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Abstract: Leakages of CO2 capture and storage systems from the seabed are able to cause significant
adverse biological effects in marine species. Adult mussels were exposed to different CO2 enrichment
scenarios (pH from 8.3 to 6.0) for 96 h, and endpoints (lysosomal membrane deterioration, lipid
peroxidation and primary damages in DNA) were assessed. Mortality and reduced health status
can occur after short exposure of the tropical mussel Perna perna to pH levels lower than 7.5. Results
pointed out cytogenotoxic effects in the hemolymph and gills after 48 and 96 h of exposure, respectively.
These findings should be considered when environmental monitoring approaches are performed in
tropical marine areas employing CCS strategies.
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1. Introduction

Rising atmospheric carbon dioxide (CO2) concentration is causing global warming
and ocean acidification [1–3], which increasingly are recognized as important drivers
of change in biological systems [4–7]. In aquatic environments, the CO2 undergoes a
series of chemical transformations, and elements recombine giving rise to new com-
pounds [8]. First, the carbonic gas mixes with the water, producing aqueous CO2 and
carbonic acid (H2CO3). This compound, classified as a weak acid, quickly dissociates,
producing bicarbonate (HCO3

−) and protons (H+), which react with other molecules
present in the aquatic environment. Bicarbonate ions can also undergo chemical reactions,
transforming into CO3

2− and releasing hydrogen (H+) in the water column, lowering the
pH [9,10].

Since the industrial era, oceanic uptake of CO2 has resulted in acidification of the ocean,
and the pH of ocean surface water has decreased by 0.1, corresponding to a 26% increase in
acidity [11]. In order to reduce atmospheric CO2 levels, many mitigation strategies have
been developed and proposed. One such strategy is large-scale carbon dioxide capture
and storage strategies (CCSs) in geological formations. According to the International
Energy Agency [12], it could contribute to a reduction of 19% in CO2 emissions by 2050.
This technology consists of trapping CO2 from industrial and energy-related sources,
transporting it to a storage site, injecting and storing it for a long time instead of releasing
this gas into the atmosphere [13].

Transportation of CO2 in high-pressure pipelines from source to storage location
constitutes an important link in the CCS chain, especially when transporting large quantities
of CO2 over long distances [14]. The possibility of leakage from the sub-seabed reservoirs
and transportation pipelines into the waters and atmosphere causes great concern, with
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the timeframe for safe CO2 storage being relatively unknown [15]. Considering that
oceans have the largest capacity for CO2 storage, sub-seabed geological formations, such
as depleted oil and gas reservoirs and saline aquifers, have been designated as potential
storage locations for CO2 sequestration. The complexity in foreseeing the location and
magnitude of possible seepages makes difficult the evaluation of potential effects on
aquatics ecosystems. Two main potential sources of CO2 escape are transport facilities
and storage areas [16]. The effects of CO2 leakage will depend on the amount and/or rate
of leakage, the transport, the dispersion processes and the chemical buffering capacity of
the sedimentary or water system, contributing to the imbalance of seawater’s chemistry.
There are also natural sources of CO2 enrichment, such as natural CO2 vents [17,18],
bacterial organic matter degradation, diagenesis process [19] and submarine eruptions
such as in the Canary Islands (Spain), where pH values between 5.13 and 8.04 have been
measured [20,21].

In this context, many studies have been performed in order to assess the impacts of
changes in the marine carbonate system as well as pH reduction via CO2 enrichment to
organisms [22–26]. Several authors mimicked a CO2 leakage in the lab, assessing different
responses related to decreases in pH values in diversified organisms, for instance: growth
rate of bacteria (Roseobacter sp. CECT 7117 and Pseudomonas litoralis CECT 7670) [27] and
bacterial communities [28]; mortality rate applied to amphipods (Ampelisca brevicornis and
Hyale youngi) [29]; impact on the early life stages of marine mussel Perna perna [30,31];
and effects on growth, cell viability and oxidative stress using three microalgae species
(Tetraselmis chuii, Phaeodactylum tricornutum and Nannochloropsis gaditana) [32]. Histopatho-
logical effects and lysosomal membrane stability were also assessed in mollusks such as
clams (Ruditapes philippinarum) and mussels (Mytilus edulis) [33,34] apart from a battery of
biomarkers using the clam Scrobicularia plana [35].

Ocean acidification impacts other aspects of a marine organism’s physiology, including
acid–base balance, energy metabolism, redox balance and behavior [36,37]. Acidification
of ocean surface water is a currently developing scenario that warrants a broadening
of research foci in the study of acid–base physiology, ensuring a strong basis for the
physiological interactions of ocean acidification with pollutants that may affect the same
molecular and physiological pathways [38].

The cellular mechanisms of CO2-induced changes in the physiology of mollusks
are not yet fully understood but are likely to involve multiple pathways of metabolism,
biomineralization and acid–base balance [39,40]. Metabolic effects of elevated pCO2 vary
between different species [41,42] and depend on the CO2 concentration in seawater.

For decades, bivalve filter feeders have been used for environmental assessments [43–45].
Due to their sedentary habits, low metabolic transformation rates and their ability to bio-
concentrate pollutants, bivalves have been used as bioindicators suitable for monitoring
studies in coastal areas such as useful bioindicators of persistent pollutants [46]. Studies
using clams [47–50], mussels [51–54] and oysters [55–57] have been performed worldwide.

It has been reported that the early life stages of marine invertebrates are more suscep-
tible to environmental toxicants than are the adult forms [58]. However, the mechanism of
action-oriented toxicity assays has been performed with adult organisms, and the results are
sensitive to environmentally relevant concentration [59,60]. The use of biological endpoints
(biomarkers) has been advocated as an important tool for assessing the bioavailability of
contaminants and the general health of individual organisms [61]. These responses are
taken into consideration for monitoring different sources of anthropogenic contamination
in coastal areas using bivalves as bioindicator species [44,62].

The aim of this study is to assess adverse effects of CO2-induced acidification on
individuals of mussel Perna perna using a battery of sub-cellular effect biomarkers (lipid
peroxidation, DNA primary damage and lysosomal membrane stability). Additionally,
the mortality of the organisms was used to establish the toxicity related to the increase of
proton concentration associated with the enrichment of CO2. For this purpose, organisms
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were exposed over four days to different acidification scenarios with different pH values,
and the influence of acidification associated with CO2 enrichment was analyzed.

2. Materials and Methods
2.1. Laboratory Tests

To simulate the acidification process based on CO2 enrichment event such as CCS, a
CO2 injection system was adapted from the experimental set up described by [63,64], with
further detailed experiments in [65]. Briefly, the different acidification scenarios reached
pH values of 8.0, 7.5, 7.0, 6.5, and 6.0, controlled using the injection system, and non-CO2
injected treatment as control (pH 8.3). The experiment was developed using clean natural
seawater from Enseada Beach in Guarujá, SP/Brazil [66]. Adult mussels Perna perna were
acquired from a farming zone located at the Cocanha beach–Caraguatatuba municipality
in São Paulo’s coastal zone. The organisms were transported to the laboratory, where
they were kept for 24 h prior to the assays under temperature (22 ◦C) and salinity (35 ppt)
controlled in a 300 L aquarium with seawater.

Ten individuals of mussel Perna perna were introduced per 20 L chamber (two repli-
cates per treatment). The laboratory conditions were controlled: seawater temperature
at 20 ± 2 ◦C, salinity 35 ppt, 8.0 mg L−1 dissolved oxygen, and photoperiod 12:12. Water
quality was maintained through renewing every 48 h.

After 48 and 96 h of exposure, survival was recorded, and ten organisms from each pH
treatment (five organisms from each tank) had the hemolymph withdrawn before dissection
gills were frozen (−80 ◦C). The hemolymph was collected to assess the lysosomal membrane
stability through neutral red retention time assay (NRRT), while gills were used to assess
DNA damage (strand breaks) and lipid peroxidation (LPO).

