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The frequency and severity of coral bleaching events have increased in recent years. 
Global warming and contamination are primarily responsible for triggering these responses 
in corals. Thus, the objective of this study was to evaluate the isolated and combined 
effects of elevated temperature and exposure to copper (Cu) on responses of the 
antioxidant defense system of coral Mussismilia harttii. In a marine mesocosm, fragments 
of the coral were exposed to three temperatures (25.0, 26.6, and 27.3°C) and three 
concentrations of Cu (2.9, 5.4, and 8.6 μg/L) for up to 12 days. Levels of reduced 
glutathione (GSH) and the activity of enzymes, such as superoxide dismutase (SOD), 
catalase (CAT), glutathione S-transferase (GST), and glutamate cysteine ligase (GCL), 
were evaluated on the corals and symbionts. The short exposure to isolated and combined 
stressors caused a reduction in GSH levels and inhibition of the activity of antioxidant 
enzymes. After prolonged exposure, the combination of stressors continued to reduce 
GSH levels and SOD, CAT, and GCL activity in symbionts and GST activity in host corals. 
GCL activity was the parameter most affected by stressors, remaining inhibited after 
12-days exposure. Interesting that long-term exposure to stressors stimulated antioxidant 
defense proteins in M. harttii, demonstrating a counteracting response that may beneficiate 
the oxidative state. These results, combined with other studies already published suggest 
that the antioxidant system should be  further studied in order to understand the 
mechanisms of tolerance of South Atlantic reefs.
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INTRODUCTION

Ocean warming is the main factor causing bleaching in coral 
reefs worldwide (Hoegh-Guldberg, 1999; McWilliams et  al., 
2005; Yuyama et  al., 2012). Bleaching can be  defined as the 
loss of color in the coral tissue, which can result from the 
expulsion of photosynthetic dinoflagellate endosymbionts from 
its tissues or degradation of photosynthetic pigments (Glynn, 
1993; Downs et al., 2005). Under high stress conditions, reactive 
oxygen species (ROS) produced by symbionts can be  passed 
to host coral tissues (Lesser, 1997, 2006; Weis, 2008; Yakovleva 
et  al., 2009). In an attempt to avoid oxidative damage, corals 
eliminate an important source of ROS (their symbionts) what 
ultimately leads to the breakdown of the symbiotic relationship 
between the coral host and their photosynthetic symbionts 
(Downs et al., 2005; Howells et al., 2016). Due to the importance 
of such symbiosis, the bleaching is directly related to episodes 
of mass mortality on coral reefs, which contributes to the 
degradation of this important ecosystem (Glynn, 1993, 1996; 
Hoegh-Guldberg, 1999; Suggett and Smith, 2019).

The symbiosis between corals and photosynthetic algae 
produces chronic hyperoxic conditions during the light hours 
(Dykens, 1984; Kuhl et  al., 1995; Schwarz et  al., 2013). To 
protect themselves against potential damage induced by ROS, 
corals, and symbionts contain a variety of molecules with 
antioxidant properties (Lesser, 2006). The antioxidant defense 
system (ADS) includes enzymatic and non-enzymatic molecules, 
which reduce the amount of ROS and maintain the balance 
of the cellular oxidative state (Monteiro et  al., 2006; Suggett 
and Smith, 2019). Antioxidant enzymes, such as superoxide 
dismutase (SOD), catalase (CAT), glutathione S-transferase 
(GST), and glutamate cysteine ligase (GCL), are responsible 
for acting in the neutralization of ROS. In fact, increased 
activity of such enzymes in corals is related to higher 
concentrations of ROS (Lesser et al., 1990; Higuchi et al., 2015). 
Reduced glutathione (GSH) has non-enzymatic antioxidant 
activity acting as substrate for the GST and glutathione peroxidase 
(GPx; Hermes-Lima, 2004). Due to the important role of these 
molecules in redox metabolism, they can be used as interesting 
parameters to assess an early warning response to coral bleaching 
in the face of multiple stressors (Weis, 2008; Higuchi et al., 2015).

Metal exposure is typically known to induce oxidative stress 
in many organisms through its participation in biochemical 
reactions that produce ROS, such as the superoxide anion 
(O2

•−), hydrogen peroxide (H2O2), and hydroxide radical (•OH; 
De Nadal et  al., 2011; Schwarz et  al., 2013). Copper (Cu) is 
a metal commonly found in the aquatic environment (Maria 
and Bebianno, 2011). This metal is considered an important 
micronutrient for the proper functioning of physiological systems, 
such as electron transport chain and antioxidant enzymes 
(Mercer and Llanos, 2003; Leary et al., 2009). However, elevated 
concentrations of Cu can be  found in the aquatic environment 
due to run-off, mining, anti-fouling paints, and sewage (Jones, 
1997). In fact, Cu contamination has been pointed out as a 
notable local threat to coral reefs (van Dam et al., 2011; Marques 
et  al., 2019). When present in high concentrations, this metal 
can accumulate in organisms in concentrations above their 

capacity to excrete or detoxify (Rainbow, 2002). Toxic effects 
caused by Cu have been extensively reported in corals, including 
damage to the energy metabolism (Fonseca et  al., 2019), 
reduction in the expression of antioxidant enzymes (Schwarz 
et  al., 2013), DNA damage (Schwarz et  al., 2013; Marangoni 
et al., 2017), reduced activity of enzymes related to the calcification 
process (Bielmyer et  al., 2010; Marangoni et  al., 2017), and 
bleaching (Jones, 2004; Gissi et  al., 2019).

