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Abstract

Plankton is important for water reservoirs as they are essential for web chains and control
populations of bacteria and organic particulates by their filter-feeding behavior. Generally, toxicity
tests evaluate mortality or reproduction, however, comet assay has emerged as a useful tool to assess
adverse effects on aquatic organisms such as genotoxicity. The present study aimed to value the
genotoxic effect of three heavy metals on three zooplanktonic species. Comet assay conditions were
adapted in order to obtain minimum DNA migration in negative control and maximum sensitivity in
treatments with cadmium, hydrogen peroxide, lead, and mercury. DNA damage was evaluated using
two different methods based on the percentage of DNA in the tail. According to our results, mercury-
induced the greatest DNA damage on the three test organisms while cadmium and lead exhibited
low genotoxicity. Euchlanis dilatata showed the highest sensitivity to mercury followed by the ciliate
and the cladoceran. The comet assay is a liable and consistent technique for DNA damage screening
in planktonic organisms. To date, this is the first report for genotoxicity assessment using metals on
a rotifer, which represents a reference for evaluating genotoxicity on planktonic species poorly studied.
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Introduction xenobiotics commonly found in aquatic ecosystems,

heavy metals such as cadmium, lead and mercury are

Water pollution is mainly originated by deposition of great concern due their persistence and toxicity
of agricultural, domestic and industrial, wastes. Among [1-3]. These metals tend to bioconcentrate and may

break down DNA molecules and modify location of
nitrogen bases that eventually could lead to a mutation
or chromosome rearrangement as a result of cellular
metabolism [4-8].
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Planktonic organisms are important components of
aquatic ecosystems as they perform key roles in trophic
chains and have been widely used in bioassays due to:
a) vast diversity, b) short life cycle, ¢) high reproduction
rate, and d) high sensitivity to environment disturbance
[9, 10].

In ecotoxicology, the cladoceran Daphnia magna
is a well-known reference organism for aquatic
biomonitoring because of its sensitivity to chemicals. It
has been used to assess the toxicity of several kinds of
chemicals, including hydrocarbons, metals, pesticides,
and pharmaceuticals; the end-points more assess are:
mortality, reproduction, and feeding behavior and
enzymatic tests as well. Also, D. magna has been used
to stablish regulations by important environmental
agencies like the Environmental Protection Agency
of the United States (EPA) and the Organization for
Economic Cooperation and Development (OECD) [11-
14].

Recently, DNA-damage quantification in aquatic
organisms has been considered a useful biomarker
to evaluate the genotoxic potential of toxicants. In
1999, the Comet assay, initially used to detect DNA-
damage in individual cells has been adjusted to be
implemented in genotoxicity testing [15]. To date,
research about the genotoxicity of metals has been
focused mainly in molluscs (bivalves and gastropods),
annelids (polychaetes and oligochaetes) and insects.
Besides, there are just a few reports for the protozoan
Tetrahymena thermophila, and the crustacean Daphnia
magna [16].

For genetic damage assessment, Comet Assay is
outstanding due to its high sensitivity toward low levels
of DNA damage and fast performance. Furthermore, its
analysis is based on a single cell and can be applied to
any eukaryotic cell population [17, 18]. This study aimed
to assess the possible genotoxic effect of cadmium,
lead, and mercury on Daphnia magna, Euchlanis
dilatata, and Paramecium caudatum comparing the
relative sensitivity of the cladoceran against the rotifer
and protozoan.

Material and Methods
Culture Conditions

The rotifer Euchlanis dilatata and the cladoceran
Daphnia magna were cultured at 25 and 20°C,
respectively, in a bioclimatic chamber with 16:8 (light:
darkness) photoperiod. The EPA culture media was
used for both organisms which were prepared with
96 mg NaHCO,, 60 mg CaSO,2H,0, 60 mg MgSO,
and 4 mg KCI per liter of deionized water. This is a
synthetic moderately hard water medium (80-100 mg/L
as CaCO,) with a 7.5 pH [19]. E. dilatata was fed with
Nannochloropsis oculata (strain LB2164 of UTEX,
Culture Collection of Algae at the University of Texas
of Austin) while the cladoceran was maintained with

Raphidocelis  subcapitata (strain 1648 of UTEX,
Culture Collection of Algae at the University of Texas
of Austin). The ciliate Paramecium caudatum was
cultured in wheat infusion media (2.5 g/L) using the
same culture conditions of light and temperature as
with the rotifer.

