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Abstract

Symbiodiniunspp. reside intracellularly in a complex symbiosome (host and symbiont
derived) in a specific hostlymbiont association§ymbiodiniums a diverg genus with variation
equivalent to that of other dinoflagellate orders. First, this investigation examines antigenic
variation in the algal mucilage secretions at the-sgstbiont interface. Culturegymbiodinium
from a variety of clades were labelaith one or the other of two antibodies that bind to
components of the symbiont mucilage (PC3 antibody, developed using a clade B alga cultured
from Aiptasia pallidg BF10 antibody, developed using a clade F alga cultured Biganeum
sp.). PC3 antigenas found in culture@ymbiodiniunfrom clades A and B, but not clades C,

D, E and F. The correlation between labeling and clade may account for some of the specificity
between host and symbiont in the field. Within clades A and B there was variati@namount

of label present. BF10 antigen was more specific and only found in cultures of the same cp23S
rDNA strain the antibody was created against. Since the mucilage forms tissyimtsdbnt

interface, variation in its molecular composition is likelybthe source of signals involved in
recognition and specificity. Next, | examined variation in the ultrastructural morphology
amongst BBymbiodiniumsolates (2 from clade A, and 1 from clade B, 1 from clade C, and a
freeliving isolate from clade E) toreate a baseline standard for future ultrastructural work and

to determine if there is any ultrastructural basis for taxonomic description of species within this
genus. Ultrastructural examinations were performed using High Pressure Rapid Fredzing. Al

isolates studied exhibited the standard dinokaryon nucleus, a peripherdbibmedtichloroplast



with a single stalked pyrenoid surrounded by a starch cap, a dinoflaggfiatenitochondria

with tubular cristae, and various other cellular inclusiofdditional small electron dense
inclusions were typically positioned near the cell periphery and may be related to mucocysts
sometimes seen in dinoflagellates. Some isolates (CCMP421 and Y109) had a few cells that
exhibited large electron dense structucentaining calcium oxalate crystals. Cell size amongst
different isolates was significantly different and consistent with previous studies on the same or
similar isolates. Examination of the ultrastructure of 5 isolat&yofbiodiniunrevealed that

there is very little variation in morphological characters. Therefore, it is unlikely that isolates or
species oSymbiodiniuntan be usefully differentiated on the basis of morphology alone.

Finally, in order to continue examinir&ymbiodiniumsolates fo variation that may impact the
association with a specific host, | investigated the variation of storage products (lipid droplets
and starch granules) within 5 isolates. Amongst the 5 isolates examined, the two isolates from
clade A contained the leashaunt of both starch and lipid. However, another small isolate from
clade B contained some of the largest amounts of both starch and lipid. A clade F isolate also
contained many storage products while the only-frgeg isolate examined, a clade E iatH,
contained more lipid and starch than the clade A symbionts but less than the clade B and F
isolates. This variation in storage products amongst isolates grown under the same culture
regime reveals physiological differences that may relate to andodivisolate's suitability as a
symbiotic partner under certain environmental conditions such as those arising from global
climate change. Further biochemical examination of excreted exudate for the presence of
carbohydrate and protein components fourat in all 5 isolates, more carbohydrate compounds
were secreted into the culture maaithan protein. Examination tife composition of PC3

antigen, a component of the exudate of s@ymmbiodiniumsolates, found that the antigen is



composed, at least part, of carbohydrate structures. The presence of carbohydrate
components in the exudate compounds that are associated with the cell surface is consistent with
the hypothesis that initiation and perhaps maintenance of theyrmbiont relationship is

mediated by a glycan/lectin interaction.
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I. A REVIEW OFSYMBIODINIUMSYMBIOSES WITH AN EMPHASIS ON INITIATION

AND MAINTENANCE OF THE CNIDARIAN-SYMBIODINIUMASSOCIATION

ABSTRACT

Endosymbioses are relationshipsere a symbiont liveinsidea host organismThese
can be situations where the symbiont lives within a host cavity like the gut, between the cells of
host tissues or within the cells themselv@fiese associations can be vital to the lives of both
partnersvho are joinedri symbiosis Symbiodiniunsp. isacommon endosymbiomtf various
invertebrate species that are best known for their associations with cnidarians where they reside
in the cytoplasm of host endodermal cells. These dinoflagellates form a diverse genas that
originally thought to be a single pandemic specitlse Cnidaria-Symbiodiniunpartnership is
vital not only to the host cnidarian, but ateadhehealth of the entire coral ree€osystem The
physical and nutritional basis for the coral reef gstem relies on the photosynthetically fixed
carbon that is translocated frddymbiodiniumto its cnidariarhost. This association is diverse
with a hug genetic variation in symbio(gimilar to other dinoflagellate ordgr&ard many
potential host orgasms. Despite the diversity in members, the association between
Symbiodiniurmand its cnidarian host is usually specific with an associdktween one host
speciesand one or a few symbiont type$he specificity in this relationship is conferred in a
number of different ways. First, some hosts trangfeir symbiontsdirectly to their eggs or
larvae (vertical transmission). If the larvae are aposymbfibéice no symbiontsjfter leaving
the parenaind obtain the symbionts from the environment (lomtial transmissionxpecificity
can be conferred number of ways. @ring infection the hognayfeed only on material that is

likely to containthe preferred symbiont isolate leading to a specific associatist.afler



infection specificity may be anferred by a celtell recognition process that determines
acceptance or rejection of the symbio8pecificity in the association may be achieved laizr

a process in which the symbiont better suited to the host environment outcootbete
symbionttypes. Over the last 50 years there has been an increase in coral bleaching &nents
massive loss of symbionfiom host tissues ofterads to the death of the hoand thus the loss
of reef habitat While the exact cellular mechanisms behind tieakdown of the symbiosis
duringbleachingare not fully understoqdat is clear that both the hasind symbionts show
varying degrees of susceptibility to thermal stiglss major cause of most bleaching events)
Onceboth1) the process of infeicin and2) the mechanisms resulting lleaching are
understood, better management decisionshogefully be made tameliorate the devastatia

the reef environmerthatis likely to occuras sea temperatures rihge to global warming

ENDOSYMBIOSIS

Symbioses are relationships between at least two different spleatiean range from
parasitism to mutualisrfLewin, 1982). A parasitism is characterized by one member of the
symbiosis benefiting (the parasite) while the other is harmed (the hostutualism is a
relationshipin which both members benefltewin, 1982). While these definitions seem
straightforward, recent research into diéfier symbioses tends to suggest that naaspciations
aremutualistic under certain conditions aparasiticif the conditions (environmental, health of
one member, etc.) change (Lewin, 1982).

An endosymbiosis is a specializggnbiotic relationshipn whichone member resides
within or betweerthe cells of the otherEndosymbioses have specialized termino)abg

smallermember of the endosymbiosis residing inside the host (either intracellulary or in



intercellular space) is called the symbiont. The larger member is the_bosn,(1983. In
cases where the symbiont resides intracellularly, it is generatpsed in at least one layer of
host membrane. This membrane is called the symbioswenabrane (Roth and Stacey, 1989).

A good example of an endosymbiotic relationshigereone member resides
intercellularly is between humans and our symbiotic gutds& In most cases this is a
mutualism, the symbiont provides the host with certain molecules such as vitamins while the
host provides nutrients and an optimal environment for growth (Baekiedd 2005). A well-
studied example of intracellular engosbiosis is between bacteriatime genusRhizobiaand
legumes. Legumes are known as nitrefeimg plants howeverthe endosymbioriRhizobia
actually fixes the nitrogenRhizobialive in special anaerobic compartments (an enzyme
required for nitrogenixation, nitrogenase, is oxygen sensitive) in the root nodules of legumes
providing the plant witHixed nitrogen TheRhizobiain turn obtaincarbon compoundsom the
hostand livein aprotected environment (Young and Johnston, 1989; Sturz, 1997;n0ke a
Long, 1999).

Since the endosymbiont is residing within the htistre is the potential for ammune
reaction against the symbionfEor example, the human gut hosts mutualistic bacteria, but can be
plagued by easecausing bacteria such B/cobaderium paratuberculosis, Listeria
monocytogenesnd certain strains dscherichia colithesepathogengsan be comblled by the
host maintaining anutualismwith symbiotic bacteriahat bolster the immune systdBDamaskos
and Kolios, 2008).In endosymimses there is usually a high degree of specificity between host
and symbion{Sturz, 1997. In the root nodules of legumesome species d&thizobiunthrive
in certain legumes and not in othé&turz, 1997).Niche partitioning also maintains some

endsymbionts in the root nodules and othendy in the foliageor stem (Sturz, 1997).



Here | am interested in the endosymbiosis between dinoflagellates of the genus
Symbiodiniumand cnidarian hosts. This association forms the foundation, both physically and
nutritionally of the coral reef ecosysteRi¢hmond and Wolanski, 2011 This symbiosis is an
area of current interest dueits recognized importande providing for extreméiodiversity
and thefact that theeffects of global climate chandpave puthis association, and therefore the

many species living in coral reef ecosystems, at risk (Rodrigues and Grottoli, 2007).

SYMBIODINIUM SYMBIOSIS: THE MEMBERS

Dinoflagellates of the gen®ymbiodiniunoccur inassociation with many invertebrate
speciesn the marine environmenin the symbiosis betweebymbiodiniunand cnidarians, the
symbionts provide the host with photosynthetically fixed carleog. [Davy and Cook, 2001;
Goodsoret al, 2001; MullerParker and Davy, 2001 arious studies have coluded that the
photosyntheatean be transferred as a variety of different compounds, most commonly glycerol
(Muscatine, 1967) or glucose and succinate/fumarate (Whitehead and Douglas, 2003). In return,
the host waste products (N, g@tc) and U\protedion (Lesser, 1989; Muscatine, 19%e of
benefit to the symbiont, as is the protected intracellular environment where the symbionts are

maintained

SYMBIODINIUMSP. LIFECYCLE, MORPHOLOGY, AND TAXONOMY

0 Zo o x ant faebladket raéne historicallysed to refeto dinoflagellates and some
diatoms(Brandt, 1881) In this symbiosis it has most often describaggfoup of singlecelled
photosynthetisymbiotic dinoflagellatesf the genusSymbiodinium Initially, these

gymnodinoid symbionts were dedized morphologically as a singipeciesSymbiodinium



microadriaticumFreudenthal (1962)This species was initially assumed to be pandemic based

on ultrastructural studies (Taylor, 1968; Taylor, 1974).

D

Figure 1. Symbiodinium microadriaticum life cycle taken from Freudenthal, 1962. A. Veget
cell. B. Vegetative cell dividing. C. Vegetative cyst. D. Zoospore. E. Motile zoospore. +.

motile aplanospore. G. Vegatat cyst division to form two subspecies. H. Gametogenesis?

Release of gametes?

The initial describedife cyclewas based on ctredSymbiodiniumand is presumed to
be similar to what is sean hospiteand in freeliving dinoflagellatesn the genusSymbiodinium

The dominant stage is the vegetative phase (Figure 1A) characterized by a singlajldun
5



autotrophic cellvith avisible chloroplast and an unobtrusive nucle@ser time the cell loses
somechloroplast volume and the accuatibn body grow. Eventually, if his cell continusto
grow without dividingit will lose chloroplast volume and die (Freudenthal, 196®)wever, he
vegetative phasgenerallyunderg@scell division (Figure 1B producingtwo daughter cells
eachwith half the parentytoplasm anarganelleswith theexcepion ofthe accumulation body
which is transferred whole to onéthedaughter cé$. The vegetative cethay alsoform a cyst
with a thickened cell wall (Figure 1C) thesin become a motile zoospore (Figure 1D and 1E) or
non-motile aplanospore (Figure 1F). While no sexual reproduction has been observed, it is
hypothesized that the getative cyst may also produce gametes (Freudenthal, 1962).

The motile zoospore (gymnodinoid cell) seen in culture (Figure 1D and 1E) has few food
reserves and chloroplasts (compared to the vegetative cyst), but does contaiditwadgaind
transverselégellafor movement (Freudenthal, 1962)he motile zoosporbecomeghe
dominantlife cycle stage at dawmeachinga maximum at midday (Yacoboviteh al., 2004).

At the end of tis diel ecdysiscycle, thegg become sessile and settle. These zoospogesnot
observed reproducingexually (Freudenthal, 1962). The vegetative oyay alsodivide to form
2 daughtewegetativecellsor autospores (Figure 1G)Jpon emergindgrom the cyst stage¢he
daughterarenormal independent vegetative sé€freudenthal, 1962).

While life cycle studies have not identified gametogenesis or gametes (Freudenthal,
1962 Schoenberg and Trench, 1980ibfprmation gathered using molecular technigoas
indicated thaBymbiodiniums haploid in the vegetative life stagloth in culture andh the host
(Santos and Catfbth, 2003). At many locSymbiodiniunhad only one allele indicating
haploidy in the groupAdditionally, the data differed from what would be expected under

HardyWeinberg equilibriumfurther indicaing thatSymbiodiniunare haploid (Santos and



Coffroth, 2003). While it appears that during most of ife cycle Symbiodiniums haploid,
there is evidence for sexual reproduction of some kilthzyme (isoenzyme), RAPD, and
DNA fingerprinting analyse show high levels of variation in both cultured and field sampled
populations (Schoenberg and Trench, 1980a; Goulet and Coffroth, 1997) that suggests sexual
recombination (Bailliest al., 1998; Baillieet al, 2000a; LaJeunesse, 2001). Further evidence
examining isoenzyme similarity and phylogenetic similarity found that the two are not
correlated, providing evidence for recombination of alleles by sexual reproduction of some kind
(Tibayrencet al, 1991; Balillieet al, 2000b; LaJeunesse, 2001).

Taxononically, the species is difficult to place. It possesses a gymnodinoid fohich
may place it in the genuSymnodiniumif both morphology and life cyclare consideredhe
species does not fit in any descrilidoflagellategenus. As stated aboveyovel genus
Symbiodiniunwas createthy Freudenthall962)and assumed a pandemic type species
Symbiodinium microadriaticufreudenthal (Taylor, 1974). However, symbionts from different
hostsdiffered morphologically (Trench, 1979) and in specificity wilibir host(Kinzie et al,
1977; Kinzie and Chee, 1979 1980, further work by Schoenberg and Trench examined
isoenzymes, soluble protein patterns, morphology, specificity, and infectivity to examine
variation amongsBymbiodiniun{1980a; 1980b; 1980c)The symbionts used in these studies
wereisolated from a variety of hosts including Anthonsdincluding Actinaria, Alcyonaria,
Hexactiniida, $8leractinia, and Zoanthidee§cyphozoas andone molluscan sample (Bivalvia).
The isoenzyme data arrangee 117 isolats into 12&train® Soluble proteirpatterns mostly
agreed with s o0 e n gtrginfigentity, though soluble protesuggestedreater difference

betweersstrain®(Schoenberg and Trench, 1980a).



