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List of Figures

Chapter 1

Figure 1.1. Morphologies and cellular structures of Symbiodinium microadriaticum.
lustrations of Symbiodinium cells with cellular structures (taken from Freudenthal
1962): A. Zoospore (motile cell), CH: chloroplast, GI: girdle, LO.F: longitudinal
flagellum, N: nucleus, SU: sulcus, TR.F: transverse flagellum. B. Vegetative (coccoid)
cell, AP: assimilation product, GR: granule, V: vacuole. Light micrographs (taken from
Lee et al. 2015): C. Motile cell showing gymnodinioid morphology, N: nucleus, PY:
pyrenoid. Scale bar =2 um. D. Coccoid cell showing non-flagellated spherical shapes.
Scanning electron micrographs of motile cells (taken from Lee et al. 2015): E. Ventral
view showing the episome, C: cingulum, PE: peduncle, s: sulcal plates. F. Ventral-left

lateral view showing the episome. Scale bars = 1 um.

Figure 1.2. Phylogenetic tree of Symbiodinium according to nr28S (left) and cp23S

(right) datasets (taken from Pochon and Gates 2010).

Figure 1.3. Schematic diagram of nuclear and organelle genomes used for
identification of Symbiodinium types/species. Nuclear ribosomal genes and spacer
regions, including the small subunit (SSU or 18S), large subunit (LSU or 28S), and
internal spacer regions (ITS1 and ITS2), as well as the chloroplastic genes: cp23S and
non-coding region of the psbA minicircle (psbA"™"), mitochondrial cob and col genes,
and microsatellite loci (taken by Sampayo et al. 2009 and modified by LaJeunesse et

al. 2012b; The Tree of Life Web Project: Symbiodinium).



Figure 1.4. Mechanisms for regulating Symbiodinium density in hospite. (i) Expulsion
of either detached a whole host cell or a normal cell and/or a degraded cell by
exocytosis. (ii) Degradation (digestion) of a cell by host phagocytosis. (i) and (ii) is
termed the post-mitotic process. (iii) Inhibition of symbiont cell growth and division
through controlling cell cycle progression which is termed the pre-mitotic process

(adapted and modified from Davy et al. 2012).

Figure 1.5. Life cycle of Symbiodinium microadriaticum. A. Vegetative cell. B.
Vegetative cell undergoing binary fission, producing two daughter cells. C. Vegetative
cyst, differing from the vegetative cell mainly in cell wall thickness. D. Mature
zoosporangium, containing a gymnodinioid zoospore. E. Gymnodinioid zoospore. F.
Aplanospore. G. Cyst containing two autospores. H. Cyst containing developing

isogametes. I. Liberated isogametes (taken from Freudenthal 1962).

Figure 1.6. Life cycle of Symbiodinium including asexual reproduction (right side)
and possible sexual reproduction (left side). Solid lines denote observed
transformations, while dashed lines are possible routes of sexual reproduction or
meiosis. 1. Vegetative coccoid cell. 2. Dividing vegetative cell (doublet). 3. Motile
cells. 4. Dividing vegetative cell (triplet). 5. Isogametes. 6. Diploid vegetative cell
resulting from fusion of the gametes. 5. Tetrad cell, formed from meiosis of the diploid

vegetative cell (adapted and modified from Fitt and Trench 1983 and Stat et al. 2006).

Figure 1.7. Symbiodinium cell cycle progression. Irradiance (i.e. light period, denoted
by yellow field) is required for cell growth and DNA synthesis (G1 to S to G2/M), while
dark period (black field) is required for cytokinesis of mitotic division (G2/M to Gy).
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Motility of Symbiodinium are synchronized to the cell cycle, and increase at the onset
of light which is correlated with the G phase of gymnodinioid cells, decreasing when
cells enter the S phase and the lowest at G2/M phase with coccoid cell (adapted and

modified from Wang et al. 2008).

Chapter 2

Figure 2.1. Location of sampling sites and coral species. A-B. Location of Heron
Island in southern Great Barrier Reef in east coast of Australia. C. Location of
sampling sites (1: Acropora aspera site, 2: Montipora digitata site, and 3: Pocillopora
damicornis site). Collected host coral species: D. A. aspera, E. M. digitata, and F. P,
damicornis. G. Example of coral community surrounded by reef environments

including Padina sp. (collected macroalgae species).

Figure 2.2. Environmental data on Heron reef (2015-2016). Monthly averaged sea
surface temperature (SST, °C) is shown as a black solid line (left Y axis) and monthly
averaged photosynthetic active radiation (PAR, umol photons m™ s') is shown as a
red dashed line (right Y axis) from January 2015 to December 2016. Samplings were
performed in October 2015 (spawning season) and March 2016 (summer season) and

indicated by the grey areas.

Figure 2.3. Box plots for number of sequences, clades, ITS2 variants and OTUs in

each site, habitat and season. Box plots for corals are shown as pink, water as blue,

sediment as yellow and macroalgae as green.
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Figure 2.4. Venn diagrams for in hospite (coral) and free-living Symbiodinium genetic
types in environments. Number of A. ITS2 variants. B. OTUs, belong to clade C.
Number of Symbiodinium 1TS2 variants or OTUs in hospite are shown with orange
circles and in environment (sum of water, sediment and macroalgae samples) with

green circles for each site (coral species) and season (spawning vs. summer).

