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Abstract

Pocillopora damicornisLinnaeus belongs to the order Scleractinia and is one of
hermatyic coral species that is responsible for the deposition of hard calcareous structures in

reef ecosystem. Since the coral bodieB .oflamicornisexhibit polymorphism with less verrucae

branches in the wide range of coastal habitat, the Japanese name fert s peciyasa i s O
sango6 (meaning Ocaulifl ower coral so6) . The ¢
tropical to sut r opi ¢ waters including regions influe

research, colonies &. damicorniswere colleted off Yokonami Peninsula facing Tosa Bay in
Kochi Prefecture, Japan and used as model imperforate species to perform coral fragnientation
vitro. The primary intention is to provide clone samples for live growth experiments and
histological examinatiordealing with growth, reproduction (cell division) and dysfunction of
coral and its symbiotic zooxanthellae. Considering the importance of coral tissue regeneration as
the key output of the present culture method, this served as the baseline produet ito ord

demonstrate the aims of this dissertation.

The profound linkages among studies come from the association of the physiological
properties of symbiose&s-a-vis growthi reproductioiidysfunction, in which the sustainability
of the relationship of hostnimal to its ceexisting algae were being regulated. The vital findings
obtained from researches in this dissertation are as follows (1) tissue fragment of imperforate
corals were capable of growing from typidal vitro system where distinct modes ofstie
regenerations were first observed from controlled environment; (2) the changes in the growth of
coral tissues along with densities iof situ zooxanthellae cells were evident upon receiving
radiations from monochromatic light spectra, as blue lighth&r promote growth whereas

ultravioletA and farred rays significantly suppressed their proliferation; (3) &ledivision of



the in situ zooxanthellae was followed by the divisiami coral cells where the successive
invaginations of the symbiont menaore structures pose dynamics to cell shape regulation, while
the novel role of coral nucleus in pegtokinetic mechanism in host animal was first reported
among cnidarians; (4) pathomorphologies such as autophagosomes and -diEtseon
lysosomes were thglausible causes of the collapse kosbxanthellae organization in the coral
ultrastructure as they induced necrosis and autolytic digestions of the cytoplasm leading to
release of various gastrodermal entities. This dissertation aims to contributeégewd further
understand the underlying mechanisms towards the persistence eélgatatymbioses. Our
results could be a useful tool to address coral resiliency concern, mainly to provide inputs for
future studies.e. mass coral production to restatamaged reef due to unprecedented effect of

natural and human perturbations.
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1. General Introduction and Thesis Qutline

1.1. Early symbiosis establishmentégs/mbionts localization in hostradarians

The establishment of symbiosis is one of thest exitingstudyfieldsin cell biologyon animat

algal symbiosis, whersymbiotic zooxanthellae (unicellulainoflagellates) can be acquired by
cnidarians througmaternal inheritance or, more commonly, anew with each generation from the
surrounding seawater (as reviewed Datal 2012).In most species, the infection of symbiotic
zooxanthellae to host corals is performed by horizontal transfer and proceetiseastettiement

of planulae (Hiroseet al 2008). The acquisition of symbionts during larval stages occurs after
the early development of mouths and coelenterons, which facilitate the intake of symbionts for
the onset of symbiosis (Hariet al. 2009). Howeer, it has been reported that in some
scleractinians, embryos may acquire new symbionts from external environment and restrict them
into the gastrodermis during a gastrulation period (Marlow & Martindale 2007). On the other
hand, there are three processesthe maternal entry of zooxanthellae into oocytes newly
produced. According to Hirosst al. (2000; 2001), zooxanthellae are first observed in the follicle

of female gonads. They are expelled from the follicle cells, passed through temporary gaps
produed in mesoglea and finally entered oocytes through phagocytosis. Used as model species
in this research, the scleractinian cdPaldamicornisis hermaphroditic species that broadcast
spawn both spermatozoan and oocytes in the water which gametogeneplaramation per

head commonly performed during spring and summer following a lunar cycle (Stimson 1978;
Richmond & Jokiel 1984; Stoddart & Black 1985; Steiner & Cortés 1996; Peghata2000).
Pocilloporidssuch asP. damicornisand P. meandrinawere vertical transmitter where they

acquired symbiotic zooxanthellae by maternal seeding especially during gastrulation (Marlow &



Martindale 2007; Haryantet al 2015).Further, this species was revealed also demonstrating
with asexual mode of planulation wieethe brooded planulae had showed exact inheritance of
parental genotypes as revealed (Stoddart 1983).

Having a diploblastic body pattern, corals are simply arranged with two tesgers: the
epidermis (alsoreferred to as ectodermis) and the gastnmiter(endodermis), which are
separated by a thin, connective tissue layer, the mesoglea Muller k er and DOEI i a
et al 2008 Fournier 2013)see Fig. 1.1a)The population of zooxanthellae resgleithin the
membranebound vacuoles in the gastlermis (Trench 1987). Zooxanthellae are distributed
mainly in the tentacles and column wall much denser than in other regions of polyps &ekida
Okuda 2012). Symbiotic algae also reside in various intracellular localities in other invertebrates
The clamCorculum cardissghat accommodates its algal symbionts predominantly in the mantle
and gills (Farmeret al 2001), while in nudibranchsooxanthellaeare situated within host
derived Ocarrierd6 cell s associ atadthesedaocalies,t he d
the intercellular communication between theniikely havingmo | ecul -aal Ko6r oas ol v
hostsymbiont signalling and signal transduction such as carbon, nitrogen and phosphate uptake
and fixation (Trench 1993; Dawt al. 2012 Fournier 2013)see also Fig. 1.1bTorals acquire
the majority of their energetic and nutrient requirements in several dynamic mechanisms such as
photosynthetic metabolism of the symbiotic algae, heterotrophy, and feeding of planktonic
organisms fromhte water column (Lesser 2004).

In general, there are various processes in which cnidarianséinddllagellate symbioses
could be established and persisted (as reviewed Blaaly 2012). This includes recognition and
phagocytosis, regulation of hesgmbiont biomass, metabolic exchange and nutrient trafficking,

and calcification.



