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Abstract

The present study investigates if the polyvinyl chloride microplastics (79-149 µm) could cause any time-dependent 
responses of the microplastics absorption and biochemical responses (GST, TBARs, DNA strand breaks) for Zoanthus 
sp. during and acute (7 days) and chronic (14 days) exposures. For the role experiments mini colonies of Zoanthus sp. 
were exposed to 10 mg/L of PVC microplastics for 7 and 14 days. Exposure time had a direct influence under the PVC 
microplastics absorption, what consequently contributed for alterations on GST activity, TBARS concentration and DNA 
damage. These results provide evidence of biochemical damages caused by microplastics in corals, and insights for future 
perspectives of coral reefs health once plastic debris have been recorded at the ocean for at least 40 years.
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INTRODUCTION 

Since the beginning of the 1970s plastic waste has been 
reported in the ocean (Colton et al. 1974, Carpenter & Smith 
1972). As a cheap, lightweight, and durable product these 
synthetic polymers have been piling up in the oceans’ waters, 
sediment, and organisms. In 2018, global annual plastic 
production reached 359 million metric tons (PlasticEurope, 
2019). Currently, plastics can be found from the polar seas 
(Lusher et al. 2015) to the deep oceanic sediment (Woodall et al. 
2014). Between the main kinds of plastics consumed worldwide 
are, polyethylene (PE), polypropylene (PP), polyvinyl chloride 
(PVC), polystyrene (PS), polyethylene terephthalate (PET) and 
polyurethane (PU) (Bond et al. 2018).

Once in the sea, plastic debris slowly breaks 
down, generating smaller particles through physical, 
chemical and biological processes. Particles up to 
5 mm in diameter are called microplastics, or MP 
(Wagner & Lambert 2018). MP ingestion has been 
confirmed by all sorts of different taxonomic groups 
such as seabirds (van Franeker et al. 2011), mussels 
(Li et al. 2021), fish (Zhu et al. 2019), and cnidarians 
(Albano et al. 2021, Devereux et al. 2021), possibly 
due to accidental ingestion (Andrady 2011). MP 
have been proved to serve as carriers for various 
associated organic pollutants like polycyclic aromatic 
hydrocarbons (PAHs) and polychlorinated biphenyls 
(PCBs), heavy metals such as lead, cadmium, zinc, and 
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nickel (Rochman et al. 2014), as well as  colonized microbial 
communities called  “Plastiphere”(Amaral-Zettler et al. 2020, 
Wang et al. 2021), from the environment becoming even 
more toxic and bioaccumulative when ingested by organisms 
(Eerkes-Medrano et al. 2015, Paul-Pont et al. 2016). When 
internalized, MP can cause mechanical problems, decrease 
fecundity, immunity, retard growth, cause oxidative damage, 
induce the development of pathologies, and even induce death 
in aquatic organisms (de Sá et al. 2018, Jeyavani et al. 2021). 

Plastic pollution can be considered an emerging threat 
to coral reefs due to their complex interactions (Hung et 
al. 2022). Coral reefs are crucial ecosystems for continued 
marine biodiversity, providing habitats to a variety 
of organisms through their calcification process and hosting 
a vast   ecosystem. 275 million coastal people benefit from 
the fishing stock and coastal protection areas adjacent to these 
areas (Moberg & Folke 1999, Wild et al. 2011, Spalding & 
Brown 2015). Coral reefs are also one of the most threatened 
ecosystems of the last decades, being exposed to stressors like 
climate changes, marine debris, ocean acidification, pathogens 
diseases, and microplastics (Hughes et al. 2018).

MP in coral reefs is mainly composed of fibers, pellets, 
fragments, films, and granules, of a variety of sizes and colors 
(Huang et al. 2021). A study conducted by Cheang et al. 
(2018) on coral seabed sediments of four coral reef islands 
in the South China Sea showed that the concentration of MP 
ranged from 171.7 ± 57.6 to 223 ± 51.4 items/kg. Huang et 
al. (2019) investigated the abundance of MP in the Zhubi 
Reef surface seawater and results ranged from 1400 to 8100 
items/m3. In the surface water of the Nanxum Reef, Nie et al. 
(2019) recorded a concentration of 1250–3200 items/m3 MP. 
In the Great Barrier Reef, the presence of MP was detected in 
57 sampling sites from the waters around Australia with an 
average concentration of 4256.46 ± 757.79 items/km2 (Reisser 
et al. 2013).

Lamb et al. (2018) showed that in 124,000 reef-building 
corals from 159 reefs in the Asian-Pacific region the likelihood 
of disease increases from 4% to 89% when the corals were 
in contact with plastic. This way, plastic debris such as MP 
become a physical barrier in the acquisition of food and cause 
alterations to photochemical efficiency, oxidative stress, and 
physiology (e.g., lipid peroxidation, antioxidant defense) 
(Rocha et al. 2020, Chen et al. 2022, Tang et al. 2018, Jiang 
et al. 2021). Tissue necrosis and bleaching responses which 
demand more energy consumption from the coral have also 
been noted (Reichert et al. 2018, Syakti et al. 2019). These 
consequences have been shown to be species-specific for corals 
(Tang et al. 2018, Chen et al. 2022). Moreover, Li et al. (2022), 
demonstrates through a meta-analysis, that MP can induce time-
dependent oxidative stress responses in invertebrates, such as 
bivalves. Besides the existing literature about invertebrates, 
few studies regarding biological responses due to MP exposure 
have been carried out with respect to cnidaria phylum (Patra et 
al. 2022), emphasizing the growing need to better understand 
the toxic effects of environmentally relevant concentrations of 
MP for these organisms.