Thermal stress and exposure to heavy metals, such as Cu, 
can act in isolation and result in serious consequences. However, 
the impacts on the health of the organisms are more likely 
to be  the result of a combination of stressors (Negri and 
Hoogenboom, 2011; Banc-Prandi and Fine, 2019). For example, 
the combination of these stressors presented a synergic effect 
in the coral Mussismilia harttii that led to reduced photosynthetic 
capacity (Fonseca et  al., 2017), as well as decreased activity 
of enzymes involved in the energy metabolism (Fonseca et  al., 
2019). Cu is known to exhibit high affinity for thiol groups 
(−SH) present in antioxidants (Hultberg et al., 2001; Geracitano 
et  al., 2002). Additionally, increased temperature can reduce 
the tolerance of organisms to exposure to metals (Portner, 
2001, 2002). Therefore, it can be expected that the combination 
of thermal stress and Cu exposure could lead to increased 
deleterious effects in the oxidative metabolism of corals.

Most studies that evaluate the ADS of corals have been 
conducted with isolated stressors (Downs et  al., 2000; Grant 
et  al., 2003; Mitchelmore et  al., 2007; Higuchi et  al., 2009, 
2012, 2015; Schwarz et  al., 2013; Krueger et  al., 2015). To 
date, only one study has evaluated the combined effect of 
increased temperature and exposure to copper on SOD activity 
in corals (Banc-Prandi and Fine, 2019). Considering the paucity 
of information on the combined effects of these stressors 
(temperature and Cu) in parameters associated with the ADS 
in corals, the present study aimed to contribute with a better 
understanding in this topic by evaluating in further details 
the ADS of an important scleractinian coral species of South 
Atlantic reefs, M. harttii, subjected to the combination of 
relevant stressors affecting coral reefs worldwide. For this 
purpose, we  evaluated the levels of GSH and the activity of 
the antioxidant enzymes SOD, CAT, GST, and GCL in M. harttii 
exposed to different levels of thermal stress, Cu concentrations, 
and the combination of both. This species of coral is endemic 
and important in the construction of coral reefs in the South 
Atlantic. In addition, M. harttii has been subjected to Cu 
contamination associated with mining and sewage (Francini-
Filho et  al., 2019; Marques et  al., 2019).

MATERIALS AND METHODS

Collection of Corals
Polyps from three colonies of the coral M. harttii were collected 
during July 2012 on the conservation area of the Municipal 
Natural Park of Recife de Fora (16°24′31"S; 038°58′39"W; Porto 
Seguro, Bahia, northeastern Brazil) and transported to the 
mesocosm facility of the Coral Vivo Project (Arraial d’Ajuda, 
Porto Seguro). Polyps were individualized, glued on ceramic 
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plates using cyanoacrylate, and acclimated to the experimental 
conditions for 20 days. Coral samples were collected under the 
permission of the Brazilian Environmental Agency (permit 
#85926584; IBAMA/SISBIO).

Coral Exposure in the Marine Mesocosm
Corals were kept in twenty seven 10 L tanks distributed according 
to three warming treatments [mean local temperature, and 1.5 
and 2.5°C above the mean; that is, 25.0, 26.6, and 27.9°C, 
considering warming levels predicted to future climate scenarios 
issued by IPCC (2014)] and three Cu concentrations (0, 3, 
and 5 μg/L above the mean natural concentration, that is, 2.9, 
5.4, and 8.6 μg/L). The concentrations of Cu used in the 
experiment are below or close the limits allowed by the 
international and Brazilian legislations for the protection of 
aquatic environments (CONAMA, 2005; EPA, 2005). All 
treatments were tested in triplicated tanks, where two M. harttii 
polyps, randomly distributed, were kept in each tank. After 4 
and 12 days of exposure, polyps were sampled (between 
5–6  pm/17–18 h) and immediately flash frozen for posterior 
laboratory analysis (see below).

