation in A. ken#i recruits
Survival was not deleteriously affected by acrylate supplements, yet acrylate did not
enhance growth of either species. Significant growth retardation was observed in A. kenti
recruits exposed to acrylate; the size of polyps exposed to acrylate increased by only ~14%
after 16 days compared to controls and those supplemented with DMSP, both of which were
~20% larger in size. These findings provide additional evidence of the toxicity of exogenous
acrylate. Indeed, acrylate is known to be toxic to many organisms. For example, it can inhibit
the growth of bacteria (Sullivan et al., 2011) and is lethal to microzooplankton (Wolfe et al.
1997b; Wang et al. 2002), although some microzooplankton do have the molecular
mechanisms to detoxify acrylate, i.e., through its catabolism to acryloyl-CoA (Reisch et al.
2013). The slower coral growth observed here is surprising given that members of the genus
Acropora are characterised by high levels of acrylate in their tissues, suggesting they have a
mechanism to tolerate the inherent toxicity. However, the additional acrylate load, enhanced
through uptake, may have exceeded the coral’s level of tolerance, i.e., acting as an additional
stressor. In essence, it may be that the concentration of exogeneous acrylate offered was far

beyond normal biological levels in Acropora recruits and, detoxification of excess acrylate to
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ensure survival may require diversion of energy reserves normally needed for maintenance
and growth. The slight drop in survival of Goniastrea and the significant retardation of
growth in Acropora juveniles caused by the acrylate supplement points to its toxicity and

indicates it is not a suitable supplement to support and enhance early life stage coral growth.

2.5.5 Coral growth is determined by various factors

The factors that contribute to coral growth are complex, the predominant requirement
is the availability of sufficient energy to translocate stored or acquired nutrients to support
skeletal and tissue growth (Hoogenboom et al. 2008; Osinga et al. 2011). For example, newly
settled aposymbiotic corals rely on the lipid content stored in eggs for subsequent
development and metabolism (Richmond 1987; Harii et al. 2007). The coral juvenile is likely
to use some of this stored lipid to support early growth. Here, 4. kenti juveniles displayed a
20% increase in size over 16 days while the G. retiformis juveniles were 150% larger after 4
days post-settlement. This stored energy is limited and if energy reserves are not replenished
through heterotrophic feeding or photosynthesis, deposition of CaCO3 is reduced and coral
growth suppressed (Houlbréque and Ferrier-Pageés 2009; Drenkard et al. 2013). This scenario
was observed, with growth of both coral species plateauing after an initial period of size
increase. In natural systems, symbiosis is established early in post-settlement life and energy
subsequently acquired through mixotrophy (i.e., both derived photosynthates and capture of
heterotrophic nutrients). As the aposymbiotic control juveniles were maintained in FSW and
deprived of both photosynthetic and heterotrophic nutrients, their ability to acquire energy as
the experiment proceeded was limited and growth at the later timepoints expected to slow as
stored lipids were depleted. Even for 4. kenti that is capable of DMSP biosynthesis,
supplementation with DMSP (and acrylate) was expected to extend a benefit to recruits of
both species as a source of carbon and sulfur at the later timepoints. The results here confirm

this was not the case.

The acquisition and subsequent precipitation of Ca”" ions in the form of aragonite are
energy expensive processes. In the coral calcification model, Ca?* is acquired through either
active or passive transport (Ip et al. 1991; Zoccola et al. 1999, 2015; Furla et al. 2000;
Tambutté et al. 2011). In active transfer, energy is required to fuel an ATPase enzyme to
allow Ca*" to pass through coral tissue layers (Allemand et al. 1998; Osinga et al. 2011). If
the energy reserves of settled juveniles are depleted, the supply of the Ca?" to the site of
calcification could be limited. Addition of exogeneous DMSP or acrylate to the coral

juveniles was targeted at supplying an extra catalyst to enhance the calcification process,
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noting that calcification would not proceed if the starting material, Ca®*, was limited through
this energy bottleneck (Dissard et al. 2012). It is important to note that coral juveniles in this
study were not offered a food source, as phytoplankton contributes to the coral DMSP pool
(Dacey and Wakeham 1986; Tang and Sim6 2003). The absence of an additional food source
was a deliberate choice to avoid complicating the quantification of DMSP uptake (Wijgerde
et al. 2011). Future studies should consider the concomitant supply of an alternate energy and
nutrient source that is DMSP free, i.e., Artemia, to support the development of the coral

juveniles (Nothdurft and Webb 2007).

Exogenous DMSP in seawater is degraded and utilised by bacteria, with the pathway
of degradation regulated by DMSP availability (Kiene et al. 2000) and the bacterial demand
for carbon and sulfur (Sim6 2001b; Varaljay et al. 2015; Gao et al. 2020). Yet, the
degradation pathway is a function of the microbial community, which is itself a function of
the environment. For example, the bacterial community present in inshore GBR waters is
considered nutritionally rich and predominately degrades DMSP to DMS via the cleavage
pathway, whereas offshore microbial communities, i.e., considered nutrient poor, convert
DMSP to methanethiol via the demethylation pathway (Fernandez et al. 2021). As, no nutrient
or food was provided to coral juveniles in this study, the juveniles were both sulfur and
carbon limited. It is possible that coral juveniles have similar mechanisms as bacteria to
regulate DMSP breakdown under limited nutrients, i.e., converting exogenous DMSP through
demethylation pathways to attain energy and provide organic carbon and sulfur for
development. Thereby, coral juveniles may obtain nutrient support from the breakdown of
DMSP through demethylation pathways, instead of producing acrylate via the cleavage
pathway, foregoing a potential growth benefit. Although the products of both DMSP
breakdown pathways were not quantified, the survival of juveniles supplemented with DMSP
matched that of controls. However, the growth of juveniles was not enhanced with exogenous
DMSP and hence there is no observable evidence that products from either DMSP breakdown
pathway offer any benefit.

2.5.6 Refinement of imaging analysis methods to improve coral juvenile growth
estimates
Approaches such as wax dipping are often used to measure three-dimensional growth
of adult corals and were initially considered here, however, reports have indicated low
precision when applied to small coral juveniles (< 1 mm? @ per recruit). For example, Veal et

al. (2010) reported that the corals need to be > 5 cm? for robust assessment of growth using
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wax-dipping, and computed tomography (or CT) scanning requires samples larger than 2 cm?
to achieve a high enough resolution. As coral juveniles used here measured ~17.8 to 22.1
mm? for 4. kenti and ~1.75 to 3.53 mm? for G. retiformis, neither of these three-dimensional
methods were deemed to be suitable. Here, a two-dimensional method that measures the SA,
i.e., derived from photographs, was able to estimate and monitor increase in the size of newly
settled A. kenti and G. retiformis juveniles. While this method proved suitable for the
measurement of multiple coral replicates over time, it does not account for any vertical
extension and hence is at best a proxy, i.e., ballpark representation, of the impact of
supplementation on growth. Quigley and Vidal Garcia (2022) recently assessed the
applicability of intraoral dental scanning to measure the three-dimensional SA and volume of
>1 year old coral juveniles at fine scale with significant improvement in the accuracy of size
estimates. Future research should assess this three-dimensional method on newly settled
juveniles (<1 month old) and determine the level of improvement in the accuracy of growth

measurements.

2.6 Conclusion

This study explored the potential of supplementing coral juveniles with DMSP and
acrylate to enhance their growth. Focus was on measuring the physiological response
including survival, growth, and DMSP concentration, of newly settled aposymbiotic juveniles
of the fast-growing branching A. kenti and the slower-growing massive G. retiformis to
chemical supplementation. Quantifying DMSP in aposymbiotic recruits under control
conditions revealed significant differences between the two species. Here, A. kenti recruits
were shown to produce DMSP, corroborating previous knowledge from Acropora species,
while there was no evidence for DMSP biosynthesis in G. refiformis recruits. In addition,
although no substantive evidence was found to support the link between DMSP and acrylate
supplementation and growth in either species, the response of coral recruits to exogeneous
DMSP and acrylate did reveal further species-specific differences. Uptake of exogeneous
DMSP was not observed for 4. kenti. DMSP supplementation did not enhance DMSP
concentration in the tissues, likely because the coral was already able to establish a basal
DMSP concentration through host biosynthesis or it was catabolising it immediately upon
uptake. Uptake was observed for G. retiformis, confirming that sequestration from the
surrounding environment is possible, however, the elevated levels of intracellular DMSP did
not enhance G. refiformis growth. Similarly, supplementation with acrylate resulted in a

significantly slower growth in A. kenti and a decrease in G. retiformis survival, the latter
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indicating a low level of toxicity and highlighting limitations in its use as a growth enhancer.
The ramifications of these findings for both fast- and slow-growing coral species under
various scenarios, including settlement and long-term juvenile growth under stress conditions
and bleaching, should be the focus of future studies and should include assessment of gene
expression regulation as well as physiological responses to DMSP uptake. Harbouring
symbiotic algal partners allows coral to acquire energy through autotrophic feeding. As these
two coral species form symbiotic relationships with DMSP-producing Symbiodiniaceae,
monitoring DMSP and acrylate metabolism in Symbiodiniaceae-inoculated newly settled
coral recruits may provide a better understanding of the possible functions of DMSP and
acrylate in coral growth and calcification. To conclude, this study has revealed distinctive

growth patterns between the early life stages of two species of hard coral in response to

supplementation with the important coral metabolites DMSP and acrylate.



Chapter 3 Influence of Symbiodiniaceae on coral DMSP level and growth 58

Chapter 3 Influence of species-specific Symbiodiniaceae on coral juvenile DMSP

concentrations and growth characteristics.

3.1 Abstract

Within the coral holobiont, Symbiodiniaceae is the largest producer of the organic
sulfur compound dimethylsulfoniopropionate (DMSP) and has been postulated to enhance
coral calcification through its breakdown to acrylate and subsequent theoretical conversion to
polyacrylic acid, a compound with a chemical structure that mimics the known calcification
proteins that are rich in polyaspartic and polyglutamic acid domains. This study explored the
role of algal-derived DMSP in the early life stage of coral by assessing the advantage
imparted to newly settled aposymbiotic Acropora kenti and Goniastrea aspera juveniles by
the Symbiodiniaceae, Cladocopium or Durusdinium monoculture. Differences in the cellular
concentrations of DMSP were correlated with coral growth and survival dynamics. Acropora
kenti juveniles hosting the thermally tolerant Durusdinium dinoflagellate (Symbiodiniaceae)
displayed higher growth in early ontology (days 4 — 37) compared to juveniles hosting the
more universally dominant Cladocopium species. Acropora juveniles hosting Cladocopium
achieved similar size and DMSP concentrations as those hosting Durusdinium but required
significantly longer time to do so. Although higher growth correlated with higher DMSP
concentrations in Acropora juveniles suggesting DMSP may be involved in coral
calcification, no direct link could be established between DMSP levels and calcification. In G.
aspera juveniles, growth did not correlate with DMSP concentrations derived from the
Symbiodiniaceae. Findings here suggest alternative species-specific roles of DMSP and adds
to the fundamental understanding of the role of species-specific Symbiodiniaceae and algal-

derived DMSP in coral growth.
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3.2 Introduction

Corals host an assemblage of different Symbiodiniaceae species, the combination of
different symbiotic partners resulting in unique phylotypic characteristics (Franklin et al.
2012; Parkinson and Baums 2014; Swain et al. 2020). This symbiotic relationship is critical to
the survival of the coral holobiont; the coral host provides respiratory carbon dioxide (CO2) to
the Symbiodiniaceae, and in return the Symbiodiniaceae undergo photosynthesis providing
oxygen and fixed carbon nutrient to the coral host (Muscatine et al. 1984). This shared

provision of resources supports coral metabolism, growth, and survival (Davy et al. 2012).

Symbiodiniaceae species are characterized by different physiological properties and
trade-offs. Cladocopium is the dominant symbiont species in the Indo-Pacific (LaJeunesse
2005; Chen et al. 2022), affording fast growth to coral via greater photosynthate translocation
to the coral host (i.e., providing energy for growth and metabolism) (Cantin et al. 2009).
Corals hosting Durusdinium have generally been demonstrated to display higher thermal
resistance than counterparts hosting Cladocopium, the trade-off being slower growth (Little et
al. 2004; Cunning et al. 2015) and downregulation of immune system responses and
lysosomal digestion (Yuyama et al. 2018). The Symbiodiniaceae community associated with
the coral host can shift in response to environmental variation which has been postulated as
one mechanism by which coral can acclimate to warming oceans (Rowan and Knowlton
1995; Stat et al. 2006). For example, in response to thermal stress, the symbiont community
shifts from predominantly Cladocopium to Durusdinium, with such population shifts
predicted to become the norm under future climate change conditions (LaJeunesse et al. 2018;
Dilworth et al. 2021; Quigley et al. 2022). However, shifting to a Durusdinium-dominate
community has potentially serious trade-offs including a reduction in coral growth and slower
recovery from physical disturbances such as cyclones and predation by crown-of-thorns
starfish, while also increasing vulnerability to disease (Wakeford et al. 2008; De’Ath et al.
2012; Shore-Maggio et al. 2018; Aeby et al. 2020). Nevertheless, other studies suggest that
Symbiodiniaceae shuffling is cost neutral for the coral host (Abbott et al. 2021) and that it is
the regional evolutionary history of symbionts that shapes the thermal tolerance properties of

Symbiodiniaceae in certain corals (Howells et al. 2016, 2020).

