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ABSTRACT
The increased frequency of bleaching events along with declining populations of reef-building
corals warrants the further study and understanding of Cnidarian-Symbiodiniaceae mutualisms. The
species of Symbiodiniaceae that colonizes the host directly influences the fitness of coral, but the
mechanism of this specificity is poorly understood. Here, we used the mangrove jellyfish (Cassiopea
xamachana) as a model organism, to test if the concentration of Symbiodiniaceae spp. during polyp
colonization positively correlates with the final concentration of Symbiodiniaceae spp. within the tissues
of C. xamachana after strobilation. In this experiment, we inoculated C. xamachana with pairwise
dilutions of three species of Symbiodiniaceae; the homologous symbiont Symbiodinium microadriaticum,
and heterologous symbionts; Breviolum minutum and Durusdinium trenchii. Using qPCR, we found that
the homologous symbiont S. microadriaticum was more abundant in ephyrae than the other two species
when introduced at low concentrations. When ephyrae were inoculated by both heterologous
Symbiodiniaceae spp., differences in final symbiont cell abundance were less pronounced. These data
suggest that the relative amount of different Symbiodiniaceae spp. in the water column has dissimilar
effects on host colonization, dependent on the symbiont species present during inoculation. Using this
study as a baseline, future studies should focus on how host colonization changes with environmental
stress in order to understand how this symbiont-host specificity may shift with continued warming of the
oceans. However, despite the importance of physical environmental conditions on influencing the stability
of certain host – symbiont combinations, species-specific fidelity between host and symbiont appear to be
most important.
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Chapter 1
Introduction
Members of the phylum Cnidaria, occur in marine and freshwater environments from
tropical, sub-tropical, and temperate regions across the planet (Martínez et al., 2010). Moreover,
they are important in many of the complex food webs from these biomes. Indeed cnidarians are
an important keystone taxa in the global planktonic community (Lucas et al., 2014), deep-sea
benthos (Bongiorni et al., 2010), and shallow-water reefs (Gabay, 2018). Their ability to harbor
photosynthetic dinoflagellates (Symbiodiniaceae), allows them to provide bioaccessible carbon,
in desert-like, marine environments that otherwise would have few available nutrients (Gabay,
2018; Mansfield & Gilmore, 2019). This obligate mutualism between Symbiodiniaceae and
Cnidarians is common across all the major classes of Cnidaria and most notably in reef-building
corals (LaJeunesse et al., 2018).
Shallow-water coral reefs are a particularly important ecosystem and serve as
biodiversity hotspots and nurseries for many species of fish and invertebrates (Coker et al.,
2014). Moreover, many cnidarians that live in reefs produce a wide range of secondary
metabolites (Fleury et al., 2000), and are of particular importance in the production of new
pharmaceuticals (Morlighem et al., 2018). These biodiversity hotspots are present because the
coralline reef formations produced by corals provide a wide variety of structure used by
organisms for settlement, housing and cover (Coker et al., 2014). Additionally, large amounts of
carbon-rich mucus produced by reef-building corals is an essential mode of nutrient transfer in
low trophic levels in reef ecosystems (Wild et al., 2004). These mutualisms are crucial for
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survival in low-nutrient, shallow-water environments because Symbiodiniaceae spp. provide the
host coral with photosynthetic products. In exchange, the cells of a host coral provide a CO2 rich
environment and inorganic (nitrogen and phosphorous) nutrients (Van Oppen & Lough, 2018).
Current increases in climate change are resulting in huge “bleaching” events which have
killed large expanses of reef habitat. This bleaching is caused by the coral’s sudden expulsion of
its photosynthetic endosymbionts due to light, or heat stress (Abrego et al., 2008). Sadly, even
the current goals set to limit climate change to an increase of only 1.5 ºC will still result in mass
coral bleaching events (Van Oppen & Lough, 2018). For this reason, the further study of obligate
Symbiodiniaceae – cnidarian mutualisms is needed and may provide us with more insight on
how, and to what degree, climate change will affect coral reef ecosystems, and how we might
lessen any deleterious effects.

