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ABSTRACT
Responses of symbiotic cnidarians to environmental change
Marcela Herrera Sarrias

As climate change intensifies, the capacity of organisms to adapt to changing
environments becomes increasingly relevant. Heat-induced coral bleaching –the
breakdown of the symbiotic association between coral hosts and photosynthetic algae of
the family Symbiodiniaceae– is rapidly degrading reefs worldwide. Hence, there is a
growing interest to study symbioses that can persist in extreme conditions. The Red Sea
is such a place, known as one of the hottest seas where healthy coral reef systems thrive.

Here (Chapter 1), we tested the potential of symbiont manipulation as means to improve
the thermal resilience of the cnidarian holobiont, particularly using heat tolerant symbiont
species from the Red Sea. We used clonal lineages of the model system Aiptasia (host
and symbiont), originating from different thermal environments to assess how
interchanging either partner affected their short- and long-term performance under heat
stress. Our findings revealed that symbioses are not only intra-specific but have also
adapted to native, local environments, thus potentially limiting the acclimation capacity
of symbiotic cnidarians to climate change. As such, infection with more heat resistant
species, even if native, might not necessarily improve thermotolerance of the holobiont.

We further investigated (Chapter 2) how environment-dependent specificity, in this case
elevated temperature, affects the establishment of novel symbioses. That is, if Aiptasia
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hosts are, despite exhibiting a high degree of partner fidelity, capable of acquiring more
thermotolerant symbionts under stress conditions. Thus, we examined the infection
dynamics of multi-species symbioses under different thermal environments and assessed
their performance to subsequent heat stress. We showed that temperature, more than host
identity, plays a critical role in symbiont uptake and overall performance when heatchallenged. Additionally, we found that pre-exposure to high temperature plays a
fundamental role in improving the response to thermal stress, yet, this can be heavily
influenced by other factors like feeding.

Like climate change, ocean acidification is a serious threat to corals. Yet, most research
has focused on the host and little is known for the algal partner. Thus, here we studied
(Chapter 3) the global transcriptomic response of an endosymbiotic dinoflagellate to
long-term seawater acidification stress. Our results revealed that despite observing an
enrichment of processes related to photosynthesis and carbon fixation, which might seem
beneficial to the symbiont, low pH has a detrimental effect on its photo-physiology.

Taken together, this dissertation provides valuable insights into the responses of
symbiotic cnidarians to future climate and ocean changes.
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INTRODUCTION
Climate change has become a significant political issue as serious negative effects
continue to manifest worldwide. Changes in the world’s oceans have triggered a cascade
of social, economic and environmental consequences. Coastal systems, for example, are
degrading at unprecedented rates, particularly coral reefs (Hoegh-Guldberg et al., 2017).
Coral reefs rely upon a fragile association between coral hosts and photosynthetic
dinoflagellates of the family Symbiodiniaceae (LaJeunesse et al., 2018), which breaks
down in adverse environmental conditions. This phenomenon –called coral bleaching–
may not only cause the death of corals but ultimately of the many other species that
depend on these ecosystems (Hoegh-Guldberg, 1999).

Temperature anomalies are perhaps the most widespread and conspicuous consequence
of climate change, causing mass coral bleaching events on a global scale (HoeghGuldberg et al., 2017). Extreme water temperatures in 2016 caused the worst global
bleaching event in recent history, also making it the warmest year on record (Great
Barrier Reef Marine Park Authority, 2017). The Great Barrier Reef, which has already
lost 50 % of its coral cover in the past 30 years (De’ath et al., 2012), was so severely
damaged that reefs suffered regional-scale changes in their three-dimensionality and
ecological functionality (Hughes et al., 2018). Predictions state that if current trends
continue, up to 90 % of all coral reefs may disappear by the end of this century (van
Hooidonk et al., 2016; Hoegh-Guldberg et al., 2017; Masson-Delmotte et al., 2018). The
implications of this for the planet and humanity are vast, as coral reefs alone support
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more than a quarter of marine life, and provide food and income security for hundreds of
millions of people worldwide (Hoegh-Guldberg et al., 2017).

Thus, the critical state of these ecosystems compounded by the high occurrence and
magnitude of these climate phenomena has urged the scientific community to increase
efforts on more direct intervention approaches than the current management and
restoration initiatives (van Oppen et al., 2015, 2017). A widely suggested approach has
been the manipulation of the coral microbiome in order to enhance their stress tolerance
and ecological resilience (Damjanovic et al., 2017; Rosado et al., 2019). Evidence
indicates that microbes play an important role in host adaptation (McFall-Ngai et al.,
2013). Particularly for corals, this is evident through their natural ability to change
symbiont communities before, during and after heat stress to more advantageous ones
(Silverstein et al., 2015; Boulotte et al., 2016; Ziegler et al., 2017a). Algae belonging to
Symbiodiniaceae (recently split into multiple genera) are remarkably diverse, with
different intra- and inter-species thermal physiologies (Swain et al., 2017; LaJeunesse et
al., 2018). The species Durusdinium trenchii (formerly known as type D1), for example,
is known for its adaptations to high temperatures (LaJeunesse et al., 2018). Association
with this symbiont can provide corals with increased thermal tolerance (LaJeunesse et al.,
2009; Grottoli et al., 2014; Silverstein et al., 2015) of up to 1.5 °C (Berkelmans & van
Oppen, 2006), which can be of huge ecological importance for many species. Similarly,
Cladocopium thermophilum (previously designated as C3-type) has recently been
identified in corals from the Arabian Gulf, the world’s hottest sea (Hume et al., 2015).
Studying such coral-dinoflagellate associations which are able to thrive in environments
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where temperatures fluctuate between 10 and 36 °C, can reveal specific ecological
adaptations to cope with climate change (Ziegler et al., 2017b).

The idea of establishing new symbioses with stress tolerant symbionts that can persist in
extreme environments is compelling, yet, it still remains underdeveloped. Experimental
inoculations of bleached Porites provided initial evidence towards this possibility, though
with significant challenges (Coffroth et al., 2010). First, inoculations must take place
during the coral’s early life stages as it appears that adult individuals are not able to form
stable symbiosis with novel species (Coffroth et al., 2010). Local biogeographic factors
and host specificity can also hinder the uptake of exogenous algae; many hosts in fact
maintain a highly homogenous and stable symbiont community even under stress
conditions (Stat et al., 2009; Smith et al., 2017). Notwithstanding, the intrinsic difficulties
of working with corals under field and laboratory conditions. Strict protocols for culture
conditions (e.g. light, water chemistry, adequate nutrition) must be followed, but even
then, larval survival and long-term production remain poor. Larvae availability is limited
to spawning seasons, which in many species only occurs once a year. Moreover, the
inoculation of adult colonies is challenging since keeping them alive while they are in an
apo-symbiotic state (i.e. bleached) is practically impossible (Coffroth et al., 2010).
However, the small sea anemone Exaiptasia pallida [(Grajales and Rodríguez, 2014);
hereafter referred as ‘Aiptasia’] has proven to be an ideal model system to perform these
kind of studies. Aiptasia is closely related to corals, harbors similar symbionts and is far
more tractable in the laboratory and thus, highly advantageous for experimental studies
(Weis et al., 2008). More importantly, it offers the ability to produce and maintain
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(indefinitely) apo-symbiotic individuals that can later be inoculated with different
Symbiodiniaceae species (Belda-Baillie et al., 2002; Hambleton et al., 2014; Starzak et
al., 2014; Wolfowicz et al., 2016; Matthews et al., 2017; Gabay et al., 2018, 2019;
Rädecker et al., 2018).

Here, we designed and performed a series of experiments with the aim of gaining a better
understanding of the eco-physiological mechanisms that underpin temperature
acclimation of symbiotic cnidarians. We used Aiptasia clonal lines from three distinct
geographic locations with different thermal regimes: H2 from Hawaii (Xiang et al.,
2013), CC7 from North Carolina (Sunagawa et al., 2009) and RS from the central Red
Sea (Cziesielski et al., 2018). These lineages have likely acquired specific genotypic
adaptations to their local environment but also different symbionts, Breviolum minutum
(Xiang et al., 2013), Symbiodinium linucheae (Bieri et al., 2016) and S. microadriaticum
(Cziesielski et al., 2018), respectively, thus resulting in different responses of both
partners. The Red Sea in particular provides a unique opportunity to study the adaptive
capacities of corals, as it is one of the warmest (as high as 34 °C) and most saline (up to
40 psu) seas on Earth where healthy coral reef systems thrive (Berumen et al., 2019).
Corals in this region naturally experience temperatures predicted for the next 50 years
without bleaching (Osman et al., 2018).

Based on the premise that species from the Red Sea are more heat tolerant, we
investigated the contribution of both host and symbiont partners to the overall thermal
response of the holobiont. In Chapter 1 we tested whether infection of other genotypes
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with RS symbionts improved their resilience to temperature stress and whether local
adaptation and/or environmental specialization of these lineages (see above) could hinder
the performance of novel symbioses. Unlike other studies (Starzak et al., 2014; Gabay et
al., 2018, 2019), we only used taxa that naturally occur as main symbionts in Aiptasia,
thus limiting any inter-partner compatibility problems that normally arise from using
heterologous species (Matthews et al., 2017; Gabay et al., 2019; Medrano et al., 2019).
We also calculated activation energy (Ea), following the Boltzmann-Arrhenius model
(Laidler, 1984; Dell et al., 2011), to quantify the thermal dependence/sensitivity of
different physiological processes which indicate the performance of a particular
symbiosis. Activation energy has become a useful metric of the effects of warming on
biological parameters that affect the functioning of organisms and ecosystem processes
(Gillooly et al., 2001; Brown et al., 2004). Whilst an Ea value of zero indicates no (or
limited) thermal dependence, greater deviations from this dictate an increase (Ea > 0) or
decrease (Ea <0) in the trait response to warming (Brown et al., 2004; Dell et al., 2011).

To further understand the potential of forming new, more tolerant host-symbiont
associations under changing environments, we tested the effects of temperature stress and
partner specificity on symbiosis establishment. Similarly, in Chapter 2 we also
performed experimental inoculations (see above) and assessed the colonization dynamics
of multi-species symbioses establishment in different thermal (‘optimum’ vs stressful)
conditions. We then tested the effect of temperature on their performance to subsequent
heat stress with the expectation of seeing higher thermal resilience in those associations
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that developed under elevated temperature [i.e. pre-conditioning effect (reviewed in
Cziesielski et al., 2019)].

Like climate change, ocean acidification (OA) is a global problem. Atmospheric carbon
dioxide (CO2) concentrations have reached the highest limits ever recorded in the history
of human civilization, depleting carbonate ion concentrations by ~30 μmol/kg and acidity
by 0.1 pH units. Yet, in contrast to the marked effects of thermal anomalies and mass
bleaching events, acidic waters are gradually affecting coral reefs (Hoegh-Guldberg et al.,
2017). Specifically, reducing the capacity of calcifying organisms to build skeletons,
making structures more fragile (Kleypas et al., 1999) but also affecting the coralSymbiodiniaceae association. Indeed, OA may even have a greater impact on bleaching
and productivity than calcification (Anthony et al., 2008).

Much attention has focused on understanding the physiological impact of low pH in
relation to growth and calcification of the coral host (Weis and Allemand, 2009; Venn et
al., 2013; Allison et al., 2014; Tambutté et al., 2015) but little is known for its algal
partner. Similar to other aquatic photosynthetic microorganisms, Symbiodiniceae
dinoflagellates also depend on a CO2-concentrating mechanism (CCM) to survive in
carbon-limited environments (reviewed in Al-Moghrabi et al., 1996 and Leggat et al.,
1999). Thus, high pCO2 (partial pressure of CO2) can be beneficial as it promotes
photosynthesis and growth (Crawley et al., 2010; Brading et al., 2011; Towanda and
Thuesen, 2012). However, when referring to corals, predicting the net effects of OA is
complex; photosynthesis and calcification go hand in hand but CO2 enrichment can cause
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the decoupling of both processes (Gattuso et al., 1999). Thus, even if productivity
increases, performance and survival of the holobiont will ultimately be restricted by the
physiological limits of the coral animal, which are mostly negatively affected [e.g.
reduced metabolism, increase in oxidative stress, symbiont loss, etc (reviewed in
Kaniewska et al., 2012)].

Studying the molecular mechanisms behind these and other physiological processes (e.g.
overall health and fitness, acclimation responses) under OA stress is necessary to predict
the adaptation potential to future ocean conditions. In Chapter 3 we investigated the
global molecular response, but particularly focusing on photosynthesis related processes,
of the symbiont Symbiodinium microadriaticum in the Red Sea coral Stylophora pistillata
(Esper 1797) to long-term seawater acidification. This Pocilloporid has been successfully
cultured in aquaria system in the Centre Scientifique de Monaco (Gilles and Ounais,
2013) over the last three decades. Its wide distribution and the development of genomic
resources (Voolstra et al., 2017) has also made this scleractinian species an attractive
model organism in coral research (Weis et al., 2008). Additionally, genome and
transcriptome-protein sets are also available for S. microadriaticum (Aranda et al., 2016).
Colonies of this coral have been maintained in a still ongoing aquarium experiment in
which genetically identical nubbins were subjected to different pCO2 conditions (pH 7.2,
7.4, 7.8 and control 8.1) for > 2 years (Venn et al., 2013; Tambutté et al., 2015; Liew et
al., 2018). This set-up provided a unique opportunity to study the effects of chronic
exposure to high CO2, as most of the current knowledge on OA stems from short-term
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experiments that range from days to few weeks (Kroeker et al., 2013; Kaniewska et al.,
2015).

In summary, this dissertation aimed to provide new insights into the eco-physiological
and molecular responses of symbiotic cnidarians to future climate change and ocean
acidification scenarios.
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CHAPTER 1
Local adaptation moderates the response of a cnidarian symbiosis to
warming
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1.1 ABSTRACT
Enhancing the resilience of corals to rising temperatures is now a matter of urgency,
leading to growing efforts to explore the use of heat tolerant symbiont species to improve
the thermal resilience of corals. Here, we show that intra-specific adaptations of
symbiosis might limit the potential of increasing thermotolerance through the
manipulation of symbiotic associations. We used clonal lineages of the cnidarian model
system Aiptasia (host and Symbiodiniaceae strain) originating from different thermal
environments to assess how interchanging partners affected their short- and long-term
performance under heat stress. Host-symbiont combinations from more variable
environments exhibited higher plasticity and resilience that could not be transferred to
other host genotypes through the exchange of symbionts. These results indicate that
adaptation to local environments is a holobiont trait that is not retained when only
symbionts are relocated to establish new symbioses.

1.2 INTRODUCTION
The interaction between animals and dinoflagellates of the family Symbiodiniaceae is
perhaps one of the most abundant, widespread and ecologically successful symbioses on
the planet (Kirk and Weis, 2016). Numerous taxa, ranging from protists to sponges,
cnidarians, flatworms and mollusks (Kirk and Weis, 2016) but also plankton in the open
ocean (Decelle et al., 2018), benefit from this symbiotic association and which is believed
to have originated at least 60 million years ago (Richardson, 2001; Pochon and
Pawlowski, 2006). For shallow-water corals, the foundational species of coral reefs, this
relationship can be highly obligate such that its breakdown (i.e. bleaching) often results
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in death (Hoegh-Guldberg, 1999). Thus, the maintenance of this partnership is vital for
the continual growth and productivity of entire ecosystems.

Warming sea surface temperatures with climate change are causing more frequent and
severe mass bleaching events worldwide that precipitate the global decline of coral reefs
(Hoegh-Guldberg et al., 2017). Predictions state that current trends of global warming
will result in the further loss of up to 90 % of all coral reefs compared to today (van
Hooidonk et al., 2016; Masson-Delmotte et al., 2018). In light of this, efforts to enhance
the stress tolerance of corals through different means have accelerated (van Oppen et al.,
2015, 2017), including microbiome engineering (Damjanovic et al., 2017; Epstein et al.,
2019; Rosado et al., 2019). Indeed, there is ample evidence for the importance of
microbes in corals’ adaptive responses to changes in the environment is evident. The
composition of Symbiodiniaceae communities may vary before, during and after stress
exposure [i.e. symbiont shuffling and/or switching (Baker, 2003; Boulotte et al., 2016)]
and certain species have been shown to increase heat tolerance by up to 1.5 ºC
(Berkelmans and van Oppen, 2006). Current mitigation strategies explore the possibility
of interchanging either host or symbiont partners with more heat tolerant types to
improve thermal resilience of the coral holobiont (Coles and Riegl, 2013; Palumbi et al.,
2014; McIlroy et al., 2016; Chakravarti et al., 2017; Cunning et al., 2018; Thomas et al.,
2018; Morikawa and Palumbi, 2019). Most studies have, however, relied on the use of
foreign, non-native species (Goulet et al., 2005; Starzak et al., 2014; Gabay et al., 2018,
2019; Damjanovic et al., 2019; Ye et al., 2019) and, by doing so, neglected the
evolutionary history of a particular symbiosis. Thus, providing a limited (and even
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misleading) insight into the potential of establishing long-term success symbioses that
can persist under the scenarios of future climate change.

Intra-species variability and phenotypic plastic responses –the expression of different
phenotypes from the same genome in response to environmental variation–, have not,
until recently, been recognized as promising mechanisms for adaptation to ocean change
(Bennett et al., 2019), including corals (Reusch, 2014; Seebacher et al., 2014; Torda et
al., 2017). Indeed, one species can be composed of different, locally adapted populations
that differ in their ability to physiologically respond to changes in the environment
(Bennett et al., 2019), such that intra-specific adaptations to a specific set of conditions
can constrain and/or cause distribution shifts (Valladares et al., 2014). Specifically,
bleaching susceptibility of corals has been largely attributed to their environmental
specialization (of all partners; host, algal symbionts and an extensive prokaryotic
microbiome), to the extent of hindering the colonization of new habitats (Howells et al.,
2011; 2016; D’Angelo et al., 2015; Kenkel et al., 2015). Thus, corals might have limited
acclimation responses beyond their adaptation to local, native thermal regimes; such that
superior heat tolerance of one genotype can be lost when exposed to a different
environment (Carilli et al., 2012; Howells et al., 2013).

To understand the eco-physiological mechanisms that underpin plasticity in temperature
adaptation, we investigated the thermal response of the coral model Exaiptasia pallida
[(Grajales and Rodríguez, 2014); heareafter referred to as ‘Aiptasia’] under acute and
long-term heat stress. Due to the difficulty of working with corals in situ and the
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laboratory, Aiptasia has been used as a model system for coral research for over 30 years
(Weis et al., 2008; Baumgarten et al., 2015). Most importantly for this study, Aiptasia can
be bleached and re-infected with different symbiont species, which allows the
disentangling of host and symbiont type effects (Hambleton et al., 2014; Starzak et al.,
2014; Wolfowicz et al., 2016; Gabay et al., 2018, 2019; Rädecker et al., 2018). We used
clonal lines from three different geographic locations with distinct thermal regimes: H2
from Hawaii (Xiang et al., 2013), CC7 from North Carolina (Sunagawa et al., 2009) and
RS from the central Red Sea (Cziesielski et al., 2018). These lineages have likely
acquired specific genotypic adaptations to their local environment and also differ in their
symbionts [Breviolum minutum (Xiang et al., 2013), Symbiodinium linucheae (Bieri et
al., 2016) and S. microadriaticum (Cziesielski et al., 2018), respectively], thus resulting
in different responses of both partners (Cziesielski et al., 2018). Red Sea Aiptasia may
provide critical insight into mechanisms promoting acclimation capacity of symbiotic
cnidarians due to their high thermal tolerance and ability to thrive in one of the warmest
[as high as 34 °C during summer (Ngugi et al., 2012)] seas on Earth (Berumen et al.,
2019). Here, they naturally experience temperatures predicted for end of this century
(Masson-Delmotte et al., 2018) without bleaching, making this region a natural refuge
(Fine et al., 2013; Osman et al., 2018). Based on the premise that host and symbiont
species from the Red Sea are more heat tolerant, we studied their contribution to the
thermal resilience of holobionts that originate from lower temperature environments.
Further, we tested whether local adaptation of the different Aiptasia might limit the
exchangeability of partners in novel symbioses. For this, we inoculated symbiont-free
polyps of all host lines with each pairwise combination of Symbiodiniaceae taxa and
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examined their functional variability under short- and long-term thermal stress. In
contrast to other studies (Starzak et al., 2014; Gabay et al., 2018, 2019), we only used
symbionts that are native to Aiptasia and analyzed their composition using deep ITS2 tag
sequencing. From these experiments, we show that hosts and symbionts originating from
more variable environments have evolved higher plasticity in their thermal response as
resilience mechanism to warming.

1.3 RESULTS AND DISCUSSION
1.3.1 Symbioses are intra-specific
We identified three main putative symbiont taxa based on the majority ITS2 sequence:
B1, A4 and A1 corresponding to B. minutum (SSB01), S. linucheae (SSA01) and S.
microadriaticum (RS), respectively. In some cases, the presence of both A4 and A1 taxa
also resulted in the recovery of the (artefactual) A4/A1 genotype. The B1 taxon was
particularly interesting given that strains isolated from SSB01 and RS-Red Sea exhibited
distinct ITS2 type profile (i.e. different genotype representatives), designated as B1 and
RS-B1, respectively (see Results S1). Despite only testing Symbiodiniaceae that are
native to Aiptasia, inter-partner compatibility was still limited in some cases.
Specifically, holobionts with heterologous RS-Red Sea taxa died or reverted to their
original symbiont composition. Even so, we were able to study symbioses that remained
stable for at least six months and longer (see Discussion S1 and S2).
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1.3.2 Photo-physiological performance is driven by partner specificity
As reported previously (Goulet et al., 2005; Starzak et al., 2014; Hawkins et al., 2016;
Gabay et al., 2018; Rädecker et al., 2018; Hoadley et al., 2019), we detected differences
in metabolic fluxes among host-symbiont combinations and in response to temperature
(Table 1.1). Gross photosynthesis differed among symbiont types, yet it depended only
on host identity in response to stress, resulting in a significant host × temperature
interaction. Surprisingly, rates of gross photosynthesis did not significantly vary between
B1 and A4 symbionts but showed differences within Symbiodinium taxa (A4 and A1),
and intra-specifically between B1 and RS-B1 (Fig. 1.1a). Overall, rates of productivity in
the H2-Hawaii holobionts were consistently higher across all temperatures, regardless of
symbiont composition (Fig. 1.1b). Respiration, on the other hand, depended on symbiont
type, thus resulting in a significant symbiont × temperature interaction (Fig. 1.2). As
expected, respiration increased with temperature (Coles and Jokiel, 1977). Interestingly,
RS-Red Sea strains showed lower respiration compared to others, yet, when in
heterologous combinations (that is, H2-Hawaii and CC7-North Carolina hosts harboring
RS-Red Sea taxa), these had the highest respiratory rates (Fig. S1.7). These in turn also
corresponded to the highest cell densities (Fig. S1.5), further explaining the high
productivity (Fig. S1.8; Discussion S3).
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Table 1.1 Summary of results for three linear mixed-models (LMMs) comparing rates of gross photosynthesis and respiration
(pmol C /cell h), and P:R ratios of different Aiptasia-Symbiodiniaceae combinations across temperature increments.
Statistically significant p values are shown in italic. In each case, the significant source of variation is shown in bold.
Variable
Transformation
Model of best fit

Gross photosynthesis
Ln
AR(1)
AIC = -1518.263
BIC = -1502.102

Information criterion
Source of variation

Numerator Denominator
df
df

Host

2

116.615

Symbiont

5

115.162

Temp

3

37.424

Host × symbiont

4

116.984

Host × temp

6

35.735

Symbiont × temp

15

38.397

Host × symbiont × temp

12

35.555

p
0.001
F = 8.002
< 0.001
F = 7.007
0.010
F = 4.319
0.304
F = 1.226
0.001
F = 4.729
0.915
F = 0.517
0.602
F = 0.850

Respiration
Ln
AR(1)
AIC = -1819.626
BIC = -1811.545
Denominator
df
106.631
106.631
313.638
313.638
106.631
313.638
313.638

p
0.092
F = 2.441
0.004
F = 3.732
< 0.001
F = 80.651
0.437
F = 0.953
0.159
F = 1.559
< 0.001
F = 2.862
0.073
F = 1.669

df degrees of freedom, AIC (Akaike information criterion), BIC (Bayesian information criterion)

P:R ratio
Ln
AR(1)
AIC = -535.715
BIC = -527.634
Denominator
df
113.331
113.331
309.711
113.331
309.711
309.711
309.711

p
0.003
F = 6.255
0.006
F = 3.459
< 0.001
F = 86.573
0.025
F = 2.900
< 0.001
F = 4.896
< 0.001
F = 3.562
0.004
F = 2.460
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Figure 1.1 Symbiont identity (a) significantly affected mean (± 1 SE) gross
photosynthesis rates yet host genotype (b) moderated the response to temperature. For the
latter, pairwise comparisons were carried out within each temperature increment. Letters
above errors bars and next to data points indicate similarities (e.g. AA) or differences
(e.g. AB) between symbiont types and hosts, respectively, as determined by estimated
marginal means. Sample size (n) for each case is indicated in the legend.
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Figure 1.2 Mean (± 1 SE) respiration rates varied with symbiont identity in response to
temperature. Pairwise comparisons were carried out within each temperature increment.
Letters next to data points indicate similarities (e.g. AA) or differences (e.g. AB) between
symbiont types, as determined by estimated marginal means. Sample size (n) for each
case in indicated in the legend.
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Photosynthesis to respiration ratio (P:R) responses to temperature differed according to
host genotype and depended upon symbiont identity, resulting in a significant three-way
host × symbiont × temperature interaction. As respiration rates increased much more
rapidly than photosynthesis with temperature increments (Fig. S1.9), P:R ratios declined
significantly (Fig. 1.3) over time with acumulated stress. In line with higher gross
photosynthesis, H2-Hawaii Aiptasia also exhibited the highest P:R ratios under maximum
stress at 32.5 ºC (Fig. 1.3a). P:R ratios have been used as an estimate of the energetic
significance of the algal symbionts to their hosts and extrapolated to the performance
(and viability) of a given symbiotic association (Muscatine et al., 1981; Starzak et al.,
2014; Rädecker et al., 2018). Values > 1 (as all the reported here) reflect net positive
productivity while values < 1 reflect a heterotrophic state that can often trigger bleaching
(Starzak et al., 2014). Although the metabolic capabilities of Symbiodiniaceae are highly
variable, host identity can play a fundamental role in determining the physiological
response of the symbiont. Indeed, Breviolum minutum has been described as a thermally
sensitive (Robison and Warner, 2006; Grégoire et al., 2017; Swain et al., 2017;
Cziesielski et al., 2018; Lesser, 2019) but more beneficial symbiont (Starzak et al., 2014;
Gabay et al., 2018; Rädecker et al., 2018). Taxa from the genus Symbiodinium, on the
other hand, can fix carbon at higher rates than other symbionts but tend to translocate
much less photosynthates to the host (Rädecker et al., 2018). Further, the thermal
response of Durusdinium trenchii can vary greatly depending on the coral species
(Rädecker et al., 2018; Hoadley et al., 2019). Accordingly, our study demonstrates that
different symbiont taxa, not only their identity but also infection dynamics, have a
substantial impact on the stability and functionality of the symbiosis. We also found that
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RS-B1 (i.e. specific ITS2 type profiles found only in Red Sea Aiptasia) is distinctly
different from B1 from Hawaii; and while questions remain regarding possible genotypic
differences between these two, our data suggests that RS-B1 might be indeed a different
species or at least a different ‘eco-type’ worthy of further study. These observations
highlight the importance of considering fine-scale differences when comparing
performance of different symbiont strains; as Symbiodiniaceae is already known to be
greatly diverse at inter- and intra-specific levels (LaJeunesse et al., 2018).
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Figure 1.3 Mean (± 1 SE) photosynthesis to respiration (P:R) ratios across temperature increments for H2 (a), CC7 (b) and RS
(c) Aiptasia harboring different symbiont taxa. Pairwise comparisons were carried out within each temperature increment.
Letters next to data points indicate similarities (e.g. AA) or differences (e.g. AB) between host-symbiont combinations, as
determined by estimated marginal means. Sample size (n) for each case is indicated in the legend.

45
1.3.3 Heat tolerance varies among host-symbiont combinations
Here, we characterized the thermal acclimation potential of the various host-symbiont
combinations (noteworthy Red Sea hosts nor symbionts were tested in this experiment,
see Results S1 and Table S1) during a long-term heat stress experiment by monitoring
daily changes in symbionts photochemical efficiency responses (Fv/Fm). Consistent with
previous findings of photosynthesis impairment under elevated temperatures (Robison
and Warner, 2006; Díaz-Almeyda et al., 2017; Gegner et al., 2017; Lesser, 2019), we also
observed a rapid decline in Fv/Fm over time from ~ 0.9 on day 0 at 25 ºC to ~ 0.6 after
28 days at 32 ºC. As expected, and accordingly with other studies (Gegner et al., 2017;
Nitschke et al., 2018; Hoadley et al., 2019), symbionts Fv/Fm depended on host and time
(Table 1.2). CC7-North Carolina and RS-Red Sea genotypes exhibited higher heat
tolerance than H2-Hawaii (Fig. 1.4a) as it was the case for A4 taxa compared to B1 (Fig.
1.4b). Differences in Fv/Fm values between H2-Hawaii holobionts and CC7-North
Carolina and RS-Red Sea only became significant after 4 days, while the latter started to
differ significantly at day 15. Likewise, the two symbiont strains did not differ until day
13. Overall differences between the various host-symbiont combinations were also
detected (Fig. 1.4c), with those harboring B1 displaying lower yields. Although a
significant host × symbiont × day interaction was not detected, we could nonetheless
observe variability among host-symbiont combinations over time (Fig. S1.10). We
observed lower Fv/Fm for H2-Hawaii and CC7-North Carolina with B1 (0.2-2.5 % and
0.2-3.1 %, respectively) compared to the same genotypes harboring A4 taxa, which was
further associated with a greater loss of symbionts (Fig. S1.11).
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Table 1.2 Summary of results of a linear mixed-model (LMM) analysis comparing
photochemical efficiencies (Fv/Fm) of different Aiptasia-Symbiodiniaceae combinations
subjected to long-term temperature stress. Statistically significant p values are shown in
italic. In each case, the significant source of variation is shown in bold.
Source of variation

Numerator df

Denominator df

F

p

Host

2

90.444

20.132

< 0.001

Symbiont

1

90.444

10.301

< 0.05

Day

28

1177.451

620.486

< 0.001

Host × symbiont

2

90.444

4.460

0.014

Host × day

56

1177.451

1.575

0.005

Symbiont × day

28

1177.451

1.739

0.010

Host × symbiont × day

56

1177.451

1.091

0.304

Data were Ln (x +1) transformed
The model of best fit was AR(1)
AIC (Akaike information criterion) = -12973.939, BIC (Bayesian information
criterion) = -12963.226
df = degrees of freedom
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Figure 1.4 Mean (± 1 SE) photochemical efficiencies of different host genotype (a) symbiont types (b) and host-symbiont
combinations (c). Letters indicate similarities (e.g. AA) or differences (e.g. AB), as determined by estimated marginal means.
Sample size (n) for is indicated in the legend.
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Most studies have suggested that it is the genetic identity and eco-physiological attributes
of the photosymbiont that ultimately determines thermal acclimation of corals
(Berkelmans and van Oppen, 2006; Sampayo et al., 2008; Howells et al., 2011;
Cziesielski et al., 2018). Symbiodinium symbionts are known to be more resilient, with
lower reactive oxygen species (ROS) levels and slower deterioration of PSII, than
Breviolum taxa (Robison and Warner, 2006; Díaz-Almeyda et al., 2017; Cziesielski et al.,
2018; Lesser, 2019). Even more notorious is the stress tolerant Durisdinium trenchii
[formerly known as type D1; (Berkelmans and van Oppen, 2006)] or some Cladocopium
(previously clade C) species that can withstand temperatures of up to 36 ºC (Hume et al.,
2015). Here, however, and in line with a recent study (Hoadley et al., 2019), we show
that even within heat tolerant symbionts like S. microadriaticum (Díaz-Almeyda et al.,
2017; Swain et al., 2017; Cziesielski et al., 2018), and potentially Breviolum types
isolated from the RS-Red Sea strain, host dependent (physiological) differences can
strongly affect the overall thermal sensitivity of the holobiont. We see that even if the
thermal response of H2-Hawaii was improved when harboring heterologous A4, it was
still below CC7-North Carolina and RS-Red Sea holobionts (Fig. 1.4c). Indeed, intraspecific responses have been identified for Aiptasia (Cziesielski et al., 2018).
Particularly, RS-Red Sea stands out as a more heat tolerant genotype. Its extensive
transcriptional regulation, which includes the abundant expression of HSP70 and Nrf2
(i.e. related to antioxidant proteins), constitutes a form of plasticity crucial for resilience
to stress (Cziesielski et al., 2018). Moreover, it has been shown that despite the
symbionts’ own coping mechanisms, its performance under stress is still maintained
through plasticity of the host acclimatory responses (Bellantuono et al., 2012a; Kenkel
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and Matz, 2016). Thus, it is clear that the abilities of the host to adapt to alternative
environments also play a strong role (perhaps more than what has been acknowledged) in
predicting thermal tolerance (Palumbi et al., 2014; Howells et al., 2016; Kenkel and
Matz, 2016; Hoadley et al., 2019; Morikawa and Palumbi, 2019).