Interactions between Hexacorallia zoantharia and MP 
are understudied (Rocha et al. 2020), most of these studies 
focus on to Scleractinian corals (Syakti et al. 2019, Reichert 
et al. 2018, Tang et al. 2018). Marine cnidarian (Anthozoa: 
Hexacorallia: Zoantharia) belong to the third largest order 
of Hexacorallia and can be found all around the world, from 
temperate to tropical locations, from shallow reefs to deep seas 
of 500 m deep (Kumari et al. 2016, Rabelo et al. 2015). Just 
like other Hexacorallia, zoanthids host symbiont dinoflagellates 
(Symbiodiniaceae) inside their tissue, developing essential 
ecological roles for a reef function (Kumari et al. 2016, Santos 
et al. 2016). Zoanthids are also known for their phenotypic 
plasticity, adaptive capabilities, and resistance to extreme 
stressors, making them valuable scientific resources for studies 
about anthropic actions on corals (Leal et al. 2016, Rosa et 
al. 2016). Beyond that, Zoanthus sp. is an easily captive bred 
coral, which allows experimental research without any negative 
impact for coral reefs, which are already a threatened ecosystem. 

Therefore, in the present work, we exposed Zoanthus sp. mini 
colonies to a 10 mg/L of PVC MP for 7 and 14 days. Then, the 
absorption of MP and their related biochemical damages were 
measured. The hypothesis of this study was that (I) the absorption 
of PVC MP by Zoanthus sp. could cause biochemical alterations 
such as DNA, proteins, lipids, and activity alterations to GST; and 
(II) chronic exposure to PVC MP would increase the absorption 
of the PVC particles by Zoanthus sp., consequently influencing 
the biomarkers responses.

MATERIAL AND METHODS

Test Species: culture conditions and fragmentation

The experimental and holding procedures were approved 
by the Universidade Santa Cecília, Santos, São Paulo ethics 
board (01/2022). A local coral seller donated the colonies 
of Zoanthus sp. (“Reef do Leandro”, São Paulo, SP, Brazil). 
The colonies all came from the same tank system and were 
captive bred. Corals were kept in a tank (58.5 cm x 36.5 cm x 
23 cm) for 2 weeks for acclimation before being fragmented. 
The tank was filled with 30 L of reconstituted seawater. For 
water flow, two Sarlo Better1000® (1000 L/h) pumps were 
used on opposite sides of the tank. Monitored parameters were 
temperature (26), salinity (33), pH (8.2), lightning intensity 
(70 ± 90 μmol quanta/m2/s), and photoperiod (10:14). 

After the acclimation period, colonies were fragmented 
into 72 mini colonies with a minimum of 4 polyps each. 
Fragmented polyps were put into an iodine prophylactic bath 
with Reef Dip Seachem® (2 ml/L) to help healing and avoid 
possible infections. Polyps were affixed (Super Bonder® 
cyanoacrylate) to a ceramic substrate (4 cm x 4 cm). After, 
mini colonies went through a healing period of three weeks in 
the acclimation tank. During this time, corals were carefully 
monitored for any sign of diseases or infection.
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Experimental setup

Until now, MP concentration in ocean water has not been 
accurately reported, therefore, we compared MP exposure 
concentrations documented by coral-related references 

presented at (Jiang et al. 2021) and chose a relatively low 
exposure concentration (10 mg/l) and sizes ranging from 
79-149 µm (Figure 1). Virgin PVC MP and the polymer 
composition was confirmed via RAMAN spectroscopy 
(Figure 2) (Lenz et al. 2015, Marulanda et al. 2014).

Figure 1. Microphotographs taken with a scanning electron microscope (SEM) of the microplastic used in this study. a) magnification of 2.6 kx; b) 
magnification of 5.8 kx; c) magnification of 8 kx, View d) magnification of 15.0 Kx.

Figure 2. Raman spectra of the virgin PVC (polyvinyl chloride).
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Samples were placed in the experimental tanks (six glass 
aquaria with 7 L each of reconstituted seawater: Mg2+: 1.250- 
1.340 mg/L; Ca2+: 410 – 440 mg/L; K+: 380 – 400 mg/L; Na+: 
10.300 – 10.700 mg/L; Cl-: 19.100 – 19.800 mg/L; Alkalinity: 
8.0 – 8.5; Strontium: 7.0 – 9.0 mg/L) and one Maxspect Bio 
Sphere® each for biological filtration. Glass aquaria were 
put into a water bath, with  an AQUAEL platinum heater® 
(100 w). In two plastic tanks to facilitate water temperature 
control. Water flow (400 L/h) and the water parameters were 
constantly monitored and kept the same as in the acclimation 
tank. Salinity (33 ± 0.6) and temperature (26 ± 0.4ºC) were 
measured every day and pH once every two days (8.2 ± 0.2). 

