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Abstract To survive in nutrient-poor waters corals rely on
a symbiotic association with intracellular microalgae.
However, increased sea temperatures cause algal loss—
known as coral bleaching—often followed by coral death.
Some of the most compelling evidence in support of the
‘oxidative stress theory of coral bleaching’ comes from
studies that exposed corals, cultures of their algal
endosymbionts, or the coral model Exaiptasia diaphana to
exogenous antioxidants during thermal stress. Here, we
replicate these experiments using E. diaphana with the
addition of the antioxidants ascorbate + catalase, catechin,
or mannitol under ambient and elevated temperatures along
with an antioxidant-free control. In the absence of exoge-
nous antioxidants, E. diaphana exposed to elevated tem-
peratures bleached with no change in reactive oxygen
species (ROS) levels associated with their microalgal cells.
Ascorbate + catalase and mannitol treatments rescued the
anemones from bleaching, although microalgal ROS levels
increased in these antioxidant treatments under elevated
temperature conditions. While bleaching was not associ-
ated with changes in net ROS for the intracellular algal
symbionts, it is evident from our findings that excess ROS
is connected to the bleaching phenotype as exogenous
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antioxidants were successful in mitigating the effects of
thermal stress in cnidarians. This understanding may assist
applied research that aims to reduce the impact of climate
change on coral reefs.

Keywords Antioxidants - Bleaching - ROS - Oxidative
stress - Coral

Introduction

The severe loss of coral cover and subsequent decline of
coral reefs over the past several decades are primarily
driven by climate change-related increases in sea surface
temperature (SST) (Hughes et al. 2017; Stuart-Smith et al.
2018). A spike in SST during unusually hot summers can
trigger coral bleaching (Hughes et al. 2018; Hoegh-Guld-
berg et al. 2019), the dissociation of the coral host and its
endosymbiotic, dinoflagellate algae (Symbiodiniaceae). As
Symbiodiniaceae provide their coral hosts with most of
their organic carbon requirements (Muscatine and Porter
1977; Tremblay et al. 2014), this loss can lead to coral
death. Mass bleaching occurred on the Great Barrier Reef
(GBR) in 1998, 2002, 2016, 2017, and 2020 and caused
extensive coral mortality, with the 2016 and 2020 events
having been the most severe and widespread recorded
(Hughes and Pratchett 2020).

Several hypotheses describe the mechanisms that drive
bleaching (Weis 2008; Cunning and Baker 2012;
Wiedenmann et al. 2012; Wooldridge 2013), with a com-
mon theme being the transfer of accumulated reactive
oxygen species (ROS) from the algal symbiont to the
surrounding host cell. ROS are normal products of photo-
synthesis; the light-triggered splitting of water molecules in
the oxygen-evolving complex (OEC) and subsequent
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transfer of electrons from photosystem II (PSII) to photo-
system I (PSI) generate ROS in chloroplasts (Trubitsin
et al. 2014; Szabd et al. 2020). Singlet oxygen (102) can be
formed via energy transfer when ground-state molecular
oxygen interacts with chlorophyll triplets (Krieger-Liszkay
2005), a light-dependent process (Rehman et al. 2016). The
major site of superoxide (O, ™) production is the thylakoid
membrane-bound primary electron acceptor of PSI (as
reviewed in Szabé et al. 2020). This O, is further con-
verted to hydrogen peroxide (H,O,) within the chloroplast
mostly by superoxide dismutase (SOD) (Asada 1987).
Hydroxyl radicals (OH) are produced in the Haber—Weiss
or Fenton reactions through the interaction of H,O, and
O,e or directly from H,0, in the presence of transition
metals (Halliwell and Gutteridge 1990).