Figure 2.5. Relative abundance of Symbiodinium clades during the spawning and
summer seasons obtained by DNA metabarcoding. 48 samples: 3 sites (coral species),
4 habitats (in hospite, water, sediment and macroalgae), 4 replicates (a, b, ¢, d) for 2
seasons (spawning vs. summer). Colour of bars for each clade are shown above the

graphs.

Figure 2.6. nMDS plots of Symbiodinium community compositions. A. Clade. B. ITS2
variant. C. OTU. Non-metric multidimensional scaling (nMDS) was performed on
each variable per variant using Bray-Curtis Similarity. CLUSTER analysis was
performed for cladal composition (A); similarity is shown at the 60% (green solid
lines), 70% (purple dashed lines) and 80% (pink dashed lines) levels and vectors
driving the clustering are shown as blue lines. Corals are represented by pink, water
by blue, sediment by yellow, and macroalgae by green with site 1 with circle, site 2
with rectangle, and site 3 with square markers. Plots for the spawning season are shown
with closed markers and the summer season with open markers (all combinations of

the markers are shown below the graphs).

Figure 2.7. Relative abundance of Symbiodinium 1TS2 variants during the spawning
(left panel) and summer seasons (right panel) obtained by DNA metabarcoding.
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Relative abundance of ITS2 variants in each replicate (n = 4) were averaged and top
three ITS2 variants in each clade are shown as bar graphs for each site, habitat and

s€ason.

Figure 2.8. Heatmap of Symbiodinium 1TS2 variant compositions. Compositions of
ITS2 variants in each replicate (n = 4) were averaged and top three ITS2 variants in
each clade are displayed on the right. The colour (scale bar on the top of the graph)
represents the proportion of each ITS2 variants in the sample (0-10% with blue
gradient and 10-100% with red gradient), and white boxes indicate an absence of the

ITS2 variant.

Figure 2.9. nMDS plot of Symbiodinium community compositions based on
abundance of clades A, C and D obtained by qPCR. Non-metric multidimensional
scaling (nMDS) and CLUSTER analysis were performed on each variable per variant
using Bray-Curtis Similarity. Similarity is shown at the 50% (green solid lines) and
80% (pink dashed lines) levels. Corals are represented by pink, water by blue, sediment
by yellow, and macroalgae by green with site 1 with circle, site 2 with rectangle, and
site 3 with square markers. Plots for the spawning season are shown with closed
markers and the summer season with open markers (all combinations of the markers

are shown in the graph).

Figure 2.10. Cell density of free-living Symbiodinium in environmental habitats
obtained by qPCR. Number of cells of free-living Symbiodinium belong to clades A,
C and D were normalised per cm?® for each sample type (habitat) in each site and season,

and replicates (n = 2-4) were averaged. Cell densities are shown in both bubble charts
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(upper panel) and bar graphs (lower panel).

Figure 2.11. nMDS plot for NGS vs. qPCR Symbiodinium community compositions
of clades A, C and D in environmental habitats. Non-metric multidimensional scaling
(nMDS) was performed on each variable per variant using Bray-Curtis Similarity.
Water samples are represented by blue, sediment by yellow, and macroalgae by green

markers. Plots for qPCR are shown with closed markers and NGS with open markers.

Figure 2.12. Relative abundance of Symbiodinium clades A, C and D during the
spawning and summer seasons obtained by two techniques (NGS vs. qPCR). 36
samples per season per technique: 3 sites (coral species), 3 habitats (water, sediment
and macroalgae), 4 replicates (a, b, ¢, d) for 2 seasons (spawning vs. summer) for 2

techniques (NGS vs. gPCR). Colour of bars for each clade are shown above the graphs.

Chapter 3

Figure 3.1. Location of sampling sites and host species. A. Location of sampling sites
in Sydney Harbour (sites 1 and 2) and Botany Bay (site 3) together with host benthic
coverage bar graphs. Benthic coverage of hard corals (Plesiastrea versipora and
Coscinaraea mcneilli): pink bars, soft coral (Capnella gaboensis): orange bars, algae:
green bars, and others (abiotic substrates): purple bars, were obtained by video
transects. Mean percentage of coverages are shown above each bar and error bars
indicate SD. Collected host species: B. P. versipora (hard coral) and C. C. gaboensis
(soft coral). D. Bleached P. versipora. E. Tagged P. versipora during the bleaching

(April 2016) and the recovery (July 2016).
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Figure 3.2. Environmental data in Sydney Harbour (sites 1 and 2) and Botany Bay
(site 3). Monthly averaged sea surface temperature (SST, °C) are shown as black solid
lines (left Y axis) and monthly averaged photosynthetic active radiation (PAR, umol
photons m? s™') are shown as red dashed lines (right Y axis) from January 2015 to
December 2016 for A. Sydney Harbour and B. Botany Bay. SST thermal anomalies
from past 10-year (2007-2016) are shown as black dashed lines for C. Sydney Harbour
and D. Botany Bay. Samplings were performed in December 2015 (pre-bleaching) and

May 2016 (bleaching) and indicated by the grey areas.