Each experimental group consisted of six mini colonies. 
Controls for time 1 (7 days) and 2 (14 days) and treatments for 
time 1 (7 days) and 2 (14 days) were placed in the same tanks, 
in triplicates (3 tanks for controls, with 12 mini colonies; 
and 3 tanks for treatments, with 12 mini colonies). After 7 
(acute) and 14 (chronic) days of exposure, mini colonies from 
Control1 and MP1 Control2 and MP2, respectively, were 
removed and frozen in ultrafreezer (-80ºC).

MP and coral food Coral Sprint Fauna Marin® were added 
at the same concentration (10 mg/L). Food was provided to 
stimulate coral heterotrophic behavior. Every 72 h, 100% 
of tank water was exchanged. During water changes, mini 
colonies were placed into 1 L containers with the same tank 
water, then the mini colonies were returned to the experimental 
tanks. These water exchanges were performed to attempt a 
constant water quality and keep the MP concentration during 
the exposure periods. The same protocol was followed for the 
controls, except for the MP insertion. 

MP quantification

The method for MP extraction was performed according to 
previous studies (Karami et al. 2017, Nuelle et al. 2014, Prata 
et al. 2019, Zhao et al. 2017). To evaluate the particles of MP 
absorbed by Zoanthus sp., samples were separately placed in 
beakers with 20 ml of H2O2 (30%) each into a stove at 50°C 
until they were completely dissolved (24 h). After this, all 
the samples were vacuum filtered with inox filters of 70 µm. 
Filters were analyzed in a stereomicroscope and MP particles 
were counted. The number of MP was expressed as particles/
mg fresh tissue.

GST, TBARS, DNA Strand Break and Total protein 
determination analysis

To measure GST activity, TBARS concentration, DNA 
damage, and total protein assays, the frozen coral samples 
were weighed, then homogenized on ice in 5 volumes of ice-
cold phosphate buffer (100 mM KH2PO4, 5 mM disodium 
EDTA, pH 7.5 at 25oC), using an ultrasonic homogenizer (Eco-
Sonics® Ultronic QR300). Homogenates were centrifuged at 
13000 rpm for 15 min at 4oC and the supernatants were used 
for the TBARS, GST, and total protein assays. Aliquots for 
DNA damage were separated before centrifugation. 

GST activity was determined as described by Keen et 
al. (1976) using 1-chloro-2,4-dinitrobenzene (CDNB) as the 
substrate. The change in absorbance was recorded at 340 nm 
in a spectrophotometer (Molecular Devices® SpectraMax 
M2e), and the enzyme activity was calculated as nmol CDNB 
conjugate/min/mg protein, using a molar extinction coefficient 
of 9.6 mM/cm.

Concentrations of TBARS was determined as described 
by (Kei 1978). This indicator of lipid peroxidation was 
measured through the reaction of malonaldehyde (MDA) 
and thiobarbituric acid (TBA) with the MDA-TBA adduct 
formation under high temperature (100°C) and acidic 
conditions. The MDA-TBA adduct formation was measured 
colorimetrically at 530 nm. The concentrations of TBARS 
were expressed as µmol TEP equivalents/mg protein.

For DNA Strand Break an alkaline precipitation technique, 
proposed by Olive (1998), was used to quantify the strands in 
the DNA. For the calibration curve, a salmon sperm (SIGMA 
31149; CAS 100403-24-5) solution was prepared with a 
buffer solution (Trizma base-HCl (10 mM) and EDTA (1mM) 
diluted in 100 mL of Mili-Q water - pH=8.0). The reading was 
performed at 360 nm of excitation and 450 nm of emission. 
Results were expressed as μg DNA/mg protein.

Total protein content was measured according to Bradford 
(1976) at 595 nm and expressed as mg proteins using bovine 
albumin serum as standard.

Data Analysis

All data are reported as means ± SEM. Statistical 
significance was accepted at p < 0.05. To assess whether 
significant differences in MP particles/mg of fresh coral tissue 
between different exposure times occurred (MP1 and MP2), 
we conducted a Mann–Whitney U test. This choice was 
made because the residuals did not meet the assumptions of 
normality. To compare GST activity among the experimental 
groups, a Kruskal–Wallis test was carried out. Subsequently, 
we performed a Dunn’s Multiple Comparison test with 
Bonferroni adjustments. The decision to use the Kruskal-
Wallis test and the post-hoc Dunn’s test was based on the 
violation of normality assumptions in the model residuals. To 
analyze the TBARS values between the experimental groups, 
we employed a one-way Analysis of Variance (ANOVA). 
Post-hoc comparisons were conducted using Tukey’s HSD 
test. To determine if there were any statistical differences 
in MP particles per milligram, GST activity, TBARS, and 
DNA strand break, values between the two Control groups 
(C1 and C2), we conducted both a Student’s t-test and a 
Mann–Whitney U test. No significant differences were found, 
leading us to consider them as a single group (C) for statistical 
analysis. All statistical analyses were performed using R (R 
Core Team, 2022).
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RESULTS 

All corals survived, and were no apparent differences (e.g., 
polyp extension, opening, coloration, or  downsizing) were 
observed. 