Coral reefs are the largest producers of dimethylsulfoniopropionate (DMSP) in the
marine environment, with DMSP playing a crucial role in the global sulfur cycle (Kiene and
Linn 2000). Within the coral holobiont, the Symbiodiniaceae partner is the main contributor

to the environmental DMSP pool (Hill et al. 1995), with DMSP linked to important cellular
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processes including osmoregulation and stress response (Lesser et al. 1990; Broadbent et al.
2002). In culture, free-living Cladocopium produces higher DMSP concentrations per cell
than Durusdinium (Deschaseaux et al. 2014a). When under thermal stress, the production of
DMSP by Durusdinium is not affected, while for Cladocopium it is significantly decreased,
with levels dropping to match those of Durusdinium. This may correlate to the physiological
properties of symbiont species, the less thermally tolerant Cladocopium utilises DMSP at a

higher rate than Durusdinium to mitigate cellular thermal stress.

Under ambient conditions, i.e., when not experiencing thermal stress, healthy fast-
growing Acropora species contain high levels of DMSP compared to slower-growing coral
species (Tapiolas et al. 2013). DMSP can act as an antioxidant and osmoprotectant when the
coral holobiont experiences environmental stress (Stefels 2000; Sunda et al. 2002;
Deschaseaux et al. 2014b; Gardner et al. 2016, 2017b). In the Acropora millepora coral
holobiont, DMSP functions as an antioxidant under hyposaline (Aguilar et al. 2017) and
thermal stress (Gardner et al. 2017a), with DMSP concentrations upregulated, facilitating
scavenging the excess reactive oxygen species (ROS). However, the response of coral appears
to be species-specific, with DMSP concentrations decreasing in thermally stressed Stylophora

pistillata (Gardner et al. 2017a).

In corals, DMSP conversion to dimethyl sulfide (DMS) and acrylate not only
facilitates the scavenging of ROS but also offers a pathway for dissipating excess reduced
sulfur (Stefels 2000). However, the acrylate by-product is, itself, toxic to many marine
organisms (Wang et al. 2002), and its accumulation in the tissues of some coral species
highlights the active retention of this compound and suggests it has a possible important
functional role in supporting coral growth and health. The Symbiodiniaceae and bacterial
partners modulate the DMSP and acrylate levels in coral. Cladocopium are the dominant
Symbiodiniaceae species associated with adult Acropora colonies and, given that they
produce higher DMSP concentrations per cell than Durusdinium in isolate-culture
(Deschaseaux et al. 2014a), it is possible that harbouring Cladocopium promotes DMSP
production and hence, through bacterial conversion, maintains high acrylate levels. As
discussed in the previous chapters, acrylate has the potential to polymerise into polyacrylic
acid, which has a structure reminiscent of skeletal aspartic acid-rich proteins (i.e., proteins
high in aspartic and glutamic acids and rich in carboxyl functional groups [RCOO-]) that
catalyse coral skeleton calcification (Ajikumar et al. 2005; Gotliv et al. 2005; Zhou et al.
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2011; Cantaert et al. 2013b; Mass et al. 2013; Mummadisetti et al. 2021). The higher DMSP
concentrations in Cladocopium-dominant coral may facilitate faster growth through the

incorporation of excess acrylate into the skeleton.

Adult Acropora hosting predominantly Cladocopium are characterized by fast growth
compared to those hosting Durusdinium (Stat et al. 2008; Matias et al. 2022). In contrast, in
early ontology, Acropora juveniles hosting the non-dominant Durusdinium grow faster than
those hosting the dominant Cladocopium (Yuyama and Higuchi 2014). Although free-living
Cladocopium cultures produce higher DMSP concentrations than Durusdinium (Deschaseaux
et al. 2014a), their production of DMSP could differ when hosted within coral. This is
supported by differences in transcriptomic expression of free-living vs symbiotic
Symbiodiniaceae (Yuyama et al. 2021), which may include DMSP metabolism. Previous
studies have focused on the physiological response and DMSP levels in each isolated member
of the coral holobiont (Raina et al. 2013, 2017; Deschaseaux et al. 2014a; Gardner et al.
2017a; Gao et al. 2020; Kuek et al. 2022). However, the link, if any, between the production
of DMSP by coral juveniles hosting different Symbiodiniaceae species and coral growth has
yet to be determined. Understanding the physiology of newly settled coral juveniles and
revealing the factors that enhance newly settled polyp growth are important to overcome the
juvenile size-escape threshold which is critical for coral survival in the early life stages
(Raymundo and Maypa 2004; Doropoulos et al. 2012, 2017; Suzuki et al. 2012; Randall et al.
2020).

To understand the contribution of different Symbiodiniaceae to coral growth and the
coral holobiont DMSP pool, ex-situ newly settled aposymbiotic Acropora kenti juveniles were
inoculated with a single Symbiodiniaceae species, either Cladocopium or Durusdinium.
Juveniles of the slow-growing Goniastrea aspera were similarly inoculated and monitored. G.
aspera was specifically chosen as an alternate study species as adults do not accumulate
detectable levels of DMSP (Tapiolas et al. 2013). Survivorship, basal disc surface area,
Symbiodiniaceae cell density and intracellular DMSP concentrations within the coral
holobiont were measured across multiple time points to examine the possibility that the

growth of coral juveniles is a function of the symbiotic partner and the availability of

intracellular DMSP.

3.3 Method

3.3.1 Coral sample collection
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Two gravid colonies of Acropora kenti (formerly Acropora tenuis in GBR (Bridge et
al. 2023)) were collected on October 2021 from the reefs of Yunbenun (Magnetic Island),
Townsville (19°07'45.6"S 146°52'39.5"E) in the inshore central GBR region. Coral colonies
were transported back to the AIMS SeaSIM a week prior to spawning and maintained as
previously described in Chapter 2 Section 2.3.2. Colonies spawned at 18:06 on the 23
October 2021, with the sperm and egg bundles separated carefully. Single parent cross
fertilization from the two colonies was conducted to minimize genetic variation of the
resulting larvae. Fertilised coral larvae were transferred to an 800 L culture tank maintained at
27 °C as described previously (see Chapter 2 Section 2.3.2). Goniastrea retiformis was
originally chosen as the slow-growing coral species for this experiment. However, at the time
of the experiment no G. retiformis colonies with pigmented mature eggs were found during
field collection. Instead, Goniastrea aspera from the same genus was collected from
Yunbenun (Magnetic Island) and spawned on 24% of October 2021. Sperm and eggs were
collected from 14 individual colonies (to ensure high enough numbers given the small colony
sizes; Babcock 1984) and mixed to allow fertilization before being transferred to three 80 L
culture tanks that were maintained at 27°C. 4. kenti and G. aspera larvae were settled 7 and 8
days post-spawning, respectively, and the experiment started 3 days later when juveniles were
10 and 11-days post spawning, respectively. Settlement methods are as reported in Chapter 2
Section 2.3.2, with slight modifications. Briefly, ~80 fertilized larvae were added into each
well of a 6-well plate and settlement induced using autoclaved crustose coralline algae (CCA)
for A. kenti and autoclaved coral rubble for G. aspera (Appendix A). Sterilized, non-living
CCA and coral rubble was used to eliminate any potential transfer of CCA -associated

symbionts, particularly Symbiodiniaceae spp., to the coral juveniles.

3.3.2 Symbiodiniaceae inoculation

Symbiodiniaceae cultures of Cladocopium goreaui (SCF 055-01.10, C1) and
Durusdinium trenchii (SCF 082, D1a) were sourced from the AIMS Symbiont Culture
Facility. C. goreaui and D. trenchii were originally isolated from A. tenuis widespread in
Great Barrier Reef and Acropora muricata, respectively (Chakravarti et al. 2017; Chakravarti
and van Oppen 2018; Matsuda et al. 2022). Cultures were maintained in a E500
environmental chamber (E500, Steridium) under constant temperature (27°C) and 10-hr:14-hr
light:dark cycle with light level at 75 pmol photons m2 s~!. One-off single strain inoculation
of either Cladocopium or Durusdinium was introduced to each treatment well on day 3 post-

settlement at a density of 10,000 cells of Symbiodiniaceae per coral polyp. For A4. kenti,
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twelve 6-well plates per Symbiodiniaceae type were prepared (n=72 wells in total). For G.
aspera, a total of 40 wells per Symbiodiniaceae type were prepared (not enough settled
juveniles were remaining in some wells therefore these were excluded from the study). For
both coral species, each 6-well plate was assigned to a single Symbiodiniaceae treatment type
to avoid cross-contamination. All plates were maintained in darkness for 24 hrs to facilitate
symbiont uptake by the settled corals after which a full seawater change was performed to
remove any remaining free-living Symbiodiniaceae cells. An additional twelve plates (n=72
wells) of uninoculated aposymbiotic A. kenti juveniles and 40 wells for G. aspera were also

maintained as controls.

On day 0 (i.e., 4-days post-settlement), a total of 12,621 A. kenti juveniles were
settled, with an average of 59 juveniles per well in the control, 56 juveniles per well in the
Cladocopium treatment and 60 juveniles per well in the Durusdinium treatment. A total of
3,764 G. aspera juveniles were settled with an average 35 juveniles per well in the control,
and 30 and 29 juveniles per well in the treatments inoculated with Cladocopium and
Durusdinium, respectively. The A. kenti experiment was run for 51 days. For G. aspera the
experiment was only run for 16 days due to a lower settlement success rate resulting in a
lower number of wells having a sufficient number of settled G. aspera juveniles. Therefore,
the timeframe for the experiment was reduced to 16 days (Table 3.1); for coral tissue
extraction, the number of replicate wells was also necessarily decreased from 12 to 10 . A
complete seawater exchange was performed on days 0, 1 and then every second day until the
end of the experiment (Table 3.1).

Table 3.1 Experimental timeline for Acropora kenti (Day 0 = 11 days post-spawning) and

Goniastrea retiformis (Day 0 = 12 days post-spawning) depicting days when each procedure
was performed.

Experimental A. kenti G. aspera

Procedure

Symbiodiniaceae Day -1 Day -1

inoculation

Seawater change Day0,1,3,5,7,9, 11, 13, Day0,1,3,5,7,9, 11, 13, 15
15, every second day until 51

Growth measurement Day 0, 2,4, 6, 8, 10, 12, 14, Day 0, 2,4, 6, 8, 10, 12, 14,

16, 18, 23, 30, 37, 44, 51 16

Symbiodiniaceae Count Day 0, 2,4, 8, 16, 51 Day 0, 4, 8, 16
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Coral tissue extraction Day 0, 2,4, 8, 16, 51 Day 0, 4, 8, 16

3.3.3 Coral growth and survival measurement

Coral juveniles were photographed to assess survival and to measure growth (using
coral tissue surface area as a proxy). For 4. kenti, photographs were taken every second day of
the experiment (starting from day 0) until day 18 of the experiment after which photographs
were taken every 7 days (i.e., days 23, 30, 37, 44 and 51) (Table 3.1). G. aspera survival and
growth were measured every second day of the experiment (starting from day 0) until day 16
(Table 3.1). Photographs were taken using a camera mounted on robotic arm as described in
Chapter 2 Section 2.3.4, with slight modifications. Briefly, each 6-well plate was gently
rocked to induce coral juvenile tentacle retraction, as extended tentacles would interfere with
coral basal disc surface area measurements. To maintain consistency, all photographs were
taken using the same settings: aperture f/11, 1/80s shutter speed, exposure comp of 0 EV and
100 ISO with Weefine ring light 3000 (Kraken) mounted on camera housing lens port thread,
operated in 25% of power in continuous white light mode and saved in tag image file format
(TIFF). The machine learning program ilastik was used to identify coral juveniles within the
image (Macadam et al. 2021), and the surface area of the coral juvenile calculated with an
automated Fuji ImageJ macro adapted from Macadam et al. (2021) (see S2 Supplementary
data for Chapter 3). Coral survival was established based on the percentage decrease in
number of living polyps counted in the image compared to that counted on day 0. Coral
polyps which detached from the well were recorded as suffering mortality, while any asexual
reproduction (i.e., polyp budding) was defined as growth, which means % of survival cannot
exceed initial % settlement. The % growth was calculated using the equations detailed below

(also see Chapter 2 Section 2.3.4).

(xf)

nf

GTOWth = W X 100% - 100%
(nO)

Where:

xf = Total surface area of all coral juveniles per well at a specific timepoint

nf = Number of coral juveniles per well at the same specific timepoint
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x0 = Surface area of coral juveniles per well at day 0

n0 = Number of coral juveniles per well at day 0

3.3.4 Symbiodiniaceae density count

On days 0, 2, 4, 8, 16, and 51 of the experiment, five A. kenti polyps, equivalent to
~10% of settled polyps per well were carefully scraped off the well with a flat spatula and
transferred to a cryovial containing 500 pL of filtered seawater (FSW) (Table 3.1). Formalin
(10%; 500 pL) was added to the vials to achieve a final concentration of 5% formalin and
stored at —20°C. Coral polyps were defrosted and rinsed with FSW to remove residual
formalin before being transferred to a 200 pL plastic centrifuge tube with 20 pL of 1 %
hydrochloric acid (HCI) for 24 hrs to decalcify the skeleton. The HCI solute was diluted with
20 pL of FSW and homogenized with an ultrasonicator (Cole-Parmer; USA) to breakdown
the coral tissues and release the Symbiodiniaceae cells. An aliquot of solute was added to a
hemocytometer (Blaubrand, Wertheim, Germany) and photographed with a Zeiss Axio
Imager D2 microscope (Zeiss, Germany). The number of Symbiodiniaceae cells per aliquot
was determined based on counts from the photograph, performed using an automated Fuji
ImageJ macro, and counts normalized to the measured surface area for that exact coral polyp

(cells per mm?). For G. aspera three Symbiodiniaceae inoculated polyps were sampled from

each well on days 0, 4, 8, and 16 (Table 3.1).