In the mesocosm system, seawater is pumped through a 
continuous flow from the adjacent coral reef to four 5,000 L 
underground reservoirs to receive the desired temperature 
treatments before reaching the twenty seven 10 L tanks. Due to 
its direct connection to the reef environment, this system kept 
seawater conditions (e. g. natural daily variation of temperature, 
turbidity, salinity, pH, zooplankton availability) very similar to 
those in the natural environment. Temperature was monitored 
and controlled by an Arduino-based system (Reef Angel, Fremont) 
while two 15-kW submersible heaters maintained the temperature 
required for each treatment. Concomitantly, seawater captured 
from the reef environment was held in four pairs of 1,000- L 
underground sumps to receive stock solutions of Cu. Cu stock 
solutions were daily prepared (24 h before use) from a standard 
solution of CuCl2 (1 g/L Cu). The seawater that received the Cu 
treatments was mixed with seawater coming from the primary 
treatment sumps using peristaltic pumps (flow rate of 0.17 L/
min) before reaching the 10-L tanks. Seawater from the secondary 
system (Cu contamination) accounted for 10% of the total 
seawater flow reaching the 10-L aquariums, while heated water 
flow accounted for 90%. Before returning to the ocean, water 
was filtered and sterilized in an additional underground sump 
where ultraviolet filters and activated carbon cartridges were 
installed. Details on the functioning of this mesocosm system 
can be  found in Duarte et  al. (2015).

Seawater Collection and Analysis
Every 3 days seawater was collected from the test aquariums 
for monitoring concentrations of Cu and dissolved organic 
carbon (DOC) throughout the experiment. The concentrations 
of dissolved Cu were evaluated in filtered (0.45-mm mesh filter) 
water samples acidified with nitric acid (HNO3, 1% final 
concentration; SupraPur, Merck®, Germany). For this purpose, 
water samples were desalted using the method proposed by 
Nadella et  al. (2009) and the concentrations of Cu were 

determined through Atomic Absorption Spectrophotometry 
with Graphite Furnace (PerkinElmer®, Waltham, United States). 
DOC concentration was assessed by Total Organic Carbon 
analyzer (Shimadzu®, Japan). Pluviometry was obtained from 
the local weather station (Veracel Celulose, Brazil). Daily, random 
tanks from each treatment combination were assessed for 
temperature, pH (HI 9124, Hanna Instruments®, United States), 
and salinity (optical refractometer ITREF 10, Instrutemp®, São 
Paulo, Brazil). Temperature measurements were performed using 
loggers installed inside the tanks and at the reef environment 
to continuously monitor the seawater temperature every 30 min.

Sample Preparation
The antioxidant defense parameters were quantified in both 
coral host and endosymbiont microalgae fractions. Samples 
were prepared as described by Fonseca et  al. (2021). Coral 
fragments were cut, homogenized on ice with a buffer for 
each analysis (1:1 w/v) using a sonicator (20 kHz, Sonaer 
Ultrasonics®, New  York, United  States). After homogenization, 
samples were centrifuged (2,530 g, 5 min, 4°C) to separate coral 
(supernatant) and symbiont (pellet) homogenates. Afterward, 
200 μl of buffer was added to the pellet, which was sonicated 
(30 kHz) and used for analysis of the symbiotic microalgae. 
All results were normalized considering the protein concentration 
of the homogenates, which was quantified using a commercial 
kit based on the Bradford method.

Determination of Parameters of the 
Antioxidant Defense System
To determine the activity of the antioxidant enzymes CAT, 
SOD, and GST, the samples were homogenized in a buffer 
containing 20 mm Tris Base, 1 mm EDTA, 1 mm dithiothreitol, 
500 mm sucrose, 150 mm KCl, and 0.1 mm PMSF. pH was 
adjusted to 7.6. For determination of the GCL activity and 
quantification of GSH content, the samples were homogenized 
in Tris-EDTA buffer containing 100 mm Tris-HCl, 2 mm EDTA, 
and 5 mm MgCl2·6H2O. pH was adjusted to 7.75. All enzymatic 
assays were carried out at 25°C.

CAT activity was determined as described by Beutler (1975). 
The assay consists of the decomposition of H2O2 by CAT 
present in the sample in water (H2O) and oxygen (O2). The 
decomposition of H2O2 by CAT is monitored by the decrease 
of absorbance in 240 nm. The reaction was evaluated in quartz 
microplates containing the homogenate and reaction buffer 
(1 M tris base, 5 mm EDTA, and H2O2 (30%), pH 8.0). The 
results are expressed in units of CAT, which is defined as the 
amount of enzyme required to hydrolyze 1 μmol of H2O2 per 
min and per mg of protein.

SOD activity was assessed according to McCord and Fridovich 
(1969). This analysis reflects changes in superoxide anion (O2

•−) 
concentrations through the oxidation of cytochrome C by 
xanthine oxidase. The SOD assay was conducted using a buffer 
solution containing 50 mm KH2PO4 (pH 7.8). Absorbance 
readings were performed at 550 nm. SOD activity was expressed 
in enzyme units, where one unit is the amount of enzyme 
needed to inhibit 50% of cytochrome c reduction/min/mg protein.
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Glutathione-S-transferase (GST) assay was performed as 
described by Habig and Jakoby (1981) using a phosphate buffer 
solution (100 mm, pH 7.0), following the conjugation of 1 mm 
GSH (Sigma-Aldrich, United  States) with 0.77 mm 1-chloro-
2,4- dinitrobenzene (CDNB; Sigma-Aldrich, United  States). 
GST activity was measured as the increment in absorbance 
at 340 nm and was expressed in μmol CDNB/min/mg protein.