Microplastics concentration on Zoanthus sp. fresh tissue

For the chronic exposure (MP2) we found an average of 
4.04 ± 0.5 MP particles/mg of fresh tissue, 3 times higher than 
the concentration found in MP1 (1.34 ± 0.18 MP particles/mg 
of fresh tissue), differing significantly (W = 23, p < 0.01). For 
the control, we found an average of 0.74 ± 0.1 MP particles/
mg of fresh tissue, as shown in Figure 3. Presence of MP in 
the control can be justified due to external air contamination 
such as the air conditioner.

Figure 3. Number of microplastics (MP) particles absorbed by Zoanthus spp. after acute (MP1, 7 days) and chronic (MP2, 14 days) exposure to 10mg/L of 
polyvinyl chloride (PVC MP). Data are presented as mean ± standard error (N=36). Different letters denote significant differences between compared groups 

(Mann–Whitney, p < 0.05).

Figure 4. Effect of acute (MP1, 7 days) and chronic (MP2, 14 days) exposure to 10 mg/l of polyvinyl chloride (PVC MPs) and control (C), on Glutathione 
S-transferase activity of Zoanthus spp. (N=72). Data are presented as mean ± standard error. Different letters denote significant differences between 

compared groups. (Dunn post-hoc, p < 0.05).

Glutationa S-transferase activity (GST)

Significant difference was detected between treatment 
groups (Chi-squared = 10.57 df = 2 p < 0.01). For GST activity, 
only chronic exposure (MP2) (56.46 ± 11.46 nmol/mg protein/

min) had lower values in relation to the control group (97.23 ± 
8.11 nmol/mg protein/min) (p <0.01) (Figure 4). 
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Thiobarbituric acid reactive substances concentration 
(TBARS)

Significant difference was found between experimental 
groups (F2,19 = 6.08, p < 0.01). The TBARS concentration was 
~ 2 times higher for MP1 (5.99 ± 0.85 nmol TEP equivalents/
mg protein) in relation to the control (3.35 ± 0.46 nmol TEP 

equivalents/mg protein) and in relation to MP2 (2.95 ± 0.61 
nmol TEP equivalents/mg protein). TBARS concentrations was 
significantly different between C and MP1 (p = 0.01) as well 
as MP1 and MP2 (p = 0.02), although there was no significant 
difference between C and MP2 (p = 0.89) (Figure 5).

Figure 5. Effect of acute (MP1, 7 days) and chronic (MP2, 14 days) exposure to 10 mg/l of polyvinyl chloride (PVC MPs) and control (C), on Thiobarbituric 
acid reactive substances (TBARS) on Zoanthus spp. (N=24). Data are presented as mean ± standard error. Different letters denote significant differences 

between compared groups (Tuckey’s HSD test, p < 0.05).

DNA strand break

For DNA damage, differences were only observed between 
C (326.30 ± 40.95 μg DNA/mg protein) and MP2 (1087 ± 
355.40 μg DNA/mg protein) (p = 0.01) (Figure 6). 

Figure 6. Effect of acute (MP1, 7 days) and chronic (MP2, 14 days) exposure to 10 mg/l of polyvinyl chloride (PVC MPs) and control (C), on DNA Strand 
Break on Zoanthus spp. (N=72). Data are presented as mean ± standard error. Different letters denote significant differences between compared groups 

(Tuckey’s HSD test, p < 0.05).
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DISCUSSION

In the present study, our hypothesis was supported. The 
chronic exposure increased the absorption of MP PVC in 
Zoanthus sp. and  had a direct influence on the alterations of 
GST activity, TBARS concentration, and DNA damage.

The increases of the PVC MP particles per mg of fresh coral 
tissue in the chronic exposure demonstrates that the particles 
absorption is time-dependent for Zoanthus sp.highlighting 
how impactful MP contamination has already been to corals 
in the wild as   plastics have been recorded in ocean water 
for decades (Colton et al. 1974, Carpenter & Smith 1972). 
The same way, Rocha et al. (2020) found that for Zoanthus 
sociatus exposed to 10 mg/L of PVC MP for 96 h, the number 
of particles adhered to coral epidermis increases in relation to 
low PVC MP concentration (1 mg/L) exposure. However, for 
Acropora formosa exposed for 2; 4; 7; 10; and 14 days to 0.15 
mg/L of LDPE MP, ingestion reached its maximum at day 7 
(Syakti et al. 2019), showing that for some coral species there 
may be a saturation point when it comes to MP absorption. The 
adhered and/or internalized MP have the potential to induce 
time-dependent interactions with the biological membranes in 
invertebrates (Li et al. 2022). 

In general, MP are expected to be rubbery (Rochman et al. 
2014, Eerkes-Medrano et al. 2015, Paul-Pont et al. 2016). The 
higher the rubber content of MP, the greater the interaction 
with biological membranes and absorption capacity for 
organic compounds  (Zuo et al. 2019). This is mainly due 
to the disordered arrangement of molecular chain segments 
in the rubbery MP and the presence of a large amount of 
free volume between molecular chains, which facilitates the 
interactions (Guo et al. 2012). In fact, the MP PVC particles in 
the present study, present irregular surfaces (Figure 1). Such 
characteristics may be related to the biochemical alterations 
observed in the present study, as discussed above.  

