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Abstract

From Polyps to Colonies: Applying polyp bail-out to study coral coloniality

Colonial lifestyles have been adopted by the majority of shallow-water stony corals
(Cnidaria: Scleractinia), as they facilitate coral responses to environmental changes.
Polyp bail-out, a coral stress response featuring colony dissociation and polyp detachment,
offers a platform to study coloniality in stony corals. However, employing bailed-out
polyps in coral research requires greater understanding of the biology of this stress
response. This thesis investigates the molecular basis of polyp bail-out in Pocillopora
acuta, a branching coral that is common in the tropical waters of the Indo-Pacific Ocean,
and examines bailed-out polyps to study the biological foundation of coral coloniality.
First, I probe molecular mechanisms involved in hyperosmosis-induced polyp bail-out,
based upon a P. acuta transcriptome assembly. Then, I monitor morphological and
genetic changes of bailed-out P. acuta polyps after the induced bail-out response. Finally,
I explore transcriptional profiles of bailed-out polyps and those of polyps in normal
colonies in order to identify differences between corals at different levels of structural
and social complexity. Based on transcriptomic data, activation of tumor necrosis factor
and fibroblast growth factor signaling pathways was revealed during initiation of polyp
bail-out, possibly linking these pathways to colony dissociation and polyp detachment,
respectively. Under ambient conditions, about half of bailed-out polyps displayed
morphological recovery and genetic resumption of fundamental cellular processes within
five days. Compared with recovered bailed-out polyps, normal colonies showed
activation of genes for neurological and circulatory system development. Furthermore, in
response to environmental stresses, few genetic changes were shared by bailed-out polyps
and colonies, suggesting that coloniality promotes distinctively different stress responses,
probably enhancing fitness in stony corals. Interestingly, transcriptomic data also
revealed differential expression of angiotensin-converting and endothelin-converting
enzymes in the transition between normal colonies and bailed-out polyps. This thesis
presents a robust polyp bail-out induction protocol and develops a foundation for its
application to coral research. Using this new research model, this thesis presents the first
molecular-level study of coral coloniality and identifies genes potentially participating in
development of coral colonies, which are expected to be fruitful topics for future studies.
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Introduction

Importance of coral reefs
Hotspots of biodiversity

Coral reefs, the “rainforests of the sea”, support the highest biodiversity among marine
ecosystems (Hoegh-Guldberg 1999; Moberg and Folke 1999; Roberts et al. 2002;
Carpenter et al. 2008). Comprising about 255,000 km?, coral reefs cover less than 0.2%
of the global ocean floor (Spalding and Grenfell 1997; Knowlton et al. 2010). However,
these ecosystems show primary productivity rivaling the most productive terrestrial plant
communities in the world (Sargent and Austin 1949; Hatcher 1988) and host about a
quarter of known marine species (Spalding et al. 2001). Assuming that coral reefs present
the same area-specific species richness as rainforests and that rainforests contain about
two million species, it has been proposed that global coral reefs host a potential 950,000
species, which corresponds to about half of described global biodiversity (Reaka-Kudla
1997). However, in contrast to tropical rainforests, with their immense net primary
productivity, the net output from coral reefs is surprisingly low (Crossland et al. 1991;
Geider et al. 2001). This suggests a delicate balance of food webs in these ecosystems,
such that slight changes in populations of primary producers may result in significant
perturbations of food chains.

Economic significance to human society

Coral reefs contribute great economic value to human society in multiple regards.
Abundant fish and invertebrate taxa in these ecosystems make them important fisheries
for coastal tropical countries (Reaka-Kudla 1997). Reports from the late 20™ and early
21% centuries estimate that over 6 million tons of fish were caught from coral reefs,
corresponding to about 9% of annual global fish consumption and an estimated $5.7
billion in economic benefit from coral reefs globally (Pac 1978; Munro 1996; Cesar et al.
2003). In addition, the economic significance of coral reefs is reflected in tourism and
other socio-economic services, such as coastal protection and research value (Spurgeon
1992; Cesar 2000). Together with the fishery yield, coral reefs offer an estimated annual
net benefit of about $30 billion to human society (Cesar et al. 2003). Unquestionably, this
value is underestimated since most ecological goods and services were not included in
early estimates (Moberg and Folke 1999). Given the growth of the global fishery industry
and advances in human technology in recent decades, the economic significance of coral
reefs to human society is undoubtedly even higher.