Symbiodiniaceae
Micro-algae in the family Symbiodiniaceae are a large and diverse group of single celled
dinoflagellates. The Symbiodiniaceae family is cosmopolitan, in that members of the family are
present in all of the world’s oceans. Most species reside near the equator with large diversity
hotspots in the Caribbean Sea, the Indo-Pacific, and the Red Sea ( LaJeunesse, 2002).
For many decades, they were grouped into a single genus, Symbiodinium, but a recent
systematic revision has split the group into seven genera based on significant genetic
divergences, which correspond to large differences in ecology, and geographic distributions
(LaJeunesse et al., 2018). Certain Symbiodiniaceae can be exclusively free-living, but form a
mutualistic symbioses with animals, including; cnidarians, giant clams, sponges,
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Platyhelminthes, discoidal foraminifera, and ciliates (LaJeunesse et al., 2018; Pochon & Gates,
2010). These relationships are beneficial to the host because of the symbiont’s ability to
photosynthesize and translocate a portion of the organic carbon to the host. Past estimates have
calculated that nutrients transferred to the host by the symbiont (translocation) provide upwards
of 90% of the host’s daily metabolic needs (Suescún-Bolívar et al., 2012).
It is near impossible to identify to the species and genera level using external
morphology, but there are several intracellular physiological differences between genera (Todd
C. LaJeunesse et al., 2018). An exception to this is, Breviolum minutum which is noticeably
smaller (6-7μm) than most Symbiodiniaceae spp. who vary in size from 10-12 μm (Todd C.
LaJeunesse et al., 2018).
Symbiodiniaceae exist in two major forms; coccoid and mastigote (Trench & Thinh,
1995). During the coccoid stage, Symbiodiniaceae are mostly spherical and lack flagella. Their
cell wall appears smooth instead of plated. This is the stage that predominates in the host tissues.
In contrast, the mastigote stage is motile by means of its flagella, and characterized with its
whirling motion. The motile mastigote stage, while likely important in dispersal and finding a
new host, has a much shorter duration than the coccoid stage.
Symbiodiniaceae cell division is based largely on circadian rhythm. It is known that there
is a diel cycle in many Symbiodiniaceae (Fitt & Trench, 1983b). At night and during very low
light conditions, coccoid cells replicate their chromosomes. At the beginning of a light cycle, the
coccoid cell then divides into two mastigote cells. The rate of this division decreases as nutrients
are depleted from the culture media (Fitt & Trench, 1983b). Symbiodiniaceae may also
reproduce via meiosis as some coccoid cells divide twice to produce four mastigote cells
(Freudenthal, 1962). While not yet observed, genetic evidence of recombinant genotypes
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indicates that recombination occurs frequently (LaJeunesse, 2001) and the presence of all major
meiosis genes further substantiates the occurrence of sex among these organisms.

The Mangrove Jellyfish, Cassiopea xamachana
The mangrove jellyfish (Cassiopea xamachana) belongs to the phylum Cnidaria. This
phylum also includes corals, box-jellyfish, hydroids, anemones, and true jellyfish. Cassiopea
xamachana is a true jellyfish within the class Scyphozoa. This phylum is known to inhabit the
entire breadth of the world’s oceans; from cold, abyssal zones, to shallow warm-water coasts.
Cnidarians are also characterized by having cnidocyte cells containing explosive, harpoon-like
needles filled with venom to capture food.
Members of the genus Cassiopea are commonly found in mangrove lagoons and
estuaries, around the world. Cassiopea xamachana is the common species in the Caribbean Sea,
Gulf of Mexico, and Western Atlantic (Ohdera et al., 2018). Like other Scyphozoans, Cassiopea
spp. feed on zooplankton by using their oral arms lined with cnidocyte cells. The members of the
genus Cassiopea are particularly unique in two ways. Firstly, Cassiopea spp. have an obligate
mutualism with Symbiodiniaceae just as reef-building corals do (Bigelow, 1900). In their
medusa stage, they rest their flat circular bells on the sea floor with their tentacles positioned
upward (Bigelow, 1900). This behavior is the reason for their common name, the upside-down
jellyfish.
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1.

Figure 1: Progression of strobilation in Cassiopea xamachana (Solanki, 2016).