GCL activity and GSH concentration were analyzed according 
to White et  al. (2003). The reaction is based on the measure 
of fluorescence emitted by the conjugation reaction of 
glutamylcysteine and GSH through fluorochrome NDA (naphthalene- 
2,3-dicarboxyaldehyde). The fluorescence measurement is 
evaluated by the wavelength of 472 nm (excitation) and 528 nm 
(emission). The activity of the GCL is expressed in ηmol of 
GSH per hour and per mg of protein and the GSH concentration 
in mg of GSH per mg of protein.

Statistical Analysis
The effects of elevated temperature and exposure to Cu on 
the activity of CAT, SOD, GST, GCL, and GSH content, on 
corals and symbionts, were evaluated using 2-way factorial 
ANOVA followed by the Fisher test for multiple comparisons. 
At each experimental time (4 and 12 days) we  performed 
one ANOVA [fixed factors “temperature” (three levels, 25.0, 
26.6 and 27.3°C), and “Cu” (three levels, 2.9, 5.4 and 8.6 μg/L)]. 
Data normality and homogeneity of variances were previously 
verified using the Shapiro-Wilk and Cochran C tests, 
respectively, and log-transformed when necessary. The 
confidence level adopted was 95% (α = 0.05).

RESULTS

Seawater Physicochemical Parameters
The measured concentrations of dissolved Cu were 2.9 ± 0.7, 
5.4 ± 0.9, 8.6 ± 0.3 μg/L, corresponding to the treatments of 0 
(control), 3 and 5 μg/L above the mean natural concentration 
of 2.9 μg/L, respectively. Temperature levels were 25.0 ± 0.1 for 
control, 26.6 ± 0.1 and 27.3 ± 0.1°C, corresponding to the 
treatments of 1.5 and 2.5°C above ambient seawater temperature. 
The other physicochemical parameters analyzed in seawater 
are shown in Supplementary Table S1.

Parameters of the Antioxidant Defense 
System
CAT activity in the coral host fraction was inhibited after 4 days 
of exposure in the highest concentration of Cu tested (8.6 μg/L). 
In turn, after 12 days of exposure, an increased activity of CAT 
was observed in the temperature treatments of 26.6 and 27.3°C 
compared to the ones maintained at 25°C (Figure  1;  
Table  1).

No effects were observed in the CAT activity of symbionts 
after 4 days of exposure. However, effects of increased 
temperature, Cu, and the combination of both were observed 
after 12 days. Exposure to 5.4 μg/L Cu increased CAT activity 
on symbionts compared to 2.9 and 8.6 μg/L Cu. Exposure 

to 26.6°C reduced CAT activity compared to 25.0 and 27.3°C. 
In addition, the results of the combination of stressors 
showed an inhibition of CAT activity under 26.6°C and 
8.6 μg/L compared to 2.9 μg/L at the same temperature. 
Exposure to 27.3°C and 5.4 μg/L increased CAT activity in 
symbionts compared to those maintained at 2.9 and 8.6 μg/L 
at the same temperature (Figure  1; Table  1).

SOD activity in the coral host increased after 4 days of 
exposure to the combination of stressors. An increased activity 
of the enzyme was observed under 27.3°C and 5.4ug/L Cu 
compared to 2.9 and 8.6ug/L Cu at the same temperature. 
After 12 days, exposure to 26.6°C led to an increased activity 
of SOD compared to 25.0°C (Figure  2; Table  1).

Effects of temperature and Cu applied in isolation were 
observed on SOD activity in symbionts after 4 days of 
exposure. Exposure to the concentration of 5.4 μg/L Cu 
increased SOD activity compared to 2.9 and 8.6 μg/L Cu. 
Exposure to 26.6°C inhibited SOD activity in symbionts 
compared to 25.0°C. In turn, exposure to 27.3°C increased 
SOD activity in symbionts compared to 25.0 and 26.6°C. 
After 12 days, the effect of exposure to isolated and combined 
stressors was observed on SOD activity in symbionts. A 
significant increase at 8.6 μg/L C compared to 2.9 μg/L Cu 
was observed. An increase was also observed under 26.6°C 
and 27.3°C compared to the control temperature (25.0°C). 
The combination of stressors led to an increase in SOD 
activity under 25.0 and 26.6°C combined with 8.6 μg/L Cu 
compared to 2.9 and 5.4 μg/L Cu at the same temperatures. 
Exposure to 27.3°C and 8.6 μg/L reduced SOD activity in 
symbionts compared to those maintained at 2.9 and 5.4 μg/L 
at the same temperature (Figure  2; Table  1).

