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List of Figures

Chapter 1

Figure 1.1. Outline of the nutrient and metabolite transfers between the coral host, a symbiont cell, and
their surrounding environment. (1) Dissolved inorganic carbon (DIC) uptake from seawater under the
form of either carbon dioxide (CO>) or bicarbonate (HCOs'). (2) Photosynthesis. (3) Translocation of
organic compounds by the symbiont to the host. (4) Translocation of organic compounds by the host to
the symbiont. (5) Host metabolism underlining the uptake of dissolved and particulate organic matter
(DOM/POM) generating ammonium (NH4") waste. (6) Dissolved inorganic nitrogen (DIN) assimilation
by the symbiont. (7) Nitrate (NO5") uptake from seawater by the symbiont. (8) Phosphate (PO4*) uptake
from seawater by the symbiont. Figure modified from Davy et al. (2012).

Figure 1.2. Summary of light and dark reactions of photosynthesis in plants, highlighting the fluxes of
the three major photosynthetic currencies (orange boxes): electrons (ETRpsn — dashed arrows), oxygen
(grey arrows), and carbon (black arrows) over a time scale from milliseconds to hours and days, with
the direction of arrows indicating production (arrowhead: sink) and consumption (arrow tail: source).
Major and minor pathways are indicated by thick and thin lines, respectively. Grey triangles indicate
particulate (POC) and dissolved organic carbon (DOC). The direction of the triangles reflects that the
fraction of POC measured by “C-incorporation retained decreases over time due to respiration and/or
extracellular release of DOC, as the photosynthetic rate captured transitions from gross to net carbon
production (GPC and NPC) with increasing incubation length (e.g., from minutes to hours). Modified
from Hughes et al. (2018).

Figure 1.3. Schematic representation of the light-dependant reactions of photosynthesis occurring at
the thylakoid membrane. The bright blue line represents the linear electron (e°) flow (LEF). Photosystem
I (PSI), photosystem II (PSII), plastoquinone (PQ), cytochrome b6f (Cyt b6f), plastocyanin (PC),
ferredoxin (Fd), ferredoxin-NADP reductase (FNR), inorganic phosphate (P1).

Figure 1.4. Representation of carbon assimilation in C3 and C4 photosynthesis in plants, with their

associated costs and benefits.

Figure 1.5. Topology of Symbiodiniaceae genera based on nr28S-rDNA datasets, and their host
occupancy. Modified from Pochon and Gates (2010); Fournier (2013); Nitschke (2015), Baker et al.
(2017), LaJeunesse et al. (2018) and Nitschke et al. (2020).



Figure 1.6. Outline of the production and fate of reactive oxygen species (ROS) in a Symbiodiniaceae
cell under ambient (a), and stressful (b) temperature and light conditions. Photosystem I (PSI),
photosystem II (PSII), Calvin-Benson cycle (CBC), protein D1 (D1), superoxide dismutase (SOD),
ascorbate peroxidase (APX), singlet oxygen (10,), superoxide radical (O, hydroxyl radical (*OH),
hydrogen peroxide (H20), ferrous ion (Fe*"). Yellow flashes represent photoinhibition and damages to
cellular pathways. They occur on DI protein activity (Warner et al. 1999), thylakoid membranes
(Tchernov et al. 2004), and RuBisCO (Venn et al. 2008). Modified from Weis et al. (2008).

Chapter 2

Figure 2.1. Schematic summarising carbon transfers and mechanisms occurring between the
Symbiodiniaceae algae and their surrounding environment (here as free-living in culture). (1) Uptake.
(2) Carboxylation. (3) Recycling of internal pools. (4) Respiration. (5) Active excretion or passive
leakiness. (6) Heterotrophy. (a) Long-term storage for growth net carbon production (NPC) as the
product of particulate organic carbon (POC) and growth rate (u x POC). (b) Short-term storage for
maintenance as gross carbon production (GPC, as C fixed). POC: Particulate organic carbon. iDOC:
Internal dissolved organic carbon. eDOC: External dissolved organic carbon. Red frames show the
parameters measured in the study. Solid lines represent established pathways, and dashed lines represent

hypothesised pathways.