Morphological studies using light microscogvealed that differerdstraindhad
different average diameters (Schoenberg and Trench, 1980a). Aposymriiptdiia tagetes
were reinfected with thétrain®studied here andiameterof each specifiSymbiodinium
0 s t wasmainfained, suggestirgizeis a function oBymbiodiniunmd s t ara nat df host
(Schoenberg and Trench, 1980b). Different outer membranes wer@ sgemsing the
electron microscope including a layer of membranous vesaskesciated with the plasma
membranethe inner gllicle membrane, the pellicle (later referred to as the cell wall)aand
outerpellicle membrane (Schoenberg and Trench, 1980b).

Gtrain®used to successfully infect aposymbidkiptasia tagetethatwere similar in
isoenzyme and soluble protein &sas to the originah. tagetesymbiont formed dense stable
relationshipsmnore quickly(Schoenberg and Trench, 1988aggeshg specificity in the host
symbiont relationship.The hypothesisvas put forth thaspecificity was dependent on
recognition duing infection (Schoenberg afddench, 1980c). kromosome number and volume
of symbionts from different hostdsofound marked differences betweétrain®and werenot
due to differences in ploidiBlank and Trench, 1985). hEse results support thee@that there
are multiple genetically distinct species, withie genusSymbiodinium

Molecularinvestigations of th&ymbiodiniunsmall ribosomal subunit RNA from
symbiotic, norcultured algae iderfted variation in restriction enzyme polymorphisriRsom 16
cnidarian hosts, 6 different sSRNAs were sequenced (Rowan and Powely, TR8dse
preliminary studies also showed that some hosts contained only 1 type while other hosts showed
a mixture of symbiont types (Rowan and Powers, bR9Again usingsmall ribosomal subunit

RNA, high levels of diversity were found withihe previously supposed pandemic group called



Symbiodiniumhatwerecomparable tohe diversityamong different orders of nesymbiotic

dinoflagellateRowan and Powers, 1992aJeusse, 2001; Coffroth and Santos, 2005

Algae from
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Figure 2. Phylogenetic relationships of zooxanthellae from
different host species taken from Rowan and Powers (19914
Genetic distances were found using ssRNA sequegoasps

A, B and C correspond to the RFLPs (group C includes RFL
D1 and D2).

Subsequent investigations (McNadlyal, 1994; LaJeunesse, 2001) irBgmbiodinium
diversity revealed similar high levels of difference. Examination of a variety of different
Gtrain® ( Schaenberg and &nch, 1980a and Blank and Trench, 1985) showed that these

symbiotic dinoflagellates grouped with the ge@snnodinium(McNally et al,, 1994).



Interestingly, some strains from distant locations appear closely re¢agethdo-Pacific strain

from the livalve Corculum cardissand Caribbean strain from the zoantAmanthus sociatys

while othergeographically closéstraindappear genetically distarg.€. Pacific strain from the

bivalve C. cardissaandHawaiian strain from the anemoAgtasia pulch#a) (McNally et al,

1994) Another study using the internal transcribed spacer (ITS) regionsSymBiodinium

cultures (some novel cultures and some previously described by Freudenthal, 1962; Trench and
Blank, 1987; Trench and Thinh, 1995) identifi¢7 distinctdypeo rstrah® ( LaJeunesse,
2001). Some of théstrain®cultured from distant locations appear related, indicating a global
distribution ofthesetstrain®of Symbiodiniun{LaJeunesse, 2001)Y.0 distinguishistran s i6

was necessgito develop aeliable method Initially, éstrain®wereplaced in Xlades A, B, and

C (Figure 2; Rowan and Powers, 18Pitlentified by differences irestriction fragment length
polymorphism RFLP) patterns and small ribosomal subunit RNA sequence®/éR and

Powers, 1994, Carloset al, 1999). Subsequent work has reveadecognized cladesith

mul tiple 0st r(Rawansaiid Powers, a9 tCarlosetlalal®9; LaJeunesse and
Trench, 2000; LaJeunesse, 2001; Poattoal, 2001; Pochoet al, 2004; Staet al, 2006;

Pochon and Gates, 2010).

Chloroplast and mitochondrigenomes have also been probed to elucidate differences
between clades. The firSymbiodiniunphylogenyto use an organellar genome used chloroplast
large subunit (3S)rDNA sequences (Santes al, 2002). In sequences from 35 dinoflagellate
cultures (from a variety of hosts alatations) the topologgf the cp 23$DNA Domain V
phylogenywas notstatistically different frormuclear rDNA topologies and supportee tinajor
Symbiodiniuntlades (Santost al, 2002). Domain \of the ci23SrDNA evolves 930 times

faster than VAV4 regions of nuclear small subunit (18S) rDNAY times faster than DD3

10



regions of nuclear large subunit (28S) rDNA, and @275 times fater than the ITSDNA
(Santoset al, 2002)andcould beanextremely useful sequence in exploring differences between
closely relatecsymbiodiniun{Santoset al, 2002).

Use ofthe mitochondrial genome &ymbiodiniunandthe cytochrome oxidase subuhit
(coxl) (Takabayastlet al, 2004)supportedhe division between clade A and clade<C, D, E,
and F Relationshipsvithin clades B, C, D, E, and F however, were not as well resolved using
coxl asthey are whemising nrDNA or cp238DNA (Takabayashét al., 2004). Relationships
between the major cladase congruent with thosketerminedrom nrDNA and cp23SDNA;
the relationships within the major clades are rothestefore, any further studies are likely to
find variation within these clades, bilietmajor clade divisions should be uph@ldkabayashi
et al, 2004).

Using the chloroplagienomefor futurestudies may allow for fine genetic differendes
be understoodince the chloroplast genome has higher variability than the nuclear or
mitochordrial genomes (Barbroadt al, 2005). The chloroplagtsbAgene produced sitar
trees to the n288DNA. Additionally, thepsbAminicircle and either a longer fragment or other
minicircles may provide sufficient variation to determine relationshipsimhylotypes
(Barbrooket al, 2005). Tl diversity in what was once considered a single, pandemic species is
still being examined using a variety of DNA sequences (Santos and Coffroth, 2003; Santos and
Coffroth, 2005; Barbrooilet al, 2006; Hunteet d., 2007; Thornhillet al, 2007 Pochon and

Gates, 2010
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HOSTS

While most hostof Symbiodiniunsp.arecnidarians there aralsohosts in other
invertebrate groups. Variowadiolarians (Phylum Radiolarigpraminiferans (Phylum
Foraminifera) sponges (Phylum Porifera), nudibranchs (Phylum Mollusca, Class Gastropoda),
clams (Phylum Mollusca, Class Bivalvia), and a #®eoelomorph speciedhylum
Acoelomorphajpre the major examples of such associatiesnpf, 1984; Hill, 1996; Hoegh
Guldberg ad Hinde, 1986a; Carlas al, 2000;Gast and Caron 200Ruppertet al, 2004;
Barnealet al, 20073.

PROTISTA Foraminifera are amoeboid protists with pseudopods and a calcium
carbonate shell (Halloogt al, 2003). They contribute to the primarygduction of the oceans
where they are able to increase in number due to the carbon fixation of their algal symbionts.
Since these are singtelled organisms, the symbionts reside intracellularly. Small subunit
ribosomal DNA was used to determine foraifieira symbiont diversity which included
dinoflagellates (includin@ymbiodiniunsp.), prasinophytes, and prymnesiophytéast and
Caron, 1996; Pawlowslet al,, 2001).

Radiolarians are singleelled amoeboid prats that produce a mineral skeletdrey
have a rapid turover rate and are found throughout the oceans (sometimes to such an extent
that their skeletal remains cover vast portions of the ocean floor) (Gast and Caron, 2001).
Radiolarians have a wide variety of siliceous skeleton sizetamnttge. Like foraminiferans,
they associ@ with a variety of symbiontiscluding dinoflagellates, prasinophytes, and
prymnesiophytes. Radiolarians have also been shown to irSjudbiondiniunsp. amongst

their endosymbiotic assemblaffeast and Carqr2001).
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PORIFERA.Spongesnay maintain symbiontgither inter or intracellularly (Taylor et
al., 2007). Like cnidarians, sponges usephetosynthetically fixeadarbon compoundsom
the algae for metabalprocesss(Carloset al, 1999). A bomg spongeAnthosigmella varians
hasbeen shown to havenhanced growth and boring abilttyat is correlated with higher
symbiont concentratian This indicates that the sponggsesthe photosynthetically fixed carbon
from Symbiodiniundor energy (Hill,1996).

PLATYHELMINTHES Acoelomorphs aremall flatworms lacking an epithelium lined
gutthat resemble coelenterate planula larvae. A few acoelomorph synasisticiatioa have
been wellstudied in the past including a prasinophyte, a diatom, abflagellate
(Amphidinium (Barneatet al, 2007a). The symbiosis of these basal bilaterians with
Symbiodiniunsp. has only begun to bexaminedBarnealet al, 2007a; Ogunlanet al., 2005).
Current research identifyingymbiodiniunsp.as a symbionbf acoelomorphs shows a high
degree of specificity withWvaminoasp. hosting a single strain 8fmbiodiniun{Barnealet al,
2007a). Further studies withlaminoa bricknerhave shown maternal transmission of the algal
endosymbionts at the oocyte stagarfieahet al, 2007b).

MOLLUSCA Symbioticnudibranch species possess symbiaevitisin hostderived
60 car r iiear dsociaed Witk the digestive gland (Kempf, 1984). Nudibranch symbioses
range from simple temporary to complex letegm associatios (Kempf, 1984; Hoeguldberg
and Hinde, 1986a). A simpleemporary symbiosis beginvith feeding and lastonly a few
days beforesymbiontsare expelled in fecal mattakémpf, 199). In such associations, constant
feeding on a symbiotic prey maintaia continuous presence of symbionts in the host tisgues.
complex longterm relationship includehostmorphology hatsupporsthe associatiorfe.g.

increased cerrata surface areawmber positionng symbionts neairradiance and specialized
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intemal structure to maintain the symbionéad allows the host to survive periods of starvation
(Kempf, 1984 HoeghGuldberg and Hinde, 1986bNudibranchslerive nutrition from
symbionts and survive longer in the light than dark while starved (Kempf, Haggh

Guldberg and Hinde, 1986b). Nudibranch hasés/have large lipid deposits in the symbiont
containingcells, suggesting nutrietitansferfrom Symbiodiniunto the host (Kempf, 1984;
Rudman, 1991) Many nudibranchs acquire symbionts when they te®ifeed only ogertain
preyspecieghousing specifiSymbiodiniunstrains), resulting ispecific associations between
the nudibranchand Symbiodiniun{Rudman, 1991; Rudman and Berguist, 200i)somecases
the nudibranch host does not feedSymbialiniumcontainingpreyso any specificityis dueto

the Symbiodiniun{Kempf, 1984).

Unlike symbioses betweesymbiodiniunand coelenterate hosts, where some hosts
associate almost exclusively with one claslestbivalve hostsassociate with more than one
symbiont sometimesimultaneously. In a study examinifglam speciesIfidacna gigas, T.
squamosa, T. crocea, Hippopus hippopus, H. porcellaandCorculum cardissg each
associatd with at least 4ymbiodiniunstrains (Carlogt al, 2000). Clamsymbiontsvary in
location dependent on host species and cdodaged in the haemal sinuses of the sipian
gigas Carloset al,, 2000), the gonads, or the digestive glagttdmbus tricornisBerneret al,
1986; GarciBRamos and Banaszak, 200 However, unlike most other bivalve hosts,gigas
also maintains algal symbionts extracellularly near the g@ipe.symbionts may alseb
defecated when the populatibacomes too dense for the host (Treeichl, 1981).

CNIDARIA. The phylum aidariais radially symmetric and has an eeddoral axis
(Ruppertet al,, 2004). The basic body plan in the phylum Cnidaria includestwly forms,

polyp andmedusa. In general, these forms are composed of a gastrovascular cavity opening to
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the external envineamentvia a mouth surrounded by tentacles (Rupeéerl, 2004). The polyp
consistof a stalk attached taubstrate at the pedal diand anoral disc opposite. The oral disc

is effectively the feeding apparatus and teagacles projecting frotiheedge. These forms are
generally sessile, benthic organisms and are the prominent and/or only life stage in the Anthozoa
and the Staurozoa (Ruppettal, 2004). The medusa, on the other hand, is shaped like a bell

with the exumbrellgouter nororal sideof the umbrella disk) forminghe aborasurface. The

oral disc lies opposite the aboral surfatéhe subumbrella with tentacles surrounding it.

Medusa are generally buoyant and have a thick, gelatinous connective tissue (mesoglea)
separating the epaimis and gastrodermisThe medusa is the dominant form in the Hydrozoa,
Scyphozoa, anG@ubozoa (Ruppest al, 2004).

The body walbf cnidarianss composed of two tissue layers, an epidermis and
gastrodermisvith a layer of extracellular materjahe mesoglea (and occasionally wandering
cells sometimes with a tissli&e organization), between the two cellular lay@Rsippertet al,
2004). Both theepidermis and gastroderngentain specialized cellg.@.,cnidocytes, muscle,
nerve, glandular, ahciliated cek; Schmidet al, 1999; Rupperét al, 2004). Cnidarians
include a cell type specific toelphyla called a cnidocyta specialized cethe animal uses to
stingand immobilizeits prey (Rupperet al, 2004). As suchcnidarians argereral, filter
feedingcarnivores that catch and disable prey using their cnidocytes. Cnidocytes dishharge
nematocysts whestimulated bya mechanical or chemicatimulusthatindicatesa prey
organismis nearby (Holstein and Tardent, 1984atson ad Hessinger, 1989).

SYMBIOTICCNIDARIANS The major tasses with symbiotic membesse Anthozoa,
Scyphozoaand HydrozogRuppertet al, 2004). The host in whictsymbiodiniunwas initially

described wa€assiopa xamachanaan upsidedown jelly in theclass Scyphozo@reudenthal,
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1962; Fitt and Trench, 1983). The symbionts are phagocytosed by the gastroderraahitetls
to the mannefood is endocytosed. yisosomes do not fuse with a symbiont containing vaguole
possibly becaustne symbiont prevas this fusion (Fitt and Trench, 1983).