Symbiodiniaceae have evolved efficient strategies to
cope with the accumulation of ROS that are by-products of
photosynthesis (Warner and Suggett 2016), but these sys-
tems become overwhelmed during periods of thermal stress
when ROS production is increased. Elevated temperatures
can enhance the activity of photosynthetic enzymes (Igle-
sias-Prieto et al. 1992), driving increases in photosynthetic
rates for in hospite Symbiodiniaceae (Castillo and Helmuth
2005; Hoadley et al. 2016). ROS produced from this
amplified photosynthetic activity can trigger the oxidation
of essential photosynthetic molecules, such as the DI
protein in PSII (Lesser 1996; Krieger-Liszkay 2005; Wang
et al. 2011; Mathur et al. 2014). The damaged PSII is
normally repaired, but this process is sensitive to heat
(Takahashi et al. 2004, 2009) and excess ROS (Nishiyama
et al. 2006), which gives rise to reductions in PSII effi-
ciency, a metric noted for predicting bleaching suscepti-
bility (Takahashi et al. 2008; Dang et al. 2019b; Voolstra
et al. 2020). An increase in SST can also affect the stability
of thylakoid membranes (Hill et al. 2009; Diaz-Almeyda
et al. 2011), preceding the physiological damage from ROS
to which cells actually respond (Tchernov et al. 2004;
Downs et al. 2013). This damage to membrane integrity
can disturb PSI, PSII, and the OEC, while simultaneously
inducing the production of ROS (Farooq et al. 2016). The
resultant damage forms a positive feedback loop, leading
the even further production of ROS (Szabé et al. 2020).

Thermal stress can also inflate cnidarian host ROS
production. ROS generation by the mitochondrial electron
transport chain (mETC) increases due to thermally induced
high respiration or electron transport inhibition, indepen-
dent of photosynthetic activity (Oakley et al. 2017; Oakley
and Davy 2018). Hawkins and Warner (2017) found that
activity of the mETC in host and symbiont mitochondria
became destabilized in E. diaphana during thermal
bleaching, the consequences of which can include height-
ened Oye~ generation (Murphy 2009). Regardless of the
source, if not scavenged by the antioxidant network, the
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damage caused by ROS may trigger signaling cascades
ending with a breakdown of host-algae symbiosis (Weis
2008).

Many innovative approaches have been proposed to
mitigate bleaching and enhance coral survival during
thermal stress (van Oppen et al. 2015; Damjanovic et al.
2017; Peixoto et al. 2017; Dungan et al. 2021, 2022; Maire
and van Oppen 2021). Directly targeting ROS has been
investigated, with promising but limited evidence that
exposure to exogenous antioxidants can reduce ROS levels,
mitigate bleaching, or extend survival time in thermally
stressed corals (Lesser 1997; Nesa and Hidaka 2008, 2009;
Majerova and Drury 2021). In addition, the photosynthetic
performance of thermally stressed Symbiodiniaceae has
been shown to be improved and net ROS to be decreased
within hours of receiving a single antioxidant dose (Lesser
1996; Motone et al. 2020).

In this study, we applied the three exogenous antioxi-
dants (ascorbate + catalase, catechin, and mannitol;
Table 1) used in former studies to concurrently assess their
effect on bleaching and net ROS in the coral model, the sea
anemone Exaiptasia diaphana. We define net ROS as the
relative difference between ROS produced and ROS
scavenged by enzymatic and non-enzymatic antioxidants
and associated with the Symbiodiniaceae cell wall and
symbiosome lumen, the space between the host-derived
membranes in which the algal symbiont resides (symbio-
some) and the Symbiodiniaceae cell wall. This experiment
allowed us to address the following questions:

(1) Is thermal bleaching in E. diaphana, as defined by
the loss of Symbiodiniaceae cells, accompanied by
elevated net ROS?

(2) Can the addition of exogenous antioxidants mitigate
thermal bleaching?

(3) Do exogenous antioxidants harm the E. diaphana
holobiont?

Materials and methods
Experimental setup

Anemones from Great Barrier Reef (GBR)-sourced E. di-
aphana genotype AIMS3 were randomly selected from The
University of Melbourne culture collection (n = 256)
(Dungan et al. 2020). Anemones were equally distributed
among 12 x 300-mL lidded glass culture jars and placed
in an experimental incubator (Model No. LE-509, Ther-
moline Scientific, Australia) fitted with white light-emitting
diodes (15-20 pmol photons m=s™') on a 12-h/12-h
light/dark cycle. During acclimation (11 weeks), anemones
were maintained in reconstituted Red Sea Salt™ seawater
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Table 1 Antioxidants evaluated with anemones at normal (26 °C) and elevated (34 °C) temperatures

Antioxidant Target ROS target  Sigma-Aldrich catalog References
concentration number
Ascorbate + catalase 125 pM OH, O™, A4403 (Lesser 1996, 1997; Nesa and Hidaka 2009)
0,
250 U ml™! H,0, C1345
Catechin 5 uM 102, H,0, 43412 (Marty-Rivera et al. 2018)
Mannitol 10 mM OH M4125 (Lesser 1997; Nesa and Hidaka 2008, 2009; Majerova and