1.3.4 Thermal sensitivity of metabolic rates
We characterized the thermal dependence of metabolic processes from the associated
activation energy (Ea), calculated following the Boltzmann-Arrhenius model (Brown et
al., 2004; Dell et al., 2011); which can be interpreted as an effect size per unit warming
(Marbà et al., 2015), thereby facilitating comparisons of the magnitude of response across
biological traits. Ea estimates reported here were calculated in a manner where deviations
from zero (no or limited change of the response to temperature) indicate increasing
thermal dependence [(Brown et al., 2004; Dell et al., 2011), see Fig. S1.12]. Models
comparing Ea of photosynthesis, respiration and P:R ratios revealed significant host ×
symbiont interactions in all cases (see Table 1.3). H2-Hawaii holobionts differed from the
rest for exhibiting smaller Ea (Fig. 1.5a). Notably, temperature did not seem to affect H2Hawaii + A4 combinations in a significant manner. Metabolic rates of these Aiptasia
were relatively stable compared to the rest under heat stress (Fig. 1.3a). Overall, a steeper
response to warming was observed for respiration and P:R ratio, followed by gross
productivity, as expected from metabolic theory (Harris et al., 2006). The metabolic
theory of ecology (Gillooly et al., 2001; Brown et al., 2004; Dell et al., 2011) predicts
that Ea estimates typically fall between ~0.2 and 1.2 eV when metabolic processes
operate within their thermal niche. Ea values for respiration and P:R ratios fell within
optimal ranges (geometric mean ± 1 SE; 0.42 ± 0.05 and -0.34 ± 0.04 eV, respectively).
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However, the degree of thermal dependence of photosynthesis was much weaker (0.08 ±
0.04 eV) than that of respiration. These results are highly consistent with a wide range of
autotrophs that show greater sensitivity of respiration to temperature compared to
productivity rates (Allen et al., 2005; López-Urrutia et al., 2006; Yvon-Durocher et al.,
2012). Interestingly, Ea associated with photoinhibition of PS II depended on host
genotype and not symbiont taxa (Table 3, Fig. 1.5b). Mean Ea values followed the order
H2-Hawaii > CC7-North Carolina > RS-Red Sea, also corresponding to their thermal
sensitivity (i.e. Fv/Fm; see Fig. 1.4a). Hence, the thermal response was more pronounced
in H2-Hawaii (-0.45 ± 0.01 eV) and so were the negative effects of heat stress (i.e. rapid
decline of Fv/Fm and lower symbiont densities) compared to other holobionts.
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Table 1.3 Summary of results for three linear mixed-models (LMMs) comparing the activation energy (eV) associated with
rates of gross photosynthesis and respiration, P:R ratios and photochemical efficiencies (Fv/Fm) of different AiptasiaSymbiodiniaceae combinations subjected to heat stress. Statistically significant p values are shown in italic. In each case, the
significant source of variation is shown in bold.

Variable
Transformation
Information
criterion
Source of
variation

Numerator Denominator
df
df

Gross
photosynthesis
Ln (x +1+a)*
AIC = -158.440
BIC = -155.786

Respiration

P:R ratio

Fv/Fm

Ln (x +1+a)*
AIC = -127.973
BIC = -125.320

none
AIC = -60.303
BIC = -57.649

Ln (x +1+a)*
AIC = -238.318
BIC = -236.329

p

p

p

Numerator
df

< 0.001
< 0.001
< 0.001
F = 37.357
F = 13.158
F = 9.500
0.078
< 0.001
< 0.001
Symbiont
5
105
F = 2.047
F = 6.392
F = 6.635
0.045
0.041
0.004
Host × symbiont
4
105
F = 2.527
F = 2.593
F = 4.135
df degrees of freedom, AIC (Akaike information criterion), BIC (Bayesian information criterion)
*
a is the most negative value in the data to convert all values to positive for Ln transformation
Host

2

105

Denominator
df

2

54

1

54

2

54

p
0.013
F = 4.730
0.399
F = 0.723
0.468
F = 0.770
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Figure 1.5 Mean (± 1 SE) activation energy (eV) associated to gross photosynthesis, respiration rates and P:R ratios (a) and
photochemical efficiency (b) across different Aiptasia holobionts. Pairwise comparisons were carried out for each response
variable and within each host genotype. Letters next to data points indicate similarities (e.g. AA) or differences (e.g. AB) as
determined by estimated marginal means. Sample size (n) is indicated for each case.
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1.3.5 Local adaptation accounts for species-specific responses to thermal stress
Most environments are naturally heterogeneous and characterized by strong gradients of
abiotic (e.g. temperature, salinity, oxygen) and biotic (e.g. prey availability) conditions,
often resulting in adaptive divergence among populations (of the same species).
Populations are expected to adapt so that local genotypes have higher fitness in their
native habitat than those from more distant populations (Kawecki and Ebert, 2004;
Sanford and Kelly, 2010), so that thermal variability across a species biogeographic range
dictate intra-specific variability in thermal niches (Bennett et al., 2019). Local adaptation
thus not only determines the spatial and temporal patterns of distribution, abundance and
ecological niches of populations of a given species (Valladares et al., 2014) but might as
well predict its response to environmental disturbances (Kawecki and Ebert, 2004;
Sanford and Kelly, 2010; Bennett et al., 2019).

We tested the effect of temperature on the physiological performance of various Aiptasia
lineages (host and symbionts) that originate from different geographic regions, and
consequently have adapted to distinct thermal regimes, and whether this hinders their
ability to thrive in alternative environments. The locations of origin of the Aiptasia
lineages we tested here exhibit different thermal regimes (Fig. 1.6a); North Carolina has
large seasonal fluctuations (almost 15 ºC), whereas temperatures in Hawaii are
comparatively more stable (temperature range < 5 ºC). Organisms exhibit different levels
of physiological compensation (i.e. phenotypic plasticity in the expression of
metabolism) when coping with alternative conditions so that individuals from more
variable environments show higher plasticity that might increase their ability to respond
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to extremes (Chevin and Hoffmann, 2017). For instance, a recent global analysis
indicated a potentially fundamental role of high frequency temperature variability in
reducing the severity of coral bleaching (Safaie et al., 2018).

Metabolism is the most fundamental biological process; it dictates traits that span from
individual (e.g. life-history attributes like growth rate, fitness and mortality, among
others) to population (e.g. inter-specific interactions) and ecosystem (e.g. trophic
dynamics) scales (Brown et al., 2004; Dell et al., 2011).We hypothesized that
temperature dependence of metabolic rates, characterized here as P:R ratios, would
reflect plasticity in response to heat stress. We therefore expected that higher plasticity
would result in increased thermotolerance. Our data indicated that hosts from locations
with lower and less variable temperatures show a significant reduced plasticity; mean Ea
for P:R ratios was much lower in H2-Hawaii relative to CC7-North Carolina and RS-Red
Sea Aiptasia (Fig. 1.6b). In turn, this also corresponded with the magnitude of
deterioration (Fv/Fm) suffered by the holobiont (Fig. 1.6c). Consequently, to its little
plasticity, H2-Hawaii was the most susceptible to thermal stress (as reflected by lower
photochemical yields and greater loss of symbionts) compared to the others. Surprisingly,
we observed the opposite for symbionts. A4 taxa (S. linucheae, native to CC7-North
Carolina) seemed to be less plastic than B1 from Hawaii despite originating from
significantly more fluctuating thermal settings (Fig. 1.6d). Heat sensitivity (that is,
photochemical efficiency) of B1 was not different from A4 either (Fig. 1.6e). Overall,
this suggests that plastic responses vary among host and symbiont partners but
specifically, that is the former that determines, in great part, acclimation to stress (as it
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has higher physiological plasticity). One possible explanation could be the dependence of
the symbiont on the host (i.e. the symbiont relies on the host to provide a suitable
environment that supports its functioning). Indeed, it has been shown that in hospite
nutrient availability for the symbiont differs depending on the associated host (Rädecker
et al., 2018), so that performance of the symbiont (e.g. gross productivity and
translocation) may be largely attributed to variations in the host metabolism. Moreover,
our results point toward a remarkable effect of local adaptation on symbiont metabolic
plasticity.
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Figure 1.6 Thermal regimes of geographical locations of origin for the three Aiptasia
lineages used here: Hawaii (Kāne'ohe Bay), North Carolina (Wilmington), and Red Sea
(Al Lith, Saudi Arabia). Solid line denotes average, and dashed lines represent maximum
and minimum sea surface temperatures [data taken from www.seatemperature.org; figure
modified from Cziesielski et al., 2018] (a). Box and whisker plots show the median and
range of temperature variability where host (b, c) and symbiont taxa (d, e) originate vs.
the mean (± 1 SE) activation energy (eV) associated to P:R ratios and photochemical
efficiency (Fv/Fm). Thermal variation for symbiont taxa containing the artefactual
‘A4/A1’ genotype was calculated based on the two corresponding locations (North
Carolina and Red Sea). Letters next to data points indicate similarities (e.g. AA) or
differences (e.g. AB) as determined by estimated marginal means.

1.4 CONCLUSIONS
Coles and Jokiel (1977) first showed differences in the photosynthetic and respiratory
capacities of corals in relation to their habitat and thermal histories. Here, we build upon
this knowledge, and further demonstrate that acclimation mechanisms are consistent with
local adaptation to specific conditions; particularly, that individuals from more variable
environments have the ability to dynamically regulate their response to stress. Certainly,
local adaptation of symbiont populations to thermal climates can shape the fitness of
coral hosts under heat stress conditions without necessarily coming at the cost of reduced
growth (Howells et al., 2011). Yet, here we show that local adaptation may be a strong
determinant of symbiosis intra-specificity and as such, infection with more heat tolerant
partners, even if native to Aiptasia, does not automatically improve thermal resilience of
the holobiont. The contrasting findings between Howells et al. (2011) and our study are
not surprising, however, as they explore local adaptation at different spatial scales (~1000
km in less than 3 º latitude vs thousands of kilometers across different oceans,
respectively). Indeed, dynamics of local adaptation are greatly influenced by
geographical distance such that the relationship between phenotypic plasticity and an
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environmental variable becomes steeper (based on linear regression models) with
increasing spatial scale (Meier et al., 2011; Hadfield, 2016).

Evolution has driven large variations in thermal tolerance of coral hosts (Palumbi et al.,
2014; Dixon et al., 2015; Morikawa and Palumbi, 2019) and Symbiodiniaceae species
(Swain et al., 2017; LaJeunesse et al., 2018) independently. Yet, when studying the
capacity and mechanisms through which corals might adapt to future climates, it should
be done under the holobiont model –host-microbe associations co-evolve in a unique
manner, and modulated by the environment (Reusch, 2014). As climate change
intensifies, novel communities (and ecological networks) are expected to emerge through
species turnover and shifts in their distribution (Lurgi et al., 2012; Valladares et al., 2014)
via phenotypic plasticity and/or rapid evolution (Hoffmann and Sgrò, 2011; Reusch,
2014; Torda et al., 2017). Thus, understanding the evolutionary constraints and trade-offs
of symbiosis is necessary to develop more realistic models of species survival (of
symbiotic cnidarians) and its ecological consequences for future oceans. Particularly,
quantifying the amount of plasticity and adaptive potential in metabolic rates may be
important to forecast how organisms will cope with, in this case, warmer oceans (Bennett
et al., 2019).

This study provides valuable insight into the mechanisms (phenotypic plasticity and local
adaptation) underlying the heat response of a cnidarian model system. We are,
nevertheless, cautious in drawing conclusions about thermal adaptation of symbiotic
cnidarians, given the potentially conservative nature of our experimental approach.
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Conditions in laboratory settings are far more simplistic than the complex heterogeneity
innate to natural environments. Further, rates of adaptation here might not be consistent
with those in nature where other important environmental traits vary and often co-vary
with warming. However, the results presented here emphasize that adaptation is not only
dependent on interactions with the abiotic environment but also with other species [e.g. a
diverse microbiota, predators, competitors (Lawrence et al., 2012; García et al., 2018)].
More importantly, all host and symbiont strains tested here are not wild populations but
have been cultured under the same, stable thermal regime for a considerable time (at least
2 years). Therefore, we cannot exclude a certain degree of acclimation or even adaptation
to the culture conditions, which could account for some of the weak effects we observed
here; especially with regard to the symbionts which have a much shorter life cycle and,
hence, higher evolutionary/adaptation rates than the host (Pandolfi et al., 2011;
Chakravarti et al., 2017; Chakravarti and van Oppen, 2018). In spite of this, we show that
thermal characteristics (which derive from local adaptation to their environment of
origin) are not lost even after many generations. However, our results indicate that
adaptation to local environments is a holobiont trait that is not retained when only
symbionts are exchanged, thus limiting our capacity to manipulate cnidarian symbioses in
light of climate change.
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1.5 MATERIALS AND METHODS
1.5.1 Experimental set-up: Aiptasia rearing, bleaching and infections
Aiptasia from three different clonal laboratory strains were used in this study: H2 from
Hawaii, CC7 from North Carolina and a Red Sea (RS) line obtained from the central
coast of Saudi Arabia. H2 native symbionts are Breviolum minutum [(Xiang et al., 2013);
referred to as SSB01], whereas CC7 naturally associates with Symbiodinium linucheae
[(Bieri et al., 2016); referred to as SSA01] but can also form stable symbioses with other
species (Thornhill et al., 2013). Red Sea Aiptasia, on the other hand, occurs with both S.
microadriaticum (here referred as RS) and Breviolum taxa (Thornhill et al., 2013;
Cziesielski et al., 2018). Anemones were reared in autoclaved natural seawater (~ 39 psu
and pH ~ 8) at 25 °C under ~ 80 μmol photons/m2 s white light on a 12:12 h light:dark
cycle (daytime of 06.00-18.00) and fed with freshly hatched Artemia brine shrimps twice
per week. All populations were kept under the same conditions in an incubator (Model I22LLVL, Percival Scientific, USA). Menthol-induced bleaching (Matthews et al., 2016)
was used to generate apo-symbiotic individuals of each clonal line. Animals were
incubated in autoclaved seawater with 0.19 mmol/L menthol during daytime, followed by
a 5 μmol/L 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) seawater incubation
overnight. This treatment was repeated for five weeks until complete bleaching was
observed and confirmed via fluorescence microscopy. Anemones were then kept in a
dark incubator for at least two months and further maintained for at least another month
on a diurnal 12:12 h light:dark cycle to ensure there was no re-establishment of
symbiosis.
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Cultures of the algal strains SSA01 and SSB01 (courtesy of the John Pringle Lab) were
used to perform heterologous infections with Symbiodinium and Breviolum taxa,
respectively. Further, Symbiodiniaceae from the Red Sea line were isolated for RS
infections (Fig. S1.1). Briefly, one anemone was washed with 500 µL of f/2 media +
K/A/S (Kanamycin/Ampicillin/Streptomycin: 50/100/50 µg/mL) and then crushed in
fresh 500 µL of f/2 media + K/A/S using a glass tissue grinder (Duran Wheaton Kimble,
USA) to keep the algal cells intact. This was filtered through a 40 µm nylon mesh sterile
cell strainer (Fisherbrand, Fisher Scientific, USA), diluted in 15 mL of f/2 media + K/A/S
and subsequently transferred to liquid culture flasks (225 cm2 Nunc Cell Culture Treated
EasYFlask, Thermo Scientific) with 5 mL of the diluted fresh extract and 150 mL of f/2
media + K/A/S + GeO2 (4.47 µg/mL) saturated solution each to prevent diatoms growth.
Presence of algal cells was checked under a fluorescence microscope. Moreover, solid
agar f/2 + K/A/S plates were inoculated with the same fresh extract (normal
concentration, 5-fold and 25-fold dilution) so that single colonies could be grown and
isolated for further experiments. After 10 days, 15 to 20 single colonies were picked from
each plate, grown in 1.5 mL Eppendorf tubes with 300 µL of f/2 media + K/A/S and
transferred to culture flasks (75 cm2 Nunc Cell Culture Treated EasYFlask, Thermo
Scientific), as previously described. The above was performed under a flow hood
(NuAire, Plymouth, MN, USA) to avoid environmental contamination. All liquid and
solid cultures were kept in an incubator (Model I-22LLVL, Percival Scientific, USA) at
29 °C on a 12:12 h light:dark cycle (80-100 µmol photons/m2 s of photosynthetically
active radiation).
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Infections were performed so that six heterologous host-symbiont combinations would be
obtained: H2-Hawaii + SSA01, H2-Hawaii + RS, CC7-North Carolina + SSB01, CC7North Carolina + RS, RS-Red Sea + SSA01 and RS-Red Sea + SSB01. Algal strains were
grown in axenic cultures for more than one year before conducting experiments. Cell
density of each culture was assessed one day prior by flow cytometry (BD LSRFortessa,
BD Biosciences, USA) to accurately calculate the desired amount of 105 cells/mL to
perform the infections. In a flow hood, each culture flask was mixed well and the right
volume was transferred to a 50 mL Falcon Tube. Liquid was centrifuged for 5 min at
3000 g, f/2 media was removed and cells were re-suspended in 30 mL of autoclaved
seawater. Cell suspension was then poured in each 250 mL tank containing the aposymbiotic anemones, followed by immediate feeding with Artemia to facilitate the
dinoflagellate uptake. Infections were verified by fluorescence microscopy every day for
the first two weeks until color pigmentation was visible to the naked eye. Infected
individuals were maintained under the same conditions as described above for at least six
months before performing the following experiments.

1.5.2 Physiological performance under acute thermal stress
Fifteen individuals from each of the nine different Aiptasia host-symbiont combinations
were subjected to acute heat stress as follows. Temperature was slowly ramped up
starting at 25 °C to 32.5 °C with increments of 2.5 °C every 1.5 h, starting from 08.00
and reaching the target temperature by the afternoon (14.00). Anemones were transferred
into 5 mL custom glass chambers fitted with an internal stir bar (chamber design by Dr.
Julia Strahl, University of Oldenburg) and a FireSting O2 fiber-optical oxygen sensor
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(PyroScience, Germany). Chambers were filled with autoclaved seawater and submerged
in a 25 °C water bath and maintained in darkness for 30 min to acclimate with the
magnetic stirrers on to prevent stratification of the water column. Oxygen fluxes
(μmol/L) were then recorded once every 15 s over the course of a 30 min incubation in
light (~ 80 μmol photons/m2s), followed by 10 min acclimation in darkness (< 1 μmol
photons/m2 s) and then a 30 min incubation in dark. Temperature was increased by
heating up the water, and constantly monitored with a temperature probe. A 10 min
acclimation time was allowed between each temperature increment to ensure the chamber
had reached the target temperature. The above was repeated until hitting a final
temperature of 32.5 °C. Individuals were subjected to the above in different batches
across several days so natural biological variation could be taken into account.

1.5.3 Gross photosynthesis, respiration and P:R ratios
Net photosynthesis (Pnet) and respiration (R) rates were calculated from the slope of the
linear increase and decrease in dissolved oxygen concentration during light and dark
incubations, respectively, with each temperature increment. For every respirometry assay
performed, values of Pnet and R were corrected for background microbial oxygen
consumption (i.e. seawater controls) and transformed into their carbon equivalents by
assuming quotients of 1.1 and 0.9 (over 24 h), respectively (Muscatine et al., 1981).
These were then normalized to symbiont counts (see below) in order to generate values of
gross photosynthesis (Pgross ), expressed as pmol C / symbiont cell h. Photosynthesis to
respiration ratios (P:R) were calculated [(Pgross/R, where Pgross = (Pnet + |R|)], as an
indicator of the autotrophic capacity.
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1.5.4 Thermal response under long-term stress
Ten Aiptasia from each of the host-symbiont combinations above were subjected to longterm heat stress as follows. In brief, temperature was gradually ramped up from 25 °C to
32 °C over the course of 10 h at increments of 1 °C per h. Anemones remained at this
temperature for 28 days, time during which daily maximum photochemical efficiency of
PSII (Fv/Fm) were recorded with a Pulse Amplitude Modulated fluorometer (Mini-PAM,
Walz, Germany) to assess the photo-physiological status of each individual. Polyps were
dark acclimated for 30 min prior to measurements. Noteworthy, this experiment was
performed ~ 6 months after concluding the respirometry assays. All remaining
individuals of the H2-Hawaii + RS combination died within few weeks following the
previous experiment. Further, native RS-Red Sea Aiptasia were not available at the time
we performed this test.

1.5.5 Activation energies
The thermal dependence of the processes measured above was parametrized as the
activation energy [Ea, expressed in electronvolts (eV)]. This was calculated in an
equivalent manner to an effect size per unit temperature so it could be used to compare
the magnitude of responses across multiple biological traits (Marbà et al., 2015):
Ea =
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Where V0 is the value of the response variable observed previous to a thermal anomaly
(Vi) measured for temperature (in Kelvin) T0 and Ti, respectively, multiplied by the
Boltzmann constant [(Regaudie-de-Gioux and Duarte, 2012); k = 8.617734 × 10 -5 eV],
following the Arrhenius model (Dell et al., 2011). Here, activation energies were
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calculated as the ratio of the trait performance at 25 ºC (V0) and 32.5 ºC (Vi). Ea values <
0 (i.e. negative values) indicate a decrease in the trait response with increasing
temperature. Ea values ≈ 0 indicate no change in the trait response with increasing
temperature, whereas Ea values > 0 (i.e. positive values) indicate an increase in the trait
response with warming (see Fig S1.11).

1.5.6 DNA extraction, protein content and symbiont cell count
A tentacle from each individual was plucked to extract DNA with the Chelex 100® (BioRad) resin method (Walsh et al., 1991). The anemone was then crushed in 500 µL of cell
lysis buffer (200 mM TRIS pH 7.5, 2 M NaCl, 0.1 % Triton 20 %) and two aliquots of
100 µL and 400 µL were immediately snap-frozen in liquid nitrogen and stored in -20 °C
for further protein content and symbiont concentration analysis, respectively. Total host
protein content was quantified with a Micro BCA Protein Assay Kit (Thermo Scientific,
USA) using triplicates of 150 µL of 15x-diluted tissue slurry as per manufacturer
instructions. Protein concentrations were measured at 562 nm absorbance using a
SpectraMax Paradigm Multi-Mode Detection Platform (Molecular Devices, CA, USA).
Symbiont cell counts were done by flow cytometry (BD LSRFortessa, BD Biosciences,
USA). To do this, tissue homogenate was spun down at 14 000 g for 5 min, supernatant
was removed and the pellet was re-suspended in phosphate buffered saline solution. The
later was performed twice before filtering it through a 40 µm nylon mesh sterile cell
strainer (Fisherbrand, Fisher Scientific, USA). Cells were excited at a wavelength of 488
nm and fluorescence emission was recorded at 695/40 nm. Symbiont densities were
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quantified in triplicate measurements (20 μL each) based on forward-scattered light and
chlorophyll autofluorescence signals of recorded events.

1.5.7 ITS2 sequencing
Illumina sequencing of the Internal Transcriber Space 2 (ITS2) region was used to
examine the Symbiodiniaceae composition of the various hosts-symbiont combinations.
PCRs were performed in triplicates using the primers (Illumina adapters underlined
below) SYM_VAR_5.82S2 [5’ TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGAATTGCA GAACTCCGTGAACC 3’] and SYM_VAR_REV [5’GTCTCGTGGGCT
CGGAGATGTGTATAAGAGACAG-CGGGTTCWCTTGTYTGACTTCATGC 3’]
(Hume et al., 2018). Each PCR reaction was run with Qiagen Multiplex PCR Kit
(Qiagen, Germany) and 10 μM primers in a final reaction volume of 15 μL. Thermal
cycling conditions of 15 min at 95 °C, followed by 30 cycles of 30 s at 95 °C, 90 s at 56
°C and 30 s at 72 °C, with a final extension step of 10 min at 72 °C were used for
amplification. For each sample, PCR products were run on a 1 % agarose gel
electrophoresis, pooled and cleaned using ExoProStar 1-step (GE Healthcare, Little
Chalfont, UK). Indexing was then performed using the Nextera XT Index Kit (Illumina,
CA, USA) according to the manufacturer’s instructions and followed by sample
normalization and final library pooling. A SequalPrep Normalization Plate Kit
(Invitrogen, Thermo Fisher Scientific, USA) was used to do the normalization, avoiding
the more labor-intensive process of quantifying and aliquoting each individual sample.
The final pooled library was quantified on a BioAnalyzer (Agilent Technologies, CA,
USA) and sequenced at 7 pM with 20 % phiX on the Illumina MiSeq, 2 × 300 bp end
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version 3 chemistry according to the manufacturer's specifications at the Bioscience Core
Lab in KAUST, Saudi Arabia.

Sequencing data was analyzed with the SymPortal engine (Hume et al., 2019), a platform
for phylogenetically resolving Symbiodiniaceae taxa using ITS2 amplicon data.
SymPortal works by identifying sets of specific ITS2 sequences that re-occur in a
sufficient number of samples and considers them as ‘defining intra-genomic variants’
(DIVs), which in turn are then used to characterize an ‘ITS2 type profile’ representative
of putative Symbiodiniaceae taxa. Different terms have been used over time, often in an
interchangeably manner, to describe taxonomic units of resolution within this group (e.g.
‘ITS2 type’, ‘ITS2 profile’, ‘type’, ‘subtype’, ‘clade’, ‘subclade’). Thus, for the purposes
of this study we restricted our use to ‘majority ITS2 sequence’ and ‘ITS2 type profile’.
As defined by SymPortal, ‘majority ITS2 sequence’ refers to the most abundant
sequence(s) in each of the samples that have a ‘type profile’, which define a putative
taxon. For example, S. linucheae is characterized by the specific A4-A4m ITS2 type
profile, with A4 as the most abundant ITS2 sequence.

1.5.8 Statistical analyses
The response variables were analyzed using both analyses of variance (ANOVAs) and
linear mixed models (LMMs). All data were first checked for normality and
homoscedasticity using standardized residual plots and Q-Q plots and, if required, ln or ln
(x +1) transformations were applied. Symbiont cell densities were analyzed with a oneway ANOVA using host-symbiont combination as fixed explanatory variables in R
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version 3.5.1(R Core Team, 2018). If significant terms were detected, Tukey pairwise
comparisons were then conducted post-hoc to determine where significant differences
occurred.

Gross photosynthesis and dark respiration (pmol C /cell h), and P:R ratios were analyzed
using repeated-measures LMMs in SPSS (Released 2013) as described in Klein et al.
(2017). For each dependent variable, the fixed factors were: host genotype, symbiont type
(based on the majority ITS2 sequence) and temperature, which was the repeated measure.
In all cases, several repeated covariance types (e.g. AR(1), AR(1) heterogeneous, CS)
were investigated to assess the model-of-best fit by comparing numerous goodness-of-fit
statistics (e.g. -2 restricted log likelihood, Akaike's information criterion and Bayesian
information criterion). Preliminary analyses of the response variables included random
factors (or blocks) to test for potential bias associated with the oxygen sensor ID fitted to
each individual chamber, water tub ID in which chambers were submerged, and day in
which assay was performed. We used estimates of covariance parameters and the Wald Z
test of simultaneous coefficients to assess the potential redundancy of these terms in each
analysis. If any of these were revealed to significantly affect the fit of the model, they
were retained to account for associated variance but were otherwise removed and the
analyses re-run. Photochemical efficiency values (Fv/Fm) for each host-symbiont
combination subjected to long-term heat stress were analyzed using LMMs with day as
the repeated measure. Likewise, Ea for each response variable measured were also
analyzed with LMMs but without repeated covariance structure. For all LMMs analyses,
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estimated marginal means (least-squares means) were used to determine which means
differed for the significant, highest-order terms.
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1.6 SUPPLEMENTARY INFORMATION
1.6.1 Results S1: Infection dynamics vary between host-symbiont combinations
All Symbiodiniaceae taxa initially colonized Aiptasia. Algal symbionts were visible
under fluorescence microscopy five days after inoculation and reaching peak densities ~
2 weeks later, time during which anemones started regaining their characteristic goldenbrown coloration. Consistent with previous reports (Wolfowicz et al., 2016; Gabay et al.,
2018), hosts were rapidly infected first by B. minutum (SSB01), followed by S.
microadriaticum (RS) and lastly, S. linucheae (SSA01).

Three main putative taxa were identified based on the majority ITS2 sequence: B1, A4
and A1, corresponding to SSB01, SSA01 and RS, respectively (Figs. S1.2, S1.3).
Additionally, SymPortal also revealed the artefactual genotypes A4/A1 and A1/A4,
which indicated the presence of both A4 and A1 taxa. However, for further analyses,
these two were collapsed into one ‘A4/A1’ category. Sequences belonging to other taxa
with abundances below 1 % were classified as ‘others’. Putative taxa were in turn
characterized by specific ITS2 type profiles (i.e. different genotype representatives).
Particularly notorious was the B1 taxon as it exhibited distinct type profiles for the
Hawaii (B1-1210-B1a) and Red Sea (B1-B1a-B1b and/or B1-B1a-B1h-B1i-B1g) strains
(Fig. S1.4), which were designated as B1 and RS-B1, respectively (Fig. S1.3). Only
samples with majority ITS2 sequences corresponding to at least 80 % of the targeted
symbiont taxon were considered for further analysis. Based on this, infection success (i.e.
proportion of individuals infected with the desired symbiont) of each host-symbiont
combination was examined (Tables S1.1, S1.2, S1.3) and on a case-by-case basis
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individuals were grouped according to the main symbiont they harbored. Lowest
infection success was recorded for H2-Hawaii and CC7-North Carolina anemones
inoculated with RS-Red Sea taxa (Table S1.1). It is noteworthy that: (1) the original
isolate used to perform RS-Red Sea infections was a mix containing ~ 70 % type A1
(Fig. S1.1) yet the Symbiodiniaceae composition of native RS Aiptasia was mainly
characterized by the A4/A1 type (Fig. S1.2), and (2) hosts infected with RS-Red Sea
symbionts did not maintain a stable symbiosis beyond one year after initial inoculations
(Fig. S1.3).
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Figure S1.1 Symbiodiniaceae composition of the SSA01, SSB01, original Red Sea (RS)
mix and Red Sea clade A and B isolates used to perform inoculations. B1 taxa from the
Red Sea isolate are designated as RS-B1. Identification of putative taxa is based on the
ITS2 majority sequence.
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Figure S1.2 Symbiodiniaceae composition of different Aiptasia host-symbiont
combinations 6 months after inoculations. Putative taxa was identified based on the
majority ITS2 sequences and its taxonomic description as referenced in the literature: B1
[B. minutum & B. antillogorgium & B. pseudominutum (Lajeunesse et al., 2012;
Parkinson et al., 2015)], A4 [S. linucheae (Thinh, 1995)] and A1 [S. microadriaticum
(Freudenthal, 1962)]. B1 taxa from the Red Sea isolate are designated as RS-B1.
Sequences belonging to other taxa and for which abundance was below 1 % were
classified as ‘others’.
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Figure S1.3 Symbiodiniaceae composition of different Aiptasia host-symbiont combinations >1 year after initial inoculations.
Putative taxa was identified based on the majority ITS2 sequences and its taxonomic description as referenced in the literature:
B1 [B. minutum & B. antillogorgium & B. pseudominutum (Lajeunesse et al., 2012; Parkinson et al., 2015)], A4 [S. linucheae
(Thinh, 1995)] and A1 [S. microadriaticum (Freudenthal, 1962)]. B1 taxa from the Red Sea isolate are designated as RS-B1.
Sequences belonging to other taxa and for which abundance was below 1 % were classified as ‘others’.
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Figure S1.4 ITS2 profile types represent different genotypes of Symbiodiniaceae
identified by SymPortal.
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Table S1.1 Detailed overview of all the experimental Aiptasia-Symbiodiniaceae
combinations tested in this study. Putative taxa are based on the majority ITS2 sequence
as determined by SymPortal. Native relationships are highlighted in bold. Sample size is
indicated in each case.
host
symbiont
SSA01

SSB01
RS
a
b

H2 (Hawaii)

CC7 (North Carolina)

RS (central Red Sea)

H2 + A4 (n = 13)a

CC7 + A4 (n = 14)a

RS + A4 (n = 9)a

H2 + A4 (n = 8)b

CC7 + A4 (n = 17)b

RS + A4 (n = 10)b

H2 + B1 (n = 16)a

CC7 + B1 (n = 14)a

RS + B1 (n = 13)a

H2 + B1 (n = 8)b

CC7 + B1 (n = 7)b
CC7 + A1 (n = 3)a
CC7 + A4/A1&RS-B1 (n = 6)a
CC7 + RS-B1 (n = 4)a

RS + B1 (n = 10)b
RS + A4/A1 (n = 5)a
RS + A4/A1&RS-B1 (n = 12)a

H2 + A1 (n = 8)a

acute heat stress experiment
long-term heat exposure
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Table S1.2 Mean (± 1 SE) average composition of Symbiodiniaceae taxa across different Aiptasia host-symbiont combinations
that were subjected to acute heat stress. Putative taxa are based on its majority ITS2 sequence. B1 taxa from the Red Sea
isolate are designated as RS-B1. Less abundant groups (< 1 %) are classified as ‘others’. Sample size is indicated for each
combination. Numbers in bold indicate taxa of interest in each case. Empty boxes denote absence of certain taxa for a
particular combination.
A4 %

A4/A1 %

A1 %

B1 %

H2 (n = 16)

0.11 ± 0.09

5.91 ± 1.66

1.77 ± 1.08

92.97 ± 1.53

H2 + SSA01 (n = 13)

99.68 ± 0.14
98.65 ± 0.52

H2 + RS (n = 8)
CC7 (n = 14)

99.86 ± 0.08

CC7 + SSB01 (n = 14)

0.01 ± 0.01

RS-B1 %

0.12 ± 0.06

0.08 ± 0.04

0.24 ± 0.15

0.09 ± 0.06

0.82 ± 0.46

0.03 ± 0.03
5.81 ± 1.41

0.44 ± 0.19
0.10 ± 0.06

94.17± 1.40
8.32 ± 3.36

91.68 ± 3.36

CC7 + RS [A1 (n = 3)]

‘others’ %

CC7 + RS [A4/A1&RS-B1 (n = 6)]

27.84 ± 1.90

71.21 ± 1.59

0.95 ± 0.91

CC7 + RS [RS-B1 (n = 4)]

9.90 ± 0.86

86.72 ± 1.95

3.37 ± 1.58

RS [A4/A1 (n = 5)]

92.55 ± 3.79

7.39 ± 3.78

0.06 ± 0.06

RS [A4/A1&RS-B1 (n = 12)]

55.66 ± 5.16

44.10 ± 5.21

0.23 ± 0.13

RS + SSA01 (n = 9)

98.53 ± 0.54

0.08 ± 0.08

RS + SSB01 (n = 13)

0.07 ± 0.05

99.88 ± 0.09

1.38 ± 0.56
0.05 ± 0.05
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Table S1.3 Mean (± 1 SE) average composition of Symbiodiniaceae taxa across different Aiptasia host-symbiont combinations
subjected to long-term heat stress. Putative taxa are based on its majority ITS2 sequence. B1 taxa from the Red Sea isolate are
designated as RS-B1. Less abundant groups (< 1 %) are classified as ‘others’. Sample size is indicated for each combination.
Numbers in bold indicate taxa of interest in each case. Empty boxes denote absence of certain taxa for a particular
combination.
A4 %
H2 (n = 8)
H2 + SSA01 (n = 8)

99.69 ± 0.14

CC7 (n = 17)

99.60 ± 0.32

CC7 + SSB01 (n = 7)

1.43 ± 1.05

RS + SSA01 (n = 10)

95.88 ± 2.19

RS + SSB01 (n = 10)

0.11 ± 0.08

A4/A1 %

A1 %

B1 %

6.07 ± 1.65

1.95 ± 1.22

91.39 ± 1.58

RS-B1 %

‘others’ %
0.12 ± 0.06

0.31 ± 0.14
0.40 ± 0.32
0.14 ± 10.09

0.94 ± 0.69

0.03 ± 0.03

97.46± 1.04
4.12 ± 2.19

0.24 ± 0.11

99.65 ± 0.11
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Symbiont densities in permanently symbiotic Aiptasia (i.e. native combinations) was
similar across strains, with approximately 1.43 x 107 (± 6.58 x 105 SE) cells/mg protein.
This density was not significantly different from that attained by infected anemones, with
the exception of H2-Hawaii and CC7-North Carolina anemones harboring A1 and
A4/A1&RS-B1 and RS-B1 taxa, respectively (Fig. S1.5). Moreover, cell densities shown
here are of the same order of magnitude as previously reported in other studies with
Aiptasia (Gabay et al., 2018; Gegner et al., 2017; Hawkins et al., 2016a).