Corals that hous8ymbiodiniungenerally live in warm, nutrig-poor waters and form
reefs,anemones often live in similar habitabsit do not secrete a calcium carbonate skeleton
(Davy and Cook, 2001). Coraisceive much of the carbon used in respiration from their
Symbiodiniunassemblage (Verde and McCloskey, 199B8)e symbiont fixes carbon and
donategphotosynthetically fixed carbon to the host, this carbon supportedtebolism and
reproduction of thedst and aids ibuilding the calcium carbonate skeleton (Verde and
McCloskey, 1998).Cnidarianhoss donate their waste productsgmbiodiniun{such as C®
and inorganic nutrientdMuscatine, 1990; Yellowleest al, 2008. As a result of this nutritioal
exchanggesymbiotic corals are especially good reef builders due to the carbon transferred from

the symbionts (Langt al, 1992).

NUTRITIONAL ASPECTS OF THE SYMBIOSIS

The cnidariarSymbiodiniunsymbiosis is based on nutritional transfer of
photosymhetically fixed carbon from symbiont to hosBome studies have shown that the
transfer of photosynthetically fixed carbon can prowigeo 100% of the hosts metabolic carbon
needs in a healthy coral (Muscatiteal, 1981). Studies have examined syiofes to determine
what carbon compound and how much photosynthetically fixed carbon is transferred. While
there is variation between associations when using the same mastleo@mining many hosts
the average amount of photosynthetic carbon and theaoosnon molecules transferred in the

cnidarianSymbiodiniunsymbiosis anbe estimated.
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Within hosts in the genuSassiopeaSymbiodiniunprovides 510% of net photosynthate
to the hostC. andromedeaHofmann and Kremer, 1981) providing approximatel9%tof the
hosts metabolic deman@ (xamachangVerde and McCloskey, 1998An early study using
14C found that 480% of photosynthetically fixed carbon was transferre@irtthopleura
elegantissimavhile only 20 to 25% was transferredRalythoa townshg (Trench, 1971a)
Anothermethod for determininthe amount ophotosynthetic carbon used by the hoshes
CZAR (contribution of translocate8ymbiodiniuntarbonto animal daily respiratory
requirements) defined by the equation CZAR=(F)/R,whereP; is the gross amount of C
fixed by theSymbiodiniumT is the percent that is translocated to the host, and e amount
of C respired by the animal (Muscatine and McClosky, 1981). Two experiments using this
methodologywith Pocillopora damicornisandFungia scutariafoundthat 63% and 70% of
metabolic needs, respectivelyere supplied by carbdrom the symbiont (Muscatine and
McClosky, 1981). The CZAR dtylophora pistillatan light was 143%, while in shade it was
only 58% (Muscatinet al,, 1984). Transfer té&\nemonia sulcatander normal conditions
provided 110% of the needs of the host (Stambler and Dubinsky, 1987); providing sufficient
energy for host respiration and some additional energy for growth or reproduction

Further studiesmthe transfer of photosynthetically fixed carbon usit@found high
levels of transfer. I#cropora pulchraransfer of >86% of the total photosynthetically fixed
carbon to host tissues was seen over a 20 day p@raekaet al, 2006). This is in agement
with some earlier CZAR studies that suggested
et al, 1984; Stambler and Dubinsky, 1987). Teecent of photosynthetically fixed carbon
translocated varies greatly amongst host species (the usuag@veported is 25-60%;

Trench, 1993) making @&lmost impossible to assign an average traasioe percentage across
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species Most researchetbat attempt tocollect and analyzthis data report a range of
efficiencies or focus on the diversity of isdocation efficiency seen in the
Symbiodiniuminvertebrate symbioses (Davy and Cook, 2001; Gragtadil, 2006; Tanakat al,
2006;Loramet al, 2007 Gordan and Leggat, 20110

Comparing fed to starved anemones found the same rate of translocation of
photosynthetically fixed carbon (16%) regardless of host nutrition stafiptasia pallida
(Davy and Cook, 2001). Another variable is tiyge ofsymbiont isolatéclade/strain/species)
within the host. Determining the impact of differ&ymbiodinim isolates on translocation
rates in the giant sea anemo@endylactis gigantedpund that both clade A and clade B
symbionts released between&0% of their fixed carbon to the animal tissues; however, hosts
with clade A symbiontshowed higher incorpation irto the lipid and amino acids fractions
than hosts with clade B algae (Lor&tal, 2007). In Acropora millepora symbionts of type C1
transferred more carbon than hosts with symbionts of clade D (CGralin 2009).

Determining wiich carbon canpound is translocated to the host involves determining
what compounds the alga secretes comgiphotosynthetically fixed carbon. The symbionts of
both corals andridacna crocegroduced primarily glycerol in the presence of host tissue
(Muscatine, 187). While incubated witH“C in culture glycerol again was the major product
with alanine, glucose, fumaric acid, succinic acid, and glycolic acid released in smaller quantities
(Trench, 1971b).These compounds were secreted in increased quantities imesence of host
homogenates (Trench, 1971dh Anemonia viridis**C labeledglucose anduccinate/fumarate
given to the hosproduced the same signature as anemones incubated withQGin the
light suggestinghat glucose and succinate/fumarate transferred frorBymbiodiniunto A.

viridis (Whitehead and Douglas, 2003).
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ULTRASTRUCTURAL ASPECTS OF THE SYMBIOSIS

Early ultrastructural description of the endosymbiont from Anemonia sulcata (described
as bei n gSynmibadinium énicrbadriationbut likely another isolate from the genus
Symbiodiniuhdescribed the thick cellulosic wall surrounding a single lobed chloroplast with a
single stalked pyrenoid. Cells also contained a large vacuole termed an accumulation body
because it appears to acwulate waste materials (Taylor, 1968). The nucleus is approximately
spherical, large and the chromosomes have the typical dinoflagellate appearance (not undergoing
decondensation even during resting stages; Dodge, 1966). Further ultrastructurahautelies
describedSymbiodiniunirom several other hosts includi@assiopeiasp.,Condylactissp.
(Kevin et al, 1969), Tridacnidae (Taylor, 196%agactis lucida, Montipora verrucosa,
Zoanthus sociatu@rench and Blank, 1987Aiptasia pallidg andPhylladis flosculifera
(Wakefieldet al,, 2000). The anthozoan hosts house their symbionts within symbiosome
membranes in the gastroderroalls (Wakefield and Kempf, 2001). The symbiosome
membrane consists of the host membrane that covers the symbsitotderived from the
original phagocytic vacuole from infection. Beneath this outer layer, there are many other
membranous layers observed within the host that may resuliafrepeated ecdysis cycle within

the host symbiosome membrane (Wakefetldl, 2000; Wakefield and Kempf, 2001).

INITIATION OF THE CNIDARIAN-SYMBIODINIUMSYMBIOSIS

The Symbiodiniurrcnidaian symbiosis can be initiated two ways. Vertical
transmission of the symbiont can occur directly fromgaeent with Symbiodiniumncluded in
the forming oocyte or larvay the parental polyf~autin, 2002).Horizontal tansmission can

occur once the larvis released from the parent dseithera planktotrophic larva ca settled
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polyp. In horizontal transmissionatvae acquire symbids from the environmentisually
during feedingFautin, 2002).

In experimentally manipulatedassiopeia xamachanduring vertical transmissicihne
host experiences higher levels of asexual reproduction (and therefore high host fithess) indicating
the symbionts arenutualistic whereasgduring horizontal transmissidhe host experiences
lower levels of asexual reproduction and thus lower fitness. This indicates that the horizontally
transmited Symbiodiniunstrains infecting the host initially behavera like parasite€Sachs
and Wilcox, 2006). In most species (includiigxamachanavhich use vertical transmission
in nature)one mode of transmissia@®ominates or is the only possibility. In these species (ex.
brooding corals that undergo verticansmission; Magaloet al 2007) there is little
opportunity to determine how a changdmhsmissionmode would affect the mutualistic or
parasitic nature of the symbiosis.

VERTICAL TRANSMISSION/ertical transmission occurs in several waljaternal
tissuescan transfesymbionts to the egg before fertilization (Davy and Turner, 2003; Baeteah
al., 2007h, the parentan broodarvae internally and transfeymbionts to the larvae before
dispersal (Benayahet al, 1988), or anything in between. Whthe exact process of the
transfer may not be known in individual cases, in many of the brooding cortatsie
transmission is assumédsed on genetic identification of symbionts from a variety of
individuals (Thornhillet al, 2006; Magaloret al, 2007). Regardless of the specifisechanism
behind a particular vertical transmission event, the type of symbiont present in the offspring is
the same as in the parent.

Transmission irAnthopleura balliioccurs early in development whtre ova become

infected withSymbiodiniunust prior to spawning.The ova arg¢henfertilized and undergo
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cleavage (Davy and Turner, 2003). Development continues normally with the symbionts
sequestered to one side of the embryo (Davy and Turner, 2003). This speches/enagiopted
this form of vertical transmissiaihat occurarly in development because it generally thrives in
areas wher&ymbiodiniunare scarce (the temperate zone) (Davy and Turner, 2008).isTan
excellent example of thearly initiation of vetical transmissiotbeing intimately tied to an
organismdés. devel opment

Other examples of vertical transfga ova containingsymbiodiniunsp. are found in
Porites cylindrica Montipora digitatg Pocillopora verrucosgHirose and Hidaka, 2006), afd
damicornis(Harii et al,, 2002). In the case of tliocilloporaspecies, symbionts@sequestered
in one partof the ovum, embryo, and the larva. The blastomeres conte@yimdpiodinium
become endodermal tissues of the host (Hieasd, 2000). However in Porites cylindricaand
Montipora digitatathe symbiontsareequally distributed throughout the cytoplasm of the oocyte
andduringearly cleavage only becoming sequestered to the endoderm during gastrulation when
blastomeres containirgymbiodiniundrop into the blastocoel and develop inte gastroderrnis
(Hirose and Hidaka, 2006).

In all these cases the symbiontast become part dfie endodermal tises at some
point in developmentHirose and Hidaka, 2006). Euphyllia glabrescensSymbiodinim are
distributed evenly throughout the oocyte, and later throughout the epidermis and gastrodermis
(Huanget al,, 2008). Following planulation, symbiordaseredistribuedto the gastrodermis and
by metamorphosis the symbionts &rand onlyin the gastwdermis (Huangt al, 2008). This
indicates thaBymbiodiniumnfection may interact with host development.

HORIZONTALTRANSMISSIONHorizontal transmission camappenra variety of

different wayscontingent orthe host life stage when infection occursiorizontal infection is
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considered open since offspring can potentially obtainSymybiodiniuntype present in the
watercolumn. This iseencommonlyin broadcast spawning scleratan corals (van Oppen,
2004). There are a few differemiroposednechanisms by which h@aontal transmission can
result in a specific hostymbiont association. Theselude 1) preferential feeding seen in the
planulae ofAiptasia tageteandAnthopleura elegantissiman material that includes conspecific
components (sthassymbiontsand associated host membranous material expelled by other
hosts Riggset al, 1988; Schwaret al, 2002) 2) chemical attraction of the motile symbiont to
thehost (Kinzie, 1974; Pasternak al, 2006),3) phototaxis of the motile symbibto the host
(host presymbotic larvae ofFungia scutariasshow anincreased production dight from
luminescent green fluorescent proteggHP which symbionts swarm toward; Hollingsworth
al., 2004; Hollingsworttet al, 2005 and 4)uptake of a numlyeof Symbiodiniumypes followed
by selection of only one or a few isola{@unn and Weis, 2009 Depending on the host
symbiont associationpieractions betweesome orall of these mechanismsuld result in a
stable association between host and sgmbi

In typical horizontal transmissioBymbiodiniums phagocytoskinto the endodermal
cells during feeding. One studyAiptasia tageteged the planuldarvae one of four diets; crab,
Artemiaflakes,Symbiodiniumthe unicellular algésochrysisor a combination of these (Riggs
et al, 1988). All the food items were eaten and throughout the studya§ag, the planulae
retained symbionts that were ingested as paheif diet. Whik this study did not examine
phagocytosis ofygnbiontsor preference in food choiget did indicate that planula could and did
ingest symbionts and maintain thelringthe study

In Heteroxenia fuscencenaposymbiotiplanulalarvae are released from the parent

settle rapidly (within 78 hours) andwithin abou 3 days are symbiotic (Benayabual., 1989).
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Symbiodiniurmare acquired during metamorphosi®ong with the appearance of tentacésd
areinitially nearthe mouth. This is consistent with the host becoming symbhi@tieeding
(Benayahtet al, 1989). Fungia scutariaalso releases aposymbiotic larva thegjuire
symbionts during feeding. When trying to reinfect these larvaeSyihbiodiniunfrom Fungia
scutaria, Montipora verrucosa, Porites compressagPocillopora damicornisthe homologous
Symbiodiniumstrain (from the parent species) infected the aposymbiotic larvae more easily
(Weiset al, 2001), indicating specificity between host and symbiont.

AposymbioticAnthopleura elegantissimabtainsymbionts while feedingsa planula
larva During feeding trialsplanulae ofAnthopleura elegantissindid not feed when presented
with just Symbiodiniun{Schwarzet al, 2002). However, if macerated animal tissue (of various
species) was added, a feeding response was elicitddraadingested anwvailable particulate
matter. After ingestioranimal tissue is digestelyt symbiontsare endocytosed amdmain
undigestedvhile held inside vesicles in the endodermal cells (Schwhaat, 2002). Feeding on
material that contains macerated aninssueis not unique and has also been documented in
Aiptasia tagete$Riggset al, 1988),andFungia scutarialWeiset al, 200). One hypothesis is
that the initiation of feeding in the presence of macerated host tissuesbowdapreference for
symbbont containingmaterial (Schwaret al, 2002), supporting the theooy specificity early in
uptake for food likely to contain a preferred symbiont isolathis may be the case since, in
nature, when symbiont populations within a host get too largeda$tewill expel some material
containing livingSymbiodiniumand host membrane remnaffieele, 1977; Sachs and Wilcox,
2006)

Another method for obtaining a specific symbitwist relationship could rely on

symbions seeking out the appropriate hostspibly through chemical cues (Kinzie, 1974;
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Pasternalet al, 2006). Aposymbiotic planulae &seudopterogorgia bipinnatbserved during
experimentainfection ha symbionts swimming either towards the mouth or near the polyp
suggesting the host smeiow attracting symbionts (Kinzie, 1974). In a study with motile
Symbiodiniumsolated fromCassiopeia xamachantaxis assays to various host compounds
showedattraction tocompoundgontainingnitrogen (ammonium, nitrate, ureeydamino
acids), while naesponse was observed to phosplaikate, sugars, glycerady vitamins (Fitt,
1985).Hi gh concentrati ons Synbiodmionmetmdreadilutti d n 6t
concentrations led to some attractionhissuggestthatsymbionts are attracted to
corcentrations of nitrogenontaining compounds excreted by hosts under naturaitmord
(Fitt, 1985). There is no data teuggest thatttraction to nitrogen compounds mayneey
specificity on the systelfe.g., a host attracts only the afgfats prefered association) andl i
seemsnuchmore likely that this is a general response to nitregmamaining compounds which
all hosts excrete as wastp.the soft coraHeteroxenia fuscescerSymbiodiniunswimming
became slower and directed to the source of Atiractants (in this case, attractants were
chemical substances associated with the juvenile polyp, but not with the adult; Pasteilnak
2004;Pasternalet al,, 2006).