1.2. Scleractinia and the heatgal ymbioses irPocillopora damicornis

1.2.1. Brief history, habitat, distribution andversity

Scleractinians characterized primarily by coralsteucture (Lesser 2004), were first reported to
appear during Triassic era in tropical shallow water environment where they evolutionarily
coexist with symbiotic algae (Stanl&y Swart 1995). Due to the lack of appropriate fossil
records, our knowledge dhe origin of those symbiotic dinoflagellates is highly inadequate
(Trench 1987). In terms of diversity and affinity, there is a high degree of uniformity in the
scleractinian corals within the main body of the Coral Triangle (CT; global heart of coral
distribution extending from the Philippines, Sunda Shelf to Solomon Is.), in which the highest
richness resides in the Birds Head Peninsula of Indonesian Papua that hosts 574 species from the
total of 627 in the entire CT (Veroet al 2009; 2015). With atteration to the north, the
Kuroshio as one of the worl dbés strongetgt bour
diversity in this region (Fig. 1.2). The graph also showed that the corals in Japanese locations are
peripheral to the core of Kuroshiegion.

Among the scleractiniansP. damicorniswas considered a common species with
abundant occurrence in thedo-West Pacific region (Hoeksena al. 2014)as depicted in its
geograhic distribution in Fig. 1.3. The species cafobed in the Philipmes (various sites) and
Japan (recorded from Tosashimizu, Kochi and Southwest Shikoku) and has the same range of
variation from the Great Barrier Reef in Australia (VefrHodgson 1989; Veron 1992). This
species occurs in all shallow water habitats froqposed reef fronts to mangrove swamps and
wharf piles and are found in moispecific stands or muipecies reefs throughout its range
from near the surface to a maximum depth of 20 m (Hoeks¢@a2014).Due to wide range of

habitats where this spesieoccurred, polymorphism in their morphological structures was



evident as illustrated in Fig. 1.4 (Veron 2013). In this study, the skeletal morpholdgy of

damicorniscollected at Tosa Bay, Kochi, Japan resembled those found at the upper reef slope.

1.2.2. P.damicornis transition from uniform recruits to polymorphidut

The coralP. damicornisLinnaeusis one of the scleractinian coral well described at the early
recruitment stage in controlled environmelaxdermeulen & Watabe 1978abcocket al

2003) Immediate after the larval settlement, skeleton formation has been performed where two
primary calcareous elemernits. flattened spherulitic platelets and small 4da granules have

been produced (Vandermeulen & Watabe 1973). The speciesxhéudtedsimilar patterns in
skeleton formation to those iBeriatopora hystrixand Stylophora pistillataon i.e. septa,
columella, and corallite wallBabcocket al 2003. The first apparent structures such as basal
plate and three differentiated cycles of basalges are revealed as the distinguishing
characteristic of young pocilloporid against acroporids. The corallite wall forms through the
growth and fusion of synapticulae of basal ridge. After 1 week, a solid coenosteum, prominent
septa and columnella beme evident. Despite similarity in the pattern of development, the
significant difference in the morphology of juvenile corallum allows this species to be
recognized.

Upon reaching adult stage, its branching colonies usually reach less than 30 cm tall
(Hoeksema 2015). The species is distinguished from other species by having thinner branches
and less regular verrucae. As a resHt, damicornisexhibits greater branching tham.
verrucosalt commonly forms compact clumps on upper reef slopes exposedoty svave
action while pigment highly varies from pale to dark browspslple or green, sometimes pink,

then dark yellowgrey to browniskpurple (Veron 1992)Coral P. damicorniscan be used to



illustrate progress and the present state of knowledgeolaamar taxonomy (reviewed Veron
2013). The species forms a species complex, characterized by high levels of plasticity within
clades and cryptic points of differentiation between clades; thus considered as a highly

polymorphic species.

1.2.3. Dinoflagellatestheir distinguishing structures and life cycle

The evolutionary history of dinoflagellates is somewhat obscure due to lack of appropriately
preserved materials in the fossil record (Tr
earliest literaturesni the morphological and cellular structures of dinoflagellates (Phylum
Dinoflagellata Bitschli 1885) was published by Dodge (1971, 1973) distinguishing them as
unicellular flagellates. As the name implied, dinoflagellates have two flagella, one of which is
the longitudinal flagellum with conventional type while the other is tinansverseflagellum

which is helical in construction. Dinoflagellates at ffisng or motile stages revealed unique

cell covering termed atheca(armor) which in several generadhorders showed variations in
developments and ornamentations (Dodge 1965, 1971; Loeblich & Sherley 1979; Cled@ainan
1981; Netzel and Durr 1984; Bricheakal. 1992; Sekidat al. 2001). The detailed overview of

the cortical plate pattern or tabutats in the diverse number dinoflagellates was concised by
Netzel and Dirr (1984) where corticotypes where separated into five organizations namely
prorocentroids, dinophysoids, gonyaulacoids, peridinoids and gymnodinioids. Some species were
describedhakedor unarmored(did not contain cortical plates) where cell cortex revealed either
liquid or flocculent materials which gives empty appearances to the vesicles. Other unusual if not
unique structures of dinoflagellates were the trichocysts and pusule thkid¢htter can only be

found in dinoflagellates but not in all species (Dodge 1971).



When in hospite the symbiotic dinoflagellate (commonly gymnodinioid in type,
Freudenthal 1962), remained with highly evident thecal plates enclosed within
thecal/amphiasal vesicles (Loeblich & Sherley 1979; Wakefieddal 2000; see Chapter 4).
These structures were found in between the broad membrane layers containegglasts
(Taylor 1968; Keviret al. 1969) to more detailed cortical fine structures (Wake#elal. 2000;
see Chapter 4), of which complex membranes overlying algal plasma membrane were
technically pronounced of algal origin (Wakefieéd al 2000). In the cytoplasm, the most
striking structure of dinoflagellates is the nucleus where chromosoncks lastone and
permanently condensed (evident in all stagas)l, nuclear envelope persisting throughout its life
cycle (Dodge 1973 Triemer & Fritz 1984) Ultrastructural information on the chloroplasts,
pyrenoids, eyespots and associated organelles prexéded from the early works of Dodge
(1968, 1975) and Dodge & Crawford (1969).