Figure S1.5 Mean (± 1 SE) symbiont cell densities (normalized to protein content) of
different Aiptasia holobionts 6 months after initial inoculations. Pairwise comparisons
were carried out within each host genotype. Letters above error bars indicate similarities
(e.g. AA) or differences (e.g. AB) between host-symbiont combinations, as determined
by Tukey’s HSD post-hoc test (p < 0.05). Sample size is indicated in each case.
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1.6.2 Discussion S1: Symbiosis specificity in Aiptasia
The success of any symbiosis is dictated by the identities of both the host and symbiont
partners; compatibility between the two (or more) species is crucial for the onset and
maintenance of a persistent association that allows their survival in diverse environments
(Douglas, 2014). For corals, the specificity of this relationship can determine their
ecological resilience to climate change (Little et al., 2004; Sampayo et al., 2008).
Aiptasia has made possible to study the flexibility of this cnidarian-algal symbiosis by
performing experimental inoculations with heterologous symbionts. Yet, so far studies
have only investigated the dynamics of short-term (12 weeks maximum) infections
(Belda-Baillie et al., 2002; Starzak et al., 2014; Gabay et al., 2018). Here, we studied
heterologous symbioses that remained stable for at least six months and longer (> 1 year).
Despite only testing a limited number (n = 3) of taxa, however, the strains we used in this
study naturally occur as main symbionts in the different Aiptasia lineages.

Differential success of heterologous symbionts in Aiptasia has already been observed.
Failure of certain taxa such as the free-living Effrenium voratum (referred as SSE02) to
establish symbiosis with both larval and adult Aiptasia (or acroporid corals) has been
reported on several occasions (Hambleton et al., 2014; Wolfowicz et al., 2016; Gabay et
al., 2018). Compatibility can also vary within the same genus; both SSA01 and SSA02
strains (Symbiodinium) can efficiently infect different hosts while SSA03 cannot be
found in abundances of more than 1-2 algal cells per larvae (Hambleton et al., 2014;
Wolfowicz et al., 2016), for example. Likewise, taxa from the genus Cladocopium seem
incapable of proliferating in Aiptasia even after three months of being taken up (Belda-

81
Baillie et al., 2002; Gabay et al., 2018). Further, evidence has shown that non-native taxa,
if accepted, reach much higher cell densities than homologous symbionts (Hambleton et
al., 2014; Starzak et al., 2014; Rädecker et al., 2018). Our results show that all infections,
with the exception of H2-Hawaii and CC7-North Carolina hosts infected with A1 and
A4/A1 & RS-B1 taxa, respectively, attained comparable symbiont densities (Fig. S1.5).
As the host must regulate the symbiont population for a stable symbiosis to persist
(Cunning and Baker, 2014), it is possible that certain mechanisms are somehow hindered
in heterologous symbiosis. Hence, it is not surprising that even if colonization was
initially successful for H2-Hawaii + A1, all the remaining individuals of this hostsymbiont combination died shortly after concluding the respirometry assays (~ 6 months
after inoculations). CC7-North Carolina anemones infected with RS-Red Sea taxa did not
sustain long-term symbiosis either. Instead, most of the individuals reverted to their
native A4 symbiont composition (Fig. S1.3).

It is clear that infection dynamics are highly variable over time (as seen here ~ 6 months
and ~ 1 year after inoculations), and that mechanisms for symbiont selection are complex
and can be challenging for the establishment and sustainment of new symbioses. Thus,
our data also supports the notion intraspecific co-evolution of host and symbiont and/or
local adaptation of symbioses. Indeed, this has been observed for the bacterial microbiota
of Aiptasia (Herrera et al., 2017); there are clear differences in the metabolic processes of
H2-Hawaii and CC7-North Carolina that imply hosts might actively select their microbial
symbionts. This can be further substantiated by physiological data (see main results)
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showing how a particular taxon, in this case the algal symbiont, can affect the overall
functioning of the holobiont.

1.6.3 Discussion S2: Changes in the symbiont composition of Red Sea Aiptasia
We observed a significant change in the symbiont composition between RS-Red Sea
anemones that were collected in the wild (March 2015) and individuals that have been
kept in the laboratory for at least three years (sampled on August 2018; Fig. S1.6). These
differences were mainly attributed to the presence of A4 symbionts (as shown by the
A4/A1 genotype) and disappearance of Cladocopium and Durisdinium taxa (here denoted
as ‘others’). Very often, the microbial composition of laboratory-maintained organisms is
different to their wild counterparts (Gaikwad et al., 2016) as a result of the distinct
conditions of controlled settings in the laboratory versus a dynamic environment in the
wild. Therefore, considering the average temperature profiles of the locations from which
Aiptasia were originally obtained (Cziesielski et al., 2018), individuals reared long-term
at 25 °C could have acclimated to winter conditions. Even the lowest temperatures in the
central Red Sea during the winter season can be above 25 °C. It has been demonstrated
that corals can experience quiescence (i.e. dormancy) during cold temperatures, a
phenomenon that can drive significant changes in the microbial communities (Grace,
2017; Sharp et al., 2017). We can only speculate, however, as the biology of quiescence
still remains understudied.

Moreover, the presence of the artefactual A4/A1 genotype could either indicate that: (1)
cross-contamination occurred while maintaining the tanks in the same incubator, and/or
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(2) some individuals might have not been fully apo-symbiotic (i.e. residual symbionts
that were not detected) at the time we performed the infections. Therefore explaining the
low infection success for some combinations, specifically for H2-Hawaii and CC7-North
Carolina inoculated with Red Sea symbionts (A1 and RS-B1).

Figure S1.6 Changes in the symbiont composition of Aiptasia from the Red Sea collected
in the wild in March 2015 (left panel) and reared under laboratory conditions (sampled in
August 2018, right panel). Putative taxa was identified based on the majority ITS2
sequences and its taxonomic description as referenced in the literature: B1 [B. minutum &
B. antillogorgium & B. pseudominutum (Lajeunesse et al., 2012; Parkinson et al., 2015)],
A4 [S. linucheae (Thinh, 1995)] and A1 [S. microadriaticum (Freudenthal, 1962)]. Here,
B1 taxa are designated as RS-B1. Sequences belonging to clade C and D were designated
as ‘others’.

1.6.4 Discussion S3: Functional performance depends on symbiont abundance
Symbiont abundance is not only an indicator of bleaching but also a critical determinant
of the state of symbiosis. In a density-dependent framework, symbiont abundance has a
fundamental role in the dynamic interactions between the holobiont and its abiotic
environment, consequently defining the performance of the symbiosis (reviewed in
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Cunning and Baker, 2014). Essentially, the photosynthetic capacity of symbionts depends
on the light fields they experience. When symbiont densities are low, each cell receives
more light but as their abundance increases, self-shading reduces the amount of incident
light they can capture. Thus, leading to an intense competition for limited resources that
ultimately decreases the gross benefits for the host (i.e. carbon fixation) while, at the
same time, increasing the energetic costs of maintaining high symbiont densities (e.g.
removal of oxygen radicals, damage repair from photo-oxidative stress). Since symbionts
contribute to the total holobiont respiration, respiratory rates are also expected to increase
linearly with symbiont densities (Hoogenboom et al., 2010; Hawkins et al., 2016a) so that
the carbon contribution of each individual symbiont is reduced or even cancelled, making
the host more susceptible to bleaching (Cunning and Baker, 2014). Increased respiration
is also indicative of stress as more ‘effort’ is needed to regulate the symbiosis, suggesting
even a parasitic interaction (Starzak et al., 2014). Hence, in order for the host to build and
maintain energy reserves (i.e. P:R ratio > 1), an ‘optimum’ symbiont density must exist
(Hoogenboom et al., 2010). Consistent with the previous observations, our results show
decreased photosynthesis and higher respiration rates with increasing symbiont density
(Figs. S1.7, S1.8).
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Figure S1.7 Mean (± 1 SE) respiration rates across temperature increments for H2 (a), CC7 (b) and RS (c) Aiptasia harboring
different symbiont taxa. Letters next to data points indicate similarities (e.g. AA) or differences (e.g. AB) between hostsymbiont combinations, as determined by estimated marginal means. Sample size (n) for each case is indicated in the legend.
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Figure S1.8 Mean (± 1 SE) gross photosynthesis rates across temperature increments for H2 (a), CC7 (b) and RS (c) Aiptasia
harboring different symbiont taxa. Letters next to data points indicate similarities (e.g. AA) or differences (e.g. AB) between
host-symbiont combinations, as determined by estimated marginal means. Sample size (n) for each case is indicated in the
legend.
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Figure S1.9 Mean (± 1 SE) respiration rates increase faster with temperature increments
than gross photosynthesis as indicated by the steepness of the line in the equation y = mx
+ b, where m is the slope of the line and b its y-intercept. Correlation coefficients (r2) are
shown for each equation.
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Figure S1.10 Mean (± 1 SE) photochemical efficiencies (Fv/Fm) vary between H2 (a), CC7 (b) and RS (c) host-symbiont
combinations across time. Sample size (n) for each case is indicated in the legend.
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Figure S1.11 Mean (± 1 SE) symbiont cell densities (normalized to protein content) of
different Aiptasia host-symbiont combinations after 28 days of heat stress. Pairwise
comparisons were carried out within each host genotype. Letters above error bars indicate
similarities (e.g. AA) or differences (e.g. AB) between host-symbiont combinations, as
determined by Tukey’s HSD post-hoc test (p < 0.05).
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Figure S1.12 Thermal response of physiological and metabolic processes has at least two
different regimes: one above their optimal performance temperature (Topt), rise, and one
below their optimum, fall. The Boltzmann-Arrhenius model involves calculating
activation energies (Ea) from the temperature dependence of reaction rates (Dell et al.
2011). Here, Ea < 0 (i.e. negative values) indicate a decrease in the trait response with
increasing temperature, Ea ≈ 0 indicate no change in the trait response with increasing
temperature and Ea > 0 (i.e. positive values) indicate an increase in the trait response with
warming. The range of the rise regime is where organisms normally operate (highlighted
by the purple area), whereas the fall component (blue) is usually steeper and typically
indicate biological collapse (Dell et al. 2011).
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CHAPTER 2
Heat stress transcends partner specificity in the symbiosis establishment
of a cnidarian
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2.1 ABSTRACT
Coral reef research has predominantly focused on the effect of temperature on the
breakdown of coral-dinoflagellate symbioses. However, little is known about how
increasing temperatures affect the establishment of new associations. Particularly, interpartner specificity and environment-dependent colonization have been suggested as
potential constraints for the acquisition of more heat tolerant symbionts. Here, we
investigated the symbiotic dynamics of various photosymbionts in different hosts under
‘optimum’ and ‘stressful’ thermal conditions. We inoculated symbiont-free polyps of the
sea anemone Exaiptasia pallida with a mixture of different native Symbiodiniaceae
strains and assessed their colonization and performance under long-term heat stress. We
found substantial differences in symbiont communities across thermal conditions for all
hosts, suggesting that environment and not partner specificity has a stronger effect on
symbiosis establishment. Significant increases in abundance and diversity of more heat
resistant Symbiodiniaceae types were detected in high temperature treatments. Further,
we show that thermal pre-exposure improves the response to subsequent heat stress, yet,
this is still heavily influenced by other factors like feeding. These findings highlight the
role of temperature and partner fidelity in the establishment and performance of
symbiosis, and demonstrate the importance of heterotrophy for symbiotic cnidarians to
endure and recover from stress. Finally, we also described distinct β-dispersion patterns
consistent with the ‘Anna Karenina’ effect for disturbed microbiomes.
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2.2 INTRODUCTION
Heat-induced coral bleaching – the breakdown of a fragile partnership between the coral
host and photosynthetic algae of the family Symbiodiniaceae (Hoegh-Guldberg, 1999) –
is one of the main drivers of reef degradation. Increases in sea surface temperatures by
only 1-2 ºC above mean summer maxima often causes mass mortality of corals and
many other species that depend on the ecosystems these organisms build (HoeghGuldberg et al., 2017). Coral responses to heat stress are not uniform, however; some
species and genotypes resist and/or recover better than others, either because of host
genetics (Kenkel et al., 2013; Bay and Palumbi, 2014; Dixon et al., 2015; Howells et al.,
2016; Morikawa and Palumbi, 2019), symbiont identity (Berkelmans and van Oppen,
2006; Sampayo et al., 2008; LaJeunesse et al., 2009; 2018; Howells et al., 2011),
acclimation capacities of the holobiont (Bellantuono et al., 2012; Palumbi et al., 2014;
Sawall et al., 2015) and/or an extensive microbiome (Webster and Reusch, 2017; Ziegler
et al., 2017b; Epstein et al., 2019). Particularly, symbiotic flexibility of the coral host
might be crucial for coping with rapid fluctuations in the environment (Torda et al.,
2017). Many species can, for example, improve their thermal resilience by temporarily
changing their algal symbiont communities (i.e. ‘shuffling’ of pre-existent types and/or
‘switching’ to new ones) before, during and after heat stress events (Baker, 2003;
Boulotte et al., 2016). However, this is not a universal feature of coral-Symbiodiniaceae
symbioses (Stat et al., 2009; Coffroth et al., 2010; Putnam et al., 2012) given that some
host-symbiont associations can be less flexible in their association than others. The onset
and maintenance of a persistent symbiosis depends on the functional compatibility
between the two (or more) partners (Stat et al., 2008; Starzak et al., 2014; Gabay et al.,
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2018) and environmental settings (Quigley et al., 2017; Cumbo et al., 2018; Ali et al.,
2019).

As climate change intensifies and oceans become warmer it becomes increasingly
relevant to study the effect of temperature on the establishment of coral symbiosis.
Exposure to elevated temperatures can drastically reduce the initial uptake of symbionts
(Abrego et al., 2012) and even impair larvae from establishing symbiosis (Schnitzler et
al., 2012). Furher, it affects the ability of different taxa to colonize the host such that
thermally sensitive symbionts have greater colonization success at lower temperatures
and conversely, more tolerant types prevail in warmer environments (Hawkins et al.,
2016b; Cumbo et al., 2018). Given the above, it is fair to assume that climate warming
will likely promote the emergence and retention of heat resistant Symbiodiniaceae types,
and as a result, change the structure and diversity of host-symbiont assemblages on
reefs. Yet, a recent study showed that partner fidelity can be a strong limitant in the
acquisition of non-native, more thermotolerant symbionts, even under stress conditions
(Gabay et al., 2019). In fact, evidence indicates that coral-Symbiodiniaceae specificity is
a genetically determined trait (Poland and Coffroth, 2017); and so host-microbe
relationships are highly conserved. This has also been documented for their bacterial
communities (Fraune and Bosch, 2007; Herrera et al., 2017). Thus, understanding
symbiosis specificity is not only important to predict the adaptive evolution of a
particular association but also the potential to form new ones, especially in light of
future climate change scenarios.
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Here, we used the model system Exaiptasia pallida [(Grajales and Rodríguez, 2014);
commonly known as ‘Aiptasia’] to investigate the extent to which symbiotic
associations are host- and environment-dependent, and how this affects the stress
resilience of cnidarian holobionts. We tested the specificity of several Symbiodiniaceae
species exhibiting various degrees of heat tolerance (Swain et al., 2017; LaJeunesse et
al., 2018) in different hosts under ‘optimum’ and high temperatures. The species were:
Breviolum minitum, which is native to H2 Aiptasia from Hawaii (Xiang et al., 2013),
Symbiodinium linucheae (Bieri et al., 2016), from North Carolina and symbiotic with
CC7 (Sunagawa et al., 2009), and S. microadriaticum and a B. minutum strain, isolated
from a Red Sea (RS) population (Cziesielski et al., 2018). These lineages (host and
symbiont) originated from locations with distinct thermal profiles and thus, have likely
acquired specific adaptations to their local environments, which is reflected in different
stress responses of both partners (Cziesielski et al., 2018; see Chapter 1). We inoculated
symbiont-free polyps of all host lines with uniform mixtures comprising the four
symbiont taxa mentioned above. We monitored their colonization dynamics across
temperatures and time, and assessed their performance under long-term heat stress.
Based on previous studies (Belda-Baillie et al., 2002; Rodriguez-Lanetty et al., 2003;
Abrego et al., 2012; Gabay et al., 2019) in which hosts were simultaneously exposed to
multiple symbiont types, we hypothesized that homologous symbionts will dominate
under optimal conditions, but, as temperature increases, more (heterologous) heat
tolerant types will prevail. In line with evidence showing that pre-exposure to stress
improves resilience (reviewed in Cziesielski et al., 2019), we further predicted that the
temperature at which initial inoculations were performed would have an influence on the
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holobiont’s response to subsequent heat stress. Specifically, that Aiptasia pre-exposed to
high temperature would exhibit greater thermal tolerance than hosts from optimal
conditions, regardless of their genotype and symbiont composition.

2.3 MATERIALS AND METHODS
2.3.1 Experimental organisms
Aiptasia from three different clonal laboratory strains were used in this study: H2
[associated with its native Breviolum minutum (referred to as SSB01)] from Hawaii
(Xiang et al., 2013), CC7 [naturally occurring with Symbiodinium linucheae (Bieri et al.,
2016); referred to as SSA01] from North Carolina (Sunagawa et al., 2009) and a Red Sea
(RS) line obtained from the central coast of Saudi Arabia (Cziesielski et al., 2018)
[symbiotic with S. microadriaticum; here referred to as RS]. Anemones were reared in
autoclaved natural seawater (~ 39 psu and pH ~ 8) at 25 °C under ~ 80 μmol photons/m2 s
white light on a 12:12 h light:dark cycle (daytime of 06.00-18.00) and fed with freshly
hatched Artemia brine shrimps twice per week. All populations were kept under the same
conditions in an incubator (Model I-22LLVL, Percival Scientific, USA). Mentholinduced bleaching (Matthews et al., 2016) was used to generate apo-symbiotic
individuals of each clonal line. Animals were incubated in autoclaved seawater with 0.19
mmol/L menthol during daytime, followed by a 5 μmol/L 3-(3,4-dichlorophenyl)-1,1dimethylurea (DCMU) seawater incubation overnight. This treatment was repeated until
complete bleaching was observed and confirmed via fluorescence microscopy. Anemones
were then kept in a dark incubator for at least two months and further maintained for at
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least another month on a diurnal 12:12 h light:dark cycle to ensure there was no reestablishment of symbiosis.

Isolate cultures of the SSA01 and SSB01 strains (courtesy of the John Pringle Lab) were
used to perform infections with Symbiodinium and Breviolum taxa, respectively. Further,
Symbiodiniaceae from the RS host line were isolated (Table 2.1, Fig. S2.1). Briefly, one
RS anemone was washed with 500 µL of f/2 media + K/A/S (Kanamycin/Ampicillin/
Streptomycin: 50/100/50 µg/mL) and then crushed in fresh 500 µL of f/2 media + K/A/S
using a glass tissue grinder (Duran Wheaton Kimble, USA) to keep the algal cells intact.
This was filtered through a 40 µm nylon mesh sterile cell strainer (Fisherbrand, Fisher
Scientific, USA), diluted in 15 mL of f/2 media + K/A/S and subsequently transferred to
liquid culture flasks (225 cm2 Nunc Cell Culture Treated EasYFlask, Thermo Scientific)
with 5 mL of the diluted fresh extract and 150 mL of f/2 media + K/A/S + GeO2 (4.47
µg/mL) saturated solution each to prevent diatoms growth. Presence of algal cells was
checked under a fluorescence microscope. Moreover, solid agar f/2 + K/A/S plates were
inoculated with the same fresh extract (normal concentration, 5-fold and 25-fold dilution)
so single colonies could be grown and isolated for further experiments. After 10 days, 15
to 20 single colonies were picked from each plate, grown in 1.5 mL Eppendorf tubes with
300 µL of f/2 media + K/A/S and transferred to culture flasks (75 cm2 Nunc Cell Culture
Treated EasYFlask, Thermo Scientific), as described before. The above was performed
under a flow hood (NuAire, Plymouth, MN, USA) to avoid environmental contamination.
All liquid and solid cultures were kept in an incubator (Model I-22LLVL, Percival
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Scientific, USA) at 29 °C on a 12:12 h light:dark cycle (100 µmol photons/m2 s of
photosynthetically active radiation).

Table 2.1 Details of the Symbiodiniaceae cultures used to perform inoculations.
Culture ID

Aiptasia
host source

Original geographic
location

SSA01

CC7

North Carolina, USA

SSB01

H2

RS-A

RS

RS-B

RS

Hawaii, USA
Al Lith, Saudi Arabia
central Red Sea
Al Lith, Saudi Arabia
central Red Sea

Symbiodiniaceae Majority ITS2
species
sequence
Symdiodinium
A4
linucheae
Breviolum
B1
minutum
Symbiodinium
A1
microadriaticum
Breviolum
minutum

‘RS-B1’

2.3.2 Effect of temperature on symbiosis establishment
Infections were performed using uniform mixtures containing even proportions of the
strains SSA01 and SSB01, and two monoclonal cultures that were grown from the
previously isolated RS symbionts (Table 2.4). Algal strains were grown in axenic cultures
for more than one year before conducting experiments. Cell density of each culture was
assessed using a flow cytometer (BD LSRFortessa, BD Biosciences, USA) to pool equal
proportions of each symbiont in the final mixture. In a flow hood, each culture flask was
mixed well and the right volume was transferred to a 50 mL Falcon Tube. The symbiont
mixture was centrifuged for 5 min at 3000 g, f/2 media was removed and cells were resuspended in 30 mL of autoclaved seawater. Cell suspension was then poured into each
250 mL tank containing the apo-symbiotic anemones, followed by immediate feeding
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with freshly hatched Artemia to facilitate the dinoflagellate uptake. Anemones of each
host line were inoculated and half were kept at 25 °C and the rest immediately transferred
to 32 °C. Tanks were maintained under the same conditions as described above.
Infections were verified by fluorescence microscopy every day for the first two weeks;
until color pigmentation was visible to the naked eye. After 12 weeks, infection patterns
and cell densities are generally stable (Matthews et al., 2016) one tentacle was taken from
each individual for DNA extraction and symbiont cell densities (Fig. 2.3a) were assessed.
Ten anemones from each experimental condition (3 hosts × 2 pre-exposure treatments)
were then subjected to 32 °C for 28 consecutive days (Fig. S2.2), during which daily
maximum photochemical efficiencies (Fv/Fm) were recorded for each individual with a
Pulse Amplitude Modulated fluorometer (Mini-PAM, Walz, Germany). After 28 days of
heat stress, another tentacle was taken for DNA extraction, and symbiont counts (Fig.
2.3b) and protein content were analyzed as described below. Noteworthy, feeding was
interrupted 5 days prior to heat stress but later resumed after day 11.

2.3.3 DNA extraction, protein content and symbiont counts
A tentacle from each anemone was removed to extract DNA with the Chelex 100® (BioRad) resin method (Walsh et al., 1991). The anemone was crushed in 500 µL of cell lysis
buffer (200 mM TRIS pH 7.5, 2 M NaCl, 0.1 % Triton 20 %) and two aliquots of 100 µL
and 400 µL were immediately snap-frozen in liquid nitrogen and stored in -20 °C for
further protein content and symbiont concentration analysis, respectively. Total host
protein content was quantified with a Micro BCA Protein Assay Kit (Thermo Scientific,
USA) using triplicates of 150 µL of 15x-diluted tissue slurry as per manufacturer

100
instructions. Protein concentrations were measured at 562 nm absorbance using a
SpectraMax Paradigm Multi-Mode Detection Platform (Molecular Devices, CA, USA).
Symbiont cell counts were done by flow cytometry (BD LSRFortessa, BD Biosciences,
USA). Tissue homogenate was spun down at 14 000 g for 5 min, supernatant was
removed and the pellet was re-suspended in phosphate buffered saline solution. The later
was performed twice before filtering it through a 40 µm nylon mesh sterile cell strainer
(Fisherbrand, Fisher Scientific, USA). Cells were excited at a wavelength of 488 nm and
fluorescence emission was recorded at 695/40 nm. Symbiont cell densities were
quantified in triplicate measurements (20 μL each) based on forward-scattered light and
chlorophyll autofluorescence signals of recorded events.

2.3.4 ITS2 sequencing
Illumina sequencing of the Internal Transcriber Space 2 (ITS2) region was used to
examine the Symbiodiniaceae communities of various hosts subjected to different preexposure treatments. Briefly, PCRs were performed in triplicates using the primers
(Illumina adapters underlined below) SYM_VAR_5.82S2 [5’TCGTCGGCAGCGTCAG
ATGTGTATAAGAGACAG-GAATTGCAGAACTCCGTGAACC 3’] and SYM_VAR_
REV [5’GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-CGGGTTCWCTTG
TYTGACTTCATGC 3’] (Hume et al., 2018). Each PCR reaction was run with Qiagen
Multiplex PCR Kit (Qiagen, Germany) and 10 μM primers in a final reaction volume of
15 μL. Thermal cycling conditions of 15 min at 95 °C, followed by 30 cycles of 30 s at
95 °C, 90 s at 56 °C and 30 s at 72 °C, with a final extension step of 10 min at 72 °C were
used for amplification. For each sample, PCR products were then run on a 1 % agarose
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gel electrophoresis pooled and cleaned using ExoProStar 1-step (GE Healthcare, Little
Chalfont, UK). Subsequently, indexing was performed using the Nextera XT Index Kit
(Illumina, CA, USA) according to the manufacturer’s instructions and followed by
sample normalization and final library pooling. A SequalPrep Normalization Plate Kit
(Invitrogen, Thermo Fisher Scientific, USA) was used to do the normalization, avoiding
the more labor-intensive process of quantifying and aliquoting each individual sample.
The final pooled library was quantified on a BioAnalyzer (Agilent Technologies, CA,
USA) and sequenced at 7 pM with 20 % phiX on the Illumina MiSeq, 2 × 300 bp end
version 3 chemistry according to the manufacturer's specifications at the Bioscience Core
Lab in KAUST, Saudi Arabia.

2.3.5 Identification of Symbiodiniaceae taxa
Sequencing data was analyzed using the SymPortal analytical framework (Hume et al.,
2019). This software identifies sets of specific ITS2 sequences that re-occur in a
sufficient number of samples and considers them as ‘defining intra-genomic variants’
(DIVs), which are then used to characterize an ‘ITS2 type profile’ representative of
putative Symbiodiniaceae taxa. In some cases, however, SymPortal might not consider
certain DIV informative enough to define a type profile, thus not all DIVs are used in
type profile prediction. For example, whilst the DIV ‘A4m’ was used to call the ‘A4A4m’ type profile, ‘1810_A’ was not. Yet, as defined by SymPortal, both sequences are
associated to clade A taxa, which is now the genus Symbiodinium (LaJeunesse et al.,
2018). For simplification purposes, when assessing symbiont composition across
treatments we considered the most abundant sequence(s) –‘majority ITS2 sequence’– in
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each one of the samples that had a type profile. Thus, the A4 was the most abundant ITS2
sequence in the A4-A4m ITS2 type profile that in turn characterizes the species S.
linucheae. Here, three main putative taxa were identified based on the majority ITS2
sequence: A4, B1 and A1, corresponding to S. linucheae (SSA01), B. minutum (SSB01)
and S. microadriaticum (RS), respectively (Table 2.1, Fig. S2.1). Particularly, the
Breviolum strains isolated from Hawaii and the Red Sea exhibited different type profiles
(see Chapter 1), thus we designated them as B1 and RS-B1, respectively. Additionally,
SymPortal also revealed the artefactual genotypes A4/A1 and A1/A4, which indicated the
presence of both A4 and A1 taxa. However, these two were collapsed into one ‘A4/A1’
category for subsequent analyses. Sequences belonging to other taxa with abundances
below 1 % were classified as ‘others’.

2.3.6 Data analyses
2.3.6.1 Part I: Diversity analyses
After removing samples (n = 8) with low coverage (< 1000 reads), we recovered a total
of 997 DIVs (i.e. unique sequences) and 110 samples remained. All data analyses were
conducted in R version 3.5.1 (R Core Team, 2018) using the package ‘vegan’ (Oksanen
et al., 2019) to test for differences in the interaction, abundance and composition of the
Symbiodiniaceae communities among the fixed and orthogonal explanatory variables;
host (3 levels: H2-Hawaii, CC7-North Carolina, RS-Red Sea), temperature (2 levels: 25
ºC, 32 ºC) and time point (2 levels: day 0, day 28). Prior to any analysis, count data
(DIVs) were ln (x +1) transformed.
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Homogeneity of multivariate dispersion (based on Bray-Curtis distances) for each factor
was tested with permutation tests of multivariate dispersion [PERMDISP; (Anderson,
2001)] using the function ‘betadisper’ and set to 9,999 permutations. Dispersion effects
(i.e. based on sample distance to the centroid of each group) were significant (Table
S2.1), thus differences in β-diversity of symbiont communities amongst conditions were
tested with a three-factorial generalized linear model (GLM) fitted with a negative
binomial error distribution and 9,999 bootstrap iterations using the R package
‘mvabund’(Wang et al., 2012). Fit of the model residuals was confirmed using the
‘qqPlot’ function as implemented in the package ‘car’ (Fox and Weisberg, 2018).
Univariate p-values were adjusted for multiple testing using a step-down re-sampling
procedure. Differences between treatments were visualized with principal coordinate
analyses (PCoA) plots and further tested using canonical analysis of principal coordinates
[CAP with 9,999 permutations (Anderson and Willis, 2003)] in R with the function
‘CAPdiscrim’ from the ‘BiodiversityR’ package (Kindt and Kindt, 2007). α-diversity
indices (Chao1, Shannon and Simpson) were calculated as implemented in the package
‘otuSummary’ (Yang, 2018) and differences between treatments were analyzed with
three-way analyses of variance (ANOVA) tests in R (Fig. S2.2). Further, negative
binomial distribution models [as implemented in DESeq2 (Love et al., 2014)] were used
to detect differentially abundant DIVs as described previously in Quigley et al. (2017).
Comparisons included differential abundance testing among relevant temperature and
time interactions; (1) all hosts from 25 ºC at day 0 vs all hosts from 32 ºC at day 0, (2) all
hosts from 25 ºC at day 28 vs all hosts from 32 ºC at day 28, (3) all hosts from 25 ºC at
day 0 vs all hosts from 25 ºC at day 28 and (4) all hosts from 32 ºC at day 0 vs all hosts
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from 32 ºC at day 28 (Fig. S2.2). The same analyses were then conducted for each host
separately (H2-Hawaii, CC7-North Carolina, RS-Red Sea). In all cases (16 different
analyses), p values were adjusted with the Benjamini-Hochberg correction method.

2.3.6.2 Part II: Response variables measured
The response variables were analyzed using both ANOVAs and repeated linear mixed
models (LMMs). All data were first checked for normality and homoscedasticity using
standardized residual plots and Q-Q plots and, if required, data were ln (x +1)
transformed. Maximum photochemical efficiencies were analyzed using repeatedmeasures LMMs in SPSS (Released 2013). The fixed factors were host genotype (H2Hawaii, CC7-North Carolina and RS-Red Sea), pre-exposure temperature (25 °C vs 32
°C) and time (days 0-28), which was the repeated measure. Symbiont composition was
not included as a factor in the analysis due to unavoidable low and uneven replication
among hosts (Table S2.2). ). Further, preliminary analyses revealed no differences in
Fv/Fm trends among groups, regardless of their symbiont composition [either at day 0 or
day 28 (Fig. S2.3)]. Given that the presence of feeding co-occurred with the factor of
time, feeding was not included as a factor but data were interpreted accordingly. Several
repeated covariance types [e.g. AR(1), AR(1) heterogeneous, CS] were investigated to
assess the model of best fit by comparing various goodness-of-fit statistics [e.g. -2
restricted log likelihood, Akaike's information criterion (AIC) and Bayesian information
criterion (BIC)]. Estimated marginal means (least-squares means) were used to determine
which means differed for the significant, highest-order terms. Finally, symbiont cell
densities were analyzed with a two-way ANOVA in R using host and temperature as
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fixed factors. Tukey pairwise comparisons were further conducted post-hoc to determine
where significant differences occurred.

2.4 RESULTS
Here, we investigated the effect of thermal stress in the colonization dynamics of
different Aiptasia-Symbiodiniaceae symbioses. Specifically, we were interested in testing
whether partner fidelity constrained the acquisition of more heat tolerant symbiont strains
under elevated temperature (but see Gabay et al., 2019). To do this, we inoculated
different Aiptasia host genotypes with a mixture of various native Symbiodiniaceae
strains (see Table 2.1) in two contrasting environments (25 ºC vs 32 ºC). After 12 weeks
of inoculation (day 0) we subjected all host-symbiont combinations to heat stress (32 ºC)
for 28 consecutive days (see Fig. S2). We then examined diversity patterns of the
Symbiodiniaceae communities among different treatments (host × temperature) and
across time (day 0 vs day 28). Further, we assessed the effect of pre-exposure to elevated
temperature (i.e. thermal conditions during 12 weeks we allowed for symbiont
colonization) on the performance of the holobiont to subsequent heat stress, and how this
can be affected by other factors like feeding. Although we did not intend to study the
effect of starvation, observations resulting from the presence and absence of food in our
experiment provided insight into the impact of heterotrophy on the thermal acclimation of
a symbiotic cnidarian but also how it can vary among different holobionts.