No effects were observed in GST activity for any of the 
treatments tested on corals after 4 days. However, after 12 days, 
effects of temperature and the combination of stressors were 
observed on GST activity in the coral host. Exposure to 26.6°C 
increased GST activity compared to 25.0 and 27.3°C. In the 
combined exposure, an increase in GST activity was observed 
under 26.6°C and 8.6 μg/L compared to 2.9 μg/L Cu at the 
same temperature. However, corals maintained at 27.3°C and 
8.6 μg/L Cu showed an inhibition of GST activity compared 
to those maintained at the same temperature at 2.9 μg/L Cu 
(Figure  3; Table  1).

Effects of Cu and temperature were observed on GST activity 
in symbionts after 4 days of exposure. Exposure to 5.4 μg/L 
Cu increased GST activity compared to 8.6 μg/L Cu. The opposite 
was observed for temperature. Exposure to 26.6°C inhibited 
GST activity compared to 25.0 and 27.3°C. No effects were 
observed in the symbiont GST activity after 12 days of exposure 
(Figure  3; Table  1).

GCL activity in the coral host was inhibited after 4 days 
of exposure to Cu and the combination of stressors. Exposure 
to 5.4 μg/L Cu inhibited GCL activity compared to 2.9 and 
8.6 μg/L Cu. An inhibition was also observed under 26.6°C 
and 5.4 μg/L Cu compared to 2.9 μg/L Cu at the same 
temperature. Exposure to 27.3°C and 5.4 μg/L and 8.6 μg/L 
Cu also reduced GCL activity in corals compared to those 
maintained at 2.9 μg/L Cu at the same temperature. The isolated 
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effects of temperature and Cu exposure were observed on 
GCL activity in the coral host after 12 days. Exposure to 
8.6 μg/L Cu inhibited GCL activity compared to 2.9 and 
5.4 μg/L  Cu. Similarly, exposure to 26.6°C inhibited GCL 
activity in corals compared to 25.0 and 27.3°C (Figure  4; 
Table  1).

The isolated effects of temperature were observed for GCL 
activity in symbionts after 4 days. Exposure to 26.6 and 27.3°C 
inhibited GCL activity in symbionts compared to 25.0°C. After 
12 days, combined exposure to stressors inhibited GCL activity 
in symbionts. The results indicate a significant reduction after 
exposure to high concentration of Cu (8.6 μg/L) compared to 
5.4 μg/L Cu. A reduction was also observed under 27.3°C and 
5.4 μg/L Cu compared to 2.9 μg/L Cu at the same temperature 
(Figure  4; Table  1).

The levels of GSH in the coral host were reduced after 
4 days of exposure to the combination of stressors. A significant 
reduction was observed after exposure to Cu at 5.4 μg/L 
compared to 2.9 and 8.6 μg/L. A reduction was also observed 
under 26.6°C and 8.6 μg/L Cu compared to 5.4 μg/L Cu at 
the same temperature. After 12 days, the isolated effects of 

temperature and Cu increased the levels of GSH in coral 
host. Exposure to 5.4 μg/L Cu increased the levels of GSH 
in the corals compared to those exposed to 2.9 μg/L Cu. 
Exposure to 27.3°C increased the levels of GSH in corals 
compared to those exposed 25.0 and 26.6°C (Figure  5; 
Table  1).

Effects of temperature, Cu, and the combination of both 
were observed on the GSH levels of the symbionts after 
4 days of exposure. Exposure to 5.4 μg/L Cu reduced GSH 
levels in symbionts compared to 2.9 and 8.6 μg/L Cu treatments. 
In turn, exposure to 26.6°C increased GSH levels in symbionts 
compared to 25.0 and 27.3°C. The combined treatment of 
26.6°C and 5.4 μg/L Cu reduced the levels of GSH in the 
symbionts compared to 2.9 μg/L Cu at the same temperature. 
After 12 days, the combination of stressors altered the levels 
of GSH in the symbionts. Specifically, a reduction after 
exposure to Cu alone at 8.6 μg/L was observed compared 
to the treatments of 2.9 and 5.4 μg/L Cu. In turn, an increase 
in GSH levels was observed under 26.6°C and 5.4 μg/L Cu 
compared to 2.9 μg/L Cu at the same temperature (Figure 5; 
Table  1).

FIGURE 1 | CAT activity in the coral and for the symbiotic algae of coral Mussismilia harttii exposed to three different temperatures and three different copper (Cu) 
concentrations for 4 and 12 days.
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TABLE 1 | Results for the 2-way factorial analysis of variance (ANOVA) conducted for Mussismilia harttii exposed to elevated temperature and Cu contamination for  
4 and 12 days.