Further studies investigated the potentialS3gmbiodiniunphototaxis. Initially,
researchers noted an upregulation of green fluorescent protein (GFPsynitic larvae of
the mushroom coraFungia scutaria thatcoincided with larval ability t@accumulate
Symbiodiniun(3-5 days after fertilization)Hollingsworthet al, 2004;Hollingsworthet al,
20). Further investigation reveal&ymbiodiniunswarmed toward the light source under
green light but under UV and blue light the symbiont swam away from the light source

(Hollingsworthet al, 2005). The host secretion @hore GFRn pre-symbiotic hosts combined
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with increased phototaxis of the symbiont towards green light sugges8ythatodiniummay
swim toward these preymbiotic planulae larvaeChemotaxis and phototaxis to host attractants
(chemical and light) suggethe symbiont is actively seekindhast. However, chemotaxis and
phototaxis probably are not responsible for specificity as many ty@@gwbiodiniunwould

likely be attracted to green light and nitrogenous compounds. Further research into the next

steps in infection that result in a specific association are necessary.

SPECIFICITY

Since vertical transmissiaesuls in the offspring receiving the same symbidstlateas
the parent, thesassociationshould be highly specificln horizontal transission, the host
obtainssymbionts from the environmenfl he variety of symbionts present in the water column
may allow for variation during the uptake procassd in the associatiorThetwo transmission
methodscould confedifferent levels of variallity or specificity. The current evidence is far
from conclusivebut seems to suggest high levels of specifiitynost casegegardless of
transmission typ€Benayahtet al, 1988 Davy and Turner, 2003an Oppen, 2008Barnealet
al., 2007D.

Examnations ofAcroporid corals in Indonesia atikle central Great Barrier Reef found
thatdiversity of Symbiodiniumn Montiporaspecies (vertical transtterg andAcroporaspecies
(horizontal transntiers) wasot significantly different. Both genera haghtbionts mostly from
one clade (about ¥f hosts within each genus hosted symbionts from one)cladeugh the
two coral genera hosted some symbidris the same clade (C), thesere relatively dzergent
from each other (5% sequence divergence) (Maped, 20045uggestinghat mode of uptake

(either horizontal or verticatjoes not affect specificity of thessociatior{van Oppen, 2004).
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Investigations on Red Sea soft cawbiontsfound thathosts practing vertical transmission
associated excligely with Clade A, whilehorizontal transmittindgnostscontained Clade C
(Barnealet al, 2004). Thereforejn the Red Sedosts with horizontal uptake developed
specificity forClade C symbionts; while Clade A symbiontsesolved with vertical
transmiting hosts (Barneaht al, 2004). Due to highgeneticvariability amongst Clade C
symbiontsit is likely that in the Red Sea some Cladsyinbiont have a specific physiological
adaptatiorto their host environment, resulting in highly specific assaciat(Barneatet al,
2004). Any ontradictions between the two studiesould indicatehat specificity related to
transmission type varidsetween different hosts or geographic region

This early evidencéor specificity between host and symbiontyneall into question the
adaptive bleaching hypothesighe adaptive bleaching hypothestates that bleaching may
allow hosts to chang8ymbiodiniunstrains to a strain momauitableto the extant environmental
conditions(and les susceptible tfuturebleaching). In 2006, Goulet examinédi2 coral
species from 43 studiés determine whether the hosts could associate with multiple symbiont
types Presumably,he ability to change symbiont strain is linked to the abilityafbost to
associate with nitiple strains, either at different depths, locationsn@roclimateswithin the
host (Goulet, 2006). Using these criteria, a2o of coral species associatih multiple
clades andould change symbiont suggestiimgtmost corad will not change sybiontsunder
environmental stress and origststhat already maintain symbionts not susceptible to high
temperature bleaching would survive (Goulet, 2006).

A response to the Goulet review (2006)ermaluated the data afound that 64% of the
corals usd in the study (198 out of 307 speciezcludingspecies noted only to the genus level)

were sampled 5 times or lesScleractinian species sampled at least 10 times did associate with
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multiple clades; while scleractinians sampled fewer times alidBeker and Romanski, 2007).
The octocorals were more specific to one clade than scleractialarst all of the scleractinian
families associated with multiple clades (only the Rhizangiidae associated with only 1 clade)
(Baker and Romanski, 2007Many ofthe scleractinian corakxamined ee actuallya dynamic
community with theability to associate with multiple symbi@a(Baker and Romanski, 2007).
Thus in many of the species Goulet (2006) considered, she may have missed the potential for
association wh multiple clades due to insufficient sampling. However, the origiat set
(Goulet,2006)found thatin 87.5% of cases diversity in symbidrastingwas seen with less

than 5 samples (Goulet, 2007} is still unclear whether thidata suppoga lack of flexibility
(Goulet, 2006; Goulet, 2007; Goulet al, 2008) or thability for many scleractinians to change
symbionts (Baker and Romanski, 2007).

Both scleractinian corals and octocorals are generally horizontal transmitters (Sethwarz
al., 199; Koike et al,, 2004) andorizontal transmission dominates (about 85% of species)
across altnidarians (Koikeet al, 2004). The variation in association with multiple strains
between the octocorals (massociatingvith 1 Symbiodiniumsolate) and deractinians (many
species associagjnwith multipleisolates) is inconsistent with the conclusion that mode of
transmission affects the spfcity of the relationship. Whilehtere appears to be a difference in
specificity between octocorals and scler@ans however; there is no difference in transmission
mode.

MECHANISMSOF SPECIFICITY.Once it was established that there was some level of
specificity in these symbioses, investigators wanted to know how the specific relationships are
established. Itial studies in th&ymbiodiniurrcnidarian association investigated what stable

associations could be established. Investigatior®yofbiodiniumnfection inA. pallidafound
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thatinfection withclade Bsymbiontswas more successful (faster and with depsgulations)
thanwith clades C and A This suggested mechanism for recognitiasf the symbiongafter
phagocytosis odifferent rates of divisiommong cladewithin the host (Belddaillie et al,

2002). For Cassiopeia xamachanthe scyphistoma¢ook up Symbiodiniunireshly isolated

from several hos$pecies; however,Symbiodiniunoriginally extracted fronC. xamachana
established a denser, stable population twice as fast (14 vs. 27 days) as those from other hosts
(Colley and Trench, 1983).

Infection in similar associations reveals some possibilities for the mechanisms involved
in specificity betweei®ymbiodiniunand the cnidarian hosts. Symbiotic chlorellae showed
decreased rates of infection in aposymbi®@camecium bursariavhen the surfacef chlorella
was coated with antibodies tactins. This suggestaolecules on the surface of chlorellae are
involved in recognition during the onset of symbiosis in this system (Reisakr1982). In
theHydra viridisassociation with chlorellak e symbionts, reinfection was inhibited with
lectintreated symbionts (Meints and Pardy, 198Dhese studies may suggest possible
mechanisms for recognition in ti&ymbiodiniurcnidarian association. Examination of the
glycoproteins orsymbiodiniunduring the initiation of symbiosis witAiptasia pallidashowed
that infection decreased when symbionts were treated with lectins altering the surface coat (Lin
et al, 2000).

Investigation of the macromolecules associated with the cell waywbiodiniunfound
that the cell wall contained cellulose and proteins (Masedll., 1992). These proteins are
hypothesized to be glycoproteins because other microalgae have a high content of glycoprotein
associated with the cell wall (Milleat al., 1974; Catet d., 1976). Subsequent investigation of

the macromolecules exuded into culture media identified the amino acid and sugar composition

28



as components of large molecular weight glycoconjugates (Markell and Trench, 1993).
Glycoconjugates were released in \agyamounts by differerSymbiodiniumsolates but all
essential amino acids along with neutral sugars (glucose, galactose, fucose, ribose, and mannose)
were present in the exudate (Markell and Trench, 1998jnore recent study examined
glycoproteinsm initiation of this association by using either enzymegsrésumably destroy
recognized glycoprotein moieties lectins to maskarbohydrate moieties. These treatments
were found tdhinderthe establishment of the symbiosis (kinal., 2000).

In addtion to studies examining the surface coat, several studies have focused on the
molecules in the phagosomes and how they affect retention or digestion of the symbionts. One
of these is Rab7, part of the Rab familigich isa group of GTPase regulatorsvafsicular
trafficking (Zerial and McBride, 2001)Aiptasia pulchellaRab proteifApRab? is homologous
to other Rab7 proteifsund in the human, mouse, and worm geno(@éenet al, 2003). Live
photosynthetically active symbionts were included ingois@mes without ApRab7, while heat
killed or photosyntheticallympaired symbionts were housed in phagosomes with ApRab7
(Chenet al, 2003). Further investigation showed the Rab5 homolog (ApRab5) was present in
early endocytic and phaggtic compartmentghat promotesymbiont survival (Cheet al.,

2004). ApRab5 was mostly excluded from phagosomes containing dead algaet(@hen
2004). This could suggest that li@gmbiodiniuntetain ApRab5 in the symbiosome membrane
so they mayersist in the hostell and exclude ApRab7 for the same purpose (€hah, 2003;
Chenet al, 2004). ApRabl1 showed similar patterns to ApRab7 and was included in
phagosomes of heétlled Symbiodiniumphotosynthetically inhibite@ymbiodiniumor latex

beads and actilegexcluded from phagosomes that contained Syenbiodiniun{Chenet al,
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2005). These proteins could act as one mechanism Bytheiodiniurrcnidarian symbiosis to
establish and maintain the association.

If multiple symbionts are phagocytosed irriaontal transmitting hosts or after a
bleaching event, some of tBymbiodiniumsolates will be maintained while others are digested
or egested. This process i s r ef eNga,dd4).tlo as
Fungia scutariabothhonologous and heterologous symbionts are phagocytosed into host cells
but shortly thereafter homologous algae were found to localize between the oral and aboral ends
while heterologous algae did not localize in any specific place (Rodrlgueattyet al, 2004;
RodriguezLanettyet al, 2006). InAcropora tenuiandA. millepora,juveniles become initially
colonized bybothheterologous and homologous alglaat by 3.5 years of age the polyps were
hosting homologous symbionts (Abregbal, 2009). Furtler investigation irA. tenuisfound
that ITS1 type C1 symbionts initially dominated infectipbsit after 96 h, type D symbionts
(the homologous type) began to dominate, suggesting that the winnowing process begins shortly
after infection (Bayet al, 2011). On the cellular leveFungia scutariaexhibited an increase in
caspase activation and apoptosis when infected with a heterologous symbiont, suggesting that
apoptosis may be involved in the pgétagocytic winnowing (Dunn and Weis, 2009).

With the hgh levels of specificityn the cnidariasSymbiodiniunsymbiosis, there are
many possible mechanisms that may play a pastablishing theelationship between host and
symbiont. Specificity may be due in part to the origin of symbionts (either fesempor from
environmentBenayahtet al, 1988 Davy and Turner, 200%an Oppen, 2008Barneatet al,
20078. Recognition may also occur at the symbiosome membecaube ofjlycoprotein coats
secreted by the algaVeiset al, 2001). Other studiesiggest the symbiont may be responsible

for maintaining the association balting host digestiofChenet al, 2003; Cheret al, 2004;
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Chenet al, 2005)or that a posphagocytic winnowing process may establish the stable

relationship (Dunn and Weis, 280 An alternative mechanish he A Test Tube Hypo
suggests algae are ingested unselectively to the digestive vacuole and then subjected to a

selection process similar to the selection process that would occur in the media in a test tube
(Husset d., 1994). The algae preadapted to live in the host environment will be maintained and
reproducdaster and more effectively than other symbiqitasset al, 1994). At this point,

there is evidence for each of these mechanisms and each or combioBRia@rsmore may be

important in manysymbiodiniunsymbioses.

BREAKDOWN OF THE SYMBIOSIS
Symbiodiniunsymbioses can break down in a process which leaves the invertebrate host
devoid of symbionts. The breakdown of 8ygmbiodiniurrcnidarian symbiosis refting in the
loss ofSymbiodiniunfrom the host or loss of pigmerftem the symbionts is called bleaching.
Thus far a number of causative agents have been implicated in bleaohamy these are
changes in temperature, ultraviolet radiation, diseagkpallution(Jokiel and Coles, 1977,
Glynn, 1991; HoegiGuldberg, 1999; Hughe=t al, 2003; HoegtGuldberget al, 2007) Due to
recent rises in global temperature, the bleaching agents that are best underdtomdt often
seenare those of temperatiand ultraviolet radiation (either alone or in conce®ver the last
50 years the frequency and scale of bleaching events has increased rapidly @gdagh2803).
Using this information to create predictive models indicates that reefs in sease(®ticronesia
and Western Polynesia in particular) could be extremely vulnerable to catastrophic collapse over

the next 3660 years (Donnegt al, 2005). Increases of just 1°C predict an increase in bleaching
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occurrence involving 50% to 82% of reefsilela more dramatic temperature increase of 2°C
would increase the occurrence of bleaching to 97% of all reefs (Berkeéinahs2004).

The preciseellularcause®f bleachingand whichpartner in the relationship initiates the
event aréeginning to b understood. The processaisesponse to stress by #esociation
(Perezet al, 20QL; Perez and Weis, 2006; Weis, 2D08 he translocation of energetic nutrients
from Symbiodiniunto the host has been shown to decrease in bleaching situations (high
irradiance and temperature; Poreeral, 1989). Furthermore, study at the cellular level has
suggested a variety of mechanisms including host cell detachment éGate$992), apoptosis,
and autophagy of host cells (Hanes and Kempf, 2013). Thkskrceesponses appear to be
related to the increase in reactive oxygen species (ROS) produced by damage to the
photosynthetic membranes of the symbiont (Tchestat, 2004) and to mitochondrial
membranes in both the host and symbiont (Weis, 2008)gltliermal bleaching. In a healthy,
nonstressed host, these reactive oxygen species would be managed by enzymes such as catalase
and superoxide dismutase; however, these ameliorative mechanisms are not sufficient during
bleaching episodes (Richiet al, 2005; Lesser, 2006; Meré al, 2007; Weis, 2008). One
reactive oxygen species, nitric oxide, has been well studied and is produced as a response to
stress in the model anemoreptasia pallida(Perez and Weis, 2006). Nitric oxide may act not
justas a cytotoxin but also as a signaling molecule in host innate immunity (Fang, 2004; Pacher
et al, 2007). While there is still much to be learned about the cellular processes behind
bleaching, it is clear that thermally induced bleaching is a threatrtd reefs.