2.2. Chemical Characterization

The pH values and total alkalinity (TA) were measured using a potentiometric titration
system (Metrohm 794 Basic Titrino, Switzerland, ref.6.0210.100) (pH scale calibration with
0.1 M HCl). Dissolved inorganic carbon (DIC) was determined via the experimental values
and the seawater carbonate system speciation: HCO3

−, CO3
2−, CO2, calcite saturation

(ΩCal), aragonite saturation index (ΩArag) and partial pressure of carbon dioxide (pCO2),
using the CO2SYS v2.1 program as described in [65].

2.3. Neutral Red Retention Time Assay

The NRRT assay was carried out following the method described by [67]. This non-
destructive method employed hemolymph withdrawn from the posterior adductor muscle
of living mussels. The hemolymph was mixed to physiological saline solution (pH 7.3 con-
taining HEPES 4.77 g L−1, NaCl 25.48 g L−1, MgSO4 13.06 g L−1, KCl 0.75 g L−1, CaCl2
1.47 g L−1), spread on slides and transferred to a lightproof chamber for 15 min to allow cell
attachment. Excess liquid was removed and 40 µL of the neutral red (NR) dye was added to
the cell monolayer. A cover slip was added. After a 15 min incubation period, slides were
examined every 15 min via optical microscopy (400×) for both structural abnormalities
and NR dye loss from the lysosomes to the cytosol. The test was terminated when at least
50% of the examined cells exhibited these characteristics, and an NRRT mean value was
calculated for each group. The same analyst carried out the assessment for all slides during
the study.

2.4. Lipid Peroxidation and DNA Strand Breaks

For the LPO and DNA damage assays, mussel gills were homogenized with a buffer
solution containing Tris-HCl (50 Mm), EDTA (1 mM), dithiothreitol (DTT) (1 mM), sucrose
(50 mM), KCl (150 mM) and phenylmethylsulfonyl fluoride (PMSF) (100 mM).

LPO assay was carried out as demonstrated by [68]. LPO was determined in gill
homogenates using thiobarbituric acid. Thiobarbituric acid reactants (TBARS) were deter-
mined via fluorescence at 530 nm for excitation and 630 nm for emission using a fluorescence
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microplate reader. Because the reagent could react with other aldehydes, the results were
expressed as µg of TBARS mg−1 total protein.

The mitochondrial DNA damage was determined as outlined by [69], based on the
K-SDS precipitation of DNA–protein crosslink. Fluorescence was used to quantify DNA
strand breaks. DNA quantitation was achieved using Hoescht dye at a concentration of
100 nM in 200 mM Tris–HCl, pH 8.5, containing 300 mM NaCl and 4 mM sodium cholate.
Salmon sperm DNA standards were used for calibration, and fluorescence readings were
taken at 360 nm excitation and 460 nm emission. The results were expressed as µg of
DNA·mg−1 total protein.

The Bradford methodology [70] was used to determine the total protein content (the
calibration curve with bovine serum) and normalization.

2.5. Data Treatment

A normal distribution and equal variance among groups of ANOVA residues from
the experiment were confirmed by means of the Shapiro–Wilk test and Levene’s F-test,
respectively. Two-way factorial ANOVA (pH values, exposure times and their combination)
followed by the Dunnett’s test identified significant differences between control group and
treatments using the SPSS 15.0 statistical software program. In addition, the effect size
estimated for ANOVAs (NRRT, DNA damage and LPO) were calculated to measure how
much variance in the response variables (biomarkers) are accounted for by the explanatory
variables (pH values and exposure times). Therefore, the “omega squared” (effect size,
ES) method was used because it is considered a less-biased alternative, especially when
sample sizes are small. Ref. [71] suggests the following interpretation of calculated effect
sizes: 0–0.01 = very small; 0.01–0.06 = small; 0.06–0.14 = medium and >0.14 = large. The
calculations were performed in the R Environment 4.0.4 [72] (using the software package
“effectsize”) [73].

Thereafter, the original data set including all biological responses (means) was ana-
lyzed through an integrative approach via factor analysis, employing principal component
analysis as the extraction procedure. The data set was rearranged in a correlation matrix
and two factors (or new variables) were extracted considering eigenvalues higher than
1.0 (Kaiser’s criteria). For the factor analysis, the variables were auto scaled (Varimax
normalized) to be treated with equal importance. The criterion for consideration of a
variable as being associated with a particular factor was defined as it having a loading of
0.40 or higher. Besides the analysis of the variables aggregated by PCA, a representation
of estimated factor scores from each studied area to the centroid of all cases for the orig-
inal data was performed in order to confirm the factor descriptions and to characterize
the studied stations. All analyses were performed using the PCA option of the multi-
variate exploratory technique procedure, followed by the basic set-up for factor analysis
procedure from the STATISTICA software tool (Hamburg, Germany, Stat Soft, Inc., 2001;
version 6.0).

3. Results and Discussion

Data had sufficient homogeneity of variance for ANOVA. There was no significant
difference between mussels held in tanks at any treatment.

3.1. Chemical Analysis

The averaged values for the carbonate system speciation are presented in Table 1. This
data refers to the carbon parameters measured and calculated at the end of the experiments.
The salinity parameter used was 35, and the temperature was 23.5 ± 0.5 ◦C. As expected,
the total inorganic carbon (TIC) was higher as pH was reduced, and the saturation index
for calcite (ΩCal) and aragonite (ΩArag) decreased as pH decreased and pCO2 increased.
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Table 1. Carbonate system speciation in assays exposed to the different pH treatments for both
bioassays of fertilization and embryo-larval development.

pH
Treatment

TA
(µmol/kg)

TCO2
(µmol/kg)

TIC/DIC
(µmol/kg)

HCO3−

(µmol/kg)
CO32−

(µmol/kg)
CO2

(µmol/kg)
pCO2

(µatm) ΩCal ΩArag

8.3 1644 1404 1404 1249 147 8 262 3.53 2.31
8.0 1662 1511 1511 1397 99 14 472 2.38 1.56
7.5 1731 1718 1718 1629 39 50 1672 0.93 0.61
7.0 1682 1828 1828 1650 12 165 5451 0.29 0.19
6.5 2483 3249 3249 2469 6 774 25,996 0.14 0.09
6.0 3172 5996 5996 3167 3 2827 97,130 0.06 0.04

Mussel shells are made of up to 83% aragonite [74]. Aragonite is more soluble than
calcite, therefore shell dissolution may be a considerable problem faced by mussels in
acidified seawater [75]. The ΩArag remains favorable for calcification when >1 [73]. The
present study shows a decrease in the Ω value related to an increase in protons H+, being
a critical value for calcification when pH ≤ 7.5 (Table 1). According to [76], CaCO3 is of
high ecological relevance, acting on the calcification kinetics and interfering in bivalve shell
formation. Its reduction and dissolution depend on ΩArag/ΩCal availability, which are
changed via H+ variance.

3.2. Biological Responses

The percentage of mussel mortality for each treatment assay is shown in Table 2. In
general, the mortality increases as pH values decrease. For pH values up to 7.5, no mortality
was registered, while for pH values below 7.0, mortality was recorded at a minimum of 20%
after 96 h of exposure. These results concur with study [77], in which the clam Scrobicularia
plana showed a mortality of 20% at the pH value of 7.1 at 96 h of exposure.

Table 2. Perna perna mortality percentage registered after 48-and 96 h exposure for the different pH
levels (8.0, 7.5, 7.0, 6.5, and 6.0) and control (8.3 with no CO2 added).

pH Value
Mortality (%)

48 h 96 h

8.3 0 0
8.0 0 0
7.5 0 0
7.0 0 20
6.5 10 20
6.0 0 30

Lysosomes are central to many key biological processes, including reproduction,
digestion and immune response; thus, any deleterious changes to their function can have
serious consequences for those processes. The general health status of the mussels was
therefore considered in terms of changes to the lysosomal system of the blood cells [75].