Variable Treatment
4-days 12-days

df F p Fisher df F p Fisher

CAT coral Cu 2 11.94 0.00 *8.6 < 2.9, 5.4 2 0.56 0.58

Temperature 2 2.89 0.08 2 4.65 0.02 27.3, 26.6 > 25.0

Cu × Temperature 4 2.14 0.11 4 2.07 0.13

CAT symbiont Cu 2 3.11 0.06 2 4.23 0.03 *5.4 > 2.9, 8.6

Temperature 2 2.49 0.11 2 9.70 0.00 26.6 < 25.0, 27.3

Cu × Temperature 4 2.68 0.06 4 4.51 0.01 26.6 (8.6 < 2.9)

27.3 (5.4 > 2.9, 8.6)

SOD coral Cu 2 0.80 0.46 2 0.60 0.55

Temperature 2 3.02 0.07 2 5.62 0.01 26.6 > 25.0

Cu × Temperature 4 5.23 0.00 27.3 (5.4 > 2.9, 8.6) 4 0.93 0.46

SOD symbiont Cu 2 11.30 0.00 5.4 > 2.9, 8.6 2 6.90 0.00 *8.6 > 2.9

Temperature 2 17.39 0.00 26.6 < 25.0 < 27.6 2 5.34 0.01 27.3, 26.6 > 25.0

Cu × Temperature 4 1.65 0.20 4 13.00 0.00 25.0 (8.6 > 2.9, 5.4)

26.6 (8.6 > 2.9, 5.4)

27.3 (8.6 < 2.9, 5.4)

GST coral Cu 2 2.33 0.12 2 0.53 0.59

Temperature 2 2.03 0.16 2 50.22 0.00 26.6 > 25.0, 27.3

Cu × Temperature 4 1.10 0.38 4 3.10 0.04 26.6 (8.6 > 2.9)

27.6 (8.6 < 2.9)

GST symbiont Cu 2 6.21 0.00 5.4 > 8.6 2 1.36 0.28

Temperature 2 7.87 0.00 26.6 < 25.0, 27.3 2 2.75 0.09

Cu × Temperature 4 1.05 0.40 4 0.71 0.59

GCL coral Cu 2 11.47 0.00 5.4 < 2.9, 8.6 2 14.09 0.00 *8.6 < 2.9, 5.4

Temperature 2 0.68 0.52 2 23.55 0.00 26.6 < 25.0, 27.3

Cu × Temperature 4 4.29 0.02 26.6 (5.4 < 2.9) 4 2.53 0.09

27.3 (5.4, 8.6 < 2.9)

GCL symbiont Cu 2 3.10 0.07 2 2.38 0.13

Temperature 2 4.21 0.03 *27.6, 26.6 < 25.0 2 3.39 0.06

Cu × Temperature 4 1.93 0.16 4 3.40 0.04 *25.0 (8.6 < 5.4)

27.0 (5.4 < 2.9)

GSH coral Cu 2 1.61 0.22 2 4.09 0.03 5.4 > 2.9

Temperature 2 1.67 0.21 2 8.38 0.00 27.3 > 26.6, 25.0

Cu × Temperature 4 4.25 0.01 25.0 (5.4 < 2.9, 8.6) 4 2.40 0.09

26.6 (8.6 < 5.4)

GSH symbiont Cu 2 14.58 0.00 5.4 < 2.9, 8.6 2 1.89 0.31

Temperature 2 6.29 0.01 26.6 > 25.0, 27.3 2 1.26 0.18

Cu × Temperature 4 7.28 0.00 26.0 (5.4 < 2.9) 4 4.88 0.01 25.0 (8.6 < 2.9, 5.4)

26.6 (5.4 > 2.9)

Significant values (p < 0.05) are in bold. The results marked in green represent an increase in the ADS, while the results marked in red represent the inhibitory effects on the ADS of 
M. harttii.
*indicates the data that has been log-transformed.
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DISCUSSION

Oxidative stress is defined as an imbalance in the pro-oxidant/
antioxidant ratio, which favors increased pro-oxidants and 
results in oxidative damage (Downs et  al., 2002; Halliwell and 
Gutteridge, 2007). Previous studies have shown that the elevated 
temperature and exposure to Cu are typically known to induce 
oxidative damage in M. harttii (Fonseca et al., 2017; Marangoni 
et  al., 2017, 2019a,b; Fonseca et  al., 2021), as well as in other 
coral species (Lesser, 1997; Schwarz et  al., 2013; Dias et  al., 
2019). Given the clear connection between oxidative stress 
and coral bleaching (for a review see Suggett and Smith, 2019), 
it is paramount to evaluate changes in the activity of specific 
antioxidant molecules that are associated with this condition. 
In this context, the present study was carried out evaluating 
a higher number of parameters related to ADS (enzymatic 
and non-enzymatic) than previous studies conducted with reef-
building corals. A larger picture of the oxidative profile of a 
coral species was obtained in the face of the combined exposure 
of global and local stressors.