3.3.5 Determination of DMSP concentration within the coral tissues

To determine the concentration of DMSP within coral juvenile tissues, polyps were
chemically extracted as per the method reported in Chapter 2 Section 2.3.5. In total, 12
replicate wells with settled 4. kenti juveniles were extracted with methanol:water (2:3 ratio
MeOH:H20) for each treatment on days 0, 2, 4, 8, 16, and 51 (Table 3.1). For G. aspera, 10
replicate wells of each treatment were extracted on days 0, 4, 8 and 16 of the experiment and

all samples were stored at —20°C.

Liquid chromatography mass spectrometry (LC-MS) was used to quantify the DMSP
concentrations within coral juveniles, applying the LC-MS method developed to analyse
DMSP concentrations in G. retiformis (as described in Chapter 2 Section 2.3.5) with
modification. For A. kenti, frozen extracts (—20°C) were thawed at room temperature and a 28

pL aliquot transferred into a 2 mL vial (amber autosampler HPLC; Agilent) with a 200 pL
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glass insert. To maintain the sample DMSP concentration within the linear range of the
calibration curve, each sample was then diluted with 72 uL of MeOH:H20 (2:3 V%V).
Finally, a 10 pL aliquot of 1 mM caffeine (prepared in MeOH:H20; 2:3 V%V) was added to
each sample as an internal standard to give a final volume of 110 pL (i.e., 10% ratio of
internal standard to solute). For G. aspera, 50 pL of thawed tissue extract was transferred to
vials with a glass insert to which 5 pL of 1 mM caffeine was added to maintain the 10% ratio
of internal standard to solute volume. Vials were sealed with a septum screw cap. Prior to

analysis, all septa were pierced to normalize the pressure within the vial after which vials

were vortexed for 30 seconds to ensure solutes were well mixed.

3.3.6 Statistical analysis

Kaplan-Meier survival plots were constructed in the R packages “survminer” and
“survival” (Therneau 2015; Kassambara et al. 2017) to determine whether the survival rate of
aposymbiotic (i.e., control) 4. kenti and G. aspera juveniles differed from those inoculated
with the two Symbiodiniaceae species. Log-rank Pairwise-comparison was performed using

treatment as a factor to estimate the survival of coral juveniles, and the p-value for multiple

comparisons was corrected using the Bonferroni method.

To eliminate bias resulting from variation in coral juvenile size, the growth of
juveniles was normalized to its own initial surface area on day 0, i.e., 0% growth. Hence, the
percentage of growth was > 0 as the experiment progressed. A two-way repeated measure
ANOVA was performed in the R statistical program (version 4.1.0 with rstatix package)
(Kassambara 2022) to analyse the growth of A. kenti and G. aspera with inverse response
transformation and normal response, respectively, to provide the best fit of assumptions. A
two-way ANOV A was also performed to analyse Symbiodiniaceae cell density in A. kenti
using a square root response transformation and a cube root response transformation for G.
aspera. Two-way ANOVA of Symbiodiniaceae cell density between A. kenti and G. aspera
on day 8 were performed using a square root response transformation. DMSP concentrations
of the coral juveniles were also analysed using a two-way ANOV A with the inverse
transformation for 4. kenti and a square root response transformation for G. aspera. Post hoc

tests were further performed to examine the interaction between specific treatment and time

with a Bonferroni correction when the interaction was significant.
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3.4 Result

3.4.1 Survival and growth of coral recruits inoculated with Symbiodiniaceae

The survival of A. kenti (>92%) and G. aspera (>98%) juveniles was high across all
treatments, including aposymbiotic controls (Figure 3.1A). For 4. kenti, the first 44 days of
the experiment showed no difference in survivability between treatments (p-value >0.0167;
Tukey post-hoc with Bonferroni corrected p-value significant level is 0.0167 for n=3 in coral
juveniles survival statistics). On day 51, the survival of 4. kenti juveniles hosting
Cladocopium and Durusdinium was 99%, with no significant difference between these (p-

value >0.0167), although it was significantly higher than for aposymbiotic control juveniles
(93 +£0.7%; p-value <0.0167).

G. aspera exhibited similar survival rates across all treatments, including
aposymbiotic controls, for the 16 day experiment (Figure 3.1B; p-value >0.0167). The highest
number of survivors was observed in G. aspera hosting Cladocopium (99 +0.5%) and
Durusdinium (99 £0.4%), with aposymbiotic controls having a slightly lower, but not
significantly different, survival rate (98.5 £0.7%). Overall, there was no significant difference
in survivorship observed between G. aspera (>98.5% CI 97.1% -100%) and A. kenti (>99.2 %
CI 98.5%- 99.8%) at day 16 of the experiment.
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Figure 3.1(A) Kaplan-Meier survival curves for Acropora kenti juveniles inoculated with
Symbiodiniaceae over 51 days post settlement. (B) Kaplan-Meier survival curves for
Goniastrea aspera juveniles inoculated with Symbiodiniaceae over 16 days post settlement.



Chapter 3 Influence of Symbiodiniaceae on coral DMSP level and growth 68

Lines represent estimate survival; Control (grey), Cladocopium (yellow), and Durusdinium
(blue)

Newly settled juveniles of 4. kenti and G. aspera were observed to have different growth
characteristics (Figure 3.2A). G. aspera showed initial faster growth at the early timepoints
(days 2 to 6) compared to A. kenti, but then plateaued with no significant change from days 6
to 16, whereas A. kenti showed a more linear step growth with significant difference between

days 6 and 16.

A. kenti juveniles inoculated with Durusdinium displayed the highest growth after 51
days with a 74 3% increase in surface area compared to day 0. Similarly, 68 £4% growth
was observed for those inoculated with Cladocopium. The aposymbiotic control treatment had
the least growth at 13 £2 % and grew significantly slower than juveniles inoculated with
Symbiodiniaceae (adj p-value <0.05). Infecting juveniles with either Durusdinium or
Cladocopium promoted significantly higher growth in 4. kenti compared to controls from day
2 of the experiment (non-pairwise post hoc comparison adj p-value <0.05). treatment In the
early timepoints (days 4 to 37), A. kenti juveniles inoculated with Durusdinium grew
significantly faster than those hosting Cladocopium (adj p-value <0.05). In the later days of
the experiment, juveniles inoculated with Cladocopium achieved a similar size as those
inoculated with Durusdinium. By day 44 there was no significant difference in growth

between juveniles inoculated with Cladocopium and Durusdinium (adj p-value >0.05).

Inoculation of G. aspera juveniles with Cladocopium (73 = 5%) or Durusdinium (55 £
4%) did not result in significantly higher growth compared to controls (69 +8%) (Figure 3.2B;
ANOVA: F2,16 =1.161; p-value = 0.338). All treatments, including controls, displayed similar
growth dynamics. After an initial rapid increase in size in the first 4 days, growth plateaued.
On day 16, Cladocopium and control treatments showed slightly higher growth than the

Durusdinium treatment but was not significantly different (non-pairwise post hoc comparison

adj p-value = 0.142 & 0.366; >0.05).
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Figure 3.2: Percentage of growth of aposymbiotic juvenile corals inoculated with
Symbiodiniaceae Cladocopium or Durusdinium. Percentage of growth was measured as the
precent of growth of the coral juvenile from the initial surface area, with day 0 normalised to
zero (initial size). Points represent average growth, error bars represent standard error (SE),
treatments are staggered to facilitate interpretation. (A) Percentage increase in Acropora kenti
surface area over 51 days. (B) Percentage increase in Goniastrea aspera surface area over 16
days.

3.4.2 Symbiodiniaceae cell density within coral juvenile tissues

The number of Symbiodiniaceae cells within Acropora kenti juvenile tissues
inoculated with either Cladocopium or Durusdinium differed significantly across the 51 day
experiment (Figure 3.3A). No Symbiodiniaceae cells were observed in the tissues of the
uninoculated control juveniles throughout the experiment. Counts conducted on juveniles
before Day 8, were inconsistent, though generally few cells were observed. On day 8,
Durusdinium cell densities in inoculated juveniles were significantly higher (5000 + 500 cells
mm?; non-pairwise t-test adj p-value <0.05) than Cladocopium cell densities (59 + 8 cells
mm?). A similar pattern in cell densities was observed on day 16 of the experiment (490 + 90
cells mm? Cladocopium vs. 1300 + 200 cells mm? Durusdinium) although there was a slight
decrease in Durusdinium which was not significant (adj p-value =0.239) and a slight increase
in Cladocopium compared to day 8, which was significant (adj p-value =0.002). By day 51
this trend was reversed with cell densities in A. kenti juveniles harbouring Cladocopium
increasing to 5700 + 500 cells mm?, while cell densities in those harbouring Durusdinium had

declined to 1300 =+ 200 cells mm?, the difference being significant (adj p-value <0.05).
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For G. aspera, at day 8, Cladocopium cell densities were low (300 £+ 100 cells mm?),
while Durusdinium cell densities were significantly higher (800 = 100 cells mm?; pairwise t-
test adj p-value =0.009). Though, G. aspera with Durusdinium was significantly lower than
that of 4. kenti on day 8 (non-pairwise t-test adj p-value < 0.05). On day 16, Cladocopium
cell densities remain low (300 + 90 cells mm?) while Durusdinium cell densities had
increased (2200 =+ 400 cells mm?) and were significantly higher than Cladocopium (pairwise
t-test adj p-value < 0.05). Similar to 4. kenti samples, cell densities in G. aspera inoculated
with Durusdinium were significantly higher than those inoculated with Cladocopium across

the 16 days experiment (non-pairwise t-test adj p-value < 0.05).
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Figure 3.3 Number of Symbiodiniaceae cells within inoculated coral juveniles. Cell
counts were normalized to the surface area of the juvenile (mm-2). Treatments are staggered to
facilitate interpretation. (A) Number of Symbiodiniaceae cells in Acropora kenti (mm2) over
51 days. (B) Number of Symbiodiniaceae cells in Goniastrea aspera (mm2) over 16 days.

3.4.3 DMSP concentrations in coral juvenile tissues

DMSP was detected throughout the experiment in the tissues of uninoculated 4. kenti
juveniles (Figure 3.4A). In these aposymbiotic 4. kenti controls, the DMSP concentrations
were highest at day 0 and declined throughout the experiment, though there was no statistical
difference in DMSP concentrations for samples taken on days 16 and 51 (non-pairwise t-test
adj p-value =0.077). DMSP concentration in the tissues of juveniles inoculated with either
Cladocopium or Durusdinium on day 0 were similar to the controls. DMSP concentrations in
the tissues of inoculated A. kenti juveniles declined over the first 8 days of the experiment

(Figure 3.4A). At day 8, juveniles hosting Cladocopium displayed a higher concentration of
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DMSP (0.022 £0.001 mM) than juveniles inoculated with Durusdinium (0.015 = 0.001 mM;
adj p-value = 0.004). On day 16, the Durusdinium treatment displayed an increase in DMSP
concentrations (0.021mM = 0.0009) in recruit tissues compared to day 8 (0. 015 £ 0.001
mM), and these concentrations were significantly higher (adj p-value <0.05) than for
juveniles inoculated with Cladocopium (0.016 £0.0009 mM) or the controls (0.0106 +0.0003
mM). DMSP concentrations in tissues of juveniles inoculated with Cladocopium were higher
on day 51 of the experiment compared to day 16 but equivalent to those concentrations in the
earlier life stages (days 0 to 8). By day 51, both Cladocopium and Durusdinium inoculated
juveniles displayed similar DMSP concentrations (adj p-value > 0.05) and were significantly

higher than the controls (adj p-value <0.05).

Across the 16-day experiment, no DMSP was detected in aposymbiotic G. aspera
juveniles in contrast to Symbiodiniaceae inoculated treatments (non-pairwise t-test adj p-
value <0.05). The DMSP concentrations in the tissues of G. aspera juveniles inoculated with
Cladocopium and Durusdinium were similar across the first 4 days of the experiment (Figure
3.4B; adj p-value > 0.05). However, DMSP concentrations in the Cladocopium treatment
(1.7 x10* £ 2.2x10-> mM) decreased by day 8 and were significantly lower than those in
juveniles inoculated with Durusdinium (2.6x10-* £ 3.0x10-> mM; adj p-value = 0.015). On day
16, DMSP concentrations for Cladocopium inoculated juveniles had declined even further
(2.9 x10°° £ 1.2x10-3 mM) and was significantly different to those inoculated with
Durusdinium where the DMSP concentration remained stable (3.3x10* + 3.9x10°> mM; adj p-
value < 0.05).
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Figure 3.4 DMSP concentrations of aposymbiotic juvenile corals inoculated with
Symbiodiniaceae Cladocopium or Durusdinium. DMSP concentration is normalised to per
juvenile and not to Symbiodiniaceae density. Points represent average DMSP concentration
(mM), error bars represent standard error (SE), treatments are staggered to facilitate
interpretation. (A) DMSP concentration per Acropora kenti juvenile (mM £SE) over 51 days.
(B) DMSP concentration per Goniastrea aspera juvenile (mM £SE) over 16 days.

