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Genotoxic effects of dicofol on the edible clam Meretrix meretrix were investigated through a mesocosm exper-
iment. Individuals of M. meretrix, were exposed to environmental concentration (D1 = 50 ng/L) and supra-
environmental concentration (D2 = 500 ng/L) of dicofol for 15 days, followed by the same depuration
period. DNA damage (i.e., strand breaks and alkali-labile sites) was evaluated at day 1, 7 and 15, during uptake
and depuration, using Comet assay (alkaline version) and nuclear abnormalities (NAs) as genotoxicity bio-
markers. The protective effects of dicofol against DNA damage induced by ex vivo hydrogen peroxide (H202)
exposure were also assessed. Comet assay results revealed no significant DNA damages under dicofol exposure,
indicating 1) apparent lack of genotoxicity of dicofol to the tested conditions and/or 2) resistance of the animals
due to optimal adaptation to stress conditions. Moreover, ex vivo HoO5 exposure showed an increase in the DNA
damage in all the treatments without significant differences between them. However, considering only the DNA
damage induced by H2O, during uptake phase, D1 animals had significantly lower DNA damage than those from
other treatments, revealing higher protection against a second stressor. NAs data showed a decrease in the % of
cells with polymorphic, kidney shape, notched or lobbed nucleus, along the experiment. The combination of
these results supports the idea that the clams used in the experiment were probably collected from a stressful
environment (in this case Pearl River Delta region) which could have triggered some degree of adaptation to
those environmental conditions, explaining the lack of DNA damages and highlighting the importance of or-
ganisms’ origin and the conditions that they were exposed during their lives.

1. Introduction

Dicofol (an acaricide that affects invertebrates and vertebrates nerve
system) is an organochlorine pesticide (OCPs) that has been used in the
crop industry to protect a variety of fruits and vegetables from mites
(Thiel et al., 2011). This pesticide has been used since the late 1950s,
however it is considered a worldwide environmental concern due to its
capacity to biomagnify, similar to dichlorodiphenyltrichlorethane
(DDT), which was extensively and predominantly used in Southeast Asia
(between 2000 and 2012, Asia used around 22 Kt which is 77% of the
worldwide total production) (Li et al., 2015), and known to cause high
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toxicity to animals, especially to aquatic life (Guo et al., 2008). Recent
monitoring data demonstrate dicofol as adequately persistent to be
transported from rivers to the open sea and to remote regions (UNED,
2016). As a consequence, the use of dicofol has been restricted or banned
in many countries and usage has markedly decreased in the last decade
(ca. 80% between 2000 and 2012) (UNED, 2016). Although banned in
numerous countries, dicofol and its metabolites, mainly 4,4'-dichlor-
obenzophenone, can still be detected in Asian water bodies (Ivorra et al.,
2019), biota (Wang et al., 2011) or sediments (Syed et al., 2013). Like
other OCPs, dicofol can be toxic to the aquatic fauna causing genotoxic
and endocrine disruptor effects, at least in aquatic vertebrates (Thibaut
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and Porte, 2004).

One of the strategies for pollutants monitoring in the aquatic envi-
ronments, includes the use of bivalves, because of their feeding behavior
(filter-feeders), geographical location, immobile lifestyle, high resil-
ience and rapid and effective assimilation of toxic substances (Suarez
et al., 2013). Moreover, considering their economic interest and their
high consumption rate, especially in China (approx. 14 000 10° tons/-
year; FAO, 2018), it is relevant to study dicofol toxicity in these marine
invertebrates. In this work, the edible bivalve, Meretrix meretrix —also
known as Vietnamese clam—was used as a model.

The ability of bivalves to bioaccumulate contaminants, and their use
for environmental monitoring studies, have been widely studied (Siu
et al., 2008; Ching et al., 2001; D’Costa et al., 2018). Previous work also
showed how M. meretrix was able to accumulate 4,4’-dichlor-
obenzophenone (the main metabolite of dicofol) during and after 15
days exposed to dicofol (Ivorra et al., 2019); however, little is known
about its genotoxicity in non-target organisms under realistic exposure
scenarios. Therefore, the main aims of this work were: (1) to evaluate
genotoxic effects of dicofol in the bivalve M. meretrix during exposure
and depuration phase, and (2) to evaluate the protective or potentiation
effects of the dicofol against DNA damage induced by HyO- after ex vivo
exposure. For that, two different approaches will be used: the comet
assay (also called the single-cell gel electrophoresis assay) and nuclear
abnormalities (NAs) evaluation. These techniques are routinely used as
biomarkers for monitoring aquatic pollution by contaminants (D’Costa
et al., 2018). The Comet assay is a rapid and sensitive technique that
requires only a small number of cells to provide information regarding
DNA damage and repair in individual cells (Lee & Scott, 2003). In the
case of NAs—like segmented nucleus, binucleated cells, kidney shape,
polymorphic cells and micronucleus— can be used to examine the
exposure and effects of contaminants (Strunjak-Perovic et al., 2009;
Carrola et al., 2014). This test is applied in environmental biomonitoring
studies mainly due to its ability to detect chromosomal aberrations,
structural and numerical, at specific stages in the cells’ life cycle (Riva
et al., 2007). While Comet assay (alkaline version) identifies single
strand breaks and alkali-labile sites, NAs point out chromosomal dam-
ages that can also lead to potential germ cell mutations (Binelli et al.,
2008). To summarize, some hypotheses have been raised in this study.
Knowing that dicofol provoke DNA damage and mutagenic effects on
humans and wildlife (Choi et al., 2004; Ahmad & Ahmad, 2017), and
being the bivalves a sessile and filter-feeder organism (invertebrate), we
expect (H1) that exposure to dicofol will induce genotoxic effects on the
haemocytes of M. meretrix.

As mammalian cells have the capacity to recover from an initial
genotoxic insult through the activation of their DNA repair mechanisms
(Marques et al., 2014), similar response might be expected in bivalves
after dicofol exposure (depuration phase) (H2).

Since previous exposure to a stress agent may influence the response
to a second insult (Rocher et al., 2006), it is expected that previous
exposure to dicofol can potentiate the DNA damage resultant from a
second insult (H3.1) or give protection against it (H3.2).

2. Material and methods
2.1. Test organism/sample description

Bivalves (originally from Guangdong province) were acquired from a
local market in Macao in 2017. Upon arrival in the laboratory, the clams
(ca. 200) were immediately transferred in two 15 L containers and
maintained in oxic conditions for an acclimation period of 4 days.
During this period, animals were fed with a commercial mixture of
spirulina and kelp (Kent Marine Microvert), with a daily dose of 600 pL,
(1:10 dilution) and maintained under a photoperiod of 12:12 light/dark
cycle. Temperature (1 °C/day) and salinity (2 ppt/day) were gradually
adjusted until reaching 27 °C and 16-18 ppt.
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2.2. Experimental design

The set up for this experiment included 36 sub-experiments (4
treatments*3 sampling times*3 replicates). The treatments used were:
1) C: control, with artificial seawater only (ASW), 2) SC: solvent control
(0.1% methanol), 3) D1 = dicofol at environmental concentration (50
ng/L) based on concentrations quantified by Zheng et al. (2016), and 4)
D2 = supra-environmental dicofol concentration (500 ng/L).

The total duration of the experiment was 30 days, divided into up-
take phase where animals were exposed to dicofol during 15 days; and
depuration phase where animals were exposed to ASW during the same
period. At both phases, three sampling times (days) were considered
(T1, T7 and T15). Diagram of the experimental design is shown in Fig. 1.