2.4.1 Temperature effect on symbiont acquisition and maintenance
All the associated Symbiodiniaceae communities were first examined based on the
majority ITS2 sequences (Fig. 2.1). Overall, Aiptasia from 25 ºC were initially (day 0)
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dominated by Breviolum taxa (mostly B1 but also RS-B1 in few RS-Red Sea individuals)
compared to those from 32 ºC, which had higher abundances of A1 and RS-B1 types.
Further, symbiont composition appeared to differ across time; in particular, anemones
from 25 ºC showed a substantial increase in A4/A1 taxa after 28 days of heat stress.
Similar patterns were observed at the level of ‘defining intra-genomic variants’ (Fig.
2.2e,h,k; Fig. S2.4), sequences corresponding to A1 and A4 taxa being more abundant
(up to three-fold higher) in the 32 ºC treatments relative to 25 ºC (at day 0). Analysis of
DIV assemblages revealed that symbiont compositions differed among host types but the
compositions depended on temperature and exposure time, resulting in a significant (p <
0.05) three-way host × temperature × time interaction (Table 2.2). Symbiont communities
across all treatments were relatively well segregated (explaining up to 37 % of the total
variability, Fig. 2.2a), mainly according to temperature (Fig. 2.2b). Such was the case for
H2-Hawaii (Fig. 2.2c,d) and CC7-North Carolina (Fig. 2.2f,g) but not RS-Red Sea (Fig.
2.2i,j) when analyzing each group separately. Specifically, we detected significant
differences among temperatures at days 0 and 28 for H2-Hawaii (Fig. 2e; p < 0.001) and
CC7-North Carolina (Fig. 2h; p < 0.05) but also for individuals from 25 ºC that were later
transferred to 32 ºC. Moreover, elevated temperature also had an overall effect of
decreasing symbiont colonization (as seen by the lower cell densities in anemones from
32 ºC), though this was significantly different for CC7-North Carolina only (Fig. 2.3a).
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Figure 2.1 Symbiodiniaceae composition of different Aiptasia hosts inoculated at 25 ºC and 32 ºC before (day 0) and after (day
28) long-term heat stress. Putative taxa was identified based on the majority ITS2 sequences and its taxonomic description as
referenced in the literature: B1 [B. minutum & B. antillogorgium & B. pseudominutum (Lajeunesse et al., 2012; Parkinson et
al., 2015)], A4 [S. linucheae (Thinh, 1995)] and A1 [S. microadriaticum (Freudenthal, 1962)]. B1 taxa from the Red Sea
isolate are designated as RS-B1. Sequences belonging to other taxa and for which abundance was below 1 % were classified as
‘others’.
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Figure 2.2 Principal coordinate analysis (PCoA) showing variation in the
Symbiodiniaceae communities (at the level of DIVs) associated with all Aiptasia from 25
ºC and 32 ºC before (day 0) and after (day 28) long-term heat stress (a) and for each host
separately, H2 (c), CC7 (f) and RS (i). Constrained analysis of the canonical axes of the
principal coordinates (CAP) show significant differences (p < 0.001) between
temperature and time treatments (b, d, g, j). Different shades of blue and green represent
treatments at 25 ºC (day 0 and 28, respectively) whilst red and yellow colors show
communities from 32 ºC (day 0 vs day 28, respectively). Ellipses represent the 95 %
confidence intervals for the temperature factor (blue for 25 ºC and red for 32 ºC).
Taxonomy bar charts show the relative abundance of the most abundant taxa for each
group (e, h, k). All DIVs for which abundance was below 1 % were grouped together in
the ‘others’ category.

Table 2.2 Summary results for a general linear model (GLM) comparing the
Symbiodiniaceae communities (at the level of DIVs) associated with different Aiptasia
from 25 ºC and 32 ºC before (day 0) and after (day 28) heat stress. Statistically significant
p values are shown in italic. In each case, the significant source of variation is shown in
bold.
Factor

Residual df

Differential df

Deviance

p

Host

107

2

12.310

0.003

Temp

106

1

24.801

< 0.001

Day

105

1

16.706

< 0.001

Host × temp

103

2

3.533

0.177

Host × day

101

2

2.209

0.326

Temp × day

100

1

5.977

0.015

Host × temp × day

98

2

8.683

0.0236

2 log-likelihood = -2236.4
Residual deviance = 17.4
AIC (Akaike information criterion) = 2262.4
df = degrees of freedom
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Figure 2.3 Mean (± 1 SE) symbiont cell densities (normalized to protein content) of
different Aiptasia hosts after 12 weeks of being inoculated at 25 ºC vs 32 ºC (a) and after
being subjected to 28 days of heat stress (b). Pairwise comparisons were carried out
within each host genotype. Letters above error bars indicate similarities (e.g. AA) or
differences (e.g. AB) between host-symbiont combinations, as determined by Tukey’s
HSD post-hoc test (p < 0.05).
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2.4.2 Symbiodiniaceae communities are more variable in heat-stressed hosts
Overall, Aiptasia from 32 ºC had a higher number of DIVs (327 at day 0 vs 559 at day
28) than those at 25 ºC [189 at day 0 vs 215 at day 28 (Figs. S2.4, S2.5)]. Accordingly, all
α-diversity estimators resulted in significant interactions with temperature (Table S2.3)
such that richness and diversity were higher in communities from 32 ºC (Table 2.3, Fig.
S2.6), yet, only H2-Hawaii and CC7-North Carolina exhibited substantial changes
between treatments and across time (p < 0.001 for Shannon and Simpson diversity
indexes). Symbiodiniaceae diversity was similar among holobionts with the exception of
25 ºC RS at day 0 [p < 0.001 for Chao1 richness (Fig. S2.6)]. Furthermore, analyses of
raw abundances revealed a high number of differentially abundant DIVs across
treatments (Table S2.4). Notably, we detected DIVs associated with Symbiodinium (clade
A), Cladocopium (clade C) and/or Durisdinium (clade D). Abundances of these types
were significantly higher in communities from 32 ºC, particularly at day 0 but also after
subjecting 25 ºC individuals to heat stress (Figs. 2.4, S2.4). Conversely, Breviolum (clade
B) variants were generally underrepresented in the abovementioned treatments, and still,
these were the most abundant taxa across all groups (Fig. S2.4). The same trends were
true for H2-Hawaii and CC7-North Carolina holobionts but not RS-Red Sea (Table S2.5,
Fig. 2.2e,h,k). β-diversity dispersion of symbiont communities also increased with
temperature (i.e. DIV assemblages were more scattered); specifically, significant
differences were observed between 25 ºC and 32 ºC at day 0 and for 25 ºC after 28 days
of heat stress (Fig. 2.5, Table S2.6). However, when analyzed separately for each group,
only H2-Hawaii and RS-Red Sea showed significantly higher dispersion (Table S2.6).
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Table 2.3 Summary results for α-diversity indices (mean ± 1 SE) of ITS2 ‘divergent intra-genomic variants’ (DIVs) for
Symbiodiniaceae associated with different Aiptasia hosts pre-exposed to 25 ºC vs 32 ºC before (day 0) and after (day 28) longterm heat stress. Statistically significant p values are shown in bold.
Host

day 0

H2

CC7

RS

day 28

H2

CC7

RS

Temp. (ºC)

n

No. reads

Chao1

Shannon

Simpson

25

10

28,554.70 ± 2,408.72

15.80 ± 0.81

0.86 ± 0.05

0.31 ± 0.02

32

6

6,780.60 ± 790.02

23.00 ± 3.26

1.66 ± 0.13

0.66 ± 0.04

25

10

17,543.30 ± 2,961.05

15.50 ± 3.10

0.84 ± 0.11

0.37 ± 0.04

32

8

7,568.50 ± 1,214.32

33.63 ± 5.30

1.70 ± 0.28

0.66 ± 0.07

25

10

26,245.30 ± 2,810.94

29.80 ± 3.20

0.94 ± 0.15

0.35 ± 0.06

32

9

17,410.78 ± 5,136.04

28.33 ± 6.14

1.19 ± 0.22

0.44 ± 0.07

25

10

6,493.40 ± 738.75

19.60 ± 0.69

1.42 ± 0.06

0.60 ± 0.04

32

9

6,236.25 ± 587.57

36.67 ± 14.80

2.01 ± 0.15

0.68 ± 0.04

25

10

8,572.20 ± 1,077.31

17.30 ± 2.22

1.10 ± 0.12

0.52 ± 0.04

32

9

7,887.67 ± 8792.32

51.00 ± 4.04

2.34 ± 0.18

0.75 ± 0.03

25

9

18,807.00 ± 2,395.15

29.89 ± 3.25

1.18 ± 0.10

0.46 ± 0.05

32

10

13,471.10 ± 1,821.53

27.70 ± 2.79

1.31 ± 0.22

0.49 ± 0.07
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Figure 2.4 Differentially abundant Symbiodiniaceae DIVs (‘divergent intra-genomic variants)’ associated with Aiptasia from
different treatments. Log2 fold change values indicate DIVs that show significant (p < 0.05) differential abundance at day 0
between holobionts from 32 ºC and 25 ºC (a) and after 28 days of heat stress compared to day 0 for individuals that originated
at 25 ºC. Taxonomic classification (at the level of genus) is based on SymPortal’s annotations.
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Figure 2.5 β-diversity dispersion (permutation test for homogeneity of multivariate dispersions based on Bray-Curtis distances)
of the Symbiodiniaceae communities (at the level of DIVs) of different Aiptasia hosts from 25 ºC (a) and 32 ºC (b) before (c)
and after 28 days (d) of long-term heat stress. Boxplots show the mean distance to the group centroid (triangle) and letters
indicate similarities (e.g. AA) or differences (e.g. AB) between treatments, as determined by Tukey’s HSD post-hoc test (p <
0.05).
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2.4.3. Host genotype and pre-exposure treatment moderate the photo-physiological
performance of the holobiont
We observed a rapid decline in photochemical efficiencies (Fv/Fm) from ~ 0.9 to ~ 0.7
during the first 10 days. However, after feeding resumed at day 11, Fv/Fm values
increased and steadily returned to their initial values by the end of the exposure (day 28).
Contrary to our expectations, both thermal treatments exhibited similar response patterns
(Fig. 2.6a,b); yet, at the end of the experiment, heat tolerance varied substantially among
hosts and across time, driving significant host × temperature (p < 0.001) and host × day
(p < 0.001) interactions (Table 2.4). Specifically, the same ranking of host treatment
responses (RS-Red Sea > CC7-North Carolina > H2-Hawaii) was observed for both
thermal treatments (p < 0.05), where by RS exhibited the highest and H2-Hawaii the
lowest Fv/Fm values. Within host comparisons revealed an effect of pre-exposure
temperature to the response to heat stress (Fig. 2.6c). This effect was driven by higher
yields in the H2-Hawaii individuals from 32 ºC than the yields of their counterparts from
25 ºC (p < 0.001). These data are highly consistent with the significantly greater retention
of symbionts in hosts after 28 days exposure to 32 ºC (Fig. 2.2b).
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Table 2.4 Summary of results of a linear mixed-model (LMM) analysis comparing
photochemical efficiencies (Fv/Fm) of different Aiptasia holobionts from 25 ºC vs 32 ºC
before (day 0) and after (day 28) being subjected to long-term heat stress. Statistically
significant p values are shown in italic. In each case, the significant source of variation is
shown in bold.
Source of variation

Numerator df

Denominator df

F

p

Host

2

89.742

33.404

< 0.001

Temp

1

89.742

8.381

0.041

Day

28

1146.153

266.155

< 0.001

Host × temp

2

89.742

10.900

< 0.001

Host × day

56

1146.153

1.871

< 0.001

Temp × day

28

1146.153

0.886

0.637

Host × temp × day

56

1146.153

1.089

0.308

Data were Ln (x +1) transformed
The model of best fit was AR(1)
AIC (Akaike information criterion) = -11760.310, BIC (Bayesian information
criterion) = -11749.712
df = degrees of freedom
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Figure 2.6 Mean (± 1 SE) photochemical efficiencies of different Aiptasia holobionts from 25 ºC (a) and 32 ºC (b) before (day
0) and throughout 28 days of heat stress. Shaded areas indicated days in which animals were fed. Letters indicate overall
similarities (e.g. AA) or differences (e.g. AB), as determined by estimated marginal means, between holobionts from different
temperatures (25 ºC vs 32 ºC).

118
2.5 DISCUSSION
2.5.1 Temperature predicts attributes of Symbiodiniaceae communities across treatments
Here, we studied the dynamics of multi-species symbioses establishment in different
Aiptasia hosts under distinct thermal conditions (‘optimum’ vs heat stress) using only
symbionts that are native to our model system (see Table 2.1). In accordance with Swain
et al. (2017) and LaJeunesse et al. (2018), our data indicates that the thermotolerance of
the symbionts was in the order of S. linucheae (A4) ≥ S. microadriaticum (A1) > B.
minutum from the Red Sea (RS-B1) > B. minutum from Hawaii (B1). Considering
previous evidence for symbiont shuffling and/or switching (Baker, 2003; Boulotte et al.,
2016), we hypothesized that communities would shift from Breviolum dominated toward
more heat tolerant taxa as temperature increased. Indeed, we observed a significantly
higher abundance of variants associated with Symbiodinium (clade A), Cladocopium
(clade C) and Durisdinium (clade D) taxa in anemones that were pre-exposed to 32 ºC but
also in heat-challenged individuals (that is, individuals that were reared at 25 ºC and
subsequently subjected to 32 ºC). Symbiodinium species are known to be more resilient,
with lower reactive oxygen species (ROS) levels and slower deterioration of photosystem
(PS) II compared to Breviolum, for example (Robison and Warner, 2006; McGinty et al.,
2012; Grégoire et al., 2017; Cziesielski et al., 2018; Lesser, 2019). Surprisingly, despite
S. linucheae (A4) being the most thermally tolerant species tested here [according to
Swain et al. (2017)], it was not present (or observed) in any of the 32 ºC treatments.
Instead, high abundances of S. microadriaticum (A1) and the artefactual A4/A1 genotype
were detected, which indicates the presence of both types but not A4 alone. We can only
presume that in these particular settings, A1 symbionts were more beneficial and/or
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competitive than A4, at least in the short term (see Chapter 1). Additionally, we expected
a shift from B1 to RS-B1 in heat-stressed individuals, however this was not observed
(Fig. 2.1). Moreover, besides having a significant effect in community composition,
temperature also moderated the host’s uptake of symbionts. Particularly, and consistent
with previous observations (Abrego et al., 2012), much lower cell densities were attained
in inoculations that were performed at 32 ºC.

Gabay et al. (2019) found strong limitations in the acquisition of thermally tolerant
symbionts due to the high specificity of H2-Hawaii Aiptasia (which they refer to as a
population from the Indo-Pacific that associates mainly with B. minutum). However,
considering that they used non-native heterologous symbionts, it is unsurprising that
these failed to establish symbiosis. Contrary to the above, we show that environmental
stress voids inter-partner fidelity and instead promotes associations with different
Symbiodiniaceae. Indeed, various symbiont strains can colonize Aiptasia under
laboratory conditions (Hambleton et al., 2014; Starzak et al., 2014; Wolfowicz et al.,
2016; Gabay et al., 2018), yet, natural populations are known to engage in highly specific
symbioses, such that genetic differences in the anemone host correlate with genetic
differences in the algal symbiont (Thornhill et al., 2013). Thus, we do not know to what
extent environment over rules symbiosis specificity. For example, albeit temperature
having a strong effect in symbiont composition we still observed strain preference to a
certain degree, as it was the case for H2-Hawaii and RS-Red Sea anemones with B1 and
RS-B1, respectively.
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Neither Gabay et al. (2019) nor our study investigated colonization dynamics beyond a
few weeks (4 months in our case), which is extremely important as symbioses are not
stable and can change with time. We observed substantial changes during a short period
of time [e.g. initial (day 0) vs final (day 28) for individuals at 32 ºC] but also over longterm (see Chapter 1). Whether heat-tolerant symbionts can be retained during corals’ life
remains an open question. More resilient taxa usually come at high energetic costs and
reduced growth (Little et al., 2004; Stat et al., 2008; Pettay et al., 2015). Also, most adult
colonies harbor only one predominant species/genotype, which would be the more
beneficial for the host (Baums et al., 2014), and not necessarily the most thermal tolerant.
Predicting the fate of novel partnerships, especially under stress conditions, is not simple.
We can only hypothesize that these trade-offs will decrease as temperatures increase, thus
promoting the establishment and proliferation of heat resistant symbioses (Cumbo et al.,
2018).

2.5.2 Stochasticity in heat-stressed Symbiodiniaceae microbiomes
By incorporating deep ITS2 sequencing and the SymPortal analytical framework (Hume
et al., 2019) were able to resolve fine-scale differences in species diversity and quantify
symbiont types in low abundance, making it possible to investigate patterns consistent
with the recently described ‘Anna Karenina’ effect (Zaneveld et al., 2017). That is,
increased α-diversity (i.e. higher number of species) and β-dispersion (i.e. greater
distances between data points and group centroid, see Fig. 2.5) in symbiont communities
from 32 ºC. Basically, community structure of disturbed, stressed individuals are more
variable than those from healthy ones due to the hosts’ inability to regulate its
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microbiome when disturbed (Zaneveld et al., 2017). Whilst this is known for coralassociated bacteria (Zaneveld et al., 2016; Ahmed et al., 2019), it has rarely been
examined for Symbiodiniaceae communities (Howe-Kerr et al., 2019). Here, we provide
information on Symbiodiniaceae diversity under environmental stress; a phenomenon
that has potential as an indicator to assess coral health (Zaneveld et al., 2016; Beatty et al.
2019).

2.5.3 Pre-exposure to heat stress increases thermal tolerance of the Aiptasia holobiont
Numerous studies (reviewed in Cziesielski et al., 2019) [42]) have demonstrated that
thermal resilience of corals can be improved by rearing juvenile (developmental
acclimation) and adult stages (acclimation) at higher temperatures for days or weeks,
and/or exposing them to sub-lethal levels of heat stress (hardening) for even just a few
hours. Our findings concur with these observations, that is, pre-conditioned holobionts (at
32 ºC) were more heat tolerant than individuals from 25 ºC. However, we also showed
that any fitness advantage conferred by temperature-induced acclimation was severely
affected by food deprivation (see below). Indeed, factors like sex, age, ontogeny and
feeding status have been shown to have a significant effect on the thermal responses of a
wide range of ectotherms (Nyamukondiwa and Terblanche, 2009; Dowd et al., 2015;
Chidawanyika et al., 2017), in addition to inter- individual and species variation.

Elevated temperatures affect both the host and photosymbiont, yet, it has long been
suggested that the latter ultimately determines corals’ resilience to stress (Berkelmans
and van Oppen, 2006; Sampayo et al., 2008; Howells et al., 2011). Recent work (Hoadley
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et al., 2019) has shown, however, that host environment (e.g. variations in metabolism)
can strongly affect the physiology of even the most heat tolerant symbiont types and thus
alter the overall performance of the holobiont. Indeed, a given host provides specific
growth conditions (e.g. in hospite nutrient availability) for the symbiont community
which, in turn, affects the productivity of the holobiont system (Rädecker et al., 2018);
and so reflects on the ability to (physiologically) compensate for stress in regard to its
energetic demands (i.e. environment provided for the symbiont). Our findings (and
Chapter 1) support this notion, indicating that thermal response of the Aiptasia holobiont
might be fundamentally determined by host genotype. In particular, CC7-North Carolina
and RS-Red Sea have been identified as more (genotypic- and phenotypically) plastic,
resistant lineages (Cziesielski et al., 2018; see Chapter 1). RS-Red Sea stands out for its
extensive transcriptional regulation (which includes the abundant expression of HSP70
and Nrf2) whilst H2-Hawaii has the lowest (or none even) number of antioxidant-related
genes (Cziesielski et al., 2018), for example. It stands to reason that both CC7-North
Carolina and RS-Red Sea (although not different from each other) exhibited higher
photochemical efficiencies and greater retention of symbionts than H2-Hawaii regardless
of their pre-exposure to high temperature or not. Moreover, these observations highlight
the potential of using Red Sea Aiptasia to study thermal resilience of symbiotic
cnidarians, as they thrive in one of the hottest (as high as 35 °C during summer) seas on
Earth and naturally experience temperatures predicted for the end of the century without
bleaching (Osman et al., 2018; Berumen et al., 2019).
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2.5.4 Effect of active feeding during thermal stress
During these experiments, animals were not fed prior to (up to three days) and partially
over the course of the experimental measurements (first 10 days) and so, it is difficult to
disentangle the confounded influence of starvation and exposure time to heat stress.
Certainly, feeding had a major effect on the response to temperature, thus, it is not
surprising that Aiptasia from 32 ºC also showed signs of stress (as seen by the decline in
Fv/Fm) when deprived from food. Indeed, heterotrophy can play a critical role in the
metabolic dynamics and susceptibility to bleaching of the coral holobiont (reviewed in
Houlbrèque and Ferrier-Pagès, 2009). Fed corals showed increased gross productivity
and photochemical activity of the PSII of up to 20 % compared to starved individuals
under thermal stress (Borell et al., 2008; Ferrier-Pagès et al., 2010; Lyndby et al., 2018).
Furthermore, feeding in general (even in moderate levels, i.e. twice a week) has been
correlated with higher protein and chlorophyll content (till 49 % and 60 % more,
respectively), calcification (up to 30 %) and algal cell division rates (15 %) [Fitt and
Cook, 2001; Ferrier-Pagès et al., 2003].

Heterotrophy (which can account for more than 60 % of the total fixed carbon) could be
equally important as autotrophy since many nutrients, such as nitrogen and phosphorus
for example, cannot be supplied from photosynthesis and must thus be acquired from
external sources (Houlbrèque and Ferrier-Pagès, 2009). In fact, heterotrophy has also
been suggested as a possible mechanism for resilience to thermal bleaching (Grottoli et
al., 2006; Hughes and Grottoli, 2013). Corals can resort to ‘heterotrophic compensation’
to meet their metabolic energy requirements during and after bleaching but also to
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potentially minimize the effect of subsequent heat stress events. Nonetheless, the ability
to survive and recover from stress ultimately depends on heterotrophic plasticity and
species-specific adaptations (Grottoli et al., 2006; Hughes and Grottoli, 2013). Inter- and
intra-specific variability between Symbiodiniaceae types can affect the trophic status of
the holobiont (Leal et al., 2015), not to mention physiological and/or morphological
differences between hosts (e.g. tentacle number and size, ingestion and digestion of prey
(Hiebert and Bingham, 2012; Leal et al., 2014)]. For instance, higher heterotrophy has
been shown in symbiotic associations with B. minutum (B1) taxa (Leal et al., 2015), but it
will ultimately depend on the nutrient cycling of a particular symbiosis. Auto- and
heterotrophy are positively associated such that more photoautotrophic energy is needed
to support the metabolically demanding costs derived from heterotrophic processes, the
former being dependent on the symbionts’ capacity to fix and translocate carbon (Leal et
al., 2015). Thus, it is not surprising that B1 symbioses can be more heterotrophic, since
this species is known to translocate more carbon than other types (Rädecker et al., 2018).
The above is particularly important in the context of bleaching as not all symbiont taxa
are nutritionally advantageous to the host and thus the holobiont might not always benefit
from switching to heterotrophy (Leal et al., 2015).

2.5.5 Methodological considerations
Overall, our results showed that symbiont communities differed substantially among
treatments (host × temperature × day). However, as samples were only taken at the
beginning (day 0) and end (day 28) of the experiment, we cannot pinpoint when changes
in community compositions occurred. Further, it is possible that some individuals were
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not fully apo-symbiotic at the time we performed the inoculations. We cannot confirm if
the symbiont composition we observed were a result of the treatment (i.e. host and
environment specificity) or the proliferation of residual symbionts. Such was the case for
some CC7-North Carolina from 25 ºC with 100 % abundance of native A4 taxa and H2Hawaii polyps with B1, for example. Nonetheless, analyses including these samples still
revealed significant differences in α- and β-diversity across conditions. Similarly, we did
not expect to find types associated with Cladocopium and Durisdinium taxa either (see
above). It could be, however, that these types were present in very low abundances yet
they proliferated afterwards in high temperature treatments (as they are more heat
resistant), or cross-contamination could ocurred while maintaining different Aiptasia in
the same incubator.

Here, we attributed differences in thermal tolerance to host genotype and temperature
only due to two non-mutually exclusive reasons: (1) low and uneven replication level of
most host-symbiont combinations did not allow us to include the symbiont factor in our
analyses (i.e. not enough power to detect differences), and (2) we do not know when
symbiont communities changed, and if this was the result of heat stress alone or if
feeding also had an effect. Thus, we are cautious when interpreting our results, as we
disregarded any contribution from the symbiont partner but are also unable to disentangle
the combined effects of high temperature and starvation. Certainly, symbiont identity has
a critical role in the thermal response of the holobiont and should not be underestimated.
However, higher replication of different holobionts (i.e. host-symbiont combination)
across treatments and control treatments with continuous feeding will be required to
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elucidate the exact nature of the drivers at play and permit more solid conclusions. One
final consideration noteworthy of mentioning is the salinity of the seawater that we used
to rear all Aiptasia (~39 PSU from the central Red Sea) is significantly higher than other
geographic regions. The latter is relevant in the context of this study as it has recently
been shown that high salinity levels can contribute to greater thermotolerance of
cnidarian holobionts (Gegner et al., 2017) by modulating the physiology of its
photosymbionts (van der Merwe et al., 2014).

2.6 CONCLUSIONS
There is a growing interest in studying the dynamics of coral-associated microbial
communities, especially in the context of climate change. For this purpose, the tropical
sea anemone Aiptasia has served as a cnidarian model system. Here, we investigated the
effect of elevated temperature in the establishment of different Aiptasia-Symbiodiniaceae
symbioses and performance to subsequent thermal stress. We only tested symbiont
species that are native to Aiptasia and by doing so, accounted for the evolutionary
constraints of symbiosis (i.e. ability to form and maintain a partnership under different
scenarios). Our study is unique in that we used deep ITS2 sequencing together with
SymPortal, a highly efficient platform to resolve fine-scale differences in
Symbiodiniaceae taxonomy, to examine the colonization dynamics in different hosts and
thermal environments. This approach allowed for the detection of patterns consistent with
the recently described Anna Karenina effect. Consistent with previous observations, we
showed that pre-exposure to elevated temperature is crucial for the resilience of the
holobiont to subsequent heat stress but that this is also dependent on other factors like, in
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this case, food availability. Hence, highlighting the importance of active feeding during
(and to recover from) stress events. Furthermost, we monitored daily changes in
photochemical efficiencies during 28 consecutive days and showed that deterioration of
PS II can be exacerbated by starvation under heat stress, data that to our knowledge has
not been presented before.
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2.7 SUPPLEMENTARY MATERIALS

Figure S2.1 Symbiodiniaceae composition of the SSA01, SSB01, original Red Sea (RS)
mix and Red Sea clade A and B isolates used to perform inoculations. B1 taxa from the
Red Sea isolate are designated as RS-B1. Identification of putative taxa is based on the
ITS2 majority sequence.

Table S2.1 Distant-based test (PERMDISP with 9,999 permutations) revealed significant
differences in the multivariate dispersion (based on Bray-Curtis distances) amongst
factors. Statistically significant p values are shown in bold.

Factor

Numerator df

Denominator df

F

p

Host

2

107

8.259

< 0.001

Temp

1

108

21.645

< 0.001

Day

1

108

0.691

0.475
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Table S2.2 Detailed overview of the initial (day 0) and final (day 28) symbiont
composition (based on the majority ITS2 sequence) of different Aiptasia hosts in each
treatment. Sample size is indicated in each case.
H2

CC7

RS
A4/A1&B1 (n = 2)
B1 (n = 2)
B1&’others’ (n = 1)
RS-B1 (n = 5)

B1 (n = 10)

A4 (n = 3)
A4/A1&B1 (n = 1)
B1 (n = 6)

A1 (n = 4)
A1&B1 (n = 1)
A1&RS-B1 (n = 3)
A4/A1 (n = 2)

A1 (n = 1)
A1&’others’ (n = 1)
A1&RS-B1&’others’ (n = 4)
A4 (n = 1)
A4/A1 (n = 1)
A4/A1&RS-B1 (n = 1)
B1 (n = 1)

25 ºC

B1 (n = 1)
A4/A1 (n = 2)
A4/A1&B1 (n = 7)

A4 (n = 3)
A4/A1&B1 (n = 2)
A4/A1&RS-B1 (n = 3)
B1 (n = 2)

A1&B1 (n = 1)
A4/A1 (n = 2)
A4/A1&RS-B1 (n = 3)
B1 (n = 1)
RS-B1 (n = 2)

32 ºC

A1 (n = 2)
A1&B1 (n = 1)
A1&RS-B1 (n = 1)
A1&RS-B1&’others’ (n = 3)
A4/A1&B1 (n = 1)
B1 (n = 2)

A1&B1&’others’ (n = 3)
A1&RS-B1 (n = 2)
A4/A1&B1 (n = 3)
A4/A1&RS-B1 (n = 1)

A1&B1 (n = 2)
A1&RS-B1&’others’ (n = 1)
A4/A1&B1 (n = 1)
A4/A1&RS-B1 (n = 1)
RS-B1 (n = 5)

25 ºC

day 0
32 ºC

day 28

A1 (n = 2)
A1&B1 (n = 1)
A1&B1&’others’ (n = 1)
B1 (n = 3)
RS-B1 (n = 3)
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Figure S2.2 Illustration of experimental schematic shows 2 temperature treatments (25 ºC
and 32 ºC) to investigate the temperature effect on the Symbiodiniaceae composition of
different Aiptasia hosts (H2, CC7, RS). Each group was assessed before (day 0) and after
(day 28) long-term heat stress (32 ºC).
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Figure S2.3 Mean (± 1 SE) photochemical efficiencies of different Aiptasia holobionts from 25
ºC and 32 ºC based on their initial (day 0) and final (day 28) symbiont composition. Shaded
areas indicate days in which animals were fed. Overall, same pattern can be observed; H2 tend to
exhibit lower Fv’/Fm’ values compared to CC7 and RS.
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Figure S2.4 Mean composition at the level of ‘divergent intra-genomic variants’ (DIVs)
of the Symbiodiniaceae communities associated with different Aiptasia hosts at 25 ºC and
32 ºC before (day 0) and after (day 28) of being subjected to long-term heat stress.
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Figure S2.5 Venn diagram showing shared ‘divergent intra-genomic variants’ (DIVs)
among the Symbiodiniaceae of different treatments. No unique DIVs were found.
Calculations and illustration were done using the web-based tool InteractiVenn (Heberle
et al., 2015).
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Table S2.3 Summary results of three-way ANOVAs comparing different α-diversity
metrics of the Symbiodiniaceae communities (at the level of DIVs) associated with the
different treatments (host × temp × day). Statistically significant p values are shown in
italic. In each case, the significant source of variation is shown in bold.
Chao1

Shannon

Simpson

Host

< 0.001
F = 13.755

0.248
F = 1.414

< 0.001
F = 5.160

Temp

< 0.001
F = 10.139

< 0.001
F = 37.136

< 0.001
F = 25.399

Day

0.401
F = 0.711

< 0.001
F = 14.886

< 0.001
F = 15.227

Host × temp

< 0.001
F = 7.389

< 0.001
F = 5.969

0.026
F = 3.767

Host × day

0.308
F = 1.193

0.221
F = 1.532

0.150
F = 1.934

Temp × day

0.929
F = 0.008

< 0.001
F = 11.908

< 0.001
F = 18.436

Host × temp × day

0.687
F = 0.376

0.124
F = 2.137

0.045
F = 3.201
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Figure S2.6 Overview of α-diversity measurements for different Aiptasia holobionts:
Chao1 richness estimator (a), Shannon diversity (b) and Simpson’s evenness (c) indexes.
Uppercase (lowercase) letters indicate overall similarities (e.g. AA) or differences (e.g.
AB) within the same host genotype (25 ºC vs 32 ºC) across time (day 0 vs day 28) as
determined by Tukey’s HSD post-hoc test (p < 0.05). For example, Chao1 index for H225 ºC is not significantly different from H2-32 ºC at day 0 (AA) nor it is different from
H2-25 ºC at day 28 (Aa).
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Table S2.4 Summary table for differentially abundant DIVs as detected by DESeq2. Negative (positive) log2 fold change
values indicate symbiont taxa that are significantly less (more) abundant at day 28 compared to day 0 or 32 ºC to 25 ºC
(depending on the comparison). padj values represent DESeq2 Bejamini-Hochberg p-adjusted values for multiple comparisons
(alpha < 0.05).