Cassiopea xamachana has a multi-stage lifecycle encompassing several different
morphologies (Fig. 1). When reproducing asexually, polyps create small elliptical planuloid
larvae at the base of the polyp bell. This planuloid separates from the polyp in search of a new
place of settlement. Its locomotion is driven by many cilia on its surface. Upon reaching a new
location, the planuloid will adhere to a hard surface and begin to metamorphose into a new
polyp. Settlement and polyp formation are dependent on the presence of certain bacteria
biofilms; in particular, biofilms made by Vibrio spp. release metabolites that can trigger
settlement (Ohdera et al., 2018).
Initially during early development, polyps are initially aposymbiotic (lack symbionts).
After developing a mouth, they begin ingesting mastigotes of Symbiodiniaceae (Fitt & Trench,
1983a). It is here that Symbiodiniaceae are phagocytosed by the host gastrodermal cells (Fitt &
Trench, 1983a). It is unknown how the Symbiodiniaceae bypass/suppress the host cell’s immune
system (Ohdera et al., 2018), but may be similar to how pathogens evade digestion by blocking
lysosomal fusion (Fitt & Trench, 1983). After several days, the host cells containing the
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Symbiodiniaceae move into the mesoglea. Symbiont cells then begin to divide asexually within
the host cell (N. J. Colley & Trench, 1985).
The polyp will then go through a form of metamorphosis called strobilation (Fig.1).
During this process, the tentacles recede, a bell develops from the polyp cup and slowly widens,
and then starts to pulse using slight contractions. The intersection between the stalk and polyp
begins to thin until the pulsing medusa separates from the stalk forming the juvenile medusa
stage, called an ephyra. Unlike other scyphozoans who are predominately triggered to strobilate
due to temperature change, the process of strobilation in Cassiopea is predominantly triggered
when the tissues of the polyp are colonized by Symbiodiniaceae (Ohdera et al., 2018). It is
unknown what cue or signal(s) from Symbiodiniaceae triggers strobilation (Hofmann & Kremer,
1981). Many scyphozoans are polydisc strobilators, which produces several stacked ephyrae at
once from its stock. However, Cassiopea spp. strobilate one ephyra at a time, known as
monodisc strobilation. Cassiopea can also reproduce sexually during the medusa stage. During
this time, male medusae spawn and sperm swims to the eggs on the female where it fertilizes
them. The female then broods planula larvae on her oral arms until they are developed enough to
be motile. The planula are released and search for suitable settlement surfaces to attach and grow
into a polyp (Ohdera et al., 2018).

Cnidaria – Symbiodiniaceae Specificity
Corals are known to exhibit specificity for particular species of Symbiodiniaceae in
adulthood (Abrego, Van Oppen, & Willis, 2009b; T. LaJeunesse et al., 2004; T.C. LaJeunesse,
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2002; T C LaJeunesse et al., 2004; Todd C. LaJeunesse et al., 2003; Matthews et al., 2017).
However, it remains unknown to what extent biochemical and cellular signaling influence
specificity among these animal-alga mutualisms (Colley & Trench, 1983; Mellas et al., 2014). It
has been proposed that specificity is dynamic and results from multiple molecular and cellular
processes that proceed after inoculation (N. Colley & Trench, 1983).
It is crucial to better understand the biotic and abiotic factors influencing host-symbiont
combinations because certain partnerships can determine the growth rate and thermal tolerance
of the cnidarian host (Mieog et al., 2009). Because this mutualism is within host tissues, any
differences in Symbiodiniaceae spp. may contribute to fitness and survivorship of the host
(Matthews et al., 2017). However, studying this mutualism is difficult because corals themselves
exhibit very slow growth, hard calcareous skeletons, and narrow environmental tolerances. All of
these factors contribute to the difficulty in manipulating corals in a laboratory setting.
Fortunately, there are symbiotic animals that are easier to work with and can act as model
systems to better study the biology of cnidarian-Symbiodiniaceae mutualisms (Weis et al., 2008).
As with reef corals, Cassiopea xamachana exhibits specificity to particular
Symbiodiniaceae spp. (Thornhill et al., 2006). The easy maintenance, fast generation time, and
soft, gelatinous body of C. xamachana facilitates laboratory study, making it a suitable model
organism. Under natural circumstances, Symbiodinium microadriaticum is the predominant
species of Symbiodiniaceae that associates with C. xamachana. However, under experimental
conditions many species of Symbiodiniaceae can colonize and establish a mutualism with C.
xamachana (Colley & Trench, 1983; Mellas et al., 2014).
In nature, many of the less abundant species of Symbiodiniaceae will continue to be
present in low densities in C. xamachana. These are designated as “background,” or
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heterologous symbionts as opposed to the main homologous symbiont. Some researchers believe
these background symbionts to have little effect on cnidarian fitness (Lee et al., 2016). In
addition to Symbiodinium, Symbiodiniaceae in the genera Breviolum, Cladocopium, and
Durusdinium are all known to colonize C. xamachana during early development (Thornhill et al.,
2006). Although, under laboratory conditions, C. xamachana grows and strobilates when
infected with one of these heterologous symbionts (Solanki, 2016). However, S. microadriaticum
generally has a faster colonization rate in C. xamachana than in other species of symbiont
(Solanki, 2016).
Heterologous symbionts have different attributes such as growth rate, temperature
tolerance, etc., which may influence their rate of colonization and the health of the host (Todd C.
LaJeunesse et al., 2018). For example, members of the genus Durusdinium are known to have
generally higher tolerances to extreme temperatures than other members of Symbiodiniaceae
(Todd C. LaJeunesse et al., 2018). Likewise, it is worth noting that this colonization rate does
change depending on host species. For example, members of the genus Durusdinium are known
to infect Acropora corals faster than other genera of Symbiodiniaceae (Abrego et al., 2009a).
These differences may give certain Symbiodiniaceae competitive advantages over others during
initial inoculation.
In single-species inoculations, various genera of Symbiodiniaceae exhibited different
clustering densities within amoebocyte cells of C. xamachana (Solanki, 2016). Breviolum
minutum grows to notably large numbers (20-30+) within a single host cell, while S.
microadriaticum has numbers of about 10-12 cells per host cell. This difference, leads to a
conclusion that B. minutum should outcompete the homologous symbiont with greater numbers;
however, this is not the case.
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The concentration of Symbiodiniaceae spp. in the water column appears to correlate with
host colonization rates in the laboratory, and in nature (Thornhill et al., 2006). However, it is
unknown whether the abundance of symbiont cells within the environment influences specificity.
I decided to test whether differing concentrations of two competing Symbiodiniaceae species
positively influenced their success in colonizing and dominating a host individual. In doing so,
determine if specificity to the homologous symbiont by the host remains true. For this, I used
pairwise dilutions of Symbiodiniaceae spp. to infect aposymbiotic C. xamachana polyps and
trigger strobilation. DNA extracted from strobilated ephyrae were analyzed using qPCR to
determine relative concentrations of Symbiodiniaceae spp. within the ephyrae. Data statistics
were analyzed using R Studio. In addition to qPCR data, microscopy images of Symbiodiniaceae
cell cluster densities within ephyrae will provide insight on how, or if, these densities differ from
single-species inoculations from Solanki (2016).
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Chapter 2
Methods