Figure 3.3. Box plots for number of sequences, clades and OTUs based on the cp23S
marker in each site, habitat and sampling time. Box plots for P. versipora (hard coral)
are shown as pink, C. gaboensis (soft coral) as orange, water as blue, sediment as

yellow and macroalgae as green.

Figure 3.4. Box plots for number of sequences, clades, ITS2 variants and OTUs based
on the ITS2 marker in each site, habitat and season. Box plots for P. versipora (hard
coral) are shown as pink, C. gaboensis (soft coral) as orange, water as blue, sediment

as yellow and macroalgae as green.

Figure 3.5. Venn diagrams for in hospite (P. versipora and C. gaboensis) and free-
living types in environment. Number of A. ITS2 variants. B. OTUs. Number of
Symbiodinium 1TS2 variants or OTUs in P. versipora are shown with pink circles, C.
gaboensis with orange circles and in environment (sum of water, sediment and
macroalgae samples) with green circles for each site and sampling time (pre-bleaching
vs. bleaching).
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Figure 3.6. Relative abundance of Symbiodinium clades during pre-bleaching and
bleaching obtained by DNA metabarcoding based on the cp23S marker. 3 sites x 5
habitats (hard coral: P. versipora, soft coral: C. gaboensis, water, sediment and
macroalgae) x 4 replicates (a, b, ¢, d) for 2 sampling time points (pre-bleaching vs.
bleaching). Note that no C. gaboensis samples were collected at site 1 during bleaching,
and no bars in sediment and macroalgae samples were due to no amplification/no

sequences. Colour of bars for each clade are shown above the graphs.

Figure 3.7. nMDS plots of Symbiodinium community compositions based on the
cp23S marker. A. Clade. B. OTU. Non-metric multidimensional scaling (nMDS) was
performed on each variable per variant using Bray-Curtis Similarity. CLUSTER
analysis was performed for cladal composition (A); similarity is shown at the 50%
(green solid lines), 80% (pink dashed lines) levels and vectors driving the clustering
are shown as blue lines. Hard corals are represented by pink, soft coral by orange,
water by blue, sediment by yellow, and macroalgae by green with site 1 with circle,
site 2 with rectangle, and site 3 with square markers. Plots for pre-bleaching samples
are shown with closed markers and bleaching samples with open markers (all

combinations of the markers are shown below the graphs).

Figure 3.8. Relative abundance of Symbiodinium clades during pre-bleaching and
bleaching obtained by DNA metabarcoding based on the ITS2 marker. 3 sites x 5
habitats (hard coral: P. versipora, soft coral: C. gaboensis, water, sediment and
macroalgae) x 4 replicates (a, b, ¢, d) for 2 sampling time points (pre-bleaching vs.
bleaching). Note that no C. gaboensis samples were collected at site 1 during bleaching,

and no bars in water, sediment and macroalgae samples were due to no
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amplification/no sequences. Colour of bars for each clade are shown above the graphs.

Figure 3.9. nMDS plots of Symbiodinium community compositions based on the ITS2
marker. A. Clade. B. ITS2 variant. C. OTU. Non-metric multidimensional scaling
(nMDS) was performed on each variable per variant using Bray-Curtis Similarity.
CLUSTER analysis was performed for cladal composition (A); similarity is shown at
the 50% (green solid lines), 80% (pink dashed lines) levels and vectors driving the
clustering are shown as blue lines. Hard corals are represented by pink, soft coral by
orange, water by blue, sediment by yellow, and macroalgae by green with site 1 with
circle, site 2 with rectangle, and site 3 with square markers. Plots for pre-bleaching
samples are shown with closed markers and bleaching samples with open markers (all

combinations for the markers are shown below the graphs).

Figure 3.10. Relative abundance of Symbiodinium 1TS2 variant during pre-bleaching
(left panel) and bleaching (right panel) obtained by DNA metabarcoding based on the
ITS2 marker. Relative abundance of ITS2 variants in each replicate (n = 2-4, depends
on the samples) were averaged and top three ITS2 variants in each clade are shown as

bar graphs for each site, habitat and sampling time point.

Figure 3.11. Heatmap of Symbiodinium 1TS2 variant compositions. Compositions of
ITS2 variants in each replicate (n = 2-4, depends on the samples) were averaged and
top three ITS2 variants in each clade are displayed on the right. The colour (scale bar
on the top of the graph) represents the proportion of each ITS2 variants in the sample
(0-10% with blue gradient and 10-100% with red gradient), and white boxes indicate

an absence of the ITS2 variant.
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Figure 3.12. Box plots for number of clades, ITS2 variants and OTUs based on the
ITS2 marker in each region and habitat. Box plots for hard corals are shown as pink,
soft coral as orange, water as blue, sediment as yellow and macroalgae as green. Sites

and seasons were pooled together.

Figure 3.13. Phylogenetic trees based on OTUs together with sequences in ITS2
reference database SymTyper. A. Clade A OTUs in Sydney Harbour with red letters
plus clade A sequences in SymTyper with black letters. B. Clade B OTUs in Sydney
Harbour with blue letters plus clade B sequences in SymTyper with black letters. C.
Clade C OTUs in Heron Island reef with yellow letters plus clade C sequences in

SymTyper with black letters. Phylogenetic trees were created using QIIME

(make_phylogeny.py).