3.5 Discussion

The coral holobiont is comprised of partners that form a mutualistic and symbiotic
relationship to maintain system health and regulate the host response to build tolerance and
adapt to environmental conditions (Dittami et al. 2021). Studies primarily report on the adult
holobiont, and those that do investigate settlement often focus on the host and ignore the
contribution of the other partners. To better understand the factors that promote and
potentially enhance early life stage growth, this study investigated the contribution of
different Symbiodiniaceae, quantifying polyp survival, growth and DMSP levels. Here,
Symbiodiniaceae, the largest producer of DMSP, promoted early life stage growth of the fast-
growing A4. kenti but not of the slower-growing G. aspera, although it should be noted that the
experimental timeframe for G. aspera was shorter, at 16 days, as opposed to 51-days for A.
kenti. 1t is possible that the contribution from Symbiodiniaceae was not captured for G.
aspera within the 16 days. Hosting Durusdinium, which is characterised as being thermally
tolerant (Stat and Gates 2011), enhanced growth and increased DMSP concentrations in A4.
kenti during early ontology, however, growth of those juveniles harbouring Cladocopium,

often the dominant Symbiodiniaceae species hosted by adult corals of the GBR, was slower
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although they eventually achieved the same size. This observation is opposite to previous
studies that report coral hosting Cladocopium grow faster when hosting Durusdinium, and
postulate that hosting Durusdinium over Cladocopium provides thermal tolerance at the
expense of slower growth (Little et al. 2004; Cunning et al. 2015). These contrasting results
suggest other factors such as the difference in Symbiodiniaceae density may be driving the
difference observed in growth. For the slow-growing G. aspera, no enhancement of growth
was observed regardless of the Symbiodiniaceae species, however, hosting Durusdinium did

result in a stable DMSP pool.

3.5.1 The influence of Symbiodiniaceae differs with coral host species

Aposymbiotic 4. kenti juveniles were found to have overall lower survivorship,
percent growth and final DMSP concentrations compared to those inoculated with
Symbiodiniaceae. As the symbiotic algal partner in the coral holobiont, Symbiodiniaceae
perform photosynthesis, thereby supporting the host energy requirements of oxygen and fixed
carbon nutrients (Muscatine et al. 1984) underpinning coral metabolism and survival (Davy et
al. 2012). Aposymbiotic juveniles only have access to a limited embryotic lipid store to
support metabolism and therefore, if they are unable to establish a symbiotic relationship with
Symbiodiniaceae, they will suffer from energy deprivation over time, impacting coral health
and survival (Houlbréque and Ferrier-Pagés 2009). The slow and subtle decline in
survivorship of aposymbiotic 4. kenti recruits observed on Day 51 is indicative of this. 4.
kenti juveniles hosting Cladocopium and Durusdinium both exhibited similar higher survival
rates and outgrew aposymbiotic controls, confirming the symbionts are providing an essential

energy source to support coral growth, including skeletal deposition.

In contrast, growth and survival of G. aspera recruits were not enhanced by the
presence of Symbiodiniaceae in this experiment. Goniastrea species are slow-growing, and
results indicate that monitoring over 16 days (experimental timeframe) is not sufficient to
observe any substantial growth even when a symbiotic partner is present. The lack of
influence of either Symbiodiniaceae species on the growth of G. aspera, and specifically the
lack of any increase in the basal disc surface area compared to controls, suggests recruits rely
solely on their embryotic lipid reserve as an energy source at this early life stage. Growth
plateaued by Day 6 in all three scenarios suggesting the lipid reserves were depleted, and with

no further increase in basal disc area evident, it is unclear to what end the host is utilising the
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symbiont photosynthates. As neither food nor additional nutrients were provided during the
experiment, it is possible that having suffered energy deprivation G. aspera diverted energy
resources to ensure survival at the expense of establishing symbiosis and growth. Ultimately,
this may adversely affect the long-term health of all partners within the holobiont, therefore,
for future experiments, it is recommended an adequate heterotrophic food supply exclusive of
DMSP be included and the monitoring of endpoints be extended to provide further insight

into the effect of Symbiodiniaceae on Goniastrea survival and growth.

3.5.2 Early ontogenetic corals preferentially establish symbiosis with Durusdinium
For both coral species, Symbiodiniaceae densities were too low to be accurately
counted in the first 4 days of the experiment. Robust Symbiodiniaceae density counts were
only possible in both species at Day 8 and onwards, highlighting that the coral-algal
symbiotic relationship requires time (i.e., > 4 days) to establish the intracellular
Symbiodiniaceae population. Indeed, inoculation of corals with free-living cultured
Symbiodiniaceae is significantly slower than if Symbiodiniaceae are acquired from

conspecific adult coral through horizontal transmission (Nitschke et al. 2016).

The observation of 100-fold higher cell densities observed on Day 8 in A. kenti corals
hosting Durusdinium (4832 £ 1894 cells per polyp) compared to Cladocopium (50.04 £27.15
cells per polyp) is consistent with previous studies that have reported Durusdinium as being a
more adept opportunist than Cladocopium, quickly establishing symbiosis with newly settled
Acropora juveniles (Abrego et al. 2009a). Yuyama and Higuchi (2014) reported Durusdinium
populations were approximately 50-fold higher in 4. fenuis juveniles at Okinawa, Japan
(293.66 + 42.02 cells per polyp in 10 days of inoculation) relative to Cladocopium (6.25 +
3.03 cells per polyp). Moreover, Cladocopium cell density in newly settled Acropora was
low, likely stemming from the low uptake of Cladocopium during the inoculation. This
supports Yuyama et al. (2005) who reported that Cladocopium cell densities in juvenile
Acropoids remained low for the first two months following settlement. A follow up study has
also shown that A4. tenuis juveniles hosting a monoculture of Durusdinium grew faster during
the first 3 months after settlement than those hosting Cladocopium (Yuyama et al. 2005;
Yuyama and Higuchi 2014). Together, these findings indicate Cladocopium is not the
preferred symbiotic partner for newly settled Acropora juveniles. Yet, in the current study, by
Day 51 the Cladocopium density had significantly increased compared to Day 16, which is a
slightly earlier rapid rise of this population in the juvenile tissues than reported in Yuyama &

Higuchi (2014) (3 months). This finding supports previous reports highlighting juveniles
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switch from the initially dominant Durusdinium symbiont species to Cladocopium between
one to three years after settlement with Cladocopium generally the preferred Symbiodiniaceae
in adults (Van Oppen et al. 2001; Little et al. 2004; Gomez-Cabrera et al. 2008; Abrego et al.
2009Db).

Newly settled A. kenti juveniles hosting Durusdinium grew significantly faster than
when hosting Cladocopium, contrary to previous findings. Cladocopium cells provide greater
photosynthate translocation to coral than Durusdinium thereby supporting faster growth
compared to Durusdinium (Cantin et al. 2009). Durusdinium is capable of establishing a high
cell population in newly settled coral recruits more rapidly than Cladocopium (Abrego et al.
2009a). It is possible that a higher density of Durusdinium is able to contribute a larger
photosynthate pool for coral than the lower density Cladocopium population. Later, A. kenti
growth accelerated in direct response to the exponential increase in Cladocopium symbiont
density between Day 16 and 51. These results suggest that while Durusdinium may impart an
initial benefit in the early timepoints, A. kenti hosting Cladocopium are capable of ‘catching
up’ once sufficient cell densities are reached. This is consistent with observations of A. tenuis,
where the growth of juveniles inoculated with Cladocopium eventually equals that supported
by Durusdinium (Yuyama and Higuchi 2014). Conversely, a field study monitoring out
planted Cladocopium-dominant A. tenuis juveniles (i.e., raised in aquaria from adults
collected from Yunebaum; Magnetic Island) found them to have greater growth in the first 6
months of settlement than those inoculated with Durusdinium (Little et al. 2004), the
Cladocopium providing a higher quality lipid-rich energy source (Cantin et al. 2009; Jones
and Berkelmans 2010, 2011; Cunning et al. 2015).

The Durusdinium symbiont density in the A. kenti tissues was lower at Day 51 than
the Day 16 counts. Durusdinium established a high cell density in Acropora on day 16, but by
day 51 the cell density had significantly declined. This decrease in cell density could be
attributed to the selfish nature of Durusdinium, which rapidly establishes high cell densities
by retaining more photosynthate for symbiont cell replication rather than providing it to the
coral host (Falkowski et al. 1993; Van Oppen and Medina 2020). Symbiotic coral juveniles
can maintain health using yolk reverses for approximately 40 days, but without food or
nutrient support, host Symbiodiniaceae density starts to decline (Watanabe et al. 2007). It is
possible that the energy-deprived coral host no longer has the capacity to maintain the
symbiotic relationship with Durusdinium and expels the ‘greedy’ symbiont, as observed on

day 51 here. Therefore, future experiments should provide alternate nutrient support to
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symbiotic coral juveniles to help maintain the symbiotic relationship. The energy transfer
between Symbiodiniaceae and host should be monitored to account for the variations in
energy allocation among different symbiont species. It is also possible the coral host relies on
an external supply of CO2 and ammonium to support the photosynthetic and metabiotic
activity of Symbiodiniaceae (Furla et al. 2005). In this study, CO2 and ammonium resources
were replenished through seawater exchange every 2 days. However, it is possible that the
levels of CO2 and ammonium in the closed system (i.e., stagnant seawater) may not be
sufficient to support Durusdinium photosynthesis. Furthermore, the production of ROS during
photosynthesis may reach a level that is toxic to coral within the 2 days of stagnant water,
whereby it becomes a trigger for Symbiodiniaceae expulsion. Future studies should aim to

provide optimal culture conditions, including a continuous flow through of seawater.

Field-based studies have reported that Durusdinium is the dominant symbiont species
in early Acropora ontology, even though other Symbiodiniaceae species are readily available
(Abrego et al. 2009a; Quigley et al. 2020), i.e., Cladocopium is less preferred by newly settled
Acropora and is likely outcompeted by other Symbiodiniaceae species. Durusdinium also
tends to dominate in Acropora when the coral immune system is supressed, i.e., when the
coral is experiencing disturbance or in degraded environments, or when attempting to re-
establish the symbiont assemblages (Claar et al. 2020). The preference of early life stage 4.
kenti juveniles for Durusdinium observed could be a function of the thermal stress tolerance
of this Symbiodiniaceae; Durusdinium providing an initial advantage to Acropora corals
when settling to new habitats (Baker 2003). The parental 4. kenti colonies originated from
inshore reefs with high turbid conditions and inherently lower light availability (Reynolds et
al. 2008; Finney et al. 2010; Lewis et al. 2012). Therefore, their offspring may also have traits
that favour a more stress tolerant symbiotic partner to combat marginal environmental
conditions for the newly settled recruits (Gabay et al. 2019; Herrera et al. 2021). However,
another study found Cladocopium to be dominant in Acropora juveniles during the first
month, after which it quickly switches to Durusdinium (Little et al. 2004). Regardless, these
collective findings, and findings here, suggest the preference for symbiotic partners in
Acropora corals varies depending on life stage and environmental conditions (Van Oppen et

al. 2001; Gémez-Cabrera et al. 2008; Abrego et al. 2009b).

Similar to A. kenti, by Day 16 higher densities of Durusdinium were cultivated by G.
aspera compared to Cladocopium, highlighting a preference for Durusdinium to form a

symbiotic relationship with G. aspera in early ontogeny. In the 10 day post-settled G.
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retiformis juveniles, the symbiont community quickly switches from a Cladocopium-
dominant one to a co-dominant one with Cladocopium and Durusdinium (Terrell et al. 2023).
This preference for Durusdinium is also observed here for the G. aspera parental colony,
being dominated by a single Symbiodiniaceae species Durusdinium type D1/D4-D1u
(Durusdinium trenchii) (Supplementary Table 3.3). Hence the preference of the juveniles
reflects that of the parental colony. However, other studies have shown Cladocopium (C3 or
C1) is usually the dominant algal partner of adult Goniastrea from the cooler regions such as
Heron Island and Western Australia (Lajeunesse et al. 2003; Silverstein et al. 2011),
suggesting the regional thermal environment may also drive symbiont preference (LaJeunesse
et al. 2010).

3.5.3 DMSP biosynthesis in coral early life stages

Acropora hosting a high abundance of Symbiodiniaceae benefit from receiving
photosynthates which support coral development and metabolism (Cantin et al. 2009; Abrego
et al. 2012). Symbiodiniaceae also produce the majority of DMSP within the coral holobiont
(Hill et al. 1995). Even so, at Day 0, DMSP was detected in aposymbiotic A. kenti controls,
corroborating previous studies reporting that Acropora juveniles are capable of producing
DMSP (Raina et al. 2013) (Chapter 2 Section 2.5.2). DMSP concentrations in controls were
similar to those quantified in juveniles harbouring Cladocopium and Durusdinium, and even
though a decrease in concentration was observed over time, DMSP was still constitutively

produced by the controls throughout the experiment, confirming that the host continues to

contribute to the holobiont DMSP pool.

Irrespective of Symbiodiniaceae species, 4. kenti juveniles achieved a similar size and
elevated intracellular DMSP concentration by Day 51, both of these measurements being
significantly higher than for aposymbiotic controls. The A. kenti juveniles benefitted more so
from the fast establishment of the symbiotic relationship with Durusdinium, growing faster
and achieving a steady state concentration of intracellular DMSP earlier. For juveniles
inoculated with Cladocopium, a similar but slower trend in growth was observed, with both

polyp size and DMSP levels attaining Durusdinium levels by Day 51.