GST activity and lipidic damages (TBARs) only increased 
for Zoanthus sp. acutely exposed to MP PVC. This could be 
attributed to to the degradation of the GST enzyme during 
ROS neutralization generated during the chronic PVC exposure 
since no lipid peroxidation (TBARS) was observed at this 
condition. The GST activity and TBARs concentrations for 
corals can varies with the type of xenobiotic, concentration and 
time of exposure. For Zoanthus sociatus, Rocha et al. (2020) did 
not find any alterations in GST activity after 96 h of exposure 
at 1 and 10 mg/L of LDPE and PVC, but increase in TBARs 
concentrations  was observed during the 96 h of exposure  to 
10 mg/L of PVC, which corroborates our results. On the other 
hand, Pocillopora damicornis had a significant decrease in GST 
after 24 h of exposure to 50 mg/L of polystyrene (PS) (Tang et 
al. 2018) which could be explained by a higher concentration 
of particles, a different kind of plastic used at the experiment, 
or even for being a different coral species. Goniopora columna 
exposed for 1; 3; 5 and 7 days to 10 mg/L of PE presented 
increasing GST activity from the 5th day of exposure (Chen 
et al. 2022). On the other hand, Protopalythoa sp. showed no 

difference on GST activity for 7 and 14 days of exposure to 
PVC at 50 mg/L (Jiang et al. 2021), but found higher levels 
of lipid peroxidation compared after chronic exposure (21 
days), establishing how these effects tend to be dose and time 
dependents and species-specific. 

DNA damage was only observed for Zoanthus sp. for 
chronic exposure. To our knowledge, this is the first study 
analyzing and identifying DNA damage in Hexacorallia 
exposed to MP. Similar to lipid peroxidation, the DNA 
damage is a result of the ROS action (Sahlmann et al. 2017). 
Intracellular production of free radicals may overcome 
antioxidant defenses, resulting in oxidative damage to 
macromolecules as evidenced by lipid peroxidation, DNA 
strand breaks, and alterations in critical cellular processes 
(Livingstone 2003). This oxidative damage may be time-
dependent exacerbated if the stress overwhelmed. For mussel 
Mytilus sp. chronically exposed (10 days) to 10 and 100 ug/l 
of PE and PP MP, there was a significant increase in DNA 
damages after 10 days exposure (Revel et al. 2019). In the  
same way, Mytilus galloprovincialis only exhibited higher 
values of DNA damage after chronic exposure (26 days) 
when compared with acute exposure (7 days) and the control 
(González-Soto et al. 2019). This response was similar 
to Zoanthus sp. in the present study, where only chronic 
exposure (14 days) was able to increase the damage to DNA 
molecules. Therefore, it is possible that the higher number of 
MP particles that were incorporated in the chronic exposure 
caused tissue damage and affected the DNA molecules.

CONCLUSION

The study concludes that the absorption of the PVC MP by 
Zoanthus sp. Is time dependent.  Acute exposure lead to lipid 
peroxidation, not observed for chronic exposure, while the 
DNA damage occurs only in the chronic exposure. This study 
demonstrates the harmful impact of short- and long-term 
exposures of Zoanthus sp. to PVC-MP which consequently 
affects the biochemical. 

ACKNOWLEDGMENTS

The authors would like to thanks to Bárbara Rani-
Borges, Lucas G. Queiroz, Carlos A. C. Junior, Leandro T. 
Carreira, Caio R. Nobre, José L. Pedroso for experimental 
support. LFBA was recipient of CNPq (Conselho Nacional de 
Desenvolvimento Científico e Tecnológico).

AUTHORS CONTRIBUTIONS

LFBA*: conceptualization, methodology, formal analysis, 



Ecotoxicol. Environ. Contam., v.19, n. 1, 2024  17Time-dependent Biochemical...

investigation, project administration and writing – original 
draft. GDP: investigation, formal analysis, data curation, 
validation and writing – review and editing. LRSB: validation, 
resources, and data curation. AO: funding acquisition, 
resources and data curation. JHAC: methodology, writing – 
original draft and formal analysis. HSH : conceptualization, 
methodology, validation, formal analysis, writing – review 
and editing, supervision, project administration.

REFERENCE

ALBANO M, PANARELLO G, DI PAOLA D, D’ANGELO 
G, GRANATA A, SAVOCA S & CAPILLO G. 2021. The 
mauve stinger Pelagia noctiluca (Cnidaria, Scyphozoa) plastics 
contamination, the Strait of Messina case. International Journal 
of Environmental Studies 78: 977–982.

AMARAL-ZETTLER LA, ZETTLER ER & MINCER TJ. 2020. 
Ecology of the plastisphere. Nat Rev Microbiol 18: 139–151.

ANDRADY AL. 2011. Microplastics in the marine environment. 
Mar Pollut Bull 62: 1596–1605.

COLTON, JBJR, BURNS, BR & KNAPP FD. 1974. Plastic Particles 
in Surface Waters of the Northwestern Atlantic. Science (1979) 
185: 491–497.

LAMB, JB, WILLIS, BT, FIORENZA, EA, COUCH, CS, 
HOWARD, R, RADER, DN, TRUE, JD, KELLY, LA, AHMAD, 
A, JOMPA, J, HARVELL, CD. 2018. Plastic waste associated 
with disease on coral reefs. Science (1979) 359: 460–462.