Exposure to increased temperature and Cu generally caused 
an inhibition in the activity of antioxidant enzymes after short 
exposure (4 days). Interestingly, after prolonged exposure (12 days) 
many of these parameters recovered and an increase in the 
antioxidant defenses of the coral host and its symbionts was 
observed. Results suggest that prolonged exposure to stressors 
can increase ROS generation in M. harttii. However, the coral 
holobiont (coral host + microalgae symbionts) showed a 
counteracting response under such condition by increasing 
antioxidant defenses to prevent oxidative damage. In fact, Fonseca 
et  al. (2017) showed a reduction in lipid damage (as lipid 
peroxidation) in M. harttii exposed for up to 12 days under the 
same experimental conditions. Later, an increase in total antioxidant 
capacity (TAC) in algae symbionts of M. harttii was observed 
after exposure to increasing temperature and Cu (Fonseca et al., 
2021). Interestingly, South Atlantic corals have been suggested 
to be  more tolerant to stressors compared to coral reefs in 
other parts of the world (Mies et  al., 2020). The up-regulation 
shown by M. harttii ADS and results found for the same specie 
under a heat wave event (Marangoni et  al., 2019a,b) suggest 

FIGURE 2 | SOD activity in the coral and for the symbiotic algae of coral M. harttii exposed to three different temperatures and three different copper (Cu) 
concentrations for 4 and 12 days.
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that the antioxidant response is an important mechanism 
potentially connected to the resilience of these corals and indicate 
that this process should be further studied in order to understand 
the traits that explain the tolerance of the South Atlantic corals.

SOD and CAT are enzymes involved with the neutralization 
of ROS and their performance have been related to coral 
bleaching (Higuchi et  al., 2015). The high activity of SOD 
and CAT after prolonged exposure of the coral host to increasing 
temperature suggests an increased need for neutralization of 
superoxide anion (O2

•−), a radical with high potential of inducing 
oxidative damage. The dismutation of O2

•− performed by SOD 
represents an important source of H2O2, a reactive species 
mainly reduced by CAT (Regoli and Giuliani, 2014). Therefore, 
a higher generation of O2

•− would be  expected after prolonged 
exposure of M. harttii to increasing temperature.

The symbiotic algae demonstrated an increase in SOD activity 
and a reduction in CAT after prolonged exposure to increasing 
temperature alone and combined with Cu. This can cause an 
accumulation of H2O2 in the symbiont cell. The excess of H2O2 
can facilitate its reaction with transition metals, such as Fe 
and Cu, through the Fenton reactions facilitating the formation 

of hydroxyl radical (•OH; H2O2 + Fe2+/Cu+ → Fe3+/
Cu2+ + •OH + OH−, see Hermes-Lima, 2004). In addition, high 
amounts of H2O2 can induce apoptosis and the formation of 
nitrite peroxide (ONOO−; Perez and Weis, 2006; Weis, 2008; 
Hawkins et al., 2013; Hawkins and Davy, 2013), a highly reactive 
nitrogen species (RNS) that has been linked to the onset of 
coral bleaching (Marangoni et al., 2019b). RNS, such as ONOO−, 
are generally responsible for causing damage to proteins and 
DNA, in addition to inhibiting key enzymes in energy metabolism 
(Wink and Mitchell, 1998; Brown and Borutaite, 2002). In 
accordance, the same stressors tested here caused drastic 
reductions in enzymes of the energy metabolism of M. harttii 
after prolonged exposure (Fonseca et  al., 2019). Cu acts as a 
cofactor of SOD (Hermes-Lima, 2004), therefore, the higher 
concentrations of such metal may have acted as an important 
factor inducing SOD activity in symbionts. In accordance, the 
increase in SOD activity has already been reported in corals 
exposed to Cu (Banc-Prandi and Fine, 2019).

GST is an enzyme of the phase II of the detoxification 
processes responsible for conjugating GSH with many organic 
and inorganic compounds, including aldehydes produced during 

FIGURE 3 | GST activity in the coral and for the symbiotic algae of coral M. harttii exposed to three different temperatures and three different copper (Cu) 
concentrations for 4 and 12 days.
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lipid peroxidation (LPO; Higgins and Hayes, 2011). In fact, 
it has been shown that exposure to increased temperature 
alone induces LPO in host corals after prolonged exposure 
(Fonseca et  al., 2021). This result was paralleled to increased 
GST activity and increased GSH levels in corals. Interestingly, 
increased temperature reduced the levels of LPO in the symbionts 
(Fonseca et  al., 2021) and no changes were observed in the 
present study in GST activity and GSH levels. These results 
suggest a significant role of the glutathione system in the 
detoxification of LPO metabolites in corals and symbionts.