The NRRT assay is based on the principle that only lysosomes in healthy cells take up
and retain the vital dye neutral red. Lysosomal membrane damage caused by the impact
of xenobiotics can decrease the NRRT times through inducing the leaking of lysosomal
components. Lysosomal membrane damage caused by the impact of xenobiotics [78] or
by CO2-induced seawater acidification [75] can decrease the NRRT through inducing the
leaking of lysosomal components [79].

The results of the biomarker of exposure NRRT assay for Perna perna involving acidi-
fied seawater are shown in Figure 1. The “exposure times” presented very small estimates
(F = 0.197; df = 1; p = 0.65; ES = 0.001), while the isolated “pH values” (F = 10.328; df = 5;
p < 0.001; ES = 0.37) and the combination of both explanatory variables (F = 3.518; df = 5;
p = 0.007; ES = 0.15) also evidenced a large effect on NRRT responses. The range in NRRT



Appl. Sci. 2023, 13, 7199 6 of 13

values observed for lysosomes from control mussels (n = 10; no CO2 added) at time zero,
48 h and 96 h of assay were 81 ± 26 min, 93 ± 23 min and 77 ± 24 min, respectively. In
the first 48 h, the RT significantly (p < 0.05) decreased at pH 7.0 and 6.5. After 96 h, the
organisms exposed to different pH values showed a significant decrease (p < 0.01) in the
dye retention time in lysosomes only at pH 6.0. There was no significant difference between
RT of the dye in the control group for the highest pH values (8.0 and 7.5).

Figure 1. Mean (and standard error) of LMS assessed through NRRT assay in the hemocytes of P.
perna exposed to different pH levels (Dunn’s test: * p < 0.05; ** p < 0.01).

The results presented in this study for the control sample (81 ± 26 min) are reliable and
fit with those obtained in previous studies reporting an NRRT ranging from 60 to 90 min in
a study on healthy or non-exposed P. perna [80] and 60 min in a study using hemolymph of
Perna viridis [81]. Furthermore, [82] reported NRRTs of 90 min using Mytilus galloprovincialis
hemolymph, and 106 min in the [83] study using clam Ruditapes philippinarum hemolymph.

According to the criteria established by [84], in the cytochemical method, animals
are considered to be stressed but compensating if NRRT were between 50 and 120 min.
However, studies have demonstrated that lysosomal membrane stability differs in tropical
zones compared to temperate zones, as higher temperatures in the tropics lead the neutral
red dye to be retained in the lysosomes for a shorter period of time [85], agreeing with the
results of this work and previous studies on NRRT of P. perna populations from the Brazilian
coast [43,65,86,87]. Therefore, the present study may contribute to the development of a
health index for tropical mussels.

Lysosomal integrity is directly correlated with physiological scope for growth and is
also mechanistically linked with the processes of protein turnover [88]. Ref. [89] showed
that lysosomal stability in adult oysters is also correlated with larval viability. Therefore,
the integrity or stability of this membrane is considered an indicator of the cell “well-being”,
acting as an important cellular and nonspecific biomarker of stress [46] once its activity is
directly related to ion transportation [59].

The significant reduction in lysosomal health observed for pH below 7.0 (48 h) may
be related to the increase in Ca2+ concentrations in the hemolymph [75], which can cause
lysosomal destabilization [90]. According to [22], decreasing pH promotes the dissolution
of shells and, consequently, an increasing concentration of Ca2+ in the hemolymph, altering
the cellular metabolism and reducing immune function. According to [91], extracellular
calcium enters in the cells via pinocytosis, and once in the cytosol, Ca2+ can activate
calcium-dependent phospholipase A2, destabilizing the lysosome membrane.

The compensation of acid–base imbalance is also of great importance, since it is related
to ion transportation through the cell membrane. The CO2 produced in the cells during
routine metabolism is typically hydrated to form bicarbonate and H+. The H+ ions are
buffered, while the bicarbonate is transported out of the cell in exchange for Cl− via
ion transport proteins. Refs. [92,93] indicated that mussels responded to maintain acid–
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base balance through carbonic anhydrase activity, so that it was significantly higher in
mussels exposed to low pH in comparison with control individuals. As observed in the
present study, the increasing proton concentration in the environment, once more, may be
associated with a decrease in the lysosome’s capacity to retain the dye as a healthy cell.

DNA damage results evidenced that “exposure time” (F = 0.298; df = 1; p = 0.58;
ES = 0.001) was not significant, presenting a very small influence on DNA-SB. The “pH
values” variable, on the other hand, demonstrated a large significance (F = 20.766; df = 5;
p < 0.001; ES = 0.47) and the combination of these explanatory variables showed a signif-
icantly medium effect (F = 3.727; df = 5; p = 0.003; ES = 0.11). Lipid peroxidation results
showed that “exposure time” (F = 34.953; df = 1; p < 0.001; ES = 0.24), the “pH values”
(F = 4.940; df = 5; p < 0.001; ES = 0.15) and the combination of these explanatory variables
(F = 5.603; df = 5; p < 0.001; ES = 0.17) had a large statistical effect on LPO responses. The
DNA strand break values and the LPO results are shown in Figure 2. In the present study,
the DNA strand breaks exhibited significantly higher values (p < 0.05) than T0 in the gills
of Perna perna mussels exposed to a pH value of 6.0 in both exposure times. Only LPO was
significantly different (p < 0.01) at pH 6.0 after 96 h exposure.

Figure 2. Mean (and standard error) of DNA damage (stand break) and LPO assessed in P. perna
exposed to different pH levels for 96 h (** p < 0.01).

Oxidative stress occurs due to an imbalance between the production of reactive oxygen
species (ROS) and their elimination via the antioxidant system defense, leading to protein
degradation and enzyme inactivation [94]. If it is continuously generated, ROS can damage
important biomolecules such as DNA, proteins and LPO [95]. Results obtained from
this study may be related to the increase in the ROS production in acidified scenarios,
agreeing with the study [96], where bivalve Crassostrea gigas showed a significant increase
in the production of ROS in hemocytes, as well as DNA damage (comet assay) in different
scenarios of ocean acidification (pH 7.6 and 7.8).

Ref. [97] reported that low pH caused a decrease in electron supply from NADH to
the electron transport chain in the oyster Crassostrea gigas, and their response mechanism
changed the cellular balance between resource supply and oxidative stress. As a protec-
tive system against the consequences of oxidative stress, lysosome autophagy consists
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of breaking down longer-lived proteins and organelles and recycling the products into
protein-synthesis and energy production pathways [98].

3.3. Principal Component Analysis (PCA)

A multivariate analysis approach was applied to all data to help discriminate the main
variables responsible for the variance of biological effects detected in mussels (Table 3,
Figure 3). The application of PCA to the original 13 variables at the pH bioassay indicates
that they can be grouped in two new factors. These new variables explain more than 96%
of the total variance of the original data set. In the present study, we selected a group of
variables associated with a component loading ≥ 0.40, corresponding to an associated
explained variance of more than 30%.

Table 3. Sorted rotated factor loadings of 13 variables for the two principal factors.

Variables
Components

Factor 1 Factor 2

NRRT 48 h −0.92
NRRT 96 h −0.76 −0.52
DNA 48 h 0.69
DNA 96 h 0.91 0.24
LPO 48 h −0.76
LPO 96 h 0.51 0.72

Mortality 48 h
Mortality 96 h 0.55 0.68

TA 0.88 0.40
DIC 0.89 0.41
ΩCal −0.26 −0.94

ΩArag −0.26 −0.94
pCO2 0.91

Variance (%) 5.63 4.51
Cumulative (%) 0.43 0.34
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Figure 3. Estimated factor scores in relation to the pH treatments used in the study.

The F1 (61%) includes the lethal response and DNA damage of the mussel. According
to [89], the positive LPO 96 h value may demonstrate a relationship between an increase
of antioxidant enzymes and LPO levels as defense mechanisms due to possibly being
overwhelmed by ROS produced in organism tissues. It was more representative for pH 6.0
with higher positive values (Figure 3).