The detailed life cycle of the symbiotic dinoflagellat®ybiodinium microadriaticum
Freudenthal) had been reconstructed by Freudenthal (1962) in Fig. 1.5 with refeoemearly
descriptions of McLaughlin and Zahl in the | a
an spherical cell exhibited single and thin cell wall, ochraceous color and homogenous cytoplasm
due to lack of food products. As it grew, the vetetacells lost some of its chloroplasts and
turned into brownistorange pigmentation. When the cell divides, they undergo binary fission
producing two vegetative daughter cells with cellular inclusions equally distributed them.
Equatorial zone of consttion occurred after nuclear division then the two cells separate due to
deepened furrow. In some cases;edled configurations with paired axes appeared. When cell
developed into cyst, the cell wall thickened and may follow one of the three courses (Bmely

zoospore or aplanospore; (2) mitotic cell with two autospores or (3) gamete production. Cysts



which contain gymnodinioid cell yield motile cell while zoospore was quiescent within parent

wall.

1.2.4. Symbiotic zooxanthellae and tdentification & Symbiodiniunspp.

In recognition of the early proposed generic index for the symbiotic algae by Brandt in 1881 who
first identified Zooxanthella nutriculdrom the radiolariarCollozoum inerméiaeck (Loeblich&
Sherl ey 1979), t (Geekzoenfanimaf) zxanthgllasfdiminugivie fommeo® |
yellow)] was coined During this period for the coral pioneers Peyssonel and Ellis, intriguing
guestions arises whether these tiny sikggifed organisms discovered in their fleshy tissues
regarded afirst as infestation could be possibly anraal origin (Bowen and Bowen 2003

Until then, the earlier studies of tha vitro culture of gymnodinioid zooxanthellae from
Cassiopeiasp. by McLaughlin and Zahl in 1957 had inspired Freudenthal (1962) aterfu
proposedSymbiodinium microadriaticuno be assigned as new species name. The latter claimed
that genusSymbiodiniumwas tenable classification derived (Gregkmbionliving together +

dinos whirling) from the family Blastodiniaceae and speciesnigroadriaticun) resembling
Gymnodinii adriaticum described with formal generic diagnosis. To d&e microadriticum
Freudenthal remains highly recognized as single pandemic species despite the repeatedly
amended ultrastructural descriptions (Kegtral. 1969; Trench& Blank 1987) and augmenting

number of divergent molecular clades (&tal 2006).

1.2.5. Dysfunction of corablgae symbioses and the treat from clim&iznge
The context of symbiosis breakdown between coral and its symbiotic algasebn one of the

highlights of physiological studies in the recent times. This offered a number of opportunities for



reef scientists worldwide to investigate mass mortality in the last decade (Brown 1996). The
phenomenon of extensive coral reef bleacl{imbitening of corals as a result of dysfunction of
coralalgae symbioses) in the Indbaci fi ¢ region from 1979 +to
documented events associated with El N#owthern Oscillation (ENSO) (see Glynn 1993;
Brown 1997; HoegiGuldbeg 1999; Fittet al. 2001; Bakeeet al. 2008 for reviews). Since then,
episodes of natural coral mortality occurred including in Caribbean due primarily to climate
changeinduced ocean warming which prompted much concern among scientists to focus on the
mechanism of bleaching. Gates and-workers (1992) have represented five potential
mechanisms of symbiont loss from cnidarian host tissue suchRasdamicornisthat includes
exocytosis, apoptosis, necrosis, pinching and host cell detachment concomiitethermal
bleaching under experimental stress conditi¢ese Fig. 1.6) Others have considered the
degrading potential of autophagy (Duenal. 2007; Downset al. 2002 Hanes& Kempf 2013),

along with grastrodermal autolytic digestion that weakenddte@eell adhesion causing the

expulsion of zooxanthellae (Camastal 2016).

1.3.Aims and Hypothesesignificance and Framework Thesis
1.3.1. Aims and hypotheses of studies
Theultimateaim of this thess is to observe and describe usligint and electrommicroscopy the
growth, cell division and the dysfunction of coral host and the symbiotic zooxanthellae in
scleractinianP. damicornisIn each study chapter, the hypothesis and specific objectives were
sought as follows;

In Chapter 2, this study aims toa) demonstrate the method used for thevitro culture

system of coralissue and (b) to baracterize the two modes of the induced tissue regenerations

o)



of corals.As hypotheses, the scleractinian corals could be cultured in a closed system similar in

principle to those in aquaria exhibitions; however settingamjdeal culture systemfor coral

growth remains difficult (Bornema®008)that depends mainly on the nature of study. Likewise

investigating the regenerative mechanism of corals by microscopg bewd challenging option

as most of the available literatures have reported such event from the natural reef environment.
For Chapter 3, the objectives were to (a)etkérmine the effect of different

monochromatic light spectra on coral tissgeowth and density of in situ symbiotic

zooxanthellagand (b) dentify the relatiorship of growth conditions between host tissue and the

population of symbiotic zooxanthellae frafifferent light treatmentslhe hypotheses drawn are

that coral growth responsdllhave significant changes under varying light regimes, as reported

in some spectral regime such as blue, red, green and UV. Examining the regenerated tissues from

live coral specimen through microscopy is a novel approach in which results reliesonosidr

validity of sampling procedure.

Chapter 4 is mainly directed to (a)ekcribe the process of cell division of the symbiotic
zooxanthellae in host cdraand to (b)identify the roles of the cortical fine structure and other
cytoplasmic componestduring cell division.lt is hypothesized that zooxanthellae division
either precedes or followed by the division of the host cell as mitotic index of symbionts had
reported to peaked earlier than its host animal. At ultrastructural level, cell divesi@ins were

in fact poorly demonstrated in which the detail of the process were highly considerable.

Then inChapter 5, this study aims to (a)ompare the changes in the ultrastructure of
host coral tissue and its symbiotic zooxanthellad’ irdamcornis when exposed under these
stressorsand to (b) étermine the underlying cellular mechanism involved and implication in the

early stage of bleaching in cor&urther it is hypothesized that despite the overwhelming studies



on coral bleaching, yet nsole mechanism is established so far. This indicates that the
phenomenon of coral bleaching is highly variable, in which the mechanism involved depend on

the various aspects including stress conditions, species used, environment and others.

1.3.2. Significantcontributions to knowledge
This section discusses insights to which this thesis might contribute to knowledge dealing with;

1. The aspectf coral reproduction that demonstraiawv corals proliferateasexually
by fragmentationin closed systermand characteze in details the coral tissue regeneration
observed from light microscopeconsidering thatmost of the available literaturesainly
reported this aspef@itom the natural reef settings.