BOND T, FERRANDIZ-MAS V, FELIPE-SOTELO M & VAN 
SEBILLE E. 2018. The occurrence and degradation of aquatic 
plastic litter based on polymer physicochemical properties: A 
review. Crit Rev Environ Sci Technol 48: 685–722.

BRADFORD MM. 1976. A rapid and sensitive method for the 
quantitation of microgram quantities of protein utilizing the 
principle of protein-dye binding. Anal Biochem 72: 248–254.

CARPENTER EJ & SMITH KL. 1972. Plastics on the Sargasso Sea 
Surface. Science (1979) 175: 1240–1241.

CHEANG C, MA Y & FOK L. 2018. Occurrence and Composition of 
Microplastics in the Seabed Sediments of the Coral Communities 
in Proximity of a Metropolitan Area. Int J Environ Res Public 
Health 15: 2270.

CHEN Y-T, DING D-S, LIM YC, SINGHANIA RR, HSIEH S, 
CHEN C-W, HSIEH S-L & DONG C-D. 2022. Impact of 
polyethylene microplastics on coral Goniopora columna causing 
oxidative stress and histopathology damages. Science of The 
Total Environment 828: 154234.

DEVEREUX R, HARTL MGJ, BELL M & CAPPER A. 2021. The 
abundance of microplastics in cnidaria and ctenophora in the 
North Sea. Mar Pollut Bull 173: 112992.

EERKES-MEDRANO D, THOMPSON RC & ALDRIDGE 
DC. 2015. Microplastics in freshwater systems: A review of 
the emerging threats, identification of knowledge gaps and 
prioritisation of research needs. Water Res 75: 63–82.

VAN FRANEKER JA, BLAIZE C, DANIELSEN J, FAIRCLOUGH 
K, GOLLAN J, GUSE N, HANSEN P-L, HEUBECK M, JENSEN 

J-K, LE GUILLOU G, OLSEN B, OLSEN K-O, PEDERSEN 
J, STIENEN EWM & TURNER DM. 2011. Monitoring plastic 
ingestion by the northern fulmar Fulmarus glacialis in the North 
Sea. Environmental Pollution 159: 2609–2615.

GONZÁLEZ-SOTO N, HATFIELD J, KATSUMITI A, 
DUROUDIER N, LACAVE JM, BILBAO E, ORBEA A, 
NAVARRO E & CAJARAVILLE MP. 2019. Impacts of dietary 
exposure to different sized polystyrene microplastics alone and 
with sorbed benzo[a]pyrene on biomarkers and whole organism 
responses in mussels Mytilus galloprovincialis. Science of The 
Total Environment 684: 548–566.

GUO X, WANG X, ZHOU X, KONG X, TAO S & XING B. 2012. 
Sorption of Four Hydrophobic Organic Compounds by Three 
Chemically Distinct Polymers: Role of Chemical and Physical 
Composition. Environ Sci Technol 46: 7252–7259.

HUANG W, CHEN M, SONG B, DENG J, SHEN M, CHEN Q, 
ZENG G & LIANG J. 2021. Microplastics in the coral reefs and 
their potential impacts on corals: A mini-review. Science of The 
Total Environment 762: 143112.

HUANG Y, YAN M, XU K, NIE H, GONG H & WANG J. 2019. 
Distribution characteristics of microplastics in Zhubi Reef from 
South China Sea. Environmental Pollution 255: 113133.

HUGHES TP, KERRY JT, BAIRD AH, CONNOLLY SR, DIETZEL 
A, EAKIN CM, HERON SF, HOEY AS, HOOGENBOOM 
MO, LIU G, MCWILLIAM MJ, PEARS RJ, PRATCHETT 
MS, SKIRVING WJ, STELLA JS & TORDA G. 2018. Global 
warming transforms coral reef assemblages. Nature 556: 492–
496.

HUNG C-M, HUANG C-P, HSIEH S-L, CHEN Y-T, DING D-S, 
HSIEH S, CHEN C-W & DONG C-D. 2022. Exposure of 
Goniopora columna to polyethylene microplastics (PE-MPs): 
Effects of PE-MP concentration on extracellular polymeric 
substances and microbial community. Chemosphere 297: 
134113.

JEYAVANI J, SIBIYA A, SHANTHINI S, RAVI C, 
VIJAYAKUMAR S, RAJAN DK & VASEEHARAN B. 
2021. A Review on Aquatic Impacts of Microplastics and Its 
Bioremediation Aspects. Curr Pollut Rep 7: 286–299.

JIANG S, ZHANG Y, FENG L, HE L, ZHOU C, HONG P, SUN 
S, ZHAO H, LIANG Y-Q, REN L, ZHANG Y, CHEN J & 
LI C. 2021. Comparison of Short- and Long-Term Toxicity of 
Microplastics with Different Chemical Constituents on Button 
Polyps. ( Protopalythoa sp.). ACS Earth Space Chem 5: 12–22.

KARAMI A, GOLIESKARDI A, CHOO CK, ROMANO N, HO Y 
Bin & SALAMATINIA B. 2017. A high-performance protocol 
for extraction of microplastics in fish. Science of The Total 
Environment 578: 485–494.

KEEN JH, HABIG WH & JAKOBY WB. 1976. Mechanism for the 
several activities of the glutathione S-transferases. Journal of 
Biological Chemistry 251: 6183–6188.