Role in global carbon cycle

In addition to their importance to marine ecology and human economics, coral reefs
participate in the global carbon cycle as long-term carbon reservoirs (Kinsey and Hopley
1991; Rees et al. 2005). Based on calcification rates of different reef types and their
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distributions in the Great Barrier Reef, the average calcium carbonate precipitation rate
of the Great Barrier Reef was estimated ~2.4 kg/m?/y (Kinsey and Hopley 1991). With
global coral reef coverage estimates ranging from 200,000 to 600,000 km? (Pac 1978;
Spalding and Grenfell 1997; Knowlton et al. 2010), this production rate implies fixation
of 0.5 — 1.4 billion tons of CaCOs per year by global coral reefs, corresponding to 1 — 3%
of anthropogenic CO; (Kinsey and Hopley 1991). However, as formation of CaCO3 from
calcium and bicarbonate ions is accompanied by production of an equal amount of CO»,
coral reefs are also sources of atmospheric CO», albeit an insignificant contribution
compared to anthropogenic emissions (Ware et al. 1992; Kawahata et al. 1997; Gattuso
et al. 1999). The status of coral reefs as sinks or sources of atmospheric CO; is therefore
still under debate, and may require understanding of more complex biotic and abiotic
factors (Chisholm and Barnes 1998; Bates 2002).

Coloniality in stony corals

Evolution of coloniality in the Scleractinia

Owing to their susceptibility to environmental stresses, stony corals (Cnidaria: Anthozoa:
Scleractinia), the major structural component of coral reefs, have received great attention
from researchers in multiple disciplines. The Scleractinia includes roughly equal numbers
of taxa with solitary and colonial lifestyles (Simpson 2013; Campoy et al. 2020). Based
on molecular data from both mitochondrial and nuclear genes, Barbeitos et al. (2010)
proposed zooxanthellate and colonial lifestyles for the ancestors of modern scleractinian
corals. This accords with paleontological and isotopic evidence, which show highly
developed colony integration and photosymbiosis at the first appearance of scleractinian
corals in the fossil record in the middle Triassic (Stanley 1988; Stanley and Fautin 2001;
Muscatine et al. 2005; Stanley Jr and Helmle 2010). However, given the immense
taxonomic diversity and high level of colony integration, it is also strongly argued that
the Scleractinia has an even longer evolutionary history (Zhangiu and Lei 1984; Stanley
and Fautin 2001; Stanley Jr 2003; Stolarski et al. 2011; Bo et al. 2017). Supporting this
alternative hypothesis, several molecular phylogenetic studies proposed that the common
ancestor of extant scleractinian corals can probably be traced back to the Paleozoic
(Romano and Palumbi 1996; Romano and Cairns 2000; Stolarski et al. 2011), which was
likely azooxanthellate and solitary (Campoy et al. 2020). Disregarding the debate about
the ancestral lifestyle of scleractinian corals, coevolution of coloniality and
photosymbiosis in the Scleractinia is hypothesized by all studies (Barbeitos et al. 2010;
Campoy et al. 2020). This concurrence results in distinctive distribution patterns of both
lifestyles in scleractinian corals, with colonial corals dominating shallow water reefs, and
solitary species more widely distributed geographically and more abundant in deep water.

Functional advantages of coloniality in stony corals

Coloniality is considered an adaptive trait in the competition for space (Barbeitos et al.
2010; Campoy et al. 2020; Hiebert et al. 2020). Employing asexual reproduction for
colonial growth enables colonial corals to colonize potential habitats in an efficient
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manner in shallow water, where hard substrates for attachment are limited. The extra
energy required for rapid colonial growth is likely supplied by photosynthesis of
symbiotic zooxanthellae, explaining the coevolution of photosymbiosis and coloniality in
stony corals (Simpson 2013). Furthermore, it has also been hypothesized that
photosynthesis promotes coral calcification (Moya et al. 2006; Cohen et al. 2016),
creating more habitat for growth of colonial corals; thus bundling coloniality,
photosymbiosis, and calcification in stony corals. Interestingly, a recent study found that
colony integration is correlated with bleaching resistance in the Scleractinia (Swain et al.
2018), illuminating discussions about other ecological functions of coloniality in stony
corals.