2. Contribute knowledge on tlidynamics of coral phobiology to whch coral growth
responses depend mainly on the form and intensity of light receRkegkiological growth
conditions of coraltissue along with the densities &ymbiotic zooxanthellae changed
dramaticly under monochromatic form of light spectra, whi@h highly attributed in this
experimental study

3. Contribute tahe field of ultrastructuralexamination incnidarian symbioses where
studies on scleractinianorals remain limited to date due to complication in the fixation
procedure. This thesis fir¢o revealed the detailed stages of cell division of zooxanthellae
hospiteemphasizing the physiological process of cytokiseby describing the behaviof the
cortical fine structureandthe novel role of coratucleus in thelivision process

4. The ultrastructural examination dealing with the early stage of bleaching further
contribute knowledge on thmechanisms involved in the cellular dysttion of coralalgae

symbiosesvhere findings from fared light radiations were first reportefls themain study of
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this dissertation, this chapter demonstrate@mprehensive eoparison of the effect ahree

distinct stessors in coral.

1.3.3. Research framework and structure of thesis

Figure 1.7 and 1.8 illustrated the framework of the researclesteonducted for this thesis and

the linkages of every study chapter one another. The linkages between studies are mainly
based in the methodologies used. From these diagrams, the study on the eiralculture
(Chapter 2) served as the baselarethe source of specimen used for various cellular analyses
done for growth experimental (Chapter 3) and histological examinations (Chapters 4 & 5).
Chapters 3 and 5 were linked due to the methods used for inducing light treatment (Fig. 1.8) as
stressord coralsi.e. UV-A and farred radiations, where these spectral rays were initially found
to inhibit coral growth in Chapter 3 then continuously examined at ultrastructural level in
Chapter 5.To demonstrate the results of the micrographs in each stagyerhspecimens were
primarily observed through light microscopy (Chapter 3) and transmission electron microscopy
(Chapters 4 & 5). In general, these studies may pose potential implit@atiestablishinguture

setup to producemass clone fragments fovarious cellular examinations or for coral

transplantatiomproject as a current plausibiestoration schemier the damaged reef.
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Fig. 1.1.(a) Localization of the symbioticlgae in the coral gastrodermasd (b) processes of
metabolicinteracton and calcification. (lllustrations and texts adopted from FouRti&B)
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Fig. 1.2. Attenuationpatterns ofscleractinian coral affinity and diversity along the boundary
current of Kuroshio(Map adopted from Veroet al 2015)

North.
America

South
America

Fig. 1.3. Worldwide geographic distribution dPocillopora damicornis(brown mark}. The
species is considered as common and least concern (LC) The IUCN Red List of Threatened
SpeciesMap adopted from IUCN Red LidHoeksemaet al. 2008).
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SN ce

e NSV

Fig. 1.5.The life cycle of the symbiotic dinoflagellat& microadriaticunfFreudenthal isolated
from the hostCassiopeiasp. @) Vegetaive cell with thin cell wall. b) Cell during binary fission
producing two daughter cells)(Vegetative cyst with thick cell walldf Mature zoosporangium
containing a gymnodinioid zoosporee) (Gymnodinioid zoospore.f Aplanospore. d) Cyst
containng two autosporeshj Cyst containing developing isogamete}.L{berated isogametes.
(llustrations and texts adopted from Freudenthal 1962)
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Fig. 1.8.Simplified structure of linkages of the methodologies used in all study chapterisf thes
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2. Regeneration and tissue culture from small coral fragments

2.1. Introduction

To better examine coral growth, one has to understandcleosismay survive and reproduce
under controlled conditionsFor maintaining coraldn captivity, it is importantto note that
seavater quality used should follow those found in nature wherecorals originally live
(Borneman 2008). High degree of success in maintainorgls can be obtainedrom the
establishment of culture conditiomsth optimal water parameterfor coral growth(Borneman
2008; Osingeet al 2011). These parameters inclusawatesalinity and temperaturand may
critically affect coral healthChangesin the parametersften result in rapid bleaching or
mortality of caalsin nature and laboratori€éBorneman 2008)Although it is usually difficult to
establish amdeal culturesystemfor coral growth Borneman (20083laimed thamaintenancef
coral cultivation could be performed by setting adequate methodologiesipregut and
techniques.

Coralsreproduceasexudl by means ofragmentation of colonieshis was evident that
after the predominant breakage or fragmentation of corals during natural disturbances, reef
recovery has been reported elsewhere (Higths 1982). Understating themechanisms related
to asexual reproduction holds a key for new and better ways of coral culture (KratWarsky
et al 2011). Through asexual growth mechanisms, the widespread concept to transplant corals
has been carried bdor species with high growth rates (Yagt al 1992; van Treeck&
Schuhmacher 199%50ong& Chen 2003). However at some points, fragmentation could either
altered the growth morphology or redudethe sexual reproduction especially for scleractinian
coral P. damicornigPermata& Hidaka, 2005; Zakagt al. 2000) or inevitably lead to mortality

(Yapet al. 1992; Zakakt al. 2000). Yet despite these findings, the species has been the subject



of various reproductive examinations, in captivity (Stimson 1Z&Kkaiet al 2000; Permat&
Hidaka, 2005). Experimentally induced injuries or lesions in this species further led to tissue
regeneration (Hall 1997; PermaiaHidaka 2005).

Most corals have its innate capacity to regenerate or to extend new tissuameged
area (Meesterst al. 1997; KramarskyWinter et al. 2011). Bak &StewardVan Es (1980) found
that the surrounding tissue on the lesion enlarged shortly dubketcetraction which then
followed by successful regeneration until the regenerative dapatecreases upon reaching
stabilization period. The process generally occurred from the outside to the inside, towards the
center of the injury/lesion (Sabimt al 2015). The closure of lesion was assumed to be assisted
by polyp development or integgion of colonies (Bak and Stewavthn Es 1980; Orert al
2001). Most studies that we have referred mainly suggested that the capacity of corals to
regenerate was strongly influenced by the size of the lesion &8&tewardvan Es, 1980;
Wahle 1983; Hall1997; Meesterset al 1997; Orenet al 1997, 2001; van Woesik 1998;
KramarskyWinter & Loya, 2000; Croqueet al. 2002; Titlyanowet al. 2005; Fishergt al. 2007;
Sabineet al 2015). This indicates that experimental infliction of injury is the prontinen
approach to investigate coral regeneration. Most of these compelling studies were performed
prominently in the natural setting, suggesting that the examination of coral regenerations were
well restricted from the controlled environment. Its diverse regdive capability remains
poorly documented as attempts of characterizing regenerated tissues from the coral framgments
vitro had been hardly done so far.