While the cellular bleaching process is not completely understood, there has been
research investigating variation in susceptibility to bleaching. Examination of host species

reveals that heavier bodied corals have better survival rateshihse with more delicate
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branching structure (Loyet al, 2001; McClanahan, 2004). Additionally, studies examining the

thermal tolerance ddymbiodiniumn culture found that there is variation among isolates in

regard to their response to elevatedperatures (Warneat al,, 1996; Iglesiag’rieto and

Trench, 1997; Rowaet al, 1997; Kinzieet al,, 2001; Pereet al, 2001; Bhagooli and Hidaka,

2004). Often these studies found that cladgyihbiodiniunwere more tolerant to high

temperatures (Baket al, 2004; Cheret al, 2003; Rowan, 2004) while clade A symbionts were

often identified as being more susceptible to damage from high temperatures\({Dexaet

al., 2011; Steinkest al, 2011). Likewise, in the field clade D dominated sites thatimely

received elevated temperatures, indicating that clade D symbionts are better adapted to high

temperature (Fabriciust al, 2004). Clade D also dominated reefs that had just undergone a

bleaching event indicating either that clade D symbiontsdicdleach from their hosts or that

clade D symbionts readily +&olonized bleached hosts (Glyenhal, 2001; Jonest al, 2008;

Oliver and Palumbi, 2011). Even though thermal stress acts on the holobiont (symbiont, host,

and any associated bacteria)s important to understand how both the host and symbiont

impact the thermal tolerance and therefore the bleaching susceptibility of the coral as a whole.
There is some evidence that Atal bleaching episodes may be an adaptive mechanism

to change ymbionts to a more robust association (Buddemeier and Fautin, 1993;eBaker

2004; Stat and Gates, 20174.study of 3 generaXcropora, PocilloporaandPoriteg on the

Great Barrier Reef that encompassed the 1998 and 2002 bleaching events foboththa

PocilloporaandAcroporashowed an increase in tolerance compared with what was expected in

the 2002 bleaching event. This increase in tolerance may be in part due to selective mortality

(of more susceptible individuals) during the 1998 bleachintgalso may indicate some capacity

for acclimatization and hope for coral reefs (Maynetrdl, 2008). Informationon the
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susceptibility and tolerance of hosts and symbicatdd be used to practice better reef
management (transplantimgore robust caisto reefs) which could in turn protect the coral reef
ecosystem from collapseJnderstanding both the bleaching process and the potential stability of
a variety of host/symbiont associations should improve future reef management and appropriate

respones to bleaching events.
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1. IMMUNOHISTOCHEMICAL VARIATION AMONGST SYMBIODINIUMISOLATES.

ABSTRACT

Symbiodiniun{Freudenthal) reside intracellularly in a complex symbiosome (host and symbiont
derived) within cnidarian hosts in a specific hegimbiontassociationSymbiodiniums a

diverse genus with variation equivalent to other dinoflagellate orders. In this paper, our
investigation into specificity examines antigenic variation in the algal mucilage secretions at the
hostsymbiont interface. Culture8ymbiodiniunfrom a variety of clades were labeled with one

of two antibodies to symbiont mucilage (PC3, developed using a clade B alga cultured from
Aiptasia pallidga BF10, developed using a clade F alga cultured fBoiareumsp.). The

labeling was visalized with a fluorescent marker and examined witlfigmescence and

confocal microscopy. PC3 antigen was found in cult@wgehbiodiniunifrom clades A and B, but

not clades C, D, E and F. The correlation between labeling and clade may account for some o
the specificity between host and symbiont in the field. Within clades A and B there was
variation in the amount of label present. BF10 antigen was more specific and only found in
cultures of the same cp23BNA strain the antibody was created againgtese results indicate
that the mucilage secretions do vary both qualitatively and quantitatively an®ymgbtodinium
strains. Since the mucilage forms the kegnbiont interface, variation in its molecular

composition is likely to be the source of signimvolved in recognition and specificity.

INTRODUCTION
Coral reef ecosystems amenongthe most diverse habitats in the worldeefs provide
benefits that include: ecotourism, fish hatchery and/or nursery for many commercial fisheries,

speciedhabitat, andcoastabrotection (Richmond and Wolanski, 2011). eSkdiverse
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ecosystemmarebuilt upon the relationship betwe&ymbiodiniunsp. and their host cnidarians.
Hermatypic corals are the structural foundation of the reef in large part due to the
photosynthetically fixed carbon compounds donate&ybiodiniun{Muscatine and Porter,
1977; Hallock, 2001). Unfortunatelthe coral reeécosystems are threatened wewldie by
symbiont loss (commonly referred to as coral bleaching) that occurs cherdased sea surface
temperature in addition to other strestated factors resulting from human activities (Jokiel and
Coles, 1977; Hoegfsuldberg, 1999).

Symbiodiniumassociate with a variety of hosts as endosymbionts. In symbioses with
cnidariansthe symbionts reside intracellularly (Colley and Trench, 1983 Th
cnidarianSymbiodiniunsymbioticassociation can be initiated in one of two ways: either by
vertical transmission (obtaining symbionts from the parent) or horizontal transmissionitgptain
symbionts from the surrounding environmerBymbiodiniunare acquiredia horizontal
transmissionn 85% of invertebrate hosts (Schwatzal, 2002).

AssociationbetweerSymbiodiniunand the host cnidarian lmsed on nutrient exchange.
The symiont produces photosynthate that is transferred to the host and can potentially provide
enough carbon based nutrients toetandd84, a host o
Muscatineet al,, 1984; Muscatine, 1990). The symbiont benefits from a piedesnvironment
and host waste products. These include nitrogen compsuntisas ammonium and nitrabeit
are typically limiting on reefsMuscatine and Porter, 197Muller-Parker and D'Elia, 1997), as
well as CQ (Pearse, 1970). The fact that this symbiosis exists in hermaiyzits allows for
the energetic demands of higher calcification rates necessary for reef building (Pearse and

Muscatine, 1971; Barnes and Chalker, 1990), as well as better conservation of nitrogen
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compounds within the reef environment (Lewis and Smith11Burris, 1983; Ambariyanto and
HoeghGoldberg, 1996).

Due to their nedy identical morphology, symbiotic algae in corals were originally
thought to be the single specgmbiodinium microadriaticurfFreudenthal, 1962); however,
molecular methods a revealed that the genus actually is a complex of (at least) 9 clades
(Rowan and Powers, 1981Carloset al, 1999; LaJeunesse and Trench, 2000; LaJeunesse,
2001; Pochoret al, 2001; Pochoet al, 2004; Pochon and Gates, 2010). The variation within
this one genus is equivalent to the diversity amongst other dinoflagellate orders (Rowan and
Powers, 1992)Variation in thermal toleranag® Symbiodiniumsolates idbased on
observational studies of hosts in different habitats (Oliver and Palumbi, @idfore and after
bleaching (Glynret al, 2001; Bakeet al, 2004; Jonest al, 2008; LaJeuness al, 2010).
Studies manipulating either host habitatransplantation experiments temperature regimex
cultured symbionts also indicate thatte@r symbionisolates survivemore effectivelythan
other strains in thermally stressful environments and are therefore thermally tolerant ¢Iglesias
Prieto and Trench, 1997; Rowan, 2004; Berkelmans and van Oppen, 2006). In particular, strains
Al, A2, D,and F2 are accepted as being thermally tolerant (Rowan, 2004; &ake2004;
Robison and Warner, 2006; Steirdteal, 2011).

Previous studies have revealed tlm&t Wwide variation in both host and symbiont species
generatspotential forspecificty or plasticity within the associations. Previous studies have
examined a variety of associations and found varying levels of specificity between partners.
Many studie®f cnidarians have fowhhost species typically pairedth the same symbiont
strain(Schoenberg and Trench 1980a, b, c; Rowan and Powers 1991a, b; Goulet and Coffroth,

20034, b; Santost al, 2003; Goulet and Coffroth, 2004; Balatral, 1997). This specificity
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exists both in host species tlisplay vertical as well as horizontahtismissiorfvan Oppen,
2004). Host species that can associate with more than one symbiont strain tend to show variation
in their associated strains between colonies in different habitats (Rowan and Knowlton, 1995;
Rowanet al. 1997) or within colonies aifferent depths or even parts of a given colony exposed
to different light regimes (van Oppetal, 2001; Ulstrup and van Oppen, 2008jost species
that in the field can associate with several symbiont stramghave varied mortality during a
bleaching event; hosts containing more tolerant symbionts show reduced mortality compared to
hosts with thermally susceptible symbionts (Joetes, 2008; LaJeuness al, 2010).
Following a bleaching event, hosts with multiple strains may change to atmeoneally
tolerant, dominant, symbiont strain (Balatral, 2004; Berkelmans and van Oppen, 2006).
Thus, the association between host and symbiont is often specific, but in some cases also allows
for some variation depending on environmental conditions

Within the cells of the host, the symbiont resides within a host derived (Wakefield and
Kempf, 2001) vacuole membrane with several layers of additional membranous material called
the symbiosome (Roth, 1989). In the association bet8gerbiodiniunand cnidarians, the
symbiosome is composed of both host and symbiont components (Wakefield and Kempf, 2001).
The symbiont component consists of multiple
and Kempf (2001) have suggested is composed of skedlthlates from a reduced ecdysis
cycle that occurs in situ. The host component consists of the phagosome membrane that resulted
from the host cell endocytosing the symbiont (Colley and Trench, 1983; Fitt and Trench, 1983;
Schwarzet al, 1999; Wakefieldand Kempf, 2001; Schwagt al, 2002). This membrane is

sometimes referred to as the outer symbiosome membrane (Wakefield and Kempf, 2001).
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The symbiont secreted layers of presumed shed thecal plates are intermingled with
exudates produced by the dyiont (Wakefield and Kempf, 2001). Work by Marketlal
(1992) and Markell and Trench (1993) on cultured symbionts suggest that these exudates are
largely compsed of glycoproteins. Symbicderived glycoproteins that are water soluble in
culture aresecreted through the cell wall arate thought tdorm the symbiont component that is
in direct contact with the hosta the phagosome membrafWakefield and Kempf, 2001). The
region of contact between host and symbiont exudate is the likely locatiog td@gnition
molecules involved in both initial uptake of the symbiont by the host and maintenance of the
symbiosis. Liret al. (2000) used lectins to mask the cell surfacemntkolyticenzymes to
remove cell surface glycoproteins and saw inhibitbaymbiont uptake by the host in both
types of treatment. This suggested that the affected glycoconjugates are useec@k cell
recognition in the initiation of this symbiosis (L&t al, 2000). The process of recognition
probablycontains multiple &ps. Initially, there is selection for living symbionts with an intact
outer layer while dead symbionts or those whose outer layer is compromised are discarded (Fitt
and Trench, 1983; Liet al, 2000). However, there is also evidence that in naturimitred
uptake of symbionts is dominated bketyal,B08® ghl y i
t hat may | ater be replaced by that hostsbs pr
layer is secreted in situ by symbionts already taken upédirost tissue (Wakefield and Keinp
2001) . Wakefiel d suggdsthaethispaled may bebnsodvedindatei o n
stages of the recognition process and that secretion of mucilage may be a factor in preventing the
host from digesting or eglling the symbiont.

Cell-cell recognition processes have been identified in a number of other organisms, from

the mammalian immune system (Takedal, 2003) to predatory dinoflagellates (Jeatal,
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1997; Martel, 2006; Brecke#t al, 2011). Theserocesses have a few things in common: a
molecule on each cell involved in the recognition and a mechanism for these molecules to come
into contact with each other. These molecules can then bind and produce a cascade of events
resulting in a variety ofifferent outcomes. In predatory dinoflagellates, recognition results in

the dinoflagellate either consuming its preferred prey or leaving th@mymorganism alone

(Jeonget al, 1997; Martel, 2006; Breckeét al, 2011). In cnidaria@ymbiodinium

as®ciations, recognition (or lack thereof) results either in the symbiont remaining in the host
gastrodermal cell or potential digestion and/or expulsion of thepnefierred partner. This study

is directed toward an examination of variation in the comjpwosdaf surface bound exudates of a
number of strains ddymbiodiniumSuch variation could be involved in recognition specificity

and host/ symbiont Ac o mBwnhiodoiansymimoses. i n cni dar i a

MATERIALS AND METHODS

ALGAL CULTURE Symbidiniumisolates, representing a range of host species,
geographic locations and genetic diversity (Table 1), were cultured in F/2 medium (without silica
to prevent the growth of diatoms; Guillard and Ryther, 1962) using a 12/12 hr light/dark regimen
atAubur n University. Light i ntensinmf/susing8ylvanimai nt ai
Cool White 20W fluorescent bulbs. Samples were collected from each culture prior to the lights
coming on to ensure cells were Amotile (Yacobovitctet al, 2004).

