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Abstract Coral bleaching—the stress-induced collapse

of the coral–Symbiodinium symbiosis—is a significant

driver of worldwide coral reef degradation. Yet, not all

corals are equally susceptible to bleaching, and we lack a

clear understanding of the mechanisms underpinning their

differential susceptibilities. Here, we focus on cellular

redox regulation as a potential determinant of bleaching

susceptibility in the reef coral Stylophora pistillata. Using

slow heating (1 �C d-1) and altered irradiance, we induced

bleaching in S. pistillata colonies sampled from two depths

[5–8 m (shallow) and 15–18 m (deep)]. There was signif-

icant depth-dependent variability in the timing and extent

of bleaching (loss of symbiont cells), as well as in host

enzymatic antioxidant activity [specifically, superoxide

dismutase and catalase (CAT)]. However, among the coral

fragments that bleached, most did so without displaying

any evidence of a host enzymatic antioxidant response. For

example, both deep and shallow corals suffered significant

symbiont loss at elevated temperature, but only deep

colonies exposed to high temperature and high light dis-

played any up-regulation of host antioxidant enzyme

activity (CAT). Surprisingly, this preceded the equivalent

antioxidant responses of the symbiont, which raises ques-

tions about the source(s) of hydrogen peroxide in the

symbiosis. Overall, changes in enzymatic antioxidant

activity in the symbionts were driven primarily by irradi-

ance rather than temperature, and responses were similar

across depth groups. Taken together, our results suggest

that in the absence of light stress, heating of 1 �C d-1 to

4 �C above ambient is not sufficient to induce a substantial

oxidative challenge in S. pistillata. We provide some of the

first evidence that regulation of coral enzymatic antioxi-

dants can vary significantly depending on habitat, and, in

terms of determining bleaching susceptibility, our results

suggest a significant role for the host’s differential regu-

lation of cellular redox status.
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Introduction

The productivity of coral reefs depends on a symbiosis

between reef corals and photosynthetic dinoflagellates

(Symbiodinium) (Muscatine and Hand 1958; Davy et al.

2012). Despite their ecological success, reef corals are

sensitive to high temperature and high light, which induce a

pathology known as coral bleaching. Bleaching describes

the whitening of coral tissues due to the loss of symbiont

cells and pigments (Goreau 1990; Lesser 2011). The
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consequences of prolonged/intense bleaching include

reduced host growth and immunity (Mydlarz et al. 2010;

Grottoli et al. 2014), as well as partial- or whole-colony

mortality (Jones 2008). Bleaching responses are taxonomi-

cally and spatially heterogeneous, depending on the genetic

identity of host and symbiont (Berkelmans and van Oppen

2006; Baird et al. 2008; Kenkel et al. 2013; Silverstein et al.

2014), life-history aspects of the symbiosis (Putnam et al.

2012), previous exposure to stress (Bellantuono et al. 2012;

Guest et al. 2012) and habitat characteristics such as water

depth and shading (Lesser et al. 1990; Glynn et al. 2001;

Lesser and Farrell 2004; Fabricius 2006). Despite much

effort, our understanding of corals’ differing bleaching

susceptibilities remains superficial, since it is unclear how

they emerge from the regulation of fundamental aspects of

coral cell biology (see Traylor-Knowles and Palumbi 2014).

One mechanism that could influence the coral bleaching

response is the regulation of redox homeostasis, particularly

the prevention of a redox imbalance (in favour of pro-oxi-

dants) that might result from temperature and light stress

(Lesser 1997, 2011). The initial site of stress is thought to be

Symbiodinium chloroplasts, where excess heat and light

inhibit light-harvesting and carbon-fixation mechanisms

(Jones et al. 1998; Warner et al. 1999) and promote the

generation of reactive oxygen species (ROS) (Lesser 2006).

Initially, the ROS include molecules such as the superoxide

anion (O2
�-)—produced via the Mehler reaction at photo-

system I—and singlet oxygen (1O2), a product of interac-

tions between oxygen and triplet chlorophyll (Asada and

Takahashi 1987; Krieger-Liszkay 2005). The high reactivity

of O2
�- and 1O2, and their limited capacity for diffusion

(Winterbourn 2008) mean that their effects are probably

localised to the Symbiodinium cell. However, the host

almost certainly generates its own superoxide during coral

bleaching, driven in part by the effects of temperature on

mitochondrial integrity (Dunn et al. 2012).

Corals and Symbiodinium possess antioxidant mecha-

nisms that ordinarily keep cellular ROS concentrations

within a tolerable range and thus play an important role in

redox homeostasis (Lesser and Shick 1989; Nii and Mus-

catine 1997; Richier et al. 2005). These include components

of the glutathione cycle as well as superoxide dismutase

(SOD) enzyme, which converts superoxide to hydrogen

peroxide (H2O2) (Bowler et al. 1994; Halliwell 2006). H2O2

is particularly interesting in the context of an endosymbiosis,

as it has a greater ability to travel through cell membranes

than do other ROS, which are often polar (e.g., superoxide)

and/or extremely reactive (e.g., hydroxyl radicals) (Winter-

bourn 2008). H2O2 is detoxified by a range of mechanisms

including ascorbate peroxidase (APX) enzyme in Symbio-

dinium chloroplasts and by catalase (CAT) enzymes in both

partners (Lesser et al. 1990; Krueger et al. 2014). Indeed,

while cells employ numerous antioxidant strategies at any

one time, the SOD–APX and SOD–CAT mechanisms are

the dominant enzymatic antioxidant pathways in eukaryotes

(Asada 1999; Halliwell 2006).