There has been a novel finditigat demonstrated the coral-morphogenesis from the
cultured tisue fragmentin vitro (KramarskyWinter et al. 2011). KramarskyWinter et al

(2011) found that soft tissue devoid of skeleton can be cultured in sedaatet medium under
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relatively low temperature resulting in the formation of spheroids which may gievieble in
the culture for several months and may be induced to form a developed coral polyp upon
increasing the temperature.

In this study, the concept oh vitro system is likewise presented with the method of
culturing small coral tissue (with intaskeleton) in the glass dish maintained under ambient
room condition. One of the highlights of this stuthdinvolved the characterization ahetissue
regeneration that remains rarely examimedvitro. Scleractinian coral such & damicornis
possessd an imperforate tissue (Stimson 1997; Kirati@l. 1984) that inducediverse mode of
regeneration irclosed systemThe survival rates of theulturedfragments and theotential
factors that affect them wedso discussedFurther, he timing ofcell division of thein situ

symbiotic zooxanthellagas also examined

2.2. Materials and methods

2.2.1.Collectionof coral samples

Coral samplesused in tis studywere collected fronshallow water (L3 m in depth) off the
Yokonami Peninsula facing Tosaalg Susaki City, Kochi Prefecture in Japasing SCUBA
gears Two to three small antiealthy coloniesda. 58 cmin length of P. damicornisand
Acroporasp.werecollectedmonthly bybare hands and placedara mesh bag. After collection,
the coralwere immediately transferred into -sealable bucketwith seawater takemt the
collection site themerated. Samples were thearnsported to the laboratory kbchi University
(Asakura Campus) by car for 45 minutes. The preliminary sawpdeecollected n April 2014
(intended for stuiés in ChapteB). After 4 monthsyearroundsample were collectedintil July

2015to produce sufficient stock culturedowever due to high mortalityof corals atthe first

19



three months, the collection was extended ubetember 2015During the extension period
Acroporasp.sample was not continuously colledtas a result of high mortality

In Table 2.1, the dates of coral collections and monthly survival rates of two coral species
were shown, however in several pesadformation on the number of isolates produced and
survival rates were absent (no data recorded) due to failure of transcribing such information.
Further, the mortality inAcropora sp. fragments was severe where they it bleached or died
eventually from solation due to its fragile structure as compared fRordamicorniswith sturdy
skeleton. During fragmentation, branches excised from the apical region of the colony easily
broke which may affect its tissue integrity. From the series of monthly collewitbncareful
handling and fragmentation procedure, this species remains vulnerable to isolation. For this

reasonpP. damicornidbecame the focal species solely cultured for this research studies.

2.2.2. Coral fragmentation and culture technique

After ariving in the laboratory, coral fragmentation was immediately followed.(2.0). To
avoid stress, corals wereandheld on the proximal edge of tlweloniesabove the basin with
seawater. Small fragments (ca53nm) wee excised fromapical regionof the branches using
pliers. Fragmentatiowas done as quickly as possiblde excised fragmentaere remaired in
the seawater at all times. Using forceps, fragsertetransferrecseparatelyn individual Petri
dish containing approx. 150 mbf raw seavater medium collected from Kochi University
Marine Biological Statior{Fig. 2.8). Fragments weréhengently mounted on the small drop of
silica gel (Dow Corning Tiay, Japan) placed on tkever glass (18 x 18 mm) in thetri dish.
Cultures were maintaed in room conditions exposed to room fluorescent kgiat temperatures

range of25-27°C. The number of isolategroducedmonthly depends on the condition of the
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colony collected (Fig.2.6). Exchangimgediumand removing debris and growing algae were
done twice. e runcatedcolonieswere maintained in aerated aquaria contaimawy seawater

(approx. 2 L) for future use.

2.2.3. Identifying the ideal site for coral culture survival

The survival of the coral fragment in the culture dislethe essdral output of this studyin the
early attempts of cultivation, fragments were placed in the vasdas inthe laboratory to
determinethe ideal placefor coralsto survive. Extremely fast and high mortalby samples
ocaurred from the window areaspexially after exposure televated dayight. During event of
coral mortality, indiscriminate expulsion of symbiotic zooxanthellaecurred ageported in
Camayeet al. (2016), where considerable amounts of pelleteweleased theshedding off the
entire tissue from its skeleton. Frothe shaded areasith low exposure to day lighrdandroom
fluorescent light, mortalt of the samples was rather delay but remdiigh. However fronthe
common desk with direct exposure to room fluorescent light (irradienel of 8-10 umol m’s
Y, the survival was significatyt high amongP. damicornis

In the yeafround samplingthe monthly survival ratef the coral isolatevas computed
(formula shown below. From the total number ofsamplesproduced monthly, allanples that
survived for thefirst month of isolation were countedThis was based from the present

observation thate initial 30 day period isritical for coral to survive in isolatian

Survival rate= 8 x 100
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2.2.4. Time lapsenicrographyof coral tissue growth and zooxanthellae division

When coral isolatesof P. damicornissurvived after8-10 days, subsequent tissue regeneration
was observedhoweverthe induction of tissue growthvaried among samplesTo monitor the
tissue regeneration, tirlapsemicrography Fig. 2.2.)was performeddr the coral fragments
with exposed lesion and for the lesion directly mounted on silicaMjetographswere taken
automaticallyevery 1h from 10 to30 days using dissecting microscope (SZX7; Olympus
Optical Co., Ltd, Tokyo, Japan) fitted with digital camera (Coolpix P6000; Nikon Co., Ltd,
Tokyo, Japan) and a digital monitor (Sharp AquoslI3SX7A, Japan).