During formation of a coral colony, an important morphological change is the
development of coenosarc tissue that connects neighboring polyps. In an early study on
the brain coral, Meandrina meandrites, coenosarc tissue was shown to constitute a neural
network for inter-polyp communication (McFarlane and Callan 1978). In addition to
neurological signaling, experiments using isotope labeling and fluorescent dyes also
showed that molecules and cellular components can travel through coenosarc tissue
within a coral colony (Gladfelter 1983; Gateno et al. 1998; Fine et al. 2002). These
physiological features are thought to enable corals to respond to endogenous and external
stimuli with either colony-wide or spatial-specific actions (McFarlane and Callan 1978;
Roff et al. 2006). However, the biology of coral coloniality, especially from a molecular
perspective, is still poorly understood.

Polyp bail-out: description and application

A novel stress response in stony corals

In recent decades, polyp bail-out has become recognized in coral research as a coral stress
response. The first documentation of polyp bail-out may be that of Goreau and Goreau
(1959), who stated that, “polyps of starving corals are able to detach themselves
completely from the corallum.” However, more detailed description about this
phenomenon was not offered until the early 1980s, when Sammarco (1982) reported “an
escaping response to environmental stress” in Seriatopora hystrix and coined the term,
“polyp-bail-out.” Based on laboratory observations, Sammarco (1982) described polyp
bail-out as commencing with polyp-ward retraction of coenosarc tissue, which dissociates
coral colonies into isolated polyps, followed by detachment of individual polyps from
their calcareous skeletons. In contrast to coral bleaching, which disrupts the
endosymbiotic partnership between corals and photosynthetic zooxanthellae to prevent
accumulation of harmful molecules in coral tissues (Brown 1997; Douglas 2003), polyp
bail-out is characterized by release of free coral polyps, together with their symbiotic
zooxanthellae. Using carefully designed experiments and advanced techniques, more
recent studies have identified coenosarc-specific programmed cell death (apoptosis) and
extracellular matrix (ECM) degradation in polyp bail-out, which likely contribute to
colony dissociation and polyp detachment, respectively (Kvitt et al. 2015; Wecker et al.
2018). These reports created the foundation for subsequent studies on this intriguing coral
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response.
Ecological roles of polyp bail-out

In Sammarco (1982), polyp bail-out was described as finishing with re-attachment of
polyps to substrates and re-initiation of calcification, leading to a hypothetical role of this
stress response as a form of asexual reproduction in stony corals (Sammarco 1982;
Kramarsky-Winter et al. 1997; Larsson et al. 2014). Adding to this hypothesis, polyp bail-
out was proposed as a potential tool for the invasion of Tubastraea coccinea, a highly
competitive Atlantic coral, into Brazilian waters (Capel et al. 2014). However, to date,
only a few reports have actually observed resettlement and re-calcification of coral polyps
after bail-out (Sammarco 1982; Kvitt et al. 2015; Shapiro et al. 2016; Liu et al. 2020). On
the other hand, several studies have reported viability of bailed-out coral polyps in a free-
living, non-calcifying form, with intact gross morphology and possible feeding capability
(Goreau and Goreau 1959; Serrano et al. 2018; Pang et al. 2020). Under low pH
conditions (pH 7.2 — 7.6), Fine and Tchernov (2007) and Kvitt et al. (2015) reported
induction of polyp bail-out in Pocillopora damicornis and a similar response (colony
dissociation, but no polyp detachment) in Oculina patagonica and Madracis pharencis,
which were reversible after a return to ambient pH. Moreover, accompanying
decalcification, solitary polyps of O. patagonica showed higher polyp growth rates at
lower pH compared with control colonies at ambient pH (Fine and Tchernov 2007). These
observations suggest that polyp bail-out, by reallocating energy from colony development
and calcification to more fundamental biological functions, may represent a means for
scleractinian corals to survive unfavorable environmental conditions. More fruitful
discussion of ecological roles of polyp bail-out, however, necessitates more detailed
investigation of this stress response.