Organisms

All aposymbiotic C. xamachana polyps used in all three experiments were taken from the
T2-F genetic line from the Medina Lab collection at Mueller Lab, University Park, PA. Before
the experiment, polyps were kept in a separate Symbiodiniaceae-free dark room at 26°C to
ensure the polyps were aposymbiotic. Polyps were fed freshly hatched San Francisco strain
Artemia twice weekly before, and during the experiment. Water changes were done twice
weekly.
Table 1: Strains and cultures of organisms used during the experiment.

Species
Cassiopea xamachana(1)

Strain/culture

Source

T2-F, T1-F, T1-B, T1-D, T2-D

Ohdera

Symbiodinium microadriaticum

KB8

Coffroth

Symbiodinium microadriaticum

RT-61

Trench

Breviolum minutum

RT002

Trench

Breviolum minutum

Mf1.05b

Coffroth

Durusdinium trenchii

CCMP2556

Coffroth

(1)Additions

strains of Cassiopea besides T2-F used for imaging experiment.

Symbiodiniaceae culture concentrations were calculated using a hemocytometer.
Symbiodiniaceae were all in log-phase during inoculation. This means that the majority of cells
were in their motile, mastigote stage. Cell motility was determined by cell count, and a
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brightfield microscope to detect motion. Sources and strains of organisms used are listed in
Table 1. Symbiodiniaceae cultures were maintained in a marine seawater media in fluorescent
bulb lighting of 100-200 mol m-2 s-1.

Inoculation

Aposymbiotic polyps were collected and placed into five separated, 6-well cell culture
plates. Five polyps were placed in each of three wells in each treatment plate. Wells were filled
with 10mL of Instant Ocean seawater at 35 ppt salinity. There were five treatments per
experiment with 100,000 total cells of Symbiodiniaceae spp. in each well. Treatments consisted
of pairwise dilutions of two species per experiment (Table 2). Three identically designed
experiments compared S. microadriaticum vs B. minutum, S. microadriaticum vs D. trenchii, and
B. minutum vs D. trenchii (Fig. 2).

Ephyrae collection

Approximately two weeks after the polyps were initially exposed to Symbiodiniaceae,
polyps began showing morphological changes. These changes were documented daily using a
scoring guide based on Figure 1. Newly strobilated ephyrae were preserved in 500 L
DMSO/EDTA/NaCl solution and stored at 4C.

12
DNA extraction

The ephyrae were homogenized in a Biospec MINI BEADBEATER TM for 30 seconds
using 0.5ml of 0.1mm-0.5mm diameter zirconia beads. DNA from the homogenized ephyrae
were extracted using the Qiagen DNeasy Blood and Tissue Kit. Initial DNA concentrations were
measured after extraction with a Thermo Scientific NanoDrop 2000c spectrophotometer to
determine which samples had sufficient DNA for qPCR analysis.