Distribution of the clams in the aquaria was done after the initial
acclimation period, where same oxic conditions and feeding routine
were kept. Each aquaria contained 1 kg sand (Xin Jing aquarium
gravels) and 2.5 L of ASW. In order to ensure the stability of the system,
clams were maintained in each aquaria during 24 h before starting the
experiment. Distribution of the aquaria was done randomly into the
water baths with controlled temperature and aeration.

Water was daily removed (by using a peristaltic water pump (BT100
M, Generic)) and replaced. In order to get homogenous concentrations in
the system, dicofol’s was spiked and previously mixed with an aliquot of
ASW (250 mL) before adding to the aquarium. Due to dicofol’s insta-
bility in aquatic environments (<1-4 days at pH 7-9), 4,4’-DCBP levels
(dicofol’s main metabolite) were quantified from water samples, regu-
larly (right after spiking and 24 h later), as in Ivorra et al. (2019).

In order to avoid cross-contamination, individually glass covers were
placed on top of the aquaria. Finally, 2 individuals of each replicate
(total n = 6), were collected at each sampling time, and extraction of the
haemolymph (ca. 150 pl per individual) from posterior adductor muscle
with a hypodermic syringe (24 G, 0.55 pm pore size and 25 mm needle
length) previously heparinized, was performed for further cell viability
and genotoxicity evaluation (Comet assay and NAs). As an indicator of
the health status of the bivalves (Hyotylainen et al., 2002), condition
index (CI) was also calculated as: (fresh weight/shell weight) x 100.
Survival rate (%) of the animals was also checked along experiment.
Temperature (daily), and pH and dissolved oxygen (DO) (weekly) were
measured through the entire experiment using a multiprobe (YSI pro
plus, USA).

2.3. Chemicals and reagents

Details regarding all the chemicals and reagents used in this work
can be found in the Supplementary Material.

2.4. Cell isolation and sample viability

The collected haemolymph was transferred to a 1.5 mL tube, and
placed on ice. Prior to the genotoxicity assays, cell count and cell
viability were evaluated to ensure an optimum number of cells to
perform the assay. The cell viability was done using the trypan blue
exclusion test (0.1% in PBS) with 1:1 dilution. Cells were counted in a
Neubauer chamber and only animals showing more than 80% viable
cells were considered for genotoxicity assays.

2.5. Comet assay (in vivo procedure)

Comet assay technique followed the methodology described in Cru-
zeiro et al. (2019) with some modifications for the M. meretrix cells. The
haemolymph (20 pL with about 2.0 x 10* cells) was mixed with 100 pL
of low melting point agarose (0.5%). Each sample was divided in two
slides pre-coated with 1% normal melting point agarose (60 pL), and
covered immediately with coverslips. The rest of the procedure was
done according to Cruzeiro et al. (2019); and can be found in the Sup-
plementary Material section.
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Fig. 1. Diagram of the experiment set-up, indicating the treatments (C: control; SC: solvent control; D1: dicofol 1; D2: dicofol 2) and sampling times (T1/T7/T15), in

triplicates. Aquaria were randomly distributed inside water baths.

Processing software used to capture and score the images were Cell A
(version 2.8), and the plugin Open Comet within the Image J software
(version 1.51), respectively. Duplicated slides for each animal were
included in the analysis. Per each individual, a total number of 100
comets were scored. To evaluate the DNA damage, the % DNA tail was
measured. The average value per treatment was obtained considering
the average value of each individual. Fig. 2 shows an example of no-
tailed (A) and tailed (B) nucleoids. Data were organized by experi-
ments, where exposure phases, treatments and times, were compared for
each case. Base on the % of DNA in tail frequency of the distribution of
nucleoids was also included and classified as: class 0 (0-5%); class 1
(5-20%); class 2 (20-40%); class 3 (40-75%); class 4 (>75%) (Azqueta
et al. (2009)). All the results are expressed as average + SE.

2.6. Comet assay (ex vivo procedure)

For the ex vivo exposure, similar protocol as the one described in 2.5
section was adopted. In this case, after 10 min at 4 °C, the coverslips
were removed carefully and the slides were submerged in 40 mM of
H305 for 5 min on ice. Then, slides were rinsed two times with PBS and
immersed in lysis solution. The subsequent steps and data arrangement
were the same as for the in vivo experiment.

Evaluation of HyOz-induced DNA damage, was done considering the
basal DNA damage (% of DNA in tail without HoOy exposure) and
subtracting the DNA damage after HoO5 exposure. Data are expressed as
average + SE.

A. No-tailed B. Tailed

Fig. 2. No-tailed (A) and tailed (B) nucleoids from M. meretrix detected by
Comet assay using Open Comet software analysis. Red color outlines the entire
nucleoid, green profile indicates comet head; yellow profile indicates comet
tail. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

2.7. Nuclear abnormalities procedure and analysis

Manual cytospin, followed by May-Grunwald-Giemsa stain was used
for the identification of nuclear abnormalities, as described by Marcos
et al. (2016). Firstly, 20 pl of the haemolymph suspension (ca. 2.0 x 104
cells) together with 30 pl of PBS were mixed carefully and smeared in the
slide. Manual centrifugation (cytospin) was done for 3 min in order to
obtain more homogenous distribution of the cells. After this step, slides
were disassembled and oven dried for 30 min at 37 °C. Previous to the
stain, slides were fixed in absolute methanol for 10 min. The stain
protocol consisted of applying May-Grunwald eosine-methylene blue
solution for 15 min, followed by Giemsa (5% in distilled water) for 30
min. Washing steps with distilled water were included after each stain.
Finally, the slides were oven dried as indicated previously, and mounted
with DPX medium (Sigma Aldrich, Germany) for further microscope
observation. A total of 1000 haemocytes per animal were analyzed
under a Leica DMB6000B light microscope (100 x objective). Intact
haemocytes were classified in eight categories, as indicated in Fig. 3:
Normal haemocytes (N); Segmented (SM) — symmetrical/asymmetrical
“eight” shaped nuclei; Kidney Shaped (KS) — nuclei with a kidney
shaped profile; Bilobated, lobed and nuclear buds (BLN) — presence of
evagination or invagination in the nuclear envelope; Micronucleus (MN)
— two nuclei clearly separated, and one of them very small; Binucleated
(BN) — two nuclei clearly separated, and equal sizes, but clearly sepa-
rated; Polymorphic (P) —with irregular nuclei and inconsistent pattern;
and Nucleoplasmatic Bridge (NPB) — presence of a chromatin bridge
between two nucleus. The mean frequencies of each category were
estimated and expressed as a percentage.

2.8. Statistical analysis

All the obtained data was checked for normality (Kolmogorov-
Smirnov test) and homogeneity of variances (Levene’s test). Data
transformations were applied in order to fit the assumptions of
normality. In order to check the health status of the organisms along the
experiment, differences in condition index were assessed by 3-Way
ANOVA, followed by Tukey’s test. To determine differences in Comet
assay (in vivo and ex vivo) and NAs results between treatments (C/SC/
D1/D2), sampling times (T1/T7/T15), and phases (uptake/depuration),
a 3-Way ANOVAs on ranks followed by Tukey’s post-hoc test were
applied to the different factors. Statistics of the classes was assessed by
applying 2-Way ANOVA on ranks within each class (0/1/2/4) and for
each independent phase (uptake/depuration), followed also by Tukey’s
post-hoc test. Statistics of the HpOz-induced DNA damage for each
treatment was assessed by applying 2-Way ANOVA on ranks, followed
by Tukey’s post-hoc test. The significant differences found for all the
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Fig. 3. Schematic representation of the different types of NAs in haemocytes from M. meretrix; image based on Strunjak-Perovic et al. (2009) and Carrola

et al. (2014).

analysis, are represented by symbols or letters in the figures. Addition-
ally, information related to the significant interactions can be found in
SM file. The software Statistica version 7.00 was used for the analyses.