Figure 3.14. Environmental data in Sydney Harbour (temperate reef) and Heron Island
(tropical reef). A. Monthly averaged sea surface temperature (SST, °C) from January
2015 to December 2016 including sampling periods for both Sydney Harbour
(December 2015 and May 2016) and Heron Island (October 2015 and March 2016).
Black solid line for Sydney Harbour SST and black dashed line for Heron Island SST.
B. Monthly averaged photosynthetic active radiation (PAR, umol photons m? s!) from
January 2015 to December 2016. Red solid line for Sydney Harbour PAR (averaged
PAR at depth 5-7 m where corals inhabit) and red dashed line for Heron PAR at sea

surface.

Figure 3.15. Venn diagrams to show connectivity of Symbiodinium genetic types
between Sydney Harbour (temperate region) and Heron Island (tropical region).
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Number of A. ITS2 variants and B. OTUs. Number of Symbiodinium 1TS2 variants or
OTUs (combining across sites, habitats and seasons) in Sydney Harbour are shown

with blue circles and Heron Island with pink circles.

Figure 3.16. nMDS plots of Symbiodinium community compositions from Sydney
Harbour (temperate region) and Heron Island (tropical regions) based on the ITS2
marker. A. ITS2 variants. B. OTUs. Non-metric multidimensional scaling (nMDS)
was performed on each variable per variant using Bray-Curtis Similarity. Hard corals
are represented by pink, soft coral by orange, water by blue, sediment by yellow and
macroalgae by green markers. Plots for Sydney Harbour samples are shown as closed
markers and Heron Island samples as open markers (all combinations of the markers

are shown at the right to the graph).

Chapter 4

Figure 4.1. DNA histograms of cell cycle progression through 24 h. Example cell
cycle analysis of Symbiodinium type B1 under high light treatment. First distribution
(blue) are cells in G1 phase with 1n DNA content. Second distribution (green) is G2/M
phase, where cells have 2n DNA content (twice as much as G; phase cells). S phase
cells (red) have intermediate DNA content between G and G2/M phase cells. White
bar shows the light period (8:00-20:00) and black bar shows the dark period (20:00-

8:00). All distributions were produced using ModFit LT.

Figure 4.2. Cell cycle progression of four Symbiodinium culture strains through 24 h
under two light treatments (low light vs. high light). Y axis is percentage of Gi, S and

G2/M phase, and X axis is the sampling time points (T0-24). White and black bars on

XX



the top of each graph show the light period (T0-12) and dark period (T12-24),
respectively. Gi phase is shown as dotted lines with black circles, S phase as dashed
lines with open squares, and G2/M phase as solid lines with black rectangles. Values

represent mean + SD (n = 3).

Figure 4.3. Multi-dimensional scaling (MDS) plots of four Symbiodinium culture
strains with cell cycle proportions corresponding to the time of the Go/M peak. A. Light
treatment (low light (LL) vs. high light (HL)). B. Temperature treatment (control vs.
heat). Cluster analysis and MDS were performed on the average of each variable per
variant; similarity is shown at the 93% (solid lines) and 96% (dashed lines) levels and
vectors driving the clustering are shown as blue lines. Low light and high light are
represented by yellow squares and orange circles, respectively. Control temperatures

and heat treatments are represented by blue squares and pink circles, respectively.

Figure 4.4. F\/F,, of four Symbiodinium culture strains. Changes in photophysiology
under light (low light (LL) vs. high light (HL), upper panels) and temperature (control
vs. heat, lower panels) treatment. Low light and control temperatures are shown as
solid lines with open circles and high light and heat treatments are shown as dashed
lines with black circles. Values represent mean + SD (n = 3). The temperature increase
is shown on the top X axis of each graph for heat treatment (lower panel). The
temperatures for heat treatments were; day 2: 27.7 + 0.75°C, day 3: 29.7 £ 0.87°C, day
4:31.9+0.89°C, day 5: 32.0 + 0.81°C, day 6: 32.1 £ 0.56°C, day 7: 32.3 = 0.84°C (£

SD for daily mean temperature measured using iButton® temperature logger).
y p g p gg
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Figure 4.5. Cell cycle progression of four Symbiodinium culture strains through 24 h
under the temperature treatment (control vs. heat). Y axis is percentage of Gi, S and
G2/M phase, and X axis is the sampling time points (T0-24). White and black bars on
the top of each graph show the light period (T0-12) and dark period (T12-24),
respectively. G phase is shown as dotted lines with black circles, S phase as dashed
lines with open squares, and G2/M phase as solid lines with black rectangles. Values

represent mean £+ SD (n = 3).