Higher growth in Acropora juveniles is correlated with higher DMSP concentrations,
which aligns with the hypothesis that DMSP (and thereby acrylate) contributes to skeletal
growth. However, this correlation could be an artefact of the recruits being bigger, having

greater biomass and thus able to produce more DMSP. Further analysis should focus on
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normalizing DMSP concentrations to coral surface area, to confirm whether higher DMSP

concentration per surface area is associated with higher coral growth.

Symbiotic coral juveniles processing higher DMSP concentrations may derive,
through cleavage pathways, acrylate and polyacrylic acid that is then utilized as a catalyst
facilitating CaCO3 deposition and promoting Acropora skeletal growth. However, molecular
evidence to support the role of Cladocopium or Durusdinium in enhancing intracellular
DMSP in coral and promoting coral growth is lacking. Alternatively, the higher growth of 4.
kenti juveniles could be independent of high DMSP concentrations, and instead be a
consequence of higher photosynthate concentration resulting from the high endosymbiotic
cell density. Normalizing DMSP concentrations with symbiont density may provide further

insight into the portion of DMSP that is derived from hosting Symbiodiniaceae.

In the absence of a symbiotic algae partner, DMSP was not detected in G. aspera
juveniles, consistent with that reported for G. retiformis (refer to Chapter 2 Section 2.5.2) and
indicates Goniastrea, unlike Acropora, are not capable of DMSP biosynthesis (Tapiolas et al.
2013). In the Goniastrea holobiont, both Cladocopium and Durusdinium were solely
responsible for the DMSP pool observed. The DMSP profiles of inoculated juveniles were
initially similar, however, those hosting Cladocopium displayed a subtle decline in DMSP
concentrations on Day 8 and a further significant decline by Day 16 with Cladocopium cell
density remaining low throughout the experiment. Together these results suggest the initial
pool of DMSP is being consumed by the holobiont at a rate that the Cladocopium are unable
to replenish fully. In contrast, juveniles inoculated with Durusdinium maintained stable

DMSP concentrations supported by an increasing Durusdinium cell density.

Goniastrea is a slow-growing coral, with an annual skeleton extension rate 16 times
less than Acropora (Harriott 1999). Here, no difference in basal disc surface area between
aposymbiotic juveniles and those inoculated with Durusdinium and Cladocopium was
observed, even though DMSP levels differed. The growth metric used in this experiment is
measured by the basal disc area of the coral polyp and does not account for vertical extension
or the density of the CaCOs3 skeleton. It is possible juveniles start vertical extension after
establishing the basal surface area. Therefore, future studies should consider applying the
buoyant weight method to measure skeletal density (Jokiel and Maragos 1978), and micro-3D
dental scanner to determine the vertical growth and the total surface area of early life stage

coral juveniles (Quigley and Vidal Garcia 2022) (detailed in Chapter 2 session 2.5.5). In
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contrast to A. kenti, the metabolic products of Symbiodiniaceae, including DMSP, did not
enhance G. aspera growth in the early days of settlement. Evidence shows that within the first
16 days of inoculation, the Symbiodiniaceae cell density had not yet reached a level able to
support enhanced growth, i.e., no differential growth from aposymbiotic coral juveniles. It is
likely that slow-growing coral genera like Goniastrea require more established (or higher)
Symbiodiniaceae populations to meet the nutritional needs of the holobiont, including the
production of DMSP. Cladocopium densities in A. kenti exceeded Durusdinium at Day 51,
correlating with an increase in coral juvenile size and DMSP concentration. Extension of the
monitoring time period is needed to determine whether a similar trend occurs in Goniastrea at

or beyond Day 51.

Gardner et al. (2017a) suggested that DMSP may have species-specific roles in coral.
In further support of previous findings (in Chapter 2 session 2.5.3) that Goniastrea are able to
uptake exogenous DMSP, G. aspera juveniles were able to establish a DMSP pool via the
endosymbiotic algae. This finding was independent of growth suggesting DMSP may play a
different role in G. aspera to that in A. kenti. Determining whether other coral genera, such as
S. pistillata (fast-growing branching species having detectable DMSP) and Diploastrea
heliopore (slow-growing massive species with no detectable DMSP (Tapiolas et al. 2013)),
benefit from hosting a specific Symbiodiniaceae may provide additional insight into the role

of DMSP in different coral genera.

3.5.4 DMSP production varies in free-living and in-hospite Symbiodiniaceae

Free-living Cladocopium produces higher DMSP concentrations per cell than
Durusdinium (Deschaseaux et al. 2014a), however, the physiological responses of these
Symbiodiniaceae can be differentially expressed between free-living cultures and those hosted
within the coral holobiont (Yuyama et al. 2021). In support of this, G. aspera juveniles
hosting Durusdinium displayed higher DMSP concentrations per polyp (Figure 3.4) than
those hosting Cladocopium. Further normalizing DMSP concentration per symbiont cell
might confirm the portion of DMSP contributed by inoculating specific species of
Symbiodiniaceae. For G. aspera, evidence suggests the coral host is utilising DMSP (as levels
steadily declined over time), and that Cladocopium, as the sole contributor of DMSP, is not
able to maintain the DMSP pool. Conversely, when inoculated with Durusdinium, the
holobiont DMSP pool is maintained. For A. kenti, DMSP levels were lower at Day 16 when
hosting Cladocopium, but eventually reached the same steady-state level as juveniles hosting

Durusdinium on Day 51. Given the significant differences in the Symbiodiniaceae cell counts,
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this suggests the host is contributing to the maintenance of the holobiont DMSP pool, i.e., 4.
kenti juveniles are able to regulate production of DMSP beyond the lipid reserve period of 40
days in symbiotic coral juveniles (Richmond 1987; Watanabe et al. 2007; Graham et al.
2008). In contrast, results suggest the Cladocopium-G. aspera holobiont is utilising DMSP
and not simply actively detoxifying DMSP. The regulation of DMSP catabolism in the coral
holobiont is clearly complex, hence why previous studies have focussed on the individual
partners (Raina et al. 2013; Kuek et al. 2022). As the production of DMSP by
Symbiodiniaceae could differ depending on form, i.e., free-living vs holobiont, the function of
DMSP may also vary. Although methodologically challenging, future studies should
investigate the DMSP catabolism potential of all partners within a living holobiont, including
associated microbes, to provide a better understanding of the function of DMSP across the

holobiont.

3.6 Conclusion

This study confirms species-specific roles of the host and Symbiodiniaceae in
establishing symbiosis in the early life stages of corals. The fast-growing Acropora kenti
benefited from harbouring the heat tolerant Durusdinium, with a growth advantage observed
concomitant to high Durusdinium cell densities and attainment of an elevated steady-state
coral holobiont DMSP concentration. Hosting Cladocopium, the dominant Symbiodiniaceae
in A. kenti adult colonies, did not impart the same initial benefit, but with time A. kenti
juveniles did eventually attain the same size and DMSP concentrations as their Durusdinium
counterparts. Higher Symbiodiniaceae density resulted in higher DMSP concentrations and
was correlated with an increase in the size of the basal plate of A. kenti. These results suggest
that greater concentrations of endosymbiotic-derived DMSP, and its by-product acrylate, may
contribute to coral growth in 4. kenti and may yet play a role in coral calcification.
Quantifying acrylate concentrations and normalizing DMSP and acrylate concentrations to
Symbiodiniaceae density is needed to better understand the effect on juvenile growth rates. In
contrast, Symbiodiniaceae did not impart any measurable benefit to the slower-growing
Goniastrea aspera juveniles. Growth was not enhanced even though Symbiodiniaceae cell
densities increased and the holobiont DMSP pool was established. Swain et al (2020)
highlighted the importance of understanding the effect of Symbiodiniaceae functional
diversity on host fitness, and evidence here further supports this. Similarly, this study supports

the findings of Gardner et al. (2017a), that the role of DMSP is coral species-specific.
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However, both the role of specific Symbiodiniaceae species and of DMSP and acrylate in the
growth of different coral species remains poorly understood and further investigation to
identify the molecular pathways of DMSP and acrylate in coral and their function in the coral

holobiont are warranted.
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Chapter 4 General Discussion

Factors that enhance coral survival, skeletal formation and tissue growth are critical to
the success of newly settled coral juveniles. Previous investigations have identified the
organic sulfur molecule dimethylsulfoniopropionate (DMSP), and its by-product acrylate, as
key metabolites in the early life (Raina et al. 2013) and adult (Tapiolas et al. 2013) stages of
corals. However, there remains limited knowledge of the ecological function(s) of these
compounds within the coral holobiont. In adult corals, the symbiotic partner Symbiodiniaceae
is the predominate contributor to the DMSP pool (Hill et al. 1995), though newly settled
Acropora recruits can also produce DMSP in low amounts (Raina et al. 2013). To further
understand the role of DMSP and acrylate in corals, this study examined the impact of
chemical dosing of these compounds, and inoculation with the two dominants endosymbiotic
Symbiodiniaceae partners, Cladocopium or Durusdinium (Matsuda et al. 2022), and assessed
the influence on survival, DMSP concentrations and growth of recruits. The study focused on
species from two common coral genera with different life history characteristics, the fast-
growing Acropora kenti with demonstrated high pools of DMSP and acrylate, and the slow-
growing Goniastrea retiformis and Goniastrea aspera, the latter with no DMSP and only low
acrylate concentrations (Tapiolas et al. 2013). Here, several key findings implicate DMSP in
early-life stage coral physiology and found significant differences between the two genera,
although, no conclusive evidence was found confirming a role for DMSP or acrylate in
juvenile growth, regardless of whether corals were supplemented or inoculated. Higher
growth and greater DMSP concentrations were found in 4. kenti inoculated with
Symbiodiniaceae, indicating DMSP might have a role in coral calcification. Future research
directions and approaches to elucidate the role of DMSP and acrylate in coral calcification are
suggested and discussed. Collectively, this knowledge will contribute to a better
understanding of the function of DMSP and acrylate in the coral holobiont and their potential

involvement in coral calcification.

4.1 Examining the potential function of DMSP and acrylate in coral calcification
through chemical supplementation and Symbiodiniaceae inoculation
If left unabated, ocean acidification will lower the pH in seawater, thereby shifting the
carbonate equilibrium and making it less favourable for the formation of CO32- ions (Drake et
al. 2013; Ramos-Silva et al. 2013; Von Euw et al. 2017). The reduction in the calcium
carbonate (CaCQO3) saturation state is expected to slow the rate of coral calcification in certain

Scleractinia species, as well as other marine calcifiers (Feely et al. 2004; Orr et al. 2005), with
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CaCOs skeletons likely to dissolve at a faster rate than they are deposited (Marubini et al.
2008; Jokiel 2011; Steiner et al. 2018b). Improving understanding of the chemical processes
involved in coral calcification could help mitigate the impact of ocean acidification on coral
calcification. In coral, the deposition of the CaCO3 skeleton is orchestrated by lipid and
protein biomacromolecules in the skeletal organic matrix (SOM), and includes the coral
acidic-rich proteins (CARPs) which contain stretches of polyaspartic acid and polyglutamic
acid residues (Mitterer 1978; Ajikumar et al. 2005; Zhou et al. 2011; Mass et al. 2013;
Ramos-Silva et al. 2013; Takeuchi et al. 2016). Fast-growing Acropora corals contain
uniquely high levels of DMSP and acrylate (Tapiolas et al. 2013), yet their origin and
ecological role in the Acropora holobiont remains unclear. In contrast, only low levels of
acrylate are detected in other non-Acropora genera, including Goniastrea. Preliminary
spectroscopic evidence shows polyacrylic acid, the polymerised form of acrylate, is present at
the growing edge of the skeleton of newly settled Acropora juveniles (Kuek 2021) (Figure
1.4; Chaptel; Section 1.8). Polyacrylic acid shares the same carboxyl functional group (-
COOH) as polyaspartic acid rich proteins (Drake et al. 2013; Mass et al. 2013) (Figure 1.3;
Chapter 1; Section 1.8). Together these observations suggest that acrylate, and therefore
polyacrylic acid, potentially has a role in facilitating calcification in fast-growing Acropora
species. Hence, supplementation with acrylate, or its precursor DMSP, and, by extension,
inoculation with Symbiodiniaceae, responsible for the majority of DMSP production in the

holobiont, may help corals to calcify.

In this current study, the chemical supplementation of fast (4. kenti) and slow-growing
(G. retiformis) aposymbiotic juveniles with DMSP did not impart any measurable benefit to
growth (Figure 2.2 Chapter 2; Section 2.4.2). Aposymbiotic A. kenti juveniles were found
capable of DMSP biosynthesis, establishing and maintaining basal DMSP levels, which
supported the previous finding of Raina et al (2013). DMSP concentrations associated with
coral juveniles did not accumulate as a result of exposure to exogenous DMSP, however, the
current study could not rule out the possible uptake and rapid catabolism of this compound.
Inoculation with Symbiodiniaceae demonstrated moderate enhancement of the holobiont
DMSP pool in A. kenti juveniles. These findings suggest that Acropora corals (may) have a
fundamental requirement for DMSP and have developed mechanisms to ensure the
maintenance of the DMSP pool without relying on exogenous uptake An increase in juvenile
growth correlated to the presence of Symbiodiniaceae and increasing DMSP concentrations,

however, this increase could not be conclusively attributed to the enhanced DMSP
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concentration. As there was no equivalent growth observed in aposymbiotic Acropora
juveniles supplemented with DMSP, growth is likely a result of other Symbiodiniaceae

functions independent of cellular DMSP concentrations.