To measure the growth rates of tissageneation, low magnification micrographsere
analyed. Usingimage processing software ImageJ (Rasband, 2003), the length of the tissue
regenerated was measuriedfive different locationsLength was measured at fixed scale of
373.33 pixels/100@um. The margnal growth rate (MGR) formulanodified after Ichikiet al

(2001) was usecexpressed as;
MGR = ——

wherel = length ana = time atl (final) and 2 (initial), respectively. On the other hand, the
timing of cdl division of the in situ symbiotic zooxanthellagvas determined using automatic
time-lapsemicroscopy (Fig. 2.4) High magnificationmicrographsobtainedfor 24-48 h in were
analyed. All symbiotic zooxanthellaeellsthat appeared contiguouswith doubletformations
werethoroughly compared from ifgreviousconfiguration This strategy helps teerify whether

the cell(s)likely to divide or simply overlappingo one another
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2.2.5. Assessment of fielthd laboratoryvater parameters

After the coral samples have been collected, water parameters such as the temperature and
salinity were measured from the collection site using Haeld thermometer and refractometer

(AS ONE, IS/Mill-E, Japan), respectivelfhis wasmeasuredo determindluctuaions of these

factors during the yearound cultureperiod. This aspectwas found useful especially in

determining the factor that might affect coral survival.

2.3.Results

2.3.1. Two distinct modes dissue regeneratien
Small apical fragments excised from theral colonies ofP. damicorniswere cultured in
ambient room temperature and light conditions. Coral fragments were mounted orslgms/er
and placed in Petri dishes containing filtered seawater medium. They regenerated new tissues
and continued to surwvfor several weekdhe maximum thickness of new tissues regenerated
was around 0.21 mmlwo distinctive modesvere found intissue regeneration. After coral
fragments were excised from colonies, the injured side of the fragments was situated at the
upwad direction, exposing directly to seawater. New tissues regenerated centripetally from
surviving tissues on the injured side days after fragmentationfThis mode was termed
centripetal regenerationlime-lapse micrographs (Fig. 2.2A3) show that the regerating
tissues covered superficially on the naked skeleton surfaces of the cut ends of coral fragments
and grew towards the mid region of the naked skeleton.

When the lesion portion of coral fragments was situated at the downward direction and
mounted dectly on a coveslip, new tissues grew radially from the edges of surviving tissues

and extended over the surfaces of a coslgy (Fig. 2.2B13). This was termed a radial
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regeneration modddowever in the apically fragmented samples that were placad en the

glass cover (Fig. 2.3A), the portion of the lesion hanging from the glass substrate exhibited
centripetal regeneration while the portions leaning on substrate tended to outgrew. Here,
outgrowing was referred tratiort whieh initiated dQ days aftermo d e
fragmentation. This was also the typical regeneration mode observed in the lesion mounted on
the silica gel where the tissues overgrew towards the smooth glass substrate (Figs. 2.2B and
2.3B). The surrounding lip of tHesion was estimated to have average width of £41.7 mm (non
contracting). The latter was observed colorless due to the absenceimfsinezooxanthellae

cells, a region closely characterized as the epidermis. During tissue regeneration, developing
polyps were evident. Juvenile polyps developed on the regenerated tissues (Fig. 2.2B3),
distributed at an mean distance of +1.3 mm between polyps or polyp density of +3.0
individuals/mnf. The regenerated coral tissues were also noted to overgrow the dehrisssuc
shedded endoskeleton attached on the glass substrate. During the formation of polyps, localized
assemblages of symbiotic zooxanthellae were evident. As they increased in number, the coral
tissue bulge then subsequent juvenile tentacles and oral ceery developed. As polyps
matured, spots of calcified materials formed behind its loci were deposited on the glass substrate.
In the event where the regenerated corals retracted (Fig. 3.1, Chapter 3) or subsequently died,
remnants of these spots and ringgalcification showing the increments on the substratum were
observed. Corals that exhibit regeneration apparently became pale than its original pigmentation.
Loosening of spaces between thesitu symbiotic zooxanthellae asapparents the host tisge

regenerate

24



2.3.2. Coral tissue growth rase

In the time lapse monitoring, the cengipl tissue regeneration took 6 dayscompletely close
or healthe surrounding lesion. This gives a megnowth rate of 67.8 p/dayfor the tissues that
regenerate onts skeletal surface. The resulias obtained from tw@ampleswhere tissues
tended to closevithin 6 and 7 days, respectively. On the other hand,ctral cultures with
lesiors mounted on the silica gel initiated tissue regeneration at the earliest péffodays.
Dependingon the health conditionpossibly amount obtress obtainel] somecoral cultures
exhibited delayed growth after isolationto the Petri dishesWhen the tissugegeneration
persistedit extended radiallyn thecover glass at themeangrowth rate of 55.2um/day. This
wasthe result from the three coral culturagasuredvith continuougissue growtHor 10 days.

To compare th&e two modes, the growth rate bgntripetal regeneration where the tissue
traverses rough surfaces was tigkly faster than the radial regeneration growing on the smooth

surface such as a glass substrate.

2.3.3. Timing of cell division ofin situzooxanthellae

Thecell division of thein situsymbiotic zooxanthellae in the regenerhtissue hadxhibitedno
specific timingbasedon the 24-h daily pattern.in the timelapse monitoring(Fig. 2.4) the
apparent doublet cell formation which was the characteristic of the cytokinesis (as discussed in
Chapter3) occurred at 06:10 (morning); 18:10 (afternoon) and®@Qmidnight)(Fig. 2.4) This
suggested that diel pattern is absent in the division process of the symbiotic zooxanthellae
hospite Time-lapse micrographs also showed that zooxanthellae cells used to develop spherical
doublet cell formation within 4 land 6 h, respectively. If this is the case, symbiont cells may

possibly took at least 4 h to completely develop the entire division cycle.
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2.3.4. Survival of the coral cultures

The monthlysurvval rate ofP. damicornisculturedin vitro for one yeamperiad vary monthly as
shown in Table 2.1 and Fig.2.Bt the initial period high mortaliy of this specieccurred
probably dudo inevitable stress from acclimatizatiactorsof the coral The catahadshowed

that sample collected in November 2014 had smwival rate. There wernew increase in the
succeeding months bteénded todeclinein the final month of winter season (March). In the
onset of spring, survival rate increased significantly until May when no mortality of the samples
wasnoted In Junerelatively more mortality was observed however on the following months in

summer until autumn season, survivals apparently imgratvstable rate.