Polyp bail-out provides a new platform for coral research

Based on laboratory experiments, induction of polyp bail-out has been demonstrated in
several coral species and by various methods (Domart-Coulon et al. 2004; Kvitt et al.
2015; Shapiro et al. 2016; Fordyce et al. 2017; Wecker et al. 2018). In addition to low pH
treatments mentioned above, hyperthermal treatments induce polyp bail-out or a similar
polyp-detaching response in P. damicornis and the cushion coral, Cladocora caespitosa
(Kruzic 2007; Fordyce et al. 2017). In Astroides calycularis, an azooxanthellate coral,
starvation conditions induced polyp-bail-out (Serrano et al. 2018). By manipulating
seawater chemistry in the cultivation environment, such as calcium concentration or
salinity, Domart-Coulon et al. (2004) and Shapiro et al. (2016) independently
demonstrated induction of polyp bail-out in several pocilloporid corals (P. damicornis, S.
hystrix, and Stylophora pistillata). By applying microfluidic techniques, more recent
studies further showed that bailed-out polyps can be cultivated in the solitary morphotype
under laboratory conditions for weeks or longer (Shapiro et al. 2016; Luo et al. 2020;
Pang et al. 2020). These pioneering studies revealed a new model for coral research and
provided an opportunity to study coral coloniality on the basis of a single coral species.
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Research Aims

In this thesis, I first explore genetic mechanisms of hyperosmosis-induced polyp bail-out
in Pocillopora acuta, a common branching coral around Okinawa, Japan. To justify
application of bailed-out polyps as a coral research model, I examine health dynamics of
P. acuta polyps after induced bail-out. Finally, using bailed-out P. acuta polyps as
representatives of a solitary lifestyle and normal colonies as representatives of a colonial
lifestyle, I explore the molecular basis of coral coloniality. Experiments in this thesis are
defined in three stages, with each elaborated as a separate chapter (Figure 1).

Col Bailed-out Recovered Polyps Sampli Polyps
olony Polyps polyps polyps pre-treat.  S2MPUNE  after-treat.
a “ Polyp bail-out °® © L, 0 ® Recovery A . A N ‘
[=11) —
'g l l l .... ... l ll \ Treatments
=
=
i LAY P et
'E Non-recovered Sampling
= polyps Colony Colony
= pre-treat. l after-treat.
» Microscopic observation » Microscopic observation
> RNAseq > RNAseq ; R::ng:eq
> qPCR > qPCR e
£ | Revealing molecular mechanisms | Assessing post-bail-out polyp Revealing genetic basis of coral
< | of polyp bail-out health status coloniality

Figure 1. Experimental design and objectives of this thesis. Results of each chapter
are elaborated separately.

Molecular mechanism of polyp bail-out

In Chapter 1, I demonstrate induction of polyp bail-out in P. acuta using controlled
hyperosmotic treatments, modified from the method of Shapiro et al. (2016). Based on
RNA-seq data representing multiple time points during bail-out induction, I present a P.
acuta transcriptome assembly (GenBank accession: GIDIO0000000), which allows for
examination of genetic changes occurring during polyp bail-out at a whole-transcriptome
level. Involved cellular processes and signaling pathways in hyperosmosis-induced bail-
out are then discussed.

Recovery of coral polyps after bail-out

In Chapter 2, I present morphological and genetic dynamics of P. acuta polyps following
hyperosmosis-induced bail-out. Based on derived data, I discuss resumption of
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fundamental cellular functions in bailed-out P. acuta polyps. Finally, I discuss
applicability of bailed-out polyps as a new model for coral research and possible
ecological consequences of polyp bail-out for coral reef communities.