Bleaching in heat-/light-stressed corals is thought to

result from symbiont antioxidant mechanisms becoming

overwhelmed by endogenous ROS (Downs et al. 2002;

Lesser 2006), with the resultant excess H2O2 causing dam-

age to host and symbiont cells and/or activating host sig-

nalling pathways that lead to the degradation or ejection of

the symbiont (Weis 2008; Tchernov et al. 2011). Intracel-

lular ROS and reactive nitrogen species (RNS) concentra-

tions vary among different Symbiodinium species during

stress and may correlate negatively with thermal tolerance

(Suggett et al. 2008; Hawkins and Davy 2012). Different

Symbiodinium species also have differing antioxidant

capacities (McGinty et al. 2012; Krueger et al. 2014), but

little is known about intraspecific variability in Symbio-

dinium antioxidant regulation (e.g., in different environ-

ments). Significant variability in antioxidant regulation has

also been observed for host species and phenotypes (Shick

et al. 1995; Yakovleva et al. 2004; Pontasch et al. 2014).

Yet, beyond a large number of short-term laboratory studies

applying often rapid heating rates or UV stresses (Lesser

1996; Nii and Muscatine 1997; Lesser and Farrell 2004;

Suggett et al. 2008; Tchernov et al. 2011), few investigations

have addressed the possibility that differing redox buffering

capacities might influence corals’ susceptibilities to

bleaching. This is particularly true regarding intraspecific

spatial variability in bleaching responses during a thermal/

photic stress event (Glynn et al. 2001; Fabricius 2006).

The aim of this study was to investigate the links between

abiotic stress, enzymatic antioxidant activity and bleaching

in a reef coral sampled across a defined environmental gra-

dient and exposed to both heat and light stress. We used the

stress-sensitive coral Stylophora pistillata as a study organ-

ism, since its susceptibility to bleaching may differ with

depth, depending on the identity of the in hospite Symbio-

dinium community (Sampayo et al. 2008). We hypothesised

that high temperature and/or light stimulates corals’ protec-

tive enzymatic antioxidant responses. Assuming photoox-

idative stress in the symbiont to be the primary event in the

bleaching cascade (Warner et al. 1999; Lesser 2006), we

predicted that antioxidant up-regulation would be visible

initially in Symbiodinium cells and then subsequently in the

host, and that it would be most apparent in corals sampled

from shallow areas (exposed to naturally higher irradiances

and potentially better able to respond to transitory increases

in ROS generation). We also predicted that the protective

enzymatic antioxidant response would precede the onset of

bleaching (defined as the loss of symbiont cells and/or their

pigments) and that a negative correlation would be apparent

between the magnitude and timing of antioxidant response

and the intensity of bleaching. Specifically, we expected
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corals from the shallow reef zone acclimated to high incident

light to display greater levels of antioxidant up-regulation

and undergo less intense bleaching than deep corals accli-

mated to low irradiances (and, hypothetically, lower ROS

fluxes). Here, we report data that have implications for our

understanding of the roles of temperature and light in driving

coral antioxidant physiology, and the importance of antiox-

idant regulation in structuring the bleaching susceptibility of

corals in different environments.

Materials and methods

Collection, acclimation and treatment of coral

fragments

Eight colonies of Stylophora pistillata (brown colour morph)

were sampled using SCUBA from the reef slope at Harry’s

Bommie, Heron Island, Great Barrier Reef (23�2604300S,

151�5405300E) across two depths [5–8 m (henceforth referred

to as shallow) and 15–18 m (deep), n = 4 colonies per depth].

Colonies (designated S1–S4 and D1–D4 for shallow and deep,

respectively) were separated by at least 10 m (to minimise the

likelihood of sampling genetic clones) and were sampled from

the substrate using wire cutters. Care was taken to ensure that

colonies were from similar habitats within each depth range

and, to minimise within-colony variability, fragments were

removed only from the outside of colonies. Coral fragments

were transported to Heron Island Research Station fully

immersed in light-proof containers, placed in flow-through

aquaria under shade cloth (flow rate 3 L min-1, irradiance

100 lmol photons m-2 s-1) and left for 24 h. Subsequent

fragmentation resulted in a collection of sixteen 3- to 5-cm

fragments per colony, each mounted onto 1-cm-long sections

of pipe using epoxy putty (Aqua Knead-It; Selleys, Padstow,

Australia). Aerial exposure was minimised, and fragments

were immediately transferred to flow-through seawater tanks

after mounting (flow rate 1 L min-1). Fragments were sub-

sequently allowed to recover for 8 d at 28 �C (mean

27.92 �C ± 0.78 SD). Shade cloth was used to deliver light

intensities comparable to those at the sampling depths [colo-

nies D1–D4: ca. 10 % of incident photosynthetically active

radiation (PAR) = low light; S1–S4: ca. 25 % of incident

PAR = high light]. Midday light intensities at the sampling

sites were determined by holding a light-sensitive HOBO

logger (Onset Computer Corporation, Bourne, MA, USA)