Drury 2021)

(RSS, R11065, Red Sea, USA) at ~ 34 parts per thousand
(ppt) salinity and fed ad libitum twice weekly with freshly
hatched Artemia salina (Salt Creek, Premium GSL, USA).
Jars were cleaned 3-5 h after feeding by loosening algal
debris with RSS pressure applied through sterile plastic
pipettes followed by full RSS changes. Anemones were
considered acclimated once their photosynthetic efficiency
(F\/F,), as measured by pulse-amplitude-modulated
(PAM) fluorometry with an imaging-PAM system (IMAG-
MAX/L, Walz Heinz, Germany), attained stable, healthy
levels as found in the stock culture collection. Seawater
temperatures were monitored using submersible data log-
gers (HOBO UA-001-08) (Fig. S1).

Three exogenous antioxidant treatments were assessed
for their effect on bleaching and net ROS, compared to a
no-antioxidant control (Table 1). Net ROS was quantified
using a fluorescent stain that is activated when oxidized
and quantified using flow cytometry. Visual health scores
were used to evaluate holobiont health after antioxidant
dosing. Stock antioxidants were made with Milli-Q water
at 100 x the target concentration and stored at — 20 °C in
several aliquots. On the day of dosing, thawed antioxidant
aliquots were diluted in 0.22-pm-filtered RSS (fRSS) to the
target concentration.

One day before the experiment commenced, anemones
were transferred from the lidded glass jars to sterile 12 well
plates in fRSS, with eight anemones per plate (one ane-
mone per well) in a random arrangement for a total of 32
plates (4 plates per antioxidant/temperature combination).
Given the GBR E. pallida are extremely light sensitive,
low light levels were used. When light levels > 20 pmol
photons m~2 s were tested, F W/ Fy, values did not recover
and we therefore conducted the experiment with
1520 pmol photons m™= s~ on a 12-h/12-h light/dark
cycle. In the elevated temperature treatment, anemones at
26 °C were ramped up by 1 °C day ™', at 11 h into the light
cycle (Fig. 1). By Day 6, elevated temperature treatments
reached 32 °C, on Day 10 the temperature was increased to
33 °C, then to 34 °C on Days 11 and 12, respectively.
Starting on Day 0, anemones were immersed in respective

antioxidant treatments as described in Table 1. fRSS plus
antioxidant changes were completed every second day.
Anemone plates were randomly rearranged each day inside
the incubator to remove plate position as a confounding
factor.

Symbiodiniaceae photochemical efficiency
measurement

Photochemical efficiency (F\/F,,) of PSII in Symbiodini-
aceae is a commonly used proxy for general holobiont
health as lowered F,/F,, indicates PSII damage (Ralph
et al. 2016). F,/F,, was measured by imaging-PAM fluo-
rometry of the anemone bodies and proximal tentacles at
5 hinto the light cycle and after 30 min of dark adaptation.
PAM settings were: saturating pulse intensity 8, measuring
light intensity 2 (frequency 1), damping 2, and gain 2 to
achieve a F of 0.1-0.3.

Anemone tissue processing

On Day 0, five anemones were sacrificed for Symbiodini-
aceae cell counts, host protein quantification, chl a fluo-
rescence, and ROS quantification to document initial
control conditions. On Day 13, five anemones per treat-
ment were killed for chl a fluorescence and ROS quan-
tification, while 13 anemones in each treatment were used
to measure Symbiodiniaceae cell counts and host protein
concentrations. Anemones were individually homogenized
in a sterile glass homogenizer in 1 mL of fRSS from their
well. Homogenate for chl a fluorescence and ROS quan-
tification was processed immediately, while aliquots for
Symbiodiniaceae cell density and host protein measure-
ment were stored at — 20 °C until quantification.