Genetics in coral coloniality

In Chapter 3, I apply bailed-out P. acuta polyps to a study of coral coloniality. Based on
more comprehensive RNA-seq data of P. acuta, 1 present a more representative P. acuta
transcriptome assembly (GenBank accession: GJAW00000000). Using this beta version
of the P. acuta transcriptome assembly, I explore transcriptomes of normal coral colonies
and bailed-out solitary polyps. Results of genetic analysis are discussed along with known
morphological and physiological features at different biological scales, in order to
discover differences in biological properties of solitary polyps and those in a colonial
form.



1. Chapter 1
Molecular mechanism of polyp bail-out

(Published in Coral Reefs as “Signaling pathways in
the coral polyp bail-out response’)

1.1 Introduction

Polyp bail-out is a coral stress response that shows potential as a coral micropropagation
protocol. Zooxanthellate, solitary polyps generated from bail-out offer a model to study
fundamental questions in corals, such as maintenance of photosymbiosis or coloniality.
However, even though many studies have demonstrated induction of polyp bail-out under
various laboratory conditions, our understanding of the molecular basis of this coral
response is still in its infancy. In this chapter, I first establish a controllable hyperosmosis-
based bail-out-induction protocol with P. acuta, modified from Shapiro et al. (2016).
From RNA-seq data of P. acuta collected at various time points during bail-out induction,
I then construct a P. acuta transcriptome assembly (GenBank accession: GIDI00000000)
to reveal molecular mechanisms underlying polyp bail-out.

1.2 Published Article

Chuang, Po-Shun, and Satoshi Mitarai. "Signaling pathways in the coral polyp bail-out
response." Coral Reefs 39.6 (2020): 1535-1548.

1.3 Conclusions

In this chapter, I presented an experimental protocol to induce polyp bail-out in P. acuta.
Using this approach, polyp bail-out can be induced in a predictable manner, allowing
more precise genetic analysis. By exploiting a transcriptomic analysis and qPCR
techniques, I identified expression patterns of genes related to TNF signaling and
apoptosis, as well as those related to FGF signaling and proteolysis during initiation of
polyp bail-out. These findings reveal parallel pathways for colony dissociation and polyp
detachment in polyp bail-out. Furthermore, several genes with anti-apoptotic or survival-
related functions were upregulated during bail-out induction, indicating “programmed
survival” of coral polyps after bail-out and supporting the escape role of this stress
response. According to these findings, I hypothesized a signaling network and molecular
mechanisms responsible for polyp bail-out. These findings expand our knowledge of this

7
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coral stress response. More importantly, the polyp bail-out protocol and the P. acuta
transcriptome assembly reported in this chapter provide a basis for examining physiology
of coral polyps post-bail-out, which will be discussed in Chapter 2.



2. Chapter 2
Recovery of coral polyps after bail-out

(Published 1in Frontiers in Marine Science as
“Morphological and Genetic Recovery of Coral
Polyps After Bail-Out”)

2.1 Introduction

In recent years, several studies have successfully combined polyp bail-out and
microfluidic techniques, a novel coral research platform termed “polyp-on-a-chip”
(Shapiro et al. 2016; Luo et al. 2020; Pang et al. 2020). In most early studies, health status
of bailed-out polyps was determined based upon survivorship or rate of resettlement.
However, coral polyps have reportedly shown viability in a free-living form after bail-
out, without re-attachment to substrates. Assessment of polyp health after bail-out
therefore requires other analytical methods. In this chapter, I monitor morphological
dynamics of P. acuta polyps after bail-out, induced using the protocol reported in the
previous chapter. Meanwhile, using the P. acuta transcriptome assembly reported in
Chapter 1, I examine genetic changes in bailed-out polyps of different morphologies and
discuss physiological recovery of P. acuta polyps after the induced bail-out response.

2.2 Published Article

Chuang, Po-Shun, Kota Ishikawa, and Satoshi Mitarai. "Morphological and Genetic
Recovery of Coral Polyps After Bail-Out." Frontiers in Marine Science 8 (2021): 280.