Chapter 5

Figure 5.1. Key findings from the thesis. Chapter 2: Transiently free-living
Symbiodinium mainly existed in water and macroalgae habitats (seems to be a main
source of symbionts for hosts), in contrast, exclusively free-living types dominated in
sediment. Chapter 3: Unique free-living populations (temperate specific types)
dominated in the high-latitude temperate coral communities and the populations would
shift due to an impact of the heat wave. Chapter 4: Cell cycle progressions of
Symbiodinium were conserved across species, but proportions differed by species.
Heat stress arrested cells in Gi phase and supressed the growth. Arrows indicate the
linkages between the chapters: Chapter 1 — 2: Community structure of free-living
Symbiodinium is shaped by reef structures and environmental conditions; Chapter 2 —
3: Population dynamic seems to contribute for regulating community structure of
Symbiodinium via cell cycle; Chapter 3 — 1: Biodiversity of free-living Symbiodinium

is maintained via individual population turnover.
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Appendix: OTU analysis for Symbiodinium culture strains

Figure 6.1. Box plots for percent identity of sequences within each strain. Background
colour were used to classify the clade of strains: red for clade A, blue for clade B,

purple for clade D, green for clade E, and orange for clade F.
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List of Tables

Chapter 1

Table 1.1. List of Symbiodinium species. 20 species are formally described, whilst 2
species (S. “fitti” and S. “muscatinei”) with quotation marks are nomina nuda
(published specific epithets without formal diagnosis). Synonyms are the species
(nomina nuda) once thought to be a separate species, but later confirmed as identical
to formally described species (adapted from LaJeunesse et al. 2012a; Stat et al. 2012;

Hume et al. 2015; LaJeunesse 2017).

Table 1.2. Summary of Symbiodinium lineages and associated hosts. The nine clades
(A-I) (using 28S rDNA and cp23S rDNA) which constitute the genus Symbiodinium,
with selected literature highlighting the hosts phyla of each lineage (taken only in

hospite information from Pochon et al. 2014).

Table 1.3. Summary of free-living Symbiodinium studies. Literatures for free-living
Symbiodinium diversity are listed in chronological order, with details of sampling sites
(geographical location and latitude), habitats (water: colour coded as blue, sediment:
yellow, macroalgae: green and others: no colour), detected clades (colour coding links
to the habitats), and methodology used for collection and identification of free-living

Symbiodinium.

Chapter 2

Table 2.1. Symbiodinium culture strains used for the efficiency and specificity check
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of the primer sets for gPCR assays. Number of cells per qPCR reaction (5 puL) used as
the highest concentration of standard DNA are shown. DNA was diluted in 1/10, 1/100,
1/1,000, 1/10,000 for making five concentrations for the calibration curves for each

strain.

Table 2.2. Symbiodinium culture strains used as quantification standards for the gPCR
assays for assessing abundance of free-living Symbiodinium. One culture strain from
each clade was selected for use as a quantification standard for the qPCR assay for
each primer set (clades A-F, except E). Number of cells per qPCR reaction (5 pL) used
for making calibration curves (five concentrations) and minimum detection limits are

shown.

Table 2.3. Number of sequences, ITS2 variants and OTUs belong to clades A-I, except

clade E.

Table 2.4. Cell density of free-living Symbiodinium obtained by qPCR. Cell densities
of free-living Symbiodinium belong to clades A, C and D were detected within the
quantification range based on the calibration curves using Symbiodinium culture
strains as standards (list in Table 2.2); however, Symbiodinium belong to clades B and
F were below the detection limits so not included in this table. Number of cells were
normalised per mL for water and sediment samples and per wet weight (g) for
macroalgae samples. In addition, number of cells in all sample types (habitats) were
normalised per cm® for comparison between different sample types. Mean + SD (n =
2-4) are shown for all samples. Cell density of clade which was only detected in one
replicate per sample is shown with no SD.
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Chapter 3

Table 3.1. Symbiodinium culture strains used as quantitative standards for qPCR
assays for assessing abundance of free-living Symbiodinium. One culture strain from
each clade was selected for use as a quantitative standard for qPCR assay for each
primer set (clades A-F). Number of cells per qPCR reaction (5 pL) used for making

calibration curves (five concentrations) and minimum detection limits are shown.

Table 3.2. Number of sequences and OTUs belong to clades A-C, E and F based on

the cp23S marker.

Table 3.3. Number of sequences, ITS2 variants and OTUs belong to clades A-G based

on the ITS2 marker.

Chapter 4

Table 4.1. Summary of Symbiodinium sp. type identifiers and source (geographic

origin and host species) used for cell cycle analysis.

Table 4.2. Cell cycle and growth characteristics across four Symbiodinium culture
strains under the light treatments (low light vs. high light). Cell cycle parameters: G
peak, S peak and Go>/M peak proportions (the maximum % of cells, for each phase,
reached throughout a diel cycle) were obtained from analysis using cell cycle software:
ModFit LT. Growth rates were calculated with equation 1 using cell densities. Mean +
SD (n = 3) are shown for all parameters except for cell volume (um?): median (upper—

lower quartile ranges) are shown. Two-way ANOVA (strains x treatments) across
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variants is also shown where superscript letters indicate post-hoc groupings of strain

effects within each treatment.

Table 4.3. Cell cycle and growth characteristics across four Symbiodinium culture
strains under the temperature treatments (control vs. heat). Cell cycle parameters: G
peak, S peak and G2/M peak proportions (the maximum % of cells, for each phase,
reached throughout a diel cycle) were obtained from analysis using cell cycle software:
ModFit LT. Growth rates were calculated with equation 1 using cell densities. Mean +
SD (n = 3) are shown for all parameters except for cell volume (um?): median (upper—
lower quartile ranges) are shown. Two-way ANOVA (strains X treatments) across
variants is also shown where superscript letters indicate post-hoc groupings of strain

effects within each treatment.