Symbiodiniaceae cell density and host protein
analysis

The — 20 °C preserved homogenate was centrifuged at
5000 x g for 5 min at 4 °C to pellet the Symbiodiniaceae,
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Fig. 1 Antioxidant dosing and sampling schedule for each antiox-
idant—temperature combination. Temperature conditions: ambient
(26 °C, blue) and elevated (26 °C-34 °C, red). Antioxidant water
changes were completed every second day for the duration of the
experiment, beginning on Day 0. Stars indicate processing of five
anemones from each treatment for Symbiodiniaceae cell density

and 100 pL of the supernatant collected for host protein
analysis. Pelleted Symbiodiniaceae were washed with
200 pL fRSS and centrifuged at 5000 x g for 5 min at
4 °C and then resuspended in 200 pL fRSS. Triplicate cell
counts (cells mL_l) were calculated with an automated cell
counter (Countess II FL, Life Technologies, Australia)
from 10 pL of sample. Cell counts were normalized to host
protein (mg mL™') determined by the Bradford assay
(Bradford 1976). Each protein sample was assayed in
triplicate and measured at 595 nm (EnSpire MLD2300
plate reader, PerkinElmer, Australia) against bovine serum
albumin standards (500-0207, Bio-Rad, Australia).

ROS and chlorophyll a fluorescence quantification

Anemone ROS levels were quantified with CellROX®
Orange (C10443, Thermo Fisher, Australia). A volume of
4 pL of CellROX® Orange (stock at 500 pM in dimethyl
sulfoxide (DMSO)) was added to 400 pL of the sample and
4 puL. of DMSO was added to the remaining 400 pL as a
control. Both were incubated at sample experimental
temperatures for 60 min. Samples were filtered through a
40-pum cell strainer (pluriSelect) and vortexed before pro-
cessing with a CytoFLEX LX flow cytometer (Beckman
Coulter) at a speed of 10 uL min~'. Autofluorescent events
strongly excited by the 488 nm laser at emissions
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measurements, chl a fluorescence, and ROS quantification. An
additional eight anemones were collected on Day 13 for Symbiodini-
aceae cell density determination only. Health scoring and imaging
PAM were carried out every day at approximately 5 h into the light
cycle

525 + 20 nm and 690 £ 25 nm were used to gate the
Symbiodiniaceae cells and separate them from anemone
debris. A forward scatter-height/side scatter-height (FSC-
H/SSC-H) plot was then used to select homogenous cells,
and singlets were gated on a FSC-H/FSC-Area plot. The
CellROX® Orange signal was quantified on singlets gated
on previous plots with 561 nm excitation (emission
585 4+ 21 nm) (Fig. S2). At least 5000 Symbiodiniaceae
singlets per sample were processed, except in samples
where Symbiodiniaceae density was low because of
advanced bleaching, where between 700 and 2000 singlets
per sample were processed. For each sample, the median
CellROX® Orange signal of the unstained sample was
subtracted from the corresponding stained sample to
account for symbiont autofluorescence. Chl a fluorescence
was also quantified from the gated singlets using 488 nm
excitation (emission 690 4+ 25 nm) (Bouchard and Yama-
saki 2008).

Prior to ROS quantification and to confirm the flow
cytometry results, stained and unstained samples used for
flow cytometry were pipetted onto poly-L-lysine (0.1% w
v~ ! in Milli-Q water)-coated coverslip-bottom well slides
(Ibidi). Slides were then visualized with an inverted con-
focal laser scanning microscope (CLSM, Nikon A1R) by
excitation at 561 nm (emission 595 + 20 nm).
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Fig. 2 Anemone health was
visually scored on a scale of 4 to
0. Anemones with a score of 4
(top) had fully extended bodies
and tentacles, actively fed, and
responded to water movement;
anemones with a score of 3
(left) had curled tentacles and
partially withdrawn bodies but
actively fed and responded to
water movement; anemones
with a score of 2 (bottom) had
fully retracted bodies with
shortened tentacles and showed
reduced response to water
movement and reduced feeding;
anemones with retracted
tentacles and/or did not respond
to water movement or feeding,
but were not dead, were given a
health score of 1 (right); dead
anemones received a score of 0.
No scale bar

Anemone health

Anemones were assessed daily for overall health via a
qualitative health score (Fig. 2), immediately following
imaging-PAM fluorometry.