2.3 Conclusions

In this chapter, I demonstrated physiological recovery of P. acuta polyps after
hyperosmosis-induced bail-out. Within five days after bail-out, I observed regeneration
of morphological features, such as tentacles and body polarity, in about half of bailed-out
polyps. In morphologically recovered polyps, expression recovery was found in 87% of
genes altered during bail-out induction, with overrepresentation of fundamental cellular
functions, including cell proliferation and metabolism. These results support applicability
of bailed-out polyps to coral research and provide a basis for Chapter 3. In addition, the
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sinking nature of bailed-out polyps and consistent overexpression of a4 integrin observed
in this chapter shed light on discussions of the ecological role of polyp bail-out.



3. Chapter 3
Genetics in coral coloniality

(Published in BMC Genomics as “Genetic changes
involving the coral gastrovascular system support the
transition between colonies and bailed-out polyps:
evidence from a Pocillopora acuta transcriptome”)

3.1 Introduction

Colonial lifestyles have appeared various times during evolution of scleractinian corals
(Campoy et al. 2020). In comparison to a solitary lifestyle, colony formation enables
direct communication between integrated polyps and is thought to facilitate coral
responses to environmental stimuli (Swain et al. 2018). However, the molecular
foundation of coloniality is still poorly understood. In Chapter 2, I showed that P. acuta
polyps recover after an induced bail-out response, both in terms of morphology and
fundamental cellular processes. These findings pave the way to study biology of
coloniality using bailed-out polyps. In the final chapter of this thesis, I first assemble a
new P. acuta transcriptome (GenBank accession: GJAW00000000). Based on this new
version of the P. acuta transcriptome assembly, I then examine transcriptional profiles of
bailed-out polyps and of normal colonies of P. acuta under various environmental
conditions, in an effort to explore coral coloniality from a molecular perspective.

3.2 Published article

Chuang, Po-Shun, and Satoshi Mitarai. "Genetic changes involving the coral
gastrovascular system support the transition between colonies and bailed-out polyps:
evidence from a Pocillopora acuta transcriptome." BMC genomics 22.1 (2021): 1-12.

3.3 Conclusions

In this chapter, I revealed the genetic background underlying formation of colonies and
functional modulation of the gastrovascular system in P. acuta. Overexpression of ACE
and ECE in colonial polyps compared with bailed-out solitary polyps suggests possible
participation of these enzymes in colony development in P. acuta, warranting functional

11
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characterization of these genes in corals. The transition from bailed-out polyps to colonies,
suggested by the genetic data in this chapter, results in different responses to
environmental changes, which presumably enhance coral fitness. These findings provide
additional evidence for the selective advantages of coral coloniality. Future studies with
more coral representatives and other aspects of coloniality, such as budding and
fragmentation, should provide further insights into the biology of coloniality in stony
corals.



Conclusions

In this thesis, I explored the molecular basis of coloniality in stony corals using bailed-
out polyps. I first demonstrated a protocol to induce polyp bail-out in P. acuta, using a
controlled hyperosmotic treatment (Chapter 1). This protocol induces bail-out in a
predictable and repeatable manner, enabling investigation of polyp bail-out with more
precise experimental design. Combining this protocol with genetic analyses, I identified
parallel signaling pathways responsible for colony dissociation, polyp detachment, and
survival of polyps in the bail-out response. Following these findings, I further
demonstrated recovery of coral polyps generated using the bail-out induction protocol
(Chapter 2). Finally, I used bailed-out polyps as representatives of a solitary lifestyle to
explore the biology of coral coloniality (Chapter 3). Based on transcriptomic data, |
proposed emergence of neurological and circulatory system development, and possible
participation of angiotensin-converting enzymes and endothelin-converting enzymes
during colony formation, which lead to different stress responses. These findings expand
our knowledge of coloniality in stony corals. However, differences between colonies and
bailed-out polyps identified in this thesis should not be interpreted as undermining the
applicability of solitary polyps generated from polyp bail-out. Rather, the findings in this
thesis pave the way for future applications of polyp bail-out and solitary polyps derived
from it, which will prove useful in studying more fundamental questions in corals, such
as characterization of genes or cellular processes of interest.

13
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