qPCR

Genus specific primers, were used to identify Symbiodinium, Breviolum, and
Durusdinium (Correa et al., 2009). The primers are referred to as clades A, B, and D respectively
in Correa et al. (2009). All DNA extractions were diluted to 1:10 dilutions. Each qPCR well was
loaded for 10L reactions with 0.4 L of each primer (10 M forward and 10 M reverse), 5 L
of SYBR Green 2X Master Mix, 2.2 L of nuclease-free H2O, and 2 L of the diluted DNA
sample. Each reaction was run in triplicate as technical replications. I used an Applied
Biosystems StepOnePlusTM Real-Time PCR System. Reaction conditions were modified from
Correa et al. (2009): denaturing 10 minutes at 95°C, 50 Cycles of: 95°C for 15 seconds and 60°C
for 1 minute. Melt curves were measured with 0.3°C increments to ensure correct amplification
for each reaction well. Ct values of replicates were checked to ensure they were within one cycle.
Note that larger Ct values indicated the presence of less DNA.
Standards for dilution curves from each Symbiodiniaceae spp. were provided by
LaJeunesse Lab of known cell number. These standards were used for each genus to normalize
Ct values that may have varied because of gene duplicates that vary across genera. The
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normalization factor to apply to x in terms of y, where x and y are genus specific primer Ct
values for a single sample, was found with the equation:
Ct Normalization Factor = 2𝐶𝑡(𝑥)−𝐶𝑡(𝑦)

The GenEx6 program was used to normalize values across plates based on the control
well of DNA from known species and cell number. Statistical analyses of normalized Ct values
(dependent variable) for each of the three experiments were done by a two-way, betweensubjects ANOVA test. A Tukey’s post hoc test was used to show where there were significant
differences among the three levels of the independent variable, “initial inoculation percentage”.

Figure 2: Graphic of inoculation setup. a.) Five aposymbiotic C. xamachana polyps added to each treatment well. b.)
Symbiodiniaceae concentrations within each well vary by treatment. Each having the same total number of cells, but differing proportions
of Symbiodiniaceae spp. c.) Colonization of symbiont triggers strobilation into ephyra, which are collected and preserved.
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Imaging Experiment

In order to link my findings with Solanki (2016), a separate experiment using two
cultures of S. microadriaticum (KB8 and RT-61) and two cultures of B. minutum (RT002 and
MF1.05b) were used in 50%/50% pairwise dilutions. 100% controls were also used for each
culture and a non-colonized control, totaling in 9 plates. In this experiment, four separate genetic
lines of C. xamachana were mixed and randomly distributed. This experiment was set up in this
way to ensure that these trends were not culture specific.
Multiple Images of ephyra mesoglea cells containing Symbiodiniaceae were taken on a
Keyence BZ-9000 E Microscope. Ephyrae were photographed within a week of strobilation.
Ephyrae were placed between two glass coverslips and photographed with a 20x phase objective
lens in brightfield. This imaging was done to count Symbiodiniaceae in each mesoglea cell,
because it is known that Symbiodiniaceae cluster differently based on their species (Solanki,
2016). I analyzed metadata of average symbiont cluster cells in host cell from the Solanki (2016)
experiment using a Kruskal-Wallis H test (a nonparametric, one-way ANOVA) and
nonparametric U tests to compare cluster sizes between three symbiont species. A Levene’s test
indicated cluster size data was of unequal variances among symbiont species, calling for
nonparametric tests to be used.
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Table 2: Total number of cells added to each well during initial inoculation for each of three
experiments.
PLATE NUMBER

1

2

3

4

5

INOCULATION 1
S. MICROADRIATICUM

100,000

75,000

50,000

25,000

0

B. MINUTUM

0

25,000

50,000

75,000

100,000

S. MICROADRIATICUM

100,000

75,000

50,000

25,000

0

D. TRENCHII

0

25,000

50,000

75,000

100,000

B. MINUTUM

100,000

75,000

50,000

25,000

0

D. TRENCHII

0

25,000

50,000

75,000

100,000

INOCULATION 2

INOCULATION 3
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Chapter 3
Results

qPCR Results

Results from qPCR indicated that S. microadriaticum was always more abundant than D.
trenchii and B. minutum regardless of initial inoculation percentage (Fig.3A, Fig.3B). Final
concentrations of B. minutum were slightly higher than initial inoculation percentages when
paired with D. trenchii (Fig.3C).
To establish if these trends of final Symbiodiniaceae concentration in ephyrae followed
the initial inoculation percentages of Symbiodiniaceae, a between-groups two-way ANOVA was
performed (Table 3). I found that initial inoculation concentration was only significant when S.
microadriaticum and D. trenchii were competing. Additionally, species identity significantly
affected final concentrations when S. microadriaticum and B. minutum competed.
The Tukey’s post hoc test revealed that within the S. microadriaticum vs. D. trenchii
experiment, only; 25% S. microadriaticum vs 75% D. trenchii, and 50% S. microadriaticum vs
50% D. trenchii treatments were significantly different from each other relative to the dependent
variable. A Levene’s test for equal variances among the levels of the independent variable
calculated a P-value of 0.079, indicating equal variance and that a parametric test would still be
appropriate. There were no significant interactions between two independent variables species
identity and initial concentration of inoculation on the dependent variable normalized Ct values.
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All control inoculations containing 100% of a particular Symbiodiniaceae spp. were all
uncontaminated as indicated by the qPCR only showing the presence of each control species.
Negative controls using aposymbiotic Cassiopea polyps remained uninfected.
Table 3: Between-groups two-way ANOVA results for initial competition treatments, using normalized Ct
values.