Figure 2.2. Carbon fluxes (as '“C) occurring within the 23 Symbiodiniaceae isolates after 1h of
photosynthesis at 26°C. Data shown is the mean (n = 3) & standard deviation for each Symbiodiniaceae
isolate. Isolates are grouped by genus; Symbiodinium (blue), Breviolum (orange), Cladocopium (grey),
Durusdinium (yellow), Effrenium (red), and Fugacium (green). (a) The gross carbon production (GPC)
rates (pg C [cell h]!), where the upper bar is the rate of inorganic carbon fixation (Csx) and the lower
bar is the rate of organic carbon excretion in the media (as eDOC, Cex). Relationships between the cell
volume (um?®) and (b) the percentage (%Crx) of GPC retained in the cell (i.e. Cax/GPC x 100); and (c)
the percentage (%Cexc) of GPC excreted in the media (i.e. Cexe/GPC x 100).

Figure 2.3. Carbon productivity of the 23 Symbiodiniaceae isolates grown at 26°C. Data shown is the
mean (n = 3) + standard deviation for each Symbiodiniaceae isolate. Isolates are grouped by genus;
Symbiodinium (blue), Breviolum (orange), Cladocopium (grey), Durusdinium (yellow), Effrenium
(red), and Fugacium (green). (a) The net carbon production (NPC), as the product of particulate organic
carbon (POC) and growth rate, normalised per illumination time (12h). (b) Relationship between gross
carbon production (GPC) and NPC, where the black line represents the 1:1 ratio between the two
variables. Each dot represents the mean (n = 3) data of one isolate. Error bars were not shown for clarity

of the representation but can be found in the Supplementary Table S2.3.



Figure 2.4. Functional groupings based on measured factors associated with inorganic carbon uptake
and utilisation (cell volume, Csy, Cexc and NPC) across all 23 Symbiodiniaceae isolates grown at 26°C.
Cluster analysis and principal component analysis (PCA) were performed on the average of each
variable (n = 3) per isolate. Axes X and Y represent the first and second component of the PCA,
respectively. Similarity at 95% level is shown at the 1.5 (red line) and 2 (dashed blue line) Euclidean
distance levels, and vectors driving the clustering are shown in black. Isolates are grouped by genus for
clarity; Symbiodinium (blue), Breviolum (orange), Cladocopium (grey), Durusdinium (yellow),
Effrenium (red), and Fugacium (green).

Figure 2.5. Physiological parameters of the Symbiodiniaceae Cladocopium (C1-SCF124),
Durusdinium (amur-D-MI) and Effrenium (E-421) isolates grown at 20°C, 26°C and 30°C. Data shown
is the mean (n = 3) + standard deviation for each Symbiodiniaceae isolate. Isolates and temperatures of
growth are represented as: C1-SCF124 (grey), amur-D-MI (yellow), E-421 (red), 20°C (vertical
hatches), 26°C (plain bars), and 30°C (dotted bars). (a) Growth rates (d!) of the three isolates. (b) Cell
volumes (um?®) of the three isolates. (¢) Gross carbon production (GPC) rates (pg C [cell h]!), where
the upper bar is the rate of inorganic carbon fixation (Csx) and the lower bar is the rate of organic carbon
excretion in the media (as eDOC, Cex). (d) Percentage (%Cex) of GPC excreted in the media (i.e.
Cex/GPC % 100). (e) Relationship between gross and net carbon production (respectively GPC and
NPC; pg C [cell h] ), where the black line represents the 1:1 ratio between GPC and NPC. Each dot
represents the mean (n = 3) data of one isolate grown at one temperature: 20°C (white-centre shapes),
26°C (regular shapes), and 30°C (black-bordered shapes). Error bars are not shown for clarity but are
provided in Supplementary Table S2.10.

Figure 2.6. Functional groupings based on measured factors associated with inorganic carbon uptake
and utilisation (cell volume, Cgy, Cexe and NPC) of the Symbiodiniaceae Cladocopium (C1-SCF124),
Durusdinium (amur-D-MI) and Effrenium (E-421) isolates grown at 20°C, 26°C and 30°C. Cluster
analysis and principal component analysis (PCA) were performed on the average of each variable (n =
3) per isolate. Axes X and Y represent the first and second components of the PCA, respectively.
Similarity at 95% level is shown at the 1.5 (red line) and 2 (dashed blue line) Euclidean distance levels,
and vectors driving the clustering are shown in black. Isolates and temperatures of growth are
represented as: C1-SCF124 (grey), amur-D-MI (yellow), E-421 (red), 20°C (white-centre shapes), 26°C
(regular shapes), and 30°C (black-bordered shapes).
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Figure 2.7. Relationship between gross carbon production and net carbon production ratios (GPC:NPC)
and O, consumption rates (fmol O, [cell h]™!) for the Symbiodiniaceae Symbiodinium (A1-61 and A13-
80) and Breviolum (B1-2) isolates grown at 26°C. Data shown is the mean (n = 3) + standard deviation
for each Symbiodiniaceae isolate. GPC:NPC ratios are calculated from the present study, whilst O,
consumption rates are retrieved from Brading et al. (2011). The linear relationship between the two sets
of variables is described by the equation GPC:NPC = (- 0.000461 x O, consumption rate) + 0.347.
R?=0.996, P=0.039 (see Supplementary Table S2.14).