The F2 (21%) showed the relationship between NRRT, DNA damage, LPO, mortality
and pH reduction. The effects of this factor could be related with acidification by CO2
enrichment because of the significant variance in lysosome membrane stability (NRRT) and
the increase in DNA damage, the oxidative stress and the mortality.
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The presented results corroborate the toxic effects observed from a decrease in pH
value ≤ 6.5, while from pH values ≤ 7.5 a stress showed to be produced through activating
enzymatic systems maintained at the lowest pH values. In summary, the stress produced
via increasing proton concentration can be noticed in the enzymatic systems of the mussels
(NRRT and LPO) in pH values lower than 7.5, being accentuated when the value of the
concentration of protons is higher, which produces toxic effects related to pH 6.5 and 6.0.

A similar integration analysis was carried out for the same pH range, but with other
toxicity species and endpoints (amphipods mortality, sea-urchin embryo-larval develop-
ment and the benthic community) in the Bay of Santos [29]. Similar results were obtained;
they determined that pH 6.0 was extremely toxic for marine life.

The responses of the mussels might be affected by the presence of other toxic com-
pounds in the environment. The Santos Bay is affected by sewage discharges that carry
illicit drugs, such as crack cocaine. This, in combination with acidification conditions (also
below pH 7.5), provokes alterations in Perna perna reproduction [31].

4. Conclusions

The results obtained in this study suggest that mortality and reduced health status
can occur when the tropical mussel Perna perna is exposed to pH levels lower than 7.5 for
a short term (48 and 96 h). Lysosomal membrane stability of hemocytes showed the first
signs of effects, followed by DNA damages and LPO in gills under acidified conditions.
These findings should be considered when environmental monitoring approaches are
performed in tropical marine areas receiving petroliferous or other activities employing
CCS technologies.

Author Contributions: Conceptualization, L.d.S.S., C.D.S.P. and I.R.; methodology, L.d.S.S., E.B.
and A.C.; software, L.d.S.S., E.B., I.R. and L.F.d.A.D.; validation, C.D.S.P., A.C., I.R. and L.F.d.A.D.;
formal analysis, L.d.S.S. and L.F.d.A.D.; investigation, I.R., C.D.S.P. and A.C.; resources, C.D.S.P.,
I.R. and A.C.; data curation, L.d.S.S. and E.B.; writing—original draft preparation, L.d.S.S. and I.R.;
writing—review and editing, all authors; visualization, E.B. and L.d.S.S.; supervision, C.D.S.P. and
A.C.; project administration, C.D.S.P., I.R. and A.C.; funding acquisition, C.D.S.P., A.C. and I.R. All
authors have read and agreed to the published version of the manuscript.

Funding: This study was funded by Fundação de Amparo à Pesquisa do Estado de São Paulo
(FAPESP) through grants #2015/17329-0 and #2018/18456-4.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Acknowledgments: The first author would like to thank the Erasmus Mundus Program for the doctoral
fellowship. Bonnail, E. thanks to ANID/CONICYT/FONDECYT 11180015. Pereira C.D.S. thanks CNPq
for funding support (#409187/2016-0). Cesar, A., Pereira C.D.S., Ribeiro D.A. and T.A. DelValls thank
CNPq (#305734/2018-0) for productivity fellowships. Riba, I. thanks FAPESP (#2017/25936-0) for her
Visiting Researcher Program at Universidade Federal do Sao Paulo.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Schmittner, A.; Oschlies, A.; Matthews, H.D.; Galbraith, E.D. Future changes in climate, ocean circulation, ecosystems, and

biogeochemical cycling simulated for a business-as-usual CO2 emission scenario until year 4000 AD. Glob. Biogeochem. Cycles
2008, 22, 1–21. [CrossRef]

2. Caldeira, K.; Wickett, M.E. Ocean model predictions of chemistry changes from carbon dioxide emissions to the atmosphere and
ocean. J. Geophys. Res. 2005, 110, C09S04. [CrossRef]

3. Feely, R.A.; Sabine, C.L.; Lee, K.; Berelson, W.; Kleypas, J.; Fabry, V.J.; Millero, F.J. Impact of anthropogenic CO2 on the CaCO3
system in the oceans. Science 2004, 305, 362–366. [CrossRef]

4. Barros, P.; Sobral, P.; Range, P.; Chícharo, L.; Matias, D. Effects of sea-water acidification on fertilization and larval development
of the oyster Crassostrea gigas. J. Exp. Mar. Biol. Ecol. 2013, 440, 200–206. [CrossRef]

5. Harvey, B.P.; Gwynn-Jones, D.; Moore, P.J. Meta-analysis reveals complex marine biological responses to the interactive effects of
ocean acidification and warming. Ecol. Evol. 2013, 3, 1016–1030. [CrossRef] [PubMed]

https://doi.org/10.1029/2007GB002953
https://doi.org/10.1029/2004JC002671
https://doi.org/10.1126/science.1097329
https://doi.org/10.1016/j.jembe.2012.12.014
https://doi.org/10.1002/ece3.516
https://www.ncbi.nlm.nih.gov/pubmed/23610641


Appl. Sci. 2023, 13, 7199 10 of 13

6. Rato, L.D.; Novais, S.C.; Lemos, M.F.L.; Alves, L.M.F.; Leandro, S.M. Homarus gammarus (Crustacea: Decapoda) larvae under an
ocean acidification scenario: Responses across different levels of biological organization. Comp. Biochem. Physiol. Part C Toxicol.
Pharmacol. 2017, 203, 29–38. [CrossRef] [PubMed]

7. Wei, L.; Wang, Q.; Wu, H.; Ji, C.; Zhao, J. Proteomic and metabolomic responses of Pacific oyster Crassostrea gigas to elevated
pCO2 exposure. J. Proteom. 2015, 112, 83–94. [CrossRef]

8. Fabry, V.J.; Seibel, B.A.; Feely, R.A.; Orr, J.C. Impacts of ocean acidification on marine fauna and ecosystem processes. ICES J. Mar.
Sci. 2008, 65, 414–432. [CrossRef]

9. Rost, B.; Zondervan, I.; Wolf-Gladrow, D. Sensitivity of phytoplankton to future changes in ocean carbonate chemistry: Current
knowledge, contradictions and research directions. Mar. Ecol. Prog. Ser. 2008, 373, 227–237. [CrossRef]

10. Rodríguez, A.; Hernández, J.C.; Brito, A.; Clemente, S. Effects of ocean acidification on juvenile sea urchins: Predator-prey
interactions. J. Exp. Mar. Biol. Ecol. 2017, 493, 31–40. [CrossRef]

11. IPCC. Summary for Policymakers, Climate Change 2014: Synthesis Report. Contribution of Working Groups I, II and III to the Fifth
Assessment Report of the Intergovernmental Panel on Climate Change; Cambridge University Press: Cambridge, UK, 2014. [CrossRef]

12. IEA. Carbon capture and storage: Model Regulatory Framework. JAMA 2010, 303, 1601. [CrossRef]
13. Kirchsteiger, C. Carbon capture and storage-desirability from a risk management point of view. Saf. Sci. 2008, 46, 1149–1154.

[CrossRef]
14. Liu, X.; Godbole, A.; Lu, C.; Michal, G.; Venton, P. Source strength and dispersion of CO2 releases from high-pressure pipelines:

CFD model using real gas equation of state. Appl. Energy 2008, 126, 56–68. [CrossRef]
15. Dewar, M.; Wei, W.; McNeil, D.; Chen, B. Small-scale modelling of the physiochemical impacts of CO2 leaked from sub-seabed

reservoirs or pipelines within the North Sea and surrounding waters. Mar. Pollut. Bull. 2013, 73, 504–515. [CrossRef]
16. Leung, D.Y.C.; Caramanna, G.; Maroto-Valer, M.M. An overview of current status of carbon dioxide capture and storage

technologies. Renew. Sustain. Energy Rev. 2014, 39, 426–443. [CrossRef]
17. Hall-Spencer, J.M.; Rodolfo-Metalpa, R.; Martin, S.; Ransome, E.; Fine, M.; Turner, S.M.; Rowley, S.J.; Tedesco, D.; Buia, M.C.