32 ºC

day 0 vs day 28

25 ºC

Comparison

day 0 vs day 28

Term

DIV

baseMean

1811_A
1810_A
1209_B
D1
1210_B
1214_B
1212_B
1208_B
C1a
1207_B
B1
C15
1310_C
C15h
1795_B
1928_B
1267_D
C1ae
1909_B
1922_B
1230_B
1287_B
2089_B
1802_B
1968_B
1815_B

5.1432
3.8571
99.5176
5.2442
96.8405
69.6983
69.9869
216.9012
2.1759
361.4540
13570.0858
8.7526
5.1432
3.8571
4.3859
4.0939
99.5176
5.2442
3.4503
3.5126
96.8405
69.6983
2.4325
2.6196
2.5154
2.6401

Log2FoldChange
3.1533
2.6811
-2.5301
-2.2359
-2.2687
-2.3202
-2.0468
-2.0273
-1.6305
-1.9519
-1.6453
3.7814
3.1533
2.6811
2.7031
2.5917
-2.5301
-2.2359
2.3107
2.3404
-2.2687
-2.3202
1.7110
1.8416
1.7704
1.8552

padj

DIV

5.47E-07
1.73E-05
0.001
0.001
0.002
0.002
0.015
0.017
0.021
0.021
0.023
5.55E-08
5.47E-07
1.73E-05
3.65E-04
0.001
0.001
0.001
0.002
0.002
0.002
0.002
0.010
0.010
0.010
0.010

1369_C
1213_B
1820_B
1210_B
1346_B
B1m
2016_B
1583_C
1969_B
1816_B
1353_C
1894_B
1361_C
1335_C
2209_B

baseMean Log2FoldChange

2.5164
69.9869
216.9012
2.1759
361.4540
13570.08
2.1621
2.0793
2.0377
2.0794
2.0801
2.0374
2.0373
1.6837
2.0165

1.7709
-2.0468
-2.0273
-1.6305
-1.9519
-1.6453
1.4986
1.4267
1.3892
1.4268
1.4272
1.3890
1.3889
-1.2410
1.3698

padj

0.010
0.015
0.017
0.021
0.021
0.023
0.029
0.031
0.034
0.034
0.034
0.037
0.037
0.037
0.037
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Table S2.4 continued

day 0

day 0 vs day 28

32 ºC

Comparison

25 ºC vs 32 ºC

Term

DIV
1334_C
1241_C
2026_B
2018_C
1233_C
1431_C
2049_B
1883_B
1899_B
1737_B
A1bm
A13d
A13a
1209_B
1212_B
1233_C
1207_B
1208_B
1214_B
1210_B
1211_B
B1d
1310_C
1267_D
1224_B
B1i
1213_B
C1ai

baseMean
1.6636
1.6632
1.9959
1.9958
3.2439
1.6225
1.9335
1.8916
1.8915
1.8917
35.2537
21.3252
198.2666
105.1689
69.9150
2.6704
354.0698
222.9966
73.8635
103.0128
157.3101
2.4316
1.9508
1.8743
79.9018
13.9340
7.9349
2.0337

Log2FoldChange
-1.2135
-1.2132
1.3506
1.3505
-1.3573
-1.1561
1.2909
1.2495
1.2494
1.2495
4.1378
3.4653
3.2398
-2.8732
-2.8847
2.1756
-2.9926
-2.4645
-2.5315
-2.4170
-2.1168
-1.8010
1.5610
1.4759
-2.1521
-1.9163
-1.7469
1.2574

padj
0.037
0.037
0.037
0.037
0.040
0.042
0.045
0.050
0.050
0.050
2.42E-13
2.40E-08
1.23E-05
9.21E-05
9.21E-05
1.45E-04
1.58E-04
0.002
0.002
0.003
0.011
0.011
0.011
0.011
0.014
0.029
0.037
0.040

DIV

baseMean

1218_C
1.9932
A4
756.6353
1335_C
1.6529
1334_C
1.6340
1241_C
1.6338
B1 14590.6198

Log2FoldChange

-1.3600
-1.9247
1.2022
1.1756
1.1754
-1.5582

padj

0.040
0.041
0.043
0.045
0.045
0.045
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Term

Comparison

day 28

25 ºC vs 32 ºC

Table S2.4 continued
DIV
1811_A
1213_B
B1i
D1
1810_A
C15
1928_B
1467_B
1922_B
1909_B
A4m
A4
1587_B
2155_B
2203_B
1815_B
1802_B
1369_C
2089_B
A13d
1230_B
1287_B
1820_B
A1bm
B1d
B1m

baseMean Log2FoldChange
5.2976
-3.1536
6.2608
-3.0184
12.2613
-3.0074
7.3329
2.8405
3.9638
-2.6815
8.5360
2.7092
3.7577
2.6342
3.5176
2.5224
3.2393
2.3811
3.1836
2.3510
388.4439
-2.7009
862.7867
-2.4113
2.7585
2.0984
2.7768
2.1103
2.5912
1.9855
2.4627
1.8921
2.4445
1.8784
2.3524
1.8069
2.2775
1.7463
21.5938
2.1387
2.3142
1.7764
2.1297
1.6182
2.0739
1.5668
32.1880
1.8204
5.8717
-1.8222
2.0551
1.5491

padj
9.49E-07
9.49E-07
4.88E-06
1.04E-05
1.05E-05
1.64E-05
1.93E-05
2.43E-05
6.74E-05
7.88E-05
1.42E-04
1.54E-04
3.00E-04
4.02E-04
0.001
0.001
0.001
0.001
0.002
0.002
0.003
0.005
0.006
0.006
0.006
0.009

DIV
2016_B
1583_C
B1h
1795_B
1816_B
1894_B
2209_B
2026_B
2018_C
2049_B
1899_B
1737_B
1897_B
A13a
1613_B
2164_B
1405_B
1701_B
2198_B
1852_B

baseMean Log2FoldChange
2.0365
1.5314
1.9632
1.4588
16.6877
-1.8537
4.5733
1.7216
1.9633
1.4589
1.9262
1.4209
1.9069
1.4009
1.8885
1.3814
1.8888
1.3817
1.8331
1.3209
1.795937
1.2790
1.7960
1.2791
1.7408
1.2143
276.8396
1.3680
1.7598
-1.2087
1.7220
1.1917
1.7035
1.1690
1.7035
1.1690
1.7035
1.1690
1.6852
1.1461

padj
0.009
0.010
0.012
0.012
0.012
0.015
0.016
0.017
0.017
0.022
0.027
0.027
0.038
0.041
0.041
0.041
0.045
0.045
0.045
0.048
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Table S2.5 Summary table for differentially abundant DIVs between treatments for each host genotype, as detected by
DESeq2. Negative (positive) log2 fold change values indicate symbiont taxa that are significantly less (more) abundant at day
28 compared to day 0 or 32 ºC to 25 ºC (depending on the comparison). padj values represent DESeq2 Benjamini-Hochberg padjusted values for multiple comparisons (alpha < 0.05).
H2

day 0

25 ºC vs 32 ºC

32 ºC

day 0 vs day 28

25 ºC

CC7

DIV

baseMean

Log2Fold
Change

1213_B
1233_C
1212_B
C1g
1277_B
C41
C15
1214_B
1928_B
B1m
B1a
B1
1212_B
1214_B
1207_B
1208_B
A1bm
1211_B
A13d
1210_B
A13a

8.0015
6.5602
18.8145
34.8746
6.3791
9.2876
9.5045
31.3441
10.9218
10.4378
51.8694
18275.731
141.8300
143.2178
581.3115
504.4170
39.3962
330.6444
23.2028
222.9569
252.9883

-3.5855
3.4105
4.6482
3.1500
-3.5435
3.5899
3.6253
4.0415
3.8359
3.7675
3.3570
-5.0932
-7.5514
-6.2319
-4.9869
-4.3546
5.1868
-4.2666
5.6350
-4.7093
4.9839

padj
0.017
0.017
0.008
0.009
0.011
0.011
0.011
0.011
0.013
0.013
0.020
2.11E-29
1.22E-26
4.14E-26
5.50E-16
7.73E-14
3.70E-13
9.73E-12
1.10E-11
1.17E-10
5.78E-05

RS

baseMean

Log2Fold
Change

1210_B
1922_B
2203_B
1233_C
1224_B

13.6883
7.3213
6.9705
5.1792
8.3112

3.3184
3.4235
3.3467
-3.0257
2.9828

A1bm
C1
C41
C1ae
C1ai
C1b
D4
A13d
1233_C
D1

34.0107
101.1381
21.7920
9.2973
7.1753
40.8481
5.2902
18.7584
4.8229
13.7993

4.4756
4.1192
4.6486
4.0612
3.6557
3.5768
3.1642
3.1451
3.0098
2.8815

DIV

baseMean

Log2Fold
Change

0.036 C15
0.038 B1g
0.038 C1a
0.039
0.041

13.6887
12.0667
4.3340

4.4188
-3.5479
-2.7494

0.002
0.008
0.043

4.79E-06 A1bm
4.79E-06 C1ai
6.30E-06
3.19E-04
4.73E-04
0.001
0.002
0.006
0.006
0.010

43.8808
6.3893

3.3303
-3.2438

0.045
0.045

padj

DIV

padj
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Table S2.5 continued
H2

day 0

day
28

225 ºC vs 32 ºC

DIV
B1i
1277_B
1276_B
D1
A1
C1
B1b
C1b
C39
1471_B
1278_B
1496_B
A4
C1g
1234_C
1497_B
1279_B
1281_C
1431_C
C1
C1g
C1b
A4
1811_A

CC7

baseMean

Log2Fold
Change

4.9242
5.8776
5.5197
13.6533
910.1589
9.1048
110.1438
9.5726
2.5639
2.6488
2.5576
2.5701
775.9796
3.3216
2.4369
2.3426
2.3322
2.3322
2.3458
27.9958
25.1129
22.7071
828.1675
13.4438

3.2059
3.5065
3.4022
3.5308
4.8873
2.6734
-3.1971
3.0036
2.0026
2.0804
1.9990
2.0064
-1.7937
1.8420
1.8917
1.8131
1.8067
1.8067
1.8151
5.6297
5.4692
5.3201
-4.0392
-4.4014

padj
0.001
0.001
0.001
0.002
0.005
0.007
0.007
0.007
0.028
0.034
0.038
0.038
0.042
0.042
0.042
0.043
0.043
0.043
0.043
4.80E-11
4.80E-11
2.40E-08
2.28E-06
1.52E-05

DIV
B1i
A13a

A1bm
A13d
1214_B
1922_B
2203_B

RS

baseMean

Log2Fold
Change

20.4963
172.7808

-3.4358
3.1312

0.018
0.022

23.3864
21.5954
20.7353
6.5768
6.2659

5.3556
5.2374
-3.6871
3.4218
3.3446

1.33E-09
3.60E-07
0.004
0.007
0.008

padj

DIV

1233_C
1212_B
C15
C4a

baseMean

Log2Fold
Change

6.5372
5.2999
14.4778
3.8804

-3.4068
-3.0686
3.2676
-2.5475

padj

0.015
0.019
0.019
0.049
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Table S2.5 continued

day
28

25 ºC vs 32 ºC

DIV
A13a
A4m
1810_A
1213_B
B1d
C41
C15
D1
1928_B
B1m
1467_B
A1bm
B1h
1909_B
B1i
1840_B

H2
Log2Fold
baseMean
Change
336.0530
3.0435
377.5203
-4.0996
10.8012
-4.0706
10.2479
-3.9905
9.5148
-3.8771
7.2589
3.5867
7.4286
3.6233
10.8259
4.2068
8.5044
3.8348
8.1416
3.7669
7.2957
3.5950
35.3151
3.1196
17.6034
-3.0691
5.4162
3.1184
19.6798
-2.6338
4.1976
2.6963

padj

DIV

1.60E-05
3.81E-05
3.81E-05
3.81E-05
1.23E-04
1.24E-04
1.24E-04
1.24E-04
2.81E-04
3.17E-04
0.001
0.002
0.003
0.004
0.018
0.028

B1d
B1i
2155_B
1968_B
1815_B
2112_B
1583_C
1795_B
1894_B
1213_B
2089_B
1802_B
1969_B
1899_B
A13a
1820_B

CC7
Log2Fold
baseMean
Change
6.0518
-3.1604
13.6307
-3.1823
5.2273
3.0514
4.4945
2.8014
4.6790
2.8685
4.4247
2.7755
4.1899
2.6832
4.2452
2.7056
4.0657
2.6322
9.3716
-2.8420
3.8716
2.5491
3.8170
2.5243
3.6314
2.4381
3.6269
2.4363
198.5697
2.7474
3.4481
2.3475

RS
padj
0.013
0.018
0.018
0.025
0.025
0.025
0.025
0.027
0.031
0.033
0.033
0.033
0.038
0.038
0.041
0.042

DIV

baseMean

Log2Fold
Change

padj
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Table S2.6 β-diversity dispersion (permutation test for homogeneity of multivariate
dispersions based on Bray-Curtis distances) of the Symbiodiniaceae communities of
different Aiptasia hosts across treatments (see comparisons). Statistically significant p
values are shown in bold.
comparison

all

H2

CC7

RS

0.015
F = 6.394

< 0.001
F = 8.365

0.729
F = 0.124

0.961
F = 0.003

25 ºC

day 0 vs day 28

32 ºC

day 0 vs day 28

0.164
F = 1.998

0.420
F = 0.694

0.109
F = 2.909

0.505
F = 0.464

day 0

25 ºC vs 32 ºC

< 0.001
F = 13.147

0.011
F = 8.675

0.393
F = 0.770

0.048
F = 4.465

day 28

25 ºC vs 32 ºC

0.256
F = 1.318

0.090
F = 3.23

0.498
F = 0.479

0.398
F = 0.752
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CHAPTER 3
New insights from transcriptomic data reveal differential effects of CO2
acidification on photosynthesis of an endosymbiotic dinoflagellate in
hospite
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3.1 ABSTRACT
Ocean acidification (OA) has detrimental effects on many marine organisms. To date,
most studies have focused on calcifying reef-forming corals that are particularly
susceptible to acidification due to reduced net calcification. However, little is known for
its algal partner, and even less at the molecular level. Like in other photosynthetic taxa,
elevated pCO2 has been shown to be beneficial for some Symbiodiniaceae
dinoflagellates; specifically, by enhancing productivity. Here we investigated the global
transcriptomic response, but with especial attention on processes related to
photosynthesis and carbon fixation, of the endosymbiont Symbiodinium microadriaticum
in the coral Stylophora pistillata to long-term seawater acidification stress. Surprisingly,
we found a small number of differentially expressed genes for both the symbiont and
coral host (< 3 % of the transcriptome). Overall responses to low pH showed decreases in
expression of ion transport, stress response and metabolic processes but also an
enrichment of cellular components and functions associated to photosynthesis machinery
and carbon concentrating mechanisms. Yet, physiological data revealed no changes in
productivity but instead, performance of the symbiont (characterized by the operating
efficiency of PS II) declined. We hypothesized that carbon acquisition mechanisms in S.
microadriaticum might be inefficient thus symbionts are still carbon-limited despite
being in a CO2 enriched environment. Our study adds on, from a molecular perspective,
previous evidence showing the large variation in functional diversity of Symbiodiniaceae
and its responses to OA. Further highlighting the role of the host in ultimately
determining symbiont productivity and performance of the holobiont.
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3.2 INTRODUCTION
Rising levels of anthropogenic carbon dioxide (CO2) are transforming the chemistry of
the oceans; the average seawater pH (8.1) has already decreased by 0.1 pH units
(equivalent to almost 30 % increase in acidity) since the Industrial Revolution and it is
predicted to drop even more (pH 7.6) by the end of this century (Magnan et al., 2016;
Hoegh-Guldberg et al., 2017). Thus, there is a great concern regarding the future of
marine ecosystems and the ecological services they provide; particularly for coral reefs,
as these depend entirely on the persistence of corals and other calcifiers (Hoegh-Guldberg
et al., 2007; 2017; Pandolfi et al., 2011; Hughes et al., 2017). As CO2 dissolves in water,
carbonic acid (H2CO3) is formed and protons (H+) are released, which lowers the pH (i.e.
more acidic) but also reacts with carbonate ions (CO32-), which in turn reduce carbonate
concentrations and saturation state (Ω). Organisms are then unable to build skeletons,
have slower growth and are more sensitive to disturbances (reviewed in Doney et al.,
2009).

Much attention has been focused on the detrimental effect of ocean acidification (OA) on
calcification (Orr et al., 2005; Hofmann et al., 2010; Andersson and Gledhill, 2013), yet,
it is unclear how it affects other physiological processes (Kroeker et al., 2010; 2013).
Specifically, there is a growing interest in understanding how acidification will impact
photosynthetic organisms (reviewed in Mackey et al., 2015 and Connell et al., 2018). For
example, changes in diversity, structure, and productivity of phytoplankton communities
are predicted to have profound consequences for marine food webs and biogeochemical
processes (Dutkiewicz et al., 2015). Indeed, increased biomass of other primary
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producers such as sea grasses and algae has already been shown to alter the ecological
functioning of benthic ecosystems by favoring the proliferation of some species and
removal of others (Hall-Spencer et al., 2008; Connell et al., 2017). For corals, OA may
even have a greater impact on bleaching and productivity than calcification (Anthony et
al., 2008). Nonetheless, these effects are multi-faceted and complex. Like other aquatic
photosynthetic organisms, Symbiodiniaceae also have active CO2-concentrating
mechanisms [CCMs; (Al-Moghrabi et al., 1996; Leggat et al., 1999)] that allow them to
surpass the challenges of being in a carbon-limited environment (reviewed in Moroney
and Ynalvez, 2007). For photosynthesis to occur, CO2 must be converted to HCO3- (and
vice versa) so it can be transported inside the cell and ultimately reach RubisCO; a
process that is actively regulated by the host (see Barott et al., 2015). Thus, even if
productivity increases, performance and survival of the holobiont will ultimately be
limited by the physiological limits of the coral animal, which are mostly negatively
affected [e.g. reduced metabolism, increased oxidative stress, symbiont loss, etc.
(reviewed in Kaniewska et al., 2012)] under low pH.

Similar to the specific stress sensitivity of their cnidarian hosts (Anthony et al., 2008;
Crawley et al., 2010; Edmunds, 2012; Kaniewska et al., 2012; Towanda and Thuesen,
2012; Jarrold et al., 2013; Gibbin and Davy, 2014; Hoadley et al., 2015; Klein et al.,
2017; Davies et al., 2018), differential responses to OA have been observed among
Symbiodiniaceae types (Buxton et al., 2009; Brading et al., 2011). This is not surprising
considering the remarkable intra- and inter- species functional diversity (LaJeunesse et
al., 2018), including species-specific CCMs (Brading et al., 2013). For example, recent
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study (Aranda et al., 2016) showed substantial differences in the number of bicarbonate
transporter in the genomes of coral-associated endosymbionts; in particular,
Symbiodinium microadriaticum (‘clade A’) appears to have significantly more compared
to Breviolum minutum (‘clade B’), which likely has fundamental implications for carbon
acquisition and (indirectly) productivity. Various combinations of host and symbiont
strains may provide physiological (dis)advantages under changing ocean condition.
Hence, examining the response of different symbiotic associations to elevated pCO2 can
provide valuable understanding of OA effects on corals (Hoadley et al., 2015).

Here we investigated the global transcriptomic response of the endosymbiont S.
microadriaticum of the Red Sea coral Stylophora pistillata (Esper 1797) to long-term
seawater acidification stress. This Pocilloporid coral is not only one of the most abundant
species and major contributor to reef structures (Veron, 2000) but has also been used as a
model organism to study ecological, physiological and evolutionary aspects of the
cnidarian-dinoflagellate symbiosis (Franklin et al., 2004; Putnam et al., 2008; Weis et al.,
2008; Venn et al., 2013; Maor-Landaw et al., 2014; Tambutté et al., 2015; Aranda et al.,
2016; Voolstra et al., 2017; Liew et al., 2018). Colonies of this coral have been
successfully cultured in CO2-driven low pH conditions for almost 10 years (see below),
thus providing a unique opportunity to examine the effects of chronic exposure to high
CO2. Further, most studies on OA represent data from short-term experiments that range
from days to few weeks and focused on the physiological impact of coral calcification
(Kaniewska et al., 2012; Chan and Connolly, 2013), however, little is known for its algal
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partner, especially at the molecular level. This study presents novel observations on the
responses of a common coral symbiont to acidification stress.

3.3 MATERIALS AND METHODS
3.3.1 Experimental incubations
Multiple colonies of the coral S. pistillata were subjected to long-term seawater
acidification (for at least two years) in an experimental setup at the Centre Scientifique de
Monaco (Fig. S3.1) that has been maintained continuously from the early 2010s (Venn et
al., 2013; Tambutté et al., 2015; Liew et al., 2018). Corals were kept in four experimental
aquaria, each supplied with Mediterranean seawater with an exchange rate of 70 % per
hour, salinity of 38 ppt, temperature of 25 °C and irradiance of 170 mmol photons/m2s
white light on a 12:12 h light:dark photoperiod provided by HQI-10000K metal halide
lamps (BLV Nepturion), and fed with freshly hatched Artemia brine shrimps twice per
week. Carbonate chemistry was manipulated by bubbling CO2 to reduce pH to the reach
values of (1) pH 7.2, an extremely low value used to generate and study new phenotypes
(Tambutté et al., 2015; Liew et al., 2018), (2) pH 7.4, which represent extreme values
observed today in some environments like volcanic CO2 vents (where mean pH can range
between 7.4 and 7.6 (Hall-Spencer et al., 2008) and (3) pH 7.8 or near future natural
conditions as projected by the IPCC scenario RCP8.5 (Magnan et al., 2016), while (4) a
control aquarium was maintained at the current average seawater pH 8.0 (Doney et al.,
2009). pH and temperature were constantly checked with a custom-made monitoring
system (Enoleo, Monaco) so that similar conditions prevailed in each aquarium except
for the carbonate chemistry. Details on chemistry parameters, pH and alkalinity
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measurements (see Table S3.1), and aquarium maintenance are provided in Tambutté et
al. (2015) and Liew et al. (2018).

3.3.2 Identification of differentially expressed genes
High-quality total RNA was extracted from three replicate coral nubbins that were kept in
all different conditions for at least two years. Twelve strand-specific mRNA libraries
were generated using the NEB Next Ultra Directional RNA Library Prep Kit for Illumina
(New England Biolabs) and sequenced in six lanes of the HiSeq 2000 platform (Illumina)
to retrieve a total of 674 million paired-end reads (101 bp). RNA-seq data was analyzed
as implemented in Kallisto v0.44.0 (Bray et al., 2016) and its companion tool Sleuth
v0.28.0 (Pimentel et al., 2017). Kallisto pseudo-aligns reads to a reference to produce a
list of transcripts compatible with each read while avoiding alignment of individual
bases, thus achieving much faster results compared to other approaches. Quantifications
of gene expression in transcripts per million reads (TPM) resulting from the
bootstrapping performed in Kallisto were then analyzed with Sleuth to build a response
error model that allowed for the decoupling of biological variance from inferential
variance to ultimately identify differentially expressed genes (DEGs). While Liew et al.
(2018) analyzed the transcriptomic response of S. pistillata, that study solely focused on
the differential expression of methylated genes in the host, particularly those related with
growth and biomineralization pathways. Thus, here we assessed the overall response of S.
pistillata, along with the response of its endosymbiont S. microadriaticum. All analyses
described above were carried for both data sets. Reads were mapped to S.
microadriaticum (Aranda et al., 2016) and S. pistillata (Voolstra et al., 2017) gene
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models, and DEGs (with corrected p values < 0.05) were identified by contrasting
samples from all experimental conditions (pHs 7.2, 7.4 and 7.8) against the control (pH
8.0). All sequencing data from this study has been deposited in NCBI
(https://www.ncbi.nlm.nih.gov/bioproject/PRJNA386774; see Liew et al., 2018).

3.3.3 Functional enrichment analyses
GO term enrichment analyses were performed with topGO (Alexa et al., 2006) using a
self-developed R script (https://github.com/lyijin/topGO_pipeline) as described in Liew
et al. (2018). Only GO terms with p < 0.05 and occurring at least 5 times were considered
enriched. Multiple testing corrections were not applied as the tests are considered to be
non-independent (Alexa et al., 2006). Furthermore, KEGG Orthology (KO) annotations
were merged from the KEGG Automatic Annotation Server [(Moriya et al., 2007);
www.genome.jp/tools/kaas/, with the parameters ‘GHOSTZ’, ‘eukaryotes’ and ‘bidirectional best hit’] and the results of the gene models of both S. microadriaticum and S.
pistillata (https://github.com/lyijin/common/blob/master/kegg_backgrounds/). KEGG
pathway enrichment analysis of DEGs were carried out using Fisher’s exact test and
subsequent multiple testing correction via false discovery rate (FDR) estimation. Only
pathways with p < 0.05 were considered significant. Results were visualized using the R
package ‘GOplot’ (Walter et al., 2015).

3.3.4 Photochemical efficiency measurements
Light-adapted yields (F’/Fm’) were recorded in triplicate with a Pulse Amplitude
Modulated fluorometer (Junior-PAM, Walz, Germany) to assess the photo-physiological
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status of colonies at the different pH treatments. A one-way analysis of variance
(ANOVA), as implemented in the R (version 3.5.1; R Core Team, 2018) package ‘vegan’
(Oksanen et al., 2019), was conducted to assess the effect of pH in the symbiont’s
photosystems. Differences were further identified through Student-Newman-Keuls
(SNK) post hoc tests.

3.4 RESULTS
Here, we investigated the transcriptomic response of S. microadriaticum in hospite the
Red Sea coral S. pistillata under long-term (> 2 years) acidification stress. In particular,
we focused on genes involved in photosynthesis and carbon acquisition processes as
these were the top enriched categories, and examined changes in expression levels across
the different pH treatments corals were subjected to. Further, based on previous evidence
showing beneficial effects from elevated pCO2 on productivity (see Introduction), we
tested this hypothesis by measuring symbiont’s light-adapted photochemical yields and
relevant molecular responses of the host.

3.4.1 Differential gene expression following chronic exposure to high pCO2: coral host
elicits a stronger transcriptomic response that the symbiont
We detected differential gene expression in response to long-term acidification stress. As
expected, samples clustered according to treatment; colonies from the lowest pH
treatments (7.2 and 7.4) were similar and clustered together, and separated from the rest,
whilst samples from pH 7.8 were close to the control pH 8.1 (Fig. 3.1a). To further
investigate the relationship between samples of the different pH conditions, we
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performed a rank correlation analysis based on inter-sample normalized transcripts per
million (TPM). This revealed small variation within each treatment, except for samples
from pH 7.8 (Fig. 3.1b). Specifically, these were more variable than specimens from
other treatments.

Overall, gene expression patterns revealed a greater transcriptomic response (that is, a
higher number of DEGs) to the experimental treatments for the coral host (3.80 % of the
transcriptome) compared to the symbiont (2.50 %). A total of 986 unique genes were
detected for S. pistillata (Fig. 3.2) from which only 7 (Spis12607 up-regulated, and
Spis18376, Spis19048, Spis20850, Spis22246, Spis23000 and Spis25521 downregulated) overlapped between all treatments. As expected, more DEGs were identified in
pH 7.2, followed by at least five times less in the other treatments. Similar gene
expression patterns were observed for S. microadriaticum; that is, 45.20 % DEGs had ≥
2-fold change in expression (all of them up-regulated) and were mostly observed in the
pH 7.2 treatment (Fig. 3.2). Only one DEG was identified in pH 7.8, (Smic24339) and it
encoded for dimethylglycine dehydrogenase, a mitochondrial enzyme involved in
pathways of degradation of amino acids, and was only found in this treatment.
Comparison of gene expression across pH 7.2 and 7.4, on the other hand, identified 310
common DEGs, from which 111 and 199 were up- and down-regulated, respectively.
Further, directionality of these changes was consistent across both treatments, though the
magnitude was not. That is, 160 genes showed a higher fold change in expression in the
pH 7.2 treatment, whilst the opposite was observed for the 150 remaining ones.
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Figure 3.1 Relationship between samples from the different treatments: Principal component analysis (a) and correlogram based on
Kendall’s Tau coefficient (b). Blue and red shades indicate high- and low-correlation, pie chart in each cell also indicates the
correlation of the two samples from the corresponding row and column.
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Figure 3.2 Barplot showing number of differentially expressed genes (DEGs) for the
symbiont (blue) and coral host (orange) across different pH treatments. Numbers in bold
indicate the total number of DEGs for each category whilst numbers in parenthesis show
unique genes (exclusive to that treatment). Top and bottom panels depict direction of the
change, up- and down-regulation, respectively.
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3.4.2 Impact of low pH on specific biological functions
We conducted GO and KEGG pathway analyses to further assess the functional impact of
the previously identified DEGs. A total of 114 significantly enriched GO terms across all
treatments were revealed for S. microadriaticum [81, 26 and 7 from pH 7.2, 7.4 and 7.8,
respectively (see Tables S3.2a,b,c)]. Particular noteworthy terms (most of them depleted)
were related to translation and transcription, regulation of metabolic processes, and
cellular components (ribosome, cytoplasm and microtubule complexes, cilium, among
others). We also identified few DEGs (with ≥ 2-fold change, all of them up-regulated)
encoding for ion-transport activity; yet, the associated GO terms were not significantly
enriched.

Here, we focused on terms related to photosynthesis and carbon fixation mechanisms.
The first obvious observation is the absence of enriched GO terms for the pH 7.8
treatment, whilst at least 23 were identified for the other two conditions (Fig. 3.3). From
these, most of them were predominant in pH 7.2; mostly terms related to photosynthesis
light-harvesting proteins, the Calvin cycle and relevant enzymes (RuBisCO, transketolase
and ferredoxin-NADP-reductase), as well as various cellular components and processes
associated to photosystems I and II complexes. Notably, terms related to electron
transport (GO: 0009767 and GO:0009539) were enriched in pH 7.4 only. Fewer terms
were associated with carbon fixation mechanisms; most of them linked to genes encoding
different subunits of the ATP synthase motor. Since pH 7.2 had the largest number of
enriched GO terms, we investigated the expression changes of the genes associated with
the corresponding processes (Fig. 3.4). A total of 172 DEGs were involved in these
functions and were up- and down-regulated in similar proportions (83 and 89,
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respectively). However, when examining each category, most genes were over expressed,
suggesting an overall up-regulation of the process. Further, two of four significantly
enriched KEGG pathways (Table S3.3) in this treatment were related to photosynthesis
(map00195) and carbon fixation in photosynthetic organisms (map00710). DEGs
involved in these pathways were mostly up-regulated with ≥ 2-fold in expression.

GO term analyses for S. pistillata revealed an overall enrichment of metabolic functions,
RNA translational and transcriptional mechanisms, stress responses and cellular
components (see Tables S3.4a, b,c). Consistent with patterns of expression (see above),
more terms were significantly enriched in the pH 7.2 treatment (167) compared to pH 7.4
(82) and pH 7.8 (94). Particularly relevant were terms related to ion activity and
calcification across all treatments, but bicarbonate transport (GO:0015701) stood out
(though it was only present in pH 7.2). We identified two genes (Spis16901 and
Spis5056.t2) encoding for bicarbonate transporter like proteins, and these were
significantly up-regulated (≥ 2-fold change). Further, the absolute expression (TPM) of
these genes followed the order pH 7.2 > 7.4 > 7.8 > 8.1 (Fig. 3). Also interesting was the
term symbiont-containing vacuole membrane (GO:0020005) present in pH 7.8, which
was associated to Spis21140. This gene, which annotates for an interferon-induced
guanylate-binding protein 2, was significantly over-expressed and had 2.5-fold change in
expression.
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Figure 3.3 Heat map of GO terms related to photosynthesis and carbon concentrating
mechanisms in in hospite Symbiodinium microadriaticum from three different pH
treatments. Selected terms show differential transcriptomic responses to acidification
stress (p < 0.05). Empty boxes denote differences that were not significant (p ≥ 0.05).
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Figure 3.4 Selected GO terms enriched of in hospite Symbiodinium microadriaticum in pH 7.2. Statistical significance of each GO
term is indicated by the height of the bars in the inner circle, while the color represents the overall regulation effect of each process.
The outer circle shows the differential expression of genes associated to each process, where red and blue represent up- and downregulation, respectively. The table describes the annotation of each term.
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Figure 3.5 Absolute gene expression (transcripts per million) of two S. pistillata genes
encoding for bicarbonate transporter like proteins across different pH treatments.

160
3.4.3 Physiological response to acidification stress
Seawater pH had a significant effect (ANOVA F = 7.503, p = 0.005) on the photophysiological performance (F’/Fm’) of S. microadriaticum (Fig. 3.6). Specifically, lower
F’/Fm’ values were observed in colonies from the more acidic treatments (pH 7.2 and
7.4) compared to the control (pH 8.1). No substantial differences were detected for corals
from pH 7.8 though.

Figure 3.6 Mean (± 1 SE) photochemical efficiencies of Symbiodinium microadriaticum
in different pH treatments. Letters indicate overall similarities (e.g. AA) or differences
(e.g. AB) between treatments as determined by SNK post hoc tests.
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3.5 DISCUSSION
Transcriptome sequencing has become a powerful tool for understanding the mechanistic
bases of coral resilience to environmental change by allowing the identification of genes
and/or pathways that are specifically associated to stress responses (reviewed in
Cziesielski et al., 2019). Much attention has focused on coral hosts (Voolstra et al., 2009;
DeSalvo et al., 2010; Kaniewska et al., 2012; Moya et al., 2012; Kenkel et al., 2013;
Ogawa et al., 2013; Vidal-Dupiol et al., 2013; Dixon et al., 2015; Davies et al., 2016),
yet, it is not until recently that changes in gene expression following exposure to high
temperature and/or CO2 levels are also examined for their algal symbionts (Kenkel and
Matz, 2016; González-Pech et al., 2017; Davies et al., 2018; Kenkel et al., 2018; Rivest et
al., 2018), thus providing a more complete view of the holobiont responses. Indeed, both
partners exhibit differential transcriptomic changes; some studies have shown the host
elicits a stronger response [up to five times (Kaniewska et al., 2015; Kenkel and Matz,
2016; Davies et al., 2018 and this study)] whereas others have found greater effects on
the symbiont (Kenkel et al., 2018; Rivest et al., 2018). The magnitude of the response to
different stressors also varies greatly. Generally speaking, warming, alone or in
combination with acidification, has a larger effect on gene expression than just OA
(Rocker et al., 2015; Davies et al., 2016, 2018; Rivest et al., 2018). For example, Davies
et al. (2016) found almost 25 % of the holobiont meta-transcriptome was differentially
expressed in regard with temperature whilst less than 2 % was attributed to elevated
pCO2. Similarly, minimal (or no) transcriptomic responses to low seawater pH (close to
RCP8.5 scenarios) have also been reported (Kaniewska et al., 2015; Vidal-Dupiol et al.,
2013; González-Pech et al., 2017). Hence, it is not surprising that in our study, changes in
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expression only accounted for a small fraction of the transcriptome for both symbiont and
coral host partners).

Most of these changes were associated with homeostasis and regulation of metabolic
functions; yet, we were particularly interested in those involved in photosynthesis and
carbon-concentrating mechanisms (CCMs). These processes are essential for the
holobiont functioning but also distinguish from the majority of biological processes in
that they are benefited under adverse conditions (in this case enriched pCO2).
Overexpression of genes encoding for different cellular components critical for the
photosynthetic machinery was common; specifically, polypeptide subunits of
photosystems, light-harvesting and oxygen-evolving complex proteins responsible for
enhancing recruitment and functioning of PS II and several enzymes necessary for
photosynthesis. Enrichment of H+ transporter genes were also notorious; in particular, a
vacuolar H+ ATPase (VHA) proton-pump essential to promote photosynthesis as it
catalyzes ATP hydrolysis and lowers pH in the symbiosome (Barott et al., 2015). Indeed,
inhibition of this transmembrane protein can result in reduced photosynthetic activity.
Moreover, up-regulation of proton-pumps from the symbiont but also bicarbonate
transporter-like proteins from the coral host under acidic conditions suggests the
holobiont is trying to compensate and/or maintain the internal pH gradient necessary for
the nutrient exchange between partners (Barott et al., 2015). It was surprising, however,
that neither carbonic anhydrases nor solute carrier (specifically SLC4 and SLC26) genes
were differentially expressed in any of the treatments, especially because these have been
shown to be significantly up-regulated in corals subjected to only few weeks of
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acidification stress (Vidal-Dupiol et al., 2013). Both play a major role in CCMs, carbonic
anhydrases move carbon from the seawater environment across multiple layers into the
symbiont cell whilst SLC are responsible for transporting HCO3- and other ions (Zoccola
et al., 2015). Moreover, significant enrichment of symbiont-containing vacuole
membrane (which here may refer to the host-derived symbiosome) further highlights the
effect of elevated pCO2 in the holobiont’s CCMs. Acidification of this intracellular
compartment is essential for promoting photosynthesis (Barott et al., 2015) so that any
damage and/or disruption of its cellular components and functions could have a negative
impact in the host-symbiont communication and metabolic exchange. Indeed, a gene
encoding for guanylate-binding proteins, previously associated with resistance to
intracellular pathogenic microbes (Haldar et al., 2013), was significantly over-expressed.
This might suggest the host’s immune response is compromised and so secretion of this
protein increases as a compensation measure.