Considering the glutathione metabolism, GCL is the rate-
limiting enzyme in GSH synthesis (White et  al., 2003). The 
activity of this enzyme was inhibited in corals and symbionts 
throughout the experiment, which resulted in the reduction of 
GSH levels. Those parameters were the most affected by exposure 
to stressors, and similar results have already been observed in 
other studies (Downs et  al., 2000; Pourahmad and O’Brien, 
2000; Nagalakshmi and Prasad, 2001; Klein et al., 2017a; Maher, 
2018). GCL is an ATP-dependent enzyme (Chen et  al., 2005), 
and Cu and increased temperature have been previously shown 
to inhibit enzymes of energy metabolism in M. harttii (Fonseca 
et al., 2019). GSH plays an important role in numerous intracellular 

processes and provides protection for cells from damage caused 
by ROS and other stressors (Halliwell and Gutteridge, 2007). 
It contains a thiol group (−SH) with important reducing capacity, 
binding to electrophilic compounds by assisting its elimination 
or biotransformation (Townsend et  al., 2003). Therefore, the 
reduction of GSH levels can compromise detoxification reactions 
of organic compounds, as well as the oxidative state of corals. 
Also, it is worth noting that exposure to isolated and combined 
stressors increased GSH levels in some treatments. Interestingly, 
the increase in GSH levels was parallel to the inhibition of 
GCL activity in host corals and their symbionts. In fact, it has 
already been observed that GCL activity can be  inhibited by 
high levels of GSH (Maher, 2005; Klein et  al., 2017b).

Reef-building corals need to have fine control in H2O2 
neutralization to prevent bleaching (Lesser, 1997; Smith et  al., 
2005; Weis, 2008). The results of the present study showed a 
possible relationship between the activity of SOD and GST and 
the levels of GSH in corals and symbionts. Prolonged exposure 
to elevated temperature increased the activity of SOD in corals 
concomitantly with the increase in GST activity and levels of 
GSH. This relationship may be  involved with the conjugation 
of GSH with LPO products produced by accumulation of H2O2, 

FIGURE 4 | GCL activity in the coral and for the symbiotic algae of coral M. harttii exposed to three different temperatures and three different copper (Cu) 
concentrations for 4 and 12 days.
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which are catalyzed by GST. In fact, elevated temperature alone 
induced LPO in M. harttii (Fonseca et  al., 2021). In addition, 
H2O2 can be decomposed by GPx oxidizing GSH in this process 
(Hermes-Lima, 2004), which could explain the increase in the 
production of this tripeptide. However, the symbiotic algae 
showed that the exposure to Cu alone induced SOD and GST 
activity after 4 days of exposure and this cause a depletion of 
GSH levels. In primary producers, the excess H2O2 generated 
in the presence of Cu is scavenged by peroxisomes. The 
detoxification pathway continues through the oxidation of GSH 
via the ascorbate-dehydroascorbate system (Nagalakshmi and 
Prasad, 2001). Thus, exposure to Cu can facilitate the accumulation 
of H2O2 in symbiotic algae and consequently trigger bleaching 
through this mechanism. In addition, GSH is known to be involved 
in metal scavenging (Hermes-Lima, 2004), so this can happen 
because GSH is facilitating the elimination of Cu in symbionts.

Symbiotic algae can be  a major input of ROS to the coral 
host under stressful conditions, especially when it involves 
thermal stress and high light conditions (Suggett and Smith, 
2019). Due to their photosynthetic nature, these organisms 
produce high amounts of ROS and therefore an efficient defense 
system to prevent oxidative damage can be  expected. Indeed, 

exposure to stressors caused an increase in the parameters of 
the defense system of symbiotic algae. Increases in the TAC 
of low molecular weight scavengers have been observed in 
symbionts of M. harttii exposed to a combination of temperature 
and Cu (Fonseca et al., 2021). The up-regulation of antioxidant 
enzymes is an important component of the cellular response 
to stress of symbionts caused by exposure to stressors. This 
can provide the symbiotic algae a faster reduction of oxidative 
damage, prevent the process of apoptosis and consequently 
maintain the normal functioning of the photosynthetic process 
(Ralph et al., 2001). These results are interesting, as they reinforce 
that bleaching in M. harttii can be  a response initiated by the 
symbiotic algae. Therefore, a response from the symbiotic algae 
defense system would be expected before any visual manifestation 
of bleaching. These results highlight the use of these parameters 
as potential tools of early warning response to corals bleaching.

Antioxidant enzyme analyzes are important and should 
be  considered in future studies that evaluate the physiological 
responses of M. harttii coral under chronic exposure conditions. 
The evaluation of ADS parameters, preferentially combined with 
analysis of ROS and RNS, can improve our understanding about 
mechanisms of resilience in corals exposed to multiple stressors.

FIGURE 5 | GSH levels in the coral and for the symbiotic algae of coral M. harttii exposed to three different temperatures and three different copper (Cu) 
concentrations for 4 and 12 days.
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