Toxicity Tests with Hydrogen Peroxide

Briefly, 10 neonate females less than 24-h-old
hatched from amictic eggs of Euchlanis dilatata
and ten protozoans were placed in each well of
24-well polystyrene plates (Costar Co., USA) with a
final volume of 1 mL. For the cladoceran, 10 neonate
females less than 24-h-old were placed in glass flasks
with a final volume of 100 mL. Tests were performed
without feeding or renewal the EPA medium. Tests
conditions were: for E. dilatata and P. caudatum,
25°C and 20°C for D. magna. All tests were conducted
with a photoperiod 16:8 h (light:darknes) and lasted
24-h. Three replicates of five concentrations of H,O,
(J.,T. Baker, 30-32%) were used depending on the
species including a negative control (EPA medium). At
the end of the test (24h), death organisms were counted.

Intoxication Treatment

Cadmium (Cd) and lead (Pb), both dissolved in
nitric acid at 2%, and mercury (Hg) as chloride in
powder (all from Sigma-Aldrich Co.) were used to
perform toxicity assays in disposable and sterile Petri
dishes. Experimental conditions were 24 h exposure,
photoperiod 16:8 at 20°C for D. magna and 25°C for
E. dilatata and P. caudatum. Assay begins placing
adult females of cladocerans and rotifers in glass
flasks without food. Protozoans were centrifugated at
8000 rpm during 10 minutes and washed three times
with EPA medium to eliminate excess food, then,
organisms were counted in a Neubauer chamber
(Brand™). After 24 h, 30 cladocerans, 100 rotifers
(neonates <24h for both species) and 300 protozoans
were used to perform the tests. Dilutions were made
with EPA medium to reach a final nominal concentration
of 100 pg/L of Cd and Pb, and 5 pg/L of Hg. These
concentrations are below their respective hazard
concentration for 50% of species (HC,)) [20]. Thus, the
HC,, values for invertebrates are: 268 for Cd, 3002 for
lead and, 64.5 ug/L for mercury [20]. Positive control
with hydrogen peroxide corresponds to the NOEC for
each species, thus, a concentration of 3, 10, and 30 uM
was used for E. dilatata, D. magna, and P. caudatum,
respectively. Also, negative control with EPA medium
was included in all treatments.

Determination of Actual Metal Concentrations
concentrations of  metals

through  atomic  absorption
(Perkin-Elmer A Analyst 100),

Actual  exposure
were  determined
spectrophotometry
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following the recommended analytical method [21]:
graphite furnace for cadmium (3030E) and lead (3113B)
and mercury by hydride generator (3112B). N = 3.

Comet Assay

Comet Assay was performed as described in [22,
23] with modifications, which consist in: 1) two-layers
were applied instead of three-layers of agarose (the top
layer of regular melting point agarose was omitted)
[22], 2) in the lysis treatment, slides were stored at 4°C
for 24 hours in substitution of 4 weeks [23], and 3)
electrophoresis was run at 25 V for 30 min rather than
15 V for 25 min [22,23].

Isolation of Cells and Preparation of Single-Cell
Suspensions

After exposure to metals, living organisms were
processed by the alkaline comet assay to obtain a single
cell suspension for each test organism. For E. dilatata
(100 rotifers) and D. magna (30 cladocerans), organisms
were crushed with a plastic tipped sprayer during
one minute. The experiments on paramecia were
performed with whole organisms (300 ciliates). Then,
the cell suspension was centrifuged at 10,000 rpm for
5 min. An Eppendorf tube was used to mix 100 pL of
the precipitate obtained with 200 puL of Low Melting
Agarose (LMA) at 0.8% (Sigma), this preparation was
kept at 37°C within a water bath and used to prepare
slides.

Slides Preparation

Slides were cleaned with the 99% ethanol, rinsed
with sterile distilled water and dried in the oven at
40°C. For each slide the first layer of regular melting
point agarose at 0.8% (Sigma) was applied, then, a
second layer containing cell suspension and LMA
(100 pL) was added. Immediately, slides were covered
with a coverslip (24 X 50 mm) and allowed to harden
on a battery of ice for one minute. Then, slides were
incubated at 4°C for 2 min and coverslips were
discharged.