3. Results
3.1. Experimental design and maintenance

During the experiment, water temperature in the aquaria (26.92 +
0.17 °C), pH (8.45 £ 0.14) and DO (106 + 4.01%) were stable, indi-
cating the successful maintenance conditions of the system. The survival
rate did not vary among the treatments, presenting average values of
97.9 £ 3.9% of survival. Additionally, cell viability (assessed by trypan
blue) was not affected by dicofol exposure, since all the values were
above 80% for all the animals in all the treatments. Information and
details related to the condition index (CI) can be found in the supple-
mentary material (Figure S1). Overall, the CI declined significantly from
uptake to depuration phase. Additionally, the CI of individuals exposed
to dicofol was significantly higher than those from control.

3.2. Comet assay (in vivo)

DNA damages were estimated at different sampling times during
uptake and depuration. The DNA damages (% tail DNA) induced in vivo
by different concentrations of dicofol (50 ng/L and 500 ng/L) are shown
in Fig. 4. In vivo results showed no significant differences for all of the
factors individually, but a significant interaction between phase and
time was found (3-Way ANOVA on ranks, F(3 199y = 5.7, p < 0.005) (see
Table-S1 in SM). Overall, a common pattern was observed, with a
relevant increase of DNA damage in T7 of uptake relative to T1 of the
same phase, and a relative decrease of DNA damage in T7 of depuration
relative to T1 and T15 of the same phase.

Classes’ classification (considering % DNA tail) as described in Ma-
terials and Method section was applied in order to evaluate the in vivo
DNA damage distribution (Table 1). For all the treatments, the highest
frequencies were observed in class 0 and 1. However, during uptake
phase, in T7, distribution of these frequencies was different between D2
and the rest of the treatments. Animals exposed to D2 were mainly
distributed in class 0 (62%) and class 4 (19%), while for the rest of the
treatments (C, SC and D1) were between class 0 (65-69%) and class 1
(15-22%). During uptake, and looking to class 0, control presented
significantly higher percentage of DNA damage than D1 (2-Way ANOVA
on ranks, F(3 59) = 3.45, p < 0.05). Considering the sampling time, T7

In vivo exposure

Uptake Depuration
50
: = C
404 B SC
T 304 1 D1
< B D2
9 204
X
10
0 -

T T7 T15 T T7 T15
Days

Fig. 4. In vivo results of DNA damage in haemocytes of M. meretrix during
uptake and depuration phases. Results are expressed as average % DNA tail
(£SE; n = 6 animals/treatment). C: control; SC: solvent control; D1: dicofol 50
ng/L; D2: dicofol 500 ng/L.

also had significant higher values than the other sampling times for data
related to class 4 (2-Way ANOVA on ranks, F, 59y = 5.5, p < 0.01)
(Table 1). Depuration phase did not show any significant difference
regarding time or treatment.

3.3. Protective effects against H2O2 (ex vivo)

Haemocytes (ex vivo) were exposed to H2O», and single strand breaks
were quantified by alkaline version of Comet assay (Fig. 5). The DNA
damages, in Fig. 5A, were higher than in haemocytes without HyO9
exposure (Fig. 4). However, no significant effects of treatments or time
were observed. Only a significant interaction between phase and time
was found (3-Way ANOVA on ranks, F105) = 9.2, p < 0.001) (see
Table-S2 in SM). Results obtained during uptake, indicated an increase
in the frequency of nucleoids in class 1 to 4 for all the treatments, when
compared with unexposed ones (Table 2). For example, classes 2 and 3
presented the highest increase during uptake (2.8- and 3-fold, respec-
tively) and depuration (4.2- and 2.3-fold, respectively). In the uptake
phase, no significant differences were observed between times, howev-
er, in class 0, significant lower values were observed in control when
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Table 1

Average frequencies (%) of DNA damage distribution in each class (average +
SE, n = 6 animals/treatment) in haemocytes of M. meretrix exposed to different
treatments C: control; SC: solvent control; D1: dicofol 50 ng/L; D2: dicofol 500
ng/L. For class 0, superscript letters indicate significant differences among
treatments during uptake. For class 4, different symbols (in front of T1, T7 and
T15) indicate significant differences among times, also during uptake.

Class 0 Class 1 Class 2 Class 3 Class 4
Uptake T1° [¢ 70.9 + 196+ 3.1+ 2.1+ 4.2+
6.6 3.3 1.3 1.0 2.9
SC  59.4+ 207+ 59+ 2.4+ 11.6 +
9.6%" 4.2 2.3 0.7 6.0
D1  60.8+ 211+ 83+ 42+ 5.6 +
11.3° 6.6 4.6 1.6 2.6
D2 716+ 149+ 29+ 2.9+ 7.5+
4,9%P 3.9 0.8 0.9 1.3
7% ¢ 65.4 + 224+ 52+ 1.6 + 6.3 +
3.5% 1.8 1.0 0.9 1.9
SC 686+ 149+ 31+ 21+ 11.3 +
7.7%P 2.8 1.2 1.1 4.8
D1 646+ 151+ 50+ 35+ 11.8 +
3.7b 2.9 0.9 0.8 2.5
D2 619+ 104+ 4.2+ 3.7+ 18.8 +
5.3%P 1.9 0.6 1.2 4.9
T15° C 70.3 + 221+ 1.8+ 2.7 + 3.0 +
6.4 4.4 0.8 1.1 0.5
SC 615+ 244+ 63+ 2.8+ 49+
5.5%P 41 1.7 0.5 1.5
D1 606+ 205+ 57+ 3.4+ 9.8 +
4.7° 4.9 1.2 0.7 3.8
D2 687+ 178+ 39+ 45+ 5.0 +
4,9%P 2.9 1.8 1.2 1.7
Depuration  T1 C 60.6 + 189 + 4.7 £ 45+ 11.4 +
8.3 3.1 0.7 1.5 6.5
SC 773+ 119+ 26+ 42+ 3.9+
8.7 3.1 1.9 2.5 1.9
D1 592+ 215+ 28+ 2.8+ 13.6 +
3.9 1.7 0.7 1.2 5.9
D2 799+ 9.9+ 21+ 1.0+ 7.0 +
5.3 2.6 1.3 0.7 2.2
7 [¢ 76.7 + 135+ 1.9+ 26+ 5.2+
6.4 3.8 0.9 1.1 2.3
SC 774+ 143+ 21+ 23+ 4.0 +
7.5 4.4 0.9 0.9 1.9
D1 817+ 9.4 + 33+ 1.7 + 3.9+
5.5 21 1.3 0.9 2.2
D2 739+ 185+ 21+ 21+ 33+
5.1 3.3 0.6 0.9 1.3
TI5 C 71.2 + 165+ 2.3+ 35+ 6.6 +
6.3 3.8 0.7 1.1 1.9
SC 779+ 135+ 09+ 2.8 + 49 +
8.2 3.6 0.4 1.5 3.3
D1 728+ 8.5+ 3.6+ 71+ 10.2 +
9.2 1.6 0.9 2.7 4.4
D2  69.4+ 116+ 4.8+ 3.9+ 10.4 +
7.2 2.1 1.4 1.8 3.9
A) Ex vivo exposure
Uptake Depuration
mC
B SC
— D1
= D2

% DNA tail after H,0,

T T7

TI5 T T7
Days

T15

B
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Table 2

Average frequencies (%) of DNA damage distribution in each class (average +
SE, n = 6 animals/treatment) in haemocytes of M. meretrix after ex vivo exposure
to Hy0,. C: control; SC: solvent control; D1: dicofol 50 ng/L; D2: dicofol 500 ng/
L. For class 0, during uptake, superscript letters indicate significant differences
among treatments. For classes 0, 2, 3 and 4, during depuration, different symbols
(in front of T1, T7 and T15) indicate significant differences among times.