There is a general consensus that ocean acidification (OA) is detrimental to marine biota,
yet, responses among organisms can vary greatly (Kroeker et al., 2010); particularly in
symbiotic organisms like corals, as their performance and/or survival depends on the
physiological limits of both the host and symbiont partners (Kaniewska et al., 2012;
Gibbin and Davy, 2014). Our findings show that despite previous evidence on beneficial
effects from elevated CO2, which here could be seen as the enriched expression of
processes related to photosynthesis and carbon acquisition, this might be instead a
compensation mechanism to endure stress. More importantly is that, when speaking of
coral holobionts, symbiont responses are modulated by in hospite interactions with the
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host. Thus, its performance is largely determined by the physiological limitations of the
latter. In this case, we observed significant declines in the operating efficiency of PS II
(F’/Fm’), which is often evidence of stress and poor photosynthetic performance
(reviewed in Nitschke et al., 2018). Albeit productivity and respiration rates, symbiont
densities and protein content (previously reported in Tambutté et al., 2015) were not
affected by low pH. Thus, suggesting overall health of the holobiont was not
compromised but also that the ability of this particular host-symbiont association to
maintain carbon fluxes might be inefficient. As photosynthesis and respiration depend on
the availability of dissolved inorganic carbon (Furla et al., 2000; Nakamura et al., 2013),
more substrate should theoretically enhance both processes; higher CO2 fixation during
photosynthesis results in increased oxygen production and thus stimulating respiration.
Yet, this is not the case if CO2 is not efficiently acquired. For example, when pCO2 is
enriched, aqueous CO2 can replace bicarbonate (HCO3-) as the main source of carbon
such that if this cannot be transported into the cell, where it is then interconverted to CO2,
photosynthetic activity is significantly reduced (Nakamura et al., 2013; Horwitz et al.,
2015). It is surprising though, as S. microadriaticum in particular is known to have many
more bicarbonate transporter domains than other symbiotic dinoflagellates (Aranda et al.,
2016) and as such, one would assume that it is more efficient in mobilizing HCO3- across
membranes. Nonetheless, it could also be that CCMs in this symbiont are mainly
supported by the uptake of CO2 and not HCO3-, as it is the case for Symbiodinium A13
(Brading et al., 2013), a strain closely related to S. microadriaticum, and so having more
bicarbonate transporters might not necessarily improve carbon transport for
photosynthesis. Further, CCMs are active, energy-consuming processes (Leggat et al.,
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1999) thus if the host is challenged in any way (see above), these can become less
efficient.

Numerous studies have reported mixed findings on the effects of high pCO2 on the photophysiology of symbiotic cnidarians. For example, acidification stress has been shown to
increase productivity, symbiont density and photochemical efficiency in non-calcifying
anthozoans (Suggett et al., 2012; Towanda and Thuesen, 2012; Jarrold et al., 2013;
Gibbin and Davy, 2014; Horwitz et al., 2015; Klein et al., 2017) whilst the opposite in
corals (Anthony et al., 2008; Crawley et al., 2010; Edmunds, 2012; Kaniewska et al.,
2012; Zhou et al., 2016), and in fewer cases, no significant effects have been observed
(Wall et al., 2014; Tambutté et al., 2015; Davies et al., 2018). Certainly, the intertwined
interaction between photosynthesis and calcification (Furla et al., 2000) might be key for
determining how and to what extent OA will affect corals and other taxa like diatoms and
coralline algae (Mackey et al., 2015). Further, responses to acidifcation stress are not
only symbiont strain-specific (Buxton et al., 2009; Brading et al., 2011) but may also
differ depending on whether they are in free-living conditions or in hospite within
different hosts (see above).

3.6 CONCLUSIONS
Here, we present an overview of the transcriptomic response, specifically of
photosynthesis related processes, of a common coral symbiont exposed to different
seawater pH. Moreover, this is to our knowledge, the first study examining molecular
responses under long-term acidification stress (> 2 years), thus providing valuable insight
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into the effects of OA on the cnidarian-dinoflagellate symbiosis. Our results are
consistent with previous studies showing a small (to moderate) effect (compared to
thermal stress) of high pCO2 on the symbiont’s transcriptome. As expected, we found an
enrichment of photosynthesis and carbon acquisition related genes under low pH
conditions. Yet, despite existing hypothesis of the latter being beneficial to the holobiont,
we show that its performance is ultimately determined by the physiological limitations of
both partners, as indicated by the significant decline in photochemical yields. The
implications of these changes in the algal partner under extended acidification stress and
the effect this may have on symbiotic interactions is complex and thus warrants further
study, especially since responses vary greatly among different host-symbiont
combinations.
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3.7 SUPPLEMENTARY INFORMATION

Figure S3.1 Experimental setup at the Centre Scientifique de Monaco. Colonies of the
coral Stylophora pistillata were maintained aquaria with different carbonate seawater
chemistry: (from left to right) pH 7.2 (pCO2 = 5000 ppm), pH 7.4 (pCO2 = 3000 ppm),
pH 7.8 (pCO2 = 700 ppm) and pH 8.1 (pCO2 = 400 ppm).
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Table S3.1 Parameters of carbonate seawater chemistry in the four experimental treatments. Values are shown as means ± 1 SD.
Taken and modified from Liew et al. (2018).
Treatment
name

pH

Total alkalinity
(mmol/ kgSW)

pCO2
(μatm)

HCO3(μmol/ kgSW)

CO32(μmol/ kgSW)

Total carbon
(μmol/ kgSW)

Ωar

7.2

7.22 ± 0.01

2496.62 ± 6.99

3513.15 ± 67.20

2384.13 ± 4.42

46.25 ± 1.08

2528.27 ± 3.62

0.72 ± 0.02

7.4

7.43 ± 0.01

2474.16 ± 5.89

2109.30 ± 59.63

2299.43 ± 0.76

71.66 ± 2.13

2429.86 ± 1.23

1.11 ± 0.03

7.8

7.81 ± 0.01

2461.77 ± 5.97

798.77 ± 14.36

2082.22 ± 0.60

155.17 ± 2.75

2259.64 ± 1.75

2.41 ± 0.04

8.1

7.95 ± 0.01

2447.648 ± 7.16

537.66 ± 4.88

1951.14 ± 1.90

202.41 ± 2.25

2168.53 ± 4.02

3.14 ± 0.03

Ωar = saturation state of aragonite
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Biological process

Table S3.2a Enriched GO terms for DEGs of S. microadriaticum at pH 7.2.
GO ID

GO term

p value

GO:0006412
GO:0009765
GO:0019253
GO:0007018
GO:0030030
GO:0018298
GO:0015986
GO:0009169
GO:0046130
GO:0046034
GO:0009207
GO:0009154
GO:0042549
GO:0001539
GO:0015991
GO:0015979
GO:0003341
GO:0006414
GO:0043414
GO:0044782
GO:0030031
GO:0046129
GO:0000462
GO:0042991
GO:0030476
GO:0006986
GO:0051231
GO:0009058
GO:0010090
GO:0009451
GO:0051865
GO:0010927
GO:0042273
GO:0035278
GO:0015914
GO:0019083
GO:0051315
GO:0031134
GO:0019918
GO:0015031
GO:0009560

translation
photosynthesis, light harvesting
reductive pentose-phosphate cycle
microtubule-based movement
cell projection organization
protein-chromophore linkage
ATP synthesis coupled proton transport
purine ribonucleoside monophosphate catabolic process
purine ribonucleoside catabolic process
ATP metabolic process
purine ribonucleoside triphosphate catabolic process
purine ribonucleotide catabolic process
photosystem II stabilization
cilium or flagellum-dependent cell motility
ATP hydrolysis coupled proton transport
photosynthesis
cilium movement
translational elongation
macromolecule methylation
cilium organization
cell projection assembly
purine ribonucleoside biosynthetic process
maturation of SSU-rRNA from tricistronic rRNA transcript
transcription factor import into nucleus
ascospore wall assembly
response to unfolded protein
spindle elongation
biosynthetic process
trichome morphogenesis
RNA modification
protein autoubiquitination
cellular component assembly involved in morphogenesis
ribosomal large subunit biogenesis
miRNA mediated inhibition of translation
phospholipid transport
viral transcription
attachment of mitotic spindle microtubules to kinetochore
sister chromatid biorientation
peptidyl-arginine methylation, to symmetrical-dimethyl arginine
protein transport
embryo sac egg cell differentiation

< 1e-30
4.10E-10
5.50E-10
1.30E-09
7.10E-08
6.70E-07
1.40E-06
3.10E-06
3.40E-06
7.30E-06
8.60E-06
9.10E-06
2.60E-05
3.20E-05
7.10E-05
7.30E-05
8.10E-05
0.000
0.001
0.002
0.002
0.004
0.005
0.005
0.007
0.009
0.011
0.013
0.013
0.015
0.018
0.018
0.021
0.021
0.022
0.022
0.022
0.022
0.022
0.023
0.025
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GO:0006886
GO:0002181
GO:0006614
GO:0030490
GO:0009423
GO:0034389
GO:0070925
GO:0019222
GO:0065007
GO:0009913
GO:0007264
GO:0016192
GO:0042219
GO:0048765
GO:0033047
GO:0014808

Cellular component

GO:0010880
GO:0042158
GO:0000911
GO:0006413
GO:0019252
GO:0005840
GO:0022625
GO:0022627
GO:0009535
GO:0030286
GO:0005858
GO:0043227
GO:0005868
GO:0044444
GO:0015935
GO:0009523
GO:0045263
GO:0030076
GO:0005874
GO:0009654
GO:0005730
GO:0005615
GO:0009506
GO:0005929
GO:0009522
GO:0009507
GO:0009501
GO:0019898

intracellular protein transport
cytoplasmic translation
SRP-dependent cotranslational protein targeting to membrane
maturation of SSU-rRNA
chorismate biosynthetic process
lipid particle organization
organelle assembly
regulation of metabolic process
biological regulation
epidermal cell differentiation
small GTPase mediated signal transduction
vesicle-mediated transport
cellular modified amino acid catabolic process
root hair cell differentiation
regulation of mitotic sister chromatid segregation
release of sequestered calcium ion into cytosol by sarcoplasmic
reticulum
regulation of release of sequestered calcium ion into cytosol by
sarcoplasmic reticulum
lipoprotein biosynthetic process
cytokinesis by cell plate formation
translational initiation
starch biosynthetic process
ribosome
cytosolic large ribosomal subunit
cytosolic small ribosomal subunit
chloroplast thylakoid membrane
dynein complex
axonemal dynein complex
membrane-bounded organelle
cytoplasmic dynein complex
cytoplasmic part
small ribosomal subunit
photosystem II
proton-transporting ATP synthase complex
light-harvesting complex
microtubule
photosystem II oxygen evolving complex
nucleolus
extracellular space
plasmodesma
cilium
photosystem I
chloroplast
amyloplast
extrinsic component of membrane

0.026
0.030
0.030
0.030
0.030
0.030
0.032
0.034
0.034
0.036
0.038
0.040
0.040
0.040
0.041
0.041
0.041
0.041
0.046
0.049
0.049
1.80E-19
5.10E-19
6.60E-15
4.10E-13
7.00E-12
8.40E-09
1.80E-08
4.30E-08
1.60E-07
1.60E-07
3.70E-07
4.50E-07
1.70E-06
2.20E-06
3.10E-05
4.70E-05
1.80E-04
2.80E-04
3.80E-04
0.001
0.003
0.004
0.007

Molecular function
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GO:0005619
GO:0019013
GO:0005628
GO:0015934
GO:0000812
GO:0009514
GO:0005930
GO:0015934
GO:0000812
GO:0009514
GO:0005930
GO:0003735
GO:0016887
GO:0003777
GO:0016984
GO:0016168
GO:0019843
GO:0004497
GO:0047657
GO:0008097
GO:0008289
GO:0005509
GO:0036094
GO:1901265
GO:0031625
GO:0009011
GO:0015078
GO:0003729
GO:0008883
GO:0050242
GO:0009041
GO:0070628
GO:0019957
GO:0016853
GO:0004802
GO:0051920
GO:0004743
GO:0046961

ascospore wall
viral nucleocapsid
prospore membrane
large ribosomal subunit
Swr1 complex
glyoxysome
axoneme
large ribosomal subunit
Swr1 complex
glyoxysome
axoneme
structural constituent of ribosome
ATPase activity
microtubule motor activity
ribulose-bisphosphate carboxylase activity
chlorophyll binding
rRNA binding
monooxygenase activity
alpha-1,3-glucan synthase activity
5S rRNA binding
lipid binding
calcium ion binding
small molecule binding
nucleoside phosphate binding
ubiquitin protein ligase binding
starch synthase activity
hydrogen ion transmembrane transporter activity
mRNA binding
glutamyl-tRNA reductase activity
pyruvate, phosphate dikinase activity
uridylate kinase activity
proteasome binding
C-C chemokine binding
isomerase activity
transketolase activity
peroxiredoxin activity
pyruvate kinase activity
proton-transporting ATPase activity, rotational mechanism

0.007
0.009
0.010
0.023
0.029
0.029
0.029
0.001
0.003
0.004
0.007
< 1e-30
5.20E-14
3.80E-13
5.20E-09
1.20E-08
4.50E-07
1.00E-04
4.90E-04
0.001
0.002
0.002
0.002
0.003
0.004
0.007
0.010
0.013
0.016
0.018
0.023
0.023
0.031
0.034
0.040
0.040
0.040
0.047
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Table S3.2b Enriched GO terms for DEGs of S. microadriaticum at pH 7.4.

Cellular component

Biological process

GO ID
GO:0030030
GO:0007018
GO:0046034
GO:0009169
GO:0046130
GO:0009207
GO:0009154
GO:0003341
GO:0015991
GO:0015986
GO:0001539
GO:0051865
GO:0006446
GO:0009767
GO:0070935
GO:0031442
GO:0060213
GO:0032680
GO:0035278
GO:0017000
GO:0042549
GO:0019253
GO:0046129
GO:0071852
GO:0006412
GO:0015849
GO:0030286
GO:0043227
GO:0005874
GO:0005929
GO:0005858
GO:0005868
GO:0045263
GO:0009535
GO:0005852
GO:0033290
GO:0016282
GO:0005840
GO:0044444
GO:0009539
GO:0009279

GO term
cell projection organization
microtubule-based movement
ATP metabolic process
purine ribonucleoside monophosphate catabolic process
purine ribonucleoside catabolic process
purine ribonucleoside triphosphate catabolic process
purine ribonucleotide catabolic process
cilium movement
ATP hydrolysis coupled proton transport
ATP synthesis coupled proton transport
cilium or flagellum-dependent cell motility
protein autoubiquitination
regulation of translational initiation
photosynthetic electron transport chain
3'-UTR-mediated mRNA stabilization
positive regulation of mRNA 3'-end processing
positive regulation of nuclear-transcribed mRNA poly(A)
tail shortening
regulation of tumor necrosis factor production
miRNA mediated inhibition of translation
antibiotic biosynthetic process
photosystem II stabilization
reductive pentose-phosphate cycle
purine ribonucleoside biosynthetic process
fungal-type cell wall organization or biogenesis
translation
organic acid transport
dynein complex
membrane-bounded organelle
microtubule
cilium
axonemal dynein complex
cytoplasmic dynein complex
proton-transporting ATP synthase complex
chloroplast thylakoid membrane
eukaryotic translation initiation factor 3 complex
eukaryotic 48S preinitiation complex
eukaryotic 43S preinitiation complex
ribosome
cytoplasmic part
photosystem II reaction center
cell outer membrane

p value
1.10E-10
8.70E-10
1.30E-09
1.40E-09
1.70E-09
4.40E-08
7.00E-08
2.00E-05
1.10E-04
1.10E-04
0.001
0.002
0.003
0.005
0.006
0.007
0.007
0.009
0.011
0.011
0.012
0.015
0.015
0.021
0.031
0.031
4.30E-13
1.20E-12
1.50E-10
4.20E-09
1.70E-07
4.10E-07
6.50E-06
3.20E-05
0.001
0.001
0.001
0.003
0.004
0.006
0.016

Molecular function
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GO:0030141
GO:0005576
GO:0009277
GO:0009654
GO:0010494
GO:0016887
GO:0003777
GO:0008289
GO:0005509
GO:0019957
GO:1901265
GO:0036094
GO:0003735
GO:0071889
GO:0003743
GO:0015078
GO:0043891
GO:0016597
GO:0017091
GO:0003727
GO:0005342
GO:0004556
GO:0016168
GO:0003743
GO:0015078
GO:0004556
GO:0016168

secretory granule
extracellular region
fungal-type cell wall
photosystem II oxygen evolving complex
cytoplasmic stress granule
ATPase activity
microtubule motor activity
lipid binding
calcium ion binding
C-C chemokine binding
nucleoside phosphate binding
small molecule binding
structural constituent of ribosome
14-3-3 protein binding
translation initiation factor activity
hydrogen ion transmembrane transporter activity
glyceraldehyde-3-phosphate dehydrogenase (NAD(P)+)
(phosphorylating) activity
amino acid binding
AU-rich element binding
single-stranded RNA binding
organic acid transmembrane transporter activity
alpha-amylase activity
chlorophyll binding
translation initiation factor activity
hydrogen ion transmembrane transporter activity
alpha-amylase activity
chlorophyll binding

0.020
0.024
0.026
0.026
0.047
3.60E-15
2.80E-14
0.002
0.002
0.002
0.004
0.004
0.004
0.011
0.012
0.014
0.014
0.016
0.019
0.023
0.032
0.036
0.050
0.012
0.014
0.014
0.016
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Table S3.2c Enriched GO terms for DEGs of S. microadriaticum at pH 7.8.
GO ID
GO:0035999
GO:0006546
Biological
GO:0046164
process
GO:0042439
GO:0032259
GO:0004047
Cellular
GO:0016597
component
GO:0050660

GO term

p value

tetrahydrofolate interconversion
glycine catabolic process
alcohol catabolic process
ethanolamine-containing compound metabolic process
methylation
aminomethyltransferase activity
amino acid binding
flavin adenine dinucleotide binding

0.001
0.001
0.001
0.001
0.039
2.50E-04
0.007
0.009
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Table S3.3 Enriched KEGG pathways for DEGs of S. microadriaticum at pH 7.2.
Path
ko03010 Ribosome
ko00195 Photosynthesis
ko05016 Huntington's disease
ko00710 Carbon fixation in photosynthetic organisms

Expression
Enriched
Enriched
Enriched
Enriched

p-value
1.96E-51
2.91E-05
0.010
0.040
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Table S3.4a Enriched GO terms for DEGs of S.pistillata at pH 7.2.
GO ID

Biological process

GO:0006412
GO:0006414
GO:0003341
GO:0046034
GO:0009169
GO:0046130
GO:0006030
GO:0010951
GO:0030240
GO:0000184
GO:0016574
GO:0006415
GO:0008380
GO:0009207
GO:0006397
GO:0006417
GO:0009154
GO:0000910
GO:0042787
GO:0006413
GO:0070986
GO:0007194
GO:0046676
GO:0048769
GO:0051693
GO:0016199
GO:0038095
GO:0021591
GO:0050896
GO:0007519
GO:0070613
GO:0001707
GO:0006614
GO:0030241
GO:0009737
GO:0010944
GO:0048026
GO:0033600

GO term
translation
translational elongation
cilium movement
ATP metabolic process
purine ribonucleoside monophosphate catabolic process
purine ribonucleoside catabolic process
chitin metabolic process
negative regulation of endopeptidase activity
skeletal muscle thin filament assembly
nuclear-transcribed mRNA catabolic process, nonsensemediated decay
histone ubiquitination
translational termination
RNA splicing
purine ribonucleoside triphosphate catabolic process
mRNA processing
regulation of translation
purine ribonucleotide catabolic process
cytokinesis
protein ubiquitination involved in ubiquitin-dependent protein
catabolic process
translational initiation
left/right axis specification
negative regulation of adenylate cyclase activity
negative regulation of insulin secretion
sarcomerogenesis
actin filament capping
axon midline choice point recognition
Fc-epsilon receptor signaling pathway
ventricular system development
response to stimulus
skeletal muscle tissue development
regulation of protein processing
mesoderm formation
SRP-dependent cotranslational protein targeting to membrane
skeletal muscle myosin thick filament assembly
response to abscisic acid
negative regulation of transcription by competitive promoter
binding
positive regulation of mRNA splicing, via spliceosome
negative regulation of mammary gland epithelial cell
proliferation

p value
1.40E-16
1.70E-05
5.60E-05
2.90E-04
3.30E-04
3.60E-04
4.70E-04
0.001
0.001
0.001
0.001
0.001
0.002
0.002
0.003
0.003
0.003
0.005
0.005
0.005
0.005
0.005
0.006
0.007
0.009
0.009
0.009
0.010
0.010
0.010
0.012
0.012
0.012
0.012
0.014
0.014
0.014
0.014
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GO:0050856
GO:0048557
GO:0045214
GO:0051491
GO:0090103
GO:0007214
GO:0007018
GO:0006950
GO:0031579
GO:0035385
GO:0035865
GO:0070100
GO:0061419
GO:0060763
GO:0034063
GO:0072358
GO:0000122
GO:0007601
GO:0051298
GO:0007440
GO:0060484
GO:0007268
GO:0008340
GO:0043932
GO:0090177
GO:0046622
GO:0030593
GO:0042462
GO:0032924
GO:0021670
GO:0043653
GO:0097150
GO:0015701
GO:0005513
GO:0048711
GO:0051712
GO:0060122
GO:0006897
GO:0001701
GO:0006857
GO:0070208
GO:0032507
GO:0007411
GO:0031581

regulation of T cell receptor signaling pathway
embryonic digestive tract morphogenesis
sarcomere organization
positive regulation of filopodium assembly
cochlea morphogenesis
gamma-aminobutyric acid signaling pathway
microtubule-based movement
response to stress
membrane raft organization
Roundabout signaling pathway
cellular response to potassium ion
negative regulation of chemokine-mediated signaling pathway
positive regulation of transcription from RNA polymerase II
promoter in response to hypoxia
mammary duct terminal end bud growth
stress granule assembly
cardiovascular system development
negative regulation of transcription from RNA polymerase II
promoter
visual perception
centrosome duplication
foregut morphogenesis
lung-associated mesenchyme development
chemical synaptic transmission
determination of adult lifespan
ossification involved in bone remodeling
establishment of planar polarity involved in neural tube closure
positive regulation of organ growth
neutrophil chemotaxis
eye photoreceptor cell development
activin receptor signaling pathway
lateral ventricle development
mitochondrial fragmentation involved in apoptotic process
neuronal stem cell population maintenance
bicarbonate transport
detection of calcium ion
positive regulation of astrocyte differentiation
positive regulation of killing of cells of other organism
inner ear receptor stereocilium organization
endocytosis
in utero embryonic development
oligopeptide transport
protein heterotrimerization
maintenance of protein location in cell
axon guidance
hemidesmosome assembly

0.014
0.015
0.015
0.015
0.016
0.017
0.019
0.019
0.020
0.020
0.020
0.020
0.020
0.020
0.020
0.020
0.020
0.021
0.022
0.022
0.022
0.023
0.024
0.024
0.024
0.027
0.027
0.027
0.027
0.027
0.027
0.027
0.027
0.027
0.027
0.027
0.029
0.030
0.030
0.035
0.035
0.035
0.035
0.036
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GO:0060956
GO:0051000
GO:0060385

Cellular component

GO:0032436
GO:0006613
GO:0036003
GO:0007308
GO:0003208
GO:0046545
GO:0060438
GO:0030003
GO:0010954
GO:0009792
GO:0016042
GO:0033690
GO:0051028
GO:0005840
GO:0005576
GO:0005858
GO:0022625
GO:0005868
GO:0022627
GO:0070062
GO:0065010
GO:0005874
GO:0030286
GO:0008091
GO:0031235
GO:0015934
GO:0005776
GO:0038039
GO:0031012
GO:0070937
GO:0031594
GO:0005737
GO:0031672
GO:0000790
GO:0031475
GO:0031476
GO:0005794
GO:0009925
GO:0005929
GO:0000151

endocardial cell differentiation
positive regulation of nitric-oxide synthase activity
axonogenesis involved in innervation
positive regulation of proteasomal ubiquitin-dependent protein
catabolic process
cotranslational protein targeting to membrane
positive regulation of transcription from RNA polymerase II
promoter in response to stress
oocyte construction
cardiac ventricle morphogenesis
development of primary female sexual characteristics
trachea development
cellular cation homeostasis
positive regulation of protein processing
embryo development ending in birth or egg hatching
lipid catabolic process
positive regulation of osteoblast proliferation
mRNA transport
ribosome
extracellular region
axonemal dynein complex
cytosolic large ribosomal subunit
cytoplasmic dynein complex
cytosolic small ribosomal subunit
extracellular exosome
extracellular membrane-bounded organelle
microtubule
dynein complex
spectrin
intrinsic component of the cytoplasmic side of the plasma
membrane
large ribosomal subunit
autophagosome
G-protein coupled receptor heterodimeric complex
extracellular matrix
CRD-mediated mRNA stability complex
neuromuscular junction
cytoplasm
A band
nuclear chromatin
myosin V complex
myosin VI complex
Golgi apparatus
basal plasma membrane
cilium
ubiquitin ligase complex

0.036
0.036
0.036
0.037
0.038
0.038
0.039
0.039
0.039
0.039
0.039
0.041
0.043
0.045
0.045
0.046
7.80E-16
5.90E-08
9.40E-07
1.50E-06
2.90E-06
1.80E-05
1.30E-04
1.80E-04
0.001
0.001
0.003
0.004
0.008
0.009
0.009
0.017
0.018
0.020
0.024
0.027
0.032
0.036
0.036
0.041
0.044
0.045
0.046

Molecular function

179
GO:0030054
GO:0031526
GO:0003735
GO:0016887
GO:0005509
GO:0003777
GO:0005515
GO:0004222
GO:0004869
GO:0002020
GO:0044822
GO:0004965
GO:0043621
GO:0005516
GO:0046982
GO:0004867
GO:0002039
GO:0019209
GO:0005452
GO:0004386
GO:0000978
GO:0008191
GO:0019863
GO:0004090
GO:0008061
GO:0030275
GO:0008603
GO:0032036
GO:0008143
GO:0015248
GO:0017124
GO:0051015
GO:0019843
GO:0005487
GO:0004652
GO:0030506
GO:0042169
GO:0004745
GO:0003746

cell junction
brush border membrane
structural constituent of ribosome
ATPase activity
calcium ion binding
microtubule motor activity
protein binding
metalloendopeptidase activity
cysteine-type endopeptidase inhibitor activity
protease binding
poly(A) RNA binding
G-protein coupled GABA receptor activity
protein self-association
calmodulin binding
protein heterodimerization activity
serine-type endopeptidase inhibitor activity
p53 binding
kinase activator activity
inorganic anion exchanger activity
helicase activity
RNA polymerase II core promoter proximal region sequencespecific DNA binding
metalloendopeptidase inhibitor activity
IgE binding
carbonyl reductase (NADPH) activity
chitin binding
LRR domain binding
cAMP-dependent protein kinase regulator activity
myosin heavy chain binding
poly(A) binding
sterol transporter activity
SH3 domain binding
actin filament binding
rRNA binding
nucleocytoplasmic transporter activity
polynucleotide adenylyltransferase activity
ankyrin binding
SH2 domain binding
retinol dehydrogenase activity
translation elongation factor activity

0.048
0.049
1.70E-28
2.90E-07
7.70E-05
1.70E-04
0.002
0.002
0.003
0.006
0.006
0.006
0.008
0.010
0.010
0.012
0.016
0.020
0.020
0.021
0.022
0.026
0.027
0.027
0.031
0.035
0.035
0.035
0.035
0.038
0.041
0.042
0.044
0.044
0.044
0.044
0.045
0.045
0.045
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Table S3.4b Enriched GO terms for DEGs of S.pistillata at pH 7.4.

Biological process

GO ID
GO:0060122
GO:0007601
GO:0009169
GO:0031104
GO:0010951
GO:0021670
GO:0043932
GO:0010718
GO:0032026
GO:0046034
GO:0033690
GO:0050896
GO:0045669
GO:0090103
GO:0014823
GO:0007605
GO:0045777
GO:0048846
GO:0006869
GO:0070986
GO:0007155
GO:0034976
GO:0010770
GO:0040007
GO:0007603
GO:0009207
GO:0046130
GO:2000736
GO:0009154
GO:0070613
GO:0070374
GO:0044707
GO:0051865
GO:0048521
GO:0001938
GO:0032465
GO:0090177
GO:0008347
GO:0008589
GO:0051781

GO term
inner ear receptor stereocilium organization
visual perception
purine ribonucleoside monophosphate catabolic process
dendrite regeneration
negative regulation of endopeptidase activity
lateral ventricle development
ossification involved in bone remodeling
positive regulation of epithelial to mesenchymal transition
response to magnesium ion
ATP metabolic process
positive regulation of osteoblast proliferation
response to stimulus
positive regulation of osteoblast differentiation
cochlea morphogenesis
response to activity
sensory perception of sound
positive regulation of blood pressure
axon extension involved in axon guidance
lipid transport
left/right axis specification
cell adhesion
response to endoplasmic reticulum stress
positive regulation of cell morphogenesis involved in
differentiation
growth
phototransduction, visible light
purine ribonucleoside triphosphate catabolic process
purine ribonucleoside catabolic process
regulation of stem cell differentiation
purine ribonucleotide catabolic process
regulation of protein processing
positive regulation of ERK1 and ERK2 cascade
single-multicellular organism process
protein autoubiquitination
negative regulation of behavior
positive regulation of endothelial cell proliferation
regulation of cytokinesis
establishment of planar polarity involved in neural tube closure
glial cell migration
regulation of smoothened signaling pathway
positive regulation of cell division

p value
9.00E-05
3.30E-04
0.001
0.001
0.001
0.002
0.002
0.003
0.003
0.003
0.004
0.005
0.006
0.006
0.007
0.008
0.009
0.011
0.011
0.013
0.014
0.014
0.019
0.020
0.021
0.021
0.022
0.023
0.024
0.027
0.030
0.030
0.031
0.032
0.032
0.032
0.035
0.040
0.042
0.044

Molecular function

Cellular component
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GO:0033600
GO:0045603
GO:0001845
GO:0045199
GO:0070814
GO:0010875
GO:0030501
GO:0030198
GO:0005576
GO:0005578
GO:0005604
GO:0005615
GO:0070062
GO:0065010
GO:0031012
GO:0030286
GO:0005581
GO:0002142
GO:0016324
GO:0005858
GO:0005868
GO:0030496
GO:0043020
GO:0005576
GO:0016887
GO:0004315
GO:0005509
GO:0003777
GO:0008083
GO:0017022
GO:0004222
GO:0008179
GO:0004869
GO:0016500
GO:0004364
GO:0005178
GO:0005109
GO:0070330
GO:0017147
GO:0005125
GO:0004867
GO:0004316
GO:0031071

negative regulation of mammary gland epithelial cell
proliferation
positive regulation of endothelial cell differentiation
phagolysosome assembly
maintenance of epithelial cell apical/basal polarity
hydrogen sulfide biosynthetic process
positive regulation of cholesterol efflux
positive regulation of bone mineralization
extracellular matrix organization
extracellular region
proteinaceous extracellular matrix
basement membrane
extracellular space
extracellular exosome
extracellular membrane-bounded organelle
extracellular matrix
dynein complex
collagen trimer
stereocilia ankle link complex
apical plasma membrane
axonemal dynein complex
cytoplasmic dynein complex
midbody
NADPH oxidase complex
extracellular region
ATPase activity
3-oxoacyl-[acyl-carrier-protein] synthase activity
calcium ion binding
microtubule motor activity
growth factor activity
myosin binding
metalloendopeptidase activity
adenylate cyclase binding
cysteine-type endopeptidase inhibitor activity
protein-hormone receptor activity
glutathione transferase activity
integrin binding
frizzled binding
aromatase activity
Wnt-protein binding
cytokine activity
serine-type endopeptidase inhibitor activity
3-oxoacyl-[acyl-carrier-protein] reductase (NADPH) activity
cysteine desulfurase activity

0.046
0.046
0.046
0.046
0.046
0.046
0.046
0.048
7.20E-06
3.80E-05
8.40E-05
9.80E-05
4.20E-04
4.90E-04
0.001
0.001
0.001
0.002
0.008
0.009
0.021
0.042
0.050
7.20E-06
1.80E-05
2.50E-05
4.00E-04
0.003
0.003
0.005
0.010
0.010
0.013
0.014
0.017
0.018
0.024
0.027
0.028
0.040
0.042
0.045
0.045
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Biological process

Table S3.4c Enriched GO terms for DEGs of S.pistillata at pH 7.4.
GO ID

GO term

GO:0007275
GO:0002687
GO:0010811
GO:0016318
GO:0002124
GO:0006958
GO:0032729
GO:0007340
GO:0060716
GO:0042832
GO:0008050
GO:0010884
GO:0032026
GO:0019236
GO:0048047
GO:0042676
GO:0045468
GO:0016330
GO:0048266

multicellular organism development
positive regulation of leukocyte migration
positive regulation of cell-substrate adhesion
ommatidial rotation
territorial aggressive behavior
complement activation, classical pathway
positive regulation of interferon-gamma production
acrosome reaction
labyrinthine layer blood vessel development
defense response to protozoan
female courtship behavior
positive regulation of lipid storage
response to magnesium ion
response to pheromone
mating behavior, sex discrimination
compound eye cone cell fate commitment
regulation of R8 cell spacing in compound eye
second mitotic wave involved in compound eye morphogenesis
behavioral response to pain
negative regulation of terminal cell fate specification, open
tracheal system
negative regulation of fusion cell fate specification
dorsal/ventral lineage restriction, imaginal disc
response to progesterone
compound eye retinal cell programmed cell death
single strand break repair
R8 cell fate commitment
imaginal disc-derived wing vein specification
ventral cord development
wing disc dorsal/ventral pattern formation
ovarian follicle cell stalk formation
ectoderm development
blastocyst formation
R3/R4 cell fate commitment
imaginal disc-derived leg segmentation
oocyte localization involved in germarium-derived egg chamber
formation
chaeta morphogenesis
regulation of triglyceride biosynthetic process
protein kinase C signaling
embryo implantation

GO:0035155
GO:0035157
GO:0007451
GO:0032570
GO:0046667
GO:0000012
GO:0007460
GO:0007474
GO:0007419
GO:0048190
GO:0030713
GO:0007398
GO:0001825
GO:0007464
GO:0036011
GO:0030720
GO:0008407
GO:0010866
GO:0070528
GO:0007566

p value
0.001
0.002
0.003
0.008
0.008
0.008
0.009
0.010
0.010
0.010
0.011
0.011
0.011
0.011
0.013
0.014
0.014
0.014
0.014
0.014
0.014
0.014
0.014
0.014
0.014
0.015
0.015
0.015
0.015
0.016
0.016
0.016
0.016
0.016
0.016
0.018
0.018
0.018
0.019
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GO:0007298
GO:0007339
GO:0071044
GO:0048599

Molecul
ar
function

Cellular
component

GO:0045745
GO:0090280
GO:0010828
GO:0035458
GO:0030718
GO:0043631
GO:0002922
GO:0007314
GO:0002455
GO:0042102
GO:0002121
GO:0046331
GO:0033077
GO:0010390
GO:0051897
GO:0003333
GO:0008356
GO:0050830
GO:0050679
GO:0001938
GO:0048520
GO:0071346
GO:0016525
GO:0031076
GO:0007229
GO:0008406
GO:0017156
GO:0044706
GO:0005615
GO:0020005
GO:0005576
GO:0035003
GO:0032590
GO:0005771
GO:0000139
GO:0008083
GO:0005509
GO:0005178
GO:0004652

border follicle cell migration
binding of sperm to zona pellucida
histone mRNA catabolic process
oocyte development
positive regulation of G-protein coupled receptor protein
signaling pathway
positive regulation of calcium ion import
positive regulation of glucose transport
cellular response to interferon-beta
germ-line stem cell population maintenance
RNA polyadenylation
positive regulation of humoral immune response
oocyte anterior/posterior axis specification
humoral immune response mediated by circulating
immunoglobulin
positive regulation of T cell proliferation
inter-male aggressive behavior
lateral inhibition
T cell differentiation in thymus
histone monoubiquitination
positive regulation of protein kinase B signaling
amino acid transmembrane transport
asymmetric cell division
defense response to Gram-positive bacterium
positive regulation of epithelial cell proliferation
positive regulation of endothelial cell proliferation
positive regulation of behavior
cellular response to interferon-gamma
negative regulation of angiogenesis
embryonic camera-type eye development
integrin-mediated signaling pathway
gonad development
calcium ion regulated exocytosis
multi-multicellular organism process
extracellular space
symbiont-containing vacuole membrane
extracellular region
subapical complex
dendrite membrane
multivesicular body
Golgi membrane
growth factor activity
calcium ion binding
integrin binding
polynucleotide adenylyltransferase activity

0.019
0.019
0.020
0.020
0.021
0.021
0.021
0.021
0.023
0.023
0.023
0.024
0.024
0.025
0.026
0.026
0.027
0.030
0.030
0.034
0.035
0.035
0.037
0.037
0.042
0.044
0.047
0.048
0.048
0.049
0.050
0.050
2.00E-03
0.01
0.01
0.02
0.03
0.04
0.04
9.20E-05
0.001
0.003
0.012
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GO:0019992
GO:0005112
GO:0015279
GO:0070679
GO:0004222
GO:0004983
GO:0005125
GO:0042813

diacylglycerol binding
Notch binding
store-operated calcium channel activity
inositol 1,4,5 trisphosphate binding
metalloendopeptidase activity
neuropeptide Y receptor activity
cytokine activity
Wnt-activated receptor activity

0.014
0.021
0.022
0.029
0.031
0.033
0.047
0.049

185

CONCLUDING REMARKS
The undeniable evidence of climate change, coupled with the importance of oceans for
human life, has prompted the study of the harmful effects of warming temperatures on
marine biota. Corals in particular (reviewed in Cziesielski et al., 2019), constitute the
foundation of one of the most biodiverse and productive ecosystems on Earth (WWF,
2018). The Red Sea is a unique place as it’s one of the hottest seas where coral reefs
thrive (Berumen et al., 2019). The temperatures already observed here not only align with
those predicted for other regions by the end of the century, but are also rapidly increasing
compared to the global average (Chaidez et al., 2017). Thus, the Red Sea offers a glimpse
into what future climate scenarios could look like. Further, research conducted in this
region can provide crucial understanding on how organisms may adapt to the current and
forecasted environmental challenges.