Data analysis

All data were analyzed in R v4.0.3 (R Core Team 2018).
Statistical tests were considered significant at o = 0.05.
Dark-adapted F,/F,,, Symbiodiniaceae cell density, chl
a fluorescence, and ROS measurements were plotted using
the R package ggplot2 (Wickham 2020) with data sepa-
rated by temperature condition. These physiology param-
eters were analyzed for overall differences between
treatments on Day 13 using linear mixed-effects analyses
(with Ime in the R package nlme; Pinheiro et al. 2019),
using temperature, antioxidant, and their interaction as
fixed effects and well plate as a random effect. Post hoc
pairwise comparisons were made using Tukey’s honestly
significant difference test (Tukey 1949) in the R package
emmeans (Searle et al. 1980) with Tukey’s adjustment for
multiple comparisons to identify where differences occur-
red. Exploratory graphical analyses of residuals were used
to confirm that assumptions of homogeneity of variance,
normality, and independence were met for all linear

regression modeling. Symbiodiniaceae cell count data were
log-transformed to meet these assumptions.

Results

Bleaching, photosynthetic efficiency,
and chlorophyll a

On Day 13, Symbiodiniaceae density for E. diaphana was
significantly reduced under elevated compared to ambient
temperature (F(; 24y = 25.78, p < 0.0001). However, pair-
wise comparisons showed that this difference was not
consistent between antioxidant treatments. There was a
significant reduction in Symbiodiniaceae cell density
between ambient and elevated temperature for the control
(t2ay = 4.27, p = 0.0003) and catechin-treated anemones
(t24) = 2.53, p = 0.0186), with no significant changes for
ascorbate 4 catalase or mannitol-treated anemones
(Fig. 3A).

Photosynthetic efficiency was measured each day for the
duration of the experiment (Fig. S3). A linear mixed effect
model revealed a significant interaction of antioxidant dose
and temperature on F,/F,, on Day 13 (F322) = 3.06,
p = 0.0494). Pairwise comparisons showed that anemones
in the ambient temperature condition had a significantly

@ Springer
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Fig. 3 Bleaching metrics of A Symbiodiniaceae cell density
normalized to host protein, B photosynthetic efficiency (F,/F,),
C Chl a fluorescence, and D net ROS D measured on Day 13 from
anemones reared at ambient (light colors) or elevated (dark colors)
temperature for the no-antioxidant control (purple), ascorbate + cata-
lase (orange), catechin (green), and mannitol (blue) antioxidant
treatments. Chl a fluorescence of Symbiodiniaceae cells was

higher F,/F,, compared to those exposed to elevated tem-
perature for each antioxidant treatment. There were no
significant differences between antioxidant treatments
under ambient temperature conditions (Table S1). Under
elevated conditions, however, mannitol-treated anemones
had a significantly higher F,/F,, compared to the no-an-
tioxidant controls (Table S2; Fig. 3B).

There was a significant interaction of antioxidant treat-
ment and temperature on chl a fluorescence (F(3 4y = 4.42,
p =0.013) (Fig. 3C). Only ascorbate 4 catalase-treated
anemones had a significant response to temperature; these
anemones at ambient temperature had a significantly higher
chl a fluorescence compared to the elevated temperature
(t(24) = 4.066, p = 0.0004). In both ambient and elevated
conditions, anemones in the ascorbate + catalase treatment
had significantly higher chl a fluorescence compared to all
other antioxidant treatments and controls (p < 0.0001).
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measured as median emitted fluorescent signal (488/690 (excitation/
emission)), with n =5 per treatment. Net ROS was measured as
signal intensity of CelROX® Orange stained Symbiodiniaceae cells
sorted from anemone homogenate, where signal intensity was
normalized by subtracting the median signal of unstained cells to
control for autofluorescence. n =5 per treatment for net ROS.
Asterisks indicate significant pairwise differences

Net ROS in Symbiodiniaceae cell wall
and symbiosome lumen

CLSM confirmed that ROS increased the CellROX®
Orange signal and that antioxidant addition reduced
CellROX® Orange signal in the Symbiodiniaceae cell wall
and symbiosome lumen (Fig. S4). On Day 13, net ROS
varied significantly with the interaction of antioxidant
treatment and temperature (F(324) = 8.90, p = 0.0004)
(Fig. 3D). At elevated temperature, ascorbate + catalase-
and mannitol-treated anemones had higher CellROX®
Orange staining compared to the corresponding antioxidant
treatment at ambient temperature (fascicar2ay = 7-31,
p < 0.0001; fmanay = 3.62, p = 0.0014). There were no
significant differences, however, in net ROS between
ambient and elevated temperature for the control (no
antioxidant) or catechin treatments. At elevated
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temperature, only ascorbate + catalase-treated anemones
had significantly increased CellROX® Orange signal
compared to the no-antioxidant controls (o4 = 7.11,
p < 0.0001), with no differences in net ROS at ambient
temperature between antioxidant treatments.