DEVELOPMENT OF MONOCLONAL ANTIBODIES BINDING TO MUCILAGE FROM
SYMBIODINIUM CULTURE Two antibodies that bind componentsSyimbiodinium
mucilage were used in this study. The first, PC3, was previously developed by Wakefield (2001)

against a component tife mucilage fronsymbiodinium T S2 At yAiptasia palida o f
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from the Florida Keys (Sant@t al, 2002; Santos, personal communication). The second,

BF10, was generated (see below) for this study usBigaaeumsp. clade F (chloroplast large
subuwnit (cp23Syribosomal DNA genotype F178) alga originally collected from the Florida Keys.
Aliquots were divided into separate 15 ml glass centrifuge tubes and either left (1) untreated or
subjected to (2) fixation in 4% paraformatyelecontaining 0.2 M Nllonig's phosphate buffer

for 30 minutes followed by rinsing in 0.2 M Millonig's phosphate buffer (3X) and resuspension
in 15-16 megaohm Nanopure water {HRO), (3) boiling for 1 minute in Millepore filtered sea
water (MFSW), (4) three rounds of freeziagd thawing by transferring the sample to a 1.5mL
microcentrifuge tube, dropping the tube in liquid nitrogen, themaeming the tube, or (5)
resuspending the sample in 50% ethanol and homogenizing with a Virtis Handishear
Homogenizer for 2 minutes folleed by centrifugation and resuspension irHEO. All 5 types

of samples were combined and used as the antigen to produce monoclonal antibodies.
Antibodies were produced and screened using standard monoclonal techniques as described by
Wakefield (2001).1n brief, this symbiosome slurry was injected into BACBmice followed by

a second injection boost after 3 weeks. Blood serum was tested for reaction to the symbiosome
slurry antigens using an enzystieked immunosorbant assay (ELISA); the mouse exhipit

highest titer of antibody was sacrificed and splenocytes were isolated. Hybridoma cells were
created using a standard polyethylene glycol fusion technique with the splenocytes-and AG
8.653 myeloma cells 4:1. Antibody producing clones were screengdIBA. Two antibody
producing cell lines, BA6 and BF10, strongly labeled the mucilagyoibiodiniuntp23S

rDNA genotype F178. Hybridoma cells secreting these antibodies were cloned by limiting
dilution and then recloned to assure that only this lineybfidoma cells was isolated. Antibody

to be used in labeling was collected as spent culture medium, from the final cloned cell line,
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aliquoted in 0.5mL amounts into 1.5 mL Eppendorf tubes, frozen, lyophilizedyca@hfor

future use.
Table 1. Symiodinium cultures examined
for presence of antigens PC3 and BF10.
Host Organism Culture 1D Collection cp233 rDNA
Location designation

Zoanthus sociatus Zs Jamaica A188
Unknown Host Y109 Japan A191
Cassiopeasp. CasskB8 Hawaii Al194
Cassiopea xamachana Cx Jamaica Al194
Cassiopea xamachana FLCass Florida Al194
Pseudoplexaura porosa 719 Panama Al194
Cassiopeasp. CassMJ300 Hawaii A198
Tridacna gigas T Hawaii A198
Cassiopeasp. CassEli Hawaii A198

Plexaura kuna 708 Panama Undetermined (A)

Montastrea faeolata Mfl11.4 Florida Undetermined (A)
Aiptasia pallida FLAp4 Florida A193
Aiptasia pallida FLAp3 Florida A193
Aiptasia pallida FLAp210AB Florida B184
Plexaura kuna 706 Panama B184
Aiptasia pulchella Apl0 Japan B184
Porites evermanni Pe Hawaii B184
Zoanthus pacificus Zp Hawaii B184
Plexaura kuna 13 Florida B184
Plexaura kuna 702 Panama B211
Briareum asbestinum 579 Florida B223
Aiptasia pulchella Ap Hawaii B224
Plexaura flexuosa PurPFlex Florida B224

Montastrea faveolata Mf11.5b.1 Florida Undetrmined (B)
Unknown anemone Ap31 Japan C180
Montastrea faveolata Mf8.5Tb.2 Florida F178
Acroporasp. A002 Japan D206
Acroporasp. AO001 Japan D206
Unknown CCMP421 New Zealand E202
Montipora verrucosa Mv Hawaii F178
Briareumsp. PtBr Florida F178

4 This culture was classified as a clade C symbiont using the 18S RFLP (Santos,
personal communication, 2012). Here, this strain was retested using therEpp28S
sequence information and was reclassified as clade F178. Clade F and clade C
closely relaed and using the 18S RFLP they appear the same.
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FIXATION AND IMMUNOLABELING FOR EPIRIORESCENCE MICROSCOPY
CulturedSymbiodiniumsolates (Table 1) were individually centrifuged and the culture medium
removed. Pellets were resuspended in 4% parafdetmgde in 0.2M Millonig's Phosphate
Buffer and allowed to fix for 1 hour at room temperature. Samples were then rinsed once in
20mM PBS containing 0.1% sodium azide and 0.1% Triton X100 (PBS+) and then dehydrated
and rehydrated through an ethanol sefmgsH20, 30% ethanol, 50% ethanol, 70% ethanol,

50% ethanol, 30% ethanol, #f20) for 5 minutes in each solution. Following rehydration,
samples were blocked in 5% haadctivated goat serum in PBS+ (blocking medium) for 10
minutes at room temperaturBlocking medium was removed by centrifugation and samples

were incubated with spent medium containing primary antibody (either PC3 or BF10) diluted 1:1
in blocking medium for 1 hour at room temperature (a third sample of each strain was incubated
with only blocking medium for this hour as a negative control). Samples were then washed in
PBS+ 3 times for 5 minutes each, followed by incubation in secondary antibody (Alexa fluor 488
Goat antimouse IgM (u chain) Invitrogen, A21042) diluted 1:300 in blockg medium for 30
minutes at room temperature in darkness (to prevent quenching). Samples were then rinsed 3
times in PBS+ for 5 minutes each and resuspended in a small amourt?Onas follows.

Ten pl of labeled sample was added to 7 ul of suspesidentiard fiorescent beads (InSpeck
Microscope Image Intensity Calibration Kit in Green, 2.5 w7219) and plated on slides using

a Shandon Cytospin 2 to ensure that beads and cells would lie flat on the surface of the slides.

EPIFLUORESCENCE MICROSQXY. Glycerol mounting media was used to mount
cover slips on the slides which were then kept in pop up slide holders so that slides would remain
covered before being viewed on the microscope. This would minimize any bleaching between

taking the first micograph and the last micrograph of a given run. A control slide was imaged at
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the beginning of each run and then also imaged again at the end of the run to determine whether
any quenching occurred during the period the microscope was being used. Slelggewed on

Nikon Eclipse E800 with a Qimaging Retiga camera under light of wavelength 488 nm (to
visualize labeling) and 594 nm (to visualize algal autwtscence). Micrographs were taken of

at least 30 cells with adjacent standaubfescent beadssing NIS Elements Software (Nikon
Corporation, 2006). All micrographs were taken using the same settings on the microscope and
with all the same software settings.

FLUORESCENCE AND STATISTICAL ANALYST&e fuorescence intensities of the
algal mucilagdayer and of the beads were measured using ImageJ software to calculate the
highest brightness value from the histogram. The 0%, 0.3% and 1% InSpeck beads were used to
create a standard curve. This standard curve could then be used to estimatenhefperce
fluorescence measured in the mucilage layer of the algal cell. Fluorescence differences among
strains were compared using a amgy ANOVA (SAS Version 9.2) to ascertain if any
significant differences in labeling existed amongst lab8kuibiodiniunstrains. Poshoc
multiple comparison tests were run with a Tulkeamer adjustment to examine which strains
exhibited significant differences in fluorescef&A\S Version 9.2)

EXTRACTION, AMPLIFICATION AND SEQUENCING Qp23SrDNA. Based on the
labeling results (see below), there was a question about the -cp28Sidentity of
Symbiodiniuntulture Mf8.5Th.2. DNA extraction and sequencingra&vperformed on this
particular isolate as well as several others (to serve as cotitelsjhe methods @antoset al
(2002). PCR success was confirmed by electrophoresis in a 1% agarose gel and visualized by
ethidium bromide staining and ultraviolet (UV) light. Amplicons were sent to Genewiz, Inc. for

sequencing.
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Figure 1. PC3 antibody labeling (PanekbAand BF10 antibody labeling (Panels E and F) of
Symbiodiniunstrains. A. FLAp4 originally cultured fromiptasia pallidacolleded from Long Key, FL.
The cp23rDNA genotype of this strain is A193. This strain contains the antigen PC3 antibody was
created against and showed labeling. B. 702 originally culturedRteraura kunacollected in
Panama. The cp23®NA genotype is BR11. This strain showed faint labeling. C. Ap31 originally
cultured from an unknown anemoo@lected from Sesoko Jima, Okinawa, Japan. The-cpRBRA
genotype of this strain is C180. This strain did not show labeling. D. A002 originally cultured from
Acroporasp.collected in Okinawa. The cp23BNA genotype is D206. This strain did not show
labeling. E. PtBr originally cultured froBriareumsp.collected from Long Key, FL. The cp23BNA
genotype is F178. This is the strain that contains thgemthat the BF10 antibody was created again
and showed labeling. F. Mf8.5Tb2 originally cultured frislonstastrea faveolateollected from
Florida. The cp238DNA genotype determined in this study is F178. This strain showed very faint 4
diffuse labeling. All scale bars are 10 um. Arrows indicate a ring of green labeling around the cell;
arrowheads indicate standard florescent beads. All images were adjusted using Photoshop auto lg
better visualize the florescence here. These adjustmerasweele only for visualizing and not for
florescence measurements.
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RESULTS

DEVELOPMENT OF MONOCLONAL ANTIB@ES BINDING TO MUCILAGE FROM
SYMBIODINIUM CULTURE Two monoclonal antibodies (BA6 and BF10) were developed
that labeled mucilage secreteddmturedSymbiodiniuntp23SrDNA genotype F178. In early
examinations, BF10 labeled some isoldtgpically isolatesclosely related to the isolate the
antibody was created agaipngdbutdid not labelotherisolates and was chosen for further
investigation. In contrast, BA6 labeled mucilage from e&mbiodiniumsolate tested (31
different cultures representid@ cp23SrDNA genotypes).

IMMUNOCYTOCHEMISTRYIncubation with the PC3 antibody (Wakefieital,

2000) exhibited labeling only i8ymbiodiniunfrom clades A and B (Figure 1). In clade A, lof

5 cp23SrDNA genotypes (i.e., A191) did not show labelingble 2). Likewise for clade B, 2

of 4 cp23SrDNA genotypes (i.e., B223 and B224) did not exhibit labeling. No labeling with the
PC3 antibody was observed in the tested isolates from clades C, D, E and F (Table 2).
Incubation with the BF10 antibody exHibd labeling only in 2 isolates, one of cp2@BNA
genotype F178 and one of unknown cp2BSIA genotype (culture ID Mf8.5Tbh.2). Analysis of
the cp23SDNA sequence of culture Mf8.5Th.2 identified this as cpERBSA genotype F178
(Figure 3).

STATISTICALANALYSIS OF ANTIGEN LABELING AMONSYMBIODINIUM
CLADES AND STRAINSThere were significant differences betw&gmbiodiniumsolates in
labeling intensity with the PC3 and BF10 antibodies (p<0.000:n@yeANOVA). Multiple
comparison tests found thdie isolates could be divided into significantly different categories
(Figure 2). For example, ndabeling isolates were significantly different from all those that

labeled. Amongst those that labeled with the PC3 antibody, there are several groupsedomp
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Table 2: Labelindluorescence presence of eg&ymbiodiniunctulture with each of 2 antibodie:

Host Organism Culture ID Cp23SrDNA Label PC3 Label BF10
Zoanthus sociatus Zs A188 + -
Unknown Host Y109 A191 - -
Aiptasia pallida FLAp4 A193 + -
Aiptasia pallida FLAp3 A193 + -
Cassiopeasp. CasskB8 Al194 + -
Cassiopea xamachana Cx A194 + -
Cassiopea xamachana FLCass Al194 + -
Pseudoplexaura porosa 719 Al194 + -
Cassiopeasp. CassMJ300 A198 + -
Tridacna gigas T A198 + -
Cassiopeasp. CassEli A198 + -
Plexaura kuna 708 Undetermined (A) + -
Montastrea faveolata Mf11.4 Undetermined (A) - -
Aiptasia pallida FLAp210AB B184 + -
Plexaura kuna 706 B184 + -
Zoanthus pacificus Zp B184 + -
Aiptasia pulchella Apl0 B184 + -
Porites evermanni Pe B184 + -
Plexaura kuna 13 B184 + -
Plexaura kuna 702 B211 + -
Briareum asbestinum 579 B223 - -
Aiptasia pulchella Ap B224 - -
Plexaura flexuosa PurPFlex B224 - -
Montastrea faveolata Mf11.5b.1  Undetermined (B) - -
Unknown anemone Ap31 C180 - -
Montastrea faeolata Mf8.5Th.2 F178 - +
Acroporasp. A002 D206 - -
Acroporasp. AO001 D206 - -
Unknown CCMP421 E202 - -
Montipora verrucosa Mv F178 - -
Briareumsp. PtBr F178 - +

 This culture was classified as a clade C symbiont using the 18S RFLP (Sarsosaper
communication, 204). Here, this strain was retested using the cpZ3$A sequence
information and was reclassified as cladd& Clade F and clade C are closely related and
the 18S RFLP they appear the same.
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of isolates that are not sigisantly different from one another, but that were different from other
groups of isolates (indicated by lines connecting isolates; Figure 2). Analysis of labeling with
BF10 showed thanost isolates did not label, and did not exhibit significantly ciffe levels of
background fluorescence, from other dabeling isolates. The two isolates that did label with

this antibody were significantly different in their levels of fluorescence, both from each other and

from all other isolates (indicated by syntbabove the bar; Figure 2).
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Figure 2: Graph of Percent Fluorescence of PC3 antibody labeling (filled bars) and BF10 ant|
labeling (empty bars). Error bars indicate the standard deviation for each sampéticegtat
analyses were performed comparing the PC3 labeling amongst all Symbiodinium cultures an
another set of analyses were performed comparing the BF10 labeling amongst all Symbiodin
cultures. Solid lines indicate significance when labeling witiPG8 antibody. Cultures grouped
under the same black line are not significantly different from each other but are significantly
different from all other cultures (P<0.005). Symbols are used to indicate significance when |a|
with the BF10 antibodyAll other open bars did not show labeling with the BF10 antibody and
not significantly different from each other or from background fluorescence. Bars labeled witl
star and hexagon are significantly different from all other bars (P<0.005). Alidiiarg below the
dotted line do not exhibit specific labeling but are representative of minor differences in backg
fluorescence
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DISCUSSION

Variation in symbiont strain both genetically, as seen in many studies (Rowan and
Powers, 199; Carloset al, 1999; LaJeunesse and Trench, 2000; LaJeunesse, 2001; iBbchon
al., 2001;Pochoret al, 2004; Pochon and Gates, 2010), and antigenically as shown here,
indicate a basis for specificity between the host and symbiont. The nature of the host and
symbiont relationship is quite specific in many cases (LaJeunesse, 2002; Rodagetzet
al., 2004; Santost al, 2003). However, host colonies that are large or shaped in such a way
that different areas of the colony have different light regimes may have different symbiont
populations in these different habitats (Roveal, 197; LaJeunesse and Trench, 2000;
RodriguezLanettyet al, 2001; van Oppeat al, 2001; LaJeuness al, 2003; Ulstrup and van
Oppen, 2003; IglesiaBrietoet al, 2004). For instance, M. tenuiscolonies at Pioneer BaZ1
was found on the shaded sidf the colony while C2 was found on the side of the colony
exposed to light (van Oppert al, 2001). This is indicative of a relatively complex process
occurring between the host and the symbiont.