Cell Lysis

The lysis was carried out by immersing slides in a
lysis chamber which contains: the buffer solution 1%
Triton X-100 (J.T. Baker), 2.5 M NaCl (J.T. Baker), 100
mM Na EDTA (J.T. Baker), 10 mM Tris (Hycel), pH 10.
The lysis chamber was stored at 4°C overnight to obtain
the nuclei.

Denaturation and Electrophoresis
After lysis, slides were placed in a horizontal

electrophoresis chamber (BioRad) containing an
electrophoresis alkaline buffer (pH>13) with: 1 mM

EDTA (J.T. Baker), 300 mM NaOH (J.T. Baker), for
30 min. Then, electrophoresis was started at a voltage
of 25 V and 300 mA and allowed to run for 30 min.

Neutralization

Once the electrophoresis was finished, slides were
washed with a neutralization buffer (0.4 M Tris-HCI
solution at pH 7.5) at 4°C for 5 minutes in a plastic tray.
After neutralization, slides were dehydrated with 99%
ethanol for one minute and then were stored in dark to
avoid direct light at room temperature.

Image Analysis and Quantification of DNA Damage

Slides were placed in a plastic tray with ethidium
bromide 20 pL/mL (Sigma) in agitation for one minute
to allow nuclei staining. Visualization was performed
using a Leica DMLS fluorescence microscope (40X).
Two replicates of 100 nuclei per slide were counted in
dark conditions to avoid DNA damage. Image analysis
was carried out with the plug-in OpenComet 1.3.1v
(2016) of the Imagel software 1.47v [24] to assess the %
DNA in the tail which was classified into 5 categories
(0-4) according to Berchieri-Ronchi et al. [25].

DNA damage was calculated with the categories and
% DNA in the tail using the following formula:

[(2.5 x cellsO + 12.5 x cellsl + 30 x cells2
+ 60 x cells3 + 90 x cells4)] >’ cells (1) [25]

..where: category (% DNA in the tail), 0 (<5), 1 (5-20),
2 (20-40), 3 (40-80) and 4 (>80).

Relative Sensitivity

Relative sensitivity was calculated using the formula
stated below [26]:

RS = log (mean %DNA in the tail
D. magna/mean %DNA in the tail i)

..where: RS = relative sensitivity; mean D. magna
= mean %DNA in the tail value for D. magna and
= mean %DNA in the tail value for species i. A value of
zero indicates a sensitivity equal to that of D. magna,
positive value D. magna is less sensitive, negative value
D. magna is most sensitive.

Statistical Analysis

The media lethal concentration (LC50) was obtained
with a linear regression using the logarithm of the
concentration and the probit value of the mortality
percentage. The concentration where no effect is
observed (NOEC), was calculated with an ANOVA
and the Tukey Honestly-Significant-Difference (HSD)
to determine the statistical difference between means
of control and test concentrations. The % DNA in
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the tail results were analyzed with a one-way analysis of
variance test (ANOVA) with a comparison of the means
using the Tukey’s HSD test. Results were obtained
following two different methods that consider % DNA
in the tail: a) by determining the mean and standard
error of the total cells in each treatment, and b) by
clustering cells according to the extent of damage, thus,
mean and standard deviation were estimated to measure
DNA integrity. All statistical analysis were performed
with Statistica 12 [27].

Results and Discussion

In the present work, the comet assay was carried
out successfully on D. magna, E. dilatata and P.
caudatum, which has demonstrated to be sensitive to
Cd, Pb, and Hg. We used the percentage of DNA in
the tail as characteristic parameter of DNA damage in
the tested organisms. Actual concentration of metals
during tests were determined by atomic absorption
with the following retention percentages: 91.5+5.43%
(91.5 pg/L), 90.41£1.9 % (914 pg/L), 81.3+£0.64%
(4.06 pg/L), (mean+one SD, n = 3) for Cd, Pb, and Hg,
respectively. The actual concentrations indicate the
amount of metal that are dissolved in the EPA medium.
The median lethal concentrations for the H,O, were
5.62, 17.37 and 45.7 uM for E. dilatata, D. magna and
P. caudatum, respectively.

Genotoxic effects of Cd, Hg, and Pb have already
been reported using in vitro assays; unfortunately, little
is known about their effects on planktonic species.
To our knowledge, this is the first report about the
genotoxicity induced by metals for a rotifer species.