Appendix: OTU analysis for Symbiodinium culture strains

Table 6.1. Symbiodinium culture strains used for the NGS analysis. *I included two
identical strains of CCMP2548 (S. natans) (X and Y). **SG_37 and SG_40 were
isolated from Plesiastrea versipora, but the isolates were possibly surface
contaminants from the environment, because P. versipora was dominated by B18-like

types based on the NGS analysis of in hospite samples (see Chapter 3, section 3.4.7).

Table 6.2. OTU table (97% cut-off) for Symbiodinium culture strains. Top three OTUs
(based on the number of sequences within each strain) are highlighted with colours
and OTUs which contain > 1% of the reads within each sample are shown as bold.
Colour coding: red for clade A, blue for clade B, yellow for clade C, purple for clade

D, green for clade E, and orange for clade F.
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Table 6.3. OTU table (97% cut-off) for Symbiodinium culture strains after applying
OTU abundance filtering. OTUs which contain < 1% of the reads within each sample
were replaced by 0 and removed from the OTU table if those OTUs contain 0 sequence

across all samples. OTUs contain sequences are highlighted with colours.
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List of Supplementary Figures
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Figure S4.1. Example of manual gating for Symbiodinium populations in flow
cytometry analysis. The gating for A. B1, B. C1, C. C1’, and D. D1a strains under high
light treatment at sampling time point T0. X axis is forward scatter, and Y axis is side

scatter in log scale for both.

Figure S4.2. Cell densities of four Symbiodinium culture strains under the light
treatment (low light vs. high light). Bl was diluted into half concentration at day 3
both under low light and high light treatment to prevent the over growth. Cell cycle
samples were collected through days 6-7. The days circled on the X axis and
corresponding cell densities were used in calculating the growth rate (equation 1).
Outliers which deviated from the exponential curve were treated as counting errors

and not used for calculating the growth rate. Values represent mean + SD (n = 3).

Figure S4.3. Correlation between cell cycle and growth parameters. Relationship
between A. Growth rate and G; peak proportion, B. Growth rate and G>/M peak
proportion, C. Cell volume and Gi peak proportion, D. Cell volume and growth rate.

Values from low light and high light were plotted (n = 24).

Figure S4.4. Cell densities of four Symbiodinium culture strains under the temperature
treatment (control vs. heat). Cell cycle samples were collected through days 6-7. The

days circled on the X axis and corresponding cell densities were used in calculating
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the growth rate (equation 1). Outliers which deviated from the exponential curve were
treated as counting errors and not used for calculating the growth rate. Values represent
mean = SD (n = 3). The temperature increase is shown on the top X axis of each graph
for heat treatment (lower panel). The temperatures were; day 1: 26.4 + 0.72°C, day 2:
27.7+0.75°C, day 3: 29.7 £ 0.87°C, day 4: 31.9 £ 0.89°C, day 5: 32.0 £ 0.81°C, day
6: 32.1 £ 0.56°C, day 7: 32.3 + 0.84°C (= SD for daily mean temperature measured

using iButton® temperature loggers).
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Table S2.1. Number of sequences, clades, ITS2 variants and OTUs obtained by DNA
metabarcoding. Total samples are 96 samples (2 seasons % 3 sites (coral species) x 4

habitats x 4 replicates).

Table S2.2. Summary of Kruskal-Wallis test for number of clades, ITS2 variants and
OTUs. A. Main effects. B. Post-hoc pairwise comparison for sites X habitats x seasons.

df: degrees of freedom, P value: * for P <0.05, ** for P < 0.01.

Table S2.3. Summary of PERMANOVA main effects for Symbiodinium community
compositions. A. Clades. B. ITS2 variants. C. OTUs. Relative abundance of
community compositions was square-root transformed and PERMANOVA was
performed with sites (coral species) (3 levels), habitats (4 levels) and seasons (2 levels)
as fixed factors, using type III sum of squares and unrestricted permutation of raw data
with 999 permutations. MS: mean square, df: degrees of freedom, F: Fisher statistic,

P value: * for P <0.05, ** for P < 0.01.

Table S2.4. Summary of SIMPER analysis for Symbiodinium cladal community
compositions. Pairwise comparison within A. Spawning season and B. Summer season.
Pairwise comparison C. Between spawning and summer seasons. Top two clades
which contributed to dissimilarity of community compositions are shown with

contribution percentages (%). Clades which were more abundant in variables in
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columns are shown as bold letter and clades which were more abundant in variables in

rows are shown as normal letter.

Table S2.5. List of ITS2 variants and relative abundance in each sample. A. Spawning
season. B. Summer season. Compositions of ITS2 variants in each replicate (n = 4)
were averaged and top three ITS2 variants in each clade are listed with relative

abundance (%) in each sample.

Table S2.6. Summary of SIMPER analysis for Symbiodinium ITS2 variant community
compositions. Pairwise comparison within A. Spawning season and B. Summer season.
Pairwise comparison C. Between spawning and summer seasons. Top two ITS2
variants which contributed to dissimilarity of community compositions are shown with
contribution percentages (%). ITS2 variants which were more abundant in variables in
columns are shown as bold letter and ITS2 variants which were more abundant in

variables in rows are shown as normal letter.