Volcanic carbon dioxide vents show ecosystem effects of ocean acidification. Nature 2008, 454, 96–99. [CrossRef]
18. McGinnis, D.F.; Schmidt, M.; Delsontro, T.; Themann, S.; Rovelli, L.; Reitz, A.; Linke, P. Discovery of a natural CO2 seep in the

German North Sea: Implications for shallow dissolved gas and seep detection. J. Geophys. Res. Ocean. 2011, 116, 1–12. [CrossRef]
19. Canfield, D.E. Organic Matter Oxidation in Marine Sediments. In Interactions of C, N, P and S Biogeochemical Cycles and Global

Change; Springer: Berlin/Heidelberg, Germany, 1993; pp. 333–363. [CrossRef]
20. Santana-Casiano, J.M.; González-Dávila, M.; Fraile-Nuez, E.; De Armas, D.; González, A.G.; Domínguez-Yanes, J.F.; Escánez, J.

The natural ocean acidification and fertilization event caused by the submarine eruption of El Hierro. Sci. Rep. 2013, 3, 5–12.
[CrossRef] [PubMed]

21. Leal, V.; Amonte, C.; Melián, G.V.; Meire Feijoo, A.; Di Nardo, D.; Pitti Pimienta, L.; Santana de León, J.M.; Rojas, S.; Barbero,
L.; Pérez, N.M.; et al. Hydrogeochemical temporal variations related to the recent volcanic eruption at Cumbre Vieja volcano,
La Palma, Canary Islands. In Proceedings of the EGU General Assembly 2022, Vienna, Austria, 23–27 May 2022. EGU22-8817.
[CrossRef]

22. Bibby, R.; Widdicombe, S.; Parry, H.; Spicer, J.; Pipe, R. Effects of ocean acidification on the immune response of the blue mussel
Mytilus edulis. Aquat. Biol. 2008, 2, 67–74. [CrossRef]

23. Blackford, J.; Stahl, H.; Bull, J.M.; Bergès, B.J.P.; Cevatoglu, M.; Lichtschlag, A.; Connelly, D.; James, R.H.; Kita, J.; Long, D.; et al.
Detection and impacts of leakage from sub-seafloor deep geological carbon dioxide storage. Nat. Clim. Chang. 2014, 4, 1011–1016.
[CrossRef]

24. Jones, D.G.; Beaubien, S.E.; Blackford, J.C.; Foekema, E.M.; Lions, J.; De Vittor, C.; West, J.M.; Widdicombe, S.; Hauton, C.; Queirós,
A.M. Developments since 2005 in understanding potential environmental impacts of CO2 leakage from geological storage. Int. J.
Greenh. Gas Control 2015, 40, 350–377. [CrossRef]

25. Tait, K.; Stahl, H.; Taylor, P.; Widdicombe, S. Rapid response of the active microbial community to CO2 exposure from a controlled
sub-seabed CO2 leak in Ardmucknish Bay (Oban, Scotland). Int. J. Greenh. Gas Control 2015, 38, 171–181. [CrossRef]

26. Widdicombe, S.; Beesley, A.; Berge, J.A. Impact of elevated levels of CO2 on animal mediated ecosystem function: The modification
of sediment nutrient fluxes by burrowing urchins. Mar. Pollut. Bull. 2013, 73, 416–427. [CrossRef] [PubMed]

27. Borrero-Santiago, A.R.; Carbú, M.; DelValls, T.A.; Riba, I. CO2 leaking from sub-seabed storage: Responses of two marine bacteria
strains. Mar. Environ. Res. 2016, 121, 2–8. [CrossRef] [PubMed]

28. Borrero-Santiago, A.R.; Ribicic, D.; Bonnail, E.; Netzer, R.; Koseto, D.; Ardelan, M.V. Response of bacterial communities in Barents
Sea sediments in case of a potential CO2 leakage from carbon reservoirs. Mar. Environ. Res. 2020, 160, 105050. [CrossRef]

29. Passarelli, M.C.; Riba, I.; Cesar, A.; Serrano-Bernando, F.; DelValls, T.A. Assessing the influence of ocean acidification to marine
amphipods: A comparative study. Sci. Total Environ. 2017, 595, 759–768. [CrossRef]

30. Szalaj, D.; De Orte, M.R.; Goulding, T.A.; Medeiros, I.D.; DelValls, T.A.; Cesar, A. The effects of ocean acidification and a
carbon dioxide capture and storage leak on the early life stages of the marine mussel Perna perna (Linneaus, 1758) and metal
bioavailability. Environ. Sci. Pollut. Res. 2017, 24, 765–781. [CrossRef]

31. da Silva Souza, L.; Bonnail, E.; Luzzi, J.A.; Cesar, A.; DelValls, T.A.; Pereira, C.D.S. Could Acidified environments intensify illicit
drug effects on the reproduction of marine mussels? Appl. Sci. 2022, 12, 11204. [CrossRef]

https://doi.org/10.1016/j.cbpc.2017.09.002
https://www.ncbi.nlm.nih.gov/pubmed/28931493
https://doi.org/10.1016/j.jprot.2014.08.010
https://doi.org/10.1093/icesjms/fsn048
https://doi.org/10.3354/meps07776
https://doi.org/10.1016/j.jembe.2017.04.005
https://doi.org/10.1017/CBO9781107415324
https://doi.org/10.1001/jama.2010.513
https://doi.org/10.1016/j.ssci.2007.06.012
https://doi.org/10.1016/j.apenergy.2014.03.073
https://doi.org/10.1016/j.marpolbul.2013.03.005
https://doi.org/10.1016/j.rser.2014.07.093
https://doi.org/10.1038/nature07051
https://doi.org/10.1029/2010JC006557
https://doi.org/10.1007/978-3-642-76064-8_14
https://doi.org/10.1038/srep01140
https://www.ncbi.nlm.nih.gov/pubmed/23355953
https://doi.org/10.5194/egusphere-egu22-8817
https://doi.org/10.3354/ab00037
https://doi.org/10.1038/nclimate2381
https://doi.org/10.1016/j.ijggc.2015.05.032
https://doi.org/10.1016/j.ijggc.2014.11.021
https://doi.org/10.1016/j.marpolbul.2012.11.008
https://www.ncbi.nlm.nih.gov/pubmed/23218873
https://doi.org/10.1016/j.marenvres.2016.05.018
https://www.ncbi.nlm.nih.gov/pubmed/27255122
https://doi.org/10.1016/j.marenvres.2020.105050
https://doi.org/10.1016/j.scitotenv.2017.04.004
https://doi.org/10.1007/s11356-016-7863-y
https://doi.org/10.3390/app122111204


Appl. Sci. 2023, 13, 7199 11 of 13

32. Bautista-Chamizo, E.; Sendra, M.; De Orte, M.R.; Riba, I. Comparative effects of seawater acidification on microalgae: Single and
multispecies toxicity tests. Sci. Total Environ. 2019, 649, 224–232. [CrossRef]

33. Rodríguez-Romero, A.; Jiménez-Tenorio, N.; Basallote, M.D.; De Orte, M.R.; Blasco, J.; Riba, I. Predicting the impacts of CO2
leakage from subseabed storage: Effects of metal accumulation and toxicity on the model benthic organism Ruditapes philippinarum.
Environ. Sci. Technol. 2014, 48, 12292–12301. [CrossRef]

34. Sun, T.; Tang, X.; Jiang, Y.; Wang, Y. Seawater acidification induced immune function changes of haemocytes in Mytilus edulis: A
comparative study of CO2 and HCl enrichment. Sci. Rep. 2017, 7, 41488. [CrossRef]

35. Conradi, M.; Riba, I.; Almagro-Pastor, V.; DelValls, T.A. Lethal and sublethal responses in the clam Scrobicularia plana exposed to
different CO2-acidic sediments. Environ. Res. 2016, 151, 642–652. [CrossRef] [PubMed]

36. Ishimatsu, A.; Hayashi, M.; Kikkawa, T. Fishes in high-CO2, acidified oceans. Mar. Ecol. Prog. Ser. 2008, 373, 295–302. [CrossRef]
37. Sokolova, I.I.; Matoo, O.B.; Dickinson, G.H.; Beniash, E. Physiological and ecological responses. In Stressors in the Marine

Environment; Oxford Scholarship: Oxford, UK, 2016. [CrossRef]
38. Heuer, R.M.; Grosell, M. Physiological impacts of elevated carbon dioxide and ocean acidification on fish. AJP Regul. Integr. Comp.