There were no statistical differences (p<0.05) in
baseline DNA damage (negative control) between the
three species (Fig. 1). Several authors have reported
values for negative control ranged from 7.16 to 10.20%
of DNA in the tail for D. magna [28-30], 1.72 to 9.08%
for Ceriodaphnia dubia [28, 30] and 0.32 for Moina
macrocopa [31]. In this work, the value for negative
control (8.26%) is inside the range given previously for
D. magna (Fig. 1). In the case of P. caudatum a value
of 6.35% (Figure 1) of DNA in the tail was determined,
this percentage is among the values reported by
Dou et al. [32] and Rajapakse et al. [33] (1.61 and
9.22%, respectively) both for the ciliate Tetrahymena
thermophila. To date, there are no genotoxicity records
for rotifers, however, the % DNA in the tail in control
for E. dilatata was 5.31, thus, this organism has a lower
value compared to the protozoan and the cladoceran
(Fig. 1).

When comparing positive control (hydrogen
peroxide at 10 uM), our result with D. magna (30.28%,
Fig. 1) is similar to the values reported for the same
species by Parella et al. [28] and Lavorgna et al. [30],
who recorded 36 and 41%, respectively, although is
higher to the percentage (15) found by Pellegri et al.
[29]. We assume these differences might be originated

by the diet and culture conditions. On the other hand,
P. caudatum exhibited 30.47%, nevertheless, it was
exposed to 30 uM while E. dilatata was more sensitive
since a lower concentration (3 pM) induce a higher %
DNA in the tail (86.52). As it was expected, hydrogen
peroxide (used as a positive control to monitor DNA
damage on cells that underwent metal exposure)
induced DNA migration which differs depending
on the test organism (Fig. 1). This chemical is one of
the most potent agents that cause a significant DNA
damage [29].

Fig. 1 shows the genotoxicity considering the
percentage of DNA located in the comet’s tail, where
a higher damage for mercury was observed compared
to the negative control (p<0.05) for the three tested
species. Therefore, the lowest percentage was recorded
in treatments with Cd and Pb (ranged from 10.22 to
14.44%) for three test organisms while Hg exhibited
the greatest damage especially in E. dilatata (82.07%).
Daphnia magna showed the lowest damage when it
was exposed to Hg, we suggest this response is due to
the difference in size compared to E. dilatata and P.
caudatum.

According to our results, the order of genotoxicity
induced by metals on the freshwater invertebrates was
as follows: mercury>cadmium = lead. Furthermore,
data obtained showed the greatest DNA damage when
organisms were exposed to mercury at 4.06 pg/L
(Fig. 1). It is important to point out that in the case of
rotifers and cladocerans, since whole organisms were
used, different cell lines were included and represent
a possible variation source of DNA damage and
differences in their sensitivity to heavy metals.

In relation to treatments with Cd and Pb, there were
no statistical differences between the three organisms,
this suggests a similar response for D. magna, E.
dilatata and P. caudatum. Besides, mercury showed a
wide range of damage in the DNA of 38.06-82.07% for
the three tested organisms (Fig. 1), which implies that
different mechanisms of repair and detoxification might
be occurring depending on the species.

Pelligri et al. [29] determined a 14% DNA in the
tail when D. magna was exposed to 20 pg/L of Cd,
although they used neonates less than 24 hours old and
extracted the hemolymph for the comet assay. In our
study, at 91.5 pg/L of Cd, we recorded a 14.44% using
whole daphnids. On the other hand, Phromchaloem et
al. [31] performed the comet assay with M. macrocopa
neonates after 48-hour exposure at 160 pg/L of Cd
fed with yeast once a day and obtained 4.44% DNA
in the tail. When comparing our results for D. magna
treated with Cd to those obtained by Pelligri et al. [29]
and Phromchaloem et al. [31], it is evident that using
neonates and a single cell line in the comet assay turned
out in an increase on the sensitivity. On the other hand,
allowing the organism to eat before the comet assay
decreased the sensitivity of the organism.

Di Donato et al. [34] conducted comet assays
testing two cell lines (hemocytes and spermatozoa) of
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Fig. 1. % DNA in the tail was determined by the comet assay

in the different zooplanktonic species exposed to selected metals

(Cd=91.5 pg/L, Pb=91.4 pg/L, Hg = 4.06 png/L) and hydrogen peroxide (positive control, E. dilatata 3 uM, D. magna 10 uM and P,
caudatum 30 pM). Negative control: EPA medium. Same letters indicate no statistical difference (p<0.05). n = 100. Bars correspond to

meantone SD.