with the light-meter facing vertically upwards for 10 min at

a depth of either 6 m or 16 m. Measured irradiances (100

and 500 lmol photons m-2 s-1, respectively) were similar

to those reported previously for this site (Sampayo et al.

2008).

The response of corals to elevated temperature is

strongly influenced by irradiance (Lesser and Farrell 2004).

We therefore applied a reciprocal transplant experimental

design, whereby fragments from each colony were hap-

hazardly transferred to novel photic environments (i.e.,

deep fragments to high light and shallow fragments to low

light). To control for effects of handling, control fragments

were removed and replaced in their original positions, with

aerial exposure minimised to no more than a few seconds.

Half of the fragments were heated by 1 �C d-1 to 32 �C
(mean 31.7 �C ± 0.59 SD; Fig. 1a), and water tempera-

tures were monitored using HOBO loggers (10 min sam-

pling interval). Maximum temperature in the heated tank

was maintained for 4 d. Fragments were rotated and moved

daily within each treatment, and the experiment was ter-

minated after 7 d. Incident PAR was recorded using a light

metre (LI-COR Quantum LI-189 with cosine sensor; LI-

COR Inc., Lincoln, NE, USA).

In hospite symbiont chlorophyll a fluorescence

Photosystem II (PSII) efficiency was measured daily using

pulse amplitude modulation fluorometry (Diving-PAM,

Walz, Effeltrich, Germany). Effective (Fq
0/Fm

0) and maxi-

mum (Fv/Fm) quantum yields were recorded at noon and

30 min after sunset, respectively. Nonphotochemical

quenching was not calculated, as light- and dark-adapted

measurements of identical locations on the same fragment

could not be guaranteed.

Fragment sampling and processing

Coral fragments (one from each of four replicate colonies

per treatment) were sampled shortly after midday at t = 0,

3, 5 and 7 d after temperature ramping. Fragments were

snap-frozen in liquid N2 and stored at -80 �C. All subse-

quent steps were carried out at 4 �C or on ice, and reagents

were obtained from Sigma–Aldrich (Auckland, New

Zealand) unless otherwise indicated.

Coral tissue was removed by airbrushing into 5–10 mL

of lysing buffer (50 mM potassium phosphate, 0.1 mM

EDTA, 10 % [v/v] glycerol, pH 7.0). The tissue suspension

was homogenised for 10 s with a rotor–stator homogeniser

(Labserv D-130, Thermo Fisher Scientific, Albany, New

Zealand), and duplicate aliquots were removed for Sym-

biodinium pigment and density analysis, respectively. An

additional 100-lL sample was removed and stored at

-80 �C for Symbiodinium genotyping. The aliquot for

pigment analysis was centrifuged (30009g, 5 min), the

supernatant removed and the algal pellet stored at -20 �C
in the dark. The symbiont density sample was fixed with

10 lL Lugol’s solution. The remaining coral homogenate

was centrifuged (15009g, 5 min), and the supernatant

(host fraction) transferred to a clean 15-mL tube. The algal

pellet was snap-frozen in liquid N2 and stored at -80 �C.
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The host fraction was centrifuged at high speed in order to

remove particulates (16,0009g, 10 min), snap-frozen in

liquid N2 and stored at -80 �C.

Symbiodinium pellets were thawed on ice and washed

four times with lysing buffer by repeated centrifugation

(15009g, 5 min). Cells were finally resuspended in 0.6 mL

lysing buffer with 50 mg glass beads (710–1180 lm;

Sigma–Aldrich, Auckland, New Zealand) and lysed in a

bead mill (Tissuelyser LT, Qiagen Inc., Hilden, Germany)

for 3 min at 50 Hz. Lysate was visually inspected to con-

firm cellular disintegration and centrifuged (16,0009g,

10 min) to remove particulates. The supernatant was

removed, snap-frozen in liquid N2 and stored at -80 �C.