Chapter 3

Figure 3.1. Inorganic carbon (Ci) uptake (bars; pg C [cell.h]™") of the three studied Symbiodiniaceae
isolates (a) B1-UTS-B: Breviolum minutum, (b) C1-SCF124: Cladocopium goreaui, and (¢) amur-D-
ML Durusdinium trenchii as labelled "C after 20 min of photosynthesis, matched with the
photochemical efficiency of their PSII (lines; F\/Fm) the day of the incubation. Control (white bars and
dots o) stayed at 26°C for the duration of the experiment. Treatment (grey bars and black dots e)
consisted of acclimation phase at 26°C (T0), ramping phase from 26°C to 32°C in two days (TI), and
stress phase at 32°C for seven days (TE).

Figure 3.2. Venn diagrams illustrating the outcome of the analysis targeting 156 functional proteins of
interest, returning (a) 76 total functions found in the extracted transcripts and (b) 54 functions encoded
by differentially expressed genes (DEGs; log2 FC >1; FDR < 0.05) of the three studied
Symbiodiniaceae species (Breviolum minutum, Cladocopium goreaui, and Durusdinium trenchii)
between the control (26°C) and treatment at the end of the experiment (TE, after seven days at 32°C).
For both (a) and (b), the number of gene isoforms is indicated between brackets (number of functions
can be found in Table 3.1, list in Supplementary Table S3.1). Numbers over superposed circles
correspond to the number of the conserved functions (and similar isoforms) expressed between the

species that were allocated to the said circles. The list of commonly expressed transcripts associated to

their functional groups can be found in Supplementary Table S3.9.

Figure 3.3. Number of functional gene isoforms of interest found to be differentially down- (purple) or
up-regulated (yellow) in the three studied Symbiodiniaceae isolates (a) B1-UTS-B: Breviolum minutum,
(b) C1-SCF124: Cladocopium goreaui, and (¢) amur-D-MI: Durusdinium trenchii at the end of the
experiment (TE, after seven days at 32°C), relative to their control (26°C). Transcripts are grouped by
function, and the full list of genes can be found in Supplementary Table S3.10).
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Chapter 4

Figure 4.1. Physiology of Pocillopora acuta (n = 5; mean = SE) in the Low Isles reef site (blue) and
Woody Isles mangrove lagoon (red). (a) respiration and gross photosynthesis (Pg) (as the sum of net
photosynthesis and respiration) normalised per surface area, and (b) per endosymbiont cell , (¢)

photochemical quenching (1 — C) versus non-photochemical quenching (1 — Q).

Figure 4.2. Carbon enrichments at the bulk and single-cell levels. (a) Bulk (n = 4) 8"3C enrichment
levels (normalised to natural abundances) for the different incubated fractions of the coral: (“Coral” and
“In hosp. Sym.” refer to the incubated holobiont, later separated between animal and algae fractions,
respectively; “FIS” refer to freshly isolated Symbiodiniaceae). (b) Single cell 3'*C enrichment levels
with NanoSIMS. The errors bars represent the standard error, the asterisk symbols denote statistical
differences (p < 0.05) between (c-d; g-h) and mangrove (e-f; i-j) sites. Representative NanoSIMS
images showing (c-f) the distribution of 2C'*N", indicative of the biological structure of the sample, and
(g-j) the isotope ratio of 3C/'2C, with natural abundance in blue, changing to pink with increasing '3C
levels. Number of cells analysed: FIS (n = 18); in hospite Symbiodiniaceae (n = 19); and enriched areas

in host tissue (n = 5).

Figure 4.3. Relative abundances (%) of recovered ITS2 sequences (upper section) and predicted major
ITS type profiles (lower section) for Pocillopora acuta across the Low Isles reef and Woody Isles
mangrove habitats on the Great Barrier Reef. Each stacked bar corresponds to a biological replicate of
a different colony, and each replicate is plotted relative to each other between the upper and lower
sections of the figure. Sequences with designated names (e.g. Clb, D4c, or D6) refer to sequences
frequently found in the literature or already characterising ITS2 profiles previously ran through the
SymPortal analytical framework (Hume et al. 2019). Other sequences designated by a unique database
ID and their associated genus (e.g. 70776_D) refer to sequences that are less common and not previously

used to characterise ITS type profiles.