Anemone health response to antioxidants

By Day 7, anemones in the ascorbate 4 catalase treatment
in both temperatures showed a drastic decline in health.
The health score rating for these two groups continued to
decline until the conclusion of the experiment. By Day 11,
all elevated temperature anemones displayed reduced
health compared to the ambient anemones for each
antioxidant treatment. This difference was subtle, however,
for all but the ascorbate 4 catalase treatment anemones.
Anemones in the ascorbate + catalase were also visibly
darker than all the other treatments, regardless of
temperature.

Discussion

Thermal bleaching was not accompanied by elevated
ROS in algal symbionts

In the absence of exogenous antioxidants, E. diaphana
exposed to elevated temperatures had significantly reduced
Symbiodiniaceae cell densities compared to control ane-
mones at ambient temperature, thus confirming that ele-
vated temperature induced bleaching. Moreover, although
there was no evidence of chl a pigment bleaching, there
was a significant decline in photochemical health (F/F\,).
However, despite the observed heat-related impacts, we
detected no significant change in net ROS for sorted
Symbiodiniaceae cells.

The observed bleaching response in the absence of
elevated Symbiodiniaceae cell wall and symbiosome
lumen-associated ROS corresponds with other studies that
show that bleaching can occur without a flux of photo-
synthetically produced ROS from Symbiodiniaceae to the
surrounding host cell (Tolleter et al. 2013) and with dis-
crepancies in enzymatic antioxidant activity between host
and symbiont tissue portions (Krueger et al. 2015), raising
questions about the importance of symbiont-derived ROS
in initiating cnidarian bleaching. Nielsen et al. (2018)
found that bleaching independent of ROS can occur with
thermal stress, corroborating field observations that coral
ROS production is unrelated to bleaching status (Diaz et al.
2016).

Despite the literature reporting variability in net ROS
levels from Symbiodiniaceae when exposed to elevated
temperatures, there is support for the production of H,O, in

the thylakoid lumen and stroma during photosynthesis
(Szabé et al. 2020). While H,O, can easily pass through
chloroplast membranes and accumulate in the Symbio-
diniaceae cytosol (Mubarakshina et al. 2010; Borisova
et al. 2012), the theory that H,O, leaks from the Symbio-
diniaceae cytosol, through the symbiosome lumen, and into
the coral host cell is incomplete (Oakley and Davy 2018).
Dye trace measurements have shown that ROS produced
by isolated Symbiodiniaceae cells can leak into their sur-
rounding media (Tchernov et al. 2004) and symbiotic
Stylophora pistillata produce twice as much O,e™ as their
aposymbiotic counterparts in the light (Saragosti et al.
2010), but no studies have tracked the production and
movement of ROS from Symbiodiniaceae in hospite. With
the recent availability of cell cultures (Kawamura et al.
2021), real-time imaging to track the production and
movement of ROS in vivo becomes highly feasible.

Exogenous antioxidants prevented bleaching
in E. diaphana

Antioxidant treatment resulted in bleaching resistance in
the case of mannitol and ascorbate + catalase inoculation,
but not for catechin dosed anemones. Treatment with
mannitol also led to a significant increase in F,/Fy, under
elevated temperature compared to the no-antioxidant con-
trols. F,/Fy, has been described as a proxy for thermal
stress response in corals (Ralph et al. 2016; Voolstra et al.
2020) and Symbiodiniaceae cultures (Ragni et al. 2010;
Goyen et al. 2017; Dang et al. 2019a) with higher or
retained F\/F, values, indicating increased bleaching
resistance during stress events. The stability in photo-
chemistry was accompanied by stable algal densities.
Ascorbate and mannitol both protect against oxidative
damage by-OH, which can be produced in eukaryotic cells
via the Haber—-Weiss or Fenton reactions through the
interaction of H,O, and O,e™ or directly from H,0, in the
presence of transition metals (Halliwell and Gutteridge
1990). H,0, is ubiquitously formed during cellular respi-
ration and its rate of production in eukaryotic mitochondria
has been linked with metabolic state (Boveris et al. 1972),
which can be severely impacted in corals experiencing
thermal stress (Bahr et al. 2018; Oakley and Davy 2018).
Further, O,®™ can be generated by the mETC during
thermal stress in eukaryotic cells (Murphy 2009). Oxida-
tive damage from excess ROS, such as -OH or O,e™, may
be in the form of enzyme inactivation, lipid peroxidation,
or DNA damage (Baird et al. 2009). Host DNA damage
followed by programmed cell death is associated with coral
bleaching (Weis 2008; Majerova et al. 2020; Majerova and
Drury 2021). If the exogenous addition of mannitol or
ascorbate leads to the quenching of -OH or O, in
cnidarian host tissues, we would expect increased
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resistance to oxidative stress and reduced DNA damage,
potentially explaining why mannitol and ascor-
bate + catalase addition mitigated bleaching.