Identification of Symbiodinium ITS2 types

Frozen Symbiodinium cells (from t = 0 fragments under

28 �C/low light [deep] or 28 �C/high light [shallow]) were

lysed in a bead mill (see above). Genomic DNA was

extracted following the methods of Stat et al. (2009), and the

ITS2 region was amplified using the primers ITSintfor2 and

ITS2revclamp (LaJeunesse 2002). PCR amplicons were

initially analysed using agarose gel electrophoresis (1.5 %

w/v) and then cloned using the TOPO TA Cloning Kit with

One Shot Mach1 T1 E. coli (Life Technologies, Auckland,

New Zealand) following the recommended procedures. Cells

were grown overnight at 37 �C on Luria–Bertani (LB) agar

plates (50 lg mL-1 ampicillin). Ten white colonies (indi-

cating successful insertion of PCR amplicons) were selected

and grown overnight in LB–ampicillin at 37 �C. Cells were

collected by centrifugation (45009g, 10 min), and the DNA

was extracted using the PureLink Quick Plasmid MiniPrep

Kit (Life Technologies, Auckland, New Zealand). Plasmid

ITS2 inserts were then reamplified (forward primer as above,

reverse primer ITSR: 50-GGG ATC CAT ATG CTT AAG

TTC AGC GGG T-30), purified (ExoSAP-IT; Affymetrix,

Santa Clara, CA, USA) and sequenced in both directions by

Macrogen Inc. (Seoul, South Korea). Sequences for each of

five clones per colony were assigned to ITS2 types by

comparison with the GeoSymbio database for clade C Sym-

biodinium (Franklin et al. 2012) using a BLASTn algorithm

in the software package Geneious.

Quantification of bleaching in coral fragments

Symbiodinium densities were quantified using visual

haemocytometer counts (1009 magnification, n C 6 per

sample; Improved Neubauer, Boeco, Germany). Cell num-

bers were normalised to coral fragment surface area, mea-

sured using a single-dip method with paraffin wax (Veal

et al. 2010). Symbiont chlorophyll (chl) a content was

quantified using a N,N-dimethylformamide extraction and

the extinction coefficients of Porra et al. (1989).

Assessments of antioxidant enzyme activities

Host enzyme activities were normalised to soluble protein

concentration, calculated using a modified Bradford assay

following Ernst and Zor (2010). Symbiodinium enzyme

activity was calculated per cell, by relating specific enzyme

activity to mean protein content per cell. Unless otherwise

stated, one unit of enzyme activity was defined as the

consumption of 1 lmol substrate min-1 at 25 �C.

Total SOD activity of host and Symbiodinium fractions

was quantified using a riboflavin/nitroblue tetrazolium

assay in a microtiter plate format (Beauchamp and Fri-

dovich 1971). Ascorbate peroxidase activity (APX) was

quantified as the consumption of ascorbate (0.3 mM) in a

reaction buffer containing EDTA (0.1 mM), potassium

phosphate (50 mM, pH 7.0) and H2O2 (0.1 mM) following
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Fig. 1 Acclimation and treatment of Stylophora pistillata fragments

sampled from deep (15–18 m) and shallow (5–8 m) communities at

Heron Island, Great Barrier Reef. a Temperature profiles of control

and heating treatments during acclimation and experimental phases,

with grey bars indicating mean dawn–dusk incident photosyntheti-

cally active radiation (PAR). b Diurnal temperature variation

experienced by fragments maintained in control conditions. Values

are means ± 95 % confidence intervals

1232 Coral Reefs (2015) 34:1229–1241

123



the methods of Nakano and Asada (1981). SOD and APX

assays are described in detail by Krueger et al. (2014).

CAT activity was quantified by incubating 100 lL of

homogenate/lysate in a final reaction volume of 700 lL

containing 14 mM H2O2 in buffer (50 mM potassium

phosphate, pH 7.0, 0.1 mM EDTA). Host samples were

diluted tenfold with lysing buffer prior to measurement.

Absorbance at 240 nm was monitored in a quartz cuvette

for 3 min at 25 �C (UV–Vis spectrophotometer, Shimadzu

Corp., Kyoto, Japan), and H2O2 removal rates were cal-

culated using an extinction coefficient of 43.6 M-1 cm-1

(Beers and Sizer 1952).

Statistical analysis

Responses to experimental heating and irradiance of Sym-

biodinium PSII efficiency, chlorophyll a content, cell

density, APX-, SOD- and CAT-like enzyme activities, and

host SOD and CAT activities were investigated using a

restricted-estimate maximum-likelihood (REML) linear

mixed model (LMM; with day, temperature, light intensity

and depth as fixed factors). Colony was included as a

random factor to quantify genotypic effects, the magnitude

of which are presented as R2 values (reflecting a percentage

of explained variance). Covariance structures were deter-

mined for each variable by comparing Akaike Information

Criterion (AIC) values across multiple iterations of the

model. The model was then iterated further through the

stepwise removal of nonsignificant interaction terms. All

statistically significant effects are reported here (a B 0.05;

see Electronic Supplementary Materials, ESM, Tables S1

and S2 for full LMM outputs). Post hoc comparisons were

conducted between temperature treatments (at each level

of day, depth and/or light intensity) using a Bonferroni

adjustment for multiple comparisons. Hypothesis testing

was carried out using SPSS Statistics v.20 (IBM, Armonk,

NY, USA), and data were transformed where necessary in

order to fulfil the assumptions of parametric tests (see

Tables 1 and 2).