Class 0 Class 1 Class 2 Class 3 Class 4
Uptake T1 ¢ 31.6 + 369+ 113+ 8.4+ 11.8 +
457 4.2 1.6 3.4 3.4
SC 441+ 249+ 93+ 9.8 + 12.0 +
6.7 2.2 2.8 2.9 5.3
DI 451+ 249+ 11.0+ 81+ 10.9 +
9.4° 3.4 5.0 3.0 2.1
D2 47.6 + 259+ 107+ 81+ 7.7 +
5.8° 2.6 1.5 1.7 1.8
T7 C 20.8 + 286+ 122+ 129+ 166+
6.1% 47 2.0 6.5 2.7
SC 419+ 268+ 9.3+ 5.1+ 16.9 +
8.8" 4.8 2.4 1.5 3.7
D1 378+ 354+ 106+ 3.4+ 12.8 +
6.0 4.3 2.4 0.6 3.3
D2 431+ 269+ 7.8+ 5.0 + 17.2 +
3.4 2.6 1.5 1.9 3.1
T15 C 17.6 + 354+ 169+ 137+ 164+
4.9° 4.1 3.6 2.9 4.6
SC  47.0+ 3.0+ 8.0+ 6.3 7.6 +
11.8° 5.0 3.0 2.4 2.2
D1 538+ 231+ 80+ 8.0 + 7.0 +
7.8 3.8 2.1 1.3 2.0
D2 371+ 301+ 107+ 100+ 121+
8.7" 3.6 2.9 3.3 3.6
Depuration ~ T1° ¢ 34.0 + 201+ 156+ 103+ 110+
4.8 1.3 1.6 2.7 1.7
SC 232+ 216+ 111+ 147+ 293+
7.3 3.0 0.5 3.2 7.2
DI 156+ 485+ 134+ 9.0+ 135 +
2.7 3.4 1.2 3.4 3.2
D2 379+ 342+ 11.6+ 35+ 12.8 +
7.7 4.8 2.0 2.0 2.7
74 C 51.8 + 304+ 6.6+ 4.3+ 6.8 +
9.8 3.6 2.8 1.8 2.9
SC 543+ 287+ 63+ 35+ 71+
12.1 5.2 2.5 1.8 41
DI 729+ 182+ 37+ 1.5+ 3.6 +
7.7 3.9 1.9 1.1 1.8
D2 540+ 207+ 7.2+ 4.0 + 5.0 +
7.4 3.9 2.1 1.7 1.4
T15° C 34.8 + 337+ 88+ 7.9 + 14.8 +
8.4 5.1 2.1 3.6 5.9
SC 291+ 384+ 11.6+ 88+ 12.1 +
6.0 3.0 2.9 3.3 3.0
Dl  46.0 + 269+ 7.6+ 71+ 12.4 +
6.5 1.7 1.4 2.5 3.3
D2 250+ 202+ 157+ 89+ 21.2 +
6.9 6.7 2.6 2.6 6.4
)
S 25
£ a
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Fig. 5. DNA damage in haemocytes of M. meretrix after ex vivo exposure to H>O, during uptake and depuration phase. Results are expressed as average (+SE; n = 6
animals per treatment). A) % DNA in tail after HO, exposure; B) % DNA damage induced by H,O, (DNA damage after HO, exposure - basal DNA damage). C:

control; SC: solvent control; D1: dicofol 50 ng/L; D2: dicofol 500 ng/L.
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compared to the rest of the treatments (2-Way ANOVA on ranks, F(3 57)
= 4.38, p < 0.01; Table 2).

Contrarily, depuration results presented significant differences be-
tween sampling times, with significantly higher frequency of nucleoids
in class 0, at T7 (2-Way ANOVA on ranks, F92) = 11.4, p < 0.0001)
than T1 and T15; and significantly lower in class 2 (2-Way ANOVA on
ranks, F92) = 8.7, p < 0.001), class 3 (2-Way ANOVA on ranks, F(49,2)
= 6.6, p < 0.01), and class 4 (2-Way ANOVA on ranks, F49.2) = 10.4, p <
0.001). Only class 1, during depuration presented a significant interac-
tion between treatments and sampling times (2-Way ANOVA on ranks,
Fuo,6) = 3.4, p < 0.01) (see Table-S3 in SM).

Concerning the % of DNA damage induced by the Hy0; (Fig. 5B),
there were no differences between uptake and depuration. However in
the uptake, considering all the times, the organisms exposed to D1
presented a significantly lower damage (a reduction of 61% in relation
to control) (2-way ANOVA on ranks, F(3 99y = 3.02, p < 0.05) caused by
H,0; than the other treatments (see statistical table in Fig. 5B). In the
depuration phase, this reduction was not statistically significant.

3.4. Nuclear abnormalities

The results of NAs (i.e., segmented, kidney, polymorphic and BLN)
are presented in Figs. 6 and 7. Morphological NAs, such as MN, binu-
cleated and bridge shape were barely observed (<0.1%) in this study,
therefore were not included for further discussion. Differences were
studied within each category and between phases. Regarding the per-
centage of total NAs (Fig. 6), significant differences were observed be-
tween uptake and depuration (3-Way ANOVA on ranks, F,106) = 15.3,
p < 0.05), showing a significant decline in the total NAs along the
experiment. In addition, significant interactions between treatment and
time (3-Way ANOVA on ranks, F 106) = 2.3, p < 0.05) and time and
phase (3-Way ANOVA on ranks, F,106) = 3.5, p < 0.05) were also
observed (see Table-S4 in SM).

For the polymorphic type, there was a significant decline in the
percentage of cells with this type of NAs from uptake to depuration
phase (3-Way ANOVA on ranks, F;, 106) = 33.2, p < 0.0001) and be-
tween sampling times from T1 to T15 (3-Way ANOVA on ranks, F(3, 106)
=5.0, p < 0.01; Fig. 7).

For kidney type, there was a significant decline in the percentage of
cells from uptake to depuration phase (3-Way ANOVA on ranks, F(1, 106)
= 6.07, p < 0.05; Fig. 7).

Total NAs
Uptake Depuration
45+ = B
O cC
O sC
PR [ D1
3 = D2
N
154
0 I I I

I I I
T1 T7 T15 T T7 T15
Days

Fig. 6. Total nuclear abnormalities (NAs) in haemocytes cells from M. meretrix
during uptake (exposed to dicofol) and depuration phase. Results are expressed
as average % Cells (+SE; n = 6 animals per treatment). Sampling times are
expressed in days (T1/T7/T15) for each phase. C: control; SC: solvent control;
D1: dicofol 50 ng/L; D2: dicofol 500 ng/L. Different uppercase letters repre-
sented in the graph indicate significant differences between phases.
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For BLN, significant differences were observed between uptake and
depuration (indicated in Fig. 6). In addition, significant interactions
were observed between treatment and time (3-Way ANOVA on ranks,
F, 106) = 2.2, p < 0.05) and time and phase (3-Way ANOVA on ranks,
F(z’ 106) = 12.01, p< 0.0001; Fig. 7) (see Table-S5 in SM).