DF(1)
S. microadriaticum vs. D. trenchii
INITIAL INOCULATION
2
PERCENTAGE
SPECIES IDENTITY
1
INTERACTION
2
RESIDUALS
34
S. microadriaticum vs. B. minutum
INITIAL INOCULATION
2
PERCENTAGE
SPECIES IDENTITY
1
INTERACTION
2
RESIDUALS
33
B. minutum vs. D. trenchii
INITIAL INOCULATION
2
PERCENTAGE
SPECIES IDENTITY
1
INTERACTION
2
RESIDUALS
29
(1)

SUM SQ

MEAN SQ

F VALUE

P

90.47

45.23

5.05

0.012

9.34
14.82
304.57

9.34
7.41
8.96

1.042
0.827

0.315
0.446

13.72

6.86

1.008

0.376

163.93
6.07
224.75

163.93
3.04
6.81

24.07
0.446

2.43E-05
0.644

17.2

8.591

0.503

0.61

14.8
44.2
495.3

14.775
22.1
17.079

0.865
1.294

0.36
0.29

100% controls not listed in treatments, because they were used as
experimental controls.
(2)
Significance P<0.05= (*), P<0.01= (**), P<0.001= (***)

SIG.(2)
*

***
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A)

a
b
ab

B)

C)

Figure 3: Percent of cells belonging to a given Symbiodiniaceae sp. within ephyra (Std. Dev.)
plotted for each treatment of species combinations. Percent of cells belonging to one of two
Symbiodiniaceae sp within Ephyra in paired competition experiments with varying starting
densities for A) D. trenchii (red bars) vs S. microadriaticum (blue bars), B) B. minutum (green
bars) vs S. microadriaticum, and C) D. trenchii vs B. minutum. Black dots used to visualize the
original inoculation concentrations during first inoculation. Letters in “A)” indicate significant
differences between treatments as calculated by post hoc tests.
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Cell Cluster Size and Imaging Experiment

The imaging experiment did yield some findings even after two repeated experiments
with large polyp die-off events; first due to poor light levels, and the second for unknown
reasons. Some images were taken of ephyrae from polyps that recovered from the second die-off
event. Cluster sizes were from 4 individuals with all 4 strains of Symbiodiniaceae used present
(Table1).

a

Competition

Control

Treatment

b

b

c

Figure 4: Box and whisker plot of average number of symbiont cells in each cluster
within mesoglea cells of C. xamachana. Metadata from Solanki (2016) used as control.
Competition treatment cluster counts from 50%/50% inoculations. Letters above each plot
indicate significant differences between groups from Mann-Whitney U-test.

Metadata from Solanki (2016), shows distinct differences between average cluster size
per cell between species (Fig.4). Images of single species inoculations show that B. minutum

20

clusters in groups of up to 30 individuals within a single host cell (Fig. 5a). However, S.
microadriaticum resides in clusters of 11-12 individuals within a host cell (Fig. 5b). In
treatments with two competing symbionts, cell cluster size is more variable. Symbiont cells per
cluster, and cell size differences are visually distinguishable in dual species inoculation
treatments, and implies the presence of both species (Fig. 5c).
A Levene’s test indicated that cluster size data was of unequal variance, calling for
nonparametric tests. A Kruskal-Wallis H test (nonparametric one-way ANOVA) indicated a Pvalue of near 0 (Table 4). Paired Mann-Whitney U tests (nonparametric t-test), indicated that all
three species of Symbiodiniaceae have significantly different cluster sizes from each other.
These tests also indicated that the cluster cell counts from S. microadriaticum were not
significantly different than the 50% S. microadriaticum/ 50% B. minutum inoculation treatment
(Table 4, Fig.4).
Table 4: Nonparametric stats using number of Symbiodiniaceae per cluster by species of symbiont.