Results

In hospite Symbiodinium phylotypes

Cloned sequences of Symbiodinium ITS2 fragments gen-

erally differed between the two depth groups (BLASTn,

best-fit E value \1 9 10-131 for all sequences). Shallow

colonies contained either ITS2-type C35/a (three colonies),

or types C78 and C1 (one colony). ITS2 sequences

amplified from deep-sampled colonies matched C79 (two

colonies), C8a and C1 (one colony) and C3, C79 and C35/a

(one colony).

Experimental conditions, photoinhibition

and bleaching in S. pistillata

Conditions varied over the experimental period, particularly

with regard to incident PAR intensity, which increased over

days 1–3 (Fig. 1a) and probably contributed to the high

temperature variability in the control tank (Fig. 1a). How-

ever, the mean temperature in this tank—measured over the

duration of the experiment—remained below 30 �C
throughout the diurnal cycle and decreased to approximately

27.5 �C overnight (Fig. 1b). These temperatures are char-

acteristic of late-summer conditions at Heron Island (AIMS;

http://data.aims.gov.au/aimsrtds/station.xhtml?station=130).

Exposure to elevated temperature and irradiance caused

declines in Symbiodinium PSII efficiency in both depth

groups (Fig. 2). In the case of Fv/Fm, responses to heating

were influenced by irradiance (day 9 temperature 9 light

interaction; Table 1) but not by depth. In contrast, tem-

perature-induced declines in Fq
0/Fm

0 were unaffected by

irradiance but differed significantly between depth groups

(day 9 temperature 9 depth interaction; Table 1). This

was manifested as earlier and more pronounced decreases

in Fq
0/Fm

0 of deep fragments relative to those in the shallow

group (Fig. 2a–d).

Corals from both depths suffered bleaching due to high

temperature and/or light. Symbiodinium chl a content

declined following heating (Fig. 3a, b; Table 1), but this

response was independent of light or depth. However, chl

a content was generally lower under high irradiance (main

effect of light; Table 1). Symbiodinium cell densities

declined in both depth groups under elevated temperature

and light (Fig. 3c, d), and these declines differed between

deep and shallow colonies (Table 1). For example, after 7 d

at high temperature/light, fragments from deep colonies

had lost 85 % of their initial Symbiodinium population

versus only 50 % in shallow fragments. These differences

were less apparent following heating under low irradiance,

where deep and shallow colonies lost similar proportions of

symbionts (ca. 50 %).

Enzymatic antioxidant activity in S. pistillata

under heat and light stress

Responses of antioxidant enzymes to treatment were highly

variable, depending both on the specific treatment and the

respective enzyme. Symbiodinium SOD activity responded

to experimental heating and manipulated irradiance in a

manner that differed significantly between depth groups

(Fig. 4a, b; Table 2). While this is clear when the SOD

activities of Symbiodinium in deep and shallow colonies

are compared within the same treatment (e.g., heating

under low light; Fig. 4a), the overall pattern of Symbio-

dinium SOD activity was similar across both groups. For
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example, SOD activity increased in all fragments over the

first 3 d of the experiment [day 3 vs. day 0 (Bonferroni

correction), F(3, 69.83) = 21.611, p\ 0.001], but subse-

quently plateaued, and—in the absence of altered irradiance

(shallow fragments under high light or deep fragments under

low light)—it eventually declined. Symbiodinium APX- and

CAT-like activities responded similarly, in that significant

changes in activity were only observed when fragments

were heated in combination with manipulated irradiance

(Fig. 4c–f). However, an interactive effect of depth was only

observed for APX (Table 2), with treatment-induced

responses most pronounced in the deep colonies.

Inclusion of colony as a random factor in the LMM

analysis revealed that genotypic effects accounted for

\3 % (R2\ 0.03) of the observed variance in Symbio-

dinium SOD activity, and 17.4 and 20.7 % for APX- and

CAT-like activities, respectively. The high variability in

APX activity was driven by differences between colonies 3

and 4 in both depth groups (lower APX activity in the

former). In the case of CAT-like activity, substantial col-

ony-level variability was only apparent in the shallow

group. Here, under elevated temperature (regardless of

irradiance), Symbiodinium cells in colony S4 maintained

CAT-like activity at levels more than two times higher than

those of any other colony.

Host SOD activity was insensitive to irradiance

(Table 2), but was affected by heating (Fig. 5a, b; Table 2).

However, this response was only apparent in fragments from

deep colonies, where host SOD activity had decreased by

day 7. Responses of host CAT activity to heating were also

visible only in deep colonies, and here an interactive effect

of light was observed (Fig. 5c, d; Table 2). For instance,

host CAT activity was unaffected by high temperature alone

(Fig. 5c), but increased significantly from day 5 when high

temperatures were combined with elevated irradiance

(Fig. 5d). Genotypic effects were also evident (Table 2),

Table 1 Statistical analysis of photosystem II (PSII) efficiency and bleaching of Stylophora pistillata colonies sampled from shallow and deep

areas of reef slope (n = 4 colonies per depth) at Heron Island, Great Barrier Reef, Australia

Parameter Colony effect

(R2) (%)