DMSP was not detected in tissues of aposymbiotic G. retiformis or G. aspera
juveniles (Chapter 2; Section 2.4.3 and Chapter 3; Section 3.4.3, respectively), but was
detected in G. retiformis juveniles supplemented with exogenous DMSP. This suggests
Goniastrea corals, unlike Acropora, are incapable of DMSP biosynthesis, but confirms they
can uptake it from the environment, thereby suggesting exogenous DMSP could potentially
play an ecological role in these coral juveniles. Symbiodiniaceae populations were established
in G. aspera within 8 days of inoculation, but at a much lower density than for 4. kenti, with
significant enhancement of the holobiont DMSP pool observed. Regardless, growth of
Goniastrea juveniles was not enhanced. After an initial rapid increase in basal disc size
(Chapter 2; Section 2.4.2) growth of supplemented aposymbiotic G. retiformis juveniles
plateaued, suggesting that the coral had depleted maternal energy reserves and was not able to
utilize DMSP for tissue growth, i.e., it was energy deprived. Similar growth characteristics
were observed for G. aspera inoculated with Symbiodiniaceae (Chapter 3; Section 3.4.1).
These findings suggest that Goniastrea corals may also have a requirement for DMSP and
have developed mechanisms to ensure maintenance of the DMSP pool through exogeneous or
endosymbiotic sources, yet there is a lack of evidence to support a role for DMSP in growth
enhancement. Shorter experiments were conducted for the Goniastrea species (8 days
supplementation and 16 days inoculation experiment); hence it is possible that a longer
timeframe would see DMSP levels increase. Further research effort into the DMSP flux
within Goniastrea sp. is required, especially as symbiotic adult Goniastrea do not contain

detectable levels of DMSP (Tapiolas et al. 2013).

Overall, the findings indicate significant differences between coral genera in their
ability to biosynthesize DMSP and uptake exogenous DMSP and may contribute to the
differences in coral tissue growth, i.e., fast vs. slow-growing corals. In the case of Goniastrea,
neither DMSP supplementation nor symbiont inoculation promoted growth, and the role of
DMSP in calcification remains elusive. Although symbiotic 4. kenti juveniles showed a
positive correlation between DMSP concentrations and enhanced growth, correlation does not
always imply causation, hence more evidence is required to confirm their ecological
causation. In addition, the suppression of growth observed in 4. kenti and higher mortality

demonstrated in G. retiformis individuals supplemented with acrylate confirms acrylate to be
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mildly toxic. As intracellular acrylate levels were not measured in this studys, it is not possible
to decouple toxicity from exogeneous uptake. Consequently, future research directions are

suggested below to elucidate the role of DMSP and acrylate in the coral holobiont.

4.2 Revealing the potential for DMSP uptake

The current study provides valuable insights into coral physiology, despite
inconclusive results regarding the uptake of exogenous DMSP by 4. kenti. As the occurrence
of cellular uptake of DMSP was not observed here and no DMSP transportation channel is
known for this genus, this study was not able to confirm Acropora uptake of exogenous
DMSP. Paradoxically, this study could not rule out the possibility that 4Acropora possess this
capability and that rapid catabolism occurred, re-establishing the equilibrium to maintain a
constant DMSP pool, i.e., to levels prior to supplementation (Chapter 2; Section 2.5.2).
Shinzato et al. (2021) has recently demonstrated the expansion of DMSP lyase-like (DL-L)
genes in Acropora species, implying that DMSP is catabolised by members of this genus.
Additionally, it has been observed that when marine bacteria, having prokaryotic DMSP lyase
genes are supplemented with 1 mM of DMSP they are capable of its complete catabolism
within 24 hours (Gao et al. 2020). Therefore, further investigation is required to determine if
Acropora species have the cellular machinery capable of DMSP transportation into the cell
and incorporation (Figure 4.1A). In coral, DMSP is unlikely to be passively transported
across the cell membrane, due to its zwitterionic nature (Swan et al. 2017). Rather, DMSP
uptake is likely facilitated through specific active membrane transport mechanisms, as
demonstrated for diatoms (Kiene and Hoffmann Williams 1998). Genetic tools such as
CISPR/Cas9 gene-editing (Cleves et al. 2018, 2020) offer an avenue for identifying similar
membrane transport proteins in coral, presumably located in the epidermis layer, that are
responsible for DMSP incorporation. If transport proteins are identified, the uptake of

exogenous DMSP by Acropora could be monitored through this discrete transport protein



Chapter 4 General Discussion

activity.

Atmosphere

Seawater

Figure 4.1 DMSP metabolism in the coral holobiont and proposed future research directions

Light

DMSP
Transport
(A) Protein

ATP £ o
£ g
2 3
£ H
> @
@ )
[
a l‘ Glucose + Oz +
E DMSP Photosynthate
E © |
3
ATP
Acrylate + DMS MeSH
(B) | © | |
\/ Metabolism
Polyacryhc has Protein Synthesis
€O, —CO-H \
X : cat
E ‘ \
= — = o— —
«© ) :+ -4/ —
o /
= =t Py— 0=
(o]
H
' Polyacrylic Acid
i
\
= H
e '
o \j
[}
ﬁ CaCoz

86

to investigate its potential role in coral calcification. (A) Identify the DMSP transport protein

in coral. (B) Identify the acrylate metabolic pathway(s) and site of conversion to polyacrylic

acid. (C) Determine photosynthate contribution to coral growth (D) Elucidate alternate DMSP
degradation pathways. Tentative DMSP metabolism are annotated in red.
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The growth of Goniastrea was not enhanced by either DMSP supplementation or
Symbiodiniaceae inoculation. Unlike the Acroporidae, Goniastrea species have not
experienced DMSP lyase-like gene expansion (Shinzato et al. 2021), suggesting that members
of this genus have only very limited capacity to catabolize DMSP through lyase cleavage
pathways. Juveniles of G. retiformis investigated in this study were capable of exogenous
DMSP uptake, however, whether this uptake is active or passive, and whether it offers any
advantage to the coral host, remains to be determined. The lack of growth enhancement
suggests that its function may not be related to calcification. Identifying the proteins

facilitating DMSP uptake in Goniastrea (Figure 4.1A) will contribute to a better

understanding of its role in this slow-growing coral genus.

4.3 DMSP cleavage metabolic pathways in coral

Currently, there is only a limited understanding of DMSP cleavage metabolism in the
coral holobiont, the acrylate metabolic pathway and site of conversion to polyacrylic acid
remains unknown (Figure 4.1B). The DMSP cleavage pathway converting DMSP to DMS
and acrylate has been identified in coral and is mediated by DL-L genes similar to Almal
(Alcolombri et al. 2015; Chiu and Shinzato 2022). A subset of DMSP lyase-like genes are
highly expressed in Acropora juveniles indicating the production of DMS and acrylate is a
critical function (Shinzato et al. 2021) (Miller personal communication). Preliminary work
has detected a signal reminiscent of polyacrylic acid at the growing edge of the Acropora
skeleton (Kuek 2021) and suggests these fast-growing corals may also have specialized
mechanisms capable of converting acrylate to polyacrylic acid, yet the details of this
conversion and the site at which it occurs is unknown (Figure 4.1B; putative reaction
pathways in red). Therefore, to confirm the function of DMSP and acrylate in coral
calcification, it is critical to establish whether there is a molecular link between the high levels
of DMSP and acrylate in the tissues, the putative presence of polyacrylic acid in organic

matrix and the incorporation of polyacrylic acid to the skeleton.

Anionic CARPs containing polyaspartic acid and polyglutamate acid residues are
synthesised in the endoplasmic reticulum, then packaged into transport vesicles in the Golgi
complex and exported extracellularly to the SOM (Pelham 1990; Gotliv et al. 2005). It is

unclear whether polyacrylic acid (a polymer and not a protein) could similarly be formed
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within coral cells and transported extracellularly to the SOM (Allemand et al. 1998), or
alternatively, whether the polymerization occurs within the SOM. Determining whether
biologically-mediated acrylate polymerisation is possible in corals, and if so where
polyacrylic acid is localized, i.e., within the coral tissue or the SOM, is necessary to establish
its role in coral calcification. However, tracking and visualising DMSP across multiple tissue

types and the skeleton is analytical challenging.

4.3.1 Tracing DMSP and acrylate catabolism — what has been done and the next steps

Several quantitative analytical tracking techniques have the potential to track the
biosynthesis and catabolism pathways of DMSP and acrylate in the coral holobiont. For
example, the presence of DMSP in coral was initially confirmed by gas chromatography mass
spectrometry (GC-MS) detecting the chemically-induced release of DMS gas as a proxy for
DMSP (Broadbent and Jones 2004; Deschaseaux et al. 2014b, 2016, 2022; Jones and King
2015; Swan et al. 2017). Quantitative proton nuclear magnetic resonance spectroscopy ('H-
gNMR) subsequently enabled the simultaneous detection and quantification of DMSP and
acrylate within adult coral tissue extracts (Tapiolas et al. 2010, 2013) and confirmed the
production of DMSP in aposymbiotic Acropora juveniles (Raina et al. 2013). More recently, a
combination of nanoscale secondary ion mass spectrometry (NanoSIMS), Time-of-Fight
secondary ion mass spectrometry (ToF-SIMS), LC-MS and '"H-NMR were used to explore
pathways associated with the biosynthesis of DMSP from 34S labelled inorganic sulfate by
Symbiodiniaceae and its cleavage to DMS (Raina et al. 2017) and confirmed localisation
within algal vacuoles, the cytoplasm and chloroplasts. Since then, the coral host has been
shown to assimilate sulfate (Higuchi et al. 2021) providing the elemental precursor for host
production of DMSP. LC-MS and 'H-NMR have also revealed some coral-associated bacteria
are capable of DMSP biosynthesis (Kuek et al. 2022).

The catabolism of DMSP has similarly been tracked. Raina et al. (2017), applied
NanoSIMS to confirm bacterial uptake of 34S labelled DMSP derived from Symbiodiniaceae
and further confirmed its breakdown to DMS using 'H-NMR. As the labelled 34S is released
with DMS synthesis, it is not possible to monitor the fate of the acrylate by-product, this
would require 3C labelling. Most recently, Raman spectroscopy detected a signal tentatively
assigned as polyacrylic acid on the growth front of skeletons of juvenile corals incubated with
13C labelled acrylate (Kuek 2021). Attempts to verify this by NanoSIMS were inconclusive as
detection is based on a change in the electric-dipole polarizability of a chemical bond, and

ultimately it proved impossible to distinguish '*C labelled chemistry from the '>C counterpart.
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Unfortunately, many of the methods listed above are not suited to the direct detection of
metabolites in the CaCO3 skeleton and require decalcification with EDTA or acid, both of

which will also remove water-soluble target molecules (such as DMSP and acrylate).

13C labelled DMSP, where all three carbons are labelled, may provide a means to
examine the production and fate of acrylate in coral (Figure 4.1B). With the uptake of DMSP
confirmed for Goniastrea, incubation of Goniastrea with 13C labelled DMSP should be
performed. Techniques such as matrix-assisted laser desorption/ionisation imaging mass
spectrometry (MALDI-MS) could be applied to the skeleton-free region of coral polyp such
as tentacles. The proposed method would allow the quantification of: 13C labelled DMSP
uptake, cleavage to '3C labelled acrylate and potentially the polymerization to !3C labelled
polyacrylic acid within coral tissue, as well as visualisation of the spatial distribution of target
molecules within coral tissue (Figure 4.1B). It would not, however, address the question
regarding the conversion of acrylate to polyacrylic acid if this occurs in the SOM. To assess

Acropora, alternate methods to biosynthesis 13C labelled DMSP are required.

If acrylate is converted to polyacrylic acid by the coral in the SOM to support
calcification, then isotope labelling of acrylate should result in '3C labelled polyacrylic acid
being incorporated into the coral skeleton (Figure 4.1B). Methods to extract polyacrylic acid
from the skeleton and confirm its structure through direct detection and/or indirectly through
conversion back to acrylate should be investigated. Acid decalcification of the coral skeleton,
previously chemically extracted to remove tissue-associated compounds, would potentially
yield the polyacrylic acid and after neutralisation with water could be refluxed with dialkyl
phthalates at 275- 325 °C for 1 to 5 hours to promote depolymerization (Haschke and Lewis
1981). LC-MS or NMR could be applied to identify the '3C labelled products, and presumably
13C labelled acrylate originated from '3C labelled polyacrylic acid in the SOM and coral
skeleton. Employing labelled isotopic markers offers a potential avenue to explore the
metabolism of DMSP and its potential molecular pathways within the coral holobiont leading

to the formation of acrylate and polyacrylic acid.

4.3.2 Disrupting DMSP metabolic pathways

The function of acrylate in coral calcification could be examined through the
inhibition of DMSP metabolic pathways. Brominated-DMSP (Br-DMSP) inhibits Almal
DMSP lyase-like gene activity in Acropora (Alcolombri et al. 2015, 2017). The bulky
bromine molecule blocks the active site of DMSP lyase thereby inhibiting the DMSP
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cleavage pathway and offers a means to investigate whether coral holobiont growth could be
stunted by restricting the coral’s ability to source acrylate for calcification. However, toxicity
needs to be considered as brominated compounds are toxic to many marine organisms (Fisher
et al. 1999). Therefore establishing the appropriate concentration of Br-DMSP to be applied is
critical. A preliminary study with Acropora coral juveniles established that supplementation
with 0.1 mM Br-DMSP is lethal, while 0.01 mM of Br-DMSP shows similar survival as
controls (Johns 2019). Therefore, future studies should investigate whether skeletal growth of
the coral holobiont is impacted as a result of the inhibition of DMSP cleavage by Br-DMSP.