Sig.(1)

n

df

Statistic

P-Value

Kruskal-Wallis H Test(2)
Levene's Test(2)

869
869

2
3

1309.512
38.96

4.40E-285 ****
2.20E-16 ****

Post hoc (Mann-Whitney U Test)
S. microadriaticum - B. minutum
S. microadriaticum - D. trenchii
B. minutum - D. trenchii
S. microadriaticum - 50%/50% Competition
B. minutum - 50%/50% Competition
D. trenchii - 50%/50% Competition

468
482
338
531
387
401

1 Significance:

44041
14012
27285
34861.5
32407
9198

1.32E-43
1.50E-18
8.00E-48
0.803
4.70E-39
2.93E-20

****
****
****
****
****

P<0.000001=(****)
all data from both control counts from Solanki (2016) metadata, and competition treatment
counts.
2Using
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a) Breviolum minutum

b) Symbiodinium microadriaticum

c) 50% S. microadriaticum / 50% B. minutum

Figure 5: In hospite photographs of Symbiodiniaceae clusters within C. xamachana mesoglea. Keyence BZ-9000
E, 20x phase. a) B. minutum clusters in groups of up to 30 individuals per host amoebocyte cell. b) S. microadriaticum
clusters in groups of about 6-12 individuals per host amoebocyte cell. c) It is possible to see greater variety in cluster sizes,
indicating the presence of both competing species. Green oval = Likely B. minutum. Blue oval = Likely S. microadriaticum.
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Chapter 4
General Discussion
As the homologous symbiont, S. microadriaticum was always the most abundant in
ephyrae relative to D. trenchii and B. minutum regardless of initial abundances. Thus, even under
situations where S. microadriaticum cells were considerably fewer than cells of heterologous
symbionts, it had proliferated more effectively to dominate the host’s tissues by the end of the
experiment (~ 4 weeks). From this experiment it seems that initial concentrations during the
initial colonization phase are not necessarily important in dictating the outcome of competition
inside the host. Additionally, these data indicate that as the homologous symbiont, S.
microadriaticum appears to have a competitive advantage over other species when proliferating
in C. xamachana. These findings are discordant with rates of colonization when only a single
species strain is introduced to aposymbiotic hosts. Thus, while concentrations of
Symbiodiniaceae in the environment influences initial colonization rate of the host, over time the
competitive balance can shift if the symbiont is more compatible with the host.
My findings show that the identity of the symbiont likely influences competitiveness of
the homologous symbiont, and not concentration. This is supported in other studies of the
anemone, Exaiptasia pallida, showing that homologous symbionts have a distinct competitive
advantage over heterologous symbionts (Gabay, 2018). It is possible that the host is driving this
specificity and not direct competition between Symbiodiniaceae spp. (Fay & Weber, 2012).
My results align with those of Solanki (2016), who showed that S. microadriaticum had
faster growth rates in C. xamachana, and caused faster strobilation rates in C. xamachana than
either B. minutum or D. trenchii. Both of these factors could influence C. xamachana to select S.
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microadriaticum as its preferred symbiont because faster colonization could equate to, or
indicate, increased fitness and survival. However, S. microadriaticum could be more competitive
than other Symbiodiniaceae spp. at colonizing C. xamachana, by gaining access to host
resources sooner. It is, of course, possible that the most competitive symbiont is not always the
most beneficial symbiont (Jones et al., 2012). Cassiopea xamachana may limit its interactions
with heterologous symbionts in order to preserve space and opportunity for its most beneficial
symbiont, S. microadriaticum (Jones et al., 2012).
If specificity is due to in hospite competition between Symbiodiniaceae rather than hostcontrolled specificity, S. microadriaticum may be the most abundant within ephyrae because of
its competitive advantage over other species of Symbiodiniaceae rather than its benefit to the
host. Specifically, the ability to acquire nutrients from the host by Symbiodiniaceae has been
shown to differ between genera when infecting a cnidarian host (Baker et al., 2013). This
difference in ability to acquire nutrients from the host could cause exploitative competition
between Symbiodiniaceae species to lead specificity of the mutualism in hospite.
Gabay (2018) further observed that the timing of which species of Symbiodiniaceae was
first introduced had a significant positive influence on the success of its colonization into E.
pallida. My experiment did not take this into account and it is unclear whether this would apply
to the Cassiopea system. It is worth noting that my experiments had limited sample size due to
several Cassiopea polyps dying before strobilation.
Microscopy of Symbiodiniaceae within ephyrae tissues did show more variety in cell
cluster size than described by Solanki (2016). The microscopy imaging results visually indicated
that during a mixed inoculation, both S. microadriaticum and B. minutum retain their known
relative cluster sizes. From the images it is possible to see predominantly S. microadriaticum
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clusters, with the presence of a few B. minutum clusters (Fig.5c). Nonparametric tests indicate
that mixed inoculation cluster sizes are not significantly different than S. microadriaticum, and
that S. microadriaticum is overwhelmingly dominant when initially inoculated with equal