Test F statistic (df) P

Effective quantum yield of PSII–Fq
0/Fm

0 7.9 Depth 10.209 (1, 29.64) 0.003

Temperature 70.574 (1, 29.64) \0.001

Light 62.044 (1, 29.64) \0.001

Day 29.721 (8, 69.39) \0.001

Day 9 Depth 2.831 (8, 69.39) 0.009

Day 9 Temperature 14.027 (8, 69.38) \0.001

Day 9 Light 3.156 (8, 69.39) 0.004

Day 9 Temperature 9 Depth 2.720 (8, 69.39) 0.011

Maximum quantum yield of PSII Fv/Fm 13 Depth 12.378 (1, 27.71) 0.002

Temperature 38.863 (1, 27.71) \0.001

Light 33.846 (1, 27.71) \0.001

Day 15.194 (7, 59.85) \0.001

Day 9 Depth 3.604 (7, 59.85) 0.003

Day 9 Temperature 9.232 (7, 59.85) \0.001

Day 9 Light 3.009 (7, 59.86) 0.009

Day 9 Temperature 9 Light 2.367 (7, 59.86) 0.033

Symbiont chlorophyll a content (pg cell-1) 10.5 Temperature 20.453 (1, 35.85) \0.001

Light 22.576 (1, 35.774) \0.001

Day 17.358 (3, 78.52) \0.001

Day 9 Temperature 9.548 (3, 78.52) \0.001

Symbiont density (cells cm-2) 27.1 Temperature 9.845 (1, 23.85) 0.004

Light 9.881 (1, 23.84) 0.004

Day 12.899 (3, 59.69) \0.001

Day 9 Depth 4.335 (3, 59.69) 0.008

Day 9 Temperature 9 Depth 3.344 (3, 59.69) 0.025

A linear mixed model was used to compare effects of the fixed factors Temperature, Light intensity, Depth and sampling Day over the 7-d

experimental period. A restricted maximum likelihood (REML) model was used to test for the effect of the random factor Colony; the percentage

of total variance explained by this factor is reported as an R2 value. Due to space considerations, only terms with significant probability values

(a = 0.05) are reported. For full LMM model outputs, see ESM Table S1
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accounting for 29 and 14.3 % of observed variance in host

SOD and CAT activities, respectively, across both depth

groups.

Discussion

Coral bleaching susceptibility varies between and within

coral species (Glynn et al. 2001; Berkelmans and van Oppen

2006; Fabricius 2006; Baird et al. 2008; Sampayo et al. 2008;

Kenkel et al. 2013), and we lack a detailed understanding of

the cellular mechanisms that contrive to determine a coral

colony’s stress tolerance. One mechanism that could affect

bleaching susceptibility is the buffering of cellular redox

status (Downs et al. 2002; Yakovleva et al. 2004; Lesser

2006). We examined this using the reef coral Stylophora

pistillata, and our data suggest that the enzymatic regulation

of cellular redox status is highly complex in this species.

Here, we address firstly the timing and nature of observed

antioxidant responses, and secondly the differential respon-

ses of S. pistillata colonies from different habitats.

Changes in Symbiodinium SOD-, APX- and CAT-

like activities are driven by light rather

than temperature and occur after bleaching

Significant treatment-induced changes in Symbiodinium

SOD- or APX-/CAT-like activities were observed only on

the final day of the experiment, 2 d after bleaching had

occurred (declining Symbiodinium density and/or chl

a content) and 3 d after the onset of photoinhibition (de-

clining PSII efficiency). Further, there was little evidence

of an effect of temperature on the activity of any of the

three enzymes quantified. Without the additional influence

of light, heating resulted in lower SOD activity, while

increases in APX- or CAT-like activity were only seen in

fragments transplanted to a novel photic environment (i.e.,

shallow colonies exposed to low light and deep colonies to

Table 2 Statistical analysis of host and symbiont antioxidant enzyme activity in Stylophora pistillata colonies sampled from shallow and deep

areas of reef slope (n = 4 colonies per depth) at Heron Island, Great Barrier Reef, Australia

A linear mixed model was used to compare effects of the fixed factors Temperature, Light intensity, Depth and sampling Day over the 7-d

experimental period. A restricted maximum likelihood (REML) model was used to test for the effect of the random factor Colony; the percentage

of total variance explained by this factor is reported as an R2 value. Due to space constraints, only significant terms (a = 0.05) are reported. For

full LMM model outputs, see ESM Table S2
a Square-root-transformed
b Log10-transformed
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high light). Despite our efforts to acclimate the fragments

before experimentation, this effect probably includes an

influence of changing light spectrum as well as intensity.

One might expect these influences to more strongly affect

fragments from deep colonies than those from the shallow

group. However, the general similarity of light-driven
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quantum yield of PSII (c, d);

Fq
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0: effective quantum yield

of PSII (a, b)] of shallow- and

deep-sampled Stylophora

pistillata colonies exposed to

experimental heating and/or

elevated irradiance (HT high

temperature, CT control).