The process of initiation of the symbiosis betw&smbiodiniumand its cnidarian host
contains multiple steps. First the host and symbiont must come into contact with each other.
Thus, as the host is sessile in most cases of horizontal transmission, it is likely that the process of
encounter is often indted by the motile stage of the symbioSymbiodiniunhave been shown
to exhibit chemotaxis towards aposymbiotic host organisms, fed symihastis, and brine
shrimp nauplii However, no chemotaxis toward starved host organisms has been documented
suggesting that at least part of the taxis is directed toward ammonia or nitrate (Fitt, 1984).
Further investigation found that the taxis is directed toward a variety of nitrogen compounds

such as ammonium, nitrate, urea, and some amino, &cidthere wasmtaxis toward
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phosphate, stdte, vitamins, trace metals, or sugars (Fitt, 198B)ese studies indicate that
Symbiodiniuntaxes toward either a host or a prey item for the host when there is nitrogenous

compound presentinvestigations into coral bleaing indicate that bleachirgpsts release
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nitrogenous compounds (Perez and Weis, 2006) or show less activity of nitric oxide synthase
(TrapidoRosenthaét al, 2001). Thus, symbionts and hosts may have a mechanism for
reinfectionvia symbiont chemotas to hosts stressed by episodic bleaching by virtue of higher
production of nitrogen compounds.

Once the host and symbiont are in close proximity the symbiont must be ingested by the
host. There is some level of recognition that occurs at this pondtasl potential symbionts
will enter a host coelenteron (Trenehal, 1981). Subsequently, symbionts are phagocytosed
into the gastrdermal cells without entering a digestive endocytic pathwiye process of
phagocytic uptake has bedinectly obseved inChlorohydra(McNeil, 1981). Once the
symbiont is within the host cells, it must survive any atteimje digested by the hosAny
phagocytosed dedglymbiodiniunwill quickly be digested and only liv@ymbiodiniunwill be
maintained in the gastdermal cellsndicating that living cells have some characteristic involved
in symbiont uptakéFitt and Trench, 1983). Examinations of infectiofrimgia scutariashow
that multiple strains of livinggymbiodiniuntan initially infect the host, buttaf a short time
only the preferred type of symbiont is present in the larvae (Rodrigaezttyet al, 2006). In
some situations, it appears that this early uptake period has few barriers to prevareaiin
associations with nepreferredSymbiodniumstrains and that more infectious or opportunistic
strains, such as clade D strains, can advantageously colonize a host @abg00%). At
some point, either during these initial steps or shortly following themcekltecognition
processsestablish a more specific relationship between a host and its preferred symbiont.
While it is possiblethat the selection we seenist due to early celtell recognition buinstead
dueto whichSymbiodiniumsolateis betteradaptedo grow inthathog environmentthe

symbiont would presumably stakecretecell-cell recognition molecules to avoid digestion and
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bypass any host immune response. Regardless of which type of system is occurring here, the
molecules involved in infection and specificity stlbe important during these early steps in
infection.

A number of studiebavedetermired which Symbiodiniunstrains associate with which
host cnidarians anthhe canditionsthat support such associations most cases, infection begins
with a limitednumber of strains entering the hostién only a subset afhat is present in the
water column) and after a relatively short time it appears that the preferred association will
establish itself (Beld®aillie et al, 2002; Berkelmans and van Oppen, 200&rnhill et al,
2006). Tlepreferred associatigrfall into the full gamut of possibilities. They can be highly
specific, wherene hosis foundwith only asingle symbiont strain on a given rébaJeunesse,
2002, Goulet and Coffroth, 2003a, Gowded Coffroth, 2004, Thornhiét al,, 2006)
Alternatively, the association my be somewhat flexible wheeetmsthas adominant symbiont
butit may be one of a few strafi@Jeunesset al, 2003, Iglesia$’rietoet al, 2004) In mixed
assemblageonehostmight have alominant strainvith one ormorebackground strainthat
vary between host animalR@wan and Knowlton, 1995, Rodrigubanettyet al,, 2001, Santos
et al, 2003). Hostsmay alsoassociate with several straitat occupy specificalljow-light,
medium light, and high light regions of the host (Rowan and Knowlton, 1995; Secord, 1995;
Rowanet al, 1997; LaJeunesse and Trench, 2000; Rodrigjaeettyet al, 2001; van Oppeat
al., 2001; Diekmanmt al,, 2003; Goulet and Coffroth 2003a,laJeunesset al, 2003; Ulstrup
and van Oppen, 2003; Goulet and Coffroth, 20Q¥siasPrietoet al, 2004). The diversity of
associations suggest that processes that establish a particular symbiotagtenenlve a

combinationof cellcell recogition anddifferential survival of symbiontsin this scheme, as the
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association developSymbiodiniunthat are better adapted to tbeal host microenvironment
steadily displacéhose that are less well adapted.

Work onsymbiosesnvolving Chlorella las implicated the algal surface layer in the-cell
cell recognition and initiation of the symbiosis (Meints and Pardy, 1980; Reisakr1982). In
this study we have investigated the mucilage that comprises the outermost surface of the
Symbiodiniuncel to determine if molecular variation exists within this layer that could be used
in a celtcell recognition process during the initiation of the symbiosis. One of the antibodies,
BAG, created against a clade F algal mucilage layer positively labeledltalies that were
tested. Previous work has described similar components among strains in the outer mucilage
layer of macromolecules (Markaedt al, 1992). While this antigen is not a good candidate for
identifying differences amongStymbiodiniunstrans that may be useful in recognition, it does
suggest that the mucilage in all strains has some components in common. These common
elements could include compounds thegdisposanost strains to be taken up during the early
stages of infection (Coffrotét al, 2001; Rodriguet.anettyet al, 2006; Abregaet al, 200%).

In order for this mucilage layer to be involved in the establishment of the symbiosis there
must be differences in the chemical composition of this layer that could be part of a specific
hostsymbiont recognition process. Using both the BF10 antibody created here and the PC3
antibody (Wakefield and Kempf, 2001), we detected antigenic variation agymnigiodinium
strains. BF10 was highly specific, labeling only two cultures, both iredladPC3 antigen was
found to be present only in clades A and B with some variation within these clades. In clade A,
only oneknown cp23SDNA strain did not possess PC3 antigen (another culture did not label
but the cp238DNA strain type of this cultw is unknown). In clade B, of the 4 distinct cp23S

rDNA types tested, 2 possessed the PC3 antigen while 2 did not. The other clades tested with
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this antibody (clade C, D, E, and F) all showed no labeling. This is consistent with the finding
that differentisolates of Symbiodiniunpossess some of the same, but also many different, cell
wall associated macromolecules (Marletlal, 1992). These results indicate that the mucilage
layer possesses molecular variation am8ynbiodiniunstrains and that thentigenic

composition of this layer is, to some extent, correlated to genotype (Figure 3).

The strain that exhibited the weakest specific labeling was a clade A198 culture while
other clade A strains (and even another culture from a different hogheitame cp238DNA
strain, A198) showed stronger labeling. Thus, the cpZB$A type did not correlate with
differences in intensity of fluorescent label. For example, the strain A198 cultures from different
hosts (see Table 1 for host species and multientity) show considerable variation in labeling
intensity despite having the same cp2ZBBIA genotype (Figure 2). This indicates that while
there is significant variation in the amount of antigen present in the mucilage, the variation is not
relatedto the cp23SDNA strain identity. Instead the observed variat®almost certainly the
result ofas yet unknown genetic and/or physiological differences in mucilage secretion between
cultures from different hosts instead of the genotype strain asrieter by cp23SDNA.

We have seen variation in antigenicity in the mucilage that forms the outermost surface
layer of material surrounding ti&ymbiodiniuncell. Since this layer is the part of the symbiont
that actually contacts the host it would hawébe the location for any
recognition/communication that occurs between the host and the symbiont. While other
investigations have recognized that the algal surface would have to perform this function, e.g.,
the cell wall (Linet al, 2000), exuded macnwlecules (Markelet al, 1992; Markell and
Trench, 1993; Markell and Woedharlson, 2010) or simply cedurface glycans (Logaet al.,

2010), little is known about themolecular processes that function in amll recognition
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between host anB8ymbioditum sp. Our study further confirms variation in cell surface
molecules and demonstrates that there is variation within the mucilage comianent
demonstrates a correlation with symbiont cladEhis is a first step in identifying components of
the algacell that may act in recognition/communication between host and symbiont.

Lectin-carbohydrate reactions have been implicated in a number -afetielecognition
processes (Weis and Drickamer, 1996), including those involving organismsdrpitfferent
groups(such as the Rhizobium bacteria symbiosis with leguemeshe immune system in
animals Bhuvaneswaret al, 1977). Due to the nature aiidarianSymbiodiniunsymbioses it
is verylikely that a similar process occursthese associations. A manndseding lectin has
beenfound inAcropora milleporathat binds to both bacterial pathogens as well as
Symbiodiniun{Kvenneforset al, 2008). Another group of studies investigated the presence of
lectins inSinularia lochmodeanddiscovered a Bjalactosebinding lectin (SLL=2; Jimboet al,
2000). Subsequent studies revealed that this lectin 1) loté&dizbe cell surface, 2) arrest
motility in Symbiodiniummotile stages, and ®pundD-galactosevithin the symbiont
glycoconjugaté€Koike et al, 2004; Jimbeet al,, 2013).The presence of these types of molecules
and their localization to th8ymbiodiniuntell surface suggest that this type of response may be
involved in establishing and maintaining the association bet®&gerbiodiniunand their
cnidarian hosts.

It has bea demonstratethat the Symbiodiniunouter covering (sometimes referred to as
exudate or cell wall, but here referred to as the mucilage) contains macromolecules with
carbohydrate components (Markell and Trench, 1993¢t.ad, 2000). Symbiodiniunstrans
have been shown to have reduced infectivity if surface glycoproteins either embedded in the cell

wall or external to the cell wall are masked or digested ét.al., 2000; WooédCharlsoret al,
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2006). Here we have tested a wider variet$yrhbiodinimstrains and determined that there is
widespread variation in antigenicity that is consistent with previous studies (Metrké/11992;
Markell and Trench, 1993; Logaat al, 2010) that examined usually only a few strains. This
study gives supporotprevious work investigating the cell surfaceSymbiodiniunby using 2
antibodies to reveal widespread variation in the outermost layer 8itheiodiniuncell
correlatedo strain. Our results strengtheghe argument that the mucilage layer has dugiired
variation to establish specificity between host and symbiont, as well as function in host
symbiont communication in the intact symbiosis. While the exact process of recognition and
maintenance odymbiodiniunsymbioses and the molecules invohad still unknown, this

study supports the hypothesis that the potential forcedlirecognition between the host and
symbiont is present in the outermost layer of the symbiont cell. Future studies will hopefully

reveal the moleculethat driveinitiation and maintenance 8ymbiodiniunsymbioses.
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. ULTRASTRUCTURAL VARIATION AMONGST SYMBIODINIUMISOLATES

ABSTRACT

Symbiodiniurmare unicellular dinoflagellates that reside intracellularly in a variety of invertebrate
hosts, including cnidarians. &te is great diversity amongst isolates of this genus; however,

very few ultrastructural studies have examined differences among them. Here, ultrastructural
examinations using High Pressure Rapid Freezing were performed on 5 isolates (2 from clade A,
andl from clade B, 1 from cladé and a frediving isolatefrom clade E) to examine variation
amongst these strains that could affect the ability of a particular symbiont to reside within a
particular host. All 5 isolates studied exhibited the standaxkdiyon nucleus, a peripheral
multi-lobed chloroplast with a single stalked pyrenoid surrounded by a starcdmnciap,
dinoflagellatetype mtochondronwith tubular cristae Electron dense inclusions were typically
positioned near the cell periphery and rbayrelated to mucocysts sometimes seen in
dinoflagellates. Some isolates (CCMP421 and Y109) had a few cells that exhibited large
electron dense structures containing calcium oxalate crystals. Interestingly, the cell size amongst
different isolates wasgnificantly different and consistent with previous studies on the same or
similar isolates. Examination of the ultrastructure of 5 isolat&yotbiodiniuntevealed that

there is very little variation in morphological characters. Therefore, it seeikslyhat

isolates or species &ymbiodiniuntan be usefully differentiated on the basis of morphology

alone. However, characterization of the morphology of the géyobiodiniunas it relates to

its symbiosis with the hosbay lead to a better undeastling of how the association between

host and symbiont is established and maintained.
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INTRODUCTION

Symbiodinium microadriaticunvas originally described using cultured cells collected
from Cassiopeiasp. (Freudenthal, 1962). Using light microscopg life cycle of
Symbiodinium microadriaticunvas found tdoegin with a vegetative cell which appears to
contain numerous irregular shaped chloroplasts, an inconspicuous nucleus, and, as the cell ages,
an increasingly | ar ge gétaie sell can divade formimg two neartyu c t o .
identical daughter cells or thicken its cell wall and encyst. The vegetative cyst can then form a
zoospore motile form or divide within the cyst. At the time it was thought possible that gametes
could form fromthe cyst stage, but this was not actually observed (Freudenthal, 1962). An
initial ultrastructural investigation described the periplast (cell wall) as a thick amorphous layer
between 2 membranes (Kewhal, 1969). The chloroplast was described amgle, multi
lobed, peripheral structure surrounded by an envelope of 3 membranes and having repetitive
lamellae each consisting of 3 closely stacked thylakoMiscells had a large nucleus enclosed
by an envelope with pores and containing chromosdmaesg a typical dinoflagellate
appearance, i.e., condensed and with a tightly coiled structure (&eafin1969). Additional
identified structures included mitochondria, calcium oxalate crystals inside large vacuoles, and
lipid droplets (Keviret al, 1969).

This description was done at a time wiSmbiodinium microadriaticunvas thought to
be a single pandemic species (Taylor, 1974). However, further descriptive studies found
significantvariationbetweerculturedSymbiodiniumsolatesfrom a wide variety of hosts
Differences includedariation in isoenzyme and soluble protein patterns (Schoenberg and
Trench, 1980a), morphology (Schoenberg and Trench, 1980b), specificity as measured by

infectivity in hosts (Schoenberg and Trench, 1980c), mptiythm (Fittet al, 1981), and
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chromosome volume (Blank and Trench 1985). These studies led to the understanding that there
were a number of distinct species that were erroneously grouped into the single species
Symbiodinium microadriaticum.

With the understanding that there were many different isolates within the genus
Symbiodiniumnew species began to be named based on biochemical, physiological,
morphological, and behavioral differences (Trench and Blank, 1987). Three of the earliest novel
speces named afte®. microadriaticumncludeS. goreauii S. kawagutiiandS. pilosun(Trench
and Blank, 1987). Despite the vast variety that was seen in the earliest genetic studies (Rowan
and Powers, 1921 Rowan and Powers, 1992), further formal spedescriptions were very few
(2) and initially still based on ultrastructure. The next formal species description was
Gymnodinium linuchea@ater reclassified aSymbiodinium linucheadrench and Thinh, 1995).
Finally, Symbiodinium natansas describedsing a combination of light and electron
microscopy combined with nucleancoded partial LSU rDNA sequence information (Hansen
and Daugberg, 2009).