amounts of both S. microadriaticum and B. minutum. This supports qPCR results which also
show S. microadriaticum to be dominant. This further indicates that host-symbiont specificity is
determined in hospite from competition between symbiont species or host selection, regardless
of environmental factors. My data, in relation to other findings, points to the complexity of the
Symbiodiniaceae – cnidarian mutualism and should continue to be studied.
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Chapter 5
Future Research
I advise that the “Imaging experiment” be redone, because of polyp die-off events, and to
add qPCR analysis of all ephyrae after they have been imaged. This experiment is crucial for
connecting Symbiodiniaceae competition with the work of Solanki (2016), and could lead to a
better understanding of the intraspecific interactions between Symbiodiniaceae spp., and
interspecific interactions between Cassiopea and Symbiodiniaceae. These images will allow the
visualization of any separation and clustering of competing Symbiodiniaceae spp. within the
host.
In addition to this, tagging each Symbiodiniaceae species with distinct fluorescent
markers that are inherited by daughter cells could enable future researchers to distinguish species
post colonization by using fluorescence microscopy. For example, Cytopainter fluorescence dye
(Abcam, Cambridge, UK) could be used to stain the nuclei of living Symbiodiniaceae cells prior
to infecting Cassiopea spp. Each species would receive a different colored tag before
inoculation, while avoiding Cytopainter blue fluorescence as its excitation wavelength is similar
to that of Chlorophyll-α. Inheritability of the stain to daughter cells is key because
Symbiodiniaceae proliferate throughout the ephyrae via mitosis (Ohdera et al., 2018). This
method would still allow for in vivo analysis of the mutualism, and within-subject experimental
designs across a timescale.
If tagging or staining each species is not possible before inoculation, a genera specific
oligonucleotide and RNA protein probe could be developed to use for in situ hybridization. In
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this method, strobilated ephyra could be fixed, and then Symbiodiniaceae stained post mortem.
Unlike the previous fluorescence method, photobleaching of stains would not be an issue here,
but it would be very difficult to do an in vivo analysis of the mutualism without fixing the
organism.
My competition experiments provide good base-line data for future experiments
intending to see the effect of temperature on Symbiodiniaceae competition. It is possible that
increased temperature stress would be beneficial for the opportunistic species D. trenchii, as it
has increased tolerance to temperature stress (Matthews et al., 2017; Stat et al., 2006). It is also
known that Symbiodiniaceae density (Stimson et al., 2002), and species identity (Abrego et al.,
2008) have influence on coral’s ability to live in thermal and light stress. This would provide
further evidence that it is beneficial for a Cnidarian host to “choose” a more thermally tolerant
species such as D. trenchii. Conversely, Gabay (2018) showed that increased temperature stress
had little impact on which symbiont was dominant. However, this experiment was done with E.
pallida, which has B. minutum as its homologous symbiont instead of S. microadriaticum
(Gabay, 2018).
It is important to note that Symbiodiniaceae mutualisms do vary between, and within
cnidarian taxa (Stimson et al., 2002). For this reason, it would still be beneficial to redo a similar
experiment with the Cassiopea mutualism to demonstrate similarities and differences between
cnidarian-Symbiodiniaceae mutualisms and the role of D. trenchii as a thermotolerant
endosymbiont.
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Chapter 6
Conclusion
In summary, symbiont identity had a significant impact on colonization success. This was
apparent despite the fact that when compared with single species inoculations, a heterologous
symbiont (B. minutum) achieved significantly greater cell densities in the host relative to the
homologous symbiont. In contrast, when only the heterologous symbionts were competed
against each other (B. minutum and D. trenchii), neither had a significant advantage over the
other in determining which one dominated the host ephyra after strobilation. These observations,
support an obligate compatibility between host and symbiont; however, the underlying cellularmolecular mechanisms of this specificity remain unknown. Moreover, it remains uncertain how
the homologous symbionts “out compete” heterologous symbionts and whether the competition
is direct or indirect and to what extent the host mediates these interactions.
These data further suggest that the cnidarian mutualism with endosymbiotic
dinoflagellates is flexible, but different between and within cnidarian taxa. Future investigations
should focus on how external environmental conditions affect interactions between
Symbiodiniaceae species when infecting a coral host. This thesis can serve as a baseline for
future competition experiments in order to fully understand climate change on the
Symbiodiniaceae – coral mutualism using the Cassiopea – Symbiodiniaceae model system. This
information may also provide key insight for parameterizing ecological modeling, and the
change of these symbioses over time and through episodes of major climate change.
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