Table S2.7. Summary of PERMANOVA main effects for Symbiodinium community
compositions based on the abundance of clades A, C and D obtained by qPCR. Cell
densities of Symbiodinium belong to clades A, C and D in each environmental habitat,
which were normalized by cm®, were square-root transformed and PERMANOVA was
performed with sites (coral species) (3 levels), habitats (4 levels), and seasons (2
levels) as fixed factors, using type III sum of squares and unrestricted permutation of
raw data with 999 permutations. MS: mean square, df: degrees of freedom, F: Fisher

statistic, P value: * for P <0.05, ** for P < 0.01.

XxXxii



Chapter 3

Table S3.1. Number of sequences, clades and OTUs obtained by DNA metabarcoding
using the cp23S primer set. Total samples which were successfully amplified and

sequenced are 109/120 samples (4 replicates x 3 sites x 5 habitats x 2 sampling times).

Table S3.2. Summary of Kruskal-Wallis test for number of clades and OTUs based on
the cp23S marker. A. Main effects. B. Post-hoc pairwise comparison for sites x

habitats x seasons. df: degrees of freedom, P value: * for P < 0.05, ** for P < 0.01.

Table S3.3. Number of sequences, clades, ITS2 variants and OTUs obtained by DNA
metabarcoding using the ITS2 primer set. Total samples which were successfully
amplified and sequenced are 105/120 samples (4 replicates x 3 sites x 5 habitats x 2

sampling times).

Table S3.4. Summary of Kruskal-Wallis test for number of clades, ITS2 variants and
OTUs based on the ITS2 marker. A. Main effects. B. Post-hoc pairwise comparison
for sites x habitats x seasons. df: degrees of freedom, P value: * for P <0.05, ** for P

< 0.01.

Table S3.5. Summary of PERMANOVA main effects for Symbiodinium community
compositions based on the cp23S marker. A. Clades. B. OTUs. Relative abundance of
community compositions was square-root transformed and PERMANOVA was
performed with sites (3 levels), habitats (5 levels), and seasons (2 levels) as fixed
factors, using type III sum of squares and unrestricted permutation of raw data with

999 permutations. MS: mean square, df: degrees of freedom, F: Fisher statistic, P
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value: * for P < 0.05, ** for P < 0.01.
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bleaching sampling time points. Top two clades which contributed to dissimilarity of
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statistic, P value: * for P < 0.05, ** for P < 0.01.

Table S3.8. Summary of SIMPER analysis for Symbiodinium cladal community
compositions based on the ITS2 marker. Pairwise comparison within A. Pre-bleaching
and B. Bleaching. Pairwise comparison C. Between pre-bleaching and bleaching
sampling time points. Top two clades which contributed to dissimilarity of community
compositions are shown with contribution percentages (%). Clades which were more
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effects and C. treatment effects. Factors: strain (B1, C1, C1” and D1a), treatment (low
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0.01.

Table S4.2. Summary of two-way ANOVA for cell cycle and growth parameters under
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strain effects and C. treatment effects. Factors: strain (B1, C1, C1" and D1a), treatment
(control, heat). Cell cycle parameters (Gi peak, S peak and G2/M peak proportions)
were arcsine transformed and cell volume was square root transformed. MS: mean
square, df: degrees of freedom, F: Fisher statistic, P value: * for P < 0.05, ** for P <

0.01.
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Appendix E2.1. Output file of PERMANOVA pairwise comparison (habitat, season)
for Symbiodinium cladal compositions obtained by NGS analysis generated using
PRIMER (version 6.1.16) and PERMANOVA+ (version 1.0.6) software. Pairwise
comparison output files for habitat and season factors are included in this file which

significant differences were detected for these factors from the main effects (Table

S2.3A).

Appendix E2.2. Output file of PERMANOVA pairwise comparison (site, habitat,
season) for Symbiodinium ITS2 variant compositions obtained by NGS analysis
generated using PRIMER (version 6.1.16) and PERMANOVA+ (version 1.0.6)
software. Pairwise comparison output files for site, habitat and season factors are

included in this file which significant differences were detected for these factors from

the main effects (Table S2.3B).

Appendix E2.3. Output file of PERMANOVA pairwise comparison (site, habitat,
season) for Symbiodinium OTU compositions obtained by NGS analysis generated
using PRIMER (version 6.1.16) and PERMANOVA+ (version 1.0.6) software.
Pairwise comparison output files for site, habitat and season factors are included in

this file which significant differences were detected for these factors from the main

effects (Table S2.3C).
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the main effects (Table S2.7).

Appendix E2.5. Output file of PERMANOVA pairwise comparison (technique) for
Symbiodinium cladal compositions (only for clades A, C and D) obtained by both NGS
and qPCR analysis generated using PRIMER (version 6.1.16) and PERMANOVA+

(version 1.0.6) software.
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Appendix E3.1. Output file of PERMANOVA pairwise comparison (site, habitat) for
Symbiodinium cladal compositions obtained by NGS analysis based on the cp23S
marker generated using PRIMER (version 6.1.16) and PERMANOVA+ (version 1.0.6)
software. Pairwise comparison output files for site and habitat factors are included in

this file which significant differences were detected for these factors from the main

effects (Table S3.5A).