KEI S. 1978. Serum lipid peroxide in cerebrovascular disorders 
determined by a new colorimetric method. Clinica Chimica Acta 
90: 37–43.

KUMARI S, ZACHARIA PU, KRIPA V, SREENATH KR & 
GEORGE G. 2016. Distribution pattern and community structure 
of zoanthids (Zoantharia) along the coast of Saurashtra, Gujarat, 
India. Journal of the Marine Biological Association of the United 
Kingdom 96: 1577–1584.



18   Ecotoxicol. Environ. Contam., v. 19, n. 1, 2024 Albertoni et al.

LEAL MC, CRUZ ICS, MENDES CR, CALADO R, KIKUCHI 
RKP, ROSA R, SOARES AMVM, SERÔDIO J & ROCHA 
RJM. 2016. Photobiology of the zoanthid Zoanthus sociatus in 
intertidal and subtidal habitats. Mar Freshw Res 67: 1991.

LENZ R, ENDERS K, STEDMON CA, MACKENZIE DMA & 
NIELSEN TG. 2015. A critical assessment of visual identification 
of marine microplastic using Raman spectroscopy for analysis 
improvement. Mar Pollut Bull 100: 82–91.

LI J, WANG Z, ROTCHELL JM, SHEN X, LI Q & ZHU J. 2021. 
Where are we? Towards an understanding of the selective 
accumulation of microplastics in mussels. Environmental 
Pollution 286: 117543.

LI Z, CHANG X, HU M, FANG JK-H, SOKOLOVA IM, HUANG 
W, XU EG & WANG Y. 2022. Is microplastic an oxidative 
stressor? Evidence from a meta-analysis on bivalves. J Hazard 
Mater 423: 127211.

LIVINGSTONE DR. 2003. Oxidative stress in aquatic organisms in 
relation to pollution and aquaculture. Rev Med Vet (Toulouse) 
6: 427–430.

LUSHER AL, TIRELLI V, O’CONNOR I & OFFICER R. 2015. 
Microplastics in Arctic polar waters: the first reported values of 
particles in surface and sub-surface samples. Sci Rep 5: 14947.

MARULANDA D, PÉREZ M & CORREA L. 2014. Influence of 
the percentage of recycled material on the mechanical properties 
of low-density polyethylene, polyethylene terephthalate, and 
polyvinyl chloride. Journal of Elastomers & Plastics 46: 355–
367.

MOBERG F & FOLKE C. 1999. Ecological goods and services of 
coral reef ecosystems. Ecological Economics 29: 215–233.

NIE H, WANG J, XU K, HUANG Y & YAN M. 2019. Microplastic 
pollution in water and fish samples around Nanxun Reef 
in Nansha Islands, South China Sea. Science of The Total 
Environment 696: 134022.

NUELLE M-T, DEKIFF JH, REMY D & FRIES E. 2014. A new 
analytical approach for monitoring microplastics in marine 
sediments. Environmental Pollution 184: 161–169.

OLIVE PL. 1998. The Role of DNA Single- and Double-Strand 
Breaks in Cell Killing by Ionizing Radiation. Radiat Res 150: S42.

PATRA I, HUY DTN, ALSAIKHAN F, OPULENCIA MJC, VAN 
TUAN P, NURMATOVA KC, MAJDI A, SHOUKAT S, 
YASIN G, MARGIANA R, WALKER TR & KARBALAEI 
S. 2022. Toxic effects on enzymatic activity, gene expression 
and histopathological biomarkers in organisms exposed to 
microplastics and nanoplastics: a review. Environ Sci Eur 34: 80.

PAUL-PONT I, LACROIX C, GONZÁLEZ FERNÁNDEZ C, 
HÉGARET H, LAMBERT C, LE GOÏC N, FRÈRE L, CASSONE 
A-L, SUSSARELLU R, FABIOUX C, GUYOMARCH J, 
ALBENTOSA M, HUVET A & SOUDANT P. 2016. Exposure 
of marine mussels Mytilus spp. to polystyrene microplastics: 
Toxicity and influence on fluoranthene bioaccumulation. 
Environmental Pollution 216: 724–737.

PRATA JC, DA COSTA JP, DUARTE AC & ROCHA-SANTOS 
T. 2019. Methods for sampling and detection of microplastics in 
water and sediment: A critical review. TrAC Trends in Analytical 
Chemistry 110: 150–159.

RABELO EF, SOARES M de O, BEZERRA LEA & MATTHEWS-
CASCON H. 2015. Distribution pattern of zoanthids (Cnidaria: 

Zoantharia) on a tropical reef. Marine Biology Research 11: 
584–592.

REICHERT J, SCHELLENBERG J, SCHUBERT P & WILKE T. 
2018. Responses of reef building corals to microplastic exposure. 
Environmental Pollution 237: 955–960.

REISSER J, SHAW J, WILCOX C, HARDESTY BD, PROIETTI 
M, THUMS M & PATTIARATCHI C. 2013. Marine Plastic 
Pollution in Waters around Australia: Characteristics, 
Concentrations, and Pathways. PLoS One 8: e80466.