4. Discussion
4.1. Comet assay (in vivo)

One of the novelties of this work is the study of the genotoxic effects
of dicofol, as well as its potential effects against HyOp-induced DNA
damage on haemocytes of M. meretrix. Haemocytes are cells of the open
vascular system that have been used routinely for monitoring cytoge-
netic damage (Pavlica et al., 2001), since they play an important phys-
iological role in detoxification of xenobiotics in invertebrates (Calisi
et al., 2008). Previous studies have already demonstrated that dicofol
can be highly toxic for aquatic organisms (Singh et al., 2016; Grisolia,
2002). Despite the lack of information regarding dicofol genotoxicity in
invertebrates, there is some literature with aquatic vertebrates that
demonstrates its genotoxicity. For example, Grisolia (2002), has shown
that dicofol induced significant MN frequency in the fish Tilapia rendalli
when exposed to three different concentrations (50, 100 and 200 mg/L).
However, the concentrations used in this study were much higher than
those used in our study, which can explain the positive results. Another
study from Ahmad and Ahmad (2017) reinforced the genotoxic effects of
dicofol in humans. This work strongly suggests that dicofol induces
oxidative stress in erythrocytes through generation of reactive oxygen
species (ROS). Despite there is no much information in the literature
regarding the mode of action of dicofol, and considering that dicofol
presents a similar molecular structure as DDT (MCS Tanimoto coeffi-
cient of 0.95 over 1), we can assume a similar response by the cell/target
animal. Previous studies with DDT demonstrated that it can act as an
effective agent, inducing oxidative stress by overproduction of reactive
oxygen species (ROS) that damage DNA (Jin et al., 2014; Tebourbi et al.,
2011). So, we can assume a similar response regarding dicofol.

The results of this study demonstrated that, apparently, dicofol did
not cause DNA damage detected by alkaline version of comet assay (i.e.,
strand breaks and alkali-labile sites), despite the accumulation of its
main metabolite (4,4'-dichlorobenzophenone) in the bivalves
throughout the exposure period (Ivorra et al., 2019), which goes against
H1. A possible explanation for the inexistence of DNA damage can be
related to the dicofol concentrations used in this mesocosm experiment.

Another explanation for the lack of genotoxicity observed, can be
related to the origin of studied organisms. The results obtained suggest
that M. meretrix individuals were, probably collected from a disturbed
area, with some pre-exposure to stressful environmental conditions (i.e.
pollution, abiotic factors), which could have given some resistance and
adaptation through life to the exposure to a second stressor (Rocher
et al., 2006). This last hypothesis is in accordance with the multixeno-
biotic resistance (MXR) concept. MXR consist in the ability of xenobiotic
expulsion, by for example the expression of a membrane permeability
glycoprotein that confers the ability to lower the intracellular concen-
tration of the xenobiotic and to transport toxic substances out of the cell.
In accordance with this hypothesis, some environmental xenobiotics,
mainly hydrophobic pesticides, have been reported to interact with the
mussel MXR-protein (Galgani et al., 1995) and differential expression
levels of the MXR-protein have been found in mussels living in polluted
and unpolluted waters (Minier et al., 1993).

Animals used in this work, were acquired from a local market sup-
posedly from the Pearl River Delta region (Guangdong province), an
area with serious issues regarding environmental water pollution (Wang
and Hao, 2020). Authors, such as Grung et al. (2015), through an
extensive review work, considered the Pearl River basin as one of the
areas with highest elevated concentrations of DDTs in water (>250
ng/L). So, M. meretrix may have developed throughout their lives,
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Fig. 7. Specific nuclear abnormalities in haemocytes cells from M. meretrix during uptake (exposed to dicofol) and depuration phase. Results are expressed as average
% Cells (+SE; n = 6 animals per treatment). Sampling times are expressed in days (T1/T7/T15) for each phase. C: control; SC: solvent control; D1: dicofol 50 ng/L;
D2: dicofol 500 ng/L. Different letters represented in the graph indicate significant differences between phases (uppercase) or times (lowercase).

mechanisms of adaptation to disturbed conditions, for instance, through
the activation of anti-oxidant defense and/or DNA repair ability. It is
important to consider that DNA damage is the result of two opposite
processes: damage induction and DNA repair. As some authors already
suggest, the augmented antioxidant defenses in marine organisms
exposed to organic pollutants or trace metals may play a role in the
ability of the organism for protection. Rocher et al. (2006), clearly
suggested an activation of cellular defense mechanisms in bivalve spe-
cies chronically exposed to waterborne contaminants. Activation of
those cellular defenses is thought to protect DNA and other cellular
macromolecules against oxidation and adduct formation. In case that
DNA damage induction cannot be avoided, DNA repair is activated to
maintain the genomic stability (Eastman and Barry, 1992). The lack of
damage observed in our study (for both concentrations) could be due to
a successful activation of the repair system. Some authors suggested that
a “threshold” has to be reached before any DNA repair process can be
maximized (Ching et al. (2001), Siu et al. (2003, 2004)), and this is
generally happening at higher concentrations. For example, Black et al.
(1996) observed significant DNA strand breaks in the freshwater mussel
(Anodonta grandis) exposed to lower concentrations of lead (50 pg/L) but
not at higher ones (500 and 5000 pg/L), over 4 weeks experiment. Also,
Siu et al. (2003) and Ching et al. (2001) reported the same tendency
when mussels (Perna viridis) were exposed to different concentrations of
bezo[a]pyrene (B[a]P) during 12 and 24 days, respectively. In the pre-
sent study, no DNA strand breaks were observed for both dicofol con-
centrations, which means that none or some DNA repair activation
occurred.

Moreover, since no DNA strand breaks were induced during the
uptake phase, we could not evaluate their capacity to recover through
activation of the DNA repair mechanisms during depuration phase, as
we firstly hypothesized (H2).

4.2. Protective effects against H202 (ex vivo)

Comet assay results revealed an increase of DNA damage after HyOo
exposure compared to basal damage. This patter was observed for all the
treatments, without significant differences between them. However,
considering that no differences between times were observed, the results
regarding the percentage of DNA damage induced by the H,O2 were
partially in agreement with H3.1 since during uptake phase, organisms
pre-exposed to D1 treatment had a higher protection against a second
stressor than those from D2. These results also corroborate with the
theory that clams came from a disturbed system (i.e., stressful envi-
ronment) in which the organisms were probably exposed, during their
lives, to certain levels of contamination and a posterior exposure to a
genotoxic agent did not cause expressive DNA damages as initially ex-
pected. Therefore, results obtained herein indicated that the organisms
used could present resistance to in vivo exposure to dicofol and ex vivo
exposure to HoOy due to previous adaptation to stressful conditions,
which is in accordance with H3.2.

4.3. Nuclear abnormalities

Concerning the percentage of nuclear abnormalities, results were
also against the H1, indicating that exposure to dicofol is not inducing
genotoxic effects on the heamocytes of M. meretrix. Once again, these
results support the idea of adaptive mechanisms of the organisms
coming from stressful environments, since apparently an improvement
on the percentage of total NAs was observed along the experiment. For
all the treatments, total NAs in the organisms during the first 24 h (T1-
uptake) were significantly higher than for the other sampling times. As it
was previously mentioned, the natural habitat of these organisms should
have been a more stressful environment than the experimental
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conditions that they were exposed to, explaining this significant decline
with time. Results obtained by Rabei et al. (2018), also support the idea
that mollusks (Donax trunculus) coming from contaminated sites have
improved their health status when transplanted to less stressful
conditions.