Physiol. 2014, 307, R1061–R1084. [CrossRef] [PubMed]
39. Fabry, V.J. Marine Calcifiers in a High-CO2 Ocean. Science 2008, 320, 1020–1022. [CrossRef]
40. Pörtner, H.O. Ecosystem effects of ocean acidification in times of ocean warming: A physiologist’s view. Mar. Ecol. Prog. Ser. 2008,

373, 203–217. [CrossRef]
41. Dupont, S.; Dorey, N.; Thorndyke, M. What meta-analysis can tell us about vulnerability of marine biodiversity to ocean

acidification? Estuar. Coast. Shelf Sci. 2010, 89, 182–185. [CrossRef]
42. Hendriks, I.E.; Duarte, C.M.; Álvarez, M. Vulnerability of marine biodiversity to ocean acidification: A meta-analysis. Estuar.

Coast. Shelf Sci. 2010, 86, 157–164. [CrossRef]
43. Cortez, F.S.; Seabra Pereira, C.D.; Santos, A.R.; Cesar, A.; Choueri, R.B.; Martini, G.D.A.; Bohrer-Morel, M.B. Biological effects

of environmentally relevant concentrations of the pharmaceutical Triclosan in the marine mussel Perna perna (Linnaeus, 1758).
Environ. Pollut. 2012, 168, 145–150. [CrossRef]

44. Maranho, L.A.; Pereira, C.D.S.; Choueri, R.B.; Cesar, A.; Gusso-Choueri, P.K.; Torres, R.J.; Abessa, D.M.D.S.; Morais, R.D.; Mozeto,
A.A.; Delvalls, T.A.; et al. The application of biochemical responses to assess environmental quality of tropical estuaries: Field
surveys. J. Environ. Monit. 2012, 14, 2608–2615. [CrossRef]

45. Moschino, V.; Delaney, E.; Da Ros, L. Assessing the significance of Ruditapes philippinarum as a sentinel for sediment pollution:
Bioaccumulation and biomarker responses. Environ. Pollut. 2012, 171, 52–60. [CrossRef]

46. Moore, M.T.; Lizotte, R.E.; Smith, S. Responses of Hyalella azteca to a pyrethroid mixture in a constructed wetland. Bull. Environ.
Contam. Toxicol. 2007, 78, 245–248. [CrossRef] [PubMed]

47. Liu, C.W.; Liang, C.P.; Lin, K.H.; Jang, C.S.; Wang, S.W.; Huang, Y.K.; Hsueh, Y.M. Bioaccumulation of arsenic compounds in
aquacultural clams (Meretrix lusoria) and assessment of potential carcinogenic risks to human health by ingestion. Chemosphere
2007, 69, 128–134. [CrossRef] [PubMed]

48. Maranho, L.A.; DelValls, T.A.; Martín-Díaz, M.L. Assessing potential risks of wastewater discharges to benthic biota: An
integrated approach to biomarker responses in clams (Ruditapes philippinarum) exposed under controlled conditions. Mar. Pollut.
Bull. 2015, 92, 11–24. [CrossRef]

49. Riba, I.L.; DelValls, T.A.; Forja, J.M.; Gómez-Parra, A. The influence of pH and salinity on the toxicity of heavy metals in sediment
to the estuarine clam Ruditapes philippinarum. Environ. Toxicol. Chem. 2004, 23, 1100–1107. [CrossRef] [PubMed]

50. Bonnail, E.; Borrero-Santiago, A.R.; Nordtug, T.; Øverjordet, I.B.; Krause, D.F.; Ardelan, M.V. Climate change mitigation effects:
How do potential CO2 leaks from a sub-seabed storage site in the Norwegian Sea affect Astarte sp. bivalves? Chemosphere 2021,
264, 128552. [CrossRef] [PubMed]

51. de Lafontaine, Y.; Gagné, F.; Blaise, C.; Costan, G.; Gagnon, P.; Chan, H. Biomarkers in zebra mussels (Dreissena polymorpha) for
the assessment and monitoring of water quality of the St Lawrence River (Canada). Aquat. Toxicol. 2000, 50, 51–71. [CrossRef]
[PubMed]

52. Gagné, F.; Blaise, C.; André, C.; Gagnon, C.; Salazar, M. Neuroendocrine disruption and health effects in Elliptio complanata
mussels exposed to aeration lagoons for wastewater treatment. Chemosphere 2007, 68, 731–743. [CrossRef]

53. Parolini, M.; Pedriali, A.; Riva, C.; Binelli, A. Sub-lethal effects caused by the cocaine metabolite benzoylecgonine to the freshwater
mussel Dreissena polymorpha. Sci. Total Environ. 2013, 444, 43–50. [CrossRef]

54. Pereira, C.D.S.; Abessa, D.M.D.S.; Bainy, A.C.D.; Zaroni, L.P.; Gasparro, M.R.; Bícego, M.C.; Taniguchi, S.; Furley, T.H.; De Sousa,
E.C.P.M. Integrated assessment of multilevel biomarker responses and chemical analysis in mussels from São Sebastião, São
Paulo, Brazil. Environ. Toxicol. Chem. 2007, 26, 462–469. [CrossRef]

55. Edge, K.J.; Johnston, E.L.; Roach, A.C.; Ringwood, A.H. Indicators of environmental stress: Cellular biomarkers and reproductive
responses in the Sydney rock oyster (Saccostrea glomerata). Ecotoxicology 2012, 21, 1415–1425. [CrossRef]

56. Patterson, H.K.; Boettcher, A.; Carmichael, R.H. Biomarkers of dissolved oxygen stress in oysters: A tool for restoration and
management efforts. PLoS ONE 2014, 9, e104440. [CrossRef] [PubMed]

57. Zanette, J.; Monserrat, J.M.; Bianchini, A. Biochemical biomarkers in gills of mangrove oyster Crassostrea rhizophorae from three
Brazilian estuaries. Comp. Biochem. Physiol. C Toxicol. Pharmacol. 2006, 143, 187–195. [CrossRef] [PubMed]

https://doi.org/10.1016/j.scitotenv.2018.08.225
https://doi.org/10.1021/es501939c
https://doi.org/10.1038/srep41488
https://doi.org/10.1016/j.envres.2016.08.032
https://www.ncbi.nlm.nih.gov/pubmed/27619209
https://doi.org/10.3354/meps07823
https://doi.org/10.1093/acprof:oso/9780198718826.001.0001
https://doi.org/10.1152/ajpregu.00064.2014
https://www.ncbi.nlm.nih.gov/pubmed/25163920
https://doi.org/10.1126/science.1157130
https://doi.org/10.3354/meps07768
https://doi.org/10.1016/j.ecss.2010.06.013
https://doi.org/10.1016/j.ecss.2009.11.022
https://doi.org/10.1016/j.envpol.2012.04.024
https://doi.org/10.1039/c2em30465a
https://doi.org/10.1016/j.envpol.2012.07.024
https://doi.org/10.1007/s00128-007-9135-5
https://www.ncbi.nlm.nih.gov/pubmed/17476448
https://doi.org/10.1016/j.chemosphere.2007.04.038
https://www.ncbi.nlm.nih.gov/pubmed/17537481
https://doi.org/10.1016/j.marpolbul.2015.01.009
https://doi.org/10.1897/023-601
https://www.ncbi.nlm.nih.gov/pubmed/15180359
https://doi.org/10.1016/j.chemosphere.2020.128552
https://www.ncbi.nlm.nih.gov/pubmed/33065323
https://doi.org/10.1016/S0166-445X(99)00094-6
https://www.ncbi.nlm.nih.gov/pubmed/10930650
https://doi.org/10.1016/j.chemosphere.2006.12.101
https://doi.org/10.1016/j.scitotenv.2012.11.076
https://doi.org/10.1897/06-266R.1
https://doi.org/10.1007/s10646-012-0895-2
https://doi.org/10.1371/journal.pone.0104440
https://www.ncbi.nlm.nih.gov/pubmed/25116465
https://doi.org/10.1016/j.cbpc.2006.02.001
https://www.ncbi.nlm.nih.gov/pubmed/16542881