REVEL M, LAGARDE F, PERREIN-ETTAJANI H, BRUNEAU 
M, AKCHA F, SUSSARELLU R, ROUXEL J, COSTIL K, 
DECOTTIGNIES P, COGNIE B, CHÂTEL A & MOUNEYRAC 
C. 2019. Tissue-Specific Biomarker Responses in the Blue 
Mussel Mytilus spp. Exposed to a Mixture of Microplastics at 
Environmentally Relevant Concentrations. Front Environ Sci 7.

ROCHA RJM, RODRIGUES ACM, CAMPOS D, CÍCERO LH, 
COSTA APL, SILVA DAM, OLIVEIRA M, SOARES AMVM 
& PATRÍCIO SILVA AL. 2020. Do microplastics affect the 
zoanthid Zoanthus sociatus? Science of The Total Environment 
713: 136659.

ROCHMAN CM, HENTSCHEL BT & TEH SJ. 2014. Long-Term 
Sorption of Metals Is Similar among Plastic Types: Implications 
for Plastic Debris in Aquatic Environments. PLoS One 9: e85433.

ROSA IC, ROCHA RJM, LOPES A, CRUZ ICS, CALADO R, 
BANDARRA N, KIKUCHI RK, SOARES AMVM, SERÔDIO 
J & ROSA R. 2016. Impact of air exposure on the photobiology 
and biochemical profile of an aggressive intertidal competitor, 
the zoanthid Palythoa caribaeorum. Mar Biol 163: 222.

DE SÁ LC, OLIVEIRA M, RIBEIRO F, ROCHA TL & FUTTER 
MN. 2018. Studies of the effects of microplastics on aquatic 
organisms: What do we know and where should we focus our 
efforts in the future? Science of The Total Environment 645: 
1029–1039.

SAHLMANN A, WOLF R, HOLTH TF, TITELMAN J & 
HYLLAND K. 2017. Baseline and oxidative DNA damage in 
marine invertebrates. J Toxicol Environ Health A 80: 807–819.

SANTOS MEA, KITAHARA MV, LINDNER A & REIMER JD. 
2016. Overview of the order Zoantharia (Cnidaria: Anthozoa) in 
Brazil. Marine Biodiversity 46: 547–559.

SPALDING MD & BROWN BE. 2015. Warm-water coral reefs and 
climate change. Science (1979) 350: 769–771.

SYAKTI AD, JAYA JV, RAHMAN A, HIDAYATI NV, RAZA’I 
TS, IDRIS F, TRENGGONO M, DOUMENQ P & CHOU 
LM. 2019. Bleaching and necrosis of staghorn coral (Acropora 
formosa) in laboratory assays: Immediate impact of LDPE 
microplastics. Chemosphere 228: 528–535.

TANG J, NI X, ZHOU Z, WANG L & LIN S. 2018. Acute 
microplastic exposure raises stress response and suppresses 
detoxification and immune capacities in the scleractinian coral 
Pocillopora damicornis. Environmental Pollution 243: 66–74.

WAGNER M & LAMBERT S, eds. 2018. Freshwater Microplastics, 
Cham: Springer International Publishing.

WANG W, ZHOU C, YANG Y, ZENG G, ZHANG C, ZHOU 
Y, YANG J, HUANG D, WANG H, XIONG W, LI X, FU Y, 
WANG Z, HE Q, JIA M & LUO H. 2021. Carbon nitride based 
photocatalysts for solar photocatalytic disinfection, can we go 
further? Chemical Engineering Journal 404: 126540.



Ecotoxicol. Environ. Contam., v.19, n. 1, 2024  19Time-dependent Biochemical...

This is an open-access article distributed under the terms of the Creative Commons 
Attribution License.

WILD C, HOEGH-GULDBERG O, NAUMANN MS, COLOMBO-
PALLOTTA MF, ATEWEBERHAN M, FITT WK, IGLESIAS-
PRIETO R, PALMER C, BYTHELL JC, ORTIZ J-C, LOYA Y 
& VAN WOESIK R. 2011. Climate change impedes scleractinian 
corals as primary reef ecosystem engineers. Mar Freshw Res 62: 
205.

WOODALL LC, SANCHEZ-VIDAL A, CANALS M, PATERSON 
GLJ, COPPOCK R, SLEIGHT V, CALAFAT A, ROGERS AD, 
NARAYANASWAMY BE & THOMPSON RC. 2014. The deep 
sea is a major sink for microplastic debris. R Soc Open Sci 1: 
140317.

ZHAO S, DANLEY M, WARD JE, LI D & MINCER TJ. 2017. 
An approach for extraction, characterization and quantitation of 
microplastic in natural marine snow using Raman microscopy. 
Analytical Methods 9: 1470–1478.

ZHU L, WANG H, CHEN B, SUN X, QU K & XIA B. 2019. 
Microplastic ingestion in deep-sea fish from the South China 
Sea. Science of The Total Environment 677: 493–501.

ZUO L-Z, LI H-X, LIN L, SUN Y-X, DIAO Z-H, LIU S, ZHANG 
Z-Y & XU X-R. 2019. Sorption and desorption of phenanthrene 
on biodegradable poly(butylene adipate co-terephtalate) 
microplastics. Chemosphere 215: 25–32.

 R Core Team (2022). R: A language and environment for statistical 
computing. R Foundation for Statistical Computing, Vienna, 
Austria. URL https://www.R-project.org/.