Herein, we also reported each type of nuclear abnormality individ-
ually that may potentially provide a more refined approach. Results
regarding individual alterations also followed the same pattern, sup-
porting the idea of a better health status of the animals along the
experiment. Despite the vestigial occurrence of MN found in our study,
other abnormalities such as polymorphic, kidney, BLN or segmented
cells seemed to be more sensitive biomarkers to assess genotoxicity. The
different frequencies of these abnormalities are related to specific gen-
otoxic events associated to the different mechanisms of action of the
carcinogenic/mutagenic agents (Bolognesi et al., 2006). In this work for
example, nuclear abnormalities related to cell division such as MN,
binucleated cells or nuclear bridge, were less obvious, while biomarkers
related to nuclear evaginations or buds (indicating gene amplification,
cellular necrosis or/and cellular apoptosis; Fenech et al., 1999) were
more frequent.

5. Conclusions

In this study, dicofol concentrations did not induce genotoxic effects
in haemocyte cells from M. meretrix, as assessed by comet assay and NAs.
However, variations on the level of DNA damage were observed during
the experimental period as well as a significant decline of NAs. The lack
of genotoxicity of dicofol may be due to: 1) dicofol concentrations that
were not enough to trigger DNA damage and/or 2) the adaptation of the
bivalves throughout their lives to certain stressful environments. This
preconditioning could result in the activation of certain mechanisms of
the antioxidant defense system and/or DNA repair system conferring
organisms’ adaptation, fact that was also supported by the ex vivo
exposure to HoO3 results. This work also revealed different kinds of NAs
(i.e., polymorphic, segmented, BLN and kidney) associated to different
mechanisms of action of mutagenic agents.

Evidence found in this study may indicate that the environmental
conditions that animals were exposed to during their life-time are quite
relevant to the results obtained. However, since little is known about
DNA damage/repair system and antioxidant defenses in bivalves, com-
plementary studies should be done to better understand the results ob-
tained herein.

Author statement

Lucia Ivorra: Investigation, Data curation, Formal analysis, Writing-
Original draft preparation Catarina Cruzeiro: Conceptualization,
Methodology, Formal analysis,Writing- Reviewing and Editing, Alice
Ramos: Methodology, Writing- Reviewing and Editing Patricia G.
Cardoso: Conceptualization, Methodology, Writing- Reviewing and
Editing, Supervision Karen Tagulao: Conceptualization, Investigation,
Writing- Reviewing and Editing, Supervision, Project administration.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

This work was financially supported by the Macao Science and
Technology Development Fund (FDCT 117/2014/A3). The author PG
Cardoso was supported by the Portuguese Science and Technology
Foundation (FCT), through an FCT investigator contract (IF/01506/
2014) and C Cruzeiro was supported by a Postdoctoral fellowship from

Environmental Pollution 293 (2022) 118467

FCT (SFRH/BPD/120558/2016). We are indebted to Vania Barradas,
Alex Lebel, Susana Wong, Leng Ian Lao and Yuan Qing Qu for their
assistance during the experiment; and to Prof Emilio Varea from the
Cellular, Functional biology and Physics Anthropology department
(University of Valencia, Spain) for his time, collaboration and assistance
during sample analysis. Also, a special thanks to Prof Eduardo Rocha and
the Laboratory of Histology and Embryology (ICBAS, University of
Porto), for their support and technical help.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.envpol.2021.118467.

References

Ahmad, A., Ahmad, M., 2017. Deciphering the toxic effects of organochlorine pesticide,
dicofol on human RBCs and lymphocytes. Pestic. Biochem. Physiol. 143, 127-134.
https://doi.org/10.1016/j.pestbp.2017.08.007.

Azqueta, A., Shaposhnikov, S., Collins, A.R., 2009. DNA oxidation: investigating its key
role in environmental mutagenesis with the comet assay. Mutat. Res. Genet. Toxicol.
Environ. Mutagen 674 (1-2), 101-108. https://doi.org/10.1016/j.
mrgentox.2008.10.013.

Binelli, A., Riva, C., Cogni, D., Provini, A., 2008. Assessment of the genotoxic potential of
benzo(a)pyrene and pp’-dichlorodiphenyldichloroethylene in Zebra mussel
(Dreissena polymorpha). Mutat. Res. Genet. Toxicol. Environ. Mutagen 649 (1-2),
135-145. https://doi.org/10.1016/j.mrgentox.2007.08.011.

Black, M.C., Ferrel, J.R., Horning, R.C., Martin Jr., L.K., 1996. DNA strand breakage in
freshwater mussels (Anodonta grandis) exposed to lead in the laboratory and field.
Environ. Toxicol. Chem. 15 (5), 802-808. https://doi.org/10.1002/etc.5620150528.

Bolognesi, C., Perrone, E., Roggieri, P., Pampanin, D.M., Sciutto, A., 2006. Assessment of
micronuclei induction in peripheral erythrocytes of fish exposed to xenobiotics
under controlled conditions. Aquat. Toxicol. 78, $93-S98. https://doi.org/10.1016/
j-aquatox.2006.02.015.

Calisi, A., Lionetto, M.G., Caricato, R., Giordano, M.E., Schettino, T., 2008.
Morphometric alterations in Mytilus galloprovincialis granulocytes: a new biomarker.
Environ. Toxicol. Chem. 27, 1435-1441. https://doi.org/10.1897/07-396.1.

Carrola, J., Santos, N., Rocha, M.J., Fontainhas-Fernandes, A., Pardal, M.A., Monteiro, R.
A.F., Rocha, E., 2014. Frequency of micronuclei and of other nuclear abnormalities
in erythrocytes of the grey mullet from the Mondego, Douro and Ave
estuaries—Portugal. Environ. Sci. Pollut. Control Ser. 21 (9), 6057-6068. https://
doi.org/10.1007/s11356-014-2537-0.

Ching, EZW.K,, Siu, W.H.L., Lam, P.K.S., Xu, L., Zhang, Y., Richardson, B.J., Wu, R.S.S.,
2001. DNA adduct formation and DNA strand breaks in green-lipped mussels (Perna
viridis) exposed to benzo[a]pyrene: dose- and time-dependent relationships. Mar.
Pollut. Bull. 42 (7), 603-610. https://doi.org/10.1016/s0025-326x(00)00209-5.

Choi, S.M., Yoo, S.D., Lee, B.M., 2004. Toxicological characteristics of endocrine-
disrupting chemicals: developmental toxicity, carcinogenicity, and mutagenicity.

J. Toxicol. Environ. Health, Part B 7 (1), 1-23. https://doi.org/10.1080/
10937400490253229.

Cruzeiro, C., Ramos, A., Loganimoce, E.M., Arenas, F., Rocha, E., Cardoso, P.G., 2019.
Genotoxic effects of combined multiple stressors on Gammarus locusta haemocytes:
interactions between temperature, pCO2 and the synthetic progestin levonorgestrel.
Environ. Pollut. 245, 864-872. https://doi.org/10.1016/j.envpol.2018.11.070.

D’Costa, A.H., Shyama, K.S., Praveen Kumar, M.K., Furtado, S., 2018. The Backwater
Clam (Meretrix casta) as a bioindicator species for monitoring the pollution of an
estuarine environment by genotoxic agents. Mutat. Res. Genet. Toxicol. Environ.
Mutagen 825, 8-14. https://doi.org/10.1016/j.mrgentox.2017.11.001.

Eastman, A., Barry, M.A., 1992. The origins of DNA breaks: a consequence of DNA
damage, DNA repair, or apoptosis? Cancer Invest. 10, 229-240. https://doi.org/
10.3109/07357909209032765. Fenech, M.F., 1996.