Gammarus elvirae exposed to lead and mercury noted
a higher sensitivity to mercury, which is in accordance
with our findings for the three studied species.

As indicated in the methodology, a second method
to estimate DNA damage was performed by clustering

cells in five categories according to the % DNA in
the tail. Table 1 shows the results of DNA damage
where four groups can be observed: 1) low damage
level for negative controls, cadmium, and lead in the
three species studied; 2) medium level of damage for

Table 1. Level of damage to DNA after 24 h exposure to EPA medium (baseline), hydrogen peroxide (positive control) and selected
metals and relative sensitivity of D. magna compared to E. dilatata and P. caudatum were calculated. Abbreviations: Dm = D. magna,

Ed = E. dilatata, Pc = P.caudatum, cf = compared to.

Specie Treatment Category Grade of damage Relative sensitivity
(Zhao et al.) Dm ¢f Ed Dm ¢f Pc
E. dilatata EPA 1 Low - -
P, caudatum EPA 1 Low - -
D. magna EPA 1 Low - -
D. magna Pb 1 Low - -
P. caudatum Cd 1 Low - 1.11
E. dilatata Pb 1 Low 0.98 -
P, caudatum Pb 1 Low - 0.92
E. dilatata Cd 1 Low 1.03 -
D. magna Cd 1 Low - -
P, caudatum H,0, 2 Medium - -
D. magna H,0, 2 Medium - -
D. magna Hg 3 High - -
P. caudatum Hg 3 High - 0.90
E. dilatata Hg 3 High 0.87 -
E. dilatata H,0, 4 High - -
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D. magna and P. caudatum exposed to hydrogen
peroxide; 3) high damage level induced by mercury for
the three species and, 4) extremely high by hydrogen
peroxide on E. dilatata.

Different attempts to find a more sensitive water
quality indicator have been made. As reported by other
authors, the comet assay has proven to be reliable to
detect damage induced by metals at molecular level [16]
and is acquiring relevance in biomonitoring. Pellegri et
al. [35] adapted this test using the reference organism D.
magna to evaluate genotoxicity of water samples
collected in several watercourses of a pilot basin located
at the Parma district in Italy. Despite the cladoceran
is the reference organism proposed by national and
international environmental agencies, D. magna might
not be that sensitive to metals when compared to other
species. Cui et al. [36] found that D. galeata was
more sensitive to Pb than D. magna after conducting
acute toxicity tests. In terms of relative sensitivity in
our study, D. magna showed less sensitivity than FE.
dilatata and P. caudatum for the three heavy metals
tested (Table 1). According to Santos-Medrano and
Rico-Martinez [26], Simocephalus vetulus and D. pulex
exhibited a higher relative sensitivity than D. magna to
Cd and Hg, however, D. magna was more sensitive to
Pb.

Several studies state that Cd, Pb, and Hg cause DNA
damage through different mechanisms. Some authors
have suggested [37, 38] that DNA can offer abundant
binding sites for Cd (mainly N7 centers in adenine and
guanine) which cause breaks and other related DNA
damage. Besides, oxidative stress, ions of Hg also might
bind to DNA and produce strand breaks and DNA-
DNA crosslinks, as well as inhibition of DNA repair
[39, 40]. In relation to lead, a revision made by Garcia-
Leston et al. [41] includes evidence of genotoxicity
induced possibly through inhibition of DNA repair or
free radical production.

Conclusions

The actual work shows significant DNA damage
on three zooplanktonic species identifying the rotifer
Euchlanis dilatata as the most sensitive species
compared to the cladoceran and the protozoan. To
the best of our knowledge, this is the first report for
genotoxicity assessment using a rotifer. Genotoxic
damage was evident for the selected test organisms
after exposure to heavy metal concentrations below
their HC50 values where the rotifer turned out to be the
most sensitive species to Hg, followed by the protozoan
and the cladoceran. Genotoxic effects induced by Cd
and Pb on aquatic invertebrates may be reflected on a
population decrease while Hg could lead to a severe
impact at the cellular level as does not allow DNA
repair. According to our results and other reports,
comet assay is a viable and consistent technique for
DNA damage screening in planktonic organisms.
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