In addition to our work here on E. diaphana, a handful
of other studies have also observed beneficial effects of
exogenous mannitol or ascorbate 4 catalase addition to
corals during periods of thermal stress. Agaricia tenuifolia
colonies exposed to elevated temperatures in the presence
of mannitol or ascorbate + catalase lost significantly fewer
Symbiodiniaceae cells compared to no-antioxidant controls
with photosynthesis and respiration rates indistinguishable
from their pre-temperature stress rates (Lesser 1997). The
addition of mannitol to coral cell cultures extended Pavona
divaricata tissue survival at elevated temperature (Nesa
and Hidaka 2009), but ROS levels were not recorded. Nesa
and Hidaka (2009) also found that an ascorbate + catalase
treatment significantly increased survival time for Fungia
sp. tissue cultures at 31 °C. Another study revealed that the
addition of mannitol was associated with a significant
decrease in host P. divaricata DNA damage at elevated
temperatures compared to the no-antioxidant controls
(Nesa and Hidaka 2008). More recently, mannitol addition
to Pocillopora acuta reduced host DNA damage during
thermal stress to levels similar to the ambient controls
(Majerova and Drury 2021). The cumulative results from
these studies and our current work suggest that increased
biologically available antioxidants could potentially miti-
gate bleaching and prolong the life of corals during periods
of thermal stress, a promising avenue for assisted evolution
approaches.

Ascorbate + catalase treatment was lethal
to anemones

Based on the promising results of previous studies (Lesser
1996, 1997; Nesa and Hidaka 2009), we dosed anemones
with a combination of ascorbate (125 pM) and catalase
250 U rnlfl). Ascorbate is a water-soluble non-enzymatic
antioxidant with limited scavenging of -OH but dominant
in vivo scavenging of O, and '0, (Zhitkovich 2021).
Catalase on the other hand is an enzymatic antioxidant
efficient at scavenging H,O,. Ascorbate and catalase were
used in concert by Lesser (1996) to prevent the accumu-
lation of peroxide as ascorbate was being oxidized (M.
Lesser, pers. comm.). Anemones in this treatment had
significantly increased chl a fluorescence, regardless of
temperature. Exogenous addition of ascorbate to plants
(i.e., maize, wheat, barley) has resulted in increased
chlorophyll content (Akram et al. 2017), suggesting that
ascorbate is driving the change we see here in Symbio-
diniaceae chl a fluorescence. An increase in chl a per
Symbiodiniaceae cell can be used to cover higher meta-
bolic demands under lower photosynthetic efficiencies
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(Iglesias-Prieto et al. 1992). This chl a boost in ascor-
bate 4 catalase-treated anemones with the accompanying
capacity to maintain higher metabolic rates may explain
why these anemones did not bleach but had significantly
higher net ROS levels under elevated temperatures. How-
ever, the health of the ascorbate + catalase dosed ane-
mones declined after Day 7, regardless of temperature.
Additionally, several anemones in this treatment group,
particularly under elevated temperature, died prior to
sampling, driving the low sample size available for Sym-
biodiniaceae cell density and F,/F,, measurements. For
those anemones that survived, this group had the lowest F,/
F, values on Day 13.