Appl. Sci. 2023, 13, 7199 12 of 13

58. His, E.; Beiras, R.; Seaman, M.N.L. The Assessment of Marine Pollution-Bioassays with Bivalve Embryos and Larvae. Adv. Mar.
Biol. 1999, 37, 1–178. [CrossRef]

59. Marigómez, I.; Garmendia, L.; Soto, M.; Orbea, A.; Izagirre, U.; Cajaraville, M.P. Marine ecosystem health status assessment
through integrative biomarker indices: A comparative study after the Prestige oil spill “mussel Watch”. Ecotoxicology 2013, 22,
486–505. [CrossRef]

60. Tangwancharoen, S.; Burton, R.S. Early life stages are not always the most sensitive: Heat stress responses in the copepod
Tigriopus californicus. Mar. Ecol. Prog. Ser. 2014, 517, 75–83. [CrossRef]

61. Viarengo, A.; Lowe, D.; Bolognesi, C.; Fabbri, E.; Koehler, A. The use of biomarkers in biomonitoring: A 2-tier approach assessing
the level of pollutant-induced stress syndrome in sentinel organisms. Comp. Biochem. Physiol. C Toxicol. Pharmacol. 2007, 146,
281–300. [CrossRef]

62. Passarelli, M.C.; Bonnail, E.; Cesar, A.; DelValls, T.Á.; Riba, I. Integrative Assessment of Sediments Affected by CO2 Enrichment:
A Case Study in the Bay of Santos—SP, Brazil. Appl. Sci. 2021, 11, 11603. [CrossRef]

63. de Orte, M.R.; Sarmiento, A.M.; Basallote, M.D.; Rodríguez-Romero, A.; Riba, I.; DelValls, A. Effects on the mobility of metals
from acidification caused by possible CO2 leakage from sub-seabed geological formations. Sci. Total Environ. 2014, 470–471,
356–363. [CrossRef]

64. de Orte, M.R.; Sarmiento, A.M.; DelValls, T.A.; Riba, I. Simulation of the potential effects of CO2 leakage from carbon capture and
storage activities on the mobilization and speciation of metals. Mar. Pollut. Bull. 2014, 86, 59–67. [CrossRef]

65. da Silva Souza, L.; Bonnail, E.; Maranho, L.A.; Pusceddu, F.H.; Cortez, F.S.; Cesar, A.; Ribeiro, D.A.; Riba, I.; de Souza Abessa,
D.M.; DelValls, Á.; et al. Sub-lethal combined effects of illicit drug and decreased pH on marine mussels: A short-time exposure
to crack cocaine in CO2 enrichment scenarios. Mar. Pollut. Bull. 2022, 171, 112735. [CrossRef] [PubMed]

66. CETESB. Companhia Ambiental do Estado de São Paulo—Qualidade das Praias litorâneas no Estado de São Paulo; CETESB: Sao Paulo,
Brazil, 2016.

67. Lowe, D.M.; Pipe, R.K. Contaminant induced lysosomal membrane damage in marine mussel digestive cells: An in vitro study.
Aquat. Toxicol 1994, 30, 357–365. [CrossRef]

68. Wills, E.D. Evaluation of lipid peroxidation in lipids and biological membranes. In Biochemical Toxicology: A Practical Approach;
Oxford University Press: Oxford, UK, 1987; pp. 127–150.

69. Olive, P.L. DNA precipitation assay: A rapid and simple method for detecting DNA damage in mammalian cells. Environ. Mol.
Mutagen. 1988, 11, 487–495. [CrossRef] [PubMed]

70. Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal. Biochem. 1987, 72, 248–254. [CrossRef]

71. Field, A. Discovering Statistics Using IBM SPSS Statistics, 4th ed.; Sage Publications: Thousand Oaks, CA, USA, 2013; 915p.
72. Ihaka, R.; Gentleman, R. R: A language for data analysis and graphics. J. Comput. Graph. Stat. 1996, 5, 299–314. [CrossRef]
73. Ben-Shachar, M.; Lüdecke, D.; Makowski, D. Effectsize: Estimation of Effect Size Indices and Standardized Parameters. J. Open

Source Softw. 2020, 5, 2815. [CrossRef]
74. Hubbard, F.; McManus, J.; Al-Dabbas, M. Environmental influences on the shell mineralogy of Mytilus edulis. Geo-Mar. Lett. 1981,

1, 267–269. [CrossRef]
75. Beesley, A.; Lowe, D.M.; Pascoe, C.K.; Widdicombe, S. Effects of CO2-induced seawater acidification on the health of Mytilus

edulis. Clim. Res. 2008, 37, 215–225. [CrossRef]
76. Thomsen, J.; Ramesh, K.; Sanders, T.; Bleich, M.; Melzner, F. Calcification in a marginal sea—Influence of seawater [Ca2+] and

carbonate chemistry on bivalve shell formation. Biogeosciences 2018, 15, 1469–1482. [CrossRef]
77. Freitas, R.; Almeida, Â.; Calisto, V.; Velez, C.; Moreira, A.; Schneider, R.J.; Esteves, V.I.; Wrona, F.J.; Soares, A.M.V.M.; Figueira,

E. How life history influences the responses of the clam Scrobicularia plana to the combined impacts of carbamazepine and pH
decrease. Environ. Pollut. 2015, 202, 205–214. [CrossRef]

78. Dailianis, S.; Domouhtsidou, G.P.; Raftopoulou, E.; Kaloyianni, M.; Dimitriadis, V.K. Evaluation of neutral red retention assay,
micronucleus test, acetylcholinesterase activity and a signal transduction molecule (cAMP) in tissues of Mytilus galloprovincialis
(L.), in pollution monitoring. Mar. Environ. Res. 2003, 56, 443–470. [CrossRef]

79. Binelli, A.; Cogni, D.; Parolini, M.; Riva, C.; Provini, A. In vivo experiments for the evaluation of genotoxic and cytotoxic effects
of Triclosan in Zebra mussel hemocytes. Aquat. Toxicol. 2009, 91, 238–244. [CrossRef]

80. dos Santos Barbosa Ortega, A.; Maranho, L.A.; Nobre, C.R.; Moreno, B.B.; Guimarães, R.S.; Lebre, D.T.; de Souza Abessa, D.M.;
Ribeiro, D.A.; Pereira, C.D.S. Detoxification, oxidative stress, and cytogenotoxicity of crack cocaine in the brown mussel Perna
perna. Environ. Sci. Pollut. Res. 2019, 26, 27569–27578. [CrossRef] [PubMed]

81. Nicholson, S. Lysosomal membrane stability, phagocytosis and tolerance to emersion in the mussel Perna viridis (Bivalvia:
Mytilidae) following exposure to acute, sublethal, copper. Chemosphere 2003, 52, 1147–1151. [CrossRef] [PubMed]

82. Martin-Diaz, L.; Franzellitti, S.; Buratti, S.; Valbonesi, P.; Capuzzo, A.; Fabbri, E. Effects of environmental concentrations of the
antiepilectic drug carbamazepine on biomarkers and cAMP-mediated cell signaling in the mussel Mytilus galloprovincialis. Aquat.
Toxicol. 2009, 94, 177–185. [CrossRef] [PubMed]