2.3.5. Variation of field and laboratory seawater condiion

Due to the variation in theurvival patternof the coral isolatesit is speculated that this
phenomenon might be attributéal the acclimatiorof the coralbeing culturedn vitro. For this
reason,the temperature and salinitgf the seawater in Tosa Bay and medium used in the
laboratorywere analysed.

In both parameters, the seawater from Tosa Bay showed fluctuations during one year
sampling period from November 2014 until September 2015, which is a normal phenomenon
brought by the changing season in a-s8opical region. The temperature began to deciimthe
onset of winter (between November and December) and reached the lowest of 15°C in January.
Before spring ended, temperature increased between April and May. It had peaked in summer at
30°C in July then gradually decreased on way to autumn sdasemms ofwater salinity used

to exhibit an inverse pattern against temperature. In general it is understood that seawater cools
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during winter or warm during summer when it used reached an extreme temperature limit,
howeverin salinity this could be affged by some factors for instance severe precipitation in
summer. From November 2014, salinity slightly increased until the entire winter season with a
peak rate of 37 occurring from January to February of the succeeding year. It gradually
decreased duringpring season followed by abrupt decline to 21 in the mid summer (July). After
reaching the lowest rate, it suddenly elevated until end of summer and maintained the increase
through autumn.

This study noted that thembienttemperature and saligibf the seawater medium used
for coral cultures were 227°C and 2729, respectively. At these levels, comalvitro survive at
high rate and regenerate its tissue. As mentioned earlier,tefniperature level wasirst
established due tmcidental incease of growing cultures where they maintained innibrenal
temperature with common white fluorescent light irradianice the case of the salinity of
seawater medium, such range wasainedbecause of prevailing temperature in the room where
medium werebeing stored for several months, considering thatlium used ircultures were
not enriched, nor sterilized

When the measurement for the medium used and the seawater in Tosa Bay was
compared, the temperature and salinity hsivewed variation pattertat wereassociated with
seasor(see Fig. 2.6)In both parameters, high variations were evident during winter and summer
seasons. Likewise moderate to low variations have been observed in spring and autumn seasons.
As shown in the graph, the seawatmpeaturein Tosa Bay used to intercepith the mediurm
based levein May to June and in Septembwihile for salinity in early June and late July. This

showed thathe waterparametergrom the coral collection site haweatched with the ambient
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laboratorylevel duringthe transition seasons such as spring and aytwmen the survival rates

of the coral cultures were also high.

2.4.Discussion
This studyhad demonstrated that scleractinian cdpaldamicornisexperimentally induced
regeneratiorof the tissue fragments culturedPetridishescontaining raw seawater medium for
more than a week at favorable conditidimis furthersupports the studyf KramarskyWinter et
al. (2011) that had revealed tpetentials of corals to propagate usingitro technique. Unlike
the experiments where corals were being transplanted imetticulating tanks, aquaria or
natural reef to monitor growth (Kinzet al. 1984;Yapet al 1992;Stimson 1997yan Treeck&
Schuhmacher 199B0oong& Chen 2003; Bornean 2008), this procedulecame aery useful
to innovation thatproduce codal cultures n g | readily availéblefor various growthor
tissue regeneratioexamination use. In addition, the advantages of this system were considered
to be (1) amenablewhere tissue culture is acquiescent to simple laboratorysetithin the
ambient room condition; (2fost efficient T which minimally requiral typical laboratory
materials without further aeration or continuous wditenv, medium enrichment, feeding,
complicatedlighting fixtures andother growth enhancer; and (3) resoungése | where small
apical fragments are viable culture size requirentigtcould ecologically help minimize coral
extraction from the reef. This highly suggests that the abilityooél to grow is noselective as
to thenature, form and size of its environment

The aspects of coral tissue regeneration have been wajadyted from the natural reef,
as cited earlierThese reports mainly discussed the closure mechanism of libeethfesion on

the coral, which was termed @sentripetad regeneration in the present study. Further, most
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studies have emphasized that the regenerative ability of the corals were highly dependent on the
size of the lesion/injury inflicted upon. It hasen suggested that the bigger the surface area or
perimeter of the lesion, the lower the probability to completely adosealthe injured area. For
instance in Meesteat al (1997), the massive corlll. annulariscould regenerate a maximum of
4.7 mnf per mm of perimeter length, only 67% of the lesion could be closed by the lesion size
83 mnf but not capable of recovering larger than 130 “m@&imilar with P. astreoideshat
regenerated about 50% of the 1%camd <10% for A. agaricitesbut both speciesould not
perform in the larger injury of 5 ¢m(Bak & StewardvVan Es 1980)In such phenomem,
various reasons were explained. Coral tissue regeneration may depend on other intrinsic factors
such as the decrease in the capacity of corals to regenetatejrshape, type and position of
lesion and coral morphology (Bak StewardVan Es 1980; Bak 1983; Wahle 1983; Hall 1997;
Meesteret al. 1997; Oreret al. 1997, 2001; van Woesik 1998; Croqe¢ral 2002; Titlyanowet
al. 2005). It was also attributed textrinsic factors like algal or animal colonization,
sedimentation, depth and temperature range, and diseases that possibly impede the healing
process (Wahle 1983; Hall 1997; Kramardkinter & Loya, 2000; Croquert al 2002;
Titlyanov et al 2005; Fishes et al. 2007; Sabinet al. 2015). The unrecovered area may lead to
permanent dead lesion (Bak 1983; B&kStewardvan Es 1980) functionally referred tms
Oasymptot et 10Me est er s

Comparingsuch conditions with the present resaithough tle centripetal regeneration
of P. damicorniswas entirely (100%) completedt; shows that the growth rate of coral
regeneration fronin vitro condition was relatively slower than in natural setting. In terms with
the induction of growing tissyehe centriptal regeneration ipresentstudyhad commenced

days after the fragmentation similar lheesteret al. (1997) and Sabinet al. (2015)when the
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regeneratiorwere also reported taitiate after theinjuries wereinflicted Howeverin this study
the meangrowth rate of 0.068 mrday (centripetamods is too far to compare with the mean
rate of 6.7115.99 mniday (Meesteet al. 1997) and witt6.0-17.5 mniday (Sabineet al 2015)
eventhoughthe tissuegrowth ratesn these studieswere reported taleclinein the succeeding
days.Further it must be considered tleattrinsic factos such as those mentioned earlier were
absent fromin vitro systemwhile the recovery of corals inflicted lesian the natural reef
remainsdynamic. If this is the case,tiwas assimed that the state of the coexhvironment
together with its physiological state affects tissue regeneration procggseqistically (Wahle
1983; Kramarskywinter & Loya, 2000; Titlyanoet al. 2005).