Appendix E3.2. Output file of PERMANOVA pairwise comparison (site, habitat) for
Symbiodinium OTU compositions obtained by NGS analysis based on cp23S primer
set generated using PRIMER (version 6.1.16) and PERMANOVA+ (version 1.0.6)
software. Pairwise comparison output files for site and habitat factors are included in

this file which significant differences were detected for the factors from the main
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Symbiodinium cladal compositions obtained by NGS analysis based on the ITS2
marker generated using PRIMER (version 6.1.16) and PERMANOVA+ (version 1.0.6)
software. Pairwise comparison output files for site and habitat factors are included in

this file which significant differences were detected for these factors from the main

effects (Table S3.7A).

Appendix E3.4. Output file of PERMANOVA pairwise comparison (amplicon) for
Symbiodinium cladal compositions obtained by NGS analysis based on both cp23S
and ITS2 markers generated using PRIMER (version 6.1.16) and PERMANOVA+

(version 1.0.6) software.

Appendix E3.5. Output file of PERMANOVA pairwise comparison (site, habitat) for
Symbiodinium 1TS2 variant compositions obtained by NGS analysis based on the ITS2
marker generated using PRIMER (version 6.1.16) and PERMANOVA+ (version 1.0.6)
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this file which significant differences were detected for these factors from the main

effects (Table S3.7B).

Appendix E3.6. Output file of PERMANOVA pairwise comparison (site, habitat,
season) for Symbiodinium OTU compositions obtained by NGS analysis based on the
ITS2 marker generated using PRIMER (version 6.1.16) and PERMANOVA+ (version
1.0.6) software. Pairwise comparison output files for site, habitat, season factors are
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included in this file which significant differences were detected for these factors from

the main effects (Table S3.7C).
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Appendix E4.1. Image series of Symbiodinium DNA contents shifting through 24 h.
Forward scatter (X axis, log scale) plotted against DNA fluorescent contents (Y axis,
linear scale) of A. B1, B. C1, C. C1" and D. D1a strain under high light treatment for

one replicate.

Appendix: OTU analysis for Symbiodinium culture strains

Appendix E6.1. zOTU table obtained by NGS analysis based on the ITS2 marker for
Symbiodinium culture strains. zOTU taxonomies were assigned against the
Symbiodinium ITS2 reference database “SymTyper”. OTUs observed in each sample
were highlighted with colours. Colour coding: red for clade A, blue for clade B, purple

for clade D, green for clade E, and orange for clade F.

Appendix E6.2. zOTU table for Symbiodinium culture strains after applying OTU
abundance filtering. zZOTUs which contain < 1% of the reads within each sample were
replaced by 0 and removed from the OTU table if those zOTUs contain 0 sequence
across all samples. zOTUs contain sequences were highlighted with colours.

Taxonomy was assigned against SymTyper.
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Abstract of Thesis

Symbiodinium are endosymbiotic microalgae of reef-building corals. Photosynthesis
by these algae fuels the productivity of corals and ultimately the growth of entire reef
systems. However, a critical phase of Symbiodinium’s life history is existence as “free-
living” cells prior to acquisition by their host. Free-living populations are essential for
establishing symbiosis for many corals that propagate larval generation without algal
symbionts, but also for recombination of host-symbiont associations recovering from
stress. Despite the importance of free-living populations, their underlying biodiversity
and ecology remains a black box. For example, how they distribute spatially,
temporally and regionally, and contribute to coral reef ecosystems as they currently

face an era of “ecological crisis”, are largely unknown.

To unlock the distribution, abundance and life cycle of free-living Symbiodinium, 1
applied novel dual NGS- (eDNA metabarcoding using next generation sequencing)
and qPCR-based (using clade-specific primers) approaches to first explore the
qualitative and quantitative distribution and abundance of free-living Symbiodinium
for tropical (Heron Island) (Chapter 2) and temperate (Sydney Harbour) (Chapter 3)
east coast Australian coral communities that are periodically connected by the Eastern
Australian Current. To further evaluate how such diversity (which is only a snap shot
of population dynamics over time) is sustained as a result of individual population
turnover, I analysed the Symbiodinium cell cycle to establish a novel baseline for how
population turnover is regulated by cell cycle dynamics across species and under

alternate conditions (light and temperature) (Chapter 4).
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This thesis highlights the importance of habitat variety in sustaining diverse free-living
Symbiodinium communities, functional plasticity and hence resistance to disturbance
(Chapter 5). For example, I provide new insight of macroalgae habitats as key
reservoirs of symbiont availability to hosts via local supply but also wider dispersal.
In the latter case, I discuss that dispersal of Symbiodinium is critical to support
paradigms of high-latitude temperate reefs acting as refugia for tropical corals under
climate change, since temperate and tropical Symbiodinium communities are currently
geographically separated. Cell cycle dynamics differed between genetically different
types (species), and results in specific types proliferating faster under certain
environmental conditions thereby supporting shifts in community structure. As such,
cell cycle dynamics comprises a key functional trait that is still overlooked but
warrants further targeted investigation, not only amongst free-living populations, but
also in hospite to clarify how functional equilibrium under steady-state symbioses is

maintained as reef environments continue to be subjected to stressors into the future.
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