Slowed or no growth would provide further evidence for the role of acrylate in calcification.

4.4 Symbiodiniaceae stimulates coral calcification through photosynthesis

A. kenti juveniles with high Symbiodiniaceae density exhibit greater growth and
higher DMSP concentrations (Chapter 3; Section 3.5.2). Previous studies have shown a direct
link between algal photosynthetic activity and coral tissue (Cantin et al. 2009; Hughes and
Grottoli 2013; Tremblay et al. 2016) and skeletal growth (Goreau 1959; Allemand et al. 1998,
2004b). Results here further support this; coral growth was promoted by inoculating
Symbiodiniaceae and receiving photosynthates that support its growth (Figure 4.1C) (Chapter
3; Section 3.5.2). Yet the contribution of photosynthates and of DMSP specifically to coral
growth requires further investigation. A study of the sea anemone, Exaiptasia diaphana, has
shown that when bleached they expel the symbionts, initially impacting growth (Gundlach
and Watson 2019). Recolonisation of the symbionts can reverse this impact, feeding with
brine shrimp nauplii and/or an amino acid as nutrient supplement. Enhancing coral food
supplements could promote synthesis of proteins rich in the aspartic acid region and support
high calcification rates (Gupta et al. 2007). Therefore, it is possible that the enhanced growth
of Acropora juveniles with Symbiodiniaceae could be independent of the enhanced DMSP
concentration and instead be reliant on other photosynthates, such as amino acids and other
small metabolites produced during photosynthesis (Figure 4.1 C). Further investigation
introducing DMSP along with other nutrient supplements, to better simulate the natural
photosynthate, is needed to determine whether early life stage aposymbiotic coral growth can

be chemically enhanced.

The Symbiodiniaceae strain has a direct impact on the growth dynamics of Acropora
and Goniastrea coral juveniles (Chapter 3; Section 3.5.1). For Acropora recruits, both
Durusdinium and Cladocopium species promoted an increase in tissue growth and established

and maintained an elevated steady state DMSP pool. In Acropora, although coral growth was
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initially slower with Cladocopium, as the Cladocopium population increased, growth similar
to that as Durusdinium inoculated juveniles were ultimately achieved and similar to previous
studies of Yuyama and Higuchi (2014). Acropora hosting Durusdinium may favour the early-
life stage growth dynamics of juveniles, however, longer-term growth enhancement could not
be sustained once the Durusdinium population dropped. Staggered introduction of
Durusdinium and Cladocopium to new recruits should be investigated to determine whether

growth and DMSP concentrations can be manipulated and further enhanced (Figure 4.1 C).

Goniastrea, like Acropora, similarly exhibited higher Durusdinium cell density and
DMSP concentrations at the early life stages, however, this did not afford any advantage
compared to aposymbiotic controls or those colonised by Cladocopium. This confirms that
photosynthate availability, including DMSP, as provided by the algal partner, is unlikely to be

the factor driving Goniastrea juvenile early-stage growth. This warrants further investigation.

4.5 Additional avenues of investigation to reveal the function of DMSP and acrylate in

the coral holobiont

In the coral holobiont, DMSP can be degraded through various pathways. The

cleavage pathway catabolises DMSP into DMS and acrylate, while the demethylation
pathway metabolizes DMSP to 3-methyl-propionate (MMPA) which is further converted to
methanethiol (MeSH) (Figure 4.1D) (Curson et al. 2011a; Reisch et al. 2011a; Bullock et al.
2017). MeSH contains organic sulfur and carbon and contributes to the coral energy budget
and protein synthesis (Chapter 1 section 1.2.1; Chapter 2, Section 2.5.3) (Kiene et al. 1999;
Kiene and Linn 2000). In bacteria, DMSP can be broken down through both pathways,
possibly simultaneously, with the relative proportion dependant on DMSP concentration and
metabolic condition (Gao et al. 2020; Fernandez et al. 2021). Bacteria can also convert DMSP
to DMS and 3-hydropropionate (Tandon et al. 2020a). However, the mechanism that regulates
DMSP metabolic pathways in the coral holobiont is unknown. Despite the enhancement of
DMSP concentrations in both coral species resulting from Symbiodiniaceae colonization, the
current study was unable to show any direct correlation with calcification, although it should
be noted that the bacterial community was not considered, and hence microbial degradation of
DMSP to a non-acrylate product cannot be discounted (Bullock et al. 2017; Tandon et al.
2020a). As a result, even though there was enhancement of the intracellular DMSP pool,
production of non-acrylate by-products may have occurred re-directing physiological function
to non-calcifying processes. Therefore, the observed enhanced DMSP concentration observed

in G. retiformis and G. aspera (Chapter 2; Section 2.4.3 and Chapter 3; Section 3.4.3) but lack
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of concomitant enhancement in growth could be attributed to other possible DMSP
degradation pathways (Figure 4.1 D). To address this, it would be beneficial to examine

DMSP lyase activity and quantify acrylate concentrations directly within coral tissue.

Goniastrea juveniles can uptake exogenous DMSP, at levels that exceed normal
biological levels, without any impact on survival, which may benefit this early life stage.
Under predicted climate scenarios conducive to coral bleaching (i.e., breakdown of the coral-
Symbiodiniaceae symbiosis), bleached Goniastrea colonies presumably have access to
limited DMSP to mitigate stress. The uptake of exogenous DMSP, with its antioxidant
function (Sunda et al. 2002; Jones et al. 2007; Deschaseaux et al. 2014b; Jones and King
2015), may enable Goniastrea to potentially mitigate the effects of warming, salinity and
oxidative stress. Therefore, further studies should investigate DMSP supplementation of
Goniastrea under different environmental stressors and assess the various physiological
(Gardner et al. 2016), chemical (Tapiolas et al. 2013), and gene expression regulation (Gao et
al. 2020; Wang et al. 2022) responses.

Previous '"H-NMR investigation of adult G. aspera fragments did not detect DMSP
(Tapiolas et al. 2013). "TH-NMR has inherently low detection limits, therefore DMSP
quantification in adults should be repeated using a more sensitive method, such as the LC-MS
method developed here, to confirm its presence, or not, and enable a more complete
understanding of DMSP metabolism across the different life history stages. Regardless, it is
clear DMSP metabolism mechanisms differ between Acropora and Goniastrea and suggests
the function of DMSP may also vary between genera. To explore this, future studies should
expand the species investigated to include Diplastrea heilopora, for which no DMSP or
acrylate was detected in adults (Tapiolas et al. 2013), as well as other branching genera such
as Stylophora pistillata that do accumulate DMSP but not to the same high levels as in
Acropora. Incorporating additional coral species will provide a broader understanding of

DMSP metabolism across coral genera.

4.6 Conclusion

Corals are a significant producer of DMSP in the marine system and coral reefs have a
key role in the marine sulfur cycle. This study provides valuable insights into the fundamental
understanding of DMSP production in coral recruits, which is crucial for predicting the future
success of the coral holobiont and the resilience of coral against climate change and ocean

acidification. Here, the biosynthesis of DMSP was confirmed in aposymbiotic Acropora kenti
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coral juveniles. Biosynthesis was not observed in aposymbiotic Goniastrea juveniles, yet,
they did uptake exogenous DMSP, achieving intracellular DMSP concentrations comparable
to those produced by aposymbiotic Acropora corals. Symbiodiniaceae colonisation of
Acropora resulted in enhanced DMSP concentrations and promoted coral growth, yet for
Goniastrea, while the DMSP pool increased there was no concomitant increase in growth.
These results do not provide conclusive evidence for the role of DMSP (and hence acrylate) in
skeleton formation but do highlight the complexity in studying this metabolic pathway in
coral. Elucidating the DMSP and acrylate metabolic pathways within the holobiont and
identifying associated proteins involved in the regulation of these pathways is of high

importance.
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Supplementary data

S1 Supplementary data for Chapter 2
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Supplementary Data Figure 2.1 Acropora kenti Inverse transformed growth rate QQ
plot ANOV A normality validation, ANOV A was performed on days 4 to 16; day 0 is
excluded due to normalization resulting in the same variance between samples.
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Supplementary Data Figure 2.3 Goniastrea retiformis square root transformed growth
rate QQ plot ANOV A normality validation, ANOVA is performed on days 2 to 8; day 0 is
excluded due to normalization resulting in the same variance between samples.
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Supplementary Data Figure 2.4 QQ plot of Goniastrea retiformis DMSP concentration

per polyp in different treatments
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Supplementary Data Figure 2.5 QQ plot for percentage of growth of Acropora kenti
juvenile reared 16 days in different treatments.
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Supplementary Data Figure 2.6 Percentage growth of aposymbiotic Acropora kenti
juveniles (%o)reared for 16 days in the three different treatments: dimethylsulfoniopropionate
(DMSP), acrylate and control. Points represent mean and error bar represents = SE.

For A. kenti juveniles that were maintained for the full 16 days of the experiment, for
coral growth there is significant interaction between treatments, as determined by a 2-way
ANOVA (F12,132 =3.547; p=.00014; Supplementary Data Figure 2.6). The effect of treatment
was also analysed at each earlier time point, with Day 10 the only time point where there was
a significant difference in growth between treatments (adj-p = .028). Simple time effect
shows that by Day 16 there is significant growth in all treatments compared to Day 0 (p<.05).
Pairwise comparison shows significant differences in the growth rates in DMSP and acrylate
treatments from Day 6 to Day 12 (p<.05). The growth trend of 4. kenti juveniles that were

maintained for the full 16 days of the experiment was similar to that when including the
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growth measurement of coral juveniles extracted from all timepoints (Figure 2.2), therefore

those data were included to provide a larger data set and more robust statistical result.

S2 Supplementary data for Chapter 3

Coral surface area measurement Imagel script

//masks=""Training Set_Simple Segmentation__ .tif";
//training="Training Set.tif"’;
//roiDir="C:\\Temp\\"

run(*'Options...", "iterations=1 count=1 black™);

Ts=File.separator;

roiManager (‘'Associate”, "false™);
roiManager (*‘Centered", "false');
roiManager (*'UseNames™, "false');

dir=getDirectory(*'Select Source Directory™);
list=getFileList(dir);

roiDir=dir+"ROIs"+fs;
File._makeDirectory(roiDir);
saveDir=dir+"Output'+fs;
File_makeDirectory(saveDir);

Dialog.create("Analysis Settings™);

Dialog.addNumber(**How Many Pixels is 10mm?"*, 1180); //1180

Dialog.addNumber(*'Size Cutoff for Positive Count (mm™2)",
0.550);

Dialog.addNumber(*'"Circularity Cutoff for Positive Count (0O-
1.0)", 0.05);

Dialog.addNumber(*'Live Coral Mask Number™, 1);

Dialog.addNumber(*'Starting Point of Background Ring from Coral
(Px)",5);

Dialog.addNumber(*Width of Background Ring (px)',3);

Dialog-show();

howLonglOmm=Dialog.getNumber();
sizeCutoff=Dialog.getNumber();
circCutoff=Dialog.getNumber();
maskNumber=Dialog.getNumber();
ringStart=Dialog.getNumber();
ringWidth=Dialog.getNumber();

tableTitle="[Coral Analysis]";
ifT (isOpen("Coral Analysis™)){
print(""'Table already open™);}

else{
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run("Table...", "name="+tableTitle+" width=1200
height=250"");

print(tableTitle, "\\Headings:Image Name\tLive Coral
ID Number\tArea (mm™2)\tPerimeter (mm)\tCoral Red Mean\tCoral Green
Mean\tCoral Blue Mean\tBackground Red Mean\tBackground Green
Mean\tBackground Blue Mean\tCoral Hue Mean\tCoral Saturation
Mean\tCoral Brightness Mean\tBackground Hue Mean\tBackground
Saturation Mean\tBackground Brightness Mean™);

}

setBatchMode(true);
FfileCount=1;

roiManager (‘'reset’);
for(i=0;i<list.length;i++){
roiManager(''reset’);
run(*'Set Measurements...', "area mean perimeter display
redirect=None decimal=3");
fileName=dir+list[i];
if(endsWith(fileName, "tif")){
print("'Processing file "+fileCount+" of
"+(list.length/2));
open(fileName);
origlmage=getTitle();
saveName=Fi le.getNameWithoutExtension(fileName) ;
maskName=dir+list[i+1];
open(maskName) ;
masklImage=getTitle();
print(origlmage);
print(masklmage);

selectWindow(masklImage);
setThreshold(maskNumber,maskNumber) ;
run(*'Clear Results');
run(*'Measure'™);

if(nResults>=1){
run(*'Create Mask™);

selectWindow("'mask™) ;

run("Set Scale...", "distance="+howLonglOmm+"
known=10 unit=mm');

run("Analyze Particles...",
"size="+sizeCutoff+"-Infinity circularity="+circCutoff+"-1.00
show=Masks display clear');

if(nResults>=1){

selectWindow("*"Mask of mask'™);
rename('Live Mask'™);
run('Invert LUT™);

run("’'Fill Holes™);



Dilate]™);
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selectWindow("'mask'™) ;

close();