When studying the acclimation potential of corals to novel environments (or any obligate
symbioses), it is fundamental that it is done under the holobiont model as host-microbe
associations evolve together in a unique manner, and are modulated by their habitat
(Reusch, 2014). Thus, a lot of effort has been devoted to understanding the fine-tuned
balance within this partnership, and their interaction with the abiotic environment (Weis
et al., 2008; Davy et al., 2012; Sogin et al., 2016; Matthews et al., 2017; Rädecker et al.,
2018; Cui et al., 2019; Medrano et al., 2019). Certainly, not all symbiotic associations are
equal; the evolutionary constraints and trade-offs of each particular symbiosis will
ultimately determine its survival. Phenotypic and genotypic plasticity, as a result of local
adaptation, have been recognized as promising mechanisms for coping with rapid
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changes (Reusch, 2014; Seebacher et al., 2014; Kenkel and Matz, 2016; Torda et al.,
2017). Thus, organisms from more variable environments display a higher ability to
dynamically regulate their response to stress than individuals from less variable settings.

In Chapter 1 I demonstrated that thermal responses across the different Aiptasia (host
and symbiont) lineages are consistent with their environment of origin. We found that
symbioses are highly intra-specific, such that even when using native species, inoculation
with more heat tolerant partners might not necessarily improve performance of the
holobiont but instead, poses a strong limitation in the manipulation of the cnidarianSymbiodiniaceae symbiosis. Further, activation energy (Ea) has long been used to
describe the magnitude of response of a biological trait to increasing temperatures
(reviewed in Brown et al., 2004; Dell et al., 2011; Marbà et al., 2015). However, to our
knowledge, Ea has not been used as a measurement of plasticity and/or stress resilience
before. Thus, here we present novel observations on thermal plasticity variation across
populations of a symbiotic cnidarian.

Evident by the experiments performed in Chapter 2, temperature not only affects
performance but also the establishment of new symbioses. Colonization dynamics
depended mostly on the thermal environment and not host identity (see Gabay et al.,
2019). As expected, we found increased abundances and diversity of more thermotolerant
symbiont types across all hosts in elevated temperature. Pre-exposure treatment also had
a significant impact in the response to subsequent heat stress, yet this was severely
affected by starvation. Though we did not intend to evaluate the effect of active feeding
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during stress conditions, we showed that food conferred a significant advantage against
thermal stress, decreasing the photo-damage (i.e. reduced photochemical efficiency) at
high temperature. This highlights the importance of heterotrophy, not only to endure but
also to recover from stress episodes (Grottoli et al., 2006; Houlbrèque and Ferrier-Pagès,
2009; Hughes and Grottoli, 2013).

By using the recently developed pipeline SymPortal (Hume et al., 2019) we further
showed the importance of considering fine-scale differences among Symbiodiniaceae,
especially when performing heat stress studies. SymPortal proved to be a powerful tool,
allowing us to identify a potentially distinct Breviolum ‘ecotype’ isolated from the Red
Sea (Chapter 1). This also revealed diversity patterns characteristic of the ‘Anna
Karenina Principle’ for disturbed microbiomes (Zaneveld et al., 2017), which we
explored in the context of Symbiodiniaceae communities (Chapter 2).

Ocean acidification (OA) is also occurring on a global scale (Hoegh-Guldberg et al.,
2017). Many organisms are sensitive to OA, and their responses carry profound
ecological consequences that we are only starting to understand. For example, changes in
the balance of photosynthetic organisms can alter the trophic functioning and
biogeochemical processes of oceans (Dutkiewicz et al., 2015; Mackey et al., 2015).
Studying the effects of OA on Symbiodiniaceae algae has become particularly relevant as
their symbiotic association with coral animals is critical for the survival of entire
ecosystems (Kirk and Weis, 2016). Yet, our knowledge is limited, especially on the
molecular level. Thus, in Chapter 3 we investigated the transcriptomic responses of the
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endosymbiotic dinoflagellate S. microadriaticum to long-term seawater acidification
stress. Elevated CO2 seemed to have a beneficial effect, as seen by the increased
expression of photosynthesis and carbon fixation related genes, whilst significantly
reducing its PSII photochemical efficiency. This study described the complexity of
responses to acidification stress and further emphases the importance of understanding
holobiont dynamics and how the environment may affect it.

Altogether, this PhD dissertation shows that symbiotic cnidarians are facing great
challenges due to the changes anthropogenic stressors are exerting in the world’s oceans.
Through a series of experiments, we have attempted to elucidate how corals may respond
to future ocean warming and acidification scenarios. Nonetheless, we are also cautious
when making conclusions, as the effects of high temperature and pCO2 stress were
studied in isolation, which is rarely the case. Instead, we advocate for studies that
investigate their interactive (and cumulative) effects (Harvey et al., 2013; Hughes et al.,
2017). These could include other globally occurring stressors [e.g. nutrient overloading,
pollution, hypoxia (reviewed in Wernberg et al., 2012; Côté et al., 2016; Gunderson et
al., 2016)], and biotic interactions [e.g. prey availability, competitors, invasion of exotic
species, changes in phenology, etc (Blois et al., 2013; Van der Putten et al., 2010)]. It is
also important to consider that this experimental design tested the effect of exposure
under constant levels of stress; however, in natural conditions different environmental
parameters are often changing. For example, corals (and other organisms) from shallow
waters are mostly exposed to extreme high temperatures during low tides (Anthony and
Fabricius, 2000), which are short- (few hours) and not long-term events. Regardless, we
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believe the findings presented here contribute to a better understanding of the responses
of cnidarian-Symbiodiniaceae symbioses to changes in the environment.

190

REFERENCES
Abrego, D., Willis, B. L., and van Oppen, M. J. H. (2012). Impact of Light and
Temperature on the Uptake of Algal Symbionts by Coral Juveniles. PLOS ONE 7,
e50311.
Ahmed, H. I., Herrera, M., Liew, Y. J., and Aranda, M. (2019). Long-Term Temperature
Stress in the Coral Model Aiptasia Supports the “Anna Karenina Principle” for
Bacterial Microbiomes. Frontiers in Microbiology 10, 975.
Alexa, A., Rahnenführer, J., and Lengauer, T. (2006). Improved scoring of functional
groups from gene expression data by decorrelating GO graph structure.
Bioinformatics 22, 1600–1607.
Ali, A., Kriefall, N. G., Emery, L. E., Kenkel, C. D., Matz, M. V., and Davies, S. W.
(2019). Recruit symbiosis establishment and Symbiodiniaceae composition
influenced by adult corals and reef sediment. Coral Reefs 38, 405–415.
Allen, A. P., Gillooly, J. F., and Brown, J. H. (2005). Linking the global carbon cycle to
individual metabolism. Functional Ecology 19, 202–213.
Allison, N., Cohen, I., Finch, A. A., Erez, J., and Tudhope, A. W. (2014). Corals
concentrate dissolved inorganic carbon to facilitate calcification. Nature
Communications 5, 5741.
Al-Moghrabi, S., Goiran, C., Allemand, D., Speziale, N., and Jaubert, J. (1996).
Inorganic carbon uptake for photosynthesis by the symbiotic coral-dinoflagellate
association II. Mechanisms for bicarbonate uptake. Journal of Experimental
Marine Biology and Ecology 199, 227–248.
Anderson, M. J., and Willis, T. J. (2003). Canonical analysis of principal coordinates: a
useful method of constrained ordination for ecology. Ecology 84, 511–525.
Andersson, A. J., and Gledhill, D. (2013). Ocean Acidification and Coral Reefs: Effects
on Breakdown, Dissolution, and Net Ecosystem Calcification. Annu. Rev. Mar.
Sci. 5, 321–348.
Anthony, K. R. N., and Fabricius, K. E. (2000). Shifting roles of heterotrophy and
autotrophy in coral energetics under varying turbidity. Journal of Experimental
Marine Biology and Ecology 252, 221–253.
Anthony, K. R. N., Kline, D. I., Diaz-Pulido, G., Dove, S., and Hoegh-Guldberg, O.
(2008). Ocean acidification causes bleaching and productivity loss in coral reef
builders. Proc Natl Acad Sci USA 105, 17442.
Aranda, M., Li, Y., Liew, Y. J., Baumgarten, S., Simakov, O., Wilson, M. C., et al.
(2016). Genomes of coral dinoflagellate symbionts highlight evolutionary
adaptations conducive to a symbiotic lifestyle. Scientific Reports 6, 39734.

191
Baker, A. C. (2003). Flexibility and Specificity in Coral-Algal Symbiosis: Diversity,
Ecology, and Biogeography of Symbiodinium. Annu. Rev. Ecol. Evol. Syst. 34,
661–689.
Barott, K. L., Venn, A. A., Perez, S. O., Tambutté, S., and Tresguerres, M. (2015). Coral
host cells acidify symbiotic algal microenvironment to promote photosynthesis.
Proc Natl Acad Sci U S A 112, 607–612.
Baumgarten, S., Simakov, O., Esherick, L. Y., Liew, Y. J., Lehnert, E. M., Michell, C. T.,
et al. (2015). The genome of Aiptasia, a sea anemone model for coral symbiosis.
Proc Natl Acad Sci USA 112, 11893.
Baums, I. B., Devlin-Durante, M. K., and LaJeunesse, T. C. (2014). New insights into the
dynamics between reef corals and their associated dinoflagellate endosymbionts
from population genetic studies. Molecular Ecology 23, 4203–4215.
Bay, R. A., and Palumbi, S. R. (2014). Multilocus Adaptation Associated with Heat
Resistance in Reef-Building Corals. Current Biology 24, 2952–2956.
Beatty, D.S., Valayil, J.M., Clements, C.S., Ritchie, K.B., Stewart, F.J., Hay, M.E.
(2019). Variable effects of local management on coral defenses against a
thermally regulated bleaching pathogen. Science Advances 5, eaay1048.
Belda-Baillie, C. A., Baillie, B. K., and Maruyama, T. (2002). Specificity of a Model
Cnidarian-Dinoflagellate Symbiosis. The Biological Bulletin 202, 74–85.
Bellantuono, A. J., Granados-Cifuentes, C., Miller, D. J., Hoegh-Guldberg, O., and
Rodriguez-Lanetty, M. (2012a). Coral Thermal Tolerance: Tuning Gene
Expression to Resist Thermal Stress. PLOS ONE 7, e50685.
Bellantuono, A. J., Hoegh-Guldberg, O., and Rodriguez-Lanetty, M. (2012b). Resistance
to thermal stress in corals without changes in symbiont composition. Proceedings
of the Royal Society B: Biological Sciences 279, 1100–1107.
Bennett, S., Duarte, C. M., Marbà, N., and Wernberg, T. (2019). Integrating withinspecies variation in thermal physiology into climate change ecology.
Philosophical Transactions of the Royal Society B: Biological Sciences 374,
20180550.
Berkelmans, R., and van Oppen, M. J. H. (2006). The role of zooxanthellae in the thermal
tolerance of corals: a “nugget of hope” for coral reefs in an era of climate change.
Proceedings. Biological sciences 273, 2305–2312.
Berumen, M. L., Voolstra, C. R., Daffonchio, D., Agusti, S., Aranda, M., Irigoien, X., et
al. (2019). “The Red Sea: Environmental Gradients Shape a Natural Laboratory in
a Nascent Ocean,” in Coral Reefs of the Red Sea, eds. C. R. Voolstra and M. L.
Berumen (Cham: Springer International Publishing), 1–10.

192
Bieri, T., Onishi, M., Xiang, T., Grossman, A. R., and Pringle, J. R. (2016). Relative
Contributions of Various Cellular Mechanisms to Loss of Algae during Cnidarian
Bleaching. PLOS ONE 11, e0152693.
Blois, J. L., Zarnetske, P. L., Fitzpatrick, M. C., and Finnegan, S. (2013). Climate Change
and the Past, Present, and Future of Biotic Interactions. Science 341, 499.
Borell, E. M., Yuliantri, A. R., Bischof, K., and Richter, C. (2008). The effect of
heterotrophy on photosynthesis and tissue composition of two scleractinian corals
under elevated temperature. Journal of Experimental Marine Biology and Ecology
364, 116–123.
Boulotte, N. M., Dalton, S. J., Carroll, A. G., Harrison, P. L., Putnam, H. M., Peplow, L.
M., et al. (2016). Exploring the Symbiodinium rare biosphere provides evidence
for symbiont switching in reef-building corals. The Isme Journal 10, 2693.
Brading, P., Warner, M. E., Davey, P., Smith, D. J., Achterberg, E. P., and Suggett, D. J.
(2011). Differential effects of ocean acidification on growth and photosynthesis
among phylotypes of Symbiodinium (Dinophyceae). Limnology and
Oceanography 56, 927–938.
Brading, P., Warner, M. E., Smith, D. J., and Suggett, D. J. (2013). Contrasting modes of
inorganic carbon acquisition amongst Symbiodinium (Dinophyceae) phylotypes.
New Phytologist 200, 432–442.
Bray, N. L., Pimentel, H., Melsted, P., and Pachter, L. (2016). Near-optimal probabilistic
RNA-seq quantification. Nature Biotechnology 34, 525.
Brown, J. H., Gillooly, J. F., Allen, A. P., Savage, V. M., and West, G. B. (2004).
Toward a Metabolic Theory of Ecology. Ecology 85, 1771–1789.
Buxton, L., Badger, M., and Ralph, P. (2009). Effects of moderate heat stress and
dissolved inorganic carbon concentration on photosynthesis and respiration of
Symbiodinium sp. (Dinophyceae) in culture and in symbiosis. Journal of
Phycology 45, 357–365.
Carilli, J., Donner, S. D., and Hartmann, A. C. (2012). Historical Temperature Variability
Affects Coral Response to Heat Stress. PLOS ONE 7, e34418.
Chaidez, V., Dreano, D., Agusti, S., Duarte, C. M., and Hoteit, I. (2017). Decadal trends
in Red Sea maximum surface temperature. Scientific Reports 7, 8144.
Chakravarti, L. J., Beltran, V. H., and van Oppen, M. J. H. (2017). Rapid thermal
adaptation in photosymbionts of reef-building corals. Global Change Biology 23,
4675–4688.

193
Chakravarti, L. J., and van Oppen, M. J. H. (2018). Experimental Evolution in Coral
Photosymbionts as a Tool to Increase Thermal Tolerance. Frontiers in Marine
Science 5, 227. d
Chevin, L. M., and Hoffmann, A. A. (2017). Evolution of phenotypic plasticity in
extreme environments. Philosophical Transactions of the Royal Society B:
Biological Sciences 372, 20160138.
Chidawanyika, F., Nyamukondiwa, C., Strathie, L., and Fischer, K. (2017). Effects of
Thermal Regimes, Starvation and Age on Heat Tolerance of the Parthenium
Beetle Zygogramma bicolorata (Coleoptera: Chrysomelidae) following Dynamic
and Static Protocols. PLOS ONE 12, e0169371.
Coffroth, M. A., Poland, D. M., Petrou, E. L., Brazeau, D. A., and Holmberg, J. C.
(2010). Environmental Symbiont Acquisition May Not Be the Solution to
Warming Seas for Reef-Building Corals. PLOS ONE 5, e13258.
Coles, S. L., and Jokiel, P. L. (1977). Effects of temperature on photosynthesis and
respiration in hermatypic corals. Marine Biology 43, 209–216.
Coles, S. L., and Riegl, B. M. (2013). Thermal tolerances of reef corals in the Gulf: A
review of the potential for increasing coral survival and adaptation to climate
change through assisted translocation. Marine Pollution Bulletin 72, 323–332.
Connell, S. D., Doubleday, Z. A., Foster, N. R., Hamlyn, S. B., Harley, C. D. G.,
Helmuth, B., et al. (2018). The duality of ocean acidification as a resource and a
stressor. Ecology 99, 1005–1010.
Connell, S. D., Doubleday, Z. A., Hamlyn, S. B., Foster, N. R., Harley, C. D. G.,
Helmuth, B., et al. (2017). How ocean acidification can benefit calcifiers. Current
Biology 27, R95–R96.
Côté, I. M., Darling, E. S., and Brown, C. J. (2016). Interactions among ecosystem
stressors and their importance in conservation. Proceedings of the Royal Society
B: Biological Sciences 283, 20152592.
Crawley, A., Kline, D. I., Dunn, S., Anthony, K., and Dove, S. (2010). The effect of
ocean acidification on symbiont photorespiration and productivity in Acropora
formosa. Global Change Biology 16, 851–863.
Cui, G., Liew, Y. J., Li, Y., Kharbatia, N., Zahran, N. I., Emwas, A.-H., et al. (2019).
Host-dependent nitrogen recycling as a mechanism of symbiont control in
Aiptasia. PLOS Genetics 15, e1008189.
Cumbo, V. R., vanOppen, M. J. H., and Baird, A. H. (2018). Temperature and
Symbiodinium physiology affect the establishment and development of symbiosis
in corals. Mar Ecol Prog Ser 587, 117–127.

194
Cunning, R., and Baker, A. C. (2014). Not just who, but how many: the importance of
partner abundance in reef coral symbioses. Frontiers in Microbiology 5, 400.
Cziesielski, M. J., Liew, Y. J., Cui, G., Schmidt-Roach, S., Campana, S., Marondedze,
C., et al. (2018). Multi-omics analysis of thermal stress response in a
zooxanthellate cnidarian reveals the importance of associating with
thermotolerant symbionts. Proceedings. Biological sciences 285, 20172654.
Cziesielski, M. J., Schmidt-Roach, S., and Aranda, M. (2019). The past, present, and
future of coral heat stress studies. Ecology and Evolution 9, 10055–10066.
Damjanovic, K., Blackall, L. L., Webster, N. S., and van Oppen, M. J. H. (2017). The
contribution of microbial biotechnology to mitigating coral reef degradation.
Microbial Biotechnology 10, 1236–1243.
D’Angelo, C., Hume, B. C. C., Burt, J., Smith, E. G., Achterberg, E. P., and
Wiedenmann, J. (2015). Local adaptation constrains the distribution potential of
heat-tolerant Symbiodinium from the Persian/Arabian Gulf. The Isme Journal 9,
2551.
Davies, S. W., Marchetti, A., Ries, J. B., and Castillo, K. D. (2016). Thermal and pCO2
Stress Elicit Divergent Transcriptomic Responses in a Resilient Coral. Frontiers
in Marine Science 3, 112.
Davies, S. W., Ries, J. B., Marchetti, A., and Castillo, K. D. (2018). Symbiodinium
Functional Diversity in the Coral Siderastrea siderea Is Influenced by Thermal
Stress and Reef Environment, but Not Ocean Acidification. Frontiers in Marine
Science 5, 150.
Davy, S. K., Allemand, D., and Weis, V. M. (2012). Cell Biology of CnidarianDinoflagellate Symbiosis. Microbiol. Mol. Biol. Rev. 76, 229.
De’ath, G., Fabricius, K. E., Sweatman, H., and Puotinen, M. (2012). The 27–year
decline of coral cover on the Great Barrier Reef and its causes. Proc Natl Acad
Sci USA 109, 17995.
Decelle, J., Carradec, Q., Pochon, X., Henry, N., Romac, S., Mahé, F., et al. (2018).
Worldwide Occurrence and Activity of the Reef-Building Coral Symbiont
Symbiodinium in the Open Ocean. Current Biology 28, 3625-3633.e3.
Dell, A. I., Pawar, S., and Savage, V. M. (2011). Systematic variation in the temperature
dependence of physiological and ecological traits. Proc Natl Acad Sci USA 108,
10591.
Díaz-Almeyda, E. M., Prada, C., Ohdera, A. H., Moran, H., Civitello, D. J., IglesiasPrieto, R., et al. (2017). Intraspecific and interspecific variation in
thermotolerance and photoacclimation in Symbiodinium dinoflagellates.
Proceedings. Biological sciences 284, 20171767.

195
Dixon, G. B., Davies, S. W., Aglyamova, G. V., Meyer, E., Bay, L. K., and Matz, M. V.
(2015). Genomic determinants of coral heat tolerance across latitudes. Science
348, 1460.
Doney, S. C., Fabry, V. J., Feely, R. A., and Kleypas, J. A. (2009). Ocean Acidification:
The Other CO2 Problem. Annu. Rev. Mar. Sci. 1, 169–192.
Douglas, A. E. (2014). Symbiosis as a general principle in eukaryotic evolution. Cold
Spring Harbor perspectives in biology 6, a016113.
Dowd, W. W., King, F. A., and Denny, M. W. (2015). Thermal variation, thermal
extremes and the physiological performance of individuals. J. Exp. Biol. 218,
1956.
Dutkiewicz, S., Morris, J. J., Follows, M. J., Scott, J., Levitan, O., Dyhrman, S. T., et al.
(2015). Impact of ocean acidification on the structure of future phytoplankton
communities. Nature Climate Change 5, 1002.
Edmunds, P. J. (2012). Effect of pCO2 on the growth, respiration, and photophysiology
of massive Porites spp. in Moorea, French Polynesia. Marine Biology 159, 2149–
2160.
Epstein, H. E., Smith, H. A., Torda, G., and van Oppen, M. J. (2019). Microbiome
engineering: enhancing climate resilience in corals. Frontiers in Ecology and the
Environment 17, 100–108.
Ferrier-Pagès, C., Rottier, C., Beraud, E., and Levy, O. (2010). Experimental assessment
of the feeding effort of three scleractinian coral species during a thermal stress:
Effect on the rates of photosynthesis. Journal of Experimental Marine Biology
and Ecology 390, 118–124.
Ferrier-Pagès, C., Witting, J., Tambutté, E., and Sebens, K. P. (2003). Effect of natural
zooplankton feeding on the tissue and skeletal growth of the scleractinian coral
Stylophora pistillata. Coral Reefs 22, 229–240.
Fine, M., Gildor, H., and Genin, A. (2013). A coral reef refuge in the Red Sea. Global
Change Biology 19, 3640–3647.
Fitt, W., and Cook, C. (2001). The effects of feeding or addition of dissolved inorganic
nutrients in maintaining the symbiosis between dinoflagellates and a tropical
marine cnidarian. Marine Biology 139, 507–517.
Fox, J., and Weisberg, S. (2018). An R companion to applied regression. Sage
Publications.
Franklin, D.J., O. Hoegh-Guldberg, R. J. Jones, and J. A. Berges (2004). Cell death and
degeneration in the symbiotic dinoflagellates of the coral Stylophora pistillata
during bleaching. Mar Ecol Prog Ser 272, 117–130.

196
Fraune, S., and Bosch, T. C. G. (2007). Long-term maintenance of species-specific
bacterial microbiota in the basal metazoan Hydra. Proc Natl Acad Sci USA 104,
13146.
Freudenthal, H. D. (1962). Symbiodinium gen. nov. and Symbiodinium microadriaticum
sp. nov., a Zooxanthella: Taxonomy, Life Cycle, and Morphology.*. The Journal
of Protozoology 9, 45–52.
Furla, P., Galgani, I., Durand, I., and Allemand, D. (2000). Sources and mechanisms of
inorganic carbon transport for coral calcification and photosynthesis. J. Exp. Biol.
203, 3445.
Gabay, Y., Parkinson, J. E., Wilkinson, S. P., Weis, V. M., and Davy, S. K. (2019). Interpartner specificity limits the acquisition of thermotolerant symbionts in a model
cnidarian-dinoflagellate symbiosis. The ISME Journal.
Gabay, Y., Weis, V. M., and Davy, S. K. (2018). Symbiont Identity Influences Patterns
of Symbiosis Establishment, Host Growth, and Asexual Reproduction in a Model
Cnidarian-Dinoflagellate Symbiosis. The Biological Bulletin 234, 1–10.
Gaikwad, S. S., Chowdhury, S. P., Shouche, Y. S., Ghaskadbi, S., and Ghaskadbi, S.
(2016). Laboratory maintained and wild populations of Hydra differ in their
microbiota. Annals of Microbiology 66, 931–935.
García, F. C., Bestion, E., Warfield, R., and Yvon-Durocher, G. (2018). Changes in
temperature alter the relationship between biodiversity and ecosystem
functioning. Proc Natl Acad Sci U S A 115, 10989–10994.
Gattuso, J.-P., Allemand, D., and Frankignoulle, M. (1999). Photosynthesis and
calcification at cellular, organismal and community levels in coral reefs: a review
on interactions and control by carbonate chemistry. American zoologist 39, 160–
183.
Gegner, H. M., Ziegler, M., Rädecker, N., Buitrago-López, C., Aranda, M., and Voolstra,
C. R. (2017). High salinity conveys thermotolerance in the coral model Aiptasia.
Biology Open 6, 1943.
Gibbin, E. M., and Davy, S. K. (2014). The photo-physiological response of a model
cnidarian–dinoflagellate symbiosis to CO2-induced acidification at the cellular
level. Journal of Experimental Marine Biology and Ecology 457, 1–7.
Gilles, P., and Ounais, N. (2013). Intensive culture of scleractinian corals and overview
of the techniques used for coral reef exhibits at the Aquarium of the
Oceanographic Museum of Monaco. An assessment after 18 years of activity.
Gillooly, J. F., Brown, J. H., West, G. B., Savage, V. M., and Charnov, E. L. (2001).
Effects of Size and Temperature on Metabolic Rate. Science 293, 2248.

197
González-Pech, R. A., Vargas, S., Francis, W. R., and Wörheide, G. (2017).
Transcriptomic Resilience of the Montipora digitata Holobiont to Low pH.
Frontiers in Marine Science 4, 403.
Goulet, T. L., Cook, C. B., and Goulet, D. (2005). Effect of short-term exposure to
elevated temperatures and light levels on photosynthesis of different hostsymbiont combinations in the Aiptasia pallida/Symbiodinium symbiosis.
Limnology and Oceanography 50, 1490–1498.
Grace, S. (2017). Winter Quiescence, Growth Rate, and the Release from Competition in
the Temperate Scleractinian Coral Astrangia poculata (Ellis & Solander 1786).
Northeastern Naturalist 24.
Grajales, A., and Rodríguez, E. (2014). Morphological revision of the genus Aiptasia and
the family Aiptasiidae (Cnidaria, Actinaria, Metridioidea). Zootaxa 3826, 55–100.
Great Barrier Reef Marine Park Authority (2017). Final report: 2016 coral bleaching
event on the Great Barrier Reef. GBRMPA, Townsville.
Grégoire, V., Schmacka, F., Coffroth, M. A., and Karsten, U. (2017). Photophysiological
and thermal tolerance of various genotypes of the coral endosymbiont
Symbiodinium sp. (Dinophyceae). Journal of Applied Phycology 29, 1893–1905.
Grottoli, A. G., Rodrigues, L. J., and Palardy, J. E. (2006). Heterotrophic plasticity and
resilience in bleached corals. Nature 440, 1186–1189.
Grottoli, A. G., Warner, M. E., Levas, S. J., Aschaffenburg, M. D., Schoepf, V.,
McGinley, M., et al. (2014). The cumulative impact of annual coral bleaching can
turn some coral species winners into losers. Global Change Biology 20, 3823–
3833.
Gunderson, A. R., Armstrong, E. J., and Stillman, J. H. (2016). Multiple Stressors in a
Changing World: The Need for an Improved Perspective on Physiological
Responses to the Dynamic Marine Environment. Annu. Rev. Mar. Sci. 8, 357–
378.
Hadfield, J. D. (2016). The spatial scale of local adaptation in a stochastic environment.
Ecology Letters 19, 780–788.
Haldar, A. K., Saka, H. A., Piro, A. S., Dunn, J. D., Henry, S. C., Taylor, G. A., et al.
(2013). IRG and GBP Host Resistance Factors Target Aberrant, “Non-self”
Vacuoles Characterized by the Missing of “Self” IRGM Proteins. PLOS
Pathogens 9, e1003414.
Hall-Spencer, J. M., Rodolfo-Metalpa, R., Martin, S., Ransome, E., Fine, M., Turner, S.
M., et al. (2008). Volcanic carbon dioxide vents show ecosystem effects of ocean
acidification. Nature 454, 96–99.

198
Hambleton, E. A., Guse, A., and Pringle, J. R. (2014). Similar specificities of symbiont
uptake by adults and larvae in an anemone model system for coral biology. J.
Exp. Biol. 217, 1613.
Harris, L. A., Duarte, C. M., and Nixon, S. W. (2006). Allometric laws and prediction in
estuarine and coastal ecology. Estuaries and Coasts 29, 340–344.
Harvey, B. P., Gwynn-Jones, D., and Moore, P. J. (2013). Meta-analysis reveals complex
marine biological responses to the interactive effects of ocean acidification and
warming. Ecology and Evolution 3, 1016–1030.
Hawkins, T. D., Hagemeyer, J. C. G., Hoadley, K. D., Marsh, A. G., and Warner, M. E.
(2016a). Partitioning of Respiration in an Animal-Algal Symbiosis: Implications
for Different Aerobic Capacity between Symbiodinium spp. Frontiers in
physiology 7, 128–128.
Hawkins, T. D., Hagemeyer, Julia. C. G., and Warner, M. E. (2016b). Temperature
moderates the infectiousness of two conspecific Symbiodinium strains isolated
from the same host population. Environmental Microbiology 18, 5204–5217.
Heberle, H., Meirelles, G. V., da Silva, F. R., Telles, G. P., and Minghim, R. (2015).
InteractiVenn: a web-based tool for the analysis of sets through Venn diagrams.
BMC Bioinformatics 16, 169.
Herrera, M., Ziegler, M., Voolstra, C. R., and Aranda, M. (2017). Laboratory-Cultured
Strains of the Sea Anemone Exaiptasia Reveal Distinct Bacterial Communities.
Frontiers in Marine Science 4, 115.
Hiebert, T. C., and Bingham, B. L. (2012). The effects of symbiotic state on heterotrophic
feeding in the temperate sea anemone Anthopleura elegantissima. Marine Biology
159, 939–950.
Hoadley, K. D., Lewis, A. M., Wham, D. C., Pettay, D. T., Grasso, C., Smith, R., et al.
(2019). Host–symbiont combinations dictate the photo-physiological response of
reef-building corals to thermal stress. Scientific Reports 9, 9985.
Hoadley, K. D., Pettay, D. T., Grottoli, A. G., Cai, W.-J., Melman, T. F., Schoepf, V., et
al. (2015). Physiological response to elevated temperature and pCO2 varies across
four Pacific coral species: Understanding the unique host+symbiont response.
Scientific Reports 5, 18371.
Hoegh-Guldberg, O. (1999). Climate change, coral bleaching and the future of the
world’s coral reefs. Mar. Freshwater Res. 50, 839–866.
Hoegh-Guldberg, O., Poloczanska, E. S., Skirving, W., and Dove, S. (2017). Coral Reef
Ecosystems under Climate Change and Ocean Acidification. Frontiers in Marine
Science 4, 158.