FAO, 2018. Food and Agriculture Organization of the United Nations. http://www.fao.
org/faostat/en/#data/FBS. (Accessed 11 January 2021).

Fenech, M., Crott, J., Turner, J., Brown, S., 1999. Necrosis, apoptosis, cytostasis and DNA
damage in human lymphocytes measured simultaneously within the cytokinesis-
block micronucleus assay: description of the method and results for hydrogen
peroxide. Mutagenesis 14 (6), 605-612. https://doi.org/10.1093/mutage/14.6.605.

Galgani, F., Cornwall, R., Toomey, B.H., Epel, D., 1995. Interaction of environmental
xenobiotics with a multixenobiotic defense mechanism in the bay mussel Mytilus
galloprovincialis from the coast of California. Environ. Toxicol. Chem. 15, 325-331.

Grisolia, C.K., 2002. A comparison between mouse and fish micronucleus test using
cyclophosphamide, mitomycin C and various pesticides. Mutat. Res. Genet. Toxicol.
Environ. Mutagen 518, 145-150. https://doi.org/10.1016/51383-5718(02)00086-4.

Grung, M., Lin, Y., Zhang, H., Steen, A.O., Huang, J., Zhang, G., Larssen, T., 2015.
Pesticide levels and environmental risk in aquatic environments in China — a
review. Environ. Int. 81, 87-97. https://doi.org/10.1016/j.envint.2015.04.013.

Guo, L., Qiu, Y., Zhang, G., Zheng, G.J., Lam, P.K.S., Li, X., 2008. Levels and bio-
accumulation of organochlorine pesticides (OCPs) and polybrominated diphenyl
ethers (PBDEs) in fishes from the Pearl River estuary and Daya Bay, South China.
Environ. Pollut. 152, 604-611. https://doi.org/10.1016/j.envpol.2007.06.067.


https://doi.org/10.1016/j.envpol.2021.118467
https://doi.org/10.1016/j.envpol.2021.118467
https://doi.org/10.1016/j.pestbp.2017.08.007
https://doi.org/10.1016/j.mrgentox.2008.10.013
https://doi.org/10.1016/j.mrgentox.2008.10.013
https://doi.org/10.1016/j.mrgentox.2007.08.011
https://doi.org/10.1002/etc.5620150528
https://doi.org/10.1016/j.aquatox.2006.02.015
https://doi.org/10.1016/j.aquatox.2006.02.015
https://doi.org/10.1897/07-396.1
https://doi.org/10.1007/s11356-014-2537-0
https://doi.org/10.1007/s11356-014-2537-0
https://doi.org/10.1016/s0025-326x(00)00209-5
https://doi.org/10.1080/10937400490253229
https://doi.org/10.1080/10937400490253229
https://doi.org/10.1016/j.envpol.2018.11.070
https://doi.org/10.1016/j.mrgentox.2017.11.001
https://doi.org/10.3109/07357909209032765
https://doi.org/10.3109/07357909209032765
http://www.fao.org/faostat/en/#data/FBS
http://www.fao.org/faostat/en/#data/FBS
https://doi.org/10.1093/mutage/14.6.605
http://refhub.elsevier.com/S0269-7491(21)02049-2/sref16
http://refhub.elsevier.com/S0269-7491(21)02049-2/sref16
http://refhub.elsevier.com/S0269-7491(21)02049-2/sref16
https://doi.org/10.1016/s1383-5718(02)00086-4
https://doi.org/10.1016/j.envint.2015.04.013
https://doi.org/10.1016/j.envpol.2007.06.067

L. Ivorra et al.

Hyotyldinen, T., Karels, A., Oikari, A., 2002. Assessment of bioavailability and effects of
chemicals due to remediation actions with caging mussels (Anodonta anatina) at a
creosote-contaminated lake sediment site. Water Res. 36 (18), 4497-4504. https://
doi.org/10.1016/s0043-1354(02)00156-2.

Ivorra, L., Cardoso, P.G., Chan, S.K., Tagulao, K., Cruzeiro, C., 2019. Environmental
characterization of 4,4’-dichlorobenzophenone in surface waters from Macao and
Hong Kong coastal areas (Pearl River Delta) and its toxicity on two biological
models: Artemia salina and Daphnia magna. Ecotoxicol. Environ. Saf. 171, 1-11.
https://doi.org/10.1016/j.ecoenv.2018.12.054.

Jin, X.-T., Song, L., Zhao, J.Y., Li, Z.Y., Zhao, M.R., 2014.
Dichlorodiphenyltrichloroethane exposure induces the growth of hepatocellular
carcinoma via Wnt/f-catenin pathway. Toxicol. Lett. 225 (1), 158-166.

Lee, R.F., Scot, S., 2003. Use of the single cell gel electrophoresis/comet assay for
detecting DNA damage in aquatic (marine and freshwater) animals. Mutat. Res. Rev.
Mutat. Res. 544 (1), 43-64. https://doi.org/10.1016/51383-5742(03)00017-6.

Li, L., Liu, J., Hu, J., 2015. Global inventory, long-range transport and environmental
distribution of dicofol. Environ. Sci. Technol. 49 (1), 212-222. https://doi.org/
10.1021/es502092x.

Marcos, R., Santos, M., Marrinhas, C., Correia-Gomes, C., Caniatti, M., 2016.
Cytocentrifuge preparation in veterinary cytology: a quick, simple, and affordable
manual method to concentrate low cellularity fluids. Vet. Clin. Pathol. 45 (4),
725-731. https://doi.org/10.1111/vep.12423.

Marques, A., Guilherme, S., Gaivao, I., Santos, M.A., Pacheco, M., 2014. Progression of
DNA damage induced by a glyphosate-based herbicide in fish (Anguilla anguilla)
upon exposure and post-exposure periods — insights into the mechanisms of
genotoxicity and DNA repair. Comp. Biochem. Physiol. C Toxicol. Pharmacol. 166,
126-133. https://doi.org/10.1016/j.cbpc.2014.07.009.

Minier, C., Akcha, F., Galgani, F., 1993. P-glycoprotein expression in Crassostrea gigas
and Mytilus edulis in polluted seawater. Comp. Biochem. Physiol. 106, 1029-1036.

Pavlica, M., Klobucar, G.I.V., Mojas, N., Erben, R., Papes, D., 2001. Detection of DNA
damage in haemocytes of zebra mussel using comet assay. Mutat. Res. 490, 209-214.
https://doi.org/10.1016/51383-5718(00)00162-5.

Riva, C., Binelli, A., Cogni, D., Provini, A., 2007. Evaluation of DNA damage induced by
decabromodiphenyl ether (BDE-209) in hemocytes of Dreissena polymorpha using the
comet and micronucleus assays. Environ. Mol. Mutagen. 48 (9), 735-743. https://
doi.org/10.1002/em.20353.

Rocher, B., Le Goff, J., Peluhet, L., Briand, M., Manduzio, H., Gallois, J., Devier, M.H.,
Geffard, O., Gricourt, L., Augagneur, S., Budzinski, H., Pottier, D., André, V.,
Lebailly, P., Cachot, J., 2006. Genotoxicant accumulation and cellular defence
activation in bivalves chronically exposed to waterborne contaminants from the
Seine River. Aquat. Toxicol. 79 (1), 65-77. https://doi.org/10.1016/j.
aquatox.2006.05.005.

Singh, Z., Kaur, J., Kaur, R., Hundal, S.S., 2016. Toxic effects of organochlorine
pesticides: a review. Am. J. Biosci. 4 (3), 11-18. https://doi.org/10.11648/j.ajbio.
5.2016040301.13.