Dealing with two modes of regeneration in the prasstudy, the growth byadial
regenerationis apparentlydriven by similarmechanism with centripetal mode except foe
growth rate. In centripetal mode, the rough surfagethe exposedskeleton may assetl the
tissueto growrapidly than smooth stacesin radial mode although this is mere speculation in
time. In Acropora rapidtissueregeneration othe skeletal surfacewas observed tbe assisted
by the equivalent production of skeletdmat helpsseal the lesiom its fastest way (Hall997)

The coralP. damicornishaving an imperforate tissue (Stimson 1997; Kireti@l 1984),
possessed a tissue that could overgrow on any surface. In this study, the surrounding lesion
mounted on the silica gel regenerates until the cover glass, both rdprgssoft and hard
substrata with smooth texture. Likewise in the present observations coral tissues used to grow
even on the attached debris such as shedded calcareous materials; algal settlers @¥laésters
1997; Titlyanovet al. 2005) and over thecaumulated debris and sediments (van Woesik 1998).
This further supports the fact that the attachment of coral tissue into the substrate is not selective

(Highsmith 1982; van Treeck & Schuhmacher 1997; Lirman 2000). Conclusively, tissue
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regeneration is a yhamic behaviourwhich Fisherset al (2007) reported that coral tissue
regeneration persisted for a year or more in the reef setting.

The survivorship of the coral fragmenisvitro probably was the most essential aspect
of this study. In this eperiment, it was assumed that the survival and tissue regeneration were
assisted by other factors including the fragment size, light irradiance, and water temperature.
Dealing with fragment size, tissue fragment from the apical branches used in thimeasiyed
about3-5 mm which was noted to thrive in a Petri dish culture containing 150 mL seawater
medium. The survival of fragments by sizes has been investigated from the transplanted coral
experiments in natural reef (Bruno 1998; Lirman 2000), wherg itidicated that survival of
fragment has no significant relationship with the size of fragments. This suggested that coral
survival does not depend on its size in the reef setting while in closed system this condition is
unknown so far.

In terms of roomight, the white fluorescent irradiance 89 pmol ni’s* used in the
present study can be pronounced an ambient light intensity due to survival and growth of coral
tissue fragment bin vitro system. Verifying from that dBorneman (2008) he irradiancdevel
used in this study was within the SSI (sea surface irradiance) limit4f8 f or t he O&6r ee
or equivalent to @ pmol m’s*, considering that theormal SSI is 2umol m*s™.

As to coral survival, it was found that in the late spring amty @atumn the temperature
of the seawater in Tosa Bay was nearly closed to the standard temperature of 26°C the medium
used in the laboratory (refer to Fig. 2.6). In these seasons, coral cultures have higher survival
rates than winter season where seamiatd osa Bay was extremely low (refer to Table 2.1 or
Fig. 2.5). Considering the association of temperature and survival rate of cultures, in this case

such condition could be attributed to acclimatization ability of corals where coral samples
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collected diring warmer season used to survive and grow well than those collected during
winter. This phenomenon remains a speculation as this present method used is poorly
demonstrated in the early studies. In an outdoor tank experiment, spring season wasrésb repo
with high growth rate folP. luteafound Okinawa reefTitlyanov et al. 2005). In this season

also, it was reported that five coral species from the Caribbean Sea exhibited its peak tissue
biomass (Fittet al. 2000). On the other hand, during autuneason the lesion inflicted da.
granulosafrom Red Sea had completely recovered (Kramaksfkyter & Loya, 2000).

Although it is indicated thaadaptive mechanism was inherent among corals to survive in
closed system (Borneman 2008), it remains plausibé the temperature must be highly
considered when shifting environment for coral cultures. Further this study suggests that when
conducting similar procedure, spring and autumn season are the suitable season to propagate
corals from Petri dishes. Howewyear round cultures are necessary, medium used must either
thermally parallel or directly obtained from similar site where coral samples were gathered.

In conclusion, this successful attempt @flturing scleractinian corah vitro is a
consderable significance of this study. It is likewiseonounce that the capability of coralto
grow was not definiteas to nature of environment, whilee culture systentould be done not as
complicated aspreviously thought. The diversmode of tissue regenerationexhibited by
imperforate coralsuch asP. damicornissuggestd that other species having similéissue
characteristicould also perform similar process. Likewise the possibility of introducing various
coral species into this form of culture sy can be possible. This study may provide inputs that
could assists coral biologists in establishing future experimentalpsahd produce mass coral

clones for use in various histological and ecological investigations
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Acroporasp.

P. damicornis

Collection Dates
No. of fragments produced | Survivalrate (%0) | No. of fragments produced | Survival rate (%o)

August 17, 2014 = e 20 —
September 8,2014 = = 2 -
October, 2014 - - 20 -
November26,2014 | | o | =T s 80 |
December 15, 2014 10 = 10 90
anuary 21, 2015 12 40 25 88
[February 24, 2015 12 60 20 90
March 25, 2015 15 53 20 85
April 9, 2015 15 50 21 90

May 15, 2015 5 10 20 100
Junel2, 2015 5 40 15 93

July 29, 2015 12 80 28 96
August 17, 2015 12 3 20 95
September 29, 2015 10 = 20 95
October 26,2015 10 = 20 95

Table 2.1.Coral collection dtes and survival rates aicroporasp. andP. damicornisafter 30
days ofin vitro culture.
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Fig.2.1.( A F) P footle m ditvorcudture of tissue fragments Bf damicornis (a) Small coloniesverecollectad at Tosa Bay,
Kochi, Japan then sealed in the bucket before being transgortéeé laboratory(b) Apical branches were gently excised using
pliers.(c) Cover glass was placed with silica gel then placedndividual Petridish with rawseawater(d) Small fragmentvas gently
mounted on the silica géb stand erect(e) Isolateswere maintained on the laboratory destposed taoom fluorescentight and
temperaturédrom 25 to 27°C.f() Truncated coloniewere maintained in thesgated aquariurfor future use.
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