199
Hoffmann, A. A., and Sgrò, C. M. (2011). Climate change and evolutionary adaptation.
Nature 470, 479.
Hofmann, G. E., Barry, J. P., Edmunds, P. J., Gates, R. D., Hutchins, D. A., Klinger, T.,
et al. (2010). The Effect of Ocean Acidification on Calcifying Organisms in
Marine Ecosystems: An Organism-to-Ecosystem Perspective. Annu. Rev. Ecol.
Evol. Syst. 41, 127–147.
Hoogenboom, M., Beraud, E., and Ferrier-Pagès, C. (2010). Relationship between
symbiont density and photosynthetic carbon acquisition in the temperate coral
Cladocora caespitosa. Coral Reefs 29, 21–29.
Houlbrèque, F., and Ferrier-Pagès, C. (2009). Heterotrophy in Tropical Scleractinian
Corals. Biological Reviews 84, 1–17.
Howe-Kerr, L. I., Bachelot, B., Wright, R. M., Kenkel, C. D., Bay, L. K., and Correa, A.
M. S. (2019). Symbiont community diversity is more constrained in holobionts
that tolerate diverse stressors. bioRxiv, 572479.
Howells, E. J., Abrego, D., Meyer, E., Kirk, N. L., and Burt, J. A. (2016). Host adaptation
and unexpected symbiont partners enable reef-building corals to tolerate extreme
temperatures. Global Change Biology 22, 2702–2714.
Howells, E. J., Beltran, V. H., Larsen, N. W., Bay, L. K., Willis, B. L., and van Oppen,
M. J. H. (2011). Coral thermal tolerance shaped by local adaptation of
photosymbionts. Nature Climate Change 2, 116.
Howells, E. J., Berkelmans, R., van Oppen, M. J. H., Willis, B. L., and Bay, L. K. (2013).
Historical thermal regimes define limits to coral acclimatization. Ecology 94,
1078–1088.
Hughes, A. D., and Grottoli, A. G. (2013). Heterotrophic Compensation: A Possible
Mechanism for Resilience of Coral Reefs to Global Warming or a Sign of
Prolonged Stress? PLOS ONE 8, e81172.
Hughes, T. P., Barnes, M. L., Bellwood, D. R., Cinner, J. E., Cumming, G. S., Jackson, J.
B. C., et al. (2017). Coral reefs in the Anthropocene. Nature 546, 82.
Hughes, T. P., Kerry, J. T., Baird, A. H., Connolly, S. R., Dietzel, A., Eakin, C. M., et al.
(2018). Global warming transforms coral reef assemblages. Nature 556, 492–496.
Hume, B. C. C., D’Angelo, C., Smith, E. G., Stevens, J. R., Burt, J., and Wiedenmann, J.
(2015). Symbiodinium thermophilum sp. nov., a thermotolerant symbiotic alga
prevalent in corals of the world’s hottest sea, the Persian/Arabian Gulf. Scientific
Reports 5, 8562.
Hume, B. C. C., Smith, E. G., Ziegler, M., Warrington, H. J. M., Burt, J. A., LaJeunesse,
T. C., et al. (2019). SymPortal: a novel analytical framework and platform for

200
coral algal symbiont next-generation sequencing ITS2 profiling. Molecular
Ecology Resources 0.
Hume, B. C. C., Ziegler, M., Poulain, J., Pochon, X., Romac, S., Boissin, E., et al. (2018).
An improved primer set and amplification protocol with increased specificity and
sensitivity targeting the Symbiodinium ITS2 region. PeerJ 6, e4816–e4816.
Jarrold, M. D., Calosi, P., Verberk, W. C. E. P., Rastrick, S. P. S., Atfield, A., and Spicer,
J. I. (2013). Physiological plasticity preserves the metabolic relationship of the
intertidal non-calcifying anthozoan-Symbiodinium symbiosis under ocean
acidification. Journal of Experimental Marine Biology and Ecology 449, 200–
206.
Kaniewska, P., Campbell, P. R., Kline, D. I., Rodriguez-Lanetty, M., Miller, D. J., Dove,
S., et al. (2012). Major Cellular and Physiological Impacts of Ocean Acidification
on a Reef Building Coral. PLOS ONE 7, e34659.
Kaniewska, P., Chan, C.-K. K., Kline, D., Ling, E. Y. S., Rosic, N., Edwards, D., et al.
(2015). Transcriptomic Changes in Coral Holobionts Provide Insights into
Physiological Challenges of Future Climate and Ocean Change. PLOS ONE 10,
e0139223. d
Kawecki, T. J., and Ebert, D. (2004). Conceptual issues in local adaptation. Ecology
Letters 7, 1225–1241.
Kenkel, C. D., Almanza, A. T., and Matz, M. V. (2015). Fine-scale environmental
specialization of reef-building corals might be limiting reef recovery in the
Florida Keys. Ecology 96, 3197–3212.
Kenkel, C. D., Goodbody-Gringley, G., Caillaud, D., Davies, S. W., Bartels, E., and
Matz, M. V. (2013). Evidence for a host role in thermotolerance divergence
between populations of the mustard hill coral (Porites astreoides) from different
reef environments. Molecular Ecology 22, 4335–4348.
Kenkel, C. D., and Matz, M. V. (2016). Gene expression plasticity as a mechanism of
coral adaptation to a variable environment. Nature Ecology & Evolution 1, 0014.
Kenkel, C. D., Moya, A., Strahl, J., Humphrey, C., and Bay, L. K. (2018). Functional
genomic analysis of corals from natural CO2-seeps reveals core molecular
responses involved in acclimatization to ocean acidification. Global Change
Biology 24, 158–171.
Kindt, R., and Kindt, M. R. (2007). The BiodiversityR Package.
Kirk, N. L., and Weis, V. M. (2016). “Animal–Symbiodinium Symbioses: Foundations of
Coral Reef Ecosystems,” in The Mechanistic Benefits of Microbial Symbionts, ed.
C. J. Hurst (Cham: Springer International Publishing), 269–294.

201
Klein, S. G., Pitt, K. A., Nitschke, M. R., Goyen, S., Welsh, D. T., Suggett, D. J., et al.
(2017). Symbiodinium mitigate the combined effects of hypoxia and acidification
on a noncalcifying cnidarian. Global Change Biology 23, 3690–3703.
Kleypas, J. A., Buddemeier, R. W., Archer, D., Gattuso, J.-P., Langdon, C., and Opdyke,
B. N. (1999). Geochemical Consequences of Increased Atmospheric Carbon
Dioxide on Coral Reefs. Science 284, 118.
Kroeker, K. J., Kordas, R. L., Crim, R., Hendriks, I. E., Ramajo, L., Singh, G. S., et al.
(2013). Impacts of ocean acidification on marine organisms: quantifying
sensitivities and interaction with warming. Global Change Biology 19, 1884–
1896.
Kroeker, K. J., Kordas, R. L., Crim, R. N., and Singh, G. G. (2010). Meta-analysis
reveals negative yet variable effects of ocean acidification on marine organisms.
Ecology Letters 13, 1419–1434.
Laidler, K. J. (1984). The development of the Arrhenius equation. J. Chem. Educ. 61,
494.
LaJeunesse, T. C., Parkinson, J. E., Gabrielson, P. W., Jeong, H. J., Reimer, J. D.,
Voolstra, C. R., et al. (2018). Systematic Revision of Symbiodiniaceae Highlights
the Antiquity and Diversity of Coral Endosymbionts. Current Biology 28, 25702580.e6.
Lajeunesse, T. C., Parkinson, J. E., and Reimer, J. D. (2012). A genetics-based
description of Symbiodinium minutum sp. nov. and S. psygmophilum sp. nov.
(Dinophyceae), two dinoflagellates symbiotic with cnidaria. Journal of Phycology
48, 1380–1391.
LaJeunesse, T. C., Smith, R. T., Finney, J., and Oxenford, H. (2009). Outbreak and
persistence of opportunistic symbiotic dinoflagellates during the 2005 Caribbean
mass coral ‘bleaching’ event. Proceedings of the Royal Society B: Biological
Sciences 276, 4139–4148.
Lawrence, D., Fiegna, F., Behrends, V., Bundy, J. G., Phillimore, A. B., Bell, T., et al.
(2012). Species interactions alter evolutionary responses to a novel environment.
PLoS Biol 10, e1001330–e1001330.
Leal, M. C., Hoadley, K., Pettay, D. T., Grajales, A., Calado, R., and Warner, M. E.
(2015). Symbiont type influences trophic plasticity of a model cnidarian–
dinoflagellate symbiosis. J. Exp. Biol. 218, 858.
Leal, M. C., Nejstgaard, J. C., Calado, R., Thompson, M. E., and Frischer, M. E. (2014).
Molecular assessment of heterotrophy and prey digestion in zooxanthellate
cnidarians. Molecular Ecology 23, 3838–3848.

202
Leggat, W., Badger, M. R., and Yellowlees, D. (1999). Evidence for an inorganic carbonconcentrating mechanism in the symbiotic dinoflagellate Symbiodinium sp. Plant
Physiol 121, 1247–1256.
Lesser, M. P. (2019). Phylogenetic signature of light and thermal stress for the
endosymbiotic dinoflagellates of corals (Family Symbiodiniaceae). Limnology
and Oceanography 0.
Liew, Y. J., Zoccola, D., Li, Y., Tambutté, E., Venn, A. A., Michell, C. T., et al. (2018).
Epigenome-associated phenotypic acclimatization to ocean acidification in a reefbuilding coral. Sci Adv 4, eaar8028.
Little, A. F., van Oppen, M. J. H., and Willis, B. L. (2004). Flexibility in Algal
Endosymbioses Shapes Growth in Reef Corals. Science 304, 1492.
López-Urrutia, Á., San Martin, E., Harris, R. P., and Irigoien, X. (2006). Scaling the
metabolic balance of the oceans. Proc Natl Acad Sci USA 103, 8739.
Love, M. I., Huber, W., and Anders, S. (2014). Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biology 15, 550.
Lurgi, M., López, B. C., and Montoya, J. M. (2012). Novel communities from climate
change. Philos Trans R Soc Lond B Biol Sci 367, 2913–2922.
Lyndby, N. H., Holm, J. B., Wangpraseurt, D., Grover, R., Rottier, C., Kühl, M., et al.
(2018). Effect of feeding and thermal stress on photosynthesis, respiration and the
carbon budget of the scleractinian coral Pocillopora damicornis. bioRxiv, 378059.
Mackey, K. R. M., Morris, J. J., Morel, F. M. M., and Kranz, S. A. (2015). Response of
Photosynthesis to Ocean Acidification. Oceanography 28, 74–91.
Magnan, A. K., Colombier, M., Billé, R., Joos, F., Hoegh-Guldberg, O., Pörtner, H.-O.,
et al. (2016). Implications of the Paris agreement for the ocean. Nature Climate
Change 6, 732.
Maor-Landaw, K., Karako-Lampert, S., Ben-Asher, H. W., Goffredo, S., Falini, G.,
Dubinsky, Z., et al. (2014). Gene expression profiles during short-term heat stress
in the red sea coral Stylophora pistillata. Global Change Biology 20, 3026–3035.
Marbà, N., Jorda, G., Agusti, S., Girard, C., and Duarte, C. M. (2015). Footprints of
climate change on Mediterranean Sea biota. Frontiers in Marine Science 2, 56.
Masson-Delmotte, V., Zhai, P., Pörtner, H. O., Roberts, D., Skea, J., Shukla, P. R., et al.
(2018). IPCC, 2018: Global Warming of 1.5°C.An IPCC Special Report on the
impacts of global warming of 1.5°C above pre-industrial levels and related global
greenhouse gas emission pathways, in the context of strengthening the global
response to the threat of climate change, sustainable development, and efforts to
eradicate poverty.

203
Matthews, J. L., Crowder, C. M., Oakley, C. A., Lutz, A., Roessner, U., Meyer, E., et al.
(2017). Optimal nutrient exchange and immune responses operate in partner
specificity in the cnidarian-dinoflagellate symbiosis. Proc Natl Acad Sci USA 114,
13194.
Matthews, J. L., Sproles, A. E., Oakley, C. A., Grossman, A. R., Weis, V. M., and Davy,
S. K. (2016). Menthol-induced bleaching rapidly and effectively provides
experimental aposymbiotic sea anemones (Aiptasia sp.) for symbiosis
investigations. J. Exp. Biol. 219, 306.
McFall-Ngai, M., Hadfield, M. G., Bosch, T. C. G., Carey, H. V., Domazet-Lošo, T.,
Douglas, A. E., et al. (2013). Animals in a bacterial world, a new imperative for
the life sciences. Proc Natl Acad Sci USA 110, 3229.
McGinty, E. S., Pieczonka, J., and Mydlarz, L. D. (2012). Variations in Reactive Oxygen
Release and Antioxidant Activity in Multiple Symbiodinium Types in Response
to Elevated Temperature. Microbial Ecology 64, 1000–1007.
Medrano, E., Merselis, D. G., Bellantuono, A. J., and Rodriguez-Lanetty, M. (2019).
Proteomic Basis of Symbiosis: A Heterologous Partner Fails to Duplicate
Homologous Colonization in a Novel Cnidarian– Symbiodiniaceae Mutualism.
Frontiers in Microbiology 10, 1153.
Meier, K., Hansen, M. M., Bekkevold, D., Skaala, Ø., and Mensberg, K.-L. D. (2011).
An assessment of the spatial scale of local adaptation in brown trout (Salmo trutta
L.): footprints of selection at microsatellite DNA loci. Heredity 106, 488–499.
Morikawa, M. K., and Palumbi, S. R. (2019). Using naturally occurring climate resilient
corals to construct bleaching-resistant nurseries. Proc Natl Acad Sci USA 116,
10586.
Moriya, Y., Itoh, M., Okuda, S., Yoshizawa, A. C., and Kanehisa, M. (2007). KAAS: an
automatic genome annotation and pathway reconstruction server. Nucleic Acids
Res 35, W182–W185.
Moroney, J. V., and Ynalvez, R. A. (2007). Proposed Carbon Dioxide Concentrating
Mechanism in Chlamydomonas reinhardtii. Eukaryot Cell 6, 1251.
Moya, A., Huisman, L., Ball, E. E., Hayward, D. C., Grasso, L. C., Chua, C. M., et al.
(2012). Whole Transcriptome Analysis of the Coral Acropora millepora Reveals
Complex Responses to CO2-driven Acidification during the Initiation of
Calcification. Molecular Ecology 21, 2440–2454.
Muscatine, L., R. McCloskey, L., and E. Marian, R. (1981). Estimating the daily
contribution of carbon from zooxanthellae to coral animal respiration1. Limnology
and Oceanography 26, 601–611.

204
Ngugi, D. K., Antunes, A., Brune, A., and Stingl, U. (2012). Biogeography of pelagic
bacterioplankton across an antagonistic temperature–salinity gradient in the Red
Sea. Molecular Ecology 21, 388–405.
Nitschke, M. R., Gardner, S. G., Goyen, S., Fujise, L., Camp, E. F., Ralph, P. J., et al.
(2018). Utility of Photochemical Traits as Diagnostics of Thermal Tolerance
amongst Great Barrier Reef Corals. Frontiers in Marine Science 5, 45.
Nyamukondiwa, C., and Terblanche, J. S. (2009). Thermal tolerance in adult
Mediterranean and Natal fruit flies (Ceratitis capitata and Ceratitis rosa): Effects
of age, gender and feeding status. Journal of Thermal Biology 34, 406–414.
Ogawa, D., Bobeszko, T., Ainsworth, T., and Leggat, W. (2013). The combined effects
of temperature and CO2 lead to altered gene expression in Acropora aspera. Coral
Reefs 32, 895–907.
Oksanen, J., Blanchet, F. G., Friendly, M., Kindt, R., Legendre, P., McGlinn, D., et al.
(2019). Community Ecology Package. Available at: https://cran.rproject.org/web/packages/vegan/vegan.pdf.
Orr, J. C., Fabry, V. J., Aumont, O., Bopp, L., Doney, S. C., Feely, R. A., et al. (2005).
Anthropogenic ocean acidification over the twenty-first century and its impact on
calcifying organisms. Nature 437, 681–686.
Osman, E. O., Smith, D. J., Ziegler, M., Kürten, B., Conrad, C., El-Haddad, K. M., et al.
(2018). Thermal refugia against coral bleaching throughout the northern Red Sea.
Global Change Biology 24, e474–e484.
Palumbi, S. R., Barshis, D. J., Traylor-Knowles, N., and Bay, R. A. (2014). Mechanisms
of reef coral resistance to future climate change. Science 344, 895.
Pandolfi, J. M., Connolly, S. R., Marshall, D. J., and Cohen, A. L. (2011). Projecting
Coral Reef Futures Under Global Warming and Ocean Acidification. Science 333,
418.
Parkinson, J. E., Coffroth, M. A., and LaJeunesse, T. C. (2015). New species of Clade B
Symbiodinium (Dinophyceae) from the greater Caribbean belong to different
functional guilds: S. aenigmaticum sp. nov., S. antillogorgium sp. nov.,
S. endomadracis sp. nov., and S. pseudominutum sp. nov. Journal of Phycology
51, 850–858. d
Pettay, D. T., Wham, D. C., Smith, R. T., Iglesias-Prieto, R., and LaJeunesse, T. C.
(2015). Microbial invasion of the Caribbean by an Indo-Pacific coral
zooxanthella. Proc Natl Acad Sci USA 112, 7513.
Pimentel, H., Bray, N. L., Puente, S., Melsted, P., and Pachter, L. (2017). Differential
analysis of RNA-seq incorporating quantification uncertainty. Nature Methods 14,
687.

205
Pochon, X., and Pawlowski, J. (2006). Evolution of the soritids-Symbiodinium
symbiosis. Symbiosis (Rehovot) 42, 77–88.
Poland, D. M., and Coffroth, M. A. (2017). Trans-generational specificity within a
cnidarian–algal symbiosis. Coral Reefs 36, 119–129.
Putnam, H. M., Edmunds, P. J., and Fan, T.-Y. (2008). Effect of temperature on the
settlement choice and photophysiology of larvae from the reef coral Stylophora
pistillata. The Biological Bulletin 215, 135–142.
Putnam, H. M., Stat, M., Pochon, X., and Gates, R. G. (2012). Endosymbiotic flexibility
associates with environmental sensitivity in scleractinian corals. Proceedings of
the Royal Society B: Biological Sciences 279, 4352–4361.
Quigley, K. M., Bay, L. K., and Willis, B. L. (2017). Temperature and Water QualityRelated Patterns in Sediment-Associated Symbiodinium Communities Impact
Symbiont Uptake and Fitness of Juveniles in the Genus Acropora. Frontiers in
Marine Science 4, 401.
Quigley, K. M., Davies, S. W., Kenkel, C. D., Willis, B. L., Matz, M. V., and Bay, L. K.
(2014). Deep-Sequencing Method for Quantifying Background Abundances of
Symbiodinium Types: Exploring the Rare Symbiodinium Biosphere in ReefBuilding Corals. PLOS ONE 9, e94297.
R Core Team (2018). R: A language and environment for statistical computing. Available
at: https://www.R-project.org/.
Rädecker, N., Raina, J.-B., Pernice, M., Perna, G., Guagliardo, P., Kilburn, M. R., et al.
(2018). Using Aiptasia as a Model to Study Metabolic Interactions in CnidarianSymbiodinium Symbioses. Frontiers in physiology 9, 214–214.
Regaudie-de-Gioux, A., and Duarte, C. M. (2012). Temperature dependence of
planktonic metabolism in the ocean. Global Biogeochemical Cycles 26.
Reusch, T. B. H. (2014). Climate change in the oceans: evolutionary versus
phenotypically plastic responses of marine animals and plants. Evolutionary
Applications 7, 104–122.
Richardson, S. L. (2001). Endosymbiont Change as a Key Innovation in the Adaptive
Radiation of Soritida (Foraminifera). Paleobiology 27, 262–289.
Rivest, E. B., Kelly, M. W., DeBiasse, M. B., and Hofmann, G. E. (2018). Host and
Symbionts in Pocillopora damicornis Larvae Display Different Transcriptomic
Responses to Ocean Acidification and Warming. Frontiers in Marine Science 5,
186.

206
Robison, J. D., and Warner, M. E. (2006). Differential impacts of photoacclimation and
thermal stress on the photobiology of four different phylotypes of Symbiodinium
(Pyrrhophyta). Journal of Phycology 42, 568–579.
Rocker, M. M., Noonan, S., Humphrey, C., Moya, A., Willis, B. L., and Bay, L. K.
(2015). Expression of calcification and metabolism-related genes in response to
elevated pCO2 and temperature in the reef-building coral Acropora millepora.
Marine Genomics 24, 313–318.
Rodriguez-Lanetty, M., Chang, S.-J., and Song, J.-I. (2003). Specificity of two temperate
dinoflagellate–anthozoan associations from the north-western Pacific Ocean.
Marine Biology 143, 1193–1199.
Rosado, P. M., Leite, D. C. A., Duarte, G. A. S., Chaloub, R. M., Jospin, G., Nunes da
Rocha, U., et al. (2019). Marine probiotics: increasing coral resistance to
bleaching through microbiome manipulation. The ISME Journal 13, 921–936.
Safaie, A., Silbiger, N. J., McClanahan, T. R., Pawlak, G., Barshis, D. J., Hench, J. L., et
al. (2018). High frequency temperature variability reduces the risk of coral
bleaching. Nature Communications 9, 1671.
Sampayo, E. M., Ridgway, T., Bongaerts, P., and Hoegh-Guldberg, O. (2008). Bleaching
susceptibility and mortality of corals are determined by fine-scale differences in
symbiont type. Proc Natl Acad Sci USA 105, 10444.
Sanford, E., and Kelly, M. W. (2010). Local Adaptation in Marine Invertebrates. Annu.
Rev. Mar. Sci. 3, 509–535.
Sawall, Y., Al-Sofyani, A., Hohn, S., Banguera-Hinestroza, E., Voolstra, C. R., and
Wahl, M. (2015). Extensive phenotypic plasticity of a Red Sea coral over a strong
latitudinal temperature gradient suggests limited acclimatization potential to
warming. Scientific Reports 5, 8940.
Seebacher, F., White, C. R., and Franklin, C. E. (2014). Physiological plasticity increases
resilience of ectothermic animals to climate change. Nature Climate Change 5,
61.
Sharp, K. H., Pratte, Z. A., Kerwin, A. H., Rotjan, R. D., and Stewart, F. J. (2017).
Season, but not symbiont state, drives microbiome structure in the temperate coral
Astrangia poculata. Microbiome 5, 120.
Silverstein, R. N., Cunning, R., and Baker, A. C. (2015). Change in algal symbiont
communities after bleaching, not prior heat exposure, increases heat tolerance of
reef corals. Global Change Biology 21, 236–249.
Smith, E. G., Vaughan, G. O., Ketchum, R. N., McParland, D., and Burt, J. A. (2017).
Symbiont community stability through severe coral bleaching in a thermally
extreme lagoon. Scientific Reports 7, 2428.

207
Sogin, E. M., Putnam, H. M., Anderson, P. E., and Gates, R. D. (2016). Metabolomic
signatures of increases in temperature and ocean acidification from the reefbuilding coral, Pocillopora damicornis. Metabolomics 12, 71.
SPSS (Released 2013) IBM SPSS Statistics for Windows Armonk, NY: IBM Corp.
Starzak, D. E., Quinnell, R. G., Nitschke, M. R., and Davy, S. K. (2014). The influence of
symbiont type on photosynthetic carbon flux in a model cnidarian–dinoflagellate
symbiosis. Marine Biology 161, 711–724.
Stat, M., Loh, W. K. W., LaJeunesse, T. C., Hoegh-Guldberg, O., and Carter, D. A.
(2009). Stability of coral–endosymbiont associations during and after a thermal
stress event in the southern Great Barrier Reef. Coral Reefs 28, 709–713.
Stat, M., Morris, E., and Gates, R. D. (2008). Functional diversity in coral–dinoflagellate
symbiosis. Proc Natl Acad Sci USA 105, 9256.
Suggett, D. J., Hall-Spencer, J. M., Rodolfo-Metalpa, R., Boatman, T. G., Payton, R., Tye
Pettay, D., et al. (2012). Sea anemones may thrive in a high CO2 world. Global
Change Biology 18, 3015–3025.
Sunagawa, S., Wilson, E. C., Thaler, M., Smith, M. L., Caruso, C., Pringle, J. R., et al.
(2009). Generation and analysis of transcriptomic resources for a model system
on the rise: the sea anemone Aiptasia pallida and its dinoflagellate endosymbiont.
BMC genomics 10, 258–258.
Swain, T. D., Chandler, J., Backman, V., and Marcelino, L. (2017). Consensus
thermotolerance ranking for 110 Symbiodinium phylotypes: an exemplar
utilization of a novel iterative partial-rank aggregation tool with broad application
potential. Functional Ecology 31, 172–183.
Tambutté, E., Venn, A. A., Holcomb, M., Segonds, N., Techer, N., Zoccola, D., et al.
(2015). Morphological plasticity of the coral skeleton under CO2-driven seawater
acidification. Nature Communications 6, 7368.
Thinh, L. (1995). Gymnodinium linucheae sp. nov.: The dinoflagellate symbiont of the
jellyfish Linuche unguiculata AU - Trench, R.K. European Journal of Phycology
30, 149–154.
Thomas, L., Rose, N. H., Bay, R. A., López, E. H., Morikawa, M. K., Ruiz-Jones, L., et
al. (2018). Mechanisms of Thermal Tolerance in Reef-Building Corals across a
Fine-Grained Environmental Mosaic: Lessons from Ofu, American Samoa.
Frontiers in Marine Science 4, 434.
Thornhill, D. J., Xiang, Y., Pettay, D. T., Zhong, M., and Santos, S. R. (2013). Population
genetic data of a model symbiotic cnidarian system reveal remarkable symbiotic
specificity and vectored introductions across ocean basins. Molecular Ecology 22,
4499–4515.

208
Torda, G., Donelson, J. M., Aranda, M., Barshis, D. J., Bay, L., Berumen, M. L., et al.
(2017). Rapid adaptive responses to climate change in corals. Nature Climate
Change 7, 627.
Towanda, T., and Thuesen, E. V. (2012). Prolonged exposure to elevated CO2 promotes
growth of the algal symbiont Symbiodinium muscatinei in the intertidal sea
anemone Anthopleura elegantissima. Biology Open 1, 615.
Valladares, F., Matesanz, S., Guilhaumon, F., Araújo, M. B., Balaguer, L., BenitoGarzón, M., et al. (2014). The effects of phenotypic plasticity and local adaptation
on forecasts of species range shifts under climate change. Ecology Letters 17,
1351–1364.
van der Merwe, R., Röthig, T., Voolstra, C. R., Ochsenkühn, M. A., Lattemann, S., and
Amy, G. L. (2014). High salinity tolerance of the Red Sea coral Fungia granulosa
under desalination concentrate discharge conditions: an in situ photophysiology
experiment. Frontiers in Marine Science 1, 58.
van der Putten, W. H., Macel, M., and Visser, M. E. (2010). Predicting species
distribution and abundance responses to climate change: why it is essential to
include biotic interactions across trophic levels. Philosophical Transactions of the
Royal Society B: Biological Sciences 365, 2025–2034.
van Hooidonk, R., Maynard, J., Tamelander, J., Gove, J., Ahmadia, G., Raymundo, L., et
al. (2016). Local-scale projections of coral reef futures and implications of the
Paris Agreement. Scientific Reports 6, 39666.
van Oppen, M. J. H., Gates, R. D., Blackall, L. L., Cantin, N., Chakravarti, L. J., Chan,
W. Y., et al. (2017). Shifting paradigms in restoration of the world’s coral reefs.
Global Change Biology 23, 3437–3448.
van Oppen, M. J. H., Oliver, J. K., Putnam, H. M., and Gates, R. D. (2015). Building
coral reef resilience through assisted evolution. Proc Natl Acad Sci USA 112,
2307.
Venn, A. A., Tambutté, E., Holcomb, M., Laurent, J., Allemand, D., and Tambutté, S.
(2013). Impact of seawater acidification on pH at the tissue–skeleton interface and
calcification in reef corals. Proc Natl Acad Sci USA 110, 1634.
Veron, J. E. N. (2000). Corals of the World.
Vidal-Dupiol, J., Zoccola, D., Tambutté, E., Grunau, C., Cosseau, C., Smith, K. M., et al.
(2013). Genes Related to Ion-Transport and Energy Production Are Upregulated
in Response to CO2-Driven pH Decrease in Corals: New Insights from
Transcriptome Analysis. PLOS ONE 8, e58652.
Voolstra, C. R., Li, Y., Liew, Y. J., Baumgarten, S., Zoccola, D., Flot, J.-F., et al. (2017).
Comparative analysis of the genomes of Stylophora pistillata and Acropora

209
digitifera provides evidence for extensive differences between species of corals.
Scientific Reports 7, 17583.
Voolstra, C. R., Schnetzer, J., Peshkin, L., Randall, C. J., Szmant, A. M., and Medina, M.
(2009). Effects of temperature on gene expression in embryos of the coral
Montastraea faveolata. BMC Genomics 10, 627.
Wall, C. B., Fan, T.-Y., and Edmunds, P. J. (2014). Ocean acidification has no effect on
thermal bleaching in the coral Seriatopora caliendrum. Coral Reefs 33, 119–130.
Walsh, P. S., Metzger, D. A., and Higuchi, R. (1991). Chelex® 100 as a medium for
simple extraction of DNA for PCR-based typing from forensic material.
BioTechniques 10, 506–513.
Walter, W., Sánchez-Cabo, F., and Ricote, M. (2015). GOplot: an R package for visually
combining expression data with functional analysis. Bioinformatics 31, 2912–
2914.
Wang, Y., Naumann, U., Wright, S. T., and Warton, D. I. (2012). mvabund– an R
package for model-based analysis of multivariate abundance data. Methods in
Ecology and Evolution 3, 471–474.
Webster, N. S., and Reusch, T. B. H. (2017). Microbial contributions to the persistence of
coral reefs. The Isme Journal 11, 2167.
Weis, V. M., and Allemand, D. (2009). What Determines Coral Health? Science 324,
1153.
Weis, V. M., Davy, S. K., Hoegh-Guldberg, O., Rodriguez-Lanetty, M., and Pringle, J. R.
(2008). Cell biology in model systems as the key to understanding corals. Trends
in Ecology & Evolution 23, 369–376.
Wernberg, T., Smale, D. A., and Thomsen, M. S. (2012). A decade of climate change
experiments on marine organisms: procedures, patterns and problems. Global
Change Biology 18, 1491–1498.
Wolfowicz, I., Baumgarten, S., Voss, P. A., Hambleton, E. A., Voolstra, C. R., Hatta, M.,
et al. (2016). Aiptasia sp. larvae as a model to reveal mechanisms of symbiont
selection in cnidarians. Scientific Reports 6, 32366.
WWF (2018). Living Planet Report - 2018: Aiming Higher. Gland, Switzerland.
Xiang, T., Hambleton, E. A., DeNofrio, J. C., Pringle, J. R., and Grossman, A. R. (2013).
Isolation of clonal axenic strains of the symbiotic dinoflagellate Symbiodinium
and their growth and host specificity. J. Phycol. 49, 447–458.

210
Yang, S. (2018). otuSummary: Summarizing OTU Table Regarding the Composition,
Abundance and Beta Diversity of Abundant and Rare Biospheres. Available at:
https://CRAN.R-project.org/package=otuSummary.
Ye, S., Bhattacharjee, M., and Siemann, E. (2019). Thermal Tolerance in Green Hydra:
Identifying the Roles of Algal Endosymbionts and Hosts in a Freshwater
Holobiont Under Stress. Microbial Ecology 77, 537–545.
Yvon-Durocher, G., Caffrey, J. M., Cescatti, A., Dossena, M., Giorgio, P. del, Gasol, J.
M., et al. (2012). Reconciling the temperature dependence of respiration across
timescales and ecosystem types. Nature 487, 472.
Zaneveld, J. R., Burkepile, D. E., Shantz, A. A., Pritchard, C. E., McMinds, R., Payet, J.
P., et al. (2016). Overfishing and nutrient pollution interact with temperature to
disrupt coral reefs down to microbial scales. Nature Communications 7, 11833.
Zaneveld, J. R., McMinds, R., and Vega Thurber, R. (2017). Stress and stability:
applying the Anna Karenina principle to animal microbiomes. Nature
Microbiology 2, 17121.
Zhou, G., Yuan, T., Cai, L., Zhang, W., Tian, R., Tong, H., et al. (2016). Changes in
microbial communities, photosynthesis and calcification of the coral Acropora
gemmifera in response to ocean acidification. Scientific Reports 6, 35971.
Ziegler, M., Arif, C., Burt, J. A., Dobretsov, S., Roder, C., LaJeunesse, T. C., et al.
(2017a). Biogeography and molecular diversity of coral symbionts in the genus
Symbiodinium around the Arabian Peninsula. Journal of Biogeography 44, 674–
686.
Ziegler, M., Seneca, F. O., Yum, L. K., Palumbi, S. R., and Voolstra, C. R. (2017b).
Bacterial community dynamics are linked to patterns of coral heat tolerance.
Nature Communications 8, 14213.
Zoccola, D., Ganot, P., Bertucci, A., Caminiti-Segonds, N., Techer, N., Voolstra, C. R., et
al. (2015). Bicarbonate transporters in corals point towards a key step in the
evolution of cnidarian calcification. Scientific Reports 5, 9983.