Mitigation of bleaching by mannitol
was accompanied by higher net ROS

Compared to ambient temperature, there was no change in
Symbiodiniaceae cell density for mannitol-treated ane-
mones under elevated temperature conditions, suggesting
that anemones did not bleach. Anemones receiving this
treatment, however, had a significant increase in Symbio-
diniaceae-associated net ROS from ambient to elevated
temperature. Thus, the mitigation of bleaching by mannitol
was not associated with lower Symbiodiniaceae ROS
levels. It is possible that the presence of mannitol reduced
the natural production of antioxidants by the host and
symbionts, thus allowing ROS to accumulate around the
Symbiodiniaceae cell wall and in the symbiosome lumen,
though this is speculative and warrants further investiga-
tion. Higher ROS levels in these anemones that did not
bleach under elevated temperature challenge the ‘oxidative
stress theory of coral bleaching’ in the context that ROS
fluxes from Symbiodiniaceae alone were not enough to
cause bleaching.

Role for host-derived ROS in cnidarian bleaching

The oxidative theory of coral bleaching postulates that
H,0,; derived from photo-oxidative stress in Symbiodini-
aceae might leak into the host tissue when symbiont
antioxidant defenses are overwhelmed in heat-stressed
corals (Downs et al. 2002). Our results show that anemone
bleaching does not necessarily involve a connection to
ROS fluxes between host and symbiont as there were no
significant increases in ROS associated with Symbiodini-
aceae in anemones that bleached. Changes in Symbio-
diniaceae net ROS as a result of exposure to elevated
temperature are highly variable by species (Lesser
1996, 2019; Suggett et al. 2008; McGinty et al. 2012;
Rehman et al. 2016; Wietheger et al. 2018), with obser-
vations of bleaching in the absence of photosynthetically
produced ROS (Tolleter et al. 2013). It is evident from our
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findings and other antioxidant dosing studies, however, that
excess ROS is connected to the bleaching phenotype as
exogenous addition of ascorbate + catalase (this study;
Lesser 1997; Nesa and Hidaka 2009) or mannitol (this
study; Lesser 1997; Nesa and Hidaka 2008, 2009; Majer-
ova and Drury 2021) has been successful in mitigating the
effects of thermal stress in cnidarians. We speculate that
host-derived ROS levels may play a larger role in the coral
bleaching response than previously thought as they would
increase in parallel with respiration rates in thermally
stressed corals (Edmunds 2004; Oakley and Davy 2018;
Radecker et al. 2021). This hypothesis is supported by
increased scavenging of H,O, in host tissue at high tem-
peratures (33 °C) in both Acropora millepora and Mon-
tipora digitata (Krueger et al. 2015), and the consistent
upregulation of host genes encoding ROS scavengers in
response to elevated temperatures (Louis et al. 2017).

Limitations of the study

While ascorbate + catalase mitigated bleaching, this
antioxidant treatment caused extensive mortality. High
concentrations of antioxidants can be detrimental in bio-
logical systems (Villanueva and Kross 2012). Future
experiments should explore their application independently
with toxicity tests to determine how each antioxidant might
contribute to bleaching rescue and which concentration
would be most suited. While CellROX® reagents have
been used extensively in cnidarian studies (Levin et al.
2016; Cziesielski et al. 2018; Gegner et al. 2019; Buerger
et al. 2020; Radecker et al. 2021; Snyder et al. 2021), the
rate constants of these reactants with different ROS have
not been published. Future studies should use probes to
track specific ROS (Mattila et al. 2015) in vivo for coral
cell cultures to elucidate how each ROS individually may
be involved in the bleaching process. While this study
provides support for the role of non-photosynthetically
produced ROS in cnidarian bleaching, the mechanism by
which it is produced and leads to bleaching is still one of
coral biology’s greatest mysteries.

Studies on the establishment, maintenance, and break-
down of E. diaphana—Symbiodiniaceae symbiosis have
proven vital to coral research, but we do recognize that E.
diaphana and corals have their clear differences. The
symbiosis between E. diaphana and their Symbiodiniaceae
endosymbionts is facultative, unlike the obligate symbiosis
between scleractinian corals and Symbiodiniaceae. GBR-
sourced E. diaphana require very low light levels, such as
provided in shaded or deep reef habitats; conversely,
shallow unshaded GBR coral habitats can average
1400 pmol photons m~> s~ over the course of a day
(Bainbridge 2017). These differences in light levels would
influence photosynthetic activity and resultant ROS

production. Given the ecological differences between E.
diaphana and reef building corals, we caution against
direct comparisons between the two. However, E. di-
aphana will remain crucial to the development of tools to
document and understand symbiosis as well as in devel-
oping and trialling strategies to mitigate the effects of
climate change on corals.
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