83. Aguirre-Martínez, G.V.; Buratti, S.; Fabbri, E.; DelValls, T.A.; Martín-Díaz, M.L. Using lysosomal membrane stability of haemocytes
in Ruditapes philippinarum as a biomarker of cellular stress to assess contamination by caffeine, ibuprofen, carbamazepine and
novobiocin. J. Environ. Sci. 2013, 25, 1408–1418. [CrossRef]

https://doi.org/10.1016/S0065-2881(08)60428-9
https://doi.org/10.1007/s10646-013-1042-4
https://doi.org/10.3354/meps11013
https://doi.org/10.1016/j.cbpc.2007.04.011
https://doi.org/10.3390/app112411603
https://doi.org/10.1016/j.scitotenv.2013.09.095
https://doi.org/10.1016/j.marpolbul.2014.07.042
https://doi.org/10.1016/j.marpolbul.2021.112735
https://www.ncbi.nlm.nih.gov/pubmed/34303056
https://doi.org/10.1016/0166-445X(94)00045-X
https://doi.org/10.1002/em.2850110409
https://www.ncbi.nlm.nih.gov/pubmed/3371333
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1080/10618600.1996.10474713
https://doi.org/10.21105/joss.02815
https://doi.org/10.1007/BF02462445
https://doi.org/10.3354/cr00765
https://doi.org/10.5194/bg-15-1469-2018
https://doi.org/10.1016/j.envpol.2015.03.023
https://doi.org/10.1016/S0141-1136(03)00005-9
https://doi.org/10.1016/j.aquatox.2008.11.008
https://doi.org/10.1007/s11356-018-1600-7
https://www.ncbi.nlm.nih.gov/pubmed/29520548
https://doi.org/10.1016/S0045-6535(03)00328-X
https://www.ncbi.nlm.nih.gov/pubmed/12820995
https://doi.org/10.1016/j.aquatox.2009.06.015
https://www.ncbi.nlm.nih.gov/pubmed/19632730
https://doi.org/10.1016/S1001-0742(12)60207-1


Appl. Sci. 2023, 13, 7199 13 of 13

84. OSPAR. Background Document and Technical Annexes for Biological Effects Monitoring; Update 2013 Monitoring and Assessment
Series; OSPAR: London, UK, 2013.

85. Pereira, C.D.S.; Martin-Díaz, M.L.; Zanette, J.; Cesar, A.; Choueri, R.B.; de Souza Abessa, D.M.; Catharino, M.G.M.; Vasconcellos,
M.B.A.; Bainy, A.C.D.; de Sousa, E.C.P.M.; et al. Integrated biomarker responses as environmental status descriptors of a coastal
zone (São Paulo, Brazil). Ecotoxicol. Environ. Saf. 2011, 74, 1257–1264. [CrossRef]

86. Abessa, D.M.D.S.; Zaroni, L.P.; De Sousa, E.C.P.M.; Gasparro, M.R.; Pereira, C.D.S.; De Figueredo Rachid, B.R.; Depledge, M.;
King, R.S. Physiological and cellular responses in two populations of the mussel Perna perna collected at different sites from the
Coast of São Paulo, Brazil. Braz. Arch. Biol. Technol. 2005, 48, 217–225. [CrossRef]

87. Souza, A.; Moreno, B.B.; Almeida, J.E.; Rogero, S.O.; Pereira, C.D.S.; Rogero, J.R. Cytotoxicity evaluation of Amoxicillin and
Potassium Clavulanate in Perna perna mussels. Ecotoxicol. Environ. Contam. 2016, 11, 21–26. [CrossRef]

88. Allen, J.I.; Moore, M.N. Environmental prognostics: Is the current use of biomarkers appropriate for environmental risk
evaluation? Mar. Environ. Res. 2004, 58, 227–232. [CrossRef]

89. Ringwood, A.H.; Hoguet, J.; Keppler, C.; Gielazyn, M. Linkages between cellular biomarker responses and reproductive success
in oysters—Crassostrea virginica. Mar. Environ. Res. 2004, 58, 151–155. [CrossRef]

90. Marchi, B.; Burlando, B.; Moore, M.N.; Viarengo, A. Mercury- and copper-induced lysosomal membrane destabilisation depends
on [Ca2+] independent phospholipase A2 activation. Aquat. Toxicol. 2004, 66, 197–204. [CrossRef]

91. Jones, R.G.; Waufeh, I. Calcium-containing lysosomes in the outer mantle epithelial cells of Amblema, a fresh-water mollusc.
Anat. Rec. 1982, 203, 337–343. [CrossRef]

92. Velez, C.; Figueira, E.; Soares, A.M.V.M.; Freitas, R. Native and introduced clams biochemical responses to salinity and pH
changes. Sci. Total Environ. 2016, 566–567, 260–268. [CrossRef]

93. Freitas, R.; De Marchi, L.; Bastos, M.; Moreira, A.; Velez, C.; Chiesa, S.; Wrona, F.J.; Figueira, E.; Soares, A.M.V.M. Effects of seawater
acidification and salinity alterations on metabolic, osmoregulation and oxidative stress markers in Mytilus galloprovincialis. Ecol.
Indic. 2017, 79, 54–62. [CrossRef]

94. Halliwell, B.; Gutteridge, J.M.C. Free Radicals in Biology and Medicine, 4th ed.; Oxford University Press: New York, NY, USA, 2007.
95. Regoli, F.; Winston, G.W. Quantification of Total Oxidant Scavenging Capacity of Antioxidants for Peroxynitrite, Peroxyl Radicals,

and Hydroxyl Radicals. Toxicol. Appl. Pharmacol. 1999, 156, 96–105. [CrossRef] [PubMed]
96. Cao, R.; Liu, Y.; Wang, Q.; Zhang, Q.; Yang, D.; Liu, H.; Qu, Y.; Zhao, J. The impact of ocean acidification and cadmium on the

immune responses of Pacific oyster, Crassostrea gigas. Fish Shellfish Immunol. 2018, 81, 456–462. [CrossRef] [PubMed]
97. Timmins-Schiffman, E.; Coffey, W.D.; Hua, W.; Nunn, B.L.; Dickinson, G.H.; Roberts, S.B. Shotgun proteomics reveals physiological

response to ocean acidification in Crassostrea gigas. BMC Genom. 2014, 15, 951. [CrossRef] [PubMed]
98. Cuervo, A.M. Autophagy: In sickness and in health. Trends Cell Biol. 2004, 14, 70–77. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.ecoenv.2011.02.019
https://doi.org/10.1590/S1516-89132005000200008
https://doi.org/10.5132/eec.2016.01.04
https://doi.org/10.1016/j.marenvres.2004.03.119
https://doi.org/10.1016/j.marenvres.2004.03.010
https://doi.org/10.1016/j.aquatox.2003.09.003
https://doi.org/10.1002/ar.1092030304
https://doi.org/10.1016/j.scitotenv.2016.05.019
https://doi.org/10.1016/j.ecolind.2017.04.003
https://doi.org/10.1006/taap.1999.8637
https://www.ncbi.nlm.nih.gov/pubmed/10198274
https://doi.org/10.1016/j.fsi.2018.07.055
https://www.ncbi.nlm.nih.gov/pubmed/30064018
https://doi.org/10.1186/1471-2164-15-951
https://www.ncbi.nlm.nih.gov/pubmed/25362893
https://doi.org/10.1016/j.tcb.2003.12.002
https://www.ncbi.nlm.nih.gov/pubmed/15102438

	Introduction 
	Materials and Methods 
	Laboratory Tests 
	Chemical Characterization 
	Neutral Red Retention Time Assay 
	Lipid Peroxidation and DNA Strand Breaks 
	Data Treatment 

	Results and Discussion 
	Chemical Analysis 
	Biological Responses 
	Principal Component Analysis (PCA) 

	Conclusions 
	References