Values are mean ± SE, and

asterisks denote significance

between temperatures (linear

mixed model, *p\ 0.05, n = 4

except for deep colonies at

t = 6–7 d when n = 3)

Fig. 3 Bleaching [symbiont

chlorophyll a content per cell

(a, b) and cell densities (c, d)] in

colonies of Stylophora pistillata

sampled from 5 to 8 m

(shallow) and 15–18 m (deep),

and exposed to elevated

temperature and/or irradiance

(HT high temperature, CT

control). Values are

mean ± SE. Panels a, b: shaded

areas denote sampling days at

which a significant difference

between temperatures was

observed within each depth

group (linear mixed model,

p\ 0.05, n = 4 except for deep

colonies at 32 �C on day 7 when

n = 3). Panels c, d: asterisks

denote significance between

temperatures (linear mixed

model, *p\ 0.05, **p\ 0.01,

***p\ 0.001, n = 4 except for

deep colonies at on Day 7 when
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responses across depth groups (few significant light 9

depth effects; Table 2) suggests that this might not have

been the case, and this lessens the likelihood of our con-

clusions being confounded by this uncontrolled factor.

Overall, our findings are in agreement with those of pre-

vious studies that found irradiance to be a critical factor in

structuring the Symbiodinium antioxidant network (e.g.,

Dykens and Shick 1982; Lesser and Shick 1989; Shick

et al. 1995; Lesser 1996; Lesser and Farrell 2004; Richier

et al. 2008). Indeed, it is possible that this high sensitivity

to light could have masked any responses of SOD to

temperature between days 0 and 3 of our experiment, when

natural PAR intensity increased substantially.

We acknowledge that without measuring all components

of the Symbiodinium redox regulatory network alongside

upstream photoprotective mechanisms (Reynolds et al.

2008), we are unable to draw firm conclusions regarding

the precise sequence of events occurring within the cells

during stress. Certainly, an involvement of singlet oxygen

and RNS in the photoinactivation of PSII (Krieger-Liszkay

2005; Hawkins and Davy 2012) would account for the

anomaly of declining PSII yields in the absence of any

apparent increases in SOD-, APX- or CAT-like activity.

However, given that the activities of these enzymes are

considered reliable indicators of the oxidative challenge

facing a cell (Lesser et al. 1990; Asada 1999) and did

respond to treatment in the latter stages of the experiment,

we are confident in asserting at least that intracellular

levels of O2
�- and H2O2 in Symbiodinium were not sub-

stantially affected by high temperature until coral frag-

ments had already bleached. The fact that this bleaching

was itself driven by temperature rather than light (Table 1)

suggests that symbiont antioxidant capacity might play

only a minor role in influencing bleaching outcomes in S.
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activity per symbiont cell in

Stylophora pistillata colonies

sampled from 5–8 m (shallow)
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exposed to elevated temperature
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temperature, CT: control).

Values are mean ± SE.

Asterisks in panels a–d denote

significance between

temperatures within each depth

group and light level (linear

mixed model, *p\ 0.05,

**p\ 0.01, n = 4 except for

deep colonies at 32 �C on day 7

when n = 3)
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pistillata. Overall, our data support the hypothesis that

prolonged and combined heat and light stresses induce

ROS overproduction in the dinoflagellate symbionts of reef

corals (Downs et al. 2002; Lesser 2006; Suggett et al.

2008), but they are also consistent with recent suggestions

that photooxidative stress in these algae may not be a

prerequisite for coral bleaching (Paxton et al. 2013; Tol-

leter et al. 2013; Hawkins et al. 2014).

Regulating the oxidative challenge during bleaching:

a greater role for the host?

As discussed above, significant responses of Symbiodinium

SOD-, APX- and CAT-like activities in Stylophora pistillata

appeared to be driven largely by changes in irradiance and

occurred only when corals were already bleached. Surpris-

ingly, most fragments that bleached did so without an

increase in host SOD (all fragments) or CAT activity (all

shallow fragments and 50 % of deep fragments). Taking into

account the well-documented sensitivities of these enzymes

to exogenous ROS and abiotic stress (Lesser and Shick

1989; Halliwell 2006), this finding suggests that bleaching in

the majority of our fragments probably occurred in the

absence of an O2
�-- or H2O2-driven challenge to the host. We

stress that this does not preclude these ROS from involve-

ment in the bleaching cascade, but it does suggest that their

concentrations were likely not sufficient to present a direct

challenge to cellular integrity. One alternative pathway

involves interactions of ROS with RNS such as nitric oxide

(NO). These interactions are known to occur in symbiotic

sea anemones under thermal stress (Hawkins and Davy

2013) and are thermodynamically favoured (Radi et al.