While the naming of species may prove informative, what has been consistently used to

understand the phyyieny ofSymbiodiniunis identification of type using a variety of genetic
markers. Currently there are 9 clades into which isolates of this genus can be placed. Clades A,
B and Cwere the first identified using restriction fragment length polymorph{§Rr&.Ps)
(Rowan and Powers, 1991 Later clades D (Carlost al, 1999), E (LaJeunesse and Trench,
2000; LaJeunesse, 2001), F (LaJeunesse, 2001), G (Petchlor2001), H (Pochoet al, 2004),
and | (Pochon and Gates, 2010) were aduestd on variation ithe interral transcribed spacer
(ITS) sequence (LaJeunesse, 2001; Poahioal, 2004), 18S rDNAequencé¢laJeunesse,

2001), 28S rDNAsequencgPochoret al, 2006), and cp23S rDNgequencéSantoet al,
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2001; Santost al, 2002). All these studies and many more have come to the saciasion,
namely thathere is a huge amount of variatibetweensolates withingenusSymbiodinium
(Coffroth and Santos, 2005).

Along with the investigation int&ymbiodiniungenetics, further ultrastructural
examinations were undertaken to exaenmorphological variation amongst isolates.
Examination ofSymbiodiniunirom Zoanthussp. confirmed the presence of a lobed chloroplast
and stalked pyrenoid (Van Thirgh al, 1986). Symbionts fromMontipora verrucosavere found
in situto occur as a aoid cell with an amphiesma of 5 membranous layers; a single, peripheral
lobed chloroplast with parallel thylakoids and a stalked pyrenoid; and a dinokaryon nucleus with
26 chromosomes (Blank, 1987). Symbionts similgBymbiodinium microadriaticurinom 3
foraminiferans (Leutengger, 1977) aiddacna maximgBishopet al, 1976) were examined
ultrastructurally and were similar to previous descriptionSyshbiodinium As further
ultrastructural examinations of isolates symbiotic with cnidarians penfermed, refined
descriptions of the ultrastructure of some cell structures, such as the chloroplast (Ham@hack

1997) and cell covering including thecal vesicles were made (Wakefield 2000).

Table 1:Geneticcharacterizatio of the Symbiodiniunisolatesin the current study

Species Culture Host Clade Cp23S Nr28S Nr18S ITS1/5.8S
ITS2

Symbiodiniumr Y109 Unknown A191 AY035413

sp. host

Symbiodiniunr FLAp4 Aiptasia  A193 AY035404 AF42745% AF427441 AF42746%

sp. pallida

Symbiodiniun  HIAp Aiptasia  B224 AY035421 AF427457 AF427445 AF360564
pulchrorum or Ap pulchella

Symbiodinim CCMP None E202 AY055240

sp. 421

Symbiodiniur  Mv Montipora F178 AY035422 AF42746z AF427450, AF360577
kawagutii verrucosa AY035413
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Since ultrastructural studies have all foundikincell structure while the genetic studies
have all found a huge variety of molecular differences within the genus, it is difficult to
determine if there are morphological differences that would be informative in regard to the great
genetic variety thagxists amongst isolates of the geysnbiodinium.Along with all the
genetic information and a variety of physiological studies examining cul&yadbiodiniunit is
important to begin parsing through the information and relating ultrastructural,cyemeti
physiological traits to give a thorough understanding of the biology of the symbiont. Here we
provide ultrastructuradetais ofgeneticallywell-characterizedsolates in 4 clades in order to
provide a basis for variations betwgmeviously undescribedolates and to compare
ultrastructure between cladeshis work is meant to provide a baseline against which future

ultrastructural analyses can be compared.

METHODS

METHODS FOR ASSESSMENT OF ULTRASTRUCTURALERHENCES IN
SYMBIODINIUM ISOLATESIn looking for ultrastructural differences betwe@ymbiodinium
isolates, it is critical that all isolates loultured under identical conditions and that they be
sampled at the same time in the cell cycle. Similarly, it is also critical that all samples be
processed in the same manner using the same fixation and embedding techniques. To that end,
we suggest thiollowing approach as a standardized method that can be followed by
investigators doing future comparisons of these and other isolates. The culture methods are
chosen because thaye relatively staratd amondabs working withSymbiodiniumThe high
pressure rapid freezing technique for electron microscopy is chosen beazftess the best

fixation with the fewestartifacts.
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CULTURE GROWTH Cultures were grown in F/2 media (Guillard and Ryther, 1962) in
125mL erlenmeyer flasks under 12/1¢hl dark cycle at about 24.5°C (+ 0.5°) at Auburn
Universty for 3 weeks. Cultures wetensported to the culture room of [Bitt at the
University of Georgia and allowed to grow for 2 weeks under a 12/12 light dark cycle at 26.5°C
(x 0.5°). Isolatessubjected taultrastructurabnalygsare listed in Table 1.

HIGH PRESSURE RAPID FREEZINGixative solutionsverepreparedseveral days
prior tofixation. 0.1%uranyl acetate in HPLC grade acetone was mixed at room temng=gat
days prior to freezing and the day before freezing was transferre@@®G freezer. A vial of 25
mL of HPLC grade acetone was prilled in the-80°C freezer overnight and then 1 g of @sO
was added (making a 4% Os€blution) while the solutiowas kept on dry ice for 10 minutes
beforestoragein a-80°C freezer the day before freezing. Isalesamples were collected a
virtual 'dawn'as defined by the light/dark cydby pipetting 10QL of cells+media using a
Gilson pipetman starting at the bottom of the flask (where ¢lie accumulate) and slowly
drawing the pipette up about 1 cm from the bottom. The pipette was then removed from the flask
and the sample was transferred to a 1.5 ml microcentrifuge tube and centrifugedMyEilge
at 200@) to produce a loose pellet. Most of the remtag F/2 media was removed (leaving the
cell pellet in about 50 pL of F/2 media) ab@ pL of 20% dextran in F/2 media was added and
the cells were rsuspended in a final concentration of 10% dextran in 100 pL of F/2 medium.
The 10% dextran encouratjehe cells to remain clumped together after freezing. Cells were
transferred to planchettes using-a@L Gilson pipetmarand then rapidly frozen in a High
Pressure Freezing Machine (HPM 010 ABRA Fluid AG). After freezing, pellets were transferred
to cryotubes submerged in liquid nitrogen and then transferred te@pled dewer and

maintained in liquid nitrogen until transfer into fixative. The 0.u%nyl acetate in acetone and
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4% OsQ in acetone were then mixed (all vials kept on dry ice) ifladtio and aliquoted into
enough vials for the frozen samples. After 2 hours inr8B&C freezer, the frozen samples in
planchettes were quickly added to the vials of 1:1, Qui&ayl acetate: 4% OsQn acetone, all
vials and cryotubes being kept orydre. Samples in fixative were then place@ #80°C
freezer for 4 days. Samples were next moveal-20)°C freezer for 3 hours, then to a 4°C
refrigerator for 2 hours, and finally ineofume hood at room temperature for 30 minutes. After
this gradual return to room temperature the fixative was removed and samples were rinsed 3
times in 100% HPLC grade acetone for 15 minutes each. Samples were then removed from
planchettes anohfiltrated with Low viscosity Embedding Media Spurr's Kit (hard recipe
ElectronMicroscopy Science$ by first adding the embedding resin as a 1:2 mix in acetone and
leaving it overnight at room temperature. The next day the samples were changed to 2 parts
embedding resin to 1 part acetone for 8 hours and then into 100% resin overnight. The next
morning samples were placed in fresh 100% resin for 8 hours. Near the end of the day the
samples were transferred to catalyzed resin in Beem capsules. After 1 hour at room temperature
in the catalyzed resin the samples were placed in an oven at 60°€ftdnd 2448 hours to
ensure hardening.

TRANSMISSION ELECTRON MICROSCOB¥mples were sectioned using a Reichert
Jung Ultracut E Microtome and placed on copper 75 mesh grids (EMS). Samples were stained
using 4% aqueous solution of uranyl acetate foto120 minutes and then stained with 0.1%
agueous solution of lead citrate for 5 minutes. Samples were viewed on a Zeiss EM 10C 10CR
Transmission Electron Microscope and digital images were taken using Maxim DL5 software
andSIA-L3C 4.3 megapixel (Scieffic Instruments & Applications, Duluth, GA 30096)

MEASUREMENTS AND STATISTLAS order to obtain accurate measurements of cell
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size, only cells larger thanm in diameter were measured and added to a list to obtain 100
measured cells from each ist@a Since cells were often oblong in shape, the diameter was
measured twice, at the largest point andsthallestonly one of those measurements had to be
greater than am. These cells were then sorted by size (based on the greatest of 2 diameter
measirements) and only the largest 30%5=-30) were used to determine average cell size.
Measurements were made first usMgxIMDL5 software and then confirmed using Image

Plus (Versior7.0; Media Cybernetics0D9). The first measurement made on each cell was a
crosssectional area measurement. This was obtained by setting the scale of the image and then
manually encircling the entire cell to get an area. Cell size differences (both of the greatest
diameterand of a crossectional area measurement) among isolates were compared usiag a one
way ANOVA run on SAS (Version 9.2) to ascertain any significant differences:h@osnultiple
comparison tests were run with a Tukesamer adjustment to examine whichasiis exhibited
significant differences in size. Additionally, thylakoid size, cell membrane size, cell wall size,
and outer membrane size were analyzed using @avageANOVA run on SAS (Version 9.2)

followed by a TukeyKramer adjustment.

DNA EXTRACTON, AMPLIFICATION AND SEQUENCING OF Cp2d3NA. DNA
extraction and sequencingeve performed on all 5 isatiesaccording to Santas al. (2002). PCR
success was confirmed by electrophoresis in a 1% aggedsnd visualized by ethidium
bromide staining and ultraviolet (UV) light. Amplicons were sent to Genewiz, Inc. for

sequencing.
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Figure 1: Representative examples of 5 isolate&dyaibiodiniunshowing characteristic
ultrastructureAll diameters listed are of the greatest distance across the cell in the case
oblong cells. A. An average cell ¥1.09 with a diameter of 8.5 um. He peripheral
chloroplast and central dinokaryon nucleus are visible along with some inclusions. B. A
average cell of FAp4 with a diameter of 7.1 um. Here you can see the peripheral lobed
chloroplast and the starch cap around the pyrenoid is visithie.section also shows the
dinokaryon nucleus near the center of the cell. C. An average @glwith a diameter of 7.9
pm. This cell is filled with starch granules and lipid droplets. The peripheral chloroplasts
visible as is the pyrenoid thougfie stalk of the pyrenoid is not included in this section. D.
An average cell o€ECMP421with a diameter of 10.1 um. The cell has peripheral chloropla|
lobes, a dinokaryon nucleus, starch granules and lipid droplets throughout. E. An avera
of Mv with a diameter of 9.1 um. Here the dinokaryon nucleus is clearly visible pushed &
to the edge of center by the presence of a number of starch granules and lipid droplets.
peripheral chloroplast lobes are visible as well. All scale barguane 1
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Figure 2: Cell size of coccoid cells grown in culture during
log phase growth. Symbols indicate which isolates are ng
significantly different from each other (p<0.05). Error barg
indicate the standard error. Cell diameters are of the greg
straght-line distance across a cell; cell cragstional area
was measured in Imadg&ro Plus which allowed the area to
measured very accurately.

RESULTS

SYMBIODINIUM ISOLATE Y109 Y109 was originally cultured by M. Hidaka from an
unknown host in Okinawa, gan. Coccoid cells measured during the log phase of growth range
in average size from 8um to 10um in diameter (Averaget0.83um; n=30; Figures1A and 2).

The nucleotide sequence of the cp2B8BIA was previously reported (AY035413; Sansisal,,

66



2002)and confirmed hereThe chloroplast is located peripherally and a single stalked pyrenoid

with a starch cap was observ@gdgure 3A). Thylakoids are arranged in groups of 3, eacht9.4

1.2 nm (n=10; Figure 4A and 5). Tlamellae of 3 thylakoids amdosely pressed together as is

common in dinoflagellates and 8ymbiodinium The accumulation body is circular and

centrally located (Figure 6A)During log phase growth, cells contain many medium to large

lipid and starch granules (Figure 6A). Thel cebordered by an outer membranous layer that

averages 10.51.3 nm (n=10, Figure 7A and 8). Inside the outer membranous layer, the cell

wall averages 134.647.9 nm (n=10). The plasma membrane 131 nm; n=§ is just outside

other membranous orebal vesicle structures that are sometimes seen just below the plasma

membrane (Figure 7A). Some cells contain a large dark central structure that contains plentiful

calcium oxalate crystals (Figure 9A, C, and E). At the periphery of the cell, usualiydrethe

cell membrane and chloroplast, there are many small dark staining granules (Figurel0A and D).

The nucleus has the standard dinokaryon nuclear structure and is located centrally (Figurel1A).

The mitochondria also have the tubular cristae typicdinoflagellates (Figure 12A).
ULTRASTRUCTURAL DESCRIPTION G¥MBIODINIUM ISOLATE FLAP4.FLAp4

was originally isolated by S.R. Santos fréaptasia pallidain the Florida Keys. Coccoid cells

of isolate FLAp4during log phase growth averaged 6.5um.&ué in diameter with an average

diameter of 7.5:0.6 um (n=30) (Figures 1B and 2) he cells have a peripheral chloroplast

attached to a single stalked pyrenoid with a starch cap (Figure 3B). Within the chloroplast,

thylakoids are arranged in groups3yfeach approximately 1048..8 nm (n=10; Figure 4B and

5). The lamellae of 3 thylakoids are stacked closely as is common in dinoflagellates and in

Symbiodinium The accumulation body is circular and centrally located (Figure ©B3.cell

wall (122+51.7 nm) is bordered by an outer membranous layet 9.9 nm across (n=10,
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Figure 3: Examples of the pyrenoid with starch cap in 5 isolates of
SymbiodiniumA. A cell of Y109 with the pyrenoid clearly indicated
by the starch cap surroundirig. An example of the pyrenoid in
FLAp4 with the stalk visible. C. A cell ofp with the classic
pyrenoid and starch ca. A cell of CCMP421the stalk only
partially visible. E. An exampledmMv with no visible stalk of the
pyrenoid. F. A high magnification image of the pyrenoid from Ap;
notice that there are no lamellae present within the pyrenci. A
have scale bars of 2um. The scale bar in F is 500nm.
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