Environmental Pollution 293 (2022) 118467

Siu, W.H.L., Cao, J., Jack, R.W., Wu, R.S.S., Richardson, B.J., Xu, L., Lam, P.K.S., 2004.
Application of the comet and micronucleus assays to the detection of B[a]P
genotoxicity in haemocytes of the green-lipped mussel (Perna viridis). Aquat. Toxicol.
66 (4), 381-392. https://doi.org/10.1016/j.aquatox.2003.10.006.

Siu, W.H.L., Hung, C.L.H., Wong, H.L., Richardson, B.J., Lam, P.K.S., 2003. Exposure and
time dependent DNA strand breakage in hepatopancreas of green-lipped mussels
(Perna viridis) exposed to Aroclor 1254, and mixtures of B[a]P and Aroclor 1254.
Mar. Pollut. Bull. 46 (10), 1285-1293. https://doi.org/10.1016/50025-326x(03)
00234-0.

Siu, S.Y., Lam, P.K., Martin, M., Caldwell, C.W., Richardson, B.J., 2008. The use of
selected genotoxicity assays in green-lipped mussels (Perna viridis): a validation
study in Hong Kong coastal waters. Mar. Pollut. Bull. 57 (6-12), 479-492. https://
doi.org/10.1016/j.marpolbul.2008.03.006.

Strunjak-Perovic, 1., Coz-Rakovac, R., Popovic, T.N., Jadan, M., 2009. Seasonality of
nuclear abnormalities in gilthead sea bream Sparus aurata (L.) erythrocytes. Fish
Physiol. Biochem. 35, 287-291. https://doi.org/10.1007/510695-008-9208-3.

Suarez, P., Ruiz, Y., Alonso, A., San Juan, F., 2013. Organochlorine compounds in
mussels cultured in the Ria of Vigo: accumulation and origin. Chemosphere 90,
7-19. https://doi.org/10.1016/j.chemposphere.2012.02.030.

Syed, J.H., Malik, R.N., Muhammad, A., 2013. Organochlorine pesticides in surface soils
and sediments from obsolete pesticides dumping site near Lahore city, Pakistan:
contamination status and their distribution. Chem. Ecol. 30 (1), 87-96. https://doi.
org/10.1080/02757540.2013.829051.

Tebourbi, O., Sakly, M., Rhouma, K.B. (Eds.), 2011. Molecular Mechanisms of Pesticide
Toxicity: Intechopen. com.

Thibaut, R., Porte, C., 2004. Effects of endocrine disrupters on sex steroid synthesis and
metabolism pathways in fish. J. Steroid Biochem. Mol. Biol. 92 (5), 485-494.
https://doi.org/10.1016/j.jsbmb.2004.10.008.

Thiel, A., Guth, S., Bohm, S., Eisenbrand, G., 2011. Dicofol degradation to p,p’-
dichlorobenzophenone - a potential antiandrogen. Toxicology 282, 88-93. https://
doi.org/10.1016/j.t0x.2011.01.016.

United Nations Environment Programme, 2016. Stockholm Convention on persistent
organic pollutants. Persistent Organic Pollutants Review Committee. UNEP/POPS/
POPRC.12/2.

Wang, F., Hao, R.J., 2020. Environmental pollution in Pearl River Delta, China: status
and potential effects. J. Environ. Inform. Lett. 3 (2) https://doi.org/10.3808/
jeil.20200033.

Wang, H., Yan, H., Qiu, M., Qiao, J., Yang, G., 2011. Determination of dicofol in aquatic
products using molecularly imprinted solid-phase extraction coupled with GC-ECD
detection. Talanta 85 (4), 2100-2105. https://doi.org/10.1016/j.
talanta.2011.07.061.

Zheng, S., Chen, B., Qiu, X., Chen, M., Ma, Z., Yu, X., 2016. Distribution and risk
assessment of 82 pesticides in Jiulong River and estuary in South China.
Chemosphere 144, 1177-1192. https://doi.org/10.1016/j.
chemosphere.2015.09.050.


https://doi.org/10.1016/s0043-1354(02)00156-2
https://doi.org/10.1016/s0043-1354(02)00156-2
https://doi.org/10.1016/j.ecoenv.2018.12.054
http://refhub.elsevier.com/S0269-7491(21)02049-2/sref22
http://refhub.elsevier.com/S0269-7491(21)02049-2/sref22
http://refhub.elsevier.com/S0269-7491(21)02049-2/sref22
https://doi.org/10.1016/s1383-5742(03)00017-6
https://doi.org/10.1021/es502092x
https://doi.org/10.1021/es502092x
https://doi.org/10.1111/vcp.12423
https://doi.org/10.1016/j.cbpc.2014.07.009
http://refhub.elsevier.com/S0269-7491(21)02049-2/sref27
http://refhub.elsevier.com/S0269-7491(21)02049-2/sref27
https://doi.org/10.1016/s1383-5718(00)00162-5
https://doi.org/10.1002/em.20353
https://doi.org/10.1002/em.20353
https://doi.org/10.1016/j.aquatox.2006.05.005
https://doi.org/10.1016/j.aquatox.2006.05.005
https://doi.org/10.11648/j.ajbio.s.2016040301.13
https://doi.org/10.11648/j.ajbio.s.2016040301.13
https://doi.org/10.1016/j.aquatox.2003.10.006
https://doi.org/10.1016/s0025-326x(03)00234-0
https://doi.org/10.1016/s0025-326x(03)00234-0
https://doi.org/10.1016/j.marpolbul.2008.03.006
https://doi.org/10.1016/j.marpolbul.2008.03.006
https://doi.org/10.1007/s10695-008-9208-3
https://doi.org/10.1016/j.chemposphere.2012.02.030
https://doi.org/10.1080/02757540.2013.829051
https://doi.org/10.1080/02757540.2013.829051
http://refhub.elsevier.com/S0269-7491(21)02049-2/sref38
http://refhub.elsevier.com/S0269-7491(21)02049-2/sref38
https://doi.org/10.1016/j.jsbmb.2004.10.008
https://doi.org/10.1016/j.tox.2011.01.016
https://doi.org/10.1016/j.tox.2011.01.016
http://refhub.elsevier.com/S0269-7491(21)02049-2/sref41
http://refhub.elsevier.com/S0269-7491(21)02049-2/sref41
http://refhub.elsevier.com/S0269-7491(21)02049-2/sref41
https://doi.org/10.3808/jeil.20200033
https://doi.org/10.3808/jeil.20200033
https://doi.org/10.1016/j.talanta.2011.07.061
https://doi.org/10.1016/j.talanta.2011.07.061
https://doi.org/10.1016/j.chemosphere.2015.09.050
https://doi.org/10.1016/j.chemosphere.2015.09.050

	How can environmental conditions influence dicofol genotoxicity on the edible Asiatic clam, Meretrix meretrix?
	1 Introduction
	2 Material and methods
	2.1 Test organism/sample description
	2.2 Experimental design
	2.3 Chemicals and reagents
	2.4 Cell isolation and sample viability
	2.5 Comet assay (in vivo procedure)
	2.6 Comet assay (ex vivo procedure)
	2.7 Nuclear abnormalities procedure and analysis
	2.8 Statistical analysis

	3 Results
	3.1 Experimental design and maintenance
	3.2 Comet assay (in vivo)
	3.3 Protective effects against H2O2 (ex vivo)
	3.4 Nuclear abnormalities

	4 Discussion
	4.1 Comet assay (in vivo)
	4.2 Protective effects against H2O2 (ex vivo)
	4.3 Nuclear abnormalities

	5 Conclusions
	Author statement
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	References