Figure 4.4. Comparisons of (a) mean (+ SE) gross photosynthesis (Pg, as the sum of net photosynthesis
and respiration R) and respiration rates between reef (blue dots) and mangrove (red squares) sites.
Species-specific metabolic shifts are represented by lines (black), and the dashed line indicates the 1:1
ratio. The table summarises the mean (£ SE) Pg:R ratios for reef and mangrove sites. (b) Summary of
key metrics shifts from reef and mangrove sites. Data for Acropora millepora and Porites lutea are

retrieved from Camp et al. (2019) and for Pocillopora acuta come from the present study.

Figure 4.5. Comparisons of light-dependant dynamic quenching patterns between (a) Pocillopora

acuta (present study) and (b) Acropora millepora (Camp et al. 2019) in the Low Isles reef (blue dashed
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lines) and Woody Isles mangrove lagoon (red dashed lines). Values of [1 — C] stand for photochemical

quenching (qP) and [1 — Q] for non-photochemical quenching (NPQ) (see Methods).

Chapter 5

Figure 5.1. Summary of the interplay between light reactions and dark reactions of photosynthesis and
how strategies promoting survival affects Ci fixation. LR: light reactions, DR: dark reactions, PG: gross
photosynthesis, qP: photochemical quenching, AEF: alternative electron flows, Ci fix: inorganic carbon
fixation. Question marks stand for pathways that have been suggested to play a role in coral-

Symbiodiniaceae fitness but are to be quantified.

Figure 5.2. Proposed roadmap of future studies over the short and mid-terms leading on the long term

to a better understanding of the Symbiodiniaceae and their holobiont physiologies.
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Thesis abstract

Algal endosymbionts (family Symbiodiniaceae) fuel the metabolism of reef-forming
corals through uptake and utilisation of inorganic carbon (Ci) from photosynthesis. Changes in
photosynthetic performance both within, and between endosymbiont taxa influence the extent
of organic carbon ultimately translocated to the host coral. However, how such changes are
regulated by plasticity in light harvesting, versus Ci assimilation processes remains unknown.
In this thesis, I therefore built on novel approaches to assess functional diversity of fitness traits
across Symbiodiniaceae to identify the extent with which Ci-uptake and incorporation differed
amongst taxa and the extent with which differences could be reconciled against evolutionary

adaptation across the family to sustain reef functioning in response to climate change.

This thesis focused on direct assessment of Ci-uptake, and how it is linked to light
harvesting and utilisation by Symbiodiniaceae both ex hospite (in culture) and in hospite (in
symbiosis with their host). I first cultured a broad range of Symbiodiniaceae taxa to assess how
Ci was invested into cellular uptake, excretion, and growth; and how these metrics changed
when three isolates of different thermal tolerances were subjected to sub-optimal conditions of
growth. I further examined how these different thermo-tolerant Symbiodiniaceae coped with a
stress-inducing increase of temperature. In parallel with photophysiology and Ci-uptake rate
measurements, transcriptomics were carried out to resolve the underlying molecular network
driving physiological response to heat stress. Finally, I extended this laboratory-based
approach to examine Ci-uptake performance of natural coral communities across complex
environmental gradients (mangrove vs. reef corals) on the Great Barrier Reef to resolve the

adaptations of symbionts linked to their survival to extreme environments.

My results revealed that environmental regulation outweighed evolutionary adaptation

of Symbiodiniaceae in their capacity for Ci-uptake, suggesting that their ecological success
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predominantly relies on plasticity of upstream photosynthetic processes (efficiency of light-
harvesting and non-photochemical energy quenching) rather than those downstream (Ci-
uptake, assimilation, and excretion). Despite exhibiting similar trends in functional gene
expression, each studied Symbiodiniaceae isolate exhibited different photophysiology and Ci-
uptake rates in response to thermal stress for both (previously well studied) light reactions and
dark reactions of photosynthesis. When in symbiosis, flexibility in the major Symbiodiniaceae
taxa between reef and mangrove corals was associated with a reduced Ci incorporation in
mangrove corals compared to reef corals. Together, these results will serve as a stepping stone
to future research on the long term, aiming to improve worldwide reef health in response to

global climate change.
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