2001). Thus, under certain circumstances (e.g., the simul-

taneous production of NO and O2
�-), the ROS in question

could have physiologically relevant actions without accu-

mulating to levels high enough to require enzymatic

detoxification. As noted above, it is difficult to fully deter-

mine the role of ROS in the collapse of the coral–Symbio-

dinium association without measuring all components of the

reef coral antioxidant network simultaneously (a significant

task). Notwithstanding this limitation, the fact that observed

increases in host CAT activity (in deep colonies on day 5

under high temperature/light) preceded the equivalent

response of the Symbiodinium cells suggests that the sym-

bionts in this case either lacked the ability to respond to

endogenous H2O2 in the classical manner, or that host H2O2

generation preceded that of the symbiont. The former seems

unlikely, as symbiont APX- and CAT-like activities did

subsequently increase. Therefore, these findings lead us to

propose that current models of oxidative stress in bleaching

corals may require modification.

One such modification concerns the primacy of the

symbiont in structuring corals’ cellular redox status, much of

the evidence for which has come from comparisons of

symbiotic and aposymbiotic hosts (e.g., Yakovleva et al.

2009; Saragosti et al. 2010; Armoza-Zvuloni and Shaked
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2014), and symbiotic and aposymbiotic cells within the

same host (e.g., Richier et al. 2006). Elevated ROS pro-

duction, antioxidant activity and oxidative damage in sym-

biotic tissues are often taken as evidence that the ROS are

symbiont-derived (e.g., Armoza-Zvuloni and Shaked 2014).

However, they could equally reflect heightened ROS gen-

eration by the host in response to the presence of symbionts

(perhaps as a result of higher oxygen tension in the light).

Our quantification of antioxidant mechanisms was by no

means exhaustive, but the significant disparity in enzymatic

H2O2-detoxification capacities between host and symbiont

(ESM Fig. S1; and see Nii and Muscatine 1997; Levy et al.

2006) suggests that (a) leakage of symbiont-derived H2O2

would represent a comparatively minor challenge to the

host; and (b) H2O2 production by the host could damage the

symbiont without causing excessive self-harm. Either way, it

is clear that the host has an important role to play in

determining the cellular redox environment in corals, and

we therefore suggest that further efforts should be made to

characterise host ROS production and detoxification during

the early stages of a coral bleaching event.

Differential regulation of Stylophora pistillata

antioxidant activity occurs in the host and has little

impact on thermal bleaching susceptibility

The effect of depth on overall responses of the antioxidant

network to heat and light stresses was stronger for host-level

variables (CAT and SOD activities) than for symbiont-level

parameters. We acknowledge that by pooling cells of mul-

tiple symbiont phylotypes from the same coral fragment—

unavoidable with current methodologies—we may have

underestimated the diversity of symbiont antioxidant

responses. Conversely, in hospite shuffling of ITS2 types

(Buddemeier and Fautin (1993)) might have exaggerated

changes in Symbiodinium antioxidant activity, for example,

if cells with a limited ability to up-regulate APX- or CAT-

like enzyme activity were preferentially expelled during

bleaching. Additional work is needed to confirm whether

this phenomenon occurs in bleaching corals (but see Pon-

tasch et al. 2014). The high host-level variability seen here

between depth groups can be explained in at least two ways:

(a) our colonies represent two distinct species; (b) regulation

of antioxidant enzymes is highly plastic in S. pistillata

across its depth distribution; (c) S. pistillata antioxidant

activity is determined by the identity of the in hospite

symbiont.

Firstly, while pocilloporid corals harbour significant

cryptic diversity across broad spatial scales (Bongaerts et al.

2010), it is unlikely that we sampled different species, since

S. pistillata morphology is distinctive at this location

(Sampayo et al. 2008). Whether the depth-dependent vari-

ability observed here reflects genetic divergence (Bongaerts

et al. 2010), phenotypic plasticity in the classic sense

(Dykens and Shick 1984; Shick et al. 1995; Pontasch et al.

2014), or an as-yet-unknown influence of symbiont identity

on host antioxidant physiology, is a question that our

experimental design does not directly address. It was cer-

tainly the case that colony-level physiological variability

was comparatively higher among shallow colonies, despite

Symbiodinium genotypic diversity being lower in this group.

This suggests that—at least in the context of host enzymatic

antioxidant activity—host plasticity might be more impor-

tant than physiological divergence among closely related

symbiont types in determining responses to stress.

The co-varying nature of the abiotic environment, Sym-

biodinium species distribution and host physiology makes

robust investigations into corals’ differing stress responses

challenging. An optimal strategy is an experiment in which a

dominant co-factor such as irradiance can be controlled.

This investigation therefore provides important ecological

context to the study of coral redox biology. Inconsistencies

between our results and those of other investigations (e.g.,

the absence of temperature-induced up-regulation of sym-

biont antioxidant enzymes until late in the experiment

[Lesser, 1996]) probably stem from the fact that corals’

responses to stress depend on both the nature of the stressor

(heating rate, for example) and the identities of the organ-

isms involved (Downs et al. 2013). Certainly, the data pre-

sented here confirm that corals’ cellular responses to stress

can differ significantly depending on their habitats, and this

has implications for population-level responses to thermal

stress events. Further experimentation applying a range of

ecologically relevant treatments is undoubtedly needed.

Focusing on pre-bleaching cellular events in the host might

more rapidly improve our understanding of reef corals’

responses to stressful environments.
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