//selectWindow(*'Live Mask™);
//vrun('Duplicate. .., "title=[For

//run("Options...",

"iterations=""+(ringStart+ringWidth)+" count=1 black do=Dilate");

Dilate2]™);

//selectWindow(*'Live Mask'™);
//run(Duplicate...”™, "title=[For

//run("Options...",

"iterations="+ringStart+" count=1 black do=Dilate™);

Dilate","For Dilate2");

"display=Composite™);

wait(200);

slices, frames);

Live Rois.zip™);

Ring Rois.zip™);

//imageCalculator('Subtract create”™, "For

//selectWindow("Result of For Dilate™);
//rename(*'Background Ring"™);

//selectWindow("'For Dilate™);
//close();
//selectWindow("'For Dilate2™);
//close();

selectWindow(origlmage);
run(""Duplicate...", "title=[For HSB]");
selectWindow(origlmage);

run(""RGB Stack™);

run(**‘Make Composite’,

selectWindow("'For HSB'™);
wait(200);
run(""HSB Stack™);

selectWindow(*'Live Mask™);
getDimensions(width, height, channels,

run(*'Analyze Particles...', "add"™);
roiManager (‘'Save', roiDir+origlmage+" -

numROIs=roiManager(*‘count™);
//roiManager(*'reset™);
//wait(200);

//selectWindow(*'Background Ring'™);
//run("Analyze Particles...™, "add"™);
//roiManager(*'Save', roiDir+origlmage+" -

//roiManager(*'reset™);
//wait(200);
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//print(numRois);

newlmage(*'Background Ring", "8-bit
black™, width, height, 1);

for(r=0; r<numROls;r++){

print(""Measuring Coral "+(r+1)+" of
"+numROIs);

run(*'Set Measurements...', "area
mean perimeter display redirect=["+origlmage+"] decimal=3"");

selectWindow(''Live Mask™);

//roiManager(**Open',
roiDir+origlmage+"” - Live Rois.zip™);

selectWindow(origlmage);

setSlice(1);

run(*'Set Scale...",
"distance=""+howLong1Omm+" known=10 unit=mm');

selectWindow(''Live Mask™);
roiManager(*'Select”, r);

run("'Analyze Particles...",
"display');
coralArea=getResult("'Area');
coralPerimeter=getResult("'Perim.");
coralRed=getResult(*'Mean™);
selectWindow(origlmage);
setSlice(2);
selectWindow(''Live Mask™);
run("'Analyze Particles...",
"display');
coralGreen=getResult('"Mean');
selectWindow(origlmage);
setSlice(3);
selectWindow('Live Mask™);
run("'Analyze Particles...",
"display');

coralBlue=getResult("'Mean') ;

run(*'Set Measurements...', "area
mean perimeter display redirect=[For HSB] decimal=3");

// selectWindow("'For HSB™);

// setSlice(1);

// run(*'Set Scale...",
"distance=""+howLong1Omm+" known=10 unit=mm');

// selectWindow(*'Live Mask'™);

// roiManager(*'Select"”, r);

// run(""Analyze Particles...",
"display');

// coralHue=getResult(**"Mean™);

// selectWindow("'For HSB™);

// setSlice(2);
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// selectWindow(''Live Mask™);

// run(""Analyze Particles...",
"display™);

// coralSaturation=getResult("'Mean™);

// selectWindow("'For HSB™);

// setSlice(3);

// selectWindow(*'Live Mask™);

// run(""Analyze Particles...",
"display');

// coralBrightness=getResult(*'Mean™);

selectWindow(''Live Mask™);

roiManager (‘'select”, r);

run(*'Enlarge...",
"enlarge="+(ringStart+ringWidth)+" pixel™);

run(*'Create Mask');

selectWindow("'Mask') ;

rename(*'Outer RINg);

selectWindow(''Live Mask™);

roiManager(“'select"”, r);

run('Enlarge...",
"enlarge="+ringStart+" pixel');

run(*'Create Mask');

selectWindow("'Mask™) ;

rename('Inner RiINg");

imageCalculator(*'Subtract', "Outer
Ring","Inner Ring'");

selectWindow(*'Inner Ring™);

close();

run(*'Set Measurements...', "area
mean perimeter display redirect=["+origlmage+"] decimal=3");

selectWindow(origlmage);
setSlice(1);
selectWindow("'Outer Ring");

run(*'Analyze Particles...",
"display');

backgroundRed=getResult(*‘Mean) ;

selectWindow(origlmage);

setSlice(2);

selectWindow(*"Outer Ring™);

run(""Analyze Particles...",
"display');

backgroundGreen=getResult("'"Mean™);
selectWindow(origlmage);

setSlice(3);

selectWindow(*"Outer Ring™);

run("'Analyze Particles...",
"display');
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backgroundBlue=getResult(*'Mean™);

run(*'Set Measurements...', "area

mean perimeter display redirect=[For HSB] decimal=3");

//
//
//
//
"display');
//
//
//
//
//
"display');
//

selectWindow("'For HSB™);
setSlice(1);
selectWindow(*'Outer Ring");
run(""‘Analyze Particles...",

backgroundHue=getResult(*‘Mean') ;
selectWindow("'For HSB™);
setSlice(2);
selectWindow(*"Outer Ring™);
run('Analyze Particles...",

backgroundSaturation=getResult(*'Mean');

//

//

//

//
"display');

//

selectWindow("'"For HSB™);

setSlice(3);
selectWindow("'Outer Ring™);
run('Analyze Particles...",

backgroundBrightness=getResult(*'Mean™);

Ring',""Outer RiINg'™);

imageCalculator(*'Add™, 'Background

selectWindow(''Outer Ring™);
close();

print(tableTitle,

origlmage+"\t"+(r+1)+"\t"+coralArea+""\t""+coralPerimeter+"\t"'+coralRe
d+'"\t""+coralGreen+"\t""+coralBlue+"\t'"+backgroundRed+"\t"+backgroundG

reen+""\t""+backgroundBlue

//+"\t"+coralHue+'\t"+coralSaturation+"\t"+coralBrightness+"\t"
+backgroundHue+""\t"+backgroundSaturation+"\t"+backgroundBrightness

);

}

//roiManager(*'reset™);
selectWindow("'Background Ring');
run(*'Select None™);
run(*'Subtract...', "value=150");
run(*'Select All");

run(*'Copy"");
selectlmage(origlmage);

run(""‘Add Slice™, "add=channel'");
Stack.setChannel (4);
run(*'Paste™);

run(*'Cyan');



136

run("'‘RGB Color™);
selectWindow(origlmage+" (RGB)™);
roiManager(*'show all with labels™);

run("'Flatten™);
selectWindow(origlmage+" (RGB)-1");

saveAs("'TiffF', saveDir+saveName+" - Live
Selection.tif"");
run(*'Close All");

selectWindow("'Results™);
run(**"Close™);

}
run(""Close All™);

-

i=i+l;
FileCount=fileCount+1;

}

selectWindow(''"Coral Analysis'™);
saveAs("'Results', saveDir+"Coral Analysis.csv');

run(*'Close™);

print("FINISHED!I1");
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Supplementary Data Figure 3.1 QQplot for Acropora kenti growth per polyp in the

different treatments and at different times in inverse response transformation
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Supplementary Data Figure 3.2 QQ plot of Goniastrea aspera growth in normal

response
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Supplementary Data Figure 3.3 QQ plot for Acropora kenti DMSP concentration per

polyp in Inverse response transformation
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Supplementary Data Figure 3.4 QQ plot for Goniastrea aspera DMSP concentration

per polyp in square root response transformation
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Supplementary Data Figure 3.5 QQ plot of Acropora kenti Symbiodiniaceae cell

density in square root transformation
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Supplementary Data Figure 3.6 QQ plot of Goniastrea aspera Symbiodiniaceae cell

density in cube root transformation
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Supplementary Table 3.1 Kaplan-Meier survival plot analysis of Acropora kenti survivability
on different days and treatments

Treatment=Control

time n.risk n.event survival std.err lower 95% CI upper 95% CI

14 925 1 0.999 0.00108 0.997 1.000
23 924 1 0.998 0.00153 0.995 1.000
37 923 19 0.977 0.00490 0.968 0.987
44 904 37 0.9370.00797 0.922 0.953

Treatment=Cladocopium

time n.risk n.event survival std.err lower 95% CI upper 95% CI

6 836 3 0.996 0.00207 0.992 1.000
8 833 2 0.9940.00267 0.989 0.999
12 831 1 0.9930.00292 0.987 0.999
16 830 1 0.9920.00315 0.985 0.998
37 829 1 0.990 0.00337 0.984 0.997

Treatment=Durusdinium

time n.risk n.event survival std.err lower 95% CI upper 95% CI

2 913 1 0.999 0.00109 0.997 1.000
4 912 1 0.998 0.00155 0.995 1.000
8 911 1 0.9970.00189 0.993 1.000
23 910 3 0.9930.00267 0.988 0.999
30 907 1 0.9920.00289 0.987 0.998
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37 906 1 0.9910.00308 0.985 0.997

44 905 1 0.9900.00327 0.984 0.997

Supplementary Table 3.2 Kaplan-Meier survival plot analysis of Goniastrea aspera

survivability on different days and treatments
Treatment=Control
time n.risk n.event survival std.err lower 95% CI upper 95% CI
0 274 3 0.989 0.00629 0.977 1

12 271 1 0.9850.00725 0.971 1

Treatment=Cladocopium

time n.risk n.event survival std.err lower 95% CI upper 95% CI

2 315 1 0.997 0.00317 0.991 1
10 314 1 0.994 0.00448 0.985 1
14 313 1 0.990 0.00547 0.980 1

Treatment=Durusdinium
time n.risk n.event survival std.err lower 95% CI upper 95% CI
8 347 2 0.994 0.00406 0.986 1

10 345 1 0.991 0.00497 0.982 1
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Supplementary Table 3.3 Symbiodiniaceae assemblage of Goniastrea aspera parental colony

ITS2 type profile UID 317921

Clade D

Majority ITS2 sequence D1

Associated species None

ITS2 profile abundance local 1

ITS2 profile abundance DB 11

ITS2 type profile D1/D4-D1u

159086 0.923474428
Sequence accession / SymPortal UID 853-854-10613
Average defining sequence proportions 0.618[nan]-0.346[nan]-

and [stdev] 0.036[nan]
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Appendix A
Conditions conducive to coral larval settlement

Individual coral juveniles contain low levels of DMSP and detection requires the use
of high-resolution techniques such as LC-MS; for other methods such as 'H-qNMR pre-
concentration is required. Here, the experiment was designed to ensure adequate recruit
density to produce high enough levels of DMSP for detection. Similarly, to account for
variability in growth between individuals within the same treatment and same well, a higher
number of recruits are required to improve the reliability of the size measurements. The
challenge here is that high settlement densities may increase intraspecific competition for
food resources (Suzuki et al. 2012; Cameron and Harrison 2020), therefore, optimising recruit
densities to exceed analytical detection limits while maintaining healthy experimental corals

was critical to this study.

A preliminary trial was conducted and found that 20 or more Acropora kenti recruits
were required per well to extract sufficient material from the sample to quantify intracellular
DMSP; smaller species, such as Goniastrea, may need more live tissue. Here, the desired
settlement density chosen was ~30 recruits per well; on average, 3 recruits per cm? was
achieved. This density is higher than the 0.5-1.5 recruits per cm? used to explore restoration
methods (Omori and Iwao 2014; Cameron and Harrison 2020) but less than that for Acropora
species settling on preconditioned tiles, with 10 recruits per cm? deployed in situ (Doropoulos
et al. 2017). Regardless, as the experiment duration was short, i.e., only 16 days, the effect of
the density-dependent competition is likely to be negligible. In addition, as seawater was
exchanged regularly, recruits experienced optimal environmental conditions. The high
survival rate ( 4. kenti 98.3%; G. retiformis: 92.8%) indicates the coral juveniles are not

suffering lethal stress (Cameron and Harrison 2020; Randall et al. 2021).

The choice of settlement method was dictated by the need to eliminate the
introduction of an additional DMSP or acrylate source into the experiment while
preferentially settling larvae on the base of the well to facilitate fine-scale growth
measurements. Traditional settlement methods use preconditioned settlement tiles. These
routinely return a high settlement rate. The predominate biofouling species on these, CCA,
acts as the larval settlement inducer (Morse et al. 1996) and is widely used in laboratory
settlement studies, including in 6-well plates. CCA “fairy dust” (Meyer et al. 2009) and a

synthetic peptide GLW-amide (Iwao et al. 2002) were also considered here. During settlement
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trials of A. kenti, both of these settlement inducers resulted in high coral recruit settlement
rates. However, recruits tended to settle at the edges of the well, which is not suitable for later
growth measurement. Instead, a CCA chip was placed in the centre of the well to directionally
induce recruit settlement around the chip and was established to be the most optimal
settlement cue. As CCA can produce DMSP, the live CCA chips were removed 24 hours after
settlement to minimize any uptake (Burdett et al. 2014). The settlement of G. refiformis larvae
was previously achieved with coral rubble (Heyward and Negri 1999), and this physical
structure is favoured over the smoother edge of the plate well (Whalan et al. 2015). Based on
observations from settlement trials, G. retiformis larvae preferred to settle beneath the rubble
on the bottom of the well plate. Therefore, 2 to 3 cm? of concave-shaped rubble is
recommended to create a spacious sheltered area under which G. retiformis larvae will settle,

i.e., at the centre of the well plate.
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